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Preface

About This Book

This book is a collection of notes I am currently writing to accompany undergraduate courses at the
National University of Singapore (NUS) from 2025 to 2030 (expected). More precisely, it largely follows
the content taught in the following courses:

e MA1100T Basic Discrete Mathematics (T): Chapters 1 to 5

As for prerequisites, this book is written such that it is accessible to high school students for self-study.
No formal prerequisites are required.

In terms of presentation, this book follows the typical style of “Definition”, “Theorem”, etc. As far as
possible, I will try to make clear what I define, and what results I wish to show. Furthermore, for ease of
reference, important terms are coloured when first defined, and are included in the glossary for ease of
reference; less important terms are bolded, and some terms are emphasised.

Note on Problem Solving

Mathematics is, at its core, the art of problem solving. In his classic work [P6l45], Pélya outlined a
four-step problem-solving cycle:

1. Understand the problem.

Begin by ensuring that the problem is clearly and completely understood. Ask yourself:

e Do I understand all the terms used in the statement of the problem?

e Is it possible to satisfy the given conditions? Are they sufficient to determine the unknown, or
are they insufficient, redundant, or even contradictory?

e What exactly am I asked to find or prove? Can I restate the problem in my own words?
e Can I draw a suitable diagram or introduce helpful notation?

e Do I have enough information to reach a solution?

2. Devise a plan.

Once the problem is understood, consider possible approaches. Pdlya suggested a variety of heuris-
tics: rules of thumb that often guide successful problem solving. A non-exhaustive list includes:

e Guess and check e Solve a simpler problem
e Look for a pattern e Use symmetry

o Make an orderly list e Use a model

e Draw a picture e Consider special cases

Work backwards

Eliminate possibilities
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e Use direct reasoning e Solve an equation

e Apply a known formula e Be ingenious

3. Execute the plan.

Carrying out the plan is typically easier than devising it — provided one proceeds carefully and
patiently. Follow your chosen approach systematically, verifying each step as you go. If the plan
fails to yield progress, do not hesitate to revise it and try an alternative route. This process of trial,
reflection, and adjustment is an essential part of genuine mathematical work.

e While executing your plan, check each step critically: is it valid? Can you justify it rigorously?

4. Check and reflect.

Pélya emphasised the importance of reviewing one’s work after solving a problem. Reflection deepens
understanding and strengthens future problem-solving ability.

Ask yourself:

e Can I verify my result or argument in another way?
e Can I find a more elegant or direct solution?

e Can this method or result be applied to other problems?

Building upon Pélya’s framework, Schoenfeld [Sch92] proposed a more elaborate model of problem solving,
consisting of four interrelated components:

1. Cognitive resources: the body of facts, techniques, and procedures at one’s disposal.
2. Heuristics: general strategies or “rules of thumb” for making progress in challenging situations.

3. Control (metacognition): the ability to monitor and regulate one’s thinking — literally, “thinking
about one’s own thinking.” This includes assessing progress and deciding when to continue, adjust,
or abandon a line of reasoning.

(a) While solving a problem, periodically ask:
e What am I doing right now? Why am I doing it? How does it fit into the overall plan?

e How does my current step connect to the broader structure of the solution? What will 1
do next?

(b) Stop and reassess your approach if you:
e cannot answer these questions clearly (perhaps the approach is misguided), or
e feel stuck (perhaps the approach is correct but presently too difficult).
(¢) Decide whether to:
e continue with the current plan,
e abandon it, or

e temporarily set it aside and pursue another.

4. Belief system: one’s underlying views about the nature of mathematics and what it means to
“do mathematics.” Such beliefs profoundly influence motivation, persistence, and the strategies one
adopts in problem solving.
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Preliminaries

We build the necessary mathematical foundation by introducing the basic language, concepts, and
methods of contemporary mathematics. The second goal is to develop students’ ability to construct
rigorous arguments and formal proofs based on logical reasoning.

References: [End77; Lak16)
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L[]
Language, Logic, and Proof
9 Y
We will begin with mathematical language, the logical connectives and quantifiers, and then we will study

the fundamental techniques of proof.

1.1 Propositional Logic

We begin by studying a basic logic known as propositional logic (also known as zeroth order logic).

Definition 1.1. A proposition is a statement which has exactly one truth value, i.e., it is either
true or false, but not both and not neither.

Example. The following statement is not a proposition: “This statement is true”; this is because
we cannot assign a truth value to it.

Each proposition has a unique truth value: T (for true) or F (for false). If a proposition is true, we say
that it holds, otherwise we say that it fails.
1.1.1 Logical Connectives

We can build more complicated propositions from existing propositions using logical connectives (or
logical operators). The resulting proposition is termed a propositional formula.

Definition 1.2. A propositional formula is an expression obtained by applying a finite
number of logical operators to propositional variables, in some particular order.

Let p and ¢ be propositiosns.

Definition 1.3. The conjunction of p and ¢ is the proposition “p and ¢”, denoted by p A q. We
call p and ¢ the conjuncts of p A q.

The statement p A q is true when p is true and q is true, and false otherwise. This can be represented by
a truth table:
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Table 1.1: Truth table for p A q.

Remark. When we build a truth table for a compound statement involving two (or more) statement
letters (say, p and ¢), we must consider all the possible truth values for each statement letter. Here there
are two possible truth values for p (true, false), and similarly for ¢, so there are 2 x 2 = 4 possible truth
values for the statement p A q.

Definition 1.4. The disjunction of p and ¢ is the statement “p or ¢”, denoted by p V q. The
statements p and ¢ are called the disjuncts of the statement p V q.

In mathematics, the usage of the word “or” is always inclusive (i.e., includes the case where both p and ¢
are true), unless explicitly stated otherwise. Hence p V ¢ is true when either p is true, or ¢ is true, or both
p and ¢ are true.

Table 1.2: Truth table for p V q.

Remark. The notation for disjunction and conjunction is similar to that of union and intersection of sets.

Since there is an inclusive or, naturally there is an exclusive or:

Definition 1.5. The exclusive or of p and ¢ is the statement “either p and not ¢, or ¢ and not
p”, denoted by p @ q.

q | p®q
T| F
F| T
T
F

T
F

SRR kS

Table 1.3: Truth table for p & q.

( Definition 1.6. The negation of p is the statement “not p”, denoted by —p. )

The truth value of —p is the opposite of that of p:

p|p
T| F
F| T

Table 1.4: Truth table for —p.
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Definition 1.7. Let F; and F5 be two propositional formulas. We say that F; and F5 are
logically equivalent, denoted by F; = Fb, if they have the same truth table.

That is, F} and F, have the same truth value, for all truth values of the propositional variables in them.
To prove that Fy # Fb, it suffices to give one counterexample where F; and F» do not have the same
truth values.

The next result summarises several useful properties when handling logical statements.

~
Lemma 1.8.
(i) p = —(-p) (double negation law)
(i) pAg=qAp
pPVqg=qVp (commutative laws)
(iii) (pANg) Ar=pA(gATr)
(pvVgVr=pV(gVr) (associative laws)
(i) pAp=p
PVpPp=Dp (idempotent laws)
@)pA@VrﬁE@AQMMp r)
VigAar)=(VagAlpVr) (distributive laws)
@UPV@A@
ANpVa) = (absorption laws)
(vii) ~(pV q) = —pA—q
~(pAq)=-pV g (de Morgan’s laws)
-
Proof. Use truth tables. O

Remark. Because of the associative laws, we can leave out parentheses in statements of the forms p AgAr
and p V ¢q V r without ambiguity, since the two possible ways of filling in the parentheses are equivalent.

1.1.2 Tautologies and Contradictions

Definition 1.9. A tautology is a statement that is always true (regardless of the truth values
of the propositional variables in it).
A contradiction is a statement that is always false (regardless of the truth values of the propo-

sitional variables in it).

Example. p VvV —p is a tautology. p A —=p is a contradiction.

We state a few more useful laws involving tautologies and contradictions.

Lemma 1.10 (Tautology laws). Let ¢ be a tautology. Then
(i) pAa=p;
(i) pV q is a tautology;

(iii) —q is a contradiction.
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Lemma 1.11 (Contradiction laws). Let q is a contradiction. Then h
(i) pVq=p;
(i) p A q is a contradiction;
(iii) —q is a tautology.
J

1.1.3 Implications

Definition 1.12. The implication or (conditional statement) p = ¢ is the statement “if p
then ¢”. We call p the hypothesis, ¢ the conclusion.

9 | pP=4
T T
F F
T
F

T
T

A

Table 1.5: Truth table for p = q.

The only case when p = ¢ is false is when the hypothesis p is true and the conclusion ¢ is false. Also note
that if p is false, then p = ¢ is true regardless of the truth value of ¢; we say that p = ¢ is vacuously
true.

Remark. For any two propositions p and ¢, we can consider the implication p = ¢, even if p and ¢ are
“unrelated”; p = ¢ being true does not suggest a causal relationship between p and q.

Example. The statement “if 2 > 0, then 4 > 0” is true; the statement “if —1 > 0, then 1 > 0” is
vacuously true; the statement “if 2 is prime, then 3 is not prime” is false.

The following all mean the same thing:
(i) if p then g;
(ii) p implies g;

(iii) ¢ follows from p;

(iv) ¢ unless —p;

(vi) ¢ if p;
(vii) p is a sufficient condition for g;
(viii) ¢ is a necessary condition for p;

)
)
)
)
(v) p only if ¢;
)
)
)
)

p is stronger than ¢. !

(ix

C Lemma 1.13 (Conditional identity). p = g = ¢V —p. ]

Lthis is because p implies ¢, but ¢ may not imply p
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Proof. Truth table:

p qlp=q|-p|qv-p
T T T F T
T F F F F
F T T T T
F F T T T
O
s - )
Definition 1.14. Let p and g be propositions.
e The converse of p = ¢ is ¢ = p.
e The inverse of p = ¢ is (-p) = (—q).
e The contrapositive of p = ¢ is (—¢q) = (—p).
- J
4 o )
Lemma 1.15. An implication is
(i) not logically equivalent to its converse.
(i) not logically equivalent to its inverse.
(i) logically equivalent to its contrapositive.
/
Proof.
(i) Example:
p qlp=q|q=p
T F| F | T
(ii) Example:
p_alp=q|l-p —q|(p)=(9)
T F| F |F T | T
(iii) Applying the conditional identity,
~q¢=-p=-pV-(-q)
=-pVyq
=p=q
[

1.1.4 If and only if, iff

( Definition 1.16. The biconditional statement p < ¢ is an abbreviation for (p = ¢) A (¢ = p). )

p & q is true exactly when p and ¢ have the same truth value:
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P q|pP=4q|9=p | P49
T T T T T
T F F T F
F T T F F
F F T T T

Table 1.6: Truth table for p < gq.

A biconditional p < ¢ is usually best thought of separately as “if” (¢ = p) and “only if” (p = q)
statements.

The following all mean the same thing.
(i) p if and only if ¢;
(ii) piff ¢;

)
)
(iii) p is equivalent to g;
(iv) p exactly when g;

)

(v) p is necessary and sufficient for q.

— Exercises —
Exercise 1.1.1. In this problem we consider binary logical operators in propositional logic.

(i) How many are there? (We regard two binary logical operators as the same if they have the same
truth table.)

(ii) Prove that there are exactly two binary logical operators * in propositional logic such that p*(pV q)
is a tautology.

Solution.

(i) Each binary opeartor has two inputs and one output, so there are always four possible cases. Two
operators are considered distinct if their truth tables are distinct. Since each output can be either
True or False, there are 24 = 16 binary operators.

(ii) We consider the truth table:

| pVg|[px(pVy

SECRERE( RS
CRERCRE] N

Vv
T
T
T
F

HH43H4

This converts to the truth table of * being:

There are two possible outputs for a * b if a is true and b is false. Hence, we can construct two
different truth tables, and we thus have two possibilities for the operator *.
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O

Exercise 1.1.2. Each card in a pack has a number on one side and a letter on the other. Four cards are

You are permitted to turn just two cards over in order to test the following hypothesis: “a card that has

placed on the table:

an even number on one side has a vowel on the other”.

Which two cards should you turn? Or is it impossible?
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1.2 Predicate Logic

The statement “xz + 1 > 3” on its own is not a proposition because it does not have a truth value. Instead,
it is a predicate because it becomes a proposition when the “free variable” x is replaced by a particular

value from the universe in question.

( Definition 1.17. A predicate is an assignment of truth values to elements of some domain. )

Given a predicate, a natural question to ask is:
Is the predicate true for all, some, or no values of elements in the domain?

Let P(z) be a predicate with domain U.

4 )
Definition 1.18. The universal statement (Vz € U)P(x) is defined to mean “P(z) for every

x € U”. We call V the universal quantifier.

The statement (Vo € U)P(x) is ture exactly when each individual element x in the universe U
has the property that P(z) is true.
- J

4 N

Definition 1.19. The existential statement (3x € U)P(z) is defined to mean “there is some
x € U such that P(x)”. We call 3 the existential quantifier.

The statement (Jz € U)P(z) is ture exactly when the universe U contains at least one element
x with P(z) true.

- J
A universal quantification can be interpreted as an implication: if z belongs to the domain of P, then
P(x) holds.

Remark. If the domain of P is empty, then (Va)P(z) is always (vacuously) true, and (3x)P(z) is always
false.

Remark. When we specify a predicate, we must specify its domain! The domain affects the truth values
of quantifications of the predicate.

A formula of predicate logic is formed by applying finitely many logical operators (existential quantification,
universal quantification, =, A, V, @, =) to predicates.
Two predicates are logically equivalent if they have the same truth values over the domain.

The next result tells us how the quantifiers interact with negation.

Lemma 1.20 (de Morgan’s laws).

-(Vz e U)P(x) = (Fz € U)(—P(x))
—(3z e U)P(z) = (Vz € U)(—P(x))

Example. Negate the statement

for all real numbers z, if > 2, then 22 > 4
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Solution. In logical notation, this statement is (Vz € R)(z > 2 = 22 > 4).

-[(Vz €R)(z > 2 = 2 > 4)]
Bz € R)~(z > 2 = 2% > 4)
(3z € R)~(x <2V a? > 4)]

Bz e R)(z >2A2% < 4)

In words, there exists a real number z such that > 2 and 22 < 4. ]

Statements may contain multiple quantifiers and mized quantifiers. Regardless of the number of quantifiers
in a quantified statement

(Q171)(Q2z2) - (Qnyn)[ -]

where Q1,...,Q, are quantifiers, we always begin with the outermost quantifier and “work our way in”.
When we see a string of identical quantifiers, such as in the statements

(Vo) (Vy)P(z,y) or (Iz)(Fy)(32)Q(z,y, 2),
then the order of these quantifiers does not matter. For example,
(Vx)(Vy)P(z,y) and (Vy)(Vz)P(z,y)

have the same logical meaning, and both can be thought of as (Vz,y)P(x,y). Similarly (considering one
possible reordering),

(32)(By)(32)Q(x,y,2) and  (32)(3z)(Fy)Q(z,y, 2)

have the same logical meaning, and both can be thought of as (3z,y, 2)Q(x, y, 2).

With mixed quantifiers, the order of mixed quantifiers matters. For instance,

(Vz e R)(Jy € R)[xr +y = 0] is true, but
(Fy eR)(Vz e R)[z +y = 0] is false.

In general, one cannot move quantifiers freely between the premise of an implication and its conclusion.
For instance, consider

((Vx)(x is happy)) = ((Vy)(y is happy)).

Since the hypothesis and conclusion are the same, this implication is always true; it means “If everyone is
happy, then everyone is happy”. On the other hand,

(Vz)(z is happy = (Vy)(y is happy))

means “If one person is happy, then everyone is happy”.

— Exercises —
Exercise 1.2.1. Translate the following statements.

(i) Every student sent an email to some other student.

)
(ii) There is exactly one student.
(iii) There are at least two students. (This can also be phrased as “There are distinct students”.)
)

(iv) There are exactly two students.
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(v) There are exactly two people that are not students.

Solution. Define M (z,y) to be the predicate “x sent an email to y”, with domain being the set of pairs
of students.

Define P(z) to be the predicate “z is a student”, with domain being the set of all people.

(i)
Vady((z # y) A M(z,y)).

(ii)
Jz(P(z) ANVy(P(y) = y = 1)),

or equivalently (by contrapositive)

Jz(P(z) AVy(y # © = —~P(y))).
Yet another equivalent translation is

vy (P(x) A (P(y) = y = x)).

This is known as uniqueness; we write (3lz)P(x).

(iii)
(3)(Fy)(P(x) A P(y) Ax #y).

(iv)
(B)Fy)(V2)(P(x) A P(y) Ao #y A (P(2) = (2 =2) V(2 =y))).

(v)
(3)(Fy)(V2)(=P(x) A=P(y) Az #y AN (-P(2) = (= 2) V (2 = y))).

where we replace P with =P in (iv).

Exercise 1.2.2 (MA1100T AY24/25).

(i) Define predicates P(z) and Q(z) with the same domain such that the formulas
(32)(P(z) = Q(x))

and
(Fz)P(z) = (F2)Q()

have different truth values.

(ii) Define predicates P(x) and Q(x) with the same domain such that the formulas
(Vo) (P(z) v Q(x))

and

(Vz)P(z) V (V2)Q(x)
have different truth values.

(iii) Define predicates P(x) and Q(x) with the same domain such that the formulas

(V2)(P(z) = Q(x))
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and

(V) P(z) = (V2)Q(x)
have different truth values.

Solution.
(i) Define P(z) : © =0 and Q(z) : z < 0 with domain {0, 1}.
P(1) is false, so P(x) — Q(x) is vacuously true. Hence (3z)(P(z) — Q(z)) is true.
P(0) is true so (Jz)P(z) is true, but (3x)Q(x) is false. Hence (3z)P(z) — (Fx)Q(z) is false.
(ii) Define P(x) : x is odd and Q(z) : x is even with domain Z.
Since every integer is either odd or even, (Va)(P(x) V Q(z)) is true.

Not every integer is odd and not every integer is even, so (V) P(z) and (Va)Q(z) are false. Hence
(Vz)P(x) V (Yx)Q(x) is false.

(iii) Define P(z) : z is even and Q(z) : x is odd with domain N.
Then (Vz)(P(z) — Q(x)) is false, because for = 2, P(2) true but Q(2) false.
Not all numbers are even, so (Vz)P(z) is false. Hence (Va)P(z) — (Vz)Q(x) is vacuously true.

O

Exercise 1.2.3 (MA1100T AY22/23). Come up with a set D and three predicates P(z), Q(x), and
R(z), all with domain D, such that

Ve(P(x) = Q(x)) VVa(P(x) — R(x))
and
Vo(P(z) = (Q(z) V R(x)))
have opposite truth values. Briefly justify your answer.
Exercise 1.2.4 (CS1231S AY21/22). Which answer in this list is the correct answer to this question?
(A) All of the below.
B) None of the below.
All of the above.

D) One of the above.

(
(C
(

E) None of the above.

F) None of the above.

)
)
)
)
(E)
(F)
Exercise 1.2.5 (MA1100T AY25/26). Come up with a set D and predicates P(x), Q(x) and R(z), all

with domain D, such that
Va(P(x) = R(z)) VVz(Q(x) — R(z))

and
Va((P(z) A Q(z)) = R(x))
have opposite truth values.

Solution. Two common types of constructions:

1. R(z) is a condition composed of two conditions P(z) and Q(z), and neither P(z) nor Q(x) impliesthe
other (see example 1 below), or
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2. P(z) and Q(x) cannot simultaneously hold.

Construction 1: Let D = Z. Define P(z) : 2 |z, Q(z) : 3 | =, R(x) : 6 | .

Then Va(P(z) — R(z)) VVz(Q(x) — R(x)) is False (2 | 2 but 6 1 2 so LHS of V is False, and 3 | 3 but
613 so RHS of V is False), but Va((P(z) A Q(z)) — R(z)) is True (if « has prime factors 2 and 3, then it
is divisible by 2 x 3 = 6).

Construction 2: Let D = Z. Define P(x) : x is an even integer, Q(x) : x is an odd integer, R(x) : x is a
positive integer.

Then Va(P(x) — R(z)) VVz(Q(z) — R(x)) is False (0 is even but not positive so LHS of V is False, and
—1 is odd but not positive so RHS of V is False), but Vz((P(z) A Q(z)) — R(z)) is vacuously True (an
integer cannot be both even and odd). O
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1.3 Methods of Proof

Formally, a proof of a proposition p is defined as a sequence of propositions which ends with p, obtained
by applying inference rules to premises. Informally, however, we will define a proof to be a valid argument
which has sufficient detail to convince the reader that the statement being proved is true.

1.3.1 Direct Proof
Many of the statements you will be asked to prove have the form
(Vz eU) P(z) = Q(z).
1. Begin by writing “Let z € U be such that P(z) holds”.
2. Present a sequence of logical steps which shows that Q(x) holds.
To prove a statement of the form (3= € U) P(z), there is not such a clear steer about how to continue:

e you can construct such an z with the desired properties (constructive proof);

e you can demonstrate logically that such an z must exist because of some earlier assumption
(non-constructive proof);

e you can suppose that such an x does not exist, and consequently arrive at some inconsistency (proof
by contradiction).

To prove P < @, by definition of a biconditional statement, we need to prove the statement in both
directions: P = @ and @ = P.

Remark. Remember to make very clear, both to yourself and in your written proof, which direction you
are doing.

1.3.2 Proof by Contrapositive

Since a statement is logically equivalent to its contrapositive, to prove the statement, we can prove its
contrapositive.

Example. Prove that for all a € Z, if a® is even, then a is even.

Solution. Suppose a € Z isodd. Then a = 2k + 1 for some k € Z. We have

a® = (2k + 1)? = 4k® 4+ 4k + 1 = 2(2k* + 2k) + 1.

2

Hence a? is odd, so a? is not even, as desired. ]

Example. Prove that if z is a rational number and xy is an irrational number, then y is irra-
tional.
Proof. This statement has the form

(Vz)(Vy) (R(z) A Q(z,y)) = ~R(y)

y) = ~(R(z) A Q(z,y)) [contrapositive]

R(y) =
=(Vz)(Vy) R(y) = (=R(z) V -Q(z,y)) [de Morgan’s law]

which is still a little awkward to prove. (One can do so by cases.) Alternatively, the given state-
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ment is also equivalent to
(V) (Vy) (R(y) A R(z)) = ~Q(x,y)

which means “If x and y are rational numbers, then xy is rational as well”. This is much easier
to prove. O

1.3.3 Proof by Contradiction

To prove a statement p is true, sometimes it is difficult to carry out a direct proof, possibly because we
do not know how to begin.

One thing to try in such a situation is to assume that —p is true. If we can find a contradiction 7, then we
have a valid proof that (—p) = r is true. Since (—p) = r is true and r is false, —p must be false. Hence p
is true, as desired.

To prove a statement p by contradiction:

1. Assume p is false, i.e., —p is true.
(E.g. to prove p = ¢ by contradiction, suppose p A —q.)

2. Show that this leads to a contradiction or inconsistency.

We may arrive at something that contradicts the hypothesis p, or contradicts the initial supposition
that ¢ is not true, or something that we know to be universally false.

3. Conclude that p is true.
Example. Prove that V/2 is irrational.

Proof. Suppose, for a contradiction, that /2 is rational. Then v/2 = a/b for some a,b € Z, b # 0,
where a and b are coprime. Squaring both sides gives

a? = 2v°.

Since RHS is even, LHS must also be even. Hence it follows that a is even. Let a = 2k where
k € Z. Substituting a = 2k into the above equation and simplifying it gives us

b? = 2k7.
This means that b® is even, from which follows again that b is even. This contradicts the as-

sumption that a and b coprime. O

Example (Euclid). Prove that there are infinitely many prime numbers.

Proof. Suppose, towards a contradiction, that only finitely many prime numbers exist. List
them as pi, ..., p,. Consider the number

N =pip2---pn+1
Note that IV is divisible by a prime p, yet is coprime to p1, ..., p,. Therefore, p does not belong

to our list of all prime numbers, a contradiction. O

Example. Prove that not every positive integer is the sum of the squares of two integers.

Proof. We shall prove that 3 is not the sum of the squares of two integers. Suppose, towards a
contradiction, that m and n are integers such that m? 4+ n? = 3.
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Case 1: If |m| > 2, then m? + n? > m? > 4 > 3, contradiction.
Case 2: If |n| > 2, then m? + n? > n? >4 > 3, contradiction.
Case 3: Otherwise, m and n can only be —1, 0 or 1. We can try all nine possibilities.

All of these cases lead to a contradiction. O

1.3.4 Proof by Cases

Sometimes one is unable to find a single argument that works in general to prove a statement.
A proof by cases is to first dividing the situation into cases which exhaust all the possibilities, and then
show that the statement follows in all cases.

Example. Prove that if n is an integer, then n? > n.

Solution. We consider three cases.

Case 1: If n < 0, then n® > 0 > n.

Case 2: If n > 1, multiply both sides of the inequality by the positive number n to obtain
n-n > 1-n. This yields n? > n.

Case 3: If n =0, we have 02 > 0.

Since n? > n in all three cases, we conclude that n? > n for every integer n. O

Example. Prove that there are no integers = and y such that z? + 3y% = 8.
Solution. We consider three cases.

Case 1: 22 > 8. Then z2 + 3y2 > 22 > 8.

Case 2: 3y? > 8. Then z2 + 3y? > 3y% > 8.

Case 3: 22 < 8 and 3y? < 8. Since x and y are integers, this implies that
xe{-2,-1,0,1,2} and ye {-1,0,1}.

Butnowm2§4andy2§17sox2+3y2§4+3~1<8.

Since 2% + 3y? # 8 in all three cases, we conclude that there are no integers x and y such that
2%+ 3y% = 8. O

1.3.5 Disproof by Counterexample

To disprove a statement, we show its negation is true.

For instance, to disprove p = ¢, the counterexample should make the hypothesis p true and the conclusion
q false. To disprove (Vx) P(z), show its negation (3x) —P(x) holds, i.e., find « such that P(z) does not
hold.

In seeking counterexamples, it is a good idea to keep the cases you consider simple, rather than searching
randomly. It is often helpful to consider “extreme” cases; for example, something is zero, a set is empty,

or a function is constant.
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Example. Prove or disprove: if n is an integer and n? is positive, then n is positive.

Solution. Disproof: We give a counterexample: take n = —1. Then n is not positive, yet n? = 1
is positive. O

1.3.6 Proof of Existence and Uniqueness

To prove existential statements, we can adopt two approaches, the first being a constructive proof;
this is a form of direct proof. To prove statements of the form (Jz € X)P(x), find or construct a specific
example for x. Similarly, to prove statements of the form (Vy € Y)(3z € X)P(z,y), construct example
for x in terms of y (since z is dependent on y).

In both cases, you need to justify that your example x belongs to the domain X, and satisfies the condition
P(x).

The second approach is a non-constructive proof, a form of indirect proof. This approach is used when
specific examples are not easy or not possible to find or construct.

e Make arguments why such objects have to exist.
e May need to use proof by contradiction.

e Use definition, axioms or results that involve existential statements.

Sometimes we find that not only do we wish to prove that an object exists, but also we wish to prove
that the object that exists is unique, i.e., that there is exactly one such object. We use 3! to mean “there
exists a unique”. We can prove (3!z)P(z) in the following ways:

e Find x which satisfies property P. Then show if P(y) holds for some arbitrary y, then z = y.
(Gx)[P(z) A (Yy)P(y) = = = y].

Equivalently, we first find 2 such that P(x) holds; then if P(y) and P(z) hold for arbitrary y and z,
then y = z.
(Fz)[P(x) A (Vy)(V2)(y) A P(2) = y = z].

e Alternatively, assume that 3z, y are distinct such that P(z) A P(y), then derive a contradiction.

Example. Prove that we can find 100 consecutive positive integers which are all composite
numbers.

Solution. We proceed by constructive proof; we will construct integers n,n + 1,n+2,...,n + 99,
all of which are composite.

Claim: n = 101! 4 2.

Then n has a factor of 2 and hence is composite. Similarly, n + k& = 101! + (k + 2) has a factor
k + 2 and hence is composite for k =1,2,...,99. O

Example. Prove that the equation 22 + y? = 322 has no solutions (z,, z) in integers where

z # 0.

Solution. Suppose (z,y, z) is a solution. WLOG assume z > 0. By the least integer principle, we
may also assume that our solution has z minimal. Taking remainders modulo 3, we see that

22 4+9>=0 (mod 3).
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Since perfect squares can only be congruent to 0 or 1 modulo 3, we must have x = y = 0
(mod 3). Writing = 3a and y = 3b for a,b € Z gives

9a% +9b* =322 = 3(a®*+b?) =2 = 3|2* = 3|z
Now let z = 3c and cancel 3’s to obtain
a® + b = 362
We have therefore constructed another solution (a,b,c) = (%, %, %), but 0 < ¢ < z contradicts

the minimality of z. O

1.3.7 Proof by Mathematical Induction

Theorem 1.21. The following are equivalent on N: b
(1) Principle of induction: Let S CN. If0 € S andne€ S=n+1€ S, then S =N.
(#i) Principle of strong induction: Let S CN. If1 € S and {0,...,n} CS=n+1€ S, then
S=N.
(#ii) Well-ordering principle: Every non-empty subset of N has a least element. y

(i) is one of Peano’s axioms for N, known as the induction azxiom.

Proof.
(i) = (ii) | Let S C N be such that (A) 0 € S, and (B) {0,...,n} C S=n+1¢€S. We will show S =N.
Define P(n) : {0,...,n} C S. Consider the set
S'={neN|Pn)}.
We shall show that S’ = N.
e By (A), P(0) is true, so 1 € §'.

e Suppose P(k) is true where k > 0. So k € S’, and by hypothesis, {0,...,k} CS.By (B), k+1€S.
Thus {0,...,k,k+ 1} C S. This means P(k+ 1) is true, so k+ 1 € 5"

Since0 € S"andn e S"=n+1€5, by (i), S’ =N, so P(n) holds for all n € N. This means S = N.
(ii) = (iil) | Let S € N be non-empty. We need to show that S has a least element.

Suppose, for a contradiction, that S has no minimal element. Let P(n) : n ¢ S, and
S"={neN|Pn)}.

e We have 0 ¢ S. (Since 0 is a lower bound for N, 0 is also a lower bound for S. If 0 € S, 0 would be
the least element of S, a contradiction.) Thus P(0) holds, so 0 € S’

e Suppose P(j) holds for 0 < j < k. Ifk+1€ 5, since 0,...,k ¢ S, it follows that k + 1 would then
be the minimal element of S. Thus k+1¢ S, s0 k+1€ 5"

By (ii), S = N. But this means that S = (), a contradiction.

(iii) = (i) | Let S € N be such that (A) 0 € Sand (B) n € S = n+1 € S. We will show that S = N.
Suppose, for a contradiction, that S # N.
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Consider its complement N\ S, which is non-empty. By the well-ordering principle, N\ S has a least
element p. Since 0 € S, this means 0 ¢ N\ S, so p # 0. Thus p > 0.

Now consider p — 1. Since p is the least element of N\ S, we have p—1 ¢ N\ S, i.e., p—1 € S. But by
(B), p—1 € S implies p € S, which contradicts the fact that p € N\ S. O

Since we assume the induction axiom holds for the construction of N, it follows that the well-ordering
principle on N holds.

Corollary 1.22. Suppose S C 7 is non-empty and bounded above by some integer m (i.e., s < m
for all s € S). Then S has a largest element.

Proof. Consider the set
T={m-s|seS}.

Since S is non-empty, T is non-empty. For all s € S, s <m = m —s > 0= m — s > 1 since we are
dealing with integers; thus T' C N. By the well-ordering principle, T' has a least element tg.

This means for all s € S, tg < m — s = s < m — tg. Hence m — ty is the largest element of S. O

The principle of induction can be phrased in the following form, which allows us to prove theorems.

Theorem 1.23 (Principle of mathematical induction). Let P(n) be a family of statements b
indexed by N. Suppose that

(i) P(0) is true;

(i) for alln € N, P(n) = P(n+1).
Then P(n) is true for all n € N. )

Induction is often visualised like toppling dominoes. The inductive step (ii) corresponds to placing
each domino sufficiently close that it will be hit when the previous one falls over, and the base case (i)
corresponds to knocking over the first one.

To use induction to prove a family of statements, we simply have to demonstrate (i) and (ii).
Proof. Apply the principle of induction to the set S = {n eN| P(n) is true}. O
The general structure of proofs by induction is as follows:

1. Identify the variable x that you want to “do induction over”.

2. Define a predicate P(x) and a domain such that the desired conclusion is of the form (Vz)P(x).

3. Prove the base case.

4. Prove the inductive step.

Example. Prove that for any n € N, Y7 i = %

Solution. Induct on n. Let P(n) be the predicate Y. ;i = @
Clearly P(0) holds. Now suppose P(n) holds for some n > 1:

2":2, _n(n+1)
i 2
=0
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Adding n + 1 to both sides,

n+1
. n(n+1) _(m+1)(n+2) (n+1[(n+1)+1]
St |y ¥ DD 2

so P(n + 1) is true. O

A straightforward extension of induction is if the family of statements holds for n > N, rather than
necessarily n > 0.

Corollary 1.24. Let P(n) be a family of statements indexed by integers n > N for some N € Z.
Suppose that

(i) P(N) is true;

(i) for alln > N, P(n) = P(n+1).

Then P(n) is true for alln > N.

Proof. Apply 1.23 to the statement Q(n) = P(n+ N) for n € N. O

Another variant on induction is when the inductive step relies on some earlier case(s) but not necessarily
just the immediately previous case. This is known as strong induction:

Theorem 1.25 (Strong induction). Let P(n) be a family of statements indexed by N. Suppose
that

(i) P(0) is true;
(ii) for alln € N, P(O)AP(1)A---AP(n) = P(n+1).

Then P(n) is true for all m € N.

J

Proof. Let Q(n) be the statement “P(k) holds for k = 1,...,n”. Then the conditions for the strong form
are equivalent to

(i) Q(0) is true;
(ii) forn € N, Q(n) = Q(n+1).
By 1.23, Q(n) holds for all n € N, and hence P(n) holds for all n € N. O

Example. Prove that every natural number greater than 1 may be expressed as a product of one
or more prime numbers.

Solution. We proceed by strong induction on n, where n > 2.

Let P(n) be the statement that n may be expressed as a product of prime numbers.

Clearly P(2) holds, since 2 is itself prime. Suppose n > 2, and P(k) holds for all k¥ < n. We want
to show P(n) holds.

Case 1: If n is prime, then n is trivially the product of the single prime number n.

Case 2: If n is not prime, then n = rs for some integers r, s > 1. By inductive hypothesis,
each of r and s can be written as a product of primes. Hence n = rs is also a product of
primes.

In both cases, P(n) holds. Hence by strong induction, P(n) is true for all n € N. O
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The following is also another variant on induction.

\
Theorem 1.26 (Cauchy induction). Let P(n) be a family of statements indezed by N>o. Suppose

that
(i) P(2) is true;
(i) for all k > 2, P(k) = P(2k);

(iii) for all k >3, P(k) = P(k —1).

Then P(n) is true for all n > 2.
- J

Proof. Suppose, for a contradiction, that the desired result is not true.

A smallest integer k > 2 must exist with —P(k), and it is easy to prove that k > 4.

Then also =P(k + 1) and one of k and k + 1 is even and can be written as 2m where m is an integer such
that 2 <m < k.

Then also =P (m) but this contradicts the minimality of k. O

Example (AM-GM inequality). Given n € N, prove that for positive reals a1, as, ..., ap,

ar +az + -+ an
n

> Yarasg - Qy.

Solution. Let P(n) : artazt - +an > v/ajag - ay.
n

(i) The base case P(2) is true, because

(ll—giag > \Ja1ay (a1 +a2)2 > 4dai1ay <— (a1 = a2)2 > 0.
(ii) Next we show that P(n) = P(2n). Suppose P(n) holds; that is,

a1+a2+...+an
> Yaras - Q.

n
We have
ar+ag+---+as, a1+a2:“+a" + a"+1+a"tf+m+a2"
2n N 2
> [ {L;an+1an+2 e [by induction hypothesis]

> \/{L/al ag - Qp Y/ Opg10ny2 - - O2p [by 2-variable AM-GM]

= X/aiaz - azy.

(iii) Finally we show that P(n) = P(n —1). Suppose P(n) holds; that is,

ar+az+---+ap
n

> Yaras -+ G-

ar+az+---+ap_1
n—1

. Then

Let a,, :=

aitaz+t--+an—_1

a1+ ag + -+ ang + 2 _atarttan

n n—1
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Thus
ar+az+ - +ang ,\L/ ar+az+- +an
> {ja1az - ap_q -
n—1 n—1
artaz 4+ an—1\" ap+az+---+ap—1
> 102 Qp—1 -
n—1 n—1
<CL1+CL2+ +an—1)n !
> a102 - Ap_1
n—1
Gt Fano > nJa1az - an_1
n—1
By Cauchy induction, this proves the AM—GM inequality for n variables. O

1.3.8 Pigeonhole Principle

Theorem 1.27 (Pigeonhole principle). If k is a positive integer and k + 1 objects are placed into
k bozes, then at least one box contains two ore more objects.

Proof. Suppose, for a contradiction, that k 4+ 1 objects are placed into k boxes, and no boxes contain two
or more objects.

Then each box has 0 or 1 objects, so the total number of objects is at most k. This is a contradiction. [J

In fact, we can generalise the pigeonhole principle further:

Theorem 1.28 (Generalised pigeonhole principle). If k is a positive integer and n objects are
placed into k boxes, then at least one box contains f%] or more objects.

Example (IMO 1972). Prove that every set of 10 two-digit integer numbers has two disjoint
subsets with the same sum of elements.

Proof. Let S be the set of 10 numbers. It has 2'0 — 2 = 1022 subsets that differ from both S and
the empty set. They are the “pigeons”.

If A C S, the sum of elements of A cannot exceed 91 + 92 + - - - + 99 = 855. The numbers between
1 and 855, which are all possible sums, are the “holes”.

Since the number of “pigeons” exceeds the number of “holes”; there will be two “pigeons” in the
same “hole”. Specifically, there will be two subsets with the same sum of elements. Deleting the
common elements, we obtain two disjoint sets with the same sum of elements. O

Example (Putnam 2006). Prove that for every set X = {x1,zs,...,2z,} of n real numbers, there
exists a nonempty subset S of X and an integer m such that

1
E < —.
L 5 “n+1
€S

Proof. Recall that the fractional part of a real number x is © — |« |. Consider the fractional parts

of the numbers x1,x1 + To,...,x1 +To + -+ + Tp.

e If any of them is either in the interval {0, %H} or [n%rp 1}, then we are done.
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e If not, consider these n numbers as the “pigeons” and the n — 1 intervals

1 2 2 3 n—1 n
n+1"n+1| n+1"n+1|" 7 n+1"n+1

as the “holes”. By the pigeonhole principle, two of these sums, say =1 + x2 + - - - + z; and
1422+ +Tktm, belong to the same interval. But then their difference xp41 4+ +ZTktm
lies within a distance of n%rl of an integer, and we are done.

O

— Exercises —
% Exercise 1.3.1. Prove that if an integer is even, then its square is even.

Solution. Let x € Z be even. Then x = 2k for some k € Z. We have 22 = (2k)? = 2(2k?). Hence z? is
even. O

% Exercise 1.3.2. Prove that the sum of two rational numbers is rational.

Solution. Let x1,z9 € Q. Then z; = % for some p1,q1 € Z, ¢ #0; x5 = Z’—; for some ps,q € Z, g2 # 0.
Then .
T, + 2y = 124_]2 _ p1a2 231
a g2 a192
Hence z1 + 22 € Q. O
% Exercise 1.3.3. Prove that if 2,y € R, then 5 +4>2.
Solution. We shall work backwards. Note that
§+Q22 — 22 +y? > 2y
Yy x
— 22— 2zy+4y> >0
= (-y)?*>0
which is true. O

% Exercise 1.3.4. Prove that if m and n are integers such that mn is even, then either m is even or n is

even.

Solution. Contrapositive. O

* Exercise 1.3.5 (Bernoulli’s inequality). Let z € R, z > —1. Then for all n € N,
(1+z)" > 1+ nz.

Solution. Induct on n. Fix z > —1. Let P(n) : (1 4+ )" > 1+ nx.
The base case P(1) is clear. Suppose P(n) is true for some n > 1, i.e., (1 + )™ > 1+ na. Then

1+2)" =1 +2)(1+2)"
> (1+x)(1+ nx) [by induction hypothesis]
=1+ (n+ 1)z + nz?
>1+(n+1)z.
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Exercise 1.3.6. Define a sequence (a,) by the recurrence relation a; =1 and a, 1 = 2a, + 1 for n € N.
Prove that a,, = 2" — 1 for all n € N.

Solution. Induct on n. Let P(n) be the predicate a,, = 2" — 1 with domain N.
The base case P(1) holds: 2! —1 =1 = qa;.
Suppose n € N and P(n) holds. We shall prove that P(n + 1) holds:

ap+1 = 2a, +1
=22" —1)+1
="t 1.

O

Exercise 1.3.7 (Golomb, 1965). Prove that every 2" x 2" board with one square removed can be tiled
with L-shaped triominoes.

Solution. Induct on n.
The base case n =1 is clear. Suppose the result holds for n; we wish to prove it for n + 1.

A 27F1 x 27+ board can be partitioned into four 2" x 2" boards. Without loss of generality, assume
that the square removed is in the top left board. By inductive hypothesis, that board can be tiled with
triominoes.

Now place a triomino at the center of the 2"+ x 27! board, such that exactly one square of each of the
remaining three 2" x 2™ boards is covered. By inductive hypothesis, the remaining three 2™ x 2™ boards
can be tiled with triominoes.

Hence the 27t1 x 27t hoard can be tiled with triominoes. O

Exercise 1.3.8. Prove that for all n € N, F,, < 2".

Solution. Idea: We do strong induction instead of induction because in the recurrence relation defining
(Fy), Fhy1 depends on multiple previous values (namely, F),, and F,,_1).

We proceed by strong induction on n.

For the base case, F} =1 <2=2'and [, =1 < 4 =22,

Suppose n > 2 is such that F,,, < 2™ for every m < n. We shall show that F,; < 2"t

Fn+1:Fn+Fn71
<2n+2n—1
< 2" 42m =2mH

as desired. ]

Exercise 1.3.9. Prove that the equation 3z + 4y = n has some solution in N for all n > 6.

Solution. We proceed by strong induction on n > 6. Let P(n) be the predicate “3x + 4y = n has some
solution in N7, with domain {n € N |n >6}.

Base case: We check P(6): 3x 4+ 4y = 6 has solution = 2,y = 0; for P(7), 3z + 4y = 7 has solution
x =1,y =1; for P(8), 3z + 4y = 8 has solution z = 0,y = 2.

Suppose n > 8 is such that P(m) holds for all 6 < m < n. We shall show that P(n 4 1) holds. Since
n > 8, we have n — 2 > 6. Since 6 < n — 2 < n, apply inductive hypothesis P(n — 2) to obtain z,y € N
such that 3z +4y =n — 2. Then z + 1,y € N and 3(z + 1) + 4y = n + 1 as desired. O

Exercise 1.3.10. Prove that every rational number r can be written in lowest terms, i.e., r = u/v where
u,v € Z have no common factor other than 1.
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Solution. Induct on n € N. Let P(n) be the predicate “if r = a/b where a,b € Z and |a|, |b| < n, then r
can be written in lowest terms”.

For the base case, suppose r = a/b where a,b € Z and |a|,|b| < 1. Thena=1,00r —1 and b=1 or —1.
In all six cases, a and b have no common factor other than 1, as desired.

Suppose n € N is such that P(n) holds. We shall show that P(n + 1) holds. Suppose r = a/b where
a,b€Z and |al,[b] <n+1.

Case 1: If a and b have no common factor other than 1, then we are done.

Case 2: Otherwise, let f > 1 be a common factor of @ and b. Define ¢ = a/f and d = b/f. (We have
¢,d € Z since f divides a and b.)
Since f > 1, we have |¢| < |a|] < n+1 and |[d| < |b] < n+ 1. Then r = ¢/d and |c|, |d] < n, so by
the inductive hypothesis, r can be written in lowest terms as desired.

O
Exercise 1.3.11 (Least common multiple).

(i) Prove that for every non-zero integers a and b, there exists a positive integer ¢ such that a and b
both divide c.

(ii) Hence prove that there is a smallest positive integer ¢ such that a and b both divide c.

Solution. Put ¢ = |ab|. Then a and b both divide c.

Let S be the set of all positive integers that are common multiples of a and b. Since |ab] € S, S is
non-empty. By the well-ordering principle, S has a least element cg. Hence ¢q is the smallest positive
integer that is a common multiple of a and b. O

Exercise 1.3.12. Use induction to prove that for every n € N, 3 divides n3 — n.

Solution. Induct on n € N. Let P(n) be the predicate “3 divides n® —n”.
The base case P(0) holds since 02 — 0 = 0 is divisible by 3.
Suppose P(n) holds for some n > 0; that is, 3 | n® — n. Then

n+1)2—n+1)=m*+3n>+3n+1)—(n+1)
= (n* —n) +3(n* +n).

Since n® — n and 3(n? + n) are each divisible by 3, it follows that their sum is divisible by 3. Thus
3| (n+1)2—(n+1). O

Exercise 1.3.13. Define a sequence (a,,) of real numbers by ag = 0 and ap+1 = (a,)* + 1 for n € N.
Prove that for all n € N, we have 0 < a,, < 1.

Solution. We shall prove a stronger result: for all n € N, we have 0 < a,, < %

Induct on n € N. The base case holds since a; = 0% + % = % < %

Suppose 0 < a, < % holds for some n > 1. Squaring both sides gives a,,? < %. Then add i to both sides
to get apq1 = an? + i < % as desired. O]

Exercise 1.3.14. Define the predicate P(n,m) to say that there is a finite sequence of positive integers

{a;}]_, such that
1

1
ap +

T
a1+

3=

..+7

a.

<.

The domain of P(n,m) is the set {(n, m)|n,méeN, n< m}. The goal of this question is to prove that
P(n,m) holds for all m and n (in its domain, of course).
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(i)

(i)
(iii)

(iv)

Suppose n < m are positive integers such that n does not divide m. Prove that there is a largest
positive integer a such that > < %

In the context of the previous part, prove that 0 < m — an < n.

Suppose n < m are positive integers such that for all positive integers n’ < n, P(n’,n) holds. Prove
that P(n,m) holds.

Convince yourself that we have a proof that P(n,m) holds for all m and n.

Solution.

(i)

(i)

(iii)

Consider the set S = {a € N | an < m}. Since S is non-empty (1 € S) and bounded above by m, S
has a largest element ag such that = < %

Since - < %, multiplying both sides by am and rearranging gives m — an > 0.

We prove the other inequality by contradiction. Suppose m — an > n. Then - < ﬁ Since n does

not divide m, ;- cannot be simplified to a fraction of the form % where k € Z, so equality cannot

hold. This implies 2 < —1

o371 contradicting the maximality of a.

We can write

1 1

m—an

By (ii), since 0 < m — an < n, by inductive hypothesis P(m — an,n) holds, i.e., can be

expressed as a finite continued fraction, say

m—an 1

- 1

" bo + by+—1
.
for some positive integers b, ...,b;. Then
n 1

E N a + L

bo+ 1

so P(n,m) holds.

Induct on the denominator when a fraction between 0 and 1 is written as -, where n,m € N.

Let Q(m) be the predicate that P(n,m) holds for all n < m. We induct on m.

The base case P(1,2) holds since 3 is already in the desired form.

Suppose Q(k) holds for 2 < k < m. We want to show Q(m) holds.

Case 1: If n | m, then m = an, so > = % is the desired form.

Case 2: If ntm, this is (iii), which uses the inductive hypothesis.

Remark. You have to include the case n | m somewhere in (iv). Since this is the case that stops the

recursion, it turns out to make more sense to include it as a case in the inductive step instead of “Case 1:

n | m, prove Case 1; Case 2: n 1 m, prove Case 2 by induction”.

Remark. We don’t want to induct on more than one variable simultaneously, so choose one formula whose

size gets smaller with each recursive step. In this case, the denominator is a natural choice.

O
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Exercise 1.3.15. Let m and n be positive integers. Given a chocolate bar with dimensions m units by n
units, your task is to break it down into mn many 1 unit by 1 unit squares. The only operation you can
perform is to take a single piece and break it vertically or horizontally. (You can’t break multiple pieces
in one operation!) Use strong induction to prove that one needs at least mn — 1 operations for this task.
(Optional: Is mn — 1 operations enough?)

Solution. We proceed by strong induction on the total number of squares V.
The base case where N =1 is trivial.

Suppose that for any chocolate bar with k squares, where 2 < k < N, it requires at least k£ — 1
breaks. Consider a chocolate bar with N squares. Break it into a piece of size N; squares and a
piece of size Ny squares, where N1 + Ny = N and Ni, Ny < N. The first piece requires at least
N1 — 1 breaks, the second piece requires at least Ny — 1 breaks. Hence the total number of breaks is
>N —-1)+(No—1)+1=N;+No,—1=N—-1.

For an m x n bar, mn — 1 operations is enough. First make m — 1 horizontal breaks to get m separate
1 x n pieces. Then for each of the m pieces, make n — 1 vertical breaks. Total number of operations is
(m—1)4+mn-—1)=mn—1. O

Exercise 1.3.16. Given n real numbers ay, as, . .., a,, show that there exists a; (1 < i < n) such that a;
is greater than or equal to the mean of the n numbers.

Solution. Let a denote the mean value of aq,...,a,. Suppose, for a contradiction, that a; < a for all

i=1,...,n. Then
_ at+--+a, a+---+a na _
a = < =— =4a,
n n n

a contradiction. O

Exercise 1.3.17. Prove of disprove: there is an irrational number a such that for all irrational number b,
ab is rational.

Solution. Disprove. For every irrational number a, we shall construct an irrational number b such that ab

is irrational (note that we can consider multiple cases and construct more than one b).
V2

Given an irrational number a, consider *=.

Case 1: If % is irrational, take b = % Then ab = /2 is irrational.

Case 2: If % is rational, then its reciprocal % is also rational.

Since /6 is irrational, the product (%)\/6 = a+/3 is irrational. Take b = \/3, which is irrational.
Then ab = a+/3 is irrational.

O

Exercise 1.3.18. Prove that, for any positive integer n, there exists a perfect square m? such that
n < m? < 2n.

Solution. Suppose, for a contradiction, that n > m? and (m + 1)? > 2n for some positive integer n, so
that there is no square between n and 2n. Then

(m+1)* > 2n > 2m?>.
Since we are dealing with integers, we can write

(m+1)%>2m? 42

which simplifies to
0>m?—2m+1=(m—1)>2
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The only value for which this is possible is m = 1, but we can eliminate that easily enough. O

* Exercise 1.3.19. Prove that n! > 2™ for every positive integer n > 4.

Solution. Induct on n. Let P(n) : n! > 2™,
The base case P(4) is clear. Suppose P(n) is true for some n > 4, i.e., n! > 2™. Then

(n+)=nln+1)>2"n+1)>2".2=2"""

* Exercise 1.3.20. Prove that forn >2, ¢/n<2— 1.

Solution. Induct on n. Let P(n) : {/n <2— 1 forn > 2.
The base case P(2) is clear. Suppose P(n) is true for n > 2, i.e., ¥/n <2 — %, orn < (2 - %)n We want

n+1
to show that P(n+ 1) holds: n+ 1 < (2 - %—i—l) . Since n > 2,

1 n+1 1 n+1
(b))
n+1 n

1
>n (2 - > [by inductive hypothesis]
n

=2n—1>n-—1.

O
% Exercise 1.3.21. Prove that for all integers n > 3, (1 + %)n < n.
Solution. The base case P(3) is true, since (1 + %)3 =8 =20 <3
Suppose P(n) is true for some n > 3, ie., (1+ %)n < n. Then
1 n+1 1 n+1
1+ < |14 —
n+1 n
1\" 1
—(1+3) (1+3)
n n
1
<nll4+—-—)=n+1
n
O

The Fibonacci sequence (F),) is defined recursively by
F1 = 1, F2 = 1, Fn = Fn—l +Fn—2 for n Z 3.

* Exercise 1.3.22. Let (a,) be a sequence of integers defined recursively by the initial conditions a; = 1,
as = 1, a3 = 3 and the recurrence relation a,, = an_1 + Gp_o + ay,_3 for n > 3.

For all n € N, prove that a, <271,

Solution. Idea: Given the recurrence relation, we may need to use strong induction: use P(k), P(k +
1), P(k + 2) to prove P(k + 3), for all k € N.
Let P(n) : a, <2" L
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The base cases P(1), P(2) and P(3) are clear. Suppose P(n), P(n+ 1) and P(n + 2) are true for some
n € N. We will show that P(n + 3) is true.

By inductive hypothesis, we have
an <2 apg1 27T apye <272

Then

Ap+3 = Gpn + Apt1 + G2
S 2n + 2n+1 + 2n+2
=2"(1+2+2%)
< 2(2%) = 2"*3,

Exercise 1.3.23. For m,n € N, prove that
Fn+m+1 =F,Fn+ Fn+1Fm+1-

Solution. Fix m, induct on n. Let P(n) : Fiupmi1 = FnFm + Frny1Fmyr for all m € N in the cases k =n
and k=n+ 1.

To show that P(0) is true, note that
F7n+1 = FOFm + F1F7rz+1

and
Fryo=FFn+ FoFn

for all m, as Fp =0 and F; = F5, = 1.

Now assume P(n) is true; that is, for all m € N,

Froym+1 = FoFp + Fop1 P,
Fn+m+2 = FnJrlFm + Fn+2Fm+1~

Then
Fn+m+3 = Fn+m+2 + Fn+m+1
:FnFm+Fn+1Fm+l+Fn+1Fm+Fn+2Fm+1
= (Fn + Fn+1)Fm + (Fn+1 + Fn+2)Fm+1
= n+2Fm + Fn+3Fm+1
thus P(n + 1) is true, for all m € N. O

Exercise 1.3.24 (MA1100 AY24/25). Let a; = 11, as = 21 and a,4+1 = 3a, — 2a,—1 for all integers n
with n > 2. Prove that for all positive integers n,

anp=5-2"+1.

Solution. We proceed by strong induction.

For the base case, we have a; = 5-2' + 1 = 11, so it is true.
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Suppose, for all 1 < k < n, we have a, = 5 -2 + 1. We will prove that a,; = 5- 2" + 1:

An+41 = 3Ap — 251
=3(5-2"+1)—2(5-2""1 +1)
=15-2"+3-5.2" —2
=10-2" +1
=5.2"" 41

By strong induction, the result is true for all positive integers n. O

* %% Exercise 1.3.25 (MA1100T AY24/25). Recall the Fibonacci numbers:
ag =1, ay=2, and api2 =an4+1+a, for n € N.
You may assume without proof that:
For all integers m, n, if 1 <m <n, thenm <a,, <a,. (*)

(i) For each integer x > 2, prove there is a largest positive integer n such that a, < z.

(ii) Prove that every positive integer  can be expressed as the sum of a strictly increasing sequence of
non-consecutive Fibonacci numbers.

Solution.

(i) Consider the set S ={n € N:a, < z}.
Since S is non-empty (1 € S) and bounded by x by the given fact (x), then S has a largest element
n.
(ii) We proceed by strong induction on z. Base case: z = 1.
Inductive step: If x is a Fibonacci number, we are done.
Otherwise, let n € N be largest such that a, < x.
By maximality of n, < a,41. Since « is not a Fibonacci number, in fact * < an41.

Notice n cannot be 1, because a; = 1 and as = 2 have no integer in between. So n > 2, which
means a,y1 = ap + an—1. We may now write

x=(x—ap)+ an,
where © — a,, is a positive integer strictly below a,,_1. By applying the inductive hypothesis to

T — ap, we may write * — a,, as the sum of distinct non-consecutive Fibonacci numbers.

Qn—1, Gn and a,41 do not appear in this sum because they are each larger than x — a,, by the
given fact.

So we may add a, to this sum to express = as a sum of distinct non-consecutive Fibonacci numbers.
O

* Exercise 1.3.26 (MA1100T AY24/25). Prove that for every real number z, there is at most one pair of
rational numbers p and ¢ such that
T = p\/§ +q.

Solution. Suppose, towards a contradiction, that a real number z admits two representations

T =pV2+q = p2V2+ g,
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where p1,p2,q1,q2 € Q and p1 # p2, ¢1 # q2. Subtracting gives
(p1 —p2)V2=gq2 — q1.

Since p; — p2 # 0, we can solve for

\/52 92 — q1

p1—p2’
which would imply that /2 is rational, a contradiction.
Hence p; — p2 = 0, so p; = p2, and consequently g; = go. O

* %% Exercise 1.3.27 (MA1100T AY22/23). We aim to prove that every rational number between 0 and 1
can be written as the sum of distinct positive reciprocals. (This is stated precisely in (iv)).

(i) Suppose n < m are positive integers such that n does not divide m. Use well-ordering to prove that
there is a smallest positive integer a such that

a<m-—1 and

S~
AN
3=

(ii) In the context of (i), prove further that an —m < n.
(iii) In the context of (i), prove further that 2 < 2.

(iv) Using (i) — (iil) or otherwise, prove that for every rational number r such that 0 < r < 1, there are
distinct positive integers {a;}!_, such that

3

-yt
—~a
Solution.

(i

—~
—-
—-

)
)
(i)
)

%% Exercise 1.3.28 (Binomial theorem). Let « and y be real (or complex numbers), and n € N. Then

@ty =3 BE

k=0

Solution. Induct on n € N. Clearly the expression holds for n = 0, since LHS is 1, and RHS is also 1
(because (8) = 1 and any number raised to the power 0 is 1).

Suppose the expression holds for some n € N. Then by inductive hypothesis,

(z4+y)"" =@ +y)(z+y)"

= (z+y) zn:<’2>knk

=0

:g%(k) ahtiyn— k+§n:<> kyntl=k

k=0
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Continuing to expand the brackets gives

n—1 n
n n
xn—‘—l + § <k> xk+1yn—k 4 E (k) xkyn+1—k + yn+17
k=0 k=1

where we have taken out the last term from the first sum and the first term from the second sum. In
the first sum we now make a change of indexing variable; we set k = [ — 1, noting that as k ranges over
0,1,...,n — 1 then [ ranges over 1,2,...,n. Thus the above equals

n—1 n
2 4 Z (Z) xk—i—lyn—k + Z (Z) l,kynﬂ—k n yn+1
k=0 k=1
gl Qe
k=1

n
_ Z,n+1 + Z (Tl + ]‘) Ik:ynjtlfk + ynJrl
k

k=1
n+1
_ Z (”"’ 1) k, nt+1—k
k
k=0
which shows that the expression holds for n + 1.
Hence by induction, the expression holds for all n € N. O
Exercise 1.3.29. Given n positive numbers x1, zo,...,Z, such that x1 + x5+ --- + x, < %, prove by
induction that 9
(I—z)(l—z9) - (1 —zy,) > 3
[Hint: For the inductive step, consider x1,Za, ..., Tn_1,Zn + Tpni1.]
Solution. For the base case n =1, if 1 < %, then1l—x; >1— % = %
Suppose the result holds for some n € NT. In particular, for positive numbers x1, 2, ..., Tn_1,Tn + Tni1,

Wehavex1+~~+wn+:17n+1§%and

Wl N

(I=z)(A=22)- - (I = zp1)(1 = (zn + Tp41)) 2
Note that for non-negative a, b, we have
l-a)1-b)=1-(a+b)+ab>1—(a+Db).

Thus (1 — 2,)(1 — xps1) > 1 — (s + 2py1). Hence

[SSRN )

(I —a)(X —22) - (1= 2n)(1 = Zny1) >

as desired. This completes the inductive step. O

Exercise 1.3.30 (MA1100T AY25/26). Prove that every positive integer n can be written in base 2, i.e.,
there are distinct natural numbers {a;}!_, such that n = >"7_ 2%.

Solution. Define a predicate P(n) with domain N*, which asserts that there are distinct {a;}/_, in N
such that n = Y"7_,2%. We shall prove P(n) for all n € N* by strong induction.

Base case: 1 =2, so we can take ay = 1.

Inductive step: Suppose n € NT is such that P(m) holds for all m € NT less than or equal to n. We shall
prove P(n + 1). We consider two cases:
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Case 1: n+ 1 is even. Say n+ 1 = 2k for k € Z. Note that k > 1 because 2k =n + 1 > 2 (here we use
n > 1). Furthermore, k < n because 2k = n + 1 < 2n (again we use n > 1).

By inductive hypothesis, there are distinct {a; g:o in N such that k = Z?:o 2% Tt follows that
J J J
nl=2k=2» 2% =>3"2.2% =% 2%t
i=0 i=0 i=0
Notice that for each i, a; + 1 € N because a; € N. Furthermore, the a; + 1 are distinct because the
a; are distinct.
Case 2: n+1is odd. Say n+ 1 =2k + 1 for k € Z. Note that k > 1 because otherwise 2k (= n) would
be non-positive, contrary to assumption. Furthermore, £ < n because 2k = n < 2n.

By inductive hypothesis, there are distinct {a;}/_, in N such that k = ZZ;O 2%, Then
J J
nl=>Y 2%t 4=y 2%t 420
i=0 i=0

Notice that for each 4, a; + 1 € NT because a; € N. Furthermore, the numbers 0, ap + 1, ..., aj + 1
are distinct because the a; + 1 are distinct positive natural numbers.



Sets

2.1 Naive Set Theory

Definition 2.1. A set S is an unordered collection of distinct objects, called elements of S. If
x is an element of S, we write x € S; otherwise we write = ¢ S.

There are three ways to describe a set:
1. Roster notation: list the elements of the set explicitly.
2. Set-builder notation: define a set in terms of some property P(z) that the elements z € S satisfy:
{x eS| Plx)} or {reS:Px)}

Sometimes it is convenient to use set-builder notation in a different form; for example, the set of
even integers can be written as {2k | k € Z} rather than {n € Z | (3k € Z)(n = 2k)}.

3. By applying set operations to other sets, e.g., S = AU B.
The following sets of numbers are frequently encountered.

e The natural numbers N = {0,1,2,...}.

The integers Z = {...,—2,-1,0,1,2,...}.

The rational numbers Q = {Zj |p.q € Z,q # 0}.

The real numbers R (the construction of R will be discussed in Chapter 5).

The complex numbers C = {x + yi | z,y € R}.

[ Definition 2.2. The empty set ) is the set with no elements. )

Remark. {0} and @ are different sets!

A set which contains some element is said to be non-empty.

Definition 2.3. The universal set U is the set containing all objects currently under consider-
ation.

Unlike the empty set, the universal set depends on context.

34
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~
Definition 2.4. We say A and B are equal, denoted by A = B, if they contain the same
elements:
(Vx)x € Az € B.
- J
o . . - h
Definition 2.5. We say A is a subset of B, denoted by A C B, if every element of A is in B:
(Vx)x € A=z € B.

- J
We say A is a proper subset of B, denoted by A C B, if AC B and A # B.

Lemma 2.6. h
(i) D C A and A C A.
(ii) If AC B and B C C, then A C C. (C is transitive)
(1)) A=B < (AC B)A(BCA). (double inclusion) y

(iii) is useful for proving two sets are equal.
Proof.

(i) Since there are no elements in @), x € () is false. Hence (Vz)(z € ) = = € A) is vacuously true.

(Vz)(x € A=z € A) is obviously true.
(ii) Combine the two implications t € A= 2 € Bandz € B= 2z € C.

(iii) Suppose A = B. Then every element in A is an element in B, so certainly A C B, and similarly
B C A.
Suppose A C B and B C A.
For every z, if z € A, then A C B implies that x € B. If z ¢ A, then B C A means x ¢ B.
Hence x € A if and only if z € B, and therefore A = B.

O

Some frequently occurring subsets of R are known as intervals, which can be visualised as sections of
the real line R. We define bounded intervals

b)
[a,b] ={x € R|a <z < b},

b)={x €eR|a<x<b},
(a,)] ={xr € R|a <z <b},

and unbounded intervals

(a,00) ={x €eR|a <z},
[a,0) ={z eR|a <z},
( )
(

—00,a) ={zr €eR |z <a},
—o00,a] ={z e R |z <a}.

An interval of the first type (a, b) is called an open interval; an interval of the second type [a, b] is called
a closed interval.
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Note that if a = b, then [a,b] = {a}, while (a,b) = [a,b) = (a,b] = 0.

Remark. The notation above uses the co symbol, which you might have seen before to represent the
concept of ”infinity”. Please note that co ¢ R and it is not meaningful to write things like x < co. The
notation for unbounded intervals is not a subset of the notation for bounded intervals!

Fix a universal set U. Given sets A, B C U, we define:

Definition 2.7.

(i) The union of A and B consists of elements in A or B:

AUB:={zeclU|z€ AV e B}

(ii) The intersection A N B is the set consisting of elements that are in both A and B:
AnNB:={zeclU|z€ ANz € B}.

We say A and B are disjoint if AN B = ().

(iii) The complement of A consists of elements not in A:

A ={zx el |z ¢ A}.

(iv) The difference of A and B consists of elements in A and not in B:

A\B:={zx el |z ANz ¢ B}.

(v) The symmetric difference of A and B is

AAB:={zclU |z € Adx € B}
=(A\B)U(B\4)

= (AUB)\ (AN B).
\ J

Venn diagrams are useful for visualising interactions between three or fewer sets. They can help us to

discover proofs, but do not themselves constitute proofs.

AUB ANB A¢

@ OO

Figure 2.1: Venn diagrams.

One can prove set identities in several ways:

1. Convert the identity to a biconditional/implication in propositional logic and prove that it is a
tautology (consider propositions P meaning “z € A” and Q) meaning “z € B”.)

2. Element chasing

3. Set identities previously proven
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There are many set identities which you can find on Wikipedia: https://en.wikipedia.org/wiki/
List_of_set_identities_and_relations. The following result shall summarise the important ones.

Lemma 2.8. Let A,B,C CU. b

(i) AU(BUC)=(AUB)UC. (associativity)

(ii)) AN(BNC)=(AnB)nC. (associativity)

(iii) AU(BNC)=(AUB)N(AUC). (distributivity)

(iv) AN(BUC)=(ANB)U(ANC). (distributivity)

(v) (AU B)¢ = A°n B°. (de Morgan’s laws)

(vi) (AN B)¢ = A°U B°. (de Morgan’s laws)

-

Proof. Exercise. 0

( Definition 2.9. An ordered pair is denoted by (a, b), where the order of the elements matters. )

Equality of ordered pairs is defined as
(al,bl) = (ag,bg) <= a1 = as and by = bs.

Similarly, we have ordered triples (a, b, ¢), quadruples (a, b, c,d) and so on. If there are n elements, it is
called an n-tuple.

Definition 2.10. The Cartesian product of sets A and B is the set of all ordered pairs with
the first element of the pair coming from A and the second from B:

Ax B:={(a,b)|a€ A, be B}.

More generally, we define
HAi:Al XX Api={(a1,...,a,) | a; € A;, 1 <i<n}.
i=1

If Ay =---= A, = A, we denote the product as A".

Example. R? is the Euclidean plane, R3 is the Euclidean space, and R" is the n-dimensional
Euclidean space.

R? = {(z,y) | 2,y € R},
R® = {(2,9,7) | 29,7 € R},
R" ={(z1,...,2n) | 1,..., 2y € R}

The Cartesian product is not commutative, i.e., A x B # B x A for all sets A and B; for example, if
A={1}, B={2}, then {(1,2)} =AxB#BxA={(2,1)}.

The Cartesian product is not associative (unless one of the involved sets is empty):
(AxB)xC#Ax (BxC).

For example, if A = {1}, then (A x A) x A={((1,1),1)} # {(1,(1,1))} = A x (A x A).


https://en.wikipedia.org/wiki/List_of_set_identities_and_relations
https://en.wikipedia.org/wiki/List_of_set_identities_and_relations
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Lemma 2.11. Let A, B,C, D be sets. b
(i) Ax)=0xA=0.
(ii)) Ax (BUC)=(Ax B)U(AxO). (distributivity)
(i) Ax (BNC)=(AxB)n(AxC). (distributivity)
(iv) Ax (B\C)=(AxB)\(AxO). (distributivity)
(v) (Ax B)n(C x D)= (ANC) x (BN D). (intersection)
(vi) (Ax B)U(C x D) C (AUC) x (BU D). (union)
(vii) (ANB) x (CND) = (ANC) x (BN D).
(viii) (AUB) x (CUD)C (AUC) x (BUD,).
. J

Proof.

(i) We shall show A x § = (. The proof of ) x A = () is similar.

Vacuously true.

This is equivalent to showing (Vz)[z € A x ) = =z € 0)]. But x € () is always false, so we need
to show (Vz)-(z € A x (). Note that

reAX() < (Jac A)(Ibe D)z = (a,b)]
< (Ja)(FA)[[a € A]A[b €D A [z = (a,b)]]

is always false, since b € () is always false. Hence (Vz)—(z € A x ) is true.

(ii) We have

(iii)

(iv)
(v)
(vi)

reAx(BUCQ) (Ja € A)(3be BUC)x = (a,b)

(Ja € A)[(Fbe B) Vv (T e O)]z = (a,b)

[(3a€ A)(Fb € B)x = (a,b)] V[(Fa € A)(Fb € C)x = (a,b)
(x€e AxB)V(z e Ax ()]

<~ z€(AxB)U(AxCQC).

>
<~
g
<~

[C] Let 2 € Ax (BN C). Then z = (a,b) for some a € A, b€ BNC = b e Band b e C. Thus
z=(a,b) e AxBandz=(a,b) c AxC,s0x € (AxB)N(AxC).

2l Let 2 € (Ax B)N(Ax C). Then z € Ax Band z € A x C, so x = (a,b) for some a € A,
be B, and x = (a,b) for some a € A, b € C. Thus z = (a,b) for some a € A, b € BN C. Hence
reAx(BNCO).

‘We have

x€(Ax B)U(C x D) (reAxB)V(reCUD)
[(3a € A)(Fb € B)x = (a,b)] V[(Fa € C)(3b € D)x = (a,b)]
(Jac AUC)(3be BUD)x = (a,b)

= € (AUC) x (B x D).

=
=
—
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Equality need not hold in general. Let A=Z =D and B=0=C. Then Ax B=0=C x D, so
(Ax B)U(C x D) =0. Thus

(AUC)x (BUD)=Z xZ #0=(Ax B)U(C x D).

(vii)

(viii)

Our last operation defines the collection of all subsets of a set.

C Definition 2.12. The power set P(A) of A is the set of all subsets of A. )

Notation. In other literature, the power set of A is commonly denoted by 2. (This notation is suggestive:
it hints that if A is finite, then |24| = 2141

For all sets A, we have ) € P(A) (since ) C A) and A € P(A) (since A C A).

Example.
P({lv 3}) = {Q)v {1}7 {3}7 {L 3}}
P0) ={0}
P{0}) = {0,{0}}
( Lemma 2.13. Let A, B be sets. Then AC B < P(A) C P(B). )
Proof.

Suppose A C B.

Let X € P(A). Then X C A. By assumption, X C B. Thus X € P(B).

Suppose P(A) C P(B).

Let z € A. Then {z} C A, so {z} € P(A). By assumption, {z} € P(B) = {2} CB = x€B. O

( Corollary 2.14. Let A, B be sets. Then P(AN B) = P(A) NP(B).

Proof.
By the preceding lemma, we have P(AN B) C P(A) and P(AN B) C P(B).
This follows easily. ]

Since unions and intersections are associative, the notation A U B U C' is unambiguous, and we can
therefore generalise this notion to arbitrary indexed sets (could be finitely or infinitely many).

Definition 2.15. Let I be a non-empty set, and {4; };c; be a family of sets indexed by I. Then

U ={zcu|@iehzec A},
iel
(4 ={zecl|(Viel)zc A}

i€l
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If I = Nor I =17, itis common to denote the union by (J;~ A, or [,
intersection is denoted similarly.

Remark. If I =0, then | J,.; A; = 0 and N

A,, respectively; the

n=—oo

A; =U (since Vi € () is vacuously true).

iel el

Lemma 2.16. Let I be a non-empty set, and let {A;}ier be a family of sets indexed by I. Then )
(i) For each j € I, (;c; Ai C Aj.
(ii) For each j € I, A; C|J;c; A

(iii) (N;er Ai) U B = ;e (A UB). (distributivity)
(iv) (U;er Ai) N B = U;c;(A: N B). (distributivity)
(v) (U;er As)¢ = Nier Ai°. (de Morgan’s laws)
(vi) (Nier Ai)° = U;er A" (de Morgan’s laws)
(vii) Uier 40V (Ujes Bi) = U jyerxs(4i U Bj).

L (viii) (Nier Ai) Y (Njes Bi) = N jerxs (4 U Bj). )

Proof.

(i) Let j € I. Let z € [,

ser Ai- Then for each i € I, x € A;. In particular, z € Aj;.

(ii) Let j € I. Let x € A;j. Then x € A; for some i € I, so x € |J;; A

(iii) [S] Let z € (M;c; 4i) UB.
Case 1: If z € B, then for every i € I, x € A; U B. Thus = € (;;(4; U B).
Case 2: If z € [);; A, then for every i € I, x € A;. It follows that for every i € I, x € BU A;.
Thus 2 € (;c;(A; U B) as well.
Let 2 € (;¢;(A; U B). Then x € A; U B for every i € I.

Case 1: If 2 € B, then x € ((,c; A:) UB.
Case 2: If x ¢ B, then for every i € I, since x € A; U B, we must have z € A;. This means that

x € (;er Ai- Hence x € (¢, Ai) U B.
(iv) [S] Let z € (U,c; A:) N B. Then z € (U

This means there exists ¢ € I such that x € A;, and x € B. Corresponding to this ¢ € I, we have
r € B.

Hence z € (J;c;(As N B).
Let 2 € [J;¢;(As N B). Then there exists i € I such that x € A;N B, so xz € A; and x € B.

ser Ai) and € B.

This means there exists ¢ € I such that z € A;, soz € |J
Hence z € (U, 4i) N B.

ser Ai- This also means = € B.
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(v) By de Morgan’s laws,

xE(UAZ-)C gcgéLJAz
iel icl
_‘[.’E c U Az]
iel

=[(Fi e I[x € A
(Vie Iz e A

.’L‘EﬂAic

icl

Frr 11

(vi) Use de Morgan’s laws.
(vii)

(viii)

When considering families of sets indexed by N, our usual notation will be {4,,}2%.

Definition 2.17. The limit superior and limit inferior of {4,,}22 , are

limsup A4,, := ﬁ G A,, liminf A,, := [OJ ﬁ A,.
k=0n==k k=0n=~k

A member of N,—; U,— ;. Ay, is a member of all of the sets [ J, >, A, so it is a member of A1 UA;UAzU- - -
and of Ao U A3 U A4 U--- and of ... etc. That means no matter how far down the sequence you go, it’s a
member of at least one of the sets that come later. That means it’s a member of infinitely many of them,
but there might also be infinitely many that it does not belong to.

A member of | J,o; N~ A, is a member of at least one of the sets | J—_, A,, meaning it is a member of
either AN AsNAsN--- or AoNA3NAsN--- or ... etc. This means that it is a member of all except
finitely many of the A,.

To summarise,

limsup 4, = {z | ¢ € A, for infinitely many n},
liminf A,, = {z | z € A, for all but finitely many n}.

Proposition 2.18. Let {A4,,}22, be sets. Then

liminf A,, C limsup A4,,.

Proof. Let x € UpZoNner, An- Then there exists ko € N such that = € ()2, A,. This means z € A,
for all n > kg:
x €Ay, and z€ Ap41 and

Let k € N be arbitrary. We need to show z € |, An, i.e., z € A,, for some n > k.
o If k < ko, since x € Ay, and ko > k, it follows that x € Uf;l A,.
o If k > kg, since x € A, for all n > kg, in particular we have x € A,, for all n > k. Thus x € UZO:1 A,.

Thus for every k € N, we have z € ;- , An. Hence z € (3o U~ An. O
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— Exercises —
Exercise 2.1.1. Show that for all sets A and B, we have AAB = A if and only if B = ().

Solution.

Suppose, towards a contradiction, that AAB = A and B is non-empty; fix some b € B. Consider two

cases:

Case 1: b€ A. Then b lies in both A and B, so b ¢ AAB. Since AAB = A, it follows that b ¢ A.

Case 2: b¢ A. Thenb¢ Aand b€ B, sobe AAB. Since AAB = A, it follows that b € A.

Both cases lead to a contradiction. Hence B = ).
Suppose B = {). Then AAB = AAD = (A\D)U D\ A) =AuUlb=A. O

Exercise 2.1.2 ([End77]). Show that if A C B, then C\ B C C'\ A.

Solution. Let x € C'\ B. Then z € C and = ¢ B. By assumption, x ¢ A. Hence x € C'\ A. O
Exercise 2.1.3. Prove or disprove: If AN B = (), then P(4) NP (B) = 0.

Solution. Disprove. P(A) N'P(B) = {0}. O
Exercise 2.1.4. For all sets A, B and C, show that A x B C A x C if and only if B C C.

Solution. The case where A = () is trivial. Thus assume A is non-empty.

Suppose A x B C A x C. Let b € B.

Since A is non-empty, fix some a € A. Then (a,b) € A x B. By assumption, (a,b) € A x C. Hence b € C.
Suppose B C C. Let x € A X B. Then x = (a,b), where a € A, b € B.

By assumption, b € C, so z = (a,b) € A x C. O

Exercise 2.1.5. Prove that for all sets A, B and C, we have (A\ B)\C = (A\C)\ (B\ ().

Solution.
Let z € (A\B)\C. Thenz € A\Band ¢ C. Thusz € Aand ¢ B and « ¢ C.

e In particular, z € Aand 2 ¢ C,so x € A\ C, and
e © ¢ Bimpliesz ¢ B\ C.

Hence z € (A\ C)\ (B\C).
Let x € (A\C)\ (B\C). Thenz € A\ C and © ¢ B\ C. This means x € A and x ¢ C, and = ¢ B
orz € C. Since x ¢ C, x € C is false; thus = ¢ B.

Wehavex € Aand x ¢ Band x ¢ C,sox € A\ Band ¢ C. Hence z € (A\ B)\ C. O

Exercise 2.1.6. Prove or disprove: For all sets A, B, C and D, if Ax B C C x D, then A C C and
BCD.
Solution. Disprove. § x {1} =0 C @ = {1} x 0.
Remark. Remember to consider empty sets! The above result is true if the sets are non-empty.
O

Exercise 2.1.7. Prove or disprove: For all sets {A;}icr and {B;}icr, we have ((;c; Ai) U (N;er Bi) =
Nicr(Ai U B;).
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Solution. Disprove; we show that does not hold. The idea is to make (,c; A; = (\;c; Bi = 0, and
Nier(Ai U B;) # 0.
For each n € NT, make A,, U B,, all the same, equal [0, 1]:

1 1

Exercise 2.1.8 (MA1100T AY22/23).

(a) Prove that for all sets A, B and C, we have AN (BAC) = (ANB)A(ANC).

(b) Disprove: For all sets A, B and C, we have AU (BAC) = (AU B)A(AUCQC).
Solution.

(a) [€] Let x € AN (BAC). Then z € A and z € BAC.

e IfreB thenz ¢ C. Thusz e ANBandaz ¢ ANC.
e Ifre(C,thenz ¢ B. Thusz € ANC and z ¢ BNC.

Let z € (ANB)A(ANC).

elfrecAnBandex ¢ ANC,thenz € Aand z € B,and z ¢ A or x ¢ C. Thus z ¢ A cannot
hold, so we must have z ¢ C. Thus z € AN (BAC).

e Similar.

(b)

Exercise 2.1.9 (MA1100 AY24/25). For each n € N*, let A, = (1 — 1, n). Find

(a) A, (b) A,

n=1 n=1

Solution.

(a) Claim: |J;~; 4,, = (0,00).
Let z € Uy, Apn. Fix n € NT such that z € A4, i.e., 1 — % <z <n.

When n =1, we have 0 < x < 1. As n — oo, we have x > 1. As such, x > 0, which follows that
x € (0,00).

Let @ € (0,00). Then for some n € N*, we can pick n > max{z,1/z} such that we have
1 1 1
r<n or —>r = ——< - = 1l-—-<1l-z<ux.
n n n

Hence 1 — L <z <n,soz el A,
(b) Claim: N,2, A, = 0.

Suppose, towards a contradiction, that ()~ A, # 0. Fix € (72, A,,. Then 1 — 1 <z < n for all
n e NT.

Takingnzl,wehave0<:c<1;thus17%<x<1f0ralln€N+.

By the Archimedian property, since 1 —z > 0, fix ng € NT such that nio <l—-z,ie,z<1— n%n a
contradiction.



CHAPTER 2. SETS 44

O

Exercise 2.1.10 (MA1100T AY21/22). Prove or disprove: For any sets A and B, there exists a unique
set X with the following property:

For any set T', one has T'C X if and only if TUB C A

Solution. Disprove by counterexample. Take A = {1}, B = {1,2}, and suppose there exists such a set X.

If T is the empty set, then T C X, so we have TUB C A. But TU B = {1,2} ¢ A which is a
contradiction. O

Exercise 2.1.11 (MA1100T AY21/22). Prove or disprove: For any sets A and B, there exists a unique
set X with the following property:

For any set T', one has T' D X if and only if TUB D A

Solution. True.

Take X = A\ B. We will show that X has the desired properties.
Suppose T' D A\ B.

Let x € A. We consider two cases:
o If z € B, then x € TUB.
e Ifx ¢ B, thene c ANBCTCTUB.

This shows that TU B D A.
Suppose T'U B D A.

Let z € A\ B. Then « € A and = ¢ B. By assumption, z € TUB,soxz € T or x € B. But « ¢ B, hence
zel.

This shows that T 2 A\ B.
Suppose another set Y satisfies the given conditions. Then

TOX < TUBDA < TDY.

Then picking T =X and T =Y yields X O Y and Y O X. Hence we must have X =Y. O

Exercise 2.1.12 (MA1100T AY21/22). Let X be any set such that ) € X and such that for any = € X,
one has {z} € X. Define a sequence Ay, A, ... of elements of X recursively as follows:

Ar=0, A ={A,} (neN).
Show thay for any 4,7 € N with ¢ # j, one has A; # A;.

Solution. Let P(n) be the proposition “for any ¢, j € N with ¢, j <n and i # j, one has A; # A;”. Induct

on n.

If n =1, then i = j = 1, so P(1) is vacuously true.

If n =2, WLOG assume i = 1 and j = 2. Then A; = () and Ay = {0}, so A; # As.

Inductive step | Suppose P(n) is true for some positive integer n > 2. We will prove P(n + 1) is true.

Let 4,5 <n+ 1. If i,j < n, then by inductive hypothesis, 4; # A;. Otherwise, either ¢ or j must be
n+ 1. WLOG assume i =n+ 1,80 j < n. If j =1 then A,,11 # A; since A; is empty and A, is not.
Otherwise, j > 1.

Suppose, for a contradiction, that 4,11 = A;. Since A,, and A;_; are the only elements of the sets A,
and A; respectively, A, = A;_1. But n,j—1 € Nand n,j —1 <n with n # j —1 therefore by assumption
A, # A;_;. This is a contradiction; hence A, 1 # A;. Hence P(n + 1) holds.



CHAPTER 2. SETS 45

Now for any 4, j € N, take n = max{4, j}. Since ¢, j < n and i # j, P(n) witnesses A; # A; as desired. [
Exercise 2.1.13 (MA1100T AY24/25). Prove or disprove each of the following statements.

(i) For all sets A, B and C, we have (A\ B)\ C = A\ (B\ C).

(ii) For all sets A and B, we have P(A) \ P(B) 2 P(A\ B).
Solution.

(i) Disprove: Consider A = B =C = {0}.
Then B\ C is empty, so A\ (B \ C) = A, which is non-empty.
On the other hand, A\ B is empty as well, so (4 \ B) \ C is empty.
(i) Disprove: Consider A = B = {).
Then P(A) \ P(B) is empty, but P(A\ B) = P(() is not (because it has an element ().
O

Exercise 2.1.14 (MA1100T AY24/25). Fix a subset X C P(N). For each A C N, define cl(4) to be the
set of all @ € N such that a lies in every B € X with B D A:

(A)={aeN:(VBeEX)BDA—ac B}.

(i) Prove that for all A C N, we have A C cl(A).

(ii) Prove that for all A C N, we have cl(cl(A)) = cl(A).
Solution.

(i) Let a € A. Then if B € X and A C B, we have a € B, so a € clx(A4).

(ii) This follows from (i), by replacing A with cl(A4).

Let x € cl(cl(A)). To show that = € cl(A), suppose B € X and A C B. Then cl(4) C B, by
definition of cl. So by definition of cl(cl(A4)), we have 2 € B as desired.

Exercise 2.1.15. For every set F', we define its closure

dA(F) = | J P(X).

XeF

Prove that for every set F,
cl(cl(F)) = cl(F).

(MA1100T AY22/23)

Solution.
Let x € cl(cl(F)). Then there exists X € cl(F') such that z € P(X), i.e., z C X. By definition of cl,
there exists X € F such that X € P(X), i.e., X C Xp.

Hence = C Xy, so x € P(Xj), where Xy € F. By definition, = € cl(F).

Let x € cl(F). Then there exists X € F such that 2 C X.

Note that X € P(X), so X € cl(F).

Hence z € P(X) with X € cl(F), so x € cl(cl(F)). O



CHAPTER 2. SETS 46

2.2 Axiomatic Set Theory

Naive set theory has to contend with Russell’s paradox', which provides a warning as to the looseness of
our definition of a set. It goes as follows:

Suppose H is the collection of sets that are not elements of themselves. The problem arises
when we ask the question of whether or not H is itself in H.

Case 1: If H ¢ H, then H meets the precise criterion for being in H, and so H € H, a
contradiction.

Case 2: If H € H, then by the property required for this to be the case, H ¢ H, another
contradiction.

Thus we have a paradox: H is neither in H, nor not in H.

To avoid contradictions such as Russell’s paradox, axiomatic set theory restricts the construction of sets
via so-called axioms. The axiom system containing all these axioms is called Zermelo—Fraenkel Set
Theory.

Before we begin to present the axioms of Set Theory, let us say a few words about Set Theory in general:
The language of Set Theory contains only one non-logical symbol, namely the binary membership relation
€, and there exists just one type of object, namely sets.

2.2.1 Axiom of Empty Set

Axiom 2.19 (Empty set).
JaVz(z ¢ )

This axiom postulates the existence of a set without any elements, i.e., an empty set. It also shows that
the set-theoretic universe is non-empty, because it contains at least an empty set.

2.2.2 Axiom of Extensionality

Axiom 2.20 (Extensionality).

VeVy(Vz(z €z > z € y) = = y)

This axiom says that any two sets having the same elements are equal. Hence a set is uniquely determined
by its elements.

Remark. If x =y, then automatically (i.e., by logic) anything that is true of the object z is also true of
the object y (it being the same object). For example, if © = y, then it is automatically true that for any
object z, z € x <> z € y. (This is the converse to Extensionality.)

Extensionality also shows that the empty set, postulated by Empty Set, is unique. For assume that there
are two empty sets xg and x1, then we have Vz(z ¢ xg A z ¢ 1), which implies that Vz(z € xg ¢ 2z € z1),
and therefore, o = x.

The empty set is denoted by 0.

Lafter the mathematician and philosopher Bertrand Russell (1872-1970)
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Definition 2.21. We say that y is a subset of z, denoted y C =z, if
Vz(z €y = z € ).

We say that y is a proper subset of x, denoted y C x, if y C x and y # x.

Remark. The empty set is a subset of every set.

2.2.3 Axiom of Pairing

Axiom 2.22 (Pairing).
VaVyFuvz(z eu+ (z =z Vz=1y))

Informally, we just write

VavyJu(u = {z,y}),

where {z,y} denotes the set which contains just the elements = and y. If x = y, then {z,z} = {z} by
Extensionality. Thus if x is a set, then {z} is also a set.

Starting with @), an iterated application of Pairing allows us to construct sets with a single element of two

elements: 0, {0}, {{0}}, {{{0}}}, ..., and {0, {0}}, {{0},{0,{0}}}, ....

For any sets z and y, Extensionality implies that {z,y} = {y,z}. Thus the order in which the elements
of a 2-element set are written down does not matter.

Definition 2.23. An ordered pair (z,y) is defined as

(z,9) = {{z} {z, y}}-

We need to prove that this definition succeeds in capturing the desired property: The ordered pair (z,y)
uniquely determines both what x and y are, and the order upon them.

( Lemma 2.24. (x,y) = (¢/,y’) if and only if x = 2" andy =vy/'. )

Proof.
Trivial; if x = 2’ and y = ¢/, then (z,y) = {{z},{z,y}} = {{z'}, {z/, '} } = (&, ¢).
Suppose (z,y) = (2',y'), i.e.,

{{z} Az vt} = {{"1 {2}

Then we have
{z} € {{«/}. {=",y'}} and {=z,y} € {{z'}, {z",¥'}}.
From the first of these, we know that either

(a) {z} ={'} or (b) {z} ={a",¢'},

and from the second we know that either

() {zy} ={a'} or (d){w,y} ={=" v}

First suppose (b) holds; then z = 2’ = ¢/. Then (c) and (d) are equivalent, and tell us that z =y = 2’ = ¢/.
In this case the conclusion of the result holds. Similarly if (c) holds, we have the same situation.
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There remains the case in which (a) and (d) hold. From (a) we have = 2’. From (d) we get either z = 3/
or y = y'. In the first case (b) holds; that case has already been considered. In the second case we have
y =1, as desired. O

Example. If we define (z,y) := {x, {y}}, then this definition is problematic:

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

So far, all sets that are guaranteed to exist have at most two elements.

2.2.4 Axiom of Union

Axiom 2.25 (Union).
Ve JuVz(z €u < (Jw € x) z € w)

Informally, for each set x, there exists a set whose elements belong to at least one of element of x. We
call this set u the union of z, denoted | J z. For example, if z = {{a, b}, {b,c}}, then Jx = {a,b,c}.

For sets z and y, define the (unary) union of x and y as

rUy = U{xvy}

For example. {z,y} U {z} = U{{z,y},{z}} = {=,y, z}. Thus we can construct sets with more than 2
elements.

2.2.5 Axiom Schema of Separation

Axiom 2.26 (Separation). Let ¢ be a formula with all free variables among x,z,p1,...,pn (Y 18
not free in ¢). Then

One can think of the sets p1,...,p, as parameters of ¢, which are usually some fixed sets. Informally, for
each set x and every first-order formula ¢(z), there is a set whose elements are exactly those z in 2 such
that ¢(z) holds:

{zex|p(2)}

Remark. Separation can only construct subsets and does not allow the construction of entities of the

more general form
{z19(2)}.

This restriction is necessary to avoid Russell’s paradox.

Definition 2.27. Define the intersection of two sets z¢ and z; as

0Nz :={2€x1 |2 €z}

Let ¢(z,x0) be the formula z € z (where x¢ is a parameter), denoted ¢(z,zo) := z € xo. By Separation,
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there exists a set y = {z € x1 | #(z,20)}, i€,
z€Y < (z€x Nz € xp).

In other words, for any sets x¢ and x1, the collection of all sets which belong to both zg and x; is a set.

Definition 2.28. For a non-empty set x, the (unary) intersection of x is
ﬂx:: {zeUx|(Vy€x)z€y}.

This is the intersection of all sets which belong to x. To see that (|« is a set, let ¢(z,2) :=Vy € (2 € y)

and apply Separation to |Jx. Notice also that z Ny = {z,y}-

If ¢(z,y) := z ¢ y, where y is a parameter, then we make the following definition:

Definition 2.29. The relative complement of y in z is

z\y:={2€x|2¢y}

Remark. We cannot form (as a set) the “absolute complement” of B, i.e., {x | ¢ B}. This class fails to
be a set, for its union with B would be the class of all sets. In any event, the absolute complement is
unlikely to be an interesting object of study.

For example, suppose B C R. Then the relative complement R \ B consists of these real numbers not in
B. On the other hand, the absolute complement of B would be a huge class containing all manner of
irrelevant things; it would contain any set that was not a real number.

The next result states that there does not exist a “set of all sets”.

( Theorem 2.30. There is no set to which every set belongs. )

Proof. Let A be a set. We will construct a set not belonging to A. Let B :={x € A | x ¢ z}.

Claim: B ¢ A.

By the construction of B, B€ B <= B € A and B ¢ B. If B € A, then this reduces to B € B <
B ¢ B, which is impossible. Hence B ¢ A. O

2.2.6 Axiom of Power Set

Axiom 2.31 (Power set).
VaedyVz(z € y <> 2z C )

For each set x, there is a set P(z), called the power set of z, which consists of all subsets of z:

Plx):={zcy|zCa}.

Lemma 2.32. For all sets A and B, each ordered pair (a,b), where a € A, b € B, is an element
of P(P(AU B)).

Proof. Since a and b are elements of AU B, {a} and {a, b} are elements of P(A U B). Hence (a,b) =
{{a},{a,b}} € P(P(AU B)). H
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Definition 2.33. The Cartesian product of A and B is

AxB:={peP(P(AUB))|(3a€ A)(Fbe B)p=(a,b)}.

2.2.7 Axiom of Infinity

Axiom 2.34 (Infinity).

XD e XAVz(ze X - zU{a} € X))

The set of natural numbers N is defined to be the intersection of all sets X as described above. Formally,
we can define N by applying separation and infinity as follows. Fix « € X. (The set X is guaranteed to
be non-empty by infinity.) Then apply separation to the set X to obtain

{zeX:VW({(0eYAVyeY(yU{yteY)) szecY)}.

We can now state the principle of induction on N as follows:

Theorem 2.35. If ¢(n) is a formula such that A
(i) ¢(0) holds;
(ii) for alln €N, ¢(n) = ¢(n U {n}),

then ¢(n) holds for all n € N. )

Remark. () corresponds to 0, and n U {n} corresponds to n + 1.

Proof. Consider the set {n € N | ¢(n)}. By the assumptions of induction, we have
(i) Pe{n eN|¢(n)}, and
(ii) foralln e N, nU{n} € {n e N| ¢(n)}.

Thus the set {n € N | ¢(n)} satisfies the conditions for X above. Since N is the intersection of all sets X,
we have N C {n € N| ¢(n)}, i.e., #(n) holds for all n € N. O

Using Union and Pairing, and by defining the successor ™ of z by stipulating ¥ := z U {x}, we can
construct natural numbers:

t=10{1}={0,1}
t=20{2} ={0,1,2}

0:=90
1:=0"=0U{0} = {0}
2:=1
3:=2

Define ordering < on N as follows: for any m,n € N,
m<n < men.

For instance, § € {0, {0}} means 0 < 2.
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To define 4+ and -, we can use recursion. Laws of arithmetic (addition, multiplication, associativity,
distributive law, etc) can be proven using the ZFC axioms.

2.2.8 Axiom Schema of Replacement

Axiom 2.36 (Replacement). For every first-order formula ¢(z,y,p),

VAYp(Vz € A3y ¢(z,y,p) - IBVx € Ay € B ¢(z,y,p))

For each formula ¢(z,y) and each set A, if for every x € A, there is a unique y such that ¢(z,y) holds,
then there is a set whose elements are exactly those y for which there is some x € A with ¢(z,vy), i.e.,

{y| 3z € A)p(z,y)} exists.

This justifies the alternate set builder notation {f(z) | x € A}.

2.2.9 Axiom of Foundation

Axiom 2.37 (Foundation).
Ve(z #0 — Jy e x(ynx=10))

Informally, this means that an element cannot be an element of itself.

— Exercises —

Exercise 2.2.1 ([End77]). Give an example of sets A and B for which (JA =J B but A # B.

Exercise 2.2.2 ([End77]). Show that if A C B, then [JA C |JB.

Solution. Let x € |J A. Then there exists y € A such that z € y.
Since A C B, we have y € B. This implies 2 € y where y € B, so z € | J B. O

Exercise 2.2.3 ([End77]).

(i) Show that for any set A, |JP(A4) = A.

(ii) Show that A C P(|JA). Under what conditions does equality hold?

Solution. Let S € A. If x € S, by definition of | J A, we have z € |JA. Thus S C |J A. By definition of
power set, this means S € P(|J A).

Since this holds for every S € A, we obtain A C P(|JA).

Claim: P(|JA) = A if and only if A = P(B) for some set B.

Trivial.

Suppose A = P(B) for some set B. Then every X; € A satisfies X; C B.

Consider |JA = Uy, ¢4 Xi- Since B € P(B) = A, we have B € A, and moreover X; C B for all X; € A.
Thus JA = B.

Hence P(JA) =P(B) = A. O

Exercise 2.2.4 ([End77]).

(i) Show that for any sets A and B, P(A) NP(B) = P(AN B).
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(ii) Show that P(A) NP(B) C P(AU B). Under what conditions does equality hold?

Exercise 2.2.5. Show that there is no set to which every singleton (that is, every set of the form {z})
belongs.

[Hint: Show that from such a set, we could construct a set to which every set belonged.]

Exercise 2.2.6. Show that if a € B, then P(a) € P(P(UB)).



3

Relations and Functions

3.1 Relations

3.1.1 Definition and Properties

Definition 3.1. We say R C A X B is a relation between A and B. If (a,b) € R, we say a € A
and b € B are related, and denote a R b.

Remark. A relation is a set of ordered pairs.

Visually speaking, a relation is uniquely determined by a simple bipartite graph over A and B. On the
bipartite graph, this is usually represented by an edge between a and b.

Figure 3.1: A relation R C A x B with R = {(a,p), (¢,p), (¢, ), (d, s), (e, q)}.

Example. In many cases we do not actually denote the relation by R, because there is some

other conventional notation:

e The “less than or equal to” relation < on R is {(z,y) € R? | z < y}. We write 2 < y if
(z,y) is in this set.

e The “divides” relation | on N is {(m,n) € N? | m divides n}. We write m | n if (m,n) is in
this set.

o For a set S, the “subset” relation C on P(S) is {(4, B) € P(5)? | A C B}. We write A C
B if (A, B) is in this set.

C Definition 3.2. A binary relation on A is a relation between A and itself. )

53
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~
Definition 3.3. Let R be a relation on a set A. We say that R is
(i) reflexive if (Va € A) a R a;
(i) symmetric if (Va,b€ A)a Rb = b R a;
(iii) anti-symmetric if (Va,b € A)a Rband bRa = a=1b;
(iv) transitive if (Va,b,c€ A)a RbandbRc = a Rec.
. J
Example.
e The relation < on R is reflexive, anti-symmetric, and transitive.
e The relation < on R is not reflexive or symmetric, but it is anti-symmetric and transitive.
e The relation # on R is not reflexive, anti-symmetric or transitive, but it is symmetric.
e The relation = on R is reflexive, symmetric, and transitive.

s . . . . )
Definition 3.4. Suppose < is a relation on a non-empty set A. We say that < is a partial
order on A if < is

(i) reflexive;
(ii) anti-symmetric;
(iii) transitive.
We also say that A is partially ordered by <. We may refer to the ordered pair (4, <) as a
poset.
J

Throughout all of these definitions, let (A, <) be a partially ordered set.

Definition 3.5. Two elements a,b € A are called comparable if a < b or b < a; otherwise they
are called incomparable.

Definition 3.7. A partial order (A, <) is called a total order if every two elements of A are
comparable; that is, for every a,b € A, either a < b or b < a.

C Definition 3.6. A subset C' C A is called a chain if every pair of elements of A are comparable. )
We also say that A is totally ordered by <, and (4, <) is totally ordered. }

That is, a partial order is a total order exactly when the whole set is a chain.

3.1.2 Well Orders

Definition 3.8. We say that < is a well order on A if every non-empty subset of A has a
<-least element:
VXCAX=0V(TzeX)(VyeX)z<y).

We also say that A is well-ordered by <, and that the poset (A4, <) is well-ordered.
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We will often just say “least” rather than “<-least”, when the order relation is clear from context. Also,
given a subset X of a well-order A, we will denote its least element by min(X).

To show that < is a well-order, we need to show

1. transitive: if x <y and y < z then z < 2
2. trichotomy: for every z,y € A, exactly one of x < y, z =y, y <  holds

3. every non-empty subset of A has a <-least element:

VX CAX=0V(EFzeX)(Vye X)(y £x)).

( Axiom 3.9 (Well-ordering principle). FEvery non-empty set has a well-ordering. ]

The next result tells us that we can do induction on any well-ordered set.

Theorem 3.10. Suppose < is a well order on A. Suppose ¢(x) is a formula such that for every
y € A, if ¢p(x) holds for all x <y , then ¢(y) holds. Then ¢(x) holds for all x € A.

Proof. Suppose, for a contradiction, that —¢(z) holds for some = € A. Consider the set
X={zeA|-¢x)} CA

Then X is non-empty. By well-ordering, it has a <-least element y € A. Then ¢(x) holds for all z < y
but ¢(y) fails, contrary to assumption. O

Consider the special case of the standard ordering < on N. Once we have proved that it is a well-order,
we obtain the strong induction on N:

Suppose for every n € N, whenever P(m) holds for all m < n, then P(n) holds. Then P(n)
holds for all n € N.

It looks like there is no base case, but it is in fact the inductive step for n = 0, since “whenever P(m)
holds for all m < n, then P(n) holds” is vacuously true when n = 0.

Also, induction holds even more generally:

Definition 3.11. We say that a relation R on A is well-founded if every non-empty subset of
A has a minimal element with respect to R:

VXCAX=0V(EreX)(VyeX)(y,z)¢R).

Remark. If we assume Choice, then the above is equivalent to saying that there is no infinite descending
chain.

Theorem 3.12 (Generalised induction). Suppose R is a well-founded relation on A is well-
founded, and ¢(x) is a formula such that for everyy € A, if ¢(x) holds for all x such that
(z,y) € R, then ¢(y) holds. Then ¢(x) holds for all x € A.

The proof is similar to that of the preceding theorem.

Proof. Suppose, for a contradiction, that —¢(z) holds for some = € A. Consider the set

X={zecA|-¢)}.
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Then X is non-empty. By definition of well-foundedness, there exists zg € X such that for all y €
X, (y,x0) ¢ R. Then ¢(z) holds for all x such that (z,z9) € R and ¢(z¢) fails, contradicting the
assumption. L]
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3.2 Functions

3.2.1 Definitions

Formally, a function is defined as follows:

Definition 3.13. Let X and Y be non-empty sets. A function f from X to Y is an ordered
triple (X,Y,T) such that T' C X x Y consists of ordered pairs (z,y) such that for each z € X,
there exists a unique y € Y with (z,y) € I":

VeeX)3yeY) (x,y) el

In this case we denote f(z) =y.

However, in practice, we shall use the following intuitive definition instead:

Definition 3.14. Let X and Y be non-empty sets. A function f: X — Y is an assignment of
every element z € X to a unique element y € Y, denoted by f(z).

We call X and Y the domain and codomain of f respectively.

If 2 € X and y € Y are such that f(z) =y, we call y the image of z under f, and = a preimage of y
under f. We also say that f maps = to y. The action of f: X — Y on an element x € X is sometimes
indicated by a “decorated” arrow, as in

Remark. Definition 3.14 requires that a function f maps every element of domain to a unique element of
codomain; we say that f is well-defined:

e f(z) exists for every z € X, and

e z =z implies f(x) = f(z').
We say that f is not well-defined if f maps some element of domain to zero elements or more than one
element of codomain.

To announce that f is a function from a set X to a set Y, one writes f: X — Y or draws the following
picture (“diagram”):

x —71 Ly

The collection of all functions from X to Y is denoted Maps(X,Y), or YX.

Remark. The notation Y is derived from the fact that if X and Y are finite sets, then YX has |V|I¥X

members. (To see this, note that for each of the | X| elements of X, we can choose among |Y| points in YV’

into which it could be mapped. The number of ways of making all |X| such choices is |Y]---|Y].)
———

| X| times

Example.

e {0,1}" is the set of all possible functions f: N — {0,1}. Such an f can be thought of as
an infinite sequence f(0), f(1), f(2),... of 0’s and 1’s.

e For a non-empty set A, we have )4 = (). This is because no function could have a non-
empty domain and an empty range.

On the other hand, A? = {()} for any set A, because (: ) — A, but () is the only function
with empty domain.
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As a special case, we have (? = {(}}.

~
Definition 3.15. Two functions f: X — Y and g: X — Y are equal, denoted by f = g, if
f(z) = g(z) for every x € X.
J
~

Definition 3.16. Given a set X, the identity map idx: X — X is defined by

L idx(z) == (x € X). y

Notation. If the domain is unambiguous, the subscript may be omitted.

Definition 3.17. Given sets X C Y, the inclusion function ¢: X — Y is defined by

z) =2 (x € X).

An inclusion function is often denoted by ¢: X < Y. (This notation is also used for embeddings.)

If a function is defined on some larger domain than we care about, it may be helpful to restrict the
domain:

Definition 3.18. Let f: X — Y. The restriction of f to A C X is the map f|4: A = YV
defined by

fla(z) = f(z) (a € A).

Remark. The restriction is almost the same function as the original function — just the domain has
changed.

\
Definition 3.19. Let f: X — Y.

e We say that f is injective (or one-to-one) if no two distinct elements in X are mapped
to the same element in Y:

(Vr1,20 € X)  f(z1) = f(x2) = 21 = 2.

An injective function is termed an injection.

e We say that f is surjective (or onto) if every element of Y is mapped to at least one
element of X:
(WyeY)EzeX) flx)=y.

An surjective function is termed an surjection.

e We say that f is bijective if it is both injective and surjective; a bijective function is
termed a bijection (or one-to-one correspondance).

L We say that X and Y are isomorphic sets, and denote X 2 Y.
/

Injections are often drawn < ; surjections are often drawn —».

Example.

e Define f: N — N by f(n) =n+ 1. Then f is injective but not surjective, since nothing in N
(codomain) is mapped to 0 € N (domain).
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e Define g: R — R by g(z) =  + 1. Then g is surjective.

e A function f: ) — B can be surjective, when B = () (such that (Vb € 0)... is vacuously
true).
The function f: ) — B is vacuously injective.

e A function f: A — () can be surjective, when A = (); if A # (), then a € A is mapped to
nothing, so f is not a function.

The function f: A — ) is injective if A = @) (otherwise f is not a function).

Example. Negate surjectivity:

}
]

S[(Vy €Y) (3z € X) f(x)
=3y € Y) ~[(3z € X) f(z)
=(FyeY)(VzeX) f(z)#y

)
)
That is, there exists y € Y not in the image of X, i.e., f(x) # y for all z € X.

3.2.2 Pre-images and Images

Definition 3.20. Let f: X — Y.

e The range of f is

range(f) :={y €Y | (Gr € X)y = f(a)}
={f(z)|zeX}.

e More generally, the image of A C X under f is

flAl={yeY|(EFrecA)y=f(x)}
={f(z)|z € A}.

e The pre-image of B C Y under f is

f7B) = {z € X | f(z) € B}.
N~ J

That is, the image of a set consists of the images of its elements; the pre-image of a set consists of

pre-images of its elements.

From the definition, a useful identity is
r € f1[B] < f(z) € B.

Remark.

e Notice that f~![B] is defined even if f~! is not a function.

e If f~!is a function, then the pre-image of B under f agrees with the image of B under f~! , so

there is no ambiguity in the notation f~1[B].

e If B is a singleton {y}, one often abuses notation by writing f~!(y) instead of f~[{y}]. The set
f~1(y) is called the fiber of y.
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Notation. Unless mentioned otherwise, we will always assume A C X and BCY.

Lemma 3.21. Let f: X — Y.

(i) flf~Y[B]] € B, where equality holds if and only if f is surjective.

(ii) A C f=1[f[A]], where equality holds if and only if f is injective.

Proof.

(i)

(i)

The

Let y € f[f~*[B]]. Then y = f(z) for some z € f~'[B]. But « € f~![B] is equivalent to f(z) € B.
Hence y € B.

Equality does not hold in general. For example, consider f: R — R, z + 22. Take B = {—1}. Then
f1B] =0, so

FIfHBl = fl0] =0 # C.
Suppose f[f'[B]] = B. Thus f[f~}[Y]]=Y.Let y € Y. Then y € f[f~}[Y]], so y = f(x) for
some x € f~1[Y] = f(x) € Y. This shows surjectivity.
Suppose f is surjective. Let y € B. By surjectivity there exists € X such that y = f(z). Note
that f(z) € B, so x € f~'[B]. Thus y € f[f~[B]]. This shows the reverse inclusion.
Let z € A. Then f(z) € f[A] by definition. Hence = € f=1[f[A]].
Equality does not hold in general. For example, consider f: R — R, x +— x2. Take A = {1}. Then

AN =B =L # {1 = A

Suppose A = f7Y[f[A]]. Let 21,22 € X be such that f(z1) = f(z2).
Suppose f is injective. We only need to show the reverse inclusion f~![f[A]] C A.

Let z € f~1[f[A]]. Then f(z) € f[A], so f(z) = f(a') for some 2’ € A. By injectivity, z = 2/, so
x € A.

O
next result shows that pre-images preserve nice set properties.

Lemma 3.22 (Algebra of pre-images). b
(i) If By C Ba, then f~1[B1] C f~1[Ba). (preserve inclusions)
(i) [~ User Bil = Uier £ Bl (preserve unions)

(i) fNier Bi) = Nyier fHBI- (preserve intersections)
(iv) f7YB1\ Ba] = f~Y[B1] \ fY[Ba]. (preserve set differences) y

In particular, (iv) implies f~1[B¢] = [f~![B]]°.

Proof.

(i) Let # € f~1[By]. Then f(z) € By, so f(x) € By. Hence z € f~1(Bs).
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(i)

ref!

Us.

iel

= flx)e|JB:

el
<~ (Jiel) f(x) € B;
— (Fiel)zc 1B

— T € Uffl[Bz‘]
il

(iii)

f(x)€ﬂBi

el
(Viel) f(z) € B;
(Viel)zc f 1B
ze()f'[Bi)

icl

rego [m Bi]

el

[

r€ 7B\ By) < f(z)€ B\ By
<~ f(z) € B1 A f(z) ¢ By
— ze B Az g (B
= ze fTH(B)\ [ (B

O
Unfortunately, images do not behave as nicely as pre-images.
Lemma 3.23 (Algebra of images). A
(i) If Ay C Ag, then f(A1) C f(A2). (preserve inclusions)
(i) f(U;er As) = Uier F(A). (preserve unions)
(iii) f(Nicr Ai) € Nier f(Ai), where equality holds if f is injective.
(iv) f(A1\ A2) D f(A1)\ f(A2), where equality holds if f is injective. y

In particular, (iv) implies f(A€) D f[A]¢ by taking A; = U, A = A.
Proof.

(i) Let y € f(A1). Then y = f(x) for some x € A;. Since A1 C As, we have © € Ay. By definition,
y € f(A2).
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(i)

(iii)

(iv)

Z/Ef(UAi) — (Ha:GUAi)y:f(x)

el el
= (FielzecAny=f(z)
— (diel)ye f(A)
= ye|J ).

iel
Let y € f((;c; Ai)- Then y = f(x) for some = € [
y= f(x) € f(A;) for all i € I. Hence y € (), f(4i).

Equality does not hold in general. Counterexample: Let X = {1,2}, Y = {a}, and define f: X - Y
by f(1) = f(2) = a. Let A; = {1}, A2 = {2}. Thus

jer Ai- This means z € A; for all i € I, so

f(A1NAz) =0 C{a} = f(A1) N f(A2)

but the inclusion is strict.

‘We now prove

f(ﬂ A;) = ﬂ f(A4;) < f is injective.
iel il
We prove the contrapositive. Suppose f is not injective. Then there exist z1,z2 € (), -, 4; with
r1 # xp but f(x1) = f(x2). Consider y = f(x1) = f(22). Then y € f(N,c; Ai)-
We only need to show the reverse inclusion (o, f(4:) € f(N;er Ai)-
Let y € (V;c; f(Ai). Then for each i € I, y € f(4;), so y = f(x;) for some x; € A;. Since f is
A;, all the z; must be equal; let © = ;. Then = € (,.; 4; and f(z) = y, so

iel

injective on (¢,
¥ € f(Nier Ai)-
Let y € f(A1)\ f(A2). Then y = f(z) for some z € Ay, and y ¢ f(As) (i.e., f(z) # y for all
x € AQ)

Suppose, for a contradiction, that € As. Then f(z) € f(Az), which contradicts y ¢ f(Az). Thus
x ¢ AQ.

Therefore x € Ay \ Ag, and hence y = f(z) € f(A1 \ A2).

icl

Equality does not hold in general. Counterexample: Use the above counterexample for (iii).

3.2.3 Composition

Definition 3.24. Let f: X - Y, g: Y — Z. Define the composition go f: X — Z as

(go f)x):=g(f(z)) (zeX).

That is, we use f to go from X to Y, then apply g to reach Z. Graphically we may draw the following

picture:

x——

Y
gof lg
Z
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Such graphical representations of collections of (for example) sets connected by functions are called
diagrams. We say that the diagram commutes if we start from X and travel to Z in either of the two
possible ways prescribed by the diagram, the result of applying the functions one encounters is the same.

Example. Let X be a non-empty set. Fix 2o € X. Define f,g: P(X) — P(X) by

f(A) = A\ {zo}
9(A) = AU {zo}

Note that xg may or may not belong to A.
Then g o f = g (in either case, x is added to A) and f o g = f (in either case, o is removed from

A).

The composition of functions is not commutative. However, composition is associative:

Lemma 3.25 (Associativity). Let f: X =Y, g: Y = Z, h: Z — W. Then

ho(gof)=(hog)of.

Proof. Let x € X. By definition of composition,

(ho(go f))(x)="h((ge f)(x)) =h(g(f(x)) = (hog)(f(x)) = ((hog)o f)(z).

The next result states that composition preserves injectivity and surjectivity.

Lemma 3.26. Let f: X - Y, g: Y = Z.
(i) If f and g are injective, then go f is injective.

(i) If f and g are surjective, then g o f is surjective.

Proof.

(i) Suppose f: X - Y and g: Y — Z are injective.
Suppose (go f)(z) = (go f)(«'). Then g(f(z)) = g(f(z")). Since g is injective, we have f(z) = f(z');
since f is injective, we have x = x’.

(ii) Suppose f: X - Y and g: Y — Z are surjective.

Let z € Z. Since ¢ is surjective, there exists y € Y such that g(y) = z. Since f is surjective, there
exists © € X such that f(z) =y.

This means that there exists € X such that g(f(z)) = g(y) = 2, as desired.

We now provide a partial converse to the previous result.

Lemma 3.27. Let f: X - Y, g: Y = Z.
(i) If g o f is injective, then f is injective, but g need not be injective.

(i) If g o f is surjective, then g is surjective, but f need not be surjective.
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Proof.

(i) Suppose f(z) = f(z'). Then g(f(z)) = g(f(«")) = (9o f)(z) = (9o f)(«'). By injectivity of go f,
this implies 21 = x2. Hence f is injective.
Let X = {1}, Y = {z,y}, Z ={z}. Define f: X - Y by f(1) =xzand g: Y — Z by g(z) = g(y) = 2.
Then f is (trivially) injective, g is not injective, g o f is (vacuously) injective.

(ii) Let z € Z. Since g o f is surjective, there exists © € X such that g(f(z)) = z. Let y = f(z) € Y.
Then ¢(y) = z. Hence g is surjective.
Let X = {1}, B={x,y}, C ={z}. Define f: X =Y by f(1)==x,¢9: Y — Z by g(x) = g(y) = z.
Then f is not surjective, g is surjective, g o f is surjective.

The image and pre-image for composition of functions can be expressed in a very simple way.

Lemma 3.28. Let f: X =Y, g: Y - Z. Let ACX,CCZ.
(i) (go f)~HCl = f~ g~ M [Cl.
(i) (g © FIA] = glf[Al].

Proof.

(i) We have

ze(gof)M0] <= (goflx)eC
= g(f(x)) eC
= f(x) eg7'[C]
— zef g MO

(ii) Let z € g[f[A]]. Then z = g(y) for some y € f[A], so y = f(z) for some = € A.

Hence = = g(/(x)) = (90 )(x), 50 = € (g0 A
Let z € (go f)[A]. Then z = (g o f)(z) = g(f(z)) for some z € A.
Let y = f(x). Then z = g(y) for some y € f[A]. Hence z € g[f[4]].

3.2.4 Monomorphisms and Epimorphisms

Definition 3.29. Let f: X —» Y.

e We say that f is a monomorphism if it is left-cancellative: for all sets Z and all func-
tions g1,92: 7 — X,
fogi=fogs = g1 =g

e We say that f is an epimorphism if it is right-cancellative: for all sets Z and all func-
tions g1,92: Z — X,

giof=gaof = g1 =go.

.

-
C Proposition 3.30. A function is injective if and only if it is a monomorphism. )
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Proof.
Suppose f is injective, and suppose fo g = fogs. Let z € Z, then

F(91(2)) = (f e 91)(2) = (f 0 92)(2) = f(g2(2)).

Since f is injective, it follows that g;(z) = g2(z). Since z € Z is arbitrary, we conclude g1 = go.

Suppose that for all sets Z and functions g1,g2: Z — X,
fogu=Ffogs = g1 =g
Let 2,y € X, and consider the one-element set Z = {1}. Define
g(l) =z, g(1)=y
for both g1,¢92: Z — X. Then

f(@)=fly) = f(9:1(1)) = f(92(1)) = q1(1) = g2(1) = z =y

which shows that f is injective. O
( Proposition 3.31. A function is surjective if and only if it is an epimorphism. )
Proof.

Suppose f is surjective, and suppose g1 o f = go o f for some functions g1,¢92: Y — Z.
Let y € Y. Surjectivity of f implies there exists z € X such that f(z) = y. Then

91(y) = g1(f(@)) = (g1 0 f)(x) = (92 0 f)(2) = g2(f(2)) = g2(v)-

Since y € Y was arbitrary, we conclude that g; = go.

We prove the contrapositive. Suppose f is not surjective. Then there exists yp € Y not in the image
of f,ie., f(x)#yo forall z € X.

We shall construct a set Z and functions ¢1,¢92: Y — Z such that g; and g disagree at yo and agree at
all other points in Y:

(i) 91(y0) # 92(yo), and
(i) g1(y) = g2(y) for all y # yo.

Let Z =Y U{1,2} with 1,2 ¢ Y, and define

) 1 ify=uyo ) 2 fy=yo
g1\y) = . 92\Yy) = .
y ify#uyo y ify#uyo

Then for all z € X, since f(z) # yo, we have g1(f(z)) = g2(f(2)), i.e., g1 o f = g2 o f, but clearly
91 7 g2 O

3.2.5 Invertibility

In this subsection, we answer the question of when it is possible to “reverse” or “undo” the action of a
function. As it turns out, the answer is connected to the property of being a bijection.
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Definition 3.32. Let f: X —» Y.

(i) We say that f is left-invertible if there exists g: ¥ — X such that go f = idx; we call g
a left inverse of f.

(ii) We say that f is right-invertible if there exists h: ¥ — X such that f o h =idy; we call
h a right inverse of f.

(iii) We say that f is invertible if there exists k: Y — X which is a left and right inverse of f;
we call k£ an inverse of f.

- J

Remark. Notice that if g is a left inverse of f, then f is a right inverse of ¢ (and vice versa). A function

can have more than one left inverse, or more than one right inverse.

One easily checks that any invertible function f: X — Y has a unique inverse. Let g; and g2 be two
functions for which ¢g; o f =idx and f o g; =idy for ¢ = 1,2. Then

g1=g10idy =gi0o(foga) = (g10f)oge =idx og2 = go.

The inverse of f is denoted by f~I.

The following result provides an important and useful criterion for invertibility.

Lemma 3.33 (Invertibility criterion). Let f: X — Y. Then h
(i) f is left-invertible if and only if f is injective;
(ii) f is right-invertible if and only if f is surjective;

(iii) f is invertible if and only if f is bijective. y

Proof.

(i) Suppose f is left-invertible. Then there exists g: ¥ — X such that g o f = idx. Suppose
f(z) = f(2'). Applying g to both sides gives

Suppose f is injective.

Caution: Simply writing “Define g(f(z)) = «” is inadequate for the following reasons:

e If y = f(z) for some x, we need to explain why there is only one such z (otherwise g(f(x))
would have multiple values).

o If y £ f(x) for all x, we need to define g for such y as well.

Choose any xp € X. Define g: ¥ — X as follows:

e If y is in the image of f, then y = f(z) for a unique x € X. (Uniqueness is due to injectivity
of f:if y= f(x) and y = f(2’), then z = 2’.) Define g(y) = z.
e If y is not in the image of f, define g(y) = xo.

You should verify that go f =idx.

(i) Suppose f is right-invertible. Then there exists g: Y — X such that fo g =idy.

Let y € Y. Then f(g(y)) = idy (y) = y, which means g(y) € X is mapped by f to y. Hence f is
surjective.
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(iii)

Suppose f is surjective. Let y € Y. By surjectivity there exists z € X such that f(z) = y.
Note that there may be multiple z € X such that f(z) = y; choose one such  and define g: ¥ — X
by ¢g(y) = « (this requires Choice, since we need to choose one preimage for every y € Y).
Suppose f is invertible. Then f is left-invertible and right-invertible.
By (i) and (ii), f is injective and surjective, so f is bijective.
Suppose f is bijective. Then f is injective and surjective. By (i) and (ii), f has a left inverse
g: Y — X and a right inverse h: Y — X.
But “invertible” requires a single function to be both a left and right inverse, so we need to show
that g = h:

g=goidy =go(foh)=(gof)oh=idxoh=h.

Hence g = h is an inverse of f.

Remark. In fact, of (ii) is equivalent to the Axiom of Choice.

Corollary 3.34. Let X be a non-empty set. If there is an injection from X to Y, then there

exists a surjection from'Y to X.

Proof. Let X be a non-empty set, and f: X — Y is an injection.

Then there exists g: Y — X such that go f = idx, i.e., g is a left inverse of f.

Then f is a right inverse of g, so g is surjective. O

The next result summarises properties of inverse functions.

Lemma 3.35. If f: X =Y, g: Y — Z are invertible, then

(i) =1 is invertible, and (f~1)~! = f.

(ii) go f is invertible, and (go f)~' = f~tog~!.

Proof.

(i)

(i)

This follows immediately from definition: since f~ is the inverse of f,

f~lof=1idx = f is a right inverse of f~!
foft=idy = fisa left inverse of f~"

Hence f is the inverse of f~! and (f~1)~! = f.

Using associativity of function composition, it is easy to show

(fTtog ) olgof) =idx,
(gof)o(fTlog™) =idz.

As a result, we can describe a rather non-trivial example of a function.
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Example. Let X and Y be sets. Let F' be the set of all invertible functions from X to Y:
F = {f € Maps(X,Y) | f is invertible} .

Then there is a function T: F — F which sends f — f~!, and this function T is its own inverse,
with T o T = idp.

( Proposition 3.36. Let f: X — Y. Then there exists A C X such that f|a is injective.

Proof. Take A = 0. O

The next result states that we can restrict the domain of a surjection to obtain a bijection.

Proposition 3.37. Let f: X — Y is surjective. Then there exists A C X such that f|a is
bijective.

Proof. The idea is as such: For each y € Y, since f is surjective, there exists (possibly multiple) z € X
such that f(x) = y; we want to choose ezactly one x € X such that f(z) = y.

Since f is surjective, fix a right inverse g: ¥ — X such that fog=idy.
Claim: A = range(g).
Evidently range(g) C X. We check that f|4 is bijective:
Injectivity: Suppose f(a) = f(a’) where a,a’ € A.
By definition of A, there exist y,3’ € Y such that a = g(y) and o’ = g(v').
Then f(g(y)) = f(g(y')). Since f o g = idy, this implies y = ¢/.
Thus a = g(y) = g(y') = d'.
Surjectivity: Let y € Y. Then g(y) € A, by definition of A. Since f o g =idy, we have f(g(y)) = y.
Hence ¢(y) is the pre-image of y, as desired.

O
Alternative: If f: X — Y is surjective, then the set of fibers {f~!(y) : y € Y} forms a partition of X.
Now choose for each fiber f~!(y) one representative x,, € X with f(z,) = y and you are done.
3.2.6 Infinite Cartesian Products

Earlier we defined the Cartesian product of n sets in terms of ordered n-tuples. However, this definition
becomes awkward for infinite families of sets.

Let I be any indexing set. Given a set X, an I-tuple of elements in X is a function
rz: I — X.

Writing x; = x(4) for its value at ¢ € I, the i-th coordinate of x, we can also denote the I-tuple z by its
values (z;)ier-

Definition 3.38. Let {X;}ic; be an indexed family of sets, with union X = (J,c; X;. Its

Cartesian product [[,.; X; is the set of all I-tuples (x;);cr of elements in X such that x; €

icl
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A; for all 7 € I. In other words, it is the set of functions

x: I — UXZ»
i€l

such that z(i) € X; for all i € I.

Example. If all the sets X; are all equal to some fixed set X, then Hiel X =X

If any X; is empty, then clearly the product [],.; X; is empty. Conversely, suppose that X; # () for every
i € I. Does it follow that J],.;
member from each X;, and put f(¢) equal to that selected member. This requires the axiom of choice,

il
X; # (. To obtain a member of the product, we need to select some

and in fact this is one of the many equivalent ways of stating the axiom.

Axiom 3.39 (Axiom of Choice). The Cartesian product of any non-empty collection of non-
empty sets is mon-empty.

— Exercises —
Exercise 3.2.1. Suppose f: N — N. Prove that if A C N is bounded, then f[A] is bounded.

Solution. Use the fact that bounded subsets of N are finite. O

Exercise 3.2.2 (MA1100T AY21/22). Prove or disprove the following:

(i) There exists a set B such that for any set A, every map f: A — B is surjective.

(ii) There exists a set B such that for any set A, every map f: A — B is injective.

(iii) There exists a set B such that for any set A, there exists a surjective map f: A — B.
)

(iv) There exists a set B such that for any set A, there exists an injective map f: A — B.
Solution.

(i) True. Take B = . If f: A — B is a function, then this forces A = (). Hence f is vacuously surjective.
(ii) True. Take B =0.If f: A — B is a function, then this forces A = (). Hence f is vacuously injective.
(iii) False. Let B be any set.

e If B is non-empty, take A = (). Then all elements in B will not be reached by f, so f is not
surjective.

e If B =), take A # (). Then there exist no function f: A — B.
(iv) False. Let B be any set. Then P(B) does not inject into B, by Cantor’s theorem.
O

* Exercise 3.2.3 (MA1100T AY25/26). Let S be a set. A closure operator on S is a function cl: P(S) —
P(S) such that for all A, B C S,

e A Ccl(A) (cl is extensive)

e ACB = cl(A4) Ccl(B) (cl is increasing)
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e cl(cl(A4)) =cl(A) (cl is idempotent)

Prove that a function f: P(S) — P(S) is a closure operator on S if and only if A C f(B) < f(4) C
f(B) forall A,BCS.

Solution. Let A,B C S.

Suppose that f is a closure operator.

Then A C f(B) = f(A) C f(f(B)) (since f is increasing) = f(A) C f(B) (since f is idempotent).
Conversely, f(A) C f(B) = A C f(B) (since f is extensive).

Suppose f satisfies the biconditional above.

e Then f(A) C f(A) = A C f(A4), so f is extensive.
e Using extensivity, we obtain AC B — A C f(B) = f(A) C f(B), so f is increasing.

e Finally, f(4) C f(A) = f(f(A)) C f(A), where the reverse inclusion holds by extensivity, so f
is idempotent.

O

Exercise 3.2.4 (MA1100T AY23/24). Suppose J is a non-empty indexing set. Let (A;),es be a family
of sets, and define their disjoint union as

| |4 ={Ga)|jeT acA;}.
JjeJ

For each j € J, define the function 7;: A; — |_|j€J A; by a+— (j,a). Define also the family of functions
(fi: Aj = X)jes. Prove that there exists a unique function f: |—|jeJ Aj; — X such that f; = foi; for
each j € J.

'i'
AJ’ - ’ I—ljeJ A]
& iﬂ!f
X

Solution.

Define f: L,e, 45 — X by f(j,a) = f;(a).

We first show that f is well-defined.

o f(j,a) always exists, because the family of functions has one f; for every j € J.

e Suppose (j1,a1) = (j2,a2). Then j1 = ja, so f;, = fj,, and a1 = ag. Since all the f;’s are well-defined
functions, and a; = as, we have

fU1,a1) = fi(a1) = fii(a2) = fj,(a2) = f(j2, az).
For each j € J, we have
(feij)(a) = f(ij(a)) = f(j,a) = fj(a)

for all a € A;. Hence f; = f oij.

Suppose g: UjEJAj — X is such that f; = g o, for each j € J.

Note that i; is surjective, since for each (j,a) € | ];c; 4;, we have i;(a) = (j,a).
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Then for all (j,a) € | ];c; A;,

9, a) = g(ij(a)) = fi(a) = f(i;(a)) = f(j, a)
so g = f as desired. O

Exercise 3.2.5 (MA1100T AY21/22). Let f: X — Y be a function. Prove or disprove: f is injective if
and only if for any set 7', the “post-composition with f” map

®p: Maps(T, X) — Maps(7,Y)
p—=fog

is injective.

Solution. True.

Suppose f is injective.

Suppose @7(¢1) = @(¢2). Then fo ¢y = fo s, ie., f(d1(t)) = f(¢2(t)) forallt € T.

Since f is injective, we have ¢1(t) = ¢o(t) for all t € T. Thus ¢; = ¢o. Hence @ is injective.

Suppose ®r is injective for any set T'. In particular, pick a singleton T'= {0}; then ®r is injective.
Suppose f(z) = f(y). Choose functions ¢, ¢, € Maps(T, X) such that ¢,(0) = z and ¢,(0) = y.

Then f(x) = f(y) implies f(¢4(t)) = f(Py(t)) for all t € T = {0}, i.e., fody, = fogy.

But ®7(¢) = fo ¢y = fopy, = Pr(¢y). Since Pr is injective, we have ¢, = ¢,. Hence x = ¢,(0) =
dy(0) = y. O
Exercise 3.2.6 (MA1100T AY21/22). Let f: X — Y be a function. Prove or disprove: f is surjective if
and only if for any set T, the “pre-composition with f” map

Ur: Maps(Y,T) — Maps(X,T)
Yi=ryof

is surjective.

Solution. False. We shall show does not hold.
Consider X = {1,2}, Y = {3}. Take T = X; we will prove that ¥r is not surjective.
Define f: X — Y by f(z) = 3, which is surjective.

For any ¢ € Maps(Y,T), note that ¥(f(1)) = ¥(3) = ¥(f(2)) but 1 # 2. Hence ¢ o f is not injective,
and is therefore not the identity function idy. This proves that idx ¢ range(¥r). Since T = X,
idx € Maps(X,T). Hence ¥y is not surjective. O

Exercise 3.2.7. Let A be the set of all complex polynomials in n variables. Given a subset T' C A, define
the zeros of T' as the set
Z({T):={PeC"|f(P)=0forall feT}.

We call Y C C" an algebraic set if there exists T C A such that Y = Z(T).

Prove that the union of two algebraic sets is an algebraic set.

Solution. Let X and Y be algebraic sets. Then there exists S,T C A such that

X=2Z(S)={PeC"|f(P)=0forall feS}
Y =Z(T)={PeC"|g(P)=0foral geT}

We claim that
XUY =Z(U), WhereU:{fg|f€S7gET}.
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Let P € X UY. Then either P€ X or P€ Y.

Case 1: If P € X, then f(P) = 0 for all f € S. Hence for any f € S, g € T, we have (fg)(P) =
f(P)g(P)=0. Thus P € Z(U).

Case 2: If P € Y, then g(P) = 0 for all g € T, so again (fg)(P) = 0 for all f € S, g € T. Thus
PeZU).

Let P € Z(U). Suppose, for a contradiction, that P ¢ X UY. Then P ¢ X and P ¢ Y.
e Since P ¢ X = Z(S5), there exists f € S with f(P) # 0.
e Since P ¢ Y = Z(T), there exists g € T with g(P) # 0.

Then (fg)(P) = f(P)g(P) # 0, contradicting P € Z(U). Hence P € X UY.
Remark. By contrast, intersections are even simpler: if X = Z(S) and Y = Z(T'), then

XNy =2Z(SuT).
Thus arbitrary intersections of algebraic sets are also algebraic.
O

* % Exercise 3.2.8 (MA1100T AY24/25). Let X, Y and Z be sets, and f: X — Z and ¢g: Y — Z be
functions. Define

E={(z,y) e X xY: f(x)=g(y)}.

(a) Prove that

fom|g=gom|E
where m1: X XY — X and m3: X X Y — Y are the usual projections.

(b) Prove that for every set A and every pair of functions h: A — X and j: A — Y such that foh = goj,
there exists k: A — E such that

h=m ok and j=myo0k.

~

Solution.

(a) Let (x,y) € E. Then
foml|e(z,y) = f(z) = 9(y) = g o ma|r(z,y).

(b) Define k: A — E by
k(a) = (h(a), j(a))-
We first show that k is well-defined. Note that for every a € A, k(a) = (h(a),j(a)) € E, since
f(h(a)) = g(j(a)) because foh =goj.
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Let a,a’ € A. Then k(a) = (h(a),j(a)) and k(a’) = (h(a'),j(a’)). But h(a) = h(a') and j(a) = j(a),
50 k(a) = k(a’) as desired.

Then we check that h = 7 o k and j = 75 o k. For every a € A,

m1 0 k(a) = mi(h(a),j(a)) = h(a),
mp 0 k(a) = m2(h(a), j(a)) = j(a).

% Exercise 3.2.9 (MA1100T AY22/23). Let A, B and C be sets, with B non-empty.

(i) Prove that for every function f: A x B — C, there is a unique function g: A — Maps(B, C) such
that £(a,b) = g(a)(b).
(g9(a)(b) denotes the output of the function g(a) with input b.)

(ii) Prove that if f is injective, then so is g.
Solution.
(i) Define g: A — Maps(B, C') which sends each a € A to the function h,: B — C:
ha(b) = £(a,b).

For each (a,b) € A x B, we check that

as desired.

Let j: A — Maps(B, C) be such that f(a,b) = j(a)(b). Then for every (a,b) € A x B,
9(a)(b) = f(a,b) = j(a)(b).

Since this holds for arbitrary b € B, we have g(a) = j(a). Since this holds for arbitrary a € A, we
have g = j, as desired.

(ii) Suppose f is injective. Then

g(a) = g(a’) = g(a)(b) = g(a')(b) = f(a,b) = f(d’,D).

By injectivity of f, we have (a,b) = (a’,b), so a = a’, as desired.
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3.3 Number Theory

In this section, we study some properties of the integers.

3.3.1 Infinitude of Primes

Definition 3.40. Let a,b € Z. We say that a divides b, denoted a | b, if there exists k € Z such
that b = ka. Otherwise, we write a 1 b.

Lemma 3.41. For all a,b,c,n,m € Z,
(i) If a | b and b # 0, then a # 0.
(it) If a | b and b # 0, then |a| < |b|.

(iii) If a | b, then na | nb.

(iv) If a | b and a | ¢, then a | nb+ me.

The next result implies that there are infinitely many primes.

[ Proposition 3.42. For every n € N, there is a prime greater than n. )

Proof. Consider the number n! + 1.

e If n! + 1 is prime, then we are done, since n! +1 > n.

e Otherwise, n! 4+ 1 is divisible by some prime p.

If p < mn, then p | n!, so ptn!+ 1 (because p 1 1). Hence we must have p > n.

3.3.2 Bounded Sets

The following notion of bounded refers to subsets of N. Bounded subsets of other sets such as Q and R
behave differently.

Definition 3.43. Let S C N. We say S is bounded if there exists M € N such that x < M for
all x € S; otherwise, S is unbounded.

Remark. We need not define the lower bound, since it is naturally 0.

Remark. The above notion of bounded refers to subsets of N. Bounded subsets of other sets such as Q
and R behave differently.

We have shown that every non-empty bounded set has a maximum element. This is unique, for if x;
and z9 are both maximal, by definition of maximum, since x; is a maximum, zs < x1; similarly z; < xs.

Hence 1 = x2. Hence we denote the maximum element of S by max(.S).

( Lemma 3.44. The union of two bounded sets is bounded. )

Proof. Consider sets A and B which are bounded by a and b respectively. Let ¢ = max(a,b). Then for
each x € A or z € B, we have ¢ < ¢. Hence A U B is bounded by c. O
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3.3.3 Greatest Common Divisor

\
Definition 3.45. Let a,b € Z with at least one of a and b non-zero. The greatest common
divisor (gcd) of a and b is the unique positive integer k such that
(i) k| a and k | b;
(ii) for alld € Z, if d | a and d | b, then d < k.
- J
Proposition 3.46. Given any non-zero integers a and b, their gcd exists. Furthermore, the gcd
18 unique.
4
Proof.

Consider the set of positive common divisors of a and b:
S={ceN":claandc|b}.

S is non-empty because 1 € S, and S is bounded above by |a|. Thus let & = max(S). It follows that k | a,
k|b,and if d | a and d | b, then |d| < k.

The ged is the maximum of .S, which is unique. O

We denote the ged of a and b by ged(a, b).

3.3.4 The Division Theorem

Theorem 3.47 (Division algorithm). Let a,b € Z with b > 0. Then there exist unique q,r € Z
such that
a=>bg+r (3.1)

where 0 < r < b.

We call ¢ and r the quotient and remainder respectively of ¢ when divided by b.

Proof. Let a,b € Z with b > 0.

Suppose a = bqy + r1 = bgs + ro, where q1,q2, 71,792 € Z and 0 < r1,79 < b. We want to

show ¢1 = ¢2 and r; = 2. Rearranging, we obtain
b(Ql - Q2) =T2—T1.

Thus b | 1o — 7. I 19 — 71 # 0, then b < |ry — 71]. But 0 < rq,79 < b implies |ro — 1| < b. Hence
7"2—7"1:0:>7"1:7’2.

Finally, since b # 0, we can cancel b on both sides: b(¢1 —¢2) =0=¢1 — ¢2 = 0= q1 = ¢o.

Consider the set of remainders after subtracting multiples of b from r:

S:={re€Zso:(3qeZ)ya=bg+r}.
To show that S is non-empty, consider ¢ = —|a| € Z. This shows that a + b|a| € S since it is non-negative:
a+bla| > (b—1)]a| > 0.

By well-ordering, let r be the least element of S. By construction, » > 0; it remains to show r < b.
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Suppose, for a contradiction, that » > b. Then r — b € S; this is because if 1 = a — bg, then
a=0b(qg+1)+ (r—»0).

Since r — b < r, this contradicts the minimality of 7. O

Remark. For b = 2, existence means “every integer is either even or odd”, while uniqueness of r means
“no integer is both even and odd”.

Remark. The existence part of the division theorem allows us to prove statements of the form (Va € Z) P(a)
by cases (fix b € N and consider the remainder of a when divided by b).

3.3.5 Bezout’s Identity

Definition 3.48. A non-empty subset I C Z is an ideal if
(i) a—belforall a,be I; (closed under addition)

(ii) nae I forallne€Z,ac I (closed under left multiplication)

It follows that 0 is an element of every ideal, since 0 =a —a € I.

Ideals in Z are principal, i.e., generated by a single integer.

Proposition 3.49. For each ideal I C Z, there exists k € I "N such that

I={nk:neZ}.

Proof. If I = {0}, then we take k = 0. Otherwise, consider S := I N N.

We claim S is non-empty. If not, I must contain some negative integer k. But then —k € S. By
well-ordering, let k£ € N be the least element of S.

Claim: I = {nk:n € Z}.

Since k € I, we have nk € I for all n € Z, by (ii) in Definition 3.48.

Let a € I. By the division theorem, there exist integers n and r such that a = nk+rand 0 < r < k.
Claim: r = 0.

Since a, k € I, we have r = a — nk € I. Suppose, for a contradiction, that r # 0. Then r € S. Since r < k,
this contradicts the minimality of k.

Hence r = 0, so a = nk as desired. O]

We shall prove Bezout’s identity, which expresses the ged of two integers as a linear combination of the
two integers. We first prove a lemma, which express common divisors of a and b as linear combinations of
a and b.

Lemma 3.50. For every non-zero a,b € Z, there exists k € N such that k | a, k| b, and
k =na+mb

for some n,m € Z.

Proof. Consider the set of linear combinations of a and b:

I={na+mb:n,meZ}.
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We check that I is an ideal. (Clearly I is non-empty, since a,b € I.)
e Let nya+ mib,noa + mob € I. Then (nja + myb) — (nea + maob) = (ny — ng)a+ (my —me)b € I.
e Let n € Z, nja+ myb € I. Then n(nja + m1b) = (nny)a + (nmq)b € I.

Since ideals in Z are principal, there exists k € I NN such that I = {nk : n € Z}. Note that k # 0 because

I contains a non-zero number, so k € N.
Since a,b € I ={nk :n € Z}, we have k | a and k | b.
Since k € I = {na + mb: n,m € Z}, there exist n,m € Z such that k = na + mb. O]

Theorem 3.51 (Bezout’s identity). For every non-zero a,b € Z,
ged(a, b) = na + mb (3.2)

for some n,m € Z. Furthermore, if d | a and d | b, then d | gcd(a,b).

This also shows that any common divisor divides the gcd.

Proof. By 3.50, there exist k € N and n,m € Z such that k | a, k | b, and k = na + mb. We shall prove
k = ged(a, b).

e Since k | a and k | b, by definition k < ged(a, b).
e By definition ged(a,b) | a and ged(a, b) | b, so we have ged(a,b) | na + mb = k. Thus ged(a, b) < k.

Hence ged(a,b) = k = na + mb.
Furthermore, if d | a and d | b, then d | na + mb = ged(a, b) as desired. O

( Theorem 3.52 (Euclid’s lemma). Suppose a,b € N and p is prime. If p | ab, then p | a orp | b. )

Proof. Consider
I={neZ:p|na}.

We claim that I is an ideal. (Clearly I is non-empty since 0 € I.)
e Let ny,ng € I. Then p | nya and p | naa, so p | (n1 — na)a. Thus ny —ng € I.
e Let n € Z, ny € I. Then p | nya, so p | (nn1)a. Thus nny € 1.

Since every ideal in Z is principal, fix k € I NN such that I = {nk : n € Z}.

We now have p € {n €EZ:p| na} = {nk :n € Z}. Then p = nk for some n € Z, so k divides p. Since p is
prime, either £k =1 or k = p.

Case 1: If k =1, then p | a because p | ka.

Case 2: If k = p, since b € I, k divides b, i.e., p | b.

( Corollary 3.53. Suppose ay,...,a, € N and p is prime. If p | a1 -+ ayn, then p| a; for some 1.

Proof. Induct on n. O

Let us summarise our discussion of ideals. Since Z is an integral domain, 3.49 implies that Z is a principal
ideal domain. By 3.52, a positive integer n is a prime number if and only if nZ is a prime ideal in Z.
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3.3.6 Fundamental Theorem of Arithmetic

Let P C N denote the set of primes. A function e: P — N takes a prime number p € P and assigns it to
a non-negative integer e(p).

Think of e(p) as the exponent of the prime p in some factorisation.

Example. Suppose e: P — N is defined by e(2) = 3, e(3) = 1, and e(p) = 0 for all other primes
p. Then e “encodes” the number 23 - 31 = 24.

Thus e is a way of representing numbers by their prime factorisation, with e(p) being the power of p.

~
Definition 3.54. The support of f: X — R is the set of points in X where f is non-zero:
supp(f) = {z € X | f(z) #0}.

If supp(f) is finite (i.e., f(x) = 0 for all but finitely many = € X)), then f is said to have finite
support.

J

P . . . . )

Definition 3.55. Let F denote the set of all functions e: P — N with finite support, i.e.,
{p € P|e(p) #0} is bounded.

J

Finite support just says almost all primes are raised to the 0-th power, i.e., they do not appear in the
factorisation.

Theorem 3.56 (Fundamental theorem of arithmetic). For each a € N, there exists a unique

eq € F such that
a = H pea(p)‘

ea(p)#0

That is, every natural number has a unique factorisation, where finitely many primes have non-zero
exponents.

Proof. Let a € N.

Proceed by strong induction on a € N.

When a = 1, define e;(p) = 0 for all p € P. Thus {p € Plei(p) # O} = () is bounded, so e; € F. we have

H per(P) = H(]j =1.

e1(p)#0

Suppose for all a’ < a, there exist e, € F such that o/ =[] )0 D% (). We consider cases:

€a’ (p

Case 1: If a € P, define e,: P — N by

(p=a)

1
lp) = 0 (p#a)

RN

One easily checks that e, € F, and a = a® (%),

Case 2: If a ¢ P, then a = kq for some g € P, k > 2. Notice that k < a. By induction hypothesis, there
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exists e, € F such that k =[] ()50 p(®), Define e,: P — N by

ea(p) =

Claim: ¢, € F.

Since supp(ey,) = {p € P | ex(p) # 0} is bounded, suppose it has a bound b. Clearly g € {p € P | e4(p) # 0}.
If ¢ < b, then {p € P | e4(p) # 0} is bounded by b. Otherwise it is bounded by g. Therefore e, € F.

Notice that e, (p) # 0 whenever eg(p) # 0, so one easily verifies that

a=qk= H pea(p)*ek(p) H pEk(p): H pea(p)_

ea(p)#0 ea(p)#0 ea(p)#0
Suppose, for a contradiction, that for some a € N, there exist distinct functions e, e’ € F

such that
= H pe®) = H pe @),
e(p)#0 e’ (p)#0

Since e # ¢/, fix ¢ € P such that e(q) # €/(¢). WLOG assume e(q) < €/(q). Divide both sides by ¢*(@:

H pelp) = g¢'(@)—e(@) H pe (),
(p)#0

e/ (p)#0
P#q PF#q

Since g divides RHS, ¢ must divide LHS. By Euclid’s lemma, ¢ must divide some prime p # ¢, which is
absurd. This yields the desired contradiction. O

We present several consequences of the fundamental theorem of arithmetic.

C Corollary 3.57. The function a — e, is a bijection from N to F. )

Proof. By 3.56, the function a — e, is well-defined.

Injectivity: Consider a,a’ € N. Suppose e, = ¢,-. Then we have

a = H pea(P) _ H pea/(p) —d.

eqa(p)#0 €4 (P)#0

Surjectivity: Let e € F. Define a = He(p#O p®)_ This product is well-defined because e € F. Also, by
3.56, since a € N, a = Hea(p)?éo p¢®) and e, is unique. Hence we have e = e,.

O
Remark. The proof for surjectivity uses the uniqueness of e,. If e, is characterised by a certain property

and we want to show e = e,, it suffices to prove that e has the same property as e,.

Remark. The FTA does not give us constructive definition of e,. It only asserts that there is unique e,
with certain properties. So in this proof what matters is the property of e in the set F.

When we multiply two numbers, the prime factorisation of the product is obtained by summing the
corresponding exponents.

Corollary 3.58. For every a,b € N, we have

eab(p) = ea(p) + es(p)
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kforallpEP. J

Proof. By the definition of e, and ey,

a= H pca(P) and b= H per®).

ea(p)#0 ey (p)#0

Multiplying them together, we have

ab = H pea(P)ten(p) — H peaP)ten(p)
eq(p)#0Vey (p)#0 ea(p)+eb(p)#0

Let e = e, + e, where addition is defined pointwise, i.e., e(p) = eq(p) + ep(p) for each p € P. Then

ab = H peP),

e(p)#0

We check that e € F. Note that

supp(e) = {p € P | e(p) # 0}
={pe Pleap)+elp) #0}
={pePleip) #0Vey(p) # 0}
={pePlep) #0}U{p € Pes(p) #0}
= supp(eq) U supp(ep).

Since supp(e,) and supp(ep) are bounded, and the union of two bounded sets is bounded, we conclude
that supp(e) is bounded and thus finite. Hence e € F.

By the uniqueness of e, we have e, = € = e, + €. O

Remark. The subtlety in this proof is that in order to apply the unique property of e,;, one must prove
that e = e, + € is actually in F, because the uniqueness property only applies to elements in F.

divisibility - a divides b if and only if in the prime factorisation, exponents of a are less than or equal to
corresponding ones in b.

Corollary 3.59. For every a,b € N,

a|b <= equ(p) <ep(p) for everype P.

Proof.
Suppose a | b. Then b = ka for some k € N. By 3.58, we have

ep(p) = eak(p) = ea(p) + ex(p)

for all p € P. Since er(p) > 0 for all p € P, we have e,(p) < ep(p) for all p € P.
Suppose e, (p) < ep(p) for all p € P. Define

k= H peb(P)—ea,(P).
s (p)#0

Since 0 < e, (p) < ey(p), whenever e, (p) # 0, we have e;(p) # 0; whenever e, (p) = 0, we have p°=(P) = 1.

Thus
a0 = H pea(P) = H per®).
ea(p)#0 ea(p)#0
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It follows that

ka = H pEb(P)—Ea(P) H peb(p)

ey (p)#0 ea(p)#0
— H peb(P)

e (p)#0
=0b.

Remark. Two subtleties in this proof:

e When defining k, we only restrict e;(p) to be non-zero. Noting that e,(p) # 0 is stronger than
ep(p) # 0, we must allow e,(p) = 0. Otherwise, we may completely neglect those prime factors
which divide b but do not divide a. We also do not restrict ey(p) — eq(p) # 0 because we need the
all terms with ey(p) # 0 for later use.

o We changed a =[], )20 p°e®) to a = ILe. ()20 p°® to make the condition in the set builder
notation match with that of b. We can do this precisely because e, (p) # 0 is stronger than ey(p) # 0
and, in cases where e,(p) = 0 and e, (p) # 0, changing the condition has no effect on the product as

ea(p) — 1
P .

Proposition 3.60 (Existence of gcd). For every a,b € N, there exists k € N such that
(i) k|a and k| b;

(i) if d | a and d | b, then d | k.

Notice that k = ged(a, b).

Proof. Define f: P — N by
fp) = min{ea(p),es(p)} (P € P).

That is, the exponents of ged is the smaller of a and b.
Claim: f € F.

By definition, f(p) < eq(p) and f(p) < ep(p) for all p € P. Hence f(p) # 0 is stronger than e,(p) # 0, so
{peP|flp)#0} C{peP|ep)#0}. It follows that {p € P| f(p) # 0} is bounded. Hence f € F.

Since a — ¢, is a surjection from N to F, we can fix some k € N such that f = eg. Then ex(p) < e.(p)
and ex(p) < ep(p) for all p € P. By 3.59, k | a and k | b.

If d|aand d|b, then eq(p) < eq(p) and eq(p) < ep(p) for all p € P. Hence

eq(p) < min {eq(p),es(p)} = f(p) = ex(p)
for all p € P. By 3.59, d | k. O

Remark. We need to prove f has finite support before applying the properties of the functions with finite
support.

3.3.7 Modular Arithmetic

Fix b € N. Denote [b] = {0,1,...,b— 1}.
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~

Definition 3.61. The remainder function

Rb: 7, — [b]
maps every integer to its remainder when divided by b. That is, Ry(a) is the remainder of a
when divided by b.
J

Remark. By the division theorem, Ry: Z — [b] is well-defined.
( Lemma 3.62. Ry is surjective but not injective. )
Proof. Surjectivity: Let ¢ € [b]. Then Ry(c) = c.
Non-injectivity: Rp(c) = Rp(c+b) =0 but ¢ # ¢+ b. O

C Lemma 3.63. Ry(a) = Ry(a') < b| (a—d).

Proof.
Suppose Ry(a) = Rp(a’) = r. Then a = gb+ r and o’ = ¢'b + r for some ¢, ¢ € Z. Rearranging,

a—a =(qg—q)b

sob| (a—da).
We prove the contrapositive. Suppose Ry(a) # Rp(a’). Then a — bg = r and o' — bg’ = r/, where
r #r'. WLOG assume r > 7’. Then

(a—a)=0bg—q)+(r—7").
Since 0 < 7’ <7 < b, we have 0 < r — r’ < b. Thus, b does not divide a — a’. O
Define addition and multiplication on [b] as

Ry(a) +p Ryp(a’) = Ry(a + a’)
Rb(a) ‘b Rb(a’) = Rb(a . a').
We need to check that these operations are well-defined:

Addition: Suppose Ry(a1) = Ry(az) = ¢ and Ry(a}) = Ry(ah) = d. We need to show that Ry(a; +af) =
Ry(ag + ab).

Write a; = bqy + ¢, az = bga + ¢, a} = bg| + d, a}, = bgl + d for some q1, g2, ¢}, ¢4 € Z. Then

a1 +a) =blgs +q1) + (c+d)
az + ahy = b(gz + ) + (¢ + d).

Since b | (a1 + a}) — (a2 + ab), it follows that Ry(a1 + a}) = Ry(az + ab).

Multiplication:

3.3.8 Congruence Classes

C Definition 3.64. Fix b € N. We say that a and o’ are congruent (mod b) if b | (a — a’). )
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That is, a and ¢’ have the same remainder divided by b.

\
Definition 3.65. Define Cy: Z — P(Z) by
Cy(a)={a' €Z:b|(a—d)}
={d €Z: Ry(a) = Ry(a’)} .
We call Cy(a) the congruence class of a modulo b.
J

Hence C}, is the function that sends every integer to its congruence class modulo b. We call Cj, the
congruence class function.

Example. Fix b = 6. Then Cs(2) ={...,—4,2,8,... }.

( Lemma 3.66. Ifb| (a —d'), then Cy(a) = Cp(a’). )

Proof. Note that b | (a — d') is equivalent to Ry(a) = Rp(a’).
Let ¢ € Cy(a). Then Ry(a) = Ry(c). Since Ry(a) = Ry(a’), we have Ry(c) = Rp(a’). Thus ¢ € Cy(a’).
Similar to above. O

Let Qp, C P(Z) denote the range of C,. We restrict the codomain of Cj to be Q. (This makes C,
surjective.)

Theorem 3.67 (Universal property). Suppose f: Z — X is such that if b | (a — a) then
f(a) = f(a'). Then there exists a unique g: Qp — X such that

f=900Cs.

Proof.

Define g: Qy — X by g(C) = f(a) for any a € C.

We first show that g is well-defined. Let C' € Q. Then C' = Cy(a) for some a € Z. If ay,as € Cp(a), then
b|(a—ay)and b| (a—az),sob| (a; —az). By assumption, f(a;) = f(a2) as desired.

To show that f = g o Cy, note that a € Cy(a), so g(Cy(a)) = f(a).

Suppose h: @ — X is such that f = h o Cj. Then for every Cy(a) € Qp, we have

h(Cp(a)) = f(a) = g(Cy(a)), so g = h as desired. O
Example. Let us consider some special f and find out their corresponding g.

o If f: Z — X is a constant function that maps all integers to some z € X, then g: Qp — X
is also a constant function which maps all C € Qy to z € X.

o If fis Cy: Z — Qp, then g: Qp — @y is the identity function.

o If fis Ry: Z — [b], then g: Qp — [b] is such that g(Cy(a)) = Ry(a).
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From the earlier example, Cy,: Z — @y, is an example of such an f (with X = Q). Hence we can read the
universal property as saying that all functions f with a certain property “come from” a single function
with said property (namely Cp).

Corollary 3.68. For each set X, denote b
G={9: Qp— X}
F={f:Z—X|(Va,d' €Z)b]|(a—a')= f(a) = f(a)}
Then G = F.
_/

Proof. Define ®: G — F by
g»—>goCb.

First, we prove that ® is well defined. Whenever b | (a — a’), we have g(Cy(a)) = g(Cp(a’)) (because
Cy(a) = Cp(a’)). Thus go Cy € F. So g — g o Cy is well-defined.

Injectivity: Let g1,g92 € G. Suppose f = g1 0 C, = g2 0 Cp. By 3.67 there exists a unique g € G such that
f =90Cy. Thus we have g1 = g = go.

Surjectivity: Let f € F. By 3.67, there exists a unique g € G such that f = go C,.

— Exercises —
Exercise 3.3.1. Prove Lemma 3.41.

Solution.

(i) Let b = ka for some k € Z. Since b # 0, it follows that a # 0 and k # 0. In particular, a # 0.

)
(ii) Let b = ka for some k € Z. Thus |b| = |k||a|. Since |k| > 1, it follows that |a| < |b].
(iii) Let b = ka for some k € Z. Then nb = n(ka) = k(na), so na | nb.

)

(iv) Let b = ka for some k € Z, ¢ = la for some [ € Z. Then nb + mc = n(ka) + m(la) = a(nk + ml), so
a | nb+ me.

Exercise 3.3.2. We say an integer is 1 mod 4 if it equals 4k + 1 for some integer k.

(a) Prove that if integers a and b are 1 mod 4, then ab is 1 mod 4.

(b) Prove by strong induction on z that if all primes which divide € N are 1 mod 4, then x is itself 1
mod 4.

(¢) Prove that the set of primes which are not 1 mod 4 is unbounded.
Solution.

(a) Suppose integers a and b are 1 mod 4. Then a =4m + 1, b = 4n + 1 for some m,n € Z. Thus
ab=“Am+1)(dn+1) =16mn+4dm+4dn+1=44mn+m+n)+1

so ab is 1 mod 4.
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(b) The base case is true for = 1.
Suppose the desired result is true for all k, where 1 < k < x. We wish to prove it true for x + 1.

Suppose all primes which divide x 4+ 1 are 1 mod 4. We consider two cases:

Case 1: If x + 1 is prime, then by assumption x + 1 is 1 mod 4.

Case 2: If x + 1 is not prime, then z + 1 = ab for some a,b € Z, where a,b <  + 1. Then apply
inductive hypothesis and (a).

(¢) Suppose, for a contradiction, that the set of primes which are not 1 mod 4 is bounded. Then there
are finitely many primes which are not 1 mod 4.

Since 2 is one such prime and all other primes not 1 mod 4 are 3 mod 4, it follows that there are
finitely many primes which are 3 mod 4, say p1,...,pn. Consider

N =dpy---pn— 1,

which is 3 mod 4. N is divisible by some prime ¢, but none of the primes p; divides N, so
q ¢ {p1,...,pn}. By contrapositive of (b), g is 3 mod 4. This yields the desired contradiction.

O

Exercise 3.3.3. Prove that if I is an ideal, then there is at most one positive integer k£ € I such that
I={nk:neZ}.

Solution. Let I be an ideal of Z. Suppose k, k' € I NN are such that
I={nk:ne€eZ}=kZ and I={nk':neZ}=FZ.

Since k' € I = kZ, we have k | k. Similarly k' | k. Hence k = k. O

Exercise 3.3.4. Prove that if [ is an ideal and a,b € I, then na + mb € I for every n,m € Z. Conclude
that if a,b € I are non-zero, then gecd(a,b) € I.

Solution. Let I C Z be an ideal, and let a,b € I. For every n,m € Z, then by property (ii) of ideals we
have na € I and mb € I. Since I is closed under subtraction (hence under addition) by property (i), it
follows that

na + mb = (na) — (—mb) € I.

By Bezout’s identity, ged(a, b) = na + mb for some n,m € Z, so ged(a, b) € I. O
Exercise 3.3.5. Prove that if a, b and k are positive integers, then ged(ka, kb) = k - ged(a, b).
Solution. We will show
ged(ka, kb) < k - ged(a, b) and k- ged(a,b) < ged(ka, kb).
By Bezout’s identity, there exist integers s,t € Z such that
sa + tb = ged(a, b).

Multiplying through by k gives
s(ka) + t(kb) = k - ged(a, b).

This shows that k - gcd(a, b) is a linear combination of ka and kb. Thus every common divisor of ka and
kb divides k - ged(a, b). In particular,

ged(ka, kb) | k - ged(a, b).
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Hence ged(ka, kb) < k - ged(a, b).
Since ged(a, b) divides both a and b, it follows that & - ged(a, b) divides both ka and kb. Thus k - ged(a, b)
is a common divisor of ka and kb. By definition of gcd,

k- ged(a,b) | ged(ka, kb).
Hence k - ged(a, b) < ged(ka, kb). O
Exercise 3.3.6. Suppose a, b, ¢ are non-zero integers such that c | ab.
(i) Define I = {n € Z: c| an}. Prove that I is an ideal.
(ii) Use (i) to prove that ¢ | a - ged(b, c).
Solution.

(i) I is non-empty, since 0 € I.
Let n,m € I. Then ¢ | an and ¢ | am. Thus ¢ | a(n —m),son —m € I.

Let n € I, s € Z. Then ¢ | an, so ¢ | a(sn) = s(an); thus tn € I.
(ii) By assumption ¢ | ab, so b € I. Since ¢ | ac, we have ¢ € I.
By Bezout’s identity, there exist integers s,t such that

ged(b, ¢) = sb + te.

By the previous question, every ideal of Z is closed under linear combinations. Hence ged(b, ¢) € 1.
O

Exercise 3.3.7. A positive integer a is said to be square-free if there is no integer k£ > 2 such that
k? | a. Prove that a is square-free if and only if e,(p) < 1 for all primes p.

Solution.
Suppose a is square-free.

Suppose, for a contradiction, that there exists a prime ¢ with e,(g) > 2. Since

IN

ea(q)

2 a
e2(p) =0<eq(p) forp+#gq

we have e,2(p) < eq(p) for all p € P. By 3.59, it follows that ¢* | a.
This contradicts the assumption that no square k2 with k& > 2 divides a.
Suppose e,(p) < 1 for every prime p.

Suppose, for a contradiction, that there exists an integer k& > 2 such that k? | a. By 3.59, for every prime
p, we have

2ex(p) = ex2(p) < ealp) < 1.

Thus 2ex(p) < 1 for all p. This forces ex(p) = 0 for every prime p. Hence k = 1, which contradicts
k>2. O

Exercise 3.3.8 (MA1100T AY22/23).
(a) Prove that for all z,y,n € N, we have min{nx, ny} = nmin{z, y}.
(b) Prove that for all positive integers a, b and n, we have ged(a™,b") = (ged(a, b))™.

Solution.
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(a) WLOG assume z < y, so min{z,y} = 2. Then nz < ny, so min{nz, ny} = nzx.

(b) Let a = [[{p®® : eq(p) # 0} and b = [[{p>® : ey(p) # 0}.
Then a” = [[{p"*®) : e,(p) # 0} and b™ = [[{p" @ : ey(p) # 0}. Hence we have

ged(a”,b") = [T primiree e @)
— Hpn-min{ea(p),eb(p)}

_ (H pmin{ea (p).ev(p) }) "

= (ged(a, b))".

Exercise 3.3.9. Given b € N, prove that the function «,: [b] x [b] — [b] defined by
Rb(a) ‘b Rb(a’) = Rb(a . a')
is well-defined.

Solution. Since Ry, is surjective, Ry(a) exists for all a € Z. Thus Ry(a - a’) exists for all a,a’ € Z.
Suppose Ry(a1) = Rp(az) and Rp(a)) = Rp(ah). We want to show that Ry(a; - a}) = Ry(az - ab). Recall
that Ry(a) = Rp(a’) <= b| (a —da’), so

b| (a1 — a9) and b| (a} — ab).
Write a1 = mb + ag, af = m’b + afy, for some m, m’ € Z. Thus

aj - aj —ag - ay = (mb+az)(m'b+al) —az - a

= b(mm'b + mal, + agm’).
Hence b | (a1 - af — ag - a), so Rp(ay - a}) = Rp(az - ab). O
% Exercise 3.3.10. Given b € N:

a) Prove that the “function” @: [b] x Z — [b] defined by Ry(a) @ @’ = a + a’ is not well-defined.
(a) Y

(b) Prove that the “function” H: [b] x Z — Z defined by Ry(a) Ba’ = a + @ is not well-defined.
Solution. Different representatives for the same remainder results in different outputs.
(a) Fix b =5. Then R5(2) = R5(7), but

Ry(2)BO=2+0=2
R5(7)BBO=7+4+0=7 isnot in the codomain

(b) Fix b= 5. Then Rs(2) = R5(7), but

Rs(2)B0=2+0=2
Rs(T)BO=740=7
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% Exercise 3.3.11 (MA1100T AY23/24). Suppose m,n € N*. We attempt to define a function f: [mn] —
[m] x [n] by
f(Rmn(a)) = (Rm(a), Rn(a)).

Prove that f is well-defined.
Solution.

e Let ¢ € [mn]. Since Ry, Z — [mn] is surjective, there exists a € Z such that ¢ = Ry, (a).

Hence R, (a) and R,(a) exist, so f(c) exists.

e Suppose R,n(a1) = Ryn(az) = c¢. Then there exist ¢q, ¢ € Z such that
ap =q(mn)+c and az = g(mn)+ec.
We have

ay —az = (g1 — gg)mn = m|a; —ay = Rp(a1) = Rn(a2)
= n|a —as = Ry,(a1) = Rp(az2).

Hence (R (a1), Rn(a1)) = (Rm(a2), Ru(az)), 50 f(Rmn(a1)) = f(Rmn(az)). Thus f(c) has a unique
value.

O

* Exercise 3.3.12 (MA1100T AY24/25). Let A = {ag,as,...,an} be a non-empty finite set of integers.
Define

m
I = Zciai €Z:c1,Cly...,Cn €L
i=0
(a) Prove that I is an ideal.
(b) Using (a) or otherwise, prove that there exists k € N* such that

(i) k divides every a € A, and
(i) if d € Z divides every a € A, then d divides k.

Solution.

(a) Obvious; check closure under addition and multiplication.
(b) Since I is an ideal, there exists k € N such that I = {nk | n € Z}. We check that (i) and (ii) hold:

(i) Let a € A. Then a € I, so a = nk for some n € Z. Thus k divides a.

(ii) Let d € Z be such that d divides every a € A. Then d divides every element of I. Since k € I,
it follows that d divides k.

* Exercise 3.3.13 (MA1100T AY22/23). Prove that for all positive integers a, b, and ¢, we have
ged(a, b) divides ¢

if and only if there is some integer x such that b divides ax — c.
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Solution.

Suppose ged(a,b) | ¢. By Bezout’s identity, write ged(a,b) = ma + nb for some m,n € Z. Then
p(ma + nb) = ¢ for some p € Z. Rearranging gives (pm)a — ¢ = (pn)b.

Suppose there is some integer x such that b | axz — ¢. Then ax — ¢ = nb for some n € Z. Rearranging
gives ax — nb = c.

Let d = ged(a,b). By definition d | @ and d | b, so d | (ax — nb) = ¢, ie., d]c. O

Exercise 3.3.14 (MA1100T AY23/24). Suppose a, b and n are positive integers. Suppose ged(a, b) is a
prime, say ¢, and that ab = n2. Prove that there exists integers c and d such that

b
g202 and — =d>.
q
Solution. Since g is a prime, e,(p) = 0 for all primes p # ¢, and e, (q) = 1.
Since ab = n?, we have e, (p) + ey(p) = 2e,(p) for all primes p.
We construct ¢ and d by

3€a(p) if p#q zes(p) if p#q
ec (p) = 1 . ed(p> = 1 .
3(ealp) = 1) ifp=gq zles(p) —1) ifp=gq
The idea is as such: Informally we consider the “positive square root” ¢ = %, so the exponents of ¢ are

half of the exponents of %; the exponents of g are e, (p) if p # ¢, and e,(p) — 1 if p = q.

We now check that g =¢2 and g =d?:

€c2q = 2€.+eq = ¢4

€qzq = 2€q + €q = €p.
It remains to show that e. and ey are well defined. Consider cases:
Case 1: p = g. Since ged(a, b) = g, either 1 = e,(q) < ep(q) or 1 = ep(q) < €q(q).
In either case, since e, (p) + ep(p) = 2e,(p) is even, both e, (q) and e,(q) are positive odd integers.
Case 2: p # q. Since ged(a, b) = g, at least one of e,(p) and e,(p) is 0.

0 e.(p) =0 and eq(p) = en(p).

e If e,(p) =0, then ey(p) = 2e,(p)
= 2e, 0 e.(p) = en(p) and e.(p) = 0.

.S
e If e5(p) = 0, then e, (p) (p), s
Hence for all primes p, e.(p), eq(p) € N.

Furthermore, e.(p) < eq(p) and eq(p) < e,(p) for all primes p. Since e, and e, have finite support, so do
e. and egq. O

Exercise 3.3.15 (MA1100T AY23/24). Suppose a,b € N*. Prove that ged(a,b) = 1 if and only if
ged(ab,a +b) = 1.

Solution. We first prove a lemma:

Lemma. Suppose x,y € N*. If there exists m,n € Z such that mx + ny = 1, then ged(z,y) = 1.
Proof. Let d = ged(x,y). Then d |z and d |y, so d | mz 4+ ny = 1. Thus d = 1. O

Suppose ged(a, b) = 1. By Bezout’s identity, ha + kb = 1 for some h, k € Z.
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The idea is to square ha + kb in order to get terms of the form ab:

1=ha+kb
= (ha + kb)?
= h%a® + 2hkab + k*b*
= (h%a® + h2ab + K%ab + k*b?) + (2hkab — h%ab — k*ab)
= (h%a + k*b)(a 4+ b) + (2hk — h? — k*)ab.

By the lemma, ged(ab,a +b) = 1.
Suppose ged(ab, a + b) = 1. By Bezout’s identity, p(ab) + g(a + b) = 1 for some p,q € Z. Then

1 =pab+ q(a+ D)
= (pb+ q)a + gb.

By the lemma, ged(a,b) = 1.
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3.4 Equivalence Relations

3.4.1 Equivalence Relation and Quotient Map

One important type of relation is an equivalence relation. An equivalence relation is a way of saying two

objects are, in some particular sense, “the same”.

Definition 3.69. A relation ~ on a set A is an equivalence relation if it is b
(i) reflexive,
(ii) symmetric,
(iii) transitive.
- _J

Example. The following are all examples of equivalence relations:
e On C, define z ~w < |z| = |w|.

e On R x R, define (a,b) ~ (¢,d) < a® +b? = ¢* + d*. Geometrically, the two points lie on
the same circle centered at the origin.

e On the set of polygons in R?, define ~ as congruence.
e On the set of differentiable functions on R, define f ~ g <= f'(z) = ¢'(x).

e On Z, define a ~ b <= n | (a —b). In this case ~ represents congruence modulo n. It is
the basis for modular arithmetic, and a ~ b is usually denoted as a = b (mod n).

An equivalence relation provides a way of grouping together elements which can be viewed as being the
same:

Definition 3.70. Suppose ~ is an equivalence relation on a non-empty set A. For each a € A,
the equivalence class of a is
[a] := {a’eA:alwa}.

The set of all equivalence classes is called the quotient set:

A/~:={la] :a € A}.
L {la] : a € 4} )

We read A/~ as “A mod ~”. Note that A/~ C P(A).

If ~ is an equivalence relation on a set A, there is a (clearly surjective) canonical projection

A5 A/~

obtained by sending every a € A to its equivalence class [a].

( Definition 3.71. The quotient map m: A — A/~ is defined by 7(a) = [a]. )

( Lemma 3.72. Quotient maps are surjective.

Proof. By construction, every equivalence class [a] € A/~ is the image of some a € A, namely 7(a) =

[a].

O
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Let f: A — C be a map. We say that f factors through a set B if there exist g: A — B and h: B — C
such that f = hog.

Theorem 3.73 (Universal property). For every set X and every function f: A — X such that if
a~b, then f(a) = f(b), there exists a unique g: A/ ~— X such that

f=gom.

In this case, f factors uniquely through the quotient set A/~ via m. In the language of category theory,
the quotient set is called a universal object, and every other set factors through it.

A—F 5 A/~
f o
7 3l
v
X

By the universal property, all functions f which treat ~ as equality “come from” =, i.e., f equals some
function composed with 7.

Proof.
Define g: A/ ~— X by g([a]) = f(a), for all a € [a].
We first prove g is well defined. Fix [a] € A/~, let a1, as € [a]. Then a; ~ a and as ~ a, so a3 ~ as. By
assumption, f(a1) = f(a2).
We check that f = gom:
(gom)(a) =g(n(a)) = g([a]) = f(a).

Suppose g': A/ ~— X is such that f = ¢’ o 7. For every [a] € A/ ~, we have

Hence g = ¢’, as desired. O

One can interpret the universal property as a recipe for defining functions on A/~: In order to define a
function on A/~ to X, it suffices to define a function f: A — X such that if a ~ o/, then f(a) = f(b),
and then apply the universal property to find g.

In fact, by the preceding result, every function g: A/ ~— X can be obtained in this way, because the
function gom: A — X satisfies the following condition: if a@ ~ b, then g(w(a)) = g(7(b)).

Corollary 3.74.

Maps(A/~, X) = {f € Maps(A,X) : (Va,b€ A)a~b= f(a) = f(b)}.

Proof. Denote F := {f € Maps(4,X) : (Va,b€ A)a~b= f(a) = f(b)}. Define

®: Maps(A/~,X) = F

gr—gom
We show & is a bijection.

Well-definedness: If g € Maps(A/~, X), then ®(g) = gon is a map from A to X.
If a ~ b, then g o m(a) = g([a]) = g([b]) = g o w(b). Hence gom € F.
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Injectivity: Suppose ®(g) = ®(¢’). Then gow = ¢’ o ; that is, gow(a) = ¢’ o w(a) for all a € A. Then
9([a]) = ¢'([a]) for each a € A. Thus g([a]) = ¢'([a]) for each [a] € A/~. Hence g = ¢'.

Surjectivity: Let f € F. By the universal property (3.73), there exists a unique function g € Maps(A/~
,X) such that f =gom,ie., f=®(g).

3.4.2 Equivalence Relations and Partitions

The next result shows that distinct equivalence classes are disjoint.

Lemma 3.75. Let ~ be an equivalence relation on a non-empty A. For every a,a’ € A, the
following are equivalent:

a~ad < [a]=[d] < (Fbe€ A)a,d €] < [a]N[d] # 0.

Proof.

(i) = (ii) | Suppose a ~ b. Since a € [a] and a € [b], we have [a] C [b]. The reverse inclusion follows
similarly.

(ii) = (iii) | Suppose [a] = [@']. By reflexivity, we have a € [a] and o’ € [¢'] = [a].

(iii) = (iv) | Suppose a,a’ € [b]. Then a ~ b and o’ ~ b. By symmetry, we have b ~ a and b ~ a'. Thus
€ la] N [a].
(iv) = (i) | Suppose [a] N [a’] # 0. Fix b € [a] N [a/]. Then b ~a and b ~ a’, so a ~ a’. O

=
~

~—

Grouping the elements of a set into equivalence classes provides a partition of the set. As you would
expect, a partition of a set A is a family of disjoint non-empty subsets of A, whose union is A.

Definition 3.76. A set P C P(A) is a partition of A if h
(i) 0 ¢ P; (all subsets are non-empty)
(ii) UP = 4; (every element belongs to one of the subsets)

(iii) for every C, D € P, either C =D or CND = . (subsets are equal or disjoint)

The subsets are called the parts of the partition. Y

The next result shows that the equivalence classes for any equivalence relation form a partition.

Proposition 3.77. Suppose ~ is an equivalence relation on a non-empty set A. Then the
quotient set is a partition of A.

Proof.
(i) By reflexivity, a ~ a. Thus a € [a], so [a] # (). Hence ) ¢ A/ ~.

(ii) We need to show that (J(A/~) = A.
Let z € |J(A/~). Then x € [a] for some a € A. By definition of [a], we have z € A.
Let a € A. By reflexivity, a € [a]. Thus a € |J(A4/~).

(iii) By 3.75, distinct elements of A/~ are disjoint.
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Conversely, we can use any given partition to define an equivalence relation, by saying that a ~ b if and
only if a and b are elements of the same part of the partition.

Proposition 3.78. Given a partition P of a set A, there exists an equivalence relation ~ on A
such that P = A/ ~.

Proof. For a,b € A, define
a~b < (3C € P)a,beC.

That is, two elements are related if and only they belong to the same part of the partition.

We check that ~ is an equivalence relation:

(i) Reflexivity: Fix a € A. Since P is a partition of A, by definition, there exists C' € P such that
a € C. Hence a ~ a as desired.

(ii) Symmetry: Suppose a ~ b. Then there exists C' € P such that a,b € C. Then it is trival that b ~ a.

(iii) Transitivity: Suppose a ~ b and b ~ ¢. Then there exist Cy,Cy € P such that a,b € Cy and b, ¢ € Cs.
Since C1 N Co # (0 (because they have a common element b), we have C; = Cy = C. Thus a,c € C,
so a ~ c as desired.

Next, we shall prove that P = A/ ~.

Fix C € P, and suppose a € C. By definition, for all «’ € A, if a’ € C, then a’ ~ a. This means that
C' is an equivalence class. Hence we have C' € A/ ~.

Fix [a] € A/~. Then o’ ~ a for all @’ € [a]. So there exists C' € P such that a € C' and for all o’ € [a],
a’ € C. Furthermore, for all z € C,  ~ a. Thus x € [a]. It follows that C' = [a]. Hence [a] € P. O

Thus, there is a natural correspondence between equivalence relations and partitions of a set.

Corollary 3.79.
{equivalence relations on A} = {partitions of A}

Proof. Define

G: {equivalence relations on A} — {partitions of A}

We show G is a bijection.

Well-definedness: For each equivalence relation ~, the quotient set A/~ is a partition of A, so G is
well-defined.

Injectivity: Define the map in the opposite direction
H: {partitions of A} — {equivalence relations on A}
by the rule: if P is a partition of A, then for a,b € A, set
aH(P)b < there exists C' € P such that a,b € C.
By the preceding result, H(P) is an equivalence relation, so H is well-defined. Furthermore, we have

(M0 G)(~) = H(G(~)) = H(A/~) =~ .
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Hence

HoG= ld{equivalence relations on A} -

Since G is left-invertible, it follows that G is injective.

Surjectivity: Let P be a partition of A. By the preceding result, we can define an equivalence relation
on A such that P = A/ ~.

O

Since an equivalence relation on A is equivalent to a partition of A, it follows that the number of
equivalence relations on A is equal to the number of partitions of A.

Example. How many different equivalence relations can be defined on the set {1,2,3}?

Solution. Since {1, 2,3} is small, we can determine this by hand:

P ={{1,2,3}}

Py = {{1},{2},{3}}
Py = {{1,2},{3}}
Py = {{1},{2,3}}
Ps = {{1,3},{2}}

Hence there can be only 5 equivalence relations defined on {1, 2, 3}. O

3.4.3 Range isomorphic to quotient by some equivalence relation
Fix a set B and a surjection o: A — B. Define a relation ~ on A by
a~a < oa)=0(d).
One can easily check that ~ is an equivalence relation on A:
(i) Reflexivity: For any a € A, we have o(a) = o(a), so a ~ a.
(ii) Symmetry: Suppose a ~ a’. Then o(a) = o(a’), so o(a’) = o(a). Thus ¢’ ~ a.

(iii) Transitivity: Suppose a ~ a’ and o’ ~ a”. Then o(a) = o(a’) = o(a”), so a ~ a”.

Theorem 3.80. For every set X and every function f: A — X such that if a ~ b then f(a) =
f(b), there exists a unique h: B — X such that

f=hoo.

Proof.

Deﬁne h: B— X by
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where a € A is such that o(a) = b. Surjectivity of o guarantees the existence of such a, for every b € B.

We first show that h is well defined. Let b € B. Consider a,a’ € A such that o(a) = o(a’) = b. By
definition, a ~ a’, so by assumption, f(a) = f(a’).
It is easy to check that (hoo)(a) = h(b) = f(a) for every a € A. Hence f = hoo.

Suppose h': B — X is such that f = h’ o 0. Then for each b € B,

Hence h = K/, as desired. O

In particular, if we replace f: A — X with 7: A — A/~, we obtain the following result.

Corollary 3.81. For every set X and every function n: A — A/ ~ such that if a ~ b then
w(a) = (b), there exists a unique h: B — A/~ such that

m=hoo.
A—F—— A/~
/;T
o ///

In the universal property (3.73), if we replace f: A — X with 0: A — B, then we have the following:

There exists a unique function g: A/~— B such that o = go .

A—T" 5 A/~

-
-

.
g 7
.

g 7.
- N
a1
e
B
We construct the following diagram:
A
! !
B 777773?];7779 A/N 7777737'977779 B 7777737!};777$ A/N

From the diagram, it follows that go h =idp and ho g =id4 .. Hence h: B —+ A/~ and g: A/~— B
are bijections which are inverses of each other. Therefore there is a (unique) bijection between B and
Al~, ie, B A/~.
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Remark. This reasoning (two objects satisfying the same universal property can be proved to be isomorphic)

can be applied in other contexts.

Example. Let G be a group and N < G a normal subgroup. The quotient group G/N comes

equipped with a canonical projection

m: G — G/N, 7(g) = gN.

It satisfies the following universal property:

For every group H and group homomorphism f: G — H such that N C ker f, there
exists a unique group homomorphism f: G/N — H such that f = for.

G—" 5 GJN

In particular, take N = ker f and H = im f (so that f is surjective). Then G/N = im f. This is

the first isomorphism theorem for groups.

— Exercises —

Exercise 3.4.1 (Lexicographic order on N x N). Define a relation < on the Cartesian product N x N as
follows: (a,b) < (¢, d) if and only if either a < ¢, or (a = ¢ and b < d). Our aim is to prove that < is a

well-order on N x N, which would imply a corresponding induction principle.

(i) Prove that < is transitive.

(ii) Prove that < satisfies trichotomy.

(iii) Prove that every non-empty subset of N x N has a least element with respect to the ordering <.

Solution.
(i) Suppose (a,b) < (¢,d) and (c¢,d) < (e, f). We want to show that (a,bd) < (e, f).
Since (a,b) < (¢, d), we have two cases:
e If a < ¢, then (¢,d) < (e, f) implies ¢ < e or (¢ = e and d < f). In both cases, a < e. Thus

(a,b) < (e, f)-
e Otherwise, a = ¢ and b < d. Then (¢, d) < (e, f) implies ¢ < e or (¢ =e and d < f).

— If e < e, then a < e.
— Elseifc=eand d < f, then a = e and b < f, so (a,b) < (e, f).

(ii) Let (a,b),(c,d) € N x N. We want to show that exactly one of (a,b) < (¢,d) or (a,b) = (¢,d) or
(¢,d) < (a,b) holds. We consider all possible cases:
e If a < ¢, then (a,b) < (¢, d).
e If a > ¢, then (c¢,d) < (a,b).
o Ifa=c,
— If b < d, then (a,b) < (¢, d).
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— If b > d, then (c¢,d) < (a,b).
— If b = d, then (a,b) = (¢, d).

(iii) Let S € N x N be non-empty. Consider the set of first components:
A={aeN|(a,b) €S for some b}.

SInce N is well-ordered, A has a least element, say ag.

Consider the set
Sao = {b €N (ap,b) € S}.

Since S,, is non-empty, it has a least element by.
Claim: (ag, bo) is the least element of S under <.

To see this, for any (a,b) € S, either
e a>0= (ag,bp) < (a,b), or
e a=0and b>by = (ap,by) < (a,b) or (ag,by) = (a,b).
O

Exercise 3.4.2. For each of the following properties, either give an example of a relation (on a set of
your choice) with said property, or prove that for every set A, no relation on A can have said property.

(i) reflexive but neither symmetric nor transitive,

(ii) symmetric and transitive, but not reflexive,
(iii) symmetric but neither reflexive nor transitive.
Solution.

(i) On the set A = {1,2,3}, define the relation

R= {(L 1)’ (272)v (373)7 (132)7 (273)} :

Then R is symmetric, but not symmetric (we have (1,2) € R but (2,1) ¢ R) and not transitive (we
have (1,2),(2,3) € R but (1,3) ¢ R).

Alternatively, on R, define aRb if b —a < 1.
(ii) On the set A = {1,2,3}, define the relation
R=1{1,2} x {1,2}
={(1,1),(1,2),(2,1),(2,2)} .

Then R is symmetric and transitive, but not reflexive because (3,3) ¢ R.

More generally, let A be any set and S C A be a proper non-empty subset. Define
R=SxS={(z,y)|zecS yecS}.

Then R is symmetric and transitive, but not reflexive on A (because points of A\ S do not relate
to themselves).

(iii) # relation on R.
Alternatively, on R, define aRb if |a — b| = 1.
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O

Exercise 3.4.3 (Conjugacy). Fix a set X. Let Sx denote the set of all bijections from X to X. Define a
relation ~ on Sx as follows:

f~g <= (BheS,)g=h"tofoh.
Prove that ~ is an equivalence relation.

Solution.
(i) Reflexivity: We have f =idx "o foidy, so f ~ f.
(ii) Symmetry: Suppose f ~ g. Then there exists h € Sx such that g=h 1o foh,so f=hogoh™
Since h is a bijection, h~! is a bijection, so h~! € Sx. Thus g ~ f.

(iii) Transitivity: Suppose e ~ f and f ~ g. Then there exists h; € Sx such that f = h;* oeohy, and
there exists hy € Sx such that g = h;l o f o hg. We have

g=hy'ofohy
zhglo(hflonhl)th
= (hytohy')oeo (hyohy)
= (hiohy) toeo (hyohy).

Thus e ~ g.
O

Exercise 3.4.4. For each Cartesian product A; X As, define the projection mi1: A1 x As — A; by
m1(a1,a2) = a;. Similarly, define mo: Ay X Ay — Ay by ma(a1,as) = as.

Prove that for any set B and any functions p;: B — A; and py: B — As, there is a unique function
f: B — Aj X Ay such that p; =m0 f and py = w9 0 f.

P1

B
3y
Ty

A1XA2L>A1

P2

This exercise shows that the Cartesian product is A; x As is a universal object, since B factors through
Al X AQ.

Solution. Fix a set B and functions p;: B — A1 and ps: B — As.

| Existence | Define f: B — A; x Ay by
f(®) = (p1(b), p2(b)).

We first show f is well-defined. Suppose b = ’. Then f(b) = (p1(b), p2(b)) and f(b') = (p1(b'), p2(b')). Since
p1 and py are well-defined, we have py(b) = p1(V') and pa(b) = p2(b'). Thus (p1(b), p2(b)) = (p1(V'), p2(b')),
so f(b) = f(V).

We check that p; = m o f and pa = mg o f. For every b € B,

(m1 0 £)(b) = 1 (f(b)) = m1(p1(b), p2(b)) = p1(b)
(m2 0 f)(b) = m2(f(b)) = m2(p1(b), p2(b)) = p2(b).
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Uniqueness | Suppose g: B — A; x Ag satisfying p; = w1 o g and po = w5 o g. For each b € B, write
9(b) = (a}, @3). Then

so g(b) = (p1(b), p2(b)) = f(b). Hence g = f. O
Exercise 3.4.5. Suppose A is a set.
(i) Prove that for every relation R on A, there is an equivalence relation S on A such that R C S.

(i) For every relation R on A, consider the relation
FE = ﬂ {SCAx A:S2DRand S is an equivalence relation on A}.

Prove that F is an equivalence relation.

In fact F is the smallest equivalence relation on A that contains R; we call E the equivalence relation
generated by R, and also say that F is the equivalence closure of R.

Solution.

(i) Take S = A x A, which is the universal relation on A. It is easy to check that S is an equivalence
relation on A.

(ii) By (i), the set
F={SCAxA:5DRand S is an equivalence relation on A}

is non-empty, since A x A € F. Then define
E = ﬂ S
SeF

which is well-defined, since the intersection is non-empty.

(i) Reflexivity: For every S € F, S is reflexive, so (a,a) € S for every a € A. Hence (a,a) € E for
every a € A.

(ii) Symmetry: Suppose (a,b) € E. Then (a,b) € S for every S € F. Since each S is symmetric,
we have (b,a) € S for every S € F. Hence (b,a) € E.

(iii) Transitivity: Suppose (a,b), (b,c) € E. Then for every S € F, we have (a,b), (b,c) € S. Since
each S is transitive, we have (a,c) € S for every S € F. Hence (a,c) € E.

O

Exercise 3.4.6. Suppose ~ is an equivalence relation on a set A. Prove that there is some set X and
some function f: A — X such that for all a,a’ € A, we have a ~ o/ < f(a) = f(d').

Solution. Choose X = A/~ and f: A — A/~ defined by f(a) = [a].
If a ~ a/, then [a] = [¢/]. Hence f(a) = f(a).
If f(a) = f(a'), then [a] = [a']. Hence a ~ a'. O

Exercise 3.4.7. Define a relation on R x R\ {(0,0)} by

(a,b) ~ (¢,d) <= there exists some nonzero A € R such that Aa = ¢ and \b = d.
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(i) Prove that ~ is an equivalence relation.

(ii) Describe the equivalence class of (—1,2). In general, what do the sets in the partition corresponding
to ~ look like, when interpreted as a subset of the plane R2?

(That is, interpret each (a,b) as the point with z-coordinate a and y-coordinate b.)

Solution.

(i) Reflexivity: 1a = a and 1b =b, so (a,b) ~ (a,b).

Symmetry: Suppose (a,b) ~ (c,d). Then there exists A € R\ {0} such that Aa = ¢ and Ab = d.
Since A # 0, we have ¢ = 1a and d = }b. Thus (c,d) ~ (a,b).

Transitivity: Suppose (a,b) ~ (¢,d) and (¢,d) ~ (e, f). Then there exists A\; € R\ {0} such that
A1a = ¢ and A1b = d, and there exists A2 € R\ {0} such that Ayc = e and A\od = f. Thus
()\1)\2)a =€ and ()\1)\2)6 = f

o (a,b) ~ (e, f).
(ii) We have

[(1’2)]N = {(a’b) ‘ (132) ~ (avb)}
= {(a,b) | BXe R\ {0})a =\, b=2)}

= {2 [ AeR\ {0}}.

In general, every set in the partition corresponds to all points except the origin that lies on the
same line that passes through the origin.

O

Exercise 3.4.8 (MA1100T AY24/25). Define a relation ~ on Nt by a ~ b if and only if their product
ab is a square. You may use the following fact without proof: a € NT is a square if and only if for every
prime p, the exponent e,(p) of p in the prime factorisation of a is even.

(a) Prove that ~ is an equivalence relation.

(b) Prove that each ~-class has a unique square-free element.
Solution.

(a) Reflexivity: For every a € NT, evidently a? is a square.

Symmetry: Suppose a ~ b. Then ab is a square. Since multiplication is commutative, ba is a square.
Thus b ~ a.

Reflexivity: Suppose a ~ b and b ~ c¢. Then ab and bc are squares. Thus for every prime p,
€ab(p) = €a(p) + es(p) and ey (p) = €y(p) + ec(p) are even.
For each prime p, consider the parity of e;(p):

Case 1: If e,(p) is even, then e,(p) and e.(p) are even, so e,.(p) = ea(p) + e.(p) is even.
Case 2: If e,(p) is odd, then e,(p) and e.(p) are odd, s0 eqc(p) = eq(p) + e.(p) is even.
Hence ac is a square.

(b) Suppose, towards a contradiction, that some ~-class [a]~. has two distinct square-free elements b
and c. Then for all primes p, we have e,(p), e.(p) < 1, so e(p), ec(p) € {0,1}.
Since b # ¢, there exists pg such that e,(pg) # e.(po). WLOG assume ep(pg) = 1 and e.(pg) = 0.

Since b ~ ¢, be is a square. Then epc(po) = ep(Po) + €c(po) is even, a contradiction.
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O

Exercise 3.4.9 (MA1100T AY22/23). Fix an integer b > 2. Let ~ denote congruence modulo b, i.e.,
a ~ a' if and only if b divides a — a’. Construct a function f,: Z — Z satisfying all of the following:

e 7o f, =m, where w: Z — Z/ ~ denotes the projection map
o fp#idz
e f, is injective.
Solution. Define fy(n) =n +b.
e To show that mo f, =, see that n ~ fy(n) for all n € Z. Thus w(n) = 7o fy(n).
e It is clear that f, # idy.
e To show that f, is injective, suppose f,(n) = fp(m). Then n+b=m + b, so n = m as desired.
O

Exercise 3.4.10 (MA1100 AY24/25). Let ~ be the relation on R? defined by, for all (a,b), (c,d) € R?,
(a,b) ~ (¢, d) <= la| + [b] = |c[ + |d].
(i) Prove that ~ is an equivalence relation.
(ii) Give a geometrical description of the equivalence class [(1,0)] as a subset of R2.
(ili) Find a bijection g: R?/~— [0, 00).
Solution.
(i) Trivial.

(ii) We have
[(1,0)] = {(z.5) € R Ja| + |y| = 1}.

This is the set of all points in R? whose Manhattan norm (magnitude) is 1. This describes a diamond
centered at the origin with vertices at (1,0), (0,1), (—1,0), (0,—1).

(iii) Since we have
[(a,0)] = {(,y) € Bz Ja| + o] = 1},

we can define g: R?/~— [0, 00) by
9([a,b]) = |a| + [b].

It remains to check that g is a bijection.
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3.5 Constructing the Familiar Numbers

3.5.1 Integers

First we want to extend our set N of natural numbers to a set Z of integers (both positive and negative).
Here “extend” is to be loosely interpreted, since N will not actually be a subset of Z. But Z will include
an isomorphic copy of N.

Definition 3.82. Define a relation ~ on N x N by

(m,n) ~ (p,q) <= m+qg=p+n.

Informally, we think about a pair (m,n) as the “difference m —n”.

Remark. Formally, we cannot define ~ using subtraction, since subtraction is not defined on N.

C Lemma 3.83. The relation ~ is an equivalence relation on N x N, )

Proof.
(i) Reflexivity: Since m +n = m + n, we have (m,n) ~ (m,n).
(ii) Symmetry: Suppose (m,n) ~ (p,q). Then m+ ¢ =p+n, so p+n=m+ q. Thus (p,q) ~ (m,n).

(iii) Transitivity: Suppose (m,n) ~ (p,q) and (p,q) ~ (r,s). Then m+g=p+nand p+ s =r+ g, so
m+qg+s=p+n+s=r+n+qimplies m+s=r+n. Thus (m,n) ~ (r,s).

O

Definition 3.84. The set of integers Z is defined as

Z:=NxN/~.

Example. The integer 27 is the equivalence class

[(2,0] = {(2,0),(3,1),(4,2),... }
and the integer —37 is the equivalence class
[(0,3)] = {(0,3),(1,4),(2,5),... }.
These equivalence classes can be pictured as 45° straight lines in the Cartesian product N x N.
Next we want to endow Z with a suitable addition operation. Informally, we can add differences:
(m—=n)+@—q) =(m+p)—(n+q).
This indicates that the correct addition function +y for integers will satisfy the equation

[(m,n)] +2z [(p, @)] = [(m +p,n+ q)].
In other words, for integers a and b, our addition formula is

a+zb=[m+p,n+q)
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where (m,n) is chosen from a, and (p, q) is chosen from b. We check that addition is well-defined, i.e., the
equivalence class on the RHS is independent of how these choices are made.

Proof. Suppose (m,n) ~ (m/,n') and (p,q) ~ (p',¢'). Then
m+n'=m'+n and p+q =9 +q
Adding the two equations gives
m+p+n+q¢d =m'+p +n+q.

Hence (m+p,n+q) ~ (m' +p',n’ +¢'), as desired. O

Example. We can calculate 27 +7 (—3z). Since 2z = [(2,0)] and —3z = [(0, 3)], we have

2z +z (—=3z) = [(2,0)] +z [(0,3)]
=[(2+0,0+ 3)]
=1((2,3)]
= _1Z
( Lemma 3.85. Addition on Z is commutative and associative. )

Proof. Let a = [(m,n)], b= [(p,q)], ¢ = [(r,s)].

(i) This follows from commutativity of addition on N:

a+zb=[(m,n)] + [(p, q)]

[((m

[(m +p,n+q)]
[(p+m,q+n)
[(p, @)] +2 [(m,n)]
b+za

(ii) This follows from associativity of addition on N:

a+z (b+zc) =[(m,n)] +z ([(p, 9)] +z [(r, 5)])

)] +z [(p+ 7,4+ 5)]

(
(m
(
(
[

[
[

=[m+p+r n+q+s)]

= [(m+p,n+q)] +z [(r,5)]

= ([(m,n)] +z [(p, @)]) +z [(r, 5)]
=(a+zb) tzc

Lemma 3.86. Define 07 = [(0,0)].
(i) Oz is an additive identity: a +7z 0z = a for every a € Z.

(i1) Additive inverses exist: for every a € Z, there exists b € Z such that a +z b = 0z.

Proof. Let a = [(m,n)].



CHAPTER 3. RELATIONS AND FUNCTIONS 105

(i) a4z = [(m,n)] +[(0,0)] = [(m + 0,n + 0)] = [(m,n)] = a.

(ii) Take b = [(n,m)]. Then a +z b = [(m,n)] + [(n,m)] = [(m + n,n +m)] = [(0,0)] = 0z.

Moreover, inverses are unique. Suppose a +7 b = 0z and a +7 ' = 0z. Then
b=0b+y (a—i—Zb') = (b—‘rza) —l—Zb/ =b¥.

O

The inverse of a is denoted as —a. Then the proof above shows that —[(m,n)] = [(n, m)]. Inverses provide
us with a subtraction operation, which we define by b —a = b+ (—a).

We can also endow Z with a multiplication operation, which we obtain in much the same way as we
obtained the addition operation. First we look at the informal calculation with differences

(m—n)-(p—q) = (mp+nq) — (mq + np),
which tells us that the desired operation -z will satisfy the equation
[(m,n)] -z [(p, q)] = [(mp + ng, mq + np)].

We check that multiplication is well-defined.
Proof. Suppose (m,n) ~ (m’,n’) and (p,q) ~ (p',q’). Then

m+n'=m'+n (1)

p+d =p +gq (2)
and we want to obtain the equation
mp +ng+m'q +n'p =m'p +n'¢ +mqg + np.

The idea is take multiples of (1) and (2) that contain the terms we need.

First multiply (1) by p; this gives us mp on LHS and np on RHS. Second, multiply the reverse of (1) by
q; this gives us ng on LHS and mq on RHS. Third, multiply (2) by m'. Fourth, multiply the reverse of (2)
by n’.

Now add the four equations we have obtained from (1) and (2). All the unwanted terms cancel, and we
are left with the desired equation. O

( Lemma 3.87. Multiplication on Z is commutative, associative, and distributive over addition. )

Proof. Let a = [(m,n)], b= [(p,q)], ¢ = [(r,3)].

(i) We have

a-z b= [(mp+ng,mq+np)],
bz a=[(pm+qn,pn+ qm)].
The equality of these two follows from the commutativity of addition and multiplication on N.

(ii) We have

(a-zb)-zc=[((mp+ng)r+ (mqg+np)s,(mp+ng)s + (mq + np)r)],
a-z (b-zc)=[(m(pr+qs) +n(ps + qr),m(ps + qr) + n(pr + gs))].
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The equality of these follows laws of arithmetic on N.

(iii) Expanding gives

a-z(b+zc)=[mp+r)+nlg+s),mlqg+s)+nlp+r)),
a-zb+za-zc=[(mp+ng+mr+ns,mqg+ np+ms+nr).

Again equality is clear from laws of arithmetic on N.

O
Lemma 3.88. Define 17 = [(1,0)]. b
(i) 1z is a multiplicative identity: a -z 1z = a for every a € Z.
(i) 0z # 1z.
(iii) There are no zero divisors in Z: if a -z b = 0z, then either a = 0z or b = 0z. y

Proof.
(i) Trivial calculation.
(i) It is necessary to check that (0,0) # (1,0). This reduces to checking that 0 # 1 in N, which is true.
(iii) We prove the contrapositive. Suppose a # 0z and b # 0z. Write a = [(m,n)], b = [(p, ¢)]. Then
a -z b= [(mp+ ng, mq + np)].

Since a # [(0,0)], we have m # n, so either m < n or n < m. Similarly, either p < ¢ or ¢ < p. This
leads to a total of four cases, but in each case we have

mp + nqg # mq + np.
Hence a -z b # [(0,0)].
O
In algebraic terminology, we can say that (Z,+z, -z, 0z, 1z) forms an integral domain. This means that:

1. Z with 47 and 0z forms an Abelian group.
2. Multiplication is commutative, associative, and distributive over addition.

3. 1z is a multiplicative identity (different from 0z), and no zero divisors exist.

Next we develop an ordering relation <z on the integers. The informal calculation
m—-n<p—q << m+qg<p-+n
indicates that ordering <z on Z should be defined by
[(m,n)] <z [(p,@)] <= m+q<p+n.

As usual, it is necessary to check that this condition yields a well-defined relation on the integers.
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Proof. Suppose (m,n) ~ (m’,n’) and (p,q) ~ (p',q’). Then
m+n'=m'+n and p+q =p +q
Adding n’ and ¢’ to each side of the inequality gives

m+qg<p+n <= m+qg+n +¢ <p+n+n+¢
= m+ntqg+q¢d <p+qgtnt+n
— m'+¢ <p +1n

where the middle step uses the given equations.

( Lemma 3.89. <z is an order on Z.

Proof. Let a = [(m,n)], b= [(p,q)], ¢ = [(r,3)].

Transitivity: We have

a<zb and b<zc = m+qg<p+n and p+s<r+gq
m+q+s<p+n+s and p+s+n<r—4+qg+n
m+q+s<r+qg+n

m+s<r—+n

L

a <g c.

Trichotomy: To say that exactly one of
a<zb, a=b, b<za
holds is to say that exactly one of
m+qg<p+n, m+qg=p+n, p+n<m-+gq

holds. Thus the result follows from trichotomy in N.

O

An integer b is called positive if 0z <z b. It is easy to check that b <z 0z <= 0z <z —b. Thus a

consequence of trichotomy is the fact that for an integer b, exactly one of
b is positive, b is zero, —b is positive

holds.

Lemma 3.90. Addition preserves order, as does multiplication by a positive integer:
(Z) a<zb < a+t+zc<zb+yzc.

(ii) If c is positive, then a <z b <= a-zc<zb-yc.

Proof. Let a = [(m,n)], b= [(p,q)], ¢ = [(r,3)].

(i) The result to be proved translates to

m+g<p+n < m+r+qg+s<p+r+n-+s.
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This is an immediate consequence of the fact that addition on N preserves order.

(ii) It suffices to prove . This translates to
s<randm4+q<p+n = mr+ns+ps—+qr <pr+qs—+ms—+nr.
Let Kk =m+ q and I = p + n. Then the above becomes

s<randk<l = kr+lils<ks+Ir.

Corollary 3.91. For any integers a,b,c, the cancellation laws hold:
(i) If a+z c=b+zc, then a =b.

(i) If c # 0z, a-z,c =b-z ¢, then a = b.

Although N is not actually a subset of Z, nonetheless Z has a subset that is “just like” N. To make this
precise, define the function £F: N — Z by

E(n) = [(n,0)].

The following result, in algebraic terminology, says that E is an isomorphic embedding of N into Z;
that is, F is an injection that preserves addition, multiplication, and order.

~
Lemma 3.92. F is injective, and for every m,n € N,
(i) E(m+n) = E(m)+z E(n).
(i) E(mn) = E(m) -z E(n).
(i) m <n <= E(m) <z E(n).
J
Proof. To show that F is injective, we calculate
E(m) = E(n) = [(m,0)] = [(n,0)]
= (m,0) ~ (n,0)
= m=n.
Parts (i), (ii), and (iii) are proved by routine calculations. O

Notation. Henceforth we will streamline our notation by omitting the subscript “Z” on +z, -z, <z, Oz,
17 etc. Furthermore a - b will usually be written as just ab.

3.5.2 Rational Numbers

The extension from Z to Q is to multiplication what the extension from N to Z is to addition. In the
integers we get additive inverses; in the rationals we will get multiplicative inverses.

By a fraction we mean an ordered pair of integers, the second component of which (called the denominator)
is non-zero. For example, (1,2) and (6,12) are fractions.

We want a suitable equivalence relation ~ for which (1,2) ~ (6,12). Since a/b = ¢/d iff ad = bc, we
choose to define ~ as follows.
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Definition 3.93. Define a relation on Z x Z*, where Z* =7\ {0}:

(a,b) ~ (¢,d) <= ad = bec.

( Lemma 3.94. The relation ~ is an equivalence relation on Z X Z*. )

Proof.
(i) Reflexivity: Obvious.
(ii) Symmetry: Obvious.

(iii) Transitivity: Suppose (a,b) ~ (¢,d) and (¢, d) ~ (e, f). Then ad = be and ¢f = de. Multiply the first
equation by f and the second by b to get

adf = cbf = edb.

Thus adf = edb. By cancelling the non-zero d, we get af = be. Hence (a,b) ~ (e, f).

O

Definition 3.95. The set of rational numbers Q is the set of all equivalence classes of frac-
tions:
Q=ZxZ/~.

We arrive at addition and multiplication operations for Q by the same methods used for Z. For addition,

the informal calculation
c ad + be
d b

+

Sl S|

indicates that addition should be defined as
[(a, )] +q [(c, d)] = [(ad + be, bd)].

Note that bd # 0 since b # 0 and d # 0. Hence (ad + bc, bd) is a fraction. As usual, we must check that
addition is well-defined.

Proof. Suppose (a,b) ~ (a/,b’) and (¢,d) ~ (¢/,d’). Then ab’ = a’b and cd’ = ¢'d.
We want the equation
(ad + cb)b'd" = (a'd" + b )bd,

which, when expanded, becomes

ab'dd’ + bt cd’ = a’bdd’ + bb''d.

Example. Let 2g = [(2,1)] and 4¢ = [(4,1)]. Then

20 +@ 20 = [(2,1)] +q [(2,1)]
=[(2+2,1)]

[(4,1)] = 4q

where we use the fact that 2 +2 =4 in Z.
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~
Lemma 3.96. Q is an Abelian group under addition.
(i) Addition is associative and commutative.
(i1) Og is an identity element: r +¢ Og = r for all r € Q.
(ii3) Additive inverses exist: for every r € Q, there exists s € Q such that r +¢ s = Og.
J
Proof.
(i)
(i)
(iii)
O
Proposition 3.97. Q is a field, with addition and multiplication defined on Q as
a n ¢ _ad+be
b d  bd
a c_ac
b d bd
Define ordering on Q as
a ¢ ad < bc (b,d>0orb,d<0)
< = <
b d ad >bc (b>0and d<0,o0rb<0andd>0)
Finally, we want to show that, although Z is not a subset of QQ, nevertheless Q has a subset that is “just
like” Z. Define the embedding E: Z — Q by
E(a) = [(a,1)].
This function gives us an isomorphic embedding in the sense that the following theorem holds.
Lemma 3.98. E is an injection satisfying the following conditions:
(i) E(a+b) = E(a) +q E(b).
(ii) E(ab) = E(a) -q E(D).
(i11) E(0) =0q and E(1) = 1g.
(iv) a <b <= E(a) <qg E(b).
J

Proof. We first check that E is injective:

(i) E(a) +q E(®) = [(a, )] +¢ [(6,1)] = [(a + b,1)] = E(a, b).

(i) E(a)-q E(b) = [(a;1)] -q [(b;1)] = [(ab, 1)] = E(ab).
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(iii) This is a restatement of the definitions of Og and 1g.
(iv) E(a) <g E(b) <= [(a,1)] <g [(),1)] <= a-1<b-1 <= a<b.
O

Notation. Henceforth we will simplify the notation by omitting the subscript Q on +q, g, Og, and so
forth. Also the product r - s will usually be written as just rs.

— Exercises —
Exercise 3.5.1. Define an equivalence relation ~ on N x N by
(m,n) ~(p,q) <= m+q=p+n.

(This is the equivalence relation used to define Z from N in set theory, but the context of this question is
different. In particular, we freely assume basic properties of Z, subtraction, absolute value, etc.)

(i) We attempt to define a function f: (N x N)/~— N by f([(m,n)]~) = m + n. Prove that f is not
well-defined.

(ii) We attempt to define a function g: (N x N)/ ~— N by g([(m,n)]~) = |m — n|. Prove that g is
well-defined.

Solution.
(i) We have (m,n),(m+1,n+1) € [(m,n)]. But f([m,n]) =m+nand f(fm+1,n+1))=m+n+2.

(ii) Suppose (mi,n1),(ma,n2) € [(m,n)]. Then (my,n1) ~ (m,n), so my —ny = m — n. Similarly,
(ma,ng) ~ (m,n), so ma —ng = m —n. Thus

g([m1,n1]) = [m1 —n1| = |m — n| = [ma — na| = g([m2, na).

Exercise 3.5.2 (Complex numbers). On the set of real polynomials R[z], define
f(x) ~ g(z) <= 2®+1 divides f(z) — g(x).
The set of complex numbers is defined as
C = R[z]/(2* + 1)R[x].
Thus the complex number a + bi is defined to be the equivalence class of a + bzx.

(a) Define the sum and product of two complex numbers and show that such definitions are well-defined.

(b) Define the reciprocal of a complex number.
Solution.

(a) For two equivalence classes [f(z)] and [g(z)] in C, define

[f(@)] + [g(2)] := [f(z) + g(2)]
[f (@) - [9(2)] = [f(z)g(2)]
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We first show addition is well-defined. Suppose fi(x) ~ f2(z) and g;(z) ~ g2(x). Then 22 + 1 |
fi(x) — fa(x) and 22 + 1| g1(z) — go(x). Thus

(fi+g1) = (fatg2) = (fr — fo) + (91 — 92),

which is divisible by 22 + 1 since both terms are. Hence fi + g1 ~ fa + ¢2.

Next we show multiplication is well-defined. We compute

fig1 = fa92 = (f1 = f2)g1 + f2(91 — g2)-

Since 2% + 1 divides both f; — fo and g1 — g2, and the ring R[z] is closed under multiplication, it
follows that 22 4 1 divides RHS. Hence f1g1 ~ f2g2.

By the division theorem, every polynomial f(z) € R[z] can be divided by x? 4+ 1 to obtain
f(z) = q(z)(z* + 1) + (a + bx)

for some unique a,b € R. Hence each equivalence class [f(x)] has a unique representative of the form
[a 4 bz]. We therefore identify a + bi with the class [a + bx], where i denotes the class of [x]. Then under
this identification,

(a+bi)(c+di)=(a+c)+ (b+d)i
(a + bi)(c+ di) = (ac — bd) + (ad + bc)i

since i = [z] - [z] = [-1] = —1.

(b) Let z = a + bi = [a + bx], where not both a and b are zero. We wish to find z~1.
We seek another element [¢ + dz] such that

[a + bx][c + dz] = [1].
Computing in R[z]/(z? + 1):

(a+bx)(c+ dx) = (ac — bd) + (ad + be)x.

Then
ac—bd =1
ad+bc=0
. . a —b . a—bx .
Solving for ¢ and d gives ¢ = 2 d= prECS Hence 27+ = [c+dzx] = poamAk Equivalently,
N1 a—bi
(a+bi)~ = prEWSE



4
Cardinality and Choice

4.1 Equinumerous Sets

Definition 4.1. Two sets X and Y are equinumerous, denoted X = Y, if there exists a
bijection from X to Y.

( Proposition 4.2. = is reflexive, symmetric and transitive. )

Proof.
(i) Reflexivity: The identity map gives a bijection from a set to itself.

(ii) Symmetry: Suppose f: X — Y is a bijection. Then f is invertible, with inverse f=!: Y — X. Since
f~1is invertible (with inverse f), it is bijective.

(iii) Transitivity: Suppose f: X — Y and g: Y — Z are bijections, and thus they are invertible. Then
g o f is invertible and thus bijective.

O

Remark. = is not an (equivalence) relation. If &~ were a relation, then it is defined on the “set” of all sets,
which is not a set.

Example. The following are some examples of bijections (presented without proof).

e The tangent function restricted to the interval (—m/2,7/2) is a bijection from (—/2,7/2)
to R.

The exponential function is a bijection from R to RT.

The function z — 2z defines a bijection from Z to the set of even integers 27Z.

The function z — x + 1 defines a bijection from N to NT.

We can define a bijection from NT to Z:

if n is even,
f(n) =

1
Tn if n is odd.

113
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2 3 4 5 6 7
N
1 2 3

e We can define a bijection from N x N to N:

fa,b) = %(a—i—b)(a—i—b—kl) + b,

This is known as Cantor’s paring function.

N

Hence we have

R~Rt =~ (-7/2,7/2)
27 ~7~N~N"~NxN.

Notice many of the above sets are equinumerous with some proper subset of themselves. (Later
we will show that such sets are infinite sets.)

In light of the examples presented up to now, you might well ask whether any two infinite sets are
equinumerous. Such is not the case; some infinite sets are much larger than others.

Cantor’s theorem states that no set is equinumerous with its power set:

( Theorem 4.3 (Cantor’s theorem). For every set X, we have X % P(X). )

Proof. Let f: X — P(X) be an arbitrary function. We will construct a subset of X that is not in the
range of f. Specifically, let
A={zeX|z¢ f(z)} € P(X).

Suppose, towards a contradiction, that f is surjective. Then there exists © € X such that f(x) = A. We
consider if € A or not:

Case 1: If there exists x € A such that f(z) = A, then = € f(x), so by construction x ¢ A.
Case 2: If there exists © ¢ A such that f(z) = A, then z ¢ f(z), so by construction z € A.

Hence we have x € A <= = ¢ A, a contradiction. O
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However there exists an injection from X to P(X), which is the map = — {x}.

— Exercises —

Exercise 4.1.1 ([End77]). Find a one-to-one correspondence between the open unit interval (0,1) and R
that takes rationals to rationals and irrationals to irrationals.

Solution. The idea is to modify the function = — %
Define f: (0,1) — R by
12 ifze(o,

],

D=

flz) = ,
Q—ﬁ ifx € (%,1).
O
Exercise 4.1.2 ([End77]). Prove that [0,1] =~ (0,1).
Solution. Define f: [0,1] — (0,1) by
% ifx=0
f(@) =41z if o=k for some n € N*
x  otherwise
That is, f shifts 0 — 1/2,1+— 1/4, and 1/2+— 1/8, 1/4 — 1/16, ...; all other points are unchanged.
It then remains to check that f is a bijection. (Since f is a piecewise function, consider cases.) O

Exercise 4.1.3. Let A be an infinite set. Prove that for every finite X C A, there is some finite Y C A
such that X C Y.

Solution. Let A be infinite and let X C A be finite. Note that X # A, so X C A, i.e,, A\ X is non-empty.
Fix a € A\ X. Define
Y = X U{a}.

Since X is finite and {a} is finite, their union Y is finite. Since a € Y but a ¢ X, we have X C Y. O
Exercise 4.1.4. Fix a set C. A function F': P(C) — P(C) is said to be monotone if X CY C C implies
F(X) S F(Y).
(For example, if ¢ is a fixed element of C, then the function X — X \ {¢} is monotone. Note that in the
definition of monotone, we do not require that F(X) C F(Y) implies X C Y. We do not require that
X C F(X) either.)
If F' is monotone, define
S=({XcC:F(X)CX}
(i) Prove that the above intersection is well-defined.

(ii) Prove that F(S) = S.

(iii) Suppose A C B C C and that f: C' — A is a bijection. Prove that the function F': P(C) — P(C)
defined by F(X) = (C'\ B) U f[X] is monotone.

(iv) By the previous parts, we know there is some set S C C such that S = (C'\ B) U f[S]. Use S to
construct a bijection g: C — B.

(Hint: Given x € C, consider cases depending on whether z € S.)

Solution. Let A={X CC:F(X)CX}. Then S = A.
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(i)
(i)

(iii)

Since F' maps into P(C'), we have F(C) C C, so C € A. Hence A is non-empty.

Let X € A. Then F(X) C X.
Since S C X, by monotonicity, we obtain F(S) C F(X). Thus F(S) C F(X) C X.

Since this holds for every X € A, taking the intersection over all X € A yields F(S) C (A= S5.
Hence F(S) C S.

Since F(S) C S (as shown above), monotonicity implies that F/(F(S)) C F(S). Hence F(S) € A.

But S is the intersection of all members of A, so we must have S C F(S).

If X CY CC,then f[X] C f[Y], so
F(X)=(C\B)U fIX] C (C\B)U f[Y] = F(Y).

Hence F' is monotone.

Define g: C' — B by

| fl@) ifxes,
9(w) = {x ifx ¢ S.

(Elements of S are sent into A, while elements not in S are left fixed.)

We check that g is a bijection from C' to B:

Injectivity: Suppose g(z) = g(y).
o If x ¢ S, then g(x) = z. So g(y) = . If y € S then g(y) = f(y) € f[S], but x ¢ S implies
x ¢ f[S] (since C'\ S C B\ f[5]), a contradiction. Hence y ¢ S and then g(y) =y = «.
e Ifx € Sand y € S, then g(z) = f(z) = f(y) = g(y). Since f is injective, x = y.
Ifz € Sandy¢ S, then g(x) = f(z) € f[S] while g(y) =y € C\ S C B\ f[5], so equality
is impossible.
Surjectivity: Let b € B.
e Ifb¢ S, then b € C'\ S and by definition g(b) = b.

e If be S, then b ¢ C\ B (since b € B), so from S = (C'\ B) U f[S] we conclude b € f[S];
thus there exists s € S with f(s) = b and then g(s) = f(s) =b.
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4.2 Finite Sets

Recall that [n] ={0,1,...,n —1}.

( Definition 4.4. A set X is finite if X =~ [n] for some n € N. Otherwise, X is infinite. )
Remark. Notice that whenever we list a finite set X = {z¢, z1,...,2,—1} without repetition, we are in
fact choosing a bijection between X and [n], defined by x; — i for i =0,1,...,n — 1.

~

Proposition 4.5. Let A be a non-empty set. Then the following are equivalent:
(i) A is finite.

(ii) There is a surjection from a section of N onto A.

(iii) There is an injection from A into a section of N.

Proof.
(i) = (i) | Let A be finite. Fix a bijection f: [n] — A for some n € N, which is surjective.

(ii) = (iil) | Suppose f: [n] — A is surjective. Define g: A — [n] by
g(a) = min f~(a) (a € A).

Since f is surjective, the set f~!(a) is non-empty; by the well-ordering principle, g(a) exists and is
uniquely defined.

Suppose a # a’. Then f~1(a) and f~'(a’) are disjoint, so their smallest elements must be different. Hence
g is injective.

Suppose g: B — N,, is injective. Then changing the range of g gives a bijection of B with a
subset of N,,. It follows from the preceding corollary that B is finite. O

( Proposition 4.6. If X is finite and f: X — X is surjective, then f is injective. )

Proof. Let X be a finite set, and f: X — X is surjective.

Suppose, towards a contradiction, that f is not injective. Then there exist distinct x1,x2 € X such that
f(z1) = f(x2). Consider the function g: X \ {z1} — X defined by

9= flx\{z1}-

Then g is surjective.
But g is a surjective function from a set of size | X| — 1 onto a set of size | X|. This is impossible for finite
sets, since a surjection cannot map a smaller finite set onto a larger one. O

4.2.1 Pigeonhole Principle

( Theorem 4.7 (Pigeonhole principle). Every injection f: [n] — [n] must be surjective. ]

Here the domain [n] represents the pigeons, the codomain [n] represents the pigeonholes, and the
function f assigns each pigeon to a hole. If f is injective, no two pigeons occupy the same hole. Since
there are exactly n pigeons and n holes, each hole must contain one pigeon; thus f is surjective.
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Proof. Induct on n € N.

Every function from [0] = §) to [0] = 0 is (vacuously) surjective.

Inductive step | Suppose n € N is such that every injection f: [n] — [n] is surjective. Consider an injection
filn+1] = [n+1].
We consider which element is mapped to n:
Case 1: For all m € [n], f(m) # n. Then the restriction f]|j,) is an injection from [n] to [n]. By inductive
hypothesis, f|, is surjective.
Since f is injective, f(n) must be in [n 4 1]\ [n] = {n}, so f(n) = n. Hence f is surjective.

Case 2: Otherwise, there exists m € [n] such that f(m) = n. By injectivity of f, we have f(n) # n, so
f(n) € [n]. Define g: [n] — [n] by

f(n) if f(k) =n

k) —
a(k) f(k) otherwise

One can check that g is injective. By inductive hypothesis, g is surjective. Hence f is surjective.
O

Therefore, to check if a function from a finite set to itself is bijective, it suffices to check either injectivity
or surjectivity.

( Corollary 4.8. No finite set is equinumerous to a proper subset of itself. )

Proof. Let B be a finite set, and A C B. Let f: B — A is an arbitrary function; we will show that f is
not injective.
Suppose, towards a contradiction, that f is injective. Suppose |B| = n; fix a bijection g: B — [n]. Since g

1

and g~ are bijective, and f is injective, it follows that the composition

gofog 'in] — [n]

is injective. By the pigeonhole principle, go f o g~*

is surjective.

Since A C B, fix b € B\ A. Since g(b) € [n], and go f o g~! is surjective, there exists m € [n] such that
g(f(g=t(m))) = g(b). Since g is injective, we get f(g~1(m)) = b.

But range(f) C A, so b ¢ range(f), yielding a contradiction.

Since there does not exist injections from B to A, there does not exist bijections from B to A. O

C Corollary 4.9. If a set is equinumerous to a proper subset of itself, then it is infinite. )

Hence N, Z and R are infinite, since N ~ N, Z ~ 2Z, and R ~ R*.

4.2.2 Cardinality

( Corollary 4.10. Every finite set is equinumerous to a unique [n]. )

Proof. Suppose, towards a contradiction, that |A| = m and |A| = n for some distinct m,n € N. Fix
bijections f: A — [n] and g: A — [m)].

WLOG assume m < n. Then go f~1: [n] — [m] is a bijection of the finite set [n] with a proper subset of
itself, a contradiction. O
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The preceding result allows us to make the following definition:

( Definition 4.11. Let A be a finite set. If A = [n], we say that the cardinality of A is |A| = n. )

We first show that subsets of [n] are finite.

( Lemma 4.12. If A C [n], then A is finite and |A| < n. )

Proof. Induct on n € N.

[0] = 0 has no proper subsets, so the desired result is vacuously true.

Inductive step | Suppose every proper subset of [n] is equinumerous to [m] for some m < n. Consider
AC [n+1].
Since [n+ 1] = {0,1,...,n — 1,n}, we ask the question of whether n € A or n ¢ A.

Case 1: If n ¢ A, then either
e A=In],s0 |Al=n<n+1,
e or A C [n]; by inductive hypothesis, |A] <n <n+ 1.

Case 2: Otherwise, n € Aso A\ {n} C [n].

By inductive hypothesis, A\ {n} ~ [m] for some m < n. Fix a bijection f: A\ {n} — [m]. Define
g: A — [m+1] by

f(k) ifk#n
g(k) = .
m ifk=n
(That is, we extend f by mapping n — m.)
Then A~ [m+1],s0 |[Al=m+1<n+1.
O
As a consequence, subsets of finite sets are finite.
( Corollary 4.13. If B is finite and A C B, then A is finite and |A| < |B|. )

Proof. Suppose B is finite. Then |B| = n for some n € N. Fix a bijection g: B — [n].

Then g[A] C [n] (to prove properness, take any b € B\ A, then ¢g(b) ¢ g[A] due to injectivity of g). By
the preceding lemma, g[A] is finite and |g[A]| < n.

Since A = g[A4] (via g), it follows that A is finite and |A| = |g[A]] < n. O

The next few results say that we can compare cardinality of finite sets with injections and surjections.

Proposition 4.14. Let A and B be finite sets. Then |A| < |B| if and only if there exists an
injection from A to B.

Proof. Suppose A and B are finite.
Fix an injection f: A — B. Then f[A] C B. We consider two cases:

Case 1: If f[A] = B, f is surjective and thus bijective. Since f: A — B is a bijection, it follows that A
is finite and |A| = | B).
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Case 2: Otherwise, f[A] C B. By the previous result, f[A] is finite and |f[A]| < |B.

Note that the restriction f|4: A — f[A] is surjective and thus bijective. Thus A is finite and
Al = [f[All < [B.

Since A and B are finite, we have A = [m] and B = [n] for some m,n € N. Since |A| < |B|, we have
m < n.

Construct an injection from A to B by composition:

We first need a lemma, which states that every surjection from a subset of N has a right-inverse.

Lemma 4.15. Let A be a set, B C N. For every surjection g: B — A, there exists an injection
f:A— B such that go f =id4.

Proof. Define f: A — B by
#(a) = min g™ (a).

e Each fiber g7!(a) is non-empty because g is surjective. By well-ordering, min g~!(a) exists and is
unique. Hence f is well-defined.

e We now check that f is injective. Suppose f(a) = f(a’). Then f(a) € g~'(a) and f(a') € g~1(a’), so

e Finally, for each a € A, we have g(f(a)) = a since f(a) € g~'(a). Hence go f = ida.

Proposition 4.16. Let A and B be non-empty finite sets. Then |B| > |A| if and only if there
exists a surjection from B to A.

Proof. Let A and B be non-empty finite sets.

Suppose |A| < |B|. Then there exists an injection from A to B, so there exists a surjection from B to
A.

Fix a surjection f: B — A. Suppose |B| = n; fix a bijection g: [n] — B. Then the composition
fog:[n] — A is surjective.

Since [n] C N, there exists an injection from A to [n]. Hence |A| < n = |B], as desired. O

Remark. If A is empty but B is not, then |A| < |B| but there is no surjection from B to A = {).

4.2.3 Set Operations

C Proposition 4.17. Finite unions of finite sets are finite. )

Proof. We first prove the case for two sets.

Lemma. If A and B are finite, then AU B is finite.
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Proof. The result is trivial if A or B is empty. Thus assume both A and B are non-empty. Fix bijections
fi:[m] — Aand g: [n] — B for some m,n € N.

Define h: [n+m] — AU B by

i i=0,....,m—1
R )
gli—m) (i=m,....m+n—1)
It is easy to check that h is surjective, from which it follows that A U B is finite. O
Now we show by induction that finiteness of the sets Ay, ..., A, implies finiteness of their union. This

result is trivial for n = 1. Assuming it true for n — 1, we note that
AjU---UA, =(A41U---UA,_1)UA,,

each of which are finite, so the lemma applies. O

( Proposition 4.18. Finite Cartesian products of finite sets are finite. )

Proof. We first prove the case for two sets.

Lemma. If A and B are finite, then A X B is finite.

Proof. For each a € A, the set {a} x B is finite, since {a} x B ~ B. Then

AxB:U{a}xB

acA
which is a finite union of finite sets (since there are finitely many a € A). Hence A x B is finite. O
To prove that the product A; x --- x A, is finite if each A; is finite, one proceeds by induction. O

Lemma 4.19. Let A and B be finite. If A and B are disjoint, then

|AU B| = |A] + |B.

Proof. Fix bijections f: [n] = A and g: [m] — B for some n,m € N. Define h: [n +m] - AU B by

£ ifi=0,...,n—1,

h(i) =
g(i—n) ifi=n,....n+m—1.

One can check that h is a bijection. O

Proposition 4.20 (Principle of inclusion and exclusion). Let A and B be finite. Then

|AUB| =|A|+ |B| - |AN B|.

Proof. Note that we have the disjoint union

AUB = (A\B)U(ANB)U(B\ A)
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aswellas A= (A\B)U(ANB) and B = (B\ A)U (AN B). By the preceding lemma,

|[AUB| =[(A\B)U(ANB)U(B\ A)|
=|A\B|+|ANB|+|B\ 4]
=(JA\B|+|ANnB))+ (|B\ 4| +|ANB|) —|AN B
= |A|+ |B| - |AN B|.

Proposition 4.21. Let A be finite. Then P(A) is finite, and

[P = 24

Proof. Induct on n = |A|.

If n =0, then A =0, so P(A) = {0}. Hence |P(A4)| =1 = 2°.

Suppose |P(S)| = 2" for any set S with |S| = n,. Let A be any set with |A] =n + 1.

Fix a € A. Consider the set A’ = A\ {a}. Then |A’| = n. Any subset of A must either contain the element

a or not, so we can partition

P(A)={SCA:ac AJU{SCA:ad A}
={SU{a}:SePA)}LPA).

By inductive hypothesis, each of the above two sets has cardinality 2". Hence |P(A)| = 2" +2" = 2n+l. [

Another way to see this is through combinatorics: Consider the process of creating a subset. We can
do this systematically by going through each of the |A| elements in A and making the yes/no decision
whether to put it in the subset. Since there are |A| such choices, that yields 2141 different combinations of
elements and therefore 2141 different subsets.

4.2.4 Boundedness

Definition 4.22. We say that A C R is bounded in R if there are u,l € R such that | <a < u
for all a € A.
The maximum max(A) is defined to be the number m € A such that a < m for all a € A.

M

Remark. Analogously, we can define “bounded”, “max” and “min” in N, Z, Q, provided that we have

total ordering.

Proposition 4.23. Let A be a non-empty finite subset of N, Z, Q, R. Then max(A) and min(A)
exist. In particular, A is bounded.
(Contrapositive: Every set which is unbounded in N, Z, Q, R is infinite.)

( Proposition 4.24. A subset of N is finite if and only if it is bounded in N. )

Proof. Let X C N.
Obvious.

Suppose X is bounded in N. Then there exists b € N such that # < b for all z € X. Then X C [b+ 1].
Since [b+ 1] is finite, X is finite as well. O
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Remark. In other orders (such as the standard ordering on R), bounded sets may not be finite. For
example, [0, 1] is bounded but not finite, since it is equinumerous to a proper subset of itself (witnessed
by the bijection z — x/2 from [0, 1] to [0,1/2]).

Proposition 4.25. The following are sufficient conditions for A to be infinite. b
(i) A is unbounded in N, Z, Q, R.
(i) There is an injection from an infinite set to A.
(iii) A is equinumerous with a proper subset of itself.
_/
Proof.
(i) Done.

Remark. (i) is not a necessary condition for A to be infinite, since A can be infinite but bounded.

(ii) Let X be infinite, and f: X — A an injection. Suppose, towards a contradiction, that A is finite.
Then f[X] C A, so f[X] is finite. Thus X is finite.

Remark. (ii) is necessary because every infinite set is equinumerous to itself (in particular, id: A — A
is an injection).

(iii) Done.

— Exercises —

* % Exercise 4.2.1 (MA1100T AY23/24). Define a relation ~ on R such that
z~y <= z—yecQ.

(i) Prove that ~ is an equivalence relation on R.

(if) Prove that the quotient set R/~ is infinite.
Solution.

(i) Reflexivity: Forallz e R,z —2=0€ Q, so x ~ z.
Symmetry: Suppose  ~y. Thenx —y € Q,soy —z = —(z —y) € Q. Thus y ~ z.
Transitivity: Suppose ¢ ~yand y ~ 2. Thenz —y,y —2 € Q,so0z—z2=(z—y)+ (y —2) € Q.
Thus z ~ z.
(ii) To show a set is infinite, it suffices to show that it has an infinite subset.
Consider the set S = {[\/ik] ke Z}.
Claim: S is infinite. (Since S C R/ ~, this will imply that R/~ is infinite.)
Define the map f: Z — S by k ~ [v/2k]. We shall show that f is injective.
Suppose [v2k] = [v/2k']. Then v/2k ~ v/2k". Thus v2k — 2k = (k — k')v/2 € Q.
Since k — k' € Z and /2 is irrational, we must have k — k' =0, so k = &’.
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4.3 Countability

Definition 4.26. Let X be a set. We say that
e X is countably infinite if X ~ N;

e X is countable if X is finite or countably infinite;

e X is uncountable if X is not countable.

- J

Informally, a set X is countably infinite if X can be listed without repetition: if f: N — X is a bijection,

then we can list the elements of X as

fQ), £(2), £(3),-- -

If we define z; = f(i) for all 4 € N, then we can write X as
X = {xl,mg,xg,...}.

This technique is particularly useful when it is difficult or not possible to deduce an explicit formula for a
bijection.

Remark. The use of the word “countable” to describe the sets that are either finite or countably infinite
is deliberate. Informally, a countable set is one whose elements can be “counted”, or listed, although the
list may or may not “end”.

Since N is infinite, any countably infinite set is infinite.

Example. N, nN, Z are countable.
Example. P(N) is uncountable. We show that P(N) is (i) not equinumerous to N, and (ii) not
finite.

(i) Cantor’s theorem shows that N % P(N).

(ii) There exists an injection from N to P(N) defined by n +— {n}. Since N is infinite, so is
P(N).

The following result is a very useful criteron for showing that a set is countable.

Proposition 4.27. Let A be a non-empty set. Then the following are equivalent: b
(i) A is countable.
(ii) There exists a surjection f: N — A.

(iii) There exists an injection g: A — N. y

Proof.

(i) = (ii) | If A is countably infinite, there exists a bijection from N to A, which is surjective.

If A is finite, suppose |A| = n for some n > 1. Fix a bijection h: [n] — A. Extend h to a surjection
f: N — A by defining

h(k) H0<k<n-1,

fk) = k) itk > n.

(ii) = (iii) | Let f: N — A be a surjection. Then for each a € A, the fiber f~1(a) is non-empty.
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Define g: A — N by
g(a) = min £ (a).

If a # a’, then the sets f~!(a) and f~!(a’) are disjoint, so their smallest elements are different. Thus
g(a) # g(a’). Hence g is injective.
(iii) = (i) | Let g: A — N be an injection. Then g[A] C N is either finite or countably infinite.

Case 1: If g[A] is finite, then A is finite (being in bijection with g[A]).

Case 2: If g[A] is infinite, then g exhibits a bijection between A and the infinite subset g[4] C N, so A
is countably infinite.

In either case, A is countable. O

C Corollary 4.28. Fvery subset of a countable set is countable. )

Proof. Let A C B, where B is countable. Fix an injection f: B — N. Then the composition for: A - N
is an injection, so A is countable.

A—sB-L,N
O
[ Corollary 4.29. If X C N is infinite, then X ~ N. )
( Proposition 4.30. The union of two countable sets is countable. )

Proof. Let Ay and A; be countable. If either are empty, then their union is clearly countable. Thus
suppose both Ag and A; are non-empty.

By 4.27, fix surjections fo: N — Ag and f1: N — A;. Define g: N — Ay U A; by

fo <Z> if n is even,

1
fl(”2 ) if n is odd.

g(n) =

We check that g is surjective. Let x € AU B. We consider two cases:

Case 1: If z € A, since f; is surjective, there exists n; € N such that fi(n1) = z. Since 2n, is even, we
have

g(2n1) = fi(m) = z.

Case 2: If x € B, since f, is surjective, there exists ny € N such that fa(ng) = 2. Since 2ny + 1 is odd,

we have
9(2ne + 1) = fa(n2) = x.
By 4.27, we conclude that Ag U A; is countable. O]
[ Corollary 4.31. A finite union of countable sets is countable. )

C Corollary 4.32. An uncountable set cannot be expressed as the union of two countable sets. )
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A countable union of countable sets is countable, but this requires the Axiom of choice.

(Lemma4.33. IfA~X and BY, then AXx B~ X xY. )

Proof. Fix bijections f: A — X and g: B — Y. Define ®: A x B — X xY by

(a,0) = (f(a),g(b)).

It remains to check that ® is a bijection. O

( Proposition 4.34. If X and Y are countably infinite, then X XY is countably infinite. )

Proof. Since X ~Nand Y =N, we have N~ Nx N~ X x Y. O

C Corollary 4.35. A finite product of countable sets is countable. )
— Exercises —

Exercise 4.3.1 (MA1100T AY21/22). Prove or disprove: For any countable set A, the power set P(A)
is countable.

Solution. False. Cantor’s Theorem. O

Exercise 4.3.2 (MA1100 AY24/25). Let X and Y be non-empty sets, and f: X — Y be a surjection.
Define a relation ~ on X by
v~y = fz) = fy)

(i) Prove that ~ is an equivalence relation.

(ii) Prove that X/~ is equinumerous with Y.

Solution.

(i) Reflexivity: For all € X, since f is well-defined f(z) = f(x). Thus x ~ x.
Symmetry: Suppose z ~ y. Then f(x) = f(y), so f(y) = f(x). Thus y ~ z.
Transitivity: Suppose x ~ y and y ~ z. Then f(z) = f(y) and f(y) = f(z), so f(z) = f(z). Thus
x o~z
(ii) Claim: The map ¢: X/~— Y defined by ¢([z]) = f(x) is a bijection.
Well-definedness: Suppose [z] = [2']. Then z ~ 2/ <= f(z) = f(2') = ¢([z]) = ¢([z]). This
shows ¢ is well-defined.
Injectivity: Suppose ¢([z]) = ¢([z]). Then f(z) = f(2') = z ~2’ = [z] = [2/]. This shows
¢ is injective.
Surjectivity: Since f is surjective, for every y € Y, there exist z € X such that f(z) = y. Then
o([z]) = f(x) =y, so ¢ is surjective.
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Exercise 4.3.3 ([Rud76] 2.2). We say z € C is algebraic if there exist integers ao, . .., an, not all zero,
such that

-1
apz" +a1z2" "+ +ap—12z+a, =0.

Prove that the set of all algebraic numbers is countable. Hint: For every positive integer /N there are only
finitely many equations with
n+ |ag| + |ai| + -+ - + |an| = N.

Solution. Following the hint, let Ax be the set of numbers z that satisfy agz”+a12" '+ - 4a,_12+a, = 0,
for some coefficients ag, ..., a, which satisfy

n+ lag| + lai| + -+ + |an| = N.

By the fundamental theorem of algebra, agz™ + a12" ' +--- 4+ an_12 + a, = 0 has at most n solutions,
so each Ay is finite. Hence the set of algebraic numbers, which is the union

(o]
U 4y
N=2
is at most countable. Since all rational numbers are algebraic, it follows that the set of algebraic numbers

is exactly countable. O

Exercise 4.3.4 ([Rud76] 2.3). Prove that there exist real numbers which are not algebraic.

Solution. By the previous exercise, the set of real algebraic numbers is countable. If every real number
were algebraic, the entire set of real numbers would be countable, a contradiction. O

Exercise 4.3.5 ([Rud76] 2.4). Is the set of irrational real numbers countable?

Solution. No. Suppose, towards a contradiction, that R \ Q is countable. Then R = QU (R \ Q) would be
countable, which is clearly false. O

Exercise 4.3.6 (MA1100T AY21/22). For any infinite set A, show that the power set P(A) is uncountable.

Solution. Since A is infinite, by Choice, we have N < A. Then P(N) < P(A). Since P(N) is uncountable,
it follows that P(A) is also uncountable. O

Exercise 4.3.7 (MA1100T AY21/22). Prove or disprove the following:

(a) Let I be an uncountable indexing set, and suppose for each ¢ € I, the set X, is an uncountable set.

Then | J,.; X; is uncountable.

iel
(b) Let I be a countable indexing set, and suppose for each ¢ € I, the set X; is a countable set. Then
U,er Xi is countable.

(c) Let I be a finite indexing set, and suppose for each i € I, the set X; is a finite set. Then |J,.; X; is

finite.

iel

(d) Let I be an uncountable indexing set, and suppose for each i € I, the set X; is a countable set.

Then |J,.; X; is uncountable.

il
(e) Let I be an infinite indexing set, and suppose for each i € I, the set X; is an infinite set. Then

Uies Xi is infinite.

(f) Let I be a finite indexing set, and suppose for each i € I, the set X; is an infinite set. Then (J;.; X;
is infinite.
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(g) Let I be an infinite indexing set, and suppose for each ¢ € I, the set X; is a finite set. Then Uiel X;
is infinite.

(h) Let I be a countable indexing set, and suppose for each i € I, the set X; is an uncountable set.
Then J,; X; is uncountable.

Solution.

(a) True. If | J;.; X; were countable, then it contains uncountable sets X;, a contradiction.
(b) True. Axiom of Choice needed.
(¢) True.

(d) False. All the X; could be equal to each other, and the union would be countable.

(
(f) False. If I is empty, then J,.; X; is empty.

)

)

)

)
e) True.

)
(g) False. Take X; = () for all i € I. Then | J,;; X; is finite.
)

(h) False. This will not hold when the indexing set I is empty.
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4.4 Size of Maps([n], X)

Every f € Maps([n], X) is in bijection with a sequence of length n with values in X as follows:

For each set X and each n € N, how many sequences of length n are there with values in X7 Equivalently,
what is the size of Maps([n], X)?

Example.
e Maps([1], X) ~ X. To see this, consider the bijection f(0) =z +> =.

e Maps([2],X) ~ X x X. To see this, the map f — (f(0), f(1)) is a bijection.

Lemma 4.36. For all sets X and for alln € N,

Maps([n + 1], X) ~ Maps([n], X) x X.

Proof. Define ®: Maps([n + 1], X) — Maps([n], X) x X as

[ (Flpys £(n)).

It remains to be shown that that ® is a bijection. O

Proposition 4.37. If X is countably infinite, then for each n € N, Maps([n], X) is countably
infinite.

Proof. Induct on n € NT,
When n =1, [1] = {0}. Each f € Maps([1], X) is determined by its value f(0), so the map

Maps([1], X) = X, f = f(0)

is a bijection. Since X is countably infinite, so is Maps([1], X).

Inductive step | Assume Maps([n], X) is countably infinite for some n > 1. By the lemma,

Maps([n + 1], X) ~ Maps([n], X) x X.

Since the product of two countably infinite sets is countably infinite, it follows that Maps([n + 1], X) is
countably infinite. O

Remark. We exclude n = 0, since [0] = ), so Maps([0], X) contains only the empty function to X.

We can transfer the previous result to arbitrary finite sets A in place of [n].

( Lemma 4.38. If A~ B, then Maps(A, X) ~ Maps(B, X). )

Proof. Fix a bijection f: B — A. Define ®: Maps(A, X) — Maps(B, X) by
grrgolf.

It remains to be shown that ¢ is a bijection. O
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Proposition 4.39. If A is non-empty finite, and X is countably infinite, then Maps(A, X) is
countably infinite.

Proof. Since A is finite and non-empty, fix n € NT such that A ~ [n]. By the preceding lemma,
Maps([n], X) ~ Maps(4, X).
But Maps([n], X) is countably infinite, so Maps(A, X) is countably infinite as well. O

( Proposition 4.40. If X is countably infinite, then Maps(X, [2]) is uncountable.

It follows that if X and Y are countably infinite, then Maps(X,Y) is uncountable.

Proof. We will construct a bijection from P(X) to Maps(X, [2]) as follows. Define F': P(X) — Maps(X, [2])
which sends each subset of X to its characteristic function:

F(S)=xs (SCX).

Recall that for x € X,
(@) 1 ifzes,
xs\z) =
0 ifxé¢gsS.
Injectivity: Suppose F'(S1) = F(S2). Then xs, = x5, 50 X5, () = x5, () for every x € X. Since
x €S <= x5, (x)=1 < xs,(x)=1 < 2 €85,

we have S; = S5, so F' is injective.

Surjectivity: Let f: X — [2]. Define Sy := {# € X | f(z) =1} € X. By construction, F(Sf) = xs, =
I

Hence Maps(X, [2]) =~ P(X). O
Let X be a non-empty countable set. Let X <N denote the set of all finite sequences with values in X:

X<N.— U Maps([n], X).

( Lemma 4.41. N<VN is countably infinite. J

Proof. Since the set of primes P is an unbounded subset of N, by 4.24, P is an infinite subset of N. Thus
P ~ N. Fix a bijection f: N — P. Define F: NN = N by

F(ag,ai,...,a,) = f(0)%Tf(1)mFl .. f(n)ontl,

F is injective because by FTA, the exponent on each prime number in the prime factorisation is unique.
Hence N<V is countable.

To prove N<V is infinite, note that there is an injection from N to N<N, which maps n ~— (n). By 4.25,
N<N is infinite. O
Remark. We added 1 to each exponent to ensure that the function is injective. For example, if we do not

add 1, then (1) and (1,0) are both mapped to 2.

Remark. F is not surjective (e.g. 10 is not in the range).
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( Proposition 4.42. X<N s countably infinite. )

Proof. Since X is countably infinite and non-empty, fix a surjection g: N — X. Define ®: N<N — X <N
by
(CLOa ag, ..., an) = (g(ao),g(al), s ag(an))

® is well-defined and surjective because ¢ is well-defined and surjective.

Since N<N is countably infinite, fix a bijection f: N — N<N. Then ® o f is a surjection from N to X <N,
Hence X" is countable.

To prove X" is infinite, notice that there is an injection from N to X<N. (Fix zo € X. Map each n € N
to the constant sequence xy with length n.) O

— Exercises —

% Exercise 4.4.1. Disprove: For all sets A, B, X, Y, if A~ X and B~Y,then AUB~ X UY.
Solution. A counterexample is A = {0,1}, X ={2,3}, B={0}, Y = {4}.
Then AUB ={0,1,2,3} and X UY = {2,3,4}. O

* % Exercise 4.4.2 (MA1100T AY23/24). Let C be the set of functions from N to {0,1} that are eventually
constant, that is, for each f € C, there exists n € N such that for all m > n, f(m) = f(n). For each
f € C, define the set
Sy i= {n € N: (¥ > n) f(m) = f(n)}.

Define the function F': C — {0,1}<N by

(i) Prove that F' is injective.

(ii) Prove that C is countable.

Solution.

(i) Suppose F(f1) = F(f2). By definition of F, we have

(f1(0)> fl(l)’ AR fl(min(5f1)>) = (fQ(O)v f2(1)a AR fQ(min(Sf2)>)'
For the two sequences to be equal, they must have equal length. Hence min(Sy, ) = min(Sy,); let
min(Sy,) = min(Sy,) = k.

For the two sequences to be equal, they are also termwise equal. Hence f1(m) = fa(m) for all
m < k.

By definition of Sy, we have f(m) = f(k) for all m > k. Thus fi(m) = fi(k) = fo(k) = fa(m).
Hence f1(m) = fa(m) for all m € N, so f1 = fa as desired.

(i) Since {0,1}<N is countably infinite, fix a bijection g: {0,1}<N — N.
By (i), g o F' is an injection from C to N. Hence C is countable.
O

Exercise 4.4.3 (MA1100T AY22/23). For each set A, let Pan(A) denote the set of finite subsets of A.

(a) Define a function G: |J, .y Maps([n],N) — Pg,(N) by G(f) = range(f) € N. Prove that G is
well-defined and surjective.
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(b) Prove that Psn(N) is countably infinite.
(¢) Prove that if A is countably infinite, then Pg,(A) is countably infinite.

Solution.

(a) Let f € U,enMaps([n],N). Fix n € N such that f € Maps([n],N), ie., f: [n] — N. Thus
range(f) C N and is finite. Hence G(f) € Pgn(N), so G is well-defined.

To prove surjectivity, let S € Pgs,(N). Since S is finite, fix n € N such that S ~ [n]. Fix a
bijection f: [n] — S; note that f € Maps([n],N), so f € [J, ey Maps([n],N). Then range(f) = S, so
G(f) = S.

(b) Since J,,cy Maps([n], N) is countably infinite, fix a bijection F': N — | J,, oy Maps([n], N).

By (a), G: U,enyMaps([n],N) — Pg,(N) is a surjection. Hence G o F': N — Py, (N) is surjective,
$0 Pgn(N) is countably infinite.

(c) Since A ~ N, fix a bijection h: A — N. Define ®: Pg,(A) — Pgn(N) by
S — h[S]

which is a bijection. Thus Pgn(A) =~ Pan(N). By (b), Pan(N) ~ N. Hence Ps,(A) ~ N.
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4.5 Axiom of Choice

Let X be a non-empty set of non-empty sets. A function F': X — [J X is called a choice function for
X if F(S)e Sforall SeX.

Intuitively, F is looking into every element S of X and then choose an element of S for us.

Example.

e Let X be the set of countries on Earth, thinking of each country as a collection of cities.
Then | J X is the set of all cities on Earth, and the function F' that assigns to each country
its capital city is an example of a choice function for X.

e (The classic example.) Let X be the collection of all pairs of shoes in the world. Then the
function that picks the left shoe out of each pair is a choice function for X.

e Let X = P(N)\ {0}. The function f(S) = min(S) is a choice function for X.

e In fact, we can generalise the above to any well-order! Let (W, <) be a well-order, and let
X =P(W)\ {0}. Again, the function f(S) = min(S) is a choice function on X.

(This is the essence of the proof that the Well-Ordering Theorem implies the Axiom of
Choice. More on that later.)

Axiom 4.43 (Axiom of Choice). Let X be a non-empty set of non-empty sets. There exists a
choice function for X.

The ZF axioms together with Choice are known as ZFC.

Remark.

e For a finite set X, Choice is provable in ZF. (Induct on n. Base case: X = {S}; since S is non-empty,
there exists « € S, so define f(5) = z.)

e For X such that every S € X is a singleton, Choice is provable in ZF, by defining F'(S) to be the
unique element in S. (If S is finite, then Choice is not provable in ZF.)

e For X C P(N), Choice is provable in ZF. (Since each S € X is a non-empty subset of N, we can use
well-ordering to choose the minimum element of each S.)

e Neither Choice or its negation is provable in ZF (assuming ZF is consistent), by Cohen (1963) and
G odel (1938) respectively.

C Proposition 4.44. A countable union of countable sets is countable. )

Proof. Suppose {A;}ien is a sequence of countable sets. WLOG assume each A; is non-empty. Consider
the set
X = {{g € Maps(N, 4;) : g is surjective} : i € N}.

Since each A; is non-empty and countable, there is a surjection from N to A;, so {g € Maps(N, 4;) :
g is surjective} # (). Thus § ¢ X. Assuming Choice, there exists a choice function F': X — |J X such
that for each ¢ € N, we have

F({g € Maps(N, 4;) : g is surjective}) € {g € Maps(N, A;) : g is surjective}.
Let F({g € Maps(N, A;) : g is surjective}) = g;. Define G: N x N — |, 4i by

Gli,n) = gi(n).
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G is well-defined because each g; is well-defined.

To prove G is surjective, fix any a € (J;cy Ai- Then there exists ¢ € N such that a € A;. Since g; is
surjective, there exists n € N such that g;(n) = a. Thus there exists (i,n) € N x N such that G(i,n) = a.
By composing a bijection from N to N x N with G, we obtain a surjection from N to (J;cy A, proving
that (J; oy As is countable. O
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4.6 Cantor—Schroder—Bernstein

Definition 4.45. A set A is dominated by a set B, denoted A < B, if there exists an injection
from A to B.

If A< B and A % B, we say that A is strictly dominated by B, and write A < B.
Evidently = is transitive, since the composition of injections is an injection.

Since < resembles <, we can think of A < B as comparing the cardinalities of A and B: “|A| < |B|”; in
fact, this is true when A and B are finite.

Example. Let A be a set. By Cantor’s theorem, A % P(A). We have an injection from A to
P(A) defined by a — {a}, so A <P(A). Hence A < P(A).

Remark. The above tells us that there is no largest size of infinite set, since
N<P(N)<P(PN)) <PPPN))) <---

A natural question to ask, then, is whether there exists a set X such that N < X < P(N). Assuming that
R ~ P(N) (we will show this later), we can restate the negation of the above question as follows:

Is every uncountable subset of R equinumerous to R?

By work of Gédel (1940) and Cohen (1963), the answers to the above questions are not decided by ZFC
(assuming ZFC is consistent). This is known as the Continuum Hypothesis (CH).

( Lemma 4.46. If A~ B, then A< B and B < A. )

Proof. Since A ~ B, fix a bijection f: A — B. Then f: A — B and f~!: B — A are injections. O

How about the converse?

Theorem 4.47 (Cantor—Schroder—Bernstein). Let A and B be sets. If A < B and B < A, then
A~ B.

Proof. Tt is done with mirrors. Fix injections f: A — B and g: B — A. Define (), recursively as follows:
Co = A\range(g),  Cps1=g[f[Cy]] (ne€NT).

Thus Cj is the troublesome part that keeps g from being a bijection between B and A. We bounce it back
and forth, obtaining Cy, Cs, . ... The function showing that A &~ B is the function h: A — B defined by

fx) if z € C,, for some n,
ha) = 4V ,
g~ *(z) otherwise.

Note that in the second case (z € A but x ¢ C,, for any n), it follows that « ¢ Cy and hence x € range(g).
Thus g~!(z) makes sense in this case.
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gly

Figure 4.1: The Cantor—Schréder—Bernstein theorem. [End77]

We check that h is a bijection. Define D,, = f[C,], so that C,,11 = g[D,].

1

Injectivity: Consider distinct x, 2’ € A. Since both f and g~' are injective, the only possible problem

arises when, say, « € Cy,, and 2’ € |J C,,. In this case,

neN

whereas

lest 2’ € Cpyq1. Thus h(z) # h(z').
Surjectivity: Finally we must check that range(h) exhausts B. Certainly each D,, C range(h), because
D, = h[Cy]. Consider then a point y in B\ U, cyy Dn-
Where is ¢g(y)? Certainly ¢g(y) ¢ Co. Also g(y) ¢ Cri1, because Cp11 = g[Dy], y ¢ Dy, and g is
injective. Thus g(y) ¢ C,, for any n. Hence h(g(y)) = g~ (g(y)) = y. This shows that y € range(h).
O

Recall Hilbert’s Hotel: Consider points in A as guests, and points in B as rooms of a hotel. The function
f tells us which room each guest currently occupies, and g tells us which guest currently occupies each

room.

To estalish a bijection from A to B, we need to find a way to accomodate all the guests into the rooms.
In particular, we need that each guest is mapped to a distinct room (injectivity), and all of the rooms are
occupied (surjectivity).

1. If g is not surjective, then there are some guests that do not have rooms; let Cy = A\ range(g) be
the set of unaccomodated guests.
We are going to try to find rooms to accomodate the guests in Cj.

2. We use f to indicate the rooms to which we would like to map these guests. Of course, we can’t
just shove them in those rooms, because we already have guests occupying those rooms.
We can see which guests those are by applying ¢ to that image set, i.e., C; = g[f[Co]]; this is the

set of guests currently occupying the rooms where we would like to put the guests in Cy.

3. To accomodate the guests in C, we displace the guests in C; from their rooms, and put the guests
in Cy into those rooms.

4. Now we have a new set of guests C7 that don’t have rooms; we can repeat the same process to find
rooms for them.

As a consequence, for any sets A and B,

A~B < A<Band B=<A.
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In order to show A ~ B, instead of explicitly constructing a bijection from A to B (which may be
difficult), it suffices to show that A < B and B < A.

Example. To show that the intervals (0, 1) and [0, 1] are equinumerous, it suffices to construct
injections

(0,1) = [0,1] = (0,1).
For the former, consider the inclusion map. For the latter, consider « — (x + 2)/4; this maps [0, 1]

to [1/2,3/4].

If a set is “sandwiched” between two equinumerous sets, we would expect the set to be equinumerous
with those two sets too.

( Corollary 4.48. I[f A=~ C and ACBCC, then A~ B=C. )

Proof. Since A C B, we have A < B (as witnessed by the inclusion function).

Since A ~ C and B C C, fix a bijection f: A — C and (injective) inclusion t: B — C. Then f~lor: B — A
is an injection. Hence B < A.

By Cantor—Schroder—Bernstein, we conclude A ~ B. O

— Exercises —
Exercise 4.6.1. Suppose A < B. Prove that for each set C', we have Maps(C, A) < Maps(C, B).
Solution. Fix an injection f: A — B. Define ®: Maps(C, A) — Maps(C, B) by
g fog.

Suppose ®(g) = ®(¢’). Then fog= fog'. Since f is injective, f is left-cancellative, so g = ¢’. Hence ®
is injective. [
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4.7 Comparability

Given any sets A and B, is it true that either A < B or B < A (can “compare” any two arbitrary sets
using the preceding relation)? This result turns out to be true, and proving it will be the main goal of
this section.

4.7.1 Zorn’s Lemma

Let (P, <) be a partially ordered set.

Definition 4.49. Let A C P. We say that u € P is an upper bound for A if x < u for all
z € A

C Definition 4.50. We say that m € P is maximal if there is no = € P such that m < z. )

Remark. A maximal element does not have to be bigger than everything else: it just mustn’t be smaller
than anything else.

Axiom 4.51 (Zorn’s lemma). Let P be a partially ordered set. If every chain in P has an upper
bound, then P has a maximal element.

This terminology of partially ordered sets will often be applied to an arbitrary family of sets. When this
is done, it should be understood that the family is being regarded as a partially ordered set under the
subset relation C.

Thus a maximal member of S is a set M € § such that M is a subset of no other member of S; a chain
of sets is a family C of sets such that X C Y or Y C X for all X, Y €C.

Zorn’s lemma is as follows:

Let S be a set such that for every chain C C S, we have | JC € S. Then there exists M € S
which is maximal, i.e., for every X € S, M is not a proper subset of X.

Remark.

o It is false that for finite S, if M is maximal, then M has the largest cardinality.

One counterexample is S = {0, {1},{0},{1,2}}. Note that {0} and {1,2} are both maximal, but
{0} does not have the largest cardinality.

e It is also false that if M has maximal cardinality, then it is maximal.

For example, consider § = P(N). N\ {0} € P(N) has the largest cardinality, but N\ {0} is not

maximal.
e In general, it is false that the maximal element is the unary union of some C C S.

We are now in a very typical situation where Zorn’s lemma can be applied. We would like to build a
maximal object, and we feel as though we ought to be able to, because any non-maximal object can easily
be extended.

Example.

e Fix a set X. Then & = P(X) satisfies the assumptions of ZL. We can take M := X.

e Fix sets A and B. Let S be the set of graphs of injections f such that dom(f) € A and
range(f) € B. Then S satisfies the assumptions of ZL. Intuitively, the maximal element
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of § is our best attempt to construct an injection from A to B. In this case, the maximal
element is not unique.

e Let S is the set of all finite subsets of N. Then S does not satisfy the assumptions of ZL;
consider the chain C' = {[n] |n € N} CS. Then |JC=N¢ S.

~
Theorem 4.52. The following are equivalent:
(i) Aziom of choice
(i) Zorn’s lemma
(iii) Well-ordering principle
Proof. We direct the reader to Section 3 of [[1S65] for the complete proof. O

The Axiom of Choice is obviously true, the well-ordering principle obviously false, and who
can tell about Zorn’s lemma?

— Jerry L. Bona

This is a joke: although the three are all mathematically equivalent, many mathematicians find the axiom
of choice to be intuitive, the well-ordering principle to be counterintuitive, and Zorn’s lemma to be too
complex for any intuition.

4.7.2 Applications of Zorn’s Lemma

Since we are applying Zorn’s lemma, we shall assume that the Axiom of Choice holds for this subsection.

Definition 4.53. Let R be a ring. A non-empty subset I C R is an ideal if
(i) if a,b € I, then a +b € I; (closed under addition)

(ii) if r € R and a € I, then ra € I. (closed under left multiplication)

Trivially, R is an ideal itself. Other ideals are said to be proper.

A proper ideal M is a maximal ideal of R if M is not contained within any larger proper ideal of R. In
other words, there is no proper ideal I such that M C I.

( Theorem 4.54. Every (non-trivial, unital) ring contains a mazimal ideal. )

Proof. Let S = {all proper ideals in R}. By ZL, it suffices to prove that S satisfies the assumptions of
ZL.

Let C C S be a chain. We claim that | JC € S, i.e., | JC is a proper ideal.

To prove |JC is proper (|JC # R), it suffices to show that 1 ¢ JC. Suppose, towards a contradiction,
that 1 € [JC. Fix I € C such that 1 € I. By definition of ideal, for each r € R, we have 1 -7 =r € I.
Thus I = R, contradicting the fact that I is a proper ideal.

To prove that | JC is an ideal:

(i) Let a,b € |JC. Fix I,J € C such that a € I and b € J.

Since C is a chain, we have I C J or J C I; WLOG assume J C I. Then a,b € I, so a+b € I. Thus
a+belJC.



CHAPTER 4. CARDINALITY AND CHOICE 140

(ii) Let a € |JC. Fix I € C such that a € I.

For each r € R, we have ra € I, so ra € | JC.
By ZL, there exists M € S which is maximal in S, as desired. O

Remark. In fact, this result is equivalent to the Axiom of Choice.

Example. In Z, a proper ideal is maximal if and only if it is the set of multiples of some prime.
e 6Z is not maximal, since 67Z C 27Z.

e 27 is maximal, since the other ideal that contains it is Z.

C Theorem 4.55. Every vector space has a basis. )

Proof. If V.= {0}, then the empty set is a basis for V. Thus assume V # {0}.

Let S = {linearly independent subsets of V'}. We shall prove that S satisfies the assumptions of ZL. Let
C C S be a non-empty chain.

Claim: [JC is an upper bound for C in S. (It suffices to show that |JC € S, i.e., |JC is a linearly
independent subset of V.)

Suppose, towards a contradiction, that | JC is linearly dependent. Then there exists vectors vy, ..., v, € |JC
and scalars aq,...,a,, not all zero, such that

avy + -+ apv, = 0.

Since |JC is the union of all the sets in C, fix S1,...,S, € C such that v; € S; fori =1,...,n.

Since C is totally ordered, one of the sets Sy, ..., S, must contain the others, so there is some set S; that
contains all of vy, ..., v,. This tells us there is a linearly dependent set of vectors in S;, contradicting
that .S; is linearly independent (because it is a member of S).

By Zorn’s lemma, S has a maximal element, i.e., a maximal linearly independent B C V.

Finally, we show that B is a basis of V. It suffices to show that B is a spanning set of V. Suppose,
towards a contradiction, that B is not spanning. Fix v € V' \ span(B). Then B’ = BU {v} is a linearly
independent subset of V' that is larger than B, contradicting the maximality of B.

Therefore, B is a spanning set of V', and thus, a basis of V. O

4.7.3 Back to Comparability

Theorem 4.56 (Comparability). For all sets A and B, either A X B or B < A.
(Assuming Choice)

Proof. If A < B, then we are done. Thus assume A A B, i.e., there are no injections from A to B.
Let S be the set of graphs of injections f with dom(f) C A and range(f) C B.
Let C C S be a chain. We claim |JC € S; let g denote |JC.

e First note that ¢ C A x B, since every element of C is a subset of A x B.

e We check that g is a function. It suffices to show that if (a,b), (a,b’) € g, then b =1V'.
Let (a,b), (a,b') € g =JC. Fix f, f’ € C such that (a,b) € f and (a,b') € f'.

Since C is a chain, either f C f" or f/ C f. WLOG assume f C f’. Then (a,b), (a,b’) € f’. Since f’
is a function, we have b = b, as desired.
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e Next we show that g is injective.

Hence S satisfies the assumptions of ZL. By ZL, fix g € § which is maximal in S.

Since A < B by assumption, the domain of g cannot be all of A (otherwise g would be an injection from
A to B); thus dom(g) C A.

Claim: range(g) = B.

If not, pick any b € B\range(g) and any a € A\ dom(g). Then we can extend g to an injection by mapping
a to b, which has a larger graph than g, contradicting the maximality of g (because g C gU {(a,b)}).

Hence g is a bijection from dom(g) to B, so its inverse g~': B — dom(g) is an injection from B to A.
Therefore B < A. O

Remark. The proof uses the maximality of g in a crucial way. Intuitively, imagine we are constructing an
injection from A to B, but get stuck somewhere because we have used up all elements of B. Now, this g
we get is maximal, and by taking its inverse, we have a injection from B to A.

Corollary 4.57. A set A is infinite if and only if N < A.
(Assuming Choice for [=] )

Proof.
Assuming Choice, by Comparability, we have N < A or A < N. If N < A, then we are done; thus
assume A < N. Fix an injection f: A — N.

Since range(f) C N and range(f) is infinite, by 4.29, range(f) ~ N. Since f is injective, A ~ range(f).
Thus A = N, and in particular, N < A.
This holds by 4.25. O

Remark. An interpretation of this result is that N is the smallest infinite set.

C Definition 4.58. A set is Dedekind infinite if it is equinumerous to a proper subset of itself. )

Proposition 4.59. A set is Dedekind infinite if and only if it is infinite.
(Assuming Choice for =] )

Proof. Let A be a set.

This holds by 4.9.

Suppose A is infinite. Assuming Choice, by 4.57, N < A; fix an injection f: N — A.
Define a function g: A — A\ {f(0)} by

a if a ¢ range(f),

gla) = f(n+1) ifa= f(n).

(shifting to empty out one slot)
We check that g is a bijection:

Well-definedness: Since f is well-defined and injective, it follows that g is well-defined.
Injectivity: Suppose g(a) = g(a’).

o If a,a’ ¢ range(f) \ {f(0)}, then we have a = a'.

o If a,a’ € range(f) \ {f(0)}, fix n,n’ such that a = f(n) and o’ = f(n’). Then g(a) = g(a’)
implies f(n +1) = f(n’ 4+ 1). Since f is injective, we have n = n’. Thus a = f(n) = f(n') =a
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e If a € range(f) and o’ ¢ range(f) \ {f(0)}, then g(a) € range(f) \ {f(0)} and g(a’) ¢
range(f) \ {f(0)}. Thus we cannot have g(a) = g(a’).

Surjectivity: Let a € A\ {f(0)}.

e If a ¢ range(f), then g(a) = a.

e If a € range(f) \ {f(0)}, there is a unique n € Nt such that f(n) = a (since f is injective).
Let o' = f(n — 1). By definition, g(a’) = f(n) = a.

Since A = A\ {fo}, we conclude that A is Dedekind infinite. O

— Exercises —
Exercise 4.7.1. In this problem, we take Q to be a quotient of Z x (Z — {0z}), as defined in lecture.

(i) Prove that Q is countable.
(ii) Prove that the set of single-variable polynomials with rational coefficients is countable.

(iii) A real number is algebraic if it is a root of some single-variable polynomial with rational coefficients.
Prove using Choice (or any of its consequences that we proved) that the set of algebraic numbers is
countable.

(Hint: fundamental theorem of algebra.)
(iv) (Optional) Prove (iii) without using Choice.
Solution.

(i) The Cartesian product of two countable sets is countable, so Z x (Z \ {0}) is countable.

Consider the canonical projection 7: Z x (Z \ {0}) — Q defined by 7 (p,q) = [(p,q)], which is
surjective. Hence Q is countable.

(ii) Let Q[z] be the set of all single variable polynomials with rational coefficients.

Define a map Q<Y — Q[z] by
(ag,a1,. .., Gn_1,an) — ao + @12+ -+ ap_12" " + a,z"

which maps each sequence of rationals to the polynomial whose coefficients are elements of the
sequence.

This map is surjective. Since Q<Y is countable, this implies that Q[z] is countable.

(iii) Let A denote the set of algebraic real numbers.

For each polynomial p € Q[z], let R, denote the set of real roots of p. By the fundamental theorem
of algebra, |R,| < degp, so each R, is finite.

Since every algebraic real number is a root of some polynomial,

A= J R

pEQ[x]

which is a countable union of finite (hence countable) sets. By Choice, A is countable.
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Exercise 4.7.2. Prove the following statements without using Choice. (They have easy proofs using
Choice.)

(a)
(b)
()

The set of injections from N to N is uncountable.
If A is Dedekind infinite and A < B, then B is Dedekind infinite.

If A is infinite, then N < P(P(A)).

Solution.

(a)

Let Z denote the set of injections from N to N. For each subset S C N, let xs: N — {0,1} be its
characteristic function, and define

fs(n) = xs(n) +2n (n € N).

Claim: The map S — fg is an injection from P(N) into Z.

If S # T, then xs # xr, o fs # fr.
Hence P(N) < Z. Since P(N) is uncountable, so is Z.

Let A be Dedekind infinite, and A < B.

Then A is infinite; by Choice, N < A. Then N < B, so B is infinite; by Choice, B is Dedekind
infinite.

Without Choice: Fix A" C A such that A ~ A’. Fix an injection f: A — B.
By injectivity of f, we have A ~ f[A] and A’ = f[A], so f[A] = f[A']. Then

B=(B\ flADU flA]~ (B\ fIA) U fIA] ¢ B

since the union is disjoint (so this bijection leaves elements of B\ f[A] unchanged, and sends
elements of f[A] to f[A']).

[include diagram]

Let A be infinite. By Choice, N <X A. Then N < A < P(A) X P(P(A)).

Without Choice: The injection n +— {subsets of A with cardinality n} for n € N witnesses N <
P(P(A))-
(For instance, if A = {1,2}, then 1 +— {{1},{2}} and 2 — {{1,2}}.)

O

Exercise 4.7.3. Assume that for every set Y and every partition P of Y, there is a choice function
G: P — Y. Prove that for every set X with ) ¢ X, there is a choice function F: X — [JX.

(Hint: X may not be a partition but there is a trick to “transform” it into one.)

This exercise tells us that if we have a choice function for partitions, then we have a choice function for

arbitrary sets.

Ideally, if X is a partition (of | J X), then we can apply the hypothesis in the question to obtain a choice
function X — J X.

Solution. Fix a set X with () ¢ X. Since X may not be a partition, i.e., its parts are not disjoint, we want

to make elements that lie in two parts different temporarily.
For each A € X, define Py = A x {A}. (For instance, if X = {{1,2},{2,3}}, where A = {1,2} and
B = {2, 3}, then transform 2 € A to (2, 4), and 2 € B to (2, B).)
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Let P be the collection of the transformed parts:
P={Ps| Ae X}.

Then P is a partition. By assumption, there exists a choice function G: P — |J P such that G(P4) € P4
for every A € X. Thus for each A € X, G(P4) = (a, A) for some a € A.

Define F': X — |JX by
F(A) = mi(G(Pa))
where 7 is the projection onto the first coordinate. Then for each A € X, we have F'(A) = a € A. Hence

F' is a choice function on X. O

Exercise 4.7.4. Suppose X is a set with ) ¢ X. Consider the set S consisting of all G C X x [J X such
that G is a graph of a function F' with dom(F) C X and F(A) € A for every A € dom(F).

(i) Prove that if C C S is a chain, then |JC € S.

(ii) Use Zorn’s lemma to prove that there is a choice function for X.

Solution.
(i) Let C C S be a chain.

e Each G € C is a subset of X x [J X, hence so is their union | JC. Thus | JC C X x J X.

e Let | JC be the graph of F. We want to show that F' is a function.
Let (A,x),(A,y) € JC. Fix G1,G3 € C such that (4,z) € G; and (4,y) € G3. Since C is a
chain, either G; C G5 or Gy C G1; WLOG assume G C Gs.
Then (A, z),(A,y) € Ga. Since G5 be the graph of a function, we have © = y. Hence F' is a
function. It follows that dom(F') C X.

e Let A € dom(F). Then (A,z) € JC for some z € |J X, i.e., x = F(A).
Fix G € C such that (A, x) € G. Since G € S is the graph of a function whose value at A lies
in A, we have z € A.

Hence F(A) € A for all A € dom(F).
Therefore | JC € S.

(ii) By (i), S satisfies the assumptions of ZL. Let G* denote the maximal element of S.

Let F* denote the function whose graph is G*; its domain is dom(F*) C X and F*(A) € A for all
A € dom(F™).
Claim: dom(F*) = X (this will show that F* is a choice function for X).

Suppose, towards a contradiction, that dom(F™*) # X. Then there exists some Ay € X \ dom(F™).
Since Ag # 0, fix some ag € Ag. Define

G = G* U{(Ag,a0)}.

Then G C X x |JX. Let F’ be the function with graph G’; then it has domain dom(F’) =
dom(F*)U{Ap} C X and F'(A) € A for every A € dom(F’). Thus G’ € §. This contradicts the
maximality of G*.

O

Exercise 4.7.5 (MA1100T AY24/25). Prove using Choice that for any two non-empty sets A and B,
there is either a surjection from A to B, or a surjection from B to A.

Solution. By Comparability (which holds by Choice), we have either A < B or B < A.
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e If A < B, then there is an injection from A to B, so there is a surjection from B to A.

e Similarly, if B < A, then there is an injection from B to A, so there is a surjection from A to B.

O

Exercise 4.7.6 (MA1100T AY24/25). Determine whether the following sets are finite, countably infinite,
or uncountable:

(a) the set A of functions from N to N with finite range;

(b) the set B of functions from N to N such that for each n € N, the preimage of n is finite (possibly
empty);

(c) the set C of strictly decreasing functions from N to N (a function f: N — N is strictly decreasing if
whenever x < y, we have f(z) > f(y));

(d) the set D of finite subsets of Q.
Solution.

(a) A is uncountable, since it has an uncountable subset Maps(N, {0,1}).

(b) B is uncountable; it suffices to show that B contains an uncountable subset. Consider the set of all
bijections of N:
Sym(N) = {f: N — N: f is bijective} .
If f is bijective, for each n € N, the fibre f~!({n}) is a singleton and thus finite. Hence Sym(N) C B.
Claim: Sym(N) is uncountable.

We shall embed the Cantor space {0, 1} into Sym(N). Given any binary sequence
x = (zg,x1,20,...) € {0, 1},

define a permutation f, of N as follows: for each n € N,

e if z, =0, keep the pair (2n,2n + 1) in the same order;

e if z,, = 1, swap them.
It remains to check injectivity.

(¢c) C =10, so C is finite. It suffices to show that N has no infinite strictly descending chains.

Suppose, towards a contradiction, that there exists such a sequence (a;,)nen. Consider the set
containing all of its elements. Since this is a nonempty set of natural numbers, by well-ordering, it
contains a least element ay € N. Since the sequence is strictly decreasing, we have ax1 < ag, which
contradicts the minimality of ay.

(d) Since
D= U {n-element subsets of Q},

n>0

D is a countable union of countable sets, so D is countable. In particular, D is infinite (e.g. there
are infinitely many singletons {q} with ¢ € Q), so D is countably infinite.

Exercise 4.7.7 (MA1100T AY22/23).

(a) Use Choice to prove that if P is a partition, then P < |J P.
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(b) Prove that there is a set X such that X A | X.
Solution.
(a) Let P be a partition. By the Axiom of Choice, there exists a choice function F': P — |J P such
that F(S) € S for every S € P.

Claim: F is the required injection.
Suppose F(S1) = F(Sz). Then F(S1) € S; and F(S3) € Sa, so F(S1) = F(S2) € S1 N Ss. Since P
is a partition, S; = S5 since they are not disjoint.
(b) Let Y be any set, and take X = P(Y). Then X = JP(Y) =Y.
By Cantor’s theorem, Y % P(Y), i.e., |JX % X, so there is no injection from X to |JX.

Alternative: Let X = {{1}, {2}, {1,2}}. Observe that | J X = {1, 2}. Since |X| > ||J X|, there is no
injection from X to |JX.

Exercise 4.7.8 (MA1100T AY21/22). For any infinite set A, the power set P(A) is infinite.

Solution. Let A be infinite. Then N < A so N < P(N) < P(A). O



I1
Real Analysis

Real analysis deals with the real numbers and real-valued functions of a real variable (but we will generalise
when appropriate). In this part, we shall prove the various theorems of calculus, which you should be
acquainted with in high school.

e Chapter 5: This chapter defines the real numbers R, the complex numbers C, and Euclidean space
RE.

e 77: Defining a notion of distance on a set gives rise to a metric space. This chapter discusses various
structures in a metric space. We then

e 77: We study the behaviour of sequences and series.
o 77
o 77:
o 77:

° 77:

References: [Rud76; Apo57]
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5
Real and Complex Number Systems

5.1 Ordered Sets and Boundedness

5.1.1 Definitions

Let S be a set.

Definition 5.1. An order on S is a binary relation < such that
(i) for all z,y € S, exactly one of x < y, x =y, or y < = holds; (trichotomy)

(ii) if 2,9,z € S are such that x < y and y < z, then = < 2. (transitivity)

We write z <y if z < y or x = y. We define > and > in the obvious way.

C Definition 5.2. An ordered set is a set in which an order is defined. )

Example. Q is an ordered set if r < s is defined to mean that s — r is a positive rational number.

~
Definition 5.3. Let £ C S, where S is an ordered set.

e [ is an upper bound of F if x < 8 for all z € FE; if F has an upper bound, we say that
FE is bounded above.

e [ is a lower bound of F if x > 8 for all x € E; if E has a lower bound, we say that F is
bounded below.

e If F is bounded above and below, we say that FE is bounded. y

A set may have multiple upper and lower bounds. We give special names to the least upper bound and

the greatest lower bound.

~
Definition 5.4. Let £ C S, where S is an ordered set. We say that a € S is the supremum of
Eif

(i) « is an upper bound for F;

(ii) if 8 < «, then B is not an upper bound of E.

We say that « € S is the infimum of F if

148
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(i) « is a lower bound for E;

(ii) if 8 > «, then B is not a lower bound of E.

Remark. By considering the contrapositive of (ii), we see that the supremum is the least upper bound,
and the infimum is the greatest lower bound.

If a set has a supremum, then it is unique (see Exercise 5.1.1). We denote the supremum of a set E by
sup F, the infimum by inf E.

Example. Let E = {% in € N}. Then sup £ =1, inf £ = 0.

Proof. 1t is clear that 1 is an upper bound for E. Suppose 5 < 1. Since 1 € E, evidently £ is not
an upper bound for E. Hence sup F = 1.

It is clear that 0 is a lower bound for E. Suppose 8 > 0. Pick n = {%J + 1, then § > %, so 3 is
not a lower bound for E. Hence inf £ = 0. O

This shows that the supremum and infimum of a set may not belong to the set itself.

5.1.2 Least-upper-bound Property

Definition 5.5. An ordered set S has the least-upper-bound property (l.u.b.) if every
non-empty subset of S that is bounded above has a supremum in S.

We define the greatest-lower-bound property similarly.

Remark. If a set has the l.u.b. property, we sometimes say that it is Dedekind complete.

Proposition 5.6. Let S be an ordered set. If S has the least-upper-bound property, then S has
the greatest-lower-bound property.

Proof. Let B C S be non-empty and bounded below. We want to show that inf B € S.
Let L C S be the set of all lower bounds of B:

L:={yeS|y<uzforal z € B}.

Since B is bounded below, B has a lower bound, so L # (). Since every x € B is an upper bound of L, L
is bounded above. By the l.u.b. property of S, supL € S.

Claim: inf B =sup L.
To show that sup L = inf B (greatest lower bound), we need to show that (i) sup L is a lower bound of B,
(ii) and sup L is the greatest of the lower bounds.

(i) Suppose v < sup L. Then + is not an upper bound of L. Since B is the set of upper bounds of L,
v ¢ B. Cousidering the contrapositive, if v € B, then v > sup L. Hence sup L is a lower bound of
B, and thus sup L € L.

(ii) If B > sup L, then 8 ¢ L, since sup L is an upper bound of L. In other words, sup L is a lower
bound of B, but £ is not if § > sup L. This means that sup L is the greatest of the lower bounds.

Hence inf B=supL € S. O

Corollary 5.7. If S has the greatest-lower-bound property, then it has the least-upper-bound
property.
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Hence a set has the least-upper-bound property if and only if it has the greatest-lower-bound property.

5.1.3 Properties of Suprema and Infima

There is a corresponding set of properties of the infimum that the reader should formulate for himself.

The next result shows that a set with a supremum contains numbers arbitrarily close to its supremum.

Lemma 5.8 (Approximation property). Let S be non-empty, b = sup S. Then for every a < b,
there exists x € S such that
a<z<bh.

Proof. Since b = sup S is an upper bound of S, it follows that x < b for all z € S.

Next we show that there exists € S such that a < x. Suppose, towards a contradiction, that x < a for
every x € S. Then a is an upper bound for S, so a > b, a contradiction. O

For the rest of this section, suppose S has the least-upper-bound property.

Lemma 5.9 (Additive property). Let A, B C S be non-empty, and h
C=A+B:={z+y|laxe€A, ye B}.
If A and B have suprema, then C has a supremum, and
sup C' = sup A + sup B.
. J

Proof. Since A and B are non-empty, C' is non-empty.
Let a=sup A, b=supB. Let z € C, then z=x +y for some z € A, y € B.

Since z < a and y < b, we have z = x+y < a+b, so a+ b is an upper bound for C. Since C' is non-empty
and bounded above, let ¢ = sup C. To show a + b = ¢, we need to show (i) a+b > ¢, and (ii) a + b < c.

(i) Since a + b is an upper bound for C, and c is the least upper bound for C, we have ¢ < a + b.
(ii) Let € > 0 be arbitrary. By 5.8, there exist « € A, y € B such that
a—e<uw, b—e<uy.

Adding these inequalities gives
at+b—2e<zxz+y<ec

Thus a + b < ¢+ 2¢. Since € > 0 is arbitrary, we have a + b < c.

Lemma 5.10 (Comparison property). Let non-empty A, B C S such that a < b for every a € A,
b€ B. If B has a supremum, then A has a supremum, and

sup A < sup B.

Proof. Let 8 =sup B. Then b < § for all b € B.
For each a € A, choose any b € B. Then a < b < . Thus § is an upper bound for A.

Since A is non-empty and bounded above, by the lub property of S, A has a supremum in S; let o = sup A.
Since (3 is an upper bound for A, and « is the least upper bound for A, we have that o < 3, as desired. [
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Lemma 5.11. Let B C S be non-empty and bounded below. Let
A=-B:={-b|be B}.

Then A is non-empty and bounded above. Furthermore, inf B exists, and inf B = —sup A.

Proof. Since B is non-empty, so is A. Since B is bounded below, let 8 be a lower bound for B. Then
b > p for all b € B, which implies —b < —f for all b € B. Hence a < —f for all @ € A, so —f is an upper
bound for A. By the L.u.b. property, A has a supremum.

Then a <sup A for all a € A, so b > —sup A for all b € B. Thus —sup A is a lower bound for B.

Also, we saw before that if 5 is a lower bound for B then —f is an upper bound for A. Then —3 > sup A

(since sup A is the least upper bound), so 8 < —sup A. Therefore —sup A is the greatest lower bound of
B. O

5.1.4 Fields

Definition 5.12. A field F' is called an ordered field if there exists an order < on F' such that
for all z,y,z € F,

(i) fy <zthenz+y <z+ z;

(ii) if x > 0 and y > 0 then zy > 0.
- J

We call x positive if x > 0, and negative if z < 0.

All the familiar rules for working with inequalities apply in every ordered field: Multiplication by positive
[negative] quantities preserves [reverses| inequalities, no square is negative, etc. The following result lists
some of these.

~
Lemma 5.13 (Basic properties). Let F' be an ordered field, x,y,z € F.

(i) If x > 0 then —x < 0, and vice versa.
(i) If > 0 and y < z, then zy < zz.
(ii) If x <0 and y < z, then xy > xz.

(iv) If x # 0, then 2% > 0. In particular, 1 > 0.

1
(v)[f0<z<y,then0<§<;.

Proof.

(i) If z > 0, by (i) of Definition 5.12, we have
—r=-rv+0<—-z+2=0.

Similarly, if x < 0, then 0 = —z + x < —x + 0. Hence —x > 0.

(ii) Since z >y, we have z —y >y —y = 0. By (i) of Definition 5.12, x(z — y) > 0. Hence
xz=x(z—y)+ay >0+ zy = xy.

(iii) By (i) and (ii),
—[z(z=y)] = (=2)(z —y) > 0,
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so that z(z — y) < 0. Hence zz < zy.

(iv) If 2 > 0, by (ii) of Definition 5.12, we have 22 =z -2 > 0.
If 2 <0, then —z > 0, so 2% = (—z)? > 0.
Since 1 # 0, it follows that 1 =12 > 0.

(v) If y > 0 and v <0, then yv < 0. But y(%) =1>0,so % > 0. Likewise, % > 0.

Multiplying both sides of the inequality x < y by the positive quantity (%) (%), we obtain % < %

O

— Exercises —
% Exercise 5.1.1. Show that if a set has a supremum, then it is unique.

Proof. Let o and 3 be suprema of a set E.

Since (8 is a supremum, it is an upper bound for F. Since « is a supremum, it is the least upper bound,
so a < f.
Interchanging the roles of o and 3 gives 5 < a. Hence a = f. O

* Exercise 5.1.2 ([Rud76] 1.4). Let E be a non-empty subset of an ordered set. Suppose « is a lower
bound of F, and (8 is an upper bound of E. Prove that o < 3.

Solution. Since E is non-empty, fix x € E. Since « is a lower bound of E, we have o < z. Since [ is an
upper bound of E, we have x < 5.

Combining these two inequalities gives o <z < §; thus a < . O

* Exercise 5.1.3 (Finite sets always have suprema). Let S be an ordered set (not assumed to have the
Lu.b. property).

(i) Show that every two-element subset {z,y} C S has a supremum.

(ii) Deduce (using induction) that every finite subset of S has a supremum.

Solution.
(i) Use trichotomy: if z < y, the supremum is y; if > y, the supremum is z.

(ii) We will show that for each n € N, every n-element subset of S has a supremum.
The case of a singleton is trivial. The case where n = 2 has been shown in (i).

Suppose the desired result holds for n. Let A = {x1,..., 2, 2,41} € S. By induction hypothesis,
{z1,...,2,} has a supremum z, for some k € {1,...,n}.

o If vy <zpqq, thensup A =z,41.

o If x4 > x,41, then sup A = zy,.
O

% Exercise 5.1.4 (If one set lies above another). Let S be a set with the lL.u.b. property and the g.l.b.
property, and let X and Y be non-empty subsets of S.

(i) If every element of X < every element of Y, show that sup X <infY.

(ii) If every element of X < every element of Y, is is true that sup X < infY'? (Give a proof or a
counterexample.)
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Solution.

(i) Since X is non-empty and bounded above by elements of Y, let a = sup X.

Similarly, since Y is non-empty and bounded below by elements of X, let g = inf Y.

Since every y € Y is an upper bound for X, and « is the least upper bound, we must have a <y
for all y € Y. Thus « is a lower bound of Y.

But 3 is the greatest lower bound of Y, so a < j.

(ii) Let X = (0,1) and Y = (1,2). Then sup X =1 =infY.

O

%% Exercise 5.1.5 (Least upper bounds of least upper bounds). Let S be an ordered set with the l.u.b.
property, and let {4;};cr be a non-empty family of non-empty subsets of S.

(i)

(i)

(iii)

Suppose each A; is bounded above, let a; = sup 4;, and suppose further that {«;};cr is bounded

above. Show that | J,.; 4; is bounded above, and sup (UZ-GI Ai) = Sup, s Q;.

iel
On the other hand, suppose either (a) not all of the A; are bounded above, or (b) they are all
bounded above, but writing «; = sup A; for each 4, the set {a;};cs is unbounded above. Show in

each of these cases that | J,.; A; is unbounded above.

iel
Again suppose each A; is bounded above, with a; = sup A;. Show that [;; 4; is also bounded

above. Must it be non-empty? If it is non-empty, what can be said about the relationship between
sup((,c; 4i) and the numbers a; (i € I).

Solution.

(i)

(i)

(iii)

Let A = ;¢
a < a; < a. Thus A is bounded above, so sup A exists.

A;. Denote o = sup;cya;. Let a € A be arbitrary. Then a € A; for some A;, so

We already shown that « is an upper bound of A. It remains to show that « is the least upper
bound. Let u < «; we will show that u is not an upper bound of A.

Since v < a = sup;¢ @, by definition of supremum, «;, > u for some ig € I.
But «a;, = sup A;,, so u < sup A4;,; by definition of supremum, a > u for some a € A4;,.
Since a € A but a > u, this means that u is not an upper bound of A.
Let A= UiEI Az
(a) Suppose A;, is not bounded above for some i € I. Then for any u € S, there existsa € A;; C A
such that a > u. Hence A is unbounded above.

(b) Let u € S. Since {e; }ier is unbounded above, a;, > u for some ig € I. But a;, = sup 4;,; by
definition of supremum, there exists a € A;;, C A such that a > u. Hence A is unbounded
above.

Let A=\
all a; € A;.

ser Ai- For each i € I, since A; is bounded above and «; = sup 4;, we have a; < «; for

If A#£0, let x € A. Then z € A; for every i € I, so x < «; for all i € I. Since every element of A is
bounded above by every «;, we conclude that A is bounded above by each «;.

Mier Ai need not be non-empty; let A, := (0, ) for n € N. Then ()~ A, = 0.
A=

el

A; # 0, then sup A < o; for all ¢ € I. Thus sup(ﬂiel Ai) <infier 0.



Yk k

CHAPTER 5. REAL AND COMPLEX NUMBER SYSTEMS 154

Exercise 5.1.6 (Fixed points for increasing functions). Let S be a non-empty ordered set such that
every non-empty subset F C S has both a supremum and an infimum. (A closed interval [a,b] in R is an
example of such an S.)

Let f: S — S be monotonically increasing. Show that there exists € S such that f(z) = «.
Solution. Consider the set A :={x € S| f(x) > z}.

Case 1: A # (). Let a = sup A.

Claim: f(a) = a.

Since f is monotonically increasing and x < « for all x € A, we have
f@) < f(a) forall z € A.
In particular, since f(z) > x, we obtain f(«) > z for all € A; thus
f(a) >sup A = a.

Suppose, towards a contradiction, that f(a) > «. Since f(«) > «, and S is an ordered set, there
exists o’ € S such that a < o’ < f(«). Since f is increasing, we have f(a) > f(a) > o/, so o/ € A.
But this contradicts the assumption that o = sup A, since o’ > « and o’ € A.

Thus we must have f(a) < a. Combined with the earlier inequality f(a) > «, it follows that

fla) =a.

Case 2: A =0. Define B:={zx €S| f(z) < z}.

Then B # (), and we can apply a symmetric argument to the infimum 3 := inf B. Using similar
reasoning, we conclude that f(3) = 3.

In either case, a fixed point of f exists. O

% Exercise 5.1.7.

(a) Prove that inf{z +y+ 2z |z,9,2 € R, 0<z <y <z} =0.

(b) Determine the values of each of the following (some may not exist).

a=inf{z+y+z|z,y,zeR, 1<z<y<z}
b=inf{e+y—z|z,y,zeR, 1<z <y<z}
c=inflz—y+z|z,y,ze€R, 1<z <y<z}
d=sup{z+y+z|z,y,zeR 1<z<y<z}
e=sup{z+y—2z|z,y,z€R, 1 <z <y<z}

Solution.

(a) Let A={z+y+z|z,y,z€R, 0<z<y<z}

Evidently 0 is a lower bound of A. Let s > 0; evidently s is not a lower bound of A, since we can
choose z <y < z < 5 such that v +y + 2 < s.

(b) a =3, b does not exist since the set is not bounded below, ¢ = 1, d does not exist since the set is

not bounded above, e = 0.
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% Exercise 5.1.8. Let A C R be non-empty and bounded above, and let ¢ € R. Define the set ¢ + A by
c+A={c+a:aecA}.
Show that sup(c+ A) = ¢+ sup A.

Solution. Let s = sup A. We will show that sup(c + A) = c+ s.

(i) Since s is an upper bound for A, we have a < s for all a € A.

Thus c+a<c+sforall a € A, soc+ s isan upper bound for ¢ + A.

(ii) Let b be an arbitrary upper bound for ¢ + A, i.e., c+a < b for all a € A.

This is equivalent to a < b — ¢ for all a € A. Thus b — ¢ is an upper bound for A. Since s is the least
upper bound of A, we have s < b—¢, soc+ s <b.

O

* Exercise 5.1.9 ([Abb16] 1.3.5). Let A C R be non-empty and bounded above, and let ¢ € R. Define the
set
cA={ca:aecA}.

(i) If ¢ > 0, show that sup(cA) = csup A.

(ii) Postulate a similar type of statement for sup(cA) for the case ¢ < 0.

Solution.

(i) The result trivially holds for ¢ = 0. Thus assume ¢ > 0. Let s = sup A. We will show that
sup(cA) = cs.

Since s is an upper bound of A, we have s > a for all a € A, so ¢s > ca for all a € A. Thus c¢s is an
upper bound of cA.

Let b be an upper bound of cA. Then b > ca for all a € A, i.e., % > a, SO % is an upper bound of A.

Since s is the least upper bound of A, we have s < g, so ¢s < b, as desired.
(i)
O

% Exercise 5.1.10 ([Abb16] 1.3.7). Prove that if « is an upper bound for A, and if « is also an element of
A, then it must be that o = sup A.

Solution. Let b be an upper bound of A. Then a < b for all a € A.

In particular, since o € A, we have a < b. O
% Exercise 5.1.11 ([Abbl16] 1.3.9).
(a) If sup A < sup B, show that there exists an element b € B that is an upper bound for A.

(b) Give an example to show that this is not always the case if we only assume sup A < sup B.
Solution.

(a) Let s = sup B. Then for any € > 0, there exists b € B such that s —e < b. Choose £ = s —sup A > 0.
Then sup A < b, so for all a € A, a < b.

(b) Take A = B = (0,1). Clearly no element of B is an upper bound for B (i.e., A), since 1 is the least
upper bound but it does not belong to the set, nor does any larger bound.

O
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5.2 Construction of the Real Numbers

@ has some problems, the first of which being algebraic incompleteness: there exists equations with
coefficients in Q but do not have solutions in @ (in fact R has this problem too, but C is algebraically
complete, by the fundamental theorem of algebra).

( Lemma 5.14. 22 — 2 =0 has no solution in Q. )
Proof. Suppose, towards a contradiction, that 22 — 2 = 0 has a solution z = %, q # 0. We also assume %

is in lowest terms, i.e., p and q are coprime.
Then Z—z =2, or p?> = 2¢°. Observe that p? is even, so p is even; let p = 2m for some integer m. This then
implies 4m? = 2¢2, or 2m? = ¢2. Similarly, ¢? is even so ¢ is even.

Since p and ¢ share a common factor of 2, we have reached a contradiction. O

( Proposition 5.15. Q does not have the least-upper-bound property. )

Proof. Consider the sets

A={pecQ:p>0,p*<2}
B:={pecQ:p>0,p*>2}.

Claim: A contains no largest number, and B contains no smallest number.

For each rational p > 0, let
pPP—2 2p+2

q:=p-—

p+2 p+2°
Then )
2 -2
F—2= (» )
(p+2)?

Let p € A. Then p? < 2,50 ¢ —2 <0, i.e., ¢> < 2. Thus ¢ € A. Hence A has no largest number.
Let p € B. Then p? > 2,50 ¢> —2 > 0, i.e., ¢> > 2. Thus ¢ € B. Hence B has no smallest number.

Note that B is the set of all upper bounds of A, and B does not have a smallest element. Hence A C Q is
bounded above, but has no least upper bound in Q. O

Remark. The formula for p might seem to be “rabbit-out-of-hat”. We motivate it as such: If p? < 2 we
want to increase p slightly, while if p? > 2 we want to decrease it, so the amount we should change it by
should be obtained from p? — 2. A denominator is needed to prevent overshooting, especially when p is
large, so we use one that grows with p; the actual choice of denominator p + 2 can be regarded as the
result of trial and error.

The second problem that Q has is analytic incompleteness: there exists a sequence in Q which converges
to a point that is not in Q; for example, the sequence 1,1.4,1.41,1.414,1.4142, ... converges to v/2.

Definition 5.16. We say that a C Q is a Dedekind cut if h
(i) a#0, a#Q; (non-trivial)
(ii) if p € a, ¢ € Q and g < p, then q € ¢; (downward closed)

(iii) if p € a, then there exists r € a such that p < r. (no largest member) J

Remark. (ii) implies two facts which will be used freely:
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o If pc avand ¢ ¢ o, then p < ¢. (This is the contrapositive of (ii).)

e If p¢ «and p < g, then ¢ ¢ .

Example. Let r € Q. Define
r={peQ|p<r}.

We check that r* is a Dedekind cut:

(i) Since p =71 —1 € r*, we get r* # (.
Since p=14r & r*, we get r* #£ Q.

(ii) Let p € r*, and ¢ € Q be such that ¢ < p.
Then q < p < r implies that ¢ < r. Thus q € r*.

(iii) Let p € r*. Put ¢ = p—;r € Q. Then p < g < r. Thus q € r*.
This shows that we can associate every r € Q with the cut r*; we call such cuts rational cuts.

Example. /2 is not rational, but it is real. ¥/2 corresponds to the cut
a:{p€Q|p3<2}.

(i) Since 1 € a, we get a # . Since 2 ¢ a, we get a # Q.

(ii) Let p € o, and ¢ € Q be such that ¢ < p. Monotonicity of the cubic function implies that
q¢> < p® < 2. Thus q € a.

9 1\3
(iii) If p € o, comsider (p+ +)” < 2.

Definition 5.17. The set of real numbers R is the set of all Dedekind cuts:

R:={a C Q| is a Dedekind cut} .

Notice that R C P(Q). Hence a subset of R is a collection of Dedekind cuts.

Remark. Intuitively, a real number r is the set of all rational numbers strictly less than r.

Proposition 5.18. For all a, B € R, define
a<f <<= aCp.

Then < is an order on R.

Proof.

Trichotomy: We want to show that for all a, 8 € R, exactly one of the following holds:
aCp, a=p BCa

If a = B, then it is clear that « C 5 and 8 C a do not hold.

Thus suppose that a # 5. We need to show exactly one of a C f and f C « holds. Suppose, towards
a contradiction, that this is false.
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e If none of @ C  and 8 C « hold, then there exists ¢ € « such that ¢ ¢ 3, and there exists
q € B such that ¢’ ¢ a.
Since ¢q ¢ 8, we must have g > ¢'. Similarly, we must have ¢’ > ¢. Thus, ¢ = ¢’, a contradiction.
e It is not possible that both & C S and 8 C « hold, since if & C 3, then there exists ¢ € C such
that ¢ ¢ 8, contradicting 8 C «.

Transitivity: Suppose o < f and f <. Then a C f and 8 C 7, so o« C . Thus a < 7.

( Theorem 5.19. The ordered set R has the least-upper-bound property. )

Proof. Let S be a non-empty subset of R bounded above.
Claim: sup(S) = S.
First, we need to show that | JS € R, i.e., S is a Dedekind cut.

e [J S is non-empty, since S is non-empty and each element of S is non-empty.
e Since S is bounded, every « € S is a proper subset of some Dedekind cut 8. Thus |JS C 5 C Q.

e Let pe |J S, and ¢ € Q be such that ¢ < p. Fix a € S such that p € «. Since « is a Dedekind cut,
g€a. ThusgeJS.

e Let p e |JS. Fix a € S such that p € a. Since «a is a Dedekind cut, there exists r € « such that
r>p.
Thus we have r € |J .S and r > p.

Second, by definition of union, for all & € S, we have o C | JS. Thus |J S is an upper bound for S (in R).

Finally, we need to show that |J.S is the least upper bound of S. Let v C |J S. Fix a rational p € [J S\ 4.
Fix a € S such that p € a. Then « is not a subset of v (because p € a'\ 7), so by trichotomy, v C «.
Thus + is not an upper bound of S.

O

We now make R into an ordered field by defining addition and multiplication on R.

Definition 5.20. For all a, 8 € R, define addition as

a+B:={reQ|r=a+b,a€a,bef}

We check that addition is closed in R: for all o, 3 € R, a + 8 € R.

(i) Since a # () and 3 # 0, there exists a € c and b€ . Hence r =a+b € a+ 3, so a+ 3 # 0.
Since o # Q and 8 # Q, there exist c¢ a and d ¢ 5. Thus 7/ =c+d >a+ b for any a € o, b € 3,
sor’ ¢ a+ . Hence a + 8 # Q.

(ii) Let r € a + 8 and 1’ € Q be such that ' < r. We want to show that ' € a + 3.

Write r = a + b for some a € o, b € 8. Then 1’ — a < b. Since 8 € R is downward closed, we have
" —a € 8. Thus ' — a = by for some b; € 8.

Hence v’ =a+b; € a+ 8.

(iii) Let r € « + 8. Then r = a+ b for some a € a, b € S.

Since «, € R have no largest member, there exist a’ € a, ¥ € § such that a < a’ and b < V. Then
r=a+b<ad +¥b,wheread +V € a+p.

Take r’' =a' + V' € a+ B, such that r < 7.
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~
Lemma 5.21. R with addition defined above is an Abelian group.
(i) Addition is commutative: « + = 8+ « for all o, B € R.
(i) Addition is associative: a + (84 v) = (a+ B) + v for all o, B,y € R.
(ii3) Additive identity: Define 0% :={p € Q| p < 0}. Then o+ 0* = « for all « € R.
(iv) Additive inverse: For each a € R, define 8 = {p € Q| (3r > 0) —p—r ¢ a}. Then
a+ B =0%
. J

Proof.

(1) Let r € a+ . Then r = a + b for some a € o, b € .
By commutativity of 4+ on Q, we have r = b+ a. Hence r € 8 + «.
Similar as above.

(i) Let r € a+ (8+7). Thenr =a+ (b+c) forsome a € o, b€ 3, c € 7.
By associativity of + on Q, we have r = (a + b) + ¢. Hence r € (a + ) + 7.
Similar as above.

(iii) It is clear that 0* is a cut, since 0* is a rational cut.
Let r € a+ 0*. Then r = a + p for some a € a,p € 0*.
Thus r=a+p<a+0=a,sor € aby downward closure.
Let r € a. Then there exists 7’ € a where ' > r. Thus r — ' <0, so r — 1’ € 0*.
Note that » =’ + (r — '), where 7’ € a, r — ' € 0*. Hence r € o + 0*.

(iv) Fix some a € R. We first show that S is a cut:

(i) Fix some s ¢ a, and let p = —s — 1. Then —p — 1 ¢ «. Hence p € 3, so 3 # (.
Let g € a. Then —q ¢ 3, so 8 # Q.

(ii) Let p € 5. Then there exists r > 0 such that —p —r ¢ a. If ¢ < p, then —g—r > —p —7r so
—q—r ¢ a. Hence g € 3.

(ili) Let t =p+ 5. Then t > p, and —t — § = —p —r ¢ a. Hence t € .

Let r € a, s € . Then —s ¢ «. This implies r < —s (since « is closed downwards) so r + s < 0.
Hence a + 8 C 0*.

Let v € 0%, and let w = —3. Then w > 0. By the Archimedean property on Q, there exists
n € N such that nw € @ but (n+ 1)w ¢ a. Let p = —(n + 2)w. Then

p—w=m+22w-—w=mn+1wé¢a

so p € B. Since v = nw + p where nw € a, p € 8, v € a+ . Hence 0* C a + 3.

Notation. B is denoted by the more familiar notation —a.

CLemma 5.22. Ifa,B,y€R and <7, then a+ 0 < a+ 7.

Proof. O



CHAPTER 5. REAL AND COMPLEX NUMBER SYSTEMS 160

We say that a cut « is positive if 0 € «, and negative if 0 ¢ a. If « is neither positive nor negative,
then o = 0*.

Multiplication is a little more bothersome than addition in the present context, since products of negative
rationals are positive. For this reason, we first confine ourselves to R, the set of all positive cuts.

Definition 5.23. Given «, 8 € RT, define multiplication as

af:={peQ|p<rsforsomere€a,secp rs>0}

We also define 1* := {g € Q| g < 1}.
We check that multiplication is closed in RT: for all a, 3 € RT, a8 € RT.

(i) Since a # 0, fix r € a,7 > 0. Since B # 0, fix s € 8,5 > 0.
Then rs € Q and rs < rs, so rs € a3. Hence af # ().

Since o # Q, there exists 1’ ¢ « such that ' > r for all r € a. Since 8 # Q, there exists s’ € 8 such
that s’ > s for all s € 3.

Then r's’ > rs for all r € a, s € 3, so r's’ ¢ af. Hence aff # Q.

(ii) Let p € af. Then p < ab for some a € a,b € §, a,b > 0.
If ¢ < p, then ¢ < p < ab, so q € af.

(iii) Let p € af. Then p < ab for some a € a,b € 3, a,b > 0.
Pick a’ € a and b’ € 8 with @’ > a and V' > b.

Since p < ab < 'V, we have a’'V' € a - 8.

We now complete the definition of multiplication by setting a0* = 0* = 0*«, and by setting

(—a)(=B) ifa<0* B<0%,
af =< —[(—a)B] ifa<0*, B> 0%,
—la(=p)] ifa>0% 8<0*.

where we make negative numbers positive, multiply, and then negate them as needed.

Lemma 5.24.
(i) Multiplication is commutative: o = Ba for all a, B € R.
(i) Multiplication is associative: (af)y = a(B7) for all o, 5,y € R.

(iii) Multiplicative identity: la = « for all o € R.

(iv) Multiplicative inverse: For each a € R, v # 0%, there exists f € R such that af = 1*.
J

Therefore R is a field.

\

Proposition 5.25. The replacement of r € Q by the corresponding rational cuts preserves sums,
products and order: for all *,s* € R,

(i) r* 4+ s* = (r+s)*;

(ii) r*s* = (rs)*;

(iii) r* < s* if and only if r < s.
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Proof.
(i) Let p € r* + s*. Then p = v+ v for some u € r*, v € s*, where u < r, v < s. Then p <71+ s.
Hence p € (r +s)*, so r* + s* C (r + s)*.

(r+s)—p

LetpE(r+s)*.Thenp<r+s.Lett: , and let

r'=r—t s =s5—t.
Sincet > 0,7 <rsor €r* s <ssos € s* Then p =1+, s0p € r*+ s*. Hence
(r+s)* Cr*+s*.
(i)
(iii) Suppose r < s. Then r € s*, but r ¢ r*. Hence r* < s*.

Conversely, suppose r* < s*. Then there exists p € s* such that p € r*. Hence r <p < s, s0 1 < s.

O

This shows that the ordered field Q is isomorphic to the ordered field Q* = {¢* | ¢ € Q} whose elements
are rational cuts. It is this identification of Q with Q* which allows us to regard Q as a subfield of R.

Remark. In fact, R is the unique ordered field with the l.u.b. property up to isomorphism; any other
ordered field with the l.u.b. property is isomorphic to R.

Proof sketch: Let (Fy,+1,1,<1) and (Fy, +2, 2, <2) be complete ordered fields.

Map the additive identity of Fj to the additive identity of F5.

Same for multiplicative identity.

e Extend to a bijection ¢ from the rationals Q of F} to the rationals Qo of F5.

Finally, use the ordering and Dedekind completeness to extend ¢, i.e., for each z € F; \ Q1, define

P(z) = Slgp{¢(y) €Q|y<iz,yeQi}.

One then checks that ¢ is an isomorphism.

Therefore we have proven 5.26.

Theorem 5.26 (Existence of real field). There exists an ordered field R that
(i) contains Q as a subfield, and

(ii) has the least-upper-bound property.

5.2.1 Extended Real Number System

( Definition 5.27. Define the extended real number system as R := R U {—o0, +00}. ]

Notation. We sometimes write [—o0, co] in place of R.

We preserve the original order in R, and define

—o0o < x < +0o0
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for all z € R.

Defining R is convenient since the following result holds.

( Lemma 5.28. Any non-empty E C R has a supremum and infimum in R. ]

Proof. If E is bounded above in R, then by the L.u.b. property of R, it has a supremum in R C R. If F is
not bounded above in R, then sup E = +o0o € R.

Exactly the same remarks apply to lower bounds. O
R does not form a field, but it is customary to make the following conventions for arithmetic on R:

(i) If z is real or oo, then = 4 co = +o0.

If x is real or —oco, then z — co = —o0.

(ii) If 2 > 0, then z - (+00) = 400, - (—00) = —0c0.
+00) = —o0,

If £ <0, then x - (
If x is real, then B - 0.
+o0o —00
(Note that addition and multiplication are understood to be commutative on the extended reals, so that
the definitions also imply further cases such as +oo + z = +00.)

— Exercises —
Exercise 5.2.1. Say whether each of the following statements is true or false.

(a) In the extended real numbers, (+00) -0 = 1.

(b) In the extended real numbers, (—3) - (—00) = +o0.
Solution.

(a) False.

(b) True.

Exercise 5.2.2 (MA1100 AY04/05). Prove that /2 is irrational.

3

Solution. Suppose, towards a contradiction, that /2 is rational, i.e., ¥/2 = o, where m,n € Z, n # 0

and m, n are coprime.

3

3 .
Then 2 = 2 or 2n® = m?, so m is even.

3

Let m = 2p. Then 2n® = (2p)® = 8p3, so n® = 4p>. Since 4p3 is even, n? is even, so n is even. This is a

contradiction. O
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5.3 Properties of the Real Numbers

Henceforth, we shall view R as the set of numbers that we are familiar with.

5.3.1 Archimedean Property

Let F be an ordered field with additive identity Oz, multiplicative identity 1z. The set of natural
numbers in F is

{OFalFa1F+1F7---}-

We say that F' has the Archimedean property if the set of natural numbers in F' is unbounded in F.

Hence if F' does not have the Archimedean property, then the natural numbers are bounded in F, i.e.,
there exists x € F' which is an upper bound for the natural numbers.

This is equivalent to the existence of some infinitesimal z, i.e., x > 0 yet for alln € N, z < 1/n.

Example. Q has the Archimedean property: For each m/n € Q, we have m/n < |m|+ 1.

Example. There are ordered fields where the Archimedean property fails. Consider

Q) = {p“ : p(@),q(z) € Qle], q(z) # o} .

q(z)

Addition and multiplication are defined in the usual way.

We will only define part of the ordering: To compare % with 2, make ¢(z) have leading coeffi-
(z)

cient 1 and say that 5(7) — % if the leading coefficient of p(x) is positive.
One can check that Q(z) forms an ordered field under the above operations.

The natural numbers of Q(z) have the form T for n € N.

The Archimedean property fails (N is bounded in Q(x)): T >~ %O
= T

1

for every n € N, because the
).

numerator of 2= has positive leading coefficient (hence

( Proposition 5.29. R has the Archimedean property. )

Proof. Suppose, towards a contradiction, that R does not satisfy the Archimedean property. Then N is
bounded in R.

Since N is a non-empty bounded subset of R, sup(N) exists (and is an element of R). Since sup(N) — 1 <
sup(N), by definition of supremum, sup(N) — 1 is not an upper bound of N. Thus there exists n € N such
that n > sup(N) — 1.

Now n+ 1 > sup(N) and n+ 1 € N, contradicting the fact that sup(N) is an upper bound of N. O

( Corollary 5.30. For every € > 0, there exists n € N such that 0 < % <e.

5.3.2 Density

Definition 5.31. Let F' be an ordered field. The ordering on F' is dense if for every two distinct
z,y € F, there exists z € F' between them.
We say Q is dense in R if for every two distinct x,y € R, there is z € Q in between them.
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Example.
e The standard ordering on Q, R is dense.

e The standard ordering on the set of irrationals is dense. (Note that R\ Q is not an ordered
field).

Given two distinct irrationals  and y, consider z = IT“’ If z is irrational, then we are
done. Otherwise, consider w = a’T"’Z If w is irrational, then we are done. Otherwise, since
w and z are two distinct rational numbers, there is an irrational number in between them.

( Proposition 5.32. Q is dense in R. )

Proof. Let x,y € R with z < y. Then y — x > 0. By the Archimedean property, fix n € N such that
1
—<y-—uwx
n

Consider integer multiples of %; choose the smallest m € Z such that ™ > z.
Claim: z < 7* < y.
We only need to show 7 < y. Suppose, towards a contradiction, that this does not hold. Then

m—1

)

m
<z and — >y
n n

where the first inequality follows from the minimality of m. But these two statements combined imply

that % >y — x, a contradiction. O
l || l L l l | | 1 1 l l
1 I N I I | | T I I
T Y 0 1 Yy—x
C Corollary 5.33. R\ Q is dense in R. )

Proof. Let z,y € R with z < y.

. T Y
By 5.32, there exists p € Q such that 0 and — < p < —=. Thus
y peQ p# 5 P<
r<pV2<y
and py/2 is irrational. [

Corollary 5.34. Fvery interval I C R contains infinitely many rational numbers and infinitely
many irrational numbers.

5.3.3 Existence of Roots

Proposition 5.35 (R is closed under taking roots). For every x € RT and every n € N, there
exists a unique y € RT such that y" = x.
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We call the number y the positive n-th root of z, and denote it by /z or z!/".

Proof. Let & € RT, fix n € N.

Consider the set F = {t eRt: 1" < x}

Claim: y = sup F satisfies y" = z.

We first show that E has a supremum.

(i) Set t = 5. Then 0 <t < 1, s0 t" <t < x implies t" < z. Hence t € E, so E # (.

(ii) We claim that 1+ z is an upper bound for E. If ¢ > 14 x, then ¢ > ¢ > x implies t" > x,s0 t ¢ E.
Hence 1 + x is an upper bound of F, so E is bounded above.

Hence F has a supremum; let y = sup E.
To prove y™ = x, we show that both y” < z and y™ > x lead to a contradiction.
Consider the identity o™ —a™ = (b—a)(b" "' +b"2a+---+a"1). If 0 < a < b, then

b —a" < (b—a)nd™ " . (1)
Case 1: y" < z. The idea is to find a small h > 0 such that (y + h)" < z.

z—y
n(y +1)n-t

n

Choose h so that 0 < h < 1 and h < In (1), take b=y + h, a = y. Then
(y+h)" —y" < hn(y +h)"™
< hn(y+1)"*

x—y"

Thus (y + )" < z, and y + h € E. Since y + h > y, this contradicts the fact that y is an upper
bound of F.

Case 2: y™ > z. The idea is to find a small k > 0 such that (y — k)™ > .
Let k = iy;f. Then 0 < k <y, by (1). If t >y — k,

Yyttt <y —(y—k)"
< kny™ !

Thus t" > z, and t ¢ E. It follows that y — k is an upper bound of E. But y — k < y, which
contradicts the fact that y is the least upper bound of F.

Suppose, towards a contradiction, that there exist distinct y;,y2 which are both n-th roots
of z. WLOG assume that 0 < y; < y2. Then taking the n-th power gives y1" < y2".

Since y; is a n-th root of x, then x = y;™, so x < y2™ implies x # y>™. Hence y, cannot be a n-th root of
x, a contradiction. O]

Corollary 5.36. Let a,b € R™ and n € N. Then

3=
3=

(ab)% =anbn.
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Proof. Let a = a'/™, 8 = b'/™. Then
ab=a"p" = (af)"

where the last line follows from commutativity of multiplication. The uniqueness assertion of the previous
result allows us to take the n-th root on both sides:

3=

(ab)* = aB = arbx.
O
Lemma 5.37. Let a € RT and m,n € N. Then
(al/n)m — (am)l/n.
Proof. We have
((al/n)m)n — (al/n)mn — ((al/n)n)m = a™.
By definition, this yields the desired result. O

For a € Rt and m,n € N, we define rational exponents

1

am/n’

™" = (a™™ and o=

(We also define a° = 1.)

We need to check that the above definition of a” is well defined. That is, if m,n,p,q € N are such that
o= %, then (a/™)™ = (a!/9)P. To see this, note that mq = np, and thus

((a"/")y™)e = (a"/m)me = (V)" = a.

Hence (a'/™)™ is the g-th root of a?, i.e.,

(@) = (@),

Lemma 5.38 (Properties of rational exponents). h
(i) Ifa >0 and r,s € Q, then a"™* = a"a® and (a")® = a’s.
(i) If 0 < a < b and r € Q withr > 0, then a” < b".

(i) If a > 1, r;s € Q with r < s, then a” < a®. )

— Exercises —
Exercise 5.3.1 ([Rud76] 1.1). Let r € Q\ {0} and z € R\ Q. Prove that r + z € R\ Q and rz € R\ Q.

Solution. Prove by contradiction. If » and r + x were both rational, then = (r + x) — r would also be

rational. Similarly if 7z were rational, then z = =* would also be rational. O

Exercise 5.3.2 ([Rud76] 1.2). Prove that there is no rational number whose square is 12.

Solution. Prove by contradiction. O

Exercise 5.3.3. Prove that for every two distinct rational numbers, there is an irrational number in
between them.
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Solution. Let p,q be two distinct rational numbers; WLOG assume p < ¢. Consider r = p + %. O

Exercise 5.3.4 (MA1100T AY22/23). Prove that for every two distinct irrational numbers, there is an
irrational number between them.

Solution. Let p,q be two distinct irrational numbers; WLOG assume p < g.

Consider the average of p and ¢; we have p < L‘gq <q.
Case 1: If p—;q is irrational, take x = % and we are done.

Case 2: If p—;q is rational, let r = pTJrq, and consider the average of p and r:

L_btr_pEBEL 3ptg

2 2 4
Evidently p < < r < q. Since p is irrational and r is rational, x = p-2+r is irrational.
O
Exercise 5.3.5. Prove or disprove: The sum of two irrational numbers is irrational.
Solution. Disprove. v/2 + (,\/i) =0. O

Exercise 5.3.6 (MA1100T AY23/24). Prove that for every pair of real numbers ¢ < r, there exists an
irrational number that is strictly between them.

Solution. Since Q is dense in R, there is a rational number z strictly between ¢ and 7.
By the same argument, there is a rational number y strictly between z and 7.

By Exercise 5.3.3, there is an irrational number strictly between two rational numbers, so we are done, as
there is an irrational z such that ¢ < x <z <y <. O

Exercise 5.3.7. Prove that Q is dense in R using Dedekind cuts.

Solution. Let «a, € R, where v < 5. Then a € 3. Thus £\ « is non-empty; fix r € 8\ a.
Consider y={peQ|p<r}.
We first show that v is a Dedekind cut:

e Obviously v # 0, since there must exist rationals smaller than r.

Since r ¢ v and r € Q, we have v # Q.
e Downward closed: If p € v and g € Q is such that ¢ < p, then ¢ < p <7, so g € 7.

e No largest member: If p € v, then p < r. Since Q is dense, there exists t € Q such that p <t < r;
thus ¢ € v and p is not largest.

Next we show that o < v < S:

e Suppose, towards a contradiction, that there exists p € a such that p > r.

If p > r, since « is downward closed and p € a, we would have r € «, a contradiction. If p = r, then
r =p € a, a contradiction.

Hence every p € « satisfies p < r, so a C 7.

e Let pe . Then p <rand r € 3, so p € § (since B is downward closed). Hence v C .
Since r € S but r ¢ v, we get v C 5.

What if we choose r such that its Dedekind cut coincides with « (alpha is a rational cut)? Then take a
rational in 8\ a whose Dedekind cut is strictly greater than a. O
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Exercise 5.3.8. Prove that for each real number r, there is some integer n such that n <r <n + 1.

(Henceforth, we will refer to n by |r].)

Solution. Let r € R. By the Archimedean property, there exists N € N such that N > r.
Consider the set
S={acZ|a<r}.
Since S is non-empty and bounded above by N, by well-ordering, S has a maximum M € Z.
By construction, M < r, and for any integer k > M, we have k ¢ S, so k > r. In particular, M + 1 > r.

Hence we have
M<r<M+41,
and the integer n = M satisfies the desired property.

Remark. After checking the uniqueness of |[r], then we can define the floor function.

O

Exercise 5.3.9. Let A be a non-empty bounded subset of R. Prove that s = sup A if and only if for
every n € N, s + % is an upper bound of A and s — % is not an upper bound of A.

Solution. Let A be a non-empty bounded subset of R.

Let s = sup A. Let n € N be arbitrary.

Since s is an upper bound of A, and s < s+ %, it follows that s + % is an upper bound of A.
Since s — % < s, by definition of supremum, s — % is not an upper bound of A.

Suppose the given property holds. We will show that s = sup A.

e First we show that s is an upper bound of A4, i.e., a < s for all a € A.
Suppose, towards a contradiction, that a > s for some a € A.

Then a — s > 0; by the Archimedean property, fix n € N such that % < a—s. Thus s + % < a,
contradicting the assumption that a < s+ % for all n € N.

e Next we show s is the least such upper bound.

Let u be an upper bound of A. We want to show that s < w.

For each n € N, since s — }L is not an upper bound of A, there exists a,, € A such that a,, > s — %

Since u is an upper bound of A, we have a,, < wu for allm € N, so s — % < u.

Suppose, towards a contradiction, that s > u. Then s — u > 0. By the Archimedean property, there
exists n € N such that % < s—u. Then s — % > u, a contradiction. Hence s < u.

(The idea is that we can stuff in some 1/n.) O

Exercise 5.3.10 (MA1100T AY22/23). Prove that for every real number z, there is a set A of rational
numbers such that sup A = z.

Solution. Let x € R. Define
A={qeQ:q<z}CQ
Claim: sup A = z.
Since A is non-empty and bounded above by x, by completeness, sup A exists.

Let y < z. By density, there exists ¢ € Q such that y < ¢ < x. By definition, ¢ € A. But ¢ > y, so y is
not an upper bound of A. Hence x = sup A. O
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5.4 Complex Field

Lemma 5.39. Let (a,b), (c,d) € R%. Define addition and multiplication on R? as b
(a,b) + (¢,d) = (a+¢,b+d),
(a,d) - (¢,d) = (ac — bd, ad + bc).
Then R? is a field, with additive identity (0,0) and multiplicative identity (1,0). y
We call this structure C, the complex field; its elements are called complex numbers.
Proof. Check the field axioms. O

The next result shows that the complex numbers of the form (a,0) have the same arithmetic properties
as the corresponding real numbers a. We can therefore identify (a,0) € C with a € R. This identification
implies that R is a subfield of C.

Lemma 5.40. For any a,b € R,

(a’ O) + (b7 O) = (a’ +b, O)a
(a,0) - (b,0) = (ab,0).

Proof. Exercise. O

You may have noticed that we have defined the complex numbers without referring to the mysterious
square root of —1. We now show that the notation (a,b) is equivalent to the more customary a + bi.

Define the imaginary number i := (0,1). See that

i? = (0,1)(0,1) = (=1,0) = —1.

C Lemma 5.41. For any a,b € R, (a,b) = a + bi.

Proof. a+bi = (a,0) + (b,0)(0,1) = (a,0) + (0,b) = (a, b). O

For a,b € R, we write z = a + bi; we call @ and b the real part and imaginary part of z respectively,
denoted by a = Re(z), b = Im(z). We call Z = a — bi the conjugate of z.

The next result summarises basic properties of the conjugate of a complex number.

Lemma 5.42. For z,w € C, h
(i) z+tw=zZ+w
(i) zZw =zw
(i) z+Z=2Re(z), 2 —Z = 2iIm(z)
(iv) 2% is real, and z2Z > 0 y

Proof. Let z =a+ bi, w = c+ di.

i) z¥w=(a+c)+(b+d)i=(a+c)— (b+d)i=(a—bi)+ (c—di)=Z+w.
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(i) zw = (a + bi)(c + di) = (ac — bd) + (ad + bc)i = (ac — bd) — (ad + be)i = (a — bi)(c — di) = Zw.

(i) z4+2Z = (a+ bi) + (a — bi) = 2a = 2Re(z).
z—Z=(a+bi)— (a—bi)=2bi =2iIm(z).

(iv) 2z = (a + bi)(a — bi) = a® + b* € R>o.

Let z € C. The absolute value of z is defined as
|z| == (22)"/~.
The existence (and uniqueness) of |z| follows from 5.35, and (iv) of the previous result. Note that when z

is real, then Z = z; thus |z| = V22, Hence |z| =z if 2 > 0, and |z| = —z if 2 < 0.

Remark. Since the absolute value is defined as a square root, it is more useful to work with the square of
the absolute value.

The next result summarises basic properties of the absolute value.

Lemma 5.43. Let z,w € C. Then h
(i) 2] = 0.
(i) |2] = |z
(i) |Re(z)] < [2|.
J
Proof. Let z = a + bi, w = ¢+ di where a,b,c,d € R.
(i) The square root is non-negative, by definition.
(ii) The conjugate of Z is z, and the rest follows by the definition of absolute value.
(iii) We have
|zw|? = (ac — bd)? + (ad — be)?
= (a® + b*)(c* + d?)
= [elP|w]* = (|2 lw])?.
Taking square roots on both sides yields the desired result.
(iv) Note that a® < a? + b?. Hence
|Re(2)| = |a] = Va? < Va2 + b2 = |2,
O

Proposition 5.44 (Triangle inequality). For z,w € C,

|z +w| < |z| + |w]. (5.1)
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Proof. Let z,w € C. Note that the conjugate of 2w is Zw, so zw + zZw = 2 Re(zw). Hence

|2 +w|* = (z + w)(zFw) = (2 +w)(z + D)
=2Z + zw + Zw + ww
= |2|? + 2Re(2w) + |w|?
< |z|* + 2|2w| + |w|?
= |2 + 22| |w| + [w]?
= (|2 + |w])®

and taking square roots yields the desired result. O

Corollary 5.45 (Generalised triangle inequality). For z1,...,z, € C,

o1+ 2l < fa1] o ol

Proof. Induct on n. The case when n = 1 is trivial. We have proven the case when n = 2. Assume the
statement holds for n — 1. Then

|21 4+ zn1 4 20| Sz 4o+ zneal + za] Szl 400+ zal-

O
Corollary 5.46. For z,y,z € C,
(i) |l = lyl| < |z —yl;
(i) |z —y| < |z —z|+ |z —yl.
Proof.
(i) By the triangle inequality,
|z =[(z —y) +yl < [z —yl+y|
so that
|z = [y| < |z —yl.
Interchanging the roles of x and y in the above gives
lyl = |z| < |z —yl.
Hence
||z = [yl| < [& —yl.
(ii) In the triangle inequality, replace = by  — y and y by y — z.
O

Proposition 5.47 (Cauchy—Schwarz inequality). If a1,...,an,b1,...,b, € C, then

2

iaib_i S i|al|2i\bl|2 (52)
i=1 i=1 i=1




*

* Kk

CHAPTER 5. REAL AND COMPLEX NUMBER SYSTEMS 172

Proof. For simplicity, we shall drop the upper and lower limits of the sums. Let

A:Z\ai|2, B:Z|bi|2, C:Zalbj

Then (5.2) becomes
|C]? < AB.

If B=0, then b; =--- =b, =0, and the conclusion is trivial. Now assume that B > 0. Then consider
the sum

Z |B6Li — Obi|2 = Z(Bai - C’bz)(Baz — Cbz)
= (Ba; — Cb;)(Ba; — Cb;)

= B2 |ail* = BCY abi — BCY aib; +|C12 > by
= B?A - B|C|?
= B(AB — |C]?).

Each term in Z |Ba; — Cb;|? is non-negative, so Z |Ba; — Cb;|? > 0. Thus
B(AB — |C]?) > 0.

Since B > 0, it follows that AB — |C|?> > 0, or |C|> < AB. This is the desired inequality.
(when does equality hold?) O

Define
C" ={(z1,...,2n) | z: € C}.

We can define an inner product on C": for a,b € C",

We can also define the norm of a € C":

1
|a| = (a,a)>.

— Exercises —

Exercise 5.4.1 ([Rud76] 1.8). Prove that no order can be defined in C that turns it into an ordered field.

Hint: —1 is a square.

Solution. By 5.13, an order < that makes C an ordered field would have to satisfy —1 = 2 > 0,
contradicting 1 > 0. O

Even though C cannot be made into an ordered field, the next exercise tells us that C can be made into
an ordered set.

Exercise 5.4.2 ([Rud76] 1.9, lexicographic order). Let z = a + bi, w = ¢+ di. Define an order < on C as
follows:

a<c, or
Zz<Ww <
a=cb<d.

Prove that this turns C into an ordered set. Does this ordered set have the least upper bound property?
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Solution. We show that this order turns C into an ordered set.

(i) Since the real numbers are ordered, we have a < ¢ or a = ¢ or ¢ < a. In the first case z < w; in the

third case w < z.

Now consider the second case where a = ¢. We must have b < d or b = d or d < b, which correspond

to z < w, z = w, w < z respectively.

Hence we have shown that either z < w or z = w or w < z.

(ii) We now show that if z < w and w < u, then z < u. Let u = e + fi.

Since z < w, we have either a < ¢, or a = c and b < d. Since w < u, we have either ¢ < f,or c = f

and d < g. Hence there are four possible cases:

e a<cand c< f. Then a < f and so z < u, as required.
e a<cand c= f,and d < g. Again a < f, so z < u.
e a=c,and b < dand ¢ < f. Once again a < f so z < u.

eag=candb<d,and c= fand d < g. Thena = f and b < g, so z < u.

Exercise 5.4.3 ([Rud76] 1.10, square roots in C). Let z = a + bi, w = u + iv, and

Y |w|+u 1/2 . |w|_u 1/2
- 2 ’ - 2 '

Prove that 22 = w if v > 0 and that 22 = w if v < 0. Hence prove that every complex number (with one

exception!) has two complex square roots.

Solution. We have

27b2:\w|+u7\w|7u7u7
2 2

a

and
2ab = (Jw| +u)"/*(Jw] —u)'/? = (jw> —u?)"/? = (V*)V/? = |u].
Hence if v > 0,

2% = (a® — b?) 4 2abi = u + |v]i = w;

if v <0,
72 = (a® — b*) — 2abi = u — |v|i = w.

Hence every non-zero w has two square roots £z or £z. Of course, 0 has only one square root, itself.

O

Exercise 5.4.4 ([Rud76] 1.11, C = (positive reals) - (unit circle)). If z € C, prove that there exists r > 0

and w € C with |w| =1 such that z = rw. Are w and r always uniquely determined by z?

Solution. If z =0, take r = 0 and w = 1; in this case w is not unique.

Otherwise take r = |z] and w = r7; these choices are unique, since if z = rw, we must have r = rlw| =

rw| = |z| so w = £ = £ are unique.
r el

O

Exercise 5.4.5 ([Rud76] 1.14, an identity on the unit circle). If z is a complex number such that |z| =1,

compute
11+ 22+ |1 — 2%
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Solution. Since zZ = 1, we have

LT+ zP+l—z2P=14+2)(1+2)+(1-2)(1-72)
=(1+24+Z24+22)+(1—-2-2+2%2)
=4
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5.5 Euclidean Space

For n € N, define
R™ :={(x1,...,2) | z; € R}

where x = (21,...,%,), x;’s are called the coordinates of x. The elements of R™ are called points, or

vectors.

\
Lemma 5.48. Let x = (x1,...,24), Y = (Y1,.--,Yn), @ € R. Define addition and scalar

multiplication on R" as

X+y:($1 +y17"'?$n+yn)7

ax = (axy,...,azy,).

Then R™ is a vector space over R, with zero element 0 = (0, ...,0).

- J

Proof. These two operations satisfy the commutative, associatives, and distributive laws (the proof is

trivial, in view of the analagous laws for the real numbers). O

We define the inner product of x and y by

n
X-y:= sz‘yi,
i=1

and the norm of x by

x| == vx - x.
The structure now defined (the vector space R”™ with the above inner product and norm) is called the
Euclidean n-space.

The next result summarises basic properties of the norm on R”.

Lemma 5.49. Suppose x,y,z € R", a € R. A
(1) ||x]| > 0, where equality holds if and only if x =0 (positive definiteness)
(i) |ax|| = |a|[|x]] (homogeneity)
(ii1) |x-y| < |Ix|llyll (Cauchy-Schwarz inequality)
(iv) |x+yl| < [|x]| + |yl (triangle inequality)
(v) |Ix =zl < ||x =yl + [ly — 2| (triangle inequality) )
Proof.

(i) Since the square root is non-negative, we have ||x| > 0.

[x]| =0 <= x-x=0 < Y. 2, =0 <= x; =0, since each z;> > 0. Thus x = 0.

(if) We have

n

||04x||2 = (ax) - (ax) = Z(ami)z = a? Zxﬁ = a2||x||2.

i=1

Taking square roots on both sides yields the desired result.
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(iii) By the Cauchy—Schwarz inequality (5.2), we have

2

n n n
Gy =D myi | <D || Dow” ] = IxIPllyl™
i=1 i=1 i=1

Taking square roots on both sides yields the desired result.
(iv) By (iii), we have
Ix+ylI* = (x+y) - (x+)
2 2
< [Ix[1” + 21y [l + [yl
= (Il + [y 1)

(v) This follows directly from (iv) by replacing x by x —y, and y by y — z.
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5.6 *Size of R

In this section, we answer the question: How big is R?

( Theorem 5.50. R ~ P(N). )

Proof. By Cantor-Schroder-Bernstein, it suffices to prove R < P(N) and P(N) < R.

Since R C P(Q), we have R < P(Q) (as witnessed by the inclusion map). Since Q ~ N, it follows that
P(Q) ~ P(N). Thus R < P(N).

With more work one can show P(N) < R. Sketch: Map A C N to the Dedekind cut

peEQ:(ImeN)p< Z 3=+

i€AN[n]

Informally, A is mapped to the real number ARn] 3=+ (cf. ternary representation) (this is informal
because we did not discuss convergence of infinite sums). To complete this sketch, one needs to prove
that the above function is well-defined and injective.

We conclude by Cantor-Schroder-Bernstein that R ~ P(N). In particular, R is uncountable. O

— Exercises —
Exercise 5.6.1. If A~ B, then P(A) ~ P(B).

Solution. Since A =~ B, fix a bijection f: A — B. Consider the map P(A) — P(B) defined by S — f[5];
it remains to be shown that this map is a bijection. O
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5.7 *Other Constructions of R

5.7.1 Cauchy Sequences

5.7.2 The Eudoxus Real Numbers

The Eudoxus real numbers is an interesting construction of the real numbers; unlike the Dedekind
construction, its construction proceeds directly from the integers to the real numbers, bypassing the

intermediate construction of the rational numbers.

[The Efficient Real Numbers|(http://maths.mq.edu.au/ street/EffR.pdf) - first two pages contain the
first mention of it in the mathematical literature. See bottom of page 1 and top of page 2 for hint for (iv).
[A natural construction for the real numbers](https://arxiv.org/abs/math/0301015) [The Eudoxus Real
Numbers](https://arxiv.org/abs/math/0405454) - contains details

Exercise 5.7.1. Define a relation ~ on Maps(Z, Z) as follows: f ~ g if f — g is bounded, i.e., there exists
b € N such that |f(n) — g(n)| < b for all n € Z.

(i) Prove that ~ is an equivalence relation.

(ii) We attempt to define a binary operator + on Maps(Z,Z)/~ as follows:

[fl~ +[9l~ = [f + 9]~

where + on the RHS denotes pointwise addition of functions. Prove that 4+ (on Maps(Z,Z)/ ~) is
well-defined.

(iii) Let R be the set of all f € Maps(Z,Z) such that the set {f(a +b) — f(a) — f(b) : a,b € Z} is a
bounded subset of Z. We attempt to define a binary operator x on R/~ as follows:

[fl~ xlgl~ = [Fogl~
where o denotes function composition. Prove that x is well-defined.
(iv) (Optional, hard) Prove that x (on R/~) is commutative.
Solution.

(i) Reflexivity: For any f € Maps(Z,Z), we have |f(n) — f(n)] =0 <0 for all n € Z. Hence f ~ f.
Symmetry: Suppose f ~ g. Fix b € N such that |f(n) — g(n)| <b for all n € Z. Then

lg(n) = f(n)] = [f(n) = g(n)] <b.

Hence g ~ f.
Transitivity: Suppose f ~ g and g ~ h. Fix b1, by € Nsuch that | f(n)—g(n)| < by and |g(n)—h(n)| <

bs for all n € Z. By triangle inequality,

|f(n) = h(n)| < [f(n) — g(n)| + [g(n) — h(n)| < b1 + ba.
Hence f ~ h.

(ii) Let [f]~ = [f']~ and [g]~ = [¢/]~. Then f ~ f and g ~ ¢'. Fix b1, b2 € N such that

|f(n) — f'(n)] < by, lg(n) — g’ (n)] < by for all n € Z.
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By triangle inequality,

[(f+9)(n) = (f +g) )| = f(n) = f'(n) + g(n) — g'(n)]
< |[f(n) = f'(n)] +1g(n) — g'(n)]
< by + bs.

Hence f+g~ f'+4¢',s0 [f+g]~ =[f' + ]~
(iii) We first show that fog € R for all f,g € R. Let f,g € R. Fix b1,bs € N such that
[fla+b) = fla) = f(b) <bil,  [g(a+b)—gla) —g(b)] < b forallneZ

Denote M = {f(x): —by < x < by}. Since M is finite, M is bounded by some integer m. Then

If(g(a + b)) flg(a)) — f(g(b))|
= [f(g(a+b)) = f(g(a) + g(b)) + f(g(a) + g(b)) — f(g(a)) — f(g(b))]
< |f(gla+10)) — fg(a) +g(®))| + [f(g(a) + g(b)) — f(g(a)) — f(g(b))]
< |f(g(a+0)) — f(g(a) + g(b))| + b1
= [f(gla+1b)) — f(g(a) + g(b)) — f(g(a+b) —g(a) — g(b)) + f(g(a+b) — g(a) — g(b))| + b1
< |f(g(a+10)) = f(g(a) + g(b)) — f(g(a+b) — g(a) — g(b))| + | f(g(a + D) — g(a) — g(b))| + b1
<b; +m+b.
Thus fog € R.

Now suppose [f] = [f'] and [g] = [¢/]. Since f ~ f and g ~ ¢/, fix c1, ¢ € N such that
|f(z) = f'(z)] < a, lg(x) — ¢’ (z)] < ey for all x € Z.
Since f,g € R, fix ¢s € N such that
|fla+b) = fla) = f(b)] < cs.

Denote A = {f(z) : —c2 <z < c3}. Since A is finite, A is bounded by some m € N. We have

= [f(g(=)) = f(

=[f(g(x)) = f'(9(@)) + f'(9(2)) = ['(9(z) = ¢'(2)) = f'(d'(2)) + ['(9(x) — ¢'(2))]
< |f(g(@)) = f'(g@N]+ |f (9(x)) = £'(9(z) — g'(x)) = f'(g' (@) + |f'(9(x) — g'(x))]
<c; +c3+m.

Hence fog~ f'og', so [fog] = [f o).

(i) — (iii) show that R/~ is a ring, (iv) shows that R/~ is a (complete) field.
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