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Chapter 1. Sets and Mathematical Statements

1.1 Remark: A little over 100 years ago, it was found that some mathematical proofs
contained paradoxes, and these paradoxes could be used to prove statements that were
known to be false. One well-known paradox, outside of the realm of mathematics, is the
statement

“This statement is false”.

The above statement is true if and only if it is false. It is one form of a paradox known as
the liar’s paradox. After examining some lengthy and convoluted mathematical proofs
which contained paradoxes, Bertrand Russell came up with the following mathematical
paradox, which is somewhat similar to the liar’s paradox:

Let X be the set of all sets, and let S = {A € X|A ¢ A}.
Note for example that Z ¢ ZsoZ € S, and X € X so X ¢ S.
Then we have S € S if and only if S ¢ S.

This paradox is known as Russell’s paradox. With Russell’s paradox, it was possible to
construct a proof by contradiction, which followed all the accepted rules of mathematical
proof, of any statement whatsoever. Mathematicians realized that they would need to
modify the accepted framework of mathematics in order to ensure that mathematical
paradoxes could no longer arise. They were led to consider the following three questions.

1. Exactly what is an allowable mathematical object?
2. Exactly what is an allowable mathematical statement?
3. Exactly what is an allowable mathematical proof?

Eventually, after a great deal of work by many mathematicians, a consensus was reached
as to the answers to these three questions. Roughly speaking, the answers are as fol-
lows. Essentially every mathematical object is a mathematical set (this includes objects
that we would not normally consider to be sets, such as integers and functions), and a
mathematical set can be constructed using certain specific rules, known as the Zermelo-
Fraenkel Axioms along with the Axiom of Choice which, together, are referred to as
the ZFC axioms. Mathematical statements are normally expressed using a combination
of mathematical symbols and words from a natural language, such as English, but every
mathematical statement can be expressed as a so-called formula in a certain specific for-
mal symbolic language, called the language of first-order set theory, which uses symbols
rather than words. Mathematical proofs are likewise normally expressed using a combi-
nation of symbols and words, but every mathematical proof can be translated into a very
precise symbolic form of proof called a derivation. One kind of derivation consists of a
finite list of ordered pairs (S, F,,) (which we think of as proven theorems), where each S,
is a finite set of formulas (called the premises) and each F), is a single formula (called the
conclusion), such that each pair (S,, F,) can be obtained from previous pairs (S;, F;) with
1 < n, using certain specific proof rules. In this chapter we shall provide more detailed
answers to the the first two of the above three questions, and in the next chapter we shall
consider the third question.



1.2 Definition: Every mathematical object is either a (mathematical) set or a (mathe-
matical) class. Every set or class is a collection of sets. When S is a set or a class and =
is a set, we write x € S to indicate that x is an element of S. When A and B are sets, we
say that A is equal to B, and we write A = B, when A and B have the same elements,
we say that A is a subset of B, and we write A C B (some books write A C B), when
every element of A is also an element of B, and we say that A is a proper subset of B,
and we write A C B, or for emphasis A % B, when A C B but A # B. When F(x) is a

mathematical statement about a set x, we write {z | F(z)} to denote the collection of all
sets x for which the statement F'(z) is true. When F'(z) is a statement about a set x and
A is a set, we write {z € A| F(x)} to denote the collection {z |z€ A and F(z)}.

A (mathematical) class is any collection of sets of the form {z | F(x)} where F(x) is a
mathematical statement about x.

A (mathematical) set is a collection of sets which can be constructed using certain specific
rules, which are known as the ZFC axioms (or the Zermelo-Fraenkel Axioms along
with the Axiom of Choice). The ZFC axioms include (or imply) each of the following.

Equality Axiom: Two sets are equal if and only if they have the same elements.
Empty Set Axiom: There is set called the empty set, denoted by (), with no elements.
Pair Axiom: If A and B are sets then {A, B} = {z|2 = A or 2 = B} is a set.

Union Axiom: If S is a set of sets then (JS = |J A= {z|z€A for some A € S} is a set.
AeS

Power Set Axiom: If A is a set then P(A) = {X’X C A} is a set, which we call the power

set of A.

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

Separation Axiom: If A is a set and F'(x) is a statement about z, {:I?EA|F(£I?)} is a set.

Replacement Axiom: If A is a set and F(z,y) is a statement about x and y with the
property that for every set x there exists a unique set y = f(x) for which F(x,y) is true,
then {f(z) |z € A} = {y|Fz€ A F(z,y)} is a set.

Axiom of Choice: Given a nonempty set S of non-empty disjoint sets, there exists a set C'
which contains exacly one element from each of the sets in S.

1.3 Definition: For sets A and B, we use the following notation. We denote the union
of A and B by AU B, the intersection of A and B by AN B, the set A remove B by
A\ B and the product of A and B by A x B, that is

AUB=J{A,B} = {z|r € Aor z € B},
AﬂB:{xeAUB|x€Aanda:EB},
A\B={z € Alz ¢ B}, and

Ax B={(z,y) € P(P(AUB))|z € A and b € B}

where the ordered pair (z,y) is defined to be the set (z,y) = {{z}, {z,y}}. We say that
A and B are disjoint when AN B = (). We also write 42 = A x A.



1.4 Theorem: (Properties of Sets) Let A, B,C C X. Then

(1) (Idempotence) AUA=A, ANA=A,

(2) (Identity) AUD=A, ANP=0, AUX =X, ANX =A,

(3) (Associativity) (AUB)UC =AU (BUC) and (ANB)NC=ANn(BNO),

(4) (Commutativity) AUB =BUA and ANB = BNA,

(5) (Distributivity) AN (BUC) = (ANB)U(ANC) and AU(BNC)=(AUB)N(AUC),
(6) (De Morgan’s Laws) X \ (AUB) = (X\A)N(X\B) and X\ (ANB) = (X\A)U(X\B).

Proof: We shall provide some proofs later once we have listed some methods of proof.

1.5 Example: When A is a set, we have {A, A} = {A} by the Equality Axiom and
so {A} is a set by the Pair Axiom. In particular, since () is a set, so is {#}. Note that
) # {0}, indeed the set () has no elements but {(}} has one element. Since () and {0}
are sets, so is the set {0, {0}} by the Pair Axiom. Using the Pair Axiom and the Union
Axiom we can then construct the set {0, {0}} U {{0,{0}}} = {0, {0}, {0,{0}}}. The
first few natural numbers are given by 0 = 0, 1 = {0} = {0}, 2 = {0,1} = {0,{0}} and
3=1{0,1,2} = {0, {0}, {0,{0}}}. Having constructed the natural number n as a set, the
number n+ 1 is defined to be the set n+1 = nU{n} (which is a set by the Pair and Union
Axioms). We remark that although we only need to use the Pair Axion and the Union
Axiom to construct any given natural number n, we need to use the Axiom of Infinity to
conclude that the collection of all natural numbers is a set.

1.6 Example: Since the natural number 3 = {0,1, 2} is a set, so is its power set

PE)=P({0,1,2}) = {0, {0}, {1}, {2}, {1.2}, {0,2}, {0,1}, {0,1,2} }.
We remark that when a set A has n elements, its power set P(A) has 2" elements. We also

remark that when A is a finite set we do not need to use the Power Set Axiom to construct
the set P(A) since we can construct the set P(A) using the Pair and Union Axioms.

1.7 Remark: It was mentioned earlier that essentially all mathematical objects are sets,
including objects that we do not normally consider to be sets such as numbers and func-
tions. We have seen that the natural numbers 0,1,2,--- are defined to be sets. In the
following two definitions we indicate how functions and relations are defined to be sets.

1.8 Definition: When A and B are sets, a function from A to B is defined to be a set
F C A x B with the property that for every z € A there exists a unique element y € B
such that (z,y) € F. We write F' : A — B to indicate that F' is a function from A to B,
and we write y = F(x) to indicate that (z,y) € F. Thus a function is in fact defined to
be equal to what we would normally consider to be its graph.

1.9 Definition: When A is a set, a binary relation on A is a subset R C A%2. When
x,y € A we write Ry to indicate that (z,y) € R.

1.10 Example: The operation + on N is a function + : N2 — N and for z,y € N we
write x + y to denote +(z,y). The relation < on N is a subset < C N? and for 2,y € N
we write z < y to indicate that (z,y) € <.

1.11 Remark: Using the axioms of set theory, it is possible to construct the set of integers
Z = {0,£1,+2,---}, the sets of rational numbers Q = {% ‘ k,neZn > O} and the set
of real numbers R, along with their usual operations 4, —, X, + and their usual inequality
relations <, <, >, >. This procedure is outlined in the Appendix 1.
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1.12 Definition: Every mathematical statement can be expressed in a formal symbolic
language called the language of first-order set theory, which we shall describe below.
For the moment, we describe a very simple formal symbolic language that captures some
of the features of mathematics. In the language of propositional logic, we use symbols
from the symbol set {ﬂ, ANy V, = <, (, )} along some variable symbols which we
denote by P,@, R,---. The symbols ( and ) are called parentheses or brackets and the
other symbols in the symbol set represent English words as follows:

= A \% — <
not and or implies if and only if

The propositional variables P, @), R, - - - are intended to represent certain unknown mathe-
matical statements which are assumed to be either true or false, but never both. When X
and Y are strings of symbols, we shall write X =Y when X and Y are identical.

A formula, in propositional logic, is a string of symbols which can be obtained using the
following rules:

F1. Every propositional variable symbol is a formula.

F2. If F'is a formula then so is the string —F.

F3. If F and G are formulas then so are the strings (FAG), (FVG), (F — G) and (F < G).

A derivation for a formula F' is a list of formulas Fy, Fs,---, F,, with F' = F,,, for some
m < n (usually F' = F},) such that each formula F}, is obtained by applying one of the
above 3 rules to previous formulas in the list.

We shall often omit the outermost pair of brackets from formulas, for example we might
write the formula (P V (QQ — R)) as PV (Q — R).

1.13 Example: The string F' = —n(P—> —(Q A P)) is a formula. One derivation for F' is
as follows.

P,Q,(QANP),~(QANP), (P—>ﬂ(Q/\P)),F.

1.14 Definition: An assignment of truth-values is a function « : {P,Q, R,---} — {0, 1}.
When a(P) = 1 we say that P is true under the assignment « and when «(P) = 0 we say
that P is false under «, and similarly for the variables Q, R, - - -.

Given an assignment «, we define a(F"), for any formula F', recursively as follows:

Al. a(P), a(Q) and a(R), and so on, are already known.
A2. If G is a formula then a(—G) is defined according to the table

G -G
1 0
0 1

A3. If G and H are formulas then o(G A H), a(G V H), (G — H) and a(G <+ H) are
defined according to the table

G H (GAH) (GVH) (G—H) (G H)
1 1 1 1 1 1
1 0 0 1 0 0
0 1 0 1 1 0
00 0 0 1 1

When a(F) = 1 we say that F' is true under the assignment «, and when a(F) = 0 we
say that F' is false under «.



1.15 Note: When a(G) = 0 we have a(G — H) = 1. This agrees with the way in which
we use the word “implies” in mathematics. For example, for every integer z, the statement
“if 0 =1 then x = 3” is considered to be true.

1.16 Example: Let F = (PA—~(Q— P))V (R« —(Q), and let a be any assignment with
a(P)=1, a(Q) =0 and a(R) = 1. Determine whether F'is true under a.

Solution: We make a derivation Fy Fy --- F), for F', and under each formula F; we put
the truth value a(F;), which we find using the above definition.

P Q@Q R Q—P -(Q—P) PAN-(Q—P) -Q R+~-Q F

1 0 1 1 0 0 1 1 1
The table shows that a(F") = 1.

1.17 Definition: An assignment on the propositional variables Py, ---, P, is a function
a:{P, Py, P} — {0,1} (there are 2" such assignments). A truth-table, on the
variables Py, Py, - - P,, for the formula F', is a table in which

T1. The header row is a derivation Fy Fy --- F,, --- Fj for F', where the formulas F}, use
no propositional variables other than P;,---, P,, with Fj, = P, for 1 < k < n.

T2. There are 2" rows (not counting the header row): for each of the 2™ assignments «
on Py,---, Py, there is a row of the form a(F;) a(Fs) --- a(F)).

T3. The rows are ordered so that first n columns (headed by Pi,---, P,) list the binary
numbers in decreasing order from 11---1 at the top down to 00---0 at the bottom.

1.18 Example: Make a truth-table on P, @ and R for the formula F' = —((PV-Q) — R).

Solution: We make a table, as in example 1.16, but with 23 = 8 rows.
P Q@ R -Q Pv-Q (PV-Q)—R F

1 1 1 O 1 1 0
1 1 0 O 1 0 1
1 0 1 1 1 1 0
1 0 0 1 1 0 1
0 1 1 0 0 1 0
0 1 0 O 0 1 0
0 0 1 1 1 1 0
0 0 0 1 1 0 1

1.19 Definition: Let F' and GG be formulas and let S be a set of formulas.

(1) We say F is a tautology, and write = F', when for all assignments a we have o(F') = 1.
(2) We say that F'is a contradiction when = —F.

(3) We say F'is equivalent to G, and write F'> G, when for all assignments «, o(F)=a(G).
(4) We say the argument “S therefore G” is valid, or we say that S induces G, or that
G is a consequence of S, and we write S =G, when for all assignments «, if a(F) =1
for every F € S then a(G) = 1. In the case that S = {Fy, Fy,---, F,,} we often omit
the set brackets and write SEG as Fi, Fy, -, F,, EG. The formulas in S are called the
premises of the argument and G is called the conclusion.



1.20 Theorem: Let F, G and Fy,---, F, be formulas. Then

(1) EF0FF,

(2) FEG = = (F—=G),

(3) F2G+= (FEGand GEF) < E(F+G), and

(4) {F15F27"

AF,) EG.

Proof: We shall provide some proofs once we have discussed proof methods.
1.21 Example: Let F = (P« ((Q A—R)V S)) V (P — —S). Determine whether = F.

Solution: We make a truth-table for F'.
(QAN-R)VS P ((QA-R)VS)

P Q@ R S -R QAR

1 1.1 1 O
1 1 1 0 O
1 1 0 1 1
1 1 0 0 1
10 1 1 O
1 0 1 0 O
1 0 0 1 1
1 0 0 0 1
0 1 1 1 O
0 1 1 0 O
0 1 0 1 1
0o 1 0 0 1
0 0 1 1 0
0 0 1 0 O
0o 0 o0 1 1
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Since all the entries in the F-column are equal to 1, we have = F.

1.22 Example: Let F = (PVQ)— R and G = (P— R)V (Q — R). Determine whether

F=d@.

Solution: We make a truth-table for /' and G,
R PVvQ F P—R Q—R G

P

SO O = ===

0

The F-column is not the same as the G-column, for example on the

G is true, and so F' 2 G.

Q

O R = OO - =

1

_ O = OO

1

O =

1

R RO R ORO

1

— = = O = O

1

— ) O R == O
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row, F'is false and



1.23 Example: Let FF = (PV-Q)— R, G=P+<(QAR), and H = (Q— R), and let
K = =(—=Q A R). Determine whether {F,G,H} F K.

Solution: In general, we have {Fy,---,F,} =K if and only if in a truth-table for the
formulas Iy, ---, F,, and K, for every row in which Fy,-- -, F,, are all true, we also have K
true. We make a truth-table for F', G, H and K:

P Q R -Q Pv-Q F QAR G H -QAR K
1 1 1 0 1 11 1 1 0 1
1 1 0 0 1 0O 0 0 0 0 1
1 0 1 1 1 1 0 0 1 1 0
1 0 0 1 1 0 0 0 1 0 1
0 1 1 0 0 1 1 0 1 0 1
0 1 0 0 0 1 0 1 0 0 1
0 0 1 1 1 1 0 1 1 1 0
0 0 0 1 1 0o 0 1 1 0 1

On row 7, F' G and H are all true but K is false. This implies that {F,G, H} £ K.
1.24 Example: Determine whether {PV Q,—Q,P — Q} = —-P.

Solution: We have

P Q PVvQ -Q P—Q -P
11 1 0 1 0
1 0 1 1 0 0
0o 1 1 0 1 1
00 0 1 1 1

Notice that there are no rows in which the premises are all true. In this situation, we can
conclude that {P V Q,—Q, P — Q} E—-P (we don’t even need to look at the last column
of the table).

1.25 Example: Let F' and G be formulas. Consider the following table.

F G F&GE@ -G F—=-G

1 1 1 0 0
1 0 0 1 1
0 1 0 0 1
0 0 1 1 1

Notice that on the first row (when F' and G are both true) we have F <> G true and F' — -G
false. This might seem to imply that (F <> G)E (F — —G), but it does not! For example,
if ¥ =P and G = —-P A (@, then we never have ' and G both true, so the combination
of truth-values shown in the first row of the above table never actually occurs. The above
table is not actually a truth-table as defined in 1.17. Rather, it is a table of possible
combinations of truth-values which may or may not actually occur.



1.26 Definition: Let A be a set. Recall that A2 = A x A. A unary function on A is
a function f : A — A. A binary function on A is a function g : A2 —+ A. Many binary
functions g are used with infix notation which means that we write g(x,y) as zgy. For
example, + is a binary function on N and we write +(z,y) as z+y. A unary relation on
Ais a subset P C A, and we write P(z) to indicate that x € P. A binary relation on A
is a subset R C A2. When R is written with prefix notation we write R(z,y) to indicate
that (x,y) € R, and when R is used with infix notation, we write xRy to indicate that
(z,y) € R. For example, < is a binary relation on the set N, which means that < C N2,
and we write < y to indicate that (z,y) € <.

1.27 Definition: We now describe a type of formal symbolic language, called a first-
order language. Every first-order language uses symbols from the common symbol
set

{=, AV, =, < ,=Y,3,(,),,}

together with some variable symbols (such as z, y, z, v, v and w), and possibly some
additional symbols which might include some constant symbols (such as a, b, ¢, 0, 0,
1, e, m), some function symbols (such as f, g, h, N, U, +, —, x), and some relation
symbols (such as P, Q, R, €, C, C, <, <). The variable symbols are intended to represent
elements in a certain set (or class) U, called the universal set (or the universal class),
which is usually understood from the context. The symbol V is read as “for all” or “for
every” and the symbol 3 is read as “for some” or “there exists”.

A term in the first-order language is a string of symbols using only variable, constant and
function symbols, along with parentheses and commas if necessary, which can be obtained
using the following rules.

T1. Every variable symbol is a term and every constant symbol is a term.

T2. If t is a term and f is a unary function symbol then the string f(¢) is a term.

T3. If s and ¢ are terms and g is a binary function symbol then the string g(s,t) (or the
string (sgt) in the case that g is used with infix notation) is a term. We sometimes omit
the brackets from the string (sgt).

Here are some examples of terms (with some brackets omitted):
u, uNu, un(UD), «, z+1, z2x(y+1), f(@), 9(z,y), g(z+1,f(y))
Each term represents an element in the universal set (or class) U.

A formula is a string of symbols which can be obtained using the following rules.

F1. If t is a term and P is a unary relation symbol, then the string P(t) is a formula.
F2. If s and ¢ are terms and R is a binary relation symbol then the string R(s,t) (or the
string sRt in the case that R is used with infix notation) is a formula.

F3. If F is a formula then so is the string = F'.

F4. If F and G are formulas then so are the strings (FAG), (FVG), (F — G) and (F < G).
F5. If F is a formula and x is a variable symbol, the strings Vax F' and dz G are formulas.

Here are some examples of formulas (with some brackets omitted):
uCv,uNv=0, (x=0vVa=1), Vo (z#0—Jy zxy =1)

A formula is a precise way of expressing a mathematical statement about elements in U.



1.28 Definition: In the language of first-order number theory, in addition to symbols
from the common symbol set {—,A,V, =, <>,=,V,3,(,), , } along with variable symbols
such as x,y, z, we allow ourselves to use additional symbols from the additional symbol
set {0,1,+, x, <}. (the symbols 0 and 1 are constant symbols, the symbols 4+ and x are
binary function symbols used with infix notation, and the symbol < is a binary relation
symbol used with infix notation). Unless explicitly stated otherwise, we do not allow
ourselves to use any other symbols (such as 2, —, >).

1.29 Example: Express each of the following statements about integers as formulas in
the language of first-order number theory, taking the universal set to be U = Z.

(a) x is a factor of y.

(b) z = min{z, y}.

(c) x is prime.

(d) = is a power of 2.

Solution: The statement “x is a factor of y” can be expressed as 4z y = = X z.
The statement “z = min{z,y}” can be expressed as (r <y—z=z)A(nx <y—z=y).
The statement “x is prime” can be expressed as

l<zAVzVy(l<yAl<z)—-z=yXz2).

The statement “z is a power of 2”7 is equivalent to the statement “x is positive and every
factor of x which is greater than 1 is even” which can be expressed as

O<zAVy(l<yAIzxz=yxz)—=Izy=2z+2).

1.30 Example: Express each of the following statements about a function f : R — R
as formulas in the language of first-order number theory, taking the universal set to be
U = R and allowing the use of the additional unary function symbol f.
(a) f is nondecreasing.
(b) f is bijective.
(¢) lim f(z) =b.

Tr—a

Solution: The statement “f is nondecreasing” means “for all x,y € R, if x < y then
f(x) < f(y)” which can be expressed as Vz Vy (—y <z — - f(y) < f(z)).

The statement “f is bijective” means “for all y € R there exists a unique z € R such that
y = f(z)” which can be expressed as Vy Jz(y = f(z) AVz(y = f(2) =z = z)).

The statement “|z — a| < §” is equivalent to —0 < z —a and  — a < ¢” which can be
expressed as the formula (a < z 4+ d A x < a+ J). The statement “iigé f(xz) = b” means

“for every € >0 there exists d >0 such that for all z, if 0 < |z —a| < ¢ then |f(z)—b| < €,
which can be expressed as the formula

Ve(0<e — 36 (0<d AVa((mz=a A (a<z+d A z<at+d)) = (b<[f(z)+e A f(z)<bte)))).
In the above formula, the symbols € and ¢ are being used as variable symbols.

1.31 Definition: In the language of first-order set theory, in addition to the symbols
from the common symbol set along with variable symbols, the only additional symbol that
we allow ourselves to use (unless explicitly stated otherwise) is the symbol €, which is a
binary relation symbol used with infix notation. When we use the language of first-order
set theory, unless indicated otherwise we shall take the universal class to be the class of
all sets.

1.32 Remark: Every mathematical statement can, in principle, be expressed in the
language of first-order set theory.



1.33 Example: Let u, v and w be sets. The mathematical statement v C v can be
expressed as the formula Vz(z € u—x € v). The mathematical statement w = {u,v} is
equivalent (by the Equality Axiom) to the statement “for every set z, we have x € w if and
only if z € {u,v}” which can be expressed as the formula Vz(z € w+ (z = u V z = v)).
The mathematical statement w = uwUv can be expressed as Vz (z € w<» (z € uVx € v)).

1.34 Example: Each of the ZFC axioms can be expressed as a formula in the language
of first-order set theory. Here are a few of the axioms expressed as formulas.

Equality Axiom: YuVov (u = v > Va(z € u<rz € v))
Empty Set Axiom: JuVx —x € u

Pair Axiom: VuVvIwVz(z € w+s (z =uVz =v))
Union Axiom: VuJwVz(z € w<» Jv(v € u Az € v))
Power Set Axiom: Vu 3w Vv (v € w > Va(z € v—x € u))

1.35 Example: Express the mathematical statement v = 2 (that is, u is equal to the
natural number 2) as a formula in first-order set theory.

Solution: The following statements are equivalent, and the final statement in the list is
expressed in the form of a formula:

u =2

u={0,{0}}

Vz (x cCusrx € {@,{@}})

Vo (z € usr (. =0V a={0}))

Ve (zeuewr (Vy-yea VVy(ycaeoy=10)))

Ve (zeuer (Vy-wex VVy(y ez Vzz €y)))

1.36 Remark: As the above example illustrates, although every mathematical statement
can, in principle, be expressed as a formula in the language of first-order set theory in
practice even fairly simple mathematical statements (such as the statement u = 2) can
become extremely long and complicated and difficult to read when expressed as formulas.
For this reason, as we build mathematics from the foundations of set theory by introducing
new concepts and proving new theorems, we continually add new symbols to the symbol
set and allow additional notation to be used.

1.37 Example: When the universal set is U and A C U (in other words A is a unary
relation on U), the statement “z € A” can be expressed as the formula A(z). When S(z)
is a mathematical statement about the variable z which can be expressed as the formula F',
the statement “for all z € A, S(x) is true” can be expressed as the formula Vz(A(z) — F),
and the statement “there exists x € A such that S(z)” can be expressed as Jx(A(z) A F).

1.38 Definition: Every occurrence of each variable symbol, which does not immediately
follow a quantifier symbol, in a formula H is either free or bound, as follows. When H
is of the form P(t) or R(s,t), every occurrence of each variable symbol is free. When H is
of one of the forms —=F, (FAG), (FVG), (F—G) or (F <+ G), every occurrence of each
variable symbol in H is free or bound in accordance with whether it was free or bound in
F or in G. When H is of one of the forms Vx F' or dz F', each occurrence of any variable
symbol y other than z is free or bound in H in accordance with whether it was free or
bound in F, every bound occurrence of z in F' remains bound in H (and it is bound in H
by the same quantifier symbol which bound it in F'), and every free occurrence of z in F
becomes bound in H (and it is bound by the initial quantifier symbol).
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1.39 Example: The mathematical statement “z is a factor of y”, which is a statement
about integers x and y, can be expressed as the formula 3z y = x X z in first-order number
theory. In this formula, the variables x and y are free and the variable z is bound by the
quantifier. Note that the statement is a statement about x and y but not about z.

1.40 Definition: An interpretation for a first-order language is given by specifying
a non-empty universal set U, and by specifying exactly which constants, functions and
relations are represented by each of the constant, function and relation symbols.

1.41 Note: Until we have chosen an interpretation, a formula F' in a first-order language is
nothing more than a meaningless string of symbols. Once we have chosen an interpretation,
the formula becomes a meaningful statement about its free variables (that is about the
elements in the universal set which are represented by the variable symbols which occur
freely in F'). The truth or falsehood of F' may still depend on the values in U assigned to
the free variables in F'.

1.42 Example: Let F' be the formula Vy x xy = yxx. If we use the interpretation R
(that is is we specify that the universal set is R and that the function symbol x represents
multiplication) then the the formula F' becomes the meaningful statement “the real number
x commutes with every real number y” (which is true, no matter what number is assigned
to the variable z). If we use the interpretation R3 (in which the universal set is R? and
the function symbol x represents cross product) then the formula becomes the meaningful
statement “the vector x € R? has the property that zxy = yxx for every vector y € R3”
(which is true if and only if  is the zero vector).

1.43 Definition: Given an interpretation U, an assignment (of values to the variable
symbols) in U is a function

« : {variable symbols} — U .

For a formula F, we write a(F) = 1 when F is true under the assignment « in the
interpretation U, and we write o(F') = 0 when F' is false under the assignment « in U.

1.44 Definition: Let F' and G be formulas and let S be a set of formulas.

(1) We say that F' is a tautology, and we write = F', when for all interpretations U and
for all assignments « in U we have o(F') = 1.

(2) We say that F' is a contradiction when E=—F.

(3) We say that F' and G are equivalent, and we write F' = G, when for all interpretations
U and all assignments a in U we have a(F') = o(G).

(4) We say that the argument “S therefore G” is valid, or we say that S induces G, or
that G is a consequence of S, and we write S = G, when for all interpretations U and all
assignments « in U, if a(H) =1 for every formula H € S then o(F) = 1.

1.45 Example: For any term ¢, we have = t=t. When z and y are variables and f is a
unary function symbol, we have = Jy y = f(z). When a and b are constant symbols, we
have £ —a=»b. For any terms s and t, we have s=t = t=s. Although it is true in the
interpretation Z that the formula x < y has the same meaning as the formula -y < x, we
have z < y 2 =y < . When z is a variable symbol, a is a constant symbol, t is a term
and R is a binary relation symbol, we have {Vm mRa} EtRa.

1.46 Note: Unlike the situation in propositional logic, in first order logic there is no
routine algorithmic procedure that one can apply to determine whether a given formula is
a tautology, or whether two given formulas are equivalent, or whether a given argument is
valid. Sometimes we can solve such problems by constructing a mathematical proof.
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Chapter 2. Mathematical Proof

2.1 Remark: At the end of the last chapter we raised the following questions. Given
first-order formulas F' and G, how can we determine whether F' = G7 Given a set of
formulas S and a formula K, how can we determine whether S = K? There is, in general,
no routine algorithmic procedure to solve these two problems, but sometimes we can con-
struct a mathematical proof. Just as a mathematical statement (normally expressed
using a combination of mathematical symbols and words from a natural language such as
English) can be expressed as a formula in a very precise formal symbolic language, so too
a mathematical proof can be translated into a very precise symbolic form of proof called a
derivation. In this chapter we shall describe two formal proof systems, one for deriving
equivalences and one for deriving valid arguments.

2.2 Note: To state our proof rules precisely, we need to introduce one somewhat subtle
concept, namely the concept of substitution, which is used in many mathematical proofs.
For example, if we know that a < x for every x € S and we know that b € S, then we can
conclude that a < b. In a detailed proof, we would break this into two steps, as follows.

1. Since Vz(z € S —a < x) it follows that b € S—a <b.
2. Sincebe S and b€ S—a <b it follows that a < b.

In the first step, we used a substitution. In the formula F' = (z € S — a < x) we replaced
x by b. If write [F];—: to denote the formula obtained from F by replacing the variable
symbol x by the term ¢, then the proof rule that was invoked at step 1 was as follows:
from VaxF we can conlude [F ;.

When we define [F),.,+, we want it to be the case that (once an interpretation has
been chosen) the formula [F],; has the same meaning about ¢ as the original formula F’
had about x. In general, this cannot be accomplished by simply replacing each occurrence
of the symbol x by the term t. For example, in the interpretation Z, the statement “x
divides y” can be expressed using the formula F' = dz y = xxz. We would like the formula
[F) 45y to mean “u divides y”, and this can be accomplished simply by replacing x by u
to obtain [F|, = 32 y = ux z. But we would also like the formula [F],.,, to mean “z
divides y” and if we simply replace x by z the formula becomes Jz y = z x z which has a
totally different meaning (it means “y is a perfect square”). To obtain the desired formula
[F] 2~ we first replace the bound variable z in F' by the next available variable symbol u,
then replace x by z afterwards, as follows

[Flos: = [F2 y = ax2] =July =wxu]___=3Juy=zxu

Tr—z =z
2.3 Definition: Given a formula F', a variable symbol z, and a term ¢, we define the
formula [F,.+ as follows. When F is obtained using rule F1 or F2, the formula [F|,. ¢
is obtained from F' by replacing all occurrences of the symbol x by the term ¢. To deal
with rules F3 and F4 we define [-F] sy = T F e and for x € {A\,V, =, <> } we define
(F+@)] ., = ([Flest * [Glamst). To deal with rule F5, for K € {V,3} we define
Kz F],,,

of z are bound), and for a variable symbol y (which is different than z) we define [Ky F|

= Kz F (note that we do not need to change the formula when all occurrences
Tt
as follows. If y does not occur in ¢, we define [Ky F] sy = Ky[Fzmse. If y does occur in ¢,

we define [Ky FLH . = Ku [[Flysu] s, Where u is the first variable symbol which is not z
and does not occur in F or in ¢. The formula [F],.; is called the formula obtained from
F' by substitution, by replacing (free occurrences of) x by t.
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2.4 Definition: For any formulas F', G and H, and any terms s and ¢, and any variables
x and y, we have the following logical equivalences which are called the basic equiva-
lences. The first 24 of these can be verified using truth-tables and the others are accepted
axiomatically, without proof.

(Identity)
(Double Negation)
(Commutativity)

(Associativity)
(DeMorgan’s Law)
(Distributivity)
(Idempotence)
(Absorption)
(Tautology)
(Contradiction)

(Contrapositive)

(Implication)

(If and Only If)
(Equality)

(Double Quantifier)

(Negate Quantifier)

(Separate Quantifier)

(Unused Variable)

(Changing Variables)

El.
E2.

E3.
E4.

E5.
E6.

ET.
ES.

E9.
E10.

E11.
E12.

E13.
E14.

E15.
E16.

E17.
E18.

E19.

E20.
E21.

E22.
E23.
E24.
E25.
E26.
E27.
E28.
E29.
E30.
E31.
E32.
E33.

E34.
E35.

F2F
F~--F
FANG=ZGAF
FVG2GVF
FANGANH) =
FVv(GVH)=
-(FAG) 2 (-FV-G

(FANG)NH

)

)

—(FVG) = (-FA-G)
)

)

(FVG)VH

FA(GVH)Z(FANG
FV(GNH)=(FVG
FANFXF
FVFF
FANFVG)2F
V(FANG)=F

A (GV-G)
V(GV-G)
(

V(FANH)
A(FV H)

AN (GA-G) =
FVv(GAN-G) =
F—-G=-G—-F
F—-G=-FVG
-~(F—-G)2FA-G
F&GE=(FAG)V (-FAN-G)
F&G2(-FVG)A(FV-G)
F&G2(FG)ANG—F)
s=t=t=s
VeVy F = VyVx F
Jx Iy F = 3yda F
Vo F' = Jx—-F
—Jdx F' = Vx -F
Ve (FANG) 2Vx F AV G
J(FVGE) =23 FVIxG
Vz F' = F if z is not free in F
Jox F = F if x is not free in F
Vo F = Vy [F|gey if y is not free in F
dx F' = 3y [Fzy if y is not free in F

= F
=2GEV
G A~
= F

~— — — ~—

When F' = G (or G = F) is one of the above basic equivalences, and H is a formula which
contains F' as a sub-formula, and K is the formula obtained from H by replacing F' by G,
we say that K is obtained from G by applying the basic equivalence F' = G (or the

equivalence G = F').

14



2.5 Definition: Given equivalent formulas F' and G, a derivation of the equivalence
F = G is a list of formulas Fy, Fy, - - -, F; with Iy = F and F; = G such that each formula
F,1 is obtained from the previous formula F} by applying one of the basic equivalences.

2.6 Example: Let F' and G be formulas. Make a derivation for F'A (F —G) =2 FAG.

Solution: Here is one possible derivation.

FA(F—-G) 2FA(-FVG) Implication E20
>~ (FAN-F)V(FAG) Distributivity E9
~(FANG)V (FA-F) Commutativity E4
=2FANG Contradiction E18

2.7 Example: Let F', G and H be formulas. Find a derivation for distributivity of V over
A from the right, that is for the logical equivalence (FAG)V H = (FV H)A (G V H).

Solution: Here is a derivation.

(FANG)VH HV (FAG) Commutativity E4
(HV F)A(HVG) Distributivity E10
(FVH)AN(HVG) Commutativity E4
(

)
)

FVH)N(GV H) Commutativity E4
(

1111 1R

2.8 Example: Derive the logical equivalence F'— (G— H) = (FAG)— H.

Solution:
S (G—H) ~-FV(G—H) Implication E20
—FV (-G V H) Implication E20
(-FV-G)V H Associativity E6
—~(FANG)VH  DeMorgan’s Law E7

~(FAG)—H  Implication E20
2.9 Example: Derive the logical equivalence (FAG)—H = (F—H)V (G— H).

||2 e 1111

Solution:

(FANG)—H ~(FANG)VH Implication E20
(-FV-G)VH DeMorgan’s Law E7
(=FV-G)V (HVH) Idempotence E12
(nFV-G)VH)V H Associativity E6
(-FV(-GVH))V Associativity E6
(-FV(HV-QG))V Commutativity E4
(nFV H)V-G)V H Associativity E6
(=FV H)V(-GV H) Associativity E6
~(F—H)V(-GV H) Implication E20

~(F—-H)V(G—H) Implication E20

e 111 111 1111111

2.10 Example: Make a derivation for the equivalence 3z (F — G) 2 Vz F — Jz G.

Solution: Here is a derivation.
Jr(F—G) Z3Jx(-FVG) Implication E20
2 dz—-F Vdr G Separating Quantifier E30
> —Vx FVdr G Negating Quantifier E27
2Ve FF—drG  Implication E20
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2.11 Remark: We now give several examples of proofs which use standard mathematical
language and notation. As an exercise, you should try to justify each step in each proof.
Some steps make use of a definition, and other steps use one or more of the basic equiva-
lences. In Example 2.15, two of the steps make use of the fact that a(F), a(G) € {0,1}.

We make several remarks about the symbols used in these proofs. Many of the symbols
used in our formal symbolic language are not normally used in more standard mathematical
language. The symbols — and <+ are more commonly written as = and <=. The
symbols A and V are more commonly expressed using the words “and” and “or”. The
negation symbol — is usually either expressed in words (using expressions involving the
word “not”) or is indicated by crossing out a binary relation symbol, for example by writing
—~s=t as s # t and by writing - s€t as s ¢ t. Also note that the same symbol <= which
is used in place of the symbol — is also often used to replace the symbol 2.

2.12 Example: Let A and B be sets. Show that A = B if and only if A C B and B C A.
Solution: We have
AzB@Vm(mGA:}xEB)
<V ((r € A=z € B) and (x € B=>z € A))
—Vr(r€e A=z € B)and Vz(r € B=z € A)
+<— A C Band B C A.

2.13 Example: Prove that for all sets A, B and C' we have AN(BUC) = (ANB)U(ANC)
(this is part of Theorem 1.4).

Solution: Let A, B and C be sets. Then for all z we have
re AN(BUC)«<=zxcAandx € (BUC)
<=1z € A and (xEBora:GC’)
@)(meAandxeB) or(xGAandeC)
—zrecANBorxe ANC
<z (ANB)UANCOC).

2.14 Example: Prove that for sets A, B C X we have X \ (AUB) = (X \ 4) N (X \ B)
(this is also part of Theorem 1.4).

Solution: Let A, B and X be sets with A, B C X. Then for all z we have
re€ X\ (AUB)<=zrec Xandz ¢ (AUB)
<zecXand (r¢ Aand z ¢ B)
< (reXandz e X) and (z ¢ Aand z ¢ B)
< (zr€Xandz ¢ A) and (z € X and z ¢ B)
<—zreX\Aandze X\B
—ze(X\A)N((X\B).
2.15 Example: Prove that for all formulas F and G, F 2 G<= (F =G and G F)
(this is part of Theorem 1.20),
Solution: Let F' and G be formulas. Then
(FEG and G | F) <= for all assignments a («(F)=1= a(G)=1)
and for all assignments o (a(G)=1= «(F)=1)
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<= for all assignments a ((a(F)=1=«a(G)=1) and (a(G)=1= a(F)=1))
< for all assignments a (a(F)=1<=a(G)=1

<= for all assignments a ((«(F)=1 and a(G)=1) or (a(F) # 1 and o(G) # 1))
<= for all assignments o ((«(F)=1 and a(G)=1) or (a(F) =0 and o(G) = 0))
<= for all assignments o «(F) = a(G)

— F=G.

2.16 Definition: For any formulas F', G and H, any sets of formulas S and 7T, any terms
s and t, and any variable symbols z and y, the following rules are called the basic validity
rules. We accept these rules axiomatically, without proof.

(Premise) V1. If F € Sthen SEF

(Adding Premises) V2. f SEF and S C T then T = F

(The Chain Rule) V3. f SEF and SU{F} EG then SEG

(Proof by Cases) V4. I SU{F} G and SU{-F} =G then SEG
(

Contradiction) V5. f SU{-F}EG and SU{-F} -G then SEF
V6. fSU{F}EG and SU{F}E ~G then S = —F

(Conjunction) V7. f SEF and SEG then SEFAG
V8. If SU{F,G}E=H then SU{FAG}=H
V9. f SEFAG then SEF
V10. f SEF AG then SEG

(Disjunction) V1l. f SU{-F}EG then SEF VG
Vi2. f SU{-G}=F then SEF VG
V13. f SU{F} FH and SU{G} = H then SU{FVG}=H
V4. f SEF then SEF VG
V15. f SEG then SEFV G
V16. f SEFV G and SE—F then SEG
VI7. f SEF VG and SE—G then SEF

(Implication) VI8 f SU{F} EG then SEF -G
V19. If SU{-G} =—F then SEF -G
V20. f SU{-F}=H and SU{G} = H then SU{F -G} H
Vol. f SE—F then SEF -G
V22. f SEG then SEF -G
V23. f SEF — G and SEF then SEG
V24. If SEF — G and S =G then SE-F

(If and Only If) V25, I SEF—Gand SEG— F then SEF G

V26. f SU{F,G}=H and SU{-F,-G}EH then SU{F+ G}=H
V27. f SEF and SEG then SEF < G

V8. If S=—F and S}=—G then SEF ¢ G

V29. f SEF <G and SEF then SEG

V30. f SEF <+ G and SEG then SEF

V31l. f SEF+ G and S =—F then S -G

V32. If S F < G and S =G then S = —F
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(Equality) V33 SEt=t
V34 If SEs=tthen SEt=s
V35 If SEr=sand SEs=tthen SEr=t
V36 If SEs=tand S E[Flus then S [Flat
(Forall) V37 If S = [F]zy where y is not free in SU {Vx F'}, then S =Vx F
V38 If SU{[Flui} EG then SU{VZ F} =G
V39 If S Ve F then S = [Flons

(Exists) V40. If SE[Flymt then SEJx F
V4l. If SU{[Fluy } E G where y is not free in SU{G, 3z F},
then SU{Iz F} EG

(Equivalence) V42. If FF =2 G and S F then SEG
V43. If F 2 G and SU{F} = H then SU{G} E H

Rule V13 is also called Proof by Cases, Rule V19 is called the Contrapositive Rule,
Rule V23 is called Modus Ponens, and rule V36 is called the Substitution Rule.

2.17 Definition: Given a set of formulas S and a formula F' such that S |= F', a derivation
of the valid argument S |= F' is a list of valid arguments Sy = Fy, So = Fy, -+, S | F; with
S; = S and F; = F, such that each valid argument Sj, = F}; is obtained from previous valid
arguments S; = F; with j < k using one of the Basic Validity Rules. The equivalence rules
V42 and V43 are only used in the case that the equivalence F' =2 (G is obtained by applying
one of the 35 basic equivalences. Except for the equivalence rules, the Basic Validity Rules
are not applied to subformulas.

2.18 Note: The basic validity rules correspond to standard methods of proof which are
used routinely in mathematics. Here are the basic validity rules stated less formally (and
less precisely) in standard mathematical language.

V1 (Premise) If we suppose F' then we can conclude F.

V2 (Adding Premises) If we can prove G without F' then we can prove G with F.

V3 (Chain Rule) If we can prove F' and, with F' we can prove G, then we can prove G.
V4 (Proof by Cases) To prove F' by cases, choose a formula G, then consider two cases.
For the first case, suppose that G is true then prove F' and, for the second case, suppose
that G is false then prove F.

V5 (Contradiction 1) To prove that F' is true we can suppose, for a contradiction, that F’
is false, choose a formula G, then prove that G is true and that G is false.
V6 (Contradiction 2) To prove that F' is false we can suppose, for a contradiction, that F
is true, choose a formula GG, then prove that G is true and that G is false.

V7 (Conjunction 1) To prove F' A G, we prove F' and we prove G.

V8 (Conjunction 2) To prove that F' A G implies H we suppose F' and G then prove H.
V9 (Conjunction 3) From F' A G we can conclude F.

V10 (Conjunction 4) From F' A G we can conclude G.

V11 (Disjunction 1) To prove F'V G we can suppose that F' is false then prove G.
V12 (Disjunction 2) To prove F'V G we can suppose that G is false then prove F'.
V13 (Disjunction 3) To prove that F'V G implies H we consider two cases. For the first
case, we suppose F' then prove H and, for the second case, we suppose G then prove H.
V14 (Disjunction 4) From F' we can conclude F' V G.
V15 (Disjunction 5) From G we can conclude F'V G.

( )

( )

~ —

V16 (Disjunction 6) From F'V G and —F we can conclude G.
V17 (Disjunction 7) From F'V G and =G we can conclude F'.
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V18 (Implication 1) To prove F' — G we can suppose F' then prove G.
V19 (Implication 2) To prove F'— G we can suppose =G then prove —F.
V20 (Implication 3) To prove that F'— G implies H, we consider two cases. For the first
case, suppose —F then prove H and, for the second case, suppose G then prove H.
V21 (Implication 4) From —F we can conclude F'— G.
V22 (Implication 5) From G we can conclude F' — G.
V23 (Implication 6) From F'— G and F' we can conclude G.
V24 (Implication 7) From F — G and =G we can conclude —F.
(
(

V25 (If and Only If 1) To prove F' <> G, we prove F'— G and we prove G — F

V26 (If and Only If 2) To prove that F' <> G implies H, first we suppose that F' and G are
both true then prove H, and then we suppose that F' and G are both false then prove H.
V27 (If and Only If 3) From F and G we can conclude F <> G.

V28 (If and Only If 4) From —F and =G we can conclude F < G.

V29 (If and Only If 5) From F < G and F we can conclude G.

V30 (If and Only If 6) From F' <+ G and G we can conclude F.

V31 (If and Only If 7) From F <> G and —F we can conclude —G.

V32 (If and Only If 8) From F «+» G and =G we can conclude —F.

V33 (Equality 1) We can always conclude that ¢ = t.

V34 (Equality 2) From s =t we can conclude that t = s.

V35 (Equality 3) From r = s and s =t we can conclude that r = t.

V36 (Substitution) From s = ¢ and [F/,.s we can conclude [F/ .

(

V37 (Forall 1) To prove Vx F', we choose a variable symbol y about which we have not
made any assumptions (in the case that we have not made any assumptions about = we
can take y = x) and we write “let y be arbitrary”, then we prove the statement [FJ,,,,.
V38 (Forall 2) To prove that Vz F' implies G, we choose a term ¢, suppose that [F|;. ¢ is
true, then prove G.

V39 (Forall 3) From VxF' we can conclude [F,+.

V40 (Exists 1) To prove Jz F', we choose a term t then we prove the statement [F], ;.
V41 (Exists 2) To prove that 3x F' implies GG, we choose a variable symbol y about which
we have made no assumptions and which does not occur in G (in the case that we have
not made any assumptions about x and x does not occur in G we can take y = z), we
suppose [F|;, and write “choose y so that [F];, is true”, then we prove G.

V42 (Equivalence 1) If F' is equivalent to G, then to prove F' we can prove G.
V43 (Equivalence 2) If F' is equivalent to G, then we can replace the premise F' by G.

2.19 Note: Recall that the statement Vo€ A F' can be expressed as Vx (:1: €cA—F). To
prove this statement, in the case that we have made no assumptions about x, we write
“let « be arbitrary” [to use V37] then we suppose z € A [to use V18] then we prove F' (in
the case that we have made assumptions about x, we write “let y be arbitrary”, suppose
y € A, then prove [F];.,,). Rather than writing “let = be arbitrary and suppose z € A”
we usually write “let © € A be arbitrary” or simply “let x € A”. Similarly, to prove a
statement of the form “for every function f : A — B we have F” we would begin the proof
by writing “let f : A — B be arbitrary” or simply “let f: A — B”.

2.20 Note: In standard mathematical proofs, the proof rules are often used implicitly,
but in the next few examples we shall state explicitly (in square brackets) which rule is
being used at each step in our proof.
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2.21 Example: Let F, G and H be formulas. Prove that {F — (GAH), (FAG)VH} E H.

Solution: We need to prove that for every assignment o, if a(F —(GNH ))

= 1 and

o((FAG)V H) =1 then a(H) = 1. Here is a step-by-step proof in which we indicate
which proof rule is being used at each step.

© XN N

Let a be an arbitrary assignment [to use V37 and V18].
Suppose that F'— (G A H) is true (under «), and that (F AG)V H is true [to use V8].
Suppose, for a contradiction, that H is false [to use V5].
Since (F'A G) V H is true and H is false, it follows that F'A G is true [by V17].

Since F' A G is true, F' is true [by V9.

Since F' is true and F'— (G A H) is true, it follows that G A H is true [by V23].

Since G A H is true, H is true [by V10].

Since H true and H false, we have the desired contradiction. Thus H is true [by V5].
. Thus if «(F -+ (GAH)) =1and a((FAG)V H) =1 then o(H) =1 [by V8].
10. Since « was arbitrary, we have {F — (G AH),(F AG)V H} = H [by V37 and V18].

Now here is the same proof presented in the form of a derivation of valid arguments.

NOo e W=

8.

{F—(GANH),(FNG)VH,-H}E-H V1
{F—(GANH),(FNG)VH,-H}=(FAG)VH V1
{F-(GAH),(FNG)VH,-H}E=(FAG) V17 on lines 2 and 1
ﬁLﬂGAHMFAQVH'ﬁﬂFF V9 on 3
{F—-(GAH),(FNG)VH,-H}EF—(GANH) V1
{F—-(GAH),(FNG)VH,-H}=GANH V23 on 5 and 4
{F-(GAH),(FNG)VH,-H}=H V10 on 6
{F—(GANH),(FNG)VH}EH V5 on 7 and 1

2.22 Example: Prove that {((FV -G)—H), (F+ (GA-H))} EHA-F.

Solution: Here is a derivation of valid arguments.

{(FV-G)—H), wwwGAﬁH
Fv-G)—H
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—H} -G
-H} G
—|H}':G/\ﬁH
—H}EF <+ (GA-H)
~H}EF
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Vi1

Vi1

V23 on 1 and 2
V42 with E8 on 3
V9 on 4

V10 on 4

V42 with E2 on 6
V7 on 7 and 1

Vi1

V30 on 9

V5 on 10 and 5
V42 with E2 on 11
V15 on 12

V42 with E7 on 13
V1 (or V2 on 9)
V5 on 10 and 5
V32 on 16

V7 on 11 and 17



2.23 Example: Prove that =Vz 3y (-y = f(z) 2 yRf(x)).

Solution: We need to prove that for every non-empty set U, for every function f : U — U,
and for every binary relation relation R C U?, for all z € U there exists y € U such that
if y # f(z) then (y, f(z)) € R. Here is a step-by-step proof.

Let U be a set, let f: U — U and let R C U? [to use V37 and V18].

Let x € U be arbitrary [to use V37].

Choose y = f(x) [to use V40 where the chosen term is t = f(x)].

Since y = f(x), the formula -~y = f(x) is false. [by V42 with E2]

Since —y = f(z) is false, the statement -y = f(x) — (y, f(x)) € R is true [by V21].
This proves that there exists y € U such that if y # f(x) then (y, f(x)) € R [by V40].

. Since x € U was arbitrary, we have proven that for all x € U there exists y € U such
that if y # f(x) then (y, f(x)) € R [by V37].

8. Since U and f and R were arbitrary, our proof is complete [by V37 and V18].

NSO WD

Here is the same proof presented formally as a derivation of valid arguments.

L Ef(z)=f(z) V33

2. E-=fl2) = f(2) V42 with E2 on 1

3. F (ﬁf(x) = f(z) = f(iU)Rf(a:)) V24 on 2

4. Ey(-y=fl@)—>yRf(z)) V40 with t = f(z) on 3
5. EVady(-y= f(z)—yRf(x)) V37on4

2.24 Exercise: Prove that |:V:L‘(E|y —xRy V Jy yR:L').
2.25 Example: Prove that {Vz g(z,a) = 2} EVz (Vy g(z,y) =y >z = a).

Solution: First we provide a proof using standard mathematical language. Let U be a
nonempty set, let a € U and let g : U2 — U. Suppose that for all x € U we have
g(x,a) = x. We need to prove that for all x € U, if g(x,y) = y for every y € U then z = a.
Let z € U be arbitrary, and note that g(z,a)==z. Suppose that for every y € U we have
g(z,y)=y. Then in particular, taking y = a, we have g(x,a)=a. Thus z=g(z,a)=a, as
required.

We now convert the above proof into a derivation of valid arguments:

L. {Vz g(z,a)=x, Yy g(z,y) =y} = Yy g(z,y)=y V1

2. {Vz g(z,a)=x, Yy g(z,y) =y} E g(z,a)=a V39 on 1

3. {vax g(a:,a)::c, vy g(z,y) =y} E Vo g(z,a)=2 V1

4 {V:z: g(z,a)=z, Yy g(x,y) = y} E g(z,a)=z V39 on 3

5. {Vz g(z,a)=z, Vy g(z,y) =y} E z=g(z,a) V34 on 4

6. {Vzg(z,a)=x, Vy g(z,y) =y} E z=a V35 on 5, 2

7. {Vz g(z,a)=z} = (Vyg(z,y)=y—r=a) V18 on 6
{V& g(z,a)=2} = Va (Vy g(z,y)=y—z=a) V37 on 7

Note that, at the final step, we were able to apply Rule V37 on line 7 because the variable
symbol z is not free in the formula Vz g(z,a)=xz.

2.26 Note: Any statement of the form Vz €() F is true. Indeed the statement Vx €() F
is equivalent (by definition) to the statement Va(x € ) — F'). For every z, the statement
x €0 is false, and so the statement z € () — F is true. A statement of this form is said to
be vacuously true.
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2.27 Exercise: Let I be a formula and let the symbol () be a constant symbol. Make a
derivation of valid arguments to show that {Vz ~z€0} EVz(z €0 — F).

2.28 Exercise: Let F be a formula and let () be the empty set. Prove that F F <=0 F.
2.29 Example: Prove that the class of all sets is not a set.

Solution: Here is a proof in standard mathematical language.

Let u be the class of all sets.

Suppose, for a contradiction, that u is a set .

Let w = {x € ulx ¢ x} and note that w is a set by a Separation Axiom.

We claim that w € w. Suppose, for a contradiction, that w ¢ w.

Since w € u and w ¢ w we have w € w by the definition of w.

Since w € w and w ¢ w we have the desired contradiction, so w € w, as claimed.
We claim that w ¢ w. Suppose, for a contradiction, that w € w.

Since w € v and w € w we have w ¢ w, by the definition of w.

9. Since w € w and w ¢ w we have the desired contradiction, so w ¢ w, as claimed.
10. Since w € w and w ¢ w, we have the desired contradiction, so u is not a set, as
claimed.

S I i

Note that the statement “the class u of all sets is a set” can be expressed as JuVz x € u.
Also, note that on line 3 we used the Separation Axiom Vu Jw Vx (m cw+ (re€un—ze :L')
The above proof can be converted into a derivation of the valid argument

{MuTwVz (z e w (z cun—wex))} E-FuVr zcu.

Here is a derivation which is a bit similar to the above proof.

1. {wewe (weuh-wew), weu, wew} Fwew V1
2. {wewe (weuh-wew), weu, wew} Fwew+ (weuA-~wew) V1
3. {wewe (weuh-wew), weu, wew} E(weuA -wew) V29
4. {wewe (weuAhwew), weu, wew} Ewew V12
5. {wewe (weuh-wew), weu} E-wew V6
6. {wewe (weuh-wew), weu} Eweu V1
7. {wewe (weuh-wew), weu} EFweuN wew V10
8. {wewer (weuh-wew), weul Fwew+ (weuA ~wew) V1
9. {wews (weuh-wew), weEu} Fwew V30
10. {wew+ (weuh-wew)} E-weu V6
11. {wew+ (weuh-wew)}EIr—zeu V40
12. {Vz(zews (z€un—z€n))}EIr—acu V38
13. {FuVz(zew+ (z€uh—z€x))} EIrzecu V41
14. {VuIwVz(zew+ (zcun—zex))} EIr—awcu V39
15. {VuIwVz(zcew< (zcun—zex))} EVuIzr~wecu V37
16. {VuIwVz(zcew+ (r€un—zex))} EVu-Vrreu V45, E28
17. {VuFwVz(zcew+ (re€uh—zecx))} E-FuVzreu V45, E29
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2.30 Example: For a,b € Z we write a|b when a is a factor of b, Prove that for a,b, c € Z,
if a|b and b|c then alc.

Solution: Here is a proof, in standard mathematical language, in which we do not bother
to explicitly list all of our assumptions and we do not bother to indicate which proof rules
are being used.

1. Suppose that a|b and that bc.

2. Since a|b we can choose k € Z so that b = ak.
3. Since b|c we can choose [ € Z so that ¢ = bl.
4. Then we have ¢ = bl = (ak)l = a(kl).

5. Thus alc.

Note that alb can be expressed as 3z b = axx and b|c can be expressed as Jz ¢ = bx z
and a|c can be expressed as 3z ¢ = a X x. Also notice that on line 4 of the above proof, we
implicitly made use of the fact that multiplication is associative which can be expressed
as Ve VyVz (x X y) X z = x X (y X z). We now translate the above standard mathematical
proof into a more detailed step-by-step proof which shows that

{Bzb=(axz),Ixc=bxa, VaVyVz (zxy)x2)=(zx (yx2))} FIr c=axz.

We need to prove that for every non-empty set U, for every binary function x, and for
every choice of @ € U and b € U, if there exists x € U such that b = a xx and if there
exists z € U such that ¢ = bxx and if for all z,y,z € U we have (z X y) x z =z X (y X 2),
then there exists x € U such that ¢ = a x . Here is a proof.

1. Let U be a set, let x be a binary function on U, and let a,b € U [to use V37 and V18].
2. Suppose 3z b = axx, suppose Iz ¢ = bxx, and suppose Vx VyVz (rxy) X z = x X (yxz2)
[to use V8 and V18|.

Since Jz b = axz we can choose = so that b = axz [to use V41].

Since Jz ¢ = bx x we can choose y so that ¢ = bxy [to use V41].

Since ¢ = bxy and b = axz it follows that ¢ = (axz) x y [by V36].

Since VxVyVz (zxy) X z = x X (yxz), we have YyVz (axy) x z = a x (yxz) [by V39].
Since Yy Vz (axy) x z = a X (yxz), it follows that Vz (axz) X z = a x (xx z) [by V39].
Since Vz (axx) X z = a x (xx z) it follows that (axx) X y = a X (zxy) [by V39].

9. Since ¢ = (axz) x y and (axz) X y = a x (xXxy), it follows that ¢ = a x (zxy) [by V35].
10. Since ¢ = a x (xxy) it follows that Jz ¢ = axz [by V40].

11. Since U and x and a and b were arbitrary, the proof is complete [by V37, V8 and V18].

Sl BRI A

Here is a similar proof presented formally as a derivation of valid arguments.

1. {b:axx,c:bxy,(axx) y=a X xxy}): b=axux V1
2. {b=axz,c=bxy, (axz)xy=ax(zxy)}E c-bxy V1
3. {b=axz,c=bxy, (axz)xy=ax (zxy)}E c=(axz)xy V36
4. {b=axz,c=bxy, (axz)xy=ax (zxy)}E (axz)xy=ax (xxy) V1
5. {b=axz,c=bxy, (axz)xy=ax (zxy)}E c=ax (xxy) V35
6. {b:axx,c:bxy (axx)xy—ax(m‘Xy}}: Jr c=axx V40
7. {b=axz,c=bxy,Vz(axz)xz=ax (zx2)} E Jzc=axz V38
8. {b=axz,c=bxy,VyVz (axy)xz=ax (yxz)} = Jz c=axz V38
9. {b:axx,c:bxy,Va:Vsz(a:xy)xz:a:x(yxz)}’: drc=axx V38
10. {b=axz,Irc=bxaz,VaVyVz (zxy)xz=xx (yx2)} | Jr c=axz V4l
11. {Jwb=axz,Ivc=bxz,VoVyVz (zxy) xz=xx (yxz)} | Jr c=axz V4l
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2.31 Example: Prove that for a,b € Z, if a|b and b|a then b = +a.

Proof: Here is a proof in standard mathematical language.

Suppose that a|b and bla.

Since a|b we can choose k € Z so that b = ak.

Since bla we can choose | € Z so that a = bl.

Then we have a = bl = (ak)l = a(kl), that isa-1=a- kl.

Since a -1 = a - ki, it follows that either a = 0 or 1 = kl.

In the case that a =0 we have b=a-k=0-k =0 and so b = a.

In the case that 1 = kl, it follows that either k=1l=1or k=1= —1.
When k=1l=1wehaveb=a-k=a-1=a and

9. when k=l=—-1wehaveb=a-k=a-(-1) = —a.

10. In all cases, either b = a or b = —a, that is b = +a.

PN O WD

It is a bit challenging to convert the above proof into a derivation of valid arguments, not
because the proof itself is particularly difficult, but because the proof makes use of many
algebraic properties of the integers and, because we are so familiar with those algebraic
properties, it is easy to overlook the fact that some of these properties need to be included
as premises in order to obtain a valid argument. Also it is difficult to decide exactly which
properties need to be included as premises and which properties can then be proven from
those premises. Here are some of the properties that were used implicitly in the proof.

On line 4 we used associativity of multiplication to obtain (ak)l = a(kl) and we used
the fact that a = a - 1. On line 5 we used the fact that if au = av then either a = 0 or
u = v. On line 6 we used the fact that 0 -k = 0. On line 7 we used the fact that if kl =1
then either k =1 =1 or k = [ = —1 (incidentally, this algebraic property does not hold in
Q or in R). On line 8 we used the fact that a - 1 = a (which was also used on line 5) and
on line 9 we used the fact that a - (—1) = —a.

Another slight complication is that, in a derivation of valid arguments, all of the
statements must be expressed as formulas in a first-order language, say first-order number
theory. On several lines in our proof we use some mathematical notation, with which all
students will no doubt be familiar, but which is not used explicitly in first order number
theory. Namely, we use the negative sign — to write —1 and —a. The statement b = —a
can be expressed by the formula b+ a = 0, and the statement £ = | = —1 can be expressed
as (k: =l ANI+1= 0), but it is more challenging to decide how to express the statement
a-(—1) = —a as a formula; since our proof uses the fact that if £ = —1 then a - k = —a,
we might choose to express the statement using the formula (k+1 =0 = axk+a= O).

2.32 Remark: In the next chapter, we shall carefully gather together and list all of the
basic algebraic properties of Z, Q and R which are needed in all of the subsequent proofs
in this course. They are also needed in all proofs in all other mathematics courses. These
algebraic properties can either be accepted axiomatically, without proof, or they can all
be painstakingly proven. Our approach will be to accept them axiomatically.

In order to prove all of the basic algebraic properties, it would be necessary to begin
by carefully and precisely defining the sets Z, Q and R (by constructing them explicitly
using the ZFC axioms of set theory), and then also carefully and precisely defining all of
the algebraic operations, such as addition and multiplication, which are used in these sets.
Only after the operations have been defined is it possible to prove that they satisfy their
well-known algebraic properties. The procedure by which one can define the sets Z, Q and
R along with their operations 4+ and x, and also their ordering <, is outlined briefly in
Appendix 1.
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Chapter 3. Rings, Fields, and Orders

3.1 Remark: In this chapter (and the next) we shall gather together and list all of the
basic algebraic properties which hold in Z, Q and R which are needed in mathemati-
cal proofs. In addition to the sets Z, Q and R, there are many other algebraic systems
(involving sets of mathematical objects along with operations, such as addition and mul-
tiplication, which act on these objects) which are studied and used in mathematics. For
example, we can add and multiply two functions together, or we can add and multiply two
matrices together. Some of the algebraic properties which hold in Z or in R also hold in
some of these other algebraic systems. Rings and fields, as defined below, are algebraic
systems with operations which satisfy some familiar algebraic properties.

3.2 Definition: A ring (with identity) is a set R with distinct elements 0,1 € R, called
the zero and identity elements, and binary operations +, x : R? — R, called addition
and multiplication, where for a,b € R we write +(a,b) as a + b and we write x(a,b) as
a X bora-bor ab, such that

R1. + is associative: for all a,b,c € R we have (a+b) +c=a+ (b+¢),

R2. + is commutative: for all a,b € R we have a + b = b+ a,

R3. 0 is an additive identity: for all a € R we have a + 0 = a,

R4. every a € R has an additive inverse: for all a € R there exists b € R such that a+b = 0,
R5. x is associative: for all a,b,c € R we have (ab)c = a(bc),

R6. 1 is a multiplicative identity: for all a € R we have a-1 =a =1 - a, and

R7. x is distributive over +: for all a, b, c€ R we have a(b+c) = ab+ac and (a+b)c = ac+bc.
A ring R is called commutative when

R8. x is commutative: for all a,b € R we have ab = ba.

A field is a commutative ring R in which

R9. every 0#a € R has an inverse: for all 0#a € R there exists b€ R such that ab = 1.
3.3 Theorem: Z is a commutative ring and Q and R are fields with Z C Q C R.
Proof: We accept this axiomatically, without proof.

3.4 Exercise: Show that the set Z[\/§] = {a +bV/2 | a,be Z} is a commutative ring and
that the set Q[v2] = {a+ b\/§|a,b c Q} is a field.

3.5 Example: Let n be a positive integer. There is a ring, denoted by Z,, which is
called the ring of integers modulo n. Later, we shall define Z,, precisely but, for now,
we provide an informal description. We let Z,, = {0,1,2,---,n — 1} and, for a,b € Z,, we
define the sum a + b € Z,, to be the remainder when the integer a + b € Z is divided by n,
and we define the product ab € Z,, to be the remainder when the integer ab is divided by
n. For example, in Zg addition and multiplication are given by the following tables.

+ 01 2 3 4 5 x 01 2 3 4 5
0 01 2 3 4 5 0 0 0 0 0 0 O
1 1.2 3 4 5 0 1 01 2 3 4 5
2 2 3 4 5 01 2 0 2 4 0 2 4
3 3 4 5 0 1 2 3 03 0 3 0 3
4 4 5 0 1 2 3 4 0 4 2 0 4 2
5 5 01 2 3 4 5> 0 5 4 3 2 1
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3.6 Example: There is a field, denoted by C, which is called the field of complex
numbers. Later we shall study the field C in more detail but, for now, we provide a brief
introduction. We define C = R? = {(x,y)’x € R,y € R}. In C, we write 0 = (0,0),
1=(1,0) and ¢ = (0,1) and for z,y € R we write x = (z,0), iy = (0,y) and x+iy = (z,y).
For a,b,c,d € R we define

(a+1ib) + (c+id) = (a+c) +i(b+d),
(a+1b) - (c+1id) = (ac —bd) + i(ad + be).

Note that in C we have i> = —1 and for 0 < a € R we have (i\/a)z = —a.

3.7 Exercise: Show that the set Z[i] = {a +ib|a,b € Z} is a commutative ring and that
the set Q(i) = {a + ib’a,b € Q} is a field.

3.8 Example: For sets R and S, we write R for the set of all functions f : S — R. When
R is a ring, the set R is a ring with addition and multiplication defined, for z € S, by
(f+9)(x) = f(z)+ g(x) and (fg)(xz) = f(x)g(x). The zero and identity elements are the
constant function 0 (given by 0(z) = 0 for all z € S) and the constant function 1 (given
by 1(z) =1 for all z € S.

3.9 Example: When R is a set and n € Zt = {1,2,3,---}, we define R* = R{}2n}
which is the set of all functions a : {1,2,---,n} — R. An element of R™ is called an
n-tuple with entries in R. We write a = (a1, as,- -, a,) to indicate that a is the n-tuple
a:{1,2,---,n} = R given by a(k) = ar € R for each index k € {1,2,---,n}. The
elements a; € R are called the entries of the n-tuple a. We have

R" = {(al,a2,~~,an)| each aj, € R}.

When R is a ring, R" is a ring with addition and multiplication given by (a+b)x = ay + by
and (ab)r = axbr and with 0 and 1 given by 0 = (0,0,---,0) and 1 = (1,1,---,1).

For a set R, we let R® = RU23} which is the set of all functions a : Z+ — R.
An element of R* is called a sequence with entries in R. We write a = (ag)k>1 =
(a1, az,as,---) to indicate that a is the sequence given by a(k) = ay, for all k € Z*. The
elements ai € R are called the entries of the sequence a. Thus we have

R = {(al,ag,ag, = )! each ayp € R}.

When R is a ring, R is a ring with addition and multiplication given by (a+b); = aj + by
and (ab)r = axbyr and with 0 and 1 given by 0 = (0,0,0,---) and 1 = (1,1,1,--+).

More generally, given a set R, a sequence with entries in R is a function of the form
a:{m,m+1,m+2,---} — R for some m € Z, and we write a = (ay)n>m to indicate that
a is the sequence with a(k) = ay, for all k > m.

3.10 Remark: In foundational mathematics, as outlined briefly in Appendix 1, the sets
N, Z, Q, R and C are constructed using the ZFC axioms. In this procedure, the natural
numbers are defined to be the sets 0 = 0, 1 = {0}, 2 = {0,1}, 3 = {0,1,2} and in
general, n = {0,1,2,---,n — 1}. In foundational mathematics, the sets R™ and R are
usually defined (slightly differently than we defined them above) by R® = R{0:1mn—1}
and R® = RN = R{0:1.2},
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3.11 Example: Let R be a ring. A formal power series in the variable x with coeffi-
cients in R is an expression of the form
o0
f=f@)=> b= cpa® =cy + 1o+ con® + cz3a® + - - -
k>0 k=0
with each ¢, € R The elements cx € R are called the coefficients of f. The set of all formal
power series in x with coefficients in R is denoted by R[[z]]. The set R[[z]] is a ring with

addition and multiplication defined as follows: for f(x) = 3 apz* and g(x) = 3 bpa*,
k>0 k>0

n
we define (f + g)(x) = > (ax + by)x"® and (fg)(z) = 3. c 2™, where ¢, = Y. apb,_ =
k>0 n>0 k=0
agby, +a1b,_1+---a,by. A polynomial in the variable x with coefficients in R is a formal
power series with only finitely many nonzero coefficients, that is a power series of the form
n
f=flx)=> a2zt = cqa* =co+crz +cox® + - +c 2™
k>0 k=0

for some n € N, where each ¢, € R and ¢, = 0 for all £ > n. In this case, if ¢, # 0 then
we say that n is the degree of the polynomial f and we write deg(f) = n. The set of all
polynomials in x with coefficients in R is denoted by R|z], and it is a ring using the same
operations used in R[[z]].

3.12 Remark: In foundational mathematics, the above definition would not be considered
to be rigorous, because all mathematical objects must be defined to be sets (which can
be constructed using the ZFC axioms). The above definition states that a formal power
series is an “expression ” of a certain form, but it does not define what such an expression

o0
actually is, as a set. To be rigorous, the power series which we denoted by f(z) = Y cpa”

k=1
would be defined to be equal to the function ¢ € RN which is given by c¢(k) = c;. Using this
definition, the variable symbol z is irrelevant and we have R[[z]] = R[[y]]. Also note that,

using this definition, the sets R[[z]] and RN are equal, but the multiplication operation
used in R[[x]] is not equal to the multiplication operation used in RN.

3.13 Example: Let R be a ring and let m,n € ZT. An m x n matrix with entries in R
is an expression of the form

a1 12 o Qin

a1 azo cc+ A2n
A=

Qm,1 am2 ' OGmn

with each ay; € R. The element ay; is called the (k,[) entry of A, and we write Ag; = ag,.
The set of all m x n matrices with entries in R is denoted by M,,, x,(R). We define the sum
and product of two matrices as follows. For A, B € M,,«,(R), we define A+B € M,,xn(R)
to be the matrix with entries (A+B),; = Ak, 1+ Bj,. For A € M,,»,(R) and B € M, (R)

P

we define AB € My, x,(R) to be the matrix with entries (AB)r; = > Ay ;B;;. When R
i=1

is a ring and n € Z™, the set of square matrices M,,(R) = M, «,(R) is a non-commutative

ring using these operations. The zero element is the zero matrix O with entries Oy ; = 0
for all k,l, and the identity element is the identity matrix / with entries I, = 1 and
I,y = 0 when k # [. The ring M, (R) plays an important role in linear algebra.
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3.14 Definition: Let R be a ring. For a,b € R, if ab = ba = 1 then we say that a is
an inverse of b and that b is an inverse of a. For a € R, if there exists b € R such that
ab = ba = 1 then we say that a is invertible or that a is a unit.

3.15 Example: In Z, the numbers 1 and —1 are invertible, and each is equal to its own
inverse. In a field, every nonzero element is invertible (by R9). In Z[v/2], the elements
a=3+2V2and b = 3 — 2v/2 are inverses of each other. The multiplication table in
Example 3.5 shows that the only invertible elements in Zg are 1 and 5, and each is equal
to its own inverse. In Zr7, every nonzero element is invertible, indeed we have 1-1 = 1,
2:4=4-2=1,3-5=5-3=1and 6-6 = 1. Verify that in Z[[z]], the power series

f(z)y=1—zand g(z) = Y 2F =1+ + 2%+ 23+ -+ are inverses. Verify that in My(Z),
k=0

the matrices A = (1 3) and B = <_25 1

are inverses.
2 5 )

3.16 Theorem: (Uniqueness of Identity and Inverse) Let R be a ring. Then

(1) the additive identity 0 is unique in the sense that if e € R has the property that
a+e=a foralla € R then e =0,

(2) the additive inverse of a € G is unique in the sense that for all a,b,c € G ifa+b=0
and a+ c =0 then b = ¢,

(3) the multiplicative identity 1 is unique in the sense that if uw € R has the property that
au = ua = a for all a € G then uw =1, and

(4) ifa € R has an inverse, then it is unique in the sense that for all a, b, c € G ifab = ba = 1
and ac = ca =1 then b = c.

Proof: Let us prove Part (1). Let e € R and suppose that a + e = a for all a € R. Then
e=e+0 , by R3,
=0+4e , by R2,
=0 , since a+ e =a for all a € R so in particular 0 + e = 0.
Let us prove Part (2). Let a,b, ¢ € R and suppose that a + b =0 and a + ¢ = 0. Then
b=b+0, by R3,
=0+0b, by R2,
=(a+c)+b,since a+c=0,
=(c+a)+b, by R2,
=c+ (a+0b), by R1,
=c+ 0, since a+ b =0,
= ¢, by R3.
The proof of Parts (3) and (4) is left as an exercise.

3.17 Exercise: Convert the proof of Part (1) of the above theorem into a derivation of
valid arguments to show that

{Vach r+y=y+z,Vr x+0= x} ):Vu(Vx rtu=x = u= 0).

3.18 Notation: Let R be a ring. For a € R we denote the unique additive inverse of
a € R by —a, and for a,b € R we write b — a for b+ (—a). When a € R is invertible, we
denote its unique multiplicative inverse by a~!. When F is a field and a # 0 we also write

a1l as %, and when a,b € F with a # 0, we write b +~a =b/a = % =ba '
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3.19 Definition: Let R be a ring. For a,b € R, if a # 0 and b # 0 and ab = 0 then we
say that a and b are zero divisors.
3.20 Theorem: (Properties of Rings) Let R be a ring. Then for all a,b,c € R,

(1)ifa+b=a+c thenb=c,

(2) ifa+b=a then b=0,

(3) ifa+b=0 then b= —

(4)a-0=0=0-a foralla € R,

(5) —(—a) = a for alla € R,

(6) (—a)b = —(ab) = a(—0b) for all a,b € R,

(7) (—a)(—b) = ab for all a,b € R,

(8) (—1)a = —a for all a € R,

(9) a(b—¢) = ab — ac and (a — b)c = ac — be for all a,b,c € R,

(10) if ab = 1 and bc = 1 then b is invertible and a = ¢ = b*1

(11) if a and b are invertible then so is ab and we have (ab)™! = b~ta™1,

(12) if ab = ac, or if ba = ca, then either a = 0, or a is a zero divisor, or b = ¢,
(13) if a is a unit then a is not a zero divisor, and

(14) if R is contained in a field (and uses the same operations) then R has no zero divisors.

Proof: We give a few sample proofs. To prove Part (1), suppose that a +b = a + ¢. Let
d = —a so that a +d = 0 (we can do this by R4). Then

b=0+0, by R3,
=b+ (a+d), since a+d =0,
=(b+a)+d, byRI,
=(a+b)+d, by R2,
=(a+c)+d,sincea+b=a+c,
=(c+a)+d, by R2,
=c+ (a+d) , by R1,
=c+0, since a4+ d =0,
=c, by R3.
To prove Part (2), suppose that a+b = a. Since a+b =a and a = a+ 0 (by R3), we have
a+b=a+0,and so b =0 by Part (1).

To prove Part (3), suppose that a +b = 0. Since a +b =0 and 0 = a + (—a), we have
a+b=a+ (—a), and so b = —a by Part (1).

To prove Part (4), note that since 0 = 040 (by R3) we have 0-a = (0+0)-a=0-a+0-a
(by R7). Since 0-a+0-a = 0-a it follows that 0-a = 0, by Part (1). Similarly, a-0 = 0.

To prove Part (5), note that (—a) +a =a+ (—a) =0 so a = —(—a) by Part (3).
To prove Part (8), note that
a+(—1l)a=1-a+(—1)a, by R6,
=(14(-1))-a, by R7,
=0-a,since 1 +(—1) =0,
=0, by Part (4).
Since a + (—1)a = 0 we have (—1)a = —a by Part (3).
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3.21 Example: In Z, Q, R and C there are no zero divisors. In Zg we have 2-3 =0
so 2 and 3 are zero divisors. In Z2, given 0 # a,b € Z we have (a,0) - (0,b) = (0,0) and
so (a,0) and (0,b) are zero divisors. In Ms(Z), for A = (zl)) 2) and B = (_21 _24> we
have AB = O and so A and B are zero divisors.

3.22 Definition: A commutative ring with no zero divisors is called an integral domain.

3.23 Definition: An order on a set X is a binary relation < on X such that

O1. (Totality) for all z,y € X, either x <y or y < z,
02. (Antisymmetry) for all z,y € X, if x <y and y < x then z = y, and
0O3. (Transitivity) for all z,y,z € X, if x <y and y < z then z < z.

An ordered set is a set X with on order <.

3.24 Theorem: Fach of N, Z, Q and R is an ordered set using its standard order <
with N C Z C Q C R (and the orders coincide so that for example when a,b € N we have
a <binN if and only ifa < b in R).

Proof: We accept the truth of this theorem axiomatically, without proof.

3.25 Notation: When < is an order on X, we write x < y when z < y and x # y, we
write x > y when y < x and we write z > y when y < x.

3.26 Theorem: Let < be an order on a set X. Then

(1) for all z,y € X, we have x < y <= (:B<yor:z::y),

(2) for all z,y € X exactly one of the following 3 statements holds:
r=y,r<yory<c.

(3) for all z,y,z € X, ifx <y and y < z then x < z.

Solution: We shall only prove Parts (1) and (2). Let x,y € X. By the definition of
<, to prove Part (1) we need to show that z < y<= ((z < yand z # y) or z = y).
Suppose first that x < y. Note that either x = y or © # y. If x = y then the statement
((a: < yandz # y)orx = y) is true. If z # y then we have (r < yand x # y)
and so again the statement ((x <yandx # y) or x = y) is true. This completes the
proof that z < y— ((x <yandzx # y)orz = y). Suppose, conversely, that either
(x <yand z #y)orx=y. If v <y and x # y then of course z < y. Suppose that = = y.
By applying O1 in the case that y = z, we find that (z < z or x < x) or, more simply,
x < z. Since z = y and = < zx if follows (by substitution) that x < y. This completes the
proof that ((z <yandz #y) or z =y) =z < y.

Let us prove Part (2). First we show that at least one of the 3 statement holds. We
need to show that either (r = y or x < y) or y < z. By Part (1), this is equivalent to
showing that either x < y or y < x. Suppose that y £ x. By the definition of y < x we are
supposing that it is not the case that (y < z and y # x) or, equivalently, we are supposing
that either y £ = or y = x. In the case that y £ z, it follows by O1 that x < y. In the
case that y = = we already showed above that x < y. This completes the proof that at
least 1 of the 3 statements holds. It is not possible to have x = y and z < y because, by
definition, when x < y we have x # y. Similarly it is not possible to have x = y and y < x.
Suppose, for a contradiction, that x < y and y < x. Since x < y we have x < y (by the
definition of < y). Since y < = we have y < z (by definition). Since x < y and y < z
we have z = y by O2. But since x < y we have x # y (by definition) and this gives the
desired contradiction.
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3.27 Definition: An ordered field is a field F' with an order < such that
O4. (Compatibility with +) for all z,y,z € F, if x <y then x + z < y + z, and
O5. (Compatibility with x) for all z,y € F,if 0 < 2 and 0 < y then 0 < zy.

When F' is an ordered field and = € F' we say that = is positive when z > 0, we say x is
negative when z < 0, we say z is nonpositive when x < 0, and we say x is nonnegative
when x > 0.

3.28 Theorem: R is an ordered field.
Proof: We accept this axiomatically, without proof.

3.29 Corollary: Any field F', which is a subset of R and uses the same operations and
the same order, is an ordered field.

3.30 Example: Q and Q[v/2] are ordered fields.
3.31 Theorem: (Properties of Ordered Fields) Let F' be an ordered field. Then for all
r,y,z € F

(1) if x > 0 then —x <0, and if x < 0 then —x > 0,

(2) ifx >0 and y < z then zy < xz,

(3) if x <0 and y < z then zz < zy,

(4) 0 < 22,

(5) we have 0 < 1 and —1 < 0, and

(6) if 0 < then 0 < 3 and if 0 <z <y then 0 < § < 2.

Proof: We shall provide two proofs for each of the first two parts. The first proof will
be brief, using standard mathematical language, and will use some of the properties from
Definition 3.2 and Theorem 3.20 implicitly. The second proof will be more detailed, indi-
cating explicitly which property is being used at each step of the proof. Then we provide
brief proofs for each of the remaining parts.

For the first proof of Part (1), let z € F. If x > 0, that is if 0 < z, then by O4 we have
0+ (—z) < x4+ (—x) hence —z < 0, and if 0 < x then by O4 we have 0+ (—z) < z+ (—x)
hence —x < 0.

We now repeat the above prof of Part (1) adding additional detail. Let z € F be
arbitrary. Let u = —z so that x + u = 0 (using R4 and the notation from 3.18). First
suppose that x > 0, which means that 0 < x by Notation 3.27. Then

0+u<z+u, by O4,

O04+u<0,sincex+u=0,

u+0 <0, since 04+ u=wu-+ 0 by R2,

u <0, since u+ 0 =u by R3,
—x <0, since u = —x.
Next suppose that z < 0. Then
r+u<0+4+u, by O4,

0<0+wu,since z+u=0,
0<u-+0,since 04+u=u-+0 by R2,
0 <wu,since u+ 0= wu by R3.
u > 0, by Notation 3.27,

—x > 0, since u = —x.
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To prove Part (2), let x,y,z € F and suppose that 0 < x and y < z. Since y < z, by
04 we have y + (—y) < z+ (—y), hence 0 < z —y. Since 0 < x and 0 < z — y, by O5 we
have 0 < z(z — y), and hence by Theorem 3.20 Part (9) we have 0 < zz — zy. By O4 it
follows that 0 + xy < (xz — xy) + xzy. Thus

zy=a2y+0=0+zy < (zz—zy)+zy=zz+ (—zy+ay) =xz+0=zz.
We now provide a second proof of Part (2), adding additional detail to the above
proof. Also, we shall avoid using Part (9) of Theorem 3.20, since we did not prove it.
Instead, we shall use Part (4) which we did prove.

Let x,y,2z € F be arbitrary. Suppose that = > 0, that is 0 < x, and suppose that
y < z. Let u = —y so that y +u = 0 (using R4 and Notation 3.18). Then

y+u<z+u,since y < z, by O4,
0<z+wu,sincey+u=0,
0<z(z+u),since 0 <z and 0 < z+ u, by O5,
0 <zz+zu, by R7,

04 zy < (zz + zu) + zy , by 04,
042y < zz+ (zu+ zy) , by R1,
0+azy <zz+z(u+y), by R7,
042y <zz+z(y+u), by R2,
O+z2zy<zxzz+4+2-0,since y+u =0,
0+ a2y < xz+ 0, by Theorem 3.20 Part (4),
0+ 2y <xz, by R3,
xy+0 < xz, by R2,
ry < xz , by R3.

To prove Part (3), let x,y, 2z € F' and suppose that z < 0 and y < z. Since z < 0 we
have 0 < —x by Part (1). Since y < z, by O4 we have y—y < z—y, that is 0 < z—y. Since
0<—zand 0 < z—y, by O5 we have 0 < (—z)(z — y). Using some properties of rings, it
follows that 0 < zy — xz hence, by O4, 0 + xz < (zy — zz) + xz, and hence zz < zy.

We prove Part (4) by considering two cases. Let x € F' be arbitrary. By O1 we know
that either z <0 or 0 < z. If 0 < x then by O5 we have 0 < x -z, that is 0 < z2. If x <0
then by Part (1) we have 0 < —z and so, by O5, we have 0 < (—x)(—=x) hence, by Part
(7) of Theorem 3.20, we have 0 < z -z, that is 0 < 22. In either case we find that 0 < 22,
as required.

By Part (4) we have 0 < 1?2 = 1. Since 0 < 1 and 0 # 1, we have 0 < 1. We leave the
proof that —1 < 0 as an exercise.

To prove Part (6), let z,y € F with 0 < z < y. Suppose, for a contradiction, that
% < 0. Since 0 < z and % < 0 it follows from Part (2) that x - % < -0, and hence 1 < 0.
But we know from Part (4) that 0 < 1 and so we have the desired contradiction. Since it
is not the case that % < 0 we must have 0 < % by O1 and O2. Since 0 < z and x < y we
have 0 <y by O3. If we had y = 0 then we would have y = 0 < z and x < y which is not

possible by O1 and O2. Since 0 < y and y # 0 we have 0 < y. As above, since 0 < y we
have 0 < % It remains to show that i < % If x =y then & = % Suppose that z < y.

T

If we had % < i then, since 0 < z and 0 < y, it would follow from O5 that %xy < %xy,

so that y < z, which contradicts the fact that x < y. Thus % < %

33



3.32 Note: The various properties of ordered fields, which were stated in terms of the
order relation <, have analogous counterparts involving the strict order relation <. As an
exercise, verify that the following properties hold when F' is an ordered field and x,y, z € F.

2)
3)
4) if x > 0 and y < z then zy < zz.
5) if < 0 and y < z then zy > zz,
6) if z # 0 then 22 > 0,
7)if 0 <z <ythen 0 <, < 2.
)

3.33 Note: Note that it is not possible to define an order < on C which makes C into
an ordered field because if C was an ordered field then since 0 < 1 we would have —1 < 0
(by Part 3) but since —1 = i we would also have —1 > 0 (by Part 6).

3.34 Definition: Let F' be an ordered field. For a € F we define the absolute value of

a to be
aifa >0,
la| = .
—aif a <0.

3.35 Theorem: (Properties of Absolute Value) Let F' be an ordered field. For all x,y € F
(1) (Positive Definiteness) |z| > 0 with |x| = 0<=x =0,

(2) (Symmetry) |z —y| = |y — z|,

(3) (Multiplicativeness) |xy| = |z||y|

(4) (Triangle Inequality) ||z| — |y|| < |z + y| < |z| + |y|, and

(5) (Approximation) for a,b € F with b > 0 we have |zt —a|] <b<=a—-b<z <a+b.

Proof: The proof is left as an exercise.

3.36 Theorem: (Basic Order Properties of Z)

(1) For all n € Z we have n € N if and only if n > 0.
(2) For all k,n € Z we have k < n if and only if k < n + 1. Equivalently, for all n € Z
there does not exist k € Z withn < k <n + 1.

Proof: This theorem is accepted as true axiomatically, without proof.
3.37 Example: Prove that for all k,l € Z, if kl =1 then either k =1l=1o0or k=1=—1.

Solution: Let k,l € Z and suppose that kI = 1. By Theorem 3.26 Part (2), applied several
times, exactly 1 of the following 7 possibilities holds: k < —1, k= -1, -1 <k <0, k =0,
0 <k<—-1,k=—1or —1 < k. Note that k # 0 since if we had k£ = 0 then we would
hove 1 = kl = 0-1 = 0. Also, we cannot have —1 < k£ < 0 or 0 < £ < 1 by Theorem
3.36 Part (2), so we are left with the following 4 possibilities: £ < —1, k = -1, k = 1
or 1 < k. Suppose, for a contradiction, that 1 < k. By Theorem 3.31 Part (5) we have
0 < 1 < k, so by Note 3.32 Part (7) we have 0 < 1 < I. This implies that 0 < [ < 1
(because kl = 1 so that [ = % and 1-1 =1 so that % = 1), but this is not possible by
Theorem 3.36 Part (2). Similarly, if we had k < —1 then we would have . < } < 0 and
hence —1 < [ < 0, which is impossible by Theorem 3.36 Part (2). Thus we have eliminated
5 of the 7 possibilities leaving only the 2 possibilities £ = £1. Finally note that when
k=1wehave 1l =kl =1-1=1and when k = —1 we have 1 = kl = (—1)l = —L.
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3.38 Remark: At this stage we have have either proven, or accepted axiomatically, all of
the algebraic properties of Z which were used in our proof in Example 2.31 at the end of
the previous chapter.

3.39 Definition: Let X be an ordered set and let A C X. We say that A is bounded
above (in X) when there exists an element b € X such that < b for all x € A, and in
this case we say that b is an upper bound for A (in X). We say that A is bounded
below (in X) when there exists an element a € X such that a < z for all z € A, and in
this case we say that a is a lower bound for A (in X). We say that A is bounded (in
X) when A is bounded above and bounded below.

3.40 Definition: Let X be an ordered set and let A C X. We say that A has a supremum
(or a least upper bound) (in X) when there exists an element b € X such that b is an
upper bound for A with b < ¢ for every upper bound ¢ € X for A, and in this case we
say that b is the supremum (or the least upper bound) of A (in X) (note that if the
supremum exists then it is unique by antisymmetry) and we write b = sup A. When the
supremum b = sup A exists and we have b € A, then we also say that b is the maximum
element of A and we write b = max A.

We say that A has an infimum (or a greatest lower bound) (in X) when there
exists an element a € X such that a is a lower bound for A with ¢ < a for every lower
bound ¢ for A, and in this case we say that a is the infimum (or the greatest lower
bound) of A (in X) and we write a = inf A. When a = inf A € A we also say that a is
the minimum element of A and we write a = min A.

3.41 Example: Let A = (0,00) = {zx€R|0<z} and B = [1,V/2) = {zcR| 1<z <2}
The set A is bounded below but not bounded above. The numbers —1 and 0 are both
lower bounds for A and we have inf A = 0. The set A has no minimum element and no
maximum element. The set B is bounded above and below. The numbers 0 and 1 are both
lower bounds for B and the numbers v/2 and 3 are both upper bounds for B. We have
inf B = 1 and sup B = /2. The set B has a minimum element, namely min B = inf B = 1,
but B has no maximum element.

3.42 Theorem: (Least Upper Bound and Greatest Lower Bound Properties of R)

(1) Every nonempty subset of R which is bounded above in R has a supremum in R.
(2) Every nonempty subset of R which is bounded below in R has an infimum in R.

Proof: We accept this axiomatically, without proof.

3.43 Theorem: (Approximation Property of Supremum and Infimum) Let ) # A C R.

(1) If b = sup A then for all 0 < € € R there exists € A with b — e < x < b, and
(2) if a = inf A then for all 0 < € € R there exists x € A witha <z < a + €.

Proof: We prove Part (1). Let b = sup A. Let € > 0. Suppose, for a contradiction, that
there is no element x € A with b — ¢ < x, or equivalently that for all z € A we have
b—e>x. Let ¢ =b—¢€. Note that ¢ is an upper bound for A since x < b — ¢ = ¢ for all
x € A. Since b = sup A and c is an upper bound for A we have b < ¢. But since € > 0 we
have b > b — ¢ = ¢ giving the desired contradiction. This proves that there exists z € A
with b — € < x. Choose such an element x € A. Since b = sup A we know that b is an
upper bound for A and hence b > x. Thus we have b — € < x < b, as required.
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3.44 Theorem: (Well-Ordering Properties of Z in R)

(1) Every nonempty subset of Z which is bounded above in R has a maximum element.
(2) Every nonempty subset of Z which is bounded below in R has a minimum element, in
particular every nonempty subset of N has a minimum element.

Proof: We prove Part (1). Let A be a nonempty subset of Z which is bounded in R.
By Theorem 3.39, A has a supremum in R. Let n = sup A. We must show that n € A.
Suppose, for a contradiction, that n ¢ A. By the Approximation Property (using € = 1),
we can choose a € A with n —1 < a < n. Note that a # n since a € A and n ¢ A and
so we have a < n. By the Approximation Property again (using ¢ = n — a) we can choose
be Awitha<b<mn. Sincea <bwe have b—a > 0. Since n — 1 < a and b < n we have
l1=n—(n—1)>b—a. But then we have b — a € Z with 0 < b — a < 1 which contradicts
the Basic Order Properties of Z. Thus n € A so A has a maximum element.

3.45 Theorem: (Floor and Ceiling Properties of Z in R)

(1) (Floor Property) For every x € R there exists a unique n € Z withx —1 <n < z.
(2) (Ceiling Property) For every x € R there exists a unique m € Z with x < m < x + 1.

Proof: We prove Part (1). First we prove uniqueness. Let z € R and suppose that
nméeZwithr—1l<n<zandz—1<m<z Sincex—1<n we have x < n + 1.
Since m < x and x < n+ 1 we have m < n + 1 hence m < n. Similarly, we have n < m.
Since n < m and m < n, we have n = m. This proves uniqueness.

Next we prove existence. Let x € R. First let us consider the case that x > 0.
Let A ={k € Z|k < x}. Note that A # ) because 0 € A and A is bounded above in
R by z. By The Well-Ordering Property of Z in R, A has a maximum element. Let
n = maxA. Since n € A we have n € Z and n < z. Also note that x — 1 < n since
r—1>n=z>n+1=n+1€ A=n # max A. Thus for n = max A we have n € Z
with z — 1 < n < x, as required.

Next consider the case that z < 0. If x € Z we can take n = x. Suppose that
x ¢ Z. We have —z > 0 so, by the previous paragraph, we can choose m € Z with
—z—1<m< —z. Since m € Z but x ¢ Z we have m # —z so that —z — 1 <m < —x
and hence x < —m < z + 1. Thus we can take n = —m — 1 to get x — 1 < n < z. This
completes the proof of Part (1).

3.46 Definition: Given x € R we define the floor of x to be the unique n € Z with
x —1 < n <z and we denote the floor of = by |z|. The function f : R — Z given by
f(x) = |z] is called the floor function.

3.47 Theorem: (Archimedean Properties of Z in R)

(1) For every x € R there exists n € Z with n > x.

(2) For every x € R there exists m € Z with m < x.

Proof: Let z € R. Let n = || +1 and m = [z] — 1. Since x — 1 < |z| we have
< |x]+1=nandsince [z] <xwehavem=|z]-1<z—-1<uz.

3.48 Theorem: (Density of Q in R) For all a,b € R with a < b there exists ¢ € Q with
a<q<hb.

Proof: Let a,b € R with a < b. By the Archimedean Property, we can choose n € Z with
n > 7= > 0. Then n(b —a) > 1 and so nb > na + 1. Let k = [na + 1]. Then we have
na < k <na+1<nb hence a < % < b. Thuswecantakeq:%togeta<q<b.

36



Chapter 4. Recursion and Induction

4.1 Theorem: (Mathematical Induction) Let F(n) be a statement about n € Z and let
m € Z. Suppose that F(m) is true. Suppose that for all n € Z with n > m, if F(n) is true
then F(n+ 1) is true. Then F(n) is true for all n € Z with n > m.

Proof: Let S = {k € Z}k > m and F(k) is false}. To prove that F(n) is true for all
n > m, we shall prove that S = (). Suppose, for a contradiction, that S # (. Since S # ()
and S is bounded below by m, it follows from the Well-Ordering Property of Z that S has
a minimum element. Let a = min(.S). Since a € S it follows that a > m and F'(a) is false.
Since F'(m) is true and F(a) is false, it follows that a # m. Since a > m and a # m it
follows that a > m and so a — 1 > m. We claim that F(a — 1) is true. Suppose, for a
contradiction, that F'(a — 1) is false. Since a —1 > m and F'(a — 1) is false, it follows that
a—1¢€S. Since a = min(S) and a—1 € S, we have a < a—1. But we know that a > a—1
so we have obtained the desired contradiction (to the assumption that F'(a — 1) is false).
Thus F'(a — 1) is true, as claimed. Since a —1 > m and F(a — 1) is true, it follows by the
hypothesis in the statement of the theorem that F'(a) is true. But, as mentioned earlier,
since a € S we know that F'(a) is false, so we have obtained the desired contradiction (to
the assumption that S # @). Thus S = (), as required.

4.2 Note: It follows, from the above theorem, that in order to prove that F'(n) is true for
all n > m, we can do the following.

1. Prove that F(m) is true (this is called proving the base case).
2. Let n > m and suppose that F'(n) is true (this is called the induction hypothesis).
3. Prove that F(n + 1) is true.

Alternatively, we can prove that F'(n) is true for all n > m as follows: prove that F'(m) is
true, let n > m and suppose that F'(n — 1) is true, then prove that F'(n) is true.

4.3 Definition: For a sequence (ay,)n>m, a formula for a,, in terms of n is called a closed-
form formula for a,,, and a formula for a,, in terms of n along with previous terms a; with
k < n is called a recursion formula for a,,.

4.4 Example: For the sequence (a,),>o given in closed-form by a,, = n? for n > 0, we
have
(an)nzo =(0,1,4,9,16,25,36, - ).

For the sequence (a,)n>0 defined recursively by ap = 2 and ay,4+1 = 2a,, — 1 for n > 0, we
have
(an)ns0 = (2,3,5,9,17,33,62,- - -).

The Fibonacci sequence is defined recursively by ag =0, a; =1 and a,, = a1 + apn_o
for n > 2, so we have
(an)n>0 =(0,1,1,2,3,5,8,13,21,34, - - ).

4.5 Example: When we write

Sn: Zak:am+am+1+"'+an

k=m
what we really mean is that the sequence S, is defined recursively by S,, = a,, and
S, =S5,_1+a, for all n > m.
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4.6 Example: When we write
n
P, = H Ak = Gy * Q1 * - - -~ Ay
k=m
what we really mean is that the sequence P, is defined recursively by P,, = a,, and
P,=P,_1-a, for n >m.

4.7 Example: When we say that n! (read as n factorial) is defined for n € N by 0! = 1
and n! =1-2-3-...-n, what we really mean is that n! is defined recursively by 0! = 1
and n! =n-(n—1)! forn > 1.

4.8 Example: Let a; = 1 and let a,41 = nLH an + 1 for all n > 1. Find a closed-form
formula for a,,.

Solution: Using the given recursion formula, the first few terms in the sequence (ay)n>1

are as follows.
n 1

a, 1

I DN

3
2

N~

5
3

NI [STAN

1

T

n

It appears, from the table, that a, = for all n > 1. Here is a proof by induction.
When n = 1 we have "TH = % =1=a; = a,. Let n > 1 be arbitrary and suppose,

inductively, that a, = 23 (for this one particular value of n). Then we have

M‘

py1 = RLH an + 1 by the recursion formula

_ _n_ . n—i—l
T n+l

_ _(+1)+1
_%_|_1_”T

+ 1 by the induction hypothesis
, as required.

By induction, it follows that a,, = "TH for all n > 1.

4.9 Example: Find [] (1- 7).
k=2

n

Solution: Let P, = [] (1—7%) for n > 2. This means that the sequence (P,),>2 is defined
k=2

recursively by P, = 1— i = % and P, = P,,_1 (1 — —) for all n > 3. The first few values of

P,, are as follows. szl—%l:%,Pg Pg(l 9):% %— P4—P3(1 16)—% %2 g,

P = P4(1 — —) = % . gg = 5, and Py = P;5 (1 — —) = % gg = 172 It appears from these

first few values, that P, = "+1 for all n > 2. When n = 2 we have ”—J;l = 4 = P,. Let
n > 3 and suppose, mductlvely, that P, 1 = 2(n— 3 Then

P,=P, (1 — ) by the recursion formula for P,
= Q(nn_l) : ”n—Zl by the induction hypothesis
= 5meT) (= 1,{(2"“) = 2l | as required.

By induction, it follows that P, = ”2—47;1 for all n > 2.

4.10 Exercise: Find Y k and find Y k3.
k=1 k=1
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4.11 Exercise: Let (a,)n>0 be the Fibonacci sequence.

(a) Show that ag + a1 +as + -+ ay = anqio — 1 for all n > 0.
(b) Show that ag? + a1? + as? + -+ + a,? = ana, 1 for all n > 0.
(c) Show that a,_1a,41 = a,? + (—=1)" for all n > 1.

(d) Show that a,_1% + a,? = as,_1 for all n > 1.

4.12 Theorem: (Strong Mathematical Induction) Let F'(n) be a statement about n € Z
and let m € Z. Suppose that for all n € Z with n > m, if F(k) is true for all k € Z with
m < k <n then F(n) is true. Then F(n) is true for all n > m.

Proof: Let G(¢) be the statement “F(k) is true for all k € Z with m < k < £”. Note that
G(m) is true vacuously because there are no values of k € Z with m <k <m. Let £ > m
and suppose, inductively, that G(¢) is true or, in other words, suppose that F(k) is true
for all k € Z with m < k < £. Since F(k) is true for all k € Z with m < k < ¢, it follows
from the hypothesis in the statement of the theorem that F'(¢) is true. Since F'(k) is true
for all k € Z with m < k < £ and F({) is true, it follows that F'(k) is true for all k € Z
with m < k < £+ 1 or, in other words, it follows that G(¢ + 1) is true, as required. By
induction, it follows that G(¢) is true for all £ > m.

Let n > m be arbitrary. Since G(¢) is true for all £ > m, in particular G(n + 1) is
true, so F'(k) is true for all k € Z with m < k < n + 1. Since F(k) is true for all k € Z
with m < k < n+ 1, in particular F/(n) is true. Since n > m was arbitrary, it follows that
F(n) is true for all n > m.

4.13 Note: In order to prove that F'(n) is true for all n > m, we can do the following,.

1. Let n > m and suppose that F(k) is true for all k£ € Z with m <k < n.
2. Prove that F'(n) is true.

Although strong induction, used as above, does not require the proof that F'(m) is true (the
base case), there are situations in which one ore more base cases must be verified to make
this method of proof valid. For example, if a sequence (z,),>1 is defined by specifying the
values of 1 and x5, and by giving a recursion formula for x, in terms of x,_1 and x,_»
for all n > 3, then in order to prove that x,, satisfies the closed-form formula x,, = f(n)
for all n > 1 it suffices to prove that z; = f(1) and 22 = f(2) (two base cases) and to
prove that for all n > 3, if x,,_1 = f(n — 1) and z,,_2 = f(x,_2) then z,, = f(n).

4.14 Example: Let ag = a; = 2 and let a,, = 2a,_1 + 3a,_o for all n > 2. Find a
closed-form formula for a,,.

Solution: The first few values of a,, are as follows.

n 01 2 3 4 5
an, 2 2 10 26 82 242

It appears that a,, = 3" + (—1)" for all n > 0. Here is a proof by induction. When n =0
we have 3" + (-1)" = 3°+(-1)° =1+1 =2 = ay = a, and when n = 1 we have
3"+ (-1)"=3"+(-1)! =3-1=2=a; =a,. Let n > 2 and suppose, inductively, that
ap = 3% + (=1)* for all k € Z with 0 < k < n (in particular for k =n — 1 and k = n — 2).
Then

ap = 2051 + 3an,_o , by the recursion formula for a,,
=2(3""1 + (=1)"1) +3(3" %2 4+ (=1)""?) , by the induction hypothesis
=2-3""1 2(—1)" 43" 4 3(—1)" = 3" + (—1)" , as required.
By induction, it follows that a,, = 3" + (—1)™ for all n > 0.
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4.15 Note: One shortcoming with the method that we used in the above example is that
we needed to guess a closed-form formula for the sequence and, for many sequences, such
a closed-form formula can be extremely difficult to guess. For this reason it is useful to
develop a method which allows us to calculate such a closed-form formula.

4.16 Theorem: (Quadratic Linear Recursion) Let a,b,p,q € R with ¢ # 0 and define
(Zn )n>m recursively by z,, = a, Tm+1 = b and x,, = px,,—1 +qx,—2 for alln > m+2. Let
f(z) = 22 —pz — q and suppose that f(x) factors as f(z) = (z—u)(z —v) for some u,v € R
with u # v. Then there exist unique numbers A, B € R such that x,, = Au™ + Bv"™ for all
n>m.

Proof: Since 22 —pr — ¢ = f(z) = (x —u)(z —v) = 22 — (u +v)x + pg we have u +v = p

and uv = —q. Since ¢ # 0 and uv = —q it follows that v # 0 and v # 0.

In order to have z,, = Au™+ Bv™ for all n > m we must have Au™+Bv"™ = z,,, = a (1)
and Au™*! 4+ By™T1 = p (2). Multiplying Equation (1) by v and subtracting Equation (2)
(

gives A(vu™ —u™*1) = av — b, so we must choose A = urﬁz’v_fu). Multiplying Equation (1)

by v and subtracting (2) gives B(uv™ —v™*!) = au —b , so we must choose B =

au—b
v (u—wv) "
Let A = uﬂ?'&)_fu) and B = vﬁz‘u__bv). We claim that z,, = Au™ + Bv" for all n > m.
Here is a proof by induction. When n = m we have

n n __ m m __ av—>b au—b _ av—b—au+b __ _ o
Au" + By = Au™ + By = T2 S0 = SRR = g = oy, = Ty

and when n = m + 1 we have

Aun + By = Aum—H + va—f—l — (av—b)u + (au—b)v — auv—bu—auv+bv

v—u u—v v—u

=b=2Tmi1 = Tp.
Let n > m+2 and suppose, inductively, that z,, = Au*+Bv* for all k € Zwithm < k <n
(in particular for k =n — 1 and kK =n — 2. Then
Ty = PTpn_1 + qTy_o , by the recursion formula for xz,
= (u+v)ry—1 — (W)xy_2 , since u+v =p and uv = —q
= (u+v)(Au""" + Bv" ) — (uv) (Au""% + Bv""?) | by the induction hypothesis
= A((u+v)u"! = (w)u"?) + B((u+ v)o" " — (uww)o™?)
= Au" + Bv" , as required.

It follows, by induction, that z,, = Au™ + Bv™ for all n > m.

4.17 Theorem: (Linear Recursion) Let ag, a1, az, -+ ,aq—1 and cg,¢1,C2, -+, Cq—1 be real
(or complex) numbers with ¢y # 0. Let (x,,)n>m be the sequence defined recursively by
T =0, Tl = A1, Tmy2 = 02, Tmpd—1 = Gd—1 and

Ty + C4—1Tp—1 + C4d—2Tp—2 + ++* + C1Tp—_g41 + CoTp—q = 0.

Let f(x) = 2% + cgo1297 ! + 02?2 + - -+ + 12 + o and suppose that f(x) factors as

¢
f(x) = ] (x —u;)* where the u; are distinct real (or complex) numbers. Then there exist
i=1

unique polynomials p1(x),pa(x), - -, pe(x), with each p;(x) of degree less than k;, such that
‘
T, = Y. pi(n)u;™ for all n > m.
i=1

Proof: This is a stronger version of the previous theorem, but we omit the proof.
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4.18 Example: Let 2 = 4, 1 = —1 and z,, = 3z,_1 + 10x,,_o for n > 2. Find a
closed-form formula for z,,.

Solution: The first few terms z,, are as follows.

n 0 1 2 3 4
4 -1 37 101 673 3029

It seems difficult to guess a closed-form formula for z,, from the information in the above
table. Instead, we make use of the above theorem with p = 3 and ¢ = 10. Let

fx)=2*—pr—q=2° -3z —10 = (x — 5)(z + 2).

From the above theorem, we know that for some A, B € R we have z,, = A(5)" + B(—2)"
for all n > 0. In particular, we must have A(5)° + B(—2)" = o, that is A+ B =4 (1) and
we must have A(5)! + B(—2)! = 21, that is 54 — 2B = —1 (2). Multiply Equation (1) by
2 and add Equation (2) to get 7A = 7 so that A = 1, and multiply Equation (1) by 5 and
subtract Equation (2) to get 7B = 21 so that B = 3. Thus z,, = 5" +3(—2)" for all n > 0.

4.19 Exercise: Find a closed-form formula for the terms of the Fibonacci sequence.

4.20 Note: Suppose that we choose k of n objects, When the objects are chosen with
replacement (so that repetition is allowed) and the order of the chosen objects matters (so
the chosen objects form an ordered k-tuple), the number of ways to choose k of n objects
is equal to n” (since we have n choices for each of the k objects). For example, the number
of ways to roll 3 six-sided dice is equal to 63 = 216.

When the objects are chosen without replacement (so that the k& chosen objects are
distinct) and the order matters, the number of ways to choose k of n objects is equal to
nn—1)(n—2)---(n—k+1) = (nf—'k), (since we have n choices for the first object and n—1
choices for the second object and so on). In particular, the number of ways to arrange n
objects in order (to form an ordered n-tuple) is equal to n!.

When the objects are chosen without replacement and the order does not matter (so

the chosen objects form a k-element set), the number of ways to choose k of n objects is
n(n—1)(n—2)---(n—k+1) (
k!

since each k-element set can be ordered in k! ways

to form k! ordered k-tuples, and there are (nf—'k), such ordered k-tuples). For example, the

number of 4-element subsets of the set {1,2,3,4,5,6, 7} is equal to 47—:;, = % =7-5=235.

4.21 Definition: For n,k € N with 0 < k£ < n, we define the binomial coefficient (Z),
read as “n choose k”, by

equal to k!(:ik)! =

(n) o n! _ n(n—1)(n—2)---(n—k+1)
k) 7 kl(n—k)! — k! )

4.22 Theorem: (Pascal’s Triangle) For k,n € N with 0 < k < n we have
(5) =) =1, (2) = (.2) and () + (1) = (i)
Proof: The formulas (”) = (Z) =1 and (Z) = (nﬁk) are immediate from the definition

0
of () (since 0! = 1) and we have

n n . n! n! o (k+1)n! (n—k)n!
(7)) + () = Hn—f)! T e DIin—F=1)1 — Gk D=k T (et DI(n—R)!
_ (k+14+n—Kk)n! (n+1)! o (n—l—l)
= e DI =R — GeF Dt —oF D) — \kt1)-

4.23 Exercise: Make a table displaying the values (Z) for 0 < k < n < 10. The table
forms a triangle of positive integers in which each entry is obtained by adding two of the
entries above.
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4.24 Notation: Let R be a ring and let a € R. For k € Z* we write ka=a+a+---+a
with k terms in the sum, and we write (—k)a = k(—a), and we write a* = a-a-...-a with
k terms in the product. For 0 € Z we write 0a = 0 and a® = 1. When a € R is a unit, for
k€ Z* we write a=% = (a=1)*.

4.25 Exercise: Let R be a ring and let a,b € R. Show that for all k,I € Z we have
(—=k)a = —(ka), (k+1)a = ka + la and (ka)(Ib) = (kl)(ab). Show that for all k,] € Z™ we
have a**! = a*a!. Show that if ab = ba then for all k,1 € Z* we have (ab)* = a*b*. Show
that if a is a unit, then for all k,1 € Z we have a=* = (a*)~! and o**! = a*a!.

4.26 Theorem: (Binomial Theorem) Let R be a ring, let a,b € R with ab = ba, and let
n € N. Then

n n

@ =3 (Rt = 3 (1) e

k=0 k=0
= (5)a"+ (1) "o+ (5) " 7202 4+ (1 )ab" 1 4 () 7.

Proof: We shall prove, by induction, that (a 4+ b)™ = Y- (}) a"~*b* for all n > 0.
k=0

When n =0 we have Y (7)a" *bF = (8) a’’ =1=(a+0b)°=(a+0b)"
k=0

When n =1 we have i( Jamr Rk = (1) att® + (1) a%' =a+b=(a+b)' = (a+b)"
k=0

Let n > 1 and suppose, inductively that (a 4+ b)™ = Y (}) "~ *b*. Then
k=0

(0™ = @+ b)(a+5)" = (a+8) 3 (7)a" 0

=(a+0)( () am+ (1) a to+ (3)am 2% 4+ (1 )Jab o+ (1) 0)
= (o) a™ + () ab+ (3) " 107 + -4 (1 )a? 01+ () ad”
+(5)amb+ () a" 0 -4 (2,)a®bn 4 (1) )a b + () 07
=a" "+ ((5) + (1))a"b+ ((7) + (5))a" "o+
+((G2) + () + (2 )+(n))ab”+b"+1

<n+1)an+1_|_ (’I’L—ll—l) nb+ (n+1) n— 1b2 cee (Zi—i)QQ bn (nii)abn
nz (Zi_})anq_l—kbk
as requived, since (3) = 1= ("}1) and (7) = 1 = <z¢1> and (3) + () = (1) fo
all £ with 0 < k < n. By induction, we have (a + i (Z) a” kpk for all n > 0.
k=

Finally note that, by interchanging a and b, we also have (a + b)™ = Y (}) a*b"*

k=0
for all n > 0.
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4.27 Example: Expand (z + 2)°.
Solution: By the Binomial Theorem, we have
(@420 = (8) a8 4+ (8221 + (§) a2 + (§) 292 + ($) 2224+ (8) 125 + (8) 20
=2%+6-22°+15-42* +20-82° +15- 162> + 6 - 322 + 64
= 2% + 122° + 602" + 1602° + 2402° + 1927 + 64.
4.28 Example: Find the coefficient of z® in the expansion of (59@3 — %)11.

x

Solution: By the Binomial Theorem, we have

(5333 _ x%)ll _ i (11:)(595 )= k( ) 1;( ) (1k1) 5ll—kok ,.3(11—k)—2k

In order to get 3(11 — k) — 2k = 8, we need 33 — 5k = 8, so we choose the term with k = 5.

Thus the coefficient of z® is equal to
(—1)3(1) 5625 = L0987 5695 — _11.3.7.105 = —231,000,000.

4.29 Example: Find Z ( ”)Lk

Solution: Notice that

2n n n n n n
(1+5) "= () +(T) B+ (5)s+ () T O =+ 4 (ol gigs T (on) 3w

2n n n n n n n
(1-%) " =) - () B+ () amt (e — =) st (on) o

Add these and divide by 2 to get
2n 2n n n n n L n
H+35)" + (1-3)") = () + (53 + () ++ (B = £ ()3

4.30 Exercise: Let n be a positive integer. By calculating > ((k + 1)m Tt — km“) in

k=0

n
two different ways, find a recursion formula for the sum 5, = z k™.

4.31 Exercise: There are n points on a circle around a disc. Each of the ( ) pairs of
points is connected by a line segment. No three of these line segments have a common
point of intersection. Determine the number of regions into which the disc is divided by
the line segments.

4.32 Exercise: Let n € Z™. Show that every positive real number has a unique positive
b root. When n is odd, show that every real number has a unique real nt" root.

4.33 Notation: When n € Z* and z € R (with z > 0 in the case that n is even) we
denote the unique n*™® root of 2 by '/ or by /z. In the case n = 2 and x > 0, we also

write /2 as /.
4.34 Exercise: (The Quadratic Formula) Show that for all a,b,c,xz € R with a # 0 we

have
—b+Vb? — 4dac
2a ’

Be careful to notice (and prove) any familiar algebraic properties of R, which you need to
use in your proof, but which have not yet been mentioned in these course notes.

arx’ +br+c=0< b’ —4dac>0and z =
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Chapter 5. Factorization of Integers

5.1 Definition: For a,b € Z we say that a divides b (or that a is a factor of b, or that
b is a multiple of a), and we write a‘b, when b = ak for some k € Z.

5.2 Theorem: (Basic Properties of Divisors) Let a,b,c € Z. Then

(1) al0 for all a € Z and Ola <= a =0,

(2) a|]l <= a = £1 and 1|a for all a € Z.

(3) If a|b and b|c then alc.

(4) If a|b and bla then b = *+a.

(5) If a|b then |a| < |b).

(6) If alb and alc then a|(bx + cy) for all z,y € Z.

Proof: Some of these properties hold in all rings while other properties are specific to Z.
Property (1) holds in all rings because when R is a ring and a € R we have a-0 = 0. Part,
but not all, of Property (2) also holds in all rings. In any ring R we have 1|a for all a € R
because 1-a = a. Also in any ring R, because 1-1 =1 and (—1)(—1) = 1 it follows that if
a = %1 then a|l. However, it is not the case that in every ring R and for all a € R, if a|l
then a = £1. For example, in the ring Zg we have 12 = 32 = 52 = 72 = 1 so that 1|1, 3|1,
5|1 and 7|1 (or equivalently £1|1 and +3|1). Let us prove that for all a € Z, if a|l then
a ==+1. Let a € Z be arbitrary. Suppose that a|l. Choose k € Z such that 1 =a - k. We
claim that because a -k = 1 it follows that either a =k =1 or a = k = —1. Either a < —1
ora=—-lora=0ora=1ora>1. If a > 1 then

5.3 Theorem: (The Division Algorithm) Let a,b € Z with b # 0. Then there exist unique
integers q and r such that
a=qgb+rand0<r <|bl.

The integers q and r are called the quotient and remainder when a is divided by b.

Proof: We begin by proving that such integers ¢ and r exist. Later we will show that the
values of ¢ and r are unique. Case 1: suppose that b > 0 and a > 0. Consider the sequence
0,b,2b,3b,---. Eventually the terms in the sequence become larger than a. Choose ¢ > 0
so that gb < a and (¢ + 1)b > a. Let r = a — gb so that b = gqa + r. Since ¢b < a we have
r=a—qgb>0. Since (¢+ 1)b > a, we have gb+ b > a, and so r =a — gb < b= |b|.

Case 2: suppose that b > 0 and a < 0. Consider the sequence 0, —b, —2b, =30, - - -.
Eventually the terms in the sequence become smaller than a. Choose p > 0 so that
—(p—1)b > a and —pb < a. Let ¢ = —p so that (¢+ 1)b > a and ¢b < a. As above, we let
r=a—qbtogeta=qgb+rand 0 <r <b=|b.

Case 3: suppose that b < 0 and a € Z. By the above two paragraphs, we can choose
integers p and r so that a = p|b| +r = —pb + r with 0 < r < |b|, then we let ¢ = —p so
that a = qb + r. In all three cases, we have shown that there exist integers ¢ and r such
that a = ¢gb+r and 0 < r < [b].

It remains to verify that the values of ¢ and r are unique. Suppose that a = qb + r
with 0 < r < |b] and @ = pb+ s with 0 < s < |b|. Suppose, for a contradiction, that
r # s and say r < s so that we have 0 < r < s < |b|. Since a = ¢b+ r = pb + s we have
s—1 =gb—pb= (q— p)bso that b|(s — r). Since b|(s —7r) we have |b| < |s—71|=s—7
(by one of the basic properties of divisors). But since s < |b| and r» > 0 we have s —r < |b|
giving the desired contradiction. Thus we have r = s. Since r = s and s —r = (¢ — p)b we
have 0 = (¢ — p)b hence p = ¢ (since b # 0).
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5.4 Note: For a,b € Z, when we write a = qb + r with ¢, € Z and 0 < r < |b|, we have
bla if and only if » = 0. Indeed if r = 0 then a = ¢b so that b|a and, conversely, if bla with
say a = pb = pb+ 0, then we must have ¢ = p and r = 0 by the uniqueness of the quotient
and remainder.

5.5 Definition: Let a,b € Z. A common divisor of a and b is an integer d such that
d|la and d|b. When a and b are not both 0, we denote the greatest common divisor of
a and b by ged(a, b). For convenience, we also define ged(0,0) = 0.

5.6 Theorem: (Basic Properties of the Greatest Common Divisor) Let a,b,q,r € Z.
(1) ged(a,b) = ged(b, a).

(2) ged(a, b) = ged(lal, [b]).

(3) If a|b then ged(a,b) = |a|. In particular, ged(a,0) = |al.

(4) If b = qa + r then ged(a,b) = ged(a, 7).

Proof: The proof is left as an exercise.

5.7 Theorem: (The Euclidean Algorithm With Back-Substitution) Let a and b be integers
and let d = ged(a,b). Then there exist integers s and t such that as + bt = d. The proof
provides explicit procedures for finding d and for finding s and t.

Proof: We can find d using the following procedure, called the Euclidean Algorithm. If
bla then we have d = [b|. Otherwise, let r_; = a and ro = b and use the division algorithm
repeatedly to obtain integers ¢; and r; such that

ro1=a=qb+rnr 0<r<l|al
T’oZbZ(]ng—i-TQ 0<ro<r
L = Q3re + 73 0<r3 <mry
Tk—2 = qkTk—1 + Tk 0<ry <rgp—1
Th—2 = qnTn-1+7Tn 0< Tn < Th-1

Tn—1 = Qn+1Tn + T'n+1 T'n+1 = 0.

Since 7,_1 = Gn+17n We have rn|7“n_1 so ged(rp—1,7n) = rp. Since ry_o = qrTE—1 + rr We
have ged(rg—2,7k—1) = ged(rk—1,7%) and so

d = ged(a,b) = ged(b,ry) = ged(ry,r2) = -+ = ged(rp—2,Tn-1) = ged(rn_1,m) = rn -
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Having found d using the Euclidean algorithm, as above, we can find s and ¢ using
the following procedure, which is known as Back-Substitution. If b}a so that d = |b],
then we can take s =0 and t = £1 to get as + bt = d. Otherwise, we let

sop=1, s1=—qn,and spy1 =5p—1 — qn—ySefor 1 <l <n-—1
and then we can take s = s,_1 and t = s,, to get as + bt = d, because, writing k =n — ¢,

d= Th =Tn—2 — QqnTn—1 = S1Tp—1 + SoTn—2

= =8¢Tn—t T S0—1Tn—t—1 = Sn—kTk + Sn—k—1Tk—1
= Sn—k (kaQ - qwkq) + Sp—k—1Tk—1 = (Snfk:fl - kanfk)mﬂ + Sp—kTk—2

= (Se—1 — Qn—1S0)Tn—t—1+ StTn—t—2 = Se41Tn—t—1 + SeTn—t—2

= - =8,70 + Sn—17—1 = Spb + sp_10a.

5.8 Example: Let a = 5151 and b = 1632. Find d = gcd(a,b) and then find integers s
and t so that as + bt = d.

Solution: The Euclidean Algorithm gives
5151 =3 -1632 + 255
1632 = 6 - 255 4 102
255 =2-102 + 51
102=2-514+0
so d = 51. Using the quotients ¢; = 3, g2 = 6 and g3 = 2, Back-Substitution gives
so=1
51 =—q3 = —2
So =80 — @281 =1—6(—2) =13
S3 =81 —q182 = —2 — 3(13) = —41,
so we take s = so = 13 and t = s3 = —41. (It is a good idea to check that indeed we have
(1632)(—41) + (5151)(13) = 51).

5.9 Example: Let a = 754 and b = —3973. Find d = gcd(a, b) then find integers s and ¢
such that as + bt = d.

Solution: The Euclidean Algorithm gives
3973 = 5-754+203 , 754 = 3-203+145, 203 = 1-145+58 , 145 = 2-58+29 , 58 = 2-29+0
so that d = 29. Then Back-Substitution gives rise to the sequence

1, =2, 3, —11, 58

so we have (754)(58) + (3973)(—11) = 29, that is (754)(58) + (—3973)(11) = 29. Thus we
can take s =58 and ¢t = 11.
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5.10 Theorem: (More Properties of the Greatest Common Divisor) Let a,b,c,d € Z.
(1) If c|a and c|b then c| gcd(a, b).

(3) We have ged(a,b) = 1 if and only if there exist x,y € Z such that ax + by = 1.

(4) If d = ged(a, b) # 0 then ged (4, %) = 1.

(5) If albc and ged(a,b) =1 then alc.

Proof: We prove Part (5). Suppose that a|bc and ged(a,b) = 1. Since albc we can choose
k € Z so that bc = ak. Since ged(a,b) = 1, by the Euclidean Algorithm with Back-
Substitution, we can choose s,t € Z with as + bt = 1. Then we have

c=c-1=c(as+bt) = acs + bet = acs + akt = a(cs + kt),
and so alc, as required.

5.11 Definition: A diophantine equation is a polynomial equation in which the vari-
ables represent integers. Some diophantine equations are fairly easy to solve while others
can be extremely difficult.

5.12 Theorem: (Linear Diophantine Equations) Let a,b,c € Z with (a,b) # (0,0). Let
d = ged(a,b) and note that d # 0. Consider the Diophantine equation ax + by = c.

(1) The equation has a solution (x,y) € Z? if and only if d|c, and

(2) if (u,v) € Z? is one solution to the equation then the general solution is given by
(z,y) = (u,v) + k(— 2,2) for some k € Z.

Proof: Suppose that the equation az+by = ¢ has a solution (z,y) € Z?. Choose (s,t) € Z>
so that as + bt = c¢. Since d|a and d|b, it follows that d|(ax + by) for all z,y € Z, so in
particular d|(as+ bt), that is d|c. Conversely, suppose that d|c, say ¢ = df with £ € Z. Use
the Euclidean Algorithm with Back-Substitution to find s,¢ € Z such that as 4 bt = d.
Multiply by ¢ to get a(sf) + b(tl) = df = c. Thus we can take z = el and y = t{ to obtain
a solution (x,y) € Z? to the equation ax + by = c. This proves Part (1)

Now suppose that (u,v) € Z? is a solution to the given equation, so we have au—i—bv =c.
To prove Part (2), we need to prove that for all k € Z, if we let (z,y) = (u,v) +k(—2,2)
then (x,y) is a solution to az 4+ by = ¢ and, conversely, that if (z,y) is a solution then
there exists k € Z such that (z,y) = (u,v) + k( b gy,

Let k € Z and let (z,y) = (u,v) +k(—15,2). Thenz = u— % and y = v+ £ and so

ar+by =a(u—E) +b(v+5) = (au+bv) — b 4 Kb — gy 4 by = c.

Conversely, let (x,y) be a solution to the given equation, so we have ax + by = ¢. Suppose
that a # 0 (we leave the case a = 0 as an exercise). Since ax + by = ¢ and au + bu = ¢
we have ax + by = au + bv and so a(x — u) = —b(y — v). Divide both sides by d to get

&z —u) = —%(y — v). Since %‘Z(y —v) and ged (%,%) = 1, it follows that %|(y — v).
Choose k € Z so that y —v = £, Since a 7é 0 and a(z —u) = =b(y —v) = kgb we have
z—u=—% and so (z,y) = (u v) +k(— %, %), as required.
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5.13 Example: Let a = 426, b = 132 and ¢ = 42. Find all z,y € Z such that ax + by = c.
Solution: The Euclidean Algorithm gives
426 =3-1324+30, 132=4-30+12, 30=2-124+6, 12=2-6+0

so that d = ged(a, b) = 6. Note that d|c, indeed ¢ = df with ¢ = 7, so a solution does exist.
Back-Substitution gives the sequence

1,-2,9, =29

so we have a(9) + b(—29) = d. Multiply by ¢ = 7 to get a(63) + b(—
solution is given by (z,y) = (63,—-203). Since § = % = 71 and 2 =
general solution is (z,y) = (63, —203) + k(—22, 71).

5.14 Exercise: Let a = 4123, b = 17689 and ¢ = 798. Find all z,y € Z with 0 <y < 100
such that ax + by = c.

203) = ¢, so one
132

5.15 Example: A Pythagorean triple is a solution (z,vy,z) with z,y,z € Z* to the

equation 22 + y? = 22. Note that when (z,v, 2) is a Pythagorean triple with z # 0, we

have (f)2 + (%)2 = 1 so that the point (§7 %) is a point on the unit circle with rational
coordinates. Let S be the unit circle {(x,y)[z? + y* = 1} and let T = S\ {(0,1)}. The
stereographic projection from 7" to R is the function F' : T' — R defined as follows:
given (z,y) € T, let L be the line through (0,1) and (z,y), and define F(z,y) = u where
(u,0) is the point of intersection of L with the z-axis. Let us find a formula for F and a
formula for its inverse G : R — T

Given (x,y) € T, the line L from (0,1) to (x,y) is given parametrically by (u,v)
(0,1) + t((z,y) — (0,1)) = (tx,1 + t(y — 1)). This line meets the z-axis when 0 = v
14 t(y — 1), that is when ¢t = ﬁ, and the resulting point of intersection is at (u,v)
(tx,1+t(y—1)) (_ ) ThusthemapFisgivenbyu:F(:z;y)—iy.

Given a point (u, 0) on the z-axis, the line M through (0, 1) and (u, 0) is given paramet-
rically by (.CC y) = (0,1)+¢((u,0)— (0,1)) (tu,1—t). The point (z,y) = (tu,1—t) lieson S
when 1 = 22+9? = (tu)? ( )2 = t2u?+1-2t+t2, that is when (u2+1)t? = 2t, or equiva-
u2+1 When t = 0 the resulting point is (z,y) = (tu,1—t) = (0,1)

and when ¢t = UQLH the resulting point is (z,y) = (tu,1 —t) = (UE—?H, Zz—:&) Thus the

lently whent =0ort =

inverse map G is given by (z,y) = G(u) = (UE—}LH, Zij&)

Notice that if (z,y) € T with z,y € Q then u = F(x,y) € Q and that, conversely,
if u € Q then (z,y) = G(u) € Q% Tt follows that we have a bijective correspondence
between TN Q? and Q given by F: TNQ? — Q and G : Q — T'NQ?2. Thus every element

in 7'N Q2 is of the form
G(ﬁ) _(26s/t) (/)21 _ (_2st 242
t) T O\ (s/t)2+17 (s/t)%+1 ) T \ s2+t27 52412
for some s,t € Z with ¢ # 0 and ged(s,t) = 1.
After doing some additional work (Which involves considering the case in which s +¢
is even and the case in which s 4t is odd, and in the former case replacing s and ¢ by
s’ = = and t/ = £3!) one can verify that every Pythagorean triple (x,y, z), after possibly

interchanging x and vy, is of the form 7’(2375, s2 — 1?2, 52 + t2) for some r,s,t € Z with
ged(s,t) =1 and s 4+t odd.
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5.16 Definition: Let n be a positive integer. We say that n is a prime number when
n > 2 and n has no factor a € Z with 1 < a < n. We say that n is composite when n > 2
and n is not prime, that is when n does have a factor a € Z with 1 < a < n.

5.17 Theorem: (Basic Properties of Primes) Let p be a prime number.
(1) For all a € Z we have ged(a,p) € {1,p} with ged(a,p) = p if and only if pla.
(2) For all a,b € Z, if plab then either pla or pl|b.

Proof: The proof is left as an exercise. Part (2) follows from Part (5) of Theorem 5.10.

5.18 Theorem: FEvery integer n > 2 has a prime factor. Every composite integer n > 2
has a prime factor p with p < /n.

Proof: Let n > 2. Suppose, inductively, that every integer k with 2 < k < n has a prime
factor. If n is prime, then n is a prime factor of itself, so n has a prime factor. Suppose
that n is composite. Let a be a factor of n with 1 < a < n. By the induction hypothesis,
a has a prime factor. Let p be a prime factor of a. Since p|a and a|n we have p|n, and
so p is a prime factor of n. It follows, by induction, that every integer n > 2 has a prime
factor.

Now suppose that n is composite. Write n = ab where a,b € Z with 1 < a < b < n.
Note that a < y/n because if we had a > /n then we would also have b > a > /n so that
n = ab > y/ny/n = n which is impossible. Let p be a prime factor of a. Since pla and a|n
we have p|n so that p is a prime factor of n. Since pla and a < /n we have p < a < /n.

5.19 Note: Given an integer n > 2, we can list all primes p with p < n using the
following procedure, which is called the Sieve of Eratosthenes. We begin by listing all
the integers from 1 to n, and we cross off the number 1 (1 is a unit; it is not a prime). We
circle the smallest remaining number p; (namely p; = 2, which is prime) then we cross off
all other multiples of p; (which are composite). We circle the smallest remaining number
p2 (namely po = 3, which is prime) then we cross off all other multiples of py (which are
all composite). At the k'® step of the procedure, when we circle the smallest remaining
number py, it must be prime because if pi, was composite then it would have a prime factor
p; with p; < px, but we have already found all primes p; < pr and we have already crossed
off all their multiples. We continue the procedure until we have circled a prime p, with
pe > +/n and crossed off its multiples. At this stage we circle all of the remaining numbers
in the list because they are all prime. Indeed, if a remaining number m was composite
then it would have a prime factor p with p < {/m < /n, but we have already found all
primes p with < y/n and crossed off all their multiples.

5.20 Exercise: Use the Sieve of Eratosthenes to list all primes p with p < 100.
5.21 Theorem: (Euclid) There exist infinitely many prime numbers.

Proof: Suppose, for a contradiction, that there exist finitely many prime numbers. Let
P1,P2,- -+, pe be all of the prime numbers. Consider the number n = p1ps---py + 1. By
Theorem 5.11, the number n has a prime factor and so pg|n for some index k. But py is
not a factor of n because when we write n = ¢pi + 7 as in the Division Algorithm, we find
that the remainder is r = 1 # 0 (and the quotient is ¢ = [] pi).
ik

5.22 Example: Note that there exist arbitrarily large gaps between consecutive prime
numbers because, given a positive integer m > 2, we have 2|(m!+2), 3|(m!+3), 4|(m!+4)
and so on, so the consecutive numbers m!+2, m!+3, m!4+4, --- | m!+m are all composite.
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5.23 Remark: Here are a few facts about prime numbers which are difficult to prove.
(1) Bertrand’s Postulate: for every integer n > 1 there exists a prime p with n < p < 2n.
(2) Dirichlet’s Theorem: for all positive integers a, b with ged(a, b) = 1, there exist infinitely
many primes of the form p = a + kb for some k € N.

(3) The Prime Number Theorem: for z € R, let m(z) be the number of primes p with

p < x. Then lim m(z) =1
z—oo x/Inx

5.24 Remark: Here are a few statements about prime numbers which are conjectured to
be true, but for which no proof has, as yet, been found.

1) Legendre’s Conjecture: for every n € ZT there exists a prime p with n? < p < (n+1)2.
(2) Goldbach’s Conjecture: every even integer n > 4 is the sum of two prime numbers.

(3) Twin Primes Conjecture: there exist infinitely many p for which p and p+ 2 are prime.

(5) Mersenne Primes Conjecture: there exist infinitely many primes p = 28 —1 with k € Z+.

)
)
)
(4) The n? + 1 Conjecture: there exist infinitely many primes p = n? + 1 with n € Z+.
)
(6) Fermat Primes Conjecture: there exist finitely many primes p = 2* + 1 with k € N.
2

5.25 Theorem: (The Unique Factorization Theorem) Every integer n > 2 can be written

¢
uniquely in the form n = [] px = pip2---pe where £ € Z™" and the py are primes with
k=1
p1 < p2 < -+ < po.
Proof: First we prove the existence of such a factorization. Let n be an integer with n > 2

and suppose, inductively, that every integer k£ with 2 < k£ < n can be written in the required
‘

form. If n is prime then we can write n = [[ pr = p1 with £ = 1 and p; = n. Suppose

that n is composite. Write n = ab where cf,ble Z with 1 <a <nand 1< b<n. By
the induction hypothesis, we can write a = qi1q2---q, and b = ri7ry - - -7, where {,m € ZT
and the p; and ¢; are primes with p; < py < --- < pyand ¢1 < ¢ < --- < ¢, Then
n=qiqa- - qrira - Tm = P1P2 - - Potm Where the ordered (£+m)-tuple (p1,p2, ", Potm)
is obtained from the ordered (¢+ m)-tuple (g1, 92, -, q¢, 71,72, *,Tm) by rearranging the
terms into non-decreasing order.

Let us prove uniqueness. Suppose that n = p1ps---pr = q1q2 - - - ¢y Where £,m € ZT
and the p; and ¢; are primes with p; < py <--- <ppand ¢ < g2 < -+ < qp,. We need
to prove that ¢ = m and that p, = ¢; for every index i. Since n = pips---ps we see that
p1|n and so p’qlqg -+ qm. By applying Part (2) of Theorem 5.12 repeatedly, it follows that
p1|qi for some index 7. Since p1|g; and g; is prime, we must have p; € {+1,+¢;}. Since
p1 is prime, we have p; > 1. Since p; > 1 and p; € {£1, +¢;} it follows that p; = ¢;. A
similar argument shows that ¢; = p; for some index j. Since p1 = ¢; > q1 = p; > p1, it
follows that p; = ¢;.

Since p1p2--pe = Q192 ---q¢m and p; = ¢, we can divide both sides by p; to get
Paps - Pe = G2q3 - qm- By repeating the above argument, we can show that p, = qo,
then we can divide both sides by ps = g2 to get ps---pr =q3- - ¢ and so on.

If we had ¢ # m, say ¢ < m, repeating the above procedure would eventually yield
Do = GeqQe+1 -+ Gm With pp = q¢ and then 1 = gy11 - - - ¢, Which is not possible since each
¢; > 1. Thus we must have ¢ = m and repeating the above procedure gives p; = ¢; for all
indices 7, as required.
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5.26 Note: Here are two alternate ways of expressing the above theorem.

¢
(1) Every integer n > 2 can be written uniquely in the form n = [] p;” = p1"™ -+ pg
i=1
where ¢ € ZT and the p; are distinct primes with p; < ps < --- < p; and each m; € Z™.

me

(2) Given distinct primes p1,pa, - -, pe, every n € ZT whose prime factors are included in
¢
{p1,- -+, pe} can be written uniquely in the form n = [] p;" = p;™* - - p,"™* with m; € N.
i=1
5.27 Theorem: (Unique Factorization and Divisors) Let n = p"py™2 - - p,""* where
¢ € Z™T, the p; are distinct primes, and each m; € N. Then the positive divisors of n are
the numbers of the form a = p17*py?2 - - - py?t where each j; € Zo with 0 < j; < m,.

Proof: Suppose that n = p;™1py™2 ---p, and a = p171ps?2 - - - ped¢ where p1,pa,---,pe
are distinct primes and 0 < j; < m; for all indices i. Let b = p1Fipok2 o ppFe where
k; = m; — j; (note that k; > 0 since j; < m;). Then

k1| 1j1+k1 X my

ab= (pr”* - -p? ) (™ - p™) = p cpdtTR =™ =
and so a|n.

Conversely, suppose that n = p;™'p."™2 - -p, as above, and let a be a positive
divisor of n. Let p be any prime factor of a. Since pla and a|n we have p|n. Since p|n
and n = p;""py""2 - - - py"™ we have p|p; for some index i. Since p and p; are both prime
and p|p;, we have p = p;. This proves that every prime factor of a is among the primes
pi,p2, -, pe. It follows that a can be written in the form a = p17'py?2 - - - p,7¢ with each
Ji € N. It remains to show that j; < m;.

Since a|ln we can choose b € Z so that n = ab. Since n and a are positive, so is b.
Since b is a positive factor of n, the above argument shows that every prime factor of b is
among the primes p1, pa, - -, pe and so we can write b = p;¥1po*2 - - p#¢ for some k; € N.
Since n = ab we have

Jit+k: Ejz-Hw‘

p1™p™ ™ =n=ab= (p7t ) (p" - pd™) = o P
By the uniqueness of prime factorization, it follows that m; = j; + k; for all indices 7. Since

k; > 0 it follows that j; = m; — k; < m;, as required.

5.28 Definition: For a,b € Z, a common multiple of a and b is an integer m such that
alm and bm. When a and b are nonzero, we define lem(a,b) to be the smallest positive
common multiple of a and b. For convenience, we also define lem(a,0) = lem(0,a) = 0 for
acZ.

¢ ¢
5.29 Theorem: Let a = [[ p;/t and b = [ p;** where ¢ € Z%, the p; are distinct primes,
i=1 i=1
and Tis k; € N. Then

E . .
(1) ng(a,b) = H pimln{.ji7ki}’

=1

4 :
(2) lem(a,b) = [] p,"*Uo* 3 and
i=1

(3) ged(a,b) - lem(a, b) = ab.

Proof: The proof is left as an exercise.
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5.30 Definition: For a prime p and a positive integer n, the exponent of p in (the
prime factorization of ) n, denoted by e(p,n), is defined as follows. We write n in the form
n=p™Mpy"2..-p,"" where the p; are distinct primes and each m; € N, then we define
e(p,n) = m; if p = p; and we define e(p,n) = 0 if p # p; for any index 1.

5.31 Exercise: Show that e(p,n!) = | 2]+ [Jz]+ [J5] +- - and that [ %] = U%J/pJ

5.32 Example: Since e(5,100!) = [12%] + [10] 4+ [10| + .- =20+ 4+ 0 = 24 and
e(2,100!) > 24, it follows that the number 100! ends with exactly 24 zeros in its decimal
representation.

5.33 Definition: For a positive integer n, we write 7(n) to denote the number of positive
divisors of n, we write o(n) to denote the sum of the positive divisors of n, and we write
p(n) to denote the product of the positive divisors of n.

¢
5.34 Exercise: Let n = [] p;® where py,pa,-- -, pe are distinct primes and each k; € N.
i=1

4 1
' i=1

kg —
1
i=1 pi—
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Chapter 6. Congruences and Modular Arithmetic

6.1 Definition: Let n € Z*. For a,b € Z we say that a is equal (or congruent) to b
modulo n, and we write a = b mod n, when n’(a — b) or, equivalently, when a = b+ kn
for some k € Z.

6.2 Theorem: Letn € Z™. For a,b € Z we have a = b mod n if and only if a and b have
the same remainder when divided by n. In particular, for every a € Z there is a unique
reZ witha=rmodnand0<r <n.

Proof: Let a,b € Z. Use the Division Algorithm to write a = gn + r with 0 < r < n and
b=pn+s with 0 < s < n. We need to show that a = b mod n if and only if r = s.
Suppose that a = b mod n, say a = b+ kn where k € Z. Then since a = gn + r and
a=b+kn=(pn+s)+kn=(p+kn+swith0<r<nand0 < s <n, it follows that
g = p+ s and r = s by the uniqueness part of the Division Algorithm. Conversely, suppose
that r = s. Then we have 0 = r — s = (a — gn) — (b — pn) so that a = b+ (¢ — p)n, and
hence a = b mod n.

6.3 Example: Find 117 mod 35.

Solution: We are being asked to find the unique integer r with 0 < r < n such that
117 = r mod 35 or, in other words, to find the remainder r when 117 is divided by 35.
Since 117 = 3 - 35 4+ 12 we have 117 = 12 mod 35.

6.4 Definition: An equivalence relation on a set S is a binary relation ~ on S such
that

E1l. ~ is reflexive: for every a € S we have a ~ a,
E2. ~ is symmetric: for all a,b € S, if a ~ b then b ~ a, and
E3. ~ is transitive: for all a,b,c € S, if a ~ b and b ~ ¢ then a ~ c.

When ~ is an equivalence relation on S and a € S, the equivalence class of a in S is the
set

[a] = {z € S|z ~ a}.
6.5 Theorem: Let n € Z*. Then congruence modulo n is an equivalence relation on Z.

Proof: Let a € Z. Since a = a + 0 -n we have a = a mod n. Thus congruence modulo
n satisfies Property E1. Let a,b € Z and suppose that a = b mod n, say a = b+ kn
with k € Z. Then b = a + (—k)n so we have b = a mod n. Thus congruence modulo n
satisfies Property E2. Let a,b,c € Z and suppose that a = b mod n and b = ¢ mod n.
Since a = b mod n we can choose k € Z so that a = b + kn. Since b = ¢ mod n we can
choose ¢ € Z so that b = c+ ¢n. Then a = b+ kn = (c+ In) + kn = ¢+ (k+ ¢)n and so
a = ¢ mod n. Thus congruence modulo n satisfies Property E3.

6.6 Definition: A partition of a set S is a set P of nonempty disjoint subsets of S whose
union is S. This means that

P1. for all A€ P we have ) # A C S,
P2. for all A,B € P, if A+# B then AN B = (), and
P3. for every a € S we have a € A for some A € P.

6.7 Example: P = {{1,3,5},{2},{4,6}} is a partition of S = {1,2,3,4,5,6}.
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6.8 Theorem: Let ~ be an equivalence relation on a set S. Then P = {[a]!a € S} is a
partition of S.

Proof: For a € S, it is clear from the definition of [a] that [a] C S, and we have [a] # ()
because a ~ a so a € [a]. This shows that P satisfies P1.

Let a,b € S. We claim that a ~ b if and only if [a] = [b]. Suppose that a ~ b. Let
x € S. Suppose that x € [a]. Then x ~ a by the definition of [a]. Since x ~ a and a ~ b
we have x ~ b since ~ is transitive. Since x ~ b we have = € [b]. This shows that [a] C [b].
Since a ~ b implies that b ~ a by symmetry, a similar argument shows that [b] C [a]. Thus

we have [a] = [b]. Conversely, suppose that [a| = [b]. Then since a ~ a we have a € [a].
Since a € [a] and [a] = [b], we have a € [b]. Since a € [b], we have a ~ b. Thus a ~ b if and
only if [a] = [b], as claimed.

Let a,b € S. We claim that if [a] # [b] then [a] N [b] = 0. Suppose that [a] N [b] # 0.
Choose ¢ € [a]N[b]. Since ¢ € [a] so that ¢ ~ a we have [c] = [a] (by the above claim). Since
c € [b] so that ¢ ~ b we have [c] = [b]. Thus [a] = [c] = [b], as required. This completes the

proof that P satisfies P2.
Finally, note that P satisfies P3 because given a € S we have a € [a] € P.

6.9 Definition: Let ~ be an equivalence relation on a set S. The quotient of the set §
by the relation ~, denoted by S/N, is the partition P of the above theorem, that is

S/~ = {la]|a € S}.

6.10 Remark: In Appendix 1, the above quotient construction is used to define Z from
N and to define Q from Z.

6.11 Definition: Let n € Z™. Let ~ be the equivalence relation on Z defined for a,b € Z
by a ~ b<=a = b mod n, and write [a] = {x € Z|x ~ a} = {z € Z|r = a mod n}. The
set of integers modulo n, denoted by Z,,, is defined to be the quotient set

Z, = Z)~ = {|a]|a € Z}.
Since every a € Z is congruent modulo n to a unique r € Z with 0 < r < n, we have
Z, = {[0]’ [, 2}, [n = 1]}
and the elements listed in the above set are distinct so that Z,, is an n-element set.

6.12 Example: We have
ZS = {[0]7[1]7[2]} = {{"'7_37073767"'}7 {"'7_27174777"'}7 {7_17275787}}
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6.13 Theorem: (Addition and Multiplication Modulo n) Let n € Z*. For a,b,c,d € Z,
ifa =cmod n and b =d mod n then a +b = c+ d mod n and ab = cd mod n. It follows
that we can define addition and multiplication operations on Z,, by defining

[a] + [b] = [a+b] and [a] [b] = [ab]

for all a,b € Z. When n > 2, the set Z,, is a commutative ring using these operations with
zero and identity elements [0] and [1].

Proof: Let a,b,c,d € Z. Suppose that a = ¢ mod n and b = d mod n. Since a = ¢ mod n
we can choose k € Z so that a = ¢+ kn. Since b = d mod n we can choose ¢ € Z so that
b=d+/¢n. Thena+b = (c+kn)+(d+¥¢n) = (c+d)+ (k+{)n so that a+b = c+d mod n,
and ab = (¢ + kn)(d + ¢n) = cd + cbn + knd + knln = cd + (kd + fc + kfn)n so that
ab = cd mod n.

It follows that we can define addition and multiplication operations in Z,, by defining
[a] + [b] = [a+b] and [a] [b] = [ab] for all a,b € Z. Tt is easy to verify that these operations
satisfy all of the Axioms R1 - R8 which define a commutative ring. As a sample proof, we
shall verify that one half of the distributivity Axiom R7 is satisfied. Let a,b,c € Z. Then

[a]([b] + [c]) = [a] [b+ ¢] , by the definition of addition in Z,
= [a(b+ ¢)] , by the definition of multiplication in Z,,
= [ab + ac] , by distributivity in Z.
= [ab] + [ac] , by the definition of addition in Z,,
= [a] [b] + [a] [¢] , by the definition of multiplication in Z,,.

6.14 Note: When no confusion arises, we shall often omit the square brackets from our
notation so that for a € Z we write [a] € Z,, simply as a € Z,. Using this notation, for
a,b € Z we have a = b in Z,, if and only if a = b mod n in Z.

6.15 Example: Addition and multiplication in Zg are given by the following tables.

+ 01 2 3 4 5 x 01 2 3 4 5
0 01 2 3 4 5 0 0 0 0 0 0 O
1 1 2 3 4 5 0 1 01 2 3 4 5
2 2 3 4 5 01 2 0 2 4 0 2 4
3 3 4 5 0 1 2 3 03 0 3 0 3
4 4 5 01 2 4 4 0 4 2 0 4 2
5 5 0 1 2 3 4 5 0 5 4 3 2 1

6.16 Example: Find 251 - 329 + (41)2 mod 16.

Solution: Since 251 = 15-16+ 11 and 329 = 20-16+9 and 41 = 2-16 4+ 9, working in Z4
we have 251 = 11 and 329 = 41 = 9 so that

251-329 + (41)? =11-94+92=(11+9)-9=20-9=4-9 =36 = 4.
Thus 251 - 329 + (41)? = 4 mod 16.

6.17 Example: Show that for all a € Z, if a = 3 mod 4 then a is not equal to the sum
of 2 perfect squares.

Solution: In Z, we have 02 = 0,12 = 1,22 =4 = 0 and 3% = 9 = 1 so that 2 € {0, 1} for all
x € Zy. Tt follows that for all z,y € Z4 we have 22+y? € {0+0,0+1,1+0,1+1} = {0,1,2}
so that 22 4 y? # 3. Equivalently, for all z,y € Z we have 22 + y? # 3 mod 4.
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6.18 Example: Show that there do not exist integers x and y such that 322 + 4 = y3.

Solution: In Zg we have

x 01 2 3 456 7 8
2 01 4 0 7 7 0 4 1
2 01 8 01 8 0 1 8
332 0 3 3 0 3 3 0 3 3

32244 4 7 7T 4 7T 7T 4 T 7

From the table we see that for all x,y € Zg we have 322 +4 € {4,7} and y3 € {0,1,8} and
so 3x2 + 4 # y3. It follows that for all z,y € Z we have 322 + 4 # y3.

6.19 Example: There are several well known tests for divisibility which can be easily
explained using modular arithmetic. Suppose that a positive integer n is written in decimal
form as n = dy---didy where each d; is a decimal digit, that is d; € {0,1,---,9}. This
means that

(o
n=73 10,
k=0

¢
Since 2‘10 we have 10 = 0 mod 2. It follows that in Zy we have 10 = 0son = Y 10%d; = do.
i=0
Thus in Z, we have 2|n<=n = 0 mod 2 <= dy = 0 mod 2 <= 2|dy. In other words,

2 divides n if and only if 2 divides the final digit of n.
More generally for k € Z with 1 < k < /| since 2’“‘10’“ it follows that in Zyx we have

k=1
10* = 0, hence 10* = 0 for all i > k, and so n = Z 10°d; = > 10%d;. Thus in Z, we have
1=0 1=0

2k|n if and only if 2%

Z 10°d;. In other words,

=

2% divides n if and only if 2% divides the tailing k-digit number of n.
Similarly, since 5’1“"1011C it follows that

5% divides n if and only if 5* divides the tailing k-digit number of n.

e ¢
Since 10 = 1 mod 3 it follows that in Z3 we have 10 = 1 so that n = > 10’d; = Z d;.
=1

Thus in Z, 3|n<=n = 0 mod 3 <= Z d; = 0 mod 3 < 3| Z In other words, 3 divides
1=0
n if and only if 3 divides the sum of the digits of n. Similarly, since 10 = 1 mod 9,

9 divides n if and only if 9 divides the sum of the digits of n.

e ¢ ,
Since 10 = —1 mod 11, in Z;; we have 10 = —1 so that n = > 10°d; = > (—1)"d;. Thus

é .
in Z, 11|n<:> 11! > (—1)*d;. In other words,
i=0
11 divides n if and only if 11 divides the alternating sum of the digits of n.

6.20 Exercise: Use the divisibility tests described in the above example to find the prime
factorization of the number 28880280. Also, consider the problem of factoring the number
28880281.
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6.21 Remark: For a,b € Z and n € Z™ note that if a = b mod n so that [a] = [b] € Z,
then we have ged(a,n) = ged(b,n) and so it makes sense to define ged([al, n) = ged(a,n).

6.22 Theorem: (Inverses Modulo n) Let n € Z with n > 2. For a € Z, [a] is a unit in
Z,, if and only if ged(a,n) =1 in Z.

Proof: Let a € Z and let d = ged(a,n). Suppose that [a] is a unit in Z,,. Choose b € Z so
that [a] [b] = [1] € Z,,. Then [ab] = [1] € Z,, and so ab = 1 mod n in Z. Since ab =1 mod n
we can choose k so that ab = 1 4 kn. Then we have ab — kn = 1. Since d|a and d|n it
follows that d|(ax + ny) for all z,y € Z so in particular d|(ab — kn), that is d|1. Since d|1
and d > 0, we must have d = 1.

Conversely, suppose that d = 1. By the Euclidean Algorithm with Back-Substitution,
we can choose s,t € Z so that as+nt = 1. Then we have as = 1 —nt so that as = 1 mod n.
Thus in Z,, we have [as] = [1] so that [a][s] = [1]. Thus [a] is a unit with [a]~! = [s].

6.23 Example: Determine whether 125 is a unit in Z47; and if so find 12571,

Solution: The Euclidean Algorithm gives
471 =3-125+96 , 125=1-964+29, 96=3-294+9, 29=3-94+2,9=4-2+1

and so d = ged(125,471) = 1 and it follows that 125 is a unit in Z471. Back-Substitution
gives the sequence
1, -4, 13, —43, 56, —211

so we have 125(—211) +471(56) = 1. It follows that in Z47; we have 12571 = —211 = 260.

6.24 Example: Solve the pair of equations 3z + 4y = 7 (1) and 11z + 15y = 8 (2) for
T,y € ZQO-

Solution: We work in Zgg. Since 3 -7 = 21 = 1 we have 37! = 7. Multiply both sides
of Equation (1) by 7 to get z + 8y = 9, that is x = 9 — 8y (3). Substitute x = 9 — 8y
into Equation (2) to get 11(9 — 8y) + 15y = &, that is 19 — 8y + 15y = 8 or equivalently
7y = 9 (4). Multiply both sides of Equation (4) by 77! = 3 to get y = 7. Put y = 7 into
Equation (3) to get t =9 —8-7 =9 — 16 = 13. Thus the only solution is (x,y) = (13,7).

6.25 Definition: A group is a set G with an element e € G and a binary operation
% : G X G — G, where for a,b € G we write %(a,b) as a x b or simply as ab, such that

G1. * is associative: for all a,b,c € G we have (ab)c = a(bc),
G2. e is an identity element: for all « € G we have ae = ea = a, and
G3. every a € G has an inverse: for every a € G there exists b € G such that ab = ba = e.

A group G is called abelian when

G4. * is commutative: for all a,b € G we have ab = ba.

6.26 Definition: When R is a ring under the operations + and X, the set R is also a
group under the operation + with identity element 0. The group R under + is called the
additive group of R. The set R is not a group under the operation x because not every
element a € R has an inverse under X (in particular, the element 0 has no inverse). The
set of all invertible elements in R, however, is a group under multiplication, and we denote
it by R*, so we have

R*={ac R‘a is a unit }.

The group R* is called the group of units of R.
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6.27 Example: When F' is a field, every nonzero element in F' is invertible so we have
F* = F\ {0}. In Z, the only invertible elements are £1 and so Z* = {1, —1}.

6.28 Definition: For n € Z with n > 2, the group of units of Z,, is called the group of
units modulo n and is denoted by U,,. Thus
U, ={ac Zn| ged(a,n) = 1}.

For convenience, we also let U; be the trivial group U; = Z; = {1}. For a set S, let
|S| denote the cardinality of S, so that in particular when S is a finite set, |\S| denotes
the number of elements in S. We define the Euler phi function, also called the Euler
totient function, ¢ : ZT — ZT by

p(n) = |Uy|
so that ¢(n) is equal to the number of elements a € {1,2,---,n} such that ged(a,n) = 1.
6.29 Example: Since Uy = {1,3,7,9,11,13,17,19} we have ¢(20) = 8.
6.30 Example: When p is a prime number and k € Z™* notice that
Upe ={1,2,3,--, 0"} \ {p,2p,3p, -, p"}

and so
p(p") =p" —p" .
6.31 Theorem: (Fermat’s Little Theorem) Let p be a prime number. Then

(1) For all a € Z with gcd(a,p) = 1 we have a?~! =1 mod p.
(2) For all a € Z we have a? = a mod p.

Proof: To prove Part (1), let a € Z with gcd(a,p) = 1. Then we have a € U,. Define
F :U, = Uy, by F(z) = ax (note that when @ and x are units in a ring, the product ax is
also a unit with (ax)™! = 271a™!, so the map F is well-defined). Notice that F is bijective
with inverse G : U, — U, given by G(z) = a~'z. Since F is bijective, it follows that the

list of elements la, 2a,3a, - - -, (p—1)a is a permutation (that is a a re-orderring) of the list
1,2,3,---,p— 1. Thus in U, we have
la-2a-3a-...-(p—1a=1-2-3-...-(p—1)

(p—Dla?™t = (p—1)!
Multiply both sides by the inverse of (p — 1)! in U, to get a?~! =1 in U, as required.
To prove Part (2), let a € Z be arbitrary. If ged(a,p) = 1 then by Part (1) we have
aP~! = 1 mod p and so we can multiply by a to get a? = a mod p. If ged(a, p) # 1 then since
p is prime it follows that p|n and so we have a = 0 mod p hence a? = 0P = 0 = a mod p.
In either case, we have a? = a mod p, as required.

6.32 Example: If today is Tuesday, then what day will it be in 2190 days?

Solution: By Fermat’s Little Theorem we have 2° = 1 mod 7. It follows that the list of
powers of 2 repeats every 6 terms in Z;. Since 100 = 16 - 6 + 4 so that 100 = 4 mod 6, it
follows that 2190 = 2% = 16 = 2 mod 7. Thus in 2'°° days it will be Thursday.
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6.33 Example: Show that 27 4 370 is not prime.

Solution: In Zy we have 270 + 370 = 00 + 17 = 1 # 0. In Z3, we have 270 + 370 =
(=1)™ + 0™ =1 # 0. In Zs, by Fermat’s Little Theorem the list of powers of 2 and 3
repeats every 4 terms, and 70 = 2 mod 4, so we have 270 4+ 370 =22 4+ 32 =4+ 9 =3 £ 0.
In Z~, the list of powers of 2 and 3 repeats every 6 terms, and 70 = 4 mod 6, so we have
2704370 — 24 134 = 42492 = 42422 =244 =6 # 0. In Zq,, the list of powers of 2 and 3
repeats every 10 terms, and 70 = 0 mod 10, so we have 270 +370 =2=4+30 =141 =2 £ 0.
In Z,3, the list of powers of 2 and 3 repeats every 12 terms, and 70 = 10 mod 12, so we
have 270 4370 =210 1. 310 =94.24.92 1 33.33.31 =3.3.4+1-1-3=10+3 = 0. Since
270 4 370 = (0 € Z;5 it follows that 13}(270 +3™) in Z, and so 27° + 370 is not prime.

6.34 Theorem: (Euler-Fermat) Let n € Z*. For all a € Z with ged(a,n) = 1 we have
a?™) =1 mod n.

Proof: Let a € Z with ged(a,n) = 1. Then we have a € U,. Let ¢ = ¢(n) and let
x1,T2, -, %, be alist of all the elements in U,,. Define F' : U,, = U,, by F(z) = ax. Then
F is bijective with inverse G : U,, — U, given by G(x) = a~'x. Since F is bijective, it
follows that the list axq, axs, - -, ax, is a permutation of the list z1,z2, -, 2., and so in
U,, we have

aml-am2-...-ax@:m1.x2 ..... :EQD
¢ ¢
(1T zi)a? = ]
i=1 =1

©
Multiply both sides by the inverse of [] z; in U, to get a¥ =1 in U,, as required.

i=1
6.35 Remark: For any finite abelian group G, the above proof is valid and it shows that
al¢l = e for all @ € G. The same result holds even in non-abelian finite groups, but a
different proof is required.

6.36 Theorem: (The Linear Congruence Theorem) Let n € ZT, let a,b € Z, and let
d = ged(a,n). Consider the congruence ax = b mod n.

(1) The congruence has a solution x € Z if and only if d|b, and
(2) if x = u is one solution to the congruence, then the general solution is

x:umod%.

Proof: Suppose that the congruence axr = b mod n has a solution. Let x = u be a
solution so we have au = b mod n. Since au = b mod n we can choose k € Z so that
au = b+ kn, that is au — nk = b. Since d|a and d|n it follows that d|(axz + ny) for all
x,y € Z, and so in particular d|(au —nk), hence d|b. Conversely, suppose that d|b. By the
Linear Diophanitine Equation Theorem, the equation axz 4+ ny = b has a solution. Choose
u,v € Z so that au + nv = b. Then since au = b — nv we have au = b mod n and so the
congruence ax = b mod n has a solution (namely = = u).

Suppose that x = w is a solution to the given congruence, so we have au = b mod n.
We need to show that for every k € Z if we let x = u + k% then we have ax = b mod n
and, conversely, that for every x € Z such that ax = b mod n there exists k£ € Z such
that v = u + k3. Let k € Z and let * = u + k7. Then ax = a(u—i—kz%) = au + %Ln.
Since ar = au + %n and d|a so that %a € Z, it follows that az = au mod n. Since
ax = au mod n and au = b mod n we have ax = b mod n, as required.
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Conversely, let x € Z and suppose that ax = b mod n. Since ax = b mod n and
au = b mod n we have ax = au mod n. Since ax = au mod n we can choose ¢ € Z so that
az = au + ¢n. Then we have a(z — u) = ¢n and so %(z — u) = 2{. Since 2|%(z — u) and
ged (%, 2) =1, it follows that 2|(z — u). Thus we can choose k € Z so that « — u = k2

and then we have x = u + k%, as required.
6.37 Example: Solve 221x = 595 mod 323.

Solution: The Euclidean Algorithm gives
323 =1-221+102, 221 =2-102+ 17, 102=6-17+0

and so ged(221,323) = 17. Note that % = 35, so the congruence has a solution. Back-
Substitution gives the sequence
1,-2,3

so we have 221 -3 — 323 - 2 = 17. Multiply by 35 to get 221 - 105 — 323 - 70 = 595. Thus
one solution to the given congruence is x = 105. Since % =19 and 105 =5-19 4 10, the

general solution is given by x = 105 = 10 mod 19.

6.38 Theorem: (The Chinese Remainder Theorem) Let n,m € Z%* and let a,b € Z.
Consider the pair of congruences
r = a mod n,

z = b mod m.

(1) The pair of congruences has a solution « € Z if and only if ged(n, m)|(b — a), and
(2) if = w is one solution, then the general solution is x = u mod lem(n,m).

Proof: Suppose that the given pair of congruences has a solution and let d = ged(n, m).
Let = u be a solution, so we have © = @ mod n and v = b mod m. Since v = a mod n
we can choose k € Z so that u = a + kn. Since u = b mod m we can choose ¢ € Z so that
u = b+ ¢m. Since u = a + kn = b+ ¢n we have b —a = nk — m{. Since d|n and d|m
it follows that d|(nx + my) for all z,y € Z so in particular d|(nk — mf), hence d|(b — a).
Conversely, suppose that d|(b — a). By the Linear Diophantine Equation Theorem, the
equation nx + my = b — a has a solution. Choose k, /¢ € Z so that nk — mf =b — a. Then
we have a+nk = b+ml. Let u = a+nk = b+ml. Since u = a+nk we have u = a mod n
and since u = b+ mf we have v = b mod m. Thus x = w is a solution to the pair of
congruence.

Now suppose that © = a mod n and © = b mod m. Let ¢ = lem(n, m). Let k € Z be
arbitrary and let # = u + k(. Since x — u = k¢ we have ¢|(z — u). Since n|¢ and £|(z — u)
we have n‘(x — u) so that z = u mod n. Since x = u mod n and u = a mod n we have
x = a mod n. Similarly = b mod m.

Conversely, let * € Z and suppose that + = a mod n and x = b mod m. Since
x = a mod n and u = a mod n we have = « mod n so that n|(:z:—u) Since = b mod m
and v = b mod m we have = u mod m so that m|(z —u). Since n|(z —u) and m|(z —u)
and ¢ = lem(n, m), it follows that ¢|(z — u) so that z = u mod .
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6.39 Example: Solve the pair of congruences x = 2 mod 15 and = = 13 mod 28.

Solution: We want to find k, ¢ € Z such that x = 24+15k = 13+28¢. We need 15k—28¢ = 11.
The Euclidean Algorithm gives

28 =1-154+13, 15=1-134+2, 13=6-2+1
so that ged(15,28) = 1 and Back-Substitution gives the sequence
1, -6,7, —13

so that (15)(—13) + (28)(7) = 1. Multiplying by 11 gives (15)(—143) + (28)(77) = 11, so
one solution to the equation 15k — 28/ = 11 is given by (k,1) = (—143,77). It follows that
one solution to the pair of congruences is given by v = 2 + 15k = 2 — 15 - 143 = —2143.
Since lem(15,28) = 1528 = 420, and —2143 = —6 - 420 + 377, the general solution to the
pair of congruences is x = —2143 = 377 mod 420.

6.40 Exercise: Solve the congruence z3 + 2z = 18 mod 35.
6.41 Exercise: Find the last 2 digits of 141" in its decimal representation.

6.42 Theorem: (The Generalized Chinese Remainder Theorem) Let ¢ € Z%, let n; € Z
and a; € Z for all indices ¢+ with 1 < ¢ < (. Consider the system of ¢ congruences
x = a; mod n; for all indices 1 with 1 < g < /.

(1) The system has a solution x if and only if ged(n;, n;)|(a; — a;) for all i,j, and
(2) if x = w is one solution then the general solution is x = u mod lem(nq,ng, -+, ny).

Proof: The proof is left as an exercise.

6.43 Exercise: Solve the system x = 17 mod 25, z = 14 mod 18 and z = 22 mod 40.

14

6.44 Theorem: Let n = [[ p;** where ¢ € Z" and the p; are distinct primes and each
i=1

ki € Zt. Then

p(n) = I o (pi*).

=1
Proof: I may include a proof later.

6.45 Example: When p and ¢ are distinct primes, we have ¢(pq) = (p — 1)(¢ — 1).
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Chapter 7. Cryptography

7.1 Definition: Cryptography is the study of secret codes. When we convert a mes-
sage from a normal language, say English, to a secret code, we say that we encrypt (or
encipher) the message, and the coded word is called the ciphertext. When we convert
the ciphertext back into normal language, we say that we decipher (or decrypt) the
ciphertext to obtain the original message.

7.2 Example: One of the simplest encryption methods is a Caesar cipher. Suppose
Alice wants to send a secret message to Bob using a Caesar cipher. Alice and Bob agree
in advance on a number n between 1 and 25. Alice encrypts the message by replacing
each letter in the message by the letter which follows it by n positions (modulo 26) in
the English alphabet. For example, if n = 4 then the letter P would be replaced by the
letter T' (which follows P by 4 positions), and the message PONY would be replaced by
the ciphertext TSRB. Bob can easily decrypt the ciphertext by replacing each letter by
the letter which precedes it by n positions.

7.3 Example: A slightly more secure encryption method is a substitution cipher.
Suppose that Alice wants to send a secret message to Bob using a substitution cipher.
Alice and Bob agree in advance on a permutation p of the letters of the English alphabet.
Alice enciphers the message by replacing each letter by the letter which corresponds to it
under the permutation p. For example, if the permutation p is given as follows

ABCDEFGHIJKLMNO PQRSTUVWXYZ
VGSCFUQLAPIDXNWTHYOJKZB ERM

then the letter H would be replaced by the letter L and the message HORSE would be
replaced by the ciphertext LWYOF.

7.4 Definition: A far more secure encryption system, which is commonly used by modern
computers, is the RSA scheme. The letters R, S and A stand for Rivest, Shamir and
Adleman. who first described this encryption system. The RSA scheme is a public key
encryption system, which means that when a person, say Alice, wishes to receive a secret
message, she makes her encryption rules publicly known so that anyone can encipher a
message and send it to Alice and yet, although everyone knows the encryption rules, only
Alice knows the decryption rules and can decipher the ciphertext.

Suppose that Alice wishes to receive a secret message using the RSA scheme. Alice
chooses two large prime numbers p and ¢ (in practice, p and ¢ would have over 100
decimal digits) and calculates n = pg and ¢ = p(n) = (p — 1)(¢ — 1). Then Alice chooses
a positive integer e < ¢ with ged(e, ) = 1 and calculates d = ¢! mod . The number
e is called the encryption key and the number d is called the decryption key. Then
Alice makes the numbers n and e publicly known. Suppose that Bob wishes to send a
message to Alice. Bob converts his message to a positive integer m with m < n (if his
message is too long then he breaks it into shorter messages). Bob calculates the ciphertext
¢ = m® mod n which he sends to Alice. Note that since ed = 1 mod ¢, we have
¢t = (m®)? = m® = m! = m mod n by the Euler Fermat Theorem, and so Alice can
recover the original message m by calculating m = ¢ mod n.
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7.5 Note: Alice can save some time if, instead of calculating ¢ = (p — 1)(¢ — 1) and
d = e~! mod ¢, she instead calculates ¢ = lem(p —1,¢ — 1) and d = e~! mod 1. Verify
that when ¢ = m® mod n we have ¢? = (c®)¢ = ¢*® = ¢! = m mod n.

7.6 Note: The reason that the RSA scheme is practical and secure is that there do exist
efficient (polynomial time) algorithms which can be used to find p, ¢, n, ¢, e and d and
to calculate ¢ = m¢ mod n and m = ¢? mod n, but there is no known efficient algorithm
which can be used to determine m from n, e and c¢. In particular, there do exist efficient
algorithms which can be used to determine whether a given positive integer n is prime,
but there is no known efficient algorithm which can determine a prime factor of n in the
case that n is composite.

There do, of course, exist inefficient algorithms which can determine a prime factor of
n. For example, we can use the Sieve of Eratosthenes to list all primes p with 1 < p < /n
and then test each such prime p to determine whether it is a factor of n. But when the
prime factors of n are over a hundred digits long, this algorithm is too slow (if a computer
could list 100 prime numbers each second then it would take about 1030 years to list all
the prime numbers p with p < 10199),

7.7 Example: The calculation of d = e™! mod ¢ can be performed using the Euclidean
Algorithm, which is efficient.

7.8 Example: When n, e and m are all large, we can calculate ¢ = m® mod n efficiently

¢
as follows. Express e in base 2, say e = > 2% with 0 < ky < ko < k3 < - -+, calculate the
i=1
4 ,
residues m', m?, m*, m8, - - ,kaZ mod n, then calculate ¢ = m® = [] m2" mod n. This
i=1
algorithm is known as the Square and Multiply Algorithm.

7.9 Example: Alice wishes to receive a message. She chooses p = 13 and ¢ = 17 and
calculates n = pg = 221. She also chooses e = 35 and makes the numbers n and e public.
Bob wishes to secretly send Alice the letter T. Bob converts the letter T to the number
m = 20 (since T is the 20*" letter in the English alphabet) and sends the cyphertext
¢ = m® mod n. As an exercise, calculate ¢ = m® mod n and calculate ) = lem(p—1,g—1)
and d = e~ ! mod 1, then directly calculate ¢¢ mod n to verify that ¢ = m mod n.

7.10 Definition: Let us describe a simple test for primality which is called the Fermat
Primality Test. Suppose that we are given an integer n > 2. Choose an integer a with
1 < a < n. By Fermat’s Little Theorem, if n is prime then we must have ged(a,n) = 1 and
a”~! =1 mod n, so we use the Square and Multiply Algorithm to calculate a®~! mod n.
If ™! 1 mod n then we can conclude that n is composite while if a®~! = 1 mod n

then we can conclude that n is probably prime.

7.11 Example: Unfortunately, given n,a € ZT with 1 < a < n, if ! = 1 mod n then
it does not necessarily follow that n is prime. For example, verify that 2349 = 1 mod 341
but 341 = 11 - 31. As another example, verify that 3°° = 1 mod 91 but 91 = 7-13.

7.12 Definition: Let n,a € ZT with n composite and 1 < a < n. If a® ! # 1 mod n
then we say that a is a Fermat witness for the compositeness of n. If a”~! = 1 mod n
then we say that a is a Fermat liar and that n is a Fermat pseudoprime to base a.
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7.13 Note: We can improve the reliability of the above test simply by repeating it. Given
n € ZT, we choose a finite set S of integers a with 1 < a < n. For each a € S we calculate
a” ! mod n. If we find some a € S such that a”~! # 1 mod n then we know that n is
composite. If we find that for every a € S we have a”~! = 1 mod n then we can conclude
that n is probably prime.

7.14 Example: Unfortunately, if if a”~! = 1 mod n for every a with 1 < a < n and
ged(a,n) = 1 then it does not necessarily follow that n is prime. For example, show that
when n = 3-11-17 = 561 we have a"~! = 1 mod n for all a € Z with ged(a,n) = 1.

7.15 Definition: For n € ZT we say that n is a Carmichael number when n is
composite and a” "' = 1 mod n for every a € Z with ged(a,n) = 1.

7.16 Theorem: (Carmichael Numbers) Let n € Z.

(1) If n = p1pa - - - p; where £ > 2 and the p; are distinct primes which satisfy (p; —1) | (n—1)
for all indices i, then n is a Carmichael number .

(2) If n = p1p2 - - - py where £ > 2 and the p; are distinct primes which satisfy (p; —1) | (n—1)
for all indices i (so that n is a Carmichael number, by Part (1)) then n is odd and ¢ > 3.

Proof: Suppose that n = pyps - p; where the p; are distinct primes with (p; — 1)‘(71 —1).
Let a € Z™ with ged(a,n) = 1. Fix an index . Since ged(a,n) = 1 we have pi/fa and so
a?~!' =1 mod p; by Fermat’s Little Theorem. Since a?*~! =1 mod p; and (p;—1)|(n—1),
we also have a”~! =1 mod p;. Since ¢! =1 mod p; for every index i, it follows from
the Chinese Remainder Theorem that ¢! =1 mod n. Thus n is a Carmichael number,
so we have proven Part (1).

Let us prove Part (2). Since [ > 2, at least one of the primes p; is odd, say py is odd.
Since py — 1 is even and (py — 1)|(n — 1), it follows that (n — 1) is even and so n is odd.

Suppose, for a contradiction, that n is a Carmichael number of the form n = pq where
p and ¢ are primes with p < ¢ and we have (p —1)|(n — 1) and (¢ — 1)|(n — 1). Note that
n—1=pg—1=p(g—1)+(p—1). Since (¢—1)|(n —1) we have (¢—1)|(n—1) — p(q—1),
that is (p — 1){(p — 1). But this implies that ¢ < p giving the desired contradiction.

7.17 Exercise: Find distinct primes p and g such that 145 p and 145 ¢ are both Carmichael
numbers.

7.18 Theorem: (The Miller-Rabin Test Theorem) Let n be an odd prime number and
let a € Z with ged(a,n) = 1. Write n — 1 = 2°d where s,d € Z" with d odd. Then
either a®=1mod n or a®> %= —1 for some 0 < r < n.
Proof: First we remark that since n is prime, Z,, is a field, so for all x € Z,, we have
=l 1=0<=@-1r+1)=0c2=+1.

By Fermat’s Little Theorem, we have a”~! = 1 mod n, that is a®>*¢ = 1 mod n. By the

above remark (using z = aQS_ld) it follows that a® ¢ = +1 mod n. If a4 #£ —1
then afs_ld = 1 so, by the above remark again, it follows that a2s_:d = +1. Similarly,
if a2 % #£ —1 and a® ¢ # —1 then o* ¢ = 1 and hence %237 d = £1 and so on.
Repeating the above argument we find that if a>° ¢ # —1,a®> ¢ # —1,---,a?> ¢ # —1
and a?? # —1 then a?? =1 and hence a? = +1.
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7.19 Definition: Using the above theorem we obtain the following test for primality,
called the Miller-Rabin Primality Test. Given an odd integer n € Z* write n—1 = 25d
and choose an integer a with 1 < a < n. By the above theorem, if a® # 1 mod n and
a? @ 2% —1 mod n for all 0 < r < n then we can conclude that n is composite. If, on the
other hand, we find that either a® = 1 mod n or a*> ¢ = —1 mod n for some 0 < r < s
then we can conclude that n is probably prime.

7.20 Example: Unfortunately, given n = 1 + 2°d where s,d € Z™ with d odd, and given
a € Z with 1 < a < n, even if it is true that either a® = 1 mod n or a® ¢ = —1 for some
0 <r < s, it does not necessarily follow that n is prime. For example, verify that when
n=221=13-17 and a = 174 we have s = 2 and d = 55 and a?? = —1 mod n.

7.21 Definition: Let n,a € Z* where n is an odd composite number and 1 < a < n.
Write n — 1 = 2°d where s,d € Zt with d odd. If a® # 1 and a®' ¢ # —1 for all
0 <r < s then we say that a is a Miller-Rabin witness (or a strong witness) for the
compositeness of n. If either a? =1 or a?"4 = —1 for some 0 < r < n then we say that a
is a Rabin-Miller liar (or a strong liar) and that n is a Rabin-Miller pseudoprime
(or a strong pseudoprime).

7.22 Note: As with the Fermat primality test, we can make the Miller-Rabin test more
reliable simply by repeating it. Given an odd positive integer n, write n — 1 = 2%d with
s,d € Z™ and d odd. Choose a finite set S of integers a with 1 < a < n. For each a € S,
calculate a?"% mod n for 0 < r < s. If we find some a € S for which a? # 1 mod n and
a? 4 #£ —1 for all 0 < r < s then we know that n is composite. If, on the other hand, we
find that for every a € S, either a¢ = 1 mod n or a®> * = —1 mod n for some 0 < r < s
then we can conclude that n is probably prime.

7.23 Note: Recall that repeating the Fermat primality test does not make the test become
completely reliable because of the existence of Carmichael numbers. The situation is
different with the Miller-Rabin primality test. It has been proven that for every composite
positive integer n, at least % of the numbers a with 1 < a < n are strong witnesses for
the compositeness of n. It follows that, given an odd composite number n, if we choose m
integers a with 1 < a < n, the probability that none of the numbers a is a strong witness

. 1
1s at most 4.
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Chapter 8. Complex Numbers

8.1 Definition: A complex number is a vector in R?. The complex plane, denoted
by C, is the set of complex numbers:

C=R’={(z,y)|z € R,y cR}.
In C we write 0 = (0,0), 1 = (1,0), ¢ = (0,1), and for z,y € R we write z = (z,0),
iy = yi = (o,y) and
r+iy =z +yi=(z,9).

If 2 = x+1iy with x,y € R then z is called the real part of z and y is called the imaginary
part of z, and we write
Rez=2z ,and Imz=y.

8.2 Definition: We define the sum of two complex numbers to be the usual vector sum:
(a+1ib)+ (c+id) =(a+c¢)+i(b+d),

where a,b € R. We define the product of two complex numbers by setting > = —1 and
by requiring the product to be commutative and associative and distributive over the sum:

(a + ib)(c + id) = ac + iad + ibc + i*bd = (ac — bd) + i(ad + bc) .
8.3 Example: Let 2z =2+ ¢ and w =1+ 3¢. Find z + w and zw.
Solution: z4+w = (2+14)+(1+3i) = (2+1)+i(1+3) =3 +4i, and 2w = (2410)(1+37) =
246i+1—3=-1+7i.
8.4 Theorem: The set of complex numbers is a field.

Proof: We shall only verify that each non-zero complex number has an inverse. Let
2 = a + ib where a,b € R. Suppose that z # 0 so a® + b®> # 0. For z,y € R we have
(a+ib)(z+iy) =1<=(ax —by) + (ay + bx)i =1+ 01
<:>(a:1:—by:1 and b:z:—l—ay:O).
We solve the pair of equations ax — by = 1 (1) and bx + ay = 0 (2). Multiply equation
(1) by a and add b times Equation (2) to get (a? + b?)z = a, so we need x = el
Multiply Equation (2) by a and subtract b times Equation (1) to get (a? + b%)y = —b
so we need y = —=2-. Verify that when z = e and y = a2_—+bb2 we do indeed have

a?+4b2"
(a +ib)(x + iy) = 1. This shows that (a + ib)~! does exist and is given by

. —1 . b
(CL + /I/b) — azibz - /La2+b2 .

4—14)—(1—2¢
8.5 Example: Find ( )= ( Z).

1+2i
4—i)—(1-2) 3+i
Solution: < Zi+(2¢ D _ 1:2ZZ — B+ (1+2) =@+t —-2i)=1—i.
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8.6 Definition: If z = = + 1y with z,y € R then we define the conjugate of z to be
Z=x—1y.
and we define the length (or magnitude) of z to be
2 = VaT 2.
8.7 Note: For z and w in C the following identities are all easy to verify.

=z

ISR

+z=2Rez, z—Z=2lImz
zZ=2", [z =l
ztw=z+w, zw=zw, |zw|=]|z||w]
8.8 Note: We do not have inequalities between complex numbers. We can only write

a < bora < bin the case that a and b are both real numbers. But there are several
inequalities between real numbers which concern complex numbers. For z € C and w € C,

[Re (2)] < [z], [m(2)] < 2]

|z 4+ w| < |z| 4+ |w|, this is called the triangle inequality

|2+ w| > [J2] — |wl]
The first two inequalities follow from the fact that |z]? = |[Re (2)|?+ |[Im (2)|?. We can then
prove the triangle inequality as follows: |[z+w|? = (z2+w)(Z+w) = |2|? +|w|* +(wz+2w) =
122 + |w|? + 2Re (2w) < |2]2 + |w]? + 2]2w0| = |2]? + |w|? + 2|z||w| = (]z| + |w])?. The last
inequality follows from the triangle inequality since |z| = |z + w — w| < |z + w| + |w| and
lw| = |z 4+ w — z| < |z 4+ w| + |z|. (Alternatively, the last two inequalities can be proven
using the Law of Cosines).
8.9 Example: Given complex numbers a and b, describe the set {z € C||z—a| < [2—b[}.

Solution: Geometrically, this is the set of all z such that z is closer to a than to b, so it is
the half-plane which contains a and lies on one side of the perpendicular bisector of the
line segment ab.

8.10 Example: Given a complex number a, describe the set {z € C‘l <|lz—al < 2} .

Solution: {z||z —a| = 1} is the circle centred at a of radius 1 and {z||z — a| = 2} is the
circle centred at a of radius 2, and {z € C}l <l|z—al < 2} is the region between these
two circles. Such a region is called an annulus.
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8.11 Example: Show that every non-zero complex number has exactly two complex
square roots, and find a formula for the two square roots of z = = + iy.

Solution: Let z = = + 1y where z,y € R with z and y not both zero. We need to solve

w? = z for w € C. Write w = u + iv with u,v € R. We have
w? = 2= (u+v)? =z +iy <= (u* —v?) +i(2uw) = = + iy

<:>(u2—v2:xand2uv=y).

To solve this pair of equations for u, square both sides of the second equation to get
4u?v? = y?, then multiply the first equation by 4u? to get 4u* — 4u?v? = 4z u?, that is
4u* — 4z u? — y? = 0. By the quadratic formula,

2 _ dx + /1622 + 16y2 _ x + /22 + y?
8 2 '

In the case that y # 0, we must use the + sign so that the right side is non-negative, so

we obtain
u:i\/x+ ;:2+y2.

u

A similar calculation gives

U::i:\/_x+ 2x2+y2.

All four choices of sign will satisfy the equation u? —v? = z, but to satisfy 2uv = y notice

that when y > 0, v and v have the same sign, and when y < 0, u and v have the opposite
sign. It remains only to consider the case that y = 0, and we leave this case as an exercise.
The final result is that

)
[ 2 2 _ 2 2
\/x ;: ’ Z\/ - 23: =ity o,

w=1< 4 \/x+vx2+y2_i\/—$+ vty if y <0
2 2 ) )

+z ,ify=0and x>0,
( £i/|z] ,ify=0and z <O0.

8.12 Note: When working with real numbers, for 0 < z € R it is customary to write
VT or 2'/? to denote the unique positive square root of z. When working with complex
numbers, for 0 # z € C we sometimes write \/z or 21/2 to denote one of the two square
roots of z, and we sometimes write \/z or z!/2 to denote both square roots of z.

8.13 Example: Find /3 — 4s.

Solution: Using the formula derived in the previous example, we have
\/73_4i:i(1/3+_ VIR _ [ =3e/FR «23+4) :i< [3£5 /@) = +(2—19).
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8.14 Note: The Quadratic Formula can be used for complex numbers. Indeed for
a,b,c,z € C with a # 0 we have

) , b ¢ , b b\? b\ ¢
az"+bz+c=0=z2 +EZ+E:O<:>Z +—z+ =] — % +-=0

2a 2a a
<:>(z_'_i)Q:<£>2_22b2—4ac<z>z+£: b2 — 4ac
2a 2a a 4a? 2a 2a
@z:—b+\/2m7
a

where v/b? — 4ac is being used to denote both square roots in the case that b — 4ac # 0.
8.15 Example: Solve i 2% — (2 + 3i)z + 5(1 + i) = 0.
Solution: By the Quadratic Formula, we have

(2+3d) + /(24 3i)2 — 20i(1 + i)
21
(24 3i) + /15— 8i
2i
and by the formula for square roots we have

V15— 8 =+ ( 15—|—\/1252—|—82 i —15—|—\/2152+82> — 4 (\/15;17 _ i\/_152+17> —+(4—4)

and so

(24 3i) + V=5 + 120 + 20 — 20i
2i

24+ 31) L (4d—17) 6+2  —2+ 4
@td)E(@—09) _6+2 244 oo
21 21 27

8.16 Definition: If z # 0, we define the angle (or argument) of z to be the angle 6(z)
from the positive z-axis counterclockwise to z. In other words, 6(z) is the angle such that

z = |z|(cosf(z) + isinf(z)) .

8.17 Note: We can think of the angle 6(z) in several different ways. We can require, for
example, that 0 < 0(z) < 27 so that the angle is uniquely determined. Or we can allow
0(z) to be any real number, in which case the angle will be unique up to a multiple of 2.
Then again, we can think of #(z) as the infinite set of real numbers 6(z) = {6y +27k|k € 2},
that is we can regard 6(z) as an element of R /27, the set of real numbers modulo 27.

8.18 Notation: For § € R (or for §# € R/27) we shall write

e = cosf +isinf.

8.19 Note: If z # 0 and we have z = Re (2), y = Im (2), r = |2| and 6 = 6(z) then

xr=rcosf, y=rsinf

r=+/z2+y?, tan@zg,ifx%()
x

—i0 EET ey

z=re’ , Z=re , zZ T =-—-e
T

z =

We say that  + iy is the cartesian form of z and re*? is the polar form.
8.20 Example: Let z = —3 — 47. Express z in polar form.

Solution: We have |z| = 5 and tanf(z) = 4. Since §(z) is in the third quadrant, we have
0(z) = m+ tan~1 4. So z = HeilmHtan TN (4/3),
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8.21 Example: Let z = 10¢? tan™'3, Express z in cartesian form.
Solution: z = 10 (cos(tan~1 3) + i sin(tan~!3)) = 10 (\/% + Z\/ifo) = V10 + 3V/104.
8.22 Example: Find a formula for multiplication in polar coordinates.

Solution: For z = re® and w = €% we have zw = rs(cosa + isina)(cos 3 + isin3) =
((cos acos B —sinasin ) +i(sinccos B + cosasin ) = rs( cos(a+ 3) +isin(a+ B)) and

so we obtain the formula
rei®se’ = rgetl@th)

8.23 Note: An immediate consequence of the above example is that
(rei®)" = prein?

for r,0 € R and for n € Z. This result is known as De Moivre’s Law.

8.24 Example: Find (1 + ).

Solution: This can be done in cartesian coordinates using the binomial theorem (which
holds for complex numbers), but it is easier in polar coordinates. We have 1+4i = V2ei /4

SO (1 + 7:)10 — (\/ieiﬂ/4>10 — (\/5)1061' 10m/4 32€i7r/2 = 39;.

8.25 Example: Find a formula for the n'" roots of a complex number. In other words,
given z = re'?, solve w™ = z.

Solution: Let w = se’®. We have w" = z <= (5€!®)" = re¥ <= s"e'"* = re¥ = " =
0 + 27k
r and na = 0 + 27k for some k € Z<=s = {/r and a = v+ =mk for some k € Z. Notice

n
that when z # 0 there are exactly n solutions obtained by taking 0 < k < n. So we obtain
the formula

(reie)l/n: oy el (0+2mk)/m ke{0,1,...,n—1}.

In particular, (re’?)Y/2 = +,/re*%/2. For 0 < a € R we have 22 = a <=z = +/a, and
for 0 > a € R we have 22 = a <= 2 = 4+/|a] i.

8.26 Note: When working with complex numbers, for 0 # 2z € C and for 0 < n € Z, we
sometimes write {/z or w'/™ to denote one of the n solutions to w” = z, and we sometimes
write {/z or z'/™ to denote the set of all n** roots.

8.27 Note: For z,w € C, the rule
(Zw)l/n _ zl/nwl/n

does hold provided that z2/™ is used to denote the set of all nt" roots, but it does not
always hold when z/™ is used to denote one of the n'* roots. Consider the following
amusing “proof” that 1 = —1:

1=vV1=(-1)(-1) =V-1V-1=4=-1.
8.28 Example: Find v/—2 + 2:.
Solution: Note that —2 + 21 = 24/2¢?37/ 4 and so the formula for n'® roots gives

V=25 2i = \/2v/2e37/4

= V2 ("/HEE) ke 10,1,2)
— V23 \[2i 1R/12 [ (i197/12
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8.29 Note: The remaining examples in this chapter illustrate situations in which we
can use complex numbers as a tool to help solve certain problems which only involve real
numbers.

8.30 Example: Let zo =1 and z; = 1, and for n > 2 let x,, = 22,1 — 5z,_2. Find a
closed-form formula for z,,.

Solution: The characteristic polynomial for the recursion is z? — 2z + 5 = 0 which has
(complex) roots z = MTM = 1+ 2i. By the Linear Recursion Theorem (Theorem 2.47)

Tn = A1+ 20)" + B(1 — 2i)"

for some constants A and B. To get xp = 1 and ;1 = 1, we need A + B = 1 and

A(1+ 2i) + B(1 — 2i) = 1. Solving these two equations gives A = B = 1, so we have

vy = 5 (U420 + (1-20)") = § ((VBer®)" + (VBe9)") = W81 (ein 4 ¢ind)
(

=+ (2cosnb) = (\/g)n cos nf
where § = 0(1 + 2i) = tan~! 2. Thus we obtain
zn = (V5)" cos (ntan™'2) .

8.31 Example: Find E (?;)n)
1
i=0

&
—
3

Solution: Let a = €2™/3, Note that 1+ a +a2 =1+ < %—i— \/Tg ) (—% — 731> =0
By the Binomial Theorem we have
3n 3n 3n 3n 3n
14+ 1)%" =
1+ (0)+(1) ( ) +(3)+(4) +(3n)
(1 n ) 3n n 3n n 3n n 3n I 3n
0 1) 3 4 )¢ 3n
3n 3n 3n 3n 3n
1 2\3n _ 2, 2
4o (o)+(1)a ( ) (3)+(4)a+ o
Adding these three equations gives (14 1)3" 4 (14 )3 + (1 + ?)3" = 32 (2?) Note

that 1 + a = 1—%+\/T§i:%+73i:ei“/3 and similarly 1 4+ o? = e ”/3, and so

3 (?}3) = 5 (1P 4 (L )+ (14 a2)) = (23 4 (e17/3)™" o (emim/3) ™)
i=0
23n + 2(_1)n

3
8.32 Note: The Fundamental Theorem of Algebra states that every non-constant poly-
nomial over C has a root in C. It follows that every such polynomial factors into linear
factors over C. If a polynomial f(x) has real coefficients, and « is a complex root of f so
that f(a) = 0, then we have f(@) = f(«) = 0 so that @ is also a root of f. Notice that in
this case

— % (23n +ein7r + e—inTr) —

2

(z—a)(z—a)=2>— (a+a)z+ aa = 2? — 2Re () + |a|?,

which has real coefficients. It follows that every non-constant polynomial over R factors
into linear and quadratic factors over R.
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8.33 Example: Let f(z) = 2% + 222 + 4. Solve f(z) = 0 for 2z € C, factor f(z) over the
complex number, and then factor f(x) over the real numbers.

Solution: By the quadratic formula, f(z) = 0 when 22 = —14 /34 or in polar coordinates
z = 2e*"2™/3_ Thus the roots of f are z = +1/2eT™/3_ and so f factors over C as

2422244 = (z — \/56”/3) (z — \/56_”/3) (z + ﬂei”/B) (z + \/56_”/3) .
Since (Z—\/ieiﬂ/g)(Z— \/‘e—m/s) =22 —/22+2and (z+\/_e”/3)(z+\/§e_”/3) =

22 + /2 2+ 2, we see that over R, f factors as
f(z) = (22— V22 +2)(2® +V22+2).

8.34 Note: Historically, complex numbers first arose in the study of cubic equations. An
equation of the form az?+bx?+cx+d = 0, where a, b, ¢,d € C with a # 0 can be solved as
follows. First, divide by a to obtain an equation of the form x3 4 Bx? +Cxz+ D = 0. Next,
make the substitution r = y— % and rewrite the equation in the form y3 +py+q = 0. Then

make the substitution y = z — ﬁ to convert the equation to the form 23 + ¢ — p° =3 — 0,
Finally, multiply by 23 to obtaln 20 4q23— and solve for 23 using the Quadratlc Formula.
8.35 Example: Let f(r) = 2% + 322 + 42 + 1. Note that f'(z) = 322 + 6z +4 =

3(x+1)2+1 > 0, so f is increasing and hence has exactly one real root. Find the real
root of f.

Solution: Let x = y—1. Then 23+32%+4z+1 = (y—1)3+3(y—1)*+4(y—1)+1 = y3+y—1.
Let y = z—i. Then 2 +y—1 = (z—lz_l)?’—i—(z—%z_l)—l =23—1—2i7z_3. We solve

3
/31
28 — 23 — 2—7 = (0 using the quadratlc formula, and obtain 23 = i— If 2 = | 1+2 2

31
thenrzt=—1a/—2— =3¢ V3127) v = —¥2%. Similarly, if z = Y"1 V” then
1+4/3L 1
/31 31 s/1—/3L
-1 v/ 5—-. In either case we have y = z +rz7" = T” + 3 27, and

31 31
r=y—1= \/ Tt \/ @ —1. (We did not use complex numbers in this example).
8.36 Example: Find the three real roots of f(z) = 23 — 3z + 1.

Solution: Let z = 2+ 27! so that f(z) = (z + 2712 =3z + 2z +1=23+1+273
Multiply by 22 and solve 2% 4+ 23 +1 = 0 to get 23 = %\@” = F127/3 If 23 = 127/3
i2m/9  gi8m/9 iM4r/9 and sox = 24+ 27 = 24+ Z = 2Re(2) = 2 cos(21),
2cos(8F) or 2005(137’). If 23 = ¢7%27/3 then we obtain the same values for 2. Thus the

three real roots are 2 cos(40°), —2cos(20°) and 2 cos(80°).

then z = ¢ or e
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Chapter 9. Cardinality

9.1 Definition: Let X and Y be sets and let f: X — Y. Recall that the domain of f
and the range of f are the sets

Domain(f) = X , Range(f) = f(X) = {f(z)|z € X}.
For A C X, the image of A under f is the set
f(A) = {f(:z:)‘a: € A}.

For B C Y, the inverse image of B under f is the set
f7HB)={z € X|f(z) € B}.

9.2 Definition: Let X, Y and Z be sets, let f : X — Y and let ¢ : Y — Z. We define
the composite function go f: X — Z by (go f)(z) = g(f(z)) for all z € X

9.3 Definition: We say that f is injective (or one-to-one, written as 1:1) when for
every y € Y there exists at most one z € X such that f(z) = y. Equivalently, f is
injective when for all z1,20 € X, if f(z1) = f(x2) then 21 = x5. We say that f is
surjective (or onto) when for every y € Y there exists at least one z € X such that
f(x) = y. Equivalently, f is surjective when Range(f) =Y. We say that f is bijective
(or invertible) when f is both injective and surjective, that is when for every y € Y there
exists exactly one x € X such that f(x) =y. When f is bijective, we define the inverse
of f to be the function =1 : Y — X such that for all y € Y, f~1(y) is equal to the unique
element x € X such that f(x) = y. Note that when f is bijective so is =1, and in this
case we have (f~1)~! = f.

9.4 Theorem: Let f: X —Y andlet g: Y — Z. Then

(1) if f and g are both injective then so is g o f,
(2) if f and g are both surjective then so is g o f, and
(3) if f and g are both invertible then so is g o f, and in this case (go f)™! = f~tog™L

Proof: To prove Part (1), suppose that f and g are both injective. Let 1,20 € X. If
g(f(z1)) = g(f(x2)) then since g is injective we have f(x1) = f(z2), and then since f is
injective we have 1 = x2. Thus g o f is injective.

To prove Part (2), suppose that f and g are surjective. Given z € Z, since g is
surjective we can choose y € Y so that g(y) = z, then since f is surjective we can choose
x € X so that f(z) =y, and then we have g(f(z)) = g(y) = z. Thus g o f is surjective.

Finally, note that Part (3) follows from Parts (1) and (2).

9.5 Definition: For a set X, we define the identity function on X to be the function
Ix : X — X given by Ix(z) = z for all z € X. Note that for f : X — Y we have

folx =fand Iy o f=f.

9.6 Definition: Let X and Y besetsand let f : X — Y. A left inverse of f is a function
g :Y — X such that go f = I'x. Equivalently, a function g : Y — X is a left inverse of f
when g(f(a:)) =z for all z € X. A right inverse of f is a function h : Y — X such that
foh = Iy. Equivalently, a function h : Y — X is a right inverse of f when f(h(y)) =y
forally e Y.
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9.7 Theorem: Let X and Y be nonempty sets and let f : X — Y. Then

(1) f is injective if and only if f has a left inverse,

(2) f is surjective if and only if f has a right inverse, and

(3) f is bijective if and only if f has a left inverse g and a right inverse h, and in this case
we have g =h = f~1.

Proof: To prove Part (1), suppose first that f is injective. Since X # () we can choose
a € X and then define g : Y — X as follows: if y € Range(f) then (using the fact that f is
1:1) we define g(y) to be the unique element z, € X with f(z,) =y, and if y ¢ Range(f)
then we define g(y) = a. Then for every x € X we have y = f(x) € Range(f), so
9(y) = xy = x, that is g(f(x)) = x. Conversely, if f has a left inverse, say g, then f is 1:1
since for all z1,29 € X, if f(21) = f(z2) then 21 = g(f(z1)) = 9(f(z2)) = 2.

To prove Part (2), suppose first that f is onto. For each y € Y, choose z, € X
with f(z,) = y, then define g : X — Y by g(y) = x, (we need the Axiom of Choice for
this). Then g is a right inverse of f since for every y € Y we have f(g(y)) = f(zy) = v.
Conversely, if f has a right inverse, say ¢, then f is onto since given any y € Y we can
choose = = g(y) and then we have f(z) = f(g(y)) = y.

To prove Part (3), suppose first that f is bijective. The inverse function f=!:Y — X
is a left inverse for f because given z € X we can let y = f(z) and then f~!(y) = z so
that f—! (f(:c)) = f71(y) = z. Similarly, f~! is a right inverse for f because given y € Y’
we can let x be the unique element in X with y = f(z) and then we have x = f~1(y) so
that f(f~'(y)) = f(z) = y. Conversely, suppose that g is a left inverse for f and h is a
right inverse for f. Since f has a left inverse, it is injective by Part (1). Since f has a right
inverse, it is surjective by Part (2). Since f is injective and surjective, it is bijective. As
shown above, the inverse function f~! is both a left inverse and a right inverse. Finally,
note that g = f~! = h because for all y € Y we have

gw)=g(f(f7 W) =) =" (f(h))) =hy).

9.8 Corollary: Let X and Y be sets. Then there exists an injective map f : X — Y if
and only if there exists a surjective map g : Y — X.

Proof: Suppose f: X — Y is an injective map. Then f has a left inverse. Let g be a left
inverse of f. Since go f = Ix, we see that f is a right inverse of g. Since g has a right
inverse, g is surjective. Thus there is a surjective map g : Y — X. Similarly, if g : Y — X
is surjective, then it has a right inverse f : X — Y which is injective.

9.9 Definition: Let A and B be sets. We say that A and B have the same cardinality,
and we write |A| = | B|, when there exists a bijective map f : A — B (or equivalently when
there exists a bijective map g : ¥ — X). We say that the cardinality of A is less than
or equal to the cardinality of B, and we write |A| < |B|, when there exists an injective
map f : A — B (or equivalently when there exists a surjective map g : ¥ — X). We say
that the cardinality of A is less than the cardinality of B, and we write |A| < |B|, when
|A| < |B| and |A| # | B|, (that is when there exists an injective map f : A — B but there
does not exist a bijective map g : A — B). We also write |A| > |B| when |B| < |A| and
|A| > |B| when |B| < |A|.

9.10 Example: The map f : N — 2N given by f(k) = 2k is bijective, so [2N| = |N|.
The map g : N — Z given by ¢g(2k) = k and g(2k +1) = —k — 1 for k € N is bijective, so
we have |Z| = |N|. The map h: N x N — N given by h(k,l) = 2¥(2] + 1) — 1 is bijective,
so we have [N x N| = |NJ.
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9.11 Theorem: For all sets A, B and C,

(1) |A] = [A],

(2) if |A] = |B| then |B| = |A],

(3) if |A| = |B| and |B| = |C] then |A| = |C|,

(4) |A| < |B| if and only if (|A| = |B| or |A| < |B]|), and
(5) if |A| < |B| and |B| < |C| then |A| < |C].

Proof: Part (1) holds because the identity function I4 : A — A is bijective. Part (2)
holds because if f : A — B is bijective then so is f~! : B — A. Part (3) holds because if
f:A— Band g: B — C are bijective then so is the composite go f : A — C. The rest
of the proof is left as an exercise.

9.12 Definition: Let A be a set. For each n € N, let §,, = {0,1,2,---,n—1}. Forn € N,
we say that the cardinality of A is equal to n, or that A has n elements, and we write
|A| = n, when |A| = |S,,|. We say that A is finite when |A| = n for some n € N. We say
that A is infinite when A is not finite. We say that A is countable when |A| = |N|.

9.13 Note: When a set A is finite with |A| = n, and when f : A — S, is a bijection, if
we let a = f~1(k) for each k € S,, then we have A = {ag,a1,---,ar_1} with the elements
ay distinct. Conversely, if A = {ag,a1,--,ar—1} with the elements a; all distinct, then
we define a bijection f: A — S, by f(ar) = k. Thus we see that A is finite with |A| =n
if and only if A is of the form A = {ag,a1,---,a,_1} with the elements a; all distinct.
Similarly, a set A is countable if and only if A is of the form A = {ag,a;,as, -} with the
elements ay all distinct.

9.14 Note: For n € N, if A is a finite set with |A| =n+ 1 and a € A then |A\ {a}| = n.
Indeed, if A = {ag,a1,--,a,} with the elements a; distinct, and if a = aj, so that we have
A\ {a} ={ao,a1, - ,ak-1,ak+1, -, an}, then we can define a bijection f : S,, — A\ {a}
by f(i) =a; for 0 <i < k and f(i) = a;41 for k <i < n.

9.15 Theorem: Let A be a set. Then the following are equivalent.
(1) A is infinite.

(2) A contains a countable subset.

(3) IN| < |A]

(4) There exists a map f : A — A which is injective but not surjective.

Proof: To prove that (1) implies (2), suppose that A is infinite. Since A # () we can
choose an element ag € A. Since A # {ap} we can choose an element a; € A\ {ap}.
Since A # {ap,a1} we can choose ag € A\ {ag,a1}. Continue this procedure: having
chosen distinct elements ag, a1, --,a,-1 € A, since A # {ap,a1,---,a,-1} we can choose
an € A\ {ag,a1, --,an_1}. In this way, we obtain a countable set {ag, a;,as, -} C A.

Next we show that (2) is equivalent to (3). Suppose that A contains a countable
subset, say {ag,a1,as,---} € A with the element a; distinct. Since the a; are distinct, the
map f : N — A given by f(k) = ay is injective, and so we have |N| < |A|. Conversely,
suppose that [N| < |A], and chose an injective map f : N — A. Considered as a map from
N to f(N), f is bijective, so we have |N| = |f(N)| hence f(N) is a countable subset of A.

Next, let us show that (2) implies (4). Suppose that A has a countable subset, say
{ap,a1,as,---} C A with the element a; distinct. Define f: A — A by f(ax) = ags1 for
all k € N and by f(b) = b for all b € A\ {ag,a1,a9,---}. Then f is injective but not
surjective (the element ag is not in the range of f).
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Finally, to prove that (4) implies (1) we shall prove that if A is finite then every
injective map f : A — A is surjective. We prove this by induction on the cardinality of A.
The only set A with |A| = 0 is the set A = (), and then the only function f: A — A is the
empty function, which is surjective. Since that base case may appear too trivial, let us
consider the next case. Let n = 1 and let A be a set with |A| =1, say A = {a}. The only
function f : A — A is the function given by f(a) = a, which is surjective. Let n > 1 and
suppose, inductively, that for every set A with |A| = n, every injective map f: A — A is
surjective. Let B be a set with |[B| =n+ 1 and let g : B — B be injective. Suppose, for a
contradiction, that g is not surjective. Choose an element b € B which is not in the range
of g so that we have g : B — B\ {b}. Let A = B\ {b} and let f : A — A be given by
f(x) = g(x) for all x € A. Since g : B — A is injective and f(z) = g(z) for all x € A, f is
also injective. Again since g is injective, there is no element x € B\ {b} with g(x) = g(b),
so there is no element z € A with f(z) = g(b), and so f is not surjective. Since |A| = n
(by the above note), this contradicts the induction hypothesis. Thus f must be surjective.
By the Principle of Induction, for every n € N and for every set A with |A| = n, every
injective function f: A — A is surjective.

9.16 Corollary: Let A and B be sets.

(1) If A is countable then A is infinite.

(2) When |A| < |B|, if B is finite then so is A (equivalently if A is infinite then so is B).
(3) If |A| = n and |B| = m then |A| = |B| if and only if n = m.

(4) If |A] = n and |B| = m then |A| < |B| if and only if n < m.

(5) When one of the two sets A and B is finite, if |A| < |B| and |B| < |A| then |A| = |B|.

Proof: Part (1) is immediate: if A is countable then A contains a countable subset (itself),
so A is infinite, by Theorem 4.15.

To prove Part (2), suppose that |A| < |B and that |A| is infinite. Since A is infinite,
we have |N| < |A] (by Theorem 4.15). Since [N| < |A| and |A| < |B| we have |N| < |B|
(by Theorem 4.11). Since |N| < |B|, B is infinite (by Theorem 4.15 again).

To Prove Part (3), suppose that |A] = n and |B| = m. If n = m then we have
Sy = Sm and so |A| = |S,| = |Sm| = |B|. Conversely, suppose that |A| = |B|. Suppose,
for a contradiction, that n # m, say n > m, and note that S, % Sp. Since |A| = |B| we
have |S,,| = |A| = |B| = |Sm| so we can choose a bijection f :S,, — S,,. Since S,, % Shs
we can consider f as a function f : .S, — S, which is injective but not surjective. This
contradicts Theorem 4.16, and so we must have n = m. This proves Part (3).

To prove Part (4), we again suppose that |[A| = n and |B| = m. If n < mthen S,, C S,
so the inclusion map I : S,, — S, is injective and we have |A| = |S,| < |Sw| = |B]|.
Conversely, suppose that |A| < |B| and suppose, for a contradiction, that n > m. Since
|A| < |B| we have |S,,| = |A| < |B| = |Sy| so we can choose an injective map f : S,, — Sy,.
Since n > m we have S,, & S;, so we can consider f as a map f : S, = 5,, and this map
is injective but not surjective. This contradicts Theorem 2.16, and so n < m.

Finally, to prove Part (5) we suppose that one of the two sets A and B is finite, and
that |A| < |B| and |B| < |A|. If A is finite then, since |B| < |A|, Part (2) implies that B is
finite. If B is finite then, since |A| < |B|, Part (2) implies that A is finite. Thus, in either
case, we see that A and B are both finite. Since A and B are both finite with |A| < |B|
and |B| < |A|, we must have |A| = |B| by Parts (3) and (4).

76



9.17 Theorem: Let A be a set. Then |A| < |NJ| if and only if A is finite or countable.

Proof: First we claim that every subset of N is either finite or countable. Let A C N and
suppose that A is not finite. Since A # (), we can set ap = min A (using the Well-Ordering
Property of N). Note that {0,1,---,a0} N A ={ap}. Since A # {ap} (so the set A\ {ap}

is nonempty) we can set a; = min A \ {ap}. Then we have ag < a; and {0,1,2,---,a1} N
A = {ag,a1}. Since A # {ap,a1} we can set az = min A \ {ag,a1}. Then we have
ap < a1 < ag and {0,1,2,---,a3} N A = {ag,a1,a2}. We continue the procedure: having
chosen ag, a1, -+ ,an-1 € A with ag < a1 < -+ < anp—1 such that AN {0,1,---,a,-1} =
{ag,a1, - +,an_1}, since A # {ag,ay, -, an_1} we can set a,, = min A\ {ap, a1, -, an_1},
and then we have ag < a1 < -+ < an—1 < a, and A{0,1,2,--- a,}NA ={ap,a1, -, an}.

In this way, we obtain a countable set {ag,a1,a2,---} C A with a9 < a1 < az < -+~
with the property that for all m € N, {0,1,2,---,a,,} N A = {ag,a1,--,an,}. Since
0<ap<a <ag <--- it follows (by induction) that ay > k for all k € N. It follows in
turn that A C {ag, a1, as---} because given m € A, since m < a,, we have

me{0,1,2,---,m}NAC{0,1,2,---,a,} NA={ag,a1, -, am}-

Thus A = {ag, a1, a2, -} and the elements a; are distinct, so A is countable. This proves
our claim that every subset of N is either finite or countable.

Now suppose that |A| < |N| and choose an injective map f : A — N. Since f is
injective, when we consider it as a map f: A — f(A), it is bijective, and so |A| = |f(A)|.
Since f(A) C N, the previous paragraph shows that f(A) is either finite or countable. If
f(A) is finite with |f(A)| = n then |A| = |f(A)| = |Sy|, and if f(A) is countable then we
have |A| = |f(A)| = IN|. Thus A is finite or countable.

9.18 Theorem: Let A be a set. Then

(1) |A| < |N| if and only if A is finite,
(2) IN| < |A| if and only if A is neither finite nor countable, and
(3) if |A] < |N| and |N| < |A| then |A| = |NJ.

Proof: Part (1) follows from Theorem 4.15 because

| Al < IN| <= (]A] < |NJ and |A] # [N])
<= (A is finite or countable and A is not countable)
<= A is finite

and Part (2) follows from Theorem 4.17 because

IN| < |A] <= (IN] < |A] and |NJ # |A])
<= (A is not finite and A is not countable.)

To prove Part (3), suppose that |A| < |N| and |N| < |A|. Since |A] < |NJ, we know
that A is finite or countable by Theorem 4.17. Since |IN| < |A|, we know that that A is

infinite by Theorem 4.15. Since A is finite or countable and A is not finite, it follows that
A is countable. Thus |A| = |N].

9.19 Definition: Let A be a set. When A is countable we write |A] = Ry. When A is
finite we write |A| < RXg. When A is infinite we write |A| > Xy. When A is either finite or
countable we write |A| < Ny and we say that A is at most countable. when A is neither
finite nor countable we write |A| > Yy and we say that A is uncountable.
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9.20 Theorem:

(1) If A and B are countable sets, then so is A X B.

(2) If A and B are countable sets, then so is AU B.

(3) If Ay, Ay, Ay, -+ are countable sets, then so is |y Ak
(4) Q is countable.

Proof: To prove Parts (1) and (2), let A = {ag,a1,az,---} with the a; distinct and let
B = {bg, b1, ba, - - -} with the b; distinct. Since every positive integer can be written uniquely
in the form 2%(2[+1) with k,1 € N, the map f : AxB — N given by f(ag,b;) = 2F(20+1)—1
is bijective, and so |A x B| = |N|. This proves Part (1). Since the map g : N — AU B
given by g(k) = ay, is injective, we have |N| < |AU B|. Since the map h: N — AU B given
by h(2k) = ay, and h(2k+1) = by, is surjective, we have |[AU B| < |N|. Since [N| < |AU B|
and |AU B| < |N|, we have |AU B| = |N| by Part (3) of Theorem 4.18. This proves (2).

To prove Part (3), for each k € N, let Ay = {ako, ax1, a2, -} with the ay; distinct.
Since the map f : N — (J;—, Ak given by f(k) = ao is injective, |N| < |[Up, Akl
Since N x N is countable by Part (1), and since the map g : N x N — [J7~ Ay given by
g(k,1) = ax, is surjective, we have | J;—, Ax| < [N x N| = |N|. By Part (3) of Theorem
4.18, we have | [J,—, Ax| = |N], as required.

Finally, we prove Part (4). Since the map f: N — Q given by f(k) = k is injective,
we have |[N| < |Q]. Since the map g : Q — Z x Z, given by g(%) = (a,b) for all
a,b € Z with b > 0 and ged(a,b) = 1, is injective, and since Z x Z is countable, we have
Q| <|Z x Z| = |NJ|. Since |[N| < |Q| and |Q] < |N|, we have |Q| = |NJ|, as required.

9.21 Definition: For a set A, let P(A) denote the power set of A, that is the set of all
subsets of A, and let 24 denote the set of all functions from A to Sy = {0, 1}.

9.22 Theorem:

(1) For every set A, |P(A)| = |24

(2) For every set A, |A| < [P(A)].

(3) R is uncountable.

Proof: Let A be any set. Define a map g : P(A) — 24 as follows. Given S € P(A), that
is given S C A, we define g(S) € 24 to be the map ¢(S) : A — {0,1} given by
liface S,
S pu—
9(5)(a) {Oifagé .

Define a map h : 24 — P(A) as follows. Given f € 24, that is given a map f: A — {0,1},
we define h(f) € P(A) to be the subset

h(f)={a€A|f(a) =1} C A

The maps g and h are the inverses of each other because for every S C A and every
f:A—{0,1} we have

lifae€ S,
0ifa ¢S,
«—=Vac A (fla)=1<=acS)<={acA|f(a) =1} =S<h(f)=25.

This completes the proof of Part (1).
Let us prove Part (2). Again we let A be any set. Since the the map f: A — P(A)
given by f(a) = {a} is injective, we have |A| < |P(A)|. We need to show that [A| # |P(A)|.

f=9(8)=VYacA f(a)=g(S)(a)<=VYac A f(a) = {
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Let g : A — P(A) be any map. Let S = {a € Ala ¢ g(a)}. Note that S cannot be in the
range of g because if we could choose a € A so that g(a) = S then, by the definition of S,
we would have a € S<=-a ¢ g(a) <= a ¢ S which is not possible. Since S is not in the
range of g, the map g is not surjective. Since g was an arbitrary map from A to P(A), it
follows that there is no surjective map from A to P(A). Thus there is no bijective map
from A to P(A) and so we have |A| # ‘P(A)}, as desired.

Finally, we shall prove that R is uncountable using the fact (which we did not prove)
that every real number has a unique decimal expansion which does not end with an infinite
string of 9’s. We define a map ¢ : 2N — R as follows. Given f € 2N, that is given a map
f N — {0,1}, we define g(f) to be the real number g(f) € [0,1) with the decimal
expansion g(f) = 0.f(0)f(1)f(2)f(3)--- (for those who have seen infinite series, this is

the number g(f) = Y f(k)107"71). By the uniqueness of decimal expansions, the map
k=0

g is injective, so we have |2N| < |R|. Thus |[N| < |P(N)| = [2N| < |R|, and so R is

uncountable, by Part (2) of Theorem 4.18.

9.23 Theorem: (Cantor - Schroeder - Bernstein) Let A and B be sets. Suppose that
|A| < |B| and |B| < |A|. Then |A| = |B|

Proof: We sketch a proof. Choose injective functions f: A — B and g : B — A. Since
the functions f: A — f(A), g: B — g(B) and f : g(B) — f(g(B)) are bijective we have
4] = |f(A)] and B = |g(B)] = |£(g(B))|. Also note that f(g(B)) C f(A) C B. Let
X = f(g(B)),Y = f(A) and Z = B. Then we have X C Y C Z and we have |X| = |Z]
and we need to show that |Y| = |Z|. The composite h = fog: Z — X is a bijection.
Define sets Z,, and Y,, for n € N recursively by

Zo=2, Zp=h(Z,-1) and Yo=Y , Y, =h(Y,-1).
Since Yo=Y, Zy=2,7Z1 =h(Zp) =h(Z) =X and X CY C Z, we have
Z1 C Yy C Zp.
Also note that for 1 <n € N,
ZnCYy 1 CZy1=h(Z,) Ch(Yp_1) Ch(Zp-1)—Zpn+1 CY, C Z,.
By the Induction Principle, it follows that Z,, C Y, 1 C Z,,_1 for all n > 1, so we have
Zo2Y9 2 Z12Y1 2253 20Y5 D -

Let Uy = Z,\ Yy, U= |J U, and V = Z\ U. Define H: Z — Y by

n=1

H(:c):{h(x) if z € U,

x ifxeV.
Verify that H is bijective.
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9.24 Example: Show that |[R| = [2N].

Solution: g : 2N — R as follows: for f € 2N we let g(f) be the real number g(f) € [0, 1)
with decimal expansion g(f) = 0.f(0)f(1)f(2)---.. Then g is injective so [2N] < |R].
Define h : 2N — [0, 1) as follows: for f € 2N let h(f) be the real number h(f) € [0, 1] with
binary expansion h(f) = 0.£(0)f(1)f(2)---. Then h is surjective so we have |[O, 1]! < |2N|.
The map k : R — [0, 1] given by k(z) = 3 + % tan™! z is injective so we have |R| < [0, 1]].
Since |R| < |[0,1]| < |2N]| and |2N] < |R, we have |R| = |2N| by the Cantor-Schroeder-
Bernstein Theorem.

9.25 Theorem: Let A and B be finite sets, let AP be the set of all functions f : A — B,
and let P(A) be the power set of A (that is the set of all subsets of A). Then

(1) if A and B are disjoint then |AU B| = |A| U |B|,

(2) |Ax Bl = |A]-[B],

(3) |AB| = |A|'PI, and

(3) [P(A)] = 2141,

Proof: The proof is left as an exercise.
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Chapter 10. Factorization in Rings

10.1 Definition: Let R be a commutative ring. Let a,b € R. We say that a divides b
(or a is a divisor or factor of b, or b is a multiple of a), and we write a‘b, when b = ar
for some r € R. We say that a and b are associates, and we write a ~ b, when a!b and
b|a.

10.2 Theorem: Let R be a commutative ring. Let a,b € R. Then

(1) a ~ b if and only if a and b have the same multiples and divisors,

(2) a ~ 0 if and only if a = 0,

(3) a ~ 1 if and only if a is a unit.

(4) if R is an integral domain then a ~ b if and only if b = au for some unit u € R.
Proof: The proof is left as an exercise.

10.3 Definition: Let R be a commutative ring. Let a € R be a non-zero non-unit. We
say that a is reducible when a = bc for some non-units b, ¢ € R, and otherwise we say
that a is irreducible. Note that if a is irreducible then the divisors of a are the units and
the associates of a. We say that a is prime when for all b, c € R, if a!bc then either a|b or
a|c.

10.4 Theorem: Let R be a commutative ring. Let a,b € R with a ~ b. Then

(1) a is reducible if and only if b is reducible,

(2) a is irreducible if and only if b is irreducible,

(3) a is prime if and only if b is prime.

Proof: The proof is left as an exercise.

10.5 Theorem: Let R be an integral domain. Then every prime element in R is also
irreducible.

Proof: The proof is left as an exercise.
10.6 Exercise: Find all primes and irreducible elements in Z15.

10.7 Exercise: Use the method of the Sieve of Eratosthenes to find several irreducible
elements in Z[v/3i] and also some irreducible elements which are not prime.

10.8 Definition: A Euclidean domain (or ED) is an integral domain R together with
a function N : R — N, called a Euclidean norm, such that

N1. for all a € R we have N(a) =0<=a =0,

N2. for all a € R we have N(a) = 1<=>a is a unit,

N3. for all nonzer nonunits a,b,c € R, if a = be then N(b) < N(a) and N(c) < N(a), and
N4. for all a,b € R with b # 0 there exist ¢, € R such that a = ¢b+ r and N(r) < N(b).

10.9 Definition: A unique factorization domain (or UFD) is an integral domain R
with the property that for every nonzero non-unit a € R we have

(1) @ = p1pa - - - pe for some ¢ € Z+ and some irreducible elements p; € R, and
(2)if a=pip2---pe = q1q2 - - - ¢m where £,m € Z" and each p; and g¢; is irreducible, then
m = { and for some bijection o : {1,2,---,/} — {1,2,---,/} we have a; ~ b,(;) for all 1.

10.10 Theorem: Every Euclidean domain is a unique factorization domain

Proof: The proof is almost identical to the proof of unique factorization in Z.
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10.11 Example: Z is a Euclidean domain using the Euclidean norm N : Z — N given
by N(a) = |al.

10.12 Example: Every field is a Euclidean domain, using the function N : R — N given
by N(0) =0 and N(a) =1 for all a # 0.

10.13 Example: If F' is a field then F[z] is a Euclidean domain with Euclidean norm
N(f)=deg(f)+ 1 (where we follow the convention that deg(0) = —1 so that N(0) = 0).
The fact that N satisfies Property N4 follows from the Division Algorithm proven below.

10.14 Exercise: Show that for each d € {—2,—1,2,3} the ring Z[\/E] is a Euclidean
domain with Euclidean norm given by N(a + bv/d) = |a? — db?|.

10.15 Exercise: Show that the rings Z[\/§ z} and Z[\/g } are not unique factorization
domains.

10.16 Note: Here are a few remarks about polynomials. Recall that R[z] denotes the
ring of polynomials with coefficients in the ring R, and R denotes the ring of all functions
f:R— R.

(1) A polynomial f € R[x] determines a function f € RE. Given f(z) = Y a;2" € R[]
i=0

we obtain the function f: R — R given by f(z) = Y a;2°
i=0

(2) Although we do not usually distinguish notationally between the polynomial f € R[z]
and its corresponding function f € RE, they are not always identical. If the ring R is
not commutative then multiplication of polynomials does not agree with multiplication of
functions. For f,g € R[x| given by f(z) = a + bzx and g(z) = ¢ + dz, in the ring R[x| we
have (fg)(z) = (a + bx)(c+ dz) = (ac) + (ad + bc)x + (bd)z?, but in the ring R we have
(fg)(z) = (a+ bx)(c+ dx) = ac + adx + bxc + brdx.

(3) Equahty of polynomials does not agree with equality of functions. For f, g € R|[x] given
by f(x) = Zazx and g(z) = be we have f = g € R[z] if and only if a; = b; for all ¢
i=0

(and if say n < m then b, = a; = 0 for i > n), but f = g € R if and only if f(z) = g(x)
for all x € R. These two notions of equality do not always agree. For example if R is
finite then the ring R[z] is infinite but the ring R¥ is finite. Indeed if |R| = n then R[]
is countably infinite but ‘RR| = n". For a more specific example, if f(x) = 2P — x then
we have f # 0 € Z,[z] (because its coefficients are not equal to zero) but f = 0 € Z,%»
because, by Fermat’s Little Theorem, we have f(z) =0 for all x € Z,,.

(4) Recall that for f(z) = Z a;x with each a; € R and a, # 0, the element a,, € R is

called the leading coefﬁc1ent of f, and the positive integer n is called the degree of f(x), and
we write deg(f) = n. For convenience, we also define deg(0) = —1. When R is an integral
domain, it is easy to see that for 0 # f, g € R[x] we have deg(fg) = deg(f)+deg(g). When
R is not an integral domain, however, we only have deg(fg) < deg(f) + deg(g) because
the product of the two leading coefficients can be equal to zero.

(5) When R is an integral domain, because we have deg(fg) = deg(f) + deg(g) for all
0 # f,g € R|x], it is easy to see that the units in R[z] are the constant polynomials
f(x) = ¢ where c is a unit in R. In particular, when F is a field, the units in F[z] are the
elements f € F[z] with deg(f) = 0.
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10.17 Example: In the ring Z4[x] we have (1+2x)? = 1+4z+42% = 1, 50 f(z) = (1+22)
is a unit in Zy4[z].

10.18 Theorem: (Division Algorithm) Let R be a ring. Let f,g € R[z] and suppose that
the leading coefficient of g is a unit in R. Then there exist unique polynomials q,r € R
such that f = qg + r and deg(r) < deg(g).

Proof: First we prove existence. If deg(f) < deg(g) then we can take ¢ = 0 and r = f. Sup-

n

pose that deg(f > deg(g), Say f(z) = > a;x" with a; € R and a,, # 0 and g(z) = 3 b;z*
i=0 i=0

with b; € R and b,, is a unit. Note that the polynomial anbm_lx”_m g(x) has degree n and
leading coefficient a,,. It follows that the polynomial f(x) — anby, "™ ™g(x) has degree
smaller than n (because the leading coefficients cancel). We can suppose, inductively, that
there exist polynomials p,r € R[x] such that f(z) — anby ‘2" "g(x) = p(x)g(z) + r(z)
and deg(r) < deg(g). Then we have f = qg + 7 by taking ¢(z) = anb, 'z"™ — p(z).

Next we prove uniqueness. Suppose that f = qg +r = pg + s where ¢,p,r, s € R|x]
with deg(r) < deg(g) and deg(s) < deg(g). Then we have (¢ — p)g = s — r and so
deg ((¢ — p)g) = deg(s — r). Since the leading coefficient of ¢ is a unit (hence not a zero
divisor), it follows that deg ((q — p)g) = deg(q — p) + deg(g). If we had g — p # 0 then we
would have deg ((q — p)g) > deg(g) but deg(s —r) < deg(g), giving a contradiction. Thus
we must have ¢ —p = 0. Since ¢ —p = 0 we have s —r = (¢ —p)g = 0. Since ¢ —p = 0 and
s —r =0 we have ¢ = p and r = s, proving uniqueness.

10.19 Corollary: (The Remainder Theorem) Let R be a ring, let f € R[z], and let
a € R. When we divide f(x) by (z — a) to obtain the quotient q(x) and remainder r(z),
the remainder is the constant polynomial r(z) = f(a).

Proof: Use the division algorithm to obtain ¢,r € R[z] such that f = ¢(z)(z —a) + r(x)
and deg(r) < deg(x — a). Since deg(z — a) = 1 we have deg(r) € {—1,0}, and so r is a
constant polynomial, say r(z) = ¢ with ¢ € R. Then we have f(z) = ¢(z)(x —a) + c. Put
inx=atoget fla) =qla)(a —a)+c=¢q(a) - 0+c=c.

10.20 Corollary: (The Factor Theorem) Let R be a commutative ring, let f € R[z] and
let a € R. Then f(a) =0 if and only if (z — a)|f ().

Proof: Suppose that f(a) = 0. Choose q,r € R[x] such that f(z) = q(z)(z — a) + r(z)
and deg(r) < deg(z — a). Then r(x) is the constant polynomial r(z) = f(a) = 0 and so
we have f(z) = q(z)(z — a). Since f(z) = (z — a)q(x) we have (z — a)| f(x). Conversely,
suppose that (z — a)|f(a) and choose p € R[z] so that f(z) = (z — a)p(x). Then f(a) =
(a —a)p(a) = 0-p(a) = 0.

10.21 Definition: Let R be a commutative ring, let f € R[z], and let a € R. We say
that a is a root of f when f(a) = 0. When f # 0, we define the multiplicity of a as a
root of f to be the largest m = m(f,a) € N such that (z — a)™|f(z) (where we use the
convention that (x — a)® = 1). Note that a is a root of f if and only if m(f,a) > 1.

10.22 Example: Let f(x) = 23 — 3z — 2 € Q[z]. Since f(z) = (z+1)*(z —2) € Q[z], we
have m(f,2) =1 and m(f,—1) = 2.

10.23 Exercise: Let p be an odd prime and let f(x) = 2P — a € Z,[z]|. Find m(f,a).
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10.24 Theorem: (The Roots Theorem) Let R be an integral domain, let 0 # f € R[x]
and let n = deg(f). Then

(1) f has at most n distinct roots in R, and
(2) if a1, a9, -, a; are all of the distinct roots of f in R and m; = m(f,a;) for 1 <i </,

then (x — a1)™ (x — az)™* - (¥ — ag)™|f(x) and so f: m(f,a) <n.
i=1

Proof: We prove Part (1) and leave the proof of Part (2) as an exercise. If deg(f) = 0,
then f(z) = ¢ for some 0 € ¢ € R, and so f(z) has no roots. Let f be a polynomial
with deg(f) = n > 1 and suppose, inductively, that every polynomial ¢ € R[z] with
deg(g) = n — 1 has at most n — 1 distinct roots. Suppose that a is a root of f in R.
By the Factor Theorem, (z — a)|f(z) so we can choose a polynomial g € Rlz] so that
f(x) = (x —a)g(x). Note that deg(g) = n — 1 so, by the induction hypothesis, g has at
most n — 1 distinct roots. Let b € R be any root of f with b # a. Since f(x) = (z —a)g(z)
and f(b) =0 we have 0 = f(b) = (b—a)g(b). Since (b—a)g(b) =0 and (b—a) # 0 and R
has no zero divisors, it follows that g(b) = 0. Thus b must be one of the roots of g. Since
every root b of f with b # a is equal to one of the roots of g, and since g has at most n — 1
distinct roots, it follows that f has at most n distinct roots, as required.

10.25 Note: Here are a few remarks about irreducible polynomials.

(1) When F is a field, we know that F'[z] is a unique factorization domain. For f € F[z]| we
know that f = 0 if and only if deg(f) = —1, and f is a unit if and only if deg(f) = 0, and
for 0 # f,g € F[x] we know that deg(fg) = deg(f) + deg(g). It follows that for f € F[z],
if deg(f) = 1 then f is irreducible. It also follows that for f € F[z], if deg(f) = 2 or 3
then f is reducible in F[z] if and only if f has a f has a root in F.

(2) When p is a fairly small prime number and n is a fairly small positive integer, it is easy
to list all reducible and irreducible polynomials f € Z,[x] with deg(f) < n. Note that it
suffices to list monic polynomials (since for f € Z,[z] and 0 # ¢ € Z,[z] we have f ~ cf).
We start by listing all monic polynomials of degree 1, that is all polynomials of the form
f(z) = z +a with a € Z,,, and noting that they are all irreducible. Having constructed all
reducible and irreducible monic polynomials of all degrees less than n, we can construct
all of the reducible monic polynomials of degree n by forming products of the reducible
monic polynomials of smaller degree in all possible ways, and then all the remaining monic
polynomials of degree n must be irreducible.

(3) For f € CJz], we know that f is irreducible if and only if deg(f) = 1. For f € R[], we
know that f is irreducible polynomial if and only if either deg(f) = 1 or f(z) = ax?+bx+c
for some a,b,c € R with a # 0 and b — 4ac < 0. For R = Z or Q, it is a more challenging
problem to determine which polynomials are irreducible in R[z]. The next few theorems
are related to this problem.

10.26 Exercise: List all monic reducible and irreducible polynomials in Zy[z] of degree
less than 4, then determine the number of irreducible polynomials in Zs|x| of degree 4.
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10.27 Definition: Let f € Z[z]. The content of f, denoted by c(f), is the greatest
common divisor of the coefficients of f. We say that f is primitive when c¢(f) = 1.

10.28 Note: Let ag,a1, --,a, € Z, let r € Z and let d = ged(ag, a1, -, a,). Then

ag a1 an

ged (mo, ray, - ,mn) = |r|ged(ag, a1, --,a,) and ged (7, e, 7) = 1. It follows

that for f(z) = > a;2° we have c(rf) = |r|e(f) and that if we let g(z) = Tlf)f(x) then
i=0

we have g(z) € Z[z] and ¢(g) = 1.

10.29 Theorem: (Gauss’ Lemma)

(1) For all f,g € Z[z] we have c(fg) = c(f)c(g).

(2) Let 0 # f € Z[x] and let g(x) = f(x) € Z[z]. Then f is irreducible in Q[z] if and

only if g is irreducible in Z[z].

Proof: Let f,g € Z[z]. If f = 0 or g = 0 then we have ¢(fg) = 0 = ¢(f)c(g). Suppose that

f#0and g #0. Let h(x) = f f( ) and k(x) = ﬁg( x). Then we have h, k € Z[x] with
c¢(h) =c(k) =1and fg = c(f) (g)hk so that c(fg) = c(f)e(g)e (hk) Thus to prove Part (1)

it suffices to show that c¢(hk) = 1. Let h(z) = E a;x" and k(x) = Z b;x* with a, # 0 and
=0

b, # 0. Suppose, for a contradiction, that c(hk:) # 1. Let p be a prime factor of c(hk).
Then p divides all of the coefficients of (hk:)( ) = (aogbo)+(a1bo+apbr)z+- -+ (anby )z ™.
Since ¢(h) = 1, p does not divide all the coefficients of h(x) so we can choose an index
r > 0 so that pla; for all ¢ < r and pfa,. Since c(k) = 1 we can choose an index s > 0 so
that p|b; for all i < s and pjfbs. Since p divides every coefficient of (hk)(z), it follows that
in particular p divides the coefficient

Cris = aObr+s + albr+s—l + 4+ a'rbs + 4+ a'7"—|—s—1b1 + Qrys-

Since p|c,4s and pla; for all ¢ < r and p|b; for all i < s it follows that p|a,bs. Since p is
prime and p|a,.bs it follows that p|a, or p|bs. But r and s were chosen so that p/fa, and
pfbs so we have obtained the desired contradiction. This proves Part (1).

To prove Part (2), let 0 # f(z) € Z[z] and let g(x) = f f( ), and note that ¢(g) = 1.
Suppose that g is reducible in Z[z], say g(z) = h(x)k(zx) Where h(z) and k(z) are non-units
in Z[x]. Since c(h)c(k) = c(hk) = c¢(g) = 1 it follows that ¢(h) = ¢(k) = 1. Note that h(z)
cannot be a constant polynomial since if we had h(x) = r with r € Z, then we would have
|| = ¢(h) = 1 so that h(x) = £1, but then h would be a unit. Similarly k(z) cannot be a
constant polynomial. Since h(x) and k(x) are nonconstant polynomials in Z[z], they are
also nonconstant polynomials in Q[z]. Since f(z) = ¢(f)g(z) = c(f)h(x)k(z) and since
c(f)h(z) and k(x) are both nonconstant polynomials (hence nonunits) in Q[x], it follows
that f(z) is reducible in Q[x].

Conversely, suppose that f(x) is reducible in Q[x], say f(x) = h(x)k(z) where h and
k are nonzero, nonunits in Q[z|. Since h and k are nonzero nonunits in Q|z], they are
nonconstant polynomials. Let a be the least common multiple of the denominators of the
coefficients of h(x) and let b be the least common multiple of the coefficients of k(x), and
note that ah(z) € Z[z] and bk(x) € Z[z]. Let p(z) = C(ah) ah(x) and let ¢(z) = C(bk)bk}( x)
and note that p(z) € Z[x| and ¢(z) € Z[x] with ¢(p) = ¢(q) = 1 and that deg(p) = deg(h)
and deg(q) = deg(k). Since f(z) = ah(z)b ( ) = c(ah)c(bk)p(x)q(xz) we have c(f) =
c(ah)c(bk)c(pq) = c(ah)c(bk) and so g(z) = c(f)f(:l;) = mah(:ﬂ) bk(x) = p(z)q(x).
Since g(z) = p(x)q(z) where p(x) and ¢(x) are nonconstant polynomials in Z[x|, we see
that g(x) is reducible in Z[z].
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10.30 Corollary: Let 0 # f(z) € Z[x]. Then f(x) is reducible in Q[z] if and only if f(x)
can be factored as a product of two nonconstant polynomials in Z|x].

Proof: If f(z) can be factored as f(z) = g(z)h(z), where g(z) and h(z) are nonconstant
polynomials in Z[z], then because g(z) and h(z) are also nonconstant polynomials in Q[z]
(hence nonunits in Q[z]), it follows immediately that f is reducible in Q[z]. Suppose,
conversely, that f(x) is reducible in Q[z]. Let p(x) = Tlf)f(x) and note that p(z) € Z|x]
with ¢(p) = 1. By Gauss’ Lemma, p(z) is reducible in Z[z]. Choose nonunits k, h € Z[z]
such that p = kh € Z[x]. Since c(k)c(h) = ¢(kh) = c¢(p) = 1 we have c(k) = ¢(h) = 1.
Since k and h are nonunits with ¢(k) = ¢(h) = 1, it follows that k and h are nonconstant
polynomials (indeed, if k(z) was constant with k(x) = r then we would have |r| = ¢(k) =1
so that k(z) = r = £1, but then k(z) would be a unit). Let g(z) = ¢(f)k(z) and note that
since k(x) is nonconstant, so is g(z). Then we have f(x) = g(z)h(zx), which is a product
of two nonconstant polynomials in Z[z].

10.31 Example: Let f(z) = 6x + 30 € Z[z]. Note that ¢(f) = 6. Since deg(f) = 1, it
follows that f is irreducible in Q[z]. But since ¢(f) = 6, it follows that f is reducible in
Z[z], indeed in Z[x] we have f(z) =23 (z +5).

10.32 Theorem: (Rational Roots) Let f(z) = . c;x* where n € Z*, each ¢; € Z and
i=0
cn#0. Let r,s € Z with s # 0 and ged(r,s) = 1. Then if f(£) = 0 then r|co and s|c,.

Proof: Suppose that f(g) =0, that is cg +¢1 5 + 2 Z—z 4+ 4y ";—: = 0. Multiply by s”
to get
0=cos" +c18" 'l + - Fepystr™ ™ 4™

Thus we have

cos” = —r(c18" V- Fep_1si T ey

e = —s(cos" T+ 5"+ o™

"1y and

and it follows that r|cos™ and that s|c, ™. Since ged(r, s) = 1 we also have ged(r, s") =1,

) =
and since r!cos” it follows that r|co. Since ged(s,7) = 1 we also have ged(s,r™) = 1, and

n

since 8|Cn1“ it follows that s|c,.

10.33 Exercise: Show that v/1+ v/2 ¢ Q.

10.34 Theorem: (Modular Reduction) Let f(z)=>_ c;x* with n€Z*, ¢;€Z and ¢, #0.
i=0

Let p be a prime number with p fc,. Let f(z) = Y G a' € Zy[z] where ¢; = [¢;] € Zy.
i=0

If f is irreducible in Z,[x] then f is irreducible in Q[x].

Proof: Suppose that f(x) is reducible in Q[z]. By the corollary to Gauss’ Lemma,

we can choose two nonconstant polynomials g,h € Z[z| such that f = gh € Zx].
k ¢ ,

Write g(z) = Y a;2® € Z[x] and h(z) = Y b’ € Z[z] with ay, # 0, by # 0 and k, £ > 1.
i=0 i=0

k , _ ¢ _ _ _

Let g = Y a;z" € Z,[z] and h(x) = ) bja' € Z,[x], and note that f = gh € Z,[z].
i=0 i=0

Since ¢, = aybe and pfc, it follows that pfax and pfb,; in Z so @, # 0 and by # 0 in Z,.

Thus deg(g) = deg(g) = k and deg(h) = deg(h) = ¢ so that g and h are nonconstant
polynomials in Z,[z], and so the polynomial f = gh is reducible in Z,[x].
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10.35 Exercise: Prove that f(z) = x° + 2z +4 is irreducible in Q[z] by working in Z3|z].

10.36 Theorem: (Eisenstein’s Criterion) Let f(x) = > ¢;z° with n € Z*, ¢; € Z and
i=0

cn#0. Let p be a prime number such that p;|c; for 0 < i < n and pj/cn and pQJ/co. Then f

is irreducible in Q[x].

Proof: Suppose, for a contradiction, that f(z) is reducible in Q[z]. By the corollary
to Gauss’ Lemma, we can choose two nonconstant polynomials g,h € Z[x] such that

f = gh € Z|z]. Write g(x) = Zazaz € Z[z] and h(z) = be € Zlz| with k,¢ > 1

and ap # 0, by # 0. Since ¢y = aobo and plcy but p? fco, it follows that p divides exactly
one of the two numbers ag and by. Suppose that p divides ag but not by (the case that p
divides by but not ag is similar). Since p|c;, that is p‘ (agby +a1bp), and plag it follows that
plaiby, and since p/fbg it follows that pla;. Since p|cq, that is p‘(aobg + a1b1 + azbg) and
plap and play, it follows that p|asby, and since p by it then follows that p|as. Repeating
this argument we find, inductively, that p|a; for all i > 0, and in particular we have p|ay.
Since ¢, = agbs and play, it follows that p|c,, giving the desired contradiction.

10.37 Example: Note that f(z) = 5z° + 3z* — 1823 + 12z + 6 is irreducible in Q[z] by
Eisenstein’s Criterion using p = 3.

10.38 Exercise: Let p be a prime number. Show that f(z) =1+ x + 2%+ .-+ 2P~ ! is
irreducible in Q[x],
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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'.
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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

—
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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.
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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 cEu ‘ 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
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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.
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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’
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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(x) }x € 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>
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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.
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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.
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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
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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.
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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.
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