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Preface

In teaching a beginning course in abstract algebra, one must suppress the urge
to cover a lot of material and to be as general as possible. The difficulties in
teaching such a course are pedagogical, not mathematical. The subject matter
is abstract, yet it must be kept meaningful for students meeting abstractness for
perhaps the first time. It is better for a student to know what a theorem says
than to be able to quote it, produce a proof of it detail by detail, and not have
the faintest notion of what it’s all about. However, careful attention must be
paid to rigor, and sloppy thinking and incoherent writing cannot be tolerated.
But rigor should be flavored with understanding. Understanding the content of
a theorem is as important as being able to prove it. I have tried to keep these
things in mind while writing this book.

The specific subject matter chosen here is standard, and the arrangement of
topics is not particularly bizarre. In an algebra course, I believe one should get
on with algebra as soon as possible. This is why I have kept Chapter[l|to a bare
minimum. I didn’t want to include it at all, but the material there is absolutely
essential for Chapter 2] and the students’ knowledge of it is apt to be a bit hazy.
Other bits of “set theory” will be expounded upon as the need arises. Zorn’s
Lemma and some of its applications are discussed in the Appendix.

Groups are chosen as the first algebraic system to study for several reasons.
The notion is needed in subsequent topics. The axioms for a group are simpler
than those for the other systems to be studied. Such basic notions as homomor-
phisms and quotient systems appear in their simplest and purest forms. The
student can readily recognize many old friends as abstract groups in concrete
disguise.

The first topic slated for a thorough study is that of vector spaces. It is
this material that is most universally useful, and it is important to present
it as soon as is practical. In fact, the arrangement of Chapters [3] through [f]
is a compromise between mathematical efficiency and getting the essentials of
linear algebra done. Chapter [4] is where it is because its results are beautifully
applicable in Chapter [5| and contain theorems one would do anyway. Besides,
there are some nice applications of Chapter [3] in Chapter [l Chapter [0] is basic
and should not be slighted in favor of [7] or §] A feature of Chapter [7] is an
algebraic proof of the fundamental theorem of algebra.

There are many exercises in this book. Mathematics is not a spectator sport,
and is best learned by doing. The exercises are provided so that students can
test their knowledge of the material in the body of the text, practice concocting
proofs on their own, and pick up a few additional facts.



vi CONTENTS

There is no need here to extol the virtues of the abstract approach, and
the importance of algebra to the various areas of mathematics. They are well
known to the professional, and will become fully appreciated by the student
only through experience.

Elbert A. Walker
Las Cruces, New Mexico
March, 1986



Chapter 1

Sets

1.1 Introduction

The purpose of this book is to present some of the basic properties of groups,
rings, fields, and vector spaces. However, some preliminaries are necessary.
There are some facts about sets, mappings, equivalence relations, and the like
that will be used throughout the text, and which are indispensable. This chapter
presents those facts. It is not meant to be an introduction to “set theory.” The
amount of material is kept to a minimum — just what is needed to get started
on algebra.

A few fundamental facts concerning the integers will be assumed. These are
spelled out in Section [1.6

1.2 Sets and Subsets

Our approach to sets is the naive or intuitive one. An axiomatic approach to
sets here would lead us too far afield and would contribute nothing toward the
understanding of the basic properties of a field, for example.

By the word set, we mean any collection of objects. The objects in the
collection are called the elements of the set. Sets will usually be denoted by
capital letters. If s is an element of a set S, we write s € S, and if s is not an
element of S, we write s ¢ S. For any object s, either s € S or s ¢ S. For the
set Z of all integers, we have —5 € Z, but 1/2 ¢ Z. A set is determined by its
elements. That is, two sets are the same if they have the same elements. Thus
two sets S and T are equal, written S =T, if s € S implies s € T, and t € T
implies t € S.

To specify a set, we must tell what its elements are, and this may be done
in various ways. One way is just to write out an ordinary sentence which does
that. For example, we could say “S is the set whose elements are the integers
1, 2, and 3.” A shorthand has been developed for this sort of thing, however.
S = {1,2,3} means that S is the set whose elements are 1, 2, and 3. Thus,
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one way to define a set is to list its elements and put braces around the list.
If S is a big set, this procedure can be cumbersome. For example, it would be
tiresome to describe the set of positive integers less that 1,000,000 in this way.
The sentence we have just written would be more efficient. However, there is
a convention that is universally used that is most convenient. Suppose S is a
set, and that it is the set of all elements s which satisfy some property P. Then
S = {s: s satisfies property P} means that S is the set of all elements s which
enjoy property P. For example, S = {n : n is an integer, 0 < n < 1,000,000}
is the set of all positive integers less than 1,000,000. Here, property P is the
property of being a positive integer less than 1,000, 000. If we already knew that
Z was the set of integers, we could write S = {n:n € Z, 0 < n < 1,000,000}.
This is sometimes written S = {n € Z : 0 < n < 1,000,000}. The set of even
integers could be written in any of the following ways:

a. {n € Z:nis even},

b. {n:n is an even integer},

c. {2n:neZ}, or

d. {n:n=2m for some m € Z}.

The letter Z will be used throughout this book to denote the set of integers.

Suppose S and T are sets. If every element of S is an element of T', then
S is a subset of T. This is denoted S C T, or T D S. Note that S C T does
not rule out the possibility that S = T. The symbol S ; T means S C T and
S # T, but we will not have much occasion to use this latter notation. If S ; T,
then S is a proper subset of T. Note that S = T implies both S C T and
T CS. Also,if SCT and T C S, then S =T. Thus, S = T if and only if both
SCcTandT CS.

It is convenient to allow the possibility that a set have no elements. Such a
set is called the empty set. There is only one such, since, if S and T are both
empty, then S C T'and T C S, so S = T. The empty set is denoted (). It has
the property that ) C S for any set S.

There are various ways to make new sets from old. For example, given sets
S and T, there are various ways to associate with them a third set. The more
common ones are listed below.

Definition 1.2.1 Let S and T be sets.
a. SUT ={z:x€8S or xe€T}. Thisis the union of S and T.

b. SNT={x:x€S and xz €T}. This is the intersection of S and T.

ec. S\T={z:2€S and x ¢ T}. This is the difference S minus T, or
the complement of T in S.
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For example, if R denotes the set of real numbers, S = {z € R: 0 <z < 2},
and T ={z € R:1 <z <3}, then

SUT={zeR:0<z<3},

SNT={zxeR:1<z<2},

and
S\T={zeR:0<z <1}

Let’s note some properties of U, N, and \. First, keep in mind what they
mean. S UT is that set consisting of all the elements of S along with all the
elements of T'; S NT is that set consisting of the elements that are in both S
and T;. and S\T is that set consisting of the elements that are in S but not in
T.

Let A, B, and C be sets. The following are immediate from the definitions.

a. AUA=A; ANA=A4; A\A=0.

b. AUB=BUA; ANB=BnNA.

c. AUB)UC=AU(BUC);(ANB)NC=ANn(BNCQC).
d. Aul=A; Anh=0.

Less obvious are the following, which we will prove.

e. AN(BUC)=(ANnB)U(ANC).

f. AU(BNC)=(AUB)N(AUCQC).

g. A\(BNC) = (A\B)U (A\C).

To prove (e), we must show that each element of AN (B UC) is an element
of (ANB)U(ANC), and that each element of (AN B)N(ANC) is an element
of AN (BUC). Suppose that z € AN (BUC). Then z € A and z € BUC.
Therefore x € ANBorx € ANC. Thusz € (ANB)U(ANC).

Now suppose that x € (AN B)U(ANC). Thenz € ANBorze ANC.
Thus z € A, and x € BUC. Hence © € AN (BUC). Therefore (e) is true. One
can prove (f) in a similar fashion, and you are asked to do so in Problem 7 at
the end of this section.

We now prove (g). Suppose that x € A\(BNC). Thenx € Aand x ¢ (BNC).
Thus, x € A\B or x € A\C. Therefore, z € (A\B) U (A\C). Suppose that
xz € (A\B)U (A\C). Then z € A\B or z € A\C. Thus, z € Aand x ¢ BUC.
Therefore € A\(B N C), and this proves (g).

When B and C are subsets of A, (g) is one of the De Morgan Rules.
Problem 14 (page is another. For a subset S of A, letting S’ denote A\S,
these two rules become

(BNC) =B'uc’,
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and
(BuC) =B'ncC'.

Let’s back up and consider (e). It asserts that
AN(BUC)=(ANnB)U(ANCQO),

with nothing said about the sets A, B, and C. That is, this equality holds for
all sets A, B, and C. That is what we proved. In our proof, nothing was used
about A, B, and C except that they were sets. No matter what sets we take for
A, B, and C, the equality (e) holds. For example, let B, C, and D be any sets,
and let A= BUD, sothat AN(BUC)=(BUD)N(BUC). From (e) we get
the equality

(BUD)N(BUC)=((BUD)NB)U((BUD)NC).
Since (B U D) N B = B, the equality becomes
(BUD)N(BUC)=BU((BUD)NCQC),

which is BU (DN C). Hence (BUD)N(BUC) = BU(DNC) for any sets

B, C and D. This is the equality (f) above. The point to all this is, however,
that once we have an equality such as (e) that holds for any sets A, B, and C,
we can get other equalities by taking A, B, and C to be any particular sets we
wish.

PROBLEMS
1. List all the subsets of the set {a}.
List all the subsets of the set {a,b}.

List all the subsets of the set {a,b, c}.

Ll

List all the subsets of the set 0.

List all the subsets of the set {0}.

List all the subsets of the set {a,b, {a,b}}

List the elements in {n € Z : mn = 100 for some m € Z}.

List the elements in {n € Z : n? —n < 211}.

© »® N = o«

Prove directly that AU(BNC)=(AUuB)N(AUC(C).
10. Prove that AU((AUB)NC)=AU(BnNCQC).

11. Prove that (A\B) N (B\A) = 0.

12. Prove that A\B = ) if and only if A C B.
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13. Prove that (AN B)\B =0, and (AU B)\B = A\B.
14. Prove that A\(BUC) = (A\B) N (4\C).
15. Prove that AN (B\ C) = (AN B)\(ANC).
16. Prove that AU B = (AN B) U (A\B) U (B\A).
17. Derive (A\B) U (B\A) = (AU B)\(A N B) from property (g) (page [3).
18. Prove that
AN((B\C)U (C\B)) = ((ANB)\(ANC)) U ((ANCN\(AN B)).
19. Prove that
(AU((BUONBNOND\AN(BUC\(BNCO))) =
((AUBN\(ANB))UC\(((AUB)\(AN B))NC).
20. Prove that if (AUB)\(ANB) =(AUC)\(ANC), then B =C.
21. For two sets A and B, define A+ B = (AUB)\(ANB),and A-B = ANB.

(a) Prove that
i. A+ B= B+ A;

. A+0=4;
i, A+ A=0;
iv. A-A=A.

(b) Express the equalities in Problems 18, 19, and 20 in terms of + and

1.3 Mappings

The most important concept in mathematics is that of a mapping, or function.
We will use the two words interchangeably, with preference going to the former.
Suppose that A and B are sets, and that with each element a € A is associated
a unique element f(a) € B. Then we say that f is a mapping, or function, from
A into B. We wish to be a little more precise, but that is the idea of a mapping.

Let A and B be sets. We can form the set of all ordered pairs (a,b), where
a € Aand b€ B. It is just the set of all pairs whose first member is an element
of A and whose second member is an element of B. This is a fundamental
construction.

Definition 1.3.1 Let A and B be sets. Then
Ax B={(a,b):a€ A, be B}

is the Cartesian product, or simply the product, of A and B.
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For example, if A ={1,2,3} and B = {1,4}, then
Ax B={(1,1),(1,4),(2,1),(2,4),(3,1),(3,4)}.

Subsets of A x B are called relations in A x B, and subsets of A x A
are called relations on A. We will be particularly interested in two kinds of
relations, one of which is a mapping, and the other of which is an equivalence
relation.

Definition 1.3.2 A mapping is a set A, a set B, and a subset f of A x B
such that

a. if a € A, then there is an element b € B such that (a,b) € f, and

b. if (a,b) € f and (a,c) € f, then b = c.

This definition is just a careful way of saying that with each element of A is
associated exactly one element of B. We say that ” f is a mapping from A into
B,” that is, we refer to the mapping as just f, although A and B are integral
parts of the mapping.

Suppose f is a mapping from A into B. The set A is the domain of f,
and B is the co-domain, or the range of f. The set f is the graph of the
function. Thus two mappings are equal if they have the same domain, the
same co-domain, and the same graph.

If (a,b) € f, then we think of f as having associated the element b € B with
the element a € A, or as having taken the element a onto the element b. In fact,
if (a,b) € f, we say that “f takes a onto b.” Instead of writing (a,b) € f, we
will write f(a) =b. If f(a) = b, then the element b is the image of the element
a under the mapping f. The set {f(a) : a € A} is the image of the mapping
f, and is denoted Im f. If S is any subset of A, then f(S) = {f(a) : a € S}.
Thus f(A) =Im f. If Im f = B, then f is onto, or surjective. If f(z) = f(y)
implies x = y, then f is one-to-one, or injective. If f is both one-to-one and
onto, then it is bijective, or a one-to-one correspondence between A and
B, or an equivalence between A and B.

To define a function we must specify two sets A and B, and a subset f of
A x B which satisfies conditions (a) and (b) of Thus, having A and B,
we must tell what f(a) is for each a € A and make sure that this association of
f(a) with a satisfies (a) and (b) of [[.3.2] This means that with each a € A we
must have exactly one f(a).

A common situation is for f to be defined by a formula. To illustrate this,
suppose that A and B both are the set of real numbers R, and that we are
only considering functions from R to R. “The function f(x) = 2" means that
f is the function from R into R consisting of the set {(z,2?) : # € R}. That
is, f associates with each real number z the real number z2. This is clearly a
function. In this vein, g(z) = = — 1, h(z) = 69, and k(x) = —x/2 determine
functions g, h, and k from R into R, but we will freely use phrases like “the
function g(x) =2 — 1.7
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The fact that f is a mapping from A into B will be denoted f: A — B. A
common notation for depicting a function is

f:A— B:a— f(a).
For example, the functions g, h, and k above could be denoted by

g : R=R:iz—z-1,
h : R->R:x— 69,

and
E:R—->R:z— —x/2,

respectively. Thus, f : A — B :a — f(a) means that f is the function from A
to B that takes a onto the element f(a). Let’s consider some examples.

Example 1.3.3

a. Let A be any non-empty set. Then 14 is the functionly: A — A:a — a.
That is, 14 is the function from A into A that takes each a € A onto
itself. 14 is the identity function on A. It is one-to-one and onto, or
bijective.

b. Let A and B be any sets, and suppose thatb € B. Then f: A— B:a—1b
is the function from A into B that takes each a € A onto the (fized)
element b € B. Such a function is said to be constant.

c. Let Z be the set of all integers. Then Z — Z :n — n? is a function. It is
neither one-to-one nor onto.

d + :ZxXZ — Z : (mn) - m+n is a function, called addition of
integers. The function +(m,n) is usually written as m + n.

e. Let R be the set of real numbers. Then R — R : x — e* is the well-
known exponential function. It is one-to-one, and its image is the set RT
of positive real numbers.

[ Let R and R be as in (e). Then RT™ — R : z — log, () is the well-known
natural logarithm function. It is one-to-one and onto.

g. Let a and b be real numbers with a < b, and let I be the set of functions
from the interval [a,b] to R which are integrable on [a,b]. Then

/:I—>R:f—>/abf(a:)da:

is a function. It is onto, but not one-to-one.
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h. Let D be the set of functions from [a,b] to R which are differentiable at all
points x in [a,b], and let Map([a,b], R) be the set of all functions from
[a,b] to R. Then

d:D — Map([a,b], R): f — f'
s a function. It is neither one-to-one nor onto.

i. Let C be the set of complex numbers. The complex conjugate
C—-C:z=a+bi—zZ=a—bi
18 a function which is both one-to-one and onto.

j. Another well-known function is
C—R:z=a+bi— |z| = (a® + b*)'/2,
the absolute value function.

Suppose f: A— B,and S C A. Then g: S — B:s — f(s) is obviously a
mapping from S into B. The domain of f has just been cut down to S. The
mapping g is denoted f|S, and read “f restricted to S.”

IfImfCC,theng: A— C:a— f(a)is a mapping from A into C. The
mappings f: A — B and g : A — C have the same domain and the same graph,
but are not equal unless B = C.

Composition of functions is an important notion. Suppose f : A — B and
g : B — C. From these two functions we can obtain a function from A into C'
in the following way. If a € A, then f(a) € B, and g(f(a)) € C. Thus with
a € A, we can associate an element of C'. This clearly defines a function.

Definition 1.3.4 If f : A— B and g : B — C, then the function go f : A —
C:a— g(f(a)) is the composition of f and g.

Several useful properties of composition of functions are in the following
theorem.

Theorem 1.3.5 Suppose that f : A — B, g: B— C, and h: C — D. Then
the following hold.

a. (hog)of=holgof).

. If f and g are onto, then go f is onto.

=l

. If f and g are one-to-one, then go f is one-to-one.

o

d. If f and g are equivalences, then go f is an equivalence.

foly=1gof="f.

®
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Proof. Consider (a). The two functions clearly have the same domain and
range, so it remains to show that for each a € A, ((hog)o f)(a) = (ho(gof))(a).
We have

((hog)o f)a) = (hog)(f(a)) =h(g(f(a))),
and

(ho(gof))(a)=h((go f)a)) = h(g(f(a))).
Thus (a) is proved. To prove (b), we need that if ¢ € C, then there is some
a € A such that (g o f)(a) = ¢. Suppose ¢ € C. Then since g is onto, there is
some b € B such that g(b) = c¢. Since F is onto, there is some a € A such that
f(a) =b. Thus g(f(a)) = (go f)(a) = ¢, and go f is onto.

To prove (c), we must show that if (g o f)(x) = (g o f)(y) then z = y,
where we know that both g and f are one-to-one. If (go f)(z) = (go f)(y), then
g(f(z)) = g(f(y)), and since g is one-to-one, f(z) = f(y). Since f is one-to-one,
T =y.

Part (d) follows from (b) and (c). Part (e) is easy. m

Additional properties of composition of functions are in Problems 8-14.

Suppose that f : A — B is an equivalence. That is, f is one-to-one and
onto. Since f is onto, for b € B there is an a € A such that f(a) = b. Since
f is one-to-one, there is at most one such a. Hence, associating a with b gives
a mapping g : B — A. Notice that (go f)(a) = g(f(a)) =a,s0 gof=14.
Also, (fog)(b) =b,so fog=1p. The function g is denoted f~1, and called
the inverse of f. Hence with every equivalence f : A — B, we have associated
another function f~' : B — A, and they are related by fo f~! = 1 and
flof=14.

Conversely, suppose that f: A — Band g: B — A, with go f =14 and
fog=1p. Then for b € B,

flg(b)) = (fog)(b) =1p(b) =,
so f is onto. If f(z) = f(y), then

z=1s(x) = (go f)(x) =g(f(x)) =9(f(y) = (g0 f)(y) =1a(y) = v.

Hence, f is one-to-one. Therefore we have the function f~! : B — A. Suppose
that b € B. Then f(f~1(b)) = b= f(g(b)), and since f is one-to-one, f~1(b) =
g(b). Therefore, f~! = g. To sum up, we have proved the following.

Theorem 1.3.6 The function f : A — B is one-to-one and onto (and hence
has an inverse) if and only if there is a function g : B — A such that go f =14
and f o g = 1p. In this case, g is one-to-one and onto, g = f~', and g~ ' = f.

Of special interest are one-to-one functions of a set A onto itself. Such
functions are called permutations of A, and will be studied in some detail in
section 2.5 for finite A.

An example of a one-to-one function from R to R is the function defined by
f(x) = bx + a, with b # 0. The inverse f~! is given by f~!(z) = (z — a)/b.



10 CHAPTER 1. SETS

These particular one-to-one mappings of R onto R will appear in Chapter
Problems 1-4, and .

We conclude this section with a short discussion of the “number” of elements
in a set. A one-to-one mapping from a set A to a set B is called an equiv-
alence. In case there is such an equivalence, we say that A and B have the
same cardinality, and write |A| = |B|. Intuitively, A and B have the same
number of elements. If there is a one-to-one mapping from A into B, we write
|A] < |B|, and, in addition, if there is no one-to-one mapping from B into A,
we write |A| < |B|. If |A| < |B], we say that A has smaller cardinality than
B. Intuitively, B is a larger set than A. It is true that for any sets A and B,
exactly one of |A| = |B|, |A| < |BJ, and |B| < |A| holds, although we will not
prove it.

Let Z*(n) = {1,2,...,n}. If |A| = |Z" (n)|, then we say that the cardinality
of A is n, or that A has n elements, and write |A] = n. If A is empty or has n
elements for some positive integer n, then A is finite, and A is infinite other-
wise. A set A is denumerable, or countably infinite, if |A| = |ZT|, where Z™*
is the set of positive integers. It turns out that Z and Q are denumerable, but R
is not. A set is countable if it is finite or denumerable. Given any set, there is
always a larger set (Problem . The reader is referred to Halmos, to Hunger-
ford, page 15, and to Lang, page 688, for additional material on cardinality of
sets.

PROBLEMS

1. Let A= {1.2} and B = {3,4,5}. Write down all the mappings from A to
B. (Just write down the graphs.)

2. How many functions are there from a set with m elements into a set with
n elements? Remember that sets can be empty.

3. Let N be the set {0,1,2,3, . . .} of natural numbers. Let f: N — N :
n — n+ 1. Show that f is one-to-one but is not onto.

4. Let f be the function defined by f:Z — Z : n — n+ 1. Show that f is
one-to-one and onto, and write down a formula for its inverse.

5. Let f be the function from N to Z defined by f(n) = n/2 if n is even
and f(n) = —(n+1)/2 if n is odd. Show that f is a bijection, and find a

formula for its inverse.

6. Let A be the open interval (0,1) = {z € R: 0 < x < 1}, and let R
be the set of all positive real numbers. Prove that the function given by
f:A—R":2 — (1 —2)/x is an equivalence, and write down a formula
for its inverse.

7. Let f be defined by f : R — R : 2 — 3. Determine whether or not f is
an equivalence, and if it is, find its inverse.
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. Let f be the function in Problem 7 , and let g be defined by g : R — R :

r—x+1.

(a) Find a formula for f og.
(b) Find a formula for g o f.

(¢) Prove that fog#go f.

. Let f: A— B and g: B— C. Show that

(a) if g o f is injective, then f is injective;

(b) if g o f is surjective, then g is surjective.
Let f: A— B and g: B — C. Show that

(a) go f may be surjective without f being surjective;

(b) go f may be injective without g being injective.
Let f: A— Band g: B— C. Show that

(a) go f may not be surjective even if g is surjective;

(b) go f may not be injective even if f is injective.

Let f be a function from A to B, and let g and h be functions from B to
C. Show that if go f = ho f and f is surjective, then g = h.

Let g and h be functions from A to B, and let f be a function from B to
C. Show that if fog= foh and f is injective, then g = h.

Suppose that f: A — B and g : B — C are one-to-one and onto. Prove
that (go f)~t = flog L

Let A be a finite set, and let Perm (A) be the set of all permutations of
A. For f in Perm (A) and n a positive integer, let f™ be f composed with
itself n times.

(a) Prove that for f in Perm (A), there exist distinct positive integers m
and n such that f™ = f™.

(b) Prove that there exists a positive integer n such that f™ =14.
(¢) Prove that there exists a positive integer n such that f™ = 14 for

all f in Perm (A).

Give an example to prove that A x B = C' x D does not imply that A = C
and B = D. What is the situation?

Prove that there is a one-to-one correspondence between A x B and B x A.
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Prove that there is a one-to-one correspondence between A x (B x C') and
(A x B) x C. Prove that there is a one-to-one correspondence between
A x (B x () and

AxBxC={(a,b,c):a€eA,be B,ceC}.

Prove that |Z| = |Z"|, and that |Z| = |Z x Z|

Let A ={¢ € Q:a < g < b}, where a and b are rational numbers
with a < b. Let QT be the set of positive rational numbers. Prove that
4] = 1Q*].

Let B={q€Q:q<b},and let C ={q € Q:c<q}, where b and c are
rational numbers. Prove that |B| = |C|. Prove that |Q| = |Q™|.

Let A be a set, and let P(A) denote the set of all subsets of A. For any
sets A and B, let Map(A, B) denote the set of all mappings from A into

B. Prove that there is a one-to-one correspondence between P(A) and
Map(4,{1,2}).

Prove that there is no mapping from A onto P(A). Hint: If f were such
a mapping, consider the set {a € A:a ¢ f(a)}. Prove that |A| < |P(4)|.

Let A and B be sets. Let C = {{{a},{a,b}} : a € A, b € B}. That is,
C' is the set whose elements are the sets {{a}, {a,b}} where a € A and
b € B. Prove that there is a one-to-one correspondence between A x B
and C. (C is a “rigorous” way to define A x B.)

Prove that there is a one-to-one correspondence between A x B and {f €
Map({1,2}, AUB): f(1) € 4, f(2) € B}.

Let f: B — C. Show that the mapping
f*:Map(4, B) — Map(A4,0) : g — fog
is (a) one-to-one if f is one-to-one, and (b) onto if f is onto.
Let f: B — C. Show that the mapping
f« :Map(C, A) — Map(B,A) : g —go f
is (a) one-to-one if f is onto, and (b) onto if f is one-to-one.

Let f: A — B, and let P(A) and P(B) denote the set of all subsets of
A and the set of all subsets of B, respectively. Prove that f induces a
mapping F': P(A) — P(B) by F(S) ={f(a): a € S}. Prove that

(a) f is one-to-one if and only if F' is one-to-one,

(b) f is onto if and only if F is onto, and

(c) f=14if and only if F' = 1p(a).
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1.4 Families

This section is devoted to some notation that will be useful throughout. Let A
and B be sets. A family of elements of B indexed by A is a mapping f: A — B.
There is no new concept here. A family is a mapping. A notation for such a
family is {b, }aca, where f(a) = b,. Note that b, can be b, with x # y. Indeed,
if f is not one-to-one, this is the case. We write such sentences as “Let {b, }aca
be a family of elements of B indexed by A.” . The set A is called the indexing
set. The b,’s are called the members of the family. If the mapping is onto,
then B is indexed by A. A familiar example of a family is a sequence of real
numbers. It is just a family of real numbers indexed by the set Z* of positive
integers, that is, just a map Z* — R. We do not think of sequences as mappings,
but rather as real numbers with positive integers attached. Even though the
concept of family is the same as that of mapping, families are thought of a little
bit differently.

What does the sentence “Let {S;};cr be a family of sets.” mean? It means
that for each ¢ € I there is associated a set S;. That is, {S;};cs is a mapping
f from I into a set of sets and f(i¢) = 5;. Remember that S; may be S; with
i # j. A family of sets is not a set of sets.

With every family {b,},ca there is associated a set, namely the image of
the mapping. This set is {b, : a € A}. With every set B there is associated a
family, namely the family {b,}pcp which is the identity mapping 15. For most
purposes, there is no difference between the family {b; },c 5 and the set B. From
either we can recapture the other. Thus, in a sense, the concept of family is
more general than that of set. (Family was defined in terms of set, however.)

The following situation arises fairly often. With each element a € A, there
is associated a subset S, of a set B. That is, we have a map from A into the
set P(B) of subsets of B, or a family of subsets of B indexed by A. We define
the intersection of such a family {S,}.ca to be

ﬂSa:{x:xESaforall a € A},
a€A

and the union of the family to be

USa:{m:xeSaforsome a€ A}

acA

The members of the family are mutually disjoint if S, NS, = 0 whenever

T #y.
Let S be a set of sets. We can take the union and intersection of the sets in
S. They are defined to be the sets

UA:{m:zeAforsome Ae St
AesS

and
mA:{x:xeAforallAES},
AeS
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respectively. It should be clear that the union and intersection of a family
{Sa}aca of sets is the same as the union and intersection, respectively, of the
set of sets associated with that family. Furthermore, the union and intersection
of a set of sets is the same as the union and intersection, respectively, of the
family of sets associated with that set of sets.

If S is a set of sets, the sets in S are mutually disjoint if AN B = ()
whenever A and B are in S and A # B. Note that the members of a family
of sets may not be mutually disjoint even though the sets in the set of sets
associated with the family are mutually disjoint.

PROBLEMS
1. Let {B;}ics be a family of sets. Prove that
AN (U&) -U (AﬂB,) .
iel iel
2. Let {B;}ier be a family of sets. Prove that
AU (ﬂ&) -N (AUB,) .
iel iel
3. Let {B;}ier be a family of sets. Define
o) (01)
iel iel il

Prove that

AN (ZBZ) = (AﬂBi) .
iel iel
4. For each n € 7Z, let

Zy ={m €Z:m—n =3k for some k¢&Z}.

Show that the members of the family {Z, } ez are not mutually disjoint,
and that the sets in the set {Z,, : n € Z} are mutually disjoint. Determine
how many elements there are in the set {Z, : n € Z}

5. For each x € Q, the set of rational numbers, let B, = {y € Q: z—y € Z}.
Show that the members of the family {B,}.cq are not mutually disjoint,
and that the sets in the set {B, : * € Q} are mutually disjoint. Prove
that

{reQ:0<z<1}—={B,:2€Q}:2z— B,

is an equivalence.
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1.5 Equivalence Relations

The important concepts are those that arise often, and in many different places.
Such a concept is that of equivalence relation. It is a simple concept, and is the
same as that of partition, as we shall see.

Definition 1.5.1 Let A be a set. An equivalence relation on A is a subset
~ of A x A satisfying

1. (a) (a,a) €= for all a € A,
(b) if (a,b) €~, then (b,a) €~, and
(c) if (a,b), (b,c) €=, then (a,c) €~.

Condition (a) is expressed by saying that & is reflexive, (b) by saying that
~ is symmetric, and (¢) by saying that & is transitive. Common practice is
to write a ~ b instead of (a,b) € ~. We will follow that practice.

In the examples below, the unverified statements are easy to verify.

Example 1.5.2

a. Let A be any set and define a = b if a = b. Then ~ is an equivalence
relation on A. That is, equality is an equivalence relation.

b. Let A be any set and define a = b for alla, b € A. Then = is an equivalence
relation on A.

c. Form, n € Z, define m ~n if m —n is even. Then = is an equivalence
relation on Z.

d. Letk € Z. Form, n € Z, define m ~ n if m —n is an integral multiple of
k. Then = is an equivalence relation on Z.

e. Let T be the set of all triangles in the plane. For s, t € T, define s =t if
s is congruent to t. Then =~ is an equivalence relation on T. Similarly, ~
is an equivalence relation on T if we define s =t if s is similar to t.

f- Let S be a set of sets, and for A, B € S define A =~ B if there is an
equivalence f : A — B. Then = is an equivalence relation. In fact,
14 is an equivalence, so A ~ A; if f : A — B is an equivalence, then
f~1: B — A is an equivalence, so ~ is symmetric; and if f : A — B and
g: B — C are equivalences, then go f : A — C is an equivalence, so =~ is
transitive.

g. Let Q be the set of rational numbers. For x, y € Q, define x =~ y if
x—y €Z. Then = is an equivalence relation on Q.
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h. Let A be a set and suppose that S is a set of mutually disjoint non-empty
subsets of A such that UgegB = A. Fora, b€ A, definea=b ifa andb
are in the same member B of S. Then = is an equivalence relation on A.
It will be seen that every equivalence relation can be obtained this way.

Definition 1.5.3 A partition of a set A is a set P of mutually disjoint non-
empty subsets of A such that UgepS = A.

A partition of a set is just what the name suggests—a dividing up of that
set into non-overlapping pieces. We proceed now to show that the concepts of
partition and equivalence relation are the same.

Definition 1.5.4 Let ~ be an equivalence relation on a set A. For a € A,
let Cl(a) = {x € A:a = z}. The set Cl(a) is the equivalence class of ~
determined by a. A subset S of A is an equivalence class of =~ if S = Cl(a)
for some a € A.

The equivalence class Cl(a) is the set of all elements of A equivalent to a. In
1.5.2| (a), the equivalence classes are the one-element subsets {a} of A. In
(b), there is only one equivalence class, namely A itself. In[L.5.2] (c), there are
two equivalence classes, the set of even integers and the set of odd integers. In
1.5.2[ (h), the equivalence classes are the sets B € S.

We have seen in example (h) that a partition P of a set A induces an
equivalence relation on that set. Namely, two elements of A are defined to be
equivalent if they are in the same member of P. That this is an equivalence
relation is completely obvious. Now, given an equivalence relation on a set A,
we can get from it a partition of A. These two processes are inverses of one
another.

Theorem 1.5.5 Let ~ be an equivalence relation on a set A. Then the set E
of equivalence classes of ~ is a partition of A.

Proof. We must show that E is a set of mutually disjoint subsets of A whose
union is A. Suppose S, T € E. Then S = Cl(a), T = CI(b) for some a, b € A.
Since a € Cl(a), no member of E is empty, and the union of the members of F
is A. Suppose that € Cl(a) N Cl(b). Then a ~ z and x ~ b. Thus, a ~ b. If
y € Cl(b), then b ~ y, and hence a = y. Thus, y € Cl(a), so that CI(b) C Cl(a).
By the symmetry of the situation, Ci(a) C Ci(b), so Cl(a) = CI(b). Therefore
the sets in E' are mutually disjoint, and F is a partition of A. =

Corollary 1.5.6 Two equivalence classes of an equivalence relation are either
equal or disjoint.

Theorem 1.5.7 Let A be a set. Let E(=) be the set of equivalence classes of the
equivalence relation = on A. Then ~— E(=) is a one-to-one correspondence
between the set of equivalence relations on A and the set of partitions of A.
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Proof. By E(=) is indeed a partition of A if ~ is an equivalence
relation on A. Thus ~+— F(=) gives a mapping from the set of equivalence
relations on A into the set of partitions of A. We have seen that a partition
gives an equivalence relation, so we have a mapping from the set of partitions of
A into the set of equivalence relations on A. These two mappings are inverses
of one another. By the theorem follows. m

The reader should devote enough thought to the content of [I.5.7] to under-
stand it.

PROBLEMS

bR AT

1. Determine which of the properties of “reflexive,
sitive” the following relations on Z satisfy.

symmetric,” and “tran-

2. Prove that ~ defined on Z by m ~ n if m = n or m = —n + 5 is an
equivalence relation. Determine its equivalence classes.

3. Prove that ~ defined on Z by m =~ n if m? +m = n? + n is an equivalence
relation. Determine its equivalence classes.

4. Let two complex numbers be equivalent if their real parts are equal. Prove
that this is an equivalence relation, and that the equivalence classes are
in one-to-one correspondence with the real numbers.

5. Let two real numbers be equivalent if their difference is rational. Prove
that this is an equivalence relation.

6. Let two real numbers be equivalent if their difference is an integral multiple
of 360. Prove that this is an equivalence relation.

7. Let =~ be a relation which is reflexive and for which a ~ b and b =~ ¢ imply
that ¢ &~ a. Prove that = is an equivalence relation.

8. Let Z* be the set of positive integers, and define ~ on Z* x Z* by
(a,b) = (¢,d) if a+d = b+ c. Prove that ~ is an equivalence relation and
that there is a natural one-to-one correspondence between the equivalence
classes of ~ and the set Z of integers.

9. Do Problem 8 with the integers replaced by

(a) the rational numbers,

(b) the real numbers.
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Let Z* be the set of non-zero integers. Define =~ on Z x Z* by (a,b) =~
(c,d) if ad = be. Prove that ~ is an equivalence relation and that the
equivalence classes of = are in one-to-one correspondence with the set Q
of rational numbers.

Let R* be the set of non-zero real numbers, and let Rt be the set of
positive real numbers. Define &~ on R* by a ~ b if a/b € R*. Prove that
~ is an equivalence relation and determine the equivalence classes of ~.

Do Problem 11 with the real numbers R replaced by the rational numbers

Q.
Determine all partitions and all equivalence relations on the empty set.

Let A be a set and S C A. For subsets B and C of A, define B =~ C' if
(BUC)\(BNC) C S. Prove that =~ is an equivalence relation on the set
P(A) of all subsets of A. Prove that P(S) is an equivalence class of ~.

Prove that the set of equivalence classes of = in Problem 14 is in one-to-one
correspondence with P(A\S) .

Let S be a non-empty set, and let Perm(S) be the set of all one-to-one
mappings of S onto S. Let G be a non-empty subset of Perm(S) such that
if f, g arein G then go f and f~! are in G. Define =~ on S by a ~ b if there
is an element g € G such that g(a) = b. Prove that = is an equivalence
relation on S. If G = Perm(S), what are the equivalence classes of ~? If
G = {1g}, what are the equivalence classes of a7

Let G and Perm(S) be as in Problem 16. Define ~ on Perm(S) by f = g
if g7l o f € G. Prove that ~ is an equivalence relation on Perm(S). Prove
that G is an equivalence class of ~. Determine the equivalence classes of
~ in the cases G = Perm(S) and G = {1g}.

Let f: A— B. Define ® on A by x =~y if f(z) = f(y). Prove that ~ is
an equivalence relation on A.

Let f: A — B, and let & be an equivalence relation on B. Define =~ on A
by z = y if f(z) = f(y). Prove that = is an equivalence relation on A.

Let f: A — B, and define & on A by z =y if f(x) = f(y), as in Problem
18. Let A/ = denote the set of equivalence classes of ~. Prove that

F:A/~—TIm f:Cl(a) — f(a)
is an equivalence.

Let = be an equivalence relation on a set A. Let A/ 2 be the set of
equivalence classes of 2. Let f: A — A/ = a — Cl(a). What are =
and F' in Problem 207
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~

22. Suppose =~ and 2 are equivalence relations on a set A. Call & weaker
than ~ if a =~ b implies a = b. Suppose S and 7 are two partitions of A.
Call 7 finer than S if each C € 7 is a subset of some D € S. Prove that
2 is weaker than = if and only if the partition ~ determines is finer than
the partition = determines.

23. Let =~ be an equivalence relation on A and let S C A. Let P be the
partition of A induced by ~. Let = be the equivalence relation on S
induced by ~. That is, 2 is the “restriction” of =~ to S. Prove that the
partition of S induced by 2 is the set {TNS:T € P, TNS # 0}

24. Let S be a partition of a set A, and let 7 = {A\B : B € §}. Prove that

(a) NcerC =10,
(b) if C, D €T and C # D, then CUD = A, and
(¢) if C € T then C #£ A.

25. Prove that the reflexive, symmetric, and transitive properties of an equiva-
lence relation are independent; that is, prove that no two of the properties
imply the third.

1.6 The Integers

Throughout this book, we will have occasions to use various properties of inte-
gers. This short section is devoted to putting down the more fundamental of
these properties in order that the reader may refresh his memory of them. This
discussion is not meant to be complete or “rigorous,” but rather just a casual
discussion of some of the properties of the system Z of integers.

A basic tool, used in proofs and in definitions, is mathematical induction.
Suppose for each positive integer n, P, is a statement. Now suppose that the
statement P; is true, and suppose further that for each positive integer m, P,
implies P,,+1. Then the principle of mathematical induction asserts that
all the statements P, are true. Intuitively, the principle is obvious, because P;
is given to be true; P, implies Ps, so P, is true, P5 implies Ps, so P is true; Ps
implies Py, so P, is true; and so on.

The principle of mathematical induction has nothing to do with what the
statements P, are about, but rather involves a basic property of the positive
integers. The positive integers have the property that any non-empty subset of
them has a smallest element. This is expressed by saying that the set of positive
integers is well ordered. The principle of mathematical induction follows from
this property. Suppose, in fact, that not all of the P,,’s above were true. Then
the set {n : P, is false} is non-empty, and so has a smallest element ¢t. Now
t > 1 since P is true. Thus t = s + 1 with s a positive integer. Since s < t, Ps
implies P,41, and so P, is true. This is a contradiction. Hence the assumption
that not all the P,’s is true is false. Therefore, all the P,’s are true.
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We now give an example of a proof by induction. Consider the statement
X i =n(n+1)/2. Thus we have a statement P(n) for each positive integer n.
The principle of mathematical induction says that P(n) is true for all positive
integers n if P(1) is true, and if for each positive integer m, P(m) implies
P(m+1). The statement P(1) is true because it just asserts that 1 = 1(1+1)/2,
which is indeed the case. Assume that P(m) is true. That is, assume that
¥ i = m(m 4 1)/2. We need to show that this implies that X% = (m +
1)(m + 2)/2. Now,

m—+1

dio= Zm:i+(m+1)=m(m+1)/2+(m+1)

= (mm+1)+2m+1))/2=m+1)(m+2)/2.

Thus P(m) implies P(m + 1), and so P(n) is true for all positive integers n.
Similar proofs are asked for in the Problems at the end of this section.

The principle of mathematical induction can be stated a little bit differently.
Suppose we are given that P, is true whenever P,, is true for all m < n. Then
again, P, is true for all n. In fact, suppose some P, is false. Then {n : P, is
false} is non-empty, and so has a smallest element ¢. But P; is true for all s < ¢,
and hence P; is true. Again, we must conclude that P, is true for all n. You
may wonder why P; is true. It is true simply because for all positive integers
m < 1, P, is true.

Induction is useful in making definitions. We illustrate this with a couple
of examples. Suppose we want to define ™ for each real number = and each
positive integer n. Intuitively, we want z™ to be x times itself n times. This
can be accomplished “inductively” by setting ! = z, and 2"*! = 2™ - 2. Thus,
z! is defined to be z, and assuming z" is defined, we define "' to be =" - .
It should be intuitively clear that this defines z™ for all n. To put this on a
more rigorous basis is a bit troublesome. Problems 11 and 12 at the end of this
section may be enlightening.

As a second example, we define the Fibonacci sequence 1, 1, 2, 3, 5, 8, 13,
21, ---, where after the first two terms, each number is the sum of the two
preceding it. It is defined inductively by

a; = 1,

CLQZI,

and
Ap = Gp_1 + Ap_o for n > 2.

Suppose m, n € Z with m # 0. Then there are unique integers ¢ and r with
0 < r < |m|, the absolute value of m, such that n = mq+r. This is the division
algorithm for integers. We will simply assume it. If m, n € Z and not both
are zero, then the greatest common divisor (m,n) of m and n is the largest
integer that divides them both. There clearly is such, because 1 divides them
both, and those integers that divide both are no larger than the maximum of
|m| and |n|.
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An important fact about greatest common divisors is this: (m,n) is the
smallest positive integer of the form am + bn, where a, b € Z. In particular, the
greatest common divisor of two integers m and n, not both zero, can be written
in the form am + bn, with a, b € Z. To see this, let m, n € Z with not both
zero. The set of all positive integers of the form am + bn with a and b in Z is
not empty since it contains m? 4+ n? which is positive. Now let d be the smallest
positive integer of the form d = am + bn with a, b € Z. Any positive integer
that divides both m and n clearly divides d, so d > (m,n). Write m = dq +r
with 0 < r < d. Then

0<r=m—dqg=m—qam—qgbn = (1 — qa)m — qbn < d,

whence r = 0. Therefore d divides m. Similarly, d divides n. Hence d = (m, n).

Since any integer that divides both m and n divides d, it follows that the
greatest common divisor d of m and n is characterized by the facts that it is
positive, divides m and n, and is divisible by every integer that divides m and
n.

If (m,n) = 1, then m and n are said to be relatively prime. In this case,
1 = am + bn for suitable a, b € Z, a most handy fact.

There is an algorithm for computing the greatest common divisor of two
integers m and n, and that algorithm actually gives the greatest common divisor
as a linear combination of m and n. It is based on the division algorithm, and is
called the Euclidean Algorithm. Here is how it works. Suppose that we want
the greatest common divisor of n; and no. We may as well assume that no is
positive. Write nqy = naqy + ns, with 0 < n3z < ns. If n3 is not zero, then write
ny = nzqz +ng with 0 < ny < n3. Proceeding in this manner, we eventually get
ni+1 = 0 since for ¢ > 1, the n; are non-negative and strictly decreasing. Thus
we have the following equations.

ny = mnoq +ng, with 0<ng < ng;

ne = mngq2+ng, with 0<ng <ng;

n3 = MN4q3+ns, with 0<ng < ng;
Ng_3 = MNg_2qk—3+ng—1, with 0<ng_1 <ng_o;
Ng—2 = Np—1qk—2 +ng, Wwith 0 <np <ng_q;
Ng—1 = Nggg—1-

Now ny is the greatest common divisor of n; and ns. From the last equation
above, we see that nj divides ny_1, from the next to last, that nj divides ny_o,
and so on, yielding the fact that ny divides both n; and ns. Starting with the
first equation, if an integer n divides both n; and no, the second equation shows
that n divides ng. Continuing, we see that n divides ng. Thus ny is the greatest
common divisor of n; and ne. Starting with the equation n; = n;41¢; + niy2,
we see that ny is the greatest common divisor of n; and n;y; for any i < k.
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To get ny as a linear combination of n; and ny, we show the more general
fact that any of the n; can be expressed as a linear combination of n; and ns.
Induct on i. Now n; and ny are certainly linear combinations of ny and ns. If
n; is a linear combination of n; and ny for all j < 4, with ¢ > 2, then using the
equation n;_o = n;_1q2 + ny, it follows readily that n; is a linear combination
of ny and ny. For example,

ng = N1 —ging;
Ng = N2 —N3QG2
= nz— (N1 —qn2) g
= —qni + (1 + q1q2) no;
N5 = N3 —N4qs
= (n1—aqn2) — (—g2n1 + (1 + q1q2) n2) g3
= (14 qq3)n1 + (—q1 — ¢3 — q1G2q3) na.

We illustrate with n; = 391 and ngy = 102. We get

391 = 102-3 + 85,
102 = 85-1+17,
8 = 17-5.

Thus the greatest common divisor of 391 and 102 is 17. Further,

17 = 102 -85
= 102 — (391 — 102 - 3)
= 4-102—1-391

Later we will need the notion of greatest common divisor for any finite set
of integers, not all zero. Let mi, ma, .., my € Z, not all zero. The greatest
common divisor of this set of integers is the largest positive integer d dividing
them all. Such an integer d exists since 1 divides all the m;, and the positive
integers that divide them all are no larger than the maximum of the absolute
values of the m;. Furthermore, there exist integers a; such that d = X a;m;.
To see this, first note that the set of integers of the form ¥ a;m; with the a; in
Z is not empty since it contains ¥ m?, which is positive. Let d be the smallest
positive integer of the form ¥ a;m; with the a; in Z. Then any positive integer
that divides all the m; divides d, so that d is at least as big as the greatest
common divisor of the m;. For any j, write m; = dg; + r;, with 0 < r; < d.
Then r; = m; —dg;, which is of the form 3 a;m; since m; and d are of that form.
Thus 7; = 0, and so d divides each m;. Therefore, d is the greatest common
divisor of the m;.

If the greatest common divisor of the integers m; is 1, then the m; are said to
be relatively prime. In this case, there exist integers a; such that 1 = ¥ a;m;.

A positive integer p # 1 is a prime if p is divisible only by the integers
+1 and +p. Equivalently, p > 1 is prime if whenever p divides a product mn of
integers, it divides m or it divides n.
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Every positive integer n # 1 is a product of primes. In fact, let S be the
set of all positive integers # 1 which divide n. Since n € S, S is not empty, so
S has a smallest element p. But p must be a prime because otherwise p would
be divisible by a positive integer # 1 and less than p, contradicting the fact
that p is the smallest element of S. Thus, n = pm with p prime. Since m < n,
proceeding by induction, we get that m = 1 or m is a product of primes. Hence
n is a product of primes, say n = pip2 - - p;.

Suppose that n = pip2---p; = q1¢2...qr With ¢1, g2, . . ., g also primes.
Then p; divides ¢1(g2qs - - - qx), so p1 divides ¢ or gaqs---qx. If py divides ¢y,
then p; = ¢;. If not, p; divides either g2 or gsqs---qx, so that in any case,
p1 divides, and hence equals, some ¢;. We may as well suppose ¢ = 1. Thus
D1 = q1, SO P2p3 - - P;j = 243 - - - Gk, and by induction on j we can conclude that
j = k, and after rearrangement,

P1=q,p2=q2,. .. ,DP; =4(j

That is, “up to rearrangement,” n can be written uniquely as a product of
primes. We conclude that if n € Z and n # 0 or 1, then

n = (£1)py py* - it

with the p;’s distinct primes, and that any such representation of n is unique up
to the order of the p;’s. In particular, the representation is unique if we insist
that py <ps <... <pg.

In Chapter [ we will prove such “unique factorization theorems” for systems
more general than that of the integers Z.

Let p1, p2, - - . , pn be primes. Then pips---p, + 1 is divisible by a
prime, but is not divisible by any of the p;. Thus there are an infinite number
of primes.

PROBLEMS

1. Prove that for all positive integers n,
P42+ 4n® =142+ +n)

2. Prove that for all positive integers n, X2 ;1/2¢ < 1.

3. Prove that a,, < (7/4)" for all terms a,, of the Fibonacci sequence.

m-+n —

4. Suppose z is a real number. Prove that x ™ - x™ for all positive

integers m and n.

5. Use the Euclidean Algorithm to find the greatest common divisors of the
following pairs of integers. Express the greatest common divisors as linear
combinations of the two integers.

(a) 102 and 855.
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10.

11.

12.
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(b) 101 and 57.
(¢) 101 and —57.

Prove that for any integer n, (a,b) = (a,b+ na).

Prove that if m and n are both non-zero, then there are infinitely many
pairs a and b for which (m,n) = am + bn.

Prove that the following two definitions of prime are equivalent.
(a) An integer p > 1 is prime if p is divisible only by the integers +1
and +£p.
(b) An integer p > 1 is prime if whenever p divides a product mn, then

p divides m or p divides n.

Let a, b, and ¢ be non-zero integers. Prove that (a,b,¢) = ((a,d),c).
How can you use the Euclidean Algorithm to write (a,b,c) as a linear
combination of a, b, and ¢?

Let m and n be non-zero integers. The least common multiple of m
and n is the smallest positive integer that both m and n divide. It is
denoted [m,n]. Let m = a(m,n), and let n = b(m,n). Prove that

(a) [m,n] = ab(m,n), and

(b) mn = [m, n](m, n).
Let Z™T be the set of all positive integers, and let Z,, = {m € Z* : m < n},
and let R be the set of all real numbers. Let P be the set of all positive

integers n such that there exists a unique function f, : R x Z,, — R such
that

(a) fu(x,1) =z, and
(b) folz,m+1)= fo(x,m)fn(z,1) for all 1 <m < n.
Prove that P = Z*.

Let Z* be the set of all positive integers, and let R be the set of all real
numbers. Prove that there is a unique function f : R x Z*™ — R such that

(a) f(z,1) =z, and
(b) f(a:,n +1) = f(a:,n)f(m, 1)'



Chapter 2

Groups

2.1 Definitions and Examples

We choose to begin our study of algebra with that of groups because a group
is one of the most basic algebraic systems. The various concepts that appear
in algebra generally appear in their simplest form in the study of groups. The
theory of groups is one of the oldest branches of algebra, and has applications
in many areas of science, particularly in physics and in other parts of mathe-
matics. It arose in the theory of equations, specifically in trying to find roots
of polynomials in terms of their coefficients, and we will see in a later chapter
some of the uses of group theory in such endeavors. Suffice it to say that the
richness, breadth, and usefulness of the subject has made group theory a central
topic in mathematics.

A fundamental algebraic concept is that of binary operation on a set. It
is just a way of putting two elements of a set together to get a third element of
that set. That is, a binary operation on a set S is a mapping S x S — S. A
group is a set with a particular kind of binary operation on it. Before we make
the formal definition of a group, let’s consider a couple of examples. Addition of
integers is a binary operation on the set Z of integers. That is, + : Z X Z — Z.
Let Perm(S) be the set of all permutations of S, that is, the set of all one-
to-one mappings of a set S onto itself. Now if f and g are in Perm(S), then
by 1.3.5, so is g o f. Thus, o : Perm(S) x Perm(S) — Perm(S), and soois a
binary operation on Perm(S). These two situations, that is, Z with its binary
operation +, and Perm(S) with its binary operation o, may appear to have little
in common. However, they are remarkably similar. Both binary operations are
associative, for example. If a, b, ¢ € Z, then (a +b)+c=a+ (b+c¢). If f, g,
h € Perm(S), then (fog)oh = fo(goh). Both have an identity. For any
a€Z,a+0=0+a=a, and for any f € Perm(S), lgsof = folg = f. In both
cases, every element in the set has an inverse. For a € Z, there is an element
b € Z such that a + b = b+ a = 0, namely b = —a. For f € Perm(S), there is
an element g € Perm(S) such that fog = go f = 1g, namely g = f~1. Sets
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with binary operations on them which enjoy these three properties arise often
and in many different places in mathematics (and elsewhere). They are called
groups. They have been, and are still being, studied extensively.

Definition 2.1.1 A group is a set G and a binary operation - : G X G — G
on G such that

1. (a) (g-h)-k=g-(h-k) forallg, h, k € G;

(b) there is an element e € G such thate-g =g-e =g for all g € G;
and

(c¢) for g € G, there is an h € G such that g-h =h-g=e.

As is the custom, the image of the pair (g, h) under the mapping - is denoted
g-h instead of -(g, h). Condition (a) is expressed by saying that - is associative,
condition (b) by saying that - has an identity element, and condition (c) by
saying that each element has an inverse.

There is only one identity element e € G. Indeed, if ¢’ were another such
element, then e = e- ¢’ = ¢’ - e = ¢’. This unique element is called the identity
element of G. It will typically be denoted by e, or eq if we need to call attention
to G. Note also that each g € G has only one inverse h. If h’ were another, then

h=e-h=(h -g)-h=h -(g-h)=h-e=Hh.

I and is called the inverse

This unique element associated with ¢ is denoted g~
of g.

It is important to realize that g-h need not be h-g. However, if g-h = h-g, for
all g, h € G, then the group is called commutative, or Abelian. A group that
is not commutative is called non-commutative, or non-Abelian. Suppose
that S is a subset of G. Consider the mapping - restricted to S x S. If - maps
S xS into S, then it is a binary operation on S, and S together with this binary
operation might be a group. If it is, we say that S is a subgroup of G. Note
that for any group G, G itself is a subgroup of G, and {e} is a subgroup of G.
A subgroup of G that is not {e} or G is called a proper subgroup of G.

In order to give an example of a group, we must specify two things, a set G
and a binary operation - on that set. Then we must make sure that - satisfies

(a), (b), and (c) of 2.1.1]

Example 2.1.2 (Groups) a. We have seen two examples already — the set
7 of integers with ordinary addition as the operation, and the set Perm(S)
of all permutations of a set S with composition of mappings as the opera-
tion. If S ={1,2,3, . . . ,n}, then Perm(S) is denoted S,, and is called
the symmetric group of degree n.

b. The set Q* of non-zero rational numbers with ordinary multiplication of
numbers is an Abelian group. The identity is 1 and the inverse of an
element x € Q* is 1/x.
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c. The set QF of positive rational numbers with multiplication of numbers is

an Abelian group. Q% is a subgroup of Q*.

. The sets R* and R™ of non-zero and positive real numbers, respectively,

with ordinary multiplication of numbers, are groups. Note that Q* and R
are subgroups of R*, and that QT is a subgroup of RY. However, Z1 is
not a subgroup of QT.

. Forn >0, let Z(n) ={0,1,2,...,n — 1}. Define the binary operations +,

and -, on Z(n) as follows. For x and y in Z(n), write x +y = ng+r with
0<r<mn,andletx+,y=1. Write zy = nq1 + s with 0 < s < n, and
let x -,y =s. Then 4+, and -, are associative operations. (See Problem 5
- Problem 9 below.)

Z(n) with the operation +, is an Abelian group, called the group of in-
tegers modulo n. We will view this group a bit differently later. (See

513)

Forn > 1, let U(n) be the elements of Z(n) that are relatively prime to n.
Then U(n) with the operation -, is a group, called the group of units of
Z(n).

. Let G be the set of all 2 x 2 matrices

ail a2
a21 a22

with a;; € R, and whose determinant aii1a22 — a12a21 # 0. Define - as
the usual matriz multiplication

aiy  a12 bir bz \ _ [ aubin +aizbar  annbiz + aizbao
a1 @22 ba1 Do a21b11 + a22b21  az1b12 + az2ba

Then G with - is a group. The matrix

(o 1)

is the identity, and since ai1ass — a12a21 # 0, each element of G has an
inverse. This group is called the general linear group of 2x 2 real matri-
ces, and is denoted GL2(R). Those elements of GL2(R) with determinant
1 form a subgroup, called the special linear group, denoted SLs(R).

. Let G ={e,a}, and let - be given by the “multiplication” table

€ a

e

Then G with the binary operation - is a group. This may be verified by
brute force. For example, to see if - is associative, try all possibilities.
Clearly e is the identity element of G. Also, e=e~ ', and a = a™ !
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h. The set {1, —1, i, —i} of complex numbers with ordinary multiplication

of complexr numbers is a group. More generally, the set {ek”/” k=
0,1,...,n—1} of all nth roots of 1 with ordinary multiplication of complex
numbers is a group with n elements.

ik © ol
e’"n =cos—7 +18In —7.
n n

The multiplication table for the group of 4th roots of 1 is

1 -1 T —t

1 1] -1 T —t
-1] -1 1| —4 )
1 1| —i | —1 1
—i | — 1 1] -1

Multiplication tables for groups are also called Cayley tables.

.. Let S be any set and let P(S) be the set of all subsets of S. For A,

B e P(S), let A- B = (AUB)\(AN B). The associativity of - is Problem
17, section , Clearly () is the identity element, and each element is its
own inverse. (See Problem 19, section[1.9)

. Let S be any set, and let G be the set of all mappings from S into R. For

g, h € G, define (g-h)(s) = g(s)+h(s). Then G with - is a group. Again,
- is usually denoted +. If S =R, then H = {g € G : g is continuous} is a
subgroup of G.

. Letp and q be in RxR. That is, p and q are each pairs of real numbers. Let

d(p,q) denote the distance between p and q. Let G be the set of all functions
f on R X R that preserve d, that is, all f such that d(p,q) = d(f(p), f(q))
for all p and q in R x R. Let - be composition of functions. Then G with -
is a non-Abelian group. That G is a group is clear once one proves that if
f € G, then f~1 € G. (See Problem 10 below.) It is non-Abelian since the
functions f and g given by f(z,y) = (y,z) and g(z,y) = (x+1,y) do not
commute and are in G. This group is called the group of isometries,
or the Euclidean group of the plane.

. Let G be the set whose elements are the following “motions” of the square

S.

1. The reflection H of S about h;
1. the reflection V' of S about v;
1. the reflection D1 of S about dy;
w. the reflection Dy of S about ds;
v. the rotation Ry of S counterclockwise through 90°;

vi. the rotation Ry of S counterclockwise through 180°;
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vii the rotation Rs of S counterclockwise through 270°;

viti. the rotation Eof Scounterclockwise through 0°.
Let - be composition of motions. For example, D1 - Ry is the motion
of S resulting from the motion Ry followed by Dy. It is easily seen
that Dy - Ry = Dy. With patience, it can be shown that G with - is
a group. It is called the group of symmetries of a square. It is
non-Abelian.

Every regular polygon has an analogous group of symmetries. If a
reqular polygon has n sides, its group of symmetries has 2n elements,
and it is called a dihedral group, and denoted D,,. Thus the group
of symmetries of the square is the dihedral group Dy, and indeed does
have 8 elements. (See Problem 13 of this section.)

The examples above should convince you that groups occur in many math-
ematical contexts. Since they do occur so frequently, it is worthwhile to study
them “in the abstract." The knowledge gained in such a study can then be
applied in many places, namely wherever a group occurs.

In spite of the fact that a group is a set G together with a binary operation
on (G satisfying certain conditions, most often just G itself is referred to as the
group. Thus when we say “G is a group,” we mean that G is a set on which
there is a binary operation satisfying the requirements (a), (b), and (c) of 2.1.1]

There are many binary operations on a set which make that set into a group.
For example, if Gis a group with a binary operation -, and f is a one-to-one
mapping of G onto G, then z *y = f~1(f(z) - f(y)) defines a new binary
operation * on G, and G together with x is a group. (See Problem 17 below.)

For a, b in a group G, it is the usual custom to write ab instead of a - b, and
ab is read “a times b.” We will follow this custom.

Suppose G is a group and a, b, ¢, d € G. Then we can form the prod-
ucts a(b(ed)), ((ab)e)d), (a(be))d, and a((be)d). Now using the associative law
((a) in[2.1.1)), we can conclude that all these possibilities are equal. For exam-
ple, a(b(ed)) = a((be)d) = (a(be))d = ((ab)c)d by repeated application of the
associative law. Thus we may as well write abed for these products.

The “generalized” associative law holds. That is, suppose a1, as, ..., a, € G.
We may form the products

al(ag(a3(~ . an)) .. )7

(- ((@1a2) -+ )an—1)an,

and
(araz)(as(as(---an)) ),

for example, and if n is very large then there are many, many such possibilities.
We can get from any one of these products to another by repeated applications
of (a). A formal proof may be effected by induction on n, and can be
found in [N. Jacobson, page 39], for example. Any product such as those above
can be written simply ajas - - - a,, since there is no possible ambiguity.
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Suppose a € G. Then we have the products aa, aaa, aaaa, and so on.
It is reasonable to denote these by a?, a3, a*, and so on. Also a to negative
powers may be defined, and certain useful laws of exponents hold. The following
definition is an example of a simple definition by induction. Remember that a~!
is the inverse of the element a.

Definition 2.1.3 Let G be a group, and let a € G. Then a® = e, and forn > 1,
a™ = a""ta. For negative integers n, a” = (a=")" L.

In a® is defined, and for n > 1, a™is defined whenever ¢ 'is defined.
Therefore a™ is defined for all non-negative integers n. We have already attached
a meaning to a~!. It is the inverse of a. Therefore we can define a™ = (a=")~*
for negative integers n, and so we have defined a™ for all integers n. (Note
that for n = —1, the definition a™ = (a=")~! is compatible with our previous
definition of a=!.) The “laws of exponents” that can be expected to hold do
hold.

Theorem 2.1.4 Let G be a group and let a, b € G. Then
a. a™a" = a™*" for allm, n € Z,
b. (a™)™ =a™ for allm, n € Z, and
c. (ab)™® = (b=ta™1)™™ for allm € Z.

Proof. To prove (a), we first prove that aa™ = a™*! for all m > 0. To do
this, we induct on m. For m = 0, it is true. If m > 0 and aa™ = a™*!, then

m+1 m+1a _ am+1+1 _ am+2.

aa =(aa™a=a

Thus aa™ = o™t for all m > 0. Next, we show that
(a—l)m _ (am)—l _ a—m

for all m € Z. First, we show by induction that this is so for m > 0. For m = 0,
it is clearly true. If m > 0, and

(a—l)m — (am)—l _ a—m7
then

(a—l)m+1 — (a—l)ma—l — a—ma—l — (am)—la—l

_ (aam)—l — (am+1)— — a—(m—i—l).
Thus (a=1)™ = (a™)™! = a=™ for all m > 0. If m < 0, then (a=H)™ =
((a™)™) 7 = ((@™)~)~' =@~ = (™). Thus (™))™ = (@)~} =a~
for all m € Z. Now we show that
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for all m < 0. To show this we need to use the fact that

for all £ > 0. Since kK — 1 > 0, this follows from what we have already proved:
a*1 = (a7la)ab~! = a7 Y(aa*"t) = a7la*. Now if m < 0, then aa™ =
(a—l)—1<a—1)—m — (a—l)—nL—l — am-‘rl.

Finally, we show that

First we show that for all n, it is true for all m > 0. If m = 0, it is true. If
a™a™ = o™ for all n, then

am+1an _ am(aan) — aman—i-l _ am+n+1 — a(m—&-l)—&-n’
and so a™a"™ = a™*" for all m > 0 and for all n. Now suppose that m < 0.

Then a™a™ = (a=1)"™(a™1)™ = (a=1)™™ " = ¢™*" and (a) is proved.
To prove (b), we show first that

for all n > 0. For n = 0, it is true. If n > 0 and (a™)" = @™, then (a™)"*! =
(a™)"a™ = a™"a™ = a™"t" = a™(" D) whence (a™)" = a™" for all m € Z
and for all n > 0. If n < 0, then (a™)" = ((a™)™™)"! = (a=™")~! = a™".

To prove (c), note that (ab)~* = b=ta~!. Then for any n € Z, we have
(ab)" = ((ab)™H) ™" =("ta™H)7". =
PROBLEMS

1. Prove that Z is not a group under subtraction.

2. Define the operation * on Z by a*b = a + b+ 1. Show that Z together
with this operation is an Abelian group.

3. Let G = Q\{—1}. Define * on G by z xy = & + y + zy. Prove that G
together with * is an Abelian group.

4. Let G be the rational numbers whose denominators are a power of the
prime p, when reduced to lowest terms. Prove that G is a group under +.

5. Prove in detail that Z(n) is an Abelian group under the operation +,.
6. Prove that Z(n) with the operation -, is not a group unless n = 1.

7. Let Z(n)* = Z(n)\{0}. Prove that Z(n)* under -, is a group if and only
if n is a prime.

8. Prove in detail that U(n) is an Abelian group under the operation -,.

9. Write down a multiplication table for Z(6) and for U(12).



32

10.
11.

12.
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14.

15.

16.

17.
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20.

21.
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Prove that in (k), G is a group.

Let G be a group with operation *, and let g € G. Let S = {g" : n € Z}.
Prove that S is a group under .

Prove that R* x R is a group under the operation given by the rule
(a,b)(c,d) = (ac,bc + d).

A symmetry of a regular polygon can be viewed as a permutation of the
vertices of that polygon that carries adjacent vertices to adjacent vertices.
Prove that the set of symmetries of a regular polygon is a group under
composition of permutations.

For elements a, b in a group G, prove that the equation ax = b has exactly
one solution for x in G. Prove a similar fact for the equation za = b.

Prove that the cancellation laws hold for groups. That is, if G is a
group, and a, b, ¢ € G, prove that ab = ac implies that b = ¢, and that
ab = cb implies that a = c.

Let G be a group. Prove that left multiplication is a permutation of G.
That is, for a € G, prove that G — G : b — ab is a one-to-one mapping
from G onto G. Prove a similar fact for right multiplication.

Suppose G is a group and f is a one-to-one mapping from G onto the set
S. Prove that defining a multiplication * on S by zxy = f(f~*(z)f~1(y))
makes S into a group.

Let G be a group, ¢ € G, and define a new multiplication * on G as
follows. For a, b € G, let a * b = agb. Prove that G with * is a group.

Suppose G is a set and - is an associative binary operation on G such that
there is an element e € G with e - a = a for all a € G, and such that
for each a € G there is an element b € G with b-a = e. Prove that G
with such a binary operation is a group. That is, it is enough to assume
associativity, a left identity, and left inverses, in order to have a group.
Similarly, it is enough to assume associativity, a right identity, and right
inverses.

Let G be the non-zero real numbers, and for x and y in G, define x xy =
|x|y. Prove that this is an associative binary operation on G, there is a
left identity, elements have right inverses, but that G is not a group under
*.

Let G and H be groups. Prove that G x H with multiplication given
by (a1,b1)(az,b2) = (aras2,b1b2) is a group. (G x H is called the direct
product of G and H. Direct products are studied in )

Give an example of a group with 4 elements. Give an example of a group
with 5 elements. Give an example of a group with 5100 elements.
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23. Prove that if a? = e for all a in the group G, then G is Abelian.
24. Prove that if for all a, b in a group G, (ab)? = a?b?, then G is Abelian.

25. Prove that the group Perm(S) is commutative if and only if S has fewer
than three elements.

26. For each positive integer n > 3, prove that there is a non-Abelian group
with n! elements.

27. Let a and b be elements of a group G, and suppose that ab = ba. Prove
that for n € Z, (ab)™ = a™b™. Let ay, ag, ..., a; be elements of G with
a;a; = aja; for all ¢ and j. Prove that for n € Z, (Il;a;)" = IL;al.

28. Let G be a group, and let n € Z. Prove that the mapping G — G : a — a”
is one-to-one and onto if n = +1, and may or may not be otherwise.

29. Let a and b be elements of a group G. Derive from m that (ab)~! =
b~'a~!. Verify this for the elements H and V, and for the elements R,
and Dy of the dihedral group Dy given in M.

2.2 Subgroups and Cosets

Let G be a group. A subgroup of G has been defined to be a subset S of G
such that when multiplication is restricted to elements of S, S is a group. Now
suppose that S is a subgroup of G. If s, t € S, then st € S since multiplication
must be a binary operation on S. The fact that st € S whenever s, t € S
is expressed by saying that S is closed under multiplication. Since S is a
subgroup of G, S is a group, and so has an identity eg. But then eges = egeg,
and cancelling eg yields eg = eg. Furthermore, for s € S, s has an inverse ¢ as
an element of the group S, and an inverse u as an element of the group G. But
st = eg = su, and cancelling s gets ¢t = u. Thus, for s € S, s~! is unambiguous.
The following theorem is quite useful.

Theorem 2.2.1 Let G be a group, and let S be a non-empty subset of G. Then
S is a subgroup of G if and only if for s,t € S, st € S and s~! € S.

Proof. We have already observed that if S is a subgroup of G, then st and
s~ ! are in S whenever s, t € S. Conversely, suppose that st and s~! are in S
whenever s, t € S. Since st € S if s, t € S, multiplication is a binary operation
on S. It is associative on S since it is associative on G. Since S # (), there is an
element s € S. Then s~! € S, and hence ss™' = e € S. Thus S has an identity
element e (the identity for G), and every element s € S has an inverse in S (its
inverse as an element of G). Thus S is a subgroup of G. ®

It is also true that a non-empty subset S of a group G is a subgroup if and
only if for s, t € S, st~ € S. Furthermore, a non-empty finite subset S of G
is a subgroup if and only if S is closed under multiplication. These are left as
exercises.
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If S and T are subgroups of G, then S N7 is a subgroup of G. It is non-
empty sincee € SNT. If x, y € SNT, then zy, ™' € Sand 2y, z~' € T
since x, y € S and z, y € T, and S and T are subgroups. Therefore we have
zy, z~!' € SNT, whence SN T is a subgroup. Something much better holds.

Theorem 2.2.2 Let {S;}icr be a family of subgroups of the group G, with I #
0. Then N;erS; is a subgroup of G.

Proof. Suppose x, y € N;crS; = 5. Then x, y € S; for all ¢ € I. Thus zy,
rx7l e S;foralliel,and sozy, z=t € S. Sincee € S; foralli € I, S # 0.
Thus S is a subgroup of G. =

Of course [2.2.2] implies that the intersection of any non-empty set of sub-
groups of G is a subgroup of G.

As trivial as it is to prove, has some worthwhile consequences. For
example, let G be a group, and let S be a subset of G. Then there is a unique
smallest subgroup 7" of G such that S C T'. This means that there is a subgroup
T of G such that S C T, and if V' is any subgroup of G containing S, thenT" C V.
We simply let T' be the intersection of the set of all subgroups of G which contain
S.

Definition 2.2.3 Let G be a group, and let S be a subset of G. Then the
smallest subgroup of G containing S is called the subgroup generated by S,
and is denoted (S). The group G is cyclic if there is an element g € G such
that G = ({g}), and G is finitely generated if there is a finite subset S of G
such that G = (S).

If g1, g2, ... , gn € G, then the group
<{glv 92, .7 gn}>
is written simply as (g1, g2, ... , gn). In particular, ({g}) = (g).

For example, the group Z of integers under + is cyclic since Z = (1). In that
group, (6,8) = (2), which is the set of all even integers. By Problem 28 below,
the additive group of rational numbers is not finitely generated.

It is useful to know the elements of (S) in terms of the elements of S.

Theorem 2.2.4 If S is a non-empty subset of a group G, then (S) is the set
of all possible products of powers of elements of S.

Proof. Since (S) is a group, then for s € S and n € Z*, s € (S), because
(S) is closed under multiplication. But (s")~! = s~ € (S), whence s™ € (S)
for all m € Z. Again, since (S) is closed under multiplication, (S) must contain
all products of such s™. It should be clear that the set of such products is a
subgroup of G. For example, the product of two products of powers of elements
of S is a product of powers of elements of S. The theorem follows. m

Corollary 2.2.5 If g € G, then < g >={¢" : n € Z}.
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Thus the subgroup of G generated by g is just the set of all powers of g. In
additive notation, which is often used if the group is Abelian, the subgroup of
G generated by g is just the set of all multiples ng of g.

Theorem 2.2.6 A subgroup of a cyclic group is a cyclic group.

Proof. Let S be a subgroup of the cyclic group G = (g). If S = {e}, then S
is cyclic. If S # {e}, then g" € S for some n # 0, whence g~ € S. Thus g™ € S
for some n > 0. Let m be the smallest positive integer such that ¢™ € S. Let
s € S. Then s = ¢g" for some n € Z, and by the division algorithm, n = mq+1r
with 0 <7 < m. Since g", g™? € S, then g"(¢g™?)~t = g™ = ¢g" € S. Since
0 < r < m and m is the smallest positive integer such that ¢ € S, it follows
that » = 0 and that ¢ = (¢")?. We have shown that every element in S is a
power of ¢g™. Since (¢™) C S is clear, S = (¢"), and so S is cyclic. m

Note that[2:2.6]implies that every subgroup of the additive group Z is cyclic.
(See Problem 5 below.)

There is a “number” associated with each element g in a group G, namely
the “number” of elements in (g).

Definition 2.2.7 Let G be a group and g € G. If {g) is finite, then the order
of g is the number of elements in (g). If (g) is infinite, then the order of g
is infinite. The order of g is denoted o(g), and if o(g) is infinite, we write
o(g) = oo . The number of elements in a finite group G is called the order of
G, and denoted o(G). If G is infinite, we write o(G) = oo .

Theorem 2.2.8 Let G be a group and g € G. Then o(g) is finite if and only
if there is a positive integer n such that g"™ = e. In the case that o(g) is finite,
o(g) is the smallest such n.

Proof. If (g) = {¢™ : m € Z} is finite, then there are two distinct integers
m, n such that ¢"* = g"™. Thus ¢" ™" = e = g"~™, so there is a positive integer k
such that g* = e. Conversely, suppose that there is a positive integer k such that
g" = e. Let n be the smallest such positive integer. For m € Z, m = nq+r with
0<r<n,and g™ = (¢g™)%g" = eg” = ¢g". Therefore (g) = {¢" : 0 < r < n}, and
so o(g) is finite. If ¢" = ¢*, with 0 <r <m, 0 < s < m, then ¢" % = e =g¢g° ",
and 0 < |r — s| < n, whence r = s. Therefore o(g) =n. ®

We pause here is look at an example illustrating some of the concepts just
introduced. We will see this example again from time to time.

Example 2.2.9 Let D be the set of all 2 X 2 matrices with entries from the
complex numbers C, and of the form

(5 2)

where T denotes the complex conjugate of x. It is easily checked that the product
of two such matrices has the same form. The determinant aa+bb is not 0 unless
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both a and b are 0. Thus a non-zero matrix of this form has an inverse, and
that inverse turns out to be of the same form. It follows that the set D* of all
such non-zero matrices is a group under matriz multiplication. Note also that

if a matriz
a b
v-(50)

is in D*, then so is

The matrices

1= _OlandJ: S

1 0

are in D*. What is the subgroup (I,J) of D* generated by I and J? By
it is the set of all possible products of powers of I and J. Denoting

<. O

10 i 0

01 g

simply by 1 and K, respectively, we have that 1J = K, JK = I, KI = J,
JI=—-K,KJ=—-I,IK=—-J, and I? = J?> = K2 = —1. Thus any product
of powers of I and J is one of the eight elements 1, £1,+J, and £K. For
exzample, 1°J°1% = IJ%*(—1) = —KJ = I. The eight elements are distinct, and
this group of order eight is the quaternion group, which we will denote Qs.

The elements £1, +£J, and £K are all of order four, while 1 is of order one
and —1 is of order two. In the dihedral group D4(2.1.2(1)),, which is also of
order eight, there are only two elements of order four, so that these two groups,
Qs and Dy, both non-Abelian of order eight, are not alike.

Suppose that (g) is finite. If S is a subgroup of (g), then S = (g™), where m
is the smallest positive integer such that g™ € S. (See[2.2.6]) If o(g) = n, then
n=mk+r, with 0 <r <m, and ¢" ™" = g" € S. Thus r = 0, and hence m
divides n. We have then the fact that if (g) is finite, then the number of elements
in any subgroup of (g) divides the number of elements in (g). However, this is
a very special case of the more general fact that the number of elements in a
subgroup of a finite group divides the number of elements in that finite group.
We begin now the development of this fact.

Definition 2.2.10 Let S be a subgroup of G, and let g € G. Then gS = {gs :
s € S} is the left coset of S determined by g, and Sg = {sg : s € S} is the
right coset of S determined by g.

Of course, if G is Abelian, then the left coset ¢.5 is the same as the right coset
Sg. Distinct elements of G may determine the same left coset of a subgroup S.
For example, if g € S and g # e, then ¢S = S =eS.
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For the group Z of integers under +, the subgroup of all multiples of 3 has
just the three cosets

{..,—9,-6,-3,0,3,6,9,...},
{..,—8,-5-21,4,7,10,...},
{0, =T7,—4,-1,2,5,8,11,..}.

These cosets are disjoint from each other, and their union is all of Z. This is a
fundamental property of left (or right) cosets of any subgroup of any group.

Theorem 2.2.11 Let S be a subgroup of G. Then the set of left (or right)
cosets of S is a partition of G.

Proof. Since g € g5, UseagS = G. We need only show that for g, h € G,
gSNhS # () implies that gS = hS. If gs = ht for s, t € S, then g = hts~' € hS,
and for any x € S, gx = hts~ 'z € hS. Thus ¢S D hS. Similarly, hS C ¢S, and
sogS=hS. =

Note that the equivalence relation induced by this partition is given by g~ h
if g and h are in the same left coset of S. Since g € ¢S and h € hS, this means
that ¢~h if and only if ¢S = hS, and this is the case if and only if g='h € S.
(Keep in mind that two cosets are either equal or disjoint.) Thus the equivalence
relation is

¢"h if and only if g~ th € S.

The mapping S — ¢S : s — gs is one-to-one and onto. That it is onto is
clear, and it is one-to-one since gs = gt implies that s = ¢t. Thus there is a
one-to-one correspondence between any two left cosets. If G is a finite group,
and S a subgroup of G, the left cosets of S partition GG into subsets all of the
same size as S. Therefore o(G) equals o(S) times the number of left cosets of
S. Thus we see that the following theorem is true.

Theorem 2.2.12 (Lagrange’s Theorem) If S is a subgroup of the finite group
G, then o(S) divides o(G).

Corollary 2.2.13 If G is a finite group and g € G, then g°(¢) = e.

Proof. By and o(g) divides o(G). =

Corollary 2.2.14 If o(G) is prime, then G is cyclic, and the only subgroups of
G are {e} and G.

For any subset S of a group G, let S™' = {s7!:s¢€ S}.
Theorem 2.2.15 Let L be the set of all left cosets of a subgroup S of a group G,

and R the set of all right cosets of S. Then L — R: C — C~! is a one-to-one
correspondence.
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Proof. The left coset C is gS for some g € G. But C~1 = {(gs)"! : s €
S}={slgl:seS8}={sg':s€85} =897t ThusL - R:C — C~tis
indeed a map from L into R, and it is clearly one-to-one and onto. =

In particular, if S has a finite number of left cosets, it has the same number
of right cosets. This number is denoted G : S, and called the index of S in G.
Thus for finite groups G, we have

o(G) =0o(S)(G : S).

Suppose S is a subgroup of G. An element in a coset of S is called a
representative of that coset. A set of representatives of the left cosets of .S
in G is a set consisting of one representative of each left coset of S in G. Note
that if g is a representative of a left coset C' of S, then C' = ¢S since g € ¢S.

Now suppose that H is of finite index in G and K is of finite index in H.
We have the three indices G : K, G : H, and H : K. They are related by a
simply formula.

Theorem 2.2.16 If H is a subgroup of finite index in G, and K is a subgroup
of finite index in H, then

G:K=(G:H)(H:K).
This follows from the more explicit result below.

Theorem 2.2.17 Let H be a subgroup of G, and let {g;}ic1 be a set of represen-
tatives of the left cosets of H in G. Let K be a subgroup of H, and let {h;};cs be
a set of representatives of the left cosets of K in H. Then {g;h; : (i,5) € I x J}
is a set of representatives of the left cosets of K in G.

Proof. We need to show that if C' is a left coset of K in G, then C = g;h; K
for some (4, j) € I x J, and that if (,5) # (m,n), then g;h; K # gnh, K. For
any coset gK of K in G, gH = ¢g;H for some i € I. Thus g = g;h for some
h € H. But hK = h; K for some j € J. We have gK = g;hK = g;h; K.

Now suppose that g;h; K = g, h, K. Then g;H = g,, H since g;h; = gmhnk
for some k € K, and so g;h; € (¢;H) N (gnH). Thus ¢g; = ¢m, and hence
h;K = h, K. Therefore h; = h,, and the theorem is proved. m

For the dihedral group Dy, the left cosets of its subgroup {E, H} are

{E,H}, {V,Ra}, {D1,R3}, and {D2, Ry},
and the right cosets of {E, H} are

{EvH}’ {‘/7 RZ}’ {Dl,Rl}v and {D27R3}~

The left cosets of the subgroup T'= {E, Ry, Re, R3} are just T and its comple-
ment {V, H, D1, D5}, and its right cosets are also just 7' and its complement.

The subgroup SLs(R) of the general linear group G L2(R) has infinitely many
left cosets. In fact, each non-zero diagonal matrix
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diag(a) — ( ‘ ! )

with positive a gives distinct left cosets of SLy(R). Simply note that every
element in diag(a)SLa(R) has determinant a?.

PROBLEMS

1.

2.

10.

11.

12.

13.
14.

15.

Write down all subgroups of the group {1,—1,4,—i} of fourth roots of 1.

Write down all subgroups of the group of sixth roots of 1.

. Write down all subgroups of the dihedral group Dy.
. Write down all subgroups of the quaternion group @s.

. Let Zn = {nz: z € Z}.

(a) Prove that Zn is a subgroup of the additive group of integers Z.
(b) Prove that every subgroup of Z is of this form.

(c) Prove that there is a natural one-to-one correspondence between the
subgroups of Z and the natural numbers N.

(d) Prove that Zn has exactly n cosets. Write them down.

. In the dihedral group Dy, write down the left cosets and the right cosets

of the subgroup {F, D }.

In the quaternion group @g, write down the left cosets and the right cosets
of the subgroup {1,—1}.

. Compute the order of each element in the group U(15).

. Find the order of each element in the multiplicative group Q* of rational

numbers.
Find a set of representatives of the cosets of Q1 in Q*.

Find a set of representatives of the left cosets of SLa(R) in GLy(R). Find
such a set for the right cosets.

Prove that a non-empty subset S of a group G is a subgroup of G if and
only if st~ € S whenever s, t € S.

Prove that in Z, (ny,na,...,nk) = {(n1,n2, ..., ng)).

Prove that a finite non-empty subset S of a group G is a subgroup of G if
and only if st € S whenever s, t € S.

What subgroup of a group does () generate?
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16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.
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Let S and T be subsets of a group G. Prove that

(a) if S C T then (S) C (T),
(b) (SUT) = ((S)u(T)),
(c) (SNT) C (S)n(T), and
(d) ((5)) = (S)-

If S and T are subgroups of a group G, then S UT is a subgroup if and
onlyif SCTorT CS.

Let {S;}ier be a family of subgroups of a group G. Suppose that for every
i, j € I, there is a k € I such that S;, S; C S,. Prove that if I # (), then
UierS; is a subgroup of G.

Let {C;}icr be a family of subgroups of Z such that for 4, j € I, either
C; C Cj or C; C C;. Prove that if I # (), then there is a k € I such that
C; C Cy, for all i € I. That is, there is a maximum member of {C;}c;.

Let {C;}icr be a family of subgroups of Z. Prove that if I # @, then there
is a k € I such that for all 1 € I, Cy, C C; implies C, = C;. That is, there
is a maximal member of {C;}c;.

Prove that there is a one-to-one correspondence between any left coset of
a subgroup and any right coset of that subgroup.

Prove that if o(g) = n is finite, then o(¢g™) = "

(m,mn)
Let n be a positive integer. Prove that o(g) = n if and only if

(a) g" =e, and
(b) g™ = e implies that n divides m.

Suppose that g1, g2, . . . , gr are elements of finite order in a group
and that any two of these elements commute. Prove that o(Il;g;) divides
IT;0(g;), and that o(Il;g;) = I;0(g;) if the orders of the g; are pairwise
relatively prime.

Prove that a group G is finite if and only if it has only finitely many
subgroups.

Prove that if a group G # {e} has only the subgroups {e} and G, then G
is cyclic, and o(G) is a prime.

Prove that the intersection of two subgroups of finite index is a subgroup
of finite index. Prove that the intersection of finitely many subgroups of
finite index is a subgroup of finite index.

Prove that a finitely generated subgroup of the additive group Q of rational
numbers is cyclic. Prove that Q is not finitely generated.
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29. Give an example of an infinite group G such that every subgroup # G is
of infinite index.

30. Give an example of an infinite group such that every subgroup # {e} is of
finite index.

31. Give an example of a group G which has subgroups # {e} of infinite index
and subgroups # G of finite index.

32. Let Hy C Hy C ... C H, be groups with each H;;; : H; finite. Prove
that
Hn . H1 = (Hn : Hn—l)(Hn—l IHn_Q) (H2 : Hl)

33. Let S be a finite set, and let G be the group of all permutations of S. Let
seS,andlet H={f € G: f(s) =s}. What is G : H? If S is infinite, is
G : H infinite?

34. Let G be the group of all permutations of a finite set S, and let T C S.
Let H={peG:p(t)=tforallt €T}, andlet K ={p € G:pt)eT
for all t € T}. What is G : H? What is G : K? What is K : H?

2.3 Homomorphisms

A central idea in algebra is that of homomorphism. Here is a simple example.
Consider the group G = {1, —1}, where the operation is ordinary multiplication,
and the group Ss, of all permutations of the set A = {1,2}. The group Ss has
two elements, 14 and the mapping f that interchanges 1 and 2. Intuitively,
these two groups are just alike, even though they have no elements in common.
The element 14 in Sy behaves just like the element 1 does in G, and the element
f behaves in S5 just like the element -1 does in G. Here there is actually a one-
to-one correspondence between the two groups, but homomorphisms allow more
general circumstances. Consider the group Z of integers under addition, and the
mapping f : Z — G given by

f(n) = 1if niseven, and
fln) = —1lifnis odd.

Now f is certainly not one-to-one, but it does “preserve” the operations.
That is, if m, n € Z, then the same result is obtained if m and n are combined
in Z and then f is applied, or if f is applied to m and n and the results combined
in G. In other words,

f(m+n) = f(m)- f(n).

This is the kind of mapping between groups in which we will be interested,
mappings from one group to another that pay attention to the operations of the
groups.
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Definition 2.3.1 Let G and H be groups. A homomorphism from G into H
is a mapping [ : G — H such that f(xy) = f(x)f(y) for all z, y in G.

A homomorphism f : G — H is an epimorphism if it is onto, a monomor-
phism if it is one-to-one, and an isomorphism if it is both one-to-one and onto.
If f: G — H is an isomorphism, we write G ~ H, and say that G is isomor-
phic to H. A homomorphism f : G — G is called an endomorphism, and
an isomorphism f : G — (G is an automorphism. Before looking at some
examples, let’s notice some of the elementary facts about homomorphisms.

Theorem 2.3.2 Let f: G — H be a homomorphism. The following hold.

a. fleg) =en.
b. flz=t) = (f(z))7L, for allz € G.

c. If A is a subgroup of G, then f(A) is a subgroup of H. In particular,
f(G)=1Im f is a subgroup of H.

d. If B is a subgroup of H, then f~Y(B) is a subgroup of G.

e. flxyze..xp) = f(x1)f(z2)...f(xy) for z; € G.

o fl@™) = f(z)™ foralln € Z and oll x € G.

g. If g : H — K is a homomorphism, then gof : G — K is a homomorphism.
h. If f:G — H is an isomorphism, then f~': H — G is an isomorphism.

Proof.

a. fleq) = flegea) = f(ec)f(eg), and multiplying through by f(eq)™"
yields ey = f(eq).

b. ey = flec) = flaz™!) = f()f(z™"), so f(z~1) = (f(z))~".

c. For f(z), f(y) € Im f, f(;c)f y) = f(xy) €Im f, soIm f is closed under

multiplication. Since f(z)~! = f(z~1), Im f is a subgroup of H.

d. Let z, y € f~Y(B). Then f(zy) = f(z)f(y) € 4, and f(z~!) = f(z)"' €
A since f(z) and f(y) are in A. Thus f~!(A) is a subgroup of G.

e. This follows readily by induction on n.

f. This holds for n > 0 by (e). For n < 0, f(z") = ((f(z")~1)"! =
f((.’l)‘")_l)_l — (f(CC_"))_l — ((f(.’L'))_")_l — f(x)n-

g Letz,y € G. Then (g-f)(zy) = 9(f(zy)) = 9(f(2) f(y)) = 9(f(z))g(f(y)) =
(9- @) g Hy).

h. Let a, b € H. We need only that f~1(ab) = f~(a)f~1(b). For suitable
@,y € G, a= f(x)and b = f(y). Thus f~'(a) = fH(f(2)f(y) =
fH(fay) =2y = f~Ha)fH (D).
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Let S be a set of groups. Then = is an equivalence relation on S. This follows
from (g) and (h), and the fact that 1¢ : G — G is an isomorphism.

Example 2.3.3 (Homomorphisms)

a. There are two trivial examples. For any group G, 1g is a homomorphism,
in fact, is an automorphism of G. For any groups G and H, the mapping
f: G — H defined by f(x) = en for all x € G is a homomorphism.

b. Let G be any group and let g € G. The map given by Z — G : n — g"
is a homomorphism. This is a useful homomorphism to know about. It
says that given any element g of any group, there is a homomorphism
taking Z, onto the cyclic subgroup generated by g. Note that the map is a

homomorphism because by (a), g™t = gmg™.

c. Let G be a group, and let g € G. The mapping
g :G—-G:x— grg !
is an automorphism of G. Indeed, since

9" (zy) = glzy)g™" = gzg 'gyg™" = g"(2)g* (),

*

g* is an endomorphism. It is one-to-one since g*(x) = g¢g*(y) implies
that grg~" = gyg~', which implies in turn that x = y. It is onto since
for any y, y = g*(g7'yg). Such an automorphism is called an inner

automorphism.

d. Let G be an Abelian group and let n € Z. Then G — G : x — x™ is an
endomorphism of G. It is necessary that G be Abelian for multiplication
to be preserved.

e. Let Ry be the set of all 2 X 2 matrices

= (o o)
with real entries. Add two such matrices entry-wise, that is, let
(aij) + (bij) = (aij + bij).
This makes Ry into an Abelian group, and the mapping given by Ry — R :

(aij) — a11 + a2 is a homomorphism from this group into the additive
group of real numbers.

f. For an element (a;j) in the general linear group GL2(R), let det(a;;) =
a11a92 — G21012. The mapping

GLQ(R) — R*: (aij) — det(aij)
is a homomorphism from G Lo(R) into the multiplicative group of non-zero

real numbers. It is in fact an epimorphism. That it is a homomorphism
is just the familiar fact that det((a;;)(bi;)) = det(a;;) det(b;;).
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g. Rt - R:z — Inx is an isomorphism between the group of positive reals
under multiplication and the group of reals under addition. The relevant
operations are preserved since In(zy) = In(x) + In(y).

h. R — Rt : 2 — €% is an isomorphism between the group of reals under
addition and the group of positive reals under multiplication. This is the
inverse of the isomorphism in (g).

Let f : G — H be a homomorphism. Defining =7y if f(z) = f(y) gives
an equivalence relation on G. Furthermore, by f induces a one-to-one
correspondence f* between the set G/~ of equivalence classes of ~ and Im f,
namely

ff:G/"—=Im f:Cl(z) — f(x).
Since Im f is a group, this one-to-one correspondence induces a group structure
on G/7. That is, multiply by

Cl(z)C1(y) = (f)7 (f*(CU)) f*(ClLy))).
(See Problem 17 at the end of 2.1}) But

(fHHCU) A (Cly)) = ()T F@FW) = ()7 ()
= (f) H(f*(Cl(ay))) = Cl(zy).

Thus the multiplication in G/ is Cl(z)Cl(y) = Cl(zy). In particular, this
is well defined. It is conceivable that Cli(z) = Cl(z'), Cl(y) = Cli(y") and
Cl(zy) # Cl(z'y’), but this is not the case as we have seen.

We need to find out just what ~ is. Its equivalence classes are the sets f~1(y)
with y € Im f. The particular equivalence class N = f~!(ey) is a subgroup
by (d). We claim that the equivalence classes of ~ are the left cosets of
N. In fact, if y € Im f, then f~!(y) = xN, where f(z) = y. To see this, let
a € f~Y(y). Then f(a) = y. Since f(x) = y, we have that f(a~'z) = eg, and so
a~'z € N. That is, aN = 2N and a € zN. Thus f~!(y) C #N, and similarly
the other inclusion holds.

It is worth noticing at this point that for all z € G, N = Nz. If a € N,
then xa = zar 'z, and f(zaz™1) = f(x)f(a)f(z™!) = f(x)exflz™!) = eq,
and so xa € Nz. Similarlyy, No C xN. Therefore the equivalence classes
of ~ are also the right cosets of N. The multiplication in G/~ was given by
Cl(z)Cl(y) = Cl(zy). But now we know that

Cl(z) = zN.

Thus the multiplication is (xN)(yN) = (xy)N.
All this can be summed up as follows. If f : G — H is a homomorphism
and N = f~!(eg), then
(zN)(yN) = (zy)N
makes the set of left cosets of the subgroup N = f~!(eg) of G into a group,

and f* defined by f*(zN) = f(z) is an isomorphism from this group onto the
subgroup Im f of H .
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We do not need the homomorphism f in order to make the definition above,
just the subgroup N. Having it, we can define the group whose elements are the
left cosets of N and whose multiplication is given by (zN)(yN) = (zy)N. This
procedure will not work for just any subgroup N of G. Recall that N = f~1(ep)
had the property that N = Nz for all z € G. This is a special property that
some subgroups enjoy.

Definition 2.3.4 The subgroup N of the group G is normal if tN = Nx for
all z € G.

Several conditions which are equivalent to being normal are given in Problem
21.

Definition 2.3.5 Let f : G — H be a homomorphism. Then f~'(ey) is de-
noted Ker f and called the kernel of f.

Letting B = {ey} in (d), we get
Theorem 2.3.6 The kernel of a homomorphism is a normal subgroup.

Notice that for any group G, {e} and G itself are normal subgroups of G.
If G is Abelian, then any subgroup of G is normal. Keep in mind that one
way to prove that a subgroup is normal is to get it to be the kernel of some
homomorphism. For example, the kernel of the homomorphism inm (f) is the
special linear group SLs(R). In particular then, SLy(R) is a normal subgroup

A useful fact is that any subgroup of index two is normal. If G : H = 2,
then the only left or right coset of H besides H itself is the complement of H in
G. In the group Qs of quaternions, the subgroups (i), (j), and (k) are distinct
subgroups of index 2, having order four in a group with 8 elements. Thus these
subgroups are all normal. It happens that all of the subgroups of (Js are normal
(Problem 13).

In the dihedral group Dy, the subgroup N = {E, Ri, Ry R3} is of index
two, hence normal, and so is the subgroup M = {E,V, H, Rs}. The subgroup
{E, Rz} of N is normal in N, and indeed normal in D,, while the subgroup
{E, H} is normal in M, but it is not normal in Dy since D1{E, H} = {D1, R3},
while {E, H}Dl = {Dl, Rl}

Let N be a normal subgroup of a group G, and let G/N denote the set of
all left cosets of N in G. Since N = Nz, G/N is also the set of all right
cosets of N. We will omit “left” or “right” when talking about cosets of normal
subgroups. We wish to make G/N into a group. In the case where N = Ker f
for some homomorphism f, we know that we can do it by defining

cNyN = zyN.

This will work for any normal subgroup N. Suppose N = z'N, yN = y'N.
Then x = 2'a, y = y'b for some a, b € N. Then zyN = z’'ay’bON = z'ay’ N
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= 2'aNy’" = 2’Ny' = 2'y'N, using the facts that bDN = N for b € N, and
y'N = Ny'. Thus, (zN)(yN) = (xy)N is unambiguous, that is, does define a
binary operation on G/N, and G/N is a group under this operation. In fact,

(zN)(yNzN) = zN(yzN)=z(yz) N
= (zy)zN = (zyN) (zN) = (zNyN) (2N) ,

(xN)(eN) = xzeN =xN =exN = (eN)(zN),

and
(zN) (z7'N) =2z 'N =eN =27 'aN = (27 'N) (2N),

so that G/N is a group. Now notice that G — G/N : © — =N is an epimorphism
with kernel N.

Definition 2.3.7 If N is a normal subgroup of the group G, the group G/N is
the quotient group of G modulo N, and is called “G modulo N7, or “G over
N.” The homomorphism

G—G/N:xz—aN
is called the natural homomorphism from G to G/N.

Let f : G — H be a homomorphism. Then letting N = Ker f in [2:3.7] we
have the natural homomorphism G — G/ Ker f. It is, of course an epimorphism.
Analogous to this epimorphism, we have the monomorphism Im f — H given by
the inclusion Im f C H. The following theorem says that the groups G/ Ker f
and Im f are essentially the same.

Theorem 2.3.8 (First Isomorphism Theorem) Let f : G — H be a homo-
morphism. Then

ff:G/(Kerf) = Im f: x(Ker f) — f(z)
s an isomorphism.

Proof. If z(Ker f) = y(Ker f), then za = y with a € Ker f, and f(za) =
f(x)f(a) = f(z) = f(y), so that f*is indeed a mapping. It is clearly onto. If

fr(z(Ker f)) = f*(y(Ker f)), then f(z) = f(y), so that f(z~'y) = ey. That
is, 71y € Ker f, and so z(Ker f) = y(Ker f). Thus f*is one-to-one. Since

[ ((@Xer f))(y(Ker ) = [fr(zy(Ker f)) = f(zy) = f(z)f(y)
= [T (@(Ker f)) [ (y(Ker [)),
f*is an isomorphism. m
Thus given any homomorphism f : G — H, it can be decomposed into a
composition

G—-G/Kerf—-Imf—H



2.3. HOMOMORPHISMS 47

of three homomorphisms, the first the natural homomorphism, the second the
isomorphism in and the third an inclusion.

Let N be a normal subgroup of G. We need to know what the subgroups of
G/N are.

Theorem 2.3.9 Let N be a normal subgroup of the group G. Then H — H/N
is a one-to-one correspondence between the set of subgroups of G containing
N and the set of subgroups of G/N. Normal subgroups correspond to normal
subgroups under this correspondence.

Proof. Let H be a subgroup of G containing N. Then N is clearly a normal
subgroup of H, so that H/N makes sense. Now the set of cosets of N in H does
indeed form a subgroup of G/N since aN, bN € H/N imply abN € H/N,
and a !N € H/N. If K is a subgroup of G containing N and K # H, then
H/N # K/N so that the association is one-to-one. Now let X be a subgroup
of G/N. Then X is a set of cosets of N. Let H = {z € G : zN € X}. For z,
y€ H,ztNyN = zyN € X, and 7' N € X, so that H is a subgroup of G. Now
H clearly contains N.

Suppose that H is normal in G, and that N C H. Then the map G/N —
G/H : N — xH is a homomorphism, as can easily be checked. But its kernel
is H/N. Thus H/N is normal in G/N. Now suppose that H/N is normal in
G/N. The homomorphism given by the composition of the homomorphisms
G — G/N and G/N — (G/N)/(H/N) has kernel H. Thus H is normal in G.
]

In the process, we have proved the following theorem.

Theorem 2.3.10 (Second Isomorphism Theorem) Let G be a group, and
N and H normal subgroups of G with N C H. Then

G/H ~ (G/N)/(H/N).
A simple example illustrating is the isomorphism
(Z)Zmn) [ (Zm]Zmn) ~ 7] Zm.

Since o(Z/Zmn) = mn and o(Z/Zm) = m, we have that o(Zm/Zmn) = n.

Suppose now that N is normal in G and that H is any subgroup of G. We
have the natural homomorphism G — G/N, and we can restrict it to H. The
image of this restriction is {hN : h € H}. Let HN = {hn : h € H,n € N}.
Let a, b € H and let ¢, d € N. Then (ac)(bd) = ab(b~tcb)d € HN, and
(ac)™ = c¢cta™! = a Y ac ta™!) € HN, so that HN is a subgroup of G.
Therefore the image of H — G/N is (HN)/N. The kernel is HNN. Thus from
we have the following theorem.

Theorem 2.3.11 (Third Isomorphism Theorem) Let H be a subgroup of
the group G, and let N be a normal subgroup of G. Then HN is a subgroup of
G, and

H/(HNN)~ (HN)/N.
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We now examine quotient groups of the additive group Z of integers. That
group is cyclic. In fact, Z = (1). Let S be a subgroup of Z. Then we know
from that S is cyclic. The proof of shows that if S # {0}, then
the smallest positive integer in S generates S. If that integer were n, then this
means that S = {mn : m € Z}, which we write Zn. Therefore the subgroups
of Z are precisely the subgroups Zn with n > 0. Distinct such n give distinct
subgroups Zn. (See Problem 5, section [2.2] )

Definition 2.3.12 Letn > 0. The group Z/Zn is called the group of integers
modulo n, and will also be denoted Z(n).

We have already called another group the integers modulo n, denoted the
same, namely the group[2.1.2| (d). The two groups are isomorphic (Problem 2).

Let G = (g). That is, G is a cyclic group. The mapping [ : Z — G : n — g"
is a homomorphism, in fact an epimorphism. Just note that f(m+n) = g™*t" =
gmg"™ = f(m)f(n). If o(g) = m, then ¢™ = e and Zm = Ker f. If o(g) = oo ,
then Ker f = 0 and f is an isomorphism. In any case, Z/Ker f ~ G and Ker
f =7Zm for some m > 0. We thus have the following.

Theorem 2.3.13 If G is cyclic and o(G) = n, then G = Z/Zn. If o(G) = co ,
then G ~ Z.

Corollary 2.3.14 Two cyclic groups are isomorphic if and only if they have
the same order.

One way to express[2.3.13]is to say that the cyclic groups, up to isomorphism,
are just the groups Z/Zn, n > 0. Notice that for n > 0, Z/Zn has exactly n
elements.

Let’s see what says in a familiar case. Consider two subgroups Zm
and Zn of Z with m and n positive. We know that Zm N Zn and Zm + Zn
are subgroups of Z. The subgroup Zm N Zn is the set of common multiples
of m and n, and hence is generated by the least common multiple [m,n] of
m and n. (See Problem 10.) Thus Zm N Zn = Z|m,n]. The subgroup
Zm+7Zn={am+bn: a, b € Z} is generated by the smallest positive integer
in it. But the smallest positive integer of the form am + bn is the greatest
common divisor (m,n) of m and n. Thus Zm +Zn = Z(m,n). Applying[2.3.11]
we get

Zn/Z|m,n] = Z(m,n)/Zm.

Now suppose that a, b € Z*, and a divides b. That is, suppose that 0 #
Zb C Za. Then o(Za/Zb) = b/a. Applying this to Zn/Z[m,n] and Z(m,n)/Zm
gets [m,n|/n =m/(m,n), or mn = [m,n](m,n).

Let Aut(G) be the set of all automorphisms of a group G. Then Aut(G) is
itself a group under composition of mappings. In fact, Aut(G) is a subset of

Perm(G), the set of all permutations of G, (2.1.2](a)), and so (g) and
(h) imply that Aut(G) is a subgroup of Perm(G).
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Let g € G. The mapping ¢(g) : G — G : x — gwg~"' is an automorphism

of G as shown in (¢). Such automorphisms are called inner automor-
phisms, and ¢(g) is the inner automorphism induced by g. The set of inner
automorphisms is denoted Inn(G). If ¢(g) is the identity automorphism of G,
then grg~! = z for all = in G, or equivalently, gz = xg for all  in G. That is,
g commutes with all the elements of G. The set of such g is called the center
of G, and is denoted Z(G). If G is Abelian, then of course, Z(G) = G.

Theorem 2.3.15 Let G be a group, and let p(g) be the inner automorphism of
G induced by the element g. Then

G — Aut(G) : g — »(9)

is a homomorphism with image Inn(G) and kernel Z(G). In particular, G/Z(G) =
Inn(G).

Proof. Since ¢(gh)(z) = ghz(gh)™" = g(hah™')g™" = ¢(g)(¢(h)(z)),
p(gh) = o(g)¢(h), and the mapping is a homomorphism. That the image is
Inn(G) and the kernel is Z(G) should be clear. m

It is usually difficult to compute the automorphism group of a group. How-
ever, there is one very special but important case where Aut(G) can be deter-
mined explicitly.

Theorem 2.3.16 Aut(Z(n)) =~ U(Z(n)).

Proof. The mapping ¢,, : Z(n) — Z(n) : © — z™ is an endomorphism of

the cyclic, and hence Abelian, group Z(n) (2.3.4] (d)). Let g be a generator of
Z(n). An automorphism ¢ of Z(n) is determined by the image of g, and the
image of g is a power g™ of g, where 0 < m < n. If p(g) = g™, then p = ¢,,, so
that every automorphism is a ¢,,,. The image of an automorphism is generated
by the image of g, so to be onto, which is equivalent to being one-to-one since
Z(n) is finite, it must be that (m,n) = 1. Since ¢, = ¢,, if and only if &k —m is
divisible by n, the automorphisms of Z(n) are in one-to-one correspondence with
the elements of U(n). Composition of the ¢,, corresponds to multiplication in
U(n), and the theorem follows. m

This theorem will be useful in the construction of examples of groups with
certain properties. (See[2.6] page[62}) Since U(n) is Abelian, the automorphism
group of a finite cyclic group is Abelian, although it may not be cyclic. For
example, U(8) is not cyclic. However U(p) is cyclic for p a prime, although this
is not at all obvious. It follows from [6.2.12

PROBLEMS

1. Let G be the group R x R* under the operation (a,b)(c,d) = (a + bc, bd).
Prove that f : G — G : (a,b) — (0,b) is an endomorphism with f? = f.
Is G — G: (a,b) — (a,1) an endomorphism?

2. Prove that Z(n) as defined in (d) and in [2.3.12] are isomorphic.
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18.
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How many homomorphisms are there from Z onto Z(8)?
How many homomorphisms are there from Z(12) onto Z(5)?
How many homomorphisms are there from Z onto Z ; from Z into Z?

Let |z| be the absolute value of a complex number z. Prove that || : C* —
RT : 2 — |2] is an epimorphism.

Prove that multiplication by a non-zero rational number is an automor-
phism of the additive group of rational numbers.

Prove that if f is a homomorphism, and the order of z is finite, then o(x)
is a multiple of o f(x)).

Prove that the dihedral group D, is isomorphic to a subgroup of the
symmetric group Sy.

Let G be the additive group of all complex numbers of the form m + ni,
where m and n are integers. Let H be the multiplicative group of all
rational numbers of the form 2™3", again where m and n are integers.
Prove that G ~ H.

Let G be a non-Abelian group of order six. Prove that G = Ss.

Prove that there are exactly two groups of order four, up to isomorphism.
Which one is Qg/{1,—1}7

Prove that every subgroup of the quaternion group (g is normal. Find all
the normal subgroups of Dy.

Prove that the set of elements of GLy(R) of the form

(¢3)

is a subgroup, but is not normal.

Prove that SLy(R) is a normal subgroup of GL3(R), and that GL3(R)/SLa(R)

is isomorphic to the multiplicative group R* of non-zero real numbers.

Let C be the group of all complex numbers of the form 2™, where q is
rational. Prove that Q/Z =~ C.

Let H={f: f € 5S4, f(2) =2}. Prove that H is a subgroup of Sy. Is H
normal in Sy?

For groups A and B, define multiplication on the Cartesian product A x B
by (a,b)(¢,d) = (ac, bd). Prove that

(a) A— A X B:a— (a,e) is a monomorphism, and
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(b) AxB — A: (a,b) — ais an epimorphism whose kernel is isomorphic
to B.

Let N and H be subgroups of G, and suppose that N is normal.
(a) Prove that NH = {nh:n € N, h € H} is a subgroup of G, and that
NH =HN.
(b) Prove that if H is also normal, then so is NH.
(c) Prove that if H is also normal, and if N N H = {e}, then nh = hn
foralln e N and h € H.

Let G be a group of order p?, where p is a prime.

(a) Prove that G has an element of order p.
(b) Prove that any subgroup of G of order p is normal.
(¢c) Prove that G is Abelian.

Let N be a subgroup of G, and for subsets S and T of G, let ST = {st :
s€S,teT}. For gin G, let ¢S = {gs:s € S} and Sg = {sg: s € S}.
Prove that the following are equivalent.

(a) N
b)
()

is normal in G.

(b) gNg=! = N for all g € G.
Ng='Cc N forall g € G.

(d) gNg=t D N for all g € G.

(e) (ey)N = (N)(yN).

(f) Ng C gN for all g € G.

(g) gN C Ng forall g € G.

Prove that if G has exactly one subgroup of order 50, then that subgroup
is normal. Generalize.

Let g be an element of GG, and let N be a normal subgroup of G. Prove
that if o(g) is finite, then it is a multiple of o(gV).

Prove that if G/N and N are finitely generated, then so is G.
Prove that a homomorphic image of a cyclic group is cyclic.

Let G be an Abelian group. Let T" be the set of elements of G which have
finite order. Prove that T is a subgroup of G, and that in G/T, only the
identity element has finite order.

Prove that the intersection of any family of normal subgroups of a group
G is a normal subgroup of G.
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Let f: G — H be an epimorphism, and let K be a normal subgroup of
G. Prove that f induces an epimorphism G/K — H/f(K). Prove that
this induced epimorphism is an isomorphism if and only if Ker f C K.

Prove that if G/Z(G) is cyclic, then Z(G) = G.

A subgroup H of G is called characteristic if for every automorphism f
of G, f(H) = H. Prove that every subgroup of a cyclic group is charac-
teristic.

Prove that a characteristic subgroup of a normal subgroup of G is a normal
subgroup of G.

Let N be a cyclic normal subgroup of G. Prove that every subgroup of N
is a normal subgroup of G.

A subgroup H of G is called fully invariant if for every endomorphism
fof G, f(H) C H. Prove that the center Z(G) of G is a characteristic
but not necessarily a fully invariant subgroup of G.

Prove that if f is an automorphism of G and N is normal in G, then f(N)
is normal in G. Similarly for NV characteristic, N fully invariant.

Find all endomorphisms of the additive group Z. Which are automor-
phisms?

Let G’ be the intersection of all the normal subgroups N of G such that
G/N is Abelian. Prove that G’ is the subgroup generated by all the
elements of G of the form 'y~ 'zy with 2, y € G. Prove that every
subgroup of G containing G’ is normal in G. Prove that G’ is fully invariant
in G. (The subgroup G’ is called the commutator subgroup of G.)

Prove that G/N and N Abelian does not imply that G is Abelian.
Find the center of the group of all 2 x 2 non-singular real matrices.

Find the commutator subgroup of the group of all 2 x 2 non-singular real
matrices. Hint: Show that the commutator subgroup is generated by
matrices of the form

(o1) wa (0Y)

Then show that each of these matrices is a commutator.

2.4 Permutation Groups

Let S be any non-empty set. We have noted that the set Perm(.S) of all one-to-
one mappings from S onto S is a group under composition of mappings. The
elements of Perm(S) are called permutations, and a permutation group is a
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subgroup of Perm(S) for some S. Our first object is to show that every group
is a permutation group — more precisely, that every group is isomorphic to a
permutation group. This fact is known as Cayley’s Theorem. It has the virtue
of representing an abstract group as something concrete. Every group can be
represented as a group of one-to-one mappings of some set onto itself. In fact,
groups arose in this way. Permutations groups were studied before the notion
of an abstract group was formulated.

How is Cayley’s Theorem proved? If G is a group, we must get a monomor-
phism from G into Perm(S) for some S. Where do we get a suitable set S? We
use GG. Then with each g € G we must associate a permutation of G. How can
we do that? Multiplying each element of G on the left by ¢ is a permutation of
G.

Theorem 2.4.1 (Cayley’s Theorem) Any group G is isomorphic to a sub-
group of Perm(G).

Proof. For each g € G, let ¢(g) be the map from G into G defined by
©(g)(x) = gz. That is, ¢(g) is multiplication on the left by g. If p(g)(x) =
©(9)(y), then gx = gy, so that z = y. Hence ¢(g) is one-to-one. If y € G,
then ¢(9)(g~ty) = g(g~ty) = y, so that ¢(g) is onto. Thus ¢(g) € Perm(G).
Therefore we have a mapping ¢ : G — Perm(G). We will show that ¢ is a
monomorphism. If p(g) = @(h), then ¢(g)(z) = @(h)(z) for all z € G. In
particular, ¢(g)(e) = ge = g = ¢p(h)(e) = he = h. Thus ¢ is one-to-one. For g,
h € G,

p(gh)(z) = ghz = g(p(h)(x)) = ¢(9)(w(h)(2)) = (v(g9)p(h))(z),

so that ¢(gh) = ¢(g)¢(h). This proves Cayley’s Theorem. m

Cayley’s Theorem can be generalized as follows. Each element g € G induces
a permutation of the elements of G. The elements of G may be construed as left
cosets of the subgroup {e}. That is, z = y if and only if z{e} = y{e}. Thus, each
element of G induces a permutation of the left cosets of the subgroup {e}. Now
suppose we replace {e} by any subgroup H of G. For any left coset xH of H and
any g € (G, we can associate the left coset grH. This association is a mapping
from the set of left cosets of H into itself. In fact, if tH = yH, then x = yh
for some h € H, and gz = gyh is in both gxH and gyH. Hence gxrH = gyH.
Since g(¢g~'zH) = xH, the mapping is onto. If gvH = gyH, then gz = gyh for
some h € H, and so z = yh. Thus xH = yH, and the mapping is therefore a
permutation of the set of left cosets of H. Call this permutation ¢(g). Then
e(99")(xH) = gg'vH = (¢(g)¢(g'))(xH), so that ©(gg") = ¢(g)¢(g'), and ¢ is
a homomorphism from G into the group of permutations of the set of left cosets
of H.

What is Ker ¢? It is clear that ¢ is not a monomorphism in the case {e} # H.
If g € Ker ¢, then p(g)eH = gH = eH, so that g € H. Thus Ker ¢ C H.
Also, Ker ¢ is normal in G. Thus Ker ¢ is some normal subgroup of G that is
contained in H. Which one? The largest one, naturally. In fact, let N be any
normal subgroup of G contained in H. For h € N, haH = xz ‘haH = xH
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since z7thz € N C H. Thus h € Ker . Therefore Ker ¢ contains all the
normal subgroups of GG contained in H, and since Ker ¢ is a normal subgroup
of G contained in H, it is the largest one. In particular, every subgroup H of a
group G has a subgroup N which is normal in G and contains any other such
subgroup. In fact, N is just the subgroup generated by all the subgroups of H
which are normal in G. We have proved the following generalization of Cayley’s
Theorem.

Theorem 2.4.2 Let H be a subgroup of G, and let L(H) be the set of left cosets
of H. Then ¢ defined by p(g)(xH) = gxH is a homomorphism from G into
Perm(L(H)), and Ker ¢ is the largest normal subgroup of G contained in H.

Note that follows from by taking H = {e}. In (and of

course), each element g € G induced a permutation of a set, and associating g
with that permutation was a homomorphism.

The subgroup S = {F, H} of D4(2.1.2(1)) is not normal, so that the largest
normal subgroup of Dy in S is {E}. The homomorphism Dy — Perm(L(S))
given by then has kernel {E}, so is a monomorphism. Thus we get a
representation of Dy as a group of permutations of the set L(S) with four
elements.

In Chapter B we will see how [2.4.2] is useful in proving that certain groups
have non-trivial normal subgroups. Several of the following exercises also make

use of 2.4.2

PROBLEMS
1. Let a, b € R with b # 0. Define I', , by

Fep:R— R:2—bx+a.

Prove that the set of all such I', 5 is a group of permutations of R. Prove
that this group is isomorphic to the group G = R x R* with multiplication
given by (a,b)(c,d) = (a + be, bd).

2. Let G be the group in Problem 1. Let H be the subgroup of elements of G
of the form (0,b). Use to show that H has no non-trivial subgroups
which are normal in G.

3. Let G be the group in Problem 1. Let N be the subgroup of elements of
the form (a, 1). Prove that N is normal in G.

4. Let G be the group in Problem 1. Prove that G is isomorphic to the
multiplicative group of matrices of the form

(5 1)

with ¢ and bin R, and b # 0. Which subgroups correspond to the subgroup
H in Problem 2 and to the subgroup N in Problem 3 ?
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. Let G be a group. Prove that ¢ : G — Perm(G) given by ¢(g)(z) = zg~

. Let H be a subgroup of G. For g € G, prove that gHg
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is a monomorphism. What happens if ¢ is defined by ¢(g)(x) = xg?

. Let G be a group and let H be a subgroup of G. Let R(H) be the set of

all right cosets of H. Prove that
¢ : G — Perm(R(H)) : p(g9)(Hz) — Hxg™*

is a homomorphism. What is its kernel?

. Let H be a subgroup of G. Let N(H) = {g € G : gHg™! = H}, the

normalizer of H in G. Prove that N(H) is the largest subgroup of G in
which H is normal.

~!is a subgroup of

G. Prove that gHg™! is isomorphic to H.

. Let f be a one-to-one mapping of a set A onto a set B. Prove that the

mapping f : Perm(A4) — Perm(B) : @« — foao f~! induced by f is an
isomorphism.

Let H be a subgroup of G, and let ¢ € G. The subgroup gHg ! is a
conjugate of H. Let CI(H) denote the set of all conjugates of H, and
L(N(H)) the set of all left cosets of N(H). Prove that

L(N(H)) — CI(H) : gN(H) — gHg™!
is an equivalence.

Let H be a subgroup of G. Prove that « : G — Perm(CI(H)) given by
a(g)(xHz™t) = (gx)H(gz)~ ! is a homomorphism. Prove that Ker « is
the largest normal subgroup of G that is contained in N(H).

Let H be a subgroup of G, and let ¢ be the mapping ¢ : G — Perm(L(N(H)))

given by ¢(g)(xN(H)) = (92)N(H), as in[2.4.2] Let f be the mapping in

Problem 8, f the isomorphism Perm(L(N(H))) — Perm(CI(H)) induced

by f, and o the mapping in Problem 9. Prove that f o ¢ = «. Here is a
picture.

G

%) a

N

Perm (L (N(H))) 7, Perm(CI(H))

Prove that if H is a proper subgroup of the finite group G such that
o(G) does not divide (G : H)!, then G has a nontrivial normal subgroup
contained in H.

Prove that if p is the smallest prime dividing o(G), then any subgroup of
G of index p is normal.
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2.5 The Groups 5,

Cayley’s Theorem asserts that every group G is isomorphic to a subgroup of
Perm(G), the group of all permutations of the set G. If G is finite and o(G) = n,
then Perm(G) is isomorphic to Perm({1, 2, ... , n}) = S,, which is called the
symmetric group of degree n. Thus every group of order n is isomorphic to
a subgroup of S,. It is therefore of some interest to examine more closely the
groups Sy,.

An element « of S, is a one-to-one mapping of {1, 2, ... , n} onto itself.
One way to represent such a mapping is

That is, under each integer k, 1 < k < n, put its image. Thus the elements of

S3 are the six permutations
3 1 3
3 )’ 3 )7

(}
(251) (s )
(51?)

is the mapping a such that a(1) =3, a(2) =1, and «(3) = 2.

Multiplication in S,, is composition of mappings. We have defined composi-
tion a0 B of two mappings a and 8 by (a0 8)(z) = a(B(z)). That is, apply 8
and then apply a. For the rest of this section we will adopt the convention that
ao 8 means apply o and then apply B. We will write oo 5 simply as a3. Thus

1 2 3 12 3\ (1 2 3
<2 1 3)(3 1 2)(1 3 2>
This convention is fairly standard for S,,.
There is another way to represent elements of S,,. We illustrate it with
n = 5. The symbol (1,4,3,5,2) means the permutation of {1,2,3,4,5} that
takes 1 to 4, 4 to 3, 3t0 5, 5 to 2, and 2 to 1. Thus in (1,4, 3,5,2), the image

of an element is on its right, except that the image of the last element listed, in
this case 2, is the first element listed. Thus

1 2 3 4 5

Notice that (1,4, 3,5,2) = (3,5,2,1,4).
What does (4,3,2) mean? We are talking about elements of S5, remember,
and (4, 3,2) does not involve 1 or 5. This means that 1 and 5 are not moved by

W N NN
—
—_

_— N W
N——
N\

W =
NN =N

For example,
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(4, 3, 2). That is,

<4’3’2):(1 4235

Elements of S, of the form (i1, 42, ..., i) are called cycles. Some cycles of Sy
are (1,2,3,4,5,6,7), (1,2,3,4), (7,1,4), (1,2), and (3,4,1,6). The cycle (i1, s,
. ,ix) is of length k, and is a k-cycle. For example, (1,7,4,2) is a 4-cycle.
The cycle (i1,1i2, ... ,ix) of S,, may not involve every element of 1, 2, ... , n.
This means that those elements not involved are fixed. For example, (7,1,4) is

the element
1 2 3 4 5 6 7
4 2 3 7 5 6 1
OfS7.

Cycles are permutations, so two cycles of S,, may be multiplied. For example,
if n=>5,

12345)

1 2 3 4 5

Two cycles are disjoint if they have no element in common. Thus (1,2, 3)
and (4, 5,6) are disjoint cycles, while (7,6, 1) and (1,2, 3) are not disjoint. Every
element of S, is a product of disjoint cycles. For example,

1 2 3 4 5 6 7
5 3 2 7 1 4 6
is the product (1,5)(2,3)(4,7,6). The way to write a permutation as a product

of disjoint cycles is as follows. Let o € Sy, and k € {1,2, ... ,n}. Thereis a
smallest m > 1 such that o™ (k) = k. This yields the cycle

(k, a(k), &?(k), ...,a™ 1 (k)).

Two such cycles are either equal or disjoint. (Keep in mind that (1,2,3) =
(2,3,1) = (3,1,2).) The cycles so obtained are the cycles of «. It should be
clear that « is the product of its cycles. Thus we have the following theorem.

Theorem 2.5.1 Every element of S, is a product of disjoint cycles.

Disjoint cycles commute. That is, if @ and S are disjoint cycles, then
af = Pa. Thus if a is a product ajas...ap of disjoint cycles, then o =
Qr(1)Qr(2)---Qr(k), Where 7 is any permutation of {1,2, ... ,k}. If also a =
B1B-.-B;, with the ;s disjoint cycles, then j = k, and (after rearrangement)
a1 = By, aa = P9, ..., a = ;. This becomes clear by noting that each 3, is a
cycle of a. Thus up to the order of the factors, each element « of \S;, is uniquely
a product of disjoint cycles, these disjoint cycles being simply the cycles of a.

Note that

(1,2,3,...,n) =(1,2)(1,3) (1,4)--- (1,n)

or more generally,

(a1,a2,....;an) = (a1,a2)(a1,a3) - - - (a1, an).
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That is, any cycle is a product of 2-cycles. The 2-cycles are called transposi-
tions. Therefore, by we have the following fact.

Theorem 2.5.2 FEvery element of S, is a product of transpositions.

There are many ways to write an element of S,, as a product of trans-
positions. For example, the identity of S5 may be written as (1,2)(1,2), or
(1,2)(1,2)(1,3)(1,3). Furthermore, two transpositions do not necessarily com-
mute. For example, (1,3)(1,2) # (1,2)(1,3). However, there is one very im-
portant thing that is unique about any representation of a permutation as a
product of transpositions. That unique thing is the parity of the number of
transpositions used. The parity of an integer is even or odd if the integer is
even or odd, respectively. Thus we assert that if ajas...a; = 3,8,...8; with
the a;’s and 3,’s transpositions, then j and k are either both even or both odd,
that is, ¢+ and j have the same parity. This fact is not obvious.

Theorem 2.5.3 If aqas...a; = 1 85...0;, with the ajs and B.s transpositions,
then j and k have the same parity.

Proof. If ajas---a; = B85+ B, with the a;’s and 3;’s transpositions,
then ajog -+ ;88,1 --B8; = e. Now j and k have the same parity if and
only if j 4+ k is even. Thus it suffices to show that if ajas...a, = e with the
«; transpositions, then m is even. Let ay = (a,b1). Note that (b;,b;)(a,b;) =
(a,b5)(a,b;) if a, b;, and b; are distinct. Thus e = ajas...cu, may be written
in the form (a, b1)(a,b2)(a,bs)...(a,by)0r41...0m With @ in no o; for ¢ > r. For
example,

(a, bl)(bQ, bg)(b4, b5)(a, b5) = (G,, bl)(b4, b5)(a, b5)(b2, bg)
= (aa bl)(aa b5)(a7 b4)(b27 bS) :

For some @ < r, b; = b, else the identity carries b, to a. The equation

(a,b5)(a,br) = (a,b,) (b, b;)

allows us to move (a,b,) over to the left next to (a,b;), and since i = r, the
product of these two is the identity. For example,

(a, b1 (a, bQ)(a, bg)(a, b2)0r+1~~~0m
= (a, bl)(a, bg)(a7 bg)(bg, b3)0’r+1...0'm
= (CL, bl)(bg, b3)0’r+1...0'm .

Thus we have the identity e written as the product of m — 2 transpositions, and
by induction on n, we see that m — 2, and hence m, is even. This concludes the
proof. m

Definition 2.5.4 A permutation a € S,, is even or odd according as to whether
« 1s a product of an even or an odd number of transpositions.
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7
6
7

(4,7)(4,6), while a = (1,2) is

For example,

Q
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is even since o = (1,5)(2,3)(4,7,6) = (1,5)(2,3
odd.
The subset of even permutations of S, is a subgroup. (See below.)

Definition 2.5.5 The subgroup of S, consisting of all the even permutations
of Sy, is denoted A,, and called the alternating group of degree n.

Theorem 2.5.6 A, is a normal subgroup of Sy, and S, : A, = 2.

Proof. The mapping from S,, into the multiplicative group {1,—1} that
takes a € S,, onto 1 or —1 depending on whether « is even or odd is an epimor-
phism with kernel A,,. =

The groups S,, and A,, have many interesting properties. One such property
that we will need in a later chapter in our study of fields is that for n > 5, A,
is simple. A group is simple if it has no nontrivial normal subgroups.

Theorem 2.5.7 Ifn > 5, then A, is simple.

Proof. Let N be a normal subgroup of A,, N # {e}. We will show that
N = A,. Note that (1,2,3) = (1,2)(1,3), so that a 3-cycle is even. That is,
A, contains all 3-cycles. The proof will proceed by showing in turn that N
contains a 3-cycle, that N contains all 3-cycles, and then that A, is generated
by 3-cycles. The proof uses the following observation, or technique, repeatedly:
Suppose @ € N and 8 € A,. Then BaB~' € N, since N is normal in A,,
and consequently Saf 'a~! € N. Throughout the proof, the element 8 € A,
will be carefully selected in such a way that the element S8 'a~! € N has a
special form.

For example, suppose the 5-cycle a = (i1, i2,1%3,14,75) is an element of N.
Let § = (i1,42,43). Then 8 € A, so that the 3-cycle

Baf ™t = (iy, g, ds) (i1, i, s, 4, 15) (i1, 2, 13) ' (i1, b, 3,14, 75)
= (i1, 12,13) (71, 92,13, 14, 5) (13, 92, 91) (i5, 4, 13, 92, 71)
- (i23i37i5)

is also in V.
Let @ € N with « # e, and write & = aj ..., with the afs disjoint cycles.

Let ay = (41,142, ... ,%.). First suppose that r > 3, and let 8 = (i1, 42,4,). Then
B8 e A, and
-1 — L. .. . L —
Baﬁ a t= (Zla 7’2727’)(21a22) ceey 7/7‘)042 T ak(ZTaZQ)ll)a !
= (i177;3; i47i57 v 77;7‘7172'277;7‘)0[2 T akalzl e agl(i’r‘a ceey i?vil)

== (ilai27ir—1)

isin .
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Now suppose that r = 3. If k =1, then N contains the 3-cycle (i1,12,143). If
k>1,let as = (j1,52, --. ,Js), and let 8 = (41,42, 71). Then

BaB ™t = (i1, 2, j1) (i1, 92, 33) (J1, J2s ooy Js )0tz - - g (1, G2, 01 )
= (i1, 13, j1) (i, fo, - Js )0z - e "oty oo tag
= (ilaif‘bjl)(i%j% ---,js)(js,js—l, "',j27j1)(i37i27i1)
= (i1,12, J1,13, Js)
is in N. Thus by the argument above, there is a 3-cycle in N.

Finally, suppose that r = 2. Then k > 1 since « is even. Let 8 = (i1, 12, j1).
Then

Bap~ o™t = (iy, iz, j1) (i1, 12) (j1, J2s ooy Js )30t - - 0k (1, By i1 )"
= (i1, J1)(i2, J2, J3s -y Jis )30t - - - ™"

= (i1, j1)(i2, f2, J3, s Js) 003 "]

= (i1, J1) (82, 32, J3s -+ Js) (s Js—15 s J2, 51) (42, 1)

= (i1,7s)(i2, 1)

1

is an element of N. Let 1 < a < n be different from 41, i2, j1, and jo. (This is
where we use the hypothesis that n > 5.) Then

(1,42, a) (i1, Js) (G2, 41) (i1, G2, @) " (i1, 4s) (G2, 1))
= E?l,?zvC_L)(i.hjs))(iz,ﬁ)(a,’izvil)(ihjs)(iz,jl)
=\%1,?2,]1,]s,0

is an element of N. Again, by the argument above, there is a 3-cycle in N.
We have finally proved that N contains a 3-cycle. Now we will show that NV
contains every 3-cycle.
Let (i1,12,i3) € N, 1 <a <mn, and a # i1, i2, i3. Then

(i1, a,i2) (i1, 92, 13) (i1, a,i2) "' = (a, i3, 42)

is in N, whence
(a,i3,12)* = (a, iz, 13)
isin N.
We have then that if (1,142,i3) € N, then for any a # 41, is, i3, the element
(a,i2,i3) € N. Suppose now that (a, b, ¢) is any 3-cycle, and that (i1,2,43) € N.
If a is not one of 41, i, or i3, then (a,is,i3) € N, and

(a,iz,i3) = (i2,13,a)

isin N. If a is one of iy, i, or i3, we may as well suppose that a = ;.
Thus in any case (a,ia,i3) = (i2,i3,a) € N. If b # i3, then (b,i3,a) € N. If
b = i3, then (is,b,a) € N. So either (i3,a,b) or (iz,b,a) € N. Thus either
(¢,a,b) or (¢,b,a) € N. But (c,a,b) = (a,b,c), and (¢, b,a)? = (a,b,c), whence
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(a,b,c) € N. We have then that any normal subgroup N # {e} of A4, contains
all 3-cycles. Noting that

(7:17 iQ)(ila Z3) = (ila 7:27 iS)a

and that
(i1,12)(43,44) = (i1,13,14) (41,13, 2),
and remembering that every element of A, is a product of an even number

of 2-cycles, we have that every element of A, is a product of 3-cycles. Thus
A,, = N, and our theorem is proved. m

Corollary 2.5.8 Ifn > 5 and N is normal in Sy, then N is either {e}, or A,,
or S,.

Proof. Suppose N # {e}. Since NN A, is normal in 4,,, NN A, = {e}
or A,. If NN A,, = {e}, then N has just 2 elements since A, is of index 2 in
Sp. Let ajas...ap, be the element # e in N with the a;’s disjoint cycles. This
element is of order 2, so each «; is a 2-cycle. Let ay = (i1,142), and ag = (i3,14)
if m > 1. Then if m > 1,

(ila i27 i3a Z.4)0510[2 e a‘rn(ilv i?a i37 i4)_1 = (ila Z.4)(2.27 i3)a3 s Oy

is in N, and is neither e nor ayag -« - . If m =1, then let iy # is # i3 # i7.
Then
(i1,192,13)(i1,92) (i3, 42,%1) = (i1,43) € N, (i1,13) # e,

and (i1,13) # (i1,42). Thus NN A, # {e}, and hence N D A,,. Since S, : A, =
2, N is either A,, or S,,. Therefore, N = {e}, or A,, or S,,. m
PROBLEMS

1. Write the following permutations as a product of disjoint cycles and as a
product of transpositions.

<a><; i)
1 23 456 7
(7 5 6 3 2 4 1)
@(153157%6)
(d) (1,2,5,3)(1,2,4,5)(6,3,4)
(e) (1,2,3)(1,2,3,4)(1,2,3,4,5)
(f) (1,2,3,4,5,6,7,8)190

2. Prove that the order of a product of disjoint cycles is the least common
multiple of the lengths of those cycles.
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Prove that in S,,,
o (1,02, .y ir)o = (0(i1), 0(i2), ..., o (ir)).

Prove that the elements a and 3 of S;, are conjugates if and only they
have the same cycle structure, that is, if and only if o and 8 have the
same number of disjoint cycles of the same length.

View S,,_1 as a subgroup of S,,, that is as the subgroup of S, fixing n.
Write down a set of representatives of the left cosets of .S,,_1. Write down
a set of representatives of the right cosets of S;,_1.

What are the conjugates of S,,_1 in S,,? (See Problem 7.)
What is S,_1 N A,7

Ay has non-trivial normal subgroups. Find them all.

Prove that if f is any endomorphism of Sy, then f(A,) C A,.
Prove that the commutator subgroup of S, is A4,.

Show that every automorphism of S3 is inner.

Find the automorphism group of Ss.

Find all subgroups of S,, of index two.

Prove that S,, is generated by the n — 1 transpositions (1,2), (1,3), ...,
(1,n).

Prove that S,, is generated by the n — 1 transpositions (1,2), (2,3), ...,
(n—1,n).

Prove that S5 is generated by {(1,2), (1,2,3,4,5)}.

Prove that S,, is generated by two elements.

2.6 Direct Products and Semi-direct Products

In this section, we describe two constructions of new groups from old. These
constructions will furnish additional examples of groups, and are useful in giving
complete descriptions of groups of certain types. For example, in we will
use our results in giving a description of all finite Abelian groups in terms of
cyclic groups.

Let G and H be groups. In the set G x H define multiplication by

(a,b)(c,d) = (ac, bd).

This makes G x H into a group (2.1} Problem 21). The identity element is
(ea,en), and (g,h)~! = (¢, h~1). (From now on, we will write simply e for
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the identity of any group under consideration. Thus (eq,epy) may be written
(e,e) or even more simply just e.) The associative law holds since it holds in
both G and H. This group is denoted G x H, and called the external direct
product of G and H. In G x H, let

G* = {(g,e):g9¢€ G}, and
H* = {(e,h): he H}.

The mappings
GxH — H:(9,h) — h and

GxH-—>G:(g,h)—yg

are epimorphisms with kernels G* and H*, respectively. Therefore G* and H*
are normal subgroups of G x H. For (g,h) € G x H, (g,h) = (g,¢)(e, h), so
that every element in G x H can be written as the product of an element from
G* with one from H*. Further, this can be done in exactly one way since
(g,h) = (¢',¢e)(e,n’) implies that (e,e) = (g~ tg’,h~th'), so that g = ¢’, and
h = h'. Thus G x H has normal subgroups G* and H* such that every element
of G x H can be written uniquely in the form gh with g € G* and h € H*, and
so Gx H=G*H*={gh:g€ G*, h € H*}. We say that G x H is the direct
product of the normal subgroups G* and H*.

It is worth observing here that G* N H* = (e,e), and that gh = hg for
g € G* and h € H*. In fact, if M and N are normal subgroups of a group
which intersect in just the identity element, then the elements of M commute
with those of N. (See Problem 19 in section [2.3])

This discussion carries over to any finite number of groups. That is, let Gy,
Gs, ..., G, be groups, and let G; X G2 X - -+ X G, be the group obtained from
the set

G1 X Gy x - xGp={(91,92,---,9n) : gi € G, for all i}
by defining
(91792; ---7gn) (hl h27 eeey hn) - (91h1,92h2, ~-~7gnhn) .

The group G = G1 X G2 X - -+ X G,, is called the external direct product of
the groups Gy, Ga, ... , G,. Let

G;k = {(6,6, -5 6,93, € ...,6) 10 € GZ}

The G} are normal subgroups of G, and every element of G can be written
uniquely as a product g1g2 - - - g», With g; in G7.

Definition 2.6.1 Let G1, Go, ..., Gy be normal subgroups of a group G. Then
G is the direct product of the subgroups G1, Ga, ..., G, if every element g € G
can be written uniquely in the form g = g1g2 - - - gn with g; € G;.
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If G is the direct product of normal subgroups Ny, Na, ..., N,, then we also
write G = N1 X Ny X --- X N,. In the discussion above, the external direct
product G = G; X G X - -+ X Gy, is the direct product of the normal subgroups

1, G5, ..., Gy, so that

Gy xGax - xGp,=G xG5x---xGr,

although strictly speaking, the x’s on the left have a different meaning than the
x’s on the right. The appropriate interpretation of x can always be determined
from the context. In general, when we write G = G1 X G3 X - - - X G, we mean it
in the sense of 2.6.1} The group G1 x G x - - - x Gy, is also written G = I, G;.

If G =Gy x G x -+ x Gy, then G; N G; = {e} for distinct ¢ and j. Since
G; and G; are normal, we have that for g; € G; and g; € G;, g:9; = 9;9i-
Therefore, if g;, h; € G;, then

(9192 -+ gn)(h1h2 - - hy) = (g1h1)(g2h2) - - - (gnhn)-

Direct products of groups serve two purposes. Given groups G, Go, ..., Gn,
we can make the new group G1 X Gy X - - - X G,,. Thus it is a way to construct new
groups from old, and increases our repertoire of examples. On the other hand,
a group is understood better if it is a direct product of subgroups which are less
complicated than the group itself. For example, section[2.7]is devoted to showing
that every finite Abelian group is a direct product of cyclic groups. Since cyclic
groups are relatively simple entities, finite Abelian groups themselves become
better understood. Theorem is another example of the same sort.

If G =G1 x Gy x -+ X G, then the G;’s are called direct factors of G.
In fact, if H is any subgroup of G such that G = H x K for some subgroup K,
then H is called a direct factor of G. If G = H x K implies that H = {e} or
K = {e}, then G is called indecomposable.

Note that if G = G; x G2 x G3, then

G:(G1XG2)XG3201X(G2XG3).

Similarly, one can parenthesize G; x G X - - - X G, at will. Since every element
g € G = H x K can be written uniquely in the form ¢ = hk with h €¢ H
and k € K, and since for h; € H and k; € K, (hi1k1)(hoka) = (h1h2)(kike),
G — K : hk — k is an epimorphism with kernel H, yielding

(Hx K)/H ~ K.

Consider again the map G — K : hk — k. Denote it by f, and think of it
as an endomorphism of G. Then f is idempotent, that is, f o f = f. Thus
direct factors of G give rise to idempotent endomorphisms of G.

Theorem 2.6.2 A normal subgroup of a group G is a direct factor of G if
and only if it is the image of an idempotent endomorphism of G. If f is any
idempotent endomorphism of G such that Im f is normal, then G = Ker f x
Im f.
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Proof. Only the last statement remains to be proved. Let f be an idempo-
tent endomorphism of G with Im f normal. We need to show that every element
in G can be written uniquely in the form xy with z € Ker f and y € Im f. Let
g € G. Then g = (¢f(9)~")f(g)). Clearly f(g) € Im f. Since f(gf(9)~") =
f(9)f o f(g71) and fo f = f, then gf(g)~! € Ker f. Suppose g = zy with
f(z) = e and f(a) = y. Then f(g) = f(x)f(y) = f o f(a) = f(a) = y, and
therefore also z = gf(g)~!. =

We now turn to semi-direct products, a more general product of two groups
than their direct product. If N is a normal subgroup of a group G, and H is
any subgroup of G, then NH = {nh:n € N, h € H} is a subgroup of G. (See

2.3.17).

Definition 2.6.3 Let N be a normal subgroup of a group G, and let H be a
subgroup of G. If G = NH and N N H = {e}, then G is a semi-direct product
of N and H, and G splits over N, or is a split extension of N by H.

If H were also normal, then G would be the direct product of the two normal
subgroups N and H. Thus semi-direct product is a generalization of direct
product.

The group G = R x R* with multiplication given by

(a.)(c,d) = (a + be, ba)

is a split extension of the normal subgroup N = {(a,1) : a € R} by the subgroup
H ={(0,b) : b€ R*}. (See Problem 1, and Problems 1-4.)

The proof of the following theorem is very similar to that of and is left
to the reader.

Theorem 2.6.4 Let N and H be subgroups of G. Then G is a split extension
of N by H if and only if H is the image of an idempotent endomorphism of G
with kernel N.

Here is an example illustrating Let GL2(R) and SL2(R) be the general
linear group and the special linear group of 2 x 2 matrices, respectively. (See

(f) and (f).). The mapping

f:GLa(R) - GLy(R) : z — ( deto(x) (1) )
is an idempotent endomorphism of G Ly (R) with kernel SL2(R), and so GLy(R)
is a split extension of SLy(R) by I'mf, and Im(f) is isomorphic to the multi-
plicative group R*.

We now show how to construct split extensions. If G is a semi-direct product
NH, then forn, m € N and h, k € H, (nh)(mk) = (nhmh~1)(hk). The element
hmh~!is in N since N is normal in G. The mapping ¢ : H — Aut(N) defined
by ¢©(h)(g) = hgh~! is a homomorphism , and the multiplication above
is (nh)(mk) = (np(h)(m))(hk). Now, if N and H are any groups, and ¢ is any
homomorphism from H to Aut(H), then we may construct a group that is a
split extension of an isomorphic copy of N by an isomorphic copy of H.
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Theorem 2.6.5 Let N and H be groups, and let ¢ be a homomorphism from
H into the automorphism group Aut(N) of N. Then

a. The Cartesian product G = N x H is a group under the operation (ny, hy)(ng, ha) =

(n1p(h1)(n2), hiha);

b. N* = {(n,e) : n € N} is a normal subgroup, and H* = {(e,h) : h € H}
s a subgroup of G; and

c. G is a split extension of its normal subgroup N* by its subgroup H*.

Proof. The identity is (e, e), and the inverse of (n,h) is (n"to(h™1)(n),
h~1). The equations

(n1, h1)((n2, h2)(ns, hs)) = (n1, ha)(n2p(h2)(n3), hahs)
= (n1p(h1)(nap(h2)(n3)), hihahs)

= (n1(p(h1)(n2))p(h1)(p(h2)(n3)), hihahs)

= (n1p(h1)(n2))(@(h1)(p(h2))(n3)), hihahs)

=(n (w(hl)(nz))tp(hlhﬂ(ns))vh1h2h3)

@(h1)(n2), hiha)(ns, h3)

= ((n1, h1)(n2, ha))(ns, hs)

S
k&

establish the associative law. Thus G is a group.

The map N @ H — H : (n,h) — h is an epimorphism with kernel N*, and
the map H — N x H : h — (e, h) is a monomorphism with image H*
Problem 18). Thus N* is a normal subgroup of G, and H* is a subgroup of G.

It is clear that N x H = N*H*, and that N* N H* = {e}. This completes
the proof. m

The group in (a) is called the semi-direct product of N and H depend-
ing on ¢.

Here are some special cases of interest. If ¢ is the trivial homomorphism H —
Aut(N) : h — e, then N x H is simply the external direct product of N and H
(Problem 14). If H = Aut(N) and ¢ is the identity map, then (n1, h1)(ng, ha) =
(n1hi(ng), hihs). Noticing that (hy(n2),e) = (e, h1)(na,e)(e, h1) ™1, we see that
every automorphism of N* is induced by an inner automorphism of the semi-
direct product N x H. Further, for x; € N* and y; € H*,

(z191)(T2y2) = 21 (y122y7 ) Yy1y2.

In this case, that is, when H = Aut(N), the semi-direct product is call the
holomorph of N, and denoted Hol(N). Elements of a group N produce per-
mutations of the set N by multiplication on the left, say. Automorphisms of N
are special kinds of permutations of N. The subgroup of the group of all per-
mutations of N generated by the left multiplications and the automorphisms of
N is isomorphic to the holomorph of N. In this connection, see Problem 23.
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Let N be any group, let H be any subgroup of Aut(N), and let ¢ be the
homomorphism H — Aut(N) : h — h. The semi-direct product of N and H
over ¢ is then the Cartesian product G = N x H with multiplication given by

(nl,hl)(’ﬁa,hz) = (n1h1(n2), hlhz).

We say that G is the extension of N by the group H of automorphisms of
N, and that we have adjoined the group H of automorphisms to N. If N
has a non-trivial automorphism, then G is not just the direct product of N and
H, and G is not Abelian. For example, if h is not the identity automorphism of
N, then there is an n in N such that h(n) # n, and (n,e)(e, h) = (n, h), while
(e, h)(n,e) = (h(n), ).

For any Abelian group N, the mapping « : N — N : h — h™! is an
automorphism. Since only elements of order two are their own inverses, « is
the identity automorphism if and only if every element of N has order two. So
suppose that N is Abelian and not every one of its elements has order two. For
example, N can be any cyclic group of order greater than two. Then the element
a of Aut(N) has order two, and {e,a} is a subgroup of Aut(NN) of order two.
Let H = {e,a}. The extension G of the Abelian group N by the two element
group of automorphisms H is a non-Abelian group, and is called a generalized
dihedral group. If NV is cyclic, then the extension G is a dihedral group, as
defined in If N is finite, then o(G) = 20(N). In particular, letting N be
the cyclic group Z(n) of order n, we see that for n > 2, there is a non-Abelian
splitting extension of Z(n) by a group of order two. Thus for every such n > 2,
there is a non-Abelian group of order 2n. The simplest example is for n = 3, in
which case the resulting group is isomorphic to Ss.

We conclude this section with the following example. Let N be a cyclic
group of order p?, where p is an odd prime. Raising each element of N to the
p — 1 power is an automorphism « of N, and « has order p in Aut(N). Let H
be the subgroup of Aut(N) generated by a. Then the semi-direct product of
N with H determined by « is a non-Abelian group of order p3. Every group of
order p? is Abelian Problem 20). Also, there are groups of order p3 not
isomorphic to the one just constructed (Problem 20).

PROBLEMS

1. Let Q* be the multiplicative group of non-zero rational numbers, and let
Q™ be the subgroup of positive rational numbers. Prove directly from the
definition that Q* = {1,—1} x Q™. Prove also using [2.6.2

2. Prove that a cyclic group of order 6 is a direct product of a group of order
3 and one of order 2.

3. Let p and ¢ be distinct primes. Prove that a cyclic group of order pq is a
direct product of a subgroup of order p and one of order gq.

4. Prove that a cyclic group of order a power of a prime is indecomposable.
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10.

11.

12.

13.

14.

15.
16.
17.
18.
19.

20.
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Prove that Ss is indecomposable
Prove that S, is indecomposable.
Prove that the infinite cyclic group is indecomposable.

Prove that G is the direct product of the two normal subgroups H and K
if and only if every g € G can be written g = hk with h € H and k € K,
and HNK = {e}.

Let G1, G2, ..., Gy, be normal subgroups of G, and let G be the subgroup
of G generated by all the G; except G;. Prove that G is the direct product
of the normal subgroups G1, Ga, ..., G, if and only if every g € G can
be written g = g1g2 - - - gn, With g; € G; for all ¢, and G; NG} = {e} for all
i.

Let G = I, G;, and g = g19- - gn with g; € G;. Prove that o(g) =
lem{o(g1), o(g2), - .., o(gn)} if o(g) is finite. Prove that if G is a p-group,
then o(g) is the maximum of the o(g;).

Let @ : G — H be an isomorphism. Prove that if A is a direct factor
of G, then «(A) is a direct factor of H. Prove that it is not enough to
assume that a is a monomorphism, nor enough to assume that « is an
epimorphism.

Prove that if G; ~ H; fori =1, 2, ..., n, then

Prove that G =~ G; x G4 if and only if there are homomorphisms «; : G —
G such that if H is any group and 3, : H — G; are any homomorphisms,

then there is a unique homomorphism « : H — G such that a; o a = ;.

Let ¢ be a homomorphism N — Aut(N). Prove that the semi-direct
product of N and H depending on ¢ is the external direct product of N
and H if and only if ¢ is the trivial homomorphism N — Aut(N) : h — e.

Prove that the group of quaternions (g is not a non-trivial split extension.
Prove that if G has order 8 and is non-Abelian, then G is either Qg or Dg.
Prove that S3 is a non-trivial split extension.

Prove that S,, splits over A,,.

Prove that the holomorph of Z(3) is Ss.

Construct two non-Abelian groups of order p3, where p is an odd prime.
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21. Construct all possible groups of order 30 which are split extensions of a
cyclic group of order 10 by a group of order 3.

22. Construct a non-Abelian group which is a split extension of a cyclic group
of order 3 by a cyclic group of order 10.

23. Let N be any group, and let P be the group of all permutations of the
set V. Identify N with the set of left multiplications in P. Let G be the
subgroup of P generated by N and the automorphisms of N. Prove that
G is a split extension of N by Aut(/N). Prove that G is isomorphic to
Hol(N).

24. Prove that a normal subgroup of a direct factor of a group G is a normal
subgroup of G.

25. Let G be a split extension of N by H. Let f be a homomorphism from H
into N, and let K = {f(h)h : h € H}. Prove that G is a split extension
of N by K.

26. Let {G;}icr be a family of groups. Let G = II;c;G; be the set of all
mappings f of I into U;c;G; such that f(i) € G; for all ¢ € I. For f,
g € G, let (fg)(i) = f(i)g(¢). Prove that G with this multiplication is a
group. let e; be the identity of G;. Prove that X;c;G; = {f € G : f(i) = ¢;
for all but finitely many ¢} is a subgroup of G. (G is the direct product
of the family {G;};cs, and the subgroup described is the direct sum,
or the coproduct of the family.)

2.7 Finite Abelian Groups

Let G and H be finite Abelian groups. Is there some easy way to determine
whether or not G and H are isomorphic? To lend meaning to the question, sup-
pose that G and H are cyclic. Then the answer is yes: G and H are isomorphic
if and only if they have the same number of elements. Thus, with each finite
cyclic group G there is naturally associated something much simpler than G,
namely the positive integer o(G), that completely determines G up to isomor-
phism. That is, if G and H are finite cyclic groups, then G ~ H if and only if
o(G) = o(H). (See[2.3.15) As trivial as it is, this is a good theorem. In fact,
a large portion of Abelian group theory is devoted to generalizing it. The goal
of this section is a suitable generalization to finite Abelian groups. What we
want to do is to associate, in a natural way, with each finite Abelian group G
something simple, which we temporarily denote by Inv(G), such that G ~ H
if and only if Inv(G) = Inv(H). That is, we know G up to isomorphism if
we know the relatively simple entity Inv(G). Note that Inv(G) cannot be just
o(@G), since there are two non-isomorphic Abelian groups of order 4, the cyclic
group of order 4, and the direct product of two cyclic groups of order 2. (Inv
is an abbreviation for “invariant.”)
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To realize our objective, we will show that every finite Abelian group is a
direct product of cyclic groups, and in essentially only one way. Once this is
accomplished, a completely satisfying Inv(G) will be at hand.

When dealing with Abelian groups, it is customary to use additive notation.
That is, the group operation will be called “addition,” and we will “add” two
elements rather than “multiply” them. We write g + h instead of g - h or
gh, and ng replaces g". The identity element is denoted 0 instead of 1 or
e. Direct products are called direct sums, and direct factors are called direct
summands. If Ay, Ao, ..., A, are Abelian groups, then their direct sum is
written A1 B As B --- D A, or &, A;. These are merely notational changes.
For example, and [2.6.2] become, in additive notation, the following.

Definition 2.7.1 Let G1, Go, B | G,, be subgroups of the Abelian group G.
Then G is the direct sum of the subgroups G1, Ga, ..., G, if every element
g € G can be written uniquely in the form g = g1 + go + - -+ + gn with g; € G;.

Theorem 2.7.2 A subgroup of an Abelian group G is a summand of G if and
only if it is the image of an idempotent endomorphism of G. If f is any idem-
potent endomorphism of G, then G = Ker f & Im f.

If G1, Ga, ..., Gy, are finite cyclic groups, then @} G; is of course a finite
Abelian group. It may no longer be cyclic. (For example, if Z(2) denotes the
cyclic group of order 2, then Z(2) ®Z(2) is not cyclic since it has 4 elements and
each element is of order at most 2.) In fact, every finite Abelian group can be
realized in this way. That is, every finite Abelian group is a direct sum of cyclic
groups. This is a marvelous theorem because it says that every finite Abelian
group can be constructed in an easy way from much less complicated groups.
The proof of this will be broken up into several steps.

Definition 2.7.3 Let G be a group, and let p be a prime. Then G is a p-group
if every element in G has order a power of p.

For example, Z(2) @ Z(2) and Z(4) are 2-groups, and Z(27) is a 3-group.
However, Z(6) is not a p-group for any prime p.

Theorem 2.7.4 Every finite Abelian group is a direct sum of p-groups.

Proof. Let G be a finite Abelian group. If o(G) = 1, there is nothing to do.
Otherwise, let P be the set of primes dividing o(G). Let G, = {g € G : o(g) is
a power of p}. We will show that G = ®,cpG,. The G), are indeed subgroups
of G since G is Abelian. We need to write every element g € G in the form
g = Xpepgp With g, € G}, and to show that this can be done in only one way.
Let o(g) = II,c pny, where each n,, is a power of p. This is fair since o(g) divides
o(@). Let m, = o(g)/np. Then the m, are relatively prime, so there exist
integers a, such that 1 =3 a,m,. (See page ) Therefore g = ¥ ap,m,yg,
and since n,(ap,mpg) = ayo(g)g = 0, then a,m,g € G,. Letting g, = a,m,g,
we have that g = ¥ g, with g, € G.
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Now suppose that g = X h,, with h, € G,. Then 0 = 3,(gp —hp). The order
of g, — h, is a power of p, and so the order of X,(g, — hy) is the least common
multiple of the orders of the (g, — hp). (See Problem 24.) This must be 1
since 0(0) = 1. It follows that o(g, — h,) = 1, and that g, = h, forallpe P. m

The subgroup G), of G is called the p-component of G, or the p-primary
part of G. Thus[2.6.4]says that a finite Abelian group is the direct sum of its p-
primary parts for the various primes p dividing o(G). U G = HH®Hs®---® Hy,
with each H; a p;-group for distinct primes p;, then clearly H; is the p;-primary
part of G. Therefore there is only one way to write G as a direct sum of p-groups
for distinct primes p, and that is as the direct sum of its p-primary parts.

To show that every finite Abelian group is a direct sum of cyclic groups, it
now suffices to show that this is the case for finite Abelian p-groups. There are
many ways to prove this. (See Problems 14 and 15, for example.) It suffices to
write G = A® B with A # {0} # B if G is not already cyclic. Induction on o(G)
does the rest. But how does one get hold of appropriate A and B? One way is
to take A to be a cyclic subgroup of G of largest order. Then G = A @ B for
an appropriate B. This is a key fact, which we now prove, appealing to [2.7.2}

Lemma 2.7.5 Let G be a finite p-group, and let g be an element of G of max-
imum order. Then (g) is a summand of G.

Proof. Let g be an element of largest order in G. If Zg # G, then there is
a non-zero subgroup S of G such that S NZg = {0}. To see this, suppose that
a ¢ Zg. Then p™a € Zg for some positive integer n, so there is an element b € G
such that b ¢ Zg and pb € Zg. Since o(g) > o(pb), we get that pb = pmg. Thus
p(b—mg) =0, and s =b—mg ¢ Zg. But Zs has order p, so Zs N Zg = {0}.

So let S be any non-zero subgroup such that SNZg = {0}. In G/S, o(g+S5) =
o(g). Now, g + S is an element of maximum order in G/S. By induction on
o(G), (g + S) is a summand of G/S. The composition

G—G/S—(g+85)— (9) — G,

where the first map is the natural homomorphism, the second is the projection
of G/S onto its summand (g + ), the third takes m(g+S) to mg, and the last
is the inclusion map, is an idempotent endomorphism of G with image (g). By
2.7.2, (g) is a summand of G. m

Theorem 2.7.6 Every finite Abelian p-group is a direct sum of cyclic groups.

Proof. As indicated above, this follows readily from Let g be an
element of G of maximum order. Then G = Zg & B for some subgroup B. Since
o(B) < o(G), B is a direct sum of cyclic groups by induction on o(G). The
theorem follows. m

From 2.7.4] and 2.7.6] we have

Theorem 2.7.7 (Fundamental Theorem of Finite Abelian Groups) Every
finite Abelian group is a direct sum of cyclic groups.
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Actually we proved more. We proved that every finite Abelian group is a
direct sum of cyclic p-groups.

Now a fundamental question arises. A finite Abelian group is a direct sum
of cyclic groups all right, but in how many ways? Let’s restrict attention to
p-groups. Consider the cyclic group Z(2) of order 2. Denote its elements by 0
and 1. Let

G =17(2) & Z(2),

the external direct sum of Z(2) and Z(2). Then

G = {(0,0), (170)} @{(0’0)7 (071)}
= {(O’O)a (171)}@{(0’0)> (071)}
{(0,0), (1,1)} & {(0,0), (1,0)}.

Thus G can be written in several ways as the direct sum of cyclic groups. Even
for a given cyclic subgroup, say H = {(0,0), (1,1)}, there were two distinct
subgroups K and L such that G = H® K = H ® L. This simple example shows
that there will be, in general, many ways to write a finite Abelian group as a
direct sum of cyclic groups. Is there anything worthwhile that is unique about
such a direct sum decomposition? The answer is a resounding yes. Let G be a
finite Abelian p-group, andlet G =G, &G ® - - &G, =H  ® Hy ®--- & H,
with each G; and H; cyclic and non-zero. We will show that m = n, and after
a possible renumbering, G; ~ H;. Another way to say this is that for each
positive integer k, the number of G; of order p* is the same as the number of
H; of order p*. That is, this number depends only on G, not on a particular
direct sum decomposition of it. These numbers will be our magic invariants.

Theorem 2.7.8 Let G be a finite p-group. If
G=G18G& - 8G,=H SH & & H,

with each G; and H; non-zero and cyclic, then m = n, and after suitable renum-
bering, G; ~ H; for all 1.

Proof. The proof is by induction on m. If m = 1, then G is a cyclic p-group.
Thus G has an element g with o(g) = o(G). Write g = hy +ha + - -+ hy,. Then
o(h;) = o(g) for some i. Thus o(H;) = o(G), so H; = G. Therefore n = 1 and
obviously G1 ~ H;.

Now assume that m > 1. Number the G; so that for all i, o(G1) > o(G;).
Let g1 be a generator of G1, and write gy = h1 +ho+---+h,, with h; € H;. The
order of g; is the maximum of the o(h;). Thus o(g1) = o(h;) for some j. Since
o(g1) = o(G1) and o(h;) < o(H,), it follows that o(G1) < o(Hj;). Similarly some
o(Gx) > o(H;), whence o(G1) = o(H;). We may as well suppose that j = 1.
Note that G1 N (Hy & --- @ Hy,) = {0}. Indeed,

kppn=k(hi+-+hy) =224+ -+,
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with x; € H; yields kh; = 0, and hence kg; = 0. Since
oG1& (H2&-- & Hy)) =o(H1 & (H2 & - & Hy)),

G=G oH®---®H,.

So we have
G/IGi~=Gy® - ®G~Hy®---® H,p.

Now let « be an isomorphism from Hy @ --- ® H, to Go ® -+ & G,,,. We get
Go® - @Gy, = a(Hy) ® -+ ® «(H,). By the induction hypothesis, after
suitable renumbering, G; =~ «(H;) for all i > 2. But H; ~ «(H;) for all i > 2,
and so G; ~ H; for all 7. The theorem follows. m

We now have the desired invariants for finite Abelian groups. If G is a finite
p-group, then G = Gy ® - - - @ G,,, with G; cyclic. For convenience, let’s arrange
the G; so that

0(G1) > 0(G) > -+ > 0(Go).

Now G}, being cyclic, is determined by o(G;. Thus, the family {o(G1), o(G2),
.., 0(Gy,)} determines G. Furthermore, by it does not depend on the
particular decomposition G; @ -+ @ G,,. That is, {0(G1),...,0(G)} is an
invariant of G. Denote it I(G). What all this means is that if H is a finite
Abelian p-group, H = H; & --- ® H,, with H; cyclic and

o(Hy) = o(Hz) = -+ = o(Hy),
then G ~ H if and only if
{0(G1),...,0(Gm)} = {o(H1),...,0(Hp)}.

This means that m = n, and o(G;) = o(H;) for all 1.

Now, given such an invariant, that is, a family {41, i2, ..., 7, } with ¢; a power
of pand iy > iy > -+ > iy, we can construct the finite p-group Z(i1)®- - -DZ(iy),
where Z(i;) denotes the cyclic group of order ¢;. The invariant associated with
this group is clearly {i1,%2,...,%,}. In summary, two finite p-groups G and H
are isomorphic if and only if I(G) = I(H), and given any family {i1,42,...,%,}
of powers of p with 4, > iy > --- > i,, there is a finite p-group G such that
I(G) is that family.

Consider now the general case. That is, let G be any finite Abelian group.
First, G = ®pcp Gy, where P is the set of primes dividing o(G), and G, is the
p-component of G. If H is another such group, then G ~ H if and only if their
corresponding p-components are isomorphic. Thus we could define I,(G) =
I(Gp), and then the finite Abelian groups G and H would be isomorphic if and
only if I,(G) = I,(H) for all p. There is a little neater way to do this however.
There is a complete invariant for G more analogous to the one when G is a
p-group.

First, notice that if A and B are finite cyclic with o(A) and o(B) relatively
prime, then A ® B is cyclic. In fact, if a generates A and b generates B, then
a + b generates A @ B. This generalizes. If Ay, Ao, ... , A, are cyclic and
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0(A;), o(A;)) = 1for i # j, then @, A; is cyclic with generator X, a;, where
’ 7 75 i=1 Yy g =11

a; generates A;.
Now let us consider an example. Suppose that

G = [Z(5°) @ Z(5%) & Z(5%) @ Z(5))
& [Z(3%) & Z(3%) @ Z(3%)] @ [Z(2*) & Z(2)].

The subgroups in square brackets are the p-components of G. Regroup these
summands of Glike this:

G = [Z2(5°) @ Z(3%) @ Z(2"Y)
@ [Z(5*) @ Z(3*) @ Z(2)] @ [Z(5%) @ Z(3%)] & [Z(5)].

Now the subgroups in square brackets are cyclic and the order of the first is
divisible by the order of the second, the order of the second is divisible by the
order of the third, and so on. These orders are, in fact, 533324, 5233, 5232, and
5. Therefore, we have associated the family {533324, 5233, 5232, 5} with G. We
can reconstruct G (up to isomorphism) from this family, namely

Gr7(5%-3% - 2Y) @ Z(5% - 3% - 2) @ Z(5% - 3%) @ Z(5).

Thus this family determines G. What is not so clear is that if G = Z(n1) @
Z(ng) & - - - ® Z(ny) with ny divisible by ng, ng divisible by n3, and so on, then
ny =5%-3%-2% ny = 52.3%.2, and so on. However, this is indeed the case.
What we are asserting is that the family {ni,ng,---,ng} is an invariant of G.
This is the same as saying that if

G:Gl@"'@Gm:Hl@"'@Hn;

with the G;and H; non-zero cyclic, and with o(G;) divisible by o(G;+1) and
o(H,;) divisible by o(H;1) for all appropriate ¢, then m = n and o(G;) = o(H,),
whence G; ~ H;. To see that this is the case, consider a p-component K of
G. Then K = &72,(G;),. That is, the p-component of G is the sum of the
p-components of the G;’s. But (G;)p is cyclic since G; is cyclic. Similarly K =
&, (H;)p. But o((Gy)p) > 0((Gi+1)p), and similarly for the (H;),. Therefore,
from the discussion of the invariant I(K) for p-groups K, (G;), ~ (H;), for all
1. Since the p-component of G; is isomorphic to the p-component of H; for all
p, it follows that G; =~ H;.

The result of all this discussion is this. With each finite Abelian group
G there is associated, in exactly one way, a family {ni,ns,---,ni} of positive
integers such that n; is divisible by n;;1for ¢ < k. The association is made by
writing G = @leGi with G; cyclic of order n;, and we have shown that the n;’s
are unique. If we know {ny,ns, -, ng}, we can retrieve G, up to isomorphism:
G ~ @©F_,Z(n;). So for a finite Abelian group G we have a complete invariant
I(@G), the family {ni,ng, -, ng} of positive integers. In case G is a p-group, it
is the same invariant as discussed for p-groups. In case G is cyclic, I(G) is the
family whose only member is o(G).
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Definition 2.7.9 The family I(G) is called the family of invariant factors
of the finite Abelian group G. The invariant factors of the p-components Gp of
G are the elementary divisors of G.

Thus the invariant factors of
Z(2* -3 -5°)@Z(2-3%-5°) ®Z(2-3-5) ®Z(3-5) ® Z(3)

are {22.3%2.53 2.32.5% 2.3.5, 3.5, 3} and the elementary divisors are
{22 2, 2}, {32, 32, 3, 3, 3}, and {5°, 5%, 5, 5}.

Since the finite Abelian groups G and H are isomorphic if and only if G}, =
H, for all primes p, and G ~ H if and only if I(G) = I(H), we have the following
theorem.

Theorem 2.7.10 Let G and H be finite Abelian groups. The following are
equivalent.

a G H.
b. G and H have the same invariant factors.

c. G and H have the same elementary divisors.

Now that we have the invariant I(G) for finite Abelian groups G, we can
calculate how many non-isomorphic Abelian groups there are of a given order.
Let n be any positive integer, and write n = nq - ny---ny, where the n; are
powers of distinct primes p;. If a finite Abelian group G has order n then its p;-
component must have order n;. Now two finite Abelian groups are isomorphic
if and only if their corresponding p-components are isomorphic. Therefore, if
N(n) denotes the number of non-isomorphic Abelian groups of order n, then
N(n) = II¥_, N(n;). So we must calculate N (p"), where p is an arbitrary prime.
If G is an Abelian p-group of order p”, then

I(G) = {ilv i27 ) ik}a

where each i; is a power of p and ¢y > ig > --- > 4. Let i; = p™. Then
n = %% ;n;. Thus N(p") is the same as the number of distinct ways we can
write n in the form ny +ng +. .. +n, with ny > ng > --- > n, > 1. That

is, N(p™) is the same as the number of partitions of n. We have proved the
following theorem.

Theorem 2.7.11 The number of non-isomorphic Abelian groups of order n =
ny,.n2

P ps? - pp¥, where the p;’s are distinct primes, is P(n1)P(ng) - - - P(ny), where
P(n;) is the number of partitions of n;.

Thus the number of Abelian groups of order 4 is 2, of order 6 is 1, of order
100 is 4, and of order 17° - 974 is 35.
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PROBLEMS

All groups in these problems are Abelian.

1.

Prove that G is the direct sum of the two subgroups H and K if and only
if every ¢ € G can be written ¢ = h+ k with h € H and k € K, and
HnNK ={0}.

. Prove that G is the direct sum of the subgroups Gy, Ga, ..., G, if and

only if every g € G can be written g = g1 + g2 + - - - + g5, With g; € G; for
all i, and G; N (G1 +Ga+ -+ Gi—1 + Giy1 + -+ +G,,) = {0} for all 4.

Let G = &}_,G;, and g = ¥ g; with g; € G;. Prove that o(g) = lem{o(g1),
o(g2) , ..., 0(gn)} if o(g) is finite. Prove that if G is a p-group, then o(g)
is the maximum of the o(g;).

Prove that every finite group G is a direct sum of p-groups in the following
way. Let p divide o(G), p a prime. Let GG}, be the p-component of G, and
let G5 = {g € G: ((o(g), p) = 1}. Prove that G = G, ® G;. Complete by
inducting on the number of primes that divide the order of G.

Prove that every finite group is a direct sum of p-groups as follows.
(a) If G is a p-group and (n,p) = 1, then
n:G—G:g—ng

is an automorphism.

(b) Let o(G) = 4142 - - - 4,, with the i; powers of distinct primes p;. Let
q = o(G)/i1. Then q is an automorphism of the p;-component of G,
and hence has an inverse f. Now ¢ is an endomorphism of G, and fogq
is an idempotent endomorphism of G with image the p;-component
of G. Apply 2.6.2] and induct.

Let G be a group, not necessarily finite, all of whose elements are of finite
order. Suppose that only finitely many primes are relevant for G. That
is, there are finitely many primes p1, po, ..., p, such that if g € G, then
o(g) is a product of powers of these primes. Prove that G is the direct
sum of its p-components.

Prove that the plane is the direct sum of any two distinct straight lines
through the origin.

Let a: G — H be an isomorphism. Prove that if A is a summand of G,
then a(A) is a summand of H. Prove that it is not enough to assume that
« is a monomorphism, nor enough to assume that « is an epimorphism.

Prove that if G; =~ H; fori =1, 2, . .., n, then

®?:1Gi ~ ®?=1H’i~
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
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Prove that the subgroups of a cyclic p-group form a chain. That is, if A
and B are two subgroups of Z(p™), then A D B or A C B.

Prove that Z(p™) is indecomposable.

Prove that for each m < n, Z(p™) has exactly one quotient group isomor-
phic to Z(p™).

Prove that for each m < n, Z(p™) has exactly one subgroup isomorphic to
Z(p™).

Prove that a finite p-group G is a direct sum of cyclic groups as follows.
Let g € G be an element of maximum order. If G # {0}, then o(G/Zg) <
o(G), so that G/Zg = ®_,(4;/Zg), with A;/Zg cyclic. Each A;/Zg =
Z(a; + Zg) with o(a) = o(a; + Zg). Then A; = Za; ® Zg, and

G=29®Za1DZasP... ®Zay,.

Prove that a finite p-group G is a direct sum of cyclic groups as follows.
Let g € G be an element of maximum order. Let H be a subgroup of G
such that HNZg = {0} and such that if K is any subgroup of G properly
containing H, then K NZg # {0}. Then G = Zg & H. Induct on o(G).

Find the number of non-isomorphic groups of order 71, 712, 492, 10011,
and pj - p3 - pi - p3 - p? - ps, where the p;’s are distinct primes.

Write down all non-isomorphic groups of order 73 - 112.

Let G = H @ K, with G finite. How does one get the invariant factors of
G directly from those of H and K? Given the invariant factors of G and
H, calculate those of K.

Prove that if G1 & Go = Hy @ H> is finite, and if Gy ~ Hq, then G5 =~ Hs.

Let G and H be finite. How does one tell from the invariant factors of G
and H whether or not

(a) H is isomorphic to a summand of G;
(b) H is isomorphic to a subgroup of G;
(¢) H is isomorphic to a quotient group of G?
Let G be a finite group and let p™ divide o(G). Prove that G has a

subgroup of order p™. (This is true even if G is not necessarily Abelian,
but is considerably more difficult to prove in that case.)

Prove that every finite group of order greater than 2 has a non-trivial
automorphism. Prove this also for non-Abelian groups.
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23.

24.

25.
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Prove that G ~ G &> if and only if there are homomorphisms «; : G; —
G such that if H is any group and (3, : G; — H are any homomorphisms,
then there is a unique homomorphism « : G — H such that ao o; = ;.

Let Hom(G, H) be the group of all homomorphisms from G into H. Prove
that

Hom(G1 @ G2, H) ~ Hom(G1, H) ® Hom(Gs, H), and
Hom(G, Hy ® Hz) =~ Hom(G, Hy) ® Hom(G, Hs).
Generalize.

Suppose that there is an epimorphism G — Z. Prove that G = A® B
with A ~ Z. Generalize.



Chapter 3

Vector Spaces

3.1 Definitions and Examples

In this chapter we begin the study of vector spaces, perhaps the most universally
useful algebraic system. Let us begin by looking at a familiar example. Consider
the plane, that is, the set P of all pairs (a,b) of real numbers. Two such pairs
may be added by the rule

(a,b) + (¢,d) = (a + ¢, b+ d).

There is another fundamental operation that is performed on the elements of
P. An element (a,b) € P can be “multiplied” by a real number 7 by the rule

r(a,b) = (ra,rb).

Now real numbers themselves can be added and multiplied. We have four op-
erations at hand — addition of elements of P, addition and multiplication of
real numbers in R, and multiplication of elements of P by elements of R to get
elements of P. These four operations satisfy some basic rules. First, P is an
Abelian group under addition of its elements. The real numbers R, together
with ordinary addition and multiplication of its elements, constitute what is
called a field, an algebraic system which we will formally define shortly. The
multiplication of elements of P by elements of R satisfies several basic rules
involving the other operations. For example, r((a,b) + (c,d)) = r(a,b) + r(c,d).
It is a setup such as this that arises over and over again in mathematics (and
elsewhere). It has been formalized and called a vector space. We proceed now
to its formal definition, and we first need to define a field.

Definition 3.1.1 A field is a set F' with two commutative binary operations,
called addition and multiplication, and denoted + and - respectively, such that

a. F is a group under +,

b. F* = F\ {0} is a group under - , where 0 is the additive identity, and

79
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c.a-(b+c)=a-b+a-cforalla, b, andce F.

As noted in (b), the additive identity is denoted by 0. The identity of
the multiplicative group F* is denoted by 1. Condition (c) is called the left
distributive law. Following the custom for groups, the negative of an element
a in the additive group F is denoted — a, and the inverse of an element a in the
multiplicative group F* is denoted a~!. Also, a - b is usually written simply ab.

We note now some rather immediate but useful consequences of the axioms.

Theorem 3.1.2 Let F be a field. Then for a, b, c € I, the following hold.

b. (a+b)c=ac+ be.

o

a(—b) = —(ab) = (—a)b.

&

ab = (—a)(—b).
(e)a(b — c) = ab — ac.
f (~Da=—a.

g. 140.

Proof.

®

a.a-0=a-(0+0)=a-0+a-0,80a-0—a-0=0=a-0+a-0—a-0=a-0.
Also, 0+ a = a - 0 since multiplication is commutative.

b. This follows from (c) and commutativity.

c. ab+ a(—=b) = a(b+ (=b)) =a-0=0. Thus —ab = a(-b). Now, (—a)b =
b(—a) = —(ba) = —(ab).

d. (~a)(~b) = —(a(~b)) = —(—(ab)) = ab, using (c).

e. a(b—c) = a(b+ (=¢)) = ab+ a(—c) = ab + (—(ac)) = ab — ac.
f.0=0-a=(1+4(-1)a=1-a+(-1)a=a+(-1)a. Thus —a = (—1)a.
g. 1€ F*and 0 ¢ F*.

]
Let S be a subset of a field F'. Restricting addition and multiplication to
elements of S might make S into a field. If so, S is a subfield of F.

Theorem 3.1.3 Let S be a subset of a field F. Then S is a subfield of F if
and only if S is a subgroup of the additive group F, and S* is a subgroup of the
multiplicative group F™.
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Proof. Suppose S is a subfield of F'. Then addition and multiplication must
be binary operations on S which make S into a field. Thus S must be a group
under addition, hence an additive subgroup of F. Similarly S* is a subgroup of
F*.

Now suppose S is an additive subgroup of G and S* is a subgroup of F™.
Since 0-a = 0 for all @ € F, and 0 € S, multiplication is a binary operation
on S. Addition is a binary operation on S since S is an additive subgroup of
F. So S is an Abelian group under +, S* is an Abelian group under - , and
a-(b+c)=a-b+a-cforalla,b ceS. Thatis, Sisa field Thus S is a
subfield of F. m

Suppose that S and T are subfields of a field F. Then S N T is a subfield
of F, since SNT is an additive subgroup of F, and (SNT)* = S*NT* is a
subgroup of the multiplicative group F*. Similarly, the intersection of any set
of subfields of F' is a subfield of F'. One important subfield of a field F is the
intersection of all subfields of F'. That subfield is called the prime subfield of
F.

Example 3.1.4 Examples of Fields.

a. The set of rational numbers Q with ordinary addition and multiplication
is a field.

b. The set of real numbers R with ordinary addition and multiplication is a
field.

c. The set of complex numbers C with ordinary addition and multiplication
is a field. Notice that Q is a subfield of R and C, and R is a subfield of R
and C. The field Q is the prime subfield of all three. (See Problem 4 at
the end of this section.)

d. Let Qv2] = {a+bv2: a, b€ Q}. Then Q[v/2] is a subfield of R. This is
easy to check. For example, the inverse of a non-zero element a + b\/2 is
a/(a® —2b%) — (b/(a® — 2b%))V/2. Note that a®> —2b* # 0. (In this example,
V/3 works just as well as \/5)

e. Let Q[i] ={a+bi: a, b€ Q}. Then Q[i] is a subfield of C. (i* = —1.)

f. Let F be any subfield of C and let ¢ be any element of C such that c® € F.
Then Flc] = {a+bc: a, b € F} is a subfield of C. This example can
be generalized. What makes this work is that ¢ satisfies a polynomial of
degree two with coefficients in F. Suppose F' is a subfield of C and c is an
element of C that satisfies a polynomial of degree n with coefficients in F'.
Then

Flc] ={ao +aic+. . . —|—an,1c"_1 ra; € F}

is a subfield of C. However, delving into such examples as this takes us
too far afield at the moment.
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g. Let p be a prime. Then the “integers modulo p” form a field. Specifically,
in the Abelian group Z/Zp, multiply by the rule (m + Zp)(n + Zp) =
mn + Zp. This makes Z/Zp into o field. Two things need checking —
that multiplication is well defined, and that every non-zero element has an
inverse. No tricks are needed to do either, but the fact that p is a prime
18 necessary to get the latter.

h. Let F be a field, and let K be a set. Suppose f: K — F is a one-to-one
map from K onto F. Fora, b€ K, define a+b= f~1(f(a) + f(b)), and
a-b= f~(f(a)f(b)). This makes K into a field.

Now that we have the definition of a field, we can formally define a vector
space. A vector space consists of several things. Recall the situation with the
plane. We had the Abelian group P of pairs of real numbers, the field R of real
numbers, and a way to multiply elements of P by elements of R to get elements
of P. This last multiplication satisfies some basic rules. Here is the definition.

Definition 3.1.5 A wvector space is an Abelian group V', a field F, and a
mapping - : F' XV — V satisfying (a) — (d) below. (The image of (a,v) € F xV
under the mapping - is denoted a - v.)

a. a-(v+w)=a-v+a-wforacF, andv, weV.
b. (a+b)-v=a-v+b-v fora,beF, andveV.
c. (ab)-v=a-(b-v) fora,be F, andv e V.

d 1-v=w foralvelV.

The elements of V are called vectors, and the elements of F' are called
scalars. The mapping F' x V — V is called scalar multiplication. Vectors
may be multiplied by elements of F (scalar multiplication). Scalars may be
added and multiplied since F' is a field. We denote both addition in V' and
addition in F' by+. The context will make it clear which operation is meant.
For example, in (a), both + signs denote addition in V. In (b), however, the +
on the left is in F', and the one on the right is in V. We will habitually drop
the - denoting scalar multiplication. Thus a -v will be written simply av. There
are two zeroes around, the additive identity of F' and the identity of V. Both
will be denoted by 0. Again the context will make it clear which zero is meant.

A vector space may be viewed as a special kind of Abelian group, namely one
where a multiplication of its elements by those of a field is given which satisfies
(a) — (d) above. A vector space is sometimes denoted simply by one letter, such
as V, but V actually is just the underlying set of vectors. It is understood that
V' is an Abelian group and that there is a field F' of scalars around. Also we say
that V is a vector space over F'.

The following theorem gives some elementary consequences of the vector
space axioms.
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Theorem 3.1.6 Let V' be a vector space over F, let a, b € F, and let v, w € V.
Then the following hold.

a. a-0=0

b. 0-v=0

c. (—a)-v=—(a-v)=a-(-v)

d. (—a)-(—v)=a-v

e. (-1)-v=—v

foalv—w) =av — aw.

g. (a—b)v=av—bv.

h. av =0 if and only if either a =0 or v = 0.

Proof.

a. a-0=a(0+0)=a-04+a-0. Thusa-0—a-0=0=a-0+a-0—a-0=a-0.

b. 0-v=(0+0v=0-v+0-v, whence 0 =0-v.

c. (a+(=a))v =0-v=0=av+ (—a)v, so (—a)v = —(av). Similarly,
a(—v) = —(av).

d. (a=)(—v) = —(a(—v)) = —(—(av)) = av, using (c).

e. (—l)v=—-(1-v)=—-v.

f.a(v—w)=alv+(—w)) =aw + a(—w) = av + (—(aw)) = av — aw.

g. The proof of (g) is similar to that of (f).

h. If av = 0, and a # 0, then a~!(av) = (e ta)v = 1-v = v = 0. If either
a=0orv=0,then av =0 by (a) and (b).

[

Let V be a vector space over F, and let S be a subset of V. Restricting
vector addition to elements of S, and restricting scalar multiplication to F' x S
might make S into a vector space over F. If so, S is called a subspace of V.
A vector space V always has the trivial subspaces, V itself and {0}.

Theorem 3.1.7 Let'V be a vector space over F' and let S be a non-empty subset
of V. Then S is a subspace of V if and only if S is closed under vector addition
and scalar multiplication, that is, if and only if s+t € S whenever s, t € S,
and as € S whenever a € F and s € S.
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Proof. Suppose S is a subspace of V. Then S is a group under vector
addition so is closed under that addition. Scalar multiplication must map F x .S
into S. In other words, as € S for all a € F and s € S.

Conversely, suppose that S is a non-empty subset of V' closed under vector
addition and scalar multiplication. Since (—1)s = —s € Sif s € S, Sis a
subgroup of V. Since S is closed under scalar multiplication, the restriction of
scalar multiplication to F' x S maps F x S into S. Now it is clear that S is a
subspace of V. m

Corollary 3.1.8 The intersection of any family of subspaces of a vector space
V' is a subspace of V.

Proof. Just note that the intersection of any family of subspaces is closed
under addition and scalar multiplication, so is a subspace by [ |

Thus by if S is any subset of a vector space V', then there is a unique
smallest subspace of V' containing S, namely the intersection of all the subspaces
of V' which contain S. As in the case for groups , we define this subspace
to be the subspace generated by S. A vector space is finitely generated if
it is generated by a finite set. If S = {v}, where v is an element of V', then the
subspace generated by S is Fv ={av:a € F}. If Vq, V5, ..., V,, are subspaces
of V', then the smallest subspace containing them all is

Vi+Vot+ -+ Vo={vi+va+---+v,:v € Vi}

Therefore, if S = {v1, va, ..., vy}, then the subspace generated by S is Fuy +
Fuvy, + -+ + Fuv,. In vector spaces, the word span is often used in place of
generate. Thus we also speak of the subspace spanned by a set. (See Problems
17 and 18.)

Example 3.1.9 To give an example of a vector space, we must specify three
things—an Abelian group V, a field F', and a mapping F XV — V  and we
must make sure that this mapping satisfies conditions (a)-(d) in[3.1.5

a. Let V be the Abelian group of all pairs of real numbers with addition given
by
(a,0) + (e, d) = (a+c, b+ d).

Let R be the field of real numbers, and let R x V. — V be given by
c(a,b) = (ca,cb).

ThenV is a vector space over R. It is finitely generated since V.= R(1,0)+
R(0,1). We have a convenient geometric representation of it, namely the

Cartesian plane. Its non-trivial subspaces are precisely the straight lines
through the origin. (See PROBLEM 10.)

b. Let F be any field. Let V be the set of all pairs of elements of F', and add
by the rule
(a,b) + (¢,d) = (a+c¢, b+ d).
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Define F xV —V by
c(a,b) = (ca,cd).

This makes V' into a vector space over F. Every subspace of V not V is

of the form Fuv for some v in V. (See PROBLEM 10.)

. Let F be any field. For any integer n > 1, let V' be the set of all n-tuples

(a1, ag, ..., ap) with a; € F. Add by the rule
(a1,a2,...,a,) + (b1,ba, ..., by) = (a1 + by,a2 + bay ... an + by).
Define F xV —V by
alay, az, B, a,) = (aa1, aas, B aay,).

Then V is a vector space over F'. This vector space will be denoted
F™. It is finitely generated since

F" = F(1,0,0,...,0) + F(0,1,0,...,0) + - - - + F(0,0, ..., 1).

We will show later that any (finite dimensional) vector space is essentially
one of these. Notice that when n = 1, V is just the additive group of
F, and scalar multiplication is just multiplication in F. Thus any field
may be regarded as a vector space over itself.

. Let F be any field, and let Fx] be the set of all polynomials in x with

coefficients in F'. Add polynomials just as you would add polynomials with
real coefficients. Scalar multiplication is given by

alap + a1z + asz® + -+ anx") = aag + aarx + aasz?® + -+ + aana”.

Then F[z] is a vector space over F. It is not finitely generated. (See
Problem 11.) For a given n, all polynomials of degree < n form a subspace,
as do all those polynomials which have given elements a and b of F as
T001S.

. Let'V be all continuous functions from the real numbers into the real num-

bers. Add by the rule

(f+9)(@) = fz) + g(=).
Forr e R and f €V, define rf by

(rf)(z) = r(f(2)).

This makes V into a vector space over the field R of real numbers. (It is
proved in calculus that f+g and rf, as defined above, are again continuous
functions.) Instead of all continuous functions from R into R, we could
just as well take all integrable functions, or all differentiable functions, or
even all functions from R into R. The set of differentiable functions is a
subspace of the vector space of continuous functions, of course.
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f- Let V be the additive group of the complex numbers. Then multiplication

of complex numbers makes V into a vector space over the field of real
numbers. In fact, if V is any vector space over any field F, and if K is a
subfield of F', then V is automatically a vector space over K. In particular,
the additive group of any field is a vector space over any subfield of that
field.

g. Consider the system
a1121 + a12%2 + -+ + a1pT, =0
a2171 + 22T + -+ + A2p Ty =0
Am1T1 + m2T2 + -+ + Gpnp =0
of linear homogeneous equations with a;; € R, and unknowns x;. Let S be
the set of all solutions of this system. That is, S is the set of all n-tuples
(s1, S2, ..., sn) with s; € R, such that ¥j;a;js; =0 for alli. Then S is a
vector space over R, in fact, a subspace of R™. Of course we could replace
R by any field.
PROBLEMS

1. Prove that there is no field with six elements.

2. Prove that there is a field with four elements.

3. Find all subfields of a field with four elements.

4. Prove that Q is the only subfield of Q.

5. Find all subfields of Q[v/2]; of Q[i].

6. Let F' be a field, and let S be a subset of F'. Prove that there is a subfield
K of F such that S C K and such that every subfield of F' that contains
S contains K.

7. Let V be the set of all functions f from R into R such that f(z) = f(z+27).
Prove that V' is a vector space with the usual definitions of addition and
scalar multiplication.

8. Let V be the set of all functions f from the closed interval [0, 1] into itself
such that f(x) = f(1—x). Prove that V is a vector space under the usual
definitions of addition and scalar multiplication.

9. Let V be the set of all functions f from R into R which have second

derivatives f”, and such that f” = —f. Prove that V is a vector space
under the usual definitions of addition and scalar multiplication. (It is
actually a subspace of the vector space in Problem 7.)
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Prove that every subspace of F? not F? is Fv for some v in F2. Prove
that every non-trivial subspace of the plane is a straight line through the
origin.

Prove that the vector space of all polynomials over any field is not finitely
generated.

Let S be a set and let F be a field. Let V' be the set of all mappings from
S into F. Add such mappings by the rule (v + w)(s) = v(s) + w(s), and
define scalar multiplication by the rule (af)(s) = a- f(s).

(a) Prove that V is a vector space over F.
(b) Prove that V is finitely generated if and only if S is finite.

Prove that the subspace of R generated by {(1,2,3), (4,5,0), (0,6,7)}
is R? itself.

Find the intersection of the two subspaces R(1, 2, 3)+R(4, 5,6) and R(1,2,0)+

R(4,5,0) of R3.

Let F' = Z/72. Write down all the subspaces of F2. Write down all the
subspaces of F3.

Let F = Z/Z3. Write down all the subspaces of F2.
Let S and T be subspaces of a vector space V. Prove that
S+T={s+t:seS,teT}

is a subspace of V. This is called the sum of the subspaces S and T
Prove that S + T is the intersection of all subspaces of V that contain
both S and T.

Generalize Problem 17 to any finite set of subspaces of a vector space.

Let {S;}icr be a family of subspaces of V' such that for any i, j € I, there
is a k € I such that S; C Sy and S; C Si. Prove that U;c1S; is a subspace
of V.

Let {S;}icr be any family of subspaces of a vector space V. For any finite
subset A of I, let S4 be the sum of the subspaces S; for i in A. Let
F Dbe the set of all finite subsets of I. Prove that {S4}acr satisfies the
hypothesis of Problem 19, and that the union of the S4’s is the subspace
generated by the family {S;}icr.

Let A, B, and C be subspaces of a vector space V such that B C A. Prove
that
AN(B+C)=B+(ANCQC).

Prove that in the definition of a vector space, 1 -v = v cannot be
proved from the other postulates.
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3.2 Homomorphisms of Vector Spaces

In the study of any algebraic system, the concept of a homomorphism from one
of those systems to another is fundamental. A homomorphism from one group
to another was a map that preserved the group operations. In the case of vector
spaces, we not only have the Abelian group of vectors around, but also the field
of scalars, and it may not be clear just what a homomorphism should be. It
turns out that the proper concept is that of a suitable mapping between two
vector spaces over the same field. The mapping is required to preserve addition
and scalar multiplication.

Definition 3.2.1 Let V and W be vector spaces over a field F. A homomor-
phism from V into W is a mapping f : V — W such that

a. f(vr4vy) = f(v1) + f(va) for all vy, vy inV, and
b. fla-v)=a-f(v) foralla€e F andv V.

Condition (a) just says that f is a homomorphism from the group V into
the group W, and condition (b) makes the map pay some attention to scalar
multiplication. Condition (b) is expressed by saying that f preserves scalar
multiplication. As in the case of groups, a homomorphism is an epimorphism
if it is onto, a monomorphism if it is one-to-one, and an isomorphism if it
is one-to-one and onto. If there is an isomorphism f : V — W, we say that
V' is isomorphic to W, and write V =~ W. As in the case of groups, V ~ V,
V a= W implies W =~ V,and V ~ W and W = U imply that V =~ U. An
automorphism of V is an isomorphism of V with itself. A homomorphism
from V into V is an endomorphism.

Compositions of homomorphisms are homomorphisms. Thatis,if f : U — V
and g : V — W are homomorphisms, then so is g o f. This is Problem 1.

The set Hom(V, W) of all homomorphisms from V into W is itself a vector
space in a natural way, and it will be studied from that point of view in section
B4

In the case of vector spaces, homomorphisms are usually called linear trans-
formations. An automorphism of a vector space is called a non-singular lin-
ear transformation, and an endomorphism that is not an automorphism is called
singular. From now on, we will call homomorphisms of vector spaces linear
transformations.

If f is a linear transformation from V into W, then the kernel of f is
denoted Ker f, and defined by

Ker f={veV: f(v) =0},
and the image of f is denoted Im f, and defined by
Im f={f(v):veV}

Theorem 3.2.2 Let f : V — W be a linear transformation. Then the following
hold.
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a.
b.

C.

f(0)=0.
f(=v) = =f(v).
f is one-to-one if and only if Ker f = {0}.

d. Ker f is a subspace of V.

€.

Im f is a subspace of W.

Proof. Parts (a), (b), and (c) hold because f is a homomorphism from
the group V into the group W. For the same reason, Ker f is a subgroup
of V and Im f is a subgroup of W. Let a € F and let v € Ker f. Then
f(av) = af(v) = 0. Thus av € Ker f, and so Ker f is a subspace of V. Let
a € F and let w € Im f. Then there is some v € V such that f(v) = w. But
flav) =af(v) = aw € Im f. Thus (d) and (e) hold. =

Example 3.2.3 In these examples, it is straightforward to verify that what are
clatmed to be linear transformations are indeed linear transformations.

a.

Let V and W be vector spaces over any field F. The mapsV — W :v — 0
and 1y : V. — V 1 v — v are linear transformations.

Let V' be a vector space over F, and let a € F. The map f :V — V
defined by f(v) = av is a linear transformation. Thus each scalar induces
a linear transformation V.— V. If a # 0, then this linear transformation
is non-singular.

Let F be any field, let F™ be the vector space of n-tuples of elements of F,
and let (a1, aa, ..., ap) € F™. The map f : F™* — F™ defined by

f(bl, bQ, PR bn) = (albl, a2b2, ces anbn)

is a linear transformation. It is non-singular if and only if each a; is
non-zero.

(a) A special case is the linear transformation
(a1, ag, ... , an) — (0, az, as, ... , ap)
The map F™ — F™ defined by
(a1, az, ... , an) = (Ao(1)s Go(2); Go(3)s -+ + Go(n))
where o is an element of Sy, is a linear transformation. It is non-singular.

Consider F as a vector space over itself. Let (a1, az, ..., a,) € F™. The
map f: F" — F given by

f(bl, bg, cee bn) = E?:laibi

is a linear transformation. Its kernel consists of those elements of F™ that
are “orthogonal” to (a1, az, . . ., an).
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. Let a;j, 1, 5 = 1,2, ..., n, be elements of a field F. Then the map

F*" — F" given by
n n
(al, as, ... ,an) — (Ejzlaljaj, - ,ijlanjaj)

s a linear transformation.

. Leta,i=1,2,..., mandj=1,2,...,n be elements of a field F'.

The map F™ — F™ given by

n n
(al, az, ... , an) — (Ejzlaljaj, ey Ejzlamjaj)
18 a linear transformation. In a sense, every linear transformation between
finite dimensional vector spaces is like this one, and the relation between
linear transformations and matrices will be studied in detail in Chapter[3

. Rotation of the plane through any number of degrees about the origin

is an automorphism of the vector space R%2. The formula for rotation
counterclockwise through 0° is given by (x,y) — (x - cos 6° + y-sin 6°,
y-cos 0° —x-sin 0°). This ezample is a special case of (f).

. Let V' be the vector space of all sequences {ay, as, as, ...} of real numbers.

Define f and g by the formulas
f({al} az, ag, .. }) = {O; ai, az, ag, .. '}7

g({a1, aq, as, ...}) ={aq, as, a4, ...}

Then f and g are linear transformations, f is one-to-one but not onto, g
is onto but not one-to-one, go f =1y, and fog# ly.

. Let W be the subspace of V in (i) consisting of all those sequences which

converge. For {a;} in W, let
f({ai}) = lim {a;}.

Then f is a linear transformation from W onto R, and its kernel consists
of those sequences which converge to zero.

Kernels of linear transformations are subspaces. It will turn out that every

subspace of a vector space is the kernel of a linear transformation from that
vector space to another one. In fact, given a subspace S of a vector space V'
over a field F, we will construct a vector space V/S over F, the quotient space
of V with respect to S. There will be a natural epimorphism V — V/S, with
kernel S. This construction is similar to that of quotient groups, in fact, uses
that of quotient groups, and is fundamental.

Definition 3.2.4 (The Construction of Quotient Spaces) LetV be a vec-
tor space over a field F, and let S be a subspace of V.. Then S is, in particular,
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a subgroup of the Abelian group V, so we have the quotient group V/S. Its
elements are cosets v+ S, and one adds by the rule

w4+ S)+w+S8)=@w+w)+S.

We will make V/S into a vector space over F by defining a scalar multiplication.
Leta € F and letv+S € V/S. The most natural thing to do is to let a(v+S) =
av+S. However, we must make sure that this defines a map F x (V/S) — V/S.
To do this, we must show that if v+ S = w+ S, then av+ S = aw + S. So
suppose that v+ S =w+S. Thenv =w + s for some s € S. Then

av = a(w + s) = aw + as,

and as € S since S is closed under scalar multiplication. Thus av+S = aw+ .5,
and we at least have a map F x (V/S) — V/S. But it is easy to check that this
makes V/S into a vector space over F. For example,

a((v+8)+ (w+9)) =a((v+w)+85) =(alv+w)+ 8=

(av +aw)+ S =(av+S) + (aw+ S) =a(v+5) +alw+9),

and the other required properties follow just as readily. The vector space V/S' is
called the quotient space of V with respect to S, or more simply, V- modulo
S, orV over S. The mapping V. — V/S :v — v+ S is an epimorphism, called
the natural linear transformation from V to V/S. Note that its kernel is
S.

Consider the vector space V = R? and the subspace S = Ruv, where v is a
non-zero vector in V. Then S is a straight line through the origin, and a coset
(a,b) + S is a line in the plane parallel to S. Thus the cosets of S are just the
lines parallel to S.

Recall that the subgroups of V/S are in one-to-one correspondence with the
subgroups of V' containing S. That is, every subgroup of V/S is of the form W/S
where W is a subgroup of V' containing S, and distinct such W give distinct
W/S. But the subgroup W/S is a subspace of V/S if and only if W/S is
closed under scalar multiplication. Thus W/S is a subspace of V/S if and only
if for a € F and w+ S € W/S, it is true that a(w + S) = aw + S € W/S.
This is true if and only if aw € W. Thus the subspaces of V/S are in one-
to-one correspondence with the subspaces W of V' such that W O S. The
correspondence is W — W/S.

Let V = R3, which we view as ordinary 3-space. The non-trivial subspaces
of V' are the straight lines through the origin and the planes through the origin.
Let S be a straight line through the origin. That is, S = R(a, b, ¢), where not
all of a, b, and ¢ are 0. Then the subspaces of V/S are the T'/S, where T is a
plane through the origin containing the line S. (See Problem 7.)

The various isomorphism theorems for groups have analogues for vector
spaces.
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Theorem 3.2.5 Let f:V — W be a linear transformation. Then
V/(Ker f)=TIm f.
Proof. There is little to do. The mapping

f:V/Ker f)— Imf: f(v+Ker f)=f(v)

is a group isomorphism. All we need is that f preserves scalar multiplication.
But

fla(v+Ker f)) = f(av +Ker f)= f(av) = af(v) = af(v + Ker f).

[

We actually proved more than is stated in The map V/(Ker f) —
Im f induced by f is an isomorphism. As in the case of groups, [3.2.5] gets
immediately the following isomorphism theorems, which are very useful.

Theorem 3.2.6 Let S and T be subspaces of V with S C T. Then
(V/S)/(T/S) =~ V/T.

Proof. V/S — V/T : v+ S — v+ T is an epimorphism with kernel T7'/S.

Apply 325 =

Let V = R3, let S be a line through the origin, and let T be a plane through
the origin containing S. Then T'/S is a subspace of V/S, so we may form the
quotient space (V/S)/(T/S). But that vector space is isomorphic to V/T by
They both are isomorphic to R, in fact. (See Problem 9.)

Theorem 3.2.7 Let S and T be subspaces of V. Then
S/(SNT)=~ (S+T)/T.

Proof. Note that S+1T is indeed a subspace of V containing T (3.1} Problem
17). Now S — (S+T)/T : s — s+ T is an epimorphism with kernel SN T.

Apply [3.2.5 =
To illustrate [3.2.7] consider distinct planes S and T' through the origin in

the vector space R3. Then S+T =R3,s0 S/(SNT) ~ (S+T)/T =R3/T =~ R.
(See Problem 11.)

PROBLEMS

1. Prove that the composition of two linear transformations (when defined)
is a linear transformation.

2. Prove that a mapping f : V — W is a linear transformation if and only if
flavy +bvg) = af(vy) + bf (ve).
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. Let V be the vector space of all polynomials with real coefficients. For

p in V, let d(p) be the derivative of p. Let f,(p) = xp, that is, just
multiplication by z. Prove that d and f, are linear transformations, and
that do f, — f, od = 1yy. What does this problem have to do with real
numbers?

. Prove that there is a linear transformation 7 on V in Problem 3 such that

doi =1y, and that d does not have a left inverse.

. Let f be any linear transformation from R? onto R. Prove that Ker f = Rv

for some v # 0.

. Let v be any non-zero element of R?. Prove that R?/Rv ~ R.

. Prove that every non-trivial subspace of R? is a line through the origin or

a plane through the origin.

. Prove that every non-trivial subspace of F is of the form Fv + Fw for

suitable v and w in F3.

. Prove that for any non-trivial subspace S of F®, F3/S is isomorphic to

either F or F2.

Let V = F3, and let S = Fov for some non-zero v. Prove that there is a
subspace T of V strictly between S and V. Prove that there is no subspace
strictly between T and V.

For the vector spaces in Problem 10, prove that V/S ~ F? and V/T ~ F.

In R3, let
S =R(1,2,3) + R(4,5,2),

and
T =R(2,1,-4) + R(1,1,1)3.

Find (a,b,c) in R3 such that SNT = R(a,b,c).

In Problem 12, find a set of representatives for the cosets of S in R3. Find
a set of representatives for the cosets of SN T in S.

Suppose that v is a non-zero vector in a vector space V over a field F'.
Prove that the subspace Fv is isomorphic to the vector space F'.

Prove that F!' is not isomorphic to F2. Generalize.

Let S and T be subspaces of V, with S C T. Prove that there is an
epimorphism V/S — V/T.

Prove that the set of automorphisms of a vector space, with multiplication
given by composition of maps, is a group.
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18. Let f : V. — W be a linear transformation, and suppose that S is a
subspace contained in Ker f. Let n : V — V/S be the natural linear
transformation. Prove that there is a unique linear transformation g :
V/S — W such that gon = f.

19. Let f : V' — W be a linear transformation. Suppose that S is a subspace of
V such that whenever g : U — V is a linear transformation with fog = 0,
then Im g C S. Prove that S D Ker f.

20. Let V' be the vector space of all mappings of a set S into a field F. (See
Problem 12, section ) Let o be a mapping of S into S. Prove that the
mapping

V-V:iv—ovoo

is a linear transformation. Prove that this linear transformation is non-
singular if and only if ¢ is a permutation of S.

3.3 Linear Independence and Bases

Let F be a field and consider the vector space F2 of all pairs of elements of
F'. The set consisting of the two vectors (1,0) and (0, 1) has the property that
every element in F? can be written uniquely in the form

a(1,0) + b(0,1).

In fact, (a,b) = a(1,0) 4+ b(0,1), and if (a,b) = ¢(1,0) + d(0, 1), then (a,b) =
(¢,0)+(0,d) = (¢, d), so that a = c and b = d. One of our principal aims in this
section is to show that this phenomenon holds in any finitely generated vector
space # {0}. Specifically, we want to show that if V is a finitely generated
vector space and V' # {0}, then there are vectors vy, v, ..., v, of V such that
every element of V' can be written uniquely in the form

a1v1 + agva + -+ -+ A U,.

Such a non-empty family {vy, va, ..., vy} of V will be called a basis of V. It
is a very useful concept in the study of vector spaces.

For ai, as, ..., an € F, the vector X' ,a,v; € V is a linear combination of
V1, Ug, ..., Up. Thus the subspace generated by {vy, ve, ..., v,} is the set of all
linear combinations of the of the vectors vy, va, ..., v,. The non-empty family
{v1, va, ..., v, } is linearly independent if ¥  a;v; = 0 implies that all the
a; = 0. This is equivalent to the condition that whenever X7, a;v; = X7, b;v;,
then a; = b; for all i.

Definition 3.3.1 The non-empty family {vi, va, ... , v} of vectors in the
vector space V is a basis of V if it is linearly independent and generates (or
spans) V.
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Thus, {v1, va, ..., vy} is a basis of V if and only if every v € V is a unique
linear combination X}'_;a;v; of the v;’s; that is, the a;’s are uniquely determined
by v. Indeed, if {v1, va, ..., v,} is a basis of V, then every v € V is certainly
a linear combination v = X7* ;a;v; of the v;’s, and if v = £ a;v; = X7, b;v;,
then 0 = ¥ (a; — b;)v;, whence a; = b;. Conversely, if every v € V can be
written X7 ;a;v; with the a;’s unique, then 0 = £?_,a,v; only if each a; = 0.
Hence {vy, va, ..., vy} is a basis of V.

Thus we see that {(1,0), (0,1)} is a basis of the vector space F? of all
pairs (a,b) of elements of the field F. More generally, if F" = {(a1, aa, ...,
an) : a; € F} is the vector space of all n-tuples of elements of the field F', then

{(1,0,...,0),(0,1,0,...,0),...,(0,0,...,1)}

is a basis of F'"*. This basis is called the natural basis of F,,. Two other bases
of F3 are
{(1,0,0),(0,1,0),(0,0,1)}, and

{(1,1,1),(0,1,1),(0,0,1)}.

At this point we have the following things on our mind. We want to show
that every finitely generated vector space # {0} has a basis and that any two
bases of such a vector space are the same size. The number of elements in a
basis of V' will be called the dimension of V, and it will turn out that two
vector spaces over a field F' are isomorphic if and only if they have the same
dimension.

Theorem 3.3.2 Ewvery finitely generated vector space # {0} has a basis.

We will prove by proving the following stronger theorem.

Theorem 3.3.3 If {vy, va, ..., vy} spans V', then some subfamily is a basis
of V.
Proof. We may as well suppose that no proper subfamily of {v, va, ...
, Un} spans V. It will suffice to show that {vi, va, ... , v,} is a basis. All
we need is that it is linearly independent. If X7 a;v; = 0 and a; # 0, then
vj = —X;2j(ai/a;j)v;. Therefore the family of vectors {vq, ve, ..., vj_1, V41,
., Un} spans V, contrary to the fact that no proper part of {vy, va, ..., v, }
spans V. m

Theorem 3.3.4 IfV is finitely generated, then any linearly independent family
{v1, va, ..., vy} can be extended to a basis {v1, va, ... Up, Upt1, ..., Un}.

Proof. Let {w1, wa, ..., wy,} span V. If some w; is not in Fvy + Fug + ...
+Fwv,, then let v,41 be the first such w;. Then {vy, va, ..., vy, Vpg1} iS
independent. If some w; is not in Fvy + Fvg 4+ --+ +Fv,.41, then let v,4o be
the first such w;. Then {vy, va, ..., Upt1, Ups2} is independent. Continuing
this process, we run out of w’s in finitely many steps, obtaining an independent



96 CHAPTER 3. VECTOR SPACES

family {vy, vo, ..., v, } such that Fvy + Fuy+--- +Fu, contains every w;, and
hence V. Thus {vy, va, ..., v,} isa basisof V. m
The proof actually yields a little more than the theorem states. If {v, va,
., v} is linearly independent, and {wy, wa, ..., wy,} is any generating set,
then {v1, va, ..., v.} can be augmented by some of the w;’s to a basis of V.
For example, if {vy, va} is linearly independent in F2, then {v;, vo} together
with one of (1, 0, 0), (0, 1, 0), and (0, 0, 1) is a basis of F?3.

Theorem 3.3.5 If {vy, va, ... , vy} spans V and {wy, we, ... , wy} is a
linearly independent subset of V', then m > n.

Proof. Since {v1, v2, ... , vy} spans V, then w, = X, a;v;, and so
0 = —w, + X2, a;v;. Hence

{wn7 V1, U2y .., Un}

is dependent. Remove from this family the first member that is a linear combi-
nation of the preceding ones. There is such a member, and it is not w,. This
new family

{wn, V1, V2, ooy Ui—1, Ujg1y -+, Um}

still spans V. Do the same thing with this generating family and w,,_;. Continue
the process. At each step, a w gets added and a v gets removed. When a w is
added, a dependent family results. But {wy, wg41, ..., wy} is independent for
every k < n. Hence there are at least as many v’s as w’s, and som >n. m

Letting {v1, va, ..., vy} and {w, wa, ..., w,} be bases, we conclude that
m = n, and hence get the following corollary.

Corollary 3.3.6 Any two bases of a finitely generated vector space have the
same number of elements.

Definition 3.3.7 The number of elements in a basis of a finitely generated vec-
tor space V is called the dimension of V, and denoted dim(V'). The dimension
of V.= {0} is defined to be 0.

Since the number of elements in a basis of a finitely generated vector space
is finite, we call such vector spaces finite dimensional.

A couple of things are worth noticing at this point. It is not entirely obvious
that a subspace of a finitely generated vector space is finitely generated. It
follows from[3.3.5 however. Let V be finitely generated, and let W be a subspace
of V. If dim(V') = n, then by no independent subset of W can have more
then n elements. Let {wy, wa, ..., w;,} be an independent subset of W with
m as large as possible. Then {wy, wa, ..., Wy} spans W. Otherwise there is
an element w,,+1 € W and not in

Fwy 4+ Fwg + -+ + Fw,,.

That is, {w1, wa, ... , Wm, Wymi1} is linearly independent, an impossibility.
Therefore {wy, wa, ... , wy} is a basis of W. In particular, W is finitely
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generated. Furthermore, dim(W) < dim(V). Of course, by any basis of
W extends to one of V.
Let F be any field and F™ the vector space of all n-tuples of elements of F.

Since
{(1,0,...,0), (0,1,0,...,0), ... ,(0,0,...,0,1)}

is a basis of F™, dim(F™) = n. We will show that any vector space V over F is
isomorphic to F™ if and only if dim(V') = n. This is equivalent to the following
theorem.

Theorem 3.3.8 Two finitely generated vector spaces V. and W over a field F
are isomorphic if and only if dim(V') = dim(W).

Proof. Suppose that o : V' — W is an isomorphism, and let {vy, va, ...,
v} be a basis of V. (If V = {0}, then the theorem is trivial.) We will show

that
{a(v1), a(v2), ..., afvn)}

is a basis of W. If 3 ;a,a(v;) = 0, then a(X"a;v;) = 0, whence 3 a,v; = 0
since « is one-to-one. Thus each a; = 0 and {«a(v1), a(va), ... , a(v,)} is
independent. Let w € W. Then a(v) = w for some v € V. But v = ¥ a,v; for

appropriate a; € F', and
a(v) =w=a(X av;) =% alav;) =X a;a(v;).

Hence dim(V') = dim(W).
The other half follows from the very useful theorem below. m

Theorem 3.3.9 Let V and W be vector spaces over F', {v1, va, ..., v,} a basis
of V, and wy, wa, ..., w, € W. Then there is a unique linear transformation
a: V. — W such that a(v;) = w; for all i. The linear transformation « is
one-to-one if and only if {wy, wa, ..., wy} is linearly independent, and is onto
if and only if {w1, wa, ..., w,} spans W.

Proof. For v € V, v = ¥ a;v;. Define a by a(v) = ¥ a;w;. Now « is well
defined since the a}s are unique. It is easy to check that « is a linear transforma-
tion with a(v;) = w;. Now suppose 3: V — W is a linear transformation with
B(v;) = w; for all . Then S(v) = B(X av;) = X B(aiv;) =X a;6(v;) = Z aw; =
a(v). Thus o = B. Now « is one-to-one if and only if a(¥ a;v;) = 0 implies
¥ a;v; = 0, which holds if and only if a; = 0 for all 7. But (X a;v;) = ¥ a;w;.
Thus « is one-to-one if and only if ¥ a;w; = 0 implies that a; = 0 for all 4. Since

Im a=Fwy + Fws + -+ - + Fw,,

a is onto if and only if {wy, wa, ..., w,} spans W. =
To get the missing half of [3.3.8] let dim(V) = dim(W), and let {vy, vo, ...
, vp} and {wy, wa, ..., w,} be bases of V and W respectively. The linear

transformation « : V. — W such that a(v;) = w; for all ¢ is one-to-one and onto

by Hence V =~ W.
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Corollary 3.3.10 The vector space V' over the field F' is isomorphic to F™ if
and only if dim(V') = n. In particular, F™ ~ F™ if and only if m = n.

Consider all the finitely generated vector spaces over the field F'. By
a complete isomorphism invariant of such a vector space V is dim(V'). That
is, V is determined up to isomorphism by the number dim(V'). This does not
conclude the study of vector spaces though. The real things of interest about
vector spaces are linear transformations, and we have hardly begun to study
them.

Let Vi, Vo, ..., V, be vector spaces over a field F. Let Vi Vo ®--- DV,
be the vector space whose elements are the elements of Vi x Vo x -+ x V,, and
whose vector addition and scalar multiplication are defined by

(U17U27"'7Un)+(w17w27"'awn):(vl+wlav2+w27-"av7l+wn)a

and
a(vy, va, ..., Up) = (av1, ave, ..., avy).

This construction is the same as that for Abelian groups except that here
we also have scalar multiplication involved. That V; & Vo & --- @V, is indeed
a vector space follows easily. This vector space is the external direct sum of
Vi, Vo, ..., V,,. For example, F" is the external direct sum of n copies of the
vector space F.

If V;* consists of those elements of Vi @ Vo @ --- @V, of the form

{(0,0,...,0,v;,0,...,0)}

where v; is in the ith place, then V;* is a subspace, and as in the case for
Abelian groups, every element in Vi @ --- @ V,, can be written uniquely in the
form ¥ ,vf, with v} € V*.

Definition 3.3.11 If a vector space V' has subspaces Vi, Va, ..., V,, such that
every element in V' can be written uniquely in the form vy + vy + - -+ + v, with

v; € V;, then we write
V=VieVe -0V,

and say that V is the (internal) direct sum of the subspaces Vi, Va, ..., V,.

For example, in F™ let V; be all elements of the form (0, O, ... ,0, a, 0, ..., 0)
, where a is in the ith position. Then F™ is the internal direct sum of the V;.

This procedure is completely analogous to the one followed for Abelian
groups (2.6.1). In particular, if V is the internal direct sum of subspaces V;
then V is isomorphic to the external direct sum of the vector spaces V;. We
want to prove two things. Here they are.

Theorem 3.3.12 Every finite dimensional vector space # {0} is the direct sum
of one dimensional subspaces.

Theorem 3.3.13 FEvery subspace of a finite dimensional vector space V is a
direct summand of V.
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Proof. Let {v1, vo, ..., v,} be a basis of V. The subspaces Fv; are one
dimensional, and
V=Fvu®Fvo®--- @ Fu,,.

This proves [3.3.12}

To prove let W be a subspace of V. Then W is finite dimensional as
we have seen. Let {wy, wa, ..., wy,} be a basis of W. By this extends to
a basis

{wy, wa, ..., Wm, Wity --v , Wn}
of V. Thus V=W @ (FW,41 + Fwpyo+ -+ +Fw,). n

We conclude this section with some relations between the dimensions of
various vector spaces and subspaces. Let’s collect what we already know along
these lines into one theorem. We will assume throughout that all our vector
spaces are finite dimensional.

Theorem 3.3.14

a. V=W if and only if dim(V) = dim(W).

b. If a: V. — W is an epimorphism, then dim(W) < dim(V).
c. If a:V — W is a monomorphism, then dim(V') < dim(W).

d. Let W be a subspace of V. Then dim(V/W) < dim(V) and dim(W) <
dim(V).

di
di

Let W be a subspace of V. Then W =V if and only if dim(W) = dim(V).

All these have appeared earlier in one guise or another. Note that (d) follows
from (b) and (c). The exact relationship between dimensions of subspaces and
quotient spaces is given next.

Theorem 3.3.15 Let W be a subspace of V. Then
dim(V) = dim(W) 4+ dim(V/W).

Proof. Let V=W X. If {v, va, ..., v} is a basis of W and {v,41, vry2,

, U } is a basis of X, then {v1, va, ..., v,} is a basis of V. Since V/W = X
the theorem follows. m

Now let W and X be two subspaces of V. We have the subspaces W, X,
WNX,and W+ X. The relationship between their dimensions is given in the
next theorem.

Theorem 3.3.16 Let W and X be subspaces of V. Then
dim(W + X) 4+ dim(W N X) = dim(W) + dim(X).
Proof. (W + X)/X ~ W/(W N X), so using we get
dim(W + X) — dim(X) = dim(W) — dim(W N X).

]
Also [3.3.15] gives us the following theorem.
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Theorem 3.3.17 Let a: V — W be a linear transformation. Then

dim(V) = dim(Ker «)+ dim(Im «).

Proof. V/Ker a = Im «. Apply[3.3.15 m

PROBLEMS
1. Prove that if {v1, va, ..., v,} is independent, then v; # vg, and vy # 0.
2. Show by direct computation that in Q3, the set

10.

11.

12.
13.

S={(3,0,-3), (-1,1,2), (4,2,-2), (2,1,-1)}
is linearly dependent. Does S generate Q3? Does S contain a basis of Q3?

Do the following.

(a) Show that {(1,0,-1), (1,2,1), (0,—3,2)} is a basis of Q3.
(b) Is {(1,1,2,4), (2,—1,-5,2), (1,—1,—1,0), (2,1,1,0)} linearly inde-
pendent in Q*?
Let F' = Z/7Z2. Write down all bases of F2. Write down all bases of F3.
Let F' = Z/Z3. Write down all bases of F2.

In R* let V = R(1,1,1,1), and let W = V + R(1,1,1,0). Let V+ =
{(a1,a2,a3,a4) € R* : X a;b; = 0 for all (by,be,b3,bs) € V}, and define
W similarly. Find a basis for V. Find a basis for W+,

Suppose that vq # 0. Prove that {vq, va, ..., v, } is dependent if and only
if some v;41 is a linear combination of vy, ve, ... , v;.

Prove that {v1, v, ..., v, } is a basis if and only if it is linearly independent
and every family {wy, wa, ..., wy,} with m > n is dependent.

Prove that {vy, ve, ..., v,} is a basis of V' if and only if it spans V and
no family {wy, wa, ..., wy} with m < n spans V.

Prove that {vy, va, ..., v,} is a basis if and only if it is linearly independent

and every family properly containing it is dependent.

Prove that {vy, va, ..., v,} is a basis of V' if and only if it spans V' and
no proper subfamily spans V.

Prove that (Ve W)/W = V.

Let {v1, vo, ..., vy} and {wy, wa, ..., w,} be bases of V. Prove that
m = n in the following way. Write v; = X} a,w;. We may suppose that
a1 #0. Then V = Fvi & Fws & --- @Fw,, so

V/Frym Foa® -+ @ Fu, = Fus ® -+ @ Fw,.

Inducting on m yields m = n.
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14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.
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Prove that if a : V' — W is an epimorphism and V is finite dimensional,
then so is W, and dim(W) < dim(V).

Prove that if a : V' — W is a monomorphism, V is finite dimensional, and
dim(V) = dim(W), then « is an isomorphism.

Prove that if V' is finite dimensional and W is a subspace of V', then there
is an idempotent endomorphism of V' with image W.

Let F be any field. As a vector space over F', what are the bases of F'7
What is dim(F)? Prove that {(a1, as), (b1, b2)} is a basis of F? if and
only if a1bs — agby # 0.

Suppose that F'is a field with 9 elements. (There is such a field.) Suppose
that P is a subfield with 3 elements. (There is such a subfield.) Consider
F as a vector space over P. What is dim(F)?

Consider the complex numbers as a vector space over the real numbers.
What is its dimension?

Consider the real numbers as a vector space over the rational numbers.
Prove that it is not finite dimensional.

Suppose that {u, v, w} is independent. Prove that {u, v + v, u + v+ w}
is independent.

Let V be the vector space over the field of real numbers consisting of all
functions from the real numbers into the real numbers. Prove that V is
not finite dimensional.

Let Vi, Vo ..., V,, be subspaces of V. Prove that the map from the external

direct sum Vi @ - -+ @V, into V given by a(vi, va, ..., v,) =v1+va+...
+v, is a linear transformation. Prove that V is the direct sum of the
subspaces Vq, Vs, ..., V,, if and only if « is an isomorphism.

Prove that if V. =V; & ... &V, then dim(V) = £, dim(V;).

Let V be finite dimensional, and let W and X be subspaces of V. Let {vy,

Vg, ..., U} be a basis of WNX, {vy, ..., v, wy, ... ,ws} a basis of W,

and {v1, ..., vy, @1, ..., 24} a basis of X. Prove that {vy, ... ,v,, wy,
., W, T1, ..., Ty} is a basis of W + X. (This proves [3.3.16])

Let W be a subspace of V, {wy, ..., w.} a basis of W, and {v; + W,
vo+ W, ..., vs+ W} abasis of V/W. Prove that {wy,...,w,,v1,...,vs} is
a basis of V. (This proves |3.3.15])

Define an infinite set in a vector space to be linearly independent if every
non-empty finite subset of it is linearly independent. Define a basis of V'
to be a linearly independent set that generates V. Prove that the vector
space of polynomials over any field has a basis.
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28. Let V be the vector space of all sequences {a,as, ... .} of real numbers.
Let S be the subspace consisting of those sequences with only finitely
many non-zero terms. Prove that S has a basis. Try to prove that V' has
a basis.

3.4 Dual Spaces

Suppose V and W are vector spaces over the field F. Let Hom(V, W) denote
the set of all linear transformations from V into W. There is a natural way to
make Hom(V, W) into a vector space over F'. To make it into an Abelian group,
for f, g € Hom(V, W), define f + g by the equation

(f+9)(v) = f(v) +g(v).

That is, f+g : V. — W : v — f(v) + g(v). We need to check first that
f+g € Hom(V,W). It must preserve vector addition and scalar multiplication.
The equations

(f+g)(v1+v2) = flvr+v2)+g(vr+v2)

f(v1) + f(v2) + g(v1) + g(v2)
(f(v1) +g(v1)) + (f(v2) + g(v2))
(f +9)(v1) + (f + g)(v2),

and

(f +9)(av) = flav) +g(av) = af(v) + ag(v)
= a(f(v) +9(v) = a((f +9)(v))

show that it does.

At this point we have an addition defined on Hom(V,W). To verify that
Hom(V,W) is an Abelian group under this addition is straightforward. For
example, the negative of f € Hom(V, W) is the map — f defined by (—f)(v) =
—(f(v)). The zero is the map that takes every v € V to the 0 € W. We leave
the details to the reader. There are no difficult points.

Scalar multiplication in Hom(V, W) is defined by

(@f)(v) = a(f(v)).

We must make sure that af € Hom(V,W). But

(af)(v1+v2) = a(f(v1+wv2))=al(f(v1)+ f(v2))
a(f(v1)) +a(f(v2)) = (af)(v1) + (af)(v2),

and

(@f)(bv) = a(b(f(v))
= ba(f(v))

I~
I
I
>
~—
~
~—
<
=
~—
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Now we must make sure that the equations

a(f +g)=af +ag,

and
a(bf) = (ad) f
hold. The first holds because for v € V,

(a(f +9)(v) a((f +9)(v)) = a(f(v) + g(v))
= (af)(v) + (ag)(v) = (af + ag)(v).

The second follows similarly. Note finally that 1- f = f.

Thus from the vector spaces V and W over F' we have built the vector space
Hom(V, W) over F. There are two very special cases to consider: W = F and
W = V. Now Hom(V,V) is more than a vector space. It is a ring. Indeed, it
is an algebra over F'. It will be studied in Chapter 8] Our concern here will be
with Hom(V, F).

Definition 3.4.1 The vector space Hom(V, F') is called the dual space of V,
and denoted V*.

Other names for V* are conjugate space, and adjoint space. The first
thing we will do is decide what the dimension of V* is. It is about as easy
to compute dim(Hom(V,W)). We will assume throughout that all our
vector spaces are finite dimensional.

Theorem 3.4.2 dim(Hom(V,W)) = dim(V) - dim(W).

Proof. If either of V or W is {0}, the theorem is clear. If neither is {0},
then dim(Hom(V,W)) is the size of any basis of Hom(V, W)). We will simply
write down a basis of Hom(V, W) in terms of ones of V and W and note its

size. Let {v1, va, ..., vy} be a basis of V', and let {wq, wa, ..., w,} be a basis
of W. By there is exactly one linear transformation from V into W that
takes v; to x1, vy to x2, ..., and wv,, to z,,, where z1, x2, ..., z,, are any
prescribed vectors in W. Thus we have defined an element of Hom(V, W) when
we prescribe images for vy, va, ..., vy,. For i=1,2,... ,m,and j =1, 2, ...
, n, let fi; be the element in Hom(V, W) such that
fij(vi) = wj,
and

fis(oe) =0 if i#k.

Thus fzg(’Ul) = 0, f23(’02) = ws, f23(’U3) = 0, ceey f23(’Um) = 0.

These functions are more conveniently defined using the Kronecker delta.
Let §;; =0€ Fifi#j,and d;; =1€ Fifi=j. Thenfori=1,2,..., mand
i=1,2,...,n,

fij (o) = dirw;.
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We claim that the f;; constitute a basis for Hom(V, W). At least it has the size
we want.
Suppose ¥; ja;; fi; = 0. Then

Yijaij fij(ve) = 0= 5 j(aij fij(vr) = Xi jaijdinw; = X jagjw;.

Therefore ar; = 0 for j =1, 2, ..., n. This holds for k =1, 2, ..., m, so that
a;; = 0 for all 7 and j. Thus the f;; are linearly independent.
Let f € Hom(V,W). Then f(v;) = Xja;;w;. But

(Bk,jar; frj)(vi) = B j(ar; frj(vi) = B j(ar0riw;) = Xjaijw;.

Hence Xy jag; fx; = f, so that the f;; span Hom(V, W). The proof is complete.
[ ]

Corollary 3.4.3 dim(V*) = dim(V).

Of course [3.4.3] implies that V' ~ V*. Now one can wonder why all the fuss
about V*. Up to isomorphism it is just V itself. The reason for the fuss is
this. The vector space V* is constructed from V', and there is a natural way
to associate subspaces of V' with subspaces of V*. Furthermore, while there is
no natural isomorphism V — V™, there is a natural isomorphism V — V**.
Also, with each linear transformation f : V' — W, there is associated a linear
transformation f* : W* — V*. The relations between all these things, and
in general the properties they enjoy, are important and useful. This section
develops some of these properties.

In the proof of we defined a linear transformation f;; € Hom(V, W)
in terms of given bases {v1, v, ..., vy} and {wy, wa, ..., w,} of V and W,
respectively. In case W = F'| there is a natural basis to pick, namely {1}. Let’s
consider that case.

Let {v1, va, ..., vy} be a basis of V. Then v} € V* defined by
vi (vj) = bi
gives a basis {v], v3, ..., vi} of Hom(V, F) = V*. This we proved in the

course of proving [3.4.2
Definition 3.4.4 The basis of V* given by
vi (vj) = i;
is the basis of V* dual to the basis vy, vo, B v, of V.

Let v € V. If v* € V*, then v*(v) € F. Thus v gives a map V* — F. This
map is linear—that is, it is in V**.

Definition 3.4.5 The map n:V — V** defined by
n(v) (v) =v"(v)0

1s called the natural map from V into V**.
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Theorem 3.4.6 The map n:V — V** is an isomorphism

Proof. We do not know yet that n is even into V**. To see this, we need
that for a € F and z, y € V¥,

n)(@ +y) = n(v)(x) +n(v)(y),

and
n(v)(az) = a(n(v)(z)).

But this follows from the equations

n() (@ +y) = (z+y)(v) = 2(v) + y(v) = n(v)(z) + 1(v)(Y),

and
n(v)(az) = (az)(v) = a(z(v)) = a(n(v)(z)).

Thus 7 maps V into V**. Now 7 must preserve vector addition and scalar
multiplication. That it does is left to the reader. (Problem 2) To get 7 to be an
isomorphism, it suffices to get it to be one-to-one since V is finite dimensional
and dim(V) = dim(V**). Suppose that n(v) = 0. Then n(v)(v*) = 0 = v*(v)
for all v* € V*. But if v # 0, then v is an element of a basis of V', and the
appropriate element of the basis dual to it takes v to 1 € F. Thus v = 0, and
we are done. ®

Let S be a subset of V. Consider all those v* € V* such that Ker(v*) D S.
This subset of V* is called the annihilator of S in V*. Denote it by K(S5).
Thus

K(S)={v"eV*:v*(s)=0forall seS}.

Similarly, if T' is a subset of V*, let
K*(T)={veV:tlv)=0foral teT}.

Then K*(T) is called the annihilator of T in V. Now K(S) is defined when
S is a subset of a given vector space V. Strictly speaking, we should denote the
dependence of K on V some way, say by writing Ky (5), but we won’t. If T is
a subspace of V*, then K(T') C V**. Similar remarks hold for K*.

The following properties are readily verified.

a. If S; C So, then K(S1) D K(S2).

b. If S generates the subspace W of V, then K(S) = K(W).
c. K(S) is a subspace of V*.

A K({0}) = V*; K(V) = {0},

e. Statements analogous to (a), (b), (c), and (d) hold for K*.

f. K*(K(S)) > S; K(K*(T)) > T.
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The map K is from the set of subsets of V' to the set of subspaces of V*.
In light of (b) however, the real interest in it will be as a map from the set of
subspaces of V' to the set of subspaces of V*. As such, we are going to show
that it is one-to-one and onto. By (a), K reverses inclusions, so K will be a
duality between the set of subspaces of V' and those of V*. First we note a
useful relation between 7 , K, and K*.

Lemma 3.4.7 Let T be a subspace of V*. Then n(K*(T)) = K(T).

Proof. Let v** € K(T'). Then v** = n(v) for some v € V. Fort € T,
nw)(t) = v**(t) = 0 = t(v), so v € K*(T). Let v € K*(T). Then n(v)(t) =
t(v) =0,s0n(v) e K(T). m

Theorem 3.4.8 Let S be a subspace of V', and let T be a subspace of V*. Then
dim(V) = dim(S) + dim(K(5)), and
dim(V*) = dim(T") + dim(K*(T)).

Proof. Let {v1, va, ..., vy} be a basis of S. Extend it to a basis {v1, va,
<y Umy -« s Unt of V. Let
{vi, v3, ... vn}
be dual to it. Now X7_;a,v} is in K(S) if and only if (X a;v])(v;) =0 for j =1,
2, ..., m. But
(2 aivi)(vj) = X ai(v; (v5)) = a;.
Hence

K(S)=Fuv}, 1+ -+ Fv,,, and dim(K(S))=dim(V) — dim(S5).

If T is a subspace of V*, then dim(V*) = dim(7")+dim(K (T)). But dim(K (7)) =
dim(K*(T)) by Thus

dim(V*) = dim(T) + dim(K*(T)).

]
Now we can show that K is a duality.

Theorem 3.4.9 K is a one-to-one correspondence between the set of subspaces
of V' and the set of subspaces of V*. Its inverse is K*.

Proof. Let T be a subspace of V*. Then K(K*(T)) D T, but the two have
the same dimension by Therefore K(K*(T)) = T. Let S be a subspace
of V. Then K*(K(S)) D S, and by they have the same dimension. Hence
K*(K(S)) = S. Thus K and K* are inverses of each other, and the theorem
follows. m

The maps K and K* reverse inclusions. That is, if A C B, then K(A) D
K(B), and similarly for K*. A stronger result is that K and K* interchange +
and N.
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Theorem 3.4.10 Let S7 and So be subspaces of V', and let Ty and Ty be sub-
spaces of V*. Then

a. K(S1+ S5) = K(S1) N K(S,),
b. K(S1NSy) = K(S1) + K(Ss),

c. K*(Ty +Ty) = K*(T1) N K*(Ty), and
d. K*(Ty N Ty) = K*(Ty) + K*(Ty).

Proof. Let v* € K(S1 + S3). Then v*(s; + s2) = 0 for all s; € Sy and
s € Sy. Letting so = 0, we get v* € K(S7). Similarly, v* € K(S3). Thus
K(S1 + S2) € K(S1) N K(S2). Now let v* € K(S1) N K(S2). Then v*(s;) =0
for all s; € S;, 4 =1, 2. Thus v*(s1 + s2) = v*(s1) +v*(s2) =0, so (a) holds.

Part (c) is almost identical to (a). Using[3.4.9/and (c), part (b) follows from
the equations

K(S1) + K(S2) = K(K*(K(S1) + K(S2)))
= K((K"(K(51))) N (K7(K(52)))) = K (51N 55).

Part (d) follows similarly. =
Let a: V — W be a linear transformation. With any w* € W* we have the
map w*oc . It is linear, being the composition of two linear maps. Furthermore,
w*oa:V — F sow*oa € V*. Thus a induces a map o* : W* — V*, namely
af(w*)=w*oa.
That o™ itself is linear should be no surprise.

Definition 3.4.11 Let o : V — W be linear. The map o : W* — V* induced
by « is called the conjugate of «, or the adjoint of o, or the dual of a.

These two facts are formalities:

a. «* is a linear transformation, and

b. the map Hom(V, W) — Hom(W™*,V*) : & — «* is a linear transformation
(Problem 8).

There are some important relations between o and o*. One is that a and o
have the same rank, where the rank r(«) of a linear transformation « is defined
to be dim(Im o). We will relate this to the rank of matrices at the end of this
section.

Theorem 3.4.12 The annihilator of the image of « is the kernel of a*. The
image of o™ is the annihilator of the kernel of a.
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Proof. We need that K(Im a) = Ker o*. Let a : V. — W. Then w* €
K(Im «) if and only if w*(a(v)) =0 for all v € V' if and only if o*(w*)(v) =0
for all v € V if and only if o*(w*) = 0 if and only if w* € Ker o*.

The second assertion is Problem 11. m

Corollary 3.4.13 a and o have the same rank.
Proof. From we have
dim(K(Im «)) = dim(W) — r(a) = dim(Ker o) = dim(W) — r(a™).
]

Corollary 3.4.14 « is one-to-one if and only if o™ is onto, and « is onto if
and only if o* is one-to-one.

Proof. The details are left as an exercise (Problem 9). m
Corollary 3.4.15 The linear transformation
Hom(V, W) — Hom(W*,V*): a — o~
s an isomorphism.

Proof. Hom(V, W) and Hom(W*, V*) both have dimension dim (V') dim(W),
so it suffices to get the linear transformation to be one-to-one. But if o* = 0,
then K(Im «) = Ker a* = W*, so that Im o = {0}. Therefore « =0. =

Here is an application to matrices. Consider the m x n matrix (a;;) with
entries from any field F'. The row space of (a;;) is the subspace of F'"* generated

by the rows (a;1, @2, - .., ain) of (a;;), and its dimension is called the row rank
of (a;;). The column space of (a;;) is the subspace of F"™ generated by the
columns (a1, a2, --. , Gm;) of (a;;), and its dimension is called the column

rank of (a;;). How are these dimensions related?
Theorem 3.4.16 The row rank of a matriz equals its column rank.

Proof. This theorem is a reflection of the fact that the rank of a linear

transformation is the rank of its dual . Let {v1, vo, ..., v} be the
natural basis of F™, and {wy, ws, ..., w,} the natural basis of F™. Let {v7,
o, vstand {wy, ..., wi} be bases dual to these bases. Let oo : F™ — F™ be
given by
oz(vi) = (ail, a2, ..., ain).

Then r(a) is the row rank of (a;;). Let 8 be the isomorphism defined by
,6(’01*) =wv;. Then o (w;k) = Ejajiv; since

(@ (w7))(vr) = (wi o ) (vg) = w ((vk))

* *
=w; (ak1s - 5 Gkn) = W LpQljW; = Q-
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Thus
ﬁ (¢] a*(wz*) = ﬁ(E ajiv;f) =3 ajivj) = (ali, A4y - ami).

Hence r(fa*) is the column rank of the matrix (a;;). Since (8 is an isomorphism,
r(foa*) =r(a*), and we know that r(a*) = r(a). The theorem is proved. m

The row rank of a matrix is called simply the rank of that matrix. Let (a;;)
be a matrix and (a;;)" its transpose. That is, the ijth entry in (a;;)" is aj;.
Then the rows of (a;;) are the columns of (a;;) and the columns of (a;;) are
the rows of (a;;)’. Sometimes [3.4.16|is expressed by saying that the rank of a
matriz equals the rank of its transpose.
PROBLEMS

1. Give a complete proof that Hom(V, W) is a vector space.

2. Prove in detail that n: V' — V** is linear.

3. Let {v1, va, ..., vy} be a basis of V, {vf, ..., vi} the basis of V* dual
to it, and {vi*, ..., v:*} the basis of V** dual to {vf, ..., v:}. Let n be
the natural isomorphism from V to V**. Prove that n(v;) = v}*.

4. Let ny, : V — V** and ny, : W — W™ be the natural isomorphisms. Let
a € Hom(V, W). Prove that o™ on, = ny, o a.

5. Let Sy and S3 be subsets of V. Prove that K(S;) = K(S2) if and only if
S1 and Sy generate the same subspace of V.

6. Let T4 and T3 be subsets of V*. Prove that K*(T1) = K*(T%) if and only
if 71 and T, generate the same subspace of V*.

7. Prove in detail parts (c¢) and (d) of [3.4.10)

8. Let a be an element of Hom(V,W). Prove that o* is an element of
Hom(W*,V*), and that the mapping

Hom(V, W) — Hom(W*,V*): a0 — o™
is a linear transformation.

9. Prove that « is one-to-one if and only if a* is onto, and that « is onto if
and only if o* is one-to-one.

10. Let z*, y* € V*. Prove that if Ker z* C Ker y*, then az* = y* for some
acF.

11. Let oo € Hom(V, W). Prove that Im o* = K(Ker «).

12. Let o € Hom(V, W), and let 8 € Hom(W, X). Prove that

(Ba)™ = a”p".
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13. Let v; be the vector in F™ with 1 in the ¢th place and 0 elsewhere. Let
{v}, ... v}} be the basis dual to {vq, ..., v,}. Identify F™* with F™ via
the isomorphism « given by a(v}) = v;. Prove that

(a1, agy ...y an)((b1, b, ..., b)) =% a;b;.

14. Identifying R?** with R3 as in Problem 13, find a basis of the annihilator
of the subspace generated by {(1, 1, 0),(0, 1, 2)} and a basis of the
annihilator of the subspace generated by {(1,1,1)}.



Chapter 4

Rings and Modules

4.1 Definitions and Examples

Several algebraic concepts are introduced in this chapter, and the main purpose
is to prove one of the fundamental structure theorems in algebra. This theorem
generalizes the fundamental theorem of finite Abelian groups and the theorem
that every finitely generated vector space has a basis. It is useful in analyzing
linear transformations, and will be put to that use in Chapter [5l Before we can
even formulate the theorem, a number of definitions and facts are necessary.
These preliminaries are themselves basic.

Definition 4.1.1 A ring is a set R with two binary operations, called addition
and multiplication, and denoted + and - respectively, such that

a. R is an Abelian group under +,
b. - is associative, and

c. a-(b+e)=(a-b)+(a-c) and (a+b)-c=(a-c)+ (b-¢) forall a, b, ¢ in
R.

The two equalities in (c¢) are called the left and right distributive laws, re-
spectively. As usual for additively written Abelian groups, the additive identity
of R is denoted by 0, and —a denotes the element of R such that a + (—a) = 0.

It may happen that - is commutative, that is, that a-b=b-a for all a, b in
R. In that case, R is called a commutative ring. If R # {0} and there is an
element z in R such that x-a = a-x = a for all a in R, then that element is
unique, is always denoted by 1, and R is called a ring with identity. As in the
case of fields, which are special kinds of rings, we will tend to write a - b as ab.

Before proceeding with examples, some immediate consequences of the ax-
ioms will be proved that are needed in making elementary calculations in rings.

Theorem 4.1.2 Let R be a ring. Then for a, b, c € R, the following hold.

111
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d. a(b—c¢) =ab—ac and (a — b)c = ac — be.
e. If R has an identity, then (—1)a = —a.
f1#0.

Proof.

a. a-0=a(040)=a-0+a-0. Thusa-0—a-0=0=(a-0+a-0)—a-0=
a-0+4+(a-0—a-0)=a-0. Similarly, 0-a = 0.

b. ab+ a(—=b) = a(b+ (-b)) = a-0 = 0. Thus a(—b) = —(ab). Similarly
(—a)b = —(ab).

¢. (—a)(~b) = —(a(~b)) = —(~(ab)) = ab, using (b).

d. a(b—c)=a(b+ (—¢)) =ab+ a(—c) = ab+ (—(ac)) = ab — ac. Similarly
(a —b)e = ac — be.

e. 1-1)a=0-a=0=1-a+(-1)-a=a+ (-1)a. Thus (-1)a = —a.

f. If R has an identity, then R # {0}, so there is an a in R such that a # 0.
But 1-a=aand 0-a=0. Thus 1 # 0.

]

We have several classifications of rings already — rings with an identity,
commutative rings, and fields. There are other general types of rings that should
be kept in mind when looking at the examples below. For example, it may
happen that a - b = 0 without a or b being 0. Such elements are called zero
divisors.

Definition 4.1.3 An integral domain is a commutative ring with identity
that has no zero divisors.

Thus, a commutative ring with identity is an integral domain if and only if
a,bin R, ab= 0, imply that a = 0 or b = 0. If a ring R has no zero divisors,
then its set R* of non-zero elements is closed under multiplication. It could
happen then, that R* is a group under multiplication.

Definition 4.1.4 A ring R is a division ring if the set R* of non-zero ele-
ments of R is a group under multiplication.

Theorem 4.1.5 A finite ring with identity and no zero divisors is a division
ring.
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Proof. Let R be such a ring, and let r be a non-zero element of R. We need
only to get that r has a right inverse. (See Problem 19.) Consider the set
S={rz:xz € R}. If re =ry, then r(x —y) =0, whence z —y =0 and z =y
since R has no zero divisors. Thus the rx are distinct for distinct z, and since
R is finite, S = R. Therefore some rz = 1, and it follows that R is a division
ring. m

Corollary 4.1.6 A finite integral domain is a field.

Recall that a field is a commutative division ring. Actually, a finite division
ring is a field, but that is difficult to prove, and is postponed until

If R is a ring with identity, the elements in R which have inverses are called
units. That is, an element u of R is a unit if there is an element v € R such
that uv = vu = 1. If v is a unit, then the element v is unique and is denoted
u=t or 1/u.

If S is a subset of a ring R, then restricting addition and multiplication to S
might make S into a ring. If so, S is called a subring of R. Thus S is a subring
of R if and only if S is a subgroup of R which is closed under multiplication.

Example 4.1.7 These examples should be examined carefully, and the reader
should verify that each example is what it is claimed to be.

a. Any field is a ring. Thus the rational numbers Q with the ordinary opera-
tions of addition and multiplication is a ring. Similarly, the real numbers
and the complex numbers are rings, being fields.

b. The integers Z with ordinary addition and multiplication is a ring, in fact,
an integral domain.

~

The set Z2 of even integers is a subring of the ring Z. This ring does not
have an identity, but is commutative and has no zero divisors.

o

The set Zm for any integer n is a subring of the ring 7Z.

d. In the additive group Z/Zn of integers modulo n, multiply modulo n. This
makes Z/Zn into a ring, called the ring of integers modulo n. (See

[2.1.9 (e),]2.53.18, and|3.1.4 (g).)

e. Let Zsy be the set of all 2x2 matrices over Z. That is, Zs is the set of all 2%
2 matrices whose entries are integers. Define addition and multiplication
by the equations

an a1z bir bz \ _ [ ann+0bin a2+ bio
a1 a9 ba1 a2 as1 +ba1 azp b )’

and

air a2 bir bz \ _ [ aubin +aizbar anibiz + aizbao
a21 A22 ba1  bao a21b11 + a22b21  az1b12 + az2bao
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These definitions of + and - make Zo into a ring with identity. Since
0 1 10 10 0 1
o=(50)(o0)*(00)(00)
Zs s not commutative, and has zero divisors.

Let R be any ring, and n any positive integer. Let R, be the set of all
n X n matrices over R. An element

a1 ai12 e Q1p
a21 as2 . Q2p
an1 an2 e Qpp

of Ry, has all the a;; in R, and is denoted simply by (a;;). The element
a;j denotes the (i,7) entry of (a;j). Addition and multiplication then are
defined by the equations

(aij) + (bij) = (aij + bij)
and
(aij) - (bij) = (Zh=1@irbiy)-

Again, it is straightforward to check that R, is a ring. It has an identity
if and only if R has an identity.

Let R be the field of real numbers. Let C be the set of 2 X 2 matrices with
entries from R of the form

a b

b a

Then C is a subring of Ra. Would you believe that C is the field of complex
numbers?

. Let R be any commutative ring. Let R[x] be the set of all polynomials

in x with coefficients in R. That is, R[x] is the set of all expressions of
the form apx™ + -+ 4+ a1x + ag, with a; in R. Under the usual rules for
adding and multiplying polynomials, R[x] is a commutative ring, and has

an identity if and only if R does. (See )

.. Let R be any ring. Let S be the set of all mappings f of the set of non-

negative integers into R such that f(n) = 0 for all but finitely many n.

Define (f + g)(n) = f(n) + g(n), and (f - g)(n) = Liyj=nf(i)g(j). Then
S is a ring with this definition of + and -. What is the difference between
(i) and (5)? Is commutativity necessary in (h)?
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j. Let G be any Abelian group and let R be the set of all endomorphisms of

G. For f, g € R, define f +¢g and f-g by
(f +9)(@) = f(z) +g(z)

and
(f - 9)(@) = f(g(x)).
Then R is a ring with identity, called the endomorphism ring of G. If

G is the additive group of Z, then R is an integral domain Problem
23). If G is the additive group Z/pZ of the integers modulo the prime p,

then R is a field Problem 24).

. Let V' be any vector space, and let R be the set of all linear transformations

from V into V. Define addition and multiplication as in (k). Then R is
a ring with identity, called the ring of linear transformations of V.
We will look at this ring in some detail in Chapter[§

. Let p be a prime and let

R={a/b: a,beZ, (b,p) =1}.

Then R is a subring of the field Q of rational numbers. This ring is called
the ring of integers localized at p.

. Let P be a non-empty subset of the set of all prime numbers. Let R =

{a/b:a,be Z, (byp) =1 for allp € P}. Then R is a subring of Q.

. Let G be a group and R a ring. Let R(G) be the set of all maps f from G

into R such that f(x) =0 for all but finitely many x in G. Define f + g
and fg by
(f +9)(@) = f(z) + g(z) and (f9)(x) = D=z f(u)g(v).

With these definitions, R(G) is a ring. It has an identity if R does, and
is commutative if R and G are commutative. The ring R(G) is called the
group ring of G over R.

. Let R be any ring. Then R X R is a ring if one defines addition and

multiplication coordinatewise. That is, (a,b) + (¢,d) = (a + ¢, b+ d) and
(a,b)(c,d) = (ac,bd). It has an identity if and only if R does, and is
commutative if and only if R is commutative. Since (a,0)(0,b) = (0,0) =
0, R X R has many zero divisors if R # {0}.

. Let S be any non-empty set, and let R be any ring. Let RS be the set of

all mappings from S into R. Define addition and multiplication in RS by
(f +9)(s) = f(s) + g(s) and (fg)(s) = f(s)g(s).

With these definitions of addition and multiplication, R® is a ring. It has
an identity if and only if R does, and is commutative if and only if R is.
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Let R be any ring, and let Z be the ring of integers. Let S = 7Z x R.
Define addition and multiplication in S by (m,z)+ (n,y) = (m+n,x+y)
and (m,x)(n,y) = (mn,zy + my + nx). Then S is a ring with identity.
Identifying R with the subring of elements of S of the form (0,r) imbeds
R into a ring with identity.

Let S be any set and let P(S) be the set of all subsets of S. Fora, b € P(S5),
define addition and multiplication by

a+b={seS:s€caUb, s¢anbd} and ab=anb.

Then P(S) is a commutative ring with identity. It is called the ring of
subsets of S.

Let D be the set of all 2 x 2 matrices over the field C of complex numbers
which have the form
a b
(%)

where T denotes the conjugate of the complex number x. Then D is a
subring of the ring Co of all 2 x 2 matrices over C and D is a division

ring. (D is the ring of quaternions. See[2., page[33)

. Let Z[i) = {m+ni : m, n € Z}. Then Z[i] is an integral domain, in

fact, a subdomain of the field C of complex numbers. Replacing Z by any
subdomain of C yields a subdomain of C, as does replacing i by /2.

PROBLEMS

1. Do the following.

(a) Prove that a ring with identity has just one identity.

(b) Find an example of a ring with identity that has a subring with a
different identity.

(¢) Find an example of a ring with no identity that has a subring with

identity.
2. Let R be a ring, and let » € R. For positive integers n, define " induc-
tively by
=7,
and
Pt =,

Prove that r™r" = 7" and (r™)" = r™". Prove that if R is commuta-
tive, then for 7, s € R, (rs)™ = r™s™.

Let R be a ring. Since it is an Abelian group, we can “multiply” elements
of R by integers. That is, nr is defined for all n € Z and r € R, and this
“multiplication” enjoys certain properties . Prove that for integers
m, n and for elements r and s of R,
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. Let R be a ring with identity. Let U be the set of units of R. That is,

u € U if and only if there is a v € R such that uv = vu = 1. Prove that U
is a group under multiplication. (U is called the group of units of R.)
What is the group of units of Z?

. Do the following.

(a) Determine which elements in the ring Qs of all 2 X 2 matrices over
the field Q of rational numbers are units.

(b) Determine which elements in the ring Zs of all 2 x 2 matrices over
the ring of integers are units.

(¢) Let R be a commutative ring with identity. Determine which ele-
ments in the ring Ro of all 2 X 2 matrices over R are units.

. Find all subrings of Z.
. Find all the subrings of Q which contain Z.

. Prove that the intersection of any non-empty set of subrings of a ring is a

subring.

. Let S be a subset of the ring R. Prove that there is a subring 7" such that

S C T and such that every subring of R containing S contains T'.

Let S be a non-empty subset of a ring R. Let T be the subring in Problem
9. Determine the elements of T" in terms of the elements of S.

Let R be a ring. Let
Z(R)={a€ R:ar =raforall re R}

Prove that Z(R) is a commutative subring of R. (Z(R) is called the
center of R.)

Prove that the center of a division ring is a field.
Prove that if r? = r for all 7 in a ring R, then R is commutative.
Prove that if 7 = r for all r in a ring R, then R is commutative.

Let G be an Abelian group. Prove that the group ring Z(G) is an integral
domain if and only if G is torsion free, that is, if and only if G has no
nonzero elements of finite order.
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4.2 Homomorphisms and Quotient Rings

In studying algebraic systems such as groups, vector spaces, or rings, a basic
concept is that of a homomorphism from one of them to another. A homomor-
phism from one group to another was a mapping that preserved the operation.
A ring has two operations, addition and multiplication, and a homomorphism
from one ring to another is simply a mapping that preserves both these opera-
tions.

Definition 4.2.1 Let R and S be rings. A homomorphism from R into S is
a mapping f: R — S such that

a. f(x+y)=f(z)+ f(y), and
b. flzy) = f(x)f(y).

As in the case of groups, a homomorphism is an epimorphism if it is onto,
a monomorphism if it is one-to-one, and an isomorphism if it is one-to-one
and onto. If there exists an isomorphism f from R to S, we say that R is
isomorphic to S, and write R &~ S. As in the case for groups, isomorphism
is an equivalence relation on any set of rings. An automorphism of R is an
isomorphism of R with itself.

Definition 4.2.2 Let R and S be rings and let f : R — S be a homomorphism.
Then Ker f ={x € R: f(z) = 0}.

Thus Ker f is the kernel of f considered as a homomorphism from the
additive group of R into the additive group of S. Since f is a homomorphism
from the additive group of R into the additive group of S, we have, for example,
that f(0) =0, f(—z) = —f(z), and that f is a monomorphism if and only if
Ker f = {0}. Since Im f = {f(x) : = € R} is an additive subgroup of S, and
since f(x)f(y) = f(zy), Im f is a subring of S.

For z € Rand y € Ker f, f(zy) = f(x)f(y) = f(z) - 0=0=0- f(z) =
f(@)f(z) = f(yz). Thus Ker f is an additive subgroup of R such that for x € R
and y € Ker f, zy and yx are in Ker f. That is, Ker f is an additive subgroup
such that for all elements € R, z(Ker f) C Ker f and (Ker f)z C Ker f.
This latter property of Ker f is crucial in making R/ Ker f into a ring .

Example 4.2.3

a. Let R and S be rings. Then the identity map 1r of R and the map f :
R — S defined by f(r) =0 for all r € R are homomorphisms.

b. Let C be the field of complex numbers. The mapping from C to C given
by f(a+ bi) = a — bi is an automorphism of C.

c. Let F be any field and let a € F. The mapping ¢ from F[z] to F defined
by o(f) = f(a) is a homomorphism. The action of ¢ on a polynomial
s to evaluate that polynomial at a. Note that ¢ is an epimorphism. Ker
o ={f € Flz] : f(a) = 0}. That is, Ker ¢ is the set of polynomials of
which a is a root.
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d. Let R be a ring and S a non-empty set. Let R be the ring of all mappings
from S into R, as in Example (q). Let s € S. Define o : RS — R
by o(f) = f(s). Then ¢ is an epimorphism.

e. Let R(G) be the ring in Ezample (o). Define the mapping ¢ :
R(G) — R by o(f) = Z4ecf(g). Then ¢ is an epimorphism.

f- Let Rx R be the ring in Emmple (p). Then the mappingn: Rx R —
R defined by n(x,y) = x is an epimorphism. The mapping ¢ : R — RX R
given by o(x) = (z,0) is a monomorphism.

g. Let Ry be the ring of 2 X 2 matrices over a ring R The map

0
R—>R2:rr—><g T)

is a monomorphism. So is the map

0
R—>R2:rl—><6 0)

Analogous facts hold for n x n matrices.

Let f: R — S be a homomorphism. Then Ker f is a subgroup of R closed
under multiplication on either side by any element of R, as we have seen. Such
subsets of rings play a role analogous to the role played for groups by normal
subgroups.

Definition 4.2.4 An ideal of a ring R is a subgroup I of the additive group of
R such that ri and ir are in I for alli € I and all r € R.

Kernels of homomorphisms are ideals. It will turn out that every ideal of a
ring R is the kernel of a homomorphism from R to another ring. In fact, given
an ideal I of a ring R, we will now construct a ring R/I, the quotient ring
of R with respect to I. There will be a natural homomorphism from R onto
R/I whose kernel is I. This construction is fundamental.

Example 4.2.5 Let R be a ring and I an ideal of R. Since R is an Abelian
group under addition and I is a subgroup of that group, we have the quotient
group R/I. Its elements are the cosets r + I of the subgroup I of R. Further-
more, addition in R/I is given by

r+D+(s+1)=(r+s)+1.

In order to make R/I into a ring, we need to define a suitable multiplication on
it. The most natural thing to do is to let

(r+1)(s+I)=rs+1.
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However, it is not clear that this defines a binary operation on R/I. It is
conceivable that r+1=r1+ 1 and s+ 1 = s, + I, and that rs + 1 # r1s1 + 1.
If this could be ruled out, however, we would have a binary operation on R/I.
So supposer +I=r1+1 and s+ =s1+1. Thenr=r1+1 and s =51+ j
with © and 7 in I. Thus

rs+I1=(r1+d)(s1+j)+I1=mrs1+rj+iss+ij+1

But 717, is1, and ij are all in I since i and j are in I and I is an ideal. Thus
r1j+isy+1ij isin I, so thatrs+ 1 =r1s1 + 1.
It is easy to verify that with the multiplication

(r+D(s+1)=rs+1,
the group R/I becomes a ring. For example,
(r+D((s+DH+@t+D)=0r+D({(s+t)+1)=r(s+t)+1

=(rs+rt)+I1=(rs+ 1)+ (rt+1)
=(r+Ds+D)+TF+DHt+1),
so that the left distributive law holds. The other axioms of a ring are just as
easy to check. If R has an identity, then 1+ I is the identity for R/I. If R is

commutative, then R/I is commutative. The mapping n: R — R/I defined by
n(r) =r+1 is an epimorphism.

Definition 4.2.6 The ring R/I constructed m is called the quotient ring
of R with respect to the ideal I, or more simply “R modulo I.” The ho-
momorphism n : R — R/I : v — r + I is called the natural homomorphism
from R to R/I.

Notice that Ker n = I.

Theorem 4.2.7 (First Isomorphism Theorem for Rings) Let R and S be
rings and let f : R — S be a homomorphism. Then

R/(Ker f)~Im f
Proof. There is little to do. The mapping
f:R/Ker f) »Im f:r+Ker f— f(r)

establishes an isomorphism between the additive groups of R/(Ker f) and Im
f by the first isomorphism theorem for groups. We need only show that f
preserves multiplication. That follows from

f((r+XKer f)(s+Ker f)) = f(rs+Ker f)= f(rs) = f(r)f(s)
= f(r+Ker f)f(s+ Ker f).
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Other isomorphism theorems are in Problem 27. Let I be an ideal in R. We
will determine the ideals in the ring R/I. Ideals of R/I must be of the form
J/I for J a subgroup of R since ideals are, in particular, subgroups. If J/I is
an ideal, then for any r € R and j € J, we must have

(r+DG+1)=rj+1IeJ/I.

That is, rj must be in J. Similarly, j7 must be in J, whence J must be an
ideal. On the other hand, if J is an ideal of R containing I, then J/I is an ideal
of R/I since it is a subgroup of R/I and

(r+ DG+ =rj+I1ecJ/I
for all r in R and j in J. We have the following result.

Theorem 4.2.8 Let I be an ideal in the ring R. Associating each ideal J of
R which contains I with J/I is a one-to-one correspondence between the set of
ideals containing I and the set of ideals of R/I.

Let F be a field, and let I be an ideal of F. If ¢ € I and i # 0, then ¢ has an
inverse, and -9 ! = 1lisin I. If a € F, then a-1 € I, so that I = F. Therefore
a field F' has only the trivial ideals F' and {0}.

Now we will look at the ideals and quotient rings of the ring Z of integers. Let
I be an ideal in Z. In particular, I is a subgroup of Z, so it is cyclic. Therefore
I consists of all integral multiples of some integer n, that is, I = Zn. Also,
for any n € Z, Zn is clearly an ideal. The ring Z/Zn is the ring of integers
modulo n. Suppose Zn = Zm. Then m and n are integral multiples of each
other, so that m = £n. Since Zn = Z(—n), we have that an ideal I = Zn for
a unique n > 0. Thus the ideals of Z are in one-to-one correspondence
with the non-negative integers. When does Zm D Zn? If Zm D Zn, then
n € Zm, so n = km for some integer k. On the other hand, if n = km, clearly
Zm O Zn. Hence Zm D Zn if and only if n is a multiple of m. This says that p
is a prime if and only if the only ideal which properly contains Zp is Z - 1 = Z.
To put it another way, p is a prime if and only if Z/Zp has only the two trivial
ideals Zp/Zp and Z/Zp.

Since fields F' have only the two trivial ideals {0} and F, if Z/Zn is a field,
n must be prime. But if n = p is prime, then for any a + Zp # 0, a and p are
relatively prime. Thus there are integers x and y such that ax + py = 1, and

ar+7Zp=1—py+7Zp =1+ Zp,

so that Z/Zp is a field. We have then that n is prime if and only if Z/Zn is
a field.

Definition 4.2.9 A mazximal ideal in a ring R is an ideal M of R such that
M # R, and whenever I is an ideal such that M C I C R, then I = M or
I=R.
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Thus a maximal ideal is one that is not the whole ring, and such that there
are no ideals strictly between it and the whole ring. The maximal ideals of Z
are Zp with p prime, and these were also the ideals I of Z such that Z/I was a
field.

Theorem 4.2.10 Let R be a commutative ring with identity. An ideal M of R
is maximal if and only if R/M is a field.

Proof. If R/M is a field, then it has at least two elements. Therefore
M # R. If I were an ideal strictly between M and R, then by I/M would
be an ideal strictly between R/M and 0. But we have observed that fields have
no non-trivial ideals. Therefore M is maximal.

Now suppose that M is maximal. Since R is commutative with identity, so is
R/M. We need only show that every non-zero element in R/M has an inverse.
Let a4+ M € R/M with a+ M # 0. Then

{ra+m:reR,me M}

is an ideal. If m € M, then m =0-a4+m € Ra+ M, anda =1-a+ 0 is an
element of Ra+ M. Therefore Ra+ M is an ideal properly containing M. Since
M is maximal, Ra + M = R. Thus for some r € R and m € M, ra+m = 1.
Now

r+M)a4+M)=ra+M=1-m)+M=14+M

shows that R/M is a field. m

We will use this theorem many times. One half of it can be strengthened.
Suppose that R is any ring, and that R/M is a field. Then there are no ideals
strictly between M and R, whence M is maximal. Thus if R/M is a field,
then M is maximal.

PROBLEMS

1. Find all rings with two elements. (First, decide what this problem means.)

2. Prove that the rings Z2 and Z3 are not isomorphic. Prove that if m
and n are distinct positive integers, then the rings Zm and Zn are not
isomorphic.

3. Prove that the fields R and C are not isomorphic.
4. Let Q [\/5] = {a+bv2: a,b € Q}, and define Q [\/5] similarly. Prove

that these are rings, and prove that they are not isomorphic.

5. Let R be the set of 2 x 2 matrices of the form

a 2b

b a
with a and b elements of Q. Prove that R is a ring and is isomorphic to
the ring Q [\/i] of Problem 4.
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. Find all homomorphisms from the ring Z/Z12 to the ring Z/720.
. Prove that the quaternions form a division ring (4.1.5] (t)).

. An element z in a ring is idempotent if x> = z. Find all idempotent

elements in the rings Z /720 and Z/Z30.

. An element z in a ring is nilpotent if £ = 0 for some integer n. Find

all nilpotent elements in the rings Z/Z30 and Z/Z40.

Let R be a ring with identity and suppose that z is a nilpotent element
of R. Prove that 1 — z is a unit.

Prove that the set of nilpotent elements in a commutative ring R forms
an ideal N, and that R/N has no non-zero nilpotent elements.

Suppose that R is a ring with identity and that f is a homomorphism
from R into an integral domain S. Prove that f(1) =1 unless f(1) = 0.

Prove that the composition of ring homomorphisms is a ring homomor-
phism.

Suppose that R and S are rings and that f : R — S is an epimorphism.
Prove the following.

Prove that the set Aut(R) of all automorphisms of a ring R is a group
under composition of automorphisms.

Let u be a unit in the ring R. Prove that

fu:R—R:r —uru™!

is an automorphism of R. (f is called an inner automorphism of R.)

Let R be a ring with identity, and let Inn(R) be the set of all inner au-
tomorphisms of R. Prove that Inn(R) is a subgroup of Aut(R), and is
normal in Aut(R).

Let R be a ring with identity, and let U(R) be the group of units of R.
Prove that the map

U(R) — Inn(R) : u — f,

is a homomorphism. What is its kernel?
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19. Determine Aut(Z), Inn(Z), and U(Z).

20. Determine Aut(Q), Inn(Q), and U(Q). Determine Aut(Q[v/2]) and Aut(Q[d]).
21. Determine Aut(R) for the field R of real numbers.

22. Find all automorphisms f of C such that f(R) = R.

23. Prove that the endomorphism ring of the additive group Z is isomorphic
to the ring Z.

24. Prove that the endomorphism ring of the additive group Z/Zn is isomor-
phic to the ring Z/Zn.

25. Prove that the intersection of any non-empty set of ideals of a ring R is
an ideal of R.

26. Let S be a subset of a ring R. Prove that there is a unique smallest ideal
of R containing S. If S is non-empty, what is this ideal in terms of the
elements of S7

27. Let I and J be ideals of R. Prove that
I+J={i+j:1€l,jeJ}
is an ideal of R. Prove that
(I+J)/J=I/(INJ).
Prove that if I, J, and K are ideals of R such that I D K D J, then
(I)0)/(K]J) ~ T/ K.
28. Let {I;}ses be a family of ideals of a ring R. Prove that

Z[s = {ZZS tis € I, i, = 0 for all but finitely many s}

ses seS

is an ideal of R.
29. Let I and J be ideals of R. Prove that
IJ = {ivj1 + iajo + oo i 01582 ey in € I, J1, G2, s jn € J, n € ZT}
is an ideal of R. (IJ is the product of I and J.)
30. Let I and J be ideals of R. What is the relation between I.J and I N J?
31. Let P be a set of primes. Let
Zp={a/b:a,beZ,b#0,(b,p)=1forall pe P}.

Find all the maximal ideals M of the ring Z,, and in each case determine
the field Z,,/M.
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Find an example of an integral domain that has exactly one maximal ideal.
Now find such an example that is not a field.

Find the maximal ideals of Z/Zn.
For which n does Z/Zn have exactly one maximal ideal?

Let S be any set, and let P(S) be the ring of subsets of S. (See (r).)
Let T' C S. Prove that

P(S)—-P(T):a—anT
is an epimorphism. What is its kernel?

Let S be a non-empty set, and let P(S) be the ring of subsets of S. For
s €S, let Iy = {a € P(S) : s ¢ a}. Prove that I, is a maximal ideal of
P(S). What is the field P(S)/Is? Prove that if S is finite, then every
maximal ideal of P(S) is an Ig.

Let S be a set, and let P(S) be the ring of subsets of S. For any s € S,
show that U = {u € P(5) : s € u} satisfies the following.

(a) SeUand 0 ¢ U.

(b) fu, v e U, thenunv e U.

(¢) HueU,ve P(S), and u C v, thenv € U.

(d) For each a € P(S), either a or its complement S\ a is in U.

Let S be a set, and let P(S) be the ring of subsets of S. A subset U of
P(S) which satisfies (a) — (d) of Problem 37 is called an ultra-filter on
S. Prove that a subset M of P(S) is a maximal ideal of P(S) if and only
if its complement is an ultra-filter on S.

Let S be a set, and let I’ be the field with two elements. Prove that the
ring F¥ of all mappings from S into F' is isomorphic to the ring P(S) of
all subsets of S.

Let R be a ring with identity. Define a new ring S as follows. The elements
of S are those of R. If + and - are addition and multiplication in R, define
@ and * on S by

a®b=a+b+1,

and
axb=a-b+a+b.

Prove that S is a ring, and that it is isomorphic to the ring R.

Let G = {e,a,b} be the cyclic group of order 3. Calculate the following
products in the group ring Q(G).

(a) (e+2a+3b)(a+b).
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(b) (e —a)® + (e —a?)’.

(c) (1/3(e —a) +1/3(e — a?))(x(e — a) + y(e — a?)), where x and y are
any elements of Q.

42. Let Q(G) be the ring in Problem 41. Prove that
Q(G)=Q(e+a+a*)® Qe —a)® Qe —a?)

is a vector space over Q. Prove that Q(e + a + a?) is a field isomorphic to
Q. Prove that Q(e — a) ® Q(e — a?) is a field. Prove that as a ring, Q(G)
is the direct sum of these two fields.

4.3 Field of Quotients of an Integral Domain

An integral domain is a commutative ring with identity such that if ab = 0,
then a = 0 or b = 0. Fields are integral domains since ab = 0 and a # 0 imply
that a=tab = a0 = b = 0. An integral domain is not necessarily a field, as
the ring Z of integers testifies. However, the ring Z is a subring of the field
Q of rational numbers. More than that, every element of Q can be written in
the form ab~! with a, b € Z. Rational numbers are quotients of integers. This
phenomenon holds for any integral domain. That is, any integral domain D
is contained in a field F such that for every element a in F, a = bc™! with b,
¢ € D. Such a field is a field of quotients of D.

Definition 4.3.1 A field of quotients of an integral domain D is a field F'
and a ring monomorphism ¢ : D — F with the property that every element a
in F can be written in the form a = p(b)(p(c))~! for some b, c € D.

We have two things in mind. We want to show that every integral domain D
has a field of quotients, and that any two fields of quotients of D are essentially
the same. We must decide what this last part should mean.

Definition 4.3.2 Two fields of quotients ¢ : D — F and ¢’ : D — F' of an
integral domain D are equivalent if there is an isomorphism 3 : F — F’ such

that 8- = .

This definition just says that F' and I’ must be isomorphic via an isomor-
phism that respects the embeddings ¢ : D — F and ¢’ : D — F'. If we
think of D as being contained in F' and F’, then it says that there must be an
isomorphism 3 : F — F’ fixing D elementwise. Here is a picture.

D

/

® ¥

F F’
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Theorem 4.3.3 Any integral domain D has a field of quotients, and any two
fields of quotients of D are equivalent.

Proof. This proof is a little long and formal, but conceptually it is easy.
A field F' will be constructed from D in the same way that Q is constructed
from Z. A rational number is a quotient a/b = ab~! of integers, but two such
quotients a/b and ¢/d may be the same rational number with a # ¢ and b # d.
For example, 1/2 = 5/10. In fact, a/b = ¢/d if and only if ad = bc. We will
follow this lead in building our field. Recall that D* = D\{0}. In the set
D x D*, let

(a,b) (¢,d) if ad=bec.

This is an equivalence relation on D x D*. Only transitivity threatens to be
difficult. If (a,b) (c,d) and (c,d) (e, f), then ad = be and ¢f = de. We need
af = be. But ad = bc implies adf = bcf, and c¢f = de implies bcf = bde. Since
D is an integral domain, af = be. Thus is transitive.

The equivalence relation ~ on D x D* partitions D x D* into equivalence
classes. Let F' be the set of these equivalence classes. We will make F' into
a field. Denote the equivalence class containing (a,b) by a/b. Then we have
a/b = ¢/d if and only if ad = bc. We need to define addition and multiplication

on F. Let
(a/b)(c/d) = ac/bd,

and
a/b+ c¢/d = (ad + bc)/bd.

First, we must make sure that we have really defined binary operations on
F. Tt is conceivable that a/b = o'/, ¢/d = ¢'/d’, and ac/bd # o'¢'/b'd’, and
similarly for addition. So suppose a/b = a’/b'. We will show that (ad+bc)/bd =
(a’d + b'c)/b'd. This holds if and only if (ad + be)b'd = (a’d + b'¢)bd. Since
abll = ba’, the left side is (a’bd + bb'c)d and so is the right. It follows that
addition is well defined. The proof that multiplication is well defined is similar.

Note that both operations are commutative. Under this addition and mul-
tiplication, F' is a field. First, 0/1 is the additive identity since 0/1 + a/b =
(0-b4+a-1)/b=a/b. The negative of a/b is (—a)/b. The associative laws are
not difficult. The multiplicative identity is 1/1. Let’s check the distributive law.

(a/b)(c/d+e/f) = (a/b)((cf + de)/df) = a(cf + de)/bdf,
while
(a/b)(c/d) + (a/b)(e/f) = ac/bd + ae/bf = (acbf + bdae)/bdbf

= ((acf + ade)/bdf ) (b/b)
= ((acf + ade) /bdf)/(1/1) = (acf + ade) /bdf.

Thus the distributive law holds. If a/b # 0/1, then a # 0, and b/a € F. Further,
(a/b)(b/a) = ab/ba = 1/1. Therefore

(a/b)~ =b/a.
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In short, one computes with these a/b just as with rational numbers.
We now have a field F. The map

p:D—F:a—a/l
is a ring monomorphism. In fact,
pla+b) = (a+b)/1=a/l+b/1=p(a)+¢(b),

and
p(ab) = ab/1 = (a/1)(b/1) = ¢(a)p(b).

If (a) = 0/1, then 0/1 = a/1, and so 1-a =0-1 = a = 0. We have
already observed that 1/b = (b/1)~!. Thus, for a/b € F, a/b = (a/1)/(b/1) =
p(a)(e(b) "

It remains to show that any two fields of quotients of D are equivalent. Let
¢:D — Fand ¢ : D— F' be such. Define

BiF — F :p(a)(p(d) ™ — ¢'(a) (@' (b))

It is not entirely obvious that (8 is well defined. To make sure that it is,
suppose that ¢(a)(e (b))~ = ¢(a’)((b'))™!. Then p(a)p(b') = ¢(a’)p(b) =
plab) = <p(a’b), and so ab’ = a’b. Therefore ¢'(ab’) = ¢'(a’b), and hence
¢'(a)(@'(0)) ! = ¢'(a) (¢ (b))~ *. Obviously, B¢ =¢'.

We need 3 to be an 1somorph1sm First, 1f , b€ D with a # 0 # b, then

p(ab) = p(a)p(b), 50 (p(ab) " = (p(@)o(8) " = (@)~ ((8))~". Now

B(e(a)(@(®) ™) (e(e)((d) ™) = Ble(ac)(p(bd)) ™) = ¢’ (ac) (' (bd) ™
= (¢'(a) (' (0)" (¢ ()¢ (d) ™)
= Be(a) () )B(p(e) (p(d) 7).

Thus [ preserves multiplication. We are simply using the definition of 5 and
the fact that every element of F' can be written in the form o(a)(p(b))~1. If
Bo(a)(p(b))~t) = 0, then ¢’ (a)(' (b))t = 0, whence ¢’(a) = 0, and so a = 0.
Thus ¢p(a)(p(b))~! = 0, and 3 is one-to-one. 3 is onto since every element
of F can be written in the form ¢'(a)(¢’(b))~!, and so B(¢(a)(¢(b))~!) =
¢'(a)(¢'(b))~1. We need that 3 preserves addition.

Ble(a)(w(®)) ™" + (o) (e(d) ™)

= Be(a)(@(0) ™ (2(d)) " e(d) + p(e) (p(d) " (2(6) " (b))
= Bp(ad)((bd)) ™" + p(be) (¢ (bd)) ™)

= B((p(ad) + ¢(be)) (¢ ( d))~') = Ble(ad + be)(p(bd)) ™)
= ¢'(ad + be)(¢'(bd)) ™ = ¢/ (a) (&' () ™" + ¢/ () (¥ ()~

5(@(@)(@(1?))

The proof is complete.
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In practice, if D is an integral domain, and ¢ : D — F'is a field of quotients
of D, then D is identified with its image in F'. Then F contains D, and every
element in F is of the form ab~! with a, b € D. Also, we write 1/b for b=, or
more generally, a/b for ab=!.

This construction has been generalized in many ways. There is an extensive
literature on “rings of quotients.” One way to generalize it is as follows. Let R be
a commutative ring with an identity, and let S be a non-empty multiplicatively
closed subset of R containing no zero divisors. If R is an integral domain, then
the non-zero elements of R is such a set. For any commutative ring with identity,
the set of elements that are not zero divisors will serve. In R x S, let

(a,b) (c,d) if and only if ad = be.

This defines an equivalence relation, and the set of equivalence classes is a ring
under the operations defined as in the integral domain case. This ring is denoted
Rs, R is “contained” in Rg, and every element of S has an inverse in Rg. Even
if R is an integral domain, S does not have to be taken to be all the non-zero
elements of R. For example, in Z let S be all those integers relatively prime
to a fixed prime p. The resulting ring of quotients consists of all those rational
numbers whose denominators are relatively prime to p.

There are generalizations to the non-commutative case. If R is a ring with no
zero divisors, there is a condition due to Oré which insures that the construction
above can be carried out, yielding an embedding of R in a division ring.

PROBLEMS
1. Find the field of quotients of the integral domain

{a+bV3: a,beZ}.

2. Let f: R — S be a ring homomorphism, and let R and S be commutative
rings with identities. Let G be a subgroup of the group of units of S.
Prove that S = f~1(G) is a multiplicatively closed subset of R containing
no zero divisors. What is S if f is the natural homomorphism Z — Z/Zp
for a prime p, and G = (Z/Zp)*?

3. Prove that if F'is a field, then 1p : F — F'is a field of quotients of F'.

4. Prove that if ¢ : D — F is a monomorphism, D is a integral domain, and
F is a field, then F contains a subfield F’ such that ¢ : D — F’ is a field
of quotients of D.

5. Prove that if ¢ : D — F'is a field of quotients of the integral domain D,
and F” is a subfield of F' containing ¢(D), then F’ = F.

6. Let S be a non-empty multiplicatively closed subset of a commutative ring
R with identity. Suppose that S contains no zero divisors of R. Define
“on R xS by (a,b) " (c,d) if ad = be. Let Rg be the set of equivalence
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classes of ~ . Let a/b denote the equivalence class containing (a,b). Prove

that
(a/b)(c/d) = ac/bd,
and

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

make Rg into a commutative ring with identity. Let s € S. Prove that
vg:R— Rg:a— (as/s)

is a monomorphism, and for any t € S, ¢¢(t) has an inverse in Rg. Prove
that every element in Rg is of the form ¢g(a)(pg(t))~* for some a € R
andt € S.

7. Let R =17Z/Zn, and let S be the set of all elements of R that are not zero
divisors. Find Rg.

8. Let S be a non-empty multiplicatively closed subset of an integral domain
D such that 0 ¢ S. Let S = {a € D:abe€ S for some b € D}. S is called
saturated if S = S.

(a) Find all saturated subsets of Z.

(b) Find all saturated subsets of Q.

(c) Find all saturated subsets of a field F.

(d) Prove that (as)/s € Dg has an inverse if and only if a € S.

9. Let S and T be two non-empty multiplicatively closed subsets of an inte-

gral domain D such that 0 ¢ S, 0 ¢ T'. Prove that there is an isomorphism
B : Dg — Dr such that foyg = ¢ if and only if S =1T.

4.4 Principal Ideal Domains
For any element in a commutative ring R, the set
Ra ={ra:r € R}

is an ideal of R. Such an ideal is called principal. Thus if R has an identity,
Ra is the smallest ideal containing the element a. The ideal Ra is generally
denoted (a).

Definition 4.4.1 A principal ideal domain is an integral domain in which
every ideal is principal.

Principal ideal domain will be abbreviated PID. The ring Z is a PID. If I is
an ideal of Z, it is, in particular, a subgroup of Z, so is cyclic. Thus I = Zn for
some n. It turns out that the ring F[z] of all polynomials in 2 with coefficients
in F is a PID for any field F/(4.5.11). The ring F[z,y] of polynomials in z and
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y with coefficients in F' is not a PID. The ideal generated by the set {x,y} is
not principal. The ring Z[z] is not a PID, since the ideal generated by {2,z} is
not principal. We have not studied polynomial rings yet, and these facts may
not be entirely obvious.

Our purpose in this section is to discuss primes, greatest common divisors,
factorization of elements into primes, and the like in PID’s. Application of these
results will be mainly to F[z] in

We will assume throughout that R is an integral domain. A number of
definitions are needed.

The element a in R is an associate of the element b in R, if a = ub for some
unit « in R. An element a not a unit and not 0 is irreducible if whenever
a = bc, either b or ¢ is a unit. The element a divides the element b, or b is
a multiple of a, denoted alb, if b = ac for some ¢. The non-zero element p
is a prime if p is not a unit, and whenever p|ab, then pla or p|b. A greatest
common divisor (abbreviated ged) of the set of elements {aj,as, ... ,a,} is
an element d such that d|a; for all ¢, and such that if e|a; for all i, then e|d.
Two elements a and b are relatively prime if any ged of {a,b} is a unit. A
least common multiple (abbreviated lcm) of the set of elements {a1,as, ...
,ant with not all a; = 0 is an element a such that a is a multiple of each a;,
and such that if e is a multiple of each a;, then e is a multiple of a.

Being “an associate of” is an equivalence relation. This follows from the fact
that the set U of units of R is a multiplicative group. The set of equivalence
classes of this equivalence relation partitions R. The equivalence classes on Z
are {fn}, n = 0, 1, 2, ... . There are only two units, 1, in Z, so each
equivalence class has at most two elements in it. For a field F', {0} and F* are
the only equivalence classes. For any integral domain R and element a in R,
the equivalence class containing a is aU = {au : v € U}, where U is the group
of units of R. If F' is the field of quotients of R, a coset zU of U in F* is either
contained in R or is disjoint from R, according to whether 2 € R or z ¢ R.
Thus the equivalence classes are the cosets of U which are in R.

Suppose that the element a is irreducible and that u is a unit. If au = be,
then a = b(cu™!). Therefore, either b or cu™! is a unit, and hence either b or
¢ is a unit. Therefore if an element a is irreducible and w is a unit, then au is
irreducible.

Notice that if a|b and u is a unit, the aulb. In fact, ac = b implies that
(au)(u~te) = b. Suppose that a is a prime and that u is a unit. If au|bd, then
albe, so alb or ale. Thus au|b or aule. Therefore au is prime if a is prime.
Equivalently, if a is prime, then so is any associate of a.

Suppose d and d' are both ged’s of {a1,az, ... ,a,}. Then d|d’ and d'|d.
Hence de = d’ and d’e’ = d for some e and ¢’. Thus dee’ = d, so ee’ = 1, whence
e and ¢’ are units. Clearly, if d is a ged of {a1,aq, ... ,a,}, then so is du for any
unit u. Therefore, if a set {a1,as, ... ,a,} has a ged d, then the set of all ged’s
of that set is the equivalence class of associates of d. A similar story is true for
lem’s. One class of associates is the set U of units of the ring. This class has a
natural representative, namely 1. If the set of ged’s of a set {a1,aq, ... ,a,} is
U, then we way that the ged of the set is 1, and write gcd{ay, az, ... ,a,} = 1.
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Thus a and b are relatively prime if ged{a,b} = 1.

Suppose that a is prime. If a = be, then albe, so alb or ale. If ad = b, then
a = adc, whence 1 = dc and ¢ is a unit. Therefore primes are irreducible.

There are two big facts that we are after. First, if R is a PID, then any
finite subset {a1, a2, B, a,} of R, with not all the a; = 0, has a ged d in R, and
d = ¥ d;a; for appropriate d; in R. Next we want to show that every non-zero
element ¢ in a PID can be written in the form a = upyps...p, with u a unit and
the p;’s prime. Furthermore, this can be done in essentially only one way. We
can get the first big fact now.

Theorem 4.4.2 Let R be a PID and let {a1,as, ... ,a,} be a subset of R, with
n > 1 and not all the a; = 0. Then this set has a gcd, and any ged of it is of
the form X r;a; with r; € R.

Proof. The set I = Ra; + Ras + --- + Ra, is an ideal of R. Therefore,
I = Rd for some d in R. Now each a; is in Rd, so a; = s;d for some s; € R.
Thus d|a; for all 5. The element d is in I, so d = ¥ r;a; for appropriate r; € R.
Therefore, if e|a; for all 4, then e|d. Hence d is a ged of {a1, a2, ..., a,}. Any
ged of {ay,as, ... ,a,} is of the form du with u a unit. Therefore du = X(ur;)a;,
and the proof is complete. m

The element ¥ r;a; is called a linear combination of the a;’s. Thus any
ged of {ajas, . . . ,a,} is a linear combination of the a;’s.

Corollary 4.4.3 An element in a PID is a prime if and only if it is irreducible.

Proof. We have already seen that a prime is irreducible. Suppose that a is
irreducible, and that albc. Let d be a ged of {a,b}. Then a = de and b = df.
If e is a unit, then a|b since d|b. If e is not a unit, then d is a unit, and hence
ar + bs = 1 for some r and s in R. Hence arc 4+ bsc = ¢. Since a divides both
terms on the left of this equation, a|c. Hence a is prime. m

In PID’s we can now use the words “prime” and “irreducible” interchange-
ably. It is not true that prime and irreducible are the same for arbitrary integral
domains. There is an example in [8:2] page 284]

Corollary 4.4.4 A non-zero ideal Rp in a PID R is mazimal if and only if p
18 prime.

Proof. Suppose that p is prime. If Rp C Ra, then p = ra for some r in R.
Either r or a is a unit. If 7 is a unit, then Rp = Ra. If a is a unit, then Ra = R.
Thus Rp is maximal.

Suppose that Rp is maximal and non-zero. If p = ab, then Rp C Ra, so
Ra = R or Ra = Rp. If Ra = R, then a is a unit. If Ra = Rp, then a = rp, so
p = ab = rpb, whence 1 = rb. Thus b is a unit. Therefore p is prime. ®m

To write a non-zero element in a PID as a unit times a product of primes is
a little bit tricky. In fact, suppose a is not a unit. Why does a have a prime
divisor? It is not obvious at all that it does. Even if every non-unit has a prime
divisor, then a = p1b; with p; prime, by = paby with po prime, and so on, but
conceivably the process will never end. So there is a little bit of preliminary
work to be done.
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Definition 4.4.5 Let R be any ring. Then R satisfies the ascending chain
condition, or R is Noetherian, if every ascending sequence Iy C Iy C I3 C ---
of ideals of R becomes constant.

That is, R satisfies the ascending chain condition (abbreviated acc) if R has
no infinite chain Iy C Iy C I3 C --- of ideals with the inclusions all proper ones.

Theorem 4.4.6 A PID is Noetherian.

Proof. Let Iy € I, C I3 C --- be a chain of ideals of a PID R. Then
\UI; = I is an ideal of R. But I = Ra for some a in R, and a must be in I,, for
some n. Thus

In = In-‘rl = In-‘rQ =
[

Corollary 4.4.7 Let R be a PID. Every ideal I # R is contained in a maximal
ideal.

Proof. If I # R and I is not maximal, then I is properly contained in an
ideal I; # R. If I is not maximal, then I; is properly contained in an ideal
Is # R. The chain

IchLhclyc---

must stop. It stops at a maximal ideal. m
Now we are ready to factor an element into a product of primes.

Theorem 4.4.8 (The Fundamental Theorem of Arithmetic) Let R be a
PID. Then any non-zero element a in R can be written in the form a = up1ps...pp,
where u is a unit and each p; is a prime. If also a = vq1qs...qy with v a unit
and each q; prime, then m = n and, after suitable renumbering, p; and q; are
associates for all 1.

Proof. If ¢ is a unit, there is nothing to do. Suppose that a is not a unit.
If @ is not prime, then a = a1b; with neither a; nor by a unit. Thus Ra ;Cé Rb;.
If by is not prime, then b; = asbs with neither as nor by a unit. Thus Ra g Rby
g Rbs. Keep going. We get an ascending chain of ideals of R. It must terminate.
Thus we come to a b,, that is prime. Hence a = (a1as...a, )by, so a is divisible by
a prime. We have shown that every non-unit non-zero element in R is divisible
by a prime.

Write a = picy with p; a prime. If ¢; is not a unit, then ¢; = pacy with po
prime. If ¢y is not a unit, then co = p3c3 with p3 prime. Thus we get a chain
Ra G Re1 G Rey G Res G -+ It must terminate. Therefore some ¢, is a unit.
Hence a = up1ps - - - p,, with u a unit and with each p; a prime.

Now suppose that a = vq1qs2 - - - ¢, With v a unit and each ¢; a prime. We
will induct on n. If n = 0, then a is a unit and hence m = 0. If n > 0, then
m > 0. In this case, p1|a so p; divides some ¢;, and we may as well suppose
i = 1. This means that pju; = ¢ for some unit u;. We have a = upips - pn
= (vu1)p19293 - - - gm- Cancel p1. We get upaps - - - pn = (vu1)q2q3 - - - ¢m- By the
induction hypothesis, we are through. =
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Corollary 4.4.9 FEvery non-zero element a in a PID can be written in the form

ny,.1n2

a = up; Py pzk’

where u is a unit and the p; are nonassociate primes. If

_ mi M2 m;
a=vqy 4" "4; ",

where v is a unit and the q; are monassociate primes, then j = k, and after
suitable renumbering, p; and q; are associates for all 7.

PROBLEMS
1. Prove that being “an associate of” is an equivalence relation.

2. Let p be a prime in Z, and let R = {a/p™ : a, n € Z}. Prove that R is
a PID. What are the primes, and what are the units in R? Prove that if
p =3, then a ged of {5,7} is 9.

3. Prove that any subring of Q which contains Z is a PID.

4. Let S be a nonempty multiplicatively closed subset of Z with 0 ¢ S. What
are the primes, and what are the units of Zg?

5. Let R be a PID, and let S be a non-empty multiplicatively closed subset
of R with 0 ¢ S. Prove that Rg is a PID. What are its units?

6. Do the following.

(a) Describe, in terms of the primes of Z, all the subrings of Q containing
7.

(b) Let R be a PID, and let F be its field of quotients. Describe, in terms
of the primes of R, all the subrings of F' containing R.

7. Prove that Z[i] = {a + bi : a, b € Z} is a PID.
8. Prove that any two lem’s of a set {a1, as, . . ., a,} are associates.

9. Let R be a PID, a and b in R, and

_ n],.Mn2 Nk _ my , 1mM2 s
a=up;'py”--p*, b=uvp"tpy?--ppt,

with u and v units, the p;’s primes, and n; and m; > 0. Write down a ged
and an lem of {a,b}.

10. Let @ and b be in R. Prove that if R is a PID, and if d is a ged of {a, b},
then ab/d is an lem of {a,b}.

11. Prove that the ideals of a PID R are in one-to-one correspondence with
the associate classes of elements of R.
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12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
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Let I and J be ideals of the PID R. If [ = Ra and J = Rb, prove that
IJ = Rab. (See Problem 29, for the definition of the product I.J.)

Let I and J be ideals of the PID R. Prove that if I = Ra and J = Rb,
then I + J = Rd, where d is any gcd of a and b. Prove that I N J = R,
where c¢ is any lem of a and b.

Let I and J be ideals in the PID R. Let I = Ra, and let J = Rb. Prove
that IJ = I'NJ if and only if ab is an lem of a and b.

Call an ideal I in a commutative ring R with identity a prime if I # R
and if ab € I implies that a € I or b € I. Prove that I # R is a prime ideal
in R if and only if R/I is an integral domain. Prove that every maximal
ideal of R is a prime ideal.

Let R be a PID, and let 7 # 0 nor be a unit. Prove that R/Rr is either a
field or has zero divisors.

Find those r in a PID R such that R/Rr has no non-zero nilpotent ele-
ments.

Let R be a PID. Prove that an ideal I # 0 is a prime ideal if and only if
I = Rp for some prime p.

Let R be a PID, and let I be an ideal of R such that 0 # I # R. Prove
that I = P,P,---P,, where each P; is a prime ideal. Prove that if
I = Q:1Q2 Q. with each Q; prime, then m = n, and after suitable
renumbering, P; = Q; for all ¢. That is, prove that every ideal # R or 0
is uniquely a product of prime ideals.

Call an ideal I in a commutative ring R with an identity primary if I # R
and if ab € I and a ¢ I, then b™ € I for some n. Prove that prime ideals
are primary. Prove that if R is a PID, then [ is primary if and only if
I = P™ for some prime ideal P. Prove that if R is a PID and if P = Q"
for prime ideals P and @ of R, then P = @ and m = n.

Let I be an ideal in the PID R, with I # R. Prove that
I=P"NP>N---NP*
where the P; are distinct prime ideals. Prove that if
I'=@Q:1NnQ2N--NQn

with the @; primary and no @); contained in @); for j # i, then m = k,
and after suitable renumbering,

Qz’ = Plnl

for all 7.
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22. Let R be a PID, and let @ and b be in R with (a,b) = 1. Prove that
R/Rab — (R/Ra) ® (R/Rb) :  + Rab — (r + Ra, r + Rb)
is a ring isomorphism. Generalize

23. (Chinese Remainder Theorem) Let a, b, ¢, and d be integers with ged(a, b) =
1. Prove that = ¢ (mod a) and = d (mod b) has a simultaneous integral
solution x, and that = is unique mod ab. Generalize.

24. Let I and J be ideals of the commutative ring R with identity such that
I+ J = R. Prove that

R/(INJ) — (R/)& (R)T):r+1NJ — (r+1,7+J)

is a ring isomorphism. Generalize.

4.5 Polynomial Rings

Not only are polynomial rings of interest in their own right, but they will play a
key role in our study of linear transformations in Chapter 5, and in our study of
fields in Chapter [6} They will also make an appearance in a couple of classical
theorems in Chapter [§] We have used them as a source of examples several
times already.

Let R be any ring. We think of a polynomial in x with coefficients in R as
a symbol

ap + a1z + asx® + - + ana”,

with a; € R. If we add and multiply these symbols in the usual way, we get a
new ring, denoted R[z]. “Adding and multiplying these symbols in the usual
way” covers some sins, however. For example, the distinct symbols

14 2z 4 022 , and

1+22

represent the same element in Z[x]. More generally, the symbols
ag+arx+ -+ az”

and

represent the same element in R[z] if and only if a; = b; whenever either a; or
b; # 0. This defines an equivalence relation, and we could define R[z] to be the
set of its equivalence classes, and addition and multiplication accordingly. This
would give us what we want, but we prefer another way that is equally precise.

Let R be any ring, and let R[z] be the set of all mappings f from the set
{20 2!, 22, B } into the set R such that f(z") = 0 for all but finitely many
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n. The largest n such that f(z™) # 0, if such exists, is called the degree of f.
If no such n exists, then f has degree —oo . In R[z], add and multiply by the
rules

(f+9)@") = f(z") + g(2"),
and

(fo)@™) = > fla")g(a).

i+j=n

This makes R[z] into a ring. There are many things to check, but they are all
easy. Note first that f 4+ ¢ and fg are actually in R[z]. The most difficult thing
to check is the associative law for multiplication, which we will do now.

(fon) (™) = > (fo)a)Hh@!) = Y (Z f(ka)g(xm)> h(a?)
i+j=n i+j=n \k+m=t
= > (Z f(wk)g(mm)h(fcj)> = > f@M)gam)h).
i+j=n \k+m=1 k+m+j=n
Similarly,

(flgh)@™) = Y fa)gl@™)h(a?),

k+m+j=n

and so the associative law for multiplication holds. The remaining details in
showing that R[z] is a ring are left to the reader.

Definition 4.5.1 The ring Rx] is the ring of polynomials in x with coef-
ficients in R.

Let a € R, and let n be a non-negative integer. One element of R[z] is the
function that sends ™ to a and =™ to 0 if m # n. Denote this element by
az™. That is, (ax™)(z™) = dpmna. It is called a monomial. Now let f be any
element of R[z]. Clearly

f=f@%2’+ fha' + - + fla™)a"

whenever f(2™) = 0 for all m > n. That is, every element of R[z] is a sum of
monomials. When are two sums

aox’ + a1zt + -+ apa”

and
boz® + bzt + -+ 4 bpz™

equal? By the definition of addition in R[z], the first takes z’ to a; for i < n
and 2* to 0 for k > n, and similarly for the second. Thus these two sums of
monomials are equal if and only if a; = b;, with the convention that a; = 0
for ¢ > n and b; = 0 for ¢ > m. That is, they are equal if and only if they
are equal as polynomials as we ordinarily think of polynomials. How do such
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sums of monomials add and multiply? Noting that (az™)(bz™) = (ab)z™"",
and that az™ 4 bx™ = (a + b)z™ by their very definition, we see that they add
and multiply just as we should add and multiply polynomials.

Some notational changes are in order. If R has an identity, then the mono-
mial 1™ is written simply as ™. In any case, ! is written , and the monomial

ax® is written simply as a. Hence we can write any element in R[z] in the form

ap 4+ a1z + asx® + - + apa”

with the a; € R, and we have already observed how unique such a representation
is. The letter x is called the indeterminate, and the a; the coefficients. We
could just as well have used y, or z, or anything for the indeterminate.

Having R[x], we can form R[z][y], or more generally, R[z1][z2] - - - [,]. How-
ever, R[z]|[y] = R[y][z] in the following special way. An element in R[z][y] is a
polynomial in y with coefficients in R[z|, and is the sum of monomials. Let

(ap + a1z + -+ + apa™)y™
be a monomial in R[z][y]. Since
(a0 + a1z + -+ apx™)y™ = agy™ + a12y™ + - - + apa”y™,

every element in R[xz][y] is a sum of monomials of the form a;;z'y’ with a;; € R.
Associate with a;;z'y? the monomial a;;3’2" in R[y][z]. Now the mapping
R[z][y] — R[y][x] that sends Xa;;xz'y’ to La;;y’«" is an isomorphism. The rings
R[z][y] and R[y][z] are usually identified and denoted R[z,y]. Since any element
in R[z][y] can be written in the form ¥ a;;2'y’ with a;; € R, the elements in
R[z][y] are “polynomials in = and y” with coefficients in R. Similar remarks
apply to R[z1][z2] - - - [xn] . We leave the details to the reader and will not further
concern ourselves with “polynomials in several variables” at the moment.

We are not going to study general polynomial rings in any depth. Our
primary interest is in F[z] where F is a field, and at this point it is convenient
to restrict attention to rings D[x] where D is an integral domain. So from now
on, D will be an integral domain.

The map D — Dlz] : a — az" is clearly a ring monomorphism. In fact, we
are already writing az® simply as a. Therefore, we consider D as a subring of
D[z]. The elements of D in Dz] are called constants. The reason is this. For
any element ag + a1z + - - - a,z™ € D]z, there is associated a mapping from D
into D defined by

d—ag+ad+-+a,d".

The constant polynomial ag corresponds to the constant function D — D : d —
ag-.

An element of D|z] will typically be denoted p(z). If p(z) = ao + a1z +
<+« + apa™ and d € D, then p(d) denotes the element ag + a1d + - -+ + a,d" of
D. That is, p(d) is “p(z) evaluated at d.” Thus with each p(z) € D[z] we have
associated a map from D into D. Letting Map(D, D) denote the set of all maps
from D into D, we have then a map

€ : D[z] — Map(D, D).
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It is given by €(p(z))(d) = p(d).

Theorem 4.5.2 If p(z) and g(x) are in D[z] and d € D, then p(z) + g(x)
evaluated at d is p(d) + q(d), and p(x)q(z) evaluated at d is p(d)q(d).

Proof. Proof. Let p(z) = ¥ a;z° and ¢(z) = X b;z*. Then
p(z)q(z) = Zi(zﬂk:iag‘bk)xi-
Hence p(z)q(z) evaluated at d is X;(X;4x=ia;bg)d’. Now
p(d)g(d) = (Zia;d")(Zibid") = Si(Sjh=iajbi)d’,

using commutativity of D. Similarly, p(z) + ¢(z) evaluated at d is p(d) + ¢(d).
[
The image of the map

€ : D[x] — Map(D, D)

is the set of polynomial functions on D. Furthermore, Map(D, D) is a ring
if we add and multiply by the rules

(a+8)(d) = a(d) + B(d), and

(@B)(d) = a(d)B(d).

Now observe that just says that € : D[z] — Map(D, D) is a ring
homomorphism. This homomorphism is a monomorphism if and only if D is
infinite. If D is finite, then e cannot be one-to-one since D[z| is infinite and
Map(D, D) is finite. However, if D is infinite and e(p(z)) = 0, then p(d) = 0
for all d € D. Thus p(z) would have infinitely many roots in D. We will see in
4.5.10 below that this is an impossibility unless p(z) = 0.

The upshot is this. If D is an infinite integral domain, then D][z] is isomorphic
to a subring of Map(D, D), namely the subring of polynomial functions on D.
These functions can be identified in Map(D, D) without first defining D[z]. A
polynomial function on D is a function f : D — D such that there exist

aop, a1, az, B, a,, € D such that

fld)=ap+ard+ -+ a,d”

for all d € D. Now one could define D[z] as the set of all these polynomial
functions on D, and then verify that it is a subring of the ring Map(D, D). In
fact, in elementary analysis, we are used to thinking of polynomials (with real
coefficients, say) as functions. In any case, if D is an infinite integral domain,
the ring D[z] and the ring of polynomial functions on D may be identified—they
are isomorphic.
If
aoz’ + a1zt + -+ az™ #0,
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its degree is the largest m such that a,, # 0. The degree of 0 € D[x] is
defined to be the symbol — oo, and we make the conventions that

-0 +nNn=n+—-—00=—-00+ —00=—00

for all non-negative integers n. We write deg(p(z)) for the degree of the poly-
nomial p(z).

Theorem 4.5.3 If p(z) and q(z) are in D[x] and if D is an integral domain,
then

deg(p(x)q(x)) = deg(p(x)) + deg(q(z)).

Proof. Write p(x) = ag+aiz+---+a,2" and q(z) = bo+byzt +- - - +ba™.
If either is 0, the desired equality is clear. So take a,, # 0 # b,,. The term of
the largest degree in p(z)q(z) is a,bypz™™™, and it is not zero since D is an
integral domain. m

Corollary 4.5.4 If D is an integral domain, then Dlz] is an integral domain.

Corollary 4.5.5 If D is an integral domain, then the units of Dx] are the
units of D.

Proof. If p(z)q(z) = 1, then deg(p(z)g(x)) = deg(l) = 0 = deg(p(z)) +
deg(q(z)), so that deg(p(x)) = 0 = deg(q(x)). That is, p(z) and g(x) are in D.
Therefore, if p(z) is a unit in D|x], it is not only in D, but is a unit there. Units
of D are clearly units of D[z]. m

Corollary 4.5.6 If F is a field, then the units of F[x] are the non-zero elements
of F.

Suppose that D is an integral domain and that
g(xz) =ap+ a1z + -+ apz™ € D[z]
with a,, a unit in D. In particular, g(x) # 0. For any
f(z) =by+brx+---+byz" € D[],
we want to write f(z) = g(z)q(z) + r(z) with ¢(z) and r(z) in Dz] and
deg(r(z)) < deg(g(z)). If deg(f(x)) < deg(g(x)), it is easy. Just let ¢(x) =0
and r(z) = f(x). If not, n > m, and
f(@) = ag,' bz " g(x)

has degree at most n — 1. Therefore, letting ¢;(z) = a,,'b,2™™™ and hy(z) =

f(z) — g(x)g1(x), we have m

f(@) = g(@)q1(z) + ha(z)
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with deg(h1(x)) < deg(f(x)). If deg(h1(x)) > deg(g(x)), write hi(z) = g2(2)g(x)+
hi(z) with deg(ha(z)) < deg(h1(x)). Eventually we get

f(@) = a(@)g(x) + g2(2)g(x) + -+ + gn(2)g(2) + hn(z)
with deg(h,(z)) < deg(g(z)). Denoting
01(2) + q2(2) + - + gn()
by q(z) and h,(x) by r(z), we have shown that
f(@) = a(z)g(z) +r(z)
with deg(r(z)) < deg(g(z)). If

with
deg(ri(z)) < deg(g()),
then
9(@)(q(z) — qi(z)) = ri(x) —r(2).
Unless

q(z) — q(z) =0,
deg(g9(z)(q(x) — q1(2))) > deg(r1(z) —r(x)).
Therefore ¢(z) = ¢1(X) and r(z) = r1(z). Thus we have

Algorithm 4.5.7 (The Division Algorithm for Polynomials) Let D be
an integral domain, let f(x) and g(x) be in D[z], and suppose that g(x) # 0
and has leading coefficient a unit. Then there exist unique polynomials q(z) and
r(z) in D[z] such that

f(@) = g(x)q(x) + r(z), and
deg(r(z)) < deg(g(z))-

Theorem 4.5.8 (Remainder Theorem) Let D be an integral domain, and
let a be an element of D. For any f(x) € D|x],

f(@) = (z = a)q(z) + f(a).

Proof. Write f(z) = (z — a)q(x) + r(z) with deg(r(z)) < deg(x — a). We
can do this because the leading coefficient of x — @ is 1, which is a unit in D.
Since deg(z —a) =1, r(z) =d € D. Hence f(a) = (a —a)q(a) +d=d. m

Corollary 4.5.9 Let D be an integral domain, let a € D, and let f(x) € Dlx].
Then © — a divides f(x) in D[z] if and only if f(a) = 0.
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Proof. If © — a divides f(x), then f(z) = (z — a)q(z), and f(a) = (a —
a)q(a) = 0. Conversely, if f(a) = 0, then since f(z) = (z —a)q(z) + f(a) by the
Remainder Theorem, we have that f(z) = (x — a)q(z). m

Corollary 4.5.10 Let D be an integral domain, and let f(x) be a non-zero
element in D[x]. Then there are at most deg(f(x)) elements a € D such that
f(a) =0. That is, f(x) has at most deg(f(x)) roots in D.

Proof. Suppose that f(a) = 0. Write f(z) = (x — a)q(z). Now deg(q(z)) +
1 = deg(f(z)) since f(z) # 0. By induction, ¢(z) has at most deg(g(x)) roots in
D. Any root of f(z) must be either a or a root of g(z) since f(b) = (b— a)q(b),
and D is an integral domain. The corollary follows. m

Our real aim at this point is the following consequence of the Division Al-
gorithm for Polynomials. It is this.

Theorem 4.5.11 Let F be a field. Then Flx] is a principal ideal domain.

Proof. Let I be any ideal of F[z]. If I = {0}, then I is certainly a principal
ideal. So suppose that I # {0}. We must find a polynomial g(z) in F[z] such
that I = F[z]g(x). Where can we get hold of such a g(z)? Since I # {0}, I has
a non-zero element g(z) in it of least degree, and any such g(x) works. In fact,
let f(x) be any element in I. Write

f(@) = g(x)q(x) + (),

with deg(r(z)) < deg(g(x)). Since f(z) and g(z) are in the ideal I, so is r(x).
But no non-zero element in I has degree less than that of g(z). Therefore,
r(z) = 0. Hence I = Flz]g(z), so that F[z] is a PID. m

Now we can apply the results of to F[z]. Recall that two elements are
associates if one is a unit times the other. The units of F[z] are the non-zero
elements of F', that is, the non-zero constants. Therefore two polynomials are
associates if and only if one is a non-zero constant times the other. If

p(x) =ap+ax+ -+ apz”
is in F[z] and a, # 0, then
q(z) = aoar—Ll + alar_llx N anﬂa;lxn_l T

is an associate of p(x). That is, every non-zero polynomial has an associate
whose coefficient of its highest power term is 1. Such polynomials are called
monic. Thus every equivalence class of non-zero associates has a monic repre-
sentative, and clearly two monic polynomials that are associates are equal. So
every such equivalence class of associates has a special element in it, namely the
monic in it.

When is a polynomial in F[z] prime? A non-prime can be factored into
two non-units, and since the units of F[z] are the polynomials of degree 0, a
polynomial p(x) € Flx] is prime if and only if p(z) cannot be written in the
form q(z)r(z) with deg(q(x)) and deg(r(x)) both less than deg(p(x)). Since
every non-zero element in F[z] is a unit or a product of primes, we have the
following theorems.



4.5. POLYNOMIAL RINGS 143

Theorem 4.5.12 Let F be a field. Then every non-zero element p(z) € F|[z]
can be written in the form

p(z) = ap1(x)p2(x)...pn(x),

where a € F and each p;(x) is a monic prime. If

p(x) = bq1 (2)g2(x)...qn(x),

with b € F and each q(x) monic prime, then a = b, m = n, and after suitable
renumbering, p;(z) = ¢;(x) for all i.

Theorem 4.5.13 Let F be a field. Then every non-zero element p(x) € F|x]
can be written in the form

ng

p(x) = ap1 ()" pa ()™ ...px ()",

where a € F' and the p;(z) are distinct monic primes. If

p(x) = bgr ()™ g2 ()™ ..q; (x)™

18 another such representation, then a = b, j = k, and after suitable renumber-
ing, pi(x) = ¢;(x) and m; =n; for alli.

Let p(xz) be in Flz]. The ideal Flx]p(z) it generates is usually denoted
(p(x)). We know that the quotient ring F[z]/(p(x)) is a field if and only if p(z)
is a prime (4.4.4]). Therefore, F[z]/(p(x)) is a field if and only if p(z) cannot be
factored into polynomials of smaller degree.

If p1(x), p2(x), M| p,(x) are in F[z], not all zero, then they have a greatest
common divisor, and it can be written in the form ¥ r;(z)p;(z) (4.4.2). Since
any two greatest common divisors must be associates, there is a unique monic
greatest common divisor. Similarly, results in PID’s for least common multiples
hold for F[z].

The division algorithm for polynomials yields an algorithm for com-
puting the greatest common divisor of two polynomials p;(x) and p2(x), and
produces the greatest common divisor as a linear combination of p;(z) and
po(x). It works just as is the case of the integers page [19). If pa(z) # 0,
then writing simply p; for polynomials p;(z), we get the following equations.

p1 = p2qi +ps with — oo < deg(ps) < deg(p2);

P2 = ps3g2+ps with — oo < deg(ps) < deg(ps);

p3 = pags +ps with — oo < deg(ps) < deg(ps);
Ph—3 = DPk—2Gk—3+ Pr—1 with —oo < deg(pr—1) < deg(pr—2);
Pr—2 = DPr-1qk—2 + pr — 00 < deg(px) < deg(pr—_1);

Pk—1 = PrQk-1-
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Then py, is the greatest common divisor of p; and po, and from the equations
above, p;r may be written as a linear combination of p; and py. The procedure
is entirely analogous to that for the integers, and again is called the Euclidean
Algorithm (1.6} page .

PROBLEMS

1.

oo W

10.

11.

12.

Prove that R[z] has an identity if and only if R does.

Prove that R[x] is commutative if and only if R is.

Prove that Z[z] is not a PID.

Prove that if F is a field, then F[z,y] is not a PID.

Prove that 2z + 1 is a unit in (Z/Z4)[z]. Compare with

Let f be a homomorphism from R to S. Prove that

R[z] — S[x] : Z rixt — Z flr)at

is a homomorphism.

If D is an integral domain, F is its field of quotients, and K is the field of
quotients of D[z], prove that F(x) ~ K, where F(x) denotes the field of
quotients of the integral domain F[z].

Let D be an integral domain, and let d € D. By |5.4.2) the map D[z] —
D : p(z) — p(d) is a ring homomorphism. Is its kernel a principal ideal?

Let F be a field, and let K be the quotient field of F[z]. For a € F, let
Ko ={f(x)/g(x): f(z), g(x) € K, g(a) # O}.
Prove that K, is a subring of K. Prove that
Ko — F: f(x)/g(x) — f(a)/g(a)
defines a ring epimorphism. What is its kernel?

Prove that if F' is a field with n elements, and if the non-zero element
p(z) € F[x] has degree m, then F[z]/(p(x)) has n™ elements.

Prove that z* + z and 2% + z in (Z/Z3)[z] determine the same element of
Map(Z/Z3, Z]7.3).

Let p be a prime. Prove that in (Z/Zp)[z],
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13

14.
15.

16.

17.

18.

19.

20.

21.
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. Let F Dbe a finite field. Prove that every function F' — F' is a polynomial
function. That is, prove that F[z] — Map(F, F) is onto. What is the
kernel of this homomorphism?

Prove that if F' is a field, then F[z] has infinitely many primes.

Let F be a finite field. Prove that there are primes in F[z] of arbitrarily
large degree. Prove that the hypothesis that F' be finite is necessary.

Let F and K be fields with F C K. Let p(z), q(z) € F[z]. Prove that
the monic greatest common divisor of p(x) and ¢(z) as elements of F[x]
is the same as their monic greatest common divisor as elements of K|z].

Let p be any prime, n > 1, and let F' be the field of integers modulo
p. Prove that there exists f(z) € F[z] such that f(z) is irreducible, and

deg(f(z)) = n.
Let p be any prime and let n > 1. Prove that there is a field with order

Ye3

p.

Let X = {20, 21, 22, B } and Y = {3°, y*, v, B }. For any ring R, let
R[z,y] be the set of all maps f from X xY into R such that f((z%,47)) =0
for all but finitely many ¢ and j. Add and multiply in R[z,y| by the rules

(f + o), y7) = fla",y7) + g(a',3/),
and
(o y)) = > > @ y™)g((a®y").
p+q=i m+n=j
Prove that Rz, y] is a ring and that R[z,y] ~ R[z][y].

Let G and H be semigroups with identities. (A semigroup is a non-empty
set with an associative binary operation on it.) Let R be any ring. Let
R(G) be the set of all maps « from G into R such that a(g) = 0 for all
but finitely many g € G. Add and multiply by the rules

(a+B)(g9) = al(g) + B(g), and
(@B)(g) = Y a(x)B(y).

zy=g
Let G'x H be the direct product of the semigroups G and H. That is, Gx H
is the semigroup whose elements are all pairs (g, h) with g € G, h € H and
whose multiplication is given by (g1, 1) (g2, h2) = (9192, h1ha). Prove that
R(QG) is a ring (the semigroup ring of the semigroup G with coefficients
in R), and that the rings R(G)(H) and R(G x H) are isomorphic.

Let X be the semigroup {z°, 2!, 22, B } with multiplication given by
x™g™ = ™" Prove that for any ring R, R[z] ~ R(X). Prove that
R[z][y] = R(X xY), where Y is defined analogously. Prove that R[y|[z] ~
R[z][y] via an isomorphism which fixes R elementwise, takes = to y and
takes y to x.
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23.
24.
25.

26.

27.

28.

29.
30.

31.
32.
33.

34.

35.
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. Let F be a field and let S be the subring of the quotient field of F[z]
generated by 1/x and F[z]. Let G be the infinite cyclic group. Prove that
F(G)=S.

Define R[x1,z2, 23, ... | and show that it is a ring.
Show that R ~ R[z] is possible. (R # 0.)

Let R be any ring. Define the ring R{z} of “power series” ag + a1z +
asx? + --- and show that it is a ring.

Prove that if F and K are fields and F|z] ~ K|[z] as rings, then F' ~ K

as rings.

Prove that if F is a field and the rings F'[z] and R[z] are isomorphic, then
so are the rings I’ and R.

Prove that if the rings Z[z] and R[z] are isomorphic, then so are Z and
R.

Prove that R[z]/(xz — r) and R are isomorphic as rings.

Let F be any field. Prove that the rings F[z]/(2?+1) and F[xz]/(2*+4x+5)
are isomorphic.

Prove that the rings R[z,y]/(z) and R[y] are isomorphic.
Find a non-zero prime ideal in Z[z] that is not maximal.

Let D be an integral domain. Find a non-zero prime ideal in D|x,y] that
is not maximal.

Use the Euclidean algorithm to find the greatest common divisor of 26 —1
and 2'* — 1 in Q[z]. Express that greatest common divisor as a linear
combination of the two polynomials.

Use the Euclidean algorithm to find the greatest common divisor of 4 + 1
and 2% + 2* + 2% + 1 in Q[z]. Express that greatest common divisor as a
linear combination of the two polynomials.

4.6 Modules

The

concept of module generalizes both that of an Abelian group and that of a

vector space. The purpose of this section is to introduce the reader to this more
general notion and to lay the groundwork for the theorems in section [£.7}

A vector space is an Abelian group V, a field ', and a map FF x V — V
satisfying certain rules . Let G be any Abelian group. We know how to
“multiply” elements of Z times elements of G, getting elements of G. In fact, if

n is

a positive integer and g € G, ng =g+ g+ --- +g¢, the sum of g with itself

n times. Letting (—n)g = —(ng) and 0g = 0 completes the definition. Thus
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we have a map Z x G — G. This map satisfies the same rules that the map
F xV — V does. That is, it satisfies

a. n(g+h) =ng+nhforneZand g, h €G,
b. (m+n)g =mg+ ng for m,n € Z and g € G;
c. (mn)g =m(ng) for m, n € Z and g € G; and
d. lg=gforall g € G.

The appropriate generalization that encompasses both of these situations is
given in the following definition.

Definition 4.6.1 A module is an Abelian group M, a ring R with identity,
and a map - : R x M — M satisfying (a)—-(d) below. The image of (r,m) under
the mapping - is denoted rm.

(a) r(m+n)=rm+rn forr € R and m, n € M;
(b) (r+s)ym=rm+sm forr, s € R and m € M;
(c) (rs)m =r(sm) forr, s € R and m € M; and

(d) lm=m for allm e M.

Thus a module would be a vector space if the ring involved were a field.
In the definition above, the scalars, that is, the elements of R, are written on
the left, and we say that M is a left module over R, or that M is a left
R-module. Right modules are defined in the obvious way. Unless specifically
stated otherwise, module will mean left module. Thus when we say “Let M be
a module over R.”, we mean that M is an Abelian group, R is a ring with an
identity, and there is a map Rx M — M on hand satisfying (a)-(d) above. From
the remarks made before we see that every Abelian group is a module over
Z, and vector spaces are modules over fields. Another example is this. Let R
be any ring with identity. Now R is an Abelian group under 4+, and there is a
map R x R — R satisfying (a)—(d), namely the ring multiplication of R. Thus
any ring is a module over itself.

For the rest of this section, ring means ring with identity, and by a subring
of R we mean one that contains the identity of R.

Let M be a module over R, let r and s be in R, and let m and n be in M.
Then the following hold, and can be proved just as they were for vector spaces

ELD).

(a)
(

r0=0
b) 0

0 .
m = 0.
—r

() (

ym = —(rm) —r(—m).
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The notions of submodule, quotient module, homomorphism, direct sum,
and so on, are completely analogous to the corresponding notions for vector
spaces, and we quickly introduce them.

Let M be a module over R. A submodule of M is a subset S of M such
that restricting addition to elements of S and scalar multiplication to R x S
makes S into a module over R. Thus S is a submodule of M if and only
if S is a subgroup of M closed under multiplication by elements of R. The
intersection of any family of submodules is a submodule. If S is a subset of M,
there is a smallest submodule of M containing S, namely the intersection of all
submodules of M containing S. This submodule will be denoted by (S). If S
is not empty, then (S) consists of all linear combinations of elements of S, that
is all elements of the form X} ,r;s;, with r; € R and s; € S. The module M is
finitely generated if M = (S) for some finite subset S of M. If S = {s1, sq,
B, s,}, then (S) = {E% ,rs; 11 € R} If S = {s}, then (S) = {rs:r € R}.
This latter set is denoted Rs. If M = Rs for some s € M, then M is cyclic.
If S and T are submodules of M, then S+ T ={s+t:se€ S, te€T}isa
submodule of M.

Let M and N be modules over R. A homomorphism from the module M
into the module N is a map f: M — N such that

flmy +ma) = f(m1) + f(m2), and
f(rm) =rf(m)

for my, mo, and m € M and r € R. Thus f is a group homomorphism that
preserves scalar multiplication. A homomorphism is a monomorphism if it is
one-to-one, an epimorphism if it is onto, and an isomorphism if it is both a
monomorphism and an epimorphism. If f is an isomorphism, we say that M is
isomorphic to N, and write M ~ N. A homomorphism f : M — M is called
an endomorphism, and an endomorphism that is an isomorphism is called an
automorphism. The kernel of the homomorphism f: M — N is

Ker f ={me M: f(m)=0}.
The image of f is
Imf={f(m): me M}.

Ker f is a submodule of M and Im f is a submodule of N. We readily see that
f is an isomorphism if and only if Ker f = {0} and Im f = N.

Let S be a submodule of M. Since it is a subgroup of M, we have the
Abelian group M/S. For r € R, let

rim+S8)=rm+S.
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Ifm+S=mp+S8, then rm+S5) — (rmy; +5) =r(m —my) +5 = S since
m—mp € S and S is a submodule. Thus the rule r(m + S) = rm + S defines
amap R x M/S — M/S, and it is routine to check that this makes M/S into
a module over R. This module is called the quotient module of M with
respect to S, or simply “M over S,” or “M modulo S.”

The isomorphism theorems now follow as in the case of vector spaces. The
proofs are identical.

a. If f: M — N is a homomorphism, then

M/(Ker f)~Im f.

b. If S and T are submodules of M, then

(S+T)/T ~S/(SNT).

c. If S and T are submodules of M with S C T, then

M/T ~ (M/S)/(T/S).

There are a couple of new concepts that we need. Let R be any ring. Recall
that R is module over itself. What are the submodules of R? They are subgroups
I of R closed under multiplication on the left by elements of R, that is, subgroups
I such that ri € I for all r € R and 7 € I.

Definition 4.6.2 Let R be a ring. A left ideal of R is a submodule of R, where
R is considered as a (left) module over itself. Right ideal is defined similarly.

Thus an ideal of R is both a left and a right ideal. If R is commutative,
then right ideals, left ideals, and ideals are the same. If R is the ring of 2 x 2
matrices over the integers, and

(0 1
=0 o)

then Rm is the left ideal consisting of those matrices with first column all zeroes.
However, it is not a right ideal since m is in Rm but m - m/ is not, where m/ is
the transpose of m.

Now let M be a module over R and let m € M. Consider theset 0:m = {r €
R:rm =0}. Sincer, s € 0:m implies (r —s)ym=rm—sm=0—-0=0,0:m
is a subgroup of R. If v € R and r € 0 : m, then (r'r)m = r'(rm) = /0 = 0.
so that 0 : m is a submodule of R, that is, a left ideal of R.

Definition 4.6.3 Let M be a module over R, and let m € M. The left ideal
0:m = {r € R:rm =0} is the order ideal of m.
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If V is a vector space over the field F', and if v € V, then 0 : v = {0} or
0:v = F, depending on whether v # 0 or v = 0. Thus order ideals in this case
are not of interest. However, let G be an Abelian group. Then G is a module
over Z. For g € G,0:g={n € Z :ng =0} is a principal ideal and is generated
by some k > 0. If £ > 0, then k is the smallest positive integer such that kg = 0,
that is, k is the order of ¢g. If k¥ = 0, we say that the order of g is infinite.
Hence, if the order of an element in an Abelian group is not infinite, that order
is the positive generator of the order ideal of that element. For arbitrary rings
R, we cannot associate a specific element of 0 : m with m and reasonably call
that element the order of m. We can however, associate the whole left ideal
0 : m with m. That is the appropriate generalization of the notion of the order
of an element of an Abelian group.

Theorem 4.6.4 If M is a cyclic R-module, then M =~ R/I for some left ideal
I of R. In fact, if M = Rm, then

M~ R/(0:m).

Proof. Let M = Rm. The map f: R — M : r — rm is an epimorphism
with kernel 0 : m. m

Thus we know what every cyclic R-module looks like. It is a quotient module
of the module R itself. This is a generalization of the fact that every cyclic group
is Z/Zn for some n € Z.

Let My, My, B M be modules over the ring R. Let

Mi®My®--- @ My

be the module whose elements are the elements of the set M7 x My X -+ x M,
and whose addition and scalar multiplication are given by

(mlv ma, n ) mk) + (nla N2, n ) nk) =

(m1 +ny, mo +no, M, my, +ny),

and
r(my, mo, B, my) = (rmq, rma, B, rmy).

This construction is the same as the one we did for vector spaces. It is
straightforward to show that M = M; & My & --- &M}, is a module over R.
This module is called the external direct sum of the modules M;, M, B
My. If we let M} be those elements of M of the form (0, 0, @, m;, 0, 0,
M, 0), where m; is in the ith place, then M} is a submodule, and as in the
case of vector spaces, every element of M can be written uniquely in the form
mj +ms +--- +mj with m] € M. When we have such a situation, namely
when M has submodules N1, No, B, N; such that every element in M can
be written uniquely in the form n; + ny + -+ 4+ ng with n; € N;, we say that
the module M is the internal direct sum of these submodules. We also write
M = Ni®No®- - -® N when M is the internal direct sum of the submodules Ny,
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Ny, B N;. We have seen that with an external direct sum M; ® Mo @ - - - My,
there corresponds an internal direct sum M{ ® My @ --- @& M. In practice,
we can pretend that all direct sums are internal ones. Thus when we write
M =M, & My @& --- P Mg, we have in mind an internal direct sum unless we
specifically say otherwise.

The following are useful. Suppose A and B are submodules of M. Then
M=A@Bifandonlyif ANB={0}and M = A+ B. If M = A® B, these
conditions certainly hold. But if ANB = {0} and M = A+ B, then a+b = o/ 4V’
with @ and @’ in A, and b and b € B implies that a —a’ = b —b € AN B,
whence a =a’, b="b,and M = A® B.

If A is a summand of M, that is if M = A & B for some submodule B of
M, then the map ¢ : M — M : a+ b — a is an endomorphism of M such that
0?2 =, Ker ¢ = B, and Im ¢ = A. Now suppose that ¢ is any endomorphism
of M such that ¢? = . Such an endomorphism is called idempotent. We
assert that M = Ker ¢ @ Im . We must show that

(Ker ) (Im ¢) =0

and
M =Ker p+Im .

Let m € (Ker ¢) N (Im ¢). Then m = p(m’) for some m’ € M, and p(m) =
P3(m!) = <p(m’) =m = 0 since m € Ker ¢ and ¢?> = ¢. Let m € M.
Then m = (m — ¢(m)) + ¢(m). Clearly p(m) € Im ¢. Also p(m — ¢(m)) =
o(m) — ¢*(m) = p(m) — ¢(m) = 0. Thus m — p(m) is in Ker p. We have
proved the following theorem.

Theorem 4.6.5 If ¢ is an idempotent endomorphism of a module M, then
M = (Ker ¢) & (Im o).

Good theorems about modules are ones that say that certain modules are
direct sums of simpler ones. We have two examples already. Every finite Abelian
group, that is, every finite module over the ring Z, is a direct sum of cyclic
modules (2.2.7). Every finitely generated module over a field is a direct sum of
cyclic modules . In the next section we will prove that a finitely
generated module over a PID is a direct sum of cyclic modules, of which both
the examples above are special cases.

We pause here to look at a simple example illustrating some of our results
so far. Let R be the ring of all 2 x 2 matrices over the field Q. Let M be the set
of all 2 x 3 matrices over Q. Now M is an Abelian group under matrix addition,
and matrix multiplication makes M into a left module over R. Let M; be the
matrices in M with zeroes off the ith column. That is,

M; = {(ajx) € M :aj, =0 if k#1}.

Then M; is a submodule of M. Furthermore, the mapping that replaces the
entries off the ith column by zeroes is an idempotent endomorphism of M with
image M;. The kernel of this endomorphism consists of those matrices all of
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whose entries in the ith column are zero. Therefore, M; is a direct summand of
M by However, it should be clear directly from the definition of internal
direct sum that

M = M; ® My ® Ms.

Further, M; is isomorphic to the module C of 2 x 1 matrices over Q, and M is
isomorphic to the (external) direct sum of three copies of C.

Let
m_lOOm_Ol()m_OOl
'“looo/)7"™ \ooo0o) " \0oo0o0)
Then M; = Rm;, so that the M; are cyclic. The left ideal 0 : m; consists of
those matrices in R with first column all zeroes. By R/0 : m; ~ M;,
and it follows that the M; are isomorphic to one another. Using the fact that
Q is a field, it can be shown that M; has no submodules other than 0 and M;

itself. Thus, M; = Rm for any non-zero element m of M;. Therefore R/0 : m
is isomorphic to M; for any m in M;, i, j = 1, 2, 3. The 0 : m are not all the

same. For example, if
i — 0 00
L0 1 0 )

then 0 : m consists of those matrices of R whose second column have only zero
entries. Still, R/0:m ~ R/0: m,; for any i.

Consider the R-module R. It has a special element in it, namely 1. Since
R = R -1, R is cyclic. Furthermore, if -1 = s-1, then 7 = s. Thus every
element r € R can be written in exactly one way as an element of R times 1,
namely r - 1. Suppose that M is a cyclic R-module with a generator m such
that rm = sm only if r = s. Then

R—M:r—nrm

is clearly an isomorphism. More generally, suppose that M is an R-module, and
that {my, ma, B, m;} is a family of elements of M such that for every element
m € M there exists a unique family {ry, 7o, B, r;} of elements of R such that

m =3k rm;.
Then {my, mo, B, my} is called a basis of M. Clearly
M = Rmi ® Rma & --- & Rmy,

and R ~ Rm,; for each i. Therefore M is isomorphic to a direct sum of copies
of the R-module R. Such a module is called a free module of finite rank.
We proved that every finitely generated vector space was free . If M=
MiPMs&- - -P My, with each M; ~ R, then M has a basis. In fact, if M; = Rm;,
then {my, mo, M, m;} is a basis. Therefore, M is free of finite rank if and only
if it has a basis. Free modules play a key role in the theory of modules. The
next three theorems detail some of their properties, and will be needed in [£.7]
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Theorem 4.6.6 Let M be a free R-module with basis {my, mo, B, my}. Let
N be an R-module, and let {ny, no, W, ni} be any family of elements of N.

Then there exists exactly one homomorphism f: M — N such that f(m;) = n;
for all 7.

Proof. Let m € M. Then m = ¥ r;m; with the r; unique. Therefore
f(im) = X ryn; defines a map f : M — N. It is easy to check that f is an
R-module homomorphism such that f(m;) = n;. If g : M — N is another
homomorphism such that g(m;) = n; for all ¢, then

9 (Z V'imi) = Z g(rim;) = Z rig(m;)
=Y rmi=»_ rif(mi)=f (Z Tz‘mz’) -
Therefore, f =g¢g. =

Theorem 4.6.7 Let M be an R-module, and let N be a submodule of M such
that M /N is free of finite rank. Then N is a summand of M. That is, M =
N @ F for some submodule F of M.

Proof. Let {m; + N, ma+ N, B, my + N} be a basis for M/N. By
there is a homomorphism M /N — M given by m; + N — m;. The composition
M — M/N — M is an endomorphism ¢ of M such that ¢? = ¢, and Ker
o= N. Apply m

Theorem 4.6.8 Let M be any finitely generated R-module. Then there exists
an epimorphism F' — M with F a free R-module.

Proof. Let {mq, mo, B, my} generate M. Let F be the direct sum of k
copies of the R-module R. Then F is free and has a basis {a1, as, B, ar}. By
there exists a homomorphism f : F' — M such that f(a;) = m; for all i.
But Im f = M since m; € Im f for all ¢ and {mq, mo, B, my} generates M. m

We have discussed only free modules of finite rank. The notion can be
generalized to free modules of any rank, and the three theorems above hold
with their finiteness assumptions dropped.

Let I be an ideal of R, and suppose that M is a module over the ring R/I.
Then

rm=(r+1)m

makes M into an R-module. That is, every R/I-module is, in a natural way,
an R-module. If ¢ € I and m € M, then im = (i + I)m = 0m = 0, so that the
submodule

IM:{i1m1+i2m2+~“+ikmk:ijGI, ijM,k>0}

is zero. Now any R-module N such that IN = 0 is, in a natural way, an
R/I-module. Just define
(r4+I)n =rn.
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This is well defined since r+ I = s+ I implies that r — s € I, which implies that
(r —s)n = 0. Thus rn = sn. It is trivial to check that this makes N into an
R/I-module. Therefore, an R/I-module A is an R-module such that JA = 0,
and an R-module A with TA =0 is an R/I-module.

Theorem 4.6.9 Let I be an ideal of R, and let M and N be R/I-modules. Then
amap f: M — N is an R/I-module homomorphism if and only if it is an R-
module homomorphism. Furthermore, a subgroup S of M is an R-submodule if
and only if it is an R/I-submodule.

Proof. Suppose f: M — N is a homomorphism with M and N considered
as R-modules. Then f((r+ I)m) = f(rm) =r(f(m)) = (r +I)f(m), whence f
is an R/I-homomorphism. Similarly, if f is an R/I-homomorphism, then f is
an R-homomorphism.

Since (r + I)s = rs, a subgroup S of M is an R-submodule if and only if it
is an R/I-submodule. m

One can say more than is in For example, M is finitely generated as
an R-module if and only if it is finitely generated as an R/I-module. Also, S
is a summand of M as an R-module if and only if it is a summand of M as an
R/I-module. These are readily verified.

What good is all this? Suppose that [ is a maximal ideal in the commutative
ring R, and suppose that M is an R-module such that IM = 0. Then M is
an R/I-module via (r + I)m = rm. But R/I is a field. Thus M is a vector
space over the field R/I, and we know a few things about vector spaces. For
example, if M is finitely generated as an R-module, then it is a finite dimensional
vector space over R/I, and hence is a direct sum of copies of R/I. But such
a decomposition is also an R-module decomposition. Thus the R-module M is
a direct sum of copies of the R-module R/I. Furthermore, this situation can
come about readily. In fact, let R be any commutative ring, and let M be any
R-module. For any maximal ideal I of R,

I(M/IM) =0,

so that M/IM is a vector space over the field R/I. If M is a finitely generated
R-module, then M/IM is a finite dimensional vector space over R/I. We will
use all this in the next section.

PROBLEMS

1. Let S be a subring of the ring R. Prove that an R-module is an S-module.
In particular, R is an S-module.

2. Let ¢ : S — R be a ring homomorphism with ¢(1) = 1. Let M be an
R-module. Prove that scalar multiplication defined by s-m = ¢(s)m also
makes M into an S-module.

3. In Problem 2, let R = S, and let ¢ be an automorphism of the ring
R. Thus M is a module over R in two ways. Are these two modules
isomorphic?
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. In Problem 2, let R = S = M, and let ¢ be an automorphism of the

ring R. Thus R is a module over R in two ways. Are these two modules
isomorphic?

. Prove that there is only one way to make an Abelian group into a module

over Z.

. Prove that there is at most one way to make an Abelian group into a

module over Q.

. Prove that every finite module over Q is {0}.
. Prove that the additive group of Z cannot be made into a module over Q.

. Prove that R[z] is an R-module. Prove that

{p(z) € R|z] : deg(p(x)) < n}
is a submodule.

Let N be a submodule of M. Prove that if M is finitely generated, then
M/N is finitely generated. Prove that M is finitely generated if N and
M/N are finitely generated.

Show that a submodule of a finitely generated module is not necessarily
finitely generated.

Prove that if M = A ® B, and that if C' is a submodule of M containing
A, then C =A@ (CNB).

Let M be a module over R. Let 0: M = {r € R:rM = {0}}. Prove that
0: M is a (two-sided) ideal of R, and that M is a module over the ring
R/0: M.

Let M be an R-module, and let Endz(M) be the ring of all group endo-
morphisms of M. For r € R, define ¢, by

@M —N:m—rm.
Prove that ¢, € Endz(M), and that

R — Endyz(M) :r — ¢,
is a ring homomorphism.

Let R be a ring, and let 7 € R. Let ¢, : R — R : s — sr. Prove that ¢,
is an endomorphism of the R-module R. Prove that every endomorphism
of the module R is of this form. Prove that f : R — Endr(R) : r — ¢,
is a ring anti-isomorphism. That is, f is one-to-one and onto, preserves
addition, and reverses multiplication.
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Let Homp (M, N) be the set of all homomorphisms from the R-module M
into the R-module N. Prove that

(f +9)(m) = f(m) + g(m)
makes Hompg (M, N) into an Abelian group.

Prove that Hompg(R, M) is a left R module if scalar multiplication is
defined by (rf)(s) = f(sr). Prove that M ~ Hompg(R, M)

Let M be a (left) R-module. For f € Homp(M,R) and r € R, let
(fr)(m) = f(m)r. Prove that this makes Homp(M, R) into a right R-
module.

Let S be any ring, and let R be the ring of all n x n matrices over S. Let
M be the set of all n X m matrices over S.

(a) Prove that M is a left module over R under matrix addition in M
and with multiplication of elements of R by those of M given by
matrix multiplication.

(b) Let
My ={(a;j) € R:a;; =01if j#k}.
Prove that My, is a submodule, and that M ~ M, & My @ --- & M,,.

(c) Let C be the left R module of all n x 1 matrices over S. Prove that
C%MleQ%%Mm

(d) Let m;; be that element of M; whose (j,%) entry is 1 and all of whose
other entries are 0. Prove that M; = Rm;;.

(e) Find 0 : m;;.
(f) Prove that the R/0 : m;; are all isomorphic.
(g) Prove that 0: M; = {0}.
(h) Prove that if S is a field, then the modules M, are simple, that is,
have so submodules except M; and {0}.
For I a left ideal of R and r € R, let
Inr={ze€R:axrel}
Prove that I : r is a left ideal of R. Prove that the submodule R(r + I) of
R/I is isomorphic to R/(I : ).

Let I and J be left ideals of the ring R. Prove that the R-modules R/I
and R/J are isomorphic if and only if I = J : s for some generator s + J
of R/J.

Prove that a cyclic module may have different kinds of generators. That
is, prove that there exists a cyclic R-module M with generators x and y,
such that no automorphism of M takes x onto y.
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4.7 Modules over Principal Ideal Domains

The purpose of this section is to prove that a finitely generated module over
a PID is a direct sum of cyclic modules, and to get a nice, simple, complete
invariant for such modules. This theorem generalizes both the Fundamental
Theorem of Finite Abelian Groups (Theorem and the fact that a
finitely generated vector space is a direct sum of subspaces of dimension one
(Theorem . It will be our principal tool in analyzing linear transforma-
tions in Chapter

Definition 4.7.1 Definition. Let R be a PID, and let M be an R-module. An
element m in M is a torsion element if 0 : m # {0}, and is a torsion-free
element if 0 : m = {0}. The module M is a torsion module if every element
in it is a torsion element, and M is a torsion-free module if 0 is the only
torsion element in it.

Let m and n be torsion elements of M. Let r € 0: m and s € 0 : n. with
r and s non-zero. Then rs € 0: (m +n), and rs # 0. Thus m + n is a torsion
element. For any ¢t € R, r € 0 : tm. Hence tm is a torsion element. We have
proved the following.

Theorem 4.7.2 Let R be a PID, and let M be an R-module. The set My of tor-
sion elements of M is a submodule of M. (It is called the torsion submodule
of M.)

Observe that M /M, is torsion-free. In fact, if r is in 0 : (m + M,), then
rm € My, whence stm = 0 for some s # 0. If r # 0, then sr # 0, so that
0 # sr € 0 : m, and hence m € M;. Therefore, if m + M; # 0, then r = 0.

We will proceed as follows. We will prove that finitely generated torsion-
free modules over PID’s are direct sums of cyclic modules, and that finitely
generated torsion modules over PID’s are direct sums of cyclic modules. From
these two facts, we will conclude that arbitrary finitely generated modules over
PID’s are direct sums of cyclic modules by showing that any finitely generated
module over a PID is a direct sum of its torsion submodule and a torsion free
module.

Notice that any submodule of R is torsion-free. Also, any non-zero submod-
ule of R is isomorphic to R. If I is a non-zero submodule of R, then I = Ra for
some a € R since R is a PID. The map R — Ra : r — ra is an isomorphism.
Thus, submodules of R are cyclic, and non-zero ones are all free, in fact, all
isomorphic to R. Any quotient module R/I with I # 0 is torsion since I = Ra
for some a # 0, and @ € 0: (r 4+ I) for all »r € R. Finally, notice that if F' is the
quotient field of R, then F' is a torsion-free R-module.

Theorem 4.7.3 A finitely generated torsion-free module M over a PID is free
of finite rank.

Proof. Let M be a finitely generated torsion-free module over the PID R.
If M is cyclic, then M = Rm for some m € M. If m = 0, we are done. If m # 0,
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then the map R — Rm : r — rm is an isomorphism because rm # 0 if r # 0.
Thus, M ~ R is free of rank 1. Now induct on the smallest number of elements
required to generate M. If some generating set of M has only one element in it,
we just proved that M is free. Suppose now that M is generated by the k + 1
elements

my, mo, B, my 1,

and that any torsion-free module over R generated by k elements is free of rank
< k. We may as well suppose that m; # 0. Let M; = {m € M : rm €
Rm, for some non-zero r» € R}. That is, My/Rmy = (M/Rmq);. We have
(M/BRm;y)/(My/Rmy) = M/M,; and torsion-free since M;/Rmy = (M/Rmy);.
Now M /M is generated by the k elements mo + M1, ms+ My, B, my 1 + M.
Therefore, by the induction hypothesis, M/M; is free of rank < k. By
M = M;® N with N free of rank < k. We need M to be free of rank 1; that is,
cyclic. In that case, M would be free. First, note that M is finitely generated
since it is a homomorphic image of M. Let m € M;. Then rm = sm; for some
r # 0. Suppose that rym = symy with r; # 0. Then rrym = rsymy = rismy.
Hence (rs; — r1s)mq = 0. Since m; # 0 and M, is torsion-free, rs; = r1s, and
s/r = s1/r1 is in the quotient field F' of R. What this says is that associating
s/r with m € My, where rm = smy and r # 0, is a mapping M; — F. Now F'is
an R-module, and it is routine to check that this mapping is a monomorphism.
]

The following lemma, which generalizes Problem 27 of section |2.2] completes
the proof.

Lemma 4.7.4 Let R be a PID, and let I be its quotient field. Then any finitely
generated R-submodule of F is cyclic (and hence free).

Proof. Let S be a finitely generated submodule of the R-module F. Let
S = Rsy + Rsy + -+ + Rs,. Write s; = r;/t; with r; and ¢; in R and ¢; # 0.
Let t = 7™ t;. Then S is contained in R(1/¢). But the cyclic R-module R(1/t)
is isomorphic to R via R — R(1/t) : » — r/t. Therefore, S is isomorphic to a
submodule of R. Hence S is cyclic. m

Now we come to an important point. We know that if M is a finitely
generated torsion-free module over the PID R, then M = M, ® Mo & - - - B My,
with each M; ~ R. Is k an invariant of M7 That is, if M = Ny ®Na®--- B N;,
with each N; = R, is j = k7 We know that the M;’s do not have to be the
N,;’s. For example, any vector space of dimension 2 is the direct sum of any two
distinct one-dimensional subspaces. However, in the case of vector spaces, that
is, in case R is a field, then j = k. Also notice the following. The R-module
R is directly indecomposable. That is, if R = R; & Ro, then R; or Ry is 0.
This is simply because Ry N Ry = 0, and any two non-zero submodules of R
have non-zero intersection. In fact, if 0 # r; € R;, then r1ro # 0, and 77y is in
Ri N Ry. Suppose that M = A ® Ay @ --- & A, with each A; indecomposable.
Is A; = R? Indeed, if M = A® B, is A free, or is A even a direct sum of
indecomposable modules? What is the situation if S is a submodule of M7 We
know the answers to all these questions when R is a field. Any subspace of
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a finite dimensional vector space is of no greater dimension, and hence is the
direct sum of copies of the field. The answers in the case R is a PID are the best
possible, but this is far from obvious. It is not at all obvious that a submodule
of a finitely generated R-module is finitely generated, for example. This is really
the crucial question, along with whether or not j = k above. Let’s get j = k
first. There are several ways to do it. One way is to define linear independence
in M and mimic vector space methods. We choose another which illustrates the
use of our previous results.

Theorem 4.7.5 Let M be a free module over the PID R. If M = My ® Ms ®
- ®M; = N1 @ Ny ®---® Ny with each M; and N; isomorphic to R, then
j=k.

Proof. If R is a field, then 5 = k = dim(M). So suppose that R is not
a field. Then there is a prime p in R. The ideal Rp of R is maximal ,
whence R/Rp is a field. Furthermore, pM is a submodule of M and M/pM is
a vector space over R/Rp via (r + Rp)(m + pM) = rm + pM. Now

pM:p(Ml@MQ@"'@Mj) :le@ng@--'EBpMj.
Therefore

M/pMZ (Ml@Mz@"'@Mj)/(pM1 @ngEBnﬂBpMﬂ
~ Ml/le @Mg/ngEB”-@Mj/pMj.

This last isomorphism is a vector space isomorphism. Since M; ~ R, then
M;/pM; ~ R/Rp, so that the vector space M;/pM; has dimension 1. That is,
dim(M/pM) = j. Therefore, j = k. ®

If M is a finitely generated torsion-free module, it is free, and completely
determined up to isomorphism by the number of summands in any decompo-
sition of M into a direct sum of submodules isomorphic to R. If R is a field,
that number is dim(M). If R is not a field, that number is dim(M/pM) for any
prime p in R. This number is called the rank of M, denoted by r(M). The
rank of the finitely generated torsion-free module M is j if and only if M is the
direct sum of j copies of R. We have

Theorem 4.7.6 Two finitely generated torsion-free modules over a PID are
1somorphic if and only if they have the same rank.

Let’s clarify the situation with submodules of finitely generated R-modules.
The key is this. If R is a PID, then any submodule of R is cyclic. That is the
definition of PID, in fact.

Theorem 4.7.7 Let M be a free module of rank n over a PID R. Then any
submodule of M is free and of rank < n.

Proof. Induct on n. If n = 1, then M = R, and any non-zero submodule
of R is free of rank 1 since R is a PID. Let M = My ® M> & --- & M,, with
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M; =~ R, and let S be a submodule of M. Project S into M,,. The image X of
this projection is free of rank < 1. Tts kernel is K = SN(M; Mo ®---® M, 1),
which is free of rank < n—1. By S = K ® X, and the theorem follows. =

Theorem 4.7.8 Let M be a module over the PID R. If M is generated by n
elements, then any submodule of M is generated by < n elements.

Proof. Let M = Rmi+Rms—+---+Rm,,. Let X be a free R-module of rank
n with basis {x1, zo, B, z,}. Then by f: X — M:xz; — m; defines an
epimorphism. Let S be a submodule of M. Then f~1(S) = {z € X : f(z) € S}
is a submodule of X, It is free of rank < n by [£.7.7} In particular, it is generated
by < n elements. Hence, S is generated by < n elements.

Corollary 4.7.9 A submodule of a cyclic module over a PID is cyclic.

Now let’s turn to the case of finitely generated torsion R-modules. Sup-
pose that M is such a module, and suppose that {my, mo, B my} generates
M. Since M is torsion, there exist non-zero r;’s such that r;m; = 0. Then
(rirg---rg)m; = 0 for all 4. If m € M, then m = symq + sama + - - - + spmy, for
some s; € R, and it follows that (r1ry---rg)m = 0. That is, (r17a---75)M = 0.
But ri7o - - -7 # 0. We have that

0: M ={reR:rM =0} # {0}

This ideal is called the annihilator of M. Thus a finitely generated torsion
module M has non-zero annihilator. For finite Abelian groups, this simply says
that there is a positive integer n such that nx = 0 for all x in that group.

Lemma 4.7.10 Let M be a module over a PID R.

a. Let x € M and 0 : x = Ra. If b € R and d is a greatest common divisor
of a and b, then 0 : bx = Rc where a = dc.

b. An element x € M has annihilator 0 : © = R(II_yr;) with the r; relatively
prime in pairs if and only if there are elements xv, xo, B, x,, in M with
r=x14+x2+--+x, and 0: z; = Rr;.

Proof. For (a), clearly Re C 0: bx. If ¢ € 0 : bx, then gb € 0 : z = Ra, so
qb = ra for some r € R. Write d = sa + tb. Then qd = saq + tbqg = saq + tra =
cd(sq +tr), so g = c(sq + tr) € Re.

For (b), let ¢; = I1};7;. Then the collection {q1, g2, M, g,} has greatest
common divisor equal to 1, so there is a linear combination X s;q; = 1. Now 7;
and s;q; are relatively prime, and r = ¢;r;, so by part (a), 0 : s;q; = Rr;. Let
Ti = SiGix.

For the converse of (b), we will induct on n. If n = 1, the Lemma obviously
holds. The crucial case is for n = 2, and we do that case now. Let x and y be
elements with 0 : x = Rr and 0 : y = Rs, with r and s relatively prime. There
are elements a and b in R with ar+bs = 1. Hence ar(x+y) = ary = (1-bs)y =
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y, and bs(xz + y) = x. Suppose that t(z + y) = 0. Then art(z + y) = 0 = ty,
so that t € 0 : y = Rs. Thus s divides t. Similarly, r divides ¢, and since r
and s are relatively prime, rs divides ¢. It follows that 0: (x + y) = Rrs. Now
for n > 2, letting y = E?:_llxi, we have 0 : (37 ,z;) = 0: (y + z,). By the
induction hypothesis, 0 : (y) = R(H?;llm). Since the r; are relatively prime in
pairs, H?;llri is relatively prime to 7y, and so 0: (y + ) = R(II7_;r;). =

Lemma 4.7.11 If M is a finitely generated torsion module over a PID, then
0: M =0:m for somem e M.

Proof. Since M is finitely generated and torsion, 0 : M # {0}. Let
0:M = Rpy"py®---pi",
with the p;’s non-associate primes. Let
r=pipy” ey
and let ¢; = r/p;. There is an element m; € M such that g;m; # 0. Let
;= (r/p})mi.

Since
Py = (r/pi)mi # 0,

and
P
7

then 0 : z; = Rp;". By |4.7.10}
0:(x1+m2+---+x) = Rp*py? - - pit,

z; =rm; =0,

and the lemma is proved. =

If G is a finite Abelian group, then there is then an element x in G whose
order m is a multiple of the order of every other element of G. That is, my =0
for every y in G.

Theorem 4.7.12 FEvery finitely generated torsion module over a PID is a direct
sum C1 B Cy@- - - DCy of cyclic modules such that0:Cy C0:Cy C--- C0: Ch.

Proof. Let M be a finitely generated torsion module over the PID R. By
4.7.11, 0 : M = Rr, with r = p{*p5?---p;'*. Let {mq, mo, B, m;} generate
M. We proceed by induction on k. If k = 1, there is nothing to do. So suppose
k > 1 and that the theorem is true for every R-module generated by fewer than
k elements. Each 0 : m; = Rr;, where

Uz

_ ni2
Ty =D B

V2

TLit

..pt

with n;; < n;. For each j, some n;; = n;. Thus

0: (Ti/p?”)mi = Rp}”.
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Hence for each n; there is a multiple z; of some m; such that
0:x; = Rp?j .

Renumber the p;’s so that n11 = nq, niz = ne, M, nyy = ng, and ny; < n; if
i > ¢. Now by [L.7.10} my = mq1 + mi2 where

0: mip = Rp?lpgz .. .pgq

and
T1,q+1, 12,q+2 1t

0:my3 = qu+1 Pyyo Dt s

with ny; < n; for ¢ > ¢. Thus by Problem 9,
0:(mig+ g1+ +a) = Rpgff' it

Let m = m1 4+ q41 +---+. Then 0 : m = Rr, and clearly {m, mo, B, m;}
generates M. Now

M/Rm = (M1/Rm) ® (My/Rm)® --- & (M,/Rm)

with M;/Rm cyclic and 0 : (M1/Rm) C 0: (Ma/Rm) C --- C 0: (M,/Rm).
Let M;/Rm = R(w; + Rm), and let 0 : (w; + Rm) = Rs;. Then s;w; = u;m for
some u; € R. Also s; divides r. We have s;t; = r, s;t;w; = t;u;m = 0, so that
tiu; = rry, and s;t;u; = s;rr; = ru;. Hence s;7; = u;. We have s;w; = u;m =
siTim, s0 s;(w; —r;m) = 0. Let w; —r;m = y;. Then M; = Ry; + Rm and Ry; N
Rm = {0}. therefore, M; = Ry, & Rm, and hence M = Rm & Ry; & - - - ® Ry,.
Since Ry; ~ M;/Rm, then 0 : Rm C 0: Ry; C 0: Ry, C --- C Ry,, and the
theorem is proved. m

Theorem 4.7.13 A finitely generated module over a PID is a direct sum C1 ®
Cy® - ® C, of cyclic modules such that0: Cy, C0:Cy C---C0:Cy. If

CioCe®---@C,=D1®Ds®---® Dy,

with C; and D; non-zero cyclic and 0 : Dy C 0 : Dy C --- C 0 : D,,, then
m=mn,0:C; =0:D;, and C; = D; for all i.

Proof. Let M be a finitely generated module over the PID R, and let M,
be the torsion submodule of R. then M /M, is a torsion-free finitely generated
module. Hence, by M = F ® M, with F free of finite rank. Now M, is
finitely generated since it is a homomorphic image of M. Since F' = C; & Cy @
- @ C) with C; = R, then 0: C; = 0, and [£.7.12] yields

M=CoCyd---C,
with0:Cy C0:Cy C--- C0:C),. Now suppose that

M=D1®Dy®--® Dy,
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with0: D1 C0: Dy C---CO0: Dy, and all C; and D; are non-zero. We need
m =n and C; ~ D, for all ¢. The number of C; with 0 : C; = 0 is the rank of
M /M, and hence is the number of D; with 0 : D; = 0. Thus, we may as well
assume that M is torsion. Let 0 : C; = Rr;, and let 0 : D; = Rs;. First we get
m = n. Let p be a prime, and let r € R. If p divides r, then pR D Rr. Hence
(R/Rr)/p(R/Rr) = (R/Rr)/(Rp/Rr) ~ R/Rp, which has dimension one as a
vector space over R/Rp. If (p,7) = 1, then (R/Rr)/p(R/Rr) = (R/Rr)/((Rp+
Rr)/Rr) = (R/Rr)/(R/Rr) = 0. Suppose now that n > m. Let p be a prime
dividing r,. There is one since C,, # 0. Then p divides r; for all i since
Rry C Rry C -+ C Rry,. Therefore (R/Rr;)/(Rp/Rr;) = R/Rp ~ C;/pC; has
dimension one as a vector space over R/Rp. Hence

dim(M/pM) = dim((C1 ® C2 @ -+~ @ C,,) /p(C1 @ Co @ --- & Cy,))
= dim((C1/pC1) & (CapCs) & - -+ & (Cr /pCy)) =

n.

It follows that m = n. We want C; ~ D; for each j. Letting 0 : C; = Rr; as
above, we have

’I“jM = ’I“jCl & TjCQ DD ’I“jCj_l = ’I“le D T'jDQ D.. ’r‘an.
The r;C; and r;D; are cyclic with
OZchl COZT’jCQ C "‘COZT’jC};l

and 0 : r;Dy C 0:7;Dy C --- C 0 : 7yD,. Therefore 7;D; = 0 by the first
part of the proof, whence s; divides r;. Similarly, r; divides s;. Therefore
0:C; =0:Dj, and so C; = D;. This concludes the proof. m
For any commutative ring R and ideals I and J of R, the cyclic R-modules
R/I and R/J are isomorphic if and only if I = J (PROBLEM 10). Therefore,
cyclic R-modules are, up to isomorphism, in one-to-one correspondence with
ideals of R. What asserts is that if R is a PID, then the non-zero finitely
generated R-modules are, up to isomorphism, in one-to-one correspondence with
finite increasing chains Iy C Iy C --- C I,, of ideals of R, where each I; # R. In
fact, gives such a chain for each such module. Since C; ~ R/(0: C;), the
module can readily be retrieved, up to isomorphism, from the chain of ideals.
It is
R/(0:C1)®R/(0:Co)®---BR/(0:Ch).

Of course, any finite increasing chain I; C Iy C --- C I,, gives a finitely gener-
ated R-module, namely R/I} @ R/I, & --- & R/I,.

Corollary 4.7.14 Non-zero finitely generated modules over a PID R are, up to
isomorphism, in one-to-one correspondence with finite increasing chains Iy C
I, C --- C I, of ideals of R such that each I; # R. Such a chain corresponds
to the module

R/ ®R/I,®--- & R/I,.
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If M is torsion and non-zero, then the chain of ideals
0:C;c0:CycCc---C0:Cy,

in 4.7.13]is called the chain of invariant factors of M. Letting the invariant
factor of the zero module be R and rephrasing, we have

Theorem 4.7.15 Two finitely generated torsion modules over a PID are iso-
morphic if and only if they have the same invariant factors.

How does one calculate the invariant factors of a finitely generated torsion
module without actually decomposing that module as in In the no-
tation of [.7.13] if 0 : C; = Rr;, and if p is a prime, then it is easy to see
that dim(p'C;/p!*1C;) = 1 or 0, depending on whether p' does or does not
divide r;. In fact, we did something similar in the proof of There-
fore, dim(p' M /p!*1 M) is the number of r; which p’ divides. Therefore, the r;,
and hence the invariant factors, are computable directly from M, without first
writing M as a direct sum of cyclics.

Again, in the notation of [{.7.13] let 0 : C; = Rr;. Knowing r; gives 0 : C;,
but 0 : C; gives r; only up to a unit. That is, associates of r; will work just
as well. That is why we use the ideal 0 : C; as an invariant rather than the r;.
However, for some PID’s, every associate class has a canonical representative.
For example, in the ring of integers, every associate class not {0} has exactly
one positive element. If F' is a field, then every associate class not {0} in F[x]
has exactly one monic element. In these situations, one usually chooses to
use families {ry, ro, B, r,,} with r;; dividing r; rather than chains of ideals
as invariants. Such families are also called invariant factors. The following
illustrates this. Its proof is immediate from

Theorem 4.7.16 Let F be a field. The finitely generated non-zero torsion F|x]
modules are, up to isomorphism, in one-to-one correspondence with the finite

families

{fl(x)7 f2(m)¢ u ’ fn(w)}
of non-constant monic polynomials such that fi11(z) d
Such a family corresponds to the module F[z]/(f1(x)

Flz]/(fu()).

One should compare [£.7.16] with the situation for Abelian groups. See the
discussion preceding for example.

We have given a “canonical” decomposition of a finitely generated torsion
module over a PID. Such a non-zero module can be written M = C; & Cy @
-+ @ C), with C; non-zero cyclicand 0 : C;y C0: Cy C --- C 0: C,. The C;
are unique up to isomorphism. There is another “standard” decomposition of
M into a direct sum of cyclics. We need some preliminaries.

Definition 4.7.17 Let M be a module over a PID R. Ifp is a prime in R, then
M, ={m e M :0:m= Rp"™ for some n}. M, is called the p-component of
M. If M = M,, then M is a p-module, or a p-primary module. A primary
module is one that is p-primary for some p.

ivides f;(x) for all i < n.
) ® Flz]/(f2(2) ® - @
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Note that if p and ¢ are associates, then M, = M,. Also, if p and ¢ are
any primes and M, = M, # 0, then p and ¢ are associates. One should note
that M, is a submodule, and that (M/M,), = 0. Also, submodules, quotient
modules, and direct sums of p-modules are p-modules.

Theorem 4.7.18 FEvery finitely generated torsion module over a PID is a direct
sum of primary modules.

Proof. It suffices to prove the theorem for cyclic modules. So let M = Rm,
0:m = Rr, and

o

r=prpyt e pt
where the p; are non-associates. Let ¢; = r/p;*. Then
0:gqm = Rp;",
so that Rg;m is a p;-module. We claim that
M = Rgim @ Rgom @ - - - ® Rgpm.

Since the ¢s are relatively prime, there exist r; € R such that ¥ r;q; = 1. Hence
m = % r;q;m, so that

M = Rgim + Rgam + - - - + Rqpm.
Suppose that ¥ s;g;m = 0. Then
0:s1gm =20: Efﬁsiqim.

From it follows that each s;g;m = 0. Our theorem is proved. m
Suppose that M is a finitely generated torsion module over a PID, and that
0: M = Rr. Write r as a product of powers of non-associate primes p;, po, B |
P Writing
M=CdCeo®.. . &C,

with0:Cy C0:Cs C--- C0: (), and in turn writing each C; as a direct sum
of primary modules as in the proof of [I.7.18] we see that
M =M, ®M,, & & M,, .

Corollary 4.7.19 Let M be a finitely generated torsion module over a PID R.
If0: M = Rr, and

ny,n2

T =D 'Dy pzk

where the p; are non-associate primes, then
M =M, &M, & &My, .

If M =P, ® P, ®---® P; where the P; are non-zero primary modules for non-
associate primes, then k =t, and after suitable renumbering, P; = M, for all
i.
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Proof. Only the last assertion needs verifying, and it should be obvious at
this point. =

Corollary 4.7.20 Two finitely generated torsion modules M and N over a PID
R are isomorphic if and only if M, ~ N, for all primes p € R.

The invariant factors of the various M, are called the elementary divisors
of M.

Corollary 4.7.21 Corollary. Two finitely generated torsion modules over a
PID are isomorphic if and only if they have the same elementary divisors.

PROBLEMS

1. Prove that a finitely generated torsion module over Z is finite.

2. Prove that a finitely generated torsion module over a PID is not necessarily
finite.

Prove that quotient modules of torsion modules are torsion modules.
Prove that direct sums of torsion modules are torsion modules.

Prove that direct sums of torsion-free modules are torsion-free modules.

S ot W

Prove that if M is a free module (of finite rank) over a PID and if S is
a submodule of M, then S is contained in a summand of M having the
same rank as S.

7. Let R be a ring such that every left ideal is finitely generated as an R-
module. Prove that submodules of finitely generated R-modules are fi-
nitely generated.

8. Let R be a PID, and let p be a prime in R. Prove that if R/Rp’ ~ R/Rp’,
then i = j.

9. If M is a module over a PID R, and = and y are in M with 0 : =z =
Rp"'py?---pi™, 0y = Rpy'py?---prt, and 0 < m; < n; for all 4, then
0:(x+y)=0:(y).

10. Prove that if R is a commutative ring with identity, I and J are ideals of
R, and the R-modules R/I and R/J are isomorphic, then I = J.

11. Let S be a submodule or a quotient module of the direct sum C; ®Co®- - -®
C,, of cyclic modules C; over a PID, where 0: C; C0:Cy C --- C0:C,.
Prove that if

S=51®5d--dS,,

with each S; non-zero cyclicand 0 : Sy C 0: Sy C --- C 0: S,,, then
m<nand0:C; C0:S; for all i <m.
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Let M be a finitely generated torsion module over a PID. Let m € M
with 0: m =0: M. Prove that Rm is a summand of M. Prove that Rm
is not necessarily a summand if M is not torsion.

How does one tell from the invariant factors of two finitely generated
torsion modules whether or not one is isomorphic to a summand of the
other? to a submodule of the other?

Let C be a cyclic module over the PID R. Let M and N be finitely
generated R-modules. Prove that if C &M ~ C @ N, then M ~ N. (This
is true for arbitrary R-modules M and N.)

Let p be a prime in a PID R, and let M be an R-module. Prove that M,
is a submodule of M, and that (M/M,), = 0.

Prove that submodules, quotient modules, and direct sums of p-modules
are p-modules.

Let M be a finitely generated torsion module over a PID R. Let 0: M =
Rr and

i, n2

T =py'py o,

with the p; non-associate primes. Prove that

M,, = (r/p})M.

Let p be a prime in the PID R, and let C be a cyclic p-module over R.
Prove that C = R/Rp™ for some n.

Let C be a cyclic p-primary module with 0 : C' = Rp™. Prove that the
submodules of C' are exactly the submodules in the chain

CopCD---Dp"C=0.

Let M be a module over the PID R, and let p be a prime in R. Let
Mlp] = {m € M : pm = 0}. Prove that M[p] is a submodule of M, and
hence a vector space over the field R/pR.

Let M be a finitely generated module over a PID R. Prove that for any
non-zero prime p in R,

r(M) = dim(M/pM) — dim(M|p]).

Let p be a prime in the PID R, and let C' be a cyclic p-module. Prove
that dim(C[p]) = 1. Prove that

dim((p"C)[p]/(p"**C)[p]) =1 or 0

depending on whether or not C' ~ R/p*+1R.
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Let M be a finitely generated p-primary module over the PID R. Prove
that
dim((p* M)|p]/(p"** M) [p])

is the number of summands which are isomorphic to R/p¥*'R in any
decomposition of M into a direct sum of cyclic modules.

Let F be the field of integers modulo 2. Use the Euclidean algorithm to
find the greatest common divisor of z2+1 and #°+1 in F[z]. Express that
greatest common divisor as a linear combination of the two polynomials.



Chapter 5

Linear Transformations

5.1 Linear Transformations and Matrices

The objects of real interest about vector spaces are linear transformations, espe-
cially linear transformations from a vector space V into itself. We have already
noted in that for any vector space V over a field F, the set Hom(V, V) of
all linear transformations from V into V is again a vector space over F. Ad-
dition and scalar multiplication were given by («a + 8)(v) = a(v) + (v), and
(aa)(v) = a(a(v)), respectively. But the elements of Hom(V, V) may also be
multiplied in a natural way. These elements are functions from V into V, and
such functions may be composed. Thus linear transformations in Hom(V, V)
are multiplied by the rule (af)(v) = a(B(v)). It is easy to verify that af is
in Hom(V, V) whenever o and g are in Hom(V, V). This addition and multi-
plication of elements of Hom(V, V') makes Hom(V, V) into a ring with identity.
Multiplication is associative because it is composition of functions. The left
distributive law holds since

(aB+)@) = a((B+7)()) =a(B(v)+7(v))
a(B(v)) + a(r(v)) = (aB)(v) + (a7)(v) = (aB + ay)(v),
where «, 8, and v are in Hom(V, V) and v is in V. Similarly, the right distrib-

utive law holds. The identity map 1y : V' — V is the identity of the ring. For
a€ Fandv eV,

((a@)B)(v) = (a)(B(v)) = a(a(B(v)
= a(f(av)) = a(a(B(v))) = a((aB)(v)) = (a(aB))(v).

Summing up, Hom(V, V) is at the same time a ring and a vector space over
F. The ring addition is the same as the vector space addition. Furthermore,
scalar multiplication and ring multiplication are connected by the relations

a(af) = (ae)f = a(ap).

169
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All this is expressed by saying that Hom(V,V) is an algebra over F'. This
particular algebra is called the algebra of linear transformations of V. It
will be denoted by A(V). The algebra A(V) is an algebraic object of great
interest. For example, some of the most beautiful theorems in ring theory center
around “rings of linear transformations.” We will take a hard look at A(V') as
a ring in Chapter |8} Our concern here is not so much with A(V) as a ring or as
an algebra, but rather with the elements of A(V). We won’t forget that A(V)
is an algebra, but we will concentrate on analyzing its elements rather than its
algebraic structure.

First, we will show how linear transformations are synonymous with ma-
trices. This will afford us a concrete representation of linear transformations.
Results about linear transformations will translate into results about matrices,
and vice versa. Throughout, V' will be a finite dimensional vector space over a
field F.

Let {v1, va, ..., v,} be a basis of V, and let « € A(V'). Then for each v;,
a(v;) is a linear combination

n
Oé(Uj) = Z i
i=1

of the basis vectors. The effect of o on each v; determines «. The effect of « on

v; is determined by a1;, agi, ..., an;. Therefore, the matrix
a1 a2 -+ QAin
a21 Qa2 - A2p
apl  Ap2 - Apn

completely determines . It depends, of course, on the particular basis {vy, v,
., Un } chosen.

Definition 5.1.1 Let V be a finite dimensional vector space over the field F'.
Let {v1, va, ..., vy} be a basis of V, let a be a linear transformation from V
into V, and let o(v;) = X7 a;;v;. The matriz of o relative to the basis
{'Uly V2, ..., Un} is

a1 a2 -+ QAin
a1 Qa2 - A2p
an1 An2 e Ann

Let F;,, denote the set of all such matrices. That is, F}, is the set of all n x n
arrays of elements of F. Elements of F,, are typically denoted (a;;). Thus (a;;)
is the matrix in Fj, whose entry in the ¢th row and jth column is the element
a;; of F. Given any (a;;) € F,, we may define the linear transformation «
by a(v;) = ¥ a;jv;. This, together with our previous remarks, shows that
the map A(V) — F,, gotten by associating with a € A(V) its matrix relative
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to the (fixed) basis {vy, va, ..., v,} is a one-to-one correspondence. Again,
this correspondence depends on the basis chosen. Even the order of the basis
vectors matters. A permutation of the basis vectors permutes the columns of
the matrix, for example.

Now F), is itself a ring. In (g), it served as such an example. It is
actually an algebra. Here is the definition we need.

Definition 5.1.2 Let R be a commutative ring with an identity. Let R, denote
the set of all n x n matrices over R. For (ri;) and (s;5) in R, and r in R, we
define

a. (rig) + (si5) = (rij + si),
b. (rij)(sij) = (EkTikSkj)a and
c. (rij) = (rriz).

Thus to add two matrices, just add their corresponding entries. Multipli-
cation is a bit more complicated. Part (c) defines scalar multiplication, that
is, how to multiply an element of R by an element of R,. That multiplica-
tion is just entry-wise multiplication. It is routine to check that (a) and (b)
make R, into a ring with identity. Further, (c) makes R, into a left mod-
ule over R. Thus R, would be a vector space over R if R were a field. Also
r((rij)(si5)) = (r(rij))(sij) = (1i;)(r(si5)), so that R, is an algebra over R.
Checking these statements is routine.

Let V' be a vector space of dimension n over the field F. A basis {v;, va,

., Up} of V yields a one-to-one correspondence A(V) — F, via a — (a;;),
where a(v;) = 3 a;;v;. This is a vector space isomorphism. For example, if «
corresponds to (a;;) and 3 to (b;;) then

(a+ B)(v)) = a(v;) + B(vj) = X aijv; + X biju; = X(ai; + bij)(vs),

so that a + 8 corresponds to (a;; + bi;) = (ai;) + (bi;). Similarly, scalar mul-
tiplication is preserved. To what matrix does af correspond? To see, we must
compute (of)(v;). But

(@) = alB)=a (Y byo) =Y byalw)
Z bij (Z aikvi) = Z (Z bkjaik) (vi) = Z (Z aikbkj) (v3).

Thus af corresponds to the matrix (a;;)(b;;). Hence multiplication is preserved
under our correspondence. The one-to-one correspondence we have set up is
therefore an isomorphism of algebras. Summing up, we have

Theorem 5.1.3 Let V' be a vector space of dimension n over the field F'. Let
A(V) be the algebra of all linear transformations on V', and let F,, be the algebra
of allnxn matrices over F. Let {v1, va, ..., vy} be a basis of V. Fora € A(V),
let a(v;) =X a;jv;. Then the map

O:A(V)— F,:a— (aiy)
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is an algebra isomorphism. That is, it is one-to-one and onto, ®(ac) = a®P(«),
D(a+ ) = P(a) + P(8), and (af) = D(a)P(S3).

The units of a ring are those elements with inverses. For example, « is a
unit in A(V) if there is an element 3 in A(V) with a8 = Sa = 1, the identity
map on V. Elements in A(V) and elements in F,, that are units are called
non-singular. This is special linear algebra terminology.

There are some facts about non-singular linear transformations and matrices
that we need. First, if (a;;) is the matrix of « relative to some basis, it should
be clear from that o is non-singular if and only if (a;;) is non-singular.
Indeed, if @8 = fa = 1, then in the notation of [5.1.3]

®(af) = &(fa) = 1= 2(a)®(B) = &(8)®(a).

Thus « is a unit in A(V) if and only if ®(«) is a unit in F,,. Actually, for o
to be non-singular, it is enough to require that it has a left inverse, or that
it has a right inverse. In fact, suppose that of = 1. By dim(V) =
dim(Im «) + dim(Ker «). Since af = 1, then « is certainly onto, whence
dim(Ker a) = 0, and so « is one-to-one. Thus « has an inverse. If Sa = 1, then
a must be one-to-one, and the equation dim(V) = dim(Im «) + dim(Ker «)
yields dim(Im «) = dim(V'). In other words, « is also onto, and hence is non-
singular. Note further that if 8 is a right inverse of a, then fa = 1 also. This
is because af = 1 implies that « is non-singular, so that there is an element
in A(V) with ya = @y = 1. Thus y(af) = v = (ya)B = . Similarly, any left
inverse of « is the unique inverse of . Using[5.1.3] we get the non-obvious facts
that if (a;;) € F,, has either a left or a right inverse, then it is non-singular, and
any left inverse and any right inverse of (a;;) is the (unique) inverse of (a;;).
We have proved the following theorem.

Theorem 5.1.4 Let V' be a vector space of dimension n over the field F'.

a. If (a;j) is the matriz of a € A(V') relative to some basis of V, then (a;j)
s mon-singular if and only if a is non-singular.

b. For any o € A(V), the following are equivalent.
1. « 18 non-singular.
1. « has a right inverse.
1. « has a left inverse.

w. « 18 onto.

v. « 18 one-to-one.
c. For any (ai;) € Fy,, the following are equivalent.

i. (ai;) is non-singular.

ii. (ai;) has a right inverse.
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iti. (aij) has a left inverse.

Suppose {v1, va, ..., v} and {wy, wa, ... , w,} are bases of V. For
a € A(V), how is the matrix of & with respect to {vy, va, ..., v,} related to the
matrix of @ with respect to {w1, wa, ..., w,}? To find out, consider the linear

transformation v defined by v(v;) = w;. Let a(v;) = ¥ a;5v;, a(w;) = X b;jw;,
and y(v;) = w; = X ¢;v;. We will compute the matrix of ay relative to the
basis {v1, va, ..., vp} in two ways. On one hand, we get

ay(vy) = a(w)=a (Y )
Z cpjo(vg) = Z Chj (Z aikvi) = Z (Z ckjaik) v;.

On the other hand,

047(’03‘) = O‘(wj) = z brjwy = Z b (Z Cik”i) = Z <Z bkjcik) (7

Therefore (ai;)(ci;) = (ci;)(bij) since each side is the matrix of avy with
respect to {v1, v2, ..., vp}. Now 7 is non-singular, so therefore (c;;) is non-
singular. Hence the relation (a;;)(c;j) = (¢ij)(bi;) can just as well be expressed

as
(aiz) = (cij)(biy) (cij)

This is expressed by saying that (a;;) is similar to (b;;). Similarity of matrices

is an equivalence relation on Fj,. In the same vein, two linear transformations

a and B in A(V) are called similar if there is a non-singular v € A(V) with

a = vBy~!. Similarity is an equivalence relation on A(V).

Theorem 5.1.5 Let V' be a vector space of dimension n over a field F'. Let «
and B be in A(V'), and let (a;;) and (b;j) be in F,.

a. « and B are similar if and only if they have the same matriz relative to
appropriate bases.

b. (aij) and (bij) are similar if and only if they are matrices of the same
linear transformation relative to appropriate bases.

Proof. What has been shown already is one half of (b), namely that if (a;;)
and (b;;) are the matrices of « relative to two bases, then (a;;) and (b;;) are
similar. To get the other half of (b), suppose that

(aij) = (Cij)(bij)(cij)_l.

Let {v1, vo, ..., vy} be any basis of V. Let (a;;), (b;;), and (¢;;) be the matrices
of a, 3, and =y respectively, relative to this basis. Since 7 is non-singular,

{7(U1)7 ’7(1}2)7 s 77(7}71)}
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is a basis of V. We have 73y~! = a by Since
a(y(v;)) = 1By (v(v;)) = vB(v;) = (E bijui) = £ bijy(vs),

(bij) is the matrix of « relative to the basis {y(v1), v(v2), ... , v(vn)}. This
completes the proof of (b).
The proof of (a) is about the same. Suppose that a = y3vy~ L. Let {vq, va,
., Un} be any basis of V. Then {v(v1), v(v2), ..., v(v,)} is also a basis of
V. Let 6(1)]’) =% bijvi. Then

a(y(vy)) = (a7)(vy) = vB(vy) = ¥(E bijvi) = E bijy(vi),

whence the matrix of « relative to {y(v1), y(v2), ..., ¥(v,)} is the same as the
matrix of § relative to {vy, va, ..., U, }

Now suppose that the matrix (a;;) of a relative to a basis {v1, v, ..., v, } is
also the matrix of 8 relative to a basis {w, wa, ..., w,}. Let v be the element

of A(V') defined by v(w;) = v;. Then

By (v;) = vB(w;) = Y(T ajjw;) = T ay;(yw;) = T aijv;.

Therefore v3y~! = a. The proof is complete. m

What does all this really say? Given a basis of V', we have an isomorphism
A(V) — F,.

Suppose that we are interested in relating properties of elements of A(V) with
those of F;,. That is, we are interested in translating properties of linear trans-
formations into properties of matrices, and vice versa, using this isomorphism.
What sort of properties can we expect to so translate? The isomorphism changes
if we change basis. But it doesn’t change drastically. If « corresponds to (a;;)
via one basis, it corresponds to a matrix similar to (a;;) via any other basis.
Further, if (b;;) is similar to (a;;), then there is another basis relative to which
a corresponds to (b;;). This is the content of (b). On the other hand,
if v corresponds to (a;;) via one basis, and 8 corresponds to (a;;) via another
basis, then « and (8 are similar, and conversely. This is the content of
(a). This may be viewed in the following way. Pick a basis of V. This gets
an isomorphism A(V) — F,. This isomorphism induces a one-to-one corre-
spondence between the similarity classes of A(V') and those of F,,. Now change
basis. This gets another isomorphism A(V) — F,,, and induces a one-to-one
correspondence between the similarity classes of A(V') and those of F,. The
one-to-one correspondences between these similarity classes in these two cases
are the same. Thus the one-to-one correspondence obtained between the simi-
larity classes of matrices in F}, is independent of the basis chosen. This makes it
eminently plausible to try to characterize matrices in F;,, or equivalently, linear
transformations in A(V), up to similarity.

What properties must two matrices in F}, share in order to be similar? Are
there some simple invariants of matrices that determine them up to similarity?
In each similarity class of matrices in Fj,, is there a special one that really



5.1. LINEAR TRANSFORMATIONS AND MATRICES 175

displays the features of any linear transformation corresponding to it? For
example, suppose that the matrix (a;;) is diagonal. That is, suppose that a;; =0
if i # j. If o corresponds to (a;;) via the basis {v1, va, ... , v, }, then a(v;) =
a;v;. Thus a is just a scalar multiplication on each of the subspaces Fv;, and the
action of o on V' becomes transparent. Relative to some other basis, the matrix
of o may not be so simple. If every similarity class of matrices had a diagonal
matrix in it, then given any «, there would be a basis as above. This is too much
to hope for. Linear transformations just are not that simple. Equivalently, not
every matrix in F;, is similar to a diagonal one. This is actually easy to see
geometrically. Rotation of the plane about the origin through 30 degrees, say,
in the counterclockwise direction, is a linear transformation. Clearly no basis
exists relative to which the matrix of that linear transformation is diagonal. In
fact, the action of & on no vector, except 0, is multiplication by a scalar.

We are going to spend a fair amount of effort finding special representatives,
or “canonical forms," of similarity classes of matrices in F;,. The general idea
is to find in each similarity class of matrices one special one that displays the
essential features of any linear transformation corresponding to it. Roughly
speaking, we will look for a representative as “diagonal as possible." There are
several such canonical forms.

Remember, our purpose is to analyze the elements of the algebra A(V).
The discussion above has centered around characterizing those elements up to
similarity. Can we expect to do any better? To what extent can we expect even
to distinguish between the elements of the algebra A(V)? To what extent do
we wish to do so? Suppose, for instance, that v : V' — W is an isomorphism
between the finite dimensional vector spaces V' and W. Then

O:AV) = AW) :a — yay™?

is an isomorphism between the algebras A(V)) and A(W). Surely « acts on V
in “the same way” as yay~! acts on W. Surely, we do not care about any
properties of o not shared by yay~!. As linear transformations, they must be
just alike. A remarkable fact is that if ® : A(V) — A(W) is any isomorphism
between the algebras A(V) and A(W), then it is induced in the way indicated
above by an isomorphism v : V' — W. This is the Noether-Skolem Theorem,
which we will not prove. In particular, if V= W, then any automorphism ¢
of the algebra A(V) is induced by an automorphism ~ : V' — V. This means
that ®(a) = yay~?! for all @ in A(V). Therefore, if ® is any automorphism
of A(V), then the image of any « in A(V) under ¢ is similar to «. In short,
characterizing the elements of A(V) up to similarity is exactly what we should
do. We can’t expect to do any better.

PROBLEMS

1. Prove that a(a + bi) = a — bi is a linear transformation of the complex
numbers regarded as a vector space over the field of real numbers. Find
the matrix of « relative to the basis {1,4}.
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Let R be the field of real numbers. Let a be the linear transformation
on R? that rotates the plane about the origin through an angle § in
the counter-clockwise direction. Find the matrix of « relative to {(1,0),

(0,1)}.
Let (ai;) be in F5. Prove that
(aij)?* = (a11 + az2)(aij) + (a11a22 — a12a21) - 1 = 0.
Let V be of dimension 2 over the field F', and let « be an element of A(V).
Prove that there is a polynomial f(z) in F[z] of degree 2 with f(«) = 0.

Let F be a field, and let f(x) in F|x] have degree n. Regard Flz]/(f(z))
as a vector space over F. Prove that

{1+ (f(@), z + (f(2)), 2® + (f(2)), ..., "' + (f(2))}

is a basis of F[z]/(f(x)). Let a be the linear transformation defined by
a(z + (f(z)) = 21 + (f(x)). Find the matrix of « relative to the basis
above.

Prove that the ring A(V') is non-commutative if dim(V') > 2.

Let V be a vector space over F, and suppose that V' # 0. Prove that F' is
the center of A(V'). That is, prove that a5 = fa for all § in A(V) if and
only if there is an element @ in F' such that a(v) = av for all v in V.

Prove that (a;;) is in the center of F,, if and only if (a;;) is of the form

a 0 ... O
0 a 0
0 0 ... a

that is, if and only if (a,;) is a scalar matrix.

Let (a;;) be a nilpotent element of F,, that is, let (a;;)™ = 0 for some
positive integer m. Prove that (a;;)" = 0.

Prove that if « is nilpotent, then 1 + « is non-singular.

Prove that if « is nilpotent and ag, a1, ... , a,, are elements of F with
ag # 0, then ag + a1+ - -+ +a,,™ is non-singular.

Prove that a matrix in F,, with exactly one 7 in each row and column
and 0 elsewhere is non-singular. (These matrices are called permutation
matrices.)

Suppose that (a;;) is upper triangular. That is, suppose that a;; = 0 if
j <. Prove that (a;;) is non-singular if and only if no a;; = 0.
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14. Suppose that « is in A(V) and that « is idempotent, that is, that o = a.
Prove that V = V4 & V, with a(v) = v for all v € V] and «(V2) = 0.

15. Suppose that (a;;) is idempotent. Prove that (a;;) is similar to a matrix
of the form

1 00 0 0 0
01 0 0 0 0
000 --- 10 0
o 00 --- 00 0
0o 00 --- 00 --- 0

16. Prove that if @ and S are idempotent elements of A(V'), then a and
are similar if and only if they have the same rank. (The rank of « is
dim(Im(«)).)

17. Let R be the field of real numbers. Prove that the n x n matrix of all 1’s
is similar to the n x n matrix (a;;) with a;; = n and all other entries 0.

5.2 The Rational Canonical Form for Matrices

Let V be a finite dimensional vector space over the field F'. The principal tool
we will use in studying elements of A(V) is a finitely generated module
over a principal ideal domain is determined up to isomorphism by its invariant
factors. The special case of [I.7.15] is what we will actually use.

Definition 5.2.1 Let V be a vector space over the field F', and let o be in A(V).
For f(z) in Flz] and v in V, let f(z)-v = f(a)(v). This makes V into a module
over F[z], called the module of the linear transformation o, and denoted
ve.

Throughout, V' will be finite dimensional. It is straightforward to verify that
f(z)-v = f(a)(v) really makes V into a module over Fz]. We write V* for
this module to distinguish it from the vector space V. As a set, V = V.

Suppose that S is a submodule of V. Then certainly S is a subspace of V,
but also z - S = «(S) C S. Therefore, S is a subspace of V that is invariant
under, that is, taken into itself by «. Conversely, if «(S) C S and S is a
subspace of V, then S is a submodule of V*. Thus the submodules of V¢ are
the subspaces of V' invariant under «. In particular, a direct sum decomposition
Ve =V, @V, is the same thing as a decomposition V = Vi @ V5 of the vector
space V into the direct sum of subspaces V7 and V5 which are invariant under a.
Since V is finitely generated as an F-module, it is certainly finitely generated
as an F[z]-module. Any basis of V' generates the module V¢, for example.

Theorem 5.2.2 Let V' be a finite dimensional vector space over the field F,
and let « be in A(V'). Then V* is a finitely generated torsion F|x]-module.
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Proof. We already observed that V¢ is finitely generated. There are several
ways to get it torsion. Here is one way that utilizes the fact that V' is a direct
sum of cyclic modules. Write V* =V, & Vo & --- @V, with each V; a cyclic
F[z]-module. Each V; is either torsion or isomorphic to F[z] as an F[z]-module.
But F'[z] is an infinite dimensional vector space over F. Thus if V; ~ F[z], then
V; is infinite dimensional as a vector space over F. Thus each V; is torsion, and
hence V' is torsion.

Another way to get V' torsion is this. The vector space A(V') has dimension
(dim(V))? = m over F. Thus {1, a, o?, ..., @™} is dependent. Hence there
are elements ag, a1, ... , a,, in F, not all 0, such that ¥ a;a’ = 0. It follows
that for any v in V, (% a;2%) - v = (¥ a;a?)(v) = 0. But ¥ a;2* # 0. Thus V2
is torsion. m

By V@ is determined up to isomorphism by its family {fi(x), fa(x),

., fr(x)} of invariant factors. These are monic polynomials in F[z] such
that fir1(x) divides f;(z) for i < k. Further, V* =~ Flz]/(fi(z)) ® -+ &
Flz]/(fr(z)). Let’s examine this decomposition briefly. First, let f(x) be any
monic polynomial in F[z]. Then F|z]/(f(x)) is a cyclic F[z]-module, but it is
also a vector space over F. We need a bit of information about the vector space

Flal/(f(z)).

Lemma 5.2.3 Let f(x) be in Flz]|, and let deg(f(x)) = n. Then as a vector
space over F, Flz]/(f(x)) is of dimension n. In fact, {1+ (f(z)), = + (f(z)),
S, 4+ (f(x))} is a basis.

Proof. If X7 J'a;(«’ + (f(z))) = 0, then X7~ la;2" is in (f(z)). But (f(z))
contains no non-zero polynomials of degree less than n. Hence B = {1+ (f(x)),
x4+ (f(x)), ..., 2" 1+ (f(x))} is independent. If g(x) is in Flx], then g(x) =
f(@)k(z)+r(x), with deg(r(x)) < n. Hence g(z)+ (f(z)) = r(z) + (f(z)). Now
it is clear that B generates F[x]/(f(x)), and hence is a basis. m

Corollary 5.2.4 Let W be a cyclic submodule of V¥, and let dim(W) = m. If
w generates the module W, then

{w, a(w), a®(w), ..., ™ (w)}
is a basis of the subspace W.

Proof. The epimorphism given by F|x] — W : 1 — w yields an isomorphism
Flz]/(f(z)) — W, where (f(z)) = 0 : w. This F[z]-isomorphism is also a vector
space isomorphism. Since dim(W) = m, then by deg(f(z)) = m, and
{14+ (f(x), x+ (f(x)), ..., 2™ L+ (f(x))} is a basis of F[z]/(f(x)). Its image

in W is
" (w)}.

{w, z-w, ... ,.2" " w}={w, a(w), ..., «

Corollary 5.2.5 Let o be in A(V'), and let
{fl(x)7 fg(.’L‘) AR fk(x)}
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be the invariant factors of V. Then
dim(V') = deg(f1(x)) + - - + deg(fr(2)).

Proof. Vo ~ Flal/(fi(2)) & - &Fla]/(fe(x)). Apply [Z3

Consider again the decomposition

Ve r Flal/(fi(z) @ & Fla]/(fr(x)),

where {f1(z), ..., fr(x)} are the invariant factors of V. Since fi(x) is a multi-
ple of each f;(x), it follows that fi(x)(F[z]/(fi(z))) = 0. Therefore, fi(x)V*
0. What does this mean? It means that for each v in V¢, fi(x)-v = 0. But
fi(z) v = fi(a)(v) = 0. Therefore, f1(a) = 0. The polynomials g(z) in F[z]
such that g(a) = 0 form an ideal. This ideal is non-zero. Any non-zero ideal of
F[z] is generated by a unique monic polynomial. Clearly, no monic polynomial
g(x) of degree smaller than deg(fi(z)) can satisfy g(o) = 0. If it did, then
g(x)V® =0 = g(z)(F[z]/(fi(x))), which is impossible. Therefore, fi(z) is the
monic generator of the ideal of polynomials g(z) such that g(a) = 0. In other
words, f1(x) is the monic polynomial of least degree such that fi(«) = 0. But
what is the degree of f1(z)? By[5.2.3] or[5.2.5 deg(fi(z)) < dim(V'). Using our

isomorphism A(V) — F,,, we have

Theorem 5.2.6 Every linear transformation on a vector space of dimension n
over a field F' satisfies a monic polynomial in F[z] of degree < n. Every matriz
in F,, satisfies a monic polynomial in F|x] of degree < n.

Definition 5.2.7 Let « be in A(V'). The minimum polynomial of «, denoted
me (), is the monic polynomial of least degree such that mqy(a)) = 0. Let A be in
F,.. The minimum polynomial of A, denoted m(x), is the monic polynomial
of least degree such that ma(A) = 0.

Note that just says that these minimum polynomials are of degree
< dim(V).

Corollary 5.2.8 Let o be in A(V), and let
{fl(‘r)) f?(x)7 tec fk(x)}
be the invariant factors of V*. Then my(z) = f1(z).

Therefore, the first member of the family of invariant factors of V¢ is the
minimum polynomial of a. There is a pressing question at hand.

Theorem 5.2.9 Let V be a finite dimensional vector space over a field F, and
let o and B be in A(V). Then the F[z]-modules V and V? are isomorphic if
and only if a and B are similar.
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Proof. Suppose that o = y~!$7. Then « is an F-isomorphism from V¢ to
VA, It would be an F[z]-isomorphism if v(f(z)-v) = f(z) - y(v) for all f(z) in
Flz] and v in V. This is true, however, if v(z - v) = x - y(v) for all v in V<.
But y(z - v) = y(a(v)) = (ya)(v) = (B7)(v) = B(v(v)) = @ - y(v). Therefore
Ve ~ VB, Now suppose that v : V* — V# is an F[z]-isomorphism. Then
v certainly is an F-isomorphism. That is, 7 is non-singular. For v in V, we
have v(x - v) = z - (y(v)), whence y(a(v)) = B(y(v)). Therefore, yao = 87, or
a = v~ 1Bv. This concludes the proof. m

Thus, isomorphism invariants for V' are similarity invariants for «. Hence
the invariant factors of V* are complete similarity invariants for a.

Definition 5.2.10 Let V be a finite dimensional vector space over the field F,
and let  be in A(V'). The invariant factors, and the elementary divisors, of the
module V< are called the invariant factors, and the elementary divisors,
respectively, of the linear transformation a.

Corollary 5.2.11 Let « and 8 be in A(V). Then « and B are similar if and
only if they have the same invariant factors, or the same elementary divisors.

Therefore each o in A(V') is associated with a unique family {fi(z), ...,
fix(z)} of monic polynomials with each a multiple of the next, namely the in-
variant factors of a. The linear transformations « and 8 correspond to the same
family precisely when they are similar. For any vector space V of dimension
n, similarity classes of elements of A(V') are in a natural one-to-one correspon-
dence with similarity classes of elements of F},. The correspondence is induced
by sending « in A(V') to the matrix of « relative to any basis. Therefore, the
following definition of invariant factors and elementary divisors of matrices is
legitimate; it is independent of V.

Definition 5.2.12 Let (a;;) be in F,,, and let o be any element of A(V') whose
matriz relative to some basis of V' is (a;;). The invariant factors, and ele-
mentary divisors of (a;;) are the invariant factors, and elementary divisors,
respectively, of «.

Corollary 5.2.13 Two matrices in F,, are similar if and only if they have the
same invariant factors, or the same elementary divisors.

Corollary 5.2.14 Let o be in A(V'), with dim(V') =n. Then o and (a;;) have
the same invariant factors, or the same elementary divisors, if and only if (a;j;)
1s the matriz of a relative to some basis of V.

Corollary 5.2.15 Similar linear transformations, and similar matrices, have
the same minimum polynomial.

How does one tell whether or not two matrices in F;, have the same invariant
factors? This is the same as asking how one tells whether or not two matrices in
F,, are similar. It turns out that there is a matrix in each similarity class that
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puts on display its invariant factors. This particular canonical form (that is, this
special matrix in each similarity class) is called the rational canonical form.
We will get at it through V. Now V¢ is a direct sum of cyclic modules. Let’s
examine the cyclic case first. So suppose that V¢ is cyclic. This is expressed
by saying that « is cyclic. So a linear transformation « on a vector space V is
cyclic if the associated module V¢ is a cyclic module. Suppose that « is cyclic.
Then V* ~ Flx]/(mq(z)), where my(z) is the minimum polynomial of a. Let

v generate V. By [5.2.4]
B ={v, a(v), ..., a" ()}

is a basis of V, where dim(V') = n. What is the matrix of « relative to this

basis? We need to write each a(a(v)) as a linear combination of elements of
B. Let

Me(z) = 2" 4+ ap_12" 1+ -+ ap.

Then
a" =—(ag+ara+---+a,_1a" ")

since me, () = 0. Thus
a"(v) = — (agv + a1 (a(v)) + - + an-1(a" "1 (v))).

For i <n — 1, a(a’(v)) = a*1(v) is certainly a linear combination of elements
of B. Therefore the matrix of « relative to the basis B is

000 - 00 —a
100 --- 00 -
010 -+ 00 —a
000 - 1 0 —ap2
000 -+ 01 —ap

This matrix is, of course, uniquely determined by the polynomial m,(z), and
one can read off m, (x) from it.

Definition 5.2.16 Let f(z) be a monic polynomial in Flx]. If f(z) = 2™ +
p_12" "L 4+ -+ 4ag, then the matriz

000 - 00 -—a
1 0O -~ 00 -—a
010 -+ 00 —a
000 -+ 1 0 —ap2
000 -+ 01 —ap

is called the companion matriz of f(x), and is denoted C(f(z)).
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Thus one matrix of a cyclic linear transformation is the companion matrix
of its minimum polynomial.

Corollary 5.2.17 The minimum polynomial of the companion matriz C(f(x))
of the monic polynomial f(x) is f(x). That is, mc(s(a)(v) = f(2).

Proof. Let deg(f(z)) = n. Multiplication by x is a linear transformation
on the vector space F[z]/(f(z)). The matrix of this linear transformation rel-
ative to the basis {1 + (f(x)), = + (f(z)), ..., 2" 1 + (f(2))} is C(f(x)). A
matrix of a linear transformation satisfies the minimum polynomial of that lin-
ear transformation. The minimum polynomial of the linear transformation in
question is f(x) since f(z) is the monic polynomial of least degree such that

f(@)(Flz]/(f(2))) =0. =

Suppose that « is in A(V) and that V¢ = V5 @ V5. Let {v1, va, ..., U}
be a basis of Vi, and let {v;n41, Vmt2, --- , Un} be a basis of Vo. Since V; is
invariant under «, the matrix of « relative to {vy, ve, ..., v,} has the form

ai1 e A1m 0 e 0
Am1 - Qmm 0 - 0
0 ce 0 Am+1 m+1 -+ Am+ln
0 . 0 An m+1 ... Ann

In short, writing V< as a direct sum V; & Vo @ --- V) of submodules and
stringing together bases of Vi, V5, ... , and Vj yields a basis such that the
matrix of « relative to it has the form

M,

My,

where each M; is a dim(V;) x dim(V;) array. This is a principal tool in finding
special matrices for linear transformations.

Theorem 5.2.18 Let V be a vector space of dimension n over the field F. Let

a be a linear transformation on V', and let {f1(z), fo(z), ..., fe(z)} be the
invariant factors of a. Then V' has a basis such that the matriz of o relative to
1t s
C(fi(x))
C(f2(x)) 0
R(a) = )
0

C(fr(@))
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Proof. V* =~ Flz]/(f1(z))® - &F[z]/(fx(z)), whence V¥ =V, &--- GV}
with V; & Flz]/(f;(x)). Let v; generate V;. Then by [5.2.4]

{vi, a(vy), ..., ™ (v}
is a basis of V;, where n; is the degree of f;(x). Therefore
{v1, a(vy), ..., @™ Hwy), va, a(va), ... @™ T (va), o, vk, ), o, @™ ()}

is a basis of V. The matrix of « relative to it is R(«). m

Definition 5.2.19 The matriz R(«) in is called the rational canonical
matriz of a. Any matriz in F,, in the form R(a), where fiy1(x) divides f;(x)
for 1 < k, is said to be in rational canonical form. Such a matriz is denoted

(C(fi(2))).

Theorem 5.2.20 FEvery matriz in F,, is similar to exactly one matriz in F,, in
rational canonical form.

Proof. Let (a;;) be in F,. Then (a;;) is the matrix of some « in A(V)
with dim(V') = n. The matrix (a,;) is similar to the rational canonical form of
a. Suppose that (a;;) is also similar to another matrix (C(g;(x))) in rational
canonical form. Then this matrix is the matrix of the linear transformation o
relative to some basis. But V* =~ Vi @ Vo @ --- @V}, with Vi = Flz]/(g:(z)).
Therefore {g1(x), g2(z), ..., gr(z)} is the family of invariant factors of a. The
theorem follows. m

There is an important point in connection with [5.2.19|and [5.2.20} Let (a;;)
be in F,. Complete similarity invariants for (a;;) are the invariant factors of
(@i;j). That is, two matrices in F), are similar if and only if they have the same
invariant factors. This is the same as having the same rational canonical form
in F,,. Now suppose that K is a field containing F'. Then any (a;;) in F;, is also
in K,,. For example, if F' is the field Q of rational numbers, then any matrix in
F, is also an n x n real matrix. As an element of F),, (a;;) has invariant factors
in F'[z] and has a rational canonical form in F,,. But as an element of K, (a;;)
has invariant factors in K[z] and a canonical form in K,. By a matrix
in F,, in rational canonical form is in rational canonical form as a matrix in K.
Thus yields the following theorem.

Theorem 5.2.21 Let F be a subfield of the field K. The invariant factors and
the rational canonical form of a matriz in F, are the same as the invariant
factors and the rational canonical form of that matriz as an element of K,.

In particular, a matrix in F;, has the same minimum polynomial as an el-
ement of F,, as it does as an element of K,,. Further, two matrices in Fj, are
similar in F,, if and only if they are similar in K,.

The analogue of for other canonical forms is not necessarily true. In
fact, does not hold for elementary divisors. For example, the matrix

(55)



184 CHAPTER 5. LINEAR TRANSFORMATIONS

as a real matrix has invariant factors just the polynomial 2+ 1. The polynomial
22 4+ 1 is also, of course, its only invariant factor as a complex matrix. But its
elementary divisors as a complex matrix are x + ¢ and x — i, while it has only
the single elementary divisor £2 +1 as a real matrix. Its rational canonical form
both as a real and as a complex matrix is the matrix itself. In the next section,
we will get a canonical form that will display the elementary divisors. That
canonical form of a matrix might change if the field is enlarged, because the
elementary divisors might change.

PROBLEMS

1. Find the minimum polynomial of an idempotent linear transformation.
2. Find the minimum polynomial of a nilpotent linear transformation.
3. Find the minimum polynomial of the 3 x 3 matrix whose ij-entry is i - d;;.

4. Find the rational canonical form of the matrix

o o oo
oS oo
o O N O
o w o o

5. Find all possible rational canonical matrices of o in A(V') when mq(z) =
(22 4+ 1)(z + 1)? and dim(V) = 7.

6. Find the invariant factors and the rational canonical form of the matrix

1000 00
02 0000
002000
000 3 00
000 0 30
000 0 O0 3
7. Let F be the field of complex numbers, and let a1, as, ..., a, be the n

distinct nth roots of 1. Prove that in F,, the matrix C(z™ — 1) is similar
to the diagonal matrix (a;;) with a;; = a; - ;5.

8. Prove that the matrix

0 000 1
10 0 0 -5
01 0 0 10
0 01 0 -10
0001 5

is not similar to a diagonal matrix.
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. Let a be in A(V'), and suppose that « is nilpotent. That is, o™ = 0 for

some m > 0. Prove that « has a matrix of the form

N1
Ny 0
N3
0
Ni
where NN; is an n; X n; matrix of the form
0 0 O 0 0 O
1 0 0 0 0 0
0 0 1 1 0 0
0 0 O 0 1 0

and nqy > ng > - > ny.

Prove that the set of similarity classes of nilpotent matrices in F;, is in
one-to-one correspondence with the set of partitions ny +no+---+ng =n
of n into the sum of positive integers with ny > ng > -+ > ny.

Prove that if the matrices M; are non-singular in F,,;, then the matrix

M,
Ms 0
M3

M,
is non-singular in Fi,, 4ny4-tng -

Prove that if M; is similar to N; in F),, , then (M;) in Problem 11 is similar
to (Nz) in Fn1+n2+---+nk~

Let {v1, va, ..., v, } be a basis of V, and let « be defined by a(vy) = va,
a(vy) =vs, ..., @(Vp—1) = Up, and a(v,) = —agV1 — a1V — ... — Ap_1Vp.
Compute the matrix of « relative to the basis

n—1 n—2
{vn + 272 avi, v + X0 A1 v4, -, V2 F Qp_1v1, V1)

Prove that a matrix in F;, is similar to its transpose.

Let {f1(z), fa(z), ..., fx(x)} be the family of invariant factors of « in
AV). Let Ve =V1 @ Vo @ -+ &V, with V; = Fz]/(fi(z)). Let o; be the
restriction of a to V;. Prove that the minimum polynomial of «; is f;(z),
and that «; is cyclic.
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Let v : V — W be an isomorphism between the vector spaces V and W.
Let a be in A(V). Prove that the invariant factors of o in A(V) and
yay~tin A(W) are the same.

Let K be a field containing the field F'. Prove that the similarity classes
of F,, are the intersections of the similarity classes of K, with F,.

Let o be in A(V). Call a irreducible if V* is simple, that is, if V' has no
non-trivial submodules. Prove that « is irreducible if and only if m, ()
is prime and of degree dim(V).

Let a be in A(V). Call a indecomposable if V* is indecomposable.
Prove that « is indecomposable if and only if for every pair V; and V5 of
submodules of V¢, either V; C V5 or Vo C V;.

Let @ be in A(V'). Prove that « is indecomposable if and only if « is cyclic
and m,(z) is a power of a prime.

Let o be in A(V). Call a completely reducible if V¢ is a direct sum
of simple submodules. Prove that « is completely reducible if and only if
meq(2) is a product of distinct primes.

Let o and 8 be in A(V) with a non-singular. Prove that o + af is non-
singular for all but finitely many a in F'.

Let a and 8 be in A(V'). Prove that § is an endomorphism of the module
V< if and only if af = Ba.

Suppose that a in A(V) is cyclic. Prove that the only linear transforma-
tions that commute with o are the polynomials in o with coefficients in
F.

Let « be in A(V), and let
Ve = Flz]vy @ Flzlva @ -+ @ Flx]og

with 0 : v; = (fi()), and with f; 11 (z) dividing f;(z). Let v, (35, gi(z)v;) =
g1(z)vj, and let 7; (S5, g;(z)v;) = gj(z)vj, 5 =1, 2, ..., k. Prove that
7, and 7; are endomorphisms of V. That is, prove that v, and 7; are

linear transformations of V' which commute with .

Let o be in A(V). Prove that every 8 in A(V) which commutes with every
v in A(V) which commutes with « is a polynomial in « with coefficients
in F.

Let V be a vector space over the field F', with V' # 0. Prove that the
endomorphism ring of V' considered as a module over A(V) is F.

Let V' # 0. Let R be a subring of A(V') such that 1 is in R and such that
no subspace except 0 and V is invariant under every element of R. Prove
that the endomorphism ring of V' considered as an R-module is a division
ring.
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5.3 Eigenvectors and Eigenvalues; the Jordan
Canonical Form|[Eigenvectors and Eigenval-
ues]

Let « be a linear transformation on a vector space V' of dimension n over a field
F. In the similarity class of matrices in Fj, corresponding to « is the rational
canonical form R(«) of . The matrix R(c) exhibits the invariant factors of a.
The linear transformation « may, however, have a matrix that is diagonal, that
is, of the form (a;;) with a;; = 0 unless ¢ = j. Such a matrix of « is particularly
revealing. There is a basis {v1, va, ... , v,} of V such that a(v;) = a;v;.
Equivalently, V =V, @ Vo & --- @V,, with V; of dimension 1, and the action of
a on V; is just multiplication by the fixed scalar a;. Now R(«) is never diagonal
unless dim(V;) = 1 for all 4. There is, however, a canonical form J(a) for a
such that J(«) is diagonal if there is a diagonal matrix corresponding to a. In
some sense, J(«) is as diagonal as possible. The matrix J(«) has the further
property of putting on display the elementary divisors of a. The matrix J(«)
is called the Jordan canonical form of «. This section is mainly concerned
with this particular canonical form.

The first item of business is to find out just when there are bases {vy, va, ...
, Un} of V such that a(v;) = a;v;. In particular, we need to know when non-zero
vectors v exist such that «a(v) = av for some a in F. Some terminology is in
order.

Definition 5.3.1 Let a be in A(V). A non-zerov in V is called an eigenvec-
tor of « if a(v) = av for some a in F. The scalar a is called an eigenvalue of
a, and v is an eigenvector of a belonging to the eigenvalue a.

Thus, the scalar a in F' is an eigenvalue of « if there is a non-zero v in V
such that a(v) = av. Equivalently, a is an eigenvalue of « if o — a is singular.
Eigenvalues are also called proper values and characteristic values. Simi-
larly, eigenvectors are also called proper vectors and characteristic vectors.
The following theorem is basic.

Theorem 5.3.2 Let V be a finite dimensional vector space over the field F'. Let
a be a linear transformation on V', and let m,(x) be the minimum polynomial
of a. Then the scalar a is an eigenvalue of o if and only if x — a divides mq(x)

Proof. Suppose that z—a divides mq,(z) in F[z]. Then m,(z) = (z—a) f(z),
with f(z) in Flz]. Since deg(f(z)) < deg(mq(x)), there is a vector v in V' such
that f(a)(v) # 0. But mq(a)(v) =0 = (o — a)f(a)(v). Thus a(f(a)(v)) =
a(f(a)(v)). Therefore f(a)(v) is an eigenvector corresponding to a.

Now suppose that a is an eigenvalue of a. Write mq(z) = (z — a) f(z) + b,
with f(z) in Fz] and b in F. There is a non-zero v in V such that a(v) = av.
Hence

ma(@)(v) =0 = (a—a)f(a)(v) +bv = f(a)(a(v) —av) + bu.
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Since a(v) = aw, it follows that bv = 0. Hence b = 0, and = — a divides mq ()
in Flz]. =

Corollary 5.3.3 Let o be in A(V). Then a has at most dim(V') eigenvalues.

Proof. The degree of m,(z) is at most dim(V'), and hence m,(x) has at
most dim (V') distinct roots. ®

Corollary 5.3.4 Similar linear transformations on a vector space have the
same eigenvalues.

Proof. Similar linear transformations on a vector space have the same
minimum polynomial. m

Note that [5.3.4] does not say that similar linear transformations on a vector
space have the same eigenvectors. That is not true.

There is a short direct proof of Suppose that o = v~ !, and that
a is an eigenvalue of a. Then there is a non-zero v in V such that a(v) = av.
Now B(y(v)) = ya(v) = y(av) = avy(v), whence a is an eigenvalue of 5. Note
that «(v) # 0 since v # 0 and ~y is non-singular.

Suppose that v is an eigenvector of « belonging to a. Then any non-zero
scalar multiple of v is also an eigenvector of a. Indeed, for a non-zero b in
F, a(bv) = ba(v) = blav) = ab(v) = a(bv). Since b # 0, bv # 0, and bv is
an eigenvector of o belonging to a. We would like, if possible, to get a basis
of eigenvectors. How does one get independent eigenvectors? The following
theorem helps.

Theorem 5.3.5 If vy, v, ... , vr are eigenvectors of a belonging to distinct
eigenvalues, then {v1, va, ..., Uk} is independent.
Proof. Suppose that ay, as, ..., a are distinct, with v; belonging to a;. If

¥ bv; =0, then (X bv;) =0 =X a;b;v;, and a1 % b;v; = ¥ a;b;v;. Therefore,
Esz(albi —a;b;)v; = 0. Inducting on k, we get that a;b; = a1b; fori =2, 3, ...
, k. If b; # 0, then a; = a;. Thus b; = 0 for 7 > 2. It follows that b; = 0 also,
and hence {vy, va, ..., vx} is independent. m

Corollary 5.3.6 Let o be in A(V). If o has dim(V') distinct eigenvalues, then
V' has a basis of eigenvectors of a, and there is a matriz of o which is diagonal.

Suppose that « has a diagonal matrix. By permuting the basis if necessary,
« then has a matrix of the form

S
So

Sk
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where S; is an n; X n; scalar matrix

Q;
a;

a;
and a; = a; only if ¢ = j. The basis involved then has the form

{vlla V12 -« 5 Vlng 5 V21, V22, « v 5 V2ny 5 -+ ,UEL, VE2, « - vknk}

with a(v;;) = a;v;;. The numbers nq, ng, ..., ny are invariants of . Indeed,
the elementary divisors of « are

{z—ay,...,2—a,x—as, ..., T—ag, ..., T—ag}

with each = — a; appearing n; times. The number n; is also the dimension of
the subspace V; generated by

{vij Zj:L 2, ,ni}.
The subspace V; is just Ker(a — a;). We need some definitions.

Definition 5.3.7 LetV be a vector space over F, and let o be in A(V'). Suppose
that a is an eigenvalue of a. Then E(a) = Ker(a — a) is the eigenspace of a.
The number dim(E(a)) is the geometric multiplicity of a.

For a transformation with a diagonal matrix, as above, the multiplicity of
a; is the number of x — a; appearing in the family of elementary divisors of a.
Thus if we multiply the elementary divisors together, then the multiplicity of a;
is also its multiplicity as a root of that product.

Definition 5.3.8 Let V' be a vector space over F, and let « be in A(V'). The
product of the elementary divisors (or equivalently, the product of the invariant
factors) of « is the characteristic polynomial of «, denoted co(x).

Note that deg(cq(x)) = dim(V). Also, similar linear transformations have
the same characteristic polynomial. Thus we define the characteristic poly-
nomial of a matrix in Fj, to be the characteristic polynomial of any « in V'
corresponding to it. (In we will see how to compute the characteristic poly-
nomial of a matrix directly from that matrix.) Finally, note that if v is in A(V)
and a is in F, then a is an eigenvalue of « if and only if a is a root of ¢, (x).
The multiplicity of a as a root of ¢, () is called its algebraic multiplicity.

How do the two multiplicities of an eigenvalue compare?

Theorem 5.3.9 Let a be an eigenvalue of o in A(V). Then the geometric
multiplicity of a is the number of elementary divisors of a which are a power
of x — a. In particular, the geometric multiplicity of a is no greater that the
algebraic multiplicity of a.
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Proof. Let V,_, be the primary part of V¢ corresponding to the prime
x —a. (See|d.7.18/and [4.7.19])

Veca={veV:(x—a)™ v=0 for some m}.

Now, Ker(a —a) C Vy—q, and Vo = W1 @ W @ - - - @ Wy, with the W; cyclic
modules. Further,
Wi~ Flz]/((x = a)™).

The kernel of a —a on W; is (o — a)™~*W;, which is isomorphic to (z —
a)"~1F[x]/((x — a)™). This vector space has dimension 1 since it is cyclic and
is annihilated by  — a, whence is isomorphic to Flz]/(z —a). m

Theorem 5.3.10 Let V' be a vector space over F and let a be in A(V). Then
a has a diagonal matriz if and only if the minimum polynomial of « is a product
of distinct linear factors in F|x].

Proof. Suppose that a has a diagonal matrix. That is, suppose that V has
a basis {v1, vg, ..., v,} consisting of eigenvectors of . Let f(z) = II(z — a;),
where a; ranges over the distinct eigenvalues of a. Then f(a)(v;) = 0 for all
basis vectors v;, and so f(a)(v) =0 for all v in V. Thus mq(z) divides f(z), so
me () is the product of distinct linear factors in F[z]. (Actually, m,(z) = f(z).)

Now suppose that the minimum polynomial of « is a product of distinct
linear factor in F[x]. The module V* is a direct sum V; ®@ Vo @ - -+ @&V}, of cyclic
modules, and if each V; has a basis such that the matrix of the restriction of o to
V; is diagonal, then union of these bases will be a basis of V' such that the matrix
of a with respect to it is diagonal. Therefore, we may assume that V¢ is cyclic,
so that V* =~ F[z]/(mq(x)). Let mq(z) be the product II(x — a;) of distinct
linear factors, and let f;(x) = mq(x)/(z — a;). Then the f;(z) are relatively
prime and there are polynomials g;(z) in F[z] such that ¥ g¢;(z)f;(z) = 1.
Therefore, ¥ Fz]f;(x) = F[z]. Observe that F[z]f;(x)/(mq(z)) is a submodule
of Flx]/(mq(z)), is cyclic, is annihilated by « — a;, and hence is isomorphic to
F[z]/(xz — a;). These are primary modules for distinct primes 2 — a;. It follows
that V¢ is a direct sum of one dimensional subspaces, and that V has a basis
of eigenvectors. m

Recalling that the minimum polynomial of a linear transformation restricted
to an invariant subspace is a factor of the original minimum polynomial, we get
the following result.

Corollary 5.3.11 Suppose that o has a diagonal matriz. Let W be any sub-
module of V. Then W is a direct sum of submodules of dimension 1.

Expressing Theorem [5.3.10]in terms of elementary divisors yields

Corollary 5.3.12 Let a be in A(V). Then « has a diagonal matriz if and only
if all the elementary divisors of a are linear.

Corollary 5.3.13 Let (a;;) be in F,,. Then (a;j) is similar in F,, to a diagonal
matriz in F,, if and only if the elementary divisors of (a;;) in Fz] are all linear.
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One has to be a little careful with [5.3.13] If F' is a subfield of a field K,
then (a;;) is in K,,, and the elementary divisors of (a;;) as an element of K,
are not necessarily the same as the elementary divisors of (a;;) as an element of

F,,. The matrix
0 -1
1 0

as a matrix over the reals and as a matrix over the complex numbers is a case
in point.

It is easy to write down matrices that are not diagonalizable. For example, let
C be the field of complex numbers. Multiplication by x is a linear transformation
« on the vector space V = C[z]/((x — 1)?). But V¢ is cyclic and (z — 1)? is its
only elementary divisor. By [5.3.12] no matrix of « is diagonal. One matrix of
« is, of course the companion matrix

(v73)
of (z —1)2.

If o does have a diagonal matrix diag(a;), then V* =V @ Vo @ --- @V,
with V; &~ Flz]/(x — a;). Thus the elementary divisors of « are the members
of the family {x — a1, * — aa, ... , * — a,}. The point is that if o does have
a diagonal matrix, that matrix displays the elementary divisors of . Now for
any « in A(V'), we are going to get a canonical matrix of « that displays the
elementary divisors of a and which is diagonal if « has a diagonal matrix.

Let a be in A(V). Then V¢ = V1 ® Vo @ .-+ @V, where V; is the p;(x)-
component of V<. Each

Vi=Via@®@Via® - @ Vi,

with Vj; cyclic. We want a special basis of V;;. To simplify notation, suppose
that V' is cyclic primary. Thus V* has a single elementary divisor p(z)?,
where p(z) is a prime polynomial in F[z]. Of course, p(z)? is also the minimal
polynomial as well as the invariant factor of « in this case. First we will do the
special case when p(z) is linear. This is an important special case. For example,
if the field F' is the field of complex numbers, then every prime polynomial is
linear. Also, working through this case may illuminate the general case. So
suppose that p(x) = 2 — a. Let v be a generator of the module V*. Consider
the family of vectors

v = (a@—a) ' (v), va = (@ —a)?2), ..., vg = (e — a)?™(v).

First, note that {vi, va, ..., vy} is a basis of V. It is linearly independent
since X, a;(a — a)?7(v) = 0 yields (X{_,a;(z — a)? ")V = 0, whence mq (z)
divides X a;(z — a)9~%. But the degree of the latter polynomial is too small
for that unless each a; = 0. Thus {v1, ve, ..., v4} is independent. Since
dim(V') = ¢, it is a basis. Now we will compute the matrix of « relative to this
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basis.
a(v)) = ala—a)'(v) = (a - (a—a))(a—a)(v)
= ala—a)'(v) = avy;
a(vz) = ala—a)?(v) = (e (a—a))(a—a)">(v) +
(@—a)v) = ala—a)2(w)+ (@—a)i(v) = vr +ava; ...
a(vg-1) = ala—a)(v) = (a—(a—a)(a—a)(v) + (@ —a)(v)
= ala—a)(v) + (a—a)*(v) = vy_2 + avy_1;

) (
a(vg) = o) = (o= (a=a))(v) + (o - a)(v)

= av+ (a—a)(v) =vg_1 + av,.
h

Therefore the matrix of a has the form

a 1 0 0 0 0
0 a 1 0 0 0
0000 -+ a1
0000 --- 0 a

We have the following theorem.

Theorem 5.3.14 Let V be a vector space over the field F, and let o be in A(V).
Suppose that the minimum polynomial factors into linear factors in F|x]. Then
V' has a basis such that the matrix of a relative to it has the form

Ji
Jo
Jk
where each J; has the form
a; 1 00 --- 0 O
0 ag 1 0 --- 0 O
0 0 0O a; 1
0 0 0O 0 ay

with the a; eigenvalues of a.

Definition 5.3.15 J(«) is the Jordan canonical form for a. A matriz in
the form of J(«) is said to be in Jordan canonical form.

Note that it is not really proper to say the Jordan canonical form for a.
There is no particular way in which to order the J;. However, apart from
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changing the order of the J;, the form is unique. If J; is n; X n;, then the
elementary divisors are just

(x—a)™ ,i=1,2, ..., k.

The a; are not necessarily distinct. However, J(«) does display the ele-
mentary divisors of a.

Corollary 5.3.16 Let (a;j) be in F,, and suppose that the minimum polynomial
of (aij) factors into linear factors in F[zx]. Then (a;;) is similar to a matriz in
Jordan canonical form.

We will extend the definition of Jordan canonical form shortly. Consider
again the case where V® is cyclic primary. Then a has elementary divisor
p(x)?. Let p(x) = ap + a1z + -+ +a,_12" "> + 2", and let v be a generator of
the module V*. Consider the family of vectors

v = p(a)qfl(v), Vg = ap(a)qfl(v), R ofﬁlp(a)q*l(v),
v = p(@)T72(0), vrya = ap(@)?3(v), ... vgr = " ()3 (),
Vig=r41 = U, Ygetyrg2 = @(V), ..., Vgr = " (v).

Each v; is of the form f;(z) - v. Distinct f;(z) have distinct degrees, and
deg(fi(z)) < ¢gr. No f;(x) = 0. Since

{v,z-v,..., 2471 v} ={v, av), ..., aqr_l(v)}

is a basis, it follows that {v1, va, ... , v} is a basis of V. Now we compute the
matrix of « relative to this basis. We get

a(vy) = v, a(vz) =3, ..., a(vr_1) = Vp,
afv,) = o (p(e)?(v)) = (a" = p(a))p(a)?™" (v)
= —apUV1 — a1V — ... — Qpr_1Up;
a(vpg1) = Vpgo, W(Vrg2) = Vg3, - .., (V2p—1) = Vo,
a(vy,) = o (p(@)??)(v) = (" — p(@))(p(@)?~?)(v) + p()? " (v)
= —QoUr41 — G1Vp42 — ... — Qpr_1V2y + V1;

O‘(U(q—l)r—&-l) = U(g-1)r+2; O‘(U(q—l)—&-2) = V(g—1)+35 - - - aa(vqr—l) = Ugr,
avgr) = a"(v) =(a" = p(a))(v) + p(a)(v)
= —aoV(g—1)r+1 — A1V(g—1)r4+2 — -+ — Ar—1Ugr + V(g—2)r+1-
Thus the matrix of « relative to the basis {v1, va, ... , Vg, } is
C(p(z)) D
C(p(z)) D
J(p(x)?) =
D
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where C(p(z)) is the companion matrix of p(z) and D is the 7 X r matrix with
1 in the upper right hand corner and 0 elsewhere. We call J(p(x)?) the Jordan
matrix of the prime power polynomial p(x)?.

In general, let a be in A(V), and write

Vi=VieVed--- &V,

where V; are cyclic primary modules with elementary divisor ¢;(x). Pick a basis
of V; as above. Putting these bases of the V; together, we get a matrix of « of
a certain form.

Theorem 5.3.17 Let « be in A(V), and let

a1 (), q2(), ..., qr(z)

be the elementary divisors of a. Then V' has a basis such that the matriz of o
relative to it has the form

J(q1(x))

J(a) = J(q2())

J(an(x))

where J(q;(x)) is the Jordan matriz of q;(x).

Again, there is no particular order into which to put the J(g;(z)), and they
may of course not all be distinct. But up to such orderings, J(«) is unique.

Definition 5.3.18 J(«) is called the Jordan canonical form for a. A matriz
in the form J(a) is said to be in Jordan canonical form.

Conjecture 5.3.19 Corollary 5.3.20 Let (a;;) be in F,,. Then (a;;) is sim-
ilar to a matriz in Jordan canonical form.

Note that the matrix in is the matrix in £.3.14] in case all the ele-
mentary divisors are powers of a linear polynomial. Further, if the elementary
divisors are linear, then J(«) is indeed diagonal. Thus J(«) is diagonal if o has
a diagonal matrix at all.

A matrix (a;;) is upper triangular if a;; = 0 whenever j < i¢. Lower
triangular is defined analogously. When we say simply triangular, we mean
upper triangular. In case m, () factors into linear factors in F[z], then J(«)
is triangular. Therefore every matrix in F;, whose minimum polynomial is a
product of linear factors in F[z] is similar in F), to a triangular matrix. This
special fact is easy to prove directly. It does not require information about the
modules V¢, for example. Furthermore, the converse holds. That is, a matrix in
F,, is similar in F), to a triangular matrix if and only if its minimal polynomial
is a product of linear factors in F[z]. The pertinent theorem follows.
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Theorem 5.3.21 Let V be an n-dimensional vector space over the field F.
Let o be in A(V). Then « has a triangular matriz if and only if its minimal
polynomial is a product of linear factors in F[z].

Proof. Let a be in A(V), and suppose that m,(z) is a product of linear
factors in F[z]. Then « has a triangular matrix by but as indicated, we
will give a direct proof of this fact. Let a* : V* — V* be the dual of a. Note that
mea () (v*) = v*mqe(a) = 0 for all v* in V*, so that the minimum polynomial of
a* divides that of a. (They are actually equal.) Thus the minimum polynomial
of a* is also a product of linear factors, and a* has an eigenvector v* in V*.
The one dimensional subspace Fv* is invariant under «*, whence the n — 1
dimensional subspace W = {v € V : v*(v) = 0} is invariant under a. Indeed,
v*(a(w)) = (a*(v*))(w) = (av*)(w) = 0, so that a(w) is in W for all w in W.
By induction on dim(V') = n, W has a basis

{w2; w3, - .-, wn}

such that the matrix of the restriction of o to W is triangular. If v is not in W,
then {v, wa, ws, ..., w,} is a basis of V such that the matrix of « relative to
it is triangular.

Conversely, if a has a triangular matrix (a;;) with respect to the basis {v1,
V2, ... Up}, then

(o — agg)(Fvy + Foo+ -+ + Fog) C Fvy + Fug+ -+ + Fog_q,
so that II?"_; (o — a;;) annihilates V. Thus the minimum polynomial of o divides
I, (z — a4;), so factors into linear factors. m
PROBLEMS

1. Suppose that dim(V) = n and that o € A(V') has n distinct eigenvalues.
Prove that « is cyclic.

2. Prove that if a € F is an eigenvalue of a, then for f(z) € F[z], f(a) is an
eigenvalue for f(«).

3. Suppose that a is an eigenvalue of the cyclic linear transformation a. Let
ma(7) = (v — a)k f(z), where x — a does not divide f(z). Prove that the
eigenvectors of a belonging to a are precisely the non-zero elements of

(@ —a)* 1 f(e)(V).

4. Prove that if a is cyclic and a is an eigenvalue of o, then dim(Ker(a—a)) =
1.

5. Let a be an eigenvalue of «, and let

{f1(2), fa(@), .., fr(@)}

be the family of invariant factors of «. Prove that dim(Ker(a — a)) is the
number of the f;(x) divisible by = — a.
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Let V' be a vector space over F' and let o be in A(V'). Prove that o has a
diagonal matrix if and only if the characteristic polynomial ¢, (z) of « is
a product of linear factors in F[z] and the geometric multiplicity of each
eigenvalue a of « is equal to its algebraic multiplicity.

Suppose that V* = V; @ V5 and that a has a diagonal matrix relative to
some basis. Prove that V has a basis

{'Ula V2, « vy Up, W1, W2,y -.., ws}
with v; € Vi, w; € V,, and such that the matrix of « relative to this basis
is diagonal.

Let o € A(V), and suppose that W is a subspace of V invariant under .
Suppose that a has a diagonal matrix. Prove that the restriction of « to
W has a diagonal matrix. Prove that the linear transformation on V/W
induced by « has a diagonal matrix.

Let V be a vector space over F, and let « € A(V). Let fi(z),i=1,2,...,
k, be monic polynomials in F[z] of distinct degrees less than deg(mq(z)).
Prove that

{fila)(w):1=1,2,..., k}

is independent for any v such that 0 : v = (mq(x)).
Prove that « is nilpotent if and only if m (z) = z* for some k.
Prove that a triangular matrix (a,;;) with a;; = 0 for all ¢ is nilpotent.

Prove that if « is nilpotent, then any triangular matrix of « has all its
main diagonal entries 0.

Prove that if « is nilpotent, then it has a matrix of the form

0 ag
0 as
0

an

with each a; either O or 1.

Suppose that « is non-singular on the vector space V over the field F,
and that the minimum polynomial is a product of linear factors in F[z].
Prove that the eigenvalues of a~! are the inverses of those of a with the
same multiplicities.

Find all possible Jordan canonical forms for the 6 x 6 matrices in Qg whose
minimal polynomial is
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16. Suppose that o € A(V) and that W is a submodule of V. Prove that if
the linear transformations on W and V/W induced by « have triangular
matrices, then so does a.

17. Call a subset L of A(V) triangulable if there is a basis of V relative to
which the matrix of each o € L is triangular. Suppose that L C A(V)
and suppose that if « and 8 are in L, then af = Sa. Suppose that the
subspace W of V is invariant under each o« € L. Let Ly be the set of
linear transformations on W induced by the elements of L, and let Lo be
the set of linear transformations on V/W induced by the elements of L.
Prove that if L, and Ly are triangulable, then so is L.

18. Suppose that « and g are in A(V), a8 = Ba, and « and 8 have diagonal
matrices relative to appropriate bases. Prove that af has a diagonal
matrix relative to some basis.

19. Let L C A(V), and suppose that if a and g are in L, then af = Sa.

(a) Suppose that each a € L has a triangular matrix. Prove that L is
triangulable.

(b) Suppose that each @ € L has a diagonal matrix. Prove that L is
diagonalizable.

20. Suppose that a, 3, and v are in A(V) and all have triangulable matrices.
Suppose that af = fa, 5y = v, and ay — ya = . Prove that there is a
basis of V relative to which the matrices of «, 5, and ~ are triangular.

21. Let a € A(V). Define f, on A(V) by fo(B) = af — Ba. Prove that f,
is a linear transformation on the vector space A(V) and that f, has a
diagonal matrix if and only if « does.

5.4 Determinants

In this section, we present an introduction to the theory of determinants. This
theory evolved in the eighteenth century, actually preceding the theory of ma-
trices. The reader is likely to be somewhat familiar with determinants, for
example, with their use in solving systems of linear equations (Cramer’s Rule,
5.4.9)). Determinants also provide a means to compute the characteristic poly-
nomial of a matrix and hence of a linear transformation on a vector space (the

Cayley-Hamilton Theorem, [5.4.14]).
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There are essentially two ways to define determinant—the classical way, and
via alternating forms. We choose the first, but do characterize them in terms of
alternating forms.

We shall consider determinants of square matrices with entries from an ar-
bitrary commutative ring with identity. There is a reason for this generality. It
will be necessary in any case to consider determinants of matrices with entries
from Fz], where F is a field. Once this is done, we may as well let the entries
come from any commutative ring with identity.

Let S,, denote the symmetric group on {1, 2, ..., n}. Recall that an element
o in S, is even if it is the product of an even number of transpositions, and
is odd otherwise. Let (—1)? be I if o is even and —1 if o is odd. Note that
(—=1)7(=1)" = (=1)°7 and (—1)° = (=1)7 if 0~! = 7. Here is the definition of
determinant.

Definition 5.4.1 Let R be a commutative ring with identity, and let (a;;) be
an n x n matriz with entries from R. Then the determinant of (a;;), denoted
det(ai;), is the element

Z(—l)”amu)aza(z)' o (n)

o

of R, where the summation is over all o in S,.

As usual, let R,, denote the set of all n X n matrices over R. Then det is a
function from R, to R. This function has a number of fundamental properties
that we will now proceed to derive. We have two principal goals in mind—to
compute the characteristic polynomial of a matrix directly from that matrix,
and to derive Cramer’s Rule.

If (a;j) is in Ry, then det(a;;) is the sum of n! terms, each term of which is
(neglecting sign) the product of n elements of (a;;) no two of which are from
the same row or column. For example,

ailr a2 ai3
det ag1 Q22 a23 =
a31 asz2 as3

11022033 — (11023032 1+ 012023031
—@12021033 + 013021032 — 13022031 -

If any row of (a;;) consists of all zeroes, then det(a;;) = 0. This follows from the
fact that each term of det(a;;) contains a factor from each row, and hence each
term is zero. A similar argument shows that if a column consists of all zeroes,
then det(a;;) = 0. The following theorem eliminates the need for making such
similar arguments.

Theorem 5.4.2 The determinant of a matriz is the same as the determinant
of its transpose.

Proof. Let (b;;) = (a;;)’, the transpose of (a;;). That is, b;; = a;; for all
and j. From the definition of determinant,

det(a;;) = Z(—l)"alg(l)agg(g)- © Opo(n)-

o
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Each o permutes {1, 2, ... ,n}. Thus as i ranges through this set, so does (7).
Let 7 = 0~!. Rearranging the terms of the product ILaisi) = Iiar(o3i))o() in
order of increasing o (i) gives I1;a,(;) = Il;a,(;);. Therefore

det(ai;) =Y (=1)7ar(1)16r2)2 ** Gr(nyn-

(o2

[ea

But as o ranges through S,,, so does 7. Since (—1)7 = (—1)7, we get

det(a’ij) = Z(fl)TaT(l)laT(Q)? © Qr(n)n-

T

Since ar(;); = bir(;), it follows that det(a;;) = det(b;;). m
In the proof above, the commutativity of R was used. This special property
of the ring R will be used many times without particular reference.

Lemma 5.4.3 Interchanging two rows or two columns of a matrix changes the
sign of the determinant of that matrix.

Proof. The language of[5.4.3]is a little loose. The determinant of a matrix is
an element of a commutative ring and does not have a “sign”, that is, is neither
“positive” nor “negative”. What is meant is that if (b;;) is a matrix gotten
from (a;;) by interchanging two rows or two columns of (a;;), then det(a;;) =
—det(b;;). By it suffices to prove this for rows. Interchange the ¢th and
rth rows of (a;;). Let 7 be the transposition (¢r). The determinant of the
resulting matrix is

Yo (=1)%a1501) * A(g—1)0(q—1)Fro(q) Mg+1)o(g+1) "
o 0(r—1)o(r—1)8qo(r)A(r4+1)o(r4+1) " Cno(n)
=3 (=T, tGiori) = = 2o (1) I, Gior@i

= — det(aij).

The interchange of two rows of a matrix is an odd permutation of the rows of
that matrix. Further, any permutation of the rows of a matrix is a product
of successive interchanges of two rows. This is just another way of saying that
a permutation is a product of transpositions. Thus we see that permuting the
rows of a matrix (a;;) by a permutation o results in a matrix whose determinant

is (—1)7 det(a;;). By [5.4.2] this holds for columns also. ®

Lemma 5.4.4 If two rows or two columns of a matrix are equal, then the de-
terminant of that matrix is zero.

Proof. Note that is not implied by That lemma just says that
if two rows of (a,;) are equal. then det(a;;) = — det(a;;), which does not imply
that det(a;;) = 0. For example, in the field of integers modulo 2, —1 =1 # 0.
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Suppose that the gth and rth columns of (a,;) are the same. Let 7 = (gr).
Then for each 4, a;5(;) = Gior(;), and

det(ai;) = Z Haza (i) T Z )7 Haz‘a(i)

o even o odd
Z H Gio(i) — Z - )UT H Qior (i)
o even o odd ;
Z Ham(z - Z (-1)° Haw(i) -0
o even o even i

An application of [5.4.2] gets the result for rows. m
Theorem 5.4.5 det((a;;)(bi;)) = det(ai;) det(b;;).

Proof.

det((aij)(bij)) = det (Z aikbkj> = Z(—l)g H (Z aikbko(i)> )
k o 7 k

and

det(a;;) det(b;;) = (Z(_l)anaia(i)> (Z(—l)gnbw(i)> .

This last expression may be rewritten as

> (=07 (H aw(i)bir(z‘)> :

o, T

The expression for det((a;;)(b;;)) may be rewritten as

> (D7) (H aw(z')br(i)o(i)) :

To see this, observe that

S T (St ) = £ 5 Moonrion

where f ranges over all the functions from the set {1, 2, ..., n} to itself, not just
the permutations. Given one of the functions f which is not a permutation,
there must be a pair of integers 1 < s < ¢t < n with f(s) = f(¢). Let 7 be the
transposition (st). Then o7(i) = o(3) if i # s, t and o7(s) = o(t), o7(t) = o(s).
Moreover, (—1)°" = —(—1)?. Thus

Hazf( Yor(@yei) + ( Hazf( )br@yor) =0
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To see this, note that all the factors in each product are the same except possibly
when ¢ = s, t. But

[ass(5)bp(s)o())laer)br@yom)] = [asps)brs)ors)ar ) brwyorv);

since f(s) = f(¢), o7(s) = o(t), and o7(t) = o(s). Thus the terms involving
functions f that are not permutations cancel out in pairs, so that

Z(*l)a Z (H aif(i)bf(i)a(i)> = Z(*l)a Z (H air(i)bT(i)U(i)> :

o f A o T

where 7 ranges over all permutations of {1, 2, ... , n}. Let v = 77!. Then
HiaiT(i)bT(i)g(i) = Hiai‘r(i)bio"y(i)7 just noting that the b;; in Hiair(i)br(i)o(i) are
exactly those such that oy(j) = k. Thus

det((ai;)(bij)) = Z(*l)” H ir(i)bioy(i)-

o,T

Replacing oy by ¢ and holding 7 fixed gives

det((aij)(bij)) = Y _(-1)°7 H ir(i)bio (i),

o, T

which concludes the proof. m

We now note several consequences of this theorem. Let A and B be in R,
and let I,, be the identity of R, . If A is a unit in R, then det(AA~!) =
det(I,) =1 = (det A)(det A~1), so that det A=! = (det A)~!. Further,

det(A"'BA) = (det A)~! (det B) (det A) = det B

Thus conjugates have the same determinant. Therefore we could define det(«)
for a any linear transformation on a finite dimensional vector space V' by letting
it be the determinant of any matrix of a. We will return to determinants of
linear transformations later. Finally, note that

det(AB) = (det A)(det B) = (det B)(det A) = det(BA).

Now we come to a result which is useful in the actual computation of deter-
minants. There is a method of such computation known as “expanding along a
row (or column),” and we will have need for it presently.

Let (ai;) be in R,. Let A;; be the matrix gotten from (a;;) by deleting the
ith row and the jth column of (a;;). Thus A;; is an (n — 1) x (n — 1) matrix.
The matrix A;; is the minor of the element a;;. For reasons evident below, the
quantities a;; = (—1)"7J det A;; are important. The «;; are the cofactors of
the matrix (a;;), and oy is the cofactor of the entry a;;. We assume n > 1.

Theorem 5.4.6 det(a;;) =Y a;ja;; = Y ai;0s;.
J i
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Proof.
det(a;;) Z Ham( y=>_ > (-1 [[ i
J o()=j @
=> ai; > (=17 [ a0
J o(1)=j i>1

Let 7 = (1j). Now

S D) [T aiow = D CD%00) [ @i

o()=j i>1 o(1)=j 1£i#]
= Z (_1)07043'07'(]') H Aior(i)-
o(1)=j 1#£i#£]

As o runs through S,, with ¢(1) = j, o7 runs through all the permutations of
{1,2,...,j—-1,54+1,...,n}. Thus Zg(l)zj(—1)JTang(1)H1¢i¢jawT(i) is the
determinant of the matrix gotten from A;; by moving its jth row to its first
row. That moving changes the sign of det(A4;;) j — 2 times. Therefore

n

det(aij) = Z(—l)j+1a1j det Alj-

Jj=1

For the general result, change (a;;) by moving its ith row to its first row, getting
a matrix (b;;). Then

det(ay;) = (—1)" "t det(b;;) = Z 1)7+1,; det By,

n
= Z(—l)i+jaz‘.j det Ajj = aijon;.
j=1

An application of completes the proof. m
Corollary 5.4.7 Z? ajjop; = 04f i # k, and X7 ja504 =0 if j # k.

Proof. 77 (—1)""/a;;det Ay; is the determinant of the matrix gotten
from (a;;) by replacmg its kth row by its ith row. That matrix has the same
ith and kth rows, and hence has determinant zero. The rest follows from [5.4.2
]

Note that and can be combined. They assert that ¢, det(a;;) =
Y ai0u = X7 a0, for all j and k, where §;;, is the Kronecker 4.

If is looked at properly, it not only gives a method for calculating
det(ai;), but it also gives a method for calculating the inverse of the matrix
(ai;), if it exists. Furthermore, it tells us exactly when (a;;) does have an
inverse.
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Let adj(a;j), called the adjoint of (a,;), be the matrix whose (4, j) entry is
aj;. Then yields

det(aij)In = (ai;) adj(ai;) = (adj(ai;))(ai;)-
Thus, if det(a;;) is a unit in R, we get
I, = (aij)[adj(ai;)/ det(ai;)] = [adj(aiz)/ det(ai;)](aij)-

In other words, adj(a;;)/ det(a;;) is the inverse of (a;;) in case det(a;;) is a unit
in R. We noted earlier that det(a;;) is a unit if (a;;) is a unit. Therefore we
have

Corollary 5.4.8 Let (a;j) be in R,,. Then (a;;) is a unit in R, if and only if
det(a;;) is a unit in R. Furthermore, if det(a;;) is a unit in R, then (a;;)~' =

adj(ai;)/ det(ai;).

This corollary tells us a little more. Suppose that a matrix (a;;) in R,, has
a right inverse. Then there is a matrix (b;;) in R,, with (a;;)(bi;) = I,,. Hence
det((ai;)(bij)) = 1 = det(a;;) det(b;;). Since R is commutative, det(a;;) is a
unit in R. Hence (a;;) is a unit in R,,. Similarly, if (a;;) has a left inverse, it is
a unit.

From and we can also get Cramer’s Rule. Suppose that

1171 + a12T2 + -+ a1,T, = by
(2171 + 2oy + -+ + a2Tn, = bo
121 + Apa®a + -+ + App®n = by
is a system of n equations in the n unknowns z1, z2, ..., ,, with a;; and b; in

R. The matrix (a;;) is called the matrix of coefficients, and det(a;;) is called
the determinant of the system. Cramer’s Rule gives a sufficient condition for
such a system to have a unique solution.

Theorem 5.4.9 (Cramer’s Rule) Let

1121 + a12%2 + -+ Q1pTp = by
a21%1 + a22%2 + -+ 4 G2pTy = by
Ap1T1 + Ap2To + -+ + AppTyn = bn

be a system of linear equations with coefficients a;; and b; in the commutative
ring R with identity. If the matriz of coefficients (or equivalently, the deter-
minant) of the system is a unit, then the system has a unique solution given
by
n
T = Zbiaik/det(aij),
i=1

where o;; is the cofactor of a;;.
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Proof. If R were a field, then we know from vector space considerations
that the system has a unique solution if (a;;) is non-singular. Just view (a;;)
as a linear transformation acting on the space of n-tuples of elements of the
field. The question is whether there is a vector (z1, 2, ..., z,) whose image
is (b1, b2, ..., by). Since (a;;) is non-singular, there is exactly one such vector.
However, our system here is over a commutative ring, but Cramer’s Rule tells
how to compute the desired vector. We compute. X7_;a;;2; = b; implies that
Z;L:laijaikxj = b;a;k, and hence

n n n n
E biair = g E Qi QT = E aikakzy = det(ag;) .
=1

j=1i=1 i=1

Thus if det(a;;) is a unit in R, we get xp = X7 b;ci/det(a;;). Thus there is
at most one solution. But

n n n
> oY b = > b
k=1 =1

i=1 k=

n

AjkOGk = bj det(aij),
1

and the theorem follows. =

The numerator X7, b;c;; is the determinant of the matrix gotten by replac-
ing the kth column of (a;;) by b1, ba, ..., by. If R is a field, then det(a;;) is a
unit if it is not 0. Therefore, such a system over a field has a unique solution if
its determinant is not 0.

Lemma 5.4.10 Let Ay, Ao, ..., A, be square matrices with entries from R.
Then
Al 0 ce 0 A1 * s *
* A2 0 0 A2
det ) ] . = det
x % .. A o o --- A,

= det(A41) det(Az) -~ det(A,).

Proof. Let

It suffices to show that det(a;;) = det(A;) det(A2). Let Ay be r xr, Ay be s x s,
and S be the symmetric group S, 4s. Then

r+s

det(ai;) = Y (=1)° H o (i)

oces

If for some k > r, o(k) < r, then H;ifaw(i) = (0. Thus only those Hgfaw(i)
for which o permutes {r +1, 7+ 2, ..., r+ s}, and hence also permutes {1, 2,

., r}, are non-zero. Every such permutation is uniquely a product o7, where
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oand 7 are in S, o fixes {r+1,r+2, ..., r+ s} elementwise, and 7 fixes {1,
2, ..., s} elementwise. It follows that
T r+s
det(a;j) = Z(*l)m Haia(i) H (0)
o,T =1 1=r+1
T T+s
= Z(—l)g Haw(i) Z(—I)T H QAir (i)
o =1 T i=r+1
= det(Al) det(Ag)

where o runs through the permutations with o(i) = ¢ for ¢ > r, and 7 runs
through those with 7(i) =i for i <r. m

Corollary 5.4.11 The determinant of a triangular matrixz is the product of the
diagonal entries.

Let f(z) = ap + a1 + -+ + ap_12" "1 + 2™ be in R[z]. As in the case for
fields, the companion matrix C(f(z)) is the matrix

000 --- 0 —ap
1 00 0 —-a
01 0 0 —a2
0 0 0 0 —ap—2
000 -+ 1 —ap

In case R is a field, we have proved ({5.2.17)) that the characteristic polynomial
of C(f(z)) is f(z).

Lemma 5.4.12 Let f(x) be a monic polynomial in R[x] of degree n. Then
det(zl, — C(f(2))) = f(=).

Proof. Let f(z) =ag+ a1z + -+ +a,_12" 1 + 2" Then

T o o0 --- 0 ag

-1 « 0 0 ai

0 -1 =z 0 as
ol — C(f@@) = | | | .

0 0 0 T QAp—9

0 o 0 --- =1 x4+a,_1

Computing its determinant by expanding along the first row, inducting on n,
and using yields det(zI, — C(f(z))) = x(a1 + agx + -+ +an_12""2) +
(—1)"tao(—1)" ! = f(z). m

Now we are in a position to prove the Cayley-Hamilton theorem. It is a
consequence of the following theorem which gives an explicit way to compute
the characteristic polynomial of a matrix.
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Theorem 5.4.13 Let (a;;) be an n x n matriz over a field F. Then the char-
acteristic polynomial of (a;;) is det(xI,, — (asj)).

Proof. The matrix (a;;) is similar to its rational canonical form

Ch
Cy
(cij) =

Ck

where the C; are the companion matrices of the invariant factors f;(z) of (ai;).
Thus for suitable (b;;), (cij) = (bij) "' (ai;)(bi;). We have

det(z1, — (a;;)) = det((b;;)~ Yydet(zI, — (ai;)) det((bs;
(

)
J
= det((bi;) " wln(bi) — (bij) ™ (aiz) (bij))
= det(zl, — (¢i;)) =11 fi(z),

which is the characteristic polynomial of (a;;). ®

An immediate corollary of this theorem and is that if (a;;) is any
matrix of a linear transformation « which is triangular, then ¢, (z) = (2 —a;;).
In this connection, see

We now have an effective way to compute the characteristic polynomial
of a matrix (a;;). Just compute det(zl, — (a;;)). We have as an immediate
consequence that every m x n matrix A over a field satisfies the polynomial
det(xI, — A). However, this fact holds for matrices over a commutative ring,
and follows from the identity det(A)I, = A(adj(A)). Let A be in R,

c(z) =det(xl, — A) = 2" +ap_12" ' +--- + a1z + ao,

and Q(z) = adj(xI, — A). Then we have c(z)I,, = («I, — A)Q(z), and ¢(x)I,, —
c(A) = ¥ a;(2'I,, — AY), where a,, = 1. Write z°I,, — A" = («I,, — A)Q;(x).
Then c(x)I,—c(A) = (xI,—A)X}_ya;Qi(x) = (z,—A)P(z) = (2, — A)Q(z)—
¢(A). Hence (zl, — A)(Q(x) — P(z)) = c(A). If Q(z) — P(x) # 0, then the
matrix zI,(Q(z) — P(z)) has an entry which is a polynomial in x of higher
degree than any entry in A(Q(x) — P(x)). It follows that ¢(A) = 0. We have
proved the following theorem.

Theorem 5.4.14 (Cayley-Hamilton) Let A be an n x n matriz over a com-
mutative ring R with identity. Then A satisfies the polynomial det(zI,, — A).

For any matrix A in R,, we define its characteristic polynomial to be
the polynomial det(z1,, — A).

There are two additional important points about determinants that we wish
to make. We have seen that if « is a linear transformation on a vector space
V, then we can define det(«) to be det(a;;) for any matrix (a;;) of a. There
is a way to define det(a) directly, that is, without going through the process of
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picking a basis of V and then taking the determinant of the matrix « relative
to that basis. We will present this “coordinate free” definition of det(«). That
is the first important point. The second is this. We want to characterize det as
a function

det: R, — R

A number of its properties have been derived, and we will show that det is the
only function R,, — R satisfying certain conditions. In fact, we take up this
point first.

For our commutative ring R, let R™ be the module of n-tuples of elements
of R, but view an element of R™ as a column

1
2

T’ll

rather than as a row. Then an element of R,,, that is, an n X n matrix over R,
can be thought of as an element of the Cartesian product R™ x R™ --- X R™ of
R™ with itself n times. Thus

det: R" xR"---xR*" — R

and we want to look at how det behaves with respect to the individual columns.
We know already that if two columns of (a;;) are equal then det(a;;) = 0, and
that if any column of (a;;) is 0, then det(a;;) = 0. We need two more facts that
follow from the definition. We can add elements of R", and we can multiply
them by scalars. This is done coordinate-wise, by definition. Let (a;;) be in R,,,
and let

a1
az;
C; =
An;
Then (a;j) = (c1, ¢2, ... , ¢n). Let ¢ be in R. It should be clear from the
definition of det that for any i,
det(cy, €2y .-, Cim1, CCiy Citly -+ 5 Cn) = - det(cr, Co,y .oy Cp)-
Further, if d; is in R™, then
det(cl, C2, ..., Ci—1,Cj -I-dl, Cit1s -+ Cn)
=det(cr, ..., Ciyoovycp)+det(er, ..., diy ooy cp).

These two properties are expressed by saying that det is linear in each variable
¢;. Here is a more general definition.
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Definition 5.4.15 Let Cy, Cy, ..., Cy, and D be modules over R. A function

f!C]_XCQX"' Cn—>D

is n-multilinear if fori =1, 2, ... , n, and for each r in R,
fler, ooy cic, i+ di, cig1, oo, Cn)
= f(c1, «-., Cio1, Ciy Cix1y -5 Cn) + fle1, oo, cio1, diy Gty oo -5 Cn),
and
fler, «ovy Cic1, vCi, Cigy oov s Cr) =1 fC1, «ov, Cim1, Ciy Cit1y v s Cn)-

If D = R, then f is an n-multilinear form. If
C=C=Cy=- =0Ch,

and f(ci, c2, ..., ¢,) = 0 whenever ¢; = ¢; for some i # j, then f is called
alternating.

Thus f is n-multilinear if f is linear as a function of each variable ¢; when the
others are held fixed. If C;y = Cy = --- = C,, and f vanishes when two coordi-
nates are equal, then f is alternating. Thus det is an n-multilinear alternating
form. We need one more fact. If C and D are R-modules, an n-multilinear

function f: C x C x --- xC — D is skew-symmetric if for ¢ < j,
flei, ea ooi s Ciy ooy Cjy ooy Cp)
= _f(cla cer 3 Cim1y Gy Ciply ov 5 Cim1y Ciy Cjgly v vy cn)-
Thus, switching two coordinates of (c1, ¢a, ..., ¢,) changes the sign of its

value under f. An important fact is that if f is alternating, then it is skew-
symmetric. Moreover, if f is skew-symmetric and o is in S, then f(co (1), .-

s Con)) = (=1)7f(c1, ..., ). Just note that if f is alternating, then (only
writing the ¢ and j coordinates) we get f(c;, ¢;) = —f(¢;, ¢;) from the equation
0 = fle+cey, atcg)=fla a)+ fla, )+ fle, ) + [, ¢;)

= fle, ¢j) + flej, ).

This says that f(cy1), -+ » Com)) = (—=1)7f(c1, ... , ) for transpositions
0. Since every o in S, is a product of transpositions, the equality holds for
arbitrary o.

Theorem 5.4.16 Let r be in R. Then there is exactly one n-multilinear alter-
nating form

det, :R"xR"x--- xR"— R
such that det,(I,) =r.
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Proof. There is at least one such form. Let det, = r - det. It is completely
routine to check that det, is an n-multilinear alternating form with det,.(I,,) = r.
Now let d,. be any such form. Let u; be the ith column of I,,. Then (uy, ug, ...

y Up) = In, so dp(uy, ug, ..., uy) =r. Now we compute
d’r‘(cl7 €2y - -ty CTL)'
Let (ai;) = (c1, ca, ..., ¢u). Then ¢ = X7 jaju;, and we have d,(c1, ca,
o o) = dp (B a1uy, ., BY_jaj,u;). We can expand this last expression

by multilinearity, leaving only wu;’s inside. But terms in this expansion will
be non-zero only if the u;’s inside are distinct. In short, this last expression
becomes

Z (H aa(i)i) dr(Ug(1)s -+ 5 Uo(n)) = <Z(—1)" H%(i)i) dr(u, ..., up)
o =1 o i=1
=r-det(a;;) =r- det(a;;)

=r-det(cy, ..., cn).

(]

There is a nice way to view It is routine to check that the alternating
forms on R™ x --- xR"™ form an R-module under the operation (f + g)(X) =
F(X)+g(X), and (rf)(X) =r(f(X)), where X isin R™ X --- x R™ and r is in
R. Our theorem then says that the module of n-multilinear alternating forms
on R" X --+ XxR"™ = R, is free of rank 1, and in fact det is a generator. To
generalize a bit, the R-module R" is free of rank n. Let M be any free R-module
of rank n. Then certainly the R-module of n-multilinear alternating forms on
M™, the Cartesian product of M with itself n times, is free of rank 1. The proof
is the same as above. Just choose {u1, us, ..., u,} to be a basis of M. Then for
any n-multilinear alternating form f, f(X a;1u;, ..., £ ainu;) = det(aq;) - fua,

, Upn). Hence f is determined by f(u1, ..., uy,). Defining

d (Z Ai1Ujy ooy Zamu,> = det(aij)

yields an n-multilinear alternating form with d(uy, ..., u,) = 1. Thus f = f(uy,
, Up) - d, or {d} is a basis of the module of such forms.
Now suppose that a is any endomorphism of the free R-module M of rank
n. Let Alt, (M) denote the R-module of n-multilinear forms on M. For f in
Alt, (M), let

@(N)(ma, s mn) = fle(ma), ..., almn)).

Then & is an endomorphism of the R-module Alt, (M). But Alt, (M) is free
of rank 1. That is, & is just multiplication by some scalar r, in R. Thus
a(f) = ro - f. With each endomorphism « of M we have associated a scalar
ro in R. We define 1, = det(a). When M is a vector space, is this consistent
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with defining det(a) to be the determinant of any matrix of a? Let {uq, ...
, Un} be a basis of the free module M of rank n. Let d be the n-multilinear
alternating form with d(uq, ..., un) = 1. Then, as in the case for vector spaces,
an endomorphism « of M is determined uniquely by the matrix (a;;) given by

n
’LLJ): E Qg5 Usj-
=1

a(d)(ut, ..., up) = dla(ur), ..., a(u,))
= d(z i1, -« Lpeq Qi) = det(ag;)d(ug, ..., uy)
= (det(w)) - d(u1, ..., un) = det(a;;) = det(a).

PROBLEMS

1. How many additions and multiplications are necessary in order to calculate
the determinant of a 5 x 5 matrix? a 10 x 10?7

2. Calculate the determinant of the following matrices.

6 -5 4 8 3 7 2 4
1 1 3 2 -3 6 0 5
7T 9 -4 5 0 5 4 3
2 1 2 1 31 0 8
75 63 -18 39 4 9 16
—61 45/2 —-119 67 9 16 25
76 83 109/7 31 9 16 25 36
25 52 -6 13 16 25 36 49

3. Arethevectors (1, 0, 3, 2, 1), (1, 1, 4, 3, 2),(2,0, 0, 1, 1), (3, 4, 5, 0, 1),
(0, 1, 1, 1, 1) independent?

4. Prove that the determinant of

1z 22 ah
2 n—1

1 xy 3 Ty

A= )
1z, 22 an—t

is II;<;(x; — ;). (The matrix A is Vandermonde’s matrix.)

5. Prove that every monic polynomial in R[z] is the characteristic polynomial
of some matrix over R.

6. Prove that AB and BA have the same characteristic polynomial.



5.4. DETERMINANTS 211

7. Prove that the eigenvalues of a triangular matrix are the diagonal entries
of that matrix.

8. Let K be a subfield of the field F, and let A be a matrix in K,. Prove
that A is invertible in K, if and only if it is invertible in F,.

9. Use Cramer’s rule to solve the system

T—y+z=2
2e+y=5
3x+Ty—22=6

10. Solve the same system as in Problem 9 where the coefficients are taken
modulo 11.

11. Let V be a finite dimensional vector space over a field F, and let A(V)
be the vector space of all linear transformations on V. Let « be in A(V),
and let f, : A(V) — A(V) be defined by f,(8) = a8 — Ba. Prove that f,
is linear and that det(f,) = 0.

12. Let A(V) be the vector space of all linear transformations on the finite
dimensional vector space V. Let a be in A(V'). Let f,(8) = of for § in
A(V). Prove that f, is a linear transformation on the vector space A(V),
and find det(f,) in terms of det(«).

13. Let S be a commutative subring of the ring of all n x n matrices over the
commutative ring R. Let A be an m X m matrix over S. View A as an
(nm) x (nm) matrix over R. As such a matrix, its determinant detp(A)
is an element of R. As a matrix over S, its determinant detg(A) is an
element of S. Prove that detg(A) = det(detg(A)).

14. Prove that any 2 x 2 real matrix whose determinant is negative is similar
over the real numbers to a diagonal matrix.

15. Let n be any positive integer. Prove that over the complex numbers the
n X n matrix

0 0 0 0 -1
1 0 0 0 O

10 0 O
0 0 0 0 0
o000 --- 0 O
000 --- 1 0

is similar to a diagonal matrix.

16. Let (a;j) be an n x n matrix over the field F. Prove that there are at most
n elements @ in F' such that det(al,, — (a;;)) = 0.
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Let V be a vector space of dimension n over F', and let o and § be linear
transformations on V. Suppose that « is non-singular. Prove that there
are at most n scalars a in F' such that aa + (3 is singular.

Let A be an invertible matrix. Find the characteristic polynomial of A~!
in terms of that of A.

Prove that the constant term of the characteristic polynomial of an n x n
matrix A is (—1)" det(A).

Prove that A is a unit if and only if adj(A) is a unit.
Prove that adj(A4’) = (adj(A))’.

Prove that for an m x n matrix, det(adj(A4)) = (det(A))"~!. What if
n=17

A matrix A is skew if A’ = —A. Prove that an odd x odd skew matrix
over the complex numbers is singular.

Prove that the set of all real matrices of the form

a —b —c —d

b a —-d ¢
c d a —b
d —c b a

is a division ring. Prove that as a vector space over the real numbers, it
is of dimension 4 and has a basis {1, 4, j, k} such that i? = j2 = k? = —1,
ij=—ji=k, jk=—kj=1i,and ki = —ki = j.

If R is any commutative ring, the group of units of R,, is denoted GL,,(R).
Let S be any subgroup of the group of units R* of R. Prove that N =
{A € GL,(R) : det(A) € S} is normal in GL,(R), and that GL,,(R)/N =~
R*/S.

Prove that if the n x n matrix A over the field F' has rank m, then A
has an m x m non-singular “submatrix” and has no larger non-singular
submatrix.

5.5 Equivalence of Matrices

We obtained similarity invariants for matrices over a field F' by associating
with a matrix a finitely generated module over F[z], and showing that two
matrices were similar if and only if the corresponding modules were isomorphic
(Theorern. Having a complete set of invariants for finitely generated F'[z]-
modules yielded complete sets of invariants for similarity classes of matrices
over F' . One way to find these invariants of a given matrix is to find
(somehow) its rational canonical form (Theorem[5.2.18]). There is another quite
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different way. We have observed that the characteristic polynomial of a matrix
(a;;) in F,, can be gotten quite easily: just pass to the matrix zI, — (ai;)
and take its determinant. More generally, the invariant factors of (a;;) may
be gotten directly from the matrix xI,, — (a;;). One purpose of this section is
to see how this is done. To facilitate matters, we need to discuss matrices of
homomorphisms between free modules over commutative rings. This will be a
generalization of some of the material in Section [5.1

Throughout, R will be a commutative ring with identity. If a free R-module
has a basis of n elements, it is said to be free of rank n page . Let
X and Y be free R-modules with bases {x1, z2, ..., z,} and {y1, y2, - - - , Ym },
respectively. A homomorphism « : X — Y is determined by its action on the
basis {z1, za, ... , £, }. Furthermore, if wq, wa, ..., w, are in Y, then there
is exactly one homomorphism « : X — Y such that a(z;) = w;. Therefore,
if a(z;) = X" a9, j = 1, 2, ..., n, then « is uniquely determined by the
m x n matrix (a;;). The association o — (a;;) is a one-to-one correspondence
between the set Hom (X, Y') of homomorphisms from X into Y and the set of
m x n matrices over R. The matrix (a;;) is called the matrix of « relative to
the bases {z1, z3, ..., z,} and {y1, ¥2, ... , Ym}- f X =Y and x; = y; for
all 4, then the square matrix (a;;) in R, is the matrix of « relative to {z1,
Zay ..., Tpnt. This is the situation discussed in in the case R is a field.

We need to find out what happens to (a;;) if the bases are changed. So
let {v1, vo, ..., v,} be a basis of X and let {w;y, wa, ... , wy} be a basis
of Y. If a(v;) = X7, b;;w;, what is the relation between (a;;) and (b;;)? Let
v; = XiL ci;74, and let w; = X7, d;5y;. Then

a(v;) = Zbijwi = Zbij deiyk = z (Z bijdki> Yk =« <Z Cijl’i)
i i k i

k
= Zcija(xi) = Zcij Zakiyk = Z (Z Cijaki> Yk
i i k k i

Therefore

K2

(dij)(bij) = (aij)(ciz)-
Note that (c;;) and (d;;) are invertible. Indeed, if x; = Xpexivi, then v; =
Yicijx; = XicijXperivy = Lk (X;cijer:)vg. Thus Yjexic;j = 0. In other words,
(eij)(c,;j) = In SlIIlllaI‘ly7 (cij)(eij) = In, and SO (Cij)il = (eij). Slmllarly, (dU)
is also invertible. We have

(dij)(bij) = (aij)(cij)-

with (¢;;) and (d;;) invertible matrices. There is terminology for matrices so
related.

Definition 5.5.1 Let A and B be mxn matrices over R. Then A is equivalent
to B if there are an invertible m x m matrix P over R and an invertible n X n
matriz Q over R such that B = PAQ.
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Equivalent is an equivalence relation, and we have seen that matrices of the
same homomorphism « : X — Y are equivalent. The converse holds also.

Theorem 5.5.2 Let A and B be m X n matrices over R. Then A is equivalent
to B if and only if they are matrices of the same homomorphism from a free
R-module X of rank n into a free R-module Y of rank m relative to appropriate
pairs of bases.

Proof. Suppose that A is equivalent to B. Let X and Y be free of ranks

n and m, and with bases {x1, 22, ..., x,} and {y1, Y2, ... , Ym }, respectively.
There are invertible matrices P and @ such that B = PAQ. Let P = (p;;),
Q = (¢ij), and v; = X;¢;z;. We need {v1, ve, ..., v,} to be a basis. Let

(cij) = (gij) . If 7 _4a;v; = 0, then
0=23ia;E;q52; = X;(X;aig5:)z;,
whence Y;a;q;; = 0 for all 7. Thus
0 = ¥;(Biaiqji)ch; = XiaiXjqjickj = ag.

Furthermore, z; = 3;¢;;v;, and it follows that {vy, va, ..., v, } is a basis of X.
Similarly, if P~ = (¢;;) and w; = ¥;¢;;y;, then {wy, wa, ..., wy,} is a basis of
Y. Define a: X — Y by a(z;) = X;ai;y;. We have

a(vj) = a(Xiqijxi) = XiQij SkakilYk = Ligij Sk Ohki DsPskWs

Y (BrXipskariqij)ws = 2ibijw;,

since B = PAQ. Therefore A and B are both matrices of «, and the proof is
complete. m

Note that if m = n, X =Y, and z; = y;, then Q = P~!, so that B =
PAP~!. Hence, as in the vector space case, two square matrices are similar if
and only if they are matrices of the same endomorphism o : X — X relative to
appropriate (single) bases of X.

There are two fundamental ways to associate a module with a matrix. There
is the one for square matrices over a field in That procedure can be gen-
eralized. Let R" be the free R-module of rank n, that is, the direct sum of n
copies of the module R. As in think of R™ as columns (r;) of elements of
R. If (a;;) is in R™, then R™ — R™ : (r;) — (¥ja,;7;) is an endomorphism of
R™. Tt is just the endomorphism whose matrix with respect to the canonical
basis {e1, ea, ..., ey}, where e; is the column with 1 in the éth position and
zeroes elsewhere, is (a;;). The action of (a;;) on (r;) is just matrix multiplica-
tion. Thus with a matrix A in R,,, we have an endomorphism of R"™, which we
also denote by A. This enables us to make R™ into an R[z]-module by defining
f(z)v = f(A)(v) for v in R™. Denote this R[z]-module by M;(A). Thus with
an n x n matrix A over R we have associated an R[z]-module M;(A). For fields,
this is the construction carried out in (M7(A) corresponds to V). If A
and B are in R, then M;(A) ~ M;(B) if and only if A is similar to B. The



5.5. EQUIVALENCE OF MATRICES 215

proof is exactly the same as for the vector space case. Although M;(A) is a
finitely generated R[z]-module, R[z] is not necessarily a principal ideal domain,
and so we have no nice complete set of invariants for M;(A4) as we had in the
case when R was a field.

The other module associated with A is R"/A(R™). However, we want to
be a little more general here. Let A be an m x m matrix over R. Then the
homomorphism R™ — R™ whose matrix with respect to the canonical bases of
R™ and R™ is A is given by matrix multiplication, and is also denoted by A.
Thus

(ri) = | D_aur; | = Alra),
j=1

where A = (a;j). Let My(A) be the module R™/A(R™). Now M,(A) is an
R-module, while (in the case A is a square matrix) M;(A) is an R[z]-module.

Here are the essential facts we are after. If Ris a PID, and A and B are mxn
matrices over R, then A is equivalent to B if and only if M3(A) ~ M(B). In this
case, Ms(A) is finitely generated over a PID, so is determined by its invariant
factors. We would like to get the invariant factors of My(A) directly from A. It
turns out that there is a canonical form for A, that is, a matrix equivalent to
A, which displays explicitly those invariant factors. Now let A be in R,. Then
both M;(A) and My(zl, — A) = R[z]"/(«l, — A)R[z]" are modules over R[z].
These modules are isomorphic. If R is a field, then R[z] is a PID. Therefore
xl, — A is equivalent to zI, — B if and only if A is similar to B. The rest of
this section is devoted to establishing these facts.

Theorem 5.5.3 Let R be a commutative ring with identity. If A and B are
equivalent m X n matrices over R, then My(A) ~ My(B). That is,

R™/A(R") ~ R™/B(R").
Proof. The proof is a consequence of a more general fact, which in turn is
almost a formality. Suppose that «; : M; — N;, ¢ = 1, 2, are homomorphisms

between the R-modules M; and N;. Suppose that 5, : M1 — My and 85 : N1 —
Ny are isomorphisms such that a; = 62_1a251. Then

Ni/ai(My) — Nafag(Mz) : ny + a1 (M1) — By(n1) + az(Ma)

is an isomorphism. The verification of this is routine in all aspects. Here is a
picture.

M, i’Nl
B1 B

M2T2N2
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The relevant picture for our theorem is

R™ A R"
Q pt
R™ R"

where A = PBQ with P and @ appropriate non-singular matrices.

Such pictures as above are called diagrams, and the condition f,01 = a9 3y
is expressed by saying that the first diagram commutes.

The converse of [5.5.3 holds when R is a PID. That is, if R is a PID, if A
and B are m X n matrices over R, and if My(A) ~ M3(B), then A and B are
equivalent. In order to prove this, we need a theorem about submodules of free
modules of finite rank. This theorem implies that finitely generated modules
over a PID are direct sums of cyclic modules. We could actually derive it from
our results in[1.7} but we prefer to give an alternate (direct) proof. This theorem
will also give a nice canonical form for equivalence classes of equivalent matrices
over PID’s. Here is the theorem.

Theorem 5.5.4 Let M be a free module of finite rank n over a PID R. Let N
be a submodule of M. Then there are an integer m < n, a basis {e1, e, ...,
en} of M, and elements ry, ra, ... , v of R such that {rie1, ro€2, ... , Tmem}
is a basis of N, r|ra, m2|rs, ... , "'m—1|Tm, and 141, ... , v, = 0. The r; are
unique up to associates.

Proof. Induct on n. If n = 1, the theorem is clear. Suppose that the
theorem is true for all free modules M of rank less than n. If B = {ey, eq, ...,
en} is a basis of M, then M = Re; @ Rea @ - -+ ®Re,. Let B; be the projection
of M into Re; followed by the natural map Re; — R. The set B;(N) is an
ideal of R. It follows readily from that this set of ideals, determined by
all different bases of M, has a maximal element. Therefore there is a basis {ej,
€2, ..., en}t = B of M such that B;(N) is not properly contained in any C;(N)
for any basis C of M. Let B1(N) = Raj. Then aje; + ages + - -+ + ane, is in
N for some as, ..., a, in R. We want to show that a; divides as. Let d be a
greatest common divisor of a; and ay. Write db; = a;, and s1b1 + s2be = 1. Let
y1 = bie1+bses and y2 = sae;—siez. Then s1y1+bays = e1 and soy1 —b1ys = eo.
It follows that {y1, y2, €3, ... , €, } is a basis of M. Since

dyi +agez + -+ +apen, = aie1 +ages + -+ +aney

is in N, the ideal associated with y; in this basis contains Rd which contains
Rasy, hence is equal to Ra;. Therefore d is in the ideal generated by a;, and so
ay divides ao. Thus a; divides a; for all 3.

Let a; = a1c;. Let 1 = e1+coea+--- +cpen. Then {x, ea,e3,...,e,}isa
basis of M and a1x1 = a1e1+asea+- -+ +ane, isin N. Thus with respect to the
basis {z1, e, €3, ..., €n}, the image of the projection of N into Rx; is Rajxy,
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which is the intersection N N Rz;. We have N = (NN Rx1) @ (NN (Rex @ - - -

®Re,)). If this second intersection is 0, the basis {1, es, ..., e, } together with

the elements r1 = aq, 7o = .-+ = r, = 0 satisfy our requirements. Otherwise,

by the induction hypothesis, there are an integer m with 2 < m < n, a basis

{zo, ..., z,} of Rea® -+ ®Re,, and elements ry, ..., 7, in R such that {roz,,
.y TmZm} is a basis of NN (Res ® - -+ @®Re,), and such that

7“2|7°37 7“3|7‘4, sy Tm71|7ﬂm7 Tm+l =" =7, =0 (if m < n)
We need only that aq|rs. But we already showed that if {eq, eq, ..., €,} is any
basis and aje; + ageg + - -+ +ape, is in N, then aq]|az. Now ayx1 + oz is in

N, whence aq|re. Setting a; = 71 gets the required r;’s.

For the uniqueness of the r;’s, we appeal to those not zero or a unit
are just the invariant factors of M/N. m

An immediate consequence is the fact that a finitely generated module X
over a PID is a direct sum of cyclic modules. Let {z1, x2, ..., 2, } be a set of
generators of X. Let M be free of rank n with basis {ej, es, ..., e,}. Sending
e; to x; induces an epimorphism « : M — X. Now there are a basis {y1, yo, ...
, Yn} and elements 71, 7o, ..., rm (M < n) of R such that {riy1, ..., "m¥Ym}
is a basis of Ker(a). Hence X ~ M/Ker(a) ~ Ry1/Rriy1 @ -+ SRy, /Rrnyn
(where 7,41 = -+ =1, =0), which is a direct sum of cyclic modules.

Corollary 5.5.5 Let R be a PID, and let A and B be m X n matrices over
R. Then A and B are equivalent if and only if the modules R™/A(R™) and
R™/B(R"™) are isomorphic.

Proof. By we need only show that if R™/A(R"™) ~ R™/B(R™), then

A and B are equivalent. By there is a basis {x1, 2, ..., T, } of R™ and
there are elements r1, 79, ... , r, of R such that {rizy, roxs, ..., rpag} is a
basis of A(R™), and such that r1|ra, r2|rs, ..., Tk—1|Tk, Thp1 = -+ = T =0
(if & < m). The invariant factors of the module R"™/A(R™) are the non-units
among 11, 72, ... , 'm. Since R™/A(R") = R™/B(R"), there is a basis {y1,
Y2, -+, Ym} of R™ such that the non-zero elements of {riyi, r1y2, - .- , "Tm¥Ym}

are a basis of B(R"™). Since A(R") is free, R™ = Ker(A) @ S, and A induces
an isomorphism S — A(R"). Similarly, R" = Ker(B) & T, and B induces
an isomorphism 7' — B(R"™). Thus Ker(4) ~ Ker(B) by The map
R™ — R™ : z; — y; induces an isomorphism S : A(R") — B(R™). This gives
an isomorphism « : S — T such that the diagram

S —— A(R")
a B
T — B(R")

commutes. Extend « to an isomorphism Ker(A)® S = R" — R" = Ker(B)®T
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by sending Ker(A) isomorphically onto Ker(B). Then the diagram

R" R™
o 8
R" R™

commutes. Let P and @) be the matrices of 5 and «, relative to the canonical
bases of R™ and R", respectively. Then A = QBP~!, whence A and B are
equivalent. m

Recall that the rank of a matrix A is the dimension of its row space, or
equivalently, the dimension of its column space . The rank of an m x n
matrix A over a field F' is dim(A(F™)). Since F™/A(F™) ~ F™/B(F") if and
only if A(F™) and B(F™) have the same dimension, we see that A and B are
equivalent if and only if they have the same rank.

A matrix (a;;), not necessarily square, is called diagonal if a;; = 0 whenever
i # j. Now we apply to get a canonical form for equivalent matrices over
PID’s.

Theorem 5.5.6 Every m x n matriz A over a PID is equivalent to a diagonal
matriz with diagonal entries

dy, do, ... dp, 0, ..., 0
where dy|da, ..., d.—1|d.. The d; are unique up to associates.

Proof. Let A be an m x n matrix. Pick a basis {z1, 22, ..., ,,} of R™
and elements dy, ds, ..., dy, of R such that {dix1, daxs, ..., dmxy,} generates
A(R™), and such that d;|da, da|ds, ..., dr—1|dy, dry1 = --+ = dp, = 0. No more

than n of the d; are non-zero. Let B be the m x n matrix (;;d;) with ij-entry
d;jd;j. Then R™/B(R") ~ R™/A(R"™). By A and B are equivalent. The
d; are unique up to associates because those not zero or a unit are the invariant
factors of R™/A(R™). m

Corollary 5.5.7 FEvery m x n matriz A over a field is equivalent to a diagonal
matriz with diagonal entries.

1,1,..,1,0,0,...,0
The number of 1’s in the matrix is the rank of A.

Corollary 5.5.8 Fvery matrix of integers is equivalent to exactly one diagonal
matriz with diagonal entries

di,ds, ..., dr,0,0,...,0

with the d; positive and with d; diwiding d; 1.
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Corollary 5.5.9 Every matriz over Flz|, where F is a field, is equivalent to
exactly one diagonal matrix with diagonal entries

fl(m)’ fQ(x)) HR) fr(x); 0¢ ) 0 ’
where the f;(x) are monic polynomials with f;(x) dividing fiv1(x).

Now consider an n x n matrix A over a field F'. The matrix I, — A over F[z]
is equivalent to a matrix of the form given in Those polynomials f;(x)
not 1 are the invariant factors of F[z]™/(xI, — A)F[z]™. The invariant factors
of A are the invariant factors of the F[z]-module F™ with scalar multiplication
given by f(x)-v = f(A)(v). If we can show that this F[z]-module is isomorphic
to the F[z]-module F[z]"/(xI, — A)F[z]™, that is, that My (A) ~ Ms(xI,, — A),
then we will know that two matrices A and B in F;, are similar if and only if
xl, — A and zI,, — B are equivalent. Thus one way to calculate the invariant
factors of A is to put zI,, — A in the equivalent form in[5.5.9 and read them off.
Something more general is true.

Theorem 5.5.10 Let R be a commutative ring, and let A be an n X n matrix
over R. Then My(A) = My(xI, — A).

Proof. We need an R|[x]-isomorphism
a: Rx])"/(zI, — A)R[z]" — R" .
Let {e1, ea, ..., ey} be the canonical basis of the free R-module R™. Then
{e1, ea, ..., en} is also the canonical basis of the free R[z]-module R[z]™, and
generates R" as an R[x]-module. Thus there is an R[z]-epimorphism
a: R[x]" — R"

such that a(e;) = e; for all i. We will show that Ker(«) = (21, — A)R[z]™. First,
a((xl, —A)(e;)) = a(xe; — Ae;) = 0. Thus Ker(a) D (21, — A)R[z]™. Now sup-
pose that a(X7, fi(x)e;) = 0. Write fi(z) = X2 bija’. Since (37, fi(x)e;) =
0, then X1, f;(A)e; = 0. Thus

Z fi@ei = filw)e; - Z fi(A)e;

i=1

5 91 D STTAIIG) P oF  prram) P9

1 \j=1 i=1 \j=1

n Uz n ng

is in (zI, — A)R[z]" since (xI, — A)B = a7I, — A7 for the n X n matrix
B= Eg;éxj*iflAi over R[z]. This completes the proof. m

Corollary 5.5.11 Let A and B be n x n matrices over a field F'. Then A and
B are similar over F if and only if 1, — A and zI, — B are equivalent over
Flz]. If xI,, — A is equivalent to the diagonal matriz with diagonal entries

fl(m)7 B fr(z)f 07 SRR 07
where fi(x)|fir1(x), then the f;(x) not I are the invariant factors of A.
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Proof. M,(A) = Flz]/F|z]f1(z) & --- &F|z]/F|z]f-(z). If fi(z) =1, then
F[z]/F[z]f;(x) = 0. Thus those not 1 are the invariant factors of M;(A), and
the corollary follows. m

Actually, a new proof that a square matrix satisfies its characteristic poly-
nomial is at hand. We need one additional fact.

Lemma 5.5.12 Let R be a commutative ring, and let A be an n X n matrix
over R. Then (det(A))(R"/A(R"™)) = 0.

Proof. From page
det(A)R™ = det(A)I,,(R") = A adj(A)(R"),
which is contained in A(R™). The lemma follows. m

Corollary 5.5.13 (Cayley-Hamilton Theorem) An n x n matriz A over a
commutative ring R satisfies its characteristic polynomial det(zI, — A).

Proof. By[5.5.12] det(zI, — A)(R[z]"/(zI, — A)R[z]™) = 0. Thus by [5.5.10]
det(zl, — A)R™ = 0. Let det(xI, — A) = f(x). Then f(z)R" = f(A)R™. Thus
f(A) is the 0 matrix since its product with any element of R" is 0. m

Let F be a field. In view of [5.5.11] the invariant factors of a matrix A in F,,
are exhibited by the canonical form of I — A. There is an algorithm for finding
that canonical form, or equivalently, for computing these invariant factors. More
generally, there is an algorithm for finding the d; in We proceed now to
describe this algorithm.

Let R be any commutative ring, and let A be an m x n matrix over R. The
elementary row operations on A are the following.

1. Interchange two rows of A.
2. Multiply a row of A by a unit of R.
3. Add a multiple of a row of A to another row of A.

The elementary column operations on a matrix are defined similarly.
Each of these operations on A can be effected by multiplying A by suitable
non-singular square matrices. In fact, if one of the row operations is applied to
the m x m identity matrix I,,,, yielding the matrix E, then the effect of applying
that row operation to A is the matrix FA. This is easy to verify, and analogous
statements hold for column operations. Notice that if an elementary (row or
column) operation is applied to I, the resulting matrix is non-singular.

A secondary matrix over R is a square matrix of the form

a b 0 0 -+ 0
c d 0 0 - 0
01 O 0

s=1|0
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with ad — bc = 1.

A secondary matrix is of course invertible since its determinant is 1. Multi-
plying A on the left by S is a secondary row operation on A, and multiplying
A on the right by S is a secondary column operation on A.

Recall that a matrix (a;;) is in diagonal form if a;; = 0 whenever ¢ is not
j. The important fact is that any m X n matrix over a PID can be put into a
canonical diagonal form with diagonal entries dq, ds, ..., d,, 0,0, ..., 0 with d;
dividing d; 1 by applying a succession of elementary and secondary operations
to it. This gives an effective way to compute invariant factors. Here is how it is
done. Let A = (a;;) be an m x n matrix over a PID. We may interchange two
rows or two columns by multiplying A by suitable elementary matrices. Hence
we can get a;; # 0if A # 0. (If A = 0, there is nothing to do.) Let d be
a greatest common divisor of ay; and aj2. Write a11 = a1d, a12 = aqd, and
sai1 + taia = d. Then sa; + tas = 1. Now

s —ax 0 O --- 0 d 0 aiz -+ Qip
t a 0 0 --- 0 ab, ahy asz - G
(a;) - 0 0 1 0 0 | = ah, ahky aszz - G3n
0 O e 001 arqy Ao Qms cc Qmn

Interchanging the second and third columns and repeating the process above
yields an equivalent matrix with the (1,2) and (1,3) entries zero. Proceeding
in this manner, we get a matrix with first row of the form (d, 0, 0, ... , 0),
and, in fact, with d a greatest common divisor of the original a;1, aia, ..., a1p,-
Now proceed in an analogous way to get a matrix with first column having only
the (1, 1) entry non-zero. This process, however, disturbs the first row, and the
matrix has the form
e fa fs - fa

0

0
If e divides each f, then subtracting suitable multiples of the first column from
the other columns brings the matrix into the form

e 00 --- 0

If e does not divide some f;, then proceed as in the very first step. This yields
a matrix of the form

esc 00 -+ 0

g2

9m
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where e; is the greatest common divisor of e and f;’s. If e; divides each g;,
then subtracting suitable multiples of the first row from the other rows yields a
matrix of the form B. If e; does not divide some g;, then the matrix is equivalent
to one of the form

€2 h2 h3 o hn

0

0
where eg is a greatest common divisor of e; and the g;’s. The ideals generated
by e, e1, ea, ... are strictly increasing. Thus in a finite number of steps we reach

an e which divides each element in the first row, and thus a matrix of the form
B. At this point, our new e = e; may not divide every entry of the matrix B.
If e does not divide a;j, say, then add the ith row to the first and start over. We
get a new e properly dividing the old e. The ascending chain of ideals generated
by the element in the (1,1) position must stop. Thus we reach a stage where
our matrix has the form B with e dividing every element of B. Setting e = dj,
we have the matrix in the form

dl 0 A1n
0 ag azn
0 Am2 - Amn

Now we can proceed as before without disturbing the first row or column. The
rest should be clear. By induction on n, our procedure brings the matrix into
the diagonal form

dy
do

Observe that the second elementary operation, namely, multiplying a row
or column by a unit, has not been used. If our PID were Z, or F[z], we could
make all the d; positive, or monic, respectively, by so doing. In these cases, the
d; are unique. However, if the PID is Z or F[z], we do not need the secondary
operations in our algorithm. For instance, suppose our ring is Z. By elementary
operations, we can make ay; > 0. Write a1; = qa11 + 5, with 0 < aq;.
Elementary operations then yield a matrix with first row (a1, r2, 73, ... , 7).
Start all over. Either all the r; are 0 or there is an r; with 0 < r; < aq;. Put
r; in the (1,1) position and repeat the process. This eventually brings us to
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a matrix with first row of the form (e7, 0, 0, ... , 0). Now work on the first
column of this new matrix. We get a matrix with first column having only its
(1,1) entry non-zero, but we know nothing about the first row any more. So
start all over. The e; are getting smaller, and are positive. Thus we eventually
bring our matrix to the form with the only non-zero entry in the first row or
first column the (1, 1) entry. The rest should be clear. It is analogous to what
we did in the general PID case. The division algorithm for polynomials
enables us to follow a similar procedure in the case our ring is F[z], where F is
a field.

PROBLEMS
1. Prove that the matrix
z -1 0
0 = -1
6 5 z+2

is equivalent over Q[x] to the diagonal matrix with diagonal entries (1, 1, 23+
222 + 52 + 6).

2. Reduce the following matrices of integers to canonical form.

1 8 6 3
6 7 5 1
(24 12 15), (i _82 16()), 3 -8 1 —4
1 -2 —4 12
4 3 2 10

3. Find the rational canonical form of the matrices of rational numbers

0111
0011 a b _512_26
000 1] \ecd) P
0000

4. Reduce the following matrices over Q[z] to the canonical diagonal form
with diagonal entries

(fl(x)i f2($)7 sy f’l"(x)u 07 ey 0)7
with f;(z) monic and with f;(x) dividing f;+1(z).

l—z =z 1422

x? T 22
T  —s
2+ 1 7 —4ad + 1 2t —dad + 4z -5

20t +3 227 — 22t + 42 —2 3axt+ 4P+ 22+ 10z — 14
xt 42 ' —at 223 -2 3zt — 62 + 22462 —9
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11.
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Prove that if the matrix A # 0 over a PID has canonical form with diagonal
entries (dy, da, ..., dy, 0, ..., 0), then d; is the greatest common divisor
of all the entries of A.

Prove that any invertible matrix over a PID is a product of elementary
and secondary matrices.

Prove that an n x n matrix over a PID is invertible if and only if it is
equivalent to I,,.

Let R be a commutative ring, and let M and N be R-modules. Prove
that the set Homp(M, N) of R-homomorphisms from M into N is an
R-module via (a+ 5)(m) = a(m) + S(m) and (ra)(m) = r(a(m)). Prove
that Er(M) = Hompg(M, M) is an R-algebra, where multiplication is
composition of maps.

Let M and N be free R-modules of finite ranks m and n, respectively.
Pick bases of M and N, and associate with each « in Homp (M, N) its
matrix with respect to this pair of bases. Prove that this association is
an R-module isomorphism. If M = N and the two bases are equal, show
that it is an R-algebra isomorphism.

Let M be a module over the commutative ring R, and let a be an endo-
morphism of M. For m in M and f(x) in R[z], let f(z)-m = f(a)(m).
Prove that this makes M into an R[z]-module. Denote this module by
M®. Prove that M ~ M? if and only if there is an automorphism ~ of
the R-module M such that o = y8vy~ 1.

Let M be a module over the commutative ring R. Let M[x] be the set
of all “polynomials” mg + miz + --- +myz® in = with coefficients in
M. Prove that M[z] is, in a natural way, an R[z]-module. Let o be an
endomorphism of the R-module M, and let

(z — ) (Z mixi) = Z mztt — Z a(mg)z’.

Prove that © — « is an R[z]-endomorphism of M|z] and that M[z]/(z —
a)Mlz] = M*.

5.6 Euclidean Spaces

Let R be the field of real numbers. In the vector space R?, that is, in the
plane, there are notions of distance, length, angles, and so on. In vector spaces
over arbitrary fields F', these geometric notions are not available. To define
appropriately such concepts in F? (or in F™), F must have special properties.
In our previous discussions of vector spaces, the field itself played no special
role. Our vector spaces were over just any field F. Two fields of special interest
are the field R of real numbers and the field C of complex numbers. In this
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section, we will study vector spaces over R that come equipped with an added
structure that will enable us to define such geometric notions as length and
angle. A parallel development for C will be indicated in the exercises.

Various special properties of the real numbers will be used. For example, R
is ordered. That is, in R there is a notion of an element a being less than
an element b, written a < b, or equivalently, b > a, and this relation satisfies
certain properties. We write a < bif a < b or a = b. Numbers a such that 0 < a
are positive, and positive numbers have unique square roots. If a < b, and if
¢ is positive, then ac < bc. Such familiar properties of the real numbers will be
used throughout our discussion, and we assume that the reader is acquainted
with them.

How does one define length, and so on, in R?? First, if = (21, y1) and
y = (wa, y2) are in R?, then the inner product, or dot product, of z and y
is (z, y) = z122 + y1y2. The product (x, y) is also denoted by « - y. The other
geometric notions are defined in terms of this product. For example, the length
of z is (x, x)'/2, and the angle 6 between x and y is given by cos(6) = (x, y)/((x,
z)(y, ¥))/2. Analogous definitions are made for R™. The inner product above
is a map R? x R?2 — R. What we will consider will be vector spaces V over
R that come equipped with a map V x V' — R in terms of which the requisite
definitions can be made.

Definition 5.6.1 A Fuclidean space is a vector space V' over the field R of
real numbers, together with a map V XV — R, called inner product, such that
if (v, w) denotes the image of the pair (v, w) in V x V, then for all u, v, w in
V and a and b in R,

a. (v, w) = (w, v),
b. (v, v) >0, and (v, v) =0 if and only if v =0, and
c. (a-u+b-v,w)=alu, w)+blv, w).

There are two classical examples. For the vector space R™ of n-tuples of
real numbers, define R” x R" — R by (v, w) — X vw;, where v = (v1, va,
., vp) and w = (w1, wa, ..., wy,). This makes R™ into an n-dimensional
Euclidean space. When we speak of the Euclidean space R", we mean R”™
with this particular inner product. The second example is the vector space
V of all continuous real functions on the closed interval [0, 1] with an inner
product given by (f(z), g(z)) = fol f(z)g(x)dz. This makes V into an infinite
dimensional Euclidean space. Our concern will be almost wholly with finite
dimensional spaces.

Definition 5.6.2 The length of a vector v in a Fuclidean space V is the real
number ||v|| = (v, v)/2. If v and w are in V, then the distance from v to w is

lv = w.

The basic properties of length are given in the following theorem.
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Theorem 5.6.3 Let V be a Fuclidean space. Then for all v in R and v and w
mV

a. [Jrv]| = [r|[[v]].

b. ||v|l =0, and ||v|| = 0 if and only if v =0,
c. (v, w)| < ollf[w]]-

d. v +wl| < ]| + [lw].

Proof. The equalities ||rv| = (rv, rv)*/? = (r?(v, v))/? = |r|||v|| establish
(a).

(b) follows immediately from [5.6.1] (b).

Since

0 < (lwllv £ [[ollw, wlv £ [Jv]jw) = 2lv]?[lw]* £ 2lv][lwl(v, w),
we have |(v, w)| < ||v]|]Jw||, and so (c) holds.

lv+wl* = (v +w, v+w) = (v, v) +2(v, w) + (w, w)
< [loll® + 2flolllw] + lwll® = (o]l + [lwl)?

whence
[v+w| < o] + [lwl],

and we have (d). m
Part (c) is Schwarz’s inequality, and part (d) is the triangle inequality.
From [5.6.2] it follows easily that our notion of distance satisfies the usual
properties of ordinary distance, namely that

1. the distance from v to w is > 0, and is 0 if and only if v = w,
2. the distance from v to w is the distance from w to v, and

3. the distance from u to v plus the distance from v to w is not less than the
distance from u to w.

If M is a set with a function d : M x M — R, and if we call d(x, y) the
distance from z to y, then M is a metric space if (1), (2), and (3) above are
satisfied. Property (2) expresses the symmetry of distance, and property (3) is
the triangle inequality. Our notion of distance in a Euclidean space V makes
V into a metric space.

Part (c) of[5.6.3]asserts that for non-zero vectors v and w, —1 < (v, w)/(||v|[|w]]) <
1. This makes it possible to define the angle between two non-zero vectors in
a Euclidean space as that angle 8 between 0° and 180° such that
(v, w)

s = ol
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Definition 5.6.4 Two vectors v and w in a Fuclidean space V are orthogonal
if (v,w)=0. A subset S of V is an orthogonal set if any two distinct vectors
of S are orthogonal. The set S is orthonormal if it is orthogonal and ||s|| =1
foralls in S.

Note that the Euclidean space R™ has an orthonormal basis, namely
{(1,0,...,0),(0,1,0,...,0),...,(0,0,...,0,1)}

If vy, vo, ... ,u, is an orthonormal basis of a Euclidean space V, and if v =
St av; and w =1 | bjv;, then

(v,w) = (Z a;V;, Zb,ﬂ}i> = Zaibj(vi, ’Uj) = Zaibi
i i 4, i

Furthermore, if {v1, va,...,v,} is a basis of any n-dimensional real vector space
V, then defining (> | a;vi, Yy biv;) = >, a;b; makes V into a Euclidean
space, and {v1,vs,...,v,} is an orthonormal basis of that space. Our imme-
diate goal is to show that every finite dimensional Euclidean space so arises.
That is, we want to show that every finite dimensional Euclidean space has an
orthonormal basis.

Theorem 5.6.5 Let {vy, va, ..., v,} be an independent subset of the Fuclidean
space V.. Then there is an orthogonal subset {wy, wa, ..., wy} of V such that
for i <mn,

{v1, va, oo, vit and {wr, wa, ..., wi}

generate the same subspace of V.

Proof. Let w; = vi, and proceeding inductively, let w; = v; — X;<;((vj,
w;)/(w;, w;))w;. Then for k < j,

(wj, wi) = (vj, w) — Bic((vj, W)/ (wis w;))(wi, W)

= (vj, wi) — ((vj, wi)/(wk, wi))(wk, wi) = 0.

Therefore the set {w1, wa, ..., w;} is orthogonal. By the construction, w; is a
linear combination of {v1, ve, ..., v;}, and not a linear combination of {v1, vs,
., vj—1}. Thus w; # 0, and so the set {w1, wy, ..., w;} is independent. The
theorem follows. m
The construction of the orthogonal set {w1, wa, ..., w,} is called the Gram-
Schmidt orthogonalization process. Note that if {v1, va, ..., v;} is orthog-

onal, then v; = w; for j <.

Theorem 5.6.6 Every finite dimensional Euclidean space has an orthonormal
basis.
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Proof. By a finite dimensional Euclidean space has an orthogonal
basis {w1, wa, ..., w,}. The basis

{wi/lJwrll, - s wn/[Jwnll}

is orthonormal. m
An immediate consequence is the following.

Theorem 5.6.7 Let V be a finite dimensional Euclidean space. Then V' has
a basis {v1, va, ..., vy} such that if v = Z;av; and w = X;b;v;, then (v,

Two Euclidean spaces V and W are isomorphic if there is a vector space
isomorphism « : V' — W which also preserves inner products; that is, that also
satisfies (z, y) = (a(z), a(y)) for all  and y in V. Now asserts that
every Euclidean space of dimension n is isomorphic to R” with the usual inner
product. Consequently, any two Euclidean spaces of the same dimension are
isomorphic.

If S is a subset of a Euclidean space V, let St ={v €V : (s, v) =0 for all
s € S}. That is, S* is the set of all vectors in V' which are orthogonal to every
vector in S. It is easy to verify that St is a subspace of V.

Theorem 5.6.8 Let V' be a finite dimensional Fuclidean space, and let S be a
subspace. ThenV =S8 & S+, and S*+ = 5.

Proof. The subspace S of V is a Euclidean space in its own right, so has an

orthogonal basis {w1, wa, ..., Wy . Let {wi, ... Wy, W1, --- ., Wy} be a basis
of V. Applying the Gram-Schmidt process to this basis yields an orthonormal
basis {v1, ..., Um, Vmi1, --- , Un} of V. Clearly vy,11, ..., v, are in S*. If
w is in St then w = X a;v;, and for j < m, 0 = (v;, w) = a;, whence w is
in the subspace generated by {vy i1, --. , vn}. Therefore V =S @ S+. That

S = S++ follows readily. m

The subspace S+ of V is called the orthogonal complement of S. As-
sociating S+ with S is reminiscent of the duality between the subspaces of V
and those of its dual, or adjoint, V*. In fact, the inner product on a Euclidean
space V provides a natural way to identify V with its dual V*. The mapping
f:V — V*given by f(v)(w) = (v,w) is an isomorphism, and for a subspace
W of V, f(W+) = K(W). This readily yields that S — S+ is a duality on
the subspaces of a Euclidean space, that is, is a one-to-one correspondence that
reverses inclusions (Problem 8).

Since the notion of length is fundamental in Euclidean spaces, those lin-
ear transformations on a Euclidean space which preserve length are of special
interest.

Definition 5.6.9 Let V be a Euclidean space. A linear transformation o on V.
is orthogonal if || a(v)|| = ||v|| for every v in V.
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Equivalently, « is orthogonal if and only if it preserves inner products. In-
deed, if a is orthogonal, then ||a(v)|| = |[v]|, and so (a(v), a(v))}/? = (v,v)'/?,
whence (a(v), a(v)) = (v,v). For any v and w in V,

w+w,v+w) = (v,v)+2v,w)~+ (w,w) = ((a(v+w),a(v+w))
= (a(v), a(v)) + 2(a(v), v(w)) + (a(w), a(w)).

It follows that (v, w) = (a(v), a(w)), and thus that « preserves inner products.
If o preserves inner products, then (a(v),a(v)) = (v,v), and so ||a(v)| = ||v||
and « is orthogonal.

In particular, if «v is orthogonal then « preserves orthogonality, or (v, w) =0
if and only if (a(v), a(w)) = 0. Also it is useful to observe that if {vy, va, ...,
v, } is a basis, then « is orthogonal if (v;, v;) = (a(v;), a(v;)) for all ¢ and j.

We now examine the matrix of an orthogonal transformation relative to an
orthonormal basis. Let « be such a linear transformation on V' and {vq, va, ...
, n} such a basis of V. If (a;;) is the matrix of a relative to this basis, then
a(vj) = X;a;v;, and

(vi, vj) = (a(vs), a(vj)) = d;; = (Z iUk, Z%ﬂk) = Zakiakj.
k k k

This means that (a;;)’(ai;) = I, the identity n x n real matrix, where (a;;)’
denotes the transpose of the matrix (a;;). Thus (a;;)~' = (a;;)’. Another
way to look at it is that the rows of (a;;) form an orthonormal basis of the
Euclidean space R”. On the other hand, let (a;;) be an n x n matrix such that
(aij)" = (a;;)~', and let {v1, ve, ..., v,} be an orthonormal basis of V. Then
the linear transformation a given by a(v;) = X;a;;v; is orthogonal. Indeed,
(Oé(?)i)7 Oz(’l}j)) = (Ekakivk, Ekakjvk) = Ekakiakj = (52‘j = (’Ui, Uj).

Definition 5.6.10 An n x n real matriz (a;;) is orthogonal if its transpose is
its inverse. Thus (a;;) is orthogonal if (a;;) = (a;;)~".

We have proved the following theorem.

Theorem 5.6.11 A linear transformation on a Euclidean space is orthogonal if
its matrix relative to some orthonormal basis is an orthogonal matriz. If a linear
transformation is orthogonal, then its matriz relative to every orthonormal basis
1s orthogonal.

Note that orthogonal linear transformations and matrices are non-singular,
and that the inverse of an orthogonal transformation or matrix is orthogonal.

Theorem 5.6.12 Theorem 5.6.13 If {vy, va, ... , vy} is an orthonormal
basis, then the matriz (a;j) is orthogonal if and only if {w1, wa, ..., w,} given
by w; = X;a;5v; s an orthonormal basis.
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Proof. is essentially a restatement of The linear transforma-
tion a given by a(v;) = ¥;a;jv; = w; is orthogonal if {w1, wo, ..., wy,} is an
orthonormal basis. By (ai;) is orthogonal. If (a;;) is orthogonal, then
by [p.6.11] o given by a(v;) = Zia;v; = w; is orthogonal, whence {w1, wo, ...
wy,} is an orthonormal basis. m

By a change of orthonormal bases is effected only by orthogonal
matrices.

We would like to find canonical forms for orthogonal matrices, but we are
equally as interested in symmetric matrices. A matrix (a;;) is symmetric if
a;; = aj; for all ¢ and j. Thus a symmetric matrix is one that is equal to its
transpose. Suppose that « is a linear transformation on a Euclidean space V'
and that (a(v), w) = (v, a(w)) for all v and w in V. Then « is called self-
adjoint. In fact, for any linear transformation o on V', there is a unique linear
transformation a* on V' such that (a(v), w) = (v, a*(w)) for all v and w in
V. This o* is called the adjoint of a. If {vy, va, ..., v,} is an orthonormal
basis of V, a* defined by a*(w) = 3;(a(v;), w)v; is the unique such map. Thus
a is self-adjoint if & = o*. If « is self-adjoint and if {vy, ve, ... , v,} is an
orthonormal basis, then the matrix (a;;) of « relative to this basis is symmetric.
Indeed,

(a(vi), vj) = (Zakﬂ]lw Uj) = aji = (vi, a(vj)) = (Uiv Zakﬂk> = Q.-
k k

Conversely, if (a;;) is symmetric, then « defined by a(v;) = X;a;;v; is easily
seen to be self-adjoint. Thus we have the following theorem.

Theorem 5.6.14 A linear transformation o« on a Euclidean space is self-adjoint
if its matriz relative to some orthonormal basis is symmetric. If a is self-adjoint,
then its matrix relative to every orthonormal basis is symmetric.

We will now prove that if « is a self-adjoint linear transformation, then
there is an orthonormal basis such that the matrix of a relative to that basis is
diagonal. The following lemma paves the way.

Lemma 5.6.15 Let a be a self-adjoint linear transformation on a Euclidean
space V. Then the minimum polynomial of « is a product of linear factors.

Proof. We are going to have to use some special facts about the real num-
bers. The one we need here is that any polynomial of degree at least one over
the real numbers factors into a product of linear and quadratic factors, and we
assume this fact. Let f(z) be the minimum polynomial of . Let ¢g(z) be a
quadratic factor of f(x). There is a non-zero vector v in V' such that ¢(a)v = 0.
Then v and «(v) generate a two dimensional subspace W of V that is invariant
under a. Now W is a Euclidean space and so has an orthonormal basis {v1, vz},
and « is a self-adjoint linear transformation on W. Let the matrix of a relative

to {v1, va} be
a b
a=(e )
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Then A is symmetric, so b = ¢, and the characteristic polynomial of o on W is
(x —a)(x —d) —b? = 22 + (—a — d)z — b*> + ad. Since

(—a —d)* — 4(ad — b*) = a® + 2ad + d* — 4ad + 4b*
= (a —d)? +4b* > 0,

this polynomial has real roots. Thus f(x) is a product of linear factors. m

The name of the following theorem derives from its role in determining the
principal axis of an ellipse. In plane analytic geometry, the standard form of
the equation of an ellipse is 22/a? + y?/b?> = 1. In this form, the axes of the
ellipse are parallel to the coordinate axes. For certain values of a, b, ¢, and d,
ax? + bxy + cy? = d is the equation of an ellipse, but unless b = 0, the axes
are not parallel to the coordinate axes. The Principal Axis Theorem implies
that by a rotation of the axes, that is, by an orthogonal transformation, the
equation can be put in standard form, from which the lengths of the axes and
other information about the ellipse can be read off. It can also be used to deduce
results about the higher dimensional analogues of conic sections.

Theorem 5.6.16 (The Principal Axis Theorem) Let « be a self-adjoint lin-
ear transformation on the Euclidean space V. Then V has an orthonormal basis
such that the matriz of « relative to that basis is diagonal. The diagonal ele-
ments are the eigenvalues of o, and each appears with its algebraic multiplicity.

Proof. By o has an eigenvector v, and v/||v|| = vy is an eigenvector
of unit length. Let W = (Rvy)* = {v € V : (v1, v) = 0}. Then since (a(vy),
v) = (av1, v) =0 = (vy, a(v)) for all v in W, the subspace W is invariant under
a, so « is a self-adjoint linear transformation on W. By induction on dimension,
W has an orthonormal basis {va, vs, ..., v, } such that the matrix of « relative
to it is of the desired form. The orthonormal basis {v1, va, ..., v, } of V is the
desired basis. =

Corollary 5.6.17 Let A be a real symmetric matriz. Then there is an orthog-
onal matriz B such that B~YAB is diagonal. The diagonal elements are the
eigenvalues of A, each appearing with its algebraic multiplicity.

Proof. The matrix A is the matrix relative to an orthonormal basis of a self-
adjoint linear transformation o« on a Euclidean space. There is an orthonormal
basis such that the matrix C' of « relative to it has the required form. Such a
change of basis is effected only by orthogonal matrices . ]

Corollary 5.6.18 The characteristic polynomial of a symmetric matriz or of
a self-adjoint linear transformation is a product of linear factors.

Corollary 5.6.19 Two real symmetric matrices are similar if and only if they
have the same characteristic polynomial.

Now we will get a canonical form for orthogonal matrices. The theorem is
this.
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Theorem 5.6.20 Let « be an orthogonal linear transformation on a Euclidean
space V.. Then V has an orthonormal basis such that the matriz of o relative
to this basis is of the form

1

cos(fy) —sin(6y)
sin(fy)  cos(f)

cos(fr) —sin(fy)
sin(fr)  cos(0x)

Proof. Note first that if W is invariant under «, then so is W. To see this,
we need that for any w in W and v in W+, (a(v),w) = 0. Since W is invariant
under « and « is non-singular, then o maps W onto W. Thus w = a(w;) for
some wy in W, and (a(v),w) = (a(v),a(wy)) = (v,w;) = 0.

If o has an eigenvector v, then a(v) = av, and since « is orthogonal, (v, v) =
(av, av), so a = 1. Now V = Rv @ (Rv)1. The restriction of a to (Rv)~ is
an orthogonal transformation, and by induction on dimension, (Rv)® has an
orthonormal basis of the required form. That basis together with v/||v|| is the
basis we seek. Now suppose that a has no eigenvector. Then the characteristic
polynomial is the product of irreducible quadratic factors. Let ¢(z) be one of
them. There is a non-zero v in V such that ¢(a)v = 0. The vectors v and
a(v) generate a two dimensional subspace X which is invariant under «. The
restriction of o to X is an orthogonal transformation on X, and ¢(x) is the
characteristic polynomial. Since « is orthogonal, any matrix A of «a relative
to an orthonormal basis is orthogonal. Thus det(A) = det(A’) = det(A~1), so
det(A) = +1. But det(A) is the constant term. So q(z) = 2% + bz + 1. If
q(x) = 2% + bz — 1, then g(z) has real roots, so o has an eigenvector. Hence
q(x) = 22 + bz + 1. Let the matrix of o (on X) relative to an orthonormal basis

of X be
c d
(£ 7)

This matrix is orthogonal and satisfies ¢(z). Hence
1. ¢f —de=1,
2. 2 +d? =1,

3. 2+ f2=1, and
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4. ce+df =0.

These equations imply that ¢ = f and d = —e. Since €? + f2 = 1, we can
write e = cos(f) and f = sin(f) for some #. Hence the matrix becomes

(ot o))

By induction on dimension, X+ has an orthonormal basis of the required kind,
and the rest follows easily. m

Corollary 5.6.21 Let A be an orthogonal matriz. Then there exists an orthog-
onal matriz B such that BAB™! has the form in|5.6.16,

Proof. A is the matrix relative to an orthonormal basis of an orthogonal
transformation «. There is an orthonormal basis such that the matrix of « is
of the form in Such a change of orthonormal bases is effected only by
orthogonal matrices. m

PROBLEMS

1. Let V be a finite dimensional real vector space over R, and let {v1, v,
., v} be a basis of V. For v = ¥;a;v; and w = X;b;v;, define (v,
w) = ¥;a;b;. Prove that this makes V' into a Euclidean space.

2. If V is a Euclidean space with inner product (v, w), then for any positive
real number 7, (v, w) is an inner product on V.

3. Prove that R? is a Euclidean space if inner products are given by ((a,b), (¢,d)) =

(a —b)(c—d)+ bd.

4. Prove that a Euclidean space V is a metric space via V x V — R : (v,
w) = Jlv = w].

5. Prove that a linear transformation o on a Euclidean space is orthogonal
if for some basis {v1, v2, ..., vn}, (vi, v;) = (a(vs), a(vj)).

6. Let {v1, va, ..., vy} be an orthonormal basis of the Euclidean space V,
and let v be in V.

(a) Prove that v = 3;(v;, v)v;.
(b) Prove that if « is a linear transformation on V, then the matrix (a;;)
of a relative to {vi, va, ..., vy} is given by a;; = (v;, (v;)).

(¢) Prove that a*(v) = 3;(a(v;), v)v; defines the unique linear transfor-
mation on V such that (a(v), w) = (v, a*(w)) for all v and w in V.
Prove that o™ = a.

7. Prove that if « is a linear transformation on a Euclidean space, then a+«a*
is self-adjoint.
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10.

11.
12.

13.

14.

15.

16.
17.
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. Let V be a finite dimensional Euclidean space. Let V* be the dual space
of V. (See[3.4.1]) Define f:V — V* by f(v)(w) = (v, w) for v in V and
w in V. Prove that f is an isomorphism. Prove that for any subspace W
of V, f(WH) = K(W).

. Prove that the mapping of the set of all subspaces of a finite dimensional
Euclidean space to itself given by S — S+ is a duality. That is, prove that
it is a one-to-one correspondence that reverses inclusions.

Let « be a linear transformation on the Euclidean space V. Let V* be the
dual space of V', let 5 : V* — V* be the conjugate, or adjoint of « in the
sense of [3.4.11} Let a* : V. — V be the adjoint of a in the sense of this
section. Prove that o* = v~13~y, where v : V — V* is the map described
in Problem 8.

Prove that if « is self-adjoint and o = 1 for some k > 1, then o = 1.

For each of the matrices below, find an orthogonal matrix B such that
BAB™! is diagonal.

( 5 —3) } (1) 1 ( 4 2(51/2)>
-3 5 )7 L1 1) 2(512) -4

Let V be the vector space of n-tuples of complex numbers. For v = (¢y,
2, ..., cy) and w = (dy, do, ..., d,) in V, define (v, w) = ¥;c;d;, where
¢ denotes the conjugate of the complex number ¢. Prove that for all u, v,
and w in V, and a and b in C,

(a) (Ua w) = (’LU, U)7
(b) (v, v) >0, and (v, v) =0 if and only if v = 0, and
(¢) (au+ bv, w) = a(u, w) + b(v, w).
A vector space V over C with a map V' x V — C satisfying (a), (b), and

(c) above is called a unitary space. Length and distance are defined
exactly as for Euclidean spaces.

Prove for unitary spaces, and show that the notion of distance makes
a unitary space a metric space.

Let V' be the vector space of all continuous complex valued functions on
[0, 1]. Prove that V together with the map V x V — C given by (f(z),

g(z)) = fol f(x)g(x)dx is an infinite dimensional unitary space.
Prove that a finite dimensional unitary space has an orthonormal basis.

A linear transformation « on a unitary space V is called unitary if (a(v),
a(w)) = (v, w) for all v and w in V. Prove that if (a(v), a(v)) = (v, v)
for all v in V, then « is unitary.
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Prove that a linear transformation on a unitary space is unitary if and
only if it takes orthonormal bases to orthonormal bases.

If C = (¢;j) is an n X n complex matrix, then C* is the matrix whose
(1, 7)-entry is ¢j;, and is called the adjoint of C. The matrix C is called
unitary if CC* = 1. Prove that a linear transformation on a unitary
space is unitary if and only if its matrix relative to any orthonormal basis
is unitary. Prove that if {vi, va, ..., v,} is an orthonormal basis of a
unitary space V, then {wq, we, ... , w,} given by w; = X;c;;v; is an
orthonormal basis of V' if and only if (¢;;) is unitary.

Let a be a linear transformation on the finite dimensional unitary space V.
Let {v1, va, ..., vy} be an orthonormal basis of V, and let the matrix of
a relative to this basis be (a;;). Define o* : V. — V by o*(v;) = Z;a;;v;.
Prove that for all v and w in V, (a(v), w) = (v, a*(w)). Prove that if g is
any linear transformation on V satisfying (a(v), w) = (v, S(w)) for all v
and w in V, then 8 = a*. As in the case of Euclidean spaces, a* is called
the adjoint of a.

A linear transformation « on a unitary space is called normal if ca™ =
a*a. Let a be an eigenvalue of a normal a, and let v be an eigenvector
belonging to a—that is, let a(v) = av. Prove that o*(v) = av. Thus,
prove that the conjugate of a is an eigenvalue of a*, and that v is an
eigenvector of a* belonging to a.

Let v be an eigenvector of the normal linear transformation « defined on
a unitary space V. Prove that

(Co)t ={weV: (v, w) =0}
is invariant under .

Let a be a normal linear transformation on the finite dimensional unitary
space V. Prove that there exists an orthonormal basis of V' such that the
matrix of « relative to it is diagonal.

Let C be an n x n complex matrix such that CC* = C*C; that is, C' is
a normal matrix. Prove that there exists a unitary matrix U such that
U~L1CU is diagonal. (Note that unitary matrices A satisfy AA* = A*A.)

A linear transformation a on a unitary space V is called self-adjoint, or
Hermitian, if = a*. Prove that a self-adjoint « on a finite dimensional
space V has a real diagonal matrix relative to some orthonormal basis of
V. Prove that the eigenvalues of such an Hermitian linear transformation
are real.

Let C be a complex n X n matrix such that C' = C*. That is, ¢;; = ¢j;
for all entries c;; of C. Prove that there is a unitary matrix U such that
U~'CU is diagonal, and that all the eigenvalues of C' are real.
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Prove that a linear transformation « on a unitary space is Hermitian if
and only if (a(v), v) is real for all v in V.

Prove that a normal linear transformation is unitary if and only if its
eigenvalues are all of absolute value 1.

Prove that if « is a normal linear transformation, then a* is a polynomial
in «a; that is, o* = p(a), where p(z) is in Clz].

Prove that if @ and g are linear transformations on a unitary space, if 3
is normal, and if a8 = 0, then a8* = 0.



Chapter 6

Fields

6.1 Subfields and Extension Fields

A knowledge of fields is essential for almost any algebraic endeavor. We will
concentrate on the very basic notions, but will proceed far enough to show the
impossibility of “duplicating cubes,” of “trisecting angles,” and, more deeply,
of “solving by radicals” polynomials of degree greater than four. We thus have
two purposes—to present some of the notions of field theory, and to show how
these notions lead to the solution of some classical problems.

We begin by listing some examples of fields.

Example 6.1.1 a. The field Q of rational numbers;
b. the field R of real numbers;

the field C of complex numbers;

o

d. the field Z/pZ of integers modulo the prime p;

e. {a+bi:a,beQ};

£ {a+b(2)"2: a,b € Q};

g. {a+b(q)"/?: a,b€Q, q a fired positive rational number};

h. the quotient field F(x) of the integral domain F[x] of all polynomials in x
with coefficients from a field F';

i. Qz]/(z% +z+1);
j. (Z)27)[x]/(z* + = + 1);
k. Flz]/1, where I is any prime ideal in F[z].

237
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Any field F has a unique smallest subfield P, called the prime subfield of
F. It may be obtained by taking the intersection of all the subfields of F', or
alternately by taking the subfield generated by 1. If the integral multiples n - 1
of 1 are distinct in F', then the map

Z—7Z-1:n—n-1

is an isomorphism, and thus F' contains a copy of the ring Z of integers and
hence of the field Q of rationals. It should be clear that in this case the prime
subfield of F' is isomorphic to Q. Furthermore, if n-a = 0 for any a € F, then
0=n-a= (n-1)a, so either a or n is zero. Therefore, the non-zero elements
of F' all have infinite additive order. This is expressed by saying that F' has
characteristic zero. If m -1 = n -1 with m # n, then (m —n) -1 =0, and
thus there is a smallest positive integer p such that p-1 = 0. If p = ¢r with
1<g<p,then0=p-1=(gr)-1=(¢-1)(r-1), whence r-1 =0, and r = p.
It follows that p is a prime. In this case, the map

Z—7Z-1:n—n-1

has kernel pZ. This is a ring homomorphism and is clearly onto. Thus Z - 1 =
Z/pZ, which is a field. Therefore Z-1 is the smallest subfield of F. For a non-zero
element a of F', p-a = (p-1)a = 0. Therefore the additive order of any non-zero
element of F' is p. This is expressed by saying that F' has characteristic p.

Theorem 6.1.2 The prime subfield of a field of characteristic 0 is isomorphic
to the field Q of rational numbers. The prime subfield of a field of prime char-
acteristic p is isomorphic to the field Z/pZ of integers modulo p.

If F is a subfield of a field K, then K is called an extension of F. In
particular, every field is an extension of its prime subfield. If K is an extension
of F', then K is, in particular, a vector space over F.

Definition 6.1.3 Let K be an extension of F'. The dimension of K as a vector
space over F is denoted by [K : F| and called the degree of the extension.

The vector space K over F' may not have a finite basis, in which case we
have not really defined its dimension, and will just say that it is infinite. Our
real concern with degrees will be with finite ones. An extension of finite degree
is called a finite extension.

The field of complex numbers C is an extension of degree 2 of the field of
real numbers R. The set {1, i} is a basis of C as a vector space over R. For any
field F, the quotient field F(z) of F|x] is an extension of infinite degree of F.
The set {1, x, 22, 23, ... } is linearly independent over F.

Let K be an extension of F. If a € K, let F'(a) denote the smallest subfield of
K containing F' and a, and let F[a] denote the smallest subring of K containing
F and a. Note that F'[a] is just the set of all polynomials ¢ + c1a + - - - + ¢pa™
in a with coefficients in F, and that F(a) is the field of quotients of F[a]. We
distinguish two principal kinds of elements a in the extension K of F—those
with [F(a) : F] finite, and those with [F(a) : F] not finite.
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Theorem 6.1.4 Let K be an extension of F and let a € K. Then [F(a) : F|
is finite if and only if a is a root of a non-zero polynomial in F[x].

Proof. Suppose that [F(a) : F] = n. Then the family {1, a, a?, ... , a"} is
dependent. Thus there are ¢; in F, not all zero, such that Z?:Ociai = 0. Hence
a is a root of the non-zero polynomial ¥ c;z’ in F|z].

Now suppose that a is a root of a non-zero polynomial in F[z]. The set of
all polynomials in F[z] of which a is a root is an ideal in F[z], and this ideal has
a unique monic generator p(z). If p(x) = gq(x)r(z), then 0 = p(a) = g(a)r(a),
whence either ¢g(a) or r(a) is zero. Therefore p(x) is prime in F[z]. The map

¢ : Flz] = Fla] : f(z) — f(a)

is a ring homomorphism with kernel (p(x)). Hence F[z]/(p(x)) = Im(y). Since
p(z) is prime, Flz]/(p(x)) is a field. But Im(p) = F[a]. Thus

Let 2+ (p(z)) = y and let deg(p(x)) = n. It is trivial to check that {1, y, 2, ...
, y" 1} is a basis of F[z]/(p(x)) over F. The map ¢ induces an isomorphism
between the vector spaces F[z]/(p(x)) and F(a) over F. Therefore [F(a) : F] is
finite. In fact, {1, a, a?, ... , a® '} is a basis of F(a) over F. m

Definition 6.1.5 Let K be an extension of F'. The element a in K is alge-
braic over F if it is a root of a non-zero polynomial in Flx]. The (unique)
monic polynomial in Flx] of smallest degree that a satisfies is the minimum
polynomial of a. Its degree is the degree of a over F. The extension K of F
18 an algebraic extension if every element of K is algebraic over F.

Therefore the elements a of K that are algebraic over F' are those that
generate finite extensions F(a) of F. In the proof of we saw that if
[F(a): F] =n, then {1, a, ... , a® 1} is a basis of F(a) over F, n is the degree
of a over F, and Fla] = F(a).

Suppose that two elements a and b in K are algebraic over F. The elements
a+b, ab, and a~! if @ # 0 are also algebraic over F, but this is not exactly
obvious. We will show that the set of all elements of K which are algebraic over
F' is a subfield of K. We need some important preliminaries.

Theorem 6.1.6 Let K be a finite extension of F, and let L be a finite extension
of K. Then [L: F] = [L: K|[K : F]. In particular, L is a finite extension of
F.

Proof. The idea is simple. Let {aq, aa, ..., an} be a basis of K over F,
and let {by, by, ..., b,} be a basis of L over K. We will show that

{a;-bj:i=1,2,0 m;j=1,2, ..., n}
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is a basis of L over F. Let ¢ € L. Then ¢ = X! e;b; with e; € K, and
e;, = E;»”:lfijaj with fij € F. Thus

Cc = Z Zfijaj bi = Zfijajbi.
i=1 \j=1 i,

Hence the set {a;b;} generates L over F. We need it to be independent over F.
Suppose that Ei7jfijaibj = 0 with fij € F. Then 0 = Z;P:l(Eﬁlfijai)bj, with

X, fija; € K. Since {b1, ..., b,} is independent over K, 377, f;;a; = 0 for all
j. Since {a1, ..., an} is independent over F, f;; = 0 for all j. This completes
the proof. m

Note that if # C K C L and [L : F] = n is finite, then the degrees [K : F]
and [L : K] divide n. In particular, if [L : K] is prime, then there are no fields
between L and K.

Theorem 6.1.7 Let K be an extension of F. Then the set of all elements of
K that are algebraic over F is a subfield of K.

Proof. Let a and b be in K and algebraic over F. Let b # 0. We need a+1b,
ab, and 1/b algebraic over F'. This follows immediately from We have

Both [F(a) : F] and [F'(a)(b) : F(a)] are finite, the latter because b is algebraic
over F' and thus certainly over F(a). Thus [F(a)(b) : F] is finite. Therefore
every element in F(a)(b) is algebraic over F. The elements a + b, ab, and 1/b
are in F(a)(b). m

It should be clear that F(a)(b) = F(b)(a). This field is denoted F(a,b).

More generally, if {a1, a2, ..., a,} is any finite set of elements in K, where K is
an extension of F, then F(ay, asg, ..., a,) denotes the subfield of K generated
by F and the elements a1, as, ..., an.

Corollary 6.1.8 If K is an algebraic extension of F', and if L is an algebraic
extension of K, then L is an algebraic extension of F.

Proof. Let a be an element of L. We need [F(a) : F] finite. The element
a satisfies a non-zero polynomial X! ja;z’ in K[z]. The field F(aj, as, ... ,
an) = G is a finite extension of F', and G(a) is a finite extension of G. Therefore
[G(a) : F] is finite. Since F'(a) is a subfield of G(a), it follows that [F(a) : F|] is
finite. m

At this point we are able to answer some classical questions concerning
constructions with ruler and compass. The key result is|6.1.6

The real number a is called constructible if it belongs to a subfield K of
the field of real numbers such that K can be gotten from QQ by a succession
of extensions of degree 2. Thus for K to be constructible, there must be fields
Ky, Ky, ..., K, such that K = K,, D K,,_1 D --- D K1 D Ky = Q, with
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[Ki=1 : K;] =2, and a € K. The degree of the extension K of Q is a power of 2,
but it is a special kind of extension. We will see the reason for the terminology
constructible in a moment.

Theorem 6.1.9 The set of constructible real numbers is a field.

Proof. Let a and b be constructible real numbers. Then there are fields F
and K with ¢ € F, b € K, and appropriate fields F; between F' and Q and Kj;
between K and Q. Let L be the subfield generated by F' and K. Let

Fi :Q(al7 agz, ..., ai)
with [Fi—i-l . Fz] =2and Fn = F. Let Kz = Q(bl, bg, ey bz) with [Ki-i-l . Kz] =
2 and Km = K. Let Fn+i = F(bl, bg, ey bz) Then [F7L+i+1 : Fn+i] is either

one or two. Thus the sequence
QchCchcCc---CF,=FCF,1C--CFyym=1L

is one of successive extensions each of degree one or two. Since a +b and a/b (if
b # 0) are in L, the theorem follows. m

Note that a constructible number has degree a power of 2 over Q.

Constructible numbers are numbers that can be constructed with ruler and
compass. What does this mean? Ruler and compass constructions are generally
done in elementary geometry courses. These are constructions done in a finite
number of steps, starting with only the unit segment (unless specifically stated
otherwise). To use the ruler means to regard as drawn the line determined
by two given points. To use the compass means to regard as drawn the circle
having a given point as center and the length of a given line segment as radius.
Ruler and compass constructions are carried out in the plane. For example, such
constructions as those of a perpendicular bisector of a given line segment, and of
a line through a given point parallel to a given line are no doubt familiar. Other
possible ruler (more appropriately, straight-edge) and compass constructions
are those of points partitioning a given segment into n equal segments, of line
segments of length equal to the sum, difference, product, or quotient of the
lengths of two given line segments. To say that a real number x is constructible
means that a line segment of length |x| is constructible. In particular, all rational
numbers are constructible. One can construct the square root of a given positive
real number. Thus square roots of positive rational numbers are constructible
with ruler and compass. Therefore, starting with the unit segment, we can
construct Q, and for any positive rational number x, we can construct z1/2.
Hence we can construct Q(z'/2). Similarly, we can construct Q(z'/2,5'/2) for
any other positive number y € Q(z'/?). Thus we see that a real number r is
constructible (with ruler and compass) if 7 is in a field of real numbers obtainable
from Q by successive extensions of degree 2.

Suppose that we are given a field F' of real numbers. What new numbers
are constructible from it with ruler and compass? We can draw all circles whose
centers have coordinates in F' and whose radii are in F, and we can draw all
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lines determined by points whose coordinates are in F'. The intersections of these
circles and lines given us new points, but each such new point has coordinates
in F(r'/?) for some positive real number 7 (depending on the point). This is not
particularly hard to show. Now from the F(r'/?) we can get additional fields
of the form F(r'/2,s'/2), and so on. The reader should be convinced at this
point that a real number is constructible according to our earlier definition if
and only if it is constructible with ruler and compass.

Now suppose that an angle 6 is constructible with ruler and compass. This
means that starting with the unit segment and using ruler and compass con-
structions, two lines can be gotten intersecting at an angle . Then the num-
bers sinf and cos 8 are constructible. If the angle 6 can be trisected, then the
length cos /3 is constructible. The angle 60° is constructible. If it could be
trisected, then cos20° would be constructible. But the trigonometric identity
cos30 = 4 cos®f — 3 cosf yields 1/2 = 42® — 3z, where z = cos20°. Hence
8z% — 6z — 1 = 0. But the polynomial 822 — 6z — 1 is irreducible over Q. Hence
x is of degree 3 over Q and so is not constructible. Therefore the angle 60°
cannot be trisected with ruler and compass. It is easy to find other angles that
cannot be trisected.

To duplicate the (unit) cube boils down to constructing a number x such
that 23 = 2, that is, constructing a cube whose volume is twice that of the unit
cube. But clearly 2'/3 is not constructible. It is of degree 3 over Q.

To “square the circle” means to construct a square whose area is that of a
circle whose radius is 1, thus to construct a number  such that 2 = 7. But 7
is not algebraic over QQ, whence one cannot “square the circle”. (To prove that
7 is not algebraic over Q is a difficult matter, and we will not do it.)

The gist of the whole matter is that one cannot make ruler and compass
constructions that result in constructing real numbers that are not algebraic of
degree a power of 2 over Q.

PROBLEMS

1. Let K be an extension of F, and let ¢ € K. Prove that Fla] = F(a) if
and only if a is algebraic over F'.

2. Let K be an extension of F, and let @ and b be in K. Prove that F'(a)(b) =
F(b)(a).

3. Let K be a finite extension of F', and let @ and b be in K. Prove that
[F(a,b) : F] < [F(b): F][F(a): F].

4. Prove that if f(x) is irreducible over F[z] and [K : F] is relatively prime
to deg(f(x)), then f(x) is irreducible over K|z].

5. Let F' be a subfield of an integral domain K. Prove that if K has finite
dimension as a vector space over F, then K is a field.

6. Prove that the usual formula for the roots of a quadratic equation holds
for any field of characteristic not 2.
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. Suppose that [K : Q] = 2. Prove that K = Q(y/n), where n is a square-

free integer.

. Let I be the quotient field of a principal ideal domain D of characteristic

not 2. Suppose that [K : F] = 2. Prove that K = F(d'/?), where d is a
square-free element of D.

. Suppose that the minimum polynomial of the number a over Q is z3 +

222 — 5z — 1. Write (a® +2a —T7)/(a? +4) in the form r¢ +rya +roa? with
r; € Q.

Let K be a finite extension of F, and let a € K with a # 0. Prove that
the map K — K : b — ab is a nonsingular linear transformation on the
vector space K over F'| and that the minimum polynomial of this linear
transformation is the same as the minimum polynomial of a as an element
algebraic over F'.

Find the minimum polynomial over Q of each of the following.

a. 14212 b. 21/2 4 31/2 c. 43172
d. 334913 e 2U/243l/3

Prove that the order of a finite field is a power of a prime.
Prove that any two fields of order 4 are isomorphic.
Prove that any two fields of order 9 are isomorphic.

Let a1, ag, ..., apy1 be distinct elements of the field F', and let by, ba, ...
, bnr1 be any elements of F'. Prove that there is exactly one polynomial
f(z) in F[z] of degree n such that f(a;) = b; for all 1.

Prove that the angles of 72° and of 60° are constructible, while the angle
of (360/7)° is not constructible.

Prove that a regular pentagon and a regular hexagon are constructible,
while a regular septagon is not constructible.

6.2 Splitting Fields

If K is an algebraic extension of F', then an element a in K satisfies a polynomial
f(z) in Flx] of degree at least one. Conversely, given such a polynomial, is
there an algebraic extension K of F' in which that polynomial has a root? The
existence of such a field is a fundamental fact of field theory.

Theorem 6.2.1 Let F' be a field, and let f(x) be in F[z] and have degree at
least one. Then there is a finite extension K of F containing a root of f(x).
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Proof. Let p(x) be a prime factor of f(z). Then F[z]/(p(z)) is a field, and
it contains F' via the embedding

F — Flz]/(p(z)) : a = a + (p(x)).

The desired field is K = F[z]/(p(z)). In the proof of 6.1.4, we observed that
[K : F] = deg(p(z)). We need only that K contains a root of f(z). We will
show that it contains a root of p(x). Let p(x) = ag + a1x + -+ - + apa™. For K
to contain a root of p(z) means that there is an element k € K such that

agp +ark+---+a,k" =0.
The element = + (p(z)) works. Indeed

ao +a1(z + (p(z))) + - + an(z + (p(2)))"
=ap+ a1z + -+ az” + (p(z)) = 0.

|

Therefore, we may “adjoin a root” of a polynomial f(x) € Fz] to F' simply
by forming the field K = F[z]/(p(x)), where p(z) is any non-linear prime factor
of f(x). The field K, as a vector space over F, has basis

{1 + (p(x)), T+ (p(m)), u, "+ (p(x) }a

)

and as an extension of F', K = F(z + (p(z))). In K[z], p(z) has a linear factor.
Now adjoin a root of an irreducible non-linear factor of f(z) over K. Using
we arrive by iteration at a field L such that f(x) factors into linear
factors in L[z]. In other words, L “contains all the roots” of f(z), and in fact
is generated by F and those roots. By our construction, [L : F| < ml, where
m = deg(f(x)). Strictly speaking, the field L is not unique. However, it is as
unique as one can expect.

Definition 6.2.2 Let f(x) be a polynomial in Flx]|. An extension K of F is a
splitting field of f(x) over F if f(z) factors into linear factors in K[x| and K
is generated by F' and the roots of f(x).

Splitting fields are also called root fields. If K is a root field of f(z) € F[x],
then f(z) =alz —a1)(x —az)--- (x—ay,) in K[z], and K = F(a1, az, ..., ap).
We know that every polynomial f(z) in F[x] has a splitting field. We want to
show that any two splitting fields of f(z) are essentially the same.

Let  : F — G be an isomorphism between the fields F' and G. Then «
induces an isomorphism « : Flz] — G[z] by

alag + a1z + -+ apz™) = alag) + alar)z + - - - + ala,)x”.

If p(x) is a prime polynomial in F[z], then a(p(x)) is prime in G[z], and «
induces an isomorphism

a: Flal/(p(z)) — Gla]/(a(p(x)))
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by a(f(2) + (p(@)) = a(f(x)) + (ap(x)). Tn particular, a(z + (p())) =
z + (a(p(z))). We saw in the proof of that if K is an extension of F,
and if a is an element of K which is a root of p(x), then F(a) is isomorphic
to F[z]/(p(z)) via the mapping given by f(z) + (p(xz)) — f(a). We can make
the analogous statement about G and a(p(x)). We have proved the following
theorem.

Theorem 6.2.3 Let o : F' — G be an isomorphism between the fields F and G.
Let p(x) be a prime polynomial in F[z]. If a is a root of p(x) in an extension
of F, and if b is a root of a(p(x)) in an extension of G, then there is an

isomorphism B : F(a) — G(b) such that o« = 8 on F and (a) = b.

Corollary 6.2.4 Let p(x) be prime in Flx]. If a and b are roots of p(x) in an
extension of F, then there is an isomorphism « : F(a) — F(b) such that « is
the identity on F and such that a(a) = b.

Proof. Let F' = G and let a be the identity map in[6.2.3] =

Theorem 6.2.5 Let o : F' — G be an isomorphism, and let f(x) be in F|x].
If K is a root field for f(x) and if L is a root field of a(f(x)), then there is an
isomorphism B : K — L which agrees with o on F.

Proof. We will induct on the degree of f(x). If deg(f(z)) = 1, then take
B = a. Let p(z) be a prime factor of f(z). Let a be a root of p(x) in K, and let
b be a root of a(p(x)) in L. By there is an isomorphism 7 : F'(a) — G(b)
such that v = « on F', and such that y(a) = b. Write f(z) = (x — a)g(z) in
F(a)[z]. Now K is a splitting field for g(z) over F(a), and L is a splitting field
for a(g(x)) over G(b). Since deg(g(x)) < deg(f(x)), there is an isomorphism
B : K — L such that § agrees with 7 on F(a). This completes the proof. m

The following corollary is the result we are really after. In order to proceed
by induction, we were forced to prove the stronger result

Corollary 6.2.6 Let f(x) € F[z], and let K and L be splitting fields for f(z).
Then there is an isomorphism o : K — L such that « is the identity on F.

Let F be a field, and let f(z) be an element of F[z] of degree > 1. There
is an algebraic extension K of F' such that in K[z], f(x) factors into a product
of linear factors. It is natural to wonder if there is an algebraic extension K
of F' such that every such f(z) € F|x] factors completely in K[z]. This is
indeed the case. In fact, there exists an algebraic extension K of F such that
every f(x) in K[x] of degree > 1 factors into linear factors in K[z], and any
two such extensions of F' are F-isomorphic, that is, if K and L are two such
extensions of F, then there is an isomorphism ¢ : K — L such that ¢(a) = a
for all @ € F. A field K such that every f(z) € KJz] of degree > 1 factors
into a product of linear factors is said to be algebraically closed. This is
equivalent to every polynomial in K[z] of degree > 1 having a root in K, and is
equivalent to K having no algebraic extensions. If K is an algebraic extension
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of F and if K is algebraically closed, then K is called an algebraic closure of
F. The classic example of an algebraically closed field is the field of complex
numbers. A proof that that field is algebraically closed is given in A proof
of the existence of algebraic closures for arbitrary fields is a little beyond us at
this point. It involves the Axiom of Choice which we will not meet until the
appendix. However, we will now sketch a proof that a countable field has an
algebraic closure.

Recall that a set S is countably infinite if there exists a one-to-one map
f from the set of positive integers onto S, and is countable if it is finite or
countably infinite (1.3]). For example, the field Q is countably infinite. Now
suppose that F' is any countable field. Then F' = {a1, as, ..., a,} for some n,
or F'={a, ag, ... }. In either case, let S,, = {a; : i < m}. There are finitely
many non-zero elements in Fz] of degree < m with coefficients in S,,. Let
fm(x) be their product. Let F = Fp, and for m > 0, let F,,, 11 be the root field
of fm+1(z) over F,,. We have the chain Fy C F} C F5 C ---. Let K = U, F,.
We assert that K is an algebraic closure of F. First, K is algebraic over F since
each F, is algebraic over F. If k(z) € K|z], then k(z) € F,,[z] for some m.
Thus the roots of k(x) are algebraic over F', whence satisfy some polynomial
f(z) in Flz]. But f(z) divides some f,(z), whence the roots of k(z) are in Fp41.
Therefore K is algebraically closed.

How unique is an algebraic closure of a countable field? Let K and L be
algebraic closures of the countable field F. Let fi(z), fa(z), ... be the polyno-
mials in F[z] constructed earlier. Then f;(z) splits completely in K[z] and in
L[z], so that K and L contain root fields K7 and Ly, respectively, of fi(z) over
F. By there is an isomorphism ¢, : K1 — L; fixing F' elementwise. Now
fo(x) is in Kq[z] and L;[z], and splits completely in K|[z] and L[z], so that K
and L contain root fields K and Ly of fo(x) over K[z] and L4 [x], respectively.
By 6.2.5, there is an isomorphism ¢, : Ko — Lo extending ¢, : K3 — L.
Continue this process. We get an isomorphism ¢ : U;K; — U;L;. Since K is
algebraic over F', K = U; K;, and similarly for L. Thus we have an isomorphism
¢ : K — L which is the identity on F'. We have proved the following theorem.

Theorem 6.2.7 A countable field has an algebraic closure. If K and L are
algebraic closures of a countable field F', then there is an isomorphism ¢ : K — L
fixing F' elementwise.

The theorem is true with the countability hypothesis removed, as we shall
see in the appendix.

The algebraic closure of Q is the field of algebraic numbers. Finite ex-
tensions of QQ are called algebraic number fields, or simply number fields.
They have an elaborate theory. Of particular interest is the set of all algebraic
numbers which satisfy a monic polynomial with integer coefficients. This turns
out to be a ring, the ring of algebraic integers. The algebraic integers in a
given algebraic number field are called the integers of that field.

A more detailed study of splitting fields is complicated by the existence of
irreducible polynomials of degree n that have fewer than n roots in their splitting
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fields. We need some information about them at this point. If K and L are
splitting fields of f(z), then from it follows that f(x) factors into distinct
linear factors over K if and only if it so factors over L.

Definition 6.2.8 A polynomial of degree n is separable if it has n distinct
roots in its splitting field. A finite extension K of F is separable if every
element of K is a root of a separable polynomial in F[x]. Inseparable means
not separable.

There is an easy test for separability of polynomials. If f(z) is any poly-
nomial in F|z], we can take its (formal) derivative. For instance, if f(z) =
ap + arx + - - - + a,z™, then

f'(x) = a1 + apx + 2a32* + -+ + naz" L,

The usual rules for differentiation hold, and are easily verified. Here is the test
for separability.

Theorem 6.2.9 A polynomial f(x) over the field F is separable if and only if
f(x) and f'(x) are relatively prime.

Proof. Since f(z) and f’(z) are both in F[z], their greatest common divisor
in K[x] for any extension K of F is the same as their greatest common divisor
in F[z]. Let K be the root field of f(z), and write f(z) = ¢ II'",(z — a;)* in
K|[z], with the a; distinct. We get

n

Fay=e 3 [ kite —a) @ —ap)s

i=1 i#j

If for some i, k; > 1, then x — a; is a common factor of f(z) and f'(x). If k; =1
for all 4, then

fllai) =c| [J(ai—ay) | #0,
i#

so that f(z) and f’(z) have no root, and hence no factor, in common. m

Corollary 6.2.10 A prime polynomial f(x) is inseparable if and only if f'(x) =
0. A prime polynomial over a field F' of characteristic 0 is separable. A prime
polynomial over a field F' of characteristic p is inseparable if and only if it is a
polynomial in xP.

Proof. If f'(z) =0, then f(x) and f'(z) are not relatively prime, whence
f(x) is inseparable. If f(z) is inseparable, then f(x) and f’(z) have a factor of
degree at least one in common. Since f(z) is prime, f(x) divides f’'(z). But
deg(f'(z)) < deg(f(x)). Thus f'(z) = 0. If F has characteristic 0 and f(x)
is prime, then f(x) has degree at least one, and hence f'(x) # 0. If F has
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characteristic p and f(z) is prime, then it is apparent that f/(z) = 0 if and only
if f(z) = g(a7). m

It may not be clear that there exist prime inseparable polynomials. Here is
an example. Let P = Z/pZ be the field with p elements. Form the quotient
field K = P(y) of the polynomial ring P[y]. Let F be the subfield P(y?) of
K. The polynomial 2P — y? € F[z] is inseparable since its derivative is 0. In
Klz], 2P —y? = (z —y)P . If 2P — y? = f(x)g(zx) is a non-trivial factorization
in Flz], then f(z) = (x —y)™ for 0 < n < p. Therefore y" € F. Now
F = P(y?) consists of quotients of polynomials in y? with coefficients in P.
Hence y™ = h(y?)/k(y?) with h(y?) and k(y?) in P(yP), and so k(y?)y™ = h(y?)
is in P[y?]. But 0 < n < p clearly makes this impossible. Therefore zP — y? is
prime in F'[z], is separable, and has y as a root of multiplicity p in K.

We are in a position to use splitting fields to describe completely all finite
fields. We begin by noticing a few elementary properties that a finite field F'
must have. The characteristic of F' is a prime p. Hence F' is a vector space of
finite dimension n over its prime subfield P of p elements. Therefore F' has p™
elements. Let ¢ = p™. Every element of F' satisfies the polynomial x¢ — x in
Plz]. To see this, note that the multiplicative group F* of non-zero elements
of F has ¢ — 1 elements. Thus for a € F*, a?~! = 1, whence a? = a. Now 0
certainly satisfies 9 — z. The polynomial ¢ — z has ¢ roots in F', hence splits
completely in F. Therefore F' is the root field of ¢ — x over the field P of p
elements. Any two such root fields are isomorphic by We have shown
that there is at most one field of order p™ (up to isomorphism).

To show that there is a finite field with p™ = ¢ elements, the natural thing
to do is to take the splitting field of ¢ — = over the field P of p elements. This
gets a field F', but conceivably it is too small. If a and b are roots of 29 — x in
F', then

(a+b0)?—(a+b)=a’+b!—a—b=0,

and (ab)? — ab = a%b? — ab = 0, using the facts that the characteristic of P is
p, so that py = 0 for any y € F, that a? = a, and that b9 = b. Similarly, if
a # 0, then 1/a is a root of 27 — x. Therefore the root field F' of 7 — = consists
entirely of roots of 7 — x. If this polynomial has no multiple roots, then F' has
g = p" elements. By this is the case. Thus we have the following theorem
about finite fields.

Theorem 6.2.11 Let p be a prime, and let n be a non-negative integer. There
18, up to isomorphism, exactly one field with p™ = q elements. That field is the
splitting field of the polynomial ¢ — x over the field of integers modulo p.

The multiplicative group of a finite field is cyclic. This is a special case of a
more general result that is just as easy to prove.

Theorem 6.2.12 A finite multiplicative subgroup of a field is cyclic.

Proof. Let G be a finite multiplicative subgroup of a field. If ¢ is the largest
invariant factor of G, then 27 =1 for all z in G, so that 27 —1 has o(G) roots in
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G. Since ¢ < o(G) and 27 —1 has no more than g roots, it follows that ¢ = o(G),
and that G is cyclic. =
If F' is any field of characteristic p, then

F—F:a—dPf

is an isomorphism of F' onto its subfield of pth powers. If F' is finite, this
map must be onto as well. Thus the following theorem is true.

Theorem 6.2.13 Let F be a finite field of characteristic p. Then the map
F — F :a— aP is an automorphism of F. In particular, every element of F
has a pth root.

Let F' be a finite field, and let K be any finite extension of F. If K has
p" = q elements, then it is a root field of 27—z over F[xz], and hence a separable
extension. If a is any generator of K*, then k = F(a). Therefore any extension
of finite degree over a finite field F' is a simple extension, that is, is of the form
F(a) for some a in the extension field. The key to this is the separability of the
extension.

Theorem 6.2.14 Let K be a finite separable extension of any field F'. Then
K = F(a) for some a € K.

Proof. Since K is a finite extension of F,
K =F(a1, ag, ..., ap)

for some a; € K. By induction, we may assume that K = F(a, b) for a and b
in K. Let f(x) be the minimum polynomial of a over F, and let g(z) be the
minimum polynomial of b over F. We will work in the root field L of f(z)g(x)
over K. Let aj, ag, ..., a,, be the roots of f(z), and let by, ba, ... , b, be
the roots of g(z), with a = a; and b = b;. Since K is separable, the b; are
distinct. We already observed that finite fields are simple extensions of any
subfield. Thus we may assume that F' is infinite. Choose an element ¢ in F
different from (a; —a1)/(by —br), 1 <i<m, 1 <k <n. Let d = a+ be. We
assert that K = F(d). Now f(d — cz) and g(x) have the root b in common.
Since d — ¢by, = a + be — cby, = a; implies that ¢ = (a; — a1)/(by — by), it is the
only root they have in common. Thus the greatest common factor of f(c — dx)
and g(z) is ¢ — b. But f(d — cx) and g(z) are in F(d)[z]. Therefore so is their
greatest common divisor. Hence b € F(d). Since b, ¢, and d are in F'(d), so is
a=d—bc. Thus K C F(d). But d € K implies that K = F(d), and our proof
is complete. m

Notice that we really proved something stronger, namely that if K = F(aq,
as, ..., ap) and if ag, as, ..., a, are roots of separable polynomials, then K is
a simple extension of F'. Just note that our proof shows that F'(a1, az) = F(d;)
for some dy € K. Hence K = F(dy, as, ..., ap) with as, ..., a, roots of
separable polynomials, and induction finishes the job. Note that even if a;
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were also separable, we do not know yet that F'(a1, as, ..., a,) is a separable
extension. That fact will not be available until [6.3.91

This theorem simplifies the study of finite separable extensions K of a field
F, since K then has a basis of the form {1, a, a?, ..., a" "'} over F. We will
make good use of it in the next section.

Corollary 6.2.15 Any finite extension of a field of characteristic 0 is a simple
extension.

PROBLEMS
1. Find the degrees of the splitting fields of the following polynomials over
Q.
a. a2-1 b. 2?2+1 c. x2-2
d. z3-2 e. z3-3 f. z*-5
g xt—4 h. z*+22+1 i. axP —1, p a prime

2. Let K be an algebraic extension of F', and let f(x) € K[z]. Prove that
there is a finite extension L of K such that in L[z], f(z) divides some
non-zero element of Fx].

3. Find the group of automorphisms of the fields Q(2'/3), Q(2'/?), and Q(3).

4. Let C be the algebraic closure of a field F', and let K be a field between
F and C. Prove that C' is the algebraic closure of K.

5. Prove that if F' is countable, then so is F[x].
6. Prove that the algebraic closure of a countable field is countable.

7. Prove that the usual rules for differentiation of polynomials hold. Thus
show that

(a) (f(z)+g(@) = f'(x) + 9 (2),
(b) (f(z)g(x))" = f(x)g9(x) + f(x)g'(x), and
(e) (f(@)") =nf(x)" 1 f'(2).
8. Let f(z) be a polynomial over a field of characteristic 0. Let d(x) be the

greatest common divisor of f(z) and f’(x). Prove that f(x)/d(z) has the
same roots as f(x), and that f(z)/d(x) is separable.

8

9. Prove that if F'is a field with p™ elements, then F' contains a subfield with
p™ elements if and only if m divides n.

10. Prove that if F' and G are subfields of a finite field, and F' =~ G, then
F=aG.

11. Determine the order of the automorphism F' — F' : a — a? of a finite field
F' of characteristic p.
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12. Prove that the derivative of a polynomial f(x) over a finite field F' of
characteristic p is zero if and only if f(x) = (g(x))? for some g(z) € F[z].

13. Let F be a field of characteristic p # 0. Prove that if F — F : a — aP is
not onto, then F has a finite inseparable extension.

14. Let K be an extension of the field F' of characteristic p # 0. Let L = {a €
K :a? € F for ¢q some power of p}. Prove that L is a subfield of K.
Prove that [L : F] is a power of p, if finite.

15. Prove that if K is a separable extension of F, and L is any field between
K and F, then K is a separable extension of L.

16. Let K be a finite extension of F', and let

{b1, ba, ..., bp}

be a basis of K over F. For a € K, let ab; = Y7_1a;;bj. Prove that the
polynomial det(z1I,, — (a;;)) is a multiple of the minimum polynomial of a
over F'. Prove that it is a power of the minimum polynomial of a over F.

6.3 Galois Theory

Let K be an extension of F. Galois theory relates, in certain special cases,
extensions of F' containing K with subgroups of the group of automorphisms of
K which fix F' elementwise. It provides a way of reducing questions about fields
to questions about groups. The insolvability of quintic equations is proved via
Galois theory, for example. The subject is difficult, but it is important.

Let K be an extension of F'. The set of automorphisms of K is a group under
composition of maps. Those automorphisms of K which fix F' elementwise form
a subgroup of that group, and is denoted G(K/F). It is called the group of
automorphisms of K over F, or the group of F-automorphisms of K.
We will also speak of F-automorphisms from an extension K of F' into another
extension L of F. It is an isomorphism from K into L that fixes F' elementwise.

If C is the field of complex numbers, and R is the field of real numbers, then
G(C/R) is the two element group, and G(C/Q) consists of all automorphisms
of C. If F is any field, and K = F(x1, 3, ..., x,) is the field of quotients
of the ring F[zq, zo, ..., z,] of all polynomials in the indeterminants x; with
coefficients in F', then any permutation of

{xla L2y «vvy xn}

induces an automorphism of K which fixes F' elementwise. On the other hand,
G(Q(2'/3)/Q) has just one element. To see this, note that any automorphism
of Q(2'/?) must fix 2'/3 since 2 has only one real cube root. But every element
of Q(2'/3) is of the form a + b(2'/?) + ¢(2'/?)?, with a, b, and ¢ in Q. Therefore
any automorphism that fixes Q elementwise, and fixes 2'/3 must be the identity
automorphism.
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Let S be a subgroup of the group of all automorphisms of a field K. The
subfield K(S) = {a € K : a(a) = a for all a € S} is called the fixed field
of S. Note that indeed it is a subfield of K. If S is a subgroup of G(K/F),
then K (S) contains F. In this case, we have associated with each subgroup S
of G(K/F) a field between K and F. The subgroup {e} corresponds to K, and
G(K/F) corresponds to some subfield of K containing F', but not necessarily
to F, as the extension Q(?l/ 3) of Q testifies. The Fundamental Theorem of
Galois Theory asserts that in certain special cases, this association is a one-to-
one correspondence between the subgroups of G(K/F') and the extensions of F'
contained in K. Our goal is this fundamental theorem. The crux of the matter
is determining when the fixed field of G(K/F') is F itself.

The following definition is a fundamental one.

Definition 6.3.1 An extension K of F' is normal if it is algebraic and if every

irreducible polynomial in F[x] which has a root in K factors into linear factors
in K[z].

Thus if an irreducible polynomial f(z) € F[z] has a root in the normal
extension K of F', then it has all its roots in K. Another way to put it is that K
contains a root field of any irreducible polynomial in F[z] of which it contains a
root. The precise connection between root fields and normal extensions is given
in the following theorem.

Theorem 6.3.2 A field K is a finite normal extension of a field F if and only
if it is the root field of some polynomial in F|x].

Proof. Let K be the root field of f(x) € F[z]. Then K is a finite, and thus
an algebraic, extension of F. Suppose that an irreducible polynomial g(z) €
F[z] has a root a in K. Let L be a root field of g(x) over K, and let b be a root
of g(x) in L. Then there is an F-isomorphism « : F(a) — F(b) which takes a
to b. Further, K(a) and K (b) are root fields of f(x) and a(f(z)) = f(x) over
F(a)[z] and F(b)[z], respectively. Therefore, by there is an isomorphism
B: K(a) — K(b) extending . But K(a) = K since a is in K. Since f fixes F'
elementwise, S must permute the roots of f(z), which all lie in K and generate
K over F. Thus 8(K) = K. Hence b € K, and K is a normal extension of F.

Now suppose that K is a finite normal extension of F. Let K = F(a1, as,

, @), and let f;(z) be the minimum polynomial of a; over F. Then K is the
root field of IT?" ; f;(z) over F. m

The next lemma and its corollaries will dispose of many of the technical
details in proving the Fundamental Theorem of Galois Theory. One additional
notion is needed. Let ai, as, ..., a, be elements of a field K. The elementary
symmetric polynomials in a1, as, ... , a, are the coefficients of the polynomial
7, (x + a;) € K[z]. For example, if n = 4, they are
1

)

a1 + az + as + ay,
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a1az + ara3 + ayjaq + azas + aza4 + azay,
10203 + a10204 + a10304 + a20304,

and
a1a20304.

For our purposes at the moment, the pertinent fact is this. If o is any automor-
phism of K which induces a permutation of {a1, as, ..., a,}, then o fixes each
elementary symmetric polynomial in the a;’s. This should be obvious.

Lemma 6.3.3 Let G be a subgroup of the group of automorphisms of a field
K, and let I be the fized field of G. Suppose that each element in K has only
finitely many images under G; that is, for each a € K, the set {a(a) : a € G}
18 finite. Then K is a normal separable extension of F.

Proof. Let a € K, and let aj, as, ..., a, be the distinct images of a
under the automorphisms in G. One of them is a, of course. Each a € G
permutes the set {a1, ag, ..., a,}. Therefore each a € G fixes each coefficient
of f(z) =" (x — a;), whence f(z) must be in F[z]. Since the roots of f(x)
are the distinct elements aj, as, ..., a,, f(z) is a separable polynomial, and
so K is a separable extension of F'. To get K normal over F, let g(z) be an
irreducible polynomial in F[z] with a root a € K. Using the notation above, we
see that g(z) divides f(z) since g(x) is the minimum polynomial of a over F,
and a is a root of f(x) € F[z]. The polynomial f(z) splits completely in KJz],
and thus so must g(x). Therefore K is normal over F. m

It is useful to observe that the polynomial f(x) =1II7";(z — a;) constructed
in the proof above is irreducible over F. Indeed, if f(z) = g(z)h(z) with g(x)
and h(x) non-units in F[z], and if a; is a root of g(z), then for some o € G,
a(a;) is a root of h(z). But each automorphism of K which fixes F' elementwise
must take roots of a polynomial over F into roots of that same polynomial. But
g(z) and h(x) have no roots in common since f(z) has no multiple roots. Hence
f(z) is prime in F|x].

There are two important cases when each element of K has only finitely
many images under G. If K is algebraic over F', each element a in K satisfies
its minimum polynomial f(z) € F[z], and each element of G must carry a to a
root of f(x). Thus each element of K has only finitely many images under G.
The other case is when G itself is finite.

Corollary 6.3.4 Let G be a subgroup of the group of automorphisms of a field
K, and let F be the fized field of G. If K is algebraic over F, then K is a
normal separable extension of F'.

Corollary 6.3.5 Let G be a finite subgroup of the group of automorphisms of
a field K, and let F be the fized field of G. Then

a. K is a finite normal separable extension of F,

b. [K : F] = |G|, and



254 CHAPTER 6. FIELDS

c. G(K/F)=G.

Proof. By[6.3.3] K is a normal separable extension of F. Therefore any
finite extension L of F' contained in K is separable and hence simple. If L =
F(a), then the degree of the minimum polynomial of a over F is [L : F|. But
the minimum polynomial of a is the polynomial f(z) constructed for a in
which in our present case is of degree at most |G|. It follows that [K : F] < |G|.
Let K = F(a). Only the identity element of G fixes a. Therefore the set
of images of a under G is {a(a) : a € G}, and has |G| elements. Thus the
polynomial f(z) = Hyeq(z — a(a)) is the polynomial constructed for a in the
lemma, and is the minimum polynomial for a. Its degree on the one hand is |G|,
and on the other is [K : F|. This proves (b). To prove (c), we note first that
|G(K/F)| < [K : F]. Since K = F(a), an F-automorphism of K is determined
by its effect on a, and there are only [K : F] possible images for a, namely the
roots of the minimum polynomial of a over K, which has degree [K : F]. Now
(c) follows from the inclusion G C G(K/F). m

Notice that we do not know yet that if K is a finite extension of F', then
G(K/F) is a finite group. We need this fact.

Lemma 6.3.6 Let K be a finite extension of F. Then |G(K/F)| < [K : F]. In
fact, |G(K/F)| = [K : H], where H is the fized field of G(K/F).

Proof. By K is a separable extension of the fixed field H of G(K/F).
Thus K = H(a) for some a in K. Each element of G(K/F) = G(K/H) is
uniquely determined by its action on a, and a can only go to other roots
of its minimum polynomial over H. Therefore G(K/F) is finite. By
|G(K/F)|[<[K:F]. m

At this point we need a variant of

Lemma 6.3.7 Let f(x) be a separable polynomial in F[z], and let « : F — K
be an isomorphism. If M is a root field of f(x) and if N is a root field of
a(f(x)), then there are [M : F)| extensions of a to an isomorphism 3 : M — N.

Proof. We induct on [M : F]. If [M : F] = 1, then the lemma is clear.
Let p(x) be a prime factor of f(z), and let a be a root of p(z) in M. There
are deg(p(x)) isomorphisms from F(a) into N extending «, one for each root
b of a(p(z)). Consider such a map 8 : F(a) — K(b). Now M is a root field
of the separable polynomial f(z) € F(a)[z], and N is a root field of 5(f(z)) €
K(b)[z]. By the induction hypothesis, there are [M : F(a)] extensions of § to
an isomorphism M — N. The result follows. =

Now we are in a position to prove a basic theorem, which sums up much of
what we have done so far.

Theorem 6.3.8 Let K be a finite extension of F. Then the following are equiv-
alent.

a. K is a normal separable extension of F.
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b. K is the root field of a separable polynomial in F|x].
1. G(K/F)|=[K : F].
2. The fized field of G(K/F) is F.

Proof. Assume (a). By K = F(a) for some a € K. The minimum
polynomlal of a has all its I‘OOtb in K since K is normal over F. Thus (a) 1mphes
). By [6.3.7] - applied to the 1dent1ty map F — F, (b) implies (c). By [6.3.6] -

implies , and by 6.3.4] - ) implies (a). =

The Fundamental Theorem of Galois Theory is now at hand. However, [6.3.8
enables us to establish two important properties of separability, and we digress
to do that. Suppose that K is any extension of a field F. It is a quite non-
obvious fact that the elements of K which are separable over F' form a subfield
of K. To prove this fact, let a and b be elements of K which are separable over
F. Let f(z) and g(x) be the minimum polynomials of a and b, respectively.
If f(z) = g(z), then the root field N of f(z) over F is separable. If f(z) and
g(x) are distinct, then they are relatively prime, so the root field N of f(z)g(x)
over F' is a separable extension of F by [6.3.8] In either case, N contains a
copy of F(a,b). Hence F'(a,b) is separable over F'. Therefore the elements of K
separable over F form a subfield K, of K, called the separable closure of F' in
K.

Now we will show that separability is transitive. Let K be a separable
extension of F', and let L be a separable extension of K. Let L, be the separable
closure of F' in L. It clearly contains K, so L is separable over Ls;. We need
L = L,. Let a be an element of L, and let f(x) be its minimum polynomial
over F. If f(z) is not separable, then f(z) = f1(2P), and fi(x) is the minimum
polynomial of a? over F. If fi(x) is not separable, then fi(x) = fa(2P), and
f2(z) is the minimum polynomial of a? over F, where ¢ = p?. Continuing, there
is a smallest integer e such that if ¢ = p°®, then a? is separable over F'. Now
a? € Ls, and a satisfies (v — a)? = 27 — a? € Lg[z]. Therefore its minimum
polynomial over Ls must divide 9 — a%. But a is separable over L, so its
minimum polynomial over L; has distinct roots. It follows that its minimum
polynomial is  — a, so that a is in L,, and L = L, as desired. We have the
following theorem.

Theorem 6.3.9 The following hold for a field F.

a. If K is an extension of F', then the set of elements of K which are separable
over F' is a subfield of K.

b. If K is a separable extension of F', and if L is a separable extension of K,
then L is a separable extension of F'.

Definition 6.3.10 A Galois extension of a field F is a finite normal sepa-
rable extension K of F. In this case, G(K/F) is called the Galois group of K
over F. If f(x) € F[x] is separable, then the root field K of f(x) over F is a
Galois extension, and G(K/F) is called the Galois group of f(x) over F.
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Note that if K is a Galois extension of F, and if L is any field between K
and F, then K is a Galois extension of L.

Theorem 6.3.11 (The Fundamental Theorem of Galois Theory) Let K
be a Galois extension of F. Then

L — G(K/L)

18 a one-to-one correspondence between the subfields L between K and F and the
subgroups of G(K/F). The extension L of F is normal if and only if G(K/L)
is a normal subgroup of G(K/F). In this case, G(L/F) ~ G(K/F)/G(K/L).

Proof. Since K is a Galois extension of any L between K and F, L is the
fixed field of G(K/L) by Thus L — G(K/L) is one-to-one. If S is a
subgroup of G(K/L), then S = G(K/F(S)), where F(S) is the fixed
field of S. Thus our correspondence L — G(K/F) is also onto.

Suppose that L is a normal extension of F. Since L is a simple extension
F(a) of F, for a € G(K/F'), a(a) must be a root of the minimum polynomial of
a. All those roots lie in L since L is normal. Therefore L is mapped into itself
by every element of G(K/F). Since L is a finite dimensional vector space over
F, every element of G(K/F) induces an automorphism of L. We then have a
homomorphism G(K/F) — G(L/F), namely the restriction to L. The kernel of
this mapping is clearly G(K/L), so G(K/L) is a normal subgroup of G(K/F).

If G(K/L) is a normal subgroup of G(K/F'), then |G(K/F)/G(K/L)| = [K :
F)/IK : L] = [L : F], and it follows that G(K/F) — G(L/F) is an epimorphism
since |G(L/F)| < [L : F] by Thus G(K/F)/G(K/L) ~ G(L/F), and
|G(L/F)|=[L: F]. By L is a normal extension of F', and this completes
the proof. m

To illustrate the theory, we will compute the Galois group of the polynomial
X3 — 5 over the field Q of rational numbers. So let K be the root field over
Q of 3 — 5. The roots are 5/3, w53, and w?5'/3, where w is the cube root
(1 +143'/2)/2 of 1. Since [Q(5Y/3) : Q] = 3, and Q(5'/?) does not contain w
or w?, and since [K : Q] < 6, it follows that [K : L] = 6. Since G(K/Q) is
a subgroup of permutations of {5/3, w5'/3, wW?5'/3}  and since G(K/Q) has
6 elements, it must be the group of all permutations of these roots of x> — 5.
Thus G(K/Q) is S5, the symmetric group on 3 objects. This group has one
non-trivial normal subgroup, the alternating group As. This normal subgroup
corresponds to the normal extension Q(w), which is the root field over Q of the
polynomial 22 + x + 1. There are three subgroups of G(K/Q) of order 2. These
correspond to the extensions Q(5'/%), Q(w5'/3), and Q(w?5'/3). It is easy to
check that these three extensions are distinct.

In any field F', an nth root of 1 is primitive if it is not an mth root of 1
for 0 < m < n. For example, in the field of complex numbers, —1 is a primitive
second root of 1, (1 +143'/2)/2 is a primitive cube root of 1, 7 is a primitive 4th
root of 1, —1 is not a primitive 4th root of 1, and iw is a primitive 12th root of
1. The primitive nth roots of 1 are precisely the generators of the multiplicative
group of all nth roots of 1, and are in one-to-one correspondence with the
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positive integers less than and prime to n, or equivalently, to the multiplicative
units in Z/nZ. We will find the Galois group of the root field K of 2% — 1 over
Q. First, note that K = Q(a), where a is any primitive 8th root of 1. Thus any
element of G(Q(a)/Q) is determined by its effect on a. The element a can be
taken precisely to the roots of the minimum polynomial of a over Q. What is
this polynomial? It must divide 28 —1 = (x — 1)(z +1)(2® +1)(2* +1). Clearly
all the primitive 8th roots of 1 are roots of 2* + 1, and 2* + 1 is irreducible
over QQ Problem 9.). Hence the minimum polynomial of a is #* + 1, and
so G(Q(a)/Q) has four elements. But there are two groups with four elements.
Which is it? The four primitive 8th roots of 1 are a, a®, a®, and a”, and the four
elements of G(Q(a)/Q) are 1, o, 3, and v characterized by 1(a) = a, a(a) = a?,
B(a) = @° and y(a) = a”. Thus G(Q(a)/Q) is isomorphic to the group {1,
3, 5, 7} with multiplication being ordinary multiplication modulo 8. In other
words, it is isomorphic to the group (Z/8Z)* of units of Z/8Z. Every element
of this group except the identity has order 2, whence the group is the direct
product of two groups of order 2. Since it is Abelian, every field between Q
and Q(a) is a normal extension of Q. Our group G(Q(a)/Q) has three non-
trivial subgroups, so that there are three fields between Q(a) and Q. What
are they? Above, a was any primitive 8th root of 1. The primitive 8th roots
of 1 are the four numbers 4(2'/2 4 §21/2)/2. It is easy to see that the three
intermediate fields are Q(i), Q(2'/?), and Q(i2'/?). These are distinct fields,
and there are only three such. To which subgroups of G(Q(a)/Q) do they
correspond? Letting a = (212 + i2'/2)/2, we have a® = (—2'/2 + i21/2)/2,
a® = (=212 —i21/2)/2 = —q, and a7 = (21/% —i21/2)/2 = —a®. Again, letting
a, 3, and v be characterized by a(a) = a3, 8(a) = —a, and y(a) = —a®, we
see that a(a + a3) = a + a3, B(a?) = (—a)? = a?, and y(a — a®) = a — a>.
Thus the subgroup {1, a} fixes a + a® = i2'/2 and hence corresponds to the
extension Q(i2'/2), the subgroup {1, 8} fixes a®> = 4 and hence corresponds
to the extension Q(7), and the subgroup {1, v} fixes a — a® = 2'/2 and hence
corresponds to the extension Q(2'/2).

There are some features of the example above which merit attention. All
the primitive 8th roots of 1 have the same minimum polynomial over Q. That
minimum polynomial was II{_; (x — a;), where a; ranged over the primitive 8th
roots of 1. In particular, this product has rational coefficients and is irreducible
over Q. It even has integer coefficients. The Galois group of the splitting field
of 28 — 1 was isomorphic to the group units of Z/8Z, which is an Abelian group.
These facts prevail for any n, as we will now see.

Let F be a field of characteristic 0 containing the nth roots of 1. Since F
has characteristic 0, the polynomial ™ — 1 is separable, and so there are n nth

roots of 1. Let ¢, (x) be the polynomial in F[z] which has as its roots the

primitive nth roots of 1. Thus ¢, (z) = H-:(Tf)

1 (x — w;), where the w; range over
the primitive nth roots of 1. The function p(n) is Euler’s p-function. It is
the number of positive integers less than n and prime to n; equivalently, p(n)
is the number of primitive nth roots of 1. Our first goal is to show that ¢, (x)

is irreducible over Q[z]. The polynomial @, (x) is called the nth cyclotomic
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polynomial. We need a lemma.

Lemma 6.3.12 Let f(x) be a monic polynomial with integer coefficients. Let
f(z) = g(x)h(z) in Qlz] with g(x) and h(xz) monic. Then g(x) and h(zx) are in
Zlx].

Proof. Let a and b be the smallest positive integers such that ag(z) = m(z)
and bh(z) = n(z) are in Z[z]. We have abf(x) = m(x)n(z). Let m(zx) =
¥_ga;xt, and let n(z) = B¢_b;z’. Note that ged{ao, a1, ..., a,} = ged{bo,
b1, ..., bs} = 1. If ab = 1, there is nothing to do. Otherwise, let p be a prime
dividing ab. Let ¢ and j be the smallest indices such that p does not divide a;
and bj, respectively. Now p must divide the coeflicient ... a;_2bj12+a;—1bj41 +
aib; + ajy1bj_1 + ... of 217, and it divides every term except aib;. Therefore
ab =1, and the lemma is proved. =

This lemma is a classic. We will treat factorizations of polynomials over
certain integral domains in Chapter [§]

Theorem 6.3.13 The nth cyclotomic polynomial @,,(z) is in Z[x] and is irre-
ducible over Qlx].

Proof. Let w be a primitive nth root of 1, and let f(x) be its minimum
polynomial over Q. Let p be a prime not dividing n, and let g(z) be the minimum
polynomial over Q of the primitive nth root w?. By the lemma above, f(z) and
g(x) are in Z[z]. If f(z) # g(z), then they are relatively prime in Q[x], and
hence have no roots in common. They both divide z"™ — 1 = f(z)g(x)h(x),
with h(z) € Z[z] also. The polynomial g(z?) has w as a root, whence g(z?) =
f(z)k(z), again with k(z) € Z[z]. Now view the equalities

2" —1= f(2)g(@)h(z), and  g(a”) = f(a)k(2)

modulo p. That is, regard the polynomials in (Z/pZ)[z]. Operating modulo
p, we have g(zP) = g(x)? = f(x)k(x), and any prime factor ¢(x) of f(z) must
divide g(x), whence ¢(x)? must divide 2" — 1 = f(x)g(z)h(z). Hence 2™ — 1
has multiple roots. But ” — 1 and nz™ ! are relatively prime since p does not
divide n. Therefore, back in Q[z] we have f(z) = g(z).

Now let w™ be any primitive nth root of 1. Then m = p1ps - - - pt, with the p;
prime and prime to n. By what we just did, the minimum polynomial of w?! is
f(z). But then for the same reason, the minimum polynomial of w?'?2 is f(x).
It follows that f(z) is the minimum polynomial over Q of all the primitive nth
roots of 1. Thus f(x) divides ¢, (z) in Z[z]. But the degree of f(x) is at least
as great as that of ¢, (z), and hence ¢, (z) = f(x). Our theorem is proved. m

The previous theorem enables us to compute the Galois group over Q of
©,(x), or equivalently of z™ — 1.

Theorem 6.3.14 The Galois group over Q of the nth cyclotomic polynomial
v, (x) is isomorphic to the group of units in the ring Z/nZ. In particular, it is
Abelian and has order p(n).
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Proof. Let K be a root field of ¢, (x) over Q, and let w be a primitive
nth root of 1. Then K = Q(w), and if 0 € G(K/Q), then o(w) = w’, where
0 <i<mnand (4, n) = 1. Since ¢,,(z) is the minimum polynomial of w over Q,
there is a 0 € G(K/Q) for each such i. It is now completely routine to check
that ¢ — ¢ gives the desired isomorphism. =

The proof above works with Q replaced by any field F' of characteristic 0,
except that ¢, () may not be irreducible over F' and hence the map ¢ — ¢ may
not be onto. Thus we have

Theorem 6.3.15 Let F' be any field of characteristic 0. The Galois group of
2™ — 1 over F is isomorphic to a subgroup of the group of units of Z/nZ. In
particular, it is Abelian.

An extension K of F is called Abelian if G(K/F) is Abelian. Similarly
one speaks of cyclic extensions. Abelian extensions and cyclic extensions are
classical topics of study in algebraic number theory. The previous theorems and
the following one barely scratch the surface of these important subjects.

Theorem 6.3.16 Let F' be a field of characteristic 0 which contains all the nth
roots of 1, and let a € F. Then the Galois group of x™ —a over F' is isomorphic
to a subgroup of the additive group of Z/nZ. In particular, it is cyclic, and if
x™ — a is irreducible, it is cyclic of order n.

Proof. Let K be a root field of 2™ — a over F. If K # F, then let b” = a
with b € K and b ¢ F. Let w be a primitive nth root of 1. Then the roots of
™ — a are the distinct elements b, bw, bw?, ..., bw™ L. Therefore K = F(b),
and the elements of G(K/F') are determined by their effect on b. Let o and 7
be in G(K/F). Then o(b) = bw' and 7(b) = bw’ for unique integers satisfying
0<i<nand0<j<n. Hence

or(b) = o(bw?) = o(b)o(w!) = bw'w? = bw't.

It follows that associating o with ¢ is a monomorphism from G(K/F) into the
additive group of integers modulo n, as we needed to show. m

Corollary 6.3.17 Let F be a field of characteristic 0, let p be a prime, let F
contain the pth roots of 1, and let a € F. Then xP — a is either irreducible or
splits completely over F'. If xP — a is irreducible over F, then its Galois group
over F' is cyclic of order p.

Proof. The Galois group of P — a is either cyclic of order p or 1 by [6.3.16
The corollary follows. ®

PROBLEMS

1. Prove that the root field of a separable polynomial is the root field of an
irreducible separable polynomial.
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Prove that the Galois group of a polynomial of degree n has order dividing
nl.

Prove that K is a finite normal extension of F' if and only if for any
extension L of K, every element of G(L/F) induces an automorphism of
K.

Prove that if K is a finite normal extension of F,if FF C L C K, and if « is

an F-isomorphism of L into K, then « is induced by an F-automorphism
of K.

Prove that if K is a normal extension of F' and if « is an F-isomorphism
of K into itself, then « is an F-automorphism of K.

Let K be a finite extension of F. Prove that there is a (finite) normal
extension N of F' containing K such that if M is any normal extension
of F' containing K, then there is a K-isomorphism of N into M. The
extension N of F' is called a normal closure of the extension K of F.
Prove that any two normal closures of K over F' are K-isomorphic.

Let K be a Galois extension of F, let a € G(K/F), and let L and
M be fields between K and F. Prove that a(L) = M if and only if
aG(K/L)a™t = G(K/M). (That is, prove that L and M are “conjugate”
subfields if and only if G(K/L) and G(K/M) are conjugate subgroups.)

Prove that the Galois group G(K/F) of a separable polynomial f(z) €

F[z] is transitive on the roots of f(x) if and only if f(z) is irreducible in

Prove that if K is a finite separable extension of F', then the number of
fields between K and F is finite.

Prove that K (5'/3) is the root field of 2° — 5 over the field K = Q(i3'/?).
Find the Galois group of the polynomials

(a) 23 —3(b)a* —2(c)z® + 2z + 1

(b) z* + 22 4+ 1(e)z’ — 1(f)z12 -1

(c) 2° -1

over the field Q. In each case, make explicit the correspondence between
subgroups and intermediate extensions, and determine which are normal.

Prove that 2" — 1 = Ig,p4(x). Prove from this fact that for all n,
pn(2) € Zlz].

Calculate ¢, (z) for n < 12.

Let F be a field of prime characteristic p, and let n be a positive integer
prime to p. Prove that there are primitive nth roots of 1 in some extension
of F.
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15. Prove that if p is prime, then the Galois group of 2P — 1 over Q is cyclic of
order p— 1. Prove that the Galois group of 2P —a over Q is not necessarily
Abelian.

16. Let p be a prime. Let F' C L € K with G(K/F) and G(L/F) cyclic of
orders p" and p"~!, respectively. Prove that if K = L(a), then K = F(a).

17. Let F be a field of characteristic 0, and let ™ — a € F[x]. Prove that if
2™ — a has a factor in F[z] of degree prime to n, then ™ — a has a root
in F.

18. Let z be an indeterminate, and let y € F(x). Prove that F(z) = F(y) if
and only if there exist elements a, b, ¢, d € F such that ad — bc # 0 and
such that y = (az +b)/(cx + d). Find G(F(x)/F).

6.4 Solvability by Radicals

To simplify our discussion somewhat, we will assume throughout this section
that all our fields have characteristic 0. First, we make precise the notion of
“solving by radicals.” Let f(x) € F[z]. If f(z) is linear, its roots are in F. If
f(x) is quadratic, then its roots lie in a radical extension K of F, that is, in
a field K such that K = F(a) where a™ € F for some positive integer n. In
fact, if f(z) = ax? + bz + ¢ with a # 0, then the roots are given by the familiar
expression (—b= (b% —4ac)'/?) /2a, whence the roots lie in K = F((b*>—4ac)'/?),
and (b — 4ac) € F. If f(z) is cubic, then it can be shown that its roots lie in
a field K that can be gotten from F' by two successive radical extensions. This
means that K is a radical extension of a radical extension of F'. The standard
formulas for the roots of cubics bear this out. A similar statement is true if
f(x) is a quartic. The roots of f(z) lie in a field that can be gotten from F
by a succession of radical extensions. A classic theorem proved by Abel around
1821 asserts that this is not necessarily true if f(z) is of degree five or higher.
Galois theory, introduced by Galois around 1830, elucidates this phenomenon
by providing a condition on the Galois group of f(x) that is decisive for the
solution of f(x) by radicals.

Definition 6.4.1 Let f(x) € Flx]. Then f(z) is solvable by radicals over
F if there is a finite sequence

F=FIhhycF C---CF,

of fields with each F; a radical extension of F;_1, and with F,, containing the
root field of f(x) over F.

If f(z) is not solvable by radicals, then in particular there is no formula
expressing the roots of f(z) in terms of various roots of rational functions of the
coefficients of f(z). For any polynomials of degree less than five, such formulas
exist, but not for arbitrary polynomials of degree five or greater.
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The condition on the Galois group of f(z) that is decisive for the solvability
of f(x) by radicals follows.

Definition 6.4.2 A group G is solvable if it has a sequence of subgroups 1 =
Go C Gy C Gy C --- C Gy = G such that each G; is normal in G111 and such
that G;41/G; is Abelian.

In particular, every Abelian group is solvable. A deep theorem only recently
proved (Feit and Thompson, 1963) asserts that every group of odd order is
solvable. However, the alternating groups A,, with n > 5 are simple, and since
such A,, are non-Abelian, they are not solvable.

One should note that if G is finite and solvable, then there is a sequence
of subgroups 1 = Gy € G; C -+ C G,, = G such that G; is normal in G;41,
and such that G;11/G; is cyclic of prime order. Indeed, if G;1/G; is Abelian
and has more than one element, then it has a subgroup H/G; of prime order.
The subgroup H is normal in G;11, and by induction, there is a finite chain
H=HyCcH,C---CH, = G’H—l with H; normal in Hiq and with Hi-l—l/Hi
cyclic of prime order. The rest should be clear. Therefore, in the case G is
finite, the condition in that G;y1/G; be Abelian could be replaced by
the condition that G;11/G; be cyclic of prime order (or simply cyclic, if one
preferred).

Our goal is to show that f(z) € F[xz] is solvable by radicals over F if and
only if the Galois group of f(x) over F is solvable. Keep in mind that our
fields all have characteristic 0. First we record some basic properties of solvable
groups.

Theorem 6.4.3 Subgroups and quotient groups of solvable groups are solvable.
If N is a normal subgroup of G and if N and G/N are solvable, then G is
solvable.

Proof. Let S be a subgroup of the solvable group G. There is a chain 1 =
Gy C G1 C --- C Gy, = G of subgroups G; of G such that G; is normal in G; 41
and G;11/G; is Abelian. Let S; = SNG;. Then1=5,CS; C---C S, =S5 is
such a chain for S. Indeed, if z € S;;; and y € S;, then zyx~! € S since z and
y are both in S, and zyx~! € G, since z € G;11, y € G}, and G; is normal in
Git+1. Hence S; is normal in S;11. The map S;11/S; — Gi11/G; : ©S; — zG;
is a monomorphism, whence S;;1/95; is Abelian and S is solvable.

Now let G/N be a factor group of the solvable group G. In a similar vein,
one can verify that GoN/N C GiN/N C --- C G,N/N satisfies the conditions
necessary to make G/N solvable.

Suppose that N is a normal subgroup of G and that N and G/N are solvable.
Then there are the usual chains of subgroups 1 = Ny C N; C --- C N,, = N,
and

1=N/NcG/NcC---CGs/N=G/N

of N and G/N. It is completely routine to check that the chain of subgroups
1=NyoCN;y C--CN,. CGy C Gy C-- C Gg = G has the requisite
properties. m
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The following lemma eases our work a bit.

Lemma 6.4.4 Let f(z) € Flx] be solvable by radicals over F. Then there is
a finite sequence F = Fy C Fy C --- C F,, of fields with each F; a radical

extension of F;_1 and a normal extension of F', and with F,, containing the root
field of f(x) over F.

Proof. By the definition of f(z) being solvable by radicals over F, there is
achain F=F, C F, C--- C F,, with F; = Fi,l(ai), with a;’ € F;_1, and with
F,, containing a root field of f(x) over F. If r; = rs, then F; = F,_1(a})(a;),
al € F;_1(al), and (al)® = a" € F;_;. Hence we may suppose that the r;
are prime numbers. Let m = II* ;r;, and let Ky be the root field of 2™ — 1
over F. Fori > 1, let K; = K;_1(a;). By each extension in the chain
FcKycCcK;, C---C K, is a normal radical extension, and the lemma is
proved. m

Theorem 6.4.5 Let F' be a field of characteristic 0, and let f(x) € Flz]. Then
f(x) is solvable by radicals over F' if and only if the Galois group of f(x) over
F' is solvable.

Proof. Let f(z) be solvable by radicals over F. Let F C Ko C K3 C -+ C
K, be the chain constructed in the proof of Consider the chain of groups

1= G(K,/Ky) C G(Kn/Kp_1) C - C G(Kn/Ko) C G(K,/F).

Each subgroup is normal in the next since each extension K; 1 of K; and Ky of F'
is normal. For ¢ > 0, G(K,,/K;)/G(K,/K,+1) is isomorphic to G(K;1/K;) by
part of the Fundamental Theorem of Galois Theory , and G(K;+1/K;) is
Abelian by Similarly, G(K,/F)/G(K,/Ky) is isomorphic to G(Ky/F).
By [6.3.15] G(Ko/F) is Abelian. It follows from[6.4.3|that G(K,,/F) is solvable.
The root field K of f(x) over F' lies between F' and K,,, and is normal over F'.
By the Fundamental Theorem (6.3.11]), the Galois group G(K/F) of f(z) over
F is isomorphic to G(K,,/F)/G(K,/K), and by this quotient is solvable.
Hence the Galois group of f(x) over F is solvable. m

The proof of the converse is a little complicated. In order not to lose sight
of it, we put the essence of the matter in the following lemma.

Lemma 6.4.6 Let K be a normal extension of F' of prime degree p, and let F
contain all the pth roots of 1. Then K 1is a radical extension of F.

Proof. Let w be a pth root of 1 with w # 1. Let K = F(a), let o generate
G(K/F), and for 0 <14 < p, consider the quantities

a; = a+w'o(a) + (WHo*(a) + -+ (WP Hie? a).

We have o(a;) = w'a;. Therefore o(a?) = (w™*)Pal = a?, whence a? is in F.

Noting that Z?;é (w')? =0 for 0 < i < p— 1, because w satisfies 1 + = + 2% +
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S 2P =0, we get (1/p)Ef;01a¢ = qa. Since a is not in F', some a; is not in
F. For that i, K = F(a;), and af € F. Our lemma is proved. ®

Now we will reduce the remaining half of the proof of to the situation
in Lemma So suppose that the Galois group of f(x) over F is solvable.
Let K be the root field of f(z) over F, and let [K : F] = n. Let N be the root
field of ™ — 1 over K. We have ' C K C N, G(N/K) Abelian, and hence
solvable, G(N/K) normal in G(N/F), and G(K/F) solvable by hypothesis. By
G(N/F) is solvable. Since G(K/F) is solvable and finite, there is a chain
of fields FF = Fy C F; C --- C F, = K such that each F;;; is a normal
extension of F;, and such that G(F;+1/F;) is cyclic of prime order p;. Each
F41 is the root field of some polynomial f;(z) € F;[x]. The root field of 2™ — 1
over F'is contained in N. Let K be this root field, and for ¢ > 0, let K; 41
be the root field in N of f;(z) over K;. If an element of G(K;11/K;) fixes
elementwise the roots of f;(x), then it is the identity. Therefore the restriction
of an element of G(K;11/K;) to Fi11 is an element of G(F;1/F;). This gives
rise to a homomorphism G(K;11/K;) — G(Fi4+1/F;). An element in the kernel
of this homomorphism fixes the roots of f;(x), and hence fixes K;;1. Therefore
we have a monomorphism G(K;1/K;) — G(F;41/F;). Since |G(F;11/F;)| is
prime, it follows that [K;y1 : K;] = p; or 1. The extension K, of F is a radical
extension, and K contains all the p;th roots of 1. We need the extension K; 1
of K; to be radical. That was the purpose of [6.4.6

In order to show that not every polynomial is solvable by radicals, it suffices
to find one whose Galois group is not solvable. For n > 5, the symmetric groups
S, are not solvable since the normal subgroups A,, are simple and non-Abelian.

Theorem 6.4.7 For every positive integer n, there is a field F' and a polynomial
f(x) € Flz] of degree n whose Galois group over F is the symmetric group S,.

This theorem will be a consequence of the following discussion which involves
symmetric polynomials, and which is of interest in its own right.

Let F be a field, and adjoin n indeterminates x1, o, ..., ©, to F. Thus the
resulting field F'(xy, za, ..., x,) = K consists of quotients of polynomials in the
x; with coefficients in F'. Any permutation of the z; induces an automorphism
of K which fixes F' elementwise, and distinct such permutations induce distinct
automorphisms of K. Hence S,,, the symmetric group of degree n, is a subgroup
of G(K/F). Let S be the fixed field of S,,. We have F C S C K and G(K/F) D
Syn. The elements of S are called symmetric rational functions of the x;. For
example, S contains all the symmetric polynomials in the z; and in particular
the elementary symmetric polynomials

T +x2+"'+$n7
12 + 123 + -+ + T1Xp + T2X3 + - + Tp—1Tn,

T1X2X3 Ty,

Let s(z) = Iy (x — =;). The coefficients of s(z) are (neglecting sign) these
elementary symmetric polynomials. Thus s(xz) € S[z]. Clearly K is a root
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field of s(x) over S. This implies that [K : S] < n!. Since |G(K/S)| > n!, it
follows from that [K : S] = n! and that G(K/S) ~ S,. At this point,
we have of course proved However, a couple of more observations about
symmetric polynomials are in order. Let E be the subfield of S generated
by F' and the elementary symmetric polynomials in z1, 2, ... z,. Then
F C F C X C K. Since the coefficients of s(x) (neglecting sign) are precisely
the elementary symmetric polynomials in zy, 22, ... , @, then s(x) € FElz]
and K is the root field of s(z) over E. Hence [K : E] < nl. It follows that
S = E. In other words, the symmetric rational functions in =1, x2, ..., x, are
rational functions of the elementary symmetric polynomials in z1, 2, ..., x,.
Actually something stronger is true, but it has nothing to do with field theory.
A symmetric polynomial in x1, zs, ... , x, is a polynomial in the elementary
symmetric polynomials. For example,

2 2
x{xo + 125 = 2122(T1 + T2),

and
x%xg + xlac% + x1m§ + 1‘%.’53 + xgmg + 1‘%.%3
= (561.’1?2 + x93 + 372.’173)(371 + x9 + 263) —3r12273.

We omit the proof in general, but it is only slightly difficult.

We close this section by exhibiting a specific polynomial in Q[z] of degree 5
whose Galois group is S5 and hence is not solvable. Our Theorem [6.4.7 is not
applicable. However, its proof does enable one to get such a polynomial over a
subfield F of the field of real numbers. One only needs real numbers r1, r3, r3,
r4, 75 such that if 21, x2, 23, 24, x5 are indeterminates, then

Q(z1, 2, 3, 4, 5) = Q(r1, 12, T3, T4, T5)

via an isomorphism « such that a(z;) = r; for all i. Then the proof of [6.4.7]
shows that the Galois group of f(z) = II?_;(z — ;) over the field generated by
Q and the coefficients of f(z) is S5. The existence of such a set of r; is most
easily shown by appealing to cardinality arguments. Pick a real number ry
which is not algebraic over Q. The field Q(r1) is countable, and only countably
many real numbers are algebraic over Q(r1). Pick a real number 79 which is not
algebraic over Q(r1). Proceeding in this way, we get real numbers r1, r9, r3, 74,
r5 which fill the bill.

A frequently used example of a polynomial in Q[z] which is not solvable by
radicals is 2° — 42 +2. We will indicate that its Galois group over Q is S5. First,
we need it to be irreducible over Q. This can be shown using the Eisenstein
criterion . The polynomial has exactly three real roots. Just graph it and
observe that it crosses the x axis exactly three times. It has no double roots
since it is irreducible over Q and hence separable. Hence it has exactly two
complex roots. Let K be the root field of 2% — 4z + 2 over Q in the field C of
complex numbers. If ¢ and b are roots of 2° — 4z + 2, then there is an element
o € G(K/F) such that o(a) = b. This follows from the irreducibility of the
polynomial. The automorphism of C which takes a complex number a + bi to
a — bi induces an automorphism of K which fixes the real roots of 2° — 4z + 2
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and interchanges the two complex ones. View G(K/Q) as a subgroup of Ss.
We have just seen that this subgroup has the following properties. Given any
i and j in {1, 2, 3, 4, 5}, there is an element « in that subgroup such that
o(i) = j, and there is a transposition in that subgroup. The only such subgroup
of S5 is S5 itself, as one can check. Therefore G(K/Q) is isomorphic to S5 and
x® — 4z + 2 is not solvable over Q by radicals.

PROBLEMS

1.

Prove that if F C K and f(z) € Flx] is solvable over F, then f(x) is
solvable over K.

Prove that if G(K/F) is finite and solvable, and if f(z) € F[z] is solvable
over K, then f(z) is solvable over F.

Prove that if an irreducible polynomial f(z) € F[z] has a root in a radical
extension of F', then f(x) is solvable by radicals.

Prove that if K is a radical extension of QQ of prime degree p > 2, then K
is not a normal extension of Q.

A group G of permutations of a set S is called transitive if given s and ¢
in S, there is a o in G such that o(s) = t. Let K be the root field over F of
an irreducible polynomial f(z) € Flz]. Prove that G(K/F) is transitive
when viewed as a permutation of the roots of f(x).

Let f(x) be a separable polynomial in F[z], and let K be its root field
over F'. Prove that f(z) is irreducible in F[z] if and only if G(K/F) is
transitive as a group of permutations of the roots of f(z).

Determine whether or not the following polynomials are solvable by radi-
cals over Q.

a) > — 8z +3
b) 26+ +at+ad+ 22+ +1

)
)
c) 2 + 2% +1
)
)

—_— N~

d) 26 +22+1

—~

e) z® — 5z® — 20z + 5.

—

Let p be a prime > 5. Prove that the polynomial 2P —4x+ 2 is not solvable
by radicals over Q.

Let f(x) be an irreducible polynomial of prime degree over a field F', and
let K be its root field. Suppose that f(z) is solvable by radicals over F.
Prove that if @ and b are two roots of f(z) in K, then K = F(a,b).
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10. Let F be a subfield of K, and let a1, as, ..., a, be elements of K. Let
T1, T2, .. , T, be indeterminates. Prove that if no a; is algebraic over
F(al, ceey Q41, ai+1, ey an),
then F(aq, ag, ..., a,) = F(x1, Za, ..., ;) via an F-isomorphism « such

11.

that a(a;) = x; for all i.

Determine the Galois group over Q of a polynomial f(x) € Q[z] of degree
4 that has a quadratic factor in Q[z].
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Chapter 7

Topics from Group Theory

7.1 Introduction

Group theory is a vast subject which pervades almost every mathematical dis-
cipline. This chapter gives a brief introduction to some of the classical topics
in non-Abelian group theory. In Chapter [2], we presented the basic notions of
homomorphisms, normal subgroup, quotient group, direct sum, and so on. The
Fundamental Theorem of Finite Abelian Groups , and the fact that for
n > 5, the alternating group A, is simple (2.5.7)) are the deepest results in that
chapter. In section we introduced solvable groups and derived some
of their properties. We will return to that topic in this chapter.

Since our discussion here is with groups that are not necessarily Abelian, we
will use multiplicative notation.

7.2 The Jordan-Holder Theorem

Let G be a finite group. If GG is not simple, then G has a normal subgroup
G # G such that G/G; is simple. Just let G; be a maximal normal subgroup
in the finite group G. Similarly, G; has a normal subgroup G5 such that G1/G»
is simple. Thus we get a descending chain

G:GoDGlDGQD"'DGn:{B}
such that G;11 is normal in G;, and G;/G;41 is simple. Now suppose that
G:H(]DH1DHQD-“DHm:{€}

is another such chain of subgroups. The Jordan-Holder Theorem asserts that
m = n, and that there is a one-to-one correspondence between the factor groups
Gi/Git1 and H;/H;1:1 such that corresponding factor groups are isomorphic.
We will prove this remarkable theorem, but first some notation and terminology
are needed. The groups considered are not necessarily finite.

269
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Definition 7.2.1 Let G be a group. A normal series of G is a chain of sub-
groups
G=GyDG1DGyD DG, ={e}

such that Gi+1 is a normal subgroup of G; for each i. The groups G;/Gi+1 are
the factor groups of the chain. The length of the chain is the number of strict
inclusions in the chain. A normal series is a composition series if each factor
group G;/Git1 is a simple group # {e}. Two normal series are equivalent
if there is a one-to-one correspondence between their factor groups such that
corresponding factor groups are isomorphic.

Theorem 7.2.2 (Jordan-Hélder) Any two composition series of a group are
equivalent.

Proof. If a group has a composition series of length one, then the group is
simple and any two composition series are certainly equivalent. Now suppose
that a group G has a composition series

G=GyDG1 DGyD..DG, ={e} (1)

of length n > 1, and that if a group has a composition series of length less than
n, then any two composition series of that group are equivalent. Let

G=Hy>HiDHyD..DH,={e} (2)
be any composition series of G. Consider the series
G:GoDGlDGlﬂHlDGQﬂHlD...DGanlz{e} (3)

and

GZHoDHlDHlﬁGlDHQHG1D...DHmﬂG1:{€}. (4)
Since G;4+1 N Hj is a normal subgroup of G; N Hy and G; D G;y1, the Third
Isomorphism Theorem (2.3.12) yields

(GZ n H1)/(GZ‘+1 n Hl) = (G1 N Hl)/(Gi+1 n (GZ n Hl))

~ Git1(GiNHy)/Giga,

and G;11(G;NH) is a normal subgroup of G; since it is a product of two normal
subgroups. Since G;/G;41 is a simple group, (G;+1(G; N Hy))/Giy1 is either
G;i/Git1 0or Giy1/Giq1. Thatis, G;11(G; N Hy) is either G;11 or G;. Therefore,

if we remove repetitions from
G1 D (Gl ﬂHl) D) (GgﬁHl) D... D (GnﬂHl) = {6},

we get a composition series for G;. By our induction hypothesis, the resulting
composition series is equivalent to the composition series

G1DGyD ... DG, ={e},
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and hence (1) and (3) (with repetitions removed) are equivalent. If G; = Hy,
then (1) and (2) are certainly equivalent. If Gy # Hy, then G1H; is a normal
subgroup of G properly containing G, so G1H; = G. Thus G1/(G1 N Hy) =~
(G1Hy)/Hy, and H /(H, N G1) = (G1Hy)/G1 = G/G;. Therefore (3) (with
repetitions removed) and (4) (with repetitions removed) are equivalent, and the
theorem is proved. m

PROBLEMS

1. Prove that if G has a composition series, then any normal subgroup of G
has a composition series.

2. Prove that if N is normal in G, and if G has a composition series, then so
does G/N.

3. Suppose that G has a composition series and that N is normal in G. Prove
that G has a composition series of which NV is a member.

4. Suppose that G has a composition series. Prove that any normal series of
G has a refinement that is a composition series.

5. (Zassenhaus’s Lemma) Let A and B be subgroups of a group G, and let
M and N be normal in A and B, respectively. Prove that

(a) M(ANN) is a normal subgroup of M (AN B).
(b) N(M N B) is a normal subgroup of N(AN B).
(¢) (M(ANB))/(M(ANN)) = (N(ANB))/(N(M N B)).
6. Derive the Third Isomorphism Theorem from Problem 5.

7. Prove from Problem 5 that any two normal series of a group G have
refinements that are equivalent.

8. Prove the Jordan-Hélder Theorem from Problem 7.

9. Find all composition series of the cyclic group of order 6; of order 15; of
order 30.

10. Find all composition series of the cyclic group of order 8; of order 16; of
order 27.

11. Find all composition series of S3; of Sy; of S,.

12. Find all composition series of the quaternions Qsg.
13. Find all composition series of the dihedral group Ds.
14. Find all composition series of the holomorph of Z(5).
15. Find all composition series of the holomorph of Z(8).

16. Find a group that does not have a composition series.
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7.3 The Sylow Theorems

Let G be a finite group, and let p be a prime. If p™ is the highest power of p
that divides o(G), then G has a subgroup S such that o(S) = p™. Any two such
subgroups of G are conjugate, and the number of such subgroups is = 1 (mod p)
and divides o(G). This is the essence of the Sylow Theorems, and we begin now
to prove these theorems. We assume throughout that all our groups are finite.

Let G be a group. Two subsets S and T of G are conjugate if there is an
element g € G such that g71Sg = T. Conjugacy is an equivalence relation on
the set of subsets of G. The equivalence class determined by a set S is denoted
C1(S). The normalizer of a subset S of G is the set

N(S)={geG:g'Sg=5}.
The set N(5) is clearly a subgroup of G.
Lemma 7.3.1 Let S be a subset of G. Then G : N(S) = o(CI(S)).

Proof. If ztN(S) = yN(S), then y 1z € N(S), and hence (y~'z) 1Sy~ 1z =
S. Thus z~'ySy~ 'z = S, and so ySy~! = xSz ~!. Similarly, if ySy~! = xSz,
then N (S) = yN(S). The lemma follows. m

We now apply to the case where S consists of one element. Conjugacy
is clearly an equivalence relation on the set of one element subsets of G, that
is, on the set G. Hence G is the union of the set of equivalence classes Cl(a) of
elements a of G. The number of elements in each Cl(a) is the index of N(a)
in G. Thus

o(G)=) o(Cl(a)) =) G:N(a)=)_ o(G)/o(N(a)),

where the sum ranges over a set of representatives of the equivalence classes. If
an element a is in the center

Z(G)={g € G: gz =uxzgforall z € G}

of G, then Cl(a) = {a}. The equation in the next theorem is called the class
equation, and it follows from the equations above.

Theorem 7.3.2 o(G) = o(Z(G)) + X o(G)/o(N(a)), where the sum is over a
set of representatives a such that a ¢ Z(G).

Corollary 7.3.3 Let p be a prime. If o(G) =p™ and n > 1, then Z(G) # {e}.

Proof. o(G) = o(Z(G)) + £ o(G)/o(N(a)) as in Now o(G)/o(N(a))
is divisible by p since N(a) # G. Since o(G) is divisible by p, o(Z(G)) must be
divisible by p. m

Corollary 7.3.4 If p is a prime, and if o(G) = p?, then G is Abelian.
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Proof. If Z(G) # G, then o(G/Z(G)) = p, so G/Z(G) is cyclic. Let gZ(G)
generate G/Z(G). Then every element of G is of the form ¢g"a, with a € Z(G).
Any two such elements commute. Hence G is Abelian. m

The next corollary is crucial in showing the existence of Sylow subgroups of
groups. If p™ is the highest power of the prime p that divides o(G), and if n > 1,
then for G to have a subgroup of order p™, it certainly must have an element of
order p. This is how we get started showing the existence of such a subgroup.

Corollary 7.3.5 (Cauchy’s Theorem) If p is a prime and p divides o(G),
then G has an element of order p.

Proof. The proof is by induction on o(G). If o(G) = 1, the assertion is
trivial. Suppose that o(G) > 1 and that every group of smaller order than
o(G) has an element of order p whenever p divides its order. Consider the class
equation

o(G) =0(Z(G))+ > G:Nl(a)

of G. If p divides some o(N(a)), then since a ¢ Z(G), o(N(a)) < o(G), and
N(a) has an element of order p. So we may suppose that p divides no o(N(a)).
Thus p divides each G : N(a), and since p divides o(G), it divides o(Z(G)).
Let g € Z(G), g # e. If p does not divide o({g)), then p divides o(Z(G)/ {g)),
so that Z(G)/ (g)) has an element z (g) of order p since o(Z(G)/ (g)) < o(G).
Thus 2P = g" for some n. If o(¢g"™) = m, then o(xz) = p-m, and it follows that
o(z™) = p. If p divides o({g)), then o(g) = p - n for some n, whence o(g") = p.
[
Now we can prove that Sylow subgroups exist.

Theorem 7.3.6 (Sylow) Let p™ divide o(G). Then G has a subgroup of order

p"

Proof. We induct on o(G). If o(G) = 1, then the proof is trivial. Now
suppose that o(G) > 1 and that the theorem is true for all groups whose orders
are less than o(G). If G has a proper subgroup H such that G : H is prime
to p, then p™ divides o(H), so that H has a subgroup of order p™. So we
may suppose that p divides G : H for all proper subgroups H of G. Now
o(G) = 0o(Z(G))+X G : N(a), so p divides o(Z(G)). Thus Z(G) has a subgroup
S such that o(S) = p. The subgroup S is normal, o(G/S) < o(G), o(G/S) is
divisible by p"~!, and so G/S has a subgroup H/S whose order is p"~1. It
follows that o(H) is p". m

Definition 7.3.7 Let p™ be the highest power of the prime p that divides o(G).
A subgroup S of G such that o(S) = p™ is called a Sylow p-subgroup of G.

Now we want to find the number of Sylow p-subgroups of a group and to
show that any two are conjugate. We need a preliminary definition and lemma.

Definition 7.3.8 Let A and B be subgroups of a group G. An A-conjugate of
B is a subgroup of the form a~'Ba with a € A. (So a G-conjugate of B is just
a conjugate of B.)
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Lemma 7.3.9 Let A and B be subgroups of a group G. Then the number of
A-conjugates of B is A: (N(B)N A).

Proof. a 'Ba = aleal if and only if ala_lBaafl = B if and only if
aja~t € N(B) if and only if (N(B) N A)a; = (N(B) N A)a. Therefore

a 'Ba — (N(B)N A)a

is a one-to-one mapping from the set of A-conjugates of B onto the set of right
cosets of N(B)NAin A. m

Theorem 7.3.10 Let G be a finite group, and let p be a prime.

a. If H is a subgroup of G and if o(H) is a power of p, then H is contained
in a Sylow p-subgroup of G.

b. Any two Sylow p-subgroups of G are conjugate.
¢. The number of Sylow p-subgroups of G is =1 (mod p), and divides o(G).

Proof. (a) Let H be a subgroup of G, and suppose that o(H) = p™. Let
S be any Sylow p-subgroup of G. The number of conjugates of S is G : N(5),
which is prime to p. Now H induces a partition of the set of conjugates of S
two conjugates of S are in the same member of the partition if they are H-
conjugate. Let Sy be any conjugate of S. By[7.3.9] the number of H-conjugates
of S is H : (N(S1) N H), and this is a power of p since o(H) = p™. Thus the
number of conjugates of S in every member of this partition of the conjugates
of S is a power of p and the total number of conjugates is prime to p. Therefore
some member of this partition has exactly one element. Let that element be T.
Then H : (N(T)NH) =1, so N(T) D H. Therefore TH is a subgroup, T is
normal in TH, and TH/T = H/(HNT) is a p-group. It follows that TH is
a p-group, so that TH = T. Hence T' O H. Hence H is contained in a Sylow
p-subgroup. This proves (a). If H is already a Sylow p-subgroup, then H =T,
so H is conjugate to S, and (b) follows. If H = S, then S partitions the set
of conjugates of S (that is, the set of all Sylow p-subgroups of G) into subsets
with a power of p elements, and one member of the partition has one element.
But whenever one member of the partition has only one element, that element
is H = S. Therefore exactly one member of the partition of the conjugates of
S has exactly one element. Since they all have a power of p elements, the total
number of conjugates of S is = 1 (modp). Since o(Cl(S)) = G : N(S), the
number of Sylow p-subgroups divides o(G), and (c) follows. m

Corollary 7.3.11 Let S be a Sylow p-subgroup of the finite group G. Then S
is the only Sylow p-subgroup of N(S).

Corollary 7.3.12 Let S be a Sylow p-subgroup of the finite group G. Then
N(N(S)) = N(S).

Proof. If 71N (S)x = N(S), then 2715z = S since S is the only Sylow
p-subgroup of N(S). Thus z € N(S). Hence N(N(S)) C N(S), so N(N(S)) =
N(S). m
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PROBLEMS

1.

10.

Find all the Sylow 2-subgroups and all the Sylow 3-subgroups of S3, Sy,
and S5.

. Let H be a proper subgroup of the finite group G. Prove that G is not

the set union of the conjugates of H.

. Let G be a finite group, let N be a normal subgroup of GG, and let S be

a Sylow p-subgroup of G. Prove that SN N is a Sylow p-subgroup of IV,
and that SN/N is a Sylow p-subgroup of G/N.

Prove that a group of order 28 has a normal subgroup of order 7. Prove
that a group of order 28 that does not have exactly 7 Sylow 2-subgroups
has a normal subgroup of order 4, and is Abelian.

. If o(G) = pg with p and ¢ primes, and p < q. Let S be a subgroup of G

of order p, and let T be a subgroup of G of order gq.

(a) Prove that T is normal in G.
(b) Prove that G is a split extension of T' by S.

(¢) Prove that G is the direct product of S and T, and hence is cyclic,
unless p divides ¢ — 1.

(d) Suppose that p divides g. Prove that there is a non-Abelian group of
order pgq.

. Prove that any group of order less than 60 is either of prime order or has

a proper normal subgroup.

. Prove that a group of order 108 has a normal subgroup of order 9 or 27.

. Let G be finite, and let S be a Sylow p-subgroup of G. If S is normal in

N, and if N is normal in G, prove that S is normal in G.

. Prove that any simple group of order 60 is isomorphic to As.

If o(G) = p™, p a prime, and if H is a proper subgroup of G, then N(H) #
H.

7.4 Solvable and Nilpotent Groups

Solvable groups have been defined in Chapter [] (6.4.2) in connection with Galois
theory, and a few of their properties were noted there. Recall that a group G is
solvable if it has a normal series

GZG()DGlDGQD"'DGn:{e}

such that G;/G; 41 is Abelian. Such a series will be called a solvable series.
We showed that subgroups and quotient groups of solvable groups are solvable,
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and that if N is normal in G, then N and G/N solvable imply that G is solvable.
We noted further that a solvable group has a normal chain whose factors are
cyclic of prime order. Since a non-trivial p-group G has non-trivial center Z(G),
it follows by induction on o(G) that G is solvable. Indeed, Z(G) is a solvable
normal subgroup of G and G/Z(@G) is solvable since it is a p-group smaller that
G. Tt follows that G is solvable. This fact is important enough to exhibit as a
theorem.

Theorem 7.4.1 Finite p-groups are solvable.

Actually, finite p-groups satisfy a much stronger condition than that of solv-
ability. They are nilpotent, a concept we will come to shortly.

Recall that the commutator subgroup G’ of a group G is the subgroup
generated by all its commutators a~'b~'ab, where a and b are in G. The crucial
facts about G’ are that G’ is a fully invariant subgroup of G, G/G’ is Abelian,
and G’ is contained in every normal subgroup N such that G/N is Abelian. We
now define the higher commutator subgroups of a group G inductively by

GO =@, and G = (GWY,
Then we have a normal chain
G=GW>5aW 5% 5....

This chain is called the derived series of G. In the derived series, either each
inclusion is proper, or for some i, G = G+ for all n. Either situation may
occur. If GG is finite, the latter must occur, of course.

Theorem 7.4.2 A group G is solvable if and only if G = {e} for some n.
Proof. If G(™) = {e}, then the normal series
G=GO>5aM5...56" = {e}

has Abelian quotients, whence G is solvable. Now suppose that G is solvable.
Let
G=GyD>G D DG, ={e}

be a solvable series for G. Then since Go/G is Abelian, G; D G™). Suppose
that G; D G, Then (G;) D (GW)" = GU+Y | and since G;/G;11 is Abelian,
Giy1 D (Gy). Thus Gipq D G+ and we have by induction that G; > G
for all i. Since G,, = {e}, G = {e}, and the theorem is proved. m

There are two other series of a group we will now define. If H and K are
subgroups of G, [H, K] is the subgroup generated by all elements of the form
h=1k='hk with h € H and k € K. The lower central series (or descending
central series) of a group G is the chain

G=G">G'>G*> -
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where G*1 = [G*, G]. Recall that a subgroup H of a group G is fully invariant
if it is taken into itself by every endomorphism of G. It is an easy exercise to
show that every member of the lower central series of G is a fully invariant
subgroup of G. In particular, each member of the lower central series is a
normal subgroup of G. The factors of the series are certainly Abelian, since
Gl = [Gi,G] ) [Gi,Gi] _ (Gi)/.

Let Z°(G) = {e}, Z(G) be the center of G, and in general Z**1(G) be given
by Z(G/ZHG)) = Z*H1(Q)/Z4(G). The chain

{e} = 2°%G) c ZY(G) c Z*(G) C -

is called the upper central series (or ascending central series) of G. A
subgroup H of a group G is called characteristic if f(H) = H for every
automorphism f of G. It is straightforward to verify that each member of the
upper central series of G is a characteristic subgroup of G. In particular, each
member of the upper central series is a normal subgroup of G. Again, the factors
ZH(G)/Z1(G) of the series are certainly Abelian.

A fundamental fact about the upper and lower central series of a group G is
that the upper central series reaches G in a finite number of steps if and only
if the lower central series reaches {e} in that same finite number of steps. To
prove this, it is convenient to have the following two lemmas, whose proofs are
left as exercises (Problems 13 and 14).

Lemma 7.4.3 Let N and K be subgroups of G with N normal in G and with
N C K. Then K/N C Z(G/N) if and only if [K,G] C N.

Lemma 7.4.4 If f : G — H is an epimorphism, and if S C Z(G), then
f(S)cC Z(H).

Theorem 7.4.5 Z™(G) = G if and only if G™ = {e}. In this case, G* C
Zm=YQ) for all i.

Proof. Note that the theorem is trivial if m = 1. So we assume m > 2.
Suppose that Z™(G) = G. We will show that G* C Z™~*(G) by induction on i.
If i = 0, then G* = G = Z™(G), so the inclusion holds. If G* C Z™ (@), then

Gitl = [G7,G] C [Z"7(G), G.

Letting N = Z"~(+1)(@) and K = Z™ (@) in we get [Z"7HG),G) C
7zm=(@), whence G+ ¢ Zm~ (41 Hence, if Z™(G) = G, then setting
i=m, we get G™ C Z° = {e}.

Conversely, suppose that G™ = {e}. We will show that G* C Z™~*(G) by
induction on m —i. If m —i = 0, then G* = G™ = {e} C Z°@), and our
inequality holds. If G* C Z™°(@), then there is a natural epimorphism

G/G' — G/Z™(G)
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given by ¢G' — ¢gZ™ {(@). Since G"71/G' C Z(G/G*) by then by
the image G'~1Z2™~4(G)/Z™=(G) of G~ /G under the epimorphism is
contained in the center of

Z(G/Z™HG)) = Z"~ (@) /Z2m7HG).

Therefore G~ ¢ Z™~(=1(G). This completes the induction. If G™ = {e},
then setting i = 0, we get G = G° C ZM(G), whence Z™(G) = G. This
completes the proof of the theorem. m

Definition 7.4.6 A group G is nilpotent if G = {e} for some n.

We could equally as well have defined G to be nilpotent if Z™(G) = G for
some integer n. It is very easy to show that subgroups and quotient groups
of milpotent groups are nilpotent. It follows from the definition that if G is
nilpotent, then G is solvable. However, not every solvable group is nilpotent.
The symmetric group S5 is solvable but it not nilpotent. From [7.3:3] and [7.4.5]
we get the following important fact.

Theorem 7.4.7 FEvery finite p-group is nilpotent.

Lemma 7.4.8 If H is a proper subgroup of a nilpotent group G, then N(H) #
H.

Proof. Let n be the smallest integer such that G C H. Then [G"~!, H] C
[G""YG] = G™ C H, whence G"~! C N(H) by Problem 15. Therefore N(H)
properly contains H. =

The next theorem is a basic characterization of finite nilpotent groups. It
reduces the study of such groups to that of finite p-groups.

Theorem 7.4.9 A finite group is nilpotent if and only if it is the direct product
of its Sylow subgroups.

Proof. If a finite group is the direct product of its Sylow subgroups, it
is nilpotent by Problem 17 since each Sylow subgroup is nilpotent by
Conversely, suppose that a finite group G is nilpotent. Let S, be a Sylow p-
subgroup of G. Since N(N(S,)) = N(S,), then N(S,) = G by That
is, every Sylow subgroup of G is normal. Since any two Sylow p-subgroups are
conjugate, for each p dividing o(G) there is exactly one Sylow p-subgroup. The
rest of the proof is routine. m

PROBLEMS
1. Prove that (G x H)Y =G’ x H'.

2. Prove that if Gy, Go, B, G,, are solvable, then so is the direct product
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10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
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. Prove that if m and n are integers such that m < n, then (G/G(™)(™) =

am g,

. Prove that any group of order pq is solvable, where p and ¢ are primes.
. Prove that any group of order p?q is solvable, where p and ¢ are primes.

. Prove that a solvable group G # {e} has a fully invariant Abelian subgroup

#{e).

. Prove that a finite solvable group G # {e} has a fully invariant Abelian

p-subgroup # {e}.

. Prove that if H and K are solvable normal subgroups of G, then HK is a

solvable normal subgroup of G.

. Let A and B be two finite solvable groups of the same order. Prove that

there is a one-to-one correspondence between the factors of a composition
series of A and the factors of a composition series of B such that the
corresponding factors are isomorphic.

Prove that S3 is solvable but not nilpotent.

Prove that every member of the lower central series of a group G is a fully
invariant subgroup of G.

Prove that every member of the upper central series of a group G is a
characteristic subgroup of G.

Prove that if N is a normal subgroup of G, and if K is a subgroup of G
containing N, then K/N C Z(G/N) if and only if [K,G] C N.

Prove that if f : G — H is an epimorphism and if S C Z(G), then
f(S) C Z(H).

Prove that if A and B are subgroups of G, then [A, B] C B if and only if
A C N(B).

Prove directly from the definition of nilpotent groups that subgroups and
quotient groups of nilpotent groups are nilpotent.

Prove that if G1, G2, B, GG,, are nilpotent, then so is the direct product
I G;.

Prove that if H C Z(G) and if G/H is nilpotent, then G is nilpotent.

Let H be a subgroup of a finite nilpotent group G. Prove that H =
[I(H N'S,), where S, ranges over the Sylow subgroups of G.
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7.5 The Wedderburn Theorem for Finite Divi-
sion Rings

A theorem proved by Wedderburn in 1905 asserts that a finite division ring
is a field. That is, if D is a finite division ring, then the multiplicative group
D* ={d € D :d # 0} is commutative. We prove this theorem here instead of
in Chapter |8 because its proof involves only the class equation and some
number theory. Thus its proof is largely group theoretic, even though one thinks
of the theorem as a theorem about rings. The number theoretic fact needed is
that the nth cyclotomic polynomial

»(n)

(pn(ﬂf) = H (1‘ - wi)7

i=1
where the product ranges over the primitive nth roots of 1, is in Z[z] (6.3.13).
Theorem 7.5.1 (Wedderburn) A finite division ring is a field.

Proof. Let D be a finite division ring. Its center Z(D) is a field F', and
since D is a finite dimensional vector space over F', D has ¢" elements, where
o(F) = q and n is the dimension of D over F. Let a € D. Then it is easy to
check that

N(a) ={d € D : da = ad}

is a subdivision ring of D. Since N(a) D F, it is a vector space over F', so that
o(N(a)) = ¢™® for some integer n(a). Now consider the class equation for the
group D* of non-zero elements of D. It is

"—1=1-1+3%,(¢" - 1)/(¢"™ —1)

where the sum is over representatives a of each conjugate class for a not in the
center Z(D*) of the group D*. Since ¢"() — 1 divides ¢" — 1, n(a) must divide
n. In fact, if n = n(a)m + r with 0 <r < n(a), then

qn 1= (qn(a) o 1)(qn7n(a) + qn72n(a) ...+ qnfmn(a)) + qnfmn(a) —1,

and since ¢"~ ™M@ — 1 < ¢*(®) — 1 and ¢™® — 1 divides ¢" — 1, it follows that
n—mn(a) = 0. Therefore, in each term (¢" —1)/(¢™® —1) in the class equation,
n(a) divides n. Now consider the polynomials 2™ — 1 = II(z — «;) and

a1 = H(x = B5)s

where the a; range over the nth roots of 1 and the ; range over the n(a)th
roots of 1. Since no 3, is a primitive nth root of 1, a, () = lI(z — «;), where o;
ranges over the primitive nth roots of 1, is relatively prime to z(*) —1. Since all
these polynomials are in Z[z], ¢, (x) divides (2™ —1)/(z™(®) — 1) in Z[z]. Hence
the integer ¢, (q) divides (¢" — 1)/(¢™® — 1) in Z. From the class equation,



7.6. THE FUNDAMENTAL THEOREM OF ALGEBRA 281

this forces the integer ¢,,(¢) to divide ¢ — 1. But ¢,,(¢) = II(¢ — o), where «;
ranges over the primitive nth roots of 1. Each ¢ — a; has absolute value |¢ — «|
strictly greater than ¢ — 1 if n > 1. Indeed, if a; = a + bi, then since o' =1, o
has absolute value 1, so a? + b*> = 1. Thus

lg—(a+bi))*=(¢—a)? +b*=¢* —2qa+a® +b* = ¢* — 2qa + 1,

and
lg— 1] =¢* —2q+ 1.

If n>1,then a < 1. Since ¢ is positive, it follows that
2 2
¢ —2qa+1>q" —2q+1,

whence |¢ — a;| > ¢ — 1. Therefore ¢,,(q) is strictly larger than ¢ — 1. It follows
that n = 1, that is, that F =D. =

7.6 The Fundamental Theorem of Algebra

The existence of Sylow subgroups together with Galois theory (Section
enables us to prove the Fundamental Theorem of Algebra—the field of
complex numbers C is algebraically closed. That is, every polynomial in Clz]
of degree > 1 factors into the product of linear factors. Equivalently, every
polynomial in C[z] of degree > 1 has a root in C. We take as the definition of C
the field of all numbers a + bi with a and b in the field R of real numbers, and
with addition and multiplication given by that of R and by i2 = —1. We will not
go into the definition of R, but the properties of R that we must use are these.
First, every polynomial f(z) in R[z] of odd degree has a root in R. To see this,
visualize the graph of a monic polynomial f(z) of odd degree. For sufficiently
large positive a, f(a) is positive, and for a negative and of sufficiently large
absolute value, f(a) is negative. From the completeness property of the real
numbers, the polynomial f(x) must assume the every value in between, so f(x)
must have a root. Second, we need the fact that positive real numbers have a
square root. This can be seen in the same way by considering the polynomial
2?2 — a for a > 0. Finally, we need to know that every complex number has a
square root. Let a + bi be any complex number. We need to solve the equation
(x +yi)? = a+ bi. Using the fact that positive real numbers have square roots,
this is an easy exercise.

Theorem 7.6.1 (The Fundamental Theorem of Algebra) The field of com-
plex numbers is algebraically closed.

Proof. Let C be the field of complex numbers, and suppose that C; is a
proper finite extension of C. By Cy = C(a) with a € C and with a a
root of an irreducible p(z) € C[z]. The root field K of p(x) is a finite normal
separable extension of C, and K D C; . We need to show that such
a proper extension K of C does not exist. Note that K is the root field of



282 CHAPTER 7. TOPICS FROM GROUP THEORY

p(x)(z? + 1) over R, so that K is a finite normal separable extension of R. Let
F be the fixed field of a Sylow 2-subgroup S of G(K/R). Then K D F D R,
S =G(K/F), |S| = [K : F] (6.3.9), and since [K : R] = [K : F|[F : R], we
get that [F' : R] is odd. Therefore F' = R(a) with a satisfying an irreducible
polynomial f(x) € R[z] of odd degree. But every such polynomial of odd degree
has a root in R. Thus F' = R. Therefore, G(K/R) is a 2-group, and hence
G(K/C) is a 2-group. Since K # C, G(K/C) has at least 2 elements. Let L be
the fixed field of a subgroup of index 2 in G(K/C) (7.3.6). Then [L : C] = 2,
and L = C(a) with a satisfying an irreducible polynomial 22 + bx + ¢ in C[z].
But this polynomial has its roots = = (—b = (b> — 4¢)'/?)/2 in C, since b* — 4c
is in C. We have reached a contradiction, and must conclude that no such K
exists. This concludes the proof. m

Complex variable theory offers an elegant proof of the Fundamental Theorem
of Algebra. It involves complex integration and matters too far removed from
our topic to discuss here. That such disjoint topics, complex variable theory on
the one hand, and Galois theory and Sylow theory on the other, should yield
such a theorem as the Fundamental Theorem of Algebra is one of the beautiful
and intriguing aspects of mathematics.

PROBLEMS

1. Assume that every positive real number has a square root. Prove that
every complex number has a square root.

2. Prove that every polynomial in R[z] factors in R[z] into a product of linear
and quadratic factors.

3. Let A be the set of all elements in C that are algebraic over Q. Use
to prove that A is algebraically closed. Generalize.



Chapter 8

Topics in Ring Theory

8.1 Introduction

Ring theory is broadly divided into two areas—commutative ring theory and
non-commutative ring theory. Commutative ring theory has developed from
algebraic geometry and algebraic number theory. The prototype of the rings
studied in algebraic geometry is the ring Fxy, xa, ..., x,] of polynomials in
n indeterminates x1, xs, ... , x, with coefficients from a field F. In algebraic
number theory, the prototype is the ring Z of integers. Both of these areas are
vast and important mathematical topics, and are part of what is generally called
commutative algebra. Commutative algebra is the study of commutative rings.

The first topics we take up are from commutative ring theory. Section [8:2]
takes up unique factorization domains, and the goal there is to show that if
R is a unique factorization domain, then so is R[x] (8.2.10)). This is one of
several important theorems in ring theory that asserts that if R satisfies a certain
property, then so does R|[x]. Section is in that same spirit. There we prove
one of the most famous of these theorems — the Hilbert Basis Theorem .
That theorem says that if R is a commutative Noetherian ring, then so is R|x].
Section [8.4] presents a classical topic from commutative Noetherian rings, the
Noether-Lasker decomposition theory. These three topics from commutative
ring theory were chosen because they require minimum background, and yet
impart some of the flavor of commutative ring theory.

The prototype of the rings studied in non-commutative theory is the ring F;,
of all n x n matrices over a field F', or more generally the ring D,, of all such ma-
trices over a division ring D. In fact, our only topic from non-commutative
ring theory deals essentially with just these rings. We begin that topic with an
examination of the rings D,,. One of the best theorems in non-commutative
ring theory is the Wedderburn-Artin Theorem which gives elegant nec-
essary and sufficient conditions for a ring to be isomorphic to some D,,. We will
prove this theorem via the more general Jacobson Density Theorem . It
is hoped that this topic will impart some of the flavor of non-commutative ring
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theory.

8.2 Unique Factorization Domains
We will be using the notation and terminology of section .4}

Definition 8.2.1 A unique factorization domain (UFD) is an integral do-
main in which every element not 0 or a unit is a product of irreducible elements,
and these irreducible elements are unique up to order and associates.

Thus if R is a UFD, a is in R, and a is not 0 or a unit, then a = ajas - - a,
with each a; irreducible. If a = b1bs - - - b, with each b; irreducible, then m = n,
and there is a one-to-one correspondence between the a;’s and the b;’s such that
corresponding elements are associates.

From section[£.4] we know that any PID is a UFD. However, there are UFD’s
that are not PID’s. For example, if F is a field, then F[z,y] is a UFD but is
not a PID, and Z[z] is a UFD but not a PID. Our aim is to prove that if R is
a UFD, then so is R[z].

First we dispose of some easy preliminaries. Suppose that R is a UFD and
that a is in R with a not 0 or a unit. Then a = aias---a, with each a;
irreducible. If a; is an associate of a1, write a; = u;a;. In this manner, we can
express a as a product

a=uai""ay"? --a;'*,
where the a;’s are non-associate irreducible elements, m; > 0, and u is a unit.
If a is also another such product

— 1 32 Uz
a = vb'by?- - by,

then s = k, and after renumbering, a; and b; are associates and m; = n; for all
i. If a and b are two non-zero elements of R, then we can write

miy Mo my

a=uai"tay? --a’",
and
b=wal'ay? - a;",

with u and v units, a; irreducible, and m; and n; > 0. If this is done, then a
divides b if and only if m; < n; for all . Finally, note that an element a in R is
irreducible if and only if it is prime (Problem 3).

Lemma 8.2.2 In a UFD, any two elements have a greatest common divisor
(ged ).

Proof. Let a and b be in a UFD R. The only non-trivial case is the one
where neither a nor b is zero or a unit. Write a and b as above, and let k; be
the minimum of m; and n;. We claim that

kr

— k1 ko
d=aj'ay’ - a,
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is a ged of a and b. It certainly divides both. Suppose that e divides a and b.
Then by earlier remarks,
e= a{la%é- —alr,
with j; < m; and j; < n;, and hence j; < k;. Thus e divides d, so that d is a
ged of ¢ and b. m
Similarly, we can show that a finite subset (or, in fact, any subset) of elements

of a UFD has a ged.

Definition 8.2.3 Let R be a UFD, and let f(x) be in R[z]. Then f(x) is
primitive if a ged of the coefficients of f(x) is 1. A ged of the coefficients of
f(z) is called the content of f(x), and denoted c(f(x)).

The content ¢(f(z)) is unique only up to multiplication by a unit. Note that
if f(z) is a non-zero element of R[z] where R is a UFD, then f(z) = ¢(f(2)) f1(2)
with f1(z) primitive. Also note that if f(z) = ¢- g(x) with g(z) primitive, then
¢ is a content of f(z). The following classical lemma is crucial.

Lemma 8.2.4 (Gauss’ Lemma) If f(z) and g(z) are primitive polynomials
in R[x] and R is a UFD, then f(x)g(x) is primitive.

Proof. Let f(z) = X" ya;x" and g(z) = XI'  b;z’. Suppose that p is a
prime dividing all the coefficients of f(z)g(z). Let ¢ be the smallest integer such
that p does not divide a;, and let j be the smallest integer such that p does not
divide b;. The coefficient of 27 in f(z)g(z) is

Ci+j = aobi+j + albi+j71 4+ -4 aibj 4+ 4 ai+]‘bo.

(If i+ j > m, take a;4; = 0, and similarly for b, ;.) Since p divides ag, a1, ...,
a;—1 and bg, by, ..., bj_1, then p divides every term except possibly a;b;. But
p divides c¢;4;, whence p divides a;b;. Thus p divides either a; or b;, which is
impossible. Thus f(z)g(z) is primitive. m

There are a number of corollaries of interest.

Corollary 8.2.5 Let R be a UFD, and let f(x) and g(z) be in R[z]. Then
c(f()g(x)) = c(f(x))e(g(x)), up to units.

Proof. Write f(z) = c(f(z))fi(z), and g(z) = c(g(x))gi (=) with fi(x) and
g1(x) primitive. Then

f(@)g(z) = c(f(2))e(g()) f1(2) g1 (2).
Since f1(x)g1(z) is primitive, ¢(f(x))c(g(z)) is the content of f(x)g(z). m
Corollary 8.2.6 Let R be a UFD, and let F be its quotient field. If f(x) is in

R[z] and if f(x) = g(z)h(z) in Flz], then f(z) = g1(x)hi(x) with gi(x) and
hi(z) in R[z] and with deg(g1(z)) = deg(g(x)).
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Proof. Let r and s be non-zero elements of R such that rg(z) and sh(x)
are in R[z]. Then rsf(z) = (rg(x))(sh(z)), rg(z) = c1g1(x), and sh(z) =
cohi(z) with ¢; in R and ¢1(z) and h;(x) primitive elements of R[z]. Thus
rsf(x) = cicag1(x)hy(z). Since g1(x) and hq(x) are primitive, rs divides ¢jco.
Thus f(x) = (cg1(z))hi(x). Since the degree of g1 (z) is the degree of g(x), the
corollary follows. m

The following two corollaries are immediate consequences of

Corollary 8.2.7 Let R be a UFD, and let F' be its quotient field. A primitive
polynomial f(z) in R[z] is irreducible in F[x] if and only if it is irreducible in

R[z].

Corollary 8.2.8 Let R be a UFD, and let F be its quotient field. If f(x) is
monic, f(x) is in R[z], and f(z) = g(xz)h(x) in F[z], then f(z) = gi1(x)h1(z)
in R[z] with g1(z) and hi(x) monic and having the same degrees as g(x) and
h(z), respectively.

Corollaries [8.2.6] [8.2.7] and [8.2.8| are of interest even for the case R = Z.
Here is the main theorem.

Theorem 8.2.9 If R is a UFD, then R[z] is a UFD.

Proof. Suppose that f(z) is a polynomial in R[x] of positive degree. Let
F be the quotient field of R. In Flz], f(z) = fi(z)f2(x)--- fu(x) with the
fi(z) prime in F[z]. Let r; be a non-zero element of R such that r;f;(z) is
in R[z]. Then rire---r,f(z) = (r1fi(x))(rafe(x)) - (rofu(z)). Write each
rifi(x) = ¢;9;(x) with ¢; in R and g;(z) a primitive polynomial in R[z]. Then
gi(x) is irreducible in R[z] by and we have

rirye o f(2) = cica - g (w)g2(2)- - - gn ().

Now ¢ = c1ea - - - ¢, is the content of ry7g - - -, f(x) since g1(x)g2(z) - - - gn(x) is
primitive. Thus 179 -- -7, divides c. Hence

f(@) =rgi(2)g2(2) - - - gn ()

with r in R, and with r a product uajas - - - a of irreducible elements a; in R
and a unit w in R. Since any element in R not 0 or a unit is a product of
irreducible elements in R, and since every element irreducible in R is irreducible
in R[z], we have shown that every element in R[z] is a product of irreducible
elements. Suppose that

araz: - ajfi(z) f2(z) -+ fr () = biba -+ - brg1(w)g2(x) - - gn (),

with each factor irreducible in R[z], with the a; and b; in R, and the f;(x)
and g;(z) polynomials of positive degree. Each f;(x) and g;(x) is primitive and
hence irreducible in F[z] by In F[z], the a; and b; are units. Therefore,
viewing the equality in the PID F[z], m = n, and after rearrangement, f;(x)
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and g;(z) are associates in F[z]. Hence (r;/s;)fi(x) = gi(z) with r; and s; in
R, and so r; f;(z) = s;¢;(x). Since f;(z) and g;(z) are primitive, r; and s; are
associates in R. Thus we have ajas---a; = biba - - - byv with v a unit. Since R
is a UFD, j = k, and after renumbering, a; and b; are associates in R. This
completes the proof. m

Corollary 8.2.10 If R is a UFD, then R|z1, 2, ... , T,] is a UFD.
Corollary 8.2.11 Z[xy, a2, ..., xy] is a UFD.
Corollary 8.2.12 If F is a field, then Flx1, 22, ..., x,] is a UFD.

Let R be a UFD. It is usually quite difficult to tell whether a polynomial in
RJz] is irreducible or not. One test that is easy to apply is the following.

Theorem 8.2.13 (The Eisenstein Criterion) Let R be a UFD, and let f(z) =
apt+ar1x+... +a,x™ be in R[x]. If p is a prime in R such that p does not divide
an, p divides each of ag, ay, ... , an_1, and p* does not divide ag, then f(x) is
irreducible over F[z], where F is the quotient field of R.

Proof. Write f(z) = ¢(f(x))fi(x). Then f(x) satisfies the hypothesis on
its coefficients if and only if fi(x) does, and f(z) is irreducible in F[z] if and
only if f1(x) is irreducible in F[z]. Thus we may assume that f(x) is primitive.
Suppose that f(x) factors properly in F[z]. Then by

fl)y=(lo+biz+---+ba")(co+crz+ -+ csx)

with the b; and ¢; in R, r and s positive, and b, and ¢ not zero. Since p
divides ag, p divides bgco = ag. Since p? does not divide ag, p divides exactly
one of by and c¢g, say bg. If p divides all the b;, then p divides a,. Thus p
does not divide some by, and let k be the smallest such integer. Now aj =
brco +br_1¢1 + -+ - + bocg, p divides by, b1, B, bi_1, and since k < n, p divides
ar. Thus p divides brcg. But p divides neither by nor c¢g. This contradiction
establishes the theorem. m

Eisenstein’s Criterion is of special interest for the case R = Z.

An easy example of an integral domain that is not a UFD is this. Let F
be any field, and let R = F[z?, 2] be the subring of F[z] generated by F, 22,
and z3. Then in R, 2% = z2222? = 2323, and both 22 and 2 are irreducible
elements. Neither element is prime. For example, 22 divides 2 - 23, but does
not divide 3.

A less apparent example is the integral domain R = {m + n(-5) m,
n € Z}. To show that R is not a UFD, it is convenient to introduce the map
N : R — Z given by

1/2 .

N(m +n(=5)"2) = (m + n(=5)"?)(m — n(=5)*?) = m? + 5n?.

One can readily check that IV is multiplicative, that is, that if » and s are
in R, then N(rs) = N(r)N(s). Therefore, if u is a unit in R, then N(uu=1) =
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N(u)N(u=') = N(1), whence N(u) = 1. Thus the only units in R are & 1.
Now 21 can be factored in three ways into the product of irreducible factors:

20=3-7=(1+2(=5)"?)(1 —2(=5)"?) = (4 + (=5)"/?)(4 — (=5)/?).

The factors are all irreducible. For example, N(3) = 9, so for any factor r of
3, N(r) =1 or N(r) = 3. But N(r) = 1 implies that » = +1, and N(m +
n(—5)"/2) = m? + 5n? = 3 is impossible. Similarly, one can show that the other
factors are irreducible. Therefore R is not a UFD.

PROBLEMS

1. Prove that an element in a UFD is irreducible if and only if it is prime.
2. Prove that any finite subset of a UFD has a ged.

3. Let R be a UFD, let

_ mi I’ILQ My
a = uaj " a; La)m,
and let
— niy n2 n
b=wvai'ay®... a;",

with the a; irreducible, m; and n; positive, and v and v units. Prove that
a divides b if and only if m; < n; for all 7.

4. In Problem 3, let k; be the minimum of m; and n;. Prove that

ged(a,b) = afab? ... k.

5. Let Rbe a UFD, and let f(x) = ag(x) = bh(x) with a and b in R, and g(x)
and h(z) primitive elements of R[z]. Prove that a and b are associates in
R, and that g(x) and h(zx) are associates in R|x].

6. Let R be a UFD. Prove that
ot + 2703 + 3227 + 4 yx + y + &2
is irreducible in R[z, y].

7. Let R be a UFD. Prove that if f(z) is in R[z] and f(z) is reducible, then
so is f(x + a) for each a in R.

8. Prove that if p is a prime, then 2P~' 4+ 2P~ 2 + ... 4+x + 1 is irreducible in
Z|x].

9. Prove that z* + 1 is irreducible over Q[z].

10. Prove that if R is a UFD and if f(x) is a monic polynomial with a root
in the quotient field of R, then that root is in R.
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8.3 The Hilbert Basis Theorem

In this section we will prove the Hilbert Basis Theorem—if R is a commutative
Noetherian ring, then so is R[z]. This theorem is fundamental in the ideal
theory of commutative rings.

A ring R is Noetherian if every infinite chain

Lchclz3C---

of ideals becomes constant. That is, it is impossible to have an infinite strictly
increasing chain of ideals of R. This is also expressed by saying that R sat-
isfies the ascending chain condition (acc) on ideals. A ring R satisfies the
maximum condition on ideals if every non-empty set of ideals of R has a
member that is not properly contained in any other member of that set. Such a
member is called a maximal element of that set. An ideal I of R is finitely
generated if there are finitely many elements rq, 72, ... , 7, of R such that I
is the smallest ideal of R containing all the r;. If R is commutative, this simply
means that I = Rry + Rra + -+ -+ Rry,.

The Hilbert Basis Theorem is concerned with commutative rings. However,
we will need in later sections the notion of left Noetherian ring (and right
Noetherian ring). A ring R is left Noetherian if every ascending chain of left
ideals becomes constant. Similarly, R satisfies the maximum condition on
left ideals if every non-empty set of left ideals has a maximal element.

Lemma 8.3.1 Let R be a ring. The following are equivalent.

a. R is left Noetherian.
b. R satisfies the mazimum condition on left ideals.

c. Every left ideal of R is finitely generated.

Proof. Assume (a), and let S be a non-empty set of left ideals of R. Let
I, bein S. If I is not a maximal element of S, then there is an element Iy of
S such that I; is properly contained in Is. If I5 is not maximal, then there is
an I3 in S such that I, is properly contained in I3, and so on. Since R is left
Noetherian, we eventually reach an I,, that is maximal in S. Thus (a) implies
(b).

Assume (b), and let I be a left ideal of R. Let r; be in I, and let I; be the
left ideal generated by rq, that is, I; = Rry. If I; is not I, then there is an
element 75 in I and not in I;. Let I> be the ideal Rr; + Rro generated by 7
and 5. Then I, properly contains I;. If I5 is not I, then there is an element 73
in I and not in I5. This process must stop. That we must come to an I,, such
that I, = I. Otherwise we get a non-empty set {I, I, I3, ... } of left ideals
which has no maximal element. Thus I = I,, for some n, whence I is generated
by the finite set {rq, r2, ..., 7, }. Thus (b) implies (c).

Assume (c¢), and let I; C I C I3 C --- be a chain of left ideals of R. By
(c), the left ideal I = U,I; is generated by a finite subset {rq1, 72, ..., 7} of I.
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Each r; is in some member of the chain of left ideals, and hence there exists an
n such that all r; are in I,,. Thus I, = I, and so

In:In+1: nd2 =0 .

Hence (c) implies (a), and the proof is complete. m

If R is a commutative ring, then left ideals are the same as ideals. Hence,
if R is a commutative ring, then R is Noetherian if and only if every ideal of R
is finitely generated. This is the fact we need in the proof below of the Hilbert
Basis Theorem.

Theorem 8.3.2 (The Hilbert Basis Theorem) If R is a commutative Noetherian
ring, then so is R[z].

Proof. Let A be an ideal of R[x]. Let A; be the set of elements a in R which
appear as the leading coefficient in some polynomial ag + a1z + asz? + - - - +ax’
in A of degree j < i. If a and b are in A;, then a is the leading coefficient of
a polynomial f(x) in A of degree 5 < 4, and b is the leading coefficient of a
polynomial g(z) in A of degree k < i. Therefore, a + b is the leading coefficient
of the polynomial =7 f(z) + 2'~*g(z) in A of degree i. Since ra is the leading
coefficient of rf(x), it follows that A; is an ideal of R. The ideals A; form an
increasing chain

AQCA1CA2C~'~.,

and since R is Noetherian, this chain stops, say at A,,. So A,, = A, 11 = Apyo =

. Each A; is finitely generated, and let a;1, a2, ... , air, generate A; for
i=20,1,...,n. Foreachi,let f;; be a polynomial of A of degree ¢ with leading
coefficient a;5, j =1, 2, ..., r;. We will now show that the f;; generate A. Let
f bein A, f # 0. We induct on the degree d of f. If d > n, then the leading
coefficients of 2% " f,1, ..., xd_"fmn generate Ag. Hence there exist elements
51, 82, ..., Sp, in R such that

g = f - Slxd_nfnl -t = srnxd_nfnrn

has degree less than d, and ¢ is in A. Similarly, if d < n we get an element
g=f—s1fa1—-+—$p, far,0f degree less than d with g in A. (g may be 0.) By
induction, we can subtract from f a polynomial i in the ideal generated by the
fij such that f — h is again in the ideal generated by the f;;. This completes
the proof. m

Corollary 8.3.3 If R is a commutative Noetherian ring, then so is R[zq, x2,
.y Tpl

Corollary 8.3.4 If F is a field, then Flx1, 3, ..., x| is Noetherian.
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8.4 The Lasker-Noether Decomposition Theo-
rem

Throughout this section all our rings will be commutative. An ideal I in a ring
R is prime if whenever a product a - b is in I, then either a or b is in I. The
concept corresponds to the concept of a prime number in ordinary arithmetic.
In fact, in a PID, an ideal I such that I # 0 and I # R is prime if and only
I = Rp where p is prime. An ideal [ is primary if whenever a product a - b is
in I and a is not in I, then 0™ is in I for some positive integer n. This concept
corresponds to that in ordinary arithmetic of being a power of a prime number.
In a PID, an ideal I not zero or R is primary if and only if I = Rp™, where p is
prime. In a PID, every element a, not a unit or zero, is uniquely a product

1,12

a=p'py o ppT
of powers of distinct primes. This can be expressed by the equation
Ra=Rp7* N Rpy*>N---N Rpyr.

In an arbitrary Noetherian ring, it is not necessarily true that an element
is a product of powers of primes. However, it is true that every ideal in a
Noetherian ring is the intersection of primary ideals, and there is a certain
amount of uniqueness to the set of primary ideals involved. That is the gist
of the Lasker-Noether decomposition theorem. We proceed now to the precise
formulation and proof of this theorem. Some further preliminaries are needed.

An ideal in a ring is irreducible if it is not the intersection of a finite number
of ideals strictly containing it.

Lemma 8.4.1 Let R be a Noetherian ring. Then every ideal of R is the inter-
section of finitely many irreducible ideals.

Proof. Let © be the set of all ideals of R which are not intersections of
finitely many irreducible ideals. We need to show that 2 is empty. If € is not
empty, then it has a maximal element I because R is Noetherian. Since [ is not
irreducible, I = J N K, where J and K are ideals properly containing I. Since
J and K properly contain I and [ is a maximal element of €2, neither J nor K
is in 2. Hence J and K are finite intersections of irreducible ideals, whence I
is a finite intersection of irreducible ideals. This is a contradiction. Therefore
Q) is empty, and the lemma is proved. =

The next step is to show that in a Noetherian ring, irreducible ideals are
primary. Let I be an ideal, and let S be a subset of R. Then I : S is defined to
be the set {r € R: 7S C I'}. That is, I : S is the set of all r in R such that r - s
isin I for all s in S. It is easy to check that I : S is an ideal of R.

Lemma 8.4.2 Let R be a Noetherian ring. Then irreducible ideals of R are
primary.
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Proof. Let I be an ideal of R. If I is not primary, then there are elements
a and b in R with a-b in I, a not in I, and no power of b in I. Since R is
Noetherian, the chain

I:bcl:V¥cIl:VPc...

of ideals must terminate. Thus there is an integer n such that I : o™ = I : pn+L,
The ideals I + Ra and I + Rb™ properly contain I since neither a nor 0™ is in 1.
We will show that

I=(I+ Ra)n(I+ Rb").

Let « be in (I + Ra) N (I + Rb™). Then z = u + ra = v + sb”, with u and v in
I, and r and s in R. Then

bx = bu + rab = bv + sb™t!

is in I since bu and rab are in I. Since bv is also in I, we get that sb" ! is in I.
Thus s is in I : ™!, whence s is in I : b® = I : "1, Hence sb™ is in I, and so
x isin I. It follows that I = (I + Ra) N (I + Rb™), and that I is not irreducible.
This concludes the proof. m

From and we know that every ideal in a Noetherian ring is the
intersection of finitely many primary ideals. We will do much better than this,
but another concept is needed. Let I be an ideal. Then the radical of I,
denoted /T , is defined to be the set {r € R : ™ € I for some positive integer
n}. Tt is not difficult to show that v/T is an ideal.

Lemma 8.4.3 The radical of a primary ideal is a prime ideal.

Proof. Let I be a primary ideal of R, and suppose that a - bis in J = /T
with ¢ not in J. Since a-b is in J, then (a-b)™ = a™b™ is in I for some positive
integer n. Since a is not in J, @™ is not in I. Thus (b™)™ is in I for some m,
and so b is in J. Hence J is prime. m

If I is a primary ideal, then the prime ideal v/T is called the associated
prime ideal of I, I is said to belong to the prime ideal v/T , and I is said to
be primary for VI .

Lemma 8.4.4 Let Q; be primary, i = 1, 2, ... , n, with the same associated
prime ideal P. Then NM;Q; = Q is primary with associated prime ideal P.

Proof. Suppose that a-bis in @, and a is not in . Then a is not in @Q;
for some j. Since a - bis in @, b™ is in @); for some m. Hence b is in P. Since
VQ; = P for all i, b™ is in Q; for some m; , i = 1,2, ..., n, whence b* is in Q
for k > ¥;m;. Therefore Q is primary. We need v/Q = P. But /Q C /Q; = P,
and we have just seen that if an element is in P, then a power of it is in Q.
Thus vVQ =P. m

Let I = N}_,Q; with the Q; primary. This representation of I as the inter-
section of primary ideals is called irredundant if no @; contains the intersection
of the rest of the @;’s, and the @Q;’s have distinct associated primes.
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Theorem 8.4.5 (The Lasker-Noether Decomposition Theorem) Let R
be a Noetherian ring. Then every ideal I of R admits an irredundant represen-
tation as a finite intersection of primary ideals. If

[=QiNQ2N-NQm=QNQyN---NQ,

are two such representations, then m = n and the two sets of associated prime
ideals P, = /Q; ,i=1,2, ..., mand Pl = \/Q},i=1,2, ..., n are the

same.

Proof. That an ideal I of R admits such a representation follows immedi-
ately from [8.4.1] [8.4.2] and [8.4.4] Indeed, by I=Q:1NQ2N---NQ,, with
Q; irreducible. By[8.4.2] each @; is primary. If some @; contains the intersection
of the rest, it can be discarded. If @); and @); have the same associated prime,
then @; N Q; is primary with that same associated prime by Replace Q;
and (); by the single primary ideal ; NQ);. This clearly leads to an irredundant
representation of I as the intersection of finitely many primary ideals.

Now to the uniqueness part of the theorem. If the set of asssociated primes
of an ideal I is unique, then it should be describable in terms of I alone, that is,
independent of any representation of I as an intersection of other ideals. The
following lemma does this, and proves the uniqueness part of [

Lemma 8.4.6 Let I be an ideal of R, I # R, and suppose that I = N",Q); is
an irredundant representation of I as the intersection of finitely many primary
ideals. Then a prime ideal P of R is the associated prime of one of the Q; if
and only if there is an element v in R not in I such that I : v is primary for P.

Proof. There is an element r in

QN NQi-1NQip1 N Ny

which is not in ;. If @ isin I : r, then a -7 is in I, whence a - r is in ;.
But since r is not in Q;, a® is in Q; for some k, whence a is in P;. Therefore
I:rCP,andclearly Q; CI:r=Q;:r. Ifx-yisin I :r, and z is not in
I:r, thenz-y-7risin Q;, - is not in @;, so y" is in Q; and hence in [ : r
for some n. Therefore the ideal I : r is primary. Since

Q1CQZ':7”:.[2TCH, \/Qi:PiC\/ItTC\/Pi:Pi,

I :r is primary for P;.
Now suppose that there is an element r in R not in I such that I : r is
primary for the prime ideal P. Since

Iir=(nQ;):r= ﬂi(Qi : ’I‘),
we get VI:r =P = /Ni(Q;:r) = Nin/(Q; : 7). Applying the first part of

the proof to the case I = Q;, for r not in Q; we get Q; C @; : » C P;. Thus
VQ; :r = P;if r is not in Q;, and /Q; : r = R if r is in Q;. Thus P is the
intersection of some of the prime ideals P;. This forces P to be one of the P;
(Problem 2). m
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PROBLEMS
1. Let I, I, ..., I, and J be ideals of R, and let J; = \/I;. Prove that

() (Mily) : J =01 = J),
(b) J: (L) =n(J : L),
(c) I : (I213) = (I : I3) : I3,
() Vik = VI G = VI NV,
(e) VI + Iy = /Ji + J2, and
(f) VJi = Ji.

2. Prove that if P = N;P;, where P and the P; are prime ideals of R, then
P = P; for some i.

3. Prove that if @ is primary for P, and if I and J are ideals such that
1J C @ and I is not contained in @, then J C P.

4. Let P and Q be ideals of R. Prove that Q is primary and /@Q = P if and
only if

(a) QC P,
(b) if a is in P, then a™ is in @ for some n, and
(¢) if a-bisin @ and a is not, then b is in P.

5. Prove that if @) is primary for P, and if I is an ideal not contained in @,
then @ : I is primary for P.

6. Let F be a field, and let R = Fz, y|.

(a) Prove that P = Rz + Ry is prime (in fact maximal).
(b) Prove that Q = Rz + Ry? is primary.

(c) Prove that /@ = P.

(d) Prove that Q # P2

(e) Prove that @ is not a power of any prime ideal of R.
(f) Prove that the ideal A = Rx? + Raxy is not primary.
(g) Prove that v/A is prime.
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8.5 Semisimple Rings

Let D be a division ring. We want to examine the ring D,, of all n x n matrices
over D, but to do so we will need to consider modules over the ring D,,. Modules
over a division ring D are called vector spaces over D, and many of the
elementary facts about vector spaces over fields carry over to vector spaces
over division rings. Linear independence, and bases are defined in exactly the
same way, and the proof of invariance of dimension goes through word for
word. In fact, all of section [3.3|goes through for vector spaces over division rings.
Suppose now that V' is a right vector space over D, {v1, va, ..., v,} is a basis of
V,and wy, wa, ..., wy, arein V. Then there is exactly one linear transformation
a on V such that a(v;) = w;. Therefore, as in the case for vector spaces over
fields, « is uniquely determined by its image a(v;) = w; = X;v,a;;, that is, by
the matrix (a;;). Associating o with its matrix (a;;) relative to the basis {v1,
Vg, ..., Up} is an isomorphism from the ring of all linear transformations on V'
to the ring D,, of all n x n matrices over D. (Compare with [5.1.3})

Now to the ring D,,. First D,, is a simple ring. That is, it has no two sided
ideals except 0 and D,,. To see this, suppose that I is an ideal in D,,. Let E;;
be the element of D,, with 1 in the (4,j) position and zeroes elsewhere. Now
suppose that (a;;) is in I and that a,q, # 0. Then Egp(a;j)Eq, is the matrix
apgErr. Multiplying a,,Eg; by the diagonal matrix a[qu (0:5) gets Eyg in I.
Hence ¥y Eyi, = (d;5) is in I, and so I = D, and therefore D, is a simple ring.

A (left or right) module S over any ring is a simple module if it has no
submodules other than 0 and S. Now consider D,, as a left module over itself.
Its submodules are the left ideals of D,,, and D,, is not a simple module if n > 1.
Indeed, let C), be the set of matrices with zeroes off the mth column. Thus, an
element of C,,, looks like

0 0 0 ¢ O -+ 0
0 0 0 coym O --- 0
00 -+ 0 ¢yn 0 -+ 0

Then C,, is a left submodule of D,,, and in fact the module D,, is the direct
sum of the submodules C,,. The C,, are simple modules. To prove that C,,
is simple, let (a;;) be any non-zero element of C,,, and let aj,, be a non-zero
entry in (a;;). If (¢;;) is any element of C,,, then it is easy to check that
(cij) = Ercrma,;nlqErk (ai;). Thus the left module D, is a direct sum of simple
modules.

A module over any ring is called semisimple if it is a direct sum S; ® S2 &
-+ @ Sy, of simple modules. (The usual definition of semisimple allows infinite
direct sums, but our direct sums are limited to a finite number of summands.)
Thus D,, is semisimple as a left module over itself. If D, is considered as a right
module over itself, then it is also semisimple. It is the direct sum of the right
ideals R; of matrices with zeroes off the ith row. A ring is called left (right)
semisimple if it is semisimple as a left (right) module over itself. Thus D,, is
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both left and right semisimple.

The simple left submodules C; of D,, are all isomorphic. Indeed, the map
C; — C; given by taking an element of C; to the element of C; whose jth
column is the ith column of C; is a D,-isomorphism. Thus D, is not only left
semisimple, but it is the direct sum of mutually isomorphic simple modules.
Analogous statements hold for D,, considered as a right module over itself.

Now consider all the endomorphisms E(C;) of one of the simple left D,,
modules C;. Let d be in D. Note that the map C; — Cj; given by (c;;) — (cij)d
is an element of E(C;). We will show that every element of E(C}) is just such a
right multiplication by an element of D. It is notationally convenient to write left
module homomorphisms on the right and to write right module homomorphisms
on the left. Thus we will be writing our homomorphisms on the opposite side
of the scalars. Also, ao 3 for left module homomorphisms means « followed by
B. Let a: C; — C; be an endomorphism of C;- Each E;;, i =1,2, ..., nis
in Cj. If q 75 7, then quEij = 0. Thus (quEij)Oé =0= qu(Eijoz), so that
E;jo has no non-zero entry off the ith row. Thus E;ja = E;;d; for some d; in
D. Since Ey;E;; = Ey;, we have

(ExiEij)o = Eyjdy = EyiEijdi = Eyjd;.

Thus d; = di. Thus o multiplies each E;; by a fixed element d of D. Now
observe that for any a in D,

(alcij))e = a((cij)a).

For any (Cij) in Cj, (Cij) = ZicijEij, SO

(cij)a = (Z cij Ei ) a=>Y (cij(By))a=Y_ ciEijd = (ci)d.

Hence for any (c;;) in Cj, (¢;5)a = (¢;;)d. Now it is easy to see that the
endomorphism ring of C; is isomorphic to D. Just associate each « with its
corresponding d.

Now consider C; as a right module over E(C}), or equivalently, over D. It
is then a right vector space of dimension n over D, and its endomorphism ring,
that is, the ring of linear transformations on Cj, is just the ring D,,.

We sum up our discussion so far in the following theorem.

Theorem 8.5.1 Let D be a division ring, and let D,, be the ring of alln X n
matrices over D. Then D, is a simple ring. As a left module over itself, D,
1s semisimple. In fact, D, is the direct sum of n mutually isomorphic simple
modules. The endomorphism ring E of each of these simple D,-modules S is
isomorphic to D, and the endomorphism ring of S considered as a module over
E is isomorphic to D,,. Analogous statements hold for D,, considered as a right
module over itself.

There are still some things about D, that we would like to know. For
example, suppose that S is a simple left D,,-module. Is S isomorphic to the
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simple modules C;? That is, does D,, have, up to isomorphism, just one simple
left module? The answer is yes, and to see that, let s be any non-zero element
of S. Then the map D,, — S : r — rs is an epimorphism of left D,,-modules.
Tts kernel M is a left ideal, and since D,,/M ~ S and S is simple, M is maximal
in D,,. That is, there is no left ideal strictly between M and D,,. Since D,, =
CioCy@---@Cy, and M # D,, M does not contain some C;. But since C}
is simple, M N C; = 0. Since M is maximal in D,, D, = M @® C;. Hence
D, /M =~ C;. But D,/M ~ S. Therefore S ~ C;. Similarly, D,, has only one
simple right module (up to isomorphism).

The left module D,, is the direct sum of n simple left modules. It cannot
be the direct sum of m simple left modules with m # n since any simple left
D,-module has dimension n as a vector space over D. This also follows from
the following more general theorem, which we will need later.

Theorem 8.5.2 Let M be a left module over any ring R. Suppose that M is
the direct sum S1®Sa®- - B Sy, of simple modules S;. If M = T1 ®To&--- DTy,
with each T; simple, then m = n, and after renumbering, S; ~ T; for all i.

Proof. We will induct on n. If n = 1, the theorem is obviously true.
Suppose that n > 1 and that it holds for any module which is the direct sum of
fewer than n simple modules. f M = S1 S, ®--- @S, =T1 TP - & Ty,
then

S=5185® - PS,_1

does not contain some 7, and we may as well suppose that j = m. Since T}, is
simple, SNT,, = 0. Since M/S ~ S,, is simple, S & T;,, = M. Thus

S%M/anTl@TQ@@Tmflzsl@SQGB@Snfl

By induction, m—1 = n—1, whence m = n. Further, after renumbering, S; ~ T;
fori<n. B M =SoT,, M/S~T,,and M/S ~ S,. thus T,, = T),, = S,,
and the proof is complete. =

Let R be any ring. As a left module over R, its submodules are its left ideals.
Such a submodule S is a simple module if and only if it is a minimal left ideal,
that is, if there are no left ideals strictly between S and 0.

Corollary 8.5.3 Suppose that R is a ring, and as a left module over itself, R
is the direct sum of n minimal left ideals. If R is the direct sum of m minimal
left ideals, then m = n.

Corollary 8.5.4 If D, = S1® So @ --- B S,, with each S; a simple left D,,-
module, then m = n, and the S; are mutually isomorphic. Similar statements
hold for right D, -modules.

Theorem 8.5.5 Suppose that D and E are division Tings, and that the rings
D,, and E,, are isomorphic. Then m =n and D =~ FE.
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Proof. Considered as a left module over itself, D,, is the direct sum of n
minimal left ideals, and similarly E,, is the direct sum of m minimal left ideals.
Since the rings F,, and D,, are isomorphic, m = n. The endomorphism ring of
any minimal left ideal (or simple left submodule) of D,, is D and of any minimal
left ideal (or simple left submodule) of E,, is E. Since the rings D,, and E,, are
isomorphic, D~ E. =

Now suppose that R is a simple ring and that R is left semisimple. Thus
R=S19S5&- - -®S, with the S; minimal left ideals. It turns out that R ~ D,,
for some division ring D. Of course n and D are unique by the last theorem.
Actually n is unique by B:5.2] Where does one get D?

Theorem 8.5.6 (Schur’s Lemma) Let S be a simple left module over any
ring R. Then the endomorphism ring Eg(S) of S is a division ring.

Proof. We must show that any non-zero endomorphism of S is a unit. Let o
be in Fr(S5), a # 0. Then « is onto since Im(a) # 0 and S has no submodules
except 0 and S. Since Ker(a) # S, Ker(a) must be 0. Thus « is one-to-one
and onto, so has an inverse a~! as a mapping of the set S onto itself. But a !
is an endomorphsim, as can be easily checked. m

Lemma 8.5.7 Let R be a left semisimple ring. Then R is a simple ring if and
only if there is, up to isomorhism, only one simple left R-module.

Proof. Since R is left semisimple, R = S1 B S, ®---H S,, with the S; simple
left R-modules. Suppose that S is a simple left R-module. Then R/M =~ S
for some maximal left ideal M. Since M does not contain some S;, M NS; =0
and M & S; = R. Thus R/M ~ S; =~ S. Hence we need to show that the
S; are mutually isomorphic. We have not used yet the fact that R is a simple
ring. The set 0:S; = {r € R:rS; = 0} is a two sided ideal of R, and thus
0:8; =0. For any s; in S;, s; # 0, there must be an s; in S; with s;s; # 0. The
map S; — S; : x — xs; is a left R-module homomorphism, and is not 0 since
5;8; # 0. Since S; and S; are simple, this map must be an isomorphism.To show
that R is a simple ring if it has only simple left module, let I be a two-sided
ideal of R with I # R. Then I does not contain some S;, say S7, and since S1
is a simple left module, I N'S; = 0. The S; are mutually isomorphic. Let ¢, be
an isomorphism from S; to S;. Let s; be a generator of S;. Then s; = ¢,(s1)
generates S;. Since [ is a two sided ideal and S is a left ideal, I.S; = 0, being
contained in I NSy = 0. For ¢ in I, ¢,(i-s1) = ¢;(0) = ip;(s1) = i+ s, so
Is; =0. But I = IR, so (IR)s; = I(Rs;) = IS; = 0. Thus

I(Si® - ®8y)=IR=1=0,

and R is simple. m

Thus with a simple ring R which is left semisimple, there is naturally associ-
ated a division ring D and a number n. The division ring D is the endomorphism
ring of any simple left R-module, and n is the number of summands in any de-
composition R =51 ® S, ®--- @ S, of R into a direct sum of such minimal left
ideals. We would like to show that R ~ D,, as rings. This is a consequence of
the following powerful theorem.
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Theorem 8.5.8 (The Jacobson Density Theorem) Let R be a ring, and
suppose that R has a simple left module S such that

0:S={reR:rS=0}=0.
Let D be the endomorphism ring Er(S) of S. If

{81, 82, ..., Sn}

is a linearly independent subset of the right vector space S over the division ring
D, and if x1, 9, ... , x, are elements of S, then there is an element r in R
such that rs; = x; for all i.

Proof. Before we start the proof of the theorem, let us see what it says in
a special case. If R is a simple ring, then certainly 0 : S = 0. If it turns out
that S is finite dimensional over D, then taking {si, sa, ..., s, } to be a basis
of S, we see that every linear transformation of the vector space S over D is
just multiplication by an element of r. Since no element r of R annihilates all
of S, R is, in effect, the ring of all linear transformations on the n-dimensional
vector space S. Thus R ~ D,,. We will draw additional corollaries.

Now to the proof of the theorem. First we will prove the preliminary fact
that if T is a subspace of S of finite dimension, and if s is in .S and not in T,
then there is an element r in R such that 7" = 0 and rs # 0. We induct on
dim(T). If dim(T") = 0, let » = 1. Suppose that dim(T") = n > 0, and that the
assertion is true for all subspaces of dimension less than n. Now T =V @& xD
with Dim(V) =n — 1. Let

I={reR:rV =0}

Now I is a left ideal of R, and by the induction hypothesis, there is an element
r in R such that rV =0 and rz # 0. Such an r isin I, so Iz # 0. But Iz is a
non-zero submodule of the simple module S, so Ix = S. Let s be in S, s not in
T, and assume that every element of R which annihilates T" also annihilates s.
Letting i - « correspond to i - s defines a map from Iz = S to S since i-z =0
yields 4T = 0, and thus ¢ - s = 0. This map is clearly an R-homomorphism, and
therefore is an element d in D = Er(S). We have, for each i in I,

i(zd —s)=izd—i-s=0,

so by the induction hypothesis, xd — s is in V. Thus s is in V & zD, and this
is a contradiction. Therefore some element of R annihilates T and does not
annihilate . This concludes the proof of our preliminary result.

Now let {s1, sa, ..., s, } be a linearly independent subset of S, and let x4,
To, ..., Ty bein S. We induct on n. If n = 1, there is no problem since Rs; = S.
Assume that the theorem is true for independent sets of size < n. Then there
are elements 7 and a in R such that rs; =xz; fori=1,2,... ,n—1, as, # 0,
and as; = ass = --- = as,_1 = 0. Since Ras, = 5, there is an element 7 in R
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such that r1as, = z, —rs,. We have (r + ra)s; = rs; + rias; = rs; = x; for
1 <n, and
(r4ria)sy =18p + 1108, = Tp.

This concludes the proof of the theorem. m

Suppose that R is a simple ring and that S is a simple left R-module. Then
the hypotheses of are satisfied, and as we pointed out, if S is of dimension
n over the division ring D = Eg(S), then R = D,,. How can we tell from R itself
whether or not S is finite dimensional? Suppose that S is infinite dimensional.
Then there is a subset {s1, s2, ... } of S such that for all n, {s1, s2, ..., sp}
is linearly independent. Let I,, be the left ideal {r € R : rs; = 0 for all i < n}.
We have the chain I} D Iy D I3 D ---of left ideals, and by the proof of [8:5.8]
all the inclusions are proper ones. That is, R does not satisfy the descending
chain condition on left ideals. Thus, if R satisfies the descending chain condition
on left ideals, S would have to be finite dimensional. A ring that satisfies the
dcc on left ideals is called left Artinian, and right Artinian rings are similarly
defined. Also, a left Artinian ring R has a minimal left ideal S, and S is then a
simple left R-module. Thus we have the following theorem.

Theorem 8.5.9 (The Wedderburn-Artin Theorem) Let R be a left Ar-
tinian simple ring. Then R ~ D,, for some division ring D and integer n.

A ring R which has a simple left module S such that 0 : S = 0 is called left
primitive.

Corollary 8.5.10 A left primitive left Artinian ring is isomorphic to D,, for
some division ring D and integer n.

Corollary 8.5.11 Let R be a simple ring which is left semisimple. Then R ~
D,, for some division ring D and integer n.

Proof. A ring which is left semisimple is left Artinian (Problem 7). Then
RET1] follows from 5.9 m

Corollary 8.5.12 A simple ring R is left semisimple if and only if it is right
semisimple.

Proof. If R is left semisimple, then R ~ D,,, and D, is right semisimple.
Now holds with left and right interchanged. There is no difference in the
proof. Hence if R is right semisimple, R ~ D,,, whence R is left semisimple.

Now suppose that R is a left semisimple ring. Then R=51 S, ®--- B S,
with the S; minimal left ideals. The S; are not necessarily isomorphic as in the
case when R is also a simple ring (8.5.7)). We rewrite

R=(S511®S512® - ® Sin,) B (S21 D S22 ® - B Son,)

@...@(Sm1@5m2@...@5’mnm)
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with S;; &~ Spq if and only if 4 = p. Let
Ri=8S1® @ Sin,-

Thus R=R1®R2P. . .8 R, with R; the direct sum of mutually isomorphic
minimal left ideals of R. Let s;; be in S;;. If s5;55,4 7 0 for some s;; and s,q,
then the map S;; — Spq given by © — x5, is an R-isomorphism since .S;; and
Spq are simple left R-modules. Thus ¢ = p. Therefore, S;;S,, = 0 for i # p,
and more generally, R;R; = 0 if ¢ # j. In particular, the R; are two-sided
ideals of R. That is, R is the ring direct sum of the subrings R;. Hence R can
be considered as m-tuples (r1, o, ... , 7) with addition and multiplication
componentwise. Let 1 = ey + ey + -+ + e, with e¢; in R;. Then for r; in R;,

ri:1'7‘i:Ti-lz(el+e2+...+em)ri:

ri(el +ex+ -+ Em) = €;T; = Ti€;,

so that e; is the identity of the ring R;. Now it should be clear that each R; is
a left semisimple ring, R; = S;1 @ -+ - @ Sin,;, and the S;;, j =1, 2, ..., n; are
mutually isomorphic. By R; is simple, and so is a ring of matrices over a
division ring. m

Theorem 8.5.13 Let R be left semisimple. Then R is a direct sum Ry @& Ro ®
-+ ® Ry, of minimal two sided ideals R;. The R; are unique, and each R; is the
ring of n; X n; matrices over a division ring D;.

Proof. Only the uniqueness of the R; remains to be proved. Suppose that
R=A4, A, D --- P A, with each A; a minimal two sided ideal of R. If
R;NA; =0 for all ¢, then

(R1 D "'@Rm)AJ‘ = RAJ = Aj =0.

Thus Ry N A; # 0 for some 7. Since R; and A; are both minimal two sided
ideals, R; = A;. Thus each A; equals some R;, and the uniqueness of the R;
follows. m

Corollary 8.5.14 A ring R is left semisimple if and only if it is right semi-
stmple.

PROBLEMS

1. Let « be an isomorphism from the ring R to the ring S. Prove that if I is
a left ideal of R, then «(T) is a left ideal of S. Prove that if I is minimal,
then so is a(I). Prove that if the left R-module R is semisimple, then so
is the left S-module S. Prove that if R is left Artinian, then so is S.

2. Let R be a ring, and let I be a summand of the left R-module R. Prove
that I = Re with €2 = e.
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10.

11.

12.

13.

14.

15.

16.

17.
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Prove that if a ring R has no non-zero nilpotent elements, that is, no
element r # 0 such that r" = 0 for some integer n, then any idempotent
in R is in the center of R.

Prove that if R and S are left Artinian (Noetherian), then so is R @ S.

Let R be a ring such that every left ideal of R is a summand of the left
R-module R. Prove that if R is left Noetherian, then R is semisimple.

Suppose that the left R-module M = 51 ®---® S,, with each S; a simple
module. Prove that every submodule of M is a summand of M.

Prove that a ring that is left semisimple is left Artinian.

Prove that if R is semisimple, then every finitely generated left R-module
is a direct sum of simple modules. Prove that every simple left R-module
is isomorphic to a minimal left ideal of R.

Let e; and es be idempotents in the ring R. Prove that the left modules
Re; and Res are isomorphic if and only if the right modules e; R and es R
are isomorphic.

Prove that the ring of all upper triangular 2 x 2 matrices

a b

0 ¢
where a is in Z, and b and ¢ are in Q, is right Noetherian but not left
Noetherian.

Let D be a division ring. Let R be the ring of all upper triangular 2 x 2
matrices with entries from D. Is R simple? Is R semisimple?

Which rings Z/nZ are semisimple?

Let G = {g1, g2, ... , gn} be a finite group. Prove that e = (1/n)(g1 +
g2 + -+ gn) is an idempotent in Q(G). Prove that e is in the center of
Q(G). Thus prove that Q(G) is the ring direct sum Q(G)e ® Q(G)(1 —e).
Prove that the ring Q(G)e is isomorphic to Q.

Let G be the group with two elements. Prove that the group ring Q(G)
is semisimple. Do the same thing for the group G with three elements.
(Actually, Q(G) is semisimple for every finite group G.)

Let I be a minimal left ideal of a ring R. Prove that I is a summand of
R if and only if 12 # 0.

Prove that a ring is semisimple if and only if it is left Artinian, and for all
minimal left ideals I, 1% # 0.

Prove that a simple ring with a minimal left ideal is semisimple.
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18.

19.

Prove that the intersection J of all maximal left ideals of a ring R is a two
sided ideal. Prove that J is the intersection of all maximal right ideals of
R.

Let I be a left ideal of the Noetherian ring R. Prove that 1+ a has a left
inverse for all a in I if and only if I is contained in all the maximal left
ideals of R. (This is true without the assumption that R is Noetherian.
See the Appendix, Problem 9.) Prove that if 1 + a has a left inverse for
all @ in I, then 1 + a has a right inverse for all @ in I.
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Appendix: Zorn’s Lemma

While we have not hesitated to use the Axiom of Choice in its believable intuitive
form, and have done so without explicit mention, we have refrained from using
the more technical arguments involving Zorn’s Lemma. Such arguments are
used extensively in mathematics, especially in algebra. We will illustrate the
use of this important tool in this appendix.

Let I be a non-empty set, and let {S;}icr be a family of non-empty sets
S;. Is there a function f : I — U;S; such that f(i) is in S; for all ¢ in I? The
assumption that there is such a function is the Axiom of Choice. The function
f “chooses” an element from each set S;. The Axiom of Choice can be neither
proved nor disproved from the usual axioms of set theory. However, it is an
extremely useful axiom, and used by most mathematicians. There are several
mathematical statements logically equivalent to the Axiom of Choice, and on
the intuitive level, some of them are not nearly as believable as the Axiom of
Choice. Zorn’s Lemma is one of these. We need some preliminary definitions
before stating it.

Definition .0.15 Let S be a set. A relation < on S is a partial ordering of
S, or a partial order on S if it satisfies

1. s<s forallsin S;
2. if s <t and if t < wu, then s < u;
3. ifs<tandt<s, then s =t.

If in addition, for s and ¢t in S, either s < ¢t or t < s, then < is a linear
ordering of S, or simply an ordering of S. If S is a partially ordered set, a
subset T" of S is called a chain if for any pair of elements s and ¢ of T, either
s <tort<s. Thatis, T is a chain if < induces on ordering of T'. If T is a
subset of a partially ordered set S, than an element s in .S is an upper bound
of T'if t < sforalltinT. An element s of a partially ordered set S is maximal
if whenever ¢ is in S and s < t, then s = t. That is, there is no element in S
which is strictly bigger than s. Zorn’s Lemma has to do with the existence of
maximal elements.

Axiom .0.16 (Zorn’s Lemma) Let S be a partially ordered set. If every
chain in S has an upper bound in S, then S has a maximal element.

305
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Zorn’s Lemma is logically equivalent to the Axiom of Choice, but this is not
obvious.

Note that S cannot be empty. If S were empty, then S is a chain in S, and
thus must have an upper bound in S. That is, S must have an element s such
that t < s for all £ in S.

Here is how Zorn’s Lemma will often be applied. Let A be a set. Let S be
a set of subsets of A. Then S is partially ordered by setting A; < A, if A; is a
subset of As. To conclude that S has a maximal element, one must show that
every chain C in S has an upper bound in S. This is usually done by showing
that the union of the elements of C' is in S. Of course, .S has to be a very special
set of subsets of A for this to be so.

Here are some applications of Zorn’s Lemma.

Theorem .0.17 FEvery vector space has a basis.

Proof. Let V be a vector space over F. By a basis of V', we mean a linearly
independent subset B of V' that generates V. The set B may, of course, be
infinite, and an infinite set is defined to be linearly independent if every finite
subset of it is linearly independent. (B may also be empty.) Let S be the set
of all linearly independent subsets of V. The set S is partially ordered by set
inclusion. Let C' be any chain in S. Thus C' is a set of linearly independent
subsets of V' such that for any two of them, one is contained in the other. We
need to show that C' has an upper bound in S. Let U = UpeeT. The set U is
linearly independent. Indeed, if {u1, ug, . . ., u,} is a finite subset of U, then
there is a T; in C such that u; is in T;. Thus, there is a T in C such that {u;,
uz, B, u,} is contained in T'; namely the biggest of the T};’s. Since T is linearly
independent, so is {u1, uz, M, u,}, and thus U is linearly independent. By
Zorn’s Lemma, S has a maximal element B. Then B is a linearly independent
subset of V that is not properly contained in any other linearly independent
subset of V. We need to show that B generates V. Suppose not. Then there is
an element v in V not in the subspace generated by B. It follows readily that
B U {v} is a linearly independent subset of V, contradicting the fact that B is
maximal among those subsets of V. Thus B is a basis of V. =

Theorem .0.18 Theorem. Let W be a subspace of the vector space V' over the
field F. Then W is a summand of V.

Proof. Let S be the set of all subspaces X of V such that X N W = 0.
The set S is partially ordered by inclusion. Suppose that C' is a chain in S. Let
Y =UxecX. Then Y is asubspace of V,and YNW = 0,s0Y isin S. Clearly Y
is an upper bound of C'. Therefore Zorn’s Lemma applies, and S has a maximal
element X. Since X N W = 0, all we need is that V' = X + W. Suppose that
there is an element v in V' such that v is not in X +W. Then (X +Fv)NW =0
since  + av = w # 0 implies that a # 0, whence v = —a~ 'z + ¢ 'w is in
X + W. Since X + Fv properly contains S, and (X + Fv) N W = 0, X is not
maximal in S. This contradiction establishes that V =X & W. =
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Theorem .0.19 Let R be a ring with identity. Then R has a mazimal left ideal.

Proof. Recall that a maximal left ideal of R is an ideal M of R such that
M # R and such that there is no left ideal strictly between M and R.

Let S be the set of all left ideals I of R such that I # R. The set S is
partially ordered by inclusion. For any chain C in R, Urccl = J is a left ideal
of R and is not R since 1 is not in J. Also J is an upper bound of C. Thus S
has a maximal element. m

Theorem .0.20 Let R be a semi-simple ring. Then any left R-module M is a
direct sum of simple modules.

Proof. Let M be a left R-module. The module M is a direct sum of simple
submodules if there is a set {S;}ier of simple submodules of M such that every
element m in M can be written uniquely in the form m = ¥;crs; with s; in .S;.
Of course, all but finitely many s; must be 0. Let S be the set of all sets X of
simple submodules of M such that the submodule generated by the submodules
in X is the direct sum of the submodules in X. The set S is partially ordered
by inclusion, and it should be clear that the union of a chain in S is in S, so
that chains in S have upper bounds in S. Thus S has a maximal element Y. We
need to show that M is the direct sum of the elements of Y. The only problem
is that the submodule N generated by the elements of Y may not be all of M.
Suppose that there is an element m in M such that m is not in N. Then since
R is semi-simple, Rm is the direct sum A; @ --- ® Ay of simple modules. Some
A; is not in Y, and it follows readily that Y U{A4;} is an element of S. That is,
Y is not maximal in S. This completes the proof. m

Theorem .0.21 Any field F' has an algebraic closure, and any two algebraic
closures of F' are F-isomorphic.

Proof. Recall that an algebraic closure of F' is an algebraic extension K
of F such that every polynomial in KJ[z] of degree at least one factors into
linear factors in K[z]. Let X be a set in one-to-one correspondence with the
set of all polynomials in F[z] of degree at least one. We denote by z(f) the
element in X corresponding to f(z). Now form the ring F[X]. This is the ring
of all polynomials in indeterminates from X with coefficients from F'. Thus any
element in F[X] is an element of

Fla(fy), B, z(f,)]

for some finite number z(f1), M, z(f,) of indeterminates. Let I be the ideal
of F[X] generated by all the elements f(z(f)). If I were F[X], then 1 =
X 19 fi(x(f;)) for some g; in F[X]| and generators f;(z(f;)). The g; involve
only finitely many z(f)’s, so each g; is a polynomial g;(x(f1), B, z(f)), with
m > n. Let Fy be a finite extension of F' in which each fix(f;)),i=1, 0 6 n
has a root r;, and for i > n, set r; = 0. Substituting r; for z(f;) in our relation

1= Zgz(:c(fl), v ,x(fm))fz(z(fl))’
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we get 1 =0 in F. Therefore [ # F[X]. By Zorn’s Lemma, I is contained in a
maximal ideal M. Since M is maximal, F[X]/M = K, is a field. The field F' is
contained in K; via the map

F—-Ki:a—a+ M,

and we view F' now as a subfield of K;. For any polynomial f(z) of degree at
least one in Flz], f(x(f)+ M) = f(x(f)) + M = M, which is 0 in K;. That is,
every polynomial in F[z] of degree at least one has a root in K;. The field K;
is an algebraic extension of F' since each z(f) + M is algebraic over F' and K;
is generated by F' and the set of all z(f) + M. Thus, given a field F', we have
constructed an algebraic extension K; of F' such that every polynomial f(x) in
F[z] of degree at least one has a root in K7, or equivalently, a linear factor in
K;[z]. We do not know that K7 is algebraically closed because we do not even
know that every such polynomial in F[z] factors into linear factors in Ki[z].
However, construct K from K7 in the same way that K; was constructed from
F; in general, from K; construct K;;q such that every polynomial in K;[z] of
degree at least one has a root in K;11. Let K = U;K;. Then K is an algebraic
extension of F, and if f(z) is in K[z] and has degree at least one, then f(z) is
in K;[x] for some 4, whence has a root in K;;; and hence in K. Therefore K is
algebraically closed.

Now let K and L be two algebraic closures of F'. We want an F-isomorphism
between K and L. Let Q be the set of all F-isomorphisms « : S — T between
subfields S of K containing F' and subfields T of L containing F'. One such is
the identity map on F. For o' : 8" — T", let a < o/ if S C S’ and o’ agrees with
a on S. This partially orders €2, and it is easy to see that every chain in {2 has
an upper bound in 2. Therefore by Zorn’s Lemma, 2 has a maximal element
®: A — B. If A=K, then B ~ K, so is algebraically closed. But L is an
algebraic extension of B. Hence B = L. Similarly, if B = L, then A = K. So
we may suppose that A # K and B # L. Let a be in K and not in A, and let
f(z) be in A[z] with deg(f(x)) at least one and f(a) = 0. By we get an
isomorphism o’ : A’ — B’, where A’ is a root field of f(z), B C B’ C L, and o’
extends «. This contradicts the maximality of o : A — B, whence A = K and
B=L =

PROBLEMS

1. Let L be a linearly independent subset of a vector space V. Prove that V'
has a basis containing L.

2. Let W be a subspace of a vector space V, and let X be a subspace of
V such that X N W = 0. Prove that V. = A ® W for some subspace A
containing X.

3. Let I be a left ideal of a ring R, with I # R. Prove that R has a maximal
left ideal M such that I C M.

4. Prove that every ring with identity has a maximal two sided ideal.
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. Let M be a direct sum of simple modules. Prove that every submodule of
M is a direct summand of M.

. Let A be any set. Let S be the set of all pairs (B, <) such that B is a
subset of A and < is an ordering of B. Define a partial order on S and
use it to show that there exists an order relation on A.

. An ordering on a set A is called a well ordering if every non-empty subset
of A has a least element. Prove that every set can be well ordered. (Zorn’s
Lemma is actually equivalent to the statement that every set can be well
ordered.)

. Let G and H be groups. Prove that there are subgroups A and B of G
and H, respectively, and an isomorphism f : A — B such that f cannot
be extended to an isomorphism of subgroups properly containing A and
B.

. Let I be a left ideal in a ring R with identity. Prove that 1 + a has a left
inverse for all @ in I if and only if I is contained in all the maximal left
ideals of R.
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