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Foreword. ..

The purpose of this book is to complement the lectures and thereby decrease,
but not eliminate, the necessity of taking lecture notes. Reading the appropri-
ate sections of the book before each lecture should enable you to understand
the lecture as it is being given, provided you concentrate! This is particularly
important in this course because, as theoretical machinery is developed, the
lectures depend more and more heavily upon previous lectures, and students
who fail to thoroughly learn the mew concepts as they are introduced soon
become completely lost.

* Kk x Proofs of the theorems are an important part of this
course. You cannot expect to do third year Pure Mathematics
without coming to grips with proofs. Mathematics is about proving
theorems. You will be required to know proofs of theorems for the
exam. * % %

It is the material dealt with in the lectures, not this book, which defines the
syllabus of the course. The book is only intended to assist, and how much
overlap there is with the course depends on the whim of the lecturer. There
will certainly be things which are in the lectures and not in the book, and
vice versa. The lecturer will probably dwell upon topics which are giving
students trouble, and omait other topics. However, the book will still provide
a reasonable guide to the course.
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Prerequisites

Students will be assumed to be familiar with the material mentioned in this
preliminary chapter. Anyone who is not should inform the lecturer forthwith.

§0a Concerning notation

When reading or writing mathematics you should always remember that the
mathematical symbols which are used are simply abbreviations for words.
Mechanically replacing the symbols by the words they represent should result
in grammatically correct and complete sentences. The meanings of a few
commonly used symbols are given in the following table.

Symbols To be read as

{...]... the set of all ... such that ...

is

in or 1isin

greater than or is greater than

VvV m Il «

Thus for example the following sequence of symbols
{zeX|x>a}#0
is an abbreviated way of writing the sentence
The set of all z in X such that x is greater than a is not the empty set.
When reading mathematics you should mentally translate all symbols in this
fashion. If you cannot do this and obtain meaningful sentences, seek help
from your tutor. And make certain that, when you use mathematical symbols

yourself, what you write can be translated into meaningful sentences.

1
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Chapter Zero: Prerequisites

§0b Concerning functions

The terminology we use in connection with functions could conceivably differ
from that to which you are accustomed; so a list of definitions of the terms
we use is provided here.

e The notation ‘f: A — B’ (read ‘f, from A to B’) means that f is a
function with domain A and codomain B. In other words, f is a rule which
assigns to every element a of the set A an element in the set B denoted

by ‘f(a)".
e A map is the same thing as a function. The term mapping is also used.
e A function f: A — B is said to be injective (or one-to-one) if and only

if no two distinct elements of A yield the same element of B. In other words,
f is injective if and only if for all a;, ay € A, if f(a1) = f(az) then a1 = as.

e A function f: A — B is said to be surjective (or onto) if and only if for
every element b of B there is an a in A such that f(a) = b.

e If a function is both injective and surjective we say that it is bijective
(or a one-to-one correspondence).

e The image of a function f: A — B is the subset of B consisting of all
elements obtained by applying f to elements of A. That is,

im f = {f(a)|ac A}

An alternative notation is ‘f(A)’ instead of ‘im f’. Clearly, f is surjective if
and only if im f = B.

e The notation ‘a — b’ means ‘a maps to b’; in other words, the function
involved assigns the element b to the element a. Thus ‘a — b under f’ means
exactly the same as ‘f(a) = b’

o If f: A — B is a function and C a subset of B then the inverse image
or preimage of C'is the subset of A
fTHUC) ={acA|fa)eC}.

(The above line reads ‘ f inverse of C, which is the set of all @ in A such that
f of aisin C. Alternatively, one could say ‘The inverse image of C' under
f’ instead of ‘f inverse of C".)
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§0c Concerning vector spaces

Vector spaces enter into this course only briefly; the facts we use are set out
in this section.

Associated with each vector space is a set of scalars. In the common
and familiar examples this is R, the set of all real numbers, but in general it
can be any field. (Fields are defined in Chapter 2.)

Let V be a vector space over F. (That is, F' is the associated field of
scalars.) Elements of V' can be added and multiplied by scalars:

(%) Ifv,weVand A € F then v +w, \v € V.

These operations of addition and multiplication by scalars satisfy the follow-
ing properties:

(i) (w+v)+w=u+ (v+w) for all u, v, w e V.

(i) u+v=v+u for all u, v e V.
(iii) There exists an element 0 € V such that v+ 0 =wv for all v € V.
(iv) For each v € V there exists an element —v € V' such that v+ (—v) = 0.
(v) A(pv) = (Ap)v forall \, p € Fand all v e V.
(vi) lv=w for allv e V.
(vil) AM(v 4+ w) = v+ w forall A € F and all v, w € V.
(viii) (A + p)v = v + po forall \, p€ FandallveV.

The properties listed above are in fact the vector space axioms; thus in

order to prove that a set V' is a vector space over a field F' one has only to
check that (%) and (i)—(viii) are satisfied.

Let V' be a vector space over F' and let vy, va, ... v, € V. The elements
v1, V2, ... U, are said to be linearly independent if the following statement is
true:

If)\l, )\2, RN An € Fand \jv; + Avg + -+ A\v,, =0
then )\1 = 0, )\2 = 0, ceey >\n = 0.
The elements vy, vg, ... v, are said to span the space V if the following
statement is true:
For every v € V there exist A\, Ao, ..., A\, € F

such that v = A\jvy + Aova + - -+ + A\, v,.

A basis of a vector space V is a finite subset of V' whose elements are linearly
independent and span V.



4  Chapter Zero: Prerequisites

We can now state the only theorem of vector space theory which is used
in this course.

0.1 THEOREM If a vector space V has a basis then any two bases of V will
have the same number of elements.

Comment >>D>
0.1.1 If V has a basis then the dimension of V is by definition the
number of elements in a basis. >>>

60d Some very obvious things about proofs

When trying to prove something, the logical structure of what you are try-
ing to prove determines the logical structure of the proof. The following
observations seem trivial, yet they are often ignored.

e To prove a statement of the form
If p then q
your first line should be
Assume that p is true

and your last line _
Therefore ¢ is true.

e The statement ) )
p if and only if ¢

is logically equivalent to
If p then ¢ and if ¢ then p,

and so the proof of such a statement involves first assuming p and proving ¢,
then assuming ¢ and proving p.

e To prove a statement of the form
All zxxx’s are yyyy’s,
the first line of your proof should be
Let a be an zxzxx
and the last line should be
Therefore a is a yyyy.

(The second line could very well involve invoking the definition of ‘zzzx’
or some theorem about zxzx’s to determine things about a; similarly the
second to last line might correspond to the definition of ‘yyyy’.)
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When trying to construct a proof it is sometimes useful to assume
the opposite of the thing you are trying to prove, with a view to obtaining
a contradiction. This technique is known as “indirect proof” (or “proof
by contradiction”). The idea is that the conclusion ¢ is a consequence of
the hypotheses hi, ho, ..., if and only if the negation of ¢ is incompatible
with hq, he, ... . Hence we may assume the negation of ¢ as an extra
hypothesis, along with hy, ho etc., and the task is then to show that the
hypotheses contradict each other. Note, however, that although indirect
proof is a legitimate method of proof in all situations, it is not a good policy
to always use indirect proof as a matter of course. Most proofs are naturally
expressed as direct proofs, and to recast them as indirect proofs may make
them more complicated than necessary.

—Examples—

#1  Suppose that you wish to prove that a function A\: X — Y is injective.
Consult the definition of injective. You are trying to prove the following
statement:

For all z1, x5 € X, if AM(z1) = A(z2) then z; = z5.
So the first two lines of your proof should be as follows:

Let z1, zo € X.
Assume that A(z1) = A(x2).

Then you will presumably consult the definition of the function A to derive
consequences of A\(x1) = A(x2), and eventually you will reach the final line

Therefore x1 = xs.

#2  Suppose you wish to prove that \: X — Y is surjective. That is, you
wish to prove

For every y € Y there exists z € X with A(z) = y.
Your first line must be
Let y be an arbitrary element of Y.

Somewhere in the middle of the proof you will have to somehow define an
element x of the set X (the definition of x is bound to involve y in some
way), and the last line of your proof has to be

Therefore A(xz) = y.
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#3  Suppose that A and B are sets, and you wish to prove that A C B.
(That is, A is a subset of or equal to B.) By definition the statement ‘A C B’
is logically equivalent to

All elements of A are elements of B.

So your first line should be
Let z € A

and your last line should be
Therefore x € B.

#4  Suppose that you wish to prove that A = B, where A and B are sets.
The following statements are all logically equivalent to ‘A = B’:

(i) For all z, z € A if and only if z € B.
(ii) (For all )((if z € A then z € B) and (if z € B then z € A)).

(iii) All elements of A are elements of B and all elements of B are elements
of A.

(iv) AC B and B C A.

You must do two proofs of the general form given in #3 above.
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Ruler and compass constructions

Abstract algebra is essentially a tool for other branches of mathematics.
Many problems can be clarified and solved by identifying underlying struc-
ture and focussing attention on it to the exclusion of peripheral information
which may only serve to confuse. Moreover, common underlying structures
sometimes occur in widely varying contexts, and are more easily identifiable
for having been previously studied in their own right. In this course we shall
illustrate this idea by taking three classical geometrical problems, translat-
ing them into algebraic problems, and then using the techniques of modern
abstract algebra to investigate them.

§la Three problems

Geometrical problems arose very early in the history of civilization, presum-
ably because of their relevance to architecture and surveying. The most
basic and readily available geometrical tools are ruler and compass, for con-
structing straight lines and circles; thus it is natural to ask what geometrical
problems can be solved with these tools.§

It is said that the citizens of Delos in ancient Greece, when in the
grips of a plague, consulted an oracle for advice. They were told that a god
was displeased with their cubical altar stone, which should be immediately
replaced by one double the size. The Delians doubled the length, breadth
and depth of their altar; however, this increased its volume eightfold, and
the enraged god worsened the plague.

Although some historians dispute the authenticity of this story, the
so-called “Delian problem”

1 Note that the ruler is assumed to be unmarked; that is, it is not a measuring
device but simply an instrument for ruling lines.

7



Chapter One: Ruler and compass constructions

(1) Given a cube, construct another cube with double the volume

is one of the most celebrated problems of ancient mathematics. There are
two other classical problems of similar stature:

(2) Construct a square with the same area as a given circle
(3) Trisect a given angle.

In this course we will investigate whether problems (1), (2) and (3) can be
solved by ruler and compass constructions. It turns out that they cannot.

We should comment, however, that although the ancient mathemati-
cians were unable to prove that these problems were insoluble by ruler and
compass, they did solve them by using curves other than circles and straight
lines.

§1b Some examples of constructions

Before trying to prove that some things cannot be done with ruler and com-
pass, we need to investigate what can be done with those tools. Much of
what follows may be familiar to you already.

#1  Given straight lines AB and AC' intersecting at A the angle BAC can
be bisected, as follows. Draw a circle centred at A, and let X, Y be the
points where this circle meets AB, AC. Draw circles of equal radii centred
at X and Y, and let T be a point of intersection of these circles. (The radius
must be chosen large enough so that the circles intersect.) Then AT bisects
the given angle BAC.

#2  Given lines AB and AC intersecting at A and a line P(@), the angle
BAC can be copied at P, as follows. Draw congruent circles C4, Cp centred
at A and P. Let C4 intersect AB at X and AC at Y, and let Cp intersect
PQ at V. Draw a circle with centre V' and radius equal to XY, and let T
be a point of intersection of this circle and Cp. Then the angle T'PQ equals
the angle BAC.

#3  Given a point A and a line PQ, one can draw a line through A parallel
to PQ. Simply draw any line through A intersecting PQ at some point X,
and then copy the angle AXQ at the point A.

#4  Given a line AB one can construct a point 7" such that the angle TAB
equals § radians (60 degrees). Simply choose T' to be a point of intersection
of the circle centred at A and passing through B and the circle centred at B
and passing through A.
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#5 Given line segments of lengths r, s and ¢ one can construct a line
segment of length 7t/s, as follows. Draw distinct lines AP, AQ intersecting
at A and draw circles C,., Cs and C; of radii r, s and ¢ centred at A. Let C,
intersect AP at B and let Cg, C; intersect AQ at X, Y. Draw a line through
Y parallel to X B, and let C' be the point at which it intersects AP. Then
AC has the required length.

#6  There are simple constructions for angles equal to the sum and dif-
ference of two given angles, lengths equal to the sum and difference of two
given lengths, and for a/n and na, where a is a given length and n a given
positive integer. See the exercises at the end of the chapter.

#7  Given line segments of lengths a and b, where a > b, it is possible
to construct a line segment of length v/ab, as follows. First, construct line
segments of lengths 71 = (a +b) and r» = 1(a —b), and draw circles of
radii r; and r9 with the same centre O. Draw a line through O intersecting
the smaller circle at P, and draw a line through P perpendicular to OP. (A
right-angle can be constructed, for instance, by constructing an angle of Z,
bisecting it, and adding on another angle of Z.) Let this perpendicular meet

the large circle at . Then P(@ has the required length.

Further ruler and compass constructions are dealt with in the exercises.

§1lc Constructible numbers

Consider the Delian Problem once more: we are given a cube and wish to
double its volume. We may as well choose our units of length so that the
given cube has sides of length one. Then our problem is to construct a line
segment of length v/2. The other problems can be stated similarly. A circle of
unit radius has area 7; to construct a square of this area one must construct
a line segment of length /7. A right-angled triangle with unit hypotenuse
and an angle 6 has other sides cos  and sin 8; to trisect # one must construct
cos(g). So the problems become:

(

1) Given a unit line segment, construct one of length /7.
(2) Given a unit line segment, construct one of length /2.
)

(3) Given line segments of lengths 1 and cosf, construct one of length

COS(%).
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To show that Problem 3 cannot be solved by ruler and compass, it will
be sufficient to show that it cannot be done in the case # = Z. In this case

cosf = % Since a line segment of length % can be constructe?d given a unit
line segment, it suffices to show that given only a unit line segment it is not
possible to construct one of length cos(%). In other words, an angle of 20
degrees cannot be constructed.

So, assume that we are given a line segment of length one. We first
use this segment to define a coordinate system. Let one of the endpoints
of the segment be the origin (0,0) and the other endpoint the point (1,0).
After drawing a line through (0, 0) perpendicular to the z-axis we can find the
position of the point (0, 1) by drawing a circle of centre (0, 0) and radius 1. We
can now proceed to construct further points, lines and circles, in accordance
with the following rules. We can construct

(a) a line if it passes through two previously constructed points,

(b) a circle if its centre is a previously constructed point and its radius the
distance between two previously constructed points,

(c) a point if it is the point of intersection of two lines or circles or a circle
and a line constructed in accordance with (a) and (b).

We now a define a number to be constructible if it is a coordinate of a con-
structible point. (Note that since lines perpendicular to the axes can be
constructed, the point (a,b) can be constructed if and only if the points
(a,0) and (0,b) can both be constructed. Furthermore, since a circle of ra-
dius a and centre O cuts the z-axis at (a,0) and the y-axis at (0, a), a number
is constructible as an z-coordinate if and only if it is constructible as a y-
coordinate.) Our aim will be to describe completely the set of constructible
numbers and hence show that /7, /2 and cos(%) are not constructible.

1.1 THEOREM Ifa and b are constructible numbers then so are a + b, —a,
ab, a=! (ifa #0) and \/a (ifa > 0).

Proof. Let a and b be constructible numbers. Then the points (a,0) and
(0,b) can be constructed in accordance with rules (a), (b) and (c) above.
The point (a + b,0) is the point of intersection of the z-axis and a circle
centre (a,0) and radius the distance between (0,0) and (0,b); hence it is
constructible by rule (b) above. So a + b is constructible.

Draw the line joining (0,0) and (1,0). Using the process described in
§1b the line through (a,0) parallel to this can be constructed. It meets the
y-axis at (0,ab). Hence ab is constructible.
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The proofs of the other parts are similarly based on constructions given

in §1b, and are omitted. 0
Comment p>>D>
1.1.1 Sometimes standard geometrical constructions include instruc-

tions like ‘Draw an arbitrary line through A’ or ‘Draw any circle with centre
B and radius large enough to intersect with PQ’. It is not immediately ob-
vious that the rules (a), (b) and (c) given above are strong enough to permit
constructions such as these. However, it follows from the above theorem
that every element of the set Q of all rational numbers (numbers of the form
n/m where n and m are integers) is constructible. When asked to draw an
arbitrary line through A we may as well join A to a point with rational co-
ordinates, and when asked to draw an arbitrary circle with centre B we may
as well draw one that has rational radius. There will always be a rational
number of suitable size, since rational numbers exist which are arbitrarily
close to any given real number. So in fact anything that can be constructed
with ruler and compass can be constructed by just following rules (a), (b)
and (c). >>D>

Obviously one cannot draw an infinite number of circles and/or lines;
so the number of points obtained in any geometrical construction is finite.
Suppose that aq, as, ..., a, are the points occurring in a given construc-
tion, listed in the order in which they are constructed, with ay = (0,0) and
a1 = (1,0). Let the coordinates of «; be (a;,b;) (for each 7). Suppose that
we now wish to construct another point. According to the rules we can draw
a circle with centre «; and radius equal to the distance between a; and ay,
(for any choice of 7, j and k) and we can draw a straight line joining «; and
a; (for any ¢ and j). The points of intersection of such points and lines are
the only points that we can construct at the next stage. (We can, of course,
get further points by repeating the process.) The equation of such a circle is

(1) (= a;)” + (y = b:i)* = (a5 — ax)® + (b — bx)?
and the equation of such a line is
(2) (bj — bl)SL’ — (CLj — CLZ)y = CLibj — ajbi .

Hence the coordinates of the next point obtained can be found by solving
simultaneously two equations each having one or other of the above forms.

11
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1.2 THEOREM  Let aq, as, ..., ag be the points obtained in a ruler and
compass construction, listed in the order obtained. For each n let S, be the
set of all real numbers obtainable from the coordinates of aq, ao, ..., an,
by finite sequences of operations of addition, subtraction, multiplication and
division. Then there exists a,, € S,, such that the coordinates of au,+1 lie in

the set Sy, (yv/an) ={p+q/an | p,q € Sy }.
Proof. As described in the preamble, the coordinates of 1 are obtained
by solving simultaneously two equations like (1) or (2). There are three cases

to consider: both of the form (1), both of the form (2), and one of each. Let
us deal with the last case first.

On expanding, (1) has the form
(3) 2y +prtqutr=0
with p, ¢, r € S,,. Similarly, (2) has the form
(4) st+ty+u=0

with s, ¢, u € S, and either s # 0 or t # 0. If s # 0, rewrite (4) as

t U
5 r=—y— -
(5) Y
and substitute into (3). This gives
(6) Py +dy+r =0,
where in fact
/ t2
p =1+ 2
; pt  2ut
7= s s2
P u_2
s 52

but all that concerns us is that p/, ¢’, v’ € S, and p’ # 0. Let a,, = (¢')*>—4p'r’,
an element of S,. Using the quadratic formula to solve (6) shows that the
y-coordinate of o, 41 is in S, (v/a,,) and then (5) shows that the z-coordinate
1s too.
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In the case that both equations have the form (1) (so that ay,y; is the
point of intersection of two circles) we must solve simultaneously equation
(3) and a similar equation

(7) 22 + % + 1z +my+n=0.

But subtracting (7) from (3) gives an equation of the form (4); so we can
proceed as before.

In the remaining case both equations have the form (4), with coeffi-
cients in the set S,. To solve them just involves operations of addition,
subtraction, multiplication and division, and since by definition these oper-
ations cannot take us outside the set S,, it follows that the coordinates of

Q41 lie in S, = Sn(\/ﬁ) O

What Theorems 1.1 and 1.2 show is, essentially, that with ruler and
compass one can add, subtract, multiply, divide and take square roots, and
nothing else. To solve the Delian Problem one must construct the cube root of
two. You may think that we have already settled the matter, since obviously
it is impossible to find a cube root by taking square roots. Unfortunately,
however, this is not obvious at all. How do you know, for instance, that the
following formula is not correct?

3/5 . CL3 + 4b3
" 3a2b — 2ab? + 2bv/20% £ a2b2 — a3b

where

a=8+5v10

b=—-10+6v10+ 1/225 — 40V 10.

Or if you can show that it is not, how do you know that there is not some far
more complicated formula of the same kind which is correct? The algebraic
machinery which will be developed in the subsequent chapters will show that
there is not.

Exercises

1. Describe carefully how to perform the constructions mentioned in #6.
(Hint: For a/n and na use #5.)

13



14  Chapter One: Ruler and compass constructions

2.

Given a line segment of length 1 unit, construct a line segment of each
of the following lengths:

(i) V2 (i) V3 (i) V3 -2
(i) VV3 () F () VV2+VE
Measure the line segments in each case to check the accuracy of your

constructions.

Let § = 27/5 and let a = ¥ = cosf + isinf, where i is a complex
square root of —1. Thus « is a complex fifth root of 1. Show that
44t tr+l=(—-a)z—a N (z-a?)(z—a?)
= (2® — 2(cos0)z + 1)(2? — 2(cos 20)z + 1).
Hence show that
1
cosf + cos 20 = —5

1
fcos20 = ——
cos 6 cos 1
and solve to find cos 6.
Is it possible to construct an angle of 27 /57
Let OAB be an isosceles triangle with OA = OB and the angle at O

equal to /5. Let the bisector of the angle OB A meet O A at the point P.

(i) Prove that the triangles OAB and BAP are similar.

(i1) Suppose that OA has length 1 and let AB have length z. Use the
first part to prove that 2 +z — 1 = 0.
(Hint: Prove that PA has length 1 — x.)

(#i1) Use the previous part to show that a regular decagon inscribed in

a unit circle has sides of length %, and hence devise a ruler and
compass construction for a regular decagon.

Let 0 = 27/17 and let w = ¥ = cos# +isinf, a complex 17" root of 1.
Prove that

A s A TR o e |
—(rz-w-wHz-w)(z-—w?).. . (r-u®)(z—-w?®)

= (2% — (2cos )z + 1) (2% — (2cos20)x + 1) ... (2* — (2cos 80)x + 1).



7. Let
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Chapter One: Ruler and compass constructions

—14+v17 -1 — 17
o] = —5 g = —
1 2
B = §(Oé1+ ai +4)
1
B2 = 5(041— Oé%+4)
1
s = 5(artyfa3 +4)
1
Ba = 5(062— a%—l—él)

=50+ 48) a5 = 5+ \[5E — 45y)
1= (B~ /B —48s) 6= (55 — /5B — 461)
15 = 3 (Bt BB —48) 1 = 3 (st /5 — 48%)
1= (B~ B —48) = 50— [~ 45).

Check that v1 + v2 = 81 and 172 = (3, and hence show that

(22 =y +1)(2% — oz + 1) = 2* — pr2® + (24 B3)2® — frz + 1.
Similarly

(22 — y3z + 1)(932 — vz +1)= zt — Box® + (24 By)x® — fox + 1,
(2% — 52 + 1)(2? — 6z + 1) = 2* — B32° + (24 B1)2® — B3z + 1,
(2° —yrz + 1)(2® — sz + 1) = 2* — Baz® + (24 B2)2” — faz + 1.

Check that

(z* = Bra® + (24 B3)2? — frz + 1) (2" — Box® + (2+ Ba)2? — fox +1)

— x8+(1 _2\/1_7>x7+ (5—TV1_7>$6+(7 _2\/1_7)1-5+(2—\/ﬁ)x4

- (7_ \/1_7>a:3+ (5_ \/1_7):52+ (ﬂ)ﬂ 1.

2 2 2

The product of the other two quartics appearing in part (i) is
similar: just replace —v/17 by v/17.

15



16  Chapter One: Ruler and compass constructions

(éi1) Multiply the eighth degree polynomial appearing in part (ii) by its

(iv)

conjugate (obtained by replacing —1/17 by v/17) and show that the
result is 216+ 21 + 24 +... + 224 2+ 1. Comparing with the pre-

vious exercise, deduce that the numbers 71, 72, ..., 7 are equal to
2cosf, 2cos20, ..., 2cos80 (not necessarily in that order), where
0 =2n/17.

Use the previous parts to deduce that a regular seventeen sided
polygon can be constructed with ruler and compass.
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Introduction to rings

In this chapter we introduce the concepts which will be fundamental to the
rest of the course, and which are necessary to adequately understand the set
of constructible numbers.

§2a Operations on sets

If @ and b are real numbers their sum a 4+ b and product ab are also real
numbers. Addition and multiplication are examples of operations on the set
of real numbers. Operations can be defined in many different ways on many
different sets. For example, division of nonzero real numbers, addition and
multiplication of 2 x 2 matrices over R (where R is the set of all real numbers)
and so on. Let us state precisely what is meant by ‘operation’:

2.1 DEFINITION  An operation on a set S is a rule which assigns to each
ordered pair of elements of S a uniquely determined element of S.

Thus, for example, addition is the rule which assigns to the ordered
pair (a,b) of real numbers the real number a + b. Since the set of all ordered
pairs of elements of S is usually denoted by ‘S x S,

SxS={(a,b)|]acSandbe S},

we could alternatively state Definition 2.1 as follows: an operation on S is
a function S x S — S. Addition on R is the function

RxR— R
(a,b) — a+b.

In this course we will be concerned with many examples of sets equipped
with two operations which have properties resembling addition and multipli-
cation of numbers. The confusing thing is that sometimes some of the familiar

17



18

Chapter Two: Introduction to rings

properties are not satisfied. For example, addition and multiplication can be
defined on all the following sets:

R (real numbers)

Z (integers)

Mat(2,R) (2 x 2 matrices whose entries are real numbers)

27 (even integers)

R[X] (polynomials in X with real coefficients—expressions

like 2 + 5X + X?).

Each of these sets possesses a zero element; that is, an element 0 such that
a+0=a =0+ « for all elements « in the set. In four of the five examples
the product of two nonzero elements is nonzero; however, this property fails
for Mat(2,R). Similarly, in four of the examples there is an identity element;
that is an element 1 such that al = o = la for all @. However, this property
fails for 27 (no even integer is an identity element). In R for any two nonzero
elements a and b there is another element ¢ such that a = bc. None of the
other sets have this property. And the rule that a3 = Ba for all @ and 3 is
not satisfied in Mat(2,R) but is in all the others.

We attempt to bring some order to this chaos by listing the most im-
portant properties, investigating which properties are consequences of which
other properties, and classifying the various systems according to which prop-
erties hold.

62b The basic definitions

2.2 DEFINITION A ring is a set R together with two operations on R,
called addition ((a,b) — a4 b) and multiplication ((a, b) ab), such that
the following axioms are satisfied:
(i) (a+b)+c=a+(b+c) for all a, b, c € R.
(That is, addition is associative.)
(ii) There is an element 0 € R such that a +0=0+a =a for all a € R.
(There is a zero element.)
(iii) For each a € R there is a b€ R such that a+b=0b+a=0.
(Each element has a negative.)
(iv) a+b=b+a for all a, b € R. (Addition is commutative.)
(v) (ab)e = a(be) for all a, b, c € R. (Multiplication is associative.)
(vi) a(b+c¢) =ab+ac and (a+b)c=ac+ be for all a, b, c € R.
(Both distributive laws hold.)
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Comment D>
2.2.1 The five examples mentioned in §2a above are all rings. >>D>

2.3 DEFINITION A commutative ring is a ring which satisfies ab = ba for
all elements a, b.

That is, a commutative ring is a ring which satisfies the commutative law for
multiplication. (All rings satisfy the commutative law for addition.)

2.4 DEFINITION If R is a ring an element e € R is called an identity if
ea = ae = a for all a € R.

Comment >b>

2.4.1 We will almost always use the symbol ‘1’ rather than ‘e’ to denote
an identity element. Not all rings have identity elements—for example 2Z
does not have one. >D>D>

2.5 DEFINITION If R is a commutative ring and a € R is such that a # 0
and ab = 0 for some nonzero b € R then a is called a zero divisor.

2.6 DEFINITION  An integral domain is a commutative ring which has an
identity element which is nonzero (that is, 1 # 0) and no zero divisors.

Thus, in an integral domain the following property holds:
2.6.1 For all a, b, if a # 0 and b # 0 then ab # 0.

2.7 DEFINITION Let R be a ring with an identity and let @ € R. An element
b € R is called a multiplicative inverse of a if ab = ba = 1.

Comment D>>D>

2.7.1 It can be proved—see the exercises at the end of the chapter—that
if an element has a multiplicative inverse then the inverse is unique. That is,
if b, ¢ € R satisfy ab = ba = 1 and ac = ca = 1 then b = ¢. This fact means
that there is no ambiguity in using the usual notation ‘a=!’ for the inverse
of an element a which has an inverse. (Compare with the remarks following
Theorem 2.9 below.) >>D>

19



20 Chapter Two: Introduction to rings

2.8 DEFINITION A field is a commutative ring in which there is a nonzero
identity element, and every nonzero element has a multiplicative inverse.

Thus, in a field the following property holds:

For all a # 0O there exists a b such that

2.8.1 ab = ba = 1 (where 1 is the identity element).

We wish to investigate properties of the set of constructible numbers,
which, as it happens, is a field. However, it turns out to be necessary to
study other rings first before we can adequately describe and understand the
relevant properties of constructible numbers. To familiarize ourselves with
the various concepts we start by considering some examples.

#1 Fields

By definition a field satisfies all the ring axioms, and also
(i) multiplication is commutative,
(ii) there exists an identity element 1 # 0,

(iii) all nonzero elements have multiplicative inverses.

The following are fields:

R (the set of all real numbers),

Q (the set of all rational numbers),

C (the set of all complex numbers),

Q[v2] (the set of all numbers of the form a+bv/2 for a, b € Q),
Con  (the set of all real numbers which are constructible—

that is, {a € R | a is constructible }).

(It is straightforward to check that R and Q satisfy the field axioms; a little
more work is needed for the other two examples.)

#2  Integral domains

By definition an integral domain satisfies all the ring axioms, and also
(i) multiplication is commutative,
(ii) there exists an identity element 1 # 0,

(iii) there are no zero divisors. (That is, there do not exist elements a, b
such that a # 0 and b # 0 but ab = 0.)
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The following are integral domains:
all the fields listed in #1 above,

Z (the set of all integers),
R[X] (the set of all polynomials in X with coefficients from
the field R),

Z[X] (the set of all polynomials in X with coefficients from
the integral domain Z).

We will prove in §2d below that all fields are integral domains.

#3  Other commutative rings

There exist commutative rings with no zero divisors which are not integral
domains because they do not have identity elements. Examples of this are
2Z (the set of all even integers), 3Z (the set of all integers divisible by 3),
and so on. In general, however, commutative rings are likely to have zero

divisors. An example is:
a 0
{<0 b) o beR},

the set of all diagonal 2 x 2 matrices over R. Further examples are provided
by the rings Z,, (to be defined later).

#4  Other rings

Mat(2,R), Mat(3,R), ... (that is, square matrices of a given size over R)
are examples of noncommutative rings. In fact, as we will see in the next
section, Mat(n, R) is a ring for any positive integer n and any ring R. Thus,
for instance, Mat(5,27Z) and Mat(4,R[X]) are examples of rings. One can
also have matrices whose entries are matrices; thus Mat(2, Mat(2,R)) is the
ring of all 2 x 2 matrices whose entries are 2 x 2 matrices over R.

Of the different kinds of rings listed above, fields are the simplest, since
all of the usual properties of multiplication are satisfied. Next come integral
domains, which only lack multiplicative inverses, then arbitrary commutative
rings, and finally arbitrary rings, which are the most complicated since very
few requirements are placed upon the multiplicative structure.

§2c  Two ways of forming rings

Our principal theoretical objective in this course is to understand field exten-
sions; that is, relationships that hold between a field and larger fields having
the given field as a subset. (As, for instance, Q C Con C R.) For this we
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need to study various methods for constructing new rings from old ones, and
this also increases our store of examples of rings. In this section we give two
such methods of constructing rings.

#5  Direct sums

If R and S are rings we may define operations of addition and multiplication
on the set D of all ordered pairs (r,s) with r € R and s € S. We define

(7“1,81) + (7“2, 82) = (7“1 + 79,81 + 82)
(7“1,31)(7“2,82) = (7’17”2,3182)-

(That is, the operations are defined “componentwise”.) With these opera-
tions D is a ring, called the direct sum R+ S of R and S.

To prove that the direct sum of R and S is a ring it is necessary to
prove that Axioms (i)—(vi) of Definition 2.2 are satisfied. In each case the
proof that R+ S satisfies a given axiom simply involves using the same axiom
for R and S. We prove only the first three axioms here, leaving the others
as exercises.

Proof. (i) Let a,b,c € R+ S. Then we have a = (r1,s1), b = (ra2, $2)
and ¢ = (rs, s3), for some r1, 79, r3 € R and s1, $2, s3 € S, and so
(a+0b) +c=((r1,s1) + (r2,52)) + (3, 53)
= (r1 +ra, s1+ s2) + (13, s3) (by the definition of addition
in R+ 9)
(ri+172) + 73, (s1+82) +s3) (similarly)
14 (ro+173), s1+ (s2+s3)) (by Axiom (i) for R and S)
r1,81) + (re + 73, S2 + S3)
r1, 81) + ((7“2, 82) + (7’3, Sg))
=a+ (b+c¢)
as required.

= (
= (
= (
= (

(i) Let Or and Og be the zero elements of R and S, and let a be any
element of R +S. We have a = (r,s) for some r € R, s € S. Now

a+ (Ogr,0g) = (r,8) + (0r,05) = (r +0g, s+ 0g) = (r,s) = a,
and similarly (Og,0s) + a = a. Thus (Og,0g) is a zero element for R + S.
(iii) Let a be an arbitrary element of R + S. There exist r € R and s € S
with a = (r, s), and if we let b = (—r, —s) then

a+b=(r,5) + (=1, —s) = ((r+ (=1)), (5 + (=5))) = (Or, 0g).

Similarly b + a = (Og,0g), and since (Og,0g) is the zero element of R + S
this shows that b is a negative of a. U
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#6  Square matrices
Suppose that R is a ring and a1, ag, as, ... are elements of R. The axiom

(a+b)+c=a+(b+c) for all a, b, c € R

shows that the expression a+b+c is well defined. It makes no difference which
way parentheses are inserted: the additions can be done in either order. The
same obviously must apply for any number of terms; so there is no ambiguity
if the parentheses are omitted. That is, the expression a; + as + - -+ + a,, is
well defined. Moreover, the axiom

a+b=b+a forall a, be R

shows that the order of terms is immaterial. So there is no harm in using

sigma notation: a1 +as + -+ +ay, = > o a;.

(CAUTION: Rings are not necessarily commutative; so the same kind of
thing does not apply for multiplication. In the expression ajas...a, the
ordering of the factors must not be changed.)

The distributive laws a(b + ¢) = ab 4 ac and (a + b)c = ac + bc imply
that

blag +az + -+ ap) = bay + bag + - -+ + ba,
and
(a1 +as+ - +ap)b=ab+ab+--+ayb,

or, in sigma notation,

and

3
3

These formulae are known as the generalized distributive laws.

It is also worth noting that it is legitimate to interchange the order of
summation in double sums:

i=1 \ j=1 j=1

23
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where the a;; are ring elements (for ¢ = 1,2,..., nand j =1, 2,..., m).
This follows from the commutative law for addition—ring axiom (iv).

If n is a positive integer let Mat(n, R) be the set of all n x n matrices
with entries from R. If A € Mat(n,R) and i, j € {1,2,...,n} let A;; be
the entry in the i*" row and j* column of A. (Thus 4;; € R for each i, j.)
Define addition and multiplication on Mat(n, R) by

(A+ B)ij = Aij + Byj

(AB)ij =Y AixBy;.
k=1
That is, addition is defined componentwise, and for the product the (4, j)*
entry of AB is obtained by multiplying the i*" row of A by the j** column
of B in the usual way.

It can be shown that, with these operations, Mat(n, R) is a ring. As
with direct sums, the verification that Mat(n, R) satisfies a given axiom is,
in most cases, a straightforward calculation based on the fact that R satisfies
the same axiom. We will only do axioms (i) and (v) (which is harder than
the others).

Proof. (i) Let A, B, C € Mat(n, R). Then by the definition of addition
in Mat(n, R) and the associative law for addition in R we have

((A+ B) + C)ij =(A+B);; +Cyj
= (Aij + Bij) + Cij
= Aij + (Bij + Cy)
— A+ (B+C)y
=(A+(B+ C))ij

and therefore (A+ B)+C = A+ (B+C).
(ii) Let A, B, C € Mat(n, R). Then

n

((AB)C)Z'J' = Z(AB)ikaj

k=1

= < Az’hBhk) Clj
k=1 \h=1

3 |l
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(Z (AinBhnk) ij)

h=1

( AinBh) ij)
P

(by interchanging the order of summation)

(Z Ain ( Bhkckj))

(by associativity of multiplication in R)
Ain (Z Bhkckj>

k=1
Ain(BC)nj

BC)),
showing that (AB)C = A(BC), s required. O
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§2d Trivial properties of rings

Let R be any ring. By Axiom (ii) in Definition 2.2 we know that there is an
element 0 € R satisfying

(9) a+0=0+a=a for all a € R.

Could there exist another element z € R with the same property—that is,
satisfying

(£) a+z=z4+a=a foralla € R?

The answer is no. If z satisfies (£) then z = 0. To see this observe that
putting a = z in ($) gives z + 0 = 2z, while putting a = 0 in (£) gives
z+ 0 = 0. Hence z must equal 0.

In the preceding paragraph we have proved that the zero element of any
ring is unique. There are a number of other properties which are trivially true
in the examples of rings familiar to us, and which are equally easily proved
to hold in any ring; some of these are listed in the theorems in this section.
Although they are trivial, it is necessary to prove that they are consequences
of the ring axioms if we wish to claim that they are true in all rings.
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2.9 THEOREM In any ring R the zero element is unique, and each element
has a unique negative.

Proof. The first part has been proved above. For the second part, assume
that a € R and that b, ¢ € R are both negatives of a. Using Definition 2.2

we have
b=b+0 (by Axiom (ii))
=b+(a+c) (since ¢ is a negative of a)
=(b+a)+c (Axiom (i))
=0+c (since b is a negative of a)
=c (Axiom (ii)).
Thus a cannot have two distinct negatives, which is what we had to prove.

|

In view of the preceding theorem there is no ambiguity in denoting the
negative of an element a by ‘—a’, as usual. It is customary also to write
‘x—y’for ‘x4 (—y) .

2.10 THEOREM Let R be any ring and a, b, c € R.
(i) If a+b=a+ c then b = c.
(i) —(a+0b) = (—a) + (-b).

(iii) —(—a) = a.

(iv) a0 = 0a = 0.
(v) a(—b) = —(ab) = (—a)b.

(vi) (—a)(—b) = ab.

(vii) a(b—c) = ab — ac.

Proof. (i) Assume that a +b = a + ¢. Then we have
(—a)+(a+b) = (-a) + (a+c)

(ma) +a) +b=((-a) +a) +c (Axiom (i))
0+b=0+c (by definition of ‘—a’)
b=c (Axiom (ii))

as required.

(ii) In view of the uniqueness of negatives it is sufficient to prove that
(—a) + (—D) is a negative of a + b; that is, it is sufficient to prove that

((=a) +(=b) +(a+b) =0=(a+b) + ((—a) + (=b)).
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Furthermore, if we prove only the first of these equations, the other will follow
as a consequence of Axiom (iv) in Definition 2.2. But use of the first four
axioms readily gives

((=a) + (=0)) + (a +b) = (=a) + ((=b) + (a + b))
= (=a) + ((=b) + (b+a))
=(—a)+ (((=b) +b) + a)
=(—a)+ (0+a)
=(—a)+a
0.

(ili) By the definition, a negative of —a is any element b which satisfies
(—a) +b=0=0>b+ (—a). But these equations are satisfied if we put b = a;
so it follows that a is a negative of —a. (In other words, the equations that
say that x is a negative of y also say that y is a negative of z.) Since negatives
are unique, we have proved that —(—a) = a.

(iv) a0+ 0= a0 (Axiom (i))
=a(0+0) (Axiom (ii))
= a0+ al (Axiom (vi)).
By part (i) above it follows that a0 = 0. The proof that Oa = 0 is similar.

The proofs of the other parts are left to the exercises. O]

Our final result for this chapter gives a connection between two of the
concepts we have introduced.

2.11 THEOREM Every field is an integral domain.

Proof. Comparing the definitions of ‘field” and ‘integral domain’ we see
that this amounts to proving that there can be no zero divisors in a field. So,
let F' be a field and let a € F be a zero divisor. Then by definition a # 0 and
there exists b € F' with b # 0 and ab = 0. But since F' is a field all nonzero
elements have multiplicative inverses; in particular there exists ¢ € F' such
that ca = 1. Thus

b=1b= (ca)b=c(ab) =c0=0

contradicting the fact that b # 0. So F' can have no zero divisors. OJ
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Exercises

1. Prove parts (v), (vi) and (vii) of Theorem 2.10.

2. Prove that Ring Axioms (iv), (v) and (vi) hold in the direct sum R + S
of two rings R and S.

3. Prove that Ring Axioms (ii), (iii) and (iv) are satisfied in Mat(n, R).
(Hint: The zero element of Mat(n, R) is the matrix all of whose
entries are zero, and the negative of a matrix A is the matrix
whose entries are the negatives of the entries of A.)

4. Prove that Ring Axiom (vi) is satisfied in Mat(n, R).

5. Let A be any set and R any ring, and let F(A, R) be the set of all
functions from A to R. Let addition and multiplication be defined on
F(A, R) by the rules

(f +9)(a) = f(a) + g(a)
(f9)(a) = f(a)g(a)

for all f, g € F(A,R) and a € A. Prove that with these operations
F(A, R) is a ring.

6. Suppose that e; and ey are both identity elements in the ring R. Prove
that e; = es. (Hint: Consider ejes.)

7. Let R be aring with an identity element 1. Prove that an element a € R
can have at most one multiplicative inverse.

8. (i) Is the equation a® — b* = (a — b)(a + b) valid in all rings?

(i1) Let R be a commutative ring and let x and y be elements of R hav-
ing the property that 22 = 0 and y? = 0. Prove that (z + %) = 0.

(i) Give an example of a (noncommutative) ring R having elements x
and y such that 2% = 0 and y* = 0 but (z +y)> # 0.

(Hint: The matrix z = (8 (1)) satisfies 2 = 0.)

9. Suppose that R is a commutative ring and a € R is nonzero and not a
zero divisor. Prove that if b, ¢ € R satisfy ab = ac then b = c.
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10. By imitating the construction in #5, describe how to construct the direct

11.

sum A + B + C of three rings A, B and C.

A ring R is said to be Boolean if a®> = a for all a € R. Prove that if R
is Boolean then 2a = 0 for all @ € R. Prove also that all Boolean rings
are commutative.
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The integers

In this chapter we will investigate divisibility and factorization in the ring Z.
These properties will be used in the next chapter in the construction of the
rings Z,,, our first example of the important concept of a quotient of a ring.
Our treatment of Z and its quotients will be mimicked later in our discussion
of polynomial rings and their quotients, which are of central importance in
field extension theory.

§3a Two basic properties of the integers

We begin with a property of the set Z T of positive integers which is equivalent
to the principle of mathematical induction. It should be regarded as an
axiom.

3.1 LEAST INTEGER PRINCIPLE Every nonempty set of positive integers
has a least element.

Comment D>>>

3.1.1 To convince yourself that the principle of mathematical induction
follows from 3.1, it is worthwhile to try rewriting a simple proof by induction
as a proof by the Least Integer Principle. The idea is this. Suppose we wish
to prove that some statement P(n) is true for all positive integers n. We
check first that P(1) is true. Now let S be the set of all positive integers for
which P(n) is not true; we aim to prove that S is empty. If it is not then by
3.1 it has a least element, k, and k& > 1 since 1 ¢ S. Thus k — 1 is positive
and not in S; so P(k —1) is true. If we can prove that P(n) is true whenever
P(n — 1) is true it will follow that P(k) is true, contradicting k € S, and
thereby showing that S = (). Thus although we have appealed to 3.1 rather
than induction, our task is the same: prove that P(1) is true and prove that
P(n) is true whenever P(n — 1) is true.
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Chapter Three: The integers

As an illustration of this, let us rewrite the well known inductive proof
that > ;" 4% = (1/4)n*(n 4+ 1)? as a proof which appeals to 3.1 instead of
induction. (We have no use for this formula in this course, but we will make
use of the Least Integer Principle to prove other properties of 7Z.)

Let S = {n ez | Y @ # (1/4n%*(n + 1)?} (the set of all in-
tegers for which the given formula is false. Our aim is to prove that S is
empty. Using indirect proof (see §0d), assume that S # (). By 3.1 it fol-
lows that S must have a least element. Let k£ be this least element. Since
Z;:l i3 = 13 = (1/4)12(1 + 1)? we see that 1 ¢ S, and so k # 1. Since
k € ZT and k # 1, it follows that k — 1 is also a positive integer. Since
k—1<kandk is the least positive integer in S, it follows that k — 1 ¢ S.
Thus Z,’j 11 i3 = (1/4)(k — 1)2k%. Adding k> to both sides of this gives

iy = (/4 (k= 1)’k + &

= (1/4)((k* — 2k + 1)k* + 4k%)
= (1/4)(k* — 23 + k? + 4k°)
= (1/4)(k* + 2k° + k?)

= (1/4)

1/4)k*(k +1)?,

and by the definition of S we deduce that k£ ¢ S. But this is a contradiction,
since k € S by the definition of k. This contradiction completes the proof
that S is empty, which is what we had to prove. >D>>

The illustrative proof in 3.1.1 above is somewhat convoluted, and is
more naturally expressed as a direct proof by induction, in the usual way. In
other cases, however, the Least Integer Principle may be more natural and
easier to use than induction. Indeed, our next proof is a case in point. We
use 3.1 to prove the Division Theorem for integers:

3.2 THEOREM Ifa € Z and n € Z* then there exist unique integers q and
rwitha=qn+r and 0 <r <n.

Proof. Since r has to be a — gn, the theorem can be rephrased as follows:

(%)

Given a and n, we first prove the existence of such a q.

If a € Z and n € Z" then there exists a
unique integer ¢ such that 0 < a — qn < n.
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Let S={m¢cZ" |m==kn—aforsomekcZ}. Ifweputk=a>+1
then

kn—a:(a2+1)n—a2a2+l—a>(a—%)2>0

and so kn —a € S. Hence S # (), and by 3.1 it follows that S has a least
element.

Let ko € Z be chosen so that kgn — a is the least element of S. Then
we have

(1) kon —a > 0.

Moreover, since (kg — 1)n — a < kon — a it follows that (kg — 1)n —a ¢ S,
and therefore

(2) (ko —1)n —a <0.
Combining (1) and (2) yields
(ko —1)n < a < kon,
and, on subtracting (kg — 1)n throughout,
0<a—qgn<n

where ¢ = kg — 1. This establishes the existence part of (x).

To prove the uniqueness assertion we must show that if ¢, ¢’ are integers
satisfying 0 <a—gn <mnand 0 < a — ¢'n < n then g = ¢'.

Assume that ¢, ¢’ are such integers. Then
(¢—q)n=(a—gn)—(a—qn) <n
since a — ¢'n < n and a — gn > 0. Similarly,
(¢ —q@n=(a—qn)—(a—gn)<n.

So we obtain
-n<(¢g—¢)n<n,

and, on dividing through by n,
~-1<qg—¢ <1

Since ¢ and ¢’ are integers it follows that ¢ = ¢/, as required. U
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Comments D>
3.2.1 The integers ¢ and r in 3.2 are called the quotient and remainder
when a is divided by n.

3.2.2 If the remainder r in 3.2 is zero, so that a = gn, we write ‘n|a’,
which should be read as ‘n is a factor of a’, or ‘n divides a’ (short for ‘n
divides a exactly’), or ‘n is a divisor of a’, or ‘a is a multiple of n’.

3.2.3 The integer 0 is divisible by all integers, since the equation 0 = On
is valid for all n.

3.2.4 Observe that if a is an integer then the set of all divisors of —a is
the same as the set of all divisors of a. >D>>

§3b The greatest common divisor of two integers

3.3 THEOREM If a and b are integers which are not both zero then there
is a unique positive integer d such that

(a) d|a and d|b,

(b) if ¢ is an integer such that c|a and c|b then c|d.
Furthermore, there exist integers m and n such that ma + nb = d.

Comment >>>

3.3.1 Part (a) says that d is a common divisor of a and b, while part (b)
says that any other common divisor of a and b is a divisor of d. So d is the
greatest common divisor of a and b:

d = ged(a,b).
(A common notation is just d = (a,b). Some authors prefer the nomenclature
‘highest common factor’ to ‘greatest common divisor’.) >>D>

We give two proofs of the existence of a d with the properties described
in Theorem 3.3. The first, which is based on the Fuclidean Algorithm, also
provides a method for calculating d.

If @ and b be integers which are not both zero, define D = D(a,b) to
be the set of all common divisors of a and b:
D(a,b) = {c € Z | cla and c|b}.

Our aim is to prove that there exists d € D such that d is divisible by all
elements of D, and the strategy is to replace a and b by integers with smaller
absolute value without changing D.
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Observe first that by 3.2.4 we may replace a and b by |a| and |b| without
changing the set of common divisors. So we may assume that a > 0 and b > 0.
The next observation (Lemma 3.4 below) is that the set of common divisors
is unchanged if a is replaced by another integer which differs from a by a
multiple of b. The Euclidean Algorithm uses this fact repeatedly to replace
a and b by smaller numbers until one of them becomes zero.

3.4 LEMMA Ifa, b, m € Z then D(a,b) = D(b,a + mb).

Proof. Suppose that ¢ € D(a,b). Then a = rc and b = sc for some integers
r and s. Hence a +mb = (r + ms)c, and so ¢ is a divisor of a + mb. Since
c is also a divisor of b it follows that ¢ € D(a + mb,b). This shows that
D(a,b) € D(a+ mb,b).

Suppose, on the other hand, that e € D(a + mb,b). Then a + mb = te

and b = ue for some integers ¢t and u, and this gives a = (¢t — mu)e. Hence e
is a divisor of a as well as of b, and so e € D(a,b). So D(a+mb,b) C D(a,b).
g

To find the greatest common divisor of two nonegative integers a and b,
proceed as follows. Without loss of generality we may assume that a > b. If
b # 0 let b’ be the remainder on division of a by b, and define a’ = b. Since
b = a — qb for some ¢, Lemma 3.4 gives

D = D(a,b) = D(b,a — qb) = D(d’, V).

So D is unchanged, and o’ and b’ are smaller than a and b were. If ¥’ # 0
we can replace a by @’ and b by ' and repeat the process. Eventually, after
repeating the process often enough, the smaller of the two numbers will be
zero. Let d be the other number. Then the set D, which is unchanged
throughout, is equal to

D(d,0)={c€Z|cldand ¢[0} ={c€Z]|c|d}.

So the set of all common divisors of the two numbers a and b that we started
with equals the set of all divisors of d. In particular, d itself is the greatest
common divisor of a and b, divisible by every other common divisor.

We can conveniently paraphrase the above description of the algorithm
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using terminology based on various computer programming languages:

EUCLIDEAN ALGORITHM.

while b # 0 do
[a,b] ;== [b,a — bx* (adivb)]

enddo

return a

The “:=" sign in this means “becomes”. The pair of numbers a and b
are replaced by b and a — gb respectively, where ¢ the quotient on dividing a
by b, and this is repeated until b = 0. The program then returns the other
number, which is the ged of the initial two.

Using mathematical terminology of a more conventional kind, let a; = a
and ay = b, and (recursively) define a;;1 to be the remainder on dividing
a;—1 by a;, as long as a; # 0. This results in the following formulae:

a1 = q3a2 + as 0< a3z <as

a2 = 403 + G4 0<ayg <as
k-2 = Qrak—1 + Qg 0<ap <ap—
af—1 = Qr+10k ap+1 = 0.

Since (by 3.2) the remainder on dividing a;_1 by a; is a nonnegative integer
less than a;, the sequence aso, as, ... is a strictly decreasing sequence of
nonnegative integers. Any such sequence must eventually reach 0. So the
process must terminate. Now if D = D(aq,a2) then repeated application of
3.4 gives

D = D(ag,a3) = D(as,aq) = -+ = D(ak, ax11)-

But D(ag,ax+1) = D(ag,0) is just the set of all divisors of ay, and so putting
d = aj we conclude immediately that d € D and c|d for all ¢ € D. That is,
(a) and (b) of 3.3 are satisfied. Summarizing:

The gcd of two integers is the last nonzero

3.4.1 remainder obtained in the Euclidean Algorithm.
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The equations above also show how to express ged(ag, az) in the form
may + nay with m, n € Z. The idea is that a; and as are trivially expressed
in this form, since we obtain

a1 = miaj; +niaz
az = Maa1 + N2a2
if we define m; =1, ny =0 and my =0, n9 =1, and the equations from
the algorithm permit one to successively express as, aq4, ..., and eventually
ap = ged(ay,az), in the required form. Specifically, if we have expressions
for a;_1 and a;,
Ai—1 = Mi—101 + N;—102
a; = m;ay + n;az,
then the equation
@i—1 = Qi+10; + Qit1
(from the algorithm) gives
Ai+1 = Ai—1 — Gi+10G5
= (mi—1a1 +ni_1a2) — giy1(miar + nas)
= Mm;y101 + Nij4102,

where

Mit1 = Mi—1 — qi+1My

Ni41 = Nji—1 — Git17y-
Thus we have an expression for a;; and can repeat the process. This even-
tually yields an expression of the required kind for ay = ged(ay, az).

Thus the full algorithm, for finding the ged of ag and by and expressing
it in the form mag + nby, is as follows:

Begin with a = ag and b = bg.

m:=1,n:=0,m :=0,n" =1
while b # 0 do

q :=adivb

[a7b] = [baa_qb]

[m,m'] == [m',m — qgm/]

[n,n'] :=[n/,n — qn’]
enddo

return a, m, n
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At the end of the process, a is the gcd of ag and by, and m and n satisfy
a = mag + nby.

We have now proved most of Theorem 3.3, but we have still to prove
the uniqueness of the ged. For this, assume that d; and dy are both ged’s of
a and b; that is, (a) and (b) of 3.3 are satisfied with d replaced by d; and
also with d replaced by dy. Now since d;|a and d;|b (by (a) for dy) it follows
from (b) for dy that di|ds. Hence di < do. But exactly the same reasoning,
using (a) for dy and (b) for dq, gives do < di. So dy = ds.

—Example—
#1  Compute ged(84,133) and find integers m and n such that
ged(84,133) = 84m + 133n.

> The steps in the Euclidean Algorithm are:

(1) 133 = 1 x 84 + 49
(2) 84 =1 x 49 + 35
(3) 49 =1x 35+ 14
(4) 35=2x14+7
(5) 14=2x7

The last nonzero remainder is 7, and so 7 = gcd(84, 133).
Now (1) gives
(6) 49 =133 -1x 84
and substituting this into (2) we obtain an expression for 35 as a combination
of 84 and 133:

(7) 35 =84 —1 x 49
— 84— (133 — 1 x 84)
— 2 x 84 — 133.

Substituting (6) and (7) into (3) gives an expression for 14:
(8) 14=49—-1x35
= (133 — 1 x 84) — (2 x 84 — 133)
=2x133 -3 x 84.

Substitute (7) and (8) into (4):
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(9) 7T=35-2x14
= (2 x 84— 133) — 2(2 x 133 — 3 x 84)
=8 x 84— 5 x 133.

Som =8, n = —5is a solution. <K

Now for the second proof of the existence of the ged:

Proof. Let a and b be integers which are not both zero, and let
S={ma+nb|mmneZ}NZ".

Since a? 4+ b%> > 0 we see that a® +b> € S, and so, by 3.1, S has a least
element. Let d be this least element. Then certainly there exist m, n € Z
with d = ma + nb.
Let d’ be the remainder on dividing a by d. Then 0 < d’ < d, and, for
some q € Z,
d =a—qd

= a — q(ma + nb)

= (1 —gm)a+ (—qgn)b.
If d’ # 0 this shows that d’ € S, contradicting the fact that d is the least
element of S. Hence d’ = 0; that is, d|a. The same reasoning with a replaced

by b shows that d|b. O
§3c Factorization into primes

3.5 DEFINITION A nonnegative integer is said to be prime if it is strictly
greater than 1 and has no positive factors other than itself and 1.

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

Proof. Since ged(a,b) = 1 there exist (by Theorem 3.1) integers m and n
such that ma + nb = 1. Multiplying through by ¢ gives ¢(ma) + ¢(nb) = ¢,
which can be rewritten as (¢cm)a + (be)n = ¢ since multiplication in Z is
commutative. Now both terms on the left hand side are multiples of a (since
we are given that a|bc). Hence alc. O
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3.7 THEOREM FEach integer n > 1 can be expressed as a product of primes.
(That is, n = pips . ..p, for some r > 1 and primes p1, pa, ..., pr € Z".)

Proof. Assume that the above statement is false. By the Least Integer
Principle there exists a least integer n > 1 which is not expressible as a
product of primes. Then n itself is not prime (otherwise we could take r = 1
and py = n); so n = ning with 1 < ny < nand 1 < ny < n. By the
minimality of n it follows that n; and ny are both expressible as products of
primes. Hence so is n, contradiction. U

3.8 THEOREM The product in 3.7 is unique up to the order of the factors.
In other words, if p1, p2, ..., pr and q1, qo, - .., qs are positive prime integers
such that p1ps...pr = q1q2 - - - qs then r = s, and, for some permutation o of
{1,2,...,7}, we have p; = q,(;) fori=1,2, ..., r.

Proof. We have p1|pip2...pr = q1(q2qs - - - qs). Observe that since the only
positive divisors of a prime are itself and 1, two distinct primes can have no
positive common divisors other than 1. So if p; # ¢; then ged(p1,q1) = 1,
and by 3.6 it follows that p1|gaqs ... ¢s. If p1 # g2 the same argument gives
p1]gs...qs. Thus if p; # ¢; for each j we get successively pi]g2gs ... gs,
P1lq3qa - -qs, Dp1l@a--.qs, ..., and eventually p;|gs. But this is contrary
to the assumption that p; # g; for each j. So p; = ¢;, for some j;. Now
cancelling gives paps...pr = q1...¢j;-19j,+1 - - - 4s, and repeating the argu-
ment gives py = g;, for some jo # ji. We can continue in this way cancelling
factors until one side or the other is reduced to 1. But since 1 cannot equal
a product of primes greater than 1 it follows that when all the factors have
been cancelled from one side all the factors have been cancelled from the

other side too. So we must have r = s and p; = ¢;, for i =1, 2, ... r,

where ji, j2, ..., jr are all distinct—that is, p; = g,(;) where o(i) = j; is a

permutation of {1,2,...,r}. O
—Example—

#2 Prove that V/3 is irrational.

> We prove first that if @ and b are integers such that a? — 3b% = 0 then
a=0b=0.

Suppose to the contrary that there exists a nontrivial integral solution
to a® — 3b> = 0. Replacing a and b by their absolute values we may assume
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that a and b are both in Z". By Theorem 3.7 both a and b can be expressed
as products of primes; say

a=pip2...pn and b=qiq2...qm.

Now a? = 3b? gives

(s5) Pips ... Do = 34105 - .. qa.

But by Theorem 3.8 prime factorizations are unique up to ordering of the
factors; hence the number of times 3 occurs on the left hand side of (xx)
equals the number of times it occurs on the right hand side. But 3 occurs an
even number of times on the left hand side (twice the number of i such that
p; = 3) and an odd number of times on the right hand side (one plus twice
the number of j such that ¢; = 3). This contradiction shows that no such a
and b exist.

We can now see that /3 is irrational, for if V3 = a/b with a, b € Z
then b # 0 and a? — 3b% = 0. But the Lemma shows that this is impossible.

Of course, similar proofs apply for v2, v/5, v6, ¥/2, and so on.
<K

Exercises

1. In each case compute the gcd of the given integers a and b and find
integers m and n such that ged(a,b) = ma + nb:

(i) =420, b= 2079 (i) a=1188, b= 4200.
2. Prove that v/2 is irrational.
3. Show that if a|b and b|c then alc.
4. Show that if a|r and b|s then gcd(a, b)|ged(r, s).

5. Let a, b and ¢ be integers, and let d = gecd(a,ged(b,c)). Show that
d = ged(ged(a,b),c). Show also that d is the largest positive integer
which is a divisor of all of a, b and ¢, and that there exist integers [, m
and n with d = la + mb + nc.
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Let a, b be positive integers and M the set of positive integers which
are multiples of both a and b. The least element of M is called the least
common multiple of a and b and is denoted by lem(a, b).

(i) Show that if a|c and b|c then ab|cd, where d = ged(a, b).
(1) Show that lem(a,b) = ab/ged(a, b).

Let a, b and e be integers and let d = ged(a,b). Prove that there exist

integers m and n such that ma + nb = e if and only if e is a multiple
of d.

(i) Find an integral solution (m,n) to the equation
4641m + 2093n = 364.

(ii) Prove that there is no integral solution to the equation

91m + 63n = 6.

Let a and b be integers, and let m = mg, n = ng be an integral solution
to the equation

(3) ma +nb=d
where d = ged(a, b). Prove that for any k € Z

= mo + k(b/d)
n =ng— k(a/d)

is another solution to ($). Prove also that every integral solution to ($)
has this form.

Let m be a positive integer. Show that there exist unique integers
ag, a1, ..., a, such that a, # 0,

m = ap + 8a; + 8%ag + - + 8 a,

and 0 <a; <8fort=0,1, ..., 7.
(Hint: Use the Division Theorem repeatedly.)
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Quotients of the ring of integers

Our primary objective in this chapter is the construction of the rings Z,.
We start with a preliminary section which will also be needed later in our
discussion of quotient rings in general.

§4a Equivalence relations

Sometimes when considering elements of some set S' it is convenient to lump
together various elements of S if they are equivalent to one another, by some
criterion of equivalence. For example, if S is the set of all cars in Sydney we
may wish to regard two elements of S as equivalent if they are of the same
make. (That is, all Holdens are equivalent, all Fords are equivalent, and so
on.) Obviously the set of all equivalence classes will be much smaller than
the set S itself. One can easily invent various other equivalence relations,
but to justify the term ‘equivalence’ the following properties should hold:

(i) Every element should be equivalent to itself.
(ii) If a is equivalent to b then b should be equivalent to a.

(iii) If a is equivalent to b and b is equivalent to ¢ then a should be equivalent
to c.

4.1 DEFINITION Let ~ be a relation on a set S. That is, for every pair a,
b of elements of S either a ~ b (a is related to b) or a % b (a is not related to
b). Then ~ is called an equivalence relation if the following hold for all a, b,
cesS:

(i) a ~ a. (reflexive law)
(ii) If a ~ b then b ~ a. (symmetric law)
(iii) If a ~ b and b ~ ¢ then a ~ c. (transitive law)

If ~ is an equivalence relation on the set S and a € S define

a={beS|b~al.
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That is, @ is the subset of S consisting of all elements equivalent to a. The
subset @ is called the equivalence class of a.

4.2 THEOREM If ~ is an equivalence relation on S and a, b € S then
(i) @ = b if and only if a ~ b,
(ii) if a o b thenanb = (.

Proof. (i) Suppose that a ~ b. By the Symmetric Law we also have that
b ~ a. Now for x € S the Transitive Law gives us the following facts:

(%)
By (%) we see that = ~ a if and only if x ~ b. Hence

a={zcS|z~a}={xcS|z~b}=0

If x ~ athen x ~ a and a ~ b; so x ~ b.
If 2 ~bthen z ~band b~ a; sox ~ a.

Conversely, suppose that @ = b. Since a ~ a we have
ac{zeS|z~a}=n0a.
Hence
acb={zeS|xz~b}.
So a ~ b.

(ii) Suppose that a £ b and @N b# (. Let c € @anb. Then we have ¢ € @
and ¢ € b; so ¢ ~ a and ¢ ~ b. By the Symmetric Law we deduce that a ~ ¢
and ¢ ~ b, so that the Transitive Law gives a ~ b, contradicting our initial

assumption. ([

Comment >>>

4.2.1 Theorem 4.2 shows us that the equivalence classes form a partition

of the set S—that is, every element of S lies in exactly one equivalence class.
>

We now define B
S={alacS}
That is, S is the set of all equivalence classes of elements of S.

By 4.2, @ and b are the same if a ~ b. So when we deal with equivalence
classes we are, so to speak, amalgamating equivalent elements. Intuitively,
we pretend that we cannot tell the difference between equivalent elements.
Then all equivalent elements combine to be one single element (which, strictly
speaking, is an equivalence class) of a set S which is smaller than our original
set S.
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4.3 DEFINITION The set S defined above is called the quotient of S by the
equivalence relation ~.

§4b Congruence relations on the integers
Throughout this section let n be a fixed positive integer.

4.4 DEFINITION Let = be the relation defined on Z by the rule
a = b if and only if a — b is a multiple of n.

The relation = is called congruence modulo n.

Comment >D>>
4.4.1 We usually write ‘a = b (mod n)’ rather than just ‘a = b’, unless
there is no possible confusion. >D>>

For example, 11 = 3 (mod 8), and —6 = 40 (mod 23), and so on.

4.5 THEOREM (i) Congruence modulo n is an equivalence relation on Z.

(ii) For every integer m there is exactly one integer r in the range 0 <r < n
such that m is congruent to r modulo n.

Proof. (i) Let a, b, ¢ € Z be such that a = b (mod n) and b = ¢ (mod n).
Then, by the definition, n|(b — a) and n|(c — b). That is,

b—a=mnrandc—>b=ns
for some r, s € Z. Now

c—a=(c—b)+(b—a)
=ns+nr
=n(s+r).

So n|(c — a), and we have proved that congruence modulo n is a transitive
relation.

The proofs that congruence is reflexive and symmetric are left to the
exercises.
(ii) By definition, m = r (mod n) if and only if n|(m — r). That is, m = r
(mod n) if and only if m —r = gn for some ¢ € Z. But by Theorem 3.2 the
equation m = qn + r has exactly one integral solution with 0 < r < n. Il
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Comments >>D>

4.5.1 By Theorem 4.5 the equivalence classes 0, 1, 2, ..., n — 1 are all
the equivalence classes for the relation congruence modulo n, and these classes
are all distinct from one another.

4.5.2 We will use the notation ‘Z,’ rather than ‘Z’ for the set of all
equivalence classes. The equivalence classes for the congruence relation are
usually called ‘congruence classes’. >>>

84c The ring of integers modulo n

Let n be a fixed positive integer. In the last section we defined the equivalence
relation ‘congruence modulo n’ on Z and defined Z, to be the set of all
congruence classes. By Theorem 4.5

Zn =1{0,1,2,...,n— 1}

(where by definition 7 = {m € Z | m = r (mod n) }). Intuitively, we have
amalgamated into one object all integers which leave the same remainder on
division by n. For example, if n =5 we have

where
0={...,-5,0,5,10,...}
1={...,—4,1,6,11,...}
2={...,-3,2,7,12,...}
3=1{...,-2,3,8,13,...}
4={...,-1,4,9,14,...}.
Intuitively, the integers ..., —6, —1, 4, 9, 14, 19, ... become a single object,
asdo ..., —2, 3,8, ... and so on. That is, these numbers are all regarded
as equal when working modulo 5. What this means strictly is that
= 6=—-1=4=09=...

and so on. In other words we have many different names for the same con-
gruence class.

Observe that in the above example the sum of any element in set 3 and
any element in the set 4 gives an element in the set 7 = 2. Thus, for instance,
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—2€3, 19€4, and —2+ 19 = 17 € 2. So it seems reasonable to define the
sum of the sets 3 and 4 to be equal to the set 2. That is,

3+4 =2
Similarly the product of any element in the set 2 and any element in the set
3 gives an element in the set 1. For example
2x3=6¢€1, Tx(-2)=-14€1, (-8)x13=-104¢€ 1.

So we define _ _

2x3 =1
This suggests the following general rule for addition and multiplication of
congruence classes. To add (or multiply) two classes pick one element from
each class and add (or multiply) the elements. The congruence class in which
the answer lies is then defined to be the sum (or product) of the two given
classes. We must show, however, that you get the same answer whichever
elements you choose. Fortunately that is not hard to prove.

4.6 LEMMA Let n be a positive integer. If a, a’, b, b/ are integers such that
a=ad (modn)andb="0b (modn) then
a+b=d +b (modn) and  ab=ad't! (mod n).

Proof. Assume that a = a’ and b =¥'. Then nla—a’ and n|b—b". That is,
a =a-+rnand b = b+ sn for some r, s € Z.
This gives
ad+b =(@+m)+(b+sn)=(a+b+(r+s)n=a+b (modn)
and similarly
a't/ =ab+ (rb+as+rsn)n=ab (mod n).

O
Comment >D>>
4.6.1 In view of 4.2, an alternative formulation is this:
Ifad=a and b=V then a+b=da +b and ab = a'l/.
>>D>

4.7 THEOREM Addition and multiplication can be defined on Z,, in such a
way that a+b=a+ b and ab = ab for all a, b € Z.

Proof. Given a and 3 in Z,, there are uniquely determined integers r and
ssuchthat 0 <r <n,0<s<nand7=a«,5=/0. Definea+p=r+s
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and aff = 7s. We have now defined addition and multiplication on Z,; it
remains to check that the formulae in the theorem statement are satisfied.

Let a, b € Z, and let r, s € Z be such that 0 < r < n, 0<s<nand
7 =a,s=0. By the deﬁnltlons just given, @+ b =7+ s and ab = 75, and
by 4.6.1 the required result follows. O

It is now trivial to verify that these operations of addition and multi-
plication on Z,, satisfy the ring axioms.

4.8 THEOREM The set Z, forms a ring with respect to the operations of
addition and multiplication as defined in 4.7.

Proof. It is necessary to check all of the axioms (i)—(vi) of Definition 2.2.
In each case one simply appeals to the same property of Z and the formulae
in 4.7. We will do only the first three axioms, leaving the others as exercises.
(i) Let «, 3,y € Z,,. Then there exist a, b, c € Z witha = «a, b = 3, ¢ = 7,
and we have

(a+B)+~v=(a+b)+¢c
=a+b+¢ (by the definition of addition in Z,,)
—(a+0b)+c (similarly)
= m (since addition in Z is associative)
=a+ (by the definition of addition in Z,,)
=a+(b+ C) (similarly)
=a+(B+7).

(ii) We will prove that 0 is a zero element in Z,,. Let o be any element of
Z.,, and choose any a in Z with @ = a. Then

a+0=a+0=a+0=a=a.

Similarly, 0 + a = «a.
(iii) Let a € Zy, and let a € Z with @ = a. Then

a+—a=a+—-a=a+(—a)=0

and similarly —a + o = 0. Since 0 is the zero element of Z,, this shows that
—a is a negative of a. O
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84d Properties of the ring of integers modulo n

Since multiplication in Z is commutative we have in Z,, that

102 = a102 = G201 = G2 G1

for all a1, as € Z. Since every element of Z,, is of the form @ for some a € Z
this shows that multiplication in Z,, is commutative. We also have

la=la=al=al

for all a € Z, and it follows that 1 is a multiplicative identity for Z,. Thus
we have proved

4.9 THEOREM The ring Z,, is commutative and has an identity element.

The ring 7Z itself, as well as being commutative and having an identity
element, has the property that there are no zero divisors. Hence Z is an
integral domain. However the ring 7Z, usually has got zero divisors. For
instance in Zg we have 3 # 0 and 2 # 0 but 3 x 2 = 6 = 0. Hence we see
that Z,, is not generally an integral domain. A little thought shows that it
is not possible to find zero divisors in Z,, in this way if n is prime. In fact:

4.10 THEOREM The ring Z,, is an integral domain if and only if n is prime.

Proof. If nisnot prime then thereexist r, s € Zwithl <r<n,1<s<n
and rs = n. This gives
Ts=75=n=0

although 7 # 0 and 5 # 0. Since 0 is the zero element of Z, it follows that
7., has zero divisors and is therefore not an integral domain.

On the other hand, suppose that n is prime and suppose that 75 = 0.
Then 75 = 0; that is, rs = 0 (mod n). So n is a divisor of rs. But if
r and s are expressed as products of primes and these two expressions are
multiplied together, the result is an expression for rs as a product of primes.
By Theorem 3.8 we deduce that the prime divisors of rs are precisely the
prime divisors of r together with the prime divisors of s. Since n is a prime
it follows that n must be either a prime divisor of r or a prime divisor of
s. Hence either r = 0 (mod n) or s = 0 (mod n); that is, either 7 = 0 or
5 = 0. Thus we have proved that it is impossible for the product of two
nonzero elements of Z,, to be zero. So Z,, has no zero divisors. Since also Z,,
is commutative and has an identity element (Theorem 4.9), Z,, is an integral
domain. O
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So if p is prime Z,, is an integral domain. However even more is true—in
fact Z, is a field in this case. To prove this one must show that each element
of Z, has a multiplicative inverse. (Observe, for instance, that this is true
in Zs. Since 2 x 3 = 6 = 1 it can be seen that 2 and 3 are multiplicative
inverses of each other, while similar calculations show that 1 and 4 are each
their own inverse.)

We prove a slightly more general statement, namely:

4.11 THEOREM Suppose that D is an integral domain which has only a
finite number of elements. Then D is a field.

Proof. Recall that an integral domain is a commutative ring with identity
with no zero divisors, while a field is a commutative ring with identity for
which all nonzero elements have multiplicative inverses. So it suffices to prove
that if @ € D and a # 0 then there exists b € D with ab = 1.

Let a € D with a # 0. Define a mapping A\: D — D by
A(b) = ab for all b € D.

We will show that A is injective. That is, we show that A(b) and A(c) can
only be equal if b = c.

Suppose that A\(b) = A(c¢). Then ab = ac, and so ab — ac = 0. By the
distributive law we obtain a(b — ¢) = 0. But D has no zero divisors (since
it is an integral domain), and since a # 0 it follows that b — ¢ = 0; that is,
b = c. Hence X is injective, as claimed above.

Now suppose that by, ba, ..., br are all the distinct elements of D.
Then A(b1), A(b2), ..., A(by) are all distinct (since A(b;) = A(b;) would imply
that b; = b;). But D has only k elements altogether; so each element of D
is equal to some A(b;). In particular the identity element 1 equals A\(b;) for
some i. That is, 1 = A(b) = ab for some b € D. So a has a multiplicative
inverse, namely b. This argument applies to any nonzero element a of D, and
so it follows that D is a field. 0J

Note also that even if n is not prime an element @ of Z, will have a
multiplicative inverse if ged(a,n) = 1. This is so since by Theorem 3.3 there
will exist integers r» and s with ra 4+ sn = 1, giving

ra=1—sn=1 (mod n)

so that 7a = 1, and 7 is the inverse of @.
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—Example—
#1  Calculate the inverse of the element 24 in Zigo;

> Apply the Euclidean Algorithm to find integers r and s which satisfy

24r +1001s = 1:
1001 =41 x 24 + 17

24 =1x174+7
17=2x7+3
T=2x3+1

Substituting back gives

1=7-2x3=7-2(17T—2x7)=5(24—-17) =2 x 17
— 5 x 24 — 7(1001 — 41 x 24) = 292 x 24 — 7 x 1001.

Thus 292 is the required inverse. <

Exercises

1. Prove that congruence modulo n is reflexive and symmetric.
2. Prove that Z,, satisfies Axioms (iv), (v) and (vi) of Definition 2.2.

3. Use mathematical induction to show that 6™ = 6 (mod 10) for every
positive integer n.

4. Let m be an odd positive integer. Show that
(i) m?=m (mod 2m)
(i) m*=1 (mod 4).

5. Find all solutions of the congruence 54z = 13 (mod 37).

6. Find the remainder when 19'° is divided by 36.

7. Find all the zero divisors in the rings Zg and Zy + Zo + Zs.

8. Show that an integer is divisible by four if and only if the sum of the

units digit and twice the tens digit is divisible by four.



10.

11.

12.

13.

14.
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Suppose that m is a positive integer, and let C' be one of the con-
gruence classes modulo m. Prove that if @ € C and b € C then
ged(a, m) = ged(b, m).

Determine if the elements 13 and 14 have inverses in the ring Zso, and
find the inverses if they exist.

Prove that if m|n and a = b (mod n) then a = b (mod m).

Let X = {—1,0,1} and define the relation ~ on Z* by the rule
a~bifta—->be X.

Show that ~ satisfies two of the properties of an equivalence relation,
and give an example to indicate why the third property in not satisfied.

Define the relation ~ on R by the rule
x ~ y if and only if y — x € Z.

Prove that ~ is an equivalence relation and describe the eqivalence
classes.

For the given set and relation below, determine which define equivalence
relations, giving proofs or counterexamples:

(i) S is the set of all people living in Australia; a ~ b if a lives within
100 km of b.

(ii) S is the set of all integers; a ~ b if a > b.

(#i) S is the set of all subsets of a finite set T'; a ~ b if a and b have
the same number of elements.
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Some Ring Theory

In this chapter we introduce some of the concepts which are needed to study
abstract rings, and prove the first theorems of the subject.

§5a Subrings and subfields

5.1 DEFINITION (i) A subset S of a ring R is called a subring if S is itself
a ring with respect to the operations of R.

(ii) A subset S of a field F is called a subfield if S is itself a field with respect
to the operations of F.

For example, the ring Z is a subring of the field R, but not a subfield.
The rational numbers, Q, form a subfield of R, which is in turn a subfield of
C. The even integers, 2Z, form a subring of Z.

5.2 THEOREM Let R be a ring and S a subset of R such that
(i) S is nonempty,

(ii) S is closed under multiplication (that is, ab € S for all a, b € 5),
(iii) S is closed under addition (a+be S foralla,bes),
(iv) S is closed under forming negatives (—a € S forallac).

Then S is a subring of R.

Conversely, any subring of R has these four properties.

Proof. Assume first that S is a subring of R. We must prove that the four
properties above are satisfied.

Since S is a ring it must have a zero element. So S # (), and the first
of the properties holds. Note also that if z is the zero of S and 0 the zero of
R then z + z = z (by the defining property of the zero of S) and 2+ 0 = z

52



Chapter Five: Some Ring Theory

(by the defining property of the zero of R), so that by Theorem 2.10 (i) we
must have z = 0.

Now let a and b be arbitrary elements of S. Since the operations of
addition and multiplication in R define operations on S we must have that
a+0b and ab are elements of S. So properties (ii) and (iii) hold. Furthermore,
since a must have a negative in S there must exist x € S such that

a+xr=z=x+a.
But since z = 0 these equations also say that z is a negative of a in R. By

Theorem 2.9 it follows that © = —a, and we have proved that —a € S, as
required.

For the converse we must assume that S satisfies properties (i)—(iv)
and prove that it satisfies Definition 2.2. Observe that properties (ii) and
(iii) guarantee that the sum and product in R of two elements of S are
actually elements of S; hence the operations of R do give rise to operations
on S. It remains to prove that Axioms (i)—(vi) of Definition 2.2 are satisfied
in S. In each case the proof uses the fact that since R is a ring the same
axiom is satisfied in R. The hardest part is to prove that the zero element of
R is actually in S; so let us do this first.

We are given that .S is nonempty; hence there exists at least one element
s € S. By property (iv) it follows that —s € S, and so by property (iii)

0=s+(—s) €.
Let a, b, c € S. By Axioms (i), (iv), (v) and (vi) in R we have

(a+b)+c=a+(b+c)
at+b=b+a
(ab)c = a(bc)

a(b+c) = ab+ ac
(a+b)e =ac+ be

and so it follows that Axioms (i), (iv), (v) and (vi) are satisfied in S.

We proved above that 0 € S. Now if a is any element of S we have (by
Axiom (ii) in R) that a+0 = a = 0+ a, and therefore 0 is a zero element for
S. Moreover by property (iv) we have that —a € S; thus each element of S
has a negative in S. So S satisfies Axioms (ii) and (iii). O
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Comments >>D>
5.2.1 In the above proof we have also shown that every subring contains
the zero element of the ring.

5.2.2 The point of proving theorems is that the work which goes into
proving them never has to be repeated. One has simply to check that the
hypotheses of the theorem are satisfied to be able to assert that its conclusion
is satisfied, without repeating the steps of the proof. In particular, if we have
to prove that something is a ring we can usually contrive to use a theorem
(such as the above) in whose proof the tedium of checking the axioms one by
one has already been dealt with. >>D>

—Examples—

#1  Prove that S = {a+bv3 | a,b € Z} is a subring of R.

> By Theorem 5.2 it is sufficient to check that S is nonempty and sat-
isfies the three closure properties.

It is obvious that S is nonempty—for example 0 = 0 + 0v/3 € S.

Let o, 8 € S. We must show that a3, a + 3 and —« are all in S. By
definition of S we have a = a+bv/3 and 8 = ¢+ d+/3 for some a, b, ¢, d € Z.
Thus

a+pf=(a+c)+(b+d)V3
o3 = (ac+ 3bd) + (ad + bc)V/3
—a = (—a) + (~b)V3.

In each case the right hand side has the form (integer)+(integer)y/3, and so
a+ [, aff and —« are all in S, as required. <

s={(5 1)

is a subring of Mat (2, Z).

#2 Prove that

a,lchZ}.

> S # () since (8 8)65.
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Let a = (8 g) and 0 = <d e) be arbitrary elements of S. Then

0 f
OH—B:(a—gd Si;)GS,
Oéﬁ:(aod ae;bf) s,
—a = <_0a :ﬁ) €s.
Hence the closure properties hold. <

#3 Let § = { (2 z> ‘ a, b, c € Z}. Prove that S is not a subring of

Mat(2,7Z).

> The multiplication operation on Mat(2,Z) does not yield an operation
on S, since the product of two elements of S need not be in S. For example,

<(1) (1)) es and ((1) (1)) €S,
(L0001 es

#4 Let R=7g and let S C R be given by

but

Prove that S is a subring of Zs.
> Observe that S = {2r | r € Z}. Obviously S # 0.

Since
2r+2s=2r +2s€ S,
and
2r2s = 4rs = 2(2rs) € S,
and

—(ﬂ) =2(-r) €S,
the required closure properties hold. =
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#5 The subset {1,3,5,7} of Zg is not a subring. It is closed under multi-
plication but not addition.

5.3 THEOREM Let F be a field and S a subset of F' such that
(i) 0e Sand1e€S,
(ii) ifa € S and b€ S thena+be S and ab € S,

(iii) if a € S then —a € S,

(iv) ifa € S and a # 0 then a™! € S.

Then S is a subfield of F'.

Conversely, any subfield of F' satisfies these properties.

Proof. Since F is a field it is certainly a ring. Suppose that S is a subset
of F satisfying the properties above. Then S satisfies properties (i)—(iv) of
Theorem 5.2, and so by Theorem 5.2 it follows that S is a subring of F.
Hence S is a ring.

We are given that the identity element of F' is in the subset S; hence
S has an identity element. The identity element is nonzero, since by Defi-
nition 2.8 applied to F' we know that 1 # 0. Furthermore, ab = ba for all
a, b € S, since by Definition 2.8 the same is true for all a, b € F. Finally, if
a is a nonzero element of S then property (iv) above guarantee that a has an
inverse in S. We have now checked that all the requirements of Definition 2.8
are satisfied; thus S is a field, and therefore a subfield of F'.

The proof of the converse (that any subfield has the listed properties)
is similar to the first part of the proof of Theorem 5.2, and is left to the
exercises. U

—Example—

#6 S={a+b/3|a,bcQ} is asubfield of R.

The hardest part of the proof is to show that S is closed under forming
inverses of its nonzero elements—part (iv) of 5.3.

Suppose that a, b € Q and that a + bv/3 # 0. Then a? — 3b> # 0 (by
§3c#2), and we find that

1 a —b
(a+b\/§> a2 — 3b2 + a2—3b2\/§'
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Since the coefficients on the right hand side are rational numbers, the result
follows.

§5b  Homomorphisms

5.4 DEFINITION Let R and S be rings. A mapping #: R — S is called a
ring homomorphism if

O(a+b) =0(a)+0(b)
and
0(ab) = 6(a)0(b)

for all @ and b in R.

Definition 5.4 is sometimes expressed as follows:

A ring homomorphism from R to S is a mapping
which preserves addition and multiplication.

Some elementary properties of homomorphisms are listed in the next
theorem.

5.5 THEOREM If6: R — S is a ring homomorphism then
(i) O(0r) = 0Og (where ‘Og’ means ‘zero element of R’ and ‘0g’ means
‘zero element of S’),
(ii)) 0(—a) = —0(a) for all a € R,
(iii) 6(a —b) = 0(a) — O(b) for all a, b€ R,
(iv) 0(arasz...a,) = 0(a1)0(az)...0(ay,) forall ai, as, ..., a, € R,
(v) O(a; +as+---+ay,) =0(ar) +0(az) +---+6(a,) forall a; € R.

Proof. (i) Using the defining properties of O and Og and the fact that 6
preserves addition we have

0(0r) +0(0r) = 0(0r +0gr) = 0(0r) = 6(0r) + 05
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and by Theorem 2.10 (i) it follows that #(0r) = Os.
(ii) Let a € R. Since 6 preserves addition

6(a) +0(—a) =0(a+ (—a)) =0(0r) = 0g

by part (i). Applying the commutative law for addition we obtain that
0(—a) + 0(a) = Og also. By Theorem 2.9 (uniqueness of negatives) it fol-
lows that (—a) = —0(a).

(iii) Let a, b € R. We have

0(a —b) = 0(a + (=b)) = 8(a) + O(—b) = 6(a) + (—6(b)) = O(a) — O(b).

(iv) If n = 1 this is immediate. Proceding by induction we assume that
n > 1 and the statement holds with n — 1 in place of n. Let aq, aso, ...,
an, € R. Using the fact that 6 preserves multiplication and the induction
hypothesis we obtain

O(ayras .. «9( aLas ... Gy 1)an)
9(a1a2 cap—1)0(an)
= (6(a1)b(az) ...0(an-1))0(ay)
=0(a )9( 9)...0(ay)

as required.
(v) The proof of this is similar to the proof of (iv) and is omitted. O
Comment D>>>
5.5.1 If R has an identity element 1 then it is not necessarily true that

6(1) is an identity element of S. If 6 is surjective (onto), however, then 6(1)
must be an identity. See the exercises at the end of the chapter.

5.5.2 If S is a subring of the ring R and #: R — T is a homomorphism

then the restriction of 6 to S—the mapping ¢:.S — T given by ¢(s) = 0(s)

for all s € S—is clearly a homomorphism. >>>
—Examples—

#7 Define 0:7Z — Z,, by 0(a) = @ for all a € Z. (That is, 6 takes any
integer to its congruence class modulo n.) By definition of addition and
multiplication of congruence classes

bla+b)=a+b=a+b=
O(ab) = ab = ab =
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So 6 is a homomorphism. (This is an example of a homomorphism from a
ring to a quotient ring of itself. Whenever a quotient ring can be formed such
a homomorphism exists.)

#8 Let
. a b
O(a+bi) = (—b a) :
define a map 0: C — Mat(2,R). Since we havef

0((a+bi)+ (c+di)) =6((a+c)+ (b+d)i)
- a+c b+d
_<—(b—|—d) a+c)

and
0((a+bi)(c+ di)) = 60((ac — bd) + (ad + be)i)

- ac—bd  ad+ bc
~ \—(ad+bc) ac—bd

5 ()

it follows that 6 is a homomorphism.

If a homomorphism #: R — S is bijective (one-to-one and onto) then it
sets up a one-to-one correspondence between elements of R and elements of
S such that the sum of the elements of S corresponding to two given elements
a, b € R is the element corresponding to a + b, and similarly their product is
the element of S corresponding to ab. Thus the rings R and S are essentially
the same as one another—although they have different elements, R and S
have the same underlying additive and multiplicative structure.

T Here and subsequently the boldface letter 2 denotes a complex square root
of —1
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5.6 DEFINITION A ring homomorphism which is bijective is called an iso-
morphism. If there exists an isomorphism #: R — S then R and S are said
to be isomorphic, and we write ‘ R = S.

—Examples—
#9 The map
0:a+ bt — ( “ b>
—b a

provides an isomorphism from C to the subring S of Mat(2, R) consisting of

all matrices of the form <_ab Z)

To prove this one must prove first that S is a subring of Mat(2, R), then
prove that 6 preserves addition and multiplication and is bijective. We omit
the proof that S is a subring since it is similar to the proofs in #1 and #2
above.

Let a, f € C with 0(a) = 6(8). We have o = a + b, f = ¢ + di for
some a, b, ¢, d € R, and since

(_ab Z) = 0(a+ bi) = 0(c + di) = (—Cd i)

we see that a = ¢ and b = d, whence @ = 3. Thus 6 is injective.

a
—b
a,b € R, and so A = 0(a + bi). Hence 6 is surjective. This completes
the proof, since we have already seen in #8 that 6 preserves addition and
multiplication.

Let A be an arbitrary element of S. Then A = ( Z) for some

Note that the fact that 6 preserves addition and multiplication, together
with the fact that S = im#, can be used to prove that S is closed under
addition and multiplication, as follows. Let A, B € S. Then A = 6(«a),
B = 0(pB) for some «, § € C, and so

A+B=0(a)+0(0) =0(a+p) €imf =5
AB =0(a)0(B) = 6(af) € imb =S



Chapter Five: Some Ring Theory

#10 If R is any ring the direct sum R + R is isomorphic to the subring of
Mat(2, R) consisting of all diagonal matrices. The map

wo (3 )

is an isomorphism.

Let v be the given map. By the definition of addition and multiplication
in R 4 R we have
(a,0) + (¢, d) = (a+¢,b+d)
(a,b)(c,d) = (ac,bd)

so that
a—+c 0
¢<(a,b)+(c,d)):¢(“+C’b+d):( 0 b+d>

(5 %)+ (6 9) = vad v

and ¥ ((a,b)(c,d)) = ¥(ac,bd) = 1(a, b)(c,d) similarly.

We have shown that 1 preserves addition and multiplication. It is also
necessary to show that 1 is bijective and that the set of all diagonal matrices
is a subring of Mat(2, R). These proofs are straightforward and are omitted.

#11 Prove that if I’ is a field and R a ring is isomorphic to F' then R is
also a field.

>—->  We must show that R is commutative and has a nonzero identity
element, and that all nonzero elements of R have inverses.

Let ¢: F — R be an isomorphism, and let x, y € R. Since ¢ is surjective
there exist a, b € F with ¢(a) = x and ¢(b) = y. Multiplication in F is
commutative (since F' is a field); so ab = ba, and

zy = ¢(a)p(b) = ¢(ab) = ¢(ba) = ¢(b)¢(a) = yx

showing that R is commutative.

By Exercise 2 at the end of the chapter, ¢(1) is an identity for R. Since
»(0) = 0 and 1 # 0 the fact that ¢ is injective shows that ¢(1) is nonzero.
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Suppose that x is a nonzero element of R. Then x = ¢(a) for some
a € F, and since
$(0) =0# z = ¢(a)
injectivity of ¢ gives a # 0. Since F is a field it follows that a has an inverse,
and
vp(a™") = ¢la™ )z = ¢la™)(a) = ¢(a”"a) = ¢(1).
Thus ¢(a™1) is an inverse for x; so all nonzero elements of R have inverses.
=<

§5c Ideals

5.7 DEFINITION A subring I of a ring R is called an ideal of R if ar € I
and ra € [ for all a € [ and r € R.

Comment >D>>

5.7.1 If I is an ideal in R then multiplying an element of I by any
element of R and must give an element of I. Note that this is a more
stringent requirement than closure under multiplication, which merely says
that the product of two elements of I lies in I. An ideal must be closed under
multiplication by arbitrary elements of the ring. >>D>

—Example—

#12 Let R =7 and I = 27Z. Then I is nonempty (0 € 2Z), closed under
addition (the sum of two even integers is even), closed under multiplication
(the product of two even integers is even), and closed under forming nega-
tives (the negative of an even integer is even). So I is a subring of R. To
observe that in fact it is an ideal it remains to show that I is closed under
multiplication by arbitrary elements of R—that is, show that the product of
an even integer and an arbitrary integer gives an even integer. But this is
obvious.

Note that in the above example it was not really necessary to prove
closure under multiplication separately since it follows from closure under
multiplication by ring elements. This observation yields the following propo-
sition:
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5.8 PROPOSITION A subset I of a ring R is an ideal if and only if the
following all hold:
(i) I is nonempty.
(ii) For all x and y, if x € I andy € I then x +y € I.
(iii) For all z, if x € I then —x € I.
(iv) For all x and y if x € I and y € R then xy € I and yx € I.

Proof. Suppose first that I is an ideal of R. Then I is a subring of R, and
by Theorem 5.2 properties (i), (ii) and (iii) above all hold. Property (iv)
holds too since it is explicitly assumed in the definition of an ideal.

Conversely, assume that [ satisfies properties (i)—(iv). As remarked
above it follows from property (iv) that I is closed under multiplication; thus
all the requirements of Theorem 5.2 are satisfied, and it follows that I is a
subring of R. This together with property (iv) shows that I is an ideal. O

—Example—

_R={<g i)‘macez}
I:{(g g)‘dez}

Prove that R is a subring of Mat(2,7Z) and [ is an ideal of R.

#13 Let

and

> That R is a subring of Mat(2,Z) was proved in #2. Clearly I is
0 0
0 0
I and r an arbitrary element of R. Then for some integers a, b, c, d, e,

) (G 69

(0 a+D (0 ac
TTY=1o o =10 o
= 0 —a I 0 ae
~\0 0 ~\0 0

and since these are all in [ it follows that I is an ideal. <

nonempty—for instance, € I. Let z and y be arbitrary elements of

giving
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§5d The characteristic of a ring

Let R be any ring. If a € R we define

la=a
20 =a+a
Ja=a+a-+a

and so on. In general, if m is any positive integer,

ma=a+a+---+a.

vV
m terms

If m is a negative integer we define

ma = —((—m)a)

observing that (—m)a has already been defined since —m is positive. And
for the case m = 0 we define 0a = 0. We have now defined ma whenever
m € Z and a € R. This is a method of multiplying ring elements by integers,
and is not to be confused with the multiplication operation within R itself.
(But—fortunately—the value Oa is the same whether 0 is interpreted as an
integer or the zero of the ring, and the same applies to 1a if R has an identity
element.)

Similarly we define a™ = aa...a (m factors) if m € Z*; if R has an
identity element 1 we define a® = 1 for all @ € R; if m is negative and a € R
has an inverse we define a™ = (a=1)~™. The following should be clear:

5.9 PROPOSITION  Let R be any ring, a € R and m, n € Z. Then
(i) m(na) = (mn)a and (m+n)a =ma+ na,
(i) (a™)® =a™" and o™t =a™a".
(If either m or n is negative the second part is only applicable if a has an

inverse; similarly, if either m or n is zero it is only applicable if R has an
identity.)

5.10 DEFINITION Let R be a ring. If there is a positive integer n such that
na = 0 for all a € R then the least such n is called the characteristic of R.
If there is no such n then R is said to have characteristic 0.
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—Examples—
#14 The characteristic of Zs is 2, the characteristic of Z3 is 3, and so on.
#15 Let S be the subring of Zg given by S = {0,2,4,6}. Observe that
540, 242—440, 2424+2—=60.

So S has characteristic 4. (This shows that the characteristic of a subring
can be less than the characteristic of the ring, since Zg has characteristic 8.)

If a ring R has an identity element, 1, then na = 0 for all a € R if and
only if n1 = 0. From this we can deduce the following proposition:

5.11 PrROPOSITION If R is a ring with identity element 1 then the charac-
teristic of R is the least positive integer n such that nl = 0, or zero if there
is no such n.

Proof. Define
H={mecZ" |ml=0}

and
K={mecZ" |ma=0foralacR}.

We prove that H = K.
Let m € H. Then m1 = 0, and so for all a € R we have
ma=a+a+---+a=a(l+1+---+1)=a(ml)=al=0.

m terms m terms

Hence m € K.

Conversely, if m € K then ma = 0 for all a € R, and, in particular,
ml =0, whence m € H. Thus m € K if and only if m € H, and so H = K,
as claimed.

By Definition 5.10 the characteristic of R is the least element of K, or
zero if K = (). Since H = K this shows that the characteristic of R is the
least element of H, or zero if H = (), and this is precisely the assertion of
Proposition 5.11. 0
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5.12 THEOREM Let R be a ring with identity 1 # 0 and let S be the subset
of R given by S ={nl|n€Z}. Then S is a subring of R and

(i) if R has characteristic 0 then S = Z,
(ii) if R has characteristic m # 0 then S = Z,,.

Proof. S is nonempty since, for instance, 1 € S. Let a,b € S. Then
a =nl, b =ml for some n, m € Z, and, by Proposition 5.9,

at+b=nl+ml=(Mn+m)les
ab = (nl)(ml) = (nm)l € S
—a=—(nl)=(-n)1€S

so that by Theorem 5.2 it follows that S is a subring of R.
(i) Assume that R has characteristic 0.
Define a function ¢:Z — S by

P(r)=rl for all r € Z.
We have

Wir+s)=r+s)l=rl+sl=v9(r)+(s)
Y(rs) = (rs)l = (r1)(sl) = (r)i(s)

so that v is a homomorphism. To show that S = Z it remains to show that
1 is bijective.
Let a € S. Then, for some n € Z, a = nl =1 (n). Thus ¥ is surjective.
Let r, s € Z be such that (r) = ¢(s). Then r1 = sl, and hence
(r —s)1 = 0. But since R has characteristic 0 we know by Proposition 5.11
that there is no positive integer n such that nl1 = 0. So r — s < 0, and by
the same reasoning s — r < 0. Hence » = s, and we have shown that ¢ is
injective.
(ii) Suppose that the characteristic of R is m > 0. Then m is the least

positive integer which annihilates 1 (in the sense that m1 = 0). We show
first that if r, s € Z then r1 = sl if and only if r = s (mod m).

If r = s (mod m) then r — s = tm for some t € Z, and
rl=(s+tm)l =sl+ (tm)l =sl+t(ml) =s1+t0=s1+0=sl.
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Suppose, conversely, that 71 = sl. Then (r — s)1 = 0, and, by what we
have just proved, k1 = 0 for all £k € Z with k£ = (r — s) (mod m). By
Theorem 4.5 (ii) we may choose such a k with 0 < k < m. But since there
is no positive integer less than m which annihilates 1 it follows that k£ = 0.
Thus (r — s) = 0, and therefore r = s.

We now define a function 0:Z,, — S by 6(7) = r1 for all r € Z; this is
unambiguous since if 7 = 5 then r = s and hence r1 = s1, and it defines 6
on all elements of Z,, since every element of Z,, is of the form 7.

By the definitions of addition and multiplication in Z,, we find that

Cb

0F+3)=0(r+s)=(r+s)1=rl+s1=0(T)+0(s)
0(rs5) = 0(rs) = (rs)1 = (r1)(s1) = 0(7)6(s)

so that 6 is a homomorphism. Since every element of S is of the form
rl = 6(7) for some r € Z it follows that 6 is surjective. If 0(F) = 0(3)
then r1 = sl so that, as shown above, r = s, and ¥ = 5. Thus 0 is injective
also, and S = Z,,. O

—Example—

#16 In this example we will be dealing simultaneously with rings Zo, Zs
and Zg. To avoid confusion we will use the following notation (for a € Z):

‘a’ denotes the congruence class of a modulo 2,
‘a’ denotes the congruence class of a modulo 3,
‘a’ denotes the congruence class of a modulo 6.

(Obviously it would not be suitable to use ‘@’ for all of these three!)
We have that

Ze = {0,1,2,3,4,5).

Consider now the ring Zs + Z3, which consists of all pairs (a,b) with
a € Zo and b € Z3. It has six elements, since there are two choices for a and
three choices for b. The element (1 1) is easily seen to be an identity element
(since 1 is an identity for Zy and 1 is an identity element for Zs) and to be
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nonzero. For any n € Z" we have

and this equals the zero element (0,0) if and only if 7 = 0 and 7 = 0. But
f = 0 if and only if n is even, and 7 = 0 if and only if n is divisible by three.
So n(1,1) = (0,0) if and only if n is divisible by six. Hence the characteristic
of Zy + Zs is six.

By Theorem 5.12 the set {n(1,1) | n € Z} is a subring of Zy + Zs
isomorphic to Zg. However, Zq -+ Zs3 has only six elements altogether, and so
this subring must equal the whole of Zs + Z3. So we have shown that

Ty + 73 = Zg.

The proof of Theorem 5.12 can be used to write down an explicit isomorphism
¢: Zg — o + Z3. We obtain:

>

1+ (1,1)

2+ (1,1) + (1,1) = (0,2)

3 (1, +1,1)+(1,1)=(1,0)
1 4(1,1) = 4,3) = (0,1)

5 5(1,1) = (5,5) = (1,2)

6+ 6(1,1) = (6,6) = (0,0).

(Note that 6 = 0.)

Exercises

1. Complete the proof of Theorem 5.3.

2. Let R and S be rings and let §: R — S be a surjective ring homomor-
phism. Let R have an identity element 1. Prove that 6(1) is an identity
element in S.
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In the ring Z find:

(i) the smallest subring containing 7,

(7) the smallest subring containing 5 and 7.

Prove that Con (the constructible numbers) is a subfield of R.
(Hint: Use Theorems 5.3 and 1.1.)

Suppose K is a subfield of C (the complex numbers) which contains R
(the real numbers). Show that either K = R or K = C.
(Hint: Assume that K contains R and some complex number not
in R, and show that K contains all complex numbers.)

Let C be the field of complex numbers and let §: C — C be defined by
the formula

O(a+ib) =a—1ib for all a, b € R.
Show that 6 is a ring isomorphism from C to C.
Prove that isomorphic rings have the same characteristic.

Let D be an integral domain with nonzero characteristic m. Prove that
m is a prime. (Hint: If m = rs then (r1)(sl) =0.)

Let R and S be rings, and let : R — S be an isomorphism. Prove that
a € R is a zero divisor if and only if f(a) € S is a zero divisor. Deduce
that isomorphic rings have the same number of zero divisors.

Prove that Z,5 and Zg + Zo are not isomorphic.

Define
Q[V2] z{a+b\?/§—|—c<\3/§)2 |a,b,ceQ}.

Prove that Q[+/2] is a subring of R, and prove also that it is an integral
domain.

Let Qy = {2% | meZand keZ" }, the set of all rational numbers
with denominator a power of 2. Show that QQ, is a subring of Q but not
a subfield.
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a b c
R:{Ode
0 f g

Is R a ring with respect to the operations of addition and multiplication
defined as usual for matrices?

Let 0: R — Mat(2,7Z) be the mapping defined by

Z:(d e)
g f g

13. Let

a,b,c,de, f,g €Z }

a
010
0

o

i) Is 0 injective?

(

(i) Is O surjective?

(éii) Is @ a homomorphism?
(

iv) Define a relation ~ on R by

o o
o o3
SRS
S =+ 3

. . d e st
if and only if (f )_(u v>'

b c
d e | ~
I g

Is ~ an equivalence relation?
(v) Define ~ on R by

a b c p q T
0 d e|l= |0 s t ] ifandonlyifb=gqandc=r.
0 f g 0 u v

Is &~ an equivalence relation?

(vi) Suppose that X, Y, Z, W € R are such that X ~Y and Z ~ W.
Is it true that X + Z ~ Y + W? Is it true that XZ ~YW?

(vii) The same as (vi) with ~ replaced by =.

(viii) Let R be the set of all the equivalence classes into which R is

partitioned by the relation ~. Show that there is a one to one
correspondence between R and Mat(2,7Z).
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Polynomials

Given a ring R it is possible to form new rings containing R as a subring
by “adjoining” new elements to R. The simplest example of this is the
ring of polynomials in X with coefficients from R, and it is necessary to
study polynomial rings before dealing with the general problem of adjoining
elements. The study of geometrical constructions leads naturally to this
problem. For, suppose that oy, as, ..., a, are the points obtained in a
geometrical construction, and let S; be the smallest subring of R containing
the coordinates of ay, asg, ..., a;. Then S;1; can be thought of as obtained
from S; by adjoining the coordinates of a;1.

§6a Definitions

6.1 DEFINITION Let R be a commutative ring which has a nonzero identity
element 1. A polynomial in the indeterminate X over R is an expression of
the form

(%) ap + a1 X +---+a, X"

where n is a positive integer and ag, a1, as, ..., a, € R. We call a; the i*"
coefficient of the polynomial.

Comments D>>
6.1.1 It is possible to define polynomials over arbitrary rings, but in this
course we will only talk about polynomials over commutative rings with 1.

6.1.2 The coefficients of the polynomial are elements of the ring R, but
X is not. In fact X, X2, X3, ... are nothing more than symbols written
alongside the coefficients to enable us to see which is the 0", which the 1%,
which the 2"¢, and so on. Indeed, in some treatments of the topic the symbols
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X, X2, ... are not used in the definition, and a polynomial is defined to be a
sequence of ring elements (ag, ay, ..., a,,0,0,...). So a polynomial is nothing

more than its coefficients. Accordingly, to say that two polynomials p and ¢
are equal is to say that for each i the " coefficient of p is equal to the i*®
coefficient of q.

6.1.3 The terms in the expression (x) above may be written in any order,
and if a; = 0 the corresponding term may be omitted. Similarly we may omit
unnecessary coefficients equal to 1 (writing ‘X’ instead of ‘1X’, and so on).
Thus if

p=2+X3-5X

then the 0" coefficient of p is 2, the 15t coefficient is —5, the 2™ is 0, the
3'dis 1. It is also convenient to say that the 4", 5P . coefficients are zero
(rather than saying that they do not exist). Thus a polynomial always has
an infinite sequence of coefficients, one for each nonnegative integer, but all
the coefficients beyond some point must be zero. >>D>

6.2 DEFINITION The polynomial all of whose coefficients are zero is called
the zero polynomial.

6.3 DEFINITION If p is a polynomial the largest i for which the i*" coef-
ficient is nonzero is called the degree of p, and this coefficient is called the
leading coefficient of p.

Soif p=ag+a1 X +---+ a, X" with a,, # 0 then a, is the leading
coefficient and deg(p) = n. Note that we do not define the degree of the zero
polynomial. In some treatments the zero polynomial is said to have degree
—o0. It would not be suitable to define the degree of the zero polynomial to
be zero.

If p is a polynomial in the indeterminate X we often write ‘p(X)’ instead
of just ‘p’ to remind ourselves that p is a polynomial or to remind ourselves
that the indeterminate is X.

NoOTATION. The set of all polynomials over R in the indeterminate X is
denoted by ‘R[X]’.
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§6b Addition and multiplication of polynomials

6.4 DEFINITION Let R be a commutative ring with 1 and let a, b € R[X].
Let a;, b; be the i*® coefficients of a, b (for i = 0, 1, 2, ...). Define a+b to be
the polynomial with i*" coefficient a; + b;, and define ab to be the polynomial
with ith coefficient aibo + ai,1b1 + -+ aobi (fOI‘ 1= 0, 1, 2, NP )

By Definition 6.4, if

a=ap+a X+ +a, X"
b=by+b: X+ -+0b,X™"

then

a+b:(ao+b0)+(a1+b1)X+(a2+b2)X2+...
ab = agbo + (CleO + aobl)X + (agbo + a1b1 + CLon)X2 —+ ...

Note that the formula for ab is obtained by multiplying out the expressions for
a and b and collecting like terms in the usual way. (In particular, therefore,
the i*® coefficient is zero for all i sufficiently large.)

6.5 THEOREM If R is a commutative ring with 1 and X is an indeterminate
then R[X] is a commutative ring with 1.

Proof. We must check the axioms in Definition 2.2 and the commutative
law for multiplication, and find an identity element. It will be convenient to
use the same notation as in the definition above: if p is a polynomial, then
p; is the it coefficient of p.

Let a, b, ¢ € R[X]. Then for all 4

((a—l—b)%—c)i:(a—kb)i—l—ci:(ai+bi)+ci
=ai+ (bi+ci) =ai+(0+c)i=(a+(b+c))

and so (a +b) +c=a+ (b+ ¢). The proof that a +b = b+ a is similar.

The i*" coefficient of ab is the sum of all terms a,.bs with r + s = i; that

(ab); = Z a,by

r4+s=1

is,
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in a convenient notation. We find that

((ab)c)i = Z (ab)rcs

r+s=1

= > (Z aubv> s

r4+s=i \utv=r

= Z (au bv ) Cs

u+v+s=1

= Z ay, (bycs)

u+v+s=i

= > a,u(Z bvcs)

u-+t=1 v+s=t

= Z ay (be)y

u+t=1
= (a(be));

and therefore (ab)c = a(bc). Similarly

(a(b+c¢)); = Z ar(b+c¢)s = Z ar(bs + cs)

r4+s=1 r4+s=1
= Z arbs + a,ce = Z a,rbg + Z arcs = (ab); + (ac);
r+s=i r+s=1 r+s=1

Similar proofs also apply for the other distributive law and the commutativity
of multiplication.

If we define z to be the polynomial for which z; = 0 for all ¢ then it is
readily checked that (a + 2); = a; = (2 + a); for all @ € R[X], so that z is a
zero element for R[X]. It is also easily seen that —a defined by (—a); = —(a;)
for all ¢ satisfies a + (—a) = z = (—a) + a; so each a € R[X] has a negative.
Finally, define e to be the polynomial for which the 0" coefficient is the
identity element of R and all the other coefficients are equal to zero. That
is,e=1+0X +0X?2+---. Then for all a € R[X],

(ae); = ajeo +a;—1e1 + -+ ape; = a;

since eg = 1 and e; = 0 for j # 0. Thus ae = a, and since also ea = a
(similarly, or by commutativity of multiplication) it follows that e is an iden-
tity. Il
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Comment >>>

6.5.1 In accordance with the rules described in 6.1.3 above, the zero
and identity polynomials are usually denoted by ‘0’ and ‘1’, but for the proof
of Theorem 6.5 we needed to distinguish them from the zero and identity of
R. See also §6¢ below. >>>

6.6 THEOREM (i) Let R be an integral domain and a and b nonzero poly-
nomials over R. Then the leading coefficient of ab is the product of the
leading coefficients of a and b, and deg(ab) = deg(a) + deg(b).

(ii) If R is an integral domain then so is R[X].

Proof. (i) Let n be the degree of @ and m the degree of b. If r+s > n+m
then necessarily either r > n or s > m, and so either a,, = 0 or by = 0. Hence

if 2 > n + m then
(ab); = Z a,bs = 0.

r4+s=1i

Similarly
(ab)ptm = Z arbs = a,bp,

r+s=n—+m

since all other terms have either » > n or s > m. Since a,, # 0 and b,,, # 0
and R is an integral domain it follows that (ab),m # 0. Thus n + m is the
largest value of i for which (ab); # 0, and so

deg(ab) = n +m = deg(a) + deg(b).

Moreover, the leading coefficient of ab is (ab),+m, and, as we have seen, it is
equal to a,b,,, the product of the leading coefficients of a and b.

(ii) We have already proved that R[X] is a commutative ring with 1; so it
remains to prove that it has no zero divisors. But the first part of this proof
shows that if the polynomials a and b each have a nonzero coefficient then
so too does ab. That is, if a # 0 and b # 0 then ab # 0, as required. OJ

§6c Constant polynomials
Let R be a commutative ring with 1. For each a € R there is a polynomial

for which the 0'" coefficient is @ and all the other coefficients are zero. Using
the notation described in 6.1.3 this polynomial would be denoted by ‘a’;
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our notation does not distinguish between elements of R and these so-called
constant polynomials. However, for the purposes of the next theorem we
need a notation which does distinguish; so, temporarily, we will denote the
constant polynomial a by ‘c(a)’. (That is, c(a) = a+0X +0X2+---.)

6.7 THEOREM The set S = {c(a) | a € R} of constant polynomials is
a subring of R[X] isomorphic to R, and the function ¢: R — S defined by
a — c(a) is an isomorphism.

Proof. As in the proof of 6.5, denote the ' coefficient of p by p;. Then
for all @ € R we have ¢(a)yg = a and ¢(a); = 0 for all i > 0.

Let a, b € R with ¢(a) = ¢(b). Then a = c¢(a)g = ¢(b)o = b. Thus c is
injective. Since every constant polynomial is of the form ¢(a) for some a € R,
c is surjective also. Furthermore, ¢ preserves addition and multiplication,
since

cla+b)g=a+b=c(a)y+ c(b)o = (c(a) + c(b))o
c(ab)p = ab = ¢(a)gc(b)g = Z c(a)rc(b)s = (c(a)c(b))o

r+s=0
and for 7 > 0

cla+b);=0=040=c(a); + c(b); = (c(a) + ¢(b));
clab); =0 = c (c(a)e(b)):

r4+s=1

~—~

S
~—
<

Q
—~

=
~—
»

Il

(since in each term of the sum either ¢(a), = 0 or ¢(b)s = 0).

It remains to check that S is indeed a subring of R[X]. Now clearly S
is nonempty, since it contains the zero polynomial. If x and y are arbitrary
elements of S then x = c(a), y = ¢(b) for some a, b € R, and

r+y=cla)+cb) =cla+b)es
xy = c(a)e(b) = c(ab) € S
—x=—c(a) =c(—a) €S
(the last line following from the fact that the negative of a polynomial is

obtained by taking the negatives of all the coefficients). By Theorem 5.2, S
is a subring. O
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Comment D>

6.7.1 Since the constant polynomials form a ring isomorphic to R no
harm will come if we identify constant polynomials with the corresponding
elements of R. In other words, we regard the ring S of 6.7 as being equal to
R, so that R is a subring of R[X]. (This fits nicely with our notation which
does not distinguish between constant polynomials and elements of R.) Now
R[X] can be thought of as a ring obtained by adjoining to R a new element
X which satisfies no more equations than it is forced to satisfy to make R[X]
a commutative ring. >>>

§6d Polynomial functions

Any polynomial p(X) = ap+a1 X +---+a, X™ in R[X] determines a function
R — R by the rule
c——ap+aic+ -+ ac”

for all ¢ € R.

Polynomial functions are no doubt very familiar to the reader, but
for us it is important to distinguish between polynomials, sometimes called
polynomial forms, and polynomial functions. Note, for instance, that two
distinct polynomials can give the same function. For example, if p(X) = X2

and ¢(X) = X in Z[X] then
p(0)=(0)*=0=¢@0) and p(I)=(1)*=T=q(D),

so that p(c) = q(c) for all ¢ € Zy. So the functions ¢ — p(c) and ¢ — q(c)
are equal. However the polynomials p and ¢ themselves are not equal since
they have different coefficients.

§6e Evaluation homomorphisms

If c is any element of R there is a function

e.:RIX]— R
defined by
p(X) — p(c)

for all p € R[X]. In other words, e.(p(X)) = p(c) for all polynomials p.
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6.8 THEOREM For each c € R the map e.: R[X] — R is a homomorphism.

Proof. Let c € R and let p, ¢ € R[X]. Then, in the notation we have been
using for the i*" coefficient of a polynomial,

ec(pq) = (pq)o + (pg)1c+ (pq)ac® + - -
= poqo + (Poq1 + P1go)c + (Pogz + P1q1 + P2go)c® + - -
= (po + prc+pac® + ) (qo + qrc + g2 + - )
= ec(p)ec(q)

and similarly

ec(p+a)=P+Qo+ P+ic+ (p+q)c®+--
= (po+qo) + (p1 + q1)c+ (p2 + q2) + -+ -
= (po +pic+p2c® + - )(qo + qre+ g + - )
= e.(p) + ec(q)-

g

Comments >>D>
6.8.1 The function e. is called an evaluation homomorphism since it
maps p(X) € R[X] to p(X) evaluated at ¢ (that is, to p(c)).

6.8.2 To say that e, preserves addition is to say that the result of adding
two polynomials and then putting X = c¢ is the same as first putting X = ¢
in each and then adding. A similar statement applies for multiplication. The
reason it works is because we have defined addition and multiplication of
polynomials to make it work—when adding or multiplying polynomials the
indeterminate X is treated as though it is an element of R.

6.8.3 If R is a subring of a ring S then R[X] is a subring of S[X]. For
instance, the set of all polynomials with rational coefficients is a subring of
the set of all polynomials with real coefficients. Hence if ¢ is any element
of S the homomorphism e.: S[X] — S may be restricted to R[X] to yield a
homomorphism from R[X] to S. Thus, for instance, the map ¢: Q[X] — R
given by ¢(p(X)) = p(¥/2) is a homomorphism. >>D>
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§6f The division algorithm for polynomials over a field

Our chief application of polynomials in this course will be to study field
extensions. Roughly speaking, if F' is a field we wish to be able to make
a larger field by adjoining extra elements to F', in much the way that the
complex numbers are obtained from the real numbers by adjoining a square
root of —1. We have already seen how F[X] can be regarded as a ring
obtained by adjoining the element X to F. However, F|X] is not a field,
and to obtain fields extending F' we will have to deal with quotient rings of
F[X]—rings obtained from F[X] in the same way as Z, is obtained from
Z. Once we have developed the theory of field extensions we will be able
to prove things about the field Con of constructible numbers, which is an
extension field of Q (rational numbers).

We start by investigating properties of divisibility and factorization for
polynomials—properties analogous to those properties of Z which were used
in our construction of Z,,.

6.9 THEOREM Let F' be a field and f(X), g(X) elements of F[X], with
g(X) # 0. Then there exist unique q(X) and r(X) in F[X] such that both
the following hold:

(1) f(X) = q¢(X)g(X) + r(X).

(ii) Either r(X) =0 or deg(r(X)) < deg(g(X)).

Proof. We first prove the existence of such polynomials ¢(X) and r(X).

Let S = {f(X) — k(X)g(X) | k(X) € F[X]}. If 0 € S then there
is a polynomial k(X) € F[X] with f(X) = k(X)g(X), and we may take
q(X) = k(X) and r(X) = 0. Assume therefore that 0 ¢ S. The set of non-
negative integers K = {deg(p(X)) | p(X) € S} is nonempty, and therefore
has a least element d. Let r(X) € S be such that deg(r(X)) = d, and let
q(X) be such that f(X) — q¢(X)g(X) = r(X) (possible since r(X) € 5).

It suffices to prove that d < deg(g(X)); so suppose that this is not true.
Let deg(g(X)) = m and let the leading coefficients of r(X) and g(X) be a
and b respectively. Now ab~?X?~™g(X) has degree (d—m)+deg(g) = d and
leading coefficient (ab™!)(leading coefficient of g) = a; thus it has the same
degree and leading coefficient as r(X). It follows that the d'" and all higher
coefficients of s(X) = r(X) —ab~t X9 ™g(X) are zero. Moreover,

s(X) = f(X) — q(X)g(X) —ab™" X" g(X) = f(X) — k(X)g(X) € S
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where k(X) = ¢(X)+ab~1 X9 ™g(X). Thus s(X) is a element of S of smaller
degree than r(X), contradicting the choice of r(X). Thus the assumption
that d > m leads to a contradiction, and d < m, as required.

We have still to prove the uniqueness of ¢ and r; so assume that ¢; and
rq satisfy the same two properties; that is, f = q1g + r1 and either r; = 0 or
deg(r1) < deg(g). Then q19+r =qg+r, and sory —r = (¢ — q1)g. Now if
q — q1 # 0 then by Theorem 6.6 (i)

deg(ry — ) = deg(q — q1) + deg(g) > deg(yg)

which is impossible since the i*" coefficients of both r; and r are zero for
i > deg(g). Hence ¢; = ¢, and this gives 11 = f — q1g9 = f — qg = r also.

O
Comment >D>>
6.9.1 The polynomial ¢(X) is called the quotient and r(X) the remain-
der. They can be calculated by a process called the division algorithm, as
follows. Firstly, if deg(f) < deg(g) then the quotient is 0 and the remainder
is equal to f. Otherwise we subtract from f a multiple of g with the same
leading coefficient as f—that is, ab=! X"~ ™g(X) where a, b are the lead-
ing coefficients of f, g and n = deg(f), m = deg(g)—thereby reducing the
degree, add the term ab=' X"~ to the quotient, and repeat the process:

b la, X" 4
mem—i—bm_lefl_}_..._}_bd aan+an_1X”71+--~+a0
(subtract) aan + bm_lb;nlaan_l 4+ ..
a1 X"t 4.+ (= new a(X))

n—1

—repeat.
>>>

As a corollary of Theorem 6.9 we obtain the Remainder Theorem, which
provides a quick method for calculating remainders on dividing by polyno-
mials of degree one.

6.10 THE REMAINDER THEOREM Let ¢ € F and f(X) € F|[X], where F
is a field. Then the remainder in the division of f(X) by X —c is f(c).

Proof. By 6.9 we have f(X) = (X — ¢)¢(X) + r, where either » = 0 or
deg(r) < 1. In either case r must be a constant polynomial; that is, an
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element of F'. Evaluating at ¢ gives

f(e) = ee(f(X)) = ee(X — )ec(q(X)) + ec(r) = 0g(c) +r = .

NoraTioN. If a(X), b(X) € F[X] then ‘a(X)|b(X) means ‘there exists
q(X) € F[X] with b(X) = a(X)qg(X)’. If this holds we say that a(X) is a
factor of b(X).

By Theorem 6.9, a(X) is a factor of b(X) if and only if the remainder
on dividing b(X) by a(X) is zero.

As an immediate consequence of 6.10 we have the Factor Theorem,
which provides an easy method for determining whether or not a given poly-
nomial of degree 1 is a factor of f(X).

6.11 THE FACTOR THEOREM If f(X) € F[X] then X — c is a factor of
f(X) if and only if f(c) =

Proof. Since (X — ¢)|f(X) if and only if the remainder on dividing f(X)
by X — c is zero, 6.10 yields that (X —¢)|f(X) if and only if f(c) =0. O

§6g The Euclidean Algorithm
Throughout this section, F' will be a field.

6.12 DEFINITION (i) Two polynomials f(X) and g(X) in F[X] are said to
be associates if f(X) = cg(X) for some nonzero ¢ € F.

(ii) A polynomial f(X) € F[X] is said to be monic if it is nonzero and has
leading coefficient 1.

Comment >D>>

6.12.1 Obviously for any nonzero polynomial f(X) there is a unique
monic polynomial which is an associate of f(X)—mnamely, a=!f(X), where a
is the leading coefficient of f(X). >>D>
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6.13 PROPOSITION  Nonzero polynomials f(X) and g(X) in F[X] are asso-
ciates if and only if f(X)|g(X) and g(X)|f(X).

Proof. If f and g are associates then for some ¢ € F' we have f = cg and
g = c 1f, so that g|f and f|g. Conversely, assume that f|g and g|f. Then
f=aqgand g = g2 f for some g1, g2 € F[X], both of which are nonzero since
f and g are. Thus by Theorem 6.6 (i) we have

deg(f) = deg(q1) + deg(g) > deg(g) = deg(qz2) + deg(f).

Hence deg(g2) = 0, and therefore ¢ is a nonzero element of F', showing that
f and g are associates. U

6.14 THEOREM If a(X) and b(X) are polynomials in F[X| which are not
both zero then there exists a unique monic polynomial d(X) € F[X] such
that both the following conditions are satisfied:
(i) d(X)|a(X) and d(X)|b(X).
(ii) If ¢(X)|a(X) and ¢(X)|b(X) then ¢(X)|d(X).
Moreover, there exist m(X), n(X) € F[X] with
d(X) = m(X)a(X) + n(X)b(X).

Proof. Let a(X) and b(X) be elements of F[X]| which are not both zero.
We first prove the existence of a d(X) with the required properties.

Define S to be the set of all nonzero polynomials p(X) in F[X] such
that p(X) = m(X)a(X) + n(X)b(X) for some m(X),n(X) € F[X], and
observe that S # () since it must contain either a(X) or b(X). Hence the set
of nonnegative integers

K = {deg(p(X)) | p(X) € 5}

is nonempty, and must therefore contain a least element, k. Let d(X) be an
element of S which is monic and has degree k. (By 6.12.1 we can choose
d(X) to be monic, since associates of elements of S are also in S.)

Since d(X) € S the definition of S yields the existence m(X) and
n(X) with d(X) = m(X)a(X) + n(X)b(X), and from this it follows that
if ¢(X)|a(X) and ¢(X)[b(X) then ¢(X)|(m(X)a(X) + n(X)b(X)) = d(X).
Thus we have established two of the properties of d(X) and have only to
prove that d(X)|a(X) and d(X)[b(X).

Suppose that d(X)}fa(X), and let r(X) be the remainder on division
of a(X) by d(X). Then r(X) # 0, and since r(X) = a(X) — ¢(X)d(X) for
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some ¢(X), we obtain

r(X) = a(X) = ¢(X)(m(X)a(X) + n(X)b(X))
= (1= q(X)m(X))a(X) — ¢(X)b(X)

so that r(X) € S. But this contradicts the definition of &, since the degree
of r(X) is less than deg(d(X)) = k. Thus d(X)|a(X) and, by a similar
argument, d(X)|b(X) also.

It remains to prove uniqueness. So, let d; and ds be monic polynomials
such that conditions (i) and (ii) are satisfied with d replaced by d; and also
with d replaced by ds. By (i) for dy and (ii) for ds it follows that d|ds, and
by (i) for dy and (ii) for d; it follows that ds|d;. By 6.13 we deduce that d;
and dsy are associates of each other, and hence, by 6.12.1, d; = ds. O

Comment >>>

6.14.1 The polynomial d(X) in 6.14 is called the greatest common divisor
of a(X) and b(X). >>D>

As in the case of integers, the greatest common divisor of two polyno-
mials can be calculated by use of the Euclidean Algorithm (which is almost
exactly the same for polynomials as integers):

Given a, b € F[X] with a # 0, b # 0 and deg(a) > deg(b) (or b =0, a # 0),

while b # 0 do
[a,b] :== [b,a — bx* (adivh)]
enddo

a := leading coefficient of a
a:=+a
o

end

At the end of the process, a is the ged of the initial two polynomials.

Alternatively, let a1, as be the initial polynomials, and define as, a4, ...
by

ay = qaaz + as deg(az) < deg(a)
a2 = q4a3 + aq deg(as) < deg(as)
kp—2 = qrakp—1 + ak deg(ar) < deg(ak—1)

p—1 = Qr+10k (ar+1 = 0).
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The algorithm must terminate eventually since the remainder on di-
viding a;_1 by a; is either zero or a polynomial of degree strictly less than
that of a;. Since the degree of a nonzero polynomial is always a nonnega-
tive integer, and it is impossible to have an infinite decreasing sequence of
nonnegative integers, it must eventually happen that we get a remainder of
zero. (For instance, if deg(a;) = 0 then we will certainly find that a;41 =0}
a polynomial of degree 0 is always a divisor of any other polynomial.)

As for integers, the set of common divisors of a;_; and a; remains

unchanged throughout the algorithm, and hence

ged(ay,az) = ged(ag, az) = - -+ = ged(ak, Gry1)-

But ged(ag, ax+1) = ged(ag,0), which is the unique monic associate of ay.
(The greatest common divisor is always monic, by definition; so, for instance,
ged(2X+3,0) = X + 2.) Thus we conclude that the ged of a; and as is
the unique monic associate of the last nonzero remainder obtained in the
Euclidean Algorithm.

—Example—

#1 Find m, n € R[X] such that

(%) m(X)(X?+X —1) +n(X)(X*+4) = 1.

> By division we find

X3+ X -1=X(X?+4)+(-3X 1)
X?+4=(-3X+35)(-3Xx-1)+ 3L

(The Euclidean Algorithm terminates at the next step, since % —-3X -1))

So we have
T = (X24+4)+(3X - 5)(-3Xx-1)
= (X24+4)+(GX - HIXP+X —1) - X(X?+4)]
=1-XGEX-HIX2+4)+GX —5)(XP+X—1)
= (-3 X2+ i X+D)(X2+ )+ (EX - H(XP+ X —1).
Thus

l=(—2X2+ £ X+ 2)(X?+4) + (£X — 3:)(XP+ X —1).
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So if we define
mo(X) = %X — %

no(X)=—-2X?+ =X + 3
then m(X) = mo(X), n(X) = no(X) is a solution to ().

Notice that the solution is not unique. In fact, for any p(X) € R[X] we
can obtain another solution by putting

=

s
!

S

o(X) +p(X)(X? +4)
n(X) =no(X) — p(X)(X* + X - 1).

§6h Irreducible polynomials

Let F' be a field and let p € F[X]. Then for any nonzero ¢ € F' the equation
p(X) = c(c'p(X)) shows that ¢ is a divisor of p. Similarly all associates of
p are divisors of p. Polynomials which have only these trivial divisors are of
considerable theoretical importance.

6.15 DEFINITION A polynomial p € F[X] is said to be irreducible (or
prime) if deg(p) > 1 and the only divisors of p in F[X] are polynomials
of degree 0 and associates of p.

Comments D>
6.15.1 If p is irreducible and p(X) = d1(X)d2(X) then either d; is an
associate of p, in which case deg(ds) = 0, or deg(dy) = 0, in which case ds is
an associate of p.

6.15.2 If p is reducible (that is, not irreducible) and deg(p) > 1 then p
has a divisor d; satisfying

(i) deg(dy) >1

(ii) dy is not an associate of p.
Since d; is a divisor of p we have p(X) = di(X)d2(X) for some do, and
(ii) above implies that deg(dz) > 1. This combined with (i) above and the

equation
deg(p) = deg(d1) + deg(da)
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yields that
1 < deg(d;) < deg(p) — 1

fori=1and i =2.

6.15.3 If deg(p) = 1 then it follows from 6.15.2 above that p is irreducible.
For if p were reducible we could find dy and dy with p(X) = di(X)d2(X)
and 1 < deg(d;) < deg(p) — 1 (for i = 1, 2). But this is impossible since

deg(p)—1 = 0. (The point is that if neither d; nor ds is a constant polynomial
then deg(p) = deg(dy) + deg(dz) > 1+ 1=2.)

6.15.4 If deg(p) is 2 or 3 and p is reducible then p has a zero in F. For
it follows from 6.15.2 that p(X) = dq1(X)d2(X) with
deg(dy) + deg(ds) = deg(p) (= 2 or 3)

and
deg(d;) > 1 for i =1 and i = 2.

Now if both deg(dy) > 2 and deg(ds) > 2 then deg(dy) + deg(d2) > 4,
contradiction. So either d; or ds has degree 1. So p has a factor of the form
aX + b with a, b € F and a # 0. Thus, for some d € F[X],

p(X) = (aX + b)d(X)
=a(X — (—a7'b))d(X).

By the Factor Theorem, —a~1b is a zero of p(X). D>

§6i Some examples

It will be convenient in the future to denote the elements of Z,, by ‘0’, ‘1’, ‘2’

. and so on, instead of ‘0’, ‘1’, ‘2’, ..., since it becomes rather clumsy to
have bars over all the coefficients when dealing with polynomials over Z,,. Of
course we will have to be careful to remember things like 7=2 in Z5, —1 = +1
in Zs, and so on.

#2 In Zs3[X] the polynomial p(X) = X? — X — 1 is irreducible. For by
6.15.4 above, if X? — X — 1 were reducible it would have a zero in Zs. But

p(0)=—-1=2#0
p(1)=-1=2#0
p(2) =1#0,



Chapter Six: Polynomials

and since 0, 1, 2 are the only elements of Z3 we see that p(X) has no zeros
in Zg.

#3 In R[X] the polynomial X2 — X — 1 is reducible. Indeed
X2 X-1=(X-a)(X -5

where a = %5 and § = %5

#4 In R[X] the polynomial X2 + 1 is irreducible. For if it were reducible
it would have a factor of degree 1, and hence a zero in R. But a? + 1 # 0 for
all a € R.

#5 In C[X] the polynomial X2 + 1 is reducible. Indeed we have the
factorization X2 +1 = (X —4)(X +1).

#6 In R[X] we have X? —3 = (X — v3)(X + V/3), and so X? — 3 is
reducible. But in Q[X] the polynomial X2 — 3 is irreducible, since it has no
zeros in Q. (There is no rational number « such that a? — 3 = 0.)

#7  Polynomials of degree four or more may have no zeros and yet be
reducible. For instance, X* + X2 + 1 has no zeros in R but is nevertheless a
reducible element of R[X]. In fact X4+ X241 = (X2 + X +1)(X2 - X +1).

#8  Irreducibles in C[X]

The “Fundamental Theorem of Algebra” states that every polynomial p in
C[X] of degree at least one has a zero in C. By the Factor Theorem it
follows that p(X) = (X — ¢)g(X) for some ¢ € C and ¢(X) € C[X]. Soif p
is irreducible the degree of ¢ must be zero, making X — ¢ an associate of p.
It follows that the only irreducible polynomials in C[X] are the polynomials
of degree one.

#9  Irreducibles in R[X]

Suppose that p € R[X], p is irreducible, and deg(p) > 1. Since p has no
factors of degree 1 in R[X] it has no zeros in R. But by the Fundamental
Theorem of Algebra p(X) has a zero a + b2 in C. We must have b # 0 since
this zero is not in R. Observe that a + bz is also a zero of the polynomial
X? —2aX +a? + b? € R[X]. By Theorem 6.9

p(X) = q(X)(X? — 2aX +a® +b%) + (ro + 11 X)
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for some rg, r1 € R. Substituting X = a + bz gives
0=p(a+bi) = qla+bi)0+ (ro +r1(a + b)) = (ro + ria) + (r1b)i.

Equating real and imaginary parts gives r1b = 0 and ry + ria = 0. Since
b # 0 this gives r; = 0, and hence 79 = 0. Thus X? — 2aX + a? + b? is
a factor of p(X), and since p(X) is irreducible it must be an associate of
X2 —2aX + a® + b*. Hence all irreducibles in R[X] are of degree 1 or 2.

#10 In Q[X] there are irreducibles of all degrees. In fact Eisenstein’s Cri-
terion, to be proved in §6k below, shows that X™ — 2 is irreducible in Q[X]
for all n € Z.

§6j Factorization of polynomials

The proofs of the following facts are very similar to the corresponding proofs
for Z, and are omitted.

6.16 THEOREM Let a, b, p be polynomials over the field F', and suppose
that p is irreducible and p|ab. Then p|a or p|b.

6.17 LEMMA Suppose that p, q1, qo, .. .qs are monic irreducible polynomi-
als in F[X] and that for some nonzero d € F' we have

p(X)|dg1(X)g2(X) ... g5 (X).
Then p(X) = ¢;(X) for some j.

6.18 UNIQUE FACTORIZATION THEOREM (i) Suppose that f(X) is a poly-
nomial of degree greater than one with coefficients in the field F', and let ¢ be

the leading coefficient of f. Then there exist monic irreducible polynomials
p1(X), p2(X), ..., pr(X) in F[X] such that

f(X) =epr(X)p2(X)...p-(X).

(ii) If cp1 (X )p2(X) ... pr(X) = dq1(X)q2(X) . .. gs(X) where ¢, d are nonzero
elements of F' and the p;, q; are monic irreducible polynomials, then ¢ = d,
r =s, and

P1 = Qiy s P2 = Gigy---5 Pr = (i,
where i1, 19, ...1, are the numbers 1, 2, ...r in some order.
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—Examples—

#11 Since Z;7 is a field (because 17 is prime) the Unique Factorization
Theorem holds in Z17[X]. So, for instance, X? — 6X +5 = (X — 1)(X — 5),
and this is the unique way of writing X2 —6.X 45 as a product of irreducibles.
On the other hand, Z1¢ is not a field, and in Zq6[X] we find that

(X —1)(X —-5)=X?—-6X+5
= X?+10X +21
= (X +7)(X +3).
Unique factorization does not hold in Zjs[X].

#12 In Z,[X] there are eight polynomials of degree three. We list them all
and express each as a product of irreducibles:

X3 =XXX
XP+1l=X+DX*+X+1)
XX =X(X+1)(X+1)
X3+ X +1 is irreducible

X3+ X?2=XX(X+1)

X3 4+ X? 4+ 1 is irreducible

X+ X2+ X =X(X?+X+1)

X3+ X2 4+ X +1=(X+D(X+1)(X +1).

66k Irreducibility over the rationals

6.19 PROPOSITION Suppose that f(X), g(X) € Z[X] and p € Z is a prime
integer which divides all the coefficients of f(X)g(X). Then either p divides
all the coefticients of f(X) or all the coefficients of g(X).

Proof. Let

f(X)=ap+a1 X+ +a, X"
g X)=bo+ b1 X+ -+ b, X"

and define
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P X)=ay+@ X+ +a, X" € Z,[X]
VX)) =bo+ b1 X + -+ b X™ € Z,[X]

where we have reverted to the bar notation for elements of Z, to avoid con-
fusion. Then

f(X)g(X) = agbo + (Cbobl + albo)X + (aobg +a1b; + agbo)XQ —+ ..

and by a similar calculation

¢(X)y(X) = @ by + (@ by + @1 bo) X + (@ by +ar by + @ bo) X” + - -
obo + (Cbobl + albo)X + (a0b2 + albl + agbo)X2 + -

a
0

since all the coefficients of f(X)g(X) are divisible by p. But Z, is an integral
domain (by Theorem 4.10) and so Z,[X] is also an integral domain (by Theo-
rem 6.6), and therefore has no zero divisors. It follows that either ¢(X) = 0,
in which case ag, a7, ... are all zero, and ag, a1, ... are all divisible by p, or
7v(X) =0, in which case all the coefficients of g(X) are divisible by p. O

6.20 Gauss’ LEMMA  Suppose that a(X) € Q[X] is reducible and has all
its coefficients in Z. Then a(X) has a nontrivial factorization in Z[X].

Proof. Let a(X) = f(X)g(X), where f(X), g(X) € Q[X] and both f and
g have degree less than the degree of a. Observe that there exist integers
m and n such that all the coefficients of mf(X) and ng(X) lie in Z—for
instance, if f(X) = (r0/s0) + (r1/s1)X + -+ + (rq/sq4)X? with the r; and
s; in 7Z, then taking m = sgs1...sq would suffice. Hence if k& = mn the
following property is satisfied:

There exist polynomials f; and g; which have
(P) integral coefficients and are associates of f and
g respectively, such that ka(X) = f1(X)g1(X).

Let K be the set of all positive integers k for which (P) is satisfied.

Since K is nonempty it has a least element, h. It suffices to prove that
h =1, for then (P) shows that a(X) has a factorization of the required kind.
So, suppose that h > 1. By Theorem 3.7 there exists a prime p which is a fac-
tor of h, and since the coefficients of a(X) are integral it follows that the coef-
ficients of ha(X) are all divisible by p. Since h € K there exist f1, g1 € Z[X]
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with deg(f1) = deg(f), deg(g1) = deg(g) and ha(X) = f1(X)g1(X), and by
Proposition 6.19 either (1/p)fi has integral coefficients or (1/p)g; does. It

follows that (h/p) is in K, since

(h/p)a(X) = ((1/p)[1(X))g1(X) = f1(X)((1/p)g1(X)).

This contradicts the fact that h is the smallest element in K, proving that
h =1, as required. O

As a corollary of Theorem 6.20 we obtain an easy way of listing all
rational numbers which can possibly be roots of a given integral polynomial.

6.21 RATIONAL RooTS THEOREM Ifag+ a1 X + -+ agX? € Z[X] then
all zeros of a(X) in Q have the form +(m/n) where m and n are integers
such that m|ay and n|a,.

Proof. If a(X) has a zero in Q it has a linear factor m —nX in Q[X]|. Thus
there is a factorization

(m—nX)(bg+ 01 X + - +bg_1 X =ag+ a1 X + -+ agX?

and by Theorem 6.20 we may assume that all the coefficients of both factors
are integral. But since ag = mbg and ay = —nby_; we deduce that m|ag
and nlag. This proves the claim, since the zero corresponding to the linear
factor m — nX is (m/n). (The + appears in the theorem statement merely
to emphasize that m and n may be negative.) 0]

—Example—

#13 By Theorem 6.20 the only rational numbers which can be zeros of
3—13X —7X2%2+4+2X3 are +1, 43, +(1/2), £(3/2). Trying them all one finds
that in fact —(3/2) is the only rational zero.

6.22 EISENSTEIN’S IRREDUCIBILITY CRITERION Ifp is a prime integer and
a(X) =ag+ a1 X + -+ +agX? € Z[X] is such that pla; for all i # d, pfaq
and p? Jag, then a(X) is irreducible in Q[X].

Proof. Suppose that there is a nontrivial factorization of a(X) in Q[X]:

(*) aot+ar X+ +agX = (bo+b X+ +bX")(co+ a1 X+ +cs X*)
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where r > 1, s > 1 and r + s = d. By 6.20 we may assume that b;, ¢; € Z.

On expanding (x) we obtain the equations

ag = boCo
a; = boCl + blco

ag = boca + bicy + bacg

and in Z, we therefore have similar equations

which in Z,, yield the factorization
(+x) Go+arX +---+aqg X" = Do+ b1 X+ +b,X") G+ X+ +5X5).

But aqg = @y = -+ = ag_1 = 0 and ag # 0; so the left hand side above
is an associate of X9. But Z, is a field, and so the Unique Factorization
Theorem 6.18 applies to Z,[X]. The only monic irreducible factor of X
is X; so it follows that the factors in (xx) are associates of powers of X.
Moreover, the right hand side of (x*) cannot have degree less than d = r + s;
so b, # 0 and & # 0. Thus

bo+ b1 X+ 4+ b, X" =X
G +aX 4 +6GX =X’

for some A, p € Z,. Since r > 1 and s > 1 it follows that by = 0 and ¢ = 0.
Thus for some integers h and k£ we have by = ph and ¢y = pk, giving

ag = b()Co = thk

contrary to the assumption that p?faq. Il
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For example, application of Eisenstein’s Criterion with p = 3 shows
that X4 — 9X?2 — 36X — 33 is irreducible over @, but gives no information
about X* —9X?2 — 36X — 36.

—Examples—

#14 Prove that /2 is irrational.

> By Eisenstein’s Criterion with p = 2 we see that X3 — 2 is irreducible
in Q[X] and so, by the Factor Theorem, it has no zeros in Q. Hence V/2 ¢ Q.

Alternatively, by the Rational Roots Theorem the only possible rational
roots of X®—2 are £1 and £2. Since {/2 is a root, it is not rational. =K

#15 Let a, b, ¢ be rational numbers which are not all zero, and let
2
t=a+bV2+c (3/5)
Prove that ¢ # 0.

> If c and b are both zero then a cannot be zero, andt =a # 0. If c=0
and b # 0 then t = 0 would give ¥/2 = —(a/b), contradicting the irrationality
of ¥/2. Thus we may assume that ¢ # 0.

Let p(X) = a + bX + ¢X?, and let 7(X) be the remainder obtained
when X3 — 2 is divided by p(X). Thus
($) X? = 2=p(X)q(X) +r(X)
for some ¢(X) € Q[X], and by Theorem 6.9 r(X) = c+dX for some ¢, d € Q.
If ¢t = 0 then substituting X = v/2 in ($) gives r(v/2) = 0, and this contradicts
the irrationality of /2 unless ¢ = d = 0. Hence X® — 2 is divisible by p(X).
But this contradicts the fact that X3 — 2 is irreducible in Q[X], proved in
#14 above. Hence t # 0. =

Exercises

1. Find the greatest common divisor d(X) of the polynomials

X3 —6X%24+ X +4
X5 —6X+1

g
s
I

and

=
s
!
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10.

in Q[X], as well as polynomials s(X) and #(X) such that

d(X) = s(X)f(X) + #(X)g(X)

Find the greatest common divisor d(X) of

f(X)=X°+X*+2x® - X? - X -2

and 4 3
g(X)=2X"4+4X"+3X +3

where f(X), g(X) € Z5[X]. Also find polynomials s(X), t(X) € Zs[X]
such that
d(X) = s(X) f(X) +£(X)g(X).

Write X% + 2X3 4+ X2 4+ 2X + 2 over Zs as a product of irreducible
polynomials.

Let f(X)=ap+a1 X+ +a,_1 X" 1+ X" € Q[X] be a monic polyno-
mial with integral coefficients. Show that if ag+a; X +-- -+ X" € Z,[X]
is irreducible (for some prime p), then f(X) is irreducible over Q.

List all the polynomials of degree 4 in Zy[X], and express them as prod-
ucts of irreducibles.

Test the following polynomials for irreducibility over Q:

(1) 5X3+X?+X—4

(ii) 3X5+2X3—6X+6

(71i) X*+7X3-10X2+2X+5 (Hint: Apply Exercise 4 with p = 2.)
(iv) 2X*+7X3 —15X2+3X +6

Give an example of a quadratic polynomial in Zg[X] which has more
than two roots.

Prove that /6 is irrational.
Find all monic irreducible quadratic polynomials over Zs.

Let R[X] be a commutative ring with 1. Prove that the polynomial ring
R[X] cannot be a field.
(Hint: Show that X does not have an inverse.)
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12.

13.
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Let f(X) and g(X) be monic polynomials of degree 5 in Z7[X] with the
property that f(c) = g(c) for all ¢ € Z7. Show that f(X) = g(X).

Let F be a field and f(X), g(X) and h(X) distinct monic polynomials
in F[X] with f(X) and g(X) irreducible. Show that the ged of h(X)
and f(X)g(X) is 1 if A(X) is irreducible, but need not be 1 otherwise.

Prove that ¢: R[X] — Mat(3,R) defined by

apg aip az
Ya+a X+--+a, X")=1 0 ay a1
0 0 a

is a homomorphism.
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More Ring Theory

In this chapter we return to the general setting and develop the remaining
theory which will be needed in this course. Our principal objectives are the
definition of quotient rings and the Fundamental Homomorphism Theorem.

§7a  More on homomorphisms

It will be convenient for us to temporarily generalize slightly the concept of
a homomorphism. Suppose that S and T are sets each equipped with oper-
ations called addition and multiplication, about which nothing is assumed.
(Thus, in particular, S and T need not be rings.) We still refer to a map
0: S — T satisfying 0(zy) = 0(z)0(y) and 6(z + y) = 0(z) + 0(y) as a homo-
morphism.

7.1 LEMMA Let R be a ring and T any set equipped with addition and
multiplication, and suppose that §: R — T is a homomorphism. Then

S={0(x) |z € R}
is a subset of T' which forms a ring under the operations of T', and
K={xeR|0(x)=06(0)}
is an ideal of R.
Proof. Let a, b, c € S. Then there exist z, y, z € R such that a = 0(z),

b= 0(y) and ¢ = 6(z), and the associativity of addition in R together with
the fact that 6 preserves addition gives

(a+b)+c=(0(x)+0(y) +6(z) =0(x+y)+0(z) =0((z+ )—l—z)
=0(z+ (y+2) =0x)+0(y+2z) =0(z)+ (0y) +6(z)) =

Similar arguments show that a +b = b+ a, (ab)c = a(bc), a(b+ ¢) = ab+ ac
and (a + b)c = ac + be. Hence S satisfies Axioms (i), (iv), (v) and (vi) of
Definition 2.2.
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The element 6(0) € S is a zero element for S, since if a € S is arbitrary
then (for some x € R)

and

Furthermore, since

a+0(—x)=0(x)+0(—x) =0(x+ (—x)) = 6(0)

0 6

we see that a has a negative. Thus Axioms (ii) and (iii) are satisfied.

To prove that K is an ideal we use Proposition 5.8. Since 0 € K we
have that K # (). Now if z, y € K and r € R then

0(—z) =0(—x+0) =60(—x)+6(0) =0(—=x) + 0(x) =0(—x + ) = 6(0)
O(xr) =0(x)0(r) = 0(0)0(r) = 0(0r) = 6(0)
O(rx) = 6(r)0(x) = 6(r)8(0) = 6(r0) = 6(0)

so that x4y, —x, rx and zr are all in K. So all the required closure properties

hold. 0
Comment >D>>

7.1.1 Since the element 0(0) of S is the zero of S the definition of K is,
effectively,

K={xeR|0(zx)=0}.

The set K is usually called the ‘kernel’” of 6. (The set S is called the ‘image’
of 6—see §0b.) >>D>

7.2 DEFINITION If R and S are rings and : R — S a homomorphism, then
the kernel of 0 is the subset of R

ker =0 1(0s) = {x € R|0(z) =0g5}
where Og is the zero of S.

From Lemma 7.1 we have immediately:
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7.3 THEOREM The kernel of a ring homomorphism 6: R — S is an ideal of
R, the image a subring of S.

It is trivial that a homomorphism #: R — S is surjective if and only if
imf = S. The next result provides an analogous criterion for injectivity:

7.4 THEOREM A ring homomorphism 6: R — S is injective if and only if
kerf = {Or}.

Proof. Suppose that 0 is injective. It follows from Theorem 5.5 (i) that
Or € kerf. Suppose that x is another element of ker . Then

Q(ZL‘) = OS = ‘9(03)
and injectivity of € gives x = Or. Thus Op is the only element of ker 6, as
required.

Conversely, suppose that ker§ = {Or}, and let x and y be elements of
R with 6(z) = 0(y). Then by Theorem 5.5

0(x —y) = 0(z) —0(y) = 0s
and therefore x — y € kerf. Hence x —y = O, and * = y. Thus 0 is
injective. U

7.5 THEOREM If0:R — S and :S — T are ring homomorphisms, then
the composite map ¥0: R — T defined by

(¥0)(z) = ¥(6(z)) for allz € R
is also a homomorphism.

The proof of this is left to the exercises.
—FExample—

#1 Define f:Z[X]| — Z by
flao+ a1 X + -+ a, X") = ay.

Observe that f coincides with the evaluation map eg (see §6e): the result of
putting X =0 in ag + a1 X + -+ + a, X" is ap. So f is a homomorphism.
Now let g:Z — Z3 be the natural homomorphism (given by a — a for all
a € 7 (see §5b#7)). The composite map ¢f:Z[X]| — Zs is given by

apo+ a1 X +---+a, X" — ag



Chapter Seven: More Ring Theory

and by 7.5 it is a homomorphism. By 7.3 the kernel of this homomorphism
is an ideal of Z[X]. Tt can be seen that this ideal consists of all polynomials
over Z with constant term divisible by three.

§7b More on ideals

If R is any ring then the subsets {0} and R are ideals. For some rings these
are the only ideals; for instance, fields have no ideals other than these trivial
ones.

Let I be an ideal of R, and suppose that a € I. Then I contains every
element of the form ra for r € R. In particular, if R has an identity and a
has an inverse then I contains ¢t = (ta~!)a for any ¢t € R. This observation
gives us the following theorem:

7.6 THEOREM (i) An ideal which contains an element with an inverse must
be the whole ring.

(ii) If F is a field then the only ideals in F' are {0} and F.

Proof. The first part is immediate from the preceding remarks, and the
second part follows from the first since all nonzero elements of fields have
inverses. 0]

NoTATION. If R is a commutative ring the set { ar | 7 € R } will be denoted
by ‘aR’ or ‘Ra’.

7.7 THEOREM If R is a commutative ring and a € R then aR is an ideal
of R.

Proof. Since a0 € aR it is immediate that aR # (). Now let z, y € aR and
r € R. Then z = as, y = at for some s, t € R, and hence
r+y=as+at=a(s+t) €aR
—x = —(as) =a(—s) € aR
xr = (as)r = a(sr) € aR.

Since R is commutative we deduce also that rz = xr € aR. By Proposi-
tion 5.8 it follows that aR is an ideal. 0J

99



100 Chapter Seven: More Ring Theory

Comment D>>>

7.7.1 The above proof uses commutativity of R, and it is impossible to

avoid this. If R is not commutative then aR is not necessarily an ideal.
>>>

7.8 DEFINITION Let R be a commutative ring with 1 and let a € R. Then
aR is called the principal ideal generated by a.

—Examples—

#2 Let ¢:Z — Z,, be the homomorphism given by ¢(a) = a (see §5b#T7).
The kernel of ¢ must be an ideal of Z (by 7.3), and in fact

kerog={a€Z|a=0}
={a€Z|a=0 (modn)}
={a€Z|a=nk forsomekecZ}
= nZ.

That is, ker ¢ is the principal ideal generated by n.

#3  Define 0: R[X] — R by o(f(X)) = f(3) for all f € R[X]. (That is, in
the notation of §6e, o = e3.) Then

kero = { f(X) [ f(3) =0}
={f(X)| X —3is afactor of f(X)} (by Theorem 6.11)
={(X =3)g(X) | g e R[X]}
= (X - 3)R[X].

That is, ker o is the principal ideal generated by X — 3.

#4  There are ideals which are not principal. We saw in #1 that the subset
I of Z[X] consisting of those polynomials which have constant term divisible
by three is an ideal of Z[X]|. However, I is not a principal ideal: there is no
p € Z[X] such that I = p(X)Z[X]. For suppose that such a p exists. Then
since 3 € I we have 3 = p(X)q(X) for some ¢ € Z[X]. By Theorem 6.6

deg(p) + deg(q) = deg(3) =0

and so deg(p) = deg(q) = 0. So p and ¢ are constant polynomials; that
is, p and ¢ are elements of Z (regarding Z as a subring of Z[X|—see 6.7.1).
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Since 3 is the product of p and ¢ and since 3 is prime we see that the only
possibilities for p are £1 and +3. But if p = +1 then pZ[X]| = Z[X] # I,
and if p = £3 then pZ[X] = 3Z[X] consists of those polynomials for which
every coefficient is divisible by three, not just the 0. So our assumption
that pZ[X] = I is contradicted, showing that no such p can exist.

#5  There is a homomorphism p: R[X] — C given by
p(p(X)) = p(3) for all p € R[X].
By Theorem 6.9, for any p € R[X] there exists ¢ € R[X] and a, b € R with
p(X) = g(X) (X2 +1) +bX +a,
and putting X = ¢ we get p(i) = bi + a. So if p(¢) = 0 we must have both
a =0 and b = 0, in which case X2 + 1 is a factor of p(X). Thus the kernel
of p is the set of all p which have X2 4 1 as a factor:

ker p = (X? + 1)R[X].

§7c Congruence modulo an ideal

If n is a positive integer then, as we have seen, the set nZ of all integers
divisible by n is an ideal of Z, and on Z there is an equivalence relation
‘congruence modulo n’ given by

a=b (modn) if and only if a —b € nZ.

The same works for any ideal in any ring.

7.9 THEOREM Let I be an ideal in a ring R, and define a relation on R by
a=b (modI) ifandonlyif a—bel.

The relation so obtained is an equivalence relation.

Proof. For all x € R we have x —x =0 € I, since [ is a subring and must
therefore contain the zero of R (by 5.2.1). Hence z = = (mod I), and the
Reflexive Law is satisfied.
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Suppose that z, y € I and x = y. Then x —y € I, and so
y—r=—(z—y)el
by Proposition 5.8. Thus y = z, and the Symmetric Law is satisfied.
Finally, suppose that =, y, z€ Randx =y and y=2. Thenxz—y e[l
and y — z € I, and so
r—z=(@—-y)+y—z el
by Proposition 5.8. Thus z = z, and the Transitive Law holds. Il

The relation defined in 7.9 is called congruence modulo I. By the results
of §4a we see that it partitions R into equivalence classes. These equivalence
classes are called the cosets of I. Reformulating this slightly gives the fol-
lowing;:

7.10 DEFINITION If [ is an ideal in the ring R and a € R then the coset of
I containing a is theset I +a={b|be Randa—be [}.

Comment D>>>
7.10.1 The notation ‘I+4a’ derives from the fact that the coset containing
a is alternatively described as the set {x +a |z € 1 }. D>

Occasionally we will use the same notation as we used in §4a for equiv-
alence classes, and write ‘a’ for ‘1 + a’. The advantage of the bar notation
is that it is shorter, the disadvantage that it suppresses any mention of I, so
that the reader has to remember which ideal is being used.

§7d Quotient rings
If I is an ideal in the ring R define
R/I:{I+a|aER}.

In other words, R / I is the set of all equivalence classes of R under the relation
of congruence modulo I. That is, in accordance with Definition 4.3, R / Iis
the quotient of R by this equivalence relation. We wish to define operations
of addition and multiplication on R / I to make R / I into a ring. We do this
in exactly the same way as we did it for Z,.
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7.11 THEOREM Let I be an ideal in the ring R. Then there exist well-
defined operations of addition and multiplication on R / I such that

(I+a)+ I +b)=1+(a+Db)
(I+a)(I+b)=I+ab

for all a, b € R.

Proof. Since every element of R/ I has the form [ + a for some a € R,
the given equations define the sum and product of every pair of elements
of R / I. The problem is that since elements of R / I may be expressible in
this form in several ways the equations may be inconsistent. We must prove,
therefore, that if I +a’ = I +aand I +b =1+ b then I +a'b) =1+ ab and
I+ (d+b)=1+ (a+0b).

Assume that I +a' =TI +aand I+ =1+0b. Thena=a' and b=V
(mod I), and so @’ = a+ x, b’ = b+ y for some z, y € I. Now

a+b=@+z)+b+y)=(a+b)+(x+y)=a+b (modI)
ab =(a+z)b+y)=ab+ (zb+ay+zy) =ab (mod I)

since by 5.8 the fact that x, y € I gives that  + y, xb, ay, vy and hence
xb+ay+xy are all in I. Thus I+ (o' +b0) = I+ (a+0b) and I +a'b’ = I +ab,
as required. ([l
Comment >>>
7.11.1 By these definitions, to add or multiply two cosets one picks ele-
ments in the cosets and adds or multiplies the elements. The theorem shows
that the coset containing the result is independent of the elements chosen.
>>>

7.12 THEOREM Let I be an ideal in the ring R. Then R/I is a ring under
the operations of addition and multiplication defined in 7.11. Furthermore,
the map v: R — R/I defined by v(a) = I + a (for all a € R) is a surjective
homomorphism.

Proof. The definitions of addition and multiplication yield immediately
that

v(a)v(b) = (I +a)(I +b) =1+ ab= v(ab)
via)+vb)={T+a)+ I +b)=1+(a+b) =v(a+0b)
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and therefore v is a homomorphism. It is trivial that v is surjective, since
every element of R/ I has the form [ + a with a € R. Since by Lemma 7.1
the image of v is a ring we deduce also that R / 1 is a ring. U

7.13 DEFINITION The map v: R — R/I defined in Theorem 7.12 is called
the natural homomorphism from R to the quotient ring R/I.

—FExamples—

#6 If R=7and I = nZ (where n € Z") then the cosets nZ +a (a € Z)
are exactly the congruence classes a (a € Z) as defined in §4b, and the
quotient ring Z / nZ is exactly the same as the ring Z,,.

#7 Let R=R[X] and I = (X% + 1)R[X]. As we have seen (#5 above),
for each p € R[X] there exists ¢ € R[X] and a, b € R with

p(X) = (X2 +1)g(X) + bX +a.
This gives
p(X)=bX +a (modI)

and shows that every equivalence class contains a polynomial of the form
bX + a. Thus
R/I={I+ (bX +a)|a, beR}.

Observe that
(I+bX4+a)I+dX +c¢)=1+ (bX +a)(dX +¢)

= I+ (bdX? + (ad + bc) X + ac)
=T +bd(X?+1)+ (ad + bc)X + (ac — bd).

But since
bd(X? + 1) + (ad + be) X + (ac — bd)

is congruent to

(ad 4+ be) X + (ac — bd)
modulo the ideal I = (X? + 1)R[X], this gives

(M) (I+(a+bX))(I+ (c+dX)) =1+ ((ac—bd)+ (ad+ bc)X).
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We also have
(V) (I+@+bX)+ T+ (c+dX))=I+((a+c)+ (b+d)X).

Comparing (#) and (©) with the rules for multiplication and addition of
complex numbers,

(a+bi)(c+ di) = (ac — bd) + (ad + bc)1
(a+bi)+ (c+di)=(a+c)+ (b+d)i

we see readily that the ring R/I = R[X]/(X? + 1)R[X] is isomorphic to C.

From an intuitive point of view the construction of a quotient ring
R/ I amounts to regarding all elements of I as being equal to zero. As a
consequence of this we must regard two elements as equal if they differ by an
element of I; that is, if they are in the same coset. This process is sometimes
called “factoring out I”.

§7e The Fundamental Homomorphism Theorem

7.14 THE FUNDAMENTAL HOMOMORPHISM THEOREM Let R and S be
rings and let : R — S be a homomorphism. Then

R / ker§ = im 6.
Indeed there is an isomorphism

w:R/kerQ — im#é
satisfying
Y(ker + a) = 0(a)

for all a € R.
Proof. Since every element of R / ker # is expressible in the form ker 6 + a,

possibly in more than one way, the formula i (kerf + a) = 6(a) will de-
fine a function from R to R / ker @ provided that it is consistent with itself.
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Thus we must show that if kerf + a’ = ker @ + a then 0(a’) = 0(a). But if
ker @ + a’ = ker 6 + a then a’ — a € ker 6, and hence, by 5.5,

6(a') —60(a) =0(a’ —a)=0

giving the result. So v is well defined.

Ifa, e R/ker«9 then there exist a, b € R such that a = ker 6 + a and
[ = kerf + b, and we obtain

P(a)p(0)

(ker 6 + a)(ker 6 + b)
0(a)0(b)
O(ab) (since 0 preserves multiplication)
Y(ker 0 + ab)
¥ ((ker 0 + a)(ker 6 + b))
= p(af).
A similar argument based on the fact that 6 preserves addition shows that

() +9Y(B) = (a+ ). Thus ¢ is a homomorphism, and it remains to show
that 1 is bijective.

Let x € im#. Then z = 6(a) for some a € R, and from this it follows
that 1 (ker 6+a) = 6(a) = . Hence 1 is a surjective mapping from R /ker 6 to
im 0. Now suppose that ¢ (a) = ¥(8) for some « and 3 in R/ker 0. Choosing
a and b in R with o = ker# + a and 3 = ker 6 + b we find that

0(a —b) = 0(a) — 0(b) = ¢(a) — () =0
and therefore a — b € ker §. That is, a = b (mod ker §), and

a=kerf +a=%kerf+b=p.

Therefore 1 is injective. O

Comment D>>>
7.14.1 If : R — S is a homomorphism with ker# = I then § maps two
elements of R to the same element of im# C S if and only if the two given
elements of R differ by an element of I. Since factoring out I amounts to
regarding two elements of R as equal if and only if they differ by an element
of I, this means that each element of im # corresponds to just one element of
R / 1. So the homomorphism R — im # becomes an isomorphism R / I —im@.
>>D>
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—Examples—

#8 For any ring R the identity map «: R — R (given by «(z) = x for
all z € R) is a homomorphism. Clearly kert = {0} and im: = R, and
so the Fundamental Homomorphism Theorem says that R/{0} = R. The
isomorphism guaranteed by 7.14 is {0} + a +— ¢(a) = a.

#9 For any rings R and S the zero map R — S, defined by z — 0g (for
all x € R), is a homomorphism. Its kernel is the whole of R and its image is
the zero subring of S. By 7.14,

R/R = {0}.
(Note that R/R has just one element, since R+ x = R for all z € R.)
#10 Let p:R[X] — C be the homomorphism considered in #5 above,

namely
p(p(X)) = p(3) for all p e R[X].

Clearly p is surjective (since every element of C is of the form a + bi for
some a, b € R, and a + bi = p(a + bX)). So imp = C. As we saw in #5,
ker p = (X2 + 1)R[X]. Hence 7.14 gives

]R[X]/(X2 +1)R[X] = C.
Furthermore there is a isomorphism
b: R[X]/(X2 +1)R[X] — C
satisfying

V(I +p(X)) = p(p(X)) = p(2)

for all p € R[X] (where we have written ‘I’ for * (X2+1)R[X]’). In particular
this says

V(I + (a+bX)) =a+bi,

in agreement with #7 above.

#11 Let R and S be rings. Recall that the direct sum R + S of R and
S is the set {(r,s) | r € R, s € S} under componentwise addition and
multiplication (see §2c#5).

There is a homomorphism 7: R — R + S given by n(r) = (r,0) for all
r € R. Since kern = {0} it follows that im# = R/{0} = R (by #8 above).
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The image of € is the set ' = {(r,0) | » € R }; we have thus shown that R’
is a subring of R+ S isomorphic to R. Similarly the set S’ = {(0,s) | s € S}
is a subring of R + S isomorphic to S.

Now define m: R+ S — R by m(r,s) = r. It is easily seen that 7 is a
homomorphism and that im7 = R and kerm = {(0,s) | s € S} =5". So in
fact S’ is an ideal of R+ S, and R+ S/S’ = R. Similarly, R is an ideal and
R+S/R =8.

The isomorphism : R + S / S’ — R given by 7.14 can be described
explicitly in the following way. If (r,s) € R+ S then the coset S’ + (r, s) is

{(z,y) |z € R, ye Sand (x,y) — (r,5) € 5"}
{(x,y) |z € R, ye Sand (x —r,y—s) €S}
={(r,y)|z€eR,ye Sandz—r=0}
{(

By 7.14 we have ¢ (S" + (r,s)) = w(r, s); that is,

v({ny) lyesy)=r

In other words, what we have shown is this:

For each r € R there is a coset of S’ consisting of all ordered
pairs (z,y) in R+ S such that the first component, z, is equal
to r. This gives a one-to-one correspondence between elements

of R and cosets of S’; that is, between elements of R and
elements of R + S / S’. This correspondence is an isomorphism.

Exercises

1. (i) Prove that Q[v/2] as defined in Exercise 11 of Chapter Five is a
subfield of R.

(Hint: By Exercise 11 of Chapter Five, Q[/2] is an integral

domain. To prove that all nonzero elements of Q[+/2] have



Chapter Seven: More Ring Theory

inverses in Q[v/2] use §6k#15 of Chapter 6 and prove the
formula

(a+bV2+c(V2)") = (e/d)+ (F/)V2+ (9/a) (V)"

where
d=a’+2b° + 4> — 6abe
e =a’®— 2bc
f=2c—ab
g="b>—ac

for inverses of elements of Q[+/2].)

(ii) Prove that Q[¢/2] is isomorphic to the quotient ring Q[X] /K,
where K is the set of all p(X) € Q[X] such that p(3/2) = 0.

(Hint: Use the Fundamental Homomorphism Theorem and
the evaluation homomorphism p(X) — p(3/2).)

Calculate the kernel and image of the homomorphism 1 in Exercise 13
of Chapter Six.

Prove Theorem 7.5.

Let R be a commutative ring with 1. For z, y € R let ‘z|y’ mean ‘there
exists z € R with y = zz’. Prove that if a, b € R then aR = bR if and
only if a|b and b|a.

Let 6 be the homomorphism defined in Exercise 13 of Chapter Five:

a b c
010 d e | = (? ;)
0 f g
where the domain R of 6 is a subring of Mat(3,Z) and the codomain is
Mat(2,7Z). Prove that the kernel of 6 is equal to the set I of all matrices of

a b c
the form | 0 0 0 | with a, b, ¢ € Z. Deduce that R/I = Mat(2,Z),
0 0 0

and give an explicit isomorphism.
(Hint: R/I is the set of equivalence classes of the relation ~ defined
in Exercise 13 of Chapter Five.)
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6.

In each case show that I is an ideal of the given ring R, and find a
homomorphism which has kernel equal to I:

(i) R=127,1=5Z

(i7) R:{(Zg)pwmeR},I:{(Zg)wweR}

(i) R=7Z[X]

I={a+a X+ - +a,X"|a;€Z, > ya;=0}
(iv) R =Z[X]

I={a+a X+ +a, X" |a;€Z, > ja;, =0 (mod 2)}
(v) R=Z[X]

I={apt+a1 X+ +a,X"|a; €Z, > ,(-1)a; =0 (mod 3) }.

Let I be an ideal and S a subring in the ring R.

(i) Show that S+ I ={s+x|se€S, z€l} isasubring of R.

(79) Show that I is an ideal in S + 1.

(iii) Show that 6:S — (S 4 I)/I given by 6(s) = I + s is a homomor-

phism.
(iv) Deduce that S N1 is an ideal in S and S/(S N I) is isomorphic to
(S+1)/1. (Hint: Use 7.14 and 7.3.)

(v) Prove directly that S NI is an ideal in S.

Prove that if A =nZ and B = mZ then A+ B = dZ and AN B =17,
where d = ged(n,m) and | = lem(n,m) and A + B is as defined in the
previous exercise.
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Field Extensions

In §7d#7 we saw that the polynomial ring R[X] has a quotient ring isomor-
phic to the field C of complex numbers. This is an example of a phenomenon
we wish to study in more detail, as a method of constructing fields containing
a given field F' as a subfield. The fields to be constructed will be quotient
rings of F[X]. Our first step in this program is to study ideals in F[X].

¢8a Ideals in polynomial rings
From now on we will only be concerned with polynomials over fields.

8.1 THEOREM Let F be a field and let I be an ideal of F|X]. Then there
exists a polynomial f(X) such that [ = f(X)F[X].

Proof. By 5.2.1 we know that 0 € I. If 0 is the only element of I then the
assertion of the theorem holds with f(X) = 0. Thus we may assume that [
contains nonzero elements.

Of all nonzero elements of I choose f(X) to be one of minimal degree,f
and let J = f(X)F[X]. If p(X) € J then p(X) = q(X)f(X) for some g,
and, since f(X) € I, 5.8 (iv) yields that p(X) € I. Thus J C I. Conversely,
let p(X) € I, and let 7(X) be the remainder on dividing p(X) by f(X).
Then for some polynomial ¢ we have r(X) = p(X) — ¢(X)f(X), and since
p(X) and f(X) are both in I we deduce (by 5.8) that 7(X) € I. By the
choice of f(X) we know therefore that the degree of 7(X) cannot be less
than the degree of f(X); hence by Theorem 6.9 it follows that r(X) = 0.
Thus p(X) = f(X)q(X) € f(X)F[X] = J, and we conclude that I C J.
Hence I = J, as required. O

T Note the use of the Least Integer Principle in this step
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Comment >D>>

8.1.1 This says that all ideals of F[X] are principal. Furthermore, in the
above proof we have in fact shown that a nonzero ideal in F[X] is generated
by any nonzero element of minimal degree contained in it. >>D>

As a corollary of 8.1 we obtain the following proposition:

8.2 PROPOSITION Let I be an ideal in F[X] with I # F[X]|, and suppose
that I contains an irreducible polynomial p(X). Then I = p(X)F[X].

Proof. By Theorem 8.1 there exists f(X) € F[X] with [ = f(X)F[X].
Since p(X) € I it follows that f(X)|[p(X). Since p(X) is irreducible f(X)
must be either an associate of p(X) or of degree zero. But if deg(f) = 0
then by 7.6 (i) we obtain I = F[X], contrary to hypothesis. So f and p are
associates, and therefore f(X)F[X]| = p(X)F[X] (by Exercise 4 of Chapter
Seven). O

68b  Quotient rings of polynomial rings

Continuing with the notation of 8.1, let I = f(X)F[X]. We wish to inves-
tigate the ring @ = F[X]/I. For simplicity we will use the bar notation for

cosets: g(X) =1+ g(X) for all g € F[X].

8.3 THEOREM Suppose that f(X)=co+ X + -+ ¢, X", wheren > 1,
c; € F for each i, and ¢,, # 0. Then we have the following:

(i) Each element of Q = F[X]/I is uniquely expressible in the form
ap +ar X + -+ a1 X7t
with ag, a1,..., ap_1 € F.
(ii) The set F ={@|a € F} is a subring of F[X]/I isomorphic to F.
(iii) The element X of Q satisfies the equation
G+ X+ GX =0

Proof. (i) An arbitrary element of ) is a coset of I, and hence equal
to g(X) for some polynomial g € F[X]. By Theorem 6.9

(%) 9(X) =q(X)f(X) + (a0 + a1 X + - + a1 X"7)
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for uniquely determined ag, a1, ...,a,_1 € F. Since [ is the set of all poly-
nomials of the form ¢(X)f(X) it follows that equation (x) is equivalent to
g X)=ag+ a1 X+ +a,_1 X" ! (mod I), and hence to

() g X)=ao+a X+ +a, 1 XL

So (#x*) holds for unique a;, as required.

(ii) Define a mapping 6: F — F[X]/I by 6(a) = a. Then 6 is a homo-
morphism, since it is the restriction to the subring F' of F[X] of the natural
homomorphism F[X] — Q. (See 7.12 and 5.5.2.) If a € F'is in ker# then
@ = 0, and since a € F it follows from (i) that a = 0. (Alternatively,
@ = 0 means that a € I, and hence a is divisible by f(X). Since a is a
constant and deg(f) > 1 we must have a = 0.) Thus ker # = {0}, and since
imf = {0(a) | a € F} = F Theorem 7.14 gives

F%F/kere%F

in view of §7e#S8.

(iii) By the definition of addition and multiplication in a quotient ring,

for all r(X), s(X) € F[X]. Hence

—n —_—

taX + o +GX =ctaX+ o t+eX"=f(X)

which is equal to 0 since f(X) € I. O
Comment >>>
8.3.1 Part (ii) of 8.3 permits us to regard F' as a subring of @, in the

same way as we have identified F' with the set of constant polynomials in
F[X]. That is, we identify a with a for each a € F. Thus @ is a ring
which contains F' as a subring and also contains an element X satisfying
co+c1X 4+, X =0. That is, X € Q is a zero of the polynomial
fY)=co+aY +-+c,Y" € QIY]. Furthermore, by (i) of 8.3, every
element of @ is of the form ag + a1 X + --- + anflyn_l with coefficients
a; € F. Hence Q = F[X]/f(X)F[X] can be regarded as a ring obtained

from F by adjoining to F' a new element X which is to be a zero of f.
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These remarks should be compared with the remarks in 6.7.1. The
polynomial ring F[X] is a ring obtained from F' by adjoining an element X
which satisfies no nontrivial equations. Now () is obtained by adjoining to F’
an element X satisfying the equation co+c1 X +- - 4+¢, X" = 0. Furthermore
we know by 7.12 that there is a homomorphism

FIX]—Q=F[X]/I
such that X +— X, and, in general,
awt+a X+ +a,X —ag+a X +-+a X

for any polynomial ag + a1 X + -+ + a, X" € F[X]. This is reasonable, since
factoring I out of F'[X] amounts to regarding elements of I, in particular the
element f(X)=co+ X + -+ ¢, X", as being equal to 0. >>>

To complete our discussion of quotient rings of F'[X] it remains to say
what happens when p(X) is a constant polynomial. There are two cases,
both trivial.

8.4 THEOREM Let p(X)=a € F, and let I = p(X)F[X].
(i) If a =0 then I = {0} and F[X]/I = F[X].
(ii) If a # 0 then I = F[X] and F[X]/I = {0}.

Proof. Part (i) is immediate from §7e#8, and, in view of 7.6 (i), Part (ii)
is immediate from §7e#9. O

—FExamples—

#1 Let R = Q[X]/(X? — 3)Q[X]. We use the bar notation again: if

g(X) € Q[X] then g(X) denotes the element (X? — 3)Q[X] + g(X) of the
ring R. By the discussion in 8.3.1 we know that R can be thought of as the

result of adjoining to Q an element X satisfying X -3=0. Every element
of R will have the form a + X for some a, b € QQ, and the following rules
hold for addition and multiplication in R:

(a+bX)+ (c+dX)=(a+c)+ (b+d)X
(a+bX)(c+dX) =ac+ (ad+ bc)X + bdX
= (ac + 3bd) + (ad + bc) X

2

. —2
since X = 3.
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There is another way to adjoin to Q an element whose square is three;
namely, consider the set Q[\/g] of all real numbers of the form a + b3
with @ and b in Q. We saw in §5a#6 that Q[v/3] is a subfield of R. The
above considerations suggest that this subfield of R ought to be isomorphic
to Q[X]/(X? — 3)Q[X]. It is easy to prove this by using the Fundamental
Homomorphism Theorem.

Define : Q[X] — R by 60(g(X)) = g(v/3) for all g € Q[X]. Then 0 is
a homomorphism. Since (\/g)l is in Q if ¢ is even and of the form ¢v/3 with
q € Q if 7 is odd, we have
imf = {ag +a1V3+aa(V3)2 + - +a,(V3)"|0<ncZ a cQ}
={a+bV/3]a, beQ}
=Q[V3].

Moreover, since (by 6.9) any element of Q[X] is expressible in the form
(X2% —3)q¢(X) + (a + bX) with ¢(X) € Q[X] and a, b € Q, it follows that

kerf = {g € Q[X] | g(v3) =0}
= {(X?-3)¢(X)+a+bX |q€Q[X], a,b€Q, a+bV/3=0}
= {(X? -3)¢(X) | ¢ € Q[X]}
= (X? - 3)Q[X].
By 7.14,
QIX]/(x* - 3)Q[X] = Q[V3]

and there is an isomorphism satisfying
a+bX = (X2 -3)Q[X] + (a+bX) — a+bV3
for all a, b € Q.

#2  Prove that Q[V/2] = {a+ b¥/2 +c(¥/2)? | a, b, c € Q} is isomorphic
to QIX]/(X* — 2)Q[X].

> Define ¢: Q[X] — R by ¢(p(X)) = p(+/2). By Theorem 6.8 we know
that ¢ is a homomorphism. Now any rational linear combination of powers
of /2 lies in Q[v/2], since (v/2)" is in Q if i = 0 (mod 3), of the form ¢+/2

115
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with ¢ € Q if i = 1 (mod 3) and of the form ¢(+/2)? with ¢ € Q if i = 2 (mod
3). Thus

ime={ay+avV2+ - +a,(V2)"|0<ncZa €Q)}
={a+bV2+c(V2)?|a, b, c€Q}
=Q[V2).
By Theorem 7.14 it follows that Q[v/2] = Q[X]/ ker ¢, and it remains for us
to prove that ker ¢ = (X3 — 2)Q[X]. Now certainly X3 — 2 € ker ¢, since
p(X3—2) = (/2)3 -2 = 0. But since X> —2 is irreducible in Q[X] (by Eisen-

stein’s Criterion—see §6k#14), it follows from 8.2 that ker § = (X —2)Q[X],
as required. =

#3  Let Q = R[X]/X3R[X]. Then by 8.3 the set
R = {X*R[X]+t|teR}

is a subring of @ isomorphic to R, and o = X3R[X] + X is an element of
Q satisfying o® = 0. Every element of @ is uniquely expressible in the form
to + tia + toa? with to, t1, to € R'. The rule for addition in Q is obvious:

(50 + s1a + 5202) + (to + tra + t20?) = (s0 + to) + (51 4+ t1)a + (52 + t2)a?

for all s;, t; € R (i =0, 1, 2). To multiply two elements of @), simply expand
the product and use a® = 0:

(So—f—SlOé—f—SQOéQ)(to —f—thé—f—tQOéQ) = 30t0+(30t1 —|—81t0)04+(80t2 —|—81t1 +82t0)a2.

#4 Let T =R[X]/X R[X]. Using the bar notation again, we have

X = 0 = zero element of T,

since X is in the ideal X R[X]. (In factoring out X R[X] all elements of
X R[X] are regarded as being zero, and this includes the element X.) So
in accordance with 8.3 the ring T' can be thought of as obtained from R by
adjoining to R an element X satisfying X = 0.

Adjoining 0 to R doesn’t do a lot—0 is already an element of R. So we
should have that T" = R. Again this can be proved using 7.14. There is a
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homomorphism ¢: R[X]| — R given by ¢(p(X)) = p(0) for all p € R[X]; that
is,
dlag+ a1 X + -+ +a, X") = ap.

Clearly im ¢ = R and ker ¢ = X R[X]; so 7.14gives R[X]/X R[X]| = R. This
can also be seen directly by observing that

apg+ a1 X+ +a, X" =ap (mod X R[X]),

and hence that every element of R[X]/X R[X] is equal to a for some a € R.
68c Fields as quotient rings of polynomial rings

8.5 DEFINITION If F'is a subfield of a field E then F is called an extension
of F'. More generally, if E has a subfield isomorphic to F' we say that FE is
an extension of F'.

We have seen that R[X]/(X? 4+ 1)R[X] is a field (isomorphic to C)
containing R as a subfield, and that Q[X]/(X?—3)Q[X] is a field (isomorphic
to Q[v/3]) containing Q as a subfield. However, R[X]/X3R[X] is not a field,
since it contains zero divisors. (The element a = X3R[X] + X is nonzero
but satisfies a® = 0, as we saw in #3.) We are led to wonder under what
circumstances a quotient ring of F'[X] is a field.

Analogy with quotient rings of Z provides a clue to the answer. We
have seen (Theorems 4.10 and 4.11) that Z / nZ is a field if and only if n is
prime; that is, the quotient is a field if and only if the ideal is generated by
a prime. Exactly the same is true for quotients of F[X].

8.6 THEOREM Let F be a field and p(X) € F[X]. Then F[X|/p(X)F|[X]
is a field if and only if p is irreducible.

Proof. Let I = F[X]/p(X)F[X], and suppose first that p(X) is not irre-
ducible. Then either p(X) is a constant or else deg(p) > 1 and p(X) has a
factorization p(X) = s(X)t(X) for some s and t of degree less than deg(p).
If p(X) is a constant then by 8.4 F[X]/I is isomorphic either to F[X],
which is not a field since polynomials of degree greater than 1 do not have
inverses in F'[X], or to the trivial ring {0}, which is not a field since it does not
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have a nonzero identity element. We are left with the case p(X) = s(X)t(X)
with 1 < deg(s) < deg(p) and 1 < deg(t) < deg(p). Now since p(X) € I we
find that

(IT+s(X))IT+t(X)=T+s(Xt(X)=1+p(X)=I=1+40
the zero element of F[X]/I. Moreover, p(X) cannot be a factor of s(X) or
t(X) (since 1 < deg(s) < deg(p) and 1 < deg(t) < deg(p)), and therefore

I+s(X)#1 and I +t(X) # I. So the ring F[X]/I has zero divisors, hence
is not an integral domain, hence is not a field.

Suppose, on the other hand, that p(X) is irreducible. We must prove
that Q = F[X] / I is a field. Since it is certainly a ring, it suffices to prove that
it is commutative and has a nonzero identity, and that all nonzero elements
have inverses.

Let o, B € Q. Then a = I + f(X), B8 =1+ g(X) for some f(X) and
g(X) in F[X], and
af = I+ f(X) +g9(X)) =1+ f(X)g(X)
=1+ g(X)f(X) =T +g(X))I + f(X)) = Ba
by commutativity of F[X]. Furthermore,
al+1) =T+ f(X)I+1) =1+ f(X)1
=I+1f(X)=I+1){I+f(X)={U+ 1
where 1 is the identity of F. Thus @) is commutative and has an identity.

The identity is nonzero since I + 1 = I would imply that 1 € I and hence
that p(X)|1, which is impossible since deg(p) # 0.

Let o be a nonzero element of @, and let f(X) be an element of F[X]
such that « = I 4+ f(X). Then f(X) # 0 (mod I), since
I+ f(X) # I = zero element of Q,

and so p(X)/J f(X). Thus the ged of p(X) and f(X) cannot be an associate
of p(X), and since p(X) is irreducible the only other divisors it has are
polynomials of degree 0. So the ged of p(X) and f(X) must be 1. Now by
6.14 there exist m(X) and n(X) with m(X)p(X) + n(X)f(X) = 1, and this
gives

a(l +n(X)) = (I + f(X) +n(X))

— I+ f(X)n(X)
= I+ (1 - m(X)p(X))
=I+1

since m(X)p(X) € I. Thus « has an inverse, as required. O
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—Examples—

#5 Let F=Rand p(X) = X2 —3X +2 = (X — 1)(X — 2). Then p(X)
is not irreducible, and so @ = R[X]/p(X)R[X] is not a field. Indeed,

X —1=pX)RIX]+ (X —1)

and

X — 2 = p(X)R[X] + (X —2)

are nonzero elements of ) with product zero:

(X-1)(X-2)=X2-3X +2
—0,

since X2 —3X +2=0 (mod p(X)R[X]).

#6 Let F = Qand p(X) = X2—3. We have seen that X2 —3 is irreducible
in Q[X] (§6i#6), and so Q[X]/(X? — 3)Q[X] is a field. We had noted this
already in #1 above.

#7  The polynomial X2+ 1 is irreducible in R[X], hence the quotient ring
R[X]/(X? + 1)R[X] is a field (as we had seen in §7d#7).

#8 We saw in §6j#12 that X3 + X + 1 is an irreducible polynomial in
Z5X]. Hence if I = p(X)Z»[X] we have that K = Zy[X]/I is a field con-
taining Z, as a subfield. By Theorem 8.3 each element of K is uniquely ex-
pressible in the form a0+a17+a272 with ag, a1, as € Zy (where X = I+X).
Since there are exactly two choices (0 or 1) for each of ag, a; and as, there
are exactly eight possible expressions ag + a1 X + a272. So K is a field with
eight elements.

68d Field extensions and vector spaces

Let F' be a field and p(X) a polynomial over F, of degree n > 1. Let
Q = F[X]/I, where I = p(X)F[X]. By Theorem 8.3 each element of Q

is uniquely expressible in the form ag + a X + - + an_lyn_l where the
coefficients ag, ay, ..., a,_1 are elements of F' and X = I + X. We deduce
the following lemma:
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~ ~n—1 . .
8.7 LEMMA The elements 1,X,..., X form a basis for Q considered as
a vector space over F'.

Proof. The proof that () is a vector space over F' is a straightforward
checking of Property (%) and Axioms (i)—(viii) listed in §0c, and is omit-
ted. As observed above, every element of () can be expressed as a linear
combination of the given elements; that is, they span (). Suppose that

ag +a17—|—~~—|—an_17n_1 = 0 with the a; € F'. Then
o+ X+ +ap 1 X =04+0X 440X

and by the uniqueness part of 8.3 (i) it follows that all the a; are equal to 0.
This proves linear independence. U

As a consequence of the lemma we have the following:

8.8 THEOREM Let Q = F[X]/p(X)F[X] where F is a field and p a poly-
nomial over F' of degree n > 1. Then @) is a vector space over F', and the
dimension of this vector space is n.

In the situation described above, if p is irreducible then () is an exten-
sion field of F. In general, if E is any extension of a field F' then () and
(i)—(viii) of §0c are satisfied, and so E may be regarded as a vector space over
F'. The dimension of this vector space is called the degree of the extension.

8.9 DEFINITION If F is an extension field of F' the degree of E over F,
denoted by ‘[E : F|’, is the dimension of E as a vector space over F.

Comments >D>D>
8.9.1 There is no guarantee that [F : F| is finite.

8.9.2 If F[X]/p(X)F[X]is a field then its degree over F' equals deg(p).
>>D>

t8e Extensions of extensions

8.10 THEOREM Suppose that F', E, K are fields with FF C E C K, and
suppose that [K : E] =m and [E : F| =n. Then [K : F] = mn.
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Proof. Let x1,xz5,...,2,, be a basis for K over F and let y1,¥s,...,y, be
a basis for E over F. We show that

8.10.1 1Y, T1Y2,-- -, T1Yn, L2Y1y -, L2Yn,y .-+ - .. yTmYly -+, TmlYn

is a basis for K over F.

We prove first that the elements 8.10.1 span K over F. Let t € K.
Then since {z1, ..., %, } spans K over E there exist s1, sa, ..., S, € E with

t = 8121+ S22 + -+ + ST,

Now each s; is an F-linear combination of y1, ¥, ..., y,, since these elements
span E over F. So we have

S$1 = u11Y1 + U12Y2 + -+ + U1nYn

So = u21Y1 + U22Yy2 + -+ + U2nYn

Sm = Um1Y1 + Um2Y2 + - + UmnYn
with the coefficients u;; in F for all < and j. Now substituting gives
L =uny1x1 + u12y2x1 + -+ UrpYnxr + 000 + UmnnYnTm,

an F-linear combination of the elements 8.10.1.

Now we must show that the elements 8.10.1 are linearly independent
over F'. Suppose that wu;; (1 <i<m,1<j<n)are elements of F' such
that 2211 Z?:l UijYjTq = 0. Then

(Z u1jyj>$1 + (Z Uzjyj>=’132 +--+ <Z umjyj>$m =0,
=1 =1 =1

and since each coeflicient 2?21 u;;y; is an element of £ and 1, 2, ..., Ty
are linearly independent over E we deduce that 2?21 u;;y; = 0 for each 7.
Now the linear independence over F' of y1, y2, ..., Yn gives u;; = 0 for all ¢

and 7, as required. O
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68f Algebraic and transcendental elements

Let F be an extension field of F' and let a € E. Any subring of F containing
F and containing a clearly must contain a?, a3, a*, ..., and hence must
contain everything of the form by + bya + - -+ + bpa™ with 0 < n € Z and
bo, b1, ..., by € F. That is, it must contain everything of the form f(a) for

F(X) € FIX].

8.11 DEFINITION Let F[a] be the subset of E defined by
Fla] = {f(a) | f(X) € F[X]}.

Any subfield S of E which contains F' and also a certainly contains F'[a]
(since S is also a subring). So if u, v € F[a] and v # 0 then it follows that
wtEeS.

8.12 DEFINITION Let F(a) = {uv™! | u, v € Fla] and v # 0 }.

8.13 THEOREM Let E be an extension field of F' and let a € E.
(i) Fla] is a subring of E containing F' and a, and any subring of E con-
taining F' and a contains F|a].
(ii) F(a) is a subfield of E containing Fa]. Any subfield of E containing
F and a contains F'(a).

Proof. (i) We proved in the discussion above that every subring contain-
ing F' and a contains Fla]. That Fla] is a subring follows from 7.3, since
F[a] is the image of the evaluation homomorphism f(X) — f(a) from F[X]
to E.

(ii) It suffices to prove that F'(a) is a subfield, since the other assertion was
proved above. We use Theorem 5.3.

Since F' contains the zero and identity of E, so too does F'(a). Now if
x,y € F(a) then x = uwv~! and y = st~ ! for some u, v, s, t € Fla], and by
the closure properties of the subring F[a] we have that ut + vs, us and —u
are all in F'a]. Hence

T+y=u "t +st7t = (ut+vs)(vt)"! € F(a)
zy = (wo™ ') (st™') = (us)(vt)"' € F(a)
—z=—(w ') = (—u)p" € F(a)

while if u # 0 then vu~! € F(a). So all the requirements of Theorem 5.3 are
satisfied, and F'(a) is a subfield. O
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Theorem 8.13 justifies the following terminology:
Fla] is the subring of E generated by F and a,
F(a) is the subfield of E generated by F and a.

8.14 DEFINITION Let E be an extension field of F', and let a € E. If there
exists a nonzero polynomial f(X) € F[X] with f(a) = 0 then a is said to be
algebraic over F. Otherwise a is said to be transcendental over F'.

8.15 THEOREM Let E be an extension field of F' and let a € E.
(i) If a is transcendental over F' then Fla] = F[X] (where X is an indeter-
minate), and F(a) # Flal.
(ii) If a is algebraic over F' then
(a) there exists a unique monic irreducible polynomial p(X) € F|[X]
for which p(a) = 0,
(b) F[X]/I = Fla], where I = p(X)F[X] is the principal ideal of
F[X] generated by p,
(c) F(a) = Flal.

Proof. Let ¢ be the evaluation homomorphism F[X]| — E given by the
rule ¢(f(X)) = f(a) for all f(X) € F[X]. Then by 7.14,

F[X]/ker¢ = im¢
={o(f(X)) | f(X) € P[X]}

={f(a) | F(X) € F[X]}
= Flal.

(i) Suppose first that a is transcendental over F. Then there are no nonzero
polynomials f(X) € F[X] with f(a) =0, and so

ker¢ = { f(X) | o(f(X)) =0} = {0}.

Thus Fla] = F[X]/{0} = F[X], and we have proved the first assertion in (i).
Since F[X] is not a field we deduce (by §5b#11 in Chapter 5) that Fa] is
not a field, and therefore F'(a) # Fla).

(ii) Suppose now that a is algebraic over F. By Definition 8.14 there exist
nonzero elements of F'[X| of which a is a zero, and therefore ker ¢ # {0}. Let
p(X) be a nonzero polynomial of minimal degree in ker ¢. Since associates of
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elements of ker ¢ will also be in ker ¢, we may choose p(X) to be monic (by
6.12.1). We have ker ¢ = p(X)F[X] (by 8.1.1), and also p(a) = ¢(p(X)) =0
(since p(X) € ker ¢). Clearly deg(p) > 1, since p(X) is nonzero and p(a) = 0.
If s(X) and ¢(X) are polynomials of smaller degree than p(X) such that
p(X) = s(X)t(X) then since s(a)t(a) = p(a) = 0 and the field F' can have no
zero divisors it follows that either s(a) = 0 or t(a) = 0. But this contradicts
the choice of p(X) as a polynomial of minimal degree of which a is a zero.
So p(X) has no such factorization, and is therefore irreducible.

To complete the proof of (a) it remains to show that p(X) is the unique
monic irreducible element of F[X] of which a is a zero. So, assume that
q(X) € F[X] is irreducible, monic and satisfies g(a) = 0. Then ¢(¢(X)) =0,
and consequently

q(X) € ker ¢ = p(X)F[X].

Thus p(X)|q(X), and since g(X) is irreducible and deg(p) > 1 it follows that
p(X) and ¢(X) are associates. Because they are both monic this implies that
¢(X) = p(X).

Since F[X]/ker¢ = F[a] and ker¢ = p(X)F[X], part (b) has been
proved. We know by Theorem 8.6 and §5b#11 that F'[a] is a field; so the
second assertion in 8.13 (ii) yields that F'[a] contains F'(a). But the first
assertion in 8.13 (ii) gives the reverse inclusion, and therefore F(a) = F[a],
proving (c). O
Comment >D>D>
8.15.1 The polynomial p(X) in 8.15 (ii) is called the minimal polynomial
of the algebraic element a. Note that the minimal polynomial is always
irreducible. Note also that if p is the minimal polynomial of a then Fla] is
an extension of F' of degree equal to deg(p). D>

—FExample—

#9 If F is a subfield of R and 0 < a € R with a ¢ F then

F(a) = Fla] = {a +yva |z, y € F'}

is a subfield of R, and is an extension of F' of degree 2.
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82 Ruler and compass constructions revisited

We finally have the machinery at hand to deal with the classical geometrical
problems described in Chapter 1. Reformulating Theorems 1.1 and 1.2 gives
the following characterization of constructible numbers:

8.16 THEOREM A real number t is constructible if and only if there is a
finite sequence of subfields of R

Q:F1CF2C"'CFn

such that t € F,, and for each i =1, 2, ..., n — 1 there is an a; € F; such
that Fi—l-l = FZ(\/CL_Z)

Proof. Suppose firstly that we are given such a chain of subfields F; of
R: we will prove that all the elements of the subfields are constructible
numbers. Since 1 is constructible it follows from 1.1 that all elements of Q
are constructible; that is, F}, C Con. But if F; C Con and a, b € F; then
a, b, a; € Con, and by 1.1 it follows that a + b,/a; € Con. So F;; C Con,
and by induction all fields in the chain are contained in Con.

Conversely, let ¢ be a constructible number, and let a be a constructible
point one of whose coordinates is t. Let ag, a1, ..., a,, = « be the points
obtained in a ruler and compass construction, listed in the order obtained.
(Thus a9 = (0,0) and a3 = (1,0).) For each i let F; be the set of all real num-
bers obtainable from the coordinates of aq, a1, ..., «; by finite sequences of
operations of addition, subtraction, multiplication and division. Clearly each
F;; is closed under these operations, and we see from 5.3 that Fj is a subfield of
R. Moreover, by 1.2 there exists a; € F; such that a; 1 = (8+t\/a_i, u+v\/a_¢)
for some s, t, u, v € F;. If t = v = 0 we can replace a; by 0, and in this
case we have F; 1 = F; = F;(\/a;). If t or v is nonzero then all elements
of Fi(y/a;) can be obtained from the coordinates of o and elements of F; by
finite sequences of field operations, and we see that the field Fj is equal to
F;(y/a;) in this case too. Hence we have a sequence of fields of the required
kind with t € F,,. O

Now we can dispose of the Delian Problem:

8.17 THEOREM The number /2 is not constructible: a cube cannot be
duplicated by ruler and compass.

Proof. Suppose that /2 is a constructible number. By 8.16 there is a
sequence of fields Q = F; C F, C --- C F,, each a quadratic extension
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of the preceding, with V2 € F,. Let F, = Fi_l(,/ai_l), and assume that
F; # F;_;. (If F; = F;_; simply delete F; from the sequence.) Then ,/a;_1 is
not in F;_1, and so X? —a;_; is an irreducible polynomial in F;_;[X]. Hence

[FZ : Fi—l] = deg(X2 - ai_l) = 2.

By Theorem 8.10 it follows that [F, : Q] = 2™. But since V2 € F, it follows
that Q(\g’/?) C F,,. Furthermore, as we have seen, X® — 2 is an irreducible
element of Q[X], and therefore

Q(V2) : Q] = deg(X® — 2) = 3.
By Theorem 8.10 we have

2" =[F, : Q]
= [F,: @(\3/5)} [Q(\S@) : Q]
:3[Fn:@(\g/§)},

—a contradiction, since the degree [Fn : Q(\B’/ﬁ)} must be an integer, but 2"
is not divisible by three. U

A similar proof applies for x = cos(g). Since cos 30 = 4 cos® ) — 3cos 0
we have that 4k® — 3k = %; that is, & is a zero of 8X2 — 6X — 1. This
polynomial is irreducible over Q[X], and so [Q(x) : Q] = 3. Thus, by the
same argument as above, x cannot lie in an extension field of Q of degree a
power of two. Thus we have proved

8.18 THEOREM The number cos(g) is not constructible; an angle of sixty
degrees cannot be trisected.

I am forced now to confess that the third classical problem is beyond
the scope of this course. The proof that /7 is not constructible depends on
showing that 7 is transcendental over Q; that is, 7 is not a zero of any poly-
nomial equation over Q. From this it follows that /7 is also transcendental,
and hence not constructible (since it follows readily from 8.16 that every
constructible number is algebraic over Q). To prove that 7 is transcenden-
tal would require a lengthy digression into Number Theory. The interested
reader is referred to Hardy and Wright “An Introduction to the Theory of
Numbers” (4" ed.) §11.14, p.173.
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¢8h Finite fields

Although we have answered the questions we set out to answer, it would be
a shame to leave the subject without a few words on fields which have only
finitely many elements. If p € Z* is prime then Zy is a field with exactly p
elements (by Theorems 4.10 and 4.11). We have also seen (#8) how a field
can be constructed which has exactly eight elements. It is natural to wonder
for which positive integers n a field can be found with exactly n elements.

8.19 THEOREM Let F' be any field. Then the characteristic of F' is either
zero or a prime number.

Proof. Suppose to the contrary that F' has characteristic m and that m is
composite (that is, not prime). Then m = rs for some r, s € {2,3,...,m—1}.
By 5.11 the elements r1 and s1 of F' are nonzero (since r and s are less than
the characteristic of F'), but (r1)(sl) = m1 = 0. This contradicts the fact
that there are no zero divisors in a field. O]

Now suppose that F'is a field with exactly n elements. Then the subset
S of I' defined by
S={nl|neZ}

has only a finite number of elements, and so it cannot be isomorphic to Z.
So by Theorem 5.12 it follows that S = Z,, where p is the characteristic of
F, and by 8.19 we know that p must be prime. Therefore we have proved
the following:

8.20 PROPOSITION A finite field F' must be an extension of Z, for some
prime p.

The field F' can be regarded as a vector space over the subfield S = Z,,,
and since F' has only finitely many elements this must certainly be a finite
dimensional vector space. So the degree [F' : Z,| of the extension is finite.
From this we deduce the next theorem.

8.21 THEOREM Suppose that F' is an extension of Z, (where p is prime),
and suppose that [F : Z,] = k. Then F has exactly p* elements.

Proof. Let ay, ag, ..., a; be a basis for I’ over Z,. Then each element of
F' is uniquely expressible in the form A\ja; + Asas + - -+ + Apag with the \;
in Z,, and since there are p choices for each A; there are p* such expressions
altogether. O
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It is also possible to show that for each prime power p* there is a field
with p* elements, and that any two fields with p* elements are isomorphic.
To construct such a field one simply has to find an irreducible polynomial
f € Z,[X] with deg(f) = k, for then 8.6 and 8.9.2 show that F = Z,[X]/I
(where I = f(X)Z,[X]) is a field satisfying [F' : Z,] = k.

8.22 THEOREM For each prime power q there is (up to isomorphism) a
unique field with q elements.

8.23 DEFINITION The field referred to in 8.22 is called the Galois field with
q elements. It is commonly denoted by ‘GF(q)’.

We omit the proof of Theorem 8.22, but give several examples to illus-
trate Galois fields.

—Examples—

#10 GF(4)
The only polynomials of degree 1 in Zy[X] are X and X 4 1. Therefore the
only reducible polynomials of degree 2 are X2, X(X + 1) = X? + X and
(X +1)2 = X2+ 1. (Of course (X +1)? is equal to X2 +2X + 1, but 2 =0
in Zs.) Hence p(X) = X? + X + 1, the remaining polynomial of degree 2,
must be irreducible. Let I = p(X)Zs[X] and Q = Z3[X]/I. Then Q is an
extension field of Zs of degree equal to deg(p) = 2, and if @« = I + X then
1, v is a basis for @ over Zs (by 8.7). Thus @ has exactly 4 elements:

0=0-1+0« a=0-14+ 1«

1=1-14 0« at+l1l=1-1+1la.
The rules for addition and multiplication of these elements are completely
determined by the equation a? 4+ o + 1 = 0 together with the fact that the
characteristic of @) is 2. Thus, for example,

ala+)=a*+a=(C@+a+1)+1=1

Similar calculations yield the complete addition and multiplication tables for
GF(4). (We have omitted 0 from the multiplication table since the rule for
multiplying by 0 is trivial: 0z = 0 for all z.)

+| 0 1 a a+1 | 1 a a+1

0 O 1 a a+1 1 1 a a+1

1 1 0 a+1 « al a oa+1 1

al o a+1 0 1 a+1lla+1 1 o
at+lla+1l « 1 0
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#11 GF(16)

Suppose that f(X) € Zo[X] is reducible and has degree 4. Then one of the
following cases must occur:

(a) f(X) has four irreducible factors of degree 1. There are five possibilities

for f(X):
x4 X(X +1)3
X3(X +1) (X +1)*
X3(X +1)2

(b) f(X) has two irreducible factors of degree 1 and one of degree 2. There
are three possibilities:

XX+ X+1) (X +1D*(X*+ X +1)
XX +D)(X?*+X+1)

(¢) f(X) has one irreducible factor of degree 1 and one of degree 3. There
are four possibilities:

X(XP+X+1) X(X?+X?+1)
X+DXP+X+1) (X +DXP+X2+1)
(d) f(X) has two irreducible factors of degree 2. The only possibility is
f(X)=(X*+X+1)

So there are thirteen reducible polynomials of degree 4. Since there are
sixteen polynomials of degree 4 altogether it follows that there are three
irreducible ones, and they can be found by writing down all sixteen elements
of Zy[X] of degree 4 and crossing out the thirteen reducible ones above. The
irreducibles are

X4+ X+1, X*+X3+1, X'+ X34+X2+X+1,

and we can use any of these in the construction of GF(16). For instance, let
I =(X*+X+1)Zs[X] and t = [+ X € Z[X]/I. Then the sixteen elements
of Z»[X] /I are:
0,1, t24+¢t, t2+t+1 (forming a subfield with 4 elements)
t, 3 t+1, 2+ 1 (which are zeros of X4 + X + 1)
B+, B2+t 41, P+t (zerosof XA+ X34+ X2+ X +1)
B4, B4 241, B3+, P Ht+1 (zeros of X* 4 X3 41).
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#12 GF(9)

As in our previous examples we can explicitly determine the reducible poly-
nomials of degree 2 in Zs3[X]|, and deduce that the remaining ones are irre-
ducible. We find that there are three monic irreducibles, namely X2 — X —1,
X2+ X —1and X?+ 1. Now GF(9) can be constructed by adjoining to
GF(3) = Zs a zero of one of these polynomials (we can choose whichever we
like). Thus, for instance, if s is a zero of X2 + 1 then GF(9) consists of

0, 1, =1 (lying in the subfield Zs),
s, —s (zeros of X2+ 1),

s+1, —s+1 (zeros of X2+ X — 1),

s—1, —s—1 (zeros of X? — X —1).

The addition table is easy to write down provided that you remember that
1+1=—-1and s+ s = —s (since 3 =0 in a ring of characteristic three).
The multiplication table is also straightforward, using s 4+ 1 = 0.

#13 GF(27)

There are eight monic irreducible polynomials of degree 3 over GF'(3), and
GF(27) contains three zeros for each of them (making 24 elements) along
with the three elements of the subfield GF(3). (Note that GF(9) is not a

subfield of GF(27)—in general, GF(q1) is a subfield of GF(¢2) if and only if
g2 is a power of ¢;.)

Exercises

1. Suppose that R is a ring of characteristic three with identity element 1.
(i) Is the set {0,1,—1} a subring of R?

(7i) Suppose that t € R and > + 1 = 0. Show that there are at most
nine elements of R given by polynomial expressions in ¢, and write
down nine such expressions giving these elements. Prove that these
elements form a subring S of R. Is S a field?

2. Prove that the ring Q[X]/(X? — 2)Q[X] is isomorphic to the field of all
real numbers of the form a + byv/2 with a, b € Q.
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Let F = Q[v1++2].
(i) Show that the equation of the line joining the points (1 + v/2,1)

and (\/5, V14 \/5) has coefficients in F.

(it) Calculate the the coordinates of the point of intersection of the

lines
V2r —\14+V2y=1
14+V2)zr+y=1+1+2

and show that they lie in F'.

Find the smallest subfield F' of R which contains the coordinates of the
point of intersection of the circle with centre (0, 0) and radius v/3 and the
line joining (1/2,0) and (4v/2,1/2). Calculate also the degree [F : Q).

Let J = (X3 + X 4 1)Zy[X]. Express the following elements of Zy[X]/J
in the form J + (aX? + bX + ¢) with a, b, ¢ € Zs:

(i) J+ X5 (i) J+(X*+ X +1).

Let I be the principal ideal in Q[X] generated by X* — 2X? + 1. For
each of the following elements of Q[X] / I determine whether an inverse
exists, and, if one does, find it.

(1) T+ (X?+X+1). (i) I+ (X*2+X—2).

For the given field F' and polynomial s(X) € F[X], list all the elements
of the ring @ = F[X]/s(X)F[X] and construct a multiplication table

for Q.

(i) F=2IZ, s(X)
(i) F=1273, sX)=X?>+1

(iti) F =27y, s(X)=X3+X+1
(’L?]) F= Z3, S( )

Prove that /5 ¢ @[\/ﬁ] by attempting to solve v/5 = x+y+/2 for rational
numbers x and y.
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9.

10.

11.

12.

13.

14.

(i) Prove that v/5 ¢ Q[v/2] by attempting to solve
V5 =z +yv2+ 2(V2)?

for x, y, z € Q.
(Hint: Use the fact that 1, ¥/2 and (¥/2)? are linearly inde-

pendent over Q.)

(ii) Prove that /5 ¢ Q[/2] by considering degrees of field extensions.

(Hint: If v/5 € Q[/2] then Q C Q[v/5] C Q[V/2].)

(iii) Use considerations of degree to prove that v/17 ¢ Q[v/43]. (Note
that a computational proof of this fact would be rather messy!)

Let E = Q[v?2], K = E[V5].
(i) Calculate the degree [K : Q].

(ii) Observe that t = v/2 ++/5 € K. Can the numbers 1, t, 2, ¢3, t*
be linearly independent over Q7

(iii) Prove that v/2 + /5 is algebraic over Q and find a polynomial
f(X) € Q[X] such that f(v/2++/5) =0.

Let F be a finite field and S a subfield of F'. Prove that the number of
elements of F'is a power of the number of elements of S.
(Hint: Imitate the proof of Theorem 8.21.)

Let F' be a field of characteristic p.

(i) Prove that (a+b)? =aP +bP for all a, b € F.

(ii) Prove that the function ¢: F' — F defined by ¢(a) = a? (for all
a € F) is a ring homomorphism.

(éi1) Prove that z =1 is the only solution in F' of the equation 2P = 1.

Let F' be a field of characteristic p such that the polynomial X P X
has p? distinct roots in F. Prove that these roots form a subfield of F
with p? elements. (Hint: Use Theorem 5.3.)

Let F' be a field and f(X) € F[X] be irreducible polynomial. Let
Q = Z,[X]/I where I = f(X)F[X] and let « = I + X € Q. Thus
() is an extension field of F' and « a zero of f(Y) in Q[Y].

(i) Prove that f(Y) = (Y —a)g(Y) for some g(Y) € Q[Y].
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(i1) Suppose that deg(g) > 1 and let A(Y) be an irreducible factor of
g(Y) in Q[Y]. Prove that there exists an extension field E of @ in
which h has a zero.

(ii1) Prove the field F in the previous part is an extension of F' in which
the polynomial f has at least two zeros.

(iv) Explain why there must exist an extension of F' in which f has
deg(f) zeros. Show that this is also true if f is not irreducible.
(Hint: Consider the irreducible factors of f separately.)

Use the previous two exercises to prove the existence of a field with p3
elements, and generalize the argument to prove the existence of a field
with p* elements for any k.
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{...]...} 1 nla 33
€ 1 ged(a, b) 33
0 1 lem(a, b) 41
f:A— B 2 S 43
im f 2 = 44
ar—b 2 Ly, 45
Yo 2 1 59
R 17 o 60
SxS 17 ma (m € Z, a € R) 64
Z 18 Q[v/2] 69
Mat(2,R) 18 deg(p) 72
27 18 R[X] 72
R[X] 18 €c 7
a1 19 a(X)[b(X) 81
Q 20 ged(a(X),b(X)) 83
Q2] 20 ker 0 97
Con 20 10 (composite) 98
Z[X] 21 aR (where a € R) 99
niZ 21 a=b(mod I) 101
Mat(n, R) 21 I+a 102
R+ S 22 R/I 102
Or 22 [E: F) 120
S a; 23 Fla] 122
Ajj 24 F(a) 122
x—y 26 GF(q) 128
Z* 30
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68d Field extensions and vector spaces
t8e Extensions of extensions

68f Algebraic and transcendental elements
#9  Quadratic extensions of subfields of R

68g Ruler and compass constructions revisited

¢8h  Finite fields

#10 The Galois field GF'(4
#11 The Galois field GF(16)
(
(

)

#12 The Galois field GF

)
16
9)

#13 The Galois field GF (27
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