Appendix 1: The Construction of the Real Numbers

Fist-Order Set Theory

1.1 Definition: In the language of first-order set theory we allow ourselves to use only
symbols from the following symbol set

{_|7 /\7 \/7%7(_}7:, E7v7 37 (7)}

along with some variable symbols such as z,y, z,u,v,w,--- or x1,x2,x3,---. The symbols
in the symbol set are read as follows: — is read as “not”, A is read as “and”, V is read as
“or”, — is read as “implies”, <> is read as “if and only if”, € is read as “is an element
of”, V" is read as “for all”, 3 is read as “there exists”, and the symbols ( and ) are called

parentheses.

1.2 Definition: A formula (in the formal symbolic language of first-order set theory)
is a non-empty finite string of symbols, from the above list, which can be obtained using
finitely many applications of the following three rules.

1. If  and y are variable symbols, then each of the following strings is a formula.
r=y, TEY
2. If F' and GG are formulas then each of the following strings is a formula.
-F, (FANG), (FVG), (F—-G), (F+ Q)
3. If x is a variable symbol and F' is a formula then each of the following is a formula.

Ve F', dx F

1.3 Definition: Let x be a variable symbol and let F' be a formula. For each occurrence
of the symbol x, which does not immediately follow a quantifier, in the formula F', we
define whether the occurrence of z is free or bound inductively as follows.

1. If F' is a formula of one of the forms y = z or y € z, where y and z are variable symbols
(possibly equal to z), then every occurrence of x in F' is free, and no occurrence is bound.

2. If F is a formula of one of the forms -G, (GA H), (GV H), (G — H) or (G < H),
where GG and H are formulas, then each occurrence of the symbol x is either an occurrence
in the formula G or an occurrence in the formula H, and each free (respectively, bound)
occurrence of z in G remains free (respectivly, bound) in F', and similarly for each free (or
bound) occurrence of x in H.

3. If F'is a formula of one of the forms Vy G or dy G, where G is a formula and y is
a variable symbol (possibly equal to x), then if y is different than x then each free (or
bound) occurrence of x in G remains free (or bound) in the formula F', and if y is equal to
x then every free occurrence of x in G becomes bound in the formula F', and every bound
occurrence of x in G remains bound in the formula F'.



1.4 Definition: When a quantifier symbol occurs in a given formula F', and is followed
by the variable symbol z and then by the formula G, any free occurrence of xz in G will
become bound in the given formula F' (by an application of part 3 of the above definition),
and we shall say that that occurrence of x is bound by (that occurrence of) the quantifier
symbol, or that (that occurrence of) the quantifier symbol binds that occurrence of x.

1.5 Definition: A free variable in a formula F' is any variable symbol that has at least
one free occurence in F. A formula F' with no free variables is called a statement. When
the free variables in F' all lie in the set {x1,x9, -, z,}, we shall write F' as F(z1, -+, x,)
and we shall say that F' is a statement about the variables x1,x2,- -, ;.

1.6 Example: In the following formula, determine which occurrences of the variable
symbols are free and which are bound, and for each bound occurrence, indicate which
quantifier binds it.

VxEIy(Vz(xEy%Elyyzz)/\Va:(Elzz:u\/ZE:C))

Solution: We indicate the free and bound occurrences and their binding quantifiers by
placing integral labels under the relevant symbols: the free variables are given the label 0,
each quantifier is given its own non-zero label, and each bound variable is given the same
label as its binding quantifier:

Vedy(Vz(z €y = Jyy=2)AVz(Iz 2 =uV z € 1))

12 31 2 44 3 5 6 6 0 0 5

We remark that the free variables in this formula are z and u, so we say that it is a
statement about z and w.

1.7 Example: Express the statement z = {y, {z}} as a formal symbolic formula.

Solution: We can express the given statement in each of the following ways.

z={y,{}}
Vu (u €z ¢ ue {y{z}})
Vu(u €z (u=yVu={z}))
Vu(u €z (u=yVVo(vEu+ v=2)))

The last expression is a formula.
1.8 Definition: Given a formula F' and variable symbols z and y, we define [F/z,
as follows. When F is obtained using rule 1, the formula [F],.,, is obtained from F
by replacing all occurrences of the symbol x by the symbol y. To deal with rule 2, we
define [_'F]x»—w = [F)zy and [(F*G)LﬁHy = ([Flamsy * [Glamsy) for x € {A,V,—, ¢}
To deal with rule 3, we define [Vx F] _,, = Vo F, and [Vy F] = Vu[[F]yHu]

Ty Ty Ty

where u is the first variable which is not equal to x or y and which does not occur in F',
and for a variable symbol z with z # = and z # y we define [Vz F] = V2[F gy

—



The ZFC Axioms of Set Theory

1.9 Remark: Every mathematical set can be constructed using specific rules, which are
known as the ZFC axioms of set theory, or the Zermelo-Fraenkel axioms of set theory,
with the axiom of choice. We begin by listing the ZFC axioms, stating them informally.

Extension Axiom: Two sets are equal if and only if they have the same elements.
Empty Set Axiom: There exists a set () with no elements.

Separation Axiom: If u is a set and F(z) is a statement about z, {z € u|F(z)} is a set.
Pair Axiom: If u and v are sets then {u, v} is a set.

Union Axiom: If u is a set then (Ju = (J v is a set.
veu

Power Set Axiom: If u is a set then P(u) = {v|v C u} is a set.

Axiom of Infinity: If we define the natural numbers to be the sets 0 = (), 1 = {0}, 2 = {0, 1},
3=1{0,1,2} and so on, then N ={0,1,2,3,---} is a set.

Replacement Axiom: If u is a set and F(z,y) is a statement about z and y with the
property that Vz 3ly F(z,y) then {y | Jz € u F(z,y)} is a set.

Axiom of Choice: Given a set u of non-empty pairwise disjoint sets, there exists a set
which contains exactly one element from each of the sets in w.

We now proceed to state each of the ZFC axioms formally (as a formula in first-order
set theory) and give some indication as to how these axioms can be used as a rigorous
framework for essentially all of mathematics.

1.10 Definition: The Extension Axiom is the formula
VuVu (u=v > Va(z € u ¢ x € v)).
1.11 Definition: The Empty Set Axiom is the formula
JuVzr —x € u.
1.12 Theorem: The empty set is unique.

Proof: Suppose that u and v are both empty. Let x be arbitrary. Since u is empty, we
have —x € u and hence z € u — x € v. Similarly, since v is empty, we have -z € v and
hence x€v — x€wu. Since x€u — x€v and r€v — rE€u, we have x €u +> x €v. Since x
was arbitrary, we have Vz (x €u <> x €v). By the Axiom of Extension, u = v.

1.13 Definition: We denote the unique empty set by (.

1.14 Remark: In a formal and rigorous treatment of the foundations of mathematics, we
would need to decide at this point how to interpret the use of the symbol (). One approach
is to add the symbol ) to our list of symbols, modify our definition of a formula to allow
the use of the new symbol (), and add the axiom Vx —z € ) to our list of axioms. Another
option is to interpret the use of the symbol as a shorthand notation for an expression which
can be expressed formally using the existing symbols, so that for example the expression
u = () would be shorthand for the formula Vo —z € u.



1.15 Definition: Given sets u and v, we say that u is a subset of v, and we write u C v,
when every element of u also lies in v, that is when Vx (x € u — x € v).

1.16 Definition: For any formula F' with free variable x, the following formula is an
axiom.
VuFuVz(z € v ¢ (EUAF))

More generally, for any formula F'with free variables z, u1, us, - - -, uy, the following formula

is an axiom.
YuVuy - - -‘v’unElv‘v’ac(x Ev & (mEu/\ F))

Any axiom of this form is called an Axiom of Separation.

1.17 Notation: Given sets u,uq,---,u, and given a formula F with free variables
T,u1,- -, Uy, by the appropriate Axiom of Separation, there exists a set v with the prop-
erty that Vo (aj €V & (x cEu N F), and by the Extension Axiom, this set v is unique, and

we denote it by
{x € u‘F}

1.18 Note: It is important to realize that a Separation Axiom only allows us to construct
a subset of a given set u, so for example we cannot use a Separation Axiom to show that
the collection S = {x|ﬂ x €x}, which is used to formulate Russel’s paradox, is a set.

1.19 Definition: The Pair Axiom is the formula
VuVv JwVz(z € w  (z =uV z =v)).

1.20 Notation: Given sets u and v, by the Pair Axiom there exists a set w with the
property that Vx(x cws (r=uVe = v)), and by the Extension Axiom, this set w is
unique, and we denote it by

{u, v}

1.21 Example: With this axiom, we can construct some non-empty sets. For example,
taking u = v = ) gives the set {0),0} = {0} (note that {@} # @ by the Extension Axiom,
since () € {0} but @ ¢ ). Then taking v =) and v = {0} gives the set {0, {0}}.

1.22 Definition: The Union Axiom is the formula
VuIwVz(z € w+ (v Eunz €v)).

1.23 Definition: Given a set u, by the Union Axiom there exists a set w with the property
that Vz(z € w > Jv (v € u Az € v)), and by the Extension Axiom this set w is unique.
We call the set w the union of the elements in u, and we denote it by

Uu: Uv.

veu

Given two sets v and v, we define the union of v and v to be the set

qu:U{u,v}.

Given three sets u, v and w, note that {z} = {z, 2z} is a set and so {z,y, 2} = {z,y} U{z}
is also a set. More generally, if uy, usg, - -, u, are sets then {uy,us,--,u,} is a set and we
define the union of the sets uq,-- -, u, to be

n
up Uug U---Uu, = UUk:U{Ul,UQ,“',Un}.
k=1



1.24 Definition: Given a non-empty set u, we define the intersection of the elements

in u to be the set
ﬂu: {xGUu“v’v(vGu%xEv)}
Given two sets v and v, we define the intersection of v and v to be the set

uﬂv:ﬂ{u,v},

and more generally, given sets uy, us, - - -, u,, we define the intersection of uq,us, -, u,
to be the set

n
UL Nug M- Nuy, = ﬂUk:ﬂ{U1,u2,“‘,un}.
k=1

1.25 Definition: The Power Set Axiom is the formula
VudwVo (v e w v Cu).

1.26 Definition: Given a set u, the set w with the property that Yv(v € w <> v C u)
(which exists by the Power Set Axiom and is unique by the Extension Axiom) is called the
power set of u and is denoted by P(u), so we have

Pu) = {v|v C u}
1.27 Example: Find the power set of the set {0, {0} }.
Solution: We have
P({0,403}) = {0, 0}, {01}, {0, (03} }.
1.28 Definition: Given two sets z and y, we define the ordered pair (z,y) to be the set

(z,y) = {{=} {z.y}}.
Given two sets u and v, note that if x € v and y € v then we have {z} € P(uUwv) and
{z,y} € P(wUw) and so (z,y) = {{z},{z,y}} € P(P(uUv)). We define the product
u X v to be the set
uUXv= {(m,y)‘x EuUNy Ev},

that is
uxv={z€P(PuUv))|IzIy((zcurycv)rz=(z,y))}.
1.29 Exercise: Find U <{(Z)} x {{0}, {0, {@}}})
1.30 Definition: We define
0=0,1={0}=0uU{0},2={0,1} =1U{1}, 3={0,1,2} =2U {2},
and so on. For a set x, we define the successor of x to be the set
r+1=zU{zx}.
A set u is called inductive when it has the property that
(0OeunVz(zceu—z+1€un)).
1.31 Definition: The Axiom of Infinity is the formula
Fu(0€euAVe(z€u—a+1€u)),

so the Axiom of Infinity states that there exists an inductive set.



1.32 Theorem: There exists a unique set w of the form
w = {.CU ‘ x € v for every inductive set v} .
Moreover, this set w is an inductive set.

Proof: By the axiom of infinity, there exists an inductive set, say u. Let w be the set
w = {a: cEu ! x € v for every inductive set v}
:{xEu{‘v’v((OGv/\‘v’y(va%y%—lEv)) —z€EV)}.

We claim that this set w does not depend on the choice of u. To prove this, let u; and us
be two inductive sets and let

wy] = {a: € Uy |x € v for every inductive set v}
Wy = {:U € Us |x € v for every inductive set v} .
Then for any set z we have

r € wy <=z € u; and x € v for every inductive set v
<= x € v for every inductive set v (since wu; is inductive)
<= x € up and z € v for every inductive set v (since ug is inductive)
< Trecwsy.

Thus wy = ws, showing that w is unique. We leave it as an exercise to show that w is
inductive.

1.33 Definition: The unique set w in the above theorem is called the set of natural
numbers, and we denote it by N. We write

N = {x ‘ x € v for every inductive set v}
={0,1,2,3---}.
For x,y € N, we write z < y when x € y and we write ¢ <y when x < y or x = y.

1.34 Notation: For a formula F', we write Vo € u F' as a shorthand notation for the formula
Vz (x€u — F). Similarly, we write 3x €u F' as a shorthand notation for 3z (r€u A F).

1.35 Theorem: (Principle of Induction) Let F(z) be a formula with free variable x.
Suppose that

(1) F(0), and

(2) VzeN (F(z) — F(z + 1)).

Then VxeN F(x).

Proof: Let u = {z € N|F(z)}. By (1) we have 0 € u. Let # € u. Then z € N and F(z).
Since z € N we have z +1 € N (since N is inductive). Since z € N and F(z) we have
F(x+1) by (2). Since x+1 € N and F(z+ 1), we have z + 1 € u (by the definition of u).
We have shown that 0 € v and that Vz (r € u — x + 1 € u), so u is inductive. Since u is
inductive, we have N C u (by the definition of N). Thus x € N = z € u = F(x).

1.36 Remark: In the above theorem, the expression F(0) is short for Vz (z = 0 — F(z))
which in turn is short for Vz (Vy—y € # — F(z)). Similarly, F(z + 1) is short for the
formula Vy (y = 2+1 — F(y)), where F(y) = [F(z)]

Ty’



1.37 Definition: Given a formula F(z,y) with free variables z and y, the following
formula is an axiom:

‘v’u(‘v’mﬂ!y F(z,y) - JwVy (y € w <> Jzcu F(x,y))) ,
where 3y F (x,y) is short for Jy(F(z,y) AVz (F(x,2) — z =y)) with F(z,z) short for the

formula Vy (y =z — F(x,y)) More generally, given a formula F(z,y,uq,- -, u,) with
free variables x,y,uq, - -, u,, the following formula is an axiom:

Vu Yuq -~~‘v’un(‘v’x3!y F(x,y,uy, -, u,) = JwVy (y €w<+ Jrecu F(m,y,ul,---,un))> )
An axiom of this form is called a Replacement Axiom.

1.38 Notation: Given sets u,uq,---,u, and given a formula F'(z,y,u,- -, u,) with free
variables x,y,uy,- -+, u, with the property that Vz 3ly F(x,y,uy,---,u,), for each set =
we let y = f(x) denote the unique set for which F(z,y,u1,---,uy,) holds, and then we
denote the unique set w, whose existence is stipulated by the above Replacement Axiom,
by

{f(@)|z € u}.

1.39 Example: If u is a set then the collection

{P(z)|z € u}
is also a set, by the Replacement Axiom taking F'(z,y) to be the formula y = P(x).
1.40 Definition: The Axiom of Choice is the formula given by

Vu((—wb cuAVzeuVycu(-z=y—zNy=0)) - JwVvecuNazcvze w>



Relations, Equivalence Relations, Functions and Recursion

1.41 Remark: We have now stated each of the ZFC axioms formally. Up until now, we
have used lower-case letters to denote all sets (and all elements of sets, which are also sets).
From now on, we shall often use upper-case letters to denote sets, as is more customary.

1.42 Definition: A binary relation R on a set X is a subset R C X x X. More
generally, a binary relation is any set R whose elements are ordered pais. For a binary
relation R, we usually write xRy instead of (z,y) € R.

1.43 Definition: Let R and S be binary relations. The domain of R is
Domain(R) = {z |3y =Ry}
and the range of R is
Range(R) = {z |3y zRy} .
For any set A, the image of A under R is
R(A) = {y|3z€ A 2Ry}
and the inverse image of A under R is
R71(A) ={x | Jye A xRy} .
The inverse of R is
R ={(y,2)|(z,y) € R}
and the composite S composed with R is
SoR= {(a:,z)’fly tRy NySz}.
1.44 Theorem: Let A be a set and let R and S be binary relations. Then
(1) Domain(R), Range(R), R(A) and R™1(A) are sets, and
(2) R~! and S o R are binary relations.

Proof: The proof is left as an exercise.

1.45 Definition: An equivalence relation on a set X is a binary relation R on X such
that

(1) R is reflexive, that is Yz € X xRz,

(2) R is symmetric, that is Vz,y€ X (xRy — yRz), and

(3) R is transitive, that is Vz,y,z€ X ((:URy ANyRz) — sz).

1.46 Definition: Let R be an equivalence relation on the set X. For a € X, the equiv-
alence class of a modulo R is the set

[a]r = {z € X|zRa} .

1.47 Definition: A partition of a set X is a set S of non-empty pairwise disjoint sets
whose union is X, that is a set S such that

(1) for all A €S we have A # 0,
(2) for all A,B € S, if A+# B then AN B =0, and

2) | Js=xX.



1.48 Theorem: Given a set X, we have the following correspondence between equivalence
relations on X and partitions of X.

(1) Given an equivalence relation R on X, the set of all equivalence classes
SR = {[a]R‘a GX}

is a partition of X.
(2) Given a partition S of X, the relation Rg on X defined by

Rs={(z,y) e X xX[3A e S(zc Anyc A)}

is an equivalence relation on X.
(3) Given an equivalence relation R on X we have Rg, = R, and given a partition S of X
we have Sy = S.

Proof: The proof is left as an exercise.

1.49 Notation: Given an equivalence relation R on X, the set of all equivalence classes,
which we denoted by Sk in the above theorem, is usually denoted by X/R, so

X/R={[alr|ac X}.

1.50 Definition: Let R be an equivalence relation. A set of representatives for R is a
subset of X which contains exactly one element from each equivalence class in X/R.

1.51 Remark: The Axiom of Choice is equivalent to the statement that every equivalence
relation has a set of representatives.

1.52 Definition: Given sets X and Y, a function from X to Y is a binary relation
f € X xY with the property that

Vee X AlyeY (x,y) € f.
More generally, a function is a binary relation with the property that
Va €Domain(f) Iy (z,y) € f.

For a function f, we usually write y = f(z) instead of zfy. It is customary to use the
notation f: X — Y when X = Domain(f) and Y is any set with Range(f) C Y.

1.53 Definition: Let f : X — Y. The function f is called one-to-one (or injective)
when
VyeY 3 at most one x€ X y = f(x)

and f is called onto (or surjective) when
VyeY 3 at least one € X y = f(x).

1.54 Definition: Let f : X — Y. Let Ix and Iy denote the identity functions on X
and Y respectively (that is Ix(z) = = for all z € X and Iy (y) =y for all y € V). A left
inverse of f is a function g : Y — X such that go f = Ix. A right inverse of f is a
function h : Y — X such that f oh = Iy. Note that if f has a left inverse g and a right
inverse h, then we have g = goly =go foh = Ix oh = h. In this case we say that g is
the (unique two-sided) inverse of f.

1.55 Theorem: Let f: X — Y. Then

(1) f is one-to-one if and only if f has a left inverse.
(2) f is onto if and only if f has a right inverse.
(3) f is one-to-one and onto if and only if f has a (two-sided) inverse.

9



Proof: The proof is left as an exercise. We remark that the Axiom of Choice is needed.

1.56 Definition: A function f : X — Y is called invertible (or bijective) when it is
one-to-one and onto, or equivalently, when it has a (unique two-sided) inverse.

1.57 Remark: The Axiom of Choice is equivalent to the statement that for every set S,
there exists a function f : S — |JS with the property that VX €S (X # 0 — f(X) € X).
Such a function f is called a choice function for the set S.

1.58 Theorem: (The Recursion Theorem)

(1) Let A be a set, let a € A, and let g : A x N — A. Then there exists a unique function
f N — A such that
f(0)=a and f(n+1) =g(f(n),n) for alln € N.
(2) Let A and B be sets, let g : A — B, and let h : A x B x N — B. Then there exists a
unique function f : A x N — B such that for all a € A we have
f(a,0) = g(a) and f(a,n+1) = h(a, f(a,n),n) for alln € N.

Proof: To prove part (1), note first that for each n € N we can construct a (unique)
function f,, : {0,1,---,n} — A such that f(0) = a and f,(k+1) = g(fn(k),k) for all k
with 0 < k < n (that the functions f,, exist and are unique can be proven by induction).
Notice that since {0, 1, -, n} = n+1, we have f,, : (n+1) — A,s0 f,, C (n+1)xA C NxA,
and so all of the functions f,, are subsets of N x A. We can combine all these functions
into a single function f: N — A as follows. First we let

zwz{fg;Nx/qaneN(f;QHJ)_>A,fm):a,VkewHJ)fw+l)=g(ﬂk%kD},

f=Jr.

We leave it as an exercise to prove that indeed f is a function which satisfies the conditions
of the theorem.

and then we let

We can prove part (2) in a similar manner. First we let

F:{ngxNxBL%eNQ:Axm+n—+3wd
\meAQﬁmn:g@JAVkem+4)ﬂmk+1y:Mmfmx%@)}

then we let f:UF

10



The Construction of the Integers, Rational, Real and Complex Numbers

1.59 Definition: By part (2) of the Recursion Theorem, there is a unique function
s: N x N — N such that for all a,b € N we have

s(a,0) =a, s(a,b+1)=s(a,b)+1.
We call s(a,b) the sum of a and b in N, and we write it as
a+b=s(a,b).
Also, there is a unique function p : N x N — N such that for all a,b € N we have
p(a,0) =0, p(a,b+1)=p(a,b)+a.
We call p(a, b) the product of a and b in N, and we write it as
a-b=pa,b).

1.60 Remark: It can be shown (using induction) that the sum and product satisfy all
the usual properties in N.

1.61 Definition: We define the set of integers to be the set
Z=(NxN)/R
where R is the equivalence relation given by
(a,b)R(c,d) <= a+d=b+c.

For a,b,c,d € N, we define

[(a,0)] <[(c,d)] <= b+c<a+d

[(a,0)] + [(¢, d)] = [(a + ¢, b+ d)]

[(a,b)] - [(c,d)] = [(ac + bd, ad + be)] .

For n € N, we write n = [(n,0)] and —n = [(0,n)], so that every element of Z can be
written as £n for some n € N, and we can identify N with a subset of Z.

1.62 Remark: It can be shown that the ordering and the sum and product defined above
are well-defined and satisfy the usual properties in Z.

1.63 Definition: We define the set of rational numbers to be the set
Q=(Z2x2Z%)/R
where ZT = {z € Z’x > 0} and R is the equivalence relation given by
(a,b)R(c,d) <= ad = bc.

For a,b,c,d € Z with b,d > 0, we define

[(a,0)] <[(c,d)] <= a-d<b-c

[(a,b)] + [(c,d)] =[(a-d+b-c,b-d)]
[(a,0)] - [(c,d)] = [(a-¢,b- d)].

For a € Z and b € Z", it is customary to write § = [(a,D)]. Also for a € Z we write

a = [(a,1)], and we identify Z with a subset of Q.

11



1.64 Remark: It can be shown that the above ordering, sum and product are well-defined
and satisfy the usual rules in Q.

1.65 Definition: We define the set of real numbers to be the set
R:{qu’u#@, u#Q,VacuVzeQ (z<a—xzcu), VacuIbcua<b}.
For u,v € R, we define
u<v<<=uCwv
utv={a+blacu, bev}.

We define 0 € R to be the set 0 = {zx € Q|z < 0 in Q}. Given u € R we define —u to be
the interior of the complement of {—a|a € u}, that is

—u={be Q|3 reQ with r>0 such that — (b+r) ¢ u}

u if 0 < w,
lul =

and we define

—u if u <0.
For 0 < wu,v € R we define
u-v={a-beQl0<acu, 0<beviU{ceQle<0},

and for any u,v € R we define u-v = |u|- |[v]. For a € C we writea = {z € Q|z < a} €R
and we identify Q with a subset of R.

1.66 Remark: It can be shown that the above ordering, sum and product are well-defined
and satisfy the usual rules in R.

1.67 Definition: We define the set of complex numbers to be the set
C=RxR.
We define addition and multiplication in C by
(a,b) + (¢,d) = (a+ ¢, b+ d)
(a,b) - (¢,d) = (ac — bd,ad + bc) .
We write i = (0,1). For x € R we write z = (z,0), and we identify R with a subset of C.

1.68 Remark: It can be shown that the above sum and product are well-defined and
satisfy the usual rules in C.

12



