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Preface

This book is intended for a one-year introductory course in abstract algebra with some topics of an
advanced level. Its design is such that the book can also be used for a one-semester course. The book
contains more material than normally would be taught in a one-year course. This should give the
teacher flexibility with respect to the selection of the content and the level at which the book is to be
used. We give a rigorous treatment of the fundamentals of abstract algebra with numerous examples
to illustrate the concepts. It usually takes students some time to become comfortable with the seeming
abstractness of modern algebra. Hence we begin at a leisurely pace paying great attention to the clarity
of our proofs. The only real prerequisite for the course is the appropriate mathematical maturity of the
students. Although the material found in calculus is independent of that of abstract algebra, a year of
calculus is typically given as a prerequisite. Since many of the examples in algebra comes from matrices,
we assume that the reader has some basic knowledge of matrix theory. The book should prepare the
student for higher level mathematics courses and computer science courses. We have many problems of
varying difficulty appearing after each section. We occasionally leave as an exercise the verification of
a certain point in a proof. However, we do not rely on exercises to introduce concepts which will be
needed later on in the text.

A distinguishing feature of the book is the Worked-Out Exercises which appear after every section.
These Worked-Out Exercises provide not only techniques of problem solving, but also supply additional
information to enhance the level of knowledge of the reader. The reader should study the Worked-
Out Exercises that are marked with < along with the chapter. Those not marked with { may be
skipped during the first reading. Sprinkled throughout the book are comments dealing with the historical
development of abstract algebra.

We welcome any comments concerning the text. The comments may be forwarded to the following
e-mail addresses: malik@creighton.edu or mordes@creighton.edu

D.S. Malik
J. N. Mordeson
M.K. Sen
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Chapter 1

Sets, Relations, and Integers

The purpose of this introductory chapter is mainly to review briefly some familiar properties of sets,
functions, and number theory. Although most of these properties are familiar to the reader, there are
certain concepts and results which are basic to the understanding of the body of the text.

This chapter is also used to set down the conventions and notations to be used throughout the book.
Sets will always be denoted by capital letters. For example, we use the notation N for the set of positive
integers, Z for the set of integers, Z# for the set of nonnegative integers, B for the set of even integers,
Q for the set of rational numbers, QT for the set of positive rational numbers, Q* for the set of nonzero
rational numbers, R for the set of real numbers, RT for the set of positive real numbers, R* for the
set of nonzero real numbers, C for the set of complex numbers, and C* for the set of nonzero complex
numbers.

1.1 Sets

We will not attempt to give an axiomatic treatment of set theory. Rather we use an intuitive approach
to the subject. Consequently, we think of a set as some given collection of objects. A set S with only a
finite number of elements is called a finite set; otherwise S is called an infinite set. We let |S| denote
the number of elements of S. We quite often denote a finite set by a listing of its elements within braces.
For example, {1,2,3} is the set consisting of the objects 1,2,3. This technique is sometimes used for
infinite sets. For instance, the set of positive integers N may be denoted by {1,2,3,...}.

Given a set S, we use the notation z € S and = ¢ S to mean z is a member of S and z is not a
member of S, respectively. For the set S = {1,2,3}, we have 1 € S and 4 ¢ S.

A set A is said to be a subset of a set S if every element of A is an element of S. In this case,
we write A C S and say that A is contained in S. If A C S, but A # S, then we write A C S and
say that A is properly contained in S or that A is a proper subset of S. As an example, we have
{1,2,3} € {1,2,3} and {1,2} C {1,2,3}.

Let A and B be sets. If every member of A is a member of B and every member of B is a member
of A, then we say that A and B are the same or equal. In this case, we write A = B. It is immediate
that A = B if and only if A C B and B C A. Thus, we have the following theorem.

Theorem 1.1.1 Let A and B be sets. Then A=B ifand only if ACBand BC A. m

The null set or empty set is the set with no elements. We usually denote the empty set by (.
For any set A, we have ) C A. The later inclusion follows vacuously. That is, every element of §) is an
element of A since () has no elements.

We also describe sets in the following manner. Given a set S, the notation

A={x|ze S Px)}

or
A={z eS| Px)}

3



4 1. Sets, Relations, and Integers

means that A is the set of all elements x of S such that x satisfies the property P. For example,
N={z|ze€Z,x >0}
We can combine sets in several ways.

Definition 1.1.2 The union of two sets A and B, written AU B, is defined to be the set
AUB={x|x € A orx € B}.

In the above definition, we mean x is a member of A or x is a member of B or z is a member of both
A and B.

Definition 1.1.3 The intersection of two sets A and B, written AN B, is defined to be the set
ANB={z|z € A and x € B}.

Here «x is an element of AN B if and only if = is a member of A and at the same time z is a member
of B.

Let A and B be sets. By the definition of the union of sets, every element of A is an element of
AUB. That is, A C AU B. Similarly, every element of B is also an element of AU B and so B C AU B.
Also, by the definition of the intersection of sets, every element of AN B is an element of A and also an
element of B. Hence, AN B C A and AN B C B. We record these results in the following theorem.

Theorem 1.1.4 Let A and B be sets. Then the following statements hold:
(i) ACAUB and BC AU B.
(i) ANBC Aand ANBCB. n

The union and intersection of two sets A and B is described pictorially in the following diagrams.
The shaded area represents the set in question.

U U

AUB ANB

Two sets A and B are said to be disjoint if AN B = 0.

Example 1.1.5 Let A be the set {1,2,3,4} and B be the set {3,4,5,6}. Then
AUB ={1,2,3,4,5,6)

and AN B = {3,4}. If C is the set {5,6}, then
AUC ={1,2,3,4,5,6}

while ANC = .

Now that the union and intersection have been defined for two sets, these operations can be similarly
defined for any finite number of sets. That is, suppose that A, Ay, ..., A, are n sets. The union of
A, As, ..., Ay, denoted by U1 A; or A; UAyU---U A, is the set of all elements x such that z is
an element of some A;, where 1 < ¢ < n. The intersection of Ay, As, ..., A,, denoted by N, A; or
AiNAsN---NA,, is the set of all elements = such that x € A; for all i, 1 <i <mn.

We say that a set I is an index set for a collection of sets A if for any o € I, there exists a set
Ay € Aand A= {A, | a € I}. I can be any nonempty set, finite or infinite.

The union of the sets A,, « € I, is defined to be the set {x | z € A, for at least one a € I'} and is
denoted by UyerAq. The intersection of the sets A, o € I, is defined to be the set {x | z € A, for all
a € I} and is denoted by NaerAa.
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Definition 1.1.6 Given two sets A and B, the relative complement of B in A, denoted by the set
difference A\B, is the set
A\B={z |z € A, but x ¢ B}.

The following diagram describes the set difference of two sets.

U

A\B

Example 1.1.7 Let A =1{1,2,3,4} and B ={3,4,5,6}. Then A\B = {1,2}.

We now define a concept which is a building block for all of mathematics, namely, the concept of an
ordered pair.

Definition 1.1.8 Let A and B be nonempty sets and x € A, y € B.
(i) The ordered pair (x,y) is defined to be the set {{z},{z,y}}.
(ii) The Cartesian cross product (Cartesian product) of A and B, written A x B, is defined
to be the set
Ax B={(z,y) |z € Ayec B}

Let (z,y), (z,w) € Ax B. We claim that (z,y) = (2, w) if and only if z = z and y = w. First suppose
that © = z and y = w. Then {{z},{z,y}} = {{z}, {2, w}} and so (z,y) = (z,w). Now suppose that

(z,y) = (z,w). Then
{z} {2,y = {2} {7 0l

Since {z} € {{z},{x,y}}, it follows that {z} € {{z},{z, w}}. This implies that {z} = {z} or {z} =
{z,w}. If {z} = {2}, then we must have {z,y} = {2z, w}. From this, it follows that © = z and y = w. If
{z} = {z,w}, then we must have {z,y} = {z}. This implies that z = z = w and x = y = z. Thus, in
this case, © = y = z = w. This establishes our claim.

It now follows that if A has m elements and B has n elements, then A x B has mn elements.

Example 1.1.9 Let A ={1,2,3} and B = {3,4}. Then

Ax B=1{(1,3),(1,4),(2,3),(2,4),(3,3),(3,4)}.

For the set R of real numbers, the Cartesian product R x R is merely the Euclidean plane.

Definition 1.1.10 For any set X, the power set of X, written P(X), is defined to be the set {A| A is
a subset of X}.

Example 1.1.11 Let X ={1,2,3}. Then

P(X) ={0,{1}, {2}, {3}, {1,2},{1,3},{2,3}.{1,2,3}}.
Here P(X) has 2 elements.

Remark 1.1.12 Let P and @ be statements. Throughout the text we will encounter questions in which
we will be asked to show that P if and only if Q; that is, show that statement P is true if and only
if statement Q is true. In situations like this, we first assume that statement P is true and show that
statement @ is true. Then we assume that statement Q) is true and show that statement P is true. The
statement P if and only if Q is also equivalent to the statement: if P, then Q, and if Q, then P. For
example, see Worked-Out Exercise 1, below.
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Worked-Out Exercises

Exercise 1

Solution

Exercise 2

Solution

Exercise 3

Solution

Prove for sets A and B that A C B if and only if AU B = B.

First suppose A C B. We now show that AU B = B. Let = be any element of AU B. Then either
x € A or x € B. This implies that « € B since A C B. Thus, we find that every element of AU B
is an element of B and so AU B C B. Also, B C AU B by Theorem 1.1.4(¢). Hence, AU B = B.

Conversely, suppose AU B = B. Now by Theorem 1.1.4(7), A C AU B. Since AU B = B, it now
follows that A C B.

For a subset A of a set S, let A’ denote the subset S\A. A’ is called the complement of A in S.
Let A and B be subsets of S. Prove that (AN B)' = A’U B, DeMorgan’s law.

First we show that (AN B)’ C A’U B’. Then we show that A’ U B’ C (AN B)'. The result then
follows by Theorem 1.1.1.

Let = be any element of (AN B)". Now (AN B) = S\(ANB) and so x € S and = ¢ AN B. Also,
x ¢ AN B implies that either t ¢ Aorx ¢ B.Ifx € Sand x ¢ A, thenz € A’, and if z € S and
x ¢ B, then « € B'. Thus, either x € A’ or x € B’ i.e., x € A’UDB’. Hence, (ANB) C A UB'.

Let us now show that A’U B’ C (AN B)'. Suppose z is any element of A’ U B’. Then either x € A’
or x € B'. Suppose x € A, then z € S and © ¢ A. Since ANB C A and z ¢ A, we must have
x ¢ AN B. This implies that € (AN B)’. Similarly, we can show that if x € B’, then x ¢ AN B,
ie,z € (ANB). Hence, A’ UB' C (AN B)'. Consequently, (ANB) = A" UB’.

Let A, B, and C be sets. Prove that

AN(BUC)=(ANB)U(ANCQC).

As in the previous exercise, we first show that AN (BUC) C (AN B)U (AN C) and then
(ANB)U(ANC) C AN (BUC). The result then follows by Theorem 1.1.1.

Let x be any element of AN(BUC). Thenz € Aand x € BUC. Thus, z € Aandz € Bor z € C.
Ifre Aandx € B,thenz € ANB,andif x € A and z € C, then x € ANC. Therefore, xt € ANB
orx € ANC. Hence, z € (AN B)U (ANC). This shows that AN (BUC) C (ANB)U(ANC).

Let us now show that (ANB)U(ANC) C AN(BUC). Suppose z is any element of (ANB)U(ANC).
Then z € ANBorxz e ANC. Suppose x € AN B, then x € A and « € B. Since B C BUC,
we have ¢ € BUC. Thus, x € Aand x € BUC and so z € AN (BUC). Similarly, if z € A
and x € C, then x € AN (BUC). Hence, (ANB)U(ANC) C An (BUC). Consequently,
AN(BUC)=(ANnB)U(ANC).

Exercises

1.

Let A={z,y,z} and B = {y, w}. Determine each of the following sets: AUB, AN B, A\B, B\A,
A x B, and P(A).

Prove for sets A and B that A C B if and only if AN B = A.

Prove for sets A, B, and C that

(i) AUB=BUAand ANB=BNA,

(i) AUB)UC =AU (BUC)and (ANB)NC=AnN(BNC),
(iii) AU(BNC)=(AUuB)N (AU (C),

(iv) AU(ANB) = A,

(v) An(AUB) = A.

If a set S has 12 elements, how many elements does P(S) have? How many of these are properly
contained in S?
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5. For subsets A and B of a set S, prove DeMorgan’s law:

(AuB)Y =A'nB.
6. The symmetric difference of two sets A and B is the set
AN B=(AUB)\(ANB).

(i) If A={a,b,c} and B ={b,c,d,e}, find A A B.
(ii) Show that AA B = (A\B) U (B\A).

7. Let A and B be finite subsets of a set S. Show that
(i) if AN B =0, then |[AU B| = |A| + |B|,
(i) |A\B| = |A| - [AN B,
(iii) |AUB| = |A| + |B| - |AN B].

8. In each of the following exercises, write the proof if the statement is true; otherwise give a coun-
terexample. The sets A, B, and C' are subsets of a set U.

(i) AnN(B\C) = (AN B)\(ANC).

(if) A\(BUC) = (A\B)uC.

(il) (A\BY = (B\AY.

(iv) Ax (BUC)=(Ax B)U(Ax ().
(v) AANC = B A C implies A = B.

1.2 Integers

Throughout abstract algebra, the set of integers provides a source of examples. In fact, many algebraic
abstractions come from the integers. An axiomatic development of the integers is not given in this text.
Instead, certain basic properties of integers are taken for granted. For example, if n and m are integers
with n < m, then there exists a positive integer ¢t € Z such that m = n + ¢. In this section, we review
and prove some important properties of the integers.

The proofs of many results of algebra depend on the following basic principle of the integers.

Principle of Well-Ordering: Every nonempty subset of Z# has a smallest (least) element, i.e., if
0 # S C Z#, then there exists z € S such that x <y for all y € S.

Let S be a subset of Z#. Suppose that S has the following properties:

(i) ng € S, i.e., there exists an element ngy € S.

(ii) For all n > ng, n € Z#,if n € S, then n+ 1 € S.

We show that the set of all integers greater than or equal to ng is a subset of .5, i.e.,

{neZ? |n>ny} C8S.

Let T denote the set {n € Z# | n > ng}. We wish to show that 7' C S. On the contrary, suppose
T ¢ S. Then there exists a € T such that a ¢ S. Let T7 be the set of all elements of T' that are not in S,
i, Ty = T\S. Since a € T and a ¢ S, we have a € Ty. Thus, T} is a nonempty subset of Z#. Hence, by
the principle of well-ordering, T} has a smallest element m, say. Then m € T and m ¢ S. Since m € T,
m > ng. If m = ng, then m € S, a contradiction. Thus, m > ng. This implies that m — 1 > ng and so
m—1€T. Nowm—1¢T, since m is the smallest element of 7;. Since m —1 €T and m — 1 ¢ Ty, we
must have m — 1 € S. But then by (ii), m = (m — 1) + 1 € S, which is a contradiction. Hence, T' C S.

Thus, from the principle of well-ordering, we deduce another important property of integers. This
property is known as the principle of mathematical induction. We thus have the following theorem.
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Theorem 1.2.1 (Principle of Mathematical Induction) Let S C Z#. Let ng € S. Suppose S sat-
isfies either of the following conditions.
(i) For alln > ng, n € Z#, ifn € S, thenn+1¢€ S.
(ii) For allmg <m <mn,n € Z#, ifm € S, thenn € S.
Then
neZ#|n>n}CSm

We proved, above, Theorem 1.2.1, when S satisfies (i). We leave it for the reader to prove Theorem
1.2.1 if S satisfies (ii).
We have seen the following mathematical statement in a college algebra or in a calculus course.
1
1+2+-~~+n=%, n>1.

We now show how this statement can be proved using the principle of mathematical induction. Let
S(n) denote the above mathematical statement, i.e.,

1
S(n) : 1+2+-~~+n:%, n>1.

This statement will be true if the left-hand side of the statement is equal to the right-hand side. Let
S ={neZ*|S(n) is true}.

That is, S is the set of all nonnegative integers n for which the statement S(n) is true. We will show
that S is the set of all positive integers. Now

L= 1-(141)

= 5 ,
i.e.,, S(1) is true. Hence, 1 € S. Let n be an integer such that n > 1 and suppose S(n) is true, i.e., n € S.
We now show that S(n + 1) is true. Now

Sn+1): 1+2+---+n—|—(n+1):w_

2
Consider the left-hand side.
1424--+n+(n+1) = "(n;l) + (n+1) (since S(n) is true)
(n+1)(n+2)
——

Hence, the left-hand side is equal to the right-hand side and so S(n +1) is true. Thus, n+1 € S. Hence,
by the principle of mathematical induction, S = {n € Z# | n > 1}. This proves our claim, which in turn
shows that

n(n+1)

1424... =
+2+---+n 5

is true for all positive integers n.
Sometimes we use the word induction for the principle of mathematical induction.

A proof by the principle of mathematical induction consists of three steps.

Step 1: Show that ng € S, i.e., the statement S(ng) is true for some ngy € Z#.

Step 2: Write the induction hypothesis: n is an integer such that n > ng and n € S, i.e., S(n) is
true for some integer n such that n > ng (or k is an integer such that ny < k < n and S(k) is true).

Step 3: Show that n+ 1€ S, i.e., S(n+ 1) is true.
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Example 1.2.2 In this ezample, we show that 2n + 1 < 2" for all n > 3.
Let S(n) be the statement:
S(n): 2n+1<2" n>3.

Since we want to show that S(n) is true for all n > 3, as the first step of our induction, we must
verify that S(3) is true. Letn = 3. Now2n+1=2-3+1 =7 and 2" = 23 = 8. Thus, forn = 3,
2n + 1 < 2". This shows that S(3) is true. Suppose that 2n + 1 < 2™ for some n > 3, i.e., S(n) is true
for some n > 3. Consider S(n + 1),

Sn+1): 2(n+1)+1<2nh

Let us evaluate the left-hand side of S(n+ 1). We have

2(n+1)+1 2n+2+1

(2n+1)+2

2" +2 since S(n) is true

2" 4 2" (sincen >3, 2 <2™)
2n+1.

AN

Thus, S(n+ 1) is true. Hence, by the principle of mathematical induction, 2n +1 < 2" for all n > 3.

The principle of mathematical induction is a very useful tool in mathematics. We will make use of
this result throughout the text.

We now prove the following important properties of integers with the help of the principle of well-
ordering.

Theorem 1.2.3 (Division Algorithm) Let z, y € Z with y # 0. Then there exist unique integers q
and r such that x = qy+r, 0 <r < |y|.

Proof. Let us first assume y > 0. Then y > 1. Consider the set
S={z—uwy|lueZx—uy>0}

Since y > 1, we have z — (— |z|)y = = + |z|y > 0 so that x — (— |z|)y € S. Thus, S is a nonempty set of
nonnegative integers. Hence, by the principle of well-ordering, S must have a smallest element, say, r.
Since r € S, we have r > 0 and r = x — qy for some ¢ € Z. Then = = qy + r. We must show that r < |y|.
Suppose on the contrary that r > |y| = y. Then

r—(q+l)y=(@—qy)—y=r—y=>0

so that r —y € S, a contradiction since r is the smallest nonnegative integer in S and r —y < r. Hence,
it must be the case that r < |y|. This proves the theorem in case y > 0.

Suppose now that y < 0. Then |y| > 0. Thus, there exist integers ¢/, r such that © = ¢ |y| + r,
0 < r < |y| by the above argument. Since y < 0, |y| = —y. Hence, x = —¢'y + r. Let ¢ = —¢’. Then
x=qy+r 0<r<]|y|, the desired conclusion.

The uniqueness of ¢ and r remains to be shown. Suppose there are integers ¢’, v’ such that

r=qytr=qy+r,
0<7 <|yl,0<r<|y|l. Then
r'=r=(q—q)y.
Thus,
' —rl=la—dllyl.
Now — |y| < —r <0 and 0 <7’ < |y|. Therefore, if we add these inequalities, we obtain

—lyl <7 =7 <lyl,
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or [r' —r| < |y|. Hence, we have
0<l¢g—d[<1

Since ¢—¢' is an integer, we must have 0 = |¢ — ¢/| . It now also follows that |r — 7’| = 0. Thus, ¢—¢' =0
and r — 7' =0 or ¢ = ¢’ and r = r’. Consequently, ¢ and r are unique.

In Theorem 1.2.3, the integer ¢ is called the quotient of x and y on dividing = by y and the integer
r is called the remainder of x and y on dividing x by y.

The following corollary is a special case of Theorem 1.2.3.

Corollary 1.2.4 For any two integers x and y with y > 0, there exist unique integers q and r such that
x=qy+r, where 0 <r <y.

Proof. By Theorem 1.2.3, there exist unique integers ¢ and r such that x = gy+r, where 0 < r < |y|.
Since y > 0, |y| = y. Hence, x = qy +r, where 0 <7 <y. m

Definition 1.2.5 Let 2, y € Z with x # 0. Then x is said to divide y or x is a divisor (or factor)
of y, written x|y, provided there exists ¢ € Z such that y = qr. When x does not divide y, we sometimes
write x 1 y.

Let x,y, z be integers with z # 0. Suppose z|y and z|z. Then for all integers s and ¢, x|(sy +tz). We
ask the reader to prove this fact in Exercise 5(iii) (page 16).

Definition 1.2.6 Let x, y € Z. A nonzero integer c is called a common divisor of x and y if c|x and
cly.

Definition 1.2.7 A nonzero integer d is called a greatest common divisor (ged) of the integers x
and y if

(i) d|z and dly,

(ii) for all ¢ € Z if c|x and c|y, then c|d.

Let d and d' be two greatest common divisors of integers « and y. Then d|d’ and d'|d. Hence, there
exist integers u and v such that d = du and d = d’v. Therefore, d = duv, which implies that uv = 1
since d # 0. Thus, either u = v =1 or u = v = —1. Hence, d’ = +d. It now follows that two different
ged’s of o and y differ in their sign. Of the two ged’s of « and y, the positive one is denoted by ged(x, y).
For example, 2 and —2 are the greatest common divisors of 4 and 6. Hence, 2 = ged(4, 6).

In the next theorem, we show that the ged always exists for any two nonzero integers.

Theorem 1.2.8 Let x, y € Z with either x # 0 ory # 0. Then x and y have a positive greatest common
divisor d. Moreover, there exist elements s, t € Z such that d = sz + ty.

Proof. Let
S ={mz+ny|m,ne<Z mz+ny >0}

Suppose = # 0. Then

o = x ifx>0
o= —x ifx <0
1z + Oy ifx>0

(=Dz+0y if x < 0.

Hence, |z| € S and so S # 0. By the well-ordering principle, S contains a smallest positive integer, say,
d. We now show that d is the greatest common divisor of x and y.

Since d € S, there exist s, t € Z such that d = sz + ty. First we show that d|z and d|y. Since d # 0,
by the division algorithm (Theorem 1.2.3), there exist integers ¢ and r such that

r=dq+r,
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where 0 < r < |d| = d. Thus,

r = x—dq
= 1z — (sx+1y)q (substituting for d)
(1 —gs)z + (—qt)y.

Suppose r > 0. Then r € S, which is a contradiction since d is the smallest element of S and r < d.
Thus, 7 = 0. This implies that © = dg and so d|z. Similarly, d|y. Hence, d satisfies (i) of Definition 1.2.7.
Suppose c|z and c|y for some integer c. Then c|(sz + ty) by Exercise 5(iii) (page 16), i.e., ¢|d. Thus, d
satisfies (ii) of Definition 1.2.7. Consequently, d = ged(z,y). =

Let x and y be nonzero integers. By Theorem 1.2.8, ged(x,y) exists and if d = ged(z,y), then there
exist integers s and ¢ such that d = sx + ty. The integers s and ¢ in the representation d = sz + ty are
not unique. For example, let z = 45 and y = 126. Then ged(z,y) = 9, and 9 = 3- 45+ (—1) - 126 =
129 - 45 4 (—46) - 126.

The proof of Theorem 1.2.8 does not indicate how to find ged(z, y) or the integers s, t. In the
following, we indicate how these integers can be found.

Let x, y € Z with y # 0. By the division algorithm, there exist q1,71 € Z such that
r=qy+r, 0<r <[yl

If 71 # 0, then by the division algorithm, there exist g2, 9 € Z such that
Y = gar1 + T2, 0<ry <.

If 79 # 0, then again by the division algorithm, there exist g3, r3 € Z such that
1 = q3Try + T3, 0<rsg <rs.

Since 1 > 19 > r3 > 0, we must in a finite number of steps find integers ¢, gn+1, and 7, > 0 such
that
Thn—2 = QnTn—1+Tn, 0<ry, <rp—1
Tn—1 = (Q4n+1Tn + 0.

We assert that 7, (the last nonzero remainder) is the greatest common divisor of z and y. Now
Tn|Tn—1. Since ry|rn, Tnlrn_1, and r,_o = gprn_1 + T, we have r,|r,_o by Exercise 5(iii) (page 16).
Working our way back in this fashion, we have r,|r1 and r,|re. Thus, r,|y since y = gar1 + 72. Since
Tnl|y, rnlr1, and © = g1y + 1, we have r,|z. Hence, r,, is a common divisor of z and y. Now if ¢ is any
common divisor of = and y, then we see that c|r;. Since c|y and ¢|r1, ¢|r2. Continuing, we finally obtain
¢|ry. Thus, r,, = ged(z, y).

We now find s, t € Z such that ged(z, y) = sz + ty as follows:

Tn = Tp—2+t rnfl(_qn)
= Tp—2+ [Tn—3 + rn—2(_qn—1)](_qn)
= Tn—3(_Qn) + Tn—2(1 + Qn—IQn) (51mphfy1ng)

We now substitute r,_4 + r,—3(—qn_2) for r,,_o. We repeat this “back” substitution process until we
reach 7, = sx + ty for some integers s and t.

We illustrate the above procedure for finding the ged and integers s and ¢ with the help of the
following example.

Example 1.2.9 Consider the integers 45 and 126. Now

126 = 2-45+36
45 = 1-36+9
36 = 4-9+0
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Thus, 9 = ged(45,126). Also,

9 = 45-1-36
45 —1-[126 — 2 - 45]
345+ (—1) - 126.

Here s =3 and t = —1.

We now define prime integers and study their basic properties.

Definition 1.2.10 (i) An integer p > 1 is called prime if the only divisors of p are +1 and +p.
(i) Two integers x and y are called relatively prime if ged(z,y) = 1.

The following theorem gives a necessary and sufficient condition for two nonzero integers to be
relatively prime.

Theorem 1.2.11 Let © and y be nonzero integers. Then x and y are relatively prime if and only if
there exist s,t € Z such that 1 = sx + ty.

Proof. Let z and y be relatively prime. Then ged(x,y) = 1. By Theorem 1.2.8, there exist integers
s and t such that 1 = sx + ty.

Conversely, suppose 1 = sz + ty for some pair of integers s, t. Let d = ged(x,y). Then d|z and d|y
and so d|(sz +ty) (by Exercise 5(iii) (page 16)) or d|1. Since d is a positive integer and d|1, d = 1. Thus,
ged(z,y) = 1 and so = and y are relatively prime. m

Theorem 1.2.12 Let x, y, z € Z with x # 0. If z|yz and x, y are relatively prime, then x|z.

Proof. Since z and y are relatively prime, there exist s,¢ € Z such that 1 = sz 4 ty by Theorem
1.2.11. Thus, z = sxz + tyz. Now x|z and by hypothesis z|yz. Thus, z|(szz + tyz) by Exercise 5(iii)
(page 16) and so z|z. m

Corollary 1.2.13 Let x,y,p € Z with p a prime. If p|xy, then either p|z or p|y.

Proof. If p|z, then we have the desired result. Suppose that p does not divide z. Since the only
positive divisors of p are 1 and p, we must have that p and x are relatively prime. Thus, p|y by Theorem
1.2.12. =

The following corollary is a generalization of Corollary 1.2.13.

Corollary 1.2.14 Let x1,x2,...,%pn,p € Z with p a prime. If
ploizy -y,
then plx; for some i, 1 <i <mn.

Proof. The proof follows by Corollary 1.2.13 and induction. m

Consider the integer 24. We can write 24 = 23 - 3. That is, 24 can be written as product of prime
powers. Similarly, 49500 = 22 - 32 .5% . 11. In the next theorem, called the fundamental theorem of
arithmetic, we prove that any positive integer can be written as product of prime powers.

Theorem 1.2.15 (Fundamental Theorem of Arithmetic) Any integer n > 1 has a unique factor-
ization (up to order)

n=py'py s, (1.1)

where p1,pa2, ..., Ds are distinct primes and ey, ea, ..., €5 are positive integers.
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Proof. First we show that any integer n > 1 has a factorization like Eq. (1.1) and then we show the
uniqueness of the factorization.

We show the existence of the factorization by induction. If n = 2, then clearly n has the above
factorization as a product of prime powers. Make the induction hypothesis that any integer k such that
2 < k < n has a factorization like Eq. (1.1). If n is prime, then n already has the above factorization
as a product of prime powers, namely n itself. If n is not prime, then n = zy for integers x,y, with

1<z <mnand 1<y <mn. By the induction hypothesis, there exist primes q1, g2, .., Gk, @1, @by ---, ¢
and positive integers ey, ea,. .., ek, €, €5, ..., e, such that g1, ¢z, ..., qr are distinct primes, ¢}, ¢5, ...,
q; are distinct primes and
r = qflqu--'q;?“
re} rel re’
Yy = (hel q2e2 s 'qtet

Thus,

’ ’ ’
el es ley leg /ey

n=q7'q" qra et q

i.e., n can be factored as a product of prime powers. If ¢; = q;- for some ¢ and j, then we replace qfiq;-ej

by qjiJrej. It now follows that n = p'ps? - - - pSs, where p1,po, ..., ps are distinct primes and eq, €9, ...,
es are positive integers. Hence, by induction, any integer n > 1 has a factorization like (1.1).

We now prove the uniqueness property by induction also. If n = 2, then clearly n has a unique
factorization as a product of prime powers. Suppose the uniqueness property holds for all integers k
such that 2 < k < n. Let

n=pipyt e = 4rey’ e dp (1.2)
be two factorizations of n into a product of prime powers. Suppose n is prime. Then in Eq. (1.2), we
must have s =t =1 and e; = 1 = ¢; since the only positive divisors of n are 1 and n itself. This implies
that n = p; = ¢1 and so the factorization is unique.

Suppose n is not a prime. Now p;|n and

n e1—1, _ea es

—_— = p p .. .p

m 1 2 s
is an integer. If s = 1, then n = p{* and since n is not a prime, we have e; > 1. Hence, pﬂl = pilfl > 2.
If s > 1, then -+ = p§ S - pS > 2. Thus, in either case, o= is an integer > 2. Now p1|n implies that
p1lgitgs? - - - gi* and so by Corollary 1.2.14, p;|q;* for some i. By reordering the g; if necessary, we can

assume that ¢ = 1. Thus, p1|¢i* and so by Corollary 1.2.14, p;|q;. Since p; and ¢; are primes, p; = ¢1.
Thus,

n -1 . -1
D S PETREpl =p et (1.3)

Now e; —1 =0 if and only if ¢; —1 = 0. For suppose e —1 =0 and ¢; —1 > 0. Then;—lzp?-upgs

implies that py |/pﬂ1 and 2t = PP tg5? -+ ¢ft implies that pl\pil, which is of course impossible. We can
get a similar contradiction if we assume e; —1 >0 and ¢; — 1 = 0.
n

Now -- Is an integer and 2 < :—1 < n. Hence, by the induction hypothesis, we obtain from Eq. (1.3)

n

that s = ¢, and p1 = ¢1,..., ps = ¢s (without worrying about the order), and ey —1 =¢;—1, e3 = ¢a,...,
es = cs. Hence, by induction, we have the desired uniqueness property. m

Corollary 1.2.16 Any integer n < —1 has a unique factorization (up to order)
n=(=1)p1'ps* - - g’
where p1,p2,...,Ps are distinct primes and ey, e, ..., es are positive integers.

Proof. Since n < —1, —n > 1. Hence, by Theorem 1.2.15, —n has a unique factorization (up to
order)

— 1,62 (&
_n_pl p2 ...pS@"
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where p1,pa, ..., ps are distinct primes and eq, es, ..., es are positive integers. Thus,
— €1 ,.62 (=
n=(-1)pi'p3* - pg,

where pq, ..., ps are distinct primes and ey, ..., e, are positive integers. ®

Theorem 1.2.15 says that any positive integer greater than 1 can be written as a product of prime
powers. Now we pose the obvious question: How many prime numbers are there? This is answered by
the following theorem due to Euclid.

Theorem 1.2.17 (Euclid) There are an infinite number of primes.

Proof. Let p1,ps,...,pn be a finite number of distinct primes. Set £ = pyps - - - pn + 1. Since p; does
not divide 1, p; does not divide x, i = 1,2, ..., n. By the fundamental theorem of arithmetic, it follows
that there is some prime p such that p|z. Thus, p is distinct from p1,ps, ..., p, so that we have n + 1
distinct primes. That is, for any finite set of primes we can always find one more. Thus, there must be
an infinite number of primes. m

We close this section with the following definition. There are a few places in the text where we will
be making use of it.

Definition 1.2.18 Let n be a positive integer. Let ¢p(n) denote the number of positive integers m such
that m < n and ged(m,n) = 1, i.e.,

¢p(n) =|{m e N|m <n and ged(m,n) =1}.
@(n) is called the Euler ¢-function.

Clearly ¢(2) =1, ¢(3) = 2, ¢(4) = 2. Since 1, 5, 7, 11 are the only positive integers less than 12 and
relatively prime to 12, ¢(12) = 4.
Let {a1,...,a,} C Z. We use the notation Y ; a; to denote the sum of ay, ..., an, ie.,

n
E ai:a1+...+an.
=1

If S is any finite subset of Z, then ) _ga denotes the sum of all elements of S. For example, if
S ={2,4,7}, then ) qa=2+44+7=13.

Worked-Out Exercises

Exercise 1 By the principle of mathematical induction, prove that
3271 4 (=1)"2 = 0(mod 5)
for all positive integers n. (For integers a and b, a = b(mod 5) means 5 divides a — b.)
Solution Let S(n) be the statement
S(n) : 32"t 4 (-1)"2 =0(mod 5), n>1.

We wish to show that S(n) is true for all positive integers. We first must verify that S(1) is true
as the first step of our induction. Let n = 1. Then

32 4 (—1)"2 = 32T 4+ (=1)2 = 27 — 2 = 25 = O(mod 5).

Thus, S(1) is true. Now suppose that S(n) is true for some positive integer n, i.e., 32"+t +(-1)"2 =
0(mod 5) for some integer n > 1. We now show that

Stn+1): 32U+ L (1) Hl9 = g(mod 5)
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Exercise 2

Solution

Exercise 3

Solution

Exercise 4

Solution

is true. Now
32(7z+1)+1 + (_1)n+12 —_ 32n+1 . 32 _ (_1)n2

9(3%*! + (=1)"2) — (—=1)"18 — (—1)"2
= 9(32n+l 4 (—1)"2) — (—1)"20.

Since 32"*! + (—1)"2 = 0(mod 5) and 20 = 0(mod 5), it follows that 32(»+D+1 4 (—1)»+12 =
0(mod 5). This shows that S(n + 1) is true. Hence, by the principle of mathematical induction,
32t 4 (—1)"2 = 0(mod 5) for all positive integers n.

Let a and b be integers such that ged(a,4) = 2 and ged(b, 4) = 2. Prove that ged(a + b,4) = 4.

Since ged(a,4) = 2, 2|a, but 4 does not divide a. Therefore, a = 2z for some integer x such that
ged(2, ) = 1. Similarly, b = 2y for some integer y such that ged(2,y) = 1. Thus, « and y are both
odd integers. This implies that = + y is an even integer and so x + y = 2n for some integer n. Now
a+b=2(xz+y) =4n. Hence, ged(a + b,4) = ged(4n,4) = 4.

Let a, b, and ¢ be integers such that ged(a, c) = ged (b, ¢) = 1. Prove that ged(ab,c) = 1.

If ¢ = 0, then ged(a,0) = ged(b,0) = 1 implies that @ = £1 and b = 1. Thus, ged(ab,c) =
ged(£1,0) = 1. Suppose now ¢ # 0. By Theorem 1.2.8, ged(ab, ¢) exists. Let d = ged(ab, ¢). Also,
by Theorem 1.2.8, there exist integers x1,y1, 2, y2 such that 1 = ax; + cy1, 1 = bxe + cys. Thus,
(az1)(bzs) = (1 —cy1)(1 —cy2) = 1 —cy1 — cya + cyrcyz. Hence, 1 = (ab)z1x2 + c(y1 + y2 — cy1y2)-
Thus, any common divisor of ab and c is also a divisor of 1. Hence, d|1. Since d > 0, d = 1.

Let a,b € Z with either a # 0 or b # 0. Prove that for any integer c,

ged(a, b) = ged(a, —b) = ged(a, b+ ac).

Suppose a # 0. Then ged(a,b), ged(a, —b) and ged(a, b+ ac) exist. Let d = ged(a,b). Then there
exist integers x and y such that d = ax + by = ax + (—=b)(—y). Thus, any common divisor of
a and —b is also a divisor of d. Hence, ged(a, —b)|d. Similarly, d|ged(a, —b). Since ged(a,b) and
ged(a, —b) are positive, ged(a,b) = ged(a, —b).

Let e = ged(a, b+ac). Then there exist integers p and ¢ such that e = ap+ (b+ac)q = ap+bg+acqg =
a(p + cq) + bg. Since d|a and d|b, d|e. Also, d = ax + by = ax + (b+ ac)y — acy = a(x — cy) + (b+ ac)y.
Since e|a and elb + ac, e|d. Hence, e = d.

Exercise 5

Find integers = and y such that 512z 4 320y = 64.

Solution
512 = 320-1+4192
320 = 192-1+128
192 = 128-1+64
128 = 64-2+0.
Thus, 64 = 192 — 128 = 192 — (320 — 192) = 192 -2+ 320 - (—1) = (512 — 320) - 2 + 320 - (—1) =
512-2+ 320 (—3). Hence, z = 2 and y = —3.
Exercises
1. Determine ged(90,252). Find integers s and ¢ such that
ged(90,252) = s - 90 + ¢ - 252.
2. Find integers s and ¢ such that ged(963,652) = s - 963 + ¢ - 652.
3. Find integers s and t such that 657s 4+ 963t = 9.
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4. Use the principle of mathematical induction to prove the following.
(i) 12+ 22 4 3% 4 - 42 = 2lodlCnd]) 1y — g9
(ii) 7% — 1 is divisible by 6 for all n € Z#.
(iii) 6 - 7" — 2 - 3" is divisible by 4 for all n € Z#.
(iv) 52" + 3 is divisible by 4 for all n € Z#.
(v) n < 2" for all n € Z¥.
(vi) 2" >n?, n=4,5,....
(vii) n! > 3" n="7,8,....
5. Let a, b, and ¢ be three integers such that a # 0. Prove the following:
(i) If a|b, then albc for all ¢ € Z.
(i) If b # 0, a|b and b|c, then alc.
(iii) If a|b and alc, then a|(bz + cy) for all x,y € Z.
(iv) If a, b are positive integers such that al|b, then a < b.
(v) If b # 0, alb, and b|a, then a = +b.
6. Let a,b, and ¢ be integers. Prove that if ac # 0 and ac|be, then alb.
7. Let a,b, ¢, and d be integers such that a # 0 and b # 0. Prove that if a|c and b|d, then ab|cd.

8. Let p be a prime integer, m,n integers and r a positive integer. Suppose p"|mn and p fm. Show
that p"|n.

9. Let a and b be integers and ged(a,b) = d. If a = dm and b = dn, prove that gcd(m,n) = 1.
10. Let a, b, and ¢ be positive integers. Prove that ged(ab, ac) = aged(b, c).
11. Prove that if ged(z,y) = ged(z, z) = 1, then ged(z,yz) =1 for all z,y,z € N.
12. Prove that if ged(z,y) = 1,z|z, and y|z, then zy|z for all z,y, z € N.
13. Let a,b € N. Show that ged(a, b) = ged(a, a + b).
14. Prove that ged(a,b) = 1 for any two positive consecutive integers a and b.

15. Let 2 and y be nonzero integers. The least common multiple of = and y, written lem(z, y), is
defined to be a positive integer m such that
(i) z|m and y|lm and
(ii) if x|c and y|c, then m|c.
Prove that lem(zx, y) exists and is unique.
16. Let  and y be nonzero integers. Prove that lem(x,y) - ged(x, y) = |y
17. Let x and y be nonzero integers. Show that lem(z,y) = |zy| if and only if ged(z,y) = 1.
18. Show that there are infinitely many prime integers of the form 6n — 1, n > 1.
19. Let S be a set with n elements, n > 1. Show by mathematical induction that |P(S)| = 2".
20. Determine whether the following assertions are true or false. If true, then prove it, and if false give
a counterexample.
(i) If p is a prime such that p|a®, then p|a, where a is an integer.
ii) If p is a prime such that p|(a® + b?) and p|a, then p|b, where a and b are integers.
iv) If ged(a, 6) = 3 and ged(b,6) = 3, then ged(a + b,6) = 6, where a and b are integers.

(

(iii) For any integer a, ged(a,a +3) =1 or 3.
(

(v) If ged(b, ¢) = 1 and alb, then ged(a,c) = 1.
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1.3 Relations

Some describe or define mathematics as the study of relations. Since a relation is a set of ordered pairs,
we get our first glimpse of the fundamental importance of the concept of an ordered pair.

Definition 1.3.1 A binary relation or simply a relation R from a set A into a set B is a subset of
A x B.

Let R be a relation from a set A into a set B. If (z,y) € R, we write zRy or R(x) = y. If xRy, then
sometimes we say that x is related to y (or y is in relation with z) with respect to R or simply z is
related to y. If A = B, then we speak of a binary relation on A.

Example 1.3.2 Let A denote the names of all states in the USA and B = Z. With each state a
i A associate an integer n which denotes the number of people in that state in the year 1996. Then
R = {(a,n) | a € A and n is the number of people in state a in 1996} is a subset of A x Z. Thus, R
defines a relation from A into Z.

Example 1.3.3 Consider the set of integers Z. Let R be the set of all ordered pairs (m,n) of integers
such that m < n, i.e.,
R={(m,n) € ZXZ | m < n}.
Then R is a binary relation on 7Z.
Let R be a relation from a set A into a set B. By looking at the elements of R, we can find out
which elements of A are related to elements of B with respect to R. The elements of A that are related
to elements of B form a subset of A, called the domain of R, and the elements of B that are in relation

with elements of A form a subset of B, called the range of R. More formally, we have the following
definition.

Definition 1.3.4 Let R be a relation from a set A into a set B. Then the domain of R, denoted by
D(R), is defined to be the set

{z |z € A and there exists y € B such that (x,y) € R}.
The range or image of R, denoted by Z(R), is defined to be the set
{y | y € B and there exists v € A such that (z,y) € R}.
Example 1.3.5 Let A ={4,5,7,8,9} and B = {16,18,20,22}. Define R C A x B by
R ={(4,16), (4,20), (5,20), (8,16),(9,18)}.

Then R is a relation from A into B. Here (a,b) € R if and only if a divides b, where a € A and
b € B. Note that for the domain of R, we have D(R) = {4,5,8,9} and for the range of R, we have
I(R) = {16,18,20}.

Example 1.3.6 Let S = {(z,y) | 7,y € R,22 +y*> = 1,y > 0}. Then S is a binary relation on R. S
is the set of points in the Fuclidean plane constituting the semicircle lying above the x-axis with center
(0,0) and radius 1.

Definition 1.3.7 Let R be a binary relation on a set A. Then R is called
(i) reflexive if for all x € A, xRz,
(ii) symmetric if for all x,y € A, xRy implies yRzx,
(iii) transitive if for all x,y,z € A, xRy and yRz imply xRz.

Definition 1.3.8 A binary relation E on a set A is called an equivalence relation on A if E is
reflexive, symmetric, and transitive.
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The important concept of an equivalence relation is due to Gauss. We will use this concept repeatedly
throughout the text.

Example 1.3.9 Let A={1,2,3,4,5,6} and E = {(1,1), (2,2), (3,3), (4,4), (5,5), (6,6), (2,3), (3,2)}.
Then E is an equivalence relation on A.

Example 1.3.10 (i) Let L denote the set of all straight lines in the Euclidean plane and E be the
relation on L defined by for all 1,1y € L,(l1,13) € E if and only if l; and ly are parallel. Then E is an
equivalence relation on L.

(i) Let L be defined as in (i) and P be the relation defined on L by for allly,ls € L, (I1,12) € P if and
only if lyand ls are perpendicular. Letl be a line in L. Since l cannot be perpendicular to itself, (1,1) ¢ P.
Hence, P is not reflexive and so P is not an equivalence relation on L. Also, P is not transitive.

Example 1.3.11 Let n be a fized positive integer in Z. Define the relation =,, on Z by for all x,y € Z,
x =, y if and only if n|(x —vy), i.e., x —y = nk for some k € Z. We now show that =,, is an equivalence
relation on Z.

(i) For all x € Z, x — x = 0 = On. Hence, for all x € Z, x =,, x. Thus, =, is reflexive.

(i) Let x,y € Z. Suppose x =,, y. Then there exists q € Z such that gn = x —y. Thus, (—¢)n =y—=x
and so nl(y — x), i.e., y =, x. Hence, =, is symmetric.

(iii) Let x,y,z € Z. Suppose x =, y and y =,, z. Then there exist q, r € Z such that gn =z —y and
rm=y—z. Thus, (¢+r)n=x—z and q+ r € Z. This implies that © =, z. Hence, =, is transitive.

Consequently, =, is an equivalence relation on Z.

The equivalence relation, =, as defined in Example 1.3.11 is called congruence modulo n. (An-
other commonly used notation for z =,, y is = y(mod n).)

Definition 1.3.12 Let E be an equivalence relation on a set A. For all x € A, let [x] denote the set
[z] ={y € A| yEx}.
The set [z] is called the equivalence class (with respect to E) determined by x.

In the following theorem, we prove some basic properties of equivalence classes.

Theorem 1.3.13 Let E be an equivalence relation on the set A. Then
(i) for all x € A, [z] # 0,
(i) if y € [z], then [z] = [y], where z,y € A,
(iii) for all x,y € A, either [z] = [y] or [z] N [y] = 0,
(iv) A =Ugealx], i.e., A is the union of all equivalence classes with respect to E.

Proof. (i) Let = € A. Since E is reflexive, zFx. Hence, = € [z] and so [z] # 0.

(ii) Let y € [z]. Then yEx and by the symmetric property of E, xEy. In order to show that [z] =
we will show that [z] C [y] and [y] C [x]. The result then will follow by Theorem 1.1.1. Let u €
Then uFEy. Since uFy and yFEx, the transitivity of E implies that uFEx. Hence, u € [z]. Thus, [y] C
Now let u € [z]. Then uEz. Since uFz and xFEy, uFy by transitivity and so u € [y]. Hence, [z] C
Consequently, [z] = [y].

(iii) Let =,y € A. Suppose [z] N [y] # 0. Then there exists u € [z] N [y]. Thus, v € [z] and u € [y],
i.e., uFEr and uFy. Since F is symmetric and uFy, we have yFu. Now yFu and uFx and so by the
transitivity of E, yEx. This implies that y € [z]. Hence, by (ii), [y] = [z].

(iv) Let € A. Then z € [x] C Uzea[z]. Thus, A C Ucalz]. Also, Uzcalz] C A. Hence, A = Uyecalx].
|

One of the main objectives of this section is to study the relationship between an equivalence relation
and a partition of a set. We now focus our attention to partitions. We begin with the following definition.
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Definition 1.3.14 Let A be a set and P be a collection of nonempty subsets of A. Then P is called a
partition of A if the following properties are satisfied:

(i) for all B, C € P, either B=C or BNC = 0.

(ZZ) A =UpgepB.

In other words, if P is a partition of A, then (i) B C A for all B € P, i.e., every element of P is a
subset of A, (ii) distinct elements of P are either equal or disjoint, and (iii) the union of the members of
Pis A.

Example 1.3.15 (i) Let A = {1,2,3,4,5,6}. Let A1 = {1}, As = {2,4,6}, and A3 = {3,5}. Now
A=A 1UAUA;3, AiNAs =0, AyNA3 =0, and Ao N A3 = 0. Hence, P = { Ay, As, A3} is a partition
of A.

(ii) Consider Z. Let A be the set of all even integers and B be the set of all odd integers. Then
ANB=0 and AUB =7Z. Thus, {A, B} is a partition of Z.

The following theorem is immediate from Theorem 1.3.13.

Theorem 1.3.16 Let E be an equivalence relation on the set A. Then
P=A{[z] |z € A}

is a partition of A. m

Example 1.3.17 Consider the equivalence relation =, on Z as defined in Example 1.3.11. Let Z,, =
{[z] | x € Z}. By Theorem 1.3.16, Z,, is a partition of Z. Suppose n = 6. We claim that

and
[(]={0+4,+6+i,+12+4,...} ={6g+1i| q € Z} for alli € Z.

Let 0 < n < m < 6. Suppose [n] = [m]. Then m € [n] and so 6|(m — n). This is a contradiction since
0 <m—n < 6. Hence, the equivalence classes [0], 1], [2],[3], [4], [5] are distinct. We now show that these
are the only distinct equivalence classes.

Let k be any integer. By the division algorithm, k = 6q + r for some integers q and v such that
0 <r <6. Thus, k—r = 6q and so 6|(k —r). This implies that k =g r and so [k] = [r]. Since 0 <r < 6
we have [r] € {[0],[1],[2], [3],[4], [B]} and so [k] € {[0],[1], (2], [3],[4], [B]}. This proves our first claim.

Let i € Z. Then x € [i] if and only if 6|(x — %) if and only if 6g = x — i for some q € Z if and only
if © = 6q + 1 for some q € Z. This proves our second claim. It now follows that for all i =0,1,...,5,
[i] = [6q + ] for all q € Z. Hence,

fori=0, [0] = [6] = [12] = --- = [-6] = [-12] = - ;
fori=1, 1] =[1=[13] =---=[-5] = [-11] = -~
fori=2, 2] =[8] = [14] = --- = [-4] = [-10] = - - ;
fori=3, B =0 =[5 =---=[3]=[-9=---;
fori=4, [4] = [10] = [16] = - = [-2] = [-8] = - ;
fori=5, [5] =[] =[17] =--- = [-1] = [-7] =

By Theorem 1.3.16, given an equivalence relation E on a set A, the set of all equivalence classes forms
a partition of A. We now prove that corresponding to any partition, we can associate an equivalence
relation.

Theorem 1.3.18 Let P be a partition of the set A. Define a relation EE on A by for all z,y € A, xEy
if there exists B € P such that x©, y € B. Then E is an equivalence relation on A and the equivalence
classes are precisely the elements of P.
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Proof. Note that if two elements x and y of A are related, i.e., xEy, then x and y must belong to
the same member of P. Also, if B € P, then any two elements of B are related, i.e., x By for all x,y € B.
We now prove the result.

Since P is a partition of A, A = UgcpB. First we show that F is reflexive. Let x be any element
of A. Then there exists B € P such that z € B. Since z,z € B, we have zEz. Hence, F is reflexive.
We now show that E is symmetric. Let xEy. Then x,y € B for some B € P. Thus, y, x € B and so
yEx. Hence, F is symmetric. We now establish the transitivity of E. Let x,y, z € A. Suppose zFEy and
yEz. Then z, y € B and y,z € C for some B, C € P. Sincey € BNC, BNC # (). Also, since P is a
partition and BNC # (), we have B = C so that z, 2 € B. Hence, xEz. This shows that F is transitive.
Consequently, E is an equivalence relation.

We now show that the equivalence classes determined by E are precisely the elements of P. Let
x € A. Consider the equivalence class [z]. Since A = UgepB, there exists B € P such that x € B. We
claim that [z] = B. Let u € [z]. Then uEz and so u € B since x € B. Thus, [z] C B. Also, since z € B,
we have yEx for all y € B and so y € [z] for all y € B. This implies that B C [z]. Hence, [z] = B.
Finally, note that if C' € P, then C = [u] for all u € C. Thus, the equivalence classes are precisely the
elements of P. m

The relation E in Theorem 1.3.18 is called the equivalence relation on A induced by the par-
tition P.

New relations can be constructed from existing relations. For example, given relations R and S from
a set A into a set B, we can form relations RN .S, RUS, R\S, (A x B)\R in a natural way. In all these
relations, the domain and range of the relations under consideration are subsets of A and B, respectively.
Now given a relation R from a set A into a set B and a relation S from B into a set C, there is a relation
from A into C that arises in a natural way as follows: Let us denote the new relation by T. Suppose
(a,b) € R and (b,c) € S. Then we make (a,c) € T. Every element of T is constructed in this way. That
is, (a,c) € T for some a € A and ¢ € C if and only if there exists b € B such that (a,b) € R and
(b,c) € S. This relation T is called the composition of R and S and is denoted by S o R. Note that to
form the composition of R and S, we must have the domain of S and the range of R to be subsets of
the same set. More formally we have the following definition.

Definition 1.3.19 Let R be a relation from a set A into a set B and S be a relation from B into a set
C. The composition of R and S, denoted by S o R, is the relation from A into C defined by

x(S o R)y if there exists z € B such that xRz and zSy
forallz € A,y € C.
Let R be a relation on a set A. Recursively, we define a relation R™, n € N, as follows:

R' = R
R*" = RoR"1lifn>1.

Definition 1.3.20 Let R be a relation from a set A into a set B. The inverse of R, denoted by R™,
is the relation from B into A defined by

zR™ Yy if yRx
forallx € B, y € A.

The following theorem gives a necessary and sufficient condition for a binary relation to be an
equivalence relation.

Theorem 1.3.21 Let R be a relation on a set A. Then R is an equivalence relation on A if and only if
(i) A C R, where A = {(x,x) | x € A},
(ii)) R= R~ and
(i) Ro R C R.



1.3. Relations 21

Proof. Suppose R is an equivalence relation. Let (x,z) € A, where x € A. Since R is reflexive,
(z,z) € R. Hence, A C R, i.e., (i) holds. Let (z,y) € R. Since R is symmetric, (y,x) € R. Thus, by the
definition of R, (z,y) € R~!. Hence, R C R~!. On the other hand, let (x,y) € R~!. Then (y,z) € R.
Therefore, by the symmetric property, (x,7) € R. Hence, R~! C R. Thus, R = R™!, i.e., (ii) holds. We
now prove (iii). Let (z,y) € Ro R. Then there exists z € A such that (x,2) € R and (z,y) € R. Since R
is transitive, (z,y) € R. Thus, Ro R C R, i.e., (iii) holds.

Conversely, suppose that (i), (ii), and (iii) hold for R. For all z € A, (z,z) € A C R. Thus, R is
reflexive. Next, we show that R is symmetric. Let (z,y) € R. Then by (ii), (z,y) € R~!. This implies
that (y,z) € R. Hence, R is symmetric. For the transitivity of R, let (z,2) € R and (z,y) € R. Then
(z,y) € Ro R by the definition of composition of relations. Since Ro R C R, (z,y) € R. Hence, R is
transitive. Consequently, R is an equivalence relation. m

Worked-Out Exercises

Exercise 1 In Z;g, which of the following equivalence classes are equal: [2], [-5], [5], [-8], [12], [15], [=3], [7],
[22]?
Solution We note that [2] = [2 + 10] = [12], [-8] = [-8 4+ 10] = [2], [12] = [12 + 10] = [22] [-5] =
=5+ 10] = [5] = [5 + 10) = [15] and [~3] = [~3+10] = [7]. Also, [2) # [3], 2| # [7) and [5] # [7].
Hence, it now follows that [2] = [12] = [-8] = [22], [-5] = [5] = [15] and [-3] = [7].

Exercise 2 Let R be a reflexive and transitive relation on a set S. Prove that RN R ™! is an equivalence relation.

Solution Since (z,z) € R for all z € S, (z,2) € R~! for all z € S. Thus, (z,2) € RN R~ for all z € S.
Hence, R N R~! is reflexive. Let (z,y) € RN R~ Then (z,y) € R and (z,y) € R~*. Thus,
(y,x) € R™! and (y,x) € R. Therefore, (y,z) € RN R~!. Hence, RN R™! is symmetric. Now
suppose that (z,9),(y,z) € RN R~ Then (z,y),(y,2) € R and (x,y),(y,z) € R~ Since R
is transitive, (z,z) € R. Now since (z,v),(y,2) € R, (y,2),(2,y) € R. Since R is transitive,
(2,7) € Rand so (v,2) € R™!. Thus, (z,z) € RNR~!. Hence, RN R~! is transitive. We have thus
proved that R N R~! is reflexive, symmetric, and transitive and hence R N R~ is an equivalence
relation.

Exercise 3 Give an example of an equivalence relation on the set S = {1, 2, 3, 4,5,6,7,8} such that R has
exactly four equivalence classes.

Solution R = {(1,1), (2,2), (3,3), (4,4), (5,5), (6,6), (7,7), (8,8), (1,2), (2,1), (3 4), (4,3), (5,6), (6,5),
(7,8), (8,7)}. The equivalence classes are [ 1=12], [3] = [4], [5] = [6], and [7] = [8].

Exercise 4 Let Ry and Ry be two symmetric relations on a set S. Prove that Ry o Ry is symmetric if and only
lfR1 ORQ :RQORl.

Solution Suppose R; o Ry is symmetric. Let (x,y) be any element of Ry o Ry. Then (y,x2) € Ry o Ra
since Ry o Ry is symmetric. Thus, there exists z € S such that (y,z) € Ry and (z,2) € Ry
by the definition of composition of relations. Since R; and Ry are symmetric, (z,y) € Rp and
(z,z) € Ry. Hence, (z,y) € Ryo Ry. Thus, Ry o Ry C Ryo R;. Similarly, Ry o Ry C Rj o Ry. Hence,
R1 OR2 :RQORl.

Conversely, suppose that Rjo Ry = RyoRy. Let (z,y) € Ri0Rs. Then (z,y) € ReoR;. Thus, there

exists z € S such that (x,2) € R; and (z,y) € Ry. Since R; and Ry are symmetric, (z,z) € Ry
and (y,z) € Ra. Hence, (y,x) € Ry 0 Ry = Ry o Ry. Thus, R; o Ry is symmetric.

Exercise 5 Let A ={1,2,3,4,5} and R = {(1,1), (2,2), (3,3), (4,4), (5,5), (1,2), (2,1), (4,5), (5,4)}. Show
that R is an equivalence relation.

Solution Let B = {1,2}, C = {3}, and D = {4,5}. Let P = {B,C,D}. Then P is a partition of A. Also,
note that if z,y € A, then (z,y) € R if and only if z,y € X for some X € P, i.e., the relation R
is induced by the partition P. Hence, R is an equivalence relation on A by Theorem 1.3.18.
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Exercise 6

Solution R

Exercise 7

Solution
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Let X = {1,2,3,4,5,6,7}. Then

P ={{1,3,5},{2,6},{4,7}}

is a partition of X. List the elements of the corresponding equivalence relation R on X induced by

P.

= {(a,b) € X x X | a and b both belong to the same element of P}. Then R = {(1,1), (2,2),
(3,3); (4,4), (5,5), (6,6), (7,7), (1,3), 3,1), (1,5), (5,1), (3,5), (5,3), (2,6), (6,2), (4, 7), (7,4)}.

Let R be a relation on a set S. Prove that the following conditions are equivalent.
(i) R is an equivalence relation on S.
(ii) R is reflexive and for all a,b,c € S, if aRb and bRe, then cRa.

(i)=-(ii): Suppose R is an equivalence relation on S. Then R is reflexive. Let a,b,c € S. Suppose
aRb and bRc. The transitive property of R implies that aRc. Hence, cRa since R is symmetric.

(ii)=-(i): Since R is given to be reflexive, to show that R is an equivalence relation, we only need
to check that R is symmetric and transitive. For symmetry, suppose aRb. Since R is reflexive, we
have aRa. Now since we have aRa and aRb, bRa by hypothesis. This shows that R is symmetric.
To show that R is transitive, suppose aRb and bRc. Then by the hypothesis, cRa. Since we have
shown that R is symmetric, cRa implies that aRc. Hence, R is transitive. Consequently, R is an
equivalence relation on S.

Exercises

1.

2.

3.

4.

Let R be a relation on the set A = {1,2,3,4,5,6,7} defined by R = {(a,b) € A x A | 4 divides
a —b}.

(1) List the elements of R.

(ii) Find the domain of R.

(iii) Find the range of R.

(iv) Find the elements of R™1.
(v) Find the domain of R~1.
(vi) Find the range of R™1.

Let R be a relation on the set A = {1,2,3,4,5,6} defined by R = {(a,b) € AX A|a+b<9}.
(i) List the elements of R.

(i) Is A C R, where A = {(z,z) | z € A}?

(iii) Is R= R~1?

(iv)Is RoRC R?

Which of the following relations E are equivalence relations on the set of integers Z7
(i) zEy if and only if  — y is an even integer.

(ii) z By if and only if z — y is an odd integer.

(iii) zFy if and only if z < y.

(iv) 2By if and only if x divides y.

(v) By if and only if 22 = y2.

(vi) 2By if and only if |z| = | y|.

(vii) zEy if and only if |z — y| < 2.

Let R ={(a,b) | a,b € Q and a — b € Z}. Prove that R is an equivalence relation on Q.
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5.

© ® N oo

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

Let A=1{1,2,3,4,5,6,7,8}. Define a relation R on A by
aRb if and only if 3 divides a — b

for all a,b € A. Show that R is an equivalence relation on A. Find the equivalence classes [1], [2],
[3], and [4].

Let R be an equivalence relation on a set A. Find the domain and range of R.

Find all equivalence relations on the set S = {a, b, c}.

In Zg, which of the following equivalence classes are equal: [—1], [2], [8], [5], [-2], [11], [23]?

Let z, y € Z be such that x =, y, where n € N. Show that for all z € Z,

Dx+z=,y+ 2,

(il) zz =, yz

Let z,y,z,w € Z and n be a positive integer. Suppose that x =, y and z =, w. Show that
r+z=,y+wand zz =, yw.

Let n be a positive integer and [z], [y] € Z,,. Show that the following conditions are equivalent.
(i) [z] = [y].

(ii) « —y = nr for some integer r.

(i) nl (& — ).

(Chinese Remainder Theorem) Let m and n be positive integers such that ged(m,n) = 1.

Prove that for any integers a and b, the congruences = =,,, a and z =,, b have a common solution
in Z. Furthermore, if v and v are two solutions of these congruences, prove that u =,,, v.

Define relations R;, Ry, R3 such that R; is reflexive and symmetric but not transitive, Ry is
reflexive and transitive but not symmetric, and R3 is symmetric and transitive but not reflexive.

Prove that the intersection of two equivalence relations on a set S is an equivalence relation on S.

Let R be a relation on a set A. Define 7(R) = RUR™' U {(z,z) | z € A}. Show that 7(R) is
reflexive and symmetric.

Let R be a relation on a set S. Set R = RUR?2UR3U--- . Prove the following:

(i) R* is a transitive relation on S.

(ii) If T is a transitive relation on A such that R C T, then R>™ C T.

(R is called the transitive closure of R.)

Let R; and Ry be symmetric relations on a set S such that Ry o Re C Rs 0 Ry. Prove that Ry o Ry
is symmetric and Ry o Ro = Ry o Ry.

Let Ry and R> be equivalence relations on a set .S such that Ry o Ry = Ry o Ry. Prove that R; o R
is an equivalence relation.

Let R; and Ry be relations on a set S. Determine whether each statement is true or false. If the
statement is false, give a counterexample.

i) If Ry and Ry are reflexive, then Rjo Ry is reflexive.
ii) If Ry and Ry are transitive, then Rjo Ry is transitive.

(
(
(iii) If Ry and Ry are symmetric, then Rjo Ry is symmetric.
(iv) If Ry is transitive, then Ry ! is transitive.

(

v) If Ry is reflexive and transitive, then R; o Ry is transitive.
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1.4 Functions

Like sets, functions play a central role in mathematics. Readers may already be familiar with the notion
of a function either through a college algebra or a calculus course. In these courses, functions were
usually real valued. Throughout the text we will encounter functions which do not have to be real
valued. Functions help us study the relationship between various algebraic structures. In this section,
we review some of their basic properties. Roughly speaking, a function is a special type of correspondence
between elements of one set and those of another set. More precisely, a function is a particular set of
ordered pairs.

Definition 1.4.1 Let A and B be nonempty sets. A relation f from A into B is called a function (or
mapping) from A into B if

(i) D(f) = A and

(i) for all (z,y),(z',y’) € f, x =2’ implies y =y'.

When (i) is satisfied by a relation f, we say that f is well defined or single-valued.

We use the notation f: A — B to denote a function f from a set A into a set B. For (z, y) € f, we
usually write f(x) =y and say that y is the image of x under f and x is a preimage of y under f.

Leibniz seems to be the first to have used the word “function” to stand for any quantity related to
a curve. Clairant (1734) originated the notation f(z) and Euler made extensive use of it. Dirichlet is
responsible for the current definition of a function.

Let us now explain the above definition. Suppose f : A — B. Then f is a subset of A x B such that
for all € A, there exists a unique y € B such that (x,y) € f. Hence, we like to think of a function
as a rule which associates to each element = of A exactly one element y of B. In order to show that a
relation f from A into B is a function, we first show that the domain of f is A and next we show that
f well defined or single-valued, i.e., if x = y in A, then f(x) = f(y) in B for all z,y € A.

We now consider some examples of relations, some of which are functions and some of which are not.

Example 1.4.2 Let f be the subset of ZxZ defined by
f={(n,2n+3) | n € Z}.

Then D(f) = {n | n € Z} =Z. We now show that [ is well defined. Let n,m € Z. Suppose n = m.
Then 2n+3 = 2m + 3, i.e., f(n) = f(m). Therefore, f is well defined. Hence, f satisfies (i) and (ii) of
Definition 1.4.1 and so f is a function.

Example 1.4.3 Let A ={1,2,3,4} and B = {a,b,c}. Let f be the subset of A x B defined by

[= {(1,&), (2’b)v (3a C)v (4a b)}

First note that D(f) = {1,2,3,4} = A and so f satisfies (i) of Definition 1.4.1. From the definition of
f, it is immediate that for all © € A, there exists a unique y € B such that (x,y) € f. Therefore, f is
well defined and so f satisfies (ii) of Definition 1.4.1. Hence, f is a function.

Example 1.4.4 Let [ be the subset of QX7 defined by
f=A(p) Ipa €2, g #0}.

First we note that D(f) = {% | p,q € Z, ¢ # 0} = Q. Thus, f satisfies (i) of Definition 1.4.1. Now
(2,2) € f, (%,4) €fand 2= %. But f(3)=2#4= f(%). Thus, f is not well defined. Hence, f is not
a function from Q into 7Z.

Example 1.4.5 Let f be the subset of ZxZ defined by

f={(mn,m+n)|mneZ}.
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First we show that f satisfies (i) of Definition 1.4.1. Let x be any element of Z. Then we can write
x=uax-1. Hence, (x,x +1) = (z- 1,2+ 1) € f. This implies that x € D(f). Thus, Z C D(f). However,
D(f) CZ and so D(f) = Z. Thus, f satisfies (i) of Definition 1.4.1. Now4d € Z and 4 =4-1=2-2.
Thus, (4-1,441) € f and (2-2,2+2) € f. Hence, we find that4-1=2-2 and f(4-1) =5 # 4= f(2-2).
This implies that f is not well defined, i.e., f does not satisfy (ii) of Definition 1.4.1. Hence, f is not a
function from Z into Z.

We now explore the meaning of equality of two functions.

Let f: A — Band g: A — B be two functions. Then f and g are subsets of A x B. Suppose
f =g. Let  be any element of A. Then (z, f(x)) € f = g. Also, (z, g(z)) € g. Since g is a function and
(z, f(2)), (x,g(x)) € g, we must have g(z) = f(z). Conversely, assume that g(z) = f(z) for all x € A.
Let (z,y) € f. Then y = f(z) = g(x). Thus, (z,y) € g. This implies that f C g. Similarly, we can show
that g C f. It now follows that f = g. Thus, two functions f: A — B and g : A — B are equal if and
only if f(x) = g(z) for all z € A.

Example 1.4.6 Let f : 7 — Z# and g : Z — 7# be defined by f = {(n,n?) | n € Z} and g = {(n, |n|") |
n € Z}. Now for alln € Z,
f(n) =n?=n)* =g(n).

Hence, f=g.

Definition 1.4.7 Let f be a function from a set A into a set B. Then
(i) f is called one-one if for all x,z' € A, f(x) = f(a') implies x = z'.
(ii) f is called onto B (or f maps A onto B) if Z(f) = B.

We note that if f: A — B, then Z(f) = B if and only if for all y € B, there exists © € A such that
f(z) = y. In other words, Z(f) = B if and only if every element of B has a preimage. We also note that
f is one-one if and only if every element of B has at most one preimage.

Let A be a nonempty set. The function i4 : A — A defined by i4(x) = x for all © € A is a one-one
function of A onto A. i4 is called the identity map on A.

Example 1.4.8 Consider the relation f from Z into Z defined by
f(n) =n?

for all n € Z. Now D(f) = Z. Also, if n = n/, then n2 = (n)?, i.e., f(n) = f(n'). Hence, f is well
defined. Thus, f is a function. Now f(1) =1 = f(—1) and 1 # —1. This implies that [ is not one-one.
Now for all n € Z, f(n) is a nonnegative integer. This shows that a negative integer has no preimage.
Hence, f is not onto Z. Note that f is onto {0,1,4,9,...}.

Example 1.4.9 Consider the relation f from Z into Z defined by for alln € Z, f(n) = 2n. As in the
previous examples, we can show that f is a function. Let n,n' € Z and suppose that f(n) = f(n'). Then
2n = 2n/, i.e., n =n'. Hence, [ is a one-one function. Since for all n € Z, f(n) is an even integer, we
see that an odd integer has no preimage. Thus, f is not onto Z. However, we note that [ is onto BE.

Definition 1.4.10 Let A, B, and C be nonempty sets and f : A — B and g : B — C. The composition
o of f and g, written g o f, is the relation from A into C defined as follows:

gof = {(x,z) |z € A zeC, there existsy € B
such that f(z) =y and g(y) = z}.

Let f: A— Bandg: B — C and (z,2) € go f, i.e., (go f)(x) = z. Then by the definition of
composition of functions, there exists y € B such that f(z) =y and g(y) = z. Now

z=g(y) = g(f(z)).
Hence, (go f)(z) = g(f(x)).

In the following, we describe some properties of composition of functions.
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Theorem 1.4.11 Suppose that f: A — B and g: B — C. Then
(i) gof:A—C,i.e.,gof isa function from A into C.
(ii) If f and g are one-one, then go f is one-one.
(iii) If f is onto B and g is onto C, then go f is onto C.

Proof. (i) Let x € A. Since f is a function and x € A, there exists y € B such that f(z) = y. Now
since g is a function and y € B, there exists z € C such that g(y) = z. Thus, (go f)(z) = g(f(z)) =
g(y) =z, i.e., (z,2) € go f. Hence, x € D(g o f). This shows that A C D(go f). But D(go f) C A and
so D(go f) = A. Next, we show that g o f is well defined.

Suppose that (z,2z) € go f, (z1,21) € go f and & = 1, where z,21 € A and 2,21 € C. By the
definition of composition of functions, there exist y,y; € B such that f(z) =y, g(y) = z, f(x1) = ¥
and g(y1) = 21. Since f is a function and = = z7, we have y = y;. Similarly, since g is a function and
y = y1, we have z = z;. Thus, g o f is well defined. Hence, g o f is a function from A into C.

(ii) Let z, 2’ € A. Suppose (go f)(z) = (go f)(z'). Then g(f(z)) = g(f(z')). Since g is one-one,
f(z) = f(z'). Since f is one-one, © = «’. Thus, g o f is one-one.

(iii) Let z € C. Then there exists y € B such that g(y) = z since g is onto C. Since f is onto B,
there exists x € A such that f(z) =y. Thus, (go f)(z) = g(f(z)) = g(y) = z. Hence, go f isonto C. =

Example 1.4.12 Consider the function f : Z — Z and g : Z — B, where f(n) = n? and g(n) = 2n for
alln € Z. Then go f : Z — E and (go f)(n) = g(f(n)) = g(n?) = 2n?.

Theorem 1.4.13 Let f: A— B, g: B—C, and h: C — D. Then
ho(go f)=(hog)of.
That is, composition of functions is associative.

Proof. First note that ho(go f): A— D and (hog)o f: A— D. Let x € A. Then

[ho(go N)l(x) =h((ge f)x)) =hg(f(x)) = (hog)(f(z)) =[(hog)e fl(z).

Thus, by the equality of two functions, ho(go f) = (hog)of. m
Let A be a set and f: A — A. Recursively, we define

fi(z) f(z)
frit@) = (fofm)(x)

forallz € A, n e N.

Let A and B be sets. A and B are said to be equipollent, written A ~ B, if there exists a one-one
function from A onto B, i.e., the elements of A and B are in one-one correspondence.

From Theorem 1.4.11, it follows that ~ is an equivalence relation. If A ~ B, then sometimes we
write |A| = |B|. It is immediate that if A and B are finite sets, then |A| = |B| if and only if A and B
have the same number of elements.

The following lemma, which follows from Theorem 1.4.11(ii), is of independent interest. We give a
direct proof of this result.

Lemma 1.4.14 Let A be a set and f: A — A be a one-one function. Then f*: A — A is a one-one
function for all integers n > 1.

Proof. Suppose there exists n > 1 such that f™ is not one-one. Let m > 1 be the smallest positive
integer such that f™ is not one-one. Then there exist z, y € A such that z # y and f™(z) = f™(y).
But then f(f™ (z)) = f(f™ '(y)) and hence f™~!(z) = f™!(y) since f is one-one. Now since m is
the smallest positive integer such that f™ is not one-one, f™~! is one-one. Hence, x = y, which is a
contradiction. Thus, f™ is one-one for alln > 1. =

That one-one functions on a finite set are onto is proved next.

Theorem 1.4.15 Let A be a finite set. If f : A — A is one-one, then f is onto A.



1.4. Functions 27

Proof. Let y € A. Now f"(y) € A for all n > 1. Hence,

{v. f(W), f*(y),...} C A

Since A is finite, all elements of the set {y, f(y), f2(y), ...} cannot be distinct. Thus, there exist positive
integers s and ¢ such that s > ¢ and f*(y) = f'(y). Then ft(f5t(y)) = f*(y). Hence, f*~t(y) = y since
by Lemma 1.4.14, f* is one-one. Let x = f*~*~!(y) € A. Then f(x) = y. Hence, f is onto A. m

Definition 1.4.16 Let A and B be sets and f: A — B.
(i) f is called left invertible if there exists g : B — A such that

gof=ia.

(ii) f is called Tight invertible if there exists h : B — A such that
foh=ig.

A function f: A — B is called invertible if f is both left and right invertible.

Example 1.4.17 Let f : Z — Z and g : Z — Z be as defined below.

f(n)=3n

(n) = 3 if n is a multiple of 3
y "1 0ifn is not a multiple of 3

for allm € Z. Now
(feg)n) = flg(n)
_ n zfn is a multiple of 3
o 0 if n is not a multiple of 3.
n)) =

Hence, fog #iz. But (go f)(n) = g(f( g(3n) = n for alln € Z. Thus, go f = iy. Hence, g is a

left inverse of f.

Often we are required to find a left (right) inverse of a function. However, not every function has
a left (right) inverse. Thus, before we attempt to find a left (right) inverse of a function, it would be
helpful to know if a given function has a left (right) inverse or not. The following theorem is very useful
in determining whether a function is left (right) invertible or invertible.

Theorem 1.4.18 Let A and B be sets and f : A — B. Then the following assertions hold.
(i) f is one-one if and only if f is left invertible.
(i) f is onto B if and only if f is right invertible.
(i) f is one-one and onto B if and only if f is invertible.

Proof. (i) Suppose f is left invertible. Then there exists g : B — A such that go f = i4. Let x,
y € Abesuch that f(z) = f(y). Then g(f(z)) = g(f(y)) or (9o f)(x) = (go f)(y). Hence, ia(x) = ia(y),
i.e., x = y. Thus, f is one-one.

Conversely, suppose f is one-one. Then for y € B, either y has no preimage or there exists a unique
xy € A such that f(z,) =y. Fix ¢ € A. Define g : B — A by

(y) = x  if y has no preimage under f
9Ny = xy if y has a preimage under f and f(z,) =y

for all y € B. By the definition of g, D(g) = B. To show g is well defined, suppose y,y’ € B and y = y/'.
Then either both y and " have no preimages or there exist unique z,,z,, € A such that f(z,) =y and
f(zy) =y'. Suppose both y and y’ have no preimages. Then g(y) = « = g(y'). Now suppose there exist
unique z,, v, € A such that f(z,) =y and f(z,) =y’ Thus, g(y) = z, and g(y') = . Since y = ¢/,
we have f(z,) = f(z,). Since f is one-one, z, = z,» and so ¢g(y) = g(y'). We have thus shown that g is
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well defined and so g is a function. We now show that go f =i4. Let u € A and suppose f(u) = v for
some v € B. Then by the definition of g, g(v) = u. Thus,

(g0 f)(u) = g(f(uw) = g(v) = u=ia(w).

Hence, go f =i4.

(ii) Suppose f is right invertible. Then there exists g : B — A such that fog=1ip. Let y € B. Let
z=g(y) € A. Now y =ig(y) = (f o 9)(y) = f(9(y)) = f(). Hence, f is onto B.

Conversely, suppose f is onto B. Let y € B. Since f is onto, there exists € A such that f(z) = y.
Let Ay ={z € A| f(z) =y}. Then A, # (). Choose z, € A, for all y € B. Define h : B — A such that
h(y) = z, for all y € B. Then h is a function. Let y € B. Then (foh)(y) = f(h(y)) = f(zy) =y = iB(y).
Hence, f o h =ip and so f is right invertible.

(iii) The result here follows from (i) and (ii). =

Let f : A — B be invertible. Let g be a left inverse of f and h be a right inverse of f. Then gof =14
and foh =ip. Now g =goig =go(foh)= (gof)oh=r44s0h=h. Thus, if f is invertible, then
left and right inverses of f are the same. This also proves that the inverse of a function, if it exists, is
unique.

If f is an invertible function, then the inverse of f is denoted by f~!.

Let f: A— B and A’ C A. Then f induces a function from A’ into B in a natural way as defined
next.

Definition 1.4.19 Let f : A — B and A’ be a nonempty subset of A. The restriction of f to A,
written f|as, is defined to be

flar ={(@', (@) | =" € A"}

We see that f|4s is really the function f except that we are considering f on a smaller domain.

Definition 1.4.20 Let f : A’ — B and A be a set containing A’. A function g : A — B is called an
extension of f to A if glar = f.

Example 1.4.21 Consider the function f : & — Z and g : Z — Z, where f(2n) = 2n+1 and g(n) = n+1
for all n € Z. Then g is an extension of f to Z and f is the restriction of g to B. Let the function
h:Z — Z be defined by for allm € Z, h(m) =m+ 1 if m € B and h(m) = m if m ¢ B. Then h is an
extension of f to Z. However, h # g. Thus, a function may have more than one extension.

In Section 1.1, we defined the Cartesian cross product, A x B, of two sets A and B. We now extend
this notion to a family of sets {A, | @ € I}, where I is an index set. First let us make the following
observation: Suppose I = {1,2}. Let S be the set of all functions f : I — AU B such that f(1) € A
and f(2) € B. Then every function f € S defines an ordered pair (f(1), f(2)) € A x B. Conversely,
given z € A and y € B, define f € S by f(1) = z and f(2) = y. Then the ordered pair (z,y) defines
a function f € S. Hence, there is a one-one correspondence between the elements of S and A x B. We
now define the Cartesian product of {4, | a € I}.

Let {A, | @ € I} be a family of sets. The Cartesian (cross) product of {A, | « € I}, denoted
by [[aer Aa, is defined to be the set

{f1f:I—UserAq and f(a) € A, for all a € T}.

Let f € [[ocr Aa- Then f(a) € A, for all a € I. Let us write f(a) = x, for all a € I. We usually write
(T )aer for f,ie., a typical member of [],.; Aq is denoted by (24)acr, where z, € A, for all o € 1.

Suppose I = {1,2,...,n} is a finite set. Then the Cartesian product [[,.; A, is denoted by A; x
As X -+ x Ap. A typical member of 47 x Ag X -+ x A, is denoted by (z1,z2,...,z,), x; € A; for all
i1 =1,2,...,n. The elements of A1 x Ay x --- x A, are called ordered n-tuples. For two elements
(1,22, Tn)s (Y1,Y2, -y Yn) € A1 X Ag X -+ X A, (21,22, .., 20) = (Y1,Y2,---,Yn) if and only if
x; = y; for all 4.
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Worked-Out Exercises

Exercise 1

Determine which of the following mappings f : R — R are one-one and which are onto R :

(i) f(z) =z +4,

Solution

Exercise 2

Solution

(ii) f(z) = 2?

for all z € R.

(i) Let x,y € R. Suppose f(x) = f(y). Then x +4 = y + 4 or = y. Hence, f is one-one. Now
f is onto R if and only if for all y € R there exists € R such that f(z) = y. Let y € R. If
f@) =y, then z +4 =y or x = y — 4. Also, y — 4 € R. Thus, we can take = to be y — 4. Now
fly—4) =y —4+4=y. Hence, f is onto R.

(ii) We note that f(z) is a nonnegative real number for all € R. This means that negative real
numbers have no preimages. In particular, for all € R, f(x) = 2% # —1. Hence, f is not onto R.
Also, f(—=1) = 1= f(1) and —1 # 1. Thus, f is not one-one. Thus, f is neither one-one nor onto
R.

(i) Let f : Z — Z be a mapping defined by

f@) = z if z is even
V= 2z +1if zis odd

for all x € Z. Find a left inverse of f if one exists.

(ii) Let f : Z — Z be the mapping defined by f(x) = |z| + = for all x € Z. Find a right inverse of
f if one exists.

(i) By Theorem 1.4.18, f has a left inverse if and only if f is one-one. Before we attempt
to find a left inverse of f, let us first check whether f is one-one or not. Let z,y € R and
f(z) = f(y). By the definition of f, f(z) is even if = is even and f(z) is odd if x is odd. Thus,
since f(z) = f(y), we have both = and y are either even or odd. If x and y are both even then
f(z) = z and f(y) = y and so x = y. Suppose = and y are odd. Then f(z) = 2z + 1 and
fly) =2y + 1. Then 2z + 1 =2y + 1 or x = y. Hence, f is one-one and so f has a left inverse.
Thus, there exists a function g : Z — Z such that g o f =iz. Let € Z. Suppose z is even. Now
x =1z(x) = (go f)(x) = g(f(z)) = g(z). This means g(x) = x when z is even. Now suppose z
is odd. Then z = iz(z) = (go f)(z) = g(f(z)) = g(2z + 1). Put t = 2z + 1. Then « = 51, This
shows that g(z) = &5 if 2 is odd. Thus, our choice of g is

() = x if z is even
9\&) = z=1 if 2 is odd.

(ii) Note that f(x) = || +x > 0 for all x € Z. This shows that negative integers do not belong to

Z(f)-

In particular, f(z) # —1 for all z € Z. Thus, f is not onto Z and so f does not have a right

inverse.

Exercise 3

Solution

Let X and Y be nonempty sets and f: X — Y. If ' C X, then f(7T') denotes the set {f(z) | x € T'}.
f(T) is called the image of T under f. Prove that f is one-one if and only if

f(ANB) = f(A)N f(B)
for all nonempty subsets A and B of X.

Suppose that f is one-one. Let A and B be nonempty subsets of X. Let y € f(A N B). Then
y = f(z) for some z € AN B. Hence, y € f(A) N f(B). Thus, f(AN B) C f(4) N f(B). Now let
y € f(A)N f(B). Then y € f(A) and y € f(B). Thus, y = f(a) for some a € A and y = f(b) for
some b € B. Since f is one-one and f(a) = f(b), we find that a = b. Thus, y € f(AN B). Hence,
f(A) N f(B) C f(AN B). Consequently, f(ANB) = f(A) N f(B).
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Conversely, suppose that f(AN B) = f(A) N f(B) for all subsets A and B of X. Suppose f is not
one-one. Then there exist z,y € X such that f(z) = f(y) and © # y. Let A = {z} and B = {y}.
Since ANB =10, f(ANB) = 0. However, f(A)Nf(B) = {f(z)} # 0. Thus, f(ANDB) # f(A)Nf(B),

a contradiction. Hence, f is one-one.

Exercise 4 Let A be a nonempty set and E be an equivalence relation on A. Let B = {[z] | z € A}, i.e., B is
the set of all equivalence classes with respect to E. Prove that there exists a function f from A
onto B. The set B is usually denoted by A/F and is called the quotient set of A determined by
E.

Solution Define f : A — B by f(x) = [z] for all x € A. By the definition of f, D(f) = A. Let z,y € A.
Suppose z = y. Then [z] = [y] and so f(z) = f(y). Thus, f is well defined. Let [a] € B. Then
a € A and f(a) = [a]. Hence, f is onto B.

Exercise 5 Let S={r € R| -1 <z < 1}. Show that R ~ §.
Solution Define f: R — S by

o
1+ |z

f(=)

for all x € R. Let € R. Then —|z| < = < |z|, =1 — |z| < —|z|, and |z] < 1+ |z|. Hence,
—1—|z| <z <1+]z|. Thus, -1 < 9 < landso —1< f(z) < 1. This shows that f(x) € S.

Let z,y € R and f(z) = f(y). Then %‘z‘ = %Iy\ Thus, %“m‘ = 1|+y|‘y|. This implies that

@ + [=[ |yl = [y + |||y and so |z| = |y|. Now 55— = 17 implies that > 0 if and only if
y > 0. Therefore, since |z| = |y|, « = y. Thus, f is one-one.
Now let z € Rand -1 < z< 1. If 0 < z < 1, then
P z V4
f ): 1—z — 172z = .
1 — Z 1 + 1iz 1 + 1—2
If -1 < 2 <0, then
z liz 1j-z
f( ) = = — = Z.
1+2 L+ |15 I+ %

Hence, f is onto R. Consequently, R ~ S.

Exercises
1. Determine which of the following mappings f : R — R are one-one and which are onto R :
(i) f(z) =z +1,
(ii) f(z) = 2%,
(iil) f(z) = |z|+ =
for all x € R.

2. Consider the function f = {(x,2%) |z € S} of S = {-3,-2,—1, 0, 1, 2, 3} into Z. Is f one-one?
Is f onto Z7

3. Let f: Rt - R and g : RT™ — R* be functions defined by f(z) = v/z and g(z) = 3z + 1 for all
x € RT, where R* is the set of all positive real numbers. Find fogand go f.Is fog=go f?

4. Let f: QT - R and g: R — R be defined by f(z) = 1+% for all z € Q" and g(z) = x + 1 for all
x € R, where Q7 is the set of all positive rational numbers. Find g o f.
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5.

10.

11.

12.

13.
14.

15.

16.
17.

For each of the mappings f : Z — Z given below, find a left inverse of f whenever one exists.
(i) f(x) =2+ 2,
(i) f(z) = 2z,
2o
(iii) f(z) = { if z is even

2
5 if x is odd
for all z € Z.

. For each of the mappings f : Z — Z given below, find a right inverse of f whenever one exists.

(i) f(z) =z =3,
(i) f(z) = 2z,
x if x is even
(iif) f(ac)—{ x4+ 1if z is odd
for all x € Z.
Let A ={1,2,3}. List all one-one functions from A onto A.
Let A={1,2,...,n}. Show that the number of one-one functions of A onto A is n!

Let f : A — B be a function. Define a relation R on A by for all a,b € A, aRb if and only if
f(a) = f(b). Show that R is an equivalence relation.

Given f: X — Y and A, B C X, prove that

(i) fLAUB) = f(A)U f(B),

(ii) f(ANB) C f(A) N f(B),

(i) f(A\B) C f(A)\f(B) if f is one-one.

Given f: X — Y. Let S CY. Define f~1(S) ={z € X | f(z) € S}. Let A, B C Y. Prove that
(i) 71 AuB) = 1AV (B,

(i) f7H(ANB) = 1A N fH(B),

(iii) f~H(A\B) = fHA\fH(B).

Let f: A — B. Let f* be the inverse relation, i.e.,

[ ={ly,z) e Bx Al f(z) =y}

i) Show by an example that f* need not be a function.

(

(ii) Show that f* is a function from Z(f) into A if and only if f is one-one.

(iii) Show that f* is a function from B into A if and only if f is one-one and onto B.
(

iv) Show that if f* is a function from B into A, then f~! = f*.
Show that Z~E, where E is the set of all even integers.

Let A={z eR|0<z<1}and B={z € R|5 <z <8} Show that f : A — B defined by
f(x) =54+ (8 — 5)x is a one-one function from A onto B.

(i) Show that Z and 3Z are equipollent.
(ii) Show that 5Z and 7Z are equipollent.

Let S={x € R|0 <z < 1}. Show that RT™ ~ S.

(Schroder-Bernstein) Let A and B be sets. If A ~ Y for some subset Y of B and B ~ X for
some subset X of A, prove that A ~ B.
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18. Find a one-one mapping from R onto RT.
19. Is Z ~ Q7
20. Let A={z eR|0<z<1}and B={z € R|0 <z <1}. Is it true that A ~ B?

21. For each of the following statements, write the proof if the statement is true, otherwise give a
counterexample.

(i) A function f: A — B is one-one if and only if go f = ho f for all functions g,h : B — A.
(ii) A function f: A — B is one-one if and only if for all subsets C of A, f(A\C) 2 B\ f(C).

1.5 Binary Operations

The concept of a binary operation is very important in abstract algebra. Throughout the text we will
be concerned with sets together with one or more binary operations. In this section, we define binary
operations and examine their basic properties.

Definition 1.5.1 Let S be a nonempty set. A binary operation on S is a function from S x S into

S.

For any ordered pair (z,y) of elements x,y € S, a binary operation assigns a third member of S. For
example, + is a binary operation on Z which assigns 3 to the pair (2,1).

If * is a binary operation on S, we write x % y for *(z,y), where z,y € S. Since the image of * is a
subset of S, we say S is closed under x.

7Z is closed under + since if we add two integers we obtain an integer. Since 2,5 € Nand 2 -5 =
—3 ¢ N, we see that — (subtraction) is not a binary operation of Nand we say that N is not closed under

Definition 1.5.2 A mathematical system is an ordered (n + 1)-tuple (S, *1,...,%y), where S is a
nonempty set and *; is a binary operation on S, 1 = 1,2,....,n. S is called the underlying set of the
system.

Definition 1.5.3 Let (S, *) be a mathematical system. Then
(i) * is called associative if for all x,y,z € S,x x (y* 2z) = (x * y) * 2.
(ii) * is called commutative if for all x,y € S;x*xy =y * x.

Example 1.5.4 Consider the mathematical system (Z,+). Since addition of integers is both associative
and commutative, + is both associative and commutative.

Example 1.5.5 Let A be a nonempty set. Let S be the set of all functions on A, i.e.,
S={f|f:A— A}

Since composition of functions is a function (Theorem 1.4.11), (S,0) is a mathematical system. By
Theorem 1.4.13, o is associative.

Example 1.5.6 Let Ma(R) be the set of all 2 x 2 matrices over R, i.e.,

MQ(R):{[ “ Z ] a,b,qdeR}.

C

Let + denote the usual addition of matrices and - denote the usual multiplication of matrices. Since
addition (multiplication) of 2 X 2 matrices over R is a 2 x 2 matriz over R, it follows that + ( - )
is a binary operation on My(R). Hence, (M2(R),+,-) is a mathematical system. Note that + is both
associative and commutative and - is associative, but not commutative.
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The following is an example of a mathematical system for which the binary operation is neither
associative nor commutative.

Example 1.5.7 Consider the mathematical system (Z,—), where — denotes the binary operation of
subtraction on Z. Then 3 — (2—-1) =2 # 0 = (3—2) —1 and so — is not associative. Also, since
3—2+#2—3, — is not commutative.

A convenient way to define a binary operation on a finite set S is by means of an operation or
multiplication table. For example, let S = {a,b, c}. Define * on S by the following operation table.

To determine the element of S assigned to a * b, we look at the intersection of the row labeled by a
and the column headed by b. We see that a xb = b. Note that b*a = a.

Definition 1.5.8 Let (S, *) be a mathematical system. An element e € S is called an identity of (S, x)
if for all x € S,

EXT =T =T*xE€.

Example 1.5.9 Let S = {e,a,b}. Define x on S by the following multiplication table

We note that exa=a=axe,exb=b=bxe and exe =e =exe. Thus, e is an identity of (S, *).

Example 1.5.10 (i) In Example 1.5.5, i 4 is an identity element of (S, o).

(ii) In Example 1.5.6, [ 8 8 ] is an identity element for the mathematical system (Ma2(R), 4+) and

[ (1) (1) } is an identity element for the mathematical system (Ma(R),-).

Theorem 1.5.11 An identity element (if it exists) of a mathematical system (S, *) is unique.

Proof. Let e, f be identities of (5, *). Since e is identity, e * a = a for all a € S. Substituting f for
a, we get

exf=f. (1.4)

Now f is identity and so a * f = a for all a € S. Substituting e for a we get
exf=e. (1.5)

From Egs. (1.4) and (1.5), we get e = f. Hence, an identity element (if it exists) is unique. ®

Worked-Out Exercises
Exercise 1 Which of the following are associative binary operations?
(i) (Z, %), where x xy = (x +y) — (z - y) for all z,y € Z.
(i) (R,x*), where z * y = max(z,y) for all z,y € R.
(iii) (R, *), where x xy = |z 4 y| for all z,y € R.
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Solution (i) (z*y)*z = ((x+y)—(z-y)*z=(@+y) — (@ -y)+z —(@+y)- (- y) z=v+y+
z—c-y—c-z—y-z+x-y-z Similarly, c* (y*x2) =x+y+z—c-y—c-z2—y-z+x-y- 2
Thus, (x xy) * z = x x (y * z). Hence, * is associative.

(ii) (z*y)*z = max(z,y)*z = max(max(z,y), z) = max(x,y, z) = max(z, max(y, z)) = r+xmax(y, z)
=z % (y * z). Thus, * is associative.

(iii) (2% (=3))*6 =2+ (=3)|*6=1%6=[14+6] =7 and 2% ((=3) x6) = 2* (|(—3) +6]) =
2%3=2+3| =5. Hence, (2% (—3)) x6 # 2% ((—3) *6) and so * is not associative.

Exercises

1. Which of the following are associative binary operations?
(i) (N, *), where z xy = 2V for all x,y € N.

(i) (Z,*), where zxy =2 +y + 1 for all z,y € Z.
(iii) (N, ), where z x y = ged(z,y) for all 2,y € N.
(iv) (N, %), where z x y = lem(x, y) for all z,y € N.
(v) (R, %), where x x y = min(z,y) for all z,y € R.

(vi) (R, x), where z xy = |z| + |y| for all z,y € R.
2. In Exercise 1, which of the operations are commutative?

3. In Exercise 1, which mathematical systems have an identity?



Chapter 2

Introduction to Groups

There are four major sources from which group theory evolved, namely, classical algebra, number the-
ory, geometry, and analysis. Classical algebra originated in 1770 with J. L. Lagrange’s work on poly-
nomial equations. His work appeared in a memoir entitled, “Réflexions sur la résolution algébrique des
équations.” C. F. Gauss is considered the originator of number theory with his work, “Disquistiones
Arithmeticae,” which was published in 1801. F. Klein’s lecture in 1872, “A Comparative Review of Re-
cent Researches in Geometry,” dealt with the classification of geometry as the study of invariants under
groups of transformations. The impact of his lecture was so strong as to allow Klein to be considered
as the originator of this source of group theory. The originators of the analysis source are S. Lie (1874)
and H. Poincaré and F. Klein (1876).

2.1 Elementary Properties of Groups

In this chapter, and in fact in the remainder of the text, we will be concerned with mathematical systems.
These systems are composed of a nonempty set together with binary operations defined on this set so
that certain properties hold. From these properties, results concerning these systems are derived. This
axiomatic approach to abstract algebra unifies diverse examples and also strips away nonessential ideas.

Although noted for his geometry, Euclid inspired the use of the axiomatic method, which has proved
so indispensable in mathematics. His axiomatic approach also affected philosophy, where in the 17th
century Baruch Spinoza laid down (in The Ethics) an axiomatic system from which he was able to prove
the existence of God. His proof, of course, depended on his axioms. His proof lost its conviction with
the emergence of noneuclidean geometries whose axioms were as logical and practical as Euclid’s.

We will be primarily concerned with mathematical systems called groups in this chapter. The theory
of groups is one of the oldest branches of abstract algebra. The first effective use of groups was in
the early nineteenth century by A. Cauchy and E. Galois. They used groups to describe the effect of
permutations of roots of a polynomial equation. Their use of groups was not based on an axiomatic
approach. In 1854, A. Cayley gave the first postulates for a group. However, his definition was lost sight
of. Kronecker again set down the axioms for an Abelian group in 1870. H. Weber gave the definition for
finite groups (in 1882) and the definition for infinite groups in 1883.

As previously mentioned, the notion of a group arose from the study of one-one functions on the set
of roots of a polynomial equation. We have seen that the set S of all one-one functions from a set X
onto itself satisfies the following properties:

(i) Composition of functions, o, is a binary operation on S.

(ii) For all f,g,h € S, fo(goh)=(fog)oh.

(iii) There exists ¢ € S such that foi=f=4io f forall f € S.

(iv) For all f € S there exists an element f~! € S such that fo f~' =i=f~1of.

These properties lead us to the definition of an abstract group.

35
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Definition 2.1.1 A group is an ordered pair (G,x*), where G is a nonempty set and % is a binary
operation on G such that the following properties hold:
(G1) For all a,b,c € G, ax* (bxc) = (axb)x*c (associative law).
(G2) There exists e € G such that for all a € G, axe =a = e xa (existence of an identity).
(G3) For all a € G, there exists b € G such that axb=e =bx*a (eristence of an inverse).

Thus, a group is a mathematical system (G, *) satisfying axioms G1 to G3.

Example 2.1.2 Consider Z, the set of integers, together with the binary operation +, where + is the
usual addition. We know that + is associative. Now 0 € Z and for all a € Z,

a+0=a=0+a.
So 0 is an identity. Also, for all a € Z, —a € Z and
a+(—a)=0=(—a)+a.
That is, —a is an inverse of a. It now follows that (Z,+) satisfies axioms G1 to G3, so (Z,+) is a group.

As in Example 2.1.2, we can show that (Q,+), (R,+), (C,+) are also groups, where + is the usual
addition.

Example 2.1.3 Consider Q\{0}, the set of nonzero rational number, together with the binary operation
-, where - is the usual multiplication. We know that - is associative. Now 1 € Q and for all a € Q,

a-1l=a=1-a.

So 1 is an identity. Also, for all a € Q\{0}, 2 € Q\{0} and

=1l=-"a.
a

IS

a -

This implies that L is an inverse of a. It now follows that (Q\{0},-) satisfying azioms G1 to G3, so
(Q\{0},-) is a group.

As in Example 2.1.3, we can show that (R\{0},-), (C\{0},-) are also groups, where - is the usual
multiplication. Note that for each of the groups (R\{0},), (C\{0}, ) the identity element is 1.

Example 2.1.2 shows that 0 is an identity of (Z,+) and for each element a € Z, —a is an inverse of
a. Similarly, Example 2.1.3 shows that 1 is an identity of (Q\{0},-) and for each element a € Q\{0},
% is an inverse of a. The next theorem shows that in a group there is only one identity element, i.e.,
identity element is unique. Similarly, in a group, every element has only one inverse, i.e., the inverse of
an element is unique.

Theorem 2.1.4 Let (G, %) be a group.
(i) There exists a unique element e € G such thatexa=a=axe for alla € G.
(i) For all a € G, there exists a unique b € G such that axb=e =bx*a.

Proof. (i) Now (G, ) is group. Therefore, by G2, there exists e € G such that exa = a = a x e for
all a € G. Because (G, *) is a mathematical system, e is unique by Theorem 1.5.11.

(ii) Let a € G. By G3, there exists b € G such that a x b = e = b* a. Suppose there exists ¢ € G such
that a x ¢ = e = ¢ *x a. We show that b = c. Now

b = bxe
= bx(axc) (substituting e = ax*c)
= (bxa)*c (using the associativity of *)
= exc (because b a =€)
= c

Thus, b is unique. =
The unique element e € G that satisfies G2 is called the identity element of the group (G, ). Let
a € G. Then the unique element b € G that satisfies G3 is called the inverse of a and is denoted by
-1
a .
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Remark 2.1.5 By Theorem 2.1.4, it follows that for each of the groups (Z,+), (Q,+), (R,+), and
(C,+), the identity element is 0. Similarly, for each of the groups (Q\{0},-), (R\{0},-), and (C\{0},),
the identity element is 1.

Before giving additional examples of groups, let us make the following definition.

Definition 2.1.6 Let (G,*) be a group. If for all a,b € G
axb=>bxa,

then (G, x) is called a commutative or Abelian group. A group (G,*) is called noncommutative if
it 18 mot commutative.

Example 2.1.7 Consider the group (Z,+) of Example 2.1.2. Because a +b ="b+ a for all a,b € Z, it
follows that + is commutative. Hence, (Z,4) is a commutative group.

Similarly, (Q,+), (R,+), (C,+), (Q\{0},-), (R\{0},), (C\{0},-) are also commutative groups, where
+ is the usual addition and - is the usual multiplication.

Next we consider additional examples of (commutative) groups.

Example 2.1.8 Consider Z, the set of integers. Let a be a fized integer. Let
G={na|neZ}

That is, G consists of all multiples of a. Note that G C Z.

Now 0 =0a € G. So it follows that G is nonempty. Because + is commutative and associative on Z
and G is a subset of Z, it follows that + is commutative and associative on G. Moreover, note that 0 is
the identity element of G. Also for each na € G, —(na) = (—n)a € G and

na + (—(na)) = 0 = (—(na)) + na.
We can now conclude that (G,+) is a commutative group.

Let n be a fixed positive integer, Chapter 1 extensively describes the set Z,, and the binary relation
=,on Z,. The next example shows that Z, together with the binary relation +,, as defined in that
example, is a commutative group. The next two examples are, in fact, due to Gauss’s, whose work
yielded many new directions of research in Abelian groups.

Example 2.1.9 Let n be a fized positive integer. Consider Z,, (as defined in Examples 1.3.11). Let +,
be defined on Z,, by
[a] 4+ [b] = [a + b].
Recall that [a] = {x € Z | x =, a}. We show that (Zy,+n) is a commutative group.
First, we show that +,, is a binary operation on Z,. Let [a], [b] € Z,,. Then [a] +, [b] = [a + b] € Z,.
Neat let, [a],[b],[c],[d] € Zy,. Suppose [a] = [c] and [b] = [d]. Then a = c(mod n) and b = d(modn).
Thus, there exist s,t € Z such that

a—c=mns and b—d =nt.
This implies that
a+b—(c+d)=(a—c)+ (b—d)=ns+nt =n(s+1).

Thus, a+b = (c+d)(mod n), so [a+b] = [c+d]. This implies that [a]+, [b] = [c]+n [d]. Consequently,
4, is well-defined. It now follows that +,, is a binary operation on Z,,.
For all [a], [b], [c] € Z,,

([a] +n [0]) +n ] = [a+b] +n]c] by the definition of +,
= [(a+b)+¢ by the definition of +,
[a+ (b+ )] becasue + is associative on Z
= Jla]+n [0+ by the definition of +,
= la]+n ([0) +n [¢]) by the definition of +,, .
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This implies that, +,, is associative.
Now [0] € Z,, and for all [a] € Zp,
[a] +n [0] = [a+ 0] = [a] = [0+ a] = [0] ++ [a].
This shows that [0] is the identity element. Also, for all [a] € Zy,, [—a] € Z,, we have
[a] +n [-a] = [a—a] = [0] = [-a + a] = [~a] ++ [a].
Thus, [—a] is the inverse of [a]. Finally, for all [a],[b] € Zy,
[a] +n [b] = [a +b] = [0+ a] = [b] +» [a],
80 4, is commutative. Hence, (Zy,+n) is a commutative group.
Example 2.1.10 Let n be a fized positive integer. Consider Z, (as defined in Examples 1.3.11). Let -,

be define on Zy, by for all [al, [b] € Zy,
[a] - [b] = [ab].

First we show that -, is a binary operation on Zy,. Let [a], [b] € Z,,. Then [a] -, [b] = [ab] € Z,,. Next
let, [a], [b], [c], [d] € Z. Suppose [a] = [¢] and [b] = [d]. Then a = c¢(mod n) and b = d(modn). Thus,
there exist s,t € Z such that

a—c=mns and b—d=nt.

This implies that

ab—cd = ab—bec+bc—cd=>bla—c)+c(b—d)
= bns+ cent = n(bs + ct).

Thus, ab = cd(mod n), so [ab] = [cd]. This implies that [a] -, [b] = [¢] -n [d]. Consequently, -, is well-
defined. It now follows that -, is a binary operation on Zy,. Thus, (Zy, -n) is a mathematical system.

Moreover, as in Example 2.1.9, we can show that -, is associative.
Now [1] € Z,, and for all [a] € Z,,

[a] -n 1] = la-1] = [a] = [1-a] = [1] - [a].

This implies that [1] is the identity element.

Let [a] € Zy, and [a] # [0]. We leave it as an exercise to show that [a] has an inverse if and only if
ged(a,n) = 1. Thus, we see that in general, not every element of Z,\{[0]} has an inverse.

For example if n = 6, then the only elements of Zg that have inverses are [1], [3], and [5]. Hence, in
general (Z,\{[0]}, ») is not a group.

Let Uy, be the set of all elements of Z,\{[0]} that have an inverse in (Z,\{[0]}, n), i-e.,

Un = {la] € Z,\{[0]} | ged(a, n) = 1}.

We ask the reader to verify in Exercise 10 (page 55) that (U, ) is a group.
Note that for n =8, Us = {[1], [3], [5], [7]} and forn =71,

Ur ={[1], 2], 3], [4], [5], [6]} = Z7\{[0]}-

Example 2.1.11 Let

Qv2] = {a+bv2|a,beQ}.
Note that Q[v/2] C R. Now 0 = 04 0v/2 € Q[v/2]. This shows that Q[v/2] # (. Define + on Q[v/2] as
follows: for all a + b\/2, ¢+ dv2 € Q[vV2),

(a+bV2) + (c+dV2) = (a+b) + (c + d)V?2).
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It is easy to see that + is a binary operation on Q[v/2]. Note that + is the usual addition. Because
Q[V2] C R, it follows that + is associative and commutative on Q[v/2]. Neat, for all a + bv/2 € Q[V/2],

(a+bV2) + (0+0vV2) = a+ bv2 = (04 0V2) + (a + bV?2).

Thus, 0 = 04-0v/2 is the identity element of (Q[v/2], +). Note that the inverse of a-+by/2 is —a+(—b)v/2.
Hence, (Q[v/2], +) is a commutative groups.

In a similar manner, we can show that (Q[v/2]\{0},-) is a commutative group, where - is the usual
multiplication. Note that the identity of (Q[v/2]\{0},-) is 1 = 1 + 0v/2 and the inverse of a + b\/2 # 0
is i — waw V2

Example 2.1.12 Let P(X) be the power set of a set X. Consider the operation A on P(X). Then for
all A, B € P(X),
AAB = (A\B) U (B\A).

It can be verified that A is a binary operation on P(X) and A is associative.
Now ) € P(X). Let A € P(X). Then

(A\D) U (0\A)
= AUD because A\D = A and P\NA =10
= A

AAD

Similarly, DAA = A. Thus, AAD = A = QAA. It now follows that D is the identity element.
Neaxt,
AAA = (A\A)U(A\A)
= QU
0

because A\NA =0 and A\A =10

This implies that A is the inverse of A, i.e., A is ils own inverse. We can now conclude that (P(X),
A) is a group.
We also note that for all A, B € P(X)

AAB = (A\B)U(B\A)

= (B\A)U(A\B)
= BAA.

This shows that A is commutative on P(X). Consequently, (P(X),A) is a commutative group.

Example 2.1.13 Let X be a set and Sx the set of all one-one functions of X onto X, i.e.,
Sx ={f:X — X | f is a one-one function of X onto X}.

Because iy, the identity function on X, is one-one and onto X, ix € Sx. Thus, Sx # (.

Let f,g € Sx. Then fog is a one-one function of X onto X by Theorem 1.4.11. Hence, fog € Sx.
By Theorem 1.4.13, o is associative. Also, for all f € Sx, f7' € Sx and fof™' =ix = f~1of.
Consequently, (Sx,o) is a group.

Note that, (Sx,0) is not necessarily commutative. For example, let X = {a,b,c}. Let f,g € Sx be
defined by

fla)=b,f(b) = a, f(c) =¢,
g(a) =b,9(b) = ¢, 9(c) = a.
Then
(fog)(b) = fg(b)) = flc) =c
and
(90 f)(b) = g(f(b)) = g(a) = b.
This implies that (f o g)(b) # (g o f)(b). Hence, fog+# go f. Thus, (Sx,o) is not commutative.
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Example 2.1.14 Let GL(2,R) = {{ (cL

* on GL(2,R) by
a b I A N T bw av+ bs
c d w s | | cut+dw cv+ds

] , [ ZZ Z ] € GL(2,R). This binary operation is the usual matriz multiplication. Note
S

] | a,b,c,d € R, ad — bc # O} . Define a binary operation

[SHES)

GL(2,R). Thus, GL(2,R) # 0.
0

Because matriz multiplication is associative, x is associative. Next consider the matrix 01|

Because 1-1—0-0 =1 # 0, it follows that [ (1) (1) Z

alelon )=l a]=[ov] e ]

] € GL(2,R). Moreover, for any { Z ] € GL(2,R)

This implies that [ } is the identity element of GL(2,R).

4 _=b
Let [ (i b } € GL(2,R). Then ad — bc # 0. Consider the matriz { ad—be ad-be } . Because

d ad—bc ad—bc
d —b —
L e __ 1! £0,
ad—bc ad—bc ad—bc ad—bc ad— bc
we have
d —b
|: ad_—cbc adgbc :| c GL(2, R)
ad—bc ad—bc
Now J 7b
|: a b :| * |: ad_—cbc ad;bc :| _ |: 1 O :|
c d ad—bc ad—bc 0 1
and

|:addbc adbbc:|*|:ab:|:|:10:|
adj:bc ad(ibc ¢ d 0 1}
_d_ _=b
Thus, | @d-be ad_be ] is the inverse of { ¢
ad—bc  ad—bc ¢

Next note that

Z ] . Hence, (GL(2,R), %) is a group.

[(1) ”[} HeGL(Q,R)

ERN R E R L TR FR IR E

Hence, (GL(2,R), %) is a noncommutative group.

and

Remark 2.1.15 The group in Example 2.1.14 is known as the general linear group of degree 2.

We now prove some elementary properties of a group in the following theorem.

Theorem 2.1.16 Let (G, %) be a group.
(i) (")t =a foralla € G.
(ii) (a*xb)"t =b"txa~! for all a,b € G.
(iii) (Cancellation Law) For all a,b,c € G, if either axc=bxc or cxa=cxb, then a =b.
(iv) For all a,b € G, the equations a* x =b and y * a = b have unique solutions in G for x and y.
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Proof. (i) Let a € G. Then a™! xa = e = a*xa~!. Thus, by the definition of an inverse of an
element, a is an inverse of a~'. However, by Theorem 2.1.4, the inverse of an element is unique in a
group. Therefore, because (a=!)~! denotes the inverse of a~!, it follows that (a=!)~! = a.

(ii) Let a,b € G. Then

(axb)x (b7 txa™l) = ((axb)xb ) xa!
= E (?*b ) xat

1 is an inverse of a*b. Because the inverse of an element

—1

Similarly, (b=t xa~1)*(axb) = e. Hence, b= xa~
is unique in a group and (a * b)~! denotes the inverse of a * b, it follows that (axb)™' =b"1 xa
(iii) Let a,b,c € G. Suppose a * ¢ = b c. Now

(a*c)x* = (bxc)*
= ax(cxc ) bx(cxc 1) (by the associativity of *)
= axe=bxe (becasue cx ¢! =e)
= a=hb

Similarly, if ¢ *x a = ¢ x b, then we can show that a = b.
(iv) Let a,b € G. First we consider the equation

axx=hb.
Now a~! % b € G. Substituting a~! * b for z in the equation a * = b, we obtain
ax(atxb)=(axa ) xb=ecxb=0b.

This implies that a~! * b is a solution of the equation a * z = b.
We now establish the uniqueness of the solution. Suppose c is any solution of a*xxz = b. Then axc = b.
Hence,
c = exc
= (atxa)xc (because a=!*a =e)
= alx(axc) (because * is associative)
= alxb (because a * ¢ = b).

1

This yields the uniqueness of the solution.
Similar arguments hold for the equation y xa =b. m

Corollary 2.1.17 Let (G, *) be a group and a € G. If axa = a, then a = e.

Proof. Suppose a = a * a. This implies that a x a = a * e. By the cancellation law, a = e. B

Corollary 2.1.18 In a multiplication table for a group (G, x), each element appears exactly once in each
row and exactly once in each column.

Proof. Let b € G be such that b occurs twice in the row labeled by a € G. Then there exists u,v € G
with u # v such that a * u = b and a * v = b. This implies that the equation a * x = b has (at least) two
distinct solutions, which are u and v. This is a contradiction to Theorem 2.1.16(iv) because the equation
a * x = b has a unique solution for x.

A similar argument for columns can be used. m

Let (G, *) be a group and a, b, ¢ € G. Then by the associative law,

x (bxc) = (axDb)x*

Hence, we can define
axbxc=ax((bxc)=(axb)xc
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Let a,b,c,d € G. Then
(axbxc)xd

(a*(bxc))xd
ax((bxc)*d))
= ax(bx(cxd))
(a*xb)* (cxd)
= ((axb)xc)*d.
Thus, there is more than one way of inserting parentheses in the expression a * b * ¢ * d to produce a

“meaningful product” of a,b,c,d (in this order). We now extend this notion to any finite number of
elements.

Definition 2.1.19 Let (G, *) be a group and ai,as,...,a, € G be n elements of G (not necessarily
distinct). The meaningful product of ay,as,...,a, (in this order) is defined as follows:

If n =1, then the meaningful product is a;.

If n > 1, then the meaningful product of a1, as, ..., a, is any product of the form

(a1 %+ % Q) * Qa1 %+ % ap),

where 1 < m < n and (a1% -+ * ap) and (@my1* - * an) are meaningful products of m and n —m
elements, respectively.

Definition 2.1.20 Let (G,*) be a group and ay,as,...,a, € G, n > 1. The standard product of

a1,0a2,...,0, denoted by a1x as* --- % ay, is defined recursively as
aq = a1
ayp xagx---xa, = (ap*ag*- - kan_1)*ka, ifn> 1

In the next theorem, we establish the equality between any meaningful product and standard product.

Theorem 2.1.21 Let (G, *) be a group and ai,as,...,a, € G, n > 1. Then all possible meaningful
products of ay,as,...,a, (in this order) are equal to the standard product of ai,az, ...,a, (in this
order).

Proof. We prove the result by induction.

Basis step: If n = 1, then a; is the only meaningful product of a1, which is equal to the standard
product aj of a;. Thus, the result is true if n = 1.

Inductive hypothesis: Suppose that the theorem is true for all integers m such that 1 < m < n.

Inductive step: Let a1,as, ...,a, € G. Let (a1% -+ % as) * (az41% - - - % ap,) be a meaningful product
of aj,as, ...,a, (in this order). Now t <nand n—t <n.If t =n — 1, then

(@1 % Qg % % Q) * Qpp1 = Q1 kA k-« k Qg % Q1.
Suppose t < n — 1. Then

(ay % -+ % a) * (appr * - * ay)
(ay %% ap) * ((appr % % Qp_1) *ap)
= ((ar % -*ap)*(app1 % *ap_1)) *ap
(a1 % ag % - *ap_1)*ap by the inductive hypothesis,
(ay # - -k ag)*(apr1 - *an_1)
=Qa1*a2 % - *Ap_1.
= ap*x---*kap

This shows that the result is true for n. The result now follows by induction. =

We have seen several examples of groups. In order to show that a given set with a given binary
operation is a group, we need to verify G1 to G3 of Definition 2.1.1. However, it would be helpful if we
had some criteria that could be used to show whether a given set with a binary operation is a group
or not instead of verifying all the properties G1-G3 explicitly. Partly for this reason we define what a
semigroup is. Following the examples, we develop some results that can be used to test whether a given
set with a binary operation is a group or not.
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Definition 2.1.22 A semigroup is an ordered pair (S,*), where S is a nonempty set and * is an
associative binary operation on S.

Thus, a semigroup is a mathematical system with one binary operation such that the binary operation
is associative.

Remark 2.1.23 For any group (G,x*), the binary operation * is associative. Therefore, every group
(G, %) is a semigroup.

As in the case of a group, next we define a commutative semigroup.

Definition 2.1.24 A semigroup (S, *) is commutative if * is commutative, i.e., a xb = b+ a for all
a,b € S. A semigroup (S, *) which is not commutative is called noncommutative.

Definition 2.1.25 Let (S, ) be a semigroup.
(i) We say that (S,*) is with identity if the mathematical system (S, *) has an identity.
(i) An element a € S is called idempotent if a * a = a.

Example 2.1.26 (i) Consider N, the set of positive integers. We know that the sum of positive integers
s again a positive integer. Thus, + s a binary operation on N. We also know that + is associative and
commutative. Thus, (N,4) is a commutative semigroup. In a similar manner, (N,-) is a commutative
semigroup, where - denotes the usual multiplication of integers.

(ii) Because (Z,+) is a commutative group, it is a commutative semigroup. Also note that (Z,-) is a
commutative semigroup.

Example 2.1.27 Let X be a nonempty set and S the set of all functions f : X — X. If o denotes the
composition of functions, then (S,0) is a semigroup with identity. The associativity of o follows from
Theorem 1.4.13.

When X has two or more elements, the semigroup (S,0) is noncommutative. For example, let
X ={a,b}. Let g,h € S be defined by

g(a) =0, g(b) =b, h(a) =b, h(b) = a.
Then
(goh)(a) =b#a=(hog)(a)
Therefore, goh # hog.
Let f € S be defined by f(a) = a and f(b) = a. Now
(feg)(@) = f(g(x)) = a= f(h(z)) = (foh)(z)
for all x € G. Hence, fog= foh. But g # h. This shows that the cancellation laws do not hold in S.
Thus, (S,0) is not a group.

Example 2.1.28 Let X be a set with two or more elements and S’ the set of all functions f: X — X
which are not one-one. Then (S’,0) is a noncommutative semigroup without identity.

Example 2.1.29 Let X be a set and P(X) the power set of X. We leave it as an exercise that (P(X),U)
and (P(X),N) are commutative semigroups with identity. The identity of (P(X),U) is  and the identity
of (P(X),N) is X.

The following three theorems give necessary and sufficient conditions for a semigroup to be a group.
Theorem 2.1.30 A semigroup (S, *) is a group if and only if

(i) there exists e € S such that exa = a for alla € S, (i.e., e is a left identity), and
(ii) for all a € S there exists b € S such that bxa = e, (i.e., every element has a left inverse).
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Proof. Suppose (S,x*) is a semigroup that satisfies (i) and (ii). Let a be any element of S. Then
there exists b € S such that b*a = e by (ii). For b € S, there exists ¢ € S such that cxb = e by (ii). Now

a=exa=(cxb)xa=cx(bxa)=cxe

and
axb=(cxe)xb=cx(exb)=cxb=e.

Hence, a xb =¢e = b+ a. Also,
axe=ax(bxa)=(axb)xa=e*xa=a.

Thus, a * e = a = e * a. This shows that e is the identity element of S. Now because a xb = e = b*a, we
have b = a~!. Therefore, (S, *) is a group.
The converse follows from the definition of a group. m

Remark 2.1.31 To verify that a specific nonempty set is a group, we can use Theorem 2.1.30 as follows:
Show that (1) the operation, say *, defined on the set is well-defined; (2) * is associative; (3) the set has
a left identity; and (4) every element has a left inverse. For example, see Worked-Out Exercises 1, 2,
and 8 at the end of this section.

Remark 2.1.32 The analog of Theorem 2.1.30 is given in Ezercise 39 at the end of this section.

Theorem 2.1.33 A semigroup (S, *) is a group if and only if for all a,b € S the equations a xx = b
and y * a = b have solutions in S for x and y.

Proof. Suppose the given equations have solutions in S. Let a € S. Consider the equation y * a = a.
By our assumption, y * @ = a has a solution u € S, say. Then u * a = a. Let b be any element of S.
Consider the equation a * x = b. Again by our assumption, a * x = b has a solution in S. Let c € S be a
solution of a x x = b. Then a * ¢ = b. Now

uxb = wux(axc) (becauseb=ax*c)
= (uxa)xc (because * is asociative)
= axc (because u * a = a)
= b

Because b was an arbitrary element of S, we find that uw+ b = b for all b € S. Thus, (5, %) satisfies (i) of
Theorem 2.1.30. Consider the equation y x a = u. Let d € S be a solution of y * a = u. Then d * a = u.
This shows that (S, *) satisfies (ii) of Theorem 2.1.30. Hence, (5, %) is a group by Theorem 2.1.30.

The converse follows by Theorem 2.1.16(iv). m

The next theorem gives a necessary and sufficient condition for a finite semigroup to be a group.

Theorem 2.1.34 A finite semigroup (S, *) is a group if and only if (S, *) satisfies the cancellation laws
(i.e., ax c=bx*c impliesa=b and cxa = c*b implies a = b for all a,b,c € S).

Proof. Let (S, *) be a finite semigroup satisfying the cancellation laws. Let a,b € S. Consider the
equation a * x = b. We show that this equation has a solution in S.

Let us write S = {a1,as, ..., a,}, where the a;’s are all distinct elements of S. Because S is a
semigroup, a x a; € S for all i = 1,2,...,n. Thus,
{a*xai,axas,...,a*xa,} CS.

Suppose a * a; = a * a; for some i # j. Then by the cancellation law we have a; = a;, which is a
contradiction because a; # a;. Hence, all elements in {a * a1,a *as, ..., a*a,} are distinct. Thus,

S={a*xaj,axas,...,a*ay}.
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Let b € S. Then b = a * a, for some a; € S. Therefore, the equation a * © = b has a solution in S.
Similarly, we can show that the equation y * a = b has a solution in S. Hence, by Theorem 2.1.33, (S, )
is a group.

The converse follows by Theorem 2.1.16(iii). m

Let (G, ) be a group, a € G, and n € Z. We now define the integral power a” of a as follows:

a® = e
a" = axa" tifn>0
a® = (a7H™™ifn<O0.

Note that a = (=)t if n < 0.

Example 2.1.35 Let X = {a,b,c} be a nonempty set and Sx be the set of all one-one functions from
X onto X. Then as in Ezample , (Sx,0) is a group, where o is the composition of functions. Consider
the function f: X — X such that

fla) =0b, f(b) =c, f(c)=a.
Note that f is a one-one function of X onto X, so f € Sx. Now f? = f o f. Let us determine f2. We
have
fA(a) = (fo f)a) = f(f(a)) = f(b) = c.
Similarly, f?(b) = a and f*(c) = b. Thus, f> € Sx is defined by f*(a) = ¢, f?(b) = a and f*(c) = b.

It should be pointed out that when we use additive notation for the binary operation *, we speak of
multiples of an element a of the group (G, +), which are defined as follows:

0a = 0, where the 0 on the right-hand side denotes the identity of the
group (G, +) and the 0 on the left-hand side denotes the integer 0.

na = a+(n—1)a ifn>0.

na = (—n)(—a) ifn<O0.

Note that, by the notation na, we do not mean n and a multiplied together because no multiplicative
operation between elements of Z and G has been defined.

Example 2.1.36 Consider the group (Ze¢,+¢) and [3] € Zs. We have
2[3] = [3] +¢ [3] = [6] = [0].
Similarly,
3[5] = [5] ¢ 2[5] = [5] +6 ([5] +6 [5]) = [5] +6 [10] = [15] = [3].
Note that 15 =2-6+ 3, so [15] = [3].

Remark 2.1.37 Let n be a fixed positive integer. Consider the group (Zy,~+r). Let [a] € Z,,. For any
integer k, by induction, we can show that

kla] = [ka).

In the exercises at the end of this section, we ask the reader to verify certain basic properties of
integral powers.

Definition 2.1.38 A group (G, *) is called o finite group if G has only a finite number of elements.
The order, written |G|, of a group (G,x*) is the number of elements of G.

Remark 2.1.39 Ezample 2.1.9 shows that for every positive integer n, there is a commutative group of
order n.

The groups in Examples 2.1.9 and 2.1.10 are finite groups.
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Definition 2.1.40 A group with an infinite number of elements is called an infinite group.

Klein and Lie’s use of groups in geometry influenced the turn from finite groups to infinite groups.

Example 2.1.41 The groups in Examples 2.1.7, 2.1.8, and 2.1.11 are infinite groups.

Let G be a finite group and a € G. Now a? = a*a € G and by induction, we can show that a™ € G for
all m > 1. Thus, {a,a?,...,a™,...} C G. Because G is finite, all elements of the set {a,a?,...,a™,...}
cannot be distinct. Hence, a* = a! for some positive integers k,l, k& > [. This implies that a*~! = e.
Let us write n = k — [. Therefore, a’™ = e for some positive integer n. Also, if G is an infinite group
and a € G, then it may still be possible that a™ = e for some positive integer n. This leads us to the

following definition.

Definition 2.1.42 Let (G, %) be a group and a € G. If there exists a positive integer n such that a™ = e,
then the smallest such positive integer is called the order of a. If no such positive integer n exists, then
we say that a is of infinite order.

Notation 2.1.43 We denote the order of an element a of a group (G, *) by o(a).

The concept of the order of an element is very important in group theory. We shall see in later
chapters how effectively information about the order of an element of a group reveals the nature of the
group and in several instances leads us to determine the structure of the group itself.

Example 2.1.44 Consider the group (Ze,~+¢). Ze has order 6. Consider the element [1]. Now

11} =[] #[0],  2[1) = [2] # [0],
3] =B #[0]  4{1] = [4] # [0]
Al =4 #[0] 5[] =[5] #[0]
6[1] = [6] = [0].

This implies that 6 is the smallest positive integer such that 6[1] = [0]. Hence, o([1]) = 6. For [2] we have

12l =[] # [0,  2@2]=[]#[0], 3[2]=[6] = [0].

That is, 3 is the smallest positive integer such that 3[2] = [0]. Hence, o([2]) = 3.
In a similar manner, we can show that o([0]) = 1, o([3]) = 2, o([4]) = 3, and o([5]) = 6.

Example 2.1.45 Consider the group G(2,R) of Example 2.1.14. Also consider the elements [ f)l _01 }

11

(md{o 1

] . Note that both these elements are in G(2,R). Now

L0 3 =]

—_
o |
—_

This implies that the order of

| |
3] =[o ] fa s =0 ] a 7]

By induction, we can show that

O =

I L n L
0 1 =10 1 for all positive inetegers n.

This implies that the order of { (1) } } 1s infinite.
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Let G be a group and a € G. If o(a) is infinite, then by the definition of the order of an element it
follows that o(a*) is also infinite for all £ > 1, i.e., the order of every positive power of @ is also infinite.
If o(a) is finite, then the next theorem tells us how to compute the order of various powers of a.

Theorem 2.1.46 Let (G, ) be a group and a be an element of G such that o(a) = n.
(i) If a™ = e for some positive integer m, then n divides m.
(ii) For every positive integer t,

o n

ol@) = ged(t,n)

Proof. (i) By the division algorithm, there exist ¢,r € Z such that m = ng + r, where 0 < r < n.
Now

a"=a""MM=a"xa " =ad"x%x(a")T=ex(e) I =e.

Now o(a) = n. Therefore, n is the smallest positive integer such that a™ = e. However, a” = e and
0 <7 < n. Thus, we must have that » = 0. This implies that m = nq. Hence, n divides m.

(ii) Let o(a?) = k. Then a** = e. By (i), n divides kt. Thus, there exists r € Z such that kt = nr.
Let ged(t,n) = d. Then there exist integers v and v such that

t =du, n =dv, and ged(u,v) =1

by Exercise 9 (page 16).

Now kt = nr implies that kdu = dvr. Thus, ku = rv, i.e., v divides ku. Now ged(u,v) = 1 and v
divides ku. So v divides k. Because % = v, we have % divides k.

Now

We therefore have o(a’) = k and (a*)@ = e . Therefore, as in (i), k divides %. Because k and % are
positive integers such that k divides % and % divides k, we must have k = %. Hence,
t = k = E = L.
°(@) d  ged(t,n)

Definition 2.1.47 A group (G, *) is called a torsion group if every element of G is of finite order. If
every nonidentity element of G is of infinite order, then G is called a torsion-free group.

Exercise 2.1.48 (i) The group of Example 2.1.44 is a torsion group.

(i1) The groups (R, +), (RT,-), (Q7,) are torsion-free groups.

(iii) Consider the group (R\{0},-). Now (—1)? =1, so o(—1) = 2. However, if z € R\{0} such that
x # 1 and x # —1, then x is of infinite order. It now follows that the groups (R\{0},-) has elements of
finite as well as infinite orders. Hence, (R\{0}, ") is neither a torsion group nor a torsion-free group.

We close this chapter with the following example. The ideas set forth in this example are due to
Klein.

Example 2.1.49 Imagine a square having its sides parallel to the axes of a coordinate system and its
center at the origin.
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Figure 2-1 Rigid motions of a square

We label the vertices as in the figure and we allow the following rigid motions of the square: clockwise
rotations of the square about the center and through angles of 90°, 180°, 270°, 360°, say, r90, 7180, 7270,
7360, respectively; reflections h and v about the horizontal and vertical axes; reflections dy, do about the
diagonals. The diagrams in Figure 2-2 should prove helpful.

1 2 1 2 1 2 1 4
360 d
4 3 4 3 4 3 2 3
1 2 4 1 1 2 3 2
M9 d,
4 3 3 2 4 3 4 1
1 2 3 4 1 2 4 3
180 h
—=» —_—
4 3 2 1 4 3 1 2
1 2 2 3 1 2 2 1
Ma70 v
—= —_—
4 3 1 4 4 3 3 4

Figure 2-2 Rigid motions of a square

A multiplication * on two rigid motions can be defined by performing two such motions in succession.
For example, r9g * h is determined by first performing motion h and then the motion rog, see Figure 2-3.

90

4 3 1 2 2 3

Figure 2-3 Motion h followed by the motion T9g; Tog * h
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In Figure 2-3, we see that rog x h = d1. The complete multiplication table for the operation x follows.

* T360 T9o  Tigo Toro D v dy dy

T360 | T360 Too  Tigo T270 h v dy da

Teo | Too  Tiso T270 T360 d1 do v h

T180 | T180 T270 T360 Too U h do dy

Toro | T270  T360 Too  Tiso  d2 dq h v (2.1)
h h dy v dy T360 T180 T270 T90

v v dy h da T80 T360 T90  T270

dy dy h do v T9o  T270 T360 T180

dy dy v dy h Te70  Too  T180  T'360

We leave it for the reader to verify that the set of rigid motions of a square is a group under the operation
x. We also note that rseo is the identity element.

This group of rigid motions of a square is known as the group of symmetries of the square. Let
us denote this group by Sym. Then

Sym = {7360, 790, 180, T270, I, v, d1, d2 }.

Now h * 1979 = di # dy = 1979 * h. Therefore, the group Sym is noncommutative.

Let us now determine the order of the elements. Consider rog. Now

2 _ _ 3 _ .2 _
T90 = T90 * T90 = T'180, T'9p = T9o * 790 = 7270,
and
4 _ .3 _
7"90 = 7"90 * 790 = 7'360-

Thus, o(rgp) = 4. Next, we have

o(riso) = o(rg)
4 (by Theorem 2.1.46)

Similarly,
o(ra70) =4, o(h)=2,0(v) =2,0(dy) =2, and o (dz) = 2.

Let us write o = rog and § = do. Then
o =r150, & =170, &' =360, Bra=v,Bx0a’ =dyi, and fxa® = h.

Also, note that
Bra=atxp=axp.
Thus, we see that
Sym: {6,0&,0[27043,,6,,6*04”6*(12”6 * 043}.

Finally, we make the following observations. Consider rog. We can think of rog as a one-one function
of {1,2,3,4} onto {1,2,3,4} by defining

TQO(l) =2, 7“9()(2) = 3,7“9()(3) =4, r90(4) =1.

In a similar manner, we can consider other rigid motions of the square as one-one functions of {1,2, 3,4}
onto {1,2,3,4}.

Remark 2.1.50 A fundamental phenomenon of nature is that of symmetry. A figure or an object is
said to have a symmetry if a rotation, a translation, an inversion, a minor reflection, or a combination
of these operations leaves the figure or object indistinguishable from its original position. The 1890s saw
the first application of group theory to the natural and physical sciences. An important application of
group theory was to crystallography. Groups were used to give a theoretical classification of the different
kinds of symmetry arrangements possible within crystalline matter 20 years before experimental means
were available for analyzing the crystals themselves.
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Remark 2.1.51 Group theory is used in quantum mechanics. It is used to study the atom’s internal
structure. In the 1950s, a new generation of particle accelerators produced a variety of subatomic par-
ticles. Group theory was used to predict the existence of a tenth nucleon in a tenfold symmetry scheme
of nucleons of which nine particles had already been detected. In 1964, the tracks of Omega-Minus, the
tenth nucleon, were identified.

Worked-Out Exercises

{ Exercise 1

Solution:

{ Exercise 2

Let G={a € R| —1 < a < 1}. Define a binary operation * on G by

_a+b
T 1l+ab

ax*b

for all a,b € G. Show that (G, ) is a group.

Note that —1 < z < 1 if and only if 22 < 1 for all z € R.

Let a,b € G. First we show that a *b € G. Now a? < 1 and b < 1. Thus,
(1—a*)(1-b% >0.

This implies that
1—a*—b* +a%b* > 0.

Now (1 + ab)? — (a +b)? = 1+ a?b? + 2ab — a® — b* — 2ab =1 — a® — b> + a?b? > 0, s0

a+b

1+ab

( )2 < 1.

Therefore, a x b € G. Hence, G is closed under *. We now show that * is well defined. Let
a,b,c,d € G and (a,b) = (¢,d). Then a = ¢ and b = d. Thus,

a+b c+d
14+ab 14ed

axb=

So * is well defined. To show that * is associative, let a, b, c € G. Now

a+b

a+b Trap TC a+b+c+ abe
(a*xb)xc=——xc= — = .
1+ ab 1+(1‘fab)c 1+ ab+ac+be
Similarly,
a+b+c+ abe
ax(bxc)=

"~ 1+ab+ac+bc
Therefore, (a*b)*c = ax(bxc), so * is associative. So far, we have shown that (G, %) is a semigroup.
Now 0 € G and

Oxa= =a foralaeegG.

This shows that (G, %) satisfies (i) of Theorem 2.1.30.
Let a € G. Then —a € G and
(—a)*a = _—ata _
1+ (-a)a

Thus, (G, *) satisfies (ii) of Theorem 2.1.30. Consequently, by Theorem 2.1.30, (G, %) is a group.
Let G = {(a,b) | a,b € R, a # 0} = R\{0} xR. Define a binary operation * on G by
(a,b) * (c,d) = (ac, b+ d)

for all (a,b), (¢,d) € G. Show that
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b

(a) (G,*) is a group,

(b)

¢) G has no elements of order 3.
)

G has exactly one element of order 2,

(
Solution: (a) Asin Worked-Out Exercise 1, we show that (G, *) satisfies the conditions of Theorem 2.1.30.
Let (a,b), (¢,d) € G. Then a # 0 and ¢ # 0, so ac # 0. Thus, (a,bd) * (¢,d) = (ac,b+d) € G.
Hence, G is closed under .

It is a direct computation to verify that * is well defined and associative, so we ask the reader
to do the verification. Now (1,0) € G and

(1,0) * (a,b) = (1a,0 + b) = (a,b) for all (a,b) € G.

This implies that (G, *) satisfies (i) of Theorem 2.1.30.
Let (a,b) € G. Then a # 0, so + € R and 1 # 0. Thus, (2, -b) € G. Now

(%, —b) % (a,b) = (%a, b4 b) = (1,0).

This implies that (G, %) satisfies (ii) of Theorem 2.1.30.
By Theorem 2.1.30, we can conclude that (G, %) is a group.
(b) First note that (—1,0) € G and

(=1,0) % (—1,0) = (1,0).

Thus, (—1,0) is of order 2. We now show that this is the only element of order 2 by showing
that if (a,b) is any other element of G of order 2, then (a,b) = (—1,0).

Let (a,b) € G be an element of order 2. Then

(a,b) * (a,b) = (1,0)
implies that

(a®,b4b) = (1,0).

Therefore, a®> = 1 and b = 0. Now a? = 1 implies that a = £1. If a = 1, then (a,b) = (1,
which is a contradiction because (1,0) is of order 1. Hence, a = —1. This implies that (a, )
(—1,0). It now follows that (—1,0) is the only element of order 2.

(¢) Suppose that (a,b) is an element of order 3. Then

0),

(a,b) % (a,b) * (a,b) = (1,0).
This implies that
(a®,3b) = (1,0).

Thus, a® = 1 and b = 0. Now a® = 1 implies that a = 1. Hence, (a,b) = (1,0). This means that
(1,0) is of order 2. However, (1,0) is of order 1, so we have a contradiction. Consequently, G
has no element of order 3.

¢ Exercise 3 Let G be the set of all rational numbers except —1. Show that (G, *) is a group where
axb=a+b+ab
for all a,b € G.

Solution: As in Worked-Out Exercise 1, we show that (G, *) satisfies the conditions of Theorem 2.1.30. Our
first step is to show that x is well defined. Let a,b,c,d € G and (a,b) = (¢,d). Then a = ¢ and
b = d. Thus,
axb=a+b+ab=c+d+cd=cxd.
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{ Exercise 4

Solution:

{ Exercise 5

Solution:

{ Exercise 6

Solution:

Exercise 7
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Hence, * is well defined. Let a,b € G. Then a # —1 and b # —1. We now show that a xb € G by
showing that a b # —1 and a * b is a rational number. Suppose a xb = —1,i.e., a+b+ab= —1.
Then

(a+1)(b+1)=0.
This implies that either (a + 1) = 0 or (b+ 1) = 0, i.e., either a = —1 or b = —1, which is a
contradiction. Therefore, a x b # —1.

Now the addition and multiplication of rational numbers is a rational number, so it follows that
a * b is a rational number. Hence, a x b € G. Thus, * is a binary operation on G.

Let a,b,c € G. Then

(axb)xc = (a+b+ab)xc
a+b+ab+c+ ac+ bc+ abe
a+ (b+c+be)+alb+c+ be)
a+bxc+a(bxc)

= ax(bxc).

This shows that x is associative. Thus, (G, ) is a semigroup. Now 0 € G and
Oxa=0+a+0-a=a

for all a € G. Hence, (G, x) satisfies (i) of Theorem 2.1.30. Now for all a € G, a+ 1 # 0. Note that
—o47 # —1. Therefore, — %7 € G and
a —a+a+a®—a?

= =0.
a+1)a

a a ( ]
a _—+a+ —

*
a+1 a+1

This implies that (G, *) satisfies (ii) of Theorem 2.1.30. Hence, by Theorem 2.1.30, (G, %) is a
group.

Let G be a group and x € G. Suppose o(x) = mn, where m and n are relatively prime. Show that
there exist y, z € G such that x =y * 2z = z x y and o(y) = m and o(2) = n.

Because ged(m, n) = 1 there exist s,t € Z such that 1 = ms + nt. Now x = g™5+nt = gms x gnt,

Let y = 2™ and z = 2™°. Then x = y * 2 = z x y. Now y™ = (a™)™ = 2™"* = e. Hence, o(y)
divides m. Similarly, o(z) divides n. Suppose o(y) = m and o(z) = ny. It is an easy exercise to
verify that (y* 2)! = y! % 2! for all positive integers I. Thus, 2™ = (y* 2)™17 = yMim 4 zMn =
e x e = e. Hence, mn | miny. But because my | m and ny | n, we must have m = my and n = n;.

Let (G, *) be a group of even order. Show that there exists a € G such that a # e, a® = e.

Let A={geG|g#g '} CG. Thene¢ A. If g€ A, then g~! € A, i.e., elements of A occurs in
pairs. Therefore, the number of elements in A is even. This implies that the number of elements
in {e} U A is odd. Because the number of elements in G is even and {e} U A C G, there exists
a € G such that a ¢ {e} U A. But then a # e and a ¢ A. Hence, there exists a € G such that a # e
and a =a"! or a? =e.

Let (G, *) be a group and a,b € G. Suppose that a xb =bx*a~! and bxa = a * b~1. Show that
at=b=e.

Because a xb =bxa"!,a =bxa ! «b"!. Similarly, b = axb ! xa~!. Thus, bxa =axb"! =

(bxa=txb~1)xb~! = bxa~txb~2. Multiply both sides of the equation bxa = bxa~txb=2 by b1 to
get @ = a~txb~2. This implies that a? = b=2. Hence, a* = a?xa? = a®>xb"2 = ax*(axb~)xb~! =
ax(bxa)*b™ ' = (axb)xaxb = (bxa ) xaxb ' =bx(a"lxa)xb P =bxrexb ! =e. Also,

r=a*=e.

Let (G, *) be a group and a,b € G. Suppose that a x b" = "1 x @ and b * a™ = a™*! b for some
n € N. Show that a = b =e.
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Solution: Multiply both sides of the equation a * " = b"*T! x a by b~" to get @ = b"*! x a * b~". Thus,
a? = axa = ax b" T Lxaxb™" = (ax b")xbxaxb™" = (b" T xa)xbxaxb™™ = b" Lk (axb)xaxb™". Now
a’® = axa? = ax (b x(axb)xaxb™") = (a*xb")xbx(axb)xaxb™™ = (b" L xa)xbx (a*xb)xaxb™" =
b % (@ % b)? % a x b~ ™. Hence, we see that we could use induction to obtain

a" ="k (axb)" L xaxb " (2.2)

for all n € N. Also,

bxa™ = a"tlxb
axa” xb
ax (0" x(a*xb)" Lraxb ") xb
ax b s (ax )"t xaxbtn
(@xb™)xbx* (axb)" Lxaxb ™™
("L xa)xbx (axb)" Lraxb™"
= lx(axb)"xaxb,

which implies that
a” =b" % (axb)" xaxb" (2.3)

From Egs. (2.2) and (2.3),
'k (axb)" P xaxb " =b"* (axb)" xaxb ",
which implies that
bx(axb)" txa=(axb)"xaxb= (axb)"T

Thus,
(@xb)"t = bx(axb)" txa
= bx((a*xb)x---x(axb)) xa

n—1 times
= (bxa)*---*(bxa) (24)
n times
= (bxa)™.
Interchange the role of a and b to get
(bxa)"™ = (axb)". (2.5)

Hence, (a*b)" = (b*xa)"™ = (bxa)" x (bxa) = (a*b)"" x (b*a), so e = (a xb) x (b* a), which
implies that

a®=0b""2 (2.6)

Now
bxa" =bxa’xa" 2 =bxb 2xa" 2 =b"txa"? (2.7)

and
a"xb=a"""Txa?xb=a""1xb2xb=0a""txb L. (2.8)

Thus, from Egs. (2.7) and (2.8) it follows that b=! xa"2 = a" "1 x b~ s0
a" P =b1xa" kb= (b xaxb)" 2 (2.9)
Now b a™ = a™T! % b implies that
a® = (b~ xaxb)"tL. (2.10)

Hence, a” = (b= xaxb)" ! = (b7 xaxb)" 2% (b~ xaxb)3 =a" 1 x (b~! xax*b)3, which implies
that a = (b™! % a* b)® = b~! x a3+ b. Thus, a® * b = b * a. Therefore, bxa = a®> xb = ax a®> xb =
axb 2xb=axb"! by Eq. (2.6). That is, we have

bxa=axb"" (2.11)
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Exercise 8

Solution:
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Similarly,
axb=>bxa ' (2.12)
Now a*b = b*a~! implies that axbxa = b. Thus, b = a*xbxa = axaxb~! [by Eq. (2.11)]. Hence,
2 _ 32
a® =b".

Suppose n is even. Then a? = b? implies that a™ = b™. Hence, a * b® = b"t! x ¢ implies that
a"t! = a" xb*a, so b = e. Similarly, a = e. Suppose n is odd. Let n = 2k + 1. Then a?* = b?*.
Now a*b" = b"tl xa = axb* 1 =212 5 g = a*a® b= a?**? x a. Thus, b = a? = b%. Hence,
b = e. Similarly, a = e.

(Hays) Let (S, x) be a semigroup. Show that S is a group if and only if for all a € S there exists
a unique b € S such that a xb*a = a.

Suppose for all a € S, there exists a unique b € S such that a *b*a = a. Let a € S. Then there
exists b € S such that a xbxa = a. Thus, axbxaxb=axb, so (a*b)?> =ax*b. Hence, S has an
idempotent element. If (S, *) is to be a group, then it can have only one idempotent (Corollary
2.1.17), namely, the identity element. Therefore, first we show that S has only one idempotent.

Suppose e and f are two idempotents in S. Because e x f € S, there exists a unique g such
that (ex f)*xgx(ex f) = exf. Now (ex f)x(gxe)x(ex f) = (ex f)xg*x(exe)*x f =
(exf)xgxes f = (exf)xgx(ex f) = ex f. Because g is unique such that (ex f)*gx*(ex f) = (ex f), it
follows that gxe = g. Similarly, because (exf)x(fxg)*(exf) = (exf)xg*(exf) = ex [, the uniqueness
of g implies that fxg = g. Also, (ex f)x(gx(ex f)*xg)*(exf) = ((exf)xgx(ex[f))xg*(exf) =
(e* f)* g* (ex* f). Again, the uniqueness of g implies that g * (e * f) * g = g. Hence, g> = g g =
(gxe)*(f*xg) =g*(exf)*xg=g. Thus, g is an idempotent. Now g = gxg*g and gx(ex f)xg = g.
Hence, by the uniqueness of the middle element g = e % f. Therefore, e x f is an idempotent. Now
(exf)xfx(exf) = (ex(f*f))x(exf) = (exf)x(exf)=exf and similarly (ex f)xex*(exf) =exf.
By the uniqueness of the middle element, it follows that e = f. Hence, S has a unique idempotent
element.

Let e be the idempotent element of S. Let a € S. Then there exists b € S such that a xb*a = a,
which implies that (a*b)? = axb. Hence, a*xb = e. Also, axb*a = a implies that bxaxbxa = bx*a.
Thus, b * a is an idempotent. Hence, bx a = e. Also, a x b x a = a together with axb=e =bxa
implies that e x a = a = a * e. Therefore, ¢ is the identity element. Because a xb=e=bxa, b is
an inverse of a. Consequently, (S, *) is a group.

Conversely, suppose (S,*) is a group. Let a € S. Note that a * a=! x a = a. This shows the

existence of an element b € S such that a * b * a = a, namely, b = a~'. To show the uniqueness,
suppose there exist b,c € S such that axbxa =a and a*c*a =a. Then axb*xa =a* c*a and
by the cancellation laws, b = c¢. Thus, b is unique such that a xb*a = a.

Exercises

1.

Which of the following mathematical systems are semigroups? Which are groups?

N, %), where a * b = a for all a,b € N.

Z,%), where axb=a — b for all a,b € Z.

R, %), where a * b = |a|b for all a,b € R.

R, ), where axb=a+b+ 1 for all a,b € R.
R

*
~— —

o{[5 2]1[ % 2[4 8] munacs)

and * is the usual matrix multiplication.
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© »®» N o o

10.

11.
12.
13.

14.
15.

16.
17.
18.
19.

20.
21.
22.
23.
24.

.Leth{

(h) (G, x*), where G is the set of all matrices of the following form over Z

O O =
S = Q
— 0o o

and * is the usual matrix multiplication.

Let G = {(a,b) | a,b € R, b # 0}. Define a binary operation x on G by (a,b) * (¢,d) = (a + bc, bd)
for all (a,b), (c,d) € G. Show that (G, *) is a noncommutative group.

a b

d
multiplication. (This group is usually denoted by SL(2,R) and is called the special linear group
of degree 2.)

] | a,b,c,d € R, ad —bc = 1}. Show that G is a group under usual matrix

1 n
Leth{[O 1

matrix multiplication. Also, show that (G, ) is torsion-free.

| n e Z} . Show that (G, *) is a commutative group, where * denotes the usual

In Zy4, find the smallest positive integer n such that n[6] = [0].
Find an element [b] € Zg such that [8] g [b] = [1]. Does [b] € Uy?
In Usy, find the smallest positive integer n such that [7]™ = [1].
Describe Uy, Ug, U1o, Usy of Example 2.1.10.

Let p be a prime. Show that U, = Z,\{[0]}.

Let U,, = {[a] € Z,\{[0]}| ged(a,n) = 1}. Show that (Up,-,) is a group, where -, is the multipli-
cation modulo n.

Show that U, = {[a] € Z,\{[0]} | additive order of [a] =n }.
Let (G, *) be a group and a,b € G. Suppose that a®> = e and a * b* x a = b". Show that b33 = e.

Let (G, *) be a group and a,b € G. Suppose that = *b? xa = b3 and b~! xa? xb = a>. Show that
a=b=e.

Let (G, *) be a group. If a,b € G are such that a* = e and a? * b = b * a, show that a = e.

Let (G, *) be a group and x,a,b € G. Let c = x*a*2~ ! and d = x*bxx~!. Show that axb=bxa
if and only if cxd =d * c.

Let (G, *) be a group such that a? = e for all a € G. Show that G is commutative.
Prove that a group (G, *) is commutative if and only if (a *b)™* =a~! *b~! for all a,b € G.
Let (G, *) be a group. Prove that if (a * b)? = a? x b2 for all a,b € G, then (G, %) is commutative.

Prove that a group (G, ) is commutative if and only if for all a,b € G, (a % b)™ = a™ * b™ for any
three consecutive integers n.

Let ( be a group. If G has only two elements, prove that G is commutative.

Let (

G, *)

Let (G, *) be a group and a,b,c € G. Find an element = € G such that a * z x b = ¢. Is z unique?
G, %) be a group and a,b € G. Show that (a*bxa~1)" = a*b" xa~! for all integers n.
G, *)

Let ( be a finite group and a € G. Show that there exists n € N such that a" = e.

-1 —1

If (G, ) is a group and ay, ..., a, € G, prove that (ay *---xa,) P =a - xa; '
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25

26.
27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

2. Introduction to Groups

Let (G, *) and (H,-) be groups. Define the operation * on G x H = {(a,b) | a € G, b € H} by
(a,b) x (¢,d) = (a*¢,b-d). Prove that (G x H,*) is a group. If (G, *) and (H,-) are commutative,
prove that (G x H,) is commutative. The group (G x H,x) is called the direct product of G
and H.

Let (G, *) be a finite group and a € G. Show that o(a) < |G|.
Let (G, *) be a group and a,b € G.

(a) Prove that @ and a~! have the same order.
(b) Prove that a and b a * b~! have the same order.

(c) Prove that a * b and b * a have the same order.
Let (G, %) be a group and a,b € G.

(a) Suppose that a * b= b> x a3. Show that o(b* a™1) = o(b® x a) = o(b® * a®).

(b) Generalize (a) to arbitrary powers of a and b.

Let (G, *) be a group, a € G and o(a) = n. Let 1 < p < n be such that p and n are relatively
prime. Show that o(aP) = n.

Let (G, *) be a group, a € G, and o(a) = p, where p is a prime.
(a) Prove that o(a¥) = p for all 1 < k < p.
(b) Prove that for all m € N, either a™ = e or o(a™) = p.

Let (G, ) be a group and a € G. Suppose that o(a) = n and n = mk for some m, k € N. What is
o(a®)?

Let (G, %) be a group.

(a) Let a,b € G, o(a) = n, o(b) =m, gcd(m,n) = 1, and a * b = b * a. Show that o(a * b) = mn.

(b) Let a; € G, o(a;) = n;, 1 < i < m. Suppose ged(n;,n;) = 1 and a;a; = aja; for all ¢ and j.
Let © = aj *x ag * - - - x ay,. Show that o(z) = ning - nyy,.

Let (G, *) be a group and = € G. Suppose o(z) = n = niny - - - ng, where for all i # j, n; and n;
are relatively prime. Show that there exists z; € G such that o(x;) = n; for all i = 1,2,...,k,
T =@ *xxg * -k and x; * x; = x; * x; for all ¢ and j.

Let G = {(a,b) | a,b € R, a # 0}. Then G is a group under the binary operation (a,b) * (¢,d) =
(ac,be + d) for all (a,b),(c,d) € G. Prove that G has infinitely many elements of order 2, but G
has no element of order 3.

Let a,b € Sym. As remarked in Example 2.1.49, every rigid motion of the square can be considered
a one-one function of {1,2,3,4} onto itself. Consider a x b as a function. Show that a xb=aob,
where * represents the binary operation of rigid motions of the square and o is the composition of
functions.

Let (S, %) be a finite semigroup. Prove that there exists a € S such that a® = a.

Let (G, *) be a finite semigroup with identity. Prove that (G, x) is a group if and only if G has
only one element a such that a? = a.

Prove that a semigroup (.5, %) is a group if and only if ax S = S and S*a = S for all a € S, where
axS={axs|s€eS}tand Sxa={s*xa]|se S}

Prove that a semigroup (.5, *) is a group if and only if
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(a) there exists e € S such that axe =a for all a € S, and
(b) for all @ € S there exists b € S such that a xb =e.

40. Rewrite the statements and proofs of the theorems in this chapter using additive notation.

41. Let (G, x) be a group, a,b € G and m,n € Z. Prove that

e

(a) a”xa™ = a"t™ = a™ x a",
(b) (a")™ =a™",
(c) a™" = (a")7",
(d) €™ =e,
)

—~

axb)® =a"™xb", if (G, *) is commutative.
42. Write the proof if the following statements are true; otherwise, give a counterexample.

(a) Let T(S) be the set of all functions on S = {1,2,3}. T(S) is a group under composition of
functions.

(b) M2(R) = { [ Z b ] | a,b,c,d € R} is a group under usual matrix multiplication.

c) Every group of four elements is commutative.

(c)

(d) A group has only one idempotent element.

e) A semigroup with only one idempotent is a group.
)

(
(

f) If a semigroup S satisfies the cancellation laws, then S is a group.
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Niels Henrik Abel (1802-1829) was born on August 5, 1802, in Finnoy, Norway. He was the second
of six children. Abel and his brothers received their first education from their father.

At the age of 13, Abel along with his older brother, was sent to the Cathedral sch-ool in Christiania
(Oslo). In 1817, his mathematics teacher was Bernt Michael Holmb#, who was seven years older than
Abel. Holmbé recognized Abel’s talent and started giving him special problems and recommended special
books outside the curriculum. Abel and Holmbé read the calculus text of Euler and the work of Lagrange
and Laplace. Soon Abel became familiar with most of the important mathematical literature.

Abel’s father died when he was 18 years old and the responsibility of supporting the family fell
on his shoulders. He gave private lessons and did odd jobs. However, he continued to carry out his
mathematical research.

Abel, in his last year of school, attacked the problem of the solvability of the quintic equation, a
problem that had been unsettled since the sixteenth century. Abel thought that he had solved the
problem and submitted his work for publication. Unable to find an error and understand his arguments,
he was asked by the editor to illustrate his method. In 1824, during the process of illustration he
discovered an error. This discovery led Abel to a proof that no such solution exists. He also worked on
elliptic functions and in essence revolutionized the theory of elliptic functions.

He traveled to Paris and Berlin in order to find a teaching position. Then poverty took its toll, and
Abel died from tuberculosis on April 6, 1829. Two days later a letter from Crelle reached his address,
conveying the news of his appointment to the professorship of mathematics at the University of Berlin.

Abel is honored by such terms as Abelian group and Abelian function.



Chapter 3

Permutation Groups

Permutation groups is one of the specialized theories of groups which arose from the source, classical
algebra, in the evolution of group theory.

3.1 Permutation Groups

As stated earlier, there are four major sources from which abstract group theory evolved. Mathe-
maticians’ interest in finding formulas to solve polynomial equations by means of radicals led some
mathematicians to the study of permutations of the roots of rational functions. Lagrange, Rufini, and
Cauchy were among the earlier mathematicians to work with permutation groups. However, it was
Cauchy whose systematic study of permutation groups (between 1815 and 1845) is believed, by some,
to be the origin of abstract group theory. Many of the concepts and major results in this chapter are
due to Cauchy.
We begin our study of permutation groups by defining what a permutation is.

Definition 3.1.1 Let X be a nonempty set. A permutation © of X is a one-one function from X
onto X.

Example 3.1.2 (i) Let X be a nonempty set. Define m : X — X by w(x) = x for all x € X. Then
7 is one-one function of X onto X. Thus, w is a permutation of X. Nothe that 7w is called the identity
permutations and is, usually, denoted by ix or e.

(ii) Let X = {a,b,c}. Define o : X — X such that a(a) = b, a(b) = a, and a(c) = c. By the definition
of a it follows that is « is one-one function of X onto X. Thus, « is a permutation of X.

(iii) Consider R, the set of real numbers. Define o : R — R by a(z) = 3x+5 for all x € R. It can be
shown that o is a one-one function of R onto R. Thus, « is a permutation of R. Similarly, if 5 : R — R
by B(z) = 2 for all x € R. It can be shown that B is a one-one function of R onto R. Thus, B is a
permutation of R.

Definition 3.1.3 A group (G, *) is called a permutation group on a nonempty set X if the elements
of G are permutations of X and the operation * is the composition of two functions.

Example 3.1.4 Let X be any nonempty set and Sx be the set of all one-one functions from X onto X,
as defined in Example 2.1.13. Then (Sx,0) is a group as we have shown in Example 2.1.13, where o is
the composition of functions. Hence, (Sx,o) is a permutation group.

Example 3.1.5 Let X = {1,2}. Define a : X — X such that a(1) =1, «(2) = 2. Then « is a one-one
function of X onto X, so B is a permutation of X. Next define 5 : X — X such that (1) = 2 and
B(2) = 1. Then B is a one-one function of X onto X, so 5 is a permutation of X. Let Sx = {«, B}
Then (Sx,0) is a group, where o is the composition of functions. Note that on this set X, a and b are
the only permutations on X. Moreover, o is the identity permutation and ' = .

99
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In this chapter, and in fact in this text, our study of permutation groups will focus on permutation
groups on finite sets, i.e., X is a finite set.

Before we consider more examples of permutation groups, let us fix some notation which will be
useful when working with permutations.

Let I, ={1,2,...,n}, n > 1. Let 7 be a permutation on I,,. Then

7= {(L, (1), 2. 7(2)), .., (n,x(n))}.

(Recall that a function f : A — A is a subset of A x A.) It is sometimes convenient to describe a
permutation by means of the following notational device:

S 1 2 3 - n
A1) w2 w3) -+ wn) )
This notation is due to Cauchy and is called the two-row notation. In the upper row, we list all the
elements of I,, and in the lower row under each element i € I,,, we write the image of the element, i.e.,

().

Example 3.1.6 Let n =4 and w be the permutation on I defined by w(1) = 2, w(2) =4, n(3) = 3, and
m(4) = 1. Then using the two-row notation we can write

(1 2 3 4
T\243 1)
As we shall see, the two-row notation of permutations is quite convenient while doing computations

such as determining the composition of permutations.
Let n =7 and 7 and ¢ be two permutations on I; defined by

(1234567
™\1 346725

/(1234567
253176 4)
Let us compute 7 o 0. Now by the definition of the composition of functions

(moo)(i) = m(a(i))

and

for all ¢ € I7. Thus,
(roo)(1) =m(o(1)) =m(2) =3,
(moo)(2) =m(0(2)) =7(5) =T,
and so on. From this, it is clear that when determining, say, (w0 o)(1), we start with o and finish with

7 and read as follows: 1 goes to 2 (under o) and 2 goes to 3 (under 7), so 1 goes to 3 (under wo o). We
can exhibit this in the following form:

Too

15253 1= 3
25557 277
35354 375 4
45151 4™9 1
55755 5775
62652 65 2
75456 77 6.

Thus,

(1234
Teo=\3 7 41

(G2 aN
N O
[S20RN|
N—



3.1. Permutation Groups 61

Example 3.1.7 Let n =6 and « and 8 be permutations on Ig defined by

(123 45 6
=\ 3146 5 2

and

Let us first determine oo 8. Now

15123 je, 193

Similarly,

2904 3%0 5 4206501 6% 9.

g (1234506
@°P=\3 456 1 2)
Similarly, for Boa; 153 LA 5, e, 1 Bog 5, and so on. In this case, we start with o and finish with (.

Note that
Boa— (123450
“=\{5 146 2 3)

Thus,

We note that ao 8 # o a.

Let S,, denote the set of all permutations on I,,, n > 1.

Example 3.1.8 In this example, we describe Ss, i.e., the set of all permutations on Is = {1,2,3}. From

Ezercise 8 (page 31), we know that the number of one-one functions of I3 onto I3 is 3! = 6. Thus,
|S3] = 6. Let e denote the identity permutation on I3, i.e., e = 1 ; 2 . Let a1 be a nonidentity

permutation on I3. Let us see some of the choices for ay. Suppose ay (1) = 1. If a1 (2) = 2, then we must

have a1(3) = 3 because «y is a permutation. In this case, we see that oy = e, a contradiction. Thus, we

must have a1(2) = 3 and a1 (3) = 2, i.e., g = 12

1 3 2
theotherfourpermutationsonlgareagz(; ? g),agz(l 2 3>,a4:(1 2 3),

3 21 2 31
anda5:<;) ? g).Thus,

. In a similar manner, we can show that

S3 = {e,a1, 2,03, 04, a5}
Let us denote ag by o and oy by 8. We ask the reader to check that
52 = a5, a0 =aqy, andaoﬂQ = as.

Hence, we can write
2 2
S3Z{eaﬁ7ﬁvaaaoﬁaaoﬁ }

Because (S3,0) is also a group, we ask the reader to show that o(a) = 2 and o(8) = 3 by showing that
o =cand ?+£e, but 2 =e.

In the previous example, the permutation group (Ss,0) consisted of all the permutations on the set
I3. Next, we give an example of a permutation group that does not contain all the permutations on a
given set.
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Example 3.1.9 Let n = 4 and consider Iy = {1,2,3,4}. Recall that in Example 2.1.49, we remarked
that rigid motions of the square can be viewed as permutations on I4. Let S be the set of all permutations
that corresponds to the rigid motions of the square. We will use the same notation for the permutations,
. . . 1 2 4 . . . . .

i.e., Tgo 1S the permutation 9 3 i 1 ) a0 s the identity permutation, and so on. By Ezercise
35 (page 56), it follows that the multiplication table of (S, 0) is the same as the multiplication table of the
group (Sym, x). Now composition of functions is associative and from the multiplication table, it follows
that S is closed under o, r3gy is the identity of (S,0), and every element of S has an inverse. Thus,
(S,0) is a group. Hence, the group of symmetries of a square can be thought of as a permutation group

on Iy.

The following theorem describes some basic properties of S, .

Theorem 3.1.10 (i) (Sy,0) is a group for any positive integer n > 1.
(i) If n > 3, then (Sp,0) is noncommutative.
(i) |S,| = n!
Proof. (i) We have already noted that the set of all one-one functions of any nonempty set onto

itself forms a group under composition of functions in Example 2.1.13. Thus, (S,, o) is a group for any

positive integer n > 1.
(ii) Let n > 3. Let «, 8 € S,, be defined by

(123 4 - =n d571234 n
*=\1 324 ... op)MP=3 21 4 n
Now
05_1234---71
a°P=192 3 1 4 ... n
and
1 2 4 - n
500“(31 4~~n>'

3
2
Thus, (xo B)(1) =2#3 = (Boa)(l). Hence, a0 § # o a, so S, is noncommutative.
(iii) This follows from Exercise 8 (page 31). m

Definition 3.1.11 The group (S,,0) is called the symmetric group on I,.

Consider the permutation m = < (1) w(2) w(n)
3
3

4 . 2 4
9 ) is denoted by ( 4 9 ) .
Definition 3.1.12 Let 7 be an element of S,,. Then 7 is called a k-cycle, written (i1 o -+ k), if
_— ( oz e By G )
2 13 - 1k 11

ie., m(ij) =ij41, 5 =1,2,...,k — 1, n(ix) = i1, and w(a) = a for any other element of I,,.

> . If (i) = 4, then we drop the column

i F 1 (1 2
(i) or example, a = | |,

Note that if 7 = (i142 - - - 4% ), then
— (ZlZQZk)
= (@'27;3 - ikil)
= (ijijyr---igis---ij_1).

A k-cycle is called a transposition when k = 2.
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We know that in Example 3.1.9, the permutation rgg is a 4-cycle and ds is a 2-cycle. We write
T9o = (1 23 4)

and
dy = (1 3).

The identity of S,, is sometimes denoted by (1) or e.

Example 3.1.13 Using the cycle notation, we can write

We now note some of the properties of the group (Ss, o).

(7) (Ss,0) is a noncommutative group of order 6 by Theorem 3.1.10.

(ii) S3 contains two elements of order 3; for (123)0(123)=(132)#eand (123)o(123)0o(1
2 3) = e. Hence, the order of (1 2 3) is 3. Similarly, the order of (1 3 2) is 3. The order of (1 2),(1 3),
and (2 3) is 2 because (1 2)o(12)=¢e€,(13)o(13)=¢e, and (23)0(23)=

(i1) In Ss, the product of distinct elements of order 2 is an element of order 3. (1 2) o (2
3), (13)0(12)=(123),(12)0(13)=(132),(23)0(12)=(132),(13)0(23)=(3
3)o(13)=(123).

3) = (
2), and (2

Definition 3.1.14 Let o, 5 € S,,. Then o and 8 are called conjugate if there exists v € S, such that

yoaoy =4

The following theorem shows how to compute the conjugate of a cycle.
Theorem 3.1.15 Let m = (iyig---4;) € S, be a cycle. Then for all a € Sy,

aomoa = (aliy) alia) - a(iy)).

Proof. Because « € S,,, v is a one-one mapping of I,, onto I,,. Thus, the elements a(1),..., a(n) € I,
are all distinct, so I, = {a(1),a(2),...,a(n)}. Let r be any integer such that 1 <r < [. Then

(@omoat)(a(iy)) = a(r(a*(alir))))
= a(n(ir))

= a(ir_i'_l).

Also, (aomoat) (aliy)) = 04(77( Ya(i))))) = a(n (i) = a(ii). Now let a € I,, be such that a # a(i,)
forall7, 1 <r <. Then a~!(a) € I,, and a=!(a) # i, forall r, 1 <r <, so m(a"!(a)) = a~(a). Thus,

Ha
(@omoa™t)(a)

I
Q
—~
N
—~
—
— |
[T
~ —~
—a
~
~
~

= a.

It now follows that a oo a™! = (a(iy) a(iz) -+ afi)). =

Definition 3.1.16 Let my, 72, ..., 7 € Sy Then w1, 7o, ..., T are called disjoint if for alli,1 <1 < k
and for all a € I,, m;(a) # a implies w;(a) =a for all j #1i, 1 < j <k.

In other words, 7y, m9,..., T, € S, are disjoint if for all 1 <4 < k and for all a € I,, if m; moves a,
then all other permutations 7; must fix a, i.e., mj(a) =a for all j #4,1 < j <k.
Let 7 and X be disjoint permutations on I,,. Let a € S be such that m(a) # a. Then A(a) = a. Let
m(a) =b. Then
(o M)(a) =m(Aa)) = m(a) =b.

Also,
(Aom)(a) = A(m(a)) = A(D).
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If 7(b) = b, then w(b) = b = 7(a), so a = b. Thus, w(a) = b = a, a contradiction. Hence, 7(b) # b, so
A(b) = b. Thus,

(Aom)(a) = A(w(a)) = A(b) =b.
Hence, (o X)(a) = (Aow)(a). Suppose 7(a) = a. If A(a) = a, then (o A)(a) =a = (Aom)(a). Suppose
A(a) # a. By a similar argument as before, (mo\)(a) = (Aow)(a). Therefore, mo A = Aon. Consequently,
if 7 and A are disjoint permutations, then they commute. We record this result in the following theorem.

Theorem 3.1.17 Let w, A € S, such that m and X are disjoint. Then mo X = Ao, i.e., ™ and A
commaudte.

. 1 2 3 45 6 7 8 .
Consider m = 9 5 18 3 7 6 4 )€ Sp. Then m=(1253)0(48)0(67) can be written
as a product of disjoint cycles. This leads us to the following theorem.

Theorem 3.1.18 Any nonidentity permutation w of S, (n > 2) can be uniquely expressed (up to the
order of the factors) as a product of disjoint cycles, where each cycle is of length at least 2.

Proof. We prove the result by induction on n.

Basis step: Suppose n = 2. Now |S3| = 2 and the nonidentity element of Sy is a = ( ; ? ) Now

a=(12),ie., ais a cycle. Thus, the theorem is true for n = 2.
Inductive hypothesis: Suppose that the theorem is true for all Sy such that 2 < k < n.
Inductive step: Suppose n > 2. We show that the result is true for n.
Let 7 be a nonidentity element of S,,. Now 7¢(1) € I,, for all integers i, i > 1. Therefore, {m(1), 72(1),
.., (1), ...} C I,. Because I, is a finite set, we must have 7/(1) = 7™ (1) for some integers [ and m
such that [ > m > 1. This implies that 7/~™(1) = 1. Let us write j = — m. Then j > 0 and 7/(1) = 1.
Let i be the smallest positive integer such that (1) = 1. Let

A={1,7(1),7*1),.... 7" (1)}
Then all elements of the set A are distinct. Let 7 € S,, be the permutation defined by
T=(17(1) 7*(1) - 7)),

ie, 7is a cycle. Let B = I,\A. If B = (), then 7 is a cycle. Suppose B # (. Let 0 = 7|p. If ¢ is the
identity, then 7 is a cycle. Suppose that ¢ is not the identity. Now by the induction hypothesis, o is a
product of disjoint cycles on B, say, 0 = gy 0090 ---00,. Now for 1 <1i < r, define m; by

[ oila)ifaeB
7”(“)_{ aifa¢ B.

Then 71, ms, ..., 7, and 7 are disjoint cycles in S,,. It is easy to see that 7 = myomy0--- om0 7. Thus,
7 is a product of disjoint cycles.

To prove the uniqueness, let 7 = mjomgo0---0om, = pyopy0---opu,, a product of r disjoint cycles and
also a product of s disjoint cycles, respectively. We show that every 7; is equal to some p; and every p,
is equal to some 7; Consider 7;, 1 < i < r. Suppose 7; = (4142 ...4;). Then m(i1) # i;. This implies that
i1 is moved by some ;. By the disjointness of the cycles, there exists unique p1;, 1 < j < s, such that i,

appears as an element in u;. By reordering, if necessary, we may write p1; = (i1 ¢ ... cm). Now
7:2 = 7Ti(i1) = 7T(’é1) = ,U,j(ll) = C2
is = mi(ix) = w(ia) = w(er) = pile) = e
ip = mi(ii-1) = 7w(i-) = w(ao1) = pila-1) = a

If I <m, then iy = 7;(i;) = 7(i) = 7(c1) = pj(c1) = ciy1, a contradiction. Thus, I =m. Hence, m; = p;
for some j, 1 < j < s. Similarly, every p;, = m¢ for some ¢, 1 <t <r. m
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Corollary 3.1.19 Let n > 2. Any permutation © of S, can be expressed as a product of transpositions.

Proof. In view of the preceding theorem, it suffices to show that every k-cycle can be expressed as
a product of transpositions. This fact is immediate from the following equations:

e=(1)=(12)o(12)

and for k > 2
(il i2 R ’Lk) = <21 ’Lk) (] (Zl ’L'kfl) O-+--0 (Zl ig),
where {i1,i2 ..., i} C I,. B
Let m € S,,. Because S, is a finite group, we know that o(w) is finite. Thus, in order to find the

order of 7, we need to compute 7, 72, 72, ..., until we find the first positive integer k such that 7% = e.

Finding such a positive integer could be a tedious task. However, we can effectively make use of the
decomposition of 7 as a product of disjoint cycles, compute the order of each cycle, which is nothing
but the length of the cycle (Exercise 17, page 69) and from the order of the cycles deduce the order of
m. We ask the reader to consider this problem in Exercise 18 (page 69).

Theorem 3.1.18 tells us that any permutation o € S, n > 2, can be written as a product of disjoint
cycles. However, the theorem does not tell us how to find the disjoint cycles in the decomposition of a.
Next, we illustrate how to find these cycles.

Let m be a permutation on I,, n > 2. In order to express m as a product of disjoint cycles, first
consider 1, (1), 72(1), #3(1), ... and find the smallest positive integer r such that 7" (1) = 1. Let

o1 = (1 7(1) #2(1) --- 7" 1(1)).

Then o is a cycle of length r. Let ¢ be the first element of I, not appearing in 1. Now consider %, 7(4),
72(i), (i), ... and find the smallest positive integer s such that 7°~1(i) = i. Let

oy = (i w(i) ©2(i) --- 7°7L()).
Then o4 is a cycle of length s. Now
{L,m(1),7*(1),....a" "N} 0 {i, w(@), 72(i),..., 7 (@)} =0,

for if j € {1, m(1), 72(1), ..., 7"~ Y ()} N {i, w(3), 72(i), ..., 757 1(i)}, then j = 7P(i) for some p,
1 <p<r, and j = 7¥(1) for some k, 1 < k < s. Thus, {1, (1), 72(1), ..., 7"~ Y1)} = {4, 7(3), 2(3),
..., ™71(i)}, which is a contradiction. Hence, o1 and oy are disjoint cycles. If {1, 7(1), 72(1), ...,
" Y ()} u {i, w(i), 72(i), ..., ©71(i)} # I,,, then consider the first element of I,, not appearing in {1,
7(1), #2(1), ..., 7"~ (1) yu{i, n(i), 72(i), ..., 7*~1(i)} and continue the above process to construct the

cycle o3. Because I, is finite, the above process must stop with some cycle ¢,,. Then 1 = gy0030- - -00,.
We illustrate the above procedure with the help of the following example.

Example 3.1.20 Consider the permutation
(1 234567
"\ 6352471
on I;. Here (1) = 6, 72(1) = n(6) = 7, and 73(1) = 7(7) = 1. Thatis, 1 > 6 5> 7 5 1. Hence, o1 = (16
7) is a 3-cycle. Now 2 is the first element of Iz not appearing in (16 7). Also, ©(2) = 3, 72(2) = 7(3) = 5,

73(2) = 7(5) = 4, and 74(2) = w(4) = 2. That is, 2 >3 5554 5 2. Hence, 02 = (2 3 5 4) is a cycle
of length 4. Now o1 and oo are disjoint and m = o1 0 03.

wW N

While writing a permutation as a product of disjoint cycles, it is customary not to write cycles of
length one in the product. Thus, if some element of I,, does not appear in any of the cycles, then it is
assumed to be fixed. For example, if 7 = (1 2 5) o (4 6) € S7, then because 3 and 7 neither appear in (1
2 5) nor in (4 6), they are fixed, i.e., 7(3) =3 and «(7) = 7.

Given a permutation 7 € S,,, n > 2, we can write 7 as a product of disjoint cycles. We can also write
7w as a product of transpositions. However, the representation of 7w as a product of transposition need
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not be unique. For example, (12 3) = (13)o(12)=(21)0(23). Also, (13)=(12)0(13)0(23).
That is, (1 3) can be written as a product of one transposition or as a product of three transpositions.
However, we will show that the number of transpositions in any representation of a permutation is either
even or odd, but not both. We now proceed to prove this result.

Consider the formal product

X = H1§i<j§n(a‘i —a;) = (a1 —az2)(a1 —az) (a1 —ap)

(An—1 — ap).

If n =4, then X = (a1 — a2)(a1 — a3)(a1 — aq)(az — a3)(az — aq)(az — ayq).
For any permutation 7 € S, let

X)) = JI (are) — @)

1<i<j<n

Let us first examine o(X) for any transposition o € S,,.

Lemma 3.1.21 Letn > 2. Let 0 = (i j) € Sp, @ < j, be a transposition. Then o(X) = —X.

Proof. First consider the factor (a; — a;) in the product X. The corresponding factor in o(X) is
Ao (i) — Ao (4)- Now
U (i) = Go(j) = a5 — a; = —(a; — ;).
Next, consider the factor ax — a;, where both k and [ are neither equal to ¢ nor equal to j. The corre-
sponding factor in o(X) is s (k) — ax() and

Ao (k) — Ao(l) = Ak — Q-

Thus, the factor a; — a; remains unaltered. Now consider the factor ap — a;, where either &k or I (but
not both) is equal to 7 or j. Let 1 <¢ < n. Suppose t < i < j. We have the pair of factors (a; — a;) and
(at — a;) in the product & The corresponding factors in o(X) are a,(+) — (i) and a,(+) — ae(j) and

(Ao (t) = o)) (Ao (t) = Ao(s)) = (ar — aj)(ar — a;) = (ar — a;)(ar — aj).

Therefore, the product (a; — a;)(ar — a;j) remains unchanged. Now suppose i < ¢t < j. Then we have the
pair of factors (a; —at) and (a; —a;) in the product X'. The corresponding factors in o(X) are aq(;y — o (s
and aq(¢) — ag(;) and

(Go(i) = o)) (o) = Ao(j)) = (aj — as)(as — a;) = (a; — a¢)(ar — ay).

Hence, the product (a; — a¢)(a; — a;) remains unaltered. Finally, let ¢ < j < t. Then we have the pair
of factors (a; — a;) and (a; — a;) in the product X. The corresponding factors in o(X) are a,(;) — Go (1)
and aq(;) — A (y) and

(Ao(i) = Qo) )(Ao) — o)) = (aj — ag)(a; — ar) = (a; — ag)(a; — ay).

Therefore, the product (a; — a;)(a; — a¢) remains unaltered. Thus, all factors other than a; — a; and
ay — a;, where both k and [ are neither equal to ¢ nor equal to j, can be paired so that the product of
factors under o remains unaltered. Hence, it now follows that o(X) = —X. &

Theorem 3.1.22 Let n > 2. Let m € S,,. Suppose
m=010020:-+-00, =T10T20"-::-0Tg,

where o;, T; € Sy, are transpositions, i = 1,2, ..., r, and j = 1,2, ..., s. Then both r and s are either
even or odd.
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Proof. By Lemma 3.1.21, 0;(X) = —X and 7;(X) = —X foralli=1,2, ..., r,and j =1,2, ..., s.
First we compute (01 0020:-:0 Ur)(X)- Now

(1002000, )(X) = o1(o2(--(0,(X))))
= (-1)AX.

Similarly, (11 0720+ 074)(X) = (—1)°X. Hence, (—1)" = (—1)*. Thus, both r and s are either even of
odd. m

By the above theorem, if © € S,,, then 7 can be written as a product of either an even or an odd
number of transpositions, but not both. This leads us to the following definition.

Definition 3.1.23 Let w € S,,. If 7 is a product of an even number of transpositions, then m is called
an even permutation; otherwise w is called an odd permutation.

Corollary 3.1.24 Let m € S,, be a k-cycle. Then mw is an even permutation if and only if k is odd.

Proof. Let 1 = (12 --- k). Then7m = (1 k)o(1 k—1)o --- o(1 2), i.e., w is a product of k — 1
transposition. If 7 is an even permutation then k — 1 is even, so k is odd. On the other hand, if k is
odd, then k£ — 1 is even, so 7 is an even permutation. This completes the proof. m

Let A,, denote the subset of S,, consisting of all even permutations, n > 2.

Theorem 3.1.25 For n > 2, the pair (A,,0) is a group, called the alternating group on I,.

Proof. Because e = (1 2) o (1 2), e € A,,. Thus, A, # 0. A product 71 o 7o is even if and only if m;
and 7o are both even or both odd by Theorem 3.1.22. Therefore, A,, is closed under o. If 7 € A,,, then
mon~! =eis even and hence 7! € A,,. Hence, (A,,0) is a group. ®m

Cauchy recognized many important properties of A,,. Among others, he proved the following theorem.

Theorem 3.1.26 Fvery element in A,, is a product of 3-cycles, n > 3.

Proof. Let m € A,,. Then m = 010090+ --00,, where o; is a transposition, 1 < i <r, and r is even.

Now for any transposition (a b),
(ab)=(1a)o(1b)o(1a).

Thus,
m=(141)o(lig)o---0(l i)

where m is even. Because (1 41) o (1 i2) = (1 i3 41), it follows that 7 is a product of 3-cycles. m

Worked-Out Exercises

{ Exercise 1 Prove that two cycles in S, are conjugate if and only if they have the same length.

Solution: Let o = (iyig---4,) and 8 = (j1j2---Js) be two cycles in S,. First suppose that o and 3 are
conjugate. Then 3 = 0~ o a oo for some o € S,,. Because o is onto and i; € I,,, there exists k
such that o(k;) = ¢; for all [ =1,2,...,r . Now

(jij2--j4s) = (o7 1(i1)o " (iz) - o7 1(ir)) ( by Theorem 3.1.15)
(k- k).

Hence, s =, so « and § are of the same length.

Conversely, let « = (i1i2---4,) and 8 = (j1j2---jr) be two cycles in S,, of the same length.
iy iy e iy

v g2 o gr )’

I, \{i1,i2,...,%r}. Then o € S,,. Now

Let o = ie, o(iy) = gy for all I = 1,2,...,r, and o(a) = a for all a €

o lofoo=(0""(j)o " (j2) -0 () = (iniz- i) = o
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{ Exercise 2

Solution:

{ Exercise 3

Solution:

{ Exercise 4

Solution:

{ Exercise 5

Solution:

3. Permutation Groups

Express the permutation

/123456 7 8
77\ 2 3 8 5 6 4 7 1

on Ig as a product of disjoint cycles and then as a product of transposition. Is ¢ an even permu-
tation?

We have o(1) = 2, 0%(1) = 0(2) = 3, 03(1) = ¢(3) = 8, and o*(1) = o(8) = 1. Thus, (1 2 3
8) is a cycle. Now 4 is the first element of Is not appearing in (1 2 3 8). We have o(4) = 5,
0%(4) = o(5) = 6, and 03(4) = 0(6) = 4. Hence, (4 5 6) is also a cycle in 0. Next, 7 is the first
element of Is not appearing in (1 2 3 8) and (4 5 6). Now o(7) = 7. Because all the elements of Ig
appear in one of the cycles (1 2 3 8), (45 6), and (7), we have 0 = (123 8) o (4 5 6). Now (123
8) = (18)o(13)o(12) and (456)=(46)o(45). Thus, o = (18)o(13)o(12)o(46)o(45).
Because o is a product of five transpositions, ¢ is not an even permutation.

Write all elements of S4. Show that S; has no elements of order > 5.

Let 0 € Sy and 0 = 01 003 0--- 00k, a product of disjoint cycles. Because Sy is a permutation
group on Iy, k < 2. If K = 1, then o is a 2-cycle, 3-cycle, or 4-cycle. If kK = 2, then o is a product of
two disjoint transpositions. The number of distinct cycles of length 2 is 6, the number of distinct
cycles of length 3 is 8, and the number of distinct cycles of length 4 is 6. Hence, Sy = {e, (1 2), (1
3), (14),(23),(24),(34),(123),(132),(234),(243),(134),(143),(124),(142), (12
34),(1324),(1423),(1243),(1342), (1432),(12)0(34),(14)0(32),(13)0(24)}.

Because each 2-cycle is of order 2, each 3-cycle is of order 3, each 4-cycle is of order 4, and the
order of the product of two disjoint 2-cycles is 2, Sy has no element of order > 5.

Find the order of (123 4)0o (56 7) in S7.

0(1234)=4,0(567)=3.Now (1234)and (56 7) are disjoint. Hence, (123 4)o(567)=(5
6 7)o(1234).If aand b are two elements of a group G such that o(a) = m, o(b) = n, and
ged(m,n) = 1, then o(ab) = mn. Using this result, we find that the order of (123 4)0o (56 7) is
12.

Find the order of (123 4) o (5 6) in Sg.

0(1234)=4,0(56)=2.Now (12 34) and (5 6) are disjoint, so they commute. Thus, ((1 2 3
4)0(56))* =ec. Now ((1234)0(56)) #e ((1234)0(56))2=(1234)%20(56)2=(123
4)2 # e If (123 4)0(56))® = e, then the order of (1 2 3 4) o (5 6) will be 3 and 3 divides 4, a
contradiction. Hence, the order of (1 2 3 4) o (5 6) is 4.

Exercises

1.

Express the following permutations as (i) a product of disjoint cycles and (ii) a product of trans-

positions:
1 2 3 4 5 6 1 2 3 4 5 6
35416 2)’\3 2 15 46 )

Leta=(1257)and B3=(246) € S7. Find aoBoa 1t

Let a=(13)o(58) and 3=(2367) € Ss. Find o Boat.

(
.Leta=(1357) and 3=(248)0(136)¢c Ss. Find aoBoat.

(

(

Leta=(259)0(136)and 3= (157)0(2469) € Sy. Find aoBoa
Let (1357) and (236 8) € Ss. Find € Sg such that o (135 7)oa™! = (236 8).
Ifa=(123456), showthat a =(16)o(15)o(14)o(13)o(12).



3.1. Permutation Groups 69

10.
11.
12.

13.
14.
15.
16.
17.
18.

19.

20.

21.
22

Find the order of (1 2 3) 0 (4 5) in Ss.

Prove that (12--- n—1n)"'=(nn-1---21).

Prove that every transposition is its own inverse.

Prove that the symmetric group on two symbols (S3,0) is commutative.

Let & = (a; az -+ ax) € S, be a k-cycle. Show that

o — (a1 az -+ agm-1) 0 (a2 aq ag -+ agy) if k =2m, ie., k is even
- (a1 az - aam+1 a2 a4 - - -agm) if k= 2m—|— 1, i.e., k is odd.

Determine Ay.

Let o, 8 € S,,. Show that a oS 'oao € A,.

Prove that |4, = 2.

Show that the number of distinct cycles of length r in S, is %(n%'r),

Let n > 2 and o € S,, be a cycle. Show that o is a k-cycle if and only if o(c) = k.

Let 0 € S, and 0 = 01 0020 -+ 00 be a product of disjoint cycles. Suppose o(c;) = ny,
i=1,2,...,n. Show that o(c) = lem(ni, ng, ..., nk).

Let a € S,, and p be a prime.

(a) Show that o(c) = p if and only if either « is a p-cycle or « is a product of disjoint cycles,
where each cycle is either of length 1 or length p and at least one cycle is of length p.

m

(b) If « is a p-cycle, prove that either o™ = e or o™ is a p-cycle for all m € N.

Let oand € S,,. Let a =aijoaso0---oag and = [, 08,00, be a product of disjoint
cycles. Let length(a;) = d; and length(8;) = m; for all i = 1,2,...,k and j = 1,2,...,s and
di <dg < -+ <dp and m; < me < --- < mg. We say that a and § have the same cyclic
structure if £k = s and d; = m; for all ¢ = 1,2,... k. Prove that a and § have the same cyclic
structure if and only if o and 3 are conjugate.

Prove that for = € S,,, 7 is an even permutation if and only if 7(X) = X.
(a) Let a = (k 1), B € S, be two distinct transpositions, n > 3. Show that there exist transposi-
tions p, v € S, such that S oa =vopu, u(k) =k and v moves k.

(b) Prove that if the identity permutation e € S,, can be written as a product of r (> 3) trans-
positions, then e can be written as a product of r — 2 transpositions.

(c) Prove that if e=010030---00, €5, as a product of transpositions, then r is even.

(d) Use (a), (b), and (c) to prove that if 7 € S,,, then 7 can be written as a product of either an
even or an odd number of transpositions, but not both.
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Augustin-Louis Cauchy (1789— 1857) was born on August 21, 1789, in Paris, France. He received
his first education from his father. He was a neighbor of Laplace and Berthollet. Cauchy became acquainted
with famous scientists at a young age. Lagrange is said to have warned his father not to show Cauchy any
mathematics book before the age of seventeen.

At the age of fifteen, he completed his classic studies with distinction. He became an engineer in 1810, in the
Napoleon army. In 1813, he returned to Paris.

In 1811, Cauchy started his mathematical career by solving a problem sent to him by Lagrange on convex
polygons. In 1812, he solved Fermat’s famous classical problem on polygon numbers. His treatise on the definite
integral, which he submitted in 1814 to the French Academy, later became a basis of the theory of complex
functions.

In 1816, he was appointed full professor at the Ecole Polytechnique. More theorems and concepts have
been named for Cauchy than for any other mathematician. There are sixteen concepts and theorems named for
Cauchy in elasticity alone.

He worked on mathematics, mathematical physics, and celestial mechanics. In mathematics, he worked on
several areas, such as calculus, complex functions, algebra, differential equations, geometry, and analysis. The
notion of continuity used today was invented by Cauchy. He also proved that a continuous function has a zero
between two points where the function changes its signs, a result also proved by Bolzano. The first adequate
definitions of indefinite integral and definite improper integral are due to Cauchy

In algebra, the notion of the order of an element, a subgroup, and conjugates are found in his papers. He
proved the famous Cauchy’s theorem for finite groups, that is, if the order of a finite group is divisible by a
prime p, then the group has a subgroup of order p. Cauchy’s role in shaping the theory of permutation groups is
central. He is regarded by some to be the founder of finite group theory. The two-row notation for permutations
was introduced by Cauchy. He also defined the product of permutations, inverse permutations, transpositions,
and the cyclic notation. He wrote his first paper on this subject in 1815, but did not return to it for nearly thirty
years. In 1844, he proved that every permutation is a product of disjoint cycles.

He also did work of fundamental importance in the theory of determinants. His treatise on determinants,
published in 1812, contains important results concerning product theorems and the inverse of a matrix.

Cauchy enjoyed teaching. He published more than 800 papers and eight books. He died on May 22, 1857.



Chapter 4

Subgroups and Normal Subgroups

In Chapter 2, we began a discussion of the evolution of group theory. This chapter seems a good place to renew
the discussion. It took more than 100 years for the abstract concept of a group to evolve. The evolution followed
lines similar to the evolution of other theories. First came the discovery of isolated phenomena, followed by the
recognition of features common to all. Then came the search and classification of other instances. Next, general
principles emerged. Last, the abstract postulates which define the system were uncovered. A deeper account can
be found in Bell.

4.1 Subgroups

Let us consider the groups (Z,+) and (Q,+), where + is the usual addition of numbers, and note the following:

1. Both these groups have the same binary operation.

2. 7 is a subset of Q.

The same is true for the groups (Z,+) and (R, +); (Q,+) and (R, +); (R, +) and (C, +). Similarly, as seen in
the previous chapter, both the groups (A, o) and (S,, o) have the same binary operations and A, is a subset of
Sh.

One can think of many examples, where the underlying set of one group is a subset of the underlying set of
another group. This leads us to the concept of a subgroup. Before formally defining subgroups, let us also note
the following:

Let (G,*) be a group and H be a nonempty subset of G. Then H is said to be closed under the binary
operation x if ax b € H for all a,b € H.

Suppose H is closed under the binary operation *. Then the restriction of * to H x H is a mapping from H x H
into H. Thus, the binary operation * defined on G induces a binary operation on H. We denote this induced
binary operation on H by x also. Thus, (H,*) is a mathematical system. It also follows that * is associative as
a binary operation on H, i.e., ax (bxc) = (a*b) *c for all a,b,c € H. If (H,*) is a group, then we call H a
subgroup of G. More formally, we have the following definition.

Definition 4.1.1 Let (G, *) be a group and H be a nonempty subset of G. Then (H,x*) is called a subgroup of
(G, ) if (H,*) is a group.

Consider the group (Q,+) and its subgroups (Z,+). Now the identity elements of both these groups is 0.
Next, let a € Z. Then a € Q. Also, the inverse of a in Z as well as in Q is —a. In other words, the inverse of a in
Z and the inverse of a in Q is the same. In general, we have the following result.

Theorem 4.1.2 Let (G, ) be a group and (H,x*) be a subgroup of (G, *).
(i) The identity elements of (H,*) and (G, *) are the same.
(ii) If h € H, then the inverse of h in H and the inverse of h in G is the same.

Proof. (i) Let ey denote the identity of H and e denote the identity of G. Note that
€ *eyg — ey — ey *e.

Hence, by the cancellation property, e = e. This implies that the identity elements of G and H are the same.

71
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(ii) Let h € H. Let b’ denote the inverse of h in H and k™! denote the inverse of A in G. Then
hxh'=e=h"xh

and
hxh t=e=h"1xh.

Now
B =hxe=hx(hxh™")=(H xh)xh ' =exh ' =h"".

This implies that the inverse of A in H and the inverse of h in G are the same. ®

Remark 4.1.3 If (G, *) is a group, then ({e},*) and (G, *) are subgroups of (G, *). These subgroups are called
trivial.

Example 4.1.4 Consider the following list of groups.

(Z) ({0}’ +)’ (Za +)’ (Q7 +)7 (Rv +)7 (Cv +)7

(@) ({1},-), (Q\{0},-), (R\{0}, ), (C\{0}, ),

where + is the usual addition operation and - is the usual multiplication operation. Fach group is a subgroup
of the group listed to its right. For example, (Z,+) is a subgroup of (Q,+), (R,+), and (C,+), and (R\{0},-) is
a subgroup of (C\{0},-).

Notation 4.1.5 In the remainder of the text, we shall generally use the notation G instead of (G,*) for a
group and we write ab for a x b. We shall refer to ab as the product of a and b. This notation is usually called
multiplicative notation.

Readers with some knowledge of linear algebra should notice the similarity with respect to the type of results
and order of presentation of those which immediately follow. First comes a result which gives an easy method
of determining if a nonempty subset is a substructure. This is followed by the result that the intersection
of any collection of substructures is a substructure. Next, comes the definition of a substructure “generated”
by a subset. Finally, a theorem describing the substructure generated by a given subset. These ideas appear
throughout algebra. We will encounter them again, for example, when we examine the ideals of a ring.

Let G be a group and H be a nonempty subset of G. To show that H is a subgroup of GG, we need to show
that H is a group under the binary operation of GG. This requires us to show that H is closed under the binary
operation, the binary operation is associative, H contains the idenntiy element, and every element of H has an
inverse in H. Next theorem gives a criteria that can be effectively used to show that a nonempty subset of a
group is a subgroup.

Theorem 4.1.6 Let G be a group and H be a nonempty subset of G. Then H is a subgroup of G if and only if
for alla,b € H, ab™' € H.

Proof. Suppose H is a subgroup of G. Let a, b € H. Because H is a subgroup, it is a group. Therefore,
b € H implies that b~ € H. Thus, ab~* € H because H is closed under the binary operation.

Conversely, suppose H is a nonempty subset of G such that a, b € H implies ab~* € H. Because H # 0,
there exists a € H. Now a,a € H. Therefore, e = aa~! € H, i.e., H contains the identity. Next, let b € H. Then
e,b € H, implies that b~ = eb™* € H. Thus, every element of H has an inverse in H.

To show that H is closed under the binary operation, let a,b € H. Then a, b~ € H. Thus, ab=a(b"*)"! € H.
Hence, H is closed under the binary operation. From the statements preceding Definition 4.1.1, associativity
holds for H. Hence, H is a group, so H is subgroup of G.
|

Corollary 4.1.7 Let G be a group and H be a finite nonempty subset of G. Then H is a subgroup of G if and
only if for all a,b € H, ab € H.

Proof. If H is a subgroup, then for all a,b € H, ab € H.
Conversely, suppose that for all a,b € H, ab € H. Let h € H. Then h,h?,...,h",... € H, so

{h,h? ...,n",...} C H.

Because H is finite and the set {h, R?,... A", ...} is a subset of H, it follows that all the elements of {h, h%,... A", ...
cannot be distinct. Thus, there exist integers r and s such that 0 < r < s and A" = h®. This implies that
e=h"""¢€ H. Now s —r > 1. Thus, e = hh* "~ ! implies that h~> = h*~ "~ € H.

Let a,b € H. Then a,b~! € H, so ab~! € H by the hypothesis. Hence, by Theorem 4.1.6, H is a subgroup. m
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Theorem 4.1.8 Let G be a group and Z(G) ={b € G | ab = ba for all a € G}. Then Z(G) is a commutative
subgroup of G. Z(QG) is called the center of G.

Proof. Since ae = a =ea for all a € G, e € Z(G) and so Z(G) # 0. Let a,b € Z(G). Then bc = c¢b for all
¢ € G. From this, it follows that ¢cb™' = b 'c for all c € G and so b™" € Z(G). Now

(ab Ne=a ') =alcb™ ) = (ac)b™ " = (ca)b™ ' = c(ab™ ")

for all ¢ € G and so ab™* € Z(G). Hence by Theorem 4.1.6, Z(G) is a subgroup of G. That Z(G) is commutative
follows by the definition of Z(G). m
In the remainder of this section, we will see how new subgroups arise from existing subgroups of a group.

Theorem 4.1.9 Let G be a group and {Ho | a € I} be any nonempty collection of subgroups of G. Then
NaecrHa is a subgroup of G.

Proof. Each H, is a subgroup. Therefore, e € H, for all o € I. This implies that e € NaerHa, 50 NacrHa
# . To show that NaerH, is a subgroup, we will use Theorem 4.1.6.
Let a, b € NaerHo. Now

a,b € ﬁanga
= a,be H,forallael
= ab '€ H,foralla €l because H, is a subgroup for all o € I
= ab~! € NaerHa.

Consequently, NqerHq is a subgroup of G by Theorem 4.1.6. =

Definition 4.1.10 Let G be a group and S be a subset of G. Let
S ={H | H is a subgroup of G and S C H}.

Define
(S) =NuesH,
i.e., (S) is the intersection of all subgroups H of G such that S C H.

(i) Thesubgroup (S) of G is called the subgroup generated by S.
(ii) If G = (S), then S is called a set of generators for G.

Remark 4.1.11 Let G be a group and S be a subset of G. Note that if either S =0 or S = {e}, then (S) = {e}.
Moreover, (G) = G.

We now proceed to obtain a characterization of a subgroup generated by a nonempty subset in terms of the
elements of the group.

Let S = {H | H is a subgroup of G and S C H}, where S # 0. It can be shown that (S, <) is a partially
ordered set, where < denotes the set inclusion relation. In this poset, (S) is the least element. Hence, (S) is the
smallest subgroup of G which contains S.

Because (S) is a subgroup of G, we must have for any s1,..., s, € S, the product st -..s% € (S), where
ki = +1 for i = 1,2, ..., n. Thus, if A denotes the set {s’f1 sk s, € 8 ki =41, =1,2,...,mn = 1,2,
...}, then A C (S). Note that if s € S, then e = ss~! € A. In the following theorem, we show that A = (S).
Therefore, S does “generate” (S) in the sense of multiplying elements of S or their inverses together to build up
the smallest subgroup containing S.

Theorem 4.1.12 Let S be a nonempty subset of a group G. Then
(S)y ={st...sfn |s;€ 8, ki=+1,i=1,2...,n; n=1,2,...}.

Proof. Let
A={sf . sh s, €8 ki==41,i=1,2,...,n; n=1,2,...}.
We have already noted that A C (S). We show that (S) C A by showing that A is a subgroup of G containing
S. (Recall that (S) is the smallest subgroup of G containing S.) '
Because S # @, there exists s € S. Then s =s' € A, 50 SC A. Let a =3 ---sim b=1"-.-1}* € A. Then

-1 _ (.1 im ) (4J1 Jqy—1 _ i1 imy—Jq —J1
ab™" = (syt sy )t tgt) T =S sttt €A

Thus, A is a subgroup of G by Theorem 4.1.6. Hence, (S) C A.
]
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Notation 4.1.13 For a € G, we use the notation (a) rather than ({a}) to denote the subgroup of G generated
by {a}.

Corollary 4.1.14 Let G be a group and a € G. Then {(a) = {a™ | n € Z}.

Proof. By Theorem 4.1.12, we have (a) = {a**---a* | k; = £1,i=1,2, ..., m; m = 1,2, ...} =
{afFrtFhm |k =41,i=1,2,...,m;m=1,2,..} = {a" | n € Z}.
|

In the additive notation, we would have (a) = {na | n € Z}.

Let n > 3. From Chapter 3, recall that A, is the set of all even permutations on the set I,,. Moreoevr,
in Chapter 3, we proved that every element of A, is a product of 3-cycles (Theorem 3.1.26). In the following
theorem, we conclude that A,, is generated by the set of all 3-cycles.

Theorem 4.1.15 Let n > 3. Then A, is generated by the set of all 3-cycles.

Proof. Let (a b ¢) be a 3-cycle. Then (a b ¢) = (a ¢) o (a b), i.e., (a b ¢) is a product of even number of
transposition. Hence, every 3-cycle is an even permutation. This implies that every 3-cycle is in A,,. By Theorem
3.1.26, every element of A, is a product of 3-cycles. Hence, A,, is generated by the set of all 3-cycles.
|

We now turn our attention to the product of subgroups.

Definition 4.1.16 Let H and K be nonempty subsets of a group G. The product of H and K is defined to be
the set
HK ={hk|he H k€ K}.

Let Hi, Ha, ..., H, be nonempty subsets of a group G. We define the product, HiHz--- Hy, of H1, Ha, ...,
H,, to be the set
H\Hy---H, ={hiha--hn | h; € H;;, i=1,2,...,n}.

Example 4.1.17 Consider the group of symmetries of the square. Let H = {rs¢o,d1} and K = {rseo, h}. Then
H and K are subgroups of G. Now

HK = {T360T3607T360h7 lesﬁo,dlh} = {7"3607 h,d1, 7’90}.

Now hdi = ra70 ¢ HK, so HK is not closed under the binary operation. Hence, HK is not a subgroup of
the symmetries of the square. Also, note that

KH = {rssorseo, rseod1, hrseo, hd1 } = {rseo,d1, h, 270},

and
(HU K) = {rs60,790, 7180, 270, b, v, d1,d2}.

Example 4.1.17 shows that in general the product of subgroups need not be a subgroup. In the following
theorem, we give a necessary and sufficient condition for the product of subgroups to be a subgroup.

Theorem 4.1.18 Let H and K be subgroups of a group G. Then HK is a subgroup of G if and only if
HK = KH.

Proof. Suppose HK is a subgroup of G. Let kh € KH, where h € H and k € K. Now h = he € HK and
k =ek € HK. Because HK is a subgroup, it follows that kh € HK. Hence, KH C HK. On the other hand, let
hk € HK. Then (hk)™' € HK, so (hk)™! = hik; for some hy € H and k; € K. Thus,

hk = (hiki) ' =ki'hy' € KH.

This implies that HK C KH. Hence, HK = KH.

Conversely, suppose HK = KH. Let hiki, hoke € HK, where hy, ho € H and ki1, k2 € K. We show that
(hlkl)(hgkz)il € HK.

Now k2 € K and he € H. Therefore, ky *hy;' € KH = HK. This implies that ky 'hy' = hsks for some
hs € H and k3 € K. Similarly, k1hs € KH = HK, so kihs = haks for some hs € H and k4 € K. Thus,

(hiki)(h2k2)™' = hikikythy! because (hak2)™' = ky thy!
= hikihaks substitute ky “hy * = haks
= hihaksks € HK. substitute kihs = haks

Hence, HK is a subgroup of G by Theorem 4.1.6. m
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Corollary 4.1.19 If H and K are subgroups of a commutative group G, then HK 1is a subgroup of G.

Proof. Since G is commutative, HK = K H. The result now follows by Theorem 4.1.18 =
The following theorem gives another necessary and sufficient condition for a product of subgroups to be a
subgroup.

Theorem 4.1.20 Let H and K be subgroups of a group G. Then HK is a subgroup of G if and only if
HK =(HUK).

Proof. First suppose that HK is a subgroup of G. We show that HK = (HU K) .

Let h € H. Then h = he € HK. Thus, H C HK. Similarly, K C HK. Hence, HU K C HK. Now (H U K)
is the smallest subgroup of G containing H U K, so it follows that (H U K) C HK.

Let hk € HK, where h € H and k € K. Because H C (HUK) and K C (HU K), we have h,k € (HUK).
Thus, hk € (H U K) . This implies that HK C (HUK) . Hence, HK = (HUK) .

The converse is immediate because (H U K) is a subgroup and HK = (HUK). m

Example 4.1.21 Let G = {(a,b), where a® = e, b* = ¢, and (ab)*> = e. Then
(i) ab=ba™', ba = a~'b, and a*b = ba.
(ii) G is not commutative because ab # ba.
(ii) ba® = a~°b for all positive integers s.
(iv) By (i) and (iii)
a" oy ifi=0
a'b'a’’ = { a" bt z;z =1
(v) Because a® = e = b%, every element of G is of the form a"b', 0 <r < 3,i=0,1 by (iv).
(vi) G = {e,a,b,ab,a® a*b}. Thus, |G| = 6.
(vii) o(a) = 3 = o(a?), o(b) = o(ab) = o(a?b) = 2.
(viii) The only subgroups of G are {e}, (a) = (a®), (b), (ab), (a®b), and G.
G is called a dihedral group of degree 3 and is denoted by Ds. In general, a dihedral group' of degree n is
D, = {(a,b) , where (ab)® = e, o(a) = n, and o(b) = 2. In Chapter 5, we consider, Dy, a dihedral group of degree
4, and study this group in detail.

Worked-Out Exercises
{ Exercise 1 Let H be a subgroup of a group G. Let g € G. Prove that

(a) gHg ' = {ghg™' | h € H} is a subgroup of G,
(b) |gHg™'| =|H].

Solution (a) We first show that gHg™! # () and then use Theorem 4.1.6. Since e = geg™' € gHg™ ', gHg™* # 0.
Let ghig™', ghag™ € gHg™*. Then

1 1

(ghig™ ) (gh2g™ ") ™" = gh1g 'ghy ‘g™ = ghihy ‘g~ € gHg "

Hence, gHg™" is a subgroup of G.

(b) Let g € G. To prove that |gHg_1| = |H|, we show that there exists a one-one onto function of H
onto gHg™"'. Define f : H — gHg™ " by f(h) = ghg™" for all h € H. Let h,h’ € H. If h = ', then
ghg™' =gh'g™!, ie., f is well defined. Also, ghg~! € gHg™*. Thus, f is a function of H into gHg *.
Suppose f(h) = f(h'). Then ghg™' = gh’g™". From this it follows that h = h'. This shows that f is
one-one. To show f is onto gHg™ !, let a € gHg™'. Then a = gbg™" = f(b) for some b € H, namely,

b= g 'ag. Thus, f is onto gHg .

¢ Exercise 2 Prove that S, is generated by {(1 2),(1 3),(14),...,(1 n)}.

Solution Let 7 be any permutation in S,,. Then 7 is a product of transpositions. Thus, it is sufficient to show that
if (¢ ) is any transposition in S, i < j, then

(i7)€((12),(13),(14),...,(1n)).

This follows from the fact that (i j) = (1 7) o (1 j) o (1 7). Hence, S, is generated by {(1 2),(1 3),(1
4),...,(1n)}

I'We show the existence of such groups in Chapter 7.
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{ Exercise 3 Find all subgroups of (Z, +).

Solution Let H be a subgroup of Z. Suppose H # {0}. Let a be a nonzero element of H. Then —a € H. Since either

a or —a is a positive integer, H contains a positive integer. With the help of the principle of well-ordering,
we can show that H contains a smallest positive integer. Let a be the smallest positive integer in H. We
claim that H = {na | n € Z}.
Now na € H for alln € Z and so {na | n € Z} C H. On the other hand, let b € H. By the division algorithm,
there exist ¢ and 7 in Z such that b = ca + r, where 0 < r < a. Suppose r # 0. Then r = b—ca € H. Thus,
H contains a positive integer smaller than a, a contradiction. Hence, 7 = 0 and so b = ca € {na | n € Z}.
This implies that H C {na | n € Z}. Thus, H = {na | n € Z} for some a € Z. Also, for all n € Z, the set
T ={nm|m € Z} = nZ is a subgroup of Z. Hence, nZ, n =0,1,2,... are the subgroups of Z.

Exercises
1. Prove that H is a subgroup of the group G, where
(a) H= {[O]v [2]7 [4}7 [6]7 [8]7 [10}}7 G= Z127

(b) H ={[0],[3],[6], 9]}, G = Z12
and where the group operation under consideration is +i2.

2. Let GL(2,R) denote the group of all nonsingular 2 x 2 matrices over R. Show that each of the following
sets is a subgroup of GL(2,R).

(a) S:{_CCL Z _ \a,b,c,dERandadfbc:l}.

(b) S:{_g 2 _|a,b,c,d€Randa;ﬁ0}.

(c) S= { - _ab 2 ] | a,b,c,d € R and either a or b is nonzero}.
(d) S:{_g Z _\a,b,c,deRandadyéO}.

(e)S:{_Z - }\a,bERandaZerQ;éO}.

(f) S:{_(Z ’C’l _\a,b,c,dEZandad—bczl}

3. Show that the set H = {a +bi € C* | a> +b* = 1} is a subgroup of (C*,-), where - is the multiplication
operation of complex numbers.

4. Let G ={(a,b) | a,b € R, b # 0}. Prove that (G, %) is a noncommutative group under the binary operation
(a,b) * (¢,d) = (a+ be, bd) for all (a,b),(c,d) € G.

a) Let H ={(a,b) € G| a =0}. Show that H is a subgroup of G.

b) Let K ={(a,b) € G| b> 0}. Show that K is a subgroup of G.

¢) Let T'={(a,b) € G| b=1}. Show that T is a subgroup of G.

d) Find all elements of order 2 in G.

~ o~

In S3, determine the set 7 = {x € S5 | 2° = e}. Is T a subgroup of S3?
Determine the subgroup (4,6) in (Z,4+).
In (Z,+), determine the subgroup generated by {4,5}.

® N> o

List the elements of the following subgroups.

W (1331 )es

(b) (h,v) in the symmetries of the square.

9. Let a=(1234)and b=(24) € S4.
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10.

11.

12.
13.
14.
15.

16.
17.

18.
19.

20.

21

22
23
24
25

a) Find o(a) and o(b).

b) Show that ba = a®b = a™'b.
(¢) Find H = (a,b) in Ss.

(d) Find |H|.

(
(

Let G be a group generated by a,b such that o(b) = 2, o(a) = 6, and (ab)? = e. Show that

(a) aba =b,
(b) (a®b)* =e,
(¢) ba®b = a?,
(d) ba®b = a®

Let G be a group. Prove that a nonempty subset H of G is a subgroup if and only if for all a,b € H,
ab€ H and a™ ' € H.

Let G be a commutative group. Show that the set H of all elements of finite order is a subgroup of G.
Let G be a group and a € G. Show that if a is the only element of order n in G, then a € Z(G).
Show that Z(Sy,) = {e} for all n > 3.

Let G be a group and a € G. Let C(a) = {b € G | ba = ab}. Prove that C(a) is a subgroup of G and that
Z(GQ) = NaecC(a). C(a) is called the centralizer of a in G.

Prove that a group G cannot be written as the union of two proper subgroups.

Let G be a group and H be a nonempty subset of G.

(a) Show that if H is a subgroup of G, then HH = H.
(b) If H is finite and HH C H, prove that H is a subgroup of G.
(¢) Give an example of a group G and a nonempty subset H of G such that HH C H, but H is not a
subgroup of G.
Let H be a subgroup of a group G. Prove that (H) = H.

If A and B are subgroups of a group G, prove that AU B is a subgroup of G if and only if A C B or
B C A. If C is also a subgroup of G, does a similar necessary and sufficient condition hold for AUBUC
to be a subgroup of G?

Let G be a commutative group. If a and b are two distinct elements of G such that o(a) = 2 = o(b), show
that |{(a,b)| = 4.

(a) Prove that S, is generated by {(12),(123--- n)}.
(b) Prove that S, is generated by {(1 2),(2 3),(34),...,(n—1n)}.

Show that (Q,+) is not finitely generated.
Let G be a group. Prove that if G is finite, then G has finitely many subgroups.
Does there exist an infinite group with only a finite number of subgroups?

For the following statements, write the proof if the statement is true; otherwise, give a counterexample.

All nontrivial subgroups of (Z,+) are infinite groups.
If A, B, and C are subgroups of a group G such that AU B C C, then ABC C C.
If G is a noncommutative group, then Z(G) = {e}.

Let G be a group. If H is a nonempty subset of G such that a=! € H for all @ € H, then H is a
subgroup of G.

(e) There exists a proper subgroup A of (Z,+) such that A contains both 2Z and 3Z.
(f) If H is a subgroup of (Q,+) such that Z C H, then H = Q.
(g) If H is a subgroup of (QF,-) such that Z\{0} C H, then H = Q".
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4.2 Cyclic Groups

In the previous section, we introduced the notion of a subgroup generated by a set. Groups that are generated
by a single element, called cyclic groups, are of special importance. As we shall see throughout the text, these
groups play an important role in studying the structure of a group. In fact, all of Chapter 9 revolves around
these groups. Cyclic groups are easier to study than any other group. They have special properties, some of
which we will discover in this section.

Definition 4.2.1 A group G is called a cyclic group if there exists a € G such that
G = (a).
We recall that (a) in Definition 4.2.1 is the set {a" | n € Z} (Corollary 4.1.14).
Let G = {(a) be a cyclic group and b,c € G. Then b = a™ and ¢ = a™ for some n,m € Z. Now
n m n+m m4n m

bc=a"a" =a =aq =a™a" = cb.

This shows that G is commutative. Hence, every cyclic group is commutative. We record this result in the
following theorem.

Theorem 4.2.2 FEvery cyclic group is commutative.

Example 4.2.3 (i) (Z,+) is a cyclic group because Z = (1) .
(#3) ({na | n € Z},+) (Fzample 2.1.8) is a cyclic group, where a is any fized element of Z.
(#42) (Zn,+n) is a cyclic group because Zn, = ([1]) .

Example 4.2.4 Let a be a symbol and n a positive integer. Define = by means of the following operation table.

% LLO al a2 an72 anfl
Py P o P T2 g1
at ol a2 a3 a1l g0
a? a’ a® at a® at
n—2 an72 anfl a . an74 n—3
n—1 n—1 CLO al - n—2
Then ({ao,al, . ,ca”fl}7 %) is a cyclic group generated by at.

Example 4.2.5 Consider the set G = {e,a,b,c}. Define x on G by means of the following operation table.

QO S Q )%
QO Q9 Ol
S0 0 Qe
L o O oIS
O Q SO0

From the multiplication table, it follows that (G, %) is a commutative group. However, G is not a cyclic group

because
(e) ={e}, (a) = {e,a}, (b) = {e, b}, and (c) = {e,c}

and each of these subgroups is properly contained in G. G is known as the Klein 4-group.

The next theorem gives the exact description of a finite cyclic group.

Theorem 4.2.6 Let (a) be a finite cyclic group of order n. Then (a) = {e,a,d?,...,a""'}.
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Proof. By Corollary 4.1.14, (a) = {a’ | i € Z}. Because (a) is finite, there exist i, j € Z (j > 4) such that
a® =a’. Thus, a’~" = e and j — i is positive. Let m be the smallest positive integer such that a™ = e. Then for
all integers 4, j such that 0 < i < j < m, a’ # a’ otherwise a’~* = e for some 0 < i < j < m, which contradicts
the minimality of m. Hence, the elements of the set S = {e,a,a?, ..., a™ '} are distinct. Clearly S C (a).
Let a* € (a) . By the division algorithm, there exist integers ¢, r such that &k = gm +r, 0 < r < m. Thus,
a* = a?™"" = (a™)%a" = ea” = a" € S. Therefore, (a) C S. Thus, S = (a). Since the elements of S are distinct
and (a) has order n, it must be the case that m =n. m

The following corollaries are immediate from the proof of Theorem 4.2.6. We omit the proofs.

Corollary 4.2.7 Let (a) be a finite cyclic group. Then o(a) = |{a)|. W

Corollary 4.2.8 A finite group G is a cyclic group if and only if there exists an element a € G such that
o(a)=|G|. m

As stated in the beginning of this section, cyclic groups have special properties. We now proceed to discover
some of these properties. Subgroups of a cyclic group are themselves cyclic; this is proved in the next theorem.

Theorem 4.2.9 FEvery subgroup of a cyclic group is cyclic.

Proof. Let H be a subgroup of a cyclic group G = (a). If H = {e}, then H = (e), so H is cyclic. Suppose
{e} C H. Then there exists b € H such that b # e. Since b € G, we have b = a™ for some integer m. Thus,
m # 0 since b # e. Since H is a group, a~™ = b~! € H. Now either m or —m is positive. Therefore, H contains
at least one element which is a positive power of a. Let n be the smallest positive integer such that o™ € H. We
now show that H = (a™) .

Now a™ € H, so we must have (a™) C H. Let h € H. Then h = a* for some integer k. By the division algorithm,
there exist integers ¢, r such that k = ng+r, 0 < r < n. Since a™ and a* € H, we have a” = a* "7 = ¢* (a™)"7 € H.
However, if r > 0, we contradict the minimality of n. Therefore, r = 0 so that a* = (a™)? € (a™). Hence, H
C(a"),s0 H ={(a"™). Thus, H is cyclic. m

Corollary 4.2.10 Let G = (a) be a cyclic group of order m, m > 1, and H be a proper subgroup of G. Then
H= <ak> for some integer k such that k divides m and k > 1. Furthermore, |H| divides m.

Proof. If H = {e}, then H = (a"™) . Suppose that H # {e}. Let k be the smallest positive integer such that
a® € H. Then H = <ak> . Now there exist integers ¢ and r such that m = gk + r, where 0 < r < k, and

a" =am " = gmgT T = 7k = ((ak)_l)q €H.

The minimality of k& implies that r = 0. Hence, m = ¢k and so k divides m. Since H # G, k > 1. Next, we show

that |H| divides m. By Theorem 2.1.46(ii), o(a*) = w=d0a® = 7 = 4 As aresult Corollary 4.2.7 implies that
[H| =o(a") = ¢.

Since m = gk, we have q | m, i.e., |H| divides m. m

By Corollary 4.2.10, if G is a finite cyclic group and H is a subgroup of G, then |H| divides |G|. This is a
special case of a more general result, called Lagrange’s theorem, which we will prove in the next section.

Let G = (a) be an infinite cyclic group. Then o(a) is infinite and this implies that o(a®) is infinite for any
nonzero integer k. Thus, the order of any nonidentity element of G is infinite. Let H be a nontrivial subgroup of
G. Then H is cyclic. Let H = (b). Then b # e and b € G and so o(b) is infinite. This in turn shows that |H| is
infinite. Thus, every nontrivial subgroup of an infinite cyclic group is infinite.

Now let G = {(a) be a finite cyclic group of order n and H be a proper subgroup of G. Then by Corollary
4.2.10, |H| divides |G|. If H = {e}, then |H| =1 and if H = G, then |H| = |G| and so |H| divides |G|. Thus,
the order of every subgroup of G divides the order of G. The following theorem shows that the converse of this
result is also true for finite cyclic groups.

Theorem 4.2.11 Let G be a finite cyclic group of order m. Then for every positive divisor d of m, there exists
a unique subgroup of G of order d.
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Proof. Let G = (a) and d be a positive divisor of m. Becuase d | m, there exists k € Z such that m = kd.
Now a* € G and by Theorem 2.1.46(ii),

_ ofa) m
) = e~ F

Let H = <ak>. Then |H| = o(a*) = d. Thus, G has a subgroup of order d. Next, we establish that H is unique.

Let K be a subgroup of order d. Let ¢ be the smallest positive integer such that a' € K. Then K = (a").
Because K is of order d, o(a’) = d by Corollary 4.2.7. But o(a') = zed(tmy by Theorem 2.1.46(it). Hence,
d = (¢ which implies that ged(t,m) = % = k. This shows that k | ¢. Let ¢t = &l for some [ € Z. Now
a' = a™ = (a*)' € H. Hence, K C H. Since |K| = |H| and H and K are finite, we have H = K. Thus, there
exists a unique subgroup of order d. m

Worked-Out Exercises
{ Exercise 1 (Q,+)is not cyclic.

Solution Suppose Q is cyclic. Then Q= <§> for some § € Q, where p and q are relatively prime. Since % € Q,
there exists n € Z, n # 0 such that -2% = n§ by Corollary 4.1.14. This implies that % =n € Z, which is a
contradiction. Thus, Q is not cyclic.

Exercise 2 Let G be a group such that |G| = mn, m > 1, n > 1. Show that G has a nontrivial subgroup.

Solution First suppose that G is cyclic. Let G = (a). Then o(a) = mn. Clearly o(a™) = n. Let H = (™). Then
H is a nontrivial subgroup of G. Now suppose that G is not cyclic. Then for all a € G, o(a) < mn by
Exercise 26 (page 56). Let e # a € G and let H = (a) . Then H is a nontrivial subgroup of G.

{ Exercise 3 Let G be an infinite cyclic group generated by a. Show that

(a) a” = a' if and only if r = ¢, where r,t € Z,

(b) G has exactly two generators.

Solution (a) Suppose a” = a' and r # t. Let r > t. Then a"~* = e. Thus, o(a) is finite, say, o(a) = n.
Then G = {e,a, ...,a" '}, which is a contradiction since G is an infinite group. The converse is
straightforward.

(b) Let G = (b) for some b € G. Since a € G = (b) and b € G = (a), a = b" and b = a for some r,t € Z.
Thus, a = b" = (a')" = a"'. Hence, by (a), rt = 1. This implies that either r=1=torr = —1=*¢.
Thus, either b=a or b = a™'. Now from (a), a # a~*. Therefore, G has exactly two generators.

Exercise 4 (a) Let G = (a) be a finite cyclic group of order n. Show that a* is a generator of G if and only if
ged(k,n) = 1, where k is a positive integer.

(b) Find all generators of Z1o.

Solution (a) Suppose a® is a generator of G. Since |G| = n, o(a*) = n. But o(a*) = Hence, =5 = n-

n
ged(k,n)

gcd&m)'
Thus, ged(k,n) = 1. Conversely, suppose that ged(k,n) = 1. Then o(a*) =
{<ak>| = n. Since <ak> CGand |Gl =n,G= <ak>.

(b) Now Zio = ([1]) and |Z1o| = 10. By (a), k[1] is a generator if and only if gcd(k,10) = 1, where
1 <k <10. Now if k =1,3,7, or 9, then gcd(k,10) = 1. Thus, the generators of Z1q are 1[1] = [1],
3(1) = [3], 7[1] = [7] and 9[1] = [9].

= n. Hence,

Exercises

1. Let G = {a) be a cyclic group of order 30. Determine the following subgroups.

(a) (a®).
(b) {(a®).
2. Let G be a cyclic group of order 30. Find the number of elements of order 6 in GG and also find the number
of elements of order 5 in G.
3. Prove that 1 and —1 are the only generators of Z.
4. (a) Show that (R, +) is not cyclic.
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(b) Show that (Q*,-) is not cyclic.
(¢) Show that (R*,-) is not cyclic.

5. If G is a cyclic group of order n, show that the number of generators of G is ¢(n), where ¢ is the Euler
¢-function.

Show that every proper subgroup of Ss is cyclic.
Give an example of a noncyclic Abelian group all of whose proper subgroups are cyclic.

Let G be a group. Suppose that G has at most two nontrivial subgroups. Show that G is cyclic.

© »® 3

Let G be a finite group. Show that if G has exactly one nontrivial subgroup, then order of G is p? for
some prime p.

10. Let G be a noncommutative group. Show that G has a nontrivial subgroup.
11. Give an example of an infinite group of order > 2 which contains a nontrivial finite cyclic group.

12. Show that there are cyclic subgroups of order 1,2,3, and 4 in S4, but Ss does not contain any cyclic
subgroup of order > 5.

13. For the following statements, write the proof if the statement is true; otherwise, give a counterexample.

(a) For every positive integer n, there exists a cyclic group of order n.
(b) Every proper subgroup of A4 is cyclic.

(¢) As is a cyclic group.

(d) A4 is a cyclic group.

(e) All proper subgroups of (R, +) are cyclic.

4.3 Lagrange’s Theorem

In the last section, we noted that the order of a subgroup of a finite cyclic group divides the order of the group
(Corollary 4.2.10). We also remarked that this is a special case of a general result, called Lagrange’s theorem,
i.e., the order of a subgroup of a finite group divides the order of the group. Lagrange proved this result in
1770, long before the creation of group theory, while working on the permutations of the roots of a polynomial
equation. Lagrange’s theorem is a basic theorem of finite group theory and is considered by some to be the
most important result in finite group theory. In this section, we prove this result. We begin with the following
definition.

Definition 4.3.1 Let H be a subgroup of a group G and a € G. The sets aH = {ah | h € H} and Ha = {ha |
h € H} are called the left and right cosets of H in G, respectively. The element a is called a representative of
aH and Ha.

If G is commutative, then of course aH = Ha. Observe that eH = H = He and that a = ae € aH and
a=ea€ Ha.

Example 4.3.2 Consider the symmetric group Ss (Example 3.1.8). Then

).
1 2 3 1 2 3
H‘{“<2 3 1)’(3 1 2)}
/ 1 2 3
re{e(133))
are subgroups of Ss. We now compute the left and right cosets of H in Ss. The left cosets of H in Ss are

12 3 12 3 12 3
(1 2 3)H*( 3 1)H*(3 1 2)H*H

and

and
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and the right cosets of H in S3 are
1 2 3 1 2 3 1 2 3
H(123)*H(231)*H(312>*H

1 2
#( 43
1

1

{

Thus, for all a € S3, aH = Ha. ) /
Next, we compute the left and right cosets of H in Ss. The left cosets of H in Sz are

and

and

Gat)r=(r)r={G )Gt}
( )

N =
— N
w W
N~~~
Il
VR
N =
w N
— W

(1 2 3 (1 2 3 1 2 3 1 2 3

H<321>_H<231>_{(321>’<231>}’
and

/ 1 2 3 ’ 1 2 3 1 2 3 1 2 3

H(213>_H(312)‘{(213)’(312)}

We see that
1 2 3 ’ (1 2
(3 1 2)H¢H(3 1

Thus, the left and right cosets of H' in S3 are not the same.

N W
N——

There are some interesting phenomena happening in the above example. We see that all left and right cosets
of H in S3 have the same number of elements, namely, 3; that there are the same number of distinct left cosets
of H in S5 as of right cosets, namely, 2; that the set of all left cosets and the set of all right cosets form partitions
of S3; and, finally, that 3 - 2 equals the order of S3. Similar statements hold for the subgroup H’. We show, in
the results to follow, that these phenomena hold in general.

In the next few theorems, we prove some properties of left and right cosets of a subgroup which will eventually
lead us to the proof of Lagrange’s theorem. The following theorem tells us when two left (right) cosets are equal.
It is a result that is used often in the study of groups.

Theorem 4.3.3 Let H be a subgroup of a group G and a,b € G. Then
(i) aH = bH if and only if b™'a € H.
(ii) Ha = Hb if and only if ab™" € H.

Proof. (i) Suppose aH = bH. Since a € aH and aH = bH, there exists h’ € H such that a = bh'. This
implies that b~ta = b’ € H.

Conversely, suppose b~ 'a € H. Then there exists A’ € H such that b~*a = K, i.e., a = bh'. Let ah € aH.
Then ah = bh'h € bH. This implies that aH C bH. Next, we show that bH C aH. Now b~'a = h’ implies that
ah’~" = b. Let bh € bH. Then bh = ah’'~"h € aH. Hence, bH C aH. Consequently, aH = bH.

(ii) The proof is similar to (i). We leave it as an exercise. B

Theorem 4.3.4 Let H be a subgroup of a group G. Then for all a, b € G, either aH = bH or aH NbH = ()
(i.e., two left cosets are either equal or they are disjoint).
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Proof. Let a,b € G. Suppose that aH NbH # 0. We wish to show that aH = bH. Since aH NbH # 0,
there exists ¢ € aH NbH. Hence, ¢ € aH and ¢ € bH and so there exist hi, ha € H such that ¢ = ah; and
¢ = bhe. Thus, ah; = bhe and from this, it follows that b la = hzhl_l. Therefore, b 'a € H. By Theorem 4.3.3(i),
aH =bH. m

Corollary 4.3.5 Let H be a subgroup of a group G. Then {aH | a € G} forms a partition of G.

Proof. Let P = {aH | a € G}, i.e., P is the set of all left cosets of H in G. By Theorem 4.3.4, for all
aH,bH € P, either aH = bH or aH NbH = (. Thus, P satisfies (i) of Definition 1.3.14. Since aH C G for all
a € G, UggepaH C G. If a € G, then a € aH C UguepaH. Therefore, G C UguepaH. Hence, G = UguepaH.
This shows that P satisfies (ii) of Definition 1.3.14. Consequently, P is a partition of G. m

Theorem 4.3.6 Let H be a subgroup of a group G. Then the elements of H are in one-one correspondence with
the elements of any left (right) coset of H in G.

Proof. Let a be any element of G and aH be a left coset of H in GG. To show that the elements of H are
in one-one correspondence with the elements of aH, we show that there exists a one-one function of H onto aH.
Define f : H — aH by f(h) = ah for all h € H. Let h,h1 € H. If h = hq, then ah = ahq, i.e., f(h) = f(h1).
Hence, f is well defined. Suppose f(h) = f(h1). Then ah = ahi and this implies that h = h;. Thus, f is a
one-one function. To show f is onto aH, let ah € aH, where h € H. Then ah = f(h). Hence, f maps H onto
aH. Similarly, we can show that the elements of H are in one-one correspondence with the elements of Ha. ®

The following corollary is immediate from Theorem 4.3.6.

Corollary 4.3.7 Let H be a subgroup of a group G. Then for all a € G, |H| = |aH| = |Ha|. ®

The next theorem says that there are the same number of left cosets as right cosets.

Theorem 4.3.8 Let H be a subgroup of a group G. Then there is a one-one correspondence of the set of all left
cosets of H in G onto the set of all right cosets of H in G.

Proof. Let £ = {aH | a € G} be the set of all left cosets of H in G and R = {Ha | a € G} be the set of
all right cosets of H in G. To establish a one-one correspondence between the elements of £ and R, we need to
show the existence of a one-one function of £ onto R.

Define f: L — R by

f(aH)=Ha™!

for all aH € L. First note that Ha~' € R for all a € G. Let aH,bH € L. Suppose aH = bH. Then by Theorem
4.3.3(i), b *a € H. This implies that b™*(a™*)™' = b~'a € H and so by Theorem 4.3.3(ii), Hb~' = Ha~'. Thus,
F(bH) = f(aH). Hence, f is well defined. To show f is one-one, suppose f(aH) = f(bH). Then Ha~* = Hb™*
and so a”'(b™')"! € H by Theorem 4.3.3(ii), i.e., a~'b € H. Therefore, b~ a = (a'b)"* € H and so aH = bH.
Hence, f is one-one. Since for all Ha € R, Ha = H(a™")™* = f(a™'H) and a ' H € L, it follows that f is onto
R. Thus, f is a one-one function from £ onto R. m

Definition 4.3.9 Let H be a subgroup of a group G. Then the number of distinct left (or right) cosets, written
[G: H], of H in G is called the index of H in G.

By Theorem 4.3.8, the number of left cosets and the number of right cosets of a subgroup H of a group G
are the same. Thus, [G : H] is well defined.

If G is finite, then of course [G : H] is finite. The following example is one, where G is infinite and [G : H] is
finite.

Example 4.3.10 Let n be a fized positive integer. Consider the cyclic subgroup ((n), +) of (Z,+). Let k + (n)
be a left coset of (n) in Z. By the division algorithm, there exist integers q and r such that k = qn + r, where
0<r<mn. Then k—r =qgn € (n) and so k+ (n) = r + (n) by Theorem 4.3.3. Suppose i + (n) = j + (n), where
0<4,j<n. Theni—j € (n) by Theorem 4.3.3. This implies that n | (i — j) and so we must have i —j =0 or
i =j since 0 < i,j < n. Thus, the distinct left cosets of (n) inZ are 0+ (n), 1+ (n), ..., n—1+4+ (n).

We are now ready to prove Lagrange’s theorem. It is interesting to note that Lagrange proved the result for
the symmetric group S,. Some credit Galois for proving the result in general.
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Theorem 4.3.11 (Lagrange) Let H be a subgroup of a finite group G. Then the order of H divides the order
of G. In particular,
|G| =[G : H]|H|.

Proof. Since G is a finite group, the number of left cosets of H in G is finite. Let {a1H, a2H, ..., a,H} be
the set of all distinct left cosets of H in G. Then by Corollary 4.3.5, G = Uj_1a;H and a,H Na; H = ) for all
1 #7,1<4,j<r Hence, [G: H =r and

|G| = la1 H| + |agH| + -+ + [a, H].

By Corollary 4.3.7, |H| = |a;H| for all ¢, 1 <4 <r. Therefore,

Gl = |H|+|H[+-- +[H|
7 times
= r|H]|
= [G:H]|H|.

Thus, the order of H divides the order of G. m

Corollary 4.3.12 Let G be a group of finite order n. Then the order of any element a of G divides n and o™ = e.

Proof. Let a € G and o(a) = k. Let H = (a). Then by Corollary 4.2.7, |H| = |(a)| = o(a) = k. Hence, by
Theorem 4.3.11, k divides n. Thus, there exists ¢ € Z such that n = kq. Hence, a" = a"? = (aF)? = el =¢. m

Let G be a finite group of order n and a € G. Then o(a) divides n by Corollary 4.3.12. Thus, to find o(a),
we only need to check a¥, where k is a positive divisor of n. For example, consider Zszo and [6] € Zgo. Now
|Z2o| = 20 and 1, 2, 4, 5, 10, and 20 are the only positive divisors of 20. Now 1[6] = [6] # [0], 2[6] = [12] # [0],
4[6] = [24] = [4] # [0], 5[6] = [30] = [10] # [0], and 10[6] = [60] = [0]. Thus, o([6]) = 10. Hence, the above
corollary can be used to find the order of an element in a finite group.

Corollary 4.3.13 Let G be a group of prime order. Then G is cyclic.

Proof. Since |G| > 2, there exists a € G such that a # e. Let H = (a). Then {e} C H and |H| divides |G| .
But |G| is prime and so |H| = |G| . Since H C G and |H| = |G/, it follows that G = H. Therefore, G is cyclic. ®

Let H and K be subgroups of a group G. If either H or K is infinite, then, of course, H K is infinite. Suppose
H and K are both finite. We know that HK need not be a subgroup of G. Thus, |HK| need not divide |G|.
However, with the help of Lagrange’s theorem, we can determine |HK|. This is a very useful result and we will
use it very effectively in this text. In the next theorem, we determine |HK| when H and K are both finite.

Theorem 4.3.14 Let H and K be finite subgroups of a group G. Then

|H||K]|

HE| = U2
HE| =g

Proof. Let us write A = HN K. Since H and K are subgroups of G, A is a subgroup of G and since A C H,
A is also a subgroup of H. By Lagrange’s theorem, |A| divides |H|. Let n = %. Then [H : Al =n and so A
has n distinct left cosets in H. Let {14, x2A4,...,z,A} be the set of all distinct left cosets of A in H. Then

H =Uj_,z;A. Since A C K, it follows that

We now show that z; K Nz; K = 0 if i # j. Suppose z; K Nx; K # ( for some i # j. Then z; K = z; K. Thus,
z;'z; € K. Since z; 'x; € H, z;'x; € A and so 2;A = x; A. This contradicts the assumption that z14, ..., z,A
are all distinct left cosets. Hence, z1K,...,z,K are distinct left cosets of K. Also, |K| = |z; K| by Corollary
4.3.7 for all i = 1,2, ..., n. Thus,
HK| = |#1K[+--+ |z, K]
= |Kl++IK]
—_————
n times
= n|K]|
|H|| K|
|Al
H||K
[HNK|"
]
The following corollary is an immediate consequence of the above theorem.
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Corollary 4.3.15 Let H and K be finite subgroups of a group G such that H N K = {e}. Then
|HK| = |H||K|. =

Let H and K be subgroups of a group G. If either H or K is infinite, then, of course, H K is infinite. Suppose
H and K are both finite. We know that HK need not be a subgroup of G. Thus, |HK| need not divide |G|.
However, with the help of Lagrange’s theorem, we can determine |HK|. This is a very useful result and we will
use it very effectively in this text. In the next theorem, we determine |H K| when H and K are both finite.

Theorem 4.3.16 Let H and K be finite subgroups of a group G. Then

_ H]IK]
[HEK| = |[HN K|

Proof. Let us write A = HN K. Since H and K are subgroups of G, A is a subgroup of G and since A C H,
A is also a subgroup of H. By Lagrange’s theorem, |A| divides |H|. Let n = %. Then [H : A] = n and so A
has n distinct left cosets in H. Let {14, z2A4,...,2,A} be the set of all distinct left cosets of A in H. Then

H =Uj— z;A. Since A C K, it follows that

We now show that z; K Nz; K = () if i # j. Suppose x; K Nz; K # 0 for some i # j. Then z; K = z; K. Thus,
z;tw; € K. Since x; *x; € H, x7'x; € A and so 2;A = 2; A. This contradicts the assumption that 214, ..., 2,4
are all distinct left cosets. Hence, 21K, ...,z, K are distinct left cosets of K. Also, |K| = |z; K| by Corollary
4.3.7 for all i = 1,2, ..., n. Thus,
|[HK| = |©iK|+- -+ |z, K]
= |KI+ +IK]
n times
n|K|
|H|| K]

|Al
—  H]K]

[HNK]|"

]
The following corollary is an immediate consequence of the above theorem.

Corollary 4.3.17 Let H and K be finite subgroups of a group G such that H N K = {e}. Then
|HK| = |H[|K]. =

The following is known as Fermat’s little theorem.

Theorem 4.3.18 (Fermat) Let p be a prime integer and a be an integer such that p does not divide a. Then p
divides a?~1 — 1, i.e.,
a7t =, 1.

Proof. Let U, = Z,\{0}. Then by Exercise 10 (page 55), Up is a group. Also, by Exercise 9 (page 55),
|[Up| = p— 1. Let a be an integer such that p does not divide a. Then [a] is a nonzero element of Z, and so
[a] € Up. Thus, by Corollary 4.3.12, [a]P~* = [1], i.e., [a? '] = [1]. Hence, a?~! =, 1 by Exercise 11 (page 23). m

We now discuss Euler’s generalization of Fermat’s little theorem.

If p is a prime, then ¢(p) = p — 1. Therefore, Fermat’s little theorem can be written as follows:

If a is a positive integer and p is a prime such that ged(a,p) = 1, then

a?® =, 1.

Euler generalized this result from the case of a prime to an arbitrary integer n. The following theorem is the
Euler’s generalization of Fermat’s Little Theorem. We leave the proof as an exercise.

Theorem 4.3.19 (Euler) Let a and n be integers such that n > 0 and gced(a,n) = 1. Then

a?™ =, 1.
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Worked Out Exercises

{ Exercise 1

Solution

{ Exercise 2

Solution

Exercise 3

Solution

Exercise 4

Solution

{ Exercise 5

Solution

{ Exercise 6

Let H be a subgroup of a group G. Show that for all a € G, aH = H if and only if a € H.

Let a € G. Suppose aH = H. Then a = ae € aH = H. Conversely, suppose that a € H. Now for any
h € H, ah € H. Hence, aH C H. Let h € H. Then a 'h € H. Thus, h = a(a™*h) € aH. Therefore,
H C aH, proving that aH = H.

Let G be a noncyclic group of order p?, p a prime integer. Show that the order of each nonidentity element
is p.

Let g € G and g # e. Now o(g) divides |G| = p*. Hence, o(g) = 1,p or p®. Since g # e, o(g) # 1. If
o(g) = p?, then G contains an element g such that o(g) = |G| and this implies that G is cyclic, which
contradicts the hypothesis. Hence, o(g) = p.

Let G = {a, b, c,d} be a group. Complete the following Cayley table for this group.

QUL O o
(=)

From the table, ¢> = b and db = b. Now db = b implies that d = e, the identity element of G. Since
2 =b#d, o(c) # 2. Hence, o(c) = 4. Thus, G is a cyclic group generated by c¢. Then G = {e , ¢, ¢, *}.
Since d = e and ¢® = b, it follows that ¢® = a. Hence, the Cayley table is

| a b ¢ d
alb ¢ d a
blec d a b
cld a b ¢
dla b ¢ d

Let G be a finite nontrivial group. Suppose for all z € G, there exists y € G such that = = y?. Prove that
the order of G is odd and conversely.

Suppose G is of odd order. Then |G| = 2n + 1 for some positive integer n and for all z € G, 2*"*! = e.

Now 22" = ¢ implies = 272" = (¢7")? = y?, where y = ™. Conversely, suppose |G| is not odd. Let
|G| = 2n and = € G. Then there exists y € G such that x = y?. Hence, 2" = y*" = e. Thus, for all x € G,
"™ = e. Suppose n is odd, say, n = 2m + 1. Then z°™" = ¢ for all x € G. By Worked-Out Exercise 5
(page 52), there exists z € G such that z # e and z* = e since |G| is even. Hence, e = 2*™ 1! = 2™ =
2(2%)™ = ze = z, which is a contradiction. So n is even, say, n = 2m. Then z*™ = e for all z € G. As
before, we can show that ™ = e for all z € G and m is even. Continuing in this way, we can conclude
that 22 = e for all z € G. Let € G. Then there exists y € G such that = = y2. Therefore, 2 = e. Thus,

|G| = 1, which is a contradiction. Consequently, G is of odd order.
Let G be a group such that |G| > 1. Prove that G has only the trivial subgroups if and only if |G| is prime.

Let |G| = p, p a prime. Let H be a subgroup of G. Then |H| divides |G|. This implies that |H| =1 or p.
Thus, H = {e} or H = G. Conversely, suppose that G has only the trivial subgroups. Let a € G be such
that a # e. Now (a) = {a" | a € Z} is a cyclic subgroup of G and (a) # {e}. Therefore, G = (a). If G
is infinite, then a” # a® for all r,s € Z, r # s. Hence, {a®>" | n € Z} is a nontrivial subgroup of G, which
is a contradiction. Thus, |G| is a finite cyclic group of order, say, m > 1. Suppose m is not prime. Then
m = rs for some r,s € Z, 1 <r,s < m. Since r | |G| and G is cyclic, G has a cyclic subgroup H of order
r. This contradicts the assumption that G has only the trivial subgroups. Hence, |G| is prime.

Let G be a group of order p™, p a prime. Show that G contains an element of order p.

Solution: Let a € G, a # e. Then H = (a) is a cyclic subgroup of G. Now |H| divides |G| = p™. Thus,
|H| = p™ for some m € Z, 0 < m < n. Now H is a cyclic group of order p™. Hence, for every divisor d of p™,
there exists a subgroup of order d. So for p, there exists a subgroup T of H such that |T'| = p. By Corollary
4.3.13, there exists b € T such that T' = (b) and b is of order p. Hence, G contains an element of order p.

Exercise 7

Let G be a finite commutative group such that G contains two distinct elements of order 2. Show that |G|
is a multiple of 4. Also, show that this result need not be true if G is not commutative.
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Solution Let a and b be two distinct elements of order 2. Let H = {e,a} and K = {e,b}. Now H and K are

subgroups of G. Since G is commutative, HK = {e, a,b,ab} is a subgroup of G of order 4. Now |HK| =4
divides |G| . Thus, |G| is a multiple of 4.

The symmetric group S3 is noncommutative, (1 2) and (1 3) are elements of Sz, and each is of order 2. But
4 does not divide |S3| = 6.

Exercise 8 Find all subgroups of Ss.
Solution S5 = {e, (12), (13),(23), (123), (132)}.0(12)=2,0(13)=2,0(23)=2,0(123)=3,and o1 3

2) = 3. Now {e}, {e, (1 2)}, {e, (1 3)}, {e, (23)}, {e, (123), (132)}, and S3 are subgroups of Ss. Let H
be a subgroup of Ss. Now |H| divides |G|. Thus, |H| =1,2,3, or 6. If |H| = 1, then H = {e}. If |H| = 6,
then H = Ss. If |[H| = 2, then H is a cyclic group of order 2. Hence, H is one of {e, (1 2)}, {e, (1 3)}, {e,
(2 3)}. Suppose |H| = 3. Then by Lagrange’s theorem, H has no subgroup of order 2. Thus, (1 2), (1 3),
(2 3) ¢ H. Therefore, e, (12 3), (13 2) € H. Also, {e, (12 3), (13 2)}is a subgroup and so H = {e, (12
3), (1 32)}. Hence, Hy = {e}, H1 ={e, (1 2)}, Ho={e, (13)}, Hs ={e, (23)}, Hi ={e, (123),(13
2)}, and Ss are the only subgroups of Ss.

Exercises

1.

In 53,

(a) find all the right cosets of H = {e, (2 3)},
(b) find a subgroup B of G such that H(1 2 3) is a left coset of B.

Find all right cosets of the subgroup 6Z in the group (Z, +).

Let
. 1 2 3 4 1 2 3 4 1 2 3 4
1 V432 1) \2143)\3 41 2 ’

where e is the identity permutation. Show that H is a subgroup of Ss. List all the left and right cosets of
H in S4.

Let H denote the subgroup {rseo, h} of the group of symmetries of the square. List all the left and right
cosets of H in G.

Find all subgroups of the Klein 4-group.

6. Find all subgroups of order 4 in Sy.

10.

11.
12.

13.

14.

Let G = {a, b, c,d} be a group. Complete the following Cayley table for this group.

|dabc
d

c d

o o Qe

Let G be a group and H and K be subgroups of G. Show that (H N K)x = Hx N Kz for all z € G.

Let G be a group and H and K be subgroups of G. Let a,b € G. Show that either Ha N Kb = () or
Han Kb= (H N K)c for some c € G.

(Poincaré) Let G be a group and H and K be subgroups of G of finite indices. Show that H N K is of
finite index.

Give an example of a group G and a subgroup H of G such that aH = bH, but Ha # Hb for some a,b € G.

Let G be a group of order pg, where p and ¢ are prime integers. Show that every proper subgroup of G is
cyclic.

Let H be a subgroup of a group G. Define a relation ~ on G by for all a, b € G, a ~ b if and only if
b~'a € H (i.e., if and only if e = bH). Show that ~ is an equivalence relation on G and the equivalence
classes of ~ are the cosets aH, a € G.

Let n > 1. Show that there exists a proper subgroup H of S, such that [S, : H] < n.
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15. Let H and K be subgroups of a finite group G such that |H| > /|G| and |K| > 4/|G|. Show that

|[HN K| > 1.
16. Let |G| = pq, (p > q), where p and q are distinct primes. Show that G has at most one subgroup of order
p.

17. Let G be a group. If a subset A is a left coset of some subgroup of G, then show that A is a right coset of
some subgroup of G.

18. Let G be a finite group and A and B be subgroups of G such that A C B C G. Prove that
[G: Al =[G: B][B: A

19. Let G be a group such that |G| < 200. Suppose G has subgroups of order 25 and 35. Find the order of G.

20. Let G be a group of order 35 and A and B be subgroups of G of order 5 and 7, respectively. Show that
G = AB.

21. Let A and B be subgroups of a group G. If |A| = p, a prime integer, show that either AN B = {e} or
ACB.

22. Let H and K be subgroups of a group G. Define a relation ~ on G by for all a,b € G, a ~ b if and only if
b = hak for some h € H and k € K.

(a) Show that ~ is an equivalence relation on G.

(b) Let a € G and [a] denote the equivalence class of a in G. Show that
[a] = {hak | h € H, k€ K} = HaK.
The set HaK is called a double coset of H and K in G.
(¢) If G is a finite group, prove that
[Hak] = |H|fc‘z|lfa‘*l|
for all a € G.

23. For the following, if the statement is true, then write the proof. Otherwise justify why the statement is
false.

) Every left coset of a subgroup of a group is also a right coset.

) The product of two left cosets of a subgroup of a group is also a left coset.

) There may exist a subgroup of order 12 in a group of order 40.
d) Let G = (a) be a cyclic group of order 30. Then [G : (a®)] = 5.

) Every proper subgroup of a group of order p* (p a prime) is cyclic.

) Let G be a group. If H is a subgroup of order p and K is a subgroup of order g, where p and ¢ are
distinct primes, then |HK| = pq.

4.4 Normal Subgroups and Quotient Groups

In the previous section, we saw that a subgroup H of a group G induced two decompositions of GG, one by left
cosets and another by right cosets. In other words, if H is a subgroup of a group G, then G can be written
as a disjoint union of distinct left (right) cosets of H in G. These two decompositions were first recognized
by Galois in 1831 in the context of permutation groups. Galois called the decomposition “proper” if the two
decompositions coincide, i.e., if left cosets are the same as right cosets. We call such a subgroup normal in our
present-day terminology. Normal subgroups are the subject of this section. Galois showed how the solvability
of a polynomial equation by means of radicals is related to the concept of a normal subgroup of the group of
permutations of the roots and the group, called the quotient group, created by the normal subgroup.

Perhaps the notion of a normal subgroup is one of the most innovative ideas in group theory. I.N. Herstein
(1923-1988) remarked about normal subgroups that “It is a tribute to the genius of Galois that he recognized that
those subgroups for which the left and right cosets coincide are distinguished ones. Very often in mathematics
the crucial problem is to recognize and to discover what are the relevant concepts; once this is accomplished the
job may be more than half done.”

Later C. Jordan defined normal subgroups without using the term normal as we define it in our present-day
terminology.

We shall see in this text that normal subgroups play a crucial role in obtaining structural results of groups.
Let us now begin our study of normal subgroups.
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Definition 4.4.1 Let G be a group. A subgroup H of G is said to be a normal (or invariant) subgroup of G
if aH = Ha for all a € G.

From the definition of a normal subgroup, it follows that for any group G, G and {e} are normal subgroups
of G.

If H is a normal subgroup of G, this does not always mean that ah = ha for all h € H and for all a € G as
shown by the following example.
2 3
3 1 > € H. Then

Example 4.4.2 Recall Example 4.3.2. H is a normal subgroup of S3. Consider h = ( ;

and

Hence,

even though
1 2 3 1 2 3
(1 3 2>H_H(1 3 2)'
The following theorem gives a necessary and sufficient condition for a subgroup to be a normal subgroup.
Forac G, 0#HCG,let aHa ' = {aha™ | h € H}.

Theorem 4.4.3 Let H be a subgroup of a group G. Then H is a normal subgroup of G if and only if for all
a€@, aHa ' CH.

Proof. First suppose that H is a normal subgroup of G. Let a € G. We now show that aHa ' C H. Let
aha™! € aHa™!, where h € H. Since H is a normal subgroup of G, aH = Ha. Also, since ah € aH, we have
ah € Ha and so ah = h'a for some h' € H. Thus, aha™! = b’ € H. Hence, aHa ' C H.

Conversely, suppose aHa™' C H for all a € G. Let a € G. We show that aH = Ha. Let ah € aH, where
h € H. Now aha™! € aHa ' and so aha™! € H. Thus, aha™* = k' for some h' € H. This implies that
ah = h'a € Ha. Therefore, aH C Ha. Similarly, we can show that Ha C aH. Hence, aH = Ha. Consequently,
H is a normal subgroup of G. m

There are several other criteria that can be used to test the normality of a subgroup. We consider some of
these criteria in exercises at the end of this section.

The following theorem describes some important properties of normal subgroups.

Theorem 4.4.4 Let H and K be normal subgroups of a group G. Then
(i) HN K is a normal subgroup of G,
(ii) HK = KH is a normal subgroup of G,
(iii) (HUK) = HK.

Proof. (i) Since the intersection of subgroups is a subgroup, H N K is a subgroup of G. Let g € G. Consider
g(HNK)g™*. Let gag™" be any clement of g(HNK)g™!, where a € HNK. Since « € HN K, we have a € H and
a € K. Hence, gag™* € H and gag™* € K. Thus, gag™' € HN K. This shows that g(HNK)g™' C HN K. Hence,
H N K is a normal subgroup by Theorem 4.4.3.

(i) First we show that HK = KH. Let hk € HK, where h € H and k € K. Since K is a normal subgroup
of G and h € G, we have hK = Kh. Thus, hk € hK = Kh. Since Kh C KH, we have hk € KH. Hence,
HK C KH. Similarly, KH C HK and so HK = KH. Since H and K are subgroups and HK = KH, HK is a
subgroup of G by Theorem 4.1.18. To show that HK is a normal subgroup, let g € G. Then gHg™ ! C H and
gKg™! C K since H and K are normal subgroups. Now

g(HK)g™' = g(Hg 'gK)g™*
(9Hg ) (9Kg™)
HE.

1Nl

Therefore, HK is a normal subgroup of G by Theorem 4.4.3.
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(iii) By (ii), HK is a subgroup of G. Hence, by Theorem 4.1.20,
HK = (HUK).

|
We know that if H and K are subgroups of a group G, then HK need not be a subgroup of G (Example

4.1.17). By the above theorem, if H and K are normal subgroups, then HK is a normal subgroup and hence
a subgroup. However, in order to show that HK is a subgroup, we only need either H or K to be a normal
subgroup. We consider one of these situations in Exercise 14 (page 93).

We now focus our attention on the study of quotient groups. First, let us consider the following example.

Example 4.4.5 Consider the subgroup H' of Example 4.3.2. Now H' is not a normal subgroup of Ss. Let Ss3/H'
be the set of all left cosets of H' in Ss. Now let us try to define a binary operation x on Ss/H'. The natural way
would be to define (m1H') x (moH') to be (w1 0m)H'. Now

123 1 123 4
(3 2 1)H_<3 1 Q)H

and
1 2 3 , (1 2 3 /
(213>H_(231>H
Howewver,
1 2 3 , 1 2 3 N (1 3 '
(22 8)m)((a 2 0)m)=(a 1 8)n
and
1 2 3 ’ 1 2 3 N _ (1 2 3 ,
(25 1)) ((a T 2)m)=(0 5 8)n

Since
1 2 3 / 1 2 3 y

(3 1 2>H7é(1 2 3>H’
* is not well defined. That * is not well defined is due to the fact that H' is not a normal subgroup of Ss.
Theorem 4.4.6 Let H be a normal subgroup of a group G. Denote the set of all left cosets {aH | a € G} by
G/H and define x on G/H by for all aH, bH € G/H,

(aH) % (bH) = abH.

Then (G/H, ) is a group.

Proof. First we show that * is well defined. Let aH, bH, o'H, b H € G/H and suppose (aH, bH) = (a'H,
b H). Then aH = a'H and bH = V' H. We need to show that aH * bH = o’H « b'H or abH = a'b'H. Now
aH = da'H and bH = V' H imply that a = a’h; and b = b'hs for some hi, ha € H. Thus,
(a'b) " t(ab) = b ta'lab
= VvV 'd ' hbhy
= blilhlb’hz.

Since H is a normal subgroup and hi € H, we have b’ 'hib'he = (" hib')he € H and so (a’b')"*(ab) € H.
Hence, abH = a’b' H by Theorem 4.3.3(i). Thus, * is well defined and so (G/H, %) is a mathematical system.

Next, we show that * is associative. Let aH, bH, cH € G/H. Now (aH) * [(bH) * (cH)] = (aH) * (bcH) =
a(be)H = (ab)cH = (abH) * (cH) = [(aH) * (bH)] * (cH). Hence, * is associative. Now eH € G/H and

(aH)* (eH) =aeH = aH = eaH = (eH) * (aH)
for all aH € G/H. Therefore, eH is the identity of G/H. Also, for all aH € G/H, a *H € G/H and
(aH) % (¢ 'H)=aa 'H =eH =a 'aH = (¢ 'H) * (aH).
Thus, for all aH € G/H, a™ ' H is the inverse of aH. Consequently, (G/H, %) is a group. =

Definition 4.4.7 Let G be a group and H be a normal subgroup of G. The group G/H is called the quotient
group of G by H.
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Example 4.4.8 Consider the subgroup ((n),+) of the group (Z,+), where n is a fixed positive integer. Since Z
is commutative, (n) is a normal subgroup of Z (Exercise 16, page 93). Hence, (Z/ (n),+) is a group, where

(a+ )+ (b+(n)) = (a+b)+ (n)

for alla+(n), b+ (n) € Z/ (n). In Ezxample 4.3.10, we determined the distinct left cosets of (n) in Z. We found
that

Z/{n)={0+(n),1+(n)y,24+(n),..., n—1+(n)}.

Example 4.4.9 Consider the normal subgroup H of Ss of Example 4.4.2. Since |Ss| = 6 and |H| = 3, [Ss :
H] = 2 by Lagrange’s theorem. Now |S3/H| = [S3 : H] =2 and for all h € H, hH = H. Thus, eH = H, (1 2
3)H = H and (1 3 2)H = H. We have shown in Example 4.3.2 that (2 3)H = (1 3)H = (1 2)H. Thus,

Ss/H ={H, (23)H}.
We also note that S3/H is cyclic and (2 3)H is a generator for S3/H.

Example 4.4.10 Conszder Zg and let H = {[0], [4]}. Then H is a normal subgroup of Zs. Now |H| = 2 and
|Zg| = 8. Thus, |Zs/H| = ‘H‘ 28] — 4. Hence, Zs/H has four elements. Now

0)+H=H=[4]+H,

1+ H ={[1], [5]} = [5] + H,

2]+ H ={[2], [6]} = [6] + H,
and

Bl +H ={[], 7} =[7]+ H.
Hence, Zs/H = {[0] + H, [1]+ H, [2]+ H, [3] + H}.

Example 4.4.11 Consider Z4 X Zg, the direct product of Za4 and Ze. Let

H = (([0],[1])) = {([0], [01), ([o], [1]), ([0}, [21), ([0}, [3]), ([0}, [4]), ([0], [5])}-

Then H is a subgroup of Z4 X Ze and since Za X Ze¢ is commutative, H is a normal subgroup of Z4 X Zgs. Now
|Z4 X Zg| = 24 and |H| = 6. Hence,

|Z4 X Zﬁ|
|H|

(Za x Zs)/H| = =4

Thus, (ZaxZs)/H has four elements. Since for all [n] € Zs, ([0], [n]) € H, we have for all [n] € Zs, ([0], [n])+H =
H. Let ([m],[n]) € Z4 x Zs. Then (Im], [n]) = ([m],[0]) + ([0], [n]) and from this, it follows that ([m],[n]) + H =
([m],[0]) + H. Let us now compute ([m],[0]) + H for m =0,1,2,3. Now ([0],[0]) + H = H,

([, [o]) + # = {([1], [oD), (1], [1]), ([1]; [2D), (1], [3]) ([1]; [4D), ((1], [B])}
(21, [o]) + # = {([2], [o]), (2], [1]), ([21 [2]), (2], [3])- ([2]; [4]), (2], [5])}

and

(3], [0]) + H = {([3], [0]), (131, [11), (131, [2D), (131, [3]), (131, [4]), (3], [5]) }-
From above, we see that ([0],[0]) + H, ([1],[0]) + H, ([2],[0]) + H, and ([3],[0]) + H are all distinct. Hence,

(Za x Ze)/ H = {([0], [0]) + H, ([1], [0]) + H, ([2], [0]) + H, ([3], [0]) + H}-
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Worked-Out Exercises

{ Exercise 1

Solution:

{ Exercise 2

Solution:

Exercise 3

Solution:

{ Exercise 4

Solution:

{ Exercise 5

Solution:

Exercise 6

Solution:

Let H be a subgroup of a group G. Then W = NyeggHg ' is a normal subgroup of G.

By Worked-Out Exercise 1 (page 75), gHg ™' is a subgroup of G for all g € G. Since the intersection of
subgroups is a subgroup, W is a subgroup of G. Let x € G, w € W. Then w € gHg™* for all g € G. We
show that zwz™" € gHg™" for all g € G, which in turn will yield that zwz™' € W. Let g € G.

Let us work our way backward and suppose zwz™' € gHg™'. Then zwz™' = ghg™"' for some h € H.
Thus, g~ 'zw 7 'g = h € H. This implies that

(¢ '2)w(g'e) " € H.

Set y = 27 'g. Then g = xy. Hence, in order to show that zwz™" € gHg™" for a given g € G, first we need
to find y € G such that g = xy. Since g = z(z™'g), we can choose y = 2™ g.

So there exists y € G such that ¢ = zy. Since y € G, we have w € yHy ! and so w = yhy ™! for some
h € H. Therefore, zwz™' = z(yhy a™' = zyhy ™" = (zy)h(zy) ™' = ghg™' € gHg™*. Since g € G
was arbitrary, zwz~" € gHg™" for all g € G. Consequently, W is a normal subgroup of G.

Let H be a subgroup of G.

(a) If 2° € H for all € G, prove that H is a normal subgroup of G and G/H is commutative.
(b) If [G : H] = 2, prove that H is a normal subgroup of G.

(a) Let g € G and h € H. Consider ghg™" and note that
ghg™ = (gh)*h"'g™*.

Now h™* € H and by our hypothesis (gh)?, g2 € H. This implies that ghg™ € H, which in turn
shows that gHg™' C H. Hence, H is a normal subgroup of G. To show that G/H is commutative, let
xH,yH € G/H. We wish to show that et HyH = yHxH or xyH = yzH or (yz) *(xy) € H. Consider
(y2)~ (). Now

(ya) H(wy) = (@ 'y ) (wy) = (@ 'y ) (yay )
Since a® € H for all a € G, it follows that (z ™'y~ 1)*(yzy~")?y? € H and so (yz)~*(zy) € H. Thus,
G/H is commutative.

(b) We prove that H is a normal subgroup of G first by showing that z? € H for all 2 € G and then by
using (i). Suppose there exists € G such that »* ¢ H. Then = ¢ H and so H and xH are distinct
left cosets of H in G. Since [G : H] = 2, it follows that G/H = {H,xH}. Hence, G = H UxH. This
implies that 2> € H U zH. Since 2> ¢ H, we must have 2° € 2H . Hence, 2> = zh for some h € H.
But then & = h € H, which is a contradiction. Hence, 22 € H for all € G. By (i), H is a normal
subgroup of G.

Let G be a group such that every cyclic subgroup of G is a normal subgroup of G. Prove that every
subgroup of GG is a normal subgroup of G.

Let H be a subgroup of G. Let g € G and a € H. Then g *ag € {a) C H. Hence, H is normal in G.

Let H be a proper subgroup of G such that for all z,y € G\H, xy € H. Prove that H is a normal subgroup
of G.

Let € G\H. Then = € G\H. Let y € H. Then zy € G\H. Thus, zy, z~* € G\H. Hence, zyz~' € H.
Therefore, H is a normal subgroup of G.

Let G be a group and {N; | ¢ € Q} be a family of proper normal subgroups of G. Suppose G = U; N; and
N; N N; = {e} for i # j. Prove that G is commutative.

Let z,y € G. Then there exist ¢ and j such that x € N; and y € N;. If i # j, then since N; N N; = {e},
xy = yx (Exercise 13, page 93). Let ¢ = j. Now there exists z € G such that z ¢ N;. Then zz ¢ N;. Hence,
zx € N for some | # 4 and so (zx)y = y(zz). Thus, z(xy) = (22)y = y(22) = (yz)z = (2y)x = z(yx). This
implies that zy = yz. Consequently, G is commutative.

Let H be a subgroup of a group G. Suppose that the product of two left cosets of H in G is again a left
coset of H in G. Prove that H is a normal subgroup of G.

Let g € G. Then gHg *H = tH for some t € G. Thus, e = geg™ e € tH. Hence, e = th for some h € H.

Thus, t = h™*' € H so that tH = H. Now gHg ' C gHg 'H = H. Therefore, H is a normal subgroup of
G.
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{ Exercise 7 Let G be a group. Show that if G/Z(QG) is cyclic, then G is commutative.

Solution: Write Z = Z(G). Let G/Z = (gZ) . Let a,b € G. Then aZ,bZ € G/Z. Hence, aZ = g"Z and bZ = g"Z
for some n,m € Z. Then a € ¢"Z and b € ¢"Z. Thus, a = g"d and b = ¢g™h for some d,h € Z. Now
ab = g"dg™h = g"g™dh (since d € Z) = ¢g"""™hd (since h € Z) = ¢™g"hd = g"hg"d = ba. Hence, G is
commutative.

Exercises
1. Let
H— 1 2 3 4 1 2 3 4 1 2 3 4
19 \a 32 1) (21 43)\3412 ’

where e is the identity permutation. Determine whether or not H is a normal subgroup of Sy.

2. Let H denote the subgroup {rss0, h} of the group of symmetries of the square. Determine whether or not
H is a normal subgroup of G.

3. Let G be a group and H be a subgroup of G. Show that H is normal if and only if ghg™ € H for all
geG, he H

4. Let G be a group and H be a subgroup of G. If for all a,b € G, ab € H implies ba € H, prove that H is a
normal subgroup of G.

5. Let H be a proper subgroup of a group G and a € G, a ¢ H. Suppose that for all b € G, either b € H or

Ha = Hb. Show that H is a normal subgroup of G.

6. Let G be a group. Prove that Z(G) is a normal subgroup of G.

10.

11.
12.

13.

14.

15.
16.
17.
18.

Let G be a group. Let H be a subgroup of G such that H C Z(G). Show that if G/H is cyclic, then
G = Z(G), i.e., G is commutative.

Let H and K be subgroups of a group G such that H is a normal subgroup of G. Prove that H N K is a
normal subgroup of K.

Determine the quotient groups of

(a) (E,+) in (Z,+),

(b) (Z,+) in (Q, +),

(c) (([4]),+12) in (Z12, +12)
(d) (42Z,+) in (Z,+).

Let H be a normal subgroup of a group G. Prove that if G is commutative, then so is the quotient group
G/H.

If H is a subgroup of finite index in (C*,-),then prove that H = C*

Let H be a nonempty subset of a group G. Theset N(H) = {a € G | aHa™' = H} is called the normalizer
of H in G.

(a) Prove that N(H) is a subgroup of G.
Suppose H is a subgroup of G.
(b) Prove that H is normal in G if and only if N(H) = G.
(¢) Prove that H is normal in N(H).
(d) Prove that N(H) is the largest subgroup of G in which H is normal, i.e., if H is normal in a subgroup
K of G, then K C N(H).
Let H and K be normal subgroups of a group G. If H N K = {e}, prove that hk = kh for all h € H and
keK.

Let G be a group. Let H be a subgroup of G and K be a normal subgroup of G. Prove that HK is a
subgroup of G.

Give an example of a noncommutative group in which every subgroup is normal.

Show that every subgroup of a commutative group is normal.

Let H be a normal subgroup of a group G such that |H| = 2. Show that H C Z(G).

Show that if H is the only subgroup of order n in a group G, then H is a normal subgroup of G.
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19

20.
21.
22.
23.

24.

25.

26.
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. Let K ={e, (12)0(34),(14)0(32),(13)0(24)}.

(a) Show that K is the only subgroup of order 4 in Ay.
(b) Show that K is a normal subgroup of As.

Show that A4 has no subgroup of order 6.
Find all subgroups of Aj4.
Prove that A,, is the only subgroup of index 2 in S,,.

Let G be a group. An equivalence relation p on G is called a congruence relation if
for all a,b, c € G, apb implies that capcb and acpbe.
Let H be a normal subgroup of G. Define the relation p, on G by
for all a,b € G,apyb if and only if a 'b € H.
Prove that

(a) ppy is a congruence relation on G,
(b) The py class apy = {b € G| apyb} is the left coset aH,
(c) H=epy.

Let H be a subgroup of a group G. Define a relation py on G by py = {(a,b) € Gx G | a~*b € H}. Show
that if py is a congruence relation, then H is a normal subgroup of G.

Let p be a congruence relation on a group G. Show that there exists a normal subgroup H of G such that
p=1{(a,b) €GxG|a*bec H}.
For the following statements, write the proof if the statement is true; otherwise, give a counterexample.

(i) A subgroup H of a group G is a normal subgroup if and only if every right coset of H is also a left
coset.

(ii) If A, B and C are normal subgroups of a group G, then A(B N () is a normal subgroup of G.
(iii) If A is a normal subgroup of a finite group G, then [G : A] = 2.
(iv) Every commutative subgroup of a group G is a normal subgroup of G.

(v) If G is a group of order 2p, p an odd prime, then either G is commutative or G contains a normal
subgroup of order p.

(vi) If every element of a group G is of finite order, then G is a finite group.

(vii) As is the only nontrivial normal subgroup Ss.
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Joseph Louis Lagrange (1736-1813) was born on January 25, 1736, in Turin, Italy. He spent the early
part of his life in Turin. While there he was involved in carrying out research work in calculus of variations and
mechanics.

In 1766, Lagrange was invited by the Prussian king, Frederick II, to fill the position vacated by Euler in
Berlin. Frederick the Great proclaimed in his appointment that “the greatest king in Europe” ought to have
“the greatest mathematician in Europe.” In 1787, after the death of Frederick II, he went to Paris, accepting an
invitation from Louis X VL In 1797, he accepted a position at the newly formed Ecole Polytechnique in Paris.
He was made a count by Napoleon and remained at the Ecole Polytechnique till his death. He died on April 10,
1813.

Throughout his life, Lagrange did work of fundamental importance. He made numerous contributions to
many branches of mathematics, including number theory, the theory of equations, differential equations, celestial
mechanics, and fluid mechanics. In 1770, he proved the famous Lagrange’s theorem in group theory.

He is responsible for the work leading to Galois theory. In his paper, “Réflexion sur la théorie algébriques des
équations,” Lagrange carefully analyzed the various known methods to solve a polynomial equation of degree < 4
by means of radicals. He was interested in finding a general method of solution for polynomials of higher degree.
He was unable to find a general solution, but in his paper he introduced several key ideas on the permutations
of roots which finally led Abel and Galois to develop the necessary theory to answer the question. Lagrange’s
work on the solution of polynomial equations is one of the sources from which modern group theory evolved.
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Chapter 5

Homomorphisms and Isomorphisms
of Groups

One of the main uses of the concept of an isomorphism is the classification of algebraic structures—in particular,
groups. Readers with some knowledge of linear algebra may recall that the concept of an isomorphism is used
to completely characterize vector spaces with the same field of scalars in terms of a single integer, the dimension
of the vector space. Another important use of an isomorphism is the representation of one algebraic structure
by means of another. This is done in linear algebra, where it is shown that the vector space of all linear
transformations from one finite dimensional vector space into another is isomorphic to a certain vector space of
matrices.

5.1 Homomorphisms of Groups

In this section, we consider certain mappings between groups. These mappings will be defined in such a way as
to preserve the algebraic structure of the groups involved. More precisely, suppose we are given a function f from
a group G into a group (1, where %; denotes the operation of Gi. Let a,b € G. Then under f, a corresponds to
f(a), b to f(b), and a *b to f(a*b). If f is to preserve the operations of G and G1, a * b must correspond to
f(a) %1 f(b). Since f is a function, this forces the requirement that f(a *b) = f(a) *1 f(b).

Definition 5.1.1 Let (G, *) and (G1,*1) be groups and f a function from G into G1. Then f is called a homo-
morphism of G into Gy if for all a,b € G,

flaxb) = f(a)* f(b).

Let the identity element of the group G1 be denoted by e;.

Define f : G — G1 by f(a) = e1 for all a € G. Since f(axb) =e1 = e1 x1 e1 = f(a) *1 f(b) for all a,b € G,
we find that f is a homomorphism from G into Gi. This shows that there always exists a homomorphism from
a group G into a group G1. This homomorphism is called the trivial homomorphism.

The identity map from G onto G is also a homomorphism.

Before we consider more examples of homomorphisms, let us prove some basic properties of homomorphisms.

Theorem 5.1.2 Let f be a homomorphism of a group G into a group Gi. Then

(i) f(e) = ex.

(ii) f(a™) = f(a)™! for alla € G.

(ii1) If H is a subgroup of G, then f(H) = {f(h) | h € H} is a subgroup of Gi.

(iv) If Hy is a subgroup of Gy, then f~*(Hy) = {g € G | f(g9) € H1} is a subgroup of G, and if Hy is a
normal subgroup, then f~'(Hi) is a normal subgroup of G.

(v) If G is commutative, then f(G) is commutative.

(vi) If a € G is such that o(a) = n, then o(f(a)) divides n.

Proof. (i) Since f is a homomorphism, f(e)f(e) = f(ee) = f(e) = f(e)ei. This implies that f(e) = e; by
the cancellation law.
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(ii) Let a € G. Then f(a)f(a™) = f(aa™") = f(e) = e1. Similarly, f(a™')f(a) = e1. Since f(a) has a unique
inverse, f(a™") = f(a)™ .

(iii) Let H be a subgroup of G. Then e € H and by (i), f(e) = e1. Thus, e1 = f(e) € f(H) and so f(H) # 0.
Let f(a), f(b) € f(H), where a,b € H. Since H is a subgroup, ab~* € H. Thus, f(a)f(b)™' = f(a)f(b™ ") =
f(ab™*) € f(H). Hence, by Theorem 4.1.6, f(H) is a subgroup of G1.

(iv) By (i), e € f~'(H1) and so f~'(H1) # 0. Let a,b € f~*(H1). Then f(a), f(b) € Hi. Hence, f(ab™ ') =
Fl@)f®™Y) = fla)f(b)™" € H;y and so ab™' € f~'(H;). Thus, by Theorem 4.1.6, f~'(H;) is a subgroup
of G. Suppose H; is a normal subgroup of Gi. Let ¢ € G.We now show that gf~'(Hi)g™' C f~'(Hy).
Let a € gf '(Hi)g™*. Then a = gbg™* for some b € f~'(Hi). Now f(a) = flgbg™") = f(g)f(b)f(g™") =
F(@)f(d)f(g)~" € Hy since H; is a normal subgroup of Gy and f(b) € Hy. Hence, a € f~'(H;) and this shows
that gf ' (H1)g™* C f*(H1). Thus, f~'(H1) is a normal subgroup of G.

(v) Suppose G is commutative. Let f(a), f(b) € f(G). Then f(a)f(b) = f(ab) = f(ba) = f(b)f(a). Hence,
f(G) is commutative.

(vi) Since (f(a))™ = f(a™) = f(e) = e1, we have o(f(a)) divides n by Theorem 2.1.46. m

Definition 5.1.3 Let f be a homomorphism of a group G into a group Gi1. The kernel of f, written Ker f, is
defined to be the set
Ker f={aec G| f(a) =er}.

By Theorem 5.1.2, e € Ker f.

Example 5.1.4 Define the function f from (Z,+) into (Zn,+r) by f(a) = [a] for all a € Z. From the definition
of f, it follows that f maps Z onto Z,,. Let a,b € Z. Then

fla+b) =[a+0b] =[a] +n [b] = f(a) +n f(b).
Thus, f is a homomorphism of Z onto Z,. Now

Ker f = {a€Z] f(a)=[0]}
{a€Z]la] = [0]}

{a € Z | a is divisible by n}

= {a€Z|a=qn for some q € Z}
{an | q € Z}.

The above example shows that a nontrivial finite group may be an image of an infinite group under a
homomorphism. By Theorem 5.1.2(v), a noncommutative group cannot be an image under a homomorphism of
a commutative group. In the next example, we show that two finite groups G and G; having same number of
elements need not have a homomorphism from G onto Gi.

Example 5.1.5 The groups Z4 X Z4 and Zg X Z2 are commutative and each is of order 16. Suppose there exists
a homomorphism f of Za X Za onto Zg X Za. Now a = ([7],[0]) € Zs X Zz and o(a) = 8. Since f is onto Zg X Za,
there exists b € Zs X Zs such that f(b) = a. By Theorem 5.1.2(vi), o(f(b)) divides o(b). Since o(f(b)) = 8 and
Z4 X Za has elements of order 1,2, and 4 only, o(f(b)) cannot divide o(b). This is a contradiction. Hence, there
does not exist any homomorphism from Za X Za onto Zg X Za.

Definition 5.1.6 Let G and G1 be groups. A homomorphism f : G — Gi is called an epimorphism if f is
onto G1 and f is called a monomorphism if f is one-one. If there is an epimorphism f from G onto G1, then
G is called a homomorphic image of G.

The homomorphism in Example 5.1.4 is an epimorphism, but not a monomorphism.

Example 5.1.7 Let R* be the group of all nonzero real numbers under multiplication. Define f : R* — R* by
f(a) = la|]. Now f(ab) = |ab| = |a||b] = f(a)f(b), which implies that f is a homomorphism. Since f(1) =1 =
f(=1) and 1 # =1, f is not one-one. Also, from the definition of f, it follows that f is not onto R*. Hence, f is
neither an epimorphism nor a monomorphism.

The following theorem gives a necessary and sufficient condition for a homomorphism to be a one-one mapping
in terms of its kernel.

Theorem 5.1.8 Let f be a homomorphism of a group G into a group Gi. Then f is one-one if and only if Ker

f=A{e}.
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Proof. Suppose f is one-one. Let a € Ker f. Then f(a) = e1 = f(e) by Theorem 5.1.2(i). Since f is
one-one, we must have a = e. Hence, Ker f = {e}. Conversely, suppose that Ker f = {e}. Let a,b € G. Suppose
f(a) = f(b). Then

flab™) = f@)f(b™") = f(a)f ()" = ex.

Thus, ab~! € Ker f = {e} and so ab~! =e, i.e., a = b. This proves that f is one-one. m

Theorem 5.1.9 Let f be a homomorphism of a group G into a group Gi1. Then Ker f is a normal subgroup of
G.

Proof. Since e € Ker f, Ker f # 0. Let a, b € Ker f. Then f(ab™*) = f(a)f(b™') = f(a)f(b)  =e1(e1) ™t =
erer = e1. Thus, ab™' € Ker f and hence Ker f is a subgroup of G by Theorem 4.1.6. Let a € G and h € Ker
f. Then f(aha™) = f(a)f(h)f(a™) = f(a)f(h)f(a)™" = f(a)erf(a)™' = e1. Therefore, aha™' € Ker f. This
proves that aKer fa=' C Ker f. Hence, Ker f is a normal subgroup of G' by Theorem 4.4.3. m

Example 5.1.10 Let GL(2,R) = { { ch Z ] | a,b,c,d € R, ad — bc # 0} be the noncommutative group of Ex-
ample 2.1.14. Let R* be the group of all nonzero real numbers under multiplication. Define f : GL(2,R) — R*

b‘” JEIE

}{ v Z ] € GL(2,R). Now

(e alle v]) = o(lare wra))
= (au+bw)(cv + ds) — (av + bs)(cu + dw)
= (ad — bc)(us — vw)

AR ()

This proves that f is a homomorphism. To show that f is onto R*, let a € R*. Then {

a
0

f({a 0}>:a Hence, f is onto R* Smcef({a 0}>:a:f<{a 1])and{a

0 1 ' ’ ' 01 01 0

f is not one-one.

The previous example shows that there may exist a homomorphism of a noncommutative group onto a
commutative group.

Example 5.1.11 Consider Ss and the normal subgroup

H:{<1 2 3) (1 2 3) (1 2 3)}
12 3)'\2 3 1/)'\3 1 2
Define f: S3 — S3/H by for all m € Ss, f(7) = nH. Then
fmon') = (ron")H = (nH) o (n'H) = f(r) o f(r)
for all m,n' € S3. Hence, f is a homomorphism. Also, Ker f ={a € S3 |aH=H}={a € S3|ac H} = H.

In Theorem 5.1.9, we showed that if f is a homomorphism of a group into a group Gi, then Ker f is a
normal subgroup of G. In the following theorem, we show that every normal subgroup H of a group G induces
a homomorphism g of G onto the quotient group G/H such that Ker ¢ = H. We note that in Example 5.1.11,
the conclusion did not depend on the nature of Ss. The conclusion was made by use of general arguments. This
also leads us to the following theorem.

Theorem 5.1.12 Let H be a normal subgroup of a group G. Define the function g from G onto the quotient
group G/H by g(a) = aH for all a € G. Then g is a homomorphism of G onto G/H and Ker g = H. (The
homomorphism g is called the natural homomorphism of G onto G/H.)
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Proof. From the definition of g, it follows that g is a function from G onto G/H. To show g is a homomor-
phism, let a, b € G. Then g(ab) = (ab)H = (aH)(bH) = g(a)g(b). Hence, g is a homomorphism of G onto G/H.
Finally, we show that Ker ¢ = H. Now a € Ker g if and only if g(a) = eH if and only if aH = eH if and only if
e ‘a € Hif and only if a € H. Thus, Ker g=H. m

We now define a particular type of homomorphism between groups in order to introduce the important idea
of groups being algebraically indistinguishable.

Definition 5.1.13 A homomorphism f of a group G into a group Gi is called an isomorphism of G onto
G1 if f is one-one and onto G1. In this case, we write G ~ G1 and say that G and G1 are isomorphic. An
isomorphism of a group G onto G is called an automorphism.

For a group G, Aut(G), denotes the set of all automorphisms of G.
In the following theorem, we collect some properties of isomorphisms, which will be useful in determining
whether given groups are isomorphic or not.

Theorem 5.1.14 Let f be an isomorphism of a group G onto a group Gi. Then
(i) 7' : G1 — G is an isomorphism.
(i) G is commutative if and only if G1 is commutative.
(i1i) For all a € G, o(a) = o f(a)).
(iv) G is a torsion group if and only if G1 is a torsion group.
(v) G is cyclic if and only if G1 is cyclic.

Proof. (i) Since f is one-one and onto G, f~ is one-one and onto G. Now we only need to verify that f—*
is a homomorphism. Let u,v € Gi. Then there exist a,b € G such that f(a) = u and f(b) = v. This implies
that a = f~(u), b = f~*(v), and wv = f(a)f(b) = f(ab). Thus, f~'(uwv) = ab= f~*(u)f *(v) and so f~'is a
homomorphism. Hence, f~* is an isomorphism.

(ii) Suppose G is commutative. Let u,v € G1. Since f is onto Gi, there exist a,b € G such that f(a) = u
and f(b) = v. Now

wv = f(a)f(b) = f(ab) = f(ba) = F(b)f(a) = vu.

Thus, G1 is commutative. Conversely, suppose G1 is commutative. Let a,b € G. Now

flab) = f(a)f(b) = f(b)f(a) = f(ba).

Since f is one-one, we have ab = ba. This proves that G is commutative.

(iii) Let a € G. By induction, it follows that for all positive integers n, f(a") = (f(a))". Since f is one-one,
for all b € G, f(b) = ey if and only if b = e. Hence, a™ = e if and only if (f(a))™ = e1. Thus, a is of finite order if
and only if f(a) is of finite order. Suppose o(a) =m and o(f(a)) = n. Since a™ = ¢, (f(a))™ = e1. By Theorem
2.1.46, n divides m. Also, (f(a))"™ = e1 implies that a™ = e. Hence, m divides n. Since m and n are both positive
integers and m divides n and n divides m, it follows that m = n.

(iv) This follows immediately by (iii).

(v) Suppose G is cyclic. Then G = (a) for some a € G. Since f(a) € G, (f(a)) C G1. Let b € G;1. Since f is
onto G1, there exists ¢ € G such that f(c) =b. Now ¢ = a™ for some n € Z . Thus,

b= f(e) = f(a") = (f(a))" € (f(a)).

Hence, G1 = (f(a)) and so G1 is cyclic. The converse follows since f~' is an isomorphism. m

In order to develop a feel for two groups being algebraically indistinguishable, let us consider two sets S and
S’ such that there is a one-one function f of S onto S’. Then in a set-theoretic sense, S and S’ are the same sets
“under f”. For instance, let A and B be subsets of S. Then f(A) and f(B) are corresponding subsets of S’.
Now f(ANB) = f(A)Nf(B) and f(AUB) = f(A)U f(B); that is, union and intersection are preserved under f.
Other purely set-theoretic operations can be seen to be preserved under f also. Now suppose binary operations
* and *’ are defined on S and S’, respectively, so that (S,*) and (S’, *") are groups. Now even though S and S’
are the same sets “under f,” they need not be the same as groups, i.e., f may not preserve operations. We have
seen that the requirement for f to preserve operations is that f(a *b) = f(a) «’ f(b) for all a, b € S.

We now consider examples of groups that are isomorphic and examples of groups that are not isomorphic.

Example 5.1.15 Let n be a positive integer. Define f from Z, into Z/ (n) by for all [a] € Zn, f([a]) = a+ (n).
Then [a] = [b] if and only if n | (a — b) if and only if a — b = nq for some q € Z if and only if a — b € (n) if and
only if a+ (n) = b+ (n) if and only if f([a]) = f([b]). Therefore, we find that f is a one-one function. From the
definition of f, it follows that f maps Z, onto Z/ (n). Now f([a] +x [b]) = f([a+0b]) = (a+b)+ (n) = (a+ (n))+
b+ (n)) = f([a]) + f([b]). Thus, f is an isomorphism of Z,, onto Z/{n).
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Example 5.1.16 Consider the sets G = {e,a,b,c} and G1 = {1, —1, i, —i}. Define * and - on G and Gy,
respectively, by means of the following operation tables.

*|e a b c
ele a b ¢
ala e ¢ b
b|lb ¢ e a
clc b a e
-1 i =i

1 1 -1 i =i
-1| -1 1 —i i
7 i -t -1 1
—i | —1 i 1 -1
Now G1 is a cyclic group generated by i. G is also a group. However, since aa = e, bb = e, and cc = e, no
element of G has order 4 and so G is not cyclic. Thus, G and G1 are not isomorphic.

Example 5.1.17 Let (R,+) be the group of real numbers under addition and (R*,.) be the group of positive
real numbers under multiplication. Define f : R—RY by f(a) = e* for all a € R. Clearly f is well defined. Let
a,b € R. Then f(a+b) = e**® = e%e® = f(a)f(b). Hence, f is a homomorphism. Suppose f(a) = f(b). Then
e =e® and so log, e* = log, eb. This implies that a = b, whence f is one-one. Let b € RY. Then log. b € R and
f(log, b) = €8’ =b. Thus, f is onto RT. Consequently, f is an isomorphism of (R,+) onto (RT,-).

Example 5.1.18 Consider the groups (Z,+) and (Q,+). By Worked-Out Ezercise 1 (page 80), (Q,+) is not
cyclic. Since (Z,+) is cyclic and (Q,+) is not cyclic, (Z,+) is not isomorphic to (Q,+) by Theorem 5.1.14(v).

Example 5.1.19 The group (Q,+) is not isomorphic to (Q*,-) since every nonidentity element of (Q,+) is of
infinite order while —1 is a nonidentity element of (Q*,-) which is of finite order.

Let us now characterize finite and infinite cyclic groups.

Theorem 5.1.20 Every finite cyclic group of order n is isomorphic to (Zn,+n) and every infinite cyclic group
is isomorphic to (Z,+).

~ Proof. Let ({(a),*) be a cyclic group of order n. Let G = (a). Define the function f : G — Z, by for all
a' € G, f(a') = [i]. Now a' = @’ if and only if @’ ™" = e if and only if n | (j — 1) if and only if [i] = [j] (Exercise
11, page 23) if and only if f(a’) = f(a’). Thus, f is a one-one function. Now

fla'a) = f(a™) = [i + 4] = [i] +n [i] = £(a') +n f(a’).

Since f is one-one and G and Z,, are finite with same number of elements, f is onto Z,. Hence, G ~ Zy,.

Now let G = (a) be an infinite cyclic group. Define the functionf : G — Z by f(a') =i for all i € Z. Since
a' = a’ if and only if a*™7 = e if and only if i — j = 0 (since @ is of infinite order) if and only if i = 5, we have
that f is a one-one function of G into Z. From the definition of f, f is onto Z. Now

fla'a’) = f(a"™) =i+ j = f(a") + f(a).
Hence, G ~7Z. m

Corollary 5.1.21 Any two cyclic groups of the same order are isomorphic. W

From the above corollary, it follows that there is only one (up to isomorphism) cyclic group having a prescribed
order.

In Example 5.1.16, we saw that there are at least two nonisomorphic groups of order 4. We now show that
these are exactly two nonisomorphic groups of order 4.

Let G be a group of order 4 which is not cyclic. (Example 5.1.16 shows that such a group exists.) Then no
element of G can have order 4, for if a € G has order 4, then e, a, a?, a® would be distinct elements of G and thus
G would be cyclic, i.e., G = (a). This is contrary to the assumption that G is not cyclic. Let G = {e,a,b,c}.
Since the order of every element of G divides the order of G, a, b, and ¢ have order 2. If ab = a, then b = e, a
contradiction. Thus, ab # a. Similarly, ab # b. Suppose ab = e, then a(ab) = ae. Therefore, b = a since a® = e,
a contradiction. Thus, ab = c. Similarly, ba = c. Hence, ab = ba. By similar arguments, we have ac = b = ca
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and bc = a = cb. Thus, we find that G is a commutative group and its operation table is given by the table in
Example 5.1.16. Consequently, there is essentially one group of order 4 which is not cyclic. This is the Klein
4-group. Since all cyclic groups of the same orders are isomorphic, we thus have exactly two nonisomorphic
groups of order 4, namely, the Klein 4-group and the cyclic group of order 4. We have thus proved the following
result.

Theorem 5.1.22 There are only two groups of order 4 (up to isomorphism), a cyclic group of order 4 and Ka
(Klein 4-group).

Since every cyclic group is commutative and every group of prime order is cyclic, it follows that that if a
group is noncommutative, then it must have order at least 6. Indeed, the symmetric group S3 is noncommutative
and of order 6. Since all cyclic groups of the same order are isomorphic and since every group of prime order
is cyclic, there is exactly one group of order 1, 2, 3, 5 (up to isomorphism), respectively. We have seen that
there are two nonisomorphic groups of order 4. In the next theorem, we show that there are only two (up to
isomorphism) nonisomorphic groups of order 6.

Theorem 5.1.23 There are only two (up to isomorphism) groups of order 6.

Proof. The group Z¢ is a cyclic group of order 6 and S3 is a noncommutative group of order 6. Note that
Zg is not isomorphic to Ss. To show that there are only two (up to isomorphism) nonisomorphic groups of order
6, we will show that any group of order 6 is isomorphic to either Zg or Ss.

Let G be a group of order 6. Since |G| is even, there exists a € G, a # e such that a® = e. If 2* = ¢ for all
z € G, then G is commutative and for any two distinct nonidentity elements a and b, {e, a, b, ab} is a subgroup
of G. Since |G| = 6, G has no subgroups of order 4. Hence, there exists b € G such that b*> # e, i.e., b # ¢
and o(b) # 2. Since o(b) | 6, o(b) = 6 or 3. If o(b) = 6, then G = (b) is a cyclic group of order 6 and G ~ Zg.
Suppose G is not cyclic. Then o(b) = 3. Let H = {e, b,b*}. Then H is a subgroup of G of index 2. Thus, H is a
normal subgroup of G. Clearly a ¢ H. Now G = HUaH and H N aH = (. Hence, G = {e,b,b?, a, ab, ab®}. Now
aba™! € H since H is normal and b € H. Therefore, aba™* = e or aba™! = b or aba™! = b%. If aba™! = e, then
b = e, which is a contradiction. If aba™! = b, then ab = ba. Since o(a) and o(b) are relatively prime and ab = ba,
o(ab) = o(a) - o(b) = 6. Thus, G is cyclic, a contradiction. Hence, aba™" = b*>. Thus, G = (a, b) , where o(a) = 2,
o(b) = 3, and aba™' = b%. It is now easy to see that G ~ S3. m

We conclude this section by proving Cayley’s theorem, which says that any group can be realized as a
permutation group.

Theorem 5.1.24 (Cayley) Any group G is isomorphic to some subgroup of the group (S(G),o) of all permu-
tations of the set G.

Proof. Let a be an element of a group G. Define the function fq : G — G by for all b € G, f.(b) = ab. Then
b = c if and only if ab = ac if and only if f,(b) = fa(c). Thus, f, is a one-one function of G into G. For any
beaq,
fala™'b) = a(a™'b) =1b.

So we find that f, maps G onto G. Hence, f, is a permutation of G. This implies that f, € S(G). Let F(G) =
{fa | @ € G}. Then F(G) is a subset of the set S(G)of all permutations on G Define g : G — S(G) by for all
a € G, g(a) = fo. Then a = b if and only if ac = be for all ¢ € G if and only if fo(c) = fio(c) for all ¢ € G if and
only if fo = f» if and only if g(a) = g(b). This proves that ¢ is a one-one function of G into F(G). Clearly g
maps G onto F(G). Now g(ab) = fap and g(a) o g(b) = fo o fi. Also, for all ¢ € G,

Jav(c) = (ab)e = a(be) = fa(be) = fa(fo(c)) = (fa © fo)(c)-

Thus, fa» = fao fo. Hence, g(ab) = g(a)og(b) and so g is a homomorphism.This implies that F(G) is a subgroup
and G is isomorphic to this subgroup. ®m

Cayley’s theorem is another example of a representation theorem. However, Cayley realized that the best
way of studying general problems in group theory was not necessarily by the use of permutations.

Worked-Out Exercises

{ Exercise 1 Let f: G — G1 be an epimorphism of groups. If H is a normal subgroup of G, then show that f(H) is a
normal subgroup of Gj.
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Solution: By Theorem 5.1.2, we find that f(H) is a subgroup of G;. Let g1 € G;. Since f is onto G1, there exists g € G

such that f(g) = g1. Let a € g1 f(H)g; ' = f(9)f(H)f(9)"". Then a = f(g)f(h)f(9)™" = fghg™") for
some h € H. Since H is a normal subgroup of G, ghg™* € H and so a € f(H). Thus, g1 f(H)g;* C f(H).
Hence, f(H) is a normal subgroup of Gi.

{ Exercise 2 Let G and H be finite groups such that gcd(|G|, |H|) = 1. Show that the trivial homomorphism is the only
homomorphism from G into H.

Solution: Let f : G — H be a homomorphism and let a € G. We show that every element of G is mapped onto
the identity element of H, i.e., f(a) = eq for all a € G, where e denotes the identity element of H. Now
o(a) | |G| and o(f(a)) | |H|. Also, by Theorem 5.1.2, o(f(a)) | o(a). Hence, o(f(a)) | |G|. Since |G| and

|H| are relatively prime, o(f(a)) =1, proving f(a) = em. Thus, f is the trivial homomorphism.

{ Exercise 3 Show that the group (Q,+) is not isomorphic to (Q/Z, +).

Solution: In (Q,+), every nonzero element is of infinite order. Let % + Z € Q/Z, where p,q € Z and q # 0. Then
q(% +7) = p+Z=Z. This shows that every element of Q/Z is of finite order. Hence, (Q, +) is not isomorphic
Exercise 4 Show that R*, the group of all nonzero real numbers under multiplication, is not isomorphic to C*, the

group of all nonzero complex numbers under multiplication.

Solution: In the group C*, ¢ is an element of order 4. But R* does not contain any element of order 4. Hence, by
Theorem 5.1.14, R* is not isomorphic to C*.

{ Exercise 5 Find all homomorphisms from Zg into Zs.

Solution: Ze = ([1]). Let f : Z¢ — Za be a homomorphism. For any [a] € Zs, f([a]) = af([1]) shows that f is
completely known if f([1]) is known. Now o(f([1])) divides o([1]) and 4, i.e., o(f([1])) divides 6 and 4.
Hence, o(f([1])) = 1 or 2. Thus, f([1]) = [0] or [2]. If f([1]) = [0], then f is the trivial homomorphism
which maps every element to [0]. On the other hand, f([1]) = [2] implies that f([a]) = [2a] for all [a] € Zs.
Thus, f([a] + [0]) = f([a +b]) = [2(a + b)] = [2a + 2b] = [2a] + [2b] = f([a]) + f([b]), proving that the
mapping f : Ze¢ — Z4 defined by f([a]) = [2a] for all [a] € Z¢ is a homomorphism. Hence, there are two
homomorphisms from Zg into Zs.

Exercise 6 Let G be a finite commutative group. Let n € Z be such that n and |G| are relatively prime. Show that
the function ¢ : G — G defined by ¢(a) = a™ for all a € G is an isomorphism of G onto G.

Solution: Let a,b € G. Now
¢(ab) = (ab)"

= a"b" (since G is commutative)

= ¢(a)o(b).
This implies that ¢ is a homomorphism. Let ¢(a) = ¢(b). Then a™ = b"™ and so (ab™')" = e. Therefore,
o(ab™") divides n. Since o(ab™') divides |G| and n and |G| are relatively prime, o(ab™!) = 1. This implies
that ab~! = e, i.e., a = b, proving that ¢ is one-one. Since G is a finite group and ¢ is one-one, ¢ is onto
G. Hence, ¢ is an isomorphism of G onto G.

{ Exercise 7 (a) Let G be a group and f : G — G be defined by f(a) = a" for all a € G, where n is a positive integer.
Suppose f is an isomorphism. Prove that a"~* € Z(Q) for all a € G.

(b) Let G be a group and f : G — G defined by for all a € G, f(a) = a® be an isomorphism. Prove that
G is commutative.

Solution: (a) Let a,b € G. Then f(a 'ba) = (a~'ba)" = a~*b"a. Thus,
a "b"a" = fla M) f(b)f(a) = fa 'ba) = a b a.
Hence, a~ ™Y p" ¢"* = b" or (= Va1 = b". Thus, f(a~ " Vba"") = f(b). Since f is
one-one, a~ " Vpa" ! = b. Hence, a™ b = ba" "', proving that a" ! € Z(@G).

(b) By (a), a® € Z(G) for all @ € G. Let a,b € G. Then f(ab) = (ab)® = ab(ab)?® = a(ab)?b = aababb =
a*bab® = ba*b?a = bb*a*a = b2a® = f(b)f(a) = f(ba). Hence, ab = ba since f is one-one. Thus, G is
commutative.

Exercises

1. Determine whether the indicated function f is a homomorphism from the first group into the second group.
If f is a homomorphism, determine its kernel.
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(a) f(a) =d? (RT,.), (RT,.) for all € RT.

(b) f(a) =2% (R,+), (RT,-) for all a € R.

(c) f(a) = la|; (R\{0},-), (R*,-) for all a € R\{0}.
(d) fla) =a+1; (Z,4), (Z,+) for all a € Z.

e) f(a) =2a; (Z,+), (Z,+) for all a € Z.

Find all homomorphisms from Z into Z. How many homomorphisms are onto?
Find all homomorphisms from Z onto Zs.
Find all homomorphisms from Zs into Zi2 and from Zsgg into Zig.

Show that Q, the group of all nonzero rational numbers under multiplication, is not isomorphic to R*,
the group of all nonzero real numbers under multiplication.

Show that (Q,+) is not isomorphic to (R, +).
Show that (Z,+) is not isomorphic to (R, +).

8. Let G be a group. Define the function f : G — G by for all @ € G, f(a) = a™'. Prove that f is a

10.

11.

12.
13.

14.

15.

16.
17.

18.

19.

20.

21.

homomorphism if and only if G is commutative.

Let G = {(a,b) | a,b € R, b # 0}. Then (G, *) is a noncommutative group under the binary operation
(a,b)x(c,d) = (a+bc, bd) for all (a,b), (¢,d) € G.Let H = {(a,b) € G| a=0}and K = {(a,b) € G| b > 0}.
Show that H N K ~ (R*,.), where (R",-) is the group of all positive real numbers under multiplication.

Let G ={a € R| —1 < a < 1}. Show that (G, ) ~ (R,+), where the binary operation * on G is defined by

for all a,b € G.

(a) Let f be a homomorphism from a cyclic group of order 8 onto a cyclic group of order 4. Determine
Ker f.

(b) Let f be a homomorphism from a cyclic group of order 8 onto a cyclic group of order 2. Determine
Ker f.

Prove that a homomorphic image of a cyclic group is cyclic.

Show that S3 and Zes are not isomorphic groups, but for every proper subgroup A of S3 there exists a
proper subgroup B of Zg such that A ~ B.

Let G, H, and K be groups. Suppose that the functions f : G — H and g : H — K are homomorphisms.
Prove that go f : G — K is also a homomorphism.

Let G and H be groups. Define the function f : G x H — G by for all (a,b) € G x H, f((a,b)) = a. Prove
that f is a homomorphism from G x H onto G. Determine Ker f.

Let f : G — H be an isomorphism of groups. Prove that f~!: H — G is also an isomorphism.

Let G, H, and K be groups. Prove that

(a) Gx H~H xG.

(b) If G~ H and H ~ K, then G ~ K.

(¢) Gx(HxK)~(Gx H)xK.
Let G and H be groups. Let f : G — H be a homomorphism of G onto H. Show that if G = (S) for some
subset S of G, then H = (f(95)) .

Let f: G — H be an isomorphism of groups. Show that for any integer k£ and for any g € G, the sets
A={a€G|a"=g}and B={be H|b" = f(g)} have the same number of elements.

Let G be a simple group and ¥ : S, — G be an epimorphism for some positive integer n. Prove that
G ~ Sy for some k < n.

Which of the following statements are true? Justify.

(a) A cyclic group with more than one element may be a homomorphic image of a noncyclic group.
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(b) There does not exist a nontrivial homomorphism from a group G of order 5 into a group H of order

4.
(c¢) The group (Z,+) is isomorphic to (Q,+).
(d) There exists a monomorphism from a group of order 20 into a group of order 70.
(e) There exists an epimorphism of (R,+) onto (Z,+).
(f) There does not exist any epimorphism of (Q,+) onto (Z,+).
(g) If f and g are two epimorphisms of a group G onto a group H such that Ker f = Ker g, then f = g.

(h) (Z x Z,+) is a cyclic group.
(i) The group (Z,+) is a homomorphic image of (Q, +).

5.2 Isomorphism and Correspondence Theorems

In this section, we continue our study of isomorphisms. Our objective is to prove the fundamental theorem
of homomorphisms, the isomorphism theorems, and the correspondence theorem. These theorems show us the
relationship between homomorphisms and quotient groups.

Theorem 5.2.1 Let f be a homomorphism of a group G onto a group G1, H be a normal subgroup of G such
that H C Ker f, and g be the natural homomorphism of G onto G/H. Then there exists a unique homomorphism
h of G/H onto G1 such that f = hog. Furthermore, h is one-one if and only if H = Ker f.

f
G ——=G; a ——=f(a)

I

G/H aH

Proof. Define h: G/H — G1 by
h(aH) = f(a)

for all aH € G/H.
Now aH = bH implies b'a € H C Ker f and so f(b™'a) = e1 or f(a) = f(b). Hence, h(aH) = h(bH) and
so h is well defined. Let a € G. Then

(hog)(a) = h(g(a)) = h(aH) = f(a).
Therefore, h o g = f. Since f maps G onto G1, h must map G/H onto G1. Now
h((aH)(bH)) = h((ab)H) = f(ab) = f(a)f(b) = h(aH)h(bH).

Hence, h is a homomorphism of G/H onto G satisfying f = h o g. To prove the uniqueness part, let us assume
f="h og for some homomorphism k' from G/H onto Gi. Then

h(aH) = f(a) = (I o g)(a) = h'(g(a)) = h'(aH)

for all aH € G/H and so h = h'. Hence, h is the only homomorphism of G/H onto Gi such that f =hog.

Suppose h is one-one. Let a € Ker f. Then f(a) = e1 and so h(aH) = e1. Since h(eH) = e1 and h is one-one,
aH = eH. Thus, a € H and so Ker f C H. By hypothesis, H C Ker f and so H = Ker f. Conversely, assume
H = Ker f. Suppose h(aH) = h(bH). Then f(a) = f(b) or f(b~'a) = ex. Thus, b~'a € Ker f = H and so
aH = bH, proving that h is one-one. ®m

From Theorem 5.2.1, it follows that if H = Ker f, then h is an isomorphism and hence G/Ker f is isomorphic
to G, i.e., every homomorphism of a group G onto a group G1 induces an isomorphism of G/Ker f onto G;. This
result plays a fundamental role in group theory. It is known as the fundamental theorem of homomorphisms
for groups. This result is also called the first isomorphism theorem for groups. Considering the importance of
this theorem, we state it in its general form and also give a direct proof of it.
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Theorem 5.2.2 (First Isomorphism Theorem) Let f be a homomorphism of a group G into a group Gi.
Then f(G) is a subgroup of G1 and

G/Ker f ~ f(G).
Proof. By Theorem 5.1.2, f(G) is a subgroup of G1. Let H = Ker f. Define h: G/H — f(G) by
h(aH) = f(a)

for all aH € G/H. Now aH = bH if and only if b*a € H = Ker f if and only if f(b"'a) = e; if and only
if f(b™')f(a) = e1 if and only if f(a) = f(b). Thus, h is a one-one function. Let # € f(G). Then z = f(b)
for some b € G. Therefore, h(bH) = f(b) = x. This shows that h is onto f(G). Finally, h(aHbH) = h(abH) =
f(ab) = f(a)f(b) = h(aH)h(bH) for all aH,bH € G/H, proving that h is a homomorphism. Consequently,
G/Ker f ~ f(G). m

In the following example we illustrate the first isomorphism theorem.

Example 5.2.3 Let f be the homomorphism of (Z,+) onto (Zs,~+3) defined by f(n) = [n] for alln € Z. Let
g be the natural homomorphism of Z onto Z/(6). Now (6) is a normal subgroup of Z and (6) C (3) = Ker f.
Thus, there exists a homomorphism h of Z/ (6) onto Zs such that f = hog. The homomorphism h is defined by
h(n+(6)) = [n].

Z ——= 274

Z/<6>
f
0 ——=[0] 1 ——=[1] 2 ——=[2]
g g g
h h h
0+ <6> 1+ <6> 2+ <6>
f f
3 ——=[3] 4 —— [4] 5 ——= [9]
g g g
h h h
3+ <6> 4 + <6> 5+ <6>

Recall that a group G is called a homomorphic image of a group G if there exists a homomorphism of G
onto G1.

From Theorem 5.2.1 and Corollary 5.2.2, we find that for each normal subgroup N of a group G, G/N is a
homomorphic image of G, and for each homomorphic image G, there exists a normal subgroup N of G such
that G/N ~ G1.

Example 5.2.4 The group Sz has (up to isomorphism) only three homomorphic images. This follows from the
fact that Ss has only three normal subgroups. The homomorphic images are Ss, Z1, and Z2 since {e}, Sz, and
{e,(1 2 3),(1 3 2)} are the only normal subgroups of Sz and Ss ~ S3/{e}, Z1 ~ S3/S3, and Zz ~ Ss/{e,(1 2
3),(132)}.

Theorem 5.2.5 Let G1 be a homomorphic image of a group G. Then the following assertions hold.
(i) If G is cyclic, then Gy is cyclic.
(i) If G is commutative, then Gy is commutative.
(i11) If G1 contains an element of order n and |G| is finite, then G contains an element of order n.
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Proof. (i) Follows by Exercise 12 (page 104).

(ii) Follows by Theorem 5.1.2(v).

(iii) Let f : G — G1 be an epimorphism and let a’ be an element of G of order n. If n = 1, then e is the
required element of G of order 1. Suppose n > 1. Since f is onto G1, there exists a € G such that f(a) = a’. Now
o(a) is finite and by Theorem 5.1.2(v), o(a’) divides o(a), i.e., n divides o(a). Let t € Z" be such that o(a) = nt.
Then t < o(a). Hence, a' # e. Now a™ = e. Let b = a’. Then b" = e and by Theorem 2.1.46,

ty _ o(a) _nt_
o(a’) = ged(t,0(a)) ¢t -
|

Note that the result in Theorem 5.2.5(iii) does not hold if |G| is not finite. For example, Zg is a homomorphic
image of Z; Ze contains an element of order 3, but Z has no element of order 3.

Theorem 5.2.6 (Second Isomorphism Theorem) Let H and K be subgroups of a group G with K normal
in G. Then
H/(HNK)~(HK)/K.

Proof. Define f: H — (HK)/K by f(h) = hK for all h € H. Now
F(hihs) = hiho K = hiKho KK = f(h1)f(hs)

for all hi,he € H, proving that f is a homomorphism. Let K € (HK)/K. Then x = hk for some h € H and
k € K. Thus,

eK = (hk)K = (hK)(kK) = hK = f(h).
This proves that f is onto (HK)/K and so f(H) = (HK)/K. Hence, by the first isomorphism theorem, it follows
that

H/Ker f~ (HK)/K.
To complete the proof, we show that Ker f = H N K. Now
Ker f = {he€ H| f(h)= identity element of HK/K}

= {he H|hK =K}

= {heH|heK}

= HNK.

Consequently, H/HNK ~ (HK)/K. m
We illustrate the second isomorphism theorem with the help of the following example.
Example 5.2.7 Consider the group (Z,+) and its subgroups H = (2) and K = (3). Then H+ K = (2)+(3) = Z
and HN K = (6). Theorem 5.2.6 says that
H/(HNK)~ (H + K)/K,

i.e.,
(2)
This isomorphism is evident if we notice that (2)
1+ (3), 2+ (3)}. The mapping
h:(2)/(6) = Z/3)

defined by h: 0+ (6) — 0+ (3), 24 (6) — 2+ (6) —— (3), 44 (6) — 1+ (3) is the desired isomorphism.

(6) ~Z/(3).

/
/(6) = {0+ (6), 2+ (6), 4+ (6)} while Z/ (3) = {0+ (3),

Theorem 5.2.8 Let f be a homomorphism of a group G onto a group G1, H be a normal subgroup of G such
that H D Ker f, and g, g’ be the natural homomorphisms of G onto G/H and Gy onto G1/f(H), respectively.
Then there exists a unique isomorphism h of G/H onto G1/f(H) such that g’ o f = hog.

G f G,

9 g’

GH G4/f(H)
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Proof. If we show Ker ¢’ o f = H, then there exists a unique isomorphism h of G/H onto G1/f(H) by
Theorem 5.2.1. Let a € H. Then (g’ o f)(a) = ¢'(f(a)) = the identity of G1/f(H) since f(a) € f(H) = Ker ¢'.
Thus, a € Ker g’ o f and hence H C Ker g’ o f. Let a € Ker g’ o f. Then ¢'(f(a)) = the identity of G1/f(H) and
so f(a) € Ker ¢’ = f(H). Therefore, there exists b € H such that f(b) = f(a) or f(ab™!) = e;. This implies that
ab™' € Ker f C H and so a = (ab™')b € H. Thus, Ker ¢’ o f C H. Hence, Ker ¢ o f = H. m

Corollary 5.2.9 (Third Isomorphism Theorem) Let Hi, Hz be normal subgroups of a group G such that
H1 Q HQ. Then
(G/H)/(Hs/Hy) ~ G/Ha.

G f G/H;

Proof. Make the following substitutions in Theorem 5.2.8: G/H, for G1, Hs for H, and (G/H1)/(H2/H.)
for G1/f(H), where in this case f is the natural homomorphism of G onto G/H;. Note that f(Hz) = Ha/H;.
]

We illustrate the third isomorphism theorem with the help of the following example.

Example 5.2.10 Consider the group (Z,+) and the subgroups (6) and (3) of Z. Then
Z/(3) ={0+(3),1+(3),2+ (3)}.

Z](6)y = {0+(6),1+(6),24 (6),34(6),4+ (6),5+ (6)}.
(3)/(6) ={0+(6),3+ (6)}.
Now,
(z/(6))/((3) / (6)) = {0,1,2},

= 0+(6)+((3)/
1+ (6) + ({(3) / (6)
2+(6) +((3)/

where

ol =i Ol
Il

It is now clear that
Z/(3) = (Z/6))/((3) / (6))

since both are cyclic groups of order 3 and of course, by Corollary 5.2.9.

We can at times determine the subgroups of a group G from a group G whose subgroups are known if there
is a homomorphism f of G onto Gi. For if such an f exists, the following result says that the subgroups of Gi
can be determined from the subgroups of G which contain Ker f.

Theorem 5.2.11 (Correspondence Theorem) Let f be a homomorphism of a group G onto a group Gi.
Then f induces a one-one inclusion preserving correspondence between the subgroups of G containing Ker f and
the subgroups of G1. In fact, if H and K are corresponding subgroups of G and G1, respectively, then H is a
normal subgroup of G if and only if K is a normal subgroup of Gi.

Proof. Let
H ={H | H is a subgroup of G such that Ker f C H}

and
K ={K | K is a subgroup of G1}.

Define f*:H — K by for all H € H, f*(H) = {f(h) | h € H}. Then f*(H) € K by Theorem 5.1.2. Hence, f*
is a function since f is a function. Let K € K. Denote the preimage, f~'(K), of K in G by H. Let a € Ker f.
Then f(a) =e1 € K and so a € f~*(K) = H. Thus, Ker f C H. Let a, b € H. Then f(a), f(b) € K and so
Flab™) = f(a)f(b~Y) = f(a)f(b)~' € K. Therefore, ab~" € H and so H is a subgroup of G containing Ker f,
i.e., H € H. Hence, f* maps H onto K. Let Hy, Ho € H. Suppose f*(H1) = f*(H2). Let hi € Hy. Then there
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exists ha € Ho such that f(hi1) = f(hz). This implies that f(hihy') = e1 and so hihy' € Ker f C Ha. Hence,
h1 = (hlhgl)hg € Hs. Therefore, Hy C Ho. Similarly, Ho C H;. Thus, H; = Hs and so f* is one-one. Clearly
H, C H; if and only if f*(Hi1) C f*(H2). In fact, since f* is one-one, Hy C H> if and only if f*(H1) C f*(H2).

Suppose H is a normal subgroup of G such that Ker f C H. Let K = f*(H). We show that K is a normal
subgroup of G. Let f(a) € G1 and f(h) € K. Now aha™* € H since H is a normal subgroup of G and so
f(a)f(h)f(a)™' = f(aha™") € K. Hence, K is a normal subgroup of G1. Let J be a normal subgroup of G; and
L € H be such that f*(L) = J. Let a € G and h € L. Then f(aha™') = f(a)f(h)f(a)™* € J and so aha™" € L.
This proves that L is a normal subgroup of G. m

Corollary 5.2.12 Let N be a normal subgroup of a group G. Then every subgroup of G/N is of the form K/N,
where K is a subgroup of G that contains N. Also, K/N is a normal subgroup of G/N if and only if K is a
normal subgroup of G.

Proof. Let g : G — G/N be the natural homomorphism. If a € G, then g(a) = aN. From Theorem 5.2.11,
we find that this homomorphism induces a one-one mapping g* between the subgroups of G which contain Ker
g = N and the subgroups of G/N. Let H be a subgroup of G/N. Then there exists a subgroup K of G such that
N C K and H =g"(K)={g(a) | a € K} = K/N. The last part follows from Theorem 5.2.11. m

The following example illustrates the correspondence theorem.

Example 5.2.13 Let f be a homomorphism of (Z,+) onto (Zi2,+12) defined by f(n) = [n] for alln € Z. Then
for H and K of Theorem 5.2.11,
H={(12),(6),(4),(3),(2),Z}

and
K= {«[0]), {[6]) , {[4]) , ([3]) , ([2]) , Za2}
fr:(12) — ([0]), o2 (3) = (3]),
2y —(2]), [ :(6) —([6]),
oo (4) — ([4]), [ Z — Zao.

The following diagram indicates the one-one inclusion preserving the correspondence property of f*.

PN PN

<2> <3> <[2]> <[3]>
<4> <6> <[4]> <[6]>
<12> <[0]>

Now ([9]) = {n[9] | n € Z} C {n[3] | n € Z} = ([3]) . Also, [3] = [27] = 3[9] € ([9]). Therefore, ([3]) C ([9]).
Hence, {[3]) = ([9]). Thus, the subgroup (9) of Z gets mapped to the subgroup {[3]) of Zi2 by f. However, this
does not contradict Theorem 5.2.11 since (9) 2 (12).

In the remainder of this section, we consider all isomorphisms of a group G onto itself. Recall that Aut(G)
is the set of all automorphisms of G.

Theorem 5.2.14 Let G be a group. Then (Aut(G),0) is a group, where o denotes the composition of functions.

Proof. Since i¢ € Aut(G), Aut(G) # 0. Let f,g € Aut(G). Then f o g is an automorphism by Exercise 14
(page 104) and Theorem 1.4.11. Hence, f o g € Aut(G). Clearly ic is the identity of Aut(G) and f~' is the
inverse of f. Also, o is associative by Theorem 1.4.13. Consequently, (Aut(G),o) is a group. =

Theorem 5.2.15 Let G be a group and a € G. Define 0, : G — G by 0,(b) = aba™* for all b € G. Then
(i) 0o € Aut(Q),
(ii) 8q 0 0y = b4y for all a,b € G,
(ii1) (0a)™' = 0,-1,
() for all @ € Aut(G), a0 a0 ™" = O4(a).
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Proof. (i) Let ¢,d € G. Suppose ¢ = d. Then aca™ = ada™" or 0,(c) = 0,(d). Therefore, 0, is well
defined. Now 0, (cd) = a(cd)a™ = (aca™)(ada™) = 04(c)04(d). This shows that 6, is a homomorphism. Also,
¢ = 0a(a""ca), proving that 6, is onto G. Suppose 0a(c) = 0,(d). Then aca™ = ada™* and so ¢ = d. Thus, 6,
is one-one. Consequently, 8, € Aut(G).

(i) Let a,b € G. Then (04 0 0)(c) = 0a(0p(c)) = 0a(beb™) = a(beb ™ )a™* = (ab)c(ab) ™' = O45(c) for all
c € G. Hence, 6, 00, = 04p.

1
1.
(iv) Let o € Aut(G). Now (@08, 0 a 1) (b) = a(0.(a™1 (b)) = alaa™(b)a™t) = a(a)a(a™ (b)a(a™) =
a(a)b(a(a)) ™! = 04 (b) for all b € G. Hence, a0y 0a ! =0,(,). B
The automorphism 6, of Theorem 5.2.15 is called an inner automorphism of G. We denote by Inn(G) the
set of all inner automorphisms of G.

Theorem 5.2.16 Let G be a group. Then Inn(G) is a normal subgroup of Aut(G).

Proof. Since ig = 6. € Inn(G), Inn(G) # 0. By Theorem 5.2.15(1), Inn(G) C Aut(G). Let 04,6 € Inn(G).
Then 0,00, ' =0400,-1 = 0,,-1 € Inn(G). Hence, Inn(G) is a subgroup of Aut(G) by Theorem 4.1.6. Let o €
Aut(G). Then by Theorem 5.2.15(iv), a0 64 0 ™' = 04,y € Inn(G). Hence, Inn(G) is a normal subgroup of
Aut(G). m

Theorem 5.2.17 Let G be a group and H be a subgroup of G. Then

% ~ a subgroup of Aut(H),
where N(H) = {x € G | tHx~' = HY} is the normalizer of H and C(H) = {x € G | xha™" =h for allh € H} is
the centralizer of H.

Proof. Define f: N(H) —Aut(H) by for all a« € N(H),

fa) =0a [m .

Then f is well defined. Let ai,a2 € N(H). Then f(a1a2) = aras|g = 0ay | 0 0as |z = f(a1) o f(az). Thus, fis
a homomorphism. Now
Ker f = {a€G| f(a)=1iu}

= {aeG|bs=rin}

= {ae€G|04(0b)=1iu(b)forallbe H}

= {a€Glaba™t =bforallbec H}

= {ae€G|ab=baforallbec H}
C(H).

Thus, by the first isomorphism theorem, we have the desired result. m

Corollary 5.2.18 Let G be a group. Then

G
) ~ Inn(QG).

Proof. Let H = G in Theorem 5.2.17. Then we have N(G) = G and C(G) = Z(G). n

Worked-Out Exercises

{ Exercise 1 Find all homomorphic images of the additive group Z.

Solution: Let H be a homomorphic image of (Z,+). There exists a homomorphism f of Z onto H. By the first
isomorphism theorem, Z/Ker f ~ H. Since Ker f is a subgroup of Z, Ker f = nZ for some integer n > 0.
Hence, H ~ Z/nZ for some integer n > 0. On the other hand, for any n > 0, nZ is a subgroup of Z and
since Z is commutative, nZ is a normal subgroup of Z. There exists a natural homomorphism f from Z
onto Z/nZ given by f(m) = m+nZ for all m € Z. This shows that Z/nZ is a homomorphic image of Z for
all n > 0. Consequently, the homomorphic images of Z are the groups (up to isomorphism) Z/nZ, n > 0.
Now for n =0, Z/nZ ~ Z and for n > 0, Z/nZ ~ Z, (Exercise 2, page 111). Therefore, we conclude that
the homomorphic images of Z are the cyclic groups Z and Z,, n > 0.

{ Exercise 2 If there exists an epimorphism of a finite group G onto the group Zs, show that G has normal subgroups
of index 4 and 2.
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Solution:

{ Exercise 3

Solution:

{ Exercise 4

Solution:

{ Exercise 5

Solution:

{ Exercise 6

Solution:

{ Exercise 7

Solution:
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Let f : G — Zs be an epimorphism. Then by the first isomorphism theorem, G/Ker f ~ Zs. Hence, G/Ker
f is a cyclic group of order 8. Thus, G/Ker f has a normal subgroup H; of order 4 and a normal subgroup

H of order 2. By the correspondence theorem, there exist normal subgroups Ni and N2 of G such that
Ker f C Ny, Ker f C N2, Ni/Ker f = Hy, and No/Ker f = Hy. Thus,

8 = |G/Ker f| =[G : Ker f] =[G : N1][Ny : Ker f] =[G : N1]4.

This implies that [G : N1] = 2. Similarly, [G : Na2] = 4.
Show that 4Z/12Z ~ Zs.

Define f : 4Z—Zs by f(4n) = [n] for all 4n € 4Z. One can show that f is an epimorphism. Then from
the first isomorphism theorem, 4Z/Ker f ~ Zs. Now Ker f = {dn € 4Z | f(4n) = [0]} = {4n € 4Z | [n] =
0]} = 12Z.

Let G be a finite group and f be an automorphism of G such that for all a € G, f(a) = a if and only if
a = e. Show that for all g € G, there exists a € G such that g = a™ ! f(a).

Let G = {a1,az,...,a,}. Let S = {a7'f(a1),...,an"f(an)}. Then S C G. Next, we show that all
elements of S are distinct. Now a; ' f(a;) = a;lf(aj) if and only if f(a:)f(a;)™" = aia; ! if and only if
f(al-ajfl) = am}l if and only if aiajfl = e if and only if a; = a;. This shows that all elements of S are
distinct and so |S| = n. Thus, S = G. Let g € G. Then g € S. Hence, g = a™ ' f(a) for some a € G.

Let G be a finite group and f be an automorphism of G such that for all a € G, f(a) = a if and only if
a = e. Suppose that f? =iz, where ig denotes the identity map. Prove that G is commutative.

Let g € G. By Worked-Out Exercise 4, g = o™ f(a) for some a € G. Then g = ig(g) = f2(a"'f(a)) =

(@™ f(@) = F(f(a™)f2(a) = f(f(a)""a) = f(g~"). This implics that f(g) = g " for all g € G. Let
a,b € G. Then (ab)™* = f(ab) = f(a)f(b) =a 'b~! = (ba)™' and so ab = ba. Hence, G is commutative.

Let H be a subgroup of index 2 in a finite group G. If the order of H is odd and every element of G\ H is
of order 2, prove that H is commutative.

Since [G : H| =2, H is a normal subgroup of G. Now G = H U Hg, where g ¢ H. Then o(g) = 2. Define
f:G — GbyforalacG, fla) = gag™'. Then f is an automorphism of G. Now f2(a) = f(f(a)) =
flgag™) = g(gag™")g™"' = g*ag™? = a since g*> = e. Hence, f? = ig. Since H is a normal subgroup of G,
f(h) = aha™' € H for all h € H. Thus, f is also an automorphism of H. Let h € H. Suppose f(h) = h.
Then ghg™' = h or gh = hg. Since gh ¢ H, o(gh) = 2. Therefore, h® = g?h* = (gh)> = e. Since the order
of H is odd, h? = e implies that h = e. Hence, f(h) = h if and only h = e. Thus, f is an automorphism
of H such that f? =ig and f(h) = h if and only if h = e. By Worked-Out Exercise 5, H is commutative.

Show that Aut(Zy) ~ U,.

Define o :Aut(Z,) — Uy, by a(f) = f([1]) for all f € Aut(Z,). Now mf([1]) = f([m]). Hence, f([m]) = [0]

if and only if m is divisible by n. Thus, o(f([1])) = n. This implies that f([1]) € U, and so « is well
]

defined. Let f,g € Aut(Z,). Then a(fog) = (fog)([1]) = f(g([1])). Suppose g([1]) = [k]. Then a(fog) =
F(R]) = kF() = KOS = [K]F (1) = F([1)g([1]) = a(f)a(g). Hence, a is a homomorphism. Now

Kera = {f€Aut(Z,)|a(f)=[1]}

) |
{f € Aut(Zn) | f([1]) = [1]}
= {f € Aut(Z,) | f is the identity map}.

Hence, « is a monomorphism. Finally, we show that o is onto Uy. Let [t] € Uy,. Then ¢ and n are relatively
prime. Define f : Z,, — Z, by f([m]) = [mt] for all [m] € Z,. Let [r],[s] € Z,. Suppose [r] = [s]. Then
r — s = nq for some g € Z. Thus, rt — st = nqt. Hence, [rt] = [st], proving that f is well defined. Clearly
f is a homomorphism. Suppose f([r]) = f([s]). Then [rt] = [st] and so n divides rt — st = (r — s)t. Since ¢
and n are relatively prime, n divides r — s. Therefore, [r] = [s]. This implies that f is one-one. Since Z,
is finite therefore we find that f is onto. Hence, f € Aut(Z,). Now «a(f) = f([1]) = [t] shows that « is
onto U,. Thus, « is an isomorphism. Consequently, Aut(Z,) ~ U,

Exercises

1.

2.

Let R* be the multiplicative group of all nonzero real numbers and 7" = {1, —1}. Then T is a subgroup
of R*. Prove that the quotient group R*/T is isomorphic to the multiplicative group R' of positive real
numbers.

For any positive integer n, prove that Z/nZ~Z7Z,.



112

5. Homomorphisms and Isomorphisms of Groups

3. Show that 8Z/56Z~Zr and 4Z/8Z ~ Zs

4. For any two positive integers m and n prove that mZ/mnZ~Z,.

5. Let G be a group and A and B be normal subgroups of G such that A ~ B. Show by an example that

10.
11.

12.

13.

14.
15.
16.
17.
18.
19.
20.

G/A# G/B.

Let G be the group of symmetries of the square and Ky the Klein 4-group.

Show that the mapping f : G — K4 defines a homomorphism of G onto K4, where f(ris0) = f(rss0) = e,
f(roo) = f(raz0) = a, f(h) = f(v) = b, f(di) = f(d2) = c.

In Exercise 6, exhibit the one-one inclusion preserving correspondence between the subgroups of G con-
taining Z (@) and the subgroups of Kj.

Let G and K4 be as in Exercise 6. Let g be the natural homomorphism of G onto G/Z(G), where Z(G) is
the center of G. Prove that Z(G) = Ker f and exhibit the isomorphism h of G/Z(G) onto K4 such that

f=hog.
Show that Zsg is not a homomorphic image of Zs.
Show that Zg is not a homomorphic image of Zs X Zs.

Show that if there exists an epimorphism from a finite group G onto the group Zis, then G has normal
subgroups of indices 5 and 3, respectively.

Partition the following collection of groups into subcollections of groups such that any two groups in the
same subcollection are isomorphic.

(1) (Z7 +)7 (11) (Zﬁ7+)7 (111) (Z27+)7 (IV) 527 (V) Sﬁv (Vl) (17Z,+), (Vll) (327+)7 (Vll) (Q7+)7 (IX) (R7+)7
x)(R*, ), (xi) (RT,"), (xii) (Q,-), (xiii) (C*,-), (xiv) ({r),-), where R* denotes the set of nonzero real
numbers, Q* denotes the set of nonzero rational numbers, C* denotes the set of nonzero real numbers, R*
denotes the set of positive real numbers, and ({r),-) is the cyclic subgroup of (R*,-) generated by .

Show that

Find all automorphisms of the group Zg.
Show that |Aut(Z,)| = p — 1, where p is a prime.
Prove that Inn(Ss) ~ S5 ~ Aut(Ss).
Determine Aut(Sy).
Let G be a cyclic group of order n and ¢ be the Euler ¢-function. Prove that |[Aut(G)| = ¢(n).
Let G be a group such that Z(G) = {e}. Prove that Z(Aut(GQ)) = {e}.
Let G be a group and H be a subgroup of G. H is called a characteristic subgroup of G if f(H) C H for
all f € Aut(G).
(a) Show that every characteristic subgroup of G is a normal subgroup of G.

(b) Give an example of a group G and a subgroup H such that H is a normal subgroup of G, but H is
not a characteristic subgroup of G.

(c) Show that Z(G) is a characteristic subgroup of G.

(d) Let H and K be characteristic subgroups of G. Show that HK and HNK are characteristic subgroups
of G.

(e) Let H and K be subgroups of G such that H C K. Show that if K is a normal subgroup of G and
H is a characteristic subgroup of G, then H is a normal subgroup of G.

(f) Let H and K be subgroups of G such that H C K. Show that if H is a characteristic subgroup of K
and K is a characteristic subgroup of GG, then H is a characteristic subgroup of G.

(g) Suppose G is cyclic. Show that every subgroup of G is a characteristic subgroup of G.
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21. Show that the only characteristic subgroups of (Q, +) are {0} and Q.
22. Which of the following statements are true? Justify.

Any epimorphism of Z onto Z is an isomorphism.
Any epimorphism of a group G onto G is an isomorphism.

The quotient group 4Z/647 has five subgroups.

)
)
)
d) Zs has five homomorphic images.
) 2Z/6Z is a subgroup of Z/6Z.
) There exist four subgroups of Z which contain 10Z as a subgroup.
)

Let G and H be two groups, A be a normal subgroup of GG, and B be a normal subgroup of H. If
G~ H and A ~ B, then G/A~ H/B.

5.3 The Groups D, and (g

In Section 5.1, we saw that there are two types of groups of order 4 and two types of groups of order 6. In this
section, we wish to classify all noncommutative groups of order 8. We will consider finite commutative groups
in Chapter 9. First we introduce two groups D4 and Qs and study these groups in detail. The study of these
groups will eventually lead us to the classification of noncommutative groups of order 8.

Definition 5.3.1 A group G is called a dihedral group of degree 4 if G is generated by two elements a and b
satisfying the relations
o(a) =4, o(b) =2, and ba = a®b.

Example 5.3.2 Let G be the subgroup of GL(2,R)(Ezample 2.1.10) generated by the matrices

0 1 0 1
A—[_l 0} andB—{l O]'

Then o(A) =4 and o(B) = 2. Now

5]
b
\
| —
= o
S =
—_
L—
I
L O
O =
| IS
Il
L—
\
-
= o
| IS

and
3, | 0 —1 0o 1] | -1
an=[] [ 6]-] %

Thus, BA = A®B. Hence, G is a dihedral group of degree 4.

= O
[ I

Example 5.3.3 Consider Si. Let G be the subgroup of Sa such that G is generated by the permutations
a=(1234) andb=(24).

Then a® = (13)0(24),a®> =(1432),a* =¢,b> =¢, andboa = (14)0(23)=a®o0b. Hence, o(a) = 4,
o(b) =2, and boa = a® ob. Thus, G is a dikedral group of degree 4.

The following theorem reveals some interesting properties of D4. These properties are similar to the properties
listed in Example 4.1.21 for Ds.

Theorem 5.3.4 Let G be a dihedral group of degree 4 generated by the elements a and b such that
o(a) =4, o(b) =2, and ba = a’b.

Then the following assertions hold.

(i) Every element of G is of the form a't?, 0 <i<4,0<j < 2.
(i) G has exactly eight elements, i.e., |G| = 8.

(iii) G is a noncommutative group.
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Proof. (i) Since G = {a,b),
G = {ailbjlaizbj2 c.ginpin | it,jt € 2,1 <t <n,n €N}

Since ™! = a® and b~! = b,every element of G can be expressed in the form a’*b/1a’2b2 ... a'" " where

i; > 0 and j; > 0. Again since ba = a®b it follows that every element of G is of the form a"b™, where n,m are
nonnegative integers. Now a* = e, b> = e. These imply that every element of G is of the form a’b?, 0 < i < 4,
0<ji<2 o

(ii) By (i), every element of G is of the form a'd’, 0 < i < 4, 0 < j < 2. Thus, |G| < 8. Since o(a) = 4, it
follows that e, a,a?, a® are distinct elements of G. Then b, ab, a2b, a®b are also distinct elements of G. Also, since
a'=a® b =banda#b#e,

{e,a,a’,a*} N {b,ab,a’b,a’b} = 0.
Thus, G = {e, a,a?,a®,b,ab, a®b, a®b}. Hence, G has eight elements.

(iii) Suppose ab = ba. Then ab = a®b. This implies that a®> = e, which is a contradiction. Hence, ab # ba,
proving that G is noncommutative.

It is easy to see that any two dihedral groups of degree 4 are isomorphic. Hence, there exists only one dihedral
group (up to isomorphism) of degree 4. We denote a dihedral group of degree 4 by Da.

We now describe all subgroups of Djy.

III D4,

o(a) = 4,0(a”) = 2,0(a”) = 4,0(b) = 2,
(ab)? = abab = ad®bb = e,
(a®b)* = a®ba’b = a*(a’b)ab = abab = e,
(a®b)* = aba®b = a®(ab)a’b = a’ba’b = e.
From this, it follows that Hy = {e,a®}, He = {e,b}, H3 = {e,ab}, Hys = {e,a®b}, and Hs = {e, a®b} are subgroups
of order 2. By Lagrange’s theorem, D4 has no subgroups of order 3, 5, 6, or 7. Now
T ={e,a, a2,a3}
T = {e,az,b, azb}
Ts = {e,ab,a®, a®b}
are subgroups of order 4. We ask the reader to verify that {e}, Hi, Ha, Hs, Ha, Hs, T1, T», T3, and D4 are the
only subgroups of Dy.

It is interesting to note in D4 that Hs is a normal subgroup of 75 and T3 is a normal subgroup of Dy, but Hs
is not a normal subgroup of D4. We also note that every nontrivial subgroup of Dy is of order 2 or 4. Therefore,
every nontrivial subgroup of D4 is commutative. However, since T3 is a nontrivial subgroup of D4 and T3 is not
cyclic, it follows that not every nontrivial subgroup of Dy is cyclic. Finally, we also note that D4 is isomorphic
to Sym, the group of symmetries of a square (page 47). This follows from Theorem 5.3.4 and the group table of
the group of symmetries of the square given on page 49.

Next, we consider @Qs.

Definition 5.3.5 A group G is called a quaternion group if G is generated by two elements a,b satisfying the
relation

o(a) =4, a® =b°, and ba = a’b.

Example 5.3.6 Let T be the group of all 2 x 2 invertible matrices over C under usual matriz multiplication.
Let G be the subgroup of T generated by the matrices

a=[ 8 ] man=]0 ]
pa=[ Vol [ S a0 Y

eo=[2 S [24)-[5 )

Thus, BA = A®B. Hence, G is a quaternion group.

Then o(A) =4 and

Now

~

and
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We leave the proof of the following theorem, which is similar to the proof of Theorem 5.3.4, as an exercise.

Theorem 5.3.7 Let G be a quaternion group generated by the elements a and b such that
o(a) =4, o> =b°, and ba = a®b.

Then the following assertions hold.

(i) Every element of G is of the form a'b?, 0 <i < 4,0<j < 2.
(ii) G has exactly eight elements, i.e., |G| = 8.

(iit) G is a noncommutative group. ®

It is easy to see that any two quaternion groups are isomorphic. Hence, there exists only one quaternion
group (up to isomorphism) and we denote it by Qs.

Next, we determine all subgroups of Qs.

Let Qs = {(a,b), where o(a) = 4, a®> = b?, and ba = a®b. Then

Qs = {e,a,a’,a® b,ab, a®b, a’b}.

In Qg,

o(a) = 4,0(a®) = 2,0(a®) = 4,0(b) = 4.
Now

(ab)? = abab = aa’bb = b* = a°.
Thus, o(ab) = 4. Also,
(a®b)? = a®ba’b = a®(a®b)ab = a®bab = abab

and

(a®b)? = a®ba®b = a®(ab)a’b = a®ba’b.
Hence, o(a®b) = 4 and o(a®b) = 4. It now follows that Hy = {e}, H1 = {e,a®}, Hs = {e,a,a®,a*}, Hs =
{e,ab,a?,a®b}, and Hy = {e,b,a?, a®b} are subgroups of Qs. We ask the reader to verify that Ho, Hy, Ha, Hs,
H,4, and Qs are the only subgroups of @s.

Since [Qs : H2] = [Qs : Hs] = [Qs : Ha] = 2, Ha, H3, and Ha are normal subgroups of Qs. Now ba’b™" =
baab™ = a®bab™! = a®a®bb™! = a® € H;. Since Qs = (a,b), H; is a normal subgroup of Qs. Thus, every
subgroup of Qs is a normal subgroup of G. It is also interesting to observe that all proper subgroups of Qg are
cyclic.

Theorem 5.3.8 D4 # Qs.

Proof. We note from the above discussion that Qs contains six elements of order 4 while D4 contains only
two elements of order 4. Hence, Dy % Qs. ®
The next theorem classifies all noncommutative groups of order 8.

Theorem 5.3.9 There exist (up to isomorphism) only two noncommautative nonisomorphic groups of order 8.

Proof. Let G be a noncommutative group of order 8. Since |G| is even, there exists an element u € G, u # e,
such that u? = e. If 2® = e for all z € G, then G is commutative, a contradiction. Thus, there exists a € G such
that a® # e. Since o(a) | 8, o(a) = 4 or 8. If o(a) = 8, then G is cyclic and hence commutative, a contradiction.
Thus, o(a) = 4. Let H = {e,a,a? a®*}. Then H is a subgroup of G of index 2 and so H is a normal subgroup of
G. Let b € G be such that b ¢ H. Then G = HU Hb and H N Hb = (). This implies that

G ={e,a,a’,a® b,ab,a’b,a’b} = (a,b).

Now bab™* € H. If bab™! = e, then a = e, a contradiction. Thus, bab™' # e. If bab™! = a, then ab = ba and
hence G is commutative, a contradiction. If bab™* = a?, then ba’b™! = (bab™')? = a* = e and s0 a® = ¢, a
contradiction. Therefore, bab™* = a® and so ba = ab. Since |G/H| = 2 and b ¢ H, o(Hb) = 2. Hence, b*> € H.
If b = a or a®, then o(b) = 8 and so G is commutative, a contradiction. Therefore, either b = ¢ or b* = a®. Tt
now follows that if G is a noncommutative group of order 8, then either

G = (a,b) such that o (a) =4, o(b) =2 and ba = a’b

or
G = (a,b) such that o (a) =4, b* = a?, and ba = a®b.

In the first case, G >~ D4 and in the second case, G >~ (Js. ®
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Worked-Out Exercises
{ Exercise 1 Find Z(Dy).

Solution: It is known that Z(D4) is a normal subgroup of Ds. Now D4 has six normal subgroups: Da, {e}, H1 =
{e,a®}, Ty = {e,a,a®,a*}, Tr = {e,a®,b,a®b}, Ts = {e, ab,a?, a’®b}. Since ab # ba, Dy, T1, and Ty cannot
be Z(Dy). If (ab)b = b(ab), then a = (ba)b = a*b® = a® and so a® = e, a contradiction. Hence, T3 # Z(Da).
Now a?b = a®b = a®(a®b) = a®(ba) = (ba)a = ba®. Hence, a® € Z(D4). Thus, Z(Ds) = {e,a’} = Hi.

{ Exercise 2 Prove that Ds/Z(D,) is isomorphic to K4 and hence find Inn(Da).
Solution: By Corollary 5.2.18, Inn(D4) ~ D4/Z(D4). Now D4/Z(Ds4) is a group of order 4 and

D4/Z(D4) = {EZ(D4), CLZ(D4), bZ(D4), abZ(D4)}

Since a® € Z(D4), b* = ¢, and (ab)® = e, we find that each nonidentity element of Dy/Z(Da) is of order 2.
Hence, D4/Z(D4) =~ Ku, the Klein 4-group.

Exercises
1. In Dy, find subgroups H and K such that K is a normal subgroup of H and H is a normal subgroup of
Dy, but K is not a normal subgroup of Dj.
2. Show that Qs is the union of three subgroups each of index 2.
3. Find all homomorphic images of Dy.

4. Find all homomorphic images of Qs.

Group Actions

As previously mentioned, the theory of groups first dealt with permutation groups. Later the notion of an
abstract group was introduced in order to examine properties of permutation groups which did not refer to the
set on which the permutations acted. However, one is primarily interested in permutation groups in geometry.
Also, permutation groups are used in counting techniques that are important in finite group theory. An example
of this can be seen in the proof of Lagrange’s theorem. We extend the notion of a permutation on a set to a group
action on a set. We use the notion of a group action on a set to determine, via counting techniques, important
properties of finite groups.

Let G be a group and S a nonempty set. A (left) action of G on S is a function - : G x S — S (usually
denoted by -(g,z) — g - x) such that

(i) (9192) - @ = g1 - (92 - @), and

(ii) e - & = x, where e is the identity of G

forallz € S, g1,92 € G.

Note: If no confusion arises, we write gz for g - x.

If there is a left action of G on S, we say that G acts on S on the left and S is a G-set.

Example 5.3.10 Let G be a permutation group on a set S. Define a left action of G on S by
ox = o(x)
forallo € G,z € S. Let ¢ € S. Now ex = e(x) = x, where e is the identity permutation on S. Let 01,02 € G.

Then (01 002) -z = (01002)(x) = o1(02(x)) = 01 - (02(x)) = 01 - (02 - ©). Hence, S is a G-set.

Example 5.3.11 Let G be a group and H be a normal subgroup of G. Define a left action of G on H by
(9,h) — ghg™

for all g € G, h € H. We denote this by g-h = ghg™*. Let h € H. Now e-h = ehe™' = ehe = h. Let g1,92 € G.

Then (g1g2) - h = (9192)h(9192) ™" = (9192)h(95 '91 ") = g1(92hg3 g1 " = g1(g2 - h)g; ' = g1 - (g2 - h). Hence, H
is a G-set.

Theorem 5.3.12 Let S be a G-set, where G is a group and S is a nonempty set. Define a relation ~ on S by
for all a,b € S,
a ~ b if and only if ga = b for some g € G.

Then ~ is an equivalence relation on S.
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Proof. Since for all a € S, ea = a, a ~ a for all a € S. Thus, ~ is reflexive. Let a,b,c € S. Suppose a ~ b.
Then ga = b for some g € G, which implies that ¢g7'b = g7 '(ga) = (¢7¢)a = ea = a. Hence, b ~ a and so ~
is symmetric. Now suppose a ~ b and b ~ ¢. Then there exist g1, g2 € G such that gia = b and g2b = c. Thus,
(9291)a = g2(g1a) = g2b = ¢ and so a ~ c. Hence, ~ is transitive. Consequently, ~ is an equivalence relation. m

Definition 5.3.13 Let S be a G-set, where G is a group and S is a nonempty set. The equivalence classes
determined by the equivalence relation of Theorem 5.3.12 are called the orbits of G on S.

For a € S, the orbit containing a is denoted by [a].

Lemma 5.3.14 Let G be a group and S be a G-set. For all a € S, the subset
Go={9€G|ga=a}
is a subgroup of G.
Proof. Let a € S. Since ea = a, e € G, and so G, # 0. Let g, h € G,. Then ga = a and ha = a. This implies
that (gh)a = g(ha) = ga = a and so gh € Go. Now h™'a = h™'(ha) = (h"'h)a = ea = a. Thus, h™* € G..

Hence, G, is a subgroup of G. ®
The subgroup G, of Lemma 5.3.14 is called the stabilizer of a or the isotropy group of a.

Lemma 5.3.15 Let G be a group and S be a G-set. For all a € S,
[G: Ga] = |[a]] -
Proof. Let a € S. Let £ be the set of all left cosets of G, in G. Now
[a]={be S|a~b}={be S|ga=">forsome ge G} ={ga]|gecGqG}.
We now show that there exists a one-one function from £ onto [a]. Define
fL—d]

by
f(9Ga) = ga

for all gGo € L. Let g1, g2 € G. Then g1Go = g2G,, if and only if g5 *g1 € G, if and only if g5 *(g1a) = (g5 *g1)a =
a if and only if g1a = gea. Thus, f is a one-one function from £ into [a]. Let b € [a]. Then there exists g € G
such that ga = b. Thus, f(gG.) = ga = b. This implies that f is onto [a]. Consequently, [G : Go] = |£| = |[a]|. ®

Theorem 5.3.16 Let G be a group and S be a G-set. If S is finite, then

151 = 37IG : Gal,

acA
where A is a subset of S containing exactly one element from each orbit [a].

Proof. By Theorem 5.3.12, S can be partitioned as the union of orbits. Therefore,

S = UaeA[a].
Hence,
|S] = Z [[a]] = Z[G : Go] by Lemma 5.3.15.
acA a€A
| |

Theorem 5.3.17 Let S be a finite G-set, where G is a group of order p" (p a prime). Let So ={a € S|ga=a
for all g € G}. Then
IS] =p |l -
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Proof. By Theorem 5.3.16,
51 = 371G+ G,

acA

where A is a subset of S containing exactly one element from each orbit [a] of G. Now a € Sy if and only if
ga = a for all g € G, i.e., if and only if [a] = {a}. Hence,

G
5= 15+ 3 A<l

a€A\So |Gl

Since |G| # |G| for all a € A\So, ‘JGG—J‘ is some power of p for all a € A\Sy. Thus, % is divisible by p, proving
that |S| =, |So| ®

Corollary 5.3.18 Let G be a finite group and H be a subgroup of G such that |H| = p", where p is a prime and
k is a nonnegative integer. Then
[G:H]=, [N(H): H],

where N(H) ={g € G |gHg " = H}.

Proof. Let S = {zH | z € G}. Define a left action of H on S by h(xH) = (hx)H for all h € H, zH € S.
Then S is an H-set. Let So = {zH € S | h(zH) = zH for all h € H}. By the above theorem, |S| =, |So]|.
Now zH € Sy if and only if h(zH) = xH for all h € H if and only if z7*ha € H for all h € H if and only if
@ 'Hx C H. Now |z~ "Hz| = |H|. Hence, zH € Sp if and only if =" Hz C H if and only if 2~ 'Hz = H (since
H is finite and |:E_1Hx| = |H]J) if and only if x € N(H). This shows that Sy is the set of all left cosets of H in
N(H). Thus, |So| = [N(H) : H]. Also, |S| =[G : H]. Hence, [G: H| =, [N(H): H] . m

Theorem 5.3.19 Let G be a group and S be a G-set. Then the left action of G on S induces a homomorphism
from G into A(S), where A(S) is the group of all permutations of S.

Proof. Let g € G. Define 74 : S — S by 74(a) = ga for all @ € S. Let a,b € S. Then 74(a) = 74(b) if
and only if ga = gb if and only if a = b. Therefore, 74 is a one-one function. Now b = g(g~'b) = 74(g~'b) and
g~ 'b € S. This shows that 74 is onto S. Thus, 74 € A(S). Let g1, g2 € G. Then 74, 4,(a) = (g192)a = gi1(g20a) =
Tg1(g2a) = T4, (Tgo(a)) = (T4, ©Tg,)(a) for all @ € S. This implies that 74,4, = T4, © Tg,. Define

P : G — A(S)

by
P(g) =74
for all g € G. Then 9 is a function. Now ¥(g192) = Tg195 = Tg1 © Tgo = ¥(g1) 0 ¥ (g2) for all g1, g2 € G. This
proves that ¢ is a homomorphism.
|
The following corollary, which is known as the Extended Cayley’s theorem, follows from the above theorem.

Theorem 5.3.20 Eztended Cayley’s theorem: Let G be a group and H be a subgroup of G. Let S = {aH | a € G}.
Then there exists a homomorphism ¢ from G into A(S) (the group of all permutations on S) such that Ker C H.

Proof. First we note that S is a G-set, where the left action of G on S is defined by g(aH) = (ga)H for all
g € G. This left action induces the homomorphism 9 of Theorem 5.3.19. Now

Ker ¢ {g € G| ¢¥(g9) = 7y = the identity mapping on S}
= {9€G|74(aH)=aH for all aH € S}

{g € G| g(aH) = aH for all aH € S}.

Let g € Ker 9. Then g(aH) = aH for all aH € S. In particular, gH = H. Thus, g € H. Hence, Ker v C H. m

Corollary 5.3.21 Let G be a group and H be a subgroup of G of index n .Then there exists a homomorphism
P from G into S, such that Ker ¢ C H.

Proof. Because [G : H| = n, the group A(S) of all permutations on S is isomrphic to S,. Hence the corollary
follows from the theorem. m
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Corollary 5.3.22 Let H be a subgroup of a group G of index a prime integer p. Then H is isomorphic to a
subgroup of Sp.

Corollary 5.3.23 Let G be a finite group and H be a proper subgroup of G of index n such that |G| does not
divide n! Then G contains a nontrivial normal subgroup.

Proof. From Corollary 5.3.20, Ker v C H and G/Ker v is isomorphic to a subgroup of S,,, where v is
as defined in Corollary 5.3.20. Therefore, |G/Ker 9| divides n! But |G| does not divide n! Hence, |Ker 9| # 1,
proving that Ker 1 is a nontrivial normal subgroup of G. m

Definition 5.3.24 Let G be a group and S be a G-set. Let a € S, g € G. Then a is called fixed by g if ga = a.
If ga = a for all g € G, then a is called fived by G.

Theorem 5.3.25 (Burnside) Let S be a finite nonempty set and G be a finite group. If S is a G-set, then the
number of orbits of G is
G 2 Fl

geG
where F(g) is the number of elements of S fized by g.

Proof. Let T = {(g,a) € G X S| ga = a}. Since F(g) is the number of elements a € S such that (g,a) € T,
it follows that |T| = > . F(g). Also, |Ga| is the number of elements g € G such that (g,a) € T. Hence,

T =X aes |Gal -
Let S = [a1] U [a2] U--- U [ak], where {[a1], [az], ..., [ak]} is the set of all distinct orbits of G on S. Then
SF(@) = Y |Gal+ D> |Gal+--+ > |Gal.
geG a€laq] a€las] a€lag]
Suppose a,b are in the same orbit. Then [a] = [b] and [G : G4 = |[a]| = |[b]| = [G : Gb]. This implies
¢ _ 16l
Gal |Gl

and so |Gq| = |Gs|. Thus,

> gec F9) Hal]l Gay | + Haz]l |Ga | +---+ \[akll IGakl

L Gy, + S (Gl + -+ L G

\G
kIGI

IG \G

where k is the number of distinct orbits. Consequently,

-G 2

geaG

Worked-Out Exercises

{ Exercise 1 Let S be a finite G-set, where G is a group of order p™ (p a prime) such that p does not divide |S|. Show
that there exists

Solution: Let So = {a € S| ga = a for all g € G}. By Worked-Out Exercise 1, |S| =, |So|. Since p does not divide
|S|, p does not divide |Sg|. Thus, |So| # 0. This shows that there exists a € Sp. Thus, a is fixed by G.

o Exercise 2 Let G be a finite group. Let H be a subgroup of G of index p, where p is the smallest prime dividing the
order of G. Show that H is a normal subgroup of G.

Solution: Let S = {aH | a € G}. Since [G : H] = p, by Extended Cayley’s theorem there exista a homomorphism
¥ : G — A(S) such that Ker v C H. Now G/Ker v is isomorphic to a subgroup of A(S). Therefore,
|G /Ker 9| divides |A(S)| = p! Let |G/Ker 9| = n. Then n = [G : H|[H : Ker ¢] > p. Let n = p1p2 - - - px,
where p; are prime integers, ¢ = 1,2,..., k. Since p; divides |G| and p is the smallest prime dividing the
order of G, p; > pfor all i = 1,2,..., k. Since n divides p!, we have each p; divides p!. Since each p; is a
prime and p; > p, we must have ¢ = 1 and p; = p. Thus, n = p. This implies that [H : Ker ¢] = 1. Hence,
H = Ker ¢ and so H is a normal subgroup of G.
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{ Exercise 3

Solution:

{ Exercise 4

5. Homomorphisms and Isomorphisms of Groups

Let G be a group of order pn, p a prime, and p > n. If H is a subgroup of order p in G, prove that H is a
normal subgroup of G.

Let S ={aH | a € G}. Now |S| =[G : H] = % = & = n. By Extended Cayley’s theorem there exista
a homomorphism 9 : G — A(S) such that Ker ¢» C H. Since |H| = p, either Ker ¢ = {e} or Ker ¢y = H.
If Ker ¢ = {e}, then G is isomorphic to a subgroup of A(S). This implies that |G| divides |A(S)], i.e.,
pn | n! Therefore, p | (n — 1)! Since p > n ,p does not divide (n — 1)! Thus, Ker v = H. Hence, H is a
normal subgroup of G.

Let G be a group. Show that G is isomorphic to a subgroup of A(G). (This is Cayley’s theorem. Here we
want to prove this result by the group action method.)

Solution: G is a G-set, where the left action of G on G is defined by the group operation. This left action induces
a homomorphism ¢ : G — A(G) defined by (g9) = 74, where 74(a) = ga for all a,g € G. Now Ker
¢ = {g € G| 7y = identity permutation on G} = {g € G | ga = a for all a € G} = {e}. Hence, ¢ is a
monomorphism.
Exercises

1. Show that I3 = {1,2,3} is a S3-set, where the left action is defined by ca = o(a) for all o € S35, a € Is.
Find all distinct orbits of S3. Find G1, G2, and Gs.

2. Let H be a subgroup of order 11 and index 4 of a group G. Prove that H is a normal subgroup of G.

3. Let H be a subgroup of a group G of index n. If H does not contain any nontrivial normal subgroups of
G, prove that H is isomorphic to a subgroup of S,,.

4. Let G = GL(2,R) and S = R?. Show that S is a G-set under the left action defined by

[ Z fl }(w,y)Z(anrby, cx + dy)

b

a
for all [ e d

} € G, (r,y) € R2.

5. Let G be a group of order 77 acting on a set S of 20 elements. Show that G must have a fixed point.

Let G be a group. The left action of G on the set G is defined by conjugation, i.e., (g, 2) — gaxg™* for all
g,z € G. Show that the kernel of the homomorphism ¢ : G — A(G) induced by this action is Z(G).

Let G be a group of order 80 such that G has a subgroup of order 16. Show that G is not a simple group.

8. Show that a group of order 22 is not a simple group.

10.
11.
12.

Show that there are no simple groups of orders 6, 10, 14, 26, 34, and 58.
Show that a group of order 8 cannot be a simple group.
Show that a simple group of order 63 cannot contain a subgroup of order 21.

Let G be a group of order 70 such that G has a subgroup of order 14. Show that G has a nontrivial normal
subgroup.



5.3. The Groups Dy and Qg 121

Arthur Cayley(1821-1895) was born on August 16, 1821, in Cambridge, England. He was the second son.
He entered Trinity College at the age of 17, as a pensioner. In 1842, he graduated as senior wrangler. Later he
went to a law school and in 1849 he became a lawyer. As a lawyer, he made a comfortable living and in fourteen
years, during which he practiced his law profession, he wrote approximately 300 mathematical papers.

In 1863, Cayley was elected to the new Sadlerian chair of pure mathematics at Cambridge, where he remained
until his death. He died on January 26, 1895.

For most of his life, Cayley worked on mathematics, theoretical dynamics, and mathematical astronomy. In
1876, he published his only book, Treatise on Elliptic Functions. Cayley wrote 966 papers; there are thirteen
volumes of his collected papers.

Cayley’s mathematical style was terse. He usually wrote out his results and published them without delay.
He, along with J. J. Sylvester, his lifelong friend, is considered to be the founder of invariant theory. He is also
responsible for matrix theory. The square notation used for determinants is due to Cayley. He proved many
important theorems of matrix theory, such as the Cayley-Hamilton theorem. He is one of the first mathematicians
to consider geometry of more than three dimensions.

In 1854, Cayley published, “On the theory of groups depending on the symbolic equation ™ = 1.” In this
paper, he considered a group as a set of symbols, 1,«, 3, ..., all of them different and such that the product of
any two of them (no matter in what order), or the product of any one of them into itself, belongs to the set.
This formulation of a group as a set of symbols and multiplications is different from the formulation considered
by the earlier mathematicians. The paper is generally regarded as the earliest work on abstract group theory
and Cayley is regarded as the founder of abstract group theory. He is best known for the theorem that every
finite group is isomorphic to a suitable permutation group. In his article of 1854, he introduced a procedure for
defining a finite group by listing its elements in the form of a multiplication table, known as a Cayley table.
Cayley also proved a number of important theorems.
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Chapter 6

Direct Product of Groups

6.1 External and Internal Direct Product

In Section 2.1, Exercise 25, we defined the direct product G x H of two groups G and H. In this section, we
extend this concept to any finite family of groups and obtain their basic properties.

The notion of a direct product is used to factor a group into a product of smaller groups. This factorization
gives structural properties of a group. In some cases, it allows for the complete characterization of a certain type
of group. In Chapter 9, the concept of direct product is used to give a complete system of invariants for a finitely
generated Abelian group, i.e., a finite set of positive integers which implies the isomorphism of any two finitely
generated Abelian groups that have this set of integers.

Recall that I, = {1,2,...,n}.

Let {G; | i € In} be a family of groups. Let

G =Gt ><G2X---Xan{(al,az,...,an)\aiEGhiEIn}.
Define * on G as follows: for all (a1,az,...,an), (b1,b2,...,b,) € G
(Cbl,az,...,an)*(bl,bz,...,bn) = (albl,azbg,...,anbn).

In the following theorem, we show that * is a binary operation on G and that the set G together with the
binary operation * is a group. We also obtain several important properties of G.

Theorem 6.1.1 Let {G; | i € I,} be a family of groups and G = G1 x G2 X -+ X G,. Let e; be the identity of
G; for alli € In. Then (G, ), where x is defined above, is a group with e = (e1,ea,...,eyn) the identity element,
and for all (a1,a2,...,a,) € G,

(a1,a2,...,a,) = (a7 a5t .. ant).

Furthermore, let
H;, = {(61,62, €1, (g €Ty ,en) | a; € Gl}

for all i € I,,. Then the following assertions hold.
(i) H; is a normal subgroup of G for all i € I,.
(ii) For all a € G, a can be uniquely expressed as a = hihg - - hy, where h; € H;, i € I,,.
(’LZZ) Hz N (H1H2 .- 'HileH»l “ee Hn) = {6} fOT‘ all 7 S In
(’il)) G = Hle . Hn

Proof. First we note that = is single-valued and if (a1,...,an), (b1,...,bn) € G, then (a1,...,an) *
(b1,...,bn) = (aib1,...,anb,) € G since a;b; € G; for all i. Thus, * is a binary operation on G. We ask

the reader to verify that * is associative. Now e = (e1,e2,...,e,) € G and for all a = (a1, a2,...,a,) € G,
ae = (ai,a2,...,an)(€e1,€2,...,€xn)
= (aie1,a2e2,...,an€x)
= (al,az,...,an)
= a.

123
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Similarly, ea = a. Hence, e is the identity of G. To show that every element of G has an inverse in G, let

(a1,az,...,an) € G. Then (a7*,a3",...,a;") € G since a; ' € G; for all i and
-1 -1 -1 -1 —1 -1
(ar,a2,...,an)(ay yay,...,a, ) = (aiay ,a2a5 ,...,an0a5")
= (e1,€2,...,€n)
= e
Similarly, (a7*,azt,...,an)(a1,az,...,a,) = e. Thus, every element of G has an inverse. Consequently, (G, *)

is a group. We also note that by the uniqueness of the inverse of an element
(a1,az,... ,an)_1 = (al_l,az_l, .. ,agl).

(i) Let ¢ € I,,. Since (e1,e2,...,e,) € H;, H; # 0. Let a = (e1,...,ai,...,€5), b = (e1,...,bi,...,en) € H;.
Then
ab™t = (e1,..., a0, en)(er, .. by en) Tt
= (61,...,(11-,...,en)(el,...,b;l,...,en)
= (617...,(11'[);1,...76”)GHl‘.
Thus, H; is a subgroup of G by Theorem 4.1.6. Let g = (g1, 92,...,9n) € G. Then

gag™t = (91,92, -+, gn)(e1, ... aiy. .., en) (91,92, .. ,gn)71

= (917927"'7g7;ai""7gn)(gl717g2717"'7g;1)
= (el,...,giaigfl,...,en) € H; since giaigfl € G;.

Hence, H; is a normal subgroup of G.

(ii) Let @ = (a1,a2,...,an) € G. Let h; = (e1,...,a;,...,e,) for all ¢ € I,,. Then a = hiha -+ hy,. To show
that the representation of a is unique, let a = kiks2 - - -k, be another representation of a, where k; € H; for all
it € I,. Let ki = (e1,...,bi,...,en) € H; for all ¢ € I,,. Then

(al,a27...,an)=h1h2~~-hn=a:k1k2---kn:(bl,bz,...,bn).

This implies that a; = b; for all i € I,, and so h; = k; for all ¢ € I,,. Hence, the representation of a is unique.
(iii) Suppose a € H;N (Hy -+ - Hi—1Hi41--- Hy). Then a € H; and

a€e Hi---Hi 1Hiy1--- Hy.
Since a € H;, a = (e1,...,ai,...,en) € H; for some a; € G; and since
a€Hy - Hi_1Hiy1- Hy,
we have a = hiha -+~ hi—1hiy1 -+ hy, where hj = (e1,...,a4,...,e,) € H; for some a; € G;. Thus,
(e1,.--3aiy . yen) =a=hi---hi—1hiy1 - hn = (a1,...,8i-1,€i,Qi41, - - ., Qn).
This implies that a; = e; for all ¢ € I,,. Hence,
H;N(H1Hy---Hi—1Hiy1--- Hy,) = {e}.

(iv) The desired result follows from (ii). mm

Definition 6.1.2 The group G of Theorem 6.1.1 is called the external direct product of the groups Gi, i =
1,2,...,n.

Theorem 6.1.1 motivates the following definition.

Definition 6.1.3 Let G be a group and {N; | i € I,} be a family of normal subgroups of G. Then G is called
the internal direct product of N1,Na,..., N, if if G= N1Na---N,, and N; N (N1 -+ N;—1Nip1---Ny,) = {e}
for alli € I,,.

Let G = G1 X G2 X - - - X Gy, be the external direct product of the groups G;. Let H; be defined as in Theorem
6.1.1. Then G is the internal direct product of Hy, Ha, ..., H, by Theorem 6.1.1.

Theorem 6.1.4 Let G be a group and {N; | i € I,} be a family of normal subgroups of G. Then G is an internal
direct product of {N; | i € I,} if and only if for all a € G, a can be uniquely expressed as a = araz - - - an, where
a; € Ni, 1€ Ip.
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Proof. Let G be an internal direct product of {N; | ¢ € I,}. Then G = N1 Ny - -+ N and N;N (Ny -+ Ni—1Njjq -+

{e} for all 4 € I,. Then N; N N; = {e} for all 4 # j and hence uv = vu for all u € N; and for all v € N; by
Exercise 13 (page 93). Let a = ai1az---an = biba--- b, be two representations of a, where a;, b; € Nj, i € I.

Then
e = ala
= (a1a2‘..an)_1(blb2”‘bn)
= aytat, - aytbibz by

1" —1
= aj biag ba---a, by

since for all ¢ # j if uw € N; and v € Nj, then wv = vu. This implies that
b;lai = aflbl e a;_llbi_la;_llbi+1 e a;lbn S Nl N N1N2 e Ni—lNi+1 s Nn

for all i € I,,. Since N;N N1 N2 -+ N;_1Nit1 -+ N, = {e}, we must have bi_lai =eora; =b; for all ¢ € I,,. Thus,
a can be written uniquely as aiaz - - - an, where a; € Ny, @ € .

Conversely assume that for all @ € G, a can be uniquely expressed as a = aiaz---an, where a; € Nj,
i € I,.This implies that G = N1 N3 - - - N,,. We now show that N; N (Ny -+ N;—1Njy1---Np) ={e} for all ¢ € I,,.
Let 4 S In and a S Nlﬂ (Nl .. 'NileiJrl . Nn) Then a S Nl and a S N1 ~~-Ni,1Ni+1 ~~-Nn. This implies
that we can write a = a1az - - ai—1ai41 - - - an for some a; € Nj, j € I,\{i}. Hence,

ec---a---e=Qaq=0a1a2- - Aj—1€ai+1 - an

are two representations of a, where a; € Nj, j € In\{i}. Since the representation of a is unique, a = e. Hence,
N:N (N1 <+ N;—1Njy1--- Nn) = {6} ]

In the following theorem, we show that if a group G is an internal direct product of a family of normal
subgroups {N; | i € I,}, then G can be viewed as an external direct product of the groups N;’s.

Theorem 6.1.5 Let G be an internal direct product of a family of normal subgroups {N; | i € I,}. Then
G~ Ny XNy X---xXN,.
Proof. Let a € G. Then a can be expressed uniquely as a = ajaz - - - an, where a; € N;, i € I,,. Define
f:G— N1 xXNyx---XxXN,

by

f(a) = (a1, az,...,as)
for all a € G. From the definition of f, it follows that f is well defined and onto N; X N2 X --+ X N,. And from
the uniqueness of the representation of a, it follows that f is one-one. We now show that f is a homomorphism.
Let a = a1az2---an, and b = b1bs - - - b, be two elements of G, where a;, b; € N;,i¢ € I,. Now N; N N; = {e} for
all i # j and so uv = vu for all w € N;, v € N;. This implies that

ab = a1a - - -anb1b2 . bn = a1b1a2b2 .- -anbn.

Thus,
f(ab) = (albl, a2b2, ey anbn)
= (al,ag,...,an)(bl,bz,...,bn)
= f(a)f(b)

and so f is a homomorphism. Consequently, G >~ N1 X No X --- X N,,. &
Considering Theorem 6.1.5, let us agree to write G = N1 X N2 X - - X N, when G is an internal direct product
of a family of normal subgroups {N; | i € I,,}.

Worked-Out Exercises

{ Exercise 1 Let G and G be groups and f : G — G1 be a homomorphism. Let H be a normal subgroup of G. Suppose
that f |g: H — G is an isomorphism of H onto G1. Prove that G = Hx Ker f. Give an example to show
that this result need not be true if H is not a normal subgroup.

Solution: Let a € G. Then f(a) € G1 = f(H). Thus, there exists h € H such that f(a) = f(h). Now f(a) = f(h)
implies that f(h™'a) = e; and hence h™'a € Ker f. Therefore, there exists b € Ker f such that b= h™'a
or a = hb. Hence, G = HKer f. Suppose a € HNKer f. Then a € H and f(a) = e1 = f(e). Since f |u
is one-one, f(a) = f(e) implies that a = e. Therefore, HNKer f = {e}. Thus, H and Ker f are normal
subgroups of G such that G = HKer f and HNKer f = {e}. Consequently, G = Hx Ker f.
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This result need not be true if H is not a normal subgroup of G. For let G = S3 and G1 = (g’) be such that
o(¢') =2, i.e., Gy is a cyclic group of order 2. Let H = {(1 2)). Define f : G — G1 by f(e) =e, f(z) =eif z is
an element of order 3, and f(x) = ¢’ if = is an element of order 2. Then f |g: H — G1 is an isomorphism of H
onto G1. Now Ker f={e, (123),(132)}=((123)).But G# Hx Ker f (see Exercise 14, page 127.)

{ Exercise 2

Solution:

{ Exercise 3

Solution:

{ Exercise 4

Solution:

{ Exercise 5

Solution:

{ Exercise 6

Solution:

Let G be a group and H and K be subgroups of G such that G = H x K. Let N be a normal subgroup of
G such that NN H = {e} and N N K = {e}. Prove that N is commutative.

Since G = H x K, H and K are normal subgroups of G. Now for all n € N;h € H, k € K,nh = hn, and
nk = kn by Exercise 13 (page 93). Let a,b € N. Then there exist h € H,k € K such that b = hk. Now
ab = a(hk) = (ah)k = (ha)k = h(ak) = h(ka) = (hk)a = ba. Hence, N is commutative.

Let G be a group and A and B be subgroups of G. If
(i) G = AB,

(ii) ab="ba for all a € A, b € B, and

(iii) AN B = {e},

prove that G is an internal direct product of A and B.

Let us first show that A and B are normal subgroups of G. For this, let a € A, g € G. There exist c € A
and b € B such that g = cb by (i). Now gag™" = (cb)a(ch)™" = cbab™c™! = cabb™'c " = cac™* € A.
Hence, A is a normal subgroup of G. Similarly, B is a normal subgroup of G. Let g € G. Then g = ab
for some a € A, b € B. Suppose g = a1b1, where a1 € A, by € B. Then ab = a1b1, which implies that
ayta =bb' € AN B = {e}. Thus, a = a1 and b = b;. Therefore, we find that every element g of G can
be expressed uniquely as g = ab, a € A, b € B. Consequently, G is an internal direct product of A, B.

Let G be a cyclic group of order mn, where m, n are positive integers such that ged(m, n) = 1. Show that
G =Ty, X Loy,

Since m divides |G| and G is cyclic, there exists a unique cyclic subgroup A of G of order m by Theorem
4.2.11. Similarly, there exists a unique cyclic subgroup B of G of order n. Now |AN B| divides |A] = m
and |A N B| divides |B| = n. Since ged(m,n) =1, |AN B| = 1. Thus, by Theorem 4.3.14,

|A| |B] mn
|AB] Anp -1 o™ (€]
Since AB C G, |AB| = |G|, and G is finite, we must have G = AB. Hence, G = AB, AN B = {e}, and A
and B are normal subgroups of G. Thus, G = A X B ~ Zy, X Zn,.

Let A and B be two cyclic groups of order m and n, respectively. Show that A x B is a cyclic group if and
only if gcd(m,n) = 1.

Let A = {(a) for some a € A and B = (b) for some b € B. Suppose ged(m,n) = 1. Let g = (a,b). Then
g"" = (a,b)™" = (™", ") = (ea,en), where e4 denotes the identity of A and ep denotes the identity
of B. Suppose o(g) = t. Then (a,b)’ = (ea,er). This implies that a’ = e4 and b' = ep. Thus, m | t and
n | t. Since ged(m,n) = 1, mn | t. Hence, mn is the smallest positive integer such that ¢™" = e. Thus,
o(g) = mn. Now |A x B| = mn and A x B contains an element g of order mn. As a result, A X B is cyclic.
Conversely, assume that A x B is cyclic and ged(m,n) = d # 1. Let (a,b) € A x B. Then o(a) | m and

o(b) | n. Now 22 = Zn = m2Z is an integer and 2% < mn. Also
d d d d )

a3
o

(a,b)% = (a™d,b" ) = (ea,eB).
Hence, A x B does not contain any element of order mn. This implies that A x B is not cyclic, a contra-

diction. Therefore, ged(m,n) = 1.
Show that |[Aut(Z2 x Z2)| = 6.

First note that Zs X Zs has four elements, e = ([0], [0]), a = ([1], [0]), b = ([0], [1]), ¢ = ([1],[1]), and o(a) =
o(b) = o(c) = 2. Let f € Aut(Zz X Z3). Then o(f(z)) = o(x) for all x € Zy X Z2. Hence, f maps {a,b, c}
onto {a,b,c}. Thus, f is a permutation of {a,b,c}. Since there are only six permutations of {a,b,c}, it
follows that |Aut(Zs X Z2)] < 6. Nowa+b=c,a+c=b,b+c=a,anda+a=e=b+b=c+c Thus,
any permutation of {a, b, c} gives rise to an automorphism of Zs X Zy. For example, let a1 a — b, b — ¢,
¢ — a, and e — e. Now a(a+b) = a(c) = a and a(a) + «a(b) = b+c = a. Therefore, a(a+b) = a(a) + a(b).
Similarly, a(a + ¢) = a(a) + a(c), a(b+ c) = a(b) + a(c), a(a+ a) = ala) + ala), a(b+ b) = a(b) + a(b),
and a(c+ ¢) = a(c) + a(c). Hence, « is an automorphism. Thus, |Aut(Z2 X Z2)| = 6.
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Exercises

1.

Prove that the direct product of two groups A and B is commutative if and only if both groups A and B
are commutative.

Let A, B,C, and D be four groups such that A ~ C and B ~ D. Show that A x B~ C x D.

Let G be a group such that G = H; X Hy X --- X Hy, where H; is a subgroup of G. Let K; be a normal
subgroup of G such that K; C H;; 1 <7< n. Let K = K1 x K3 X --- X K,,. Show that

G B H o Hn
K Ki K K,
Let G; be a group, 1 < i < n. Show that
Z(G1 x Gg X -+ X Gp) = Z(G1) x Z(G2) X -+ x Z(Gy).
Let G be a group and H and K be subgroups of G such that G = H x K. Show that G/K ~ H and
G/H ~ K.

Let G be a finite cyclic group of order mn, where m and n are relatively prime. Let H and K be subgroups
of G such that |H| = m and |K| = n. Show that G = H x K.

Prove that Aut(Zs X Zg) ~ Ss.

8. Let G be a group and H and K be normal subgroups of G such that G = HK. Let H N K = N. Show that

10.
11.

12.

13.
14.
15.
16.

17.

18.

G/N ~ H/N x K/N.
Prove that a finite Abelian group G is the internal direct product of subgroups H and K if and only if (i)
HNK ={e} and (ii) |G| = |H||K]|.
Show that the Klein 4-group is isomorphic to the direct product of a cyclic group of order 2 with itself.

Show that a cyclic group of order 4 cannot be expressed as an internal direct product of two subgroups of
order 2.

Show that a cyclic group of order 8 cannot be expressed as an internal direct product of two subgroups of
order 4 and 2, respectively.

Can the cyclic group Zi2 be expressed as an internal direct product of two proper subgroups?
Show that S3 cannot be written as a direct product of proper subgroups.
Show that D4 cannot be expressed as an internal direct product of two proper subgroups.

Consider the groups Zs X S3, Zs X Ze, and Zi2. Are any two of these groups isomorphic? Is any one
noncommutative?

Show that the additive group (Z,+) cannot be expressed as an internal direct product of two nontrivial
subgroups.

Show that the additive group (Q,+) cannot be expressed as an internal direct product of two nontrivial
subgroups.
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Heinrich Weber (1842-1913) was born on May 5, 1892, in Heidelberg, Germany. In 1860, he studied
mathematics and physics at the University of Heidelberg. He received his Ph.D. in 1863. He was appointed as
extraordinary professor at the University of Heidelberg in 1869 and also taught at Edgendssische Polytechnikum
in Zurich, the University of Konigsberg, the Technische Hochschule in Charlottenburg, and the universities of
Marburg, Gottingen, and Strasbourg.

Weber was a friend of Richard Dedekind and they often collaborated. Together they edited the work of
Riemann in 1876. Herman Minkowski and David Hilbert were among Weber’s students.

Weber’s main research interests were in analysis and its applications to mathematical physics and number
theory. He was encouraged by von Neumann to investigate physical problems and by Richelot to study algebraic
functions. Along the lines of Jacobi, he worked on the theory of differential equations. He proved Abel’s theorem
in its most general form. He also worked on physical problems concerning heat, static and current electricity,
the motion of rigid bodies in liquids, and electrolytic displacement.

Weber’s most profound and penetrating work is in algebra and number theory. He, jointly with Dedekind,
did work of fundamental importance on algebraic functions.

In 1891, Weber gave the “modern” definition of an abstract finite group. One of his outstanding accomplish-
ments was the proof of Kronecker’s theorem, which states that absolute Abelian fields are cyclotomic.

Weber was an enthusiastic and inspiring teacher who took great interest in educational questions. He died
on May 17, 1913.



Chapter 7

Introduction to Rings

In the previous chapters, we investigated mathematical systems with one binary operation. There are many
mathematical systems, called rings, with two binary operations. The notion of a ring is an outgrowth of such
mathematical systems as the integers, rational numbers, real numbers, and complex numbers.

Although David Hilbert coined the term “ring,” it was E. Noether who, under the influence of Hilbert, set
down the axioms for rings. In 1914, Fraenkel gave the first definition of a ring. However, it is no longer commonly
used.

As we shall see, a ring is a particular combination of a group and a semigroup. Hence, our previous work
will prove helpful in our examination of rings. However, it is not enough to examine a set with two independent
binary operations. In order to obtain the full power of the axiomatic approach, we need a dependency between
the two operations—in particular, the distributive laws.

7.1 Basic Properties

This section parallels Chapter 2. Furthermore, we introduce several notations and definitions which will be used
throughout the text.

Example 7.1.1 Consider Z, the set integer, together with the binary operations +, usual addition of numbers,
and -, usual multiplication of numbers. By Example 2.1.9, (Z,+) is a commutative group. Also by Example
2.1.10, (Z, -) is a semigroup. Moreover, the distributive laws hold in Z. That is, for any integers a,b,c € Z,

a-(b+c)=(a-b)+(a-c) and (b+c)-a=(b-a)+ (c-a).

Example 7.1.2 Consider the set Z, and the binary operations 4+, and -nas defined in Examples 2.1.9 and
2.1.10, respectively, where n is positive integer. As shown in Example 2.1.9, (Zn,+r) is a commutative group.
By Example 2.1.10, (Zn,x) s a semigroup. Moreover, for any [a], [b], [¢] € Zn, we have

[a] n ([6] +n [c]) [a] n [b+c]
[a(b+ c)]
= [ab+ ad]
[ab] + [ac]

= ([a] -n [b]) += ([a] -n [c])-

Similarly,
(6] +n [e]) n [a] = ([b] -n [a]) +n (c] -n [a]).
That is, the distributive laws hold in (Zn,+n, n).

In the previous two examples, we considered a mathematical system with two binary operations. In general,
the two binary operations are denoted by + (addition) and - (multiplication). Under the binary operation +
the mathematical system is a commutative group, under the binary operation - the mathematical system is a
semigroup, and - distributes over +. There are many such mathematical systems and such mathematical systems
are called rings. More specifically, a ring is a mathematical system (R, +,-) such that (R, +) is a commutative
group, (R, ) is a semigroup, and the distributive laws hold, i.e., for all a, b, ¢ € R,

a-(b+e)=(a-b)+(a-c),
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(b+c)-a=(b-a)+(c-a).
We denote the identity of (R,+) by the symbol 0. The additive inverse of an element a € R is denoted by

—a.
We now give a complete definition of a ring.

Definition 7.1.3 A ring is an ordered triple (R,+,-) such that R is a nonempty set and + and - are two binary
operations on R satisfying the following axioms.

(R1) (a+b)+c=a+ (b+c) foralla,b,c € R.

(R2) a+b=b+a for all a,b € R.

(R3) There exists an element 0 in R such that a+0 = a for all a € R.

(R4) For all a € R, there exists an element —a € R such that

a+ (—a)=0.

(R5) (a-b)-c=a-(b-c) for all a,b,c € R.
(R6) a-(b+c)=(a-b)+ (a-c) for all a,b,c € R.
(R7) (b+c¢)-a=(b-a)+ (c-a) for all a,b,c € R.

We call 0, the zero element of the ring (R, +, -).

During the development of the theory of rings, we will use the following conventions.
1. Multiplication is assumed to be performed before addition.

2. We write ab for a - b.

3. We write a — b for a + (—b).

4. We refer to a ring (R, +, -) as a ring R.

Accordingly, ab+ c stands for (a-b) + ¢, ab+ ac stands for (a-b)+ (a-c), ab— ac stands for (a-b) + (—(a-c)),
where a, b, c € R.

Example 7.1.4 (i) As shown in Examples 7.1.1 and 7.1.2, repsectively, (Z,+,-) and (Zn,+n,n) are rings.
(ii) It can be shown that (Q,+,-), (R,+,-), and (C,+,-) are rings.
(iii) Consider B, the set of even integers. Because addition and multiplication of even integers is an integer,
we can show that (B,+,-) is a ring, called the ring of even integers. We leave the details as an exercise.
Howewver, note the 0 is the additive identity of the ring E.

The ring (Z,+,-) of Example 7.1.4(i) is called the ring of integers. This ring plays an important role in

the study of ring theory. One of the basic problems in ring theory is to determine rings, which satisfy the same
type of properties as the ring of integers.

Remark 7.1.5 The ring (Zn,+n,n) Example 7.1.4(i) is called the ring of integers mod n.

Definition 7.1.6 A ring R is called commutative if ab = ba for all a,b € R. A ring R which is not commutative
is called a noncommutative ring.

From the above definition, it follows that a ring R is commutative if and only if the semigroup (R,-) is

commutative.

Example 7.1.7 Because multipliation of numbers is commutative, it follows that (B,+,-), (Z,+,), (Q,+,"),
(R,+,), and (C,+,-) are commutative rings. Also for any [al, [b] € Zn, [a] n [b] = [b] -n [a]. Hence, (Zn,+n,n)
is also a commutative ring.

Definition 7.1.8 For a ring R, the set C(R) ={a € R | ab=ba for all b € R} is called the center of R.

It follows that a ring R is commutative if and only if R = C(R).
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Example 7.1.9 Let M>(Z) denote the set of all 2 X 2 matrices over the ring of integers. Let + and - denote the
usual matriz addition and multiplication, respectively. Then + and - are binary operations on M2(Z). It is easy

0 0] . L ) a b
0 0 } is the additive identity and for { e d } € M2 (Z),

SRR EET!

to show that (M2(Z),+,") is a ring. Note that {

Now{ ][i Z}EMQ(Z)and

sa)lrsl=le w )[R k=Lt 8]0 1)

Therefore, Ma(Z) is not a commutative ring.

=N

1
3

In Z, we have 1n = n = nl for all n € Z. Such an element 1 is called an identity of the ring Z. We thus, have
the following definition.

Definition 7.1.10 Let R be a ring. An element e € R is called an identity element if ea = a = ae for all
a € R.

Note that an identity element of a ring R (if it exists) is an identity element of the semigroup (R, -). Therefore,
a ring cannot contain more than one identity element (Theorem 1.5.11). The identity element of a ring (if it
exists) is denoted by 1.

Definition 7.1.11 A ring R is called a ring with identity if it has an identity.
Example 7.1.12 The ring Z of integers is a ring with identity. The integer 1 is the identity element of Z.

Example 7.1.13 Let n be a positive integer. The commutative ring (Zn,+n, n) is with identity. The identity
element is [1].

Remark 7.1.14 Letn be a positive integer. Note that the set Z,, has n elements. Therefore, by Example 7.1.13,
it follows that for every positive integer m, there exists a commutative ring R with 1 such that the number of
elements in R is n.

Example 7.1.15 Consider E, the ring of even integers. In E, there does not exist any element e such that
ex =z = zxe for all x € B. Hence, B, is a ring without identity.

Example 7.1.16 The ring M2(Z) of Example 7.1.9 is a ring with identity. The identity element of Ma(Z) is
1 0
o V)

Example 7.1.17 Let R denote the set of all functions f : R — R. Define 4+, - on R by for all f, g € R and for
all a € R,
(f +9)(a) = f(a) + g(a),
(f-9)(a) = f(a)g(a).

From the definition of + and -, it follows that + and - are binary operations on R. Let f,g,h € R. Then for all
a € R, we have by using the associativity of R that ((f + g) + h)(a) = (f + g)(a) + h(a) = (f(a) + g(a)) + h(a) =
fla)+ (g(a) + h(a)) = f(a) + (g + h)(a) = (F + (9 + h))(a). Thus, (f +g)+h = f+(9+h). This shows that +
18 associative.

In a similar way, we can show that the other properties of a ring hold for R by using the fact that they hold
for R. Thus, (R,+,") is a ring.

We note that the function io : R — R, where ig(a) = 0 for all a € R, is the additive identity of R and the
element i1 € R, where i1(a) =1 for all a € R, is the identity of R. Also, for all f,g € R and for all a € R,

(- 9)(a) = f(a)g(a) = g(a) f(a) = (9 - f)(a).
Thus, for all f,g € R, f-g=g- f. Consequently, (R,+,-) is a commutative ring with identity.
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The addition and multiplication on R in Example 7.1.17 are the same as those encountered by the student
in calculus.

Example 7.1.18 Let (G, ) be a commutative group and Hom(G, G) be the set of all homomorphisms of G into
itself. By Ezxercise 14, (page 104), the composition of two homomorphisms of G is again a homomorphism of
G. Thus, o is a binary operation on Hom(G,G). Also, o is associative by Theorem 1.4.13 and i¢ € Hom(G, G)
is the identity. Hence, (Hom(G,Q), o) is a semigroup with identity.

We now define a suitable + on Hom(G, Q) so that (Hom(G, G),+, o) becomes a ring with identity. Define
+ on Hom(G,G) by for all f, g € Hom(G, G),

(f+9)(a) = f(a) *xg(a) for alla € G.

(Note that * is the binary operation of the group G.) Let f,g € Hom(G,G). From the definition of +, it follows
that f + g is a mapping from G into G. Let a, b € G. Then

(f + g)(ab) f(ab) * g(ab)
(f(a) * f(b)) * (g(a) * g(b))
f(a) xg(a) * f(b) x g(b)
(f +9)(a) * (f + g)(b).

This shows that f + g is a homomorphism from G into G. We omit the routine verification that + is associative
and commutative. Consider the mapping

fe:G—G
such that

fela) =e
for all a € G, where e is the identity of G. Note that fe is a constant function, that maps each element of G to
e. Now for all a,b € G,

fe(ab) = e = ee = fe(a) fe(D).
Thus, fe is a homomorphism of G into G. Hence, fo € Hom(G, G).
Let g € Hom(G,G) and a € G. Now by the definition of f., we have fc(a) =e. Thus,

(fe+9)(a) fe(a) * g(a)
exg(a)
= 9(a).

Also,
(g4 f)a) = g(a)* fe(a)
= g(a)xe
= g(a).

Because a is an arbitrary element of G, we can now conclude that

fetg=g=g+ fe.

This implies that fe is the identity of (Hom(G, G), +).

We leave it as an exercise for the reader to verify that for any f € Hom(G,G), the mapping —f defined by
(=f)(a) = f(a)™! for all a € G is the additive inverse of f. Thus, (Hom(G, G),+) is a commutative group.

We now show that the left distributive law holds. For any a € G and any elements f, g, h € Hom(G,Q),

(feolg+nl@) = f

[
=
0]
«
=
S
SN~—
*
=
~
0]
N
=
=
Q
S

Hence, fo(g+h)=(fog)+ (foh). The right distributive law holds similarly. Consequently, (Hom(G, G),+,
o) is a ring.

We now prove some elementary properties of rings.
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Theorem 7.1.19 Let R be a ring and a,b,c € R. Then
(i) a0 = 0a = 0,
(ii) a(—b) = (—a)b = —(ab),
(iii) (—a)(—b) = ab,
(iv) a(b —¢) = ab — ac and (b — ¢)a = ba — ca.

Proof. (i) Observe that
a0 + a0 = a(0 + 0) = a0.

Thus,
a0+ a0 =a(0+0) =
= (a0 +a0) + (—(a 0)) = a0 + (—(a0))
= a0+ (a0 + (—(a0))) = because a0 + (—(a0)) =0
= a0+0=0 because a0 + (—(a0)) =0
= a0=0 because a0 + 0 = a0.

Similarly, Oa = 0.
(ii) We have
ab + a(—b) = a(b+ (—b)) = a0 = 0.
Also
a(—b) +ab=a(—b+b) =ad = 0.
Hence,
ab + a(—b) = 0 = a(—b) + ab.
This implies that a(—b) is an additive inverse of ab. Because the additive inverse of an element is unique,
a(—b) = —(ab). Similarly, (—a) b = —(abd).
(iii) Using (ii), we have
(—a)(=b) = —(a(-b)) = —(—ab) = ab.
(iv) Because b—c = b+ (—c), a(b—c) = a(b+(—c)) = ab+a(—c) = ab+ (—(ac)) (by (ii)) = ab— ac. Similarly,
(b—cla=ba—ca. m

Corollary 7.1.20 Let R be a ring with 1. Then R # {0} if and only if the elements 0 and 1 are distinct.

Proof. Suppose R # {0}. Let a € R be such that a # 0. Suppose 1 = 0. Then ¢ = al = a0 = 0, a
contradiction. Thus, 1 # 0. The converse follows because R has at least two distinct elements 0 and 1. m

Convention From now on, we assume that the identity element 1 (if it exists) is different from the zero element
of the ring.

From this convention, it follows that if R is a ring with 1, then R has at least two elements, namely the

additive and multiplicatively identities.

Definition 7.1.21 Let R be a ring with 1. An element w € R is called a unit (or an invertible element) if
there exists v € R such that uv =1 = vu.

We note the following properties of invertible elements.

Theorem 7.1.22 Let R be a ring with 1 and T be the set of all units of R. Then
(i) T #0,
(i) 0 ¢ T, and
(iii) ab € T for all a,b € T.
Proof. (i) Because 1-1=1=1-1, it follows that 1 is a unit. Thus, 1 € T. Hence, T' # 0.
(ii) Suppose that 0 € T. Then there exists v € R such that

Ov=1=0.

However, by Theorem 7.1.19(i), Ov = 0. It now follows that 0 = 1, which is a contradiction. Hence, 0 ¢ T
(iii) Let a,b € T. There exist ¢,d € R such that ac =1 = ca and bd = 1 = db. Now

(ab)(de) = a(bd)c = alc=ac=1

and
(dc)(ab) = d(ca)b = dlb=db=1.
Hence, (ab)(dc) =1 = (dc)(ab). Thus, ab is a unit, soab € T. m
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Definition 7.1.23 (i) A ring R with 1 is called a division ring (skew-field) if every nonzero element of R is
a unit.
(i) A commutative division ring R is called a field.

Note that a ring R is a division ring (or skew-field) if and only if (R\{0},-) is a group. Therefore, if R is a
division ring, then for all a € R, a # 0, there exists a unique element, denoted by a™* € R, such that

We call a~' the multiplicative inverse of a. In a similarly manner, a ring R is a field if and only if (R\{0},-) is a
commutative group.

Example 7.1.24 Consider Z, the ring of integers. Let a € Z be such that a # 0, a # 1, and a # —1. Now
a- % =1= % -a. That is, the multiplicative inverse of a is % However, % ¢ Z. (For example, the multiplicative
inverse of 2 is % ¢ 7Z.). It follows that Z is not a field. Note that in Z, the only invertible elements are 1 and —1.

Example 7.1.25 (i) From Ezample 2.1.7, (Q,+,-) is a field, where + and - are the usual addition and multi-
plication, respectively. Q is called the field of rational numbers.

(i) From Example 2.1.7, (R, 4+, ") is a field, where + and - are the usual addition and multiplication, respec-
tively. R is called the field of real numbers.

(iii) From Example 2.1.7, (C,+,) is a field, where + and - are the usual addition and multiplication, respec-
tively. C is called the field of complex numbers.

The following example is due to William Rowan Hamilton. Due to physical considerations, Hamilton con-
structed a consistent algebra in which the commutative law of multiplication fails to hold. At the time, such
a construction seemed inconceivable. His work and H.G. Grossman’s work on hypercomplex number systems
began the liberation of algebra. Their work encouraged other mathematicians to create algebras, which broke
with tradition, e.g., algebras in which ab = 0 with a # 0, b # 0 and algebras with a™ = 0, where a # 0 and n is
a positive integer.

Example 7.1.26 Let Qr = {(a1,a2,a3,a4) | a; € R, i =1,2,3,4}. Define + and - on Qr as follows:
(a1,a2,as3,as) + (b1, b2, b3, bs) = (a1 + b1, a2 + b2, az + bz, as + bs)

(a1,a2,a3,a4) - (b1,b2,b3,b4) = (a1b1 — az2bz — asbs — abs,
a1bz + az2b1 + azbs — aqbs,
a1bs + aszb1 + asbz — asby,
a1bs + azbs — azbs + a4b1).

From the definition of + and -, it follows that + and - are binary operations on Qr. Now + is associative
and commutative because addition is associative and commutative in R. We also note that (0,0,0,0) € Qr
is the additive identity and if (a1, az2,a3,a4) € Qr, then (—a1,—az,—as,—as) € Qr and —(ai,as2,a3,as) =
(—a1, —az, —as, —as). Hence, (Qr,~+) is a commutative group. Similarly, - is associative and (1,0,0,0) € Qr is
the multiplicative identity.

Let (a1,a2,a3,a4) € Qr be a nonzero element. Then N = a4+ a2 +a2+a2 # 0 and N € R. Thus,
(a1/N,—a2/N,—a3/N,—as/N) € Qr. We ask the reader to verify that (a1/N,—a2/N,—as/N,—as/N) is the
multiplicative inverse of (a1,az2,as,as). Thus, Qr is a division ring and is called the ring of real quaternions.
However, Qr is not commutative because

(0,1,0,0) - (0,0,1,0) = (0,0,0,1) # (0,0,0,—1) = (0,0,1,0) - (0, 1,0,0).
Therefore, Qg is not a field.
Consider the ring (Zs, +s, -s). Now [2], [4] € Zs and [2] # [0], [4] # [0], and
(2] -5 [4] = [2-4] = [8] = [0].

That is, [2] and [4] are nonzero, but their product is zero. There are other rings with such a property. This
motivates the following definition.

Definition 7.1.27 A nonzero element a in a ring R is called a zero divisor if there exists b € R such that
b # 0 and either ab =0 or ba = 0.
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Remark 7.1.28 We do not call 0 a zero divisor.

Remark 7.1.29 An element cannot be a unit and zero divisor at the same time (Worked-Out Exercise 1, page
138). Thus, a field has no zero divisors.

Consider Z, the ring of integers. In this ring, if a,b € Z and a # 0, b # 0, then ab # 0. From this it follows
that Z has no zero divisors. However, as noted earlier Z is not a field. This motivates the following definition.

Definition 7.1.30 Let R be a commutative ring with 1. Then R is called an integral domain if R has no zero
divisors.

Example 7.1.31 The ring of integers Z is an integral domain.

Example 7.1.32 The ring Ma(Z) is not an integral domain because it is noncommutative. Also, M2(Z) has

. 1 0 0 1
zero divisors. For example, { 0 0 } , { 0 0 ] € M2(Z) and

0 1 10} |00
0 0 0 0| |0 O]
Example 7.1.33 Let F be a field. Then F is a commutative ring with 1. By Worked-Out Ezercise 1, page 138,

ifa € F and a # 0, then a is not a zero divisor. It now follows that F is an integral domain. Hence, every field
is an integral domain.

Example 7.1.34 Consider Z[\/3] = {a+bV/3 | a, b € Z}. Then Z[\/3] is an integral domain, where the operations
+ and - are the usual operations of addition and multiplication. Note that 0 + 0v/3 is the additive identity of
Z[V/3] and 1+ 0+/3 is the multiplicative identity of Z[/3].

Consider /3 € Z[\/3]. Suppose \/3 is a unit in Z[v/3]. Then

(V3) ' =a+bV3
for some a,b € Z. If a =0, then (v/3)~' = b3 or
1 =3b,

which is a contradiction because this equation has no solutions in Z. Therefore, a # 0. So (v/3)™! = a + bv/3
implies that
1=aVv3+3b

or

1—3b
V3=1=3 €qQ,

a
a contradiction. Hence, /3 is not a unit. We can now conclude that Z[\/3] is not a field.

By arguments similar to the ones used in Example 7.1.34, we can show that the following sets are integral
domains under the usual addition and multiplication.

Zlyn] = {a+by/n|abeZ}
Zlivn) = {a+biv/n|abeZ}
Z[i] = {a+bi|labeZ}
Qlval = f{o+byaabeQ)
Qlivn] = {a+biyn|a,beQ}
Qli] = {a+bilabeQ}

where n is a fixed positive integer and i = —1. In fact, it can be shown that Q[v/n], Q[i1/n], and Q[i] are fields.

Example 7.1.35 The ring of even integers B is a commutative ring, without identity, and without zero divisors.
Thus, & is not an integral domain.

The ring appearing in the following example is sometimes useful in the construction of counterexamples.



136 7. Introduction to Rings

Example 7.1.36 Let (R,+) be a commutative group. Define multiplication on R by ab = 0 for all a,b € R,
where O denotes the identity element of the group (R,4+). Then (R,+,-) is a ring called the zero ring. If R
contains more than one element, then R is a commutative ring without 1 and every nonzero element of R is a
zero divisor.

The following theorem establishes a relation between zero divisors and the cancellation property of a ring.

Theorem 7.1.37 Let R be a ring. If R has no zero divisors, then the cancellation laws hold, i.e., for all
a,b,c € R, a # 0, ab = ac implies b = ¢ (left cancellation law) and ba = ca implies b = ¢ (right cancellation
law). If either cancellation law holds, then R has no zero divisors.

Proof. Suppose R has no zero divisors. Let a, b, ¢ € R be such that ab = ac and a # 0. Then ab — ac =0
or a(b—¢) = 0. Becuase R has no zero divisors and a # 0, a(b— ¢) = 0 implies that b — ¢ = 0 or b = c. Hence,
the left cancellation law holds. Similarly, the right cancellation law holds.

Conversely, suppose one of the cancellation laws hold, say, the left, i.e., if a, b, ¢ € R, a # 0, then ab = ac
implies b = c.

Let a be a nonzero element of R and b € R. Suppose ab = 0. Then ab = a0, from which b = 0 by canceling a.

Suppose ba = 0 and b # 0. Then ba = b0 and by canceling b, we obtain a = 0, a contradiction. Therefore,
b = 0. Hence, R has no zero divisors.

Similarly, the right cancellation law implies that R has no zero divisors. m

Definition 7.1.38 A ring R is called a finite ring if R has only a finite number of elements; otherwise R is
called an infinite ring.

The rings Z and M>(Z) are infinite.

Example 7.1.39 Consider the ring (Zn, +n,n). From Ezample 2.1.10, not every nonzero element of Zy has
an inverse. For example, suppose n is not prime, say, n = 6. Then [4] has no multiplicative inverse in Zg. Also,
Ze has zero divisors. We have [3] # [0] # [2]. Because [3] ¢ [2] = [6] = [0], it follows that [3] and [2] are zero
divisors. Thus, Ze is not an integral domain and thus not a field. We can also conclude that [2] and [3] do not
have multiplicative inverses because they are zero divisors.

In the following result, we assume that the ring R is commutative. This assumption can be removed and the
conclusion that R is a field remains valid. However, we have not developed the appropriate results to remove
this assumption. We will prove the theorem in its most general form in Chapter 24.

Theorem 7.1.40 A finite commutative ring R with more than one element and without zero divisors is a field.

Proof. We must show that R has an identity and that every nonzero element of R is a unit.
Suppose that R has n elements. Let ai,as,...,a, be the distinct elements of R. Let a € R, a # 0. Now
aa; € R for all i, so
{aa1,aas,...,aa,} C R.

If aa; = aaj, then by Theorem 7.1.37, a; = a;. Therefore, the elements aai, aas,..., aa, must be distinct.
Because R has only n elements, it follows that

R = {aa1,aaz,...,aa,}.

This implies that a € {aa1,aas,...,aa,}. So one of the products must be equal to a, say, aa; = a. Because R is
commutative, we also have a;a = aa; = a.

We show that a; is the identity of R. Let b be any element of R. Then b € {aa1, aaz,...,aas}. So there exists
aj € R such that b = aa;. Thus,

ba; = asb (because R is commutative)
= a;(aa;) (substituting for b)
= (aia)a;
= aaj;
= b

This implies that a; is the identity of R. We denote the identity of R by 1. Now 1 € R = {aa1,aas,...,aan},
so one of the products, say, aar, must equal 1, i.e., aar = 1. By commutativity, axra = aar = 1. Hence, every
nonzero element is a unit. Consequently, R is a field. m

The following corollary is immediate from Theorem 7.1.40.
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Corollary 7.1.41 FEwvery finite integral domain is a field. ®

In Example 2.1.10, we showed that a nonzero element [a] of Z, has an inverse if and only if ged(a,n) = 1.
Thus, the following corollary is an immediate consequence of this fact. We leave the details as an exercise.

Corollary 7.1.42 Let n be a positive integer. Then Z, is a field if and only if n is prime. ®

Let R be a ring and a € R. Then for any integer n, define na as follows:

Oa = 0
na = a+(n—1a ifn>0
na = (—n)(—a) if n <0.

We emphasize that na is not a multiplication of elements of R because R may not contain Z. We have the
following properties holding for any a,b € R and any m,n € Z :

(m+n)a = ma+na,
m(a+b) = ma+mb,
(mn)a = m(na),
m(ab) = (ma)b= a(mb),
(ma)(nb) = mn(ab).

The proofs of the above properties can be obtained by induction and the defining conditions of a ring.
We close this chapter by introducing the concept of the characteristic of a ring and proving its basic properties.

Definition 7.1.43 Let R be a ring. If there exists a positive integer n such that for all a € R, na = 0, then the
smallest such positive integer is called the characteristic of R. If no such positive integer exists, then R is said to
be of characteristic zero.

Example 7.1.44 The ring Zn, n = 1,2,3,..., has characteristic n. Note that in Ze, 3[2] = [6] = [0] and
2[3] = [6] = [0]. Howewver, 6 is the smallest positive integer such that 6[a] = [0] for all [a] € Z¢. In particular, [1]
has additive order 6.

Example 7.1.45 The rings Z, Q, R, C have characteristic 0.

Example 7.1.46 Let X be a nonempty set and P(X) the power set of X. Then (P(X), A, N) is a commutative
ring with 1, where A is the operation “symmetric difference.” In this ezample, A acts as + and N acts as -. Now
for all A € P(X), 2A = AAA = (A\A) U (A\A) = 0. Thus, P(X) has characteristic 2.

Theorem 7.1.47 Let R be a ring with 1. Then R has characteristic n > 0 if and only if n is the least positive
integer such that nl = 0.

Proof. Suppose that R has characteristic n > 0. Then na = 0 for all a € R, so in particular, nl = 0.
Suppose that m1 = 0 for some m such that 0 < m < n. Then

ma = m(la) = (ml)a=0a =0
for all @ € R. However, this contradicts the minimality of n. Hence, n is the smallest positive integer such that
nl =0.
Conversely, suppose n is the smallest positive integer such that nl = 0. Then for all a € R,

na = n(la) = (nl)a = 0a = 0.

By the minimality of n for 1, n must be the characteristic of R. m

Theorem 7.1.48 The characteristic of an integral domain R is either zero or a prime.
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Proof. If there does not exist a positive integer n such that na = 0 for all @ € R, then R is of characteristic
Zero.

Suppose there exists a positive integer n such that na = 0 for all @ € R. Let m be the smallest positive
integer such that ma = 0 for all a € R. That is, the characteristic of R is m. Then

ml =0.

Suppose m is not prime. Then there exist integers m1, mg such that 1 < mi < m,1 < ma < m, and m = mims.
Hence,
0= (mlmg)l = (mll)(mgl)

Because R has no zero divisors, either mi11 = 0 or m21 = 0. This contradicts the minimality of m. Hence, m is
prime. m

Worked-Out Exercises
{ Exercise 1 Let R be a ring.

(a) Let R be with 1. Let a € R be such that a has an inverse. Show that a cannot be a zero divisor.
An element a € R is called idempotent if a? = a and nilpotent if a™ = 0 for some positive integer
n.

(b) Let a € R be a nonzero idempotent. Show that a is not nilpotent.

(¢) Let R be with 1 and suppose R has no zero divisors. Show that the only idempotents in R are 0 and
1.

Solution: (a) There exists b € R such that ab =1 = ba. Suppose that a is a zero divisor. Then there exists ¢ € R,
¢ # 0, such that ac = 0. Thus, 0 = b0 = b(ac) = (ba)c = ¢, which is a contradiction. Hence, a is not
a zero divisor.
(b) From the hypothesis, a®> = a. By induction, a™ = a for all positive integers n. Suppose a is nilpotent.
Then a™ = 0 for some positive integer m, so a = a” = 0, which is a contradiction, so a is not
nilpotent.

(c) Clearly 0 and 1 are idempotent elements. Let e € R be an idempotent. Then e? = e, so e(e — 1) = 0.
Because R has no zero divisors, either e = 0 or e — 1 = 0, i.e., either e = 0 or e = 1. Therefore, the
only idempotents of R are 0 and 1.

{ Exercise 2 Determine positive integers n such that Z, has no nonzero nilpotent elements.

Solution: We claim that n is a square free integer, i.e., n = pip2 - - - px, where the p;’s are distinct primes.

Suppose that n = pips---pk, pi’s are distinct primes. Let [a] € Z, be nilpotent. Then [a]™ = [0] for

some integer m. Hence, n divides a™, so pipz---pr divides a™. Then p; | a™ for all ¢ = 1,2,... k.
Because the p;’s are prime, p; | a for all ¢ = 1,2,...,k. Because pi1,p2,...,pr are distinct primes, we
must have pips2---px | a, i.e., n | a, so [a] = [0]. This implies that Z, has no nonzero nilpotent elements.
Conversely, suppose that Z, has no nonzero nilpotent elements. Let n = pi"*py2 ---p"*, where the p;’s
are distinct primes and m; > 1. Let m = max{mi,ma,...,mr}. Now [pip2---pg|™ = [p1"p5" - - - pi'] = [0]
because n | (p'p5" - - - pi'). Also, because Z,, has no nonzero nilpotent elements, [pip2 - - - px] = [0]. Hence,
n| (p1---pr), so (p7ps2---po*) | (pr---pr). Thus, m; <1 forall i =1,2,... k. Hence, m; =1 for all
1=1,2,...,k, so n is a square free integer.

{ Exercise 3 Show that the number of idempotent elements in Z,,, where m > 1, n > 1, and m and n are relatively
prime, is at least 4.

Solution: Clearly, [0] and [1] are idempotent elements. Because m and n are relatively prime, there exist integers a
and b such that am + bn = 1. We now show that n does not divide a and m does not divide b. Suppose
that n | a. Then a = nr for some integer r. Thus, n(rm + b) = nrm + nb = am + nb = 1. This implies
that n = 1, which is a contradiction. Therefore, n does not divide a and similarly m does not divide b.
Now m2a = m(1 — nb). This implies that [m?a] = [m]. Hence, [ma]® = [mal. If [ma] = [0], then mn | ma,
so n | a, which is a contradiction. Consequently, [ma] # [0]. If [ma] = [1], then mn | (ma — 1). Hence,
ma + mnt = 1 for some integer t. Thus, m(a + nt) = 1. This implies m = 1, which is a contradiction.
Hence, [ma] # [1]. Thus, [ma] is an idempotent such that [ma] # [0] and [ma] # [1]. Similarly, [nb] is an
idempotent such that [nb] # [0] and [nb] # [1]. Clearly [ma] # [nb]. Thus, we find that [0], [1], [ma], and
[nb] are idempotent elements of Zy.
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{ Exercise 4

Determine the positive integers n such that Z, has no idempotent elements other than [0] and [1].

Solution: We show that n = p” for some prime p and some integer r > 0.

First assume that n = p” for some prime p and some positive integer r and [z] € Z,, be an idempotent. Then

[2])* =

[z]. Thus, p" | (z* — z) or p" | z(x — 1). Because = and z — 1 are relatively prime, p" | z or p" | (x — 1). If

p" | @, then [z] = [0] and if p” | (x — 1), then [z] = [1]. Thus, [0] and [1] are the only two idempotent elements.
Conversely, suppose that [0] and [1] are the only two idempotent elements. Let n = p{**p3*? - - p**, where the

mi

pi’s are distinct primes, m; > 1, and k > 1. Let ¢t = p"* and s = p3'?--- p;"*. Then ¢ and s are relatively prime
and n = ts. By Worked-Out Exercise 3, Z,, = Zs must have at least four idempotents, which is a contradiction.
Therefore, k = 1. Thus, n = p" for some prime p and some positive integer 7.

Exercise 5

Solution:

{ Exercise 6

Solution:

Exercise 7

Solution:

Consider the ring M2(Z). Let a = { _01 _01 } and b = [

Let R be a ring. Show that the following conditions are equivalent.

(i) R has no nonzero nilpotent elements.

(ii) For all a € R, if a® =0, then a = 0.

(i)=(ii) Let a € R and a® = 0. If a # 0, then a is a nonzero nilpotent element of R, a contradiction. Thus,
a=0.

(ii)=(i) Let @ € R be such that a™ = 0 for some positive integer n. Suppose a # 0. Let n be the smallest
positive integer such that a™ = 0. Suppose n is even, say, n = 2m for some positive integer m. Then
(a™)? = a®™ =0, so a™ = 0, contradicting the minimality of n. Suppose n is odd. If n = 1, then a = 0, a
contradiction. Therefore, n > 1. Suppose n = 2m+1. Then m+1 < n. Thus, a®™*? = ¢ H1g = a"a = 0.
This implies that ™! = 0, which is a contradiction of the minimality of n. Hence, R has no nonzero
nilpotent elements.

An element e of a ring R is called a left (right) identity, if ea = a (ae = a) for all a € R. Show that if a
ring R has a unique left identity e, then e is also the right identity of R and hence the identity of R.

Let e be the unique left identity of R. Then ex = z for all x € R. Let x € R. Now (ze — z + e)x =
zer — xx + ex = xx — xx + = = x. This implies that xe — z + e is a left identity. Because e is the unique
left identity, xe — x + e = e, so xe = x. Thus, e is a right identity.

Let R be a commutative ring with 1 and a,b € R. Suppose that a is invertible and b is nilpotent. Show
that a + b is invertible. Also, show that if R is not commutative, then the result may not be true.

There exists ¢ € R such that ac = 1 = ca and there exists a positive integer n such that b = 0. Let
d=c—b+E? + -+ (=1)" "™t Now (a+b)d = ac — ac’b+ ac®b® + -+ (=1)"Mac™d™ ™' 4 be —
beb+ b 4 (D)™ T = 1 — b+ D2 A (1) e BT be — 0P BB 4
(=)™ ™" = 1. Similarly, d(a + b) = 1. Hence, a + b is invertible.

0 1

0 0 } . Then a is invertible and b is nilpotent.

Now a+b= { _01 8 ] . Clearly a + b is a nonzero nilpotent element. Hence, a + b is not invertible.
Exercises
1. In the rings Zg and Zg, find the following elements:

NS ot e

(i) the units, (ii) the nilpotent elements, and (iii) the zero divisors.

Let R be the set of all 2 x 2 matrices over the field of complex numbers of the form { ZEI ;2 ] , where
—Z2 Z1

Z denotes the complex conjugate of the complex number z. Show that (R, +,-) is a division ring, where +
and - are the usual matrix addition and matrix multiplication, respectively. Is R a field?

Let R be a ring with 1. Prove that

(i) (-1)a = —a=a(-1) and (-1)(-1) =1,

(ii) if @ is a unit in R, then —a is a unit in R and (—a)™' = —(a™').

Prove that a ring R is commutative if and only if (a + b)? = a® + 2ab + b* for all a,b € R.
Prove that a ring R is commutative if and only if a®> — b*> = (a + b)(a — b) for all a,b € R.
Let R be a ring. If a® = a for all a € R, prove that R is commutative.

Let R be a commutative ring and a,b € R. Prove that for all n € N,

(a+b)"=a" + <?)a”‘1b+m+ <Z>a”‘”br+m+ <ni 1>ab”‘1 + 0"
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8. If a and b are elements of a ring and m and n are integers, prove that
(i) (na) (mb) = (nm)(ab).
(ii) n(ab) = (na)b = a(nb),
(iii) n(—a) = (—n)a.

9. If R is an integral domain of prime characteristic p, prove that (a + b)? = a? + b for all a, b € R.
10. Let R be a ring with 1 and without zero divisors. Prove that for all a,b € R, ab =1 implies ba = 1.
11. Let R be a ring with 1. If a is a nilpotent element of R, prove that 1 —a and 1 + a are units.

12. Let R be a division ring and a,b € R. Show that if ab = 0, then either a =0 or b = 0.
13. Let a € R be an idempotent element. Show that (1 — a)ba is nilpotent for all b € R.
14. Find all idempotent elements of the ring Mz (R).

15. Let R be aring with 1. Let 0 # a € R. If there exist two distinct elements b and ¢ in R such that ab = ac = 1,
show that there are infinitely many elements x in R such that ax = 1. (American Mathematical Monthly
70(1961) 315).

16. Let R be an integral domain and a,b € R. Let m,n € Z be such that m and n are relatively prime. Prove
that a™ = 0" and a™ = b" imply that a = b.

17. Let R and R’ be rings. Define + and - on R x R’ by for all (a,b), (c,d) € R x R’

(a,b) + (¢,d) = (a+ ¢, b+ d) and (a,b) - (¢,d) = (a-c,b-d).

(i) Prove that (R x R',+, -) is a ring. This ring is called the direct sum of R and R’ and is denoted by
ROR.
(ii) If R and R’ are commutative with identity, prove that R & R’ is commutative with identity.
18. Extend the notion of direct sum in Exercise 17 to any finite number of rings.
19. Prove that the characteristic of a finite ring R divides |R].
20. Let R be a ring with 1. Prove that the characteristic of the matrix ring M>(R) is the same as that of R.
21. If p is a prime integer, prove that (p — 1)! =, —1.
22. In the following exercises, write the proof if the statement is true; otherwise, give a counterexample.
i) In a ring R, if a and b are idempotent elements, then a + b is an idempotent element.
ii) In a ring R, if a and b are nilpotent elements, then a + b is a nilpotent element.
iii) Every finite ring with 1 is an integral domain.
iv) There exists a field with seven elements.
v) The characteristic of an infinite ring is always 0.
vi) An element of a ring R which is idempotent, but not a zero divisor, is the identity element of R.
vii) If a and b are two zero divisors, then a + b is also a zero divisor in a ring R.
viii) In a finite field F, a® + b* = 0 implies a = 0 and b = 0 for all a,b € F.
ix) In a field F, (a +b)"* =a~' + b7* for all nonzero elements a, b such that a + b # 0.
x) There exists a field with six elements.

(
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7.2 Some Important Rings

In this section, we introduce two important rings and study some of their basic properties.

Boolean Rings

We recall that in Worked-Out Exercise 1 (page 138), an element x of a ring R is called an idempotent element
if 22 = x. The zero element and identity element of a ring are idempotent elements. In the ring Z, the only
idempotent elements are 0 and 1. There exist rings, which contain idempotent elements different from 0 and 1.

For example, in M2(Z), { ; 8 ] is an idempotent element.

Definition 7.2.1 A ring R with 1 is called a Boolean ring if ecvery element of R is an idempotent.
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Example 7.2.2 (i) Z> is a Boolean ring.
(ii) The ring P(X) of Example 7.1.46 is a Boolean ring because for all A € P(X), ANA=A.

Theorem 7.2.3 Let R be a Boolean ring. Then the characteristic of R is 2 and R is commutative.

Proof. First we show that R is of characteristic 2. Let z € R. Now x +z = (z +2)> = (v + z)(z + z) =
2z +x)+alz+z) =2>+ 2>+ 2>+ 2> = ¢+ 2+ 2+ 2 This implies that 22 = 4z, so 0 = 2z. Hence,
2 -1 = 0 because x was arbitrary. It follows that the characteristic of R is 2 by Theorem 7.1.47. To show R is
commutative, let £,y € R. Then  +y = (z +9)? = (x+y)(x +y) = 2® + 2y +yx +y* = x +zy +yz +y. This
implies that 0 = zy + yx. Hence, zy = 2y + 0 = zy + xy + yz or xy = 22y + yx = yx because 2zy = 0. Thus, R
is commutative. ®

Regular Rings

An element x of a ring R is called a regular element if there exists y € R such that z = zyx.

Definition 7.2.4 A ring R is called a regular ring if every element of R is regular.

In the ring Z, the only regular elements are 0,1, and —1. Thus, Z is not a regular ring.

Example 7.2.5 Let R be a division ring and x € R. If x = 0, then © = xxx. Suppose © # 0. Then zz~! =1, so
x =zx x. Thus, R is a regular ring.

From the definition of a Boolean ring, it follows that every Boolean ring is a regular ring. The field R is a
regular ring, but not a Boolean ring.

Example 7.2.6 Consider R, the field of real numbers and
RXR={(z,y) | z,y € R}.

Define + and - on RxR by
(2,9) + (z,w) (z+2z,y+w)
(,9) - (zw) = (2z,yw)

for all x,y,z,w € R. Then RxR is a commutative ring with identity. Now (1,0),(0,1) € RxR and (1,0)(0,1) =
(0,0). This shows that RXR contains zero divisors, so RxXR is not a field. We claim that RXR is regular. Let
(z,y) € RxR. Ifx = 0 =y, then (z,y)(x,y)(x,y) = (z,y). Ifx # 0 andy # 0, then (z,y) (2™, vy~ )(z,y) = (=, y).
Ifz =0, but y # 0, then (z,y)(x,y" 1) (z,y) = (z,y). Similarly, if x # 0 and y = 0, then (z,y)(z ', y)(2,y) =
(z,y). Thus, in any case, (x,y) is a reqular element. Hence, RXR is a regular ring.

Example 7.2.7 Let M2(R) be the set of all 2 x 2 matrices over R. Now M>(R) is a noncommutative ring with
1, where + and - are the usual matriz addition and multiplication, respectively. We show that M2(R) is a regular

ring. Let A = [ JZC 3} } € M (R).

—_—w ¥
Case 1: xw —zy # 0. Then B = { TWoRY  BWoRY ] € M>(R) and A = ABA.
TW—2zY TwW—2zY

Case 2: xw — zy = 0.
Subcase 2a: x,y,z,w are all zero. In this case, A = { 8 8 ] , so for any B € M2(R), ABA = A.

10
0 0

=]
|

Subcase 2b: x,y,z,w are not all zero. Suppose x # 0 and let B = { } . Then

ABA:{

|

.
—
N8B ol

W By = &8
e g oo

SIS
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because xw — zy = 0 and = # 0 implies w = Z£. If y # 0, then let B = { 0

Al

<= O

0 } Then

ABA =

—
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Similarly, if z # 0 or w # 0, then we can find B such that ABA = A. Thus, M2(R) is a regular ring.

Because M2 (R) is not a division ring, it follows that a regular ring need not be a division ring. However, a

division ring is a regular ring as shown in Example 7.2.5. In the next theorem, we show that a regular ring under
a suitable condition becomes a division ring.

Theorem 7.2.8 Let R be a regular ring with more than one element. Suppose for all x € R, there exists a
unique y € R such that x = zyx. Then

(i) R has no zero divisors,

(ii) if x # 0 and x = zyx, then y = yzy for all z,y € R,
(iii) R has an identity,

(iv) R is a division ring.

Proof. (i) Let = be a nonzero element of R and zz = 0 for some z € R. Now by the hypothesis, there exists
a unique y € R such that zyzr = x. Thus,

z(y — 2)x = zyxr — x22 = TYT.
Hence, by the uniqueness of y, y — z = y, so z = 0. This proves that R has no zero divisors.
(ii) Let x # 0 and xyx = . Then
x(y — ywy) = xy — wyzy = xy — vy =0.

Because R has no zero divisors and = # 0, y — yzy = 0, so yzy = y.
(iii) Let 0 # x € R. Then there exists a unique y € R such that zyz = z. Let e = yx. If e = 0, then
x = xzyr = 0, which is a contradiction. Therefore, e £ 0. Also,

2
e” = yxyr = y(axyx) = yx = e.
Let z € R. Then
(ze — 2)e = ze® — ze = ze — ze = 0.

Thus, by (i), either ze — z =0 or ze = z. Similarly, e(ez — z) = 0 implies that ez = z. Hence, e is the identity of
R.

(iv) By (iil), R contains an identity element e. To show R is a division ring, it remains to be shown that every
nonzero element of R has an inverse in R. Let x be a nonzero element in R. Then there exists a unique y € R
such that zyz = z. Thus, zyz = ze, i.e., z(yz — e) = 0. Because R has no zero divisors and = # 0, yz — e = 0,
so yx = e. Similarly, xyx = ex implies xy = e. Therefore, zy = e = yx. Hence, R is a division ring. m

Exercises

1. Prove that a Boolean ring R is a field if and only if R contains only 0 and 1.

2. Prove that a ring R with 1 is a Boolean ring if and only if for all a,b € R, (a + b)ab = 0.
3. Let R be a Boolean ring with more than two elements. Find all zero divisors of R.
4

.Let T = {f | f : R—Z2}. Define + and - on T by for all f,g € T, (f + g)(z) = f(z) + g(x) and
(fg)(x) = f(x)g(z) for all z € R. Show that (T,+,-) is a Boolean ring.

Prove that a nonzero element of a regular ring with 1 is either a unit or a zero divisor.

o

6. Prove that the center of a regular ring is regular.

7. Let R be a ring in which each element is idempotent. Let R = R x Zs. Define + and - on R by (a, [n]) +

(b,[m]) = (a + b, [n+m]) and (a, [n]) - (b, [m]) = (na + mb + ab, [nm]) for all (a,[n]), (b, [m]) € R. Show

that 4+ and - are well defined on R and R is a Boolean ring.
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8. Let R be a regular ring with 1.
(i) Prove that for any a € R, there exists an idempotent e € R such that Ra = Re.
(ii) Prove that for any two idempotents e, f € R, there exists an idempotent g € R such that Re+Rf = Rg.
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Chapter 8

Subrings, Ideals, and
Homomorphisms

The most important substructure of a ring is a particular subset called an “ideal.” The term ideal was coined
by Dedekind in honor of Kummer’s work on ideal numbers. This notion of Kummer and Dedekind was used to
obtain unique factorization properties. Kummer introduced the idea of an ideal number in his work on Fermat’s
last theorem. Noether followed with some important results on the theory of ideals. Some of her ideas were
inspired by the work not only of Dedekind, but also of Kronecker and Lasker.

8.1 Subrings and Subfields

In this section, we introduce the idea of a subring of a ring. This concept is analogous to the concept of a
subgroup of a group.

Definition 8.1.1 Let (R, +, -) be a ring. Let R’ be a subset of R. Then (R', +, -) is called a subring of (R, +,
) if

(i) (R', +) is a subgroup of (R, +) and

(it) for allz,y € R, z-y € R'.

Let (R', +, -) be a subring of the ring (R, +, -). Because R’ C R and because the associativity for - and the
distributive laws are inherited, (R', 4, -) is itself a ring. We will usually suppress the operations + and - and
call R" a subring of R. When R’ and R are fields, R’ is called a subfield of R.

The following theorem gives a necessary and sufficient condition for a subset to be a subring. With these
conditions it is easy to verify whether a nonempty subset of a ring is a subring or not.

Theorem 8.1.2 Let R be a ring. A nonempty subset R’ of R is a subring of R if and only if v —y € R’ and
zy € R for allz,y € R'.

Proof. First suppose that R is a subring of R. Then R’ is a ring. Hence, for all z,y € R, x —y, 2y € R'.

Conversely, suppose z —y € R’ and xzy € R’ for all z,y € R'. Because z —y € R’ for all z,y € R', (R',+) is
a subgroup of (R, +) by Theorem 4.1.6. By the hypothesis, zy € R’ for all =,y € R'. Hence, R’ is a subring of
R m

Example 8.1.3 (i) The ring E of even integers is a subring of Z. B is without 1.
(ii) Consider the subset Bg = {[0],[2],[4], [6]} of Zs. Then Es is a subring of Zs. Hence, Eg is commutative.
However, Es has no identity and Bg does have zero divisors, namely, [2],[4], and [6].

Example 8.1.4 Let Qz = {(a1,a2,a3,a4) | a; € Z, i = 1,2,3,4}. Define + and - on Qz as in Ezample 7.1.26.
Because the difference and product of integers is an integer, we have

(al,a27a3,a4) — (b17b27b37b4) € QZ

and
(a1, az,as, as) - (bi,b2,b3,b4) € Qz

145
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for all (a1, a2, as,as), (b1,b2,bs, bs) € Qz. Hence, Qz is a subring of Qr.
We note that Qz is noncommutative, has an identity, and is without zero divisors. Now (0,2,0,0) € Qz and
as in Example (0,2,0,0)! = (0, —%,0,0). However, (0, —%,0,0) ¢ Qz. Thus, Qz is not a division ring.

Example 8.1.5 Set Qg = {(a1,a2,a3,a4) | a; € B, i = 1,2,3,4}. Define + and - on Qg as in Ezample 7.1.26.
Because the difference and product of even integers is an even integer,

(al,a27a3,a4) — (bl,bz,bg,b4) € Q]E
and

(a1, az, as, a4) - (b1,b2,b3,b4) € Qg

for all (a1, a2, a3, a4), (b1,b2,b3,bs) € Q. It follows that Qg is a subring of Qz. In fact, Qr is a noncommutative
ring without identity and without zero divisors.

Example 8.1.6 Consider the ring M2(Z) of Example 7.1.9. Let M2 (E) denote the set of all 2 X 2 matrices with
entries from B. Because the sum, difference, and product of even integers is an even integer, it follows that Ms(IE)
is a subring of M2(Z). Also, M2(E) is a noncommutative ring without identity and with zero divisors.

Following along the lines of Theorem 8.1.2, we can prove the next theorem. We leave its proof as an exercise.

Theorem 8.1.7 Let F be a field. A nonempty subset S of F is a subfield of F if and only if
(i) S contains more than one element,
(ii) x —y,xy € S for all x,y € S, and
(i) x™t € S forallz €S,z #0. m

Example 8.1.8 Q and Q[v2] = {a +bv2 | a,b € Q} are subfields of R (see Worked-Out Ezercise 4 below).

Theorem 8.1.9 Let R be a ring (field) and {R; | i € A} be a nonempty family of subrings (subfields) of R. Then
NicaRi is a subring (subfield) of R.

Proof. Suppose that {R; | ¢ € A} be a nonempty family of subrings of R. Then 0 € R; for all i € A. This
implies that 0 € Njea R, 50 NieaR; # 0. Let x,y € NjeaR;. Then z,y € R; for all i € A. Because each R; is a
subring, © — y,zy € R; for all ¢ € A. Hence, © — y,zy € Niea Ri. Hence, by Theorem 8.1.2, N;ca R; is a subring
of R.

Similarly, we can show that if each R; is a subfield of the field R, then N;ca R; is a subfield of R. m

Remark 8.1.10 [t is interesting to note that the intersection of all subfields of R is Q.

Worked-Out Exercises
{ Exercise 1 Let X be an infinite set. Then (P(X),A,N) is a ring with 1. Let

R={Ae€P(X)| Ais finite}.
Prove the following assertions.

) R is a subring of P(X).

) R is without identity.

(c) Forall Ae R, A+# 0, Ais a zero divisor in R.
) Forall Ae P(X), A# X, A#0, Ais a zero divisor in P(X).
)

Solution: Because 0 is finite, @ € R, so R is nonempty. Let A, B € R. Then A and B are finite, so AN B is

finite. Now AAB = (AU B)\(A N B), so AAB is finite. Therefore, AAB, AN B € R. Thus, R is
closed under the operations A and N. Now it is easy to verify that (R, A,N) is a subring.

(b) Suppose R has an identity, say, E. Then E is finite. Because X is infinite, there exists a € X such
that a ¢ E. Now {a} € R. Thus, {a} = EN{a} = 0, which is a contradiction. Hence, R has no
identity.

(c) Let A€ R and A # (. Because A is finite and X is infinite, there exists z € X such that z ¢ A. Now
{z} € R. Because AN{z} =0, Ais a zero divisor.



8.1. Subrings and Subfields 147

Exercise 2

Solution:

{ Exercise 3

Solution:

{ Exercise 4

Solution:

(d) Let A € P(X) be such that A # X and A # ). Then there exists z € X such that z ¢ A. Hence,
An{z}=10,s0 Ais a zero divisor.

Let R be a ring such that a® 4 a is in the center of R for all a € R. Show that R is commutative.

Let 2,y € R. Then (z4y)*+2+y € C(R), i.c., 2>+ zy+yz+ v +a+ y € C(R). Because 22+, y*+y € C(R)
and C(R) is a subring (Exercise 14, page 148), zy + yz € C(R). Therefore, z(zy + yx) = (zy + yz)z, so
2%y + 2yx = ayx + yx?. Thus, 2%y = y2®. Now 22 + 2 € C(R), so y(z? + z) = (2® + z)y. Hence,
yz® + yr = z’y + zy, so xy = yx, proving that R is commutative.

Find all subrings of the ring Z of integers. Find those subrings which do not contain the identity element.

Let n be a nonnegative integer and T,, = nZ = {nt | t € Z}. Because 0 € Ty, T, # 0. Let a = nt, b = ns be
two elements in T,. Then a — b = nt —ns = n(t — s) € T, and ab = (nt)(ns) = n(t(ns)) € T. Hence, T5,
is a subring of Z. We now show that if A is any subring of Z, then A = T;, for some nonnegative integer n.
Let A be a subring of Z. If A = {0}, then A = 0Z. Suppose A # {0}. Then there exists m € A such
that m # 0. Now —m € A, so A contains a positive integer. By the well-ordering principle, A contains a
smallest positive integer. Let n be the smallest positive integer in A. Then nZCA. Let m € A. By the
division algorithm, there exist integers ¢ and r such that m =ng+r, 0 < r < n. Because n € A, nq € A.
Hence, r = m —ng € A. The minimality of n implies that » = 0, so m = nqg € nZ. Thus, A =nZ. If n # 1,
then nZ does not contain identity.

Show that Q[v/2] = {a + bv2 € R | a,b € Q} is a subfield of the field R.
Because 0 = 04+ 0v/2 € Q[v2], Q[v2] # 0. Let a + bv/2, ¢+ dv/2 € Q[v2]. Then

(a+bV2) — (c+dV2) = (a—c)+ (b—d)V2 € Q[vV?2]

and

(a+bV2) (c+dV2) = (ac+ 2bd) + (ad + be)V2 € Q[V2].
Now 0+ 0v/2 and 1+ 0v/2 are distinct elements of Q[v/2]. Therefore, Q[v/2] contains more than one
element. Let a + bv/2 be a nonzero element of Q[v/2]. Then a and b cannot both be zero simultaneously.

We now show that a — bv/2 # 0. Suppose a — by/2 = 0. Then a = bv/2. If b = 0, then a = 0. Therefore,
both a and b are zero, a contradiction. If b # 0, then v/2 = % € Q, a contradiction. Hence, a — bv/2 £ 0.

Similarly, a 4+ bv/2 # 0. Thus, a® — 2b% = (a + bv/2)(a — b/2) # 0. Now

1 _(a—b\/§)_ a b
AT @ aE —aaE  aoapY2 eV

Because (a + b\/i)(a+ll)\/§) =1, (a +bv2)7! exists in Q[v/2]. Thus, we find that Q[v/2] is a subfield of R

by Theorem 8.1.7.

Exercises

1.

Prove the following the statements.

(i) Th = {[ 8 lc) ] |a,b,ce Z} is a subring of M (Z).
(i) To = {{ a Z } | a,b e Z} is a subring of M>(Z).
(iii) T5 = { { @ 2 ] lac Z} is a subring of Ms(Z).

(iv) T4={{ g Z ] |a,bGZ} is a subring of T1.

. In the ring Z of integers, find which of the following subsets of Z are subrings.

(i) The set of integers of the form 4k + 2, k € Z.
(if) The set of integers of the form 4k + 1, k € Z.
(iii) The set of integers of the form 4k, k € Z.

3. Show that 7' = {[0], [5]} is a subring of the ring Zi¢.

Let R be a ring with 1. Show that the subset "= {nl | n € Z} is a subring of R.

5. Let R be a ring and n be a positive integer. Show that the subset T'= {a € R | na = 0} is a subring of R.
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10.

11.

12.

13.

14.
15.

16.
17.
18.
19.
20.

21.

22.

23.
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—b\/g

Show that Q[v/3] and Q[v/5] are subfields of the field R, but Z[v/2] = {a +bv/2 | a,b € Z} is not a subfield
of R.

Show that Q(i) = {a + bi | a,b € Q} is a subfield of C, where i* = —1.

Show that T = { { “ b\({g } |a,be R} is a subring of M2(R).

a

Show that F' = {{ b

;b ] | a,be Zs} is a subring of M2(Zs). Is F a field?
Let w be a root of 2 + x + 1 = 0. Prove that T = {a + bw | a,b € Q} is a subfield of the field of complex

numbers.

Let F be a field of characteristic p > 0. Show that T'= {a € F | a? = a} is a subfield of F.

Prove that T = xjyy i } | z,y € Z} is a subring of M>(Z). Also, show that every nonzero element
of T is a unit in M2 (R).

Let R be a commutative ring. Show that the set
T ={r € R|r" =0 for some integer n}

is a subring of R.
Prove that C'(R) is a subring of R and that C'(R) is commutative.
Let e be an idempotent of a ring R. Prove that the set

eRe = {ere | r € R}

is a subring of R with e as the identity element.

Find the center of the ring Ms(R).

Prove that the characteristic of a subfield is the same as the characteristic of the field.
Find all subrings with identity of the ring Zs.

Find all subfields of the field Z,, p a prime integer.

Let R be a ring without any nonzero nilpotent elements. Show that (ara — ra)® = 0 for all » € R and for
all idempotent elements a € R. Hence, show that C'(R) contains all idempotent elements.

Let C ={ f: R—R| f is continuous on R}. Define + and - on C by

(f+9)(=) f(@) +g(z),
(f-9)(x) f(x)g(x)

for all f,g € C and for all z € R.

(i) Show that C'is a ring.

(ii) Let D = {f € C| f is differentiable on R}. Show that D is a subring of C.
Let R be a ring and f : R — [0, 1] be such that

fla—b) > min{f(a), f(b)},
flab) = min{f(a), f(b)}

for all a,b € R. Prove that for all t € Z(f), Rt = {x € R| f(x) > t} is a subring of R.

In the following exercises, write the proof if the statement is true; otherwise, give a counterexample.
i) The union of two subrings of a ring is a subring.

ii) The identity element of a subring is always the identity element of the ring.

iii) Q is the only subfield of the field R.

iv) Q[v3] = {a + b3 | a,b € Q} is the intersection of all subfields of R which contain v/3.

v) The set Z of integers is a subring of the field of real numbers.

o~~~ o~ o~ —~

vi) Every additive subgroup of Z is a subring of Z.
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8.2 Ideals and Quotient Rings

In this section, we introduce the notions of ideals and quotient rings. These concepts are analogous to normal
subgroups and quotient groups.

The very famous problem called “Fermat’s last theorem” led to the invention of ideals. Fermat (1601-1665)
jotted many of his results in the margin of Diophantus’ Arithmetica. For this particular “theorem,” Fermat wrote
that he discovered a remarkable theorem whose proof was too long to put in the margin. The theorem is stated
as follows: If n is an integer greater than 2, then there exist no positive integers x,y, z such that z" + y" = 2".
However, no one was able to prove this result until recently; in 1994, Andrew Wiles found a proof after many
years of work.

In 1843, Kummer (1810-1893) thought that he had found a proof of Fermat’s last theorem. However, Kummer
had incorrectly assumed uniqueness of the factorization of complex numbers of the form x+ Ay, where A’ = 1 for p
an odd prime. Dirichlet (1805-1859) had made an incorrect assumption about factorization of numbers. Kummer
continued his efforts to solve Fermat’s last theorem. He was partially successful by introducing the concept of
“ideal number.” Dedekind (1831-1916) used Kummer’s ideas to invent the notion of an ideal. Kronecker (1823-
1891) also played an important part in the development of ring theory.

Definition 8.2.1 Let R be a ring. Let I be a nonempty subset of R.
(i) I is called a left ideal of R if for all a, b € I and for allr € R,a—be I, ra€l.
(ii) I is called a right ideal of R if for all a, b € I and for allTr € R, a—b€ I, ar € I.
(#i) I is called a (two-sided) ideal of R if I is both a left and a right ideal of R.

From the definition of a left (right) ideal, it follows that if I is a left (right) ideal of R, then I is a subring of
R. Also, if R is a commutative ring, then every left ideal is also a right ideal and every right ideal is a left ideal.
Thus, for commutative rings every left or right ideal is an ideal.

By Theorem 8.1.2, it follows that a nonempty subset I of a ring R is an ideal if and only if (I,+4) is a
subgroup of (R, +) and for all @ € I and for all » € R, ar and ra € I.

Example 8.2.2 Let R be a ring. The subsets {0} and R of R are (left, right) ideals. These ideals are called
trivial ideals. All other (left, right) ideals are called nontrivial.

An ideal I of a ring R is called a proper ideal if I # R.

Example 8.2.3 Letn € Z and I = {nk | k € Z}. As in Worked-Out Exercise 3 (page 147), I is a subring. Also,
for all r € Z, (nk)r = n(kr) € I and r(nk) = n(rk) € I. Hence, I is an ideal of Z.

Next, we give an example of a ring in which there exists a left ideal which is not a right ideal, a right ideal
which is not a left ideal, and a subring which is not a left (right) ideal.

Example 8.2.4 Consider the ring M2(Z). Let

a 0

Il*{{b 0]|a,b€Z},
a b

Iz—{{o O]|a,b€Z},

and

0 0
Because { 0 0 } el, I #0. Let {Z

o O
[
m
~
fun
)
3
ISH
—
g w
[
m
g
—_
N
3
9]
3

|
|

a 0] | xza+yb O
{b 0}_[za+wb O]EII’
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1

proving that I1 is a left ideal of M2(Z). Now { } 8 ] €I and { 0 ] € M2(Z), but

Hence, I is not a right ideal of M2(Z). Similarly, I is a right ideal of M2(Z), but not a left ideal, Is is an ideal
of M2(Z), and 14 is a subring, but not an ideal of M2 (Z).

We remind the reader to notice the similarity of the next few results with corresponding results in linear
algebra and group theory.

Theorem 8.2.5 Let R be a ring and {I» | « € A} be a nonempty collection of left (right) ideals of R. Then
Naeala is a left (right) ideal of R.

Proof. Suppose {I, | @ € A} is nonempty a collection of left ideals of R. Because 0 € I, for all a, 0 € Na1a.
Thus, Nalo # 0. Let a, b € Noly. Then a, b € I, for all a. Because each I, is a left ideal, a — b € I, for all
a. Hence, a — b € Nyl,. Let 7 € R. Because each I, is a left ideal of R, ra € I, for all a. This implies that ra
€ Nala. Thus, N1y is a left ideal of R.

Similarly, if {Io | @ € A} is a nonempty collection of right ideals of R, then Nq I, is a right ideal of R. ®

Notation 8.2.6 Let a1,az2,...,an, € R. Then by the notation Z;‘:l a;, we mean the sum a1 + az + -+ + an.

Definition 8.2.7 Let S be a nonempty subset of a ring R.
(i) Define (S), to be the intersection of all left ideals of R which contain S.
(ii) Define (S),. to be the intersection of all right ideals of R which contain S.
(iii) Define (S) to be the intersection of all right ideals of R which contain S.

Using Theorem 8.2.5, the following theorem is immediate.

Theorem 8.2.8 Let S be a nonempty subset of a ring R.
(1) (S), is a left ideal. The left ideal (S), is called the left ideal generated by S.
(1) (S),. is a right ideal of R. The right ideal (S), is called the right ideal generated by S.
(iii) (S) is an ideal of R. The ideal (S) is called the ideal generated by S.

Note that (S), is the smallest left ideal of R which contains S.

Theorem 8.2.9 Let R be a ring and S be a nonempty subset of R. Then
(i)
(S), = {Zle TiSi + Zé’:l njt; | r: € Rynj € Z,si,t; €S,
1<i<k1<j<lkleN}.

(i)

<S>r = {Zf:l siTi + 22':1 n;t; | ri € R,y € Z, si, b5 € S,
1<i<k,1<j<lk]leN}
Proof. (i) Let
A = {Zle T:i8; + 23:1 n;t; | ri € Rynj € Z,s4,t; €S,

1<i<k1<j<lkleN}.

Because (S), is the intersection of all left ideals of R which contain S, it follows that (S), 2 S. Let Zle T38; +
23:1 njt; € A, where r; € Rynj € Z,si,t; € 5,1 <i<k,1<j<I k&N Nowsit; €S C(S),. Because
(S), is a left ideal, r;s;, njt; € (S),, 1 <i < k,1 < j < 1. Once again using the fact that (S), is a left ideal, we
can conclude that Zle riSi + Zé’:l n;t; € (S),. Hence, A C (S),.

We now show that A is a left ideal of R such that S C A. We can then conclude that (S), C A because (5),
is the smallest left ideal of R containing S.

Let s € S. Then s = 0-s5+1s € A. Hence, S C A. Let S5 75 +Z§:1 nyty and 357 g si+ 300yt € A
Then

Zf:l Tisi + 22:1 ”J'tj) - ( g Tisi + 23:1 "3f3)
= (T s+ 0 (rst) + (Shoa oty + i (-t € 4
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Let » € R. Then r (Zle riSi + Z;zl njtj) = Zle(rri)si + Z;zl(nj'f')tj € A. Thus, A is a left ideal of R. It
now follows that (S), C A.

Consequently, (S), = A

(ii) The proof is similar to (i). m

Corollary 8.2.10 Let R be a ring and S be a nonempty subset of R. If R is with 1, then
(i)
k
(S), = {ZTiSi|Ti€R,Si €5,1<i<k, nEN}.

=1

(i)
k
(9), = {Zsim | € R, 85 € 5,1<i<k, nEN}.

i=1
Proof. (i) Let A= {Zle risi |ri € Rysi € S,1<i<k, ne N} . Observe that A C (S), .
Let 3!, risi—l—zé.:l n;t; € (S),. Because R has an identity 1, njt; = (n;1)t; and n;1 € R. Thus, 3/, misi+

23:1 njt; = St risi + Z;:I(njl)tj € A. Hence, (S), C A. Consequently,

k
<S>l_{Z’f’iSiTiER,Si€S71§i§k7 V’LEN}

i=1
(ii) The proof is similar to (i). =
Let us note the following:

1. If S = {a1,a2,...,an}, then the left ideal (S), generated by S is denoted by (a1, az,...,an); . In this case,
we call (S), a finitely generated left ideal. Similar terminology is used for (S) _ and (S).

2. If S = {a}, then

(a) (a), is called the principal left ideal generated by a,
(b) (a),. is called the principal right ideal generated by a, and
(¢) (a) is called the principal ideal generated by a.

Corollary 8.2.11 Let R be a ring and a € R.
(i) Then
(@), ={ra+na|r € R, neZ}

(ii) If R is with 1, then
(a), = {ra|r € R}.

Proof. (i) This assertion follows from the equality

k
E ria +
i=1 J

m m

k
nja = (Z ri)a+ (Z n;)a.

j=1

(ii) This follows from (i) and Corollary 8.2.10. m

Similarly, we can prove that (a), = {ar+na | r € R,n € Z} and (a) = {ra+as+na+3%_, rias; | r, 5,715, 5 €
R,neZl1<i<k keN}L

Consider the subsets Ra = {ra | r € R} and aR = {ar | r € R} of R. If R is without identity, then Ra (aR)
is still a left (right) ideal of R (Exercise 4, page 157). It is not necessarily the case that a € Ra (a € aR) as
illustrated by the next example.

Example 8.2.12 Consider the ring E of even integers. & does not have an identity. Now
2)={r2+n2|reBneZt={0+2 +4,...}

and 2 € (2). However,
R2={r2|r € E} ={0,£4,48,...},

which does not contain 2.
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In the next theorem, we obtain a necessary and sufficient condition for a ring with 1 to be a division ring.

Theorem 8.2.13 Let R be a ring with 1. Then R is a division ring if and only if R has no nontrivial left ideals.

Proof. Suppose R is a division ring. Let I be a left ideal of R such that I D {0}. Then there exists a € I
such that a # 0. Now a # 0, so a~* € R. Thus, because I is a left ideal, 1 = a~'a € I. This implies that for all
r € R, r =rl € I. This shows that R C I. Because, I C R, we can now conlude that R = I. Consequently, R
has no nontrivial left ideals.

Conversely, suppose R has no nontrivial left ideals. Let a € R and a # 0. We show that a is a unit.

Because R has no nontrivial left ideals and a # 0, we must have (a), = R. This implies that 1 € (a),. By
Corollary 8.2.11(ii), (a), = {ra | r € R}. Thus, there exists r € R such that 1 = ra. This implies that r # 0.

Now 7 # 0, so proceeding as in the case of the nonzero element a, we can show that tr = 1 for some t € R.
Thus, we have

t=tl=1t(ra) = (tr)a = la = a.
This, implies that ar = 1. Hence,
ra=1=ar,

i.e., a is a unit. Consequently, every nonzero element of R is a unit. Hence, R is a division ring. m

Following along the lines of the above theorem, we can prove that a ring R with 1 is a division ring if and
only if R has no nontrivial right ideals.

The following corollary is immediate from Theorem 8.2.13.

Corollary 8.2.14 Let R be a commutative ring with 1. Then R is a field if and only if R has no nontrivial
ideals. m

Definition 8.2.15 A ring R is called a simple ring if R* # {0} and {0} and R are the only ideals of R.
Example 8.2.16 FEvery division ring is a simple ring.

Example 8.2.17 In this ezample, we show that M2(R) is a simple ring. Let A be a nonzero ideal of Ma(R).

Then there exists a nonzero element Z Z € A. Now at least one of a,b,c,d is nonzero. Because A is an
ideal and { (1) 8 } , { 8 (1) ] € M3(R), we have

allyo]=la o]en

2 4]0 4[5 4)en

and
0 1 a b
0 0 c d

a
C

2] lo]en

] such that a # 0. Now a™' € R and

Qo b—m

Therefore, we find that A contains a matriz {

BB R P R

Thus,

1 010 1 01

{0 OHO 0}_{0 O]EA
Finally,

0o 010 1 00

{1 OHO 0}*{0 1]€A
Hence,

o] =lo olelo t]en

This implies that A = M2(R). Also note that M2(R) is not a division ring.
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Example 8.2.17 shows that there are simple rings, which are not division rings.

Notation 8.2.18 For a € R, aRa denotes the set {ara | r € R}.

We now consider the sum and product of left (right) ideals.
Let A and B be two nonempty subsets of a ring R. Define the sum and product of A and B as follows:

A+B={a+bla€c A, be B}

AB = {aibi + asbo+ - +anby, |a; € A, b; € B, i =1,2,...,n, n € N}.
Thus, AB denotes the set of all finite sums of the form )" a;b;, a; € A, b; € B.
Let n € N. Inductively, we define
Al A,
A" = AA™Y ifn> 1

Example 8.2.19 Consider Z, the ring of integers. Let A = (2), the ideal generated by 2, and B = (3), the ideal
generated by 3. Note that A= {2n|n € Z} and B={3n|n € Z}. Let m € Z. Now m = 2(—m) +3m € A+ B.
This implies that A+ B = Z.
Neat we dsetermine AB. Let m € Z. Now 6n = 2 - (3n) € AB. This implies that (6) = {6n |n € Z} C AB.
Let © € AB. Then
T = aibi + a2bs + - -+ + anby,
for some n € N, where a; € A, b; € B, i = 1,2,....,n. Now a; = 2t; and b; = 3s;, for some t;,s; € Z,
t=1,2,...,n. Hence
x = aibi +a2ba+ -+ anby

= (2t1)(3s1) + (2t2)(3s2) + - - - + (2t5) (350)

= 6(t151) +6(t252) + - +6(tn5n)

= 6(t1s1 +tasz+ -+ tnsn)

= 6k € (6), where k =1t1s1 +tasa + -+ + tnsn € Z.

Thus, AB C (6) . Hence, AB = (6) .

We now list some interesting properties of the sum and product of left (right) ideals.

Theorem 8.2.20 Let A, B, and C be left (right) ideals of a ring R. Then the following assertions hold.

(i) AC A+ B.
(ii)) A+ B =B+ A is a left (right) ideal of R.
(iii) A+ A= A.

(iv) (A+ B)+C=A+(B+C).

(v) AB is a left (right) ideal of R.

(vi) (AB)C = A(BC).

(vii) If A, B and C are ideals, then A(B+ C) = AB+ AC, (B+ C)A = BA+ CA.

(viii) If A is a right ideal and B is a left ideal, then AB C AN B.

(iz) R is a regular ring if and only if for any right ideal A and for any left ideal B, AB = AN B.

Proof. We only prove (ix) and (x) and leave the other properties as exercises.

(ix) Suppose R is a regular ring. Let a € AN B. There exists b € R such that a = aba. Because B is a left
ideal and a € B, ba € B. Thus, a = a(ba) € AB, whence AN B C AB. By (vii), AB C AN B. Consequently,
AB = AN B. Conversely, assume that AB = AN B for any right ideal A and left ideal B of R. Let a € R
and consider (a),., the right ideal generated by a. Because (a), is a right ideal, (a), R C (a),. Also, by our
assumption (a), N R = (a), R. Hence,

r

a € {(a),NR={a), R.
Therefore, a = > | a;b; for some a; € {(a),, b € R, i = 1,2,...,n. From the statements following Corollary
8.2.11, a; = at; + nja for some t; € R, n; € Z,i=1,2,...,n. Thus,

a = Za,bl = Z(ati + ma)bz = G(Z(tlbz + nlb,)) € aR.
i=1 i=1 i=1

This implies that (a), = aR. Because aR C (a),, {(a), = aR. Similarly, (a), = Ra. It now follows that a €
aRN Ra = (aR)(Ra) C aRa. Hence, there exists b € R such that a = aba, i.e., a is regular. Consequently, R is
regular. m
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Quotient Rings

We now give the analogue of quotient groups for rings. Let R be a ring and I an ideal of R. Let z € R. Let x + 1
denote the set
z+I={zx+a |aecl}

The set  + I is called a coset of I. For x,y € R, we leave it as exercise for the reader to verify that
z+I=y+Tifandonlyifx—yel.

This property of cosets is, in fact, analogous to property of cosets for a group, (see Theorem 4.3.3). Moreover
notice that
0+1=1

Let R/I denote the set
R/I ={x+1I|z € R}

Because [ =0+ 1 € R/I, R/I is a nonempty set. Define the operations + and - on R/I as follows: for all z+ I,
y+IeR/I
(z+D+y+1)=(x+y) +1,

and
(x+1)-(y+1I)=ay+1.

We leave it as an exercise for the reader to verify that + and - are binary operations on R/I.
Under these binary operations (R/I,+,-) satiesfies the properties of a ring. Let us verify some of these
properties.
Letz+1,y+1, 2+ 1€ R/I. Now
@+ D+ (w+D+GE+D) = @+D+((y+2)+1)
(z+@W+2)+1
= ((z+4y)+2)+1, because + is assocaitive in R
(
(

(z+9) + 1)+ (2 + 1)
@+D+Y+D)+(E+1D).

This shows that + is associative in R/I. Similarly, + is commutative. Next, note that 0 4+ I = I is the additive
identity and for x + 1 € R/I, (—z) + I is the additive inverse of = + I. As in the case of the associativity for +,
we can show that - is associative.

Next, let us verify one of the distributive law. Now

(+D)-(y+1)+(z+1))

(z+1)-((y+2)+1)

(z(y+2)+1

= (wy+ zz) + I, because distributivity holds in R
(zy)+ 1)+ (szrI)

(z+D) -+ D)+ ({(z+ 1) (z41)).

In a similar manner, we can verify the right distributive property.

Remark 8.2.21 The quotient ring R/I can also be realised by oberving the (I, +) is a normal subgroup of (R, +)
because the latter group is commutative. Hence, if R/I denotes the set of all cosets x +1 = {x+a | a €I} for
all x € R, then (R/I, +) is a commutative group, where

z+D+y+)=(+y)+1

forallz+1,y+I € R/I. Now define multiplication on R/I by (x+1)-(y+1) =zy+1 forallz+1,y+1 € R/I.
Then (R/1,+,-) forms a ring.

Definition 8.2.22 If R is a ring and I is an ideal of R, then the ring (R/I,+,-) is called the quotient ring of
R by .

Theorem 8.2.23 Let n € Z be a fized positive integer. Then the following conditions are equivalent.
(i) n is prime.
(it) Z/ {n) is an integral domain.

(iii) Z/ {(n) is a field.
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Proof. Note that (n) is the ideal of Z generated by n and (n) = {nt | t € Z}.
(i) =(ii): Suppose n is prime. Let a + (n),b+ (n) € Z/ (n) . Suppose

(a4 (n))(b+ (n)) =0+ (n).

either a € (n) or b € (n)
either a + (n) =0+ (n) or b+ (n) =0+ (n)

Now
(a4 (n)(b+ (n)) =0+ (n)
= ab+(n) =0+ (n)
= abe(n)
= ab=1mn for some r € Z
= n|ab
= eithern|aorn|b because n is prime
=
=

We can now conclude that Z/ (n) has no zero divisors, proving that Z/ (n) is an integral domain.

(if)=-(iii): Because Z/ (n) is a finite integral domain, the result follows from Theorem 7.1.40.

(iii)=-(i): Suppose n is not prime. Then n = nins for some 1 < ny < n and 1 < nz < n. Because 1 < n1 < n,
we have ny ¢< n > . Similarly, no ¢<n > . Hence n1 + (n) and nz + (n) are nonzero elements of Z/ (n) and

(n1 + (n))(n2 + (n)) = mnz + (n) =n+ (n) =0+ (n).

Because Z/ (n) is a field, Z/ (n) has no zero divisors. Thus, either n1 + (n) = 0+ (n) or na + (n) = 0+ (n), ie.,
either n1 € (n) or na € (n),a contradiction. Therefore, n is prime. m
We close this section by introducing the notions of nil and nilpotent ideals.

Definition 8.2.24 Let I be an ideal of a ring R.
(i) I is called a mil ideal if each element of I is a nilpotent element.
(ii) I is called a nilpotent ideal if I™ = {0} for some positive integer n.

Example 8.2.25 In the ring Zs, the ideal I = {[0], [4]} is a nil ideal and also a nilpotent ideal.

= {Z[ai][bi] | [ail], [bs] € Lk € N} = {0}

i=1
because 16 | a;b;.
From the definition, it follows that every nilpotent ideal is a nil ideal. The following example shows that the

converse is not true. In this example, we construct a ring R from the rings Z,», n = 1,2,..., i.e., from the rings

L, L2, Lo, . . ., Where p is a fixed prime.

Example 8.2.26 Let p be a fized prime. Let R be the collection of all sequences {an} such that a, € Zpn (n > 1)
and there exists a positive integer m (dependent on {an}) such that a, = [0] for all n > m. Define addition and

multiplication on R by
{an} +{0n} {an +bn},
{an}{bn} {anbn}

for all {an},{bn} € R. We ask the reader to verify that R is a commutative ring under these two operations, where

the zero element is the sequence {an} such that a, = [0] for all n and the additive inverse of the sequence {a,}
is the sequence {—an}. Now in Zpn, [p] is a nilpotent element because [p|™ = [p"] = [0]. Thus, for any [r] € Zyn,
[p][r] = [pr] is a nilpotent element. Therefore, we find that each element of [p|Zpn is a nilpotent element.

Let

I = {{[plas, [plaz, ..., [pla.,[0],[0],...} e R|n€EN, a; € Z,i,i=1,...,n}.

Then I is an ideal of R. Also, every element of I is nilpotent. Let us now show that I is not nilpotent. Suppose
I is nilpotent. Then there exists a positive integer m such that I™ = {0}. Now the sequence {an} such that
an =[p] forn=1,2,..., m+1 and a, =0 for alln > m+2 is an element of I. Then {a,}™ = {[0],[0], ..., [0],
[P™],[0],[0],...}, where the (m 4+ 1)th term of this sequence is [p™] and all other terms are 0. Because [p™] is
not zero in Zym+1, we find that {an}™ # 0 and {a,}™ € I"™ = {0}, a contradiction. This implies that I is not
nilpotent.
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Theorem 8.2.27 Let R be a commutative ring with 1 and I denote the set of all nilpotent elements of R. Then
(i) I is a nil ideal of R,
(ii) the quotient ring R/I has no nonzero nilpotent elements.

Proof. (i) Because 0 € I, I # (. Let a,b € I. There exist positive integers m and n such that a™ = 0 and
b™ = 0. Because R is commutative, we can write

n-+m

(=B = a7 (DT( "

>an+mrb'r + . + (71)n+mbn+m

The general term of the above expression is (—1)"("T"™)a" "™ "b", where 0 < r < m + n. If r < m, then

s
n+m —r > n and hence a""™ " = a"a™ " = 0. Again, if » > m, then

b — bm+(7‘7m) — ™ — .
Therefore, we find that

(—1)7‘ (n t m) an+m—rb7‘ =0,r=0,1,2,...,n+m.

This implies that (a — b)"*™ =0, i.e., a — b is nilpotent, so a —b € I. Let 7 € R. Then (ra)"” = r"a" =r"0 = 0.
Because R is commutative, (ar)” = (ra)™ = 0. Thus, ar,ra € I. Consequently, I is an ideal of R. Because every
element of [ is nilpotent, I is nil.

(ii) Let a+1I be a nilpotent element of R/I. Then (a+1)" = I for some positive integer n. But a”+I = (a+1)".
Thus, a™ + I = I, which implies that a™ € I. Because every element of I is nilpotent, there exists a positive
integer m such that (a™)™ =0, i.e., a™™ = 0, which shows that a is nilpotent, so a € I. This implies a + 1 = 1.
Hence, R/I has no nonzero nilpotent elements. m

Theorem 8.2.28 Let A and B be two nil ideals of a commutative ring R with 1. Then A+ B is a nil ideal.

Proof. By Theorem 8.2.20, we know that A+ B is an ideal of R. Let I be the set of all nilpotent elements of
R. Then A C I, B C I and by Theorem 8.2.27, I is an ideal. Hence, A+ B C I. Because [ is nil, A+ B isnil. m

Worked-Out Exercises

& Exercise 1 Find all ideals of Z.

Solution: From Worked-Out Exercise 3 (page 147), we know that the subrings of Z are the subsets nZ,n =0,1,2,....
Let us now show that these subrings are precisely the ideals of Z. If I is an ideal of Z, then [ is a subring
of Z, so I = nZ for some nonnegative integer n. Now, let I = nZ (n is a nonnegative integer). Then I is a
subring. If r € Z, then rI = r(nZ) =n(rZ) C nZ = I. Similarly, Ir C I. Hence, I is an ideal of Z.

Exercise 2 Let R be a ring such that R has no zero divisors. Show that if every subring of R is an ideal of R, then R
is commutative.

Solution: Let 0 # a € R. Then C(a) = {z € R | xa = ax} is a subring of R and hence an ideal of R. Thus, ra € C(a)
for all » € R. Let r € R. Now ara = ra® implies that (ar — ra)a = 0. Because R has no zero divisors and
a#0, ar —ra=0, so ar = ra. Hence, a is in the center of R. Because a is arbitrary, R is commutative.

¢ Exercise 3 Give an example of a ring R and ideals A;, i € I, such that A;NA; = {0} if i # j, but AiN (Y, ,; 4;) # {0}
Solution: Let R = {0, a,b,c}. Define 4+ and - on R by

2a =2b=2c=0, zy =0, for all z,y € R and
a+b=b+a=c, a+c=c+a=b, andb+c=c+b=a.

Then (R,+,-) is a ring. Let A1 = {0,a}, A2 = {0,b}, and A3 = {0,c}. Then Ay + Ay = A; + A3 =
Ay + A3 = Rand Ay N Az = A1 N Az = Ay N Az = {0}
{ Exercise 4 Give an example of a ring R and ideals A and B such that AB C AN B.
Solution: Let R be the ring of Worked-Out Exercise 3. Let A = B = {0,a}. Then AB = {0} C {0,a} = AN B.
{ Exercise 5 Characterize all commutative rings R such that R has only two ideals R and {0}.
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Solution: Let R be a commutative ring such that the only ideals of R are R and {0}. Now R? is an ideal of R. Thus,
R?>={0} or R*=R.
Case 1. R? = {0}. Then ab = 0 for all a,b € R. In this case, every subgroup of (R, +) is an ideal. Hence,
(R, +) has no nontrivial subgroups, so (R, +) is a cyclic group of prime order by Exercise 22 (page 94).
Case 2. R> = R. Let 0 # a € R. Then aR is an ideal of R. Hence, either aR = {0} or aR = R. Suppose
aR = {0}. Let T'= (a). Then T is an ideal of R and a € T. Thus, T'= R. Now aR = {0} implies that
TR = {0} and hence R?> = {0}, which is a contradiction. Therefore, aR = R. Thus, for all 0 # a € R,
aR = R. We now show that R has no zero divisors. Let a, b be two nonzero elements of R such that ab = 0.
Let T'= {c € R | ac = 0}. It is easy to see that T is a nonzero ideal of R. Hence, by the hypothesis, T' = R.
This implies that R = aR = aT = {0}, a contradiction to the fact that R = R? # {0}. Consequently, R
has no zero divisors. Next, for 0 # a € R, aR = R, so we find that ae = a for some e € R. Because a # 0,
we must have e # 0. Also, because R has no zero divisors, a(e® — ¢) = 0 implies that e = e. Now for any
b € R, eb = €®b implies that e(b — eb) = 0 and hence b = eb = be. This shows that eis the identity element
of R. Also, aR = R implies that e = ab for some b € R. Hence, o~ ! exists in R. Consequently, R is a field.
So from the above two cases we conclude that either R is the zero ring with a prime number of elements
or R is a field.
Exercises
1. Let T>(Z) = { { g Z | a,b,c€ Z} be the ring of all upper triangular matrices over Z.
[0 b . . . . .
(a) Prove that I = 0 ¢ | b,c € Z ¢ is an ideal of T52(Z). Find the quotient ring T5(Z)/I.
(b) Prove that I = { 8 8 } |ae Z} is an ideal of T3(Z). Find the quotient ring T5(Z)/I.
2. In the ring Zsa4, show that I = {[0], [8],[16]} is an ideal. Find all elements of the quotient ring Za4 /1.
3. Show that the set I = {a + bi\/5 | a,b € Z and a — b is even} is an ideal of the ring Z[iv/5].
4. Let R be a ring and a € R. Show that aR is a right ideal of R and Ra is a left ideal of R.
5. Let R be a ring. Let A be a left ideal of R and B be a right ideal of R. Show that AB is an ideal of R and
BACANB.
6. Let R be a ring such that R? # {0}. Prove that R is a division ring if and only if R has no nontrivial left
ideals.
7. Let R be a ring with 1. Prove that R has no nontrivial left ideals if and only if R has no nontrivial right
ideals.
8. Let Iy, I> be ideals of a ring R. Prove that I3 U I3 is an ideal of R if and only if either I1 C I or Is C I.
9. Let I and J be ideals of a ring R. Prove that I + J is an ideal of R and that I + J = (I U J), the ideal of
R generated by I U J.
10. Let I be an ideal of a commutative ring R and a € R. Prove that (IU{a}) ={i+ra+na|i€l,r €R,
n € Z}.
11. Let m and n be positive integers in Z. Prove that
(a) {m,n) = (m) + (n) = (d), where d is the greatest common divisor of m and n;
(b) (m)N(n) = (q), where ¢ is the least common multiple of m and n.
12. Find all ideals of the Cartesian product Fi x F» of two fields Fi and F5.
13. Consider the Cartesian product ring R;1 X Rz of the rings R; and Ra.
(a) If I is an ideal of R; and I is an ideal of Rs, prove that I1 x I is an ideal of R1 X Rs.
(b) Suppose Ry and Ry are with 1 and I is an ideal of Ry X Ra. Does there exist ideals I1 of Ry and I
of Ry such that I = I x I5?
14. Let R be an ideal of a ring R. Prove that the quotient ring R/I is a commutative ring if and only if

ab —ba € I for all a,b € R.
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15. Let T'= {% | ¢ € Q, a and b are relatively prime and 5 does not divide b}. Show that T is a ring under
the usual addition and multiplication. Also, prove that I = {$ € T'| 5 divides a} is an ideal of T" and the
quotient ring T'/I is a field.

16. Let I be an ideal of a ring R. Prove that if R is a commutative ring with identity, then R/T is a commutative
ring with identity. If R has no zero divisors, is the same necessarily true for R/I?

17. Let I be an ideal of a commutative ring R. Define the annihilator of I to be the set

annl = {r€ R|ra=0for all a € I}.
Prove that ann/ is an ideal of R.
18. In the ring Zso, prove that I = {[n] | n is even} is an ideal. Find ann/.
19. In the ring Z[i], show that I = {a + bi | a,b € Z and a,b are even} is an ideal. Find annI.
20. In a commutative regular ring R with 1, prove that every principal ideal I is generated by an idempotent
and for every principal ideal I, there exists a principal ideal J such that R =1+ J and I NJ = {0}.
21. Prove that every ideal of a regular ring is regular.
22. Prove that a ring R is regular if and only if every principal left ideal of R is generated by an idempotent.
23. Prove that in a commutative regular ring with 1 every finitely generated ideal is a principal ideal.
24. In a ring R, prove that {0} is the only nilpotent ideal if and only if for all ideals A and B of R, AB = {0}
implies AN B = {0}.
25. Let R be a ring and f : R — [0, 1] be such that

fla=0b) = min{f(a), f(b)},
frb) = f(b)

for all a,b,r € R. Prove the following:
(i) f(0) > f(a) for all a € R;
(ii) f(a) = f(—a) for all a € R;
(iii) for all t € Z(f), Ry = {x € R| f(x) > t} is a left ideal of R;
(iv) Ro={a € R| f(a) = f(0)} is a left ideal of R.

26. Let R be a ring. A relation p on R is called a congruence relation on the ring R if p is an equivalence
relation on R and for all a,b, ¢ € R, apb implies that acpbe, capeb, and (a+ ¢)p(b+ c). Let I be an ideal of
R and p be the relation on R defined by apb if and only if a — b € I. Show that p is a congruence relation
on R.

27. In each of the following exercises, write the proof if the statement is true; otherwise, give a counterexample.
(i) If {I; | « € N} is a collection of ideals of R, then U;enI; is an ideal of R.
(ii) Z is a subring of R, but not an ideal of R.
(iii) If T is a nontrivial ideal of an integral domain R, then the quotient ring R/I is an integral domain.

8.3 Homomorphisms and Isomorphisms

In this section, we introduce the ideas of homomorphisms and isomorphisms of rings. These concepts are the
analogs of homomorphisms and isomorphisms for groups.

Definition 8.3.1 Let (R,+,-) and (R',+',-") be rings and f a function from R into R'. Then f is called a
homomorphism of R into R’ if
fla+b) = f(a) +' f(b),
fla-b) = f(a) " f(b)
for all a,b € R.

A homomorphism f of a ring R into a ring R’ is called

(i) a monomorphism if f is one-one,

(ii) an epimorphism if f is onto R', and

(iii) an isomorphism if f is one-one and maps R onto R'.

If f is an isomorphism of a ring R onto a ring R’, then f~' is an isomorphism of R’ onto R.
An isomorphism of a ring R onto R is called an automorphism.
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Definition 8.3.2 Two rings R and R' are said to be isomorphic if there exists an isomorphism of R onto R'.

We write R ~ R’ when R and R’ are isomorphic.

When speaking of two rings R and R’, from now on we usually use the operations + and - for both rings.
Let f : R — R’ be a homomorphism of rings. Because f preserves +, f is a also a homomorphism of the
groups (R, +) and (R',+). Hence, we can immediately apply Theorem 5.1.2 to conclude that f maps 0 to 0',
ie., f(0) =0, and for all a € R, —f(a) = f(—a). We list some properties of homomorphisms in the following
theorem. The proofs are similar to the proof of Theorem 5.1.2, so we leave them as an exercise for the reader.

Theorem 8.3.3 Let f be a homomorphism of a ring R into a ring R'. Then the following assertions hold.
(1) £(0) =0', where 0" is the zero of R'.
(ii) f(—a) = —f(a) for all a € R.
(iii) f(R) = {f(a) | a € R} is a subring of R'.
() If R is commutative, then f(R) is commutative.
Suppose R has an identity and f(R) = R/, i.e., f is onto R'. Then
(v) R' has an identity, namely, f(1).
(vi) If a € R is a unit, then f(a) is a unit in R’ and

fl=f) =

We point out that in (v) of Theorem 8.3.3, if f is not onto, then R’ may or may not have an identity. Even
if R’ has an identity, the identity of R need not map onto the identity of R’. We illustrate this point later in
Example 8.3.7.

Definition 8.3.4 Let f be a homomorphism of a ring R into a ring R'. Then the kernel of f, written Ker f, is
defined to be the set
Ker f={a€R| f(a) =0},

where 0" denote the additive identity of R'.

From Theorem 8.3.3, we know that 0 € Ker f. Hence, Ker f # 0.

Example 8.3.5 (i) The identity map of a ring R is a homomorphism (in fact, an isomorphism). Its kernel is
{o}.

(ii) Let R and R’ be rings and f : R — R’ be defined by f(a) =0 for all a € R. Then f is a homomorphism
of R into R' and Ker f = R.

Example 8.3.6 Let f be the mapping from Z onto Z, defined by f(a) = [a] for all a € Z. From Ezample 5.1.4,
fla+0b) = f(a) +n f(b) for all a,b € Z. Also, f(a-b) = [ab] = [a] n [b] = f(a) nf(b) for all a,b € Z. Thus, [ is
a homomorphism of Z onto Zy. As in Example 5.1.4, Ker f = {qn | q € Z}.

In the following example, we show that if f is a homomorphism from a ring R with 1 into a ring R’ with 1
and f is not onto, then the identity of R need not map onto the identity of R'.

Example 8.3.7 Consider the direct sum Z®Z of Z with itself (see Ezercise 17, page 140). Define f: Z— Z®Z
by f(a) = (a,0) for all a € Z. From the definition of f, f is well defined. Now for all a,b € Z,

fla+1b) =(a+0,0) = (a,0) + (b,0) = f(a) + f(b)

and
f(ab) = (ab,0) = (a,0)(b,0) = f(a)(b).
Thus, f is a homomorphism. Also, Ker f = {0}. Now f(1) = (1,0), but (1,1) is the identity of Z&Z. Therefore,
the identity of Z does not map onto the identity of Z @ Z.

Consider the rings Z and Q. Suppose Z ~ Q. Then the groups (Z,+) and (Q,+) are isomorphic. However,
this is not possible because (Z,+) is a cyclic group and (Q,+) is not a cyclic group. In the following example,
we give another argument to show that Z is not isomorphic to Q.
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Example 8.3.8 Suppose Z ~ Q. Let f : Z—Q be an isomorphism. Then f(1) =1 and f(0) = 0. Let n be a
positive integer. Then

f)=fQ1+-+D)=fO)+FD)+--+ (1) =nf(1) =nl =n.

———
n times

Now suppose that n is a negative integer. Let n = —m, where m is positive. Then f(n) = f(-m) = f(-1—-1—

=D ==f1)—f(1)—---—fQ) =m(—f(1)) = —mf(1) = —ml = —m = n. Hence, f(n) =n for alln € Z.

Let 0 # § € Q\Z. Because f is onto Q, there exists n € Z such that ¢ = f(n) = n, which is o contradiction.
Hence, Q is not isomorphic to Z.

In the following example, we consider two rings which look similar, but which are not isomorphic.

Example 8.3.9 In this example, we show that the ring Z[v/3] = {a + V3 | a,b € Z} and the ring Z[\/5] =
{a+bV5 | a,b € Z} are not isomorphic.
Suppose there exists an isomorphism f : Z[/3] — Z[/5]. Now 3 = (0 + v/3)%. Thus,

f3) = f(V3)*) = (fF(V3))".
Because f is an isomorphism, we have f(1) = 1. This implies that f(3) = 3. Hence,
3= f(3) = (f(V3))".
Because f(v/3) € Z[V5], f(v/3) = a+bV/5 for some a+ bv/5 € Z[\/5]. Therefore,
3= (a+0V5)%

This implies that
3 =a® +5b° + 2abV/5.
If ab = 0, then 3 = a® 4 5b°. But there do not exist integers a and b such that ab =0 and 3 = a® 4 5b°.
If ab # 0, then /5 = 3-a?-5b% Q, which is a contradiction. Hence, Z[v/3] and Z[/5] are not isomorphic.

2ab
The next example shows that the ring Z, and the ring Z/ (n) are isomorphic.

Example 8.3.10 Consider the ideal (n) generated by a fized positive integer n € Z. By Corollary 8.2.11, (n) =
{qn | ¢ € Z}. The cosets of (n) in Z are a+ (n) = {a+qn | ¢ € Z}, where a € Z. Now

Z/(n)y={a+(n)| a€Z}

Define f : Zn — Z/ (n) by f([a]) = a+ (n) for all [a] € Z,. We recall that f is an isomorphism of ( Zn, +n)
onto (Z/ (n),+) (Ezample 5.1.15). Now

f(la] - [b]) = f([ab]) = ab+ (n) = (a+ (n))(b+ (n)) = f([a]) f([8])-

Thus, f is a ring isomorphism of Zn onto Z] (n) .

Theorem 8.3.11 Let f be a homomorphism of a ring R into a ring R'. Then Ker f is an ideal of R.

Proof. Because 0 € Ker f, Ker f # 0. Let a, b € Ker f. Then f(a —b) = f(a) — f(b) = 0" =0 =0, so
a—beXKer f.Let r € R. Then f(ra) = f(r)- f(a) = f(r)-0' =0, so ra € R. Similarly, ar € Ker f. Hence, Ker
f is an ideal of R.
|

In the remainder of the section, we consider isomorphism theorems which are parallel to those for groups
(Section 5.2).

Theorem 8.3.12 Let R be a ring and I be an ideal of R. Define the mapping g : R — R/I by g(a) =a+1 for
all a € R. Then g is a homomorphism, called the natural homomorphism, of R onto R/I. Furthermore, Ker
g=1.
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Proof. Now for all a,b € R,
gla+b)=(a+b)+1=(a+1)+(b+1)=g(a)+g(b)

and
glab) =ab+1=(a+1)(b+1)=g(a)g(d).
That Ker g = I follows from Theorem 5.1.12 in group theory. m

Theorem 8.3.13 Let f be a homomorphism of a ring R onto a ring R’ and I be an ideal of R contained in Ker
f. Let g be the natural homomorphism of R onto R/I. Then there exists a unique homomorphism h of R/I onto
R’ such that f = hog. Furthermore, h is one-one if and only if I = Ker f.

Proof. Once again, we use the work already done for groups. Define h : R/I — R' by h(a + I) = f(a) for
all a € R. We have the desired results by Theorem 5.2.1, once we verify that h preserves multiplication. Now

h((a+ I)(b+1)) = h(ab+I) = f(ab) = f(a)f(b) = h(a + Dh(b+I).

|
The proof of the following theorem is similar to that of the first isomorphism theorem for groups. We omit
the proof. This theorem is also known as the fundamental theorem of homomorphisms for rings.

Theorem 8.3.14 (First Isomorphism Theorem) Let f be a homomorphism of a ring R into a ring R'. Then
f(R) is an ideal of R' and
R/Ker f ~ f(R). m

We state the following theorem without proof. Its proofis a direct translation of the proof of the corresponding
theorem for groups.

Theorem 8.3.15 (Correspondence Theorem) Let f be a homomorphism of a ring R onto a ring R'. Then
f induces a one-one inclusion preserving correspondence between the ideals of R containing Ker f and the ideals
of R in such a way that if I is an ideal of R containing Ker f, then f(I) is the corresponding ideal of R', and
if I' is an ideal of R', then f~*(I') is the corresponding ideal of R. m

An example similar to Example 5.2.13 can be developed to illustrate Theorem 8.3.15
The next two isomorphism theorems for rings correspond to Theorems 5.2.8 and 5.2.6, respectively.

Theorem 8.3.16 Let f be a homomorphism of a ring R onto a ring R', I be an ideal of R such that I D Ker
f, g, and g' be the natural homomorphisms of R onto R/I and R' onto R'/f(I), respectively. Then there exists
a unique isomorphism h of R/I onto R'/f(I) such that ¢'o f =hog. m

Corollary 8.3.17 Let I1, Iz be ideals of a ring R such that Iy C I>. Then

(R/I)/(I2/11) ~ R/I>. m

Theorem 8.3.18 If I and J are ideals of the ring R, then I/(INJ)~(I+J)/J. m

Worked-Out Exercises

{ Exercise 1 Show that the function f : Z¢ — Zio defined by f([a]) = 5[a] for all [a] € Zg is a ring homomorphism of
Ze into Zl().

Solution: We first show that f is well defined. Let [a] = [b] in Ze. Then a — b is divisible by 6. Thus, a = 6k + b for
some k € Z. Now 5a = 30k + 5b shows that 5[a] = [ba] = [30k + 5b] = [30k] +10 [6b] = [0] +10 5[b] = 5[b] in
Zyo. Therefore, f([a]) = f([b]). Thus, we find that f is well defined. Let [a], [b] € Zs. Then f([a] +6 [b]) =
f(la +0]) = 5[a +b] = 5([a] +10 [b]) = 5[a] +10 5[b] = f(a) +10 f(b) and f([a] -6 [b]) = f([ab]) = 5[ab] =
25[ab] (because Zio is of characteristic 10) = (5[a]) -10 (5[b]) = f(a) ‘10 f(b). Hence, f is a homomorphism.

{ Exercise 2 Let R be the field of real numbers. Let a be an automorphism of R. Show that a(z) =z for all z € R.
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Solution:

{ Exercise 3

Solution:

Exercise 4

Solution:
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Because « is an automorphism of R, a(0) =0, and (1) = 1. Let n € N. Then a(n) = (1 +1+4---+1) =
al)+al)+--+a(l)=1+14+---4+1=n. Now let m € Z and m < 0. Let n = —m > 0. Then
a(m) = a(-n) = —a(n) = —n = m. This shows that a(z) = z for all z € Z. Let 2 € Q. Then
a(t) = alpg™) = a(p)a(g™) =palq) * =pgt = L. This shows that a(z) =z for all z € Q. Let z € R
be such that z > 0. Then z = ¢? for some y € R. Thus, a(z) = a(y?) = alyy) = a(y)a(y) = a(y)? > 0.
Now let a,b € R be such that a > b. Then a — b > 0. Hence, a(a —b) > 0, so a(a) — a(b) > 0, ie.,
a(a) > a(b). Therefore, « is order preserving. We now show that « is continuous. Let € € R and € > 0.
Because « is onto R, there exists > 0 such that «(d) = e. Now let 2,y € R be such that |z —y| < .
Thus,
—d<xz—y<d.

Because « is order preserving,
a(—9) < a(r —y) < af0).

Therefore,
—e<alx—y) <e,
S0
—e < az) —aly) <e.
This implies that
la(z) — a(y)| <e.
Hence, « is continuous. Now let z € R. Because Q is dense in R, there exists a sequence {a, } of rational

numbers such that

lim a, = x.
n—oo

Because « is continuous,

a(z) = a( lim a,) = lim a(an) = lim a, =z,
n—oo n—oo n— oo

proving the result.

Let R be a ring with 1. If the characteristic of R is 0, then show that R contains a subring isomorphic to
Z.

Let T = {nl | n € Z}. Because 0 = 01 € T, T' # ). Let a = nl and b = m1 be two elements of T. Then
a—b=nl—ml=(n—m)l and ab = (nl)(ml) = (nm)1. Hence, a — b,ab € T. Thus, T is a subring of
R. Suppose n,m are two integers such that nl = ml. If n > m, then (n —m)1 = 0. This contradicts the
assumption that R is of characteristic 0. Similarly, m > n also leads to a contradiction. Hence, n = m.
Thus, we find that for each a € T, there exists a unique integer n such that a = nl. Hence, the mapping
f:Z — T defined by f(n) =nl is an isomorphism.

Let p be a prime integer. Show that there are only two nonisomorphic rings of p elements.

It is known that (Zp,+p) is the only group of order p (up to isomorphism). Define ®; and ®2 on Z, by
[a] ®1 [b] = [0] and [a] ®2 [b] = [ab] for all [a], [b] € Zp. Now ®1 and ©2 are well defined and (Zyp, +p, ®1) and
(Zp,+p, ®2) are rings. Let R be a ring with p elements. Then (R, +) ~ (Zp, +p). If R % (Zp,+p, ®1), then
the multiplication of R is not ®1. Let [a] be a generator of (Z,, +,). Now [a]® = n[a] for some nonzero integer
n. There exists an integer m such that mn =, 1. Let [b] = m[a]. Then [b]> = m?[a]® = m®n[a] = m[a] =
[b]. Let g be an isomorphism from (Z,,+,) onto (R,+). Define f : Z, — R by f([u]) = ug([b]) for
all [u] € Zp.Then f([u] 4+ [v]) = f(lu+v]) = (u+ 0)g((b]) = ug([b]) + vg([b]) = f([u]) + f([v]) and
f([u] ©2 [v]) = f([uv]) = (uv)g([b]) = wvg([b]*) = uvg([b])g([b]) = ug([b])vg([b]) = f([u]) f([v]). Hence, f is
a ring homomorphism. Let ¢ € R. Then there exists [u] € Z, such that g([u]) = ¢. Now [u] = ¢[a] for some
t € Z. Thus, f([tn]) = tng([b]) = tn g(m[a]) = tg(mnla]) = tg([a]) = g(t[a]) = g([u]) = c. Hence, f is onto
R. Because |Zy| = |R], it follows that f is one-one. Thus, f is an isomorphism.

Exercises

1.

2.

Let R denote the set of all 2 x 2 matrices of the form { _ab Z } , where a and b are real numbers. Prove

a
—b

Define the binary operations @ and @ on Zby a®b=a+b—1and a®b=a+ b —ab for all a,b € Z.
Show that (Z,®, ®) is a ring isomorphic to the ring (Z,+, ).

that R is a ring and the function a + bi — { } is an isomorphism of C onto R.
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3.

© % N oo

10.
11.
12.

13.
14.
15.

16.

(i) Show that the rings R and Q are not isomorphic.

(if) Show that the rings R and C are not isomorphic.

(iii) Are the rings Z¢ and Zs X Zz isomorphic?

Let T5(Z) = {( g Z; ) | a,b,c€ Z} be the ring of all upper triangular matrices over Z. Define f :

a

T>(Z) —Z by for all ( 0

i ) € Tx(2),

i) Show that f is a homomorphism.
ii) Is f an epimorphism?

iii) Is f an isomorphism?

iv) Find Ker f.

Does there exist an epimorphism from the ring Zs4 onto the ring Z-?

Py

Show that there does not exist a monomorphism from the ring Zg into the ring Zq1.

Show that the ring 27Z is not isomorphic to the ring 3Z.

Let R be a Boolean ring. If {0} and R are the only ideals of R, prove that R ~ Z.

Show that the ring Z is not isomorphic to any proper subring of Z.

Is the ring Q[+/2] isomorphic to the ring Q[v/3]?

Let f: R — S be a nontrivial homomorphism from a field R onto a ring S. Prove that S is a field.

Let R be a ring with 1. If R is of characteristic n > 0, show that R contains a subring isomorphic to the
ring Zn,.

Show that there exist only two homomorphisms from R into R.

Prove that every ring R is isomorphic to a subring of M, (R), the ring of n X n matrices over R.

Let f be a homomorphism of a ring R onto a ring R’. Prove that

(i) if I is an ideal of R, then f(I) is an ideal of R';

(ii) if I’ is an ideal of R’, then f~*(I') is an ideal of R and f~*(I') D Ker f;

(iii) if R is commutative and I and J are two ideals of R, then f(I+J) = f(I)+f(J) and f(IJ) = f(I)f(J).
In each of the following exercises, write the proof if the statement is true; otherwise, give a counterexample.
(
(
(iii) The only isomorphism of a ring R onto itself is the identity mapping of R.

(iv) Let R be a ring with 1. Let f : R — S be a ring homomorphism. Then f(1) is the identity element of
S.

(
(

i) There exist only two homomorphisms from the ring of integers into itself.

ii) The mapping f : Z — Z defined by f(n) = 3n is a group homomorphism, but not a ring homomorphism.

v) A nonzero homomorphism from a field into a ring with more than one element is a monomorphism.

vi) Every nontrivial homomorphic image of an integral domain is an integral domain.
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Chapter 9

Ring Embeddings

9.1 Embedding of Rings

Sometimes it is worthwhile to study the properties of a ring by considering it as a subring of some ring with
more ring properties than itself. A ring without identity lacks important arithmetic properties, in particular, a
fundamental theorem of arithmetic. As another example, in the ring E of even integers, we cannot say that 2
divides 2 because 1 ¢ E. Now E is a subring of Z and 1 € Z. In Z, it is true that 2 divides 2. The main aim of
this section is to embed a ring into a suitable ring with additional properties. The main feature of this section is
that any integral domain can be embedded in a field. The proof of this result yields a rigorous construction of
the rational numbers from the integers.

Definition 9.1.1 A ring R is said to be embedded in a ring S if there exists a monomorphism of R into S.

From the above definition, it follows that a ring R can be embedded in a ring S if there exists a subring T’
of S such that R~ T.
In the next theorem, we show that any ring R can be embedded in a ring with identity.

Theorem 9.1.2 Any ring R can be embedded in a ring S with 1 such that R is an ideal of S. If R is commutative,
then S is commutative.

Proof. Set S = R x Z. Define addition and multiplication as follows:

(a,m)+ (byn) = (a+bm+n),
(a,m)-(byn) = (ab+ na+ mb,mn)

for all a,b € R and m,n € Z. (Here na means a adds to itself n times if n is positive, —a adds to itself |n| times
if n is negative, and 0a = 0.) Then S forms a ring under these definitions of addition and multiplication, a fact
we ask the reader to prove in the exercises. We do note that (0,0) is the additive identity and that (0, 1) is the
multiplicative identity of S.

Consider the subset R x {0} of S. Because (0,0) € R x {0}, R x {0} # 0. Also, for all (a,0), (b,0) € R x {0},

(a,0) — (b,0) = (a—b,0) € R x {0},

and
(a,0) - (b,0) = (ad,0) € R x {0}.

Thus, R x {0} is a subring of S. Now for all (a,0) € R x {0} and (¢,n) € S,
(a,0) - (¢,n) = (ac+na,0) € R x {0}

and
(¢,n) - (a,0) = (ca+na,0) € R x {0}.

This proves that R x {0} is an ideal of S.
Now define f: R — R x {0} by f(a) = (a,0) for all @ € R. Then f is an isomorphism of R onto R x {0}, so
R ~ R x {0}. Therefore, R can be embedded in S. By identifying a € R with (a,0) € R x {0}, we can regard

165
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R to be an ideal of S. To show that the commutativity of R implies that of S, let (a,m), (b,n) € S and R be
commutative. Then

(a,m)-(b,n) = (ab+ na+ mb,mn)
(ba + mb+ na,nm) (because R iscommutative, ab = ba)

(b,n) - (a,m).

Hence, S is commutative. m

Our main objective in this section is to embed a ring in a field. By Theorem 9.1.2, every ring can be embedded
in a ring with identity. If S were a field, then S is commutative and has no zero divisors. This in turn implies
that R is commutative and has no zero divisors. Thus, if we were to embed a ring R in a field S, then R must
have at least these two properties, i.e., R must be commutative and have no zero divisors. In the next theorem,
we embed a commutative ring with no zero divisors into an integral domain and then we will embed an integral
domain in a field.

Theorem 9.1.3 Let R be a commutative ring with no zero divisors. Then R can be embedded in an integral
domain.

Proof. Let S be the ring as defined in Theorem 9.1.2. Let A be the annihilator of R in S. Then A is an
ideal of S by Exercise 17 (page 158). If RN A = {0}, then the natural homomorphism of R onto the quotient
ring S/A must map R one-one into S/A, i.e., R can be embedded in S/A. We now show that RN A = {0} and
that S/A is an integral domain. Let a € RN A. Then ar = 0 for all » € R. Because R has no zero divisors, a = 0.
Therefore, RNA={0}. Let b+ A, c+ A€ S/A. If (b+ A)( c+ A) =0+ A, then bc € A. Thus, (be)r = 0 for all
r € R. Suppose ¢+ A # 0+ A, ie., c ¢ A. Then there exists r € R such that c¢r # 0. Because R is an ideal of S,
cr € R, and for all s € R, bs € R. Now

(cr)(bs) = (ber)s =0s = 0.

Also, R has no zero divisors and cr # 0. Therefore, we must have bs = 0. This implies that b € A, so b+ A = 0+ A.
Hence, S/A is an integral domain. m

Suppose we are given the ring of integers Z and we are asked to construct the rational numbers from Z. We
can think of any integer as n/1, i.e., n divided by 1. However, we must somehow pick up the fractions which
cannot be reduced to having a 1 for a denominator. One idea that suggests itself is to consider the Cartesian
product Z x Z and consider the first component of the elements of Z x Z as the numerator and the second
component as the denominator. However, the ordered pairs (3,2) and (6,4) are distinct. A common technique
used in mathematics suggests putting these elements in the same equivalence class so that they become “equal.”
This is precisely what we shall do. Let’s also remember not to have 0 in the denominator.

Theorem 9.1.4 Any integral domain R can be embedded in a field.

Proof. Let S = R x (R\{0}). Define the relation ~ on S by for all (a,b), (c,d) € S, (a,b) ~ (¢, d) if and only
if ad = bc. Then ~ is an equivalence relation. The reflexive and symmetric properties are immediate. Suppose
that (a,b) ~ (¢, d) and (¢, d) ~ (e, f). Then ad = be and ¢f = de. This implies that adf = bef and bef = bde, so
adf = bde. Canceling d, we obtain af = be, i.e., (a,b) ~ (e, f). Hence, ~ is transitive. Now ~ partitions S into
equivalence classes. Denote the equivalence class {(c,d) € S | (¢,d) ~ (a,b)} by a/b. Set

F={a/b| (a,b) € S}.

Define + and - on F' as follows:

a/b+c/d (ad + be) /bd,
a/b-c/d = ac/bd

for all a/b,c/d € F.We show that + is well defined. Let a/b,c/d,a’/V',c'/d" € F.Suppose a/b = a'/b’ and
c/d=c /d'. Then ab’' = ba’ and cd' = dc’. Therefore, ab’dd’ = ba'dd’ and cd’'bb’ = dc'bb’. Hence,
ab'dd' + cd'bb' = ba'dd’ + dc'bb'.
This implies that
(ad + be)b'd’ = bd(a'd +b'c).

Thus,
(ad + be,bd) ~ (a'd +b'c,b'd).
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This implies that
(ad + bc)/bd = (a'd +b') /b d.
A similar proof shows that - is well defined.

The reader is asked to verify the associative, commutative, and distributive laws for F. The additive identity
of F is 0/b and the multiplicative identity of F' is b/b, where b # 0. For a/b € F) the additive inverse is

(—a)/b=a/(-b)

and the multiplicative inverse is b/a (when a # 0). Thus, F' is a field.
We now show that R can be embedded in F. Let

R ={a/l1|ac R} CF.

Then R’ is a subring of F. Define f: R — R’ by f(a) = a/1 for all a € R. Then a = b if and only ifa-1=1-5
if and only if a/1 = b/1 if and only if f(a) = f(b). Hence, f is a one-one function. Now

fla+b)=(a+b)/1=(a-14+1-b)/1-1=0a/1+b/1 = f(a)+ f(b)

and
f(ab) =ab/1=ab/1-1=a/1-b/1= f(a)- f(b).
From the definition of f, f is onto R’. Thus, f is an isomorphism of R onto ' C F. m
The above theorem gives another instance of the power of the concept of an equivalence relation. We have
once again used the notion of an ordered pair in a fundamental manner.

Definition 9.1.5 Let R be an integral domain. A field F' is called a quotient field of R or a field of quotients
of R if there exists a subring R1 of F' such that

(i) R~ Ry and

(ii) for all x € F, there exists a,b € Ry with b # 0 such that x = ab™'.

Let us now show that for the given integral domain R, the field constructed in Theorem 9.1.4 is a quotient
field of R. Let x € F. Then x = a/b, where (a,b) € S. Now (a,1) € S and (b,1) € S. Thus, a/1, b/1 € R" and

a/b=a/1-1/b=(a/1)- (b/1)"".

Hence, F' is a quotient field of R. We call F' the quotient field or the field of quotients or R.

Theorem 9.1.6 Let R be an integral domain and F its field of quotients. Let R’ be an integral domain contained
in a field K' and set

F' ={d®)"|d,b € R,V +#0}.
Then F’ is the smallest subfield of K' which contains R’ and any isomorphism of R onto R’ has a unique
extension to an isomorphism of F onto F'.

Proof. By Exercise 2 (page 168), F’ is the smallest subfield of K’ which contains R'. Let f be an isomorphism
of Ronto R'. Let a/b € F. If f(a) =a’ and f(b) =V, define g: F — F’ by

gla/b) =a' (V)" = fla)f(b)~"

Identifying the ring R with the set {a/1 | a € R}, it is clear that f = ¢g |r . Now a/b = ¢/d if and only if ad = bc
if and only if f(ad) = f(bc) if and only if f(a)f(d) = f(b)f(c) if and only if f(a)f(b)™" = f(c)f(d)~* if and only
if g(a/b) = g(c/d). Therefore, g is a one-one function. From the definition of g, it follows that g is onto F'. Now

gla/b+c/d) = g((ad+ bc)/bd)
= f(ad+be)(f(bd))~*
= [f(@)f(d)+ FO) (I B) f(d)7]
= fla)f®)~ + f(e)f(a)?
= g(a/b) + g(c/d)

and

ga/b-c/d) g(ac/bd)

flac)(f(bd)) ™

(@) fOIfB) " f(d)~]
fla)f®) " fle) f(d)~?

= g(a/b)g(c/d)
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for all a/b,c/d € F.Thus, g is an isomorphism of F' onto F".
Let g’ be any other isomorphism of F onto F’ such that f = g’ |r . Then

g'(a/b) = g'(a/1-(b/1)71)
g'(a/1)g' ((b/1)71)
g'(a/1)g' (b/1)"
fla)f(b)~*

= g(a/d)

for all a/b € F, so g’ = g. Thus, there is a unique extension of f. m

We can conclude from this result that the field of quotients F' of an integral domain R is “the” smallest field
containing R in the sense that there does not exist a field K such that R C K C F.

The field F’ in Theorem 9.1.6 is called the quotient field of R in K. In view of Theorem 9.1.6 and the
comments preceding it, we do not differentiate between the notation a/b and ab™?! for the elements of F.

Worked-Out Exercises

{$ Exercise 1

Solution:

Exercise 2

Let D = {$ € Q| 5 does not divide b}. Show that D is a subring of Q with 1. Find the quotient field of D.

Let a/b,c/d € D. Because 5 does not divide b and 5 does not divide d, 5 does not divide bd. Thus,
(ad —bc)/bd € D and ac/bd € D. Hence, D is a subring of Q. Also, 1 =1/1 € D. Because Z C D C Q and
Q is the quotient field of Z, QQ is the quotient field of D.

Let S be a ring and f a one-one function of S onto a set 7. Show that suitable addition and multiplication
can be defined on T so that T" becomes a ring isomorphic to S under f.

Solution: Define binary operations + and - on T as follows: Let ¢1,t2 € T. Because f maps S onto T, there exist

s1,82 € S such that f(s1) =t and f(s2) = t2. Define
t1+to = f(.91 + 82) and
tl ~t2 = f(5182).
First we show that both these binary operations are well defined. Let t1,t2,t3,ts € T be such that t; = t3
and t = t4. Because f maps S onto T, there exist s1,s2,53,54 € S such that f(s1) = t1, f(s2) = ta,
f(s3) =ts, and f(sa) = ta. Therefore, f(s1) = f(s3) and f(s2) = f(s4). Because f is one-one, s1 = s3 and
s2 = s4. Hence, t1 +t2 = f(51 +82) = f(Sg -|-S4) =t3+ts and t1-ta = f(8182) = f(8384) =t3-t4. Thus, +
and - are well defined. It is now a routine verification to show that (T, +,-) is a ring. We verify some of the
properties and leave others as an exercise. First we show that + is associative. Now t2 + t3 = f(s2 + s3)
and t1+t2 = f(s1+s2). Thus, t1+ (t2+1t3) = f(s1+(s2+s3)) = f((s1+52)+s3) (because + is associative
for S) = (t1 + t2) + ts. Hence, + is associative for T. Also, f(0) +t1 = f(0+ s1) = f(s1) = f(s1 +0) =
t1 + f(0). This implies that f(0) is the additive identity. Similarly, we can verify the other properties of
a ring. It is immediate that f is a homomorphism and because f is one-one and f maps S onto T, S is
isomorphic to 7.
Exercises

1. Prove the associative, commutative, and distributive laws in Theorem 9.1.4.

2. Let R be an integral domain, which is a subring of a field F. Let F' = {ab™' | a,b € R, b # 0}. Show that
F' is a subfield of F. Furthermore, show that I’ is the smallest subfield of F' which contains R.

3. Let R and R’ be integral domains contained in fields. Set F = {ab™' | a, b€ R, b# 0} and F' = {a'b/ ! |
a', b € R, b # 0'}. Suppose f is an isomorphism of R onto R'. Prove that f has a unique extension to
an isomorphism of F' onto F”.

4. Prove that any field R is equal to its field of quotients F' in the sense that f(R) = F, where [ is the
isomorphism defined in Theorem 9.1.4.

5. Prove that isomorphic integral domains have isomorphic fields of quotients.

6. Find the field of quotients of the integral domains Z[i] and Z[v/2].

Let R be a ring of characteristic n > 0 and

R X Zy, ={(r,[m]) | r € Rand [m] € Z,}.
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Define + and - on R X Z,, by

(a, [m]) + (b, [t]) (a+0b,[m+1t]),
(a7 [mD : (b7 [t]) = (CLb, [mt})

for all a,b € R, [m], [t] € Z,,. Prove that
(i) the above two operations are well defined,
(ii) (R X Zn,+,-) is a ring with 1,
(iii) (R X Zn,+,-) is of characteristic n,
(iv) there exists a monomorphism from R into (R X Zn,+, ).
8. Let S and R’ be disjoint rings with the property that S contains a subring S’ such that there is an
isomorphism f’ of S’ onto R’. Prove that there is a ring R containing R’ and an isomorphism f of S onto
R such that f' = f |s .
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Chapter 10

Direct Sum of Rings

In this chapter, we construct some new rings from a given family {R; | ¢ € I} of rings. For this purpose, we
introduce the complete direct sum, the direct sum, and the subdirect sum of this family. The results developed
in this chapter also help us to obtain structure results of rings.

10.1 Complete Direct Sum and Direct Sum

Let {R; | ¢ € I} be a family of rings indexed by a nonempty set I. The Cartesian product II{R; | ¢ € I} of the
sets R; is the set of all functions f : I — U{R; | i € I} such that f(i) € R; foralli € I. Let f,g € II{R; | i € I}.

Define f + g, fg by
(f+9)(@) f(@) +g(@)
(f9)@) = [f()g(2)

forall i € I. Then f+g, fg € II{R; | i € I}. It can be easily verified that II{R; | ¢ € I} together with the above
two operations is a ring. This ring is called the complete direct sum of the family of rings {R; | ¢ € I} and
is denoted by IL;crR;. The zero element of Il;cr R; is the function 0 : I — U{R; | i € I} defined by 0(i) = 0s,
the zero element of R;, for all ¢ € I. The additive inverse of f € Il;crR; is the function —f : I — U{R; | 1 € [}
defined by (—f)(i) = —f(i) € R; for all i € I. Let f € I;c;R; and let f(i) = a; € R; for all ¢ € I. Usually f is
identified with the image set {a; | 4 € I'}. Using this notation, the above two operations can be defined by

{ai|iel}+{b;i|iel} = {ai+b; |i€l}
{anEI}{szGI} = {azb1|161}

for all a;,b; € R; for alli € I.
Suppose now that I is a finite set, say, I = {1,2,...,n}. In this case, the complete direct sum is denoted by
@ictRi = R1 ® R2®--- ® Ry, and an element {a; | ¢ € I'} is usually written as an n-tuple (a1, az,...,an) .

Definition 10.1.1 The direct sum of a family of rings {R; | i € I}, denoted by PicrRi, is the set

@ictRi = {{ai|i €I} €lliciRi | a; #0 for at most finitely many i € I}.

Theorem 10.1.2 Let {R; | i € I} be a family of rings. Then
(i) @ierRi is a subring of the complete direct sum of rings ;e Ry;
(i) for all k € I, the function iy : Ry — ®ic1R; defined by

in(a) ={{a; |i €1} | ai =0 for alli # k and ar, = a}

for all a € Ry, is a monomorphism of rings;
(i) for all k € I, ix(Ry) is an ideal of BicrR;.

Proof. (i) Let {a; | ¢ € I} and {b; | i € I} be two elements of @;c;R;. Because a; # 0 for at most
finitely many 7 € I and b; # 0 for at most finitely many ¢ € I, it follows that a; — b; # 0 for at most finitely
many ¢ € I and a;b; # 0 for at most finitely many ¢ € I. Hence, {a; | ¢ € I} — {b; | i € I} € @ierR; and
{ai| i€ I}{b;|i € I} € ®ierR;i. Thus, @icrR; is a subring.

(ii) Let a,b € Ry. Then ix(a+b) = {{a; |i €I} |a; =0foralli # k and ar = a+b} = {{a; |i€ I} ]|a, =0
for all i # k and aj = a}+ {{Vj | i € I} | b = 0 for all i # k and b}, = b} = ix(a) + ix(b). Similarly,
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ir(ab) = ir(a)ix(b). Thus, ik is a homomorphism. By the definition of ik, we find that s is one-one. Hence, ik
is a monomorphism.

(iii) Because iy is a monomorphism, ix(Ry) is a subring of ®;crR;. Let {b; | i € I} € ®icrR; and {a; | i € I} €
i (Rk). Because a; = 0 for all ¢ # k, b;a; = 0 for all i # k. Also, for i = k, by, ar € Ry. Therefore, brar € Ry. Thus,
{bi | i€ I}{ai|i€ I} €ir(Ry), proving that ix(Ry) is a left ideal. Similarly, {a; | ¢ € I}{b; | i € I} € ir(Rx)-
Hence, ix(Ryg) is an ideal.
|

By Theorem 10.1.2, we find that Ry is isomorphic to the subring iy (Ry) of @®icrR;. Identifying Ry with
ix(Rk), we can say that @,crR; contains Ry as an ideal.

Let I ={1,2,...,n} and {R; | i € I} be a finite family of rings. From the definition of direct sum, it follows
that the complete direct sum and the direct sum of this family is the same. Hence, by Theorem 10.1.2, we can
say that the direct sum, R; @ Rz @ --- @ R, contains each of Ri, Rz, ..., R, as an ideal.

We now investigate the conditions under which a ring R is isomorphic to a direct sum of a family of ideals
(considering each ideal as a ring) of R.

Definition 10.1.3 Let I be a finite nonempty set, say, {1,2, ..., n}, and {A; | i € I} be a family of ideals of a
ring R. Then the sum of this finite family, denoted by 3, Ai, is the set

ZA¢:{G1+G2+“‘+G” la;, € As, i=1,2, ..., n}.

iel

If I is empty, then let us take Y, A; = {0}.

If I ={1,2, ..., n}, then we also use the notation A; + Az + --- + A, to denote the sum »7,_ A;.
We leave the proof of the following theorem as an exercise.

Theorem 10.1.4 Let {A; | ¢ € I} be a finite family of ideals of a ring R. Then
(i) > ;cr Ai is an ideal of R,
(1) Ai C 325 Aj foralli €,

(iii) if A is an ideal of R such that A; C A for alli €I, then Y, .;A; CA ®

i€l
Definition 10.1.5 Let {A; | i € I} be a family of ideals of a ring R, where I is finite or infinite. Then the sum
of this family, denoted by Y, Ai, is the set

ZAi ={acR|ac Z A; for some finite subset Iy of I}.
iel iely

Theorem 10.1.6 Let {A; | i € I} be a family of ideals of a ring R. Then Y., A; is an ideal of R.

i€l

Proof. Because 0 € >, Ai, 37, Ai # 0.Let a,b € 35,.; A and v € R. Then a € 3, ; Ai and
be Zieb A; for some finite subsets I; and Iz of I. Let Is = Iy U I2. Then a,b € Ziel3 A;. By Theorem 10.1.4,
> ic1, Ai is an ideal of R. Hence, a —b, ar, ra € 37, Ai. Thus, a—b, ar, ra € 37, Ai, 50 37, ; Ai is an ideal
of R. m

Definition 10.1.7 Let {A; | i € I} be a finite family of ideals of a ring R. A sum Y, .; A of {Ai | i€ I} is
called a direct sum if for all k € I,

i€l, ik

Lemma 10.1.8 Let {A; | i € I} be a finite family of ideals of a ring R. If 3
a€ A, be A, k#1,ab=0.

el A; is a direct sum, then for all

Proof. Let a € Ag, b € A;, and k # [. Because Ay and A; are ideals, ab € Ax and ab € A;. Because
A C Ziel, izr Ais ab € Zie[, itk A;. Therefore, ab € A N Zie[, izr Ai. Because > ier Ai is a direct sum,
AN Ziel’ itk A; = {0}. Hence, ab=0. =

Theorem 10.1.9 Let {A; | i € I} be a family of ideals of a ring R, I = {1,2,...,n}. Then the following
conditions are equivalent.

(1) 3 icr Ai is a direct sum.

(ii) a1 +az +---+an =0, a; € A;, i € I, implies that a; =0 for all i € I.
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(iii) Each element a € Y. ; Ai is uniquely expressible in the form

iel
a=a1+az2+--+an,
where a; € A;, i € 1.

Proof. (i)=(ii) Let a1 +a2+---4+an =0, a; € A;, i € I. Let k € I. Now

—ar =a1+az+ -+ ak—1+app1+ - +an € AN Z A; = {0}.
i€l itk

Hence, ar = 0.

(il)=(iii) Let a = a1 + a2 + -+ + an = b1 + b2 + - -+ + by, where a;,b; € A; for all ¢ € I. Then (a1 — b1) +
(a2 —b2) + -+ (an — bn) = 0. Hence, by (ii), a; —b; =0 for all i € I, i.e., a; = b; for all i € I.

(iii)=(i) Let a € Ax N Zie[, itk A;. Then there exist a; € A;, i = 1,2, ...,n, such that

a=ar=a+a2+ - +ak—1+ak+1+ -+ an.

This implies
a1 +az+- - +ak—1+ (—ak) + akt1+ - +a, =0.

Also, 04+ 0+ --- 4+ 0 = 0. Therefore, by (iii), a; = 0 for all ¢ € I because 0 is uniquely expressible as a sum of
elements of A;. Thus, Ax N Ziel’ itk A; = {0}, so Zie] A; is a direct sum. =

Definition 10.1.10 A ring R is said to be an internal direct sum of a finite family of ideals { A1, Aa, ..., An}
if

(i) R=A1+ A+ ---+ A, and

(ii) A1+ Az + -+ - + Ay is a direct sum.

Theorem 10.1.11 Let R be a ring and {A; | i € I} be a finite family of ideals of R. If R is an internal direct
sum of {A; | i € I}, then
R~ Dier A

Proof. Let I = {1,2, ...,n}. Suppose R is an internal direct sum of ideals A1, As, ..., A,. Let a € R. Then
a is uniquely expressible in the form a = a1 + a2 + - - - + an, where a; € A;, 7 € I. Now (a1,az2,...,an) € BicrA;.
Define f: R — ®;erA; by

f(a’) = (a17a27‘ . '70’”)'

Let a,b € R. Then there exist a;,b; € A;, i € I such that a = a1 +a2s+---+an and b = by + b2+ -+ + by,.
Now a =bif and only if a1 + a2 +---+ an = b1 + b2+ --- + b, if and only if a;, = b; for all i € [ if and only if
(a1,a2, ..., an) = (b1, b2, ..., by) if and only if f(a) = f(b). This shows that f is a one-one function. Let (a1, az,
cevy Gn) € @icrA;. Thena =a1 + a2+ -+ an € Ziel A; = R and f(a) = (a1,a2, ..., an). Hence, f is onto
@icrA;. Finally, we show that f is a homomorphism. Because a +b = (a1 4+ b1) + (a2 + b2) + -+ + (an + bn),
we have f(a +b) = ((a1 + b1), (a2 + b2), ..., (an +bn)) = (a1,a2, ..., an) + (b1,b2, ..., by) = f(a) + f(b). By
Lemma 10.1.8, for all 4,5 € I, i # j, a;b; = 0. From this, it follows that ab = a1b1 + a2b2 + - - - + anbn. Thus,
f(ab) = (a1b1,azbs, ..., anby) = (a1,az2, ..., an)(b1,b2, ..., by) = f(a)f(b). Hence, f is an isomorphism of R
onto @;erA;, proving that R~ ®icrA;. B

If R is an internal direct sum of ideals Aj, Az, ..., A, then we identify R with ®;c1A; and we usually write

R=A16GA& - -®A,.

Let us now characterize the direct sum of ideals of a ring R with 1 with the help of idempotent elements.

Theorem 10.1.12 Let R be a ring with 1 and {A1, Az, ..., An} be a finite family of ideals of R. Then R =
AL DAy ®--- D Ay if and only if there exist idempotents e; € A;, i = 1,2, ..., n, such that
(i)l=e1+ex+--+en,
(ii) Re; = A; for alli=1,2, ..., n, and
(iii) eie; = eje; =0 for i # j.
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Proof. Let R= A1 ® Ao --- ® A,. Now 1 € R. Thus, there exist e; € A;, 1 = 1,2, ..., n, such that
l=e1+ex+---+en Then e; = ere; +ezes + -+ €2+ -+ + enes. By Lemma 10.1.8, eje; = 0 for all j # .
Hence, e; = €2, i.e., e; is an idempotent for all i = 1,2, ..., n. Because e; € A; and A; is an ideal, Re; C A;.

Let a € A;. Then
a=al =aey +aes + -+ ae, = ae; € Re;

because by Lemma 10.1.8, ae; = 0 for all j # i. Thus, A; C Re;. Therefore, we find that Re; = A;.

Conversely, assume that there exist idempotents e; € A;, i = 1,2, ..., n, satisfying the given conditions. Let
a € R.Then a = al = a(e1+ez+---+e,) = ae1+aez+- - -+ae, € Rey+Rea+---+Re, C A1+Az+---+A,. Hence,
R = A1+As+---+A,. Let us now show that this sum is direct. Let a € A;N(A1+A2+- -+ A1+ Aig1+- -+ Ap).
Then there exist ai,as2,...,a, € R such that a;e; = a = a1ex1 + -+ ai—1€;—1 + ait1€iy1+ -+ + ane,. Thus,
a = a;e; implies that ae; = aief =a;e; =a and a = aie1 + - -+ ai—1€i—1 + aiy1€i+1 + - -+ + ane, implies that
ae; = a1e1€; + -+ ai—1€i—1€i+ ait1€it1€; + -+ anene; = a0+ --- 4+ a0 = 0 (because by (iii), e;e; = 0 for
i # 7). Hence, a = 0, proving that R=A4; @ A2 @ --- P A,. &

Let us now consider another type of subring of the complete direct sum IT;c; R; of a family of rings {R; | ¢ € I}.
For this, let us note that the mapping 7 : Il;e; Ri — R defined by

me({ai |t €1}) =ax

is an epimorphism of the ring Il;cr R; onto the ring Ry. 7y is called the kth canonical projection.

Definition 10.1.13 A subring T of Il;cr R; is called a subdirect sum of the family of rings {R; |i € I} if m; |1
(the restriction of m; to T') is an epimorphism of T onto R;. We denote T by @i R;.

Theorem 10.1.14 A ring S is isomorphic to a subdirect sum of a family {R; | i € I} of rings if and only if S
contains a family of ideals {A; | i € I} such that Nier A; = {0}.

Proof. Suppose S is isomorphic to a subdirect sum of a family {R; | ¢ € I} of rings. Then there exists a
subring T of II;er R; such that S ~ T and T' = @< R;. Let a be the isomorphism of S onto T". Then ;0 : S — R;
is an epimorphism. Let A; = Ker m;a. Then A; is an ideal of S. Let a € NierAi. Then (m;a)(a) =0 for all ¢ € I.
Thus, m;(a(a)) = 0, i.e., the ith component of a(a) is 0 for all ¢ € I. Hence, a(a) = 0. Because « is one-one,
a = 0. This proves that N;erA; = {0}.

Conversely, suppose S contains a family of ideals {A; | ¢ € I} such that N;c;A; = {0}. Consider the family
{S/A; | i € I} of quotient rings. Let R = Il;c;S/A;. Define 8: S — R by

Bla) ={a+A;|ie I}

for all @ € S. Then f is a homomorphism. Let a € S. Now a € Ker § if and only if 8(a) = 0 if and only if
a+ A; =0 for all i € I if and only if a € A; for all i« € I if and only if a € N;erA; if and only if a = 0.
Therefore, Ker 8 = {0}. Thus, § is a monomorphism. Let 3(S) = T. Then T is a subring of R and also 7; | is
an epimorphism. m

Worked-Out Exercises

{ Exercise 1 An idempotent e of a ring R is called a central idempotent if e € C(R).
Let R be a ring with 1 and e be a central idempotent in R. Show that

1 — e is a central idempotent in R;

(a)

(b) eR and (1 — e)R are ideals of R;
) R
)

¢ =eR®(1-¢€)R.

(1-e)(l—-e)=1—e—ete*=1—-e—ete=1—ec. Also,foralla € R,a(l—¢)=a—ae=a—eca=
(1 — e)a. Hence, 1 — e is a central idempotent.

(b) Now eR is aright ideal of R. Let a € R. Then a(eR) = (ae)R = (ea)R (because e € C(R)) = e(aR) C
eR. Hence, eR is also a left ideal. Thus, eR is an ideal of R. Similarly, (1 — e)R is an ideal of R.

(¢c) Leta € R.Thena=ca+a—ea=-ca+(l—e)a € eR+ (1 —e)R. Hence, R = eR+ (1 —e)R. Suppose
b€ eRN(1—e)R. Then there exist ¢,d € R such that b = ec = (1 — e)d. Hence, eb = ¢*c = ec = b
and eb=¢(l —e)d = (e —e*)d = (e —e)d = 0. Thus, b=0. As aresult, R=eRP (1 —e)R

{ Exercise 2 Let A and B be two ideals of a ring R such that R = A @ B. Show that R/A ~ B and R/B ~ A.

(
Solution: (a
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Solution:

Exercise 3

Solution:

{ Exercise 4

Solution:

{ Exercise 5

Solution:
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Let x € R. Then z can be uniquely expressed as * = a + b, where a € A and b € B. Define f : R — B
by f(z) =b. Clearly f is well defined. Let b € B. Then b=0+b € A+ B. Hence, f(b) = b, which shows
that f is onto B. Let z,y € R. Then there exist a1,a2 € A and b1,b2 € B such that x = a1 + b1 and
y=az+by. Now z +y=a1+b1 +az+bz = (a1 +az)+ (by +b2) € A+ B and zy = (a1 + b1)(az + b2) =
araz+ a1bz+ biras+ bi1bz. Because aibs, biaz € AN B and AN B = {0}, aib2 = 0 and biaz = 0. Therefore,
zy = araz+ bibs € A+ B. Hence, f(z +y) =b1 + b2 = f(z) + f(y) and f(zy) = bib2 = f(z)f(y). Thus,
f is an epimorphism. Therefore, by the first isomorphism theorem (Theorem 8.3.14), R/Kerf ~ B. Let
x € Ker f. Then f(z) = 0. Because x € Ker f C R, there exist a € A and b € B such that x = a +b.
Now f(z) = b and this implies that b = 0. Therefore, x = a € A, so Ker f C A. On the other hand, let
a € A. Then a =a+ 0 € A+ B. Therefore, f(a) =0, so a € Ker f. Thus, A C Ker f. Hence, A = Ker f,
so R/A ~ B. Similarly, R/B ~ A.

Let R=R1®R2P--- D Ry, be the direct of sum of rings Ry, Ra, ..., R, and 1 € R. Show that an element
a=(ai,az, ...,an) € Ris a unit if and only if a; is a unit in R; for all i =1,2,...,n.

Because1 € R=R1GRa®---B Ry, 1 = (e1,€2,...,en), where e; is the identity of R; foralli =1,2,...,n.
Suppose a = (a1, az, ..., an) € Risaunit. Then there exists b = (b1, ba, ..., b,) € Rsuch that ab =1 = ba.

Thus, (a1,a2, -..,an)(b1,b2,...,bsn) = (e1,€2, ..., en) = (b1,b2, ..., bp)(a1,az, ..., an). From this, it
follows that a;b; = e; = ba; for all i = 1,2,...,n. Hence, a; is a unit in R; for all ¢ = 1,2,...,n.
Conversely, assume that a; is a unit in R; for all ¢ = 1,2,...,n. Thus, there exists b; € R; such that
aib; =e; =bsa; for all i = 1,2, ... n. Let b= (b1,ba,...,bs). Then ab =1 = ba, proving that a is a unit.

Let R be a direct of sum of rings Ri, Ra, ..., R, with identity. Let A be an ideal of R. Show that there
exist ideals A; in R;, 1 =1,2,...,n,such that A= A1 ® A D --- D A,.

For all k, 1 < k < n, define ay, : DR; — Ry by

ar((ar,az2,...,an)) = ak
for all (a1,az2, ...,an) € ®R;. It can be easily verified that ay is an epimorphism. Let ax(A) = Ag. Then
Ay is an ideal of R,. We now show that A = A1 @ A2 @ --- ® A,. Let a = (a1,a2, ...,a,) € A. Now

ar(a) = ar € Ag. Therefore, a € A1 @ As® - D An, 50 A C A & A> @ -+ ® A,. Suppose now that
b= (b1,b2,...,bp) €E A1 ®A2®--- D Ay. Then by € Ap = ar(A). Therefore, there exists an element a =
(al,a27...,ak,17bk,ak+1,..., an) € A. Now (0,0,...,07bk,0,...70) = (070,...,1,...,0)(al,a2,...,ak,1,
bky Qkg1,.-., an) € A for all k =1,2,...,n. Hence, (b1,ba,...,b,) = (b1,0,..., 0)+ (0,b2,...,0)+ -+ +
(0,0,...,bs) € A showing that A1 ® A2 ®--- DA, CA. Thus, A=A:1 D A2 D --- D An.

Let R be a ring with 1. Suppose that A and B are ideals of R such that R = A 4+ B. Show that
R/(ANB)~ R/A® R/B.

(This result is known as the Chinese remainder theorem for rings.)

Define f: R— R/A® R/B by
f@)=(@@+Az+B)

for all z € R. Let z,y € R. Then

(x+y)+ A (x+y)+ B)
(x+A)+(y+A),(z+B)+ (y+ B))
= (z+Azxz+B)+(y+A,y+ B)

= flz)+ f(y).

Similarly, f(zy) = f(z)f(y). Hence, f is a homomorphism. Now R = A + B implies that 1 = a + b for
some a € Aand b € B. Thus,a+B = (1-0)+B = (1+B)+(—b+ B) = 1+ B because —b € B. Similarly,
b+A=1+A. Let (x+ A, y+ B) € R/A® R/B. Now zb+ ya € R. Therefore,

flz+y)

b+ ya) + A, (xb+ ya) + B)

b+ A) + (ya+ A), (zb+ B) + (ya + B))

xb+ A)+(0+ A), (0 + B)+(ya+ B)) (because a € A, b € B)
zb+ A) , (ya+ B))
(
(

f(xb+ya) =

z+ A)(b+ A),(y + B)(a+ B))
z+A)(1+A),(y+ B)(1+B))
x4+ A, y+B).

Py
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Hence, f is an epimorphism. By the first isomorphism theorem (Theorem 8.3.14),
R/Ker f ~ R/A® R/B.
We now show that Ker f = AN B.
Ker f = {z€R]| f(z)=0}
= {z€R|(z+ A2+ B)=(AB)}
= {z€R|z+A=Aand z+ B =B}
= {t€R|z€A andzeB}
= {z€R|z€eANB}
= ANB.
Consequently, R/(ANB) ~ R/A® R/B.
Exercises
1. Let R=Ri @ Ra®--- P Ry be a direct sum of rings. If A; is an ideal of R;, (1 < i < n), prove that
A=A QA2 D - D A, is an ideal of R.
2. Let R be a direct of sum of rings Ri, Rz, ..., R, with 1. Let A be an ideal of R. Show that there exist

ideals A; of R;, i =1,2,...,n,suchthat A= A1 ®A2P--- P A, and

R/A~Ri/A1 ® Ra/A2D--- @ R /An.

3. Show that the ring Z cannot be expressed as a direct sum of a finite family of proper ideals of Z.

If m and n are two positive integers such that ged(m, n) = 1, prove that Zpn =~ Zm & Zy,.



Chapter 11
Polynomial Rings

The study of polynomials dates back to 1650 B.C., when Egyptians were solving certain linear polynomial
equations. In 600 B.C., Hindus had learned how to solve quadratic equations. However, polynomials, as we
know them today, i.e., polynomials written in our notation, did not exist until approximately 1700 A.D.

About 400 A.D., the use of symbolic algebra began to appear in India and Arabia. Some mark the use of
symbols in algebra as the first level of abstraction in mathematics.

11.1 Polynomial Rings

An important class of rings is the so-called class of polynomial rings. We are all familiar with polynomials. We
may be used to thinking of a polynomial as an expression of the form ag +a1x+--- +a,z", where x is a symbol
and the a; are possibly real numbers, or as a function f(:c) =ap + a1z + - + a,x". However, does one really
know what a polynomial is? What really is the symbol z? Why are two polynomials ao + a1z + - - - +a,z™ and
bo + biz+ - -+ + bpax™ equal if and only if n = m and a; = b;, i = 1,2, ..., n? In this section, we answer these
questions and give some basic properties of polynomials.

Definition 11.1.1 For any ring R, let R[z] denote the set of all infinite sequences (ao,a1,az, ...), where a; € R,
1=0,1,2, ..., and where there is a nonnegative integer n (dependent on (ao, a1, az, ...)) such that for all integers
k >mn, ar = 0. The elements of R[x] are called polynomials over R.

We now define addition and multiplication on R[z] as follows:

(ao,al,az,...)+(b0,b1,b2,...) = (a0+b0,a1 +b1,a2+b27...)
(ao,al,a2,...)'(bo,bl,bz,...) = (60,61,62,...),

where

J
C; = Zaib]—,i for j = 071,2,...
i=0
We leave it to the reader to verify that (R[z],+,-) is a ring. We do note that (0,0,...) is the additive
identity of R[z] and that the additive inverse of (ao,a1,...) is (—ao, —az,...). The ring R[z] is called a ring of
polynomials or a polynomial ring over R. It is clear that R[z] is commutative when R is commutative. Also,
if R has an identity 1, then R[z] has an identity, namely, (1,0,0,0,...).
The mapping a — (a,0,0,...) is a monomorphism of R into R[z]. Thus, R is embedded in R[z]. Therefore,
we can consider R as a subring of R[z] and we no longer distinguish between a and («, 0,0, ...).
We now convert our notation of polynomials into a notation which is more familiar to the reader.
Let
a = az® denote (a,0,0,...)
az = az'denote (0,q,0,...)
azx? denote (0,0,a,...)

Then
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(ao, a1, az,...,a,,0,...) = (ao,0,0,...) 4+ (0,a1,0,0,...) +---+ (0, ..., 0, an, 0, ...) = ao + a1z + azz® +
cee 4 anx".

The symbol z is called an indeterminate over R and the elements ag, a1, ..., a, of R are called the
coefficients of ag + a1x + asx® + - - - + anz”.

The reason two polynomials ap + a1z + - -+ +a,z" and by + bix+ - -+ +bmax™ are equal if and only if n =m
and a; = b;, 1 =1,2, ..., n, is that the two sequences (ag, a1, ...) and (bo, b1, ...) are equal if and only if a; = b,,
t=1,2,.... (One must recall that an infinite sequence of elements of R is a function from the set of nonnegative

integers into R. Consequently, the concept of an ordered pair is again being used to give a rigorous definition of
a mathematical concept.)

If R has an identity 1, then we can consider z an element of R[z]. We do this by identifying 1z with z, i.e.,
(0,1,0, ...) is called x.

The reader can check that the definitions of addition and multiplication of two polynomials are the familiar
ones. Thus, when R has an identity, az = (a,0,0,...)(0,1,0,...) = (0, a,0,...) = (0,1,0, ...)(a,0,0, ...) = za.

Theorem 11.1.2 (i) If R is a commutative ring with 1, then R[z] is a commutative ring with 1.
(ii) If R is an integral domain, then R[z] is also an integral domain.

Proof. (i) Let f(z) = ao + a1z+ - -+ +anz™ and g(x) = bo + b1z +--- +bmz™ be two elements in R[z]. Let
f(@)g(z) = co+crz+---+cz’ and g(z) f(x) = do+driz+- - +dsx®. Now ¢; = Y 0_ aibj—; and dj = Y 7_, biaj—s.
Because R is commutative, c; = aobj —+ albj_l + -+ ajbo = boaj + blaj_l 4+ -+ bjao = d]' for all j =0,1,2,
.... Thus, R[z] is a commutative ring. Because 1 € R, 1 € R[z] and 1f(x) = f(z)1 = f(z) for all f(x) € R[z].
Hence, R[z] is a commutative ring with 1.

(ii) Let R be an integral domain. Then by (i), R[z] is a commutative ring with 1. Let f(z) = ao + a1z + ---
+anz™ and g(x) = bo + biz+ -+ +bma™ be two nonzero polynomials in R[z]. Then there exist a; and b; such
that a; # 0, bj # 0, a;++ = 0, and bj44 = 0 for all ¢ > 1. Consider the polynomial

f@)g(x) =co+ecr1z+ -+ cnpma™ ™.
Now
Citj = aobitj + arbiyj—1+ -+ aibj + -+ + aiyjbo = aib; #0
because R is an integral domain. This implies that f(z)g(z) # 0. Thus, R[z] is an integral domain. ®

Definition 11.1.3 Let R be a ring. If f(x) = a0 + a1z+ - + anz™, an # 0, is a polynomial in R[z], then n is
called the degree of f(x), written deg f(x), and a is called the leading coefficient of f(z). If R has an identity
and an =1, then f(z) is called a monic polynomial.

The polynomials of degree 0 in R[z] are exactly those elements from R\{0}. 0 € R[z] has no degree. We call
the elements of R scalar or constant polynomials.

Theorem 11.1.4 Let R[z] be a polynomial ring and f(x), g(x) be two nonzero polynomials in R[x].
(1) If f(x)g(x) # 0, then deg f(z)g(x) < deg f(x) + deg g(x).
(ii) If £(2) + g(x) # 0, then

deg(f(z) + g()) < max{deg f(z),deg g(x)}.
Proof. (i) If f(z) = ao + a12+ -+ 4anz™ and g(z) = bo + bix+ - - + bypz™, then
f(x)g(z) = aobo + (aoh1 + a1bo)x + - - + anbpmaz™ ™.
If f(z)g(x) # 0, then at least one of the coefficients of f(z)g(z) is nonzero. If anby, # 0, then
deg(f ()g(x)) = n+m = deg f(z) + deg g(z).

If anbm =0 (which can hold if R has zero divisors), then deg(f(x)g(x)) < deg f(x)+ deg g(x).

(ii) If deg f(x) > degg(z), then deg(f(x) + g(x)) = max{deg f(z), degg(x)}. If deg f(x) = degg(x), then
it is possible that f(z) + g(z) = 0 or deg(f(z) + g(x)) < max{deg f(z), degg(x)}. We leave the details as an
exercise. W

From the proof of Theorem 11.1.4(i), it is immediate that if R is an integral domain, then equality holds in

(i)
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Example 11.1.5 Consider the polynomial ring Ze[x]. Let f(z) = [1] + [2]2® and g(x) = [1] + [3]z. Then
f(@)g(z) = [1] + 8]z + [2]2”.

Hence, deg (f(z)g(x)) =2 < 3 = deg f(z) + deg g(w). Let h(z) = [5] + [4]2®. Then
f(@) + h(z) = [6] + [6]a" = [0],

so deg(f(z) + h(x)) is not defined.

Theorem 11.1.6 (Division Algorithm) Let R be a commutative ring with 1 and f(x), g(x) be polynomials
in R[z] with the leading coefficient of g(z) a unit in R. Then there exist unique polynomials q(x), r(z) € Rx]
such that

f(@) = q(x)g(z) + (),
where either r(z) =0 or degr(x) < deg g(z).

Proof. If f(z) = 0 or deg f(z) < degg(z), then we take ¢(x) = 0 and r(z) = f(x). We now assume that
deg f(z) > deg g(x) and prove the result by induction on deg f(z) = n. If deg f(z) = deg g(z) = 0, then we have
q(z) = f(z)g(z)™" and r(z) = 0. Make the induction hypothesis that the theorem is true for all polynomials of
degree less than n. Let f(z) = ao +a1z+ -+ 4+anz™ have degree n and g(z) = bo+biz+- -+ +byz™ have degree
m, where n > m. The polynomial

fi(@) = f(z) = (anby 2" " g(x) (11.1)
has degree less than n because the coefficient of 2™ is an — (anb,')bm = 0. Hence, by the induction hypothesis,
there exist polynomials q1(z), r1(z) € R[z] such that

fi(@) = qi(z)g(x) + ri(2), (11.2)

where r1(z) = 0 or degri(xz) < degg(z). Substituting the representation of fi(z) in Eq. (11.2) into Eq. (11.1)
and solving for f(x), we obtain
F(@) = (qu(@) + anby' " )g(x) +11(2) = q(2)g(x) +r(2),
where ¢(z) = q1(z) + anbrla™ ™™ and r(x) = r1(x), the desired representation when f(x) has degree n.
The uniqueness of ¢(z) and r(z) remains to be shown. Suppose there are polynomials ¢'(z) and r'(z) € R|x]
such that

f(@) = q(2)9() + r(z) = ¢ (2)9(z) + ' (2),
where 7(z) = 0 or degr(z) < degg(z), r'(z) = 0 or degr’(z) < deg g(x). Then
(2) = 7' (z) = (¢'(z) — a(2))g ().

Suppose r(z) — r’(z) # 0. Because the leading coefficient of g(z) is a unit,

deg((¢'(z) — q(z))g(z)) = deg(q'(z) — q(z)) + deg g(z) > deg g(x).

<

This implies that
deg(r(z) —r'(x)) = deg g(x),
which is impossible because degr(zx), degr’(z) < deg g(x). Thus,

r(z) —7r'(z) =0 or r(z) = r'().

Therefore,
0= (q'(z) — q(x))g(2)- (11.3)
Because by, is a unit, deg(((¢'(z) — q(x))g(x)) > 0 unless ¢'(z) — g(z) = 0. Thus, from Eq. (11.3), we see that
q'(z) — q(z) = 0 must be the case. ®
The polynomials ¢(x) and 7(z) in Theorem 11.1.6 are called the quotient and remainder, respectively, on
division of f(z) by g(z).

Definition 11.1.7 Let R be a commutative ring with 1 and f(x) = ao+a1x+---+anz™ € R[z]. For allr € R,
define
f(r)=ao+air+---+anr".

When f(r) =0, we call v a Toot or zero of f(x).
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In Definition 11.1.7, we think of substituting r for x in f(z). The student is used to doing this freely.
However, certain difficulties arise when R is not commutative. For instance, let f(z) = a — z, g(z) = b — z. Set
h(z) = f(z)g(x). Then

h(z) = (a —z)(b— x) = ab — (a + b)z + °.

For ¢ € R,
h(c):abf(a+b)c+02:abfacfchrcz

while
f(©)g(c) = (a—c)(b—c) =ab—cb—ac+ .

Hence, we cannot draw the conclusion that h(c) = f(c)g(c). However, if R is commutative (with identity), then
we can conclude that h(c) = f(c)g(c). Clearly if k(x) = f(z) + g(z), then k(c) = f(c) + g(c).

Definition 11.1.8 Let R be a commutative ring with 1 and f(x), g(z) € R[z] be such that g(x) # 0. We say
that g(z) divides f(z) or that g(x) is a factor of f(z), and write g(x) | f(x) if there exists q(xz) € R[x] such
that f(x) = q(x)g(x).

Theorem 11.1.9 (Remainder Theorem) Let R be a commutative ring with identity. For f(x) € R[z] and
a € R, there exists q(x) € R[x] such that

f(z) = (x = a)q(x) + f(a).

Proof. By applying the division algorithm with z —a = g(z), there exist unique g(x), r(z) € R[z] such that
f(z) = (x — a)q(x) + r(x), where r(z) = 0 or degr(z) < 1. Hence, (x) is a constant polynomial, say, r(z) = d.
By substituting a for z, we obtain f(a) = (a — a)q(a) + d = d, which yields the desired result. m

Corollary 11.1.10 (Factorization Theorem) Let R be a commutative ring with identity. For f(x) € R[x]
and a € R, © — a divides f(z) if and only if a is a root of f(x).

Proof. Suppose (x —a) | f(z). Then there exists ¢(z) € R[z] such that f(z) = (z — a)g(z). Hence, f(a) =
(a —a)g(a) =0, so a is a root of f(z). Conversely, suppose a is a root of f(x). Then by the remainder theorem
(Theorem 11.1.9) and the fact that f(a) =0, we have f(z) = (z — a)g(z). Consequently, (x —a) | f(z). ®

Theorem 11.1.11 Let R be an integral domain and f(x) be a nonzero polynomial in R[x] of degree n. Then
f(z) has at most n roots in R.

Proof. If deg f(z) = 0, then f(z) is a constant polynomial, say, f(z) = ¢ # 0. Clearly ¢ has no roots
in R. Assume that the theorem is true for all polynomials of degree less than n, where n > 0 (the induction
hypothesis). Suppose deg f(x) = n. If f(z) has no roots in R, then the theorem is true. Suppose r € R is a root
of f(z). Then by Corollary 11.1.10, f(z) = (z — r)q(z), where degg(z) = n — 1. If there exists any other root
r" € R of f(x), then 0 = f(r') = (r' — r)q(r’). Because r’ # r and R is an integral domain, ¢(r') =0, so 7’ is a
root of g(x). Therefore, any other root of f(z) is also a root of g(z). Because f(z) = (z —r)g(x), any root of g(z)
is also a root of f(z). By the induction hypothesis and the fact that degg(z) = n — 1, there are at most n — 1 of
these other roots r’. Hence, in all, f(z) has at most n roots in R. m

We now extend the definition of a polynomial ring from one indeterminate to several indeterminates.

Definition 11.1.12 For any ring R, we define recursively
Rlz1,22,...,2n]) = R[z1, T2, ..., Tn_1][zn],

where x1 is an indeterminate over R and x, is an indeterminate over R[x1, T2, ...,Tn—1]. R[T1,T2,...,%n] is
called a polynomial ring in n indeterminates.

Before describing the ring R[z1,x2, ..., Zy], we introduce some notation. We write Zim iy Tig.in Xy <o Xy
for 0o Zill—o Tiy..in®i -+ a3, where each r4,. ., € R and k1, ..., k, are nonnegative integers.
= -
The ring

Rlz1,x2,...,20] = { Z T,-l,_,inac’f coglin | 7iq...5n € R}
Gnyeeeytl

We have for n = 2 that _
Rz, m2) = Rlwa][ws] = {D_ 50,25 | 55, € Rlan]}.
i2
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Now each si, has the form 7, Tiyip @il
Thus,
R[:Bl, fEQ]

{225, (2, iy )33 | 1iyiy € R}
{Ziz Zil Tili_lel_ll'? | riyi, € R}
{300 rivia @y’ | Tiyi, € R}

Definition 11.1.13 Let R be a subring of the ring S. Let c1,c2,...,cn be elements of S. Define Rle1] = {32, i
¢i | rs € R} and
Rle1,c2,. .. en] = Rle1, c2, ..oy en1][cn].

We say that c1,ca,. .., cn are algebraically independent over R if

i1 in __
E Tiy.inCy - Cpr =0

insetl
can occur only when each r;, .. i, =0, where ri,..;, € R.

Rlei, ¢, ..., cn] is a subring of S and equals the set of all finite sums of the form

i1 2
E Ti1...inCl ---Cn's

Gpyyeerb1

where 7;; 4, € R.

Theorem 11.1.14 Let R be a subring of a commutative ring S such that R and S have the same identity. Let
c € S. Then there exists a uniqgue homomorphism a of R[x] onto R[c] such that a(z) = ¢ and a(a) = a for all a
€R.

Proof. Define o : R[z] — R[c] by a(>" a;z’) = 3 a;c’ for all 3 a;2* € R[z]. Now ap+arz+- - -+ana™ = bo+
biz+- - -+bma™ implies that n = mand a; = b; fori = 1,2, ..., n. Thus, ap+aic+- - -+anc” = bo+bic+- - -+bnc”,
so « is well defined. By Definition 11.1.13, « clearly maps R[z] onto R]c]. Because for any two polynomials f(z),
g(x) € Rlz], k(z) = f(z)+g(x) implies k(c) = f(c) +g(c) and h(z) = f(z)g(x) implies h(c) = f(c)g(c), it follows
that o preserves + and -. Therefore, « is a homomorphism of R[z] onto R[c]. Clearly a(z) = ¢ and a(a) = a for
all @ € R. Let 8 be a homomorphism of R[x] onto R|c| such that S(x) = ¢ and S(a) = a for all a € R. Then
B aix®) =3 B(a:)B(x) = aic = a(Y aix?). Thus, B = o, so a is unique. m

We emphasize that o is well defined in Theorem 11.1.14 because x is algebraically independent over R. We
illustrate this in the following example.

Example 11.1.15 Define o : Q[v/2] — Q[z] by o> aiv2) = S aix’. Then a is not a function because a(2) = 2
and a(2) = a((v/2)?) = 22, but 2 # 2.

Worked-Out Exercises

{ Exercise 1 Let R be a ring with 1. Show that
R[z]/ (z) ~ R.

Solution: Define f : R[z] — R by
flao + a1z + asx® + -+ anz") = ag
for all ap + a1z + asz®>+ - -+ anz” € RJ[z]. Suppose that ao + a1z + a2+ -+ anx”™ = by + bz + baz® +
-+ + bmz™. Then ao = bo, so f(ao + a1z + asz? 4+ -+ anz™) = f(bo + b1z + box? + -+ + bma™). Thus,
f is well defined. Clearly f is an epimorphism. Now ag + a1z + asz? + - - - + anz™ € Ker f if and only if
f(ao + a1z + azx? +---+apz™) = 0if and only if ag = 0 if and only if ag t+arz+asz®+---+ana” € (x).
Therefore, Ker f = (x). Thus,
Rlz]/ (z) ~ R.

Exercise 2 Let F be a field and « : F[z] — F|z] be an automorphism such that a(a) = a for all @ € F. Show that
a(z) = ax + b for some a,b € F.



182

Solution:

¢ Exercise 3

11. Polynomial Rings

By the division algorithm, a(z) = g(x)z + b for some g(z) € F[z] and b € F. Because « is onto F[z],
there exist h(x),p(xz) € F[z] such that g(z) = a(h(z)) and z = a(p(x)). Therefore, a(z) = g(z)z +
b = a(h(x)a(p(z)) + ab) = a(h(x)p(z) + b). Thus, = = h(z)p(z) + b because « is one-one. Now
deg(z) = deg(h(z)p(z) + b) implies that deg(h(z)p(x)) = 1. Hence, either degh(z) = 1 and degp(z) =0
or deg h(xz) = 0 and degp(x) = 1. Suppose degp(z) = 0. Then p(z) = c for some ¢ € F. This implies that
x = a(p(z)) = a(c) = ¢, which is a contradiction. Therefore, degh(z) = 0 and degp(x) = 1. Let h(z) = a
for some a € F. Thus, a(z) = a(h(z))z + b= ala)r + b= ax +b.

Let R be a commutative ring with 1 and f(z) = ap + a1z + ax® + -+ anz™ € RJz]. If ao is a unit and

ai,az,...,a, are nilpotent elements, prove that f(z) is invertible.

Solution: We prove this result by induction on n = deg f(z). If n = 0, then f(z) = ao. Hence, f(x) is invertible.
Assume that the result is true for all polynomials of the above form and degree < n. Suppose now
f(z) = aotar1z+asz?*+- - +anz” € RJ[z] such that ag is a unit and a1, as, . . ., a, are nilpotent elements and
deg f(z) = n. Let g(z) = ao+arz+azz®+- - -4an—12" 1. Note that deg g(z) < n. Hence, by the induction
hypothesis, g(z) is invertible. Because a,, is nilpotent there exists a positive integer m such that a;’ = 0.
Then (g(z) + ana™)(g(z) " — ang(x) 2"+ afg(x) 2™ — - 4 (=)™ Fap~g(x) (" VammUm) = 1.
It now follows that f(x) is invertible.

Exercises
1. If I is an ideal of a ring R, prove that I[z] is an ideal of the polynomial ring R[z].
2. Let R be an integral domain. Prove that R and R[z] have the same characteristic.
3. Let R be a commutative ring with 1. Describe, (x), the ideal of R[z] generated by x.
4. (i) Let f(x) = 2* + 32> + 22® + 2 and g(x) = 2°> + 22 + 1 € Q[xz]. Find the unique polynomials q(z),
r(z) € Q[z] such that f(z) = q(z)g(x) + r(z), where either r(z) = 0 or 0 < degr(z) < degg(z).
(i) Let f(x) = x* + [3]2> + [2]2* + [2] and g(x) = 2* + 2]z + [1] € Zs[x]. Find q(x), r(x) € Zs[x] such that
f(z) = q(x)g(x) + r(z), where either r(z) =0 or 0 < degr(z) < deg g(z).
5. Let f(z) =2° +2* + 2% + . +[3], g(x) = 2* + 2% + [2]2* + [2]2 € Zs[z]. Find ¢(z), r(x) € Zs[z] such that
f(x) = q(x)g(z) + r(z), where either r(z) =0 or 0 < deg r(z) < deg g(x).
6. Let R =Z @ Z. Show that the polynomial (1,0)z in R[z] has infinitely many roots in R.
7. Show that the polynomial ring Z4[z] over the ring Z, is infinite, but Z4[x] is of finite characteristic.
8. In the ring Zg[z], show that [1] + [2]x is a unit.
9. Let R be a commutative ring with 1 and f(x) = ao + a1z + - -+ + anz™ € Rlz]. If f(z) is a unit in Rx],
prove that ag is a unit in R and a; is nilpotent for all i = 1,2, ... n.
10. Use the result of Exercise 9 to show that 1+ 5z is not a unit in Z[z].
11. Find all units of Z[z].
12. Find all units of Zg[z].
13. Let R be an integral domain. Prove that the units of R[z] are contained in R.
14. In Zslz], prove the following.
(i) [4]2® + [2]z + [4] is a zero divisor.
(ii) [2]z is nilpotent.
(iii) [4]z + [1] and [4]z + [3] are units.
15. Let R be a subring of a commutative ring S such that R has an identity.
(i) In the polynomial ring R[z1, 2, ..., Zxs], prove that x1,x2,. ..,z are algebraically independent over R.
(ii) Prove that the mapping
a: Rlz1,xa,...,20] — Rlc1,c2,. .., ¢n]
defined by «( Zznn ril,_,inxlf xil") = Zlnll Tiy.oin clf ... ¢ is a homomorphism of Rlz1,. .., zn]
onto Rlcy,. .., ¢n], where ¢1,...,¢cn, € S.
(iii) Prove that the homomorphism « in (ii) is an isomorphism if and only if ¢1, ca, ..., ¢, are algebraically
independent over R.
16. Let f(x) be a polynomial of degree n > 0 in a polynomial ring K[z] over a field K. Prove that any element

of the quotient ring K[z]/ (f(x)) is of the form g(x)+ (f(z)), where g(x) is a polynomial of degree at most
n—1.
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17. For the following statements, write the proof if the statement is true; otherwise, give a counterexample.
(i) If a polynomial ring R[z] has zero divisors, so does R.
(ii) If R is a field, then R[x] is a field.
(iii) In Z7[z], (z +[1])" =27 + [1].
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Chapter 12

Euclidean Domains

We have seen that both rings Z and Flz], F' a field, have a Euclidean or division algorithm. Because of the
significance of these rings and the power of this common property, the concept of a division algorithm is worth
abstracting.

12.1 Euclidean Domains

Definition 12.1.1 A Euclidean domain (E,+, -, v) is an integral domain (E,+, ) together with a function
v: E\{0} — Z# such that

(i) for all a, b € E with b # 0, there exist q, r € E such that a = gb + r, where either r = 0 or v(r) < v(b)
and

(i) for all a, b € E\{0}, v(a) < v(ab).

v is called a Euclidean valuation.

The next two results show that the ring Z and the polynomial ring F[z], F' a field, are Euclidean domains.
Example 12.1.2 The ring Z of integers can be considered a Fuclidean domain with v(a) = |a|, a # 0.

Theorem 12.1.3 If F is a field, then the polynomial ring F[z] is a Euclidean domain.
Proof. By Theorem 11.1.2(ii), F[z] is an integral domain. Define
v: Flz]\{0} — Z*
by
v(f(x)) = deg f(z)
for all f(x) € F[z]\{0}. Since deg f(z) > 0, v(f(z)) € Z¥ for all f(x) € F[z]\{0}. Let f(x),g(z) € Flz], g(x) # 0.
By Theorem 11.1.6, there exist g(z),r(x) € F[z] such that
f(z) = q(x)g(z) + r(z), where either r(x) = 0 or degr(z) < degg(x).
Hence,
f@) = q(x)g(x) + r(x), where either r(x) =0 or v(r(z)) < v(g(z)).

Let f(z) = ao + a1z + -+ + anx™, an # 0 and g(z) = bo + biz + -+ + bpx™, bm # 0. Then f(z)g(z) =
aobo + (aob1 + a1bo)x + -+ + anbmx™t™. Since F is a field and a,, # 0, by, # 0, we find that a,b, # 0. This
implies that deg(f(z)g(z)) = n+ m. Thus, v(f(z)) = deg(f(z)) = n < n+m = deg(f(x)g(x)) = v(f(z)g(x)).
Hence, F[z] is a Euclidean domain. m

Example 12.1.4 Any field can be considered as a Euclidean domain with v(a) =1 for all a # 0. (a = (ab™ )b+
0.)

Definition 12.1.5 The subset Z[i] = {a + bi | a, b € Z} of the complex numbers is called the set of Gaussian
integers.
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In the next theorem, we show that Z[4] is a subring of C and determine the units of Z[i]. Gauss was the first
to study Z[i] and hence in his honor Z[i] is called the ring of Gaussian integers.

Theorem 12.1.6 The set Z[i] of Gaussian integers is a subring of C. The units of Z[i] are £1 and =+i.

Proof. It is easily verified that Z[i] is a subring of C. Since C is a field, Z[] is of course an integral domain.
Suppose a + bi is a unit of Z[i]. Then there exists ¢ + di € Z[i] such that (a + bi)(c 4+ di) = 1. This implies that
1=T1=(a+bi)(c+di) =(a+bi) (c+di) = (a — bi)(c — di), where the bar denotes complex conjugate. Thus,
1 = (a® 4+ b*)(c® + d*) and therefore 1 = a® + b. Hence, a = 0,b = £1, or a = £1,b = 0, proving that the only
units of Z[i] are +1, +i. =

Theorem 12.1.7 The ring Z[i] of Gaussian integers becomes a Euclidean domain when we let the function,
N : Z[i)\{0} — Z*#
defined by N(a + bi) = (a + bi)(a — bi) = a® + b* for all a,b € Z, serve as the function v.

Proof. Clearly N(a+bi) is a positive integer for any nonzero element a+bi € Z[i]. Let a+bi, c+di € Z[i]\{0}.
Now N ((a+bi)(c+di)) = N(ac—bd+ (be+ad)i) = (ac—bd)? + (be+ad)? = (a® +b*) (2 +d?) = N(a+bi)N(c+di).
From this, it follows that N(a + bi) < N((a + bi)(c + di)).

It remains to be shown that for a 4+ bi and ¢+ di # 0 in Z[é], there exist go + ¢1%, 70 + 1% € Z[i] such that

a+bi = (g0 + q17)(c+ di) + (ro + 1),

where 7o + 7172 = 0 or N(rg+71¢) < N(c+ di). We work backward in order to see how to choose go + g1¢. If such
an element qo + q1t exists, then in C

ro+rii = (a+bi)—(c+di)(qo + qui)
= (c+di)[(a+bi)(c+di)™" = (qo + qi7)].

Let (a + bi)(c + di)~* = u + vi, where u and v are rational numbers. Then

ro+rii = (c+di)[(u+vi) — (g0 + qii)]
= (c+di)[(v—qo) + (v —q1)1]
[e(u—go) — d(v — q1)] + [e(v — 1) + d(u — go)]i.

Now

N(ro+mi) = [e(u—qo) —d(v—q)]* + [c(v — q1) + d(u — q0)]*
(€ +d)[(u = q0)* + (v~ q1)?].
Hence, N(ro +r1i) < N(c+di) if (u—qo)*+(v—q1)?> < 1. We now find an element go+q1 € Z[i] so that the latter
inequality holds. Take integers o and g1 such that (u—qo)® < 1 and (v—q1)*> < 3. Then (u—qo)*+(v—q1)* < 1.
Let

ro +rii = (a+ bi) — (c+ di)(go + q17).
Then a + bi = (¢ + di)(qo + q1t) + (1o + 714), where ro + 714 =0 or N(ro +rii) < N(c+di). m
We now consider the ideals of a Euclidean domain.
Recall that an ideal I of a ring R is called a principal ideal if I = (a) for some a € I.

Definition 12.1.8 Let R be a commutative ring with 1. If every ideal of R is a principal ideal, then R is called a
principal ideal ring. An integral domain which is also a principal ideal ring is called a principal ideal domain
(PID).

Theorem 12.1.9 Every Fuclidean domain is a principal ideal domain.

Proof. Let E be a Euclidean domain with Euclidean valuation v. We want to show that every ideal of E
is a principal ideal. Let I be an ideal of E. Since F is a commutative ring with 1, it is enough to show that
I = Ea for some a € E. If I is the zero ideal, then I = EO0. Suppose now I # {0}. Then I contains some
nonzero element. Let P = {v(x) | 0 # « € I}. This is a nonempty subset of the nonnegative integers. By the
well-ordering principle, we find that P contains a least element. Therefore, there exists an element a € I, a # 0
such that v(a) > 0 and v(a) < v(b) for all b € I, b # 0. We now show that I = Fa. Since I is an ideal and a € I,
it follows that Fa C I. Let b € I. Since E is a Euclidean domain, there exist ¢, € E such that b = aq+ r, where
r=0or v(r) <v(a). Now r =b—gqa € I. If r # 0, then v(r) € P. This is a contradiction of the minimality of
v(a) since v(r) < v(a). Therefore, r = 0 and so b = ga € Fa. This proves that I C Fa. Hence, ] = Ea. m R

By Theorem 12.1.9, Z, F[z] (F a field), and Z[i] are principal ideal domains.
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Theorem 12.1.10 Let R be a commutative ring with 1. The following conditions are equivalent.
(i) R is a field.
(ii) Rlz] is a FEuclidean domain.
(iit) R[z] is a PID.

Proof. (i)=-(ii) Follows from Theorem 12.1.3.

(ii)=(iii) Follows from Theorem 12.1.9.

(iii)=>(i) Let @ € R and a # 0. Consider I = (a,z), the ideal of R[z] generated by a and z. Since R[z] is a
PID, there exists f(x) € R[z] such that I = (f(z)). Now a,z € (f(z)). Therefore, there exist g(z) and h(z) in
Rlx] such that f(z)g(z) = a and f(z)h(z) = x. Since f(x)g(z) = a, we must have deg f(x) = 0 and so f(z) € R.
Let f(x) =b. Now bh(z) = x implies that bc = 1 for some ¢ € R. Thus, b is a unit and so I = (b) = R[z]. From
this, we have 1 € I. Therefore, 1 = afi(z) + zf2(x) for some fi(z), fo(x) € R|z]. This implies that 1 = da for
some d € R. Hence, a is a unit in R and so R is a field. m

Corollary 12.1.11 Zz] is not a PID.

Proof. Now Z is a commutative ring with 1. Since Z is not a field, Z[z] is not a PID by Theorem 12.1.10. m
We conclude this section with the following remark.

Remark 12.1.12 Consider Z[/—19] = {a + bv/—19 | a,b € Z and a and b are either both even or both odd}.
It is known that Z[\/—19] is a principal ideal domain, but not a Euclidean domain. The proof of this result is
beyond the scope of this book. However, the interested reader can find the proof in, J.C. Wilson, “A principal
ideal ring that is not a Euclidean ring,” Mathematics Magazine 46(1973), 34 — 38.

Worked-Out Exercises
{ Exercise 1 Let (E,+,-,v) be a Euclidean domain.

(a) Show that v(a) = v(—a) for all a € E\{0}.
(b) Show that for all a € E\{0}, v(a) > v(1), where equality holds if and only if a is a unit in E.
(c¢) Let n be an integer such that v(1) +n > 0. Show that the function

vy : E\{0} — Z*
defined by v, (a) = v(a) + n for all a € E\{0} is a Euclidean valuation.

Solution: (a) For all a € E\{0}, v(a) = v((—1)(—a)) > v(—a) = v((—1)a) > v(a). Hence, v(a) = v(—a) for all
a € E\{0}.
(b) Let a € E\{0}. Now v(a) = v(la) > v(1). Suppose a is a unit. Then there exists an element ¢ € E
such that ac = 1. Thus, v(1) = v(ac) > v(a). This implies that v(a) = v(1). Conversely, suppose that
v(a) = v(1). Since a # 0, there exist ¢, € E such that 1 = ga + 7, where r = 0 or v(r) < v(1). Now
v(r) < v(1) is impossible. Hence, r = 0, showing that 1 = ga. Thus, a is a unit.
(¢) Let a € E\{0}. Then v,(a) = v(a) +n > v(1) + n > 0. Hence, v,(a) € Z#. Suppose a,b € E with
b # 0. There exist ¢,r € E such that a = gb + r, where either r = 0 or v(r) < v(b). Now v(r) < v(b)
implies that v(r) + n < v(b) + n. Thus, va(r) < va(b). Also, for a,b € E\{0}, vn(ab) = v(ab) + n >
v(a) + n = vp(a). Therefore, v, is a Euclidean valuation on E.
{ Exercise 2 Let n be a square free integer (an integer different from 0 and 1, which is not divisible by the square of
any integer). Let Z[v/n] = {a+ by/n | a,b € Z}. Show that Z[/n] is an integral domain. Define a function
N : Z[\/n] — Z* by
N(a +by/n) = (a + by/n)(a — by/n) = a> — nb>.

(a) Let x € Z[\/n]. Prove that N(z) = 0 if and only if z = 0.
(b) Prove that N(zy) = N(z)N(y) for all z,y € Z[\/n].
(¢) Let z € Z[+/n]. Prove that N(z) = £1 if and only if x is a unit in Z[/n].
Solution: Let x = a 4 by/n and y = ¢ + dy/n be two elements in Z[/n]. Now z —y = (a — ¢) + (b — d)v/n € Z[\/n]

and zy = (ac + nbd) + (ad + be)y/n € Z[y/n]. We have 0 = 0+ 0y/n € Z[\/n] and 1 = 1+ 0y/n € Z[/n].
Now it is easy to verify that Z[y/n] is an integral domain.
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{ Exercise 3

Solution:

{ Exercise 4

12. Euclidean Domains

(a) Let z = a + by/n. Then N(x) = a® — nb®. Suppose N(z) = 0. If b = 0, then a = 0. If b # 0, then
n= %jv = (%)2, which is a contradiction to the assumption that n is a square free integer. Therefore,
a =0 and b =0. Thus, x = 0. The converse is trivial.

N(zy) [(ac + nbd) + (ad + be)/n][(ac + nbd) — (ad + be)/n]
= (ac+nbd)* — (ad + bc)*n
(b) Let z = a+by/n and y = c+d+/n. Now = a’ +n?bPd® - d*d*n - b*cn
= (a® —nb?)(c* — nd?)
= N(@)N(y).

(¢) Let x = a+by/n. N(z) = £1 if and only if (a + by/n)(a — by/n) = £1 if and only if a+ by/n divides
1, i.e., if and only if a + by/n is a unit in Z[/n].

Show that Z[y/n] is a Euclidean domain for n = —1,—-2,2,3.

By Worked-Out Exercise 2 (page 187), Z[y/n] is an integral domain. Define v : Z[/n]\{0} — Z# by
v(a + by/n) = |[N(a+ by/n)|, where N is defined as in Worked-Out Exercise 2. Let a+ by/n, c+dy/n €
Z[v/n\{0}. Now

(a+by/n)(c+dyn))|

o((a+bym)(e+dym) = |N( )
@ —ne sl

(a® —nb)| |(c?
(a® —nb?)
v((a+ by/n)).
Let a + by/n, ¢+ dy/n € Z[/n] with ¢ + dy/n # 0. We want to show that there exist qo + q14/7,
ro + r1v/n € Z[/n] such that

a+byv/n = (c+dv/n)(q + q1v/n) + (ro + r14/n),

where either ro + riy/n = 0 or |(r§ — nr%)| < |(c2 — ndQ){ . We work backward in order to see how to
choose qo + g1/ If such an element go + g1+/n exists in Z[y/n], then in Q[\/n]

ro+riyn = (a+byn)—(c+dyn)(g +qvn)
= (c+dyn)[(a+byn)(c+dyvn)™" — (g + avn))-

Let (a + by/n)(c+ dy/n) ™' = u +vy/n, where u and v are rational numbers. Then

ro+rivn = (c+dyn)(u+vyn) — (g + qy/n)
(¢4 dy/n)[(u — qo) + (v — q1)v/n]
= [e(u—qo) +d(v—qi)n] + [c(v — q1) + d(u — qo)]/n.

v

Now
viro +r1v/mn) = |le(u—qo) +d(v—qi)n)® — [c(v — q1) + d(u — QO)]271|
= |(¢ = nd®)[(u—q0)* —n(v—q)?
< |(¢® —nd?)|

if | (v — qo)® — n(v — q1)?| < 1. We now find an element qo—i—ql\/_ € Z[y/n] such that |(u — qo)* — n(v — q1)*| <
1. Take integers qo and ¢ such that (u — qo) <=z and (v— q1) < i For n = —1 or —2,

(1= g0)* = n(v—q)?*| < 7 + (—")i <1

For n =2 or 3,
1
7 S-w)’ -n@-a) <7

Then |(u — qo)® — n(v — q1)?| < 1for n = —1, =2, 2 or 3. Hence, there exist go +q1v/n, 7o +7r1y/1 € Z[\/n]
such that

a+byv/n = (c+dv/n)(g + g1v/n) + (ro + r1v/n),

where either 7o 4+ r1y/n =0 or |(r§ —nri)| < |(¢* —nd?)|.

Let Z[iv/3] = {a + biv/3 | a,b € Z}. Show that Z[iv/3] is an integral domain. Define v : Z[iv/3]\{0} — Z#
by v(a + biv/3) = a® + 3b>. Show that v is not a Euclidean valuation on Z[iv/3].
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Solution: Proceeding as in Worked-Out Exercise 2 (page 187), we can show that Z[iv/3] is an integral domain.

Suppose v is a Euclidean valuation. Now 2 and 1 + i4/3 are elements of Z[zx/g] Suppose there exist
go + q1iV/3, 1o + m1iv/3 € Z[iv/3] such that

2 = (14 iv3)(qo + 1iv/3) + (ro + miV/3),
where either rqg + rli\/§ =0or 7"3 + 37“% <4.If ro + 7"173\/5 =0, then
2= (1+iv3)(q0 + ¢1iV3).
This implies that
4=0(2) = v((1+iV3)(q0 + 1iV3)) = 4(q5 + 341).-

Then ¢Z + 3¢i = 1, which shows that go = +1, ¢ = 0. As a result, 2 = 1 +iv/3 or 2 = —(1 +4/3),
a contradiction. Suppose now rg + 3r? < 4. Then 7 + 3r2 = 1, 2, or 3. Since o and r; are integers,
e + 3r? # 2. Suppose 13 4+ 3rf = 1. Then 79 = 1, r; = 0. Thus,

2 = (1+iV3)(qo + q1iV/3) + (ro + r13V/3),

whence

2=gqo—3q +70
and

0=q +q +r1.
If ro =1 and r1 =0, then qo —3¢1 = 1 and ¢1 4+ go = 0. This implies that —2¢; = 1, which is impossible.
Similarly, for each remaining case we can show a contradiction. Also, from r2 + 3r? = 3, we can show a
contradiction. Hence, v is not a Euclidean valuation on Z[iv/3].

Exercises

1.

Show that the mapping v : Z\{0} — N defined by v(a) = |a|" for some fixed positive integer n is a
Euclidean valuation on Z.

In Z[\/g], for 9+ 5v/3 and 1 + 7v/3, find qo + 1V3, 0 + 113 € Z[\/g] such that
9+5V3 = (g0 +@1V3)(1 +7V3) +ro + r1V3,

where either ro + r1\/§ =0or ’1"3 — 37‘%| < 146.
Consider the integral domain Z[i]. Find qo + ¢1%, ro + 14 € Z[i] such that

34+ 7i = (qo + q12)(1 + 28) + ro + 714,

where either ro + 712 =0 or |r(2) + Tf| < 5.

Let a =3+ 8i, b = —2 + 3i € Z[i]. Find ¢,d = = + yi in Z[i] such that a = bc + d, where either d = 0 or
2 2

4+ y° <9.

Let f: R — S be an epimorphism of rings. If R is a principal ideal ring, prove that S is also a principal

ideal ring.

Prove that the ring Z, is a principal ideal ring for all n € N.

Which of the following statements are true? Justify.

(i) (Z,+,-,v) is a Euclidean domain, where v(n) = n? for all n > 0.
(i) (@, +,-,v) is a Euclidean domain, where v(£) = ‘5’ for all £ £ 0.

(iii) If a ring R is a PID, then every subring of R with identity is a PID.

12.2 Greatest Common Divisors

Definition 12.2.1 Let R be a commutative ring and a, b € R be such that a # 0. If there exists ¢ € R such that
b = ac, then a is said to divide b or a is said to be a divisor of b and we write a | b.
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When we write a | b, we mean that a # 0 and a divides b. The notation a { b will mean that a does not divide

Let R be a commutative ring with 1. By Definition 12.2.1, the following results follow immediately. For all
a,b,c € R,

(iala,1|aanda|0,

(ii) @ is a unit if and only if a | 1,

(iii) if a | b and b | ¢, then a | c.

Definition 12.2.2 Let R be a commutative ring with 1. A nonzero element a € R is said to be an associate of
a nonzero element b € R if a = bu for some unit u € R.

Example 12.2.3 (i) In Z,1 and —1 are the only units. For every 0 # a € Z, a and —a are associates.
(ii) In Z[i], 1,—1,4,—1i are the only units. Thus, 1 +1i, =1 —1i, —1+4, 1 — i are all associates of 1 + 1.

Example 12.2.4 In the polynomial ring F[x] over a field F, the units form the set F\{0}. A nonconstant
polynomial f(z) has uf(x) for an associate, where u is a unit in F.

Theorem 12.2.5 Let R be a commutative ring with 1 and a,b,c € R.
(i) If a is an associate of b, then b is an associate of a.
(ii) If a is an associate of b and b is an associate of ¢, then a is an associate of c.
(iii) Suppose R is an integral domain. Then a is an associate of b if and only if a | b and b | a.
(iv) Suppose R is an integral domain. Then a and b are associates of each other if and only if (a) = (b) .

Proof. (i) This result follows from the fact that the inverse of a unit is also a unit.

(ii) This result follows from the fact that the product of two units is also a unit.

(iii) Suppose @ is an associate of b. Then a = bu for some unit u € R. This implies that b = au™". Hence,
a | band b | a. Conversely, suppose that a | b and b | a. Then there exist g1,¢g2 € R such that a = ¢:b and
b = q2a. Thus, b = g2g1b and so 1 = g2¢q1 by cancellation. This implies that ¢1 and g2 are units and so a and b
are associates.

(iv) The result here follows from (iii) and the fact that (a) = {qza | g2 € R} and (b) = {q1b| ¢ € R}. m

We now introduce the notion of a greatest common divisor in a commutative ring.

Definition 12.2.6 Let R be a commutative ring and ai,as,...,an be elements in R, not all zero. A nonzero
element d € R is called a common divisor of ai,az,...,an if d | a; for alli=1,2, ..., n. A nonzero element
d € R is called a greatest common divisor (ged) of a1, az, ..., an if

(i) d is a common divisor of a1,az,...,an and

(ii) if ¢ € R is a common divisor of ai1,az,...,an, then c|d.

The greatest common divisor (gcd) of two elements need not be unique. In fact, the ged of two elements may
not even exist.

Example 12.2.7 Consider the ring Zio. Then [4] = [4][6] and [6] = [4][4]. This shows that [4] and [6] are
common divisors of each other. Hence, [4] and [6] must be greatest common divisors of [4] and [6]. Now [4] and
[6] are associates since [9] is a unit and [6] = [9][4].

Example 12.2.8 In the ring B of even integers, 2 has no divisor. Hence, 2 and no other even integer can have
a common divisor.

Example 12.2.9 In a field F, a | b and b | a for all a,b € F with a # 0 and b # 0. Thus, every nonzero element
s a ged of any pair of elements.

The next result shows that in a principal ideal ring, every pair of elements not both zero has a gcd.

Theorem 12.2.10 Let R be a principal ideal ring and a, b € R not both zero. Then a and b have a ged d. For
every ged d of a and b, there exist s, t € R such that d = sa + tb.
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Proof. The ideal (a,b) of R must be a principal ideal, whence there exists d € R such that (a,b) = (d).
Thus, there exist u,v € R such that a = ud and b = vd. Therefore, d is a common divisor of a and b. Since
d € (a,b), there exist s,t € R such that d = sa + tb. Now suppose ¢ is any common divisor of a and b. Then
there exist u’,v" € R such that a = v'c and b = v’c. Thus, d = (su’ 4+ tv')c and so ¢ | d. Hence, d is a ged of a
and b. Let d’ be any ged of a and b. Then d | d’ and d’ | d, whence (d') = (d) = {a,b) . Thus, there exist s’,t' € R
such that d' = s'a +t'b. ®

Corollary 12.2.11 Let R be a Euclidean domain and a,b € R, not both zero. Then a and b have a gcd d. For
every ged d of a and b, there exist s, t € R such that d = sa + tb.

Proof. Since every Euclidean domain is a principal ideal ring, the corollary follows by Theorem 12.2.10. m

Proceeding as in the proof of Theorem 12.2.10, we can prove a similar result for any finite set of elements
ai,az,..., a, (not all zero) of a principal ideal ring.

Let R be an integral domain and a1, a2, ...,a, € R, not all zero. Suppose that a ged of a1, as,..., an exists.
Let d and d’ be two greatest common divisors of a1, as,...,a,. Then d | d’ and d' | d. We ask the reader to verify
in Exercise 6 (page 193) that d and d’ are associates. If d is a gcd of a1, as, ..., an, then any associate of d is also
a ged of a1, as, ..., an. Considering this, we can say that the ged of a1, a2, ..., an is unique in the sense that if
d and d’ are greatest common divisors of a1, az, ..., an, then d and d’ are associates. Hence, from now on, the
ged of aq,az,. .., a, is denoted by ged(ai,az, ..., an). This outcome motivates the definition of associates. We
will further motivate this concept when we examine unique factorization in integral domains.

In a Euclidean domain (E,+,-,v), we have seen that the ged(a,b) of two elements a,b € E (a,b not both
zero) exists in E. Next we give an algorithm similar to the algorithm of finding the ged of two integers given in
Chapter 1.

Let a,b € E with b # 0.

Step 1: Find ¢1 and 71 in F such that a = gib + r1, where 71 = 0 or v(r1) < v(b). If r1 = 0, then b | a and
so ged(a,b) = b. If 1 #£ 0, then ged(a,b) = ged(b, r1). Thus, we need to find ged(b, r1).

Step 2: Find g2 and 72 in E such that b = gor1 + r2, where ro = 0 or v(r2) < v(r1). If 72 = 0, then
ged(a,b) = ged(b, 1) = r1. If r2 # 0, then proceed to find ged(ry,r2). Since v(b) > v(r1) > v(rz) > --- is a
strictly descending chain of nonnegative integers, the above process must stop after a finite number of steps.
Therefore, there exists a positive integer n such that in the nth step there exist elements ¢, and 7, in F such
that rp—2 = gnrn—1 + Tn, where r,, = 0. Thus,

ged(a,b) = ged(b,r1) (a = @b+ r1, v(r) <wv(d))
= ged(ri,r2) (b= gar1 + 12, v(r2) <w(r1))
= ged(re,T3) (r1 = qar2 +r3, v(rs) < v(r2))
= ged(rn_2,7n-1) (Prn—3 = Gn-1Tn—2 +Tn_1,
v(rn-1) < v(rn-2))
= ng(Tnfl,Tn) (Tn72 = QnTn-1+"Tn, Th = 0)

Next we find z,y in E such that ged(a,b) = ax + by.

Tn—1 Tn—3 — n—-1Tn—2
Tn—-3 — qnfl(rn74 - qn72rn73)

Tn—3(1 4 (=gn—-1)(—=gn-2)) + rn-a(=qn-1)

= by+ax.

Worked-Out Exercises

{ Exercise 1 Let E be a Euclidean domain. Let a,b,q,r € E be such that b # 0, a = gb+ r, and r # 0. Show that
ged(a, b) = ged(b, 7).

Solution: Let gcd(a,b) = d and ged(b,7) = d'. Now d | a and d | b. Thus, r = a — gb implies that d | 7. Hence, we
find that d is a common divisor of b and 7 and so d' | d. Now d' | b and d’' | r and so a = ¢gb + r implies
that d’' | a. Therefore, d’ is a common divisor of a and b and so d | d’. By Theorem 12.2.5(iii), it follows
that d and d’ are associates and so ged(a, b) = ged(b, 7).

Exercise 2 Let a, b, and ¢ be three nonzero elements of a PID R. Show that there exist x,y € R such that az +by = ¢
if and only if ged(a,b) | c.
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Solution:

{ Exercise 3

Solution:
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Let ged(a,b) = d. Suppose there exist z,y € R such that az + by = c. Since d | a and d | b, we find that
d | c. Conversely, suppose that gcd(a,b) | c. Then ¢ = dd’ for some d’ € R. Now there exist ’,y" € R such
that d = ax’ + by’. Then az'd +by'd = dd' = c. Let x = 2’d’ and y = y'd’. Then ax + by = c.

In the domain Z[iv/5], prove the following:

(a) ged(2,1+ivB) =1,
(b) ged of 6(1 — iv/5) and 3(1 +iv/5)(1 — iv/5) does not exist.

(a) In Z[iv/5], the units are 1 and —1. Let a + ibv/5 = ged(2,1 + 3v/5). Then (a + iby/5) | 2. Thus,
2 = (a +ibv/5)(c + idv/5) for some ¢ 4 idv/5 € Z[iv/5]. This implies that

4 = (a® 4 5b°)(* + 5d%).

Hence,

a® +50° =2, ¢ +5d°=2 (12.1)
or

a®+5b° =4, A +5d°=1 (12.2)
or

a®+5b° =1, & +5d° =4. (12.3)

Now Egs. (12.1) cannot hold for any ¢, d € Z. The only integral solutions of a® 4+ 56> = 4 are a = 42
and b = 0 and the only integral solutions of a + 50> = 1 are a = £1 and b = 0. Thus, from Egs.
(12.2) and Egs. (12.3) we find that ged(2,1414v/5) = 1 or 2. If ged(2, 14+v/5) = 2, then 2 | (144/5).
Hence, 1+ iv/5 = 2(p + igV/5) for some p + igy/5 € Z[iv/5]. This implies that 2p = 1 = 2¢. But there
do not exist integers p and ¢ such that 2p = 1 = 2q. Therefore, ged(2,1 + Z\/E_)) =1.

(b) Suppose ged(6(1 — iv/5),3(1 + iv/5)(1 — iv/5)) exists. Then ged(6(1 —iv/5),3(1 +iv5)(1 — iV5)) =
3(1 — iv/5) ged(2, 1 + iv/5) = 3(1 — iv/5). Now (1 4 i+/5)(1 —iv/5) = 6. Hence, 6 is a common divisor
of 6(1 —iv/5) and 3(1 4 i+/5)(1 — i1/5). Consequently, 6 | 3(1 — i1/5). This implies that 2 | (1 —iv/5),
which is not true in Z[iv/5]. Therefore, ged(6(1 — iv/5),3(1 +iv/5)(1 — iv/5)) does not exist.

{ Exercise 4 In Z[i], find ged(9 — 5i, —9 + 134).

Solution:

{ Exercise 5

Solution:

By Theorem 12.1.7, Z[i] is a Euclidean domain, where the valuation is defined by N(a + bi) = a® + b*.
Now N(9 — 5i) = 106 and N(—9 + 13i) = 250.

. —94137 _ (=9+134)(945¢) _ —81-45i4+117i—65 __ —1464+727 __ —146 721 40 34\, __
Step 1. S oiasi o5 = = =T — =05 T 106 = (1 —156) T+ (1 — 55)i =

. 1344
Thus, —9 + 13i = (=1 4 1)(9 — 5i) — 2&E24(9 — 5i) = (—1 4 i)(9 — bi) — 300620004170 — (] 4 4)(9 —
5i) — 5301000 — (1 +4)(9 — 5i) + (=5 — i). Note that N(—5—1i) < N(9 — 5i).

. 9-5i _ 9-5% —5+4% __ —4549i425i4+5 _ —404347i _ —20417i __ —20 17, 7 4 N\;
Step 2: == = =% —5+2 = %6 = =T =g ti=(-l-3)+ A+ )=

(—1+4) + =222
Thus, 9—5i = (—1+1)(—5—14)+ =2 (—5—1) = (—1+4)(—5—1)+BEE2000 — (] 44)(—5—q)+ 3043 =
(=1+14)(—5—1) + (3 —1). Note that N(3 —i) < N(—5 —1).

. —=b—% _ —=5—1341 _ —=15—5i—3i41 __ —14—-8i __ —=T—4i _ =7 47 2 1\, __
Step 3: 35 =35 =" - =T T 5 =3 5 =(1-5-0-3)ki=
(-1 —d) + =2+,
Thus, =5 —i = (=1 —i)(3 — 1) + =2 (3 —4) = (=1 — i)(3 — i)+ =SEREIEL — (] —§)(3 — i)+ =22 =
(=1 —14)(3 —i) 4+ (=14 1i). Note that N(—1+14) < N(3 — ).

L 83—i . _3—1 —1—% _ —3-3i4+i—1 _ —4-—-2¢ __ -
Step 4: =5 = gy = = =t = -2

Thus, 3 —i=(—2—1)(—1+414) +0.
Hence, ged(9 — 5i, —9 + 13i) = —1 + 4.
In Z[z], find two polynomials f(x) and g(z) such that ged(f(z), g(z)) = 1, but there do not exist fi(z)
and g1(z) in Z[z] such that 1 = f(z) f1(z)+ g(z)g1(x).
x4+ 6 and x + 4 are elements of Z[z]. The ged(x + 6, x +4) = 1. Suppose there exist fi(z) and gi(z) in
Z[z] such that

1= (04 6)fi(@) + (@ + Dga (a). (12
The constant term of the right-hand side in Eq. (12.4) is an even integer, whereas in the left-hand side,

the constant term is 1, a contradiction. Hence, there do not exist fi(x) and gi(x) in Z[z] such that
1= (z46)fi(z) + (z +4)g1(2).
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{ Exercise 6

Solution:
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Let R be a commutative ring with 1 and S denote the set of all infinite sequences {an} of elements from
R. Define 4+ and - on S by
{an} + {bn} = {an + bn} and
{an} -{bn} = {en},
where
Cn = aoby, + a1bp_1 4+ -+ anbo for alln =0,1,2,....

Show that
(a
(b
(c
(

S is a commutative ring with 1;
An element {a,} is a unit if and only if ao is a unit in R;

)
)
) If Ris a field, then S is a PID.

a) It is easy to verify that S is a commutative ring with 1. The sequence {1,0,0,...} is the identity
element of S.

(b) Let {an} € S. Suppose {a,} is a unit. Then there exists a sequence {b,} such that {a,}{bn} = 1.
Hence, aobp = 1 and so ap is a unit. Conversely, suppose that ag is a unit. We now consider the
sequence {b,}, where by = agl, by = faal(alagl), o, by = fagl(albk,l + -+ agbo), k > 2.
Now apbp = 1, aob1 + ai1bp = ao(—ao_l(alagl))—l— alagl =0, ..., arbo + ax—1b1 + - -+ + aobr, =
arbo+ap_1b1+---+ ao(—agl(albk,1 +---4arbo)) = 0. Therefore, {a,}{bn} = 1, proving that {a,}
is a unit.

(c) Suppose R is a field. Let I be an ideal of S. If I = {0}, then [ is a principal ideal. Suppose I # {0}.
Let {an} be a nonzero element of I. We define the order of a nonzero sequence {a,} as the first
nonnegative integer n such that a, # 0, i.e., n is a nonnegative integer such that a, # 0 and a; =0
for i < n. There exists a sequence {an} such that order of {a,} < order of {b,} for all {b,} € I.
Suppose order of {a,} = k. Let {c,} be a sequence such that ¢; = apy; for all i > 0. Then {c,}~*
exists and {cn}fl{an} = {dn} € I. Also, di, = 1 and d; = 0 for all i« # k. We now show that
I = ({dn}). Clearly ({dn}) C I. Suppose {un} € I. Let the order of {u,} be m. Then m > k. Let
{rn} € S be such that rm_k+i = Umys for all ¢ > 0 and r; = 0 for all ¢ < m — k. It is easy to verify
that {un} = {rn}{dn} € ({dn}). Hence, I = ({dn}).

Exercises

1.

A

10.

11.

12.

13.

Find all associates of (i) 3 — 2i in Z[4], (i) 1 +iv/5 in Z[iv/5)], (iii) [6] in Z1o, (iv) [4] in Zs, and (v) [2] + z
in Zs[z].

Find all the units of the integral domain Z[i+/3].

Find all the associates of 2 + 2 — 32? in Z[x].

Show that [4] and [6] are associates in Zio.

Find all units of the polynomial ring Zr[z]. Find all associates of 2* + [2] in Z7[x].

Let R be an integral domain and a1, ag,...,a, (n > 2) be elements of R not all zero. If d; and da are two
greatest common divisors of a1, az,...,an, prove that d; and dz are associates.

Let (E,+,-,v) be a Euclidean domain. Let a,b € E be such that a and b are associates. Prove that
v(a) = v(b).
Let (F,+,-,v) be a Euclidean domain and a, b € E. If a | b and v(a) = v(b), prove that a and b are

associates.

Let (E,+,-,v) be a Euclidean domain and a and b be nonzero elements of E. Prove that v(ab) > v(a) if
and only if b is not a unit.

Let E be a Euclidean domain. Let a,a’,b,b’,d be nonzero elements of E such that a = a’d and b = b'd.
Prove that ged(a’,b’) = 1 if and only if ged(a, b) = d.
In a PID R, prove that the congruence ax = b(mod c), where a,b,c are nonzero elements of R has a

solution in R if and only if ged(a, ¢) | b. (Here ax = b(mod ¢) means ax — b = cr for some r € R.)

Let R be an integral domain. Let a, b, and ¢ be nonzero elements of R such that ged(a, b) and ged(ca, cb)
exist. Prove that ged(ca, cb) = cged(a, b).

In Z[4], find ged(2—74,2+114). Also, find 2 and y in Z[] such that ged(2—7i,2+11¢) = x(2—7i) +y(2+113).
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14. Let R be an integral domain and a1, az,...,an (n > 2) be nonzero elements of R. An element d € R is
called a least common multiple (lcm) of ai,az,...,an if
(i) a;i | d,i=1,2,...n and
(ii) if ¢ € R is such that a; | ¢, i =1,2,...n, then d | c.
Prove the following in R.
(i) If d1 and d2 are two least common multiples of a1, az,...,an, then di and da are associates.

(ii) If d is a least common multiple of a1, as, ..., an, then rd is a least common multiple of rai,ras, ..., ran,
for all r € R, r # 0.

15. Let I be the set of all nonunits of Z[é]. Is I an ideal of Z[i]? Show that for any nontrivial ideal P of Z[i],
the quotient ring Z[i]/P is a finite ring.
16. Show that Z[+/2] has no unit between 1 and 1+ v/2.

17. In the domain Z[v/2], prove that an element a + bv/2 # +1 is a unit if and only if a +bv/2 = (1 ++/2)* or
a+bv2 = —(1 +/2)" for some positive integer k.

18. An integral domain R is said to satisfy the gcd property if every finite nonempty subset of R has a gcd.
Prove that every PID satisfies the ged property.

19. Prove that the integral domain Z[\/ﬁ} satisfies the gcd property, where the ged property is defined in
Exercise 18.

12.3 Prime and Irreducible Elements

In this section, we introduce the concepts of prime elements and irreducible elements in a commutative ring with
1. We show that in a PID and hence in a Euclidean domain these two concepts coincide.

Definition 12.3.1 Let R be a commutative ring with 1.

(i) An element p of R is called irreducible if p is nonzero and a nonunit, and p = ab with a,b € R implies
that either a or b is a unit. An element p of R is called reducible if p is not irreducible.

(i) An element p of R is called prime if p is nonzero and a nonunit, and if whenever p | ab, a,b € R, then
either p divides a or p divides b.

(iii) Two elements a and b of R are called relatively prime if their only common divisors are units.

Remark 12.3.2 Letp € Z. If p is an ordinary prime, then both p and —p are irreducible and prime in the sense
of Definition 12.3.1.

From the definition of an irreducible element, it follows that the only divisors of an irreducible element p are
the associates of p and the unit elements of R. The converse of this result does not always hold in a commutative
ring with 1.

Example 12.3.3 The ring Zs is a commutative ring with 1. In this ring, the unit elements are [1] and [5]. Since
[3] = [3][3] and [3] is not a unit it follows that [3] is not irreducible. But [3] is an associate of [3]. Also, in Zs,
it can be verified that [3] is divisible only by associates and the units of Zg. Next, we show that [3] is a prime
element in Ze¢. Let [a], [b] € Ze and [3] | [a][b]. Then there exists [c] € Ze such that [a][b] = [3][c], i.e., [ab] = [3¢].
From this, it follows that 6 | (ab — 3c). This implies that 3 | (ab — 3c). Since 3 | 3¢, we must have 3 | ab. Since 3
is prime in Z, 3 | a or 3 | b. Thus, either [3] | [a] or [3] | [b]. Hence, [3] is a prime element in Zg.

Theorem 12.3.4 Let R be an integral domain and p € R be such that p is nonzero and a nonunit. Then p is
irreducible if and only if the only divisors of p are the associates of p and the unit elements of R.

Proof. Suppose the only divisors of p are the associates of p and the unit elements of R. Let p = ab for
some a,b € R. Suppose a is not a unit. Then a is an associate of p. Therefore, a = pu for some unit u € R. Now
p = pub. Since R is an integral domain, it follows that ub = 1. Hence, b is a unit and so p is irreducible. We leave
the converse as an exercise. H

We now consider several examples of prime elements and irreducible elements.

Example 12.3.5 In Z, 1 and —1 are the only units, and therefore 2 is divisible by £1 and £2. It follows that 2
is not divisible by any other integer. Therefore, 2 is an irreducible element. Suppose now 2 | ab and 2 does not
divide a for some a,b € Z. Since 2 does not divide a, a is an odd integer and so ged(2,a) = 1. Therefore, there
exist ¢,d € Z such that 1 = 2c¢ + ad. Thus, b = 2cb + abd. Since 2 | ab and 2 | 2bc, it follows that 2 | b. Hence, 2
is prime.
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Example 12.3.6 The polynomial x* 4 1 is irreducible in R[z], but is reducidle in Clx]. If 2* + 1 were reducible
in Rlz], then there would exist real numbers a, b, ¢, d such that

2* +1 = (az + b)(cz + d) = acz® + (ad + be)x + bd.

Then ac = 1 = bd and ad + bc = 0. Thus, 1 = (ac)(bd) = (ad)(bc) = (ad)(—ad). Hence, 1 = —(ad)?, which is
impossible in R. However, x* +1 = (x4 4)(z — ) in Clz].

Example 12.3.7 The polynomial x* — 2 is irreducible in Q[z] and reducible in Rlz]. If 2> — 2 were reducible in
Q[z], then there would exist a,b,c,d € Q such that

2> — 2 = (az + b)(cx + d) = acz® + (ad + be)x + bd.

Then ac = 1,ad + bc = 0, and bd = —2. Thus, (ad)?® = (ad)(ad) = —(ad)(bc) = (ac)(—bd) = 2. This implies
that v/2 = ad € Q. This is a contradiction since /2 ¢ Q. Therefore, x> — 2 is irreducible in Q[z]. However,
22 —2=(z—v2)(z+v2) in Rz].

Example 12.3.8 The polynomial ax + b is irreducible in F|z], where F is a field and a # 0. Suppose ax +b =
f(x)g(z). Then deg(f(z)g(z)) =1 = deg f(z) + degg(z). We may assume that deg f(xz) = 0 and degg(xz) = 1.
Since deg f(z) =0, f(x) is a nonzero constant polynomial and thus a unit. Hence, ax + b is irreducible.

Example 12.3.9 Consider the polynomial ring Zlz,y]. Then x and y are irreducible. 2x is not prime since
2z | 2z, but 2z does not divide 2 and 2z does not divide x. Also, 2z is reducible. =* and y* are relatively prime,
but neither is irreducible nor prime.

Theorem 12.3.10 Let R be an integral domain and p be a prime element in R. Then p is irreducible.

Proof. Suppose p = bc for some b, c € R. To show p is irreducible, we must show that either b is a unit or ¢
is a unit. Now p = be implies that p | be. Since p is prime, p | bor p | c. If p | b, then b = pq for some g € R. Thus,
p = be = pgc and so p(1 — g¢) = 0. Since R is an integral domain and p # 0, p(1 — g¢) = 0 and so 1 — gc = 0.
Thus, gc = 1, which implies that ¢ is a unit. Similarly, if p | ¢, then b is a unit. Hence, p is irreducible. m

The following example shows that the converse of Theorem 12.3.10 is not true.

Example 12.3.11 Consider the integral domain
Z[iv/5) = {a+ biv/5 | a,b € Z}.

Let us show that 3 = 3 + 0iv/5 € Z[iv/5] is irreducible, but not prime. Suppose 3 = (a + biv/5)(c + div/5) in
Z[i/5]. Then 3 =3 = (a — biv/5)(c — di\/5). Hence, 9 = (a® 4 5b%)(c® + 5d?). Since a,b,c,d are integers, the
previous equality implies that

a® 4+ 5b° =3 and & +5d°> =3 (12.5)
or

a®4+5b° =1 and & +5d> =9 (12.6)
or

a®> +5b° =9 and ¢ +5d° = 1. (12.7)

Clearly there do not exist integers a,b,c,d satisfying Eqs. (12.5). The first equation of Eqs. (12.6) implies that
b=0 and a = £1. Thus, it follows that a + bin/5 is a unit. Similarly, the second equation of Eqs. (12.7) implies
that ¢ + div/5 is a unit. Hence, 3 is irreducible. Now 3|6 and 6 = (1 4+ iv/5)(1 — iv/5). Suppose 3 | (1 + i1/5).
Then 1+ iy/5 = 3(a + bZ\/g) for some a,b € Z. This implies that 3a = 1, a contradiction, since the equation
3a = 1 has no solution in Z. Hence, 3 does not divide (14 iv/5). Similarly, 3 does not divide (1 —i\/5). Thus, 3
is mot prime.

The following theorem show that the converse of Theorem 12.3.10 holds in a principal ideal ring.

Theorem 12.3.12 Let R be a principal ideal ring and p € R. If p is irreducible, then p is prime.

Proof. Suppose p divides ab, where a,b € R. Then there exists r € R such that pr = ab. Now (p,b) = (d)
for some d € R. Therefore, there exists ¢ € R such that p = dq. Since p is irreducible, either d or ¢ must be a
unit. If d is a unit, then (p,b) = (d) = R. Hence, 1 = sp + tb for some s,t € R. Therefore, a = asp + atb =
asp + tpr = (as + tr)p. This implies that p divides a. If, on the other hand, ¢ is a unit, then d = pg~* € (p).
Thus, (d) C (p) C (p,b) = (d) so that (p) = (p,b). Hence, b € (p) and so p divides b. ®
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Corollary 12.3.13 Let R be a principal ideal domain and p € R. Then p is irreducible if and only if p is prime.

Proof. The result follows by Theorems 12.3.10 and 12.3.12. =
Corollary 12.3.14 Let R be a Fuclidean domain and p € R. Then p is irreducible if and only if p is prime.

Proof. Since every Euclidean domain is a principal domain, the result follows from Corollary 12.3.13. =

Theorem 12.3.15 Let R be a principal ideal ring and a, b € R. If a and b are relatively prime, then there exist
s, t € R such that 1 = sa + tb.

Proof. Since the common divisors are units, 1 is a gcd of a and b. The desired result follows from Theorem

12.2.10. m
We conclude this section by proving the following theorem, which characterizes irreducible polynomials over
a field.

Theorem 12.3.16 Consider the polynomial ring Fx] over the field F and p(z) € F[z]. Then the following
conditions are equivalent.

(i) p(x) is irreducible.

(ii) Flz]/ (p(z)) is an integral domain.

(iii) F(z]/ {p(z)) is a field.

Proof. (i)=(iii). Let f(z) € F[z]/ (p(x)) be such that f(z) # 0, where f(z) denotes the coset f(x)+ (p(z)).
Now up(z) and u, where u € F\{0}, are the only elements of F[z] which divide p(x). Since f(z) ¢ (p(z)), f(z)
and p(z) are relatively prime and so there exist s(x), t(z) € F[z] such that 1 = s(z) f(z) + t(x)p(z). Thus

1= s(x)f(x) + t(z)p(x) (in Flz]/ (p(x)))
and so T = s(z) f(z). Hence, f(z) has an inverse, namely, s(x), and so F[z]/ (p(z)) is a field.

(iii)=-(ii): Immediate.

(il)=(i): If p(z) is a unit, then (p(x)) = F[z] and so F[z]/ (p(x)) = {0}, a contradiction to the hypothesis
that Fz]/ (p(z)) is an integral domain. Therefore, p(z) is not a unit. Suppose p(z) = f(z)g(z). Then 0 =
p(x) = f(x)g(z) = f(z) g(x). Therefore, f(x) =0 or g(z) = 0. This implies that f(z) € (p(z)) or g(x) € (p(x)),
say, f(z) € (p(x)). Thus, f(z) = q(z)p(x) for some g(z) € F[z]. Hence, p(z) = ¢(x)p(z)g(x) and so by a degree
argument ¢(z), g(z) € F\{0} are units. Thus, the only factorization of p(z) is u™* (up(x)), where v is a unit in
F[z]. Consequently, p(x) is irreducible. m

Worked-Out Exercises

{ Exercise 1 Show that [2] is a prime element in Zjo, but [2] is not irreducible in Ziq.
Solution: In Zio, [1], [3], [7], and [9] are the only units. Now [2] = [2] - [6]. Since neither [2] nor [6] is a unit, [2] is
reducible. Suppose [2] | [a][b]. Then [2] | [ab]. Therefore, [ab] = [k][2] for some [k] € Z1o. This implies that
ab — 2k = 10r for some r € Z, i.e., ab = 2k + 10r = 2(k + 5r). Therefore, 2 | ab. Since 2 is prime in Z, 2 | a
or 2| b. Hence, [2] | [a] or [2] | [b]. Thus, [2] is prime. Note that Zio is not an integral domain.

{ Exercise 2 Let R be an integral domain such that any two elements a,b € R, not both zero, have a ged d expressible
in the form d = ra +tb, r,t € R. Let p € R. Show that p is prime if and only if p is irreducible.

Solution: Every prime element in an integral domain is irreducible by Theorem 12.3.10. Let us prove the converse.
Suppose p is irreducible. Let p | ab, a,b € R. Now ged(p, a) exists in R. Let d = ged(p, a). Since d | p and p
is irreducible, it follows that either d is an associate of p or d is a unit. Suppose d is an associate of p. Then
p | d. This implies that p | a, since d | a. Suppose d is a unit. Since 1 is an associate of d, 1 = ged(p, a).
Thus, there exist s,¢ € R such that 1 = ps + at. This implies that b = psb + abt. Now p | psb and p | abt.
Hence, p | b.

{ Exercise 3 Let n be a square free integer (an integer different from 0 and 1, which is not divisible by the square of
any integer). Let Z[\/n] = {a + b\/n | a,b € Z}. Define a function N : Z[\/n] — Z by
N(a +by/n) = (a + by/n)(a — by/n) = a> — nb>.
Show that if N(x) is a prime integer, then z is irreducible for all z € Z[\/n].

Solution: Suppose N(z) = p, where p is a prime integer. Suppose x = (a+by/n)(c+dy/n). Now p = N(a+by/n)N(c+
dy/n) = (a* — nb?)(c® — nd®) by Worked-Out Exercise 2 (page 187). Hence, either (a* — nb?) = +1 or
(c® —nd?) = #£1, i.e., cither a + by/n is a unit or ¢ + dy/7 is a unit. Thus,  is irreducible.
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Exercises

IS o

Show that in the integral domain Z[i\/g], 2 +44/5 is an irreducible element, but not a prime element.
Show that 2 — i, 1 + ¢, and 11 are irreducible elements in Z[¢].

In Z[iv/5], show that 3 is not a prime element.

In Zj2, show that [3] is a prime element, but is not irreducible.

Is the polynomial * + [1] irreducible in Zz[z]?

Let T be the set of all sequences {an} of elements of Z. Prove the following.

(i) T is an integral domain with respect to addition and multiplication defined by for all {an}, {bn} € T,

{an} + {bn} {an + bn}
{an} - {bn} = {cn}, where ¢, = 37" Gibn_i.

(it) To = {{an} € T'| a; = 0 for all but a finite number of indices} is a subring with identity.

(iii) The element (1,1,0,...) is a unit in 7', but not in Tp.

(iv) (2,3,1,0,0,...) is irreducible in T, but not in Tp.

Let R be an integral domain. Show that (i) every associate of an irreducible element in R is irreducible

and (ii) every associate of a prime element in R is prime.

In Z[i], show that 3 is a prime element, but 5 is not a prime element.

9. What are the prime elements of Zg? Are they irreducible?

10.
11.
12.

In Z[i], if a4 bi is an element such that a?+b? is a prime integer, then show that a+bi is a prime element.
Let a+biv/3 € Z[iv/3]. If a®> 4+ 3b is a prime integer, show that a-+biv/3 is an irreducible element in Z[iv/3].
In the following exercises, write the proof if the statement is true; otherwise, give a counterexample.

i) 13 is an irreducible element in Z[i].

ii) Every prime element of Z is also a prime element of Z[i].

(

(

(iii) In Zss, every prime element is an irreducible element.

(iv) In Z[3], a + bi is a prime element if and only if a — bi is a prime element.
(

v) In a PID R, if p and q are two prime elements such that p | g, then p and ¢ are associates.
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Chapter 13

Unique Factorization Domains

13.1 Unique Factorization Domains

In this section, we study those integral domains in which an analogue of the fundamental theorem of arithmetic
holds.

Definition 13.1.1 A nonzero nonunit element a of an integral domain D is said to have a factorization if a
can be expressed as

a =PpipP2- - Pn,
where p1,p2,...,pn are irreducible elements of D. The expression pipz2 - - - pn is called a factorization of a.

An integral domain D is called a factorization domain (FD) if every nonzero nonunit element has a
factorization.

In Chapter 15, we saw that in an integral domain D every nonzero element a € D is always divisible by the
associates of a and the units of D. These are called the trivial factors of a. All other factors (if any) of a are
called nontrivial. For example, 42 and 43 are nontrivial factors of 6 in Z. In the following lemma, we show
that a nonzero nonunit element that has no factorization as a product of irreducible elements can be expressed
as a product of any number of nontrivial factors.

Lemma 13.1.2 Let D be an integral domain. Let a be a nonzero nonunit element of D such that a does not
have a factorization. Then for every positive integer n, there exist nontrivial factors ai,az,...,an € D of a such
that a = a1az -+ - an.

Proof. By the hypothesis, a is not irreducible. Therefore, a = a1b1, where a1, b1 € D are nontrivial factors
of a. At least one of a; or by does not have a factorization; otherwise the factorization of a1 and b; put together
produces a factorization of a. Suppose a1 does not have a factorization. Then a; is a nonzero nonunit element
and ay is not irreducible. There exist nontrivial factors az, b2 € D of a1 such that a1 = azb2. Then a = a2b2b;.
Now at least one of as or by does not have a factorization. If a2 does not have a factorization, we repeat the
above process with a2. Proceeding this way, we can find nontrivial factors ai,az2,...,a, € D of a such that
a=aiaz---a,. N

Theorem 13.1.3 Let D be an integral domain with a function N : D\{0} — Z# such that for all a,b €
D\{0}, N(ab) > N(b), where equality holds if and only if a is a unit. Then D is a FD.

Proof. Suppose D contains a nonzero nonunit element a such that a does not have a factorization. Now
N(a) € Z#. Let N(a) = n. By Lemma 13.1.2, a can be expressed as a product of n + 2 nontrivial factors
ai,az,...,an4+2 € D. Then a = ajaz - - - any2 and

n

> N(az---any2) (since a; is not a unit)
> N(ag«--an+2)

> N(a4---an+2)

> N(ant1an+2)

> N(an+2).

199
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This shows that there exist at least n+ 1 distinct nonnegative integers strictly less than n, a contradiction. Thus,
DisaFD. m

Example 13.1.4 Consider the integral domain Z[i]. Define
N : Z[i\{0} — Z*

by N(a +bi) = a® +b* for all a +bi € Z[i]. It is easy to verify that a + bi is a unit if and only if N(a + bi) = 1.
Let a + bi, ¢ + di be two nonzero elements of Z[i]. Then N((a + bi)(c + di)) = N((ac — bd) + (ad + bc)i) =
(ac — bd)? + (ad + bc)? = (a® + V*)(? 4+ d*) > (® + d®) = N(c + di), where the equality holds if and only if
N(a+ bi) is a unit. Hence, Z[i] is a FD.

Definition 13.1.5 An integral domain D is said to satisfy the ascending chain condition for principal
ideals (ACCP), if for each sequence of principal ideals, {a1), {(az2), {as),... such that

(a1) C {az) C(az) C---,

there exists a positive integer n (depending on the sequence) such that {a,) = {(a¢) for all t > n.

Lemma 13.1.6 Fvery principal ideal domain D satisfies the ACCP.

Proof. Let (a1) C (a2) C (a3) C --- be a chain of principal ideals in D. It can be easily verified that
I = Uien{a;) is an ideal of D. Since D is a PID, there exists an element a € D such that I = (a). Hence,
a € (an) for some positive integer n. Then I C (a,) C I. Therefore, I = (a,). For t > n, (a:) CI = (an) C {as).
Thus, {(an) = (a:) for allt > n. m

Theorem 13.1.7 An integral domain D with the ACCP is a FD.

Proof. Suppose D is not a FD. Then there exists a nonzero nonunit element a such that a does not have a
factorization. Thus, a is not irreducible and so a = a1b1, where a1,b1 € D are nontrivial factors of a. At least
one of a; or by must not have a factorization, otherwise the factorization of a; and b; put together will produce
a factorization of a. Suppose a1 does not have a factorization. Now a and a; are not associates. Therefore,
(a) C {(a1). Since a1 does not have a factorization, we can express a1 = asbz, where az,b2 € D are nontrivial
factors of ai1. At least one of a2 or b2 does not have a factorization. Suppose a2 does not have a factorization.
Then (a) C (a1) C (a2). We now repeat the above process with az. Thus, we find that there exists an infinite
strictly ascending chain of principal ideals in D, a contradiction. Hence, D is a FD. m

Corollary 13.1.8 FEvery PID is a FD.

Proof. The proof is immediate by Lemma 13.1.6 and Theorem 13.1.7. m

Definition 13.1.9 An integral domain D is called a unique factorization domain (UFD) if the following
two conditions hold in D :
(i) every nonzero nonunit element of D can be expressed as

a4 = PiP2 -+ Pn,
where p1, p2,...,Pn are irreducible elements of D and
(ii) if a = pip2 -+ Pn = q1G2 - - - @m are two factorizations of a as a finite product of irreducible elements of D,
then n =m and there is a permutation o of {1,2,...,n} such that p; and g,y are associates for alli =1,2,...,

n.

From the above definition, it follows that an integral domain D is a UFD if and only if D is a FD and every
nonzero nonunit element of D is uniquely expressible (apart from unit factors and order of the factors) as a finite
product of irreducible elements.

Let us first prove the following interesting property of a UFD.

Theorem 13.1.10 In a unique factorization domain, every irreducible element is prime.
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Proof. Let D be a UFD. Let p be an irreducible element of D and p | ab in D, where a,b € D. If a = 0,
then p divides a, and if b = 0, then p divides b. If a is a unit, then p divides b, and if b is a unit, then p divides
a. We now assume that a and b are nonzero and nonunits. Now ab = pc for some ¢ € D. Let d = pc = ab. Since
neither a nor b is a unit, it follows that d is not a unit. If ¢ is a unit, then d is irreducible and so either a or b
must be a unit, a contradiction. Therefore, ¢ is not a unit. Since D is a UFD, there exist irreducible elements

C1,C2y.,Cny A1, A2, ...,0Am, and b1, b2, ..., b, in D such that ¢ = cica---¢cn, a = a1a2-- - am, and b = b1ba - - - b,.
Hence, d = pcica -+ - cn = a1az - - - ambibs - - - b, are two expressions of d as a finite product of irreducible elements.
Since D is UFD, p must be an associate of one of the irreducible elements a1, a2, ..., am, b1,bs,...,b.. If one of
ai,az,...,an is an associate of p, then p | a, and if one of b1, ba, ..., b, is an associate of p, then p | b. Hence, p

is prime. W

Example 13.1.11 Consider the integral domain Z[iv/5] = {a + biv/5 | a,b € Z}. Define
N : Z[iv5)\{0} — Z*#

by
N(a+ biV5) = a® + 5b°.

We can show that a + bi/5 is a unit if and only if N(a + bzx/g) = 1. Let a + biv/5, ¢ + di"/5 be two nonzero
elements of Z[in/5]. Then N((a+biv/5)(c+div/5)) = N((ac—5bd) +i(ad +bc)v/5) = (ac— 5bd)? + 5(ad + be)? =
(a® +5b%)(c* + 5d?) > (¢* 4+ 5d*) = N((c + div/5)), where equality holds if and only if N((a+ biv/5)) =1, i.e., if
and only if a + biv/5 is a unit. Hence, Z[Z\/g] is a FD by Theorem 13.1.3. In Example 12.3.11, we showed that 3
is an irreducible element. Now 3 | (24 4v/5)(2 — iv/5). Suppose 3 | (2 +v/5). Then 2 +iv/5 = 3(m + niv/5) for
some m+ ni\/5 € Z[Z\/g] This implies 2 = 3m and 1 = 3n, which is impossible for integers m and n. Therefore,
31 (2 +iV5). Similarly, 31 (2 —iV/5). Thus, 3 is not prime in Z[iv/5]. Hence, Z[iv/5) is not a UFD by Theorem
13.1.10.

In this integral domain, we can also show that 2, 1+ iv/5, 1 — iv/5 are irreducible elements and 2 is not an
associate of any one of 14+ 1iy/5 and 1 — i7/5. Hence, 6 =2-3 = (1 +iv/5)(1 —iv/5) are two factorizations of 6,
but there does not exist any correspondence between the irreducible factors such that the corresponding elements
are associates.

Theorem 13.1.12 A factorization domain D is a UFD if and only if every irreducible element of D is a prime
element.

Proof. Suppose the factorization domain D is a UFD. Then by Theorem 13.1.10, every irreducible element
is a prime element.

Conversely, assume that every irreducible element is a prime element in the FD D. Suppose a = pip2 -+ - pn =
G192 - - - gm are two factorizations of a as a finite product of irreducible elements. Then pip2 -« pr = q1(g2 - - gm)
implies that g1 | (p1p2 -+ pn). Since ¢1 is also prime, at least one of p1, pa, ..., pn is divisible by ¢1. Let ¢1 | p1.
Now p; and g1 are both irreducible. Hence, p1 = u1q1 for some unit uy. Then wigip2---pn = q1q2 - - - gm, from
which it follows by the cancelation property that uips - pn = g2+ ¢m = q2(q3 -+ Gm). Now g2 | (u1p2 -+ pn).
Since g2 is prime, g2 does not divide u;. Hence, g2 divides one of pa, ..., pn, say, g2 | p2. Then pa = uags for some
unit uz and ui1u2g2ps -+ Pn = G2 - - - gm. Canceling g2 from this relation, we obtain uiu2ps -« pn = q3- - qm. If
n > m, then proceeding this way we find that uiuz - - UmPm+1 -+ - Pn = 1, which implies that each of ppmy1, ...,
Pn is a unit, a contradiction. If n < m, then we find that uius - - - un = gn+1 - - - gm. This implies that each of gn41,

.., ¢m divides a unit, which is again a contradiction. Thus, n = m. Also, we have shown that the corresponding
irreducible factors p;,q;, i = 1,2, ..., n, in the factorizations pips - - - pn and qiq2 - - - ¢, are associates. Hence, D
isa UFD. =

Theorem 13.1.13 Every PID is a UFD.

Proof. From Lemma 13.1.6, we find that every PID satisfies ACCP. Hence, by Theorem 13.1.7, every PID
is a FD. Also, by Theorem 12.3.12, every irreducible element is prime in a PID. Thus, by Theorem 13.1.12, it
follows that every PID is a UFD. m

By Theorem 12.1.9, every Euclidean domain is a PID and hence by Theorem 13.1.13, every Euclidean domain
is a UFD. This result is one of the important results in factorization theory. Let us prove this result independently.
First we prove the following lemma.

Lemma 13.1.14 Let E be a Euclidean domain and a,b € E. If a | b, b # 0, and a is neither a unit nor an
associate of b, then v(a) < v(b).
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Proof. Since a is not an associate of b, it follows that b | a. Hence, a = bg + r, where 7 = 0 or v(r) < v(b).
Now b = ac for some ¢ € E. This implies that r = a —bg = a — acq = a(1 — ¢q). If 1 — ¢g = 0, then ¢ is a unit
and so b is an associate of a, a contradiction. Therefore, 1 — cq # 0. Thus, v(r) = v(a(l — ¢q)) > v(a) and so
v(b) > v(a). m

Theorem 13.1.15 A Fuclidean domain E is a unique factorization domain.

Proof. Let v denote the Euclidean valuation of the Euclidean domain E. By induction on v(a), we first show
that every nonzero element a of F is either a unit or can be written as a finite product of irreducible elements. If
v(a) = v(1), then a is a unit. Assume that every nonzero element b € E is either a unit or expressible as a finite
product of irreducible elements if v(b) < v(a), where v(a) > v(1) (the induction hypothesis). If a is irreducible,
there is nothing to prove. Suppose that a is not irreducible. Then a = bec, where neither b nor c¢ is a unit. Suppose
b is an associate of a. Then b = au for some unit u € E. Thus, a = bc = auc and so 1 = uc, i.e., ¢ is a unit, a
contradiction. Therefore, b is not an associate of a. Similarly, ¢ is not an associate of a. By Lemma 13.1.14, it
now follows that v(b) < v(a) and v(c) < v(a). Thus, by our induction hypothesis, b and ¢ are expressible as a
finite product of irreducible elements of E. Hence, so is a.

The uniqueness of the factorization follows as in Theorem 13.1.12 m

From Theorem 12.1.9, we know that every Euclidean domain is a principal ideal domain. We noted in the
remark on page 187 that the converse of this result is not true. In Theorem 13.1.13, we showed that every
principal ideal domain is a unique factorization domain. The converse of this result is also not true. There is a
class of rings for which the converse is true. Call a complex number an algebraic integer if it is a root of a
monic polynomial p(z) in Z[z]. The set of all algebraic integers in a finite field extension (Chapter 24) of Q is
such a ring. However, most of these rings are not unique factorization domains. For example, the ring Z[z\/g} in
Example 13.1.11 is a ring in which there is no unique factorization. Here 6 = (1 — i1/5)(1 + iv/5) = 2- 3 are two
factorizations of 6 as a product of two irreducible elements. However, the ideal (6) has a unique (up to order)
factorization as a product of prime ideals (defined in Chapter 17), (6) = <3, 1+ Z\/5> <3, 1-— Z\/5> <2, 1+ Z\/5>2 .
As a matter of fact, the entire class of rings in question has the property that every ideal has a unique factorization
as a product of prime ideals.

Worked-Out Exercises

{ Exercise 1 Show that the integral domain Z[v/10] = {a + /10| a,b € Z} is a FD.
Solution: Define N : Z[v/10]\{0} — Z# by for all a + bv/10 € Z[v/10],

N(a+bV/10) = |a® — 106%|.

Now N(a + bv/10) = 1 if and only if |a®> — 106*| = 1 if and only if (a + bv/10)(a — by/10) = +1 if
and only if a + bv/10 is a unit. Let a + b\/ﬁ, ¢ + dv/10 be two nonzero elements of Z[\/ﬁ} Then
N((a+bV10)(c + dv10)) = |a® — 10b°| |¢* — 10d?| > |¢* — 10d°| = N((c + dv/10)), where equality holds
if and only if N((a + bv/10)) = 1, i.e., if and only if @ + by/10 is a unit. Hence, Z[v/5] is a FD by Theorem
13.1.3.

{ Exercise 2 Show that in a UFD, every nonzero nonunit has only a finite number of nonassociated nontrivial factors.
Solution: Let D be a UFD. Suppose a is a nonzero nonunit element of D. Then a can be expressed uniquely as

1,72 Tk
G =Py P2 "Pr >

.o . .. . t
where p1,pa, ..., pr are distinct primes and r1, 72, ..., r, are positive integers. Let d = p’ilp;z -+ p¥, where

0<t <riyi=12 ..., k. Then d is a divisor of a. Now suppose d is any divisor of a¢ and d is a
nonunit. Then d can be expressed uniquely as d = qilqé2 -..gtm where q1,q2,...,qm are distinct primes
and t1,t2,...,ts, are positive integers. Since d | a, for all i = 1,2, ..., m, qfi | p;j for some j, 1 < j < k.
Then ¢; | p;j and so ¢; | p;j. Therefore, ¢; is an associate of p;. Also, we find that ¢; < r;. Thus, d is
an associate of plllplz2 - -pgﬂ 0<1Il; <mryi=12,...,k Consequently, a has only a finite number of
nonassociated nontrivial divisors.

¢ Exercise 3 Let R = {ao + a1z + -+ anz™ € Q] | ap € Z, n € Z*#}. Show that R is not a UFD.

Solution: Clearly R is a subring of Q[z] and R contains 1. Hence, R is an integral domain. Now any unit of R is also
a unit of Q[z]. In Q[z], the units are the nonzero elements of Q. Since RN Q = Z, it follows that 1 and —1
are the only units of R. For any nonnegative integer n, 2%;18 € R and %x is not an associate of %m when
n # m. Now & = 2" (=) shows that sz is a divisor of 2. Hence,  has infinite number of nontrivial
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{ Exercise 4
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divisors in R. If R is a UFD, then x cannot have an infinite number of nontrivial divisors. Thus, R is not
a UFD.

In a UFD, show that the gcd of any two nonzero elements exists.

Solution: Let R be a UFD and a, b be nonzero elements of R. If one of a or b is a unit, then ged(a,b) = 1. Suppose
a and b are nonunits. Then a can be expressed uniquely as
a=pi'py? Py
where pi,pa,...,pr are irreducible elements such that p; is not an associate of p; when i # j and
t1,t2,...,t, are positive integers. Similarly, b can be expressed uniquely (up to associates) as
b=aq'e® ",
where q1, g2, . .., qn are irreducible and r1,r2,...,7, are positive integers. Now if g; is not an associate of
any of pi1,...,pk, then we write a = pil pzk -¢?. Next if g2 is not an associate of any of p1,pz, ..., Pk,
then we write a = ptllpg2 «««pi’“q?qg. But, if ¢2 is an associate of one of p1,pe,...,pr, then skip g2 and
consider gs. Continue the process for gs, ..., g,. We do the same thing for b. So we can write
a = uMul?eulr
b = ulllul22 ceulbm
where ui,u2,...,un, are irreducible elements such that wu; is not an associate of u; when ¢ # j and
N1,N2, ..., Nm, l1,l2,...,ln are nonnegative integers. Let d = u’flugz «ufm where ky = min{n;,l; },
it =1,2,...,m. Then d | a and d | b. Let ¢ | a and ¢ | b, ¢ € R. Since any irreducible divisor of ¢ is an
associate of one of u1,us, ..., un, it follows that ¢ must be of the form
c=uMub? . oulm
where h; > 0, and h; < n;, hy <l;, i =1,2,...,m. Thus, h; < ki, ¢ = 1,2,...,m. Hence, ¢ | d. Thus,
d = ged(a,b).
Exercises
1. Show that Z satisfies the ACCP.
2. If the integral domain R satisfies the ACCP, prove that the polynomial ring R[z] satisfies the ACCP.
3. Prove that an integral domain D is a UFD if and only if D satisfies the ACCP and every irreducible
element is prime in D.
4. Show that the integral domains Z[iv/6], Z[iv/7], and Z[iv/10] are factorization domains, but not unique
factorization domains.
5. Let a,b be two nonzero elements of a UFD D. If ged(a,b) =1 and a | ¢, b | ¢, prove that ab | ¢ in D, where
ceD.
6. For the following statements, write the proof if the statement is true; otherwise, give a counterexample.

(i) Any subring of a UFD with identity is also a UFD.
(ii) 1 and —1 are the only units of a UFD.

13.2 Factorization of Polynomials over a UFD

In this section, we show that every polynomial of degree > 1 over a UFD R can be uniquely expressed as a
product of irreducible polynomials over R.

Definition 13.2.1 Let f(z) = ao+ai1x+---+anx™ be a nonzero polynomial in R[z]. Then the ged{ao,a1,...,an}
is called the content of f(z).

It is known that the ged of {ao, a1, ..., a,} is not unique. If v and v are two ged’s of {ao, a1,...,an}, then u
and v are associates. Hence, if ¢; and c2 are two contents of f(:c), then c¢; and c2 are associates and any associate
of ¢; is also a content of f(z). If a and b are two elements of R such that a is an associate of b, then we write

a~b.

The content of f(z) is denoted by cont f(z).
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Definition 13.2.2 A nonzero polynomial f(z) € R[z] is called a primitive polynomial if contf(x) is a unit.

Lemma 13.2.3 Let R be a UFD. Let f(z) and g(x) be two primitive polynomials in R[z]. Then f(x)g(z) is also
a primitive polynomial in R|x].

Proof. Let f(z) = ap+ai1z+- - -+anz™ and g(z) = bo+biz+- - -+ bpz™. Let ¢f ~cont f(z) and ¢y ~contg(z).
Since f(z) and g(z) are primitive, ¢y and ¢y are unit elements in R. Suppose that f(z)g(z) is not a primitive
polynomial. Let f(x)g(x) = co+ciz+---+cotmx™ ™, where co = aobo, c1 = aobi +aibo, ..., c; = 23:0 ajbi—j,
where a; =01if j > n, and b;—; = 0 if ¢ — j > m. Now cont f(z)g(x) is not a unit. Let p be a prime element in R
such that p divides cont f(x)g(z). Then p divides ¢; for all 4 = 0,1,...,n 4+ m. Since ¢y and ¢4 are unit elements,
p does not divide each of ap,a1,...,a, and also p does not divide each of bg, b1, ...,bm. Let t be the smallest
nonnegative integer such that p does not divide a;. Then p divides a;, for ¢ = 0,1,...,t—1, and p does not divide
a¢. Similarly, let r be the smallest nonnegative integer such that p does not divide b,.. Then p divides b;, for
j7=0,1,...,7r — 1, and p does not divide b,. Therefore, p does not divide a+b,. Now ct4r = aobt4r+ a1btyr—1+
<o+ at—1bry1+ arby + arp1br—14 -+ + at4rbo, where b; = 0 if ¢ > m and a; = 0 if ¢ > n. Now p divides a;,
for i =0,1,...,t — 1, p divides b;, for j = 0,1,...,r — 1, and p divides ciy,. Hence, p divides a:b,, which is a
contradiction. Thus, cont f(z)g(x) is a unit and so f(z)g(x) is a primitive polynomial. m

Example 13.2.4 In Z[z], 62% + 3z — 9 = 3(22% + = — 3). Hence, 6z + 3z — 9 is not a primitive polynomial.
But 2z + = — 3 is a primitive polynomial.

Theorem 13.2.5 Let R be a UFD. Let f(x) and g(x) be two nonzero polynomials in R[z]. Then there exists a
unit u € R such that
cont(f(x)g(x)) = ucontf(x)contg(x).

Proof. Let ¢y denote contf(z) and ¢4 denote contg(x). Then f(z) = cyfi(z) and g(z) = cgg1(x), where
fi(z) and ¢1(x) are primitive polynomials in R[x]. Now cont(f(x)g(z)) and cont(cscq f1(x)g1(2)) are associates.
Since crey is a nonzero element of R, it follows that

cont(creg f1(x)g1(z))

and
cyegeont(fi(z)gr ()
are associates. By Lemma 13.2.3, cont(f1(z)g1(x)) is a unit. Hence,

cont(f(z)g(x)) = ucsey

for some unit u. ®

It is known that the polynomial ring F[z] over a field F' is a Euclidean domain, and hence a unique factor-
ization domain. To take advantage of this result, let us extend an integral domain R to its quotient field Q(R)
and establish the relationship between elements of Q(R)[z] and Rlx].

In the remainder of the section, we let Q(R) denote the quotient field of R.

Lemma 13.2.6 Let R be a UFD. If f(z) is a nonzero polynomial in Q(R)[x], then there exist nonzero elements
a,b € R and a primitive polynomial fi(z) in Rlx] such that f(z) = ab™* fi(x), where b= is the inverse of b in
Q(R)[x].

Proof. Let f(z) =co+ciz+---+cnz™ € Q(R)[z] be a nonzero polynomial. Then ¢; € Q(R),i=0,1,...,n.
Therefore, there exist a;,b; € R such that ¢; = a;b; ', b; #0,3=0,1,...,n. Now f(x) = aoby* +arby 'z +---+
anb;tz™. Let b = bgby - - - by. Then

bf(ac) = agpby -+ - bp +aibobs - - -bpxr + -+ + anboby - - - bnflacn S R[m]
Clearly bf(z) is nonzero. Let a = cont(bf(x)). Then bf(x) = afi(z), where cont fi(x) is a unit and fi(z) € R[z].
Hence, f(z) = b~ afi(x), where b,a € R and fi(z) is a primitive polynomial in R[z]. m
Lemma 13.2.7 Let R be a UFD. Let f(x) be a nonzero polynomial in R[x]. If f(z) = di fr(z) = daf2(x), where
fi(z) and fa(z) are primitive polynomials in R[z] and di,d2 € Q(R), then di = udz for some unit u € R.

Proof. Since di,d> € Q(R), we can write di = ab™' and da = cd™'for some a,b,c,d € R. Thus, f(z) =
ab™ ! fi(x) = cd™ ' fo(x). This implies that adfi(z) = cbfa(x). Since fi(x) and fo(x) are primitive, ad = ucb for
some unit v € R by Theorem 13.2.5. Thus, d1 = ab™' =ued ™! =uds. =
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Lemma 13.2.8 Let R be a UFD. Let f(z) be a nonconstant primitive polynomial in R[z]. Then f(z) is irreducible
in Rlz] if and only if f(z) is irreducible in Q(R)[z].

Proof. Suppose f(z) is irreducible in R[z] and f(z) is not irreducible in Q(R)[z]. Then there exist h(z), g(z) €
Q(R)[x] such that f(z) = h(z)g(z), degh(x) > 1, and deg g(z) > 1. By Lemma 13.2.6, there exist a,b,c,d € R
with b # 0, d # 0, and primitive polynomials hi(z), gi(z) € R[z] such that h(x) = ab~'hi(x) and g(z) =
cd g1 (z). Hence, f(z) = ab~'cd *hi(x)gi(x). This implies that bdf(x) = achi(x)g1(x). Now f(zx) is primitive
and so contf(z) is a unit. Thus, cont(bdf(x)) = bdu for some unit u. Now

cont(achi(z)gi(x)) = wac cont(hi(xz)g:(z)) for some unit v € R
= wac cont(hi(z)) cont(gi(x)) for some unit v; € R
= wiacvevs for some units ve,vs € R.

Hence, bd = acw for some unit w € R. Thus, f(z) = whi(x)g1(z) for some unit w € R. This shows that f(z) is
not irreducible in R[z], which is a contradiction. Therefore, f(z) is irreducible in Q(R)[z]. Conversely, let f(z)
be irreducible in Q(R)[z]. Suppose f(x) is reducible in R[z]. Now f(z) = rg(x), where r € R and r is a not a unit
is impossible since f(z) is primitive. Thus, there exist polynomials fi(z), f2(z) in R[z] such that deg fi(z) > 1,
deg fo(z) > 1, and f(x) = fi(x)fz2(x). Now fi(z) and f2(x) are also nonconstant polynomials in Q(R)[z]. Hence,
f(z) is not irreducible in Q(R)[z], a contradiction. Consequently, f(x) is irreducible in R[z]. m

Example 13.2.9 Consider the polynomial 4z + 4 in Q[z]. Now 4z +4 = 4(x + 1). 4 is a unit in Q[z] and x + 1
is irreducible in Q[x]. Hence, 4x + 4 is irreducible in Q[z]. But 4 is not a unit in Z[z]. Hence, 4x + 4 is not
irreducible in Z[x]. Also, 3 is irreducible in Z[z], but 3 is not irreducible in Q[z].

We are now in a position to prove our main result of this section. Before proving this theorem, let us recall
the following assertions concerning the polynomial ring R[z]| so that we can enjoy the beauty and depth of this
theorem.

(i) If R is a commutative ring with 1, then R[x] is a commutative ring with 1.

(ii) If R is an integral domain, then R[z] is an integral domain.

(iii) If R is a field, then R[] is not a field, but R[z] is a Euclidean domain.

(iv) If R is a PID, then R[z] may not be a PID.

Theorem 13.2.10 Let R be a UFD. Then R[z| is a UFD.

Proof. Let f(z) be a polynomial of degree n > 1. Let f(z) = ¢y fi(z), where ¢y is a content of f(z) and
fi(z) is a primitive polynomial in R[z]. Now Q(R)[z] is a UFD and fi(z) € R[z] C Q(R)[z]. Therefore, there
exist irreducible polynomials ¢1(z), g2(), .. ., gr(z) in Q(R)[z] such that fi(z) = gi1(x)g2(z) - - - g-(z). By Lemma
13.2.7, gi(2) = aib; *hi(x), ai,b; € R, b; # 0, and h;(z) is a primitive polynomial in R[z], i = 1,2,...,r. Also,
by Lemma 13.2.8, h;(z) is irreducible in R[z], i = 1,2,...,r. Hence,

fi(@) =araz - anby by by tha (@) - he ().
Let a = aiaz - --ar and b = bibz - - - by. Then
bf1(z) = ahi(x) - hr(z). (13.1)
By Lemma 13.2.3, h1(z) - - - h,(z) is primitive. This implies that a = ub for some unit u € R and so
fi(z) = uhi(z) - - - he(z).

This shows that

f(@) =ucphi(x) - he(x). (13.2)
Since an associate of an irreducible polynomial is also an irreducible polynomial, it follows that whi(z) is irre-
ducible. Thus, for any polynomial f(z) of degree > 1, there exist irreducible polynomials g1 (z), ..., gx(z) in R[z]
such that

f(@) = crgi(@) - - gr(),
where ¢y = contf(x). If ¢f is not a unit, then there exist irreducible elements a1, as, ..., a; € R such that
f(z) =ara2---arg1(z) - - - gi(x). (13.3)

Suppose now that

f(@) =a1az2---arg1 () -+ - ge(x) = biba - - biha(x) - - - hy(x), (13.4)
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where a;,b; are irreducible elements in R, ¢ =1,...,¢, j=1,...,l and

g1(2), ..., gx(x), hi(z),..., he(x)

are irreducible elements in R[x]. Now aiasz ---a¢ and b1bs - - - by are two factorizations as a product of irreducible
elements in R of c¢g. Therefore, by (13.4)

91(x) -~ gr(2) = dhn(z) - - - hy(2), (13.5)

where d is a unit in R. Now ¢1(z), ..., gx(x), h1(z),..., hqe(z) are primitive and irreducible in R[z]. Hence, these
polynomials are also irreducible in Q(R)[z]. Since Q(R)[z] is a UFD, Eq. (13.5) implies that k = ¢ and there exists
a one-one correspondence between {g1(z), ..., gx(x)} and {hi1(z),..., he(x)} such that the corresponding factors
are associates in Q(R)[z] and hence by Lemma 13.2.7, they are also associates in R[z]. Thus, the factorization
(13.4) of f(z) in R[z] is unique. Consequently, R[z] is a UFD. m

Corollary 13.2.11 Let R be a UFD. The polynomial ring R[x1,...,%n] is a UFD. &

We see that the polynomial ring F[z,y] is a unique factorization domain. However, F[z, y] is not a Euclidean
domain. This can be verified by showing that F[z,y] is not a principal ideal ring. We ask the reader to show in
the exercises that the ideal (z,y) in F|z,y] is not a principal ideal.

As shown in Example 13.1.11, Z[i1/5] is not a UFD. Thus, even though the polynomial ring F[z] is a unique
factorization domain, a ring of the form Flc] need not be one. Thus, the homomorphic image of a unique
factorization domain need not be a unique factorization domain.

Worked-Out Exercises

{ Exercise 1 Let f(z) be a nonzero polynomial in Z[z]. Show that f(z) can be expressed as a product of two polynomials
g(z) and h(z) of Q[z] with degg(z) < deg f(z) and degh(z) < deg f(z) if and only if there exist gi(x),
hi(z) € Z[z] such that degg(x) = deggi(x), deg h(x) = deghi(z), and f(z) = gi(x)h1(z).

Solution: Suppose there exist g(z) and h(z) in Q[z] with degg(z) < deg f(z), degh(x) < deg f(z), and f(z) =
g(z)h(z). There exist nonzero elements a,b, c,d € Z and primitive polynomials g2(z), he(z) € Z[z] such
that g(z) = ab™'g2(x) and h(x) = cd"'ha(x) by Lemma 13.2.6. Hence, f(x) = ab~*cd ' g2(z)ha(x). This
implies that bdf(xz) = acga(z)hz(x). Let di be the content of f(x). Then we can write f(z) = difi(z),
where f1(z) is a primitive polynomial in Z[z]. Hence, bdd; f1(x) = acgz(x)ha(z). Now ga2(z)hz(x) is also a
primitive polynomial. Then bdd; = uac for some unit w € Z. This implies bdd; = ac or bdd; = —ac. Hence,
fi(x) = g2(x)ha(z) or fi(z) = —ga(z)h2(x). Let gi(z) = digz(x). Now f(z) = difi(z) = diga(z)h2(z) =
g1(z)h1(z), where hy(z) = ha(z) or f(z) = di fi(z) = —dig2(x)h2(x) = g1(x)hi(x), where hi(z) = —ha(x).
Also, from the construction, it follows that deg g2(z) = degg1(z) = degg(z) < deg f(z) and degha(z) =
deg h1(z) = deg h(z) < deg f(z). The converse is trivial.

& Exercise 2 Show that Z[z] is a UFD, but not a PID.

Solution: Since Z is a UFD, Z[z] is a UFD by Theorem 13.2.10. (By Corollary 12.1.11, Z[z] is not a PID. However,
here we want to show that Z[z] is not a PID by showing the existence of ideals in Z[z], which are not
principal.) Consider

I'=(z)+(n),

where n € Z, n ¢ {0,1,—1}. We claim that I is not a principal ideal. Suppose I = (f(x)), where
f(z) € Z[z]. Then (n) C (f(x)). Therefore, n = f(x)g(z) for some g(z) € Z. Since degn = 0, deg f(z) =0
and hence f(z) € Z. Let f(z) =a € Z. Now (z) C (a). Then x = ah(z) for some h(x) € Z[z]. Again by a
degree argument, deg h(z) = 1. Let h(z) = ap+aix, where ag, a1 € Z, a1 # 0. Then z = a(ao+a1z). Hence,
1=uaai € (a) = = (z) + (n). Thus, 1 = zs(x) + nt(x) for some s(x),t(x) € Z[z]. Let t(x) = to + trz+
-+« +tra". Then by comparing coefficients in 1 = zs(x) + nt(z), we get 1 = nto. Hence, n divides 1, which
is a contradiction. Therefore, I is not a principal ideal.

Exercises

1. Let f(z) € Z[x] be irreducible. Prove that f(z) is primitive.

2. Let f(z) be a nonconstant primitive polynomial in Z[z]. Prove that if f(z) is not irreducible in Q[z], then
f(x) is not irreducible in Z[z].

3. Show that the polynomial ring Q[z,y] is a UFD, but not a PID.

4. Let R be a UFD. Let f(z) be a primitive polynomial in R[z]. Show that any nonconstant divisor of f(z)
is also a primitive polynomial.
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13.3 Irreducibility of Polynomials

In the previous section, we proved that any polynomial of degree > 1 over a UFD can be expressed as a product
of irreducible polynomials. Thus, irreducible polynomials play an important role in polynomial rings. But it
is not always easy to determine if a polynomial is irreducible over a UFD. In this section, we establish some
criteria for irreducibility of polynomials. We first note that any polynomial of degree 1 over a field F' is always
irreducible. If f(x) = az + b € F[z] with a # 0, then © = —a™'b is a oot of f(x) in F. In this connection, let us
point out that a linear polynomial over a UFD D may not be irreducible in D[z]. For example 2z +4 = 2(z + 2)
is not irreducible in Z[z]. We now consider polynomials of degree 2 and 3. For these polynomials, we can apply
the following test to check irreducibility. Let F' denote a field.

Theorem 13.3.1 Let f(z) € Flz] be a polynomial of degree 2 or 3. Then f(z) is irreducible over F if and only
if f(x) has no roots in F.

Proof. Suppose that deg f(z) = 3 and f(z) is irreducible. If f(z) has a root in F, say a, then z — a
divides f(x) in F[z] and so f(xz) is reducible over F. Conversely, suppose f(z) has no roots in F. Assume that
f(z) is reducible. Then f(z) = g(z)h(z) for some g(z), h(z) € Flx], degg(xz) > 1 and degh(x) > 1. Now
deg(g(x)h(z)) = 3. Therefore, either degg(z) = 1 and degh(xz) = 2 or degh(z) = 1 and degg(z) = 2. To be
specific, let deg g(x) = 1 and degh(x) = 2. Then g(x) = ax + b for some a,b € F, a # 0. Now —a"'b € F and
g(—a™'b) = 0. Thus, —a"'b is a root of g(x) and hence —a™'b is a root of f(z) in F. This is a contradiction to
our assumption that f(z) has no roots in F. Hence, f(z) is irreducible over F. A similar argument can be used
for the case when deg f(z) =2. =

Example 13.3.2 (i) Let f(x) = 2% +x + [1] € Za[z]. Now
F([0]) = [0]* + [0] + [1] # [0],

F(]) = [ + (1] + [1] = [1] # [0].
Hence, f(x) has no roots in Zo. Thus, by Theorem 13.3.1, f(x) is irreducible over Zs.
(ii) Let g(z) = x® + [2)x + [1] € Zs[z]. Now

g([0]) = [01° + [2][0] + 1] # [0],
g([1) = [1° + [2)1] + [1] = [4] = [1] # [0],

and
g([2]) = [2° + [2][2] + [1] = [13] = [1] # [0].
Hence, g(x) has no roots in Zs. Thus, by Theorem 13.3.1, g(x) is irreducible over Zs.

Instead of considering polynomials over an arbitrary field, let us now consider polynomials over the field Q
of all rational numbers. By Lemma 13.2.8, a nonconstant primitive polynomial f(z) € Z[x] is irreducible in Q[z]
if and only if f(z) is irreducible in Z[z]. It is not difficult to decide whether or not a polynomial is primitive. In
order to decide whether or not f(z) is irreducible, we sometimes consider the corresponding polynomial in Z,[x]
for some prime p.

Theorem 13.3.3 Let f(x) = ao+a1x+---+a,x" € Zz] be of degree n > 1. If there exists a prime p such that
f(x) =lao] + [ar]x+ - -+ [an]a™ is irreducible in Zy[z] and deg f(x) = deg f(x), then f(x) is irreducible in Q[z].

Proof. Suppose f(z) satisfies the given conditions of the theorem for some prime p. Suppose f(z) is reducible
in Q[z]. Then there exist polynomials g(z) = bo + b1z + --- + bpa™ and h(z) = co + a1z + -+ + cpa”® in
Zlz], 0 < m < n, 0 < k < n such that f(x) = g(z)h(z) by Worked-Out Exercise 1 (page 206). Thus,
[ao] + [ar]z + -+ + [an]a™ = ([bo] + (o] + -+ [bm]2™) ([co]+ [ex]w + -+ + [ex]a™). Since deg f(x) = deg f(z) =
n =k + m, it follows that [by][ck] # 0 in Z,. Hence, [by] # [0] and [cx] # [0]. Consequently, g(z) and h(z) are
nonconstant polynomials in Z,[z]. Since the units of Z,[z] are the nonzero elements of Z,, it follows that g(z)
and h(x) are nonunits. Therefore, f(z) is not irreducible in Zy[z], a contradiction. Hence, f(z) is irreducible in

Q[z]. =

Example 13.3.4 Consider the polynomial f(z) = 22° — Lz + 1 in Q[z]. Then 14f(z) = 102® — Tz + 14. Let

fi(z) =102° — Tz +14. Now in Zs[x], fi(z) = [10]2® — [7]z + [14] = 2° — x4 [2]. Since f1([0]) = [2], f([1]) = [2],
F1([2]) = [21° — [2] + [2] = [2], it follows that fi(x) has no root in Zs[z]. As a result 14f(z) is irreducible in Q[x].
But 14 is a unit in Q[z]. Hence, f(x) is irreducible in Qx].
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Let f(z) € Q[z] and deg f(z) > 2. If f(z) has a root in Q, then f(z) is reducible. The following theorem will
help us to see whether a polynomial f(z) € Q[z] has a root in Q.

Theorem 13.3.5 Let f(z) = ao + a1z + -+ + anx” € Z[z] be of degree n and ao # 0. Let 2 € Q be a root of
f(x), where u and v are relatively prime. Then

u|ag and v | an.

Proof. Since % is a root of f(z),
u u u
0 = —) = — .o nl— n,
fG)=ao+ai- - +an(o)

Thus,
—1 —1
0=aov" +a1w" ™ + -+ an_1u" v+ azu”.

Hence,

n—2

1 1
v(apv™ " 4+ a1uv +Fan_u" ) = —azu”.

This implies that v | a,u”. Since uw and v are relatively prime, v | a,. Similarly, u | ap. =

Example 13.3.6 Let f(z) =22 — Tz +1 and £ € Q be a root of f(z) with ged(u,v) =1. Then u |1 and v | 2.
Hence, uw = +1 and v = £1, +2. This implies that * = +1,4+1. Now f(1) #0, f(—=1) #0, f(3) =1 —Z+1#0,
and f(—3) = —3+2+1#0. So we find that f(z) has no root in Q. Thus, by Theorem 13.3.1, f(z) is irreducible
in Qlz]. Since f(z)is primitive, f(z) is also irreducible in Z[x].

Let us now give another criterion for irreducibility. This famous criterion is known as Eisenstein’s irreducibil-
ity criterion.

Theorem 13.3.7 (Eisenstein’s Irreducibility Criterion) Let D be a UFD and Q(D) be its quotient field.
Let

f()=ao+aix+ -+ anz”
be a nonconstant polynomial in D[z]. Suppose that D contains a prime p such that
(i)plai,i=0,1,...,n—1,
(ii) pt an, and
(iii) p* 1 ao.
Then f(z) is irreducible in Q(D)[x].

Proof. Case 1. f(x) is a primitive polynomial in D[z]. Under this assumption, if we can show that f(x) is
irreducible in D[z], then by Lemma 13.2.8, it will follow that f(xz) is irreducible in Q(D)|z]. Suppose that f(z)
is not irreducible in D[z]. Then there exist polynomials

bo + b1z + - - - + byt
k

g9(x)
h(z) = cot+az+- - +cx

in D[z] such that f(x) = g(x)h(z) and g(z) and h(z) are nonunits in D[z]. Now n = ¢t + k. If ¢ = 0, then
g(x) = bo, a nonunit element of D. Thus, f(z) = boh(z) implies that f(z) is not primitive. Therefore, ¢ # 0.
Similarly, k # 0. Hence, 0 < t < n and 0 < k < n. Now from f(x) = g(x)h(x), we find that ag = boco. Since p
is a prime such that p | ap and p® { ao, it follows that p divides one of bg, co, but not both. Suppose p | by and
p1co. Since p 1 an and a, = beck, p1b: and p 1 ck. Thus, p | bo and p 1 bs. Let m be the smallest positive integer
such that p t by,. Then p | b; for 0 <4 < m < t. Now considering the coefficient of 2™ in f(z) and g(z)h(z), it
follows that
am = boCm + b1Cm—1+ -+ bm_1c1 + bmco.

Since p | b;, 0 < i < m, we find that p | (@m — bmco). Since m <t < n, p| am. Hence, p | bmco and so p | by, or
p | co since p is prime. This is a contradiction. Therefore, f(z) is irreducible in D[z] and hence in Q(D)[z].

Case 2. f(z) is not a primitive polynomial in D[z]. Let d = gcd{ao, a1,...,an} in D. Then f(x) = df1(z),
where fi(x) is a primitive polynomial in D[z]. Let fi(z) = do + diz + -+ + dnz™. Then a; = dd;, for all i =
1,2,...,n. Since p does not divide a,, p does not divide d. Therefore, it now follows that p | d;, ¢ = 0,1,...,n—1,
p {1 dy and p* {do. Thus, by Case 1, fi(zx) is irreducible in Q(D)[x]. Now d is a unit in Q(D). Hence, f(z) is
irreducible in Q(D)[z]. =
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Corollary 13.3.8 Let D be a UFD and f(xz) = ao + a1z + -+ - + anz™ be a nonconstant primitive polynomial in
Dlz]. Suppose that D contains a prime p such that

(i)plai,i=0,1,...,n—1,

(i) pt an, and

(iii) p* 1 ao.

Then f(z) is irreducible in D[z]. m

Corollary 13.3.9 Let f(z) = ao+a1z+---+anz™ be a nonconstant polynomial in Z[x]. If there exists a prime
p such that

(i)plai,i=0,1,....,n—1,

(ii) pt an, and

(i) p* § ao,

then f(x) is irreducible in Q[z]. m

Corollary 13.3.10 The cyclotomic polynomsial

-1 P —1
¢p(m):1+l’+"'+$p :ﬁ

is irreducible in Z[z], where p is a prime.
Proof. Since the content of ¢, (z) is 1, we find that ¢,(z) is a primitive polynomial. Suppose ¢,(x) is not

irreducible in Z[z]. Then there exist nontrivial factors h(x) and g(x) of ¢,(x) such that ¢,(x) = h(z)g(z). This
implies that ¢,(z + 1) = h(z + 1)g(z + 1) is a nontrivial factorization of ¢, (z + 1). However,

_ (z+1)P—1
P +1) = Gt

aP+paP 1t (D)2’ 4 4pa

p+-+ (P)xxi*1 4ot prP 4Pt

3

is clearly irreducible by Eisenstein’s criterion. Hence, ¢, (x) is irreducible in Z[z].
]

Gauss is said to have placed Eisenstein at the same mathematical level as Newton and Archimedes. However,
Fisenstein’s influence on mathematics is considered to be small in comparison to that of the giants of mathematics.

Worked-Out Exercises
$ Exercise 1 Show that f(x) = 2® + [2]z + [4] is irreducible in Zs[z].

Solution: f([0]) = [4], f([1]) = [7] = [2], f([2]) = [3]+[4]+[4] = [1], F([3]) = [2]+[1]+[4] = [2], F([4]) = [4]+[3] +[4] =
[1]. Hence, f(x) has no roots in Zs. Thus, by Theorem 13.3.1, f(x) is irreducible in Zs[x].

& Exercise 2 Let f(z) = 2° +2® + 1 € Z[z]. Show that f(x) is irreducible over Q.

Solution: Now f(x+1) = 2% +62° +152* + 212% 41822 + 92 + 3. Let p = 3. Then by Eisenstein’s criterion, f(z -+ 1)
is irreducible over Q. Hence, f(z) is irreducible over Q.

¢ Exercise 3 Show that f(z) = 2* — 52% + 2 + 1 is irreducible in Z[z].

Solution: Let us first show that f(z) is irreducible in Q[z]. If f(z) has a linear factor, then f(x) has a root in Q. Let
% (a,b are relatively prime) be a root of f(x) in Q. Then b | 1 and a | 1 by Theorem 13.3.5. Hence, ¢ =1
or —1.But f1)=1-5+141=-2#0and f(—1) =1—-5—1+1= —4 # 0. Therefore, f(z) has no
linear factors in Q[z]. Let f(z) = (2 + az + b)(x? + cx + d) in Z[z]. Equating coefficients of powers of x,
we find that

ct+a=0,d+b+ac=-5, ad+bc=1, bd=1.

Now bd = 1 implies that either b =d =1 or b = d = —1. Suppose b = d = 1. Then a + ¢ = 1. But we
also have a + ¢ = 0, a contradiction. Suppose b = d = —1. Then ad + bc = 1 implies that a + ¢ = —1.
Thus, a + ¢ = —1 and a + ¢ = 0, a contradiction. Hence, we find that there are no integers a,b, ¢, d such
that f(x) = (2% 4+ ax + b)(2® + cx + d). This also implies that f(x) cannot be factored as a product of two
quadratic polynomials in Q[z] (see Worked-Out Exercise 1, page 206). Thus, f(z) is irreducible in Q[z].
Hence, by Lemma 13.2.8, f(z) is irreducible in Z[z].

$ Exercise 4 Show that f(z) = x° + 152° 4+ 10z + 5 is irreducible in Z[z].
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Solution:

{ Exercise 5

Solution:

Exercise 6
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The content of f(z) is 1. Therefore, f(z) is a primitive polynomial. Now 5 is a prime integer and 5 | 5,
5]10,5|0,5] 15,511, 5%15. Hence, by Corollary 13.3.8, f(z) is irreducible in Z[z].

Give an example of a primitive polynomial which has no root in Q, but is reducible over Z.

Let f(z) = «* + 22 4 1. This is a primitive polynomial in Z[x]. If possible, let ¢ be a root of f(z), where
a#0,b#0 and ged(a,b) =1. Then a | 1 and b | 1 by Theorem 13.3.5. Hence, ¢ = £1. But f(1) # 0 and
f(=1) # 0. Therefore, f(x) has no root in Q. Since f(x) = (z® + 1)(x® + 1), f(z) is reducible in Z[z].
Show that x* 4+ x 4 [1] is the only irreducible polynomial of degree 2 over Zs.

Solution: Any polynomial of degree 2 over Zs is of the form az? 4 bx + ¢, where a, b, ¢ € Z2 = {[0], [1]}. Now a # [0].
Therefore, a = [1]. Then 2, z? + 2, 2* + [1], and z* + = + [1] are the only polynomials of degree 2 over
Zo. Now 22 = zz, 2® +2 = x(z + [1]), and z* + [1] = (z + [1])(z + [1]) showing that 2?, 2? + z, and
22 +[1] are reducible. Let f(z) = 2 +x +[1]. Then f([0]) = [1] # 0 and f([1]) = [3] = [1] # 0. Therefore,
f(x) has no root in Zs. Thus, 2 +x+ [1] is irreducible over Zs.
Exercises
1. Find all irreducible polynomials of degree < 2 in Zs[x]. Is 2 4 [1] irreducible in Za[x]? If not, then express
it as a product of irreducible polynomials in Zsa[z].
2. Show that the polynomial x® + 22 + [1] is irreducible in Zs[z]. Hence, prove that 2° — 2% + 9 is irreducible

in Z[x].

3. Show that the polynomial 2 + [2]x + [6] is reducible in Zs[z] even though z* + 2z + 6 is irreducible in Z[z].

4. Use Eisenstein’s criterion to prove that the polynomials ? +2x+ 6 and 2z* 4+ 623 — 922 + 15 are irreducible

© 0 N>

10.

11.
12.
13.
14.
15.

over Z.

For f(z) € D[z], D a UFD, prove that f(z) is irreducible in D]z] if and only if f(z — ¢) is irreducible in
DJz] for any ¢ € D.

Show that the polynomials #® — 2® + 1, 2° — z + 1, and 2® + 22° + 3 are irreducible in Z[z].

Show that the polynomial 22® — 2 + 42 — 2 is not irreducible in Z[z].

Show that the polynomial z* + 1z — 2 is irreducible in Q[z].

Prove that the polynomial f(z) =1— 2+ 2% —2® 4 .- + (—=1)P"'2P~! is irreducible in Z[z] for any prime
.

Let D be a UFD and f(x) = ao + a1x + - - + anz™ € D[z] be of degree n and ao # 0. Let uv™* € Q(D)
be a root of f(x), where u,v € D and ged(u,v) = 1. Prove that w | ap and v | an in D.

Show that for any positive integer n > 1, f(z) = «" + 2 is irreducible in Z[z].

Find all irreducible polynomials of degree 2 over the field Zs.

If f(x) is an irreducible polynomial over R, prove that either f(z) is linear or f(z) is quadratic.
Show that there are only three irreducible monic quadratic polynomials over Zs.

(i) Show that there are only 10 irreducible monic quadratic polynomials over Zs.

(ii) Let p be a prime. Find the number of irreducible monic quadratic polynomials over Z,.
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Leopold Kronecker (1823-1891) was born on December 7, 1823, in Liegnitz, Germany, to a wealthy family.
He was provided with private tutoring at home. He later entered Liegnitz Gymnasium, where E. E. Kummer
was his mathematics teacher. Kummer recognized his talent and encouraged him to do independent research.

In 1841, he matriculated at the University of Berlin. There he attended Dirichlet’s and Steiner’s mathematics
lectures. He was also attracted to astronomy and in 1843 attended the University of Bonn. He returned to Berlin
in 1845, the year he received his Ph.D. His thesis was on complex units.

On Kummer’s nomination, Kronecker became a full member of the Berlin Academy in 1861. He was very in-
fluential at the Academy and personally helped fifteen mathematicians, including Riemann, Sylvester, Dedekind,
Hermite, and Fuchs, to get various memberships.

Kronecker’s primary work is in algebraic number theory. He is believed to be one of the inventors of algebraic
number theory along with Kummer and Dedekind. He was the first mathematician who clearly understood
Galois’s work. He also proved the fundamental theorem of finite Abelian groups.

Briefly Kronecker withdrew from academic life to manage the family business. However, he continued to do
mathematics as a recreation. In 1855, he returned to the academic life in Berlin. In 1880, he became editor of
the Journal fiir die reine and angewandte Mathematik.

Kronecker and Weierstrass were good friends. While Weierstrass and Cantor were creating modern analysis,
Kronecker’s remark that “God himself made the whole numbers—everything else is the work of men” deeply
affected Cantor, who was very sensitive. His remarks in opposition to Cantor’s work are believed to be a factor
in Cantor’s nervous breakdown.

Kronecker died on December 29, 1891.
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Chapter 14

Maximal, Prime, and Primary Ideals

14.1 Maximal, Prime, and Primary Ideals

In this section, we introduce certain special ideals. These ideals are motivated in large part by certain arithmetic
properties of the integers. Throughout the section, we assume that the ring R contains at least two elements.

Definition 14.1.1 An ideal P of a ring R is called prime if for any two ideals A and B of R, AB C P implies
that either AC P or B C P.

The following theorem gives a useful characterization of a prime ideal with the help of elements of R. Let us
first recall that if A is a left ideal and B is a right ideal of a ring R, then AB is an ideal of R. Let a € R. Then
Ra is a left ideal of R and aR is a right ideal of R. Thus, R(aR) is an ideal of R. We denote R(aR) by RaR.
Also, for a € R, aRa = {ara | r € R}.

Theorem 14.1.2 An ideal P of a ring R is a prime ideal if and only if for all a,b € R, aRb C P implies that
either a € P or b € P.

Proof. Suppose P is a prime ideal and aRb C P, where a,b € R. Let A = RaR and B = RbR. Then A and
B are ideals of R. Also, AB = (RaR)(RbR) C R(aRb)R C RPR C P. Since P is a prime ideal, it follows that
either A C P or B C P. Suppose A C P. Now (a)3 C RaR = A C P. Since P is a prime ideal, (a) C P and so
a € P. Similarly, if B C P, then b € P. Thus, either a € P or b € P. Conversely, suppose that the ideal P satisfies
the given condition of the theorem. Let A and B be two ideals of R such that AB C P. Suppose that A € P.
Then there exists a € A such that a ¢ P. Let b € B. Now aRb = (aR)b C AB C P. This implies that a € P or
b€ P. But a ¢ P. Therefore, b € P. Hence, BC P. m

Corollary 14.1.3 Let R be a commutative ring. An ideal P of R is a prime ideal if and only if for all a,b € R,
ab € P implies that either a € P orbe P. ®

Example 14.1.4 In the ring Z of integers, the ideal P = {3k | k € Z} is a prime ideal. For, ab € P if and only
if ab is divisible by 3 if and only if a is divisible by 3 or b is divisible by 3 (since 3 is prime) if and only if a is a
multiple of 3 or b is a multiple of 3 if and only if a € P or b € P. In Z, the ideal J = {6k | k € Z} is not a prime
ideal since 3-2=6¢€ J, but 3¢ J and 2 ¢ J.

Theorem 14.1.5 Let R be a PID and P be a nonzero ideal of R. Then P is prime and P # R if and only if P
is generated by a prime element.

Proof. Let R be a PID and P = (p) be a nonzero proper prime ideal of R. Then p # 0. Since P # R, p is
not a unit. Let a,b € R be such that p | ab. Then ab = pc for some ¢ € R. Hence, ab € P. Since P is a prime
ideal, either a € P or b € P. Therefore, either p | a or p | b. Thus, p is a prime element. Conversely, suppose that
P = (p) is a nonzero ideal of R such that p is a prime element. Since p is not a unit, P # R. Let a,b be two
elements of R such that ab € P. Then p | ab. Since p is a prime element, either p | a or p | b. Therefore, either
a € Porbe P. Hence, P is a prime ideal of R. m

As a consequence of Theorem 14.1.5 and Theorem 12.1.9, the prime ideals of Z are precisely those ideals
generated by primes and the ideals {0} and Z. Also, by Theorem 12.3.16, the prime ideals in the polynomial ring
Flx] over a field F are those ideals generated by irreducible polynomials and the ideals {0} and Flx].
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Definition 14.1.6 Let R be a ring and M be a (left, right) ideal of R. Then M s called a mazimal (left,
right) ideal of R if M # R and there does not exist any (left, right) ideal I of R such that M C I C R.

Theorem 14.1.7 Let R be a commutative ring with 1. Then every mazximal ideal of R is a prime ideal of R.

Proof. Let I be a maximal ideal of R and a and b be two elements of R such that ab € I and a ¢ I.
Now (I,a) = {u+ra | u € I, r € R} is the ideal generated by I U {a}. Since a ¢ I, I C (I,a). Also, since
I is a maximal ideal, (I,a) = R. Thus, there exist u € I and r € R such that 1 = u + ra. This implies that
b= wub+rab € I. Hence, I is a prime ideal. m

The converse of the above theorem is not true, as shown by the following examples.

Example 14.1.8 In the ring Z of integers, {0} is a prime ideal, but not a mazimal ideal.

Example 14.1.9 Let R = {(a,b) | a,b € Z}. Then (R, +,) is a ring, where + and - are defined by

(a,b) + (¢,d) = (a+c,b+d),
(a7 b) . (Cv d) = (ac, bd)

for all a,b,c,d € Z. Let I = {(a,0) | a € Z}. Then I is a prime ideal of R, but not a mazimal ideal since
I c(I,(0,2)) CR.

Theorem 14.1.10 Let R be a principal ideal domain. Then a nonzero ideal P (# R) of R is prime if and only
if it is mazximal.

Proof. Suppose P (# R) is a nonzero prime ideal. By Theorem 14.1.5, P = (p) for some prime element
p € R. We now show that there is no ideal I of R such that P C I C R. Suppose [ is an ideal of R such that
P C I. Since P # I, there exists an element a € I such that a ¢ P. Then a and p are relatively prime and so
there exist s, t € R such that 1 = sa + ¢p. Since sa € I and tp € P C I, we must have 1 € I. This implies that
I = R. Hence, P is maximal. =

We now give characterizations of prime ideals and maximal ideals in a commutative ring with identity by the
quotient rings of the ideals.

Theorem 14.1.11 Let R be a commutative ring with 1 and P be an ideal of R such that P # R. Then P is a
prime ideal if and only if R/P is an integral domain.

Proof. Let P be a prime ideal of R. Since R is a commutative ring with 1, the quotient ring R/P is also a
commutative ring with 1. Now P # R and so the identity element 1+ P of R/P is different from the zero element
0+ P. Let us now show that R/P has no zero divisors. Let a + P, b+ P € R/P, and (a+ P)(b+ P) =0+ P.
Then ab 4+ P = 0 + P, which implies that ab € P. Since P is a prime ideal, either a € P or b € P, i.e., either
a+P=0+Porb+ P =0+ P. Thus, R/P has no zero divisors. This implies that R/P is an integral domain.
Conversely, suppose R/P is an integral domain. Let ab € P. Then 0+ P = ab+ P = (a + P)(b+ P), whence
a+P=0+Porb+P=0+P. Thus,a€ Porbec P and so P is a prime ideal. ®

Theorem 14.1.12 Let R be a commutative ring with 1 and M be an ideal of R. Then M is a maximal ideal if
and only if R/M is a field.

Proof. Suppose that M is a maximal ideal. Since R is a commutative ring with 1, R/M is a commutative
ring with 1. For all @ € R, let @ denote the coset a + M in R/M. Let @ € R/M be such that @ # 0. Then a ¢
M. Hence, the ideal (M, a) generated by M U {a} properly contains M. Since M is a maximal ideal, we have
(M,a) = R. This implies that there exist m € M and r € R such that m 4+ ra = 1. Thus, m +7a = 1 and
so 7a = 1. Hence, @ has an inverse. This shows that every nonzero element of R/M is a unit and so R/M is
a field. Conversely, suppose R/M is a field. Since R/M is a field, R # M. Let I be an ideal of R such that
M C I C R. There exists a € I such that a ¢ M. Then @ # 0 and so there exists 7 € R/M such that ar = 1.
Thus, (a + M)(r + M) = 1 + M, which implies 1 — ar € M. Hence, 1 = m + ar for some m € M. Thus,
l=m+ar € M +1 C 1. This implies that I = R. Therefore, M is maximal. m

As a consequence of Theorems 12.1.9 and 14.1.10, the maximal ideals of Z are precisely those ideals generated
by primes. Also, by Theorem 12.3.16, the maximal ideals in the polynomial ring F[z] over a field F are those
ideals generated by irreducible polynomials.
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Example 14.1.13 Consider the polynomial ring R[x,y] over an integral domain R. Then R[z,y]/{(z) ~ Rly]
and Rz, y]/ (y) ~ R[z], which are integral domains. Thus, (x) and (y) are prime ideals. Since R[z,y]/ (z) and
Rlz,y]/ (y) are not fields, (x) and (y) are not mazimal ideals.

Example 14.1.14 Consider B, the ring of even integers. The ideal (4) is mazimal, but not prime in E since
2-2€(4), but 2 ¢ (4). Note that B is commutative without identity.

We now show the existence of maximal ideals in certain rings. In order to accomplish this, we require Zorn’s
lemma.

Theorem 14.1.15 Let R be a commutative ring with 1. Then every proper ideal of R is contained in a maximal
ideal of R.

Proof. Let I be a proper ideal of R and set A = {J | I C J, J is a proper ideal of R}. Since I € A, A # (.
Also, A is a partially ordered set, where the partial order < is the usual set inclusion. We now show that any
chain in A has an upper bound in A.Let C = {J. | @ € K} be a chain in A. Since I C J, for all a, I C UaJa.
Let a, b € UaJo. Then a € J, and b € Jg for some «, §. Since C is a chain, either Jo, C Jg or Jg C Ja, say,
Jo C Jg. Thus, a, b € Jg. Since Jg is an ideal of R, a —b € Jg C UaJo. Let 7 € R. Then ra € Jo C UaJa,
whence Uq Jo is an ideal of R. Now UaJoy # R else 1 € J, for some «, which is impossible since J, # R. Hence,
UaJo € A, which is clearly an upper bound of C and so by Zorn’s lemma, A has a maximal element, say, M. We
now show that M is a maximal ideal. If there exists an ideal J of R such that M C J C R, then J € A and so
M is not maximal in A, a contradiction. Thus, no such J exists and so M is a maximal ideal. m

Corollary 14.1.16 Let R be a commutative ring with 1 and a € R. Then a is in a mazimal ideal of R if and
only if a is not a unit.

Proof. Suppose a is not a unit. Then (a) C R else 1 = ra for some r. By Theorem 14.1.15, there exists a
maximal ideal M such that (a) C M. Now a € (a) C M. Conversely, suppose a € M, where M is a maximal
ideal. If a is a unit, then 1 = a ‘e € M and so M = R, a contradiction. m

Corollary 14.1.17 Let R be a commutative ring with 1. Then R has a mazimal ideal.

Proof. In R, {0} is a proper ideal. Hence, by Theorem 14.1.15, there exists a maximal ideal M of R such
that {0} C M. m

The fundamental theorem of arithmetic says that any integer n has a prime factorization n = pi' ---ps*,
where p1,...,ps are primes and ey, ..., es are positive integers. The ideals (p;) are prime ideals of Z. The ideals
(pj*) are also special ideals of Z. Their study is motivated in part by the fundamental theorem of arithmetic.

Definition 14.1.18 Let R be a commutative ring and Q be an ideal of R. Then Q is called a primary ideal if
for alla, b€ R, ab € Q and a ¢ Q implies that there exists a positive integer n such that b" € Q.

From the definition of primary ideal, it follows immediately that every prime ideal in a commutative ring is
a primary ideal. Now in the ring Z, for any prime integer p, the ideal (p™) contains p™ but not p, where n is a
positive integer and n > 2. Hence, (p™) is not a prime ideal. The following example shows that (p™) is a primary
ideal.

Example 14.1.19 Let p be a prime in Z and n be a positive integer. We show that (p™) is a primary ideal. Let
ab € (p") and a & (p"). Then there exists r € Z such that ab = rp™. Since p" does not divide a, p | b and so
b= qp for some q € Z. Thus, b™ = ¢"p" and so b"™ € (p™).

Example 14.1.20 Let p(z) be irreducible in Flz], F a field, and n be a positive integer. Then (p(z)") is a
primary ideal by an argument entirely similar to the one used in Example 14.1.19.

Definition 14.1.21 Let R be a commutative ring and I be an ideal of R. Then the radical of I, denoted by /1,
is defined to be the set
VI={ae€R|a" €I for some positive integer n}.

Theorem 14.1.22 Let @) be an ideal of a commutative ring R. Then

(i) V/@Q is an ideal of R and /Q 2 Q,
(ii) if Q is a primary ideal, then \/Q is a prime ideal.
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Proof. (i) Clearly v/Q 2 Q. Let a, b € +/Q. Then there exist positive integers n, m such that a™,b™ € Q.
Thus, (a —b)"*™ € Q and so a — b € \/Q. Let r € R. Then (ra)” = r"a™ € Q and so ra € v/Q. Hence, +/Q is
an ideal of R.

(ii) Let a, b € R be such that ab € +/Q and a ¢ /Q. There exists a positive integer n such that a™b" =
(ab)™ € Q. But a™ ¢ Q. Since @ is primary, there exists a positive integer m such that b"™ = (b™)™ € Q.
Therefore, b € v/Q and so /Q is prime. m

Definition 14.1.23 Let Q be a primary ideal of a commutative ring R. Then the radical P = \/Q of Q is called
the associated prime ideal of Q and Q is called a primary ideal belonging to (or primary for) the prime
ideal P.

Example 14.1.24 Let i be a positive integer. In Z, we show that <pl> is primary for (p), where p is a prime.
It suffices to show that (p) = m Let a € \/W Then there exists a positive integer n such that a" € <p’>
Therefore, a™ = rp* for some r € Z. This implies that p | a and so a € (p). Hence, \/(p') C (p). Let a € (p).
Then there exists t € Z such that a = tp. This implies that a® = t'p’ € <pl> and so a € \/W Thus, (p) C \/W

In Flz] (F a field), a similar argument shows that (p(x)") is primary for (p(z)), where p(x) is irreducible

and (p(z)) = /(p(2)").

Theorem 14.1.25 Let Q and P be ideals of a commutative ring R. Then Q is primary and P = /Q if and
only if

(i) Q C P C/Q and

(ii) ab € Q, a ¢ Q implies b € P.

Proof. The necessity of (i) and (ii) is immediate. Suppose (i) and (ii) hold. Let ab € Q, a ¢ Q. Then
b € P C +/Q and so there exists a positive integer n such that b € @, whence Q is primary. We now show
that P = +/Q. Let b € \/Q. Then there exists a positive integer n such that 4™ € Q C P. Let n be the smallest
positive integer such that b™ € Q. If n = 1, then b € P. So assume that n > 2. Then bb" "' € Q and b" ' ¢ Q
implies that b € P. Hence, /Q C Pandso P=+/Q. m

We now show that every primary ideal I of a commutative ring R can be characterized with the help of some
properties of the quotient ring R/I.

Theorem 14.1.26 Let R be a commutative ring and I be an ideal of R. Then I is a primary ideal if and only
if every zero divisor of R/I is nilpotent.

Proof. First suppose that I is a primary ideal. Let a + I be a zero divisor in R/I. Then there exists an
element b+1 € R/I, b+ 1 # I, such that (a+I)(b+1)=1. Now ab € I and b ¢ I. Since I is a primary ideal, it
follows that a™ € I for some positive integer n. Hence, (a + I)" = a™ + I = I, showing that a + I is nilpotent.

Conversely, suppose that every zero divisor of R/I is nilpotent. Let a,b € R be such that ab € I and a ¢ I.
Then a+1 # I. Now (a+1)(b+1I) =ab+1 =1.1fb+1 = I, then b € I. Suppose b+1 # I. This implies that b+ 1
is a zero divisor and so is nilpotent. Therefore, there exists a positive integer n such that b" +1 = (b+1)" =1.
Thus, b" € I. Consequently, I is a primary ideal.

Consider Z. For the prime factorization of an integer n, n = pi' - - - ps*, we have

(n) = (pi') - (ps*) = (P1*) N--- N (P5*)

and \/(p{") = (pi), i = 1,2,...,s. However, in the polynomial ring Z[x,y], it can be shown that the ideal
<x2,xy, 2> is an intersection of primary ideals, but not a product of primary ideals. These concepts involving
prime and primary ideals are used in the study of nonlinear equations. For example, consider the following
nonlinear equations:

22—y = 0

2z = 0.

In the polynomial ring R[z,y], let I = <:v2 — y,x2z> . It can be shown that <x2 -, z> and <x2, y> are primary
ideals and that I = <x2,y> N <a:2 -y, z> . In fact, it can be shown in any polynomial ring Flz1,...,zy] over
a field F' that every ideal is a finite intersection of primary ideals. This latter result is a type of fundamental
theorem of arithmetic for ideals. It can also be shown that /(2% —y,2) = (2® —y,2) and /(2% y) = (z,9).
The solution to the above system of equations is

{(z,2°,0) | z € R} U{(0,0,2) | z € R}.

The ideal (2* — y, z) corresponds to {(z,2?,0) | € R}, while the ideal (x,y) corresponds to {(0,0,2) | z € R}.
We conclude this section by mentioning the following differences between the ideals of Z and Z[z].
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1. In the ring Z, every ideal is a principal ideal, but in Z[z] there exist ideals (for example, (z,2)), which are
not principal.

2. In the ring Z, a nontrivial ideal is a prime ideal if and only if it is a maximal ideal. In the ring Z[z], there
are prime ideals (for example (z)), which are not maximal.

3. In the ring Z, a nontrivial ideal I is a primary ideal if and only if I = (p™) for some prime p and for some
positive integer n. Hence, in Z, if I is a primary ideal, then [ is expressible as some power of its associated
prime ideal. In Z[z], this is not true, as (x,4) is a primary ideal with (x,2) as its associated prime ideal,
but (z,4) # (z,2)" for any n > 1.

Worked-Out Exercises

{ Exercise 1 Let R be an integral domain. Prove that if every ideal of R is a prime ideal, then R is a field.

Solution: Let 0 # a € R. Then a?R is an ideal of R and hence it is a prime ideal. Now a® € a®R. Since a®R is a
prime ideal, a € a®?R. Thus, a = a?b for some b € R. Then a(l — ab) = 0. Since R is an integral domain
and a # 0, 1 —ab =0 and so ab = 1, proving that a is a unit. Hence, R is a field.

{ Exercise 2 Let R be a commutative ring with 1. Suppose that (z) is a prime ideal of R[z]. Show that R is an integral
domain.

Solution: Since (x) is a prime ideal R[z]/ (x) is an integral domain. Since R[z]/ (z) ~ R, R is an integral domain.

Exercise 3 Let R be a commutative ring and I be an ideal of R. Let P be a prime ideal of I. Show that P is an ideal
of R.

Solution: Let a € P C I and r € R. Then rar € I. Therefore, a(rar) € P and so (ar)? € P. Since P is a prime ideal
of I, ar € P. Hence, P is an ideal of R.

Exercise 4 Show that a proper ideal I of a ring R is a maximal ideal if and only if for any ideal A of R either A C I
or A+ I =R.

Solution: Suppose [ is a maximal ideal of R and let A be any ideal of R. If A Z I, then A+ [ is an ideal of R such
that I C A+ I. Since [ is maximal, it follows that A+ I = R.

Conversely, assume that the proper ideal I satisfies the given condition. Let J be an ideal of R such that
I C J Now J ¢ I. Therefore, I +J = R. But I + J = J. Thus, J = R. Hence, I is a maximal ideal of R.

{ Exercise 5 Let R be a PID which is not a field. Prove that any nontrivial ideal I of R is a maximal ideal if and only
if it is generated by an irreducible element.

Solution: Since R is not a field, there exists an element 0 # a € R such that a is not a unit. Then (0) C (a) C R.
Therefore, (0) is not a maximal ideal. Let I be a maximal ideal of R. Then I # {0} and I = (p) for
some p € R, where p is irreducible by Theorem 14.1.5 and Corollary 12.3.13. Conversely, let I = (p) and
p be irreducible. Let I C J C R. Since R is a PID, J = (a) for some a € R. Since p € {(a), a divides p.
Thus, p = ab for some b € R. Since p is irreducible, either a is a unit or b is a unit. If b is a unit, then
a=pb~' € (p). Thus, J C I, which is a contradiction. Hence, @ is a unit and so J = R. Thus, I is a
maximal ideal.

{ Exercise 6 Show that the ideal (z) in Z[z] is a prime ideal, but not a maximal ideal.

Solution: Let f(x) = a0 + a1z + -+ + anx™ and g(x) = bg + b1z + - -+ + bma™ be two elements in Z[z] such that
f(z)g(z) € (z). Then apby = 0. Thus, either ap = 0 or by = 0. Hence, either f(z) € (z) or g(z) € (z),
showing that (x) is a prime ideal. Now the ideal (z,2) of Z[z] is such that (z) C (z,2) C Z[z]. Hence, (z)
is not a maximal ideal.

{ Exercise 7 Let R be a commutative ring with 1. Let A and B be two distinct maximal ideals of R. Show that
AB =ANB.

Solution: Since AB C A and AB C B, AB C AN B. Since A and B are distinct maximal ideals, there exists b € B
such that b ¢ A. Then (A,b) = {a+br|a € A, r € R} is an ideal of R such that A C (A4,b). Since A
is maximal, (A4,b) = R. This implies that 1 = a + br for some a € A and r € R. Let x € AN B. Then
x =zl = za + xbr = za + (xb)r € AB. Hence, AN B C AB. Thus, AB= AN B.

$ Exercise 8 Let f(z) = 2® + 122* + 922 + 6. Show that the ideal T = (f(x)) is maximal in Z[x].

Solution: I will be a maximal ideal if we can prove that f(z) is an irreducible polynomial in Z[z]. The content of
f(z) is 1. Hence, f(z) is a primitive polynomial in Z[z]. Also, for the prime 3, we find that 3| 6, 3 | 9,
3|12, 311, 32 6. Hence, f(x) is irreducible in Z[z], by Eisenstein’s criterion.



218

{ Exercise 9

Solution:

{ Exercise 10

Solution:

Exercise 11

14. Maximal, Prime, and Primary Ideals

(a) Find all maximal ideals of the ring Zg.
(b) ind all ideals and all maximal ideals of the ring Zs.

(a) The mapping 3 : Z — Ze defined by S(n) = [n] is a homomorphism of Z onto Z¢ and Ker 8 = 6Z. If
I is any ideal of Zg, then there exists a unique ideal A of Z such that Ker 3 C A and 8(A) = I. Now
Z, 27, 37, and 6Z are the only ideals of Z which contain 6Z. Also, 8(Z) = Zs, B(2Z) = {[0], [2], [4]},
B(3Z) = {[0], [3]}, and B(6Z) = {[0]}. Hence, {[0], [2], [4]} and {[0], [3]} are the only maximal ideals
of Ze since 27 and 3Z are maximal ideals of Z.

(b) The mapping (8 : Z — Zs defined by (n) = [n] is an epimorphism of rings and Ker 8 = 8Z. Now Z,
2Z, AZ, and 8Z are the only ideals of Z which contain 8Z. Also, 5(Z) = Zs, B(2Z) = {[0], [2], [4], [6]},
B(4Z) = {[0], [4]}, and B(8Z) = {[0]}. Hence, the ideals of Zs are Zs, {[0], [2], [4], 6]}, {[0], [4]}, and
{[0]}. Now {[0]} c {[0], [4] } < {[0], [2], [4],[6]} C Zs. This implies that Zs has only one maximal
ideal, which is {[0], [2], [4], [6]}.

Show that () is a primary ideal in Z[z] with (z) as its associated prime ideal.

Let f(z) = ap + a1z + -+ + anz™ and g(x) = bo + biz + -+ - + bpz™ be two elements in Z[z] such that
f(@)g(z) € (z*) and f(z) ¢ (¢°). Then f(x)g(z) = z°h(z) for some h(z) € Z[z]. Hence, agbo = 0 and
aob1 + a1bo = 0. Since f(x) ¢ <m2>, it follows that either ap # 0 or a1 # 0. If ag # 0, then by = 0 and
b1 = 0 and so g(z) € <x2> If ap = 0, then a1 # 0. Hence, aob1 + a1bp = 0 shows that by = 0. So we find
that by = 0, bobr + bibo = 0 and thus (g(z))* € (2*). Hence, (¢°) is a primary ideal. Now (z*) C (z)
and f(z) € v/(2?) if and only if (f(z))" € (2®) for some positive integer n. This is true if and only if the
constant term of f(z) is zero, i.e., if and only if f(x) € (z).

Show that a commutative ring R with 1 is isomorphic to a subdirect sum of a family of fields if and only
if the intersection of all maximal ideals of R is {0}.

Solution: Suppose R is isomorphic to a subdirect sum of a family of fields {F; | i € I}. Then there exists a subring
T of Il;er F; such that T = @i F; and R ~T. Let o : R — T be an isomorphism. Then m;oa: R — F;
is an epimorphism for all ¢ € I, where m; is the ¢th canonical projection. Proceeding as in the proof of
Theorem 10.1.14, we can show that

NicrA; = {0},
where A; =Ker 7; 0 a for all ¢ € I. Now R/A; ~ F;. Since F; is a field, A; is a maximal ideal for all 4 € I.
If A is the intersection of all maximal ideals of R, then A C N;erA; = {0}. Hence, A = {0}. Conversely,
suppose that A = {0}, where A = N;cs;{M; | M, is a maximal ideal of R}. By Theorem 10.1.14, R is
monomorphic to the subdirect sum of a family of rings {R/M; | i € J}. Since each M; is a maximal ideal,
we find that R/M; is a field.
Exercises

1. Find all maximal and prime ideals of Zo.

2. Prove that I = {(5n,m) | n,m € Z} is a maximal ideal of ZxZ.

3. Find all ideals and maximal ideals of Z,», where p is a prime and k is a positive integer.

4. Let I ={ao+arx+---+anz™ € Z[z] | 3 divides ao}. Show that I is a prime ideal of Z[z]. Is I a maximal
ideal?

5. Let I be an ideal of a ring R. Prove that the following conditions are equivalent.

(i) I is a prime ideal.
(ii) If a,b € R\I, then there exists ¢ € R such that acb € R\I.

6. Let R be a finite commutative ring with 1. Show that in R, every prime ideal I # R is a maximal ideal.

7. Let R be a Boolean ring. Prove that a nonzero proper ideal I of R is a prime ideal if and only if it is a

10.
11.

maximal ideal.

Let R be a ring with 1. Prove that a nonzero proper ideal I of R is a maximal ideal if and only if the
quotient ring R/I is a simple ring.

Let I be an ideal of a ring R. If P is a prime ideal of the quotient ring R/I, prove that there exists a prime
ideal J of R such that I C J and J/I = P.

Let R be a commutative ring with 1. Prove that there exists an epimorphism from R onto some field.

Let I be an ideal of a ring R with 1. Prove that the quotient ring R/I is a division ring if and only if T is
a maximal right ideal.
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For all r € R, show that I, = {f(z) € R[z] | f(r) = 0} is a maximal ideal of R[z] and Rlz]/I. ~ R. Also,
prove that Nyerl, = {0}.

Consider the polynomial ring K[z] over a field K. Let a € K. Define the mapping ¢, : K[z] — K by
¢.(f(z)) = f(a) for all f(x) € K[z]. Show that ¢, is an epimorphism and Ker ¢, is a maximal ideal of
K|z].

Let R be a PID.

(i) Prove that every nonzero nonunit element is divisible by a prime element.

(ii) If {In}nen is a sequence of ideals of R such that I; C I C --- C I, C ---, prove that there exists a
positive integer n such that I,, = [,41 =--- .

(iii) Prove that every nonzero nonunit can be expressed as a finite product of prime elements.

Let {I.} be a collection of prime ideals in a commutative ring R such that {I,} forms a chain. Prove that
Nals and Uy I, are prime ideals of R.

If I1 and I2 are ideals of a commutative ring 1, prove that /11 NIz = VI W

Let R be a commutative ring with 1 and Q;, i = 1,2,...,n, be ideals in R. Set @ = N;=;Q;. Prove that if
Qi = P for some ideal P of R, i =1,2,...,n, then /Q = P. If /Q; = P, i=1,2,...,n, and each Q; is
primary, prove that @ is primary.

If I is an ideal of a commutative ring R with 1 such that VT is a maximal ideal, prove that I is a primary
ideal.

In the polynomial ring Z[x], prove the following.

(i) I = {f(z) € Z|z] |the constant term of f(x) is divisible by 4} is a primary ideal with J = (z,2) as its
associated prime ideal.

(if) The ideal (z, 6) is not a primary ideal.

Prove that every prime ideal is a primary ideal in a commutative ring.

Let M be an ideal of a commutative ring R. Prove that R/M is a field if and only if M is a maximal ideal
and 22 € M implies z € M for all z € R.

Prove that in a PID every nontrivial ideal I can be expressed as a finite product of prime ideals I = P, --- P,
such that Pi, P», ..., P, are determined uniquely up to order.
An ideal P of a ring R is called a semiprime ideal if for any ideal I of R, I? C P implies that I C P.

(i) Prove that an ideal P of R is a semiprime ideal if and only if the quotient ring R/P contains no nonzero
nilpotent ideals.

(ii) If R is a commutative ring with 1, prove that an ideal P of R is a semiprime ideal if and only if VP =P

A commutative ring R with 1 is called a local ring if R has only one maximal ideal. Prove the following.
(i) Zs and Zg are local rings.

(ii) In a local ring, all nonunits form a maximal ideal.

(iii) In a local ring R, for all r,s € R,r + s = 1 implies either r is a unit or s is a unit.

Let p be a prime integer and Q, = {$ € Q | p does not divide b}. Show that Q, is a local ring under the
usual addition and multiplication of rational numbers.

Let R be a field and T be the set of all sequences {an} of elements of R. Then (7', +,-) is a ring, where +
and - are defined as in Worked-Out Exercise 6 (page 193). Prove the following.

(i) The set I of all nonunits of T" is a maximal ideal of 7.

(ii) I is the only maximal ideal of T.

(iii) T is a local ring.

Let R=R1 ® R2 @ -+ @ Ry, be the direct sum of the finite family of rings {Ri1, Rz, ..., Rn}, where each
R; contains an identity. Prove the following:

(i) If M; is a maximal ideal of R; (1 <14 < m), then Ri@® Ro® - ® Ri—1 ®M; ® Rix1 ®--- GRy is a
maximal ideal of R.

(ii) Every maximal ideal M of R is of the form
RROR® - BRi_1 DM, PRi1 DB Ry,

where M; is a maximal ideal of R; for some i (1 <1i < n).
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28.
29.

30.
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Show that the ring Z is isomorphic to a subdirect sum of a family of fields.

An ideal T of a ring R is called a minimal ideal if I # {0} and there does not exist any ideal J of R such
that {0} # J C I. If I is a minimal ideal of a commutative ring R with 1, prove that either I> = {0} or
I = eR for some idempotent e € R.

In the following exercises, write the proof if the statement is true; otherwise, give a counterexample.

(i) Let R be a commutative ring with 1 and P be a prime ideal of R such that P # R. If the quotient ring
R/P contains a finite number of elements, then R/P is a field.

(ii) In a PID different from a field, there exists a prime element.

iii) In a PID, every proper prime ideal is a maximal prime ideal.

iv) The intersection of two prime ideals of a ring R is a prime ideal of R.

v) If I is a prime ideal of a ring R, then I[z] is also a prime ideal of R[z].

(
(
(
(vi) If I is a maximal ideal of a ring R, then I[z] is also a maximal ideal of R[z].
(
(



Chapter 15

Modules and Vector Spaces

15.1 Modules and Vector Spaces

Our main interest here is to set down only the results of vector spaces which are needed for our study of fields in
the next chapter. We do this in such a way that the reader will become acquainted with the notion of a module.

Definition 15.1.1 Let R be a ring. A commutative group (M,+) is called a left R-module or a left module
over R with respect to a mapping - : R x M — M if for allr,s € R and m,m' € M,
(i)r-(m+m')=r-m+r-m/,
(i) r- (s-m) = (rs)-m,
(iie) (r+s)-m=r-m+s-m.
If R has an identity 1 and if 1-m = m for allm € M, then M is called a unitary or unital left R-module.

A right R-module can be defined in a similar fashion.

In the above definition, we used the same notation for the addition in the ring R and the addition in the
group M. We also used the same notation for the multiplication in R and the multiplication between the elements
of R and M. It should be clear to the reader by now that there are actually four distinct operations involved.
We write rm for r - m.

Example 15.1.2 In a ring R, every left ideal is a left R-module and every right ideal is a right R-module. In
particular, R is a left and right R-module.

Example 15.1.3 Fvery commutative group M is a module over the ring of integers Z. For n € Z and a € M,
the element na is defined to be a added to itself n times if n is positive and —a added to itself |n| times if n is
negative. Oa is defined to be the zero element of M. Under these definitions, M becomes a unitary left Z-module.

Let M be any commutative group and R be any ring. If we define rm = 0 for all r € R, m € M, then M
forms a left R-module, called a trivial module.

Since all results that are true for left R-modules are also true for right R-modules, we prove results only for
left R-modules. From now on, unless stated otherwise, by an R-module, we mean a left R-module.

Definition 15.1.4 Let M be an R-module and N be a nonempty subset of M. Then N is called a submodule
of M if N is a subgroup of M and for all v € R, a € N, we have ra € N.

It is clear that a submodule of an R-module is itself an R-module.
Using arguments similar to those used for subgroups and ideals, one can show that the intersection of any
nonempty collection of submodules of an R-module is again a submodule.

Definition 15.1.5 Let X be a subset of an R-module M. Then the submodule of M generated by X is defined
to be the intersection of all submodules of M which contain X and is denoted by (X). X is called a basis of
(X) if no proper subset of X generates (X). If M = (X) and X is a finite set, then M is said to be finitely
generated. When X = {z} and M = ({z}), then M is called a cyclic R-module and in this case we write
M = (z).

221
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We ask the reader to prove that any finitely generated module has a finite basis.
The proof of the following theorem is similar to that of the corresponding theorem for ideals, Theorem 8.2.9.
Hence, we omit its proof.

Theorem 15.1.6 Let M be an R-module and X be a nonempty subset of M. Then

(X) = {Zle 7T +Z§.:1 nji | ri € Ryny € Z,xi, xf € X,
1<i<k1<j<lkleN)}.

If M is a unitary R-module, then

k
(X)={> rawi|r €R, z; € X,1<i<k, keN} m

i=1

Example 15.1.7 (i) Q is a Q-module. If N is a submodule of Q, then N is a left ideal of Q. Since Q is a field,
the only left ideals of Q are {0} and Q. Hence the submodules of Q are {0} and Q.

(ii) We know that Q & Q is a commutative group. For all x € Q and for all (a,b) € Q ® Q, define z(a,b) =
(za,xb). Then QBQ is a Q-module. We now determine all submodules of Q®Q. Let M be a nonzero Q-submodule
of QB Q.

Case 1: Suppose for all (a,b) € M, b = 0. Now there exists (a,0) € M such that a # 0. Then (1,0) =
L(a,0) € M. Thus, M = Q@ {0}.

Case 2: Suppose for all (a,b) € M, a = 0. Now there exists (0,b) € M such that b # 0. Then (0,1) =
1(0,b) € M. Thus, M = {0} ® Q.

Case 3: Suppose there exists (a,b) € M such that a # 0, b # 0.

Case 3a: Suppose M = ((a,b)). Then M is a cyclic submodule of Q @ Q generated by (a,b).

Case 3b: Suppose M # ((a,b)). Then {(a,b)) C M. Thus, there exists (a’,b") € M\ {(a,b)). Then a’ # 0
or b' # 0. Suppose that a’ = 0. Then (0,1) = #(0,b) € M. Therefore, (a,0) = (a,b) — (0,1)b € M. Hence,
umy:ammeA[nguﬂme)eMﬁmmmWMSmmAsz@Qsmmmmﬁb_4)mmﬂ4 QaQ.

Now suppose that a’ # 0 and b’ # 0. If & = % = ¢ (say), then t(a’,b') = (ta',t0') = (Zd', ZbV') = (a,b) €
((a, b)), which is a contradiction. Therefore, % # & and so ab’ —ba’ # 0. Let (p,q) € Q& Q. Choose t = pg,_gz

and s = 9= fs Then (p,q) = t(a,b) + s(a’,b’) € M. Thus, Q ® Q C M. Hence, M = Q ® Q.
Consequently, if M is a Q-submodule of Q ® Q, then M is of the following form:
(i) M = {0}, or
(i) M = {0} ® Q = ((0,1)), or
(iii) M =Q & {0} = {(1,0)), or
(iv) M = {(a,b)),a #0,b#0, a,b € Q, or
V) M=QaQ.
This also proves that M is finitely generated.

Definition 15.1.8 Let F be a field. A unitary (left) F-module M is called a (left) vector space over F. The
elements of M are called vectors and the elements of F are called scalars. A submodule of M 1is called a
subspace of M. If X is a subset of M such that M = (X), then X is said to span or generate M and M is
called the span of X over F.

Example 15.1.9 Let F be any field and F™ denote the Cartesian product of F with itself ntimes. Then F™

becomes a vector space over F under the following definitions: For all (a1,az,..., an), (b1,b2,..., bn) € F™ and
acF
(al,az,...,an)+(b1,b2,....,bn) = (a1+b1,—|—a2—|—b2,...,an+bn),
a(ai,as,...,an) = (aai,aas,...,aay).
The set

X ={@1,0,0,...,0),(0,1,0,...,0),...,(0,0,0,...,1)}
spans F™ since for all (a1,a2,...,an) € F™,
(a1,a2,...,an) =a1(1,0,0,...,0) + a2(0,1,0,...,0) +--- +an(0,0,0,...,1).

When n = 2 or 3 and F' is the field of real numbers, then the vector space F™ over F is the one usually encountered
in elementary analytical geometry.
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By Example 15.1.9, R3 is a vector space over R.

Example 15.1.10 Consider the vector space R® over R. Let
U ={(a,b,c) € R* | 2a + 3b+ 5¢ = 0}.
Then U s a subspace of Va(R). Let
Uy = {(a,b,c) € R* | 2a + 3b+ 5¢ = 5}.
Now (0,0,1) and (1,1,0) € Uz, but (0,0,1) + (1,1,0) ¢ Ur. Hence, Uy is not a subspace of R?.

Example 15.1.11 Let V be a vector space over F. Then {0} and V are subspaces of V. These are called trivial
subspaces of V.

Theorem 15.1.12 Let V' be a vector space over F' and S be a nonempty subset of V. Then S is a subspace of
V if and only if for all a € F and for all z,y € S, ax +y € S.

Proof. Suppose S is a subspace of V. Then for all @ € F' and for all z,y € S, axz € S and so ax +y € S.
Conversely, suppose for all a € F and for all z,y € S, ax +y € S. Since S # (), there exists x € S. By Exercise
2 (page 226), —z = (—1)x. Therefore, 0 = —z + 2 = (—1)z + 2 € S. Hence, for allz € S, —x = (—1)z+0 € S.
Also, for all z,y € S, z +y = lx +y € S. S inherits the associative and commutative laws. Thus, (S,+) is a
commutative group. Now for all a € F and for all z € S, ax = ax + 0 € S. Therefore, S is a vector space over F'
since the other properties are inherited. m

Theorem 15.1.13 Let V' be a vector space over F and {Us | a € I} be any nonempty collection of subspaces of
V. Then NaciUq is a subspace of V.

Proof. First note that 0 € U, for all € I and so 0 € NgerUs. Therefore, NperUs # 0. Let a € F
and =,y € NaerUqs. Then z,y € U, for all a. Since U, is a subspace of V, ax +y € U, for all o € I and so
ar + Yy € NaerUs. Thus, NaerU, is a subspace of V' by Theorem 15.1.12. m

Theorem 15.1.14 Let V be a vector space over F' and S be a nonempty subset of V. Then
<S> = {Zaisi ‘ a; € F, s; € 5}7
where Zaisi s a finite sum.

Proof. Let U = {d_a;s; | a; € F, s; € S}. Let a € F and Y a;85, Y. bjs; € U. Then a(>aisi) + >, bjs; =
>(aai)si+ > bjs; € U and so U is a subspace of V' by Theorem 15.1.12. Since forall s € S, s=1s€ U, U D S.
Thus, U 2 (S) since (S) is the smallest subspace of V containing S. Let > a;s; € U. Then since s; € S C (S),
a;s; € (S). Thus, > a;s; € (S), whence U C (S). m

Definition 15.1.15 Let V' be a vector space over the field F. A subset X of V is called linearly independent

over F if for every finite number of distinct elements x1,x2,...,2n € X, a1x1 + a2x2 + - -+ + anxy, = 0 implies
that a1 = as = ---an = 0 for any finite set of scalars {a1,az,...,an}. Otherwise X is called linearly dependent
over F.

The set X in Example 15.1.9 is linearly independent over F. {0} is linearly dependent over F.

Definition 15.1.16 Let V be a vector space over F. A subset A of V is called a basis for V over F if A spans
V, i.e., V.= (A), and A is linearly independent over F.

Consider the zero vector space, {0}, over the field F. We note that the empty subset, ), is linearly independent
over F vacuously and that () spans {0}. Hence, 0 is a basis for {0}.

Example 15.1.17 The set
X = {(1,0,0,...,0),(0,1,0,...,0),...,(0,0,0,...,1)}
of Example 15.1.9 is a basis for F". We showed there that X spans F™ over F. Suppose
(0,0,...,0) = a1(1,0,0,...,0) + a(0,1,0,...,0) + - + an(0,0,0,...,1).

Then (0,0,...,0) = (a1,a2,...,an). Therefore, we must have a; = 0 for i = 1,2,...,n. Thus, X is linearly
independent.
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Theorem 15.1.18 Let V be a vector space over F' and S be a subset of V. If s € (S), then (SU {s}) = (5).

Proof. Clearly (S) C (SU{s}). If S =0, then (S) = {0} and so s = 0. Hence, (SU{s}) = ({0}) = {0} =
(S) . Suppose S # 0. Let > a;s; +as € (SU{s}), where s; € S. Then Y a;s;,as € (S) and so > a;s; +as € (S).
Hence, (SU{s}) =(S). m

Theorem 15.1.19 Let V be a vector space over F' and A = {x1,22, ..., xr} be a subset of V which spans V.
Let B be any linearly independent set of vectors in V. Then B contains at most r vectors.

Proof. If B contains less than r vectors, the theorem is true. Suppose B contains at least r vectors, say,
Y1,Y2,...,Yr € B. Then since A spans V,
T
Y1 = Z Qi1
i=1

and since y1 # 0, not all a;; = 0, say, a11 # 0. Thus,

T

-1 1
r1 = E (—aiy an)z; +ai ya-

1=2

This implies that 1 € ({y1,z2,...,2,}). Hence, ({y1,22,...,2r}) = V by Theorem 15.1.18. Assume ({y1,v2, ..., Yk, Tht1,- - -

V, the induction hypothesis. Then

Ye+1 € <{y17y23 sy Yk Thtly - - - ?xT}> .

Thus,

k r
Ykt+1 = g i k4+1Yi + g A, k+1T4
i=1 i=k+1

and not all a; x+1 =0 for ¢ =k +1,...,7, say, ax+1,6+1 7 0. This implies that
k T
-1 -1 -1
Th+1 = Z(_ak+1,k+lai7k+1)yi + Z (_ak+1,k+1ai,k+1)xi + Opq1 g1 Ykt
i=1 i=k+2
ThUS, Th+1 € <{y17 Y2,y Yy Ye+1, Tht-2, - - - 7':CT}> . Hence,

V= <{y17y27 sy Yk Yk+1, Th+2, - - '7$T}>

by Theorem 15.1.18. Thus, ({y1,¥2,-..,yr}) =V by induction. If there exists y € B such that y # y;, i = 1,2,
...,r,then y = 377 a;y; and so 0 = 7 a;y: + (—1)y and since —1 # 0, y1,¥y2, ..., Yr, ¥ are not linearly
independent, a contradiction. Therefore, y does not exist and so B = {y1,y2, ..., yr}. R

Theorem 15.1.20 Let V be a vector space over F, A ={x1,...,2.}, and B = {y1,...,ys} be two bases for V.
Then r = s.

Proof. Since A spans V and B is linearly independent, s < r by Theorem 15.1.19. Similarly, r < s. ®

Definition 15.1.21 Let V be a vector space over F. If V is spanned by a finite set of vectors, then V is called
finite dimensional over F.

Lemma 15.1.22 Let V' be a vector space over F and A be a linearly independent subset of V. If x € V and
x ¢ (A), then AU {x} is linearly independent.

Proof. Let z1,...,2, € A. Suppose 0 = a1z1 + a2x2+ - - - + arx, + ax. Suppose a # 0. Then
z=(—a) tarz1 4 -+ (—a) tarz, € (A),

a contradiction. Thus, a = 0. Hence, 0 = a121 + asx2+ - - -+ a,rzr. Since {x1,z2, ..., x,} is linearly independent,
a1 =0, ...,a, =0. Thus, AU {z} is linearly independent. m

Theorem 15.1.23 Let V be a finite dimensional vector space over F. Then V has a basis.

7x7"}> =
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Proof. If V = {0}, then () is a basis for V. We now assume that V' # {0}. Let z1 € V be such that z1 # 0.
Then z; is linearly independent. If (x1) # V, then there exists z2 € V such that z2 ¢ (x1) . By Lemma 15.1.22, x4
and z2 are linearly independent. Suppose 1, ...,z € V are linearly independent and ({z1,...,2x}) # V. Then
there exists zx4+1 € V such that zxy1 ¢ ({x1,...,xx}). Therefore, z1,...,2k, Trs1 are linearly independent.
Since V is finite dimensional, V' is spanned by, say, r vectors. By Theorem 15.1.19, any linearly independent set
of vectors in V' cannot have more than r vectors. Hence, if we continue the above process of constructing x;’s,

then there must exist a positive integer s such that {z1,...,zs} is linearly independent, ({z1,...,2zs}) =V, and
s < r. Thus, {z1,...,2s} is a basis of V.
|

Theorem 15.1.23 gives us a method for constructing a basis for a finite dimensional vector space V' of dimension
n over F. We first take any nonzero vector z; of V. If (x1) = V, then {x1} is a basis of V. If (z1) C V, then we
take any xo € V, x2 ¢ (z1). Then by Lemma 15.1.22 {x1,z2} is linearly independent over F. If ({z1,z2}) =V,
then {z1,x2} is a basis for V over F. If ({z1,22}) C V, we can choose z3 € V,z3 ¢ ({1,22}) and so on. In a
finite number of steps, precisely n steps, we must arrive at a basis for V over F.

Definition 15.1.24 Let V' be a finite dimensional vector space over F. The dimension V is the number of
elements in a basis for V.

From the statements following Definition 15.1.16, it follows that the zero vector space, {0}, is of dimension
0.

Theorem 15.1.25 Let V be a vector space of dimension n over the field F. Then X = {x1,22,...,2,} is a basis
of V if and only if every vector in V is a unique linear combination of x1,x2,...,x, over F.

Proof. Suppose X is a basis of V over F. Then by Theorem 15.1.14, every vector v € V is a linear combination
of x1,xa,...,xyn. Let
v=a1®1 + -+ anTn = bix1 + -+ bpn

be any two linear combinations of =1, z2, ..., ,. Then

0=(a1 —bi)z1i+ -+ (an — bn)Tn.
The linear independence of X over F' implies that a1 — b1 =0, ..., an — b, = 0. That is, the representation of
v as a linear combination of x1,x2,...,z, is unique. Conversely, suppose every vector in V is a unique linear
combination of x1,x2,...,x, over F. Then clearly X generates V over F. Suppose 0 = aix1 + -+ +anx, for
a; € F. Since also 0 = 0x1 + - -+ +0x,, we have a; = 0,4 =1, ..., n. Thus, X is linearly independent over F. By

definition, X is a basis of V over F. m
We now show that every nonzero vector space, not necessarily finite dimensional, has a basis. For this we
prove the following lemma.

Lemma 15.1.26 Let V' be a vector space over a field F' and X be a nonempty subset of V. Then X is a basis
for V if and only if X is a mazimal linearly independent set over F.

Proof. If X is a basis for V, then X is linearly independent over F and (X) = V. Let y € V, y ¢ X. Then
V =(X) C(XU{y}) €V sothat V= (X U{y}). Since the proper subset X of X U {y} also generates V, X
U{y} cannot be linearly independent over F. Thus, X is a maximal linearly independent set over F. Conversely,
let X be a maximal linearly independent set over F. It suffices to show that V = (X). If V' DO (X), then
there exists y € V, y ¢ (X). By Lemma 15.1.22, X U{y} is linearly independent over F, which contradicts the
maximality of X. Thus, V =(X). m

Theorem 15.1.27 Let V' be a vector space over the field F. Then V has a basis.

Proof. If V = {0}, then 0 is a basis for V. We now assume that V # {0}. Let = be a nonzero element of V.
Then {z} is a linearly independent subset of V. Let T' be the set of all linearly independent subsets of V' that
contain {z}. Clearly T' # (). T is a poset with respect to the set inclusion relation. By Zorn’s lemma, we can show
that 7" has a maximal element, say, X. Then X is a maximal linearly independent subset of V and by Lemma
15.1.26, it follows that X is a basis of V. m

Finally, we state the following theorem without proof. The finite dimensional case was proved in Theorem
15.1.20.

Theorem 15.1.28 Let V' be a vector space over a field F'. If A and B are two bases of V, then |A| = |B|. m

From Theorem 15.1.27, we find that a vector space V over a field F' has a basis B. If B is a basis for V over
F, then |B| is called the dimension of V over F.
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Worked-Out Exercises

{ Exercise 1

Solution:

{$ Exercise 2

Solution:

¢ Exercise 3

Solution:

Exercise 4

Let V' be a vector space of dimension n. Show that any set of n linearly independent vectors is a basis of

V.

Let B be a set of n linearly independent vectors. Suppose V # (B). Let y € V be such that y ¢ (B).
Then BU{y} is a set of n+ 1 linearly independent vectors by Lemma 15.1.22, a contradiction to Theorem
15.1.19. Hence, B is a basis of V.

Let us = (0,1,1,0), uz = (1,0,1,0), and us = (—1,—2,0,0) be three vectors in R*. Show that {u1,uz,us}
is a linearly independent set. Extend this set to a basis of R*.

Let a1, az2,as € R be such that
a1ul + asus + asuz = 0.

Then a2 — a3 = 0, a1 — 2a3 = 0, and a1 + a2 = 0. From this, it follows that a1 = a2 = a3 = 0. Hence,
{u1,u2,u3} is a linearly independent set. Suppose
(0,0,0,1) € ({u1,u2,us}).
Then there exists b1, b2, bs € R such that
biur + bauz + bsus = (0,0,0,1).

Thus, by —bs = 0, by —2bs = 0, by + bz = 0, and 1 = 0, a contradiction. Therefore, e4 = (0,0,0,1) ¢
({u1,uz2,u3}) . Hence, {u1, u2,us,ea} is a linearly independent set of vectors in R*. Since the dimension of
R* is 4, {u1, u2,us, es} is a basis.

Let V be a nonzero vector space of dimension n. Let X be a finite subset of V' such that V = (X). Show
that X contains a subset Y such that Y is a basis of V.

Let X = {z1,22,...,2}. Clearly ¢t > n. Since V # {0}, X contains a nonzero element. Thus, X contains
a linearly independent subset. If X is linearly independent, then X is a basis of V and n = t. Suppose

X is not linearly independent. Then there exists x;, say, x¢, such that z; € ({z1,22,...,2¢-1}). Then
V = {z1,22,...,24-1)}. Let s =t —n — 1. By repeating the process finitely many times, we can show
that there are s vectors x;,,...,zi, € {z1, x2, ..., Tt—1} such that

Tigye-oy Tig € <{I1,l‘27. .. ,xtfl}\{mi“. .. ,CL’Z‘S}> .
Let

Y = {1‘1,1‘2,. . ,:L‘tfl}\{xil,. . ,:L‘is}.

Then Y C X, |[Y|=mn,and V = (Y). If Y is not linearly independent, then there exists y € Y such that
y € (Y\{y}). Then V = (Y\{y}) and [Y\{y}| = n — 1, a contradiction to the fact that the dimension of
Visn.

Let T = {(z,y,2) € R® | 22 4+ 3y 4+ z = 0}. Show that T is a subspace of V3(R). Find a basis for T.

Solution: Since (0,0,0) € T, T # 0. Let (x1, y1, 21), (22, y2, 22) € T and r € R. Then 221 + 3y1 + 21 = 0 and
2x2+3y2+22 = 0. Hence, 2(z1+22)+ 3(y1+y2)+ (21+22) = 0 and 2rz1+3ryi +rz1 = 7(2214+3y1+21) = 0.
Therefore, (z1, y1, 21)+ (z2, y2, 22) € T and r(z1, y1, z1) € T. Thus, T is a subspace of V3(R). Now
2x1 + 3y1 + z1 = 0 implies that (z1, y1, 21) = (1, y1,—221 — 3y1) = 21(1,0,—-2)+ y1(0,1, —3). Since
(1,0,-2), (0,1,-3) € T and (x1, y1, 1) is an arbitrary element of T, T' = ({(1,0,—2),(0,1,—-3)}). It is
easy to verify that {(1,0,—2), (0,1,—3)} is a linearly independent set. Hence, {(1,0,—2), (0,1,—3)} is a
basis of T

Exercises
1. For the vector space R® over R, determine whether or not the sets listed are bases of R3.
(1) {(1,1,0),(1,1,1),(1,0,0)}.
(i) {(2,0,0),(0,2,0),(0,0,2)}.
(iii) {(-1,0,0),(0,-1,0),(0,0,—1)}.
(iv) {(1,0,0),(1,1,0),(1,1,1),(0,1,0)}.
2. Let M be an R-module, m € M and r € R. Prove that r0 =0, 0Om = 0, and —(rm) = (—r)m = r(—m).

3.

Show that the intersection of two submodules of an R-module M is a submodule.
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Show that the Z-module Q has no finite set of generators.

5. Find all subspaces of the real vector space R?. Is is true that for any clements u = (a,b) and v = (¢, d) of

R?, there exists a nontrivial subspace W of R? such that u,v € W?
Let A, B, and C be submodules of an R-module M.

(i) Prove that A+ B={a+0b|a€ A, b€ B} is a submodule of M.
(ii) If A C C, prove that A+ (BNC)=(A+ B)NnC.

7. Let M be an R-module and a € M. Show that T'= {ra +na | r € R, n € Z} is a submodule of M.
8. Let M be a unitary R-module. M is called a simple R-module if M # {0} and the only submodules of

10.

11.

12.

13.

M are M and {0}. Prove that M is simple if and only if M is generated by any nonzero element of M.
Let N be a submodule of a unitary R-module M and a € M. Let

a+N={a+b|be N}

Prove the following.

(i) a€a+ N.

(ii) For all a,b € M, a+ N = b+ N if and only if a — b € N.

(iii) For all a,b € M, either (a+ N)N(b+ N)=0ora+ N =>b+ N.
Let N be a submodule of an R-module M. Let

M/N ={a+ N |a € N}.
Define the following operations on M/N

(a+N)+(b+N) = (a+b)+N
rl@a+N) = ra+N

for all a + N,b+ N € M/N, r € R. Prove that M/N is an R-module.

Let V be a finite dimensional vector space over F. If U and W are two subspaces of V| prove the following:
HU+W={u+w|uecUweW}is a subspace of V.

(if) dimU+ dimW = dim(U + W)— dim(U N W).

Let N be a submodule of an R-module M. N is called a direct summand of M if there exists a submodule
P of M such that M = N + P and NN P = {0}. In a finite dimensional vector space V over F, show that
every subspace is a direct summand of V.

Write the proof if the statement is true; otherwise give a counterexample.

(i) If {u,v,w} is a linearly independent subset of a vector space V, then {u, u+ v, u +v + w} is also a
linearly independent subset.

(ii) If W is a subspace of a finite dimensional vector space V such that dim W = dim V, then W = V.

(iii) Let V be a vector space over a field F. If 0 # v € V, then there exists a basis containing v.

(iv) If S and T are two basis of a vector space V, then SUT is a basis of V.
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Chapter 16

Field Extensions

In this chapter, we study a special type of ring called a field. Results about fields have applications in number
theory and the theory of equations. The theory of equations deals with roots of polynomials. It is here that our
main interest lies. This interest leads us to an introduction of Galois theory.

The importance of the concept of a field was first recognized by Abel and Galois in their research on the
solution of equations by radicals. However, the formal definition of a field appeared more than 70 years later.
The works of Dedekind and Kronecker seem to be responsible for the entrance of the concept of a field into
mathematics. However, in 1910, in his paper, Algebraic Theorie der Kiperer, Steinitz gave the first abstract
definition of a field. His work freed the concept of a field from the context of complex numbers.

16.1 Algebraic Extensions

Let us recall that the characteristic of a field F' is either 0 or a prime p. By Theorem 8.1.9, the intersection of
any collection of subfields of a field F is again a subfield of F. Hence, a field contains a subfield which has no
proper subfield, namely, the intersection of all its subfields.

Definition 16.1.1 A field F is called a prime field if F' has no proper subfield.

Theorem 16.1.2 Let F be a field.
(i) If the characteristic of F is 0, then F contains a subfield K such that K ~ Q.
(i) If the characteristic of F' is p > 0, then F' contains a subfield K such that K ~ Z,.

Proof. Define f : Z—F by
f(n) =nl
for all n € Z, where 1 denotes the identity of F. Then f is a homomorphism.
(i) Suppose the characteristic of F' is 0. Then Ker f = {0} and so f is one-one. Define f*: Q — F by

for all ¢ € Q. Let ¢,5 € Q. Now

F(@)f(d) = £(c)f(v) if and only if f(
function. Now
FE+5 = o5
= f(ad 4+ bc)f(bd)™!
= (f(a)f(d)+ fFB)f()fO) " f(d)?
= f@f®)~ + fle)f(d)
= [+

¢ = £ if and only if ad = bc if and only if f(ad) = f(bc) if and only if
a

)F(0) " = f(c)f(d)~" if and only if f*($) = f*(%). Hence, f* is a one-one

Sl Bl

Also,

Il
s S
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Thus, f* is a homomorphism. Hence, Q ~ Z(f*), where Z(f*) is the image of f*. Let K = Z(f*).
(ii) Suppose the characteristic of F' is p > 0. Now

Z/Ker f ~ZI(f).

Since the characteristic of F' is not zero, Z(f) # {0}. Therefore, Z(f) is a nontrivial subring with 1 of the field F.
Consequently, Z(f) is an integral domain and so Z/Ker f is an integral domain. This implies Ker f is a prime
ideal of Z and Z# Ker f. There exists a prime ¢ such that Ker f = ¢Z. Now g1 = 0 implies that p|q and so ¢ = p.
Hence, Z/Ker [ ~ Z,.
]

Let L be a subfield of Q. Since L\{0} is a subgroup of Q\{0} under multiplication, 1 € L. Hence, Z C L and
so Q C L. Thus, Q has no proper subfield. Similarly, Z, has no proper subfield, where p is a prime.

Thus, the subfield K of the field F' in Theorem 16.1.2 is the prime subfield of F.

The following theorem can be easily verified. We leave its proof as an exercise.

Theorem 16.1.3 Let F' be a field and K be a subfield of F. The following conditions are equivalent.
(i) K is the prime subfield of F.
(i) K is the intersection of all subfields of F. m

Let F be a field and K a subfield of F. The field F' is called an extension of the field K. We express this by
F/K and call F/K a field extension or an extension field.

Definition 16.1.4 Let F/K be a field extension and C be a subset of F. Define K(C) to be the intersection of
all subfields of F which contain K UC. Then the subfield K(C) of F is called the subfield of F' generated by C
over K. C is called a set of generators for K(C)/K.

Let K[C] be the smallest subring of F' containing K UC. Since any subfield of F' which contains KU C must
contain K[C], we have that K(C) equals the intersection of all subfields which contain K[C]. Now K[C] is an
integral domain since it is a subring (with identity) of a field. Thus, by Theorem 9.1.6,

K(C)={ab"" | a,bc K[C], b# 0}.

That is, K(C) is the set of all rational expressions of the elements of K[C]. Hence, K(C) is a quotient field of
K[C].

Let F'/K be a field extension and ¢1, ¢z, . .., ¢, € F. Considering Definition 16.1.4, it follows that K(c1,¢2,...,¢cn) =
K(eci,ca,. .. ,¢n-1)(cn). Recall that K(c1) = {ab™"' | a, b € K|c1], b # 0}.

Definition 16.1.5 Let F/K be a field extension. An element a € F is said to be algebraic over K if there exist
ko, k1, ..., kn € K, not all zero, such that ko + kia+ - -+ + kna™ = 0; otherwise a is called transcendental over
K.

Let F'/K be a field extension and let a € F. Then a is algebraic over K if and only if a is a root of a nonzero
polynomial with coefficients from K.

Example 16.1.6 The element v/2 in R is algebraic over Q since V2 is a root of 2 —2 € Q[z]. The element
i € C is algebraic over R and Q since i is a root of * + 1 € Q[z].

Example 16.1.7 It can be shown that w, e € R are transcendental over Q. In the quotient field F(x) of the
polynomial ring F[z], F a field, = is transcendental over F since Y . jax" = 0 if and only if a; = 0 for
1 =0,1,...,n.

Theorem 16.1.8 Let F/K be a field extension and ¢ € F. Then c is algebraic over K if and only if ¢ is a root
of some unique irreducible monic polynomial p(x) over K.

Proof. Suppose c is algebraic over K. There exists a nonzero polynomial f(x) € K[x] such that ¢ is a root
of f(x) and f(z) ¢ K. By Theorem 13.1.15, there exist irreducible polynomials fi(z), f2(x),..., fm(z) € K[z]
such that f(z) = fi(x)fz(x) -+ fm(x). Thus,

0= f(c) = fi(e)f2(c) - -+ fm(c)-
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Since F has no zero divisors, we must have f;(¢) = 0 for some 4. Thus, there exists an irreducible polynomial
h(z) = bo +b1x+ - - - +bma™, by # 0, such that h(c) = 0. Let p(x) = bt h(x). Then p(z) is an irreducible monic
polynomial in K[z] with ¢ as a root.

Let g(z) be any polynomial in K[z], which has c as a root. Let p(z) be a monic polynomial of smallest degree
in K[z], which has ¢ as a root. There exist ¢(x), r(z) € K[z] such that g(z) = g(z)p(x) + r(z), where either
r(z) =0 or degr(x) < degp(x). Now

0=g(c) = a(c)p(c) +r(c) = g(c) - 0+ 7(c).

Thus, r(c) = 0, whence 7(z) = 0 else we contradict the minimality of the degree of p(x). This implies that
p(z)|g(x) in K[z]. Let s(x) be any irreducible polynomial in K[z], which has ¢ as a root (one such polynomial
is fi(x) for some i, 1 < i < m). Then p(z)|s(xz). Now p(z) is not a constant polynomial in K[z] since it has ¢
as a root. Thus, since s(x) is irreducible in K[z], p(z) must be irreducible in K[z]. Also, p(z) = ks(z) for some
k € K. If we choose s(z) monic, then k = 1 and so we have the desired uniqueness property of p(x). The converse
is immediate.

]

The proof of Theorem 16.1.8 yields the next result.

Corollary 16.1.9 Let F/K be a field extension and ¢ € F be such that c is algebraic over K. Then the unique
monic irreducible polynomial p(z) over K having ¢ as a root satisfies the following properties:

(i) There is no polynomial g(x) € K[x] having smaller degree than p(x) and which has ¢ as a root.

(i) If c is a root of some g(z) € K[z], then p(z)|g(z) in Klx]. m

We call the polynomial p(x), in Corollary 16.1.9, the minimal polynomial of ¢ over K. The degree of p(x)
is called the degree of ¢ over K

Example 16.1.10 By Ezamples 16.1.6,12.3.6, and 12.3.7, we have that &® — 2 is the minimal polynomial of v/2
over Q and x® + 1 is the minimal polynomial of i over R.

Theorem 16.1.11 Let F/K be a field extension and c € F.

(i) If c is transcendental over K, then K(c) ~ K(x), where K(z) is the quotient field of the polynomial ring
Kz].

(i) If c is algebraic over K, then K[c] ~ Klz]/ (p(x)), where p(x) is the minimal polynomial of ¢ over K.

Proof. Define the mapping o : K[z] — K|c] by for all f(z) € K[x],
a(f(z)) = f(e).
Then by Theorem 11.1.14, « is a homomorphism of K[z] onto K[c|. Thus,
K[z]/Ker a ~ K|c].

(i) Now f(z) € Ker « if and only if f(c) =0, i.e., if and only if ¢ is a root of f(z). Hence, Ker o = {0} if and
only if ¢ is transcendental over K. Thus, ¢ is transcendental over K implies « is an isomorphism of K[x] onto
K]|c] and so by Exercise 5 (page 168), a can be extended to an isomorphism of K(z) onto K(c). Consequently,
if ¢ is transcendental over K, then K(z) ~ K(c).

(ii) Suppose c is algebraic over K. Since K|[z] is a principal ideal domain, there exists g(z) € Klz] such
that Ker a = {g(z)). Now a(g(z)) = g(c) = 0. Hence, c is a root of g(z). Thus, p(z)|g(z) and so there exists
q(z) € K[z] such that g(z) = q(x)p(z). This implies that g(z) € (p(z)) and so

Ker a = (g(z)) C (p(x)).

Since p(c) =0, p(z) € Ker a. Therefore, (p(z)) C Ker a. Consequently, Ker o = (p(z)). m

Corollary 16.1.12 Let F/K be a field extension and c € F. Then
(i) K[c] C K(c) if and only if c is transcendental over K,
(it) K[c] = K(c) if and only if ¢ is algebraic over K.
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Proof. Since K[c] C K(c) always holds, (i) and (ii) are equivalent statements. Hence, we show that (ii)
holds. Suppose c is algebraic over K. Then by Theorem 16.1.11,

Kle] = K[z]/ {p(x))

and since p(z) is irreducible, K[z]/ (p(z)) is a field. Thus, K][c] = K(c). Conversely, suppose K[c] = K(c). If
¢ = 0, then c is the root of the polynomial x € K[z]. Suppose that ¢ # 0. Then ¢~ € K(c) and so ¢! =
ko + kic+ - -+ knc” for some k; € K. This implies that 0 = —1 4 koc+ ki® 4+ kpe™ and so ¢ is algebraic
over K.
|

Let F/K be a field extension. Under the field operations of F, F' can be considered as a vector space over K.
The elements of F’ are thought of as “vectors” while those of K are thought of as “scalars.” Recall that (F,+) is a
commutative group and that for all k1, k2 € K and a1, as € F, k1(a1+az2) = kiar+kiaz, (k1+k2)ar = krar+kaa:
hold from the distributive laws and that (ki1k2)a1 = k1(k2a1) holds from the associative law of multiplication.

Definition 16.1.13 Let F/K be a field extension. The dimension of the vector space F over K is called the
degree or dimension of F/K and is denoted by [F : K]. If the dimension of F/K is finite, then F/K is called
a finite extension.

Theorem 16.1.14 Let F/K be a field extension and ¢ € F be algebraic over K. Let p(x) be the minimal
polynomial of ¢ over K. If deg p(z) = n, then {1,c,c?,...,c" '} is a basis of K(c)/K.

Proof. By Corollary 16.1.12, K[c] = K(c). Let g(c) € K|[c] and g(x) be the corresponding element in K[z].
There exist g(z), r(z) € K[z] such that g(z) = q(z)p(x) + r(x), where either r(x) = 0 or degr(z) < degp(x).
Thus, g(c) = q(c)p(c) + r(c) = r(c). Hence, {1,¢,c?,...,c" '} spans K(c)/K. Suppose 0 = 31" "kic', ki € K.
If the k;’s are not all zero, then c is a root of a polynomial of degree < n — 1 < n, a contradiction. Thus, k; =0
for i =0,1,...,n —1 and so {1,¢,c?,..., ¢" '} is linearly independent over K. Hence, {1,c,c?,...,c" '} is a
basis of K(¢)/K. ®

Corollary 16.1.15 Let F/K be a field extension. If ¢ € F is algebraic and of degree n over K, then [K(c) :
Kl=n.m

Example 16.1.16 The field extension Q(v/2)/Q is of degree 2 and {1, \/2} is a basis of Q(v/2) over Q since
p(x) = 2® — 2 is the minimal polynomial of /2 over Q by Example 16.1.10. Thus, Q(v/2) = {a+bv/2 | a, b € Q}.

The student may recall from another mathematics course that a 4+ bv/2 = ¢ + dv/2 if and only if @ = ¢ and
b= d, where a,b, c,d € Q. This becomes clear now since 1 and /2 are linearly independent over Q by Theorem
16.1.14.

Example 16.1.17 By Theorem 16.1.14, the field extension R(i)/R is of degree 2 and {1, i} is a basis of R(i)
over R since p(x) = 2® + 1 is the minimal polynomial of i over R. Thus, R(i) = {a +bi | a, b € R}. Hence, we
see that R(7) is C, the field of complex numbers.

Theorem 16.1.18 Let F/K be a finite field extension. Then every element of F is algebraic over K.

Proof. Let n be the dimension of F/K. Let ¢ € F be such that ¢ # 0, ¢ # 1. (Clearly 0 and 1 are
algebraic over K.) If the set {1,¢,c?, ..., c"} does not contain n + 1 distinct elements, then ¢/~% = 1 for some 4,
j (0<i<j<n)andso cis aroot of 7~ — 1. Suppose 1,¢,¢2,...,c" are distinct. Then they must be linearly
dependent since they are more in number than the dimension of the vector space F' over K. Hence, there exist
ko,k1,...,kn € K not all zero such that 0 = >_""  kic’. Thus, c is a root of the polynomial > " ki’ over K.
|

The converse of Theorem 16.1.18 is not true, that is, it is not necessarily the case that if every element of
F is algebraic over K, then F'/K is a finite field extension. It can be shown that the set of all elements A of C,
which are algebraic over Q is a field such that [A : Q)] is infinite (Theorem 16.1.22 and Example 16.1.25). A is
called the field of algebraic numbers.

Theorem 16.1.19 Let K(c)/K be a field extension. Then K(c)/K is finite if and only if ¢ is algebraic over K.
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Proof. If K(c)/K is finite, then c is algebraic over K by Theorem 16.1.18. If ¢ is algebraic over K, then
K(c)/K is finite by Corollary 16.1.15.
|

Let F/K be a field extension. A subfield L of F' is called an intermediate field of F/K if K C L C F.
Since a — b € L for all a,b € L and ka € L for all k € K and a € L, it follows that L is a subspace of F' over K.
An intermediate field L of F/K is called proper if L # F.

Theorem 16.1.20 Let F/K be a field extension and L be an intermediate field of F/K. Then
[F:K]=I[F:L]L:K].
Moreover, F/K is a finite extension if and only if F/L and L/K are finite extensions.
Proof. Let V be a basis of F'/L and U be a basis of L/K. We show that
W={uw |ueUweV}

is a basis of F//K. Let ¢ € F. Since V is a basis of F/L, there exist v1,v2,...,v, € V and c¢1,¢2,...,¢n € L such
that

c= ZCjUj. (16.1)
j=1
Since U is a basis of L/K, there exist u1,us,...,um € U and kij, kaj, ..., km; € K such that

m
= kijus, i=1,2,...,n. (16.2)
=1

Substituting Eq. (16.2) into Eq. (16.1), we obtain

CcC = Z Z kijuivj.
j=1i=1
Thus, W spans F over K. Suppose
n m
j=1i=1

where u; € U, v; € V,and k;; € K for alli =1,2,...,m; 7 =1,2,...,n. Then

m

0= Z(Z kijui)vj

=1

and since V is linearly independent over L,

Ozikijui, j:1,2,...,n.

i=1

Thus, kij =0for i =1,2, ..., m; 5 =1,2, ..., nsince U is linearly independent over K. Hence, W is linearly
independent over K, whence W is a basis of F' over K. Let u,u’ € U and v,v" € V. If v # v/, then uv # u'v’
since v and v’ are linearly independent over L. If v = v, then uv = «’v’ if and only if u = u’. Consequently, for
all u,u’ € U and for all v,v" € V if either u # u’ or v # v, then wv # w'v'. Hence, [F : K| =|U x V| = |U]|V] =
[F: L][L : K]. Now if either U or V is infinite, then W is infinite. If U and V are finite sets, then W is a finite
set. Hence, F'/K is a finite extension if and only if F'/L and L/K are finite extensions. ®

Example 16.1.21 Consider the field extension Q(v/2, v/3)/Q. By Example 16.1.10, 2> — 2 is the minimal poly-
nomial of /2 over Q. Also, 2 — 3 is the minimal polynomial of v/3 over Q(\/i) (That x* — 3 is irreducible
over Q(\/i) follows by an argument that is similar to the one used in Worked-Out Ezercise 1, page 235.) Thus,
{1,/2} is a basis of Q(v/2)/Q and {1,+/3} is a basis of Q(v/2,v/3)/Q(+/2). By Theorem 16.1.20, {1,v/2,/3, 6}
is a basis of Q(v2, V3)/Q. [Q(V2,V3) : Q] = 4, [Q(V2,v3) : Q(V2)] = 2, and [Q(v2) : Q] = 2.

Theorem 16.1.22 Let F/K be a field extension. If L is the set of all elements in F, which are algebraic over
K, then L is an intermediate field of F/K.
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Proof. Any k € K is a root of the polynomial x — k over K. Thus, L O K. Let a and b be elements of L,
where a is of degree m over K and b is of degree n over K. Then K(a)/K is of degree m and K(a,b)/K(a) is
of degree at most n. Hence, by Theorem 16.1.20, K(a,b)/K is a finite extension. By Theorem 16.1.18, every
element of K (a,b) is algebraic over K. Since a—b and ab™* (for b # 0) are elements of K (a,b), a—b and ab™* (for
b # 0) are algebraic over K. Thus, a — b and ab™" (for b # 0) € L and so L is a field. m

Definition 16.1.23 A field extension F/K is called algebraic if every element of F is algebraic over K; oth-
erwise F/K is called transcendental.

Theorem 16.1.24 Let L be an intermediate field of the field extension F/K. Then F/K is an algebraic extension
if and only if F/L and L/K are algebraic extensions.

Proof. Suppose that F//K is algebraic. Let a € F. Then a is a root of a nonzero polynomial p(z) € K|z].
Since K C L, p(x) € L[z]. Thus, a is algebraic over L and so F/L is algebraic. Every element of L is an element
of F. Hence, L/K is algebraic. Conversely, suppose F/L and L/K are algebraic extensions. Let ¢ € F. Then c is
a root of some nonzero polynomial co+ciz+---+cpa™ € L[z]. Thus, ¢ is algebraic over K(co, ¢1, ..., cn) whence
K(co,c1,...,¢n)(c)/K(co,c1,...,¢n) is a finite extension. Since co, c1,...,c, are algebraic over K, repeated
application of Theorem 16.1.20 yields that K(co,c1,...,cn)(c)/K is a finite extension. Therefore, ¢ is algebraic
over K by Theorem 16.1.18. Hence, F/K is an algebraic extension. m

Example 16.1.25 Let F = Q({\/p | p € Z, p is a prime}) C R. We show that F/Q is algebraic and [F : Q] = oco.
Now for any prime p, \/p ¢ Q. Let p1,...,pn be any distinct primes. Suppose p # pi, i = 1,2,...,n, and p
is a prime. Assume that /b & Q(\/D1, ..., \/Pn), the induction hypothesis. (The case n = 0 is /b ¢ Q and
this case is described above.) We show that if p1,...,pnt1 are distinct primes and p # p;, 1 = 1,2, ..., n+ 1,
then \/p & Q(\/P1,-..,\/Pnt1). Suppose \/b € Q(\/D1,. ..,/ Pnt1). Then there exist a,b € Q(/p1,...,/Pn) such
that \/p = a + b\/Drt1. If a = 0, then p = b2 pni1, a contradiction since p and pny1 are distinct primes. If
b=0, then /b =a € Q(/p1,--.,/Pn), a contradiction to our induction hypothesis. Suppose a # 0 and b # 0.
Then p = a* + pny1b® + 2ab\/Pny1. Hence, \/pni1 = (p — a® — pny1b®)/2ab € Q(/P1,...,/Pn) and so /D €
Q(\/P1,---,4/Pn), a contradiction of the hypothesis. Hence, \/b & Q(\/P1,...,/Pnt1). Thus, by the induction
hypothesis, we find that for any positive integer k, if p1, ..., px, p are distinct primes, then \/p & Q(\/p1,- . -, /Pk)-
Hence,

QCQ(W2) cQ(W2,V3) C -

is an infinite strictly ascending chain of intermediate fields of F/Q. Hence, F/Q must be of infinite dimension.
Let a € F. Then there exist primes p1, ..., pn such that a € Q(\/p1, ..., \/Pn). Since Q(/P1, ..., \/Pn)/Q is
a finite field extension, a is algebraic over Q by Theorem 16.1.18. Hence, F/Q is algebraic. Note that from this
example, it follows that [R : Q] = co.

The above example provides us with a field extension F/Q which shows that the converse of Theorem 16.1.18
is not true. Since the field of algebraic numbers A contains F, we have [A : Q] = co.

Definition 16.1.26 Let F//K and L/K be field extensions and o : F — L be a homomorphism. Then o is called
a K-homomorphism if o(a) = a for all a € K.

Let F/K and L/K be field extensions and o : ' — L be a K-homomorphism. Since o is a nonzero
homomorphism, Ker o # F. Therefore, Ker o = {0} since the only ideals of F" are F' and {0}. This implies that
o is one-one. Hence, o is an isomorphism of F' onto o(F). We simply call o a K-isomorphism of F into L. If
L =F =o(F) and o is a K-isomorphism of F' into L, then we call o a K-automorphism.

Theorem 16.1.27 Let F/K be an algebraic extension and o : F — F be a K-homomorphism. Then o is an
automorphism.

Proof. As above o is one-one. To show ¢ is an automorphism, it only remains to be shown that o(F) = F,
i.e., ois onto F.Let a € F. Let f(x) = ao+a1z+---+arz® € K[z] be the minimal polynomial of a over K. Let b
be any root of f(x) in F. Then f(o(b)) = ao+aio(b) +---+aro(h)* = o(ao +a1b+ - - - +arb®) = 0. Hence, o (b)
is a root of f(z). Let F’ be the subfield of F generated by all roots of f(z) over K that lie in F. Then F'/K is a
finite extension. Since o maps a root of f(z) to a root of f(z), o maps F' into F’. Since [F' : K] = [o(F') : K],
it now follows that [F’ : o(F')] = 1 by Theorem 16.1.20 and so F' = o(F’). Hence, a € F' = o(F') C o(F).
Thus, o is onto F. m
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Worked-Out Exercises

{ Exercise 1:

Solution:

{ Exercise 2:

Solution:

{ Exercise 3:

Solution:

{ Exercise 4:

Solution:

{ Exercise 5:

Solution:

Show that the polynomial 2* — 7 is irreducible in Q(v/3)[x].
Suppose 2 — 7 = (z — (a + bv/3))(z — (c + dv/3)), where a,b,c,d € Q. Then 2° —7 = 2% — ((a +¢) + (b+
d)V3)z + (ac + 3bd + adv/3 + bey/3). This implies that

0
—T.

(a4¢)+ (b+d)V3
ac + 3bd + ad/3 + bc/3

Since {1, \/5} is linearly independent over Q, a + ¢ = 0 and b + d = 0. Hence,
—a® — 3b” + (—2ab)V/3 = —T.

Thus, —a? — 3b> = —7 and —2ab = 0. Hence, ab = 0. Suppose a = 0. Then 3b?> = 7. Now b = 2 for some
integers m and n with ged(m,n) = 1. Therefore, 3m? = 7n?, which contradicts the fundamental theorem
of arithmetic. Suppose b = 0. Then a® = 7, which again leads to a contradiction of the fundamental
theorem of arithmetic. Thus, 2% — 7 is irreducible in Q(v/3)[z].

Find [Q(v/3,v7) : Q(+/3)] and [Q(+v/3) : Q]. Also, find a basis for Q(+v/3,+/7)/Q(+/3) and a basis for
QWV3,V7)/Q.

By Worked-Out Exercise 1 (page 235), 2> — 7 is irreducible over Q(v/3). Thus,
[Q(V3,V7) : Q(V3)] = deg(a” — 7) = 2.

By Theorem 16.1.14, {1,+/7} is a basis for Q(v/3,/7)/Q(+/3). Since z* — 3 is irreducible over Q, [Q(+/3) :
Q] =2 and {1,+/3} is a basis for Q(v/3)/Q. Thus,

[Q(V3,v7): Q] = [Q(V3,V7) : QV3)[Q(V3) : Q] =2-2 = 4.

By Theorem 16.1.20, {1,/3,/7,+/21} is a basis of Q(v/3,v7)/Q.
Find an element u € R such that Q(v/2, ¥/7) = Q(u).
We claim that u = v/2%/7. Since u = V27 € Q(\/i, \3/7), Q(u) C Q(\/i, \3/7) Now 27 € Q(u) implies
that 14v/2 = (v/29/7)® € Q(u). Hence, v2 € Q(u). Since v/2,v2V/7 € Q(u), ¥/7 € Q(u). Therefore, Q(+/2,
V7) € Q(u). Thus, Q(v2, V7) = Q(u).

(a) Let F be a field and a,b be members of a field containing F. Suppose that a and b are algebraic of

degree m and n over F) respectively. Suppose m and n are relatively prime. Show that [F'(a,b) :
F] =mn.

(b) Show that the result in (i) need not be true if m and n are not relatively prime.

(a) Let f(z) € F[z] be the minimal polynomial of a of degree m. Now f(z) € Flz] C F(b)[z]. Thus, a
satisfies a polynomial of degree m over F(b). Hence, [F(b)(a) : F(b)] < m. Since F(b)(a) = F(a,b),
[F(a,b) : F(b)] <m. Now [F(a,b): F] = [F(a,b) : F(b)][F(b) : F] < mn. Also,

[F(a,b) : F] = [F(a,b) : F(b)][F(b) : F] = [F(a,b) : F(b)]n.

Thus, n|[F(a,b) : F]. Similarly, m|[F(a,b) : F]. Since m and n are relatively prime, mn|[F(a,b) : F].
Therefore, [F(a,b) : F] > mn. Consequently, [F'(a,b) : F] = mn.

(b) Let F =Q, a = 2%, and b = 2%. Then a is algebraic over F' of degree 6 and b is algebraic over F’
of degree 4. We claim that F'(a,b) = F(Q%) Now b = (21_12)3 € F(21_12) and a = (2%)2 € F(21_12)
Thus, F(a,b) C F(212). Now 212 = 216 = 21(26)"! € F(a,b). Hence, F(a,b) = F(212). Since
x'? — 2 is the minimal polynomial of 21_12, [F(2ﬁ) cF)=12#24=4.6.

Consider the unique factorization domain F'[t], where F is a field and ¢ is transcendental over F. Show
that the polynomial 22 + tx 4+t € F(t)[z] is irreducible over F(t). Also, show that 2 + tx +t € F(z)[t] is
irreducible over F(z).

Now t |/1,t]t, but t? |/t. Note t is prime in F[t]. Thus, 2® + tx 4+t € F(t)[z] is irreducible over F(t) by
Eisenstein’s criterion. If we consider 2% +tx+t as a polynomial in ¢ over F(x), then o> 4+-tx+t = (z+1)t+a>.
It follows that Eisenstein’s criterion does not apply. However, since (z + 1)t + 2 is of degree 1 in t, it is
irreducible over F'(z).
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Exercise 6:

Solution:

Exercise 7:

16. Field Extensions

Let K[u,v] denote the polynomial ring in two algebraic independent indeterminates u,v over the field K.
Let F denote the field of quotients K (u,v) of K[u,v]. Prove that the polynomial 2* 4+ va 4 u is irreducible
over F.

Suppose 22 4+ va + u is reducible over F. Then

2’ +vr+u= <x+p(“—’v)) ($+M>

q(u,v) 9(u,v)

where p(u,v), q(u,v), f(u,v), g(u,v) € K[u,v]. We may assume that p(u,v) and ¢(u,v) are relatively
prime in Ku,v] and also f(u,v) and g(u,v) are relatively prime in K[u,v]. Now

uq(u,v)g(u,v) = p(u,v) f(u,v). (16.3)

Hence, g(u,v) divides p(u,v), p(u,v) divides ug(u,v), q(u,v) divides f(u,v), and f(u,v) divides ug(u,v).

Also, (w,) ()
_ plu,v f(lu,v
7 ) T glun)
Consequently,
vg(u,v)g(u,v) = p(u, v)g(u,v) + q(u, v) f(u, v). (16.4)

Therefore, g(u,v) divides g(u,v) and g(u,v) divides g(u,v). Thus,
9(u,v) = kq(u, v)

for some k € K. Hence, g(u,v) and p(u,v) are relatively prime. Similarly, g(u,v) and f(u,v) are relatively
prime. Thus, p(u,v) divides v and f(u,v) divides u by Eq. (16.3). Hence,

either p(u,v) = k1u or p(u,v) = ki, (16.5)

either f(u,v) = kou or f(u,v) = ks (16.6)
for some ki1, k2 € K. Suppose that p(u,v) = k1w and f(u,v) = kau. Then substituting into Eq. (16.4) we
obtain

vq(u, v)g(u, v) = kiug(u, v) + kaug(u, v).
Thus,

vg(, 0)g(u,v) = krukg(u, v) + kaug(u, v).
Hence, vg(u,v) = (kik + k2)u. However, this contradicts the algebraic independence of u,v over K.
Substituting the remaining possibilities in Eqs. (16.5) and (16.6) into Eq. (16.4), we also obtain a
contradiction of the algebraic independence of u, v over K. Thus, x2 + vz + u is irreducible over F.

Let F = K(z,y), where K is a field and z,y are algebraically independent indeterminates over K. Show
that F' # K(x)K(y), where

K@)K(y) = {>2:@i(x)/q(®)(ui(y)/vi(y)) | pi(z),q(x) € Klz],
ui(y), vi(y) € Klyl, q:(x) # 0,vi(y) # 0}.

Solution: Now xiy ¢ K(z)K(y) else x—_}_y = (3, (fi(2)gi(y))/h(x)k(y), after obtaining a common denominator.
Thus,
h(@)k(y) = (= +y) O (filx)gi(y))-
This implies that z +y divides h(z)k(y). Hence, x +y divides h(z) or k(y) since x +y is prime in the UFD
Kz, y], a contradiction of the algebraic independence of z,y over K.
Exercises

1. Show that Q(v/3, —v/3) = Q(v/3).

2. Let F/K be a field extension. Show that [F: K] =1 if and only if F = K.

3. Consider the field extension R/Q.
(i) Show that 72 is transcendental over Q.
(ii) Show that /7 is transcendental over Q.

4. Consider the field extension R/Q. Show that = — 3 is transcendental over Q.
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5. Consider the field extension R/Q. Show that 7 is transcendental over Q(v/2).

6. Consider the field extension R/Q. Show that = + v/2 is transcendental over Q.

7. Let F/K be a field extension such that [F' : K] < co. Let p(x) be an irreducible polynomial in Klx].
Suppose p(c) = 0 for some ¢ € F. Prove that degp(z) divides [F : K].

8. Find [Q(V/5) : Q.

9. Show that Q(v3 — v/5) = Q(v/3,v/5). Find [Q(v3 — v5) : Q.

10. Show that the polynomial 2> — 5 is irreducible over Q(+v/2).

11. Find the minimal polynomial of v/2 4+ v/5 over Q.
12. Let ¢ = ¥/3. Show that Q(c) = Q(c?).

13. Find [Q(v2,v5) : Q(v/2)], [Q(v2,v/5) : Q], a basis for Q(v/2,v/5)/ Q(v/2), and a basis for Q(v/2,v/5)/Q.
14. Let F/K be a field extension and ¢ € F be algebraic over K. Let f(z) € K[z]. Show that f(c) is algebraic
over K.

15. Prove that if [F': K] = p, p a prime, then F'/K has no proper intermediate fields.

16. Let L and M be intermediate fields of the field extension F'/K. Suppose that [L : K] is a prime. Prove
that either LN M = K or L C M.

17. Let F/K be a field extension, f(z) be a nonzero polynomial in K|z], and ¢ € F. If f(x) is algebraic over
K, prove that c is algebraic over K.

18. Let F/K be a field extension such that [F': K] = p, p a prime. Prove that if ¢ € F, ¢ ¢ K, then F = K(c).

19. Let F/K be a field extension and a, b € F be algebraic over K. If a has degree m over K and b # 0 has
degree n over K, prove that the elements a + b, ab, a — b, ab~! have degree at most mn over K.

20. Prove that \/i + \/5, \/5 — \/§ have degree 4 over Q and that \/§\/§, \/5/\/5 have degree 2 over Q. Find
the minimal polynomials of these elements over Q.

21. Let F/K be a field extension and R be a ring such that K C R C F. Prove that if every element of R is
algebraic over K, then R is a field.

22. Let F/K be a field extension and u,v € F.
(i) Prove that K(u,u +v) = K(u,v).
(ii) If w and w + v are algebraic over K, prove that [K(u,v) : K] is finite and v is algebraic over K.

23. Answer the following statements true or false. If the statement is true, prove it. If it is false, give a

counterexample.

(i) Let F/K be a field extension and L be an intermediate field of F//K. Let V be a basis of F//L such that
1 €V and U be a basis of L/K such that 1 € U. Then U UV is linearly independent over K.

(ii) Let F/K be a field extension and L be an intermediate field of F//K. Let V be a basis of F'/L and U
be a basis of L/K. Then U UV is a basis of F/K.

(iii) Let F/K be a field extension and ¢,d € F. If K(c¢,d) = K(c), then d = f(c) for some polynomial
f(z) € Klz].

16.2 Splitting Fields

Here we give some results concerning the existence of field extensions which are generated by roots of polynomials.
These results are basic to Galois theory.

Consider the polynomial ring K[x] over the field K. Let f(z) € Klz]. In the quotient ring K[z]/ (f(x)),
we let g(z) denote the coset g(z) + (f(z)). Thus, if g(z) = Y7, kiz’, then by the definition of addition and

multiplication of cosets, we have that g(z) = 31" | ki7"

Theorem 16.2.1 (Kronecker) Let K be a field. If f(x) is a nonconstant polynomial in K|[z], then there exists
a field extension F/K such that F contains a root of f(x).

Proof. Since K[z] is a unique factorization domain, there exist irreducible polynomials fi(z),..., fo(z) €
K|[z] such that f(z) = fi(x)--- fu(x). Thus, a root of any f;(z),7=1,2,...,n, is aroot of f(x). Hence, it suffices
to prove the theorem for f(z) irreducible in K[z]. The ideal (f(z)) is maximal in K[z] and so F' = Klz]/ (f(z))
is a field. Let « be the natural homomorphism of K[z] onto K[z]/ (f(x)). Since K N (f(z)) = {0}, @ maps K
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one-one into F. Thus, say, K C F, that is, we identify k € K with k in F. Hence, a(f(z)) = f(z) = f(T), where
f(x) = f(z) + {f(x)) and T = = + (f(x)) . Now a(f(x)) =0 and so f(T) = 0. Therefore, T is a root of f(x).

The field extension F/K in Theorem 16.2.1 has some interesting properties. Consider the subring K[Z] of
F. Then o} kiz’) = S0 kT for all Y7 kiz* € K[z] and so o maps K [z] onto K[Z]. Since v also maps
K|z] onto F, we have F' = K[z] = K(Z). Thus, for f(z) irreducible in K[z], we have by Theorem 16.1.14 that
[F:K]=mnand {1,%,...,7" '} is a basis of /K, where n = deg f(x).

Example 16.2.2 z* + 1 is irreducible in R[z]. Now C = R/ (2> +1) = R[z] = {a +bT | a, b € R} is a field,
where T = x + <:E2 + 1>. Since x? = —1, we may call C the field of complex numbers. We may think of T as 1.

Example 16.2.3 Consider the polynomial x* —3 € Q[z]. By Eisenstein’s criterion, x* — 3 is irreducible in Q[z].
Set X =z + (z* — 3) in the field Q[z]/ (z* — 3). Then

Q[z]/ {z* —3) = Q(\) = {a+bA +cA* +d\° | a,b,c,d € Q}

and {1, \, 2%, X3} is a basis of Q(\) over Q. Let us multiply two elements of Q(A\) and determine the form
a+bX+cA? +dX\3 for their product. Consider (1 4+ X+ X3) and (1 4+ A\?). Then

A+AF2) A+ X)) =14+ A+ 217 +220% 0%,
Now
I4z+a’+20° +2° =a(a® —3) + 1+ 40 +2° +22°
using the division algorithm. Thus,

THEAFAZ 42234 0° = AO* =3)+14+40+ 2% 42)°
= A0+ 144N+ 22 +2)%

Hence,

ATHXFX)A+2) =1 +40+ 27 +2)%
Let us find (1 4+ X+ X371, Since x* — 3 is irreducible over Q, the ged of ¢* — 3 and 2® + x 4 1 is 1. Therefore,
there exist s(x), t(x) € Q[z] such that

1=s(z)(z' —3) +t(z)(1+z + z°).

Thus,

1L = s =3)+tN)A+ X+ 23)

1 = 0+t +A+23).
Hence, t(\) = (1+ X+ 2*) "1, We have not really calculated t(X\), however. To do this calculation, we must know
the exact form of s(x) and t(z). The method for finding s(x) and t(x) is described below. Now by repeated use of
the division algorithm, we have

3=z +2+1)+ (-2 —z—3)

B4+l (—x+1)(—2% -2 —3)+ (—z+4)
—?—2—-3 = (z+5)(—z+4)+(-23)

—z+4 = (52— 55)(—23)+0.
Thus, by back substitution, we obtain
23 = —2®—z—-3—(z+5)(—z+4)
-23 = —2®—z-3—(z+B*+z+1-(—z+1)(—2% -z —3)]

(—2? — 4z +6)(—2® —2—3) — (2 +5)(@* + 2+ 1)
(—2® —dx+6)[z* =3 —z(x®+2+1)] - (z+5) (x> +2+1)
= (-2 4z +6)(z* —3)+ (2®+ 422 —Tx - 5)(z®* +z +1).

This implies that

1=~ (e — 4o 4+ 6) (= 3) + (— =) (e + 42® — Tz — 5)(2® + =+ 1).

_2_3(

Therefore,
o 1 3 4 2 7 5
t(z) = 55% 55% + 23$—|— 53"
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Consequently,

3\-1_ 9 7T 4.5 1.3
I+AFN) =g Tt~ 3h

Since X is a root of z* — 3 in Q(N), we know by Corollary 11.1.10 that x — X divides z* — 3 over Q(X). In fact,
2 =3 = (=) (2® + A2+ A2+ \3). We know there exists a field Q(\)(A2), where X2 is a root of x>+ Ax? 4+ 2z +\3
over Q(\) by Theorem 16.2.1. Over the field Q(A)(A2), x® + A2 + A2z + A? factors into (xz — X2)q(x), where q(z)
has degree 2. There exists a field Q(\)(A2)(As), where Az is a root of q(x), and over the field Q(X)(A2(A3), ¢(x)
factors into (x — A3)(z — Aa). Thus,

gt —3=(z—N(z— )z — A3)(x — A1)
over Q(A)(A2)(A3)(Aa). In this particular example, we can take Ao = —X and so Q(N\) = Q(A\)(A2). Hence,
QA A2, A3, Ag) = Q(A, As).

Now over Q(X),

' =3 =(z—N)(z+ N (®+ ).
Also, x® + X2 s irreducible over Q()\), a fact we leave as an evercise. Thus, [Q()\) : Q] = 4 and [Q(N)(N3) :
Q(N)] = 2. Hence, [Q(N\)(X3) : Q] = 8.

Example 16.2.3 leads us to believe that given any polynomial f(z) in a polynomial ring K[z] over a field K,
there exists a field extension F//K such that f(z) factors completely into linear factors. This is indeed the case,
as we will presently show.

Definition 16.2.4 Let K be a field. A polynomial f(x) in Klx] is said to split over a field S D K if f(x) can
be factored as a product of linear factors in S[z]. A field S containing K is said to be a splitting field for f(zx)
over K if f(x) splits over S, but over no proper intermediate field of S/K.

Example 16.2.5 The field of complex numbers C is a splitting field for the polynomial x® + 1 over R. This
follows since x> +1 = (x +4)(x — i) in Clz] and C/R has no proper intermediate fields because [C : R] = 2.
(If C 2 L D R, where L is an intermediate field of C/R, then 2 = [C : L][L : R] and so either [C : L] =1 or
[L:R] = 1. Thus, either C = L or L = R.) Note that C is not the splitting field of *> +1 over Q since x* 4 1
splits over Q(i) C C.

Theorem 16.2.6 Let K be a field and f(x) be a polynomial in K|[z] of degree n. Let F/K be a field extension.
If

f@)=clx—ci)(x —c2) - (x —cn) in Flx],
then K(c1,c2,...,cn) is a splitting field for f(x) over K.

Proof. Since c1,¢a,...,cy, are the roots of f(x), f(x) splits over K(c1,¢2,..., ¢,). Let L be an intermediate
field of K(c1,c2,...,cn)/K such that f(z) splits over L. Since K|[z] is a UFD, there is only one way f(z) can
split over L, namely, f(z) = c¢(z —c1)(z —c2) --- (£ —¢n). Thus, ¢1,¢2,...,¢n € L, whence L D K(c1,¢2,...,¢n).
Hence, K(c1,c2,...,cyn) is the smallest intermediate field over which f(z) splits.
|

The field Q(\, A3) of Example 16.2.3 is a splitting field for 2* — 3 over Q. We now prove the existence of
splitting fields.

Theorem 16.2.7 Let K be a field and f(x) be a nonconstant polynomial over K. Then there is a splitting field
for f(x) over K.

Proof. If deg f(z) = 1, then K is a splitting field for f(z) over K. Assume the theorem is true for all
polynomials of degree n — 1 (> 1). Suppose deg f(z) = n. There exists a field K1 2O K such that K; contains a
root ¢1 of f(z) by Theorem 16.2.1. Thus, f(z) = (x —c1) f1(z) in Ki[z] and deg f1(z) = n — 1. By the induction
hypothesis, there exists a field extension E/K; such that fi(z) splits in E[z]. Thus, f(z) splits in E[z], say,

f(@) =c(z —cr)(@—c2) - (x = cn).

By Theorem 16.2.6, the intermediate field K (c1, c2, ..., ¢n) of E/K is a splitting field for f(z) over K.
|

The intermediate field Q(v/3, iv/3) of C/Q is a splitting field for z* —3 over Q. The field Q(\, A3) of Example
16.2.3 is also a splitting field for z* — 3 over Q. However, we cannot conclude that Q(v/3, iv/3) = Q(\, A3).
Hence, splitting fields for a given polynomial over a field are not unique. We will show, however, that they are
unique up to isomorphism.
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Theorem 16.2.8 Let o be an isomorphism of the field K onto the field K'. Let p(z) = ko+kiz+kox?+- - +knz™
be an irreducible polynomial in K[z] of degree n, ¢ be a root of p(x) in some field extension of K, and p'(y) =
a(ko) + a(k)y + a(ke)y®+ - - + a(kn)y™ be the corresponding polynomial in K'[y]. Then p'(y) is irreducidle in
K'ly]. If ¢ is a root of p'(y) in some field extension of K', then o can be extended to an isomorphism o of K(c)
onto K'(c') with o/ (c) = c'. o' is the only extension of a such that o/(c) = c'.

Proof. By an argument similar to the one used in the proof of Theorem 11.1.14, & can be uniquely extended
to an isomorphism @ of K[z] onto K'[y] so that for every polynomial by + b1z + baa® + - -+ + 2™ € K]z],

a(bo + bix + boz? 4 -+ + bmx™) = a(bo) + a(br)y + oz(bg)y2 + -+ albm)y™.

We leave to the reader the verification that p’(y) is irreducible in K'[y]. Let 3 be the natural homomorphisms
of K[z] onto K[z]/{p(x)) and 8" be the natural homomorphisms of K'[y] onto K'[y]/ (p'(y)). Then Ker B =
Ker 3’ o@. Hence, there exists an isomorphism o* of K|z]/ (p(z)) onto K'[y]/ (p'(y)) such that 8’ c@ = a* o §.
By Theorem 16.1.11 and Corollary 16.1.12, there exist isomorphisms v and v of K|x]/ (p(x)) onto K(c) and
K'[y]/ (v’ (y)) onto K'(¢'), respectively. Thus, o' is the map ' o a* o y~*. The situation is described by the
following diagram:

- [ ’
Klx] > K [v]
g i
Klx] @ K'v]
“ple)> )
f E
4.1 o
Kie) K (c)
Let o” be any other extension of a to an isomorphism of K(c) onto K’'(c’) such that o”(c) = ¢'. Now
{l,¢,...,c" '} is a basis for K(c)/K and {1, ¢,..., ¢™ '} is a basis for K'(c')/K’. We have that
n—1 ) n—1 ) n—1 ) n—1 )
a"(z kic') = Z o (k)" () = Z a(k)cd" = o/(z kic").
i=0 i=0 i=0 =0

!

Hence, o’ =o'. ®

Corollary 16.2.9 Let E/K be a field extension and p(x) be an irreducible polynomial in K[z|. If a, b € E are
roots of p(x), then K(a) ~ K(b).

Proof. Let K = K’ and « be the identity map.
]
From Corollary 16.2.9, we have Q(+v/3) ~ Q(iv/3) in Example 16.2.3.

Theorem 16.2.10 Let o be an isomorphism from the field K onto the field K'. Let
f(x) = ko + krz + koz® + -+ - + kpa”
be a polynomial in K|x] and
F'(y) = alko) + alk)y + alk)y” + - + a(kn)y"

be the corresponding polynomial in K'[y].
If S is a splitting field for f(x) over K and S’ is a splitting field for f'(y) over K', then o can be extended
to an isomorphism o' of S onto S'.
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Proof. The proof is by induction on deg f(z). If deg f(z) = 1, then K = S and K’ = S’. In this case, we can
take o’ = a. Assume the theorem is true for all polynomials of degree less than n (the induction hypothesis).
Suppose deg f(z) = n. Extend « to an isomorphism @ of K[z] onto K'[y] as in Theorem 16.2.8. Let p(z) be
an irreducible factor of f(z) and ¢1 € S be a root of p(z). Let ¢; € S’ be a root of @(p(z)) = p(y). Then by
Theorem 16.2.8, o can be extended to an isomorphism a1 of K(c1) onto K'(c}). Extend o1 to an isomorphism
ar of K(c1)[x] onto K'(c1)[y]. Now f(z) = (z —c1)f1(2) in K(e1)[z] and f'(y) = (y — 1) fi(y) in K(c1)[y], where
fily) = @i(fi(x)). Clearly S is a splitting field for fi(z) over K(c1) and S’ is a splitting field for fi(y) over

’

K (cll) Since deg f1(z) = n—1 = deg f1(y), a1 can be extended to an isomorphism of S onto S’ by the induction
hypothesis. m

Corollary 16.2.11 Let f(z) € K|x]. Any two splitting fields for f(x) over K are isomorphic.

Proof. Let S and S’ be two splitting fields for f(z) over K. In Theorem 16.2.10, take K = K’ and « the
identity mapping on K. =
Definition 16.2.12 Let F/K be a field extension and a, b € F. Then a and b are called conjugates if a and b
are roots of the same irreducible polynomial over K.

We ask the reader to prove that the notion of conjugates defines an equivalence relation on F.

Example 16.2.13 Consider the field extension C/R. Let a,b € R. Then a + bi and its complex conjugate a — bi
are conjugates in the sense of Definition 16.2.12. This is obvious if b = 0. Suppose b # 0. Then a + bi ¢ R. Let
f(z) = 2® — 2ax + (a® +b?). Since a+bi ¢ R, [R(a+ bi) : R] = 2. Now a +bi is a root of f(x) and f(x) must be
irreducible over R. a — bi is also a root of f(x).

In certain cases, the following theorem is useful in determining the irreducibility of a polynomial.
Theorem 16.2.14 Let F' be a field. Let p be a prime in Z and a € F. Then the polynomial P — a is reducible
over F' if and only if x¥ — a has a root in F.

Proof. Suppose f(z) = 2 —a € Fl[z] is reducible. Let f(z) = g(z)h(z) for some g(x), h(xz) € Flz],
degg(xz) =m, 0 < m < p, and 0 < deg h(x) < p. Since f(x) is monic, we can take g(x) to be monic. By factoring
g(z) as a product of linear factors in a splitting field of g(x) over F, we see that the constant term of g(z) is
(—1)™d for some d € F. Since gcd(m,p) = 1, there exist integers s and ¢ such that 1 = sm + tp. By Theorem
16.2.1, there is a field extension of F' which contains a root of f(z). Let b be such a root of f(z).

Case 1: Suppose the characteristic of F' is p. Since b is a root of f(z), b¥ = a. Thus,

(z—=bf =2 —b" =2 —a

and all the roots of f(z) equal b. Now every root of g(x) is also a root of f(z). Thus, all the m roots of g(z) are
equal to b. Hence, b™ = d. Now
d®=b"" =b"" = bb P =ba "

Hence, b = d*a’ € F and so f(x) has a root in F.
Case 2: Suppose that F' is not of characteristic p. Let ¢ be any other root of f(z). Then

P =a="b"
Hence, ¢ = bu, where u = ¢ PP~ and uP = 1. From this, it follows that the roots of f(x) are of the form
b,bui, ..., bup_1,

where u? = 1. As in case 1, we have that the product of the roots of g(x) is

d=b"uruz - uUm-1 = b"v,
where v? = 1. Now 1 = sm + tp implies that

V=0 = b =ba "
Therefore, b = v~*d*a’. It then follows that

a="b =@ d°ad")’ = v P (d°a")’ = (d°a")’.

Thus, d°a’ € F' is a root of f(x).
The converse follows from Corollary 11.1.10. m



242 16. Field Extensions

Worked-Out Exercises

¢ Exercise 1: Find a splitting field S of 2* — 102 4- 21 over Q. Find [S : Q] and a basis for S/Q.

Solution: Note that z* — 1022 +21 = (22 — 3)(2® — 7) over Q. Therefore, a splitting field S of 2* — 10z? 4+ 21 over Q
is Q(v/3,v/7). Hence, [S : Q] = 4 and {1,v/3,+/7,v/21} is a basis for §/Q, as can be seen from Worked-Out
Exercise 2 (page 235).

{ Exercise 2: Show that the splitting field of P — 1 over Q is of degree p — 1, where p is a prime.
Solution: Let f(z) = 2P — 1 € Q[z]. Now f(z) = (¥ — 1)g(z), where g(x) = 2P ' + 2P 2 + ... + 2 + 1. Also,

P —1

z—1"

p_
g(m+1>=w=w"1+<p>x”+-.-+< - >
T 1 p—1

Now since p is prime, p| (f) for all 1 < r < p—1. Also, p? does not divide (pfl). Therefore, by Eisenstein’s

g(z) =

Hence,

criterion, g(x + 1) is irreducible over Q. Thus, g(z) is irreducible over Q. Let & = e%, where 2 = —1.
Then the roots of f(x) are 1,£,£2,... 677 and the roots of g(x) are & &2,...,£6P~1. Now the splitting
field of f(z) is S = Q(1,&, £€2,...,£771) = Q(&). Also, g(x) is the minimal polynomial of £ over Q. Hence,
[S:Q=p-1

{ Exercise 3: Find the splitting field of the following polynomials over Q.

(a) z* +1.
(b) x® + a3 +1.

Solution:
(a) Let f(z) = 2* 4+ 1. Then f(z) = (2 + v2z + 1)(z* — v2x + 1) over Q(+/2). Therefore, the roots of
f(x) are
—V2+iv2 V2£iV2
2 ’ 2 ’
Let S be the splitting field of f(z) over Q. We claim that S = Q(v/2,7). Now
V3 — \/§+i\/§+ V2 —iv2 cs
2 2
and _ ‘
N £ L N
This implies that ¢ = Z\*//-f € S. It now follows that Q(v/2,7) C S. Clearly S C Q(v/2,4). Consequently,
S = Q(\/i, i). Now x? — 2 is the minimal polynomial of V2 over Q and 2% + 1 is the minimal
polynomial of i over Q. In fact, 2% +1 is the minimal polynomial of i over Q(v/2). Thus, [S: Q] =[S :
Q(W2)Q(v2):Ql=2-2=4.
(b) Let f(z) = 2% +2® +1. Now (2° —1) = (2® — 1)(«® +:1;3 +1). The roots of (z° —1) are 1,¢, £2,...,¢8
and 1,&%,¢%re the roots of (2 — 1), where £ = e Hence, &, £2, €4, €°, €7, €8 are the roots of
2% + 23 + 1. Therefore, S = Q(&, €2, &%, €%, €7, £8) = Q(&) is the splitting field of 2° 4+ 2° 4 1 over Q.
Since x% 4 2® + 1 is irreducible over Q, [S : Q] =6.
Exercises

1. Prove that the polynomial p’(y) in Theorem 16.2.8 is irreducible in K'[y].

2. Let F/K be an algebraic field extension. Define ~ on F by for all a, b € F, a ~ b if and only if a and b
are conjugates. Prove that ~ is an equivalence relation.

3. (i) Show that the polynomials 2? — 22 — 1 and 2* — 2 have the same splitting field over Q.
(ii) Find a pair of polynomials in Q[z], other than the pair given in (i), which have the same splitting field
over Q.

4. Find a splitting field S of the polynomial 2® — 3 over Q. Find [S : Q] and a basis for S/Q.
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Find a splitting field S of the polynomial x® 4 = + [1] over Zs. Find [S : Zs] and a basis for S/Zs.

Find a splitting field S of the polynomial 2 + [1] over Z2. Find [S : Z2] and a basis for S/Z,.

Find a splitting field S of the polynomial z* — 72* 4+ 10 over Q. Find [S : Q] and a basis for S/Q.

Prove that Q(—3 + @z) is a splitting field of the polynomial z* 4+ z® + 1 over Q. Find [Q(—3 + @z) : Q).

Let f(z) € K|[z], a polynomial ring over the field K. Let S be a splitting field for f(z) over K. Prove that
for any field L, S O L D K, S is a splitting field of f(x) over L.

10. Let f(z),g(z), and h(z) € K]z], a polynomial ring over the field K. Suppose that S is a splitting field of
f(z) over K and f(z) = g(z)h(x). Prove that S contains a splitting field of g(z) over K.

11. Let f(z),g(x) € K|z], a polynomial ring over the field K. Suppose that g(x) = f(az+b), where 0 # a,b € K.
Prove that f(z) and g(z) have equal splitting fields over K.

© »® N o

12. Prove that if f(x) is a polynomial in K[x] of degree m, then [S : K] < n!, where S is a splitting field of
f(x) over K.

13. Let K be a field and f1(z), fa(z), ..., fn(z) € Kz] be such that deg fi(z) > 1, 1 < ¢ < n. Show that there
exists a field extension F//K such that each f;(z) has a root in F.

14. Let F be a field of prime characteristic p and a € F. Prove that ¥ — x — a is reducible over F' if and only
if 27 — z — a has a root in F.

15. Answer the following statements, true or false. If the statement is true, prove it. If it is false, give a counter
example.
(i) Let f(z) be an irreducible polynomial of degree n over a field K of characteristic 0. Let S = K(c1,
c2,...,cn) be asplitting field of f(z) over K, where c1, ¢a, . . ., ¢, are the roots of f(z). Then K(ca,...,cn) C
S.

(ii) The polynomial f(z) = 2®

— x — 30 is reducible over Q.
(iii) C is a splitting field of some polynomial over Q.

16.3 Algebraically Closed Fields

The most important result in Steinitz’s work in 1910 was his proof of the existence and uniqueness of an algebraic
closure of a field. In this section', we present these results.

Definition 16.3.1 A field K is called algebraically closed if for all f(x) € K[z] with deg f(z) > 1, f(z) has
a root in K.

Theorem 16.3.2 Let K be a field. The following conditions are equivalent.
(i) K is algebraically closed.
(ii) Every irreducible polynomial in K[z] is of degree 1.
(i1i) Let f(x) € K(x], deg f(x) > 1. Then f(x) splits as a product of linear factors over K.
() If F/K is an algebraic field extension, then F = K.

Proof. (i)=-(ii) Let p(z) € K[z] and p(z) be irreducible. By (i), there exists a € K such that p(a) = 0. Then
p(z) = (z — a)g(z) for some g(x) € K|[z]. Since p(z) is irreducible, g(z) € K. Hence, degp(z) = 1.

(il)=-(iii) Let f(z) € K[z] and deg f(z) > 1. Let f(z) = p1(x)-- - ps(x), where p;(z) € K|z] is irreducible,
1 <4 <s. Then degpi(z) =1, 1 < i < s. We may write p;(z) = ki(z — a;), where k;,a; € K, 1 <14 < s. Let
k=ki---ks. Then f(z) = k(x —a1)---(x — as). Thus, f(z) splits as a product of linear factors over K.

(iii)=-(iv) Let F//K be an algebraic field extension. Let ¢ € F and let p(z) € K[z] be the minimal polynomial
of ¢ over K. Since p(z) is irreducible, degp(z) = 1 by (iii). Therefore, p(z) = ax + b € K]z]. Since p(c) = 0,
ac+b=0. Thus, c = —a"'b € K. Hence, K = F.

(iv)=-(i) Let f(z) € K|[z], deg f(x) > 1. There exists a field extension F//K such that F' has a root of f(x),
say, a. Then K(a)/K is an algebraic field extension. Therefore, K(a) = K and so a € K. Thus, K is algebraically
closed.

]
We now prove the existence of an algebraically closed field. The following proof is due to Artin.

I This section may be skipped without any discontinuity. The only place this section is needed is in Exercise 4 (Section
24.1).
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Theorem 16.3.3 Let K be a field. Then there exists an algebraically closed field F such that K is a subfield of
F.

Proof. We first construct an extension Fi/K such that if f(z) € K[z] and deg f(z) > 1, then f(z) has
a root in Fy. Let K be the set of all polynomials in K[z] of degree > 1. Let S be a set which is in one-one
correspondence with IC. For f(z) € K, let zy be the corresponding element in S.

Consider the polynomial ring K[S]. Let I be the ideal of K[S] generated by all polynomials f(z) in K[S].
We claim that I # K[S]. Suppose that I = K[S]. Then there exists g; € K[S] such that

gufi(@s) +g2f2(@p,) + -+ gnfulzs,) = 1. (16.7)
Write z; = xy,, 1 <4 < n. Since the polynomials g;, 1 < ¢ < n, involve only a finite number of indeterminates,
say, T1,Z2, ..., Tm, with m > n, we may write Eq. (16.7) as
n
Zgi(ajl,mz,...,xm)fi(aci) =1. (168)
i=1

By Exercise 13 (page 243), there exists a finite extension L/K such that each polynomial f;, 1 < i < n, has a
root in L. Let ¢; be a root of f; in L, 1 < i < n. Let ¢, =0 for n < i < m. Substituting ¢; for z;, 1 <i < n, in
Eq. (16.8), we get 0 =1, a contradiction. Hence, I # KIS].

Let M be a maximal ideal of K[S] such that I C M. Let F1 = KJ[S]/M. Then F} is a field containing an
isomorphic copy (K + M)/M of K. Thus, Fy can be regarded as a field extension of K. Also, if f € K[z] and
deg f(z) > 1, then zy + M is a root of f in Fj.

By induction, we can form a chain of fields

hChRCc---CFC---

such that every polynomial of degree > 1 in F;, has a root in Fp41. Let ' = U2, F,,. Then F is a field. Let
f € Flz]. Then f € F,[z] for some positive integer n. Thus f has a root in F,,41 C F. Hence, F is algebraically
closed. m

Corollary 16.3.4 Let K be a field. Then there exists an algebraic field extension F/K such that F is alge-
braically closed.

Proof. By Theorem 16.3.3, there exists a field extension F/K such that F is algebraically closed. Let
F ={a € E | ais algebraic over K}. Then F/K is an algebraic extension. Let f(x) € F[z] and deg f(x) > 1.
Then f(x) has a root ¢ in E. Thus, c is algebraic over F. Since F'/K is an algebraic extension, c is algebraic over
K. Hence, ¢ € F and so F is algebraically closed. m

Definition 16.3.5 Let K be a field. A field F' O K is called an algebraic closure of K if
(i) F/K is algebraic and
(ii) F is algebraically closed.

For any field K, Corollary 16.3.4 guarantees the existence of an algebraic closure of K.

Lemma 16.3.6 Let F' and L be fields with L algebraically closed. Let o : F — L be an isomorphism of F into
L. Let a be an algebraic element over F in some field extension of F. Let f(x) € F[z] be the minimal polynomial
of a. Then o can be extended to an isomorphism n of F(a) into L and the number of such extensions is equal to
the number of distinct roots of f(x).

Proof. Let f(z) =ao+a1z+---+anz™ € Flz] and f(x) = o(ao)+ o(a1)z+ - -+ o(an)z™ € Lz]. Since L
is algebraically closed there exists a root b of f7(z) in L. Since a is algebraic over F, F(a) = F[a] by Corollary
16.1.12. Thus, if u € F(a), then u = co + c1a + - - - + cxa”® € Fla]. Define n: F(a) — L by

n(co 4+ cra+ - + cxa®) = o(co) + o(c1)b+ - - - + o (cx)b*

for all co+cra+- - +exa® € F(a). Suppose co+cira+- - tepa® = do+dia+- - -+dsa®. Let v(z) = coterz+- - tcpzh

and v'(z) = do + diz + -+ + dsz°. Then (v —v')(a) = 0. Hence, f(x) divides (y —+')(z). Thus, f°(z) divides
(7" ='?)(z). Consequently, (77 —'7)(b) = 0 and so o(co)+0o(c1)b+- - -+ (ck)b* = o(do)+0(d1)b+- - -+ (ds)b°.
Thus, 7 is well defined. Clearly 7 is an isomorphism. The number of distinct roots of f(z) in the algebraic closure
of F is equal to the number of distinct roots of f7(x) in L. For any extension & : F(a) — L,&(a) is a root of
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f?(z). Therefore, the number of such extensions is equal to the number of distinct roots of f(x).
|

We close this section by showing that the algebraic closure of a field is unique up to isomorphism. Our proof
uses Zorn’s lemma while Steinitz’s original proof used the equivalent concept of the axiom of choice.

Theorem 16.3.7 Let F/K be an algebraic field extension. Let L be an algebraically closed field and o be an
isomorphism of K into L. Then there exists an isomorphism n of F into L such that n|x = o.

Proof. Let S = {(E,\) | E is a subfield of F, K C F and X\ : E — L is an isomorphism such that A\|x = o}.
Since (K,0) € S, 8 # ¢. Let (E,)\), (E',\) € S. Define a relation < on § by (E,\) < (E',X) if E C E
and X |g = A. Then (S, <) is a poset. Let {(E;, \;)}ica be a chain in S. Let F = U;eaE;. Then F is a field
and K C E. Define A : E — L as follows: Let a € E. Then a € E, for some n. Define A(a) = A, (a). Since
{(Ei, \i) }ien is a chain, A is an isomorphism of E into L. Hence, (E,\) € S and (F, ) is an upper bound of
{(Fi, X\i)}ica. Hence, by Zorn’s lemma, S has a maximal element, say, (T,7). Suppose T # F. Let a € F\T.
By Lemma 16.3.6, there exists an isomorphism 3 : T'(a) — L such that S| = 7. From this, it follows that
(T'(a),B) € S, a contradiction of the maximality of (T',n). Thus, F =T. m

Theorem 16.3.8 Let K be a field. Let F' and F' be two algebraic closures of K. Then there exists an isomor-
phism \ of F onto F' such that X(a) = a for all a € K.

Proof. Let 0 : K — F’ be such that o(a) = a for all a € K. Then o is an isomorphism of K into F’. By
Theorem 16.3.7, there exists an isomorphism A : F — F' such that A|x = 0. Now A(F) ~ F. Thus, A\(F) is
algebraically closed and K C A(F). Now K C A(F) C F'. Since F'/K is algebraic, F'/A(F) is algebraic. Thus,
F' = X\(F). Hence, F~F'. m

Exercises

1. If F'is a field with a finite number of elements, prove that F' is not algebraically closed.
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Chapter 17

Multiplicity of Roots

17.1 Multiplicity of Roots

In some cases, an irreducible polynomial p(z) of degree n over a field K does not have n distinct roots in a
splitting field of p(z) over K. In this chapter, we examine this situation.

If f(z) is a polynomial over K and c is a root of f(z) in some field F' containing K, then the multiplicity
of ¢ is the largest positive integer m such that (z — ¢)™ divides f(x) over F.

Definition 17.1.1 Let K be a field and p(x) be an irreducible polynomial in K[x] of degree n. Then p(z) is called
separable if it has n distinct roots in a splitting field S of p(x) over K; otherwise p(x) is called inseparable
over K. An arbitrary polynomial in K|[z| is called separable if each of its irreducible factors in K[x] is separable;
otherwise it is called inseparable.

Definition 17.1.2 Let F/K be a field extension and c¢ be an element of F which is algebraic over K. Then ¢
is called separable (or separable algebraic) over K if its minimal polynomial over K is separable; otherwise
c is called inseparable over K. If F/K is an algebraic extension, then F/K is called separable (or separable
algebraic) if every element of F is separable over K; otherwise F/K is called inseparable.

Let F//K be a field extension and L be an intermediate field of F//K. Let ¢ € F' and suppose c is separable
over K. Then ¢ must be separable over L. This follows since if f(z) and p(z) are the minimal polynomials of ¢
over K and L, respectively, then p(x)|f(z). Hence, ¢ cannot be a multiple root of p(z) since it is not one of f(x).

Example 17.1.3 Consider the field K(t), where K is a field of prime characteristic p and t is transcendental
over K. It follows that the polynomial xP — t¥ is irreducible over K(t¥) by Fisenstein’s criterion since t¥ is
irreducible in K[t?]. Now xP —t¥ factors into

(z—t)(x—1)--(x—t) = (z—1)f

p times

over K(t). Thus, K(t) is a splitting field for P —t? over K (t¥) and we see that x? —t¥ has only one root in K(t),
namely, t. (Since t ¢ K(t), we can also use Theorem 16.2.14 to deduce that xP — ¢ is irreducible over K (t?).)
Thus, P —tP, t, and K(t) are inseparable over K(t”). Note that t has multiplicity p over K (tP).

Let K be a field and
f@) =ko+kiz+- -+ kna"
be a polynomial in K[z]. Then by the formal derivative, f'(x), of f(z) we mean the polynomial
fl@)=ki+ - +ikic 4+ nkaa" € Klal.
Let K be a field and f(z), g(z) € K[z]. The following properties of formal derivatives are easily verified:
(f(@) +9(x)) = [f(z)+g(x),

(f(2)g()) = [fl2)g'(z) + [ (x)g(),
(kf(z)) kf'(z) for all k € K

and if f(z) = =z, then f'(z) = 1.

247
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Theorem 17.1.4 Let K be a field and f(z) € K[z], f(x) # 0. Let a be a root of f(x) in some extension field F
of K. Then a is a multiple oot of f(z) if and only if f'(a) = 0.

Proof. Suppose a is a multiple root of f(x). Then (x — a)? divides f(z). Hence,
f(z) = (z — a)’g(x)
for some g(z) € Flz]. Now f'(z) = (z — a){(z — a)¢'(x) + 2g(x)}. Therefore, f'(a) = 0. Conversely, suppose
f'(a) = 0. Then deg f(x) > 2. By the division algorithm,
f(@) = (& — a)*q(x) + h(z)
for some g(z), h(z) € F[z], where either h(z) = 0 or deg h(z) < 1. Suppose h(z) # 0. Since f(a) =0, h(a) = 0.
Thus, deg h(z) =1 and a is a root of h(x). Hence, h(x) = b(x — a) for some 0 # b € K. This implies that

f(z) = (x — a)’q(z) + b(z — a)
and so
f'(@) = (z — a){(z — a)q(x) +2q(x)} + b
Therefore,
0=f'(a) =0,

a contradiction. Hence, h(z) = 0 and so f(z) = (z — a)“q(z). Consequently, a is a multiple root of f(z). m

Theorem 17.1.5 For any field K, an irreducible polynomial p(x) in K[z] is separable if and only if p(x) and
its formal derivative p'(x) are relatively prime.

Proof. Let d(z) denote the ged of p(z) and p’(x). Suppose p(z) is separable. Let ¢ be a root of p(z) in some
field containing K. Then p(x) = (z — ¢) f(z) for some f(x) € K(c)[z]. Since p(x) is separable, f(c) # 0. Now
p'(x) = f(z) + (x — ¢) f'(x) and so p'(c) = f(c) + 0 # 0. Hence, c is not a root of d(x). But every root of d(x)
must be a root of p(z) since d(z)|p(x). Thus, since we have just seen that d(z) and p(x) have no common roots,
d(x) has no roots. Therefore, d(z) = 1.

Conversely, suppose that d(z) = 1. Let ¢ be any root of p(x). Let m denote the multiplicity of ¢. Then

p(x) = (z — )" f(2)
over K(c) and ¢ is not a root of f(z). Now

P) = mz—o" f(2) + (@ —c)"f (x)
= (@—" ' mf() + (z — ) f ().

Thus, (z —¢)™ ! is a common divisor of p’(x) and p(z). Hence,
(z =)™ d(x).

Since d(z) = 1, m = 1. Consequently, p(z) has no repeated roots. m

Theorem 17.1.6 For any field K, an irreducible polynomial p(x) in K[z| is separable if and only if p'(z) # 0.

Proof. Let d(z) denote the ged of p(z) and p’(z). Suppose p(x) is separable. If p’(x) = 0, then d(z) =
p(z) # 1, a contradiction of Theorem 17.1.5. Conversely, suppose p'(z) # 0. Since p(x) is irreducible, the only
common divisors of p(z) and p'(z) are 1 and p(z). Since 1 < degp’(z) < degp(zx), 1 is the only common divisor
of p'(z) and p(x). Hence, d(x) = 1. Thus, p(x) is separable by Theorem 17.1.5. m

Corollary 17.1.7 Let K be a field of characteristic 0. Then every nonconstant polynomial in K|xz] is separable.

Proof. Let f(z) be any nonconstant polynomial in K[z] and p(x) = ko +kix + k22® + --- + k,2™ be any
irreducible factor of f(x), where n > 1. Then there exists ¢ > 0 such that k; # 0. Hence, ik; # 0 since K has
characteristic 0. Thus, p’(x) # 0 and so p(x) is separable by Theorem 17.1.6. Hence, f(x) is separable. m

Example 17.1.8 Consider the irreducible polynomial p(z) = z” —t? over K (t?) of Example 17.1.3. Then p'(z) =
paxP™t = 0. Thus, zP — P is inseparable over K (tP).
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Theorem 17.1.9 Let K be a field of characteristic p > 0. Then an irreducible polynomial p(x) = ko + kix +
kox® + - + kna™ over K is inseparable if and only if p(z) = q(«P) for some q(zP) € K[2P).

Proof. Clearly p’(x) = 0 if and only if ik; = 0 for all s = 1,2,...,n. Thus, p’(z) = 0 if and only if p|: for
those ¢ such that k; # 0. Hence, p'(z) = 0 if and only if p(z) = g(z®) for some q(z”) € K[zP]. The conclusion
now follows from Theorem 17.1.6.

]

Let K be a field of characteristic p > 0. Let K? = {a” | a € K}. The reader is asked to verify in Exercise 7

(page 256) that K is a subfield of K.

Definition 17.1.10 Let K be a field. Then K is called perfect if every algebraic extension of K is separable.

Example 17.1.11 By Corollary 17.1.7, every field of characteristic 0 is perfect.

The following theorem gives a necessary and sufficient condition for a field to be perfect.

Theorem 17.1.12 Let K be a field of characteristic p > 0. Then K is perfect if and only if K = KP”.

Proof. Suppose K is perfect. Let a € K and F be a splitting field of 2” —a € K[z]. Then F//K is a separable
extension. Let b € F be a root of 2P — a. Then

¥ —a = (z —b)P.

Let p(z) € K[z] be the minimal polynomial of b. Then p(z) has distinct roots. If degp(xz) > 1, then since
p(z)|(z — b)?, p(z) has multiple roots, a contradiction. Hence, degp(xz) = 1. This implies that b € K. Hence,
a="b" € KP. Thus, K = K”.

Conversely, suppose K = KP. Let F/K be an algebraic field extension. Let a € F and f(z) € K[z] be
the minimal polynomial of a. Suppose f(z) is not separable. Then by Theorem 17.1.9, f(z) = g(z?) for some

g(z) € K[z]. Hence,
f(x) = a0+ a1z’ + - + apz™,

a; € K, 1<i<k. Since K = K?, a; = b for some b; € K, 1 <i < k. Therefore,
f(@) = (bo + brw + -+ + bpa®)?,

a contradiction, since f(z) is irreducible over K. Hence, f(x) is separable. Thus, F'/K is a separable extension.
Consequently, K is perfect. m

Example 17.1.13 Let K be a finite field of characteristic p. Define o : K — KP by o(a) = a?. Then o is
a homomorphism. Suppose that o(a) = o(b). Then a? = b? and so (a — b)? = 0. Since K is a field, K has
no nonzero nilpotent elements. Thus, a = b and so o is one-one. Hence, |K| = |o(K)| < |K?| < |K]| and so
|K| = |KP|. Since K? is a subfield of K and K is finite, K = K. Hence, K is perfect. We have thus shown that
every finite field is perfect.

If p(x) = ko + kiz + kox? + -+ + knpa™ is irreducible and inseparable over K in Theorem 17.1.9, then
p(z) = ko + kpx? + -+ - + kpm (2P)™ = ¢q(2P). It may be the case that p(z) = ¢(zP) = s(xpz) in K[:):Z’Z]. However,
there exists a largest positive integer e such that p(z) = t(«*") for some t(z?") € K[z""]. If n = degp(z), then
p°In.

Definition 17.1.14 Let K be a field of characteristic p > 0 and p(x) be an irreducible polynomial in K|[z].
Let e be the largest nonnegative integer such that p(x) = q(z? ) for some q(a? ) € K[zP |. Then e is called the
exponent of inseparability of p(x) and p° is called the degree of inseparability of p(x). If n denotes the

n

degree of p(x), then ng = -¢ is called the degree of separability or reduced degree of p(x) over K.

By Theorem 17.1.9, p(z) in Definition 17.1.14 is separable if and only if e = 0.

Theorem 17.1.15 Let K be a field of characteristic p > 0 and
p(z) = kno(azpe)"o T+t k2 ko

be an irreducible polynomial in K|x], where e is the exponent of inseparability of p(x). Then the polynomial
s(Y) = knoy™° + - + kry + ko € K[y]

is irreducible and separable over K.
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Proof. If s(y) = f(y)g(y) € K|y], then p(x) = f(zP")g(zP"), contrary to the fact that p(z) is irreducible in

K[x]. Thus, s(y) is irreducible in K[y]. If s(y) = q(y?) for some q(y?) € K[y?], then p(z) = q(xpeﬂ), contrary to
the maximality of e. Hence, s(y) is separable. ®

Example 17.1.16 Consider the polynomial p(z) = z°P + ta? +t over the field K(t), where K is a field of
characteristic p > 0 and t is transcendental over K. By FEisenstein’s criterion, p(x) is irreducible over K(t). Now
p(z) = (zP)* +txP +t € K(t)[x] and so p(z) is inseparable over K(t). The inseparability exponent e of p(x) equals
1. Thus, * 4 tx + t is separable over K(t).

Definition 17.1.17 Let F/K be a field extension. F is called a simple extension if F = K(a) for some a € F.
Such an element a is called a primitive element.

Theorem 17.1.18 Let K be an infinite field and K(a,b)/K be a field extension with a algebraic over K and b
separable algebraic over K. Then there exists an element ¢ € K(a,b) such that K(a,b) = K(c), i.e., K(a,b)/K
is a simple extension.

Proof. Let f(z) and g(z) be the minimal polynomials of a and b over K with degrees n and m and roots
a=ai,az, ..., an, and b = b1, bz, ..., bm, respectively, in some extension field of K. Since b is separable, all b;’s
are distinct. Also, since K is infinite, there exists s € K such that a 4+ sb # a; + sb;, i.e.,

a; —a

ST 0,

forall1 <i<mn,1<j<m.Letc=a+sb Thenc—sb; #a; foralll <i<n,1<j<m. Also, K(c)C K(a,b).
Let h(z) = f(c — sz) € K(c)[z]. Now

h(b) = f(c = sb) = f(a) = 0.
Thus, g(z) and h(z) have the common root b of multiplicity 1 in the field K(a,b). Now

h(b;) = f(c—sb;) #0

for all 1 < j < m. Thus, g(x) and h(z) have only root b in common. Let d(z) € K(c)[z] be the greatest common
divisor of g(z) and h(z). Then b is a root of d(x). Every root of d(z) is also a root of g(z) and h(z). Since
g(z) and h(z) have no roots other than b in common in any field and b is of multiplicity 1, d(x) is of degree 1.
Hence, d(z) =  — b. But then b € K(c). Thus, a = ¢ — sb € K(c). Therefore, K(a,b) C K(c) C K(a,b) and so
K(c) = K(a,b). m

Corollary 17.1.19 Let K be an infinite field. Let a1, az,...,an be elements in some field containing K. Suppose
that a1 is algebraic and az,...,an are separable algebraic over K. Then there exists an element ¢ € K(aa,...,
an) such that K(c) = K(a1,...,an), t.e., K(a1,...,a,)/K is a simple extension.

Proof. The result follows by induction on n and Theorem 17.1.18. m

Corollary 17.1.20 Let F/K be a field extension and the characteristic of K be 0. Let a1,az,...,an € F be
algebraic over K. Then K(aa,...,an)/K is a simple extension.

Proof. The proof follows by Corollaries 17.1.7 and 17.1.19. =

Example 17.1.21 Consider Q(+/2,1). Now 1 # % = —@. Thus, Q(v/2,1) = Q(v/2+14) by the proof of
Theorem 17.1.18, with s =1 there.

Theorem 17.1.22 (Artin) Let K be an infinite field. Let F/K be a finite field extension. Then F/K is a
simple extension if and only if there are only a finite number of intermediate fields of F/K.

Proof. Suppose F/K is a simple extension. Let F = K(a) for some a € F. Let L be an intermediate field
of F/K and f(z) be the minimal polynomial of a over L. Let L’ be the field generated by K and the coefficients
of f(x). Then L’ C L and f(x) is also the minimal polynomial of a over L’. Hence,

[F: L) =degf(z)=[F:L.

Thus, [L: L'l =1 and so L = L'. Let g(x) be the minimal polynomial of a over K. Then f(z) divides g(z). Now
g(z) has only a finite number of distinct monic factors. Hence, the number of intermediate fields is finite.
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Conversely, suppose there are only a finite number of intermediate fields of F/K. Let a,b € F. We first show
that K(a,b)/K is a simple extension. Let ¢ € K and F. = K(a + ¢b). Then for all ¢ € K, F. is an intermediate
field of K (a,b)/K. Since the number of intermediate fields is finite and K is infinite, there exists ¢,d € K, ¢ # d
such that F. = Fy. Then

b=(c—d) *(a+cb—a—db) € F..

Hence, a = a+ ¢b — ¢b € Fe. Thus, K(a,b) = F. = K(a + ¢b), i.e., K(a,b)/K is a simple extension. Now for all
a € I, K(a) is an intermediate field of F//K. Since [F : K] is finite, [K(a) : K] is finite. Let

A={[K(a): K] |ac F}.

Then A is a finite subset of Z. Let a € F be such that the maximum of A = [K(a) : K]. Suppose F' # K(a). Let
b € F be such that b ¢ K(a). Then K(a) C K(a,b). There exists ¢ € F such that K(a,b) = K(c). Therefore,
K(a) C K(c). Hence, [K(c) : K] > [K(a) : K], a contradiction to the maximality of [K(a) : K]. Consequently,
F = K(a), i.e., F/K is a simple extension. ®

Let F/K be a field extension. In the next chapter, we show that every finite extension of a finite field is a
simple extension (Corollary 18.1.8, page 258). Hence, from this and Theorem 17.1.22, it follows that F/K is a
simple extension if and only if there are only a finite number of intermediate fields of F/K.

We now focus our attention on the study of separable algebraic and purely inseparable extensions.!

Theorem 17.1.23 Let K be a field of characteristic p > 0 and f(x) = 2 —k be a polynomial over K, where e
is a positive integer. Then f(x) is irreducible over K if and only if k ¢ KP”.

Proof. Suppose f(z) is irreducible over K. If k = k" € K" for some k' € K, then f(x) = (xp%l — KP,
contrary to the fact that f(z) is irreducible over K. Hence, k ¢ KP. Conversely, suppose k ¢ K?. Let p(z) be
a nonconstant monic irreducible factor of f(z) in K[z] and ¢ be a root of p(z). Then c is a root of f(z) and so
" =k and f(z) = (x — ) over K(c). Since K(c)[z] is a unique factorization domain, it follows that p(z) is
some power of (x —c), say, p(z) = (x—c¢)™. Thus, mn = p°® for some n so that m = p” and n = p° for nonnegative
integers 7 and s. Therefore, p(z) = 27 — ¢® in K[z]. If s > 0, then k = ¢** = (¢#")?" € K?" C KP?, which is
contrary to the assumption k ¢ K?. Thus, s = 0 and so r = e. Hence, p(z) = f(z), i.e., f(x) is irreducible. m

Definition 17.1.24 Let F/K be a field extension of characteristic p > 0. Let ¢ € F be a root of the irreducible
polynomial p(x) in K[x]. If the degree of separability no of p(x) equals 1, then ¢ is said to be purely inseparable
over K. If every element of F is purely inseparable over K, then F/K is called a purely inseparable extension.

In Theorem 17.1.15, let ¢ be a root of p(x). Then ¢* is a root of s(y). We have K(¢) 2 K(c?') D K and ¢ is
a root of the polynomial ¥ — P over K(c? ). It follows that 27 — ¢” is irreducible over K(c” ), K(c)/K(c?)
is purely inseparable, and K(c? )/K is separable.

Theorem 17.1.25 Let F/K be a field extension of characteristic p > 0 and ¢ be an element of F. Then c is
purely inseparable over K if and only if ¢ € K for some nonnegative integer m.

Proof. Let ¢ be purely inseparable over K. Then the degree of separability no of the minimal polynomial
p(x) of ¢ equals 1. Thus, p(z) = «° + k in K[z], where e is the exponent of inseparability of p(z) over K.
Therefore, ¢** 4+ k = 0 or ¢ = —k € K. Hence, we can take m = e. Conversely, suppose ¢ € K. Let e be
the smallest nonnegative integer such that ¢ € K. Then c is a root of the polynomial 2" — k over K , where
k=" If 2*° — k is not irreducible over K, then e > 0 and k = k'? for some k' € K by Theorem 17.1.23. In
this case, #*° — k = (xp%l — k")P. Thus, (cpk1 —k’)? = 0 and since a field has no nonzero nilpotent elements,
Tk =0or e =K €K. However, this contradicts the minimality of e. Thus, 2P° — k is irreducible over
K. Clearly the degree of separability of 2?° — ks 1. Therefore, c is purely inseparable over K. &

Corollary 17.1.26 Let F/K be a field extension of characteristic p > 0 and ¢ € F.

(i) If ¢ is algebraic over K, then c is purely inseparable over K if and only if the minimal polynomial of c
over K is a*° — cpe, where e is the smallest nonnegative integer such that & e K.

(i1) If ¢ is purely inseparable over K, then [K(c): K| = p° for some nonnegative integer e.

(ii) If ¢ is purely inseparable and separable algebraic over K, then ¢ € K.

1The remainder of this section may be skipped without any discontinuity. The only place this material is needed is in
Example 24.2.8.
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Proof. The proof of (i) follows from Theorem 17.1.25. Statement (ii) is an immediate consequence of
statement (i). For the proof of statement (iii), we see that since c is purely inseparable over K the minimal
polynomial of ¢ over K has the form 2”° — k. Since c is separable algebraic over K, the exponent of inseparability
of z*° — k is 0, i.e., e = 0. Thus, x — k is the minimal polynomial of ¢ over K, whence c=k € K. ®

Corollary 17.1.27 Let F/K be a field extension of characteristic p > 0.

(i) If F = K(M) for some subset M of F' such that every element of M is purely inseparable over K, then
F/K is a purely inseparable extension.

(ii) Let L be an intermediate field of F/K. Then F/K is purely inseparable if and only if F/L and L/K are
purely inseparable.

(iii) The set of all elements of F' which are purely inseparable over K is an intermediate field of F/K.

Proof. (i) Let ¢ be an element of F. Then there exists a finite subset {m1,ma,..., ms} of M such that
c= Z Kiy. gt - omi,
D1 5.ensls

where here we are using the fact that F = K[M] since F/K is necessarily an algebraic extension. Let e =
max{e,...,es}, where e; is a nonnegative integer such that m? * € K, i =1,...,s. Then

’ ¢ ¢ s e .
cp = Z kfllb (’)’)’Lll7 )’Ll e (m‘ISJ )’LS cK.
i1yris

Hence, c is purely inseparable over K.

(ii) Suppose that F'/K is purely inseparable. Let ¢ € F. Then there exists a nonnegative integer e such that
*" € K and so ¢ € L. Thus, F/L is purely inseparable. L/K is purely inseparable since every element of L
is an element of F. Conversely, suppose F'/L and L/K are purely inseparable. Let ¢ € F. Then there exists a
nonnegative integer m such that " € L. Since L/K is purely inseparable, there exists a nonnegative integer n
such that (¢*")?" € K. Therefore, ™" € K so that ¢ is purely inseparable over K.

(iii) Let J denote the set of all elements of F' which are purely inseparable over K. Then K C J and so
J # ¢. Let ¢,d € J. Then ¢** € K and @’ € K for some nonnegative integers e and f. Let n = max{e, f}. Then
(c—d)P" =" —dP" € K. Hence, c —d € J. If d # 0, then (cd™*)?" = ¢®" (d?")~* € K. Thus, cd™* € J. Hence,
J is an intermediate field of F//K.
|

Theorem 17.1.25 and Corollary 17.1.27(i) make it quite easy to construct examples of purely inseparable field
extensions.

Example 17.1.28 Let J be any field of characteristic p > 0; e.g., J = Zp. Let F = J(x, y, z), where x, y, z

are algebraically independent over J. Set K = J(z?, yp2, zp3). Then F/K is purely inseparable since x,y,z are
purely inseparable over K. It can be shown that [F : K| = p® since x, y, z are algebraically independent over J.

. 2 3 3
Since xP, y? |, 2P € K, we have F? C K.

For any field F of prime characteristic p, F'/F P s a purely inseparable field extension for any nonnegative
integer e.
The following example is essentially the same as that in Example 17.1.28.

Example 17.1.29 Let J be any field of characteristic p > 0. Let K = J(x, y, z), where x, y, z are algebraically
independent over J. Let F = J(a,b,c), where a is a root of the polynomial t* — x over K, b is a root of the

polynomial  _ y over K(a), and c is a root of the polynomial > — 2 over K(a,b). Then F/K is purely
inseparabdle, [F : K] = p®, and o C K. One often writes a = qu’ b= ypiz, and ¢ = 2P,

Example 17.1.30 Let J be any field of characteristic p > 0. Let K = J(t), where t is transcendental over J. Let
F= K(tp_l, 75”_27 75”_37 ...). Then F/K is purely inseparable by Corollary 17.1.27. Since [K(tp_l,75’7’_2,75”_37 St
K@ e et e

. )] = p for all positive integers m, [F : K] = oo. There does not exist a positive
integer e such that F* C K.

Example 17.1.31 Let J be any field of characteristic p > 0. Let K = J(x1, x2, 3, ...), where x1, T2, Z3,...
1 _2 Z
are algebraically independent over J. Let Fo = K(2§ | o8 | 2% 3, ...). Then Fo/K is purely inseparable and

2

[Fo: K] =o0. Let Fi = K(w’l’iz, b, x‘gd, ...). Then F1/K is purely inseparable, [F} : K| = oo, and Flp2 CK.
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We now turn our attention to separable extensions.

Theorem 17.1.32 Let F/K be a field extension of characteristic p > 0. If F/K is separable algebraic, then
F=K(FP). If [F : K] < o0 and F = K(F7), then F/K is separable algebraic.

Proof. Suppose F/K is separable algebraic. Now every element of F' is purely inseparable over F? and thus
purely inseparable over K (F?). Every element c of F is separable algebraic over K and thus separable algebraic
over K(FP). Thus, every element ¢ of F' is in K(F?) by Corollary 17.1.26(iii). Hence, F C K(FP"), so that
F = K(FP). Conversely, suppose [F': K] < oo and F' = K(F?). Let a be any element of F. Since [F': K] < oo,
a is algebraic over K. If a is not separable over K, then the minimal polynomial of @ over K has the form

@) + -+ k12® + ko.

Therefore, 0 = a™P+ --- +k1a? + ko - 1 with not all the k; = 0. Hence, 1,a”,...,a"" are linearly dependent over

K. By Theorem 16.1.14, 1, a,a?, ...,a", ..., a"?~! are linearly independent over K, whence 1,a,a?, ...,a™ are
linearly independent over K.

We now show that this is impossible by showing that whenever n elements bi,...,b, of F' are linearly
independent over K, then the elements bY, ..., b5 are linearly independent over K. We can assume that bi,..., b,

is a basis of F'/K since any linearly independent set over K can be extended to a basis of F//K, in particular, the
linearly independent set {1,a,...,a"}. By Exercise 7 (page 256), the mapping o : F' — F? defined by a(c) = P

for ¢ € F is an isomorphism, which maps K onto KP. Thus, since b1,...,b, is a basis of F/K, b} ... b} is a
basis of F?/KP?. Hence, b}, ...,b5 spans F? over K?. Consequently, bY,...,b% spans K(F?) over K; i.e., F' over
K. Since F has dimension n over K and the n elements b7, ...,b% span F over K, the elements b7, ..., b5, must

be a basis for F over K. m

The field extension F/K of Example 17.1.30 shows that the finiteness condition [F' : K] < oo cannot be
dropped in the above theorem. We have F = K(F?), F/K is not separable algebraic, in fact, F//K is purely
inseparable.

Corollary 17.1.33 Let F/K be a field extension of characteristic p > 0.

(i) Let a be an element of F. Then K(a) = K(a?) if and only if K(a)/K is separable algebraic.

(ii) Let ai,as,...,an be elements of F. Then K(a,...,a,)/K is separable algebraic if and only if ay is
separable algebraic over K and a; is separable algebraic over K(ai,..., ai—1), 1 =2,3,...,n.

Proof. (i) If K(a) = K(aP), then a cannot be transcendental over K and so a must be algebraic over K.
By Theorem 17.1.32, K(a) = K(K(a)?) if and only if K(a)/K is separable algebraic. We thus have the desired
result since K (K (a)?) = K(a?).

(ii) Suppose K(ai,...,an)/K is separable algebraic. Then au,...,a, are separable algebraic over K. By
the discussion following Definition 17.1.2, a; is clearly separable algebraic over K(a1,...,ai-1), ¢ = 2,3,...,n.
Conversely, suppose a1 is separable algebraic over K and a; is separable algebraic over K(a1,...,a;—1), i =
2,3,...,n. Then K(a1) = K(al), ..., K(a1,...,ai—1)(a:i) = K(a1, ..., ai-1)(a?), i = 2,3,..., n. Thus, K(a1,

cyan) =K, ..., ab) = K([K(a1, ..., a;—1)]?). The conclusion now holds from Theorem 17.1.32. m

Corollary 17.1.34 Let F/K be a field extension of characteristic p > 0.

(i) If F = K(M) for some subset M of F such that every element of M is separable algebraic over K, then
F/K is separable algebraic.

(ii) Let L be an intermediate field of F/K. Then F/K is separable algebraic if and only if F/L and L/K are
separable algebraic.

(iii) The set of all elements of F' which are separable algebraic over K is an intermediate field of F/K.

Proof. (i) Let a € F. There exists a finite subset {my1, ..., ms} of M such that a € K(m1,...,ms). Since each
m; is separable algebraic over K, we have by Corollary 17.1.33(ii) that K (mu1, ..., m,)/K is separable algebraic.
Hence, a and thus F/K is separable algebraic.

(ii) Suppose F/K is separable algebraic. Then F'/L is separable algebraic by the discussion following Defi-
nition 17.1.2. L/K is separable algebraic since every element of L is an element of F. Suppose F/L and L/K

are separable algebraic. Let a € F. Let co,c1,...,¢, € L be the coefficients of the minimal polynomial p(z)
of a over L. Since a is separable algebraic over L, a is separable algebraic over K(co,c1, ..., ¢,). (p(z) is also
the minimal polynomial of a over K(co,ci,...,¢n).) Since co,c1,...,¢, € L and L/K is separable algebraic,

K(co,c1,...,cn)/K is separable algebraic by Corollary 17.1.33(ii). Thus, a and so F' is separable algebraic over
K.
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(iii) Let S denote the set of elements of F' which are separable algebraic over K. Then S D K. Let a,b € S.
Then by Corollary 17.1.33(ii), K(a,b)/K is separable algebraic. Since a —b € K(a,b) and (for b # 0) ab™' €
K(a,b), a—b, and ab~* (b # 0) are separable algebraic over K and thus are members of S. Hence, S is a field. m

Definition 17.1.35 Let F//K be an algebraic field extension of characteristic p > 0. Then the intermediate field
of F/K consisting of all elements of F which are separable algebraic over K is called the separable closure of
K in F or the mazimal separable intermediate field of F/K. We denote this field by K.

Theorem 17.1.36 Let F/K be an algebraic field extension of characteristic p > 0. Then F/K; is purely insep-
arable, where K, is the separable closure of F/K.

Proof. If F = K, the theorem is immediate. Suppose F' D K. Let a € F,a ¢ K,. Let
p(.T) =ko + kll’pe 4+ 4 (xpe)ng

be the minimal polynomial of F)/K,, where e is the exponent of inseparability and no is the reduced degree of
p(x) over K. Now by Theorem 17.1.15, ko + k1y 4 - - - + 3™ is the minimal polynomial of a”* over K and this
polynomial is separable over K. Hence, a’ is separable over K. Thus, K (a,pe)/KS is separable algebraic and so
K (ape)/K is separable algebraic. By the definition of K, we have a” € K,. Therefore, a is purely inseparable
over Kg.
|

We can think of field theory as being separated into two parts, namely, that in which the fields are of
characteristic 0 and that in which the fields are of prime characteristic p. It can be shown that for any field
extension F/K, there exists a subset X of F' which is algebraically independent over K and which also has the
property that F//K(X) is algebraic. The above theorem shows that the study of algebraic field extensions of
characteristic p > 0 can be separated into two parts, the separable part and the purely inseparable part. Separable
algebraic field extensions of characteristic p > 0 often act entirely similar to field extensions of characteristic 0.
Purely inseparable field extensions have their own distinctive behavior.

Definition 17.1.37 Let F/K be an algebraic field extension of characteristic p > 0. Then the degree [K, : K]
is called the degree of separability of F//K and is denoted by [F : K|s. The degree [F' : K| is called the degree
of inseparability of F//K and is denoted by [F : KJ;.

Theorem 17.1.38 Let K be a field of characteristic p > 0 and p(x) an irreducible polynomial in K[x]. Let K(a)
be an extension of K obtained by adjoining a root a of p(x) to K. Then

[K(a) : K]s = no,

[K(a) : K]i = p°,
where no is the reduced degree of p(z) over K and p° is the degree of inseparability of p(x) over K.

Proof. Let b € K(a). Then b= 31" k;a’, where n is the degree of p(z) over K and each k; € K. Therefore,
n—1 )
B=Y K (0)' € K(a™).
i=0

Thus, b is purely inseparable over K (a”"). Hence, K (a)/K (a*") is purely inseparable. By the definition of the
degree of inseparability of p(z) over K, K(a?")/K is separable algebraic. Now K, D K(a?"). Let b € K,. We
have just seen that b is purely inseparable over K(ape). But b is also separable algebraic over K(ape). Therefore,
b € K(a*") so that K, = K(a?"). By Theorem 17.1.15, the minimal polynomial of a?* over K is of degree
no and so [K(a) : K]y = [K(a?") : K] = ng. Thus, nop® = [K(a) : K] = [K(a) : K(a")][K(a?") : K] =
[K(a) : K(a?")]no. Consequently, p¢ = [K(a) : K(a"")] = [K(a) : K];. ®

Example 17.1.39 Let K denote the field Z,(u,v), where u and v are algebraically independent over Z,. Let a
be a root of the polynomial z°P + vaP + u over K. By use of Worked-Out Ezercise 6 (page 236), one can deduce
that «® + va? + u is irreducible over K. Let F be the field K(a). We ask the reader to verify the following
properties of the field extension F/K. Ky = K(a?), [F : K|; =p, and [F : K]s = 2. Also, the extension F/K has
no elements which are purely inseparable over K ( except those elements which are already in K). Thus, if J is
the intermediate field of F//K consisting of all the elements of F purely inseparable over K, then J = K. Hence,
F/J is not separable algebraic.
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Worked-Out Exercises

& Exercise 1: Determine if the following polynomials are separable or inseparable over the given fields.

(a) 2? — 62+ 9 over Q;
(b) z* + 22 + [1] over Zs.
Solution: (a) z? —6x 4+ 9 = (2 — 3)? over Q. Now x — 3 is irreducible over Q. Since x — 3 is separable over Q,
z2 — 6z + 9 is separable over Q.

(b) z* + 2% + [1] = (2® + 2 + [1])? over Zz. Now 22 + x + [1] has no roots in Zs. Hence, z + = + [1] is
irreducible over Za. Now D, (z? +2+[1]) = [2Jx+[1] = [1] # [0]. Thus, 2® +z+[1] and so 2* +z2 +[1]
is separable over Za.

¢ Exercise 2: Prove that the following polynomials are irreducible over Zs(t), where t is transcendental over Zsz. Find
the exponent of inseparability and the degree of separability of the polynomials over Zs(t).

Solution: Since t|t, t|0, t |/1, t* |/t, the polynomials p(x), g(x), r(x), s(x) are irreducible over Zs(t).

(a) p(z) = 2% 1 4223 1 ¢ and so the exponent of inseparability e = 2 and the degree of separability
no = 4.

(b) q(z) = ®3 + 253 4+t and so the exponent of inseparability e = 1 and the degree of separability
no = 8.

(c) Since 3 |/20, e =0 and ng = 20.

(d) Here e =2 and ng = 1.

¢ Exercise 3: Let f(z) and g(z) be polynomials over the field K.

(a) Does f(c) = g(c) for all ¢ € K imply that f(z) = g(z)?
(b) Does f(c) =0 for all ¢ € K imply that f(z) =07

= 2” + 3]z € Zs[z]. Now f([0]) = [0] = g([0]), f([1]) =

Solution: (a) Let f(z) = [3]z® — [4]2* € Zs[z] and g(z)
= [31 = 9(3), F([4]) = [3) = g([4]). Hence, f(c) = g(c) for all

(4] = g([1]), f([2]) = [0] = g([2]), F([3])
¢ € Zs. However, f(z) # g(z).
(b) Let f(x) = 2® + & € Za[x]. Then f(c) = 0 for all ¢ € Zo, but f(x) # 0.

Exercise 4: Let K = P(z,y,2) and F = K(z”iz, P y”il), where P is a perfect field of characteristic p > 0
and x,y, z are algebraically independent indeterminates over P. Prove that KF'nF= K(zpil), where
KP ' ={k*"" | ke K}.
Solution: Clearly F D KP'nF D K(zpil). Now [F : K] = p° Suppose that K’ 'nF > K(zpil). Then
F= (Kp_lﬁF)(zp_Q) since 2P~ ¢ K? 'NF and [Kp_lﬂF : K] must be p?. Thus, [F : K”_lﬂF} = p. Since
[Kpil(F) : Kpil] = p, any basis of F/(K]f1 N F) remains a basis of Kpil(F)/Kpil. Now Z = {l,zpiz,
(zpiz)pfl} is a basis of F/(KZF1 N F). Also,

p—1
—2 _—1 —1 —2
oP TP +yp :Zki(zp )17
i=0
where k; € KP ' n F,:=0,1,..., p— 1. Since Z remains linearly independent over Kpfl, y’r1 =ko €

KP ' 'NFanda? =k € KP NF. Therefore, :cpil,ypil € F. Thus, [F : K] = p*, a contradiction.
1

Hence, K 'nF= Kz ).
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Exercises

1. Let f(z) € K[z], a polynomial ring over a field K and ¢ € F, where F is an extension field of K. Prove
that (z — ¢)?|f(2) if and only (z — ¢)|f(z) and (z — ¢)|f'(z).

2. Let f(z) € K|z], a polynomial ring over a field K. Use Exercise 1 to prove that f(z) has no repeated roots
in any extension field of K if and only if f(x) and f'(z) are relatively prime.

3. Let f(z) = 2" — z € K|[z], a polynomial ring over a field K. Suppose that n > 2 and that either K has
characteristic 0 or a prime p such that p does not divide n — 1. Prove that f(z) has no repeated roots in
any extension field F' of K.

4. Let f(z) =a? —k € K]z], a polynomial ring over a field K of characteristic p > 0. Prove that either f(z)
is irreducible over K or that f(z) is a power of a linear polynomial in K[z].

5. Determine if the following polynomials are separable or inseparable over the given field.

(i) 2® — 4z + 4 over Q.
(i) @5 + to +t over Zs(t), where t is transcendental over Zs.

6. Prove that the following polynomials are irreducible over Zs(u), where w is transcendental over Zs. Find
the exponent of inseparability and the degree of separability of the polynomials over Zs(u).
(i) p(z) = 2° 4+ uz'?® + u.

(i) g(x) = 2'*® + uz'?® 4+ u.
(iii) s(z) = 2'*® + u.

7. Let F be a field of characteristic p > 0. Prove that for any nonnegative integer e, FP is a subfield of F.
Prove also that the mapping « : F' — FP defined by a(a) = a? is an isomorphism.

8. Prove that a root of the polynomials in Examples 17.1.16 and 17.1.39 is neither purely inseparable nor
separable algebraic over K(t) and K, respectively.

9. Let K(a)/K be a field extension of characteristic p > 0. Prove that (K(a))? = K?(a?).

10. Let F//K be a finite field extension of characteristic p > 0. If [F' : K] is not divisible by p, prove that F/K
is separable.

11. Let F/K be an algebraic field extension and S be an intermediate field of F//K such that F/S is purely
inseparable and S/K is separable algebraic. Prove that S = K.

12. Let P be a perfect field of characteristic p > 0. Let P(a)/P be an algebraic field extension. Prove that
P(a)/P is separable and that P(a) is perfect.

13. Let K be any field of characteristic p > 0. Prove that Zj, is the smallest subfield of K which is perfect and
ﬁj’iOKpl is the largest subfield of K which is perfect.

14. Verify the properties of the field extension F/K of Example 17.1.39.

15. Answer the following statements, true or false. If the statement is true, prove it. If it is false, give a

counterexample.
(i) Let F be a field of characteristic p > 0. Since F' ~ F? and F? C F, it follows that F? = F.

(ii) Let F/K be a field extension of characteristic p > 0. Let ¢ € F\K. Then it is impossible for ¢ to be
both separable and purely inseparable over K.

(iii) Let F'/K be a field extension of characteristic p > 0. Let ¢ € F. Then it is impossible for ¢ to be both
separable and inseparable over K.



Chapter 18

Finite Fields

The theory of finite fields has come to the fore in the last 60 years due to newfound applications. The applications
of finite fields are in coding theory, combinatorics, switching circuits, statistics via finite geometries, and certain
areas of computer science.

18.1 Finite Fields

A finite field (or Galois field) is a field with a finite number of elements. If F' is a finite field, then F' has
prime characteristic p and contains a subfield isomorphic to Z,. Since F has only a finite number of elements,
[F: Zp) < oo.

We denote a finite field of n elements by GF(n). We will show in the next result that n must be a power of
p. The result is due to E.H. Moore (1862-1932). The United States is indebted to Moore for its beginnings in
abstract algebra and for its initial international recognition in research.

Theorem 18.1.1 If F' is a finite field of characteristic p and n = [F : Zy), then F' contains p™ elements.

Proof. Since [F' : Zp] = n, F/Zp has a basis of n elements, say, b1,ba,...,b,. Every element a of F is a
linear combination of b1, b2, ..., by, i.e.,, a = a1bi + a2b2 + --- + apbn, where a; € Zp, i =1, 2, ..., n. Now
Z, has p elements. Hence, F' has at most p” elements. Since {b1,ba,...,b,} is linearly independent over Z,,
ai1by + az2b2 + - - - + anby, is distinct for every choice of a1, as, ..., a,. Thus, F has exactly p” elements. ®

Theorem 18.1.2 FEvery element of a finite field F of characteristic p and of p" elements is a root of the
polynomial z” — x € Zy[x]. Moreover, F is a splitting field of ¥ — x over Z,.

Proof. First note that (F\{0}, -) is a commutative group of order p" —1. Thus, for all a € F\{0}, a?" ™' =1,
whence a? = a. Clearly 0P = 0. Since F' contains all the roots of ¥ — x, F' contains a splitting field S of
2P — x over Z,. However, F is exactly the set of all the roots of ¥ — 2 and so F' = S.

]

In the following result, we once again use a positive integer and the concept of an isomorphism to completely

characterize an algebraic structure.

Corollary 18.1.3 Any two finite fields of p™ elements are isomorphic, where p is a prime and n is a positive
integer.

Proof. If F' and F' are finite fields with p™ elements, then they are splitting fields of the polynomial 2P —x
over Zp. Hence, F ~ F'.

]

The next theorem can be used to show that there exists an irreducible polynomial of arbitrary degree n over
Z,. (See Exercise 8, page 260.) Even though its proof is not constructive in nature, it is informative for certain
applications. Exercises 5 and 6 can be used to actually count the irreducible polynomials of a given degree.
There is an algorithm which can be used to test the irreducibility of a polynomial over a finite field—namely,
Berlekamp’s algorithm. This algorithm is discussed in Isaacs.

Theorem 18.1.4 For any prime p, there exists a field extension F/Z, of arbitrary finite degree n.

257
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Proof. Let S be the splitting field of the polynomial f(z) = zP" — & over Z,. Let a € S be a root of f(x) of
multiplicity m. Then

where a is not a root of g(z). Now

—1=f'(z) = (z — )" '[mg(2) + (x — a)g/ (x)].

This implies that (z — a)™™! divides —1, whence m — 1 = 0. Thus, every root of f(z) in S has multiplicity 1.
Hence, f(z) has p™ distinct roots in S. Let F' denote the subset of S, which consists of all roots of f(z). Let a,
b€ F. Then (a — b =aP? —b” =a—b. Therefore, a —b € F. For b # 0,

(abil)pn =a?" (b’jn)f1 =ab!

and so ab~! € F. Thus, F is a subfield of S. Since F' contains all the roots of f(z) and S is generated by the
roots of f(zx) over Z,, F = S. By Exercise 6 (page 260), [F': Zy] =n. ®

Theorem 18.1.5 Let F be a field and G be a finite subgroup of the multiplicative group F* = F\{0}. Then G
is cyclic.

Proof. Since G is a finite Abelian group, G is a direct product of cyclic subgroups C1,Cq, ..., Ck, where
|Ci| = ns, n1 > 1, and n;|niy1, 1 < i < k. From this it follows that g% =1 for all g € G. Thus, every element of
G is a root of ™ — 1 € F[z]. Since ™% — 1 has at most ny, distinct roots in F, |G| < ng. Now Cj, is a subgroup
of G and |Ck| = ni. Hence, G = C, and so G is cyclic.
|

The following corollary is an immediate consequence of Theorem 18.1.5.

Corollary 18.1.6 The multiplicative group of a finite field is cyclic. m

Theorem 18.1.7 Let F be a finite field and F(a, b)/F a field extension with a, b algebraic over F. Then there
exists ¢ € F(a, b) such that F(a, b) = F(c), i.e., F(a,b) is a simple extension.

Proof. Since F(a, b)/F is algebraic, [F(a,b) : F] < co. Thus, F(a, b) is a finite field since F is a finite field.
Since F'(a,b)\{0} is a cyclic group with some generator, say, ¢ by Theorem 18.1.5, it follows that F'(a, b) = F(c).
]

Corollary 18.1.8 Fvery finite extension of a finite field is simple.

Worked-Out Exercises

¢ Exercise 1: Prove that ° 4+ x +[1] is irreducible in Zs[x]. Write out the addition and multiplication tables for the field
Z>[x]/ <r3 +x+[1]).

Find a splitting field S; for 2 +r+ [1] over Zs. Find a basis for S1/Z2 and [S1 : Z2].

Solution: 4z 4-[1] is irreducible over Zs if and only if Za contains no root of * 4+ x + [1]. Since [0]* +[0] + [1] # [0]
and [1]* +[1] +[1] # [0] in Z2, Z2 contains no roots of z® +z +[1] over Zs. Hence, 2 4 x 4 [1] is irreducible
over Zsz. By Theorem 16.1.11,
Zolal/ (@ + 2+ (1)) = Za(N),

where A denotes the coset  + (2° + 2 + [1]) . By Theorem 16.1.14,
Za(N) = {[0], (1, A, X%, [1] + A (1] + A% A+ A%, (1] + A + A%}
Now

2 d 1] = (z+ N + Az + 1]+ 217)

and A% and A+ A? are the roots of 2% + Az + [1] + A2. Since A%, A+ A% € Z»()\), Z2() is a splitting field of
23 + 4 [1] over Zs. Let S1 = Z2(\). Then {[1], A\, A} is a basis for S1/Z2 and [S; : Z2] = 3. Let o denote
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{ Exercise 2:

Solution:

{ Exercise 3:

Solution:

{ Exercise 4:

Solution:
{ Exercise 5:

Solution:

{ Exercise 6:

Solution:
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[1] + A + A2, The addition table for Z2()) is given below.

+ [0] 1] A A2 [+X  [1]+22 A+A2 a

[0] [0] 1] A A2 I+A  [1+2% A+A2 a

1] [1] [0] [A+x  [1]+A? A A2 a A+A?

p A 1]+ [0] A+A2 1 a A2 [1]+A2

A2 A2 [1]4+2%2  A+A2 [0] a [1] A 1]+
+x | [+ A 1] a [0] AAZ 0 [1]+A2 2
[1]4+A2 | [1]+A2 A2 a 1] AA2 [0] [1]4+A A
AEAZ | AHN2 a A2 A [14+A2 1]+ [0] [1]

a a AMAZ [+ 1]+ A2 A 1] [0]

For the multiplication table, we make a few entries, such as ([1] + A)([1] + A) = [1] + A% and ([1] + X +
A ([ +A%) = [1]+A+2*+ 2% We now reduce [1]+ A+ A% +A* to the form a+bA+cA?, where a,b, ¢ € Zs.
We divide z* 4 23 4+ +[1] by 2® +2 +[1] to obtain z* + 2* + 2 4 [1] = (z +[1])(z® + 2+ [1]) + 2 + 2. Thus,
MAEXN A1 = AF[ADOS+ A+ [1]) + X2+ 2 =[0] + A2 + X Hence, ([1] +X+2AH)([1] +22) = A+ 22
Prove that x® 4+ 22 + [1] is irreducible in Zs[z]. Write out the addition and multiplication tables for the
field
Zslz)/ <:E3 +2° + ).

Find a splitting field S for 3 +z + [1] over Zs. Find a basis for Sa2/Zs and [S2
with those in Worked-Out Exercise 1.

Since [0]® + [0]® + [1] # [0] and [1]® + [1]® + [1] # [0] in Z2, Z2» contains no roots of z* + z® + [1] over Zo.
Hence, 2® 4+ z? + [1] is irreducible over Z>. By Theorem 16.1.11,

: Zz]. Compare your results

Zola)/ (® + 2° + [1]) = Za(p),

where 11 denotes the coset = + (2® + z* + [1]) . By Theorem 16.1.14,

Za(p) = {[0], [1], oo p®, (1] + pos [1] + 1%, po o+ 0, [1] o+ )

Now z® 422 +[1] = (4p) (2 +([1]4+p)z+p+p?) and g and [1]4-p+p? are the roots of &2 +([1]+ )z +ptp?.
Since p?, [1] + p + p? € Za(p), Za2(u) is a splitting field of x + 2 + [1] over Zs. Let So = Za (). Then
{[1], u, u®} is a basis for S2/Z2 and [S2 : Z2] = 3. The addition table for Zs(u) is determined in a manner
similar to that in Exercise 1. In fact, one may obtain the addition table by substituting p for A in the
addition table of Zz2(\). We now consider multiplication. We note that ([1]+u)([1]+x) = [1]+u>. However,
(1] + p+p2) (1] +p2) = 1]+ p+ p® +p* = [1]. Hence, we note the first algebraic difference between Za(\)
and Zo(p).

Show that there exists an isomorphism f of Z2()) onto Z2(u) considered as vector spaces over Zs such that
f is the identity on Zz and f()\) = u, f(A?) = u?, where A and p are as defined in Worked-Out Exercises
1 and 2, respectively.

{[1], X\, A} is a basis for Zz(\) over Zs and {[1], u, u*} is a basis for Zs(u) over Zo. Hence, there exists a
unique linear transformation f of Z2(\) onto Zz(u) such that f([1]) = [1], f(A) = u, and f(A\?) = p?. This
linear transformation is given by

F@[1] 46X+ eX?) = a[1] + bp + e,

where a,b, ¢ € Zs. Since {[1], 4, 4>} is linearly independent, f is one-one.

Show that Z2(\) and Zz(u) are isomorphic as fields, where A and p are as defined in Worked-Out Exercises
1 and 2, respectively.

Since |Z2(\)| = 2% = |Z2(1)| , Z2(\) and Zo (1) are splitting fields of 2® —x over Zs and thus are isomorphic.
Factor the polynomial 28 — x over Zs.

2® —x = x(x + [1])(«® + 2° + 2* + 2® + 2% + = + [1]). Now 2 + z + [1] is the only irreducible quadratic
polynomial over Zg. But 2 4-x+[1] does not divide 2°® +a® +2* +2® +2% +z+[1]. We have that 2* +2+[1] and
23422+ [1] are irreducible polynomials over Zs and 8+ + 2t +2® +2? +x+[1] = (@3 +a+[1]) (2> +22+[1]).
Hence, 2® — z = x(z + [1])(2® + = + [1])(2® + 22 + [1]).
Find the roots of 2 + 2 4 [1] in Z2()\), where X is as defined in Worked-Out Exercise 1.

[0] is a root of @, [1] is a root of @ + [1], and A, A%, A+ A? are roots of 2° + z + [1]. Hence, [1] + A, [1] 4+ A%,
and [1] + X + A\? are roots of 3 + 22 + [1].
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{ Exercise T:

18. Finite Fields

Find the roots of 2® 4+ x + [1] in Z2 (), where p is as defined in Worked-Out Exercise 2.

Solution: [0] is a root of x, [1] is a root of = + [1], and p, u?, [1] + p + p? are roots of 2® + 2 + [1]. Hence,
[1] + w, 1] + 2, and p + p? are roots of «® + x + [1].

{ Exercise 8:

Solution:

{ Exercise 9:

Solution:

Show that there exists an isomorphism g of Z(A) onto Zz([1] + p) such that g(A) = [1] 4+ p, where A and
w are as defined in Worked-Out Exercises 1 and 2, respectively.

The result here follows immediately by Corollary 16.2.9.

Show that there does not exist an isomorphism h of Zz(\) onto Zz (i) such that A(A) = p, where A and p
are as defined in Worked-Out Exercises 1 and 2, respectively.

Suppose there exists an isomorphism h of Za(X) onto Za(p) such that h(X) = p. Then [0] = A([0]) =
AN + A+ [1]) = 4 + p+ [1]. Also, [0] = pi® + p® + [1]. Hence, p® + p+ [1] = p® + p® + [1]. Thus, p* = p.
Therefore, p = [1], a contradiction.

Exercises

1.

Let F be a finite field. A generator for F* = F\{0} is called a primitive element for F. Find a primitive
element for the following fields.

(i) Zs.
(ii) Z11.
(iii) F, where F' D Zy and [F : Zs] = 8.

2. Construct a field with 9 elements.

3. Construct a field with 27 elements.

4. Suppose that F' is a finite field of characteristic p. If ¢ is a primitive element of F, prove that ¢ is a

© w N oo

10.

11.

12.

13.
14.

primitive element of F.

Let F be a finite field of characteristic p. If n = [F' : Zp], prove that there exists ¢ € F such that c is
algebraic of degree n over Z, and F = Zy(c).

If F is a finite field of p™ elements, p a prime and n a positive integer, prove that [F : Z,] = n.

Describe the splitting field of % — x over Zs.

Prove that there exists an irreducible polynomial of arbitrary degree n over Z,.

If F is a subfield of GF(p"), prove that F ~ GF(p™), where m/|n.

Show that if m and n are positive integers such that m|n, then GF(p™) contains a unique subfield GF (p™),

p™ — 1 divides p" — 1, whence 2P ~' — 1 divides ”" ~' — 1 and so z”" — z divides z*" — x.

Let F be a field containing Z, and f(x) be a polynomial over Z,. If ¢ € F is a root of f(z), prove that c?
is also root of f(x).

Let f(z) = 2P — x — [1] € Zp[x]. Show that a splitting field of f(x) over Z, is Zy(c), where c is a root of
f(z).

Let F' be a field and G and H be subgroups of F*. If G and H have order n, prove that G = H.

If F'is a field such that F™* is cyclic, prove that F' is finite.
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Abel, Niels Henrik, 58 degree of a polynomial, 178
Abelian group, 37 degree of inseparability, 249, 254
action of groups, 116 degree of separability, 249, 254
algebraic closure, 244 DeMorgan’s law, 6, 7
algebraic element, 230 dihedral group, 113
algebraic field extension, 234 dimension, 225
algebraically closed field, 243 direct sum of rings, 171
algebraically independent, 181 direct summand, 227
alternating group, A, 67 disjoint permutations, 63
ascending chain condition for principal ideals, 200 divide, 10, 189
associate, 190 division algorithm, 179
associated prime ideal, 216 division ring, 134
automorphism divisor, 10, 189
of groups, 100 common, 10, 190
of rings, 158 greatest common, 10, 190
domain
basis, 221 Fuclidean, 185
binary operation, 32 factorization, 199
associative, 32 integral, 135
closed under, 32 principal ideal, 186
commutative, 32 unique factorization, 200
Boolean ring, 140 double coset, 88

Burnside theorem, 119
Eisenstein’s irreducibility criterion, 208

Cartesian product, 5, 28 element
Cauchy, Augustin-Louis, 70 algebraic, 230
Cayley’s theorem, 102 associate, 190
Cayley, Arthur, 121 centralizer of an, 77
center conjugate, 241

of groups, 73 fixed, 119

of rings, 130 idempotent, 138
characteristic identity, 33, 36, 131

of a ring, 137 image of, 24

subgroup, 112 inseparable, 247
Chinese remainder theorem, 23 integral power of an, 45
Chinese remainder theorem for rings, 175 inverse of an, 36
commutative invertible, 133

group, 37 irreducible, 194

ring, 130 order of an, 46
complete direct sum of rings, 171 preimage of, 24
composition of functions, 25 prime, 194
congruence modulo 7, 18 primitive, 250
conjugate element, 241 purely inseparable, 251
content of a polynomial, 203 reducible, 194
coset regular, 141

left, 81 relatively prime, 194

right, 81 separable, 247
cyclic module, 221 separable algebraic, 247
cyclic structure, 69 transcendental, 230
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unit, 133 right invertible, 27
epimorphism single valued, 24
of groups, 98 well defined, 24
of rings, 158 fundamental theorem
equivalence of arithmetic, 12
class, 18
relation, 17 G-set, 116
Euclidean domain, 185 Galois
Fuclidean valuation, 185 field, 257
Fuler ¢-function, 14 Gaussian integers, 185
even permutation, 67 gcd property in a ring, 194
exponent of inseparability, 249 generator, 230
group
factor, 10 special linear group of degree 2, 55
nontrival, 199 group, groups, 36
trivial, 199 Abelian, 37
factorization, 199 action of , 116
factorization domain, 199 alternating group, A, , 67
factorization theorem, 180 automorphism of, 100
field, 134 cancellation law, 40
algebraic closure of, 244 Cayley’s theorem for, 102
algebraically closed, 243 center of, 73
extension, 230 commutative, 37
finite, 257 correspondence theorem of, 108
Galois, 257 cyclic, 78
intermediate, 233 dihedral, 75, 113
maximal separable intermediate, 254 epimorphism of, 98
of complex numbers, 134 external direct product, 124
of quotients, 167 finite, 45
of rational numbers, 134 first isomorphism theorem, 106
of real numbers, 134 fundamental theorem of homomorphisms, 105
perfect, 249 homomorphic image of, 98, 106
prime, 229 homomorphism of, 97
primitive element for, 260 identity element of, 36
quotient, 167 infinite, 46
separable closure of, 254 inner automorphism of, 110
simple extension, 250 internal direct product, 124
splitting, 239 inverse of an element in, 36
field extension, 230 isomorphic, 100
algebraic, 234 isomorphism of, 100
degree of, 232 isotropy, 117
finite, 232 Klein 4-group, 78
purely inseparable, 251 Lagrange’s theorem, 84
transcendental, 234 monomorphism of, 98
finite dimensional vector space, 224 natural homomorphism of, 99
finite extension, 232 noncommutative, 37
finite field, 257 of symmetries of square, 49
finitely generated left ideal, 151 orbit, 117
finitely generated module, 221 order, 45
fixed element, 119 permutation, 59
formal derivative, 247 quaternion, 114
function, 24 quotient, 90
composition of, 25 second isomorphism theorem, 107
extension of, 28 set of generators for, 73
invertible, 27 symmetric group, Sy, 62
left invertible, 27 third isomorphism theorem, 108
one-one, 25 torsion, 47
onto, 25 torsion-free, 47

restriction of, 28 trivial subgroup of, 72
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homomorphic image, 98 K-automorphism, 234
homomorphism k-cycle, 62
fundamental theorem of, 105, 161 K-homomorphism, 234
kernel of, 98, 159 K-isomorphism, 234
natural, 99, 160 kernel, 159
of groups, 97 kernel of a homomorphism, 98
of rings, 158 Kronecker, Leopold, 211
trivial, 97

Lagrange, Joseph Louis, 95
least common multiple, 16, 194
left cancellation law, 136
left ideal, 149
generated by, 150
principal, 151
linearly dependent, 223
linearly independent, 223
local ring, 219

ideal, 149
annihilator of, 158
associated prime, 216
direct sum of, 172
finitely generated, 151
generated by, 150
internal direct sum of, 173

left, 149

maximal, 214 mapping, 24

minimal, 220 mathematical system, 32

nil, 155 maximal ideal, 214

nilpotent, 155 meaningful product, 42

nontrivial, 149 minimal ideal, 220

primary, 215 minimal polynimial, 231

primary for, 216 module

prime, 213 cyclic, 221

principal, 151 finitely generated, 221

product of, 153 left, 221

proper, 149 right, 221

radical of, 215 simple, 227

right, 149 unital left, 221

semiprime, 219 monic polynomial, 178

sum of, 153 monomorphism

trivial, 149 of groups, 98
idempotent, 138 of rings, 158

central, 174 multiplicity, 247
identity

left7 139 nil ideal, 155

of a ring, 131 nilpotent idea‘l7 155

of group, 36 noncommutative

right, 139 group, 37

ring, 130

identity map, 25
indeterminate, 178
infinite order of an element, 46
inner automorphism, 110
inseparable element, 247
inseparable polynomial, 247
integer, integers

algebraic, 202

division algorithm, 9

normal subgroup, 89

odd permutation, 67
one-one correspondence, 26
one-one function, 25
onto function, 25
orbits of a group, 117
order

of a group, 45

prime, 12 of an element, 46
relatively prime, 12 ordered n-tuples, 28
integer, integers, 7 ordered pair, 5
integral domain, 135
intermediate field, 233 partition
irreducible element, 194 of a set, 19
isomorphism perfect field, 249
of groups, 100 permutation, 59

of rings, 158 conjugate, 63
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cyclic structure of, 69
disjoint, 63

even, 67

odd, 67

two-row notation of, 60

polynomial, 177
coefficients of, 178
constant, 178
content of, 203
cyclotomic, 209
degree of, 178
factor of, 180

formal derivative of, 247

inseparable, 247

leading coefficient of, 178

minimal, 231

monic, 178

primitive, 204

root of, 179

separable, 247

split over a field, 239

zero of, 179
polynomial ring, 177

polynomial ring in n indeterminates, 180

power set, 5
primary ideal, 215

primary ideal belonging to, 216

prime element, 194

prime field, 229

prime ideal, 213

primitive element, 250
primitive polynomial, 204
principal ideal domain, 186

principle of mathematical induction, 8

principle of well-ordering, 7
projection, 174

quaternion group, 114
quotient, 10, 179
group, 90
ring, 154
set, 30

radical, 215

reduced degree, 249

reducible element, 194

regular ring, 141

relation, 17
binary, 17
composition of, 20
congruence, 94
domain, 17
equivalence, 17
image, 17
inverse, 20
range, 17
reflexive, 17
symmetric, 17
transitive, 17

transitive closure of, 23
relatively prime elements, 194

remainder, 10, 179
remainder theorem, 180
right cancellation law, 136
right ideal, 149
generated by, 150
principal, 151
ring, 130
automorphism of, 158
Boolean, 140
center of, 130
characteristic of, 137
commutative, 130

complete direct sum of, 171
correspondence theorem, 161

direct sum, 140
direct sum of, 171
division, 134
embedding of, 165
epimorphism of, 158
finite, 136

first isomorphism theorem of, 161
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fundamental theorem of homomorphisms, 161

identity element, 131
infinite, 136
isomorphic, 159
isomorphism of, 158
left identity of, 139
local, 219

monomorphism of, 158
natural homomorphism of, 160
nilpotent element in, 138

noncommutative, 130

of Gaussian integers, 186

of integers, 130
of integers mod n, 130

of real quaternions, 134

polynomial, 177
principal ideal, 186
quotient, 154
regular, 141

regular element of, 141

right identity of, 139

simple, 152

subdirect sum of, 174

with identity, 131

zero, 136

zero divisor in, 134

zero element of, 130
root of a polynomial, 179

scalar, 178, 222

Schroder-Bernstein, 31

semigroup, 43
commutative, 43

idempotent element in, 43

noncommutative, 43
semiprime ideal, 219
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separable element, 247 dimension of, 225
separable polynomial, 247 finite dimensional, 224
set, sets, 3 left, 222
Cartesian cross product, 5, 28
complement, 6 Weber, Heinrich, 128
difference of, 5
disjoint, 4 zero divisor, 134
empty, 3 zero of a polynomial, 179
equal, 3 zero ring, 136
equipollent, 26
finite, 3
image of, 29
index, 4
infinite, 3
intersection of, 4
null, 3
partition of, 19
power, 5
proper subset of, 3
relative complement of, 5
subset of, 3
symmetric difference of, 7
union of, 4
simple extension, 250
simple ring, 152
skew-field, 134
span, 222
splitting field, 239
stabilizer, 117
standard product, 42
subfield, 145
generated by, 230
subgroup, 71
characteristic, 112
double coset of, 88
generated by, 73
index of a, 83
invariant, 89
left coset of a, 81
normal, 89
product of, 74
right coset of a, 81
submodule, 221
generated by, 221
subring, 145
subspace, 222
trivial, 223
symmetric group, Sy, 62

torsion group, 47

torsion-free group, 47
transcendental element, 230
transcendental field extension, 234
transposition, 62

unique factorization domain, 200

vector, 222
vector space, 222
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