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



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},



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.



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 '



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=b+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).



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.



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.

7



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 % < %



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.



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 A witha<b<mn. Since a < b we 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—1<n<zandz—1<m<zx 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 = > 0.
Let A ={k € Z|k < z}. Note that A # () because 0 € A and A is bounded above in
R by x. 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 < x. Also note that z — 1 < n since
r—1>n=zx>n+1=n+1€ A=n # max A. Thus for n = max A we have n € Z
with z — 1 < n < z, as required.

Next consider the case that z < 0. If x € Z we can take n = x. Suppose that
x ¢ Z. We have —x > 0 so, by the previous paragraph, we can choose m € Z with
—x—1<m< —z. Since m € Z but x ¢ Z we have m # —x so that —x — 1 <m < —x
and hence x < —m < x 4+ 1. Thus we can take n = —m — 1 to get x — 1 < n < x. 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
< |z]+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<b.

Proof: Let a,b € R with a < b. By the Archimedean Property, we can choose n € Z with
n > w2 > 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.

11



