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Preface

These notes present a rigorous approach for laying the foundations of mathematics
using mathematical logic and set theory. There are many books on mathematical
logic and/or set theory. However, the usual approach in the study of logic is to use
some basic (and sometimes advanced) notions of set theory. For example, a formula
is usually defined as a finite sequence of symbols, with some specific properties. This
requires the notions of function and natural numbers. Likewise, to start the study
of set theory one needs some elementary tools of logic. For example, one needs to
know the concept of formula in order to express some of the axioms of set theory.

In these notes, our aim is to develop mathematical logic without using set theory
or natural numbers, and then to employ the developed logic to study elementary
set theory. Of course, we cannot build a large portion of logic without the tools of
other branches of mathematics; nevertheless, we can build a sufficient amount to
be able to develop set theory. The basic idea for building logic without referring
to sets is to treat formulas as primitive notions, and to accept their elementary
properties as axioms. Hence, intuitively, we start from the notion of finite strings
of symbols, and their manipulation, rather than the notion of set. This idea is not
new, but to the best of author’s knowledge, it has not been rigorously implemented
in a text.

In the process of carrying out the above idea, we have been careful to avoid
using complicated combinatorial properties of finite strings of symbols. So, only
those properties of formulas which are more or less obvious have been postulated as
axioms. Fortunately, it was possible to develop a sufficient portion of logic despite
this restriction.

The notes are organized as follows. In Chapter 1 we construct a mathemati-
cal theory of logic as described in the above lines. In Chapter 2 we use logic to
construct the Zermelo—Fraenkel axiomatic theory of sets. In Chapter 3 we use the
standard approach to study relations and functions using sets. In Chapters 4-6
we construct natural numbers, integers, and rational, real, and complex numbers.
The constructions in these chapters are standard. We also included some material
about the combinatorics of finite sets and finite sequences, and algebraic structures
like rings and fields. In Chapter 7, we examine the axiom of choice, and use it to
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study countable sets. Finally, there are two appendices on factorization in integral
domains, and decimal expansion of real numbers.

The intended audience of these notes are undergraduate students, or early grad-
uate students, that have a reasonable amount of mathematical maturity. However,
the first two chapters are intended to be also suitable for mathematicians interested
in the subject. The more technical and advanced remarks in these two chapters
can be safely ignored by students.

These notes, as you can see, are a work in progress. All suggestions, comments,
and corrections are most welcome.



Chapter 1
Logic

Our goal in this chapter is to build mathematical logic without any reference to set
theory, or any other mathematical theory. We want to start from scratch, and we
want to avoid any presumptions. So, part of our work is to make our assumptions
clear, and to state them precisely. We should mention that in this chapter, any use
of the words “set, number, sequence, ...” refers to the ordinary meaning of them,
not to their meaning as mathematical objects.

We communicate through speaking and writing. We cannot build any theory of
logic without using these tools, since we need to somehow communicate our ideas
with each other, even with ourselves. So when we talk about starting from scratch,
we do not mean that we will not use anything at all; although that would have
been preferable, if it was possible. The meta-language is the language in which
we are communicating, which in our case is English. It can be any other language
too, like French, Persian, or Japanese. But as we said, we cannot create our theory
without a meta-language, or some other way of communication.

However, we do not want to use the meta-language for stating results in our
theory of logic, or later in our development of mathematics. There are several
reasons for this. For example, our meta-language, which is an ordinary language
spoken by people, is not precise enough. Another problem with ordinary languages
is that they allow self-referencing. A famous example of this phenomena is the
following sentence

"This sentence is false."

If the above sentence is true then it must be false, and vice versa!

Therefore we need to create a language for stating our logical and mathematical
results, which has absolute precision, and does not allow self-referencing. This is
our first step in this chapter. When we consider this language in contrast to the
meta-language, we just call it the language. The next step after the construction
of the language, is to develop our rules of logic. First we have to accept some basic



CHAPTER 1. LOGIC 2

rules as axioms, i.e. we have to accept them without any justification. This is the
common approach in mathematics; and it is essentially unavoidable. Because if we
want to deduce every statement from other statements, then we have to continue
this process indefinitely; and this is not feasible. But it should be noted that
although we do not logically justify the axioms from other valid statements, we
have strong intuitive reasons regarding our choice of axioms.

A similar situation occurs when we define new notions. We cannot define every
notion in terms of simpler notions; because then we have to continue this defining
process indefinitely. So we have to work with some notions which do not have
a definition. These notions are called primitive notions. But we still need to
have some intuition about these undefined primitive notions, in order to be able to
study them and other notions defined in terms of them. The axioms provide such
intuitions. So in a sense, we can consider the axioms as the defining properties of
the primitive notions.

After we constructed the language, and postulated our logical axioms, we need
to deduce some properties from the axioms. But there are two problems here.
Either we have not fully developed our logic yet; or we simply cannot apply it,
because we want to avoid self-referencing, i.e. applying the logic to itself. However,
we still need to be able to argue, so that we can transmit the fact that our choices
are sound; and may be more importantly, to persuade ourselves that our choices are
sound! In order to do that, we use argumentation in the meta-language. Note that
we are actually doing this in this very paragraph! When we use reasoning in the
meta-language, we are in fact using some rules of logic, or at least some elementary
forms of them. We refer to these rules as meta-logic.

Note that the rules of the meta-logic are not different than the rules of the logic
that we are going to construct. The difference lies at the level that we are applying
them. So in some sense, we are using logic to construct logic! Although this is true,
the situation is not as bad as it seems. Firstly, because we will only use very basic
rules at the level of meta-logic (for more on this topic, see the discussion at the
beginning of Section . Secondly, we can accept everything that we will prove
about logic using meta-logic as true axioms. And we can consider those reasonings
in meta-logic merely as convincing rationale for our choice of axioms. This is in fact
one of the ways that mathematicians chose and continue to choose a set of axioms
for a theory. They use tools outside the theory to convince themselves, and others,
that those sets of axioms are appropriate. They often rely on their intuitions in
this process; and as we will see, the reasonings in the meta-logic provide valuable
intuitions for us. However, after we developed our logic, we must stop using the
meta-logic completely.



CHAPTER 1. LOGIC 3

1.1 Formulas

Let us start by constructing the language. This language is called the language of
set theory. It is powerful enough to express all of mathematics. We will use it first
to construct set theory. The language of set theory is an example of the so-called
formal languages. There are many other formal languages; and their study is
a major part of mathematical logic. But their proper study requires tools of set
theory and other parts of mathematics. This is also true about the language of set
theory itself. So we need to develop set theory before studying formal languages.
However, we do not need to understand every aspect of the language of set theory,
when we use it to construct set theory. Hence, we will not prove many results about
the language of set theory at this point. We mainly develop it enough so that we
can express our rules of logic, and then be able to construct our theory of sets.

Later, when we study formal languages, we can treat the language that we are
going to construct now as a mid-level meta-language, i.e. a language between the
ordinary language that we speak, and the formal language that we want to study.
This way, we also avoid any circular reasoning, when we further study the formal
language of set theory. Thus we will have two distinct copies of the language of set
theory; one that we construct in this chapter, and another one which is a specific
instance of formal languages. Although, we informally know that the two copies of
the language of set theory are essentially the same.

Now, any language has an alphabet, i.e. a collection of letters. These are the
symbols that we write on paper in order to communicate through that language.
We do not define the alphabet though; we simply treat it as a primitive notion.

Primitive Notion 1.1. The letters are abstract notions that we represent by
symbols on paper. We assume that we are able to recognize the letters from their
symbols, and we can distinguish between them through their symbols. We refer
to the collection of all letters as the alphabet. In the language of set theory, the
letters are of the following types:

(i) Variables: a,b,c,...,x,y,2,a0,b0,--,Y0,20, A1y, 21,02, ...

(ii) Logical symbols: A, V,—, <>, =, LV, 3

(iii) Special symbols: =, €

(iv) Parentheses: (,)
Remark. Note that the numbers used as an index in the variables are just symbols,
and do not have any specific mathematical meaning at this point.
Remark. We tacitly assume that we have infinitely many distinct variables. Al-

though in practice we will only use finitely many of them.

Primitive Notion 1.2. A formula is a primitive notion, which intuitively, is a
finite sequence of letters that have some specific structure. These structures will
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be discussed in the next axiom. We represent formulas by writing the symbols
of their letters successively. We assume that we are able to recognize formulas
from their representations, and we can distinguish between them through their
representations.

Before proceeding any further, let us mention an important process in meta-
language, and also in mathematics. We are talking about the process of naming
objects, and assigning notations to them. For example the symbol “x” is a name,
or a notation, for the variable x in our alphabet. Later we will see that the variable
x itself can be a name for a set in our universe of sets! We will also use names
for formulas. For example we will see that Vz(x = z) is a formula in our language
of set theory. We can call and denote this formula by ¢. This process of naming
formulas, and other objects, has many advantages. For example it makes it easier
to talk about and refer to complicated formulas. Another important benefit is that
we can use a name as a placeholder for many, or all, formulas; and state a general
property about them. We will see many instances of this in the rest of the chapter.

Sometimes we assign a new notation to an object that already has a notation, in
order to make it easier to read and comprehend the text. For example in arithmetic
we write n? to denote the number n-n-n-n. This type of notation is called abbre-
viated notation. There are many different ways of abbreviation in mathematics,
and it is not feasible to try to formalize them. However, they usually do not create
any confusion. Whenever the need arises, we will use abbreviated notations in these
notes too.

Axiom 1.1.
(i) L is a formula.
(ii) For every variables like x,y the following are formulas

r=vy, T ey.

Note that x,y can also be the same variable.
(iii) If ¢ is a formula then
—(¢)

is also a formula.
(iv) Let ¢, be two formulas, that are not necessarily distinct. Then the following
are also formulas

(v) If ¢ is a formula and x is a variable, then the following are also formulas

va(e),  Fx(e).
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Remark. We assume that every formula is constructed after several applications
of the above rules, and there is no other way to construct a formula. But in order
to make this precise we need some basic mathematical tools; so we do not do this
here. However, we will not state any other axiom about construction of formulas;
so if something is not constructed in the above ways, it cannot be shown that it is
a formula in the language of set theory.

Hence, every formula is built in the above ways by starting from 1, or formulas
of the form x = y and x € y, for some variables x,y. For this reason, 1 and
formulas of the form x = y and x € y are called atomic formulas.

Remark. The above axiom is actually an axiom schema. This means that it is
actually an infinite collection of axioms. For example in part (i), ,y can be any
variables; so for example a = b, u = ¢1, 22 € 29, ... are all formulas. Thus we
actually have an axiom for every pair of variables. Also in the other parts of the
axiom, ¢, can be any formulas. So we actually have an axiom for every pair of
formulas.

Notation. When there is no risk of confusion, we will usually omit some of the
parentheses in the notation introduced in the above axiom. For example we may
write

g, ONY, PV, o=, oY, Vre, dro.

When we drop some of the parentheses, some different formulas may look like
the same. For example if we drop the parentheses in (¢)A(y) — 7) and (pAY) — (7),
we will get ¢ Ay — 7. In order to avoid the confusions that arise in this way we
will follow the following order of precedence. We assume that =, € bind stronger
than —, and — binds stronger than V, 3, and V, 3 bind stronger than A, V, and A,V
bind stronger than —, <>. So by our convention, ¢ A ¢ — 7 means (¢ A p) — (7).
As another example, consider

Ve—pANax €z (YVT— Jyo),

which is an abbreviation of the following formula

(V=) A (2 € 2)) & (¥ V1) = (By(0))-

In practice, we usually keep some of the parentheses to make reading the expression
easier.

Let us mention that at this point, we merely consider formulas as sequences of
symbols, and we do not assign any meaning to them. In other words, we are only
concerned with the syntax of the language, i.e. the formal rules of constructing
well-formed expressions, aka formulas. Later when we develop set theory, we can
assign meanings and provide interpretations for the formulas, i.e. we can study
the semantics of the language. However, it is illuminating to informally introduce
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some of the notions related to the semantics earlier. An important notion related
to semantics is the notion of truth. We will not discuss this notion at length now;
instead, we will use our intuitive understanding that a statement can be true or
false, depending on whether its interpretation really happens or not. This also
applies to the statements in the meta-language.

Next consider the logical symbols. The symbols L, =, A, V, —, <+ are called log-
ical connectives. The symbol 1 is called falsum or absurdum, and represents a
false formula. It is included in the language mainly because it is more convenient to
have a special notation for a formula which is always false. The symbol = is called
negation. Let ¢ be a formula. Then —¢ means ‘not ¢”. The formula —¢ is true
when ¢ is false, and it is false when ¢ is true. The symbol A is called conjunction.
For two formulas ¢, 1, the formula ¢ A ¢ means “¢ and ¢”. It is only true when
both ¢, are true. The symbol V is called disjunction. For two formulas ¢, ¥, the
formula ¢ V 1) means “¢ or ¥”. It is only true when at least one of ¢, v is true; and
it is false when both ¢, are false. Note that unlike some uses of the word “or” in
ordinary language, the “or” in mathematical logic is inclusive. In other words, the
truth of ¢ V ¢ does not mean that exactly one of ¢, is true.

The symbol — is called implication or conditional. For two formulas ¢, ),
the formula ¢ — 1 means “if ¢ then ¢”. In the conditional formula ¢ — v, the
formula ¢ is called the antecedent, and the formula 1 is called the consequent.
The formula ¢ — 1 is only false when ¢ is true and v is false. In particular, when
both ¢, are false, then ¢ — v is true. Note that unlike the usual use of “if ...
then ...” in ordinary language, the truth of ¢ — ¢ does not mean that there is a
causal relationship between ¢, . It merely means that if ¢ is true then % is true.
Hence when ¢ is false, we cannot deduce anything about the truth of %, i.e. ¥
can be true or false. To distinguish between the two concepts of implication and
causal relationship, — is also called material implication. The symbol < is called
biconditional. For two formulas ¢, ), the formula ¢ <> 1) means “¢ if and only if
Y7 i.e. “if ¢ then ¢, and if ¥ then ¢”. It is only true when ¢, are both true, or
both false. Intuitively, ¢ <> 9 is true when both ¢ — 9 and ¢ — ¢ are true. We
will prove this fact later.

The following table summarizes the above information. It is called the truth
table. Here T and F are abbreviations for true and false respectively. Note that at
this moment, the truth table is just a tool to represent the informal meanings of
logical connectives.

(919 ]

|

¢ |
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The symbols V,3 are called quantifiers. The symbol V is called universal
quantifier. Let ¢ be a formula. Suppose ¢ states some property about the variable
z. To emphasize this we will write ¢(x). Then Vz¢(z) means that “for every z,
¢(x) holds”. Instead of “for every” we can also use “for all” or “for each”. The
formula Yx¢(x) is only true when ¢(z) is true for every choice of z. The symbol 3
is called existential quantifier. The formula Jz¢(z) means that “there exists =
such that ¢(z) holds”. It is only true if ¢(z) is true for at least one choice of z. An
important concept regarding the quantifiers is their domain of discourse, which
is also referred to as the universe. This is the collection of all objects = that we
have to consider in order to examine the truth of Vax¢ or dx¢. In the language of
set theory, the domain of discourse is always the universe of all sets. But in meta-
language, the domain of discourse can vary for different sentences. For example,
we can express properties about all formulas; or we can have statements about all
rules of logic.

Finally, consider the special symbols =, €. The symbol € denotes the set mem-
bership relation. So z € y means that “x is an element of y”, or equivalently “y
contains x”. The symbol = denotes equality. So x = y means that “z is equal to
y”. There is an important point here that should be noted. We have two notions of
equality: one at the level of language, and one at the level of meta-language. When
we say “x and y are equal” in the meta-language, we mean that x,y denote the
same letter. But when we say “x = 3’ in the language, we mean that x,y denote
the same set.

Notation. Instead of —(z € y) we usually write z ¢ y. This means that “z does not
belong to y”. Also, instead of —(x = y) we usually write & # y; which means that
“x,y are not equal”. Finally, instead of —_L we usually write T; which represents a
formula that is always true.

Remark. Let us emphasize again that the above semantic interpretations for the
formulas of the language are all informal at this point. However, when we use
connectives or quantifiers in meta-language, we assume that they have the above
interpretations. In particular, our use of “or” is always inclusive; and our use of “if
... then ...” always indicates a material implication.

Remark. Another point that we wish to emphasize again is that a formula which
is syntactically well-formed does not need to be true from a semantic viewpoint. In
other words, there are formulas which are false. For example there might not be a
set x such that x € z, nevertheless, the formula x € x is syntactically well-formed.

Remark. The converse of the conditional formula ¢ — % is the formula ¥ — ¢,
and the inverse of ¢ — v is the formula —¢ — —¢. If ¢ — @ is true, then its
converse and inverse are not necessarily true, nor necessarily false. The contra-
positive of ¢ — 1) is the formula =) — —¢p. We will see that the contrapositive of
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a conditional formula is equivalent to it, i.e. the contrapositive is true if and only
if the original formula is true.

Example 1.1. Let ¢ be a formula. Consider the formula ¢ A —¢. Note that
semantically, this formula is always false. Because if ¢ is true then —¢ is false, and
hence ¢ A ¢ is false. And if ¢ is false then ¢ A —¢ is false. For any formula like ¢,
we call ¢ A =¢ a contradiction. We also consider L as a contradiction.

As another example consider ¢V —¢. We can similarly see that from a semantic
viewpoint, this formula is always true.

1.2 Rules of Inference

Primitive Notion 1.3. The primitive notion of entailment is a relation between

several formulas ¢1, ¢, ..., ¢, and another formula 1. This relation is denoted by
¢17¢27"‘7¢TL F ¢
The symbol F is called turnstile. The formulas ¢1, ¢o, ..., ¢, are called premises,

and the formula v is called conclusion. Intuitively, the above relation means that
¢1 and ¢2 and ... and ¢, together logically imply ?. An entailment is allowed to
have no premises; so we can have

- .

In this case we say that v is a theorem.

As we have done above, we represent an entailment by writing the represen-
tations of its formulas successively, and we separate the conclusion by a turnstile
from the premises, and we separate the premises by “,”. We assume that we are
able to recognize entailments from their representations, and we can distinguish
between them through their representations. We also assume that we can recognize
the formulas in an entailment from the representation of that entailment, and we

can also figure out whether a given formula is a premise or the conclusion.

Remark. Let us emphasize again that the numbers which appear as indices in the
names of formulas are just symbols, and do not have any specific mathematical
meaning at this point.

Let us provide an informal semantic interpretation for the entailment relation.
The entailment ¢1, ¢o, ..., ¢, F 1 means that if ¢1, @9, ..., ¢, are all true, then
must also be true. It does not mean that i is necessarily true, because some of
the ¢1, do, ..., ¢, might not be true. But if we have F ¢, then ¢ must be true. In
other words, theorems are true statements.
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Notation. To simplify the notation, we will use capital Greek letters to denote
several formulas. For example if we denote ¢1, ¢o, ..., ¢, by I', then we can write

'y

to denote ¢1, @2, ..., ¢, - 1. In this notation, we allow I' to be empty too; so I' - 1)
may also denote F .

The process of showing that an entailment such as I' F 1 exists, is called
deduction. In order to perform deductions, we need some rules to know when
an entailment exists. These rules are called rules of inference. They are the
rules of logic that we use to prove theorems. We will express them in the next few
axioms.

Axiom 1.2. Suppose I'; A, Ag, A1, Ay denote collections of several formulas, which
can be empty too. Let v be a formula. Then we have

(i)

Y.
(ii) IfT'F 4 then
T, Ak .
(i) If T, A, A+ 4 then
T,AF .

(iv) If Ao, T, A1, Ay Ao = 1) then
AOa A7A17F7A2 = ¢

(v) IfT'E ¢ and A, ¢ = then
T,AF .

The above rules are called structural rules. They do not refer to any logical
connective or quantifier; rather, they depend on the structure of the entailments
themselves. The first rule is self-evident; it states that any formula implies itself.
The second rule is called weakening. It means that if ¢ can be deduced from
a collection of formulas I', then v can also be deduced from a larger collection of
formulas ', A. In other words, the entailment can be weakened by adding extra
formulas to the premises. The third rule is called contraction. It means that rep-
etition of formulas in the premises is superfluous, and extra occurrences of repeated
formulas can be eliminated. The forth rule is called exchange. It means that the
order of formulas in the premises is irrelevant.

The last rule is called the cut rule. It states that entailment is a transitive
relation. In other words, it formalizes the intuitive fact that if several formulas
imply several other formulas, and those other formulas imply another formula,
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then the initial formulas also imply the last formula. Although we have stated the
axiom in a way that there is only one formula in the middle, we can deduce the
more general versions from this axiom. For example if I' F ¢1 and I' F ¢9, then
A, ¢1, P2 1 implies that I'; A F 1. To see this note that by using the cut rule we
get I', A, ¢1 F 9. Notice that here we considered A, ¢; in place of A. Now if we use
the cut rule again we obtain I',I'; A F 9. Notice that here we considered I'; A in
place of A. Finally by using the contraction and exchange rules we get I', A I 1), as
desired. We can similarly extend the cut rule to the case of three or more formulas
in the middle. But if we want to prove a general cut rule with an arbitrary number
of formulas in the middle, we need mathematical induction. However, we usually
do not have more than a few formulas in the middle; so we do not need the general
version here.

Remark. A special case of the cut rule is when A is empty. In this case we have: If
'+ ¢ and ¢ - 1, then I' 4. This special case makes the transitivity of entailment
more apparent.

Axiom 1.3 (Rules of inference for logical connectives). Suppose I' denotes a col-
lection of several formulas, which can be empty too. Let ¢,v, T be formulas. Then
we have

(i) Introduction of A :
QP ONY.
(ii) Elimination of A :
PANYE 9, and PNY .
(iii) Introduction of — :
If T,6F¢  then Tk ¢— b
(iv) Elimination of —, or Modus ponens :
o=, o,
(v) Introduction of V :
o PV, and YoV
(vi) Elimination of V, or Proof by cases :
If o7 and T,wFT1 then ,ovy b
(vii) Introduction of < :

If T,pFv and T, ¢  then Tk < b
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(viii) Elimination of < :
¢, o, and ¢V, P E o
(ix) Introduction of — :
If T.6F 1  then TF—o.

(x) Elimination of = :
¢, L.
(xi) Reductio ad absurdum (RAA) :

If T,~¢F L1  then TF ¢

Remark. Note that the axioms that we state about entailment are all axiom
schemas. For example in the above axiom, ¢, can be any formulas. Similarly,
I' can be any collection of formulas. In other words, as we said before, for every
formulas ¢, 1, and every collection of formulas I', we have an axiom as above.

The process of deduction is purely syntactic, i.e. it is a set of rules which
tell us how to derive a formula from several other formulas, by looking only at
their structure as sequences of symbols. However, when we consider the informal
semantic interpretations for the formulas, we will see that the rules of inference
are compatible with our intuitive understanding of the notion of reasoning. This
is actually the reason that we choose them as rules of inference. For example we
know that the truth of ¢ A ¢ is equivalent to the truth of both ¢ and . Hence,
the truth of ¢ and 1 implies the truth of ¢ A, i.e. ¢ A1) is derivable from ¢ and
v. This is exactly the rule of introduction of A. Similarly, the truth of ¢ and ¥
follows from the truth of ¢ A, i.e. ¢ A1 implies both ¢ and . And this is the rule
of elimination of A. The other rules also mirror our intuitive understanding of the
logical connectives, and they can be justified similarly. Note that justification here
means a heuristic argument which motivates the choice of some rule as an axiom,
not a rigorous proof of the axiom!

Let us inspect the rules more closely. First consider the introduction of —.
It says that if we can deduce v from ¢ and some other hypotheses I', then we
can infer from I' alone that ¢ — . In other words, I' implies that “¢ implies
1)”. This is in agreement with our intuitive understandings of implication “—” and
entailment “". Next consider elimination of —. It is also called modus ponens,
which literally means “mood that affirms”. It says that if ¢ — ¥ is true, and ¢ is
true, then 1 must also be true. Note that this is in agreement with our intuition
regarding material implication; we can even say that this is exactly the meaning of
a conditional statement. The introduction and elimination of <+ can be interpreted
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similarly. Note that they both reflect the fact that ¢ <+ 1 is regarded as “¢ — v
and ¢ — ¢".

The introduction of V has a simple meaning. It says that if one of the ¢ or v is
true then ¢ V4 is true. Note that this rule implies that V is the inclusive “or”. The
elimination of V says that if we can deduce 7 by assuming ¢, and we can deduce
7 by assuming v, then we can also deduce 7 by assuming “either ¢ or 9", i.e. we
can deduce 7 by assuming ¢ V . This rule is also called proof by cases, because
it says that if ¢ or 1 is true, and we can show that 7 is true in the case that ¢ is
true, and we can also show that 7 is true in the case that ¢ is true, then we have
showed that 7 is true.

Finally consider the rules concerning —. The introduction of = says that if the
assumption of ¢ leads to a contradiction, then ¢ must be false, which means —¢
must be true. And, the elimination of — says that ¢, ¢ lead to a contradiction. The
reductio ad absurdum (RAA), which literally means “reduction to absurdity”, is
a special rule among the above rules. It says that if the assumption of “not ¢” leads
to a contradiction, then ¢ must be true. Intuitively, this rule presuppose that every
formula is either true or false. So if “not ¢” is false then ¢ must be true. However,
this fact does not follow from the other axioms. In fact we will prove it using the
RAA.

In addition, we should mention that although RAA and introduction of — look
similar, they are different rules. To see this note that if we apply the introduction
of = to the premises of RAA, then we obtain =—¢. And from a syntactic viewpoint,
there is no reason that the formula =—¢ must imply ¢. In fact it can be shown that
the other axioms do not imply that ¢ follows from ——¢. Thus we have to prove
this fact using RAA.

Remark. The application of the rules [- and RAA in a deduction is also known
as proof by contradiction.

Example 1.2. Let us demonstrate a simple application of the rules of inference.
We know that ¢, ¢ F 1 A ¢, due to the introduction of A. Now we can use the
exchange rule to switch the order of 1, ¢ in the premises, and conclude that

O, PPN

A question that arises is that why do we have two notions of implication denoted
by — and F? To answer this question, first note that F is a symbol in meta-language
that we introduced; and it is not part of the language of set theory. Whereas — is
a symbol in the language of set theory. So the two notions lie at different levels.

Another distinction is that - denotes a process of deduction, but — is just a
syntactic symbol which we use to construct formulas, and a priori it does not have
a meaning. In other words, ¢ — 1 is a formula that says “if ¢ then v”, which might
be true or false. But ¢ F 1 means that we can deduce ¢ from ¢ in a process of
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deduction. However, as we will see below, the two notions are closely related for
conditional formulas which are true.

We know that if I';¢ F ¢ then I' - ¢ — 4, due to the introduction of —. In
other words, we can say that “entailment” implies “implication”. Let us show that
the converse also holds, i.e. if I' - ¢ — % then I',¢ F v. The reason is that by
elimination of — we know that ¢ — ¥, ¢ F 1. Hence by the exchange rule we get
¢, ® — Y 1. Now we get the desired by the cut rule. Therefore we have shown
that

Lok if and only if I'ko¢— .

In particular we have
oY if and only if Fo— .

Informally, this equivalence means that in order to show that ¢ — % is true, it
suffices to deduce v by assuming ¢, i.e. to show that ¢ F 1. In mathematics,
conditional statements are usually proved in this way.

Remark. When F ¢ — 1, we say that ¢ is a sufficient condition for 1, because
in order for ¢ to hold it suffices that ¢ holds. We also say that ¢ is a necessary
condition for ¢, because if ¢ holds then 1) must necessarily hold too. In addition,
when F ¢ <> 1, we say that ¢ is a necessary and sufficient condition for 1, and vice
versa.

Remark. Suppose we know that - ¢, i.e. ¢ is a theorem. Also, suppose we want
to show that I" - ¢). Then it suffices to show that I', ¢ - 1. Because by the cut
rule, from F ¢ and I', ¢ F b we can conclude that I" F ¢. This argument shows that
we may use theorems in the premises of entailments to deduce other formulas, and
then we can discard those theorems.

Notation. For simplicity, we will denote the introduction and elimination rules by
the letters “I” and “E” followed by the respective connectives. For example we will
denote the introduction of — by I—, and the elimination of V by EV.

Example 1.3. For every formula like ¢ we have ¢, =¢ = L by E—. Hence by RAA
we get

oo

Thus we can prove the above structural rule from the inference rules for connectives.
However, it seems more natural to treat the above rule as an axiom. As another
example note that we also have

Fo— o
Because we know that ¢ - ¢. Thus by I— we get - ¢ — ¢, as desired.
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Example 1.4. By EA we know that ¢ A =¢ F ¢ and ¢ A =¢ - =¢. On the other
hand, by E— we have ¢, ~¢ - L. Hence by the cut rule we get

dA-pF L.

More generally, suppose I' - ¢ and I' = =¢. Then by the cut rule and E— we obtain
'k L.

In our first theorem, we present a few additional rules of inference. Note that
here the meaning of “theorem” is different than its meaning in the Primitive Notion
Here, “theorem” is a statement in the meta-language which states a valid
fact about logic; in contrast, “theorem” in Primitive Notion [1.3] is a formula in
the language which states a true fact about sets. A better term for theorems in
the meta-language could be “meta-theorem”, but for simplicity we will keep calling
them theorems.

Another important point is that the theorems that we state about entailment
are also schemas, similar to the axioms. For example in the following theorem,
¢,, 7,0 can be any formulas. Similarly, I' can be any collection of formulas. In
other words, as we said before, for every formulas ¢, 1, 7,0, and every collection of
formulas I', we have a theorem as below.

Remark. We will usually try to cite every rule that we use inside a proof, but for
simplicity, sometimes we will not mention our uses of structural rules, especially
the exchange rule.

Theorem 1.1. Suppose I' denotes a collection of several formulas, which can be
empty too. Let ¢,v, 7,0 be formulas. Then we have

(i) Ex falso quodlibet (EFQ) :
PN =P, and L.

(ii) Law of excluded middle :

FoV o
(iii) Law of non-contradiction :
F (¢ A ), and FT.
(iv) Modus tollens :
¢ =, b F =g

(v) Hypothetical syllogism. :

o=, Y —>T1THEO—T.
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(vi) Disjunctive syllogism, or Modus tollendo ponens :

¢V, o, and ¢V, ~p o

(vil) Modus ponendo tollens :

(@A), o b, and (@A), Y+ o
(viii) Constructive dilemma :
If ToF7 and T,y Fo then I'ovyErVo.
(ix) Destructive dilemma :

If TVoF7 and T,¢¥Fo then I —-7V-oo bk —¢V 1.

(x)
If T, —=¢  then T F —¢.

(i) We know that 1 = L. Hence by the weakening rule we get L, =) = L.
Now by RAA we obtain L 1, as desired. In addition we know that ¢ A =¢ - L.
Therefore by the cut rule we also get ¢ A ¢ - .

(ii) By IV we have ¢ F ¢ V =¢. We also know that =(¢ V —¢) F —(¢ V =¢). So
by the weakening rule we get =(¢V —¢),d = ¢V ¢, and =(¢pV =), d = (¢ V —¢).
Hence by the cut rule and E— we obtain

_'(¢ \ _'¢)a ¢) =L

Thus by 1= we get =(¢ V =¢) = —¢. Now by IV and the cut rule we obtain
(¢ V —¢) F ¢V —¢. Therefore by the cut rule and E— we get

—(¢V-9)F L.

Hence by RAA we get - ¢V —¢, as desired.

(iii) We know that ¢ A ¢ F L. Hence by I- we get = —(¢ A —¢), as desired.
Similarly, we know that L = 1. So by I= we get - =L, which is the same as saying
FT.

(iv) By E— and the weakening rule we have ¢ — v, ¢, =) F 1p. We also know
that ¢ — ¥, ¢, =1 = ). Thus by the exchange and cut rules, and E—, we get
¢ — Y, ), ¢ F L. Hence by I= we obtain ¢ — 1, = - —¢, as desired.

(v) By E— we have ¢ — 1, ¢ F ¢, and v» — 7,9 F 7. Hence by the cut and
exchange rules we have ¢ — ¥,19 — 7,¢ F 7. Thus by [— we get ¢ — ¥, — 7F
¢ — T, as desired.

(vi) By E— we have ¢, —¢ F L, and by EFQ rule we have L 4. Hence by
the cut rule we get ¢, —¢ F . Also, by the weakening rule we have ¢, =¢ F 1.
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Therefore by EV and exchange rule we get ¢ V 1, =¢ - 1, as desired. The other
case can be proved similarly.

(vii) By the weakening rule and IA we have =(¢ A ), ¢, F ¢ A ). We also
know that =(¢ A ), ¢, F =(p A1p). Thus by the cut rule and E— we get

~(oNY), 0k L.

Hence by I= we obtain —(¢ A 9), ¢ = —1); and by exchange rule and I we obtain
—(¢ A1), ¥ F —¢p, as desired.

(viii) By IV we have I';¢ - 7+ 7V o, and I', ¢ - o = 7 V 0. Hence by the cut
rule and EV we get ', o VY F7Vo.

(ix) By the weakening and exchange rules we have I',—7,¢ - 7. We also
know that I',—7,¢ F —7. Hence by the cut rule and E— we get I',-7,¢ + L.
Thus by I- we obtain I',=7 F —¢. Therefore by IV and the cut rule we get
I, =7 F =¢ V. Similarly we can show that I', - - —¢ V —¢). Thus by EV we get
I',—=7V -0t —¢V ), as desired.

(x) The assumption is that I', ¢ = —¢. We also know that I', ¢ = ¢. Thus by the
cut rule and E— we get I', ¢ = L. Hence by I= we obtain I' - —¢, as desired. |

The rule ex falso quodlibet (EFQ), which literally means “from falsehood any-
thing (follows)”, states that a contradiction like ¢ A—¢, or L, can imply any formula
like 7. The law of excluded middle states that for every formula like ¢, either ¢
or —¢ must be true. Hence, a formula is either true or false. And the law of non-
contradiction states that a contradiction like ¢ A —¢, or 1, cannot be true. In other
words, a formula cannot be both true and false.

The rule modus tollens, which literally means “mood that denies”, informally
says that if ¢ implies 1, and 1) is false, then ¢ must be false too. It is closely related
to the law of contraposition, which is stated in Theorem The hypothetical
syllogism says that implication is transitive. The word syllogism is the name of
inference rules in Aristotelean logic. Finally, let us mention that modus tollendo
ponens literally means “mood that affirms by denying”, and modus ponendo tollens
literally means “mood that denies by affirming”.

The last part of the above theorem says that if a formula implies its negation,
then that formula must be false, i.e. its negation must be true. We can similarly
show that if the negation of a formula implies the formula, then the negation must
be false, i.e. the formula must be true. In other words:

If T,~¢Fé¢ then TF o

This rule is known as consequentia mirabilis, which literally means “admirable con-
sequence”’. The proof of this fact is similar to the above, but we have to use RAA
instead of [-. We can also prove it by using the last part of the above theorem and
the double negation law.
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Example 1.5. Let ¢,y be formulas. Then we have
If F-o¢ then Fo— .

This confirms our intuitive understanding of material implication, namely, the fact
that ¢ — 1 is true when ¢ is false. To prove it, note that by weakening rule we
have ¢ F —¢. We also know that ¢ F ¢. Hence by E— and the cut rule we get
¢ L. Thus by EFQ rule we obtain ¢ A =¢ = 1. Therefore by the cut rule we get
¢ 1. Hence by [— we have - ¢ — 1, as desired. It is also easy to show that

If F¢  then Foé— .

In other words, ¢ — ¥ is true when % is true. Because by the weakening rule we
have ¢ - 1. Hence by I— we obtain - ¢ — 1, as desired.

1.3 Equivalent Formulas

Definition 1.1. We say two formulas ¢, are equivalent if ¢ - and ¢ - ¢. In
this case we write

=1

Remark. An important point to keep in mind is that the “if” in definitions actually
means “if and only if”. Thus the above definition actually says “¢, ¢ are equivalent
if and only if ¢ v and ¥ F ¢”. But the tradition in mathematics is to use “if” in
definitions instead, and we will adhere to this convention in these notes.

Remark. Note that by the introduction of <+, if ¢ = 1) then we have

- ¢ < 1.

Thus from a semantic viewpoint, equivalent formulas are either both true, or both
false.

Theorem 1.2. Suppose ¢, v, T are formulas, and ¢ = 1. Let I' denote a collection
of several formulas, which can be empty too. Then the entailment I', ¢ & 7 holds if
and only if the entailment I';v¢ = 7 holds.

To see this, suppose I', ¢ = 7 holds. Then since ¢ - 1, the cut rule implies
that ¢,I' - 7 holds too. Hence by the exchange rule we get I', ¢ F 7, as desired.
The converse can be proved similarly. [ |

Remark. The above theorem means that we can replace a formula in the premises
of an entailment by an equivalent formula, and the new entailment is equivalent to
the original one.
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Notation. Sometimes we may write I' - ¢ - 1) to denote “I" - ¢ and ¢ - ¢/”. Note
that due to the cut rule if I' - ¢ - ¢ then I' - ¢ too. In addition, we may write
¢ = = 7 to denote “¢ = 1 and Y = 7. Note that by the next theorem we can
also conclude that ¢ = 7. Both of these abbreviated notations can be used for more
than three formulas.

Theorem 1.3. Suppose ¢,, T are formulas. Then we have
(i) Reflexivity : ¢ = ¢.
(i1) Symmetry : If ¢ =1 then ip = ¢.
(i) Transitivity : If =1 and ¢ = 7, then ¢ = 7.

(i) This is a trivial consequence of the fact that ¢ F ¢.
(ii) If ¢ = 9 then by definition we have “¢ F 1 and ¢ F ¢”. However this

the same as saying “¢ F ¢ and ¢ F ¢”. Therefore we get ¢ = ¢ as desired.
Note that here we are using the fact that the connective “and” in meta-language is
commutative, i.e. the order of the phrases which are connected by “and” does not
affect the truth of the compound statement.

(iii) If ¢ = ¢ and ¥ = 7, then by definition we have ¢ - ¥ and 9 F ¢, and
¥ F 7 and 7 F 4. In other words we have ¢ - ¢ 7 and 7 + ¢ F ¢. Hence by
the cut rule we obtain ¢ = 7 and 7+ ¢. Thus ¢ = 7 as desired. Note that we feel
free to use our hypotheses in any order we want. In other words, we are using the
exchange rule at the level of meta-logic. |

Theorem 1.4. Suppose ¢, 1, 7,0 are formulas. Also suppose ¢ = and T = 0.
Then we have

(i) = 0.

(i) pAT =0 No.
ii PYVo.

(i) We know that ¢ - ¢ and ¢ - ¢. We have to show that —¢ - —)
and = - —¢. Note that =¢ - —¢. Thus by the weakening and exchange rules we

have —¢, 9 + ¢ and —¢, 1y F =¢. Therefore by E— and cut rule we have —¢, ¢ - L.
Hence by I- we get ~¢ = —). Similarly we can show that - - —¢.

(ii) By EA we have AT HE ¢ F 4 and ¢ AT 7F 0. On the other hand, by IA
we have ¢,0 F ¢ A 0. Hence by the cut rule we have ¢ A 7 F ¢ A 0. Similarly we
can show that Yy Ao = ¢ A1. Thus ¢ A7 =1 Ao, as desired.

(iii) By IV we have ¢ - ¢ ¢ Vo and 7 F o F ¢V o. Hence by EV we have
¢V T FYVo. Similarly we can show Vo F ¢V 7, and conclude the desired result.

(iv) By E— we have ¢ — 7,¢ - 7 F 0. Hence by Theorem we also have
¢ — 1,9 F o, since ¢ = . Thus by = we get ¢ — 7+ ¢ — o. Similarly we can
show that ¢ - o ¢ — 7.
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(v) By E<»> we have ¢ <> 7,0 - 7F o and ¢ <> 7,7 F ¢ I 9. Hence by Theorem
[1.2] we also have ¢ <> 7,9 - ¢ and ¢ <> 7,0 b 1), because ¢ = 1) and 7 = 0. Thus
by I+ we get ¢ <> 7 ¢ <> 0. Similarly we can show that ) <> ot ¢ <> 7. |

Suppose a formula is composed of several other formulas. Then the above
theorem enables us to replace some of the components by equivalent formulas to
obtain a formula equivalent to the original compound formula. We will not prove
the general case of this fact here, but let us demonstrate it by an example. Suppose
¢ =1 and 7 = 0. Consider the following formula

(@A @1) = (P2 — TV ¢3).

We claim that it is equivalent to (¢ A ¢1) — (¢2 — o V ¢3). To see this note that
any formula is equivalent to itself. Therefore by the above theorem we have

GNP =Y NP1, TV @3 =0V ps.

Now if we apply the theorem again we obtain ¢9 — TV ¢3 = ¢ — o V ¢3, and
therefore we get

(PNP1) = (P2 =TV 3) = (Y Ad1) = (92 > TV ¢3),
as desired.

Theorem 1.5. Suppose ¢,y, 7 are formulas. If ¢ = ¢ = 7 F ¢ then we have
p=y=rT.

Remark. This theorem provides a shortcut for proving that three formulas are
equivalent with each other. It says that instead of proving that each formula is
deduced from each of the other formulas, we can just show that we have a cycle
of entailments. This is how such equivalences are usually proved in mathematics.
Similarly we can show that the analogous statements are true for more than three
formulas.

We know that 1 - 7 = ¢, so by the cut rule we have 1 - ¢. On the other
hand we know that ¢ F ¢. Hence we get ¢ = 1. Similarly we know that ¢ - 7. We
also know that 7 - ¢ F 1. Thus by the cut rule we get 7 - 1. Therefore we have
1 = 7 too. Note that the equivalence ¢ = 7 is not formally part of the statement
¢ =1 = 7, but as we said before, it follows from the transitivity of =. |

Theorem 1.6. Suppose ¢, 9,7 are formulas. Then we have

(i) Commutativity :

dANY =Y N @, and OVY =YV .
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(ii) Associativity :
(PAVYANT=N(WDAT), and (pVY)VT=0V (Y VT).
(iii) Distributivity :
TV(pAY)=(TVP)A(TVY), and TA(PVY)=(TAP)V (T AY).
(iv) Idempotency :
OND =0, and OV P = 0.
(v) Absorption :
PA(PVY) =9, and PV (PAY) = 9.

(vi) De Morgan’s laws :

(P A) ==V, and (¢ Vp) =—dp A .

(vii) Double negation law :

viii) Law of material implication :
(viii)
¢—=9P =9V
(ix) Law of contraposition :

(x) Negation of a conditional :
(¢ =)= oA
(xi)

PP =(0=>Y)A (Y —9),
Vo P=0o =00

(xii)

ON—p=_1, and oV —-p=T.
(xiii)

ONT = ¢, and oV L =¢o,

oVT =T, and oNL=1.

(xiv)
—|¢ = ¢ — L.
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(i) By EA we have ¢ A9 1) and ¢ Atp - ¢. On the other hand by IA we
have ¢, ¢ F ¥ A ¢. Hence by the cut rule we get ¢ A = ¢ A ¢. Similarly we can

show that ¥ A ¢ = ¢ A .

Next, by IV we have ¢ -1V ¢ and ¢ - ¢V ¢. Hence by EV we get ¢V =9V .
Similarly we can show that ¥ V ¢ = ¢ V 9.

(ii) By EA we have

(OAP)ATEGAYEG,  (OAP)ATEGAYEY,

and (¢ A1) A7 F 7. Thus by the cut rule and IA we get (¢ AY) AT E ¢ AT, and
therefore (pAY)AT = A (PYAT). Similarly we can show that ¢A(YAT) E (@AY)AT.
Next, by IV we have ¢ - ¢ V (¢ V 7), and

YEYVTEOV(YVT), THEYVTEOV(YVT).

Thus by EV we get ¢ Voo + ¢V (¢ V 1), and therefore (¢ V)V T ¢V (¢ V).
Similarly we can show that ¢ V (¢ V1) F (¢ V) V 7.

(iii) By EA and IV we have o A9 = ¢ 7V ¢, and ¢ Ap - 1p - 7V 1h. Hence by
the cut rule and IA we get @ A = (7 V @) A (7 V). Now by IV we have 7 = 7V ¢,
and 7 F 7V . Hence by the cut rule and IA we get 7+ (7V @) A (7 V). Therefore
by EV we get

TV(OAY)E(TV ) A(T V).

On the other hand, by IA and IV we have ¢, = ¢ A = 7V (¢ A2). Also,
by the weakening rule and IV we have ¢, 7 = 7V (¢ A ¢). Hence by EV we get
O, TV TV (p A1), If we use the exchange rule we get 7V ¢, ¢ = 7V (6 AY).
Now by the weakening rule and IV we also have 7 V ¢, 7 b 7V (¢ A 9). Therefore
by EV we obtain 7V ¢, 7V ¢ F 7V (¢ A). Thus by EA and the cut rule we get

(TVO)A(TVP)ETV(dAD).

Next, by EA and IV we have TAp ooV, and TAY F Y V. Also,
by EA we have T A ¢ - 7, and 7 A ¢ = 7. Hence by the cut rule and IA we get
TAPETA(OVY),and T A7 A (V). Thus by EV we obtain

(TAG)V(TAD)ETA(GVY).

Conversely, by IA and IV we have 1,0 F 7A@ F (TAP) V(T AY), and 7,0 - T AP
(T AN@)V (T AN). Hence by EV we get 7,0 Vo = (1 A @)V (T A). Therefore by
EA and the cut rule we obtain

TA(OV ) (T APV (T AY).

(iv) By IA we know that ¢,¢ F ¢ A ¢. Thus by the contraction rule we get
¢ ¢ A ¢p. On the other hand, by EA we have ¢ A ¢ F ¢.
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Next, by IV we have ¢ - ¢ V ¢. Conversely, we know that ¢ - ¢. If we use this
entailment twice, and apply EV, we get ¢ V ¢ F ¢.

(v) We know that ¢ F ¢. Also by IV we have ¢ F ¢ V0. Thus by the cut rule
and IA we get ¢ = ¢ A (¢ V 1). Conversely, by EA we have ¢ A (¢ V) F ¢.

Next, by IV we have ¢ F ¢V (¢ A ). On the other hand, we know that ¢ - ¢.
Also by EA we have ¢ A = ¢. Hence by EV we get ¢ V (¢ A ) F ¢.

(vi) By the weakening rule and EA we have —¢, ¢ A ¢ = ¢. We also have
—¢, ¢ AN F —¢. Hence by the cut rule and E— we get —¢,p Ay = L. Thus by I-
we obtain —¢ F =(¢ A 4). Similarly we have = = —(¢ A ¢). Therefore by EV we
get,

gVt E () A D).

On the other hand, by the weakening rule and IV we have =(=¢V—1)), =¢ = =V ).
Thus by the cut rule and E— we get

—(m¢ V), ok L.

Hence by RAA we get =(=¢V =) F ¢. Similarly we obtain =(—¢V =) I 1. Thus
by the cut rule and IA we get —(—¢ V =) F ¢ A 1. Therefore by the weakening
and cut rules, and E—, we obtain

(@A), ~(=¢ V=) L

Hence by RAA we get = (¢ A ) F —¢ V 1, as desired.

Next, by the weakening rule and IV we have —=(¢ V ¥),¢ F ¢ V . Hence by
the cut rule and E— we get =(¢ V ¥),¢ = L. Thus by 1= we get =(¢ V ¢) F —¢.
Similarly we obtain —(¢ V 1) I —i)p. Therefore by the cut rule and IA we get

—(@VY)E =g A

Conversely, by the weakening rule and EA we have =¢ A =), ¢ - —¢. Hence by the
cut rule and E— we get =¢ A -, ¢ - L. Thus by [- we get

¢ (=g A—p).
Similarly we obtain 1) = —(—=¢ A —1)). Therefore by EV we get ¢ V¢ F —(=¢ A —1).

Hence by the weakening and cut rules, and E—, we obtain

PN, oV Y L

Thus by - we get =¢p A —p = —(¢ V ), as desired.

(vii) By E- we have ¢,—¢ - L. Hence by I- we get ¢ - =—=¢. On the other
hand, by the exchange rule and E— we have =—¢,—¢ - 1. Thus by RAA we get
——¢ - ¢, as desired.
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(viii) By the weakening rule we have ¢,1 = 1. Also, by E- and the EFQ
rule (stated in Theorem we have ¢,7¢ - L F ¢. Hence by EV we obtain
¢,—¢ V1 . Thus by the exchange rule and I— we get =¢p Vi - ¢ — 1.

Conversely, by E— and IV we have ¢ — ¥,¢ F ¢ - =¢ VvV . Also, by the
weakening rule and IV we have ¢ — ¢, —¢ F ¢ = =¢ V ). Hence by EV we get
¢ — Y, oV ¢ —¢p VY. But we know that - ¢ V —¢; so in particular we have
¢ — Y F @V ¢, due to the weakening rule. Thus by the cut and contraction rules
we get ¢ — 1Y F —¢ V 1h, as desired.

(ix) By modus tollens (stated in Theorem we have ¢ — ¥, =) = =¢. Thus
by I— we get

¢ — Y — .

Conversely, note that if we repeat the above argument, and replace ¢, ¢ by —¢, =
respectively, we obtain =¢ — —¢ + == — ——¢. However, we have shown that
——¢ = ¢ and = = 1. Hence by Theorem we have == — = = ¢ — ¢.
In particular we have ==t — =—=¢ F ¢ — ¢. Thus by the cut rule we get —¢ —
—p 1 — ¢, as desired.

(x) We have shown that ¢ — ¥ = —¢ V. Thus by Theorem and De
Morgan’s law we have =(¢ — ¥) = —~(=¢ V1)) = =—¢p A —1)p. However, we also know
that =—¢ = ¢. Therefore by using Theorem [I.4again we obtain =—¢pA—1) = pA—).
Hence by the transitivity of = we get —(¢ — 1) = ¢ A =1, as desired.

(xi) By the weakening rule and E— we have ¢ — 9,9 — ¢,¢ F 9, and
¢ — Y, — ¢, F ¢. Thus by I+ we get ¢ — ¥, — ¢ - ¢ <> . Hence by EA

and the cut rule we obtain

(= D)ANW = @) b <.

Conversely, by FE<> we have ¢ < ¢, ¢ - 9, and ¢ <> ¥, F ¢. Thus by [— we get
Yo — Y, and ¢ < Y F 1y — ¢. Therefore by the cut rule and IA we obtain

P (o)A (Y — ).

Next, consider ¥ <+ ¢. By the above argument and the commutativity of A we
have

Yo o=W 20N @29 =2 AY =) =09

The desired result follows from transitivity of =. Finally consider =¢ <+ —). By
the above argument, law of contraposition, and Theorem [T.4] we have

¢ & ) = (2¢ = ) A (Y = 9)
=W =2o)N(p—=d)=¢ o d=0¢ e

And again the desired result follows from transitivity of =.
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(xii) By the EFQ rule (stated in Theorem we know that a contradiction
implies any formula. So we have ¢ A—¢ F L and L F ¢ A —¢.

Next, note that by the law of excluded middle and the law of non-contradiction
we respectively have F ¢ V —¢ and  T. Hence by the weakening rule we get
TH¢V-¢pand ¢V ¢ T, as desired.

(xiii) By EA and IV we respectively obtain

OANTFE o, THeVT.

Conversely, by the law of non-contradiction we have - T. Thus by the weakening
rule we get
OVTHET,

and ¢ = T. We also know that ¢ F ¢. Therefore by the cut rule and IA we get
oFONT.
Next, note that by IV and EA we respectively obtain

oFoV L, oNLE L.
On the other hand, by the EFQ rule (stated in Theorem we know that

LFoAL,
and L F ¢. We also know that ¢ - ¢. Therefore by EV we get ¢V L - ¢ as desired.
(xiv) We have ¢ — L =-¢V L =-¢. [

Remark. Consider the formula (¢ A ¢) A 7. We know that it is equivalent to
O A (Y AT). Sometimes we abuse the notation, and denote these equivalent formulas
simply by ¢ A ¢ A 7. Similarly, we may write ¢ V ¢ V 7 to denote the equivalent
formulas (¢ V¢) V7 and ¢ V (¢ V 7). The associativity also implies that if several
formulas are all connected by conjunction or disjunction, then the arrangement
of parentheses between them does not alter the truth of the compound formula.
In other words, all the possible arrangements of parentheses result in equivalent
formulas. So for example, ¢ V ((¢p V 7) V o) is equivalent to (¢ V ¢) V (7 V o).
We may denote these equivalent formulas by ¢ V¢ V 7V o. Similar abbreviated
notations can be used when we have more formulas. However, we do not have the
tools to state the general version of this fact precisely, and to prove it rigorously.

Remark. The equivalence ¢ — ¥ = ¢ V ¢ affirms the fact that ¢ — 1 is only
false if ¢ is true and 1 is false. Note that although the truth value of the material
implication is not completely evident, we deduced the above equivalence from the
inference rules which are intuitively more obvious. So we can consider this as an
informal justification of the truth value of the material implication.

Also as we saw, the above equivalence implies that the negation of the condi-
tional formula ¢ — v is equivalent to ¢ A —). Informally, this means that if ¢ does
not imply v, then ¢ must be true while v is false.
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Remark. The application of the law of contraposition in a deduction is also known
as proof by contraposition. Namely, in order to show that ¢ — 1 is true,
sometimes it is easier to show that —1) — —¢ is true. Then we get the desired by
the law of contraposition. Informally, in this method, instead of showing that if ¢
is true then ¥ must be true too, we show that if v is false then ¢ must be false too.
Thus we can conclude that if ¢ is true then ¢ cannot be false, so ¥ must be true.

Remark. The equivalence ¢ < ¢ = (¢ — ¥) A (¢ — ¢) confirms our initial
intuition about biconditional statements. It also implies that if we have - ¢ < v
then by the cut rule and EA we also have - ¢ — v and F ¢ — ¢. But as we saw
before, this means that ¢ F ¢ and ¥ - ¢. Hence ¢ = ). We have seen that the
converse of this fact holds too. Therefore we get

o= if and only if F o< .

Thus, we could have also used the above as the definition of the equivalence of two
formulas.

Remark. In the law of material implication, we have seen that we can express —
in terms of V,—. More generally, it is possible to express each connective in terms
of the other connectives. To see this, we just need to replace ¢, by —¢, - in
some parts of the above theorem, and use the double negation law and Theorem

[1.4] to conclude

PN ==(20V ) =(¢ = ),
PVY =2(9AN) =2¢ 5 Y =Y =9,
¢—=Y =(pAT) =6V

We have also seen that we can express — in terms of —, L.

Also note that the above equivalences for ¢ V 1 give us useful tools for proving
it. Namely, as explained in the following example, in order to prove ¢ V1 we assume
that one of ¢, is false, and then we show that the other one must be true.

Example 1.6. Suppose I' denotes a collection of several formulas, which can be
empty too. Let ¢, be formulas. Then we have

If I',-pkFy then 'FovVva.

Because by I— we have I' - ¢ — . Hence by the law of material implication we
get I' = ==¢ V 7). Finally, by the double negation law and Theorem [I.4] we obtain
I'F ¢V, as desired.

Theorem 1.7. Suppose ¢,, T are formulas. Then we have
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(i)
@A) 2T=¢= (W =2T)=0 = (¢—=7)

T (PAY)=(T =2 Q) A (T = ).
(@Ve) =1=(@=>T)A Y =)

T—=(pVY)= (1= @) V(T = ).

(i) By IA and E— we know that ¢, ¢ F ¢ A and gAY — T,¢ A F 7.
Thus by the cut and exchange rules we get ¢ A — 7,¢,9 = 7. Now by applying

[— twice we obtain ¢ Ay — 7,¢ F 9 — 7, and therefore
OGN —=>THEO—= (Y —T).

Conversely, by applying E— twice we get ¢ — (¥ — 7),¢ - ¢ — 7, and ¢ —
7,9 b 7. Thus by the cut and exchange rules we get ¢ — (¢ — 7),¢,9% F 7. Now
by the cut rule and EA we obtain ¢ — (¢» — 7),¢ A F 7. Hence by I— we get

db—=>W—=>1)FPANY =T

Finally note that by the above argument, commutativity of A, and Theorem [T.4] we
have

Vo (d=>T)=EVNd=3T=0N D > T7=0— (Y — 7).

The desired result follows from transitivity of =.
(ii) By the law of material implication, distributivity of V over A, and Theorem
[L.4] we have

T=(PAY)=-TV(OAY)=(-TV ) A (T V)= (T = @) A (T = ).

(iii) By the law of material implication, De Morgan’s law, distributivity of V
over A, and Theorem [T.4] we have

(PVY) = T==(pVY)VT=(pA) VT
= (o VT)A(YVT)=(p—=T)A (Y — 7).

(iv) By the law of material implication; idempotency, commutativity, and as-
sociativity of V; and Theorem [I.4] we have

T (VYY) =TV (pVY) = (-7 V1) V(P V)
=7V (- 7V(pVY) =TV (=T V) V)
=(-7V((TVe))VYp=((-TV)V-T)VY
=(-7VQ)V (T VY)= (T = ) A(T = ). |
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1.4 Variables and their Substitution

Primitive Notion 1.4. A variable can be a variable in a formula. This relation
between variables and formulas is a primitive notion. But informally it means that
the variable has appeared in the formula. There are two kinds of variables in a
formula, namely bound variables and free variables. These are also primitive
notions. We will provide their intuitive meanings after the next axiom.

Notation. Suppose ¢ is a formula, and 1, ..., x, are its free variables. Then to
denote this, we write

d(x1, ... x).
Note that x1,...,x, are not necessarily all the free variables of ¢. We just want

to emphasize that they are among the free variables of ¢. For example we can just
write ¢(z1) to state that z; is a free variable in ¢.

Remark. Note that in the above notation, ¢ can be any formula. Also, z1,...,z,
are just a notation for several variables, and any other collection of variables can
be used in their place.

Axiom 1.4.
(i) L has no free or bound variables.
(ii) For every variable like x, the free variable of the formulas

x =z, T E T,

is x. Also for every distinct variables like x,y, the free variables of the for-
mulas
r=1{, T ey,

are x,y. These formulas do not have any bound variables.

(iii) Let ¢ be a formula. Then the free and bound variables of —(¢) are the free
and bound variables of ¢ respectively.

(iv) Let ¢, be two formulas, that are not necessarily distinct. Consider the fol-
lowing formulas

A wvariable is a free variable of any of the above formulas if and only if it is a
free variable of ¢ or a free variable of 1. In other words, the collection of free
variables of any of the above formulas is the union of the collection of free
variables of ¢ and the collection of free variables of 1. Similarly, a variable
is a bound variable of any of the above formulas if and only if it is a bound
variable of ¢ or a bound variable of 1.
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(v) Let ¢ be a formula, and let x be a variable. Consider the following formulas

va(e),  3x(9).

A wvariable is a free variable of any of the above formulas if and only if it is a
free variable of ¢, and it is not x. Also, a variable is a bound variable of any
of the above formulas if and only if it is x, or it is a bound variable of ¢.

Remark. The above axiom provides sufficient tools for finding the free and bound
variables of every formula. We cannot prove this fact rigorously now, but informally
it should be evident, since there is a rule for finding the free and bound variables
corresponding to every rule for constructing a formula. Therefore in practice we
can always find the free and bound variables of any formula we encounter.

Intuitively, a variable like = is a bound variable in a formula if and only if V&
and/or Jx appear somewhere in the formula. All other variables which appear in
the formula are free. Note that a variable can be both free and bound in the same
formula. For example, x is both free and bound in the following formulas:

(@ ey A(Ve(x=2)),  (Czrey)) = (@ =y).

This undesired phenomenon results from the fact that we do not impose any condi-
tion on two formulas like ¢, v, when we combine them to construct other formulas
like ¢ V 9. It is possible to exclude such expressions from being formulas, but it is
easier to allow them to be formulas at this stage, and later develop some rules to
deal with them.

Remark. We can rewrite the above formulas as follows:

ey A(Vz(z=2)),  (Bzzcy) = (~(z=y))

Intuitively, these formulas have the same meaning as the previous ones. Also,
no variable is both free and bound in them. We can always change the bound
occurrences of a variable in a formula to produce another formula, as we did above,
so that no variable is both free and bound in the new formula. We will not define this
process rigorously, since we do not use it. Also, we do not have the mathematical
tools to prove the above fact in general here. But we can easily check that it is true
in every formula we encounter.

Another point to mention is that a variable can be the bound variable of several
quantifiers in a formula. For example y in the formula

Voedy(z € y) VVVy(z €y = 2 # y)

is of this type. A related notion to this phenomenon is the notion of the scope of
a quantifier in a formula. We will not try to define this notion precisely here, and
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we do not need its precise definition now. But informally it indicates the part of
the formula over which the quantifier has effect. For example in the above formula,
the scope of Vz is Vy(z € y — z # y), and the scope of Jy is z € y. More explicitly,
when we use a formula like ¢ to construct another formula like Va¢, then ¢ is
the scope of Vx. But if we use the formula Va¢ to construct another formula like
Vx¢p — 1 A Jx7. Then the scope of Va does not change, and is still ¢.

Example 1.7. Consider the formula
JaVy(z =y s ye2)A (e =a+ zev)VVzIz(z # 2z — 2 #2)).

The free variables of this formula are z, x,a,v, and its bound variables are x,y, z.
The scope of Yy is ¢ = y — y € z, and the scope of Vz is Jz(z # 2z — z # x).
There are two occurrences of dz in the formula. The scope of the first dz is
Yy(z =y — y € z), and the scope of the second Iz is © # z — z # x.

Remark. In the above formula x occurs as a bound variable once in the scope of
the first 4z, and again in the scope of the second Jz. In addition,  occurs as a
free variable in x = a and x € v. We will not try to make the notions of free and
bound occurrences precise, but the above example should be sufficient to convey
their meanings. Similarly, we have several occurrences of 3z. We will not try to
give an exact meaning to this either. Mainly because we do not need, and will not
use, the exact meaning of these notions. An informal and intuitive understanding
of them is sufficient for our purposes.

Finally let us mention some other anomalies that can happen when we add
quantifiers to a formula. We do not require x to be a free variable in ¢, or even
a variable in ¢, when we construct V¢ or Jz¢. Thus for example Ja(z = y) is a
well-formed formula, even though Ja is superfluous here. Even worse is the case
that a variable is bounded successively by two quantifiers, like Vz(3z(z = y)).

Remark. As another example consider
Ve(z # 2z A Jz(z =y)).

Here x is bounded by two quantifiers successively, but unlike the previous example
the outer quantifier is not superfluous here. The usual interpretation of these kinds
of formulas is to change the inner = to another bound variable. So for example, we
can rewrite the above formula as follows:

Ve(z # 2z A Ju(u = y)).

We will not need the apparatus to deal with these kinds of formulas, so we will not
introduce it rigorously here.
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Although the above formulas are problematic, and sometimes meaningless, they
do not create much problem for us, and we can deal with them by introducing some
simple rules later. So, similarly to most texts, we will not exclude them from being
formulas.

Primitive Notion 1.5. The notion of substitution of free occurrences of a vari-
able in a formula (if any) by another variable is a primitive notion. Intuitively, it
means that if x is a free variable in a formula ¢, and y is a variable which is not
bound in ¢, then we replace every free occurrence of x in the written representation
of ¢ by y, and we obtain a new formula which we denote by

oly/x].

Note that x need not be a free variable in ¢; and in this case we intuitively know
that ¢[y/z] is the same formula as ¢. Also note that x,y can be the same variable.

Remark. Note that y can be a free variable in ¢ before substitution. But y cannot
be a bound variable in ¢. Also note that if z is a variable which is both free and
bound in ¢, then when we substitute it with ¢, we only substitute the occurrences
of x as a free variable, and we do not change the bound occurrences of z.

Remark. The reason that we do not allow y to be a bound variable in ¢ is that
otherwise the truth of ¢ can change after substitution. For example consider

Jy(z #y).

This formula says that there is a set y different than x, which is a true statement
in the standard universe of sets. However if we replace = by y we get Jy(y # vy).
Now this new formula says that there is a set y that is not equal to itself, which is
obviously a false statement.

Axiom 1.5. Suppose ¢ is a formula, and x is a variable which is not a free variable
in ¢. Lety be a variable which is not bound in ¢. Then ¢[y/z] is the same formula

as ¢.
Remark. As a consequence, | does not change under substitution of variables,
since L has no free variables.

Axiom 1.6. Suppose ¢ is a formula, x is a variable, and y is a variable which is
not bound in ¢. Then ¢ly/z| is a formula whose bound variables are exactly the
bound variables of ¢. Also, if x is a free variable of ¢, then a variable is a free
variable of ¢[y/x] if and only if it is a free variable of ¢ other than x, or it is y.

Remark. Note that if z is not a free variable of ¢, then ¢[y/z] is the same formula
as ¢. Hence, in this case, a variable is a free variable of ¢[y/x] if and only if it is a
free variable of ¢. Thus in particular, z is not a free variable of ¢[y/z] either. This
observation, and the above axiom, imply that x is never a free variable in ¢[y/z],
regardless of whether x is a free variable in ¢ or not.



CHAPTER 1. LOGIC 31

Notation. Suppose ¢(z) is a formula that has x as a free variable, and y is a
variable which is not bound in ¢. Then we sometimes denote ¢[y/x] simply by
¢(y). Note that this usage of the notation ¢(-) is compatible with the previous one,
since in this case, y is a free variable in ¢[y/x].

Axiom 1.7. Suppose ¢ is a formula, and x is a variable which is not a bound
variable of ¢. Also suppose that y is a variable which is not a free or bound variable
of ¢. Let us denote ¢[y/x] by 1. Then we have

(i) @[z/z] is the same formula as ¢.

(ii) ¥[x/y] is the same formula as ¢.

Remark. Note that we are allowed to substitute x for y in v, since x is not bound
in 7). Because the bound variables of v are the same as ¢, and we assumed that x
is not bound in ¢. For the same reason, we are allowed to substitute x for = in ¢.

Remark. The above axiom says that if we substitute a variable, and then substitute
that variable back, we arrive at the original formula. It also says that if we substitute
a variable with itself, the formula does not change. These facts are intuitively
obvious, but we do not have the mathematical tools to prove them, so we accept
them as axioms.

Remark. Note that if y is allowed to be a free variable in ¢, then ¥[z/y| and ¢
will be different; because y is not a free variable in ¢[x/y], while it is a free variable

in ¢.

Axiom 1.8. Suppose ¢, are formulas, x, z are variables, and y is a variable which
18 not bound in ¢,.

(i) If ¢ is one of the formulas x = x or x € x, then ¢[y/x] is respectively

Y=y, or yey.

Also if ¢ is one of the formulas x = z or x € z, where x, z are distinct, then

oly/x] is respectively
y =z, or  yez

Note that in this case y,z can also be the same variable. Similarly, if ¢ is
one of the formulas z = x or z € x, where z,z are distinct, then ¢ly/z| is
respectively
z =1, or z €Y.
Also, in this case y, z can be the same variable too.
(i1) The formula (—¢)[y/z] is
~(¢ly/=]).
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(iii) The following formulas

(@nDly/zl, oV d)ly/al, (6= d)ly/xl, (¢« P)ly/l,

are respectively

@ly/=]) A (@ly/=)),  (oly/=]) v (Dly/x]),
(@ly/z]) = Wly/a]),  (dly/x]) < (Dly/z]).

(iv) If z is a variable different from x,y, then the formulas

(Vzo)[y /=], (Fz0)[y /=],

are respectively

Va(¢ly/al),  F=(0ly/z]).

Remark. Note that by the above axiom and Axiom we can perform the sub-
stitution on any atomic formula. Because L does not change under substitution as
it does not have any variable. In addition, any atomic formula of the form w = z
or w € z is either considered in the above axiom (if one or both of w, z is the same
as x), or it does not contain x as a free variable (if w, z are different from x), in
which case the formula does not change under substitution by Axiom

Remark. Note that in the last part of the above axiom, if we had Vy¢ or Jy¢,
then we could not substitute y for x, because by Axiom y is a bound variable
in these formulas. In addition, if we had Vx¢ or Jz¢, then x is not a free variable
in these formulas; therefore, by Axiom these formulas do not change under the
substitution for x.

Remark. Note that by Axiom if y is not a bound variable in ¢, ), then it is
not a bound variable in the following formulas

“QS, ¢A¢a ¢V¢, ¢ - sz)v (b A ¢a Vng, E|Z¢

Therefore, in the above axiom, the requirements for substitution are satisfied.

Remark. The above axiom and Axiom provide sufficient tools to find ¢[y/x]
for every ¢ which has the necessary properties. We cannot prove this fact rigorously
now, but informally it should be evident, since there is a rule for constructing ¢y /]
corresponding to every rule for constructing a formula. Therefore in practice we
can always find ¢[y/z]| for any formula ¢ that we encounter.

Example 1.8. Suppose ¢ is the formula

VaVu(z €eanNuez—uecc)A\Vylycex —3z(z €aNy€ z)) < Va(a = a).
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Then ¢[c/a] is
VaVu(z €chu ez —uece) A\Vylyex — Jz(z € cAy € 2)) <> Va(a = a).

Note that the bound occurrence of a in Va(a = a) does not change. Also note
that ¢ is a free variable in ¢ before substitution, but this does not prevent us from
substituting it for a.

1.5 Rules of Inference for Quantifiers

Let us recall that we write ¢(z) to emphasize that x is a free variable in the formula
¢. Also, if y is not a bound variable in ¢, then we write ¢(y) as a shorthand notation
for ¢[y/x]. Note that this usage of the notation ¢(-) is compatible with the previous
one, since in this case, y is a free variable in ¢[y/z]. In addition, remember that
when z is not a free variable in ¢, then ¢[y/z| is the same formula as ¢.

Axiom 1.9 (Rules of inference for quantifiers). Suppose I' denotes a collection of
several formulas, which can be empty too. Let ¢, be formulas, and let x,y be
variables. Then we have

(i) Introduction of ¥, or Universal generalization :

Suppose x is not a free variable in any of the formulas in T.

Then we have : If T'F ¢ then ' Vzo.
(ii) Elimination of ¥, or Universal instantiation :

Vg = ¢,
and if y is not a bound variable in ¢,

then we also have :  Vx¢ & ¢ly/x].

(iii) Introduction of 3, or Existential generalization :

¢+ dxp,

and if y is not a bound variable in ¢,

then we also have :  ¢ly/x] F Jzp.
(iv) Elimination of 3 :

Suppose x is not a free variable in 1, nor in any of the formulas in T.

Then we have :  If T,¢F then I',dzop - 9.
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Remark. Note that we do not require = to be a free variable in ¢, although this
is the case that we are actually interested in. The reason is that we need the more
general version of the axiom in order to be able to show that Vz, 3z are redundant
in Yz, Iz, when z is not a free variable in ¢. See Theorem [I.9

Notation. We will use shorthand notations for the inference rules, as we did in
the last section. For example, the introduction of V will be denoted by 1V, and the
elimination of 3 will be denoted by Ed.

Let us inspect the above rules more closely. Let us only consider the meaningful
case where x is a free variable in ¢. The IV, or universal generalization, says
that if we can deduce ¢(z), then we can also deduce Vz¢(z). In other words, if
¢(x) is true for an arbitrary x, then ¢(z) is true for every x, i.e. Vro(z) is true.
This is how universal statements are usually proved in mathematics; we prove the
statement for an arbitrary object, and then conclude that the statement must hold
for every object. Intuitively, the reason is that when we prove the statement without
assuming anything specific about the object, then the same reasoning can work for
any other object, hence the statement is true for every object.

Note that the important part of the above reasoning is that we do not assume
anything specific about the object. To incorporate this into the rule IV, we supposed
that = is not a free variable in any of the formulas in I'. In other words, we supposed
that we are not stating anything specific about x in the premises. Furthermore,
from a formal syntactic viewpoint, if we had allowed x to be a free variable in some
of the premises, then we could come to conclusions which are obviously false. For
example from the formula = € y, which says that the set y contains some set x, we
could deduce Vx(x € y), which says that y contains every set!

Remark. Note that in particular, we cannot deduce Vax¢(x) from ¢(z), when z is
a free variable in ¢.

The EV, or universal instantiation, says that if Vr¢(x) is true, i.e. if ¢(x) is
true for every x, then in particular ¢(y) is true. Similarly, the 13, or ezistential
generalization, says that if ¢(y) is true for some y, then Jx¢(x) is true. The only
restriction is that y cannot be bound in ¢, so that we can substitute y for x in ¢. A
question that arises is that why did we also include ¢[y/x] in these rules, in addition
to ¢(x)? The above intuitive explanations of the rules suggest that allowing ¢[y/x]
is semantically preferable, but there are also some technical reasons behind this
choice. First, these rules allow us to prove results about substitution of variables
in formulas.

The second reason is that sometimes we need to only quantify over some oc-
currences of a variable, not all of them. For example from y = y we can deduce
Jz(x = y). Because we can consider y = y as x = y, in which we substituted y
for z. But if we stated the rules only for ¢(x), then from y = y we could only
deduce that Jy(y = y). Note that although both conclusions are true, they are
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stating different facts. Another point that should be noted is that we can consider
¢ as a special case of ¢[y/z], namely we can consider ¢ as ¢[x/x]. Intuitively, it is
obvious that if we substitute x with x, the formula ¢ does not change. However, if
we want to treat this fact rigorously using the Axiom we have to assume that
x is not bound in ¢, which is an unnecessary restriction. Although we can avoid
this restriction by stating more axioms about substitution of variables, we prefer to
avoid these complications altogether. Therefore we separated the case of ¢ in the
rules EV and I4.

Remark. An important assumption implicit in the rule I3 is that we are tacitly
assuming that at least one set exists. Because otherwise we could not deduce that
“there is a set = such that ¢(x) holds”, i.e. we could not deduce Jzx¢p(x).

Finally, let us consider E3. It says that if we can deduce v from ¢(z), then we
can also deduce v from Jx¢(x). In other words, if we can deduce that ¢ holds by
knowing that a particular set like x satisfies ¢, then we can also deduce that v holds
simply by knowing that there is a set that satisfies ¢, i.e. by knowing that Jz¢(z).
Intuitively, in order for this argument to be valid, we cannot assume anything
specific about x. Also, we cannot deduce anything specific about z. Therefore we
require that x does not appear as a free variable in the conclusion ), nor in any of
the formulas in the premises I'. Hence in deducing ¢, the only property of x that
we used is that it satisfies ¢. Thus, just knowing that some set satisfies ¢ must be
sufficient to deduce .

In addition, from a formal syntactic viewpoint, if we had allowed = to be a
free variable in some of the premises, or in the conclusion, then we could obtain
false results. For example we have x € y - = € y. Hence we could deduce that
Jz(x € y) F o € y. Thus by IV we could get Jz(x € y) F Vz(z € y), since z is not
a free variable in Jz(x € y). Therefore from the fact that the set y contains some
set z, we could deduce that y contains every set! As another example consider the
entailment y = x,x = z F y = 2z, which reflects the transitivity of equality. If
we were allowed to apply E3 here, we could deduce that y = z,3zx(z = 2) b y =
z. Then by exchange rule, and a valid application of Ed, we could deduce that
Jz(y = x),3x(x = z) - y = z. But this entailment is obviously false, because just
by knowing that there is a set equal to y, and there is a set equal to z, we certainly
cannot deduce that y, z are the same set!

Remark. An inference rule related to EJ, which we do not accept as a valid rule,
is emxistential instantiation. It says that Jz¢ - ¢[y/x|, provided that y is not a
bound variable in ¢. In other words, it says that if there is a set for which ¢
holds, then ¢ holds for some set y. This rule is closely related to the process of
naming; a name, y, is given to the set for which ¢ holds. For this reason, existential
instantiation seems to be a natural rule of inference. However, if we want to accept
it as a valid rule of inference, we have to impose complicated constraints on when



CHAPTER 1. LOGIC 36

we can apply the other rules. Otherwise it leads us to wrong conclusions. For
example, existential instantiation implies that Jz(z € z) b y € z. Hence by IV we
get Jz(x € z) F Vy(y € z), which cannot be a valid entailment as we saw before.

Therefore, in order to avoid the complications caused by existential instantia-
tion, we do not include it in our valid rules of inference, and instead we use the
elimination of 3. Note that this choice does not limit us in proving theorems. Be-
cause if we want to deduce a formula 3 by assuming Jz¢, we can deduce ¥ by
assuming ¢(x), and then conclude our desired entailment by applying E3. In other
words, we can give the element which satisfies ¢ the name z, and then use x to de-
duce 9. Finally we can use E3 to conclude that ¢ can be deduced from dx¢. This is
how such proofs are usually carried out in mathematics. When in our assumptions
we have a formula which says that an object with certain properties exists, i.e. we
have a formula of the form Jx¢, we assume that some object satisfies that property,
and we use that object to prove our desired results. The part of these proofs in
which an object is picked is usually phrased like “Let = be an object such that ¢(x)
holds.”.

Thus in practice there is not much difference between EJ and existential in-
stantiation. The only difference is that in EJ we do not say that Jz¢ implies ¢(z).
Rather, we say that if we can deduce anything from ¢(z), then we can also deduce
it from dx¢. Note that if we accept existential instantiation as a valid rule, then
the last sentence can be obtained from it and the cut rule.

Example 1.9. It is easy to see that for any formula ¢ we have
Vro - dxe.

Because by EV and I3 we have Vx¢ - ¢ - Jz¢. Hence we get the desired by the
cut rule.

Theorem 1.8. Suppose ¢, are formulas, and ¢ = . Let x be a variable. Then
we have

(i) Yz = V.

(ii) Jzg = Jz1.

(i) By EV and equivalence of ¢, we have Va¢ - ¢ F 1. Thus by IV we

get V¢ F V), since x is not a free variable in the premises, i.e. in Vx¢. Similarly
we can show that Vxy - Va¢. Hence we get the desired.

(ii) By I3 and equivalence of ¢, we have ¢ F ¢ = 3xep. Thus by E3 we get
Jx¢ - Jz), since x is not a free variable in the conclusion, i.e. in Jz). Similarly
we can show that dzy - dx¢. Hence we get the desired. |

As we have seen after Theorem [1.4], if a formula is composed of several other
formulas, then we can replace some of the components by equivalent formulas to
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obtain a formula equivalent to the original compound formula. The above theorem
enables us to do this when the original compound formula also contains quantifiers.
As before, we will not prove the general case of this fact here, rather, we demonstrate
it by an example. Suppose ¢ = 1 and 7 = 0. Consider the following formula

3y(¢ V ¢1) > ((252 — JuVzr A ¢3)

We claim that it is equivalent to Jy(¢V ¢1) <> (¢p2 — FuVzo A ¢3). To see this note
that by the above theorem Vz7 = Vzo, and therefore JuVzr = JuVzo. Also note
that any formula is equivalent to itself. Therefore by Theorem [I.4] we have

OV P =YV @y, JuVzr A 3 = JuVzo A ¢s.

Now if we apply the above theorem again we obtain Jy(¢ V ¢1) = Jy(¢¥ V ¢1).
Finally, by Theorem [T.4] we obtain that ¢o — JuVzT A ¢3 = P9 — JuVzo A ¢3, and
therefore we get

Fy(pV é1) ¢ (P2 — JuVzr A ¢3) = Jy(Y V ¢1) < (P2 — JuVzo A ¢3),

as desired.

Theorem 1.9. Suppose ¢ is a formula, and x is a variable which is not a free
variable in ¢. Then we have

Vrg = ¢ = Jxo.

Remark. This theorem shows that quantifying over variables which do not occur
free is redundant.

We know that ¢ - ¢. Thus by IV we have ¢ - V@, since z is not a free
variable in the premises, i.e. in ¢. On the other hand, by EV we have Vz¢ F ¢.
Hence we have Vx¢ = ¢.

Similarly, by I3 we have ¢ - Jz¢. On the other hand since ¢ F ¢, and x is not
a free variable in the conclusion ¢, we can use EJ to obtain dx¢ - ¢. Hence we
also have ¢ = Jz¢. |

Theorem 1.10. Suppose ¢, are formulas, and x,y are variables. Then we have
—(Jxd) =V (—9).
~(V2g) = Je(~¢).

dxdyd = Jydxo.



CHAPTER 1. LOGIC 38

YaVyo = VyVeo.
dxVyo - Vydzo.

Fz(¢p V) = Jxg V Iz,

(vii)
Va(p Ap) = Vaop AVip.

(viii)
Jz(p A ) F Jxep A .

(ix)
Vzo V V) F Vo (o V).

(x) Suppose x is not a free variable in ¢, then

Jz(p A) = ¢ A Jzih.

(xi) Suppose x is not a free variable in ¢, then
V(o V) = oV V.

(i) By the weakening rule and EV we have Vz(—¢),¢ = —¢. Hence by
E- and the cut rule we have Vz(—¢),¢ - L. Note that x is not a free variable

in Vz(—¢), L due to the Axiom Now we can apply the E3 to conclude that
Va(—¢),dxp - L. Finally by I- we get

Va(—¢) F =(Jzg).

Conversely, by the weakening rule and I3 we have —(3x¢), ¢ - Jx¢. Hence by E-
and the cut rule we have =(3x¢),¢ - L. Thus by I- we get =(Jz¢) - —¢. Now
note that x is not a free variable in =(3z¢). Therefore by IV we have

—(Fze) - Va(=9),

as desired.

(ii) By the weakening rule and EV we have Va¢, ~¢ - ¢. Hence by E— and the
cut rule we have Vx¢, ¢ - L. Note that Vz¢, L do not have x as a free variable.
Hence we can apply the E3 to conclude that Vz¢,3x(—¢) F L. Finally by exchange
rule and I- we get

Jz(—¢) F ~(Vze).
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Conversely, note that by the previous part and EV we have —3z(—¢) - Va(——¢) b
——¢. But by Theorem|[L.6]we have == I- ¢. So by the cut rule we get =3z (—¢) - .
Now note that = is not a free variable in —3z(—¢). Therefore by IV we have
—3Jx(—¢) F Vxe. Hence by E- we obtain —=(Vz¢), ~3x(—¢) - L. Thus by RAA we
get,

~(¥26) F 3w(~0),

as desired.

(iii) By I3 we have ¢ F 3z¢ - JyFzd. Now note that z,y are not free variables
in dy3dz¢ due to the Axiom Hence by applying E3 twice we get Jy¢ - Jydx o,
and Jx3y¢ - Jydze. Similarly we can show that dydx¢ F JxIye.

(iv) By EV we have VaVy¢ - Vyo - ¢. Now note that x,y are not free variables
in VzVy¢ due to the Axiom Hence by applying IV twice we get VaVy¢ - Vao,
and VaVy¢ F VyVre. Similarly we can show that VyVa¢ F VaVye.

(v) By EV and I3 we have Yy¢ = ¢ - Jx¢p. Now note that z is not a free variable
in dz¢. Hence by E3 we get JaVy¢ - Jz¢. In addition, note that y is not a free
variable in d2Vy¢. Thus by IV we obtain JdxVy¢ - Vy3x¢, as desired.

(vi) By I3 and IV we have ¢ - Jx¢ F Jz¢ V Jaep. Similarly we have ¢ F Iz
Jx¢ vV Jxp. Therefore by EV we get ¢ V ¢ = Jx¢ V dxp. Now note that x is not a
free variable in Jx¢ V Jzv. Thus by E3 we obtain

Jz(p V) F Tz Vv Jx.

Conversely, by IV and 13 we have ¢ - ¢ V¢ F Jz(¢ V ). Similarly we have
Y ¢V 3x(p V). Now note that x is not a free variable in Jz(¢ V ¢). Thus
by E3 we obtain Jx¢ F Jz (¢ V ¢), and Jz¢p - Jz(p V ¢p). Hence by EV we get

Jxp V Iz F Jx(op V).

(vii) By EV and EA we have Vz(¢p A ) = ¢ A = ¢. Similarly we have
Ve(p ANY) E ¢ A E 1. Now note that z is not a free variable in Va(¢ A ¢). Thus
by IV we get V(o A) F Vag, and Vo (o A1) F Vo). Hence by the cut rule and IA

we obtain

Va(d A ) - Vap A V.

Conversely, by EA and EV we have Vzo A Vayy = Vzg = ¢. Similarly we have
Vg AVxy F Vry F p. Thus by the cut rule and IA we get Vzop A Ve = ¢ A 2.
Now note that z is not a free variable in Vz¢ A Vze). Therefore by IV we get

Yad Az - V(o Ab),

as desired.
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(viii) By EA and I3 we have ¢AY F ¢ F Jxep. Similarly we have oAy F ¢ = Tz,
Thus by the cut rule and IA we get ¢ A Y F Jdxd A Jxp. Now note that = is not a
free variable in dx¢ A Jxp. Therefore by EJ we obtain

Jz( A ) F Jxd A Janp.

(ix) By EV and IV we have Yzt = ¢ = ¢ V). Similarly we have Vxo F ¢ = V.
Thus by EV we get Vzo V Vay F ¢ V 1. Now note that = is not a free variable in
Vx¢g V V. Hence by IV we obtain

Voo V Vi B Vx(o V).

(x) By EA and 13 we have ¢ A - ¢ - Jzep. Similarly, by EA we have ¢ A F ¢.
Thus by the cut rule and IA we get ¢ Ay = ¢ A Jxp. Now note that x is not a free
variable in ¢ A dz. Therefore by EJ we obtain

Jz(é A ) F ¢ A Tz

Conversely, by IA and I3 we have ¢, 9 F ¢ A = Jx(p A). Now note that x is not
a free variable in ¢ and Jz(¢ A ¢). Thus by E3 we get ¢, Izp - Jx(é A ). Hence
by EA and the cut rule we obtain

G A Jzp E Iz(d AY).
(xi) By the previous part we have
—¢ A () = Fx(—¢ A —);
because z is not a free variable in —¢. Now by Theorem we have
=(=¢ A 3z(=)) = ~(Fx (=0 A ).
Hence by De Morgan’s law and part (i) of this theorem we get
—=¢ V 3 () = Va(=(=g A 1))

If we apply the De Morgan’s law and part (i) of this theorem again, and use Theo-
rems [1.8 we obtain

g VYV (-m) = Va(-mg V o).
Finally, by double negation law, and Theorems [T.4] [I.8 we get
¢V Vrp = V(o Vi),
as desired. |
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Remark. The equivalence =(3z¢) = Vx(—¢) says that if there does not exists an
x such that ¢ holds, then for every x, =¢ must hold. Similarly, the equivalence
—(Vx¢) = Jz(—¢) says that if it is not the case that for every z, ¢ holds, then there
must exist an x such that —¢ holds. In other words, if a universal statement is not
valid, then a counterexample to it must exist.

Remark. As shown in the above theorem, the order of consecutive quantifiers can
be changed, as long as they are of the same type. However, we cannot change the
order of quantifiers of different types; because in general, Vx3y¢ does not imply
JyVzp. For example, the formula VzIy(y = x) says that for every set = there is
a set y which is equal to it. Intuitively, this formula is true, since we can take y
to be the same as x. But if we change the order of quantifiers we get the formula
JyVx(y = x), which says that there is a set y which is equal to every set x! And
this formula is obviously false in the standard theory of sets.

Remark. In the first two parts of the above axiom, if we replace ¢ by —¢, and use
the fact that =—¢ = ¢, then by Theorem [T.§ we obtain

—Jz(—¢) = Vzo, —Vz(-¢) = Jxe.

Therefore we can express each quantifier in terms of the other one.

Remark. In general, 3x¢ A Jx1p does not imply Jz(p A1); and V(¢ V1)) does not
imply Vz¢ V Vxy. Intuitively, these can be seen as follows. Suppose ¢ says that x
has no element, and 1 says that x has some element. Then it is easy to check that
both x¢ A Jz) and V(¢ V 1)) are true, while both Jz(¢ A ¢) and V¢ V Vi) are
false.

Theorem 1.11. Suppose ¢ is a formula, and x is a free variable in ¢, which is not
bound in ¢. Let y be a variable which is not a free variable nor a bound variable in
¢. Then we have

Ved(z) =Yyo(y),  3zd(z) = Jyo(y).

Remark. This theorem provides a tool for substituting bound variables in some
cases. Note that we assume that = is not bound in ¢, hence z is only bounded
by one quantifier in the above formulas. However, this special case is sufficient
for most of our purposes. Also note that we can apply this theorem repeatedly to
change several bound variables in a formula.

By EV we have Vzo(z) F ¢(y). Hence by IV we get Vzo(z) - Vyo(y), since

y is not a free variable in Vz¢(x), because we assumed that y is not a free variable
in ¢. On the other hand, by EV we have Yyo(y) b ¢(y)[z/y]. Here ¢(y)[z/y] is the
result of substituting x back in ¢, after we had substituted it with y. But by Axiom
and our assumptions about z,y, we can conclude that ¢(y)[z/y] is the same
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formula as ¢(x). Also, note that x is neither a free variable nor a bound variable
in ¢(y) and Yyo(y), due to the Axioms and the fact that x is not bound
in ¢. Therefore by IV we have Yyo(y) b Vxp(xz). Hence we get Vao(x) = Vyo(y),
as desired.

Now consider the second equivalence. By I3 we have ¢(y) F Jx¢p(x). Hence
by E3 we get Jyp(y) B Jzp(x), since y is not a free variable in Jx¢(x), because
we assumed that it is not a free variable in ¢. On the other hand, by 13 we have
o(y)[xz/y] F Jyp(y). Again, we know that ¢(y)[x/y| is the same formula as ¢(x).
Therefore by E3 we have Jz¢(z) F Jyd(y), since similarly to the last paragraph,
we can see that x is not a free variable in Jy¢(y). Hence we get Jzd(z) = Jyp(y),
as desired. |

Finally, let us introduce a helpful shorthand notation for quantification.

Notation. Let ¢ be a formula that has z as a free variable. Then

Vz e x ¢(z) is a shorthand notation for Vz(z € x — ¢(2)),
dz e x ¢(2) is a shorthand notation for Jz(z € z A @(2)).

Remark. Let ¢ be a formula that has z as a free variable. If z does not have any
element, i.e. if - Vz(z ¢ ), then we have

FVzex ¢(z).

In other words, if « has no element, then ¢(z) is true for every z in z. In this case
we say that Vz € z ¢(2) is vacuously true. To show this note that by EV we have
F z ¢ x. Hence by IA and the cut rule we get z € z F (2 € ) A (2 ¢ x). Therefore
by EFQ rule (Theorem we obtain

zexkF(zex)AN(z¢x)F ¢(2).

Thus by I—, and then by IV we get - Vz(z € z — ¢(z)), as desired.

The following technical result will be needed in later chapters.

Theorem 1.12. Suppose ¢, are formulas, and x,z are variables. Suppose z is
not a free variable in i, but it is a free variable in ¢. Then we have
(i)
(Vzea ¢(2)) Vip =Vz €z (¢(2) V1),
(ii)
(Fz ez d(2)) ANp =3z €z (¢(2) o).
If in addition we assume that x is nonempty, i.e. if - 3z(z € x), then we have
(iii)
(Vzea ¢(2)) Np=Vz €z (¢(2) Ap),
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(iv)
(Fzex d(2)) Vi =3z €z (¢(2) V).

We will use Theorems repeatedly in the following parts without
explicit citation.

(i) We have

(Vzez ¢(z)) Vp=Vz(z €z — ¢(2)) VO (definition)
=Vz((z €z — qb (2)) V) (Theorem [L.10))
=Vz((-(z € ) V¢(2)) V)  (law of material implication)
=Vz(~(z € 2) V (9(2) V) (associativity of V)
=Vz(z €z — ( z) V1)) (law of material implication)
=Vz ez (¢(z) V) (definition)

(ii) We have

(Fz ez d(z)) ANp=Tz(z €z A P(2)) AN (definition)
=3z((z €z A P(2)) A) (Theorem [L.10))
=3Jz(z € 2 A (¢(2) A Y)) (associativity of A)
=3z ez (¢(z) A9). (definition)

(iii) We have

2)) N (definition)
) A1) (Theorem [L.10))

(2
(

= Vz(( (z €2)V @(2)) ANY) (law of material implication)
((z ¢ xAY) Vv (d(z) Avp)). (distributivity of A over V)

Now by EA and IV we have
zéaxANYpFzdabzdaV(4(z) ANY).
By IV we also have ¢(2) A F 2z ¢ 2V (é(2) A). Thus by EV and EV we get

Vz((z ¢ 2 AY) V (8(2) A)) b (2 ¢z A) V (9(2) A)
Fzé¢aV(p(z) A).

Therefore by IV we obtain

Vz((z ¢xANY)V(o(z) A¢)) F Vz(z ¢xV(o(2) /\w))
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On the other hand, by IA and EFQ rule (Theorem we have
z¢rx,z€xbzdxNzexk .

Also, by EA and the weakening rule we have ¢(z) A, z € x I 1. Hence by EV we
get z ¢ xV (p(2) NY),z € x 1. Now by EV and the cut rule we obtain

Vz(z ¢ 2V (4(2) A)),z €zt .

Thus by E3 we get Vz(z ¢ oV (¢(2) A)),3z(z € z) F 4, since z is not a free
variable in 1. However, we assumed that - 3z(z € z). Therefore by the cut rule
we obtain Vz(z ¢ z V (¢(z) A)) F 4. Now by IA, the cut rule, and IV we have

Vz(z ¢V (d(z) AY)),z¢ bt zdxz Ay (2 ¢z AY)V(d(2) AY).

Also, by IV and the weakening rule we have
Vz(z ¢ 2V (0(2) A)), d(2) N (2 & 2 AV (6(2) A ).

Hence by EV we get

Vz(z ¢ 2V (6(2) A)), 2 E 2V (G(2) AN (2 &z A) V (6(2) A9).
Thus by EV and the cut and contraction rules we obtain

Ve(z g 2V ($(2) A)) F (2 E 2 AY)V ($(2) A).
Finally, by IV we get
Vz(z ¢ oV ((2) AY)) FV2((z ¢ 2 AY) V (0(2) AY)).

So we have shown that Vz((z & zAY) V (4(2) A)) =Vz(z ¢ 2V (é(2) Av)). Using

this equivalence and the equivalences at the beginning of the proof of part (ii), we

obtain
(Vz ez ¢(2)) ANp=Vz((z ¢ z AY) V (¢(2) A D))
=Vz(z ¢ zV (6(2) AV))
=Vz(z €z — (¢(2) N V)) (law of material implication)
=Vz e (¢(z) Ap), (definition)
as desired.

(iv) By definition we have (3z € z ¢(2)) V¢ = 3z(z € x A ¢(z)) V ¢b. Now by
IV we have z € x - z € x V ¢. Hence by EA, the cut rule, and IA we have

zexN(P(2)VY)E (z ez V) A(d(2) V).
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Thus by 13 we get z € z A (¢(z) ) 3z((z € 2 V) A (¢(2) V4)). Therefore

Jz(z € z A (9(2) V) I—EIz((zEx\/@b)/\( d(2) V) (by EJ)
F3z((z€xAg(z))V ) (distributivity of V over A)
FIz(zexAp(z)V (Theorem

On the other hand, by IV we have ¢ F ¢(z) V ¢. Hence by IA and the cut rule we
get
zex Wk zexN(p(z) V).

Thus by I3 we obtain z € ,9 + 3z(z € z A (¢(2) V ¢)). Therefore by E3 we have

Jz(z € 2),¥ F Fz(z € 2 A (@(2) V),

since z is not a free variable in 1. However, we assumed that - 3z(z € z). Therefore
by the cut rule we get

Y Elz(z cxA(¢p(z)V ¢)) ()

In addition, by IV we have ¢(z) - ¢(z) V 9. Hence by EA, the cut rule, and IA we
have

zex No(z)FzexA(p(z) V).
Thus by I3 we get z € 2 A¢(2) - I2(2 € 2 A ($(2) V). Therefore by EJ we obtain
Az(z ez Ad(2)) F3z(z € 2 A ((2) V).
So by applying EV to the above entailment and (x) we get
Jz(z€xNg(2)) Vi EIz(z € z A(d(2) V1)).

Hence we have shown that 3z(z € z A ¢(2)) Vo = Jz(2 € x A (¢(z) V 1)), which
in shorthand notation can be written as

(Fzex d(2)) Vi =3z €z (¢(2) V),
as desired. [ |

1.6 Rules of Inference for Equality

Our last set of inference rules are the rules related to the equality relation.

Axiom 1.10 (Rules of inference for equality). For every variables like x,y,z we
have

(1) Reflexivity :
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(ii) Symmetry :

(iii) Transitivity :

r=y,y=zFxz=z
(iv)

r=y,y€Ezkzez

(v)

r=y,z€yFzeux.

Remark. The above axiom is an axiom schema, so x,¥, 2z can be any variables.
Note that in particular, either two of the x,y, z, or all three of them, can be the
same variable. Hence for example we also have

r=y,ycykzeu

Because by part (iv) we have x =y, y € y - x € y. Then by part (v) we have z =
y, ¢ € y b x € x. Therefore, by the cut rule we have x =y, y €y, x =yt z € z.
Finally we get the desired by the exchange and contraction rules.

The first three parts of the above axiom state the elementary properties of
equality. The reflexivity of = means that any set is equal to itself. The transitivity
of = means that if two sets are equal to a third set, then they are equal. The
symmetry of = means that equality is a reciprocal relation, namely, if x equals y
then y equals z too. Note that since we can change the variables in the above axiom
by any other variables, we also have

y=xkFx=uy.

Hence x = y is actually equivalent to y = x,ie. =y =y = .

Remark. We can also state the above axiom by using quantifiers. For example by
IV we have - Vaz(x = z). Note that the premises do not contain z as a free variable,
so the application of IV is justified. Similarly, by EA, the cut rule, I— and IV we
get

FVaVyVz(r =y Ay =2z = x = 2),
FVaVyVz(r =y Ay € z > x € 2),
FVaVyVz(z =y ANz €y — 2z € x).

Also, by I— and IV we have F VaVy(x = y — y = x). In fact, since z = y and
= x are equivalent, we can show that F VaVy(z =y <> y = ).
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The last two parts of the above axiom say that if x = y then we can replace
y by x in the atomic formulas y € z and z € y. Note that we can also interpret
the transitivity of equality as above, namely if z = y then we can replace y by =
in the atomic formula y = z. Furthermore, by using the symmetry of equality, we
can also show that
r=y,z=ykFz=nux.

Because by symmetry of equality we have z = y -y = 2. Now if we apply the cut
rule to this entailment and the entailment given in the transitivity of equality, we
obtain z =y, x =y F z = . And we get the desired by the exchange rule.

Hence if x = y then we can replace y by x in the atomic formula z = y. In
addition, similarly to the above remark, we can show that if z = y then we can
replace y by z in the atomic formula y = y. Therefore if z = y then we can replace
y by z in any atomic formula that has y as a free variable. If we combine this fact
with Axiom [I.T] and use the rules of inference, we get the following: Suppose ¢ is
a formula, and y is a free variable in ¢. Let x be a variable which is not a bound
variable in ¢. Then we have

=y, ¢(y) - ¢(x).

In other words, if £ = y then we can replace the free occurrences of y by x in any
formula that has y as a free variable.

Intuitively, this fact is obvious. Because if x = y then x, y are denoting the same
object. In other words, x,y are names for the same object. Thus, every formula
which states a property about the object whose name is y, can be rephrased to state
that property about the object whose name is . And these different phrasings are
equivalent, since they state the same property about the same object. However,
we do not have the tools to prove this fact here; and if we need it, we have to
accept it as an axiom. But since in practice we can show that it holds for any
particular formula ¢, and we will not use its general form, we do not state this fact
as an axiom. The following example illustrates how we can check this fact for a
particular formula.

Remark. There is a more general version of the rule x =y, ¢(y) F ¢(x), namely

x =y, dly/2] + dlx/z],
provided that x,y are not bound variables in ¢. This more general version can be
used when we need to only substitute some occurrences of y with x, not all of them.

Remark. Note that since x = y and y = x are equivalent, we can replace x = y
by y = x in the premises of any entailment, due to Theorem [I.2]
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Example 1.10. Let ¢ be the formula Vz(z = y — —(z € y)). Then we have
x=1y,z=ykF z=x. On the other hand, we have y = x,z € x F z € y. Hence by
the weakening rule and E— we have

r=y,~(2€y),z€xt L.

Note that in the premises, we replaced y = z by = = y, by using Theorem [I.2]
Therefore by I- we get

r=y,~(z€y)F(z €x). (%)
Now note that z = y,z =« - 2z = y. So by the cut rule and E— we have
r=y,z=y—(z€y),z=xF (2 €y). (k)
Thus if we apply the cut rule to (x), (x*) we get
r=y,z=y—(z€y),z=at (2 €x).

Then by I— we obtain x = y,z =y — (2 €y) F 2 =2 — —(z € ). Now by EV
and the cut rule we get

r=yVz(z=y—=(z€y))Fz=2— (2 €x).

Finally, since z is not free in the premises of the above entailment, we can apply IV
to obtain
r=yVz(z=y—=(z€y)) FVz(z =2 — (2 € x)).

Hence we have shown that z =y, ¢(y) F ¢(z), as desired.

Remark. Note that a crucial reason that we can carry out the proof in the above
example is the symmetry of equality, i.e. the fact that we can replace x = y by
y = & whenever we need.

1.7 The Notion of Proof

We have informally used the notion of proof so far. We considered it as a convincing
argument toward establishing a theorem, in which we used the axioms, and some
elementary inference rules of meta-logic. For example in the proof of Theorem
[L.11], when we showed that Vz¢(z) - Vy¢(y) due to IV, we had to first check that
Vzo(z) F ¢(y), and y is not a bound variable in Vz¢(z). Then we could use IV and
conclude the desired result. But IV is a conditional statement in meta-language. So
we concluded the consequent of the conditional statement IV by checking that its
antecedent holds. Thus we have actually used the modus ponens rule in meta-logic.
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This is also the case when we have used the other rules which are expressed as
conditional statements in meta-language, like I— or EV.

Also note that the antecedent of the rule IV consists of two parts. Thus in
the above example we had to both check that Vz¢(x) F ¢(y), and that y is not
a bound variable in Vz¢(z). Of course we did this by separately checking each
statement. Therefore when we concluded that the antecedent of IV holds, we were
actually using the rule of introduction of “and” in meta-logic. We can continue
this exploration and collect all types of meta-logical arguments we presented in this
chapter, but that will take us far from our main subject. So we do not pursue
this any further. However, let us recall that as we discussed in the introduction to
this chapter, we can accept all the results of this chapter as axioms; and we can
consider those reasonings in meta-logic as mere convincing rationale for our choice
of axioms.

The proofs mentioned in the above paragraphs are proofs in meta-logic. Let us
now turn to the notion of proof inside logic. Conceptually, the proofs inside logic
and meta-logic are not different. But we can make the notion of proof precise, when
we work in logic.

Primitive Notion 1.6. A proof is a primitive notion, which intuitively, is a finite
sequence of entailments. We represent a proof by writing the representations of its
entailments successively, and we separate the entailments by “;”. We assume that
we are able to recognize proofs from their representations, and we can distinguish
between them through their representations. We also assume that we can recognize
the entailments in a proof from the representation of the proof.

Remark. A proof is also called a derivation or a formal proof.

Axiom 1.11. Suppose I, A, Ag, A1, Ao denote collections of several formulas, which
can be empty too. Let ¢, v, T be formulas. Then we have

(i) Let '+ 4 be an entailment. Then I' 4 is also a proof.
(ii) If 2 is a proof, and Tt 1) is an entailment, then Z;T F 1 is also a proof.
(iil) If Z is a proof that contains the entailment I' & 1), then Z;T, A+ 1) is also a
proof.
(iv) If @ is a proof that contains the entailment I'y A, At 1), then Z;T, A+ 1) is
also a proof.
(v) If 2 is a proof that contains the entailment Ao, T, A1, A, Ay b+ 1, then
D5 Mo, A, A1, T, As 4 is also a proof.
(vi) If 2 is a proof that contains the entailments T & ¢ and A, ¢ & 1), then
2;T, A+ is also a proof.
(vil) If 2 is a proof that contains the entailment T',¢ F 1, then ;T F ¢ — 1) is
also a proof.



CHAPTER 1. LOGIC 50

(viii) If 2 is a proof that contains the entailments T',¢ & 17 and T',¢p = 7, then
2;T, ¢Vt 1 is also a proof.
(ix) If 2 is a proof that contains the entailments I';¢ = v and T,y = ¢, then
2;T'F ¢ <> is also a proof.
(x) If @ is a proof that contains the entailment I',¢ = L, then Z;T F —¢ is also
a proof.
(xi) If Z is a proof that contains the entailment I',—¢ = L, then Z;1T' F ¢ is also
a proof.
(xii) If Z is a proof that contains the entailment I' = ¢, and x is not a free variable
in any of the formulas in I, then Z;1 - Vx¢ is also a proof.
(xiii) If 2 is a proof that contains the entailment T';¢ F 1, and x is not a free
variable in ¥, nor in any of the formulas in I, then 2;1",3x¢p F ) is also a

proof.

Remark. We assume that every proof is constructed after several applications of
the above rules, and there is no other way to construct a proof.

As it is evident from the above axiom, the proofs are constructed by using the
rules of inference. Each part of the axiom, except the first two, corresponds to a
rule of inference. Note that the entailment added in each part to the proof Z is a
valid entailment, due to the corresponding rule of inference. The first part of the
axiom allows us to start a proof. The second part allows us to add a separately
proven entailment to a proof. These two parts also incorporate the rules of inference
which are not explicitly stated in the axiom, like I3 or E—; because those rules only
assert that certain entailments hold. More importantly, the first two parts allow
us to use the axioms of equality, or the axioms of set theory (which will be added
later) inside a proof.

Remark. When I' - 1) is the last entailment that appears in a proof &, we say
that Z is a proof of the entailment I' - 1.

The virtue of a proof of an entailment, is that it encapsulates all the data needed
to ensure that the entailment holds. However, it is not easy to understand a formal
proof if there are no explanations around it expressed in the meta-language. So,
mathematicians usually provide the proofs in the informal style expressed in the
meta-language, similar to the proofs that we presented in previous sections. We
will also adhere to this convention.

Remark. There is another approach to proofs which considers them as finite se-
quences of formulas. In this approach, we extend a proof by adding formulas that
can be deduced from the previous formulas in the proof. So instead of recording
the entailments in an argument, we record the formulas used in those entailments.
Thus the two approaches to proofs are essentially the same. However, considering
proofs as sequences of entailments seems more natural, and is easier to deal with
axiomatically. Hence we chose this approach here.
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Example 1.11. Let ¢, be two formulas. The following is a formal proof of the
entailment ¢ — 1, =) = —¢, which is an instance of modus tollens.

o=, o b, L~ h L ¢ = 0,0, 0 L
o=, h, o L ¢ =Y,k o

As you can see, it is rather hard to comprehend a formal proof. To overcome this,
we will usually write each entailment of a formal proof in a separate line, and we will
mark the inference rule which implies that entailment. We will also number each
line. With these conventions, the above formal proof can be rewritten as follows:

1 o=V, o (by E—)
2 Y,k (by E-)
3 ¢, b L (by exchange rule)
4 o=, 0, L (by cut rule applied to lines 1,3)
5 ¢y, hok L (by exchange rule)
6 ¢ =Y, 9. (by I-)

Remark. Note that the above proof is only a proof of the entailment ¢ — 1, =)
—¢ for the particular instance of the formulas ¢, which we started with. And
although the same proof works if we replace ¢, 1 with any other particular pair of
formulas, the above proof does not imply that the entailment ¢ — 1, =) - —¢ holds
for every pair of formulas ¢,1. Because the logic that we have constructed only
applies to the language of set theory, and that language can only talk about sets.
So, statements about arbitrary pairs of formulas in the language of set theory lie
outside of the language of set theory itself! Thus the logic that we have constructed
cannot deal with such statements, and if we want to prove them we have to enter
the realm of meta-logic.

As a side note, let us mention that we can repeat the above proof with some
particular formulas ¢, 1, whenever we need to use the rule modus tollens. Therefore
we do not need to accept modus tollens as a general rule of inference, if we prefer
to avoid the theorems proved by meta-logical reasonings. The same remark applies
to the other theorems proved in this chapter.

Example 1.12. Let ¢, be two formulas. The following is a formal proof of the
entailment - 3z(d V1)) + JrgVIxe. Informally, we can also say that the following
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is a formal proof of the equivalence Jz(¢ V ¢) = Jz¢p V Jz1h.

© 00 N O Ot = W NN

e e e e e e
N O U R W N = O

¢+ dxg;

dx¢ F dxe V Iz

¢+ dxp VvV Az

Y F dxe;

dxy F dze V Iz

Y+ dze Vv Az,

oV Y+ dxep Vv dxy;
Jz(p V) F Jzgp V Jx;
o OV Y;

¢V ipEIu(d V)

¢ - 3x(dVy);

Jzg - Jx(p V),
YoV

Y = 3z(o V)

Jzp - 3x(p V );

Jzp V Jzp F Jx (P V 1Y),

- 3z(6 V) < Jxe v Iz,

(by 3
(by IV

(by cut rule applied to lines 13,10

(by E3

(by EV applied to lines 12,15

(by I+ applied to lines 8,16



Chapter 2

Sets

2.1 Axioms of Extensionality and Separation

Primitive Notion 2.1. The notion of Set is a primitive notion, which intuitively
denotes a collection of some objects. We denote sets by variables in the language of
set theory. We assume that everything that we talk about in this language is a set,
and there are no other types of objects in the universe of sets, i.e. in our domain of
discourse. The notion of equality of sets is also a primitive notion. For two sets
like x,y, we denote their equality by the formula x = y.

The first step in axiomatic development of set theory is to ensure that at least
one set exists. However, we do not need to state this fact as an axiom, because it
will follow from our rules of inference. By I3 we have z = x F Jz(x = z). On the
other hand, by Axiom we have - 2 = x. Thus by the cut rule we get

F Jz(z = ).

In other words, there is at least one set which is equal to itself. In particular, there
is at least one set.

Primitive Notion 2.2. The set membership relation between sets is a primitive
notion. It is denoted by the symbol €. So for two sets like z,y, the formula x € y
means that = is an element or a member of y.

YO

Remark. If x € y, we also say that “x is in y”, “x belongs to y”, or “y contains x”.

Notation. The expression z,y € z is a shorthand notation for (z € 2) A (y € 2).
Similar notations can also be used when there are more than two elements of a set.

Remark. Since we assumed that everything is a set, the elements of a set are
also sets, the elements of the elements of a set are also sets, and so forth. We can
include some objects in our theory which are not sets, but can be a member of other

93
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sets. These objects are called atoms. However, adding atoms to our set theory will
not make the theory richer, and will not produce new mathematics; so we do not
incorporate them.

Axiom of Extensionality.
FVaVy(Vz(z ez <z €y) » z =y).

Informally, the axiom of extensionality says that if two sets have the same
elements, they must be equal. In other words, the elements of a set determine the
set uniquely.

Notation. Since a set is uniquely determined by its elements, we can use the ele-
ments to represent the set. This is the common practice in mathematics, especially
when the set has finitely many elements. For example, if the elements of the set x
are a, ¢, z,u, we will write

x={a,c, z,u}.

And if we want to define a set by specifying its elements, or in other words, if we
want to give a name to set specified by its elements, we will use := instead of =.
For example we can write

y = {87 T’ u}?
in order to give the name y to the set {s,r, u}.

A consequence of the axiom of extensionality is that the elements of a set do
not have any order, and there cannot be any duplication of elements in a set. We
do not have the tools to even express these facts rigorously. But informally we can
argue that if two sets have the same elements except that one of them contains z,
and the other one contains z,z, then the two sets are equal; because they both
contain exactly the same elements other than x, and they also both contain z. In
addition, if for example a set consists of x,y, and another set consists of y, x, then
the two sets are equal; because they both contain x, and they both contain y, and
they do not contain any other element.

Remark. By repeated applications of Theorem [I.11] we can change the bound
variables in our axioms. This will be useful when we employ the axioms inside the
proof of some theorem. For example, we can state the axiom of extensionality as
follows:

FVavb(Vw(w € a <> w € b) — a =1b).

The axiom of extensionality expresses a relation between € and =. There is
also another relation between them given by Axiom [I.10

The axiom of extensionality can also be used to show that two given sets are not
equal. We simply have to find an element of one of the sets that does not belong
to the other set.
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Theorem 2.1 (converse of extensionality). If two sets are equal, then they will
have the same elements, i.e.

I—VxVy(x:y—>Vz(z€x<—>z€y)).

We will prove this result by presenting its formal proof; mainly in order
to illustrate the method. We have

1 r=yzeykzeuw (by axiom [1.10))
2 r=yky=u (by axiom [1.10)
3 y=xz,z€xk2€Y; (byaxiom
4 zex,y=xt z€uy; (by exchange rule)
) r=y,z€xk z€y; (by cut rule applied to lines 2,4)
6 r=ykFzex <+ zEy; (by I+» applied to lines 5,1)
7 r=ykbVz(z€x+ zey),; (by IV)
8 Fr=y—oVz(z€x+ zey),; (by I—)
9 I—Vy(:n:y—>v,z(z€:n<—>z€y)); (by IV)
10 FVaVy(z =y = Vz(z €z < 2 € 1)), (by IV)
[ |

Remark. If we combine the axiom of extensionality and its converse, then for any
two sets like z,y we get

r=y=Vz(z €x 2z €vy).

Because by EV we get FVz(z €x <> z€y) 2z =yand oz =y > Vz(z €z
z € y). Hence by E— we obtain Vz(z € x <>z €y)Frz=yand z =y - Vz(z €
x <> z € y). Thus the two formulas are equivalent.

The next step is to state axioms which allow us to build sets. Historically, the
idea was that if we can describe some sets by a formula, then we can gather all
those sets and create a set that contains them all. In other words, the following
statement was accepted as an axiom (which we will see shortly that it cannot be
true):

Axiom schema of Comprehension (False). Let ¢ be a formula that has z as a
free variable. Suppose that x is not a free variable of ¢. Then we have

F 32z (z € <> ¢(2)).
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However, this axiom cannot be true, because it results in contradictions, as is
shown by Russell’s paradox. Namely, if we take ¢(z) to be the formula z ¢ z,
then

F3avVz(z € x > 2 ¢ 2).

Intuitively, if the set x belongs to itself, then by definition we must have =z ¢ x.
And if x does not belong to itself, then again by definition we must have x € z.
Let us demonstrate this observation more carefully. By EV and I3 we have

Vz(zerzrzé¢z)Frecreoadarrdx(zex < o ¢).
Hence by Ed we get
JaVz(z€x e z¢ 2)FIx(x €x > x ¢ ).

Thus by the cut rule we have - Jz(z € <> = ¢ ). In other words, there is a set
2 which belongs to itself if and only if it does not belong to itself! Informally, it is
obvious that this statement is contradictory. But to derive a formal contradiction
we argue as follows.

To simplify the notation let us denote = € = by ¢. Then = ¢ x is =¢. Now
by E<> we have ¢ < —¢,¢ F —¢. We also know that ¢ < —¢,¢ F ¢, since
¢ F ¢. Hence by the cut rule and E— we get ¢ <> =¢,¢ F L. Thus by - we have
¢ < —¢ - —¢. Similarly we can show that ¢ <> —=¢, —¢ - L. Therefore by RAA we
get ¢ <> =¢ - ¢. Thus by the cut rule and E— we obtain ¢ <> ~¢ - 1. Hence we
have shown that

reEx v gart L

Thus by E3 we have Jz(z € x > x ¢ x) - L. Therefore by the cut rule we get - L,
i.e. we formally obtained a contradiction by assuming the axiom of comprehension.

So, the naive idea of constructing sets using formulas results in contradiction.
Hence we have to modify this naive idea. Historically, extensive studies of set
theory showed that the problem with the axiom of comprehension is that it allows
us to construct very large sets. It even allows us to construct the set of all sets
by considering the formula z = z (we will see later that there is no such set in
the current standard theory of sets). The problem with such large sets is that
sometimes a self-referencing can happen through them. For example, in our analysis
of Russell’s paradox, we could substitute z by x. Thus the defining formula of the
elements of x could potentially be satisfied by x itself; and as we saw this was
problematic.

Hence, in order to avoid the problems created by the axiom of comprehension,
we have to somehow restrict the size of the sets constructed by that axiom. The
solution was found to be replacing the axiom of comprehension by the following
weaker axiom.



CHAPTER 2. SETS o7

Axiom schema of Separation. Let ¢ be a formula that has z as a free variable.
Suppose that x is not a free variable of ¢. Then we have

FVydavz(z € ¢ (2 € y) A d(2)).

Informally, this axiom says that we can separate those elements of y which
satisfy the property ¢, and collect them in a set x. The difference with the axiom
of comprehension is that this time we only consider those sets z which belong to y.
So, intuitively, the size of & cannot be larger than the set y; and therefore we can
avoid the problems created by the axiom of comprehension.

Remark. The axiom schema of separation is also called subset aziom schema, or
axiom schema of restricted comprehension.

As a consequence of the axiom of extensionality, the set z in the axiom of
separation is unique. Formally this means that

FVz(z €x1 ¢ (2 €y) A d(2)) AVz(2 € ma <+ (2 €y) A d(2)) = a1 = To.

Here x1, x5 are variables which are not free variables in ¢. In fact, a more general
version of this uniqueness result is true.

Theorem 2.2. Let ¢ be a formula that has z as a free variable. Suppose that x1, xo
are not free variables in 1. Then we have

FVz(z € 21 ¢ ¥(2)) AVz(2 € 22 ¢ Y(2)) = 21 = 20

Remark. Informally, this theorem says that there is at most one set corresponding
to the formula % in the axiom of comprehension. However, note that we cannot
say anything about the existence of x1,z2. Also note that if we take 1(z) to be
the formula (z € y) A ¢(z), then we obtain the uniqueness result for the axiom of
separation. Finally note that if we show the above entailment, then by IV we can
also show that

F Va1Vas [Vz(z €1z < 1/1(,2)) A Vz(z € 19 1/1(2:)) -z = xg].

By Theorem , EV, and EA we have

Vz(z € 21 > (2)) AVz(2 € ma < ¥(2))
FVz[(z € 21 ¢ ¢(2)) A (2 € 22 ¢ ¥(2))]
F(zex o ¥(2)A(z€a2 ¢ ¥(2)) bz ey ¢ ¢(2).

To simplify the notation let us denote the first premise of the above entailments
by 7. Then by the cut rule and E<> we have 7,z € 21 F ¥(z). On the other
hand, we can show as above that 7 z € x2 <> 1(z). Hence by the cut rule and
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E+ we get 7,9(2) b z € z2. Thus by the cut and contraction rules we obtain
T,z € x1 F 2z € x9. Similarly we can show that 7,z € x9 F 2z € x1. Therefore by I+
we get 7 z € x1 <> 2 € x3. Thus by IV and the axiom of extensionality we have

THEVz(z €21 ¢ 2 €x9) F 21 = 29,
Hence we get the desired by [—. |

Remark. An important idea which we used in the above argument is that in order
to show that an object with some properties is unique, we assume that two objects
have those properties, and then we show that the two objects must be equal.

Notation. Let ¢ be a formula. If we want to say that there is exactly one set x
which satisfies ¢ we can write

Jzg(x) AV Vee (d(z1) A ¢(x2) = 21 = x32).

The above formula is sometimes denoted by Jlx¢(x). The symbol 3! is called
uniqueness quantifier or unique existential quantifier. There are also other
ways to express the existence of a unique object. For example we can write it as

Fz (@) AVy(oly) = y = x)).

Example 2.1. As an example note that we have shown the uniqueness of the set
z in the axiom of separation. The existence of x is also given by the axiom itself.
So we have

Favz(z € x> (2 € y) A d(2)).

Now we can use IV to conclude that
FVydlavz(z € x < (2 € y) A d(2)).

Notation. The set  whose existence is guaranteed by the axiom of separation will
usually be denoted by

v={z€y:¢(2)}.
Note that this set is uniquely determined by the above theorem.

Remark. The formula ¢ can have free variables other than z too. In addition, note
that y can also be a free variable in ¢. Suppose for example that z,y, w1, ..., w,
are the distinct free variables of ¢. Then by repeated applications of IV we can
conclude that

FVwy .. Vw,VyTavz(z € 2 5 (2 € y) A d(z,y,wr, ..., wp)).

This is how the axiom of separation is expressed in some texts.
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Definition 2.1. We say a set x is a subset of a set y if every element of x is also
an element of y. Formally this means that

Vz(z €z — 2z € y).

In this case we write x C y. This relation between z,y is called inclusion.
Remark. The relation x C y is also referred to by “y is a superset of z”, “y
includes z”, or “zx is included in 3”. In addition, we may write y D x to mean that

T Cy.

Remark. Some authors use the notation x C y for subsets. This notation empha-
sizes that the subset x can be equal to the set y. However, we will not use this
notation throughout these notes.

Remark. Note that x C y is actually a shorthand notation for the formula Vz(z €
x — z € y). So whenever x C y appears in an expression, we have to replace it by
the above formula. The next example illustrates this.

Example 2.2. Two sets z,y are equal if and only if z C y and y C x. In other
words
Fr=y< (xCy)A(y Cx).

Equivalently we can write
z=y=(@Cy A(yCua).
First note that the above equivalence actually means
r=y=Vz(ze€x—z2z€y)AVz(z €y = z € 1).
Now by Theorems and we have

Vz(z€x = z€y)AVz(z €y = 2z € 1)
=Vz((zex—zeyN(zey—zea))=Vz(zca - zcy).

But the last formula is equivalent to x = y, as shown in the remark after Theorem
Thus we get the desired by transitivity of =.

Remark. Note that in the axiom schema of separation we have x C y, because
every z in x is also in y.

Theorem 2.3. There exists a set that has no element, i.e.

F 3xVz(z ¢ x).
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By the axiom of separation we know that
FVydaVz(z € z ¢ (z € y) A (2 # 2)).

Thus by EV we have - 3aVz(z € z 3 (2 € y) A (2 # 2)). On the other hand, by
EV, Theorem and EA we have

Vz(z€x ¢ (z€y)A(z#£2)Fzex e (z€y) A(z #2)
Fzex— (zey) A(z#2).

Now by E—, the cut rule, and EA we get
Vz(zeax e (zey)N(z#2),z2€at (zey)AN(z#£2)Fz#2
However, we know that - z = z. So by the weakening rule and E— we have
Vz(z€xz e (zey)N(z#2)),z€xF L.

Hence by I- we get Vz(z € z > (z € y) A (2 # 2)) F 2z ¢ x. Thus by IV and 13 we
obtain

Vz(z€x ¢ (z€y) A (2 #2)) FVz(z ¢ 2) - FaVz(z ¢ ).
Finally by E3 we get
F3aVz(z € x4 (2 €y) A (2 # 2)) F Tavz(z ¢ ).
Hence we must have - 3zVz(z ¢ x) due to the cut rule. [ |

The set with no element is called the empty set. It is denoted by 0 or { }.
Notice that when we assign a name or a notation to an object, we have to ensure
that the object is uniquely determined. The next theorem confirms this for the
empty set.

Theorem 2.4. The empty set is unique, i.e.
FVz(z ¢ 2) AVz(z ¢ y) > x=y.
By Theorem , EV, and EA we have
Vz(zgéx)/\v,z(zgéy)I—Vz((z¢x)/\(z§éy)) F(z¢x)N(z¢y) k- z¢x.
Hence by IA we get

Vz(z ¢ x) AVz(z ¢ y),z€xk (z€x)N (2 ¢ x).
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But the contradiction (z € ) A (z ¢ x) can imply anything, so in particular we
have
Vz(z ¢ ) AV2(z ¢ y),z€axt(z€x) N (2 ¢ x) -z €.

Similarly we can show that Vz(z ¢ ) AVz(z ¢ y),z € y - z € . Therefore by I+
we obtain
Vz(z ¢ x) AVz(z ¢ y)Fz€x < 2z €y.

Thus by IV and the axiom of extensionality we get
Vz(z ¢ x) AVz(z ¢ y) FVz(z €z <> z€y) Fa=y.
Hence by I— we get the desired. |

A question that arises is that what exactly () is. We know that it is a notation
for a uniquely determined set in the universe of sets. However, when we use the
rules of inference, we have to work with formulas. So we have to give meanings
to the expressions involving () which we will use. Let z be a variable. Then the
following expressions will be interpreted as follows:

r=0,0=x are shorthand notations for Vz(z ¢ x),
0ex is a shorthand notation for Jy((y € ) ANVz(z ¢ y)).

The expressions z € () and ) € () can be replaced by any false formula, like a
contradiction. And, the expression () = () can be replaced by any true formula, like
the negation of a contradiction.

Remark. There is another approach to address the above question. In this ap-
proach we add the symbol () to the alphabet of the language. We treat ) similar to
the variables, except that we do not quantify over it. Symbols of this type are called
constants. So, we can extend the language of set theory by adding the constant ()
to it. More explicitly, for every variable like x, we add the following expressions to
the atomic formulas of the language:

z=0, 0=z, 0=0, ez, b, 0.

Then we can use these formulas and other atomic formulas to build more complex
formulas. We also have to modify the rules of inference, and add extra rules, in
order to be able to deal with the above formulas. For example, we have to accept
the following entailments:

F0=0, FVz(z ¢ 0), HOé¢ 0.

We will not provide the details of this approach, since we are not going to follow
it. Instead, we consider () as a shorthand notation, and we interpret the formulas
containing () as we explained before.
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Remark. We say a set is nonempty if it has at least one element. If x is nonempty
we write z # (). Note that if we interpret z # () as —(x = (}), then it means

~(Vz(z ¢ 2)) = 32(z € ).

So x # () says that x has at least one element; and this is in agreement with our
definition.

Example 2.3. Let x be a set. Then we have () C z. Informally, the reason is that
() has no element, so all its elements are also elements of z. Formally, we have to
show that

FVz(z ¢ y) > Vz(z €y =z € 2).

By IA and the EFQ rule (Theorem we have
z¢yzeyktzeyhz¢ykz e,

Hence by I— we get 2z ¢ yF 2z € y — z € z. Thus by EV we obtain
Va(z¢y)Fzdybzey— z €.

Therefore by IV we have Vz(z ¢ y) F Vz(z € y — z € x). Now we get the desired
result by [—.

Theorem 2.5. There is no set of all sets, i.e.
FVy3z(z ¢ y).

The proof is by contradiction, i.e. we assume the negation of the above
formula, aka JyVz(z € y), and we derive a contradiction. Then we get the desired
result. To derive a contradiction from JyVz(z € y), we essentially argue as we did
in Russell’s paradox. Informally, we consider the subset x := {z € y : z ¢ z}; and
then we arrive at a contradiction by noting that x € z if and only if x ¢ z. Notice
that this idea works because y contains every set; hence x € y, and therefore it
makes sense to ask whether z belongs to x or not. Let us formalize this idea.
By the axiom of separation we have

FVydavz(z €z ¢ (z €y) A (2 ¢ 2)).

Hence by EV we get - 32Vz(z € z <3 (2 € y) A (2 ¢ 2)). Now by EV and 13 we
have

Vz(zez e (zeyAN(z¢z)Faoecae (zey) Az ¢a).
Also, by E<» and EA we have

Vz(zexz e (zey)N(2¢2),Vz(z€y)zcat(zey)A(lz¢a)rada
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Note that we have added Vz(z € y) to the premises by using the weakening rule.
Also note that by EV we have Vz(z € y) b = € y. In addition, by IA we get
Vz(z €y),x ¢ v F (z € y) A (x ¢ z). Thus by E<» and the cut rule we obtain

Vz(z €z (z€y)A(2¢2)),V2(z€y),x¢atacua.
Therefore by I+ and 13 we get

Vz(zez e (zey)N(2¢2),Vz(zey)bacr e adn
Fdz(x€ex <z ¢ x).

Hence by EJ we obtain
Javz(z ez (z€y)A(2¢2)),Va(z€y) FIa(z €z x ¢ x).
But we know that - 3aVz(z € z <> (2 € y) A (2 ¢ 2)); so by the cut rule we get
Vz(z ey) F3x(z € x < o ¢ x).
Therefore by EJ we get
YVz(z €ey) bk z(x € x & x ¢ ).

However, as we have shown in our discussion of Russell’s paradox, the formula
Jz(x € x <> = ¢ x) implies contradictions. Thus by I-, and Theorem we get

F—JyVz(z € y) =Vy3Iz(z ¢ y),

as desired. [ |

2.2 Axioms of Pairing, Union, and Power Set

The axiom schema of separation allows us to construct subsets of a given set. So,
informally, if we have a set, then we can construct sets which are smaller than that
given set. However, unlike the axiom of comprehension, the axiom of separation
does not allow us to enlarge a given set. Hence we need additional axioms to be
able to do that. The next three axioms provide us methods for construction of
larger sets from some given sets.

Axiom of Pairing.

FVavydw(Vz(z € w s z =2V 2z =1y)).
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This axiom says that for any two sets like x, y, there is a set w whose elements
are exactly x,y. We denote the set w by

{z, v}
Of course, we have to check that the set {x,y} is uniquely determined.

Theorem 2.6. For every two sets x,y, the set {x,y} is uniquely determined, i.e.

FVYz(zew < z=axVz=y)AVz(z Ewr <> z2=aV2z=y) = w = ws.

This follows easily from Theorem by taking the formula 1 (z) to be
z=xVz=uy. u

If we take y to be the same as z, then the set {x, x} only contains z. We denote
this set by {x}. The set {«} has exactly one element, and that element is z. A set
which has exactly one element is called a singleton. Let us rigorously prove the
existence and uniqueness of the singleton {z} in the following theorem.

Theorem 2.7. For every set x, there is a unique set whose only element is x, i.e.
FVa3lw (Vz(z € w > 2 = 2)).
First note that the above entailment actually means that

Ve [EIw(Vz(z ECws 2= x)) A YwiVws (Vz(z Ewy &2 =21x)
AVz(z € wy <> 2z =1x) = wy :wg)].
The uniqueness part follows easily from Theorem by taking the formula (z)
to be z = x. For the existence note that by applying EV to the axiom of pairing

we get
FVyFw(Vz(z ew e z =2 V2 =1y)).

If we apply EV one more time, and substitute y by x, we obtain
FIw(Vz(z ew <z =2V z=1)).

On the other hand, we know that z = ¢V 2z = x = z = x. Therefore by repeated
applications of Theorems [I.4] and [T.§ we get

Jw(Vz(zew z=aVz=21)) =Jw(Vz(z € w > 2 = 2)).

Hence by the cut rule we get EIw(Vz(z Ew 2z = :1:)) Now if we combine
this entailment with the entailment for uniqueness using IA, and then apply 1V, we
obtain the desired result. |
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Next, let us state more clearly what are the meanings of the notations {z,y}
and {z} when they appear in a formula. Let z be a variable. Then we have

z € {xz,y} is a shorthand notation for z=xVz=uy,

z € {x} is a shorthand notation for z =z,

z={x,y} is a shorthand notation for Vo(vezv=aVv=y),
z=A{z} is a shorthand notation for Vo(v € z <3 v =ux),

{z,y} € z is a shorthand notation for
Fw(w € zAVv(vEw < v=aVv=y)),
{z} €2 is a shorthand notation for Fw(w € zAVo(v € w <> v =1)).

Note that equality is still a symmetric relation when it is used in shorthand nota-
tions. So {x,y} = z and {x} = 2z have the same meaning as z = {z,y} and z = {2}
respectively.

Axiom of Union.
FVoIdwVz(z € w« Jy(y € z Az € y)).

This axiom says that for a set like z, there is a set w whose elements are exactly
the elements of the elements of x. So, a set belongs to w if and only if it belongs
to at least one element of x. In other words, if we consider x as a family of sets,
i.e. as the family of the sets which are elements of z, then w is the union of the
members of this family of sets. We denote w by

Ux, or Uyex¥-
Theorem 2.8. For every set x, the set |Jx is uniquely determined, i.e.

FVz(zew < JylycaNhzey)) AVz(z€we +» Fy(y ez Az €y)) — wi = ws.

This follows easily from Theorem by taking the formula (z) to be
Jy(y € x Az €y). [ |

Since in the axiom of union we did not assume anything about the set x, we
are allowed to form the union of any family of sets. In particular, we can form
the union of infinitely many sets. However, the case of finitely many sets deserves
special attention. For two sets like x,y, we define their union to be

zUy = Ufz,y}.

The next theorem states the main property of z U y.
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Theorem 2.9. For every two sets x,y, there is a unique set whose elements are
exactly those sets which belong to at least one of x or y; i.e.

FVavVydlw(Vz(z ew <+ z €z V 2 € y)).

The uniqueness follows from Theorem by taking the formula ¢ (z) to
be z € # V z € y. For the existence we implement the idea of x Uy = |J{z,y}

more rigorously. By applying EV to the axiom of pairing we get F Jw (Vz(z Ew
z=xVz= y)) By using Theorem we can change the bound variable w to v.
Then we have

FI(Vz(z €ver z=aV2z=y)).

Now by applying EV to the axiom of union, and substituting the variable z by v,

we obtain F JwVz(z € w <> Jy(y € v Az € y)). By Theorems , and we

can change the bound variable y in this formula to u. Hence we get
F3wvz(z € w < Ju(u € v A z € u)).
On the other hand, by EV we have

T: Vz(zevez=xzVz=y)Fucvcu=zVu=y,
Vz(z€w Ju(ucevAzeu)kzew Ju(ucvAzeu).

To simplify the notation, we have denoted the premises of the above entailments
by 7, 0 respectively. Note that we have - Jur and F Jwo.

Now by the Axiom [[.I0] we have z € uy,u =2+ z€z,andz € u,u =y F z € y.
Hence by constructive dilemma (Theorem we get

ze€uu=xVu=ykzexVzey.
But by E<» we have 7,u € v - u =2 Vu =y. Thus by the cut rule we get
T,uEv,z€EukzexVzey.
Hence by EA and the cut rule we get
T, uEVAzEUFZzEXTV ZEY.

Thus by E3 we obtain 7,Ju(u € vAz € u) - z € 2V z € y. Note that u is not a
free variable in 7, so we were allowed to use Ed. In addition, by E<> and the cut
rule we have 0,z € wF Ju(u € v A z € u). Therefore by the cut rule we get

T,0,z EwWkzEXVzEY. (%)
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On the other hand, by EV we have
Vz(z€verz=zVz=y)bxcveaxz=zVr=y.

Note that the premise of the above entailment is 7. Also, by reflexivity of equality
and IV we have -z =z 2 = 2V = y. Hence by the cut rule and E< we get
T2 €wv. Thus by IN and I3 we have m,z e s Fx €evAz€x k- Ju(u e vAz € u).
Similarly we can show that 7,z € y - Ju(u € v A z € u). Hence by EV we get

T,z€xVzeykJu(fu€evAzeu).
Now by E< and the cut rule we obtain
T,0,z€xVzEYkzew. (k)

Therefore by applying I+ to (x), (x%) we obtain 7,0 - 2 € w +> z € zV z € y.
Hence by IV and I3 we get

T,obFVz(zew zexVezey) FIuwvz(zewr z€xVzEey).

Note that z is not a free variable in 7, o, so we were allowed to use IV. Then by E3
we get 7,Jwo F JwVz(z € w <> z € x V z € y). Note that w is not a free variable
in 7, so we were allowed to use EJ. Now we know that - Jwo. Hence by the cut
rule we get

THIwVz(z ew zexVzey).

Finally by E3 we get - Jvr - JuwVz(z € w <> z € x V 2z € y). So we get the desired
by the cut rule. [ ]

Let = be a nonempty set. Then there is a set w whose elements are exactly
those sets which belong to every element of . In other words, if we consider x as
a family of sets, i.e. as the family of the sets which are elements of x, then w is the
intersection of the members of this family of sets. We denote w by

N, or ﬂy@:y.

The next theorem shows that the intersection of a nonempty family of sets exists
and is unique.

Theorem 2.10. For every nonempty set x, there is a unique set whose elements
are exactly those sets which belong to every element of x; i.e.

F Vo [Fu(u € z) - FuwvVz(z € w <+ Vy(y € z — z € y))].
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The uniqueness follows from Theorem by taking the formula ¢(z) to
be Vy(y € x — z € y). The idea for proving the existence is to define the set w by

the axiom of separation using the formula
(zeu) AVy(ly e x — z €y),

where u is some element of x (which we know exists, since x is nonempty). Now
note that if Vy(y € x — z € y) holds then z € u holds too, since u € x. So we can
drop z € u from the defining formula of w, and get the desired. To implement this
idea rigorously we argue as follows.

First, as a practice in using the rules of inference, let us show how to rigorously
change the variables in a formula. The axiom of separation implies that

+ VyEIsz(z cx e (zey) AVyo(yo € xg — 2z € yo)).
By applying EV to the above formula, and substituting u for y, we get
F32Vz(z € x <+ (2 € u) AVyo(yo € o — 2z € Yo))-
Then by Theorems and we can change the bound variables to get
F3uwVz(z € w < (2 € u) AVy(y € 39 — 2 € Y)).

Finally by IV we can add Vg to the formula; and then by EV we can drop Vg, and
substitute xg by x to get

F3wvz(z € w4 (z €u) AVy(y €z — 2 € y)). (%)

And the variables in this formula are compatible with what we want to derive.
Let us denote Vz(z € w > (z € u) AVy(y € @ — z € y)) by 7. Note that we
have shown that - Jwr. Now by EV we have

Thzew (zeu) AVyly € x — z €y). (%)

On the other hand, by EV we have Vy(y € x — z € y) - u € x — z € u. Therefore
by E— we get
Yyly ex = z€y),uc€xt z €u.

So by IA we have Vy(y e x - z € y),u €z F (2 € u) AVy(y € x — z € y). Thus
by E<> applied to (x) we get

Tuexr,Vylyex —z€y) bz €w,
TuEzxr,zewkYyly €ex — z€vy).
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Hence by I+ we obtain 7,u € z+ 2z € w +> Vy(y € x — z € y). Then by IV and 13
we get

TuExkVz(z €w o Vyly € x — 2 € y))
FEIsz(szHVy(ny%zEy)).

Now by EJ we get Jwr,u € z EIsz(z cweVylyexr —z e y)) But we know
that - Jwr. So we have u € x F Esz(z cweYylyer — z € y)) Therefore by
E3 we obtain

Ju(u € z) F FuVz(z e w < Vyly €z — z € y)).
Hence we get the desired result by applying [—, and then IV. |

Remark. Note that if we allow = to be empty in the above theorem, then the
formula Vy(y € © — z € y) becomes true for every z, because y € x is false for
every y. Therefore every set z must belong to the intersection of an empty family
of sets! Thus to avoid such complications, we do not define the intersection of the
empty set.

Remark. Also note that the formula (%) in the above proof is just a statement of
the axiom of separation (with the initial V dropped) using different variables than
what we used earlier. However, we wanted to show how to start from the exact
statement of an axiom, and change the variables into other variables. Although in
the sequel, we usually state the axioms using the variables which we want to use,
and rarely repeat these kinds of reasonings.

Note that similarly to the case of unions, we are allowed to form the intersection
of any nonempty family of sets. In particular, we can form the intersection of
infinitely many sets. But, the intersection of finitely many sets deserves special
attention too. For two sets like x, y, we denote their intersection by

TNy.

The next theorem proves the main property of x Ny, together with its existence
and uniqueness.

Theorem 2.11. For every two sets x,y, there is a unique set whose elements are
exactly those sets which belong to both x and y; i.e.

FVaVydw(Vz(z e w < z €z Az € y)).

The uniqueness follows from Theorem by taking the formula ¢ (z) to

be z € x A z € y. To prove the existence, note that by the axiom of separation we
have - Vy3aVz(z € z <> (2 € y) A (2 € xp)). Then by IV we get

F VaoVydaVz(z € z <> (2 € y) A (2 € x0)).
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Now by repeated applications of Theorem [1.11| we can change the bound variables
to obtain
FVyVaFuwVz(z € w < (z € 1) A (2 € y)).

Finally, we can switch Vy and Vx by Theorem to get the desired result. |

Remark. We say the two sets x,y are disjoint if their intersection is empty, i.e.
if z Ny = (. When z,y are disjoint, we sometimes denote their union by z Ll y.
Similarly, we say that the elements of the set x are pairwise disjoint or mu-
tually disjoint if for every distinct u, z €  we have v N z = 0; in other words, if
we have
Vuvz[(u ez Az €x) Au+2) s unz=10].

In this case, we sometimes denote | Jx by | |z.

Axiom of Power Set.
FVaz3w(Vz(z € w > 2 C 2)).

This axiom says that for a set like x, there is a set w whose elements are exactly
the subsets of x. The set w is called the power set of z, and is denoted by

P(z).

Note that we can replace z C x by its interpretation; so a more formal statement
of the axiom is
FVaIuwVz(z € w < Yo(v € 2 = v € 2)).

Remark. The axiom of power set tacitly implies that all the subsets of x are also
sets. Note that by the axiom schema of separation, every subset of z that can be
described by a formula is a set; but, that axiom does not imply that every collection
of some elements of x is itself a set. However, at least informally, the axiom of power
set implies that any collection of some elements of z, i.e. any subset of x, is itself a
set; and the collection of all subsets of x is a set too. But, we cannot state this fact
formally in the language of set theory, because if we can talk about a collection of
some elements of x in this language, then that collection is already assumed to be
a set!

Theorem 2.12. For every set x, the set P(x) is uniquely determined, i.e.

I—Vz(zEwlHsz)/\Vz(zerHsz)—>w1:w2.

This follows easily from Theorem by taking the formula (z) to be
z Cwx. |



CHAPTER 2. SETS

71

Remark. Since for every set like x we have ) C x, we get () € P(x). So in particular

P(x) # 0.

Next, let us state more clearly what are the meanings of some of the notations,
when they appear in a formula. We will only state the more useful cases; the reader
should be able to figure out the rest of them. Let x,y, 2 be variables. Note that
when we consider (] x, we assume that x is nonempty. We have

z ez

is a shorthand notation for

Jyly ex Nz ey),

z€x Uy is a shorthand notation for zexVzey,
z€x is a shorthand notation for Vyly € x — z € y),
zexNy is a shorthand notation for zEXTNzEY,

z € P(x) is a shorthand notation for z Cz,

xNy #0D is a shorthand notation for Jz(zexNzeEy),
xNy=10 is a shorthand notation for -3z(z €z Nz €y).

So far we have introduced four axioms and one axiom schema. There are three
more axioms and one more axiom schema in the standard theory of sets. The
axiom of infinity states that an infinite set exists. We will study this axiom in
depth in Chapter [d] Of course, we have to make the notion of infinite set precise,
before we can even state this axiom. The next axiom is the axiom of choice. It
states that if we have a set x whose elements are all nonempty sets, then we can
choose an element from all those nonempty sets in . In other words, there is a set
whose intersection with any element of x is a singleton. This axiom has a special
place among the axioms. We will study the axiom of choice and its consequences
in Chapter [7]

The next two axioms are not used in the development of most of mathematics
outside set theory. So we only briefly talk about them here.

Axiom of Regularity.
FVz(z#£0— 3z ex(zna =10)).

This axiom says that any nonempty set x has an element z whose intersection
with z is empty. As a consequence, a set that belongs to itself cannot exist. Because
if z € x then the set {x} does not satisfy the axiom of regularity, since we have
{z} Nx = x # (). This axiom also implies that a cycle of membership cannot
exist. For example, we cannot have x € y and y € x; because otherwise the set
{z,y} would not satisfy the axiom of regularity. Although the axiom of regularity
excludes some undesirable objects from the universe of sets, it is only used inside
set theory, and is irrelevant to the other parts of mathematics.



CHAPTER 2. SETS 72

Axiom schema of Replacement. Let ¢ be a formula that has u,z as free vari-
ables. Suppose that x is not a free variable of ¢. Then we have

FVy[Vu € y A2¢(u, 2) = FaVz(z € 2 > Fu € y ¢(u,2))].

This axiom says that if we can map every element u of the set y to a uniquely
determined z, which satisfies ¢(u, z), then we can collect all those z’s and form a
set . In other words, if we replace each u by the corresponding z, the resulting
collection is still a set. Informally we can also say that if we have a function whose
domain is the set y, then the image of the function is also a set, which we called z.
The axiom of replacement is needed if we want to construct very large sets, which
are rarely used outside set theory. It is also needed for the construction of some
specific sets, called ordinals, which are of great importance in set theory.

The axiomatic theory of sets that we developed in this chapter is called
Zermelo—Fraenkel set theory. It is abbreviated by ZFC, where C stands for
the axiom of choice. Currently, ZFC is regarded as the standard theory of sets
by most mathematicians. The theory which results when we exclude the axiom of
choice from the axioms of ZFC is denoted by ZF. Note that both ZF and ZFC have
infinitely many axioms, because the axiom schemata of separation and replacement
are actually collections of infinitely many axioms, one for each formula ¢.

2.3 Algebra of Sets

Notation. To make the formulas more readable, from now on we will also use
upper case letters to denote sets.

Our goal in this section is to find various relations between the operations on
sets, like union and intersection. We also study the properties of the inclusion
relation. The next theorem, which is a generalization of Theorem is a useful
tool in this regard. A similar result about the inclusion will be stated afterwards.

Theorem 2.13. Let ¢, be two formulas that have z as a free variable. Suppose
that ¢ =. Then we have
FVz(z €z ¢(2)) AVz(z €y < ¥(2) 2z =y.

Remark. Informally, this theorem says that if two sets are defined by equivalent
formulas, then they must be equal. However, note that we do not claim that such
sets x,y actually exist.

By Theorem , EV, and EA we have
Vz(z € 2 43 ¢(2)) AVz(z € y <> ¥(2))
FVz[(z €z ¢(2)) A (2 €y & ¥(2))]
Fzeze 9(2)A(zey e (2)) Fz €z d(z).
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To simplify the notation let us denote the first premise of the above entailments by
7. Then by the cut rule, E<», and the equivalence of ¢,y we get

T,z €x b ¢(z) F Y(2).

On the other hand, we can show as above that 7 F z € y <> ¢(z). Hence by the
cut rule and E<» we get 7,9(2) F 2z € y. Thus by the cut and contraction rules we
obtain 7,z € x F z € y. Similarly we can show that 7,z € y F z € x. Therefore by
I« we get TF 2 € x <> z € y. Thus by IV and the axiom of extensionality we have

THEVz2(z€x < zey) o=y
Hence we get the desired by I—. |

Theorem 2.14. Let ¢, be two formulas that have z as a free variable. Suppose
FVz(z € z 4 ¢(2)), FVz(z €y < (2)).
Then we have
zCy if and only if ¢ .

Remark. Remember that x C y is just a shorthand notation for the formula
Vz(z € x — z € y).

Remark. Informally, this theorem says that if two sets z, y are defined by formulas
¢, Y respectively, then ¢ - ¢ is equivalent to x C y. However, note that we do not
claim that such sets x,y actually exist.

Suppose ¢ - 9. By EV we have - Vz(z € 2 ¢ ¢(2)) F 2 € z > ¢(2).
Also, by E<> we get

zex,z€x 4 ¢(2) F d(z) F(z).
Then by the cut rule we obtain z € x - 9(z). On the other hand, by EV we have
FVz(z €y (2)) F 2z €y (2).

Hence by the cut rule and E<» we get ¢(2) - z € y. Thus by the cut rule we obtain
z € x - z € y. Therefore by I—+ we get - 2z € x — 2z € y. Thus by IV we have

FVz(z€x — z €y),

as desired. Conversely, suppose  C y, i.e. - Vz(z € x — z € y). Then by EV we
get
I—Vz(ze:z:—>z€y)l—z€x%z€y.

Hence by the cut rule and E— we have z € x - z € y. Similarly to the above, we
can also show that z € y - v, and ¢ - z € x. Therefore by the cut rule we get
¢ F 1), as desired. |
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The following technical result will be needed later in the section.

Theorem 2.15. Let A, B be two sets. Let ¢ be a formula that has x,a as free
variables, and does not contain b as a free variable. Suppose

FVa e AJbVr(z €b+ ¢a,z)).

Also suppose that
be B=3dac AVx(z €b+ ¢(a,x)).

Then we have
(i)
x€(B=Vac A ¢(a,x),
(ii)
x € UB=dac A ¢(a,x).

Remark. Informally, the theorem says that if the elements of B are constructed
from the elements of A by using the formula ¢, then we can express (| B,|J B in
terms of A. Note that the first assumption of the theorem means that it is possible
to construct a set from every element of A by using the formula ¢. As an example,
suppose ¢(a,x) is x € aV x € c¢. In this case we will have b = a U ¢. Then the
theorem implies that 2 € (. b if and only if for every a € A we have z € aVx € c,
ie. x € aUc. We can express this by saying that z € [),.4 @ U c. Hence we can
write (N,eg b = (Ngea @ U c. Similarly we have | J,cpb = JcnaUec.

To simplify the notation, let us denote the formula Va(z € b <> ¢(a, x))
by ¥ (a,b). Then the first assumption of the theorem can be written as

- Va(a € A — Fbi(a,b)). (%)

Also, we have
be B=da(a € ANY(a,b)). (xx)

(i) Note that = € (| B means Vb € B x € b, or more explicitly
Vb(be B — x €b).
We want to show that this formula is equivalent to the formula
Va(a € A — ¢(a,x)).
Now by EA and E— we have

ac€A— ¢a,z), a € ANY(a,b) - ¢(a,x).
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We also have a € AAY(a,b) - 1(a,b) -z € b+ ¢(a,z), due to EA and EV. Hence
by the cut rule and E<+ we get

acA— ¢la,z), a€ ANY(a,b) Fz €b.
Thus by EV we have
Va(a € A — ¢(a,z)), a € ANY(a,b) Fx €b.
Now we can apply EJ to obtain
Va(a € A — ¢(a,x)), Jala € ANY(a,b)) Fx €D
Hence by (xx) we get Va(a € A — ¢(a,z)), b€ B+ x € b. So by I— we have
Va(a € A — ¢(a,z))Fbe B — x €b,

and by IV we obtain Va(a € A — ¢(a,x)) - Vb(b € B — x € b), since b is not a free
variable in ¢.
On the other hand, by IA, I3, and (**) we obtain

ac A Y(a,b) - Jala € ANY(a,b)) -be B.
Hence by the cut rule, EV, and E— we get
a€ A Y(a,b),Vb(be B—xeb)Fxehb.
Also, by EV we have ¥(a,b) - x € b <> ¢(a,x). Hence by E<> we get
a€ AY(a,b),Vb(be B—xeb)k ¢(a,x).
So by EJ we obtain
ac A 3Y(a,b),Yb(be B—x€b)t ¢(a,x),

since b is not a free variable in ¢. However, by applying EV and E— to (x) we get
a € Al 3Jby(a,b). Therefore by the cut rule we get

ac AVbbe B—xeb)t ¢a,x).
Thus by I— we have Vb(b€ B — z € b) - a € A — ¢(a,x). Hence by IV we obtain
Vbo(be B—x €b)tVala € A— ¢(a,x)),

as desired.
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(ii) Note that x € |J B means 3b € B x € b, or more explicitly
Jb(be BAx€Db).
We want to show that this formula is equivalent to the formula
Ja(a € AN ¢(a,x)).

Now by EA we have
a€ ANY(a,x)Fa€ A

We also have a € AANY(a,b) - ¢(a,b) Fx € b <> ¢(a,x), due to EA and EV. Hence
by the cut rule and E<> we get

a € ANY(a,x),x €bF ¢(a,x).
Thus by the cut rule, IA, and I3 we obtain
a€ ANY(a,x),cr€blFac AN¢(a,x)F Ja(a € AN ¢(a,x)).
Therefore by E3 we get
Ja(a € ANY(a,x)),x € bF Jala € AN ¢(a,z)).

Hence by (xx) and EA we have b€ BAx € bt Ja(a € AN ¢(a,z)). So by EF we
get
Jb(be BAxz €b)FFala e AN¢P(a,x)),

since b is not a free variable in ¢.
On the other hand, by IA, I3, and (**) we obtain

a€ AY(a,b)t-Jala € ANY(a,b))Fbe B.

We also have 9(a,b) F x € b <> ¢(a,x), due to EV. Hence by the cut rule, EA, and
E+ we get
acAN¢(a,x),Y(a,x) -z €b.

Thus by IA and I3 we obtain
a€ANP(a,x),Y(a,x) Fbe BNz ebt3bbe BAx D).
So by E3 we get
a€ AN¢(a,z),IbY(a,z) - Ib(b e BAx €Db),

since b is not a free variable in ¢. However, by applying EV and E— to (x) we get
a € Ak 3Jby(a,b). Therefore by the cut rule we get

a€ AN@(a,x)FIb(be BAx €D).
Thus by E3 we obtain Ja(a € AN ¢(a,x)) - 3b(b € BAx €b), as desired. [ |
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Notation. From now on, we will also use
<~

to denote the equivalence of formulas, or other expressions which are not technically
formulas, but can be rewritten as formulas. We may also use

=

to denote the entailment relation between formulas or such expressions. Hence
¢ <= 1 means ¢ = 1, or equivalently - ¢ <> ¢; and ¢ = 1 means ¢ I ¢, or
equivalently - ¢ — .

For two sets like A, B, the set B — A, which is called the difference of A, B, is
the set of all elements of B that do not belong to A. In other words

B—-A:={zxeB:x¢ A}

The next theorem proves the main property of B — A, together with its existence
and uniqueness.

Remark. Another notation for B — A is B\ A.

Theorem 2.16. For every two sets A, B, there is a unique set whose elements are
exactly those sets which belong to B but not to A; i.e.

- VAYBIIC (Va(z € C > w € BAx ¢ A)).

The uniqueness follows from Theorem by taking the formula 3 to be
x € BAxz ¢ A. The existence follows from the axiom of separation by taking the

formula ¢ to be ¢ A. Note that we have to change the variables in that axiom
into the variables in this theorem. [

Note that for two sets A, B we have two differences, B — A and A — B. The
union of these two differences is called the symmetric difference of A, B, and is
denoted by AAB. In other words

AAB :=(A—B)U (B — A).
Theorem 2.17. Suppose A, B,C are sets. Then we have
(i) Commutativity :
ANB=BnNA, and AUB=BUA.
(ii) Associativity :

(ANB)NC=AN(BNC), and (AUB)UC=AU(BUC).
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(i) Distributivity :

AU(BNC) = (AUB)N(AUC), and AN(BUC) = (ANB)U(ANC).
(iv) Idempotency :
ANA=A, and AUA=A.
(v) Absorption :
AN(AUB) = A4, and AU(ANB) = A.

(vi) De Morgan’s laws :
C—(ANB) = (C-A)U(C—-B), and C—(AUB) = (C-A)N(C—-B).

These equalities follow from Theorem since the sets in each equation
are defined by equivalent formulas. In the following parts we will only state the
formulas that define each set; the equivalence of the corresponding formulas is an
easy consequence of Theorem [I.6]

(i) AN B is defined by the formula z € AAx € B, and BN A is defined by
x € BANx € A. Similarly, AU B is defined by the formula x € AV x € B, and
B U A is defined by x € BV x € A.

(ii) (An B) N C is defined by the formula (r € AAx € B) Az € C, and
AN(BNC)is defined by z € AN (z € BAxz € C). Similarly, (AU B)UC is
defined by the formula (r € AVz € B)Va € C, and AU (BUC(C) is defined by
reAV(zxe Bvz e ().

(iii) AU (BN Q) is defined by the formula z € AV (x € BAz € (), and
(AUB)N(AUCQC) is defined by (x € AVa € B)A(x € AVz € C). Similarly,
AN(BUC) is defined by the formula x € AA(x € BVz € C), and (ANB)U(ANC)
is defined by (r € ANz e B)V(xe ANz eC).

(iv) AN A is defined by the formula z € A A x € A, which is equivalent to the
formula x € A. Similarly, AU A is defined by the formula x € AV x € A, which is
also equivalent to the formula z € A. However, by the axiom of extensionality the
formula xz € A defines the set A. Hence AN A and AU A are equal to A.

(v) AN (AU B) is defined by the formula z € AA (x € AV z € B), which is
equivalent to the formula x € A. Similarly, AU (AN B) is defined by the formula
x € AV (r € ANz € B), which is also equivalent to the formula z € A. Finally
note that by the axiom of extensionality the formula x € A defines the set A.

(vi) C — (AN B) is defined by the formula x € C Az ¢ AN B, which is just a
shorthand notation for the formula x € C' A =(x € AN B). Now we have

reCAN-(xeANB)=zxeCAN—-(ze ANz € B)

=z €CA (~(ze€A)V-(z€B))
re€CAN(x¢ AVa ¢ B)
(reChxgA)V(reCAx¢B).
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The last formula in the above expression defines the set (C' — A) U (C — B), as
desired. Similarly, C'— (AU B) is defined by the formula x € C Az ¢ AU B, which
is just a shorthand notation for the formula z € C' A —~(x € AU B). Now we have
reCN~(xe AUB)=ceCA-(r€eAVzeB)
=z € CA (~(x € A)A(z € B))
=(xeChrzeC)N(z¢ ANz ¢ B)
=((zeChrazeC)na¢A)Na ¢ B
=(@xeCAN@eCAhx¢A) Nz ¢B
=(xeCNA(w¢AnzeC)) Nz ¢B
(xreChx g AN(xreCANnx¢B).
The last formula in the above expression defines the set (C' — A) N (C — B), as
desired. [

Remark. Consider the set (ANB)NC. We know that it equals AN (BNC). Thus
we can drop the parentheses, and denote this set simply by A N B N C. Similarly,
we can write AUBUC to denote the set (AUB)UC. The associativity also implies
that if several sets are all connected by union or intersection, then the arrangement
of parentheses between them does not alter the resulting set. In other words, all
the possible arrangements of parentheses result in the same set. So for example,
DU((AuB)UCQC) is equal to (DU A)U (BUC). We can denote the set denoted
by these expressions simply by DU AU B U C. Similar abbreviated notations can
be used when we have more sets. However, we do not have the tools now to state
the general version of this fact precisely, and to prove it rigorously. See Sections
and [5.6] for the details of the general version.

We can also state a version of some parts of the above theorem for the unions
and intersections of arbitrary families of sets.

Theorem 2.18. Suppose A, B,C are sets, and A is nonempty. Then we have
(i) Distributivity :

(ﬂA)uC:ﬂ(AuC), and (UB)nCZU(BnC).

AcA AcA BeB BeB
(i)
(ﬂA)mC:ﬂ(Amc), and (UA)UO:U(AUC).
AcA AcA AcA AcA
(iii) De Morgan’s laws :

c—(ﬂA):U(o—A), and c—(UA):ﬂ(o_A).

AeA AeA AeA AeA



CHAPTER 2. SETS 80

Remark. Note that part (ii) of this theorem is not a case of associativity, rather,
it states the distributivity of N over N, and of U over U.

Remark. The set (), 4(AUC) is the intersection of all the elements of a set S
whose elements are of the form A U C for some A € A. More precisely, let
S={SeP(CUYA):FAc A (S=AUC)}.
Then by the axiom of separation we have
SeS=(SePCUUA))ABAcA(S=AUC)).

However, we can easily show that 34 € A (S = AUC)F S € P(CUUYA) (see
Theorem [2.19)). Hence we have

SeS=3JAc A(S=AUC).
Thus by Theorem we get (S = (Ngea(AUC). Similar remarks apply to the

other similar expressions in the theorem.

These equalities follow from Theorem since the sets in each equation

are defined by equivalent formulas.
(i) (Ngea A) UC is defined by the formula (VA € Az € A)Va € C, which by
Theorem [I.12] is equivalent to

VAe A(x e Avz e C).

However, this last formula is equivalent to VA € A (x € AU (), which defines the
set (4ea(AUC) by Theorem

Similarly, (Upeg B) N C is defined by the formula (3B € Bz € B) Az € C,
which by Theorem [1.12]is equivalent to

dBeB(xeBAxel).

But this last formula is equivalent to 3B € B (z € BN C), which defines the set
Upes(B N C) by Theorem 2.15]

(ii) (NaeaA) NC is defined by the formula (VA € Az € A) Az € C, which
by Theorem [1.12|is equivalent to

VAc A(xe ANz eC).

However, this last formula is equivalent to VA € A (z € AN C), which defines the
set (N 4ea(ANC) by Theorem

Similarly, (|Jse4A) UC is defined by the formula (3A € Az € A)Vz € C,
which by Theorem [I.12]is equivalent to

JAceA(zeAvzel).
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But this last formula is equivalent to 34 € A (x € AU C), which defines the set
Uaca(AUC) by Theorem
(iii) C = (Naecq A) is defined by the formula z € C A (VA € Az € A). Now

we have

reCN-(VAc Az e A=z e CA~(VA(Ae A=z € A))
z€CA(FA-(Ae A—z € A))

€ CNA(FAAe ANz ¢ A))
reCNEBAcAx ¢ A
=JAcA(xeCAhx¢ A (Theorem [1.12))
=JAcA(xeC—A).

The last formula in the above expression defines the set J 4 4(C — A) by Theorem
2.15| as desired.

Similarly, C' — (UAeA A) is defined by the formula x € C A —(FA € Az € A).
Now we have

te€CA-(FAc Az e A) =2z CA-(FAAc ANz € A))
=z € CA (VA-(Ae ANz € A))
=ze€CA(VAA¢ AV ¢ A))
=ze€CA(VAAec A ¢ A))
=reCNANNVAcAx¢g A
=VAcA(xeCAx ¢ A (Theorem [1.12))
=VAeA(xeC—-A).

The last formula in the above expression defines the set (4. 4(C — A) by Theorem
2.15] as desired. u

Remark. Note that the fact that A is nonempty is needed when we deal with its
intersection, or the intersection of other families of sets constructed from A. In
addition, the nonemptiness of A is needed in part (ii) and the second equality of
part (iii) so that we can apply Theorem [1.12 _ An interesting counterexample is
when A is empty in the second equality of (ii); in this case the left hand side of the
equality is equal to C, while its right hand side is equal to (.

Exercise 2.1. Show that for any two sets A, B we have

A—-B=A-(ANDB),
AAB = BAA,
AAB = (AUB)—- (ANB).
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Exercise 2.2. Suppose A, B, A', B' are sets, and A, A’ are nonempty. Show that
we have

UBUB) = (UB)U(UB),  and  MAUL) = (N4 1 (O4).
Theorem 2.19. Suppose A, B,C are sets. Then we have

(1) Reflexivity : A C A.
) Antisymmetry : A C B and B C A if and only if A= B.
(i) Transitivity : If AC B and B C C then A C C.
)

0cA, ANBCA,B, A,BC AUB.

(v) If AC C and B C C then AUB C C.
(vi) IfC C A and C C B then C C AN B.

ACB <— ANB=A < AUB=B <— A—-B=0.

(viii) If AC B then |JA C |UB.
(ix) If A C B, and A is nonempty, then (VA D (\B.
(x) For every b € B we have b C | B.
(xi) If A is nonempty, then for every a € A we have (A C a.
(xii) UP(B) = B; so if A C P(B) then|JA C B. In addition, if A is nonempty
we have (A C B.

These relations follow from Theorem m Because the subset in each
relation is defined by a formula which implies the formula defining the superset in
the relation.

(i) It is obvious that x € A+ x € A. And by the axiom of extensionality the
formula x € A defines the set A.

(ii) This has been shown in Example .

(iii) fre Atz e Bandox € Bz € C, thenz € A x € C by the cut rule.

(iv) O C A has been proved in Example Next, AN B is defined by the
formula x € A A x € B, and by EA we have

rEANxEBFxEA, reEANx e BFxeB.
Finally, AU B is defined by the formula x € AV x € B, and by IV we have
reEAFx e AVr € B, reBFrxeAVvaeeB.

(v)yfze AFzeCandexe BrozeC,thenaz € AVae e BFx e C by Ev.
(vi)IfreCroeAande e Chzxe B, thenx e CHax e ANz € B by IA
and the cut rule.
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(vii) We will use the previous parts in the proof of this part without explicit
citation. If A C B then we have A C AN B, since A C A. On the other hand we
have AN B C A. Hence we get AN B = A. Conversely, if AN B = A then we have
A C B, since we know that AN B C B.

Next, note that if A C B then we have AU B C B, since B C B. On the other
hand we have B C AU B. Hence we get AU B = B. Conversely, if AUB = B
then we have A C B, since we know that A C AU B.

Finally, note that if A C B then we have x € A F x € B. On the other hand,
A — B is defined by the formula x € A Az ¢ B. However, by EA we have

re€ ANz ¢ BFx ¢ B, re€ANx¢ BFrxe Az e B.

Thus by E— we get © € ANz ¢ B+ L. In other words, x € A — B implies a
contradiction. Hence by I— we get - x ¢ A — B. Therefore by IV we obtain

FVx(x ¢ A— B),

i.e. A— B is the empty set.

Conversely, suppose A — B = (). Then we have - Vz(x ¢ A — B). Thus by EV
we get - x ¢ A— B. So by weakening rule we also have v € A,z ¢ Bz ¢ A— B.
Now by IA we have

reAx¢BrrecANx ¢ Brxe A—B.

Hence by E— we obtain x € A,x ¢ BF L. Therefore by RAA we get x € Az €
B, as desired.
(viii) We know that x € A+ x € B. Now by IA and I3 we have

r€ANze€xbtxeEBANzexk3x(xr € BAzE x).

Hence by E3 we get Jz(x € ANz € ) - Jx(z € BAz € x). Note that these
formulas define | J A, | B respectively.

(ix) We know that x € A - z € B. Note that B is nonempty since A is
nonempty. So (A, B are defined. Now by EV we have Vz(r € B+ z€xz)Fx €
B — z € x. Hence by the cut rule and E— we get

Ve(r€B—z€x),r € Ak z € x.

Thus by I— we have Va(z € B - z € 2) - x € A — z € z. Therefore by IV we
obtain
Ve(reB—zex)FVe(x € A— z € x),

as desired. Note that the above formulas define (] B, () A respectively.
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(x) By IN and I3 we have b e B,z € b-be BAze€ bt Jx(x € BAz € z).
However we assumed that b € B. Thus by the cut rule we get

zebkF3Ix(xe BAz € x),

as desired.
(xi) By EV we have Vo(r € A - z € x) Fa € A — z € a. Hence by E— we
get
Ve(re A—z€x),ac AFz€a.

But we assumed that - a € A. Hence by the cut rule we obtain
Ve(x € A= z€x)k 2z € a,

as desired.

(xii) We know that B C B, so B € P(B). Hence we have B C |JP(B). On
the other hand, z € | JP(B) means that Jz(x € P(B) A z € x); which is equivalent
to dx(x C BAz € x). However, © C B implies that - z € x — 2z € B. Thus by EA
and E— we get t C BAz € xF 2z € B. Hence by EJ we obtain

Jx(x CBAz€ex) 2z € B.

In other words, we have shown that | JP(B) C B. So we get the desired equality.
Now, if A C P(B) then we have (JA C JP(B) = B. In addition, when A is
nonempty, for some a € A we have (1A C a C B, since the elements of A are
subsets of B. |

It frequently happens in mathematics that we only consider sets which are
subsets of a given fixed set. This fixed set plays the role of universe in our study
of that subject. Suppose M is the set that we consider as the universe. Then for
every A C M we define the complement of A to be

A¢ =M — A.
Note that the notion of complement depends on the universe that we considered.

Theorem 2.20. Suppose M is a set, and A, B C M. Also suppose that X C P(M)
1s nonempty. Then we have

(i) De Morgan’s laws :
(AN B)¢ = A°U B¢, and (AUB)® = A°n B-.

(ii) De Morgan’s laws :

(ﬂo)c:UCC, and (UC)C:ﬂCC.

CeX CeX CeX CeX
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(iii)
(A°) = A.

B—-A=DBnA"
B—- A= A°— B“.

ACB < DB°c A"

M€ =10, and 0¢= M,
AUA® = M, and AN A =0,
ANM = A, and AU = A,
AUM =M,  and  ANQ=0.

(i) This easily follows from the previous statement of De Morgan’s laws.

(ii) This easily follows from the previous statement of De Morgan’s laws for
families of sets. Note that the elements of X are subsets of M. Also, (X and
|J X are subsets of M by the previous theorem. Hence we are allowed to form their
complements.

(iii) We know that (A)* = M — (M — A). Hence x € (A°)° means that

reEMNez¢gM—-—A=zeMA-~(zxe MANx¢A)
=rxeMANaxzg¢gMVzeA
=(xeMNANz¢gM)V(eeMAzeA)
=1lV@eMMANnzecA)=xeMANzxeA.

However, we know that + € A+ x € M, since A C M. Hence by IA we have
rEArFze MANx e A Also, by EAwehavex € M ANz € Az € A. Thus

reEMAMANz e A=z e A

So z € (A%)¢ = x € A. Therefore (A°)° = A by Theorem [2.13]
(iv) BN A€ is defined by the formula

r€EBANreA°=xeBAN(zeMANx¢A)=(xeBArzeM)Nx ¢ A
However, as we have shown in the proof of the previous part, we have

reBANxeM=zxe€B,
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since B C M. Therefore z € BAxz € A°=x € BAx ¢ A; and this last formula
defines the set B — A. Hence by Theorem [2.13] we have BN A¢ = B — A, as desired.
(v) We have

B—A=BnA®=A°NB=A°N(B°)° = A° — BC.

(vi) By Theorem [2.19 we know that A C B is equivalent to B—A = (). Similarly,
B¢ C A€ is equivalent to A° — B¢ = (). However, we know that B — A = A¢ — BC.
Thus A C B is equivalent to B¢ C A°€.

(vii) We have M= M — M = (), since M C M. Hence we get

@C — (MC)C — M

Now note that z € M,x ¢ Arz e MAx ¢ A,andz e MAx ¢ A=z e A"
Hence by I— we have x € M - x ¢ A — x € A°. But by the law of material
implication we have

r¢A—-recA=rcAVrecA°=xec AU A"

Thusx € M+ x € AUAC. Therefore M C AUA®. On the other hand, AUA® C M,
since A, A C M. So AU A= M.
Next we have v € ANA°Fx e AN(x e M Nz ¢ A). But

rEAN(zeMAx ¢ A)=(xceANx¢d A)Nz e M= 1,

since the contradiction z € AAx ¢ A is equivalent to L, and the conjunction of L
with any formula is equivalent to 1. Thus x € AN A°F L. Hence by I- we get
Fax ¢ AN A°. Therefore by IV we obtain

FVz(z ¢ AN A,

i.e. AN A€ is the empty set, as desired.

Finally, note that the other equalities of this part follow from Theorem [2:19]
since we have ) € A € M. Note that we can also interpret z € () to be the false
formula z # x, and compute AU (), A N Y directly. [ |

Remark. As a consequence of the above theorem, for every set M we have
M—0=0°= M.

We can also interpret z € () to be the false formula x # x, and compute M — ()
directly.
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Relations and Functions

3.1 Ordered Pairs

Let a,b be two sets. The axiom of pairing allows us to form the set {a,b}. So we
can form a pair whose components are a, b. But this notion of pair is inadequate for
many applications, because the sets a, b have no order in the pair {a,b}. Remember
that by the axiom of extensionality we have

{av b} = {b7 CL},

since both of these sets contain exactly a, b. The following elegant definition of pair,
due to Kuratowski, captures the idea of order.

Definition 3.1. Let a,b be two sets. The ordered pair (a,b) is

(a,0) := {{a}, {a,b}}.
The set a,b are called the components of the ordered pair (a,b).

We have to use the axiom of pairing to construct {a, b}, {a}, and {{a}, {a,b}}.
Note that the ordered pair (a,b) is a set that contains the unordered pair {a, b},
and also contains the first component {a}, so that it can record the order of the
pair a,b. The next theorem makes this intuition precise.

Theorem 3.1. Let a, b, c,d be sets. Then we have
(a,b) = (c,d) if and only if a=c and b=d.
If @ = cand b = d, then by the axiom of extensionality we have {a} = {c},

and {a,b} = {c,d}. Hence we also have {{a},{a,b}} = {{c},{c,d}}, as desired.
Conversely, suppose that (a,b) = (¢,d). Then we have {a} € {{c},{c,d}}. There

87
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are two possible cases. If {a} = {¢,d}, then {c,d} is a singleton. Thus we must
have ¢ = d. Therefore {c,d} = {c}. We also have a € {c}; so a = ¢. In addition,
(c,d) = {{c}} is also a singleton. Hence (a,b) must be a singleton too. Thus we
must have {a,b} = {a}. Therefore b € {a}, and we obtain that b = a. So we have
shown that a = ¢, and b=a = c = d.

Now let us consider the other case. Suppose we have {a} = {c}. Then we get
a = c¢. On the other hand, we also have {a,b} € {{c},{c,d}}. If {a,b} = {c} then
we must have b = ¢ = a. Thus we can repeat the above argument by exchanging
the roles of (a,b) and (c,d), to conclude that d = ¢ = b. So let us suppose that
{a,b} = {c,d}. Then we have b € {c,d}. Again, if b = ¢ = a, then we can conclude
that d = ¢ = b. Hence there is only one other possibility left, namely we must have
b = d, which is the desired. [ |

Note that the exact structure of the set (a,b) is not important; the important
thing is that (a, b) satisfies the characteristic property expressed in the above the-
orem. Namely, we need (a,b) to somehow tells us that a comes first, and b comes
next; and it is not important how this information is stored in (a, b).

Remark. Note that unlike unordered pairs, the ordered pairs (a,b) and (b,a) are
different, unless a = b. If a = b then we have

(a,a) = {{a},{a,a}} = {{a}, {a}} = {{a}}.
Theorem 3.2. Let A, B be two sets. Then for every a € A and b € B we have

(a,b) € P(P(AU B)).

We have a,b € AU B. Hence {a},{a,b} € AU B. Thus {a},{a,b} €
P(A U B). Therefore we have {{a},{a,b}} € P(P(AU B)), as desired. [ |

Definition 3.2. Let A, B be two sets. Then the Cartesian product A x B of
A, B is the set of all ordered pairs (a,b), where a € A and b € B. In other words

Ax B:={x€P(P(AUB)):3a € A and 3b € B such that z = (a,b)}.
Remark. The expression defining A x B can be written more formally as
Ja3b(a € ANb € BA (z = (a,b))).

The existence of A x B is guaranteed by the axioms of union, power set, and
separation. Note that the property x = (a, b) can be expressed by a formula; so the
application of the axiom of separation is legitimate. In addition, note that A x B
will contain every ordered pair (a,b), where a € A and b € B, due to the above
theorem.
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Notation. The set A x A is also denoted by AZ.
Example 3.1. For every set A we have
AxD=0=0x A.

Because if z € A x () then we get Ja € A and 3b € 0 such that x = (a,b), which is
a contradiction. Hence for every x we must have x ¢ A x (). Thus A x @ = (). The
other equality can be proved similarly.

Theorem 3.3. Suppose A, B,C, D, X are sets. Then we have

X (BUD)=(AxB)U(AxD,).
X (BND)=(Ax B)N(Ax D).
(B—D)=(AxB)—-(AxD).
(Uxex X) =Uxex(4 x X).

(ﬂXGX ) Nxecx(A x X), provided that X is nonempty.
(vi) If BC D then Ax BC A x D.

(vil) (ANC)x (BND)=(AxB)N(C x D).

A
A
A

Remark. Similar identities to (i)-(vi) hold when we multiply A from right.

Remark. The set | Jycy (A x X) is the union of all the elements of a set S whose
elements are of the form A x X for some X € X. More precisely, let

S={SePAxJX):IX e X (S=AxX)}.
Then by the axiom of separation we have
SeS = (SePAxUX)A(BX eX (S=AxX)).

However, we can easily show that 3X € X (S = Ax X) = S € P(A x| JX).
Hence we have
SeS <= IX e X (S=A4AxX).

Thus by Theorem we get (JS = Uxex(A x X). Similar remarks apply to
Nxex(4xX).

To simplify the notation, we will denote x = (a,b) by z2.
(i) We have

z€Ax (BUD) <= 3Jadb(ac AN bEBUD)/\x)
Ja3b(a € AN ( bEB\/bGD)/\x)
JaFb((a€ ANbE BAzY)V(ac ANbeE DAD))

JaFb(a € Anbe BAzb)v3adb(a e ANbeE DA
(€ AxB)V(zeAxD)
x € (Ax B)U(AXx D).

HIHIII
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(ii) This follows from part (vii) by taking C' = A, and noting that AN A = A.
(iii) We have

r€(AXB)—(AXxD) < (r€ AxB)A(x¢ Ax D)
— Jablac ANbE BAD)
AVaVb(a ¢ AVb¢ DV -zb)
<~ JaTb(a € ANbE BAD)
AVav¥b(zb — a ¢ AVb¢ D).

We also have

2 €Ax(B-D) <= Jadb(ac AN (be B—D)Aab)
<= Jadb(ac AN(be BAb¢ D)Azb)
< Jadb((a€ ANbE B) Azl Ab¢ D).

Now note that
a€ ANbe BAzl, b¢ D = JaIb((a€ ANbe B) A2l Ab¢ D).

Also, if we replace b ¢ D with a ¢ A, or —2?, we will have the same conclusion;

because we can derive any formula from a contradiction. Hence by EV we get

ac ANbe BNz, a¢ AVb¢ DV -zl

= JaTb((a € ANbe B)Azb Ab ¢ D).
Thus by applying EV, and then applying E3 and EA, we obtain

JaIb(a e ANbe BAzb) AVavb(a ¢ AVb¢ DV —ab)
= JaTb((a € ANbe B)Azb Ab ¢ D).

Next, let us prove the reverse of the above implication. First note that
(a€ ANbe BYyAzb Ab¢ D = JaTb(a€ ANbE BAZY).
Thus by EJ we get
JaFb((a€ ANbE BYAab Ab¢ D) = Jadb(a € ANbE BAD).

Before we continue the formal proof, let us pause here to explain the idea of the
proof intuitively. So far we have shown that (A x B) — (A x D) C Ax (B — D).
Also, in this paragraph, we have shown that if z € Ax (B— D) then z € Ax B. We
only need to show that © ¢ A x D. To this end, we need to prove that z is not equal
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to any ordered pair in A x D, i.e. we have to show that if x = (¢, d) for some ¢, d,
then either ¢ ¢ A or d € D. However, we know that x € A x (B — D); so x = (a,b)
for some a € A and b € B — D. Therefore if z = (¢,d) then (¢,d) = (a,b), and
we must have c =a € A and d = b € B — D. In particular, we can conclude that
d ¢ D, as desired. Note that the above argument can be carried out because the
components of an ordered pair are uniquely determined by it, namely the ordered
pair x uniquely determines its components a,b, and we cannot represent x as a
different ordered pair (¢, d). Let us rigorously implement this idea in a more formal
way.

Now note that (c € AAd € B)AzéAd¢ D, zb imply 22 A 22, But 2% means
z = (a,b), and z¢ means = = (c,d). Hence 2% A z¢ implies that ¢ = a and d = b.
Thus in any formula we can substitute ¢ with a, and d with . Therefore we get

(ce ANde B)Azind ¢ D, 2l = b¢D = a¢ AVb¢D.

a

Hence by I— and EJ we obtain
Jedd((ce ANd e B)AziNd¢ D) = 2% —a¢ AVb¢ D.

But by Theorem [1.11| we can change the bound variables ¢, d to a, b, and conclude
that
JaFb((a€ ANbEB)AZLAbED) = ab —a¢ AVvb¢ D.

a

Finally, by IV we get
JaFb((a€ ANbE BYAzb Ab¢ D) = VaV¥b(zl »a¢ AVb¢ D).

At the end, we get the desired result by IA. Note that from a syntactical pint of
view, using the variables ¢, d on one side of the entailment, and a,b on the other
side, allows us to apply the rules EJ and IV, and conclude the desired result.

(iv) We have

€ Ax (UyerX) JaFb(a € ANDE Uyer X Ah)

JaFb(a e ANEBX e X be X)Axh)

JaF(EAX € X (a€ ANbE X Azbh)) (Thm.
JaI3IX (X € XA (a€ ANbE X Nab))

IX(X € X AJaTb(a € ANbE X A2h)) (Thm.
X eX (z€ Ax X)

r€Jyer(AxX).

rreeeee
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(v) We have

€ Ax (NyxexX) JaTb(a € AND € NyerX Aab)

JaTb(a € AN(VX € X be X)Ab)

JaI(VX € X (a€ ANbE X Axbh)) (Thm.
JaIVX (X € X = (a€ ANbe X Nab))

JaIVX (X ¢ X V(ae Anbe X Nbh))

VX(X ¢ XV 3aTblac ANbE X Axl)) (Thm.
VX(X € X = 3adb(a€ ANbE X Ab))

VX eX (z € AxX)

T € Nxex(AxX).

Note that in order to define its intersection, and to apply Theorem we need
X to be nonempty.

Next, let us show that = € (yc (A x X) implies that z € A x (NycxrX). We
need to show that the reverse of the one-way implication in the above expression
holds. We will use the same idea as in the proof of part (iii). First note that
cec Ande X Anxd, 2t imply 28 A 29 But 2% means 2 = (a,b), and 2 means

x = (c,d). Hence 2% A 2 implies that ¢ = a and d = b. Thus in any formula we
can substitute ¢ with a, and d with b. Therefore we get

[ A A A

ce Ande X nald ab — ac Anbe X Nal
— X¢XV(acArbe X ND).
Hence by E3 we obtain
JeAd(ce ANde X Nxd), 2l —= X ¢XV(@cANbe X Axb).

But by Theorem [1.11| we can change the bound variables ¢, d to a, b, and conclude
that

JaF(ae ANbe X Aab), 2 — X ¢gXV(ac ANbE X Nah).

In addition, we know that X ¢ X = X ¢ XV (a € AAb€ X A2b). Thus by
EV and EV we get

VX(X§§X\/EIaEIb(aEA/\bGX/\:cZ)), al

a

— X¢XV(@ecArbe X Azb).
Hence by IV and I3 we obtain
VX(X¢X\/E|a§|b(a€A/\b€X/\xg)), o

= VX (X ¢ XV(ac ANbe X Azbh)).
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Now by EJ we have

VX(X ¢ XV3adblac ANbE X Axh)), JaTbal
= JaIVX(X ¢ XV(ac ANbe X Azbh)).

However, if we assume x € (xcp (A x X), then Jadb 2% must be true. Therefore
we can conclude that
VX (X ¢ XVvI3aTb(ac ANbE X Axh))
= JaIVX (X ¢ X V(a € ANbe X Nabh)),

as desired.
(vi) We know that b€ B = b € D. Thus we have

a€ ANbEBAz) = ac ANbe DAzl = Fadb(ac ANbe DAD).

a

Hence by E3 we get 3adb(a € AND € BA2b) = 3Jadb(a € ANb € D Azb);
which means that x € A x B =— x € A x D, as desired.
(vii) We have
r€e(ANC)x (BND)
< Ja3b((a€ ANC)A (b€ BND)Azh)
< JaFb((ac ANaeC)A(be BAbe D) A (ah Axh))
= Jadb((a€ ANbe BAE)A(a€e CAbe DAD))
= JaFb(a € ANbE BAzb) AJaTb(a € CADE DAY
< (z€ AxB)A(ze€CxD)
< z€(AxB)N(C x D).
On the other hand, similarly to the proof of part (iii), a € AAb € B A 2% and
ce€ Cnde DAz¢imply 22 Azl But 2% means x = (a,b), and ¢ means
x = (c,d). Hence 2% A 2 implies that ¢ = a and d = b. Thus in any formula we
can substitute ¢ with a, and d with b. Therefore we get
b ceCAde DA
— (ac ANbeBAz)A(ac CAbe DAY
= JaF((a€ ANbe BAzb)A(a € CAbe DAY)).

ac ANbe BAx

Hence by E3 we obtain

Jadb(a € ANbe BA2Y), 3c3d(c € C Ade DAzl
= JaFb((a€ ANbE BAzb)A(a € CAbeE DAY)).
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Now by Theorem [I.11] we can change the bound variables ¢, d to a,b, and apply
EA, to conclude that

JaFb(a € ANbE BAzb) AJaTb(a € CADE DAY
= JaTb((a € ANbE BAE)A(ae CAbe DAD)).

as desired. [ |

3.2 Equivalence Relations

Remark. In the rest of these notes, we usually do not state every inference rule that
we use inside a proof. Rather, we present the proofs in an informal way, similarly
to the other texts on mathematics. In principle, it is always possible to convert an
informal proof into a formal one; although the corresponding formal proof might be
lengthy and hard to decipher. Occasionally we may provide the details of a formal
proof in order to illustrate various points.

Suppose some elements of the set A have a particular relationship with some of
the elements of the set B. For example some a € A are subsets of some b € B. As we
have seen, we can easily write a formula that says that a is a subset of b. However,
sometimes the relationship between a,b cannot be described easily. Thus we need
another way to describe a relation, instead of finding a formula that specifies it. An
easy way to store the information of a relation is to keep all the pairs (a,b) where
a € A has the desired relationship with b € B. With this motivation in mind, we
define a relation as follows.

Definition 3.3. Let A, B be two sets. A relation between A, B is a subset R of
A x B. When B = A we say that R is a relation on A.

Notation. Suppose R C A x B is a relation, and (a,b) € R. Then we write
aRb.
And when (a,b) € A x B — R we write

aRRb.

Definition 3.4. Let R C A x B be a relation. The domain of R is the set of all
a € A such that (a,b) € R for some b € B. In other words, the domain of R is the
set

{a € A:3be B (a,b) € R}.

Note that by the next theorem we can characterize the domain of R solely in
terms of R as follows:

{a e JUR) : 3 (a,b) € R}.
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Theorem 3.4. Suppose a,b,C are sets, and (a,b) € C. Then
a,b e JWUJO).

We have {a,b} € {{a},{a,b}} € C. Thus {a,b} € |JC. Hence we get
a,be J(JO), as desired. [ |

Definition 3.5. Let R C A x A be a relation on A. Then
(i) R is reflexive if for every a € A we have aRa.
(ii) R is irreflexive if for every a € A we have aRa.
(iii) R is symmetric if for every a,b € A, aRb implies that bRa.
(iv) R is antisymmetric if for every a,b € A, aRb and bRa imply that a = b.
(v) R is transitive if for every a,b,c € A, aRb and bRc imply that aRec.

In the rest of this section, we study an important type of relations which abun-
dantly appear throughout mathematics.

Definition 3.6. Let R C X x X be a relation on a set X. We say that R is an
equivalence relation if it is reflexive, symmetric, and transitive; i.e. if for every
x,y,z € X we have
(i) xRz.
(ii) If zRy then yRx.
(iii) If zRy and yRz then zRz.

Definition 3.7. Suppose R is an equivalence relation on the set X. Let a € X.
The equivalence class of a is the set

[a] :=={z € X : aRx}.

The set of all equivalence classes corresponding to R, i.e. the set
X/R = {[a] 12 € X},

is called the quotient set of X by R.

Remark. If we want to emphasize that an equivalence class [a] corresponds to a
relation R, we denote it by [a]g. Also, note that {[z] : x € X} is a shorthand
notation for the set

{zeP(X):3x e X z=[x]}.

Example 3.2. Equality is an equivalence relation on any set, i.e. if for z,y € X
we define xRy to mean x = y, then R is an equivalence relation. Note that in this
case, for any a € X we have [a] = {a}.

Theorem 3.5. Suppose R is an equivalence relation on the set X. Let a,b € X.
Then we have



CHAPTER 3. RELATIONS AND FUNCTIONS 96

(i) a € [a].
(i1) aRb if and only if [a] = [b].
(iii) aRb if and only if [a] N [b] = 0.

(i) By reflexivity of R we have aRa. Thus we have a € [a].
(ii) If [a] = [b] then b € [a], since b € [b]. Hence we have aRb. Conversely,

suppose aRb. Then for any = € [b] we have bRx. Thus by transitivity of R we get
aRz, i.e. x € [a]. So [b] C [a]. In addition, by symmetry of R we also have bRa.
Therefore by repeating the above argument we can show that [b] C [a] too. Hence
we have [a] = [b], as desired.

(iii) Suppose [a] N [b] = 0. Then we must have b ¢ [a], since b € [b]. Thus we
have ajRb. Conversely, suppose aj®b. Now suppose to the contrary that [a] N [b] # 0.
Let © € [a) N [b]. Then we have aRx and bRz, since x € [a] and = € [b]. Now
by symmetry of R we get xRb. Hence by transitivity of R we obtain aRb, which
results in a contradiction. Therefore we must have [a] N [b] = ), as desired. [ |

Definition 3.8. A partition of a set X is a set A C P(X) such that
(i) X =UA.
(ii) The elements of A are nonempty, i.e. for every A € A we have A # ().
(iii) The elements of A are pairwise disjoint sets, i.e. for every A, B € A where
A # B we have AN B = ().

Theorem 3.6. Suppose R is an equivalence relation on the set X. Then the quo-
tient set X/R is a partition of X.

First note that for every [a] € X/R we have [a] # (), since a € [a]. Also
if for [a],[b] € X/R we have [a] # [b], then by the last theorem we must have
aRb; and consequently we get [a] N [b] = 0. Finally, note that |J X/R C X, since
X/R C P(X). On the other hand, for every a € X we have a € [a] C |JX/R.
Therefore X C |J X/R. Hence we have X = |J X/R, as desired. [ |

The converse of the above theorem is also true, as is shown in the next theorem.

Theorem 3.7. Suppose A is a partition of a set X. Then there is an equivalence
relation R on X such that A= X/R.

Let R := {(z,y) € X? : 3A € Asuch that x,y € A}. We claim that
R is an equivalence relation, and A = X/R. Let a,b,c € X. Then we have
a € X = |JA; so there is A € A such that a € A. Hence we have aRa, since
a,a € A. Next suppose aRb. Then there is A € A such that a,b € A. Therefore
we also have b,a € A; so bRa too. Finally, suppose aRb and bRc. Then there are
A, B € Asuchthat a,b € Aand b,c € B. Thusb € ANB. So A, B are not disjoint.
Therefore we must have A = B. Consequently we get a,c € A, which implies aRc.
Hence we have shown that R is an equivalence relation.
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Now let us show that A = X/R. Let A € A. Then A is nonempty; so there is
a € A. We claim that A = [a]. First note that by definition of R, if b € A then
aRb, i.e. b € [a]. Hence A C [a]. Conversely, suppose b € [a], i.e. aRb. Then there
is B € A such that a,b € B. But a € AN B. So A, B are not disjoint. Therefore
we must have A = B. Hence b € A. Thus [a] C A, and therefore A = [a] € X/R.
So A C X/R. Next, consider [a] € X/R. As we have shown in the first paragraph,
there is A € A such that a € A. Then as we have shown above, we must have
A = [a]. Hence [a] € A. Thus X/R C A. Therefore A = X/R, as desired. [ |

3.3 Functions

Functions are ubiquitous in mathematics. One may even say that functions are the
main object of study in mathematics. Intuitively, a function f is an entity that to
each element z of a set X assigns a uniquely determined object f(x). The following
definition captures this intuitive idea nicely.

Definition 3.9. Let X,Y be two sets. A function, or a map, from X to Y is a
relation f C X x Y such that for every x € X there exists a unique y € Y such
that (z,y) € f. When f is a function from X to Y we write

f: X->Y

If (x,y) € f, then we denote y by f(x), and we say that f maps x to y. We may
also write f : x — y. When y = f(x) we say that y is the image of x under f, or
y is the value of f at z.

Remark. Note that a relation f C X x Y is a function from X to Y if and only
if the following two conditions are satisfied:
(i) The domain of f is X, i.e. for every x € X there is at least one y € Y such
that (z,y) € f.
(ii) For every x € X there is at most one y € Y such that (z,y) € f. In other
words

if (z,y1) € f and (z,92) € f then y; = yo.

Another way that the second condition is expressed in some texts is that if 1 = zo
then f(z1) = f(x2). However, this is somehow misleading, due to its resemblance
to the basic properties of equality.

Definition 3.10. Let f : X — Y be a function. The set Y is called the codomain
of f. The image of f, denoted by f(X), is the set of all y € Y such that f(z) =1y
for some x € X. In other words, the image of f is the set

f(X)={yeY:JxeXy=f(x)}
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Remark. Another term related to functions, which is used in some texts, is the
“range” of the function. Depending on the text, it can mean the codomain of the
function, or the image of the function. However, in more recent texts, it usually
means the image of the function. In these notes, we will not use it though, to avoid
any possible confusion.

Example 3.3. Let X be a set. Then the function that maps every x € X to itself
is called the identity map of X, and is denoted by idx. Thus we have

idy :={2€ X x X : 2z = (x,x) for some z € X}.
We also have idx (z) = z for every z € X.

Example 3.4. Let XY be two sets, and let ¢ € Y be a fixed element. Then the
function that maps every x € X to c is called a constant function. In other words,
a constant function is of the form

{z€ X XY :z=(x,c) for some x € X}.

We sometimes write f = ¢ to denote that a function f is constant and has value c.

Example 3.5. Let X,Y be two sets, and suppose that X C Y. Then the function
that maps every x € X to x € Y is called the inclusion map. In other words, the
inclusion map is of the form

{z€ X XY :z=(x,z) for some x € X}.

Note that as a set the inclusion map is the same as idx; however we regard the
inclusion map as a subset of X x Y, while we regard idx as a subset of X x X.
Hence the difference lies in our viewpoint.

Remark. Similarly to the above example, when f : X — Y is a function, and
Y C Z, we have
fCXxYCXxZ.

So we can also view f as a function from X to Z. In particular, when f(X) C Z
we can view f as a function from X to Z, because we have

fCcXxf(X)cXxZ

Notation. Let X,Y,Z be sets, and let f : X x Y — Z be a function. Then for
a = (z,y) € X xY we usually denote f(a) by f(z,y).
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Example 3.6. Let X,Y be two sets. Let

m={(z,z) € (X xY)x X :z=(z,y) for some y € Y}
={we (X xY)x X:3z € X and Jy € Y such that w = ((z,y),x)}.

Then 71 is a function, since by definition, for every z € X x Y there is x € X such
that z = (x,y). On the other hand, the element z is uniquely determined. Because
if we also have z = (2/,4') then we must have x = 2/ and y = y'. The function
m : X XY — X is called the projection on the first component. It satisfies

m(x,y) =,

for every x € X and y € Y. We can similarly define the projection on the second
component mo : X X Y — Y which satisfies

Tz, y) = y.

The next theorem provides a useful tool for checking whether two function are
equal or not.

Theorem 3.8. Suppose that f, g are two functions. Then f = g if and only if they
have the same domain X, and for every v € X we have f(x) = g(z).

Suppose the domains of the functions f,g are X, W, respectively. First
assume f = g. Let x € X. Then (z, f(z)) € f. So (z, f(z)) € g. Therefore x must
be in the domain of g, i.e. x € W. Thus X C W, because x is an arbitrary element
of X. We can similarly show that W C X; so W = X, and f, g have the same
domain. In addition, we know that (z, g(x)) € g. Hence we must have f(z) = g(x),
since ¢ is a function.

Conversely, suppose f, g have the same domain X, and for every x € X we have
f(z) = g(x). Let (x,y) € f. Then we have y = f(z) = g(x). Also, since z is an
element of the domain of g, there is z such that (z,z) € g. However, we must have
z = g(x); so z = y. Therefore (z,y) € g. Hence f C g, since (x,y) is an arbitrary
element of f. We can similarly show that g C f. Thus f = g, as desired. |

Theorem 3.9. Let X be a set. Suppose ¢(x,y) is a formula such that for every
x € X there is a unique y € Y for which ¢(z,y) holds, i.e.

FVere X3lyeY o(z,y).

Then there is a unique function f : X — 'Y, such that for everyx € X andy €'Y
we have

flz)=y = o(z,y).
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Remark. Informally, this theorem says that if for each element of a set X we can
specify a uniquely determined value assigned to that element, then there is a unique
function that takes those values.

Remark. We can weaken the assumption of this theorem and assume that for
every € X there is a unique y for which ¢(z,y) holds, i.e.

FVe e X3y o(z,y).

But then we need the axiom of replacement to prove that the codomain of f is a
set. However, the stronger assumption is usually satisfied in the applications, and
we can get along without using the axiom of replacement.

| Proof. | Let
f={2eXxY:FreXyeY z=(z,y) and ¢(x,y)}.

Then by our assumption, for every z € X there is y € Y such that ¢(z,y); so
(x,y) € f. On the other hand, if (x,41), (z,y2) € f then by definition we must
have y1,y2 € Y. In addition, both ¢(x,y;) and ¢(x,y2) must hold. Hence by our
assumption we get y1 = ys. Therefore f is a function. Furthermore, by definition
of f we have

f@)=y <= (z,y) € f = ¢(=,y),

as desired. Finally, suppose f,g: X — Y are two functions that satisfy the above
equivalence. Then for every x € X we have

y=flz) = o(z,y) = y=g(2).

Thus f(x) =y = g(x). Hence by Theorem we get f = g. Therefore there is a
unique function with our desired property. |

Note that by definition a function f: X — Y is a subset of X x Y. Thus we
have f € P(X xY). In other words, every function from X to Y is an element of
P(X xY).

Definition 3.11. Let X, Y be two sets. Then the set of all functions from X to Y
is
YX :={feP(X xY): fis a function from X to Y}.

The existence of Y is guaranteed by the axioms of power set and separation.
Note that the property “ f is a function from X to Y can be expressed by a formula;
so the application of the axiom of separation is legitimate.
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Definition 3.12. Let f: X — Y be a function. Suppose A C X and B C Y. The
image of A under f, denoted by f(A), is the set of all y € Y such that f(a) =y
for some a € A. In other words, the image of A under f is the set

fA):=={yeY :3ac Ay = f(a)}.

The inverse image or the preimage of B under f, denoted by f~!(B), is the set
of all z € X such that f(z) € B. In other words, the inverse image of B under f
is the set

f(B):={zeX: f(x) € B}

Remark. More formally, the image and inverse image can be expressed as

fA)={yeY:3ac A(ay) e f},
fAB)={reX:IeB(z,b) e f}
Remark. Note that our notation for the image of a subset of X is similar to our
notation for the image of an element of X; however, it should always be clear from
the context which one is intended. Also note that our notation for the image of f

is compatible with our notation for the image of subsets, since the image of f is
the same as the image of X under f.

Notation. Suppose f: X — Y is a function, and ¢ is a formula. Then we use the
following notation

{f (@) : o(2)}
to denote the set {y € Y : 3z € X (y = f(z)) A ()}

For example, for A C X we have

f(A) ={f(a):a € A}.

Because we have f(A) ={y €Y :3a € X (y = f(a))A(a € A)},sincea € XNa € A
is equivalent to a € A.

Definition 3.13. Let f : X — Y be a function, and suppose A C X. The
restriction of f to A is the relation

FA(AXY)C AxY.

We denote the restriction of f to A by f|a.

Theorem 3.10. Suppose f : X — Y is a function, and A C X. Then f|a is a
function from A toY, i.e.
f‘A A=Y

In addition, for every a € A we have f|a(a) = f(a).
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Let a € A. Then we have (a, f(a)) € f, and (a, f(a)) € A x Y. Hence

(a, f(a)) € fla. Thus the domain of f|4 is A. Now suppose we have (a,y1), (a,y2) €
fla. Then we also have (a,y1), (a,y2) € f. Hence y; = yo, since f is a function.
Thus f|4 is a function too. Finally, note that f|4(a) = f(a), since we know that

(a, f(a)) € fla. u
Theorem 3.11. Suppose f : X — Y is a function, and A C B C X. Then we
have

(f1B)a = fla.

We have A x Y C B x Y. Hence we get
(flB)a=fleNAxY)=(fN(BxY))N(AxY)=fN(AxY)=fla,
as desired. |

Definition 3.14. Suppose f, g are two functions. If f equals the restriction of g
to some set, then we say that ¢ is an extension of f.

Theorem 3.12. Let f : X — Y be a function. Suppose that A, A1, Ay C X, and
B,B1,By C Y. Also suppose that C,C' C P(X), D,D' C P(Y), and C', D’ are
nonempty. Then we have
(i)
f(ANA) € f(A)Nf(Az),  and () C)c ) SO

cec’ cec’

F(AUA) = (AN U f(A2),  and  f(|JC)=J SO

ceC ceC

FUBINBy) = FYB)NfY(By), and f—l( N D) =N o).

DeD’ DeD’

FUBIUBy) = fYB)UfY(Bs), and f—l( U D) = r ).

DeD DeD
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(vi) If Ay C Ay and By C By then
f(A1) C f(A2), and f71(By) € f7H(Ba).
(vii)
(fla)~H(B)=Anf71(B).
(vii)
f(f74(B)) C B, and A C [TH(f(A)).
Remark. Note that in part (v) the complements are with respect to Y, X. So
B¢=Y —B,and (f1(B)) =X - f1(B).
Remark. The set (oo f(C) is the intersection of all the elements of a set S
whose elements are of the form f(C) for some C' € C’. More precisely, let

S={SePY):3C el S=f(C)}
Then by the axiom of separation we have
SesS — (5’ € P(Y)) A (EIC’ el S= f(C’))

However, we can easily show that 3C € ¢’ S = f(C) = S € P(Y). Hence we
have
SeS <« JCel S=f0).

Thus by Theorem we get (S = (geer f(C). Similar remarks apply to the
other similar expressions in the theorem.

We will provide a more formal proof for this theorem; since in this way we
can see more clearly when we employ the fact that f is a function. In the following,
we will use Theorem to show the equality of two sets, and Theorem to
show the inclusion of one set in another. Also, to manipulate quantified formulas,
we will use Theorems and frequently, without explicit citation.
(i) We have
ye f(A1NAy) < Jaec A1NAs (a,y) € f

< Jala€ Ay Na€ Ay A (a,y) € fA(a,y) € f)

<~ Ja((a € A1 A (a,y) € f)A(a€ Az A(a,y) € f))

= Ja(a € A1 A (a,y) € f) AJa(a € Ay A (a,y) € f)

= ye f(A) Ay € f(A2) <= ye f(A1)N f(A2).

Next, we have

y e f(nCeC’C) < Jr €NeeeC (wy) € f
< Jz((VC el ze€C)N(z,y) € f)
— Tz(VC el (xeCA(z,y) € f))
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)
)

= WVO(C el = (xeCA(n,y) € f)
— VC3z(C el = (z € CA(z,y) € f)
= VC3z(C ¢C'V(zeCA(z,y) € f))
<« VO(C ¢C'VIz(z e CA(z,y) € f))
< VO(C el - 3z(z e CA(z,y) € f)
< VC el Jx(x € CA(x,y) € f)

< VC el ye f(C) <= yecNeef(O).

)

(ii) We have

ye€ f(AJUA) < Jac AjUA;, (a,y) € f
< Ja((a € A1 Vae A)A(a,y) € f)
< Ja((a € A1 A(a,y) € f)V(a € A2 A(a,y) € f))
< Ja(a € A1 A (a,y) € f) VIa(a € As A (a,y) € f)
= ye f(A)Vye f(A2) < ye f(A)U f(A2).

We also have

y € f(UcecC) € UpeeC (z,y) € f

Jz((3C €Cz € C) A (z,y) € f)
Jz(3C € C (x € C A (z,y) € f))
J23C(C eCA(z € CA(z,y) € f))
EIC’EIQ:(CGC/\(mG CA (z,y) € f))
3C(C eCAJx(z € CA(z,y) € f))
AC € C Fx(x € C A (x,y) € f)

ICecCyc f(C) <= yecUcecf(C).

rreereny

(iii) We have

ze€fYBiNBy) < I B NBy (2,b) € f
< 3b(be By Ab€E By A(x,b) € f A(z,b) € f)
< I((be BiA(z,b) € f)yN(be By A(z,b) € f))
= b(beBl/\(x b) Gf) /\Elb(beBg/\(:v,b) Ef)
— zecfUB) Az e fTYBy)
ze fTH(B)Nf (B
Before we continue the formal proof, let us explain the idea of the proof intu-
itively. So far we have shown that f=1(By N Bs) C f~1(By) N f~1(Bz). We need

!
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to show that the reverse inclusion holds too. To this end, we need to prove that if
(x,b) € f for some b € By, and (z,c) € f for some ¢ € By, then (x,d) € f for some
d € By N By. However, we know that the value of the function f at x is uniquely
determined by z, i.e. we must have b = f(x) = ¢. Hence b also belongs to Ba, and
we get b € By N By. Thus we can set d = b, and obtain the desired. Note that
this argument works because f(z) is uniquely determined by z, i.e. f is a function.
And if f was an arbitrary relation which was not a function, we could not carry
out the above argument.

Let us rigorously implement the above idea in a more formal way. First note
that b € By A (z,b) € f, ¢ € Bo A (z,¢) € f imply that b = ¢, since f is a function.
Thus in any formula we can substitute ¢ with b. Therefore we get

be By A(x,b) € f, c€ BoA(z,c) € f

= (be By A(z,b) € f)N(be By A (z,b) € f)
= 3b((b€ B1 A (z,b) € f)A (b€ By A(z,b) € f)).

Hence by Ed we obtain

Elb(bG Bi A (z,b) € f), EIC(CE By A (z,¢) € f)
= I((be BiA(z,b) € f) (b€ By A(x,b) € f)).

Note that from a syntactical pint of view, using the different variables b, ¢ on the
premises of the above entailment allows us to apply the rule EJ, and be able to
conclude the desired result below. Now by Theorem [1.11| we can change the bound
variable ¢ to b, and apply EA, to conclude that

Jb(b € By A (z,b) € f) A3b(b € By A (2,b) € f)
= 3b((b€ B1 A (z,b) € f)A (b€ By A(z,b) € f)).

as desired.
Next, we have

z € [T NpepD) <= 3y €NpepD (z,y) € f
— Hy((VD €D ye D)A(x,y) € f)
< (VD eD (ye DA(x,y) € f))
= VD eD Iylye DA (x,y) € f)
< VDeD z€ f(D) < z€Npepf (D).

Note that we exchanged the two quantifiers Jy and VD € D’ similarly to the proof
of part (i).

Conversely, let us show that = € (pep f (D) implies that z € f~ (N pep D).
We need to show that the reverse of the one-way implication in the above expression
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holds. We will use the same idea as above. Note that z € DA (z,2) € f, (z,y) € f
imply that z = y, since f is a function. Thus in any formula we can substitute z
with y. Therefore we get

ze€DN(xz,z)e f, (x,y) e f = ye DA (x,y) € f
= D¢D'V(yeDA(x,y) € f).

Hence by EdJ we obtain
J2(z € DA (z,2) € f), (m,y) € f = D gD V(yeDA(z,y) € f).

But by Theorem [1.11| we can change the bound variable z to y, and conclude that
JyyeDA(z,y)€f), (x,y)ef = DD V(yeDA(x,y) e f)

In addition, we know that D ¢ D' — D ¢ D'V (y € D A (z,y) € f). Thus by
EV and EV we get

VD(D ¢ D'V 3yly € DA (z,y) € f)), (z,y) € f
= D¢D'V(ye DA(x,y) € f).

Hence by IV and Id we obtain

VD(D ¢ D'V 3y(y € DA (z,y) € f)), (z,y) € f
— IWD(D ¢ D' V(yeDAl(z,y) € f)).

Now by EJ we have

VD(D ¢D'VIy(y e DA (z,y) € f)), Ely((a:,y) € f)
— JYWD(D ¢ D'V (yeDA(x,y) € f)).

However, Ely((a:, y) € f) must be true, since z is in the domain of the function f.
Therefore we can conclude that

VD(D ¢ D'V 3y(y € DA (z,y) € f))
— IWD(D ¢D'V(ye DA(z,y) € f)).

Hence, by the law of material implication we obtain

VD(D e D' — 3y(y € DA (z,y) € f))
— IWD(DeD — (ye DA (z,y) € f)),

as desired.
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(iv) We have

x € fY(B1UBy) 3b€ By UBy (x,b) € f

3b((b € B1 Vb€ By) A(x,b) € f)

3b((b € By A (z,b) € f)V (b€ By A (z,b) € f))
(b€ BiA(a,b) € f) vIb(b€ By A(x,b) € f)
ze T (B)Vze f(B)

ze fH(B) U (By).

MMM

We also have

T € f_l(UDEDD) — Ely € UDEDD (l’,y) € f
= EIy((EID €DyeD)A(x,y) € f)
< (EFD e D (ye DA (z,y) € f))
< 3dD €D Fy(y € DA (x,y) € f)
< dDeDzc f (D) < z€Upepf (D).
Note that we exchanged the two quantifiers Jy and 3D € D similarly to the proof

of part (ii).
(v) We have

ze N (B)— T (B) <= wef T (B)Az¢ [ (B
< 3(be B A(z,b) € f)
AVb(b ¢ By V (2,b) ¢ f)
<= 3b(b€ By A(z,b) € f)
AVB(b € By — (2,b) ¢ f).

We also have

€ f (B —By) <= 3B, — By (x,b) € f
< (be BIAb¢E By A(2,b) € f)
< 3b((be By A(z,b) € f)Ab¢ B).

Now note that
be BiA(z,b) € f, b¢ By — EIb((bGBl/\(:z:,b)ef)/\bgéBg).

Also, if we replace b ¢ By with (z,b) ¢ f, we will have the same conclusion; because
we can derive any formula from a contradiction. Hence by EV we get

beBiA(z,b)ef,b¢ ByV (x,b) ¢ f = 3Ib((be By A(z,b) € f)ANb¢ By).
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Thus by applying EV, and then applying E3 and EA, we obtain

3b(b € By A (2,b) € f) AVb(b ¢ By V (z,b) & f)
— Jb((b€ B A (z,b) € f)Ab¢ Bs).

Next, let us prove the reverse of the above implication. We will use the same
idea as in the proof of part (iii). First note that

(be BiA(z,b) € fYyAb¢ By = 3b(be By A (z,b) € f).
Thus by EJ we get
3b((b € By A(z,b) € f)Ab¢& By) = 3b(be B A(z,b) € f).

In addition, note that (¢ € By A (x,¢) € f) Ac & By, (x,b) € f imply that ¢ = b,
since f is a function. Thus in any formula we can substitute ¢ with b. Therefore
we get

(ce BiA(z,c) € f)Nc¢ By, (z,b) € f = b¢ Bs.
Hence by I— and E3J we obtain

de((c€ BiA(w,c) € fyAc ¢ By) = (x,b) € f —b¢ By.
But by Theorem |1.11| we can change the bound variable ¢ to b, and conclude that
Jb((b € By A(z,b) € fY)Ab¢ By) = (z,b) € f = b¢ Bs.
Now by IV we get
Jb((b € By A (z,b) € f)Ab¢ By) = Vb((x,b) € f — b ¢ Ba).

At the end, we get the desired result by IA.
Finally note that f~1(Y) = X, since for every = € X there is y € Y such that
(x,y) € f; because X is the domain of the function f. Hence we have

FB) =Y =B) =)~ f1(B) =X - f1(B) = (f1(B)".

(vi) Note that a € Ay implies a € Ay, and b € By implies that b € By. Now we
have

ye f(A1) = Jac A (a,y) € f = Jac Ay (a,y) e f = ye f(Ad).
We also have

zefYB) = IeB (zg,b)ef = IEBy (x,b) € f = x € f HBy).
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(vii) We have

z € (fla)~!

(B) <= 3be B (2,b) € fla

dbe B (z,b) e fN(AXY)

3b € B ((w,b) € fA(z,b) € AxXY)

dbeB ((x,b)e frzeArbeY)

(Fbe B ((z,b) e fAbEY)) Az €EA

(IbeB (z,b)e fyAz €A (sincebe B = beY)
e f ' (B)AreA < zecAnfYB).

[ A

(viii) We have

ye f(ft

Jz € f7(B) (z,y) € f

Jz(z e fHB) A (2,9) € )

Jz((3b € B (z,b) € ) A(z,y) € f)

Jz(3b € B ((z,b) € f A (z,y) € f))

3b € B Jz((z,b) € f A (2,y) € f)

(b€ BAIz((x,b) € fA(2,y) € f))
dbeBAy=0b) = Jb(ye B) <= y € B.

(B))

prreree

Note that we exchanged the two quantifiers 3z and 3b € B similarly to the proof

of part (ii).

Next we have

r€A —

—

—
<~
<~

e
<~
<~
<~

reANz=x

da(a € ANrx=a) <= JacA(r=a)

Jae A (By(a,y) € f)Az=a) (since ais in the domain of f)
Ja€ A (Jy((a,y) € f Az =a))

Ja € A ((a,y) € f Az =a))

Ja€ A ((a,y) € fA(z,y) € f))

(EIaEA a,y) Ef)/\(a:,y) Gf)

y(y € f(A) A (2,y) € f)

Hyef( ) (z,y) € f = z € fTHf(A),

—~ o~

Jy
Jy
Jy

/—\/—\,.\A
N~

as desired. Also note that we exchanged the two quantifiers 3y and Ja € A similarly
to the proof of part (ii). [ |

Theorem 3.13. Suppose f: X =Y and g :' Y — Z are functions such that the
domain of g is the same as the codomain of f. Then there is a unique function

gof: X — 2
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called the composition of g, f, that satisfies (go f)(z) = g(f(z)) for every x € X.

First note that the uniqueness of a function from X to Z with value
g(f(z)) at  is guaranteed by Theorem Now let

h:={fweXxZ:3xeX yeY Ize”Z
w= (z,2) and (z,y) € f and (y,2) € g}.

Note that for every € X we have (z, f(z)) € f and (f(z),g(f(x))) € g. Hence
by definition we have (z,g(f(z))) € h. So the domain of h is X. Next suppose
(x,21), (z,22) € h. Then by definition of h there are y1,y2 € Y such that

(1) € f, (y1,21) € 9, and (,92) € f, (y2.22) € g.

Thus we get y1 = yo, since f is a function. Then we must have z; = 29, since g is
a function. Therefore h is a function. We also have h(z) = g(f(x)), since we have
shown that (x,¢(f(x))) € h. Hence there is a unique function with our desired
property. |

Theorem 3.14. Suppose f : X =Y, qg:Y = Z, and h: Z — W are functions.
Then we have

ho(gof)=(hog)of.

In other words, the composition of functions is associative. In addition, we have
foidx = f, idyof=f.

Note that both ho (go f),(hog)o f are functions from X to W. Let
x € X. We have

(ho(gof))(@) =h((go f)(z)) = h(g(f(2)))
= (hog)(f(z)) = ((hog)o f)(x).

Hence we get ho(go f) = (hog)o f, as desired. Next, note that both foidx,idy o f
are functions from X to Y. Let z € X. We have (f oidx)(z) = f(idx(z)) = f(z).
We also have (idy o f)(z) = idy (f(x)) = f(z), since f(z) € Y. Therefore we get
the desired equalities. [ |

Remark. Sometimes we want to consider the composition of two functions f :
X » Yy and g : Yo — Z, but Y7,Y5 are not equal. However, if Y1 NY5 # () then
we can restrict our attention to Y7 N Y, and form the composition of f,g. More
explicitly, let

A={zecX: flz)e1nYs} =fHYiNnYy).

Then we can form the composition of f|4 : A — Y1 NYs and gly;ny, : YiNYs — Z.
We usually denote gly,ny, © f|a simply by g o f; but we keep in mind that the
domain of go f is A.
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Theorem 3.15. Suppose f : X =Y and g : Y — Z are functions. Let A C X
and C C Z. Then we have

(9o f)(A) =g(f(4), and (9o f)~H(C)=f"(g7(C)).

Suppose z € (go f)(A). Then there is a € A such that z = (go f)(a) =

g(f(a)). However, f(a) € f(A); so we have z = g(f(a)) € g(f(A4)). Conversely,
suppose z € g(f(A)). Then there is y € f(A) such that z = ¢g(y). But we also have

y = f(a) for some a € A. Hence z = g(f(a)) = (go f)(a). Thus z € (go f)(A).
Therefore (go f)(A) = g(f(A)).

Next, suppose 2 (g2 f)(C). Then (g f)(2) € C. Hence g(f(2)) € C.
Thus we have f(z) € g7*(C). So we get z € f~1(g7( C)) Conversely, suppose
z€ f~1(g71(C)). Then f(z) € g~ !(C). Therefore g(f(z)) € C. Hence (go f)(z) €

C. Thus z € (go f)~O). Therefore (go f)~HC) = f1(g7H(C)), as desired. W

Definition 3.15. Let f : X — Y be a function. We say that f is one-to-one, or
injective, if for every z1,22 € X we have

f(z1) = f(x2) = 1 = m2.
We say that f is onto, or surjective, if f(X) =Y. In other words, f is onto if
for every y € Y there exists x € X such that f(z) =y.

We say that f is bijective, or a one-to-one correspondence, if it is both injective
and surjective.

Theorem 3.16. Suppose f: X —Y and g: Y — Z are functions. Then we have
(i) If f,g are one-to-one then go f is also one-to-one.
(i1) If f,g are onto then go f is also onto.

(i) Let z1,29 € X. Suppose (go f)(x1) = (g o f)(z2). Then we have
g(f(z1)) = g(f(x2)). Thus f(z1) = f(x2), since g is one-to-one. Hence we get

T1 = X9, since f is one-to-one. Therefore g o f is one-to-one.
(ii) Let z € Z. Then there is y € Y such that g(y) = z, since g is onto.
Furthermore, there is z € X such that f(x) =y, since f is onto. Now we have

(g0 f)@)=g(f(x) =g(y) ==
Thus g o f is onto. n

Example 3.7. Suppose A C X, and f: X — Y is a function. Let j: A — X be
the inclusion map. Then we have

fla=fo
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Because the domain of both of these functions is A, and for every x € A we have
fla(z) = f(z) = f(j(x)). Now note that j is one-to-one, since if j(z) = j(y) for
some z,y € A, then we have z = j(z) = j(y) = y. Therefore if f is one-to-one
then f|4 is also one-to-one. In other words, the restriction of an injective function
is injective.

Definition 3.16. Let f : X — Y be a function. We say f is invertible if there
exists a function ¢ : Y — X such that fog =idy and go f = idx. In other words,
for every x € X and y € Y we have

fl9w) =, and  g(f(z)) = =
The function g is called the inverse of f, and is denoted by f~.
Theorem 3.17. The inverse of an tnvertible function is unique.

Suppose f : X — Y is an invertible function, and g,h : ¥ — X are
inverses of f. Let y € Y. Then we have

9(y) = g(f(h(y))) = h(y),
since foh =idy and go f =idx. Therefore g = h. |

Example 3.8. Let X be a set. Then the identity map of X is invertible, and we
have
idy! = idy;

because idx oidy = idx.
Theorem 3.18. A function is invertible if and only if it is bijective.

Let f: X — Y. First suppose f is invertible. Let 21,22 € X. Then we
have

fl1) = flaa) = a1 = ' (f(x1)) = 7 (fa2)) = 2.

Thus f is one-to-one. Now let 5 € Y. Then we have y = f(f~1(y)). Soy € f(X).
Hence f is onto. Therefore f is bijective.
Conversely, suppose f is bijective. Let

g ={(y,z) €Y x X : (z,y) € f}.

We claim that ¢ is a function, and is the inverse of f. Let y € Y. Then there
is x € X such that y = f(x), since f is onto. So (z,y) € f. Thus by definition
(y,x) € g. Therefore the domain of g is Y. Next, suppose (y,x1), (y,z2) € g. Then
we have (z1,y), (z2,y) € f, le. y = f(z1) and y = f(z2). Hence f(z1) = f(z2).
Thus 1 = x9, since f is one-to-one. Therefore g is a function. Now for every x € X
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we have (x, f(z)) € f. So by definition we have (f(z),x) € g, which means that
g(f(x)) = z. On the other hand, for every y € Y we have (y,¢(y)) € g. But this
can only happen if we have (¢(y),y) € f; which means that f(g(y)) = y. Therefore
f is invertible, and ¢ is the inverse of f. |

Remark. Let f : X — Y be an invertible function, and let B C Y. It is easy
to show that the inverse image of B under f is equal to the image of B under
f~!. Hence there is no ambiguity in the notation f~!(B). However, note that
the notation g~!(A) for the inverse image of a set A under a function g has no
indication that g is invertible.

Theorem 3.19. Suppose f : X =Y and g : Y — Z are invertible functions. Then
we have
(i) f~':Y — X is invertible, and

=

(ii) go f : X — Z 1is invertible, and
(gof)y™t=fog".

Remark. As a consequence of this theorem and the previous theorem, we get that
if f, g are bijective then f~' and g o f are also bijective.

(i) We know that fo f~! = idy and f~' o f = idx. Therefore f~! is
invertible by definition. In addition, by the uniqueness of inverse we must have
(f~H=t = £, as desired.

(ii) Note that go f : X — Z. Also note that f~':Y — X, and g~ ': Z =Y.
Therefore we can form the composition f~!og™! and we have f~l1og™!: 7 — X.
Now by associativity of composition of functions we have

(flogNolgof)=((fTog og)of
=(flo(glog))of
= (ftoidy)of=f""of=idx.

We can similarly show that (go f) o (f~!1og™!) =idz. Hence go f is invertible

by definition. In addition, by the uniqueness of inverse we must have (go f)~! =

f~ltog™!, as desired. [ |

Theorem 3.20. Suppose f : X =Y and g : Z — Y are functions that have the
same codomain. If f|xnz = g|xnz, then fU g is a function from X UZ toY. In
particular, if X N Z =0 then fUg is a function from X UZ to Y.
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Remark. By Theorem we have f|xnz = g|xnz if and only if f(x) = g(z) for
everyx € XN Z.

Remark. Note that the functions f, g are also sets; so fUg in the above theorem is
the union of the sets f,g. Let us denote the function fUg by h, and let z € X U Z.
Then we use the following notation to describe h:

h(z) = {f(x) z e X,
g(x) xze€Z

We usually use the above notation to define h, instead of saying that h := f U g.
And we say that h is a piecewise-defined function.

Let we XUZ. If w € X then (w, f(w)) € f C fUg. And if w € Z then
(w,g(w)) € g C fUg. Thus the domain of fUgis X UZ. Now suppose

(w7y1)7(w7y2) S ng‘

If both (w,y1), (w,y2) belong to f or g, then we have y; = ya, since f and g are
functions. So suppose one of (w, y1), (w, y2) belongs to f, and the other one belongs
to g; say (w,y1) € f and (w,y2) € g. Then w must belong to the domains of both
fand g,ie. we X and w € Z. Thus w € X N Z. Hence by our assumption we
have

y1 = f(w) = flxnz(w) = glxnz(w) = g(w) = ye.
Therefore f U g is a function, as desired. Finally, note that if X N Z = () then we
have

flxrz=fN({(XNZ)xY)=fn@xY)=fnN0
=0 gﬂ@:gﬂ(@xY):gﬁ((XﬁZ)xY):g]XmZ.

Hence in this case, our previous assumption is satisfied too; so we can also conclude
the desired result. [ ]

It often happens that we want to define a function f on a quotient set X/R by
using a function F': X — Y. The following theorem provides a tool for doing this.

Theorem 3.21. Suppose R, S are equivalence relations on the sets X,Y respec-
tively. Also suppose that F' : X — Y is a function, and for every a,b € X we
have

aRb = F(a)SF(b).

Then there is a unique function f: X/R — Y/S that satisfies

for every a € X.
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Remark. In the following proof we define f([a|r) := [F'(a)]s, and we will show
that f is a function. In this process we have to check that f maps each equivalence
class [a] g to exactly one equivalence class in Y/S. However we know that if b € [a|r
then [b]g = [a]r. So if in the definition of f we use the representative b for the
equivalence class [a|r, we obtain [F'(b)]g. Therefore we have to make sure that the
two equivalence classes [F'(a)]s and [F'(b)]s are the same (which follows easily from
our assumption about F'). When we define a function in this way, and the required
conditions are satisfied, we say that the function is well defined.

Remark. A particular case of this theorem is when S is the equality relation on Y
then F'(a)SF(b) simply means that F(a) = F(b), and we have f([a]r) = {F(a)}.
We can easily modify the following proof and show that f([a|r) := F'(a) defines a
well-defined function f: X/R — Y.

First note that by Theorem there is at most one function whose do-
main is X/ R, and maps [a]g to [F(a)]s. Now let us define f([a]r) := [F'(a)]s. More
explicitly, this means that

f=A{(z,y) € X/R xY/S :3c € x such that F(c) € y}.

Note that the domain of f is all of X/R, since to every [a]r € X/R we can at least
assign one value [F'(a)]s. Now let us show that this value is the only value that is
assigned to [a]g. Suppose ([a|r,y) € f. Then by definition there is ¢ € [a]r such
that F'(c) € y. But ¢ € [a]|gr means that aRec. Hence by our assumption we have
F(a)SF(c). Thus F(c) € [F(a)]s. Therefore the two equivalence classes y, [F'(a)]s
have a nonempty intersection; so they must be equal, i.e. y = [F(a)]s. Thus the
value of f at [a]g is uniquely determined, as desired. Hence f is a function. |

3.4 Order Relations

In this section, we study another important type of relations, namely order relations.

Definition 3.17. Let R C X x X be a relation on a set X. We say that R is a
(non-strict) partial order if it is reflexive, antisymmetric, and transitive; i.e. if
for every x,y,z € X we have
(i) zRx.
(ii) If zRy and yRx then = = y.
(iii) If zRy and yRz then zRz.

Example 3.9. Inclusion is a partial order on the power set of any set, i.e. if for
z,y € P(X) we define xRy to mean x C y, then R is a partial order.
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Example 3.10. Equality is the only equivalence relation which is also a partial
order. Because if a relation R is both symmetric and antisymmetric, then xRy
implies that yRx; and therefore we must have = y. On the other hand, for every
x we have x Rx due to reflexivity. Hence xRy if and only if z = y.

Definition 3.18. Let S C X x X be a relation on a set X. We say that S is a
strict partial order if it is irreflexive and transitive; i.e. if for every x,y,z € X
we have

(i) xSz

(ii) If zSy and ySz then xSz.

Theorem 3.22. Suppose S is a strict partial order on a set X. If for x,y € X we
have Sy, then yJx.

Suppose xSy. Also, suppose to the contrary that ySx. Then by transi-
tivity of S we get xSz, which contradicts the irreflexivity of S. Hence we cannot

have ySx; so ygzx. |

Theorem 3.23. Let R, S C X x X be two relations on a set X. Suppose we have
S=R—{(z,x):x € X}, and R=SU{(z,z):z € X}.
Then R is a non-strict partial order if and only if S is a strict partial order.

Remark. The relationship between R, S can also be expressed as follows
Ry — xSy or z =y.

Suppose S is a strict partial order. Now R is a reflexive relation, because
for every x € X we have (z,z) € R, i.e. xRz. Let us show that R is antisymmetric.
Suppose xRy and yRz. If x # y then we must have Sy and ySxz. However, this
contradicts the last theorem, since S is a strict partial order. Therefore we must
have x = y, as desired. Finally, let us show that R is transitive. Suppose xRy and
yRz. If x =y, or y = z, then we trivially have xRz. So suppose x # y and y # z.
Then we must have xSy and ySz. Then we get xSz, since S is transitive. Hence
we also have xRz, as desired.

Conversely, suppose R is a non-strict partial order. Note that S is irreflexive,
since for every x € X we have (z,z) ¢ S, i.e. xgx. To show that S is transitive,
suppose that Sy and ySz. Then we also have xRy and yRz. Hence we get xRz,
since R is transitive. Now note that we cannot have z = z, since in this case we have
xRy and yRx, and hence by antisymmetry of R we get x = y, which contradicts
the irreflexivity of S. Therefore x # z. Thus xRz implies that x5z, as desired. W
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We usually denote partial orders by <, <,LC, ..., and their corresponding strict
partial orders by <, <,C,.... Thus in this notation, z < y if and only if z < y or
x = y. Although, an exception to this convention is the non-strict partial order C.
We will also write y = x to mean that x < y, and y > x to mean that x < y. Similar
inverted notation can be used for other symbols too. Also, for several elements like
x,Y, 2, u, v, we may write x,y, z,u < v to denote the fact that x < v, and y < v,
and z < v, and u < v.

If for some x, y we have © < y, then we say that z is less than y, or y is greater
than . We may also say that x is smaller than y, or y is larger than x. And if we
have x < y, then we may say that z is strictly less than y, or y is strictly greater
than . We may also say that x is strictly smaller than y, or y is strictly larger
than z. Also, we say z,y are comparable if at least one of the relations x < y or
y = x holds.

Theorem 3.24. Suppose < is a partial order on a set X. Let x,y,z € X. If x <y
andy < z then x < z. Also, if xt <y and y = z then = < z.

We prove the first claim; the other one can be proved similarly. Suppose
x Xyand y < z. If £ < y then by transitivity of < we have x < z. And if
x = y then we trivially have x < z, since we know that y < z. In other words, in
set theoretic notation we have (y,z) € < and (z,2) = (y, 2), hence we also have
(x,2) € <. [ |

Definition 3.19. Suppose < is a partial order on a set X. Let z € X, and A C X.
Then
(i) z is a maximum or greatest (or largest) element of A if z € A, and for
every a € A we have a < z.
(ii) z is a minimum or least (or smallest) element of A if z € A, and for every
a € A we have a = z.
(iii) zis a maximal element of A if z € A, and there is no a € A such that a > z.
(iv) z is a minimal element of A if z € A, and there is no a € A such that a < z.
(v) z is an upper bound for A if for every a € A we have a < z. If A has an
upper bound, then we say that A is bounded above.
(vi) zis a lower bound for A if for every z € A we have a > z. If A has a lower
bound, then we say that A is bounded below.
(vii) A is bounded if it is bounded above and bounded below. And A is called
unbounded if it is not bounded.
(viii) z is a least upper bound or supremum of A if z is an upper bound for A,
and for any w € X which is an upper bound for A we have w > z.
(ix) z is a greatest lower bound or infimum of A if z is a lower bound for A,
and for any w € X which is a lower bound for A we have w < z.
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Remark. Note that the maximum, minimum, maximal, and minimal elements of
A must belong to A, if they exist; while upper and lower bounds, supremum, and
infimum of A need not belong to A.

Also note that a maximal element is not necessarily a maximum. Because if no
element of A is greater than b, then it does not follow that b is greater than every
element of A; since there might be some a € A which is not comparable to b, i.e.
a A b and b A a. Similarly, a minimal element is not necessarily a minimum.

Theorem 3.25. Suppose < is a partial order on a set X. Let A C X. Then the
maximum, minimum, supremum, and infimum of A are unique, if they exist.

Suppose z,x € A are both maximums of A. Then by definition we must
have z < z, since z is a maximum, and z < x, since x is a maximum. Therefore,
by antisymmetry of < we get z = . The uniqueness of minimum can be proved
similarly.

Now suppose z,z € X are both infimums of A. Then by definition we have
T = z, since z is an infimum, and x is a lower bound for A. We also have z < z,
since z is an infimum, and z is a lower bound for A. Therefore, by antisymmetry
of < we get z = x. The uniqueness of supremum can be proved similarly. |

Remark. Note that the maximal or minimal elements of a set are not necessarily
unique; because a set can have several maximal or minimal elements which are not
comparable.

Definition 3.20. Suppose < is a partial order on a set X. Then we say that < is
a total order or linear order if it satisfies the trichotomy law, i.e. if for every
x,y € X exactly one of the following three conditions holds:

r <y, r =1y, T >y.

Remark. Note that the fact that at most one of the above three conditions can
hold is a consequence of the fact that < is a partial order. Thus a partial order
=< is a total order if for every x,y at least one of the above three conditions holds.
This fact is also manifested in the following theorem.

Theorem 3.26. Suppose = is a partial order on a set X. Then =< is a total order
if and only if every two elements of X are comparable.

If < is a total order, then for every z,y one of the conditions x < y,xz =
y,x > y holds. Hence in either case we must have x < y or y < . Thus z,y are
comparable.

Conversely, suppose for every x,y we have x < y or y < z. If x = y then we
cannot have x < y or y < x, due to the irreflexivity of <. Now suppose = # .
Then we must have x < y or y < x. However, both of these conditions cannot hold
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simultaneously; since otherwise we would get z < x by transitivity of <, and this
contradicts the irreflexivity of <. Therefore, in any case, exactly one of the three
conditions « < y,x = y,x > y holds. Thus < is a total order. [ |

Definition 3.21. Suppose =,C are partial orders on the sets X,Y respectively.
Let f: X — Y be a function, and let 1,22 € X. Then we say that

(i) fis an increasing function if 1 < zo implies that f(z1) C f(z2).

(ii) f is a decreasing function if x; < x9 implies that f(x1) 3 f(z2).

(iii) f is a strictly increasing function if z; < x9 implies that f(z1) C f(z2).
(iv) f is a strictly decreasing function if x1 < x9 implies that f(z1) 3 f(z2).
(v) fis monotone if it is increasing or decreasing, and f is strictly monotone

if it is strictly increasing or strictly decreasing.

Theorem 3.27. Suppose =, C are total orders on the sets X,Y respectively. Let
f: X =Y be a function. Then we have
(i) If f is strictly monotone then it is one-to-one.
(ii) If f is monotone and one-to-one then it is strictly monotone.
(iii) If f is strictly increasing and invertible then f=1 is also strictly increasing.
(iv) If f is strictly decreasing and invertible then f~! is also strictly decreasing.

(i) Suppose to the contrary that f(z1) = f(x2) and 21 # x9. Then either

x1 < X9 Or T1 = T2, because < is a total order. But then we get f(z1) C f(z2), or
f(z1) 3 f(z2), since f is strictly monotone. However, this contradicts our initial
assumption that f(z1) = f(z2). Hence we must have 1 = x9. Thus f is one-to-one.

(ii) Note that if z; < xo then we must have f(x1) # f(x2), since x1 # 2 and
f is one-to-one. Hence if f is monotone, it must be strictly monotone.

(iii) Note that f=! : Y — X. Suppose y1,92 € Y, and y; C y2. We have to
show that f~1(y1) < f~'(y2). Suppose to the contrary that f='(y1) 4 f~(y2).
Then we must have f~!(y1) = f~(y2), or f~ (1) = f~(y2); because < is a total
order. In the first case we have

yr= O ) = F(F ) = e,

which contradicts our assumption. And in the second case, by using the fact that
f is strictly increasing, we get

yr= O ) DFF ) = e,

which also contradicts our assumption. Hence we cannot have f~1(y1) 4 f~(y2).
Thus f~(y1) < f~(y2), and f~1 is strictly increasing.
(iv) The proof is similar to the previous part. |

Definition 3.22. Suppose = is a total order on a set X. Then we say that < is a
well-ordering if every nonempty subset of X has a least element.



Chapter 4

Natural Numbers and Finite Sets

4.1 Natural Numbers

Natural numbers are probably the first mathematical object that people get familiar
with, and learn how to use them for counting. But, what is a natural number? For
example, what is “two” It turns out that from a mathematical point of view, the
inherent nature of “two” is not very important. The important thing about “two”
is that it represents twoness. In other words, we need a concept of “two” that
represents what two apples, two oranges, and two chairs have in common, i.e. their
quantity. One way to do this is to define “two” to be some set which has exactly
two elements. Then we can say that a collection of objects has two elements if it
has the same number of elements as “two”. Note that in this process, we actually
assigned a representative to the concept of “two”; and we do not claim that this
representative is the true representative of the real “two”, if there is any such thing.

The following definition, due to von Neumann, implements the above idea in an
elegant way.

O::(Z):{},
1:=0uU{0} = {0} = {0},
2:=1U{1} ={0,1},
3:=2U{2} ={0,1,2},
4:=3U{3} =1{0,1,2,3},

Thus we define each natural number n to be the set of all natural numbers smaller
than n. We can continue this way and build every natural number, however, we
cannot show that the collection of all natural numbers is a set. In other words, by
using the axioms we have expressed so far we can construct infinitely many sets,

120
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i.e. all the natural numbers, but we cannot show that a set with infinitely many
elements exists. Therefore in order to show that a set containing all the natural
numbers exists we need a new axiom.

Axiom of Infinity.
F3I(0el)A(VaelaU{a}cl)).

Remark. Remember that () € I is a shorthand notation for

3y € D) A Y2z ¢ ).
Also, Va € I aU {a} € I is a shorthand notation for
Valae I —3y((y e ) AVz[z €y (z€aVz=a)])].

The axiom of infinity says that there is a set I which contains (), and for every
a € I we have aU {a} € I. Tt follows that I contains QU {#} =1, and 1U {1} = 2,
and 2U {2} = 3, and so on. Thus, intuitively, we can see that I contains every
natural number; so it has infinitely many elements. Although it might also have
elements which are not natural numbers. Notice that the axiom of infinity states
that an infinite set exists, without getting into the details of what an infinite set is.
Before going further, let us introduce a few notions.

Definition 4.1. Let a be a set. The successor of a is
at:=aU{a}.

Remark. The successor of any set exists due to the axioms of pairing and union.
Also note that for every set a we have a € a™, and a C a™.

With the above notation we have
0=0, 1=0", 2=1"%, 3=2%,

Definition 4.2. We say a set [ is inductive if () € I, and for every a € I we have
at el

So, the axiom of infinity states that an inductive set exists. Intuitively, an
inductive set contains every natural number. However, it can have other elements
too. Our next step is to show that an inductive set exists which does not have any
element besides the natural numbers. But we have not yet defined what a natural
number is. Of course we have defined 0,1,2, 3, ..., but we did not say when a given
set is a natural number. For a precise definition of natural numbers, we rely on our
intuition about inductive sets.
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Definition 4.3. A natural number is a set which belongs to every inductive set.

For example 0 = () is a natural number, because every inductive set contains ()
by definition.

Theorem 4.1. If n is a natural number then n" is also a natural number.

Remark. As a consequence, 1 = 0T is a natural number, 2 = 17 is a natural
number, and so on.

Suppose n is a natural number. Let I be an inductive set. Then by
definition we have n € I. Hence we must have n™ € I, since I is inductive.
Therefore n™ belongs to every inductive set; because I is an arbitrary inductive
set. Thus n™ is also a natural number, as desired. |

Remark. Let us also present a more formal proof for the above theorem. Let
ind(I) be the formula which says that I is an inductive set. We have

1 FVI(ind(I) — n € I); (since m is a natural number)
2 Find(I) — n € I; (by EV)
3 ind(I)Fn € I; (by E—)
4 nel, ind(l)Fnt el (by definition of inductive sets)
5 ind(I) Fn' € I; (by cut rule applied to lines 3,4)
6 Find(I) = nt €I, (by 1—)
7 FVI(ind(I) = n" €1). (by 1V)

The last formula says that n™ is a natural number, as desired.

Note that the sentences “Let I be an inductive set. Then by definition we have
n € I.” in the previous proof correspond to the application of EV in this proof.
Also note that the sentence “Therefore n™ belongs to every inductive set; because I
is an arbitrary inductive set.” in the previous proof corresponds to the application
of IV in this proof. In informal proofs, these are common ways to state that we are
employing EV or IV, respectively.

Theorem 4.2. There exists a unique set whose elements are exactly the natural
numbers. In other words

F3AVz (2 € A » VI(ind(I) — z € I)),

where ind(I) is the formula (0 € I) A (Ya € I aU {a} € I), which states that I is
an inductive set.
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Remark. Informally, the above formula says that x € A if and only if x belongs
to every inductive set. Hence x € A if and only if = is a natural number. We can
also say that the set A is the intersection of all inductive sets.

The uniqueness of A follows from Theorem , since A is defined by a

formula, namely VI(ind(I) — = € I). Thus we only need to prove the existence
of A. The idea is to consider an inductive set J, which we know exists due to the
axiom of infinity, and then using the axiom of separation, define A as the subset
of J that consists of only natural numbers. Since we know that by definition all
natural numbers belong to the inductive set J, the set A constructed in this way
will contain all the natural numbers. Let us implement this idea rigorously.

To simplify the notation, we denote VI(ind(I) — = € I) by nat(z). Note that
nat(z) says that x belongs to every inductive set, i.e. z is a natural number. By
the axiom of infinity we know that

F3Jind(J). (%)
On the other hand, by the axiom of separation we have
F3AVz(z € A <> (z € J) Anat(z)). (xx)

Now by EV we have nat(x) F ind(J) — x € J. Hence by E— and the cut rule we
get,
nat(z), ind(J) F x € J.

Thus by IA we have nat(z), ind(J) F (z € J) Anat(x). Therefore by E<> we get
nat(z), ind(J), x € A< (r € J) Anat(z) -z € A.

In addition, by E<» and EA we have

x€ A, ind(J), z € A+ (x € J) Anat(z) F (z € J) Anat(x) - nat(z).
Hence by I+ we obtain

ind(J), z € A< (x € J) Anat(z) F z € A <> nat(z).
So by applying EV, and then IV, we get
ind(J), Vo (z € A > (z € J) Anat(z)) - Vo (z € A > nat(z)).

Now by applying I3, and then Ed, we get

ind(J), 3AVz (2 € A+ (z € J) Anat(z)) - FAVz(z € A <> nat(z)).
Thus by (#x) we obtain ind(J) - 3AVz(z € A 4> nat(z)). Hence by EJ we get

3Jind(J) - JAVz (2 € A 4 nat(z)).

Therefore by () we get - JAVz (2 € A > nat(z)), as desired. [
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Notation. The unique set A given by the above theorem is denoted by w, and is
called the set of natural numbers. Thus we have

w=1{0,1,2,3,...}.
We also set N:= {n € w:n # 0}. Hence we have
N=1{1,23,,..}.

The set N is also referred to as the set of natural numbers. However, in these notes,
we consider 0 to be a natural number.

Theorem 4.3. w is an inductive set, and it is a subset of any inductive set.
Remark. In other words, w is the smallest inductive set with respect to inclusion.

Remember that the elements of w are exactly those sets which belong to
every inductive set. First note that () € w, since () belongs to every inductive set.
Now let a € w. Then a is a natural number. Hence as we have shown before, a™ is
also a natural number. Thus a® € w. Therefore w is inductive.

Finally, let I be an inductive set. Let a € w. Then we have a € I, since a belongs
to every inductive set. Therefore w C I. So, w is a subset of every inductive set,
because I was an arbitrary inductive set. |

Principle of Mathematical Induction. FEvery inductive subset of w is equal to
w. In other words, if A C w satisfies

(i) 0 € A, and

(ii) for every n € w, n € A implies that n™ € A,
then A = w.

Note that A is an inductive set. Because ) € A. And if a € A then a € w,
since A C w; so by the above assumption we get a™ € A. Therefore by the previous
theorem we must have w C A. Hence A = w, as desired. [ |

Let ¢(n) be a formula that has n as a free variable. Suppose we want to show
that ¢(n) is true for every n € w. Let

A={necw:¢(n)}.

Note that by definition, n € A is equivalent to n € w A ¢(n). Hence for n € w we
have n € A if and only if - ¢(n). Thus our goal is to show that A = w. To this
end, we can use the above theorem, and show that

(i) 0 € A, ie. - ¢(0), and

(ii) if n € Athen nt € A, i.e. F ¢(n) — ¢(n™).
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Therefore we conclude that = ¢(n) for every n € w. This method is called proof
by induction. The first part, i.e. showing that ¢(0) holds, is called the base case,
or the basis. The second part, i.e. showing that if ¢(n) holds then ¢(n™*) holds
too, is called induction step. In the induction step we assume that ¢(n) is true,
and then we have to show that ¢(n™) is true. The assumption that ¢(n) holds is
called the induction hypothesis.

Intuitively, proof by induction works as follows. We know that F ¢(0). If we set
n = 0 in the induction step, we have - ¢(0) — ¢(1). Thus by E— we get b ¢(1).
Now if we set n = 1 in the induction step, we have F ¢(1) — ¢(2). Thus by E—
we get F ¢(2). If we repeat this argument we obtain - ¢(3), and then - ¢(4), and
so forth.

Remark. Note that ¢(0) can be formally expressed as

Fy(¢(y) AVz(z ¢ y)).

Also, ¢(n) — ¢(n™) can be formally expressed as
Vavb[nat(a) A (b =aU{a}) — (¢(a) = ¢(b))],
where nat(a) expresses that a belongs to every inductive set, i.e. it is a natural

number.

Remark. Not every subset of w is of the form {n € w: ¢(n)} for some formula ¢.
Because w has more subsets than there are formulas, as we will explain when we
discuss the notion of cardinality of sets. Therefore the principle of mathematical
induction is actually stronger than its special case discussed above.

Theorem 4.4. Let n € w. Then we have

(i) n=UnT.

(i) If n # 0 then there is a unique m € w such that n =m™.

Remark. When n = m™, i.e. when n is the successor of m, we say m is the
predecessor of n.

(i) The proof is by induction on n. First note that for every set A we can
easily show that (J{A} = A. Now for n = 0 we have

0=0=J{0}=U1=40".

Next suppose for some n we have n = |[Jn™. We know that nt+ = n* U {nt}.
Therefore by Exercise 2.2] we get

Untt=UnTulU{n"} =nunt =nt,

since n C nt.



CHAPTER 4. NATURAL NUMBERS AND FINITE SETS 126

(ii) The proof is again by induction on n. Let
A:={necw:n=0o0rn=m" for a unique m € w}.

It is obvious that 0 € A. Now let n € A. We have to show that n™ = m™ for some
m € w. But if we take m = n then we have n™ = m™, as desired. (Note that here
we did not need to use the induction hypothesis.) In addition, note that if we have
nt =m™ for some m € w, then by part (i) we get

m=Um"=Jn" =n.

Therefore n™ = m™ for a unique m € w; so n™ € A by definition. Thus A = w.
Hence we have shown that every nonzero natural number is the successor of a unique
natural number, as desired. [ |

Definition 4.4. A Peano system is a set N with a distinguished element e € N,
equipped with a function s : N — N, that satisfies the following conditions:
(i) s(a) #eforalla e N.
(ii) s is one-to-one.
(iii) If M C N satisfies
(a) e€ M, and
(b) a € M implies s(a) € M,
then M = N.

Remark. The function s is called the successor function, and the above con-
ditions are called Peano axioms. These axioms represent the basic properties of
natural numbers, and are sufficient to imply all their elementary properties. The
next theorem shows that the set of natural numbers that we constructed by set
theoretic tools satisfies the Peano axioms.

Theorem 4.5. The set w, equipped with 0 € w and the successor function

w— w
n—nt’

18 a Peano system.

First note that n — n™' is a function, since n™ = n U {n} is uniquely
determined by n. (To be more precise, note that as we proved in Section the
singleton {n} is uniquely determined by its element n, and the union of the two
set m,{n} is uniquely determined by them.) In addition, the function n > n™ is
one-to-one; because by the previous theorem we have

+

mt=nt = m=Umt=Un"=n.
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Furthermore, the third condition of a Peano system is satisfied due to the principle
of mathematical induction. Thus we only need to show that for every n € w we
have

nt #0.

Now note that for every n we have n € n™, while 0 = () is empty. So n™ # 0 as
desired. |

4.2 Arithmetic

Sometimes, when we define a function f, we need to use some of the values of f
in order to assign the value of f at another point of its domain. For example, the
power n* is usually defined as n - n*~!, i.e. the value of this exponential function
at k is defined in terms of its value at kK — 1. The next theorem provides the tool

for defining functions in this way.

Recursion Theorem. Let A be a set, and let a € A. Suppose F': w x A — A is
a function. Then there exists a unique function f :w — A such that

(i) f(0)=a, and
(ii) f(n*) = F(n, f(n)) for everyn € w.

Consider a function h : B — A, where B C w. In this proof, we say h is
admissible if the following two conditions hold:
(i) If 0 € B then h(0) = a.
(i) If n* € B then n € B, and we have h(n™) = F(n, h(n)).
Let
X :={h: h is an admissible function from some B C w into A}.

Note that h C Bx A Cw x A; s0 X C P(w x A) and its existence is guaranteed by

the subset axiom. Now let f :=(J X, i.e. f is the union of all admissible functions.

We claim that f is a function from w to A that satisfies the requirements of the

theorem, i.e. f is itself an admissible function. First note that the elements of X are

functions; so the elements of | J X = f are ordered pairs. For example, {(0,a)} is an

admissible function from {0} into A; hence {(0,a)} € X. Thus we have (0,a) € f.
Next consider the set

S :={n € w : there is a unique = € A such that (n,x) € f}.

Let us show by induction that S = w. Note that 0 € S; because as we have seen
(0,a) € f. And if we have (0,z) € h C f for some admissible function A, then
by definition we must have x = a. Now suppose n € S. Then there is a unique
xn € A such that (n,x,) € f. Hence there is an admissible function h such that
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(n,x,) € h C f. If n" is in the domain of h we have (n™, F(n,x,)) € h, since h is
admissible. And if n™ does not belong to the domain of h, let

h:=hU{(n", F(n,z,))}.

Then it is easy to see that h is also an admissible function. It is obvious that & is a
function, since n™ does not belong to the domain of h. Also, if 0 is in the domain
of h we have h(0) = h(0) = a, since n™ # 0. Now suppose k' is in the domain
of h. If k¥ # n™ then k™ is in the domain of h, and the required condition holds,
since h is admissible. And if k™ = n* then k = n. So k belongs to the domain of
h, which is included in the domain of h. Thus we have

h(k*) = h(n™) = F(n,x,) = F(n, h(n)) = F(k, h(k)).

Hence h is an admissible function, and we have (n*, F(n,z,)) € h. Therefore in
either case we have (n™, F(n,z,)) € f.

On the other hand, if there is an admissible function h such that (n*, h(n®)) €
h C f, then n is also in the domain of &, and we must have h( +) = F(n,h(n)).
However, (n, h(n)) € h C f; so by induction hypothesis we get h(n) = x,. There-
fore B(n+) = F(n,z,). Thus z = F(n,x,) is the unique element of A that satisfies
(nT,x) € f, as desired. Hence S = w. But this means that f is a function from w
to A. In addition, we have shown that for every n we have

(n,z,) € f = (0", F(n,z,)) € f.

In other words, f(n) = z,, implies that f(n™) = F(n,z,) = F(n, f(n)). Thus f is
an admissible function.

Finally, let us show that f is unique. Suppose g : w — A is also an admissible
function. Let us show that f = g. Let

S:={necw:f(n) =g}

Then we have 0 € S, since f(0) = a = g(0). Now suppose n € S. The f(n) = g(n).
Hence we have

f(n®) = F(n, f(n)) = F(n,g(n)) = g(n"),

because F is a function. Thus we get nt € S. Therefore S = w, and we have f = g
as desired. |

Remark. A definition of a function f by using the recursion theorem is called
a recursive definition, or an inductive definition. Sometimes, we are only
interested in the objects f(n), rather than the function f. In other words, we
would like to construct the object f(n*) by using the object f(n). The recursion
theorem provides a sufficient tool for these kinds of constructions too.
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Remark. Intuitively, a recursive definition works as follows. We define f(0) := a.
Then we can define

f(1) = f(07) == F(0,a) = F(0, £(0)).

Then we can define f(2) := F(1,F(0,a)) = F(1, f(1)). If we continue in this way,
we can define f(3), f(4), and so on. Of course, we have to show that we can
continue this process indefinitely, and we obtain a unique function through it. This
has been shown in the recursion theorem.

Remark. A special important case of the recursion theorem is when F' does not
depend on n, i.e. when there exists a function G : A — A such that F' = G o 7o,
where 75 : w X A — A is the projection on the second component. In other words,
when for every n € w and z € A we have F(n,z) = G(z). Then there is a unique
function f :w — A such that

(i) f(0) =a, and

(ii) f(nt)=G(f(n)) for every n € w.

Next we will show that every Peano system is essentially the same as the Peano

system of w. Intuitively, this means that any Peano system can be obtained from
w by renaming its elements.

Theorem 4.6. Suppose N, equipped with e € N and the successor function s :
N — N, is a Peano system. Then N is isomorphic to the Peano system of w, i.e.
there exists a one-to-one and onto function

h:w— N
such that h(0) = e, and h(n™) = s(h(n)) for every n € w.

By the special case of the recursion theorem discussed above there is a
function h : w — N such that h(0) = e, and h(n™) = s(h(n)) for every n. We only
need to show that h is one-to-one and onto. Let

S:={n €w:h(k)=h(n) implies k = n for every k € w}.

First let us show that 0 € S. Suppose to the contrary that k£ # 0, and h(k) =
h(0) = e. Then we know that k = m™ for some m € w. Hence we get

which contradicts the fact that in a Peano system e is not in the image of s. Thus
0 € S. Now suppose n € S. Suppose for some k we have h(k) = h(n™). We know
that h(nt) # e, since nt # 0. Thus k # 0 too. So we have k = m™ for some m.
Hence we get
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Therefore h(m) = h(n), because s is one-to-one. Thus by the induction hypothesis
we obtain m = n. So k = m™ =n*. Hence n* € S. Thus S = w, and therefore h
is one-to-one.

Next let us show that h is onto. Consider the set

M :={a € N :a=h(n) for some n € w}.

Then e € M since e = h(0). Now suppose a € M. Then we have a = h(n) for some
n. Hence

s(a) = s(h(n)) = h(n™).

So s(a) € M. Therefore by induction in the Peano system of N we get M = N.
Thus h is onto, as desired. |

Theorem 4.7. There exists a unique function

WXWw—w
(m,n) —»m+n

)

called addition, such that for every m,n € w we have

(i) m+0=m,

(i) m+nt =(m+n)".
Remark. Note that the above properties are sufficient for computing m + n for
any m,n. Because we know that m +0 = m. Hence by the second property we get

m+1=m+0"=(m+0)"=m".

We can repeat this argument to compute m + 2, m + 3, and so forth.
Remark. m + n is called the sum of m, n.

Fix m € w. Then by recursion theorem there is a unique function f, :
w — w such that f,,(0) = m, and f,,(n") = (fim(n))" for every n. Now we define

m+n:= fn(n).

Then it is obvious that m +n has the required properties. To show the uniqueness,
suppose ¢ : w X w — w also has the properties of addition. Then for fixed m we have
g(m,0) = m, and g(m,n*) = (g(m,n))" for every n. Hence by the uniqueness of
fm we get

g(m,n) = fn(n) =m+n.

But m is arbitrary, so g is the same function as addition. |



CHAPTER 4. NATURAL NUMBERS AND FINITE SETS 131

Example 4.1. We have
2+2=2+1"=024+1)" =02"H"=3"=4.
Theorem 4.8. Suppose m,n,k € w. Then we have

(i) Associativity :
(m+n)+k=m+ (n+k).

(ii) Identity element :
0+n=n=n+0.

(iii) Commutativity :
m+n=n-+m.

Remark. During the proof of this theorem, we will also show that
nt=1+n=n+1.
(i) The proof is by induction on k. For k = 0 we have
m+(n+0)=m+n=(m+n)+0.
Now suppose the equality holds for some k. Then for k™ we have
m+m+k)=m+m+k)T=m+n+k)"
= ((m+n)+k)" = (m+n)+ k",

as desired.

(ii) The equality n + 0 = n holds due to the defining properties of addition.
For the other equality we use induction on n. For n = 0 we have 0 + 0 = 0. Now
suppose 0 + n = n for some n. Then for n™ we have

0+nt=0+n)"=m"=n"
(iii) First let us prove by induction that 1 +n = n™ for every n. For n = 0 we
have 1 +0=1=0". Now if we have 1 +n = n™", then we get
l+nt=14n)"=@n"",
as desired. Next, we prove the commutativity of addition by induction on n. For

n = 0 we have
m+0=m=0+4+m,

as we have shown in the previous part. Now suppose that m +n = n + m for some
n. Then we have

m+nt=(m+n)T=n+m)t
=1+(n+m)=1+n)+m=n"+m,

as wanted. [ |
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Theorem 4.9. There exists a unique function

WXWw—w
(m,n) —»m-n

)

called multiplication, such that for every m,n € w we have

(i) m-0=0,
(i) m-nt = (m-n) +m.

Remark. Note that the above properties are sufficient for computing m - n for any
m,n. Because we know that m - 0 = 0. Hence by the second property we get

m-1=m-0"=(m-0)+m=0+m=nm.

We can repeat this argument to compute m - 2, m - 3, and so forth.

Notation. We usually denote m - n simply by mn. We will also assume that
multiplication binds stronger than addition; thus, for example, mn+k means (mn)+
k, not m(n + k).

Remark. mn is called the product of m,n.

Fix m € w. Then by recursion theorem (applied to addition) there is a
unique function f,, : w — w such that f,,(0) = 0, and f,(n") = fi(n) +m for
every n. Now we define

m-n:= fpn(n).

Then it is obvious that m - n has the required properties. To show the uniqueness,
suppose ¢ : w X w — w also has the properties of multiplication. Then for fixed
m we have g(m,0) = 0, and g(m,n") = (g(m,n)) + m for every n. Hence by the
uniqueness of f,,, we get

g(m,n) = fm(n) =m-n.
But m is arbitrary, so g is the same function as multiplication. [ |
Example 4.2. We have
2:2=2-1"=2.14+2=2+42=4.

Theorem 4.10. Suppose m,n,k € w. Then we have
(i) Distributivity :
m(n + k) = mn + mk.

(ii) Associativity :
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(iii) Commutativity :

(iv) Identity element :

In =n=mnl.
Remark. During the proof of this theorem, we will also show that
On =0 =n0.
(i) The proof is by induction on k. For k = 0 we have
m(n +0) = mn = mn+ 0 = mn + m0.

Now suppose the equality holds for some k. Then for k™ we have

mn+kT)=mn+k)T=mm+k)+m
= (mn +mk) + m = mn + (mk +m) = mn + mk™,

as desired.
(ii) The proof is by induction on k. For k = 0 we have

m(n0) =m0 = 0 = (mn)0.
Now suppose the equality holds for some k. Then for k™ we have
m(nkt) = m(nk +n) = m(nk) + mn = (mn)k +mn = (mn)k™,

as desired.
(iii) First let us prove by induction that Om = 0 for every m. For m = 0 we
have 0 -0 = 0. Now if we have Om = 0, then we get

OomT=0m+0=0+0=0,

as desired. Next, we prove by induction that nT™m = nm + m for every m. For
m = 0 we have
nt0=0=0+0=n0+0.

Now suppose ntm = nm + m for some m. Then for m™ we have
ntmt =ntm4nt = (mm+m) +nt

=nm+ (m+nt)=nm+ (m+n)t =nm+ n+m)"
=nm+ (n+m') = (nm+n)+mt =nmT +m™T.
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Finally, we prove the commutativity of multiplication by induction on n. For
n = 0 we have
m0 =0 = 0m.

Now suppose that mn = nm for some n. Then we have

+ +

n‘m=nm-+m=mn-+m=mn',

as wanted.
(iv) First note that we have

nl=n0"=n0+n=0+n=n.
The other equality follows from commutativity of multiplication. |

Remark. Similarly to the case of addition and multiplication, we can show that
there exists a unique function

wXW—Ww

(m,n) —»m"’

called exponentiation, such that for every m,n € w we have

(i) m® =1,

(i) m™" = (m™)-m.
We can prove the usual properties of exponentiation of natural numbers by induc-
tion; however, we will postpone this to Sections and in which we define the
notion of power for more general objects. Let us only mention that we assume that
exponentiation binds stronger than multiplication and addition; so, for example,

[+ m"™k means [ + ((m™)k). We also use the convention that m™ means m™").

4.3 Order of Natural Numbers
Theorem 4.11. Let n € w. Then for every set a we have
aENn = aCn.
In other words, for every sets a,b we have
a€En and be€a = ben.

Remark. Sets with the above property are called transitive sets. So the theorem
says that natural numbers are transitive sets.
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The proof is by induction on n. For n = 0 the claim is vacuously true,
since 0 is the empty set. Now suppose n is transitive. Let a € n™ = n U {n}. If
a € nthena Cn Cnt. And if a € {n} then a = n C n*. Thus n™ is also
transitive. [ |

Definition 4.5. Let m,n € w. Then we say n < m if n € m.

Remark. As usual, n < m means that n < m or n = m. Also, m > n means
n <m, and m > n means n < m.

Theorem 4.12. The relation < on w is a strict partial order, i.e. for every
n,m,k € w we have

(1) Irreflexivity : n £ n.

(ii) Transitivity : If n < m and m < k, then n < k.

Remark. As we showed in Theorem [3.23] it follows that < is a non-strict partial
order on w.

Remark. The fact that n £ n, which means n ¢ n, follows from the axiom of
regularity. But here we show that for natural numbers this fact also follows without
using the axiom of regularity.

(i) The proof is by induction. For n = 0 we have 0 ¢ 0, since 0 = (). Next
suppose for some n we have n ¢ n. Suppose to the contrary that n™ € n™ = nU{n}.
If n* € n then we get n € n, because n € n™ and n is transitive. However, this
contradicts the induction hypothesis. So we must have nt € {n}. Hence n™ = n.
But this also leads to the contradiction n € n, since we know that n € n™. Therefore
nt ¢ nt, as desired.

(ii) If m € k then m C k, since k is a transitive set. Therefore n € m implies
that n € k. |

Theorem 4.13. For every n € w we have 0 < n. In other words, 0 is the least
element of w. On the other hand, for every n € w we have n < n™; so, w does not
have a largest element.

It is obvious that n € n™ = nU {n}, i.e. n < n™. Let us show by

induction that 0 < n for every n. For n = 0 we obviously have 0 < 0. Now suppose
0 < n for some n. If 0 = n then 0 < n™, since n < n™. And if 0 < n then 0 < n™
by transitivity of <. Hence in either case we have 0 < n™, as wanted. |

Theorem 4.14. For every n,m € w we have

n<m <= n Cm.
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If n = m then obviously n C m. Also if n € m then n C m, since m is
transitive. So n < m implies n C m. For the reverse implication we use induction
on m. Let

S :={m € w:n Cm implies n < m for every n € w}.

Then 0 € S, because n C 0 = () implies n = ) = 0 (since we also have () C n).
Now suppose m € S. Let n € m™ = m U {m}. If m ¢ n then every element
of n must belong to m (since it cannot belong to {m}); hence we have n C m.
Therefore n < m < m™*. Thus n < m™ by transitivity of <. So let us assume that
m € n. Then {m} C n. We also have m C n, since n is a transitive set. Hence
m*t =mU{m} C n. Therefore we must have n = m™, since we already knew that
n Cm*. Thus m* € S. [ |

Theorem 4.15. The partial order < on w is a linear order, i.e. it satisfies the tri-
chotomy law. More explicitly, for every n,m € w exactly one of the three conditions

n<m, n=m, n>m,
holds.

Note that if we have n < m and m < n then by transitivity we get
n < n, which contradicts the irreflexivity of <. Similarly, if any other two of the
above conditions hold we get a contradiction. Thus at most one of the above three
conditions can hold. Let us show that at least one of them holds too. Let

S:={n € w:for every m € w we have n < m or n =m or n > m}.

Then 0 € S, since as we have seen 0 < m for every m. Now suppose n € S. Let
m € w. If m < n then m < n™, since n < n*, and < is transitive. So suppose
m > n. This means that n € m, which implies {n} C m. We also have n C m,
since m is a transitive set. Therefore n™ = n U {n} C m. Thus n* < m by the
above theorem. So n* € S, as desired. [ |

Theorem 4.16. For any n € w there is no k € w such that
n<k<nt.
Hence for every k € w we have

k>n = k>nt,
k<n <— k<n'.
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Suppose n < k, i.e. n € k. Then {n} C k. We also know that n C k.
Therefore n™ = n U {n} C k. Hence n™ < k. Thus there is no k such that
n < k < n*. The conclusions can also be proved easily. So far we have shown that
n < k implies n™ < k. Conversely, n™ < k implies n < k, since n < n*. On the
other hand, & < n implies k¥ < n*. Also, if & < n™ then we cannot have n < k;
hence by trichotomy law we must have k < n. |

Theorem 4.17. Let n,m,k € w. Then we have
(i) If n <m thenn+k <m+k.
(ii)) If k > 0 and n < m, then nk < mk.

(i) The proof is by induction on k. For k = 0 we have
n+0=n<m=m+0.

Suppose that n + k < m + k for some k. And suppose to the contrary that
n+ kv £ m 4+ k™. Thus by trichotomy law we have

n+kt>m+kt=(m+k)".
Then by the previous theorem we get
(n+k)T=n+k">m+k>n+k.

Hence m+Fk is a natural number between n+k and (n+k) ™, which is a contradiction.
Therefore we must have n + kT < m + kT, as desired.
(ii) Let

S:={k€w:k=0, or nk < mk for every n,m € w where n < m}.
Then 0 € S by definition. Suppose k € S. If k = 0 we have
n0t =nl=n<m=ml=m0".

So kT € S in this case. And if k # 0, then we have nk < mk for every n < m. Now
by part (i) we have

nkT=nk+n<mk+n=n+mk<m+mk=mk+m=mk™T.

Thus nk™ < mk™ by transitivity. Hence k™ € S in this case too. Therefore S = w,
and the assertion of the theorem is true. |

Cancellation Laws. Let n,m,k € w. Then we have
(i) If n+k=m+k then n =m.
(ii) If k # 0 and nk = mk, then n = m.
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(1) Suppose to the contrary that n # m. Then by trichotomy law we
have n < m or m < n. Suppose n < m; the other case is similar. Then we get

n + k < m + k, which is a contradiction. Hence we must have n = m.

(ii) Suppose to the contrary that n # m. Then we have n < m or m < n.
Suppose n < m; the other case is similar. Now note that k # 0 implies that k£ > 0,
since we always have 0 < k. Then we get nk < mk, which is a contradiction. Hence
we must have n = m. [ |

The order of natural numbers seems to be defined in terms of the specific struc-
ture of the elements of the set w. However, the next theorem shows that the order
of natural numbers can be expressed in terms of their addition, which is itself de-
fined inductively by using the successor function. Thus it shows that we can define
the order of natural numbers by only using the Peano axioms; although we are not
going to follow that route in these notes.

Theorem 4.18. For every n,m € w we have n < m if and only if there exists
k € w such that m =n+ k.

The proof is by induction on n. Let

S:={n €w:for every m € w, n < m if and only if

m = n + k for some k € w}.

Then 0 € S, because for every m we know that 0 < m, and m = 0+ m. Now
suppose n € S. Let n™ < m. Then n < m, since n < n™. Hence there is k such
that m = n + k. Also note that k % 0. Because otherwise we would have

n=n+0=n+k=m,
which contradicts n < m. Thus there is j such that k = j7. Then we have
m=n+k=n+jijT=n+)"=0G+nT=j+n" =nt 4+,
Conversely, suppose there are m, k such that m = n* + k. Then we have
m=n"+k=k+n"=(k+n)t=mn+kT=n+k".

Hence by induction hypothesis we get n < m. However we cannot have n = m,
since otherwise by cancellation law we would get

n+0=n=m=n+k" = 0=k",

which is a contradiction. Thus we must have n < m. But this implies that n™ < m
by Theorem Therefore nt € S, as desired. [ |
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Principle of Strong Induction. Let A C w. Suppose that for every n € w we
have

"if for every natural number m < n we have m € A, thenn € A."

Then we have A = w.

Remark. The principle of strong induction is not logically stronger than the prin-
ciple of mathematical induction. In fact the two principles are equivalent, because
we will show in this and the next two theorems that we have

mathematical induction = strong induction
— well ordering principle

— mathematical induction.

The difference of the two induction principles is that in strong induction the induc-
tion hypothesis is that every number less than n is in A, whereas in mathematical
induction the induction hypothesis is that the predecessor of n is in A. The stronger
induction hypothesis in strong induction can be helpful in some situations.

Remark. Note that when n = 0, the requirement of strong induction becomes
"if for every natural number m < 0 we have m € A, then 0 € A." (%)
Since there is no natural number less than 0, the phrase
"for every natural number m < 0 we have m € A"

is vacuously true. Thus, the conditional sentence (%) is true if and only if 0 € A.
Therefore when we want to check that the requirement of the strong induction holds
for some set A, we also need to check the base case, i.e. whether 0 belongs to A.
Although, sometimes the argument for n > 0 automatically works for n = 0 too.
In those cases we can subsume the base case in the induction step, and we do not
need to check it separately.

On the other hand, in some occasions we may have to check more than one base
cases, because in their corresponding argument for general n we need to (tacitly)
assume that n > k for some k& > 1. It should be noted that we do not need to
prove a separate induction principle for these types of problems, and the principle
of strong induction is strong enough for tackling them. We will see a problem of
this kind in Example [£:8]

Let A be a set which satisfies the requirement of strong induction. Let

B :={n € w: for every m < n we have m € A}.
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We prove by the principle of mathematical induction that B = w. Then it is obvious
that we will also have A = w. First note that by the above remark we must have
0 € A. Then we also have 0 € B, since m < 0 implies m = 0. Now suppose n € B.
Then by definition, for every m < n we have m € A. Now note that m < n if and
only if m < n*. Hence for every natural number m < n™ we have m € A. Thus
by our assumption about A we must have nt € A. Therefore for every m < n™ we
have m € A. So n™ € B. Thus B = w, as desired. [ |

Well-Ordering Principle. The linear order < on w is a well-ordering, i.e. every
nonempty subset of w has a least element.

Let A be a subset of w, and suppose that A does not have a least element.
Consider A° = w — A. We prove by strong induction that A¢ = w. First note that
0 € A°. Because if 0 € A then 0 must be the least element of A. Now suppose for
some n, every m < n belongs to A°. Then n cannot belong to A. Because otherwise
n would be the least element of A, since all the natural numbers less than n do not
belong to A by induction hypothesis. Hence we must have n € A°. Therefore by
strong induction we get A° = w. However, this means that A is empty. Hence if A
is nonempty it must have a least element. |

Remark. Note that in the above proof we could have subsumed the base case in
the induction step, since the argument for general n also works for n = 0.

Theorem 4.19. The well-ordering principle is equivalent to the principle of math-
ematical induction.

We have already seen that the principle of mathematical induction implies
the well-ordering principle. Let us prove the reverse implication. Let A C w be
such that 0 € A, and if n € A then n™ € A. We have to show that A = w. Suppose
to the contrary that A # w. Then A° = w— A is nonempty. Hence by well-ordering
principle A€ has a least element m. Note that m # 0, since 0 € A. Hence there is
k such that m = k™. But k ¢ A, because k < kT, and kT is the least element of
A°. Hence we must have k € A. But by our assumption this implies that kT € A,
which is a contradiction. Therefore A = w, as desired. [ |

Occasionally, we need the induction principles to prove that a property holds
for every natural number n such that n > k, or k < n < m, for some k,m € w.
The following theorem allows us to do this.

Theorem 4.20. Let A C w. Suppose k,m € w, and k < m.
(i) Suppose k € A, and for every natural number n where k < n < m, n € A
implies that n™ € A. Then we have

{new:k<n<m}cCA.
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(ii) Suppose k € A, and for every natural number n > k, n € A implies that
nt € A. Then we have
{new:n>k}CA.

(iii) Suppose for every natural number n where k < n < m we have
"if for every natural number k < j < n we have j € A, thenn € A."

Then we have
{new:k<n<m}cCA.

(iv) Suppose for every natural number n > k we have
"if for every natural number k < j < n we have j € A, thenn € A."

Then we have
{new:n>k}CA.

Remark. This theorem is particularly true when & = 1. Hence the induction
principles also hold for N={n € w:n > 1}.

Remark. Note that similarly to the case of ¥ = 0, when we use this version of
strong induction, we also need to check the base case, i.e. we have to check that

ke A.

() Let

B:={new:n<korneAorn>m}.

Then 0 € B. Because if 0 < k then 0 € B by definition, and if 0 = kthen0 € A C B
(note that we cannot have 0 > k). Now suppose n € B. If n™ < k or n™ > m, then
nt € B by definition. If nT = k then n™ € A C B. So suppose k < n™ < m. Then
we must have k < n < m; which also implies that n € A, since n € B. Thus by
our assumption about A we get n™ € A C B. Therefore B = w. Hence for every n
where k < n < m we must have n € A, since n £ k and n ¥ m.

(ii) The proof is similar to part (i).

(iii) Similarly to the above let

B:={new:n<korneAorn>m}.

We want to show by strong induction that B = w. Let n € w. Suppose for every
j < n we have j € B. We have to show that n € B. If n < k or n > m, thenn € B
by definition. So suppose k& < n < m. Then for every k < j < n we have j € A.
Because we know that j € B, and we have k < j < m. Hence by our assumption
about A we get n € A C B. Therefore by strong induction we obtain that B = w.
Hence for every n where k < n < m we must have n € A, since n £ k and n % m.

(iv) The proof is similar to part (iii). |
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4.4 Finite Sets

The next theorem confirms our initial intuition that every natural number is the
set of natural numbers less than itself. It also implies that w is a transitive set too.

Theorem 4.21. Let n be a natural number. Then we have
n = {k : k is a natural number, and k < n}.

By definition we know that a natural number k satisfies k < n if and only
if & € n. Thus the only nontrivial part of the theorem is that the elements of a
natural number are themselves natural numbers. We prove this by induction. Let

S:={ncw:if k € n then k € w}.

Then 0 € .S, because the condition is vacuously true for n = 0. Suppose n € S. Let
kent =nU{n}. If k € n then k is a natural number by induction hypothesis.
And if k € {n} then k = n is trivially a natural number. So n* € S. [

Remark. More explicitly, the above theorem says that
n=1{0,1,2,...,n— 1},

where n — 1 is the unique number that satisfies (n — 1) +1 = (n — 1)™ = n, when
n > 0. In particular, note that informally, n is a set that has n elements.

Definition 4.6. Let A be a set. We say A is finite if there exist a natural number
n, and a bijective function f:n — A. An infinite set is a set which is not finite.

Remark. In the light of the above theorem, we can say that A is finite if there
exist a natural number n, and a bijective function f: {0,1,2,...,n — 1} — A.

Example 4.3. Every natural number n is a finite set, since the identity function
from n to n is a bijective function.

Theorem 4.22. Suppose A is a finite set, and F': A — A. Then F is one-to-one
if and only if it is onto.

Remark. In fact, the converse of the above theorem is also true, i.e. if for every
function F': A — A, being one-to-one is equivalent to being onto, then A is a finite
set. However, its proof requires a weak form of the axiom of choice; so we will
postpone it until Chapter [7}
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By our assumption there exists a bijective function g : n — A for some
n € w. Consider the function f : n — n where f := g"'oFog. Then F = go fog™!.
Hence F is one-to-one if and only f is one-to-one, since g,¢g~' are one-to-one.
Similarly, F is onto if and only if f is onto, since ¢, g~! are onto. Thus it suffices
to show that f is one-to-one if and only if f is onto. We prove this by induction on
n. Let

S:={n € w: every function f:n —n

is one-to-one if and only if it is onto}.

First note that 0 € S, because the only function from 0 to 0 is (), which is vacuously
one-to-one and onto. Now suppose n € S. Let

f:nu{n}=n" —nt =nu{n}

Suppose f is one-to-one. We have to show that f is onto. If f(n) = n, then for
every | € n we have f(l) # n, since f is one-to-one. Hence for every | € n we must
have f(l) € n. Therefore f|, : n — n is a function. Note that f|, is one-to-one,
since if f|,(l1) = fln(l2) for some l1,ls € n, then we have

f(l) = fla(ly) = fla(l2) = f(l2);

hence [; = ls. Therefore by the induction hypothesis f|,, is onto. Thus for every
k € n there is | € n such that k = f|,(I) = f(I). So k is in the image of f. We also
know that n is in the image of f, since f(n) =n. Hence f is onto.

Next suppose f(n) # n. Then we must have f(n) = k for some k € n. If n
does not belong to the image of f, then the image of f is a subset of n. Hence
similarly to the above, we can show that f|, : n — n is a one-to-one function.
Thus f|, is also onto. Hence there is [ € n such that k = f|,(l) = f(I). So we
get f(I) = k = f(n), which contradicts the fact that f is one-to-one. Therefore n
belongs to the image of f. Then we have f(j) = n for some j € n. We will switch
the values of f at j,n to construct another function, i.e. we let f:nt — nt to be

defined by

k l=j,
f={n 1=n, (+)
OESRD

Let us show that f is also a one-to-one function. First note that
f~ = f|n+f{j,n} U {(]7 k): (7’L, n)}

So f is a (piecewise-defined) function due to Theorem Suppose f(I1) = f(l2)
for some lq,lo € nT. If Iy, # j,n we have

f(l) = f(l) = f(l2) = f(l2);
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hence I} = lo. And if Iy = j we get f(I;) = f(j) = k = f(n). However, for l; # n
we have f(I;) # k. So we cannot have I; # j, n, since otherwise f(I1) = f(I1) # k.
Thus I; is equal to j or n. But if I{ = n we get f(ll) =n#k. Hence l; = j = lo, as
desired. Similarly, when Iy = n we can show that l; = ly. Therefore f : n* — nt
is a one-to-one function that satisfies f (n) = n. Hence by the argument of the
previous paragraph f is onto. So for i € nT there is I € nt such that i = f(I).
However, if [ # j,n we have f(I) = f(I), and otherwise we have f(j) = f(n) and
f(n) = f(j). Therefore in either case we have j = f(I) for some I € nt. So f is
onto, as desired.

Conversely, suppose f is onto. We have to show that f is one-to-one. First
suppose f(n) # n. Then we must have f(n) = k for some k € n. We also have
f(3) = n for some j € n, since f is onto. Similarly to the above, we will switch the
values of f at j,n to construct another function f by equation (%). Then f is also
onto. Because, similarly to the above, we can show that for every [ € nT there is
[ € nt such that f(I) = f(I). Thus f: nt — n' is an onto function that satisfies
f (n) = n. Hence by the argument of the next paragraph f is one-to-one. However,
this implies that f is also one-to-one, by an argument similarly to the one in the
above paragraph. (Note that the relation between f, f is symmetric, i.e. f can also
be obtained from f by switching its values at j,n. Hence in the arguments of the
above paragraph we can switch the roles of f, f to get appropriate arguments for
this paragraph.)

Next suppose f(n) = n. Then n € f~1({n}), where f~*({n}) is the preimage
of {n}. Suppose to the contrary that nN f~1({n}) # 0. Then in particular we have
n # (). Let k € n. Consider the function

9= flo—f1(qn}) — f'({n}) — n.

Then g is onto, since every element of n is in the image of f, and f(f~*({n})) = {n}
does not intersect n = {0,1,...,n — 1}. Let us extend g to all of n by mapping all
the elements of n N f~1({n}) to k, i.e. let

0o [0 =50 Ten— 17,
k lenn f~{n}).

Then ¢ is an onto function from n to n, because g is onto. However, there is [ €
n—f~1({n}) such that g(I) = k, since ¢ is onto. Thus § cannot be one-to-one, which
contradicts the induction hypothesis. Therefore we must have n N f~*({n}) = 0.
In other words, the image of the set n under f does not intersect {n}. Hence the
image of the set n under f is contained in n. Now consider the function f|, : n — n.
Then f|, is onto, since every j € n is in the image of f, and f(n) =n ¢ n. Thus
f|n is one-to-one by induction hypothesis. Let us show that f is also one-to-one.
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Suppose f(l1) = f(l2) for some 1,1l € n™. If I1,l5 € n then we have

fln(l) = fl) = f(l2) = fla(l2);
hence l; = ly. And if [; = n then f(l2) = f(n) =n ¢ n. Thus ly ¢ n. So we must

have lo = n = l;. Therefore f is one-to-one. Hence n™ € S, as desired. |
Theorem 4.23. w is an infinite set.

Consider the function n — n* from w to w. We know that this function is
one-to-one; but it is not onto, since 0 is not in its image. Therefore by the previous
theorem w cannot be a finite set. Hence it is an infinite set. [ |

Theorem 4.24. Suppose A is a set, and n,m are natural numbers. If there exist
bijective functions f :n — A and g : m — A, then we must have n = m.

Note that the function h := g~ ! o f : n — m is bijective. Suppose to the
contrary that n % m. Then n < m or n > m. Suppose n > m; otherwise we can
switch n, m and consider h~! instead of h. Now we have h : n — m C n. We know
that h is one-to-one, and its image is m. However m # n, and this contradicts
Theorem [4:22] since n is a finite set. Therefore we must have n = m. [ |

Definition 4.7. Let A be a finite set. The unique natural number n for which
there exists a bijective function f : n — A is called the number of elements of A.
The number n is also called the size of A, or the cardinality of A, and is denoted
by

|Al.

Example 4.4. For every natural number n we have |n| = n. Because the identity
function from n to n is a bijective function. In particular we have |} = 0.

Example 4.5. Suppose B is a finite set, and |B| = 0. Then B = (). Because
there is a bijective function h : 0 — B. Now if B is nonempty then there is some
b € B. And since h is onto we must have (a,b) € h for some a € 0 = (), which is a
contradiction. Hence B must be empty.

Example 4.6. For a set A we have |A| =1 if and only if A is a singleton. Because
if A = {a} is a singleton then {(0,a)} is a bijective function from 1 = {(} to A.
Conversely suppose f : 1 — A is bijective. Then there is a € A such that (0,a) € f.
In addition, for every x € A we must have (¢,z) € f for some ¢ € 1, since f is
onto. But this implies ¢ = ); so © = a, because f is a function. Therefore A is a
singleton.

Pigeonhole Principle. Suppose A, B are finite sets, and we have |A| > |B|. Then
a function f: A — B cannot be one-to-one.
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Remark. Thus there are at least two elements aj,as € A such that f(a1) =
f(az2). Informally, we can say that if there are more pigeons (elements of A) than
pigeonholes (elements of B), then there must be a pigeonhole that contains at least
two pigeons.

Suppose |A] = m and |B| = n. Then m > n, and there are bijective
functions g : m — A and h : n — B. Now consider the function F :=h~ 1o fog:
m — n C m. If f is one-to-one then F' is also one-to-one, since h™!, g are one-to-
one. Also, the image of F is contained in n, because the image of h~! is n. Thus
the image of F'is not all of m, which contradicts Theorem Therefore f cannot
be one-to-one. |

Theorem 4.25. Let A, B be two sets, and let f : A — B.
(i) If A, B are finite, and |A| < |B|, then f cannot be onto.
(ii) If A is finite, and f is onto, then B is also finite, and |A| > |B|.
(i) If B is finite, and f is one-to-one, then A is also finite, and |A| < |B.
(iv) If one of the two sets A, B is finite, and f is bijective, then the other set is
also finite, and we have |A| = |B].

(i) Suppose |A| = m and |B| = n. Then m < n, and there are bijective
functions g : m — A and h : n — B. Consider the function F := h='ofog: m — n.
If f is onto then F is also onto, since h™!, g are onto. We know that m € n. Also,
note that the domain of F' is m C n. Now we extend F' to all of n by mapping all
the elements of {l: m <1 < n} tom, ie. let

) = {F(l) 1< m,

m [ >m.

Then F is an onto function from n to n, because F' is onto. However, there is
I < m such that F(I) = m, since F is onto. Thus F' cannot be one-to-one, which
contradicts Theorem Therefore f cannot be onto.

(ii) If B is finite then by the previous part we obtain |A| > | B|, since otherwise
f cannot be onto. Thus we only need to show that B is finite. Suppose |A| = m,
and g : m — A is bijective. Then h := fog: m — B is onto. We prove by
induction on m that B is finite. Let

S :={m € w: if there exists an onto function
h :m — B for some set B, then B is finite}.

First let us show that 0 € S. Suppose to the contrary that B is nonempty. So there
is some b € B. Then since h is onto we must have (a,b) € h for some a € 0 = 0,
which is a contradiction. Thus B = (J; hence it is finite. Now suppose m € S.
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Let h : mT — B be an onto function. Keep in mind that m* = m U {m}. Let
¢ := h(m). Then for every b € B — {c} there is k € m such that h(k) = b. Consider
hlm : m — B. If ¢ belongs to the image of hl.,, then hl,, is onto. Thus B is finite
by induction hypothesis. So suppose ¢ does not belong to the image of hl,,. Then
hlm : m — B — {c} is an onto function. Hence by induction hypothesis B — {c}
is finite. Thus there is a bijective function F' : n — B — {c} for some n € w. Let
F := FU{(n,¢)}. Then it is easy to see that F' : n* — B is also a bijective
function. Hence B is finite too. Therefore m™ € S, as desired.

(iii) If A is finite then by the pigeonhole principle we obtain |A| < |B], since
otherwise f cannot be one-to-one. Thus we only need to show that A is finite.
Suppose |B| = n, and h : n — B is bijective. Then g := foh™': A — nis
one-to-one. We prove by induction on n that A is finite. Let

S :={n € w: if there exists a one-to-one function

g : A — n for some set A, then A is finite}.

First let us show that 0 € S. Suppose to the contrary that A is nonempty. So
there is some a € A. Then since ¢ is a function we must have (a,b) € g for some
b € 0 = (0, which is a contradiction. Thus A = @; hence it is finite. Now suppose
neS. Let g: A— nT be a one-to-one function. Keep in mind that n™ =nU{n}.
If n does not belong to the image of g, then g : A — n is a one-to-one function.
Thus A is finite by induction hypothesis. So suppose n belongs to the image of g.
Then there is a unique ¢ € A such that g(¢) = n, since g is one-to-one. Now consider
G:=9la—gey : A—{c} = n. Then g is a one-to-one function. Hence by induction
hypothesis A — {c} is finite. Thus there is a bijective function F' : m — A — {c} for
some m € w. Let F:= FU{(m,c)}. Then it is easy to see that F': m™ — A is
also a bijective function. Hence A is finite too. Therefore n™ € S, as desired.

(iv) Note that f is both one-to-one and onto. Hence by the previous two parts
we conclude that if A is finite then B is finite, and vice versa. In addition we get

|A| > |B| and |A| < |B|. Therefore |A| = |B]. |

Theorem 4.26. Suppose A is a finite set, and B C A. Then B is also finite, and
we have |B| < |A|. In addition, |B| = |A| implies that B = A.

Let 5: B — A be the inclusion map. Then j is one-to-one. Hence by the
previous theorem B is also finite, and we have |B| < |A|. Now suppose |B| = |A|.
Suppose to the contrary that B # A. Let a € A — B. Let n = |B| = |A|. So there
are bijective functions g : n — A and h : n — B. We can consider the composite
function f := g~'oh:n — n, since B C A. Then f is a one-to-one function. Let
k := g~'(a) € n. Then k cannot belong to the image of f, since otherwise we would
have k = f(j) = g~ *(h(j)) for some j. But g~ ! is one-to-one; so we get h(j) = a,
contradicting the fact that a ¢ B. Thus f is not onto. However this contradicts
Theorem Hence we must have B = A, as wanted. [ |



CHAPTER 4. NATURAL NUMBERS AND FINITE SETS 148

Addition Principle. Suppose A, B are finite sets, and we have AN B = (). Then
AU B is also a finite set, and

|AUB| = |A| +|B|.

Suppose |A| = m and |B| = n. The proof is by induction on n. If n =0
then B is empty. Hence AU B = AU() = A is a finite set, and we have

|JAUB| = |A]l =m =m+0.

Now suppose the claim holds for some n. Let B be a finite set with |B| = n™, such
that ANB = (). Suppose h : nU{n} — B is a bijective function. Let ¢ = h(n) € B.
Then it is easy to check that hl, : n — B—{c} is a bijective function too. Therefore
B — {c} is a finite set, and |B — {c}| = n. In addition we have

AN(B—{c}) cAnB=0.

Hence by the induction hypothesis C := AU (B — {c}) is a finite set, and we have
|C| = m + n. Thus there is a bijective function F' : m +n — C. Note that ¢ ¢ C,
since ¢ ¢ A because of ANB = 0. Let F':= FU{(m +n,c)}. Then it is easy to
see that

F:(m+4+n)t—>CU{c}=AUB

is also a bijective function. Hence A U B is a finite set, and we have |A U B| =
(m+n)" =m+n', as desired. [ |

The addition principle confirms our intuition about addition, namely, that in
order to find the sum of n,m we form the union of two disjoint sets, one with n
elements, and the other one with m elements, then we count the number of elements
of the union. Similarly, the multiplication principle, stated below, confirms our
intuition about multiplication. Namely, in order to find nm, we form a grid with n
rows and m columns, then we count the number of elements in the grid. Note that
intuitively, forming a grid is the same as forming the Cartesian product.

Multiplication Principle. Suppose A, B are finite sets. Then A x B is also a
finite set, and we have

|A x B| = |A]-|B].

Suppose |A| = m and |B| = n. The proof is by induction on n. If n =0
then B is empty. Hence A x B = A x () = () is a finite set, and we have

Ax Bl =10 =0=m-0.

Now suppose the claim holds for some n. Let B be a finite set with |B| = n*.
Suppose h : nU {n} — B is a bijective function. Let ¢ = h(n) € B, and let
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C := B — {c}. Then it is easy to check that h|, : n — C is a bijective function
too. Therefore |C| = n. Hence by induction hypothesis A x C'is a finite set, and
|A x C| = mn. Also note that B = C U{c}, and C'N{c} = . Hence we have

AxB=(AxC)U(Ax {c}),

and (Ax C)N(Ax{c})=Ax(Cn{c}) =Ax0=0. Now consider the function
a — (a,c) from A to A x {c}. It is easy to see that this function is bijective.
Therefore A x {c} is also a finite set, and we have |A x {c}| = |A| = m. Thus by
addition principle we get

|Ax Bl =|AxC|+|Ax{c} =mn+m=mnT,
as desired. |

Notation. Let m,n, k € w.
(i) If n + k = m, then we write k = m — n.
(ii) If nk =m, and n # 0, then we write k = ™.

Theorem 4.27. Suppose A, B are finite sets, and A C B. Then B — A is also a
finite set, and we have

|B — Al = |B| - |A].

First note that B — A is a subset of B, so it is a finite set. Now we have
B=AU(B—-A),and AN (B — A) = (. Thus by addition principle we get

|B| = [A] + B — A,
which gives the desired. [ |

Theorem 4.28. Let k,m € w, and suppose k < m. Then the set
{k,...om}:={new:k<n<m}

has m — k + 1 elements.

Note that {k,...,m} ={n:n <m}—{n:n <k} =m" —k, where the

difference of m™, k is their set theoretic difference. Now by the above theorem we
get
Hkv 7m}| = |m+| - |k| =m* — k.

We know that there is j such that k + j = m. So by definition we have j = m — k.
Hence k+jt = (k+j)" =m*. SojT =m* —k,ie. mm —k=(m—k)+1. Thus
we get the desired. |
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Inclusion-Exclusion Principle. Suppose A, B are finite sets. Then AU B and
AN B are also finite sets, and we have

|AUB|=|A|+ |B|—|ANnB|.

First note that A N B is a subset of B; so it is a finite set. Let C' :=
B — AN B. Then C is also a finite set, and we have

ICl=|B|-|ANBJ.

We also have AN C = (). Because for a € ANC we have a € A and a € C. But
a € C means that € Band a ¢ ANB. So we get a € ANB and a ¢ AN B, which
is a contradiction. In addition we have AUC = AU B. Note that AUC C AU B,
since C C B. Now let a € AUB. If a € Athena € AUC. And if a ¢ A then we
must have a € B. So we have a € B, whilea ¢ ANB C A. Hencea e C C AUC.
Thus in either case we get a € AU C. Therefore AU C = AU B. However, by
addition principle we know that A U C is a finite set. Thus A U B is a finite set,
and we have

[AUB| =AU C|=|A|+|C| = [A] +|B| = |[AN B,
as wanted. [ |

Theorem 4.29. Suppose A, B are finite sets. Then B, i.e. the set of all functions
from A to B, is also a finite set, and we have

|B| = |B|.

Suppose |A| = m and |B| = n. The proof is by induction on m. If m =0
then A is empty. Hence A x B = ) x B = (). But any function f : A — B is a
subset of A x B = (). Thus the only function from A to B is (). Therefore

|IBA| =1 =n.

Now suppose the claim holds for some m. Let A be a finite set with |[A| = m™.

Then A is nonempty, since |A| > 0. Let ¢ € A, and C := A — {c}. Then |C| = m.
Thus by induction hypothesis B¢ is a finite set, and |[B¢| = n™. Consider the
function F : B4 — B® x B whose value at any function f € B4 is given by

E(f) = (fle, f(e))-

We claim that F' is bijective. Suppose F'(f) = F(g). Then f|c = g|c, and f(c) =
g(c). Hence for every a € A we have f(a) = g(a). Because we already know
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that the equality holds when a = ¢; and when a # ¢ then a € C, so we have
f(a) = fle(a) = glc(a) = g(a). Therefore f = g. Thus F is one-to-one.
Next let us show that F is onto. Let (h,b) € B¢ x B. Let f : A — B be defined

as follows:
fla) = {h(a) aeC,

b a=c.

Then f|c = h. Hence F(f) = (h,b). So F' is onto; and therefore it is bijective.
Thus B4 is a finite set, since B¢ x B is a finite set by multiplication principle. In
addition we have

[BA| = |BY x B| = |B°| - |B| = n™n = n™"
as desired. [ |

Theorem 4.30. Suppose A is a finite set. Then P(A), i.e. the power set of A, is
also a finite set, and we have

[P(4)] = 2.

Consider 24, the set of all functions from A to 2 = {0,1}. Let F: P(A) —
24 be the function whose value at any subset B C A is the function Fg : A — 2,

which is defined by
1 a€eB
F = ’
5(a) {O a€ A—B.

In other words, Fig = (B x {1}) U ((A — B) x {0}). We claim that F' is bijective.
Suppose Fp = Fo. Then for every a € A we have

a€B < Fp(a)=1 < Fe(a)=1 < acC.
Thus B = C. So F is one-to-one. Next let us show that F' is onto. Let f € 24. Let
B:={ac A: f(a) =1}.
Then for a € A we have

Fp(a)=1 <= a€ B < f(a)=1,
Fp(a) =0 <= a ¢ B < f(a) # 1.

Now note that f(a) # 1 is equivalent to f(a) = 0, because the codomain of f is
{0,1}. Thus Fg = f. Hence F is bijective. Therefore P(A) is a finite set, since 24
is a finite set by the previous theorem. We also have

[P(A)] = [24] = 214 = 24,
as desired. |
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Remark. Note that in the above proof, we did not use the finiteness of A in the
construction of the one-to-one correspondence between P(A) and 24.

At the end of this section, we prove a very useful fact about finite subsets of
linearly ordered sets.

Theorem 4.31. Suppose = is a linear order on a set X. Let A C X be a nonempty
finite subset. Then A has a maximum and a minimum.

Suppose |A| = n. Then n > 1, since A is nonempty. The proof is by
induction on n. If n = 1 then A is a singleton. Thus A = {a} for some a € X.

Then it is obvious that a is both the maximum and the minimum of A. Now
suppose the claim holds for some n. Let A be a subset with |A4] = n™. Let c € A,
and C' := A—{c}. Then |C| = n. Hence by induction hypothesis C' has a minimum
a € C, and a maximum b € C. Note that in a linearly ordered set every two
elements are comparable. Now if ¢ < a then ¢ is the minimum of A. Because for
every x € A, if x # ¢ we have x € C, so ¢ < a < . And if = ¢ we trivially have
¢ < x. Similarly, if @ < ¢ then a is the minimum of A. Also, we can similarly show
that if b < ¢ then c¢ is the maximum of A, and if ¢ < b then b is the maximum of A.
Therefore A has maximum and minimum. Hence the claim holds for n™ too. M

4.5 Finite Sequences

The recursion theorem allows us to construct a function in infinitely many steps.
Sometimes we only need finitely many steps to construct a function. In addition,
sometimes we need to define a function starting from some natural number k,
instead of 0. The following theorem allows us to do these. (At the end of this
section, we will see a more general version of recursion theorem that allows us to
define functions whose values at n depend not only on their values at the predecessor
of n, but also on their values at several numbers less than n.)

Theorem 4.32. Let k,m € w, and suppose k < m. Let J be one of the two sets
{new:n>k}, or {new:k<n<m}.

Let A be a set, and let a € A. Suppose F': J x A — A is a function. Then there
exists a unique function f:J — A such that

(i) f(k) =a, and
(ii) f(n+1) = F(n, f(n)) for everyn € J where n+1¢€ J.

We extend F' to a function from w x A to A by mapping all the elements
of J¢ x A to a, i.e. we set

F(n,z) = {aF(n’x) ZZ j’
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Then by recursion theorem there is a function f : w — A such that f (0) = a, and
f(n+1) = F(n, f(n)) for every n. Now let f := f|;. Suppose n,n+ 1 € J. Then
we have

fln+1) = f(n+1) = Fn, f(n)) = F(n, f(n)).

Also, if k =0 then f(k) = f(0) = f(0) = a. So suppose k # 0. Then k = j + 1 for
some j. In addition, note that j ¢ J, since j < k. Hence we have

flk)=fk)=f(i+1)=F(,f(j) = a,

as desired. Finally, let us show that f is unique. Suppose to the contrary that there
exists another function g : J — A that satisfies the requirements of the theorem.
Then the set {n € J : f(n) # g(n)} must be nonempty. Let [ be its least element.
Then [ > k, since f(k) = a = g(k). Hence [ = i 4+ 1 for some ¢ > k. Then
f(i) = g(i), because ¢ < [, and [ is the least natural number at which f, g differ.
But ¢,74+ 1 € J; so we get

) = fi+1) = F@, f(i)) = F(i,9()) = g(i + 1) = g(1),
which is a contradiction. Therefore g = f, and hence f is unique. |

Definition 4.8. Let k,m € w, and suppose k < m. A sequence in a set X is a

function
{new:n>k} - X
n—a,

A finite sequence in X is a function

{new:k<n<m}—X
ne an ’

The length of the above finite sequence is the size of the set {n € w: k < n < m},
which we have shown to be m — k + 1.

Remark. When we want to emphasize that a sequence is not a finite sequence, we
call it an infinite sequence. Also, in the notation a,, the number n is called the
index.

Now we want to define addition and multiplication of several numbers. Remem-
ber that addition and multiplication of two numbers are functions from w x w to
w; thus their input must be an ordered pair. Although, we have shown later that
the order of a pair of numbers does not affect their sum or their product. Similarly,
when we define the sum or product of several numbers, we have to initially assume
that they have an order. Later we can prove that the order of the numbers does
not affect their sum or their product. Thus we are going to define the sum and the
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product of a finite sequence of numbers. These definitions have a similar structure,
and in fact, they are special cases of a general notion of applying an operation to
a finite sequence of objects. Since we will use this notion for other operations too,
we are going to define it in the utmost generality.

Definition 4.9. A binary operation on a set S is a function
*: 9x 8= 8.

For two elements a,b € S, we usually write a x b instead of x(a, b).

Example 4.7. Addition and multiplication are binary operations on w.

Definition 4.10. Suppose * is a binary operation on a set S, and ag, ..., a,, is a
finite sequence in S. We inductively define the (standard) product of ay, ..., an, to
be

. k
(1) Tk aj := ax,

(ii) H?Jr,i aj = (H?:k a;) * any1 for k <n <m.

Remark. In the terminology of recursion theorem, we have constructed the func-
tion f(n) = [[i_; aj, by using the function F'(n,s) = s x apt1. Note that the
sequence j — a; is given to us; so we know a priori what a,41 is.

Remark. We also denote H?:k a;j by [lx<j<n@j. When k is 0 or 1, we may also
denote it simply by ngn a;. The variable j in the notation H?:k a; is called a
dummy variable, because we can change it without causing any harm. For example,
we can denote [[7_; a; by [[}; ai, or by [[/L; ai.

Remark. When the binary operation is denoted by a - b, or simply by ab, then
we keep using the notation [] for the product of several elements. But when the
binary operation is denoted by a + b, we use the notation ) | instead of [, and we
use the term “sum” instead of “product”. So if ng,...,n,, is a finite sequence of
natural numbers, their product will be denoted by H;n:k n;, and their sum will be
denoted by Z;n:k n;. We may also denote the sum and product of ng,...,ny, by

N+« + Ny, N N,
respectively.

Exercise 4.1. Let n > 1. Show by induction that

(i) Y, 1=n.

ﬁn1+- +n—%m +1).
(iii) 12 + :%nn+)@n+D
(iv) 13+ —|—n = n?(n+1)2
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Definition 4.11. Let j — A; be a (finite or infinite) sequence of sets in a set X.
Then we inductively define

() US4 = Ar,

(1) UiZg 45 = (Uj—x 45) U Anpa.
And

(i) NEe 4; = A,

(i) M52 A5 = (Njzg Aj) N Ansr.
Remark. In the terminology of recursion theorem, we have constructed the func-
tion f(n) = UUj_ Aj, by using the function F(n, A) = AU Ap41, and the function
f(n) = M=y 4j, by using the function F(n, A) = AN A,11. Note that the se-
quence j — A;j is given to us; so we know a priori what A, is. Also note that the
codomain of F, f is P(|J X). Because if A € X then A C |J X; hence A € P(|JX).
In addition, P(|J X) contains the intersection or union of its elements, due to The-
orem m Hence we can view N,U as binary operations on P(|JX). Then the
above definition becomes the definition of the product with respect to these binary
operations.
Remark. We also denote (;_; 4; by Ni<j<, 4j, and Uj_y Aj by Ug<j<p, Aj- In
addition, when the sets in the sequence are pairwise disjoint, i.e. for i # j we have
A;NAj =0, we denote J_;, A; by ||}, Aj, or | |;<;<,, Aj. Furthermore, when k
is 0 or 1, we may also use the notations (;<,, A, U;<, 4, or |;<,, 4;-

Theorem 4.33. Let j — A; be a finite sequence of sets in a set X, and suppose
X ={Ag,...,An}. Then we have

ﬂX:ﬁAj, and UXZOAj‘
=k =k

The proof is by induction on m. When m = k we have Uf:k Aj = A, =

ﬂ?:k A;. We also have X = {A}. Hence X = Ay = JX. Thus the desired
equalities hold. Now suppose the claim is true for some m. Consider the sequence
Agyoooy Ay Ams1. Let Y := {Ag, ..., A }. Then by induction hypothesis we have

m+1 m
UA]:< Aj)UAm+1:(UY)UAm+1
=k j=k

= (Uv) v (Utana}) =UJr u{dnn) = U X

Note that here we have used the result of Exercise The equality for intersections
can be proved similarly. |
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Remark. The above theorem shows that the new notions of union and intersection
of several sets is in agreement with the previous notions. However, using sequences
instead of sets is preferable in some situations; because unlike sets, the elements of
a sequence have an order, and can have repetitions.

Remark. Suppose j — A; is an infinite sequence of sets in a set X, and X =
{Ak,..., Am, ...}, i.e. the sequence is an onto map. Then, motivated by the above
theorem, we sometimes denote (X by ()72, A;, and JX by U2, A;. We may
also use the notations ﬂjZk Aj, or szk Aj

Exercise 4.2. Let j — A; be a finite sequence of sets, and let C' be a set. Show
that we have

(i) Distributivity :

(ﬁAj)UC:ﬁ(AjUC), and (GAj>mC:G(Aij)'
j=k J=k j=k j=k

(id)
(ﬁAj)ﬂCzﬁ(AjﬁC’), and (GAj>UCZG(AjUC)'
j=k J=k j=k j=k

(iii)) De Morgan’s laws :

(ﬂA) UcfAj), and (UA) ﬁcfAj).

Theorem 4.34. Suppose A1,..., Ay is a finite sequence of pairwise disjoint sets,
i.e. fori# j we have A;NAj =0. Also suppose that each A; is a finite set. Then
Uj<m Aj is also a finite set, and we have

]UAj‘zyA1|+---+|Am|.

j<m
The proof is by induction on m. If m =1 then Uj<1 Aj = Ay is a finite
set, and we have |{J;o4 A;| = [A1]. Now suppose the claim is true for some m.

Consider the sequence Ay, ..., Ay, Apy1. Then by induction hypothesis | J. i< em A

is a finite set. Also note that Amt1 N (Ujom 4j) = 0. Because if = belongs to
Uj<m 45 = U{A1,..., An}, then it must belong to A; for some j < m. However,
we assumed that A1 NA; = 0; so © ¢ Ap41. Hence by addition principle
Uj<mi1 4 = (Uj<m 4j) U Ay is a finite set, and we have

U A\—\UA\+|Am+1|—(Z|A|)+\Am+1r— S 14yl

7<m+1 j<m+1
as desired. |
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Theorem 4.35. Suppose A1,..., Ay is a finite sequence of sets. Also suppose that
each Aj is a finite set. Then |J;,, A; is also a finite set, and we have

U] < 1+ )

j<m
Remark. In other words, the union of finitely many finite sets is finite.
The proof is by induction on m. If m = 1 then Ujgl Aj = Ay is afinite set,
and we have |{J;<; 4;] = [41|. Now suppose the claim is true for some m. Consider
the sequence A1, ..., An, Ama1. Then by induction hypothesis Ujgm Aj is a finite

set. Hence by inclusion-exclusion principle (J;<,1 45 = (Uj<;n 45) U Ay is a
finite set, and we have

U Al =] U A+ Al < (X 140) + 1Al = 0 14,

Jj<m+1 Jj<m Jj<m Jj<m+1

j<m

as desired. [ |

Definition 4.12. Let n € w. The n factorial is inductively defined as follows
(i) ol =1,
(i) (n+D!'=(n+1) -nl

Remark. In the terminology of recursion theorem, we have constructed the func-
tion f(n) = n!, by using the function F(n,m) = (n+ 1)m.

Remark. It is easy to see that when n > 1, n! is the product of all nonzero natural
numbers less than or equal to n, i.e.

nl=n-(n—1)---2-1.

Theorem 4.36. Let A, B be finite sets. Suppose |A| = k, |B| = n, and k < n.
Then the set of one-to-one functions from A to B has

(n—k)!
elements.

Remark. Note that n—k is the unique natural number that satisfies k+(n—k) = n.
The existence of n — k is guaranteed by Theorem since k < n; and the
uniqueness of n — k follows from cancellation law.

Remark. In particular, the set of sequences of length k with distinct terms in a
set of size n has (nzilk)' elements.



CHAPTER 4. NATURAL NUMBERS AND FINITE SETS 158

Let S(A; B) be the set of one-to-one functions from A to B. Note that
the set of functions from A to B is a finite set; so S(A; B) is also a finite set. We
show that |S(A; B)| = e The proof is by induction on k. Let

J :={k € w : the set of one-to-one functions from a set of size k

to a set of size n has ( ), elements, for every n > k}.

If £ = 0 then A is empty; and the only function from () to B is (), which is vacuously
one—to one. Hence there is only one one-to-one function from A to B; and we have
1= ( ) Thus 0 € J. Now suppose k € J. Let A be a finite set with |A| = k+1.
Then A is nonempty, since |A| > 0. Let ¢ € A, and C := A — {c¢}. Then |C| = k.
Let B be a finite set with |[B| = n > k + 1. Then for f € S(A4;B) we have
fle € S(C; B —{f(c)}), because f|c is one-to-one, so it cannot map any element

of C to f(e).
We know that there is a bijective function from n to B. So by using this bijective
function we can list all the elements of B as a sequence by, bs,...,b,. Let

F:8(A;B) - | S(C; B - {b;}) x {b;}

i<n

be the function whose value at any function f € S(A; B) is given by

E(f) := (fle, f(c)).

We claim that F' is bijective. Suppose F'(f) = F(g). Then f|c = g|c, and f(c) =
g(c). Hence for every a € A we have f(a) = g(a). Because we already know
that the equality holds when a = ¢; and when a # ¢ then a € C, so we have
f(a) = flc(a) = glc(a) = g(a). Therefore f = g. Thus F' is one-to-one.

Next let us show that F' is onto. Let (h,b;) € S(C; B — {b;}) x {b;} for some
j. Let f: A— B be defined as follows:

{h(a) aeC,

b; a=c.

Then f|c = h. Let us show that f is one-to-one. Suppose f(a1) = f(a2) for some
ai,as € A. If a1, a9 # ¢ we have

h(a1) = f(a1) = f(az2) = h(az);

hence a; = as. And if ax = ¢ we get f(a1) = f(c) = b;. However, for a1 # ¢
we have f(ai) = h(a1) # b;. So we must have a; = ¢ = ap. Therefore we have
f € S(A;B), and F(f) = (h,bj). Thus F is onto; and therefore it is bijective.
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Now note that n = m—|— 1 for some m, and k < m. Thus by induction hypothesis
S(C; B —{b;}) has Ty clements. Also note that for i 7 j we have

(S(C: B — {bi}) x {b:}) N (S(C; B = {b;}) x {b;}) =,

since b; # b;. Hence we get

E AB]_‘USC’B {b;}) x {b}(
_Z}SC'B {6;1) x {b;}]|

i<n

! !
=3 ity 1= iy 1= iy

j<n i<n

Note that in the last line of the above equation we have used a result from Exercise
and the generalized distributivity from Section Finally, note that m!n =
ml(m+1) = (m+1)! = nl. In addition, we have k+(m—k) = m. So k+1+(m—k) =
m+1=mn. Thus m —k =n— (k+1). Therefore |S(A4; B)| = Tl))" and hence
k+1¢€ J, as desired. [ |

Remark. Let f be a one-to-one function from A to B. We can consider f as an
assignment of a spot in a list labeled by the elements of A to k of the elements of
B. In other words, such functions take k elements from the n elements of the set
B, and arrange them in a list. The above theorem says that there are ( B ways
to do this.

Definition 4.13. Let A be a set. A permutation on A is a one-to-one and onto
function from A to A. Let n € N. We denote the set of all permutations on
{1,...,n} by Sp.

Theorem 4.37. Suppose A is a finite set, and |A| = n. Then the set of permuta-
tions on A is a finite set, and has n! elements. In particular we have

|Sn| = nl.

Remark. Suppose we have arranged the elements of A in a list. Then we can
consider a permutation on A as a rearrangement of its elements. Thus this theorem
says that there are n! ways to arrange n objects in a list.

Note that a function from A to A is one-to-one if and only if it is onto,

since A is a finite set. Hence the number of permutations on A is the same as

the number of one-to-one functions from A to A, which by the previous theorem is
n! n! n!

equal to e s nl. [ |
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Theorem 4.38. Suppose A is a finite set, and |A| = n. Let k < n. Then the
number of subsets of A which have k elements is

n!

El(n — k)

Remark. Informally, this theorem says that there are ﬁlk), ways to choose k
objects among n objects. Note that unlike the previous two theorems, here we do
not assign any order to the k objects that we choose.

We know that the number of subsets of a finite set is finite. So the number
of subsets of A which have k elements is also finite. Suppose this number is /. Let
Aq, ..., A; be the subsets of A that have k elements. Note that A has at least one
subset with k elements, since if h : n — A is a bijective function, then the image of

hli has k elements. Let us denote the set of one-to-one functions from a set C' to
a set B by S(C; B). We claim that

S(A;;A) = | |9(A1; A

1<l

Because if f : A} — A is one-to-one, then f : A1 — f(A1) is bijective. Hence f(A;1)
has k£ elements; so it must be equal to A; for some j. On the other hand, every
one-to-one function from A; to some A; can also be considered as a one-to-one
function from A; to A. Finally note that if f € S(A1; A;) N S(A1; Aj) for ¢ # j,
then f(Ap) is a subset of both A;, A; which has the same number of elements as
A;, Aj. Thus we must have A; = f(A;) = Aj, which is a contradiction. Hence
S(A1;A1),...,5(A1; Ap) are disjoint sets whose union is S(A;; A). Therefore we
have

g = 1S A = IS A = SR = Y1 =L

J<i J<l J<I

Note that in the above equation we have used a result from Exercise and the
generalized distributivity from Section Thus we obtain k!(n — k)!l = n!, which
gives the desired formula for [. [ |

Definition 4.14. Let n, k € w, and assume 0 < k < n. The number

(1) = mom

is called a binomial coefficient.

Remark. Note that by the above theorem, the binomial coefficients are natural
numbers, because they are the number of elements of some finite sets.
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Theorem 4.39. Let X, Ay,..., Ay, be sets, and for each j < m let f; : A; — X
be a function. Also suppose that Ay, ..., Ay, are pairwise disjoint, i.e. for i # j we
have A; N A;j = 0. Then |J fj is a function from | Aj to X.

Jj<m

The proof is by induction on m. If m = 1 then Uj<1 f; = f1 is a function
from {J;<; Aj = 41 to X. Now suppose the claim is true for some m. Consider the
sequence A1, ..., An, Ams1. Then by induction hypothesis Ujgm fj is a function
from J;,, 4; to X. Also note that

A1 N ( U AJ> =Api1 N (U{AlvaAm})

Jj<m

Jj<m

= U{Am+1 NAL, ..., Apy1 N Am} = U{@} = (.
Hence by Theorem [3.20)

U ij(U fj)Ume

j<m+1 i<m
is a function from ;<11 4j = (Uj<m 4j) U Amy to X. [ ]
Remark. Note that the functions fi,..., f;, are also sets; so Uj<m fj in the above

theorem is the union of the sets fi,..., fi,. Let us denote the function Uj<m f; by

f,and let z € i<m Aj- Then we use the following notation to describe f:

filz) =z € A,
f(z)=1q:
fm(x) € Ap.

We usually use the above notation to define f, instead of saying that f :=J i<m 13-
And we say that f is a piecewise-defined function.

Definition 4.15. Let Ay, ..., Ay, be a finite sequence of sets. Then
Ap X - X Ap
={f:{k,...,m} — U A : such that f(j) € A; for every k < j < m}.
k<j<m

We also denote Aj x --- x A,, by H;n:k Aj, or Hk;gjgm Aj. When £ is 0 or 1, we

may also use the notation ngm Aj.

Remark. Thus, the Cartesian product Ay X --- X A,, is the set of all functions
from {k,...,m} to Ug<;<p 4j, such that f(j) is an element of A;. We usually
denote f by

(aky ..y am),
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where a; = f(j). Note that a; € A; for each j. Also note that we have

(ks yam) = (bgy...,bm)

if and only if a; = b; for every j. The reason is that two functions are equal if and
only if they have the same domain, and they have the same value at every point of
their common domain.

Definition 4.16. Let Aq,..., A, be a finite sequence of sets. Then the elements
of Ay x -+ X A, are called m-tuples. In the m-tuple (ai,...,an) € [1;<,, 4i, a;
is called the jth component.

Remark. Note that when m = 2, we have two definitions for A; x As. One of
them is the set of all ordered pairs (a1, az), where a; € Aj; and the other one is the
set of all functions f : {1,2} — A; U Ay such that f(j) € A;. Although the two
sets are not equal, they essentially look like the same. More formally, there exists a
one-to-one correspondence between them, which can be defined naturally as follows

fre (1), £(2)).

As we mentioned several times so far, the inherent nature of objects is not math-
ematically as important as their characteristic properties. And the characteristic
property of ordered pairs, or 2-tuples, is that they store the information of order of
two elements.

Remark. We could have also defined A1 x --- x A, inductively as
Ay X oo X Ay = (A1 X - X A1) X A,

where the rightmost product with A,, is the standard Cartesian product of two sets.
However, similarly to the case of m = 2, this definition is essentially the same as
the definition in terms of functions. In addition, the definition in terms of functions
has a simpler structure, and can be generalized to the case of infinitely many sets.

Notation. When A; =--- = A4, = X, we denote Ay X --- x A, by X™.
Remark. Note that the elements of X™ are finite sequences in X of length m.

The next theorem is a sort of generalized associativity property for Cartesian
product.

Theorem 4.40. Let Xy, ..., X, be a finite sequence of sets, and suppose k <1 <
m. Then the map

(Xp x - X X)) X (Xjgp1 X+ x X)) = X X oo X Xy
((mk,...,xl), (a:l+1,...,:1;m)) = (Thy ooy T

18 a bijective function.
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It is obvious that every (zk,...,%n) in X X -+ X Xy, is in the image of
the above map. Also, if (zg,...,2m) = (Yk,...,Ym) then x; = y; for all j. Hence

(':Eka s ZL'[) = (yka v ayl)v and (':Ul—‘rla s 7$m) = (yl+1> s 7ym) Thus
((a:k, cooxy)y (g, ,xm)) = ((yk, ey s (Y, - ,ym)).
So the map is also one-to-one. |

Theorem 4.41. Suppose A1,..., A, is a finite sequence of sets. Also suppose that
each Aj is a finite set. Then Ay X --- X Ay, is also a finite set, and we have

As a result, for every finite set X we have

[ X = X"
The proof is by induction on m. If m = 1 then [];; A; is the set of
functions from {1} to Aj, which we know is a finite set, and has |A;|' = |A4|

elements. Now suppose the claim is true for some m. Consider the sequence
Ay, ..., Apn, Apa1. Then by induction hypothesis ngm Aj is a finite set. Now
the previous theorem implies that there is a bijective function from [[ j<mt1 Aj to
(I1j<m Aj) X Am+1, where we can assume that x denotes the Cartesian product as
defined before in Section [3.I} Hence by multiplication principle, and the induction
hypothesis, ngmﬂ Aj is a finite set, and we have

TL 4l =TT A Amal= (T 143 - Fmsa =TT 144,

j<m+ j<m j<m j<mt1
as desired. The result for [X™| follows from the fact that [];.,, [X| = |X|™, as
shown in Theorem [ |

Definition 4.17. Let Aq,..., A,, be a finite sequence of sets. The function

A1><~--><Am—>Aj

(at,...,am) — a;
is called the projection on the jth component.

Remark. More formally, the projection on the jth component of Ay X --- x A, is
the function

{(f.FG) s f€Arx - X A}

Note that for every f € Aj x---x A,,, the value f(7) is unique, since f is a function;
therefore the above relation is indeed a function.
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Definition 4.18. Let X, Ay,...,A,, be sets, and let f : X — Ay x --- X A,
be a function. Let m; be the projection on the jth component of the product
Ay X -+ X Ay, Then the jth component of f is the function

fj IZTFjOf:X—)Aj.
We usually write f = (f1,..., fm) to say that fi,..., fi, are the components of f.

Theorem 4.42. Let X, Ay,..., Ay, be sets, and for each j < m let fj : X — A;
be a function. Then there is a unique function f : X — Ay x --- X A,, whose jth
component is f;, for each j < m. In other words, for every x € X we have

f(@) = (fi(@), s fm(2)-
This follows immediately from Theorem since (f1(z),..., fm(x)) is

uniquely determined by . |

Remark. A particular case of the above theorem is when X = A; for some j,
fj + Aj — Aj is the identity map, and f; is a constant function with value a; for
i # j. Then we get a function from A; to A; x --- x A, defined by

T (a1, Qi—1, Xy Qg 1y ey Qi)

Notation. Let X, Ay,..., A, besets, and let f: Ay x---x A, = X be a function.
Then for a = (a1, ...,an,) € Ay X---x A, we usually denote f(a) by f(ai,...,am)-

Theorem 4.43. Let Xy,..., X, A1,..., Ay, be sets, and for each j < m let f; :
X; — Aj be a function. Then there is a unique function

f:Xix-o o xXym—=>A X - XAy
such that for every (x1,...,2m) € [];<,, X; we have
flx1, .. xm) = (fi(z1), ..., f(zm)).
This follows immediately from Theorem since (f1(z1),..., fm(Tm))

is uniquely determined by = = (x1,...,Zm). |

Finally, let us prove a more general version of recursion theorem that allows us
to define functions whose values at n + [ depend on their values at n+1—1,... n.

Theorem 4.44. Let [,k € w withl > 1, and
J={new:n>k}

Let A be a set, and suppose ay,...,a; € A (these elements need not be distinct).
Suppose F : J x AL — A is a function. Then there exists a unique function f : J —
A such that
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(i) f(k+1i) =aj41 for 0 <i<I, and
(ii) f(n+1)=F(n,f(n),...,f(n+1=1)) for everyn > k.

Consider the function G : J x A — Al given by
G(n,x1,xo,...,17) = (acQ, oz, Fnyag, ... ,:Ul)).
Then we know that there is a unique function g : J — A such that
g(k) = (a1,...,q),
g(n+1)=G(n,g(n)).
If we look at the components of g we get
gi(k) = a; 1 <4<,
gi(n +1) = git1(n) 1<i<l,
g(n+1)=F(n,g1(n),...,q(n)).

We claim that for ¢ < [ we have g1(n + ) = g;+1(n). This is trivial for ¢ = 0. And
if it holds for ¢ then for ¢ + 1 we have

gn+i+1l)=gn+1+1) =gr1(n+1)=gita(n).
So if we set f = g1 then for ¢ <! we have
f(k) + Z) = gl(k + Z) = gi+1(k) = Wj41.

We also have

fn+l)=g(n+1)= 91(”+1+l—1)—9l—1+1(”+1)
=g(n+1) = F(n,g1(n), g2(n),...,q(n))
:F(n,gl(n),gl(n+ ),...7gl(n+l—1))
:F(n,f(n),f(n—l—1),...,f(n—i—l—1)),

as desired. )

To prove the uniqueness, suppose f also satisfies the properties stated in the
theorem. For 1 <i <[ we set g;(n) := f(n+i—1). Let g = (g1,...,G1). Then we
have

G0 = (G1(K), - @) = (FO8),- o, 1= 1)) = (a,..., ).
In addition, §i(n +1) = f(n+14i—1) = gip1(n) for 1 <i <, and
Gin+1)=fn+1+1-1)= f(n+1)
=F(n, f(n),....f(n+1-1)) = F(n.gi(n),....5i(n)).

Hence g(n + 1) = G(n,g(n)). But due to the uniqueness of g we must have g = g,
and therefore f = g1 = g1 = f, as wanted. |
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Example 4.8. Let us see an application of the previous theorem. Suppose J =
A=wand F:Jx A2 - A maps (n,a,b) to a +b. Then we can construct the
sequence given by ag =0, a; = 1, and

Ap42 = Ap41 + Ap

for n > 0. This sequence is known as the Fibonacci sequence. The first few terms
of the sequence are 0,1,1,2,3,5,8,13,21,....

Let us show that for every n we have a,, < 2". We prove this by strong induction
onn. Let A ={n:a, <2"}. We must show that if for every natural number
m < n we have m € A, then n € A. Suppose for every natural number m < n we
have m € A, i.e. a, <2™. If n > 2 then m =n—2and m+1 =n—1 are natural
numbers less than n, so we have a,,, < 2™ and a1 < 2m+1 Hence

Un = Ui = a1 + am < 2™ 4 a,, < 2T 4 om
< 2m+1 + 2m+1 — 2 . 2m+1 — 2m+2 _ 2n

(The fact that 2™ < 2™*! can be proved easily by an induction.) However note
that this argument only works when n > 2; thus we need to check the cases n < 2,
i.e. n =0,1, separately. In other words, we need to check two base cases: forn =0
we have ag =0 < 1 =2°, and for n = 1 we have a1 =1 < 2 = 2%



Chapter 5

Integers and Rational Numbers

5.1 Integers

The next step in constructing numbers, is to build integers. As we discussed in
the beginning of the previous chapter, the inherent nature of numbers is not that
important for us. So, similarly to the case of natural numbers, we just need to find
a set whose elements represent the integers, and have the properties that we expect
from integers. The basic idea in our construction is to consider an integer as the
difference of two natural numbers. For example, we can consider —1 as 1 — 2, or
6 — 7. Since we do not have a notion of subtraction of natural numbers yet, we can
store the information of the difference 1 — 2 in the ordered pair (1,2). So we can
represent —1 by the pair (1,2). However, there are many other ordered pairs that
can represent —1, like (6,7), or (0,1). To overcome this ambiguity, we can identify
all ordered pairs of natural numbers that represent the same integer, by using an
equivalence relation.

Definition 5.1. We define the relation ~ on w X w as follows
(m,n) ~ (k1) if m+1l=k+n.

Remark. Note that informally, m +{ = k4 n is equivalent to m —n = k —1[. Thus
the two pairs (m,n) and (k,[) are related by ~, if and only if they represent the
same difference of natural numbers, i.e. they represent the same integer.

Theorem 5.1. The relation ~ is an equivalence relation on w X w.

First note that (m,n) ~ (m,n), since m +n = m+n. Also if (m,n) ~
(k,1) then m+1 = k+mn; hence we have k+n = m+1[, which means (k,l) ~ (m,n).
So far we have shown that ~ is reflexive and symmetric. Let us show that it is
transitive too. Suppose (m,n) ~ (k,l) and (k,1) ~ (i,7). Then we have

mal=k+n,  k4j=itl

167
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If we add these equalities we get
m+l+k+j=k+n+i+l

Note that the sum of equal numbers are equal, since addition is a function. Now by
using the associativity and commutativity of addition of w, we can rearrange the
terms in the above equation to obtain

m4j+k+l=i+n+k+lL.

Thus by the cancellation law we get m + j = i + n, which means (m,n) ~ (i, j), as
desired. |

Definition 5.2. The set of integers is
Z:=wxw/n~,
i.e. Z is the set of all equivalence classes of w X w under the equivalence relation ~.

We denote the equivalence class of (m,n) by [(m,n)]. So, informally, [(m,n)]
is the integer m — n. Note that all the other pairs in the equivalence class [(m,n)]
represent the same difference, i.e. the same integer.

Next, we have to define the addition and multiplication of integers, and show
that they have the expected properties. To this end, we need the following version
of Theorem [3.21]

Theorem 5.2. Suppose R, S are equivalence relations on the sets X,Y respectively.
Also suppose that F' : X x X — Y is a function, and for every a,b,c,d € X we
have

aRc and bRd = F(a,b)SF(c,d).
Then there is a unique function f: X/R x X/R — Y/S that satisfies

f([a]r, [b]r) = [F(a,b)]s
for every a,b € X.

Remark. In the following proof we define f([a|g, [b]r) := [F(a,b)]s, and we will
show that f is a function. Similarly to the case of Theorem when we define
a function in this way, and the required conditions are satisfied, we say that the
function is well defined.

First note that by Theorem there is at most one function whose
domain is X/R x X/R, and maps ([a]g, [b]r) to [F(a,b)]s. Now let us define
f([a]r, [b]r) := [F(a,b)]s. More explicitly, this means that

f=A{{(z,y),2) € (X/Rx X/R) xY/S :3c € x 3d € y such that F(c,d) € z}.
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Note that the domain of f is all of X/R x X/R, since to every ([a|g,[blr) €
X/R x X/R we can at least assign one value [F(a,b)]s. Now let us show that this
value is the only value that is assigned to ([a]g, [b|r). Suppose (([a]r, [b]r), z) € f.
Then by definition there is ¢ € [a]g and d € [b]r such that F'(c,d) € z. But ¢ € [a]r
means that aRe, and d € [b|gr means that bRd. Hence by our assumption we have
F(a,b)SF(c,d). Thus F(c,d) € [F(a,b)]s. Therefore the two equivalence classes
z,[F(a,b)]s have a nonempty intersection; so they must be equal, i.e. z = [F(a,b)]s.
Thus the value of f at ([a]g, [b]r) is uniquely determined, as desired. Hence f is a
function. |

Now let [(m,n)],[(k,l)] € Z. Informally, these numbers represent m — n and
k — I, respectively. Thus if we want to add and multiply them, the results should
be

(m—n)+(k=1)=m+k)—(n+1),
(m—n)(k—1) = (mk + nl) — (ml + nk).

The following theorem and Theorem [5.2] show that if we define addition and mul-
tiplication as above, they are well defined.

Theorem 5.3. Let (m,n), (m/,n'), (k,1), (K,l") € wxw. Suppose (m,n) ~ (m’,n’),
and (k,1) ~ (K',1"). Then we have
(i) (m+kn+l)~m +Ek,n+1).

(ii) (mk + nl,ml + nk) ~ (m'k" +n'l',m'l" + n'k’).

(iii) (n,m) ~ (n',m’).
We know that

m+n' =m' +n, k+1 =k +1. (%)
(i) By adding the above two equations we get
m+n +k+U'=m' +n+k +1

Now we can rearrange the terms in the above equation to obtain

m+k+n+U=m'+kK +n+1,

as desired.
(ii) If we multiply the first equation of () by k and its second equation by m/,
and add the resulting equations, we get

mk+n'k+m'k+m'll =m'k +nk +m'kK +m'l.
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Next, if we multiply the first equation of (x) by I and its second equation by n/,
and add the resulting equations, we get

ml+n'l+n'k+n'l' =m/l + nl + 'K +n/l.
Now if we reverse this equation and add it to the previous equation, we obtain
mk +n'k+m'k+m/l' + m/l +nl + 'K +nl
=ml+n'l +n'k+n'l' + m'k +nk +m'k +m/l.
Finally, by cancelling equal terms, and rearranging the remaining terms we get
mk +nl + m/'l' + 'k = m'k' + 0l + ml + nk,

which is the desired equation.
(iii) We have n+m/ =m’+n=m+n' =n' + m. [ ]

Definition 5.3. Let [(m,n)],[(k,{)] € Z. Then we define the addition and mul-
tiplication of integers as

;)] + (K, D] := [(m + k,n+1)],
(m,n)][(k,1)] := [(mk + nl,ml + nk)],

respectively. The opposite of [(m,n)] is
_[(mv n)] = [(TL, m)]

Remark. It is easy to see that in Z we have 0 # 1, because in w we have
1+40=1#0=0+0.

Also, note that by Theorem [3.21] and the above theorem, the opposite of integers
is well defined.

Theorem 5.4. Suppose a,b,c € Z. Then we have

(i) Associativity :

a+(b+c)=(a+b)+ec, a(bc) = (ab)c.
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(ii) Commutativity :

(iii) Identity elements :

(iv) Additive inverse :

(v) Distributivity :
a(b+c) = ab+ ac.

Suppose a = [(m,n)], b= [(k,1)], and ¢ = [(i, j)]-
(i) We have

+(b+e)=[(m+ (k+i)n+(1+]))]
=[((m+k)+i,(n+1)+5)] = (@a+b)+

We also have

[(m,n)] [(ki+ 15, kj + 1i)]

[(m(ki+15) + n(kj + i), m(kj + i) + n(ki + 15))]
[((mk + nl)i + (ml + nk)j, (mk + nl)j + (ml + nk)i)]
[(mk +nl,ml +nk)][(i,5)] = (ab)c.

(ii) We have
a+b=[m+kn+)]=[(k+m,l+n)]=>b+a.
We also have
ab = [(mk + nl,ml + nk)] = [(km + In, kn 4+ Im)] = ba.
(iii) We have a +0 = [(m + 0,n + 0)] = [(m,n)] = a. Also
al = [(m1 +n0,m0 + nl)] = [(m,n)] = a.
(iv) We have
a+ (—a) =[(m+n,n+m)] =[(m+n,m+n)]=[0,0)]=0.
Note that (m +n,m +n) ~ (0,0), since m+n+0=m+n+0.
(v) We have
alb+c) = [(m,n)][(k+1i,1+ j)]
= [(m(k + i) + n(l +5),m( + j) +n(k+1))]

= [((mk + nl) + (mi + nj), (ml + nk) + (mj + ni))] = ab + ac.

171
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Theorem 5.5. Let a,b € Z. Then ab = 0 implies that either a =0, or b = 0.
Suppose a = [(m,n)] and b = [(k,1)]. Then ab = [(mk + nl, ml + nk)).

We will prove the contrapositive of the theorem, i.e. we will show that if ¢ # 0 and
b # 0, then ab # 0. Since (m,n) ~ (0,0) and (k,l) ~ (0,0), we must have m # n
and k # [. Thus either m < n, or m > n. Similarly, either k < [, or k > [. Suppose
m < n and k < [. Then there are 7,5 > 0 such that n = m + 4, and | = k + j.
Hence we have

mk +nl = mk + (m +1)(k + j)
=m(k+j)+ (m+i)k+ij =ml+nk+ij >ml+ nk.

Next suppose m < n and k > [. Then there are 7,7 > 0 such that n = m + ¢, and
k =1+ j. Hence we have

ml +nk =ml+ (m+ i)l + j)
=m(l+j)+ (m+1i)l+ij =mk+nl+ij >mk+ nl.

The case of m > n and k < [ is similar. Finally, suppose m > n and k > [. Then
there are ¢, 7 > 0 such that m =n 4+, and kK =1+ j. Hence we have

mk+nl=(n+1i)(l+j)+nl
=(n+)l+n(l+7j)+ij =ml+nk+ij >ml+nk.

Therefore, in every case we can show that mk + nl # ml 4+ nk. Thus we have
(mk + nl,ml + nk) ~ (0,0); so ab # 0, as desired. [

Definition 5.4. Let a,b € Z. Then we define the subtraction of integers as
follows
a—b:=a+(-b).

Next, we want to define the order relation on integers. Let [(m,n)], [(k,1)] € Z.
Informally, these numbers represent m — n and k — [, respectively. Thus if we
want [(m,n)] to be less than [(k,[)], we must have m —n < k — [, or equivalently
m+1<k+n.

Definition 5.5. Let a,b € Z. Then we say a < b if there are (m,n) € a and
(k,1) € b such that
m+1<k+n.

Note that every integer is a set of pairs of natural numbers, i.e. it is the
equivalence class of pairs of natural numbers which represent it. Thus the above
definition makes sense.
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Also, note that < is a relation on Z; and unlike the case of functions, we do not
need to check any condition, or use any theorem to show this. In other words, we
do not need to check that < is well defined, in order to be sure that it is indeed a
relation. Because a relation is merely a set of ordered pairs, and does not have any
particular property. So we do not need to make sure that some property holds, in
order to show that < is a relation. But, a priori it is not obvious that < is a relation
with desirable properties. For example, there might also be some (m’,n’) € a and
(k',1') € b such that m’ + 1" > k' + n’; so we might also have a > b. However, the
next theorem shows that this cannot happen.

Theorem 5.6. Let (m,n), (m/,n'), (k,1), (K,l') € wxw. Suppose (m,n) ~ (m’,n’),
and (k,1) ~ (K',1"). Then we have

m+l<k+n = m' + 1 <k +n'
We know that
m+n =m' +n, E+1U =K +1.
Suppose m + 1 < k + n. Then we have
m4l+n +U<k+n+n+1.
Hence by rearranging the terms and applying the above equations we get
m +n+l+U <k +l+n+n.

Thus m' +1U' + n+1 < K +n' +n+ 1. This implies that m’ + 1" < k' + n’.
Because otherwise we would have m’ + 1’ > k' + n/. However, then we would get
m +U4+n+1>k +n +n+1, which is a contradiction. Hence we must have
m' +1' < k' + n’ as desired. The reverse implication follows similarly. [ |

Theorem 5.7. The relation < on Z is a linear order. In addition, Z does not have
a smallest element, nor a largest element.

Let a = [(m,n)], b = [(k,1)], and ¢ = [(4,)]. First note that a £ a, since
m—+n £ m+mn. So < is irreflexive. Now suppose a < b and b < ¢. Then we have

m+1 < k—+n, k+j<i+l.
Hence we have
m+l+k+j<k+n+k+j<k+n+i+l.

If we cancel k + [ from both sides we get m + j < n + 4, which means a < ¢. So <
is also transitive.
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Next suppose a # b. Then m + 1 # k 4+ n. Then since the order of natural
numbers is a total order, we either have m +1 < k +n, or m+ 1 > k + n. Hence
either a < b, or @ > b. So < is a total order on Z. Finally, it is easy to see that we
always have

[(m,n+1)] < [(m,n)] < [(m+ 1,n)].
Therefore no integer like a = [(m, n)] can be the smallest element, nor the largest
element of Z. [ |

Definition 5.6. Let a € Z. We say a is positive if a > 0, and a is negative if
a < 0. We also say a is nonnegative or nonpositive, if a > 0 or a < 0 respectively.
The sign of a is its property of being positive, negative, or zero.

Remark. Note that by the trichotomy law, a is either positive, zero, or negative;
and exactly one of these cases occurs.

Theorem 5.8. Let a,b,c € Z. Then we have
(i) Ifa<b thena+c<b+c.
(ii) If ¢ >0 and a < b, then ac < be.

Remark. As a consequence, note that if a,b > 0 then ab > 0. Because we have
ab > a0 = 0.

Suppose a = [(m,n)], b =[(k,1)], and ¢ = [(4,)]. Also suppose a < b, so

we have m + [ < k + n. Hence there is p > 0 such that k +n=m+ 1+ p.
(i) We have a +c=[(m+i,n+j)], and b+ ¢ = [(k+i,l + j)]. Now we have

mtit+l4+j=m+l+i+j<k+n+i+j=k+i+n+j.

Thus a + ¢ < b+ ¢, as desired.
(ii) We have ac = [(mi + nj,mj + ni)|, and bc = [(ki + 1j,kj + 1i)]. We also
know that ¢ > 0; so ¢ > j. Then there is ¢ > 0 such that i = j + ¢q. Now we have

ki+lj+mj+ni=k+n)i+(m+1)j
=m+l+p)J+q +m+1)j
=(m+0G+q+(m+1+p)j+pg
= (

m 4 1)i + (k+n)j +pg > mi +nj + kj + li.
Hence ac < be, as desired. [ |
Theorem 5.9. Let a,b € Z. Then a > b if and only if —a < —b.

Remark. As a consequence we have a < 0 if and only if —a > 0; since —0 = 0 by
the definition of 0.



CHAPTER 5. INTEGERS AND RATIONAL NUMBERS 175

Suppose a = [(m,n)], and b = [(k,l)]. Then we have —a = [(n,m)], and

—b = [(l,k)]. Now a > b means m+1 > k+n. On the other hand, —a < —b means
n + k < I 4+ m; which is the same as m +1 > k + n. Thus a > b is equivalent to
—a < —b. [ |

Cancellation Laws. Let a,b,c € Z. Then we have
(i) Ifa+c=b+c then a =1b.
(ii) If ¢ # 0 and ac = be, then a = b.

Suppose a = [(m,n)], b= [(k,1)], and ¢ = [(i, )].
(i) We have a+c = [(m+i,n+j)], and b+c = [(k+1i,l+j)]. Soa+c=b+c
means

m4i+l+j=k+i+n+i.

Now if we cancel ¢ + j from both sides we get m + [ = k + n, which means a = b.
(ii) Since ¢ # 0 we either have ¢ > 0, or ¢ < 0. Suppose to the contrary that
a # b. Then either a < b, or @ > b. Suppose a < b. Now if ¢ > 0 then we get
ac < be, which contradicts our assumption. Also, if ¢ < 0 we have —¢ > 0. So we get
a(—c) < b(—c). But by Proposition we have a(—c) = —ac, and b(—c) = —be.
Thus we have shown that —ac < —bc, which is equivalent to ac > be; and this
contradicts our assumption too. Therefore we cannot have a < b. Similarly, we can
show that we cannot have a > b. Hence we must have a = b, as desired. |

Theorem 5.10. For any a € Z there is no b € Z such that

a<b<a+l.
Hence for every b € Z we have
b>a = b>a+1,
b<a = b<a+1.

Suppose a = [(m,n)], and b = [(k,l)]. Then a+1 = [(m+1,n)]. Suppose
a < b. Then we have m+1 < k+n. Then by Theorem [£.16| we have m+I+1 < k+n,

which means that a + 1 < b. Hence we have b £ a + 1, as desired. The other
conclusions of the theorem follow easily. We have shown that if b > a then b > a+1.
Conversely, if b > a + 1 then b > a, since a +1 > a. Also, if b < a then b < a+1,
since a < a4+ 1. And if b < a + 1 then b < a, because we must have a £ b. [ |

Although Z does not contain w as a subset, it has a subset which looks like w.
Informally, we can say that Z contains a “copy” of w. This copy of w is the set

{[(n,0)] €Z:n € w}.

The next theorem shows that the above subset of Z behaves similarly to w.
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Theorem 5.11. Let E : w — Z be defined as E(n) = [(n,0)], for every n € w.
Then E is a one-to-one function whose image is the set of monnegative integers,
and for every n,m € w we have

() B(n+m) = E(n) + B(m).

(i) E(nm) = E(n)E(m).

(iii) n < m if and only if E(n) < E(m).

(v) [(n,m)] = E(n) — E(m).

Remark. Note that in the relation E(n + m) = E(n) + E(m), n,m are added
using the addition of w, and E(n), E(m) are added using the addition of Z. So in
some sense, we can say that the function F transforms the addition of w into the
addition of Z. Similar remarks apply to the multiplication and order relation.

Remark. Also note that the last part of the theorem confirms our initial intuition
that [(n, m)] represents the integer which is the difference of the natural numbers
n,m. Keep in mind that we identify E(n) with n.

First note that E is one-to-one. Because if E(n) = E(m) then we have
[(n,0)] = [(m,0)], which means that n 4+ 0 =m + 0. So we get n = m. Next note
that we always have E(n) > 0, since n +0 > 0+ 0. Also, if [(k,1)] > 0 then we
have k > [. Hence there is n > 0 such that k = [ + n. Thus we get (k,l) ~ (n,0),
ie. [(k,1)] = [(n,0)] = E(n). Therefore the image of E is the set of nonnegative
integers.

(i) We have

[(n,0)] + [(m, 0)]
=[(n+m,040)] =[(n+m,0)] = E(n+m).

(ii) We have
E(n)E(m) = [(n,0)][(m,0)] = [(nm + 0 x 0,n0 4+ 0m)] = [(nm,0)] = E(nm).

(iii) If n < m then E(n) < E(m), since n +0 < m + 0. Conversely, if E(n) <
E(m) then by definition we must have n 4+ 0 < m + 0; so n < m.
(iv) We have

[(n,m)]

[(n, 0)] + [(0,m)]
[(n,0)] + (=[(m,0)]) = E(n) + (-E(m)) = E(n) - E(m). ™

The well-ordering of w has the following consequence for Z.

Theorem 5.12. Let A C Z, and suppose A is nonempty.
(i) If A is bounded below then it has a least element.
(i1) If A is bounded above then it has a largest element.
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(i) Suppose c¢ is a lower bound for A. Then for every a € A we have
a > c¢. Hence a — ¢ > 0. Consider the set

B:={a—c:a€ A}.

Then B is a subset of the set of nonnegative integers, i.e. B is a subset of the
image of E. Now E~1(B) is a nonempty subset of w, since A and therefore B are
nonempty. Let k be the least element of E~!(B). We claim that E(k) + c is the
least element of A. Note that E(k) € B, so E(k) +c € A. Let a € A. Then
a—c € B. Thus there is n € E~1(B) such that E(n) = a — ¢; because B is a subset
of the image of E. Now we have k < n. Hence E(k) < E(n) = a — c. Therefore
E(k)+ ¢ < a, as desired.

(ii) Suppose ¢ is an upper bound for A. Then for every a € A we have a < c.
Hence —a > —c. Let

B:={-a:a€ A}.

Then —c is a lower bound for B. Also, B is nonempty, since A is. Thus B has a
least element, which we call b. Then for every a € A we have b < —a, since —a € B.
But by definition of B there is d € A such that b = —d. Hence we have d > a,
because —d < —a. Therefore d is the largest element of A. |

Definition 5.7. An integer n € Z is called even if there exists k € Z such that
n = 2k.
An integer which is not even is called odd.

Theorem 5.13. Let n € Z be an odd integer. Then there is k € 7 such that
n=2k+1.

Let

A={le€Z:n-20>0}.

Then A is nonempty and bounded above. To see this, first suppose that n > 0.
Then 0 € A, since n —2 x 0 = n > 0. Also, note that if [ € A then 2] < n.
Hence if [ > 0 then | < 2l < n; and if [ < 0 then [ < 0 < n. Thus in this case
n is an upper bound for A. Next suppose n < 0. Then we have n € A, since
n —2n = —n > 0. In addition, if [ € A then we must have [ < 0, since otherwise
we would get [ < 2l < n < 0, which contradicts the assumption of [ > 0. Thus in
this case 0 is an upper bound for A.

Now let k£ be the largest element of A. Then n — 2k > 0. Note that we cannot
have n — 2k = 0, since n is not even. So we must have n — 2k > 1. However, if we
have n — 2k > 2, then we get

n—2k+1)=n—-2k—2>2-2=0.
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This means that k+1 € A. But k+1 > k, and k is the largest element of A. Thus
we cannot have n — 2k > 2, i.e. we must have n — 2k < 2. Hence n — 2k < 1.
Therefore we obtain n — 2k = 1, which gives us n = 2k + 1, as desired. [ |

Theorem 5.14. Let a,b,c,d € Z. Suppose a,b are even, and c,d are odd. Then
we have
(i) a+b and c+d are even.
(ii) a+ c is odd.
(i) ab and ac are even.
(iv) ed is odd.

Suppose a =2n, b=2m, c=2k+1,and d = 2] + 1.
(i)a+b=2(n+m),and c+d=2(k+1+1).
(i) a+c=2(n+k)+1.
(iii) ab = 2(2nm), and ac = 2(n(2k + 1)).

(iv) ed =4kl + 2k + 21+ 1 =22kl + k + 1) + 1. |
5.2 Rings
Definition 5.8. A ring is a nonempty set R equipped with two binary operations
RxR—R RxXxR— R
(a,b) —a+b"’ (a,b) —ab ’

called respectively addition and multiplication, such that
(i) The operations are associative, i.e. for every a,b,c € R

a+(b+c)=(a+b)+c, a(bc) = (ab)e.
(ii) Addition is commutative, i.e. for every a,b € R
a+b=>b+a.

(iii) There exist elements 0,1 € R, called respectively additive identity and mul-
tiplicative identity, such that for every a € R

a+0=a, al = a = la.
(iv) For every a € R there exists b € R, called its additive inverse, such that
a+b=0.
(v) Multiplication is distributive over addition, i.e. for every a,b,c € R

a(b+ c) = ab+ ac, (b+ ¢)a = ba + ca.
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Remark. Let b be an additive inverse of a. Then note that due to the commuta-
tivity of addition we also have

0+a=a, b+a=0.

Remark. Note that in every ring, we use the same notation for addition, multi-
plication, and 0, 1. However, if we want to emphasize that they are associated to a
ring R, we denote them by +p,-r,Or, 1r respectively.

Example 5.1. 7Z, equipped with its standard addition and multiplication, is a ring,
as we showed in the last section. N is not a ring as it does not have an additive
identity, and its elements do not have additive inverse. Similarly, w is not a ring,
since its elements do not have additive inverse.

Definition 5.9. A multiplicative inverse of an element a € R is an element b € R
such that
ab =1 = ba.

In this case a is called invertible.

Proposition 5.1. Let R be a ring. Then for every a,b,c € R we have
(i) (Cancellation Laws)
(a) Ifa+c=b+c then a =b.
(b) If ac = be, and c is invertible, then a = b.
(¢) If ca = cb, and c is invertible, then a = b.
(ii) Additive and multiplicative identities of R are unique.
(i) Additive inverse of any element of R is unique; and multiplicative inverse of
any invertible element of R is unique
(iv) 0a =0 = a0.

(i) Suppose d is an additive inverse of ¢. Then we can add d to both sides
of a+c = b+ ctoobtain (a+c)+d = (b+c)+d. Now by associativity of addition
we have a + (c+d) = b+ (c+ d). Since c+d = 0, we get a +0 = b+ 0; and
hence a = b. The multiplicative cases can be proved similarly using a multiplicative
inverse of c.

(ii) Suppose 0,0 are both additive identities of R. Then we have 0 = 040, since
0 is an additive identity. We also have 0 + 0 = 0, since 0 is an additive identity.
However we know that 0 + 0 = 0 + 0, because addition is commutative. Therefore
we must have 0 = 0, as desired. Similarly, for two multiplicative identities 1,1 we
have I = 11 = 1.

(iii) Suppose b,I; are both additive inverses of a. Then we have

b+ta=0=b+a.
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Thus by cancellation law we get b = b, as desired. The multiplicative case is similar.
(iv) We have
0+ 0a = 0a = (0+ 0)a = 0a + Oa.

Hence by cancellation law we get 0 = Oa. The other equality can be proved similarly.
|

Definition 5.10. Additive and multiplicative identities of a ring are respectively
called zero and identity of the ring.

The unique additive inverse of an element a is denoted by —a, and is called its
opposite. Also for two elements a,b we set a — b := a + (=b).

If an element a has multiplicative inverse, we denote it by a~
the inverse of a.

L and we call it

Proposition 5.2. Let R be a ring. Then for every a,b € R we have
(i) —0=0, and 171 =1.
(ii) —(—a) = a.
(i) —(a+b) = (—a) + (=b) = —a —b.
)

(iv) If a is invertible, then a~! is also invertible, and
(aH 1t =a.
(v) If a and b are invertible, then ab is also invertible, and we have
(ab)™t =b"tat.
(vi) (—a)b= —ab = a(=0b). As a result we have
(—a)(—=b) = ab, —a = (—1)a.

Notation. By —ab we mean —(ab). In other words, we assume that multiplication
binds stronger than taking the opposite.

(i) We have 0 +0 = 0, and 1-1 = 1. Now the result follows from the
uniqueness of inverse.

(ii) This is similar to (iv).

(iii) This is similar to (v). Note that the last equality in (iii) holds by definition.

(iv) We know that a='a = 1 = aa~!. Thus a~! is invertible. We also have
(a=1)~! = a, due to the uniqueness of inverse.

(v) First note that

(b~ ta™ Y (ab) = b~ (a " (ab)) = b ((a " a)b)
=b 1) =b"to=1.
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Similarly (ab)(b~'a~!) = 1. Therefore ab is invertible. Now the result follows from
the uniqueness of inverse.

(vi) We have
ab+ (—a)b = (a+ (—a))b=0b=0.

Thus uniqueness of additive inverse implies (—a)b = —ab. The equality a(—b) =
—ab can be proved similarly. Now we have

(~a)(~b) = ()b = ~(~ab) = ab,
(=1)a = —(1la) = —a. |

Exercise 5.1. Show that if a is invertible, then —a is also invertible and we have
(—a)™ ' = —a™ 1.

As a consequence we have (—1)7! = —171 = —1.

By the previous theorem we have

Thus we get the desired result due to the uniqueness of inverse. [ |

Definition 5.11. A commutative ring is a ring in which multiplication is com-
mutative, i.e. for every elements a, b we have

ab = ba.
Also, we say two elements a and b in a ring commute if ab = ba.
Example 5.2. Z is a commutative ring.

Definition 5.12. Let R be a ring, and let n be a nonnegative integer. We induc-
tively define

(i) [0] := Og,
(i) [n+1] :=[n]+ 1g.
When m is a negative integer, n := —m is positive. In this case we define

Remark. Note that in the above definition, each one of the 0,1, and +, has two
different meanings. Also note that we have

[1]=[0]+1r =0r + 1r = 1&.
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Remark. In the terminology of recursion theorem, we have constructed the func-
tion f(n) = [n] for n > 0, by using the function F(n,a) = a + 1g. Although, to be
precise, we have to actually define f on w; and then for a nonnegative integer n we
have to set [n] = f(E~1(n)), where E is the one-to-one correspondence between w
and the set of nonnegative integers, constructed in Theorem [5.11

Notation. Let R be a ring, and let « € R. We usually abuse the notation and
write n instead of [n]. We also set

Remark. The next proposition shows that the operations of Z on n’s and the
operations of R on n’s are compatible. Therefore the above abbreviation does not
lead to any confusion.

Remark. na is actually the nth additive power of a, i.e. the nth power of a with
respect to the binary operation -+, as defined in Section [5.6] To see this note that
0a = [0]a = Og, since [0] = Og. Also for n > 0 we have

(n+1)a=[n+1a= ([n| +1)a = [n]a + la = na +a.

In addition, for m < 0 set n = —m. Then we have

Remark. A consequence of the above remark is that for n > 0 we have

n times

n
——
na:g a:a+a+...+a’
=1

as shown in Theorem In particular we have

n times

il =nlp=Ta+ ot +1n.

Proposition 5.3. In any ring R we have
(i) For every n € Z, [n] commutes with all elements of R.
(ii) For every n,m € Z we have

[n+m]=[n]+[m],  [nm] = [n][m].

(ili) For every n € Z we have
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(i) Let a be an arbitrary element of R. Then [0]a = 0a = 0 = a0 = al0],
so [0] commutes with every a. Now suppose for some n > 0, [n] commutes with
every a. Then we have

n+1la = ([n] +1)a = [n]a+ la = aln] + al = a([n] + 1) = a[n + 1].

Hence by induction, [n] commutes with every a for all n > 0. Next suppose m =
—n < 0. Then

(ii) Since [n] = nl is the nth additive power of 1 € R, these relations are
special cases of the properties of powers as proved in Section [5.6] For example, for
the second equality we can say that [nm] is the nmth power of 1, so it is equal to
the mth power of the nth power of 1. But the nth power of 1 is [n]. Hence the
nmth power of 1 equals the mth power of [n], which is [m][n]. But by (i) we have
[m][n] = [n][m]. Therefore [nm| = [n][m] as desired.

(iii) For every n € Z we have

(] +[=n] = [n + (=n)] = [0] = 0;
so we must have [—n] = —[n], due to the uniqueness of opposite. [

Remark. Note that if R = 7Z then the map [ ] : Z — Z is the identity map, i.e. for
every n € Z we have
[n] = n.

We already know this holds for n = 0,1. So we only need to show the equality
for n > 0, since then for m = —n < 0 we have [m| = [-n] = —[n] = —n = m.
We proceed by induction on n > 0 (more precisely, by induction on E~!(n), where
E' is the one-to-one correspondence between w and the set of nonnegative integers,
constructed in Theorem . The base of induction is already known to hold. For
the induction step, by using the definition of [ ] we get [n+ 1] = [n]+1=n+1, as
desired.
As a result, for every positive integer n we have

n times
——
1+14+---4+1=[n]=n>0,
where 1 = 17. In other words, every positive integer is the sum of several 1’s.

Proposition 5.4. Let R be a ring. Then for every m,n € Z and a,b € R we have

(i) (=n)a=mn(-a) = —(na).

(ii) (n+ m)a = na+ ma.
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(iii) m(na) = (mn)a.

n(a+b) = na + nb.

(ma)(nb) = mn(ab) = (na)(mb).

If a commutes with b, then na commutes with mb.

(iv)
(v)
(vi)

Parts (i) to (iv) are true for any notion of power as proved in Section
They can also be proved directly, as we do below. We have

(=n)a = [=n]a = (=[n])a = [n](=a) = n(-a),
(=n)a = [=n]a = (=[n])a = —[n]a = —na,

(n+m)a = [n+ m]a = ([n] + [m])a = [n]a + [m]a = na + ma,
m(na) = [m]([n]a) = ([m][n])a = [mnla = (mn)a,

n(a +b) = [n](a + b) = [n]a + [n]b = na + nb.

For part (v) we have
(ma)(nb) = ([m]a)([n]b) = [m]a[n]b = [m][n]ab = [mn]ab = mn(ab).

Note that we used the generalized associativity of the product of R, and the fact
that [n] commutes with all elements of R. Now for the second equality we use the
first one to obtain

(ma)(nb) = mn(ab) = nm(ab) = (na)(mb).
Finally, for part (vi) we have
(na)(mb) = nm(ab) = mn(ab) = mn(ba) = (mb)(na). [

Definition 5.13. Let R be a ring, and let n be a nonnegative integer. Let a € R.
We inductively define the powers of a as follows

(i) a” = 1g,

(i) a ”"H = a"a.
When m is a negative integer, n := —m is positive. In this case, if a is invertible
we define

a™ =a"" = (a" )"

Remark. Note that we have

Remark. In the terminology of recursion theorem, we have constructed the func-
tion f(n) = a™ for n > 0, by using the function F(n,s) = sa. Although, to be
precise, we have to actually define f on w; and then for a nonnegative integer n we
have to set a® = f(E~!(n)), where E is the one-to-one correspondence between w
and the set of nonnegative integers, constructed in Theorem [5.11
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Remark. As a consequence of Theorem for n > 0 we have

n times

n
n /_/R
a = |ICL:CLCL"'CL.
=1

Theorem 5.15. Let R be a ring. Let n,m € Z. Then for every a,b € R we have

(i) If a commutes with b, then a™ commutes with b, for all m,n > 0. If one or
both of a,b are invertible, we can allow n and/or m to be negative too.
(ii) If a is invertible, then a™ is also invertible for all n € Z, and

(an)—l —q " = (a—l)n_

(iii) a"a™ = a™*™ for all m,n > 0. If a is invertible, we can allow m,n to be
negative too.

(iv) (@™)™ = a™ for all m,n > 0. If a is invertible, we can allow m,n to be
negative too.

(v) If a,b commute, we have a™b™ = (ab)" for all n > 0. If a,b are invertible, we
can allow n to be negative too.

All the proofs are by induction. We will only write the induction steps
below, since the base of inductions can be checked easily.
(i) For m > 0 we have

ab™tt = ab™b = b"ab = b™ba = b a.
If b is invertible we have
ab™t =1lab™' = b tbab~! = b tabb~! = b la.
Thus by the first part 5= = (b~!)™ commutes with a. By repeating this argument
with fixed m, we see that a” commutes with " too.
(ii) When n > 0 we have
(@™ot = a"a(a )" = aa" (a7 )"0 = ad"a e = aat = 1.
When n = —m < 0 we have a™™ = (a~)™. Hence by the previous part we get
Y p P g
a~™m -1 _ a—l my—1 _ a—l -m _ a—l —1ym _ a™.
(@) ((
The second equality holds by definition when n > 0. When n = 0 we have

(e =1=a"=0a"".
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And when n = —m < 0 we have
(@)™ = (@ =am = a

(iii) When n,m > 0 we have
naerl +m (Ln+m+1.

a =a"a"a=ad"""a =

Now suppose a is invertible. Then we have

n_m

g™t = g

a

(e ma = (e ™ a7 a if —n+m <0,

_ (a—l)n—m—l — a—n+m+1

q—ntmtl if —n+m>0.
We also have
aa” " = (a—l)—n<a—l)m _ (a—l)—n—i-m — an—m7
a "a™m = (a—l)n(a—l)m — (a—l)n-i-m — g m,
(iv) For n,m > 0 we have
(an)m-l—l — (an)man — g"Mg" = anm—i—n

_ an(m—i—l).

If a is invertible we have
(@)™ = (@) = @) =,
(@) = (@)™ = @) =
(v) For n > 0 we have
a" " = ¢"ab"b = a"b"ab = (ab)"ab = (ab)"!,
and if a, b are invertible we have
@ = (@Y ) = (@) = (b)) = (b)) = (b)) W

Remark. Suppose k,n are natural numbers, and 0 < k < n. Remember that n
factorial is n! =n-(n—1)---2-1, and the binomial coefficient is

(1) = o

It is easy to see that (g) =1= (Z) for all n > 0. We have seen in Section that
(z) is the natural number which is the number of ways to choose k objects among
n objects.
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Theorem 5.16. For all integers 1 < k < n we have

n n n+1
1)+ ()= ()
| Proof. | We have

n n n! n!
(k) + (k:—l) M=k k= Din—k+ 1)
n! 1 1

Y TR e

B n! n+1

C(k=D!n—k) k(n —k+1)
(n+1)! n+1

Ckl(n+1-k)! _< k )

Theorem 5.17. For two commuting elements a,b in a ring, and a positive integer
n, we have
(i) Binomial Theorem:

(a+0)" = <Z> a™ kpk,

k=0
(if) a® —b" = (a — b)( Ry a1 Fok).

(i) The proof is by induction on n. The case of n = 1 is obvious. For the
induction step we have

n

(a+0)"' = (a+b)"(a+b) = (Z (Z) an—kb’f) (a+b)

k=0

N\ n—kpk _n n n—kpk n—kpk
k)a b(a—i—b)—Z(k)(a b¥a + a"Fbb)

k=0

I I
(1= 11
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n n+1
_ TL> n+l-kpk n n+l—gj14
= a" +Z<, >a i)
0<k‘ = j—1

k=
(We replaced k with j — 1 in the 2nd sum.)

— ,ntl = n n—i—l—kbk - n n—i—l—kbk bn+1
a +<;(k)a +;(k—1>a +

(We replaced j with & in the 2nd sum.)

=a"t + <§ [(Z) + (k " 1)] a”+1_kbk> + ot
)

Note that since the binomial coefficients are positive integers, we can multiply the
ring elements with them.
(ii) We have

n—1 n—1
~0) (Y@ = > (0 + (~h))an R
k=0 k=0
n—1
= (aa™ 1RV 4 (—1)ba" 1 RDR)
k=0
n—1
:Z(an—kbk+( 1) n—1 kbbk)
k=0
n—1 n—1
— Zanfkbk +Z(_1)an 1 kbk+1
k=0 k=0
n—1 n
= 3@y 3 (< 1)an
k=0 j=1

(We replaced k with j — 1 in the 2nd sum.)
1

=a"+ (i a" kb 4 Z ""“bk> + (="

(We replaced j with &k in the 2nd sum.)

n—1 n—1
=a" + (Z a"FF 4+ (—1) Z a”_kbk> -
k=1
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Definition 5.14. A field is a commutative ring in which 1 # 0, and all nonzero
elements are invertible.

Notation. For two elements a,b in a field, when b # 0, we set a/b = § := ab 1.

Definition 5.15. An integral domain is a commutative ring in which 1 # 0, and
for every elements a, b we have

ab=0 = a=0o0rb=0.
Example 5.3. Z is an integral domain.

Theorem 5.18. Suppose R is an integral domain, and a,b,c € R. Then the
cancellation law holds for the multiplication of R, i.e.

ac=bc, c#0 = a=0b.
We have (a — b)e = 0. Hence a — b = 0, since ¢ # 0. |

Theorem 5.19. Fvery field is also an integral domain.

If ab =0, and a # 0, we have
b=1b= (a'a)b=a"'(ab) = a0 =0. [

Definition 5.16. Suppose R is a ring, and S C R. We say S is a subring of R if
S contains the identity of R, and for all a,b € S we have —a,a + b,ab € S.

Proposition 5.5. Suppose R is a ring, and S is a subring of R. Then 0 € S, and
S is itself a ring with the addition and multiplication inherited from R.

We have —1 € S, since 1 € S. Then 0 = 1+ (—1) € S. The associativity,
commutativity, and distributivity laws are trivially satisfied in S, since they are
satisfied in R. Also by definition S contains the opposite of each of its elements.
Hence S is a ring. |

n times

——
Definition 5.17. Suppose in a ring R we have n =1+ 14 ---4+ 1 = 0 for some
positive integer n. Then the smallest such n is called the characteristic of R. If
this never happens we say that R has characteristic zero.

Theorem 5.20. The characteristic of an integral domain is either zero or a prime
positive integer.

Remark. Prime numbers are positive integers defined in the next section, which
have the property that they cannot be written as the product of two smaller positive
integers.
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If the conclusion does not hold, the characteristic of the integral domain
R is n = pq for some positive integers p,q < n. But in R we have pg = n = 0;
hence p = 0 or ¢ = 0 in R, which is in contradiction with the fact that n is the
smallest positive integer with this property. [ |

Remark. Suppose F' is a field in which n # 0. Then we have

n times

1 1 1
n n n

—)=n(ln"H)=nn"t=1.

In other words, the nth additive power of % is 1.

Exercise 5.2. Suppose R is a ring, and A is a nonempty set. On the space of all
functions from A into R we define the binary operations of pointwise addition and
multiplication of functions, i.e. for two functions f,g: A — R and every a € A we
define

(f +9)(a) == f(a) + g(a),
(f9)(a) := fla)g(a).

Show that this space is a ring with these operations. (Note that f + g, fg are
functions, since they assign a uniquely determined value to every a € A.)

5.3 Factorization of Integers

In this section, the absolute value of integers is needed in some of the results. So
we go over its definition and basic properties first.

Definition 5.18. Let a € Z. Then the absolute value of a is

a if a >0,
la| == .
—a ifa<O.

Theorem 5.21. For all a,b € Z we have
(i) |a| >0, and for a # 0 we have |a| > 0.
(i) |-al = al.
(iii) |a| = |b| if and only if a = +b.
(iv) |abl = [al[b]
(v) For b > 0 we have |a| < b if and only if —b < a < b; and for b > 0 we have
la| < b if and only if —b < a <.
(vi) —lal < a <|al.
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(vii) Triangle Inequality:
|+ 0] <a] +[b].

The proofs are the same as of Theorem |

Proposition 5.6. Let n € Z, and suppose n # 0. Then we have |n| > 1.

Since n # 0 we have n > 0 or n < 0. Thus we must haven > lorn < —1,
because there is no integer between 0, 1 nor between —1,0. In the first case we have
|n| =n > 1, and in the second case we have |n| = —n > —(—1) = 1. [

Now we move to the main topic of this section. We start by the notion of
divisibility.

Definition 5.19. Let a,b € Z. If there exists r € Z such that b = ra, then we say
a divides b, or a is a divisor of b, or b is a multiple of a; and we write a | b. If a
is not a divisor of b we write a 1 b.

Proposition 5.7. Let a,b,c € Z, then we have
(i) 1]a, ala, anda]O.
(ii) Ifa | b and b # 0 then |a] < |b).
(iii) a | 1 of and only if a = £1.
(iv) a | b and b | a if and only if a = +b.
(v) Ifa|bandb|c thena | c.
(vi) a | b implies a | bc and ac | be.
(vii) Ifa | b and a | c then a | bx + cy for every x,y € Z, in particular a | b+ c.

Remark. Note that if 0 | a then for some r we have a = r0 = 0. Hence 0 is the
only number that has 0 as a divisor.

(1) We have al = la = a, and 0a = 0.

(ii) There is r € Z such that b = ra. Note that a,r # 0 since b # 0. Thus
|r| > 1. Hence |b| = |ra| = |r||a| > 1|a|] = |a|, since |a| > 0.

(iii) As a consequence of the above part, we can see that if a | 1 then |a|] < 1,
and thus —1 < a < 1. Hence a is either 1,—1, or 0. However, 0 does not divide 1;
so we must have a = +1.

(iv) First suppose a | b and b | a. Then we have |a| < |b] and [b| < |a|]. Hence
la| = |b|, and therefore a = +b. Conversely, if a = b or a = —b, then we trivially
have a | b and b | a.

(v) There are r, s € Z such that b = ra and ¢ = sb. Hence ¢ = sra, so a | c.

(vi) There is 7 € Z such that b = ra. Thus bc = rac = rca. So a | be, and
ac | be.

(vii) There are r,s € Z such that b = ra and ¢ = sa. Therefore bx + cy =
(re+sy)a,soa|br+cy. Forz=y=1wegetal|b+c. [ |
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Division Algorithm. For every a € Z and every nonzero b € Z, there are unique
q,r € 7 such that
a=>bqg+r, with 0<r<|bl.

Here q 1s called the quotient and r s called the remainder.

We prove the existence of ¢,r by strong induction on |a|. (Note that
la| > 0, so it can be regarded as a natural number. More precisely, for a given b,
we prove by strong induction on n € w that ¢, r exist for a with |a| = E(n), where
E :w — Z is defined in Theorem [5.11]) Now if |a| < [b| we can simply put ¢ = 0
and 7 = a when @ > 0. And when a < 0 we can choose ¢ = F1 so that bg = —|b|;
then we set 7 = |b| + a (note that —|b| < @ < 0 in this case, so 0 < |b| +a < |b] as
desired). Also, if |a| = |b| then we have a = £b, so we can put ¢ = +1 and r = 0.

Now suppose |a| > |b| and the conclusion holds for all integers with absolute
value less than |a|. Then we have 0 < |a| — |b|] < |a|, since |b| > 0. But, according
to the signs of a, b, the positive number |a| — |b| has one of the four possible values
+(a+b) or £(a —b). So for some choice of £’s we have

a0 = |£(a£b)] = |a] — o] < lal.

In other words, there is u € {—1, 1} such that |a + ub| < |a|. Thus by the induction
hypothesis we have
a+ub=bg+r,

for some ¢, with 0 < r < |b|. Therefore we have a = b(q — u) + r as desired.
Next, to prove the uniqueness, suppose to the contrary that we have

bgi +71 = a = bga + 12,

where 0 < r; < |b|. Then we have b(q1 — q2) =12 — 71, 80 blrg —r1. If ro —r1 #0
then we must have [b] < |rq — r1|. However, |ro — ri| < |b] since ro — r1 < ro < |b|
and rg — 11 > —r1 > —|b|. Thus we have arrived at a contradiction. Hence 1 = ry,
and therefore ¢ = ¢o. [ |

ISecond Proof.l Let us give another proof for the existence of g,r. Consider the
set

A:={a—bc:ceZanda—bec>0}.

First note that A # (). To see this, let uw € {—1,1} be such that |b] = ub. We also
know that |b| > 1 since b # 0. Then for ¢ = —u|a|] we have

a—bc=a+bula| =a+blla] > a+1la] =a+|a| >0,

since a > —|al.
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Now let r be the least element of A. Then, by definition, there is ¢ € Z such that
r =a—bg >0, or equivalently a = bq + r with r > 0. We claim that r < |b] = ub
(for some u € {£1}). Suppose to the contrary that r > |b|. Then we have

a=bg+r=bq+b| - b + = b(g+u) + (r — [b]).

Thus 7 — |b| = a — b(qg+u) and r — |b] > 0. So r — |b| € A. However, r — |b| < r
(as |b] > 0), and this contradicts the fact that r is the least element of A. Hence
we must have r < |b|, as desired. [

Remark. Note that, in the above (second) proof we show that the remainder r is
the least element of a set A of integers. We also know that the least element of a
set is unique. But, based on this information alone, we cannot conclude that the
remainder r is unique, and we need a separate proof for this fact. Because, there
might be other remainders, constructed in different ways, which are not the least
element of the set A. For example, if, similarly to the division algorithm in more
general rings (see Section , we merely require that the absolute value of the
remainder is less than |b|, then although the least of the set A is still a remainder,
there is also another remainder which does not belong to A.

Theorem 5.22. Let n,b € N, and suppose b > 1. Then there is a unique integer
m > 0, and unique integers 0 < rg,r1,...,7m < b with r,, # 0, such that

n=rmb™ + rm b 4 b+ 1.

Remark. This is the base b representation of the number n. It is sometimes
denoted by n = (1, ...70)p-

First we prove the existence. The proof is by strong induction on n. If
1 < n < b, then we can put m = 0 and rp = n > 0. Suppose the conclusion holds
for all £ < n. We can assume that n > b. Now we have n = bg+r where 0 < r < b.
But ¢ cannot be nonpositive since then we would have n < r < b, contrary to our
assumption. Thus we must have ¢ > 0. Then n = bg+r > g+ r > ¢q. Therefore by
the induction hypothesis we have

q=8mb™+ -+ 510+ 50,
for some 0 < s; < b with s,, # 0. Then we have
n=>bq+1r=snb" "+ ... 4+ 56>+ s0b+,

as desired.
For the uniqueness, again the proof is by strong induction on n. If 1 < n < b,
then the representation is obviously unique. Because b* > b > n, so we cannot have
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m > 0. Suppose the uniqueness holds for all positive integers less than n. We can
assume that n > b. Suppose that

spb® 4+ s1b+ s = = Tb™ + -+ - + 11b + 10,
where 0 < 74,57 < b and 7, s # 0. Then m,k > 0, since n > b. Now we have
(sb" '+ 4 s)b+so=n=(rpb™ "+ +r)b+rg.

Therefore rg, sg are the remainder in the division of n by b. Hence ry = sg. Since
the quotient is also unique, we have

sk b b s =T

But, in the above paragraph we showed that when n > b the quotient is a positive
integer strictly less than n. Therefore by the induction hypothesis we have m —1 =
k—1, and r; = s; for 1 <i <m. Hence m = k, and the base b representation of n
is unique. |

Definition 5.20. The greatest common divisor (g.c.d) of two nonzero integers
a, b is an integer ¢ that satisfies

(i) ¢|a and ¢ | b.

(ii) If r € Z is a common divisor of a, b, i.e. if r | a and r | b, then r < c.
Remark. Note that if the g.c.d of two nonzero integers a,b exists it is unique.
Because if ¢, ¢’ are both g.c.d of a,b we have ¢ | a and ¢ | bso ¢ < ¢, and conversely
¢|aandc|bsoc <. Thus we must have ¢ = ¢/. The following theorem, the

well-known Euclidean algorithm, shows that the g.c.d of any two nonzero integers
exists.

Euclidean Algorithm. Let a,b € Z be nonzero. Consider the following sequence
of divisions

a = bQI + 71,
b=r1q2 + 12,

r1 = T2q3 + 73,

In this sequence, after finitely many divisions the remainder becomes zero, i.e. for
some n > 0 we have (we set 1o =b and r_1 = a)

Tn—1 = nqn+1-

Then |ry| is the greatest common divisor of a,b.
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Remark. Note that if n > 0 then r, = |r,| is the g.c.d of a,b, because the
remainders in a division are nonnegative. However, if n = 0 (in which case we have
a = bqy) then |b| = |ro| is the g.c.d of a, .

Remark. The above sequence of divisions can be constructed using recursion the-
orem. To see this consider the function G : Z X Z — Z x Z defined by (r’ is the
remainder of the division of a’ by b')

¥, ) it Y £0,

GW&U:{@@) ity = 0.

Now the recursion theorem provides us a function f : w — Z X Z that satisfies
f(0) = (a,b), and

fn+1) =G(f(n)).
Then f(1) = G(a,b) = (b,r1). Next we have

if 0
f(2) — G(val) — (7“1,7"2) 1 1 7£ )
(0,0) ifrp =0,
and so on. Then in the last two steps we will have f(n) = (rp—1,7,) and f(n+1) =
(rn,0). After that we get f(n+j) = (0,0) for j > 1.

First note that the remainders satisfy |b| > 1 > rg > --- > 0. Then we
must have r; < [b| — j, since r; < |b| implies 7 < |b| — 1. And if the inequality
holds for j then for j + 1 we have

Tit1 <7mj = 11 <r; = 1< bl —j—-1=1[b - (j+1),

as wanted. Hence if 71,...,7 are all nonzero then for j = [b] + 1 we would
have 711 < [b] — [b] =1 = —1, which is in contradiction with remainders being
nonnegative. Thus for some 0 < n < |b| — 1 we must have r,41 = 0 and r; # 0 for
j < mn (we can simply take n to be the largest index for which r,, # 0, noting that
r_1 = a and 79 = b are nonzero by assumption). Then we have

Tn—1 = Tnqnt1 + Tntl = TnGn+1 + 0 = Tn@n41.

Now let us show that 7, is a common divisor of a,b. First note that r, | r,—1
by the above relation. It is also obvious that r, | r,. We claim that 7, | r,—; for
every ¢ < n+ 1. We have already seen this for ¢ = 0,1. Suppose ¢ > 2 and the
claim holds for every k£ < i. Then we have

Tn—i = Tn—it+1qn—i+2 T Tn—i+2 = Tn—(i—1)qn—i+2 T Tn—(i—2)-



CHAPTER 5. INTEGERS AND RATIONAL NUMBERS 196

By the induction hypothesis we have r,, | r,_;_2y and 7, | 7,_(;_1). Therefore
we get 7 | Tp_(i—1)@n—i+2 + Tn—(i—2), Which means r, | r,_;. Hence the claim is
proved. In particular, we have r, | ro = b and r, | r—1 = a. Hence 7, is a common
divisor of a, b.

Next suppose 7 | @ and r | b. We claim that r | r; for every j < n. By
assumption, this holds when j = —1,0. Suppose j > 1 and the claim holds for
every k < j. Then we have

rji—2 =Tj-1q; +Tj = Tj =Tj_2 —qjTj—1.

Now by the induction hypothesis we have r | rj_s and rj_1. So r | rj_o — ¢;7j—1,
which means r | ;. Therefore the claim is proved. In particular, we have r | 7.
Hence for n > 0 we get r < |r| < |ry| = 7y, since 7, > 0 when n > 0. Thus 7, is
the g.c.d of a,b. And for n = 0 we have rg = b and a = bg;. In this case we can
still conclude that r < |rg| = |b|. Now note that |b| = £b is a divisor of b, and it is
also a divisor of a, so it is the g.c.d of a, b. |

Proposition 5.8. Let a,b € Z be nonzero. Then ¢ € Z is the g.c.d of a,b if and
only if ¢ > 0 and satisfies

(i) ¢|a and c | b.

(i) Ifr|a and r | b, then r | c.

If ¢ satisfies the above conditions, then for any common divisor r of a, b
we have r | ¢, so r < |r| <|c| = ¢, as wanted. On the other hand, suppose c is the
g.c.d of a,b. Then we have ¢ | a and ¢ | b; so a = a’c and b = b'c for some a’,b'.
Thus we get a = (—a’)(—¢) and b = (=b')(—c), and therefore —c¢ | a and —c | b.
Hence we must have —¢ < ¢. This implies ¢ > 0, since otherwise we would have

0=—-—cH+c<c+c=2c<0,

which is a contradiction. However, ¢ # 0 because it is a divisor of a, b and they are
nonzero; so ¢ > 0. Thus we only need to show that if r is a common divisor of a, b
then 7 | ¢. But we have already checked this in the proof of Euclidean algorithm
(this also follows from the next theorem, since r | ax + by = ¢). [

Theorem 5.23. Let a,b € Z be nonzero, and let ¢ be their greatest common divisor.
Then we have
c=ax+by

for some x,y € Z.

Remark. The above relation is also known as the Bézout’s identity.
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Remark. Note that x,y in the above relation are not unique. For example, the
g.c.d of 7,3 is 1, and we have

1=7Tx4-3x9=7x7-3x16.
Consider the sequence of divisions in the Euclidean algorithm
Tj—2 = Tj-14j T

for j > 1 (recall that we set r—_1 = a and ro = b). We know that ¢ = r,, and
Tnt1 = 0, i.e. Th_1 = Tpqn+1. We claim that for each j < n we have

rj = ax; + by;
for some x;,y; € Z. For j = —1,0 we have r_1 = a = al +b0 and rg = b = a0+ bl.
Suppose j > 1 and the claim holds for every k£ < j. Then we have
Tj—2 =Tj-1qj + 75 = Tj =7Tj-2 = ¢;Tj-1
=axj_2+ byj—2 — qj(axj_1 + byj_1)
= a(xj—2 — ¢jzj-1) + b(yj—2 — ¢;yj-1),
as desired. Hence ¢ = r,, can be written in the desired way too. [ |

| Second Proof. | Consider the set

A:={ax+by:z,y € Z and ax + by > 0}.

First note that A # () because for some u € {—1,1} we have |a| = au + b0 € A
(note that |a| > 0 as a is nonzero). Let d be the least element of A. Note that by
definition d > 0, and d = axy + byp for some integers g, yp. Also, if | a and r | b
then r | axg + byg = d. Hence, by the previous proposition, we only need to check
that d is a divisor of both a and b, in order to conclude that d = ¢ is the g.c.d of
a,b. By the division algorithm we have a = dqgg + r9 with 0 < rg < d. Now we
obtain
ro = a — dgo = a — qo(azo + byo) = a(l — qoxo) + b(—qoyo)-

So if rg > 0 then by definition we have ryp € A. However, then we would have a
contradiction, since rg < d while d is the least element of A. Therefore we must
have rg = 0, and thus d | a. We can similarly show that d | b. |

Definition 5.21. A positive integer p > 1 is called prime if its only divisors are
+1,+p. A positive integer greater than 1 which is not a prime is called composite.

Remark. Note that any integer a # 0,41 has at least the four divisor +1, +a,
since a = (£1)(+a). So a prime number is an integer greater than 1 that does not
have any other divisor. On the other hand, a composite number has at least one
more divisor.
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Example 5.4. p = 2 is a prime, since if r | 2 then |r| < 2 and we must have
—2 < r < 2. But we know that r # 0, so r can only be —2, —1,1,2. In fact, 2 is the
only even prime. Because any other even integer n > 1 satisfies n = 2k; thus 2 | n,
and hence n is composite if n # 2. Therefore all the other primes are odd numbers.
It can be checked that the first few primes are 2,3,5,7,11,13,17,19,23,....

Proposition 5.9. Let n > 1 be a positive integer. Then n is composite if and only
if there are positive integers a,b < n such that n = ab.

Remark. In fact we have 1 < a,b < n, as will be shown in the following proof.

If n is composite then by definition there is a | n with a # +1, +n. Then
we have n = ab. Since we also have n = (—a)(—b), we can assume a > 0 (otherwise
we can work with —a). Then b > 0 too, since n > 0. We know that a # 1,n;
so 1l < a < n. Hence b = 1b < ab = n too. Conversely, suppose n = ab, where
0 <a,b<n. Then a,b > 1, because otherwise we would have a =1 or b =1, and
thus, contrary to our assumption, we get n =a or n = b. Hence 1 < a,b < n. But
a,b | n; so n has divisors other than +1, +n. Therefore n is composite. |

Proposition 5.10. Let a,b,c € Z be nonzero. Suppose a | be and the g.c.d of a,b
is 1. Then we must have a | c.

We know that there are x,y € Z such that ax + by = 1. Then we get

cax + cby = c. Now a | a and a | be, so a | acx + bey = ¢, as desired. [

Euclid’s Lemma. Suppose p is a prime number. Then for integers a,b we have
plab = pla or p|b.

Remark. The contrapositive of the above lemma is that
pta and ptb = ptab.

By an easy induction we can show that if p is prime, then for ai,...,a, € Z we
have
ptajand pfagand ... and pfa, = ptai---an.

Equivalently, if p | a1 - - - a,, then p | a; for some i.

If p1a then the g.c.d of p,a must be 1. To see this, let the g.c.d of p,a
be d. Then we have d | p, and therefore d has one of the four values £1,+p. But

the g.c.d is positive, so d is either 1 or p. If d = p then p = d | a, contrary to our
assumption. So d = 1 as claimed. Hence by the previous proposition we must have
p|b. [ |
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Proposition 5.11. Let a,b,c € Z be nonzero. Suppose a | ¢, b | ¢, and the g.c.d of
a,b is 1. Then we have ab | c.

We know that ¢ = br for some r € Z. Now a | ¢ = br, and the g.c.d of
a,b is 1; so we must have a | r. Thus ab | rb = c. [

Fundamental Theorem of Arithmetic. Fvery nonzero integer other than £1
can be written uniquely as a product of prime integers times +1. In other words,
for all a € Z — {0,£1} we have
(i) There are prime numbers pi,...,p, and w € {£1} such that the integer a has
the factorization

a=upi1---Pn-

(ii) If there is another factorization of a into primes a = u'qy - - - ¢, then m = n,
u' = u, and there is a permutation o € S, such that p; = Qo (i) -

The uniqueness of a factorization is a consequence of Euclid’s lemma.
Suppose

upt -+ pn =u'qr - Gms
where p;, g;’s are primes and u,u’ € {£1}. First note that since every prime is

positive, we must have u' = u as both sides of the above equality must have the
same sign. Therefore we get

P1-"Pn =41 "Qdm.

Now we proceed by induction on n. When n =1 we have p1 | ¢1 -+ - ¢ Thus p1 | qx
for some k. But ¢ is prime and p; # +1 is positive, hence p; = gi. Therefore

l=q @-1Qrt1 qm-

Hence if m > 1, the other ¢;’s must be divisors of 1, i.e. &1, which is a contradiction.
Thus m =1 and p; = q1.

Now suppose the uniqueness holds for some n. Consider the case of n + 1, and
suppose we have

P11 PnPn+1 =41 " Qdm-

Then ppt1 | ¢1 -+ * Gm, and therefore p,41 | gr for some k. We can argue as above
and conclude that p,4+1 = qx, and hence

Pr"Pn=4q1 " qk-19k+1 """ dm-

Now by the induction hypothesis we have n = m — 1, and there is a permutation
o € Sy such that for i < n, p; = ¢o;) when o(i) < k, and p; = ¢y(;)41 When
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o(i) > k (we can change the index of ¢j for k+1 < j <m=n+1toj—1, use
the induction hypothesis, and then change the indices back). It is easy to see that

o(1) i<m, o)<k
(i) =<k i=n+1
o(i)+1 i<mn, o(i)>k

is a permutation in S,41. Then p; = gz(;) for all i« <n +1 as desired.

Next, for the existence of a factorization, let a be a nonzero integer other than
+1. The proof is by strong induction on |a| > 2. If |a| = 2 then a = £2 obviously
has a factorization into primes. Now suppose every integer with absolute value less
than |a| has a factorization into primes. If |a| = p for some prime p, then a = +p has
a factorization. Otherwise, |a| and hence a, has a divisor other than +1, +a, which
we call b. Then we have a = be, where b, ¢ are nonzero, since a # 0. In addition,
¢ # %1 since b # *a; so |¢| > 1. Hence we have |b| < |b||c| = |be| = |a|. Similarly

lc| < |be| = |a|. Therefore by the induction hypothesis b, ¢ have factorizations into
primes. Now if we multiply those expressions we obtain a factorization of a into
primes, as desired. [ |

|Second Proof. | Let us give another proof for the existence of a factorization.
Suppose to the contrary that there are integers other than 0,41 that have no
factorization into primes. Consider the set

A:={la|:a €Z—{0,£1}, a has no factorization into primes},

which by our assumption is nonempty. Then A is a nonempty set of positive
integers, and hence has a least element, which we denote by |a|. Now note that
la| > 1 cannot be a prime, because otherwise a would have the trivial factorization
a = ula| for some u € {£1}. Thus |a| is composite and we must have |a| = bc
for some positive integers 1 < b, ¢ < |a|. Then since a has the least absolute value
among the members of A, the positive integers b, ¢ cannot belong to A. Hence b, ¢
must have factorizations into primes. Now if we multiply the factorizations of b, ¢
with a suitable u € {£1} we obtain a factorization of a = u|a| = ubc into primes,
contrary to our assumption. Therefore A must be empty, and so every integer other
than 0,41 has a factorization into primes, as desired. [ |

5.4 Rational Numbers

The next step in constructing numbers, is to build rational numbers. As we ex-
plained several times, the inherent nature of numbers is not very important. So,
similarly to the case of natural numbers and integers, we just need to find a set
whose elements represent the rational numbers, and have the properties that we
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expect from the rational numbers. The basic idea in our construction is to consider
a rational number as the fraction of two integers. Similarly to the construction of
integers, we store the information of the fraction of two integers by the ordered
pair of those integers. However, there are many other ordered pairs that can repre-
sent the same rational number; for example % and % represent the same rational
number. To overcome this ambiguity, we can identify all ordered pairs of integers
that represent the same rational number, by using an equivalence relation. In this
construction, we will only use the fact that Z is an integral domain; and the other
properties of integers are not employed. Hence, we will present the construction
for an arbitrary integral domain; so that we can apply it to more general integral
domains, like the set of polynomials.

Definition 5.22. Let R be an integral domain, and let
X =Rx(R—-{0})={(a,b) :a,be R, b#0}.
We define the relation ~ on X as follows
(a,b) ~ (c,d) if ad = cb.

Remark. Note that informally, ad = cb is equivalent to § = 5. Thus the two pairs
(a,b) and (c,d) are related by ~, if and only if they represent the same fraction.

Theorem 5.24. The relation ~ is an equivalence relation on X.

First note that (a,b) ~ (a,b), since ab = ab. Also if (a,b) ~ (¢,d) then
ad = cb; hence we have c¢b = ad, which means (¢, d) ~ (a,b). So far we have shown
that ~ is reflexive and symmetric. Let us show that it is transitive too. Suppose
(a,b) ~ (c,d) and (¢,d) ~ (e, f). Then we have ad = ¢b and ¢f = ed. If we multiply
the first equation by f, and use the second equation, we get

adf = cbf = bef = bed.

Hence we have

d(af — be) = daf — dbe = adf — bed = 0.

But d # 0, and R is an integral domain, thus af = be = eb. Therefore (a,b) ~ (e, f),
as desired. H

Let F be the set of equivalence classes of ~. We denote the equivalence class
of (a,b) by [(a,b)]. So, informally, [(a,b)] is the fraction ¢. Note that all the other
pairs in the equivalence class [(a, b)] represent the same fraction.

Next, we have to define the addition and multiplication on F, and show that
they have the expected properties. Let [(a,b)], [(c,d)] € F. Informally, these classes
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represent ¢ and g, respectively. Thus if we want to add and multiply them, the
results should be

g_i_g ad + cb
b d bd '’
ac_ac
bd bd

The following theorem and Theorem show that if we define addition and mul-
tiplication as above, they are well defined.

Theorem 5.25. Let (a,b),(a',V),(c,d),(d,d) € X. Suppose (a,b) ~ (a’,b), and
(¢,d) ~ (d,d"). Then we have
(i) (ad + cb, bd) ~ (@'d + VW d).
(ii) (ac,bd) ~ (a ’c’,b’d/).
() (~a,0) ~ (~a.1).
(iv) If a 7é 0 then o’ # 0, and we have (b,a) ~ (b, d’).

Remark. Notice that bd,b'd’ # 0, since b,d, V', d # 0, and R is an integral domain.
Thus all the above pairs belong to X, and therefore, they can be related by ~.

We know that

ab = a'b, cd =dd. (%)
(i) From the above two equations we can conclude that
ab/dd' = a'bdd', bb'cd = bb'dd.
If we add these equations we get ab'dd’ + bb'cd’ = a’bdd’ + bb'’d. Hence
(ad + ch)V/'d' = ab/dd' + bb'cd’ = a'bdd’ + bb'd'd = (a'd' + b')bd,

as desired.

(ii) If we multiply the equations of (x) we get ab’cd’ = a’bc’d. Thus we have
ac/d = a’'c'bd, as desired.

(iii) We have (—a)bt/ = —ab' = —d’b = (—a’)b.

(iv) Since a # 0 and b" # 0, we have ab’ # 0. Thus a’b # 0 too. Hence we must
have a’ # 0. Now we have ba’ = a'b = ab' = V'a, as desired. [ |

Definition 5.23. Let [(a,b)],[(c,d)] € F. Then we define their addition and
multiplication as

[(a,b)] + [(¢,d)] := [(ad + ¢b, bd)],
[(CL, b)] [(Cv d)] = [(CLC, bd)}v
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respectively. The zero and identity of F are
0:=[(0,1)],
1:=[(1,1)],

respectively. The opposite of [(a,b)] is

—[(a,0)] := [(=a,b)].
And if a # 0, then the inverse of [(a,b)] is

[(a,)] 7" = [(b,a)].
Remark. It is easy to see that in F' we have 0 # 1; because in R we have
0-1=0#1=1-1,

since R is an integral domain. Also, note that by Theorem [3.21] and the above
theorem, the opposite and inverse are well defined.

Theorem 5.26. F' equipped with the above operations is a field, i.e. for every
p,q,7 € F we have

(i) Associativity :
ptlg+r)=@+q+r  plar) = (pg)r
(ii) Commutativity :
P+q=q+p, pqg = gp.

(iii) Identity elements :
p+0=p,  pl=p.

(iv) Additive and multiplicative inverses :

p+(=p) =0,
p#0 = pp ' =1
(v) Distributivity :
plg+r) =pq+pr
Suppose p = [(a,b)], ¢ = [(c,d)], and r = [(e, f)].
(i) We have
p+(g+7)=[(a,0)] + [(cf +ed,df)] = [(adf + (cf + ed)b, bdf)]
= [(adf + cfb + edb,bdf)] = [((ad + cb) f + ebd, bdf)]
= [(ad+cb,bd)] + [(e, f)] = (p+q) + .
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We also have
p(gr) = [(a,)][(ce, df )] = [(ace, bdf)] = [(ac, bd)][(e, f)] = (pg)r.
(ii) We have

p+q=[(ad + cb,bd)] = [(cb + ad, db)] = q + p.

We also have pq = [(ac, bd)] = [(ca, db)] = gp.
(iii) We have p 4 0 = [(al + 0b,b1)] = [(a,b)] = p. Also

pl = [(al,b1)] = [(a,b)] = p.
(iv) We have
p+ (=p) = [(ab + (=a)b,bb)] = [(0,6°)] = [(0,1)] = 0.

Note that (0,b5%) ~ (0,1), since 0 x 1 = 0 = 0 x b%. Next, suppose p # 0. Then
a # 0. Now we have
pp~" = [(ab,ba)] = [(1,1)] = 1;

because (ab,ba) ~ (1, 1), since abl = 1ba.
(v) We have

p(g+r)=[(a,b)][(cf +ed,df)] = [(alcf + ed),bdf)] = [(acf + aed, bdf)].

On the other hand we have

pq + pr = [(ac, bd)] + [(ae,bf)]
= [(acbf + aebd, bdbf)] = [((acf + aed)b, (bdf)b)].

However, for every (g,h) € X we have (gb, hb) ~ (g,h). Because gbh = hbg. Also
note that (gb, hb) € X, since b # 0. Thus we have p(¢+71) = pg+pr, as desired. W

Definition 5.24. I is called the field of fractions of R.

Definition 5.25. The set of rational numbers, denoted by Q, is the field of
fractions of the integral domain Z.

Remark. Note that the field of fractions of any integral domain is a field, as shown
in the above theorem. In particular, Q is a field.

Next, we want to define the order relation on rational numbers. Let

[(a,0)],[(c,d)] € Q. Informally, these numbers represent 7 and §, respectively.

b
Thus if we want [(a,b)] to be less than [(c, d)], we must have § < §; or equivalently
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ad < cb, if we assume that b,d > 0. This restriction is not problematic, because it
is easy to see that we always have

[(a7 b)] ~ [(_a7 _b)]

So we can always assume that the second component of a pair of integers that
represents a rational number is positive. Informally, we can always assume that the
denominator of a fraction is positive.

Definition 5.26. Let p,q € Q. Then we say p < q if there are (a,b) € p and
(c,d) € q such that b,d > 0, and
ad < cb.

Note that every rational number is a set of pairs of integers, i.e. it is the
equivalence class of pairs of integers which represent it. Thus the above definition
makes sense.

Also, note that < is a relation on Q; and, as we explained after the definition of
order of integers, we do not need to check that < is well defined, in order to be sure
that it is indeed a relation. However, the next theorem shows that < is compatible
with the equivalence relation ~.

Theorem 5.27. Let (a,b), (a',V),(c,d),(d,d") € Z x (Z — {0}). Suppose (a,b) ~
(@', V), and (c,d) ~ (¢, d'). Also suppose that b,b',d,d > 0. Then we have

ad < cb — ad < V.
We know that
abl = d'b, cd ={dd.

Suppose ad < ¢b. Then we have adb'd’ < ¢bb/d’, since ’d’ > 0. Hence by applying
the above equations we get

a'bdd = ab/dd' < cd'bb’ = 'dbb’.

Thus a’d'bd < b/bd. This implies that a'd’ < ¢/b/. Because otherwise we would
have a’d’ > /. However, we know that bd > 0; so we would get a’d'bd > 'b'bd,
which is a contradiction. Hence we must have a’d’ < /b’ as desired. The reverse
implication follows similarly. |

Theorem 5.28. The relation < on Q is a linear order. In addition, Q does not
have a smallest element, nor a largest element. Furthermore, for every p,q € Q
where p < q, there is r € Q such that p <1 < q.
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Let p = [(a,b)], ¢ = [(¢,d)], and s = [(e, f)]. Suppose b,d, f > 0. First

note that p £ p, since ab £ ab. So < is irreflexive. Now suppose p < g and g < s.
Then we have
ad < cb, cf < ed.

Hence we get
adf < cbf, cfb < edb,

since f,b > 0. Thus afd = adf < edb = ebd. This implies that af < eb. Because
otherwise we would have af > eb. However, we know that d > 0; so we would get
afd > ebd, which is a contradiction. Hence we must have af < eb as desired. So <
is also transitive.

Next suppose p # ¢q. Then ad # cb. Then since the order of integers is a total
order, we either have ad < ¢b, or ad > cb. Hence either p < g, or p > ¢q. So < is a
total order on Q. In addition, it is easy to see that when b > 0 we have

[(a—1,b)] < [(a,b)] < [(a+ 1,b)].

Therefore no rational number like p = [(a,b)] can be the smallest element, nor the
largest element of Q.
Finally, suppose p < ¢, i.e. ad < cb. Let r := [(a+¢,b+d)]. Note that b+d > 0,
since b,d > 0. Now we have
a(b+d) =ab+ ad < ab+ cb = (a + )b,
(a+c)d=ad+cd < cb+cd=c(b+d).

Therefore p < r < g, as desired. |

Theorem 5.29. Let p,q,r € Q. Then we have
(i) Ifp<qthenp+r<q+r.
(ii) If r > 0 and p < q, then pr < qr.

Remark. As a consequence, note that if p,q > 0 then pg > 0. Because we have
pq > p0 = 0.

Suppose p = [(a,b)], ¢ = [(¢,d)], r = [(e, f)], and b,d, f > 0. Also suppose

p < q, so we have ad < cb.
(1) We have p+r = [(af + eb,bf)], and ¢ +r = [(cf + ed, df )]. Now we have

(af + eb)df = adf? + ebdf < cbf? + ebdf = (cf + ed)bf,

since f2 > 0. Thus p+r < ¢+, as desired.
(ii) We have pr = [(ae, bf)], and gr = [(ce, df)]. We also know that » > 0. Thus
el >0f,ie. e> 0. Now we have

aedf = adef < cbef = cebf,

since ef > 0. Hence pr < qr, as desired. [ |
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Although QQ does not contain Z as a subset, it has a subset which looks like Z.
Informally, we can say that QQ contains a “copy” of Z. This copy of Z is the set

{[(a, )] € Q:a € Z}.
The next theorem shows that the above subset of Q behaves similarly to Z.

Theorem 5.30. Let E : Z — Q be defined as E(a) = [(a,1)], for every a € Z.
Then E is a one-to-one function, and for every a,b € Z we have

(i) E(a+b) = E(a) + E(b).

(ii) E(ab) = E(a)E(b).
(iii) a < b if and only if E(a) < E(b).
(iv) 15 # 0 we have [(a,5)] = B(a)/E(b).
Remark. Note that in the relation E(a + b) = FE(a) + E(b), a,b are added using
the addition of Z, and E(a), E(b) are added using the addition of Q. So in some

sense, we can say that the function E transforms the addition of Z into the addition
of Q. Similar remarks apply to the multiplication and order relation.

Remark. Also note that the last part of the theorem confirms our initial intuition
that [(a,b)] represents the rational number which is the ratio of the integers a,b.
Remember that for two element p, ¢ in a field with ¢ # 0, we have p/q := pg~'.
Also, keep in mind that we identify F(a) with a.

Remark. This theorem, except the part (iii) on order relation, is also true if we
replace Z by an integral domain R, and replace Q by the field of fractions of R.
The proof for the general case is the same as the proof for Z.

First note that E is one-to-one. Because if E(a) = E(b) then we have
[(a,1)] = [(b,1)], which means that al = bl. So we get a = b.
(i) We have
E(a) + E(b) = [(a, D] + (0, 1)]
=[(al+0b1,1 x1)] =[(a+b,1)] = E(a+ D).
(ii) We have

E(a)E(b) = [(a, D][(b, 1)] = [(ab, 1 x 1)] = [(ab, 1)] = E(ab).

(iii) If @ < b then E(a) < E(b), since al < bl. Conversely, if F(a) < E(b) then
by definition we must have al < bl; so a < b.
(iv) We have

[(a7 b)] = [(CL, 1)] [(17 b)]
[(a, V][5, V]! = E(a)E(b) ™" = E(a)/E(b). u
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5.5 Ordered Fields

Let us first review the notion of field, and its basic properties.
Definition 5.27. A field is a nonempty set F' equipped with two binary operations

FxF—F FxF—F
(a,b) —a+b"’ (a,b) — ab ’

called respectively addition and multiplication, such that
(i) The operations are associative and commutative, i.e. for every a,b,c € F

a+(b+c)=(a+0b) +ec, a(bc) = (ab)e,
a+b=>b+a, ab = ba.

(ii) There exist distinct elements 0,1 € F, called respectively zero and identity
of I, such that for every a € F

a+0=a, al = a.

(iii) For every a € F there exists an element —a € F', called the opposite of a,
such that
a+ (—a) =0.
(iv) For every a € F — {0} there exists an element a~! € F, called the inverse of

a, such that
aa ! =1.

(v) Multiplication is distributive over addition, i.e. for every a,b,c € F
a(b+c) = ab+ ac.

Remark. We have seen that the zero and identity of a field are unique. Also, the
opposite of every element, and the inverse of every nonzero element are uniquely
determined by that element.

Let a,b be two elements in a field F. Then a + b is called the sum of a,b. And
a,b are called the summands of a +b. Also, ab is called the product of a,b; and
a, b are called the factors of ab. We sometimes denote the product of two elements
a,b by a-b, or a xb. In addition, the square and the cube of an element a are
respectively defined as

(12 = aa, Cl3 = a2a = aaa.

The inverse of a is also called the reciprocal of a.
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Furthermore, the subtraction and the division of two elements a,b € F' are
respectively defined as follows

a—b:=a+(-b), a/b:%::alf1 when b # 0.

The element a — b is called the difference of a,b. The element ¢ is called the
quotient or the ratio of a,b. We also call § a fraction. In a fraction ¢, a is called
the numerator, and b is called the denominator. The reciprocal of the fraction  is
the fraction Q, provided that a is also nonzero. We will see that g is the inverse of

75 so the two uses of the term “reciprocal” are compatible.
Remark. Informally, a field is a structure in which we can perform the four basic

arithmetic operations, i.e. addition, subtraction, multiplication, and division.
Example 5.5. Q is a field.

Theorem 5.31. Let F be a field. Then for every a,b,c,d € F we have
(i) (Cancellation Laws)

at+c=b+c = a=b,
ac=bc, c#£20 = a=0b.

0a=0. Andab=0 = a=0o0rb=0.
~(~a) = a, and —(a+b) = (—a) + (~b) = —a —b.

)
)
(iv) Ifa # 0 then (a=')~! = a. And if a,b # 0 then (ab)™t =a~ 1oL
(v) (—a)b= —ab = a(-b), and (—a)(—b) = ab.
(vi) —a = (—1)a, ( —¢)=c—b, and a(b—c) = ab — ac.
(vii) ]fa;éOthena V=1 and (—a)™' = —a™".
(viii) If b,d # 0 then
a,c_gadtbe a c_ac
b d  bd b d bd
(ix) If b,c,d # 0 we have
a
e_ze_o o o md ol
b b b a € ke
d

(i, ii, iii, iv, v) These are proved in Section
(vi) We have (—1)a+a = ((—1) + 1)a = 0a = 0. Therefore (—1)a = —a, since
the additive inverse is unique. We also have

—(b—c)=—(0b+(-c)==b+(—(-¢))==b+c=c—b,
a(b—c) =a(b+ (—c)) = ab+ a(—c) = ab+ (—ac) = ab — ac.
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(vii) By the definition of division, for a # 0 we have 1 = 1a™! = a™1. Also,
(—a~Y(—a) = a"'a =1, and we get the desired by uniqueness of inverse.
(viii) By the definition of division we have

d+b
2 b—; © = (ad + be) (bd) ™ = (ad + be)b~Ld !
=adb~'d™ +beb M =ab ! fed ! = % + 5,
a € a-IN(g—1y — o1 -1 -1 _ ac
57 (ab™)(ed™) = acb™d ac(bd) Tt
(ix) We have
—Ta =(—a)p P =—ab! = —%,
L= a(=0) = a(=b7) = —ab = -3
We also have
C\-1 —1y=1 _ 1 g-1\—=1 _ 1
(d) (C ) & ( ) & e

Let us also mention the interesting problem of solving polynomial equations in
a field F. Let a,b,c € F, and suppose a # 0. Then for any = € F' we have
b
ar+b=0 < ar=-b <= r=a'(-b)=——.
a
Hence we can easily solve the linear equation axr + b = 0. More interestingly,
consider the quadratic equation

ax® +bx +c=0.

Let A := b?> — 4ac. Then A is called the discriminant of the above quadratic
equation. Now we have

b
ax2+b:v+c:a(x2—|—2—x—|—f)
2a a
b2 b2

b c

2
pr— 27 SN — J—
a(z? + 52T 17~ 17 +a)
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Hence ax? + bx + ¢ = 0 if and only if (x + %)2 = ﬁ. Note that for y,z € F we

have

2

P =2 = (y—2)(y+2) =P -2 =0 <= y=+=

Now let us assume that for some d € F we have d> = A. Then we get

2 _ by d
ar“+br+c=0 <— (:U+2a) _(2a

—-bxd
2a

)} =z =

If we use the familiar notation v/A for d we obtain the famous quadratic formula

b+ VA

ar’ +br+c=0 < z=
2a

However, note that we do not say that A necessarily has a square root in F'; and
in fact this is not true in arbitrary fields.

Definition 5.28. An ordered field is a field F' equipped with a linear order <,
such that for every a, b, c € F' we have

(i) f a<bthena+c<b+ec.

(ii) If 0 < a and 0 < b, then 0 < ab.

Notation. As usual, we define a < b to mean a < b or ¢ = b. Similarly we define
a > bto mean b < a, and a > b to mean b < a. We say a is positive if a > 0,
and a is negative if a < 0. We also say a is nonnegative or nonpositive, if a > 0
or a < 0 respectively. The sign of a is its property of being positive, negative, or
zZero.

Example 5.6. Q is an ordered field.

Theorem 5.32. Suppose F' is an ordered field. Then for every a,b,c,d € F we
have
(i) a < b if and only if b —a > 0.

)
) If a # 0 then a® > 0. As a result 1 =12 > 0.
) a<bifandonlyifa+c<b+c.
) Ifa<ec,b<dthena+b<c+d.
) If ¢ > 0, then a < b if and only if ac < be.
(vii) If ¢ <0, then a < b if and only if ac > be.
) If a,b < 0 then ab > 0.
) If0<a<c, 0<b<d then ab < cd.
) If a >0 then a=! > 0.
YIfO < a < bthena=! > b~' > 0. In particular, a > 1 if and only if
0<al<l.
(xii) Ifa <banda>b then a=0b.
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(xiii) If a1,...,anp, >0 and ay + -+ ap, = 0 then a; = 0 for all i.

(i) We have
a<b= a+(—a)<b+(—a) = 0<b—a.

Similarly, for the converse we can add a to both sides of 0 < b — a.

(ii) By (i) we have —a <0 <= 0<0— (—a) =a.

(iii) If @ # 0 then either 0 < a or a < 0. Hence by (ii) we either have 0 < a or
0 < —a. Thus either

0 < aa = d?, or 0 < (—a)(—a) = a*

(iv) a < bimplies a+c¢ < b+ ¢ by definition. On the other hand, if a+¢ < b+c¢
then we cannot have a > b. Since in that case we would obtain a + ¢ > b+ ¢, which
is a contradiction. So we must have a < b. Alternatively, we can add —c to both
sides of a + ¢ < b+ ¢ to get a < b.

(v) When b = d then the claim holds by the definition of ordered fields. So
suppose b < d. Then we add b to both sides of a < ¢, and add c¢ to both sides of
b < d, to obtain

a+b<c+b<cH+d.

(vi) By (i) we have 0 < b — a. Thus if ¢ > 0 then
0<(b—a)c=bc—ac = ac < be.

Conversely, suppose ac < bc. Then we cannot have a > b, since in this case we
would obtain ac > bc, which is a contradiction. So we must have a < b.
(vii) When ¢ < 0 we have —c¢ > 0. Hence

0< (b—a)(—c)=—(bc —ac) = ac—bc = bc < ac.

Conversely, suppose ac > bc. Then we cannot have a > b, since in this case we
would obtain ac < be, which is a contradiction. So we must have a < b.

(viii) We multiply both sides of a < 0 by b to obtain ab > 0b = 0.

(ix) When b = d then the claim holds by (v). So suppose b < d. Then we
multiply both sides of a < ¢ by b, and both sides of b < d by ¢, to obtain

ab < ¢cb < cd.

(x) Note that a=! # 0, since otherwise we would have 1 = aa~! = a0 = 0.
Therefore if the claim does not hold we must have a~! < 0. But this implies that
1 =aa"!' < a0 = 0, which is a contradiction. So a=! > 0.

(xi) Note that a=! # b~!, since a # b and the inverse is unique. Also note
that by we have @~ b~! > 0. Therefore if the claim does not hold we must
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have 0 < a~! < b~!. But then by we get 1 = aa~! < bb~! = 1, which is a
contradiction. The last statement follows easily since 17! = 1.

(xii) We either have a < b, a = b, or a > b. But we cannot have a < b, since we
know that a > b. Similarly we cannot have a > b. Therefore we must have a = b.

(xiii) We have a; = — 3, ,; a; <0, hence a; = 0. [ |

Remark. The following version of the above theorem can be proved easily from
it. We only need to consider some trivial cases in which the inequalities become
equalities.
(i) fa < b, b<cthena<ec.
(ii) a < bif and only if b —a > 0.
(iii a > O if and only if —a < 0.

)
)
v) a
)
)
)

_

i

(v a<b1fandonlylfa—|—c<b+c
(vi) fa<e,b<dthena+b<c+d.
(vii) If @ < b then

c>0 = ac<bc,
c<0 = ac > be.

(viii) If a,b >0, or a,b < 0, then ab > 0.
(ix) f0<a<e¢ 0<b<dthen ab < cd.

Theorem 5.33. The characteristic of an ordered field is zero.

Let n be a positive integer. First remember that in a field F', the element
n is defined to be

n times
——
n=1+14---+1,
where 1 is the identity of F'. By the last theorem, in an ordered field we have n > 0,

since 1 > 0. Thus in particular, in an ordered field we have n # 0. |

Theorem 5.34. Suppose F' is an ordered field, and a,b,c € F. If a > 0, then the
quadratic expression
f(z) = ax® 4+ bx +c

is nonnegative for every x € F if and only if its discriminant A = b% — dac is
nonnegative.

We have seen that for every x € F' we have

b.o —-A
awz—l—b:ﬂ—{—c:a((aj—l—%) —}—@).



CHAPTER 5. INTEGERS AND RATIONAL NUMBERS 214

Note that the square of any element in an ordered field is nonnegative. Thus if
A < 0 we have
A b

> = (z+ )2+ (~A)da®) "t > 0.

b2
(@+3)" + 42 ”

2a
Hence f(x) > 0. On the other hand, if A > 0 then we have f(—%) = —% < 0.
Therefore if f(x) > 0 for every z, then we must have A < 0, as desired. |

Theorem 5.35. Let F' be an ordered field. Then there exists a one-to-one function
p:Q — F such that for every p,q € Q we have

(i) ep+q) = @(p) + ¢(q),
(i) ¢(pg) = p(p)¢(q),
(iil) p < q if and only if ¢(p) < @(q).

Remark. Therefore F' has a subset ¢(Q), which looks like Q. Informally, we can
say that F' contains a “copy” of Q.

For every n € Nlet o(n) :==n =3, , 1€ F, where 1 is the identity of
F. Note that ¢(n) > 0, since 1 > 01in F. Also, let ¢(0) := 0, and ¢(—n) := —¢(n).
Then as shown in Section [5.2] for every n,m € Z we have p(n+m) = ¢(n)+¢(m),
and ¢(nm) = ¢(n)p(m). Now suppose ¢(n) = ¢(m). If n > m then we have
n—m = e(n—m) = ¢(n) — p(m) = 0, which contradicts the fact that the
characteristic of F' is zero. Similarly, we cannot have n < m; so n = m. Thus ¢ is
one-to-one on Z. Next let us define ¢(p) for p € Q. We know that p = ™* for some
n,m € Z with n # 0. We define

Note that n # 0 in F', since n is nonzero in Z, and the characteristic of F' is nonzero.

Now note that the value of ¢(p) does not depend on the representing fraction ™

Because if we also have p = ’;Z—,l then mn' = m/n. Hence
p(m)p(n') = p(mn') = p(m'n) = p(m')p(n).

Therefore we get i((?:)) = i((:':,/)). Note that ¢(n), p(n') # 0, since n,n’ # 0. So, ¢ is
a well-defined function from Q to F.
Next let us show that ¢ is one-to-one. Suppose p(7') = go(%) Then similarly

to the above we get

p(ml) = p(m)e(l) = p(k)p(n) = p(kn).
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Hence ml = kn, since ¢ is one-to-one on Z. Thus 7t = %, as wanted. Now note

that ¢ preserves the addition and multiplication of Z. Therefore we get

m ky  oml+kn, oml+kn) @(ml)+ o(kn)
PGt D= ) = Tm T e
_em)e) + p(k)p(n) _ ¢(m) k) m k
ST e e e PG )
m ky o mky o(mk) e(m)pk) e(m) ek) m ok
PG D =G =50 = ) ~ e o ~ PG e

)
Hence ¢ also preserves the addition and multiplication of Q. Finally, suppose
< %, and n,l > 0. Then we have ml < kn; so kn — ml > 0. Therefore

0 < p(kn —ml) = p(k)p(n) — (m)p(l).

Also, ¢(n),¢(l) > 0. Thus we get

as desired. Conversely, we can similarly show that 7 > % implies go(%) > go(%)
Hence go(%) < go(%) also implies that 7 < % |

5.6 Binary Operations

Definition 5.29. A binary operation on a set S is a function
*: 8 x85 =68

For two elements a,b € S, we usually write a * b instead of x(a, b).

Notation. In the rest of this section we assume that S is a set, and « is a binary
operation on S.

Definition 5.30. A binary operation = on S is called associative if for every
a,b,c € S we have
a*(bxc)=(axb)*c,

and it is called commutative if for every a,b € S we have
a*xb="bxa.

We also say two elements a,b commute if a xb = bxa. An element e € S is an
identity if for every a € S we have

akxe=a=exa.
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Finally, a subset A C S is said to be closed under * if for every a,b € A we have
axbe A

Theorem 5.36. A binary operation has at most one identity.

If there exist two identities e, e’ we have ¢/ = ¢ x e = e. Note that the
first equality holds because e is an identity, and the second equality holds since €’
is an identity. |

Definition 5.31. Suppose x is a binary operation on S with identity e, and a,b € S.
We say a is invertible, and b is an inverse of a, if

axb=e=bxa.

Theorem 5.37. Suppose x is an associative operation with identity e, and a,b € S.

(i) If a has an inverse, its inverse is unique, and we denote it by a™*.

(i) If a is invertible, then a~"' is also invertible and
(aH 1t =a.
(iii) If a and b are invertible, then a % b is also invertible and we have
(axb) P =b"txa L.

(1) Suppose that a has two inverses denoted by b and ¢, then
b=bxe=bx(axc)=(bxa)xc=exc=c.

(ii) This follows from the definition of a=! and the uniqueness of inverse.
(iii) First note that

(b txa ) x(axb) =b" x(a ! x(axD))
=blx((atxa)xb)=btx(exb)=b"txb=c.

Similarly (a*b) * (b=t xa~!) = e. Therefore (a % b) is invertible. Now the result
follows from uniqueness of inverse and the above computations. [ |

Cancellation Law. Suppose x is an associative operation with identity e. Let
a,b,c € S, and suppose a is invertible. Then we have

(i) Ifaxb=axc then b= c.

(ii) Ifbxa = c*a then b= c.
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We have

axb=axc = a lx(axb)=a’

* (a*c)
— (a ' xa)xb=(a"'xa)xc

= exb=exc — b=c.

The other one is similar. [ |

Let us recall the notion of product of several elements from Section

Definition 5.32. Suppose * is a binary operation on a set .S, and ag,...,a,, is a
finite sequence in S. We inductively define the (standard) product of ay, ..., am to
be

N TTR
(1) TTj=p aj = ax,
(ii) H;‘Li aj = (H?:k a;) * anq1 for k <n <m.

Remark. In the terminology of recursion theorem, we have constructed the func-
tion f(n) = [[i_;a;, by using the function F'(n,s) = s x ant1. Note that the
sequence j — a; is given to us; so we know a priori what a,1 is.

Remark. We also denote H?:k a;j by [ly<j<n@j- When k is 0 or 1, we may also
denote it simply by Hj<n a;. The variable j in the notation H?:k a; is called a
dummy variable, because we can change it without causing any harm. For example,
we can denote [[7_; a; by [[}L; ai, or by []/L; ar.

Remark. When the binary operation is denoted by a - b, or simply by ab, then
we keep using the notation [] for the product of several elements. But when the
binary operation is denoted by a + b, we use the notation ) | instead of [, and we
use the term “sum” instead of “product”.

Let ag,...,an be a finite sequence in S. This means that there is a function
f:{k,...,m} — S such that f(j) = a; for every j. Suppose 7 : {l,...,n} —
{k,...,m} is a bijective map. Then for:{l,...,n} — S is also a sequence, and
for every i we have (f o7)(i) = f(7(i)) = ar(;). The new sequence a (), ..., ar(y)
has the same elements as ag,...,a;,; however, the order of elements in the two
sequences might be different. The map 7 is called a change of index.

Let us for now concentrate on changes of index which do not alter the order of
elements in the sequence. Let 7 be such a change of index. Then it is obvious that
7 must be strictly increasing. Because we want a,(; to appear after a ) in the
sequence, when ¢ > ¢’. In other words, we want 7(i) > 7(i') when i > 4. It is easy
to show by induction that 7 must satisfy 7(i) =i+ k — [, for every ¢ in its domain.
In other words, every strictly increasing change of index is just a shift.
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Theorem 5.38. Let ag,...,an be a finite sequence in S, and let x be a binary
operation on S. Also let T : {l,...,n} = {k,...,m} be defined by 7(i) =i+ k — 1,
and suppose T(n) =m. Then T is a strictly increasing bijective map, and we have

n

H ar(i) = H a;
j=k

1=l

Remark. Note that 7 is an invertible map, and we have 7(I) = k; so we can write
the above equality as

I aw=11a
| U

Remark. The most common applications of this theorem are when 7 is of the form
i — 7+ 1, in which case we have k = [+ 1 and m = n + 1; or when 7 is of the form
1 — ¢ — 1, in which case we have kK =1 — 1 and m = n — 1. In these cases we have

m—1 m m+1
=T T1 wn
1=k—1 i=k i=k+1

Note that if ¢ < ¢ then
@) =i+k—1l<i+k—-1=1().

So T is strictly increasing; hence it is one-to-one. Also, for every k < j < m
we have | < j+1—k < mn, and 7(j +1 — k) = j. Hence 7 is onto. Now we
prove the desired equality by induction on m. For m = k we have n = [, and
Hi:l Ar(i) = Gr() = A = Hf:k a;. Suppose the equality holds for some m. Then
for m + 1 we have 7~ '(m +1) =n+ 1, and

n+1 n m m+1

H ar() = (HaT(l)> * Qr(n41) = (H a]) * Am+1 = H aj,
as desired. |
Definition 5.33. Suppose * is a binary operation on a set S, and ag,...,a,, is

a finite sequence in S. We inductively define the set of all possible products of
Ak, .« - . , G as follows

(i) Plax) == {ax},

(ii) and for k <mn < m we set

P(a’/m'"aan-‘rl)
={bxc:be P(ag,...,a;), c € P(aj41,...,ans1) for some k < j <n}.
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Remark. Note that we do not change the order of ag,...,a,, when we form a
possible product of them; we merely rearrange the parentheses.

Remark. Unlike our previous applications of recursion theorem, here, it is not
obvious which functions are used for the definition of P(ag,...,a.). Let us clearly
state how we use the recursion theorem in the above definition. Let Y be the set
of all finite sequences in S whose domains are {k,...,l} for some | < m. Let
X be the set of all functions from Y to P(S). We want to define a function
fi:dk,...,m} - X. Let f(k) be the element of X that maps every sequence with
length one of the form by to the singleton {b;} € P(S), and every other sequence
to 0. Let F :{k,...,m} x X — X be defined as follows. For every k < n < m
and g € X, F(n, g) is the element of X that maps every sequence by, ...,b; in Y to
g(bk, ..., b)) € P(S) when [ # n + 1, and when [ =n + 1 we have

F(n,g)(bk,... n+1 U bk,..., *g(bj+1,...,bn+1).

Here we used the notation BxC' for B,C' C S to denote {bxc:b € B,c € C}. Now,
recursion theorem tells us that there is a function f : {k,...,m} — X such that
f(k) is defined as above, and for every k < n < m we have f(n+ 1) = F(n, f(n)).
Finally, for every &k < n < m we define

Pag,...,an) := f(n)(ag,...,an).
Intuitively, it should be clear that this definition is the same as the previous one.

Generalized Associativity. Suppose x is an associative binary operation, and
Q... an € S. Then P(ay,...,a,) has exactly one element, that is [[;, a;. In
addition, for every k <1 <mn we have

(1) - (1) ~ T

i=l+1

It is easy to show by induction that []? , a; € P(ay,...,a,). For unique-
ness we can argue inductively as follows. When n = k, P(ay) has one element by
definition. Suppose the theorem is true for k <1 < n, i.e. P(bg,...,b) has exactly
one element for every by, ..., b;. Then the elements of P(ay,...,ay,) are of the form
bxc where b € P(ay,...,q;) and ¢ € P(aj41,...,a,). Thus by induction hypothesis

we have
! n
b= Hai, Cc = H a;.
i=k

i=l+1
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When [ = n—1 we have ¢ = a,, hence bxc = (H?:_kl ai) *ay = [} a;. Otherwise
we have

n n—1

(lﬁkai) * (,- g) - (Hai) * [(i H> “a]
_ Kgai) . (H)}

n—1 n
= (Haz) * Ay = Hai. [ |
i=k i=k

Remark. The above theorem means that when x is associative, the value of the
product of ag, ..., a, is independent of the arrangement of the parentheses. In this
case we sometimes denote H?:k a; by ag * -+ x ay.

Exercise 5.3. Suppose * is an associative binary operation on S, and ag, ..., a, €
S are invertible. Show that [];", a; is also invertible and we have

(ak*...*an)_l:a;l*...*alzl.

We have seen that if 7 is a change of index which does not alter the order of
elements in the sequence, then we have

aT(l)*---*aT(n):ak*-‘-*am.

The next theorem shows that if x is associative and commutative, then the above
property holds for every change of index, i.e. the order of ay, ..., a,, does not affect
the value of ag * - - - x ay,. Remember that a permutation is a bijective map from a
set to itself.

Generalized Commutativity. Suppose x is an associative and commutative bi-
nary operation, and ay, . ..,a, € S. Then for every permutation o : {k,...,n} —
{k,...,n} we have

aa(k)*-u*aa(n) = QA Kk Kk Qp.

We use induction on n. The case n = k is obvious, so suppose the
conclusion holds for all permutations on {k,...,n—1}. Now for the induction step

we have )
H%(i) = H%(i) *Ag(n)-
i=k i=k
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Suppose o(j) = n. Then

HCLU( )y = Haa(z) * Ay K H 0]

i=j+1
—Ha i) * Ha * Ay = Ha * Q.
i=j+1 i=k,i#£j
Let & be the permutation on {k,...,n — 1} defined by
. o(1) 1< ]
o(i) =19 . o
o(i+1) i>j.

Then we have

n n—1
[Tooey = 11

Qg () * Ap * Qg (n)
7]
1

Qo (i)
A7

i—
n—
H i) x ao(n) * Qp,
i=k,i#
j—1

n

= Jawx IT a0 xan
i=k 1=j+1
n—1 n—1 n

= Z10) * Qp = Hai * Qp = Hai. |
i=k i=k i=k

Suppose * is an associative and commutative binary operation. Sometimes we
want to compute the product of several elements of S that do not have an order, or
are not ordered linearly. Suppose [ is a finite set, and « : I — S is a function. We
want to compute the product of all the elements «(r) for r € I. Note that a need
not be one-to-one, so some of the a(r)’s might be the same. In other words, we
may have repetition of factors in our product, as we may have when we multiply
the elements of a sequence. Suppose I has n elements, and f : {1,...,n} = [ isa
one-to-one and onto function. Let us denote a(f(k)) by ax. Now we define

Ha(r) = H ag.
rel k<n

We have to check that this definition is independent of f. Let g : {1,...,n} — I
be another one-to-one and onto function. Then

o:=flog:{1,....n} = {1,...,n}



CHAPTER 5. INTEGERS AND RATIONAL NUMBERS 222

is also one-to-one and onto, i.e. it is a permutation. Let us denote a(g(k)) by ay.
Hence by the above theorem we have

[Tax = [Tetotk) = [Tas@®) = [Taow = [Tar = [Tatr)

k<n k<n k<n k<n k<n rel

as desired. The element [],.; a(r) is sometimes called the unordered product of
the elements «a(r) for r € I. A particular case is when A C S is a finite set, and
«: A — S is the inclusion map. Then the unordered product of the elements of A

is by definition
H a:= H ala)

acA a€A

Theorem 5.39. Suppose x is an associative and commutative binary operation,
and ai, b;,a;5 € S fori <mn, j <m. Then

Ha,*Hb = H (a; * b;),
=1

and
m n n o m m-+n
[ TTes =111 =TT oo
j=li=1 i=1j=1 k=2 it+j=k
Here Hl_H i @ij s a shorthand notation for Hi’:r a; k—i, where r = max{1,k —m},

and | = mm{n, kE—1}.

Remark. Note that we can also rewrite the second equation as follows

ﬁlmu (Halj) *(ﬁ%),

Remark. When we use the additive notation + for x, the above equations take
the following more familiar forms

Zawa —Z a; + b;),
=1

m+n
) DTED S RTED S L
j=11i=1 i=1 j=1 k=2 i+j=k
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The proofs are by induction on n. We only write the induction step. For
the first equality we have

n+1 n+1

Hal Hb = (ﬁaz) * Upt1 % (ﬁbl) * b1
i=1 i=1

= (ﬁaz) * (Hbl> * Apa1 *bn+1
i=1 =1 il

= (ﬁ(ai * bl)) * (Apg1 xbpy1) = H(ai * bi).

i=1 i=1

For the second equality we have

n+l m
[11]es = (HH%) *Hanm
i=1j5=1 i=1j=1
(T ILoves
Jj=1li=1
m n m n+1

[(H%) * anﬂ,j] =T11]es-

j=1 i=1 j=li=1

For the third equality let r := max{1l,k — m}, | := min{n,k — 1}, and L :=
min{n + 1,k — 1}. Note that for £k < n + 1 we have | = L, and for kK > n + 2 we
have I =n and L = n + 1. Now we have

n+1l m m—+n [ m
1T = ([T + [ = (I o)+ Tlevons
i=1j=1 i=1j=1 =2 i=r J=1
m+n 1 m+n
= ( H‘%’,k—i) * ( H an—l—l,k—n—l) * Ap+1,m
k=2 i=r k=n+2
n+1 1 m+n n m-+n
= (H Haz k— > * ( H Hai,k—z') * ( H an+1,k—n—1> * Ant1,m
k=2 1i=r k=n+21i=r k=n+2
n+1 1 m—+n n
= (H Haz k— ) ( H [(Hai,kﬂ') * an+1,kfnfl}) * Ant1,m

k=2 i=r k=n-+2 i=r
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n+1l L m—+n n+1
= (H H%k%) * ( H H%k%) * Gn+1,m
k=2 i=r k=n+2 i=r
m+n L m+n+1 L m—+n-+1
~ (T o) senein= T o= 1 oo
k=2 i=r k=2 i=r k=2 i+j=k

Notation. The common element of the second and third equalities in the above
theorem is often denoted by

Haij.

i?j

Remark. An interesting consequence of the above theorem is that it enables us to
compute the following telescoping product. Let x be an associative and commutative
binary operation on S. Then for invertible elements a1, ...,a, € S we have

n

n n n—1 2
-1 -1 -1
H(ai *xa; ) = Hai *Haifl = Hai * Gy * (Hai_1>
i=2 i=2 i=2 =2 i=n
n—1 n _1 n—1 n—1 1
= anx [Jaix (TTa1) = anx [ai ([Jo)
i=2 =2 =2 i=1

(We changed ¢ — 1 to ¢ in the last term.)
n—1 n—1 _1 n—1 n—1 1
Zan*Hai*(al*H@i> :an*Hai*(Hai) *al_l
=2 i=2 i=2 i=2
1

=ap* 0y .

Note that here we have used both the generalized associativity and the generalized
commutativity.

Definition 5.34. Suppose % is a binary operation on S, and a € S. Let n be a
positive integer. We inductively define the powers of a as follows

(i) a':=a,
(i) a"*!:=a" xa.
If there exists an identity e, we define a® := e. When m is a negative integer,
n := —m is positive. In this case, if @ has an inverse a~!, we define
a™ =a"":= (a" )"

Remark. In the terminology of recursion theorem, we have constructed the func-
tion f(n) = a™ for n > 0, by using the function F'(n,s) = s+ a. Although, to be
precise, we have to actually define f on w; and then for a nonnegative integer n we
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have to set a® = f(E~!(n)), where E is the one-to-one correspondence between w
and the set of nonnegative integers, constructed in Theorem [5.11]

Remark. When the binary operation is denoted by a - b, or simply by ab, then
we keep using the notation a™ for powers of a. But when the binary operation is
denoted by a + b, we use the notation na instead of a™, and we sometimes use the
term “additive power” instead of “power”.

Theorem 5.40. Suppose x is a binary operation on S. Let a € S, and let n be a
positive integer. Then we have

Note that the sequence whose product appears in the theorem is the
constant sequence whose terms are all a. The proof is by induction on n. When
n = 1, by definition we have
1
at=a= H a.
j=1

Suppose the claim holds for some n. Then for n + 1 we have

n n+1
a"t=a"xa= (Ha) *a = Ha,
j=1 j=1
as desired. |

Theorem 5.41. Suppose x is an associative binary operation on S. Let n,m € Z.
Then for every a,b € S we have

(i) If a commutes with b, then a™ commutes with b™, for all m,n > 0. If one or
both of a,b are invertible, we can allow n and/or m to be negative too.
(ii) If a is invertible, then a™ is also invertible for all n € Z, and

(an)—l —q "= (a—l)n_

(iii) a™xa™ = a™™™ for all m,n > 0. If a is invertible, we can allow m,n to be
negative too.

(iv) (a™)™ = a™ for all m,n > 0. If a is invertible, we can allow m,n to be
negative too.

(v) If a,b commute, we have a™ *xb"™ = (axb)™ for alln > 0. If a,b are invertible,
we can allow n to be negative too.

The proof is the same as of Theorem |
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Definition 5.35. Suppose x and + are binary operations on S. We say x is
distributive over + if for all a,b,c € S we have

a*(b+c)=(axb)+ (axc), (b+c)xa=(bxa)+ (cka).

Generalized Distributivity. Suppose x,+ are associative binary operations on
S, and % is distributive over +. Then for all a;; € S and nj € N we have

(Do) v (Zw) DR SIS}

i1=1 ip=1 11=1 =1

Remark. A particular case of this theorem is when k = 2, and nq or no is 1. Then

we have
a* (;ai) = ;(a*ai) <Zaz) *a = Z(ai *a).

=1

First suppose k = 2, and nq or ny is 1. We have to show that the above
equations hold. This can be easily done by induction on n. Now for the general
case, we proceed by induction on k. Suppose the conclusion holds for £ — 1. Then
we have

()« (Soawa) #ovw (D)

i1=1 =1 ix=1

ni n2 Nk
= Z Qi1 % (Zaiﬂ) Kook (Zaikk)

i1=1 io=1 ip=1

ni ng 1
= E ( E Qi1 *ai22> L ( E azkkz)

i1=1 | ip=1 ip=1

_ Z Z Z((aill*ai22)"'*aikk)

=1 [ig=1  ix=1

ni ng

= ZZ Z Qg1 % Q52 * *aikk). [ |

i1=1i0=1 ip=1

Remark. Note that we do not need the commutativity of + in the above theorem.
To make this clear let us look at the following special case:

(a11 + a21)(a12 + a22) = ar1(a12 + age) + azi (a2 + aze)

= aj1a12 + a11a22 + a21a12 + 421022

2 2 2 2
:E a11Gi22+§ a21ai22:§ g Qi 1052

i9=1 i9=1 i1=142=1
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Example 5.7. As an application of the above theorems, let us show that

zn:2k—1

k=1

By Exercise and the results of this section we have

1
k:Zl 1

=n k=1 k=1

n

@k —1)= Z2k+z

k=1

3
3

||
F%:

1

o

nin+1) —n=n?+n—n=n

2

DN —



Chapter 6

Real Numbers and Complex
Numbers

6.1 Real Numbers

In the field of rational numbers, we can perform the four basic arithmetic operations.
Therefore rational numbers are adequate for many purposes. However, the field Q
has some deficiencies. For example, the length of the diagonal of a square whose
side length is one cannot be expressed by a rational number, i.e. by the ratio of
two integers. In other words, there is no rational number p that satisfies p? = 2
(for the proof, see Theorem . Hence, in order to fill the gaps of the set of
rational numbers, we need to extend it to a larger set, which is known as the set
of real numbers. As we explained before, we just need to find a set whose elements
represent the real numbers, and have the properties that we expect from the real
numbers; and we are not concerned with the inherent nature of real numbers.

The basic idea, due to Dedekind, is to consider a real number as the set of
all rational numbers smaller than it. Because, intuitively we know that if two
real numbers are different, then there is a rational number between them; so the
set of rational numbers less than the larger real number is distinct from the set of
rational numbers less than the smaller real number. Thus, a real number is uniquely
determined by the set of rational numbers smaller than it.

Definition 6.1. A Dedekind cut is a pair (A, B), where A, B C Q satisfy the
following conditions:

(i) A#0,B#0, AnB =0, and AUB =Q.

(ii) If a € A and b € B, then a < b.

(iii) A does not contain a largest element.

Remark. We denote a Dedekind cut (A, B) by A|B. Note that in a Dedekind cut
A|B we have B = Q — A; so B is uniquely determined from A, and vice versa.

228
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Remark. Also note that if € A and ¢ < a, then we must have ¢ € A. Since if
¢ € B then we would have a < ¢, contrary to our assumption. Similarly, if b € B
and d > b, then we must have d € B.

Remark. Note that B may or may not have a smallest element.

Definition 6.2. A real number is a Dedekind cut. The set of all real numbers is
R:={z € P(Q) x P(Q) : z is a Dedekind cut}.

Remark. Intuitively, we think of R as a line. Thus, a real number x = A|B
represents the cut in the line R at the point x, and A, B are the set of rational
numbers in the two pieces of the line that remain after the cut.

Proposition 6.1. Let p € Q. Also let
A={reQ:r<p}, B={reQ:r>p}.
Then A|B is a real number, i.e. a Dedekind cut.

First note that A, B are nonempty; because Q does not have a largest or
smallest element. Also AN B = (), since we cannot have r < p and r > p for any
r. In addition, note that AU B = Q, since by trichotomy law we have r < p or
r > p for every r. Furthermore, for a € A and b € B we have a < p < b; s0 a < b.
Finally, note that A does not have a largest element. Because for every a € A we
have a < p. Hence there is a rational number ¢ such that a < ¢ < p. Thus ¢ € A,
and ¢ > a. Therefore a cannot be the largest element of A. So A|B is a Dedekind
cut. |

Now let us define the order of real numbers. If z = A|B and y = C|D are two
real numbers, then intuitively we know that A consists of rational numbers less
than z, and similarly C' consists of rational numbers less than y. Hence if x < y we
must have A C C. In addition, we intuitively know that there are rational numbers
between z,y; hence we also must have A # C. Thus we arrive at the following
definition of order for real numbers.

Definition 6.3. Let x = A|B and y = C|D be two real numbers. Then we say
r<yitACcCand A#C.

Remark. We know that by definition, x < y meansthat z < yorxz =y. Butx =y
is equivalent to A = C, since B, D are uniquely determined from A, C respectively.
Therefore we have x < y if and only if A C C.

Theorem 6.1. The relation < on R is a linear order. In addition, R does not have
a smallest element, nor a largest element.
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Let x = A|B, y = C|D, and z = E|F. First note that z £ =z, since
A = A. So < is irreflexive. Now suppose z < y and y < z. Then we have

AcC,A+C, CCE, C+#E.

Hence we get A C E. We also have A # FE, since otherwise we would get C' C A,
which contradicts the fact that A #£ C' and A C C. Thus < is also transitive.

Next suppose  # y. Then A # C. We need to show that either A C C, or
C C A; in order to conclude that either x < y, or x > y. Suppose A ¢ C. Then
there is @ € A such that a ¢ C. Hence we have a € D. Thus for every ¢ € C we
must have ¢ < a. Now note that if ¢ € B then we cannot have a € A, since ¢ < a.
Therefore ¢ ¢ B. Hence ¢ € A. Thus we have C' C A, as desired. So < is a linear
order on R.

Finally, let us show that for every x = A|B there are y,z € R such that
y<x<z Letpe€ Aand qe€ B. Let y:= C|D and z := E|F, where

C={reQ:r<p}, D={reQ:r>p},
E={reQ:r<q+1}, F={reQ:r>q+1}.

Then we have A C F, since for every a € A we have a < ¢ < ¢+ 1. Also, A # F;
because ¢ € E — A. In addition, we have C' C A, since if r € B then r > p; so for
every r < p we must have » € A. Furthermore, C' # A; because A must contain an
element larger than p, since A does not have a largest element. So we have shown
that y < & < z. Therefore no real number like & can be the smallest element, nor
the largest element of R. [ |

Theorem 6.2. Suppose S C R is nonempty and bounded above. Then S has a least
upper bound in R.

| Proof. | Let
A:={reQ:reC for some C|D € S}, B:=Q- A

First note that A|B is a cut. It is obvious that AN B =0, and AUB = Q. It is
also obvious that A # (), since S is nonempty. We also have B # (). To see this let
E|F be an upper bound for S. Then for every C|D € S we have C C E;s0 A C E.
Thus FF C B. Hence B # (). Now let a € A and b € B. Then a € C for some
C|D € S. If b € C then b € A, which contradicts our assumption. So b € D. Thus
we must have a < b. Finally, let a € A. Then a € C for some C|D € S. But we
know that there is ¢ € C such that a < ¢, since C does not have a largest element.
However, we also have ¢ € A. Thus no element a € A can be the largest element of
A. Therefore we have shown that A|B is a cut.
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Next let us show that A|B is an upper bound for S. Let C|D € S, and let
r € C. Then by definition we have r € A. Hence C C A. Thus C|D < A|B, as
desired. Now let E|F be an upper bound for S. Let » € A. Then there is C|D € S
such that r € C. However, we know that C' C E. Thus we have r € E. Hence
A C E. Therefore A|B < E|F. So A|B is the least upper bound of S. [

Next, we have to define the addition and multiplication on R, and show that
they have the expected properties. Let x = A|B,y = C|D € R. Informally, these
cuts represent the real numbers which are the supremum of the set of rational
numbers in A, C respectively. Thus, at first glance, if we want to add and multiply
x,y, the results should be cuts whose first components are respectively

{a+c:aeAceCl,
{ac:a € A,ce C}.

Because if a < x and ¢ < y, then we have a + ¢ < z + y. We also have ac < zy,
provided that a,c > 0. However, if a, ¢ are negative, then ac can be a large positive
number greater than xy. Thus the definition of multiplication of real numbers needs
more attention, which will be discussed later.

Furthermore, given a real number like x = A|B, we need to find its opposite
and its inverse (provided that z is nonzero). Intuitively, we know that if the real
number B’|A’ is the opposite of z, then B’ consists of rational numbers s less than
—x. However s < —z if and only if —s > z. Therefore we must have —s € B. In
other words, the cut whose first component, i.e. B’, consists of the opposite of the
elements of B is our candidate for —x. But we must note that B can have a least
element, and B’ cannot have a largest element. Therefore when we construct B’
from B we have to exclude the least element of B, if it exists. Hence we arrive at
the following definition. The idea for finding the inverse of a nonzero real number is
similar, and will be discussed later. First let us check that these proposed definitions
for the sum and opposite are actually Dedekind cuts.

Proposition 6.2. Let x,y € R, and suppose x = A|B, y = C|D. Let
E={a+c:ac A ceC}, F=Q-FE.
Also let
B' ={-b:be€ B, b is not the smallest element of B}, A=Q-DB.
Then E|F and B'|A" are real numbers.

First note that F is nonempty, since A, C' are nonempty. It is also obvious
that ENF =, and FUF = Q. Now let b € B and d € D. Then for every a € A
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and ¢ € C' we have a < band ¢ < d. Thus a+c¢ < b+d. Sob+d ¢ E. Hence F # ).
Nextleta+ce Fandre F. If r<a-+cthenr—a <ec¢ Thusr—a € C. Hence
we have r = a + (r —a) € E, which is a contradiction. Therefore we must have
a+ c < r. Finally, let a + ¢ € E. Then there are p € A and ¢ € C such that a < p
and ¢ < ¢; because A, C' do not have largest elements. Now we have p+ ¢ € F, and
a+ ¢ < p+ q. Thus no element a + ¢ can be the largest element of F.

Next lest us consider B’, A’. Note that B’ is nonempty. Because B is nonempty,
and for every b € B we also have b + 1 € B; so B has elements which are not its
smallest element. It is also obvious that BN A’ = (), and B’UA’ = Q. In addition,
for a € A we must have —a € A’. Thus A’ # (). Now let ¥’ € B’ and @’ € A’. Then
—b' € B. Also, —a’ either belongs to A, or is the smallest element of B (otherwise
a’ belongs to B'). In either case we have —a’ < —b/. Hence b’ < a.

Finally, note that if ¥’ € B’ is its largest element, then —' must be less than
or equal to every element of B except its smallest element (if B has a smallest
element). Now if B does not have a smallest element, then —b' is less than or equal
to every element of B. Hence —0b’ is the smallest element of B, contrary to our
assumption. So suppose p € B is its smallest element. Then we have p < —b'. Let
q be a rational number such that p < ¢ < —b'. Then we have q € B, since p < q.
However, ¢ is not the smallest element of B. So it cannot be smaller than —b'.
Thus we have a contradiction, and therefore B’ cannot have a largest element. M

Definition 6.4. Let z,y € R, and suppose x = A|B, y = C|D. Then we define
their addition to be x + y := E|F, where

E={a+c:acAceC}, F=Q-E.
The zero and identity of R are

0:={reQ:r<0}|{reQ:r>0},
l:={reQ:r<1}|[{reQ:r>1},

respectively. The opposite of x is —z := B’|A’, where
B’ ={-b:be€ B, bis not the smallest element of B}, A=Q-DB.

Remark. It is easy to see that in R we have 0 < 1; because {r < 0} C {r < 1},
and

1
56{7“6@:7"<1}—{r6@:r<0}.
So in particular we have 0 # 1.

Remark. Note that if z = A|B and 2 > 0, then {r < 0} & A. Therefore there
must be a nonnegative rational number r such that » € A. However, A does not
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have a largest element. So 0 cannot be the only nonnegative rational number in A.
Hence there must be a positive rational number r such that » € A. In addition,
note that every element of B is positive.

Theorem 6.3. The addition of real numbers has the following properties: for every
x,Y,z € R we have

(i) Associativity :
r+(y+2)=(@+y) +=

(i1) Commutativity :

r+y=y-+zx.
(iii) Identity element :
r+0=ux.
(iv) Additive inverse :
z+ (—x)=0.

(V) Ife <y thenx+z<y+z.

Let x = A|B, y = C|D, and z = E|F.
(1) Suppose x + (y + z) = G|H and (x + y) + z = I|J. Then we have

reG < dJacAdceCIecEr=a+(c+e)
< dJa€AdceCIecEr=(at+c)+e < rel.

Hence G=1. Thusz+ (y + z) = (x + y) + =.
(ii) Suppose x + y = G|H and y + x = I|J. Then we have

reG@ < JacAJceCr=a+c
— JceCTJacAr=c+a < recl.

Hence G=1. Thusz4+y=y+ x.

(iii) Suppose z +0 = G|H. Let r € G. Then there are a € A and ¢ < 0 such
that r = a4+ ¢. Thus r < a. Hence r € A. So G C A. Conversely, let p € A.
Then there is ¢ > p such that ¢ € A. Now we have p=q¢+ (p —¢q), and p — ¢ < 0.
Therefore p € G. Hence A C G. So A = G. Thus we have x + 0 = z.

(iv) Suppose —z = B'|A’, and © + (—z) = G|H. Let r € G. Then there are
a € Aand b € B’ such that r = a +b'. We know that —b" € B. Therefore we have
a < —b. Hence r =a+b <0. Thus G C {r < 0}.

Conversely, suppose r < 0. We claim that there is a € A such that a — r € B.
Because otherwise for every a € A we would have a —r € A. Hence we would also
have a —2r = (a—r)—r € A. In fact, by induction we can show that a —nr € A for
every n € N. But this leads to a contradiction, since we can make a —nr larger than
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any rational number by taking n large enough (this is known as the Archimedean
property of Q). To see this let b € B. Then b > a. We know that —r,b — a
are positive rational numbers. So we have —r = m/k and b — a = 1/j, for some
m, k,l,7 € N. Now for n = kl we have —nr = n(—r) = kixm/k =1lm >1/j = b—a,
since mj > 1. Hence we would get b < a — nr, which implies that b € A; and this
is a contradiction.

Therefore there is a € A such that a —r € B. Now we need r —a = —(a — 1)
to be in B’. The only obstruction is that @ — r might be the smallest element of B.
To solve this problem let ¢ € A be such that ¢ > a. Then we also have ¢ — r € B,
since a —r < c—7. Let b:=c—r. Then b is not the smallest element of B. Hence
—b € B’. Now we have

r=c+r—c=c+(-b) €qG.

Thus we have shown that {r < 0} C G. Therefore G = {r < 0}, and we have
z + (—z) =0, as desired.

(v) Suppose z < y, v+ 2z = G|H, and y + z = I|J. Then we know that A C C.
Let » € G. Then we have r = a + e, for some a € A and e € E. However, we
also have a € C. Hence r € I too. Thus G C I. So we have x + z < y + z. But
T 4+ z =y + z implies that

r=24+0=2+ (24 (-2)) = (v +2) + (—2)
=W+2)+(=2)=y+(z+(-2)=y+0=y;
which contradicts our assumption. So we must have z + z # y + z. Therefore

x+ 2z <y+ z, as desired. [ |

Remark. As a consequence of the above theorem, for every x,y € R we have
—(-z)==z, —(r+y)=(-2)+(-y)

These are proved in Section for arbitrary rings. (Note that we did not use the
multiplication of ring in their proofs. Alternatively, we have proved these results in
Section for binary operations.) Thus, as a trivial consequence we have y = —z
if and only if —y = z. In addition, we have

<0 <= —x > 0.

Because 1 <0 = 2+ (—2) <0+ (—2) = 0< —z,and 0< —z = O0+z <
(—z)+2z = x<0.

The next step is to define multiplication and inverse, and to conclude their
properties. Let x = A|B,y = C|D € R. We have seen that a suitable candidate for
the product of =,y should be a cut whose first component is

{ac:a € A ,ce C}.
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Because if a < x and ¢ < y, then we have ac < xy, provided that a,c > 0. However
as we noted before, a, ¢ can be negative, and consequently ac can be a large positive
number greater than xy. In order to overcome this difficulty, we first assume that
x,y > 0. Then we can represent the positive rational numbers less than zy by ac,
where a,c > 0. And to construct the first component of the Dedekind cut of zy
we also include all nonpositive rational numbers, since they are all less than zy.
Finally we can extend the definition of multiplication to all real numbers by taking
the opposites, and reducing the general case to the case of positive real numbers,
as explained below.

In addition, to find the inverse of a given nonzero real number like z = A|B, we
first assume x > 0. Intuitively, we know that if the real number B|A is the inverse
of z, then B consists of rational numbers s less than . However for s > 0 we have
s < 1 if and only if s7! > x. Therefore we must have s~! € B. In other words,
the cut whose first component, i.e. B, consists of nonpositive rational numbers
together with the inverse of the elements of B (which are all positive, since they
are not less than z) is our candidate for z7!. But we must note that B can have a
least element, and B cannot have a largest element. Therefore when we construct
B from B we have to exclude the least element of B, if it exists. Hence we arrive at
the following definition. For the inverse of negative real numbers we can take their
opposites and use the definition of inverse of positive numbers, as explained below.
But first let us check that these proposed definitions for the product and inverse of
positive numbers are actually Dedekind cuts.

Proposition 6.3. Let z,y € R, and suppose x = A|B, y = C|D. Suppose z,y > 0.
Let

G={reQ:r<0}Ufac:a€ A,ceC, a,c> 0}, H=Q-G.
Also let
B={reQ:r<0}uU{b"t:be B, bisnot the smallest element of B},
A=Q- B.
Then G|H and B|A are real numbers.

Remark. Note that when x > 0, A contains a positive rational number; so every
element of B is positive, since every element of B is greater than every element of
A. Thus the definition of B makes sense.

It is obvious that G is nonempty, GN H = (), and GU H = Q. Now let
be Bandd € D. Let a € A and ¢ € C be positive. We know that a < b and
¢ < d. Hence we have ac < bd. So bd ¢ G. Thus H # ). Next let g € G and
h € H. Note that by definition every element of H is positive. Thus if ¢ < 0 then
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g < h. So suppose g = ac > 0. If h < ac then h/a < ¢. Thus h/a € C. Hence we
have h = a X h/a € G, which is a contradiction. Therefore we must have ac < h.
Finally, let ac be a positive element of G. Then there are p € A and ¢ € C such
that ¢ < p and ¢ < ¢; because A,C do not have largest elements. Now we have
pq € G, and ac < pq. Thus no element ac can be the largest element of G. It is
also obvious that a nonpositive element of G cannot be its largest element.

Next lest us consider B, A. Note that all the elements of B are positive, since
x> 0. It is obvious that B is nonempty, BNnA= (), and BUA=Q. In addition,
for a positive a € A we have a! > 0; therefore a=! € A. Thus A # 0. Now let
¥ € Band d € A. Note that by definition every element of A is positive. Thus if
b < 0 then v/ < a'. So suppose b > 0. Then "' € B. Also, a’~! either belongs
to A, or is the smallest element of B (otherwise a’ belongs to B). In either case we
have a'~! < /"', Hence V/ < o', since o', b > 0.

Finally, note that if ¥ € B is its largest element, then b’ must be positive. So
b'~1 € B, and it must be less than or equal to every element of B except its smallest
element (if B has a smallest element). Now if B does not have a smallest element,
then b'~! is less than or equal to every element of B. Hence b'~! is the smallest
element of B, contrary to our assumption. So suppose p € B is its smallest element.
Then we have p < b'~!. Let ¢ be a rational number such that p < ¢ < ¥’~!. Then
we have ¢ € B, since p < ¢. However, ¢ is not the smallest element of B. So it
cannot be smaller than 1. Thus we have a contradiction, and therefore B cannot
have a largest element. |

Definition 6.5. Let z,y € R, and suppose z = A|B, y = C|D. When z,y > 0, we
define the multiplication of x,y to be xy := G|H, where

G={reQ:r<0}Ufac:a€ A,ceC, a,c>0}, H=Q-G.

In other cases, we define
(i) When z < 0 and y > 0, zy := —((—2)y).
(ii) When z > 0 and y < 0, zy := —(z(—y)).
(iii) When z < 0 and y < 0, zy := (—x)(—y).
(iv) For every z € R, 20 := 0 and Oz := 0.
Suppose x # 0. When z > 0 the inverse of z is 27! := B|f~l, where

B={reQ:r<0}uU{b"t:be B, bisnot the smallest element of B},
A=Q-B.
And when z < 0 we define 271 := —(—x)~L.

Remark. Note that when z,y > 0 we have zy > 0. Hence if one of the x,y is
positive, and the other one is negative, we have xy < 0; and if both z, y are negative
we have zy > 0. Also note that when z > 0 we have 2! > 0. Thus when = < 0
we have 271 < 0.
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Theorem 6.4. The multiplication of real numbers has the following properties: for

every x,y,z € R we have

(i) Associativity :
z(yz) = (zy)z.

(ii) Commutativity :
Ty = yx.

(iii) Identity element :
rl ==

(iv) Multiplicative inverse :
r#0 = zz7l =1.

(v) Distributivity :
x(y+ z) = xy + zz.

(vi) If 2 > 0 and y > 0, then zy > 0.

Remark. This theorem and the previous theorem show that R is an ordered field.

Let x = A|B, y = C|D, and z = E|F.

(1) Suppose z(yz) = G|H and (xy)z = I|J. If one of x,y, z is zero, then both
z(yz), (vy)z are zero; so x(yz) = (xy)z. So we can assume that x,y,z are all
nonzero. First suppose z,y, 2 > 0. Then we have

reG <= r<0o Ja€c A3ceC Jec Ea,c,e>0andr=a(ce)
< r<0 or dJa€c AdceC Je€ E a,c,e>0and r = (ac)e

— rel

Hence G = I. Thus z(yz) = (zy)z. Now we have (Note that the sign of xy and yz,
which are needed in the following computations, can be determined from the sign

of z,y,z.)

r<0,y>0,2>0 = z(yz) = —
x>0,y<0,z2>0 = z(yz) =—
(
r<0,y<0,z2>0 = z(yz) = (—2)(—(y2)) = (—2)((—y)z))
((=z) (

x>0,y>0,2<0 = z(yz) = —[z(—(yz
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r<0,y>0,2<0 = z(yz) = (—

)= (
= ((—2)y)(=2) = (=(zy))(—2) = (zy)z,
r>0,y<0,2<0 = x(y2) = z((~y)(—2)) = (2(~y))(~=2)
= (=(zy))(—=2) = (zy)z,

(
r<0,y<0,2<0 = z(yz) = —[(—x)(y2)] = —[(
= —[((=2) (=) (=2)] = ~[(zy)(=2)] = (zy)=.

(ii) Suppose xy = G|H and yx = I|J. If one of x,y is zero, then both zy, yx
are zero; so xy = yxr. So we can assume that both x,y are nonzero. First suppose
x,y > 0. Then we have

reG < r<0or dJac AdceCa,c>0andr=ac
< r<0or dceecCda€Aca>0andr=ca < rel.

Hence G = I. Thus zy = yx. Now we have

r<0,y>0 = zy=—((—2)y) = —(y(—z)) =y,
>0,y <0 = zy=—(2(-y)) = —((~y)r) =y,
r<0,y>0 = xy=(-z)(~y) = (—y)(—7) =yz.

(iii) Suppose z1 = G|H. If x = 0 we have 21 =0 x 1 = 0 = z. Let us assume
x>0. Let r € G. If r < 0 then we have r € A, since x > 0. So suppose r > 0.
Then there are ¢ € A and ¢ < 1 such that a,¢ > 0, and r = ac. Hence we have
r=ac <al =a. Thusr € A. So G C A. Conversely, let p € A. If p <0 then
p € G by definition. So suppose p > 0. Then there is ¢ > p such that ¢ € A. Now
we have p = ¢ x p/q, and 0 < p/q < 1. Therefore p € G. Hence A C G. So A =G.
Thus we have x1 = x. Finally, let us assume x < 0. Then we have

since —x,1 > 0.

(iv) Suppose = # 0, ' = B|A, and zz~! = G|H. First let us assume that
x > 0. Note that in this case all the elements of B are positive. Let r € G. If
r < 0 then 7 < 1. So suppose r > 0. Then there are a € A and ¥/ € B such that
a,b’ > 0, and r = ab’. We know that b’~! € B. Therefore we have a < ¥'~!. Hence
r=ab/ <1, since b’ > 0. Thus G C {r < 1}.

Conversely, suppose r < 1. If r < 0 then r € G by definition. So suppose r > 0.
Note that A contains some positive rational numbers, since > 0. We claim that
there is a € A such that a > 0, and a/r € B. Because otherwise for every positive
a € A we would have a/r € A. Hence we would also have a/r? = (a/r)/r € A,
since a/r is positive too. In fact, by induction we can show that a/r™ € A for every
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n € N. But this leads to a contradiction, since we can make a/r™ larger than any
rational number by taking n large enough (this also follows from the Archimedean
property of Q, but we have to convert the multiplicative form a/r™ to the additive
form a + nd for some positive rational number d). To see this note that r < 1, so
s:=1—7r>0. It is easy to show by induction that

—>1 .
1—s ~ + ns
Because for n = 0 both sides are 1. And if the inequality holds for some n, then
for n + 1 we have

1 1 1 1+mns

(1—s)ntt :1—3(1—3)” = 1—s 21+ (n+1Ds,

because we have
1-—s)(1+n+1)s)=1—s+(n+1)s— (n+1)s*> < 1+ns,

since 1 — s, (n + 1)s? are positive. Therefore we get

a a > a(1 + ns) n
—=——2>a ns) = a + nas.
o (I—s)» —
Let b € B. Then b > a. We know that as,b — a are positive rational numbers. So
we have as = m/k and b —a = 1/j, for some m, k,l,j € N. Now for n = kl we have

nas =kl x m/k =1Ilm >1/j = b — a, since mj > 1. Thus we get

b<a+nas < i.
Tn
However, this implies that b € A, which is a contradiction.

Therefore there is a positive a € A such that a/r € B. Now we need r/a =
(a/r)~! to be in B. The only obstruction is that a/r might be the smallest element
of B. To solve this problem let ¢ € A be such that ¢ > a. Then we also have
¢/r € B, since a/r < ¢/r. Let b := ¢/r. Then b is not the smallest element of B.
Hence b~! € B. Now we have

r=cx . =cx (E)_lzclflEG.
c r
Thus we have shown that {r < 1} C G. Therefore G = {r < 1}, and we have
zz~! = 1, as desired. Finally, suppose # < 0. Then —z > 0, and by definition we
have 27! = —(—2)~!. Hence 27! < 0 too, and we have —z7! = —(—(—2)7!) =
(—z)~!. Thus we get
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as desired.
(v) Suppose z(y + z) = G|H, a2y +xz = I|J, y+ 2 = K|K', xy = L|L/, and
xz = M|M'. If =0 then

2(y+2)=0=0+4+0=2y+ 2z
And if one of y, z is zero, say y is zero, then
z(y+z)=x0+z2)=2z=0+z2z =2y + x2.

So we can assume that x,y, z are all nonzero. First suppose z,y,z > 0. Note that
y+2z>0+2z=2z>0. In addition, note that xy,xz > 0. Hence we can similarly
show that zy +xz > 0. Let r € G. If r < 0 then r € I, since zy + xz > 0. So
suppose r > 0. Then there are a € A and k € K such that a,k > 0, and r = ak.
On the other hand, there are ¢ € C and e € F such that k = ¢+ e. Thus we have
r = ac+ ae. If ¢ < 0 then ac < 0; so ac € L, since xy > 0. And if ¢ > 0 then
ac € L by definition of xy. Similarly, we have ae € M. Therefore r = ac + ae € I.
Hence G C I.

Conversely, let r € I. Then we know that r = [+m, for some [ € L and m € M.
Suppose [,m > 0. Then there are positive numbers a,a’ € A, c € C, and e € E
such that [ = ac, and m = a’e. Without loss of generality we can assume a’ < a.
Then we have

r=I1+m=ac+de<ac+ae=a(c+e).

However, ¢ + e € K, and ¢+ a > 0; so a(c 4+ e) € G. Therefore we also have
r € . Next suppose one of [, m is positive and the other one is nonpositive, say
[ > 0,m < 0. Then there are positive numbers a € A and ¢ € C such that [ = ac.
Let e € E be positive. Then we have

r=Il+m<Il=ac<ac+ae=a(c+e);

which implies r € G. Finally, if [,m < 0 then » < 0. Thus by definition of G we
have r € G. Therefore we have I C G. Hence I = G, and we get x(y+2) = zy+zz,
as desired.

Next suppose > 0, y < 0, and z > 0. Then —y > 0. We have to consider two
cases. If y + z > 0 we have

—zyt+xly+z)=z(-y)+azly+z)=z(—y+y+z) =zz

Hence we get z(y+ z) = xy + zz by adding zy to both sides. And if y+ 2z < 0 then
—(y + z) > 0. Thus we have

—x(y+2)+xz=x(—(y+2)) + 22
=z(=(y+2)+2)=a(-y—z2+2) =z(-y) = —zy.
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Hence we get x(y+2) = xy+xz by adding zy, z(y + z) to both sides. Now suppose
x>0,y >0, and z < 0. Then we can switch y, 2z and use the previous case to
obtain

r(y+z2)=x(z+y) =2z +zy =2y + 2.

Next suppose > 0 and y, 2z < 0. Then we have y + z < 0. Hence

2(y +2) = —le(=(y + 2)] = ~fe((=y) + (=2))] = ~[z(=y) + 2(=2)]
= —[(=zy) + (m22)] = =[=(2y + z2)] = 2y + 2.

Finally, suppose « < 0. Let us first show that for every y € R we have

(—2)y = —zy. ()

If y = 0 then both sides of the above equation are 0. If y > 0 then by definition we
have 2y = —((—x)y). Thus —zy = (—z)y. And if y < 0 then by definition we have
zy = (—x)(—y). We also have (—z)y = —((—z)(—vy)), since —z > 0. Hence we get
(—x)y = —xy, as desired. Now by the previous paragraph, for every y,z € R we
have

(—2)(y + 2) = (—2)y + ()2,

since —z > 0. Hence by (x) we get
—(@(y +2)) = (—ay) + (—22) = —(2y + x2).

Thus we obtain z(y + z) = xy + xz; because the additive inverse of every number
is unique.

(vi) As we have noted before, this is a trivial consequence of the definition of
multiplication. |

Theorem 6.5. Suppose S C R is nonempty and bounded below. Then S has a
greatest lower bound in R.

Let

T:={-xz:xz€eS}.

Then T is nonempty. Also, if z is a lower bound for S then —z is an upper bound
for T. So T is bounded above. Hence it has a least upper bound, which we call y.
We claim that —y is the greatest lower bound of S. First note that for every xz € S
we have —x € T; so —x < y. Thus x > —y. So —y is a lower bound for S. Now
let w be a lower bound for S. Then —w is an upper bound for 7. Hence —w > y.
Therefore w < —y. Thus —y is the greatest lower bound of S, as desired. |

Although R does not contain QQ as a subset, it has a subset which looks like Q.
Informally, we can say that R contains a “copy” of Q. The next theorem shows that
this subset of R behaves similarly to Q.



CHAPTER 6. REAL NUMBERS AND COMPLEX NUMBERS 242

Theorem 6.6. Let £ : Q — R be defined as

Ep)={reQ:r<p}t{reQ:r=p},
for every p € Q. Then E is a one-to-one function, and for every p,q € Q we have

(i) E(p+q) = E(p) + E(q).
(i) E(pq) = E(p)E(q).
(iii) p < q if and only if E(p) < E(q).

Remark. Note that in the relation E(p + q) = E(p) + E(q), p, q are added using
the addition of Q, and E(p), E(q) are added using the addition of R. So in some
sense, we can say that the function E transforms the addition of QQ into the addition
of R. Similar remarks apply to the multiplication and order relation.

First note that F is one-to-one. Because if E(p) = E(q) then we have
{r > p} = {r > ¢}. But both p, ¢ are the minimum of this set. So we must have
pP=4q.

(i) Suppose E(p) + E(q) = A|B. Let r € A. Then there are a < p and b < ¢
such that r = a +b. Hence we have r = a+ b < p+ ¢. On the other hand, suppose
r <p+gq. Then r — p < ¢q. So there is b such that »r — p < b < q. Hence we have
r —b < p. Thus

r=r—b+be A

Therefore we have A = {r < p + ¢}, as desired.
(ii) Note that by definition we have E(0) = 0. Thus for every p we have

—E(p) = E(—p),

since E(p) + E(—p) = E(p+ (—p)) = E(0) = 0. Now let E(p)E(q) = C|D. If
one of p, q is zero, then both E(pq) and E(p)E(q) are zero. So suppose that both
P, q are nonzero. First let us assume that p,q > 0. Then by the next part we have
E(p),E(q) > E(0) = 0. Let r € C. If r < 0 then we obviously have r < pg. So
suppose r > 0. Then there are a < p and b < ¢ such that a,b > 0, and r = ab.
Thus we have r = ab < pq. On the other hand, suppose r < pq. If » < 0 then by
definition we have r € C'. So suppose r > 0. Then we have r/p < ¢. So there is b
such that r/p < b < q. Hence we have r/b < p, since b > 0. Thus

r:%beC.

Therefore we have C' = {r < pq}, as desired.
Next suppose p > 0 and ¢ < 0. Then E(q) < 0. Hence we have

E(p)E(q) = —[E(p)(—E(q))] = —[E(p)E(—q)]
= —E(p(—q)) = —E(-pq) = —(=E(pq)) = E(pq).
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Now suppose p < 0 and ¢ > 0. Then we can switch p, ¢ and use the previous case
to obtain

E(p)E(q) = E(q)E(p) = E(qp) = E(pq).
Finally, suppose p,q < 0. Then E(p), E(q) < 0. Hence we have

E(p)E(q) = (=E(p))(=E(q)) = E(~p)E(—q) = E((-p)(—q)) = E(pq).

(iii) If p < ¢ then we clearly have {r < p} C {r < ¢}. In addition, we have
p € {r <q} —{r <p}. Hence {r <p} G {r < q}. Thus E(p) < E(q). Conversely,
if E(p) < E(q) then we must have p < ¢q. Because if p > ¢ then we have shown
that E(p) > F(q); and this contradicts our assumption. [

Definition 6.6. A real number x is called rational if there is p € Q such that
x = E(p). In other words, if x = A|B and

A={reQ:r<p}, B={reQ:r>p}

A real number which is not rational is called irrational. A real number x is an
integer, if x = E(p) for some p € Q, and p = E(n) for some n € Z, where E(n) is
defined in Theorem If x is an integer corresponding to a nonnegative integer
n, we say x is a natural number.

Remark. If x is a rational real number as above, we identify it with the rational
number p. And if z is an integer as above, we identify it with the integer n.
Note that these identifications are mostly harmless, since by Theorems [5.30] and
the addition, multiplication, and order relation will be preserved under these
identifications.

Example 6.1. An example of an irrational number is z = A|B where
A={reQ:r<0orr*<2}, B={reQ:r>0andr®>2}.
The number z is actually v/2, and we will see later that it is indeed irrational.

Remark. Sometimes we abuse the notation, and denote the set of rational numbers
in R by Q, and the set of integers in R by Z. We may also denote the set of positive
integers in R by N. However, we will NOT use the notation w for the set of
nonnegative integers in R.

Theorem 6.7. Let X be one of the sets N, Z, or Q, considered as a subset of R.
Then X 1is closed under addition and multiplication of real numbers, i.e. for every
a,be X we havea+b e X and ab € X.
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Let Y be one of the sets N, Z, or Q (as we have constructed them, not
as subsets of R). We have shown that there is a one-to-one map F : Y — R that
preserves addition, multiplication, and order. Note that depending on Y, E might
be the composition of several of the maps we constructed in Theorems [5.11] [5.30]
and Now the set X in the theorem is actually the image of E. Let a,b € X.
Then there are r,s € Y such that E(r) = a and E(s) = b. Hence we have

a+b=E(r)+ E(s)=E(r+s)e EY) =X,
ab= E(r)E(s) = E(rs) € E(Y) = X,

as desired. [ |

The map E considered in the proof of the above theorem can be used to prove
that the natural, integer, and rational numbers in R have the same properties that
we have proved before. For example, for any integer n € R there cannot be an
integer k € R such that

n<k<n+1l.

Because otherwise we can find integers in Z that have the same property, i.e. there
are m,l,j € Z such that E(m) = n, E(l) = k, and E(j) = n+ 1. We also have
m < [ < j, since E preserves order. However, it is easy to see that £(1) = 1. Hence
E(j)=E(m)+E(1) = E(m+1). Thus j = m+ 1, since F is one-to-one. But now
we have m <1 < m + 1, which is a contradiction.
As another example, suppose p € R is rational. Then there are integers m,n € R
m

such that n > 0, and p = 2. Because we have p = E(r), for some r € Q. We also

n,
have r = 7, where a, b are integers, and b > 0. Hence we get

p=Er) =E(}) = ?Eibi

Note that E preserves division too, since we have E(b)E(}) = E(b;) = E(a).
Also note that E(b) # 0, since b # 0, E is one-to-one, and we can easily see that
E(0) =0.

In addition, it is easy to show that the well-ordering of w implies the following
property for sets of integers in R. However, we will show that this property can be

deduced from the fact that R is a complete ordered field.

Theorem 6.8. Let A be a set of integers in R, and suppose A is nonempty.
(i) If A is bounded below then it has a least element.
(ii) If A is bounded above then it has a largest element.

(1) Since A is nonempty and bounded below, it has a greatest lower bound,

which we call m. Then m + % cannot be a lower bound for A. Hence thereisn € A
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Suchthatn<m—|—%. Then we haven—l<m—% < m. We also have m < n.
Thus
n—1<m<n.

Now if m # n then n cannot be a lower bound for A. Therefore there must be
k € A such that k < n. However k > m too. So we get n — 1 < k < n, which
contradicts the assumption of k,n being integers. Hence we must have m = n;
which implies m € A. Therefore m is the least element of A, since it belongs to A,
and it is a lower bound for A.

(ii) This part can be proved similarly to the previous part. We can also use the
set B :={—a:a € A}, and repeat the proof of Theorem [5.12] |

6.2 More about Real Numbers

Definition 6.7. An ordered field F' is complete, if every nonempty and bounded
above subset S C F' has a least upper bound in F'.

In the last section, we have shown that R is a complete ordered field. In fact, up
to isomorphism, R is the only complete ordered field, i.e. every complete ordered
field is essentially the same as R. Intuitively, this means that every complete ordered
field can be obtained from R by renaming its elements. At the end of this section
we will state this fact precisely and prove it.

Example 6.2. Q is an ordered field which is not complete. For example
{reQ:r>0,r*<2}

is a nonempty bounded above subset of () which has no least upper bound in Q.
Because, as we will show in the proof of Theorem [6.15] if the above set has a
supremum, its supremum must be a square root of 2. However, in Theorem
we will show that no rational number can be a square root of 2.

Although we have constructed real numbers by using Dedekind cuts, in practice
we do not think of a real number as a pair of sets of rational numbers. Rather, as
it is common, we think of real numbers as the points of a line. And when we want
to prove something about real numbers, we will use the fact that R is a complete
ordered field.

The Extended Real Number System. There does not exist a largest or small-
est real number, but we consider the so-called “infinite real numbers” +o0o and —oo.
They are called (positive) infinity and negative infinity respectively. We also
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denote +oo simply by co. Technically, 0o are two distinct objects that are dif-
ferent from all real numbers. In contrast to infinities, the elements of R are called
“finite real numbers”. Also, the set

R U {400, —o0}

is called “the extended real number system”. We extend the order of R to R U
{400, —00}, so that for all x € R we have

—00 < < +00.

We also define

+ oo+ =1+ (£oo) = too, + 00 + (£o0) = to0,

too-z=x-(to0) =x0if x>0, + 00 - (+00) = %00,

too-z=x-(to0) =Foif z <0, + 00 (—00) = Foo,
x

— (£00) = Ea—}

(F00) = Foo, +00

Note that the following expressions are not defined

+oo

+oo — (F00), +00 + (Fo0), T

where in the last expression the infinities in the numerator and denominator can
have the same or the opposite signs. Also, 0-(400) is sometimes defined to be zero.
But we postpone using this convention until needed, and for now consider 0 (£o00)
to be undefined. |

Definition 6.8. Let A C R. When A is nonempty and bounded above, we denote
its least upper bound by sup A, and we call it the supremum of A. When A is
nonempty and has no upper bound we define

sup A := +oo0.

When A is nonempty and bounded below, we denote its greatest lower bound by
inf A, and we call it the infimum of A. When A is nonempty and has no lower
bound we define

inf A := —o0.

Remark. It is obvious that for a nonempty set A C R we always have inf A <
sup A.
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Definition 6.9. Suppose a,b € R, and a < b. The closed interval and the open
interval with endpoints a, b are respectively

[a,b] :={xr e R:a <z <b},

(a,b) :={zreR:a <z <b}.

We can similarly define the half-open (or half-closed) intervals

[a,b) :=={r € R:a <z <b},
(a,b] :={z €R:a < x <b}.
All these intervals are called bounded. The length of these bounded intervals is

the positive real number b — a. We also define the unbounded intervals, whose
endpoints can be o0, as follows

(—o0,a) :={x eR:z <a},

(—o0,a]:={x e R:z <a},

(b,+0) :={x € R:z > b},

[b, +o0) := {x € R:z > b},
(—o0,+00) :=R.

An unbounded interval that contains its finite endpoint is called closed, and an
unbounded interval that does not contain its finite endpoint is called open. We
consider R to be both an open interval and a closed interval.

Archimedean Property. For every x € R there exists n € N such that x < n.
Also, for every x € (0,00) there exists n € N such that % <z

Suppose to the contrary that there is zp € R such that xg > n for all
n € N. Let
A={zeR:2>nVneN}L

Then A is nonempty by our assumption. A is also bounded below, since for example
1 is a lower bound for it. Therefore s := inf A is a finite number. Now s + % is
not a lower bound for A, since s is the greatest lower bound for A. Hence there is
x1 € A such that 1 < s+ % On the other hand s — % does not belong to A, since
s is a lower bound for A. Thus there is ng € N such that s — % < ng. But this
implies that

1
T <3+§<n0+1€N,
which is a contradiction.

For the second statement, note that there is n € N such that % < n. Thus as
% > 0 we can deduce that z > % |
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The meaning of the Archimedean property is that R does not contain infinitely
large or infinitely small elements, since intuitively we consider n = 1+---+1 to be
finite, no matter how large n is. Similarly, we consider % to be finite, even though
it might be very small.

There is an alternative way to formulate the Archimedean property, which also
states the intuition that R does not have infinitely large or small elements. Let
x,y > 0 be real numbers. Then there is n € N such that na > y. In other words,
no matter how small x is, and how large y is, in finitely many steps of length z
we can surpass y. For the proof note that there is n such that % < n; so we have
y < nx, since x is positive. Conversely, if this formulation of the Archimedean
property holds, then by setting x = 1 we obtain the previous formulation.

Remark. The Archimedean property of R is a consequence of its least upper bound

property, but the two properties are not equivalent. For example Q is not complete

but it is Archimedean, since for every £ € Q we have % < |p| + 1. Finally we

mention that there are ordered fields that are not Archimedean.

Integer Part. Let x € R. Then by the Archimedean property there is n; € N
such that x < nq. Thus the set

A={neZ:x<n}

is nonempty and bounded below. Hence A has a smallest element, which we call
no + 1. So ng ¢ A. Therefore we have

ng < x <ng—+ 1.

We set |z] := ng, and call |z | the integer part of z. Note that |z is the greatest
integer less than or equal to x, and we have

lz] <z < |z|+1, r—1<|z| <=

The function | | : R — Z is called the greatest integer function or the floor
function. [

Theorem 6.9. Between any two real numbers there is a rational and an irrational
number.

Suppose a < b. Let ¢ = aTer. It is easy to see that a < ¢ < b. Then
¢ —a > 0, and there is n € N such that ¢ —a > % On the other hand, we have

ne—1 < |nc| < ne. Hencea<c—%<%§c<b, and%e@.
Next, let r be a rational number between a + V2 and b+ /2. Then r — /2 is
an irrational number between a, b. [ |
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Theorem 6.10. A subset I C R is an interval, if and only if it has more than one
element; and for every a,b € I with a < b, and every ¢ where a < ¢ < b, we have
cel.

First suppose I is an interval with endpoints a@ < 3, where the endpoints
can be +oco. Then by Theorem I has at least two elements. Let a,b € I with
a < b,and let a < ¢ < b. Then we have a < a, and b < 8. Hence o < ¢ < 3, and
therefore ¢ € I by the definition of intervals.
Now suppose conversely that I has the specified property. Then in particular I
is nonempty. Let
a:=infl, B :=supl.

Then a < B, since otherwise I cannot have more than one element. We claim that
(o, ) C I. Let a < ¢ < 8. Then there is ¢ < z < . But x cannot be an upper
bound for I. Hence there is x < b < § such that b € I. Similarly thereis a < a < ¢
such that a € I. Therefore ¢ € I. Thus («, ) C I.

On the other hand, if ¢ > 8 then ¢ ¢ I, since [ is an upper bound for I.
Similarly I cannot contain any number less than «. Hence I C [a, 8]. Therefore I
equals one of the sets

(@ f), lep), (af], [o Bl

Thus [ is an interval. Note that if one of the «, is infinite, then we have to
eliminate the sets containing it. |

Definition 6.10. Let x € R. Then the absolute value of z is

T ifx >0,
|| = .
—x ifz<DO.

Theorem 6.11. For all x,y € R we have
(i) |z| > 0, and for x # 0 we have |z| > 0.
(i) 2] = Jo].

(iii) |z| = |y| if and only if x = +y.

(iv) [zy] = |zlly]

(v) }%} = % when y # 0.

(vi) Forr > 0 we have |x| < r if and only if —r < x < r; and for r > 0 we have

|x| < rif and only if —r <z <r.

(vil) —|z| <z < |x].

(viii) Triangle Inequality:

[z +y| < [z] + |y

(ix) [lz] = lyl] < |z —yl.
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(i) For z > 0 we have |z| =z > 0, and for z < 0 we have |z| = —z > 0.
Also, 0] = 0.
(ii) We have

) —x ifz<0
—x if —x>0 ]
|—z| = . =40 ifzx=0 =]z[
—(—z) if —z<0 ;
T ifx>0

(iii) If z = +y then we have |z| = |ty| = |y|. Conversely, suppose |z| = |y|. We
need to consider four cases. If ,y > 0 then we have z = |z| = |y| = y. If 2,y <0
then —x = |z| = |y| = —y,sox = y. If £ > 0 and y < 0 then z = |z| = |y| = —y.
And finally if z < 0 and y > 0 then —z = |z| = |y| = v.

(iv) When z,y > 0 we have zy > 0, hence |zy| = zy = |z||y|. When one of the
x or y is negative, we consider its opposite and apply the same argument (using
part (ii)). For example when x < 0, and y > 0 we have

vy = [ (=2)y| = [(=2)y| = [==[ly| = |=ly|.

The other two cases are similar.
(v) We have yi = 1. Thus |y||i| = |1| = 1, since 1 > 0. Therefore \%| = ﬁ
Then we have
x 1 1 ||
= =lzll=| = 2| =
y y lyl [yl
(vi) We have

z<r ifx>0
x| <r «— ] — 0<z<r, or —r<z<0.
—x<r ifz<0

The other one is similar.

(vii) Let r = || > 0. Then since |z| < |z| = r, we get the desired by the
previous part.

(viii) By the previous part we have

—lel <z <z, =yl <y <yl
If we add these two inequalities we get
—lzl =l <z +y <z + [yl.

Therefore by part (vi) we obtain |z + y| < |z| + |y|.
(ix) Note that by the triangle inequality we have

2| = |z —y +y| < |z —y|+ [y
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Therefore |x| — |y| < |x — y|. By switching z,y we get
yl =zl <ly—z[=lz -yl = |z| |yl = —|z -yl
Therefore ||z| — |y|| < |z — yl. |

Theorem 6.12. If for all € > 0 we have |z — y| < € then z = y.

Suppose to the contrary that = # y. Then |z —y| > 0. Let e = 2|z — y|.
Then we have |z —y| < S|z —yl, so 2|z —y| < |z —y|. Therefore we get [z —y| <0,
which is a contradiction. |

Remark. Similarly if z <y + € for all € > 0 then z < y.

Finally let us prove that R is the unique complete ordered field, i.e. every
complete ordered field can essentially be obtained from R by renaming its elements.

Theorem 6.13. Let F' be a complete ordered field. Then F is isomorphic to R,
1.e. there exists a one-to-one and onto function ¢ : R — F such that for every
z,y € R we have
(i) plz+y) =o(@) + oY),
(il) e(zy) = e(z)e(y),
(i) z <y if and only if p(z) < p(y).

In Theorem we have shown that there exists a one-to-one function
¢ : Q — F that satisfies the above three conditions. Also remember that the image
of ¢ is the set of “rationals” 7 in F', where m, n are the “integers” in F, i.e. they are
constructed by adding the identity of F' to itself. Furthermore, since F' is complete,
we can show that between any two of its elements there is a “rational” element. The
proof is similar to the proof of the same property for R, as has been demonstrated
in this section. In this proof, r, s, p denote rational numbers.

Let us start by extending ¢ to all of R. For z € R let
Ay ={p(r):re€Qand r < z}.

Then A, is a nonempty and bounded above subset of F', since for any rational
number s > = we have ¢(s) > ¢(r) for every rational number r < z. Now let ¢(z)
be the supremum of A, in F, i.e.

o(z) :=sup A,.

Note that sup A, exists because F' is complete. First let us show that ¢(r) = ¢(r)
for every r € Q. Note that for every rational number p < r we have ¢(p) < ¢(r); so
©(r) is an upper bound for A,. Hence ¢(r) < ¢(r). Suppose to the contrary that
&(r) < @(r). Then there is a “rational” element ¢(s) € F such that @(r) < ¢(s) <
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(7). But then we must have s < r; so s € A,. However, then we get ¢(s) < o(r),
which is a contradiction. Therefore @(r) = ¢(r). Hence ¢ is an extension of . So
in the rest of this proof we will simply denote ¢ by .

Now suppose < y. Then we have A, C A,. Hence

o(x) =sup Ay <sup Ay = ¢(y).

We know that there are rational numbers z < p < s <y. So ¢(s) € A,. Also, p(p)
is an upper bound for A,, since for r € A, we have r < p and hence p(r) < ¢(p)
(as @ is increasing on Q). Therefore

@(x) =sup Ay < p(p) < p(s) <sup 4, = ¢(y)-

Thus ¢(z) < ¢(y). Hence ¢ is strictly increasing on R, and, in particular, it is one-
to-one. In addition note that ¢(z) < ¢(y) implies < y too; because otherwise we
would have = > y, which implies p(z) > ¢(y).

Next let us show that ¢ is onto. Let a € F', and let

Ay :={r:r€Qand ¢(r) < a}.

Note that there is a “rational” element a — 1 < ¢(p) < a, so ¢(p) € A,. Also, for
any “rational” element ¢(s) > a and every r € A, we have p(r) < ¢(s) and thus
r < s. Hence A, is a nonempty and bounded above subset of R. Let x := sup A,.
We claim that a = ¢(z). First note that if ¢(s) > a then, as we have just shown,
s is an upper bound for A,, so z = sup A, < s. Therefore if s < z then o(s) < a.
Thus a is an upper bound for A,. So ¢(z) = sup A, < a. Suppose to the contrary
that p(z) < a. Then there is ¢(x) < ¢(r) < a. Hence r € A,. So we must have
r < supA, = z. But ¢(z) < ¢(r) implies that # < r, which is a contradiction.
Therefore ¢(x) = a. So ¢ is onto.
Next we show that

ez +y) = (@) + oY)

If this does not happen, then we either have p(z +y) < ¢(x) + ¢(y), or p(z +y) >
o(z) + ¢(y). Suppose the latter inequality holds; the other case can be treated
similarly. Then there is a “rational” element o(r) such that

ez +y) > p(r) > o(x) + o).

Hence we get r < x 4+ y; so r —y < x. Thus there is also a rational number s such
that » —y < s < x. Then we have r — s < y. Hence we have ¢(s) < ¢(x), and
o(r —s) < ¢(y). Therefore since ¢ preserves addition over Q we obtain

p(@) +oy) > o(s) +o(r—s)=p(s+r—3)=p(r),
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which is a contradiction.

Finally, let us show that p(zy) = ¢(z)p(y). Note that since ¢ preserves addition
we have ¢(—x) = —p(z). We also know that ¢(0) = 0. Hence it suffices to check
the equality p(zy) = @(z)p(y) for z,y > 0. If the equality does not hold, then
either p(zy) < p(x)e(y), or p(zy) > w(x)p(y). Suppose the former inequality
holds; the other case can be treated similarly. Then there is a “rational” element
©(r) such that

p(ry) < @(r) < p(@)e(y).

Hence we get 0 < 2y < 7; so x < 5 Thus there is also a rational number s such
that 0 < z < s < ©. Then we have y < . Hence we have ¢(z) < ¢(s), and

©(y) < o(%). Therefore since ¢ preserves multiplication over Q we obtain

p(@)e(y) < p(s)p(s) = p(s%) = p(r),

which is a contradiction. [ |

6.3 Powers and Roots

Let us first review the notion of power.

Definition 6.11. We define the powers of a € R as follows. For a positive integer
n we inductively define

at:=a, ... a":=a" La.

Here a is called the base, and n is called the exponent. If a # 0, we define
a® =1, "= (a” )™

Remark. We also use the convention that 0° = 1. This is useful in some algebraic
manipulations, but we must be careful that 0° does not have a definite value when
we deal with limits.

Theorem 6.14. Suppose a,b € R, and n,m € Z. In all of the following statements,
when the base is zero the exponent must be nonnegative.
(1) Ifa 7é 0 then (a")™ ' =a™™ = (a7 )"
(ii) a =a"tm,
(i) (@) = .
(iv) a™b" = (ab)
(v) Forn>m >0 and a # 1 we have
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(vi) Supposen >0. Ifa > 1 then a"! < a", and if 0 < a < 1 then a® ! > a™.
(vii) If a > 0 then a" > 0.

(viii) If n is even then (—a)™ = a", and if n is odd then (—a)" = —a".

(ix) Ifn>0 and 0 < a <b then a™ < b".

(x) If n >0 is odd and a < b then a"™ < b™.

(xi) la"] = |a|™.

Almost all of the proofs are by induction. We will only write the induction
steps below, since the base of inductions can be checked easily.
(i, ii, iii, iv) These are proved in Theorem

(v) We have
(a o 1)( Z ak) — Z(ak—‘rl _ak)
k=m k=m

(vi) For a > 1 we have a®~! < a™; hence

n n

a’ = aa" ' < aa” = ",

The case of 0 < a < 1 is similar.

(vii) For n > 0 we multiply both sides of a™ > 0 by a to get a®™' > 0. When
n =0 we have a® = 1 > 0. And when n = —m < 0 we have a” = (a~!)™ > 0, since
a”l>0.

(viii) Since (—a)"” = ((—1)a)™ = (—1)"a", we only need to compute (—1)".
Now if (—1)?* =1 then

(_1)2(k+1) _ (_1)2k(_1)2 —1.1=1.

For negative powers we have the same result since (—1)~! = —1. Finally for odd
powers we have (—1)%+1 = (=1)2¢(-1) = —1.

(ix) First suppose 0 < a < b. Then by induction hypothesis and we know
that 0 < a™ < b". Now we multiply these two inequalities to get

0<a™ <pntl

Since 0" = 0, we can allow a = 0 too by
(x) If 0 < a < b then the claim holds by last part. If @ < b <0 then 0 < —b <
—a, hence
—b" = (-b)" < (—a)" = —a".

Thus a” < b™. Finally if a < 0 < b, then 0" > 0. Also —a™ = (—a)"™ > 0, since
—a > 0. Hence a <0 < b".
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(xi) For n > 0 we have

[a" ™| = |a"a] = [a"[|a| = |a|"|a] = |a[*"".
When n = —m < 0 we have
o™ = [(a™ )™ =]a” ™ = (la| )™ = |a] ™. u
Exercise 6.1. Show that for aq,...,a, € R we have
(a1 4 +ap)’ = Za%‘f‘QZZaiaj-
i<m J<m i<y

Theorem 6.15. For every real number x > 0 and every n € N there is a unique
real number y > 0 such that y™ = x. We denote y by /z or x=, and call it the nth
root of x.

Notation. We denote /x by /z, and we call it the square root of z.

The uniqueness of y is obvious, since if 0 < y; < y2 then yi' < y5. For
the existence, consider the set

A:={z>0:2"<uz}.

Note that 0 € A, so A is nonempty. Also if z > 1+ x > 1, then 2" > (14 z)" >
142 > 2. Thus 1 + z is an upper bound for A. Let y := sup A. We need to show
that ¢y = x.

Suppose to the contrary that 4™ < z. Then for 0 < ¢ < 1 and k£ € N we have
€ < €. Thus by using the binomial theorem we get

n

n Y, n— n - ny n— n
(y+e) =Z<k>y Reb <y +Z<k>y Fe=y" + Me,
k=1

k=0

n n
where M := Y (7)y™ % > 0. Now for 0 < e < min{*5%, 1} we have
k=1

(y+e)" <y"+ Me <z,

which contradicts the fact that y is an upper bound for A.
Next, suppose to the contrary that y™ > z > 0. Suppose 0 < € < min{1,y}.
Let z:=y — €. Then as 0 < z < y we have

n n
== ()t < Y (F)rtes 2 e b
k=1

k=0
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n n
where M := Y (7)y" % > 0. Now for 0 < € < min{%5;%,1,y} we have
k=1

(y—e)"=2">y" — Me> x.

But y is the supremum of A, so y — € is not an upper bound for A. Hence there is
a € Asuch that a > y—e. Therefore a” > (y—e)™ > z, which is a contradiction. M

Remark. When n € N is odd we have (—1)" = —1. Thus for < 0 we have
(~/=2)" = ()" ()" = (1) () = .

Since for y; < y2 we have yi' < y4, there is no other real number whose nth power

is . So we define
V= -3/ —x.

Theorem 6.16. For any two nonnegative real numbers x,vy, and any n € N we
have

/7T = VY

When n is odd we can allow x and/or y to be negative too.

We have

(Vz/y)" = (V2)"(/y)" = zy.
Thus when 2,y > 0 we get the desired result since {/z {/y > 0. When n is odd, we
do not need to assume anything about the sign of x,y, since there is only one real
number whose nth power is zy. |

Theorem 6.17. For any two nonnegative real numbers x,y, and any n € N we
have

r<y = Vo< {/y.

When n is odd we can allow x and/or y to be negative too.

Suppose to the contrary that {/z > {/y. Then as {/z, ¢/y > 0 we have
v = (VD" 2 (V)" =

which is a contradiction. When n is odd the same argument works, except that we
do not need to assume {/z, {/y > 0, so we can allow z,y to be negative too. [ |

Theorem 6.18. For any real number x we have Va2 = |z|.

We have |z|? = |2?| = 22, since 22 > 0. Hence we get the desired result
because |z| > 0. [ |
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Theorem 6.19. /2 is irrational.

Suppose to the contrary that v/2 € Q. Thus we have v/2 = 7 for some
a,b €N, since v/2 > 0. Let ¢ be the smallest element of the set
a

{beNcR:\/i:b

for some a € N},
and let p be such that /2 = %. Note that both p,q cannot be even. Because
otherwise we would have p = 2p’ and ¢ = 2¢’ for some p’, ¢’ € N. Then we would
get V2 = 3—5; = 2 However ¢’ < q; which contradicts the fact that ¢ is the smallest
element of the above set. Therefore at least one of p, ¢ is odd.

Now we know that p? = 2¢. Suppose p is even; so p = 2k for some k € N. Then
q is odd; thus ¢? is odd too. But we have 4k? = p? = 2¢>. Hence ¢> = 2k? is even,
which is a contradiction. Next suppose p is odd. Then p? is odd too. But p? = 24>
must be even, which is again a contradiction. Hence /2 cannot be rational. |

Rational and Real Exponents.

Suppose p € Q and = € R are positive. Then there are n, k € N with no common

factor such that p = % Furthermore, p = Z—Z for every m € N, and these are

all the representations of p as a fraction with positive denominator. Now we have
(/x)* = Vak. We also have

(/Y = (R = b — () = Vak = (YD),
So if we set

then zP is well defined. We also set

Also remember that 2° := 1. Hence we have defined z? for all p € Q and all z > 0.
Remark. It is obvious from the definition that for all p € Q we have 1P = 1, and
2P > 0 for all z > 0.

Proposition 6.4. Suppose p,q € Q and p < q. Then for x > 1 we have 2P < x4,
and for 0 < z <1 we have 2P > x1.

First suppose x > 1. Let p = % and ¢ = %, where k,l € Z, and n,m € N.
Then we have % < %, somk < nl. If 0 < p < qthen 0 < mk < nl. Thus

2™ < 2" Hence

2P = Vgh = "Vymk < "Vanl = gl = 29,
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If p<q<0then 0 < —g < —p. Therefore 0 < x7¢ < 27P. Hence

1 1
w=—< —
x~P x4

=z
And if p < 0 < g then 2P < 20 < 29. The case of 0 < = < 1 is similar. [ |

Now we can define " for all x > 0 and all » € R. We set

., sup{zP:peQ,p<r} x>1,
e
inf{a?:peQ,p<r} O0<z<l.

First we have to check that the above supremum and infimum are finite. But this
is easy since if ¢ > r is a rational number, then for all rational numbers p < r we
have
P <zf z>1,
(*)
P >z27 0<z<l1.

Hence the set {2 : p < r}, which is obviously nonempty, has the appropriate bound
to ensure the finiteness of the above supremum and infimum. The inequalities in
(%) also show that when r is rational, the new definition of " agrees with the old
definition. Because in this case we have 2" € {aP : p < r}, so 2" is the required
supremum, or infimum, of this set.

Remark. Note that for all r € R we have
1" =sup{1?:p <r} =sup{l} = 1.

Also, for every z > 0 and r € R we have 2" > 0. This is obvious when x > 1, since
in this case z" is the supremum of a set of positive numbers. When 0 < x < 1, the
second inequality in (*) implies that

2" =inf{a?f :p <r}>az?>0,

for some rational number ¢ > r.

Remark. We can develop the properties of powers with real exponents using the
tools that we already have, but the proofs are cumbersome and lengthy. So we will
not pursue this direction here.

Remark. There are other equivalent ways to define . For example we can use
the notion of limit of sequences, and set

2" = lim 2P,

where p; is a sequence of rational numbers converging to r. We have to check that
the limit exists, and does not depend on the particular sequence p;, i.e. if p;, ¢; are
two sequences of rational numbers converging to r then |2Pi — z%| — 0.
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6.4 Complex Numbers

Our final construction is the set of complex numbers. Although real numbers can be
used to develop considerable portions of mathematics, and mathematical analysis,
there is still a need for a larger set of numbers. As an example, consider the
polynomial equation 2 + 1 = 0. This equation does not have a solution in R,
because for every € R we have z2+1 > 0+ 1 = 1 > 0. However, there is a
complex number that satisfies the equation 22 + 1 = 0.

Definition 6.12. The set C of complex numbers is the set R? equipped with
the following addition and multiplication

(a,b) + (¢, d) := (a+ ¢, b+ d),
(a,b)(c,d) := (ac — bd, ad + be).

Theorem 6.20. C is a field, whose zero and identity are respectively
(0,0), and (1,0).

Also the opposite of a complex number z = (a,b) is
2= (—a,-b),

and when z is nonzero its inverse is

271‘_< a —-b )
TN a2 402 a2+ 2/

Let z = (a,b), w = (¢,d), and u = (e, f) be complex numbers. It is easy

to check that addition is associative and commutative:

2+ (w+u)=(a+(c+e),b+ (d+ [))
=((a+c)+e,(b+d)+f)=(z+w)+u,
z4+w=(a+ec,b+d) =(c+a,d+b)=w+z.

We can also easily check that

(a,b) +(0,0) = (a+0,b+0) = (a,b)
2+ (—2) = (a+ (—a),b+ (b)) = (0,0).

It is obvious that (1,0) # (0,0). In addition, we have

(a,b)(1,0) = (al — b0,a0 + b1) = (a,b).
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Now let us check that multiplication is associative, commutative, and distributive
over addition. We have
2w = (ac — bd, ad + bc) = (ca — db, cb + da) = wz,
z(wu) = (a,b)(ce — df,cf + de)
(ace —adf — bef — bde,acf + ade + bce — bdf)
= ((ac — bd)e — (ad + be) f, (ac — bd) f + (ad + be)e)
= (ac — bd,ad + be)(e, f) = (2w)u,
2(w +u) = (a,b)(c+e,d+ f)
= (ac+ ae —bd — bf,ad + af + bc + be)
= (ac — bd,ad + bc) + (ae — bf,af + be) = zw + zu.

Finally, suppose z # (0,0). Then a # 0 or b # 0. Hence we must have a? + b > 0.
To simplify the notation let r := a? 4 b?. Then we have

. 2 32 2 2
a b a b ab_i_bj a +b70):(1,0),
ror r r r T

as desired. |

227! = (a,b) (=,

Remark. The map a — (a,0) from R into C is a one-to-one map that preserves
addition and multiplication, i.e.

(a,0) + (b,0) = (a+b,0),  (a,0)(b,0) = (ab,0).

Thus C contains a copy of the field R. We will abuse the notation and denote the
element (a,0) by a. We also define i := (0,1). Then any complex number z = (a, b)
can be written as

z = (a,b) = (a,0) + (0,b) = (a,0) + (0,1)(b,0) = a + ib.
Note that we have
= (07 1)2 = (_170) - -
i.e. 7 is a square root of —1.

Definition 6.13. Let z = (a,b) = a + ib be a complex number. The real numbers
a,b are called the real part and the imaginary part of z, respectively, and we
will denote them by

a = Rez, b=Imz.

The conjugate of z is the complex number
z = (a,—b) = a —ib.
The modulus or the absolute value of z is the nonnegative real number

2| == Va2 + b2,
2] = v
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Remark. Note that for a € R we have |(a,0)] = Va? = |a|. Thus the absolute
value of complex numbers is compatible with the absolute value of real numbers.

Theorem 6.21. Let z,w € C. Then we have
(i) |2] >0, and |2| =0 <= 2z =0.
(ii) Triangle Inequality: |z + w| < |z| + |w|.
(iii) ||z] = |w|| < |z — w].

Let z = a4+ tb and w = ¢ + id, where a,b,c,d € R.

(i) Obviously we have |z| > 0, and |0] = 0. Now if |z| = 0 then a? + b* = 0.
But a?,b? > 0. Hence a?,b> = 0; so a,b = 0. Thus z = 0.

(ii) First note that a?d? — 2acbd + b*c? = (ad — bc)? > 0. So we have 2achd <
a’d? + b*c?. Therefore

(ac+ bd)? = a*c® + 2achd + b*d?
< a’c® 4 a?d® + 2 + b2d? = (a® + V) (P + d°) = |2]Hw|?.
Thus we get
ac+ bd < |ac+ bd| < |z||w|,

since the square root is an increasing function. Hence we obtain

|z 4+ w? = (a+c)?+ (b+d)?
= a® + 2ac + * + b* 4 2bd + d?
= |2|* + |w|* + 2(ac + bd)
< 2 + |w]? + 2|z[Jw| = (|2] + w])?.

Thus |z + w| < |z] + |w]|, as desired.
(iii) We have |z| = |z — w + w| < |z — w| + |w|. Hence we get

2| = |w| <[z = wl.

Similarly we have |w| < |w — 2|+ |z| = |z —w| 4+ | 2], since we can easily see that the
modulus of a complex number is the same as the modulus of its opposite. Thus we
get,

—lz —w| < [z] = fwl.

Therefore we must have ||z — |w|| < [z — w|, as desired. [

Remark. Note that C does not have a natural order. In fact, there is no order on
C that makes it into an ordered field. The reason is that in any ordered field the
square of any nonzero element is positive. In particular 1 = 1> > 0. Thus —1 < 0.
But in C we have i> = —1. Hence if C was an ordered field, then —1 must have

been simultaneously positive and negative, which is impossible.
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Remark. We can define the integer powers of complex numbers, similarly to the
case of real numbers. Then all the basic properties of powers expressed in Theorem
also hold for powers of complex numbers, except obviously those properties
that are related to the order structure.

Theorem 6. 22 For every z,w € C and n € Z we have

(i) zw = zZw.

(i) z = z.

(iv) 2z = |2|%, hence 27! = |2| 722

(v) |2 = |-

(vi) |zw| = |z[[w].

(vii) |Rez| < |z|, and |Im z| < |z|
(viil) z =z if and only if z € R

(ix) z+zZ=2Rez, and z — 2 =2iIm 2.

(x) 2" = |2|™ (when z =0 we assume n > 0).
(xi) 2" = z" (when z =0 we assume n > 0).
Let z = a + ib and w = ¢ + id, where a,b,c,d € R.

(i) We have

z+w=(a+c)+i(b+d)
=(a+c)—ilb+d)=a—ib+c—id=zZ+ w.
(ii) We have
zw = (ac — bd) + i(ad + bc) = (ac — bd) — i(ad + bc)
= (ac — (=b)(—=d)) + i(a(—d) + (=b)c) = (a — ib)(c — id) = Zw.

(iii) Z=a—tb=a— (—ib) =a+ib=z.
(iv) We have

z2Z = (a +ib)(a — ib)
= (a® — b(=b)) +i(a(=b) + ba) = a® + b* = |2|*.
Thus we have (|z|722)z = |2|72|z|?> = 1. Hence |z|722 = 27!, since the inverse is

unique.
(v) 12| = Va2 + (=b)2 = Va2 + b2 = |2|.
(vi) We have

|zw| = v/ (ac — bd)? + (ad + bc)?
= va2¢2 — 2achd + b2d2 + a2d? + 2adbe + b2c2
= V(@ +02)(2+ B) = Va2 + 2/ + d? = |2||w].




CHAPTER 6. REAL NUMBERS AND COMPLEX NUMBERS 263

(vii) |Rez| = |a| = Va2 < Va2 402 < |z|. Note that we have used the
monotonicity of the square root function over nonnegative real numbers. The other
inequality can be proved similarly.

(vili) 2=2 <= b=-b <<= b=0 < z=a€R.

(ix) z4+ Z=a+ib+a—ib=2a = 2Rez. The other one is similar.

(x) The proof is by induction on n, when n > 0. The claim holds obviously for
n = 1, so suppose it also holds for n. Then for n + 1 we have

2" =122 = [2"[2] = ]2 = [2"

Now suppose z # 0. When n = 0 both sides of the equation are one. For n = —1
we have

-2 -1
Il I

|27 = 2722 = |2l 712] = 121 7]e] = |2

Note that |z|~2 is a positive real number, therefore its modulus equals its absolute
value as a real number, which is itself. Finally for n = —m < 0 we have

2" = 1™ = 1™ = (7)™ = e

(xi) The proof is by induction on n, when n > 0. The claim holds obviously
for n = 1, so suppose it also holds for n. Then for n + 1 we have

ntl = ony = nz = Z" +1

=z"

Y

Now suppose z # 0. When n = 0 both sides of the equation are one. For n = —1
we have

21

z=2E = = = ()7

i1

= |2|
Note that |z|~2 is a real number, therefore its conjugate is itself. Finally for n =
—m < 0 we have

TG =) = () ) =) =" 0

Remark. Suppose z € C is nonzero. Then r := |2| > 0. Now Z has modulus
one, so it belongs to the unit circle in C. It can be shown that there is a unique
0 € [0,27) such that Z = e = cos# + isin6. Therefore

0

z=re" =r(cosf +isinb).

This is called the polar representation of z. The number 6 is called the ar-
gument of z, and is denoted by argz. In fact 0 is the signed angle between the
segment connecting z and 0, and the half line of nonnegative real numbers.

Remark. Suppose z = re'? and w = se®. Then it can be shown that

2w = rsel®+®),

The interpretation of this formula is that when you multiply a complex number w
by a complex number z, you scale the modulus of w by the modulus of z, and you
rotate w around the origin by the angle arg z.



Chapter 7

The Axiom of Choice and
Countable Sets

7.1 The Axiom of Choice

The axiom of choice informally says that if we have a family of nonempty sets, then
we can choose an element from each set in the family. It does not provide us a
concrete method for choosing the elements; it merely says that such a choice can
be made. Let us first state the axiom formally. To simplify the notation, let

Fun(f, A, B)
denote the formula which says that f is a function from A to B.

Axiom of Choice.
FVX[(Vz € Xz #0) — 3f (Fun(f, X,UX) AVz € X f(z) € z)].

In other words, the axiom of choice says that if X is a set whose members are
nonempty sets, then there is a function f : X — [J X that maps each member of
X to an element of its own, i.e. f(x) € z for every z € X. Hence the function
f chooses an element of every member of X. A function that has this property
is called a choice function. Thus the axiom of choice says that every set whose
elements are nonempty sets has a choice function.

Note that we do not need the axiom of choice when X is finite, i.e. we do not
need the axiom of choice to choose from finitely many nonempty sets. This fact
can be proved by induction, using the other axioms.

Theorem 7.1. Let X be a finite set whose elements are nonempty. Then X has a
choice function.

264
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When X is empty then ) is vacuously a choice function for X. So suppose
X is nonempty. Let n = |X|. The proof is by induction on n. If n = 1 then X
is a singleton. Hence X = {a} for some a. In addition, by our assumption a is
nonempty, i.e. 3b(b € a). Therefore there exist a, b such that (a,b) € X x|JX. Let
f :={(a,b)}. Then f is a function from X to |JX. In addition, for every x € X
we have x = a, since X is a singleton. Thus f(z) = f(a) =b € a = x. Hence f is
a choice function for X.

Now suppose the claim holds for some n. Let X be a finite set whose elements
are nonempty, such that |X| = n+ 1. Then X is nonempty, since |X| > 0. Let
a€ X,andY := X —{a}. ThenY is also a finite set whose elements are nonempty,
and |Y| = n. Then by induction hypothesis Y has a choice function g. Also, as
we showed above, the singleton set {a} has a choice function h. Note that the
codomains of g, h are | JY, | J{a} respectively; and they are both contained in |J X.
So we can consider g, h as functions into | J X. Let f:=gUh, i.e.

_ g(x) ze€Y,
f(@): {h(a) x = a.

Then by Theorem f is a function from X to |J X, since Y N {a} = 0. Now
for every x € X if x € Y we have f(z) = g(x) € =z, and if x = a we have
f(z) = h(a) € a = x. Hence f is a choice function for X, as desired. [

Next let us formulate an equivalent version of the axiom of choice.

Theorem 7.2. The axiom of choice is equivalent to the following statement:
Let X be a set whose elements are nonempty and disjoint, then there exists a
set C' such that for every x € X, x N C is a singleton.

o

Remark. As a consequence of the previous two theorems, without the axiom of
choice we can show that if X is a finite set whose elements are nonempty and
disjoint, then there exists a set C' such that for every x € X, z N C' is a singleton.

7.2 Countable Sets

Definition 7.1. A set A is countably infinite or denumerable if there exists
a bijective function from N to A. A set is countable if it is finite or countably
infinite. A set that is not countable is uncountable.

Theorem 7.3. We have
(i) A set A is countable if and only if there exists a surjective function from N to

A.
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(ii) A set A is countable if and only if there exists an injective function from A
to N.

(iii) A subset of a countable set is countable.

(iv) The Cartesian product of finitely many countable sets is countable.

(v) The union of countably many countable sets is countable.

(i)

(ii)

(iii)

(iv)

(v) u
Theorem 7.4. N, Z,Q are countably infinite.

N is countably infinite, since the identity map is a bijection from N onto
N. For Z we have the bijection

2n n >0
Jn) = {—271—1—1 n < 0.

Finally, Q is infinite and can be written as the union of countably many countable
sets as follows

@:Lﬂgmezy n

qeN
Theorem 7.5. The set of all sequences of 0,1, i.e. the set of all functions from N

to {0,1}, is uncountable.

Let f be an injective map from N into the set of all sequences of 0, 1.
We show that f cannot be surjective. We use the diagonal method due to Cantor.
Consider

f(1) = anazais - - -

f(2) = ag1a22a93 - - -

where a;; € {0,1}. Now we define the sequence b = bybabs - - - as follows

by = 1 if Q45 = O,
1o ifay = 1.

Then b # f(n) for each n € N, since b, # an,. Hence b is not in the image of f,
and f is not onto. |
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Theorem 7.6. R is uncountable.

The proof is similar to the last theorem. We only need to use the decimal
expansion of real numbers instead of the sequences. |

Theorem 7.7. Suppose a,b € R, and a < b. Then the intervals (a,b), [a,b] are
uncountable.

We will show that there are bijections from the R onto (a,b). Then it

follows that the (a,b) cannot be countable, since otherwise R would be countable
too. It also follows that [a,b] is uncountable, since (a,b) C [a, b].
Now the function

X —

1+ |z

is a bijection from R onto (—1,1) (why?), and = — a + & (b — a) is a bijection
from (—1,1) onto (a,b). So their composition is the required bijection from R onto
(a,b). [ |



Appendix A

Factorization

A.1 FEuclidean Domains

Definition A.1. Let R be an integral domain, and a,b € R. If there exists r € R
such that b = ra, then we say a divides b, or a is a divisor of b, or b is a multiple
of a; and we write a | b. If a is not a divisor of b we write a 1 b.

An element u € R is called a unit if u | 1. Two elements a, b are associates if
a|bandb|a.

Example A.1l. In the integral domain domain Z the units are £1. Also, two
integers a, b are associate if and only if a = +b. (These facts have been shown in

Proposition [5.7])

Proposition A.1. Suppose R is an integral domain, and a,b,c € R. Then
(i) The units of R are exactly the invertible elements of R.
(ii) For every a € R we have 1 | a, a|a, and a | 0.

)
(iii) a,b are associates if and only if there is a unit u € R such that a = ub.
(iv) Ifa|bandb|c thena | c.
(v) a|b implies a | bc and ac | be.

)

(vi

Remark. Note that if 0 | a then for some r we have a = 70 = 0. Hence 0 is the
only element that has 0 as a divisor.

Ifa|band a | c then a | bz + cy for every x,y € R, in particular a | b+ c.

(i) a| 1 if and only if there is € R such that ra = 1, i.e. a is invertible
with =1 = r.

(iii) If a,b are associates, then a | b and b | a. Thus there are 7, s € R such that
ra =b and sb = a. If a = 0 then b = 0, hence a = 1b. So suppose a # 0. Now we
have

la = a = sb=sra.

268
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Thus sr = 1, since R is an integral domain. Therefore s is a unit, and a = sb.
Conversely, if a = ub for some unit u, then b = u~'a. Hence a | b and b | a.

(ii, iv, v, vi) The proofs of these parts are the same as of analogous parts of
Proposition [5.7] |

Exercise A.1. Suppose R is an integral domain and a, b, c € R. Show that if a,b
are associates, and b, ¢ are associates, then a, ¢ are associates too.

Definition A.2. A Euclidean domain is an integral domain R on which there
exists a degree function

d:R—{0} =>{ne€Z:n>0},

such that
(i) For nonzero a,b € R if a | b then d(a) < d(b).
(ii) (Division Algorithm) For every a € R and every nonzero b € R, there are
q,7 € R such that

a=bq+r, where either » = 0, or d(r) < d(b).
Here q is called the quotient and r is called the remainder.

Example A.2. As we have seen in Section [5.3] Z is a Euclidean domain with the
degree function d(n) = |n|. In this particular case, the quotient and the remainder
in the division algorithm are unique provided that we require the remainder to be
nonnegative.

Remark. Note that ¢, r are not necessarily unique in general. Even in Z, if we do
not restrict the remainder to be nonnegative, the quotient and remainder are not
unique. For example we have 7T=3x24+1=3x3 — 2.

Proposition A.2. Suppose R is a Euclidean domain, and a,b € R. If b is nonzero
and it is not a unit, then for all nonzero a we have

d(a) < d(ab).

We know that d(b) < d(ab), since b | ab. Suppose to the contrary that
d(ab) = d(a). Then we have a = abq + r where d(r) < d(ab) = d(a) or r = 0. If
r =0 we have a(1 — bg) = 0 which is a contradiction, since b is not a unit and a is
nonzero. Hence we have r # 0 and so d(r) < d(a). Now

a(l —bqg) =a—abg =r.

Thus a | r and we must have d(a) < d(r). This contradiction proves the result. M
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A.2 Polynomials

Definition A.3. Let R be a commutative ring. The ring of polynomials with
coefficients in R is the set of all sequences in R that terminate eventually, i.e.

Rlz] :={f :NU{0} — R : there is N > 0 such that f, =0 for n > N}.

The elements f,, are called the coefficients of f. The zero polynomial is the
polynomial whose coefficients are all zero. For a nonzero polynomial f, the largest
nonnegative integer n for which f,, # 0 is called the degree of f and is denoted by

deg f.

We also define the degree of the zero polynomial to be —oo, with the understanding
that for all n € Z we have

—0o0 < n, —00 + N = —00.

The addition and multiplication of two polynomials f, g are defined as follows
(F+Dn="rFatgn  (FDn= frgnk-
k<n

Remark. Note that as polynomials are sequences of elements of R, it suffices to
define them by specifying their nth terms for every n. Also, when we want to show
that two polynomials are equal, it is enough to check the equality of their nth terms
for each n.

Remark. It is easy to see that R[z] is closed under the addition and multiplication
defined above. Because (f 4+ g), and (fg), are zero for all large values of n. In fact
for nonnegative n > max{deg f,deg g} we have

(f+9n=fn+9.=0+0=0,

and for nonnegative n > deg f + deg g we have

(fg)n = kagn—k = Z fkgn—k + Z fkgn—k
k=0

k<deg f k>deg f
= Z [0+ Z 09— = 0.
k<deg f k>deg f

Note that for k < deg f we have n — k > deg g, hence g, = 0. Also, note that as
a result we have

deg(f + g) < max{deg f,deg g},
deg(fg) < deg f + degg.
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Theorem A.1. Let R be a commutative ring. Then the ring of polynomials R|x]
1$ also a commutative ring.

Let f,g,h € Rlz]. Tt is easy to check that addition of polynomials is

commutative and associative, and the zero polynomial
0:=(0,0,0,...,0,...)
is an additive identity. We have
(f+9n="Sotgn=09n+Fo=(9+ n,
(f+(g+h)n = ot (9+h)n=fot (gn + hn)

:(fn+gn)+hn:(f+g)n+hn:((f+g)+h)na
(f+0)n:fn+0n:fn+0:fn‘

Also, for any f, the polynomial defined by (—f), := —f,, is its opposite, since

(f+(*f))n :fnﬁL(*f)n:fn‘F(*fn) =0 =0p.

Note that —f is a polynomial as (—f), = 0 for n > deg f.
The sequence
1:=(1,0,0,...,0,...)

is the multiplicative identity of R[z], since
(Lf)n =1fa+0fp-1+ -+ 0f1 +0fo = fa.

The commutativity of the multiplication is also easy to show

(fDn = frgn-r =D _ gn-rfr
k=0 k=0

0 n
- Zglfnfl = Zglfn—l = (9f)n- (l:=n—k)
l=n =0

(Note that we have used both the commutativity of the multiplication of R, and
the generalized commutativity of the addition of R.) To see that multiplication is
distributive over addition, we have

(f(g + h))n = Z fk(g + h)n—k = Z fk(gn—k + hn—k:)
k=0 k=0

= (fkgn—k + fkhn—k:) = Z fkgn—k‘ + Z fkhn—k = (fg)n + (fh)n
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It remains to show that multiplication is associative. Let

1 1<k
JAVIRES -
b {0 I >k,
where [, k are nonnegative integers and 0,1 € R. Then we have

((fo)h), =D (f9hnr =Y [Zflgkfl} P,

k<n k<n [<k

= Avkfigr-thnk =Y Avkfigr-ihn i
k<nli<n I<nk<n

=S Geihnk = _fi Y, G (J=k—1)
I<n I<k<n I<n 0<j<n—I

= filgh)n—1 = (f(gh),,,
I<n

as desired. |

Notation. We use the abbreviations

r:=(r,0,0,...,0,...),
z:=(0,1,0,...,0,...),

where r € R. Then we have

ra” =x"r=(0,0,...,7,...,0,...).
Thus any polynomial can be written as

f=l+ izt A+ fna™,

where m = deg f for nonzero f. Note that the coefficients of f in this represen-
tation are exactly the coefficients of f, so they are uniquely determined by f. We
sometimes write f(x) instead of f.

The zero polynomial, and polynomials of degree zero, are called constant poly-
nomials. So constant polynomials are polynomials of degree less than one. Also,
polynomials of degree one, two, and three are respectively called linear, quadratic,
and cubic polynomials.

Remark. By identifying » € R with the constant polynomial r € R[x], we can
consider R as a subring of R[z].
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Remark. Every polynomial defines a function on R by evaluation. That is for

f(@) = fo+ fiz+ -+ fmz™,

we have f(r) := fo+ fir + -+ fmur™, where r € R. Note that f(r) is uniquely
determined by f and r, since the coefficients of f are uniquely determined by f.
Also note that in the above, m need not be the deg f. Because for ¢ > deg f we
have f; = 0, hence the terms with i > deg f do not change the value of f(r).

Theorem A.2. For any two polynomials f,g € R[z] and all r € R we have

(f+9)(r)=f(r)+g(r), (fg)(r)= f(r)g(r).

Remark. Note that the multiplication of polynomials is defined in a way that
makes the above theorem valid, and this is one of the reasons behind its defini-
tion. The significance of this theorem is that the addition and multiplication of
polynomials convert to the addition and multiplication of R via the map f — f(r).

Let m = deg f, and n = degg. Then f; = 0 for ¢« > m, and g; = 0 for
j > n. Let | = max{m,n}, then deg(f + ¢g) <l. Now we have

Fr)+g(r) =) fir'+> gir' =Y fir'+> gir'

i<m i<n i<l i<l
= St 4 gy = S+ g7 = (F + 9)(0).
i<l i<l

Next, remember that deg(fg) < m+n. For 0 < k < m+nlet a = max{0, k—m},
and b = min{n, k}. Then by the generalized distributivity and Theorem we
have

10 = (3 £ ) (X 97) = 30 S (fir )i

i<m i<n i<m j<n
=3 > (fig))r'r?) =D > (figy)r'™
i<mj<n i<mj<n
= > > (fig)rF= > ( > figk—i>7“k
k<m-+ni+j=k k<m+n a<i<b
= > (X ho)t = X ot = (o)),
k<m+n i<k k<m+n

In the last line of the above formula we used the fact that Y _.., figk—i =
Zigk figr—i. The reason is that for ¢ > b > n we have f; =0, and fori <a < k—m
we have gr_; = 0 since k — i > m.
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Finally, to prove the last statement of the theorem, note that we have

Fr)g(r) = (f9)(r) = (¢f)(r) = g(r) f(r),
since R[x] is a commutative ring. [ |

Remark. As a consequence of the above theorem, we can easily show by induction
that if p1,...,px € R[z] then we have

(p1+ - +pr)(r) =pi(r) + -+ pi(r),
(p1p2 -+~ pi)(r) = p1(r)pa(r) - - - Pi(T).

Definition A.4. Let f be a polynomial with coefficients in a ring R, and suppose
r € R. Then when f(r) =0 we say r is a root of f.

Theorem A.3. Suppose R is an integral domain. Then R[x] is an integral domain
too. In addition, for any two polynomials f, g we have

deg(fg) = deg f + degg.

We have already shown that R[x] is a commutative ring. If f or g, for

example f, is zero, then fg = 0. Hence
deg fg = —00 = —o0 + deg g = deg f + degg.

Now suppose f,g are nonzero polynomials. Let deg f = n and degg = m. Then
fm, gn are nonzero elements of R. Hence (fg)m+n = fmgn # 0. Thus in partic-
ular fg is nonzero. Therefore R[z] is an integral domain. Furthermore we have
deg(fg) > m + n. On the other hand we know that in general deg(fg) < m + n,
so deg(fg) is exactly m + n. |

Theorem A.4. Suppose F is a field, and f,g € F[x] with g # 0. Then there are
unique q,r € Flx| such that

f=g9q+r, and degr < degg.

If there is h such that f = gh, then we put ¢ = h and r = 0. Now suppose
no such A exists. Then all the polynomials in

{f —gp:pe Flz]}

are nonzero. Let ¢ be an element of this set for which f — gq has the least degree.
This is possible due to the well-ordering of nonnegative integers. Then set

ri=f-9q
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We must show that degr < degg. Suppose to the contrary that degr > degg. Let
r(x)=rpz" +---+19, g(x)=gnz™+---+ go.

Note that 1y, gm # 0. Set s(z) :=r(z) — ;22" "g(x). If s = 0 then we have

fz) = g(2)(q(x) + gfmw”‘m),

which is in contradiction with our assumption. Thus s # 0 and we have degs <
degr, since we have eliminated the x™ term. But this implies

f(@) = g(x) (q(x) + ™) + (),

Im

which is in contradiction with the choice of ¢q. Hence we have degr < degg as
desired.
For the uniqueness, suppose we have

9q1 +11 = f = gq2 +ro.

Then g(q1 —q2) = r2—r1. Since g # 0, we have r9 —r; = 0 if and only if ¢ — g2 = 0.
Now if r; # 79 and ¢ # ¢o then we get

deg g + deg(q1 — q2) = deg(r2 — 1),

which is in contradiction with the fact that

deg(ry — r1) < max{degry,degr} < degg. [ |
Theorem A.5. Suppose F' is a field, a € F, and f € Flz|. Then

f(z) = (= — a)g(x) + £(a).
Thus f(a) = 0 if and only if there is g € Flz| such that
f(z) = (x = a)g(x).

As a result, the number of distinct roots of a nonzero polynomial f is at most deg f.

We divide f by  — a to get f(x) = (z — a)g(x) + r(x). But degr <
deg(z —a) = 1, so r is a constant. By evaluating the above equality at a we get

r = f(a). Thus
f(z) = (x = a)g(x) + f(a).

Now the second statement follows easily.
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The last statement can be proved by induction on deg f. Nonzero polynomials
of degree zero are constant polynomials which have no root. Suppose the claim
holds for all polynomials with degree less than deg f. If f has no root, then there is
nothing to prove. So let a be a root of f. Then f = (z —a)g. If g =0 then f =0,
which is contrary to our assumption. So g # 0, and we have deg g = deg f —1. Now
if b is another root of f we must have g(b) = 0. But g has at most degg distinct
roots, hence f has at most degg + 1 = deg f distinct roots. [ |

Remark. When the field F' has infinitely many elements, the function defined by
a polynomial uniquely determines the polynomial. Since if there are two distinct
polynomials f,g € F[z] such that f(a) = g(a) for all @ € F, then the nonzero
polynomial f — g has infinitely many roots, which is in contradiction with the
above theorem.

Example A.3. The above theorems show that when F'is a field, F'[z] is a Euclidean
domain with the degree function d(f) = deg f. Since, in addition, for nonzero
polynomials f, g we have

g|f = degg <degf.

The reason is that if f = gh then deg f = degg + degh. As a result, the units
of F[z] are precisely the nonzero constant polynomials. Because if u € Flz] is
unit then it is invertible, hence it is nonzero. Thus we have degu < degl = 0 as
u | 1. Therefore degu = 0, and wu is constant. On the other hand, nonzero constant
polynomials are units, since they are invertible as F' is a field.

Theorem A.6. Let F' be a field. Let f,g € Flx]| be nonzero polynomials, and
suppose deg g > 1. Then there is a unique integer m > 0, and unique polynomials
T0yT1y- -+, Tm € Flx] with rp, # 0, such that

1

f=rmg™ +rma19™ "+ +rig+r0,

and degr; < degg for each 1.

First we prove the existence. The proof is by induction on deg f. If
0 < degf < degg, then we can put m = 0 and rp = f # 0. Suppose the
conclusion holds for all polynomials with degree less than deg f. We can assume
that deg f > degg. Now we have f = gq+r where degr < degg. Then gq = f —r,
so degq + degg = deg(f — r). But degr < deg f. Thus deg(f — r) = deg f, since
subtracting r does not change the coefficient of the highest degree term in f. Hence

degq = deg f — degg < deg f.
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Also ¢ # 0, since otherwise we would have f = r, which implies deg f = degr <
deg g. Therefore by the induction hypothesis we have

q=smg™ + -+ 519+ so,
for some s; € Flz], with s,, # 0, and deg s; < degg. Then we have
F=9q+r=smg™" 4+ 519"+ s0g +7,

as desired.
For the uniqueness, again the proof is by induction on deg f. If 0 < deg f <
deg g, then the representation is unique. Because if

f=rmg™ 4+ rmo1g™ 4+ g+ 10
for some m > 0, where degr; < deg g and r,, # 0, then
deg(rmflgm—l +-+rigtro) < jr<nn%}fl (deg(rjgj))
= max (degr; + jdegg)

j<m-1
< mdegg < deg(rmg™).

Hence deg f = deg(r,g™) > degg, which is contrary to our assumption. Thus
m = 0, and therefore ro = f.

Now suppose the uniqueness holds for all polynomials with degree less than
deg f. We can assume that deg f > degg. Suppose that

Skgk+“'+819+80:f:ngm+"‘+Tlg+T0,

where degr;,deg s; < degg, and 7, s # 0. Then m, k > 0, since deg f > degg >
degrg, deg so. Now we have

(k" - s)gtso=f = (rmg™ 4 r1)g + 7o

Therefore rg, s are the remainder in the division of f by ¢g. Hence ry = sq, since
the remainder and the quotient in the division of polynomials are unique. Thus we
also have

sg* Vs =™

But, in the first part of this proof we showed that when deg f > degg then the
quotient is a nonzero polynomial whose degree is strictly less than deg f. Therefore
by the induction hypothesis we have m — 1 =k — 1, and r; = s; for 1 < ¢ < m.
Hence m = k, and the representation of f is unique. |
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Remark. As a special case of the above theorem we set g(x) = x — a, for some
a € F. Then degr; < degg = 1, so each r; is a constant. Hence for every f € F|[x]
there are unique aq, ..., a, € F, where a,, # 0 when f is not constant, such that

f(@) = am(z —a)™ +--- +ar(z —a) + f(a).

The fact that 7o = f(a) follows easily by evaluating both sides of the identity at a.
Note that we can allow f to be zero by setting each a; = 0.

Definition A.5. A field F is called algebraically closed, if every nonconstant
polynomial with coefficients in F' has at least one root in F'.

Theorem A.7. Let f be a polynomial with coefficients in an algebraically closed
field F. Suppose deg f =n > 1. Then there are (not necessarily distinct) elements
ay,...,an € F, and c € F — {0}, such that

f(@) = c(z —ar) - (& — an).

The proof is by induction on n. For n = 1 the claim holds trivially. Now
suppose it also holds for polynomials of degree n — 1. Then we know that f has at
least one root a;. Hence there is a polynomial g of degree n — 1 such that

f(@) = (z — ar)g(x).

Now by the induction hypothesis g has a factorization
9(x) = c(x —az) - (x — an).

Thus we get the desired factorization for f. Finally note that if ¢ = 0 then f = 0,
which contradicts the fact that deg f > 1. |

Definition A.6. Suppose R is a commutative ring. We inductively define the ring
of polynomials in n variables with coefficients in R to be the commutative ring

Rlzy,...,xy) == R[z1,. .., Tn_1][zn].

Remark. Intuitively we consider a polynomial p in n variables to be a formal
sum of finitely many expressions of the form rz|" --- 2", where r € R. Then
we can collect all terms in which x, has power m,, and factor x]' out, to get
q(z1,...,xn_1)x", where ¢ is (what we intuitively consider) a polynomial in n— 1
variables. Thus we can write p as a sum of terms of this form, with different powers
of x,. In other words, p is a polynomial in x, whose coefficients are polynomials
in n — 1 variables. Continuing inductively we can see that our intuitive notion of
polynomials in n variables is the same notion described rigorously in the above

definition.
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Remark. When R is an integral domain, R[x;] is also an integral domain. Hence
R[z1,x2] = R[z1][z2] is an integral domain too. By an easy induction it follows
that for any n, R[z1,...,zy] is also an integral domain.

Remark. Every polynomial in n variables defines a function on R™ by evaluation.
Let f(z1,...,z,) be a polynomial in n variables. Then by definition we have

flz1,...,2n) =
fo(zi, .. xn—1) + fi(z1, ..., Zn—1)@n + - + fn(z1, .., 20—1) 2y,

where f;’s are polynomials in n — 1 variables which are uniquely determined by f.
Then we can inductively define the value of f at (a1,...,a,) € R" to be

flay,...,ap) :=
fO(ala ceey an—l) + fl(CLl) cee 7an—1)an +---+ fm(ala cee an—l)azl'
It can also be proved inductively that the value of f at a point is uniquely deter-

mined by f and that point, since the same is true for each f;, and f;’s are uniquely
determined by f.

Theorem A.8. Suppose R is a commutative ring. Then every polynomial f €
R[z1,...,x,) can be written as a sum of finitely many monomaials, i.e.

— E § mi m
f(xla”-vxn)_ Tm1...mnx1 "'xnnv
m1§k1 mnfkn

where T, ..m, € R and ki,...,k, are nonnegative integers. Furthermore, this
representation of f is unique, and for every (ai,...,a,) € R" we have

flai,...,ap) = Z Z Tmgmn @y - ap™.

mi Skil mMn Skn

The proof is by induction on n. The case of n = 1 is obvious. So suppose
the theorem is true for n—1. First note that the monomials are actually polynomials

in n variables, since if ra{" -z, "' € R[x1,...,2,_1] then by definition we have
rat ozt € Rlxy, . .., 2] Now we know that

flze,...,2pn) =

fo(zi, .. xn—1) + fi(z1, ..o, Zn—1)@n + -+ fn(z1, .., 20—1) ),

where f;’s are polynomials in n — 1 variables. By the induction hypothesis each
fj can be written as a sum of finitely many monomials in n — 1 variables. If we
substitute those expansions into the above formula for f, and multiply them by a:%,
then we get an expansion of f into a sum of finitely many monomials in n variables.
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Now let us prove the second statement. We have

flxe, ... mpy) = Z Z R L

m1<ky Mp <kn
k7l
—E E E mi M1, g
- ( Tmi..mn_1571 Lp—1 )xn
J=0  mi1<k; Mp—1<kn—1

(We replaced m,, with j.)

= Z filx1, ... xp_1)z),
J<kn
R M Mnp—1 - . .
where f; = Zmlgkl ”‘Zmnflgknfl Tmiomn_1jT1 - T, 7 is a polynomial in
n — 1 variables. Hence by the induction hypothesis, r,,. m,_,;’s are uniquely
determined by f;, and we have

fj(ala""an—l) = Z Z Tml---mn—ljaTl"'a;njil'

my <k Mp—1<kn—1

On the other hand, f;’s must be the coefficients of f € R[z1,...,zp—1][xy], since
the coeflicients of f are uniquely determined by f. Thus 7., m,’s are uniquely
determined by f, and we have

f(ala"'aan) = Z fj(al,---,anfl)a%

J<kn

_ ami . Mn—1 i
- E ( E e E Tmi..mu_1501 ap_1 )an
J<kn mi1<k1 Mp—1<kn_1

= Z Z Tmg.mn@1 - am™.  (We replaced j with my,.)

m1<kiy Mn<kpn

Note that we have used Theorem [5.39| several times, to change the order of sum-
mations. |

Remark. When we expand the polynomial f € R[z1,...,z,] into a sum of mono-
mials as described in the above theorem, the elements ry,,. m, € R are referred to
as the coefficients of f. Note that we sometimes consider the coefficients of f to
be polynomials of n — 1 variables, but usually we consider the coefficients of f to
be Tm,...m, S

Definition A.7. The elementary symmetric polynomials in n variables
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T1y...,Ty are
51 =1+ T2+ + T,
Sg i =x1x9 + 2123+ -+ X223+ -+ Tp—1Tn,
n—k+1 n—k+2 n
Sk = E E E Ly Lig =+ Ly,
i1=1 i9=t1+1 =t _1+1
Sp ‘= T1X2 " Tp.
Theorem A.9. Suppose R is a commutative ring and aq,...,a, are (not neces-

sarily distinct) elements of R. Then

(x—a1) - (x—ap) =2 —bya" L+ box™ % — - 4 (=1)"by,
where by, = sg(ai,...,an).
The proof is by induction on n. The case of n =1 is trivial. Suppose the
claim holds for n — 1. Let §1,...,8, be the elementary symmetric polynomials in

n — 1 variables. Then we have
(z—a1) - (x—apq) =21 —ca" 2+ + (=1)" e,
where ¢ = 5k(ai,...,an—1). Now we have
(x—ay) - (x—ap) = (@" =22+ + (=1)"ep1) (2 — an)
L4 (eg 4 cran)z™?

— (e3+ czan)x"_g + -4 (=1)"ep—1an.

=z" — (c1 + ap)z"”

But for 1 < k < n we have
n—k+1 n—k+2 n
bk: g g E ailai2...aik
i1=1 do=i1+1  ip=ip_q+1
n—k n—k+1 n—2 n—1
— g g g E Qi Qg+ Qg
i1=112=41+1 ig—1=tk—o+1lig=1t_1+1
n—k+1 n—k+2 n—1

+( Z Z Z ailaiQ...aik—1>an'

11=1 d2=ti1+1 1=l _2+1

Hence b, = ¢ + cp_1a,. It is also obvious that by = ¢; + an, and b, = ch_1a4.
Therefore we get the desired formula. |
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Example A.4. Let F be a field. The field of fractions of the ring of polynomi-
als F[z1,...,xy,] is denoted by F(z1,...,x,), and is called the field of rational

functions in n-variables over F'. The elements of F(z1,...,x,) are of the form
flx1,. .. xn)
g(x1, ... @)’
where f,g € F[z1,...,x,] are polynomials in n-variables. These elements are called
rational functions. For (ai,...,a,) € F if g(a1,...,a,) # 0, we can compute the
value of the rational function 5 at (a1,...,a,) to be
flay,...,an) cF
glat,...,an)

A.3 Principal Ideal Domains

Definition A.8. Let R be a commutative ring. An ideal is a nonempty subset
I C R such that

(i) For every a,b € I we have a+b € I.

(ii) For every a € I and r € R we have ra € I.

Example A.5. Let a1,...,a, € R. Then it is easy to see that the set
(a1,...,an) :={ria1 + -+ +rpay : forall r; € R}
is an ideal. It is called the ideal generated by a1, ..., ay.

Definition A.9. An ideal I is called principal if
I=(a)={ra:r € R}
for some a € R.

Proposition A.3. Suppose R is an integral domain, and a,b € R. Then
(i) (a) = R if and only if a is a unit.
(ii) (b) C (a) if and only if a | b, if and only if b € (a).
(iii) (b) = (a) if and only if a,b are associates.

(i) If a is unit then 1 = a7 'a € (a). Hence for all r € R we have
r =rl € (a). Thus R = (a). Conversely, if R = (a) then 1 € (a). Hence there is
s € R such that sa =1, i.e. a is a unit.

(ii) If a | b then b = sa for some s € R. Hence b € (a). Thus for all r € R
we have b € (a), i.e. (b) C (a). Conversely, if (b) C (a) then b = 1b € (b) C (a).
Therefore b = sa for some s € R, hence a | b.

(iii) (b) = (a) is equivalent to (b) C (a) and (a) C (b). Thus (b) = (a) if and
only if a | b and b | a, i.e. if and only if a, b are associates. |
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Definition A.10. An integral domain is called a principal ideal domain (PID),
if all of its ideals are principal.

Theorem A.10. Fvery Euclidean domain is a PID.

Let I be an ideal in R. Let a € I be a nonzero element that has the least
degree among all nonzero elements of I. This is possible due to the well-ordering
of nonnegative integers. We claim that I = (a). It is obvious that (a) C I. For the
other inclusion, let b be an arbitrary element of I. We have b = aq + r where either
r=0or d(r) <d(a). Since r = b+ (—¢q)a € I, we cannot have d(r) < d(a). Thus
r =0, and therefore b € (a). Hence I C (a) as desired. [ |

Definition A.11. A greatest common divisor (g.c.d) of two nonzero elements
a,b in an integral domain R, is an element ¢ € R such that

(i) ¢|a and ¢ | b.

(ii) If r € R is a common divisor of a, b, i.e. if 7 | @ and r | b, then 7 | c.

Remark. Note that this definition is a bit different from the definition of g.c.d
given for R = Z in Section [5.3] There we required r < ¢. However, in an arbitrary
integral domain we do not have a notion of order, so we need to work with the
above more general definition. As we have seen, if ¢ is the g.c.d of two nonzero
integers a, b, then it satisfies the above definition too. But —c also satisfies the
above definition. So, with the above more general definition, +c¢ are both g.c.d of
a,b. The following proposition shows that these are the only g.c.d of the integers
a,b.

Proposition A.4. Suppose R is an integral domain, and a,b € R are nonzero.
Then any two greatest common divisors of a,b are associates.

Suppose ¢y, co are greatest common divisors of a,b. Then ¢1, co are both
common divisors of a,b. Hence we must have ¢; | co and ¢y | ¢1, since ¢1,co are
both greatest common divisors of a,b. Thus c1, co are associates. |

Euclidean Algorithm. Suppose R is a Euclidean domain, and a,b € R are
nonzero. Consider the following sequence of divisions

a=bq + 711,
b= 142 +T2)

r1 = T2q3 + 13,

In this sequence, after finitely many divisions the remainder becomes zero, i.e. for
some n > 0 we have (we set ro =b and r_1 = a)

Tn—1 = "ndn+1-
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Then r, is a greatest common divisor of a,b.

We provide a brief sketch of the proof, which is essentially the same
as of the Euclidean algorithm for integers, given in Section [5.3] First note that
d(b) > d(r1) > d(ra) > --- > 0. Hence the process must stop at some point, since
the d-values are nonnegative integers. Therefore the division must be impossible
at some step, which means that the remainder in the last step is zero. Now let us
show that the remainder from one step before the last step, i.e. r,, is a g.c.d of
a,b. First note that r, | r,—1. Thus from r,_9 = r,_1g, + 7, We see that r,, | rp—2.
If we continue inductively we get 7, | b and 7, | a. Hence r,, is a common divisor
of a,b. Next suppose ¢ | a and ¢ | b. Then ¢ | a — bgyg = 9. Again we can show
inductively that ¢ | r,. Thus r, is a g.c.d of a,b. |

Theorem A.11. Suppose R is a PID, and a,b € R are nonzero. Then a,b have a
greatest common divisor ¢ € R. Furthermore we have

c = ra + sb,

for some r,s € R.

The ideal generated by a, b, i.e. (a,b) is principal, since R is a PID. Thus
there is ¢ € R such that

(a,b) = (c).
We claim that ¢ is a greatest common divisor of a,b. Since a,b € (a,b) = (¢), we
have ¢ | @ and ¢ | b. On the other hand ¢ € (¢) = (a,b), so ¢ = ra + sb for some
r,s € R. Thus if an element ¢ € R divides both a,b, then it will also divide both
ra, sb. Hence ¢ divides ra + sb = ¢ too. [ |

Remark. Recall that when R is a Euclidean domain, the generator of an ideal is
a nonzero element with the least degree in that ideal. Hence in this case, we can
say that a g.c.d of a,b is a nonzero element with the least degree in the set

{ra+sb:r s € R}.

Remark. The above two theorems are in particular true in F[x] when F is a field.
(They are also true in Z as we have seen in Section )

A.4 Unique Factorization Domains

Definition A.12. Let R be an integral domain. A nonzero element r € R is called
irreducible if it is not a unit, and its only divisors are units or associates of itself,
ie.

r =ab = a,b are either unit, or associates of r.
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A nonzero element p € R is called prime, if it is not a unit, and for all a,b € R we
have
plab = pla or p|b.

Remark. The contrapositive of the definition of a prime element p is that
pfa and p{b = ptab.

By an easy induction we can show that if p is prime, then for ay,...,a, € R we
have
p+a1 andeGQ and andpj(an — p*al...an'

Equivalently, if p | a; - - - a,, then p | a; for some i.

Remark. Note that when R = Z we used irreducibility as the definition of prime
numbers. However, Euclid’s lemma shows that prime numbers are also prime ele-
ments as defined above.

Exercise A.2. Let R be an integral domain, and suppose a,b € R are associates.
Show that if a is irreducible then b is also irreducible, and if a is prime then b is
also prime.

Theorem A.12. Every prime element of an integral domain is irreducible.

Suppose p is a prime, and we have a factorization p = ab. Then p | ab
so either p | a or p | b. On the other hand, both a,b divide p. Thus either a is an

associate of p, or b is. Suppose for instance that a,p are associates. Then a = pu
for some unit u. Hence

O=p—ab=p—pub=p(l —ub) = ub=1.
Therefore b is a unit. |

Theorem A.13. FEvery irreducible element of a PID is prime.

Let r be an irreducible element of the PID R. Suppose for a,b € R we
have r | ab, and r { a. We must show that r | b. We claim that the greatest common
divisor of r,a is a unit. The reason is that if the g.c.d of r,a is u, then u | r. Hence
u is either a unit or an associate of r, since r is irreducible. But u | a too, so it
cannot be an associate of . Because otherwise we would have v = rv for some unit
element v, and therefore r | a, which is a contradiction.

Now we know that for some x,y € R we have u = xr 4+ ya. Therefore we have

b=u"tazbr +u tyab.

Since r divides the right hand side of the above equation, we get r | b as desired. W
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Definition A.13. An integral domain R is called a unique factorization domain
(UFD), if every nonzero element of R that is not a unit, can be written as a product
of irreducible elements in a unique way. In other words, for all nonzero a € R which
is not a unit we have

(i) There are irreducible elements p1, ..., p, € R such that a has the factorization

a=pi-Ppn.

(ii) If there is another factorization of a into irreducible elements a = ¢ - - - G,
then m = n, and there is a permutation o € S, such that p;, ¢,(;) are asso-
ciates.

Exercise A.3. Show that every irreducible element of a UFD is prime.
Theorem A.14. FEvery PID is o UFD.

The uniqueness of a factorization is a consequence of the fact that in a
PID irreducible elements are prime. Suppose

P1-"Pn =41 "dm,

where p;, q;’s are primes. We proceed by induction on n. When n = 1 we have
P1| g1 qm. Thus p; | gr for some k. But g is irreducible and p; is not a unit,
hence p; = ug for some unit u. Therefore

l=q @1t  Qer1 Gy

since the cancellation law holds in integral domains. Hence if m > 1, the other g;’s
must be units, which is a contradiction. Thus m = 1 and p; = uq;.
Now suppose the uniqueness holds for some n. Consider the case of n + 1, and
suppose we have
P1-PnPrn+1 =41 " dm-
Then ppt1 | ¢1 -+ - Gm, and therefore p,y1 | gr for some k. We can argue as above
and conclude that for some unit u we have p,4+1 = uqx, and hence

PLPn = QU Q10 Gt G = G Qe (0 ) e

Note that u~!qs, 1 is also irreducible. Now by the induction hypothesis we have
n = m — 1, and there is a permutation ¢ € S,, such that for ¢ < n, Dis qo(s) are
associates when o (i) < k, p;,u"'qx,1 are associates when o (i) = k, and Pi> Qo (i)+1
are associates when o(i) > k. Let

o(i) i<n,o(i) <k

(i) =<k t=n+1
o(i))+1 i<n, o(i) >k
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be a permutation in Sy41. Then p;, g5(;) are associates for all ¢ <n +1 as desired.
Note that when p;, u"!qyp, 1 are associates, then p;, i1 are associates too.

Next for the existence of a factorization, let a be a nonzero element of our PID,
which is not a unit. Suppose to the contrary that a does not have a factorization
into irreducible elements. Then a cannot be irreducible itself, since then we have
the factorization a = a. Thus a = bc where b, ¢ are not unit nor an associate of
a. If both b, ¢ can be factorized into irreducible elements, then a can be factorized
too. Hence at least one of them, which we call it a1, does not have a factorization.
As a1 is not an associate of a and divides a, we have

(a) & (ar).

Since a1 does not have a factorization into irreducible elements, we can argue as
above and find another element a9 such that

(a) S (a1) S (a2).
We can continue this process inductively and get

(@) C(a1) € C (an) S

=

Now, let I :=J,~;(an). It is easy to see that I is an ideal. Because if b,c € I
then b € (a;) and ¢ € (a;) for some i,j. Let n = max{i,j}. Then b,c € (ay).
Hence b+ ¢ € (a,) C I, and also sb € (a,) C I for all elements s. Thus we have
I = (r) for some element . Then r € I, so r € (a,,) for some m. But this means
that (1) C (am). In particular we have (am+1) C (am), which is a contradiction.
Therefore a must have a factorization into irreducible elements. [

| Second Proof. | Here we give another proof for the existence of the factorization
when our PID is a Euclidean domain. Let a be a nonzero element which is not a
unit. The proof is by strong induction on d(a), the degree of a. If a has the least
d-value among the nonzero elements that are not units, then ¢ must be irreducible.
To see this suppose that a = bc and ¢ is not a unit. Note that b, ¢ # 0 since a # 0.
Then by Proposition we have d(b) < d(bc) = d(a). But a has the least d-value
among nonzero elements which are not units, so b must be unit. Therefore a is
irreducible. In particular, a has a factorization into irreducible elements.

Now suppose every element with degree less than d(a) has a factorization into
irreducible elements. If a is irreducible, then it has a factorization. Otherwise
we have a = bc, where b, c are nonzero and they are not units. Hence again by
Proposition we have d(b) < d(bc) = d(a). Similarly d(c) < d(bc) = d(a).
Therefore by the induction hypothesis b, ¢ can be written as a product of irreducible
elements. Now if we multiply those expressions we obtain a factorization of a into
irreducible elements, as desired. |
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Example A.6. As we have seen in Section [5.3] Z is a Euclidean domain, so it is
a PID, hence it is a UFD. Note that +1 are the only units of Z, since they are the
only invertible elements of the ring Z.

Theorem A.15. Suppose F' is a field. Then Flz| is a UFD, i.e. every noncon-
stant polynomial with coefficients in a field can be written uniquely as a product of
wrreducible polynomials.

F[z] is a Euclidean domain, so it is a PID, hence it is a UFD. Note that
the nonzero constant polynomials are precisely the units of F[x], as we showed in

Example [



Appendix B

Decimal Expansion

Theorem B.1. Consider the set of sequences of the form
ag.a1a2a3 - . .

where ag € NU{0}, a; € {0,1,2,3,4,5,6,7,8,9} for j >0, and for every j there is
k > j such that ap # 9. Then there exists a one-to-one and onto map from this set
of sequences to [0,00) C R, that maps the sequence ag.aiazas ... to the real number

x :=sup{z, : n € N},

py
J
where T, := a i -
n 0 + Z]:l 107
Definition B.1. The unique sequence ag.ajasas ... whose existence is proved in

the above theorem is called the decimal expansion of x.

Remark. By using the concepts of limit and series, we can easily conclude from
the following proof that

o0
I +y
r = 11 Ty = a —.
n—oo " 0 — 107
]:

Remark. In the following proof, we actually provide a concrete method for finding
the decimal expansion of z.

First note that z,41 = =, + 1%*;111 > x,. S0 x, forms an increasing
sequence, i.e. it is an increasing function of n. Next note that the set {z,} is

nonempty and bounded above, since

_ 1

1
a; 9 _ 10~ 10771 _ 1
“0F D ShE D g T I S0l - g a0t L
msn

Jj<n 10

289
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Therefore z = sup{x,} exists. In addition, for some n we have x > x, > ag > 0;
thus z € [0, 00).

Now let us show that the map defined in the theorem is one-to-one. Suppose
ag.ai1agas ... and by.bibobs ... are distinct sequences, which are mapped to z,y
respectively. We want to show that z # y. Suppose [ is the smallest index for
which we have a; # b;. We will show that if a; < b; then x < y. We know that
there is k > [ such that ap # 9. Hence ap, <8 =9 — 1. We also have a; + 1 < b;.
Then for n > k we have

x”_“ﬁzlm_aﬁzﬁJﬂTﬂ ZWJFTOIC Z103

i<n k<j<n

9-—-1 9
<%+2h&+ﬂ+§:mz RSP ITY

k<j<n

1 0T~ g
—“0+210J *z [T e —

10
1 1 1
- Bt T B T
°+Z1oa+1ol 10F Y10 T 10m
1 1
<%+Zﬁ*ﬁ‘ﬁ‘m
1 1 1 1

Y=ok ~ 100 SY T 10R ST 10k

Thus we get x,, + 10% < yn <y, since y is the supremum of {y,}. Also note that
for n < k we have z,, + 10% < zpy1+ 10% < y, because x, is an increasing sequence.
Therefore we get x <y — since z is the supremum of {z,}. Hence we obtain
x <y, as desired.

Next let us prove that the map defined in the theorem is onto. Let x be a

nonnegative real number. Set ag to be the integer part of x, i.e.

1
R

ap = |z].
We know that ag < x < ag+ 1. Hence 0 < z — ag < 1. Also note that since x > 0
we have ag > —1; so ag > 0, since it is an integer. Next let
aj := [10(x — ap)|.
Note that 0 < 10(x — ag) < 10. Thus a; is a nonnegative integer less than 10, i.e.
it belongs to {0,1,...,9}. In addition we have
1
< —.
10) 10

We continue this process to inductively define a,. More precisely, we define

0<10(zx—ap) —a1 <1 = O<m—(ao+
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(i) o := [z],
(i) Tna1 = @ + LLT a0,
Remark. In the terminology of recursion theorem, we have constructed x, by
using the function F(n,s) = s+ %.

Then for n > 0 we define

any1 = 10" N2y — ) = (10" (2 — 2,) ).
It is easy to show that z, = ap+3_7_, % Because for n = 0 we have zg = [z] =
ag- And if the equality holds for some n, then for n + 1 we get

n n+1
_ an+1 a; An+1 a;
Tntl = In t {ong _a°+2101+ 10n+1 _a0+2w”
j= j=
as desired.
Now let us show that )

0<or—z,< W (*)
Note that as a consequence we get 0 < 10”“(:13 — xp,) < 10. Therefore apy1 =
| 10" (2 —2,) | is a nonnegative integer less than 10, i.e. it belongs to {0, 1,...,9}.

The proof of the inequality (x) is by induction on n. For n = 0 we have zg = |z,
and the inequality holds due to the properties of the integer part, as we have seen
above. Suppose the inequality holds for some n. We know that

0<10" Nz —z,) — (10" Nz — )| <1,
due to the properties of the integer part. Hence we get

| 10" (2 — 2y) | 1
o) < qger

Oﬁx—(ajn—i—

which is the desired inequality for n + 1.
Next, note that we have

an = [10"(z — zp—1)] < 10™(x — 2p—1) < an + 1.

Hence for small positive € we have 10" (z —z,—1) < an+1—€. But by Archimedean

property there is k such that k& > ﬁ; so 10F > 10k > % Thus we get

an 1 1
T In-1 < qgn T ign T Tontk
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Sox—x, < 10% — ﬁ. Now suppose to the contrary that an41 =+ = apqr = 9.
Then we have

n+k n+k 1 1

_ aj _ 9 _ gl ~ageeErr _ 1 1
== 3 3= 2 e ST T e
Jj=n+1 Jj=n+1 10

Hence we get
T—Tpik =T — Ty + Tp — Tpyk <0,

which contradicts the inequality (x). Therefore one of the a1, ..., ayir must be
less than 9. So the sequence ag.ajasas . .. satisfies all the properties required in the
theorem.

Finally let us show that ag.ajasas... is mapped to x, i.e. x is the supremum
of {x,}. First note that by inequality (%) we have x,, < z for every n. Thus z is an
upper bound for {x,}. On the other hand, suppose y is an upper bound for {z,}.
Then (x) implies that = — # <xp <y Sox—y< 10% for every n. However,
as we have shown above, for every € > 0 there is n such that ¢ > 10%, due to the
Archimedean property. Hence z — y < € for every € > 0; so x —y < 0. Thus
x = sup{z,}, as desired. [ |
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