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PREFACE

The present volume is the first of three that will be published
under the general title Lectures in Abstract Algebra. These vol-
umes are based on lectures which the author has given during
the past ten years at the University of North Carolina, at The
Johns Hopkins University, and at Yale University. The general
plan of the work is as follows: The present first volume gives an
introduction to abstract algebra and gives an account of most of
the important algebraic concepts. In a treatment of this type
it is impossible to give a comprehensive account of the topics
which are introduced. Nevertheless we have tried to go beyond
the foundations and elementary properties of the algebraic sys-
tems. This has necessitated a certain amount of selection and
omission. We feel that even at the present stage a deeper under-
standing of a few topics is to be preferred to a superficial under-
standing of many.

The second and third volumes of this work will be more special-
ized in nature and will attempt to give comprehensive accounts
of the topics which they treat. Volume II will bear the title
Linear Algebra and will deal with the theory of vector spaces.
Volume 111, The Theory of Fields and Galois Theory, will be con-
cerned with the algebraic structure of fields and with valuations
of fields.

All three volumes have been planned as texts for courses. A
great many exercises of varying degrees of difficulty have been
included. Some of these perhaps rate stars, but we have felt
that the disadvantages of the system of starring difficult exercises
outweigh its advantages. A few sections have been starred
(notation: *1) to indicate that these can be omitted without

jeopardizing the understanding of subsequent material,
vii
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We are indebted to a great many friends for helpful criticisms
and encouragement during the course of preparation of this vol-
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manuscript and given us useful suggestions for improving it.
Drs. Finkbeiner and Mills have assisted with the proofreading.
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N. J.
New Haven, Conn.
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Introduction

CONCEPTS FROM SET THEORY
THE SYSTEM OF NATURAL NUMBERS

The purpose of this volume is to give an introduction to the
basic algebraic systems: groups, rings, fields, groups with opera-
tors, modules, and lattices. The study of these systems encom-
passes a major portion of classical algebra. Thus, in a sense our
subject matter is old. However, the axiomatic development

»

which we have adopted here is comparatively new. A beginner
may find our account at times uncomfortably abstract since we
do not tie ourselves down to the study of one particular system
(e.g., the system of real numbers). Supplementary study of the
exercises and examples should help to overcome this difficulty. At
any rate, it will be obvious that much time is saved and a clearer
insight is eventually achieved by the present method.

The basic ingredients of the systems that we shall study are
sets and mappings 6f these sets. Notions from set theory will
occur constantly in our discussion. Hence, it will be useful to
consider briefly in the first part of this Introduction some of these
ideas before embarking on the study of the algebraic systems. We
shall not attempt to be completely rigorous in our sketchy account
of the elements of set theory. The reader should consult the
standard texts for systematic and detailed accounts of this sub-
ject. Of these we single out Bourbaki’s Théorie des Ensembles as
particularly appropriate for our purposes.

The second part of this Introduction sketches a treatment of
the system P of natural numbers as an abstract mathematical

system. The starting point here is a set and a mapping in the
1



2 INTRODUCTION

set (the successor mapping) that is assumed to satisfy Peano’s
axioms. By means of this, one can introduce addition, multiplica-
tion, and the relation of order in P. We shall also define the
system I of integers as a certain extension of the system P of
natural numbers. Finally, we shall derive one or two arithmetic
facts concerning I that are indispensable in elementary group
theory. Full accounts of the foundations of the system of natural
numbers are available in Landau’s Grundlagen der Analysis and in
Graves’ Theory of Functions of Real Variables.

1. Operations on sets. We begin our discussion with a brief
survey of the fundamental concepts of the theory of sets.

Let § be an arbitrary set (or collection) of elements 4, 4, ¢, - - -.
The nature of the elements is immaterial to us. We indicate the
fact that an element 4 is in § by writing ae§ or §3a. If 4
and B are two subsets of §, then we say that A is contained in
B or B contains A4 (notation: 4 C Bor B2 A) ifevery ain 4
isalso in B. The statement 4 = B thus means that 4 D B and
B D A4. Also we write A DB if 4 DB but B 4. In this
case A is said to contain B properly, or B is a proper subset of A.

If 4 and B are any two subsets of §, the collection of elements
¢ such that ce 4 and ce B is called the intersection A N B of
A and B. More generally we can define the intersection of any
finite number of sets, and still more generally, if { 4} denotes any
collection of subsets of §, then we define the intersection N.A
as the set of elements ¢ such that c e A for every 4 in {A4}. If the

collection {4} is finite, so that its members can be denoted as
n

Ay, As, -+ -y A, then the intersection can be written as [} 4; or

as 4, N 4y N--- N 4, '
Similar remarks apply to logical sums of subsets of §. The

logical sum or union of the collection {4} of subsets A is the set

of elements # such that u e 4 for at least one 4 in {4}. We

denote this set as UA or, if the collection is finite, as |J 4; or
1

A, U4, U---U 4,.

The collection of all subsets of the given set § will be denoted
as P(S). In order to avoid considering exceptional cases it is
necessary to count the whole set § and the vacuous set as mem-
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bers of P(§). One may regard the latter as a zero element that
is adjoined to the collection of “real” subsets. We use the nota-
tion ¥ for the vacuous set. The convenience of introducing this
set is illustrated in the use of the equation 4 N B = & to indi-
cate that 4 and B are non-overlapping, that is, they have no
elements in common. If § is a finite set of # elements, then

P(S) consists of ¢, # sets containing single elements, ---,
n nn—1)---n—-i+1) ...
)= 13 - sets containing 7 elements, and
z . ..

so on. Hence the total number of elements in P(S) is

t+()+()++()=a+v =2

2. Product sets, mappings. If § and T are arbitrary sets, we
define the product set § X T to be the collection of pairs (s,¢),
sin 8, ¢in T. The two sets § and T need not be distinct. In the
product § X T the elements (s,#) and (s'y) are regarded as equal
if and only if s = s and # = #. Thus if § consists of the m
elements sy, 55, -+, 5m and T consists of the # elements #, 7,

, tay then § X T consists of the mn elements (s;%;). More
generally, if §;, 83, « -+, S, are any sets, then ILS; or §; X 83 X

-+ X §, is defined to be the collection ot r-tuples (s1, g, =+, $r)
where the /th component s; is in the set §;.

A (single-valued) mapping « of a set § into a set T is a corre-
spondence that associates with each s ¢ § a single element ¢ ¢ T.
It is customary in elementary mathematics to write the image
in T of s as a(s). We shall find it more convenient to denote this
element as sa or s%. With the mapping a we can associate the
subset of § X T consisting of the points (s,5a). We shall call
this set the graph of a. Its characteristic properties are:

1. If 5 is any element of §, then there is an element of the form
(s, in the graph.
2. If (s,4;) and (s,%5) are in the graph, then ¢, = t2

A mapping « is said to be a mapping of § onto T if every te T
occurs as an image of some s ¢ §. In any case we shall denote the
image set (= set of image elements) of § under « as Sa or §°
A mapping « of § into T is said to be 1-1 if s;@ = spa holds only
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if 57 = s4, that is, distinct points of § have distinct images. Sup-
pose now that a is a 1-1 mapping of § onto T. Then if ¢ is any
element in T, there exists a unique element s in § such that
s = t. Hence if we associate with # this element s we obtain
a mapping of T into §. We shall call this mapping the
inverse mapping o' of a. It is immediate that ™ is 1-1 of T
onto §.

It is naturai to regard two mappings « and B8 of § into T as
equal if and only if sa = s8 for all s in §. This means that
a = f if and only if these mappings have the same graph.

Let o be a mapping of § into T and let 8 be a mapping of T
into a third set U. The mapping that sends the element s of §
into the element (sa)B of U is called the resultant or product of
« and B. We denote this mapping as «f, so that by definition
s(af) = (sa)B.

Mappings of a set into itself will be called #ansformations of
the set. Among these are included the identity mapping or trans-
Jformation that leaves every element of § fixed. We denote this
mapping as 1 (or 15 if this is necessary). If ais any transforma-
tion of §, it is clear that ol = a = la.

If « is a2 1-1 mapping of § onto T and o™ is its inverse, then
aa™? = lgand a7'a = 17. The following useful converse of this
remark is also easy to verify: If o is a mapping of § into T, and
B is a mapping of T into § such that af = 1g and Ba = 17, then
a and 8 are 1-1, onto mappings and 8 = oL,

The concept of a product set permits us to define the notion
of a function of two or more variables. Thus a function of two
variables in § with values in T is a mapping of § X § into T.
More generally we can consider mappings of §; X 8z into T. Of
particular interest for us will be the mappings of § X § into §.
We shall call such mappings éinary compositions in the set §.

3. Equivalence relations. We say that a re/ation R is defined in
a set § if, for any ordered pair of elements (2,8), 4,6 in §, we can
determine whether or not & is in the given relation to 4. More
precisely, a relation can be defined as a mapping of the set § X §
into a set consisting of two elements. We can take these to be
the words “yes” and “no.” Then if (¢,6) — yes (that is, is
mapped into “yes”), we say that @ is in the given relation to 4.
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In this case we write 2 R4. If (a,6) — no, then we say that «
is not in the given relation to 4 and we write @ R 4.

A relation ~ (in place of R) is called an equivalence relation
if it satisfies the following conditions:

1. a ~ a (reflexive property).
2. @ ~ b implies & ~ a (symmetric property).
3. a ~ b and b ~ ¢ imply that 2 ~ ¢ (transitive property).

An example of an equivalence relation is obtained by letting
S be the collection of points in the plane and by defining @ ~ 4
if 2 and 4 lie on the same horizontal line. If g ¢ §, it is clear that
the collection 4 of elements 4 ~ 4 is the horizontal line through
the point 4. The collection of these lines gives a decomposition
of the set § into non-overlapping subsets. We shall now show
that this phenomenon is typical of equivalence relations.

Let § be any set and let ~ be any equivalence relation in §.
If ae S, let @ denote the subset of § of elements 4 such that
b~a Byl ,aedandby?2and3,if 4 and &, € 4, then &; ~ &,.
Hence 4 is a collection of equivalent elements. Moreover, 4 is a
maximal collection of this type; for, if ¢ is any element equivalent
to some 4 in 4, then c e 2. We call 2 the equivalence class deter-
mined by (or containing) the element a. If 4ed, then 4 C a;
hence by the maximality of 4, 5 = 4. This implies the important
conclusion that any two equivalence classes are either identical
or they have a vacuous intersection. Hence, the collection of
distinct equivalence classes gives a decomposition of the set §
into non-intersecting sets.

Conversely, suppose that a given set § is decomposed in any
way into sets 4, B, --- no two of which overlap. Then we can
define an equivalence relation in § by specifying that a ~ 4 if
the sets A4, B containing @ and 4 respectively are identical. It
is clear that this relation has the required properties. Also,
obviously, *the equivalence classes determined by this relation
are just the given sets 4, B, - - -.

The collection § of equivalence classes defined by an equivalence
relation in § is called the quotient set of § relative to the given
relation. It should be emphasized that § is not a subset of §
but rather a subset of the collection P(S) of subsets of §.
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There is an intimate connection between equivalence relations
and mappings. In the first place, if § is a set and § is its quotient
set relative to an equivalence relation, then we have a natural
mapping » of § onto §. This is defined by the rule that the
element z of § is sent into the equivalence class 4 determined by a.
Evidently this mapping is a mapping onto J.

On the other hand, suppose that we are given any mapping «
of the set § onto a second set T. Then we can use a to define
an equivalence relation. Our rule here is that 2 ~ 4 if za = ba.
Clearly this satisfies the axioms 1, 2 and 3. If 4’ is an element
of T and a is an element of § such that aa = 4, then the equiva-
lence class 4 is just the set of elements of § that are mapped into
a'. We call this set the inverse image of 4’ and we denote it as
a~(d).

Suppose now that ~ is any equivalence relation in § with
quotient set §. Let a be a mapping of § onto T which has the
property that the inverse images a™'(4’) are logical sums of sets
belonging to §. This is equivalent to saying that any set belong-
ing to § is contained in some inverse image «”*(4’). Hence it
means simply that, if 2 and 4 are any two elements of § such that
a ~ b, then aa = ba. It is therefore clear that the rule 4 — aa
defines a mapping of § onto 7. We denote this mapping as &
and call it the mapping of § induced by the given mapping a.
The defining equation 4@ = aa shows that the original mapping
is the resultant of the natural mapping 2 — 4 and the mapping
&, that is, @ = va.

This type of factorization of mappings will play an important
role in the sequel. It is particularly useful when the set of inverse
images a~1(4’) coincides with §; for, in this case, the mapping &
is 1-1. Thus if da@ = Ja, then ga = ba and a ~ 4. Hence @ = 4.
Thus we obtain here a factorization @ = »a where & is 1-1 onto T
and » is the natural mapping.

As an illustration of our discussion we consider the perpen-
dicular projection m, of the plane § onto the x-axis 7. Here a
point 4 is sent into the foot of the perpendicular joining it to the
x-axis. If 4’ is a point on the x-axis, m, (&) is the set of points
on the vertical line through &’. The set of inverse images is the
collection of these vertical lines, and the induced mapping #,



INTRODUCTION 7

sends a vertical line into its intersection with the x-axis. Clearly
this mapping is 1-1, and m, = »ir, where » is the natural mapping
of a point into the vertical line containing it.

4. The natural numbers. The system of natural numbers 1, 2,
3, -+ is fundamental in algebra in two respects. In the first
place, it serves as a starting point for constructing examples of
more elaborate systems. Thus we shall use this system to con-
struct the system of integers, the system of rational numbers,
of residue classes modulo an integer, etc. In the second place,
in studying algebraic systems, functions or mappings of the set
of natural numbers play an important role. For example, in a
system in which an associative multiplication is defined, the
powers 4" of a fixed 4 determine a function or mapping » — g"
of the set of natural numbers.

We shall begin with the following assumptions (essentially
Peano’s axioms) concerning the set P of natural numbers.

1. P is not vacuous.

2. There exists a 1-1 mapping 4 — 4t of P into itself. (a%is
the immediate successor of 4.)

3. The set of images under the successor mapping is a proper
subset of P.

4. Any subset of P that contains an element that is not a
successor and that contains the successor of every element in the
set coincides with P. This is called the axiom of induction.

All the properties that we shall state concerning P are conse-
quences of these axioms. By 3 and 4 any two elements of P
that are not successors are equal. As usual, we denote the unique
non-successor as 1. Also weset 1t = 2,2% = 3, etc.

Property 4 is the basis of proofs by the first principle of induc-
tion. This can be stated as follows: Suppose that for each
natural number 7 there is associated a statement E(#). Suppose
that E(1) is true and that E(r*) is true whenever E(r) is true.
Then E(#) is true for all #n. This follows directly from 4. Thus
let § be the set of natural numbers s for which E(s) is true.
This set contains 1 and it contains r* for every re§. Hence
§ = P and this means that E(#) is true for all » in P.
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EXERCISE

1. Prove that #t 7 » for every n.

Addition of natural numbers is defined to be a binary composi-
tion in P such that the value x + y for the pair x,v satisfies

(@) 14+y=y+
(b) xt+y=(@x+n*

It can be shown that such a function exists and is unique. More-
over, one has the following basic properties:

Al x+ (y+2) = (x+y) + 2 (associative law)
A2 x+y=y+x (commutative law)
A3 x+2=y+4 2z implies that x =y (cancellation law).

The proofs of these results and the ones on multiplication and
order that follow will be omitted. These can be found in the

above-mentioned texts.
Multiplication in P is a binary composition satisfying

(a) ly=y
(b) %y =xy + 5.
Such a composition exists, is unique, and has the usual properties:
M1 x(yz) = (xy)z
M2 xy = yx
M3 %z = yz implies that x = y.

Also we have the following fundamental rule connecting addition
and multiplication

D x(y + 2) = xy + xz (distributive law).

The third fundamental concept in the system P is that of
order. This can be defined in terms of addition by stating that
a is greater than 4 (2 > 4 or 4 < a) if the equation ¢ = 4 + x
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has a solution for x in P. The following are the basic properties
of this relation:

Ol x>y excludes x <y (asymmetry)
02 x>y and y >z imply x>z (transitivity)

03 For any ordered pair (x,y) one and only one of the follow-
ing holds: ¥ > y, x = y, x < y (trichotomy). (Note that this
implies Ol. We include both of these since one is often inter-
ested in systems in which Ol and O2 hold but not O3.)

04 In any non-vacuous set of natural numbers there is a
least number, that is, a number / of the set such that / < s for
all 5 in the set.

Proof of O4. Let § be the given set and M the set of natural
numbers m that satisfy m < s for every se 8. lisin M. Ifs
is a particular element in §, then st > s and hence s* ¢ M.
Hence M # P. By the principle of induction there exists a
natural number / such that /e M but /T ¢ M. Then / is the re-
quired number; for / < s for every s and /e § since otherwise
! < s for every sin §. Then /™ < s contradicting /™ ¢ M.

The property 04 is called the well-ordering property of P. It
is the basis of the following second principle of induction. Sup-
pose that for each # e P we have a statement E(#). Suppose that
it is known that E(r) is true for a particular 7 if E(s) is true for
all s <7 (This implies that it is known that E(l) is true.)
Then E(n) is true for all n. To prove this let F be the set of
elements » such that E(r) is not true. If F is not vacuous, let ¢
be its least element. Then E(?) is not true but E(s) is true for all
s < t. This contradicts our assumption. Hence F is vacuous and
E(n) is true for all .

The main relations between order and addition, and order and
multiplication are given in the following statements:

OA & > 4 implies and is implied by a + ¢ > 4 + .

OM 2 > 4 implies and is implied by ac > c.
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EXERCISE
1. Prove thatif e > dand ¢ > d, then s + ¢ > & + d and ac > 4d.

5. The system of integers. Instead of following the usual pro-
cedure of adding to the system P a 0 element and the negatives
we shall obtain the extended system in a way that seems more
natural and intuitive. We shall construct a new system I of
integers that contains a subsystem which is essentially the same
as the set of natural numbers.

We consider first the set P X P of ordered pairs of natural
numbers (2,6). In this set we introduce the relation (2,6) ~ (c,d)
ifa+d =24+ c. Itiseasy to verify that this is an equivalence
relation. What we have in mind, of course, in making this
definition is that the equivalence class (Ia_,;) determined by (a,0)
is to play the role of the difference of 2 and 4. If we represent the
pair (a,) in the usual way as the point with abscissa # and ordi-
nate &, then (4,6) is the set of points with natural number coordi-
nates on the line of slope 1 through (4,6). We call the equivalence

classes (4,6) integers and we denote their totality as I. As a
preliminary to defining addition we note that, if (4,6) ~ (a’,4")
and (¢,d) ~ (c,d"), then (@ + ¢, 6+ d) ~ (@ + ¢/, &' + d'); for
the hypotheses are that ¢ + 4’ =4’ + 4 and c+d' = + d.
Hence a+c+ 46 +d =a" + ¢ + 6+ d, which means that
@+c,6+d) ~@+c, 4 +d). It follows that the integer



INTRODUCTION 11

(@ + ¢, b+ d) is a function of (s,4) f‘ﬂd (c,—d)._ We define this
integer to be the sum of the integers (4,6) and (c,d):
@d) + (cd) = @+, 6 + d).
It is easy to verify that the rules Al, A_2, A3 hold. Also we note
that (@,2) ~ (4,4) and if we set 0 = (a,a), then
A4 04 x =4« foreveryxin I.

Finally evéry integer has a negative: If ¥ = (,6), then we denote
(b,2) as —x and we have
AS x+ (—x) =0.

We note next that, if (2,6) ~ (¢',¢’) and (¢c,d) ~ (c',d’), then
a+b =a+bc+d =c+d Hence

ca+8)+dd +8) +d+d)+ 5 +d)

=c@+o)+da+b)+ad+d)+ 8+ )
so that

ac+ e+ ad+bd+ ac+add + b+ bd
=d'ct+bc+ad+bd+ad +add+ e+ ¥d.
The cancellation law gives
ac+bd+a'd + ¥ =bec+ ad + a'c + 4.
This shows that (ac 4 4d, ad + bc) ~ (a'c’ + &'d’, a'd’ + ¥'c").
Hence, if we define
@) (cd) = (ac + bd, ad + ko),

we obtain a single-valued function. It can be verified that this
product function is associative and commutative and distributive
with respect to addition. The cancellation law holds if the factor
2 to be cancelled is not 0.

We regard the integer (a,6) > (¢c,d) if a+d > &+ ¢. This
relation is well defined. One can verify easily that O1, 02, O3
and OA hold. The property OM has to be modified to state that

OM’ Ifz > 0, then x > y if and only if ¥z > yz.
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EXERCISE
1. Show that, if x > y, then —x < —y.

We consider now the set P’ of positive integers. By definition
this set is the subset of I of elements x > 0. If x = (a,6), x > 0

is equivalent to the requirement that 2 > 4. Hencex = (6 + #,4)
and it is immediate that (5 + #,6) ~ (c + #,c). Now let « be
any natural number (element of P) and define #’ to be the posi-
tive integer (b + #,6). Our remarks show that the mapping
# — #' is a single-valued mapping of P onto P’. Moreover, if
b+ ub) ~(c+ove),thend+u+c=56+c+ vsothatu = v.
Hence # — #' is 1-1. We leave it to the reader to verify the
following properties of our correspondence:

w+o)=u+7
(uv) = u'v’
u > v isequivalent to #’ > 7.

Thus, we obtain the same result if (1) we add two natural numbers
and then take the positive integer corresponding to the result,
or (2) we add the positive integers corresponding to the natural
numbers. A similar statement holds for multiplication. Because
of this situation we can discard the original system of natural
numbers and use in its place the system of positive integers.
Also we can appropriate the notations originally used for P for
the system of positive integers. Hence, from now on we denote
the latter as P and we denote its numbers as 1,2, 3, ---. The
remaining numbers of I are then 0, —1, =2, ---.

EXERCISES

1. Prove that any non-vacuous set § of integers that is bounded below
(above), in the sense that there exists an integer 4 (B) such that 4 < s (B 2 5)
for every s in §, has a least (greatest) element.

2. If x> 0, we set | x| = « and, if x <O, we set | x| = —». Prove the
rules | ay | = [#[ |y, | +y|<|x[+][r]

6. The division process in I. We shall obtain some of the ele-
mentary arithmetic properties of 7 in the course of our discussion
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of groups and integral domains. The starting point in the study
of the arithmetic of 7 is the following familiar result.

Theorem. If a is any integer and b # 0O, then there exist integers
g, 7,0 <r <|b|, suchthata = bg +r.

Proof. Consider the multiples x| 4 | of | 4| that are < 4. The
collection M of these multiples is not vacuous since —| || 4| <
—|a| £ a. Hence, the set M has a greatest member 4| 4.
Then 4| 4| < aso thata = 4| 4| + r where » > 0. On the other
hand (A + 1)| &| = Al b|+ | 4] > A &|. Hence (b + 1)| 4] > a
and Al &|+ 6| > A é|+r. Thus, » <|b|. We now set
g=hif >0 and ¢g= —k if 6 <0. Then 4 4| = g¢b and
a = gb + r as required.

EXERCISE

1. Prove that ¢ and r are unique.

We shall say that the integer & is a factor or divisor of the integer
a if there exists a ¢ el such that 2 = bc. Also a is called a
multiple of 4 and we denote this relation by & | 4. Clearly thisis a
transitive relation. If 4|z and a | 4, we have @ = 4c and 4 = ad.
Hence, a = adc. If a ## 0, the cancellation law implies that
de = 1. Hence, |d||c|=1andd = £1,¢c = £1. Thisshows
thatif 6| aand a| b and @ # 0, then 2 = £4.

An integer 4 is called a greatest common divisor (g.c.d.) of a and
bif (1) d| aand 4| 4 and (2) if ¢ is any common factor of 2 and 4,
then ¢|d. The existence of a g.c.d. for any pair 4,6 with 2 5 0
is easily proved by using the division process given in the above
theorem. For this purpose we consider the totality D of integers
of the form ax + 4y. This set includes positive integers. Hence,
there is a least positive integer d = at + &5 in the set. Now
a=dg+r where 0 <r<d Alsor=a—dg=a(l —q)+
b(—gs) e D. Since d is the least positive integer in D, r = 0.
Hence, 4| 4. Similarly 4| 4. Nextlete|aande|s. Thene|a
and e | 4s. Hence, ¢ | (at + 4s). Thuse|d.

If 4’ is a second greatest common divisor of 2 and &, (2) implies
that d|d’ and 4’| d. Hence &' = 4. We have seen that we
can always take 4 to be >0. This particular greatest common
divisor will be denoted as (a,5).
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The existence of greatest common divisors serves as a basis
for the proof of the fundamental theorem of arithmetic that any
positive integer can be written in one and only one way as a
product of positive primes. By a prime p we mean an integer
that is divisible only by p, —p, 1, —1. We shall obtain this
result later (Chapter 1V) in our study of arithmetic properties of
integral domains. Also one can prove easily either by using the
fundamental theorem or by using simple properties of greatest
common divisors that the integer

m = ab/(a,b)
is a least common multiple of a and 4. By this we mean that m

is a multiple of 2 and 4 and any common multiple of 2 and 4 is
a multiple of m.



Chapter I

SEMI-GROUPS AND GROUPS

The theory of groups is one of the oldest and richest branches
of abstract algebra. Groups of transformations play an important
role in geometry, and finite groups are fundamental in Galois’
discoveries in the theory of equations. These two fields provided
the original impetus to the development of the theory of groups.

A more general concept than that of a group is that of a semi-
group. Though this notion appears to be useful in many connec-
tions, the theory of semi-groups is comparatively new and it
certainly cannot be regarded as having reached a definitive stage.
In this chapter we shall begin with this more general concept,
but we treat it only briefly. Our aims in considering semi-groups
are to provide an introduction to the theory of groups and to
obtain some elementary results that will be useful in the study
of rings. The main part of our discussion deals with groups.
The principal concepts that we consider here are those of iso-
morphism, homomorphism, subgroup, invariant subgroup, factor
group, and transformation group.

1. Definition and examples of semi-groups. We have defined
a binary composition in a set & to be a mapping of the product set
& X & into the set ©. The image in & of the pair (4,6) in
& X & is usually called the product or the sum of a and 4. Ac-
cordingly, this result is denoted as @-4 = ab or as @ + 4. Occa-
sionally other notations such as @-4, a X &, [4,8] are employed.
In this book we shall be concerned almost exclusively with com-
positions that are associative in the sense that

1) (@b)c = a(éc)
15
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holds for all 4,6,c in &. This concept is the essential ingredient
in the algebraic system that we now define.

Definition 1. A semi-group is a system consisting of a set ©
and an associative binary composition in &.

In describing a particular semi-group one has to specify the
composition as well as the set & in which it acts. Thus the same
set may be the set part of many different semi-groups. Neverthe-
less for the sake of brevity we shall often call the set & “the semi-
group &.” The precise terminology should, of course, be “the
set & of the semi-group,” but in most instances there will be little
likelihood of confusion in using the abbreviated phrase.

Examoles. (1) The set P of positive integers and the composition of ordinary
addition in P. (2) P and ordinary multiplication. (3) P and the composition
(@8) > a-b=a+ 4+ ab. It can be verified that this is associative. (4)
The set I of integers, addition as composition. (5) I and multiplication. (6)
The set P(S) of subsets of a set, the join composition (4,B) — 4 U B. (7)
P(S) and the intersection composition.

An important type of semi-group is obtained from the totality
T of transformations (single-valued mappings) of a given set §.
We introduce in ¥ the mapping (a,8) — af where, as usual,
af denotes the resultant of the transformations & and 8. It is
necessary to verify the associative law. More generally, we con-
sider four sets §, T, U and /. Let a be a mapping of S into T, 8 a
mapping of T into U and v a mapping of U into 7. The mappings
(aB)y and a(By) are defined. We now show that they are equal.
Thus let x be any element of §. Then by definition x((aB)y) =
(%(aB))y = ((xa)B)y and x(a(By)) = (¥a)(BY) = ((xa)B)y. Hence
%((aB)y) = x(a(By)) for all &, and this is what is meant by saying
that (af)y = «(By). In particular we see that the associative
law holds for the resultant of transformations of one set S.

As a special case of this type of semi-group let § be a finite
set comprising # elements. We can take these to be the integers
1,2, .-+, n. The mapping a may be denoted by the symbol

1 2 3 - n
@ ( )

la 2a¢ 3a -+ na
in which the image ka of & is written below the element k. Clearly
the number of mappings of § into itself is the number of distinct
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ways of writing the second line in (2). Since we have 7 choices
for each of the places in the second line, the order or number of
elements in T is #™.

A semi-group is said to be finite if it contains only a finite
number of elements. In investigating such a semi-group it is
useful to tabulate the products o8 in a multiplication table for &.
If a1, @g, - -+, @ are the elements of & such a table has the form

al a2 . e o aj . o 0 am
ay
(2
a‘. . . o o aiaj LN L]
Qm

Here we write the product aja; in the intersection of the row
containing a; with the column containing ;. For example let T
be the semi-group of transformations of a set of two elements. The
elements of T are

() (oD 0D

A multiplication table for T is

R
Q
o
™ ™ ™ = w0
.
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2. Non-associative binary compositions. We consider for a
moment an arbitrary (not necessarily associative) binary com-
position (a,6) — ab in a set & Such a mapping defines two
ternary compositions, that is, mappings of & X & X & into &.
These are the mappings (a,5,c) — (4b)c and (a,6,c) — a(éc).
More generally we can define inductively a number of n-ary
compositions in &. Suppose that these have already been built
up out of the binary composition to the stage of m-ary composi-
tions for every m < n. It is understood here that for m = 1 the
identity mapping @ — & is taken. Now let 7 be any positive
integer < 7 and let

(al: agy """y am) - u(al) gy """y am)
(am+l, Am42y *° an) - v(am+1; Am+42y " "> an)

be definite m-ary and (# — m)-ary compositions determined by
the original binary one. Then we take the mapping

(al) azy "y an) - u(al) 43y, "y am)v(am+l, Am42 "y an)

as one of our #-ary compositions. All the mappings obtained in
this way by varying m,’s and v are the n-ary compositions asso-
ciated with (2,6) — ab. The results of applying these mappings
to (21, @s, - * * @n) Will be called (complex) products of a1, a, - - -,
a4, (taken in this order).

For example, the possible products of a1, 3, 43, a4 are

((@142)a3)as, (a1(aza3))as, (@142)(az44), a1(a2(a3a4)), a1((aza3)as).

One can easily construct a set with a binary composition for
which the indicated #-ary compositions are all distinct. For
this purpose let § be a set with distinct elements a4, a3, a3, - -
and let ©* be the set of symbols that can be obtained as follows:
Select any finite set of elements 4, 4, - - -, 5 in a definite order in
the set S. If this set has either one or two elements then we in-
cludeitin &*. Ifit has more than two elements then we partition
it into two ordered subsets @, 4, - - -, kand /, - - -, s and we inclose
the subsets thus obtained that contain more than one element in
parentheses. This gives (4, 4, -+, £)(4, - -+, 9). We then repeat
these rules on the two subsets and continue until the process
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terminates. If # and v represent any two symbols in &*, then
we define

uv if both # and v are in §

u(v) if # € § and v has more than one term

(#)v if v € § and «# has more than one term
(#)(v) if both # and v have more than one term.

uv

It is clear that this gives a binary composition in &*. Moreover
the #-ary compositions that we defined before are all different in
©* since they give different results for the elements a;, a5, - - -,
a,. If N(n) denotes the number of these compositions, then our
definition gives the recursion formula

(3) N(m) = N(n — 1)N(1) + N(n — 2)N(2) +---
+ NQ)N(z - 1).

Also N(1) = 1. It is also clear that for any binary composition
in any set, N(n) is an upper bound for the number of distinct
induced n-ary compositions.

It is easy to solve the recursion formula (3) and obtain an
explicit formula for N(#). For this purpose we introduce the
“generating function” defined by the power series

y = N + N +- -+ N+
Then

¥ = NQ)N()® + [NQ)N(1) + NQU)N(2)]* +- - -
= N2)x2+ NQB)a® +---.
Since N(1) = 1, this gives
Y¥—y+x=0.

Hence y
1 -1 —4x) *1-3---2n—3)
—_— e —— = i 2n—1 n

J 2 ‘1‘: 12 . n *

and
1-3.-- (2n = 3)
= 2n—1.*
4 | N(n) 5. n
(2n ~ 2!

* This can be written more concisely as N(n) = Al — D1
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EXERCISES

1. In the set I of integers define the binary composition f(x,y) = x + y°
Work out all of the induced 4-ary compositions.

2. For a given binary composition define a simple product of n a’s inductively
as either a;u where « is a simple product of @, - - -, @, or va, where v is a simple
product of @1, - -, an—1. Show that any product of 22 eclements can be re-
garded as a simple product of r elements (that are themselves products).

3. Generalized associative law. Powers. We shall now show

that if our binary composition is associative then all the possible
products of 4y, 43, - - -, @, taken in this order are equal. We first

define a particular product [] 4; by the formulas
1

1 r+41 r
H a; = ay, H a; = (H ﬂ:‘) Gryy
1 1

1

and we prove the

n m n+m
Lemma. H a; H Gnyj = H ag.
1 1 1

Proof. By definition this holds if m = 1. Assume it true for
m = r and consider the case m = » + 1. Here

n r+1 n T
114 Il anyi = 11 4 ((H an+:‘> ﬂn+r+1)
1 1 1 1
n r
= (H a; H ﬂn+i) Gntril
1 1

Consider now any product associated with (4,, 45, - - -, 4,). By
definition it is a product #v where « is a product associated with
(@1, @3, + -+, @m), 1 < m < m, and v is a product associated with

m
(@m+1, - *» @n). By induction we can assume that «# = II . and
i=1
n—m

n
v = ][] amy;; Henceuv = J] 4. Thus all products determined
=1 k=1
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by (a1, a3, - -+, a,) are equal. From now on we shall denote this
uniquely determined product as @;a; - - @, omitting all paren-
theses.

If all the @; = 4, we denote 4145 - -+ 4, by a® and call this
element the nth power of a. Our remarks show that

(5) ara™ = a"t", (a™)™ = a™™.
If the notation + is used for the composition in &, then we write
a; + a; + - -+ a, in place of g1a; - - - a,,
na in place of a™.

The rules (5) for powers now become the following rules for
multiples na:

(5) na + ma = (n + m)a, m(na) = (mn)a.

4. Commutativity. If 2 and 4 are elements of a semi-group it
may happen that a4 % ba. For example, in the semi-group whose
multiplication table is given in §1 we have o8 = B whereas
Ba = v. If ab = ba in S, then the elements @ and & are said to
commute and if this holds for any pair 4,6 in & then & is called
commutative. It is immediate by induction on # that if 26 = Ja;,
i=1,2, ---, n, then

al---a,.b=bal~-a,..

Suppose next that for the elements a;, a,, - - -, @, we have the
commutativity 4.4; = a;a; for all i, j and consider any product
ayay - - - a, where 17,2’ -+ - n’ is some permutation of the num-
bers 1,2, ---, n. Suppose that a, occurs in the Ath place in this
product. Then 4 = 4,. Hence

N R e S U RS VLS S L D
Using induction, we may assume that
Ayt Age1yGpery Gy = @10 " "Gy

Hence ayay -+« a, = a1ag - -+ ay.
The powers of a single element commute since (5) holds. Also
it is clear from our discussion that if ¢4 = ba, then

6 (ad)" = a™bm.
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In the additive notation this reads
(6" n(a + &) = na + nb.

5. Identities and inverses. An element ¢ of a semi-group & is
called a left identity (unit, unity) if ea = a for every a in ©.
Similarly f is a right identity if af = a for every a.

Examples. (1) The semi-group of positive integers relative to multiplica-
tion has the two-sided (= left and right) identity 1. (2) The semi-group of
positive integers relative to addition has no identity. (3) Let & be any set
and define in &, @b = 4. Then & is a semi-group and any element of © is a

left identity. On the other hand, if & possesses more than one element, then
it has no right identities.

The last example shows that a semi-group can have several
left (right) identities but no right (left) identities. However,
if © possesses a left identity ¢ and a right identity f, then neces-
sarily ¢ = f; for ¢f = f since e is a left identity and ¢f = ¢ since
f is a right identity. This shows that, if we have a left identity
and a right identity, then we cannot have more than one of
either type. In particular, if a two-sided identity exists, then it
is unique.

From now on we refer to a two-sided identity simply as an (the)
identity and we shall usually denote this element as 1. An element
a of & will be called right regular if there exists an @’ in & such
that @2’ = 1. The element &’ is called a right inverse of a. Left
regularity and left inverses are defined in a similar manner. If 2
is both left regular and right regular, then we shall say that it is
a unit (regular). In this case we have an 4’ such that a2’ =1
and an &” such that ¢”’¢ = 1. Then

ad = (a”a)a' - au(aa/) = 4"

Thus 4’ = 4" and this element is called an inverse of a. Our
argument shows that it is unique. We shall denote this element as
a~1. Since aa™! =1 = 47 g, it is clear that 27! is regular and
that 4 is its inverse. This is the rule: (a7?)™! = 4. We note also
that, if 2 and 4 are units, then so is a4 since (@6)(6a™) =1
= (6'a')(ab). Thus we have (ab) ™ = 5g72.

If the operation in & is denoted as +, we denote the identity
as 0. The inverse of a4 if it exists is written as —a. Thus we
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have —(—4) =4 and —(a + 6) = —b + (—4). Also we shall
write @ — 4 for a + (—5).
6. Definition and examples of groups.

Definition 2. A4 group is a semi-group that has an identity and
in which every element is a unit.

Thus a group is a system consisting of a set @ and binary com-
position in @ such that the following conditions hold:

1. (ab)c = a(bc).

2. There exists an element 1 in @ such that 2l = 2 = 1a.

3. For each 4 in ® there is an element 4! in @ such that
as ! =1=4"4.

As in the case of semi-groups we shall often use the term
“group @ for the set part of the group. The following is a list
of examples of groups all of which should be familiar to the reader.

Examples. (1) Ry, the totality of real numbers, addition as composition.
Here the number 0 is the identity and the inverse of & is the usual —a. (2)
C, the set of complex numbers, addition as composition. (3) R*, the set of
non-zero real numbers, multiplication as the composition. Here the real num-
ber 1 is the identity and the inverse of 4 is the usual reciprocal 271 (4) Q,
the set of positive real numbers, ordinary multiplication. (5) C*, the set of
non-zero complex numbers, multiplication. (6) U, the set of complex numbers
¢ of absolute value 1, multiplication. (7) U,, the # complex nth roots of 1,
multiplication. (8) The totality of rotations about a point O in the plane, com-
position the resultant. If O is taken to be the origin, the rotation through an
angle 6 can be represented analytically as the mapping (x,y) — (x’,y’) where

X' = xcos@ — ysinf, y = xsinf 4+ ycosb.

If 6 = 0, we get the identity transformation and this acts as the identity in the
set of rotations. The inverse df the rotation through the angle 8 is the rotation
through the angle —0. (9) The totality of rotations about a point O in space,
resultant composition. (10) The set of vectors in the plane, vector addition
as composition. Analytically a vector may be represented as a pair of real
numbers (2,6). These are respectively the x- and the y-coordinates of the
vector. If v = (a,6) and v/ = (4’ ,#'), the usual vector addition gives v + ¢/ =
(@a+ 4, &+ ¥&). The O vector 0 = (0,0) acts as the identity and the inverse
ofvis —v = (—a,—5).

EXERCISE

1. Let ® be the totality of pairs of real numbers (4,8) for which @ # 0. Take
the composition in ® that is defined by the formula

(a,6)(¢,d) = (ac, bc + d).
Verify that this is a group.
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It is clear from our discussion of semi-groups that the identity
element is unique in @. Also the inverse of & is uniquely deter-
mined. If 4 and 4 are any two elements of a group © then the
linear equation ax = & has the solution 27'4 in ®. This is the
only solution since ax = ax’ implies that z7'(ax) = a7 (ax’).
Hence x = x’. This last remark shows that the Jeft cancellation
Jaw holds. Similarly the equation y2 = 4 has a unique solution in
® and the right cancellation law holds. The solvability of ax = &
and ya = 4 in ® is a characteristic property of a group (see ex. 3
below).

EXERCISES

1. An element ¢ of a semi-group is said to be sdempotent if ¢* = e. Show that
the only idempotent element in a groupise = 1.

2. Prove that a semi-group having the following properties is a group:

(a) ® has a right identity 1,.

(b) Every element 2 of ® has a right inverse relative to 1,.*

3. Prove that if & is a semi-group in which the equations ax = 4 and ya = &
are solvable for any 2 and &, then ® is a group.

4, Prove that a finite semi-group in which the cancellation laws hold is a

group.

7. Subgroups. A subset & of a semi-ggoup is said to be closed
if b ¢ & for every a and 4 in &'. It is clear that the associative
law holds in &’. Hence the pair &’,- consisting of &’ and the in-
duced mapping (4,6) — ab, 4,6 in &', form a semi-group. We call
such a semi-group a sub-semi-group of the given semi-group. It
may happen that &' is a group relative to the composition in &.
In this case we say that &' is a subgroup of &.

Examples. (1) The set of positive integers is (strictly speaking, defermines)
a sub-semi-group of the group I, of integers relative to addition. The set of
even integers is a subgroup of I.. More generally the totality of multiples
km of a fixed integer m 1s a subgroup. (2) The set consisting of the numbers
1 and —1 is a subgroup of the semi-group of integers relative to multiplication.

We shall show now that, if & is any semi-group with an identity,
then the subset @ of units of & determines a subgroup. Let 4 and
b be units; then we have seen that 472~ is an inverse for ab.
Hence abe®. Since 1-1 = 1,1 ¢ ® and this element acts as an

* The systems obtained by replacing the word “right” by “left” in (b) need not be

groups. Their structure has been obtained by A. H. Clifford in Annals of Math., Vol. 34,
pp. 865-871.
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identity in . Finally,if 2e®, then 6l e@ since as™ =1 =
a7 1a. Thus every element of @ has an inverse in 8. We shall
call ® the group of units of &. The example (2) given above is
the group of units in the semi-group of integers under multiplica-
tion. We shall see in the sequel that many important examples
of groups are obtained as groups of units of semi-groups.

We begin next with an arbitrary group ® and we shall determine
the conditions that a subset § of ® determines a subgroup of ®.
First we know that $ must be closed. Next $ has an identity 1’.
Since (1')? = 1/, it is clear (ex. 1, p. 24) that 1’ = 1, the identity
of @. Finally, if 4 e ®, then there exists an element &’ in §
such that a2’ = 1 = 4@’a. Then 4’ is an inverse of 2 and since
there is only one inverse, 4’ = a~*. This shows that the follow-
ing conditions are necessary in order that a subset § of a group ©
determines a subgroup of ©:

1. a,b ¢ § implies that a4 ¢ § (closure).
2. 1 9.
3. ae ® implies that a7 ¢ 9.

These conditions are also sufficient conditions on a subset $ that
$,+ be a subgroup of @,-; for it is clear that they imply axioms
2 and 3 for a group. Moreover, the associativity condition
certainly holds in § since it holds in @.

It should be noted that the group © itself can be regarded as a
subgroup of ®. If § is a subgroup and $ is a proper subset of @,
then we say that 9 is a proper subgroup of . We remark also that
the subset of @ consisting of the element 1 only is a subgroup.
This is evident from the definition or from the foregoing condi-
tions. We shall denote this subgroup as the subgroup 1 of &
(or 0 in the additive notation).

EXERCISES

1. Verify that the subset of pairs of the form (1,6) forms a subgroup of the
group given in ex. 1, p. 23.

2. Show that a non-vacuous subset § of a group ® is a subgroup if and only if
ab=1 ¢$ for any ¢ and & in $.

3. Prove that any finite sub-semi-group of a group is a subgroup (cf. ex. 4,
p. 24).
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4. Prove that, if 4 is any collection of subgroups § of @, then the intersection
N O is a subgroup.
A

5. Prove that, if 4 is any element of a group @, then the set €(2) of elements
that commute with 4 is a subgroup of ®.

8. Isomorphism. We shall consider first a well-known example
of this fundamental concept. Let R, be the group of real num-
bers relative to addition and let Q be the group of positive real
numbers relative to multiplication. We consider the mapping
¥ - ¢ of Ry into Q. This mapping is 1-1 of R onto Q and its
inverse is the mapping 2z — logz. Also we have the funda-

mental property:
FH = g,

Thus we arrive at the same result if (a) we first perform the
group composition on two numbers in R, and then take the image
in Q, or (b) we first take images in Q and then perform the group
composition on these images. From the abstract point of view
the groups R, and Q are essentially indistinguishable; for we are
not interested in the nature of the elements of our groups but
only in their compositions and these are essentially the same in
the two examples. The precise relation between R, and Q can
be stated by saying that these two groups are isomorphic in the
sense of the following

Definition 3. Two groups & and & are said to be isomorphic
if there exists a 1-1 mapping x — x' of ® onto &' such that (xy)' =
x'y’.

A mapping satisfying the condition of this definition is called
an isomorphism of ® onto @’. If @ and @' are isomorphic, there
may exist many isomorphisms between them. For example, if 2
is any positive number 1, then the mapping ¥ — 4® is an
isomorphism of R, onto Q. Isomorphic groups are often said
to be abstractly equivalent. 1f ® is isomorphic to @', we write
®=@. It is clear that the isomorphism relation between
groups is an equivalence; for the identity mapping is an iso-
morphism of @ onto itself and, if 4 — 4’ is an isomorphism of
® onto @', then 4/ — a, the inverse mapping, is an isomorphism
of ® onto . Finally, if 2 — 4’ is an isomorphism of ® onto @’
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and 4’ — 4” is an isomorphism of ®' onto ®”, then 2 — 4’ is
an isomorphism of & onto .

EXERCISES

1. Prove that, if x — &’ is an isomorphism, then 1/, the image of 1, is the
identity of the second group. Prove also that (¢71) = (4') L

2. Is the mapping 8 — ¢* an isomorphism of R, onto the multiplicative
group of complex numbers of absolute value 1?

9. Transformation groups. Let § be an arbitrary set and let
Z(S) be the semi-group of transformations of § into itself. We
know that T has an identity, namely, the identity mapping ¥ — x.
We consider now the subgroup &(S) of units of T(§). We shall
show that ®(S) is just the set of 1-1 mappings of § onto itself;
for we have seen that, if @ is 1-1 of § onto S, then the inverse
mapping o' has the property aa™ =1 = ala. On the other
hand, let a be any element of T(S) for which there exists an inverse
B such that af = 1 = Ba. Then any x = (x8)a e Sa so that «
maps S onto itself. Also, if ¥a = ya, then (xa)8 = (ya)B and
x =y. Henceais1-1. We shall call §(S) the group of 1-1 trans-
Sformations or permutations of the set §.

More generally, we define a transformation group (in §) to be
any subgroup of a group ®(S). If we recall the conditions that a
subset $ be a subgroup, we see that a set § of 1-1 transformations
of a set § onto itself determines a transformation group if the
following hold:

1. If @, B £ , then the resultant af e H.
2. The identity mapping ¥ — « is in $.
3. If a ¢ , the inverse mapping ™ is in §.

We consider now the special case in which § is the set of »
numbers 1, 2, ---, #n. The group &(S) of permutations of § is
called the symmetric group of degree n. 1t is usually denoted
as §,. We shall represent an element ae§, by a symbol of
the form (1 2 ... g )

la 2a¢ -+ na

and we can use this representation to calculate the order (number
of elements) of the group §,. Clearly the element la is arbitrary.
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Hence we can choose the number in the first position in 7 different
ways. Since no repetitions are allowed in the second row of our
symbol, we have #» — 1 choices for the second position, 7 — 2
for the third, etc. Hence in all we have #! symbols and conse-
quently #! elements in §,.

EXERCISES

1. Calculate af, B and a1 if

S R IR R

2. Write down the elements of §5 and work out 2 multiplication table for this
group.
3. Verify that the transformations

G2 GsD G2

form a transformation group.

4. Which of the examples given in § 6 are transformation groups?

5. Verify that the set of transformations of the line given by the rule
x — ax + 4, a # 0 form a transformation group. Show that this group is
isomorphic to the one given in ex. 1, p. 23.

6. Verify that the totality of transformations of the plane defined by
(x,5) — (x + 4, 0) constitute a group relative to resultant composition. Is
this a transformation group?

10. Realization of a group as a transformation group. His-
torically the theory of groups dealt at first only with transforma-
tion groups. The concept of an abstract group was introduced
later for the purpose of deriving in the simplest and most direct
manner those properties of transformation groups that concern
the resultant composition only and do not refer to the set § in
which the transformations act. It is natural to ask whether or
not the abstract concept is completely appropriate in the sense
that the class of systems covered by it is just the class of trans-
formation groups. This question is answered affirmatively in
the following fundamental theorem due to Cayley:

Theorem 1. Any group is isomorphic to a transformation group.

Proof. The transformation group that we shall define will act
in the set ® of the given group. With each element z of the group
® we associate the mapping
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X — Xa

of the set @ into itself. We denote this mapping as &, and call
it the right multiplication determined by 4. Since the right can-
cellation law holds, a4, is 1-1. Since any 4 can be written in the
form (ba=Y)a = (ba")a,, a, 1s a mapping onto . Hence 4, is in
the group of 1-1 transformations of the set . We wish to show
now that the totality ®, = {4,} is a transformation group in @.
Consider first the product a,4,. This sends x into (x2)s. By the
associative law (xa)b = x(ab). Thus 4,6, has the same effect as
(ab),. Hence

@) ab, = (ab),

is in ®,. We note next that 1 =1, is in @,. Finally by (7)
a.(a™"), =1, = (@ ),a,, Hence ¢, = (¢ !), is in @,. Thus
®, is a transformation group. We consider now the correspond-
ence 2 — a, of the group ® onto the group &,. If @ > 4, then
la, = a # b = 14,. Hence a, # b,., Thusa — a.is 1-1. Since
(7) holds, the mapping 4 — 4, is an isomorphism. This com-
pletes the proof.

We shall refer to the isomorphism & — &, as the (right)
regular realization of @ as a transformation group. It should be
observed that if @ is a finite group of order #, then @, is a sub-
group of the symmetric group S§,. Hence we have the

Corollary. Any finite group of order n is isomorphic to @& sub-
group of Sn.

Examples. (1) R, the group of real numbers and addition. If aeR,,
a, is the translation x — »’ = x + 4. (2) R*, the group of real numbers # 0
under multiplication. Here 4, is the dilation ¥ — &” = ax. (3) The group of
pairs of real numbers (,8), @ # 0, where (4,6)(¢,d) = (ac, bc + d). Here (¢,d),
maps (x,) into (', y") where

¥ = y=c+d

There is a second realization of @ as a transformation group
that one obtains by using left multiplications. We define the
left multiplication a; as the mapping ¥ — ax of @ into itself.
As in the case of right multiplication it is easy to see that a4
is 1-1 of ® onto itself. Also the set ®; of the 4; is a transforma-
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tion group. The proof of this is the same as for ®, with the
modification that

®) ahy = (ba).
This follows from
xah, = blax) = (ba)x = x(ba).

The mapping 2 — a4; is 1-1 of @ onto @, but in general this is
not an isomorphism. In order to obtain an isomorphism we must
replace this mapping by the mapping ¢ — & = (7%);; for
then we have

(@6 = (bar) ™ = a7,

We shall call the isomorphism a — 4; ™! the left regular realiza-
tion of @.

The associative law in ® gives the rule @i, = 4,4, for all 4,6
in @ since xaib, = (ax)b and xb,a; = a(xb). Hence any trans-
formation belonging to the set ®, commutes with any transforma-
tion belonging to ®;. The converse holds also, namely, if 8 is
any transformation in @ that commutes with all the 4; (4,), then
B is a right (left) multiplication; for we have

xB = (x1)8 = (Ix)B = (18)x; = x(18) = xb
for 4 = 18. Hence g = 4,.

EXERCISE

1. Obtain the regular realizations of 3.

11. Cyclic groups. Order of an element. Let M be any non-
vacuous subset of a group ® and let {§} be the collection of
subgroups of @ that contain the set M. The collection {$} con-
tains ®; hence it is not vacuous. Its intersection NP is a sub-
group of ® (ex. 4, p. 26). We denote this subgroup as [M] and
shall call it the subgroup of ® generated by the set M. The set [M]
has the following properties: (1) [M] is a subgroup of @. (2)
[M] 2 M. (3) If  is any subgroup of ® containing M, then
© 2 [M]. Also it is clear that these properties characterize [M].
Thus let £ be a subset of ® satisfying (1), (2) and (3) (for M).
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Then since & is a subgroup containing M, & 2 [M]. By sym-
metry [M] 2 & Hence & = [M].

We can use this characterization to obtain explicitly the ele-
ments of [M]. We assert that these are just the finite products
@143 - -+ @n (n arbitrary) where 4, e M or a4; is the inverse of an
element of M. Let & denote the collection of these products.
Then it is immediate that & is a subgroup of @ containing M.
On the other hand, if © is a subgroup of ® containing M, $
contains every ae M and every ¢~ with 2 in M. Hence 9
contains ®. Thus ® satisfies (1), (2) and (3) and therefore
® = [M].

We consider now the special case in which M = {4} is a set
consisting of a single element 4. Here we write [4] for [M], and
we call this subgroup the (¢yclic) group generated by a. A group
8 is called a cyclic group if there exists an 4 ¢ 3 such that 8 = [4].
The element & is then called a generator of 3. The remark above
shows that [4] consists of the elements ¢", # > 0, 1 and (27)",
n>0. We shall now definee® =1and a™ = ()" if n > 0.
In this sense [4] consists of the integral powers of the element a.

A consideration of cases can be used to extend the basic laws
of exponents (5) to all integral powers. For example, suppose
n>|m| and m <0. Then a"™ = a"a~!™ = g"(a7)I"l =
a*~iml = gntm. We leave it to the reader to verify the other
cases. We remark that by the laws of exponents, or directly,
[4] is a commutative group. The following are some familiar
examples of cyclic groups.

Examples. (1) Let I be the group of integers relative to addition. It is
clear by the axiom of induction that a set of positive integers that contains 1
and that is closed under addition contains all the positive integers. From this
it follows that Iy = [1]. It is clear also that I, = [—1] and that 1 ¢ [4] if
k1, —1. Hence 1 and —1 are the only generators of .

(2) Let U, be the group of complex nth roots of 1. Then U, consists of the
2kx

complex numbers en',k=0,1,2, ---, 7 — 1. Using the standard geometric

representation of complex numbers, we see that these numbers are represented

as the vertices of the regular n-gon inscribed in the unit circle that has (1,0)
2

as one of its vertices. If we set ¢® = p, we see that the elements of U, are
1,p,p% -+, p"'. Hence U, is a cyclic group of order 7.

Let 8 be a cyclic group with generator 4 and consider the map-
ping 7 — 4" of I, onto 8. This correspondence has the property
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m+n — gt = gmg",

Hence, if our mapping is 1-1, then it is an isomorphism of I onto
3.
Suppose next that the mapping is not 1-1. Then g™ = 4" for
m # n. We may assume # > m. Then "™ = g"a™ = g™a™
= 1. Hence there exist positive integers p such that ¢ = 1. Let
r be the smallest positive integer having this property. Then we
assert that the elements 1, &, - - -, "~ are distinct and that every
element of 8 is in this set; for if &* = 4! for k 5 / and %, /in the
range 0, 1, ---, » — 1, then a? = 1 for 0 < p < r contrary to
the choice of . Next let 4™ be any element of 8. Write #» =
gr+s, 0<s<r. Then a"=a"" =374 = (4" = a".
This proves our assertion. Thus 3 is a finite group of order r.
We now see that if 3 is infinite the mapping » — 4™ is neces-
sarily 1-1. Hence any infinite cyclic group is isomorphic to 7
and consequently any two infinite cyclic groups are isomorphic.
We shall show next that any two cyclic groups of the same finite
order are isomorphic. Let 8 = [4] and B = [4] be of order r.
We have seen that the order » of [4] (or of [#]) is the smallest
positive integer such that 2" =1 (4" = 1). We shall now show
that, if 4 is any integer such that 4* = 1, then | A Thus sup-
pose h=rg+ 35, 0 <s<r. Then a* =1 gives a* = 4’17 =
a*(@")? = &t = g* = 1. Hence s = 0 by the minimality of ».
Now suppose that 4" = g™. Theng" ™ =1landson — m = rq.
Hence 1 = 4™ = "™ and 4" = ™. We can now map " — 4"
and be sure that this correspondence is single-valued. By sym-
metry " = 4™ implies that 4" = 4™. Hence our mapping is 1-1.
Clearly g™a™ = g**™ — p**™ = jnp™, Hence a™ — 4™ is an
isomorphism. This completes the proof of the following

Theorem 2. Any two cyclic groups of the same order are iso-
morphic.

The concept of a cyclic group gives us a first classification of
the elements of an arbitrary group ®. If 2 is any element of ®,
then we say that a is of infinite order or of finite order r, according
as [a] is infinite or is a finite group of order . In the first case
we know that 4" = 1 if # is any integer 70, and if the second
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alternative holds, then 4" = 1. Also we know that 7 is the least
positive integer such that a" = 1.

Cyclic groups are the simplest kinds of groups. It is therefore
not surprising that most questions concerning groups are readily
answered for this type. Thus, for example, it is generally a very
difficult task to determine all the subgroups of a given group.
We shall now see that this can be done very simply for cyclic
groups.

Let B be a subgroup of the cyclic group 8 = [4]. Assume first
that @ £ 1. Then there exist positive integers m such that
a™ e BW; for there exist integers m % 0 such that 4™ e W, and
if a™ & W, then so does (™)' = 4™, Now let s be the smallest
positive integer such that ° e 8. We propose to show that
B = [4°] and that the correspondence ® — s is 1-1. To prove
these resultslet ¢ = 4™ be any element in ® and write m = sqg +
where 0 <# <s. Then 4* = a™(@*) e B. Hence, by the
minimalityof s,# = 0. Thusc¢ = 4™ = (¢°)? and B = [¢*]. Also
the 1-1 ness is clear since, if ® — s and W' — s, then W =
[¢°] = W'.

If 3 is an infinite cyclic group, then our mapping ® — sis a
mapping onto the set of positive integers; for if we take any
positive integer s, then [4°] — s since the smallest positive integer
p such that 4? e [2°] is s itself.

Suppose next that 3 is finite of order . Then we shall show
that the mapping ® — s is a mapping onto the set of positive
integers < 7 which are divisors of . Since 1 = 4" ¢ B, the argu-
ment used before shows that 7 is a multiple of s, that is, 5| 7.
On the other hand, let s be any divisor of » and write r = st.
Then (&%)t = 1, but (&*)" # 1if0 < # < ¢. Hence, ¢ is the order
of [2°]. Now if s’ is the smallest positive integer such that a" e [a',
then also » = s’ since [4°] = [#*]. It follows that s = s’. Hence
[a] — s.

We have therefore proved the following

Theorem 3. Let 8 be a cyclic group with generator a and let B be
any subgroup # 1 of B. Then if s is the smallest positive integer
such that a® ¢ B, B = [a®]. If B is infinite, then the correspondence
B — 5 is a 1-1 mapping of the set of subgroups # 1 onto the set of
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positive integers. If B is finite of order r, then our mapping is 1-1
of the set of subgroups # 1 onto the set of positive divisors of r that
are less than r.

If 8 is infinite we can extend our correspondence to include the
subgroup 1 consisting of 1 alone by mapping 1’ — 0. In the
finite case we map 1 — 7, so that in all cases we have 8 = [4°].
We note also that in the finite case if & — s, then the order of
BWisr/s = t. Hence, we obtain another 1-1 correspondence here
by associating with 8 the order of this subgroup. We state this
result as

Theorem 4. Let 3 be cyclic of order r (<). Then the order of
any subgroup of B is a divisor of r and, if t is any positive divisor
of r, B possesses one and only one subgroup of order t.

It is customary to denote the number of positive divisors of an
integer r by d(r). Thus 3 possesses 4(r) subgroups.

EXERCISES

1. List the subgroups of the cyclic group of order 12.

2. Let 3 = [4] be of order » < . Show that the order of a™ is [ms]/m =
r/(m,r).

3. Show that a cyclic group of order r possesses exactly ¢(r) generators where
¢(r) (the Euler ¢p-function) denotes the number of positive numbers <r that are
prime to r in the sense (r,4) = 1.

4. Show that the subgroup  of order ¢ (r = s¢) of a cyclic group of order r
can be characterized in either of the following ways: (1) § is the set of sth
powers of the elements of & or (2) D is the set of elements 4 such that 4* = 1,

12. Elementary properties of permutations. A permutation
v which permutes cyclically a set of elements #;, 73, - - -, i, in the
sense that

¢) 1Y =iy dgy = i3, v, dy¥ =, Y =)
and leaves fixed the other numbers in {1, 2, -, n} is called a

cycle. 1f v is of this form, we denote it as (f;i3 - -« 4,). Itis clear
that we can just as well write

¥ = (izis ] iril) = (i3i4 . irili2) = ...,

Two cycles v and v’ are said to be disjoint if their symbols con-
tain no common letters. In this case it is clear that the numbers
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which are moved by one of these transformations are left fixed
by the other. Hence if i is any number and 7y # 7, then iy'y = iy
and since #y® # iy also, iyy’ = iy. Similarly if iy’ 54 i then
ivy' = iv'y and if iy = i and /¥’ = i then iyy’ = iy"y. Thus
vY' = 4"y, that is, any two disjoint cycles commute. ’

Any permutation a can be written as a product of disjoint
cycles. For example, if

a—(l 234567 8)
365 482710
then
la =3, 3a=5 50a=38, 8a=1; 2a0a=6, 6a=2;
da =4; Ta=17;
from which it follows that

a= (13582 6)@)().

In general, for any o we can begin with any numberin 1,2, « -+, »,
say i1, and form ija = 75, fsa = 73, - - -, until we reach a number
that occurs previously in this list. The first such repetition occurs
when 7,4y = f,a = iy; for 4 = i10¥7! and if 4 = 4;, / > k, then
i1 7! = i1} and i10*7* = iy, Thus the numbers 7y, 75, « - -, 7,
are permuted cyclically by a. If » < # we can find a f; not in
this set. If jia* = 7,09, then j; = 7;09"% is in the original set
contrary to assumption. Hence we obtain a new set {j,, fs, -,
7} that is cyclically permuted by « and that has no element in
common with the original set. If we continue in this way we
finally exhaust the set {1,2, - - -, #}. Also it is clear by comparing
effects on any number that

(10) @ = (iia -+ i)(irja o) oo+ (o 1)

where these cycles are disjoint.

A cycle (¢) is the identity mapping. Such cycles can be dropped
in (10) and we may therefore suppose that r, 5, +--, # > 1 in
(10). The factorization thus obtained is unique since we can
deduce from it the fact that

ha=1dy -y dpaa=1i, fLa=1i; -5 ha=1l --

lyma =1, la=1
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and that all the other numbers are fixed. If @ has the factoriza-
tion (10) into disjoint cycles, then we shall associate with a the
integer
(11) Na)=@r—-—1)+ -4+ @—1).

A cycle of the form (a5) is called a #ransposition. It is easy to
verify that

(12) (i1i2 ir) == (iliz)(ilis) (ilir)-

Hence according to (10), « is a product of N(a) transpositions.
We shall now show that if N(a) is even (odd) then any factorization
of @ as a product of transpositions contains an even (odd) number of
factors. For this purpose we require the following formulas

(acies -+~ cubdy - - di)(ab) = (acy - - - cn)(bdy - - - dh)
(acy -+~ cn)(bdy - - di)(ab) = (acy -+ chbdy -+ - ).

According to these, if 2 and 4 occur in the same cycle in a, then
N(a(ab)) = N(a) — 1 and, if 2 and & occur in different cycles
in a, then N(a(ab)) = N(a) + 1. In any case

(13) N(a(ab)) = N(a) = 1.

Now suppose that « is a product of m transpositions, say a =

(@6)(cd) - -- (pq). Since (ab) ™ = (ab), this implies that

 a(pg) - (cd)ad) = 1.
Since N(1) = 0, iteration of (13) gives

— m ~
0=Na@+1xlxt- -1

Hence N(e) is a sum of m terms = 1 or —1. It follows that
N(a) is even if and only if 7 is even. This proves our assertion.

We shall call « even or odd according as the factorizations of «
as a product of transpositions contain even or odd numbers of
factors. If a is a product of 7 transpositions and B is a product
of ¢ transpositions, then of is a product of m + ¢ transpositions
and a™! is a product of m transpositions. Hence if « is even and
B is even, then af is even; if @ is even (odd) and B is odd (even),
then of is odd and, if both « and B are odd, then aB is even.
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If « is even, then so is @), Among other things, these rules show

that the set A4, of even permutations is a subgroup of §,. This
subgroup is called the alternating group.

EXERCISES

1. Express the elements of 84 as (1) products of disjoint cycles, (2) products
of transpositions. Determine the elements of Aj.

2. Show that, if # > 3, then any element of A4, is a product of three-cycles
(akc).

13. Coset decompositions of a group. Suppose first that @
is an arbitrary transformation group acting in a set §. Then ®
defines an equivalence relation in § by the rule that ¥ = y(mod ©)
(read: x is congruent to y modulo ®) if y = xa for some « in @.
That this relation is reflexive, symmetric and transitive is immedi-
ate from the definition of a transformation group. It may happen
that any two elements of § are equivalent in this sense. In this
case ® is said to be transitive in §. In general we obtain a decom-
position of § into non-overlapping equivalence classes that we
shall call the transitivity sets of S relative to @.

As an instance of this type of decomposition let § = {1,2, .-,
n} and let ® = [o] where @ is in §,. If @ = (f1iz---14,) ---
(/s - -+ 1,) is the factorization of « into disjoint cycles, then it is
clear that {7y, is, - -+, .}, -+ 5 {41, Joy -+ -, Lu} are transitivity sets
of [@]. The remaining transitivity sets contain single elements.
The number N(a) considered in the preceding section can now be
defined as Z(r — 1) where » denotes the number of elements in a
transitivity set and the sum is taken over these sets. This remark
shows again that N(a) is unique and in general it makes somewhat
more transparent the discussion of the preceding section.

We suppose now that @ is any group and that $ is a subgroup
of @. Let ©, be the set of right multiplications in @ determined
by the elements of . This means that §,’ is the set of mappings
x — xh, xin @, 4 fixed in $. Since P is a subgroup of @, $,’ is
a subgroup of ®,; hence §,’ is a transformation group acting in
the set . We consider now the transitivity sets determined by
o.. We write x =y (mod §) in place of x =y (mod $,).
By definition this means that there exists an 4 in $ such that
y = xh, or, equivalently, that x~'y e §. The transitivity set of
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elements that are congruent (equivalent) to x is called the right
coset of x relative to 9.

We shall now introduce a convenient notation for the right
cosets. In general, if 4 and B are subsets of a group §, then we
write 4B for the collection of products 44, 2 in 4, 4 in B. We
note that (4B)C is the collection of products (ab)c, @ in A, &
in B, cin C. Since (a@b)c = a(éc), any such product is in 4(BC).
Hence (4B)C € A(BC). Similarly the reverse inequality holds
so that (4/B)C = A(BC). The set consisting of a single element x
will be denoted as x. Now it is clear that the right coset of «
relative to § is the set of elements x4, 2 in . Hence this coset
is the set 9. We know, of course, that @ = Ux$ and that either

*9 = yHorxH NyH = g.

Examples. (1) Let I be the group of integers relative to addition and let
[m] denote the subgroup of multiples of the integer m > 0. Here x = y (mod
[m]) has the same meaning as ¥ = y (mod m) of elementary number theory,
namely, # — y is a multiple of m. If x is any integer we can write x = gm + r
where 0 < r < m. Then x = r (mod m). Thus any integer is congruent to
one of the numbers 0, 1,2, ---, m — 1. Also it is clear that no two of these
numbers are congruent. Hence there are m cosets of I relative to [m]:

6= {Oa +m, :|:2m,}
T= {l)limxld:zm)}

m=—D)={m—-1,(m—-1)xm@m—1)%2m, ---}.

(2) @ = R4, the additive group of real numbers; = I, the subgroup of
integers. Here two real numbers are in the same coset relative to . if and only
if their difference is an integer. A coset is therefore a collection of points that
are similarly placed in the unit intervals with integer endpoints.

3)® = 8,9 = 4, IfBiseven, Be A, and conversely. If 8 is odd every
member of the coset 84, is odd. Moreover, this coset contains all the odd
permutations; for, if 7y is odd, then 8~y is even and v £ 4,. Thus we have two
cosets: the coset 4, of even permutations and the coset of odd permutations,

Any two right cosets have the same cardinal number, that is,
there is a 1-1 correspondence mapping one onto the other. Thus
let ¥§ and y$ be arbitrary right cosets and consider the left
multiplication (yx~); = x;7'y;. We know that this mapping
is 1-1 of ® onto itself, and it is clear that, if xkex$, then
(xA)(yx™1); = yx'xh = yh e yH. Hence (yx1); induces a 1-1
mapping of P onto y$. Since = 1§ is itself a right coset, we
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see that all the right cosets have the same cardinal number as $.

We can duplicate the foregoing discussion using left cosets, in
place of right cosets. The starting point here is the transforma-
tion group $;' = {k}, A in . We define the left congruence
relation relative to the subgroup $ as the congruence relation
determined by the transformation group §,. Thus we set
¥ =;y (mod 9) for ¥ =y (mod §;"). This means simply that
there exists an element % e  such that y = Ax, or, equivalently,
that yx~' € §. The equivalence class determined by x is the set
$x which we shall call the /f coset of x relative to §.

One can see by examples (exercise 1 below) that the decomposi-
tion of a group into right cosets relative to a subgroup $ need
not coincide with the decomposition into left cosets relative to
. However, there is a simple relation between these two decom-
positions, namely, the set of inverses of the elements in any right
coset x constitute a left coset. For (x4) ™! = A7 lx e Hx~?
and, as 4 ranges over §, A 'x™! ranges over x~1. Thus the
left coset Hx? is uniquely determined by x9, that is, it does not
depend on the element x selected in 9. It is also immediate
that the correspondence ¥ — Hx! is 1-1 of the collection of
right cosets onto the collection of left cosets. Hence the collec-
tions {§x} and {x$} have the same cardinal number. We call
this number the index of  in @.

Suppose now that @ is a finite group and that the order of &
is n. Let § be a subgroup of order 7 and write

O=a® Ua®U---UaP

where ;9 N 4,9 = & if i # 4. Thus 7 is the index of § in @.
We have seen that each 4;9 contains m elements. Hence ® con-
tains mr elements so that # = mr. This proves the following
fundamental

Theorem 5 (Lagrange). The order of a subgroup of a finite group
15 a factor of the order of the group.

Our result shows that the order of A4, is #!/2; for we have
seen that the index of 4, in §,1s 2. A second important applica-
tion of Lagrange’s theorem is the
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Corollary. If ® is a finite group of order n, then x™ = 1 for
every x € ©.

Proof. Let m be the order of [x]. Then x™ =1 and n = mr.
Hence ™ = 1.

EXERCISES

1. Determine the coset decompositions of the subgroup § = {1, (12)} in ;.

2. Let V be the group of vectors in the plane, vector addition as composition.
Show that the vectors that issue from the origin O and have end points on a
fixed line through O form a subgroup. What are the cosets relative to this
subgroup?

3. Let ©1 and $; be two subgroups of @. Show that any coset relative to
91N D; is the intersection of a coset relative to O; with a coset relative to Os.
Use this result to prove Poincaré’s theorem that, if O; and 2 have finite index in
®, then so has §; N H..

4. Does the rule x® — DOx define a (single-valued) mapping?

14. Invariant subgroups and factor groups. We wish to deter-
mine now the condition on a subgroup $ in order that we be
able to multiply any two congruences modulo $, that is, that we
be able to conclude from any two congruences ¥ = x’ (mod ) and
y =Y (mod $) that xy = x’y’ (mod ). Another way of putting
this condition is that, if ¥’ ex® and y’ ey$, then x'y’ e xy9.
In terms of set multiplication this means that

(14) *9)(»9) S 9

holds for all ¥ and y in @. It is clear that this condition is equiva-
lent to $y9 Cy9 for all y. Also $y9 C y9 implies that
$y € 9. On the other hand, if § has this latter property, then

599 S99 =y

since §* = ©. It is clear also that the condition $y C y$ is
equivalent to y !9y C &, and we use this form of the condition
in the following

Definition 4. A subgroup 9 is called invariant (normal, self-
conjugate, distinguished) if y 71y < D for every y in ®.

Our remarks show that § is invariant if and only if (x$)(y9) C
xy9 holds for every x, yin . In terms of elements the test for
invariance of a subgroup § is that, if 4 € § and y is arbitrary, then
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y by e . Since Hy C y9 forall y, $y ! C y 19 and multiplica-
tion by y on the right and on the left gives y9 € $y. Hence
9y = y9. Thus if § is invariant, then the right coset deter-
mined by any element coincides with the left coset determined
by this element. Hence there is only one coset decomposition for
an invariant subgroup.

If © is invariant, then (x9)(y9) = xHy9 = xyHH = xyP.
Hence the set of cosets of § is closed relative to set multiplication.
We now show that the collection ®/9 of cosets and this composi-
tion is a group. The associative law holds for this composition
since multiplication of sets is associative. The coset § acts as
the identity since H(x9) = 9 and (xH)H = x9. Also x9 has
the inverse x7'$ since (x9)(x719) = H = (*'9)(*xH). This
proves our assertion. The group consisting of the set of cosets
and the composition that we have defined is called the facror
(quotient) group &/9 of ® relative to the invariant subgroup 9.
Clearly the order of 8/ is the index of $ in ©.

Examples. (1) I, the group of integers relative to addition; [m], the sub-
group of multiples of the integer m > 1. [m] is invariant since it is clear that
any subgroup of a commutative group is invariant. The factor group I/[m] is

cyclic with 1 = 1 + [m] as generator. (2) A, is an invariant subgroup of S
For if a is even 87'aB is even for any B. The factor group Sa/A4, has order 2.

EXERCISES

1. Prove that any subgroup of index 2 is invariant.

2. Show that § = {1, (1 2)} is not invariant in S;.

3. Show that the subgroup of transformations of the form x — x4+ 4 is
invariant in the group of transformations ¥ — ax 4 4,4 # 0.

15. Homomorphism of groups. The concepts of isomorphism
and of isomorphic groups become considerably more fruitful
when they are generalized in the manner that we shall now indi-
cate. The generalizations that we wish to define are obtained by
dropping the requirement of 1-1 ness in our previous definitions.
Thus we have the following fundamental

Definition 5. A mapping n of a group ® into a group ®’ is called
a homomorphism if (xy)n = (¥n)(yn). If v is a homomorphism
of ® onto &', then &' is called a homomorphic image of ®.
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An important instance of a homomorphism is obtained by taking
a factor group ®/9 of @ relative to an invariant subgroup $
of ®. By definition (x9)(y9) = (xy)d in /9. Hence if we
map the element x of @ into its coset ¥9, then we obtain a homo-
morphism of @ onto ®/9. Thus any factor group of ® is a
homomorphic image of ®.

It should be noted that the definition that we have given does
not require that 9 be a mapping onto ®. If is 1-1, then we call
it an isomorphism of @ into ®'. Previously we have dealt exclu-
sively with isomorphisms onto and with isomorphic groups. We
consider now some concrete examples of homomorphisms.

Examples. (1) Let @ = Ry, the additive group of real numbers, and let
@' = U, the multiplicative group of complex numbers of absolute value 1.
The mapping 6 — ¢* is a homomorphism of & onto @’ since /118 = %
and every element of @’ has the form ¢®. This mapping is not an isomorphism
and, in fact, it is easy to see that these groups are not isomorphic (exercise 3
below).

(2) Let ® = ¥ the group of plane vectors (o,8) with the usual composition
@B) + @B) =(@+a, B+p). The mapping (@8 — « is a homo-
morphism of 7 onto R;.

(3) Let @ be the symmetric group S, and map the permutation 7& S, on
the number 1 or on the number —1 according as 7 is even or odd. In any case
denote the image as x(r). Then x(7') = x()x(¢"). Hencer — x () is 2 homo-
morphism of §, onto the multiplicative group of numbers 1, —1.

(4) Consider the additive group of integers I, and any group @. Let 4 be

a definite element of @. Then the mapping # — 4™, # in I, satisfies g™+ =
a™a". Hence it is a homomorphism of 7, into ®.

We derive next some of the elementary properties of homo-
morphisms. We nate first the following

Theorem 6. The image ®&n of a homomorphism of ® into ®' isa
subgroup of ©’.

Proof. Since (x7)(yn) = (xy)n, ®q is closed under the com-
position in @’. Also (19)(19) = 19 so that 1y is the identity 1’
of &. Finally (x9)(x™'y) = 1y =1, and this means that
(x7)7! = x5 is in G9.

We consider next the totality & of elements £ of ® such that
kn = 1. This is the inverse image set n~*(1’) of the identity
element 1’ of @’. Since 19 =1/, R 31. Hence if ® 5 1, then g
is not 1-1. On the other hand, we shall show now that, if = 1,
then n is an isomorphism. Thus assume that g9 = 43. Then
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(a7'8)n = anbn = (an) ~1(by) = 1’. Hencea ™4 =1anda = 4.
We prove next

Theorem 7. If 7 is a homomorphism of ® into ®', the inverse
image ® = 9 (1) of the identity of ® is an invariant subgroup
of ©.

Proof. We know that 1e®. If %y, k3 e R, then (kikg)g =
(kin)(kam) = 1’1" = 1’. Hence kikze R Also if ke®, then
k7lp = (k) =1"1=1" and #'ef® This proves that ®
is a subgroup. Finally if 2 is arbitrary in @ and ke &, then
(a7ka)y = (a7 1n)(kn)(an) = (an) "1'(ag) = 1'so thata ka e K.
Hence f is invariant.

The group & = 97'(1’) is called #A¢ kernel of the homomorphism

7.
EXERCISES

1. Determine the kernels of the homomorphisms in the foregoing examples.

2. Prove the following extension of Theorem 6: Let & be a group and let &'
be any set in which a composition 4’4’ is defined. Suppose that 9 is a mapping
of ® into®’ such that (xy)g = (¥n)(»n). Then the image & is a group relative
to the composition defined in &',

3. Prove that the groups Ry and U of example 1 are not isomorphic.

4, Let ® be the transformation group of mappings ¥ — ax -+ & where @ and 4
are real numbers and @ £ 0. Show that the correspondence that associates
with the indicated transformation the real number 4 is a homomorphism of @
onto R*. What is the kernel?

5. Show that if £ is an integer then the mapping ¢® — % is 2 homomorphism
of U onto itself. Determine the kernel.

16. The fundamental theorem of homomorphism for groups.
We have seen that the mapping ¥ — &% = x$ is a homomorphism
of the group @ onto its factor group @ = @/ relative to the
invariant subgroup $. We shall call this homomorphism ke
natural homomorphism of @ onto ® and in the sequel we denote
it by the letter ». The kernel of », that is, the set of elements
a such that av = 49 = 9 is obviously the given invariant sub-
group 9.

We note next that, if 9 is a homomorphism of @ into & and p
is a homomorphism of @’ into @"’, then 7p is a homomorphism of
® into ®”. This is immediate from the definition. In particular
we see that, if » is the natural homomorphism of @ onto & = /9
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and # is a homomorphism of @ into another group @', then the
resultant »5 is a homomorphism of @ into &@’. The kernel of this
homomorphism evidently contains .

Conversely let n be a homomorphism of @ into a second group
®’ and let § be an invariant subgroup of ® contained in the kernel
f = 971(1’). Let a and 4 be two elements in the same coset
relative to . Then & = ah, A in §, and by = (an)(hn) = (an)1’
= an. This shows that the rule 49 — a7 defines a single-valued
mapping of & = /9 into ®. We denote this mapping as j
and we prove that it is a homomorphism. This follows from

[(@9)(69)]a = (ab©)7 = (ab)n = (an)(bn) = ((aD)7) (D)%)

We shall call 4 the induced homomorphism of & into &’. Evi-
dently avij = (a9)#% = an so that the given homomorphism per-
mits the factorization = »3.

We note next that, if (s9)5 =1, then ay =1’ and @ Q.
Also the converse holds. Hence we see that the kernel of # is
the totality 8/9 of cosets of the form k9, £in . As a consequence
we see that § is 1-1 if and only if & = . This completes the
proof of the important

Theorem 8. Le¢t o be a homomorphism of & into ® and let
O be an invariant subgroup of ® contained in & = 9 (1"). Then
the rule a® — an is a homomorphism 7 of ® = §/9 into & and
n = vi) where v is the natural homomorphism of ® onto ®. The
mapping 7 is an isomorphism if and only if & = 9.

Suppose now that we particularize our considerations to the
case in which 7 is a homomorphism of ® onto &'. If ® is the
kernel, then we see that the induced mapping 4 of & = /8
onto & is an isomorphism. Hence ® =~ @&’. This, together with
the result noted in the first paragraph, proves the

Fundamental theorem of homomorphism for groups. Any
factor group of ® is a homomorphic image of & and conversely if
®' is a homomorphic image of ® then ®' is isomorphic to a factor
group of G.

As an illustration of the power of this theorem we use it to
derive again a part of the theory of cyclic groups. Let @ = [4]
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be cyclic with generator . Then we know that the mapping
n — a" is a homomorphism of I, onto ®. Hence 8= 1,/9
where 9, the kernel, is a subgroup of I,. Now we use our deter-
mination of the subgroups of I,. According to this we have
either = 0 or § = [m] where m > 0. In the former case the
mapping # — 4" is an isomorphism, and ® =~ I,. Otherwise
we see that @ = I, /[m], a group of order m. It is immediate
from these remarks that any two cyclic groups of the same order
are isomorphic.

EXERCISES

1. Prove that R, /[2x] 22 U where R, and U are as in example 1 of p. 42 and
[27] is the cyclic group generated by 2ur.

2. Let [] be a cyclic group of order s, and [y] a cyclic group of order £. Show
that there is a homomorphism 7 of {#] into [y], such that ¥y = y*, if and only
if sk is a multiple of £, If sk = mt, show that # is an isomorphism if and only
if (s,m) = 1.

17. Endomorphisms, automorphisms, center of a group. A
homomorphism of a group #nto itself is called an endomorphism;
an isomorphism of a group onto itself is called an automorphism.
The resultant of endomorphisms is an endomorphism. Hence the
set € of endomorphisms of a group ® is a sub-semi-group of the
semi-group of single-valued mappings in the set . Evidently
the identity mapping is an endomorphism; hence the semi-group
€ has an identity.

Consider next the set % of automorphisms of the group ®.
We assert that 9 is the group of units of & For if « is a unit
in €, a™! exists and hence « is 1~1 of ® onto itself. On the other
hand, if « is an automorphism, its inverse &~ is also an auto-
morphism; for

(®)a™ = (ra"')(ya'@))a! = (((xa ™) (ya™"))a)a™
= (va™)(ya™).

Hence « has an inverse in €. This proves also that % is a group
of transformations in ®. We shall call this group the group of
automorphisms of ®.

If a is a fixed element the mapping

(15) Co: x = g lxa
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is an automorphism of ®, since
a7 (xy)a = (a7 xa)(a " ya)

and, as is easy to verify, C, 1s 1-1 of @ onto itself. As a
matter of fact, the 1-1 ness is clear if we note that

(16) Co = a4 = ay7a,

where, as usual, 4, and 4; are respectively the right and the left
multiplications determined by 4. The automorphism C, is
called the inner automorphism determined by the element a.

We shall now show that the set & of inner automorphisms forms
an invariant subgroup of the group of automorphisms . Let
C,, and C,, be inner automorphisms. Then

xC,,C,, = az a1 %4185 = (@142) '%(a183) = xC,,
so that
17) Ci, = C,C,..

This equation shows that the correspondence 2 — C, is a homo-
morphism of ® into its group of automorphisms. It follows
(Theorem 6) that the image set & is a subgroup of %. Now let
a be any automorphism and consider the product a™'C.a.
Since

xa 1Ca = (@ Y (xaMa)a = (aa)x(ac)

= (aa) 'x(aa)
= xCgas
(18) a Ca = Cy,

is inner. This proves the invariance of §. The factor group
A/S is called the group of outer automorphisms of the group ©.
We return to the homomorphism ¢ — C, of @ onto . The
kernel € of this mapping is the set of elements ¢ such that C, = 1.
Thus ¢ € € if and only if ¢ ~x¢ = x for all x or equivalently,

(19) cx = xc

for all x. We shall call € the center of the group . By Theorem 7
or directly we see that € is an invariant subgroup. Also by the
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fundamental theorem of homomorphism § = @/€. We sum-
marize our results in the following

Theorem 9. The set S of inner automorphisms is an invariant
subgroup of the group of automorphisms and § = ©/C where € is
the center of the group.

EXERCISES

1. Prove that the mapping 4 ~ 47! is an automorphism if and only if @ is
commutative.

2. Show that, if k is an integer and @ is commutative, then @ — 4* is an
endomorphism. :

3. Determine the group of automorphisms of any cyclic group.

4, Determine the group of automorphisms of the symmetric group Sj.

5. The transformation group generated by the group of automorphisms and
the group of right multiplications is called the Aolomorph  of the group ®.
Show that (1) § contains all the left multiplications, (2) any element of §
can be written in one and only one way as a product az, of an automorphism
a and a right multiplication 4,, (3) if ® is finite, then the order of § is the product
of the order of & by the order of .

18. Conjugate classes. The elements ¥ and y of @ are said
to be conjugate if they are equivalent relative to the congruence
relation determined by the transformation group &. This means
that there exists an 4 in @ such that 27 xa = y. The transitivity
sets determined by the group & are called the conjugate classes
of the group ®. The conjugate class determined by the element ¢
consists of a single element if and only if ¢ is in the center of the
group.

As an illustration of these ideas we shall determine the con-
jugate classes of the symmetric group §,. We remark first that
if & is the permutation

(1 2 P n )

la 2a¢ -+ na

and B is arbitrary, then 8~%af8 sends 18 into laB so that 8~laB
can be represented by the symbol

(1ot 208 - vos)

It follows that if
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(20) a = (ixiz o ir)(jxfz v °j.) T (1113 e ly)
then

(21) BlaB = (118438 -+ - 1,B) - - (LiBlaB - - - L.B).

We may suppose that » > s >--- > % and that all the numbers
are displayed in (20). Then r+s+-:-4+ # = n. In this way
we associate with « a set of positive integers 7, s, - - -, % such that

(22) P25 rbstotumn

Equation (21) shows that a and o’ are conjugates in §, if and
only if the associated sets 7, s, ---, # are the same for these
two permutations. A system of integers satisfying (22) is called
a partition of n. Hence we have a 1-1 correspondence between
the conjugate classes in §, and the partitions of n. The number
of conjugate classes coincides with the number p(n) of distinct
partitions of #. The function p(n) is an important arithmetic
function. Its first few values are

22 =2, p3) =3, p(4) =35, p(5) =17, p(6) =11.

Also it is clear from (21) that, if » > 1 and #» > 2, then 8 can
be chosen so that 7' # a. Hence, if a # 1, then there exists
a B such that fa = «f. This shows that the center of §,, 7 > 2,
is the identity.

EXERCISES

1. Prove that, if ® is a finite permutation group, then the number of elements
in any transitivity set determined by @ is a factor of the order of the group.
(Hint: If § is any number in the set § = {1,2, - - -, n}, the set of transformations
a e® that leave ¢ fixed is a subgroup §. Show that the elements in the transi-
tivity set containing 5 can be put into 1-1 correspondence with the left cosets of
O. Hence prove that the number of elements in the transitivity set is the index
of in@®.)

2. Prove that the number of elements in any conjugate class of a finite group
@® is a factor of the order of ©.

3. Prove that the center of a group of prime power order contains more than
one element.



Chapter II

RINGS, INTEGRAL DOMAINS AND FIELDS

In this chapter we begin the study of a second important type
of algebraic system called a ring. As we shall see, rings are sets
with two suitably restricted binary compositions. Unlike the
theory of groups which had essentially one source, namely, the
study of sets of 1-1 transformations relative to resultant com-
position, the theory of rings has been fused out of a number of
special theories. For this reason it will appear to be somewhat
less unified than the theory of groups. In the present chapter
we introduce the basic concepts of integral domain, division ring,
field, ideal, difference ring, isomorphism, homomorphism and
anti-isomorphism. Also we introduce some important special
instances of rings such as matrix rings and quaternions. Finally
we prove the analogue for rings of Cayley’s theorem on groups.

1. Definition and examples.

Definition 1. A ring is a system consisting of a set A and two
binary compositions in U called addition and multiplication such
that

1. U together with addition (+) is a commutative group.
2. U together with multiplication (-) is a semi-group.
3. The distributive laws

D a6+ ¢) = ab+ ac
&4+ c)a=ba+ ca

hold.
49
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Thus the assumptions included under 1 and 2 are that ¢ 4 4
and @b e A and satisfy the following conditions:

Al @+8&+c=a+ (@+0).
A2 a+b=206+a.
A3 Thereis an element O such thatza +0 =42 =0 + a.

A4 Foreach a there is a negative —a such thate 4 (—4) =0
= —a+a.

M (@b)c = a(bc).

The system %,+ will be called the additive group and the system
%A, - will be called the multiplicative semi-group of the ring.

Examples. (1) The set I of integers with the ordinary addition and multipli-
cation operations. We have noted in the Introduction that this is a ring.

(2) The set R of rational numbers with the usual addition and multiplication.
A rigorous definition of this ring will be given in the next chapter.

(3) The set R of real numbers with the usual addition and multiplication.

(4) The set [ [V/2] of real numbers of the form m + n\/2 where m and
are integers, addition and multiplication as usual. Clearly the sum and differ-

ence of two numbers in /| [\/§ ] belong to this set. Also
(m + n\2) (' + w'\/2) = (mm' + 2un’) + (mn' + nm')\/?

so that /| [\/i ]is closed under multiplication. It follows easily that this system
is a ring (see the discussion of subrings in § 5).

(5) The set Ro[\/il of real numbers of the form a4 + b\/i where @ and &
are rational numbers, addition and multiplication as usual.

(6) The set C of complex nhumbers with the usual addition and multiplication.

(7) The set I[\/ —1] of complex numbers of the form m + n\/ =1, m and »
integers with ordinary addition and multiplication. This example is similar to
@.
(8) The set I' of real valued continuous functions on the interval [0,1] where
(f + 8)(*) = f(x) + g(x) and (fg)(x) = f(x)g(x).

(9) The set consisting of the two elements 0, 1 with the following addition
and multiplication tables:

-+ .
_|o! _|o!
olo 1 0lo o
111 0 1lo 1
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EXERCISES

1. Let A be the set of all real valued functions on (—o0, ). Show that 4
is a group with the ordinary addition and that 4 is a semi-group relative to
Sogx) = f(g(x)). Is A aring relative to these two compositions?

2. Show that the three elements 0, 1, 2 constitute a ring if addition and
multiplication are defined by the following tables

+

01 2 012
00 1 2 00 00
1|1 20 1101 2
212 01 210 2 1

A number of elementary properties of rings are consequences
of the fact that a ring is a group relative to addition and a semi-
group relative to multiplication. For example, we have —(a + )
= —a—b= —a+ (—b) and, if na is defined for the integer
n as before, then the rules for multiples

n(a + b)

(n + m)a = na + ma

na + nb

(nm)a = n(ma)

hold. Also the generalized associative laws hold for addition and
for multiplication, and the generalized commutative law holds for
addition. There are also a number of other simple results that
follow from the distributive laws. In the first place, induction on
m and 7 gives the generalization

(@1 4+ a2+ -+ an)(br + b3+ -+ b4)
=a1hy + arbs +- -+ abn + by + a3by +- -+ abn +- -
+ambl +“‘+ ambn,

or

(i:: ai) (i bi) = g a:b;.

1 t=1j=1

We note next that
a0 =0=0z
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for all 4; for we have 20 = 4(0 + 0) = 40 + 40. Addition of
—a0 gives 60 = 0. Similarly 0z = 0. We have the equation

0=05= (a4 (—a))b = ab + (—a)b,

which shows that

(—a)b = —ab.
Similarly a(—4) = —ab and consequently
(—a)(=b) = —a(=b) = —(—ab) = ab.

EXERCISES

1. Prove that a(b — ¢) = ab — ac.

2. Prove that for any integer n, n(ab) = (na)b = a(nb).

3. Let U be a system which satisfies all the conditions for a ring except com-
mutativity of addition. Prove that, if 3 contains an element ¢ that can be
left cancelled in the sense that ¢ = ¢b implies 4 = &, then ¥ is a ring.

If 2 and 4 commute in the sense that 44 = 44, then the powers
of @ commute with the powers of 4 and we can prove by induction
the important ésnomial theorem:

1) @+8)"=a+ (’1’) a1 4 (Z) P e B,

n\. . ..
where ( ) is an integer and is given by the formula
i

n n!
@ (z) T il — 9!
This is evident if » = 1. Assume now that
3) @+éy=13 (') A+,
k=0 k

We use here the convention that 0! = 1 so that (3) agrees with
(1) for » = r. Now multiply both sides of (3) by @ + 4. Then
we obtain

(a + 5 = 2': (’) I zr: (2) Y

oo \£ k=0

The term &*4"1'~* k 7 0, r + 1, in the right-hand side of this
equation has the coefficient
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r r r! r!
(J+(k—J=kW—®f+@—Dm—k+D!
=r!(r—k+1)+r!k

ki — k + 1)!
(1) _(r+1)'
TRE-kE+D! O\ &

Hence (1) holds for » = r + 1 and this completes the proof.

2. Types of rings. We obtain various types of rings by impos-
ing conditions on the multiplicative semi-group. Thus a ring ¥
is said to be commutative if its multiplicative semi-group is com-
mutative. The ring % is said to have an identity if its multiplica-
tive semi-group has an identity. If such an element exists, it is
unique. All of the examples listed above are commutative and
have identities. An example of a ring without an identity is the
set of even integers. Examples of non-commutative rings will
be given in §§4-5. If theidentity1 =0,anye =4l =40 =0
so that % has only one element. In other words, if % 5 0, then
1#0.

A ring is called an integral domain (domain of integrity) if the
set A* of non-zero elements determines a sub-semi-group of the
multiplicative semi-group. This, of course, means simply that,
ifa # 0and 4 = 0in ¥, then a4 = 0. All of the foregoing exam-
ples except (8) are of this type. On the other hand, in (8) we
can take the two elements

Ofor0 <x <3
f(x)—{x-——%for%<xsl
(x)_{——x+%for0_<_x$%
g4 = Ofori<x<l1 |

Then f 0 (the constant function 0) and g 0 but fg = 0.
Hence the ring of continuous functions on [0,1] is not an integral
domain.

If 4 is an element of a ring A for which there exists a 4 = 0
such that 44 = 0 (ba = 0), then a is called a left (right) zero-
divisor in 9. Clearly the element 0 is a left and right zero-divisor
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if % contains more than one element. If 2 7 0 is a left zero-
divisor and @b = 0 for & # 0, then & is a right zero-divisor # 0.
It is therefore clear from the definitions that a ring is an integral
domain if and only if it possesses no zero-divisors # 0.

We note also that a ring is an integral domain if and only if
the restricted cancellation laws of multiplication hold, that is,
ab=ac, a#0 imply b =c¢ and ba = ca, a #0 imply & = .
Thus assume that % is an integral domain and let 4, 4, ¢ be elements
such thatab = ac,a # 0. Thena(é —¢) = 0. Henceb —c =0
and 4 = ¢. Similarly we can prove the right cancellation law.
On the other hand, let % be any ring for which the left cancellation
law holds. Let 46 =0, 4 0. Then 4 =40 and & = 0.
Hence ¥ is an integral domain.

A ring is called a division ring (quasi-field, skew field, sfield)
if it contains more than one element and the set A* of non-zero
elements forms a subgroup of the multiplicative semi-group.
Thus if % is a division ring, %* contains an identity element 1.
Since 10 = 0 = 01, 1 is an identity for the whole ring. Hence a
division ring possesses an identity. Also if 2 # 0, then there exists
an element 27! in ¥ such that s~ = 1 = z7%4. Examples (2),
(3), (5), (6) and (9) are division rings in which multiplication is
commutative. Division rings that have this property are called
fields. We shall give an example of a non-commutative division
ring in § 5.

It is clear from the definitions that any division ring is an
integral domain. On the other hand, the converse does not hold
since the ring 7 of integers is an integral domain but not a division
ring. If 2 # 0 in a division ring ¥, then the equation ax = &
has the solution ¥ = 2715 in %. By the restricted cancellation
law this is the only solution of the equation. Similarly ya = 4
has one and only one solution, namely, y = 427,

Now let % be any ring with an identity 1 # 0. Our discussion
of semi-groups shows that the totality U of units of the multiplica-
tive semi-group of % is a subgroup of this semi-group. This
means that the product of units is a unit, 1 is a unit and the inverse
of a unit is a unit. We shall call U the group of units of the ring 9.
For example, the group of units of I consists of the numbers 1
and —1. It is immediate that a ring ¥ is a division ring if and
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only if (1) ¥ contains an identity # 0 and (2) the group of units
of U 1s the set A* of non-zero elements.

EXERCISES

1. Prove that, if 4 is a unit in a ring with an identity, then sois —4. Show
that (—a) 1 = —a~L

2. Show that the example given in ex. 2, p. 51, is a field.

3. Prove that any finite integral domain is a division ring.

4. Prove that, if an integral domain ¥ has an idempotent element ¢ £ 0
(¢ = ¢), then ¢ is an identity for 9.

5. An element 2 of a ring is called nilpotent if 2" = 0. Show that the only
nilpotent element of an integral domain is 2 = 0.

6. Show that, if a ring has only one left identity 1;, then 1; is an identity
(two-sided).

7. Let u be an element of a ring with an identity that has a right inverse,
Prove that the following conditions on # are equivalent: (1) # has more than
one right inverse, (2) # is not a unit, (3) « is a left zero-divisor.

8. (Kaplansky.) Prove that, if an element of a ring with an identity has
more than one right inverse, then it has infinitely many.

*3. Quasi-regularity. The circle composition. As we shall
see, the groups of units of rings with identities give us interesting
examples of groups. It is therefore noteworthy that the concept
of the group of units has an analogue also for arbitrary rings that
need not have identities. In order to obtain this, we assume first
that % has an identity. If 4 is an element of % that has a right
inverse 4, then we may writea = 1 — 2and b = 1 — wand obtain

l=ab=01-21—-w)=1—2—w-+ 2w
Hence the condition on 2z and w is that
2+ w— 2w =0.

Since this condition does not involve the identity, we can use it
for an arbitrary ring. Thus we say that the element z of U is
right (left) quasi-regular if there exists an element w in % such that
24+ w—2w=0(z+w—wz=0). The element w is called a
right (left) quasi-inverse of z.

A still better insight into the concept of quasi-regularity is ob-
tained by the following considerations. Let ¥ be an arbitrary ring
and define a binary composition in % by the formula

a‘b=a+b— ab
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We call this composition the circle composition in . One verifies
directly that it is associative; hence, ¥, is a semi-group. Also
clearly 2 - 0 = 2 = 0 - a; hence, 0 acts as identity in %,.. It is
now clear that the set of elements Q that are quasi-regular (= left
and right quasi-regular) is just the set of units of %,.. Hence
9Q,- 1s a group.

The group Q,¢ is the analogue for an arbitrary ring of the
group of units U of a ring with an identity. In fact, if % has an
identity, then Ul and Q are isomorphic; for it is easy to see that
the mapping 2 — 1 — 2z is an isomorphism of Q onto U.

EXERCISES

1. Show that, if ¢ is idempotent, then ¢ . ¢ = ¢. Hence prove that, if ¢ is
right quasi-regular, then ¢ = 0.

2. Show that any nilpotent element belongs to .

3. (Kaplansky.) Establish the following characterization of a division ring:
A ring in which every element with one exception has a right quasi-inverse.

4. Matrix rings. Let ® be an arbitrary ring. We shall now
define the ring R, of # X » matrices with elements in ®. The
elements of R, are arrays or matrices

a11 12 ¢ aln]

41 42 - a4z
(4) (e) = . . .”J

dn1 Qa2 Qnn

of # rows and columns with elements (coefficients, coordinates) as;
in the base ring ®. The element 4;; in the intersection of the
ith row and jth column of () will be referred to as the (5,7)
element of (a). Two matrices () and (4) are regarded as equal
if and only if a;; = 4,; for every i,, and the set R, is the complete
set of matrices with elements in R.

We define addition of matrices by the formula

411 413 **° 41a by by - bin

G21 Qg2 - Gz2g bar b3 - e

+

Qnl Gn2 **°  dpa bnl 67:2 cor bun
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an+ b a2+ b1z 0 a1a + bya
@s1 + bay a2 + baz -+ aaa t+ b3a )

an1 + bnl Qng + bn; *ct Gan + bnnJ

Thus to obtain the sum we add the elements 4;; and 4;; in the
same position. It is easy to verify that &, and this addition com-
position form a commutative group. The 0 matrix is the matrix
all of whose elements are 0 and the negative of (4) has —a;; in the
(4,7)-position, that is, in the intersection of the ith row and the
jth column. Multiplication of matrices is defined by

a1 412 °°* Gn by bz o bia
4y Gg2 - QGan ba1 bag v ban
Any Gnz ' @na bnl 5n2 brm

Saubnn Zawbrz - Zawbia

_|Zaubin Zaswbie - Zasibin

Zanibi Zankbre - Zanibin

The product (p) = ()(#) therefore has the element
Dii = @irbij + ubzj + 0+ Ainbnj
in the (i,7)-position. For example, in the ring I3, I the ring of

integers we have
1 -2 3 0 3 4 -7 =25 8
[0 1 —-l] 2 5 IJ = [ 3 11 —1}-
2 5 =2/ 1-1 —6 2 12 43 9

Multiplication of matrices is associative. Thus consider the
product (@)[(6)(c)]. The multiplication rule shows that the ele-

ment in the (i,7)-position of this matrix is ) @ (bucy;). Simi-
ki

larly, the element in the (4, )-position of [(4)(8)](¢) is X0 (@abur)css.
ki

Because of the associative law of multiplication in R, these ele-

ments are equal. Hence (2)[(8)(c)] = [(2)(8)](c). The distributive
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laws hold; for the (7, 5)-element of (8)[(8) + (¢)]is X @iu(br; + cx;)
k
and the (4,5) element of (2)(8) + (2)(c) is D aubs; + 3 asuce;.
P %

These elements are equal by the distributive law in ®. Similarly
we can verify the other distributive law.

Hence R, is a ring. Even if % is commutative, %, will not
be commutative if # > 1 (cf. ex. 3 below). Also R, contains zero-
divisors # 0 if » > 1.

EXERCISES

1 =2 3 3 -5 6
1—2 1 3} [ 7 2 IJ .
0 1 —1J L-1 1 2
2. Give examples to show that I; is not commutative and that it has zero-
divisors # 0.

3. Prove that, if R 5 0and #» > 1, then R, has zero-divisors # 0 and that, if
R contains elements 4, 4 such that a4 # 0, then R, # > 1, is not commutative.

1. Calculate

If R has an identity 1, then it is clear that the element

1 0

[
]

()

0 1

is the identity in the ring R,. We assume now that % is commuta-
tive and we propose to determine the multiplicative group of units
of R,. For this purpose we make use of the determinant of a
matrix. We assume that the reader is acquainted with the ele-
mentary theory of determinants of any order. The usual treat-
ments in textbooks on elementary algebra or geometry are valid
for determinants of matrices with elements in any commutative
ring.

We recall here the definition of the determinant of a matrix.
If (@) is as in (4) its determinant det (4) is

6 Z =+ @1,82i; ¢+ By,
P
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where the summation is taken over all permutations (74, iz, - - -,
i) of (1,2, - - -, ) and the sign 4+ or — is taken according as the
permutation is even or odd. The cofactor of the element 4;; in
4) is (=1)*" times the determinant of order » — 1 that is
obtained by striking out the ith row and jth column of (4). It
is well known that the sum of the products of the elements of
any row (column) by their cofactors has the value det (¢). Thus
if A4;; is the cofactor of a;;, then

aindin + aindis ++ -+ @indin = det (@)
ayidyi + agidai 4+ -+ anidn; = det (a).

Also it is known that the sum of the products of the elements of
any row (column) by the cofactors of the elements of another

row (column) is O:
andiy + aigdjz +- -+ aindin =0, iFj
aridy; + agidsj ++ -+ @nida; =0, i# 4.
These relations lead us to define the adjoint of the matrix (4)
to be the matrix whose (4,5) element a;; = A4;;. Using this defini-

tion it 1s immediate that the rules (7) and (8) are equivalent to
the matrix equations

(det (a) 0]
det (@)
9 (2)adj(e) = 3 = [adj(a)](a).

™

®

0 det (2)]

It follows that if A = det (4) is a unit in R, then the matrix (),
bij = a;;A™T satisfies

(10) @) (%) =1 = ()(a.
We have therefore proved the sufficiency part of the following

Theorem 1. If R is a commutative ring with an identity, a
matrix (a) € Ry, is a unit if and only if its determinant is a unit in R.

To prove the necessity we require the fundamental multiplica-
tion rule
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(11) det (2)(0) = det (@) det (5).
If (#)(8) = 1, then this gives det (4) det (§) = 1. Hence det (a)

is a unit.
A noteworthy special case of this theorem is the

Corollary. If R = § is a field, a matrix (a) e §n is a unit if
and only if its determinant is different from zero.

EXERCISES

1. Find the adjoint of the matrix

2.. Show that the matrix

1 4 1
[ 0 1 —IJ
-3 -6 -8

is a unit in I3, I the ring of integers. Find the inverse.
3. Prove that, if R is a commutative ring with an identity, then (8)(8) = 1
for (a), () in R, implies that (5)(a) = 1.

5. Quaternions. We consider the set Q of matrices in Cy, C
the field of complex numbers, that have the form

ag+a; V-1 a+azV-—1
—a2+a3\/—1 ao——al\'-—l

We wish to show that Q determines a subgroup of the additive
group of C, and that Q is closed under multiplication. The first
of these assertions is easy to verify. Since

I R ) e e

the product has the form

ab]

(12) [_5 ; }, a; real.
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where ¥ = ac — bd, v = ad + b7. Hence it belongs to Q. Since
the associative laws, the commutative law of addition and the
distributive laws carry over from C; to the subset @, it is clear
that the system Q,+,- is a ring. Thus Q,+,- is an instance of a
subring of the ring Cz,+,- in the sense of the following

Definition 2. If B is a subset of a ring U that is closed under
the compositions of the ring and B,+,+ (induced compositions) is a
ring, then B,+,- is called a subring of A,+,-.

As in the special case considered here it is clear that a subset B
determines a subring if 8,+ is a group and ¥ is closed under
multiplication. Also we recall that the first of these conditions
is satisfied if either (1) B is closed under 4+, contains 0 and the
negative of any element in B or (2) 8 is closed under subtraction.

We shall now show that Q is a division ring. We note first that

(2 %)) + al\/:_l a2+a3v -1
det

—ay +a3\/:—1_ ap — oV —1
=a’+a’+ a? +a?#0

if the matrix 1s # 0. Hence this matrix has an inverse. We
determine it by the method of the preceding section, and we find
that it is the matrix

(o — aerV—1)A77  —(az + azV —1)A1
(az — a3V —1)a7" (2o + g v —1)a™

where A = a¢? + oy? + a2 + a3®. Thus the inverse is in Q.

We have therefore shown that any non-zero element of Q has an

inverse in Q. Hence Q is a division ring. We call Q the ring of

(Hamilton’s) guasernions and we call the elements of Q guaternions.
The ring Q contains the subring R’ of matrices of the form

e[

It is easy to see that these matrices commute with every matrix
in C, and hence with every quaternion. Also we note that the
matrices
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A | 0| . 01 0 v -1
’f='[—1 0]’k=
V-1 0

(14) i = [
0 V-1

are quaternions. One verifies that
ap + al\/—_l az + aa\/-—_l

—ay + V=1 ap— V-1

Hence if oy’ + a1'f + a5f + a3’k = By’ + 81’1 + B35 + Bs’k, then
ag + al\/:_f az + a3\/—_ll

—ay + aa\/jl_ Qg — al\/tf

} = ay' + a1'i + af + a3’k

Bo+ B1V—1 B2+ BV —1
—B2 +B8s5V—-1 Bg—BV-—1
and a; = B; and & = B;. This shows that the representation of

a quaternion in the form ao’ + a;'i + ap’j + a3’k is unique.
Since

(15) (@+B) = + 6, (af) =B,

the product
(a0’ + ar'i + a5’f + a3’k) (B0’ + B1'i + Baf + B3'k)

is determined by the addition and the multiplication in % and
by the multiplication table

2=2=F=—1,
(16)
iff=—fi=k jk=—kji=1 ki = —ik=yj.

Incidentally these show that Q is not commutative. We remark
finally that we can simplify our notation somewhat by replacing
o’ by a and more generally ap’ + oy’ + a2’f + a3’k by ag + a;i
+ a3 + azk. We adopt this change in the following exercises.
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EXERCISES

1. Caleulate (=1 42 — 3 + B)(2 — i + 3 — 20).

2. Define the trace T(a) of a = o + aui + azj + ask to be the number 2aq
and the norm N(a) = A = a? + a,® + a® + a3’ Verify that 4 satisfies the
quadratic equation ¥ — T(a)x 4+ N(a) = 0.

3. Prove that N(ab) = N(a)N(%).

4, Show that the set Qp of quaternions g + a1f + azj + ask with rational
coeficients a; is a division subring of Q, that is, a subring that is a division ring.

5. Verify that the set J of quaternions ap + a1 + a2 + agk in which the
a; are either all integers or all halves of odd integers is a subring of Q. Is J a
division subring?

6. Subrings generated by a set of elements. Center. It is
clear from the definition of a subring that, if a number of subsets
of a ring determine subrings, then their intersection has this
property too. We express this somewhat more briefly by saying
that the intersection of any collection of subrings of a ring is a
subring. If § is any subset of the ring 9, the intersection of the
subrings containing S is called the subring generated by S. We
denote this ring by [[§]]. Evidently [[S]] is characterized by the
following properties: (1) [[S]] is a subring; (2) [[S]] 2 §; 3) if
B is any subring containing §, then 8 D [[§]]. It is easy to
indicate the form of the elements of [[S]], namely, they are the ele-
ments = == §,53 - - - 5y, that is, the sums of finite products of ele-
ments §; in § and negatives of such products; for the collection
of such sums is a subring and it is clear that it has the properties
(2) and (3) of [[S]].

If § is a set of elements, the totality C(S) of elements ¢ that
commute with every s e §is a subring. Evidently if §; D S5, then
C(8,) C C(S,) and C(C(S)) 2 S. These two relations have the
interesting consequence that

C(C(C(8)) = C(S);

for replacing § by C(S) in C(C(S)) 2 § gives C(C(C(S))) 2 C (S).
On the other hand, if we “operate” with C on both sides of this
same relation we obtain C(C(C(S))) € C(S).

If we refer to the form of the elements of [[S]], we see that an
element ¢ that commutes with every element of § commutes also

with every element of [[S]l. Hence C(8) = C([[S]]).
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The subring € = C(¥) is called the center of the ring. If %
contains an identity 1, evidently 1 e €.

EXERCISES

1. Determine the center of the ring of quaternions.
2. Let the o in
ay 0
az

(@) =

0 Qn

be distinct rational numbers. Show that C(a) in the matrix ring Rpa, Ry the
field of rational numbers, is the set of diagonal matrices, that is, the set of matrices
that have the same form as (a).

3. Show that the center of Ry, is the set of scalar matrices

a 0

0 a
4. Find C(S) in I; for § the set of matrices of the form [3 f ] .
7. Ideals, difference rings. Let 8 be a subgroup of the addi-

tive group of ¥. Since addition is commutative, 8 is an invariant
subgroup and

(17) @+B)+C+B=@G+)+3

where addition is the addition defined for subsets. (We recall
that U 4 7 is the totality of elements # + v, #in U and vin V.)
The set i = A/PB of cosets is a commutative group relative to
this composition. We now raise the following question: What is
the condition on 8 in order that ¢ =4’ (mod B) and ¢ = ¢
(mod B) implies ac = a’c’ (mod B) for all 4, 4’, ¢, ¢’? Ifaand ¢
are chosen, then ¢’ = @ + 4; and ¢’ = ¢ + 4, where 4; and &,
are in 8. Also it is clear that any choice of 4; and 4, gives an
4’ = a (mod B) and a ¢’ = ¢ (mod B). Hence our requirement is
equivalent to

(@ + b1)(c + &3) = ac + aby + bic + 4163 = ac (mod B)
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for all 2 and ¢ in ¥ and all 4, 43 in B. Thus
(18) abz + blt' + blb2 e

for all 2 and ¢ in A and all 4y, ;3 in B. Taking &; = O this gives
(L) abeB forallain¥andalléin®

and taking 4; = 0 this gives

(R) bae® forallain¥andall 5in B.

Conversely if (L) and (R) hold, then ab;, 4y¢ and 4,6, ¢ B pro-
vided that 4, and 4, are in 8. Hence (18) holds. This leads us
to the important definition

Definition 3. A subset B of a ring A is called an ideal if B,+
is a subgroup of the additive group of A and B has the closure prop-
erties (L) and (R).

Since a subset B determines a subgroup if and only if the dif-
ference of every pair of its elements is contained in the set, we
see that B is an ideal if and only if (1) &y, 4; in B imply that
by — by e B, (2) & in B implies that ¢4 and ba e B for all 2 in A.
Evidently an ideal is closed under multiplication. Hence an
ideal determines a subring of 9.

If 8 is an ideal in ¥, then our discussion shows that, if 2 = 4
(mod 8B) and ¢ = ¢’ (mod B), then ac = 4'c’ (mod B). In other
words, the product of any element in the coset 2 + B by any
element in the coset ¢ + B is an element in the coset ac + B.
We can therefore define a (single-valued) multiplication composi-
tion for cosets by the formula

(19) @+ 8B)(c+B) =ac+ 9.

'4

It should be noted that this multiplication does not coincide with
the multiplication of sets defined in the multiplicative semi-group.
However, since we shall have no occasion to use the latter, no
confusion will result from the notation in (19). We assert now
that /8, the addition (17) and the multiplication (19) constitute
aring. Since the rules for addition are clear we need only verify
the associative and distributive laws. This is done in
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[+ B)(c+B)d+B) =(ac+B)d+B) = (ac)d+ B
@+ B)(c+B)(d+B)] = (a+ B)(cd+ B) =alcd) + B

and

@+ BN +9) + @+ 98] =@+ B +d+9)
=alc+d)+ 9B

(@+B)(c+B)+ @+ B)d+B) = (ac + B) + (ad + B)
= (ac+ad) + B

and a similar calculation for the other distributive law. We call
A/B with the composition that we have defined the difference
(quotient, residue class) ring of U relative to the ideal B.

Some of the elementary properties of a ring carry over to any
difference ring. Thus if % is commutative then /B is commuta-
tive. This is clear from the definition. Similarly if % has an
identity 1, then 1 = 1 + 9B is an identity in A/B. On the other
hand, we shall see in the next section that % can be an integral
domain and have difference rings that are not integral domains.

EXERCISES

1. Prove that, if # is any integer, then the set #¥ of elements of the form #na
is an ideal.

2. Prove that the set of elements N such that #s = 0 is an ideal in any ring .

8. Ideals and difference rings for the ring of integers. If m
is any integer, the set (m) * of multiples of 7 is an ideal in the ring
I of integers; for we know that () is a subgroup of the additive
group and it is clear that a multiple of a multiple of 7 is a multi-
ple of m. Also since the sets (m) are the only subgroups of I
these are also the only ideals in the ring I. Since (m) = (—m),
we need consider only the cases m =0 and m» > 0. If m =0,
(m) = 0; hence I/(m) = I. Assume now that m > 0. Then we
know that I/(m) has the m elements

0=0=@m), 1l=1+4+@m), -, m=1)=m—1+ (m).
The element 1 = 1 + (m) is the identity of I/(m).

* Our group notation for this set is [m].
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Suppose first that m is composite, say, m = m;m, where the
m; are >1. Then m; is not divisible by m and #; ¢ 0. On the
other hand #,;#; = mymy; = m = 0. This shows that I/(m) is
not an integral domain.

Assume next that m = p is irreducible (or prime) in the sense
that p cannot be written as a product of integers greater than 1.
In this case we can prove that I/(p) is a field. We know that
I/(p) has an identity. Nextlet & % 0. Then 4 is not divisible by
p. Henceif d = (a,p), d # p. Since p is prime, this leaves only
the alternative 4 = 1. Hence there exist integers 4 and ¢ such
that a6 + pg = 1. It follows that 3% = 24 = 1. Hence 4 has
the inverse 4 in I/(p). Our result gives us the interesting con-
clusion that for any prime p there exists a field containing p
elements.

We now drop the hypothesis that 7 is a prime, and we wish
to determine the units in 7/(m). Let M denote the set of units
and let e M. Then there exists a 4 such that 5 = 1. Hence
ab =1+ mg and ab — mg = 1. This implies that (z,m) = 1.
Conversely, if (a,m) = 1, then there exist 4,¢ such that a6 — mg
= 1. Then 45 = 1. This shows that in the list 0, 1, 2, ---,
(m — 1) the units are the cosets 4 with (4,m) = 1 and it proves
the following

Theorem 2. The order of the group M of units of 1/(m) is the
number of positive integers that are less than m and are relatively
prime to m ((a,;m) = 1).

This number is denoted as ¢(m) and the function of m thus
determined is called Euler ¢-function (totient).

We know that, if @ is a finits group of order #, then 4™ =1
for every a ¢ ®. Applying this to M we see that, if (a,m) =1,
then (3)*™ = 1. The latter equation is equivalent to ¢ =
1 (mod m). Hence we have proved the following

Theorem 3 (Euler-Fermat). If a is an integer prime to the
positive integer m, then a*™ = 1 (mod m).

If m = p, then I/(p) is a field of p elements. The group of
units in this case contains p — 1 elements. Hence we have the
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Corollary. If p is a prime and a # 0 (mod p), then a®* =1
(mod p).

This result can also be stated in a slightly different form,
namely, that 4 = & (mod p). This holds for all & since it is
trivial if 4 is divisible by . On the other hand, if 4» = 2 (mod p)
and ¢ # 0 (mod p), then ™! = 1 (mod p). Hence the two state-
ments are equivalent.

EXERCISE

1. Prove that, if D is a finite division ring containing ¢ elements, then 4? = g
for every ae D.

9. Homomorphism of rings

Definition 4. A mapping 1 of a ring N into a ring A’ is called a
homomorphism if

(@ + 6)n = an+ bn, (ab)n = (an)(on).

Thus a homomorphism of a ring is 2 homomorphism of its addi-
tive group that “preserves’” multiplication. If nis1-1,itis called
an isomorphism and two rings are said to be isomorphic (U = A’)
if there exists an isomorphism of ¥ onto %’. As for groups it is
immediate that the resultant of two homomorphisms is a homo-
morphism. Also if 5 is an 1somorphism of % onto %', then the
inverse mapping 1! is an isomorphism of %’ onto A. It follows
that the isomorphism relation is an equivalence relation in the
class of rings. An isomorphism of a ring onto itself is called an
automorphism. These concepts are illustrated in the following

EXERCISES

1. Show that the correspondence a + v/ ~1 — [ (; g] is an isomor-

phism of the field C of complex numbers into R,.

2. Show that the correspondence s = a + 8V -1 = d = a — B\/—_l is an
automorphism in C.

3. Show that the correspondence [g g] — a is a homomorphism of the

ring of diagonal matrices into the ring coefficient R.
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4. Show that the correspondence
Qap ay [+ 1] Qag
it fagk— | o W TH o
bl ?) ag oy —ap
. . ) ) —a3 —ap o oy
1s an isomorphism of Q into Ry.
The theory of ring homomorphisms parallels that of group
homomorphisms and in part is deducible from the latter theory.

We begin our discussion by noting the following basic result.

Theorem 4. If 4 is a homomorphism of W into A, the image set
An is a subring of A'.

Proof. Since 7 is a homomorphism of the additive group of
9, An is a subgroup of the additive group of A'. Since (an)(bn) =
(ab)n, %, is closed under multiplication; hence it is a subring.

If the ring % has an identity 1, then it is immediate that 1’ = 1y
is an identity for %n. Also if # is a unit with v as inverse, then
#' = un is a unit in Ay with v’ = vy as its inverse. Of course, it
may happen that 1y = 0, but in this case %y = 0. In particular,
if % 1s a division ring, then either %y = 0 or Ay is also a division
ring; for, if Ay % 0, then this ring contains more than one element,
and every non-zero element is a unit.

As for groups we call the inverse image 772(0) the kernel of the
homomorphism 5. The homomorphism 7 is an isomorphism
if and only if its kernel 1s 0.

Theorem 5. The kernel of a homomorphism of a ring A is an
ideal in .

Proof. Let & = 7 1(0). We know that { is a subgroup of the
additive group of 9. Now let e & and let @ be arbitrary in .
Then (a6)n = (an)(n) = (a1)0 = 0. Hence 4b ¢ ®. Similarly
ba e & and this completes the proof.

Next let 8 be any ideal in the ring and let % denote the differ-
ence ring %/B. We know that the natural mapping » is a homo-
morphism of the additive group of % onto the additive group of 9.
Moreover,

(dlaz)ll = 4142 + B = (ﬂl + %)(612 + %) = (ﬂlll)(ﬂzl’).

Hence » is a homomorphism of the ring % onto the ring .
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Now suppose that 4 is 2 homomorphism of the ring % into the
ring %’ with kernel & Let B be an ideal of % contained in R.
Then we know that therulea + 8 — an defines a homomorphism
# of the additive group of % = %/® into the additive group of
%A’. Since

[(a1 + B) (a2 + Bl = (@182 + B)7 = (4145)n = (a17)(a2n)
= [(a1 + B)ill(az + B)il,

# is a ring homomorphism. Evidently 9 = »5. We recall that
5 is 1-1 if and only if 8 = ®. Thus if we take 8 = ®, we obtain
a factorization of 5 as »j where » is the natural homomorphism
of % onto & = A/R and # is the induced isomorphism of ¥ into
A’. We state these results as the following important

Theorem 6. Let 4 be a homomorphism of the ring N into the
ring W with kernel § and let B be an ideal of U contained in R.
Then the correspondence 4: a + B — an is a homomorphism of
A = A/B into N and v = vi) where v is the natural homomorphism
of U onto W=U[B. The induced homomorphism 7 is an isomor-
phism if and only if B = R.

If ' = %y and B = R, then 7 is an isomorphism of & onto %'.
This, together with an earlier result, gives the

Fundamental theorem of homomorphism of rings. T%e differ-
ence ring N/B of U relative to any ideal B is a homomorphic image
of A. Conversely, any homomorphic image of N is isomorphic to a
difference ring, in fact, to the difference ring of U relative to the kernel
of the homomorphism.

A ring % is called simple if the only ideals in % are % and 0.
(These are certainly ideals in any ring.) If % has this property,
then itis clear from the fundamental theorem that a homomorphic
image of U is either 0 or isomorphic to UA.

As a second application of our results we determine next the
structure of any ring % that has an identity ¢ and that is generated
by e. We consider the ring of integers I and the mappingn — ne
of I'into A. Since
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(n + m)e = ne + me
(nm)e = (nm)e* = (ne)(me),

our correspondence is a homomorphism. The image set Je is a
subring of % including 1¢ = e. Hence Je = % and ¥ is a homo-
morphic image of I. It follows that A= I/(m) where m >0.
Thus either ¥ is infinite and isomorphic to the ring of integers or
% has a finite number 7 of elements and ¥ is isomorphic to the
finite ring I/(m).

EXERCISES
1. Let m = rse I. Show that (r)/(m) is an ideal in I/(m) and prove that
L/ m)l/[(r)/ (m)] = 1/ (7).
2. Determine the ideals and hence the homomorphic images of the subring
of I of matrices of the form [g i] .

3. Prove that, if 2 — & is a homomorphism of ® into R, then the mapping
(@) = (Gi;) is a homomorphism of R, into R,

4. Let 9 be a homomorphism of a ring A into itself. Show that the elements
of U that are fixed relative to 7 in the sense that an = & form a subring of %.
If A is a division ring and Ay = 0, then the set of fixed elements constitutes a
division subring.

5. Prove that the only homomorphisms of I into itself are the identity mapping
and the mapping that sends every element into 0. Prove the same result for
the field of rational numbers.

6. Let B be a set and let 5 be a 1-1 mapping of B onto a ring . Prove that
the compositions @ + & = (an + én)n~Y, ab = ((an)(én))n~" turn B into a ring
isomorphic to Y. Use this to prove that any ring is also a ring relative to the
compositionsa ® b=a+b—1,a°b=a+b— ab.

10. Anti-isomorphism. If z is the quaternion op + 17 + agf
+ a3k, we call the quaternion
d=o0p— ayf —azf — agk

the conjugate of a. If we refer to § 5 we can see that the inverse
a7 of a # 0 can be expressed in terms of the conjugate by means
of the formula 2™ = GN(a) 7 = N(a) 4. We consider now the
properties of the correspondence 4 — 4. Evidently this mapping
is 1-1 of Q onto itself. Also it is clear that v

(20) a+b=a+1%

and we can verify that
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ab = (aofo — a1y — @3Bz — azPa)
— (0B + 1B + aaBs — asfa)i
— (aofs + a3y + asbr — aufs)f
— (aoBs + asBo + a1Bz — asfi)k

and
5 = (oo — Bres — Baaz — Paaxs)
+ (—Bocs — Brao + Pras — Baag)i
+ (—Boaz — Baaw + Bsor — Pras)f
+ (—Boas — Bz + Braz — Baar)k.

Hence
(21) ab = ba.

A mapping of a ring % onto a ring & that is 1-1 and that satisfies
(20) and (21) is called an anti-isomorphism. If & is commutative,
then we can write 5 for 43 in (21) and we see that in this case
@ — 4 is also an isomorphism of % onto A. Conversely any
isomorphism between commutative rings can be regarded as an
anti-isomorphism. In particular we see that the identity mapping
is an anti-isomorphism of % onto itself if % is commutative.
On the other hand, the quaternion example shows that there
also exist non-commutative rings that have the symmetry prop-
erty of being anti-isomorphic with themselves. We now give
another important example of this type, namely, the matrix ring
Ra, where R is any commutative ring.

For this purpose we define the transposed matrix (a)' of the
matrix (a) to be the matrix that has 4j; in its (4,5) position. This
means that (@)’ is obtained from () by reflecting the elements in
the main diagonal. For example, if

1 2 -3
(a) = [2 -1 4] ,

5 -1 6

11 2 5
(a) = [ 2 -1 -IJ-
-3 4 6

then
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In general if (a) = (ay), (6) = (4i;), then (&) + (8) = (as; + &),
and [(a) + (%))’ has the element aj; + 4;; in its (5, )-position.
Hence [(a) + ()] = (@)’ + (4)’. Also the (4,f)-element of the
product (p) = (a)(4) is psj = X aabs; so that the (4, f)-element of

k
()" is pji = Zajpbri. On the other hand the (7,)-element of
(6)'(@)" is Zbysaj. Since we have assumed that & is commutative,

this shows that
(@B = (&) (a)".

Thus (4) — (4)’, which is evidently 1-1, is an anti-isomorphism
of R, onto itself.

We can construct for any given ring %,+, an anti-isomorphic
ring. For this purpose we use the set % and the given addition,
but we introduce a new multiplication X defined by

a X b= ba.
This gives a ring since
(@ X b) X ¢ = (ba) X ¢ = c(ba)
aX (bXe)=(bXc)a= (ch)a

and
aX@b+e)=0C¢+ca=bat+ca=axXb+aXc
b+eo)Xa=alb+c)=ab+ac=bXa+cXa.

Also it is immediate that the identity mapping is an anti-iso-
morphism of %,4,- onto A,+,X.

EXERCISES

1. Show that the set of matrices of the form

[g g] abinl

is a subring of I that has a left identity but no right identity. Hence prove
that this ring is not anti-isomorphic to itself.

2. Define anti-isomorphism for semi-groups. Prove that any group is anti-
isomorphic with itself.

3. An anti-isomorphism of a ring onto itself is usually called an anti-auto-
morphism. Prove that the set of automorphisms and anti-automorphisms of a
ring forms a transformation group. Show that the automorphisms form an
invariant subgroup of index 1 or 2 in this group.
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4. Show that, if 4 — is an anti-isomorphism of & onto $R, then the mapping
(@) — (@), where the (4,) element of (@)’ is aj;, is an anti-isomorphism of R,
onto R.

5. Define anti-homomorphism. State and prove the “fundamental theorem”
for anti-homomorphisms.

6. (Hua) Let § be a mapping of a ring A into a ringPB such that (s + 4)3 =
a5 + &° and for each pair 4,5 either (a8)° = 4%8° or (ab)S = 4%3°. Prove that
§ is either a homomorphism or an anti-homomorphism.

11. Structure of the additive group of a ring. The character-
istic of a ring. If %, is any commutative group, we can define
a multiplication @4 = 0 for all 4,6 and thus obtain a ring. Itis
clear that this composition is associative and distributive with
respect to addition. A ring of this type is called a zero-ring.
The existence of such rings shows that there is nothing that we
can say in general about the structure of the additive group of a
ring. However, as we proceed to show, simple restrictions im-
posed on the multiplicative semi-group of a ring will impose
strong restrictions on the additive group.

For example, suppose that % has an identity 1 and suppose 1
has finite order m in %,+. Then if 4 is any element of %

ma = m(la) = (ml)a = 0a = 0.
Hence every element has finite order a divisor of m.

If there exists a maximum = (>0) for the orders of the ele-
ments of %,-+, then the number m is called the characteristic of Y.
If no such maximum exists, we say that % has characteristic 0
(or infinity).* Thus we see that, if A has an identity 1, its char-
acteristic is m > 0 or 0 according as 1 has order 7 or infinite
order in %,+.

We can generalize this result. Thus suppose that 4is an element
of U that has finite order m and that 4 is not a left zero-divisor.
If 4 is any element of ¥,

0 = (md)a = d(ma).

Hence ma = 0. Thus again the characteristic of A is m. A similar
result holds, of course, for elements that are not right zero-
divisors.

* The terminology “characteristic infinity” is the more natural one from the present
point of view. However, from another point of view (cf. pp. 103) “characteristic zero”
is also natural. At any rate the latter seems to be the one that is most commonly used
and we shall adopt it here.
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In particular we see that, if % is an integral domain, then either
the characteristic is 0 or the characteristic is m > 0, and every
non-zero element has order . We shall now show that in the
latter case m is a prime; for let m = mym; where the m; > 1.
If a %0,

ma® = mymqa® = (mia)(mqa).

Since mya %~ 0 and maa % 0, this is a contradiction. We have
therefore proved the following

Theorem 7. If N is an integral domain of characteristic 0,
then all of the non-zero elements of A have infinite order. If U
has characteristic m > 0, then m is a prime and all of the non-zero
elements of A have order m.

EXERCISE

1. Show that Theorem 7 holds for simple rings (instead of integral domains).

12. Algebra of subgroups of the additive group of a ring. One-
sided ideals. We investigate in this section some important com-
positions that can be defined in the collection of subgroups of
the additive group of a ring. Two of these, intersection and the
group generated by a collection of subgroups, have been discussed
for arbitrary groups. In the present situation the group that we
start with is commutative; hence all subgroups are invariant.
Hence, if 4 and B are subgroups, the subgroup [4 U B] generated
by A and B coincides with the set 4 4+ B of sums @ + 4, 2 in 4,
b in B. More generally, if {4,} is a collection of subgroups of
the additive group, then the group [ U4,] generated by the 4,
is the set of finite sums

Qg+t gyt By aa.sda‘;

for it can be verified that the totality of these sums, which we
denote now as 24, is a subgroup of the additive group. Also
Z A, contains all the 4, and is contained in any subgroup that
has this property. Hence 24, has the properties that are char-
acteristic for [U A4,).

We shall now introduce the third important composition on
subgroups of the additive group. If 4 and B are subgroups, we
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define the product AB to be the subgroup generated by all of the
products @b, ain A, b in B. It should be noted that this definition
is different from the definition of multiplication for cosets. How-
ever, since the cosets # B of a subgroup B are not subgroups, no
real difficulty will result from the double use of the multiplication
notation. We now note that 4B coincides with the set P of
finite sums

a1by + agby +- - -+ arhs

with a; in 4 and 4; in B. It is clear that P contains all the
products 44 and that P is contained in any subgroup that con-
tains all of these products. Also it is clear that P is closed under
addition and that P contains 0. Finally, — (a6, +- - -+ axbs)
= (—a)b, +-+ -+ (—ar)bp e P. Hence P is a subgroup. These
properties of P, of course, imply that P = 4B.

We can easily establish the associative law (4B)C = A(BC);
for either of these subgroups is the totality of finite sums of the
form Zabic;, ase A, b;e B, c;e C. Also we have the distributive
laws /(B+ C) = AB+ AC and (B+ C)4 = B4+ CA. We
prove the first of these by noting that #(B + C) is the subgroup
generated by all products @(6 + ¢), ¢e 4, e B, c e C.

Sincea(b +¢) = ab+ ace AB+ AC, A(B+ C) € AB + AC.
On the other hand @6 = 4(4 + 0) isin 4(B + C). Hence 4B C
AB + C). Similarly 4C € A(B + C). But then 4B + AC C
A(B + C). Hence A(B + C) = AB + AC. Evidently this same
argument applies to the other distributive law.

The powers of a subgroup are defined inductively by 4! = 4,
A = (A7) 4. It is immediate that 4* is the set of finite sums
of products of the form 4,4, - - - 4; with the 4;in 4. A subgroup
A of the additive group determines a subring if and only if A is
closed under multiplication. The condition for this can be ex-
pressed in terms of our multiplication as 42 € 4. The condi-
tions that a subgroup B be an ideal are that

L) ABC B
(R) BA C B.

An important role is played in the theory of rings by subgroups
that satisfy just one of the above conditions. If 8 is a subgroup
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such that (L) holds, then 8 is called a /eft ideal in % and, if (R)
holds, then B is a right ideal.

Example. Let R, be the matrix ring defined by the ring R and consider the
subsetB of N, of matrices of the form

an @z - aw 0 - 0
gy a9 - ax 0 - 0
I\ anl Gn2 ‘'  Gnk 0 .-+ 0

where the a4;; are arbitrary. Then®B is a left ideal. Similarly the totality of
matrices in which the last #—% rows consist of 0’s is a right ideal in R,. It can
be shown that neither of these is a (two-sided) 1deal.

In any ring ¥ the totality %% of left multiples ¥, x in ¥, is a
left ideal. If % contains an identity, then %4 contains 4 and then
Ab can be characterized as the smallest left ideal that contains
b; for it is evident that %% is contained in every left ideal that
contains 4. If A does not have an identity, it is necessary to
take the set of elements of the form #b + x4, n an integer, x
arbitrary in %, to obtain the smallest left ideal containing &.
In any case we shall call the smallest left ideal containing an
element & a principal left ideal. We denote this ideal as (4); so
that (), = %% if ¥ has an identity and (&), is the set {4 x4}
for arbitrary 9. In a similar manner we define the right ideal
&N of right multiples of 4 and the principal right ideal (&),
We always have (9), 2 4% and (), = &% if A has an identity.

The concept of a one-sided ideal can be used to give a new char-
acterization of division rings:

Theorem 8. A ring A with an identity 1 £ 0 is a division ring
if and only if it has no proper left (right )ideals.

Proof. Suppose first that ¥ is a division ring. Then, if B is a
left ideal in % # 0, B contains an element 4 % 0. Then 1 =
b7 ¢ B and every x = x1 is in 8. Hence 8 = %. Thus if B
is any left ideal, either 8 = 0 or 8 = A. Conversely let ¥ be a
ring with an identity 1 #£ 0 that has no proper left ideals. If
b is an element # 0 in 9, A4 contains 15 2 0. Hence A% = A.
This implies that there is a ¢ (# 0) such that ¢4 = 1. Hence
every element 7 0 has a left inverse 5 0 and this implies that the
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non-zero elements of ¥ form a group under multiplication (cf.
ex. 2, p. 24). Hence % is a division ring.

Of course, this result implies that any division ring is simple.
It follows that the only homomorphic images of a division ring
are 0 and the ring itself.

It can be verified that the compositions of intersection, sum
and product applied to left (right) ideals give left (right) ideals.
Other results of this type can be established. For example, the
product BE is a left ideal if B is any left ideal and €is a subgroup.
Also 86 is a (two-sided) ideal if B is a left ideal and G is a right
ideal.

EXERCISES

1. Prove that a ring ¥ which possesses no proper left ideals is either a division

ring or a zeto ring.
2. If A is any ring, A2, A8, - - - are ideals. What are these ideals for the sub-
ring of Iy consisting of the matrices of the form

0 a &
[0 0 c} ?
000

13. The ring of endomorphisms of a commutative group. Let
® be an arbitrary commutative group. We use the additive nota-
tion in ®: + for the composition, O for the identity, —a for the
inverse and ma for the power or multiple of 2. We consider now
the set @ of endomorphisms of @. These are the mappings n of @
into itself such that

(22) (@ + &)y = an + b

We know that, if 7, pe @, then 50 e @ and the associative law
holds for the resultant composition. We know also that the
identity mapping belongs to @ These results hold even if @ is
not commutative. However, a great deal more can be proved in
the commutative case, namely, we can show that the set € can be
used to define a ring.

We introduce an addition composition in € by defining n + p
by

(23) a(n + p) = an + ap.
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This mapping is an endomorphism since
(@+dtm+p) =@+o)r+ @+
=an+bn+ap+bp
=an+ap+on+bp
= a(n + p) + 6(n + o).

It is easy to verify that @, constitute a commutative group.
We have a(n + (o +N)) =an+ a(o +N) = an + ap + a\ and
a((m+p) + N =aln+p) + a\ = an + ap + a\; hence n +
(p+N =@+p)+ N Similarly n 4+ p = p + 9. We now de-
fine the 0 mapping to be the one which sends every 4 into 0. It
is clear that this 1s an endomorphism and that n 4+ 0 = 4 for
all 9. Finally, if ne@, we define —7 to be the mapping 2 —
—(an). This mapping may be regarded as the resultant of
@ — an and the automorphism ¢ — —a. Hence —5e¢@. Evi-
dently 9 + (—9) = 0.

We shall now show that @,4,- is a ring where the product -
is the resultant. Since we know that €,+ is a commutative group
and since we know that - is associative, we have to prove only the
distributive laws. Now we have '

a(n(e +N) = (an)(p +N) = (an)p + (an)\ = a(np) + a(y\)
= a(np + 7N),
so that n(0 +\) = np + 7\ and
a((p + Nn) = (alp + N)n = (ap + al)n = (ap)n + (aN)y
= a(pn) + a(\n) = alpn + Mn).

Hence (p + N)n = pn + M. This completes the proof of the
following fundamental

Theorem 9. Let & be an arbitrary commutative group (written
additively) and let € be the totality of endomorphisms of @. Then
€ is closed relative to the addition composition defined by a(n + p)
= an + ap and relative to the resultant composition-, and the system
G, 4+, is aring.
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We call € the ring of endomorphisms of . More generally we
shall be interested in considering subrings of rings € Such a
subring will be called a ring of endomorphisms and we shall see
in the next section that these rings play the same role in ring
theory that transformation groups play in group theory. Before
we discuss this, however, we consider some examples.

Examples. (1) @ an infinite cyclic group. Thus we can take @ to be the
additive group /. of integers. If ne @ and 19 = u in I, then ny = nu since n
is an endomorphism. Now this remark shows that 5 is completely determined
by its effect on the generator 1 of I,. We shall therefore associate the integer #
(effect of 1 on 1) with the endomorphism 5. Suppose now that p is a second
endomorphism and that 1p = v. Then we associate v with p. Also 1(n + p) =
19+ 1p = u + vand (19)p = up = uv. Hence in our correspondence, 7 +p —
u+ v and np — uv. Also our correspondence is 1-1; for, if # = v then
1n = 1p and since an endomorphism is determined by its effect on 1, 7 = p.
Thus we have an isomorphism of € into the ring of integers I. We remark
finally that our isomorphism is one onto I. Thus if u is any integer, then the
mapping n — nu is an endomorphism, since

(n+ m)u = nu+ mu

is a basic property of multiples. Clearly this endomorphism sends 1 into .
Thus we have proved that € is isomorphic to I.

(2) As a generalization of (1) we consider next the group @ of all integral
vectors (my, mg, ---, my,), m; in I. The composition here is vector addition.

Hence if we introduce the vectors

(24) e=(0,:-010,--,0), i=12 -, n
then we can write
(25) (ml) My« -y mn) = me1 + maca +- - -+ Mpen.

Thus any integral vector is in the group generated by the ¢;. Also it is clear
that a vector can be written in only one way as Zmje;; for if Zmie; = Zm/e;,

then by (25)
(m1, myy -+ -, my) = (my, ”‘2’: ery M)

and m; = m{ for all 4.

Now let # be an endomorphism in @. We are going to show that % is com-
pletely determined by its effect on the ¢;; for if the images e;n = f; are known,
then the image

Emie)n = Z(mies)n = Zmi(em) = Zmif;

is known. It follows that, if 7 and p are two endomorphisms and e;n = e;p
fori=1,2,---, n, then an = ap for all 2. Hence n = p.
Suppose next that

(26) Ji=em = ager + aoes + -+ Gintn
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where the a;; are integers. It is clear that these integers are uniquely deter-
mined by 7. Hence the matrix

a1 613 o G

a2 a2 ‘' 43
(i) =

Gnl Gn2 °°* Gan

is determined by n. We shall call this matrix the matrix of 1, and we shall
investigate the correspondence 7 — (a;;) of € into the ring I, of # X n matrices
with elements in 1.

We note first that our correspondence is 1-1; for if n — (ay;) and p — (4i),
then em = e;p and hence 7 = p. Next let p be any endomorphism and let
p — (bi). Then eip = 3 bijej. Hence

7

ei(n+p) = e+ eip = 2 aije; + 2 bty
M 7

= Z(a;; + bij)ej.
Thus 9 + p — (a;;) + (4;;). Finally
es(mp) = (elp = (X aiiei) p = X (aistilp = T aiilep) = 3 aibjner = 2 cart
J F) 1.5

i
where ¢ = Z aiibir. This shows that the matrix of np is (s)(4). We have

F)
therefore proved that # — (a) is an isomorphism of € into /,.
We shall show finally that our mapping is onto I,. Thus let () be
any matrix in I, and let f; = 3 aij2;. We define a mapping of @ into itself

]
by stipulating that Zme; — Zm.f;. Then if Em/e; is a second element of &,
Zmie; + Zmie; = Z(m; + m{)e; and this element is mapped into

Z(m; + m') fi = Zmifi + Zmifi

Hence Zm;e; — Zm;f; is an endomorphism 5. Since e = f; = Zayej, the
matrix of 7 is the given matrix (s). Thus we have established an isomorphism
of € onto I,.

We can use the result which we have just derived to determine the group
of automorphisms of ®. Itis clear that if ® is any commutative group, then
the group of automorphisms ¥ of @ coincides with the group of units in the ring
€. Also it is evident that if we have an isomorphism of one ring onto a second
one, then the group of units of the first is mapped onto the group of units of the
second. It follows that we can determine the group of automorphisms of
the group ® of integral vectors by determining the group of units of the matrix
ring I,. Now we know that a matrix (4) & I, is a unit in I, if and only if det (4)
= 41, This result in combination with the above discussion shows that the
automorphisms of @ have the form Zm.e; — Zm;f; where f; = Zaije; and det
(a) = £1.
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EXERCISES

1. Determine the ring of endomorphisms and the group of automorphisms
of a cyclic group of order 7.

2. Let® be an arbitrary group and let I be the complete set of mappings of
® into itself. If 5, p eI, define 7p to be the resultant and 7 + p by g(n + p) =
(gm)(go). Investigate the set N relative to these two compositions.

14. The multiplications of a ring. We suppose now that ¥ is
any ring. If 4 is a fixed element of %, we define the right multiplica-
tion a, to be the mapping ¥ — xaz of A intoitself. This mapping is
an endomorphism of the additive group %,+ of ¥ since

27) (* +y)a, = (x + y)a = xa + ya = xa, + ya,.
Next we note that
x(@a+b6), = x(a+ b)) = xa+ xb = xa, + xb, = x(a, + b,)

and
x(ab), = x(ab) = (xa)b = (xa.)b, = x(ab,).

Hence we have the relations
(a+b)r=ar+br
(@), = a.b,.

These show that the correspondence 2 — a, is a homomorphism
of the ring % into the ring € of endomorphisms of A,+. It follows,
of course, that the set %, of the right multiplications is a subring
of €. We shall call this the ring of right multiplications of the
ring U.

The kernel of the homomorphism 2 — a, is the ideal 3, of
elements 2 such that x2 = 0 for all x. We call this ideal the
right annihilator of the ring %. If 8, = 0, we know that 2 — 4,
is an isomorphism. In particular we note that in the important
case in which % has an identity, 8, = 0; for, if 1z = 0, then z = 0.
As a consequence we have proved the following fundamental

(28)

Theorem 10. Any ring with an identity is isomorphic to a ring
of endomorphisms.*

* We shall prove in the next chapter (p. 84) that this result is also valid for rings
without identities.
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A similar discussion applies to the left multiplications a; defined
by x4, = ax. These mappings are endomorphisms and we have
the rules

(29) (d + 5)1 = a; + h, (ab)z = bzaz.

It follows that ¢ — 4; is an anti-homomorphism (cf. ex. 5,
p. 74) of % into €. Hence the image set, that is, the set %;
of left multiplications, is a subring of & The kernel of the anti-
homomorphism @ — 4; is the ideal 3; of left annihilators of the
ring %. If A has an identity, 8; = 0 and 2 — 4; is an anti-
isomorphism.

We consider finally an important relation between left and
right multiplications for rings with an identity. This is stated in

Theorem 11. If A is a ring with an identity, then any mapping
inN, + that commutes with all the left (right) multiplications is a right
(left) multiplication.

The proof of this theorem is identical with that of the corre-
sponding group result given on p. 30.



Chapter 111

EXTENSIONS OF RINGS AND FIELDS

A given ring may fail to have certain properties that are neces-
sary for solving a particular problem. However, it may be possible
to construct a larger ring that has the required properties. Thus,
for example, there exist equations of the form ax = 4, a 5 0 that
have no solutions in the domain of integers. The field of rational
numbers is constructed for the purpose of insuring the solvability
of equations of this type. The method used to construct this
extension can be generalized so as to apply to any commutative
integral domain. This type of extension is one of those that we
consider in this chapter. Among others we define also rings of
polynomials, field extensions and rings of functions. We derive
some of the properties of these extensions and, in particular, we
determine the algebraic structure of any field.

1. Imbedding of a ring in a ring with an identity. In the pre-
ceding chapter we have proved that any ring with an identity is
isomorphic to a ring of endomorphisms. We shall now show that
any ring ¥ is isomorphic to a subring %’ of a ring B that has an
identity. Since B is isomorphic to a ring of endomorphisms, it
will follow that ¥’ and hence ¥ is isomorphic to a ring of endo-
morphisms.

In general we shall say that a ring 9 is imbedded in a ring B
if B contains a subring %’ isomorphic to A. The ring B is called
an extension of A.

In order to construct an extension of % that has an identity we
let B be the product set 7 X ¥ of pairs (m,s) where m is an integer
and 4 is in the given ring . Two pairs (m,s) and (»,6) are re-

t ]
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garded as equal if and only if m = # and @ = 4. We define an
addition composition in B by

1) (m,a) + (mb) = (m + n,a + 5).

It is easy to see that B,+ is a commutative group. The 0 element
is (0,0) and —(m,a) = (—m,—a). We define multiplication in
B by

2) (mya)(n,b) = (mn, na + mb + ab)

where on the right-hand side #a and mé denote respectively the
nth multiple of 2 and the mth multiple of 5. Now

((mya)(n,6))(g,c) = ((mn)g, g(na) + q(mb) + q(ab)

+ (mn)c + (na)e + (mb)c + (ab)c)
and
(m,a)((n,0)(gx)) = (m(ng), m(nc) + m(gb) + m(be)

+ a(ng) + a(nc) + algb) + a(ke)).

Hence the properties of multiples, the commutative law of addi-
tion and the associative laws in U and in 7 yield the associative
law of multiplication in 8. Also

(m,a)[(n,8) + (g,0)]
= (ma)(n + ¢, b + ¢)
= (m(n + q), m + ) + (n + g)a + a6 + ¢))
= (mn + mq, mb + mc + na + qa + ab + ac)
and
(m,a)(n,b) + (m,a)(g,c)
= (mn, mb + na + ab) + (mq, mc + qa + ac)
= (mn + mq, mb + na 4 ab + mc + qa + ac).

Hence one of the distributive laws holds. In a similar manner
we can verify the other distributive law. Hence the system that
we have constructed is a ring.

Using (2) we see that the element 1 = (1,0) acts as the identity
in 8. We consider next the subset %’ of 8 of elements of the
form (0,4). Since
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(0,8) + (0,6) = (0, + &), 0 = (0,0),
—(O)a) = (O,—d) and (O)a) (O>b) = (O,ﬂb),
%A’ 1s a subring of B. Also it is clear that, if we set ' = (0,2),
then the correspondence 2 — 4’ is an isomorphism of % onto ¥'.

Thus ¥ is imbedded in B, a ring with an identity. This proves the
following

Theorem 1. Any ring can be imbedded in a ring with an identity.

We note also that the ring of integers is imbedded in the ring
¥ since the mappmg m — (m,0) is an isomorphism of I onto a
subring I’ of 8. We now simplify var notation by writing m for
(m,0) and & for (0,4), I for I and U for %’. Using these notations,
we have the relations

B=I+% INA=0.

Also it is clear that % is an ideal in 8.

Remarks. In certain situations the extension $ is not the
best extension of U to a ring with an identity element. In the
first place, if % has an identity e to begin with, then the element
2z = 1 — ¢ has the property za = 0 = 4z for all 2in %. Hence in
this case it is not worthwhile to introduce the ring 8. Next, we
note that the characteristic of 8 may be different from that of 9.
This will be the case if the characteristic of ¥ is m 5 0; for
B 2 I and hence B has characteristic 0. However, it is easy to
modify the construction to obtain an extension with an identity
that has the same characteristic as 9. This is indicated in exercise
1 below. Another objection to the construction that we have
given is that, if % is an integral domain, 8 may not be an integral
domain. For instance, if U is the ring of even integers, then the
element (2,—2) of B has the property (2,—2)(0,2m) = 0. This
difficulty can be overcome, too, and we can prove that any
integral domain can be imbedded in an integral domain with an
identity. Exercises 2—4 are designed to establish this result.

EXERCISES

1. Let ¥ be a ring for which there exists a positive integer m such that ma = 0
for all a. Let € denote the set of pairs (%,4) where # = » -+ (m) is in the ring
I/(m). Define equality as in the ring B, addition by (7,4) + (3,6) = (% + 3,
4 + &) and multiplication by
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(7,6)(@,0) = (73, nb + qa + ab)

Show that multiplication is single-valued and that € is a ring with an identity
which is an extension of ¥ and that mc = 0 for all ¢ €@,

2. Let A be an integral domain that contains elements 4 and 4 0 such
that 46 + mb = 0 for some integer m. Prove that ca + mc = 0 = ac + mc
for all ¢ in 2.

3. Let ¥ be an integral domain and letB be the ring constructed in the text.
Show that the totality B of elements z in®B such that 2z = 0 for all 2 in ¥ is an
ideal and that®B/3 is an integral domain with an identity.

4. Prove that the set % of cosets of the form 2 + 3, 2 in Y, is a subring of
B/8 isomorphic to. Hence 2 is imbedded in B/3.

2. Field of fractions of a commutative integral domain. We
shall now show that any commutative integral domain can be
imbedded in a field. The construction which we shall give—well
known for the ring of integers—can best be understood by study-
ing the relation between a subring of a field and the subfield
generated by the subring.

Hence let § be a field and let %A be a subring £ 0 of §. We say
that ¥ is a subfield of § if the system ¥, +,- is a field. It is
immediate that a subset % of a field § determines a subfield if
and only if (1) %,+ is a subgroup of the additive group. (2)
% contains elements 5 0, and if A* denotes the totality of these
elements, then A¥,. is a subgroup of the multiplicative group of
non-zero elements of §. If we recall the conditions that a subset
of a group determines a subgroup, we see that 9 determines a
subfield if and only if

V.1Ifa,beA,thena+bed. 0cA. Ifaed, then —ae .

2'. 1e¥. If @ and & are non-zero elements of %, then 44 and
aledl

It is clear from 1’ and 2’ that the intersection of any collec-
tion of subfields of a field is again a subfield. If § is any subset
of §, then the intersection of all subfields of § that contain § is
called the smallest subfield of § containing S or the subfield of §
generated by S. We now make the important observation that,
if § = A is a subring # 0 of §, then the subfield & generated by
A coincides with the set {67!} of elements of the form a7,
a and 4 in A. First, it is clear that ® D {4a6~'}. Also we have
the following equations:
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bt + cd™ = adb7d + cbbTd = (ad + cb)(bd) !
0=05"1
—ab™! = (—a)b™?
(@) (cd™) = ach™d™ = (ac)(bd)
1 =aa?! (a0
@ r=a"% (a#0),

and these show that the set {26~} determines a subfield. Since
any & in % has the form

a = (ab)b™,

% C {ab™'}. Hence the set {ab™'} is a subfield of § containing
9. Since ® 2 {46~} this implies that @ = {4671},

If § = ©, then we shall say that § is a minimal field contain-
ing %. In this case we see that every element of § has the form
ab™', aand 4in U

Suppose now that ¥ is any commutative integral domain 5 0.
We wish to extend % to a field. The foregoing remarks indicate
that the elements of a minimal field extension of ¥ are to be
obtained from the pairs (4,8), 4 % 0 and 2in 9. We have in mind
that (4,6) is to play the role of 45~'. Hence we adopt the follow-
ing procedure.

Let B be the totality of pairs (4,6), 4 % 0 and 2 in %. We intro-
duce a relation ~ in B by defining (2,6) ~ (c,d) if ad = &c.
Then (4,6) ~ (a,8) since @b = ba and, if (a,8) ~ (c,d), ad = bc so
that ¢4 = ds and (¢, d) ~ (a,6). Finally if (4,6) ~ (c,d) and
(¢,d) ~ (e,f), then ad = bc and ¢f = de. Hence adf = bcf = bde.
Since 4 # 0 and ¥ is commutative, 4 may be cancelled to give
af = be. Hence (a,6) ~ (¢,f). We have therefore proved that
the relation ~ is an equivalence relation in 8. We shall call
the equivalence class determined by (2,6) the fraction a/b. Thus
we have the rule

a/b = c/d ifand only if ad = éc.

We shall now introduce addition and multiplication composi-
tions in the set § of fractions. We note first that, if 2/4 and ¢/d
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are any two fractions, then 44 0 and we can form the fraction
(ad + bc)/bd. Moreover, if a/b = 4’/4' and ¢/d = ¢'/d’, then

3) (ad + be)/bd = (@'d’ + &'c')/b'd.
Thus, by assumption, 26’ = 44’ and ¢4’ = d¢’. Hence

ab'dd’ = ba'dd’ and cd'bd = dc'bb
so that
ab'dd + cd'bb’ = ba'dd’ + dc'bb’
or
(ad + be)b'd = (d'd’ + &'¢')éd,

and this is equivalent to (3). It is now clear that the addition
composition defined by

4 a/b + c/d = (ad + bc)/bd

is a single-valued composition in §. In a similar manner we
see that, if a/6 and ¢/d are fractions, then ac/bd is a fraction.
If a/b =4’/ and c¢/d = ¢'/d', then ac/bd = a'c’/b’'d’. Hence

©) (@/b)(c/d) = ac/bd

defines a single-valued multiplication.

It can also be verified directly that § with the compositions
(4) and (5) is a commutative ring. We leave this verifica-
tion to the reader. It will be observed that 0/ = 0/d is the 0
of § and that the negative of a/4is (—a)/6 = a/(—4). The ring
& has an identity; for 4/ = d/d for any 4 % 0 and d # 0 and
(a/b)(6/b) = ab/b?* = a/b. Hence 6/6 =1. 1If a/b # 0 then
a # 0. Hence 4/a is a fraction. Since (a/6)(6/a) = ab/ba = 1,
b/a = (a/b)~. This shows that every element £ 0 in § is a
unit. Hence § is a field.

We now associate with the element @ of U the fraction 44/4
where & is any element 0 in %. This correspondence is single-
valued since 44/6 = ad/d for any d # 0. We denote ab/b by a.
Then

a+d =@+ ad)/b = (a+ a2/ = (ab® + a'?) /P
= ab/b+ a'b/b

=d+d
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and
ad' = ad'b/b = adB? /8 = (ab/b)(a'4/b)
= id,
so that 2 — & is a homomorphism. Also we can verify directly
that this mapping is 1-1. Hence the set % of elements Z deter-

mines a subring of § isomorphic to . We have therefore proved
the following fundamental imbedding theorem.

Theorem 2. Any commutative integral domain (# 0) can be
imbedded in a field.

We shall now note that § is a minimal field containing the
image A of A. This is clear since any 4/4 of § can be written
in the form a/6 = (ab/0)(6/8?) = (ab/b)($*/b) ™ = Gb.

If A =TI the ring of integers, then the fractions are called
rational numbers. We denote the field of rational numbers by
Ry in the sequel.

EXERCISES

1. Show that, if % is a field, then § = 3.

2. Prove that any commutative semi-group that satisfies the cancellation law
can be imbedded in a group.

GenERrALIZATIONS. (1) The method that we have just used
can be extended to prove that any commutative ring ¥ that con-
tains a non-vacuous set § of elements that are not zero-divisors
can be imbedded in a ring with an identity in which the elements
of § are units.

We note first that, if s;5; is a zero-divisor, then either s; or
$3 is a zero-divisor. Hence the sub-semigroup 7 of the multiplica-
tive semi-group of ¥ generated by the given set § contains no zero-
divisors. We consider now the set ¥ X ¥ of pairs (2,0) 2 in U,
v in 7, and we introduce the relation (a,0) ~ (&',v) if av’ = a'v.
This is an equivalence relation since » contains no zero-divisors.
Let §s = §v be the set of equivalence classes /v determined by
this relation. Addition and multiplication are defined as before.
We obtain in this way a ring that contains a subring % = 9.
The elements of 9 are the classes ¢ = av/v. The ring §s is com-
mutative and has the identity v/v. If se S, the corresponding
element § = sv/v is a unit in Fg; its inverse is v/s0.
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(2) There is an important class of non-commutative integral
domains that can be imbedded in division rings. These are the
domains that have the common multiple property, that is, any
pair of non-zero elements 4,6 in the domain has a common right
(left) multiple m = ab’ = ba’ # 0 (7% = ba = ab). The imbed-
ding problem for integral domains of this type was first solved by
O. Ore. The construction is similar to the one we have used in
the commutative case. We refer the reader to Ore’s paper for
the details.*

We note finally that it has been proved by A. Malcev that there
exist non-commutative integral domains that cannot be imbedded
in division rings.t

3. Uniqueness of the field of fractions. Let % be a commuta-
tive integral domain and let § be its field of fractions. We shall
now identify ¥ with the subring % of elements & = 44/4. Thus we
shall write % for 9, a for 4. Then we know that the subfield of
& generated by % is § itself. We shall now prove that any two
fields that bear this relation to % are isomorphic. More precisely,
we have the following

Theorem 3. Let W,y i = 1, 2 be a subring #£0 of the field §.
and suppose that §; is the smallest subfield of §i containing ¥U,.
Then if o is an isomorphism of Ay onto g, o can be extended in one
and only one way to an isomorphism of F1 onto Fa.

By an extension of a mapping of a set to a mapping of a larger
set we mean a mapping of the larger set that has the same effect
as the original mapping on the elements of the given subset.
Then we have to find an isomorphism Z of §; onto §; such that
a;® = a,° for all a; e A;. We shall now verify that the mapping

(6) ahy™t - a(6) !

by # 01n ¥; has the required properties. In the first place, since
§: is minimal for %;, any element of §; has the form 4.4,
Hence (6) is defined for the whole of §;. We note next that (6)

* Q. Ore, Linear equations in nor-commutative fields, Annals of Mathematics, Vol. 32
(1931), pp. 463-477.

t A. Malcev, On the immersion of an algebraic ring into a field, Mathematische Annalen,
Vol. 113 (1937), 686-691.
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is single-valued; for suppose that 4,6, = ¢;d; . Then a,d; =
¢4, and 4,°d\" = ¢,°6,°. Hence a4,°(6,°) ! = ¢,°(dy°) ™! as re-
quired. Inasimilar manner we see that, if 2,°(4,°) 7! = ¢,°(d,") 7},
then 2,6, = ¢,d,!; hence the mapping is 1-1. If 456,7" is any
element of §, we can find an 4, such that 2,° = 4, and a 4, such
that 4,° = 45. Then asb;™ = 4,°(4,°) ' is an image. Hence
our mapping is a mapping of §; onto Fo. Finally we note that

byt 4 eydi !
= (ayd: + “151)(51411) - (ady + Clbl)a((bldl)a) -
= (a:°d\" + ¢1°6,°)(6,°d") !

= alv(bla)—l + clcr(dlo)—l
and

(816, (1dr ™) = are1(b1dy) ™ > (a161)7((51d1)%)
= (41°¢,°)(61°d,")
= (a,°(6:°) ") (e1°(d1") V).

Hence we have an isomorphism of §; onto §,. This isomorphism
is an extension of o since it maps @; = (4;6,)4, ! into

(@16:)°(6,°) 7 = a1°61°(61°) 7 = ay”.

Suppose now that Z is any isomorphism of §; onto §, that
coincides with ¢ in %;. Then (2,6, 7% = 2,(6, %)% = 4,2(6,%) !
= 4,°(4,°) 7". Hence 2 is the mapping (6). This shows that the
extension of ¢ to an isomorphism of §; onto §, is uniquely deter-
mined. The theorem is therefore completely proved.

4. Polynomial rings. One is often interested in studying a ring
P relative to a specified subring A. As we shall see, this idea is
particularly fruitful in the theory of fields. A natural problem
in this connection is the determination of the structure of a sub-
ring A[u] generated by A and one additional element ¢ 8. To
simplify this problem we shall assume that (1) 8 has an identity
1,2) 1isin %, (3) ua = au for all 2in A. Evidently any element
of the form

7 ag + ayu + agu® +- - -+ a,u™
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where the 2; e % is in A[»]. We shall call an element of this form
a polynomial in u with coefficients a; in U. ‘
If bo + b1 + bot® +-- -+ bpu™ is a second polynomial in #
and # > m, then
(8) (a0 + aru + agu® +- - -+ aqu™)
+ (6o + byt + bot® ++ - -+ bpu™)
= (ao + b0) + (a1 + b1)u +---
+ (am + bm)um + am+1um+1 +- -+ au™.

Also 0 is a polynomial and the negative of i a;u'is the polynomial

Z(—ay)u'. Finally, since (a;4')(b;u’) = a(:b,'u”",

(9) (a0 + a1 + agt® +- -+ anu™) (oo + by ++ - -+ bpu™)
=po+ P+ Prjmu™ ™

where
t

(10) Pi= 2 aibij= 2 ajb

i=0 jk=i
Hence the totality of polynomials is a subring of 8. Clearly
this subring includes ¥ and, since % contains 1, # = lu is a
polynomial. It follows that the ring A[#] generated by % and
by « is just the set of polynomials in # with coefficients in 9.

A particularly simple situation is obtained when the element
u is transcendental relative to A. By this we mean that a poly-
nomial relation

do + du + dzuz +-- o dpu™ = 0,
d; in % can hold only if all the 4; = 0. In this case the two
polynomials ) a;4* and  bju’ are equal only if the correspond-
0 0

ing coefficients 4; and &; are equal for all 7; for if » > m and
2 au' = Thiw', then

(@0 = b0) + (81 — b)u + - -+ (am — bm)u™ + ampat™* -
+ aqu™ = 0.

Hencea; = 4,7 =1,2, ---,mand gpyy =+ = a, = 0.
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If « is not transcendental, we say that « is an algebraic element
relative to the subring 9. In order to determine the structure
of polynomial rings it is important to have available rings of the
form %U[x] where x is transcendental. In a polynomial extension
by a transcendental element the polynomial (7) determines a
unique sequence (, @, - --) with the property that a; = 0 for
sufficiently large 7. Hence it is natural to adopt the following
procedure for constructing Afx].

Let % be a given ring with an identity and let 8 be the totality
of infinite sequences

(aOJ a1 42y )

that have only a finite number of non-zero terms 4;. Elements
of B are regarded as equal if and only if a; = &; for all /. Addi-
tion in B is defined by

(11) (40, a1y 4y * ) + (bO: bl) 52, vt )
= (a0 + bo, a1 + by, a2 + b3y -+ ).

The result given in the right-hand side is a member of B since the
terms in the sequence are all 0 from a certain point on. It is
immediate that 8 is a commutative group relative to this addition.
The 0 = (0) 0, ---) and — (4o, a1, "') = (_40) —ayg, + ). We
define multiplication in 8 by

(12) (40) a1y Gy ** -)(&0’ bl) b2’ ot ) = (PO) D1y P2, - )

where p; is given by (10). If 4; =0 for i > n and 4; = 0 for
j > m, then p, = O for k > m + n. Hence (12) gives an element
of 8.

If a = (aOa a, )) b= (50) &1, ) and ¢ = ("0) €1y "'),
then the term with subscript 7 in (ab)c is

E ( Z ajbk) a = Z a;byci.

Mmli \jfk=m k=i
Similarly the corresponding term of a(éc) is

2. ﬂj( > bkfl) = X ab

m--j=1 k+l=m J+k41=¢

Hence (46)c = a(bc). Similarly we can verify the distributive
laws. Hence the system 8,+,- is a ring.
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The subset A’ of elements
a = (4,0,0, )

is a subring of B isomorphic under the correspondence 2 — 4’
with A, Thus % is imbedded in 8. The element 1’ = (1,0, ---)
of A’ acts as an identity in 8. Now let x denote the element
0,1,0,0, ---). Then

kE+1
xkz(O’O’..-,O’],O’...)
and
k+1

a% = (0,0, ---,0,40, ) = x*a’.

Hence # commutes with every 4’ ¢ %’ and the general element
(a0, @1y ** 4 @ny 0,0, - --) can be written as

(13) ay’ + ay'x + ad’x® +- -+ a5

Thus 8 = A'[x]. If (13) is O, then (aq, 41, ---) = 0. Hence
all the @; and therefore all the @/ = 0. This shows that x is
transcendental relative to ¥'.

It will now be well to replace the ring % by the isomorphic
ring A’ and to denote the latter by . We shall also write 4 for
the element 2’. Then B = U[x] and x is transcendental relative
to % as we required.

EXERCISES

1. Let B* be the complete set of sequences (g, 21, a2, - - -) with ;€ %. Define
equality, addition and multiplication as for the ring 8. Prove that B* is a ring.
This ring is called the ring of formal power series over I and will be denoted as
A < x > in the sequel.

2. Let § be any semi-group and let A be any ring. Denote by B the set of
functions a(s) defined on § and having values in ¥ such that 4(s) = 0 for all but
a finite number of 5. Define addition and multiplication in 8 by

(@ + 8)(s) = als) + 5(s)
(ab)(s) = ‘E a()b(u).

Y-y
Show that B is a ring. We shall call B a semi-group ring.
3. Show that the semi-group ring determined by the semi-group of non-
negative integers with addition as composition is the ring H{[x] constructed above.
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5. Structure of polynomial rings. Let %;[x] be a polynomial
ring in an element x that is transcendental over the base ring %,
and let %p[u] be an arbitrary polynomial ring such that %; is a
homomorphic image of %A;. As before, we assume that our rings
contain identities and that the elements x, # commute with the
displayed coefficient rings. Let ¢ be a definite homomorphism
of %; onto A;. Then we shall show that this homomorphism can
be extended in one and only one way to a homomorphism of
A, [x] onto Ap[#] mapping « into .

Since x is transcendental, an element of %;[x] can be written in
one and only one way in the form

a9+ a1x + -+ a.x", a;in ¥,.
We now denote this element as f(x) and we define
fo(u) = a’ + a’u +-- -+ a, 4", afin Y.

It is clear that the rule f(x) — f°(x) defines a single-valued
mapping of %;[x] onto Ws[u]. If g(x) = Zbuxt, then f(x) + g(x)
= Z(a; + &;)x* and this element is mapped into

Z(a; + b)°ut = Z(af + b2)ut
= Zafu' + Zbfu'.
Also
fx)g(x) = aoby + (ah1 + a1bo)x + (aob2 + @16y + agho)x® +- - -
— (aobo)’ + (a0 + a160)°u
+ (a0ds + @161 + azbo)’u? +- -
= ay’b’ + (40°51° + a1°by")u
+ (a0°b2” + a1°61" + ag"b")u* +- - -
= (Zasu’)(Zblu').

Hence our mapping is a homomorphism. Clearly, if ae%;,
then 2 — 4° in the new mapping. Moreover ¥ — #. Hence the
mapping meets all of the requirements that we imposed.

Now let Z be any homomorphism of %;[x] onto A,[«] that maps
x into « and that coincides with ¢ on %;. Then (Zax")* = Zaiu’
= Za’u'. Hence Z coincides with the mapping that we have
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defined. This proves the uniqueness of the extension. We there-
fore have the following important homomorphism theorem.

Theorem 4. Let Ai[x] be a ring of polynomials in a trans-
cendental element x and let Wolu) be a ring of polynomials in an
arbitrary u. Suppose that ¢ is a homomorphism of Uy onto Y.
Then a can be extended in one and only one way to a homomorphism
2 of Ni[x] onto Wo[u) mapping x into u.

If =29 =% and o is the identity mapping, then this
theorem shows that ¥[#] for arbitrary # is a homomorphic image
of Ax], x transcendental. Hence by the fundamental theorem of
homomorphism Afx] = A[x]/R, where &, the kernel of the homo-
morphism, is an ideal in %[x]. Since the homomorphism Z is the
identity mapping in ¥ it is clear that 4 N & = 0. Assume now
that , too, is transcendental. Then if f(x)® = 0, f(x) = 0; hence
f(x) = 0. This shows that = 0. Hence Z is an isomorphism.
We therefore have the following

Theorem 5. If x and y are transcendental over U, then U[x] and
Al y] are isomorphic. Any ring of the form Uu] is isomorphic to a
difference ring U[x)/R where x is transcendental and & is an ideal
in x) such that & N A = 0.

6. Properties of the ring %[x]. From now on x will denote a
transcendental element over . If f(x) is a non-zero polynomial
in Afx], we can write f(x) = o + a1x +-- -+ a,x™ with 4, = 0.
We call @, the leading coefficient of f(x) and we call # the degree
of f(x). If f(x) = 0, we say that its degree is —o, and we adopt
the usual conventions that —0 — © = —w0, —0 + 7 = —c0,

If 4, is not a left zero-divisor in ¥ and g(x) = &y + &yx +- -+
+ bnx™ with 4, # 0, then

JX)g(x) = aobo + (a0by + a1bo)x + - - -+ anbmx™ ™,
Since @nbm # 0, f(x)g(x) # 0 and this polynomial has the degree
m + n. A similar result holds for g(x)f(x) if 4, is not a right
zero-divisor. In particular we see that if % is an integral domain

then Ulx] is an integral domain. Moreover, in this case we have
the formula

(14) deg f(x)g(x) = deg f(x) + deg g(x)
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for all f and g. This has been proved above for the case f # 0
and g # 0, and it follows if either f = 0 or g = 0 by the conven-
tions on —. We note also the following useful result concerning
the degree:

(15) deg [f(x) + g(®)] < max (deg f(x), deg g(x)).

The degree relation (14) enables us to determine the units in
Ax]; for if f(x)g(x) = 1, the deg f(x) + deg g(x) = 0. Hence
deg f(x) = 0 = deg g(x). Thus f(x) = ae¥ and g(x) = be .
This proves that, if % is an integral domain, then the only units in
A[x] are the elements of A that are units in A. For example, if T
is the ring of integers, the only units in /[x] are the integers =1
and, if § is a field, then the units of F[x] are the non-zero elements
of §.

We consider again the case of an arbitrary % and we wish to
establish a division process in A[x]. Let g(x) = dp + b1x +---
+ bnx™ be any non-zero polynomial whose leading coefficient by
is a unit. Suppose that f(x) is arbitrary. Then we shall show that
there exist polynomials ¢;(x) and r;(x) such that deg r,(x) <
deg g(x) and

(16) Sx) = q1(x)g(x) + r1(x).
If deg f(x) < deg g(x), we write f(x) = ¢(x)-0 + f(x) to obtain

the required representation. Assume now that f(¥) = a¢ + a1x +
-+++4 a,x" has degree n > m. Also, using induction, we may
assume that the result holds for polynomials f of degree <n. Let

JF&x) — @pbna™ g (x) = f1(x).

Then the terms a4,x® of maximum degree in f(x) and in
Anbm1x™ "™g(x) cancel off so that deg fi(x) < degf(x). Hence we
may suppose that there exists a ¢*(x) and a r,(x) of degree less
than m such that

f1(x) = ¢*(x)g(x) + r1(x).

Sx) = @b %" mg(x) + g*(0)g(x) + r1(x)
= ¢:1(x)g(x) + 71(x)
where ¢1(%) = @nbn %™ ™™ + g*(x) and deg r1(x) < deg g(x).

Then
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The “right-hand quotient” g¢;(x) and the “right-hand re-

mainder” r;(x) are unique; for suppose that
S(x) = ga(x)g(x) + ra(x), degra(x) < deg g(x).
Then
[7:(x) — g2(x)]g(x) = 7a(x) — r1(x).

The degree of the right-hand side is <m, while the degree of the
left-hand side is either — or >m. Hence the common value
must be —o so that r5(x) — 71(x) = 0 and ¢;(¥) — ¢2:(x) = 0.

In a similar manner we can prove the existence and uniqueness

of the “left-hand quotient” ¢y(x) and “left-hand remainder”
r2(x) of degree < deg g(x) such that

Slx) = g(x)ga(x) 4 ra(x).

We consider now the special case in which g(x) = x — ¢, ¢ in
9. In order to obtain a formula for the remainder on division by
(» — ¢) we make use of the following identities:

A7) & —F =T+t 2+ A4+ F T =)
= =)@ e F EY),

k=0,1,2, ---. Here it is understood that, if £ = 0, then the
factor Zcix* i1 = 0. We multiply (17) on the left by 4 and
sum on k. This gives

S&x) = fr(e) = q1(x)(x — o)
where ¢,(x) = Zap(x* 1 + cx¥ 2 .. 4 FT) a'nd
(18) Jr(c) = ap + arc + ax® +- - -+ anc™
Hence f(x) = ¢:(x)(x — ¢) + fr{c) and fr(c) is the right-hand

remainder. Similarly, by using the second form of (17) we can
prove that the left-hand remainder on division by x — ¢ is

(19) fu(©) = ap + cay + 2as +- -+ c"a,.
An immediate consequence of these results is

The factor theorem. The polynomial (x — ¢) is a right (left)
factor of f(x) if and only if ¢ is a right- (left-) hand root in the sense
that fr(c) = 0 (fr(c) = 0).
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If ¥ is commutative, we can, of course, drop the modifiers
“left” and “right” in the foregoing discussion. If ¥ = § is a
field, the division process can be applied to any pair of poly-
nomials f(x), g(x) ¢ 0. This fact can be used to prove the im-
portant

Theorem 6. Every ideal in §lx), § a field, is a principal ideal.

Proof. Let Bbeanidealin§lx]. IfB = 0, the ideal consisting
of 0 alone, then 8 = (0), the principal ideal generated by O.
Assume therefore that B 0. Let g(x) be a non-zero poly-
nomial of least degree in 8. If f(x) is any element of 8, we write
f(x) = g(x)q(x) + r(x), where deg () < deg g(x). Then r(x) =
f(x) — g(x)g(x) e B, and, since its degree is less than that of
g(x), r(x) = 0. Hence f(x) = g(x)g(x) is in the principal ideal
(g(x)). Thus B C (g(x)). But g(x) eB so that we also have
(g(x)) € B. Hence 8 = (g(x)).

This theorem enables us to state for fields the following sharper
form of Theorem 5.

Corollary 1. If § is a field, any polynomial ring §lu] =
§lx1/(g(x)) where either g(x) = 0 or g(x) is a polynomial of posi-
tive degree.

The possibility that g(x) is a non-zero polynomial of O degree
is excluded since it implies that (g(x)) = Flx].

EXERCISES

1. Iff(x) = a0 + arx +- - -+ apx™, define f'(x) = a1 + 2apx ++ - -+ napx™ "
Prove the usual rules:

f+e =f+g, ) =¢, cin¥
(fe) =fe' + /%
2. Prove Leibniz's theorem
k
(f)® =3 (/‘) fOgt—D
0 1
where f@ = fG-1, fO = £,

7. Simple extensions of a field. The methods that we have
developed in this chapter can be used to construct field extensions
of any given field §. As we shall see, any such extension can be
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obtained by making a succession of simple extensions of two types
that we proceed to describe.

Simple transcendental extension. For the given field § we con-
struct first the polynomial ring [x], ¥ transcendental. We know
that §x] is an integral domain but not a field. However, we can
imbed §[x] in its field of fractions. We denote the latter as F(x)
and we call its elements rational expressions (functions) in x over
the base field §. These elements have the form f(x)/g(x) where
f(x) and g(x) are polynomials and g(x) 0. The usual rules of
reckoning hold.

Simple algebraic extensions. This method of extending a field
was used first by Cauchy in defining the field C of complex num-
bers as an extension of the field R of real numbers. In Cauchy’s
case one forms the difference ring C = R[x]/(x® 4+ 1) where
(¥* + 1) 1s the principal ideal of multiples of x® + 1. It can
be shown that C is a field extension of R that contains a root
of the equation ¥ +1 = 0. Cauchy’s method was generalized
by Kronecker to apply to any field § and any polynomial f(x) e
glx] which is irreducible (prime) in this domain. By saying that
f(x) 1s irreducible, we mean that f(x) cannot be factored as a
product of two polynomials of positive degree. We assume also
that deg f(x) > 0.

As in the special case that we have indicated we form the dif.
ference ring € = §lx]/(f(x)) where, as usual, (f(x)) denotes the
principal ideal generated by f(x). The ring € has the identity
1 =1+ (f(x)) and 1 5 0 since f(x) is of positive degree. Con-
sider now any coset g(x) = g(x) 4+ (f(x)) % 0. Let B be the
totality of polynomials of the form u(x)g(x) + v(x)f(x) where
u(x) and v(x) are arbitrary in §[x]. It is apparent that 8 is an
ideal in §[x]. Hence 8 = (d(»)). Sincef(x) = Og(x) + 1/(x) ¢ B,
S(x) = d(x)f1(x). Hence either d(x) is a non-zero element of §
or d(x) is a multiple (by an element of §) of f(x). On the other
hand, g(x) e B so that g(x) = d(x)g1(¥). Hence if 4(x) is a
multiple of f(x), then g(x) is a multiple of f(x) and this contradicts
the assumption that g(x) # 0. Hence we see that d(x) = 4
is a non-zero element of §. Since 4 & B, this element has the form
u(x)g(x) + v(x)f(x). If we multiply by 47!, we obtain poly-
nomials a(x), 4(x) such that .
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(20) a(x)f(x) + b(x)g(x) = L.

The relation (20) gives a(x)f(x) + #(x)g(x) = 1. Since f(x) =0,
we conclude that &(x)g(x) = 1. Thus any non-zero element of
G has an inverse. Since @ is commutative, this means that €
is a field.

We note next that G is an extension of §. Thus consider the

natural homomorphism g(x) — g(x) of Fx] onto € This map-
ping induces a homomorphism of § onto a subring § of €& The
image set § is the totality of cosets 4 = 2 + (f(¥)), 4 in §; hence
it includes 1T % 0. On the other hand, § is a field. Hence a
homomorphic image of it is either 0 or it is isomorphic to §.
It follows that § =~ §. In this way § is imbedded in €. As usual
we shall identify § with § and write 4 for the coset 4.

We show finally that € = §[%] and % is an algebraic element
satisfying the equation f(¥) = 0. First, if g(») is any polynomial,
then g(x) = g(®) is a polynomial in ¥ with coefficients in §. Asa
matter of fact it is easy to see that any element of € can be ex-
pressed as a polynomial in % of degree < deg f(x); for we can
write g(_ai)_ = f(x)g(x) + r(x) where deg r(x) < deg f(x). Hence
g(x) = r(x) = r(%). Since 0 = f(x) = f(%), ® is a root of the
equation f(x) = 0.

The construction of the difference ring € = §[x]/(f(x)) can
also be carried out for reducible polynomials f(x). If f(x) =
f1(%)f2(x) where deg fi(x) > O, then fi(x) # 0 in € but fi(%)fa(x) =
f(x) = 0. Thus in this case we obtain a ring with zero-divisors
0. It is clear at any rate that @ is commutative and that €
has an identity.

EXERCISES

1. Let & = Ryx]/(»® + 3x — 2). Express the following elements of € as
polynomials of degree <3 in %:

(a) QR +7-3)@R — 454 1)
(b) (27 + 4% — 5)~

2. Show that, if f(x) has a square factor (f(x) = [f1(*)]*fa(%), deg f1(x) > 0),
then @ = Fx]/(f(x)) contains non-zero nilpotent elements.
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8. Structure of any field. In analyzing the structure of any
field § we examine first the smallest subfield P of §. We shall
call this field the prime field of §. We know that the intersection
of any number of subfields of § is a subfield. Hence the prime
field can be defined to be the intersection of a// subfields of §.

We know that P contains 1; hence P contains the subring [[1]]
generated by 1. Now we know that a ring generated by 1 is
isomorphic to either I or to I/(m), m > 0. (§9 Chapter II). If
the second alternative holds here, then m = p is a prime; for
otherwise I/(m) has zero-divisors # 0 and consequently [[1]]
has zero-divisors 0. But this is clearly impossible in a field.
Hence we have the following two possibilities:

I M=z
II M =1/(p), p aprime.

If I holds, [[1]] is an integral domain but not a field. Hence
in order to obtain the prime field we must take the totality of
elements of the form (m1)(n1) ~ where m,n e I and n % 0. Thus
it is clear that P is isomorphic to the field of rational numbers.
If II holds, [[1]] is a field since I/(p) is a field. It is clear that
in case I § has characteristic O while in II § has characteristic p.
We suppose next that §, is any subfield of § and we proceed
to determine the structure of the subfield §o(6) generated by Fo
and an additional element 6 of § (possibly in ). We consider
first the subring $old] generated by F and 6. We have seen
(p. 100) that Folb] = Folx]/(f(x)) where either f(x) = 0 or f(x)
is of positive degree. The ideal (f(x)) is the kernel of the homo-
morphism g(x) — g(@). Now if f(x) is reducible, then G =
Fo[x]/(f(x)) is not an integral domain; hence this possibility is
excluded. Thus we have the following two possibilities:

I Fol6] = Folx]
II Fol6] = Folxl/(f(x)), f(x) irreducible.

In I, 6 is transcendental and §(8) is isomorphic to the field F,(x)
of rational expressions in ». In I, /(§) = O so that 6 is algebraic.
Also in this case o[6] is a field since Fo[x]/(f(x)) is a field. Hence
Fo(0) = Fol6]. In either case we see that Fo(f) is essentially a
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simple extension of §, of the types considered in the preceding
section.

We now know the nature of the prime field of any field and
the nature of any subfield Fo(6). We shall now show that any
field can be built up from its prime field by a succession of simple
extensions (algebraic or transcendental). A proof of this result
for a given field requires that the field be well ordered.* However,
the algebraic idea underlying the argument can be fully revealed
in considering the countable case. Hence we assume that § is
countable (finite or denumerably infinite) and we suppose that
81, 02, 03, - - - is an enumeration of the elements of §. Set F = P,
§: = Fi—1(0;). Then § = UF; and each §; is obtained from
§i—1 by a simple transcendental or simple algebraic extension.

9. The number of roots of a polynomial in a field. If f(x)isa
polynomial with coefficients in a field and ¢, is a root of f(x) = 0,
then f(x) = (¥ — c1)f1(x). Suppose now that ¢y, cay -+, ¢ are
distinct roots of f(x) = 0. Then substitution of ¢; in f(x) =
(# — c1)f1(x) (that is, applying the homomorphism g(x) — g(c2))

gives 0 = fc3) = (c3 — c1)fi(co).

Since ¢z # ¢1, f1(c2) = 0. Hence fi(x) = (¥ — ¢3)f2(x) and f(x) =
(¥ — ¢1)(x — ¢2)fa(x). Continuing in this way, we can prove that
Sx) = (x — e1)(x — ¢3) -+ (¥ — cm)fm(x). Evidently this im-
plies that the degree # of f(x) > m. This proves the following

Theorem 7. If § is a field and f(x) is a polynomial of degree
n > 0 with coefficients in §, then f(x) has at most n distinct roots

in §.
EXERCISES

1. If 2,0 (mod p), then the congruence @+ a1 +--++ a2 =0
(mod p) has at most # incongruent solutions in 1.

2. Prove that, if § is a finite field containing ¢ elements a;, then A(x) =
%7 — x = (x — a)(x — a3) - (x — ag) in Flx].

3. Prove that, if p is a prime integer, then (p — 1)! = ~1 (mod p). Thisis
known as Wilson's theorem.

4, Show that the polynomial ¥® — x has 6 roots in I/(6).

5. Show that the polynomial x? 4+ 1 has an infinite number of roots in the ring
Q of real quaternions.

* For a discussion of well ordering, consult van der Waerden’s Moderne Algebra, vol.
1, st ed., chapter 8.
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10. Polynomials in several elements. Again let B be a ring
with an identity and let 9 be any subring containing 1. Suppose
that uy, 4y, - -+, u, are elements of B that commute with each
other and that commute with every 2 e 9. Let [uy, us, - -, u,]
denote the subring generated by % and by the u; and write
Awllug] - - - 2] for ((MuD[ue)) - - -)[u]. We assert that

(21) Wus, uz, -5 ue] = Wad]lug] - - - [r].

This is clear for » = 1. Hence we assume it for s — 1 and we
consider Aluy, uz, -, u,]. This ring contains Nuy, -+, #,_4]
and the element #,. Hence it contains fuy, ---, #,_][x).
On the other hand, %[u,, - - -, #,_4][#,] is a subring that contains
uy, us, -+, 4. Hence it contains Auy, - -+, #,]. Thus we have

Wuyy -y tg] = WMugy -+, tyq][tts]
= 2[[ul] e [us—l][us]

by the induction assumption.
By (21), or directly, we can see that N[u;, ug, -, #,] is the
totality of polynomials

i, 12 [
Ea;l,-z...,-,ul U™ " Uy

in the u’s with coefficients a,,,...; in . As a generalization of the
notion of transcendental element we now define the elements
Ui, Uz, -+, U, to be algebraically independent over U if the only
relation of the form

(22) Ed,‘lh...,’,uliluziz oo urif - 0)

diiy.., In U, that holds for the #’s is that in which all the 4’s
are 0. Since the #’s commute, it is clear that this condition does
not depend on the order of the elements uy, uy, - - -, #,. Moreover,
it is clear that, according to the definition, #; is algebraically
independent over ¥ if and only if it is transcendental. We now
prove the following more general result.

Lemma. The elements uy, ug, ---, u, are algebraically inde-
pendent over A if and only if each uy, k =1, 2, ---, r, is trans-
cendental over uy, ugy -+, up_4].
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Proof. Suppose thateach #, & = 1,2, - -+, r, is transcendental
over Nuy, +--, #z_;] and assume that (22) holds. Write this
relation as

(23) DO + Dlur + D2ur2 +---+ Dmurm =0

where D; = Zd,;.... 1" us" -+ u,_;"*. Then each D; =0
and, using induction, we can assume that this implies ;... _; = 0
for all #;, 45, ---. Hence the #; are algebraically independent.
Conversely, suppose that u;, #s, ---, u, form an algebraically
independent set, and assume that we have a relation of the form
ZDiuy* = 0 where the D; e U[uy, ug, -++, m_1]. We can write
D.‘ = Ed,-“-,...ik_“-ul"‘ug"’ s uk-lik‘l and obtain Ea',-,...,-b_l,‘ul"uz"
v uk_l""“u,,‘ = (0, Then dili'z"'ib—li = 0 for all il, iz, vy ¢ and
D; = 0 for all .. Hence #; is transcendental over A[u;, ug, - -,
Up_q].

This lemma enables us to construct inductively for any given
ring A with an identity a ring 8 = U[xy, xq, -, ¥,] where the
x; are algebraically independent over ¥; for we can construct suc-
cessively the rings Alx;], Alx][xs], - - - in which each x; is trans-
cendental over Alx] -« [xx_1] = Alxy, ---, xp—1]. Then it is
clear that Alxy] - - - [%,] = Alxy, - - -, #,] is a ring of the required
type.

If the x; are algebraically independent over % and the y;,
i=1, 2, .-, r are algebraically independent over ¥, then
Alxy, X, -, ] is isomorphic to A yy, ya2, -+, ;. This is an
immediate consequence of the following theorem.

Theorem 8. Let Wi, i = 1, 2, be a ring with an identity and let
Wilxrsy X2i, -+, %ri] be a ring of polynomials in the algebraically
independent elements xj;. Then any homomorphism (isomorphism)
of Ay onto Wy can be extended in one and only one way to a homo-
morphism (isomorphism) of Ny[x11, Xa1, + -+, %r1] omto NAg[xya, ¥a9,
sy %po] mapping x;y into xjp forj =1,2, -+, 1.

The case » = 1 of this theorem has been proved in the preced-
ing section. The extension to arbitrary r is immediate by induc-
tion. The details of the argument will be left to the reader.

The same inductive procedure also yields the following two
results: (1) If % is an integral domain, then so is A[xy, ¥z, * - -, ¥,).
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(2) If % is an integral domain, then the only units of A[»;, xs,
-+, x,] are the elements of ¥ that are units in .

EXERCISE

1. Show that a ring A[xy, %2, + - -, #.], %; algebraically independent, can also
be obtained as a semi-group ring over A of the semi-group § of r-tuples (41, #,
- «+, i,) of non-negative integers #; where the composition is

(ily fgy * o, ir)(jl, j2) . ')jf) = (’1 + jy,dat gy ey i +jr)-

*11. Symmetric polynomials. Suppose that the elements x; of
Alxy, %3, -+, #,] are algebraically independent. Clearly if xy.,
Xgr, -, Xy 18 any permutation of x1, x2, - -, ¥,, then Alxy, xy,

oy %] = Alxyr, %91, -+, ¥]. Hence we can conclude from the
preceding theorem that the mapping

(24)  Zay,...ox0%2t o wT > Dl xRy e KT

is an automorphism of Afx, 2, -+, #]. Thus the permutation
X1 Xg e X .

0':( 172 x’ of the x’s can be extended in one and only
xll le (I Y

one way to an automorphism ¢* of U[xy, %2, - - -, ¥, that acts as
the identity in 2.

Now if 4 and B are automorphisms of a ring, then the resultant
AB is also an automorphism. In particular, if ¢* and 7* are the
automorphisms determined by the elements o, 7 of §,, then o*r*
is an automorphism of Alxy, x3, - - -, #,]. Now the automorphisms
o*r* and (o7)* effect the same permutation o7 on the x; and effect
the identity mapping in the coefficient ring %. From this it
follows that o*r* = (o7)*. Hence the set 2 of the automorphisms
o* is a transformation group isomorphic to the symmetric group §,.

A polynomial f(xy, 2, -+, X,) is said to be symmetric in the
x's if fo* = f for all o* ¢ 2. The totality of these polynomials
constitute a subring & of Alxy, x2, -+, #,]. Evidently & D 4.
Also the coefficients of the polynomial

Fx) = (x — x)(x — %) --+ (x — x,)

are symmetric; for we can extend the automorphism o* of A[xy, x5,
. ++, %,] to an automorphism o** of Alxy, - - -, #,; x] so that xo**
= x. The extension ¢** permutes the factors of F(x) and there-
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fore it maps F(x) into itself. It follows that the coefficients of
F(x) are left unchanged by ¢** and consequently by ¢*. Since
this holds for all ¢, the coefficients of F(x) are sytametric. We
can calculate these coefficients and see that

Fle) = = pi ™ + oo™ =+ (=1)p
where
(25)  p1= Dk, Pa =2 Xk, DPas = D Xi¥i¥k, t,
i i<j i<j <k
Dr = X1Xg **° Xy

We shall call the p; elementary symmetric polynomials, and we
shall prove that & = %[py, p2, - - -, P+] and that the p; are alge-
braically independent over .

The equation & = A[p;, pa, -+, p.] means, of course, that
every symmetric polynomial can be expressed as a polynomial in
the elementary symmetric functions p;. It suffices to prove this
for homogeneous polynomials. By a komogeneous polynomial we
mean one in which all of the terms ax;*x2™ - - - %, have the
same fotal degree k = k1 + k3 +---+ k.. Any polynomial can
be expressed in one and only one way as a sum of homogeneous
polynomials of different degrees. Since the automorphisms o*
preserve degree, it is clear that, if f(x1, 2, -+ -, #;) is symmetric,
then so are its homogeneous parts.

We suppose now that f(x1, 2, * - -, %) 1s 2 homogeneous sym-
metric polynomial of degree, say m. We shall introduce the
lexicographic ordering for the monomials of degree m, that is,
we say that ax,"x)® .- x, is higher than bx,"x)* .. x," if
k]_ = 11, kz = 12, N ks = /, but k3+1 > 13+1(S > 0) Thus, for
example, x:2%5x3 > X1%53 > xx.%%5.  Now let ax,"x," .- 2%
be the highest term in f. Then since f contains all the terms
that can be obtained from ax,"x," --. #, by permuting the
%’s, it is clear that k; > ky > k3 >--- > &, in the highest term
of £.

We consider now the highest term of the homogeneous sym-
metric polynomial p,p,™ --- p,*. Using the definitions (25)
we can see that this term is

di+dy+---+dr, da2t---+dy dr
1 xz e

x Xy o
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kf .

Hence the highest term of ap,* *p, - pr" is the same as
that of f and hence the highest term of the homogeneous sym-
metric polynomial f; = f — ap,*™p;"™™ ... p,* is less than
that of f. We can repeat our process with f;. Since there are
only a finite number of highest terms that are lower than a given
one, a finite number of applications of this process yields a repre-
sentation of f as a polynomial in the p..

We shall show now that the elementary symmetric polynomials
are algebraically independent. If any of the coefficients in
our relation are # 0, we consider the set of exponents (d;, ds,

d,) for which a4 .. 4 5 0. Introduce

ka—ks3 .

k1=d1+dz+"'+dr) k2=d2+"'+dﬂ T ky = d..

Then the highest term in the lexicographic ordering in

d d de k k Ky
aq, ...a0 11)22“'171- 1S 4y, ... 4,%1 lx22 e Xy If (dll, dz’, SN
d,) is a second set of exponents such that a4, ...4, % 0, then
d 1 d 7 ’ . . ’ ’
Ggy ... a1t P2 p,d' has as its highest term g, ... d,,xlk‘ PR

x." where ki/ = d/ +diy)’ +---+d/,i =1,2,---,r. Clearly
if k; = k/ then d; = d; for all i. Thus distinct terms in the p’s
have distinct highest terms in the x’s If we choose the term
Bg, ... a D1 DS D * so that x,"x)" - -+ %, is hxgher than any
other " 'x," -+ 2, it is clear that the term x, " ... xkr

occurs only once in the relation for the p’s. This glves a non-
trivial relation for the x’s and contradicts the algebraic inde-
pendence of the latter elements. This proves the second part of

the following

Theorem 9. Every symmetric polynomial is expressible as a
polynomial in the elementary symmetric polynomials p; defined in
(25). The elementary symmetric polynomials py, pe, -+, p, are
algebraically independent over A. Every x; is algebraic over U[p,

D2+ s Pl

The last statement of the theorem is clear since

Flx) =27 —pe 7 4+ (=1)p, =
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EXERCISES

1. Express Y, %% (n=5) in terms of the elementary symmetric
1.6,

functions.
2. Let A = JJ (i — x;). Show that if  is a transposition then Ap* =
i<J

—A. Use this to prove that if r is a permutation that has a decomposition as a
product of an even (odd) number of transpositions then any factorization of 7
as a product of transpositions contains an even (odd) number of terms.

3. Show that A?is symmetric. ExpressA? forr = 3 in terms of the elementary
symmetric functions.

4. Show that the symmetric polynomials s, = Zx* satisfy Newson’s identities.

Sk — P15k—1+ Pasp—2 — - F (1) as1 + (—D¥kpr, =0, k=1,2,.--,n.

12. Rings of functions. Let § be an arbitrary non-vacuous set
and let ¥ be an arbitrary ring. Consider the totality (¥,S) of
functions with domain § and with range contained in %. Thus
the elements f of (,S) are the mappings s — f(s) of § into &
(Note that the effect of f on s is denoted here in the conventional
manner as f(s) rather than as sf as is usual in these Lectures.)
As usual f = g means that f(s) = g(s) for all se§. Now we
define addition and multiplication in (%,§) in the customary
way by

(26) (f + 2@) =fs) +20)
(f8)(5) = f()g(s)-

It can be easily verified that (%,8) with these compositions is a
ring; for the associativity of addition and multiplication, the
commutativity of addition and the distributive laws follow im-
mediately from the corresponding laws in 9. For example, we
have

((f + 22 (6) = (f(5) + g()A(s) = f(s)h(s) + g(s)A(s)
= (fh + gh) ().
Hence (f + g% = f& + gh. The function 0 such that 0(s) =0

for all s acts as the identity under addition and —f is the function
such that (—f)(s) = —f(s) for all s.

If 4 is any element of %, we define the constant function a by
the requirement that 4(s) = 4 for all s. These functions con-
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stitute a subring of (%,S) isomorphic to . We denote this sub-
ring by ¥ also. If % has an identity, then the associated constant
function acts as the identity in the whole ring (,S).

For the sake of simplicity we shall now assume that % is a
commutative ring with an identity. We consider the ring of
functions % = (%,A). In addition to the constant functions a
particularly important function is the identity function s — s.
We use the customary notation s for this function as for the
variable 5 in 9. Since % is commutative, this function commutes
with the constant functions. We call the elements of the ring
[s] generated by the constant functions and by the identity func-
tion polynomial functions in one variable. 1If f(x) = ao + a1x +
e+ a.x" is an element of A[x] where x is transcendental, then
f(s) is the function that maps s into the element 2y + @15 +- -+
+ a.s™ of U, and ¥[s] is the totality of these functions.

The function s need not be transcendental over %. Thus if
9 is a finite ring with elements 4y, @, - - +, 44, then the polynomial

(27) h(x) = (x — a1)(x — ag) -+ (x — ag) #0,
while the function
(28) h(s) = (s —a))(s —ag) - (s —a) =0.

This is clear since the element A(s) =0 for all sed. If Aisa
finite field, then we know that A(x) = x? — x (ex. 2, p. 104).

On the other hand, we shall now show that, if ¥ = § is an
infinite field, then the identity function is transcendental. This
is an immediate consequence of Theorem 7 (§ 9); for, if f(x) is a
polynomial 5 0 in §[x], then f(s) = O for only a finite number of
elements of §. Hence there exist elements ¢ & § such that f(c) # 0.
This means that the function f(s) 5 0 and that s is transcendental.

The definition of polynomial functions in several variables is an
immediate generalization of the foregoing. Here we begin with
the set § = A of r-tuples (s, 53, * - *, $r), §; in A and we consider
the ring of functions ™ = (A,AP). In this ring we select the
particular functions s; defined by

(29) (-fb S25 * -fr) - S5
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Then we define polynomial functions in r variables to be elements
of the ring A5y, 52, - - -, 5,] generated by the constant functions
and by the r functions s;. Clearly the 5; commute and commute
with the constant functions.

If f(x1, %2y - -+, %,) € Alxy, X9y - -, ¥,] where the x; are alge-
braically independent, then it is clear what is meant by the func-
tion f(s1, S, - - -, §,). This function is a polynomial function and
every polynomial function is obtained in this way.

If % is a finite ring of ¢ elements a4;, then

h(ss) = (5i — a1)(ss — a2) -+ (5: — ag) = 0.

Thus the functions sy, 5q, - - -, 5, are algebraic relative to the sub-
ring of constant functions. In contrast to this result we shall
prove that, if § is an infinite field, then the functions s; are alge-
braically independent. This result is equivalent to the following

Theorem 10. If § is an infinite field and f(x1, %2, <+, Xy) iS5 a
polynomial # O in the polynomial domain Flx1, %oy -+, X4, Xi
algebraically independent, then there exist elements ¢y, ¢y -« -5 Cry
in § such that f(cy, ¢z, - -+, ¢;) # 0.

Proof. The case r = 1 has been proved above. Hence we
assume that the theorem holds for » — 1 ¥’s. We write

f(xly X2y "0ty xr) = BO + ler + Bzxrz + .-+ B.x,"
where B; e §[x1, %3, - - -, #,_1]. Also we can suppose that B, =
B(x1, %3, -+, x,_1) % 0. Then by the induction assumption we
know that there exist elements ¢; in § such that B,(cy, ¢z - -,

¢r—1) # 0. Thus
Slers cay vy cr1y ¥:) = Boler, €2, + 5 1)
+ Bylery €2y + oy Cr—) ¥y + -0
=+ Ba(cyy €y -0y Crp)¥,™ # 0.

Hence we can choose a value », = ¢, such that f(cy, ¢ay + -+, ¢/)

# 0.
EXERCISES

1. Prove the following extension of the foregoing theorem: If f(x1, xa, - - -, %y)
is a polynomial with coefficients in an infinite field § such thatf(cy, ¢, -+, ¢,) = 0
for all (¢y, ¢, -+, ¢,) for which a second polynomial g(x1, %2, - - -, #,) # 0 has
values g(cy, ¢2, +++, ¢r) 7 0, then f(x1, 2, - -+, x,) = 0.
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2. Let{ be a finite field containing ¢ elements. Prove that, if f(xy, %3, - - -, #,)
is a non-zero polynomial of degree <g in each x;, then there exist ¢; in § such
that f(¢1, 3, -+, ¢) # 0.

In the remainder of these exercises § is as in 2. _

3. Prove that every function in r variables (element of §) is a polynomial
function. (Hint: enumerate the set of functions and the set of polynomial
functions.)

4, Show that any polynomial in $[x1, 2, - - -, #+] can be written in the form

> gilxy, %9, -y X0 {2 — %) + golx1, ¥, -+ -, %r) Where go is of degree <g in
1=l

each x;.
5. Prove that, if m(x1, %2, - -, %,) is a polynomial such that the function
m(s1, s3, -+, 5») =0, then m(xy, x3, -+, %) can be written in the form

Egl'(xl) X2y 0y xr)(xiq - xi)-

6. Let f(x1, %2, -+, %y) be a polynomial such that f(0, 0, ---, 0) =0 and
fley, €2, <o+, €r) #0 for all (cy, 2, =+, ¢) # (0,0, -++, 0). Prove that, if
F(xh X2 * %y x,) =1 —f(xl, X2y ° 7ty xr)q—-l’ then

_ 1 if (¢4, Coy vty Cr) = (0, 0, - 0)
Fle e 50 = {0 otherwise :

7. Show that the F of 6 determines the same function as
Fo=Q0 =)= (1 =227,

Hence prove that deg F 2> r(g — 1) (deg F = total degree of F).

8. (Artin-Chevalley.) Let f(x1, %2, :--, %) be a polynomial of degree
n < r and suppose that f(0, 0, ---, 0) = 0. Show that there exists a (¢1, ¢3,
<eey¢0) # (0,0, - -+, 0) such that f(cy, ¢3, - -+, ¢) = 0.



Chapter 1V

ELEMENTARY FACTORIZATION THEORY

In this chapter we consider the problem of decomposing ele-
ments of a given commutative integral domain as products of
irreducible elements. In a number of important integral domains
such factorizations exist for all the non-units, and in a certain
sense uniqueness of factorization holds. In these instances we
can determine all of the factors of a given element and hence we
can give simple conditions for the solvability of equations of
the form ax = 4. Since the factorization theory that we shall
consider is a purely multiplicative theory that concerns the semi-
group of non-zero elements of a commutative integral domain,
we shall find it clearer to begin our discussion with the factoriza-
tion theory of semi-groups.

1. Factors, associates, irreducible elements. Let & be an
arbitrary commutative semi-group that has an identity 1 and that
satisfies the cancellation law. If Ul denotes the set of units of &,
then we know that U is a subgroup of &.

If 4 and 4 are elements of &, we say that & is a factor or divisor
of a if there exists an element ¢ in & such thata = bc. Ifbisa
factor of 4, we write 4| 4. It is immediate that this relation is
transitive and reflexive. An element # is a unit if and only if
#|1. The units are the trivial factors since they are factors of
every element of &. Ifa| & and 4| 4, then we shall say that these
elements are associates. The conditions for this relation are that
b=au,a=>0bv. Hence b = au = bvu. By the cancellation law
vu = 1. Thus 4 and & differ by unit factors. The converse is

immediate also and it is clear that the relation of associateness
114
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is an equivalence. If 2 and & are associates, then we write a ~ &.

If | 2 and 4 is neither a unit nor an associate of 4, then we say
that 4 is a proper factor of a. In this case 4 = 4c and ¢ is neither
a unit nor an associate. Hence ¢, too, is a proper factor of a.
If « is a unit and # = vw, then it is immediate that v and w are
units. Thus the units of & do not have proper factors.

An element & is said to be irreducible if a is not a unit and «
has no proper factors in &.

2. Gaussian semi-groups. If an element 4 of a commutative
semi-group & has a factorization @ = pp, - -+ p, where the p;
are irreducible, then & also has the factorization a = p,'p;’ - - - p,/
where p;/ = u;p; and the #; are units such that »u; - - #, = 1.
It is clear that the p,’ are irreducible. Hence if & has units # 1
and s > 1, then we can always alter a factorization in the way
indicated to obtain other factorizations of the given element.
The new factorizations will be regarded as essentially the same
as the original one, and we shall say that a factorization ¢ =
p1ps - - ps of a into irreducible elements is essentially unigue
if for any other factorization @ = p,'p,’ -+ p//, pi’ irreducible,
we have # = s and p;/ ~ p; for a suitable arrangement of the p,’.
We use this concept to formulate the following

Definition 1. A semi-group © is called Gaussian if (1) & is
commutative, has an identity and satisfies the cancellation law, and
(2) every non-unit of & has an essentially unique factorization into
irreducible elements. An integral domain is Gaussian if its semi-
group of non-zero elements is Gaussian.

Our main purpose in this chapter is to show that a number of
important types of integral domains are Gaussian. That this is
not a universal property can be seen by considering the following

Example. Let A = I[\/—5], the set of complex numbers of the form
a + 6N/ —5 where a and 4 are integers. It is easy to see that 9 is a subring
of the field of complex numbers. Hence ¥ is a commutative integral domain,
Also U has the identity 1 = 1 4 04/ —5.

The investigation of the arithmetic of ¥ is greatly facilitated by the introduc-
tion of the norm of elements of this domain. Ifr = @ + 4/ —5, we define the
norm N(r) = r# = a® 4 562 ‘This function is multiplicative: N(rs) = N(r)N(s)
and its values are positive integers for the non-zero elements of 3.
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We use the norm first to determine the unitsof . Ifrs = 1, then N(r)N(s) =
N(1) = 1. Hence N(r) = a®+ 56> =1. Hence a = %1 and 4 =0. Thus
r= 1.

It follows that the only associates of an element in I are the element and its
negative.

We consider now the two factorizations

=33=0Q+V-=-5)2-V-5)

Each of the factors, 3 and 2 == V/ —35, is irreducible. For suppose that 3 = rs.
Then 9 = N(3) = N(r)N(s). Hence N(r) =1, 3, or 9. But if N{r) =3,
4* 4+ 54% = 3, and this is impossible for integers 2 and . Hence either N(r) = 1
or N() = 9 and N(s) = 1. In the first case 7 is a unit and in the second s is a

unit. In a similar manner we see that 2 & A/ —5 is irreducible. Hence the
displayed factorizations are essentially distinct factorizations into irreducible
elements and ¥ is not Gaussian.

In any Gaussian semi-group © one can determine to within
unit factors all the factors of a given non-unit element &, provided
that a factorization of & into irreducible elements is known; for
if a = pyps -+ - ps where the p; are irreducible, and if @ = &¢
where 6 = pi'py’ - p/y ¢ = pi/’p.” -+ p.”” and the p; and
i’ are irreducible, then

a = p1p2 . ps = pllp2, e pt’pl,,p2,' e puI’.

Hence by the uniqueness property p;/ ~ p; where #; # 4 if
j#k Hence 6 ~p,p, - p;. Thus any factor of 4 is an
associate of one of the 2* products obtained in this way. If we
call the number s of irreducible factors of @ the /Jength of this
element, we see also that any proper factor of 2 has a smaller
length than 4. Hence it is clear that any Gaussian semi-group
satisfies the following condition:

A. © contains no infinite sequences @, @, + -+ with the prop-
erty that each 4;; is a proper factor of 4.

We shall now show that this condition and a second condition
that involves the concept of a prime element are sufficient that a
commutative semi-group with identity and cancellation law be
Gaussian. An element p of & is called a prime if for any product
ab that is divisible by p it is true that either 2 or 4 is divisible by
2. Our second condition now reads as follows:

B. Every irreducible element of & is prime.
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Condition A guarantees the existence of a factorization into
irreducible elements for any non-unit in &. Let 4 be a non-unit.
We shall show first that & has an irreducible factor. If 4 is ir-
reducible, there is nothing to prove. Otherwise let ¢ = 4,4,
where 4, is a proper factor. Either 4, is irreducible or @; = 436,
where a3 is a proper factor of 2;. We continue this process and
obtain a sequence 4, 4y, as, - - - Where each 4; is a proper factor of
a;—1. After a finite number of steps this process breaks off by
A. If a, is the last term, 4, is irreducible and 4, | a.

We now set 2, = p; and we write 2 = pya’. If 4’ is a unit, a
is irreducible. Otherwise we have @’ = p,a’’ where p, is irreduci-
ble. Continuing in this way, we obtain the sequence 4,4, 4", - - -
each a proper factor of the preceding and each a®™ = p,a®; p;
irreducible. This breaks off with an irreducible element g¢—%
= p,. Then

a=pla'=p1p2a”=-..=p1p2...Ps

where the p; are irreducible.
We shall show next that condition B insures uniqueness of
factorization into irreducible elements; for let

(1) a=P1P2"‘Ps=P1,P2""Pt

be two factorizations of an element into irreducible elements.
We suppose also that any element that has a factorization as a
product of s — 1 irreducible elements has essentially only one such
factorization. Now the element p, in (1) is irreducible; hence,
by B, it is prime. A simple inductive argument shows that, if a
product of more than two factors is divisible by p;, then so is one
of its factors. This implies that one of the p./ is divisible by p;.
By rearranging the p’ if necessary, we may suppose that p,’ is
divisible by p;. Since p; and p,’ are irreducible, this means that
p1’ ~ pi1 so that p,’ = pyuy, u; a unit. We substitute this in the
second factorization in (1) and cancel p; to obtain

DaDs - De = waps'ps’ - P

’

Set

upz' = P2", p3/ - P3”) - Pt, —_ p‘/I.
Then

"

Pads * Ps = P2 Pa” pt”
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where the p;”’ are irreducible. By the induction assumption we
have s —1 =¢—1 and for a suitable ordering of the p,”,
9’ ~pi. Hences =tand p/ ~p/’' ~pifori=2,--+,s.

EXERCISES

1. Show that I[\/ —5] satisfies A.

2. Let % be the set of expressions #1x® + 42x°* + -« -+ @, where the a;
are arbitrary elements in a field §§ and the o are non-negative rational numbers.
Define addition in the obvious way and multiplication by means of ¥*x# =
x=t8, Show that¥ is a commutative integral domain with an identity. Show
that the element x of ¥ is not a unit but that this element does not have a fac-
torization into irreducible elements.

3. Show that condition B holds in any Gaussian semi-group.

3. Greatest common divisors. Let @ be an element of a Gauss-

ian semi-group &. By combining the associated irreducible fac-
tors in a factorization of @, we obtain a factorization

(2) a = upl“ . p’f'

in which no two of the irreducible elements py, - - -, p, are asso-
ciates, the ¢; are positive integers, and # is a unit. It is clear now
that the factors of @ have the form #'p,"'ps"* - - - p,”" where '
is a unit and the ¢,/ are integers such that 0 < ¢ <e..

It is also easy to see that, if 2 and 4 are any two non-units,
then we can express them in terms of the same non-associate
primes, that is, we can write

a = uplelpzcz e p;t, b= vplltpzh Ve p‘h
where « and v are units and the ¢; and f; are >0. Consider now
the element

d = p"ps” - -+ pf  gi = min (e, f).
Clearly d|a and d| 4. Moreover, if ¢|a and ¢| &, then ¢ =
wpFpe™ - -+ p, waunitand k; < e;, fi. Hencek; < giandc|d.

This means that the element 4 is a greatest common divisor of 4
and 4 in the sense of the following

Definition 2. An element d is a greatest common divisor
(g.c.d.) of the elements a, b of © if d| a and d | b and any element ¢
such that ¢ | a and ¢ | b is a divisor of d.
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If dis a g.c.d. of 2 and &, then so is #d, # a unit. On the other
hand if 4’ is any g.c.d. of 4 and &, then d| 4’ and 4’| d so that
d ~d. Thus the g.c.d. is determined to within a unit multi-
plier. We shall find it convenient to denote any determination of
the g.c.d. of @ and & by (a,8).

We shall now show that the existence of a greatest common
divisor for all pairs of elements in an arbitrary semi-group &
implies that & satisfies condition B. Thus we suppose that &
is any commutative semi-group with identity and cancellation
law such that

C. Every pair of elements 4, 4 in & has a g.c.d. in &.

We wish to show that every irreducible element in & is prime.
For this purpose we require a number of simple lemmas.

Lemma 1. If C holds in ©, then any finite number of elements
of © have a g.c.d.

Let a,b,c e © and set r = (4,(6,)). Then r|a and r| (4,) so
that 7| 4 and 7| ¢c. Also if s | a,4,c then 5| 4 and s | (4,¢) so that
5| (a,(6,c)). This shows that r = (4,(4,c)) is a g.c.d. of 4,6 and c.
A similar argument holds for more than three factors. Also it is
clear that ((a,6),c) is a g.c.d. of 4,6 and ¢. This proves

Lemma 2. (a,(5,0)) ~ ((@,6),0).
We prove next
Lemma 3. ¢(a,6) ~ (ca, cb).

Proof. Write d = (4,6) and ¢ = (caxcd). Then ¢d|ca and
¢d| ch. Hence cd|e. On the other hand, ca = ex and c& = ey
and if ¢ = cdu, then

ca = cdux, cb = cduy.

Hence @ = dux and & = duy. Thus du|a and du|b. Hence
du|d and u is a unit. This proves the assertion that c(a,4) ~
(caych).

Lemma 4. If (a,0) ~ 1 and (a,c) ~ 1 then (a,bc) ~ 1.
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Proof. If (a,6) ~1, then (ac,bc) ~c. Hence 1 ~ (a;c) ~
(a,(ac,bc)) ~ ((a,ac),bc) ~ (a,bc).

Now suppose that p is irreducible and that 4 and 4 are elements
of & such that p | @b. Since p is irreducible and (p,s) is a divisor
of p, either (p,a)~p or (p,a)~1. Similarly (p,f) ~p or
(p,6) ~1. Now (p,a) ~1 and (p,6) ~1 would contradict
(p,ab) ~ p by Lemma 4. Hence either (p,a) ~ p or (p,6) ~ ».
Thus either p | @ or p| 4. This proves B. The result of the pre-
ceding section now yields the following

Theorem 1. If & is a commutative semi-group with identity
and cancellation law and & satisfies A and C, then & is Gaussian.

We have seen in the Introduction that the semi-group of posi-
tive integers and the domain of integers have the greatest com-
mon divisor property C. Also it is clear by consideration of
absolute values that A holds in these systems. Hence we see
that they are Gaussian.

EXERCISES

1. An element m is called a least common multiple (.c.m.) of the elements a
and 4 if a| m and 4| m and if # is any element such that a | # and 4| #, then
m|n. Prove that any two elements of a Gaussian semi-group have a l.c.m.

2. Prove that if & is Gaussian and [4,5] denotes a l.c.m. of 4 and &, then
(2,6)[@,6] ~ ab. Prove also that [a,(é,c)] ~ ([a,6],[a,c]).

3. Prove that if p is a prime positive integer, then the binomial coefficient

(p) i (p — ’)', 1 £ i< p—1,is divisible by p. Hence prove that in any

commutative ring of characteristic p
) (@4 2)? =ar+ o7

holds for every @ and 4.

4. Define the Mébius function p(n) of positive integers by the following rules:
(a) p(1) = 1, (b) u(n) = 01if n has a square factor, (c) u(#) = (—1)*, s the length
of n if n is square-free. Prove that u(n) is multiplicative in the sense that
u(mng) = p(n)u(ng) if (myme) = 1. Also prove that

1 if n=1
dzl:nu(d)={0 if n>1"

5. Prove the Mdbius inversion formula: If f(n) is a function of positive
integers with values in a ring and
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g(n) = d‘|£. f@d),

then

n
sy = % u(5) e@.
6. Prove that, if ¢(n) is the Euler ¢-function, then
n
= 2} a.
o(n) dZIZ"u ( d)
(Cf. ex. 3, p. 34.)

4. Principal ideal domains. Let ¥ be a commutative integral
domain with an identity. We have defined the principal ideal
() to be the smallest ideal in ¥ containing the element 4. Since
9 has an identity, () coincides with the totality of multiples &x
of the element 4. Now 4| 2 means that 4 = 4c e (4) and this is
equivalent to the requirement that (2) € (4). Also we note that,
if (@) = (4), then 4| 4 and | 4 so that a ~ 4. The converse is
clear too. Hence we see that 4 is a proper factor of 2 if and only
if () c (8). The divisor chain condition A for an integral domain
9 can now be stated as the following chain condition on ideals:

A’. % contains no infinite properly ascending chain of ideals
(a1) C (a3) © (@3) C- .

We shall consider now integral domains ¥ (commutative and
with 1) that have the property that the only ideals in % are the
principal ideals. A domain of this type is called a principal ideal
domain. The result that we wish to establish in this section is
that every principal ideal domain is Gaussian.

We first prove A’.  Let (41) S (42) € (a3) S - be an infinite
ascending chain of ideals in %. Let 8 = U (4;) be the logical sum
of the sets (¢;). Then we assert that 8 is anideal in %. Thus let
by, by e B, say by e (ar), bae (a)). We can suppose that £ </
Then 4y, b5 ¢ (a;). Hence &1 — bp and &yx for any x are in ().
Hence ; — b, b1x ¢ 8. This implies that B is an ideal. Now by
assumption 8 = (d) where de . Since d& B, d e (a,) for some
integer #n. Hence 8 = (d) = (4,). Consequently, if m > #,
then (@m) D (@n) = B 2 (@m) and (4m) = (@s). This proves
that 9 contains no properly ascending infinite sequences of ideals.
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Next let @ and 4 be any two elements of % and let (4,6) now
denote the ideal (4) + (#) generated by @ and 4. This ideal is
the totality of elements ax + &y where x and y are in 9. Now
(@,6) = (d). Since (d) 2(a) and (d) D (%), d|a and d|&.
On the other hand, if ¢ | 2 and ¢ | 4, then (¢) D (a) and (¢) 2 (4).
Hence (¢) 2 (d) and ¢ | 4. This proves that 4 is a g.c.d. of 4 and
4. Hence C holds and consequently we have the following

Theorem 2. Every principal ideal domain is Gaussian.

We have seen that, if § is a field, then §[x], » transcendental,
is a principal ideal domain (Chapter III, § 6). Hence §[x] is
Gaussian.

EXERCISES

1. Prove that an element p of a commutative integral domain ¥ is a prime if
and only if A/(p) is an integral domain.

2. Prove that, if p is a prime in a principal ideal domain, then %/(p) is a field.

3. Let U be a principal ideal domain and let B be any commutative integral
domain containing . Show that, if the elements 4,  in ¥ have the g.c.d.
dedl, thendisag.cd. of and 4 inB.

4. Let § be a finite field containing ¢ elements and let N(r,¢) denote the num-
ber of irreducible polynomials of degree r in {{x]. Determine N(2,4) and
N(3,9).

5. Prove that, if ¥ is 2 commutative integral domain with an identity that is
not a field, then A[x] is not a principal ideal domain.

5. Euclidean domains. In the ring of integers 7 the function
3(a) = | a| satisfies the conditions:

1. 8(s) 1s a non-negative integer, §(a) = 0 if and only if 2 = 0.

2. 8(ab) = 3(a)s(b).

3. If 5 # 0 and 4 is arbitrary, then there exist elements ¢ and
r such that ¢ = bg + r where 8(r) < 8().

A similar function can be defined in any polynomial domain §[x],
§ a field and » transcendental. Here we take §(a(x)) = 2%°@,
Then 1 and 2 are immediate and 3 is equivalent to the existence
of the division process considered before. The rings I and §[x] are
examples of Euclidean domains defined in the following

Definition 3. A4 commautative integral domain N with an identity
is a Euclidean domain if there exists a function 3(a) defined in U
and satisfying 1, 2, and 3 above.
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We shall give now another example of a Euclidean domain,
namely, I[V —11], the totality of complex numbers of the form
m + nV —1 where m and » are integers. Numbers of this type

are called Gaussian integers. If a = m + nV =1, we set 8(a) =
| a|* = m® + #®. Then 1 and 2 are clear. Now let @ and 4 = 0

be in I[V =1 ]. The complex number a6~ = u + »V =1 where
p and v are rational numbers. Now we can find integers # and v
such that |u — p]| _<_2, Iv—vl <i Set e=p—u 9=
v —ov,sothat | e|] <%and| 9| <1 Then

a=Hu+e+ @+nV-1]
=bg+r

where g =4+ vV —1isin ITV—1] and r = é(e + 9V —-1).
Since r = @ — bg, risin I[V —1]. Moreover,

8 =|rP=|2E+ 7 <|6PG+D =30

Thus 8(r) < §(5).
The main result about Euclidean domains is the following

Theorem 3. Every Euclidean domain is a principal ideal
domain.

Proof. Let 8 be any ideal in the Euclidean domain %. If
B =0, then 8 = (0). Now let 8 = 0. Then B contains ele-
ments for which § > 0 and since the §’s are non-negative integers
there exists a 4 9B such that 0 < §(%) < 8(c) for every ¢ % 0 in
8. If ¢ is any element of B, we can write ¢ = bg + r where
3(r) < 8(8). Butr = ¢ — bg e®B since B is an ideal. Since §(4)
is the least positive & for the non zero elements of 8 and 8(r) <
8(5), we conclude that7 = 0. Thusc = &g e ($). Hence® = (4)
and this completes the proof.

Since every principal ideal domain is Gaussian, we have the

Corollary. Every Euclidean domain is Gaussian.*

* Additional results on Euclidean domains are given in § 10 of Chapter VI,
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EXERCISES

1. Prove that I[\/2 ], the set of real numbers of the form m + n\/i, m
and 7 integers, is Euclidean.

2. Let U be the totality of complex numbers m + #V/ —3 where m and »
are either both integers or both halves of odd integers. Show that ¥ is a ring
relative to the usual addition and multiplication. Prove that ¥ is Euclidean.

3. Prove that an element a4 of a Euclidean domain is a unit if and only if
8(a) = 1.

4, Let A be a Euclidean domain whose function satisfies the condition:
8(a + ) < max(d(a), 6(2)). Show that A is either a field or a polynomial
domain {[x] over a field §.

6. Polynomial extensions of Gaussian domains. In this sec-
tion we prove the important theorem that, if % is Gaussian and «
1s transcendental, then ¥A[x] is Gaussian.

Let f(x) =ay+ax 4+ a,x" # 0 be in Alx] and let 4
be the g.c.d. of the non-zero coefficients ;. We write a; = da;’
and hence f(x) = df,(x) where

Silx) = ay’ + ay'x +- -+ ax'x™.

Evidently the g.c.d. of the non-zero ;' 1s 1 (or a unit). A poly-
nomial having this property is called primitive. Suppose now
that f(x) = efa(x) is any factorization of f(x) as a product of a
constant ¢ (= element of %) and a primitive polynomial. Then e
is a common factor of the coefficients of f(x) so that ¢ | d, say
d = ek. Then fo(x) = kfi(x) and, since f2(x) i1s primitive, k is a
unit. Thus any non-zero polynomial can be written in essentially
only one way as a product of a constant and a primitive poly-
nomial.

In studying %[x] we find it convenient to introduce the poly-
nomial ring F[x] where § is the field of fractions of A. We now
prove the following

Lemma 1. If fi(x) and f3(x) are primitive in N|x] and are asso-
ciates in x), then f1(x) and fo(x) are associates in UAlx].

Proof. Since the units of §[x] are the non-zero elements of
&, we have f1(x) = ofe(¥), a # 0in §. Write a = dod; 7, 4; in
A. Then 4, f1(x) = daofo(x). This gives two representations of a
polynomial in %[x] as a product of a constant and a primitive
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polynomial. It follows that 4; and 4, differ by a unit in ¥ and
that fi(x) and fo(x) differ by a unit in %[x].

The key result needed to prove that ¥[x] is Gaussian is the
following

Lemma 2 (Gauss). The product of primitive polynomials is
primitive.

Proof. Letf(x) = ap + awx + -+ a.x™ and g(x) = &y + &1x
+ -4 b,x™ be primitive and suppose that f(x)g(x) = ¢ + c1x +
«+++4 Cnym¥™ ™ is not primitive. Then there exists an irreducible
element p e % such that p | ¢; for all 5. Since f(x) is primitive, p
is not a factor of all the 4; and we suppose that 4, is the last a;
not divisible by p. Similarly let 4., be the last 4; not divisible by p.
We now consider the coeficient

cml+"r = aobmr_*_nr + além’+n'—1 + e + aul_lbml_l_l + anl&mr
+ an’+lbm’—1 +---+ an’+m’bo'

Since all the 4; before the term 4,4, are divisible by p and since
all the a; after this term are divisible by p and since ¢y, is
divisible by p, p| @yb,. But p is not a divisor of 4, or of &,
and this contradicts the fact that p is irreducible and hence prime
(cf. ex. 3, p. 118).

A consequence of Gauss’ lemma is

Lemma 3. If f(x) is an irreducible polynomial of degree > 0
in U[x], f(x) is irreducible in §[x].

Proof. Since f(x) is irreducible, it is primitive. Now let f(x)
be any primitive polynomial in ¥[x] and suppose that, in §[x],
f(x) = ¢1(x)p2(x) where deg ¢;(x) > 0. Now if ¢(x) is any poly-
nomial # 0 in $[x], let the coefficients of ¢(x) be o; = 48,72,
ajy b; in A. Then we can set

o = (ajby -+ - bj_1bjqy ++ ba)(boby - -+ bn)
and this gives us a way of writing the «; with the same denomi-
nator & = boby - -+ bs. Thus ¢(x) = 67'g(x) where g(x) e Alx].
Also we can write g(x) = ch(x) where ¢ ¢ A and A(x) is primitive.

Then ¢(x) = 67'ch(x). We apply these considerations to the
¢i(x) and obtain ¢;(x) = 5,7 c;hi(x). Then
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J(x) = b1 s e1coh (%) ha(x)

and
blbzf(x) = 61€2h1(x);12(x).

Since the 4;(x) are primitive, A;(x)Ay(x) is primitive. Hence
J(x) ~ hi(x)ha(x) and we can suppose that f(x) = A1(x)Aa(x).
Since deg 4;(x) = deg ¢i(x) > 0, this is a proper factorization of
f(x) in Alx]. It follows therefore that, if f(x) is irreducible in
A[x], then it remains irreducible in F[x].

We can now prove the main result.

Theorem 4. If U is Gaussian, then so is U[x], x transcendental
over U,

Proof. Let f(x) be 0 and 5 a unit. Then f(x) = dfi(x)
where f;(x) is primitive and d is a constant. If f(x) is not a unit
and is reducible, f;(x¥) = fi1(x)f12(x). Evidently the fi;(x) have
positive degree. Hence deg fi:(x) < deg fi(x¥). Continuing in
this way we arrive at a factorization of f1(x) as

f1(%) = 1(%)ga(x) -+ - gu()

where the ¢.(x) are irreducible and of positive degree. Also we
can factor d = p1ps - -+ p, where the p; are irreducible in % and
hence in A[x]. This gives a factorization of f(x) into irreducible
factors in %[x]. Now suppose that

4) S = p1pa -+ peg1(¥)g2(x) - -+ gn(x)
= pi'pe’ - Pl (%)g' (%) - - @' (%)

are two factorizations of f(x) into irreducible factors and suppose
that the notation has been chosen so that deg g¢i(¥) > 0, deg
g (x) > 0, p;, p’ eA. Then the g;(x) and ¢;'(x) are primitive.
Hence ¢:(x)g2(x) --- qa(x) and ¢’ (x)gs’(x) - -+ @' (x) are primi-
tive. It follows that these two products are associates, and, by
changing one of the terms by a unit, we can suppose that Ilg;(x) =
g/ (x). Then also IIp; = IIp;/. By Lemma 3 the ¢;(x) and ¢,'(x)
are irreducible in [x]. Since {[x] is Gaussian, the ¢;’(x) can be
arranged so that ¢;/(x) is an associate of ¢;(x) in F[x]. But then
Lemma 1 shows that these polynomials are also associates in
Alx]. Finally, since % is Gaussian, the primes p; and p,’ in the
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factorizations IIp; = IIp;’ can be paired off into associate pairs.
Hence the two factorizations in (4) are essentially the same.

An immediate corollary of this theorem is that, if % is Gaussian
and the x; are algebraically independent, then A[xy, x5, - -+, X,
is Gaussian. For example, if § is any field, then §[xq, xg, -+, &v]
is Gaussian. Also I[x;, %3, ---, %, is Gaussian. The rings
Slx1, %2, + -+, %] with » > 1 and I[xq, %9, - - -, x,] with» > 1 are
not principal ideal rings. Hence the class of Gaussian domains is
more extensive than the class of principal ideal domains.

EXERCISES

1. Prove that, if f(x) in I[x] has leading coefficient 1 and has a rational root,
then this root is an integer.

2. Prove the following irreducibility criterion due to Eisenstein: If f(x) =
ag+ ayx ++ - -+ a,x" € I[x] is primitive and there exists a prime p in J such that
2|40 9|41, sp | @y butp Y a,(pisnota factor of 4,) and p? X a, then f(x)
is irreducible in J[x] and hence in Ry[#], R, the field of rational numbers.

3. Show that if p is a prime then the polynomial obtained by replacing
by x+1in x? 14 xP2+4...41= (¥ — 1)/(x — 1) is irreducible in Rq[x].
Hence prove that the cyclotomic polynomial ¥?—! 4 x7~2 4-. .. 4- 1 isirreducible
in Ry[x].



Chapter V'

GROUPS WITH OPERATORS

In this chapter we resume our study of the theory of groups.
The results that we obtain concern the correspondence between
the subgroups of a group and those of a homomorphic image,
normal series and composition series, the Schreier theorem, direct
products and the Krull-Schmidt theorem. The range of applica-
tion of these results is enormously extended by introducing the
new concept of a group with operators. This concept, which was
first considered by Krull and by Emmy Noether, enables one to
study a group relative to an arbitrary set of endomorphisms.
In this way, one achieves a uniform derivation of a number of
classical results that were formerly derived separately. Also
applications to the theory of rings are obtained by considering the
additive group relative to the sets of multiplications as operator
domains.

1. Definition and examples of groups with operators

Definition 1. A group with operators is a system consisting of a
group ®, a set M and a function defined in the product set @ X M
and having values in & such that, if am denotes the element in ®
determined by the element a of © and the element m of M, then

1) (ab)m = (am)(bm)
holds for any ab in ®.

If m is fixed and x varies over ®, then x — xm is a mapping of
® into itself. We denote this mapping as % and we note that

the assumption (1) states that # is an endomorphism in . Thus
128
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every element m ¢ M determines an endomorphism 7 and we have
a mapping m — 7 of M into the set € of endomorphisms of ®.
It is not required that this mapping be 1-1, that is, we may have
m = 7 though m and 7 are distinct in M. These remarks lead
to an alternative definition of the concept of a group with oper-
ators, namely, the following

Definition 1. A group with operators is @ system consisting
of a group ®, a set M and a mapping m — i of M into the set of
endomorphisms of .

We have seen that if ®,M and the mapping (s,m) — am is a
group with operators in the sense of definition 1, then ¥ — xm is
an endomorphism 7 in @. Also we have the correspondence
m — . Hence we have a system satisfying definition 1’
On the other hand, if we have a system of the latter type, then
we can define the mapping (a,m) — am = aiii, and we see that
(1) holds. Hence we obtain a group with operators in the original
sense. Finally, it is clear that, if we begin with a system satisfy-
ing 1 (1’) and we apply successively the two procedures for chang-
ing to a system of the other type, then we return to the original
system. Hence the two definitions are equivalent.

The second formulation is well suited for constructing examples
of groups with operators. For this purpose we can select any set
M of endomorphisms of a group ® and we can let our mapping
m — 7 be the identity. Important sets of endomorphisms that
can be used in this way are (1) 3, the set of inner automorphisms,
(2) ¥, the complete set of automorphisms, (3) G, the set of endo-
morphisms.

An example that is conveniently defined by means of the first
formulation is the following: ®, the group of vectors in three-
dimensional space; M, the set of real numbers; the product func-
tion of for v in @ and # in M, as the usual product of a vector by a
number. Thus, if v = (x,y,2), then

vt = (tx,ty,12).
The well-known rule

+v)t=u+10t

is our requirement (1) in additive dress.
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The theory of groups with operators also has important applica-
tions to the theory of rings. These applications result in con-
sidering certain groups with operators defined in the additive
group of a ring. There are three such groups with operators.
In all three, the group ® is the additive group %,+, M is a set
of endomorphisms of %,+ and the mapping of M is the identity.
In the first case we take M = ,, the set of right multiplications.
Next we set M = ¥, the set of left multiplications, and finally
we set M = %, U ;. Accordingly we say that U acts on the
right, on the left, or on both sides in its additive group.

We shall usually use the phrase “® is a group with operator
set M” or “@ is an M-group” in referring to a group with oper-
ators.

We can derive some elementary properties of the product am
by using the fact that 7 is an endomorphism. Thus it is clear
that 1m = 1, that a7'm = (am) ™ and, more generally, a*m =
(am)* for any integer k.

2. M-subgroups, M-factor groups and M-homomorphisms.
The concept of a group with operators is formulated to focus atten-
tion on the collection of subgroups that are sent into themselves by
a particular set of endomorphisms; for in studying an M-group
it is natural to restrict one’s attention to these subgroups of @®.
A subgroup § is said to be an M-subgroup if kme § for every
he O and every m e M.

It is interesting to see what are the M-subgroups in the exam-
ples given in the preceding section. In (1) M = & and $ is an
M-subgroup if and only if g7'9g C & for every ge ®. Thus
the M subgroups are just the invariant subgroups of ®. In (2)
M = % and an M-subgroup 9 is, in particular, invariant. More-
over, $ is mapped into itself by every automorphism of . Sub-
groups having this property are called characteristic subgroups.
In 3) M =G, and here  is an M-subgroup if and only if $
is mapped into itself by every endomorphism of . Subgroups
with this property are said to be fully invariant. In the example
of the vector group, a subgroup $ is an M-subgroup if it is closed
under scalar multiplication. Such subgroups are called subspaces.

We consider also the groups with operators determined by
a ring. If %A acts on the right (M = ¥,), then a subset B is an
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M-subgroup if and only if it is a subgroup of the additive group
9,4+ and it is closed under right multiplication by arbitrary ele-
ments of A. Thus the M-subgroups in this case are the right ideals
of the ring. Similarly, if % acts on the left, then the M-subgroups
are the left ideals. Finally, if % acts on both sides, then the
M_-subgroups are the two-sided ideals.

It is immediate that, if { §} is a collection of M-subgroups of @,
then the intersection N.$ of all these groups is an M-subgroup.
Also the group & = [U @] generated by these subgroups is an
M-subgroup; for the elements of this group are finite products
h=rhhy - by hic ie{9}. Hencebm = (hym)(ham) - -+ (hum)
e & since Aym € ..

If § is an M-subgroup of an M-group ®, we can regard $ as an
M-group too. Here we take the product am, b e $, m e M to be
the product as defined in the M-group ®. Then it is clear that
(1) holds. We shall now show that, if § is invariant, then there
is also a natural way of regarding the factor group ® = @/9 as
an M-group. This is done by defining

(2) (g©)m = (gm) D

for every ge ® and every m e M. It is necessary to show that
the product thus defined is single-valued and that (1) holds.
Now let g9 = g'®. Then ¢ = gh, 2 in $ and ¢g'm = (gm)(hm)
where am e ©. Hence (gm)9 = (¢g'm)9 and this proves the first
assertion. To prove the second we note that

(£19)(22:9))m = (£12:9)m = ((182)m) D = (g1m)(g2m)
= ((g1m) 9)((g2m) D).

We shall refer to the group with operators thus defined as the
M_factor group 8/ 9.

In comparing groups with operators we shall restrict our atten-
tion to groups that have the same set of operators M. The basic
concept that we consider is that of homomorphism. A mapping
5 of the M-group © into the M-group ' is called a homomorphism
(M-homomorphism) if 4 is a group homomorphism and

) (am)n = (an)m
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holds for all 2 e @ and all m e M. We have the usual special cases
of homomorphism: isomorphism if g is 1-1, endomorphism if
® = ©, automorphism if @ = ® and n is 1-1 of @ onto itself.
If there exists an isomorphism of @ onto &', then these M-groups
are said to be isomorphic (=).

If 5 is an M-endomorphism of @, the condition (3) is equivalent
to n = gm. Thus the M-endomorphisms are just the endo-
morphisms that commute with the endomorphisms 7.

Now let 5 be an M-homomorphism of & into & and let ay
be any element of the image set &y. If m e M, (an)m = (am)y
e ®n. Since @7 is a subgroup, this shows that @y is an M-sub-
group of ®. We consider next the kernel & of 5. We know
that & is an invariant subgroup of ®. Also if ke ® and m e M,
then (km)y = (kn)m = 1'm = 1'. Hence kme ® and & is an
M-subgroup of @. This proves

Theorem 1. [f n is a homomorphism of the M-group ® into
the M-group ®', then the image ®n is an M-subgroup of & and
the kernel of the homomorphism is an invariant M-subgroup of ®.

EXERCISES

1. Show that any characteristic (fully invariant) subgroup & of a char-
acteristic (fully invariant) subgroup § of @ is characteristic (fully invariant)
in®.

2. Prove that any subgroup of a cyclic group is fully invariant.

3. Show that the subgroup @™ generated by all the commutators [s,f] = sts~171,
5,2 in @, is a fully invariant subgroup. &® is called the (first) commutator group
of . Prove that &/&® is commutative and that if  is any invariant subgroup
such that @/9 is commutative then 2 D,

4. Let 9 be a ring with an identity, and regard I as an M-group with M = ¥,.
What are the M-endomorphisms of 9? Answer the same question for M =

2[1‘ U QII-

3. The fundamental theorem of homomorphism for M-groups.
It is clear that the resultant of M-homomorphisms is an M-homo-
morphism. Moreover, if § is an invariant M-subgroup of the
M- group ®, then the natural mapping » of ® onto the M-group
® = ®/9 is an M-homomorphism; for by definition (g9)m =
(gm) © and, since gv = g, this means that gym = gmy.

Next let n be an M-homomorphism of ® into @ and let § be
an invariant M-subgroup of ® contained in the kernel & of 7.
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Then as in the case of ordinary groups (cf. p. 44) the correspond-
ence g9 — gn is single-valued and it defines a homomorphism 4
of the M-group ® = ®/9 into &. The only new fact that has
to be established is that # behaves properly relative to the ele-
ments in M, that is, that ((g¢9)m)7 = ((¢9)7)m. This follows
from

(g9)ym)7 = ((gm) D)7 = (gm)n = (gn)m = ((gD)7)m.

As usual we have the factorization 5 = »% where » is the natural
mapping of @ onto ®. Also 7 is 1-1 if and only if & = §. This
leads immediately to

The fundamental theorem of homomorphism for M-groups.
Any factor group of ® relative to an invariant M_subgroup is a
homomorphic image of ®. Conversely if &' is an M-group which is
a homomorphic image of the M-group ®, then ®' is isomorphic to
a factor group of © relative to an invariant M-subgroup.

4. The correspondence between M-subgroups determined by a
homomorphism. Thus far we have considered only extensions to
M-groups of results obtained previously for ordinary groups. We
shall begin now to derive some new results. It should be noted
that these will apply also to ordinary groups, since the theory of
these groups is the special case of the theory of M-groups ob-
tained by taking M to be a vacuous set. Then AMsubgroups
become ordinary subgroups, M-homomorphisms, ordinary homo-
morphisms, etc.

Let n be an M-homomorphism of @ onto @ and let ® be the
kernel. If © is an M-subgroup of @, 7 maps $ homomorphically
onto the M-subgroup $1 of &'. On the other hand, if &’ is any
M_subgroup of &', then the inverse image © = n7($’) is an
M_subgroup of ®; for, if 41, Ay € ©, then (hihy ™) = (h1n) (ham) ™
e © so that 21hs e . Alsoif Ae © and m e M, then (hm)n =
(An)m e ©'. Hence Am € 9.

Evidently & = 97(9’) contains & = n71(1") and &9 = &'
Thus we see that we can obtain every M-subgroup of & by apply-
ing 7 to an M-subgroup of @ that contains 8. Now let § be any
M-subgroup of @ that contains & and let $; = n7(9n). Clearly
$1 2 ©. On the other hand, if 4, & $1, then 21n = Ay for some
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hin . Hence h; = hk, kin R Since D &, this implies that

hie . Hence p71(9n) = 9.
We can now easily prove the following

Theorem 2. Let q be an M-homomorphism of & onto & with
kernel ® and let {©} be the collection of M-subgroups of ® that
contain ®. Then the mapping © — On is 1-1 of { D} onto the
collection of M_subgroups of ®&'. The subgroup O is invariant in
O if and only if its image ' = D1 is invariant in @'.

Proof. We have seen that § — 7 is a mapping of { $} onto
the set of M-subgroups of @&'. Also if $; and $s¢ {9} and
11 = D2, then $; = n7(H1m) = n7(H2n) = 2. Hence, our
mapping is 1-1. It is easy to verify that § is invariant in @ if
and only if §’ = 9 is invariant in @'.

An important special case of this theorem is obtained by con-
sidering the natural homomorphism » of ® onto an M-factor
group @/®, ® an invariant M-subgroup. In this case, we see that
any M-subgroup of & = @/ is obtained by applying » to an M-
subgroup $ of ® that contains ® The image $» is the set of
cosets 48, 4 € §; hence it is just the factor group /8. We can
therefore state the following

Corollary. Let ® be an M-group and & an invariant M-subgroup.
Then any M-subgroup of the M_factor group &/R has the form
O/ where O is an M-subgroup of ® containing ®. Distinct s
give rise in this way to distinct M-subgroups of ©/8R, and  is
invariant in ® if and only if /8 is invariant in @/R.

Analogous results can be proved for rings. These can either be
proved directly, or they can be obtained as special cases of the
group theorems. We shall employ the second method here. Let
n be a homomorphism of the ring % onto the ring %A’ and let ®
be the kernel of n. Then we can consider %,+ as a group with
the operator set M = %, U %;. Moreover, we can also consider
%’',+ as an M-group; for we can define

x'a, = x'(an), = x'(an)

C))

x'ay = x'(an) = (an)«’,
and it is clear that the basic requirement (1) is fulfilled. When
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this definition is used, 1 becomes an M-homomorphism of %,
onto A’,4, since

(xn)a, = (¥n)(an) = (xa)n = (xa,)n
(xm)ar = (an)(xn) = (ax)n = (va))n.

Finally we need to observe that the M-subgroups of %’,+ are just
the (two-sided) ideals of the ring %’; for, if 8’ is an M-subgroup,
then &’(an) and (an)?’ e B’ for every 4’ in ®'. Since the set {an} =
A’y B’ 1s an ideal. The converse is clear, too. Now Theorem 2
establishes a 1-1 correspondence between the set {8} of ideals
of ¥ that contain & and the complete set of ideals in %’. In
particular, we have a 1-1 correspondence between the set of
ideals {8}, 8 2 &, and the ideals of the difference ring %A/8.
Any ideal of %/® has the form 8/8, B an ideal of % containing .
Distinct 8’s give rise to distinct ideals 8/8.

EXERCISES

1. Determine the ideals of 7/(m), m > 0.
2. Give a direct derivation of the correspondence between ideals of a ring
and those of a homomorphic image.

5. The isomorphism theorems for M-groups. In this section
we shall prove three important theorems on the isomorphism of
M-groups. The first of these can be regarded as a supplement to
the theorem establishing the correspondence between the sub-
groups of a group and of a homomorphic image. As before, let 4
be a homomorphism of the M-group ® onto the M-group & and
let ® be the kernel. Let $ be an invariant M-subgroup of ® that
contains the kernel ® and let ' = $5. Then, if ' is the natural
homomorphism of & onto &/$’, 7' is a homomorphism of ®
onto @'/9'. If gn’ = &', gne & and conversely. Hence the
kernel of m' is the group $. By the fundamental theorem the
mapping 7v’ defined by g© — gnv’ = (gn) $’ is an M-isomorphism
of /9 onto @'/9’. This proves the

First isomorphism theorem. Let  be a homomorphism of the
M-group ® onto the M-group &' with kernel & and let © be an
invariant M-subgroup of © that contains R. Then $n = ' is
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invariant in ® and the M-factor groups &/ and &' /9’ are iso-
morphic under the correspondence g9 — (gn) 9.

As a special case of this theorem we take @' to be the M-factor
group ®/8, and n = » the natural homomorphism. If § is
an invariant M-subgroup of ® containing ®, then $7 is the factor
group /8 of cosets AR, £in . Hence we have the

Corollary. If & and $ are invariant M-subgroups of ® and
O DR, then 8/ and (G/R)/(D/R) are isomorphic.

Assume next that ®; and ®, are M-subgroups of ® and that
®, is invariant. The M-subgroup generated by ®; and ®, is the
product set ©;®; = ®:®;. It is clear that the correspondence
g1 — £10,, g1 in ©y, is a homomorphism of the M-subgroup &
into ©;®,/®,. Any coset in &,®; has the form g;2.0; = £10,,
g:¢®;. Hence our homomorphism is a mapping onto ©;8;/®,.
If g:®; = ®, then g; e ®; and so g; € &; N @,. This shows that
the kernel of the homomorphism g — £1@; is ; N G;. We
therefore have the following

Second isomorphism theorem. If &, and &, are M-subgroups
of a group and @, is invariant, then (1) & N O, is invariant in G,
and (2) the M-factor groups ©,8:/®; and ©,/(®; N @) are
isomorphic under the correspondence g8, — g£1(G; N Gs).

We shall establish next a somewhat more complicated iso-
morphism theorem which will be used in the next section to prove
an important refinement theorem due to Schreier.

Third isomorphism theorem (Zassenhaus). L&z &, and ©;,
i =12, be M-subgroups of & such that &, is invariant in O,
Then (&, N )G, is invariant in (@; N &)@, () N G2)@, is
invariant in (&1 N &)’ and the corresponding factor groups are
M-isomorphic.

Proof. Consider the subgroup (§; N 8;)®,’ of (E; N G;)G,’".
First we show directly that it is invariant: Let x e ®; N ®,;
ye® N G; 2e®,’. Then xlyxe®; N @, and ¥ 'zx e G’
whence

(5) x“(@l n @2’)@1'.’6’ _(; (@1 n @2')@1,.
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Also +71yt = +7Y(yty~ 1)y, and since yty ™' e @', we have tyte
@1’(@1 n @2') = (@1 n @2’)@1’. Hence

(6) (1 N G,)8t = +71(6: N G )76t € (6, N 6;)6,".

It is clear from (5) and (6) that (®; N &,')®," is invariant in
(; N ©;)®,. By the second isomorphism theorem, it follows
that (@; N 8,)®;," N (®; N @) is invariant in @; N @, and

(7) (G, N G)/(G; N G:;")8, N (G; N G,)
=~ (@ N G:)(®; N 6:,)6,/(6; N 6,6,

= (61 N 62)6,/(6; N 6,)6/"
On the other hand,

(8) (6 NG)8,/ N (G NG) = (G NGNS NG,

and any element of (&; N ®;')®,’ has the form yz, y e &; N &/,
ze®;’. If yze®; then 2 = y~!(yz) e ®; so that ze G, N G,".
Hence Yz e (@1 N @2’)(@1, n @2) and (@1 N @2')@1, n @2 -
(®; N &')(®;" N @;). The reverse inequality is clear. Hence
(¢; N G;)6, NG = (@ N G)(G, N @). Consequently (7)
can be re-written as

9) (61 N6)/(G: NGNS NG,

= (6, N §2)G,/(6G: N G)G,.
By symmetry we have also

(10) (&; N G)/(G; N G,)(G, N Gs)
~ (G N 62)8,/(G: N 6,)6,.

Our result now follows from (9) and (10).

EXERCISES

1. Show that the third isomorphism theorem implies the second.

2. Let ®y, @’ be M-subgroups such that @’ is invariant in @; and let §
be any M-subgroup of ®. Prove that / = &' N O is invariant in P =
®; N O and that H;/9,’ is isomorphic to a subgroup of &/’

3. State the ring analogues of the first and second isomorphism theorems.

6. Schreier’s theorem. We shall consider now a type of fac-
torization of a group into factor groups. Let
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(11) 6=06,20:2--28,41=1

be a sequence of M-subgroups of the M-group @ such that each
;41 is invariant in ©;. We call such a sequence a normal series
for . The factor groups

(12) ©1/®23 ®2/®3s RS} @53/@‘4-1 = @3

are the factors of the normal series. As an example we let ® be
the finite cyclic group of order n. Then the subgroup @; is deter-
mined by its order #; and n;yy | #;. The ratio ¢; = mi/miyy is
the order of ©;/®;y;. Since # = ny = giny, ny = qong, +--,
n = qiq2 -+ ¢ Conversely, if # = g195 -+ - g, is a factorization
of n, then the cyclic group @ has a subgroup ®; of order #; =
gigiy1 -+ ¢o» Hence ® = @, D2 ®; 22 G,y = 1, and the
order of ®;/®;4, is ¢..
The two normal series

=020 2 20,41 =
E=96,202""" 201 =1

are said to be equivalent if it is possible to set up a 1-1 corre-
spondence between the factors of the two series such that the
paired factors are isomorphic. We say that one normal series
is a refinement of a second if its terms include all of the groups that
occur in the second series. We can now state the following
fundamental theorem.

(13)

Schreier’s refinement theorem. Any two normal series for an
M_group have equivalent refinements.

Proof. Let the two series be given by (13). We set
@ik = (®3 n $k)®i+l) k= 1) 2) "'at+1

(14) _
Oui= (6 N O)Qiyr, i=1,2,---,5+ 1
Then
O =01120122 20,41
=31 2032 22,041 2,041 =1,
(15)

O=91290122 2 D1,641
=021 2 D222 2 20041 -2 Preg1 = 1.
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Now we can apply the third isomorphism theorem to the groups
®i, D1, ®iy1, Or4a to conclude that Giryr = (B N Hrp1)Giyy
is Invariant in @ik = (@,‘ n @k)@i+1, that @k,i-}-l = (®i+1 n
1) Pr41 is invariant in H; = (O N Hi) Biy1 and that Gu/Gipyy
= Hi/ Or,iv1- Hence the two series in (15) are normal and
equivalent. Since these series are refinements of the series given
in (13), this proves the theorem.

EXERCISES

1. Show that, if @ = @2 @ D-- -2 @41 =1 is a normal series for ®
and 9 is any M-subgroup, then D= (O N G2 G N &) D--- DB N
®,41) = 1 is a normal series for . Show that the factors of the second series
are isomorphic to subgroups of the factors of the first series.

2. An ordinary group is called solvable if it has a normal series whose factors
are commutative groups. Prove that any subgroup and any factor group of a
solvable group is solvable,

3. Define the higher derived groups of ® inductively by ®® = (G¢-D)w
(cf. ex. 3, p. 132). Prove that & is solvable if and only if & = 1 for some
integer s.

4. Prove that any finite group of prime power order is solvable (cf. ex. 3,
p. 48).

7. Simple groups and the Jordan-Hélder theorem. The sub-
groups ® and 1 are invariant M-subgroups in any M-group ©.
If ® # 1 and these are the only invariant M-subgroups, then ©
is called M-simple. For example, any cyclic group of prime order
is simple. Another important class of simple groups is furnished

by the following
Theorem 3. The alternating group A, is simple if n > 5.

Proof. We have seen (ex. 2, p. 37) that 4, is generated by
its three-cycles (7 k). We note next that, if an invariant sub-
group 9 of 4, contains one three-cycle, then it contains every
three-cycle; hence, it coincides with 4,. For let (123) ¢ § and
let (i k) be any three-cycle. Then we can extend the mapping
1 —>42 — 4,3 — ktoa permutation

_ (1 2345 )
Ykl om
of 1,2, ---, n. If v is odd, we can multiply it on the right by
(/m) to obtain an even permutation. Hence, we may suppose that
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ved, Sincey*(123)y = (ij k) e P this proves our assertion.
We shall now show that, if § # 1, then $ contains a three-cycle.
Let a be a permutation belonging to § that is 5 1 and that leaves
fixed as many elements as any other permutation # 1 in $.
If « is not a three-cycle, either « contains a cycle of length >3
and moves more than three elements or « is a product of at least
two disjoint transpositions. Accordingly we may assume that
either

(16) a=123--)( )---
or
17) a=(12)(34) .

In the first case « moves at least two other numbers, say 4,5,
since a is not one of the odd permutations (123 k). Now let
B = (345) and form a; = B taB. If ais asin (16)

a= (1249 )

and if a 1s as in (17)
a; = (12)45).--.

Now it is clear that, if a number i > 5 is left fixed by «, then
it is also left fixed by a; and hence it is left fixed by eya™. More-
over laja™! = 1if aisasin (16) and la;a™ = 1 and 207! = 2
if @ is as in (17). Thus eya™ leaves invariant more elements
than a. Since aye™ # 1, this contradicts our choice of a.
Hence « is a three-cycle, and the theorem is proved.*

We shall say that the invariant M-subgroup $ of © is maximal
in @ if ® D § and there exists no invariant M-subgroup & such
that ® D & D . It is clear from our correspondence between
subgroups of a group and those of a factor group that § is maximal
in © if and only if /9 is M-simple.

We now define a composition series for a group ® to be a normal
series

(18) @=®13®23"'3@3+1=1

* This proof is essentially the same as the one given in van der Waerden’s Moderne
Algebra. ‘
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with the property that each ®,,, is maximal in ®;. Thus a com-
position series is a normal series whose factors are simple groups
# 1. An M-group ® need not have a composition series. For
example, if M is vacuous and © is an infinite commutative group,
then ® does not have a composition series. To see this we note
first that a simple commutative group has no subgroups other
than 1 and the whole group. Therefore, such a group is neces-
sarily a finite cyclic group of prime order. Hence, if (18) is a
composition series for an ordinary commutative group, then the
factor groups ®;/®;,,; are cyclic of prime order. Now if a group
® contains a subgroup § of finite order m and finite index 7,
then ® is of finite order mr. It follows easily from this that a
group that has a composition series whose factors are finite groups
is itself finite. In particular, we see that, if @ is an ordinary com-
mutative group with a composition series, then @ is finite.

If an M_group does have a composition series, then the com-
position factors (= factors of the composition series) are uniquely
determined by the group. This is the content of the

Jordan-Holder theorem. Any fwo composition series for an
M group are equivalent.

Proof. By Schreier’s theorem the composition series have
equivalent refinements. On the other hand, it is clear from the
definition of a composition series that a refinement of such a series
has the same factors £ 1 as the given series. Now in the 1-1
correspondence between the factors of the refinements the factors
= 1 are paired. Hence, the factors £ 1 are also paired. Since
these are the composition factors of the given composition series,
we see that the two composition series are equivalent.

EXERCISES

1. Apply the Jordan-Hélder theorem for finite cyclic groups to prove the
uniqueness of factorization of a positive integer into positive primes.

2. Show that, if & has a composition series, then any normal series for @ in
which the terms are properly decreasing can be refined to a composition series.

3. Show that, if & has a composition series, then any invariant subgroup of
® and any factor group of & has a composition series. Show also that the
composition factors of these series are M-isomorphic to composition factors of ¢.
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8. The chain conditions. We shall now state two conditions
that together are sufficient that an M-group ® possess a composi-
tion series.

1. Descending chain condition. 1f & D@, 2@; 2--- is a
sequence of M-subgroups such that @ is invariant in @ and each
®;41 is invariant in the preceding, then there exists a positive
integer N such that @y = Gy4q =+

I1. Ascending chain condition. If $ is any term of a normal

series and $; € 9, € 3 S-:- is an increasing sequence of
M subgroups all of which are invariant in §, then there exists an
integer N such that §8 = Hx41 =---.

We remark that, if @ is commutative, then any subgroup is
invariant and any subgroup is a term of a normal series. Hence
in this case I and II can be formulated more simply as follows.

III. If §; D ®; D ®;3 2- - - is a descending sequence of M-sub-
groups, then there exists a positive integer N such that Gy =
Oypr =

IV.If $; C 9. C H3 C--- is an ascending sequence of
M_subgroups, then there exists a positive integer N such that
Ov = Svp1=---.

As a matter of fact these conditions can be used also for a non-
commutative group if it is known that A = {7} includes all
the inner automorphisms of ®&; for in this case, too, any M-sub-
group is invariant. We shall now prove the following

Theorem 4. A necessary and sufficient condition that an
M-_group © have a composition series is that ® satisfies the two chain
conditions.

Sufficiency. We shall show first that if § # 1 is a term of a
normal series, then $ contains a maximal invariant M-subgroup.
Thus, either $; = 1 is maximal invariant or there exists a proper
invariant M-subgroup §; of 9 such that $; < §,. In the latter
case if §, 1s not a maximal invariant M-subgroup of §, then there
is a proper invariant M-subgroup $; of § that properly contains
$a. This process breaks off after a finite number of steps, since
otherwise it yields an infinite properly ascending sequence of in-
variant M-subgroups of § contrary to II. Hence, our assertion is
proved. In particular we see that @ = ®; contains a maximal
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invariant M-subgroup ®;. Also @, contains a maximal invariant
M-subgroup @3, etc. This gives the properly descending sequence
G =0 D0, D®; DO--- in which each @;;; is maximal in-
variant in the preceding. By I there exists a finite number s + 1
such that @,4; = 1.

Necessity. Let @ have a composition series @ = @; D @, D---
D,y =1 and let $; D 2 O+ be a properly descending
sequence of M-groups such that §, is invariant in @ and 9.y,
is invariant in §; for 7 > 1. Then we assert that the number of
©: does not exceed s + 1; for, if it does, then & 2 $; D H, D---
D Ps12 2 11s a normal series. By Schreier’s theorem there is a
refinement of this series that is equivalent to a refinement of the
composition series. If we drop duplicates, we obtain a refine-
ment of the §-series that is a composition series. But the number
of terms exceeds s + 1 and this contradicts the Jordan-Holder
theorem. Hence I is proved. A similar argument yields II.

Evidently if @ is a finite group, then © satisfies the chain condi-
tions for any set of operators M. Hence we have composition
series for a finite group for any M. A composition series obtained
for M vacuous will be called an ordinary composition series. Such
a series has the form @ = §; D ®; D---D G,y =1 where
®;41 1s an invariant subgroup of ®; and ©;/®;,; is a simple
group. The Jordan-Holder theorem proves the invariance of the
set of simple groups ®;/®;,; determined by &. If M = & the
set of inner automorphisms, then the M-subgroups are invariant.
A composition series in this case has the property that each ®;
is invariant in @ and that there exists no invariant subgroup @’ of
® such that ®; D @& D ®;y;. Such composition series are called
chief series. Similarly we define a characteristic series as a com-
position series relative to the complete set of automorphisms, and
a fully invariant series as a composition series relative to the com-
plete set of endomorphisms. The Jordan-Holder theorem is, of
course, applicable to these series, too.

EXERCISES

1. Obtain composition series for S3 and §s.
2. Prove that a finite group is solvable if and only if its composition factors
are cyclic groups of prime orders.
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3. Show that an infinite cyclic group (M = &) satisfies the ascending chain
condition but not the descending chain condition.

4, Let Uy, be the multiplicative group of p* complex roots of unity for p
a fixed prime and £ =0, 1, 2, 3, ---. Show that every proper subgroup of
Uy is finite cyclic. Hence show that Uy, satisfies the descending chain con-
dition but not the ascending chain condition.

9. Direct products. We shall consider in this section a simple
construction of an M-group out of # given M-groups ®;, ®,, - - -,
®,. We take @ to be the product set §; X @ X---X @, of
elements

a= (ab G, "y an)) a; e @13
and we introduce a composition in @ by the formula
(19) (41, gy "y ﬂn)(bh &2a Y bn) = (albly 4252) Tty an&n)-
If a = (a)), & = (45) and ¢ = (¢;), then
(@b)c = ((aibi)es) = (ai(bics)) = albe).
Also it is immediate that the element
1= (1) 1) R 1)

is an identity element in ®, and, if we set &’ = (4;™'), then
aa’ =1 = a'a. Hence, ® with our composition is a group.
Next we define for m e M

(20) (al) az, ", an)m = (alm: azxm, -, anm)'
Then
(ab)ym = ((aibi))m = ((asbi)m) = ((aim)(bim)) = (am)(bm).

Hence our definitions give an M-group. We shall call this
M- group the direct product of the ®; and we use the notation
@ = @1 X@z X"'X @n.

It is clear that, if each ©; is finite of order #;, then ® is finite
of order #» = IIn;. Also ® is commutative if and only if each ®;
is commutative. If the additive notation is used in the groups
®,, it is natural to write

(19,) (41, Gz, "y an) + (bh b‘b ) bn)
= (al+bl)a2+b2, "':an+&n)
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in place of (19) and to call @ the direct sum of the ®;. In this case
we write @ = ©; & G, &+ © G,

The example given in § 1 of the three-dimensional real vector
group is precisely the direct sum ® & ® ® @ where © is the addi-
tive group of real numbers relative to the operator set of real
numbers and the operation is ordinary multiplication. This is
clear from the definitions. The generalization to the #-dimen-
sional vector group is immediate. Another important example
of a direct sum is the group ® & @ @®--- @ © where ® 1s the
additive group of integers and M = . The elements of this
group are the integral vectors (or “lattice points’) with addition
the usual vector addition (19’).

We now make two simple remarks about the direct product for
arbitrary groups. First, the direct product is independent of the
order of the factors. By this we mean that, if 1,2, --- #’ isa
permutation of 1, 2, ---, n, then @y X @y XX Gp is
M-isomorphic to ®; X @ X+ X @, In fact it is immediate
that the correspondence (41, a3, - -, @x) — (4v, a2, -, @n)
is an M-isomorphism. Next we note that,ifn; <7, <---<#n, =
n, then

(@ X+ X ) X (@1 XX G,) X
X (@nr_ﬁ-l XX @n,)
is M-isomorphic to ®; X ®; X --X ®,. Here the mapping

(41, agy * "y ﬂn) - ((al) ) anl)) (am+l) Tty anz)) R }

(Bnyatts ** 5 @)
is an isomorphism. In particular, it follows that (@; X ;) X ®3
and ®; X (@, X ®;3) are equivalent since each is equivalent to
®; X @y X ®3. Thus, in this sense direct multiplication of
groups is associative as well as commutative.

10. Direct products of subgroups. We shall now determine
conditions that a given M-group be isomorphic to a direct product.
For this purpose we examine further the direct product © =
®; X @y X+ -+ X @, Let @ be the subset of & of elements of
the form a/ = (1, 1, ---, 1, a5, 1, - -+, 1), 4; in the ith position.
It is clear that @, is an M-subgroup of ® isomorphic to ®; under
the correspondence
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a; — (1, S} 1)”1’) 1’ R 1)'
Moreover,

(cl_l) €2T—1) ) ‘.n_l)(ly Y 13 iy 1) R 1)(51; Cay ** %y Cn)
=, L e ey 1, -0, 1),

Hence @/ is invariant in . We note next that an arbitrary ele-
ment (a1, a3, -+, 4s) of @ is a product 4,'a5’- - -a,’, 4’ in G,
Hence

(21) @ = @1’@2’ M @nl.

In other words, the smallest subgroup of & containing all the ®,’
is @ itself. Finally, we observe that

(22) G’ N @1'@2' te @i—l'@i+1' e @ = 1’ 1= 1; 2: N Y

since any element in ©,'®; - - - G;_1’G; 41’ - -+ &,’ has the form
(@1, @y + -+, @iy, 1, @iy, -+ -, an) and any element of @,’ has the
form (1, ---, 1, 4; 1, - -+, 1); hence the equality

(@1, 89, -y 4i_1, 1, @iq1, oy a0) = (1, -+, 1,851, -+, 1)

implies that each 4; = 1. Thus, any element common to @, and
Gy -+ ©;-1'®it1’ -+ @, has all of its components 4; = 1 and
this proves (22). We have therefore established the necessity
part of the following

Theorem 5. A necessary and sufficient condition that an
M-group ® be isomorphic to a direct product &; X Gz X -+ X ®, is
that & contain invariamt M-subgroups ©, isomorphic to ®; such
that (21) and (22) hold.

It remains to prove that the condition is sufficient. Hence
we suppose that our M-group @ contains the invariant M-sub-
groups ®;’ isomorphic to ®; and satisfying (21) and (22). By (21)
any element of ® has the form 4,'a;’ - -- a,’, 4/ in ;. Leti #j
and consider the product 2;'a;'(a;") (a;’) . Since ai'(a;")(ai) ' e
®;, aiai(a) ‘l(a,-') —1 is in ©®;. Since ai'(as) 'l(a,-’) “1le @,

aiai(a) (/) e @/. Now by (22) &/ N ®; = 1. Hence

a’ai (@) a) =1 and a/a/ = aja;.
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This shows that any element of one of the groups ;' commutes
with any element of a different @;’. This implies that, if ;' ¢ &,
and 4, ¢ @/, then

(23) (ai'ag’ -+ a.") (8105 - -+ ba') = (a1'81")(ad'by) « - - (a4'4)).

We now consider the direct product ®; X @3 X---X &, Let
a; — a;’ be an isomorphism of ®; onto @;. Then we shall show
that the mapping

(24) (@1, agy - +y an) = ar’ay’ -+ a,’
is an isomorphism of ®; X @, X -+ X &, onto . Since
(@1, @y ***y @n) (b1, boy <+, bn) = (@101, asby, -, Gubs) —
(a181)"(a2b2)" - -+ (anbn)’
= (a1'6,)(a2'by") - - - (aa'04))
= (41'42’ v dn')(51'52' cen bn’)

by (23), the mapping (24) is a homomorphism. Since (a;, a3,
cosyan)m = (aym, agm, - - -y a,m) — (a'm)(a’m) --- (a,'m) =
(@1'as’ - - a,")m, the mapping is an M-mapping. The mapping is
a mapping onto © since any element of @ has the form a,/ay" - - -
4.’y a in @;. Finally, we prove that the mapping is an is-
morphism by showing that the kernel is the identity. Thus let
ai'ay’ ---a,’ = 1. Then

n—1 _. ! ’ ’ ’
(@) =ala) - aitaiy - ad,

and by (22) 4/ = 1. Hence, each 4; = 1 and this proves our
assertion.

Because of this result we shall say that an M.group ® is a
direct product of the invariant M-subgroups ®;, Gz -+, &, if
the ©; satisfy

(25) O =006, 6 n (@1 @i—1@i+1 s @n) = L

Strictly speaking, of course, we can assert only that ® is iso-
morphic to the direct product ®; X @, X:--X @,. For the
sake of simplicity we do not emphasize this distinction and we
write @ = @; X G X+ X G,
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As an illustration of the criterion given in Theorem 5 we prove
now the following

Theorem 6. If ® is a finite cyclic group of order n = p,“ps"* - - -
Ds", pi prime, p; = p; if i # j, then ® is a direct product of cyclic
groups of orders p*, i = 1,2, -+, 5.

Proof. Let ®; be the subgroup of order % and set ®' =
®10®; - -- . This subgroup has order #’ divisible by p;* since
® 2 ©;. Hence #’ is divisible by 7 = p;"p," - -- p,*. It fol-
lows that #’ = # and that @ = ®. Next let §; be the subgroup
of ® of order n;, = n/p,". Let 8; = $; N ;.. Then 3; is a
subgroup of @ whose order is a divisor of #; and of p;%. Since
(ns, p) =1, this implies that 8; = 1, that is, $; N @; = 1.
Since the order of §, is divisible by p,%, j # i, $; 2 ®,;. Hence
Hi DGy - @i—l@i+1 -+ @,. Hence @, --- @i—l@i+1 -G N
®; =1fori=1,2, ---, 5 and the conditions of Theorem 5 are
fulfilled.

The conditions (21) and (22) of Theorem 5 concern relations
among the subgroups ®;. It is often easier to verify the element
conditions given in the following

Theorem 7. If © contains M-subgroups ®;, i = 1,2, ---, n,
such that (1) aa; = a;a; for any a; e ®; and any aje ®;, i # j,
and (2) every element of & can be written in one and only one way
as a product a1ag - -+ Gny a; in @iy then ® = @; X @ X--- X ©,.

Proof. We note first that each ®; is invariant in ®; for, if
gie®;and @ = a4, - -+ a,, a; e @, then

—1 — -1 -1 -1 —_ -1
AT g8 = Gy A3 ay gitds c Gn = a; 'gia; e ©;

by (1). Since by (2), 4 can represent any element of ®, @; is
invariant in . Also by 2) ® = &,®; - -+ ®,. Any element of
O1 - ©10iy1 -+ O, has the form aa; - a;_jaiyy -+ - G,
a;in @;. If this element is also in ®;, then we have

@; = a183 - @;_1@iy) " Gny a; 1IN @,
Hence

1... lﬂil cee d =ala2-.-ai_llai+1...a"_
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Since there is only one way of writing an element as a product
@18p *+* @n, @; In ©;, this gives 4, = 1. Hence §; N @, ---
®;—1®i41 --- @, = 1. The theorem now follows from our first
criterion.

We remark also that the conditions (21) and (22) imply the
conditions (1) and (2) of the present theorem. This was estab-
lished in the proof of Theorem 5.

The following important results on direct products of subgroups
can now be easily derived:

A If® = ®; X g XX @n,then@ =PH X B2 X+ X O
where §; = 6:8; - -- @m, H: = @m+1@m+2 @n,, iy Oy =
@nf-1+1©nr-1+2 te @,,'. AlSO

=0 X G XX G,
(26) '62 = @nr}-l X ©n1+2 X e X ®"2,

‘br = ©n,_1+1 X ®m-1+2 Xeeo X @m.

B.If = 9; X §2 X---X §, and (26) holds, then @ =
G X @ X+ X G,

We omit the proofs. We note also the following result.

C.If = ®; X ®,, then ®, =~ ®/®;. This follows directly
from the second isomorphism theorem; for ®, is invariant in @.

Hence, @/@1 = @1@2/@1 = @2/@1 NG, = @2/1 =~ ,.

EXERCISES

1. Prove Theorem 6 by showing directly that, if 4 is an element of order
n=p,e1p,%2- - ps, then b= 6,5, - - b, where 4, has order p*.

2. Prove that, if @ is cyclic of order 7 = st, (s,8) = 1, then § =P X &
where  is of order s and & is of order ¢.

3. Prove that, if @ is a finite commutative group of order # = p1°1ps™ - - - p,*,
s distinct primes, then ® = @; X @, X - - X ©, where ©; is a subgroup all of
whose elements have order a power of p;.

11. Projections. Let ® = ®; X ®; X -+ X ©, where the §;
are subgroups, and let 9;, i = 1,2, - - -, #, be a homomorphism of
®, into another M-group ®. Assume, moreover, that, if x; e §;,
x; € ®; and i # j, then (xyms)(xm;) = (%jm;)(¥ams). Now we can
write any xe® as x1xg - -+ Xn, ¥ in @y, and we can define a
mapping 1 of ® into ® by
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27) (er%2 -+ xn)n = (¥1m1)(x2m2) - - (xnma).

We can verify directly that g is an M-homomorphism of @ into @.

This method of putting together M-homomorphisms of the ®;
is particularly important if @, too, is a direct product. Thus
let = 8 X ® X---X &, and let 5; be a homomorphism of
®;into ;. Then x;n; e @; and x;9; e G;; hence, if 7 # j, (xin:) (%jm;)
= (x;n;)(*ims). It follows that the mapping given by (27) is an
M-homomorphism of @ into G.

We apply this remark first to define certain endomorphisms
that can be associated with a direct decomposition of & as
®; X @ XX @, We define ¢; to be the endomorphism of
® that is obtained by putting together in the manner indicated the
endomorphisms

xl-—>l, sy x,-_l——>1, Xi — Xy x.-+1—>1, tey x,.—)l.
Then by (27)
(28) xe; = (¥1%3 -+ Xn)es = Xy

If x; is any element of &;, the decomposition of x; as a product
of elements of the ®; reads »; =1 --- 1x;1 --- 1. Hence, it is
clear from (28) that x;e; = x; and x;;, = 1 1f i # 4. If x is any
element of ®, then xe; = x;e ®;. Hence, (xe;)e; = xe; and (x¢)¢;
= 1. Thus, if we denote the endomorphism x — 1 by 0, then
we have proved that

(29) 652 = €, €€ = 0 if i #j.

We note next that the mappings ¢; are normal in the sense that
they commute with all the inner automorphisms of ®; for, if
% = X1%g -++ %, Where x; ¢ @; and & is any other element of @,

then
a7 xa = (a7'%1a) (6 x3a) - - - (a7 x0a)

and ¢ 'x,6 ¢ ;. Hence
(@ xa)e; = a7 xia = a”(xe)a

and this proves our assertion. Now we shall call an M-endomor-
phism e a projection if ¢ is normal and idempotent (&€ = ¢).
A pair of projections ¢,¢’ will be called orthogonal if e = 0 = €.
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Using these terms, we can say that the ¢; determined by the de-
composition @ = @; X @z X -+ X @, are orthogonal projections.

There is another important relation connecting the ¢. This
involves a second important composition of mappings in a group.
If 7, and 7, are two mappings of the group @ into itself, then we
define the sum 9, + 7, by

(30) x(n1 + 12) = (¥n1) (¥na).

We have considered this composition before in the case of endo-
morphisms of a commutative group (§ 12, Chapter II). We have
seen that it, together with the product as resultant, turns the
set of endomorphisms of a commutative group into a ring. In
the non-commutative case the sum of two endomorphisms need
not be an endomorphism.

It is immediate from (30) that the sum composition for arbi-
trary mappings of © into itself is associative but not necessarily
commutative. The endomorphism 0 (x — 1) acts as an identity
for addition since

x(n +0) = (xn)(x0) = (xn)1 = x9

x(0 + ) = (x0)(xn) = 1(xn) = xn.
Also, if we define —7 by x(—19) = (x9) ™", then
x(—n 4+ n) = (¥n) (xen) =1
*(n + (—m) = (en)(¥m) ™ = 1.

Hence —n 4+ 7 =0 = 9+ (—n). This proves that the set of

mappings of ® together with the addition composition is a group.
Multiplication of mappings is right distributive relative to

addition:

(1) p(n1 + m2) = pnu + pns;

since
xp(m + n2) = ((%p)11) ((xp)72)s
x(pny + pnz) = (x(om)) (x(on2)) = ((xp)n1)((xp)n2).

The other distributive law does not hold in general. However, it
is valid if p is an endomorphism, since
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%((n1 + n2)e) = ((¥n1)(x12))0 = ((¥11)p) ((x12)p)
= (x(n10)) (%(n2p)) = x(m1p + 12p).

We return now to our investigation of the projections ¢; deter-
mined by the direct decomposition = @, X G X+ ++ X G,. If
x 1s any element of ®, ¥ = xy%3 - -+ X, %; in ®;. Hence x =
(xe1)(¥eg) - - - (xen) so that by the definitions of addition and of 1,

(32) &6 t+e+--Fe =1

The properties (29) and (32) are characteristic of the projec-
tions determined by a direct decomposition. Thus suppose that
€1, €3, * ' °, €, are normal M-endomorphisms satisfying (29) and
(32). Then @; = ®e; is an M-subgroup and ®; is invariant, since

a N xe)a = (@ xa)e;

isin@®;. Sincex =x1 =ux(e; + €2+ -+ €) = (ve1)(xe) - - -
(x€n), ® = ©,0; - - G.. We note next that since ©; = Ge;, ¢
is the identity mapping in @;. Also if j # 7, then ¢ maps ®; into
1. Hence if 2e®; N §;0; -+ ©;_10;y; -+ On, 26 =2 and
2¢; = 1. Hence

@i n @1@2 e @;‘_1©i+1 e @n = 1,

and @ = ©; X @; XX @,. Since x = (xe;)(¥ez) - - (¥en),
xe; in ©;, the projections determined by this decomposition are
the given mappings ¢;.  This closes the circle in our considerations.

EXERCISES

1. Show that if 9 is a normal endomorphism, then 9 has the form an = ¢(a,n)a
where c(a,7) is an element that commutes with every element of &1 and ¢(ad,y) =
c(aym)lac(é,m)a=].

2. Prove that, if the center € = 1 or if the commutator group @® = © (defini-
tion in ex. 3, p. 132), then the identity mapping is the only normal auto-
morphism of @.

3. Let €, €, - - -, €x be the projections of a direct decomposition. Show that,
if 41, 4, + - +, iy are distinct, then &, + €, +- - -+ €, is an endomorphism. Show
also that € + € = € + €.

12. Decomposition into indecomposable groups. An M-group
® is said to be decomposable if ® = ®, X ®; where each ©; is
a proper subgroup. Then also ®; 1. Hence the projec-
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tion €, i = 1,2,1s % 1, # 0. Thus, if @ is decomposable, then
there exist projections of @ that are # 1,0. Conversely, this
condition is sufficient for @ to be decomposable; for let ¢; be a
projection # 1,0. Put @; = G¢ and let @; be the kernel of the
endomorphism ¢;. Then @, and ®; are M-subgroups and, because
of the normality of €;, both of these subgroups are invariant. If
¥ 1s any element of ®, 2 = x(—¢ + 1) = (x¢;) & is in @, since

((xer) %) er = ((xer) er)(xer) = (xe,®) (xer) = 1.

Hence, x = (x€1)2 € :8;. Also, if x; is any element of ®;, then
%1 = x€; for a suitable x in @. Hence »; = xe; = x6,2 = xy¢€;.
Hence &, N ®; = 1. Thus & = @; X @, Since ¢ # 1,0,
O # © and @, = @ and @ is decomposable. We can therefore
state the following

Theorem 8. A wnecessary and sufficient condition that an
M- group be decomposable is that there exist projections of © that
are #1, # 0.

We show next that any group @ # 1 satisfying the descending
chain condition for invariant M-subgroups permits a decomposi-
tion into indecomposable M-groups. The assumption we are
making is

I'. If ; D ®; D ®; D- - - is a decreasing sequence of invariant
M_subgroups of ®, then there exists an integer N such that
Oy = Oy =---.

We use this condition to show first that ® has an indecomposable
direct factor; for either @ is indecomposable or @ = @; X s,
where ®; # @, = 1. If ©, is indecomposable, we have the de-
sired factor. Otherwise, ®&; = &;; X &5 where ®;; # @, 1.
Then & D ©; D ®;; and either ®,; is indecomposable or ©;; =
®111 X G112 with @13 7 ©yq, 1. This gives the larger chain
® D ®; DG DG, All of the groups thus obtained are
invariant M-subgroups of ®. Hence I’ guarantees that this proc-
ess leads in a finite number of steps to an indecomposable direct
factor.

Now let @, denote an indecomposable direct factor of ® and
write ® = @; X ,". If 8, 1, we can factor §," = @; X @’
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where @, is indecomposable. Then @ = &; X @; X &,’ and
®,’ is invariant in ®. Next either @’ =1 or @' = @; X &5’
where ®3 is indecomposable. As before @’ is invariant in @.
This process leads to a properly descending chain of invariant
M-subgroups D @, D @' D @’ D ---. By asecond applica-
tion of I’ we conclude that @,” = 1 for some integer . Hence
® = & X G XX &, where the &; are indecomposable. This
proves

Theorem 9. Any M-group #= 1 that satisfies the descending
chain condition for invariant M-subgroups can be expressed as a
direct product of a finite number of indecomposable groups # 1.

13. The Krull-Schmidt theorem. In this section we shall
prove a uniqueness theorem for direct decompositions into in-
decomposable groups. In order to establish this result we require
in addition to the descending chain condition I’ the following
ascending chain condition:

IT. If & € ®; C ®; C--- is an ascending sequence of in-
variant M-subgroups, there exists an N such that Oy = Gy,

We consider first some important consequences of the chain
conditions. We prove first the following

Theorem 10. Let & be an M-group that satisfies the descending
and the ascending chain conditions for invariant M-subgroups. Then
if n is a normal M-endomorphism, n is an automorphism if either
M) nis 1-1 0r (2) Gy = 6.

Proof. Assume that 5 is 1-1. Then if &y"~! = @y" for some
r=1,2, .-, any y e "2 has the property that yn = xy" =
(k7" )7 for a suitable element x. Hence y = x9" ' e Gy" .
Thus also &y"~2 = @»"~1. If we repeat the argument and con-
tinue in this way, we obtain finally ® = ®y. We therefore
see that, if @ D @y, then ® D Oy D @42 O--- is an infinite
properly descending chain. Since 7 is a normal M-endomorphism,
all the terms of this chain are invariant M-subgroups. We there-
fore have a contradiction to I’. Hence if 4 is 1-1, ® = &y and
so 7 is an automorphism. Assume next that ® = @5. Let
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8 denote the kernel of the endomorphism #* £ =0, 1,2, -..,
7n° = 1. Since we have adopted the convention that 4° =1,
Bo=1. Also it is clear that 3x_; € 8x. Suppose now that
8r—1 = B3, and let 2e3,_;. We can write 2 = y9. Then 1 =
20"t = (yn)n"! = y9". Hence yn"! =1, and z = yn is sent
into 1 by 9”72 Thus ze8,_5. This shows that 8,_, = 3,
and continuing in this way we see that all the 3; = 1. Hence,
either 3; = 1l or 1 = 8y € 8; € 8, C--- is an infinite properly
ascending chain of invariant M-subgroups. This contradicts IT’.
Hence we see that, if &y = @, then 3; = 1 and 5 is 1-1.

If 5 is any endomorphism of a group, we call the totality of
elements 2 such that 29° = 1 for some integer s, the radical of .
Thus the radical R is the set-theoretic sum of the kernels 3; of
the homomorphisms n°. We use this concept to state the following
theorem which is the crucial step in the proof of the uniqueness
theorem.

Theorem 11 (Fitting’s lemma). Let & be an M-group that
satisfies the chain conditions for invariant M-subgroups and let
be a normal M-endomorphism of ©. Then & = R X O where R
is the radical of v and O satisfies the condition Hn = .

Proof. We have the descending chain of invariant M-sub-
groups ® D ®y D ®4® 2---. Hence there is an integer 7 such
that ®9" = Gy, Then ©n" = Gyt = Gy" ™2 =..., Let
9 denote this invariant M-subgroup. Next consider the ascending
chain 8y € 3; € 82 C--- where 8; is the kernel of 4. Then
there is an integer s such that 8, = 8,4,. It follows directly that
Bs41 = Bs42 =+ +-. Hence 3, 1s the radical ® of 4. Let ¢ be
the larger of the two integers, 7,s. If x is any element in @,
xnt = yn?* for a suitable y. Hence x = [x(y9")Y(y9") and
[%(y1") 70’ = (en")(y9*) 7 = 1. Thus, if we set 2 = x(y7") 7,
then zn® = 1 and ze R. Since yn* ¢ H we have the decomposition
O =%R9. NowletweR N . Thenw = uy’and 1 = wy* = uy®.
Hence, ueR and u9* = 1. Thusw =1. Hence ® = R X 9.

Since R} = B,, it is clear that zn* = 1 for every ze®. This
means that » is a nilpotent endomorphism in ®. If @ is inde-
composable, either = R or @ = . In the first case 7 is nil-
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potent and in the second casey is onto so that by Theorem 10 5 is
an automorphism. This proves

Corollary 1. If ® is an indecomposable M-group that satisfies
the chain conditions for invariant M-subgroups, then any normal
M-endomorphism of @ is either nilpotent or an automorphism.

This corollary enables us to prove a very interesting closure
property for the normal nilpotent endomorphisms of an inde-
composable group, namely,

Corollary 2. Let & be as in Corollary 1 and let v, and 3o be
normal nilpotent M-endomorphisms, then, if 11 + ny is an endo-
morphism, 11 + ne 15 nilpotent.

Proof. According to Corollary 1, if 5 = 5, + 5, is not nil-
potent, then it is an automorphism. Let »~! be its inverse.
Evidently this mapping is a normal M-endomorphism and we have
mn 4 men™ =1, or \{ + Xy = 1 where \; = 5;97%.  Since 7,
is not an automorphism, its kernel is # 1. Hence this holds for
\i, too. Hence \;is nilpotent. We note next that \; = A\;(A\; + ;)
= )\12 + )\1)\2 and )\1 = (kl 'I" )\2))\1 = >\12 + )\2)\1. Hence )\1)\2 =
A2A; and consequently for any positive integer m

(33) A+ A"
m m
=M"+ (1 ))\1"'_1)\2 + <2 >)\1m“27\22 S RS o VLN

Now let \;" = 0, \y* = 0 and take m = » + s — 1 in this rela-
tion. This gives the contradiction 1 = 0.

EXERCISE

1. Let © satisfy I’ and II’ and let 5 be a normal endomorphism. Let 7 be
the first integer such that &y = @y+! and let s be the first integer such that
Bs = 3441, 3i the kernel of °.  Prove that r = 5.

We can now prove the main theorem.

The Krull-Schmidt theorem. Lez ® be an M-group that satisfies
the chain conditions for invariant M-subgroups and let

(34) ® =0 X0 X X6,
(35) G =9 X 92 XX 9



GROUPS WITH OPERATORS 157

be two direct decompositions of © into indecomposable groups.
Then s = t and for a suitable ordering of the D; we have $; = ©; and

(36) O =9 X X O XGpp1 XX,
k=1,2, - 5.

Proof. Suppose that we have already obtained a pairing of
$1, Doy -+, Dr_1 respectively with @y, ®,, -+, ®,_; in such a
way that &; = $,,i =1,2, -+, — 1, and (36) holds for £ <
r — 1. (At the start we have r = 1.) Consider the intermediate
decomposition

B7) B=9:X9 X X1 X6 X X0,

Let Ay, N2, - - -, N be the projections determined by this decomposi-
tion and let %y, %3, -+, n: be the projections determined by

t t
(35). Evidently we have \, = (Z 71j> - = > q;\.. For any x
1 1

in ®, xn; e Oj; hence if j <r — 1 we have by (37), xn; = xn;\;
and an\, = #n\N, = 1. Thus g\, =0, and we have the
relation

(38) A = A + 7]r+1)\r 4+ 4 .

t
We operate now in ,. Here X\, = 1 so that 1 = 3 g,\,. Also

any partial sum Zn;N, = (Zn)N, induces a normal M-endo-
morphism in ®,. Since ©, is indecomposable it follows from
Corollary 2 that there exists a #, 7 < # < ¢ such that 5.\, defines
an automorphism of ®,. We can renumber the ©;, i = r,r + 1,
.+ -, so that §, becomes .. We proceed to show that @, = 9,
and that (36) holds for £ = r.

Since 7/, is an automorphism in @,, its kernel is 1. Hence
zn, = 1 for 2 in ®, implies that 2 = 1. Thus 5, maps @, iso-
morphically into ©,. Let & = ®, and let U, be the subset
of ©, of elements # such that #\, = 1. Since ), is an isomorphism
of &, = Gy, . N U, = 1. Also if y is any element of &, then
¥\ & ©, so that y\, = vg,\, for a suitable v in ®,. We can write
y = (y(v9,) ) (vn,) and note that y(vn,)'el, and o9, ¢ H,.
Hence 9§, = 1,9, = U, X $,. Since . is indecomposable and



158 GROUPS WITH OPERATORS

& #1, 9 = & = G, Thus 7, is an isomorphism of @, onto
.. Also \, is an isomorphism of §, = ®,», onto §,.

Now \, maps every element of §; X+« X Hr_1 X Gryq X---
X @, onto 1. Hence, since A, induces an isomorphism of §,,

SN (D1 H—1Grpy -+ G) = 1.
Hence

(39) @,E @1 @r@r+1 @s
= ‘91 X"'X @rx®r+1 X"‘X@,.

If o = xyp -« %y ¥i6 9 for i <7r—1, xje@; fox;j > r, then
the mapping

0: x1xg - Xy > X3 -0 xr—l(x‘r’?r)xr+1 tee Xy

is a normal M-endomorphism of @. Evidently 6 is an isomorphism
of @ onto @’. It follows from Theorem 10 that & = ®. Hence
(36) holds also for £ = ». This completes the proof.

The foregoing inductive argument shows that if the §, are
suitably ordered then the normal endomorphism 7, defines an
isomorphism of &, onto §,. It follows that the mapping u
defined by

ap= (g« - - X = (%171 )(%ama) - - - (¥ems)s

x;e®;, is a normal M—aufomorphism. Evidently ®u = 9..
Hence we can state the first part of the uniqueness theorem also
in the following way:

If (34) and (35) are two decompositions of an M-group with
chain conditions into indecomposable factors, then s = t and for a
suitable ordering of the 9., there exists a normal automorphism u
Such that Qu = ..

EXERCISES

In the following exercises it is assumed that both chain conditions hold for
invariant M-subgroups.

1. Prove that if the center of @ = 1 or if @ = @®, then ® has only one de-
composition into indecomposable groups.

2. Let &, &, -+, & and m, 79, -« -, 7 be the projections determined by two
direct decompositions of & into indecomposable groups. Show that, if the
order of the #’s is suitably chosen, then there exists a normal automorphism u
such that g = p Y, i=1,2, ---, 5.
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14. Infinite direct products. We shall consider now some ways
of generalizing to an arbitrary number of groups the construction
of the direct product of a finite number of groups. In dealing
with an arbitrary set of groups we shall find it convenient to
suppose that the groups are labelled with subscripts « taken from
a certain set J. Also the same group can be counted many
times, that is, we do not require that @, % ® if « 3 8. Thus
we have a set J = {a}, a collection of subgroups {®} and a
single-valued mapping & — ®, of J onto {G}.

We define first the product set [] ®, of the ®,. The elements

aed

of this set are the “vectors” (--- g, --+) with the property that
the element in the “a-place” is in the set §,. More precisely,
the elements of II are the single-valued mappings & — g, of J
that have the property that for each «a in J the image element g,
is in the associated group ®,. Accordingly, if g denotes an element
of II, then we can also use the usual functional notation g(c)
for the image element g,.

If Jis the set {1,2,3, - - -} of positive integers, then II is the set
of sequences (g1, g2, -- ) with the property that g; = g(i) e ;
for alli. We remark also that, if /is arbitrary and all the &, = @,
then II is the complete set of mappings of J into ®. Following
our notation for rings (p. 110) we could also denote this set as
(8,)).

We now make use of the fact that the @, are groups in introduc-
ing component-wise multiplication in II. Thus, if g and 41,
then we define g4 by the equation

(40) (&) (@) = g(a)h(x).

Since (gh)(e) & ®a, ghell. It is immediate that II and this
multiplication form a group. The identity element 1 of II is the
function such that 1(a) =1 for all a and g7%(a) = g(a)™:. If
all the ®, are M-groups, then we can also regard II as an M-group.
For this purpose we define gm by

(41) (gm)(a) = gla)m,
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It is immediate that this satisfies the basic condition (1). We
call the M-group thus obtained the complete direct product of the
M-groups ®,.

Now let $ be any subgroup of the M-group II, and consider
the mapping of § into @, defined by 2 — A(e). Evidently by
(40) and (41) this mapping is a homomorphism of § into ©,.
The image §, is an M-subgroup of ®,. Now we shall say that $
is a subdirect product of the @, if . = @, for all ¢, that is, if the
homomorphism 2 — A(a) is an onto mapping for every ae J.
It 1s clear that § is in any case a subdirect product of the image
groups 9,.

Of particular interest is a certain subdirect product that we now
define. We consider the totality, which we denote as HJ@a,

of elements g e IT that have the property:
gla) =1 for all but a finite number of a.

If g() = 1 for @ # ay, as, -+, an and A(a) = 1 for a #= By, Bs,
“ry By then (gh)(a) =1 for a # a1, s Omy Byt Ba Hence
II is closed under multiplication. Also it is clear that 1 ¢ II and
that if g e II then g~' ¢ I. Hence II is a subgroup of II.

For any v ¢ J we define @, to be the subset of elements such
that g(a) = 1if @ #% 4. Then it is evident that @,” is a subgroup
of I and that the mapping 2 — A(y) is an isomorphism of @,’
onto ®,. This implies, of course, that for each v e J the mapping
% — h(y) is a homomorphism of II onto @,. Hence II is a sub-
direct product of the ®,. We shall call this particular subdirect
product the direct product of the ®,. If Jis afinite set (and in this
case only), II = 1II.

As in the finite case we can give a characterization of II in
terms of the groups ®,’. Thus it is easy to see that the @, are
invariant M-subgroups of II and that

1. HJ@a = [U©a,])
2, &' N[U 6. =1.
ax=p

Here as usual [U®,'] denotes the subgroup generated by the
groups ®,’. Conversely, if @ is any M-group that contains in-
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variant M-subgroups @, satisfying 1 and 2, then ® is isomorphic
to the direct product of the @,’. In this case, too, we shall say
simply that ® is the direct product of its subgroups and accordingly
we write @ = IIG,".

EXERCISES

1. Let ® be a commutative group without elements of infinite order. For
each prime p let @, be the subset of elements of order a power of . Show that

®, is a subgroup of @ and that ® = J[] ©,.

Y4
2. Show that, if the group ® considered in 1 is the additive group of a ring,
then the ®, are ideals. Hence the ring © is the direct sum ) & @, * and
©,8, =0ifp >~ ¢. ?
3. Let & be an M-group and let { R4} be a collection of invariant M-subgroups

of & such that 1R, = 1. Show that @ is isomorphic to a subdirect product
of the groups &, = @/R..

* This is the additive terminology and notation that correspond to the direct product II.



Chapter V1

MODULES AND IDEALS

The concept of a module that we consider in this chapter is a
composite notion based on the concepts of a ring and of a group
with operators. Modules are of fundamental importance in the
study of homomorphisms of abstract rings into rings of endo-
morphisms of commutative groups (so-called representation
theory). This was first recognized by Emmy Noether. Previ-
ously the concept of a module had made its appearance in the
theory of algebraic numbers.

In the first part of this chapter we introduce the basic module
concepts. We investigate further the chain conditions on modules
and the related Hilbert basis condition both in the general case
and in the special case of ideals. The second part of the chapter
is devoted to the derivation of the fundamental decomposition
theorems for ideals in Noetherian rings (commutative rings with
ascending chain condition). Finally we take up the notion of
integral dependence. A special case of this is the concept of
algebraic dependence considered in Chapter III. The results that
we give here are therefore applicable also in the theory of fields.

1. Definitions

Definition 1. A left module is a commutative group M (com-
position addition) with an operator set U that is a ring such that in
addition to the basic operator condition

1, alx +y) =ax+ay, ae¥, xyeM

we have also
162
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2;. (@4 &)x = ax + bx
and
3i. (ab)x = a(bx).

In the present context we employ the notation 4; for the endo-
morphism ¥ — ax in the commutative group . The conditions
2; and 3; are equivalent to the following conditions on these
endomorphisms:

21’. (d + b)z = a; + bl
31’. (ab), = &zaz.

Hence we see that the basic mapping 2 — 4; is an anti-homo-
morphism of ¥ into the ring of endomorphisms of M. Conversely,
if M is a commutative group with a ring % as a set of operators
and if the mapping ¢ — 4; is an anti-homomorphism, then M
is a left %-module.

We have seen that the condition 1 implies that

1) a0 =0, a(—x) = —ax.

Also since 2 — 4; is an anti-homomo1 phism, 0; = 0 and (—a); =
—a;. Hence

(2) Ox =0, (—a)x = —ax.

The concept of a right module is defined in a similar fashion.
Here we have a commutative group with operator set % that is a
ring, and we assume that the mapping of @ £ % into the associated
endomorphism of M is a ring homomorphism. It is convenient
to denote the endomorphism associated with 2 by 4,. Also we
denote the product of @ in A and x in M by x4, so that xz, = xa.
Then our assumptions on this product can be exprecsed in the
following way:

1,. (* + y)a = xa + ya
2,. x(a + &) = xa 4+ xb
3,. x(ab) = (xa)é.

If % is a commutative ring, any homomorphism of ¥ is also an
anti-homomorphism and conversely. Hence, any left module for
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such a ring can be regarded as a right module and conversely.
This is not the case for arbitrary rings. However, if ¥ is arbi-
trary, and %’ is a ring anti-isomorphic to %, then any left (right)
%-module can be regarded as a right (left) A’-module. For this
purpose we may set x&’' = ax (4'x = xa) where 4 — 4’ is an anti-
isomorphism of A onto A’. Then it is clear that the correspondence
&’ — a; (@ — a,) is a homomorphism (anti-homomorphism) of
oA’ as required.

We have seen that the additive group of a ring can be used in a
natural way as the group part of three groups with operators.
In the first of these we take the product of  in the ring % by x
in the additive group M = A,+ to be the ring product ax.
Evidently 2; and 3; hold. Hence this group with operators is a
left module. From now on we shall refer to this module as #ke
left module of the ring A. Similarly we obtain the right module
of the ring A by taking M = A+ and defining x2 for x in M
and a in ¥ to be the ring product.

2. Fundamental concepts. From now on we deal exclusively
with left modules and we refer to these simply as “modules” or
“9-modules.” It is evident that what we say about these can
also be said about right modules.

Let M be an A-module and let N be an A-subgroup of M. By
this we mean of course that % is a subgroup of M and that N is
closed under multiplication by elements of %. Now it is clear
that the product ay, a e U, y € N satisfies 2; and 3;. Hence N is
a module. We call such a module a submodule of M.

If 9 is 2 submodule of M, then we know that the factor group
M/N can be turned into an Y-group by defining

a(x +N) = ax + N

Here again it is immediate that this composition defines a module.
We call this module the difference module of M relative to N.
We shall have occasion in the sequel to deal simultaneously with
difference rings and with difference modules. It will therefore
be convenient to adopt the following notational convention:
difference rings will be denoted as before by %A/®, difference
modules will be denoted hereafter as M — N.
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The concepts of homomorphism, isomorphism, endomorphism and
automorphism for %-modules are special cases of these concepts
for groups with operators. Hence the results that we derived for
these notions carry over without alteration to the module case.
For example, we know that the image M7 of a module under a
homomorphism 7 is a submodule. Also the kernel & of this
mapping is a submodule of I and we have the “fundamental
theorem” that My =~ M — K. We know also that the submodules
of the left module of the ring % are just the left ideals $.

An important application of these ideas is the definition of the
order ideal of an element of a module M. Let x beany element
of M and consider the mapping 4 — ax of A into M. Evidently
this i1s a group homomorphism. Moreover, since

3) ba — (ba)x = b(ax),

it is an Y-homomorphism. We can therefore draw the following
conclusions: The set Ax of image elements ax is a submodule of
M and the kernel I, of the mapping is a left ideal (submodule)
of the ring %. By definition &, is the set of elements ¢ of ¥ such
that cx = 0. We call this ideal the order of the element x. By
the fundamental theorem %x =~ A — S..

We consider next the kernel 3 of the ring anti-homomorphism
a — a; of U into the ring of endomorphisms of M. The set 3 is
evidently the intersection N, of all the order ideals of the ele-
ments of M. The subring U; of image elements 4; is anti-isomor-
phic to A/8. We shall call 3 the annihilator of the module M,
and we find it convenient to denote this ideal as 0: 9.

More generally if 9%; and R, are two submodules of 9, then
we denote the set of elements ¢ of ¥ such that

4) M SNy

by M1: M. It is immediate that N;: N, is a (two-sided) ideal in A.
We refer to this ideal as the guotient of %y &y Ne. As we shall see
later, the study of quotient ideals is of great importance in the
ideal theory of commutative rings.

If B 1s a subring of the ring %, then it is clear that any #-module
can also be regarded as a 8-module. Assume next that M is an
A-module and that U is an ideal in ¥ that is contained in 0: M.
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We shall now show that we can regard I also as an %/U-module.
Thus let 2; and a5 be any two elements of % that belong to the same
coset mod U. Then 4, = 4y + u, u in U. Hence for any «» in
M we have ax = ayx + ux = a;x. It follows from this that
the product defined by

%) (¢ + Wx = ax

is single-valued from A/l X M into M. It can be verified directly
that this composition satisfies 1;, 2; and 3;. Hence we obtain
in this way an %/U-module.

EXERCISES

1. If & is a left ideal of ¥, let 3 denote the set of finite sums Zéyx;, &; in
&, x;in M. Show that JIM is a submodule of M.

2. If & is a right ideal of ¥, the totality of elements y ¢ such that &y = 0
for all e & is a submodule.

3. Let U be a ring with an identity 1. Show that any A-module permits a
decomposition I = 1IN & N where 1IN is the submodule of elements 1x, and
N is the submodule of elements annihilated by every a e 3.

4, What are the following quotients in the ring of integers: (6):(3), (6):(15),
3):(9)?

5. Prove the following rules for quotients: (2) M1: M = A iIf N1 2Ny, (b)
(ménn) RN NRYN =N NORN2RN -0 NN, (€ NN = N (O
+ J2).

6. Show that, if N; < Ny, then N, : Ny = 0:(N; — Ny).

7. Prove that, if 3 is a ring with an identity, then $:% is the largest two-
sided ideal of o contained in the left ideal &.

3. Generators. Unitary modules. If X is a subset of a
module M, then the set (X) of elements of the form

(6) m1x1+m2x2 +4---+ mrxr-l—alxl +42x2+"'+ﬂrxr

where the m; are integers, the 4; are in ¥ and the x; are in X is
a submodule of M. Evidently (X) D X and (X) is contained in
every submodule of M that contains X. Hence we call (X) the
submodule generated by X. 1If (X) = I, we say that X is a sef of
generators for M. If there exists a finite set of generators for M,
then we call M a finitely generated module and, if there exists a
single generator, then M is a cyclic module.

The formula (6) that gives the dependence of an element on a
set of generators is somewhat complicated in that it involves
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coefficients m; that are integers as well as 4; that are in the ring
9. A simpler formula can be given in the special case of modules
that are unitary in the sense that M = M. By this equation we
mean that every element of M can be written in the form Za;y;,
a;e U, y; e M. We shall now prove the following

Theorem 1. If X is a set of generators for a unitary module M,
then every element of MM can be written in the form

(7) ayxy + agxs +- -+ ax,
where the a; e N and the x; ¢ X.

Proof. Let x be any element of 9 and write ¥ = Za;y; for
suitable a; in %, y; in M. Then there exist elements x; in X such
that

Vi = Zmi,-x,- + Ed,'jx'j, m;; € I, a;; € 2[.

Then x = Za;y; = Imiax; + Zaax; = Zhix; where

bj = Z miid; + E a;a;j.
i H

In particular, we see that, if M is cyclic and unitary, then M
contains an element x such that every element of M is a multiple
ax of x. In particular, x has the form ex for a suitable ¢ in %.
If 9 is unitary and % has an identity 1, then 1 acts as identity
operator for M; for, if x = Da;y,, then 1x = 1Za,y;) = Z(1ay)y;
= Za;y; = x. Conversely, it is clear that, if 1 acts as identity
operator, then any « has the form 1x so that M is unitary. Thus,
if A has an identity, then the condition that I be unitary is equivalent
to the condition that 1, is the identity mapping in M.

A unitary module for which the basic ring % is a division ring
is called a vector space. The detailed study of vector spaces con-
stitutes the subject matter of Volume II of these Lectures.

EXERCISES

1. Call a left ideal & regular if there exists an element ¢ such that xe = x
mod & holds for all x in % Prove that, if I is a unitary cyclic module, then
M= U — I where I is a suitable regular left ideal.

2. Prove that, if & is regular, then & D §: 9.

3. Let I be a simple A-module. Prove that either AP = 0 in which case
9N is finite and has a prime number of elements, or PN is a unitary cyclic module
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with any non-zero element as generator. Show that conversely either of these
conditions insures that N is simple. (Note that the first part of this exercise
is a generalization of ex. 1, p. 78.)

4. The chain conditions. The chain conditions that were
introduced for groups with operators play an important role in
various aspects of module and ideal theory. As we shall see (next
section) the ideals in a polynomial ring over a field satisfy the
ascending chain condition and this fact alone suffices for the
derivation of the basic ideal decomposition theorems for such a
ring. On the other hand, the study of rings that satisfy the de-
scending chain condition for ideals forms an important part of
the so-called structure theory of rings.

In this section and the next we shall derive some of the simpler
implications of the chain conditions. We note first that, since
any module is a commutative group, the chain conditions for
modules can be stated in the following way:

Descending chain condition. If Ry 2 Na 2--- is a decreasing
sequence of submodules, then there exists an integer N such that
Ny = Rwvyr =+

Ascending chain condition. 1f Ry C Ny C--- is an increasing
sequence of submodules, then there exists an integer N such that
Ny = Rwgr =

It is easy to see (using the axiom of choice) that the descend-
ing chain condition is equivalent to the

Minimum condition. In any non-vacuous collection {%} of
submodules, there exists a minimal submodule, that is, a sub-
module that does not contain properly any submodule of the
collection.

To establish this equivalence we assume first the descending
chain condition. Let {9t} be a non-vacuous collection of sub-
modules. Select R, in the collection. Either 9N, is minimal or
there is an N, in {N} such that N, < Ny. Either N, is minimal
or there is an N3 in {N} such that N3 = N,. This process leads
in a finite number of steps to a minimal submodule; for otherwise,
by the axiom of choice, we obtain an infinite chain R%; D R, D
Nz D--- contrary to assumption. Conversely, suppose that the
minimum condition holds, and let #; D N2 D--- be an infinite
decreasing sequence of submodules. Let Rty be a minimal element
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in the collection {®;}. Then we certainly have Ny = Ny,

In a similar manner we can show that the ascending chain con-
dition is equivalent to the

Maximum condition. Any non-vacuous collection of sub-
modules contains a maximum submodule (one not contained
properly in any other module of the collection).

The maximum condition implies the following useful principle
of induction: Let P be a property of submodules of a module
such that P(M) holds if P(M’) holds for every %' D N. Then
P(M) is true for all M. As in the case of the second principle of
induction for natural numbers (p. 9), the proof follows directly
from the consideration of the collection of submodules N such
that P(R) is false.

The next result that we shall derive is very useful in the theory
of ideals. We state it as the following

Theorem 2. A4 module W satisfies the ascending chain condition
for submodules if and only if every submodule of I is finitely
generated.

Proof. We assume first that the ascending chain condition
holds and we let % be any submodule of M. If N = 0, then N
is generated by 0. If % 5 0, let #; be any non-zero element of
N and let («#;) denote the submodule generated by ;. If («;)
N, let us e N, ¢(u1). Then the submodule (uy,x,) generated by
uy,uz properly contains (u1). If (uy,u3) C N, we can find a
in N such that (uy,u5,u3) D (uy,us). After a finite number of
selections we obtain (#y, #g, ---, #,) = M, since otherwise we
obtain an infinite properly ascending chain of submodules (x;) <
(#1,u3) © (wa,tig,u3) S+ .

We assume next that any submodule is finitely generated and
we let B SN, SNy C--- be an arbitrary ascending chain
of submodules. The proof that Ny = Ny41 =--- for some N is
similar to the proof of the ascending chain condition for principal
ideal domains (p. 121). As in the special case we note first that
the logical sum P = UM, is a submodule. Hence P = (u1, u,,
-+, u,) for suitable #; in . Now u; e W, for some 4, If N =
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max (hy, hay * -+, h), then every u; e Ny. Hence B C Ny and
this evidently implies that Nty = Ry =---.

5. The Hilbert basis theorem. We suppose now that M is
a finitely generated unitary module. We shall prove that, if the
ring U satisfies the ascending (descending) chain condition for left
ideals, then the same condition holds for 9.

Let x4, x2, + -+, %, be a fixed set of generators for M. Then if
N is any submodule of M, we define the subset §; (N) of A, 7 = 1,
2, ---, r, to be the totality of elements & for which there exists
an elcment

5.‘(‘,' + bj+lxj+1 + e + brxr

in M. It is immediate that 3;(N) is a left ideal. Moreover, we
evidently have §;(M) € &;(P) for all 7 if N is contained in the sub-
module B. We note next the following

Lemma 1. If R C P and §;(N) = I,(P) for all j, then N = .

Proof. Let y = bix; + boxy +-- -+ &.x, be any element of
B. Then 4y e $1(B) = J1(N). Hence, there is an element y’ in
N of the form &yxy + by'xg +-- -+ b/%,. Theny — ' = cox5 +
csx3 + -+ cx, where ¢; = 4, — 5/ and y — y’eP. Hence
c2 8 F2(P) = J2(N). Now there is an element y” in N of the
form coxe + ¢3'x3 +-+ -+ ¢/’x¢,. Theny — 3y — 3" = daxs +---
+ dx,. Continuing in this way, we obtain y’, ", ---, y®@ in R
such that y — ' —-..—y® =0. Hence y =y + 3" +---
+ 3" e RN,

Now let #; € Ny S+ be an increasing chain of submodules
of M. Then we can associate with this chain the r chains of left
ideals

JiM) CJM) S+, =12, -1

If the ascending chain condition holds in 9, we can find for each
7 an integer N; such that

SJ(SRN,) = 33(%N1+1) =y j = 1’ 2’ AR &

Hence, if N = max (Nl) N2, T Nr)) then 8](%N) = S(i(mN+1)
=-.- holds for all 5. By Lemma 1 this implies that RNy =
Nv+1 =---. We have therefore proved the “ascending chain”
part of the following
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Theorem 3. If U is a ring that satisfies the ascending (descend-
ing) chain condition for left ideals, then any finitely generated unitary
A-module M satisfies the ascending (descending) chain condition for
submodules.

The proof of this result for descending chains is similar to the
above.

We wish to show next that, if % is a ring with an identity that
satisfies the ascending chain condition or, equivalently, if every
left ideal in ¥ is finitely generated, then the same condition holds
for the polynomial ring %[x] in a transcendental element x.
The proof of this result is quite similar to the foregoing.

With each left ideal Rt of A[x] and eachj = 0, 1,2, - - - we asso-
ciate the set 3;(N) of elements & e A such that there exists an
element

bxd + byt o+ by
in M. Then it is clear that $;(N) is a left ideal in A. Also if
bx? 4 b; 12’1 - -+ by e R, then so does

bad T byt e box = x(bx + bk 4+ -+ By).
Hence

Jo(M) S J1(M) S (M) C---.
Consequently the set J(N) = US;(N) is a left ideal. We shall

now use these remarks in proving the important

Hilbert basis theorem. Let A be a ring with an identity that
has the property that every left ideal in W is finitely generated.
Then the ring x| of polynomials in a transcendental element x also
has this property.

Proof. Let % be an ideal and define the ideals &;(N) and $(N)
as above. Then there is an integer N such that Sy(N) = Sy (N)
==, Letéd,, j=01,2,---,N;i=12, .-, m; be
elements of A such that

i) = i1, bj2y + 5 bim;)
and let f;;(x) be polynomials in % such that

Sii(%) = b + " T+ dj 2 41l
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Then we shall show that % = (fo1, -, fomes f11o ** 5 fims =+ *3
o fumy). Thusletg = "+ ¢ g1 4--- e R Ifr<N,¢, =
@ribey + Grobr2 + -+ Gy by, for suitable 4 in A Hence
g — Za,:f+(x) is a polynomial in R of degree <r. If » > N,
Cr = @riby1 + ar2bya +- -+ Gmpbymyy @i In A; hence g —
Za,x" Vfyi(x) is a polynomial in N of degree <r. We can
therefore reach our conclusion by using induction on the degree
of g.

Hilbert’s theorem has an immediate extension to polynomials
in several elements. The result is the following

Corollary 1. Let U be a ring with an identity such that every
left ideal in W is finitely generated. Then every left ideal in Ulx,, %o,
-+, %;] has a finite set of generators.

An important special case of this result is the

Corollary 2. If U is a division ring or if U is a principal ideal
domain, then every left (right) ideal of U[x1, %2, - -+, x,] has a finite
set of generators.

EXERCISES

1. Prove that, insofar as the ascending chain condition is concerned, the as-
sumption that I is unitary is superfluous in Theorem 3.

2. Prove that, if 2 has an identity and every left ideal of U is finitely gen-
erated, then every left ideal in the ring A(x) of power series in x (defined in
ex. 1, p. 95) is finitely generated.

3. Let § be a finite field of ¢ elements and let B be the ideal in Flxy, #g, - - -,
x,] of polynomials m(xs, ---, x,) such that m(sy, ---, sr) = 0 for all 5; in §.
Determine a finite set of generators for 3.

6. Noetherian rings. Prime and primary ideals. In the next
few sections we shall develop the basic results of the theory of
ideals in commutative rings with ascending chain condition.
We have seen that this class of rings includes the polynomial
rings §{x1, X3, - - -, ¥,] where § is a field. The theory of polynomial
ideals is fundamental in algebraic geometry. The abstract
development of this theory on the basis only of the ascending
chain condition and commutativity was initiated by Emmy
Noether. For this reason one calls a ring that satisfies these two
conditions a Noetherian ring.

We assume first only that % is commutative. In the case of
principal ideal domains we have seen that an element 4 is a divisor
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of an element 4 if and only if the ideal (4) D (4). For this reason
if D and B are ideals in any commutative ring, then we say that D
is a divisor of B and B is a multiple of D if © D B. Similarly we
are motivated by the principal ideal case in calling B; + B,
the greatest common divisor of 8; and B, and B; N By the least
common multiple of B, and B,; for in a principal ideal domain
(61) + (b2) = (d) where d 1s a g.c.d. for 4, and &3 and (4;) N (&,)
= (m) where m is a l.c.m. for 4; and 4;. We generalize next the
notion of a prime in the following important

Definition 2. A7 ideal B of a commutative ring A is prime if
ab = 0 (mod B) implies that either a = 0 (mod B) or b = 0 (mod B).

It is clear that this is equivalent to the condition that %/%
is an integral domain. Also evidently ¥ is an integral domain if
and only if O is a prime ideal. The element p is a prime in the
sense of the definition given in Chapter IV if and only if (p) is a
prime ideal. Thus, for example, (x — y) is a prime ideal in
§lx,y]. An example of a prime ideal that is not principal is the
ideal (v,y) = (*) + () in §lx,y]. Here §lx,5]/(x,y) = §.

Any maximal ideal 8 in a ring with an identity is a prime; for,
in this case, /B is a field and hence also an integral domain. If Y
does not have an identity and 8 is maximal, either %/9B is a field
or (A/B)2 = 0. In the first case B is prime while in the second
we have %2 C 8.

Suppose next that 8 is any ideal in the commutative ring ¥,
and let ®& = R(B) be the totality of elements z for which there
exists a positive integer r (possibly depending on 2) such that
27 = 0 (mod B). Evidently R can also be defined as the set of
elements 2 such that the coset Z = 2 4+ % is nilpotent in A/B. We
now show that R is an ideal. First if 2" = 0 (mod $B) and a is
any element of %, then (4z)" = 42" = 0 (mod B). Next let z;
and2; e Randletz,” =0 (mod B),7 = 1,2. Setr =r; + 7, — 1.
Then

(21 — 22)" = Zmyz'zd, i+j=r, myel.
In each term we have either 7 > r; orj > r,. Hence m;;2,%2,’ = 0
(mod B). Thus (z; — 2;)" = 0 (mod B) and z; — 2, ¢ R. This
proves our assertion. The ideal ® = R(B) is called the (/)
radical of 8. Evidently R is a divisor of 8.
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Examples. (1) Let a = p11ps® -+ - p,r be a factorization of the integer 4
into a product of prime powers p;% where p; 3 p; if i # j. Then the radical
of (@) is (pipz -+ pr); for if b= kpips --- pr and ¢ = max (ey, €3, -+, e4),
then 4* = 0 (mod (4)). On the other hand, if a power of ¢ is divisible by 4,
then ¢ itself is divisible by p1 p2 -+ 2. (2) Consider the ideal (x%,%®) in
Glx,5]. Evidently the radical contains ¥ and y. On the other hand, if f(x,y)" =
0 (mod (% »%)), then the constant term of f(x,y) is0. Hence f(x,y) = 0 (mod
(%,7)). Thus the radical of (x% %) is (x,¥).

The radical of an ideal in a Noetherian ring is #i/potent modulo
this ideal. By this we mean that there exists an integer NV such
that ®¥ = 0 (mod B). In order to prove this we choose a finite
set of generators 2j, 2z, - - +, 2, for R, so that R = (21, 23, * * -, 2m)-
Let 7; be an integer such that 2, = 0 (mod B) and set N = r, +
ro -+ rm — (m —1). Consider the product of any N ele-
ments of ®. Since any element of ® has the form Za.2; + Imz,,
a; e U, m; e I, such a product has the form

1, + tm i im
2.4,‘1...,-“21“22" v Zm + EM.-I...,-mzl ... Zm

where the £’s are in %, the M’s are integers and iy + i3 + -+ in
= N. Now it is easy to see that for each term we must have
i; > r; for some j. It follows that this term is in 8. Hence any
product of N elements of ® is in 8 and this implies that #V= 0,
(mod 9).

We consider next the generalization of the notion of prime-
power element in a principal ideal domain. There are several
possibilities for such a generalization, but the “right” one for
the purposes of the decomposition theory is the one given in the
following important

Definition 3. An ideal B in a commutative ring is a primary
ideal if every zero divisor modulo B is in the radical, that is, if
ab =0 (mod B) and b #= 0 (mod B) implies that a = 0 (mod R).

It is a simple consequence of this definition that the radical
of a primary ideal is a prime ideal. For let 44 be in the radical
R and suppose @ # 0 (mod R). Then 476" = (44)" = 0 (mod B)
for some positive integer 7. On the other hand, 4" # 0 (mod B).
Hence by definition 4" = 0 (mod ®) and this means that /™ =
(&")* = 0 (mod B) for some 5. Hence, 4isin R. The radical of a
primary ideal is called its associated prime ideal.
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It is easy to see that (g) is primary in the ring of integers if
and only if ¢ = p° p a prime (ex. 1 below). We leave it to the
reader to verify also that the ideal (x¥%,y%) is primary in §[x,y].
On the other hand, we note that the ideal (x%,xy) is not primary in
§lx,5] even though its radical (x) is prime. For x # 0 (mod
(#*xy)) and y = 0 (mod (x)) but xy = 0 (mod (x*xy)).

EXERCISES

1. Show that (g), ¢ # 0, 1, is primary in [ if and only if ¢ = p°, p a prime.

2. Prove that, if B is a prime ideal and €; and €; are ideals such that €;8; = 0
(mod B), then either €; = 0 (mod B) or €; = 0 (mod B).

3. Prove that R(®B; N By) = R(B1) N R(By).

4, Prove that in a Noetherian ring B;* & Ba holds if and only if R(Bs)
C REBy).

7. Representation of an ideal as intersection of primary ideals.
The fundamental factorization theorem in the ring of integers
can be stated in terms of ideals as follows: Every ideal (&) can
be written in one and only one way as a product of prime ideals.
This does not hold for arbitrary Noetherian rings. A somewhat
weaker statement is that every ideal in 7 is an intersection (least
common multiple) of primary ideals; for if @ = p;"ps™ - -+ p,”
where the p; are distinct primes, then clearly

(@) = (71™) N (") N--- N (7).

We shall show in this section that this type of decomposition is
valid in any Noetherian ring. The question of uniqueness will be
taken up in §8. :

Assume now that % is any Noetherian ring. We shall show
first that an ideal that is not primary is reducible in the sense
that it can be expressed as an intersection of proper divisors.
Thus suppose that 8 is not primary and let 4 be an element which
is a zero-divisor modulo ¥ but which does not belong to R(8).
Let 2 be an element such that a4 = 0 (mod 8B) and 2 # 0 (mod B).
Then aeB:(d), ¢ 8. Hence B:(d) D B. Also since 4 ¢ R(B),
@) +8>8fork=1,23,---. Consider now the ascending
chain

®) B:(d) S B:(2) CB:(P) CS---.
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Let r be a positive integer such that

) B:(d) =B:(@) =.--.
Then we have the relation

(10 B=(8:(d) N(B+ @*);

forifueB+ @), u =56+ md™ + cd"+ where be B, me |
ceN. Hence, if u e B:(d"), then

ud™ = bd" + md* ' + cd* ! = 0 (mod B).

This gives (md + ¢d)d®> =0 (mod B) so that md + ¢d is in
8:(4?). But then, by (9), (md+ ¢d)d" =0 (mod 8). Hence
md™ + ¢d" =0 (mod B). Thus #e®B. This proves (10).
Since both ideals in (10) properly contain 8, $ is reducible. Evi-
dently the result that we have proved can also be stated in the
following form:

Theorem 4. Every irreducible ideal in a Noetherian ring is
primary.

We shall prove next that every ideal in a Noetherian ring is a
finite intersection of irreducible ideals. To prove this we use the
principle of induction formulated in § 4, that is, we show that
for a given ideal B the result holds, provided that it holds for
all 8; o 8. Now either B is srreducible, in which case we are
through, or 8 = 8$; N B, where B, DB for i =1, 2. Then
B, and B, can be represented as intersections of finite numbers
of irreducible ideals. Hence 9, too, 1s such an intersection. In
view of Theorem 4 this result implies the fundamental decomposi-
tion theorem:

Theorem 5. Every ideal in a Noetherian ring is a finite inter-
section of primary ideals.

EXERCISES

1. Express (¥%xy) as a finite intersection of primary ideals.

2. Show that the ideal (¥%xy,y?) is primary and reducible in $[x,y].

3. (Fitting.) LetIN be an A-module (¥ arbitrary) that satisfies the ascending
chain condition. Suppose that there exists an NA-endomorphism 6 of I that
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is not nilpotent and that is not an isomorphism of 2. Prove that there exists
two submodules M; = 0 in MM such that My N M = 0.

4. (Fitting.) Let I be an A-module satisfying the ascending chain condition.
Suppose that the intersection of any two non-zero modules of 2 is # 0. Prove
that the set of nilpotent A-endomorphisms of M is an ideal R in the ring €
of A-endomorphisms. Prove that if & in € is a left-zero divisor, then a ¢ R.

8. Uniqueness theorems. We shall say that the ideal 9B is an
irredundant intersection of ideals Qi, Qq, -+, Q, If B =, N
Qe N---N L, and

o N--NQ,NQp NN, DY

fori = 1,2, ---,r. Itisevident that, if we have any representa-
tion of B as a finite intersection of ideals, we can omit enough
terms to obtain an irredundant intersection. In particular, we
see that every ideal in a Noetherian ring is an irredundant inter-
section of primary ideals. We observe next that it is sometimes
possible to combine primary ideals to obtain primary ideals, for
we have the following

Lemma 1. If Q, and Qj are primary idea:s that have the same
radical B, then Q1 N Qo is primary.

Proof. We know that R(Q; N Q;) = R(Q;) N R(Q3). Hence
R(Q; N Q,) = P. Now let a be a zero-divisor modulo Q; N Q..
Then we have a 4 # 0 (mod Q; N Q) such that 44 = 0 (mod
0, N 9,). Since 4 =0 (mod Q; N Q,) we can suppose that
50 (mod Q,). Then a6 =0 (mod Q;), gives 2 =0 (mod
R(LQ1)). Hence a & P.

We can use this result to combine primary factors that have the
same associated primes. In this way we obtain a representation
of ¥ as irredundant intersection of primary ideals:

(11) =2, N0 N---NQ,

such that the associated prime ideals $;, P, - - -, B- are distinct.
Even after these normalizations have been made we cannot assert
that the Q; are unique. For example, in lx,y] we have the
distinct decompositions

(#xy) = (%) N (¥xy, y*)
= (x) N (x*y + ax), aef.
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We note, however, that the associated prime ideals of these two
decompositions, namely, (¥) and (x,y) are the same and this
unicity carries over in general. This is the content of the

First uniqueness theorem. L&z 8=, N Q, N---N Q, =
Q' N QY NN Q) be two irredundant intersections into pri-
mary ideals whose associated primes are distinct. Then r = s and
the sets of primes of the two decompositions are identical.

Before proceeding to the proof we shall derive a couple of simple
lemmas.

Lemma 2. Let Q be a primary ideal and let B’ be a prime
ideal containing Q. Then P’ 2 P = R(V).

Proof. If 2 =0 (mod B), 2" = 0 (mod Q) for some integer .
Hence 2" = 0 (mod P’). Since P’ is prime, 2 = 0 (mod P').

Lemma 3. Let Q be primary, B its associated prime and let €
be any ideal not contained in B; then Q:€ = Q.

Proof. An element # in :€ satisfies the condition that
uc = 0 (mod Q) for all c e €. If we choose ¢ = 0 (mod B), then
this implies that # = 0 (mod Q). Hence Q:€ € Q. The con-
verse O C Q:€ is clear.

We can now give the

Proof of the uniqueness theorem. Let B; = R(Q,), B =
R(Q:"). There exist ideals in the set By, Bz, -+, Bry B’y Bo,
-+, P, that are not contained properly in any of the ideals of
this collection. We may suppose that P, has this property. We
prove first that P, is also in the set B,’, B2, ---, B'. If not,
then B, € B/ for i = 1,2, ---, 5. Hence, by Lemma 2, Q, ¢
B/. By Lemma 3, Q/:Q; = Q.. Hence

B: =0, N N---NQ,/)Q,
=0/ Q: NYY:O;, N---NQ/: Oy
=9,/ N’ N---NQ,’ =8.
Similarly, Q;:Q; = Q;if j > 1. Hence
B=B:: =N N--- N, =0, N\ N---NQ,

and this contradicts the assumption that the first decomposition
is irredundant,
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We now suppose that B; = B,’. The ideal Q; N Q,’ is pri-
mary with P, as associated prime. Hence, by the argument that
we have just used, Q;: (L1 N Q) = Q; forj > 1 and Q.1 (L
N Q,) =90 fori >1. Hence

%:(Ql ﬂi)') =, N Q3 n---N Q,
=0/’ NY'N---NQ/

and these are two irredundant decompositions of B:(Q; N Q)
satisfying the conditions of the theorem. We can use induction
to conclude that the sets of prime ideals B,, B3, - - -, B» coincides
with the set Bs’, Bs', < -+, Bs'. This concludes the proof.

We shall call the prime ideals B;, B2, - - -, B» whose uniqueness
has just been established the associated primes of the ideal 8.
If8=90/"N9Q"N---N LY, is any irredundant decomposi-
tion of B into primary ideals, we can obtain a decomposition of
the type considered in the theorem by combining components
that have the same associated primes. Hence the distinct asso-
ciated primes of the primary ideals Q,", Q,”, ---, Q. are the
associated primes of B.

It is an immediate corollary of the uniqueness theorem that
B is primary if and only if it has only one associated prime. In
other words, an ideal that is an irredundant intersection of pri-
mary ideals that do not all have the same associated prime is
not primary.

Before proceeding to the discussion of the next uniqueness
theorem we prove the following important

Theorem 6. If B and € are ideals in a Noetherian ring, B:€ =
B if and only if € is not contained in any of the associated primes
of 8.

Proof. Let 8= Q; N Q, N--- N Q, be an irredundant de-
composition of P into primary ideals. Let P; = R(Q.) and as-
sume that € ¢ Bi. Then by Lemma 3, Q,:€ = Q,. Hence

B:E=(Q, N, N---NQ,):E
= 06N Q€ N---N LQ,:E€
=, N N---NL, =89
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On the other hand, suppose that € C P; for some i, say, € C ;.
Then there exists an integer m such that €™ € Q,. Hence

(L N---NLYY)ECE"NQ, N---NQO, CB.
Now let # be the smallest integer such that
(12) ec"(Q, N---NQ,) CB.

Since 8 = Q; N--- N Q, is irredundant, » > 1. It follows that
Qe N---NQ,)E B* On the other hand, by (12)
Qs N--- N Q,) € B:6.  Hence B:€ O B.

Suppose now that we also have a decomposition of € as an
irredundant intersection £;" N Q' N--- N 0, with associated
primes P/, Bo', - -+, B,'. Thenif € S By, 0,'Qy" -+ Q. S By.
Hence one of the ;' and consequently one of the B; is contained
in B;. Conversely, it is clear that, if B/ C P;, then € & B,
C PB;. Using this remark, we can reformulate the criterion that
we have just derived as follows:

Theorem 6’. If B and § are ideals in a Noetherian ring, then
B:€ = B if and only if no associated prime of € is contained in
any of the associated primes of B.

We shall now use this criterion to derive the second uniqueness
theorem. This concerns the isolated components of an ideal 8.
If B is represented as an irredundant intersection Q; N Qy N+ - -
N Q, where the Q; are primary and have distinct primes
B1, Bz, * 5 Br, then a particular Q is called an isolated primary
component of B if the prime associated with Q contains no other
associated prime of 8. More generally we call Q; N Q;, N---
N Q,, an isolated component of B if no P,; associated with the
displayed primary ideals contains any of the associated primes
that are not in this set. We can now state the

Second uniqueness theorem. LetB = Q; N, N--- N Q, =
Q) N QY N--- N Q, be two decompositions of B that satisfy the
conditions of the first uniqueness theorem. Let€ = Q; N Q, N- .-
N Q,, be an isolated component in the first decomposition and let
C' be the isolated component of the second decomposition that has
the same set of associated primes as €. Then € = €.

* We use the convention that €%(Q: N--- N Q) = N---N Q..
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Proof. Write 3 =€ N D =C¢ NP where D and D’ are
respectively the intersections of the Q; and the Q. that do not
contain € and €’. Then the associated primes of ® N D’ are
contained in none of the associated primes of €. Hence G:(D N
@) = €. Similarly, €’:(D N D) = €. Hence

B:OHNY)=ECE@ND)N NE:(DNY)) =6
and

B:ONY)=E:(®dND) N@:(DNY)) =¢".
Thus € = €.

Note: Another uniqueness theorem, namely, the uniqueness of
the number of irreducible components of an ideal will be proved
in § 5 of the next chapter.

EXERCISES

1. Prove that, if all the associated prime ideals of % are maximal, then there is
only one decomposition of B as an irredundant intersection of primary ideals
with distinct associated primes.

2. Prove that the radical of an ideal in a Noetherian ring is the intersection
of the associated prime ideals.

3. Prove that the radical is a prime ideal if and only if the given ideal has
only one isolated primary component.

4. If B is an ideal, we define the w-th power of B, B, to be N B, i = 1,2,
i

3, -++. Let B be an ideal in a Noetherian ring and write BB = Q; N Qs
N---N L, an irredundant intersection of primary ideals. Prove that £; D B«
forj=1,2,---,n. Hence show that B = Be.

9. Integral dependence. The notion that we shall consider next
is a generalization of the classical concept of an algebraic integer.
A complex number is called an algebraic integer if it is a root of a
polynomial with integer coefficients and leading coefficient 1.
Now let ¥ be any commutative ring with an identity and let
g be a subring of % containing 1. Then we shall say that an ele-
ment g e U is integrally dependent on g or 1s a g-integer if a satisfies
an equation f(x) = 0 where f(x) € g[x] and has leading coefficient
1. If we write f(x) = #" — y; 4" 1 — .. .— y,_;, % In g, then we
have

(13) a" =0+ via +- -+ Yo"
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It follows from this that all the powers of 2 are expressible as linear
combinations of 1, 4, - - -, "~ using coeflicients in g.

Now we regard % as a g-module in the obvious way: the group
of the module is %,4, and multiplication by elements of g is ring
multiplication. Then the result that we have observed is that if
a is a g-integer and (13) holds, then all the powers of @ are con-
tained in the finitely generated g-module (1, @, - -+, a®™?). The
converse is clear; for, if a" e (1, 4, - - -, "), then we have a rela-
tion of the form (13).

In the remainder of this section we shall assume that g is
Noetherian and we shall investigate the totality of g-integral
elements. The main tool in our considerations will be the fol-
lowing module criterion

Theorem 7. If g is Noctherian, an element a € A is a g-integer
if and only if there exists a finitely generated submodule of U that
contains all the powers of a.

Proof. We have just seen that this condition is necessary.
Now let R be a finitely generated g-module containing all the
powers of @. Since g is Noetherian, %t satisfies the ascending chain
condition for submodules. Hence, there exists an integer # such
that in the ascending chain

1€ We cladd) c---

we have (1, @, -+, @) = (1, 4, -+-, a"). This implies that
a"e (1, a, -+, a"?) so that we have a relation of the form (13).
We use this criterion to prove first the following

Theorem 8. The totality ® of elements of U that are g-integral
is a subring of A containing g.

Proof. Any element y of g satisfies an equation x — y = 0.
Hence, it belongs to ®. Next let 2 and 4 e ® and let (#y, u, - - -, #,)
and (v4, vs, -+, v;) be g-modules of U that contain all the powers
of a and of 4 respectively. The product of any element of ()
by any element of (;) is in the submodule

P = (uvy, -+, ULs; UgDLy =y Uglyy =+ *5 * = UDy).

Hence, any monomial of the form 4*4'e . It follows that all
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the powers of 2 = 4 and of @b are in . Hence, s + sand abe ®
and © is a subring of .

We shall say that g is integrally closed in % if @ = g, that is,
if every element of ¥ that is integrally dependent on g belongs
to g. We prove next

Theorem 9. The ring ® of g-integral elements is integrally
closed in .

Proof. Let @ be a @-integer and let
a" =go+ g8+ + gara"!

where the g;e ®. We can use this relation to show that every
power of 4 is expressible as a linear combination of the powers 1,
a, +++, a1 using coefficients that are sums of monomials in the
g’s. A simple extension of the argument used to prove the preced-
ing theorem shows that there exists a finitely generated g-sub-
module (w;, ws, ---, w;) of A that contains all the monomials in
the g’s. Then it is clear that every power of & is contained in

. . . -1
(«wl’...’wl,wlg’.. /77 A ‘wlaﬂ ).

Hence 2 ¢ ® as we wished to show.

If 4 = §is a field and g = §o is a subfield, then an element of
¥ is Fo-integral if and only if it is algebraic over o (§ 7, p. 100).
Hence, Theorem 8 states in this case that the set @ of elements
of § that are algebraic over o is a subring of § containing .
Also we know that, if & is algebraic, then $o[4] is a subfield.
Hence, if 2 %0, a7 ' e Fola] £ ®. Hence, ® is a field. If we
take into account also Theorem 9, we can state the following
important theorem on fields.

Theorem 10. Let § be a field and Fo a subfield. Then the set &
of elements of § that are algebraic over o forms a subfield of §
containing Fo. Any element of § that is algebraic over @ belongs to ®.

Now let § be any field, let g be any subring of § containing 1
and let ), denote the subfield of § generated by g. If an element
a e § is g-integral, it is certainly algebraic over §,. Hence, its
minimum polynomial u(x) has coefficients in o and leading coeffi-
cient 1. We shall now show that, if g is Gaussian, u(x) e g[x].
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To see this, let f(x) be some polynomial with leading coefficient 1
and other coefficients in g such that f(g) = 0. Then u(x) | f(x).
Now one of the irreducible factors of f(x) in g[x] is an associate of
p(x) in Folx]. If we call this factor u*(x), then p*(x) = Bu(x), B
in §. Since the leading coefficient of f(x) is 1 and u*(x) | f(x),
we can suppose that the leading coefficient of p*(x) is 1. Then
the relation u*(x) = Bu(x) gives B = 1 so that u(x) = u*(x) € gl«].
This proves the following

Theorem 11. Let g be a Gaussian subring of a field § and let
So be the subfield of § generated by g. Then an element a e § is
integrally dependent on g if and only if it is algebraic over §o and
its minimum polynomial over Fo has coefficients in g.

This criterion is particularly useful if every element of § is
algebraic over $o; for in this case it asserts that an element of §
is g-integral if and only if its minimum polynomial is in g[x]. We
note also that, since the elements of §, are algebraic over o
and have minimum polynomials of the form x — v, the only
elements of §, that are integral over g are those in g. Then g
is integrally closed in $. An integral domain is said to be infe-
grally closed if it is integrally closed in its field of fractions. The
result that we have obtained can therefore be stated as the
following

Corollary. Any Gaussian integral domain is integrally closed.

10. Integers of quadratic fields. The theory of algebraic num-
bers is concerned with the arithmetic properties of fields of the
form Ry(6) where R, is the field of rational numbers and 6 is an
algebraic element. The primary object of study in this theory
is the ring ® of elements of Ry(f) that are I-integers (or simply
integers of Ry(8)). In this section we give a brief introduction to
the theory of algebraic numbers by determining the ring of inte-
gers of quadratic extensions Ry(6).

Let m be an (ordinary) integer that has no square factors.
Then the polynomial x* — m is irreducible in I[x]. Since I is
Gaussian, it follows that x* — m is irreducible in Ro[x]. Hence,
we can construct an extension field Ry(§) where 2 = m. Such a
field is called a guadratic extension of the field of rational numbers.
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Any element of Ry(6) can be written in one and only one way
in the form # = a + B0 where @ and BeRy. If u = o + B9,
we define the comjugate (in Ry(6)) of # to be the element # =
a — B0 of this field. It is easy to verify that the mapping » — &
is an automorphism of Ry(f). Also it is clear that, if « is not in
Ry, then @ = u. We set

T(u) = u+ 4 =20, N =ui = ~ m,
and note that T(«) and N(x) are in R,. Hence, the polynomial
foou) = (x — w)(x — 4) = £* — T()x + N(u)

has rational coefficients. Evidently « is a root of f(x,#). Hence,
every element of Ry(0) is algebraic over R.

If u € Ry, u is integrally dependent on I if and only if it belongs
to I. If u ¢ Ry, then the minimum polynomial of « relative to
Ry is of degree >1. Hence, it is the polynomial f(x,4). Then u
is an integer of Ry(9) if and only if the coefficients T(#) and N(x)
are integers. Thus we have the conditions

(14) 2ael, o — mel.

The first of these conditions implies that either a e/ or that
o 1s half of an odd integer, say, a« = (2#n + 1)/2. If ael the
second condition gives 2m e I. Since m has no square factors,
this implies that §e; for otherwise B = 4,6, where 4; and
b, eI and &, is divisible by a prime p that does not divide ,.
Then

bPm = (2m)b® =0 (mod p?).

Since p | 41, this implies that p? | m contrary to our assumption.
Suppose next that « = (27 + 1)/2, #» in I. In this case the
condition that N = o? — f?m e I gives

B*m = o — N = (4n*> + 4n — 4N + 1) /4.
Hence

(15) Bm = (4 +1)/4, rel.

Now write 8 = 4,6, where 4, and &, are integers such that
(b1,62) = 1 and multiply (15) by 44,%. This gives

4&12m = (47' + 1)&22.
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Since m is square-free and (41,6;) = 1, this relation implies that
b2 = 4 and 4, = £2. Thus 4; is odd and B is half of an odd

integer.
Now write 8 = (2¢ + 1)/2 as well as « = (2n 4+ 1)/2. Since

N=c—-Fm=[4n*+4n+1 — (44 + 49 + 1)m]/4
is an integer, we have the congruence
4 +4n+1— (42 + 494+ 1)m=0 (mod 4).

This reduces to 1 — m = 0 (mod 4) and m = 1 (mod 4). Thus
we see that, unless 7 is of the form 4k + 1, the integers of Ry(6),
02 = m, are necessarily of the form a + B8 where o and B are
ordinary integers. If m =1 (mod 4), then we also have the
possibility that an integer has the form a + 86 where a and 8
are both halves of odd integers.

Conversely, if @ and B¢, then (13) holds and a + B0 is a
quadratic integer. Also, if m =1 (mod 4) and « and B are
halves of odd integers, then o + B8 is a quadratic integer. Our
conclusions can be summarized as follows:

Theorem 12. If m is a square free integer = 2 or 3 (mod 4), then
the ring ®© of integers of Ro(0) is the set of numbers of the form
a+ 0 where xand Bel. If m =1 (mod 4), ® is the set of num-
bers of the form o + B0 where a and B are either both in I or both
halves of odd integers.

EXERCISES
1. Show that if m = =3, ® is Euclidean.
2. Prove that there are just five negative values of m, namely, m = —1,

—2, =3, =7, —11 such that @ is Euclidean relative to the function &(a) =
| N(e) |.*

* See for example Hardy and Wright, The Theory of Numbers, Oxford, 1938, p. 213. The
positive values of m for which this holds have been determined only recently. They are
m=23,56,7,11,13,17, 19, 21, 29, 33, 37, 41, 57, 73, 97. See H. Chatland, On the
Euclidean algorithm in quadratic number fields, Bull. Amer. Math. Soc., Vol. 55 (1949),
pp. 948-953. The question of the existence of a Euclidean division process that does not
necessarily make use of the function 8(a) = | N(a) | is discussed by T. Motzkin, in a
paper, The Euclidean algorithm, Bull. Amer. Math. Soc., Vol. 55 (1949), pp. 1142-1146.



Chapter VII

LATTICES

In a number of important considerations in the theory of
groups and of rings one is concerned primarily with certain dis-
tinguished subsets (invariant subgroups, ideals) of these systems
rather than with the elements themselves. This is particularly
true of the Jordan-Hoélder-Schreier theory. Here the arguments
concern the system of M-subgroups and the compositions in this
system of intersection and group generated. Similarly, parts of
the theory of rings are concerned with the systems of ideals (left,
right, two-sided) of a ring and the compositions of intersection
and sum in these systems. One is therefore led to the definition
of an abstract system—called a lattice—that includes these two
as instances. The concept of a lattice was first defined by Dede-
kind, but it attracted very little attention until quite recently
(around 1930). Besides the applications to algebra many applica-
tions to the foundations of geometry and to other fields have
been discovered. It should be noted also that prior to Dedekind’s
work a special class of lattices, Boolean algebras, had been intro-
duced by Boole.

In this chapter we shall give a brief treatment of the parts of
the theory of lattices that are applicable to group theory and ring
theory. The arguments that we shall use will often be repetitions
of those that we have encountered before. In such cases full
details will be omitted.

1. Partially ordered sets

Definition 1. A4 partially ordered set is @ system consisting
of a set § and a relation > (“‘greater than or equals” or “contains’)

satisfying the following postulates:
187



188 LATTICES

P, a>bandb > a hold if and only if a = b.
P, Ifa>bandb > c,thena > c.

If 2 and 4 are any elements of § we may have @ > 4 or not;
in the latter case we write a > 4. Alsoifa > & and a4 # 4, then
we write 2 > 4, and we agree touse 4 < ¢ and 4 < 4 as alterna-
tives for ¢ > b and a > 4.

Examples. (1) The set I of integers, the set P of positive integers and the
set R of real numbers are partially ordered sets relative to the usual > relation.
(2) The set P of positive integers, the relation > defined by the rule that
a > bifa|b Itis clear that Py and P, are satisfied. (3) The set B of sub-
sets of an arbitrary set § with 4 2> B defined to mean that B is a subset of 4.
(4) The set  of subgroups of a group & with §; = D2 defined as in (3).

In any one of the examples, (2), (3), or (4), there exist elements
a and & that are not comparable in the sense that neither 2 > 4
nor 4 > a holds. If every pair of elements of a partially ordered
set § is comparable (2> 4 or > a), then § is said to be /inearly
ordered or is a chain. All of the examples in (1) are of this type.

In a finite partially ordered set the relation > can be expressed
in terms of the relation of covering. We say that 4; is a cover
of a, if a; > a2 and no u exists such that @, > # > a5, It is
clear that, if 2 > & in a finite partially ordered set, then we can
find a chain Gma>ay> > ay=b
in which each &; covers 4;;;. Conversely the existence of such
a chain implies that 2 > 4. This remark enables us to represent
any finite partially ordered set by a diagram. One obtains such
a diagram by representing the elements of § by small circles
(or dots) and placing the circle for 4, above that for @; and con-
necting by a line if 4, is a cover of a;. Then ¢ > 4 if and only
if there is a descending broken line connecting @ to 4. Some
examples of such diagrams are the following:

.
v

o O
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Evidently the notion of a diagram of a partially ordered set
gives us another means to construct examples of such sets.

EXERCISES

1. Show that the partially ordered set of subgroups of a cyclic group of prime
power order is a chain,

2. Let § be the set of all functions which are continuous over the interval
0 < x < 1. Definef 2 gif and only if f(x) = g(x) for all x in the closed interval.
Show that the relation > is a partial ordering of §.

3. Obtain diagrams for the following partially ordered sets: the set of subsets
of a set of three elements, the set of subgroups of the cyclic group of order 6,
the set of subgroups of ;. ;

2. Lattices. An element # of a partially ordered set § is said
to be an upper bound for the subset A4 of § if # > a for every
aed. The element u is a least upper bound (lu.b.) if u is an
upper bound and # < v for any upper bound v of 4. It is im-
mediate that if a least upper bound exists then it is unique.
Similar definitions and remarks apply to lower bounds. These
notions are fundamental in the following

Definition 2. A lattice (structure) is @ partially ordered set in

which any two elements have a least upper bound and a greatest
lower bound (g.1.5.).

We denote the L.u.b. of 2 and 6 by 2 U & (“a cup & or “a union
4”) and the g.l.b. by ¢ N 4 (“a cap & or “a intersect 5”). If
a,b,c are any three elements of a lattice L, then (¢ U %) U ¢ >
abc. Moreover, if v is any element such that v > g,6,c then
v>(@Ubd),c. Hencev>(@Ud) Uc. Thus(@U b Ucisa
Lu.b. for 4,6 and ¢. A simple inductive argument shows that
any finite subset of L has a l.u.b. Similarly any finite subset has
a g.l.b. If the set consists of a;, a3, - - -, aa, then we denote these
elements by

gy Uag U---Ug, and 4, Na; N---Na,

respectively.

A lattice L is said to be complete if any (finite or infinite) subset
A = {a,} has a Lu.b. Ug, and a g.l.b. Na,.

The examples (1)-(4) of partially ordered sets listed in § 1 are
lattices. In the example (3) of subsetsof aset, / U Band 4 N B
have the usual significance of set-theoretic sum and set intersec-
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tion. In the partially ordered set of subgroups of a group @,
91 U ©; is the group [91,9;] generated by $; and 9, while
©1 N $; is the usual intersection. All of the diagrams given in
§ 1 except the last one represent lattices. The lattice of subsets
of any set, and the lattice of subgroups of any group are complete.
The lattice of rational numbers (the usual >) is not complete.

It is worth while to list the basic algebraic properties of the
binary compositions U and N in a lattice. In doing so we shall
be led to a second and somewhat more algebraic definition of a
lattice.

We note first that the l.u.b. and the g.l.b. are symmetric func-
tions of their arguments, that is, s Ué =46 Uz and 2 N4 =
& N a. Also we have seen that (¢ U &) U ¢ is the Lu.b. of 2,4,c.
Since the l.u.b. is unique,

@UHUc=@Uc)Ua=aU(( Uo.
Similarly
@Nd)Nc=aN@Nec).
It is clear that
aUa=a, ala=a.

Sincea Ub >a,(aUb) Na=a. Similarly (2 Né) Us=a.
Conversely suppose that L is any set in which there are defined
two binary compositions U and N satisfying

L, aUb=0bUa aNb=50Na.

L; @Ud Uc=aU@Uy¢), @Né& Nc=an (¢ Nc).
L; aUa=a aNa=a.

L, @UdNa=a (@Nb) Ua=a.

We shall show that L is a lattice relative to a suitable definition of
> and that U and N are the Lu.b. and the g.l.b. in this lattice.

Before proceeding to the proof we remark that we have made
precisely the same assumptions on the two compositions U and
N. Hence, we have the important principle of duality that states
that, if § is a statement which can be deduced from our axioms,
then the dual statement §' obtained by interchanging U and N
in § can also be deduced.
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We note next that, if 2 and 4 belong to a system satisfying
L;-L,, then the conditions 2 U 4 = 2 and @ N 4 = & are equiv-
alent; for, if 4 Ub =4 holds, then e Nb = Ud NL=4
and dually ¢ N & = % implies 2 U 4 = 4. We shall now define
a relation > in L by specifying that 4 > 4 means that either
aUb=aor a Nb="5 Evidently in dualizing a statement
a > b has to be replaced by 4 > a.

We shall now show that the basic rules P;—P; for partially
ordered sets hold for the relation that we have introduced. Sup-
pose that 4 >4 and 6 > 4. Then s Ub =4 and 4 U g = 4.
Hence by the commutative law 2 = 4. Also by Ly s Uz =4
so that 2 > 4. This proves P;. Next assume that 2 > 4 and
b>¢c ThenaUb=agandéb Uc =24 Hence,

aUc=@Ud Uc=aU@Uc)=aUsb=a

and ¢ > ¢. Hence P, holds.

Since(@ Ub) Na=a,a Ub >a Similarlya Us > 4. Now
let ¢ be any element such that¢ > ¢andc¢ > 4. Thena Uc =¢
and 4 U ¢ =c¢. Hence

@Us)Uc=aU@GUc)=alUc=c¢

and ¢ > a U 4. This shows that ¢ U 4 is a L.u.b. of 2 and 4.
By duality 2 N 4 is a g.1.b. of 4 and 4. This concludes the proof
that a system satisfying L;-L, is a lattice.

A subset M of a lattice L is called a sublattice if it is closed rela-
tive to the compositions U and N. Itisevident that a sublattice
is a lattice relative to the induced compositions. On the other
hand, a subset of a lattice may be a lattice relative to the partial
ordering > defined in L without being a sublattice. For exam-
ple, let @ be a group, let P be the lattice of subsets of @, and ¢
be the lattice of subgroups of ®. Then it is clear that € %,
and that ©; > $, has the same significance in these two sets.
On the other hand, if $; and 9, are subgroups, then $; U $, as
defined in P is the set sum of these groups. In general, this is
not a subgroup; hence, it differs from the $; U §; defined in 2
as the smallest subgroup of ® containing $; and 9,.

If a is a fixed element of a lattice L, then the subset of elements
x such that x > & (v < @) is evidently a sublattice. If 2 > 4, the
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subset of elements x such that 2 > x > 4 is a sublattice. We call
such a sublattice a (closed) interval (quotient) and we denote it as
Iaf).*

The definition of a lattice by means of the postulates L;~L,
leads also to the useful definition of homomorphism. A mapping
a — a4’ of a lattice L into a lattice L' is called a homomorphism
if(@aUd) =4 Uband (a Nb) =4" N&. Ifsucha mapping
is 1-1, it is an isomorphism. A useful criterion for isomorphism
is the following

Theorem 1. A 1-1 mapping a — a’ of a lattice L onto a lattice
L' is an isomorphism if and only if a > & in L implies and is
implied by a’ > &' in L'.

Proof. A mapping @ — 4’ of a lattice L into a lattice L’
is called order preserving if a > b implies thata’ > 4. Ifa — &’
is an isomorphism and @ > 4, then 4 U4 = 4. Hence o’ U ¥’
=4’ and ¢’ > #'. Thus @ — 4’ is order preserving. Evidently
the inverse mapping 4’ — 4 1s also order preserving. Conversely,
suppose that 4 — 4’ is a 1-1 mapping of L onto L’ which is order
preserving and whose inverse is also order preserving. Let
d=aUb Then d > ab so that d&' > a',t’. Now let ¢ be
any element of L’ such that ¢/ > 4’,4' and let ¢ be the element of
L whose image is ¢/. Then ¢ > 4,b. Hence ¢ > d and ¢’ > 4'.
This shows that &’ = 4’ U 4. Similarly (¢ N &)’ =4’ N &

An element 1 of a partially ordered set is called an a// element
(unit, identity) if 1 > afor every a in the set. Dually, an element
0 is called a zero element if 0 < a for every a. Evidently, if these
elements exist, they are unique.

EXERCISES

1. Show that the set of invariant subgroups and the set of M-subgroups (for
any operator set M) are sublattices of the lattice of subgroups of any group.

2. Let § be the partially ordered set of ex. 2, p. 189. Definef UgandfM g
suitably and prove that § forms a lattice with respect to these compositions and
the given partial ordering. Is § a complete lattice?

3. Show that any complete lattice has a zero and an all element.

4, Prove that a partially ordered set with an all element in which every
non-vacuous set has a g.1.b. is a complete lattice.

* This notation is more convenient for the algebraic applications than the usual one
in which the smaller endpoint is displayed first.



LATTICES 193

3. Modular lattices. One of the compositions of a lattice,
say U, can be regarded as the analogue of addition in a ring,
while the other can be taken to be the analogue of multiplication.
It is therefore natural to investigate lattices that are distributive
in the sense that

1) aN@GUe)=@NEH U@Ne

holds. Important examples of such lattices do exist. For in-
stance, the lattice of all subsets of a set relative to the usual set
theoretic sum and intersection is distributive. This is indicated
in the figure

and is readily proved in general. Another example of a distribu-
tive lattice is the lattice of positive integers in which ¢ > 4 means
that ¢ | 4. Here a U 4 is the g.c.d. (a,6) and @ N 4 is the l.c.m.
[@,6] of @ and 4. Then (1) reads

[2,(6,0)] = ((a,8),]a,c]).

The proof of this follows easily from the properties of (2,6) and
[a,8] (ex. 2, p. 120).

It is clear that in any lattice a N (6 U¢) >a Néband a N
(b Uc¢) >aNec. Hence

a-ﬂ(bUc)Z(aﬂb)U(aﬂc))

always holds. In order to establish distributivity it therefore
suffices to prove the reverse inequality

aN@GUc <(@nd U No).

We remark also that the condition (1) is equivalent to the dual
condition:
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(1) aU@Ne)=(@@UH N (aUo).

For if (1) holds, then

@U)N@U)=((@aUb Na)U(aUb) No

=aU{(aU? No
=g U((@aNc)U@Nyg)
=@U@Ne) UE@No
=a U@ No).

Dually (1) implies (1). Thus the assumption of (1) is equivalent
to the assumption of (1) and (1’). Hence, it is clear that the
principle of duality holds also for distributive lattices.

The most important lattices that occur in algebra (e.g., the
lattices of ideals of rings) are not distributive. However, a num-
ber of these do satisfy a weaker form of (1) that reads as follows:

Ly Ifa>b,thena NG Uc)=4U(aNo).
Since & = a N & the right-hand side can be replaced by (¢ N ) U

(@ N ¢). Thus our assumption amounts to the distributive law
for triples @,6,c such that 2 > 4. We now state the following
important

Definition 3. A lattice is called modular (Dedekind) #f it
satisfies the condition Lg.

The importance of these lattices for the applications to other
branches of algebra stems from the following

Theorem 2. The lattice of invariant subgroups of any group is
modular.

Proof. Let ® be the given group and let ;,92, 93 be invariant
subgroups such that $; > 9, ($; 2 92). Consider the inter-
section $; N (H2 U H3) where P2 U $3 now denotes the l.u.b.
of $; and 93 in the lattice of subgroups. Thus $, U H; is the
subgroup generated by 9, and $;. Since the 9, are invariant, we
know that \92 U @3 = -@2@3 = ‘@3@2. Hence, if ae @1 N
(@2 U @3), a = }ll € @1 and ¢ = ]12}13 Where }12 3 @2 and hg e @3.
From A; = hshs we obtain hy'h; = hs. Since $; > O, the
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left-hand side of this equation represents an element of ;.
Hence 43¢ $; and so Az e §; N H3. We have therefore proved
the essential inequality

H1 N (2 U H3) < 2 U ($:1 N Ha).

Previously we had noted that the reverse inequality is a general
lattice theoretic property. Hence

1 N (@2 U @3) = U (@1 n -93),

and the theorem is proved.

It is clear that any sublattice of a modular lattice is modular.
Hence the lattice of invariant M-subgroups of any M-group is
modular. Hence, also the lattice of submodules of any module
and the lattices of ideals (left, right, two-sided) of any ring are
modular. On the other hand, the lattice of all subgroups of a
group is generally not modular. This fact makes it somewhat
unnatural to try to subsume all of group theory under the theory
of lattices.*

We note that the principle of duality holds in modular lattices;
for the dual of Ly reads:ifa < 4,thena U (6 N¢) =4 N (a U o),
and this clearly means the same thing as Ls. An alternative useful
definition of a modular lattice can be extracted from the following

Theorem 3. A lattice L is modular if and only if a > b and
aUc=5bUc,a Nc=205Ncforanycimply that a = b.

Proof. Let L be modular and let @, 4, ¢ be elements of L
such thata > danda Uc=4Uc¢c,a Nc=4Nc. Then

a=aN@Ueo=aN(@Uc)=56U(aNo)
=56U (% Nc) =04

Conversely suppose that L is any lattice that satisfies the condi-
tion of the theorem. Let ¢ > 4. Then we know that 2 N
@Uc)>6U (@ Ne¢). Also

@N@U)Ne=aN(@Uc)Nec)=aNec
and
aNc=@Ne)Nce<@U@Ne)Nc<LaNe

* See the remarks on the Jordan-Hélder theorem on p. 200,
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so that
GU@Ne)Ne=anNe.

By duality we have
@nN@GU))Uc=4%Uc

GbU@Ne)Uc=4%Uvc.
Hence,
aN@GU)=5bU@No

and L is modular.
We establish next an analogue for modular lattices of the second
isomorphism theorem for groups, namely,

Theorem 4. If a and b are any two elements of a modular lattice,
then the intervals Ila U b, a) and I[b, a N 8] are isomorphic.

Proof. Let x be in the interval [z U 4, 4], so that a U 4 >
x>a. Thend >x Nb>aNbandx N &isin the interval 1[5,
a N b). Similarly,if yisin I[4,a N 4], theny U aisin Ila U 4, a].
We therefore have a mapping x — x N 4 of Ila U 4, 4] into
I[b,a N bland amapping y >y U aof I[6,a N &linto I[a U 4, 4].
We shall now show that these are inverses of each other so that
either one defines a 1-1 correspondence of one of the intervals
onto the other. Let xe I[a U 2, a]. Then since x > q,

xN& Ua=x0N(U?s.

Since ¥ < a U &, this gives (x N 4) U4 = x. Dually we can
prove that if y e I[b, @ U 4], then (y U a) N 4 = y. This proves
our assertion. Since our mappings are evidently order preserving
they are lattice isomorphisms.

This theorem leads us to introduce a notion of equivalence for
intervals that is stronger than isomorphism. First we define I[x,v)]
and I[w,] to be transposes (similar) if there exists elements 4,4
in L such that one of the pairs can be represented as I[a U 4, 4]
while the other has the form I[4, 2 N 4]. The intervals I[u,v]
and I[wy] are called projective if there exists a finite sequence

I[u)v] = I[uhvl]) I[u2)v2]) B [[umvn] = I[w)t]
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beginning with ITu,v] and ending with I[w,f] such that consecutive
pairs are transposes. It is immediate that the relation that we
have defined is an equivalence. Also by Theorem 4 projective
intervals are isomorphic.

We observe now that in the lattice of invariant M-subgroups
of any M-group ® projectivity of a pair of intervals I[9,8], I[,N]
implies M-isomorphism of the factor groups $/8, M/N. It
suffices to consider a pair of transposed intervals, say, I[$; U 9,
$1) and I[Hs, $1 N $2]. For these, the isomorphism of ($; U
H2)/ 91 and H2/(H1 N H2) follows directly from the second iso-
morphism theorem for groups. This remark will enable us to
translate some of the lattice theoretic results to results on group
isomorphisms.

EXERCISES

1. Show that, if a lattice is not distributive, then it has a sublattice of order 5
whose diagram is either the first or the second on p. 188. Show also that a
non-modular lattice contains a sublattice whose diagram is the first on p. 188.

2. Show that the lattice of subgroups of 4 is not modular.

3. Prove that, if ® is a group that is generated by two elements @ and
such that @™ = 1, #" = 1, 4~'ab = 4" where #*" = 1 (mod p™), then any two
subgroups of & commute. Use this to show that the lattice of subgroups of &
is modular.

4. Show that if @ covers @ [l 4 in a modular lattice L then @ U 4 covers 4.
A lattice that has this property is called semi-modular. Verify that the lattice
whose diagram is

is semi-modular but not modular.

4, Schreier’s theorem. The chain conditions. Let 2 and 4 be
two elements of a modular lattice satisfying 4 > 4. We consider
now the finite descending chains
¢)) G=a,20622832 " 2 GQny1 =20

connecting @ and 4. One such chain is called a refinement of a
second if its terms include all the terms of the other chain. Two
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chains are said to be equivalent if it is possible to set up a 1-1
correspondence between the intervals I[4;,4;,,] of the two chains
such that corresponding intervals are projective. We use these
terms in formulating the analogue of Schreier’s theorem on groups
as follows:

Theorem 5. Any two finite descending chains comnecting the
elements a,b (a > b) of a modular lattice have equivalent refinements.*

For the proof we require the analogue of Zassenhaus’ lemma
(third isomorphism theorem). This is the following

Lemma. Let ay, a, as, a;’ be elements of a modular lattice
such that ay > ay', as > ay'. Then the following three intervals

I[(ay Nap) U ﬂl', (a1 N ay’) U 41'], Ila, N as, (a1 N ay)
U (a1 N ay')], ][(41 n ﬂ2) Ua), (@' Nay) U ﬂz']
are projective.

Proof. Since the second interval is symmetric in the subscripts
1 and 2 and since the third is obtained from the first by inter-
changing 1 and 2, it suffices to prove that the first and second are
projective. Now set

a=a; Nay b= (ay Nay)Ua.

Then
aUb=1(a; Nay) U(a Nay’) Uay = (a; Nay) Uay

and
aNb=(a Nay) N((a1 Nay) Uay)

= (a1 Nay) U ((a1 N a3) N ay')
= (a; N a)’) U (a/ N ay).

This shows that the first interval has the form I[z U 4, 4] while
the second has the form I[z, 2 N 4]. Hence, these intervals are

projective.

Now let
3) G=a1 2432 20ds41 =0
(4) a=612522---25t+1=b

* This form of the theorem is due to Ore.
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be two descending chains connecting @ and 4. As in the group
case we introduce the elements

d¢k=(d,' ﬂbk) Ua,'+1, k=1,2, "',t+l

b= (8 N o) Ubpyn, 1=1,2,---,5+ 1
Then

5) a=a11 201222 81,141 = a21 2 Gag 2" 2 83,141
R IRRD X NP =95
6) a=101120122 - 2b1,eq1 =ba1 2b23 22 baqa

>...Z...25“+1=&

are refinements of (3) and (4) respectively. By the lemma
Iag, @i x41] and I[byi, by,i11] are projective.  We can therefore use
the correspondence I[a., @i x41] — I[bxi, bx,i41] to prove Theorem
5.

The refinement theorem which we have just proved can be used
to derive the Jordan-Hoélder theorem for modular lattices. First,
we define a composition chain connecting a, b, @ > b to be a finite
sequence

a=41>42>43>°">ﬂn+1=b

in which each a4; is a cover of @;,;. As in the group case we can
establish directly the following Jordan-Hoélder theorem:

Theorem 6. Ifa=a1 > a2> > apy1 =banda = a,’ >
@y > > amyd = b are two composition chains comnecting a
and b in a modular lattice L, then n = m and there is a 1-1 corre-
spondence between the intervals Ilaya; 1), I{a; ya; 1] such that corre-
sponding intervals are projective.

We assume for simplicity now that L contains 0 and 1, and
we take 2 = 1, & = 0 in the foregoing discussion. Then if there
exists a composition chain connecting 1 and 0, L is said to be of
fimite length. The number of intervals in this chain, which is
uniquely determined by L, is called the Jength (dimension) of L.

As in the group case (p. 142) we can prove easily that a modular
lattice with 0 and 1 is of finite length if and only if the following
two chain conditions hold:
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Descending chain condition. There exists no infinite properly
descending chain, @; > a3 > a3 >--- in L.

Ascending chain condition. There exists no infinite properly
ascending chain ¢; < g3 < a3 <---in L.

Assume now that L is modular with 0, 1 and that L has finite
length. If 2 is an element of L, the sublattice L, of elements
x < a satisfies the same conditions that we have imposed on L.
Evidently 4 is the all element of L,. We call the length of L,
also the rank (dimensionality) l(a) of a. If a > b, then it is clear
that

l(a) = I(6) + length I{a,).

Hence for any 2 and 4 in L we have
l(a U b) = l(a) + length I[a U 3, 4],
1) = l(a N b) + length IT4, a N &].

Since I[a U &, a] and I[4, a N 4] are isomorphic, they have equal
lengths. Hence

la Ubd) —Ila) =1I) — l(a N &),

or
@) la U b) =1(a) + (&) — l(a N ).

This formula is called the fundamental dimensionality relation for
modular lattices.

The results of this section yield again Schreier’s theorem and
the Jordan-Holder theorem for invariant M-subgroups of any
M-group ®. Isomorphism of the factor groups determined by the
intervals of the chains is assured by the projectivity of these
intervals. For example, we can easily derive the Jordan-Hélder
theorems for chief series and for characteristic series from the
lattice results. On the other hand, the lattice theorems that we
have given do not apply to ordinary composition series, since the
lattice of all subgroups of a group need not be modular. Some-
what more complicated concepts are required to yield the theory
of ordinary composition series.*

* See G. Birkhoff, Lastice Theory, revised edition (1949), pp. 87-89, and the references
given on p. 89.
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EXERCISE

1. A subset A of a lattice L is called an ideal if (1) a,6 € 4 implies a N be 4,
and 2) ae A and xe L imply a Uxe 4. A is a principal ideal (a) if A con-
sists of all £ & L such that x 2> 4 for fixed a e L.

Prove that L satisfies the descending cham condition if and only if every
ideal of L is principal.

Dualize the definition of ideal and the result stated above. (The dual of an
ideal is called a dual ideal.)

5. Decomposition theory for lattices with ascending chain con-
dition. We consider next the lattice abstraction of a part of the
theory of ideals in Noetherian rings. We assume that L is a
modular lattice that satisfies the ascending chain condition. As
in the special case of ideals we say that an element 4 € L is (inter-
section or meet) reducible if @ = a, N a, where the a; > a. It is
easy to prove (for example, by using the analogue of the principle
of divisor induction) that any element of L can be represented as a
g.l.b. of a finite number of irreducible elements.

The theory of primary ideals does not carry over to lattices.
Here it appears to be necessary to deal exclusively with the con-
cept of irreducibility, and all that we can establish in the way of
uniqueness is the comparatively weak result that the number of
terms in any two irredundant representations as g.l.b. of irreduci-
ble elements is unique. As before, we say that the representation
a=q  Ngz N--- N gpis irredundantifql N---N gy Ngiyr N

Ngm>afori=1,2,---,m.

Suppose now that we have any two representatlons (not neces-

sarily irredundant) of 4 as

(8) a=qIHQ2ﬂ---nqm=r1ﬂrzﬂ-~-ﬂr,.

where the ¢; and the 7; are irreducible. We propose to show that
any ¢; can be replaced by a suitable 7, so that we also have

a=qlﬂ~--ﬂq.~_1 ﬂr.-, ﬂqH_lﬂ---ﬂq,,..
It suffices to take s = 1. We introduce the notation
ri,=rinq2n"'nqm) j=1)2)

and note that e =7, Ny’ N---Nr,  and /! < gz Ngz N---
N gm. Now, the intervals
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) Ilg2N---Ngmal =1I[gz2 NN gmgi Ngz N---N gu]

and

(10) Ilgy U (g2 N--- N gm), ¢1]

are isomorphic. It follows that, since ¢, is irreducible in (10),
ais irreducible in (9). But the decompositionz =r,’ Ny’ N---
N r,'is valid in (9). Hence ¢ = ry’ for a suitable 7. This proves
the following

Theorem 7. Ifa=¢qi Ng2 N---Ngmp=r1 NraN---Nryare
two representations of an element of a modular lattice as g.lb of
irreducible elements, then for each q; there exists an ry such that
a=qg N Ngiey N7y Ngigg N N g

A simple corollary of this result is the uniqueness theorem:

Theorem 8. The number of terms in any two irredundant
representations of an element as gl.b. of irreducible elements is the
same.

Proof. Applying Theorem 7 we can write
11) aea=rNgaN---Ngup=ry Nra Ngzg:---Ngn
=...= 7y nr2, n--- nrm,'*

Since the decompositiona = r; N 73 N--- N r,1s irredundant, all
the r; appear in the last line of (11). Hence m > n. By sym-
metry m = n.

6. Independence. Suppose that L is a modular lattice with
0 and 1. We call a finite set @y, @3, - -+, @n of L (foin) inde-
pendent if

(12) a.-ﬂ(al U"'Udi_l Ud.'.H U---Ua,.)=0

fori =1,2, ---, n. We have encountered this notion before in
the theory of direct products of groups. In this section we shall
indicate (mainly in the exercises) how a portion of the theory of
direct products can be carried over to lattices. The main result
that we shall derive in the text is the following

* Note that 2/, 3/, - - - have a slightly different significance here than in Theorem 7.
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Theorem 9. If the clements ay, az, -+, an are independent,
then

13) (@ U---Uag Ugy U---Uay
N@U---Ug Ugy U---Ua) =4, U---Uaq,.
Proof. We prove first that
(14) (@ U---Ugag) N(gg41 U---Ua,) =0.

This is true by assumption if s = 1. Assume now that we have
it for s — 1. Then

(@ U---Ug) N(agyy U---Ua,) < (@ U---Uag)
N(@Ua U---Ua) = U---Uaey) N(g, U---Uay,))
Ua, = a,
by modularity and (14) for s — 1. It follows that
(@ U---Ua) N (@541 U---Ua,)
= (@ U---Ug) N (@541 U---Ua,) Nag, =0,

since @, N (@541 U--- U a,) = 0. This establishes (14) for all
s. We can now apply the modularity assumption to the left-
hand side of (13) to obtain the right-hand side.

A number of useful corollaries can be drawn from (13). Some
of these are contained in the following

EXERCISES

1. Show that if @y, 4, - - -, @ is an independent set then any subset is inde-
pendent. Show also that the elements

bl=a1U...Uarn bz=arl+1U...Ua,” feey
h,=ar,,__,+1U---U ary,

where r; < 3 <:-+ < 1y, = n are independent.
2. Let ay, a2, - - -, a5 be a set of independent elements such that a; U 4, U
-+:U 4, = 1. Define

bi=aU---UgUgyU---Ua,
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Prove the dual relations:
UGN NEiNgN-..NB) =1
nhNauN..-Ng =0
a;=50---Ns_1N&uN---N b,

3. Prove that, if the elements @), 43, - - -, a4 are independent and (s, U - - -
U 24) N @n41 = 0, then the elements 4y, a3, - - -y @n41 are independent. Prove
that the set a1, @, - - -, @, is independent if and only if (& U - --U ;) N 44y =
0,fori=12 ---,n—1,

4. Show that, if L satisfies the chain conditions, then the elements 4y, 45,
-+, aq are independent if and only if

Ka1U s U---U a,) = lay) + Uaz) +- - -+ Kay).

An element a is (join) decomposable if @ = a; U ay where the
a; are independent and # 4. If L satisfies the descending chain
condition, then the argument used in the group case (p. 154)
shows that any element of L can be represented as L.u.b. of a finite
number of independent indecomposable elements.

Ifa=bUc=56Udwhereb Nc=0=54Nd then the in-
tervals I[a,4] and I[c,0] and the intervals I[a,4] and I[d,0] are trans-
poses. Hence 7[¢,0] and I[4,0] are projective. We therefore say
that the elements ¢ and 4 are directly projective if & exists in L
such that

bUc=4Ud, dNc=5bNd=0.

This concept is used in the lattice form of the Krull-Schmidt
theorem. We state this result without proof as follows:

Theorem. Let L be a modular lattice with O and 1 that satisfies
both chain conditions. Suppose that

a = a; Uﬂz U"'Uﬂm=bl U&z U"'U&n

where the a; are independent and indecomposable and the b; are
independent and indecomposable. Then m = n and the a; and b
can be put in 1-1 correspondence in such a way that corresponding
elements are directly projective.

This theorem is due to Kurosch and to Ore.* It is immediate
that it implies the Krull-Schmidt theorem for groups except for
the statement concerning the intermediate decompositions.

* See Birkhoff’s Lattice Theory, rev. ed., p. 94.
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7. Complemented modular lattices

Definition 4. A lattice L with O and 1 is said to be comple-
mented if for every a in L there exists an a' such that a U 4’ = 1,
aNad =0

Also if @ is any element of a lattice L with 0 and 1, an element
a' such that e U4’ = 1,4 N a’ = 0is called a complement of a.
Thus our definition states that a lattice is complemented if and
only if every @ e L has a complement. If 4 < 4, an element 4,
(<a) such that 4 U &, = aand 4 N &, = Ois called a complement
of b relative to a.

The lattice of subsets of a set is complemented. The comple-
ment of a subset 4 is the usual set theoretic complement, that is,
the set A4’ of elements a’ ¢ 4. If all the elements of a finite com-
mutative group have finite prime orders, then the lattice of sub-
groups of the group is complemented. This will follow from a
criterion that we shall establish presently.

Let L be a complemented modular lattice and let 2 and & be
any two elements of L such that 4 < 4. Then there exists an
element &’ such that4 U 4’ = 1,4 N & = 0. Hence by modularity

a=aN@GUY)=b6U@@N¥)=56Ubh

where &y =a N¥. Since 5 Nby =4 Na NP =0,itis clear
that 4, is a complement of 4 relative to 2. Thus we see that, if
L is modular and complemented, then relative complements exist
for any 4 < any @ in L. Another way of putting this is that for
every 4 in L the sublattice L, of elements <4 is complemented.

The concept of a point plays an important role in the theory of
complemented lattices. An element p of a lattice with 0 is called
a point if p is a cover of 0. If L satisfies the descending chain
condition, L contains points; for we can choose an ; > 0 and,
if 4, is not a cover of 0, then there exists an 43 such that 4, >
as > 0. If a5 is not a point, there exists an a3 such that ¢; >
a3 > a3 > 0. By the descending chain condition this process
terminates in a finite number of steps, and it leads to a point in L.

Assume now that L is complemented and that both chain condi-
tions hold. Let p, be a point in L and let p,’ be a complement of
p1. If py’ # 0, we can use the descending chain condition on L,
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to obtain a point p; < p;’. Since p; N p2 =0, (p1 U p3) > p1.
Also p; U p; has a complement which, if 0, contains a point
Ds. Then (pl U pz) N P3 = 0 and P1 Upg Upa >N Upz.
Continuing in this way we obtain a sequence of points p;, pa,
ps, -+ such that

21 <p1Upa<pr Ups Ups <---,

By the ascending chain condition this breaks off after, say,
n(< o) steps. When this occurs, we know that p; U pa U--- U pa
has 0 as a complement. This means thatl = p; U pa U--- U pa.
Thus 1 is @ Lub. of a finite number of points. Also we have
chosen the p; so that

@rUpsU---Up) Npiyy =0, i=12,---,2 -1,

Hence, if L is modular, then the p; are independent (ex. 3, p. 204).

Conversely, suppose that L is any modular lattice with 0 and 1
that has the property that 1 is a L.u.b. of a finite number of points.
We shall show that L satisfies the chain conditions and that L is
complemented. Let 1 =p; U p; U--- U p, where the p; are
points. We may suppose that the notation is chosen so that
P15 P25 ‘s Pm is a maximal independent subset of the set p;,
«++y Pa. Then we assert that 1 = p; U py U--- U p,; for other-
wise there is an ¢ > m such that p; € p; Ups U--- U po.
This implies that

Di=p:i N (pr U---Upu) < ps

hence, ; = 0. But then py, -+, pm, p; is an independent set
contrary to the maximality of m. We therefore have 1 = p; U
P2 U-++ U pn.  Since the pj, j < m, are independent,

(Pl UpZ UUPJ) nPj+1=0, j=1,2: "':m_l'

Hence the intervals I[p; U pa U:+- U pjp1, 21 U pa U--- U pj]
and I[p;41, O] are transposes, and consequently p; Up, U--- U
pitv1isacoverof p; U ps U--- U p;. It follows now that

].=(P1 U.Upm)>(pl UUPm—1)>>P1>0

is a composition chain for L. The existence of such a chain im-
plies the two chain conditions.
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We prove next that L is complemented. Let 1 = p; U p; U
-+- U p, where the p; are points. If 2 is any element of L and
@ # 1, we can choose a p;, £ 4. Then a N p;, =0 and 4, =
a Up, >a Ifa; #1, wecanfind a p,, such that ¢; N p;, = 0.
This process leads to a subset p;, s, - - -, 2;, of the p; such that

anpﬁ=0,
@Up)Np,=0, -+, (a Up,U---Up, ) Np, =0,
aUp, U---Up, =1

The first set of equations shows that the set a, p;, *-, p; 1s
independent. Hence 2 N (p,, U--- U p;) = 0 so that by the
last equation above, p;, U--- U p, is a complement of 4.

We summarize our main results in the following

Theorem 10. If L is a complemented modular lattice that
satisfies both chain conditions, then the element 1 of L is a lu.b.
of independent points. Conversely, if L is a modular lattice with
0 and 1 such that 1 is a Lu.b. of a finite number of points, then L
is complemented and satisfies both chain conditions.

A cyclic subgroup of prime order is a point in the lattice €
of subgroups of a group ®. Hence if § is finite and commutative
and every element of @ is of prime order, then & satisfies the chain
conditions, is modular and 1 in  is a L.u.b. of points. We there-
fore have the proof of the statement made above that  is com-
plemented.

EXERCISE

1. Show that for a complemented modular lattice either one of the chain
conditions implies the other.

8. Boolean algebras

Definition 5. 4 Boolean algebra is @ lattice with 0 and 1 that is
distributive and complemented.

The most important example of a Boolean algebra is the lattice
of subsets of any set S. More generally any field of subsets of S,
that is, any collection of subsets which is closed under U and N
and which contains 1 (= §) and 0 (= @) and the complement of
any set in the collection, is a Boolean algebra.
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The following theorem gives the most important elementary
properties of complements in any Boolean algebra.

Theorem 11. The complement a’ of any element a of a Boolean
algebra B is uniquely determined. The mapping a — a’ is 1-1
of B onto itself; it is of period two (@' = a); and it satisfies the
conditions

(15) GUB =a N¥, (@aNd =a UV,

Proof. Let a be any element of B and let &’ and 4, be elements
such thata U4’ =1,2 Na; =0. Then

gi=a1N1=a,N@VUI)=(G, Na) V(s Na’)
=g, Nd.

Hence, if, in addition,s U a; = 1,2 N @’ = 0,thend’ = 4’ N 4.
Hence, @' = a,. This proves the uniqueness of the complement.
It is now clear that 2 is the complement of &’; hence, 4"’ =
(@)’ = a. This proves that the mapping 2 — 4’ is of period two.
Consequently it is 1-1 of B onto itself. Now let 2 < 4. Then

aNé <& N¥ =0sothat
F=¥N1=¥FN(@Ua)=@ Na) U@ Nd)
=) Nad.
Hence 4’ < 4’. Since s — 4’ is 1-1 of B onto itself and is order-
inverting the argument used to prove Theorem 1 shows that (15)
holds.

Historically, Boolean algebras were the first lattices to be
studied. They were introduced by Boole in order to formalize
the calculus of propositions. For a long time it was supposed
that the type of algebra represented by these systems was of an
essentially different character from that involved in the familiar
number systems. This is not the case, however. On the con-
trary, as we shall see, the theory of Boolean algebras is equivalent
to the theory of a special class of rings. The proof of this fact
is based on the result that any Boolean algebra can be considered
as a ring relative to suitably defined compositions.

In order to make a ring out of a Boolean algebra B we introduce
the new composition
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a+b=@@N)U (@ N

which is called the symmetric difference of a and 4. It is immediate
that @ N&) U@ N&) =(@@U N (aNd’. Thus in the
special case of subsets of a set § the symmetric difference U + 7
is just the totality of elements that belong to U and to » but
not to both sets. We shall now show that B is a ring relative to
+ as addition and N as multiplication. From now on we use
the customary ring notation a4 for 2 N 4.

Evidently + is commutative. To prove associativity we note
first that

(@42 =(@Nb U@ NJ).
Hence,

@+B+c={aNs) U@ NE N
U{((end) U@ N Nc}

=@nNéNHUGE NENC
U@nNsdne) U@ N No.

This is symmetric in a,6 and ¢ so that in particular, (¢ + &) + ¢
= (¢ + &) + a. Commutativity therefore implies the associative
law. Evidently,

a+0=GN1HUGNO =4
and
a+a=(@@Nad) U@ Na)=0.

Hence B is a commutative group relative to +.
We know, of course, that - (= N) is associative. It therefore
remains to check the distributive law. This law follows from

@+éc=((anNd)y U@ NE) Nec
=@N¥dNc)U@NSLENYO,

ac+bc=((aNec)NGEN))U(@aNe) NN
=((@Ne)N@FE UNDUW UL NG NC))
=@NcN&)VU@NENo).

Hence B,+,- 1s a ring.
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We note also the following properties of B,+,-. The ring
is commutative, it has an identity and all of its elements are
idempotent. All of these are familiar properties of the composi-
tion N of any lattice with 1. Also we have seen that every ele-
ment of B is of order <2 in its additive group. These statements
about a ring are, however, not independent; for, as we now note,
& = a for every a in a ring implies 22 = 0 and @b = &a for every
ab. To prove this we note that

at+btabtba=a+P+ab+tba=(@+b%=a+b
Hence
(16) ab + ba = 0,

If we set @ = 4 in (16) and use the idempotency of 4, we obtain
2a = 0; hence, @ = —a. Then by (16) 4b = ba. Thus, the
essential facts about B,+,- are that it has an identity and that
all of its elements are idempotent. We therefore introduce the
following

Definition 6. A ring is called Boolean if all of its elements are
idempotent.

We shall show next that any Boolean ring 8 with an identity
defines a Boolean algebra. In order to reverse the process just
applied we now define e Ué =446 —ab and a N & = ab.
We have seen in Chapter II (p. 56) that U (the circle composition)
is associative. The other rules in L;-L, are immediate from our
assumptions and the commutativity of 8 noted above. Hence B,
U, N is a lattice. This lattice is distributive since

@Ud) Nc=(a+b—ab)c=ac+ bc — abc
=ac+bc—acbc=(aNec) U@ No).

Also it is immediate that 1 and 0 are, respectively, the all element
and zero element of the lattice and that 4’ = 1 — 4 acts as the
complement of 2. Hence, B is a Boolean algebra.

Finally, we note that the two processes that we have applied
are inverses of each other. Thus suppose that we begin with a
Boolean algebra B, U, N. Then we obtain the ring B,+,- where
a+b=@N¥) VU@ Né, a6 =a Nb An application of
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the second process to B,+, - gives the compositions 2 U 4 =
at+b—aband aNb=ab=aNb Nowl—-—a=14a=
Q1Nd4)U(@"Na)=ad. Hence

an=a+b-—ab_=1-—-(l —a)(1 -0 =@ Ny
=a Ubd
Thus the compositions U, 1 coincide with the original U, .
On the other hand, suppose that we start with a Boolean ring with
land wedefinesa Ub=a+b—abaNb=aband a® b =
@Nd)YU@Nd,a0b=aNb=abthena =1 - qand
a®b=@N@A-5))U((—a) Nd
=a(l -2 U1 —a)
= (a—ab) U (b — ab)
=qg—ab+b— ab— (a — ab)(b — ab)
=g—ab+b—ab—ab+ ab+t ab — ab
=g+ b.

Hence @ coincides with +, © with -. This completes the proof
of the following theorem which is due to Stone

Theorem 12. The following two types of abstract systems are
equivalent: Boolean algebra, Boolean ring with identity.

EXERCISES

1. Show that any Boolean algebra defines a ring relative to the two composi-
tionsa®b=@UsMNN@US%,a0b=aUb Showthata®b=1+4
+ 6,40 b= a-+ b+ abwhere + and - are as defined in the text.

2. Show that, if e and f are idempotent elements of a ring and ¢f = fe, the
¢f and ¢ + f — ¢f are idempotent. Prove that the idempotent elements that
belong to the center of any ring with an identity form a Boolean algebra relative
to the compositionse U f = e +f — ¢f, e (1 f = ¢f.

3. Prove that any ring for which there exists a prime p such that pa = 0,
a® = g for every 4 in the ring is commutative.
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Division ring, 54
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rion, 127
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simple, 139
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Homomorphism of rings, 68
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Ideal, 65
associated prime, 174
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left, 77
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prime, 173
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right, 77
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of lattice, 192
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identity, 84
Independence in lattices, 202
Induction, 7, 9
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Integers, 10
Gaussian, 123
in quadratic fields, 184, 186
Integral dependence, 181
Integral domain, 53
Euclidean, 122, 186
Gaussian, 115, 184
principal ideal, 121
Integrally closed, 183, 184
Intervals (quotients) in a lattice,
192
projective, 196
transpose, 196
Inverse, 22
Irreducible element, 115
Irreducible element of a lattice, 201
Irreducible polynomial, 101
Irreducible (prime) integer, 67
Irredundant intersection:
of elements of a lattice, 201
of ideals, 177
Isomorphism:
of groups, 26
of lattices, 192
of modules, 165
of rings, 68
Isolated components (of an ideal),
180
Isomorphism theorems for groups
with operators, 135

Jordan-Holder theorem, 141
for lattices, 199

Krull-Schmidt theorem, 156
Kurosch-Ore theorem, 204

Lagrange’s theorem, 39
Lattice, 189
complemented, 205
complete, 189
composition series in, 199
distributive, 193
modular, 194

Lattice (Cont.)
principle of duality in, 190
semi-modular, 197
Least common multiple, 14, 120
of ideals, 173
Leibniz’s theorem, 100
Length of element of a Gaussian
semi-group, 116

Length of element of a lattice,
199

Linearly ordered set (chain), 188

Mapping, 3
graph of, 3
induced by an equivalence rela-
tion, 6
inverse, 4
inverse image of, 6
order preserving, 192
resultant of, 4
Matrix, 56
adjoint, 59
cofactor of, 59
determinant of, 58
diagonal, 64
ring, 56
scalar, 64
transposed, 72
Maximum condition, 169; see also
Chain conditions
Minimum condition, 169; see also
Chain conditions
Mbbius function, 120
Module, 162, 163
annihilator, 165
cyclic, 166
difference, 165
generators of, 166
modules of a ring, 164
quotient, 165
unitary, 167

Newton’s identities, 110
Nilpotent element, 55
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Order of an element of a group,
32

Order of an element of a module,
165

Order of semi-group, 17

Partially ordered set, 187
Peano’s axioms, 7
Permutations, 27
decomposition into cycles, 34
even and odd, 36
Poincaré’s theorem, 40
Point (in a lattice), 205
Polynomials, 93, 97
cyclotomic, 127
homogeneous, 108
in several elements, 10§
irreducible, 101
polynomial functions, 111
primitive, 124
symmetric, 107
Power series, 95
Powers, 21
Prime element, 14, 116
Projection, 150
primiitive, 158

Quadratic extensions of rational
field, 184

Quasi-regular, 55
Quaternions, 60

norm of, 63

trace of, 63
Quotient group, see Factor group
Quotient in a lattice, 192
Quotient of submodules, 165

Radical of ideal, 173, 175
Realization of a group, 28, 30
Relation, 4

asymmetry of, 9

reflexivity of, §

symmetry of, 5

transitivity of, 5

Ring, 49
additive group of, 50
Boolean, 210
commutative, 53
extension of, 84
group of units of, 54
identity of, 53
multiplications of, 82
multiplicative semi-group of, 50
Noetherian, 172
of formal power series, 95
of polynomials, 92
right annihilator of, 82
simple, 70

Schreier’s refinement theorem, 138
for lattices, 198
Semi-group, 15
Gaussian, 115
group of units of, 25
multiplication table of, 17
ring, 95
Series:
characteristic, 143
chief, 143
composition, 140, 143, 199
fully invariant, 130
normal, 138
Sets, 2
intersection of, 2
logical sum of, 2
product set, 3
quotient set, 5
Stone’s theorem, 211
Subdirect product (of groups),
160
Subfield, 87
Subgroup, 24
characteristic, 130
cosets of, 37
fully invariant, 130
generated by a subset, 30
index of, 39
invariant (normal), 40
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Subgroup (Cont.)

left cosets of, 39

products of subgroups, 76
Sublattice, 191
Submodule, 164
Subring, 61

division, 63

generated by a subset, 63
Symmetric difference, 209
Symmetric group, 27

Transcendental element, 93
Transcendental extension of a field,
101
Transformation group, 27
transitive, 37
Transformations, 4

Transitivity set, 37
Transpositions, 36

Uniqueness of factorization in semi-
groups, 117

Uniqueness theorems for represen-
tation of ideals as intersections
of primary ideals, 177

Unit element, see Identity element

Vector space, 167

Well-ordering (of natural num-
bers), 9

Wilson’s theorem, 104

Zero divisor, 53
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