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Preface

Algebra has played a central and decisive role in all branches of mathematics and,
in turn, in all branches of science and engineering. It is not possible for a lecturer to
cover, physically in a classroom, the amount of algebra which a graduate student
(irrespective of the branch of science, engineering, or mathematics in which he
prefers to specialize) needs to master. In addition, there are a variety of students in a
class. Some of them grasp the material very fast and do not need much of assis-
tance. At the same time, there are serious students who can do equally well by
putting a little more effort. They need some more illustrations and also more
exercises to develop their skill and confidence in the subject by solving problems on
their own. Again, it is not possible for a lecturer to do sufficiently many illustrations
and exercises in the classroom for the aforesaid purpose. This is one of the con-
siderations which prompted me to write a series of three volumes on the subject
starting from the undergraduate level to the advance postgraduate level. Each
volume is sufficiently rich with illustrations and examples together with numerous
exercises. These volumes also cater for the need of the talented students with
difficult, challenging, and motivating exercises which were responsible for the
further developments in mathematics. Occasionally, the exercises demonstrating the
applications in different disciplines are also included. The books may also act as a
guide to teachers giving the courses. The researchers working in the field may also
find it useful.

The first volume consists of 11 chapters, which starts with language of mathe-
matics (logic and set theory) and centers around the introduction to basic algebraic
structures, viz., groups, rings, polynomial rings, and fields together with funda-
mentals in arithmetic. This volume serves as a basic text for the first-year course in
algebra at the undergraduate level. Since this is the first introduction to the
abstract-algebraic structures, we proceed rather leisurely in this volume as com-
pared with the other volumes.

The present (second) volume contains 10 chapters which includes the funda-
mentals of linear algebra, structure theory of fields and the Galois theory, repre-
sentation theory of groups, and the theory of group extensions. It is needless to say
that linear algebra is the most applicable branch of mathematics, and it is essential
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viii Preface

for students of any discipline to develop expertise in the same. As such, linear
algebra is an integral part of the syllabus at the undergraduate level. Indeed, a very
significant and essential part (Chaps. 1-5) of linear algebra covered in this volume
does not require any background material from Volume 1 of the book except some
amount of set theory. General linear algebra over rings, Galois theory, represen-
tation theory of groups, and the theory of group extensions follow linear algebra,
and indeed these are parts of the syllabus for the second- and the third-year students
of most of the universities. As such, this volume together with the first volume may
serve as a basic text for the first-, second-, and third-year courses in algebra.

The third volume of the book contains 10 chapters, and it can act as a text for
graduate and advance graduate students specializing in mathematics. This includes
commutative algebra, basics in algebraic geometry, semi-simple Lie algebras,
advance representation theory, and Chevalley groups. The table of contents gives an
idea of the subject matter covered in the book.

There is no prerequisite essential for the book except, occasionally, in some
illustrations and exercises, some amount of calculus, geometry, or topology may be
needed. An attempt to follow the logical ordering has been made throughout
the book.

My teacher (Late) Prof. B.L. Sharma, my colleague at the University of
Allahabad, my friend Dr. H.S. Tripathi, my students Prof. R.P. Shukla, Prof.
Shivdatt, Dr. Brajesh Kumar Sharma, Mr. Swapnil Srivastava, Dr. Akhilesh Yadav,
Dr. Vivek Jain, Dr. Vipul Kakkar, and above all, the mathematics students of the
University of Allahabad had always been the motivating force for me to write a
book. Without their continuous insistence, it would have not come in the present
form. I wish to express my warmest thanks to all of them.

Harish-Chandra Research Institute (HRI), Allahabad, has always been a great
source for me to learn more and more mathematics. I wish to express my deep sense
of appreciation and thanks to HRI for providing me all infrastructural facilities to
write these volumes.

Last but not least, I wish to express my thanks to my wife Veena Srivastava who
had always been helpful in this endeavor.

In spite of all care, some mistakes and misprints might have crept in and escaped
my attention. I shall be grateful to any such attention. Criticisms and suggestions for
the improvement of the book will be appreciated and gratefully acknowledged.

Allahabad, India Ramji Lal
April 2017
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Chapter 1
Vector Spaces

This chapter is devoted to the structure theory of vector spaces over arbitrary fields.
In essence, a vector space is a structure in which we can perform all basic operations
of vector algebra, can talk of lines, planes, and linear equations. The basic motivating
examples on which we shall dwell are the Euclidean 3-space R over R in which
we live, the Minkowski Space R* of events (in which the first three coordinates
represent the place and the fourth coordinate represents the time of the occurrence
of the event), and also the space of matrices.

1.1 Concept of a Field

Rings and fields have been introduced and studied in Algebra 1. However, to make the
linear algebra part (Chaps. 1-5) of this volume independent of Algebra 1, we recall,
quickly, the concept of a field and its basic properties. Field is an algebraic structure
in which we can perform all arithmetical operations, viz., addition, subtraction, mul-
tiplication, and division by nonzero members. The basic motivating examples are the
structure Q of rational numbers, the structure R of real numbers, and the structure
C of complex numbers with usual operations. The precise definition of a field is as
follows:

Definition 1.1.1 A Field is a triple (F, +, -), where F is a set, + and - are two
internal binary operations, called the addition and the multiplication on F', such that
the following hold:

1. (F, +) is an abelian Group in the following sense:

(i) The operation + is associative in the sense that

(a+b)+c=a+ b+ c)foralla, b, c €F.

(i1) The operation + is commutative in the sense that

(a+ b)) = b+ a)foralla, b € F.

© Springer Nature Singapore Pte Ltd. 2017 1
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2 1 Vector Spaces

(iii) There is a unique element 0 € F, called the zero of F, such that

a+0=a=0+aforalla €F.

(iv) For all a € F, there is a unique element —a € F, called the negative of a,
such that

a+ (—a) = 0= —a+ a

2. (i) The operation - is associative in the sense that

(a-b)-c=a-b-c)foralla, b, c €F.

(i1) The operation - is commutative in the sense that

(a-b) = (b -a)foralla, b €F.

3. The operation - distributes over + in the sense that

Da-(b+c¢c) =a-b+ a-c,and

)@+ b)-c =a-c+ b-cforalla,b,c eF.

4. (i) There is a unique element 1 € F — {0}, called the one of F, such that

l-a =a =a -1forallaeF.

(i) Foralla € F — {0}, thereis aunique elementa~! € F, called the multiplicative
inverse of a, such that

a-al=1=a"'a

Before having some examples, let us observe some simple facts:
Proposition 1.1.2 Let (F, +, -) be a field.

(i) The cancellation law holds for the addition + in F in the sense that (a +b =

a+c)impliesb = c. Inturn, (b+a = ¢+ a) implies b = c.

(ii) a-0 = 0 = 0-aforallackF.

(iii) a-(—b) = —(a-b) = (—a)-bforalla,becF.

(iv) The restricted cancellation for the multiplication in F holds in the sense that
(@a#0and a-b = a-c) implies b=c. In turn, (a 20 and b-a = c-
a) implies b = c.

(v) (a-b = 0)implies that (a =0 or b =0).

Proof (i) Suppose that a+b = a+c. Thenb = 0+b = (—a+a)+b =
—a+(a+b) = —a+(@a+c) = (—a+a)+c = 0+c¢c = c.

()0 +a-0 =a-0 =a-(0+0) = a-0+ a-0. Using the cancellation for +,
we getthat 0 = a - 0. Similarly,0 = 0-a.

(1ii)0 = a-0 = a-(b+(=b)) = a-b + a-(=b). It follows that a - (—b) =
—(a - b). Similarly, the other part follows.

(iv) Suppose that a 20 and a-b = a-c. Thenb = 1-b = (@' -a)-b =
a'(@b)=a'(@c)= (@' a) c =1 c = c Similarly, the other part
follows.

(v) Suppose that (a-b = 0). If a = 0, there is nothing to do. Suppose that a #~ 0.
Thena-b = 0 = a-0. From (iv), it follows that b = 0. it

Integral Multiples and the Integral Powers of Elements of a Field
Let a € F. For each natural number n, we define the multiple na inductively as fol-
lows: Define la = a. Assuming that na is defined, define (n + 1)a = na + a.
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Thus, for a natural number n,na = a+a+ ---+ a. We define Oa = 0. Further,
—_—

ntimes
if m = —nis a negative integer, then we define ma = n(—a). Thus, for a negative

integerm = —n,ma = —a+ (—a) + ---+ (—a). This defines the integral multi-

ntimes
ple na for each integer n. Similarly, we define all integral powers of a nonzero element

a of F as follows: Define a' = a. Assuming that a" has already been defined, define
a™' = 4" a. This defines all positive integral powers of a. Define a® = 1, and
for negative integer n = —m, define @’ = (a~')". The following law of exponents
follow immediately by the induction.

(i) m+m)a = na+ maforalln,me 7.

(i1) (mm)a = n(ma) for all n,m € 7Z.
(iii) "™ = a"-a" foralla € F — {0}, and n,m € Z.
@iv) @™ = (@")" foralla € F — {0}, and n,m € Z.

Examples of Fields

Example 1.1.3 The rational number system Q, the real number system R, and the
complex number system C with usual addition and multiplications are basic examples
of a field.

Example 1.1.4 Consider F = Q(v/2) = {a+ b/2 | a, b € Q}. The addition and
multiplication in R induce the corresponding operations in Q(+/2). We claim that
Q(+/2) is a field with respect to the induced operations. All the defining properties of
a field are consequences of the corresponding properties in R except, perhaps, 4(ii)
which we verify. Let a, b € Q such thata + b2 = 0. We claim that a? —2b? # 0.
Suppose not. Then a* — 2b> = 0. In turn, b = 0 (and so also a = 0), otherwise,
(%)2 = 2, a contradiction to the fact that +/2 is not a rational number. Thus, then

a+;\/§ = Z;_bzdbg = az_az;,z + az:lz)hz ﬁis in Q(\/z)

Remark 1.1.5 There is nothing special about 2 in the above example, indeed, we can
take any prime, or for that matter any rational number in place of 2 which is not a
square of a rational number.

So far all the examples of fields are infinite. Now, we give an example of a finite
field.

Let p be a positive prime integer. Consider the set Z, = {1,2,...,p — 1} of
residue classes modulo a prime p. Clearly, @ = 7, where r is the remainder obtained
when a is divided by p. The usual addition & modulo p, and the multiplication *
modulo p are given by

i®j=i+j ijel,

and o L
i*xj=1i-j,i,jJel
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For example, inZ;;,6 @ 7 = 13 = 2. Similarly, the product 6 + 7 = 42 = 0.
We have the following proposition.

Proposition 1.1.6 For any prime p, the triple (Z,, @, %) introduced above is a field
containing p elements.

Proof Clearly, 1 is the identity with respect to . We verify only the postulate 4(ii)
in the definition of a field. The rest of the postulates are almost evident, and can be
verified easily. In fact, we give an algorithm (using Euclidean Algorithm) to find the
multiplicative inverse of a nonzero element i € Z,. Let i€ Z, — {0}. Then p does
not divide i. Since p is prime, the greatest common divisor of 7 and p is 1. Using the
Euclidean algorithm, we can find integers b and ¢ such that

1l=i-b+p-c.
Thus, 1 = i-b = ib. It follows that b is the inverse of i with respect to . it

The above proof is algorithmic and gives an algorithm to find the multiplicative
inverse of nonzero elements in Z,.

Definition 1.1.7 Let (F, +, -) be a field. A subset L of F is called a subfield of F
if the following hold:

i) OelL.
(i) Ifa,beL,thena+beLanda-b € L.
@ii) 1 € L.
(iv) Forallae L, —a € L.
(v) Forallae L —{0},a ' € L.

Thus, a subfield L of a field F is also a field at its own right with respect to the
induced operations. The field F is a subfield of itself. This subfield is called the
improper subfield of F. Other subfields are called proper subfields. The set Q of
rational numbers, the set Q(+/2) described in Example 1.1.4, are proper subfields of
the field R of real numbers. The field R of real numbers is a subfield of the field C
of complex numbers.

Proposition 1.1.8 The field Q of rational numbers, and the field Z,, have no proper
subfields.

Proof We first show that Q has no proper subfields. Let L be a subfield of Q. Then

by the Definition 1.1.7(iii), 1 € L. Again, by (ii),n = 14+ 1+ --- 4 1 belongs to
[ ——

L for all natural numbers n. Thus, by (iv), all integers are in L. By (v), % € L for

all nonzero integers n. By (ii), #* € L for all integers m, n; n # 0. This shows that

L = Q.
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_ Next, let L be a subfield of Z,. Then by the Definition 1.1.7(iii), 1 € L. By (ii),
i=1®1® --- ® 1lbelongstoL foralli € Z,. This shows that L = Z,. #

i

We shall see that, essentially, these are the only fields which have no proper
subfields. Such fields are called prime fields.
Homomorphisms and Isomorphisms Between Fields

Definition 1.1.9 Let F; and F, be fields. A map f from F| to F, is called a
fieldhomomorphism if the following conditions hold:

1) fa + b) = f(a) + f(b) for all a,b € F; (note that + in the LHS is the

addition of F, and that in RHS is the addition of F»).

(i) f(a - b) = f(a) - f(b)foralla, b € F; (again - in the LHS is the multiplication
of F1, and that in RHS is the multiplication of F>).

@iii) f(1) = 1, where 1 in the LHS denotes the multiplicative identity of F, and 1
in RHS denotes the multiplicative identity of F,.
A bijective homomorphism is called an isomorphism. A field F is said to be
isomorphic a field F; if there is an isomorphism from F to F5.

We do not distinguish isomorphic fields.

Proposition 1.1.10 Let f be a homomorphism from a field F to a field F5. Then,
the following hold.

(i) f(O) =0, where Oin the LHS is the zero of F\, and Oin the RHS is the zero of
F.
(ii) f(=a) = —f(a) forall a € F.
(iii) f(na) = nf(a) forall a € Fy, and for all integer n.
(iv) f(@) = (f(a)" forall a € Fi — {0}, and for all integer n.
(v) fisinjective, and the image of F\ under f is a subfield of F» which is isomorphic
to Fj.

Proof )0 + f(0) = f(0) = (0 + 0) = f(0) + f(0). Using cancellation law
for addition in F;, we get that f(0) = O.

@i)0 = f(0) = f(a + (—a)) = f(a) + f(—a). Thisshowsthatf(—a) = —f(a).
(iii) Suppose that n = 0. Then Of (a) = 0 = f(0) = f(0a). Clearly, f(la) =
f(a) = 1f(a). Assume that f(na) = nf(a) for a natural number n. Then f(n +
Da = f(na+a) = f(na) +f(a) = nf(a) +f(a) = (n+ 1)f(a). By induction,
it follows that f (na) = nf(a) for all a € F, and for all natural number n. Suppose
that n = —m is a negative integer. Then, f(na) = f((—m)a) = f(—(ma)) =
—f(ma) = —(mf(a)) = —(m)f(a) = nf(a).

(iv) Replacing na by a", imitate the proof of (iii).

(v) Suppose that a # b. Then (@ —b) #0. Now, 1 = f(1) = f((a—Db)(a—
™ = fla—b)f((a—b)~"). Since 10, it follows that (f(a) —f(b)) =
f(a — b) # 0. This shows that f(a) # f(b). Thus, f is injective, and it can be real-
ized as a bijective map from F; to f(Fy). It is sufficient, therefore, to show that
f(Fy) is a subfield of F,. Clearly, 0 = f(0), and 1 = f(1) belong to f(F;). Let
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f(a), f(b) €f(Fy), where a,b € Fy. Then (f(a) + f(b)) = fla+b) €f(Fy),
and also (f(a)f (b)) = f(ab) € f(Fy).Finally,if f(a) # 0, thena € F; — {0}. But,
then (f(a))™' = f(a™') €F;. g

Characteristic of a Field
Let F be a field. Consider the multiplicative identity 1 of F. There are two cases:

(i) Distinctintegral multiples of 1 are distinct, or equivalently, nl = m1 implies that
n = m. Thisis equivalent to say thatnl = 0Oif and only if n = 0. In this case we
say that F is of characteristic 0. Thus, for example, the field R of real numbers,
the field Q of rational numbers, and the field C of complex numbers are the fields
of characteristic 0.

(ii) Not all integral multiples of 1 are distinct. In this case there exists a pair n, m of
distinct integers such that nl = ml. But, then, (n —m)l = 0 = (m —n)l.
In turn, there is a natural number / such that /1 = 0. In this case, the smallest
natural number / such that /1 = 0 is called the characteristic of . Thus, the
characteristic of Z, is p.

Proposition 1.1.11 The characteristic of a field is either O or a prime number p.
A field of characteristic 0 contains a subfield isomorphic to the field Q of rational
numbers, and a field of characteristic p contains a subfield isomorphic to the field
Z

e

Proof Suppose that F is a field of characteristic 0. Thennl = ml implies thatn = m.
Also (ml # 0) if and only if (m # 0). Suppose that (°* = ). Then (m1)(s1) =
msl = nrl = (nl)(r1).Inturn, ((m1)(n1)~" = (r1)(s1)~"). Thus, we have a map
f from Q to F given by f(%) = (m1)(n1)~'. Next, suppose that ((m1)(nl)~' =
rD(s)™H. Thenmsl = (ml)(s1) = (n1)(r1) = nrl. This means thatms = nr,
or equivalently, (** = %). This shows that f is an injective map. It is also straight
forward to verify that f is a field homomorphism. Thus, L = {(m1)(n])™' | m e
Z, n € 7 — {0}} is a subfield of F which is isomorphic to Q.

Next, suppose that the characteristic of F is [ # 0. Then [ is the smallest natural
number such that /1 = 0. We show that [ is a prime p. Suppose not. Then [ =
Lb,1 <Il; <I,1 <1, < [lBut,then0 = [1 = (l1/)1 = (;1)(l1). In turn,
l11 = Oorly1 = 0.Thisis a contradiction to the choice of /. Thus, the characteristic
of F is a prime p. Suppose that i = j. Then p dividesi — j.Inturn, (i — j)I = 0,
and soil = jl. Thus, we have a map f from Z, to F’ defined by f (i) = il. Clearly,
this is an injective field homomorphism. f

Exercises

1.1.1 Show that Q(w) = {a + bw | a, b € Q}, where w a primitive cube root of
1, is a subfield of the field C of complex numbers.

1.1.2 Show that v/+/2 is not a member of Q(+/2). Use the method of Example 1.1.4
to show that Q(v2)(V~2) = {a + bv2 + (¢ + dV2)(WV?2) | a,b,c,d € Q)

is a field with respect to the addition and multiplication induced by those in R.
Generalize the assertion.
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1.1.3 Show that Q(+/2)(v/3) = {a + b2 + (¢ + dv2)(\/3) | a,b,c.d € O}

is a field with respect to the addition and multiplication induced by those in R.

1.1.4 Show that Q(23) = {a + b27 + 25 | a,b,c € Q} is also a field with
respect to the addition and multiplication induced by those in R. Express # as
+23

a + p23 + 02%, a,b,ceQ.

1.1.5 Showthat F = {0, 1, «, az} is a field of characteristic 2 with respect to the
addition + and multiplication - given by the following tables:

+l0]1]ale?
olo|1|ala?
1[1]0[c?a
alala?[0]1
o?la?lal1]0
0] 1|ala?
00/0]|0]|0
1o[1]ala?
alolala?] 1
o?lole?| 1| o

1.1.6 Find the multiplicative inverse of 20 in Z,s7, and also find the solution of
10x & 2 = 3.

1.1.7 Write a program in C++ language to check if a natural number # is prime, and
if so to find the multiplicative inverse of a nonzero element 7 in Z,,. Find the output
withn = 2% + Landm = 641.

1.2 Concept of a Vector Space (Linear Space)

Consider the space (called the Euclidean 3-space) in which we live. If we fix a point
(place) in the three space as origin together with three mutually perpendicular lines
(directions) passing through the origin as the axes of reference, and also a segment of
line as a unit of length, then any point in the 3-space determines, and it is determined
uniquely by an ordered triple («, /3, 7y) of real numbers.
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P(a, 3,7)

X

Thus, with the given choice of the origin and the axes as above, the space in which
we live can be represented faithfully by

R = {¥ = (x1,x,%3) | x1,%, %3 € R},

and it is called the Euclidean 3-space. The members of R? are called the usual 3-
vectors. It is also evident that the physical quantities which have magnitudes as well
as directions (e.g., force, velocity, or displacement) can be represented by vectors.
More generally, for a fixed natural number n,

R” = {} = ('x17-x25'-'7-xn)|-xla-x27-"7-xn € R}

is called the Euclidean n-space, and the members of the Euclidean n-space are called
the Euclidean n-vectors. We term x, x5, .. ., X, as components, or coordinates of
the vector ¥ = (x1, X2, ..., x,). Thus, R? represents the Euclidean plane, and R*
represents the Minkowski space of events in which the first three coordinates rep-
resent the place, and the fourth coordinate represents the time of the occurrence of
the event. R! is identified with R. By convention, R = {0} is a single point. We have
the addition + in R", called the addition of vectors, and it is defined by

X+y = +yL,x+y,..., % +Y),

where x = (x1,x2,...,x,) andy = (y1,¥2,...,Ys). We have also the external
multiplication - by the members of R, called the multiplication by scalars, and it is
given by

a-xX = (axy, axy, ..., ax,), a € R,



1.2 Concept of a Vector Space (Linear Space) 9

Remark 1.2.1 The addition + of vectors in 3-space R? is the usual addition of vectors,
which obeys the parallelogram law of addition.

The Euclidean 3-space (R?, +, -) introduced above is a Vector Space in the
sense of the following definition:

Definition 1.2.2 A Vector Space (also called a Linear Space) over a field F (called
the field of Scalars) is a triple (V, +, -), where V is a set, + is an internal binary
operation on V, called the addition of vectors, and - : F x V — V is an external
multiplication, called the multiplication by scalars, such that the following hold:

A. (V, +) is an abelian group in the sense that:

1. +is associative, i.e.,
x+y+z=x+0+2

forallx,y,zin V.
2. +is commutative, i.e.,
X+y =y+x

forallx,yin V.
3. We have a unique vector 0 in V, called the null vector, and it is such that

x4+0=x=0+x
forallxin V.
4. For each x in V, we have a unique vector —x in V, called the negative of x, and

it is such that
x4+ (—x) =0=(—x) +x.

B. The external multiplication - by scalars satisfies the following conditions:

1. It distributes over the vector addition + in the sense that
a-x+y)=a-x+a-y

forallao € Fandx, yin V.
2. It distributes over the addition of scalars also in the sense that

(a+p)-x=a-x+0-x
forall , 3 € Fandxin V.

3. (af) - x=a-(B-x)foralla, € Fandxin V.
4, 1-x=xforallxin V.

Example 1.2.3 Let F be a field, and n be a natural number. Consider the set

V = F” = {x = ('xlﬂ-x27~"9xn)|-x15-x25"'7-xn € F}
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of row vectors with n columns, and with entries in . We have the addition + in F”"
defined by

X+y =@ +ynx+y, 0%+,

where X = (x,x2,...,x,) andy = (y1,Yy2,...,Ys). We have also the external
multiplication - by the members of F defined by

a-X = (axy, axy, ..., oax,),a € F.

The field properties of F ensures that the triple (F", 4+ -) is a vector space over F.
The zero of the vector space is the zero row 0= (0,0, ...,0), and the negative of
X = (X1,X2,...,X,) 18 =X = (—x1, —X2, ..., —X,). We can also treat the members
of F" as column vectors.

Example 1.2.4 Let L be a subfield of a field F'. Consider (F, +, -), where + is the
addition of the field F, and - is the restriction of the multiplication in F to L x F.
Then it is evident that (F, +, -) is a vector space over L. Thus, every field can be
considered as vector spaces over its subfields.

Example 1.2.5 Let C[0, 1] denote the set of all real valued continuous functions on
the closed interval [0, 1]. Since sum of any two continuous functions is a continuous
function, we have an addition on C[0, 1] with respect to which it is an abelian group.
Define the external multiplication - by (a - f)(x) = a-f(x). Then C[0, 1] is a vector
space over the field R of reals. Note that the set D[0, 1] of differentiable functions is
also a vector space over the field R of reals with respect to the addition of functions,
and multiplication by scalars as defined above.

Example 1.2.6 Let P,(F) denote the set of all polynomials of degree at most n over
afield F. Then P, (F) is an abelian group with respect to the addition of polynomials.
Further, ifa € F andf(X) € P,(F), thenaf (X) € P,(F). Thus, P, (F) is also a vector
space over F.

Proposition 1.2.7 Let V be a vector space over a field F. Then the following hold:

(i) The cancellation law holds in (V, +) in the sense that (x+y = x4+
z) impliesy = z(Inturn, (y +x = z+x) impliesy = z).
(ii) 0-x = 0, where 0 in the left side is the O of F, 0 on right side is that of V, and

xeV.
(iii) «-0 = 0, where both 0 are that of V, and o € F.
(iv) (—a)-x = —(a-x)foralla € F, andx € V. In particular, (—1) -x = —ux.
(v) (a-x = 0)implies that (¢ = 0orx = 0).

Proof (i) Suppose that (x+y = x+z). Theny = 04+y = (—x+x)+y =
X+ @x+y) = x+(x+2) = (—=x+x)+z2=0+4+z =z
@0 +0-x=0-x=(0+0)-x = 0-x + 0-x.Bythecancellationin (V, +),
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0=0-x

1i)0 + -0 = -0 =a-(0 + 0) = a-0 + «-0. By the cancellation in
V, 4),0 = «-0.

iv)0 = 0-x = (—a+a)-x = (—a)-x + «-x. This shows that (—«) - x =
—(a-x)

(v) Suppose that (o -x = 0),and v #0.Then,x = 1-x = (¢ 'a)-x = «a
(-x) = a'-0=0. it

_]'

1.3 Subspaces

Definition 1.3.1 Let V be a vector space over a field F'. A subset W of V is called
a subspace, or a linear subspace of V if

i 0ew.
(i) x+ye Wforallx,y e W.
(iii) a-xe Wforallao € Fandx € W.

Thus, a subspace is also a vector space over the same field at its own right.

Proposition 1.3.2 Let V be a vector space over a field F. Then a nonempty subset
W of V is a subspace if and only ifax + by € W forall a,b € F, andx,y € V.

Proof Suppose that W is a subspace of V. Leta, b € F,and x, y € V.From the Defi-
nition 1.3.1(i), ax, by € W.Inturn, by Definition 1.3.1(ii), ax 4+ by € W. Conversely,
suppose that W is a nonempty subset of V such that ax + by € W for all a,b € F,
and for all x,y € W.Letx,y € W. Thenx +y = 1x + 1y belongs to W. Further,

since W is nonempty, there is an element x € W, and then 0 = Ox + Ox belongs
to W. Alsoforx e W,and a € F, ax = ax + Ox € W. This shows that W is a
subspace of V. i

Example 1.3.3 LetV beavector space over afield F. Then V is clearly a subspace of
V, and it is called an improper subspace of V. The singleton {0} is also a subspace
of V, and it is called the trivial subspace of V. Other subspaces of V are called
Proper subspaces of V.

Example 1.3.4 (Subspaces of R? over R) Let W be a nontrivial subspace of R?.
Then there is a nonzero element (/, m) € W. Since W is a subspace, a - (I, m) =
(al, am) € W for all « € R. Thus, W;,, = {(al, am) | a € R} € W. W, is easily
seen to be a subspace of R?. Indeed, W, is the line in the plane R? passing through
origin and the point (/, m). Note that all lines in R? are of this type. Suppose that
W # W,,,. Then there is a nonzero element (p,q) in W — W;,,. We claim that
ql — pm # 0. Suppose that g/ — pm = 0. Since (I, m) # (0,0), I #0or m # 0.
Suppose that / # 0. Then, (p, ¢) = (51, Fm) turns out to be in Wj,,, a contradiction
to the choice of (p, ). Similarly, if m # 0, then (p, ¢) = (1, Zm), a contradiction.

Now, let (a, b) be an arbitrary member of R2. Since g/ — pm # 0, we can solve the
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pair of equations o/ + Op = aand am + g = b. In other words, (a,b) =
a(l,m) + B(p,q) belongs to W, and so W = R2. This shows that only proper
subspaces of R? are the lines passing through origin.

Example 1.3.5 (Subspaces of R3 over R) As in the above example, lines and planes
passing through origin are proper subspaces of R? over R. Indeed, they are the only
proper subspaces.

Proposition 1.3.6 Intersection of a family of subspaces is a subspace.

Proof Let {W, | o € A} be a family of subspaces of a vector space V over F. Then
0 € W, for all a, and so 0 belongs to the intersection of the family. Thus, the
intersection of the given family is nonempty. Let x,y € (),cp Wa, and a,b € F.
Then x,y € W, for all a. Since each W, is a subspace, ax + by € W, for all «.
Hence ax + by belongs to the intersection. This shows that the intersection of the
family is a subspace. i

Proposition 1.3.7 Union of subspaces need not be a subspace. Indeed, the union
Wi U Wa of two subspaces is a subspace if and only if Wi € W, or W, € W,.

Proof If Wy € W,, then Wy | W, = W, a subspace. Similarly, if W, € W, then
also the union is a subspace. Conversely, suppose that Wy | J W, is a subspace and W,
is not a subset of W,. Then there is an element x € W, whichisnotin W,.Lety € W,.
Then, since W, | J W, is a subspace,x +y € W, |J Wa. Now x + y does not belong to
W,, for otherwise x = (x 4+ y) — y will be in W5, a contradiction to the supposition.
Hence x +y € W,. Since x € W, and W, is subspace, y = —x + (x + y) belongs
to W,. This shows that W, C W;. it

Proposition 1.3.8 Let W| and W, be subspaces of a vector space V over a field F.
Then Wy + W, = {x+y|x e W,y e Wylisalso a subspace (called the sum of
Wi and W,) which is the smallest subspace containing Wy | ] W.

Proof Since 0 € W,, x € W implies that x = x+0€ W, + W,. Thus, W; C
Wi + W,. Similarly, W, € W, + W,. Also, if L is a subspace containing W, | Wa,
then x +y € L for all x € W, and y € W,. Therefore, it is sufficient to show that
W, + W,isasubspace. Clearly, W, + W, # (. Letx 4+ yandu + v belongto W; +
W,, wherex, u € Wy, andy, v € W,. Since W and W, are subspaces, ax + Su € Wy,
and ay + fv € W,. But, then a(x +y) + Su+v) = (ax+ fu) + (ay + [v)
belongs to W, + W,. it

Definition 1.3.9 A family {W, | a € A} of subspaces of a vector space V over a
field F is called a chain if for any given pair o, 8 € A, W, € Wg, or Wg C W,

Proposition 1.3.10 Union of a chain of subspaces is a subspace.

Proof Let {W, | a € A} be a chain of subspaces of a vector space V over a field
F.Clearly, 0 € (J,cp Wa. Letx,y € U cp Wa, and o, 8 € F. Then x € W, and
y € Wy for some o, § € F. Since the family is a chain, W, € Wg, or Wz C W,.
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This means thatx, y € W,,, orx,y € Ws. Since W,, and W are subspaces, ax + By
belongs to W, or to Wps. It follows that ax + By € Uae A Wo. This shows that
Uaen Wa is a subspace. g

Subspace Generated (Spanned) by a Subset

Definition 1.3.11 A subset S of a vector space V over a field F' need not be a
subspace, for example, it may not contain 0. The intersection of all subspaces of
V containing S is the smallest subspace of V containing S. This subspace is called
the subspace generated (spanned) by S, and itis denotedby < § >. If < S > =V,
then we say that S generates V, or S is a set of generators of V. A vector space V
is said to be finitely generated if it has a finite set of generators.

Clearly, < ¥ > = {0}.

Remark 1.3.12 The subspace < S > of V generated by S is completely characterized
by the following 3 properties:

(i) < S > is a subspace.
(il)) < S > contains S.
(iii) If W is a subspace containing S, then < § >C W.

Definition 1.3.13 Let S be a nonempty subset of a vector space V over a field F.
An element x € V is called a linear combination of members of S if

X = ax; + axxo + -0+ apxy

for some aj, az,...,a, € F and x;,x5,...,x, € V. We also say that x depends
linearly on S.

Remark 1.3.14 1f S is a nonempty set, then O is always a linear combination of the
members of S, for 0 = Ox. All the members of S are linear combination of members
of S, for any x € S is 1x. Further, if x is a linear combination of members of S, and
S C T, then x is also a linear combination of members of 7. A Linear combination
of linear combinations of members of S is again a linear combination of members of
S.

Proposition 1.3.15 Let S be a nonempty subset of a vector space V over a field F.
Then < S > is the set of all linear combinations of members of S.

Proof Let W denote the set of all linear combinations of members of S. Since mem-
bers of S are also linear combinations of members of S, it follows that S € W.Thus, W
is nonempty set. Letx = ajx; +axxo + - -apx, andy = by +bayr + -+ - byym
be members of W, and a, b € F. Then

ax + by = aixi +axy + - -anx, + biyi +boyr 4+ byym,

being a linear combination of members of S, is again a member of W, and so W is a
subspace of V. Let L be a subspace of V containing S. It follows, by induction on r,
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that any linear combination a;x; + a>x; + - - - + a,x, belongs to L. Thus, W is the
smallest subspace of V containing S. il

In particular, S is a set of generators of a vector space V over a field F if and only
if every element of V is a linear combination of members of S.

Example 1.3.16 Theset E = {ey, e;, ---, e,}, Where

i

——
& = (0,0,...,0, 1 ,0,...,0),

is a set of generators of the vector space F”. Indeed, any memberx = (x1, x2, ..., X,)
of F" is the linear combination X = xje; + xe + --- + x,e, of members of
E. The subset S = {e; + e;, e; + e3, e35 + e} is also a set of generators of
Fo for¥ = (x1,x,x%3) = i@ + &) + aa(@ + @) + a3(e + 1), where
o = BEZR g, = 2EREN gy = 5820 (verify).

Example 1.3.17 Consider The subset S = {e] — e, &; — e3, e3 — e} of R3.
It is easy to verify that X = (x|, x2, x3) is a linear combination of § = {e; —
e, e — e3, e3 — eryifandonlyifx; +x; +x3 = 0. Thus, the subspace < § >
of R3 generated by § is the plane {x = (x1,x2,x3) | x1 +x +x3 = 0}

Linear Independence

Definition 1.3.18 A subset S of a vector space V over a field F is called linearly
independent if given any finite subset {x, x2, ... x,} of S, x; # x; for i # j,

aixy + ayxy + - - + ayx, = 0implies that a; = 0 for all i.

A subset S which is not linearly independent is called a linearly dependent subset.

Thus, a subset S of a vector space V over a field F is linearly dependent if there is a
subset {x1, X2, ..., X, } of distinct members of S, and a, ay, ..., a, not all zero in F
such that

a\x) +axxo + - +aux, = 0.

Vacuously, the empty set @ is linearly independent. The observations in the following
proposition are easy but crucial, and they will be used often.

Proposition 1.3.19 Ler V be a vector space over a field F. Then,

(i) any subset of V containing 0 is linearly dependent,
(ii) every subset of a linearly independent subset of V is linearly independent,
(iii) every subset containing a linearly dependent set is linearly dependent,
(iv) if S is a subset of V, and x €< S > — S, then S |J{x} is linearly dependent,
and
(v) ifSislinearly independent, and x ¢ < S >, then S | J{x} is linearly independent.
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Proof (1)) If0 € S,then1-0 = 0but 1 # 0. It follows from the definition that S is
linearly dependent.

The assertions (i) and (iii) are immediate from the definition itself.

(iv) Suppose thatx ¢ S, and x €< § >. Then there are distinct members xj, x, ...,
x, € S,and ay, az, ..., a, € F such that

X = aixy +axxy + -+ apxy.

But, then
—1x + ayxy +axx; +---+ax, = 0.

Since 1 # 0, it follows that S [ J{x} is linearly dependent.
(v) Suppose that S is linearly independent, and x ¢ < S >. Suppose that x, x, ...,
X, € S are distinct members of S | J{x} such that
a\x) +axxo + - +apx, = 0.
If x; # x for all i, then since S is linearly independent, a; = O for all i. Suppose
thatx; = x for some i. Without any loss, we may suppose thatx; = x.Thena; = 0,
otherwise,
x = (—a)'axa + (—a)'asxs + -+ (—a)agx,.
belongs to < § >, a contradiction to the supposition. Thus, a; = 0. Hence

arxy +aszxz + - +aux, = 0.

Since S is linearly independent, a; = O for all i. f
Proposition 1.3.20 A subset S of a vector space V over afield F is linearly indepen-
dent if and only if given distinct members x1, xp, ..., x, € S,anday, az, ..., ay,, by,
bz,...,bn eF,

a\xy +axxs + - +apx, = bixy + byxy + -+ byx,.
implies that a; = b; for all i.
Proof Suppose that S is linearly independent, and

arxy +agxy + -+ apXy = bixy +axxa + - -+ bpxa,

where x;, x2, ..., x, are distinct members of S. Then

(ay —b)xy + (a2 —b))xy + - + (a, —by)x, = 0.
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Since S is linearly independent, a; — b; = 0 for all i, and so a; = b; for all i.
Conversely, suppose that the condition is satisfied, and

axy +axxy + - +apx, = 0,
where x1, xp, ..., x, are distinct members of S. Then,

aix; + axxo + -+ + ayx, = O0x; + Oxp + --- 4 Ox,.

From the given condition @; = O for all i. This shows that S is linearly
independent. g
Example 1.3.21 The set E = {ey, e, ---, e,} described in Example 1.3.16 is
linearly independent subset of F”", for (x,x2,...,X,) = Xxje; + xey + -+ +
Xplp = 0 = 0,0, ...,0) implies that each x; = 0. Also, the subset S = {e; +
e, e + ¢35, 65 + e} of FPis linearly independent, for a;(e; + ;) + ax(exs +

e3) + asz(es + e;) = 0 = (0,0,0) implies that @ +a3 = 0 =a;+a
a, + az.But,thena; = a» = a3 = 0. However, the subset S = {e;] — e3, e; —
es, e_3_— e1) of F3 is linearly dependent, for 1(e; — e;) + 1(e; — e3) + l(e5 —
e = 0.

1.4 Basis and Dimension

Definition 1.4.1 A subset S of a vector space V over a field F is said to be a minimal
set of generators or irreducible set of generators if

(1) S generates V,ie., < S >= V,and

(ii) no proper subset of S generates V.

More precisely, < S >= V,and < S — {x} > # V forallx € S.

Definition 1.4.2 A subset B of a vector space V over a field F is said to be a maximal
linearly independent set if

(1) B is linearly independent, and

(i1) B C S implies that S is linearly dependent.

More precisely, a linearly independent subset B is maximal linearly independent if
for all x ¢ B, B|J{x} is linearly dependent.

The following two propositions says that maximal linearly independent sets and
minimal sets of generators are same.

Proposition 1.4.3 Every minimal set of generators is also a maximal linearly inde-
pendent set.

Proof Let S be aminimal set of generators of a vector space V over a field F. Suppose
that S is not linearly independent. Then there exists a set {x;, x», ..., x,,} of distinct
members of S, and a;, ay, ..., a, not all 0 in F such that
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aixy +axo + -+ -+ aux, = 0.

Since the addition is commutative, without any loss, we may assume that a; 7~ 0.
But, then

x1 = (—a) ey + (—a)'asxs + o+ (—a)  ag,.

This shows that x; is a linear combination of members of § — {x}, or equivalently,
x; €< S —{x;} >. Thus, S €< § — {x;} >. Since < § > is the smallest subspace
containing S,V =< § >C< § — {x;} >. Itfollowsthat < § — {x;} > = V. Thisis
a contradiction to the supposition that S is a minimal set of generators of V. Thus, S
is linearly independent. Next, suppose that x ¢ S. Since S is also a set of generators,
it follows from the Proposition 1.3.19(iv) that S | J{x} is linearly dependent. This
completes the proof of the fact that S is maximal linearly independent. f

Conversely, have the following proposition:

Proposition 1.4.4 A maximal linearly independent subset is also a minimal set of
generators.

Proof Let B be a maximal linearly independent subset of a vector space V over a
field F.Letx € V.If x € B,thenx e< B >. Suppose thatx ¢ B. Since B is maximal
linearly independent subset of V, B | J{x} is linearly dependent. Hence there exists a
set {x1, X2, ..., x,} of distinct members of B J{x}, and ay, ay, ..., a, notall 0 in F
such that

aix; + ayxp +---+aux, = 0.

One of the x; is x and corresponding a; # 0, otherwise B will turn out to be linearly
dependent, a contradiction to the supposition that B is linearly independent. We may
assume, without loss of generality, that x; = x and a; # 0. But, then

x =x = (—a) e + (—a) e+ A+ (—a) ag,.

Hence x e< B >. This shows that B is a set of generators of V. Finally, x ¢<
B — {x} >, otherwise, from Proposition 1.3.19(iv), B will turn out to be linearly
dependent. This shows that B is a minimal set of generators. it

Most of the implications in the following theorem are already established.

Theorem 1.4.5 Let B be a subset of a vector space V over a field F. Then the
following conditions are equivalent:

1. B is maximal linearly independent subset of V.

2. B is a minimal set of generators of V.

3. B is linearly independent as well as a set of generators of V.

4. Every nonzero element x € V can be expressed uniquely (upto order) as

X = apxy +axx; + -+ apXy,
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where X1, X2, ..., X, are distinct members of B, and ay, as, . .., a, are all nonzero
members of F.

Proof The equivalence of 1 and 2 follows from the Proposition 1.4.3 and the Propo-
sition 1.4.4. The implication 2 = 3 follows from the Proposition 1.4.3.

(3 = 4). Assume 3. Since B is a set of generators and also linearly independent, 4
follows from the Proposition 1.3.20.

(4 = 1). Assume 4. It follows again from the Proposition 1.3.20 that B is linearly
independent. Suppose that x ¢ B. By (4), x is a linear combination of members
of B, and so B | J{x} is linearly dependent. This shows that B is maximal linearly
independent subset. it

Definition 1.4.6 A subset B of a vector space V over a field F is called a basis of
V if it satisfies any one, and hence all, of the conditions in the Theorem 1.4.5.

Example 1.4.7 The set E = {ej, e;, ---, e,} described in Example 1.3.16 is
linearly independent (Example 1.3.21) subset as well as a set of generators of F"
(Example 1.3.16), and hence it is a basis of F”. This basis is called the standard
basis of F". Similarly, S = {e; + e, & + e3, e3s + e} is another basis of F3.

Proposition 1.4.8 Let V be a finitely generated vector space over a field F. Then V
has a finite basis. Indeed, any finite set of generators contains a basis.

Proof Let S be a finite set of generators of V. It may be a minimal set of generators
and so abasis. If not, < § — {x;} > = V forsomex; € S.S — {x;} may be aminimal
set of generators and so a basis. If not, then < § — {x;, xp} > = V for some x; €
S —{x1}. S — {x1, x»} may be a minimal set of generators and so a basis. If not,
proceed. This process stops after finitely many steps giving us a basis contained in
S, for S is finite. it

Theorem 1.4.9 Let V be afinitely generated vector space over a field F. Then every
basis of 'V is finite, and any two bases of V contain the same number of elements.

Proof From the above proposition, V has a finite basis
By = {x1,x2, -, x,}(say).

Let B, be another basis of V.If By — B, = ¢, then B; C B,. Since B; and B, are
both maximal linearly independent sets (being bases), By = B, and we are done.
Suppose that By # B,. Then B, — B # {J, otherwise B, C B;,and again B, = Bj.
Lety, € B, — Bj. Since By, being a basis, is maximal linearly independent, By | J{y}
is linearly dependent. Thus, there exist a;, az, .. ., a,, by not all 0 in the field F such
that

aixy +axx; + -+ apx, + biy; = 0.
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Indeed, b; # 0, otherwise
a\x; +axxy + -+ apx, = 07

and then all ¢; = 0. Further, since y; # 0, b;y; # 0. Hence a; # 0 for some i. We
may assume that a; # 0. But, then

xi = (—a) 'axs + (—a)lasxs + - 4+ (—a) lapx, + (—a) by

Hence, x; €< (By — {x1}) U{y1} >. This shows that By C< (B; — {x1}) U1} >,
and so (B; — {x1}) U{y1} generates V. We also show that (B; — {x;}) J{yi} is
linearly independent. Suppose that

arxs + azxz + - -+ 4+ apx, + biyr = 0.

If by = 0, then
arxy; +asxz + -+ ax,+ = 0.

Since B is linearly independent, a; = 0 for all i > 2. Suppose that b; # 0. Then
yi = (b)) 'axy + (b)) asxs 4+ + (=by)anx,,

and so y; €< By — {x;} >. Since (B; — {x;}) J{»1} is already seen to be a set of
generators of V, < B} —{x;} > = V. This is a contradiction to the supposition
that By is a basis (minimal set of generators). This shows that (B; — {x1}) U{y1}
is also a basis containing n elements. If (B; — {x;}) U{y1} — B. = ¥, then as
before (B — {x1}) U{»} = Ba, and so B, contains n elements. If not, as before,
By — ((By = {x1}) U{y1}) is nonempty, and then proceed as above. The process
stops after finitely many steps, at most at the nth step, showing that B; is finite, and
contains exactly »n elements. i

Definition 1.4.10 The number of elements in a basis of a finitely generated vector
space V over a field F is called the dimension of V, and it is denoted by dim(V').

It follows from Example 1.4.7 that the dimension of F” is n. The dimension of the
plane W = {x = (x1,x2,x3) | x1 +x+x3 = 0}is 2, for {e] — ey, s — e3}
is a basis of W (verify). To determine the dimension of a vector space, one needs to
determine a basis of the vector space, and then count the number of elements in the
basis. In the next chapter we shall have an algorithm to find a basis, and so also the
dimensions of the subspaces of F”, which are generated by finite sets of elements
of F".

Proposition 1.4.11 Every set of generators of a finite dimensional vector space
contains a basis.



20 1 Vector Spaces

Proof LetB = {x1,x,, ..., x,} be a finite basis of a finite dimensional vector space
V over a field F. Let S be a set of generators of V. Then each member x; is a
linear combination of a finite subset A; (say) of S. In turn, each member of B is a

linear combination of the finite subset A = Ay |JA, U, ..., JA, of S. Since B
generates V, A also generates V. Since A is finite, we can reduce A to a minimal set
of generators, a basis of V. it

Proposition 1.4.12 Every linearly independent subset of a finite dimensional vector
space 'V over a field F can be enlarged to a basis of V.

Proof LetB = {x1, x,, ..., x,} be a finite basis of a finite dimensional vector space
V over afield F, and § a linearly independent subsetof V.If B C< § >, then < S >
= V,and so S is a basis, and there is nothing to do. If not, then some x; € B— < § >.
We may assume that x; € B— < § >. Then by the Proposition 1.3.19(v), S |J{x1} is
linearly independent. If B €< S | J{x1} >,then V =< B >C< S J{x;} >, and so
S |J{x1} turns out to be a basis. If not, proceed. This process stops at most at the nth
step enlarging S to a basis. it

Corollary 1.4.13 IfdimV = n, then

(i) every linearly independent subset contains at most n elements, and
(ii) any set of generators contain at least n elements. it

Proposition 1.4.14 Let F be a finite field containing q elements, and V a vector
space over F of dimension n. Then V contains exactly q" elements.

Proof Since dimV = n,thereis abasis {x, x», ..., x,} of V containing n elements.
Hence every element v of V can be expressed uniquely as

Vo= oqxp + X o 4k,
where o, an, ..., a, belong to F. This says that we have a bijective map 7 from F”
to V defined by
n(ay, aa, ..., 0p) = axp + Xy + -+ 4 apX,.
Since F contains g elements, F" and hence V contains ¢" elements. it

Corollary 1.4.15 Let F be a finite field of characteristic p (note that p is prime).
Then F contains p"* elements for some n € N.

Proof Since F is finite, its characteristic is some prime p # 0. By propositionl.1.1,
F has a subfield isomorphic to the field Z, of prime residue classes modulo p. Thus,
F is a vector space over a field containing p elements. Since it is finite, its dimension
is finite n (say). From the previous proposition, the result follows. it
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Corollary 1.4.16 Let L be a field containing p" elements, where p is a prime, and
n > 1. Let F be a subfield of L. Then F contains p™ elements for some divisor m of n.

Proof Since F is a subfield of L, charL = charF = p. Thus, F contains p”
elements for some m. Since L is a vector space over F, it follows that L contains
(@™’ = p™ elements for some r. Hence n = mr. it

Remark 1.4.17 We shall see in a latter chapter that for every prime p, and for all
n > 1, there is a unique (upto isomorphism) field of order p”. Further, corresponding
to any divisor m of n, there is a unique subfield of order p™.

Definition 1.4.18 Let V be a vector space over a field F. An ordered n-tuple
(x1, X2, ..., x,) is called an ordered basis of V if the set {x, x, ..., x,,} is a basis
of V. Thus, to every basis there are exactly n! distinct ordered bases which give rise
to the same basis.

Proposition 1.4.19 Let V be a vector space of dimension n over a finite field F
containing q elements. Then the number of ordered bases of V is

G - D" -G =g (" —q""),

and the number of bases of V is

@ =D =" ¢

n!
Proof We find the number of ordered n-tuples (xi, X2, ...,x,) such that the set
{x1,x2, ..., x,} is a basis. Since x; can be any nonzero element of the vector space,

the number of ways in which x; can be selected is ¢" — 1. Having chosen x|, we
have to select x, such that {x;, x,} is linearly independent. Clearly, {x;, x,} is linearly
independent if and only if x, # awx; forall &« € F. Thus, the number of ways in which
the ordered pair (x;, x») can be chosen so that the set {x;, x,} is linearly indepen-
dent is (¢" — 1)(¢" — ¢q). Again, having chosen (x, x;), we have to find x3 so that
{x1, x2, x3} is linearly independent. Now, {x|, x, x3} is linearly independent if and
only if x3 # ax; + apx; for every pair ay, ap; € F. Thus, the number of choices for
X3 is ¢" — ¢°. Hence the number of choices for the ordered triple (x;, x, x3) so that
the set {x, xo, x3} is linearly independent is (¢" — 1)(¢" — q)(¢" — ¢°). Proceeding
inductively, the number of choices for the ordered n-tuple (xi, x», . .. x,) so that that
{x1, x2, . .. x,} is linearly independent (and so a basis) is

@ =D =" =g (" — 4.
In turn, the number of bases of V is

@ =" —q @ —q"" ¢
n! ’
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Remark 1.4.20 If W is a subspace of a vector space V, then since a basis of W is a
linearly independent subset of V, dimW < dimV . Further, if # is the dimension of
V, and m < n, then there is a subspace of dimension m, for if {x;, x,, ..., x,} is a
basis of V, then the subspace < {xi, x5, ..., x,,} > is a subspace of dimension m.

Proposition 1.4.21 Let V be a vector space of dimension n over a field F containing
q elements. Then the number b, of r dimensional subspaces, r > 1 is

_ @ =D = (¢" — g
@ -D@ - @ =g

The total number of subspaces is
1 + by + by + -+ by,

where b, is given above.

Proof Let 0 < r < n. Any subspace of dimension r is determined by a linearly
independent subset {x;, x5, ..., x,} of V. From the proof of the above proposition,
it follows that the number of linearly independent subsets containing r elements is

¢ -D@" —q--- " — qrfl)_

r!
Further, a linearly independent subset {y;, 2, ..., y,} determine the same subspace
as the set {x1, x, ..., x,} if and only if {y{, y2, ..., y,} is a basis of the the subspace
< {x1, x2, ..., x,} > which is of dimension . The number of bases of a vector space
of dimension r is
@ -G -9 —q¢"
r!

Thus, the number of r dimensional subspaces of V is b, given in the statement of the
proposition. it

Proposition 1.4.22 Let V be a vector space of finite dimension over a field F. Let
Wi and W, be subspaces of V. Then W, + W, = {x+y|xe W, ye Wy}isa
subspace, and

dim(Wy + Wa) = dimW, + dimW, — dim(Wy (| Wa).
Proof We have already seen that W; + W, is a subspace. Let {x;, x>, ..., x,} be a

basis of W, () W,. Then it is a linearly independent subset of W as well as of W,.
Thus, it can be enlarged to a basis

(X1, 22, o, X Y1 Y20 ooy i)

of Wy, and to a basis
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{xlaxza'-~axraZ1’ZZa~'-Zn}

of W5, where dimW;, = r + m, and dimW, = r + n. We show that

S = {x17x29 "'s-xrsylvyZv "'1ym7Z11Z27 "'3ZVl}
isabasisof W; 4+ W,.Clearly, W; C< § >,and W, €< § >.Hence W; + W, C<
S >.AlsoS € W, | W,.Hence, < S >C W; + W,.Now, we show that S is linearly
independent. Suppose that
arxy +aoxy + -+ apxy + Biyr + fayz + -+ Buym + 8121 + 0222 + -+ + Ouzy = 0.
Then,
Xy +"'arxr+ﬁlyl +"'+6mym = _61Z1 — e _6nzn

belongs to Wy (| Wa. Since {x1, x2, ..., x,} is a basis of W (| W,

—0121 — 0220 — - — OpZn = X1+ N2X2 Xy
for some v, V2, ..., in F. Since {x;,x2, ..., X, 21,22, ..., 2y} 18 linearly inde-
pendent (being a basis of W,), it follows that 4y, d,, ..., d, are all zero. Simi-
larly, (8, B2, ... By are all zero. But, then ax; + axxy + - - - + ax, = 0. Since
{x1,x2,...,x.} is linearly independent(being a basis of W; [ W), we see that
i, ag, ..., q, are all zero. This shows that S is also linearly independent and so
a basis of W, + W,. In turn, dim(Wy +W,) = r+m+n = (r+n)+ (r+
m) —r = dimW; + dimW, — dim(W; (| Wy). i

Example 1.4.23 Let V be a vector space of dimension n. Let W; and W, be distinct
subspaces of dimension n — 1 each. Then W; 4 W, is a subspace of V containing
W, properly, and so it is V. Thus, dim(W, + W) = n = dimW; + dimW, —
dim(W; (] W,. Hence, from the above proposition dim(W; (W) = n—1+n—
1l—n=n-2.

1.5 Direct Sum of Vector Spaces, Quotient of a Vector Space

Let Vi, V,, ..., V, be vector spaces over a field F. Consider the Cartesian product
V = Vi x V, x --+ x V,. Define addition using the coordinate-wise addition, and
the external multiplication - by a - (x1,x2,...,%,) = (ax], axa,...,ax,). Itis
straight forward to verify that V is a vector space over F with respect to these
operations. This vector space is called the external direct sum of V|, V,, ..., V,.

A vector space V over a field F is said to be internal direct sum of its subspaces
Vi, Va, ..., V, if every element x of V has a unique representation as

X =x +x+ 0+ X,
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where x; € V; for all i. The notation
V=VieVhe- -V

stands to assert that V is direct sum of its subspaces Vi, V,, ..., V,.

Proposition 1.5.1 Let Vi, V,, ..., V, be subspaces of a vector space V over a field
F. Then the following conditions are equivalent.

(1) V=V V& - & V. ' .
2)V=Vi+ Vo, + - + V,and V;(\V' = {0} for all i, where V' =
Vi+ Vot +Vig+ Vi + Vi + -+ Vo).

Proof 1 = 2. Assume 1. Since every element x of V has a unique representation
asx = x;+x+---+x,V =V, + Vo + .-« + V.. Letx € V;[ V'. Then
X = x;+x2+ -+ Xi—1 +Xig1 + Xig2 + - - - X, Where x;, j # i belong to V;. Thus,

O=xi+x+-+xi1—x+xp1 +Xg2+---+x = 0+0+---+0.
From the uniqueness of the representation of 0, it follows that x; is zero for all j, and
x is also 0. Hence x = 0.

2 = 1. Assume 2. Clearly, every element x of V has a representation x =

X1 +x +---+x,, where x; € V; for all i. Now, we prove the uniqueness of the
representation. If

x=x1+x+-F+x, =y +y2+---+y,

where x;,y; € V; for all i. Then x; —y; € Vi) Vi = {0}. This shows that x; =

y; for all i. it
Remark 1.5.2 If V is direct sum of V}, V5, ..., V,, then V' as defined in the above
proposition is direct sum of Vi, Vo, ..., Vi1, Viy, Viso, ..., Vi

Proposition 1.5.3 Let Wy, W,, ..., W, be subspaces of a vector space V such that
V= Wi+ Wy+---4+ W,. Then V is direct sum of Wy, Wy, ..., W, if and only if
dimV = dimW; +dimW, + - - - + dimW,.

Proof Suppose that V is direct sum of Wy, W, ..., W,. Then, we show that
dimV = dimW; 4+ dimW, + - - - + dimW,. The proof is by inductionon r. If r = 1,
then there is nothing to do. Assume that the result is true for r. Since W; (| W! = {0},
it follows from the Proposition 1.4.22 that dimV = dim(W, + W) = dimW, +
dimW' — dim{0} = dimW, + dimW,. Further, it is clear that W' is direct sum
of Wy, Wi, ..., W,1, and so by the induction assumption dimW' = dimW, +
dimWs + - - - + dimW, ;. Hence dimV = dimW; + dimW, + - - - + dimW,.. Con-
versely, suppose that dimV = dimW;, +dimW, + --- 4+ dimW,. Clearly, then
W; Wi = {0} for all i. The result follows. g
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Example 1.5.4 The plane W = {(x,y,2) |Ix+my+nz = 0}, (I,m,n) #
(0,0,0), is a subspace of R? of dimension 2 (verify). Let (a, b, c¢) ¢ W. The line
L = {(aa, ba, ca) | a € R} is also a subspace of R? of dimension 1 such that
W+ L = R3. Since dimW +dimL = 3,R> = W@ L.

Let V be a vector space, and W asubspace of V. Letx € V.Thesubsetx + W =
{x + w | w e W}iscalled the coset of V modulo W determined by x. This is also
called a Plane in V passing through x and parallel to W. The set {x + W | x € V}
of cosets of V modulo W is denoted by V/W.

Proposition 1.5.5 Let W be a subspace of a vector space V over a field F. Then the
following hold:

(i) xex + WforallxeV.
(ii) x + W =y + W)ifandonlyif (x —y) € W.
(i) x + W #y 4+ Wyifandonlyif (x + W)@y + W) = @.

In particular, V /W is a partition of the vector space V.

Proof (i) Since0e W, x = x + 0 ex + WHorallx e V.

(ii) Suppose that (x + W =y + W). Thenxey + W.Hencex =y + w
for some w € W. In turn, x — y = w belongs to W. Conversely, suppose that
x —yeW.Thenx + w =y + (x—y) + wbelongstoy + W forallw € W.
This shows that x + W Cy 4+ W. Similarly, since y — x also belongs to W, it
follows thaty + W Cx + W.Thus,x + W =y + W.

(iii) Suppose that (x + W) ((y + W) #@.Letz€ (x + W) [y + W). Then
z=x+4+u =y + vforsomeu,ve W.But,thenx — y = v — u belongs to
W. It follows from (ii) that (x + W =y + W). it

Corollary 1.5.6 Let W be a subspace of a vector space V over a field F. Then the
following hold:

(i) Ifx + W =x +Wandy + W =y + W, then (x + y) + W =
" +y) + W
(ii) Ifx + W = x' + W, thenax + W = ax’ + W foralla € F.

In turn, we have an internal binary operation + on V /W, and an external multipli-
cation - on V /W by scalars given by

x+W)+0+W) =x+y + W,

and
a-x+ W)=a-x+ W.

Further, V /W is a vector spae with respect to these operations.

Proof (i) Supposethatx + W = x' + W,andy + W = y + W.Thenx — x’
and y — y belong to W. Since W is a subspace (x + y) — (x’ 4+ y’) belongs to
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W. This shows that (x + y) + W = ' + y) + W.

(ii) Suppose thatx + W = x’ + W.Then,x — x’ € W. Since W is a subspace
(ax — ax’) = a(x — x’) belongs to W. This shows thatax + W = ax’ + W
foralla e F.

(1) and (ii) ensure that we have the addition 4+ on V /W, and the multiplication -
by scalars as described in the corollary. The verification of the fact that V/W is a
vector space with respect to the operations described is straight forward. The zero
of the vector space is the coset 0 + W = W, and the negative of of x + W is
—-x + W. it

Definition 1.5.7 The vector space V /W described above is called the
quotient space of V modulo W.

Proposition 1.5.8 Let V be a finite dimensional vector space over a field F, and W
a subspace of V. Then
dimV/W = dimV — dimW

Proof Let {x1,xs,...,x,} be abasis of W, and {y; + W, o + W, ..., y,+ W}
be a basis of V/W. We show that {x;, x2, ..., X,, y1, Y2, ..., Y5} is a basis of V. Let
xeV.Thenx+ W e V/W. Since {y, + W, y,+ W, ..., ys+ W} is a basis of
V/W,

x+W=a(i+W)+ax(n+W) + - + (s + W) =(aryr +ayr + - +agy) + W
for some «y, aa, ..., a4 in F. Hence,
x = (ayr + oyy + co0 o+ oagys)
belongs to W for some o, ay, ..., a; in F. Since {x, x>, ..., x,} is a basis of W,
x—(ayr taya+ -+ agys) = Bixi + Boxa + -+ Bxy
for some (31, 35, ..., B, in F. Thus,
x = pixi+oxa+ -+ Bx +ouyr + aoyr o+ agys

for some ;, oy € F. This shows that {xi, x5, ..., %, y1,¥2,...,Ys} generates V.
Next, suppose that

Bix1 + Boxa + -+ Brxy + a1y +anys + -+ gy, = 0.
Since Bix; + Boxp + - - - + B-x, belongs to W,
atr+ W)+ a2+ W)+ +a;(s + W) = (yr +aayp +- -+ asys) + W = W

Since W is the zero of V/W, and {y; + W,y, + W, --- |y, + W} (being a basis
of V/W) is linearly independent, a; = O for all j. But, then Bix; + foxp + - - - +
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Byx, = 0. Since {x, x2, ..., x,} (being a basis of W) is linearly independent, 3; =
0 for all i. This shows that {x;, x5, ..., X, Y1, Y2, . .., ¥s} is linearly independent, and
so it is a basis also. Thus,

dimV = r + s = dmW + dimV/W. i

In this book, we shall be mainly interested in finite dimensional vector spaces. How-
ever, a vector space need not be finite dimensional, and to develop the analogues
theory for infinitely generated vector spaces, one uses some equivalents of axiom of
choice (for example, Zornes Lemma).

Proposition 1.5.9 Union of a chain of linearly independent subsets is linearly inde-
pendent.

Proof Let {S, | o € A} be a chain of linearly independent subsets. Then 0 ¢
Sa forall a,andhenceO ¢ | J, ., Sa.Letxy, xa, ..., x, bedistinctelements | J,, ., Sa-
Suppose that x; € S,,. Since {S, | @ € A} is a chain, there exists c, such that
Sa; € Sa, for all i. Thus x1, x5, ..., x, all belong to S, . Since §,,, is linearly inde-

pendent,
aix)y + arxy + -+ -+ ayx, = 0implies that a; = 0 for all i.

This shows that the union is linearly independent. it

Proposition 1.5.10 Every linearly independent subset can be embedded in to a
basis.

Proof All that we need to show that every linearly independent subset can be embed-
ded in a maximal linearly independent subset. Let S be a linearly independent subset
of a vector space V over a field F. Let X be the set of all linearly independent sub-
sets which contain S. Then X # ¢4, for S € X. Thus, (X, €) is a nonempty partially
ordered set. From the previous proposition, it follows that every chain in X has an
upper bound. By the Zorn’s Lemma, X has a maximal element 7 (say). Clearly, T is
also maximal linearly independent subset. it

Proposition 1.5.11 Every set S of generators contains a basis.

Proof Let S be a set of generators of V. If S = {0},or § = @, then V = {0},
and then ¥ C S is a basis of V. Suppose that S # {0}. Let X be the set of all linearly
independent subsets of S. If x is a nonzero element in S, then {x} € X, and so X # @.
Thus, (X, ©) is a nonempty partially ordered set. Since union of a chain of linearly
independent subsets is a linearly independent subset, every chain in X has an upper
bound. By the Zorn’s lemma, X has a maximal element B (say). S €< B >, forif not,
there exists an element x € S— < B >. Consider the subset B = B | J{x}. Suppose
that
ax + ax; + aoxo + - + apx, = 0,
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where xi, x, ...x, are all in B, and x; # x; for i # j. But, then ax €< B >. Since
x ¢< B>, a = 0. Since B is linearly independent, o; = O for all i. This shows
that B’ is linearly independent. This is a contradiction to the supposition that B is
maximal linearly independent subset of S. Thus, S C< B >,andso < B > = V.
This shows that B is a basis of V contained in S. it

Exercises

1.5.1 Test the following for being a subspace of F*. Find the subspace generated by
those which are not subspaces.

i) W={&=(x1,x,x3) | x1 +x = x3}.
1) W={x=(x,x,x3) | x1 +2x2 +x3 =0 =2x; +x + 3x3}.
i) W ={x=(x;,x2,x3) | x1 +2x2 +x3 = 1}.
Gv) W={&x=(x1,x,x3)|x +2x = x%}.
V) W=1{x=(1,x,x3) |x% +x§ —l—xg =1}.
(vi) W = {(x, sinx, cosx) | x € R}.
V) W={x=(x,x,x3) |x%+x§+x§ =1 = x1 +2x + x3}.

1.5.2 Which of the following subsets are linearly independent? and Why?

(i) The subset {(1, 1,0), (0,1, 1), (1,0, 1)} of F>.
(i) The subset {(1, 1, 1,0), (2,3, 4,0), (4,9, 16,0), (2,3, 7, 0)} of F*.
(i) The subset {(1, 1, 1,0), (1, 3,4, 0), (1,9, 16, 0), } of F*.
(iv) The sphere S> = {(x,y,z)|x*> +y*> + 2> = 1} in F>.
(v) The subset {(x, x*)|x € R} of R2.

1.5.3 Let V be a finite dimensional vector space, and W a subspace such that
dimW = dimV. Show that W = V. Is this result true for infinite dimensional
vector spaces? Support.

1.5.4 Show that a non trivial proper subspace of R is either a line passing through
origin or a plane passing through origin.

1.5.5 Show that the intersection of two distinct planes passing through origin is a
line passing through origin.

1.5.6 Let W; and W, be two distinct subspaces of dimension n — 1 of a vector space
W of dimension n. Show that the dimension of W, (| W, is n —2.

1.5.7 A subspace W of dimension n — 1 of a vector space V of dimension n is
called a hyperplane in V. Show that for every hyperplane W of dimension n — 1 of
the vector space F", there existsa = (ay,as, ...,a,) € F" — {0} such that

W =1{x = (x;,x2,...,%) | aix1 +axx, +---+a,x, = 0}.

1.5.8 Show that a subspace (also called a plane) of dimension r of a vector space V
of dimension 7 is an intersection of n — r distinct hyperplanes.
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1.5.9x What are the results in the above section which remain true even when a field
is replaced by the set Z of integers with usual addition and multiplication? What are
the best possible modifications in the results which are not true for Z so that it holds
for Z also?

1.5.10 Show that {e; + er, e + €3, ..., e,_1 + e, ey}, Where {eq, e, ..., e,} is the
standard basis of the vector space F", is another basis of F".

1.5.11 Characterize a vector space with unique basis. Can we have a vector space
with exactly 2 bases? Support.

1.5.12 Find the number of bases of Zf) over Zy,.

1.5.13 Find the number of subspaces of Zf, over Z,.

1.5.14 Show that a vector space V has no proper subspace if and only if it is of
dimension 1.

1.5.15 Embed (1, 1, 0, 2) into a basis of R*.

1.5.16 Show that {(1,2, 1), (3,1, 2), (1, 1, 1)} forms a basis of R3 over R. Express
(3, 5, 2) as linear combination of members of the above basis.

1.5.17 Can we have a nontrivial finite vector space over a field of characteristic 0,
or over any infinite field? Support.

1.5.18 Let F be a field of order 32. Find the number of subfields of F.

1.5.19 Let P,(F) denote the set of polynomials of degree at most n over the field
F. Show that P, (F) is a vector space over F' with respect to the usual addition of
polynomials and multiplication by scalars. Find a basis of this vector space and so
also the dimension.

1.5.20 Let W, be a subspace of dimension n — 1 of a vector space V of dimension
n. Let W, be a subspace of dimension r such that W, is not contained in W;. Find
the dimension of W, (| W,.

1.5.21 Let V be a vector space over infinite field. Can we express V as finite union
of proper subspaces? Support.

1.5.22 Show that {1, (X — 1), (X — 1), ..., (X — 1)"} is a basis of the vector space
P, (F) of polynomials of degree at most n.

1523 Let W = {(x1,x2,...,%,) € R" | x; +2xp +3x3 + - - - + nx, = 0} Show
that W is a subspace of R”. Find the dimension of W.

1.5.24 Find a vector space having exactly 3 bases. Is such a vector space unique?
Support.
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1.5.25 Let V be a vector space over a field F and W a subspace. Show that there is
a subspace W' suchthat V. = W @ W'.

1.5.26 Let W be a nontrivial proper subspace of the Euclidean vector space R* of
dimension 3. Show that W is a line passing through origin, or it is a plane passing
through origin.

1.5.27 Let W, be a line passing through origin, and W, a plane passing through
origin which does not contain the line W;. Show that R = W, ® W.

1.5.28 Let (I, m, n) # (0,0, 0). Show that W = {(Al, Am, An) | A € R} is a sub-
space of R?, and the quotient space R3/ W is the set of all lines having the direction
ratio (I, m, n).

1.5.29 Show that R considered as a vector space over the field Q of rational numbers
is infinite dimensional.

1.5.30 Show that in the real vector space C[0, 1] of all real valued continuous func-
tions on [0, 1], the set {Sin x, Sin 2x, ..., Sin nx} is linearly independent subset for
all n > 1. Show also that the set of all Legendre polynomials also form a linearly
independent set. Deduce that C[0, 1] is infinite dimensional.



Chapter 2
Matrices and Linear Equations

Matrices play a pivotal role in mathematics, and in turn, in all branches of science,
social science, and engineering. This chapter is devoted to the interplay between
matrices and systems of linear equations.

2.1 Matrices and Their Algebra

By definition, a m x n matrix A with entries in a field F is an arrangement

ayp apa - - A

azp dzp - - Ay,
A =

Aaml Am2 * * * Amn

of m rows and n columns of elements of F'. In short A is denoted by [a;;], where a;;
is the entry in the ith row and jth column of A. The ith row

(air, aip, . . ., Gin)

of the matrix A is a vector in F", called the ith row vector of A, and it will be denoted
by R;(A). Thus, the matrix A can also be expressed as a column
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R (A)
Ry(A)

R (A)

of m rows with entries in F".
Similarly, if we treat the members of F* as column vectors, then the jth column

aj;
azj

Apmj

of the matrix A is a column vector in F'™, called the jth column vector of A, and it
will be denoted by C;j(A). As such, the matrix A can also be expressed as a row

A = [CiA), GA), ..., CuA]

Thus,

is a4 x 5 matrix with entries in the field C of complex numbers.
A matrix A is called a square matrix if the number of rows and columns are same.

The matrix
201

A=1410
081

is a square 3 x 3 matrix with entries in the field R of real numbers.
The set of all m x n matrices with entries in a field F' is denoted by M,,,,(F). The set

of all square n x n matrices is denoted by M,,(F'). We have a binary operation + on
M., (F), called the matrix addition, and which is defined by

la;] + [b;] = [cyl,

Where C,'j = Clij —+ bij-
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For example,

201 012 213
410 4+ |310| =720
081 581 5162

The m x n matrix 0,,, all of whose entries are O is called the zero m x n matrix.
Clearly, the matrix 0, is described by the property that for any m x n matrix
A, A+ Opyp = A = Opxn + A.Further, if A = [ay] is a m x n matrix, then
the matrix —A = [—a;] all of whose entries are the negatives of the corresponding
entries of A is called the negative of A, and it is described by the property that
A + (=A) = Opxn = (—A) + A. The proof of the following proposition is an
immediate consequence of the corresponding properties of the addition + in F.

Proposition 2.1.1 The set M,,,(F) of m x n matrices with entries in F is an abelian
group with respect to the matrix addition in the sense that it satisfies the following
properties:

(i) The matrix addition + is associative in the sense that

A+B +C=A+ @B+ 0

forall A, B and C in M,,,,(F).

(ii) The matrix addition + is commutative in the sense that

A+ B)= (B + 4

forall A, BinM,,,(F).

(iii) There is a unique matrix 0,5, in M, (F) suchthatA 4+ Opxp = A = Opxn + A
forall A in M,,,(F).

(iv) For each matrix A in M,,,,(F), there is a unique matrix —A in M,,,,(F) such that

A+ (-A) = O = (FA) + A i
We have an external multiplication - on M,,,(F) by scalars in F defined by a -
la;j] = [b;l, where b = a - a;. Thus, for example,
201 402
2-1410| =1(820
081 0162

It can be further observed that the triple (M,,,(F), +, -) is a vector space over F.
Indeed, (M,,,(F), +, -) can be identified with the triple (", +, -) under the corre-
spondence A <— (R(A), R»(A), ..., R,(A)) which respects all the operations.
Let e;; denote the matrix in which ith row jth column entry is 1 and the rest of the
entries are 0. For example, the 3 x 3 matrix ep3 is given by

000
€3 = 001
000

It follows that the set {e;; | 1 <i <m, 1 <j < n} corresponds to the standard basis
of F"™" under the above correspondence. Clearly,
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laj] = Xijajey,

and
Xijajej = Omn

ifand only if a; = Oforalli,j. Thus, {e; | 1 <i <m, 1 <j < n}isabasis, called
the standard basis, of the vector space M,,,(F). Thus, the dimension of M,,,(F) is
m - n. In particular, M, (F) is of dimension n2.

Apart from the above operations, we have an external operation - from M,,,, (F) X
M., (F) to M,,,(F), called the matrix multiplication, defined as follows: Let A =
[aj],1<i<m,1<j<n and B = [bgl,1<j<n,1<k=<p. ThenA-B =
[cik], where ¢ix = Xja;;bj. Thus, for example,

201 012 5105
410 (310 =13 58
081 581 29161

It can be observed easily that the matrix multiplication is distributive over addition
from left as well as from right in the sense that (A + B)-C = A-C + B-C
andA-(B + C) = A-B + A-C.Evidently, A-0,,, = 0pxp,and 0y, -A =
Opxn. Again, since Z(Zjabi)cy = Xja;(Zibjeci), it follows that the matrix
multiplication is associative in the sense that (A - B) - C = A - (B - C) whenever the
products are defined. In particular, we have a multiplication - in M,,(F). Note that
matrix multiplication is not commutative, for example,

[0o] [10] = [00):
Vo] [o0] = [o1]

Thus, the set M,(F) of n x n matrices with entries in F together with matrix

addition +, the multiplication by scalars, and the matrix multiplication - is an algebra
in the sense of the following definition.

where as

Definition 2.1.2 A vector space V over a field F together with an internal multipli-
cation - on V is called an algebra over F if the following conditions hold:

1. The internal multiplication - is associative, i.e., (x-y)-z = x- (y-z) for all
x,y,z€V.

2. - distributes over addition +, i.e., x +y)-z = x-z + y-z,and alsox - (y +
z) = x-y + x-zforallx,y,ze V.

3. ax-y) = (ax) -y = x-(ay) forallao € F,and x,y € V.

LetAbean x m matrix. The m x n matrix A’ obtained by interchanging rows and
columns of A is called the transpose of A. More precisely, if A = [a;]isan xm
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matrix, then the m x n matrix A” = [b;;], where b;; = aj; is called the transpose of
A.LetA = [a;] be an x m matrix with entries in the field C of complex numbers.
The matrix A = [b;], where b; = a;; (the complex conjugate of a;;) is called the
conjugate of the matrix A. The matrix A* = A'is called the tranjugate, also called
the hermitian conjugate of A

Thus, for example
t

201 240
410 =1(018
081 101
24iil+i " 2—id—il+i
44ii 0 = | —i —-i 8
1—i81+i 1—i 0 1—i

Proposition 2.1.3 Let A, B be matrices with entries in a field F. Then

(i) A+ B =A" + B
(ii) (A" = A.

(iii) (a-A) = a-A'

(iv) (A-B)' = B'-A’

provided the relevant sums and the products are defined.
Further, if A, B are matrices with entries in the field C of complex numbers, then

(v) A+ B)* = A" + B*
(vi) (AD* = A.

(vii) (a-A)* = a-A*
(viii) (A-B)* = B*.A*

provided the relevant sums and the products are defined.

Proof The identities (i), (ii), and (iii) are evident from the definition. We prove the
(iv). Suppose thatA = [a;]isan x mmatrix,and B = [bj]isam x p matrix. Then,
by the deﬁnition, A-B = [Cik]a where Cik = Ejaijbjk = Zjvkjuji where Vi = Djk
and uj; = ay. By the definition B’ = [vy],A" = [u;], and (A - B)" = [wy], where
wy; = ci. This shows that the &, row j,, column entry of both sides are same. This
proves the result. The proofs of the rest of the identities are similar. i

2.2 Types of Matrices

1. Identity matrix. The n x n matrix all of whose diagonal entries are 1 and off
diagonal entries are O is called the identity matrix of order n, and it is denoted by 1,,.
For example,
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100
L =010
001

It can be checked that [, -A = A = A - I, for every n x m matrix A. Indeed, if C
is an x m matrix such that C -A = A for every n x m matrix A, then C = I,.

2. Diagonal matrix. AmatrixA = [a;]is called a diagonal matrix if all off diagonal
entries are 0. Thus, [a;] is a diagonal matrix if a; = 0 for all i # j. The diagonal

matrix whose ith row ith column entry is «; is denoted by Diag (o, oo, . .., ). For
example,
100
Diag(1, 2, 3) = | 020
003
The effect of multiplying the diagonal matrix diag (o, o, . . ., ayy) toan X m matrix
A from left is to multiply the ith row by «;. Thus diag(ay, oz, ..., ap) - [a;] =

[b;], where b; = «,ay;. Similarly, the effect of multiplying this matrix to a m x n
matrix A from right is the same as multiplying the ith column by «;. In particular,
diag(ay, oy, ..., ) - diag(By, B2, ... By) = diag(a1B1, s, ..., anf).

3. Scalar matrix. A n x n diagonal matrix all of whose diagonal entries are same
is called a scalar matrix. Thus, a scalar matrix is of the form al,, and effect of
multiplying this matrix to a matrix A is cA.

4. Symmetric matrix. A matrix A is called a symmetric matrix if A’ = A. Thus,
a diagonal matrix is a symmetric matrix. The matrix

132
320
203

is asymmetric matrix. It follows from the Proposition 2.1.3 that sum of two symmetric
matrices are symmetric, scalar multiple of a symmetric matrix is a symmetric matrix.
Thus, the set S,,(F) of all n x n symmetric matrices forms a subspace of M,,(F). For
all matrices A, AA" is a symmetric matrix. For a square matrix A, A + A’ is a
symmetric matrix. Product of two symmetric matrices is symmetric if and only if
they commute.

5. Skew symmetric matrix. A matrix A is called a skew symmetric matrix if
A" = —A. For example, the matrix

032
=300
-200

is a skew symmetric matrix. It follows from the Proposition 2.1.3 that sum of two
skew symmetric matrices are skew symmetric, scalar multiple of a skew symmetric
matrix is a skew symmetric matrix. Thus, the set SS,,(F) of all n x n skew symmetric
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matrices forms a subspace of M,(F). A — A’ is skew symmetric for all square
matrices A. Product of two skew symmetric matrices is skew symmetric if and only
if they anti commute in the sense that A - B = —B - A. Also observe that the diagonal
entries of a skew symmetric matrices are 0.

Every square matrix A with entries in a field F' can be uniquely represented as

t At . . t . .

sumA = A4 4 44 of 3 symmetric matrix 224 and a skew symmetric matrix
—Al . .

% (prove the uniqueness of the representation).

6. Hermitian matrix. A matrix A with entries in the field C of complex numbers is
called a hermitian matrix (also termed as self adjoint) if A* = A. Thus, a matrix
A with real entries is Hermitian if and only if it is symmetric. The matrix

1 3+i2
3—1 2 i
2 =i 3

is a Hermitian matrix. Evidently, all diagonal entries of Hermitian matrices are real. It
follows from the Proposition 2.1.3 that sum of two Hermitian matrices are Hermitian.
However, only real scalar multiple of a Hermitian matrix is a Hermitian matrix. For
all matrices A, AA* is a Hermitian matrix. For a square matrix A, A + A* is also a
Hermitian matrix. Product of two Hermitian matrices is Hermitian if and only if they
commute.

7. Skew-Hermitian matrix. A matrix A with entries in the field C of complex
numbers is called a skew-Hermitian matrix if A* = —A. Thus, a matrix A with
real entries is skew-Hermitian if and only if it is skew symmetric. The matrix

i 3i—1 2
3i+1 2 -1
2 I 3

is a skew-Hermitian matrix. Evidently, all diagonal entries of skew-Hermitian matri-
ces are purely imaginary. It follows from the Proposition 2.1.3 that sums of two
skew-Hermitian matrices are skew-Hermitian. However, only real scalar multiple
of a skew-Hermitian matrix is a skew-Hermitian matrix. Observe that a matrix A is
skew-Hermitian if and only if iA is a Hermitian matrix. For all matrices A, iAA* is
a skew-Hermitian matrix. For a square matrix A, A — A* is also a skew-Hermitian
matrix. Product of two skew-Hermitian matrices is skew-Hermitian if and only if
they anticommute in the sense that AB = —BA.

Every square matrix A with entries in the field C of complex numbers can be

uniquely represented as sumA = f% + f% of a Hermitian matrix *%, and a
skew-Hermitian matrix ‘% (prove the uniqueness of the representation). In turn, it

follows that every square matrix A with entries in the field C of complex numbers can
be uniquely represented asA = B + iC, where B and C are Hermitian matrices.

8. Nonsingular matrices. A n x n matrix A is called a nonsingular matrix (also
called an invertible matrix) if thereisan x nmatrix BsuchthatA-B = I, = B - A.
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Note that such a B, if exists, will be unique, for if B; and B, are such matrices, then
B] = Bl In = Bl . (A B2) = (Bl A) ~Bz = In -Bz = B2IfAIS an invertible
matrix, then the unique B such that A- B = [, = B - A s called the Inverse of A,
and it is denoted by A~'. Following are some simple observations:

(i) The identity matrix /, is invertible and ;! = 1,

(ii) Consider a diagonal matrix diag(ay, oo, ..., a,). As already observed in 2,
diag(oy, an, ..., ay) - la;]l = [b;l, where b = «;a;. Thus, diag(ay, o, ...,
ay) - [a;] = I, if and only if o;a; = 1 forj = i, and O other wise. This is so if
andonlyif o; # 0, a; = ai_l foreach i, and a; = O foralli # j. This shows that
Diag(ay, ay, ..., o) is invertible if and only if each a; # 0, and then its inverse is
Diag(afl, a;l, R a;l).

(iii) Let A and B be invertible n x n matrices. Then, (AB)(B~'A™") = I, =
(B~'A~")(AB). This shows that AB is also invertible and (AB)~! = B~ 1A~
In due course, we shall describe an algorithms to check if a matrix is invertible,

and then to find its inverse.
9. Triangular matrices. A square matrix A is said to be an upper (lower) triangular
matrix if all its below (above) diagonal entries are 0. More precisely, a n x n matrix
A = [ay]is called an upper (lower) triangular matrix if a; = O foralli > j(i <
J). Itis called strictly upper (lower) triangular if in addition to that all the diagonal
entries are also 0. For example,

146

020

003

is an upper triangular matrix.

Clearly, the sum of any two upper (lower) triangular matrices is an upper
(lower) triangular matrix. Also a scalar multiple of an upper (lower) triangular
matrix is a upper (lower) triangular matrix. Thus, the set T, (n, F)(T_(n, F)) of
upper (lower) triangular matrices forms a subspace of M,,(F).

Further, T (n, F)(T_(n, F)) is closed under matrix multiplication: For, let A =
[a;j] and B = [bj] be upper triangular matrices. Then a; = 0 = by for all i >
J > k.LetA-B = [ci]. Then cyp = Zja;;by = Oforalli > k.

Next, let A = [a;] € T4 (n, F) be a nonsingular matrix. Then there is a matrix
B = [b;j]suchthat B-A = I,. Equating the first row first column entry from both
side we get byja;; = 1.Butthena;; # 0and by, = a]_,1 . Equating second row first
column entry, we obtain that b;a;; = 0.Hence by; = 0. Similarly, equating ith row
1, column entry we obtain that b;;a;; = 0,andsob;; = Oforalli > 1.Equating
the 1 row 2,5 column entry, we get that byja;, + bppazy = 0, and equating the
2,4 TOW 2,4 column entry, we get byparx = 1. Thus a»p #0, by = az_zl, and
b, = az_zlal_llalz. Proceeding in this way we obtain that all the diagonal entries a;;
of A are nonzero, and then we can solve bj; to get the inverse of A. We also observe
that the inverse of A is also a member of T (n, F'). For example, consider the upper
triangular matrix
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246
020
003

all of whose diagonal entries are nonzero. We find its inverse. Suppose that

apg agp ags 246 100
ayapay | -1 020 =1010
asy as ass 003 001

Then we have the following equations:
2a1; = 1, 4a;; + 2a, = 0, 6ay; + 3a;3 = 0,
2a31 = 0, 4az; + 2ax»n = 1, 6ay + 3ax = 0,

2a3;1 = 0, 4az; + 2a3 = 0, 3as; 1
Solving, we get thata;; = % ap = —1 = a3, ayy = a3 = ap = 0, axn
0, an = %, a3 = %.Thus, the inverse of the said matrix is

1

3 —11 —1

05 O

1
00 3

Block multiplication

39

We can multiply two matrices by using suitable blocks of their submatrices. More
explicitly, let A be a m x n matrix, and B a n X p matrix. Suppose that m = m; +
my+---4+m, n = n+n+---n;,andp = py+pr+---+p;, where m;, n;

and p; are positive integers. Then A and B can be expressed uniquely as

A A - - Agg
Agy Ay - - - Agg
A SRR
Arl Ar2 t Ars
where A;; is a m; x n; matrix and
By Bz - - - By,
By By - - - By
5 _ . e
le Bs2 e Bsr

where Bjy is n; x py matrix. Further, then
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Ciy Cpp---Cyy

CppCp -+ Cy
A B - SRR

Crl Cr2"'Crt

where Cik = E;=1Aiijk~

2.3 System of Linear Equations

A system of m linear equations in n unknowns x|, x, ..., x, over a field F is given
by
ayx) + apxy + - - -+ X = by
azxy + apxy + - - - + dopXm = b
, (2.1)
an Xy + apxy + - - -+ QupXm = bn

where a;; € F.

Example 2.3.1 Following is a system of two linear equations in three unknowns over
the field of real numbers:
3x; + 2% + x3 = 1.

X1+ x4+ x3 = 2.

We say thatan-tuple (a,, az, . . . , a,) in F"* is a solution of the system (2.1) of linear
equations if x; = aj,x; = ap, ..., x, = a, satisfies all the equations in the system
(2.1). Thus, (=2, 3, 1) is a solution of the system of linear equations in the above
example. (—3, 5, 0) is also a solution to the above system. Indeed, there are infinitely

many solutions which can be parametrized in terms of x3 as (x3 — 3,5 — 2x,, x3).
Clearly, this represents a line.

Example 2.3.2 The system
X1 + 2x 4+ 3x3 = 1.
X1 + x + 3x3 = 2.
dx; + 6xp + 12x3 = 5.

of linear equations has no solution (why?).
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where as

Example 2.3.3 The system
x|, + 2x, = 1.

2x1 + 2x = a.

has a unique solution for all a (why?).

Definition 2.3.4 A system of linear equations is said to be consistent if it has a
solution. It is said to be inconsistent otherwise.

The Example 2.3.1 is consistent having infinitely many solutions, the Example
2.3.2 is inconsistent, whereas Example 2.3.3 is consistent with unique solution.

Most of the problems in real life, in engineering, in industries, in social life,
and in medical science can be modeled in terms of systems of linear equations.
As such, describing and interpreting the solutions of a system of linear equations
is one of the main themes of linear algebra. In the following few sections we shall
concentrate on this.

The system (2.1) of m linear equations in n unknowns can be expressed in a single
matrix equation

t

AX = b (2.2)
where A = [a;] is the m x n matrix whose iy, row jy, column entry is g;, X =
[x1,x2,...,x,] € F"isthe 1 x nrow matrix of unknowns,andb = [by, ba, ..., b,]

€ F™is the 1 x m matrix.
Thus, the system of linear equations in Example 2.3.1 can be expressed as

3217 | Tt
1] |2 7|2
X3
The matrix A in (2.2) is called the coefficient matrix of the system (2.1) of linear

equations, and the m x (n + 1) matrix AT = [A Et] whose first n columns are those

of A, and the last (n 4+ 1), column is Et, is called the augmented matrix of the
system of linear equations.
Thus, the coefficient matrix of the Example 2.3.2 is

123
113 ],
4612

and the augmented matrix of the example is
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2461
0202
0035

Definition 2.3.5 A system of linear equations given by the matrix equation

=t

AX =0 .... (2.3)

is called a homogeneous system of linear equations. It is also called the homoge-
neous part of the system of linear equations given by

—t

AX = b.

Proposition 2.3.6 A homogeneous system of linear equations given by the matrix
equation
I~

A = 0.

is always consistent, and the set of solutions of the homogeneous system is a subspace
of F".

Proof Let N(A) denote the set of all solutions of A¥ = 0. Since A0’ = 0,
it follows that 0 € N(A). Let @, € N(A), and a, b € F. Then A(au + bv)' =
aAiW + bAY = 0. This shows that ai + bv € N(A). It follows that N(A) is a
subspace of F". it

Definition 2.3.7 The subspace N(A) described in the above proposition is called
the solution space of the system (2.3) of linear equations, and it is also called the
null space of the matrix A. The dimension of the null space N(A) is called the
nullity of A, and it is denoted by n(A). If {u7, uz, ..., Uy} is a basis of N(A), then
any solution of (2.3) is uniquely expressed as cju; + coUz + - - - + Cp(a)Un(a), Where
C1,C2, ..., Cpa) are constants in F. As such cjuy 4 colty + - - - 4 Cn(a)Unqa) is called
a general solution of the homogeneous system (2.3).

A little later, we shall give an algorithm to find N(A), indeed a basis of N(A), and
so also a general solution of the system (2.3) of linear equations.

Proposition 2.3.8 Suppose that the system of linear equations given by the matrix

equation
—t

AX' = b.
is consistent, and a = lay, as, ..., a,] is a solution of the above equation. Then
the coseta + N(A) = {a + u | u € N(A)} is the complete set of all solutions
of the system of linear equations. In turn, if {uy, Uz, ..., Uy} is a basis of N(A),

thena + ciuy + coliz + - - - + Cpa)lina) is a general solution of the system of linear
equations, where cy, ca, ..., Cyay are arbitrary constants.
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Proof Since @ is a solution of A¥ = b,Ad = b.Ifu € N(A), then Aw = 0.
But, then A(@ + @) = (A@ + A@') = (b + 0') = b. This shows thata + &

is also a solution of AX' = Et. Conversely, let ¢ be a solution of AX' = Et. Then
Ac = Et.HenceA(E — a) = (A¢ — A@") = 0.Itfollows that (¢ — a) € N(A).
This shows thatc € a + N(A). The rest is an immediate observation. it

Definition 2.3.9 The subspace R(A) of F" generated by the set {R(A), Ry(A), ...,
R,,(A)} of the rows of A is called the row space of A, and the dimension of R(A) is
called the row rank of A. Thus, the maximum number of linearly independent rows
of a matrix is the row rank of A. Similarly, the subspace C(A) of F'™ (the elements
of F™ treated as columns) is called the column space of A, and the dimension of
C(A) is called the column rank of A. Again, it follows that the maximum number
of linearly independent columns of A is the column rank of A. We shall see, in due
course, that row rank is same as column rank, and it is called the rankof A. The rank
of A is denoted by r(A).

Proposition 2.3.10 The system of linear equations given by the matrix equation

—t

AX = b.

is consistent if and only if the column rank of A is same as that of the augmented
matrix AT

. . . . . - -t
Proof The system of linear equations given by the matrix equation AX’ = b is also
expressible as

x1C1(Q) + xC(A) + --- + x,C(A) = E”

wherex = [x1, x2, ..., x,], and C;(A) denotes the i;; column of A. Thus, the equation
has a solution if and only if b is a linear combination of the columns of A. This is
equivalent to say that the column space C(A) of A is same as the column space C(A™)
of the augmented matrix A*. Since C(A) € C(A"), this is equivalent to the fact that
column rank of A is same as that of A™. it

We shall look at an algorithm to find the rank of a matrix, and also an algorithm
to find a general solution of AX' = b provided it is consistent.

2.4 Gauss Elimination, Elementary Operations, Rank,
and Nullity

Definition 2.4.1 Two systems of m linear equations in n unknowns are said to be
equivalent if they have same set of solutions.
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Example 2.4.2 The system
x; + 2x =1

2x1 + 2x = a
of two linear equations in two unknowns is equivalent to the system
X1+ 2x =1
3x) + 4, = a+1,
for they have same set of solutions, whereas the system is not equivalent to
X1+ 2x =1
2x1 + 3x = a

In what follows, we shall introduce an algorithm called the Gaussian elimination
to reduce a system of linear equations into an equivalent system of linear equations
from which the solution will become apparent.

Definition 2.4.3 Following operations on a system of linear equations are called the
elementary operations on the system of linear equations, and the corresponding
operations on coefficient and augmented matrices are called the Elementary row
operations on the matrices:

1. Interchange any two equations in the system.

2. Multiply an equation in the system by a nonzero member of the field.

3. Add a nonzero multiple of an equation in the system to another equation in the
system.

In turn, the corresponding elementary row operations on matrices are:

1. Interchange any two row of the matrix.
2. Multiply a row of the matrix by a nonzero element of the field.
3. Add a nonzero multiple of a row of the matrix to another row.

The following proposition is an immediate observation.

Proposition 2.4.4 Any two system of linear equations which differ by a finite
sequence of elementary operations are equivalent. it

We shall first discuss an algorithm to find the space of solutions of a homogeneous
system of linear equations given by the matrix equation AX' = 0'. More precisely,
we derive an algorithm to find a basis of the null space N(A) of A so that every
solution of the system is unique linear combination of the basis members.

Proposition 2.4.5 The null space N (A), and so also the nullity n(A) of a matrix A
remain invariant under the elementary row operations.
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Proof Follows from the Proposition 2.4.4. i

Proposition 2.4.6 The row space R(A) and so also the row rank of a matrix A remain
invariant under the elementary row operations.

Proof Interchange of any two rows of a matrix will not change the row space as
the set of rows will not change. Since the subspace of F” generated by the set
{R1(A), R2(A), ..., R,(A)} of rows of A is the same as the subspace of F" generated
by {Ri(A), Ry(A), ..., aR;(A), ..., R,(A)} for each nonzero a € F and j < m, it
follows that the row space of a matrix remains the same if we multiply a row of the
matrix by a nonzero member of the field. Finally, since the subspace of F* generated
by the set {R;(A), R2(A), ..., R, (A)} of rows of A is the same as the subspace of
F" generated by {R;(A), Ry(A), ..., Ry (A) + aR;(A), ..., R,(A)} for each nonzero
a € F and j # k, it follows that the row space of a matrix remains the same if we
add a nonzero multiple of a row to another row. it

The column space of a matrix, in general, is not invariant under elementary row
operations. However,

Proposition 2.4.7 The column rank of a matrix remains invariant under elementary
row operations.

Proof Let A be a matrix, and A’ a matrix obtained by applying any of the elementary
row operations on A. Then evidently,

X1Ci(A) + 2CyA) + - + x,C(A) = 0
if and only if
X1Cy(A) + 1Cy@A) + - + x,CA) =0

This means that the maximum number of linearly independent columns of A is same
as that of A’. Thus, the column rank of A is same as that of A’. it

We shall describe an algorithm to transform a matrix in to a special form, called a
reduced row echelon form, of the matrix by using elementary row operations, and
from which a basis for the null space of the matrix, and also a basis of the row space
of the matrix can be easily obtained.

Definition 2.4.8 A m x n matrix A = [ay] is said to be a matrix in reduced row
(column) echelon form, or it is said to be a reduced row echelon matrix if the
following hold:

(i) The first nonzero entry in each row (column) is 1. This entry is called a pivot
entry, and the corresponding columns (rows) are called pivot column (row) of
the matrix. The columns (rows) which are not pivot columns (rows) are called
the free columns (rows). The unknown variable corresponding to pivot columns
are called pivot variables, and those corresponding to free columns are called
free Variables.
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(i) The pivot entry in any row (column) is towards right (bottom) side to the pivot
entry in the previous row (column).
(iii) All of the rest of the entries in a pivot column (row) are 0.
(iv) All the zero rows (columns) are towards bottom (right).

Example 2.4.9 The matrix
12002
00101
00012
00000

is in reduced row echelon form. The 1st row 1st column, the 2nd row 3rd column,
and the 3rd row 4th column entries are pivot entries, 2nd and 5th columns are free
columns. x|, x3 and x4 are pivot variables. x, and x5 are free variables.

Proposition 2.4.10 Let A be a m x n matrix with entries in a field F and which is in
reduced row echelon form. Suppose that the columns C;, (A), Ci,(A), . .., C; (A) with
i <ip<---<1i, are pivot columns and the columns C;j(A),C;
A),...,C (A withj| <j, <--- < s are free columns. Then,

(i) the first r rows Ri(A), Ry(A), ..., R.(A) are nonzero rows, and they form a
basis of the row space R(A) of A,
(ii) the number of pivots is the row rank of A,
(iii) the pivot columns form a basis of the column space of A,
(iv) row rank of A is the same as the column rank of A. Indeed, it is the number of
pivots.

Proof (i) Since each nonzero row contains a unique pivot entry, and the zero rows
are towards the bottom, it follows that R;(A), Rx(A), ..., R.(A) are precisely the
nonzero rows of the matrix. Since the pivot entries 1 in Ri(A), R2(A), ..., R, (A)
appear in different columns i, iy, . .., i,, it follows that the set {R;(A), R»(A), ...,
R,(A)} of nonzero row of A is linearly independent. As such, it forms a basis of the
row space R(A) of A.

(i1) Follows from (i).

(iii) Clearly, the set {C;, (A4), C;,(A), ..., C;,(A)} of pivot columns form a linearly
independent set, for the k;, row entry in the pivot column C;, (A) is 1 and the rest of
the entries in this column are 0. It is also evident that all the free columns are linear
linear combinations of the pivot columns. Indeed,

le(A) = (llj,Cil(A) + (lszC,‘Z(A) + -+ arj,C,‘,_(A).

(iv) Follows from (iii). it

Proposition 2.4.11 Consider the homogeneous system of linear equations given by
the matrix equation
AX = 0,
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where A is a reduced row echelon m x n matrix with entries in a field F. Sup-
pose that the columns C; (A), Ci,(A), ..., C; (A) with i} < iy <--- < i, are pivot
columns, and the columns Cj, (A), Cj,(A), ..., Cj (A) withj < j, < --- < jsarefree
columns. Then the pivot variables x;, , xi,, . . ., xi, in the homogeneous system of linear
equations are uniquely expressible in terms of free variables x;,, x;,, . . ., xj_as

K
‘xit = _: ,afjk'xjk'
k=1

The set {J, W, ..., w*} is a basis for the space N (A) of solutions of the homogeneous
system, where uk¥ = (u’,‘, u’ﬁ e, u],‘l) is the unique solution of the homogeneous

system corresponding to the choice x;, = 0, | # k, and x;, = 1 of the free variables.
Indeed, u]kl = 0forl # k, u]kk =1, and uf = —ayj,. The nullity n(A) = s, the number
of free variables.

Proof Under the assumption, for all t <r, a;, = 1and a; = 0 for [ #t. The
corresponding homogeneous system of linear equations is given by

an X, + @y, + ayx, + oo+ agx = 0.
@i Xi, + X, + ap X, + o0+ agx;, = 0.
ariyXiy + ay X, + apx, + -0+ asx; = 0.

the rest of the equations, if any, are the identities
Ox; + Oxp + --- + Ox, = 0.

Evidently, each pivot variable is uniquely expressible in terms of free variable as
described in the proposition. Further, the set S = {u!, u2,..., u’} of solutions is
a basis of the space N(A) of solutions, for any solution with values «y, as, ..., a;
to the free variables x; , x;,, ..., x; is uniquely expressible as linear combination

aju' + opu? + ---, auu’. The rest is evident. i

Proposition 2.4.12 Consider the system of linear equations given by the matrix
equation
-t

AX = b,

where A is a reduced row echelon m x n matrix with entries in a field F. Suppose that
the columns C;, (A), Ci,(A), ..., Ci,(A)withi; < iy < --- < i, are pivot columns and
the columns
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Ci,(A), Cj,(A), ..., Ci(A) with j1 <j, < -+ < Js are free columns. Then the sys-

tem of linear equations is consistent if and only if by = 0 for all k> r+1,
or equivalently, rank(A) = rank(A™). Further, then v = (vi, vy, ..., v,), where
v, = —a; + b, 1<t=<r, v, = landv;, = 0,2 <[<s, is a particular

solution of the above nonhomogeneous system. Finally, a general solution X of the
system of linear equation is given by

X =70+ cu' + cu® + - + ¢,
where c1, ca, ..., cs are arbitrary constants.

Proof From the previous proposition, a general solution of the homogeneous part of
the above nonhomogeneous system of linear equations is given by

cul + cu? + - + .

Further, the system of linear equations is given by

aiXip + ayX;, + @y, + oo+ ayx, = b
@i Xi, + @y Xj, + @y, Xj, + o0+ ayx;, = by
ariXiy + ayx, + agx, + --- + ajx; = b

The rest of the equations, if any, are the identities
Ox; +Oxp + --- 4+ Ox,, = by, k>r—+1.

Clearly, the system is inconsistent if by 7% O for any k > r 4 1. Now, suppose that

by = 0 for all k > r + 1. Putting the free variable x; = 1, and x;, = 0 for
2 < k < s, we geta particular solutionv = (vy, v2, ..., v,), wherev;, = —ay; +
b, 1 <t=<r,v;, = l,andv;, = 0,2 <[ < s of the system. From the Proposition

2.3.8, we get a general solution

X=70+ cu + cu® + - + i’
of the system, where cy, ¢, ..., ¢y are arbitrary constants. f

Example 2.4.13 Consider the system of linear equations given by the matrix equation

1

AX = b,
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where A is the matrix given by

10102
01101
00011
00000

The corresponding system of linear equations is given by
x1 + Oxp + x3 + Oxq4 + 2x5 = by.
Ox; + x2 + x3 + Oxq4 + x5 = by.
Ox; + Oxp + Ox3 + x4 + x5 = bs.
Ox; + Oxp + Oxz + Oxg + Oxs = by.

The matrix A is in reduced row echelon form with the pivot columns Ci, C, Cy4,
and the free columns C3 and Cs. The nonzero rows Ry, R, R; form a basis of row
space, and the pivot columns Cj, C;, C4 of A form a basis of the column space of
A. Row rank = 3 = Column rank of A. For the system to be consistent by = 0.
Assuming that by = 0, we find a general solution of the system. We first find a
basis of the solution space N(A) of the homogeneous part AX' = 0’ of the given
system of linear equations. x3 and xs are free variables. Puttingx; = 1andx; = 0,
we get a solution u! = (—1,—1,1,0,0) of the homogeneous part of the system.
Further putting x3 = Oand x5 = 1, we get a solution u? = (=2,-1,0,—1,1) of
the homogeneous part of the system. The set {u!, u?} is a basis of the space N (A) of
solutions of the homogeneous part. Nullity of A is 2. Finally, putting x3 = 1 and
x4 = 0, we get a particular solutionv = (—1 4 by, —1 + by, 1, b3, 0) of the given
nonhomogeneous system of linear equations. In turn, a general solution of the given
nonhomogeneous system of linear equations is 7 + cju! + cou?.

Observe that a square matrix in reduced row echelon form has no zero rows if
and only if all the rows, and so also all columns have pivots, or equivalently, it is the
identity matrix. Since a matrix with a zero row is singular, we have the following:

Proposition 2.4.14 A square matrix in reduced row echelon form is nonsingular if
and only if it is the identity matrix. it

Elementary operations on a system of linear equations, or equivalently, ele-
mentary row operations on the coefficient and augmented matrices, transform
the system into equivalent system of linear equations. Further, if the coefficient
matrix of the system of linear equations is in reduced row echelon form, then as
observed above, a general solution of the system is easily obtained. As such, it is
prompting to discover, if possible, an algorithm to reduce an arbitrary matrix
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in to a matrix in reduced row echelon form by using elementary row operations.
The following theorem gives an algorithm.

Theorem 2.4.15 Using elementary row operations, every matrix can be reduced to
a matrix in reduced row echelon form.

Proof Let A be am x n matrix. If A is the zero matrix, then it is already in reduced
row echelon form. Suppose that A is nonzero matrix. Let j; be the least number such
that the column Cj, (A) is a nonzero column. Further, let i; be the smallest number
such that g;;, # 0. Interchanging the i;th row and the first row, we may assume that
ajj, #0, and ag = O for all k < j;. Multiplying the first row by afjll, we may

assume thatay;, = 1,anday = Oforall k < j;. Next, adding —a;;, times the first
row to the ith row for each i > 2, we reduce A to a matrix [a;], where aj;, = 1,
aj, = Oforalli>2, and ag = O for all kK <j; — 1. If in this reduced matrix

a; = Oforalli > 2, then it is already in reduced row echelon form. If not, let j, be
the smallest number such that a;;, # 0 for some i > 2. Further, let i, be the smallest
number greater than 2 such that a;,;, # 0. Note that j, > j;. Interchanging the i;th
row and the second row, we may assume that ay;, # 0. Then multiplying the second
row by az_jzl, we may assume that ap;, = 1. In turn, adding —a;;, times the second
row to the ith row for each i # 2, A may have been reduced to a matrix in reduced
row echelon form. If not, proceed as before. This process reduces A in to reduced
row echelon form after finitely many steps (if worst comes, at the ny;, step). it

Corollary 2.4.16 Row rank of a matrix is the same as the column rank of the matrix.

Proof From the Proposition 2.4.6, and the Proposition 2.4.7, row rank and column
rank of a matrix are invariant under elementary row operations. From the Proposition
2.4.10(iv), row rank of a matrix in reduced row echelon form is same as its column
rank (equal to the number of pivots). Combining this with the Theorem 2.4.15, the
result follows. it

Definition 2.4.17 Row rank of a matrix A, or equivalently, the column rank of a
matrix is called the rank of the matrix. The rank of a matrix A is denoted by r(A).

Corollary 2.4.18 Let A be a m x n matrix. Then r(A) + n(A) = n.

Proof Since the rank and the nullity remain invariant under elementary row opera-
tions, using Theorem 2.4.15, it is sufficient to prove the result for matrices in reduced
row echelon form. For a matrix A in reduced row echelon form, r(A) is the number
of pivot columns and n(A) is the number of free columns. Clearly, a column is either
a pivot column or a free column. i

Example 2.4.19 Consider the system of linear equations
2x3 + 3x4 + 8x5 = 1.

2X1 + 4)(2 —I— X3 + 5X5 = O
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X1+ 2% + x3 + x4 + S5x5 = 2.
S5x; + 10xy + 6x3 + 6x4 + 28x5 = a.

The corresponding coefficient matrix A is

00238

24105
A=l12115 |

5106628

and the augmented matrix A™ is

002381
4 _ 241050

121152

5106628 a

We discuss the consistency of the above system of linear equations, and if consistent,
we determine a general solution. For the purpose, we reduce the coefficient matrix A,
and also the augmented matrix A" to reduced row echelon forms simultaneously by
using the algorithm described in the above theorem. The 1st column of A is nonzero,
and the smallest number i for which a;; # 0 is 2. Thus, interchanging the 1st and the
2nd rows of A, and of AT, A is transformed to

4
0
2

Dn— O

—_

A= WO
L 0 W

O\ = DN
[\°)
e}

0

and A7 is transformed to

N — O N
oSN O A
A\ =N =
AN~ WO
.}

R W o W
QD= O

Now, multiplying the 1st row by %, the matrices are transformed to

N = O =
N O N
AN = oW
AN = WO
L oo

—_
o
[\
o]

and to
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N —_= O =
—_

oo
AN — NwI—=
AN = WO
[\

OOUIOONIUI
S O~ O

Further, adding —1 times the 1st row to the 3rd row, and adding —5 times the Ist
row to the 4th row, the matrices are transformed to

12503
00238
ool12 |’
00%6ﬁ
2 2
and to
12030
002381
001132
00§6éa
2 2

Here, in this transformed matrix, a, = 0foralli > 2. Thus, the 2nd column is a free
column. We look at the 3rd column. The 2nd row 3rd column entry a3 = 2 # 0.
We divide the 2nd row by 2 to get the pivot entry 1in 2nd row 3rd column. The
matrices, thus, reduce to
12
00
00
003

A= = —
A\ =W O
e Y[V NN

|

and to
12

00
00

[STEN ST N ST
A\ =W O
[N YT NG
Q NwI=O

)
)

In turn, to make all other entries in this pivot column 0, we add —% times the 2nd
row to the 1st row, —% times the 2nd row to the 3rd row, and —% times the 2nd row
to the 4th row. The matrices reduce to

120-31
001% 4
0005 %’
000 3 3

and to
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31 1
120-335 —3
001% 4 %
000 4 % :

3 7

The 3rd row 4th column entry azs = }T # 0. We multiply the 3rd row by 4 to get
the pivot entry 1in 3rd row 4th column. Thus, the matrices further reduce to

1203
001
000

1
2
4
2 b
3
000 3 3

B0 =W

and to
120-3

4
001

000
000

EST

B0 =W
[SI[P I NS I NS TE
~ =

;
a—y

In turn, we add % times the 3rd row to the 1st row, —% times the 3rd row to the 2nd
row, and the _73 times the 3rd row to the 4th row to make the rest of the entries in
this pivot column 0. The coefficient matrix A reduces to the following matrix

12002
00101
00012
00000

which is in reduced row echelon form, and the augmented matrix A" gets transformed
to

12002 5
00101 —10
00012 7
00000a—-7

Thus, the given system of linear equations is equivalent to a system of linear equations

whose coefficient matrix is
12002

00101
00012}’
00000

and the augmented matrix is
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12002 5
00101 —10
0oo12 7
00000a—-7

In turn, using the discussions and the results above, we have the following: (i) A
basis of the row space of A is {(1, 2, 0, 0, 2), (0,0, 1,0, 1), (0,0, 0, 1, 2)}. The rank
r(A) = 3.

(ii) Putting the free variable x, = 1, and the free variable xs = 0, we get a
solution (—2, 1,0, 0, 0) of the homogeneous part of the system. Further, putting
the free variable x, = 0, and the free variable x5 = 1, we get another solution
(—=2,0, —1, =2, 1) of the homogeneous part of the system. The set {(—2, 1, 0, 0, 0),
(—=2,0, —1, =2, 1)} is a basis of the solution space N(A) of the homogeneous part.
A general solution of the homogeneous part of the system is

Cl(_zv 1a Ov 01 0) + C2(_21 07 _19 _23 1)1

where ¢y, ¢, are arbitrary constants.

(iii) The nonhomogeneous system is consistentif and only if 3 = r(A) = r(A"), or
equivalently,a = 7.Then, giving the valuex, = 1,andxs = 0 ofthe free variables,
in the nonhomogeneous system, we get a particular solution (3, 1, —10, 7, 0). Thus,
a general solution of the nonhomogeneous part is

(37 17 _107 75 O) + Cl(_za 15 07 07 O) + C2(_25 0’ _17 _27 1)’

where ¢y, ¢; are arbitrary constants.

Definition 2.4.20 A square matrix E obtained by applying elementary row opera-
tions on identity matrix is called an elementary matrix.

Example 2.4.21 The matrix
1000
0100
0030
0001

is an elementary matrix which is obtained by multiplying the 3rd row of the identity
matrix I, by 3. The matrix

0010

0100

1000

0001

is an elementary matrix which is obtained by interchanging the 1st row and the 3rd
row of the identity matrix /4. Again, the matrix
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1030
0100
0010
0001

is also an elementary matrix which is obtained by adding 3 times the 3rd row of the
identity matrix I4 to its Ist row.

7;; denotes the elementary matrix which is obtained by interchanging the iy, row
and the j,, row of identity matrix. Thus,

0010
0100
1000
0001

= T13.

The elementary matrix which is obtained by adding the A times the j;, row of the
identity matrix to its i, row is denoted by El? Indeed, Elj is the matrix all of whose
diagonal entries are 1, the i;, row j,, column entry is A, and the rest of entries are 0.
Thus,
1030
0100
0010
0001

_ 3
- E13

The matrices E 3 are called the transvections.

It can be easily observed that the effect of multiplying an elementary matrix E
from left (right) to a matrix A is applying the elementary row (column) operation
on A which was used to get the matrix £ from the identity matrix. Thus, 7;A is the
matrix obtained by interchanging iy, row and j; row of A, and EZ?A is the matrix
obtained by adding A times the j; row of A to its iy, row. It is straightforward, in
particular, to verify the following relations, called the Steinberg relations, among
the transvections in M,,(F).

(i) El? El’; = E;V”, i #j. In particular, El? El/_’\ = ES = [,. Thus, El’]\ is

invertible, and its inverse is El; A,
(i) Fori #1,j #k, E’\ and E;; commute.
A\EHE /\ —h A

(iii) Fori # 1, (EIJE/l E ) = Ej".

(iv) Forj #k, (E’\EZE;AE "y = Ejk’“\.
Proposition 2.4.22 Let A be am x nmatrix. Then, we can find a nonsingularm x m
matrix P such that PA is a matrix in reduced row echelon form. In particular, a square
matrix A is nonsingular if and only if its reduced row echelon form PA is the identity
matrix.
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Proof Applying an elementary row operation on A is equivalent to multiply A from
left by an elementary matrix. Since every matrix can be reduced to a matrix in
reduced row echelon form (Theorem 2.4.15), multiplying A successively by ele-
mentary matrices from left we arrive at matrix in reduced row echelon form. Since
elementary matrices are nonsingular, and product of nonsingular matrices are nonsin-
gular, we get a nonsingular matrix P such that PA is a matrix in reduced row echelon
form. Since P is nonsingular, A is nonsingular if and only if PA is nonsingular. From
the Proposition 2.4.14, A is nonsingular if and only if PA is the identity matrix.

The above discussion and the results give an algorithm to determine a nonsingular
matrix P such that PA is a reduced row echelon matrix. In particular, it gives an
algorithm to check if a square matrix A is invertible, and if so, to find the inverse of
A. We further illustrate the algorithm by means of examples.

Example 2.4.23 Consider the matrix

003 12
01200
021-11
011-10

Using the elementary row operations, we transform the matrix A in to a matrix in
reduced row echelon form, and simultaneously find a nonsingular matrix P such that
PA is a matrix in reduced row echelon form. We start with the pair

1000 003 1 2
0100 012 0 0
L="10010]"4=|021-11
0001 o11-L1o

3

There is no nonzero entry in the first column of A, and so no pivot will appear in the
first column. We leave and move to the second column. The first nonzero entry in
the second column of A is 1, and it is in the second row. We interchange the first row
R, and the second row R, in the pair of matrices. The pair, thus, gets transformed to
the pair (E;, A;) given by

0100 012 00
1000 003 1 2
Ev=1o010]" 4= 021-11
0001 011-40

3

(note that EYyA = Aj). The entry 1 in the first row and second column of A; is the
pivot entry. To make the rest of the entries in this pivot column 0, we replace R3 by
R3; — 2Ry, and then R4 by Ry — R;. In turn, the pair (£, A) gets transformed to the
pair (E,, Ay) given by
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0100 012 00
1000 003 12
E=1o0210|"%= |00-3-11
0-101 00-1-30

(Again note that E,A; = E>E|A = Aj;). The second row third column entry is 3
which is nonzero. We replace R, by % to make it a pivot entry 1, and in turn, we
replace R; by Ry — 2R, R; by R + 3R2, and R4 by R4 + R, to make all the rest of
the entries in this pivot column 0. Thus, the pair (E,, A;) is transformed to the pair
(E5, A3) given by

—2100 010-2%—3%
000 001 1 2

_ 3 — 3 3
E=11 210" 1]0000 3
1 -101 000 0 3

(Again, note that E3A, = Aj3). Since the 3rd row 4th column, and 4th row 4th column
entries are 0, there is no pivot in the 4th column, it is a free column. We go to the 5th
column. The 3rd row 5th column entry is 3 which is nonzero. We replace R3 by %R3 to
make the 3rd row 5th column entry a pivot entry 1, and then replace R; by R; + §R3,
Ry by Ry — 2R3, and Ry by Ry — 3R3. Thus, the pair (E3, A3) is transformed to the
pair (E4, A4) given by

2 1 4 2
FE T
— | 9 9 7d _ 3
Es %_ggo A 0000 1]
5 2
I3 -2 000 0 0

where A4 is in reduced row echelon form, and P = E, is an invertible matrix such
that PA = A4 is in reduced row echelon form.

Example 2.4.24 Consider the matrix A given by

013
102
021
111

We apply the following elementary row operations in succession.

(i) Interchange R; and R»,

(ii) replace R4 by R4 — R;, R3by R; — 2Ry and R4 by Ry — Ry,

(iii) replace R3 by —%R3, RibyR; — 2R3,R, by R, — 2R3 and Ry by Ry + 3Rs.
on A, and also on /4. Then, A reduces to the reduced row echelon form



58 2 Matrices and Linear Equations

and I, reduces to

Thus, PA is in the row echelon form given above.

Example 2.4.25 Consider the 3 x 3 matrix A given by

111
A=1123
149

If we use the method of the above example, then A reduces to the identity matrix /3,
and /5 reduces to

Thus, A is invertible, and PA = I5. Hence P is the inverse of A.

2.5 LU Factorization

If the coefficient matrix of a system of linear equations is upper triangular square
matrix U with nonzero diagonal entries, then the solution is easily obtained by
inspection. For example, if a system of linear equations is given by the matrix equation
Ux = Er, where
111
U=1023{,
009

and b = (by, by, b3), then, evidently, the solution is (18b; — 2 + % 32=bs bs)
Similarly, itis also easy to solve a system of linear equations whose coefficient matrix
is lower triangular square matrix with nonzero diagonal entries. Further, suppose the
coefficient matrix A is invertible, and it is expressed asA = LU, where L is a lower
triangular matrix, and Uis an upper triangular matrix. Then, we first find the solution
vof Uy = Et, and then the solution z of Ux" = v'. Clearly, u is the solution of
AY = b,
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The above discussion prompts us to look at the problem of factorizing an invertible
matrix A as a product LU of a lower triangular matrix L and an upper triangular
matrix U. This, in general, is not possible.

Example 2.5.1 Suppose that

01| a0 u v
[10} - |:bc:|'|:0wi|'
Then au = 0, av = 1, bu = 1. This, however, is impossible. This shows that
the invertible matrix
01
Vo]

cannot be expressed as product of a lower triangular and an upper triangular matrix.

Observe that the matrix
111

003
029

is also not expressible as product of a lower triangular and an upper triangular matrix.

The reason behind the impossibility of expressing the above matrices as product
of lower and upper triangular matrices is while reducing these matrices in to reduced
row echelon forms, we are forced either to interchange rows, or to add a nonzero
multiple of a ky, row to I, row for some k > [. Equivalently, we need to multiply
from left by a corresponding elementary matrix 7, or by a corresponding matrix
E,?, Obviously, these matrices are not lower triangular matrices. Indeed, if, while
reducing A in to reduced row echelon form, elementary row operations of the above
type are not needed, then we can find a lower triangular matrix P with diagonal
entries 1 so that PA is upper triangular. In turn, A = LU, where L = P~'. We
illustrate it by means of examples.

Example 2.5.2 Consider the matrix A given by

111
A=|123],
149

and the system of linear equations given by the matrix equation
AX = [1,2,3].
Adding —1 times the 1st row of A to the 2nd row, and then adding —1 times the 1st

row to the 3rd row, or equivalently, multiplying the matrix £ 1_31E 1_21 to A from left,
we obtain that
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111
EFELNA = {012
0338

Again, adding —3 times the 2,,; row of the above matrix to its 3,; row, or equivalently,
multiplying E,; to E;3'E;}'A from left, we obtain that E;; E;3'E;'A is the upper
triangular matrix U given by
111
U=1]012
002

Thus,A = LU, where L = E},E},E3, is the lower triangular matrix given by

100
L=|[110
131

Now, to find solution of AX = [1, 2, 3], we first find the solution of Ly’ = [1, 2, 3]'.

Equating the corresponding entries of both sides, y; = 1,y; +y» = 2, and y; +

3y, +y3 = 3.This gives the solution [1, 1, —1] of Ly" = [1, 2, 3]'. Finally, we find

the solution of Ux" = [1, 1, —1]’ to get the solution of the original equation AX' =

[1, 2, 3]". Equating the entries of both sides in the equation UX' = [1, 1, —1]’, we get

that 2x3 = —1,x + 2x3 = 1, and x; +x, +x3 = 1. Evidently, x3 = %l,xz =
1

2, and x; = -

2.6 Equivalence of Matrices, Normal Form

Definition 2.6.1 Two m x n matrices A and B with entries in a field F are said to
be equivalent if there exists a nonsingular m x m matrix P, and a nonsingular n x n
matrix Q such that A = PBQ.

Clearly, the relation of being equivalent to is an equivalence relation on M, (F).
We determine a unique representative of each equivalence class of equivalent matri-
ces.

Definition 2.6.2 A m x n matrix A is said to be in normal form if there is r <

min(m, n) such that
Ir Or n—r
A= |:Omr r Omfr nri| ’

where O,, , denote the zero m x n matrix.

Theorem 2.6.3 Everym X nmatrix is equivalent to a unique matrix in normal form.
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Proof Applying an elementary row operation on a matrix A is equivalent to multiply
A from left by an elementary matrix, and applying an elementary column operation is
equivalent to multiply matrix A from right by an elementary matrix. Since all elemen-
tary matrices are nonsingular, and product of nonsingular matrices are nonsingular,
it is sufficient to show that every matrix can be reduced to a matrix in normal form
with the help of elementary row, and elementary column operations. The proof of
this fact is by the induction on max(m, n), where m is the number of rows and n the
number of columns. If max(m,n) = 1,thenm = 1 = n,andA = [a;;]is1 x 1
matrix. f A = [0], then it is already in normal form. If a;; # 0, then multiplying
the row by a;;', we reduce it to the normal form [1]. Assume that the result is true
for all r x s matrices with max(r,s) < max(m,n). LetA = [a;] be am x n times
matrix. fA = O,, ,, then it is already in normal form, and there is nothing to do.
Suppose that A # O,, ,. Suppose that a; # 0. Interchanging 15, row and kth row,
and then interchanging 1,, column and the /th column, we may suppose that a;; # 0,
and then multiplying the 1, row by al]l, we may further suppose thata;; = 1. After
this we add —a;; times the first column to the jth column, and then —a;; times the
first row to the ith row for all i # 1 # j. This reduces the matrix A into the form

11 01 n—1
0,,,71 1 B ’

where Bis m — 1 x n — 1 matrix. This also gives us a nonsingular m x m matrix C,
and a n x n nonsingular matrix D such that

_ 11 01 n—1
cAD = [om“ ; ]

By the induction hypothesis there is a m — 1 x m — 1 nonsingular matrix C’, and
there is a nonsingular n — 1 x n — 1 matrix D’ such that

e =0 o]
Take - 0
¢ = _Omil 1 lCn'_l ] ’
and - o

Then C” and D" are nonsingular. In fact,

1 O -
C// -1 — 1 1 n—1
) [om_l (€
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(Use block multiplication to show this). Again, using block multiplication, we find
that

c.| h Orn-1 | pyr _ L Oipar | _ I, Opuy
0,,,71 1 B N Omfl 1 C'BD' N Omfr r Omfr n—r

Take P = C-C”,and Q = D - D". Then P is nonsingular m x m matrix, and Q a
nonsingular n x n matrix such that

PAQ — |:01r Orn—r :|

m-—rr Omfr n—r

Ir Or n—r
Om—r r Om—r n—r
Is Os n—s
Om—s s Om—s n—s

if and only if r = s, for one can be obtained from the other using elementary opera-
tions if and only if r = s. i

is in normal form. Finally,

is equivalent to

Corollary 2.6.4 There are min(m, n) + 1 equivalence classes of equivalent matri-
ces in M, (F).

Proof There are min(m, n) + 1 matrices in M,,,,(F)) which are in normal form. f

Corollary 2.6.5 Two matrices A and B are equivalent if and only if they have same
rank.

Proof Since under elementary operations rank of the matrices do not change and

rank of the matrix
Ir Or n—r
Omfr r Omfr n—r

is r, the result follows. it

Corollary 2.6.6 All nonsingular matrices in M,,(F) are equivalent to I,,. The group
GL(n, F) is a single complete equivalence class of equivalent matrices. it

Proof Let A be a n x n matrix which is nonsingular. Then there are nonsingular
matrices P and Q such that PAQ is in normal form. Clearly, then PAQ is also nonsin-
gular. The result follows if we observe that a matrix in normal form is nonsingular
if and only if it is the identity matrix. i

Corollary 2.6.7 The group GL(n, F) is generated by elementary matrices. Indeed,
every element of GL(n, F) is product of elementary matrices.
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Proof All elementary matrices are nonsingular, and so they belong to GL(n, F).
Further, given any matrix A € GL(n, F), there are nonsingular matrices P and Q
which are product of elementary matrices such that PAQ = I,. But, then A =
P~'Q~!. Since inverse of an elementary matrix is an elementary matrix, P~' and
Q! are product of elementary matrices. This shows that A is product of elementary
matrices. it

Remark 2.6.8 The matrices {Eg | i #j, A € F*} do not generate GL(n, F)
(verify).

Remark 2.6.9 The proof of the Theorem 2.6.3 gives us a method by which

(i) we can reduce a matrix A into normal form,
(i1) we can find nonsingular matrices P and Q such that PAQ is in normal form, and
(iii) we can determine whether A is nonsingular, and then we can find its inverse
also.

Following two examples illustrates the algorithm.

Example 2.6.10 Let A be a m x n matrix. To find nonsingular matrices P and Q
such that PAQ is in normal form, we proceed as follows: We start with a row with
three columns. The first column 7, the second A, and the third column /,,. Then
we try to reduce the matrix A in to normal form by successive elementary row and
elementary column operations. Whenever we perform a row operation on A, apply
the same operation to the matrix in the first column, and keep the matrix in the third
column as it is, and if we perform a column operation on A, then we perform the
same operation on the matrix in the third column, and keep the matrix in the first
column as it is. Then as the matrix A reduces to a matrix in normal form, the matrix in
the first column reduces to the required matrix P, and the matrix in the third column
reduces to the required matrix Q. Consider, for example, the matrix

111
201
110
012

Let R; denote the ith row, and C; denote the jth column. We start with a row

1000 111

0100 201 (1)(1)8
0010 110 001

0001 012

Replacing R, by R, — 2Ry, and R3 by R3 — R;, we transform the above row to the
row
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10007
2100
~1010

0001
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11 1 100
0-2-1

010
00 -1 001
01 2

Next, replacing C; by C; — Cj, and C3 by C3 — Cj, we get the transformed row

as _
1 000

-2100
—-1010

10 0
0-2-1
00 -1

| 0001

(01 2

Interchanging R, and R4, and then replacing R4 by Ry + 2R,, it reduces to

1 000
0001
—-1010
—-2102

100
01 2
00 -1
00 3

-1 -1
1 0
0 1

Replacing C3 by C3 — 2C,, we transform it to

1 000
0001
—-1010
-2102

100
010
00 -1
00 3

-1 1
-2
1

S O =
S =

Finally, replacing R3 by —R3, and then R4 by R4 — 3R3, we transform it to

Thus, A reduces to the normal form

I;
013

o]

Further, the required nonsingular matrices P and Q are given by

o o
N O = O

1
0
1

—_ o O O
—

w |

-5



2.6 Equivalence of Matrices, Normal Form 65

and
1-11
0=1]01 =2
00 1

2.7 Congruent Reduction of Symmetric Matrices

Definition 2.7.1 A square matrix A is said to be congruent to a matrix B if there is
an invertible matrix P such that PAP' = B.

Observe that if A is symmetric, then PAP' is also symmetric.

Theorem 2.7.2 Every symmetric matrix A with entries in a field F of characteristic
different from 2 is congruent to a diagonal matrix.

Proof The proof is algorithmic. Let us recall that applying an elementary row oper-
ation on A is equivalent to multiply from left the corresponding elementary matrix
E, and applying the same type of elementary column operation on A is equivalent to
multiply the matrix A from right by the elementary matrix E (note that if we apply an
elementary row operation on the identity matrix and take its transpose, then it is the
same as apply the same elementary column operation on the identity matrix). Thus,
it is sufficient to show that a symmetric matrix with entries in a field F' of character-
istic different from 2 can be reduced to a diagonal matrix by applying successively
elementary row followed by the same type of elementary column operations. Let A
be a symmetric matrix with entries in F, where characteristic of F' if different from
2.If A = 0, then there is nothing to do. Suppose that A # 0. We may suppose that
ayy # 0, for if not, suppose that a; = a;; # 0, then adding the ith row to the first
row, and then adding the ith column to the first column the first row first column entry
becomes 2a;; # 0 (note that the characteristic ' # 2). Then, for each i # 1, adding
—ailal_ll times the first row to the ith row, and —ailal_ll times the first column to the
ith column, we reduce the matrix to a symmetric matrix matrix in which all entries in
the first row (and so also in the first column) except a;; is 0. Now, if a;; = 0 for all
i,j > 2, we have reduced it to a diagonal matrix. If not, using the previous argument,
we may take axy # 0, and then for i # 2 reduce all the entries ap = ap = 0.
Proceeding inductively we reduce the matrix A to a diagonal matrix. it

Taking Q = P!, we get the following corollary.

Corollary 2.7.3 Every symmetric matrix A with entries in a field of characteristic
different from 2 can be decomposed as A = QDQ', where Q is an invertible matrix,
and D is a diagonal matrix. it

Remark 2.7.4 The theorem does not hold over a field of characteristic 2. Consider

the matrix
01
10]°



66 2 Matrices and Linear Equations

ab 01 ac| |pO

cd LO| [bd|  |0gq|"
Equating the corresponding entries p = ba +ab, ¢ = dc+cd, da+cb = 0 =
bc + ad. Since the field is of the characteristic 2, p = 0 = g. In turn,

o] (Vo] [34] = [50)
<]

We illustrate the algorithm of congruent reduction by means of an example.

Suppose that

But, then

is singular.

Example 2.7.5 Let A be a symmetric n X n matrix. To find a nonsingular matrix P
such that P'AP is a diagonal matrix, we proceed as follows: We start with a row
with 3 columns, the first column /,,, the second column A, and the third column /,.
We reduce the matrix A in to a diagonal form by successive elementary row and
corresponding elementary column operations as described in the above theorem.
Whenever we apply an elementary row operation on A, we apply the same operation
on the matrix in the first column, and keep the matrix in third column as it is, and
whenever we apply elementary column operation we apply the same operation on
the matrix in the third column, and keep the first column as it is. In this process as
soon as A reduces to a diagonal matrix, the first column reduces to P, and the third
column, then will be P'. Further, PAP' is a diagonal matrix. Consider, for example,
the matrix

012
A= |[101
210

and the triple
[AL]

If we apply the following elementary operations
1.R, — Ry + R»,

2. C1 —> C1 + Cz,

3.R, — Ry — iRy,

4. C2 —> C2 — %C],

5.R3 —> Ry — 3Ry,

6.C; — C3 —3Cy,
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7. R3 — R3 — Rz,
8. C3 i C3 — C2,
successively, on the triple
(LAL),

then the triple of matrices reduce to the triple

1

I= —

0
0
2 —1

—_ ol
XS

Thus, A is congruent to diag(2, —%, —4), and P is the matrix

1 1 -0
1 1

-3 3 0
121

Further, take L = P~'and D = diag(2, —%, —4),thenA = LDL'. Note that L is
not a lower triangular matrix. However, if we consider the matrix

112
A=|[101
210

with the triple
(KAL)

of matrices and apply the following elementary operations on each member of the
triple to reduce A to a diagonal matrix.

1.R2 —> R2 —R1 andR3 —> R3 — 2R1,

2. C2 —> C2 - C1 andC3 —> C3 — 2C1,

3. R3 — R3 — Rz,

4. C3 — C3 — Cz.
Then the triple of matrices reduce to the triple

1 00 10 0 1 -1-1
-1 10 0-10 01 —1
—-1-11 00 -3 00 1

Thus, A is congruent to diag(1, —1, —3) and P is the matrix

1 0 -0
—-11 0
—1-11
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Further, take L = P 'and D = diag(2, —%, —4),then A = LDL'. Note that in
this case P and L are lower triangular matrices.

Example 2.7.6 Consider the symmetric matrix

3 1
A = 0
—1

S = O

0
3

with the triple
(KAL)

of matrices and apply the following elementary operations on each member of the
triple to reduce A to a diagonal matrix.

1.R3 —> R3 + %Rl and

2. C3 — C3 + %C[
Then the triple of matrices reduce to the triple

100730071014
010|({010|]010
10100 ]]o01

Here again, P is a lower triangular matrix and the diagonal matrix D has all diagonal
entries positive. As such, if we take L = P~'+/D, where VD = Diag(+/3,1, \/g,

then A = LL'. Later we shall describe those symmetric matrices which can be
expressed as LL', where L is a lower triangular matrix.

Exercises

2.7.1 Give two bases of the vector space Mnm(F) of n x m matrices with entries in
a field F over the field F.

2.7.2 Find a basis, and so also the dimension of the vector space S, (F) of n x n
symmetric matrices with entries in a field F.

2.7.3 Let F be a field of characteristic different from 2. Find a basis, and so also
the dimension of the vector space SS, (F) of n x n skew symmetric matrices with
entries in a field F. Do the same for fields of characteristic 2. Are they same?

2.7.4 LetAbean x mmatrix. Consider the subset W = {B e M,,, | AB = 0,,}
of M,,,. Show that W is a subspace of M,,,. Further, show that the dimension of W
is pn(A), where n(A) denotes the nullity of A.

2.7.5 Show that every square matrix A with entries in a field F' of characteristic
different from 2 is uniquely expressible as sum of a symmetric matrix, and a skew
symmetric matrix. Deduce that vector space M,,(F) is direct S,,(F) & SS,,(F).

. _ AA A=A
Hint. A = - + =5
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2.7.6 Find a basis, and so also the dimension of the vector space UT,, (F) of upper
triangular matrices over F.

2.7.7 The sum of the diagonal entries of a square matrix A is called the Trace of
A, and it is denoted by Tr(A). Let si(n, F) denote the set of n x n matrices with
trace 0. Show that sl(n, F') is a vector space with respect the addition of matrices and
multiplication by scalars. Find a basis of sl(n, F)), and so also its dimension.

2.7.8 Let A and B be square n x n matrices. Show that 7r(AB — BA) = 0. Deduce
that AB — BA is never identity matrix. Show by means of an example that it may be
a nonsingular diagonal matrix.

2.7.9 Show by means of an example that AA” need not be same as A’A.

2.7.10 Consider the co-diagonal n x nmatrix I', = [a;], wherea; = 1ifi+j =
n+1,and a; = 0, otherwise. Show that I', is symmetric and 1",% = [,. What is
the matrix I',AT,.

2.7.11 Describe all 2 x 2 matrices A such that A2 = 0,.
2.7.12 LetA be astrictly upper (lower) triangular n x n matrix. Show that A" = 0,.

2.7.13 Let A be asquare n X n matrix which is nilpotent in the sense that A" = 0,
for some m. Show that I, + A is invertible. Show that

I” + A + A2 + V. + Am—l

is the inverse of A. Is the converse of this statement true? Support.

2.714 Let A = [a;] be a square n x n matrix which commutes with ej. Show
that aj; = 0 = asi, and a;; = ap. Show that a matrix commutes with all e;; if
and only if it is a scalar matrix. Show also that the matrices which commute with all
transvections are precisely scalar matrices. Deduce that the center Z(GL(n, F)) is
precisely {al,, | a € F*}.

2.7.15 Find a basis, and so also the dimension of the subspaces of R* generated by

the following subsets:

1 {(1,0,2,1),(2,1,3,2),(7,4,9,5), (1,5,6, 1)},

i) {(1,1,1,1),(1,0,2,3),(1,0,4,9), (1,0, 8,27)}.

2.7.16 Reduce the following matrices in to reduced row echelon form. Find the
bases of their row spaces, column spaces, and Null spaces. Find their rank, and the
nullities. Further, for each of the matrices A, find an invertible matrix P such that PA
is a reduced row echelon form of A.
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003-3-3 1111 123 4
243 3 1 0123 24 711
243 3 3 |’ 1 0-10{(" 1371425
1221 2 5132 4112550

123 4

56 78

9 1011 12

1314 15 16

2.7.17 Check if the following systems of linear equations are consistent, and if so
find their general solutions.

1.
X1 + 3x + 4x3 = 1.

2x1 — xp + x3 = 2.
4x; + x2 — x3 = 0.
8x1 — 3x + x3 = 3.

X1 + 2% + x3 + 2x4 + x5 = 2.
2x1 + 4xy + 3x3 + 3x4 + x5 = 8.
2x1 + 4xy + 4x3 + 2x4 + 2x5 = 8.
X1 + 2% 4+ 2x3 + x4 + 2x5 = 2.

dx; — 15x; — 2x3 — 32x4 = —40.
X1 — 2)62 — 3)64 = —4.
—3x; + 16x; + 3x3 + 38x4 = 46.
X1 — 6XQ — X3 — 14X4 = —17.

2.7.18 Find the value of a, if possible, for which the following system of linear
equations is consistent.

4x; — 15x — 2x3 — 32x4 = —40.

X1 — 2)62 — 3)64 = —4.
—3x; + 16x; + 3x3 + 38x4 = 46.
xp — 6x, — x3 — ldxy = a.

2.7.19 Check if the matrices in exercise 16 have LU decompositions and if so find
their LU decompositions.

2.7.20 Express each of the following symmetric matrices as PDP’, where P is a
nonsingular matrix, and D a diagonal matrix. Which of the matrices are expressible
as LDL', where L is a lower triangular matrix. Also express them, if possible, as LL',
where L is a lower triangular matrix.
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101 bt 012
1123

ort |, 1213 | 101

113 1132 210
123 4
267 8
371112
481216

2.7.21 Find the maximum number of arithmetic operations needed toreducea3 x 3
matrix into reduced row echelon form. Generalize it to n X n matrices.

2.7.22 Write a program in C-Language to check if a system of linear equations is
consistent, and if so to find a general solution.

2.7.23 Write a program in C-Language to check if a matrix A admits LU decom-
position, and if so to find it.

2.7.24 Write a program in C-Language to check if a symmetric matrix A admits LL'
decomposition, and if so to find it.



Chapter 3
Linear Transformations

This chapter centers around the study of linear transformations and their matrix
representations.

3.1 Definition and Examples

Definition 3.1.1 Let V| and V, be vector spaces over a field F. A map T from V,
to V, is called a linear transformation or a homomorphism if

T(ax + by) = aT(x) + bT(y)

foralla,b € F,and x,y € V.
A bijective linear transformation is called an isomorphism.

Proposition 3.1.2 Let T be a linear transformation from a vector space V| to a
vector space V. Then the following hold:

(i) T(O) = Oand
(ii) T(—x) = =T (x) forall x € V.
(iii) If Wy is a subspace of Vi, then T (Wy) is a subspace of V.
(iv) If W, is a subspace of Vs, then the inverse image T~ (W) of W, under T is a
subspace of V.

Proof (i) Since T is a linear transformation, 7(0) = TO-x + 0-y) =
0-T(x) +0-T(y) = 0.

i) 7T(—x) =T(=1-x +0-x) = (-)-Tx) +0-T(x) = -T(x).

(iii) Let W, be a subspace of V;. Then 0 € Wi, andso 0 = T(0) € W,. Let
Tx), T(y) € TW;), where x,y € W,. Since W; is a subspace,
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ax + by € Wi forall a,b € F. It follows that aT (x) + bT(y) = T(ax + by)
belongs to 7' (W). This shows that 7 (W)) is a subspace of V5.

(iv) Since 0 = T'(0) € W,, it follows that0 € T~'(W,). Letx, y € T~'(W,). Then
T(x), T(y) € W,. Since W, is a subspace, T (ax + by) = aT(x)+ bT(y) €
W, for all a, b € F. It follows that ax 4+ by € T~'(W>). This shows that 7~ (W,)
is a subspace of Wj. it

The inverse image T-1({0}) of the trivial subspace {0} under a linear transforma-
tion 7 is a subspace, called the null space of 7', and it is denoted by N (7). N(T) is
also called the kernel of T, and then it is denoted by ker T.

Proposition 3.1.3 A linear transformation T is injective if and only if N(T) = {0}.

Proof Suppose that T is injective, and x € N(T). Then T (x) = 0 = T(0). Since
T is assumed to be injective, x = 0. Hence N(T) = {0}. Suppose, conversely,
that N(T) = {0}. Suppose that 7(x) = T (y). Since T is a linear transformation,
Tx—y) = T(x)—T(y) = 0.Hencex —y € N(T) = {0},andsox = y.
Thus, T is injective. g

Example 3.1.4 Leta = (ay,as, az) be a vector in the Euclidean vector space R3
over R. Define a map T from R to itself by T(F) = 7 x a, where x is the vector
product in R3. Then T is a linear transformation (follows from the property of vector
product). The null space of T is givenby N(T) = {x | xxa = 0} = {aa | @ € R}
provided that @ # 0. What is the image of T ?

Example 3.1.5 Let F be a field. Let V. = F" and W = F™ be standard
vector spaces over the field F. Let T be a linear transformation from F”" to
F™. Let {ey,e3,--- ,e,} denote the standard basis of F". Let T(e;) = 7, =
(ai1, ai, -+ , ajy). Then T determines a matrix A = M (T) whose i;, row is 7;. It
is evident that T (x) = xM(T), where X is treated as a 1 x n matrix. Thus, a linear
transformation from F” to F™ is precisely multiplication by a n x m matrix from
right (note that elements of F" are considered as 1 x n matrices). The null space
N(T) is precisely the null space N(M(T)) of the corresponding matrix M (T).

Example 3.1.6 Let V be a vector space over a field F, and W a subspace of V.
Consider the quotient space V/W. The quotient map v from V to V/ W given by
v(x) = x + W is alinear transformation (follows from the definition of operations
on V/W). Clearly, v is surjective, and the null space N (v) is given by N(v) = {x €
V| x4+ W = v(x) = W} (note that the zero of V/W is the coset W). Since
x + W = W if and only if x € W, it follows that N(v) = W. In turn, it also
follows that every subspace of a vector space is null space of a linear transformation.

Example 3.1.7 Let g, denote the vector space of polynomials over the field R of
real numbers of degrees at most n. Let D denote the derivative. Thus,

D(ay+ a1 X +aX>+ - +a,X") = a1 +2a:X +3a3X*> + - + na, X" L.

Then D is a linear transformation (verify). The null space of D is space of constant
polynomials. Find its rank and nullity. Note that D is nilpotent. Indeed, D"*! is the
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zero linear transformation. Further, 7 + D is an isomorphism. In fact, I — D + D?*—
D3 4+ ... 4+ (=1)"D" is the inverse of I + D (verify).

Example 3.1.8 Let C*°(R) denote the vector space of real-valued functions on R
which are r-times continuously differentiable functions for all ». The Differential
operator D> — 3D + 2 from C*®(R) to itself given by

) dfX)

2 _ -
(D7 = 3D + 2)(f(X)) = X2 e

+ 21 (X).

is a linear transformation. The null space of this differential operator is precisely
{ae* + Be** | «, B € R} which is of dimension 2.

3.2 Isomorphism Theorems

Theorem 3.2.1 (Fundamental Theorem of Homomorphism). Let T be a linear
transformation from a vector space V over a field F to a vector space V' over
the same field F. Let W be a subspace of V. Then there exists a linear transforma-
tion T from V)W to V' such that Tov = T if and only if W C N(T). Also if such
a linear transformation exists, it is unique. Further, then T will be injective if and
only if W = N(T). Finally, T is an isomorphism if and only if T is surjective and
W = N().

Proof Suppose that there is a linear transformation T from V/W to V' such that
Tov = T.Letx € W.Thenx + W = W the zero of V/W. Now,

T(x) = Twx) = Tx+W) = T(W) = 0,

for T is a linear transformation. Thus, x € N (T). This shows that W C N(T).
Conversely, suppose that W C N(T)andx+W = y+ W.Thenx —y € W. Since
W C N(T), T(x —y) = 0. Since T is a linear transformation, 7(x) = T (y).
Thus, we have a map T from V/W to V' defined by T'(x + W) = T (x). Itis easily
observed that T is a linear transformation such that Tov = T. Further, if 7’ is
a linear transformation such that 7’ov = T. Then, T'(x + W) = T'(v(x)) =
(T'ov)(x) = T(x) = T(x+ W). This shows that 7" = T.

Next, suppose that such a T exists, and it is injective. Then already W € N(T).
Letx € N(T).Then T(x + W) = T(x) = 0 = T(W). Since T is supposed to
be injective, x + W = W, and so x € W. This shows that W = N(T).

Conversely, suppose that N(T) = W. Suppose that T(x + W) = T(y + W).
ThenT(x) = T(y).Hencex—y € N(T) = W.Thismeansthatx4+W = y+W.
This shows that T is injective. Finally, since Tov = T, T is surjective if and only
if T is surjective. it

Corollary 3.2.2 Let T from V to V' be a surjective linear transformation. Then
V/N(T)= V' f
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Theorem 3.2.3 (Noether Isomorphism Theorem). Let V| and V, be vector sub-
spaces of a vector space V over a field F. Then V| 4+ V,/V, is isomorphic to
Vi/Vi]Va.

Proof Define a map n from V) to Vi + V,/V, by n(x) = x + V,. Clearly, n is a
linear transformation. Any element of V| + V,/V; is of the form (x + y) + V,, where
x € Viandy € V,. But, then (x +y) + Vo = x + Vo = n(x). This shows that
is surjective. Further,

N =f{xeVilx+Vy, =WV} ={(xeVi|xeV) = Vi[ |V

The result follows from the fundamental theorem of homomorphism. it

Proposition 3.2.4 Let V and V' be vector spaces over a field F. Then,

(i) a linear transformation T from V to V' is surjective if and only if it takes a set
of generators to a set of generators.
(ii) a linear transformation T from V to V' is injective if and only if it takes a
linearly independent set to a linearly independent set.
(iii) a linear transformation T from V to V' is an isomorphism if and only if it takes
a basis to a basis.

Proof (i) Let T be a linear transformation. Since 7 (< § >) is a subspace containing
T(S), it follows that < T(S) >C T(< S >). Further, since image of linear com-
bination of members S is a linear combination of members of 7 (S5), it follows that
T(<S>)C<T(S) >.Thus < T(S) > = T(< S >). The result follows.

(ii) Let T be an injective linear transformation from V to V'. Let S be a linearly
independent subset of V. Let y; = T(x)),y» = T(x2),...,y, = T(x,) be
distinct elements of 7'(S). Since T is injective, x1, X3, .. ., X, are distinct elements
of S. Suppose that

arT(x) +oaT(x)+ - +aTx) = 0.
Since T is a linear transformation,
T(oix; +oxxy+ -+ +o,x.) = 0.
Since T is injective,
aypx; +oaxy + - +ax, = 0.

Since S is linearly independent, o; = 0 for all i. This shows that 7 (S) is linearly
independent. Conversely, suppose that 7' takes a linearly independent subset to a
linearly independent subset. Let x € V,x # 0. Then {x} is linearly independent,

and so {7 (x)} is linearly independent. Thus, 7 (x) # 0. This shows that T is injective.
(iii). Follows from (i) and (ii). it
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Corollary 3.2.5 Let V be a finite dimensional vector space over a field F, and

S = {x1,x2,...,x,} an ordered basis of V. Then a linear transformation T from V
to W is an isomorphism if and only if {T (x1), T (x2), ..., T(x,)} is an ordered basis
of W. f

Proposition 3.2.6 Let V and W be vector spaces over a field F. Let S be a basis of
V. Then any map f from S to W has a unique extension to a linear transformation Ty
from V to W. More precisely, we have a bijective map n from the set Homp(V, W)
of all linear transformations from V to W to the set Map(S, W) of all maps from S
toW givenbyn(T) = T/S.

Proof Let f be amap from S to W. Since S is a basis of V, every nonzero element
x € V has a unique representation as

X = ax; + axxy + -0+ Xy,

where x{, x», ..., x, are distinct elements of S, and all «; are nonzero. Thus, we have
amap T defined by

T(oyx; + azxy + -+ + ax,) = arf(x) + oof(x2) + -+ + o f(x).

Clearly, T extends f, and it is a linear transformation. If 7’ is also a linear transfor-
mation which extends f, then

T'(oxi+---+ax) = T’ x)+-+a,T'(x) =
a fx) +---+o fx) = T(ax; +---+ax).

Hence T = T'. it

Remark 3.2.7 The above proposition says that two linear transformations are same
if and only if they agree on a basis.

Corollary 3.2.8 Any two finite dimensional vector spaces are isomorphic if and only
if they are of same dimension. In particular, any n dimensional vector space over F
is isomorphic to the standard vector space F".

Proof Suppose that V and W are isomorphic, and 7 is an isomorphism from V to
W.Then T, by the Corollary 3.2.5, takes an ordered basis to an ordered basis. Hence
dimV = dimW. Conversely, suppose that dimV = dimW. Then there is a
bijective map from a basis of V to a basis of W which can be extended to a linear
transformation taking a basis to a basis. Thus, this extended linear transformation is
an isomorphism. i

Corollary 3.2.9 Let V and W be vector spaces of dimensions n and m, respectively,
over a field F containing q elements. Then the number of linear transformations
from 'V to W is (¢g™)".
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Proof Since dimension of W is m, and F contains g elements, W contains g™
elements. A basis of V contains n elements. It follows from above results that there
are as many linear transformation from V to W as many maps from a basis of V to
w. it

Proposition 3.2.10 Let V and W be finite-dimensional vector spaces of same dimen-
sion (in particular V- may be same as W). Let T be a linear transformation from V
to W. Then,

(ii) T is an isomorphism if and only if it is surjective.

Proof (1) If T is an isomorphism, then it is bijective, and so it is injective also. Con-

versely, suppose that 7" is injective. Let {x|, x», . .., x,,} be an ordered basis of V. Then
itislinearly independent also. By the Proposition 3.2.4(ii), {7 (x1), T (x2), ..., T (x,)}
is an ordered linearly independent subset of W. Since n = DimV = DimW,

{T(x1), T(x2),...,T(x,)}1s a basis of W. By the Proposition 3.2.4(iii), it follows
that 7 is an isomorphism.
(ii) Again, if 7 is an isomorphism, then it is bijective, and so it is surjec-

tive. Suppose that 7T is surjective, and {x[, x2, ..., x,} is an ordered basis. Since
T is surjective, {T(x1), T(x2),..., T(x,)} is an ordered set of generators. Since
n = DimV = DimW, {T(xy),T(x2),...,T(x,)}is an ordered basis. By the
Proposition 3.2.4(iii), T is an isomorphism. it

Let V be a vector space over a field F'. An isomorphism from V to itself is called
an automorphism of V. The set of all automorphisms of V is denoted by GL(V).
Some times it is also denoted by Aut(V). GL(V) is a group with respect to the
composition of maps. This group is called the general linear group on V.

Proposition 3.2.11 Let V be a vector space of dimension n over a field F, and B(V)
the set of all ordered bases of V. Let {x1, x2, ..., x,} be a fixed member of B(V).
Then we have a bijective map n from GL(V) to B(V) defined by

n(T) = {T(x1), T(x2), ..., T(xn)}

Proof Since an isomorphism takes an ordered basis to an ordered basis, 1 is indeed a
map from GL (V) to B(V). Since alinear transformation is uniquely determined by its

effect on an ordered basis, 7 is injective. Also given an ordered basis {y;, y2, . .., ¥u}
of V, the map x; ~~ y;, xo ~ y2, ..., x, ~> y, can be extended to automorphism 7
of V suchthat n(T) = {y1,y2,..., Yn}- it

The following corollary follows from the above proposition and the Proposition
1.4.19.

Corollary 3.2.12 Let V be a vector space of dimension n over a field F containing
q elements. Then the group GL(V) is finite of order

G@" -G " —q) (" —q"". f
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3.3 Space of Linear Transformations, Dual Spaces

Let V and W be vector spaces over a field F. Let Hom(V, W) denote the set of
all linear transformations from V to W. Let f, g € Homp(V, W). Define f + g by
(f+9x) = f(x)+ g(x). It can be easily verified that f + g € Homp(V, W).
This defines an operation 4+ on Hom (V, W). It is easily seen that Hom p(V, W) is
an abelian group with respect to the addition +. Let f € Homp(V, W),and o € F.
We define af by («f)(x) = o - f(x). Then, af also belongs to Homg(V, W).
This defines a multiplication by scalars on Hom p(V, W). Indeed, Homp(V, W) is
a vector space over F under these operations (verify). In particular, End (V) is also a
vector space over F. In fact, End(V) is an algebra, the internal multiplication being
the composition of maps.

Theorem 3.3.1 Let V and W be finite-dimensional vector spaces over a field F.
Then

dimHomp(V,W) = dimV -dimW.

Proof SupposethatdimV = nanddimW = m.Let{x], x5, ..., x,} beanordered
basis of V, and {yi, y2, ..., Y} an ordered basis of W. Fix a pair (i, j), 1 <i <
n, 1 < j < m.Since every map from a basis of a vector space to a vector space can be
extended uniquely to a linear transformation, we have a unique 7;; € Homp(V, W)
whose restriction to the basis {xi, x, ..., x,} is given by T;;(x;) = y;, and for
k#i,T;j(xy) = 0.Weshowthat B = {T;; | 1 <i <n,1 < j <m}isabasis of
Homp(V,W).LetT € Homp(V, W). Then T (x;) € W. Since {y;, y2,...Vn}isa
basis of W,

T(xi) = 27 )y,
foruniquea;; € F, 1 < j <m, 1 <i < n.Itfollows that the linear transformations
T and %; jo;; T;; agree on each x;, and so they agree on a basis. This means that
T = % ;a;;T;;j. Thus, B is a set of generators for Homp(V, W).
Next, we show that B is linearly independent. Suppose that
Ei,jajiTij = 0.
Then
(%, jojiTij)(xx) = Oforall k.

Hence,

i ja;iTi;(xx) = 0forall k.
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Thus,
Y ajky; = 0 forall k.

Since {y1, y2, ..., ym} is linearly independent, o jx = O forall j, k. This shows that
B is linearly independent, and so it is a basis of Homp(V, W). Further, it follows
that

dimHomp(V,W) = n-m = dimV -dimW. it

Definition 3.3.2 Let V be a vector space over a field F. Treat F' as a vector space
over F. The members of Homg(V, F) are called the linear functionals on V. The
vector space Homp(V, F), denoted by V*, is called the dual space of V.

If V is finite dimensional, then dimV* = dimHom(V, F) = dimV -dimF =
dimV . Thus V and V* have same dimensions, and so they are isomorphic as vector
spaces. This is not true for infinite-dimensional spaces. For example, the vector space
R of real numbers over Q is of infinite dimension, and it has a basis whose cardinality
is the same as the cardinality of R. Thus, the cardinality of R* is the same as that of
the set QF of all maps from R to Q. Clearly, there is no bijective map from R to QF,
and so R and R* are not isomorphic as vector spaces over Q.

Definition 3.3.3 Let V and W be vector spaces over a field F. Let T be a linear
transformation from V to W. Define a map 7' from W* to V* by T'(f) = foT.
Then T is a linear transformation(verify), and it is called the Transpose of 7.

Proposition 3.3.4 Let V,, V, and V5 be vector spaces overafield F. Let Ty : Vi —>
Vo and T, : Vo —> V3 be linear transformations. Then,

(TroT))' = TI’OTZI.
Proof (T>oTy)' is a linear transformation from V5 to V}* given by

(LT (f) = fo(ThoTy) = (fol)oTy = T,(f)oTy = T{(T;(f)) =
(T{oT)(f)
forall f € V3. .

Let V be a vector space over a field F. The dual (V*)* of V* is called the
double dual of V, and it is denoted by V**. Let x € V. Define a map x** from
V*to F by

X = .

It can be checked easily that x** is a linear functional on V*. Thus x** € V**. This
gives us a map x ~» x** from V to V**.
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Proposition 3.3.5 Let V be a vector space over a field F. Then the map x ~» x**
from V to V** is an injective homomorphism. If V is finite dimensional, then it is
also an isomorphism.

Proof

(ax +By)'(f) = flax+By) = af () +Bf () = ax™(f) + By™(f)

forall f € V*. Thus, (ax+By)*™ = ax™ -+ By**, and sothe map x ~~» x** is alinear
transformation. To show that this is injective, it is sufficient to show that x** = 0
implies that x = 0. Suppose that x # 0. Then {x}, being linearly independent, can
be enlarged to a basis of V. We have a map from this basis to ¥ which is 1 on x and
zero at all other members of the basis. This can be extended to a linear functional f
of V whichis 1 at x. Thus, x*™*(f) = f(x) = 1#0.

Finally, if V is finite dimensional, then DimV = DimV* = DimV™*. Hence
any injective linear transformation, in particular x ~» x**, is an isomorphism. it

Remark 3.3.6 A vector space is said to be reflexive if the map x ~» x* is an
isomorphism from V to V**. Thus, every finite-dimensional vector space is reflexive.
Clearly, the vector space R over Q is not reflexive.

‘We know that every finite-dimensional vector space is isomorphic to its dual(being
of same dimension). The question is whether we have a natural isomorphism. More
precisely, do we have isomorphisms fy from V to V* for all vector spaces V such
that given a linear transformation 7 from V to W the following diagram commutes.

v v .V
A
T T
‘ .
- Tw -

Y

The answer to this question is in negative. Suppose that we have a family,
{fv:V — V*| Visavector space over F}.

of isomorphisms. Let V be a one-dimensional vector space with {x} as a basis,
x # 0. Define a linear functional x* € V* by x*(a¢x) = «. Then x* # 0. Since
V* is also one dimensional, {x*} is a basis of V*. Hence there is a A € F such that
fv(x) = Ax*.Takea u € F such that u? # 1. Define a linear transformation T on
Vby T(x) = px. Then,
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(T'ofyoT)(x) = T'(fv(T(x))) = T'(pux*) = rux*oT.
Also, fy(x) = Ax*. Now
(ux*oT)(x) = iux*(T(x)) = Apx*(ux) = Ap’x*(x) = ap?
and fy(x)(x) = Ax*(x) = . Since w? # 1, fv # T'ofyoT. Thus, the above
diagram is not commutative.

However, the following result says that every finite dimensional-vector space is
naturally isomorphic to its double dual.

Proposition 3.3.7 The family
{fv:V — V*| Vis finite dimensional, fy(x) = x™}
defines natural isomorphisms from finite-dimensional vector spaces to its double

duals in the sense that given any linear transformation T : V. — W, the following
diagram is commutative.

Vv fV . V**

T (Tt)t
Y 4
- fw e

Proof We have already seen that fy defined above is an isomorphism. Let x € V.
Then

(fwoT)(x) = fw(T(x)) = T(x)".
Also,
(THofv)(x) = (T (x™) = x*oT".
Now,
T(x)"(g) = g(T(x))
for all x € V. Further,

(x*oT")(g) = x™(T"(g)) = x™(goT) = (goT)(x) = g(T(x))
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for all x € V. This shows that T (x)* = x*oT’ for all x € V. Hence fyoT =
(T ofy. g

Definition 3.3.8 Let V be a vector space over a field F. Let {ef, ez, ..., e,} bea
basis of V. Consider F' as a vector space over F' with {1} as a basis. Fixi, 1 <i < n.
Define a linear functional e} on V by

. | lifj=i
¢i(ej) = 0 otherwise
Then as in Theorem 3.3.1, {e7, €3, ..., e;} is a basis of V* called a dual basis which
is dual to {ey, €3, ..., e,}.
Let V and W be vector spaces over a field F. Let {x{, x2, ..., x,} be abasisof V,

and {y1, y2, ..., yn} be a basis of W. Let {x],x3,...,x,} and {y], y5,..., y} be
corresponding dual bases. Let 7 be a linear transformation from V to W. Suppose
that

T(.X,') = E;nzl()ljiyj.

Now, T'(y;) = y;oT, and

(ypoT)(xi) = yi(T (x)) = yi (B a;iy))
=200y (y) = ki = o[ (%),

Thus,

T'(i) = Tl eux].

This gives us an expression for 77 in terms of dual bases provided we know the
expression for 7' in terms of the given bases.

3.4 Rank and Nullity

Definition 3.4.1 Let V and W be vector spaces of finite dimensions over a field F'.
Let T be a linear transformation from V to W. The dimension of the image 7 (V)
is called the rank of 7', and it is denoted by r (7). The dimension of the null space
N(T) of T is called the nullity of 7', and it is denoted by n(T).

Thus, T is injective if and only if n(T) = 0, and T is surjective if and only if
r(T) = dim(W).

Theorem 3.4.2 Let V and W be vector spaces of finite dimensions over a field F.
Let T be a linear transformation from V to W. Then,

r(T) + n(T) = dim(V).
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Proof From the fundamental theorem of homomorphism 7' (V) is isomorphic to
V/N(T). Alsodim(V/N(T)) = dim(V) — dimN(T). Hence

r(T) = dim(T(V)) =dimV/N(T) = dimV — dim(N(T)) =
dimV — n(T). it

Proposition 3.4.3 LetT, : V| — VyandT, : V, —> V3 be linear transformations
between finite-dimensional spaces over a field F. Then
r(ToTh) = min(r(T2), r(Th)).
Proof Since T,(T1 (V1)) is a subspace of T5(V>),
r(hoT) = dim(To,(T\(V1))) < dimTr(V2) = r(T2).

Next, it follows from the above proposition that

dimT,(T\(V1)) = dimTy (V1) — n(T2/T\(V1)) =dimTy(Vy) = r(Th). &
Corollary 3.4.4 Under the hypothesis of the above proposition, if T\ is an isomor-
phism, thenr(T,oT)) = r(T3), andif T, is an isomorphism, thenr (T,0T,) = r(T).

Proof Suppose that T} is an isomorphism. Then from the previous proposition, it
follows that

r(T) = r(ToTioT, ") < r(ToTy) < r(Ty).

Thus, r(T2) = r(T20T). The rest of the assertion follows similarly. it

Corollary3.4.5 Let T : V —> W be a linear transformation between finite-
dimensional vector spaces over a field F. Then

r(T) = r(T".

Proof From Proposition 3.3.7, we have fywoT = (T")'ofy. Since fy and fy are
isomorphisms, from the previous proposition, it follows that

r(T) = r(fwoT) = r((T"' ofy) = r(T)". f

Corollary 3.4.6 Let T : V. —> W be a linear transformation between finite-
dimensional vector spaces over a field F. Then

r(T) = r(T".
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Proof Let r = r(T). Let {y; = T(x1),y2 = T(x2), -,y = T(x,)} be
a basis of 7T (V). Enlarge the linearly independent subset {y;, y»,...,y,} to a
basis {y1, y2, -+, Vr» Vr+1s - --» Ym} of W. Consider the corresponding dual basis
{yl*,yg,...,yr*,y:H, ...,y of W.Then yi(y;) = Oforalli <rands >r + 1.
This means that y;(7(V)) = {0} foralls > r+ 1. Thus, T"(y}) = yroT = 0for
alls > r+1. This shows that 7 (W) is generated by {T" (y7), T"(33), ..., T*(y)}. 1t
follows that r(T*) < r(T). In turn, r (T")") < r(T") < r(T). Already by Corollary
345, r(T) = r((T")").Hence r(T) = r(T"). it

3.5 Matrix Representations of Linear Transformations

Let V; and V, be vector spaces of dimensions m and n respectively over a field F'.
Let {x1, x2, ... x,]} be a basis of Vi, and {y;, y», ..., y,} a basis of V,. We have a
map M3 from Homp(Vy, Va) to My, (F) defined by

M (D) = lail,
where

T()Cj) = El.”:laijyi.

This map M3, 3273 is called the matrix representation map of linear transfor-

mations with respect to bases {xi, x2, ..., x5} and {y;, y2,...y,} of V| and V>,
respectively.
Suppose that
MRS (1) = My (T = lagg).
Then
T(x) = X a;yi = T'(x))
for each j. But, then the effect of 7" and 7’ are same on the basis {x;, x2, ..., X, }.

.....

lai;] € M, (F), there is a unique linear transformation 7 from V; to V, whose effect
on the basis {x1, x2, ..., x;,} is given by

T(Xj) = Zleaijyi.

Clearly, M523 %0 (T) = [a;;]. Thus, My 277" is a bijective map. Let Ty, 75 be
members of Homp(Vy, V), and a, b € F. Suppose that My, 3% (T)) = [a;j]
and M;;:;zz,’::)ﬁ: (1) = [b,j] Then T (x_,-) = Eleaijyi and TQ(X]‘) = Eln:lbijyi.
But, then
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(aTy + sz)(Xj) = Ein:] (aaij + bb,‘]‘)y,‘ .
Hence

M2 (aTy + bTh) = alai;] + blbi] =
aMXvY2eIn (Tl) + bMY:Y2In (Tz)-

X15X25ueey Xm X15X250003Xm

This proves the following proposition.
Proposition 3.5.1 The matrix representation map M3 323" from Homp(Vy, Va)
to M,,,,,(F) with respect to bases {x\, X2, ..., X} of Vi and {y1, y2, ..., yn} of V2 is

a vector space isomorphism. it
Next, let V] be a vector space with a basis {x, x2, ..., x,;,}, V2 avector space with
a basis {y1, ¥2, ..., ¥}, and V3 a vector space with a basis {zi, 22, ..., z,} all over

the same field F. Let T} : Vi, —> Vs and T, : V, —> V3 be linear transformations
givenby T1(x;) = = a;;y; and Tr(y;) = E!_ byizy. Then

(hoT))(x)) = T(Z ay) = i ,a;T(i) = T aij S0 bz =

P n P
X (Bl buaijze = Tp_ ckjzks
where ¢;; = X[_,bya;;. Thus,

Mt (ToTy) = lew) = [billay] = My ()M (Th).
This shows that the matrix representation map with respect to fixed choice of bases
preserves product also. In particular, we have the following proposition.

Proposition 3.5.2 Let V be avector space of dimension n over a field F with a basis
{x1,x2,...,x,}. Then M ;‘Iljfz’;‘” is an isomorphism from the algebra Endp (V) of

endomorphisms of V to the algeZJra M, (F) of n X n matrices with entries in F. f

Corollary 3.5.3 Let T € Endp(V) and {xi,x3,...,x,} a basis of V. Then
Mz induces an isomorphism from GL(V) to GL(n, F).

X15X25000y

Proof GL(V) is the group of units of Endp(V) and GL(n, F) is that of M, (F).
The result follows from the above proposition if we observe that an isomorphism
between algebras induces isomorphisms between their group of units. il

The following corollary is consequence of the above corollary and the Corollary
3.2.12.

Corollary 3.5.4 Let F, denote a finite field with q elements. Then the order of the
group (the number of nonsingular n x n matrices) GL(n, F,) is

G@" -G " —q) (" —q"". f
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Corollary 3.5.5 Let V| and V, vector spaces over a field F of same dimension n.
Let {x1, X2, ..., x,} be a basis of V\ and {y1, y2, ..., Y»} that of V,. Then a linear
transformation T from V| to Vs, is an isomorphism if and only if M3, 32 (T) is
invertible n x n matrix. Also if T exists, then

(Myl’yz’my”(T))_l — Mxl,xz AAAAA Xn (T_l).

X13X25 000X, V1:Y25e5¥n

Proof Clearly,

Mxl.xz ..... X”(IV]) — In = M'vl’yz:::j,‘:(IVZ)'

X15X25000 Xn Vi, Y2

Further, since

MX]’XZ'"";’:(T,OT) — Mxl,xz ..... ;:(T/)'Myl'yz""‘)%:(T),

X15X25000s V1sY2seees X15X25000

and

V1,Y2,-e¥n ! _ Vi, Y2seesVn . X1:X2,.u0s Xn /
Mynl.yz ..... Yn (ToT) = Mxl,Xz ..... Xn (T) Myl,yz ..... Yn ()
for all linear transformations 7" from V; to V,, and all linear transformations 7’ from
V, to Vi, the result follows. Evidently, if T ! exists, then
(MYI-)'z,-w)'Cnn(T))fl — Mxl,xz,....;c: (Tfl). ﬁ

X13X25000y V1sY2seees

In particular, we have the following corollary.

Corollary 3.5.6 Let V be a vector space of dimension n. Let {x1, X2, ..., X,} and
(Y1, Y2, ..., Yu} be bases of V. Then M} 323" (Iy) is invertible, and its inverse is
M.X],Xz ..... ;,l (IV)~ ﬁ

V1sY2seees 4

{x1, X2, ..., X} to the basis {y1, y2, ..., yu}. Thus, M3 373" (Iy) = [a;;], where
.Xj = E;’Zlaijy,-.

Example 3.5.7 DefineamapT : R? — R?by T ((a, b, c)) = (a+b+c,a—b+c).
Then T is alinear transformation (verify). Letx; = (1,1, 1), xo = (1,2, 1), x3 =
(1,2,0), y1 = (1,2),and yo» = (1, 1). Suppose that a;x; + axx, + azxz =
(0,0,0). Thena; +ar+az = 0, a;+2a+2a; = 0,anda;+a, = 0.Solving we
getthata; = ap = a3 = 0. This shows that {x}, x,, x3} is linearly independent.
Since dimension of R? is 3, it follows that {x;, x3, x3} is a basis of R3. Similarly,
{y1, 2} is a basis of R*. Now, suppose that M3, 37 +,(T) = [a;;]. Then (3,1) =
T((1,1,1)) = T(x1) = anyr +axny: = (a1 + az, 2a11 + az). This shows
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thata;; +ap; = 3and 2a;; +ax; = 1. Solving, we getthata;; = —2, a; = 5.
Similarly, looking at T (x,) and T (x3), we find thata;, = —4, a» = 8, a;3 = —4,
and ay; = 7. Thus,

X1,X2,X3

244
Y, )2 —
M (T)—[s 8 7]

3.6 Effect of Change of Bases on Matrix Representation

Proposition 3.6.1 Matrix representations of a linear transformation with respect to
different pair of bases are equivalent to each other. Conversely, if A and B arem x n
matrices which are equivalent, then they represent same linear transformation with
respect to a suitable pair of bases.

Proof Let V| and V, be vector spaces over a field F of dimensions m and n, respec-
tively. Let T from V| to V, be a linear transformation. Let {x;, x2, ..., x,,} and
{x},x5,...,x,} be bases of Vj, and {y1, y2, ..., y»} and {y], ¥}, ..., y,} be those
of V,.Since T = Iy,0T oly,, and matrix representation preserves product, we have

M2 (T = M2 () MU (T) M3 Iy ).

X1, xzwu,xm .....

By the Corollary 3.5.6, M;,l ;2) (Iy,) and Mf]‘ ;C,xm (Iy,) are nonsingular. This
shows that the two matrix representations are equivalent. Conversely, let A = [a;;]
and B = [b;;] be n x m matrices which are equivalent. Let P be n x n nonsingular
matrix, and Q am x m nonsingular matrix suchthat A = PBQ.Let{xy, x2, - - - x;,}

be a basis of V; and {y, y2, ..., y,} a basis of V,. Define T from V, to V, by

T()Cj) = El-"zla,»jy,-.

Let P = [uy]and Q = [v;]. Take y; = Ej_ iy, and x; = EjL v;x.

Since P and Q are invertible {yl, Y5, ..., y,} s a basis of Vz, and {x{,x}, ..., x,

is a basis of V;. Also M;l‘ ‘yj"";i”(IVZ) = P and Mfl‘ jf; ,,,,, N "(ly,) = Q.But, then
Vi Voo

My sy (D) = PAQ = f

Since every matrix is equivalent to a matrix in normal form, we have the following
corollary.

Corollary 3.6.2 Let T be a linear transformation from V| to V,. Then there exists
abasis {x1,x2, ..., Xn} of V1, {¥1, Y2, ..., Y} Of Vo, and r < (min(m, n) such that
T(x;) = yiforalli <r,and T(x;) = Oforalli > r. it

Recall that two square n x n matrices A and B are said to be similar if there is a
nonsingular n x n matrix P such that PAP~! = B.
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Corollary 3.6.3 Let V be a vector space of dimension n over a field F. Let

{x1,x2, ..., x,} and {x{,x}, ..., x,} be bases of V. Let T be an endomorphism

of V. Then M;‘I‘;‘ZZ;‘" (T) is similar to Mj:l‘;:z);’(T) Conversely, if A and B are

n X n similar matrices, then there are bases {x\, xa, ..., x,}and {x|, x5, ..., x},}, and

a linear transformation T such that M}}>(T) = A and M (T) = B.
15X25005Xp X[, Xy,

Proof The result follows from the Corollary 3.5.5 (look at its proof), if we observe

that the inverse of My 727y (Iy) is Mf]‘;j _______ j: (Iy). i

Example 3.6.4 Consider the usual vector space R® over R. Consider the bases
{xl, XQ,X3} and {yl, Y2, yg} of RB, where X1 = (1, 1, 1), Xy = (1, 2,4), X3 =
(1,3,9), yi1 = (1,2,4), y» = (1,3,9),and y; = (1,4, 16) (verify that these
are bases). Let T be a linear transformation such that

110
M) = |0 21
113

Suppose that M3, 3733 (Igs) = [a;;). Then,x; = Igs(x1) = ayyi +azy2+az ys.
Hence | = ay;+az +as;, 1 = 2ay1+3ax+4a3;, 1 = 4ay1+9a3; 4 16a3;. Solving
a;y = 3, ayy = —3, a3 = 1. Similarly, looking at the representations of x, and
x3 in terms of y, y, and ys3, we find thata;; = 1, ap = 0 = a3y = a3 = ass,
and ay; = I.ThllS,

310
M) = | =3 01
1 00
Similarly,
00 1
M;‘;;}X,Zz;;fj(lm) = 1 0 -3
01 3

It follows that the above two matrices are similar. Further,

M,VI-YZJ’J(T) — M}'ly)’zym(1R3)MX1,XM3(T)Mxlyxz»ﬂ(IRS).

Y1.¥2,¥3 X1,X2,X3 X1,X2,X3 Vi:¥2,¥3

Substituting the values and multiplying we obtain that

51 -9
MSm = | 23 13
1 0 -2



90 3 Linear Transformations

Proposition 3.6.5 Let Vi and V, be vector spaces over afield F. Let {x, x3, . . ., X, }
be a basis of Vi and {y1, y2, ... Y} a basis of V,. Let
{x7, x5, ....x;} and {y],y5, ..., ¥y} be corresponding dual bases of V| and V;

respectively. Let T be a linear transformation from Vi to V. Then

(Myl,yz ..... )%}:I(T))t — MXI',XE,...,X,T(TI).

X1,X2500ns VY3 Vi
Proof Let

M) = Lay)
Then

T(x;) = X", aiy.
Suppose that

T'(yi) = T_bjx;.
By the definition 77 (y;) = yjoT.Hence

(ioT)(x)) = Xi_bjrx}(x)

ie.,
yi(T(x)) = by.
Now
(T ) = yi(Elany) = Zilauy;(vi) = au.
This shows that [a;;]" = [bj;]. ft
Exercises

3.6.1 Let F be a field. Show that the vector space F" is isomorphic to the vector
space F™ ifand only if n = m.

3.6.2 Define a map 7 from R? to R? by T((x,y,2)) = (x —y,y — z,
z — x). Show that T is a linear transformation. Find its matrix representation
with respect to the standard bases. Also find its matrix representation with respect
to the basis {(1, 1, 1), (1, 2, 3), (1,4, 9)} of the domain, and the basis {(1, 1, 0),
0,1, 1), (1,0, 1)} of the range. Show that T (R?) is the subspace of R3 represented
by the plane x + y + z = 0. What is N(7)? Find the rank and the nullity of 7.
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3.6.3 Leta = (a1, az, az) be a fixed vector in R?. Define a map 7 from R3toR by
T(r) = 7 -a (scalar product)

Show that T is a linear transformation. Interpret the kernel of T if @ # 0. Find its
matrix representation with respect to the standard bases. What is the rank, and what
is the nullity of 7.

3.6.4 Consider the subspace W = {(la,ma,na) | (I,m,n) # 0 and a € R} of
R3. Show that the quotient space R?/ W is isomorphic to the subspace represented
by the plane [x +my +nz = 0.

3.6.5 Let f be a linear functional on R3. Show that there is a vector @ in R? such
that f(7) = 7 - a (the scalar product).

3.6.6 Determine a linear transformation from R? to R? whose kernel is [x + my +
nz = 0.

3.6.7 Fine the number of linear transformations on a vector space V of dimension
n over a field F, containing g elements.

3.6.8 Let V be a vector space of dimension n over a field F. Let {x, x»,...,x,} bea
basis of V. Let T} and 75 be linear transformations on V. Show that Tj0T, — T,0T] is
also alinear transformation on V. Show that (x}o(T 0T, — Tr0T1))(x;) = Oforalli.
Deduce that Ti0T, — T,oT) can never be the identity map.

3.6.9 LetT bealinear transformation on V. Letus call 7' a nilpotent endomorphism
if 7" = 0 for some m. Suppose that T is nilpotent. Show that Iy + T is an
automorphism of V. Find the inverse of Iy + T if 7" = 0.

3.6.10 LetT € End(V) = Homp(V, V). Let f(X) € F[X]. Define an element
f(T) € End(V) by

f(T) = aoI + a]T + -+ ame,

where f(X) = ag+ a1 X +aX>+ - an, X". Suppose that V is finite dimensional.
Show that there is a nonzero polynomial f(X) € F[X] such that f(T) = 0.
Hint. If dimV = n,thendimEndV = n? andso {Iy, T, T2, ..., T"}is linearly
dependent.

3.6.11 Show that End(V) is a F[X] module with respect to the external operation
-givenby f(X)-v = f(T)(v).

3.6.12 LetT : R? — R?bealinear transformation which preserves angle between
vectors in the sense that if P and Q are points in R?, then the angle between O P and
O Q, where O is origin, is the same as the angle between OT (P) and OT (Q). Show
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that either T is a reflection about a line passing through origin, or it is a rotation in
the plane through an angle o

Hint. Suppose that there is a point P different from the origin such that 7(P) = P.
Then show that T = I, or it is a reflection about the line passing through O and P.
Next, if T fixes no point other that O, then show that 7 ((1,0)) = (cosc, sina) for
some «, and then show that 7' ((x, y)) = (xcosa + ysina, —xsino + ycosa).

3.6.13 Show that any angle preserving endomorphism of IR? is either a rotation about
a fixed axis, or a reflection about a plane passing through origin.

3.6.14 Let g, denote the vector space of polynomials over the field R real numbers
of degrees at most n. Define a map T from g, to itself by

T(ag+a X +aX>+ -4+ a, X") = a1 +2wX +3a3X*> + - + na, X" .

Show that T is a linear transformation. Find its rank and nullity. Is 7 invertible?

3.6.15 Let C*°(R) denote the vector space of real-valued functions on R which are
r-times continuously differentiable functions for all . Define a linear transformation
D?> — 2D + 1 from C*®(R) to itself by

CFX) L dfX)

2 _ -
(D7 = 2D + DUFX) = —— e

+ f(X).

Find the nullity of D> — 2D + 1, and also a basis of the kernel.

3.6.16 Let V be a vector space of dimension m over a field F; of order g, and W
a vector space of dimension n over Fj. Suppose that m < n. Find the number of
injective linear transformations from V to W.

3.6.17 Suppose that m > n in the above exercise. Find the number of surjective
linear transformations from V to W.

3.6.18 Let V be a vector space of dimension n over a field F. Let {e}, 2, ..., €,}
be an ordered basis of V. Let p be a permutation in S,. Then we have a map T,
from the ordered basis {ej, ez, ..., ¢e,} to V given by T,,(¢;) = epi). Show that
p ~» T, defines an injective homomorphism from S, to the group GL(V) of all
automorphisms of V. Deduce that every group of order  is isomorphic to a subgroup
of GL(V).

3.6.19 Let V be afinite-dimensional vector space over afield F.LetT, S € End(V)
such that SoT = Iy (ToS = I,). Show that ToS = Iy (SoT = Iy).

3.6.20 Show by means of an example that the above result is not true for infinite-
dimensional spaces.

Hint. Let V be the vector space of all real-valued continuous functions on [1, co)
over the field R of real numbers. Consider the map 7' given by



3.6 Effect of Change of Bases on Matrix Representation 93

T(F)x) = /l FO)dy.

Use the fundamental theorem of integral calculus.

3.6.21 Let V be a vector space of dimension n over a field F, and T be an element
of the center of Endy. Then T = «ly forsome o € F.

Proof Let x € V,x # 0. We show that there is a A, € F such that T(x) = X,x.
Suppose not. Then {x, T'(x)} is linearly independent, and so it can be embedded
in a basis {x, T (x), x3, - - - x,,} of V. Define a linear transformation § by S(x) =
x,85(T(x)) = 0,and S(x;) = O foralli > 3. Then ST(x) = 0, where
as TS(x) = T(x) # 0. Thus, for all x € V there exists a A, € F such that
T(x) = Ayx.Now,weshowthatA, = A,, x # 0 # y.Supposethati, # A,.Then
Ar—y(x—=y) = T(x—y) = Ax —A,y.But,then (A, —A,_))x = (A —Ac_y)y.
Since Ay # Ay, {x,y} is linearly independent. Hence A, = A,_, = A,. This
shows that T = Aly for some A. ft

3.6.22 Let V be a vector space of dimension n over a field F. Let T be a linear
transformation on V which commutes with each element of the group GL (V). Then
T = aly forsome o € F. In particular, Z(GL(V)) = {aly | @ € F*}.

Proof We again show that for each x € V, there is an element A, € F such that
T(x) = A,x. The rest will follow as in the above exercise. Suppose that there is a
x € V,x # 0 for which there is no A € F such that 7(x) = Ax. Then {x, T (x)}
is linearly independent, and so it can be embedded in a basis {x, 7' (x), x3, ... x,} of
V. Let S be a linear transformation defined by S(x) = x, S(T(x)) = —T(x),and
S(x;) = x;foralli. Then, since S takes a basis to a basis, itis an element of GL(V).
Further, TS(x) = T(x) whereas ST(x) = —T(x).Since T(x) #0,TS # ST. ¢

3.6.23 Let V beafinite -dimensional vector space over afield F. Let I" be a nontrivial
subspace of Endp (V) such that ToS and SoT belong to I" for all S € End(V) and
T e I'.ThenI" = End(V) (in the language of ring theory, this is expressed by
saying that the ring End (V') has no proper two-sided ideals).

Proof Let T be a nonzero linear transformation in I'. Let {x;, x5, ..., x,,} be a basis
of V. Since T # 0, T(x;) # 0 for some i. Without any loss of generality, we
may assume that 7'(x;) # 0. Take any i. There is a linear transformation S such that
S(T(x1)) = x; (embedded {T (x)}into abasis). Thereis also a linear transformation
S” such that §'(x;) = x; and §'(x;) = Oforall j > 1. Thus, STS' (x1) = x;,
and STS'(x;) = O forall j > 2. Hence STS" = Ty;. By the hypothesis,
Ty e '.Also Tj; = T;Tj; € I forall j. Thus, I' is a subspace of Endg(V)
containing all T};. Since {T};, 1 <i <n,1 < j < n}is a basis of the vector space
Endp(V),I' = Endp(V). i

3.6.24 Let V be a finite-dimensional vector space over F. Show that GL(V) gen-
erates Endp (V) as a vector space.
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3.6.25 Let T € Endr(V) be such that 7> = T, where V is finite dimensional
(such a transformation is called idempotent). Show that every element x of V can be
uniquely expressedasx = y + z,where T(y) = Oand T (z) = z.

3.6.26 Let T € Endp(V) be nilpotent, and f(X) € F[X]. Show that f(T) is an
automorphism of V if and only if f(X) has a nonzero constant term.

3.6.27 LetT € Endp(V),anddim(V) = n.Show that there is a monic polynomial
f(X) such that f(T) = 0. Smallest degree such a monic polynomial is called the
minimum polynomial of 7. Show that T is an isomorphism if and only if the
minimum polynomial of 7 has nonzero constant term. Deduce that T~' = g(T)
for some polynomial g(X).

3.6.28 Show that g(T) = 0 if and only if the minimum polynomial of T divides
8(X).

3.6.29 Let V be a finite-dimensional vector space over a field F'. Let T be a nonzero
element of Endp (V). Show that there is a § € Endp(V) such that ST # 0 and
(ST)* = ST.

3.6.30 LetT € Endp(V)— GL(V)—{0}. Show that thereisa S € Endg(V) such
that ST = Obut TS # 0.

3.6.31 Find the minimum polynomial of the linear transformation in Exercise 3.6.2.
3.6.32 Show that Z(GL(V)) is isomorphic to the multiplicative group F™*.

3.6.33 Find the order of a Sylow p-subgroup of GL(V), where V is a vector space
of dimension n over Z,,. Find also a Sylow p-subgroup.

3.6.34 Let V and W be vector spaces of dimensions n and m, respectively, over a
finite field F;, of order g. Let r < min(n, m). Find the number of linear transforma-
tions of rank r.

3.6.35 Let T and T, be endomorphism of a vector space V of dimension n over a
field F. Show that

r(TvoTy) > r(T1) + r(T2) — n.

3.6.36 Let V be a vector space of dimension 2 over Z,. Show that GL(V) is iso-
morphic to Ss.

3.6.37 LetT € Endr(V), where V is a vector space of dimension n. Suppose that
T" = 0. Show that T" = 0.

3.6.38 Show that every linear functional f on V defines a linear transformation 7’
from Endp(V) to V* by Ty(T) = foT.Let V be a vector space over F, and
{x1,x2,...,x,} be abasis of V. Consider p = p; + p» + -+ + p,, Where p; is
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the ith projection linear functional on V with respect to the given basis. Show that p
is independent of the choice of basis. Show, further, that the linear functional 7r on
Endp(V) defined by Tr(T) = pi(T(x1)) + p2(T(x2)) + -+ 4+ pu(T(x,)) is also
independent of the choice of basis of V. This is called the trace form on Endg (V).
Show that TS — ST € KerTr forall S, T € Endp (V). Does Tr(T') = o implies
that 7" = TS — ST forsome S, T € Endp(V)?

3.6.39 Let f be alinear functional on Endp(V), where V is as in the above exercise.
Suppose that f(AB — BA) = Oforall A, B € Endp(V),and f(Iy) = n.Show
that f = Tr.

3.6.40 Show that AB — B A can never be an automorphism of V, where V is finite
dimensional. Deduce that Iy + AB — B A can never be nilpotent.

3.6.41 Show that the subgroup of the additive group Endp (V) generated by GL(V)
is Endp(V).

3.6.42 Let T be a linear transformation from V to V. Show that the following
conditions are equivalent:

(1) N(T)(\imageT = {0}

(i) T?>(x) = Oimplies that T(x) = O.

3.6.43 Let T be alinear transformation on V such that the rank of 7 is same as rank
of T?%. Show that KerT (imageT = {0}.



Chapter 4
Inner Product Spaces

In the vector space theory, we have talked about points, lines, and planes as translates
of subspaces of a vector space. In this chapter, we shall talk about the concepts of
angle between lines (planes), distance between points, shortest distances between
planes, area, volumes of parallelepiped, etc. We also discuss rigid motions in an inner
product space. For this purpose, we enrich the structure of vector space by putting
the concept of inner product. We have to consider vector spaces over particular types
of fields. All fields F in this chapter will either be the field R of real numbers or the
field C of complex numbers. We have a field automorphism « — @ from C to itself
called the complex conjugation. The restriction of the complex conjugation to R is
the identity map.

4.1 Definition, Examples, and Basic Properties

Definition 4.1.1 Let F be the field R of real numbers or the field C of complex
numbers, and V a vector space over F'. A map <> from V x V to F (the image
of (x,y) under < > is denoted by < x, y >) is called an inner product (real if
F = R, and complex inner product if ¥ = C) on V if the following hold:

l. <ax + fy,z>=a<x,z2>+0<y,z> foralla,B € F,andx,y € V.
2. <x,y>= <y, x>forallx,yeV.
In particular, < x, x > = <x, x > forall x € V, and so < x, x > is a real
number forall x € V.
3. <x,x>>0,and < x, x > = 0ifand only ifx = 0.

A vector space V together with an inner product <> on V is called an
inner product space.

© Springer Nature Singapore Pte Ltd. 2017 97
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Putting« = 1 = [ in 1, we obtain that
<X +y,z>=<x,z>+ <Yy, 7>,
and putting 5 = 01in 1, we obtain that
<ax,y>=a<x,y>.

Next, using 2 and 1, we get

<x,ay + fBz>=<ay + 0z, x> =a<y, x> +0<z x>

=a<y,x>+§<z,x>=5<x,y> +B<X:Z>-

Thus, B
<x,ay + fBz>=a<x,y>+p03<ux, 7>

forallx,y,ze€ V,and o, B € F.
Putting « = 1 = [ in the above equation, we obtain

<X,y +zI>=<Xx,y>+ <X, 7>,
and putting § = 0, we get
<x,ay>=a<x,y>.

Further,
<0, y>=<0-0, y>=0-<0, y>= 0,

and similarly,
<x,0>= <0, x> =0

forallx,y e V.

Example 4.1.2 Let V. = R" be the Euclidean vector space of dimension n over R.
Define

<X, y>=x1y1 + Xx2y2 + -+ + Xy,
where x = (x1,x2,...,x,)andy = (y1, y2, ..., yn). This gives an inner product

on R” (verify). This inner product is called the usual standard Euclidean inner
product on R".

Example 4.1.3 We have another inner product < > on R?® given by
<X,y >=xy1 + X2y + 2x3y3 + x0y3 + X300,

where X = (x1,x2,x3),and ¥ = (y1, y2, y3) (verify).
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Example 4.1.4 Let V. = C" the complex vector space of dimension n. Define < >
on C by
<X, y>=x1y1 + x22 + -+ + X, Vu-

Then it is a complex inner product (verify). This inner product space is called the
standard unitary space.

Example 4.1.5 Let V. = C?. Define < > by
<x, y>= 4y + x2y0) + iy — x0y).

Then it is a complex inner product (verify).

Example 4.1.6 Let V denote the complex vector space of all complex-valued con-
tinuous functions on [0, 1]. Define < > by

1
<fig>= /0 f(x)g(x)dx.

Then < > is a complex inner product(verify).

Example 4.1.7 Let [?> denote the set of all real sequences {a,} such that % 1 an |2
< o0. Then itis a vector space over R with respect to the usual addition of sequences
and multiplication by scalars. We have an inner product on [ given by

< {an}v {bn} > = E;ilanbn'

Let < > be a real (complex) inner product on R” (C"). Let E = {ey, ez, ..., €,}
denote the standard basis of the vector space R” (C"). The inner product < >
determines a matrix A = [a;;], where a;; = < ¢;, e¢; >. Since a;; =< ¢;, ¢; >
=<ej, ¢ >(<ej, ¢ >) = aji(a;), A turns out to be symmetric (Hermitian
matrix). The matrix A, in turn, determines the inner product. Indeed, if x =
[x1, %2, ..., x5 ] = x1€1 +x2e2 + -+ xX58p,andy = [y1, y2,..., vl = yier +
y2€; + -+ y,e,, then <X,y > = XAy (XAy*). Not all symmetric (Hermitian)
matrices determine inner products in the manner described above. For example,
consider the real symmetric matrix A given by

Az[;ﬂ

Then [1, —1]A[1, —1]" = 0, where as [1, —1] # [0, 0]. As such, A will not deter-
mine inner product (observe that A is invertible also). Indeed, as we shall see, a
matrix A determines an inner product, as described, if and only if there is a non
singular matrix B such that A = BB'(BB*).
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Definition 4.1.8 Let (V, < >) be aninner product space. Letx € V.Then < x, x >
is a non negative real number. Its non negative square root is called the length of the
vector x, and it is denoted by || x ||. Thus, || x || = +./< x, x >.

Clearly,
|| x || = Oifand only ifx = O.

Also, since < ax, ax > = aa <x, x > = |« |?|| x ||?, we have
Il ax [[=]alll x|l

forallao € Fandx € V.

Theorem 4.1.9 (Cauchy—Schwarz inequality) Let (V, <, >) be an inner product
space. Then |< x, y >|<|| x || || ¥ || forall x, y € V. The equality holds if and only
if {x, y} is linearly dependent.

Proof If y = 0, then both side is 0, and the equality holds. Assume that y # 0.
Then < x — ay, x — ay > > 0forall « € F. Thus,

<X, X> ——a<x,y> —a<y,x>taa<y, y>>0.

<X, y>
<Y, y>

Putting o =
we obtain that

in the above equation, and noting that < x, y > =<y, x >,

<X, y><ux,y> <x,y><x, y>
<X, x> — -
<Yy, y> <Yy, y>
<x,y><x, y>

’ > <y, y>20,

<y, y>
or

<X, y><X,y> <<Xx,x><Yy, V>,
or

2 2 2
l<x, y>"=llxI"llylI”.

Taking square root, we obtain that
l<x, y>I=IlxIllyll.

If {x, y} is linearly independent, then x — ay # 0 for all o € F. Hence the
inequality becomes strict inequality, and so in this case

[<x, y>[<Ilx|llyIl.

Conversely, if {x, y} is linearly dependent, then x = «y for some o € F. But,
then
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l<x, y>l=l<ay, y>I=lall<y, y>I=lallylP=lalllyllllyll
=[xyl

i

Applying the Cauchy—Schwarz inequality for Examples 4.1.4, 4.1.6, and 4.1.7
respectively, we obtain the following corollaries.

Corollary 4.1.10 (Cauchy inequality). Let xi, X2, ..., Xy, Y1, Y2, - - -, Yu be com-
plex numbers. Then

DA AN IR
In particular, the inequality holds for real numbers also. it

Corollary 4.1.11 Let f and g be complex valued continuous functions on [0, 1].
Then
1 1 1
|/ F(x)gx)dx | < / | f(x) 1> dx / | g(x) |* dx.
0 0 0
i

Corollary 4.1.12 If {xn} and {y,} is sequence of real numbers such that 72 | | x, |2
<ooand 2, | y, |> < oo, then

|22 | < S L B2 1 .

Find the inequalities coming out of the Examples 4.1.3 and 4.1.5.

Proposition 4.1.13 (Triangle inequality). Let (V, < >) be an inner product space.
Then

lx + yll=lxIl + [yl

forall x,y € V. Equality holds if and only if {x, y} is linearly dependent.

Proof

(lx + yID?

=l<x, x>+ <x,y>+ <y, x>+ <y, y>|
Sl<x, x>+ l<x, y> F <y, x>+ <y, y>|
<Ux1*+21xIlllyll + Ilyl?(by Cauchy—Schwarz)

= (Il x Il + IlyID>
Taking the square root, we get
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Hx +yl=<IxIl +1yll.

Further, it is clear from the above that equality holds if and only if

<x,y>+ <y, x>=2|[x|-llyll.
This is soif and only if |[< x, y >| = || x || - || y || (Cauchy—Schwarz inequality).
Again, from the second part of Cauchy—Schwarz, it follows that the equality holds
if and only if {x, y} is linearly dependent. i

If we apply the above proposition to Examples 4.1.4, 4.1.6, and 4.1.7, we get the
following corollaries:

Corollary 4.1.14 If x1, x2, ..., X0, Y1, Y2, - - - » Y are complex numbers (or in par-
ticular real numbers), then

JEL I+ v P o< R I P S P :

Corollary 4.1.15 If f and g are two complex-valued continuous functions on [0, 1],
then

1 1 1
\//0 If()6)+g()€)|26b€§\//0 |f(x)|2dx+\//0 lg(x) 2dx. 1

Corollary 4.1.16 If {a,} and {b,} are sequences in [, then

\/Ey?il |an + bn |2 = \/2,?0:1 |an |2 + \/En=100|bn |2- tt

Notion of Distance in an Inner Product Space

We first introduce the notion of distance on a set by abstracting the fundamental
properties of distance.

Definition 4.1.17 Let X be a set. A map d from X x X to the set R™ [ J{0} of non
negative real numbers (the image of (x, y) under d is denoted by d(x, y) instead of
d((x,y))) is called a distance or a metric on X if

1. d(x,y) = Oifand only ifx = y.
2. d(x,y) = d(y,x).
3. (Triangle inequality) d(x, y) < d(x,z) + d(y,z)
for all x, y, z € X. The pair (X, d) is called a metric space.
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Proposition 4.1.18 Ler (V, < >) be an inner product space. Then the inner product
< > induces a metric d on 'V defined by

dx,y) =llx — yll

Proof d(x,y) =||x — y||=0,andd(x,y) = oifandonlyif ||x — y||= O.
This means that d(x, y) = Oifandonlyifx — y = O, or equivalently, x = y.
Since

lx = yll=I1=-10 = ll=1=1lIy = xll=I[ly = xIl.

it follows that d(x, y) = d(y, x).
Also

dix,y) =llx —yll=llx —z+z—=ylI<llx —zll +lz =yl
=d(x,z) + d(z, ). g

Remark 4.1.19 Let (V, d) be ametric space. It may not be possible to define a vector
space structure on V/, and an inner product on V so that the induced metric is d. For
example, take a nonempty set V, and define a metric d’ on V by d'(x,y) = 0 if
x = y and 1 otherwise (verify that d’ is indeed a metric called a discrete metric).
Given any inner product space structure on V, and x # 0 in V, and d the induced
metric, then d (ﬁx, 0) = 2, and so d’ can not be induced by an inner product.

Notion of Angle, Orthogonality

Let (V, < >) be an inner product space. Then by the Cauchy—Schwarz inequality
|[<x, y>|<||x]|]||y]|lforall x,y € V.If x # 0 # y, then

l<x, y>|
I [Hy I~
If it is a real inner product space, then

<Xx,y>
oAl I T

Thus, there is unique 6, 0 < 6 < 7 such that

<X, y>

cos) = ———
({1 y Il

This 6 is called the angle between x and y. In case it is a complex inner product
space, the above argument implies that there is a unique 6, 0 < 6 < 27 such that
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<x,y>

cosf + isin = ———.
(Hx 1yl

This 6 may be termed as angle between x and y.

Any two vector x and y in an inner product space is said to be orthogonal if
< x, y > = 0. This definition extends to the null vector 0 also. Thus, the null vector
0 is orthogonal to each vector. The notation x L y is used to say that x and y are
orthogonal. Thus,

x L yifand onlyif <x, y>= 0.
A vector x is called a unit vector if || x || = 1.
Proposition 4.1.20 (Pythagoras Theorem). Let (V, < >) be a real inner product
space, and x,y € V. Then x L y if and only if
lx = yIP=1lx 1P + 1y 17

or equivalently,
lx + yIP=lxIP + llyl”.

Proof

[l x — y||2:<x—y,x—y>:<x,x> - <X,y> — <y, x>+ <y, y>
=lxIP +1yIP —2<x y>.

The result follows. ft

Remark 4.1.21 In complex inner product space also ‘if x L y, then ||x — y |’
= || x ||*> + || y ||’(verify). But the converse is not true. Consider, for example,
the unitary space C2. The vectors x = (0, 1) and (1, i) are not orthogonal but still
lx = yIP=MxI?+ llylP=3

In a real inner product space (V, <, >), we have
lx — yIP=lxI> + Iy =21xIllyll coso,

and
x + yIP=lxIP + yI? +21x 1yl cos.
These equations give formula for the diagonals of parallelograms in terms of sides.

Proposition 4.1.22 (Parallelogram Law). In an inner product space (V, <>) we
have
lx = yIP + 1lx + yIP=20xI? +20yl?

forallx,y e V.
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Proof Adding equations

Hx — yIP=lx1>+ Iyl — <x,y> — <y, x>,
and
Hx + yIP=lxIP+yIP+<x,y>+ <y x>
we get the result. it

The geometrical meaning of the above proposition is that the sum of the areas of
the squares formed on the diagonals of a parallelogram is the sum of the areas of
squares formed on the sides of the parallelogram.

The following identities, termed as the polarization identities, relate the norm with
the inner product.

Proposition 4.1.23 (Polarization identities)

1. If (V, < >) is a real inner product space, then

_1 2 2
<xy>=Zllx+yIlF = Tx=ylFl

forallx,y eV.
2. If (V, <>) is a complex inner product space, then

- x _l 2 v 112 — (14 2 2
,y>—2[IIX+y|I +illx+iyll A+DAx 17+ 1y [I7]

forallx,y eV.

Proof 1. Let (V, < >) be areal inner product space. Then

fx+ylPf=<x+y, x+y>=I[x|>+ Iyl +2<x,y> ...,
4.1
and

lx—ylP=<x—y,x—y>=llxIP + Iyl =2<x, y> ...,
4.2)
for all x, y € V. Subtracting the second equation from the first equation, we get
the desired identity.
2. Let (V, < >) be a complex inner product space. Then

Nx+ylP=<x+y,x+y>=lxIP + 1yl + <x,y>+ <y x> ...,
(4.3)
and

x4iy|P=<x4iy, x+iy>=[lx P+ |yl? —i<x,y>+i<y, x> ...,
“4.4)
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for all x, y € V. Adding the i times the Eq.4.4 to the Eq. 4.3, we get the desired
result. it

Let (V,<>) be an inner product space. A subset S of V is called
an orthonormal set if

@ |l x||= lforall x € S and
(i) <x, y>= O0forallx,y €S, x # y.

Proposition 4.1.24 An orthonormal set in an inner product space is always linearly
independent.

Proof Let S be an orthonormal set and
a Xy + asxy + -0 4+ aux, = 0,
where x1, x2, ..., x, are distinct elements of S. Then
QpXyp = < Q1X] + aaXo + -+« + apXy, X > = 0.

Hence o, = O forall m. g

Proposition 4.1.25 (Bessels inequality). Let (V, < >) be an inner product space,
and {x, X, ..., x,} an orthonormal set, x; # x; fori # j. Letx € V. Then

Soil<x x> <llxl?.
Proof We have
<x — X_,<x,x>x,x — X_, <x,x>x>>0.
Since {xi, x2, ..., x,} is an orthonormal set, expanding
<X, x> —X_,<x,x><x, x; > >0,

or
2 2
x| == |<x, 5 >>0,
Hence
S l<x x >P x| g

Definition 4.1.26 An orthonormal set which is also a basis is called an orthonormal
basis.
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Corollary 4.1.27 Let (V, <>) be an inner product space. An orthonormal set
{x1, x2, ..., x,} is an orthonormal basis if and only if

2 2
X [I"= XLy [<x, x>,

Proof Suppose that {x;, x5, ..., x,} is an orthonormal basis. Let x € V. Then
X = a1X1 + axo + -+ aux,
for some o, ap, ..., q, in F. But, then < x, x; > = «; for all i. Hence x =

n
X, <X, x; > x;,and so

<x — X, <x,x>x,x — X, <x, x;>x; >= 0.

Expanding, we get
lx 1P = 2 [<x x>

Conversely, suppose that || x ||> = X< x, x >|%. Then

l|x — 2, <x, x;>x |[>= 0,

and so

x =X, <x, x> X
for all x € V. This shows that {x|, x5, ..., x,} is a set of generators. Since an ortho-
normal set is already linearly independent, it is a basis. i

4.2 Gram-Schmidt Process

The proof of the following theorem gives an algorithm by which we can find an
orthonormal basis of an inner product space starting from a set of generators for V.
The process is called the Gram—Schmidt process.

Theorem 4.2.1 (Gram-Schmidt). Let (V, <>) be an inner product space. Let

{x1,x2,...,x,} be a finite subset of V. Then there exists an orthonormal set
{yi, y2, ..., ¥}, § <r such that the subspace generated by {x|, x>, ..., x,} is the
same as that generated by {y1, y2, ..., Ys}-

Proof The proof is by the induction onr. If r = 0, then the subset is empty set, and
since an empty set is (vacuously) orthonormal, there is nothing to do. Suppose that
r = 1.Ifx; = 0,then < {x;} > = {0}, and empty set is again an orthonormal set
which generates {0}. If x; # O,take y; = Hi_:H Then {y;}is an orthonormal set which
generates < {x;} >. Assume theresult for 7. Considerasubset {x;, x2, ... x,, X4} of

V. By our induction assumption there is an orthonormal subset {y;, y2, ..., ¥s}, § <
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rof Visuchthat < {yi, y2,..., v} > =< {x1,x2..., x,} >. If x4 belongs to this
subspace, then there is nothing to do. Suppose that x, 1 ¢< {x1,x2,...,x} =<
{y1, y2, ..., ys} >. Then

Xepl — By < Xpq1, ¥i >y #0.
Take

X1 — Xi_y < Xeil, Vi > Vi
s .
X401 — X5, < Xeg1, Yi > Yi |l

Vs+1 =

Clearly, ysy; is a unit vector which is orthogonal to y; for each i <s. Evi-
dently, {yi, ¥2,...Ys+1} is an orthonormal set. Since y,,; is linear combination
of {x, 11, Y1, Y2, -5 ¥s}, <{V1,¥2,...,Vsx1} > is contained in < {y1, y2, ..., Vs,
Xry1} > = < {x1,x2, ..., X41} >. Also x,4 is linear combination of {y, y,, ...,
Ys+1}, and so < xy, X2, ..., X,4+1} > is contained in < {y;, y2, ..., ¥s+1} >. Thus,
the result holds for » + 1 also. it

Corollary 4.2.2 Every finite dimensional inner product space admits an orthonor-
mal basis.

Proof Let (V, < >) be a finite-dimensional inner product space. Let {x;, x2, ..., x,}
be a basis of V. Then from the above theorem, there exists an orthonormal set
{yi,¥2,..-5 Ym}, m <n which generates V. Since an orthonormal set is linearly
independent, it is a basis, and in turnn = m. it

Proposition 4.2.3 Every orthonormal set of a finite-dimensional inner product
space can be enlarged to an orthonormal basis.

Proof Let{xy, xa, ..., x,,} be an orthonormal set of an inner product space (V, < >)
of dimension n. Since an orthonormal set is linearly independent, m < n.If m = n,
it is already a basis, and so an orthonormal basis. Suppose that m < n. Then
< A{x1,x2,...,xn} > # V. Let y41 be amember of V. — < {x1,x2,...,x,} >.
Then y,, 11 — /%, < Ymy1, Xi > x; # 0. Take

m
Ym+1 — Ly < Ymtls Xi > X

p .

|| Ym+1 — 2[21 < Ym+1, Xi > X; ||

Xm+1 =

Then {x;, x2, ..., X;41} is an orthonormal set. If m 4+ 1 = n, then this is an ortho-
normal basis. If not proceed as above. At the (n — m)th step, we shall arrive at an
orthonormal basis containing {xy, X2, ... x;,}. it

Example 4.2.4 This example is to illustrate the Gram—Schmidt process. Consider
the usual Euclidean inner product space R3. Consider the subset {(1, 1, 1), (0, 1, 1),
(2,1, 1)} of R?. We determine an orthonormal set which generates the same space

as < (LD, (0. 1,1, 2, 1,1} > Take x; = 57 = (5. 75 75)» and

»2
X, = where
2 IR
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1 1 1
=0, 1,1) — oL, (—, —=,—& .
2 = ) — <( )(f 3\/§)>( )

bl

1
V3

b
Sl-

Thus, x, = \/g(—_%, %, %). Since
2, ,H)— <2, L,D, x1>x1— <2, 1,1), x, >x, = 0,

it follows that the orthonormal set {x;, x,} generates the same space as {(1, 1, 1),
0,1, 1), (2, 1, 1)}. Note that {(1, 1, 1), (0, 1, 1), (2, 1, 1)} does not generate R3.

Let

r
r
A =
7
be a n x m matrix with rows {r1,72,...,7,}. Then AA" = [u;;], where u;; =
r,-rj’ =<7, 7 > (AA* = [u;;], where u;; = 7;7;° = < 7;,7; >). Thus, to say

that the rows of A form an orthonormal set is to say that AA" = [, (AA* = I,).
Dually, to say that the columns of A form an orthonormal set is to say that A’A = I,
(A*A = I,)). In particular, we have the following definition.

Definition 4.2.5 A square n x n matrix A with entries in the field R (C) of real
(complex) numbers is called an orthogonal (unitary) matrix if the rows of A form
an orthonormal basis of R” (C"), or equivalently, AA" = I, = A'A(AA* = I, =
A*A). Alternatively, A is orthogonal if and only if A" = A~

Example 4.2.6 The 2 x 2 matrices
cost sinb
—sinf cosf |’
cost sinf
sind —cosb

are orthogonal 2 x 2 matrices. Indeed, any 2 x 2 orthogonal matrix is one of the
above two types (prove it). Observe that the linear transformation

and

cost sinf
—sinb cost

[x,y] = [x,y]- [ i| = [xcosO — ysin6, xsinf + ycos0]

determined by the matrix

cost sinf
—sinf cost
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represents rotation of the x, y plane through an angle 6. Interpret the linear transfor-
mation determined by the second matrix. Indeed, it will represent the reflexion about
a line in the plane (find it).

Example 4.2.7 The 3 x 3 matrix

L1 1
A
Vo Ve o o
1 _1 9
V2 V2

is an orthogonal matrix.

If AA' = I, = BB',then AB(AB)' = ABB'A' = I,. Thus, product of two
n x n orthogonal matrices are orthogonal. Also, since A’ = A~!L, the inverse of
an orthogonal matrix is orthogonal. The identity matrix is obviously an orthogonal
matrix. This shows that the set O(n) of orthogonal n x n matrices form a group
under matrix multiplication. This group O(n) is called the orthogonal group of
n x n matrices. A subgroup of O(n) is called an orthogonal group. Similarly, the
set U (n) of all n x n unitary matrices form a group, called the unitary group.

The proof of the following proposition is algorithmic, and it is essentially the
Gram—Schmidt process.

Proposition 4.2.8 Let A be a n x m matrix with entries in the field R (C) of real
(complex) numbers which is of rank n. Then, we can find a lower triangular n x n
matrix P with positive diagonal entries suchthat PA(PA)' = I, (PA(PA* = I,).
Also, if A is of rank m, then we can find an upper triangular m x m matrix Q with
positive diagonals such that (AQ)'AQ = I, ((AQ)*AQ = I,).

Proof Since the rank of A is n, the rows {r|, 72, ..., 7,} of A form a linearly inde-
pendent subset of R”. Using the Gram Schmidt process, we transform the rows of
A to get an x m matrix B with the orthonormal rows {57, 57, ..., s,}. Clearly, then
BB' = I,. Further, while transforming the rows of A to orthonormal rows, we use
only, the following types of elementary row operations in succession:

(i) Multiply a row by a nonzero number, for example, 57 = ﬁﬁ.

(ii) Add certain linear combinations of rows preceding to jy, row to the ji;, row, and
then multiply it by a suitable positive number, for example, 5, =

12 —=<r,si >S5

[ —<r.sr>511"
We further observe that the corresponding elementary matrices are lower triangular
with positive diagonal entries. Thus, B = P A forsome lowern x n triangular matrix
P with positive diagonal entries. Finally, let Abean x m matrix of rank m. Then A’ is
am x nmatrix of rank m. Applying the above result for A’, we get a lower triangular
m x m matrix P with positive diagonal entries such that PA"(PA")" = I,. Take
Q = P'.Then Q is an upper triangular m x m matrix with positive diagonal entries
such that (AQ)'AQ = I,. i
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Corollary 4.2.9 Let A be a n x m matrix with entries in the field R (C) of real
(complex) numbers which is of rank n. Then, we can find a lower triangular n x n
matrix L with positive diagonal entries and a n x m matrix Q with QQ' = I,
(QQ* = 1I,) such that A = LQ. Also, we can find an upper triangular m x m
matrix U with positive diagonals andan x m matrix QwithQQ' = I,(QQ* = I,,)
such that A = QU.

Proof Follows from the above proposition if we take L = P~!, where PA = Q. #

Corollary 4.2.10 Let A be n x n invertible matrix. Then we can find a lower trian-
gular n x n matrix P with positive diagonal entries such that P A is an orthogonal
matrix. f

Corollary 4.2.11 Every invertible matrix can be decomposed as product of a lower
triangular matrix with positive diagonal entries and an orthogonal matrix. It can
also be decomposed as product of an orthogonal matrix with an upper triangular
matrix with positive diagonal entries. it

Now, we illustrate the algorithms described above by means of examples.

Example 4.2.12 The set S = {r1=(,1,0),7,=(0,1,1),75=(1,0,1)} is a
basis of R>, and therefore, the corresponding matrix

110
A=|[011
101

isinvertible. We transform S in to an orthonormal basis using Gram—Schmidt process,
and using the corresponding elementary row operations on A, we transform it to an
orthogonal matrix O. Further by applying the same elementary operations on the
the identity matrix /3 we obtain the lower triangular matrix P with positive diagonal
entries such that PA = O. First 7y is replaced by 57 = % = (%, %ﬁ, 0) and

correspondingly, we multiply the first row of A by % to transform it to

11
V2 2
0
1

S}
)

0
11
01

— o — _ <Py S [ 2
Further, We. replace 7, by 5, = m = .(—76, T \/; )., and we apply the
corresponding elementary operations on the matrix to transform it to

0

S

o5l &
_

_.
Sl-

(=)}
W
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: = = DBo<n.S>s=<nSH>s» . 1L 1 1

Finally, we replace r3. by 535 = Fm<h, SIos—<rs, os] ( AL ﬁ),’and we

apply the corresponding elementary operations on the matrix to transform it to the

orthogonal matrix

4 1 9

V2 V2
— 1 1 2
0=|-% %3

BB

To get the the corresponding lower triangular matrix P so that PA = O, we apply
the same elementary row operations in succession on the identity matrix /5 to get

1
s 00

_ _ L 2
P = %\[30
_1 _ 1 B
23 2J3 2

Lastly, to find a lower triangular matrix L = P~! so that A = LO, we apply
the inverses of the same elementary row operations on the identity matrix in reverse
order to get

V2 0 0
_ 1 3
a1 2
2 V6 V3

4.3 Orthogonal Projection, Shortest Distance

Let (X, d) be a metric space, and A a subset of X. Then

d(x,A) = g.l.b{d(x,a) | a € A} (the greatest lower bound of the set {d(x,a) | a € A})
is called the shortest distance (or simply distance) between the point x and the set
A. More precisely, d(x, A) is characterized by the following two properties:

(1) d(x,A) <d(x,a)foralla € A

(i) Forallreal « > d(x, A), there is an element a € A such that o« > d(x, a).

Proposition 4.3.1 Let (V, < >) be a finite dimensional inner product space. Let W
be a subspace of V and {x1, x», . .., x,} an orthonormal basis of W. Let x € V. Then
the shortest distance between x and W is

JIxIR =50 1< x x>
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Proof Since X/_, < x, x; > x; € W, and

2
I

2 2
lx — Sy <xox>xP=llxlP -2, |<x, x>

it follows that the shortest distance between x and W is at least

JIxIP =20, 1< x, x>
Further, given any y = X/_ o;x; in W,
lx =y IP=1xIP + 2 o P = B <%, 5> = S0 <% % >
y =|lx|I" + i—1 | o | =100 < X, Xj > =< X, Xp >
Sincea + a < 2| a | for all complex number a, using Cauchy inequality, we get

Y <x, x> +X_0<x, x> <2|X_0<X, X; > |

<2/ Ta P 1< x x>

Hence
x — yIP=lxI? =2 I<x, x; >*.

Thus, \/|| x> —%_, |<x, x; >[> is the shortest distance between
x and W. it

Proposition 4.3.2 Under the hypothesis of the Proposition4.3.1, ¥]_, < x, x; > X;
is the unique point of W which is at the shortest distance from x.

Proof It follows from the proof of the Proposition 4.3.1 that the said point is at the
shortest distance from W. Suppose that X/_, o x; is a point of W which is also at the
shortest distance from x. Then

2 2 2
llx — Z_joix [IP=1lx I = Z [<x, x>,

=

and so

Yo la P I <, x>P=S_ @<y, x> +X_ <K N> ...
4.1)

Consider the usual standard complex inner product on C", and points u = («;, ao,
.,a)andv = (<x, X >, <X, Xp >,...,<x, x, >)of C", then the above

equation means that

Null> + llviP=<u, v>+ <v, u>.
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Hence

<u,u>—+ <v,v>=<u,v>+ <v,U>.
This shows that < u — v, u —v >= 0,andsou = v.Thus, o, = < x, x; > for
all i. it

Let V be a vector space. The translates of one dimensional subspaces are called
lines or affine lines in V. Thus, a line in V is of the form {a + Ab | A € F}. This line
is the line passing through a and parallel to » (or to the subspace {\b | A € F'}). Trans-
lates of subspaces of dimension greater than 1 are called planes or affine planes.
The subset a + W, where W is a subspace of dimension » > 1 is called a plane of
dimension r passing through a and parallel to W. If dimW = dimV — 1, thenit
is said to be a hyperplane.

Corollary 4.3.3 Let (V, < >) be a finite dimensional inner product space. Let W
be a subspace of V with {x1, xa, ..., x,} an orthonormal basis. Then the distance of
a point a € V from the affine plane b + W (or affine line if r = 1) is same as that
ofa — b from W, and it is

Jla=b1P =S l<a—b, x >

The line of shortest distance from a to b + W is the same as perpendicular from a
tob+ W, and it is

{a+A(a—b)—X_, <a—>b, x; >x;)| A€ F}.

The foot of perpendicular froma tob+ W isb+X]_ <a—b, x; > x;.

Proof The shortest distance of a from b + W is g.l.b{||la — (b +w) || | w € W}
which is the same as g.[.b{|]|a —b — w || | w € W}. Thus, the shortest distance
from a to b + W is same as the shortest distance between a — b and W. From the
above proposition, it is

Jla—bIP == 1<a—b, x >
Sincea — b — X/_, < a — b, x; > x; is orthogonal to each x;, it is also orthogonal
to each member of W. Thus, the line joining @ and b + X/_, < a — b, x; > x; is
orthogonal to W. Hence, the line passing through a and perpendicular to b + W is
given by

fa+Xa—-b—X]_, <a—>b, x; >x;)| A€ F}.

Clearly, b+ X/_, <a —b, x; > x; is the foot of perpendicular from a on to
b+ W. f

Proposition 4.3.4 Let (V, < >) be an inner product space. Let W be a subspace of
V.Then W+ = (ve V |<x, v>= 0forall x € W} is a subspace of V.
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Proof Clearly0 € Wt,andso W+ # . Lety,z € WH. Then<x, y >= 0 =<
X, z> forallx e W.But,then< x, ay+fz>=a<x, y> +f08z<x, z >
= 0. This shows that ay + 3z € W+. It follows that W+ is a subspace. it

Definition 4.3.5 The subspace W+ defined in the above proposition is called the
orthogonal complement of W.

Proposition 4.3.6 Let V be a finite dimensional inner product space, and W a
subspace of V. Then V is the direct sum of W and W+.

Proof Let {x}, x5, ..., x,} be an orthonormal basis of W. Then this being an ortho-
normal set can be enlarged to an orthonormal basis {x;, x2, ..., X, X, 41, ..., X,} of
V,wheren = dimV.Anelementx = ajx; +aoxs + -+ QX + 1 X101 +
-~ X, 1s orthogonal to W if and only if it is orthogonal to each x;, i < r. This
is so if and only if @ = < x, x; > = 0 Vi <r. This shows that W+ = <
{xr41, Xr42, ..., x4} >. Since every element x € V can be uniquely expressed as
X = a1x;1+axy+ - FopX, + Qi Xea + apaaXxein + - -+ apx,, it follows
that every element x of V has a unique representation as x = y + z, where y e W
andz € W+, i

Remark 4.3.7 Let (V, <, >) be a finite-dimensional inner product space, and W
a subspace of V. Suppose that x = y + z, where y € W and z € W=. Then y is
called the component of x along W, and z is called the component of x orthogonal
to W. Clearly, y is the foot of perpendicular from x to W.

Definition 4.3.8 Each subspace W of an inner product space V defines the map Py
from V to V given by Py (x) = y, where y is the foot of perpendicular from x to
W. The map Py is a linear transformation called the orthogonal projection of V
onto W.

Example 4.3.9 Consider the subspace W = {Xx = (x,x2,x3) | X1 +x+x3 =
0}. The subset S = {(1,—1,0), (0,1, —1)} is a basis of W (verify). Using Gram
. . I | | | 2
Schmidt process, we get an orthonorrr.lal basis {(ﬁ’ .—75, 0), (T’ T —\/;)}(.)f
W. There fore, the foot of the perpendicular from a pointx = (xi, x2, x3) onto W is

- 1 1 1 1 — 1 1 2 1 1 2
<X (0> (0t <E (L L D 2

= (& R, ‘x”'é“_“ , == _’§2+2"3 ). The matrix of the orthogonal projection Py
is given by
1] 2 -1
Py = - | —-12 —1
—1-12

Remark 4.3.10 Theresult of the above proposition is not true for infinite-dimensional
inner product space. For example, consider the vector space C[0, 1] of real-valued
continuous functions from the closed interval [0, 1] with inner product given by

1
<fig>= /0 F)g(dx.
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Let W be the subspace of polynomial functions. Then W is a proper subspace, and
w+ = {0} (prove it). Thus, C[O0, 1] is not direct sum of W and Wt

Let (V, < >) be an inner product space. Let y € V. It follows from the definition
of the inner product that the map f, from V to F defined by f,(x) =< x, y >isa
linear functional on V, and the map f” defined by f”(x) = < y, x > is anti-linear
functional in the sense that f¥(ax 4 3z) = @f(x) + Ff”(z). Observe that the
set of all anti-linear functionals also form a vector space anti isomorphic to the dual
space V* of V.

Proposition 4.3.11 Let (V, < >) be a finite-dimensional inner product space. Then
the map y ~ f, is an anti-linear isomorphism from V to V*. Also the map f ~~ f”
is an isomorphism from V to the space of all anti-linear functionals on V.

Proof That the map y ~~ f is an anti-linear transformation follows from the def-

inition of inner product. We show that it is injective. Suppose that f;, = f;. Then
fy(x) = f:(x) forall x. Hence < x, y > = < x, z > for all x. This means that
<x, y—2z> = 0 for all x. In particular, < y —z, y —z > = 0. This implies
that y = z. Next, it is easy to observe that an anti-linear transformation takes a

subspace to a subspace, and an injective anti-linear transformation takes a linearly
independent subset to a linearly independent subset. Thus, the image of V under
the injective anti-linear transformation y ~~ f, is a subspace of V* of dimension
equal to the dimension of V. Since dimV = dimV?*, it follows that y ~ f, is also
surjective. The rest of the proposition follows similarly. it

The following corollary is a restatement of the bijectivity of the map y ~ f,.

Corollary 4.3.12 Let (V, < >) be a finite-dimensional inner product space, and f
a linear functional on V. Then there is a unique y € V such that f(x) =<x, y >
forallx € V. il

Remark 4.3.13 The result of the Proposition 4.3.11, and the Corollary 4.3.12 is
not true, in general, for an infinite dimensional inner product spaces. Consider, for
example, the space P[0, 1] of polynomial functions on [0, 1]. We have an inner
product on this space defined by

1
<fg>= /0 JFx)gx)dx.

Consider the linear functional ¢ on P[0, 1] defined by ¢(f) = f(1). Check that
there is no g in P[0, 1] such that

1
/0 fgxdx = f(1)

for all f € P[O, 1].
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Adjoint of a Linear Transformation

Let (V, < >) be a finite dimensional inner product space. Let T from V to V be a
linear transformation. The map x ~»< T'(x), y > is a linear functional on V (verify)
for each y € V. Hence from the Corollary 4.3.12, there is a unique element in V
which we denote by 7*(y) such that

<Tx), y>=<x, T"(y) >

for each x € V. This defines a map 7* from V to V given by the equation
<Tx),y>=<x, T"(y) >.

Using the defining property of an inner product, we see that

<x, T*(ay+p2) >=<Tx), ay+fBz>=a<Tkx), y>+6<Tkx), z >
=a<x, T" ) >4+ <x, T"@) >=<x, aT*(y) + T*(2) >

for each x € V. Thus,
<x, T*(ay+ f2) = (aT*(y) + fT7(2)) > = 0
forallx € V. Puttingx = T*(ay + (8z) — aT*(y) — ST*(z), we get that
T*(ay +fz) = aT*(y) + T (z)

forall y,z € V, and o, 8 € F. This shows that T* is a linear transformation.

Definition 4.3.14 The linear transformation defined above is called the adjoint of
T.

Proposition 4.3.15 Let (V, < >) be a finite dimensional inner product space, and
T a linear transformation from from 'V to V. Let

B = {x1,x2,...,x,} be an orthonormal basis of V. Let M (T') denote the matrix of
T with respect to the orthonormal basis B. Then M(T*) = (M(T))* (the tranjugate
of the matrix M(T)). Further, if M(T,) = (M(Th))*, then T, = TY.

Proof Suppose that M(T) = [a;;]and M(T*) = [bj;]. Then T (x;) = ZZ:I g Xx
and T*(Xj) = 2721 bl_jxl. Thus, aj; =< ZZ:] X, Xj > =< T(x,'), Xj>=<
xi, T*(x;) > = < x;, >y_,bijx; > = b;;. This shows that M(T*) = (M(T))*.
Suppose that M (1T;) = (M(Ty))*. Then M(T,) = M(T7). Since the matrix repre-
sentation map with respect to a fixed basis is bijective, the result follows. i

Proposition 4.3.16 Ler (V, < >) be a finite-dimensional inner product space. The
map n defined by n(T) = T* from EndV to EndV is an anti isomorphism of
algebras which is an involution in the sense that n* = Iy.
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Proof Since < x, (aT) + 1) *(y) >=< (aT) + BT)(x), y > = «a < Ti(x),
y>4+B8<Thx), y>= a<x, T}/(y)>+8<x, T;(y)>=<x, @I+
BT3)(y) > forall x € V, it follows that (T} + BT5)(y) = aT} () + BT (y) for
each y € V. Hence (aT; + 8T7)* = aT} —i—ﬁTz*. Further, < x, (T10TZ)*(y) > =
< TioTh(x), y >=<Th(x), T} (y) > =< x, T;T(y) > forall x, y € V. Hence
(ThoT)* = TyoT!. Also <x, T(y) >= <T(y), x> = <y, T*(x) > =<
T*(x), y>=<x, (T")*(y) >forallx.y € V.Hence T = (T*)*. Itis clear that
n* = Iy, and so 7 is bijective. i

Definition 4.3.17 Let (V, < >) be a complex inner product space. A linear trans-
formation T from V to V is called a

(i) self adjoint or Hermitian linear transformationif 7* = T,i.e., < T(x), y >
=<x, T(y) > forallx,yeV.

(i) skew Hermitian linear transformation if 7* = —T,ie., <T(x), y > =
— <x, T(y) > forallx,y e V.

(iii) unitary linear transformation if 7* = 7!, or equivalently < T (x), T(y) >
=<ux, y>forallx,yeV.

(iv) nmormal linear transformationif 7*T = T T*,orequivalently, < T (x), T (y) >
=< T*x), T*(y) > forallx,y e V.

It is clear from the definition that every Hermitian linear transformation as well
as every skew Hermitian linear transformation is normal. Also every unitary linear
transformation is normal.

The following corollary is immediate from Proposition 4.3.15.

Corollary 4.3.18 A linear transformation T on an inner product space V is Her-
mitian (skew-Hermitian, unitary or normal) if and only if the matrix representation
M(T) of T relative to an orthonormal basis is Hermitian (skew-Hermitian, unitary,
or normal respectively). it

Example 4.3.19 Consider the usual complex inner product space C2. Define amap T
from C? toitselfby T'((x, y)) = (x +iy, —ix + y), x, y € C.Then T is Hermitian.
Indeed, the matrix of T relative to the standard orthonormal basis {e7, e;} is

By

which is clearly a Hermitian matrix. 7 is not unitary as the matrix is not unitary. The

linear transformation U = % is unitary (check for the corresponding matrix). The

linear transformation (x, y) ~~ (ix, y) from C? to itself is unitary (check), but it is
not Hermitian (verify). The linear transformation (x, y) ~» (ix, 2y) is normal, but it
is neither Hermitian nor unitary (check).

Let (V, < >) be a real inner product space. A linear transformation 7' from V to
V is called a
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(i) real symmetric (real skew symmetric) if 7* = T(T* = —T).
(i) orthogonalif T* = T~

Example 4.3.20 The linear transformation Ty from R? to R? defined by Ty ((x, y)) =
(xcosB + ysinf, —xsinf + ycos0) is an orthogonal linear transformation(verify).

Let H(V)(SH(V)) denote the set of all Hermitian (skew-Hermitian) linear trans-
formation on a complex inner product spaces (V, < >).If T € H(V) [ SH(V), then
T = T* = —T.Thisisequivalent tosay that T = {0}. Thus H(V) [ SH(V) =
{0}. If 7y and T, are in H(V) (SH(V)), then (I' £ T»)* = I7xT; = T +
T,(—(T} £ T,)). This shows that H(V) and SH (V) are subgroups of End(V), and
their intersection is zero. Further, if T is any Hermitian (skew) linear transformation,
and o a complex number, then a7 is Hermitian (skew-Hermitian) if and only if « is
purely real (imaginary). Thus, H(V) and SH (V') are not subspaces. Also T is Her-
mitian if and only if i T is skew-Hermitian. The map 7' ~» i T defines an isomorphism
from the group H(V) to SH(V). Given T}, T, € H(V), T\T, € H(V) if and only
if Tl T2 = (Tl Tz)* = TZ*TI* = Tle. Slmllarly, given Tl, Tz S SH(V), T1 T2 (S]
SH(V) if and only if T'T, = —T,T;. Let T be any endomorphism of V. Then
(%) is Hermitian for

(T+T‘)* _ I+ _ T4T*
2 - 2 - 2

To summarize, we have proved the following proposition.

Proposition 4.3.21 Let (V, <>) be a finite-dimensional complex inner product
space. Then the group EndV is direct sum of its subgroups H(V) and SH(V).
The subgroups H(V') and S H (V') are not subspaces. They are isomorphic as groups
under the map T ~ iT. H(V) and SH(V) are not closed under product. Indeed,
T\, T, € H(V) implies that T'T, € H(V) ifand only if 'T, = T,T1.Also T\, T, €
SH (V) implies that T\ T, € SH(V) ifand only if ' T, = —T,T. it

The following two propositions follow immediately from the corresponding result
in matrices provided we observe that the matrix representation map M relative to an
orthonormal basis is an isomorphism from End(V) to M,,(R) which maps S(V) to
S, (R) and SS(V) to S, (R).

Proposition 4.3.22 Let (V, <>) be a real inner product space. Then the set
S(V)(SS(V)) of symmetric (skew symmetric) linear transformations forms sub-
spaces of End(V), and End (V) is direct sum of these subspaces. Further, product of
any two symmetric (skew-symmetric) linear transformations A and B is symmetric
(skew-symmetric) if and only if AB = BA (AB = —BA). f

Proposition 4.3.23 Let (VZ, < >) beareal inner prodyct space of dimension n. Then
the dimension of S(V) is % and that of SS(V) is “5*. it
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4.4 Isometries and Rigid Motions

Definition 4.4.1 Let (X, d) be a metric space. A bijective map f from X to itself is
called an isometry of (X, d) if d(f(x), f(y)) = d(x,y) forall x,y € X.

The set of all isometries of (X, d) is denoted by /so(X), and it is clearly a group
under composition of maps. This group is a subgroup of Sym(X). If (V, < >) is an
inner product space, then it is already equipped with a metric induced by the inner
product. We shall try to describe the isometries of V' with respect to the induced
metric, and also its group /so(V) of isometries.

Theorem 4.4.2 Let (V, < >) be a finite dimensional complex inner product space.
Let T be a linear transformation from V to V. Then the following conditions are
equivalent.

1. T isanisometryof V,ie,||T(x) — Ty)||=1|lx — y || forall x,y e V.
2.1 T@) II=1lx]] forall x € V.

3. T is a unitary linear transformation.

4. T* = T~

Proof 1 = 2. Assume 1. Then || T(x) || = || T(x) — T(0) ||
=|lx—=0]|l=]|lx]| forallx € V.

2 = 3. Assume 2. We have the following polarization identity (Proposition
4.1.23)

_l 2 . . 2_1 . 2 2
<x,y>= 2[||x+y|| +illx+iyll (I+DUx 17+ 11y [19]

forall x, y € V. Thus,
<T),T(y) >=
HNT@+TO P +i | T@+iTO) P = A+D T 12+ 11 TO) [1)]
for all x, y € V. Since T is a linear transformation, we have
<T(),T()>=
ST+ P +i I Ta+i) P —A+DUI T 1P+ 11 TG) 9]
for all x, y € V. Using 2, we see that
<T).T(y) > =
x4y 1P +illx+iy [P =A+DUx P+ yID)] =<x,y>
for all x, y € V. This shows that 7 is a unitary linear transformation.
3 = 4. Assume 3. Then
<x,y>=<Tx), Ty >=<x,T(T(y)) >
for all x,y € V. Hence < x,y —T*T(y) > = O for all x,y € V. Putting x =
y—T*(T(y)),wegetthat T*(T(y)) = yforally € V.Thisshowsthat T*T = Iy.
Since V is finite dimensional TT* = Iy. This means that T* = T~
4 = 1. Assume 4. Then T*T = Iy,andso < T(x), T (y) >
=<x,T*T(y) > = <x,y > forall x,y € V. In particular, < T (x), T (x) > =
< x,x > for all x € V. This means that || T(x) || = || x || for all x € V. Since
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T is a linear transformation || T(x) — T(y) || = || T(x —y) || = || x — y || for all
x,yeV. ft
Corollary 443 GL(V) [ Iso(V) = U(V). it

Proposition 4.4.4 Let (V), < >1) and (V2, < >3) be complex inner product spaces.
Let f be a vector space isomorphism from V| to V, which preserves inner product.
Then f induces an isomorphism n(f) from U (Vy) to U(V,) defined by n(f)(T) =

foTof .

Proof 1t is clear that n(f) defined above is an isomorphism from GL(V;) to
GL(V,). It is sufficient, therefore, to prove that if f preserves inner product then
n(f) takes U(V;) onto U(V,). Suppose that f preserves inner product. Then
<x,y>=< f(f'x), fF(f1'y) >=< f'(x), f'(y) >. This shows that f
preserves inner product if and only if £~! preserves inner product. It is also immedi-
ate that composition of inner product preserving maps are inner product preserving.
Hence, if f is inner product preserving, and g an isomorphism, then fog (gof) is
inner product preserving if and only if ¢ = f~'o(fog) is inner product preserving.
We know that 7 € U(V)) if and only if T is an isomorphism which is inner prod-
uct preserving. It follows that T e U (V) if and only if foTof ™! is inner product
preserving. Thus, n(f) induces an isomorphism from U (V}) to U (V>). it

Proposition 4.4.5 Any two n-dimensional complex inner product spaces are iso-
morphic as inner product spaces, i.e., there is an isomorphism between them which
preserve inner product.

Proof Let (V}, <>)) and (V», < >) be two complex inner product spaces each of
dimension n. Let {x{, x5, ..., x,} be an orthonormal basis of Vi, and {y;, y2, ..., yu}
be that of V,. Then there is an isomorphism f from V) to V, which takes x; to y;.
But, then

< XLjouxi, T Bixi > = Tl = < Z iy, BBy > .
This shows that f preserves inner product. i

Corollary 4.4.6 Every n-dimensional complex inner product space is isomorphic
as inner product space to the standard complex inner product space C". it

Thus, if V is a n-dimensional complex inner product space, then the group U (V)
is isomorphic to U(C"). The group U (C") is denoted by U (n), and it is called the
unitary group on n-dimensional inner product space.

Proposition 4.4.7 Let (V, < >) be a complex inner product space, and H a linear
transformation from V to itself. Then H is a Hermitian linear transformation if and
only if < H(x), x > isreal forallx € V.
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Proof Suppose that H is Hermitian. Then
<HX), x>=<x, H(x) >=<x, Hx) >= < H(x), x >.
Hence < H(x), x > isreal for all x € V. Conversely, suppose that
< H(x), x > isreal for all x € V. Then < H(x + y), (x +y) > is real for all
x,y € V.Expanding, and noting that < H(x), x > and < H(y), y > are real, we
find that
<HX), y> + <H(), x > isrealforallx,y € V.
Again expanding < H(x +iy), (x +iy) >, we get that
< H(x), y> — < H(y), x > ispurely imaginary forall x, y € V.

It is an elementary fact that if z; and z, are two complex numbers such that z; +

zp is real and z; — zp is purely imaginary, then z; = Z;. This shows that <
H(x), y>= <H(), x> =<x, H(y) >forallx, y € V. This shows that H is
Hermitian. it

Corollary 4.4.8 Let H be a Hermitian linear transformation from a finite dimen-
sional complex inner product space (V, < >) to itself. Then I — iH and I + iH
are isomorphisms. Also (I + iH)(I — iH)™" is a unitary linear transformation.

Proof Suppose that (I — iH)(x) = 0. Thenx = iH(x),andso <x, x > =
i < H(x), x > is real. Since < x, x > is real, and from the above proposition
< H(x), x > is alsoreal, it follows that < x, x > = 0, and so x = 0. This shows
that / — iH is an injective linear transformation from V to itself. Since V is finite
dimensional, it follows that / — i H is an isomorphism. Similarly, / + i H is also an
isomorphism. Further, since (Tj0T2)* = T 0T}, and (T~')* = (T*)~!, we have

(I + iHYI — i)Y = — i 'a + i0)*

=+ i) '0-iH) =U - iU +iH "= +iHd - iH~H~L

(Note that (I — iH) and (I + iH) commute, andso ] — iH and (I + iH)™!
also commute.) This shows that (I + iH)(I — iH)~! is unitary. it

Rigid Motion

Definition 4.4.9 Let (V, < >) be a finite-dimensional real inner product space. Let
d be the metric induced by the inner product. An isometry of (V, d) is also called a
rigid motion on V. Thus, 7 is a rigid motion if

1 Tx) =T II=Ilx = yll

forallx,y e V.
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The group Iso(V) of all rigid motions is called the group of rigid motions on V,
and it is denoted by M (V).

As in case of complex inner product space, an inner product preserving isomor-
phism from a real inner product space V| to a real inner product space V, induces an
isomorphism from M (V}) to M (V,). Thus, the group of motion on an n-dimensional
real inner product space V is isomorphic to M (R™). This group is called the group
of Euclidean motions.

Theorem 4.4.10 Let (V, < >) be a finite dimensional real inner product space. Let
T be a map from 'V to V. Then the following conditions are equivalent.

1. T is a rigid motion which fixes origin 0.

2. T preserves inner product, i.e.,, < T(x), T(y) >=<x, y > forallx,y € V.
This is equivalent to say that T preserves angle between vectors.

3. T is an orthogonal linear transformation.

4. T is a linear transformation such that T* = T,

5. T is a linear transformation which preserves lengths of vectors, i.e., || T (x) ||
=||x||forallx € V.

Proof 1 = 2. Assume 1. Then
T N=I1Tx) —0ll=1Tx —TOI[I=I[x—0[=I[lx]|

for all x € V. Also, then
x>+ 1yl =2<T), T(y) >
= T@OIP + ITW I =2<T), T(y) >
= Tx) — T I
=llx - ylP
=lxI>+lyl? —2<x,y>
forall x,y € V.Hence < T(x), T(y) >=<ux, y>forallx,ye V.
2 = 3. Assume 2. Itis sufficient to prove that 7 is a linear transformation. Using
the fact that T preserves the inner product, we see that

<Tx+y)—Tx) =Ty, Tx+y)—Tkx) —T() >
=<x4+y—x—-y, x+y—x—y>=0
forall x, y € V. This shows that T(x +y) = T(x) + T(y) forall x, y € V. Simi-
larly, it can be shown that T (ax) = aT (x) foralla € Randx € V.

The proof of 3 = 4 is similar to the proof of 3 = 4 in the Theorem 4.4.2.
4 = 5. Assume 4. Then T* = T ~'. Hence

NTX) |P=<T), Tx)>=<x, T'Tx)>=<x, x>=|| x|

forallx e V.
5 = 1. Assume 5. Since T is a linear transformation, 7 (0) = 0 and
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NTX) =T I=NT&x=»II=Ilx—yll
forallx,y e V. it

Remark 4.4.11 The analogue of | = 2 is not valid in complex case. For example
the map 7 from the usual complex inner product space C" to itself defined by

T((le 225 v ns Zn)) = (Hv 225 vvey Zn)
preserves distance, fixes origin, but does not preserve inner product.

Remark 4.4.12 A length preserving map from a real inner product space to itself
need not be an orthogonal transformation. Indeed, the translation map Lz from the
usual inner product space R” to itself defined by

Lz(x) = X + a,
@ # 0 preserves length but it is not a linear transformation.

Let (V, < >) be a real inner product space and a € V. The map L, from V to V
defined by L,(x) = x + a is arigid motion. This is called the translation by a. The
set J(V) of all translations on V is a subgroup of the group M (V) of rigid motions
which is isomorphic to (V, +) (the map a ~~» L, is an isomorphism). Also O (V) the
group of orthogonal linear transformations is a subgroup of M (V).

Theorem 4.4.13 Every rigid motion of a finite dimensional real inner product space
(V, < >) is uniquely expressible as a product of a translation and an orthogonal
linear transformation.

Proof Let ¢ € M(V). Let ¢(0) = a. Then the map T from V to V defined by
T(x) = ¢(x) — a is also arigid motion such that 7(0) = 0. From the previous

result, T is an orthogonal linear transformation and ¢ = L,oT. Further, suppose
that L,oT = L,oT’, where T and T' are orthogonal linear transformations. Then
a = L,oT(0) = L,oT(0) = b.Thisshowsthata = bandT = T'. ft

Recall that a group G is said to be (internal) semi-direct product of a normal
subgroup H by K if

(i) G = HK,and
() HNK = {e}.

In this case every element g of G has a unique representation as ¢ = hk, where
ke Kandh e H.

Corollary 4.4.14 M(V) is semi-direct product of I(V) by O(V).

Proof 1t follows from the above result that M(V) = JI(V)O (V). Also if L, €
O(V),thena = L,(0) = 0,and so L, = Iy. Thus, (V) O(V) = {Iy}.
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Now, we show that J(V) is a normal subgroup of M (V). Let L,oT € M(V) and
Ly € 3(V),where T € O(V). Then

(L,oT) 'oLyo(L,oT)(x) = x + T7'(b) = Ly-143)(x).

Hence (L,0T) 'oLyo(L,0T) = Lr-ipy € I(V). it
Following corollary follows from the second isomorphism theorem.

Corollary 4.4.15 M(V)/3(V) is isomorphic to O(V). it

Exercises

4.4.1 Define a map < >’ from R? x R? to R by

< (x1,x2,x3), (V1,¥2,¥3) > = x1y1 +xX2y1 +X1y2 + 2x2y2 + 3x3y2 + 3x2y3 + Xx3y3.

Show that < > is an inner product on R?. Deduce that
[ x1y1 + X291 + X132 + 2x2y2 + 3x32 + 3x23 + X33 |
< xl2 + 2x1x2 + 2x§ + 6x2x3 + x32\/y12 +2y1y + Zyg + 6y,y3 + y32 for all real

numbers x;, y;. Further, find an orthonormal basis of (R3, < >'), and a linear trans-
formation 7 from R? to itself such that

<Tx), T(y) > =<x, y>

forallx, y € R3, where < > is the standard Euclidean inner product.

4.4.2 Define a map < >’ from R? x R? to R by

< (x1,x2), (1, y2) > = xiy1 + X192 + 2x0091 + yiy2.

Is < >’ an inner product? Support.

4.4.3 Let P3(x) denote the vector space of all polynomials of degree at most 3 with
coefficients in the field R of real numbers. Let f(x) and g(x) be elements of Ps(x).

Define < f(x), g(x) >= fol f(x)g(x)dx.Show that <, > defines an inner product
on P;(x). Find an orthonormal basis of P5(x).

4.4.4x Let V be the vector space of all real valued smooth functions on R and
T = D’ — 6D> + 11D — 61

where D = % is the standard differential operator. Show that ker T is 3 dimensional

inner product space with respect to the inner product

1
<f,g>= /] fx)g(x)dx.



126 4 Inner Product Spaces

Find an orthonormal basis of kerT.

4.4.5 Let A be a non singular 3 x 3 matrix with real entries. Show, by means of an
example, that < X, y > = XAY" need not define an inner product on R3. Show that
it defines an inner product if and only if A = BB’ for some non singular matrix.
Such a matrix is called a positive definite symmetric matrix

4.4.6 Let C[0, 1] denote the vector space of all continuous functions on the closed
interval [0, 1]. Show that < f(x), g(x) > = fol f(x)g(x)dx defines an inner prod-

uct on C[0, 1]. Show that the set {1} U{«/Esinmrx, V2cosnmx | n € Z} forms an
orthonormal set.

4.4.7 Find the largest value and also the smallest value of 3x — 4y + 2z, if exists,
onthe sphere x2 4+ y? + z2 = 4,and also on the Ellipsoid x> 4+ 2y + 3z2 = 1.
Do they exist on a paraboloid, or a hyperboloid?

4.4.8 Consider the standard real inner product space R*. Use the Gram—Schmidt
process to determine an orthonormal basis of the subspace W generated by {(1, 1,
1,1),(,2,2,2),(1,2,3,3), (1,0, 0,0)}. What is the dimension of W?

4.4.9 Find a lower triangular matrix P with positive entries, if possible, so that P A
is an orthogonal matrix, where

111
A=1123
149

Alsoexpress Aas A = LO(U O), where L is alower (U an upper) triangular matrix
with positive entries, and O is an orthogonal matrix.

4.4.10 Let W be a subspace of the standard Euclidean inner product space R* gener-
ated by {(1, —1, 1, —1), (1, 1, 1, =3), (1, 2, —3, 0)}. Find the distance of (1, 1, 1, 1)
from W, and also the foot of the perpendicular from (1, 1, 1, 1) to W.

4.4.11 Consider the usual inner product space R*. Find the shortest distance between
the line

x y—=2 z
1 2 1

and
x—1 y—2 z—3

1 1 17

and also find the line of shortest distance, if it exists.

4.4.12 In the standard inner product space R*, find shortest distance between
.y, z,w)|[x+y+z+tw=0=x—-y=z—w} and {(x,y,z,w) |[x+2z+
1 = 0}.
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4.4.13 Consider the subspace W = {(x,y,z,w) | x+2y+z+w=0=x+
y — 2z = w} of the standard inner product space R*. Find an orthonormal basis
of W, and also of W+. Find also the component of (1, 1, 1, 1) along W and perpen-
dicular to W.

4.4.14 Let T be the linear transformation from the standard inner product space R?
to itself defined by

T((x,y,2) = (x+y,y+z,z+x).
Find T*, and also find its matrix representation with respect to the standard basis.

4.4.15 Let W be a subspace of a finite-dimensional inner product space V, and
x € Vbesuchthat <x, y> + <y, x ><<y, y> forall y e W. Show that
xe Wt

4.4.16 Let T be a normal linear transformation from V to V such that T (x) = 0.
Show that T*(x) = 0.

4.4.17 Let A be a bounded subset of a fine-dimensional real inner product space V
in the sense that there is a real number M such that || x ||< M for all x € A. Show
that {f € M(V) | f(A) € A} is asubgroup of O(V).

4.4.18 Let T € End(V), where V is a complex inner product space. Suppose that
T*T(x) = 0. Show that T(x) = 0.

4.4.19 Let T be a Hermitian linear transformation on a finite dimensional complex
inner product space V. Let x € V be such that 7" (x) = 0 for some m > 1. Show
that T(x) = 0.

4.4.20 Let V be a real inner product space of dimension n, and {x;, x,, ..., x,} an
orthonormal basis. Define a map 7 from S, to O(V) as follows. Let p € §,. Then
n(p) is the unique orthogonal linear transformation whose effect on the orthonormal
basis is given by 7(p)(x;) = xpa). Show that 7 is an injective homomorphism.
Deduce that every group of order n is isomorphic to a subgroup of O (V).

4.4.21 Show that every group of order 7 is isomorphic to a subgroup of U,.
4.4.22 Show that every finite subgroup of M (V) is a subgroup of O (V).
4.4.23 Find all finite subgroups of O(2).

4.4.24 Show that there is no proper open subspace of an inner product space.

4.4.25 Show that every nonempty open subset of an inner product space generates
the space.

4.4.26 Show that every unit sphere {x ||| x || = 1} generates the space.
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4.4.27 Show that every subspace of an inner product space is closed.

4.4.28 Show thatevery linear transformation from a finite dimensional inner product
space to an inner product space is continuous.

4.4.29 Show that inner product map is also continuous.

4.4.30 Let W be a subspace of a finite dimensional inner product space V. Show
that V/W is a inner product space with respect to the inner product defined by <
x+W, y+W>=glb{<x+u, y+v>luve W}

4.4.31 Let A be a skew-Hermitian transformation. Show that / + Aand/ — A
are isomorphism.

4.4.32 LetV be afinite dimensional real inner product space of dimension n. Define
an inner product < > on End(V) by

/
< T, T > = Ei,jaijﬂij,

where T = Xjja;;T;; and T" = X;;(3;T;;. Find the distance between the subspace
S(V)and SS(V).

4.4.33 Check, if the following transformations from R3 to itself are orthogonal
transformations.

1) T(x1,x2,x3) = (x2,x3,X1)

(i) T(x1,x2,x3) = (xl}xz X'fz,m)
(i.ii) T(x1,x2,x3) = (x‘jgz, X'_\%ﬂ*, 4 xf/gz“)
(iv) T(x1,x2,x3) = (X1 + x2, X3, X).

4.4.34 Check, if the following transformations from R3 to itself are rigid motions.

(1) T(xr,x2,x3) = (x2+1,x3+2,x1)

(i) T'(x1, X2, x3) = ("‘Hz,x‘fz,m)

(i) T(xi, o0, x3) = (U2 4 1, A=, a=u=in,)

(iv) T(x1,x2,x3) = (x1 + X2, X3, X1).

4.4.35 Let V be areal inner product space of dimension n and x € V, x # 0. Then
show that P, = {y € V |< x, y > = O}isahyperplane in V. Show that P, = P,
if and only if x = ay for some « # 0. Further, show that every hyperplane is of the
form P, for some x. Determine a bijective correspondence between the set of lines
and the set of hyperplanes.

4.4.36 Let P, be the hyperplane determined by an element x in a real inner product
space V as described in the above exercise. Let o, be a linear transformation on V
which fixes the elements of P, and maps a vector orthogonal to P, to its negative.
Show that o, is uniquely defined, and it is given by
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2<y, x>
o) =y - —————x

<X, X >
This linear transformation is called the reflection about the hyperplane P,. Observe
that P, = Pyifandonlyif o, = o,. Deduce that every reflection is an orthogonal
linear transformation whose square is identity. Further, find the matrix representation
of o, with respect to the standard basis.

4.4.37 Let ® be a finite set of generators of a real inner product space V such that
0¢ ®.Leto € GL(V) be such that

@) o(®) =@
(i) o fixes element wise a hyperplane P
(iii)) o(a) = —a for some o € .

Show thatc = o,and P = P,.

4.4.38% Let ® be as in the above exercise such that

(i) a € ®implies that —a € ®
(ii) o4 (®) = @ forall a € ®
(i) =2-2= ¢ Z forall a, B € .

Show that ® | < & > = {}a, 1o, a, —a, 2, —2a} forall a € ®.

39: In the above exercise, if in addition, ® (| < @ > = {a, —a}, then @ is called a
root system. Let @ be a root system and «, 3 € ®. Show that the angle between «

and [ is one of the following: 0, =, Zn 3 m

T 5t . .
: ( v 5. 5 3 4 7 & ¢ Determine the ratio of
their lengths in each case.

40x Determine all roots in R2.



Chapter 5
Determinants and Forms

In this chapter, we introduce the concept of determinant in various ways. The invari-
ant subspaces, the eigen values, the spectral theorem, the geometry of orthogonal
transformations, and the geometry of bilinear forms also constitute the subject matter
of this paper.

5.1 Determinant of a Matrix

We define determinant det(A) of a n x n matrix A by the induction on #n as follows:
LetA = [a;] be an x n matrix. Let A; denote the (n — 1) x (n — 1) submatrix
obtained by deleting the ith row and the jth column of the matrix.

Example 5.1.1 For the matrix

123
A=[456],
789
56
Ay = |:89]’
and
12
A23 - |:78i|

Definition 5.1.2 IfA = [a;;]isal x 1 matrix, then define det(A) = a;. Assum-
ing that the determinant of all m x m matrices, m < n has already been defined,
define the determinant of a n X n matrix A by
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det(A) = 21, (=)™ a; det(Ay).

Thus,

d€f|:a11 d12i| = (=D'"MaydetA;; + (=1)"aydetAry = anan — anan,

az) ax
ay a2 a3
det | ax1 ax ax
as| asz ass

= (—1)"*ay det [azz azﬂ 4 (=12 gy der |:412 a13} 4 (=1 g der [alz a13}
azx as az ass an a3

and

= ay1(axna3z3 — azaz) — axi(apasz — axnai3) + as1(ajpazs — axnaiz).

Theorem 5.1.3 The determinant map det satisfies the following properties:
(i) det is linear in each row of the matrix. More precisely,

i 0 i
r 5 2
det| _  — | = adet| | + bdet| =
ar; + br} T ¥

L r"[ L E - L ﬁ -

for each i.
(ii) If two distinct rows of a matrix A are same, then det(A) = 0.
(iii) det(I,) = 1.

Proof (i) We prove (i) by the induction on n. Forn = 1, det([aa;]) = aa;; =
adet([ay1]), and there is nothing to do. Assume that the result is true for matri-
ces of order less than n. Let A be a matrix of order n. Consider a general term
(—1)™'a; det(A;1) under summation in the definition of det(A). If k # i, then a;;
does not depend on kth row, whereas by the induction hypothesis, def(A;;) depends
linearly on kth row. However, a;; depends linearly on kth row, whereas det(Ay;) is
independent of kth row. This shows det is linear in each row.

(ii) Suppose that the kth row 7 is same as the /throw 7; of A. Suppose thatk < [.If
i # kandi # [, then two rows of A;; will be same, and so by the induction hypothesis
det(A;;) = 0. Thus, all terms under summation of the R.H.S. of the expression for
det(A) are zero except perhaps (—1)**a; det(Ay;) and (—1)"*'a; det(A;r). Hence,
then, det(A) equals
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(=D apdet(A) + (=1 ander(Ap).

Observe that a;; = ay;. Next, Ag; can be obtained from A;; by the interchange of [ —
k — 1 consecutive rows. This means thatdet(Ay;) = (—1)""*~!det(A;). Substituting
it we see that the det(A) = 0.

(iii) Finally if A = I,,, then the only term which appears in the expression for the
det(l,) is (—1)'*'det(l,_;) = 1. f

Remark 5.1.4 Imitating the proof of the above theorem, one can easily observe that
the associations A > T/, (= 1)V a;det(A;), A — Ejf‘zl(—l)iJrjaijdet(Aij) from the
set of square matrices to the field F' also satisfy the three properties listed in the
theorem. We shall show (see Corollary5.3.16) that an association from M, to F
satisfying the listed 3 properties in the above theorem is unique. As such, it will
follow that det(A) = T, (—1)Ma;det(A;) = ZJ”ZI(—I)iJ’jaijdet(Aij). Thus, we
can expand the determinant from any row, or from any column. In turn, det(A) =
det(A").

Corollary 5.1.5 X/ (—1)"*a;det(Ay) = 0 forall i # k.

Proof Suppose thati # k. Consider the matrix B = [by,], where b,; = a,,ifp # k
and by, = aj,. In other words B is obtained by replacing the kth row of A by the ith
row. Thus, deleting the kth row and jth column of A is same as doing the same thing
on B. More precisely, Ay; = By;. The expression E]’.’:l (— DK+ ajidet(A;;) becomes
E]f': (= 1k+ byjdet(By;). Since two distinct rows of B are same, it follows, from the
above remark, that Ej’.’zl (—Dk+ byjdet(By;) = 0. The result follows. it

Definition 5.1.6 Let A be a square matrix of order n. Then (—1)"+ det(A;) is called
the (i, j) co-factor of A. The matrix A/ = [(—1)""det(A;)] is called the co-factor
matrix of A. The transpose (A°Y)! of the co-factor matrix is called the adjoint of A,
and it is denoted by A%/, Thus, A*Y = [b;], where b; = (—1Y*idet(A;).

Corollary 5.1.7 A -AY = det(A)I, = A . A.

Proof Suppose that A - A% = [c;]. Then
cij = Z,Z’:la,-kbkj = E,'(':]a,»k(—l)deet(Ajk).

From the above theorem, it follows that ¢; = 0if i #j, anditis detA if i = j.
This proves that A - A% = det(A)l,. It also follows that A’ - (A")* = det(A)I, =
det(A)I,. Further, it is also clear that (A%Y)" = (A")*¥ . Taking the transpose of the
equality A - A = det(A)l,, we see that (A“YA) = A'(AY) = A'(AHNYD =
det(A)], = det(A)I,. This shows that A% - A = det(A)],. ¢

Remark 5.1.8 We shall see a little later that det(AB) = detAdetB. Since A - A°Y =
det(A)1,, it follows that if det(A) # 0, then det(AY) = (det(A))".



134 5 Determinants and Forms

Corollary 5.1.9 A is invertible if and only if det(A) #0, and then A~' =
(det(A)) 1A,

Proof Suppose that A is invertible, and A='A = I,. Then 1 =det(A~' - A) =
detA™" - detA. Hence detA # 0. Conversely, if det(A) # 0, then since A - A% =
det(A)I,, we have A - (det(A)) A" = |, it

The above result gives us another method to find the inverse of a matrix. This we
illustrate by means of the following example.

Example 5.1.10 Consider the matrix A given by

111
01
00
Here
(=)' Det(A11) = 2, (=)' Det(A;p) = 0 =
(—=1D)'3Det(A3), (=1)* ' Det(Az)) = —2, (—1)*"Det(A2,)
= 2, (-1)*PDet(A3) = 0 = (=1)*"'Det(A31), (—1)*?Det(A3;) = —1

and (—1)3*3Det(A3;) = 1.

Thus, the co-factor matrix is

2 00
220
0 —-11

The adjoint A%/, being the transpose of the co-factor matrix, is

2-20
02 -1
00 1

Clearly, the det(A) = 2, and so the inverse of A is

-1 0

o=

1

01
1

00 3

Corollary 5.1.11 (Cramer’s rule) Consider a system of n-linear equations in n

unknowns given by the matrix equation

A-X =B,

det(Aj;)
det(A)

where A is invertible matrix. Then x; = E;’Zl (—1)i+jbj forall i.
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Proof Since A™' = (det(A))~'A% | it follows that X = dm'( A)A“df - B. The result

follows if we equate the rows. it

5.2 Permutations

This is a brief section on permutations with aim to introduce even and odd permu-
tations. For detail, one may refer to algebra 1. A bijective map p from {1, 2, ..., n}
to itself is called a permutation on {1, 2, ..., n}. The set S, of all permutations on
{1,2,...,n} is a group with respect to the composition of maps (product of permu-
tations). We may represent an element p € S, (without any ambiguity) by

( 1 2 .... n )

p(M)p2)....pm) J"

Since p is a bijective map, the second row is just the rearrangement (permutation)
of 1,2, ..., n. Thus, any p € S, gives a unique permutation described above. Con-
versely, if we have a rearrangement of 1,2, ..., n, then it gives rise to a unique
bijective map from {1, 2, . .., n} to itself by putting the rearrangement below 12 - - - n
as above. For example, if n = 4, the rearrangement 2314 of 1234 gives rise to a
bijective map p from {1, 2, 3, 4} to itself given by p(1) = 2, p(2) = 3, p(3) = 1
and p(4) = 4. In the above notation

(1234
P=\2314)"

Thus, the members of S, can be viewed as permutations. The product gf of

permutations
f—( 1 2 .... n )
IR VACON A€ I 4 ()
and
_ 1 2 .... n
7= (g(l) 92 .. .. g(n))
is given by

f—( 1 2 ... n )
=\ g ) g¢ @) . ... gt )

(1234
P=\3412

Example 5.2.1 1If
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and
(1234
9=\2134
then
1234
pq:(4312)
and
(1234
P=\3421)"
Thus, pg # gp.

Cycles and Transpositions

Now, we consider special types of permutations. Consider, for example, the permu-
tation
(123456
p_(253164)'

ptakes 1t02,2t05,5t06,6to4 and 4 to 1. The remaining symbol 3 is fixed. We can
faithfully represent the permutation p by the row (1 2 5 6 4) with the understanding
that each symbol goes to the following symbol, the last symbol is mapped to the first
symbol, and the symbol not appearing in the row is kept fixed. Thus, the permutation

1234567
1524763

can be represented by (2 5 7 3), whereas
1234
2143

Definition 5.2.2 A permutation p € S, is called a cycle of length r > 1 if there
exists a subset {iy, i, ..., I} of {1,2,...,n} containing r distinct elements such
that p(iy) = i, p(i2) = i,...,p(,—1) = i, pi;y) = i1, and p(j) = j for all
j ¢ {i1,i2, ..., i }. The cycle p is denoted by (i}, - - - ). A cycle of length 2 is called
a transposition. Thus, a transposition is represented by (i j) which interchanges i
and j, and keeps the rest of the symbols fixed.

cannot be represented in this form.

Theorem 5.2.3 Every nonidentity permutation can be written as product of disjoint
cycles. Further, any two representations of a nonidentity permutation as product of
disjoint cycles are same up to a rearrangement of the cycles.
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Proof Let p be a nonidentity permutation in S,. Then there exists i; such that
p(i) # i;. Clearly, all members of the set {il,p(il),pz(il, ..., p"(i1)} cannot be
distinct. Hence, there exist r,s; 1 <r <s <n such that p"(i;) = p*(i;). Thus,
there exists ¢, 1 < ¢ < n such that p’(i;) = i;. Let [; be the least positive integer
such that p''(i;) = i;. Given m € Z, by the division algorithm, there exist q, r
such that m = lig + r, where 0 <r <[y — 1. But, then p"(i;) = p"(iy).
It is clear from the above observation that the effect of the permutation p on
the symbols in (i1, p(iD), p>(1), ..., p" (i)} is the same as that of the cycle
Ci = (i; piy) p*(i) ---p"~'(iy)). If p = C), then there is nothing to do. If
not, there exists i» ¢ {i1, p(i1), p>(i1), . .., p"~(i1)} such that p(ir) # i». As before,
consider the cycle C; = (iy p(ix) p*(in) ---p2~'(i»)), where I, is the smallest
positive integer such that p’2 (i) = ip. Clearly, C and C; are disjoint cycles. If
p = C;C,, then there is nothing to do. If not, proceed. This process stops after
finitely many steps giving p as product of disjoint cycles, because the symbols are
finitely many.
Finally, we prove the uniqueness. Suppose that p # [ and

p=CGC---C = CCh---C,
where C; and C; are disjoint for i # j, and also C; and C; are disjoint for k % I.

Suppose that p(r) # t. Then there exist i, k such that C;(¢) # ¢, and also C}(¢) # t.
We may assume that C; (f) # ¢ and C|(¢) # t. But, then using the arguments of the

previous paragraph, we find that C; = Cj. Canceling C; and C}, using induction,
and the fact that products of nonidentity disjoint cycles can never be identity, we find
thatr = s,and C; = C; forall i. f

Remark 5.2.4 The proof of the above theorem is algorithmic, and it gives an algo-
rithm to express a permutation as product of disjoint cycles.

Proposition 5.2.5 Every cycle is product of transpositions.
Proof (iyiz---i;) = (i1ip)(rir—1) - - - (Q1i2). g

Since every permutation is product of disjoint cycles, we have the following
corollary.

Corollary 5.2.6 Every permutation is product of transpositions. it

Remark 5.2.7 Representation of a permutation as product of transpositions is not
unique. For example,

(1234) = (14)(13)(12) = (14)(13)(12)(24)(24) = (14)(23)(13).
Alternating Map
Let p € S,. Consider the following rational number:

pH)—p@ pM)—pB)  pD=—pm) pQ—p@B .  pR—pwn)  pr=D—ph)
1-2 1-3 I-n 2-3 2-n (n—D—-n *
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The above expression in short is denoted by

H pH=pQ)
I<i<j<n 717

Proposition 5.2.8 [],_,_., 252 = +1 forallp €S,

Proof Since p is a permutation, for all pair (k, 1), k # [, there is a unique pair
@i, j),i #j with p(i)) = k and p(j) = [. If i <j, then k — [ appears once and
only once in the numerator of the expression, and if j < i, then / — k appears once
and only once in the numerator of the expression. Also k — [ or [ — k appears once
and only once in the denominator according as k <[ or / < k. This proves the
result. it

Definition 5.2.9 The map x from S, to {1, —1} defined by

= pO=p()
Xp) = Hl§i<j§n i

is called the alternating map of degree n.

Theorem 5.2.10 The alternating map x : S, —> {1, —1} is a surjective map which
takes any transposition to —1. Further, it is a homomorphism in the sense that

x(rqg) = x(P)x(q) forallp,q € S,.

Proof We first show that x is a homomorphism.

— pa@D=pq() _ plg@)—pg()) 9D-q() _
x(pg) = H1§i<j§n i—j = H1§i<j<n 2()—q0) H1<;<]<n =
1 @) =) (q)

Isijsn — ql—qG) XD

Since ¢ is a permutation of 1, 2, ... n, it follows that
plg@)—pgQ)) __
Hlfkjsn d—ap = X@)

This shows that x is a homomorphism. Hence x(p)x(p~') = x(I) = 1 for all
permutation p. Consider the transposition 7 = (1, 2). Clearly,

_2-1 2-3  2-p 1-3 1-4 1-n _

X(T) = 1505 5 3 e, = Tl
Consider a general transposition c = (k, [). Take a permutation p € S, for which
p(1) = k, p(2) = I. Observe that such a permutation exists. Then prp~! = 0.

Hence x(0) = x(»)x(T)x(p~') = —1. Thus, y takes any transposition to —1. #
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Corollary 5.2.11 Let p € S,. Suppose that

p = 01020, = T1T2 "+ Ty,
where o; and 7; are transpositions. Then r = s(mod?2), i.e., 2 divides r — s (equiva-

lently r and s both are simultaneously even, or both are simultaneously odd).

Proof From the above theorem, it follows that

X)) = x(ox(o2)---x(o,) = x(r)x(12) -+ (7).

Since  takes a transposition to —1, (—1)" = (—1)°. Hence r — s is even. it

Remark 5.2.12 From the above corollary, it follows that if we can write a permutation
as a product of even number of transpositions, then we cannot write it as a product
of odd number of transpositions, and if we can write it as product of odd number of
transpositions, then we cannot write it as a product of even number of transpositions.

Definition 5.2.13 A permutation p is called an even permutation, if it can be
expressed as product of even number of permutations, or equivalently, x(p) = 1.1t
is said to be an odd permutation if it can be expressed as product of odd number
of transpositions. We also say that sign(p) = 1, if p is an even permutation, and
sign(p) = —1if pis an odd permutation. Thus, x(p) is also written as sign(p). The
set A, of all even permutations is a subgroup of S, called the alternating group.

Example 5.2.14 Consider the permutation p given by
(12345
P=\24513)"
Thenp = (124)(35) = (12)(14)(35) is product of 3 transpositions. Hence p is an

odd permutation and so sign(p) = x(p) = —1.

Proposition 5.2.15 Let 7 be a transposition in S,. Then A, = {p7 | p € A,} and
A, are disjoint and S,, = A, |JA,T.

Proof Follows from the fact that A, 7 is the set of all odd permutations, whereas A,,
is the set of all even permutations. it

5.3 Alternating Forms, Determinant of an Endomorphism

Let Vi, Va, ..., V, and W be vector spaces over a field F. A map f from V| x V, x
-+« x V. to W is called a multilinear map if

[, x, oo, oy, axi + DX, X, .., Xy)
= af (X1, X2, ..o, Xio 1, Xiy Xig 1o -0 X))+ B0, X2, o Xim 1 X, X1 e Xp)
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foralla, b € F,x; € V;,and x; € V;. Thus, a multilinear map is a map which is linear
in each coordinate. If V; = V for each i, then it is called a r-linear map on V. If in
addition W = F, then it is said to be a r-linear form on V. A 2-linear form on V
is also called a bilinear form on V

The vector product on R? is a bilinear map from R? x R? to R?, and the scalar
product on R?, or in general, an inner product on a real vector space V is a bilinear
formon V.

Definition 5.3.1 A r-multilinear map f on a vector space V is called r-alternating
map if f(x1, x2, ..., x,) = 0 whenever x; = x; for some i # j.

The vector product on R? is a 2—alternating map. The map f from R? x R? to
R given by f((a1, a2), (b1, b)) = a1by — ayb; is a 2-alternating form on R2. The
map (a, b,¢) — (a x b) - ¢ defines 3-alternating form (called the volume form) on
R3.

The sum of two r-alternating maps from V to W is a r-alternating map (verify),
and the scalar multiple of a r-alternating map is also a r-alternating map. Thus, the
set A,(V, W) of all r-alternating maps form a vector space with respect the above

operations.
Next, let T’ be a linear transformation from V to W. The map 7" from V" to W"
defined by 7" (x;, x2, ..., x,) = (T(x1), T(x2), ..., T(x,)) is a linear transforma-

tion. If f is a r-alternating map from W to U, and T a linear transformation from
V to W, then foT" defines a r-alternating map from V to U(verify). This defines a
linear transformation A,(7T") from A,(W, U) to A,(V, U). The following properties
can be verified easily.

LA(v) = Ia,w,vy.

2.A,(ThoT,) = A,(T1)oA,(T,), where T is a linear transformation from Wy to
W, and T is a linear transformation from W, to Ws.

In particular, A, defines a linear transformation from End(V) to End(A,(V)).

Proposition 5.3.2 Letf be a r-alternating formon 'V, and {x, x5, . . ., x,} a linearly
dependent set. Then f(x1, x2,...,%x,) = 0.

Proof Under the hypothesis, there is an i such that x; is a linear combination of the
rest of the coordinates. Substituting this linear combination at the ith coordinate,
expanding, and using the property of being alternative, we get the result. i

Corollary 5.3.3 Let V be a vector space of dimension n. Then the vector space
A (V,W) = {0} forallr > n. it
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Proposition 5.3.4 Let f be a r-alternating map on V. Then

SO X0, o X Xy Xl -5 Xy e, X)) =
_f(xlst "'a-xiflv-xja-xi#»lv '-'9xj717xi9xj+17 "'sxr)'

In other words, if we interchange two coordinates, then the value of f changes its
sign.

Proof From the definition of alternating map, it follows that
SO, X, oo Xis, X X, Xip 1y - X1, X X, X1, .- %) = 0.

Expanding, and observing that

SO X, oo Xim 1, Xy Xig s e Xje 1 Xiy X s o X)) = 0 =
f(xlv-x27 oo sxiflv-xjs-xiJrlv oo 7-xj7]s-xj1-xj+19 .o 7-xr)
the result follows. f

The above result can be restated as follows.

Proposition 5.3.5 Let f be a r-alternating map on V, and T a transposition in S,.
Then

Gy, Xr@2)s o Xr ) = —f (X1, X2, .00, %), i

In general, we have the following proposition.

Proposition 5.3.6 Let f is a r-alternating map from'V to W, and p € S,. Then

TGy, Xp2)s - -5 Xpy) = Sign(P)f (X1, x2, ..., X),

where sign(p) = 1, if p is even permutation, and it is —1 if p is an odd permutation.

Proof If p = 117 - - - Ty, then applying the above result successively, we see that

FOo), Xp2)s - Xpy) = (=D"f(x1,x2, ..., xp).
The result follows. g
Proposition 5.3.7 Let f be a r-alternating map on V. Let {x|,xs,...,x,} and

{(yi,¥2, ..., yr} be subsets of V. Suppose thaty; = X[_,a;x;. Then

SOLY2, Y0 = Zpes, Sign(p)aipayaope) - - - Apnf (X1, X2, ..., X)) =
. r
Ypes, sign(p) [ i, aiprf (1, X2, ..., Xp).

Proof f(y1,y2,...,¥) = f(E_anxi, Z_,anx;, ..., X_,a;x;). Expanding by
multilinearity and keeping in mind that the value of f is 0 whenever two arguments
are same, we see that
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FOLY2 oY) = Bpes, p1p@)2 * + Apyrf Kp(1ys Xp2)s - -+ Xp(r))-

Using the above proposition we find that

-

SOL Y, oY) = Zpes, sign(p) Hi:l apiyif (1, X2, .0, X). g
Corollary 5.3.8 Let V be a vector space with a basis {x\, x,, ..., x,} and f a n-
alternating form on V. Then f is uniquely determined by its value f (x1, x2, . .., X,)
on (X1,X2, ...,%). g

Theorem 5.3.9 Let V be a vector space of dimension n over a field F. Then the
dimension of A,(V, F) is 1.

Proof Let {uj, us,...,u,} be a basis of V. Then every n-alternating form f is
uniquely determined by its value f (u;, ua, . .., u,) on (uy, us, .. ., u,). Indeed, given
(x1,x2,...,x,) such that x; = X! a;u, [f(x1,X2,...,%,) = Zpes,sign
») H?=1 apgiyif (i, w2, . .., u,). This shows that the dimension of A, (V, F) is at most
1 (any two n-alternating map differ by a scalar multiple). It is sufficient, therefore,
to show that A, (V, F) # {0}. We show that the map f defined by

n
fOa,x2, 0 X)) = Epes,sign(p) H[Z1 Ap(iyis

where x; = X! a;u; is a nonzero n-alternating form on V. Clearly, f(u;, ua, .. .,
u,) = 1, for then the matrix [ay;] is the identity matrix, and so a; = 1 for all
iand a; = O fori##j. Itis clearly an n-linear map. We show that it is alternat-
ing. Suppose that x; = x, j #k. Then a; = ay for all i. Let p be a permu-
tation and 7 = (j k). Then Apr(Gy = Apyj = Apkok and Apirkpk = Ap(hk =
Ap(j)j» and for [/ ¢ {j, k}, Ap(r(h)l = Ap(l- It follows that Ap()1ap2)2 " * * Apmyn =
Apr(1)1Gpr(2)2 - * * Apr(n> AN SO SigR(P)aAp(1)1Gp2)2 * - Apyn = —SigR(PT)apr (1)1

Apr2)2 * * * Apr(myn- NOW S}, is disjoint union of A, and A,7 = {p7 | p € A,}. Hence,

Epes,sign(p) [T—; apii =
. n . n
Spea,sign() [T apiyi + Zpripea,sign(pr) [112; ap@i = 0.

This shows that f (x;, x2, ...,x,) = 0wheneverx; = x; for some j # k. Thus, f is
alternating. it

Let T be an endomorphism of V, where V is a vector space of dimension n
over a field F. Then T induces a linear transformation A,(7T) from A, (V, F) to
itself. Since A, (V, F) is of dimension 1, it follows that A, (T) is multiplication by a
scalar. This scalar is denoted by det(T), and it is called the determinant of 7. Thus,
A (T)(f) = det(T) - f. This defines a map det from End(V) to F, and it is called
the determinant map on End(V). Since A, (T 0T;) = A,(T2)0A,(T}), we have the
following corollary.

Corollary 5.3.10 det(T 0T>) = det(T>) - det(T)) = det(T}) - det(T5). 8
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Corollary 5.3.11 Let T be a linear transformation from a vector space V to itself.
Let{uy, u, ..., u,} beabasis of V. Suppose that T (u;) = X}_,a;u;. Thendet(T) =
Bes, sign(p) [ 11 apii-

Proof Letf be an— alternating form on V. Then by the definition, A,(T)(f) = foT".
Now,
(foT™)(ur, u, ... un) = f(T(ur), T(w2), ..., T(un))

= f(ZL anu;, 21 apl;, ..., B Ainlt;)
= Ypes,sign(p) [ T2, apiyif 1), ua, . . ., uy)

= det(T)f(ula u25 ce uil)'
This shows that

det(T) = ¥,cs,sign(p) ]—Lz1 p(iyi- i

The following corollary is immediate from the above proposition.

Corollary 5.3.12 det(Iy) = 1. f

Corollary 5.3.13 Let T be a linear transformation from 'V to V. Then T is invertible
if and only if det(T) # 0.

Proof Suppose that T is invertible. Then ToT~! = Iy. Hence 1 = det(ToT™') =
det(T) - det(T~"). This shows that det(T) # 0.Conversely, suppose that det(T) # 0.
Let {uy, uy, ..., u,} be a basis of V. It is sufficient to show that {T(u,), T (uy), ...,
T (u,)} is linearly independent. Suppose not. Then for any f € A,(V), A (T)(f)
Uy, up, ooy tty) =f(T (1), T(uz), ..., T(uy) =0 = det(T)f (uy, ua, ..., u,).
Since there is af € A, (V) such that f (uy, us, ..., u,) # 0, it follows that det(T) =
0. This is a contradiction. f

Corollary 5.3.14 det(T) = det(T").

Proof Let T be a linear transformation on V and {u;, us, ..., u,} a basis of V.
Consider the dual basis {u}, u5, ..., u,}. Suppose that T'(v;) = X!  a;u;. Then
T'(u;) = X[L,bju;, where b; = a;;. Thus, (see the above corollary)

n n
det(T") = Z,cs,sign(p) Hi:l bpiyi = Zpes,sign(p) Hizlaip(i)~

Since [T, apii = [1ie) i1y, sign(p) = sign(p™"), and p ~ p~! is a bijective

map on S,,, we have

n n
Lpes, sign(p) Hi:, apyi = Epes,sign(p) Hi:l Qipi-

The result follows. ft
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Corollary 5.3.15 Any map f from the set M,,(F) of n X n matrices with entries
in F to F which is linear on each row and which is 0 on matrices with two rows
same is uniquely determined by its value f(I,) on the identity matrix I,. In fact,

f(A) = EpeSnSign(p) H?:I ap(i)if(ln)-

Proof Take V. = F" and realize a n x n matrix A as an element (71, 7, ..., 7,) of
V" where v, = [a;1,ap,...,ap]is the ith row of A. Then 7; = a;je] + apes +
-+ + aj,e,. Since f is n-alternating, it follows from the above theorem that f(A) =
SO, 2, )

= ZpeS,,Sign(p) le‘;l ap(i)if(e_lv €, ...,en)

= Zpes,sign(p) [T aprif (). i

In particular, we have the following corollary.

Corollary 5.3.16 We have the unique map from the set M,,(F) of n X n matrices
with entries in F to F given by A + s, sign(p) [1'—, ap)i which is linear on each
row and which is 0 on matrices with two rows same and which is 1 on I,. f

The following corollary follows from Theorem5.1.3 and the above corollary.
Corollary 5.3.17 det(A) = Z,cs,sign(p) [, api

LetA = [a;] be an x n matrix with entries in a field /. Then A defines a linear
transformation L4 from the vector space F” to itself by

X1 X1
X2 X2
La ' =A-
Xn Xn
Let {e1, e, ..., e,} be the standard basis of F" (we write the elements of F" as

columns). Then
LA(eJ-) = Ell-;ldijei.

In other words M¢-¢2-¢(L,4) = A. It follows that

€1,€2,..0y €n

det(Ly) = pes,sign®) [ [ _ apai = der(a).

To summarize, we list some of the important properties of determinant of matri-
ces/linear transformations. The first 3 properties are the defining properties, and
the rest of them are the consequences which are useful in computations and other
discussions.

l.det(I,) = 1 = det(Ip»).

2. Determinant is a multilinear map on rows/columns of matrices.

3. Determinant of a matrix is zero whenever two distinct rows/columns are same.



5.3 Alternating Forms, Determinant of an Endomorphism 145

4.det(A) = det(A") = Tes,sign(p) [T aipi)-

The following property of determinant which is a consequence of 3 and 4 is useful
in computing the determinant of a matrix. See the example below.

5. Determinant of a matrix does not change if we add a multiple of a row (column)
in another row (column).

6. det(A-B) = det(A) - det(B). This follows from the fact that Ly.3 = LjoLg,
and det(LyoLg) = det(Ly) - det(Lg) = det(A) - det(B).

7. A is invertible if and only if der(A) # 0. This follows from the facts: (i) A
is invertible if and only if L, is invertible, and (ii) L4 is invertible if and only if
Det(A) = Det(Ly) # 0.

8. Determinant of a upper(lower) triangular matrix is product of their diagonal
entries: Let A = [a;] be an upper triangular matrix. Then a; = O0fori > j. Let
p € S,. If p is a nonidentity permutation, then p(i) > i for at least one i. Hence, the
term sign(p) [['_, ap@: = O for every nonidentity permutation p. This shows that
det(A) = []._, ai. In particular, determinant of a diagonal matrix is product of the
diagonal entries. det(al,) = a". det(El;) = 1.

9. Determinant of the permutation matrix A” determined by the permutation p is
sign(p) (verify).

Example 5.3.18 Consider the n x n matrix A, = [a;], where a; = min(i, j). For
example,
1111
1222
A= 1233
1234

Subtracting the first row of A, from the rest of the following rows of A,,, it reduces to

I Lixm-p
Opm-1yx1 An—1 |’
where 1;4¢,—1) is a 1 x (n — 1) matrix with each entry 1 and O(,_1)x; represents

(n — 1) x 1 matrix with each entry 0. Thus, det(A,, = det(A,—1). Using induction,
and the fact that det(A;) = 1, we see that det(A,) = 1 for all n.

Example 5.3.19 Vandermonde matrix and determinant. A matrix V,, of the type

X1 Xy - Xp
2 2 2
X Xy - X
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is called the Vandermonde matrix, and det(V,) of a Vandermonde matrix is called a
Vandermonde determinant. We show, by induction, that det(V,) = an i>j (x; — x;).
Ifx; = x;forsomei # j, then two columns of the Vandermonde matrix are same, and
sothe det(V,) = 0, and then there is nothing to do. Assume that all x, x5, . . ., x,, are
distinct. For n = 1, there is nothing to do. For n = 2, det(V,) = x, — x;. Thus, the
result is true for n = 1 and n = 2. Assume that the result is true for allm < n > 3.
Let f(t) = det(V,(t)), where the matrix V,(¢) is obtained by replacing x, = tin
the Vandermonde matrix V,,. Clearly, f (¢) is a polynomial in ¢ of degree n — 1. Each
Xi, i <n—11s aroot of f(¢) for if we replace t = x;,i <n — 1, then det(V;) =
0. Thus f(#) = a(t —x;)(t —x2)--- (t — x,—1) for some constant a which is the
coefficient of #"~! in f (). Clearly, the coefficient t"~! is det(V,_,). By the induction
hypothesis a = det(V,—1) = [],5;.;(x; — x;). Substituting the value of a we find
that det(V,) = anbj(xi — Xj).

Determinant as Volume Form

Consider a parallelogram in R? with co-terminus edges OP and OQ with P and

O having position vectors 7i = [aj;, aj2] and 7, = [aa, ax] respectively. The
area Q of the parallelogram is given by Q = base x height = |77 || 72+ |, where
7t = h— <7, I:*_:I > “’::‘ is the resolution of 7; orthogonal 77. Now,
AN e e, s I o O T
(I D" =<n=<n 57> 5 27 <72 55 >
— 2 <7, FI>2
- | r | - Zlﬁlzl
Thus,
2 — 2] |2 — — 2
Q ="l - <n n>
i '
= det(| L, 2, |) = det(AA"),
rry rnr
where

-l 2]
r asi axn

Similarly, if we take a parallelogram in R? with co-terminus edges OP and OQ
with P and Q having position vectors 71 = [aj1, a1z, a;z] and r; = [az1, ax, a]
respectively, then the area Q of the parallelogram is base x height = |71 || 72+ |,
where 7t = 7”m— < 73, % > % is the resolution of 7, orthogonal 77. It turns out

again that the area Q = /det(AA’), where

ap ap a3
A = 11 412 di ]
daz) dzp azs
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More generally, it follows by induction that the volume V of the parallelepiped
in R" whose co-terminus edges are given by the vectors {7y, 72, ..., '} is given by

V = J/det(AA"), where

In particular, the volume V of the parallelepiped in R” whose co-terminus edges are

given by vectors {71, 73, ..., 7} is given by V = det(A), where
r
r
A= |
T

Example 5.3.20 The area  of the parallelogram in R? with co-terminus edges given
by vectors [1, 0, 1] and [2, 1, 1] is given by

12
101 23

Exercises

5.3.1 Let V be a vector space of dimension n and W a vector space of dimension
m. Find a basis and also the dimension of A,.(V, W). In particular, find a basis and
show that the dimension of A,.(V, F) is "C,.

5.3.2 Find the determinant of the matrix

11
3 4
9 16

—_—
(e S S
O\ —

B

27

Find the co-factor, adjoint, and also the inverse of the matrix.

5.3.3 Find the determinant of the matrix A, given by
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xl X2 “ e . xn

XXy
A, =

'x}l/l xg Y xZ

5.3.4 Show that the determinant of an orthogonal matrix is 1. Let A be a 2 x 2
orthogonal matrix whose determinant is 1. Show that it is a rotation matrix in the
sense that there exist a f such that

cosf sinf
—sinf cosf |-

Show further that if det(A) = —1, it represents reflection in the plane about a line
passing through origin.

5.3.5 Find the determinant of an x n matrix A = [ay;], where a; = max(i, j).

5.3.6 Show that the determinant of the n x n matrix A,, whose ithrowis [(i — 1)n +
1,(i—1Dn+2,...,in]is 0 for n > 3. What is the rank A,,?

5.3.7 Show that the determinant of a unitary matrix is a complex number whose
modulus is 1. Conversely, show that any complex number with modulus 1 is deter-
minant of a unitary matrix.

5.3.8 Let R be acommutative integral domain. Then it can be considered as a subring
of a field F. Let A be a matrix with entries in R and so in F. Show that A has inverse
with entries in R if and only if det(A) is a unit in R in the sense that its inverse is in
R. Deduce that a matrix A with entries in Z has inverse with entries in Z if and only
if det(A) = *£1.

5.3.9 Letp be a permutation of degree n, and A, is the matrix obtained by permuting
the rows of the identity matrix through permutation p. Show that A, is an orthogonal
matrix whose determinant is sign(p).

5.3.10 Suppose that A is invertible. Show that A“% is also invertible. Is the converse
true? Support.

5.3.11 Suppose that A is a 3 x 3 invertible matrix with determinant 3. Find the
determinant of A%/,

5.3.12 Suppose that A is a invertible 4 x 4 matrix such that det(A“Y) = 8. Find
the determinant of A.

5.3.13 Can we find a invertible 4 x 4 rational matrix A such that det(A°¥) = 2?
Support.



5.3 Alternating Forms, Determinant of an Endomorphism 149

5.3.14 Let A be a real skew-symmetric n X n matrix, where n is odd. Show that
det(A) = 0. Deduce that A is not invertible.

5.3.15 Find the solution of the following system of linear equation using the
Cramer’s rule:
xX+y+z+1t=3
2x+3y+4z+1t =5
4x + 9y + 16z +t =2

8 + 27y + 64z + t = 1.

5.3.16 Let{r,73,...,7,—1} be an ordered set of n — 1 vectors in R". Define a map
f from R” to R by
s
1
)
f(x) = Det .
L rn_] -

Show thatf is alinear functional on R”. Deduce that there is a unique vector u such that

f(x) = <X, u>.Letus call this vector u the vector product of {71, 7, ...,7,—1}.
Observe that on R?, the concept agrees with that of usual vector product on R?. Show
that the vector product on R” defined above is a n — 1 alternating form on R”.

5.3.17 Find the vector product in R* of the set of three ordered vectors {(1, 1, 1, 1),

(1,2,3,4),(1,4,9, 16)}. Determine also the volume of the parallelepiped formed
by the three given vectors as co-terminus edges.

5.3.18 Check if
| det , | <Irllm] - |7l

I'n

Determine the condition under which the equality holds.
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5.4 Invariant Subspaces, Eigenvalues

Let T be a linear transformation on V. A subspace W of V is called an invariant
subspace if T(W) € W. Clearly, the zero space {0} and the whole space V are invari-
ant subspaces. These invariant subspaces are called improper invariant subspaces.
Other invariant subspaces are called proper invariant subspaces.

A linear transformation need not have any proper invariant subspaces. For exam-
ple, the rotation in R? through the angle 7 radian has no proper invariant subspace. We
shall be mainly interested in one-dimensional invariant subspaces. Let T be a linear
transformation on a vector space V. Anelementx € V — {0} is called an eigenvector
or a characteristic vector or a proper vector if thereis a A in F such that T(x) = Ax.
Clearly, such a A is unique, and it is called the eigenvalue or characteristic value or
a proper value corresponding to the eigenvector x. If x 7 0 is an eigenvector corre-
sponding to the eigenvalue A, then T'(ax) = aT(x) = alx = Aax. This means
that the subspace < x > generated by x is a one-dimensional invariant subspace
of which any nonzero vector is an eigenvector corresponding to the same eigen-
value. Conversely, any nonzero element of a one-dimensional invariant subspace is
an eigenvector, and all nonzero vector of this invariant subspace corresponds to same
eigenvalue.

The eigenvalues and eigenvectors of a matrix A are defined to be the eigenvalues
and eigenvectors of the linear transformation L,. Thus, a nonzero column vector X'
in F" is an eigenvector of A corresponding to the eigenvalue \ if Ly (X t) =A-X =
AX'.

Theorem 5.4.1 LetV be afinite-dimensional vector space overafield F. Then A € F
is an eigenvalue of a linear transformation T on 'V if and only if det(\M — T) = 0.
In turn, A € F is an eigenvalue of a n x n matrix A with entries in F if and only if

detO\, — A) = 0.

Proof By the definition, A is an eigenvalue of a linear transformation 7 on V if and
only if there is a nonzero elementx € V suchthat) = Ax —T(x) = (M — T)(x).
This is equivalent to say that det(A\l — T) = 0. The rest of the statement follows
if we apply the result for the linear transformation L4 determined by the matrix A.

Let A = [a;] be an x nmatrix with entries in F. Then x/, — A is a matrix with
entries in the polynomial ring F[x]. The determinant of x/, — A = [x6; — ay]
defined again by the formula

. n
Spes,sign(p) Hi:1(X6p(i)i — apyi)

is a polynomial in F[x]. If we follow the rule of expansion of determinant, we
see that it is a polynomial of degree n in F[x]. This polynomial is called the
characteristic polynomial of A and is denoted by ¢4 (x).
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Example 5.4.2 Consider the matrix A given by

101
A=1010
111

The characteristic polynomial ¢4 (x) is given by

x—1 0 =1
¢a(x) = Det(xlzs —A) = Det 0 x—1 0 = x* — 3x> — 2x.
-1 -1 x-—1

Definition 5.4.3 The determinant of a r x r submatrix of A all of whose diagonal
entries are also the diagonal entries of A is called a principal r — minor of A.

Thus, the principal 1—minors are precisely diagonal entries of A. There are 3
principal 2—minors of a 3 x 3 matrix which are det(A;), det(As;) and det(As3).
How many principal r x r principal minors of a n x n matrix will be there? The
following result follows immediately from the expansion rule of the determinant.

Proposition 5.4.4 Let A be an x nmatrix. Then the characteristic polynomial ¢4 (x)
of A is given by

ax) = X" —ax" + a7 4+ (D ax" 4 - 4 (=Day,

where a, is sum of principal r— minors of A. it

In particular, it follows that @, is the sum of diagonal entries of A. This is called
the trace of A. Similarly, a,, is the determinant of A.

Corollary 5.4.5 The eigenvalues of a matrix A with entries in a field F are precisely
the roots of the characteristic polynomial ¢ (x) which are in F.

Proof The roots of ¢4 (x) are precisely those A for which der(\M — A) = 0.Equiv-
alently, Al — A is singular. This is further equivalent to say that there is a nonzero
vector X' such that AX' = M\X. it

Corollary 5.4.6 Let A and B be similar matrices with entries in a field F. Then

(i) pa(x) = ¢p(x).

(ii) Sum of principal r-minors of A is same as the sum of the principal r-minors of B.
(iii) Trace of A is same as trace of B, and the determinant of A is also same as that
of B.

(iv) Eigenvalues of A are same as those of B.

Proof (i), (iii), and (iv) are consequence of (i). Thus, it is sufficient to show the (i).
Suppose that B = PAP~'. Then
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ép(x) = det(xl, — B) = det(PxP~' — PAP~') =
detP(Det(.x]n - A))det(P_l) = det(x[n — A) = ¢A(x). ﬁ

Remark 5.4.7 Matrices having same characteristic polynomial (and so same sum of
principal r-minors, same trace, same determinant, and same eigenvalues) need not
be similar. Consider, for example, a nonidentity uni-upper triangular #n X n matrix A.
Then the characteristic polynomial of A is clearly (x — 1)" which is same as that of
the identity matrix. But identity matrix is similar only to identity matrix.

Example 5.4.8 The characteristic polynomial ¢4 (x) of the matrix A in Example 5.4.2
is pa(x) = x> — 3x%> — 2x. Thus, the eigenvalues A (which are the roots of the
characteristic polynomial) are 0, 1, and 2. We also find eigenvectors. Suppose that
the column vector

X1

X2

x3

is an eigenvector corresponding to 0. Then

101 X1 X1 0
0 1 0 X2 = 0 . X2 = O
111 X3 X3 0
Solving, we getthat x; = —x3,andx, = 0. Thus, eigenvectors of A corresponding

to the eigenvalue 0 are the set of nonzero vectors of the form

a
0

—da

Similarly, eigenvectors of A corresponding to the eigenvalue 1 are the set of nonzero
vectors of the form

and that corresponding to eigenvalue 2 are the set of nonzero vectors of the form

a
0

a

Remark 5.4.9 A square matrix A with entries in a field ' need not have any eigen-
value (in F). For example, the characteristic polynomial of the matrix
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o)

is x? 4+ 1 which has no real root and so the matrix has no eigenvalues.

Let T be a linear transformation on a finite-dimensional vector space V. Then the
matrix representations of 7 with respect different choices of bases are all similar.
As such, we can define the characteristic polynomial of T to be the characteristic
polynomial of any matrix representing 7. Eigenvalues, trace, determinant of a linear
transformation are related to the characteristic polynomial of T'.

A linear transformation 7" on a finite-dimensional vector space V is said to be
semi — simple or diagonalisable, if there is a basis of V with respect to which the
matrix of T is a diagonal matrix. This is equivalent to say that there is a basis
{x1,x2,...,x,} of V such that T(x;) = Ax; for some \; € F. In other words T is
diagonalisable if and only if there is a basis of V consisting of eigenvectors of 7.
We know that matrices corresponding to different bases are similar, and the similar
matrices represent same linear transformation corresponding to different choices of
bases. Itis also clear that if T is diagonalisable, then any linear transformation similar
to T is diagonalisable.

A n x n matrix A with entries in F is said to be diagonalizable or semi — simple
is L4 is diagonalisable. This is equivalent to say that A is similar to a diagonal matrix.
Thus, a n x n matrix A is digonalizable if and only if F" has a basis consisting of
eigenvectors of A.

Theorem 5.4.10 Let T be linear transformation on a vector space V of finite dimen-

sion. Let \1, \a, ..., A\, be a set distinct eigenvalues of T. Let x1, x3, ..., x, be the
corresponding eigenvectors. Then {x1, x, ..., x,} is linearly independent.
Proof Suppose contrary. Then {x, x», . .., x,} is linearly dependent. Since the eigen-
vectors are nonzero, there is a minimal linearly dependent subset of {x;, x>, ..., x,}
which, of course, contains at least two elements. After rearranging, we may suppose
that {x;, x2, ..., x;} is a minimal linearly dependent subset of {x|, x5, ..., x,}. Then
there exists ay, ap, ..., o, not all zero such that

ax; + axy + -+ agxyg =0 - e . (5.1

All o; in Eq.5.1 are nonzero, for otherwise it will contradict the assumption that
{x1, x2, ..., x,} is a minimal linearly dependent subset. Applying the linear transfor-
mation 7 on Eq.5.1, we get that

aA\x] + axdoxy + o0+ g Axy = 0 - - . (5.2)
Multiplying Eq.5.1 by A;, we get that

Aagx; + Ajaoxy + -0 4+ Nagxy, =0 - - . (5.3)
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Subtracting Eq. 5.3 from 2, we get that
(M = ADx1 + oz — Apxs + - + oA — A)x, = 0.

Since each «; # 0 and \; # A for i > 2, it reduces to a contradiction to the suppo-
sition that {x, x», ..., x;} is minimal linearly dependent set. it

Corollary 5.4.11 Let T be linear transformation on a vector space V of dimension
n. Suppose that T has n distinct eigenvalues. Then T is diagonalisable.

Proof Suppose that T has distinct eigenvalues A\j, Az, ..., Ay, and {x1, x2, ..., x,}
the corresponding of eigenvectors of T. From the above theorem {x1, x5, ..., x,} is
linearly independent. Since the dim V = n, it is a basis of V. Clearly, the matrix of
T relative to this basis is the diagonal matrix diag(\;, Az, ..., Ay). f

Corollary 5.4.12 If a n x n matrix A with entries in F has n distinct eigenvalues

in F, then A is similar to a diagonal matrix. Indeed, if \i, Xz, ..., A\, are distinct
eigenvalues of A, and 7', 7', ..., 7' are the corresponding column eigenvectors,
then the matrix P = [r{', 7', ..., 7' is a nonsingular matrix such that P"'AP =

diag()\l, /\2, ey )\n)

Proof From Theorem5.4.10 the set {r1", 75, ..., 7,'} of column eigenvectors form
a basis of F” (here the elements of F”" are treated as column vectors). Thus, P is
invertible. Suppose that P~! is the matrix whose ith row is 5;. Then 5; 77" = 1 if
i = j and O otherwise. Further, since the columns r_j’ are eigenvectors of A, AP =
M7, A7, ..., AuT,']. Hence the ith row jth column entry of P! AP is \;5; 7;. This
is A; if i = j and O otherwise. This confirms that PlAP = Diag(\i, Ao, ..., A\ 8

Thus, any upper triangular matrix with all diagonal entries distinct is similar to
a diagonal matrix because diagonal entries of triangular matrices are precisely the
eigenvalues of the matrix. The above result need not hold in case all eigenvalues are
not distinct. For example, a nonidentity uni-upper triangular matrix is not similar to
any diagonal matrix. This is because all eigenvalues of unitriangular matrices are 1,
the only diagonal matrix all of whose eigenvalues are 1 is the identity matrix, and
the identity matrix is similar only to the identity matrix.

We illustrate the result by means of an example.

Example 5.4.13 Consider the matrix

110
A=1023
003

The eigenvalues of A are 1, 2, and 3 which are all distinct. Hence A is similar to a
diagonal matrix. We find a nonsingular matrix P such that P~'AP = diag(1, 2, 3).
We first find eigenvectors corresponding to these eigenvalues. Suppose that the vector
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Xy
X = X2
X3
is an eigenvector corresponding to the eigenvalue 1. Then A - X = X. Equating

rows, we find that x; +x, = x1, 2x, +3x3 = x and 3x3 = x3. This implies that
x, = 0 = x3, and x is arbitrary. Thus

is a typical eigenvector of A corresponding to the eigenvalue 1. Using same process

we see that
1

e +e = 1
0

is a typical eigenvector corresponding to the eigenvalue 2, and

3
3e¢;1 +6ey+2e3 = | 6
2

is an eigenvector corresponding to eigenvalue 3. Thus, the transformation matrix

113
P=1(016
002

is a nonsingular matrix such that P~'AP = Diag(1, 2, 3) (confirm it).

Let T be a linear transformation on V, and A an eigenvector of 7. Consider
Va = {v € V| T(v) = Av}.Then V) isasubspace of V (consisting of eigenvectors
corresponding to A together with 0). This subspace is called the A-eigenspace of 7.

Corollary 5.4.14 A linear transformation T on a finite-dimensional vector space V
is diagonalisable if and only if V is direct sum of the eigen subspaces of T.

Proof Suppose that
V=VeV,se -V,

where V), is \;-eigenspace. Clearly, ); are distinct. Let S; be a basis of V;. Then
S = Ui, S is abasis of V consisting of eigenvectors of 7. o

Corollary 5.4.15 A linear transformation T on V is diagonalisable if and only
if there exists a set {\1, \2, ..., \;} of distinct eigenvalues such that dimV =
2 dim(V)y).
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Proof Since eigenvectors corresponding to distinct eigenvalues are linearly indepen-
dent, under the assumption V becomes direct sum of its eigenspaces. il

Let F[x] denote the set of all polynomials with coefficients in the field F. F[x] is
a commutative integral domain (with respect to the usual addition and multiplication
of polynomials in F[x]) in the sense that it satisfies all the postulate of a field except
the existence of the multiplicative inverse of a nonzero element in F[x] (Indeed, there
is no polynomial f (x) such that xf(x) = 1). Let T be a fixed linear transformation
on a vector space V over a field F, and

fx) = ay + aix + ax® + --- + ax"
a polynomial in F[x]. Then f(T) is a linear transformation on V defined by
f(r) = al + aiT + axT? + -+ + a,T".

We can extend the multiplication on the vector space V by the members of F to
the multiplication by the members of F[x] by defining f(x) - v = f(T)(v). Then
V becomes a F[x]-module in the sense that it satisfies all the postulates of a vector
space with the field F replaced by the polynomial ring F[x].

Similarly, if A is a n x n matrix with entries in a field F, and f(x) a polynomial
in F[x], then we have the matrix f(A) defined by

fA) = al, + 1A + @A? + - + a,A".

It may be observed that if A is matrix of T with respect to certain basis, then f(A)
is the matrix of f(7) with respect to same basis. It may also be observed that if
A is an eigenvalue of T with eigenvector v, then f(T)(v) = f(M)v, and so ()
is an eigenvalue of f(T). If A is a n x n matrix, then F" becomes a F[x] module
with respect to the external product defined by f(x) - X = f@A) - )_(t, where X' is a
column vector in F". It is clear that the matrix product (x/, — A) - X = 0forall
X' € F". Matrix theory with entries in the polynomial ring F'[x] can be developed on
the pattern it was developed for matrices with entries in F'. For example, we can talk
of adjoint of a matrix, determinant of a matrix, and the relation A . A = det(A)I,
holds for the matrices with entries in a field F[x] (the proof goes exactly on the same
lines) also.
Following is one of the most fundamental results in linear algebra.

Theorem 5.4.16 (Cayley Hamilton Theorem) Every square matrix satisfies its own
characteristic polynomial. More precisely, if A is a square matrix, then p(A) = O.

Proof ¢a(x) = Det(xI — A).The matrix xI — A is a matrix with entries in F[x].
From the discussion above, it follows that

(I, — A9 . (xI, — A) = Det(xl, — A, = ds(x)I,.
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Hence,
$a)-X = ¢a(0)-X = - X = (I — AVl — A)-X =0

(see the discussion in the paragraph just above the theorem). This shows that the
matrix ¢4(A) = 0. f

LetAbe a3 x 3 unitriangular matrix. Then its characteristic polynomial ¢4 (x) =
(x — 1)3. From the Cayley Hamilton theorem (A — L)? = 0. In other words,
A3 — 347 4+ 34 — I3 = 0. This shows that A(A> — 34 + 3I;) = I3 and so
A? — 3A + 3l;istheinverse of A. Similarly, result holds for any n x n unitriangular
matrices. This also says that if A is strictly triangular n x n matrix, then A” = 0.IfA
is nonsingular, then the constant term (—1)"a,, in the characteristic polynomial ¢4 (x),
being the determinant of A, is nonzero. Since ¢4 (A) is the zero matrix, (—1)"a,l, =
—(A" — @A 4+ AT 4+ (D)@ AT 4 4 (=D e, A),
where a, is the sum of the principal r-minors of A. It follows that the inverse of a
matrix A, if exists, is a polynomial in A. This also gives an algorithm to find the
inverse of A.

A linear transformation 7 on V is said to be triangulable if there is a basis of V
with respect to which the matrix is a triangular matrix. A matrix A with entries in
F is said to be triangulable if L, is triangulable. This is equivalent to say that A is
similar to a triangular matrix. In general, a matrix in a field need not be similar to a
triangular matrix. Consider the matrix

01

-10
over the field R of real numbers. This is not similar to any triangular matrix over R.
For if it is similar to a triangular matrix over R, then it will have its eigenvalues real

(the diagonal terms of the triangular matrix to which it is similar). But this has no
real eigenvalues.

Theorem 5.4.17 A linear transformation on V is triangulable if and only if there
exists an ascending chain

{0} = VocvicV,Cc---CV, =V

of invariant subspaces, called a flag of V, such that the dimension of V; is i.

Proof Suppose that such a chain of invariant subspaces exist. By induction, we show
the existence of a basis {x;, x2, ..., x,} of V such that {x,_,+1, Xy—r42,...,Xx,} 152
basis of V, for each r. Let {x,} be a basis of V;. Since {x,} is linearly independent
subset of V;, it can be extended to a basis {x,_;, x,} of V. Proceeding inductively,
we find a basis {x|, x2, ..., x,} of V with the required property. Since each V,,_,
which has basis {x,, X,11, ..., x,} is invariant under 7, it follows that
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T(xr) = apX, + Arr4-1Xr41 + 0+ Gy

for each r. This means that the matrix of 7 with respect to this basis is triangular.
Conversely, suppose that T is triangulable. Then there is a basis {x;, x2, ..., X, }
with respect to which it is a upper triangular matrix. But, then

T(x) = anXy + Qg1 Xep1 + - + auXy

for each r. Let V, be the subspace of V generated by {x,—,+1, Xy—r+2, - - ., X,}. Then
it follows that V, is invariant under T, dimension of V, is r, and we have the chain

{0cvicVv,Cc---CV,. f

Corollary 5.4.18 A matrix A is triangulable if and only if there is a chain
{0ycvicv,C---CF"

of subspaces of F" such that dimension of V, is r and A - X = Ly(X t) e V, forall
r, and for all X eV. ft

As observed earlier, a matrix need not be triangulable. The reason was that there
need not be any eigenvalue of the matrix. A field F is called algebraically closed,
if every polynomial in F[x] has all its roots in F. It is a fact that every field can be
enlarged to an algebraically closed field (see Chap.9).

Theorem 5.4.19 Every linear transformation on a vector space V over an alge-
braically closed field is triangulable.

Proof Let T be a linear transformation on a vector space V over an algebraically
closed field F'. We have to show the existence of a chain

Oycvicv,c---CV, =V

of invariant subspaces. The proof is by the induction on the dimension of V. If
dimV = 1, then there is nothing to prove. Assume that the result is true for all
vector spaces of dimension less than n. Suppose that the dimension of V is n >
2. Since F is algebraically closed, the characteristic polynomial ¢7(x) has a root
A € F. Then ) is an eigenvalue. Thus, there exists a nonzero vector v in V such
that T(v) = Av. Let V| be the subspace generated by v. Then V; is of dimension
1. Since T(v) = Av € V;, V) is an invariant subspace. Consider the vector space
W = V/V;. Then the dimension of Wisn — 1, and since T(V;) C Vi, T induces a
linear transformation T on W defined by T (w + V) = T(w) + V;.By the induction
hypothesis there is a chain

Vit = WoCc W, = Vz/V]CWz = V3/V1C"-CW,1_1 = Vn/Vl =W
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of invariant subspaces of T, such that dimension of W, is r, and so dimension of
Vi1 1s r + 1. We show that each V, is invariant under 7T for each r. Already, V| is
invariant under 7. Let x € V,, r > 2. Then T(x + V;) = T(x) + V, belongs to
W,._1 = V,/Vi. This implies that T'(x) € V,. it

Corollary 5.4.20 Every square matrix A with entries in an algebraically closed field
is similar to a triangular matrix.

Proof To say that A is similar to a triangular matrix is to say that L, is triangulable.
The result follows from the above theorem. it

5.5 Spectral Theorem, and Orthogonal Reduction

Theorem 5.5.1 Let V be a complex inner product space, and T a Hermitian linear
transformation on V. Then all the eigenvalues of T are real.

Proof Let A be an eigenvalue of T. Then there exists a nonzero vector x € V such
that T (x) = Ax.Since T is Hermitian, < T' (1), v > =< u, T(v) > forallu,v € V,
and hence

A<x, x>=< M, x>=<TX), x>=<x, Tx) >=<x, \x >=
A<Xx, Xx>.
Since x #0, <x, x ># 0, and so \ = A\ it
Corollary 5.5.2 Let V be a finite-dimensional complex inner product space, and

T a Hermitian linear transformation on V. Then all the roots of the characteristic
polynomial of T are real.

Proof Since the field C of complex numbers is algebraically closed, all the roots of
the characteristic polynomial of A exist in C, and they are the eigenvalues of A. The
result follows from the above theorem. it

Corollary 5.5.3 All eigenvalues of Hermitian matrices are real.

Proof The matrix A is Hermitian if and only if L4 is Hermitian linear transformation
on the standard complex inner product space C". f

Corollary 5.5.4 Allroots of the characteristic polynomial of a real symmetric matrix
are real. In particular, every real symmetric matrix has an eigenvalue.

Proof A real symmetric matrix can also be taken to be a complex Hermitian matrix.
The result follows from the above corollary. i

Corollary 5.5.5 All roots of the characteristic polynomial of a symmetric linear
transformation T on a real inner product space V are real. In particular, if T is a
real symmetric linear transformation, then there is a real number \, and x # 0 such
that T(x) = Ax. f
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Corollary 5.5.6 All nonzero eigenvalues of a skew-Hermitian matrix are purely
imaginary.

Proof We know that A is skew-Hermitian if and only if iA is Hermitian. Now, A is
an eigenvalue of A if and only if i) is an eigenvalue of iA. This shows that i)\ is real,
and so A is purely imaginary. i

Corollary 5.5.7 Let A be a real skew-symmetric matrix. Then there is no nonzero
eigenvalue of A. In other words, if A X = )\)_(t, where X is real, then A\ = 0 or
X =0.

Proof A real skew-symmetric matrix is also a skew-Hermitian matrix. Hence, all

the nonzero roots of its characteristic polynomial are purely imaginary. Thus, there
isno X' # 0, and real number A # 0 such that A - X = \X. i

Proposition 5.5.8 Let A be an unitary linear transformation (matrix) on a complex
inner product space, and )\ an eigenvalue of A. Then | A | = 1.

Proof Let x # 0 be an eigenvector corresponding to eigenvalue \. Then

[AP<x, x>= )\X<x, X>=< X, Md>=<TKX), Tx) >=<
T"'Tx), x>=<Xx, x> .

Since x #0, <x, x ># 0. Hence | A > = 1. i

Proposition 5.5.9 Let A be an orthogonal linear transformation (matrix) on real
inner product space, and \ a real eigenvalue of A. Then A = =*1.

Proof Let x # 0 be an eigenvector corresponding to a real eigenvalue \. Then as in
the previous proposition
N<x,x>=<x, x>,

andso \> = 1.Hence A = =+1. f

Proposition 5.5.10 Letr V be an inner product space. Let T be a linear transforma-
tionon 'V, and W is a subspace of V which is invariant under T. Then the orthogonal
compliment W+ of W is invariant under T*.

Proof Since W is invariant under T, for each y e W, T(y) € W. Let x € W+,
Then for each ye W, <y, T*(x) > = <T(y), x> = 0. This shows that
T*(x) € Wt. g

Corollary 5.5.11 Let T be a Hermitian linear transformation on an inner product
space V, and W an invariant subspace of T. Then W+ is also invariant under T. t

Proposition 5.5.12 Let T be a Hermitian linear transformation on a complex (real)
inner product space V. Let x| and x, be eigenvectors corresponding to distinct
eigenvalues \; and Xy of T. Then < x1, xp > = 0. In other words, V), L V),.
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Proof From previous results, A; and )\, are real. Further,

AN <X, p>=<A\x|, o>=<Tx), o >=<x1, T(x) >=<
X1, )\2)C2 > = )\2 < X1, X2 > .

Since \; # \;, we see that < x, xp > = 0. f

If we apply the above result for L, on the standard inner product space, then we
have the following corollary:

Corollary 5.5.13 Let A be a Hermitian (real symmetric) matrix with eigenvectors
X, and X, corresponding to distinct eigenvalues. Then X;X, = 0 (X{X, = 0). t

Theorem 5.5.14 (Spectral Theorem) Let T be a Hermitian linear transformation
on a finite-dimensional complex (real) inner product space V. Then there is an
orthonormal basis consisting of eigenvectors of T.

Proof The proof is by the induction on dimV . If dimV = 1, then take any nonzero
vector of V and divide it by its length to get a unit vector v. Clearly, {v} is an
orthonormal basis of V, and since dimV = 1, v is an eigenvector of 7. Assume
that the result holds for all Hermitian linear transformations on vector spaces of
dimensions less than n. Let T be a Hermitian linear transformation on a complex
(real) inner product space V of dimension n. Now, T, being a Hermitian linear
transformation on a complex (real) inner product space V, has an eigenvector x;.
Dividing x; by its length, we may assume that x; is a unit vector. Let W be the
subspace of V generated by x;. Then V. = W @ W+. Clearly, W is invariant under
T. Since T is Hermitian (real symmetric), W+ is also invariant under 7. It is clear
that the restriction 7/ W+ of T to W+ is also Hermitian (real symmetric), and the
dimension of W+ is n — 1. By the induction hypothesis, W+ has an orthonormal
basis {x», x3, ..., x,} consisting of eigenvectors of 7/ W+ (and so of T). Clearly,
then {x;, x, ..., x,} is an orthonormal basis of V consisting of eigenvectors of 7. g

Corollary 5.5.15 Let T be a Hermitian linear transformation on a complex(real)
inner product space. Let {\1, Xz, ..., \,} be the set of all distinct eigenvalues of T.
Then

V=VeV,e -aV,.

Proof Since eigenspaces corresponding to distinct eigenvalues are orthogonal, the
result follows from the above theorem. it

Corollary 5.5.16 The matrix representation of a Hermitian linear transformation
with respect to a suitable orthonormal basis is a diagonal matrix. it

Corollary 5.5.17 Let A be a Hermitian (real symmetric) matrix. Then A is similar

to a diagonal matrix. In fact there exists a unitary matrix U(an orthogonal matrix
O) such that U*AU (0'AO) is a diagonal matrix.
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Proof A is Hermitian (real symmetric) matrix if and only if L, is Hermitian (real
symmetric) linear transformation on the standard complex (real) inner product space.
Thus, there exists an orthonormal basis {X; , X» , . .., X, } of the standard complex
(real) inner product space consisting of elgenvectors of Ly (and so of A also). Now,
the standard inner product is given by < X;, X >=X;- X in complex case, and

by < X;, Xj >=X; Xj in real case, where - in R.H.S. is the matrix multiplication.
Thus,X;-X; = 1 (X;-X; = D,andfori #j, X;-X;” = 0(X;-X; = 0).LetU
(respectively O) denote the matrix whose ith row is X;. Then the above observation
says that U(O) is unitary (orthogonal) such that

X,
Xz
UAU* = A[X—lkax_z*77W]=
X,
X,
X
X XS LK T = diagO, A, ),
X
where A, Ay, ..., A, are eigenvalues of A. Similarly, if A is a real symmetric matrix,
then OAO' = diag(A\1, A, ..., \). it

Remark 5.5.18 We have an algorithm to find an orthonormal basis of V consisting
of eigenvectors of T provided that we have an algorithm to solve the characteristic
polynomial of T’ (indeed, we have algorithms to solve a nth degree equation forn < 4
(see the Chap. 9 on Fields and Galois theory)). After getting the distinct eigenvalues,
we can find the corresponding eigenspaces, and then use Gram—Schmidt process to
find orthonormal basis of each eigenspaces. In turn, it gives an orthonormal basis
consisting of eigenvectors. This also gives us a method to diagonalize a Hermitian,
and also a real symmetric matrix. We illustrate it by means of an example.

Example 5.5.19 Consider the matrix

=

A =

O wlw
S = O
wiw O

1
2

This is a real symmetric matrix. We find orthogonal matrix O such that O’AO is a
diagonal matrix. The characteristic polynomial ¢4 (x) is given by

Ga(x) = Det(xI — A) = (X—-)(X—l)(x— ) _ @.
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The roots of the characteristic polynomial are 1,1, and 2. We find the eigenspace R? .
Suppose that

u
v
w
belongs to R}. Then
u u
A v | =|v
w w
Equating rows, we get that u = w. Thus
u
]R? = {| v | suchthatu = w}.
w

This subspace is clearly of dimension 2. Puttingu = 1 = w = v, we getanonzero
member of R%. Another nonzero member of R? which is not a multiple of the previous

element is obtained by takingu = 0 = wand v = 1. Hence
0
{i{.11p
1 0

is a basis of R%. Using Gram—Schmidt process we find the orthonormal basis

ne
Ve R
ne 2

{ %g El g }
1 1
v ~%

of R3. Similarly, R3 is subspace of dimension 1 which has a singleton

{{ 0 p

as an orthonormal basis. This gives us an orthonormal basis

1 _ L 1
el NG A
(| = J2 o)
\/5 l 3 [l
1 1 1
V3 G V2
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In turn, we get an orthogonal matrix

1 1 1
Vi /e V2

— 1 2
R
Vi Ve V2

such that O'AO = Diag(1, 1, 2).

Example 5.5.20 LetAbean x nreal symmetric matrix with eigenvalues A, A, .. .,
A, counted with their multiplicities. Let f (x) be a polynomial with real coefficients.
Let py, pio, ..., i, be real numbers with f(u;) = A; for all i. Then we can find a
real symmetric matrix B such that f(B) = A as follows: From Corollary 5.5.17,
there exists an orthogonal matrix O such that O'AO = Diag(\i, Az, ..., A\y). Let
B = O Diag(pu1, p2, ..., pn)O". Then f(B) = ODiag(f(1u1), f(p2), - f (tn))
O' = ODiag(\, My, ..., \,) O = A.Thus, then, Bis asolutionof f(X) = A.In
particular, if we take B = ODiag(1, 1, «/5) O', where O is as in the above example,
then B2 = A, where A is as in the above example. Can we count the number of
solutions of X> = A, where X is an unknown in the set of real symmetric matrices?

Let B be any nonsingular complex (real) matrix. Then the matrix A = BB* (BB')
is a Hermitian (real symmetric) matrix. Further, let A is an eigenvalue of A. Then since
< XBB*,X >=< XB,XB > is non-negative for all row vector X, it follows that all
the eigenvalues of A are positive. Conversely, if all the eigenvalues of a Hermitian
(real symmetric) matrix A are positive (non-negative), then, as described above, we
can find a positive definite (positive) Hermitian (real symmetric) matrix B such that

A = B?> = BB*(BB)):
Polar Decomposition

Every nonzero complex number z = a + ib is nonsingular 1 x 1 matrix which is
uniquely expressible in polar formasz = |z | u = re', where r is positive definite
1 x 1 Hermitian matrix, and u = ¢ is 1 x 1 unitary matrix. More generally, every
nonsingular complex square matrix (indeed, every complex matrix) A can be uniquely
expressed asA = B + iC, where B and C are Hermitian matrices. Following is the
multiplicative analog of this identity called the polar decomposition.

Proposition 5.5.21 Every nonsingular square complex matrix A can be uniquely
expressed as A = PU, where P is a positive definite Hermitian matrix, and U is a
unitary matrix.

Proof Consider the matrix AA*. Since A is nonsingular, AA* is a Hermitian matrix
all of whose eigenvalues are positive. As such, AA* is positive definite Hermitian
matrix. Let P be a positive definite Hermitian matrix which is square root of AA*.
Take U = P~'A. Then UU* = P~'AA*(P~!)*. Again, since P is Hermitian P~! is
also Hermitian (indeed, (P~")* = (P*)~! = P~1).Thus, UU* = P 1AA*(P~1)* =
P~'AA*P~! = . This shows that U is unitary, and A = PU. i
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Corollary 5.5.22 Every nonsingular matrix A with real entries can be uniquely
expressed as A = PO, where P is a positive definite real symmetric matrix, and O
is an orthogonal matrix. it

Example 5.5.23 Consider the matrix

11 2
NN
IS T N

A= NN
0 —¥2 2

B

This matrix is nonsingular. We find its polar decomposition. The matrix B = AA’
is given by
211
B=|121
112

The eigenvalues of B are 1, 1, 4. Using the algorithm as described in Remark 5.5.18
(see Example 5.5.19), we find an orthogonal matrix O given by

1
76

&

N
RS
0=1"7% % 4 |
0 2 L
A

such that B = O' Diag[l, 1, 4] O. The positive square root P of B is given by
P = O'Diag[1, 1, 2] O. As described in Proposition5.5.21, U = P lAis unitary,
and A = PU is the polar decomposition of A.

Singular Value Decomposition

Let A be an x m matrix with entries in a field F, where F is C or F is R. The matrix
AA* is a positive matrix in the sense that all its eigenvalues are non-negative. This is
because if ) is an eigenvalue of AA*, then there is a nonzero row vector x such that
AA*X* = Ax*. Hence (xA)(XA)* = Mxx*. Since X is nonzero vector, it follows that
A is non-negative.

Definition 5.5.24 The non-negative square root of eigenvalues of AA* is called a
singular value of A.

If A is a Hermitian, then \ is an eigenvalue of A if and only if \? is an eigenvalue
of A> = AA*. As such, the singular values of Hermitian matrices are precisely the
absolute values of their eigenvalues.

Example 5.5.25 The singular values of the matrix

EN
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are \/5, ﬁ, for the eigenvalues of

. [20
w3

are 2, 2.

Proposition 5.5.26 Let A be a n x m matrix and X* is a unit column eigenvector of
AA* with X as corresponding eigenvalue. Then (|| XA )2 = A In turn, || XA || is
the corresponding singular value. Further, if X is a row eigenvector of AA*, and y is
a row vector orthogonal to X, then XA and YA are orthogonal to each other.

Proof Under the hypothesis, (|| XA ||)? = XYA(XA)* = XAA*X* = XX = A\
Next, suppose that X is a row eigenvector of AA* with associated eigenvalue A. Then
XAA* = Xx.In turn,

YAXA)* = JAA'X" = y(XAAY)* = Nyx".
The result is evident. it

Corollary 5.5.27 Let A be a n x m matrix. Then rank of A is p if and only if there
are exactly p strictly positive eigenvalues of AA*. Equivalently, there are exactly p
nonzero singular values of A.

Proof Suppose that A\; > A\, > --- A, are nonzero eigenvalues of AA* and the rest
of the n — p eigenvalues are 0. Let {r{*,72*,...,7,”, ..., 7"} be an orthonormal
basis of F” (considering F" as space of columns) consisting of column eigenvectors
of AA* with 7", 7", ..., 7,” corresponding to eigenvalues A\; > Xy > -+ > A,
respectively. It follows from the above proposition that || 7;A || is nonzero if and
only if i < p. Further, 7A(T;A)* = FHAA'T" = N7 i = A fori=j and 0,

otherwise. This shows that {riA,72A, ... ,7,A}, being an orthogonal set, is lin-
early independent. Since the rest of 77A, i > p are zero, it follows that p is the
rank of A. it

Theorem 5.5.28 (Singular value decomposition) Let A be a n x m matrix. Then
there exists a unitary/orthogonal n x n matrix U, and a m x m unitary/orthogonal

matrix V such that UAV = X, where ¥ is a n X m matrix whose first p diagonal
entries are nonzero singular values oy, o2, ..., 0, of A in non-ascending order, and
the rest of the entries are 0. In turn, A = U*XV*, where U* and V* are again

unitary/orthogonal matrices, and X as described.

Proof Let{r*,72",...,7,", ..., 7"} be an orthonormal basis of F"" (considering F"
as space of columns) consisting of column eigenvectors of AA* with 7™, 7%, ..., 7,*
corresponding to nonzero eigenvalues Ay > Ay > --- > A,. From Proposition 5.5.26
and Corollary 5.5.27, it follows that {A*r1*, A*R>*,..., A*F,*} is an orthogonal
set of column vectors in F™. Let s5;* denote the column vector %A*r_j*. Then

{s1*,52%,...,5,"} is an orthonormal set of column vectors in F”. Embed it in to
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an orthonormal basis {57*, 52, ..., 5,,"} of F". Take U to be the n x n matrix whose
ith row is 7;, and V the m x m matrix whose jth column is 5;*. Then U and V are uni-
tary/ orthogonal matrices. The ith row jth column entry c;; of UAV is given by 1;A s;”.
Further, A = 0foralli > p, TA[A) = Ofori #jandA(FHA)* = N = o2

1
Now, it is evident that ¢;; = o for alli < p and 0, otherwise. it

The proof of the theorem is algorithmic. We illustrate it by means of the following
example.

Example 5.5.29 Consider the matrix A given by
011
A= [1 1 0} '

21
r__
w=[21]

The eigenvalues of AA” are 3, 1. Thus, the singular values of A are V3 , 1. Auniteigen-
vector 7| corresponding to 3 is [\% , %], and that 7, corresponding to 1 is [% , — \/%].

ﬁA = [\/Liy \/Ey \/LE]’ and r_ZA = [_JLE? 07 JLE]‘ Thus,ﬂ = [\/Léa \/25 \/Lé],
ands, = [——=, O, «/LE]' We extend {57, 57} to an orthonormal basis by adjoining
1

Then

s =1ln -5 \%].Thematrix U is given by

=

Il
Sl=5l-
S

the matrix V is the transpose of

L 2 L
V6 3 Ve
L o0 L
I
Vi VA3

and the matrix ¥ is given by

Further, A = U'X V!,
Geometry of Orthogonal Transformation

Recall that a subspace H of dimension n — 1 of the Euclidean space R”" is called a
hyperplane, and a translate x + H is called an affine hyperplane.
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Proposition 5.5.30 Let H be a hyperplane in the Euclidean space R". Then there is
a unit vector x € H*. Further, if y is any unit vector in H, theny = =+Xx.

Proof Let {s1,52,...,5,—1} be an orthonormal basis of H. Using Gram—Schmidt
process, enlarge it to an orthonormal basis {51, 57, ...,5,—,x} of R”. Then X is a
unit vector in H+. Let

Yy = as1 + a7 + -+ + ap 18,1 + ax

be a unit vector which is a member of H+. Then

1l =<y, y>=a<y, X>=a* <X, X>= a°.

Hence a = £1. Further, 0 =<y, 5; >= g, for all i. This shows that y = +Xx. it

If X is a unit vector, the hyperplane H consisting of vectors orthogonal to X is
denoted by H. It follows that Hx = Hyif and only if ¥ = £y.

Proposition 5.5.31 Let X be a unit vector in R", and Hx the corresponding hyper-
plane. Then the map ox from R" to itself defined by

ox(y) =y —2<y, Xx>Xx

is the unique linear transformation which fixes the members of Hz, and takes X to its
negative. Further, ox is an orthogonal transformation with determinant —1 (refer to
the Exercises4.4.35—4.4.40).

Proof Clearly, 0% is a linear transformation. If <y, X > = 0, then by the definition,
ox(y) = y. Also oz(X) = — X. Further,

< 0%(), 0x(2) >

=<y —2<y,X>X,7—2<Z,X>X>

=<y, 7>

This shows that oy is an orthogonal transformation. Also, the matrix represen-
tation of oy with respect to the orthonormal basis {51,52,...,5,—1,x} of R",
where {s1,52,...,5,—1} is an orthonormal basis of Hy is the diagonal matrix
diag(1,1, ..., 1, —1). Hence, its determinant is — 1. Finally, if 7 is any linear trans-
formation with the required property, then again the matrix representation of 7 with
respect to the basis {57, 52, ..., S,—1, x} isdiag(1, 1, ..., 1, —1). Hence, 7 = o%.

Definition 5.5.32 The transformation o5 is called a hyperplane reflection (indeed,
it is reflection about the hyperplane Hy).

Note that oy = oyifandonly ifx = £y
Recall that an inner product space V is said to be the orthogonal sum of its subspaces
Vi, Vo, ..., V. if
V=Wm+W+- - +V,
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and for i # j, the elements of V; are orthogonal to V;. Symbolically, we write it as
V=VilVLlL.--- 1LV,.

In particular, if W is a subspace of V,then V = Wiw-,

Theorem 5.5.33 Let T be an Euclidean orthogonal transformation on R". Then
there exist subspaces V, W, and two-dimensional subspaces Py, P,, . .., P together
with angles 0 < 0 < 0, <, ..., <0, < 7 such that the following hold:

IR = VIWLP 1Pyl --- 1P,

2.T(x) = Xforallxe V.

3.Tx) = —xforallx e W.

4. The restriction of T to Py is a rotation through an the angle 0y in the plane P;.
In other words, if {ux, v} is an orthonormal basis of Py, then
(i) T(uy) = cosOyu; + sinb, vy, and
(ii) T(vx) = —sinbu; + cosOvg forallk < 1.

Proof The proof is by the induction on n. For n = 1, it follows trivially. Assume that
the result is true for all m < n. Let T be an orthogonal transformation on R Then
T induces a unique linear transformation 7 from the standard complex vector space
C™*! toitself by putting T()_c) = XM(T), wherex = [x;x; --- X,41]is arow vector
in C"*!, and M (T) is the matrix representation of T with respect to the standard basis
of R"t! Note that the matrix representation of 7 with respect to the standard basis of
C"*!is the same as M (T). Let ) be an eigenvalue of M (T) which may be a complex
number. Then there is a nonzero complex unit vectorx = [x; x5 --- X,41] such that
xM(T) = MXx. Since M(T) is a real matrix,

IM(T) = xM(T) = )X,
wher_e X=[ax- - Xn+1] denote the complex cor_ljugate of the complex vector X,
and A\ the complex conjugate of \. This shows that A is also an eigenvalue of M (T),

and X is a corresponding eigenvector. Since M (T') is orthogonal,

A= XX = aM(TGMT)) = 3@ =[|X|.

This shows that | A | = 1,andso A = ¢ for some 6.
Now, suppose that M (T') has a real eigenvalue A\. Then A = =1. Suppose again
that A = 1 is an eigenvalue of M(T'), and X is a unit eigenvector associated to

1. Clearly, then X is a real vector. Consider the corresponding hyperplane Hy. The
dimension of Hx is n. Further, if y € Hx, then

<X, TQO)>=<TX), TH) >=<X,y>

(for T is orthogonal). This shows that T restricted to Hx is an orthogonal transfor-
mation on Hy. Also R"*!' = < ¥ > 1 H;. By the induction hypothesis, there exist



170 5 Determinants and Forms

subspaces V', W, and two-dimensional subspaces Py, P», ..., P; of Hz together with
angles 0 < 0, <6, <,..., < 6; < m such that the following hold:

1.Hy = VIWLlP{LPy |l --- 1P,

2.T(X) = Xforallx e V'.

3.T(x) = —Xxforallx e W.

4. The restriction of T to Py is a rotation through an the angle 6, in the plane Py
foreach k < [.

Taking V = < X > LV’, the result holds for R"*!. If 1 is not an eigenvalue but

—1 is an eigenvalue, then a similar argument proves the result with V. = {0}.
Assume that M(T') has no real eigenvalues. Note that in this case n + 1 will be
even 2m (say). Let 0, be the smallest positive real number such that A = ¢

is an eigenvalue, and X a corresponding complex eigenvector. As observed ear-
lier, ¢~ is also an eigenvalue with X a corresponding eigenvector. Then X + x

and i(Xx — X) are nonzero real vectors. Take ] = %, and o7 = Ilg_—_;l)\ Then
{1, D1} is an orthonormal subset of R"! ~which generates a subspace P;. Then
T@) = wM(T) = ”}%”(el”lxjue—"’v-c) = costju; + sinf vy, and simi-
larly, T(vy) = —sinbu; + cosbv;. Let U = PIL. Then U is of dimension

2(m —1), R = P, 1U, and T restricted to U is an orthogonal transforma-
tion on U. By the induction hypothesis, there exist two-dimensional subspaces

P,, Ps, ..., P, together with angles 0 <6, <03 <,..., <0, <7 with §; <6,
suchthat U = P, 1P3Ll--- 1P, and T restricted to each Py is a rotation through
the angle 6. Clearly, R"*! = P, 1P, 1 P31 ---1P,,. g

Corollary 5.5.34 Suppose that the dimension of W in the above theorem is m, and
{wy, wy, ..., w,} an orthonormal basis of W. Then

T = 0w;00w;0- - 005-0pp,0pPp,0 - 0pP,,
where oy; is the reflection about the hyperplane Hyy;, and pp, denote the rotation

through an angle 0; in the plane Pj, and it is given by
(i) pp;(X) = X forallxinV, W and Py, k # J,

(ii) pp, () = cosOju; + sinb;v;,
(iii) pp,(vj)) = —sinbju; + cost;v;, where {u;, v;} is an orthonormal basis of
P]vj = L ﬁ

Corollary 5.5.35 The transformation T in Theorem5.5.33 is a composition of m +
21 hyperplane reflections, where m = dimW.

Proof From the above corollary, it is sufficient to show that the rotation pp, is com-
position of two hyperplane reflections. Since,

costh sing; | _ (1 O | [cosO; sinb;
—sind; cost; | — |0 —1 sinf; —cosb; |’

. _ 0 — . 0
it follows that pp, = 05007, where 7; = coszu; + sin5v;. it
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Corollary 5.5.36 The matrix representation of the orthogonal transformation T
on R" described in Theorem5.5.33 with respect to a suitable orthonormal basis is

A = layl, where
(i)ai; = 1foralli <r = dimV (r may be 0 also),
(ii)a; = —1foralli = r+j <r+m, wherem = dimW (m may also be 0),
(iii) aj = cosOjfori = r+m~+2j—1landi = r+m+2j,j<|,
(iv) ajiv1 = Sil’l@j and aiyy; = —sinﬁjfori =r4+m+2ji—1,j<|

(v) the rest of the entries are 0.

Proof Taking orthonormal bases of V, W, and of the two-dimensional subspaces
Py, P,, ..., P;together, we get an orthonormal basis of R” with respect to which the
matrix representation is the required one. i

Corollary 5.5.37 Every orthogonal matrix A is orthogonally similar to a matrix
of the form described in the above corollary. More explicitly, there is an orthog-
onal matrix O such that OAO' is the matrix of the form described in the above
corollary. il

Corollary 5.5.38 An orthogonal transformation with determinant 1 is composition
of even number of hyperplane reflections, and with determinant —1 is composition

of odd number of hyperplane reflections. il
Corollary 5.5.39 Two orthogonal matrices A and B are similar if and only if they
have same set of eigenvalues counted with their multiplicities. il
Exercises

5.5.1 Find invariant subspaces of the differential operator D on the space g, of
polynomials of degree at most n over reals. Find its characteristic polynomial, and
also the eigenvalues.

5.5.2 Consider the matrix
001

A= |[100
010

Show that the cube roots of 1 are precisely the eigenvalues of A. Show that the matrix
is diagonalisable over the field C of complex numbers. Find a complex matrix P such
that P~'AP is a diagonal matrix. Is it diagonalisable over the field R of reals?

5.5.3 Show that the matrix
102

A=047
002

is diagonalisable over the field R of real numbers, and find P such that P 'APis a
diagonal matrix.
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5.5.4 Show that the matrix
234

A=1025
002

is not diagonalisable even over the field C of complex numbers.

5.5.5 Show that the matrix

2

A = 1 — cosasina cos*a
- —sin*a 1 4+ sinacoso

is similar to an upper triangular matrix over R. Find P such that PAP~! is upper
triangular. What is PAP~'? Show that it is not similar to a diagonal matrix even over
the field C of complex numbers.

5.5.6 Show that a 2 x 2 matrix over reals all of whose off diagonal entries are
positive have all its eigenvalues real. Determine a necessary and sufficient condition
on the entries of a 2 x 2 matrix for its diagonalisability.

5.5.7 Suppose that 7> — 5T + 6 = 0. Determine all possible eigenvalues of T
5.5.8 Suppose that A is nonsingular. Show that AB and BA have same eigenvalues.

5.5.9 Let A be a n x n matrix. Suppose that A” = 0 for some m > 1. Show that
A" = 0.

5.5.10 Let A be a nilpotent n x n matrix. Show that I, + A is invertible, and
det(l, + A) = 1.

5.5.11 LetA and B be complex n x n matrices such that AB — BA commutes with
A. Show that (AB — BA)" = 0.

5.5.12 LetAbe an x nmatrix. Define a map M, from M,,(F) to itself by M4 (B) =
A - B. Show that M, is a linear transformation. Relate the trace of A and that of M.

5.5.13 Suppose that A’ = A2. What are possible eigenvalues of A?
5.5.14 Show that the determinant of a Hermitian matrix is always real.

5.5.15 Show that the determinant of a skew-symmetric real matrix of odd order is
0.

5.5.16 Let A be n x n skew-Hermitian matrix. Show that the determinant of A is
either O, or it is purely imaginary if n is odd. Show that it is purely real if n is even.

5.5.17 Show that if A is n x n Hermitian, then i, + A is invertible.

5.5.18 Show that if A is skew real symmetric (skew-Hermitian) n x n matrix, then
I, + A is nonsingular.
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5.5.19 Show that if X*AX is real for all complex vector X, then A is Hermitian.

5.5.20 Find an orthogonal matrix O such that O'AQ is diagonal, where

101
A=1]011
113

Find a real symmetric matrix B, if possible, such that B> = A.

5.5.21 Show that all eigenvalues of A*A are real, and A*A is unitarily similar to a
diagonal matrix.

5.5.22 Let A be a real matrix. Show that A’A is similar to a diagonal matrix.

5.5.23 Show that every real symmetric matrix A can be expressed as A = PDP',
where D is a diagonal matrix.

5.5.24 Show that every nonsingular real symmetric matrix A can be expressed as
A = LDL', where L is a lower triangular matrix, and D a diagonal matrix.

5.5.25 Let A be a n x n matrix with entries in R. Show that the map <, > from
R" x R" to R defined by <X, ¥y > = XA ¥’ is an inner product if and only if A is
symmetric, and all the eigenvalues of A are positive.

5.5.26 Which of the following matrices are positive or positive definite?
@ ~ _
121

A= 1211
| 113 ]

(i)
231
A=1311

(113

(iii)
(1057
A=1011
513 ]

(iv)
3 1
A = 0
—1

S = O

0
3
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v)
211
A=|121
112

For each of the above matrices, find orthogonal matrices O such that O'AO is a
diagonal matrix. Express the positive definite matrices as BB'.

5.5.27 Find the cube roots of the matrices in Exercise 5.5.26.
5.5.28 Show that/ + iA*A is nonsingular for all complex matrices A.

5.5.29 Show that the matrix

A = |: coso sina]

—sino coso

is diagonalisable over R if and only if & = nw for some n. Diagonalize it over the
field C of complex numbers.

5.5.30 Show that every orthogonal 2 x 2 matrix with determinant 1 is a matrix of
the form given in the above exercise.

5.5.31 Show that the group O(2) is isomorphic to SO(2) x Z,. Show that the group
SO(2) is isomorphic to the circle group S'.

5.5.32 Show that O(3) is isomorphic to SO(3) x Z,.

5.5.33 Let A € SO(3). Show that A — I3 is singular. Deduce that 1 is always an
eigenvalue of A. What are other possible eigenvalues of A.
Hint. Det(A — I;) = Det(A"(A — L)) = Det(l; — A).

5.5.34 Use the above exercise to show that every matrix A in SO(3) is similar to a

matrix of the form
1 0 0

0 cosa sina
0 —sina cosa

Deduce that every matrix A in SO(3) represents a rotation in R about an axis through
anangle a,, where trace of Ais 2cosa. + 1.Inparticular, deduce that —1 < Tr(A) < 3.
This justifies the name rotation group for SO(3).

5.5.35 Show that two orthogonal 3 x 3 matrices are similar if and only they have
the same trace, and also the same determinant.

5.5.36 Show that SO(3) is generated by reflections.

5.5.37 Describe the closed subgroups of SO(3).
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5.5.38 Show that the group O(n) acts transitively on the set V (n, r) of r-dimensional
subspaces of R". Describe the isotropy subgroup of the subspace W € V (n, r) con-
sisting of vectors with last n — r coordinates 0.

5.5.39 Show that the group O(n) acts transitively on the n — 1 sphere ™! = {x
R* ||| X || = 1} in R". Describe the isotropy group O(n)g;.

5.5.40 Consider the sphere S> = {x e R® ||| X || = 1} in R>. Define a map ds
from $? x S? to R* |J{0} by cosds:(X,y¥) = <X, y >. Show that ds> is a metric
called the spherical metric. Use Exercise5.5.38 to show that the map dg.—1 from
"1 x 8"~ to R* [ J{0} defined by cosds.-1 (X, y) = < X, ¥ > is metric. The metric
space (8", dgn) is called the spherical n-space. Describe the Geodesics (path of
shortest distance) in S”.

5.5.41 Consider the upper part of the hyperboloid H> = {X¥ = (x1, x2, x3) | x% -

x5 —x3 = 1,x; > 0}. Show that X,y € H* implies that x;y; — xay2 — x3y3 > 2.

Show that the map dp2 from H? x H? to Rt (J{0} defined by cosh(dg:(X,y) =
X1Y1 — Xy2 — x3y3 is a metric (called the hyperbolic metric). (How to generalize it
for arbitrary n?).

5.5.42 Show that every matrix in SO(3) is similar to a diagonal matrix over the field
C of complex numbers.

5.5.43 Show that a square matrix A with entries in the field C of complex numbers
is similar to a diagonal matrix if and only if it is a normal matrix in the sense that
AA* = A*A.

5.5.44 Find the polar decomposition of the following complex matrix.

i)

5.5.45 Find the polar decomposition of the following real matrix.

11
21
5.5.46 Find a singular value decomposition of the following matrices:

B 0
21 22 10

5.5.47 The map x from R x R3 to R3 defined by @ x b = (axb3 — azb,, azb; —
aibs, a\by — apby) is called the vector product on R3. Show that the vector product
is uniquely characterized by the requirement that it is bilinear, and it satisfies
(i)axa = 0,
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(i)<axb,a>=0 =<axbh, b>foralla,beR.

(iii) < e] X ez, e3 > = 1.

Further, show that a nonzero alternating map from R” x R” to R” exists if and only
if n = 3. In particular, the concept of vector product exists only on R3.

5.6 Bilinear and Quadratic Forms

In this section, we discuss bilinear and quadratic forms, and their canonical reduction.

Definition 5.6.1 Let V be a finite-dimensional vector space over a field F. A map
ffrom V x V to F is called a bilinear form if f is linear in each coordinate in the
sense that

() flax + by, z) = af(x,y) + bf (v, 2), and

(i) f(x,ay +bz) = af (x,2) +bf (x,2)

forallx,y,z € V,anda,b € F.

Thus, amap f from V x V to F is a bilinear form if and only if the maps f, and f~
from V to F defined by f,(y) = f(x,y) and f¥(x) = f(x,y) are linear functionals.
Further, then the maps x ~» f;, and y ~ f” denoted by L, and Ry, respectively, are
linear transformations from V to V* (verify).

The zero map from V x V to F is a bilinear form on V. Any inner product on a
real vector space is a bilinear form. The determinant map from F? x F? to F is an
other bilinear form on F2, where F is a field.

Example 5.6.2 Consider the vector space F" of column vectors over F. Let A be a
n x n matrix over F. The map f from F" x F" to F defined by

f(X,Y) = X'AY

is a bilinear form on F" (verify). We shall see below that these are all bilinear forms
on F". In fact, given any bilinear form f on a vector space V of dimension n over
F, there exists an isomorphism 7 from V to F” (corresponding to each choice of
basis), and a matrix A such that f(x,y) = T(x)'AT(y). Thus, essentially these are
all bilinear forms on a vector space of dimension 7.

Example 5.6.3 Let ¢ and 1 be linear functional on a vector space V of dimension
n. Then the map f from V x V to F defined by f(x,y) = ¢(x) - ¥(y) is a bilinear
form on V. Is it true that every bilinear form on V is of this form? Support.

Let f and g be bilinear forms on V and a, b € F. Then it is easily seen that
af + bg defined by (af + bg)(x,y) = af(x,y) + bg(x, y) is a bilinear form on V.
Further, the zero map which takes every thing to 0 is already a bilinear form. Thus,
the set BL(V, F) of bilinear forms on V is a vector space over F with respect to the
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operations defined above. Let us fix an ordered basis {u, u,, ..., u,} of V. Define a
map My, u,....u, from BL(V, F) to M,(F) by

My s,..n,(f) = [a;],

where a; = f(u;, u;). This map is a linear transformation (verify), and it is called
the matrix representation map relative to the ordered basis {u, us, ..., u,}. The
matrix My, u,....u, (f) is called the matrix representation of the bilinear form f.

Theorem 5.6.4 The matrix representation map My, ., ..., IS a vector space isomor-
phism from BL(V, F) to M, (F).

Proof 1t is already seen to be a linear transformation. Thus, it is sufficient to show
that My, ,,...., is bijective. Suppose that My, u, . u,(f) = My, u,...,(g). Then
S, u)) = g, u;) forall i,j. Letx = X xu; andy = X! yu; be any two
members of V. Then using the bilinearity of f/ and g, we get

fy) = f(EL X, Zlyw) = TS0 f i, uy)y;, =
Zixdf (i, w)y, = Zijxig(ui, u)y; = g(x, ).

This shows that f = g. Observe that f(x,y) = X'AY, where A = [a;] is the
matrix representation of f with respect to the ordered basis {u;, u, ..., u,}, X and
Y are column vectors whose ith row entries are x; and y;, respectively. Conversely,
let A = [a;] be a matrix in M, (F). Define a map f from V x V to F by

fx,y) = X'AY,

where x = X! xu;, y = X ,yu;, X acolumn vector with ith row entry x;, and
Y a column vector with ith row entry is y;. It is easy to observe that f defined above
is a bilinear form. Since f(u;, uj)) = a;;, the matrix of f is A. This shows that the
matrix representation map is an isomorphism. il

Corollary 5.6.5 Let V be a vector space and {uy, us, ..., u,} an ordered basis of
V. Let {uj, u3, ..., u,} be the dual basis. Then {f; = ul*uj* |1 <i<n1<j<n}
forms a basis of BL(V, F).

Proof The matrix representation map M, ,,. ..., takes fj; to e;, and since {e;; | 1 <
i,j < n} forms a basis of M,,(F), the result follows from the above theorem. f

Effect of Change of Basis on Matrix Representation

Theorem 5.6.6 The matrix representations of a bilinear form on a vector space V
with respect to different choices of bases are all congruent

Proof Let f be a bilinear form on V. Let {uy, us, ..., u,} and {vy, va, ..., v,} be
ordered bases of V. Let P = [p;;] be the matrix of transformation from the ordered
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basis {uy, up, ..., u,} to the basis {vy, va, ..., v,}. This means that v; = X, p;u;.
Clearly, P is nonsingular. Further, suppose that

Mul,uz,....,uu ) = [a,-j]

and
le,vz,..‘,v,, (f) = [by]

Then a;; = f(u;, u;) and by = f(v;, v;). Thus, using bilinearity of f we get

by = fui,v) = fE_ paitte, 2 pwr) = Ty 1 Pri (B f (Ui, u)pyy).
This shows that b;; is the ith row jth column entry of P'My, uy....u, (f)P. Hence

Mul,vz ..... v,,(f) = PtMu],uz ..... Mn(f)Pv

where P is the matrix of transformation from the ordered basis {u;, uy, ..., u,} to
{vl,vz,...,vn}. ﬁ

Definition 5.6.7 Let f and g be bilinear forms on V. We say that f is congruent to
g if there is an isomorphism 7 from V to V such that g(x,y) = f(T(x), T(y)) for
allx,ye V.

The main problem in the theory of bilinear form is the classification of bilinear
forms up to congruence over different fields. We shall give a solution to this problem
for symmetric (f(x,y) = f(y, x)) bilinear forms. Following theorem reduces this
problem to the problem of classifying matrices up to congruence. More precisely,
we need to determine a unique member from each congruence class of matrices
and determine an algorithm to reduce a matrix to the unique representative of the
congruence class determined by that matrix.

Theorem 5.6.8 A bilinear form f is congruent to a bilinear form g on V if and
only if their matrix representations corresponding to any choice of ordered bases are
congruent.

Proof Letf and g be congruent bilinear forms on V. Then there is an isomorphism 7'
from V to V such that g(x,y) = f(T(x), T(y)) forallx,y € V.Let {uy, up, ..., u,}
be an ordered basis of V. Then {T (u,), T (1), ..., T(u,)} is also an ordered basis of
V. Also g(u;, uj) = f(T(u;), T (u;)) for all i, j. This shows that

Mu],uz,...,u,l (g) = MT(ul),T(uz) ..... T(u,l)(f)'

Since matrix of a bilinear form associated to any two ordered basis of V are congruent,
it follows that the matrices of f and g corresponding to any choice of ordered bases
are congruent. Conversely, suppose that M, u,. ..., (9) = P'M,y, ,,

.....
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g w) = B pi (B f s vpy) = f(EE_ 1 privi e pvn) = f(wi, wy),

where w; = X]_ puvr, and w; = X pjv;. Since P is nonsingular {wy, wa, ...,
w,} form an ordered basis of V. Thus, if T denotes the isomorphism from V
to V which takes u; to w;, then g(u;, ;) = f(T(w;), T (w;)) for all i,j. Since
{u, up, ..., u,} is an ordered basis of V, and f and g are bilinear forms, it follows
that g(x,y) = f(T(x),T(y)) forallx,y e V. it

Example 5.6.9 We have seen above that any bilinear form on F” is given by
fX,Y) = X'AY = %, xa;y;, where A = [a;], X is the column vector whose ith
row is x;, and Y is the column vector whose ith row is y;. Note that the matrix of this
bilinear form with respect to the standard ordered basis is A. Consider the bilinear
form on R? given by

FX,Y) = xy2 + 2xys + oy + xys + 2oy + xys.
The matrix A of this bilinear form with respect to the standard ordered basis is

012
A= [101
210

From Example2.7.5, it follows that this matrix is congruent to the diagonal matrix
Diag(2, —%, —4), and the matrix P of transformation is

-1
-2
1

1
2

~

I
S O =
OI—

Thus, the bilinear form g on R? given by

gX.Y) = 2xyy1 — 3xay2 — 4xsys

is congruent to f. The isomorphism 7 from R? to itself which takes e! to the ith
column of P is an isomorphism such that g(X, Y) = f(T(X),T(Y)) forall X, Y €

R3. In fact, the substitution x; ~> x; — %xz — X3, Xp ~> %xz — 2x3, X3 ~» x3, and

Y1~~~y — %yz — Y3, Y2 2 %yz — 2y3, y3 ~> y3 transforms f to g.

Theorem 5.6.10 Let f be a bilinear form on a vector space V of finite dimension n
over a field F. Then

pLy) = p(A) = p(Ry),

where A is a matrix of f corresponding to any choice of basis, and p denotes the
rank.
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Proof Let us first observe that matrices of f corresponding to different ordered bases
are congruent, and so they all have the same rank. Because of the rank-nullity theorem,
it is sufficient to show that v(L;) = v(A) = v(Ry), where v denotes the nullity.
Now,

WLy = dim({x € V | Li(x) = f, = 0) =dim(x € V | f(x.)) =
Oforally € V}).

If we fix an ordered basis {u;, us, ..., u,} of V, then the map T from V to the
vector space F"', which associates to x = X! x;u; the column vector X whose
ith row is x;, is an isomorphism, and then f(x,y) = T(x)'AT(y) = X'AY. This
isomorphism takes the subspace {x | f(x,y) = Oforally € V} of V isomorphically
to the subspace {X € F" | X'AY = OforallY € F"}. Thusv(Ly) = dim({X € F" |
X'AY = Oforall Y}).Next, over any field if C is a column vector such that C'Y = 0
forallY € F",then C = 0 (verify). Hence {X € F" | X'AY = OforallY € F"} =
(XeF'|X'A = 0} = {XeF"|A'X = 0}. This shows that v(Ly) = v(4").
Since A is a square matrix, v(A") = v(A). This shows that p(Ls) = p(A). Similarly,
we can show that p(Ry) = p(A). ft

Definition 5.6.11 Letf be a bilinear form on V. Then the common number p(Ls) =
p(A) = p(Ry) is called the rank of f.

Corollary 5.6.12 Let f be a bilinear form on a vector space V of dimension n. Then
the following conditions are equivalent.

1. Rank of f is n.

2.fi(y) = Oforallyimplies that x = 0.

3.fY(x) = Ojforall x implies thaty = o. it

Definition 5.6.13 A bilinear form f on V is called non-degenerate, or nonsingular
bilinear form if it satisfies any one (and hence all) of the above three conditions in
the corollary.

Symmetric Bilinear Forms

Now, we try to describe bilinear forms which has a nice diagonal representation
fO,y) = L aixy;

with expect to an ordered basis {uy, uz, ..., u,}, x = X' xu;, andy = X1 yu;.
This is equivalent to say that the matrix representation of f with respect to some
ordered basis is diagonal. Since matrix representation of a bilinear form with respect
to any two bases is congruent, we need to characterize those bilinear forms whose
matrix representations are congruent to diagonal matrices. If A is a matrix which
is congruent to a diagonal matrix D, then there is a nonsingular matrix P such
that PPAP = D or equivalently, A = QDQ', where @ = (P~!)’. Thus, A’ =
OD'Q' = QDQ' = A. This shows that A is symmetric matrix. In other words, all
matrices associated to the bilinear form f are symmetric. This is so if and only if
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fx,y) = f(y,x)forallx,y € V (verify). Such abilinear form is called a symmetric
bilinear form.

Corollary 5.6.14 A necessary condition for a bilinear form f to have a diagonal
representation is that it is a symmetric bilinear form. it

Let f be a symmetric bilinear form on a finite-dimensional vector space V. A pair
of vectors x, y € V is said to be orthogonal to each other if f(x,y) = 0. Let W be
a subspace of V. Then W+ = {x € V |f(x,y) = Oforall y € W} is a subspace
of V (verify), and it is called the orthogonal compliment of W with respect to the
bilinear form f. Observe that unlike the case of inner product space, W (| W+ may
be different from {0}. Clearly, kerLy = kerRy = {x € V |fx = 0} = VL IfVis
a vector space over the field R of real numbers, then f is called positive (negative)
if f(x,x) > 0(< 0) for all x € V. It is said to be positive (negative) definite if it
is positive (negative), and f(x,x) = 0 if and only if x = 0. To say that f has a
diagonal representation with respect to the basis § = {x;, x2, ..., x,} is to say that
S is orthogonal basis in the sense that the members of S are pairwise orthogonal.

The following result is the converse of the above corollary in case the field is of
characteristic different from 2.

Theorem 5.6.15 Let f be a symmetric bilinear form on a finite-dimensional vector
space V over a field F of characteristic different from 2. Then there is an orthogonal
basis of V, or equivalently, there is an ordered basis with respect to which f has
diagonal representation.

Proof The proof is by the induction on the dimension of V. If dimension of V is O
or 1, then there is nothing to do. Assume that the result is true for symmetric bilinear
forms on vector spaces of dimension n. Let f be a symmetric bilinear form on a
vector space V of dimension n 4 1. If f is zero bilinear form, then there is nothing to
do. Suppose that f # 0. We claim that there is a x € V — {0} such that f(x, x) # 0.
Suppose not. Then f(x,x) = 0 for all x € V. Now, since f is symmetric bilinear
form

fa+y.x+y) —fx—y,x—y) = 2f(x,y) +2f(,x) = 4 (x,y)

for all x,y € V. Hence 4f(x,y) = O for all x,y € V. Since the field is of char-
acteristic different from 2, f(x,y) = O for all x,y € V. This is a contradic-
tion to the supposition that f # 0. Let u; € V — {0} such that f(u;, u;) # 0. Let
W = {au, | a € F} be the subspace generated by u;. Then dimension of W is 1.
Consider W+ = {ve V |f(u;,v) = 0}. Then W+ is a subspace of V(verify).
Suppose that au; € W+L. Then 0 = f(uy,auy) = af (uy, uy). Since f(uy, uy) # 0,
it follows thata = 0. Thus, W [ W+ = {0}. Further, let v € V. Then

fln,v— LD = faun,v) = fu,v) = 0.

Putw = v — Jf((u”l";l))ul. Then w € W+, and
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_ fav)
 flur,un)

<

u + w

belongs to W + W+, This shows that V. = W & W+. Since restriction of f to W+
is also symmetric bilinear form on W+ and dimension of W+ is n, it follows that
there is an ordered basis {uy, u3, ..., u,+1} with respect to which f restricted to wt
has diagonal representation. In other words f(u;, u;) = O for all i #j,i > 2 and
J = 2. Already f(u1,u;)) = O forall j > 2. Thus, f has the diagonal representation
with respect to the ordered basis {u;, u, ..., U411} it

Corollary 5.6.16 Let A be a symmetric matrix with entries in a field F of charac-
teristic different from 2. Then there is a nonsingular matrix P such that P'AP is a
diagonal matrix. it

Remark 5.6.17 The proof of the above theorem and the corollary is algorithmic.
It gives an algorithm to reduce a symmetric bilinear form (symmetric matrix) over
a field of characteristic different from 2 to a diagonal bilinear form (matrix). An
algorithm to reduce a symmetric matrix over a field of characteristic different from
2 congruently to a diagonal matrix is given in the proof of Theorem?2.7.2 which is
further illustrated in Example 2.7.5. This also gives an algorithm (see Example 5.6.9)
to reduce a symmetric bilinear form to diagonal form.

Corollary 5.6.18 Letf be a symmetric bilinear form on a finite-dimensional vector
space V over the field C of complex numbers (or over a field F of characteristic
different from 2, and which contains square root of each of its elements). Then there
is a basis {uy, up, ..., u,} of V such that

(i) f(ui,uj) = 0 fori#j,

(ii) f (ui, u;) = 1 fori <r, wherer isrank of f, and

(iii) f (ui, u;) = Ofori>r+ 1.
More precisely, the matrix of f with respect to some ordered basis is in normal form.

Proof From Theorem5.6.15, we can find an ordered basis {vy, vy, ..., v,} such that
the matrix of f with respect to this ordered basis is diagonal. Suppose that the rank of
fis r. We may assume that the first » diagonal entries are different from 0, and the rest
of the diagonal entries are 0. This means that f'(v;, v;) = 0fori # j, f(v;, v;) #0

for i <r,and f(v;,v;) = 0 fori>r+ 1. Since the field contains square root of
each of its elements, we have /f (v;, v;) € C. Take u; = Jﬁvi fori <r, and
u; = vj forj > r+ 1. Clearly, the ordered basis {u, u, ..., u,} has the required
properties. g

Corollary 5.6.19 Any symmetric matrix over C is congruent to a matrix in normal

form. it

Since any two congruent bilinear forms (matrices) have same rank, we have the
following corollary.

Corollary 5.6.20 Any two symmetric bilinear forms (matrices) over the field C of
complex numbers are congruent if and only if they have same rank. il
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The above corollary is not true over the field R of real numbers. I, and —1,, have
same rank where as they are not congruent over the field R of real numbers (verify).
However, over the field R of real numbers we have the following results.

Proposition 5.6.21 Let f be a symmetric bilinear form of rank r on a finite-
dimensional real vector space. Let {uy, uy, ..., u,} be an orthogonal basis of V
withf (u;, u;) # O0foralli <r, andf(u;, u;) = Oforalli > r + 1. Thenf is positive
(negative) if and only if f (u;, u;) > 0 (< 0). It is positive (negative) definite if and
only if f(u;, u;) > 0 (< 0)foralli.

Proof If x = X! au;, then f(x,x) = X! a’f(u;, ;). Since a? is always non-
negative, the result follows. it

Theorem 5.6.22 (Sylvester) Let f be a symmetric bilinear form on a real vector
space (more generally over a sub field of the field of real numbers in which all
positive members have square root). Then there is an ordered basis {uy, us, . . ., u,}
of V, and non-negative integers r, p and q such that

(i) f(ui, u;) = 1foralli <p,

(ii) f(ui, u;) = —1foralli,p+1<i<r,

(iii) f (u;, u;) = Oforalli>r+1, and

(iv) f(ui, u;) = O for all i # j. Further, integers r, p, and q are independent of
choice of such bases.

Proof From Theorem 5.6.15, it follows that there is an ordered basis {vy, va, ..., v,}
such that f'(v;, v;) = Ofori # j, and f(v;, v;) = Oforalli > r + 1, where r is the
rank of f. Changing the order of {vy, vy, ..., v,}, we may assume that f (v;, v;) > 0

fori <p,and f(v;,v;) < Oforp+1<i<r. Takeu, = mvi fori <r,
and u; = v; forall i > r + 1. Then it is clear that {u, u,, ...u,} has the required
property, where ¢ = r — p. It remains to show that r, p and ¢ are independent

of the choice of basis. Since r is the rank of f, and which is invariant (congruent
matrices have same rank), it is independent of the choice of basis. It is sufficient to

show that p is independent of the choice of basis. Let {v, v, ..., v,} be an other
ordered orthogonal basis such that f (v;, v;) = 1fori < p/, and f(v;, v;) = —1 for
p' + 1 <i < r.Itisclear from the above proposition that V< has {Upp1, Upgo, ooy Uy}
and {v, .1, V42, ..., U,} as bases. We show that

X = {Ul’ V2, ..., Up/9 up+17 up+2’ ceey Up, ul‘+17 s un}

is linearly independent. Suppose that
ajvy + @y + -+ Ay Uy + AppiUprl + Ap2Upr + 0+ Gty + Arpilery + -+ gy = 0.

Thenu + v + w = 0,whereu = ajvi +av2 + -+ ayvy, vV = appiUppr +
Apiolpyr + -~ +au,, and w = arU41 + arpoler + - - + ayu,. Clearly,
fu,u) >0, f(v,v) <0, and f(x,w) = O for all x € V(this is because w € V).
Thus,
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0 =fut+v+w) = fluu)+fuv)+fuw = fu+fuv),
and similarly, since f is symmetric,
0=fwu+v+w) = f(v,v) +f(u,v).

From the above two equations, f(u#, u) = f(v, v). Since f restricted to the sub-
space generated by {vi, vs,..., vy} is positive definite, and f restricted to the
subspace generated by {u,y1, Upt2, ..., u,} is negative definite, it follows that
f,u) = 0 = f(v,v). This, in turn, implies that u = 0 = v, and so alsow = 0.
Since {vi, va, ..., vy}, {Upy1, Upyo, ..., u}, and {41, urq2, ..., u,} are linearly
independent, it follows that X is linearly independent. Hence n — p + p’ < n, and so
p’ < p. Interchanging the role of the bases, we see that p < p’. The result follows. #

Remark 5.6.23 pis the largest among the dimensions of subspaces of V over which f
is positive definite. Similarly, g is the largest among the dimensions of the subspaces
of V over which f is negative definite.

Corollary 5.6.24 Every real symmetric matrix is congruent to a unique diagonal
matrix of the form

Diag(1,1,...,1,—-1,—-1,...,—-1,0,0,...,0). i
———

p q n—p—q

Since for any r < n, there are r + 1 pairs of non-negative integers p, g such that
p +q = r, we have the following corollary.

Corollary 5.6.25 There are w distinct congruence classes ofn x nreal sym-
metric matrices. i

Definition 5.6.26 If f (A) is a real symmetric bilinear form (matrix), the uniquely
determined integer p — ¢ is called the signature of f (A).

Real Skew-Symmetric Forms (Matrices)

Recall that a bilinear form f is skew-symmetric if f(x,y) = —f(y, x). It follows
that f is skew-symmetric if and only if its matrix with respect to any basis is skew-
symmetric. If the field F is of characteristic 0, then f(x,x) = Oforallx € V.

Proposition 5.6.27 Letf be a skew-symmetric bilinear form on a finite-dimensional
vector space V over a field of characteristic 0. Suppose that f (x,y) # 0. Then {x, y}
is linearly independent. Further, if z € W, where W is the subspace generated by

(v, 3}, thenz = fEfie — FE.
Proof Suppose that ax + by = 0. Then 0 = f(ax+by,x) = af(x,x)+
bf(y,x) = —bf(x,y). Since f(x,y) #0, b =0. Similarly, 0 = f(ax + by,y) =

af (x,y) + bf(y,¥y) = af(x,y). Again, since f(x,y) # 0, a = 0. This proves that
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{x,y} is linearly independent. Next, if z = ax + by, then f (z, x) = af(x,x) +

bf (3, %) = —bf(x,y). Thus, b = —£Z. Slmllarly,

=7 ( ’)
— [y f&x)
LT fent T fen? ‘
Proposition 5.6.28 Under the hypothesis of the above proposition V. = W @ W+,

Proof Letv e Vandw = %x E;’ fiy Then

f—w,x) = f,0+50f (.0 = f,0—fv,x) =

Similarly, f (v — w,y) = 0. This shows that v — w € WL . ThusV = W + W+
Suppose that v = ax+by € W-. Then 0 = f(v,x) = —bf(x,y), and 0 =
f(,y) = af(x,y). Since f(x,y) # 0, it follows thata = 0 = b. Hence v =0. 4

Theorem 5.6.29 Let f be a skew-symmetric bilinear form on a finite-dimensional
vector space V over afield F of characteristic 0. Then there is a non-negative integer
r, and an ordered basis

{ur, vi, uz, v2, ..., Uy, vy, Upg1, Upg2, - vy Up}

of V such that
(D) f(uij,v;)) = 1 = —f(v;, w;) foralli <r,
(ii) f(ui, u;)) = 0 = f(v;, v)) foralli,jand
(iii) f (u;, vj) = Oforalli #j.

Proof The proof is by the induction on the dimension of V. If dimension of V is 0,
there is nothing to do. If dimension of V is 1, then also any skew-symmetric bilinear
form on V is 0, and there is nothing to do. Assume that the result is true over all
vector spaces of dimension less than n. Let V be a vector space of dimension n, and
f askew-symmetric bilinear form on V. If f is O, then there is nothing to do. Suppose
that f # 0. Then there exists u;, v; € V such that f(u;, v;) # 0. Multiplying by a
suitable scalar to u;, we may suppose that f(u;, v;) = 1. From above results, it
follows that {u;, v} is linearly independent, and if W is the subspace generated
by {u1, vi}, then V.= W @ W+. Clearly, the dimension of W+ is n — 2, and the
restriction of f to W+ is skew-symmetric. By the induction hypothesis, there exists
an ordered basis {uy, vo, U3, V3, ..., U, Up, Up 1, U2, - -« 5 Uy} Of W+ such that

Q) fwi,v) =1 = —f(v;,u;) forall i,2 <i<r,

(1) f(ui, uj) = 0 = f(v;,v;) foralli,j > 2 and

(i) f (u;, vj) = Oforalli #j, i,j> 2.
Clearly,  {u1, vi,u2, V2, ..., Up, Uy, Ups1, Upyn, ..., Uy} has  the  required
properties. il

Corollary 5.6.30 The rank of a skew-symmetric bilinear form on a vector space
over a field of characteristic 0 is always even. it
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Following is the matrix form of the theorem.

Corollary 5.6.31 Every n x n skew-symmetric matrix A with entries in a field F of
characteristic 0 is congruent to a matrix of the form

1000000000007
—-10 0 00000 0 0000
0001000000000
00-100000 0 0000

[0

000
00000000-10000
00O0O000000O0OO0O

where 2r is the rank of A. it

Itis clear that there is no nondegenerate skew-symmetric bilinear form on a vector
space of odd dimension.

Suppose that f is a nondegenerate skew-symmetric bilinear form on a vector space
V of even dimension 2r over a field of characteristic 0. Arranging the basis vectors
uy, vy, U, V2, ..., Uy, v, of the theorem as uy, uy, . .., u,, vy, v, ..., v, and looking
at the matrix representation, we get the following corollary.

Corollary 5.6.32 Every nonsingular 2n x 2n skew-symmetric matrix with entries
in a field F of characteristic 0 is congruent to a matrix of the form

0, J
—J0,|’

where 0, is the n X n zero matrix and

000001
000010

100000 4

Quadratic Forms, Orthogonal Reduction

Let V be a finite-dimensional vector space over a field . A map g from V to F is
called a quadratic form, if there is a bilinear form f on V such that g(v) = f(v, v)
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for all v € V. If f is skew-symmetric, then g(v) = f(v,v) = 0. We assume that
the field is of characteristic different from 2. Then every bilinear form f = f; + fi,,
where f; is symmetric and f;, is skew-symmetric. But, then g(v) = f;(v). Thus, for
every quadratic form g, there is a symmetric bilinear form f such that g(v) = f(v, v)
for all v € V. The following proposition says that the symmetric bilinear form is
uniquely determined by the quadratic form.

Proposition 5.6.33 Let g be a quadratic form corresponding to a symmetric bilinear
form f. Then
f,w) = Hg+w) — g —w)).

Proof fo+w,v+w) — fv—w,v—w) = 4f (v, w). it

A quadratic form on a vector space V with respect to an ordered basis {u, us, .. .,
u,} is given by q(v) = X;;xa;x;, where a; = f(u;, u;), f being the symmetric
bilinear form representing ¢, and v = X', x;u;. The following two results follow
from the corresponding results on symmetric bilinear forms over the field C of
complex numbers, and over the field R of real numbers.

Corollary 5.6.34 Let g be a quadratic form on a vector space V over the field C of
complex numbers. Then there is an ordered basis {uy, u, . .., u,} of V such that the
representation of q with respect to this basis is

qv) = x% +x§ + .- +xr2,

where r is the rank of q (rank of q is defined to be the rank of corresponding f), and
v = E{’zlxivi. ﬁ

Corollary 5.6.35 Let q be a quadratic form on a real vector space V. Then there is

an ordered basis {uy, us, ..., u,} of V such that
2 2 2 2 2 2
q) = xi + x5 + o F X =X — X, — e =X

where r is the rank of q, and 2p — r is the signature of q(signature of q is defined to
be the signature of the corresponding symmetric bilinear form). it

Example 5.6.36 Consider the bilinear form f on R? given in Example5.6.9. Its
reduced diagonal form and the matrix of transformation P is given in that example.
Clearly, the form is further congruent to x;y; — x2y> — x3y3, and the correspond-
ing matrix is congruent to diag(1, —1, —1). The rank is 3, and the signature is —1.
The matrix of transformation is given by diag(%, V2, 2)P (check it). Let g be the

quadratic form on R3 given by
qX) = 2x1x2 + 4x1x3 + 2xx3.

It can be seen easily that the symmetric bilinear form of g is the bilinear form given
in Example 5.6.9. The congruent reduction of g to the normal form is
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2 2 2
gX) = xi — x — x3.

The matrix of transformation is as above. One can obtain the ordered basis of R>
using the matrix of transformation with respect to which the quadratic form is in
reduced form as given above.

Using Corollary 5.5.17 (orthogonal reduction), we get the following proposition.

Proposition 5.6.37 Let g be a quadratic form on a real inner product space V. Then
there is an orthonormal ordered basis {uy, uy, . .., u,} of V such that

g) = MxP + Axd -+ A2,

where v = X xu;, and A\, Ao, ..., A\, are eigenvalues of the matrix of q corre-
sponding to a basis of V. it

Remark 5.6.38 Corollary5.5.17 gives an algorithm to find an orthogonal transfor-
mation which reduces the given quadratic form to the diagonal form. This reduction
is called an orthogonal reduction.

Surfaces in R® Represented by the Equations of Second Degree

A general equation of second degree representing a surface in R? is given by

f,y,2) =
ax? + by* + 2% + 2hxy + 2fyz + 2gxz + 2ux + 2vy + 2wz + d = 0.

Let us denote the column vector
X

y
2z

by X. Consider the quadratic form ¢ on R? given by
qX) = ax’> + by’ + ¥ + 2hxy + 2z + 2gxz.

Thenf(x,y,z) = q(X) + 2ux + 2vy + 2wz + d. The matrix A of the quadratic
form ¢ is given by
ahg
A= |hbf |,
gfc

andg(X) = X'AX.Using Corollary 5.5.17, we can find orthogonal matrix O such that

O'AO = diag(\i, A2, A3).PutX’ = O'X.ThenX = OX'.SubstitutingX = 0X’,
the quadratic form reduces to the form

gX) = Mx? + My? + M
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Suppose that
Iy my my
0 = 12 myp nyp
I3 m3 n3

The fact that O is orthogonal means that the rows represent direction cosines of three
perpendicular axes, and the columns also represent the direction cosines of three
perpendicular axes. Further, then f (x, y, z) reduces to

f(x/,y/,z/) — )\lx/z 4 )\2)/2 4 >\3Z/2 + 214/)6/ + 2v/y/ 4 2w,Z/ 4+ d,

where ' = ul; + vl + wl, vV = wum; + vmy + wms, w = un; + vny + wns.
If the quadratic form ¢ is nondegenerate, then all \; are nonzero, and then making
perfect squares f(x’, y', 7') it reduces to

MO+ + M0+ £ + ME ) + d,

where d' = d—(;‘—;)Z—(;—;)2—(f—3’)2. Substituting x” = x’—i—'/(—;, y =y +

7

5. ¢ = '+ %, the equation reduces to
)\lx//Z + >\2y”2 + )\32112 — —d,.

Ifd’ = 0, then it represents a cone. If all \; together with d’ are positive, then such
a surface does not exists. Suppose that all \; are positive, and d’ is negative. Then it
represents an ellipsoid with center given by x” = y” = 7 = 0, and the principal
axes given by the lines x” =0, y” =0, z” = 0. Expressing x”, y”, and z” in terms
of x', ¥, 7/, and then, in turn, expressing x’, y', 7’ in terms of x, y, z with help of the
orthogonal transformation O, we get center, principal axes, and principal planes in
terms of original coordinate systems.

If two of )\; are positive, and the other is negative, and also d’ is negative, then
it represents a one-sheeted hyperboloid whose invariants can be obtained as above.
If one of them is positive, and other two are negative, then it represents two-sheeted
hyperboloid.

Next, suppose that A3 = 0. Then the above equation will reduce to \;x"?> +
Ay"? = 2az",orto \jx? + X\2y"? = a.Incase 1 it represents elliptic paraboloid
if both A\, \; are positive, and it represents hyperbolic paraboloid otherwise. Further,
in case 2 it represents elliptic cylinder, or hyperbolic cylinder. If two eigenvalues are
0, then it reduces to the form x> = 4y”, or to the form x”> = a. In case 1 it
represents parabolic cylinder, and in case 2 it represents pair of parallel planes.

We illustrate the above discussion by means of an example.

Example 5.6.39 Consider the second-degree equation

I+ y 432 —xx+x-—1=0.
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The matrix of the quadratic form associated to this equation is the matrix A of
Example 5.5.19. Its eigenvalues are 1, 1, 2. If we transform the equation using the
orthogonal transformation O (see Example 5.5.19), the equation is transformed to

x/2 4 y/2 4 2Z/2 + \/Lix/ _ \/Liy/ = 1.

Completing the square it reduces to

/ 1 \2 / 12 n _ s
(x—i-ﬁ) + (y‘i‘m) + 277 = 7.
This represents ellipsoid with axes —, \/_ The center is given by x’ =
—#, y/ = 2[,andz = O Since X = OX’ substituting the values we get that
x = _Z y = 2[, 7= —3 Theprmapalplanesareglvenbyx = —7 =y,
and 77 = 0. Using the transformatlon X' = O'X, we see that the principal planes
arexj: = -1 y= - and =£ = 0.
2 2v2 2f V2
Exercises

5.6.1 Show that f(X,Y) = x;y; + 2xy1 + 3x1y2 + xy3 + 4x3y; defines a
bilinear form on R3. Find its matrix representation with respect to the standard basis,
and also with respect to the ordered basis {e; + e, e, + e3, ] + e3}. Conclude that
these two matrices are congruent to each other. Is this bilinear form symmetric? Find
its rank. Is this nondegenerate?

5.6.2 Let V = M, (F) denote the vector space of all n x n matrices with entries
in F. Define amap f from V x V to F by f(A, B) = Tr(A'CB), where C is a fixed
matrix. Is this symmetric? Find its rank in terms of the matrix C.

5.6.3 Determine which of the following define a bilinear form on R?.
MfX,Y) = x7 + )7 + xi2 + xys.
(i) f(X,Y) = 2forall X,Y € R3.
(i) f(X,Y) = xixa + yiy2 + x1y3.
V) fX,Y) = x1y3 — xy> + x3)2.

5.6.4 Let V be the vector space of 3 x 3 matrices over R and

123
A= 224
345

Define amap f from V x Vto Rby f(X,Y) = Tr(X'AY). Show that f is a bilinear
form. Is it a symmetric bilinear form (observe that A is symmetric). Find the matrix
of f relative to the ordered basis {e11, e12, €13, €21, €22, €23, €31, €32, €33}, where ej; is
the matrix whose ith row jth column entry is 1 and the rest of the entries are 0. Find
its rank.
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5.6.5 LetV be as above. Defineamapf fromV x VtoRbyf(A, B) = Tr(AB) +
Tr(A)Tr(B). Show that it is a symmetric bilinear form. Find its rank and signature.

5.6.6 Show that a bilinear form on V is product of linear functionals if and only if
itis of rank 1.

5.6.7 Let f be a nondegenerate form on a finite-dimensional vector space, and g a
bilinear form. Show that there exists a unique linear transformation 77 on V given
by g(v, w) = f(T1(v), w), and also there exists a unique linear transformation 7,
on V such that g(v, w) = f(v, To(w)).

5.6.8 Reduce the following symmetric bilinear forms on C* congruently to the
normal form, and find the matrices of transformations.

OfX,Y) = x1y2 + ixy; + xy1 + ixzyr.

(i) g(X, Y) = (1 +Dxiy1 + x1y3 + x3y1 + xoy; + ixy.

(i) A(X,Y) = x1y3 + x2y3 + x3y1 + X3)2.

5.6.9 Check if the following pairs of bilinear forms on C* are congruent.
@ (. 9)
(i) (g, h).
@iii) (f, h),

where f, g, h are bilinear forms defined in Exercise 5.6.8.

5.6.10 Reduce the following complex symmetric matrix congruently to a matrix in

normal form.
12 14

247
i7—i

5.6.11 Reduce the following symmetric bilinear forms over R? congruently to nor-
mal form. Find the matrix of transformation in each case, and also rank and signatures:
OfX,Y) = 2x1y1 + 3x1y2 + x1y3 + 3x0y1 + X202 — Xoy3 + X3y1 — X3).
(i) g(X,Y) = xiy2 + x2y3 + Xoy1 + x3)2.
(i) (X, Y) = x1y3 — xay2 + X3)1.

5.6.12 Check if the following pairs of real symmetric bilinear forms are congruent.
@ (f, 9)-
(i) (g, h).
@) (f, h),

where f, g, h are as in the above exercise.

5.6.13 Find the ranks and signatures of the following matrices by congruently reduc-
ing them in to the standard canonical forms.
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® ~ _
102
A=1034
| 246 |

(ii) ~ _
123
B=|234
345 |

(iii)
(3457
c=1456
1567 |

5.6.14 Determine which of the following pair of matrices are congruent.
@ (A, B).
(i) (A, C).
(iii) (B, C),

where A, B, C are as in the above

5.6.15 Can we have a nondegenerate skew-symmetric bilinear form on a complex
vector space of dimension 3? Support.

5.6.16 Find the number of congruence classes of skew-symmetric bilinear forms
on a real vector space of dimension 3.

5.6.17 Show that any two nondegenerate skew-symmetric 2n x 2n real matrices are
congruent.

5.6.18 Reduce, orthogonally, the following quadratic forms in to standard canonical
form.

Dy + 22 + yz + zx — xy.

(i) 4x% + 3y* + 222 + 4dyz — dxy.

(i) xy + yz + zx.

5.6.19 Find the eigenvalues of the real symmetric matrix A, and also an orthogonal
matrix O such that O’AQO is diagonal, where

2 =25
A=1|-2-110
5 10 =22

5.6.20 Reduce the following surfaces in to standard form, find their nature, and also
their invariants such as center, principal axis, and principal planes.
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DY +224+yz+z2x —xy —2x +2y — 2z +1 = 0.

(i) 4x? + 3y 4+ 222 + 4yz — 4xy — 4x — 6y — 87 — 6 = 0.

[ii) 3x* + 6y* + 1122 + 8yz + 10zx + x —y +z — 4 = 0.
5.6.21 Let f be a nondegenerate bilinear form on a vector space V. Let O(f)
denote the set of all linear transformations 7 which preserve f in the sense that
f(T(x), T(@)) = f(x,y). Show that O(f) is a group.
5.6.22 The bilinear form < >; on R"*! defined by

<X,y >L = Xx1y1 + XY+ -+ XV — Xng1Ynt1

is called the Lorentz inner product. Show that < >, is a symmetric nondegenerate
bilinear form of signature n — 1. The transformations preserving Lorentz inner prod-
uct are called the Lorentz transformations. Show that the set O(n, 1) of all Lorentz
transformations form a group under composition of maps. This group is called the
Lorentz Group.

5.6.23 Asset {uy, uy, ..., u} is called Lorentz orthonormal set if < u;, u; >, = 0,
and < u;, u; >, = =+1. Use the Selvester’s law to show that at most one i will be
such that < u;, u; >, = —1.

5.6.24 Show that every Lorentz orthonormal set is linearly independent. Show also
that any Lorentz orthonormal set can be enlarged to a Lorentz orthonormal basis.

5.6.25 A (n+ 1) x (n+ 1) matrix A is called Lorentz matrix if AJA’ = J, where
J = Diag(1,1,...,1, —1). Show that a linear transformation is a Lorentz transfor-
mation if and only if its matrix representation with respect to any Lorentz orthonormal
basis is a Lorentz matrix.

5.6.26 Show that the determinant of a Lorentz matrix is +1.

5.6.27 Call a Lorentz matrix a positive Lorentz matrix if < Ae,, e,7; > > 0.
Show that the set PSO(n, 1) of positive Lorentz matrices of determinant 1 is a group
under the product of matrices. This group is called the special positive Lorentz group.

5.6.28 Let A € PSO(1, 1). Show that there is a unique x > 0 such that

| coshx sinhx
sinhx coshx |~

Describe the group PSO(1, 1).

5.6.28*. Try to describe the geometry of Lorentz transformations. More explicitly,
show that any matrix A € PSO(n, 1) is similar to a matrix of the form

B Op-nx2
Ooxn-1y C ’

where B € PSO(n — 1),and C € SO(1, 1). Compare with the geometry of orthogonal
transformation.



Chapter 6
Canonical Forms, Jordan and Rational
Forms

In the previous chapter, we studied congruence classes of matrices over some special
type of fields. This chapter is devoted to describe similarity classes of matrices with
entries in some special type of fields. For the purpose, we first introduce the concept
of a module over a ring, and obtain the structure theory of modules over a principal
ideal domain. The reader is referred to Algebra 1 for the definition and some basic
properties of rings.

6.1 Concept of a Module over a Ring

A module over aring R is a structure obtained by replacing a field F in the definition
of a vector space over F by aring R. Thus,

Definition 6.1.1 Let R be aring with identity 1. A left R-module is an abelian group
(M, +) together with a map - from R x M to M (the image of (a, x) under - is denoted
by a - x) such that

(i) (@+b)-x =a-x + b-x
) a-x+y) =a-x +a-y
(i) (ab) -x = a-(b-x)

v) 1-x = x

foralla,b € Randx,y € M.

In the similar manner we can define right modules.
We also say that M is a left(right)R-module or M is a left(right) module over R.

Remark 6.1.2 1If a left R-module structure on M is such that (ab) - x = (ba) - x
for all a,b € R, and x € M, then this left R-module M can also be viewed as a
© Springer Nature Singapore Pte Ltd. 2017 195
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right R-module by defining x - @ = a - x. In particular, if R is a commutative ring,
then every left R-module can also be considered as a right R-module. In this case we
simply say that M is a R-module.

A module over a field F is simply a vector Space over F'.

We shall develop the theory of left modules. The theory of right modules can be
developed on the same lines.

Let M be aleft R-module. Leta € R. Define amapf, from M toM by f,(x) = a-x.
Sincea-(x+y) = a-x + a-yforallx, ye M, f, € End(M, +). Thus, we have
amap f from R to End(M, +) given by f(a) = f,. Since

Jorp() = (a+b)-x = a-x + b-x = fu(x) + fo(0) = (fa + fr)X),

and

Jap(x) = (ab)-x = a-(b-x) = fu(fp(x) = (fuofp)(x)
foralla,b € R, and x € M, we see that
fla+b) = f(a) + f(b), andf(ab) = f(a)of (b)
forall a, b € R. Also
JH®) =fix) =1-x =x = Iyx)

forall x € M. Hence f(1) = Iy, the identity of the ring End(M, +). It turns out that
every left R-module M gives rise to a ring homomorphism f from R to End(M, +)
defined by f(a)(x) = a-x.

Conversely, given any ring homomorphism f from R to End(M, +) (a ring homo-
morphism is assumed to preserve identity), (M, +) becomes an R-module with
respect to the external product - given by a - x = f(a)(x), and this in turn, induces
the same homomorphism f. Thus, a left R-module can be viewed as a representation
of R in a ring of endomorphism of an abelian group.

Similarly, a right R-module determines and is determined uniquely by an anti-
homomorphism f from R to End(M, +) in the sense that f (ab) = f(b)of (a) for all
a,ber.

Let M be a left R-module and a € R. Then the map f, is group homomorphism
from (M, +) to itself. Thus,

a-0 = f,0) =0, anda-(—x) = f,(—x) = —(fL(x)x) = —a-x
foralla e Rand x € M.

Also, since the map f : R — End(M, +) defined by f(a) = f, is a homomor-
phism, f(0) = fj is the zero map. Thus, we have
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0-x = folx) =0,
and

(—a) - x = fLa0) = —fu(x) = (—a-x)
foralla e Rand x € M.

Remark 6.1.3 Unlike in vector spaces, «-x = Oneed notimply that [« = Qorx =
0]. If in a module this implication holds, then we say that the module is torsion free
module. We say that it is torsion module if for each x # 0, there is an element
a #0in R suchthatax = 0

Example 6.1.4 Every abelian group is naturally a Z module. It is a torsion-free
module if and only if every nonzero element is of infinite order, and it is a torsion
module if and only if all elements are of finite order.

Example 6.1.5 Let R be a ring with identity. Then (R, +) is a R-module. Here - is
the ring multiplication.

Example 6.1.6 Let R be a ring with identity. Let R" denote the n times Cartesian
product of R with itself. Thus, R* = {(aj,as,...,a,) | a; € R}. Clearly, R" is
an abelian group with respect to the coordinate-wise addition. Define the external
operation - from R x R" to R" by

a-(aj,az,...,a,) = (a-aj,a-az,...,a-ay).

Then (R", 4) is a left R-module. It can also be made a right R-module.

Definition 6.1.7 Let M be a left R-module. A subset N of M is called a submodule
of M, if

(i) N is a subgroup of (M, +)

(i1) The map - from R x M to M induces a map from R x N to N. In other words
a-xeNforalla e Rand x € N.

Thus, a submodule is a module at its own right.

Remark 6.1.8 If we consider a ring R with identity as left(right) module over itself,
then the submodules, by definition, are the left(right) ideals of R.

The proofs of the following propositions are imitations of the corresponding
results in vector spaces.

Proposition 6.1.9 Let M be a left R-module. Then a nonempty subset N of M is a
submodule if and only if ax + by € N forall a,b € R, and x,y € N. it

Proposition 6.1.10 [Intersection of a family of submodules is a submodule. i
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Proposition 6.1.11 Let Ny and N, be submodules of a R-module M. Then Ny | J N,
is a submodule if and only if Ny € N, or Ny € Nj. f

Proposition 6.1.12 Let N\ and N, be submodules of a left R-module. Then N; +
N, = {x+y|x € Ny,ye N} isalso a submodule (called the sum of Ny and N,)
which is generated by Ny | J Na. ft

Proposition 6.1.13 Union of a chain of submodules is a submodule. i

Let M be a left R-module, and S a subset of M. Then the smallest submodule
of M containing S exists, and it is in fact the intersection of all submodules of
M containing S. This submodule is called the submodule generated by S or the
submodule spanned by S, and it is denoted by < § >. If < § > = M, then we
say that S generates M, or S is a set of generators of M. A module M is said to be
finitely generated if it has a finite set of generators.

Thus, < @ > = {0}.

Definition 6.1.14 Let S be a nonempty subset of a left R-module M. An element
Xx € M is called a linear combination of members of S if

X = a1x; + ar)xy + -+ + ayx,

for some ay,a;,...,a, € Rand x;, x5, ..., x, € S.

Proposition 6.1.15 Let S be a nonempty subset of a left R-module M. Then < S >
is the set of all linear combination of members of S.

Proof Imitate the proof of the corresponding result in vector space case. it
A subset S of a left R-module M is called independent if
(i) o ¢S,

and
(ii) given a finite subset {x, x> ..., x,} of § with x; # x;, for i # j,

aixy + axxy + - - - + ayx, = 0implies that a;x; = 0 for all i.

A subset which is not independent is called a dependent set.

Definition 6.1.16 A subset S of a module M is called linearly independent if given
a finite subset {x, x5, - - - x,,} of S, x; # x; fori # j,

aixy + axxy + - - -+ apx, = 0implies that a; = 0 forall i.

A subset S which is not linearly independent is called a linearly dependent subset.

Clearly, a subset of a linearly independent(independent) set is always linearly
independent(independent).
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Proposition 6.1.17 Every linearly independent subset is independent.

Proof Let S be a linearly independent subset. Then O ¢ S, for otherwise 1 -0 = 0,
whereas 1 # 0. Next, since a; = 0 for all i implies that a;x; = 0 for all i, the result
follows. it

Remark 6.1.18 An independent subset need not be linearly independent subset. For
example, consider the Z-module Z¢. Then {2, 3} is independent but not linearly
independent(verify).

Since in a vector space a;x; = 0 and x; # 0 implies that a; = 0, we have the
following proposition.

Proposition 6.1.19 A subset S of a vector space V is linearly independent if and
only if it is independent. it

Proposition 6.1.20 Union of a chain of linearly independent(independent) subsets
is linearly independent(independent).

Proof Let {S, | @ € A} be a family of linearly independent(independent) subsets.

ThenO ¢ S, forall «,andhence 0 ¢ |, Sa.Letx, xa, ..., x, be distinct elements
U%A S.o. Suppose that x; € S,,. Since {S, | @ € A} is a chain, there exists o, such
that S,, € S,, for all i. Thus, x1, x2, ..., x, all belong to S,,. Since S,, is linearly

independent(independent),
aixy + axxy + - - - + ayx, = 0implies that a; = 0(a;x; = 0) forall i.

This shows that the union is linearly independent(independent). it

Proposition 6.1.21 Every linearly independent(independent) subset can be embed-
ded in to a maximal linearly independent(independent) subset.

Proof Let S be a linearly independent(independent) subset of a module M. Let X
be the set of all linearly independent(independent) subsets which contain S. Then
X # 0, for § € X. Thus, (X, ©) is a nonempty partially ordered set. From the
previous proposition, it follows that every chain in X has an upper bound. By the
Zorn’s Lemma X has a maximal element 7" (say). Clearly 7 is also maximal linearly
independent(independent). it

Remark 6.1.22 A maximal linearly independent subset of a module may be far from
a set of generators. For example the additive group (Q, +) is a Z-module. Every

singleton {a}, a # 0 is a maximal linearly independent: given = *,and 8 = g,
pna — gmf3 = 0. We also know that it has no finite set of generators. However,

we have the following proposition.

Proposition 6.1.23 Let S be a maximal independent subset of a left R-module M.
Let x € M. Then there exists « € R — {0} such that ax €< § >
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Proof If x € S,thenlx = x € SandS C< § >.Ifx = 0,then0 = 1-0e< § >.
Suppose x # 0, and x ¢ S. Since S is supposed to be a maximal independent
subset, S | J{x} is dependent. Thus, there exist v, cy, - - - v, in R, and x1, x3, - - - X, in
S, x; # x; for i # j such that

ax + ax; +axy + - + apx, = 0,
where not all of ax, ajx;, azxxa, ..., aux, are zero. If ax = 0, then
apx; + axxy + o0+ apx, = 0,

where not all of ax;, axxs, ..., ayx, are 0. This contradicts the supposition that §
is independent. Thus, ax # 0, and

X = —QX] — QpXp — -+ — QpXy

belongs to < § >. Since ax # 0, a # 0. it

Proposition 6.1.24 Let M be a left R-module and S a set of generators for M. If T
is a subset of M such that S is properly contained in T, then T is dependent.

Proof 1f0 € T, then there is nothingtodo.Letx € T—S, x # 0.Since< § >= M,
there exists xi, x2,...,x, € S, x; # x; fori # jand oy, as, ..., @, € R such that
X = ayx] + apxp + - - - + a,x,. But, then

Ix + (—apx; + (—a)xy + -+ + (—a,)x, = 0,

where 1x # 0. Hence T is dependent. i

Definition 6.1.25 Let M be a left R-module. A subset S of M is called a
minimal or irreducible set of generators of M if < § > = M, and no proper
subset of S generates M.

Remark 6.1.26 A set of generators need not contain any minimal set of generators.
In fact, a module need not have any minimal set of generators. For example, the
Z-module (Q, +) does not have any minimal set of generators. However, we have
already seen that this is true in vector spaces.

Direct Sum of Modules

Let M\, M,, ..., M, be left R-modules. Then M = M; x M, x --- x M, is an
abelian group with respect to the coordinate-wise addition. If we define the external
multiplication - by « - (x1, x2, ..., %) = (axj, axy, ..., ax,), then M becomes a
left R-module. This is called the external direct sum of M, M,, ..., M,.

A module M is said to be direct sum(internal direct sum) of its submodules
M, M;, ..., M,, if every element x of M has a unique representation as
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X =x +x+ -+ X,

where x; € M; for all i. The notation
M=M &M @& - &M,

stands to say that M is direct sum of its submodules M, M>, ..., M,.

Proposition 6.1.27 Let My, M5, ..., M, be submodules of a module M. Then the
following conditions are equivalent.

(I)M =M, & My, & --- & M,.

(2)(i). M =M, + My + --- + M,, and
(ii). M; M = {0} for all i, where M" denotes the submodule (My + M, + - - - +
My + My + Mo+ +M,) .

Proof 1 = 2. Assume 1. Since every element x of M has a unique representation
asx = x; +xy + -+ x,, 2(i) is evident. Let x € M; (Y M'. Thenx = x; +x; +
<o+ Xio1 + Xip1 + Xigo + - - - X, Where x;, j # i belong to M;. Thus,

O=xi+x+--+x1—x+x01 +x0+--+x, =0+0+4+---4+0.

From the uniqueness of the representation of 0, it follows that each x; is zero, and so
x is also 0.

2 = 1. Assume 2. Since every element of M is sum of elements of M, M5, ...,
M,., it follows that every element x of M has a representationx = x;+xp + - -+ X,
where x; € M; for all i. Now, we prove the uniqueness of the representation. Suppose
that

x=xit+x+-+x =yi+y2+--+y,

where x;,y; € M; for all i. Then x; — y; € M; ﬂMi = {0}. This shows that
x; = y;iforalli. it

Remark 6.1.28 If M is direct sum of M;, M, ..., M,, then M’ as defined in the
above proposition is direct sum of My, Mo, ..., M;_{, My, M2, ..., M,.

Quotient Modules

Let M be a left R-module, and N a submodule of M. Then N is a subgroup of (M, +).
Consider the quotient group

M/N = {x+N | x e M}.
Here the coset x + N = {x 4+ n | n € N}, and the addition is defined by

(x+N)+ (G +N) = (x+y) +N.
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Define the external multiplication - : R x M/N — M /N by
a-x+N) = (a-x)+N.

Then M /N is a left module, and it is called the quotient module of M modulo N.

Remark 6.1.29 In general, submodule of a finitely generated module need not be
finitely generated. For example, the polynomial ring Z[ X, X>, . . .] over Z in infinitely
many variables is a module over itself which is generated by the identity of the
ring, whereas the submodule generated by the set of all indeterminate is not finitely
generated(verify).

Module Homomorphisms, Isomorphisms

Let M| and M, be left R-modules over a ring R. A map f from M; to M, is called
a R-module homomorphism if f(ax + by) = af(x) + bf(y) for all a,b € R and
X,y € M;. A bijective homomorphism is called an isomorphism. The proofs of the
following results are imitation of the proofs of the corresponding results in vector
space theory, and are left as simple exercises.

Proposition 6.1.30 Let f be a homomorphism from a left R-module M, to a left
R-module M,. Then,

(i) f(0) =0,

(ii) f(—x) = —f(x) forall x € My,
(iii) the image of a submodule of M\ under the map f is a submodule of M,, and
(iv) the inverse image of a submodule of M, under the map f is a submodule of M.

i

In particular, £~ ({0}) is a submodule of M, called the kernel of the homomor-
phism, and it is denoted by kerf.

Proposition 6.1.31 A homomorphism f is injective if and only if kerf = {0}.

Theorem 6.1.32 (Fundamental theorem of homomorphism). Let f be a homomor-
phism from a left R-module M to a left R-module M;. Let Ny be a submodule of M.
Then there exists a homomorphism f from M /Ny to My such that fov = f if and
only if Ny C kerF. Also if such a homomorphism exists, then it is unique. Further,
then f is injective if and only if Ny = kerf. Finally, f is an isomorphism if and only
if f is surjective, and Ny = kerf. it

Theorem 6.1.33 (Noether isomorphism theorem). Let Ny and N, be submodules of
a left R-module M. Then (N1 + N,)/N, is isomorphic to Ny /N () Na. it

Proposition 6.1.34 Let M, and M, be left R-modules and f a homomorphism from
M, to M». Then,

(i) f is surjective if and only if it takes a set of generators to a set of generators.
(ii) f is injective if and only if it takes an independent set to an independent set. fi
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6.2 Modules over P.I.D

In this section, we shall be mainly interested in finitely generated modules. Let M
be a finitely generated R-module. We say that a finite subset S = {x1, x2, ..., x,}is
a basis of M if every element x € M can be written uniquely as

X = a1x; + a)xp + -+ + apx,.

This amounts to say that S generates M, and § is linearly independent.

A R-module M is said to be a free module over R if it has a basis.

Thus, every vector space V (a module over a field) over a field F is a free F-
module. This is not true for modules over an arbitrary ring. For example, Z; is a
Z4-module but not free Z4-module.

Proposition 6.2.1 Let M be a free R-module with S as a basis. The every map f
from S to a R-module N can be extended uniquely to a homomorphism from M to N.

Proof Let S = {x|,x;,...,x,} be a basis of M, and f a map from S to N. Since
every element of M can be written uniquely as ajx; + axx + - - - + apx,, f can be
extended to a map f from M to N defined by

flax) +ax + -+ apx,) = aif (1) + asf (x2) + - - + auf ().

glearly,f is a homomorphism which extends f. It is also clear that the definition of
f is forced, and so it is unique. it

Corollary 6.2.2 A R-module M is free with a basis containing n elements if and
only if it is isomorphic to R".

Proof The R-module R" has {ey, e, . .. e,} as abasis, where ¢; is arow with n columns
in which i column is 1 and the rest of the columns are O (This basis is called the
standard basis). Thus, R" is a free R-module. Since an isomorphism takes a basis to
a basis, any isomorphic image of R" is a free R-module with a basis containing n
elements. Conversely, if M is a free R-module with a basis {x{, x, ..., x,}, then the
map which takes x; to e; extends to an isomorphism from M to R". it

Remark 6.2.3 Unlike in the case of vector spaces, for arbitrary ring R, R" isomorphic
to R™ does not imply that n = m. For example, if we take R to be the ring of
endomorphism on an infinite dimensional vector space V, then R? is isomorphic to
R (verify). However, if R is a P1.D., then R" isomorphic to R™ implies thatn = m.
The proof of this fact will follow soon.

Proposition 6.2.4 Let M be a R-module, and N a submodule such that M /N is free.
Then M is isomorphic to N & M /N.



204 6 Canonical Forms, Jordan and Rational Forms

Proof Let T = {x; +N,x + N,...,x, + N} be a basis of M/N. Then since
aix;+axxy+- - -+a,x, = Oimplies thata; (x;+N)+a; (2 +N)+- - -+a,(x,+N) =
N (the zero of M /N), and since T is a basis of M /N, it follows that @; = 0 for
all i. Thus, S = {x;,x,...,x,} is a linearly independent subset of M. Let L
be the submodule of M generated by S. Then L is free with S as a basis, and the
map x; ~» x; + N extends an isomorphism from L to M/N. Let x € M. Then
x+N = a(x;+N)+a(x, +N)+---~+a,(x, + N) for some ay, a», ...,a, € R.
But, then x — (a;x; + axx + - - - + a,x,) belongs to N. Hence M = N + L. Next,
suppose thaty +z = 0, whereye Nandz € L. Thenz+N = z+y+N = N,
and since z ~» z + N is an isomorphism from L to M /N, it follows that z = 0. In
turn, y = 0. This showsthat M = N®&L~ N & M/N.

Proposition 6.2.5 If L and N are free submodules of M such that M = L @& N,
then M is a free module.

Proof Suppose that S; is a basis of L, and S, is a basis of N. Then S} | S, is linearly
independent, and also generates M (verify). il

Recall that a commutative ring is a principal ideal domain (P.I.D.) if it is integral
domain, and every ideal of R is of the form Ra for some a € R. Note that Ra = Rb
if and only if a and b differ by a unit in R. For further details see the Algebra 1.

Theorem 6.2.6 Let R be a principal ideal domain, and M a free R-module with
a finite basis containing n elements. Then every nonzero submodule of M is a free
module with a basis containing at most n elements.

Proof The proof is by the induction on n. If n = 1, then M = < x; > = Rx,
where x; # 0, and ax; = 0 implies that @ = 0. The map a ~» ax; is clearly a
R-isomorphism from R to M. Therefore, it is sufficient to show that every nonzero
submodule of R considered as a module over R is free. A nonzero submodule of R
is an ideal of R, and it is of the form Ra, where a # 0. Clearly, Ra is free with {a} as
a basis.

Assume that the result is true for n < m. Let M be a free module with § =
{x1,x2,...,x,} as a basis of M. Then the submodule < x; > generated by x; is
free with {x;} as a basis. Consider the quotient module L = M/ < x| >, and the
quotient map v. Since S generates M, v(S) generates L. Since v(x;) is the zero of
L, it follows that S’ = {r(x), v(x3) ..., v(x,)} also generates L. We show that S’
is linearly independent. Suppose that

wmr(x) + av(xz) + -+ aprxy) =< x> .
Then

aryxy +azxz + -+ apxy + < X1 > =< X1 >,
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or equivalently,
arxr» +azxz + - -+ apx, = —aix
for some a; € R. But, then
ax; +axo + -+ apx,, = 0.

Since S is linearly independent, each a; = 0. This shows that L is free, and S’ is
a basis of L. By the induction hypothesis, every submodule of L = M/ < x| >
is free with a basis containing at most m — 1 elements. Now, let N be a nonzero
submodule of M. If v(N) is zero submodule of L, then N is a nonzero submodule of
< x1 >, and so from the previous case, it is free with a singleton basis. Suppose that
v(N) is nonzero, and so it is free with a basis containing at most m — 1 elements.
The restriction v/N of v to N is a surjective homomorphism from N to v(N) whose
kernel is N () < x; >. Since N/N (] < x; > is a submodule of M/ < x; >, it
is free with a basis containing at most m — 1 elements. The result follows from the
Propositions 6.2.4 and 6.2.5. il

Remark 6.2.7 In fact every submodule of a free R-module is free. The proof uses
transfinite induction.

Z-modules are abelian groups, and free Z-modules are called free abelian groups.
Since Z is a P.1.D., we have the following corollary.

Corollary 6.2.8 Every subgroup of a finitely generated free abelian group is free.

Proposition 6.2.9 Every finitely generated module over R is isomorphic to quotient
of a free module.

Proof If M is generated by {xi, x2, ..., x,}, then the map f from R" to M defined by
fai,as,...,a,) = a1x; + axxs + - - - + a,x, is a surjective homomorphism. Since
R" is free, the result follows from the fundamental theorem of homomorphism.

Corollary 6.2.10 Every submodule of a finitely generated module over a PI.D. is
finitely generated.

Proof LetM = < {x1,x2, ..., Xx,} > beafinitely generated module. Then the map f
from R" to M defined by f (a1, a», ..., a,) = aixi+axx;+---+a,x, is a surjective
homomorphism from the free module R" to M. Let N be a submodule of M. Then
f~1(N) is a submodule of R". Since R" is a free module with a basis consisting of n
elements, it follows that £~ (N) is a free submodule of R” with a basis containing
at most n elements. Hence N = f(f~'(N)) is also generated by at the most n
elements. it

A module M is called a cyclic module if M is generated by a single element.
Thus, M is cyclic if there exists an element x € M such that M = < x > = Rx.
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The map f defined by f(a) = ax is a surjective homomorphism from R to M. Since
R is cyclic over R, and homomorphic images of cyclic modules are cyclic modules,
it follows that a module M is cyclic if and only if it is homomorphic image of R.
Suppose that R is PI.D., and M = Rx a cyclic module. Let N be a submodule of
M. Thenf" (N) is a submodule of R, and so it is an ideal Ra for some a € R. Thus,
f~'(WV) is cyclic. Hence N = f(f~'(N)) is cyclic. This shows that submodule of a
cyclic module over a P1.D. is cyclic. Is this assertion true if R is not a P.I.D.?

Let M be a R-module, where R is a P.I.D. Let x € M. Consider the map f from R
to M given by f(a) = a - x. Then f is clearly a R-homomorphism. The kernel of f
is an ideal of R. Since R is a principal ideal domain, kerf = Ra for some a € R. If
a = 0, then the kernel of f is {0}, and in this case the submodule < a > generated
by a is isomorphic to R. In this case we say that x is of period 0. Thus, x is of period
0 if and only if ax = O implies that a = 0. Such an element is also called a
torsion free eclement of M. If kerf = Rais nonzero, thena # 0 and ax = 0. In this
case x is called a torsion element, and a, where kerf = Ra, is called a period of x.

If @ and b are periods of a torsion element x, then Ra = Rb, and so a ~ b. Thus,

period of a torsion element is unique up to associates. It is clear that a is a period of
xin M if and only if bx = 0ifand only if a/b. A period of an element x is denoted
by o(x).

Suppose that M = < x > is a cyclic module generated by x. If x is of period
0, then M 1is isomorphic to R, and if a period of x is a # 0, then M is isomorphic
to R/Ra. Thus, a cyclic R-module is isomorphic R, or it is isomorphic to R/Ra for
some a # 0. In case of abelian groups (Z-modules), period corresponds to order of
the element.

Definition 6.2.11 A module M over a ring R is called a torsion module if every
element of M is a torsion element. It is said to be torsion free, if every nonzero
element of M is torsion free. A module which is neither torsion nor torsion free is
called a mixed module.

Every finite abelian group is torsion Z-module. A torsion Z-module is also called
a periodic group. The additive group Z of integers is torsion-free Z-module.

Proposition 6.2.12 Let M be a R-module, and let T (M) denote the set of all torsion
element of M. Then T (M) is a torsion submodule of M, and M /T (M) is torsion-free
module.

Proof Suppose thatx,y € T(M),and a, b € R. Since x, y are torsion elements, there
exist nonzero elements ¢ and d such that cx = 0 = dy. Clearly, then cd # 0, and
cd(ax + by) = 0. This shows that ax + by € T(M). Thus, T (M) is a submodule of
M. Next, let x + T (M) be a nonzero element of M /T (M). Thenx +T(M) # T(M).
This means that x is not a torsion element of M. Suppose thata(x+T(M)) = T(M).
Then ax € T(M). Hence there exists b # 0 such that bax = 0. Since x is torsion
free, ba = 0. Again, since b # 0, a = 0. This shows that M /T (M) is torsion free.
g



6.2 Modules over PI1.D 207

Definition 6.2.13 7'(M) is called the torsion part of M, and M /T (M) is called the
torsion free part of M.

If M is finitely generated over a P.1.D., then so are T(M) and M /T (M).
Theorem 6.2.14 Every finitely generated torsion-free module over a P1.D. is free.

Proof LetS = {x1,x2, ..., x,}beasetof generators of M. We may assume without
any loss that each x; # 0. Since M is torsion free, {x;} is linearly independent. Let T
be a maximal linearly independent subset of S. Without any loss, we may suppose
that T = {x1,x2,...,x.}, ¥ <n.Let N be a submodule of M generated by 7. Then

N is free. Since T is maximal linearly independent, {x, x,, ..., X, X,+;} is linearly
dependent for all i, 1 <i <n — r. Hence, there are a, as, ..., a,, a,4; in R not all
0 such that

ax; +axy + -+ arx, + apyixei = 0.

Since T is linearly independent, a,.; # 0, for otherwise eacha; = 0. Also a,1ix,4+; =
—a|x; — a)x, — --- — a,x, belongs to N. Leta = a,+1a,42---a,. Thena # 0,
and ax; € N for all i. Since S generates M, ax € N for all x € M. Define a map f
from M to N by f(x) = ax. Clearly, this is a module homomorphism. Since M is
torsion free, and a # 0, ax = 0 implies thatx = 0. This means that f is injective.
Thus, M is isomorphic to a submodule of N. Since N is free with a finite basis, and
submodule of a free module with finite basis is free (Theorem 6.2.6), it follows that
M is free. it

Corollary 6.2.15 If M is a finitely generated module over a PI1.D., then M =
TM)®M/TM).

Proof Since M is finitely generated, M /T (M) is finitely generated and torsion free.
From the above theorem M /T (M) is free. From Proposition 6.2.4, it follows that
M =TWM)®M/TM). i

Since every finitely generated free module over R is isomorphic to R" for some
n, we have the following corollary.

Corollary 6.2.16 Every finitely generated module over a P1.D. is isomorphic to the
direct sum of a finitely generated torsion module and R" for some n. it

Since every finitely generated torsion abelian group is finite, we have the follow-
ing:
Corollary 6.2.17 Every finitely generated abelian group is isomorphic to the direct

sum of a finite abelian group with 7" for some n. it

Thus, to study the structure of finitely generated modules over principal ideal
domains, it is sufficient to study the structure of finitely generated torsion modules
over principal ideal domains.
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Proposition 6.2.18 Let M be a finitely generated torsion module. Then there exists
a # 0 such that ax = 0 forall x € M.

Proof Suppose that M = < {x1,xs,...,x,} >. Let a; be a period of x;. Then
ax; = 0.Leta = ajay---a,. Thena #0,and ax = Oforallx € M. f

LetA = {a e R|ax = 0forall x € M}. Then A is an ideal of R, and since R is
PID.,A = Rm for some m € R. Such a m is called an exponent of M. It is clear
that exponent of M is unique up to associates.

Let M be a torsion module over R, and p a prime element of R. We say that M is
a p-module if given any element x € M, there exists n € N such that p” - x = 0.

Let M be a torsion module and p a prime of R. Let M, = {x e M | p"x =
0 for some n € N}. Then M,, is a submodule of M, and it is called the p-part of M.

Theorem 6.2.19 Let M be a torsion module, and a an exponent of M. Let {p,
D25 - -, Pn} be a set of primes dividing a such that p; and p; are not associate for
i # j, and also each prime divisor of a is an associate of p; for some i. Then

M =M, &M, & &M,

Proof Letx € M. Since a is exponent of M, period of x divides a. We may suppose
that

()

o(x) = pi'p3---pp.

Letg; = ”If—,’f).Then (q1,92, .- -, qn) ~ 1.Since RisaP.ID., thereexistuy, us, ..., u,
in R such that

uqr + wqy + -+ upgy = 1.
Hence
X = uiq1x + uqax + -+ + upgux.
Now, p'u;gix = upqix = wo(x)x = 0. This shows that u;q;x € M,,. Hence
M=M, +M, +---+M,.
Further, suppose that
x+x+ 0 +x, =0,

b ti—1_ tivl

where x; € M,,. Suppose that o(x;) ~ pff'. Letqi = pips---p_\piyi---P". Then
0 = qx1 +x2+---+x,) = gix;. Since (p?', qi) ~ 1, there exists u;, v; such
that u;p! + vig; = 1.Hencex; = wpp'x; + vigix; = 0. This shows that the
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representation of an element x as sum of elements of M), is unique. Hence M is the
direct sum M, ® M,, ®--- O M, . f

Now, we describe the structure of finitely generated p-modules, where p is a prime.
First observe that if M is a torsion module generated by {x;, x5, ..., x,}, then the
exponent of M is l.c.m. of o(x1), 0(x7), . .. 0(x,). Thus, if M is a p-module generated
by {x1,x2, ..., x,}, where o(x;) ~ p™, and m is the maximum of #n;, then p™ will be
an exponent of M.

Theorem 6.2.20 Let M be a finitely generated p-module over a P1.D.(p a prime).
Then M is direct sum

<XI>P<x>D---P<x, >

of cyclic modules, where o(x;) ~ p™, ny > ny > --- > ny,.

Proof (The proof is the imitation of the proof of the Theorem 7.3.1 of the Algebra
1) Let M be a p-module generated by {x;, x,, ..., x,,}, where x; # O for all i. The

proof is by the induction on m. If m = 1,then M = < x; >, and then there is
nothing to do. Assume that the result is true for m = r. We prove it for » 4 1. Let
S = {x1,x2,...,x41} be aset of generators for M, where x; # 0 for all i. Suppose

that o(x;) ~ p™. We may assume thatn; > ny > --- > n,;. Thus, p™ is an exponent
of M. Consider the quotient module M/ < x; >, and the quotient map v from M to
M/ < x; >. Then M/ < x; > is generated by {v(x;), v(x3), ..., V(x,41)}. Clearly,
M/ < x; > is a p-module of exponent p’, where ¢ < n;. By the induction hypothesis,

M/ <x>=<v(2)>®<v(m)>® & < v >

for some y,, y3, ..., ys in M such that o(v(y;)) = p™, ny > np >n3 > --- > nj.
We show that there exists z; € M for all i > 2 such that v(z;) = v(y;), and
o(z) = o(w(y) = o(v(z)). Since p'y; = 0 implies that p'(v(y;)) = < x| >
(the zero of M/ < x; >), it follows that o(v(y;)) divides o(y;). Since o(v(y;)) =
p", p"iv(y;) =< x; >.Thismeansthatp™y; €< x; >.Suppose thatp™y; = p'a;xy,
where (p,a;)) ~ 1,and t; < n;. If t; = ny, then p"y; = 0, and o(y;) divides p™.
Hence o(y;) ~ p™, and then there is nothing to do. Suppose that ; < n;. Since
(a;, p™) ~ 1, there exist u, v € R such that ua; + vp™ = 1. But, then x; = ua;x;.
Hence o(a;x;) = o(x;) = p™.Thus, o(p™y;) = o(p'x;) = p™~". This shows that
o(y;) = p™M~thi_ Since p™ is exponent of M, it follows that n; —t; +n; < n;. Hence
n; < t;. Takez; = y;—p""a;x;. Thenv(z;) = v(y;),ando(z;) = p" = o(w(z)).
Now, we show that

M=<x1>®0<2>®<53>  -®<z>.

Let x € M. Since {v(z2), v(z3), ..., v(zs)} generates M/ < x; >, it follows that
v(x) = arv(zp) + azv(zz) + - - - + asv(z) for some ay, as, . . ., ay in R. Hence
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X — a2 — a3z — -+ — gy = dA1X]

for some a; € R. Thus,

X = aix; + axzp + azzz + -+ agZs.
Next, suppose that
aix;y + axzp + aszz + -+ + azg = 0.
Then
wv(z) + av(zz) + -+ aw(z) =<x >
Since

M/ <xi>=<v@)>®<v@)>® & <v(z) >,

a;iv(zj) = < x; > foralli > 2. But, then o(z;) = o(v(z;)) divides q; for all i > 2.
Hence a;z; = 0 forall i > 2. In turn, a;x; is also 0. Thus, every element x can be
written uniquely as

X =wy + wy + -+ W,

where w; €< x; >, w; €< z; > fori > 2. it
Combining the above results, we obtain the following:

Corollary 6.2.21 Every finitely generated module M over a P.I.D. is isomorphic to
direct sum of finitely many cyclic modules, some of them isomorphic to R, and some
of them isomorphic to R/Rp" for different primes p and for different n € N. it

Proposition 6.2.22 Let R be an integral domain. Then R™ is isomorphic to R" as
R-modules if and only ifn = m.

Proof Let{ey, ey, ..., e,} be the standard basis of R". Let f be an isomorphism from
R™ to R". Let F be the field of quotients of R. Then f can be extended to a vector
space homomorphism f from F” to F" by

flater + amer + -+ + apey) = aif(er) + af(ex) + - + anf(en).

It is clear that f is injective. Hence m < n. Similarly, considering f~' we see that
n<m. g.

The proof of the following proposition is straightforward verification.
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Proposition 6.2.23 Let R be a principal ideal domain. Then two R-modules M and
M’ are isomorphic if and only if T(M) is isomorphic to T(M'), and M /T (M) is
isomorphic to M' /T (M'). i

It follows from the Proposition 6.2.22, that there is a unique n € N such that
M /T (M) is isomorphic to R". This n is the rank of M. The following proposition is
also easy to observe.

Proposition 6.2.24 A finitely generated torsion module M over a PI1.D. is isomor-
phic to M" if and only if M, is isomorphic to Ml’, for all prime p. it

The proof of the following proposition is also an imitation of the proof of Theorem
7.3.3 of Algebra 1.

Proposition 6.2.25 Let M and M’ be finitely generated p-modules. Suppose that
M=<x1>®<x>® & <x, >,

where o(x;) ~ p', ry =1y > -1y, and
M =<y1>@ <> &<y, >,

where o(y;) ~ p%, s| = $2 > -+ > s,. Then M is isomorphic to M' if and only if
m = nandr; = s; foralli. g

Proof Suppose that m = n and r; = s; for all i. Then < x; >~ R/Rp" ~< y; >
for all i. Further, if P ~ P and Q ~ Q',then P® Q ~ P' @ Q. Thus, < x; >~ <
V>, <X > @ < x >N<y > @ <y >. Proceeding inductively, we find that
M is isomorphic to M'. The proof of the converse is by the induction on max(m, n).
If max(m,n) = 1,then M = < x; > is cyclic of exponent p", and M’ = < y; >
is cyclic of exponent p*'. Since isomorphic modules have same exponent, it follows
that r; = 5. Assume that the result is true for max(m,n) = m,n < m. Let

M =<x1>B<x>B - P < Xpy1 >,
where o(x;) ~ p", ri =1 > - rpyq1, and
M =<y >®<y>®--® <y >,
where k <m+1, 0(y;) ~ p¥, s1 = 5, > -+ > s be isomorphic modules. Let o be
an isomorphism from M to M’. Clearly, exponent of M is p™, and the exponent of
M’ is p*'. Since isomorphic modules have same exponents, it follows that r; = s.

Since o is an isomorphism p"' = o(x;) = o(o(x1)) = o(y;). Suppose that

ox1)) = Bivi + Boya + - + B - (6.1
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Since o(o(x1)) = p"', o(Bjy;) = p” for some . After rearranging, we may assume
that o(81y;) = p". We show that

M =<0@x)>B<»n>0 O <y >.
Since p' is an exponent of M’, and o(3,y,) divides o(y;), it follows that o(y;) ~

o(f1y1) ~ p". Hence the (31, p"') ~ 1. Since R is a principal ideal domain, there
exist u, v € R such that

uB; + vp" = 1.

Hence

yi = upiyr = u(o(x)) — Baya — Bsys — -+ — Biye)-
Since {y1, y2, ..., yx} generates M’, {o(x}), y2, . . ., yx} also generates M’. Next, sup-
pose that

d01o(x1) + 6y2 + -+ + G = 0.

Substituting the value of o(x;) from (6.1), we find that

0Byt + (0162 + 0)y2 + -+ + (015 + oy = 0.
Since
M =<y >®D<»>® - <y >,
018y = (612 + 0y = -+ = (615 + Sy = 0.

Since o(B1y1) = p'', p" divides ¢;. Hence d1y; = Oforallj > 2. Inturn, 6;y; = 0
for all j > 2. Consequently, d;0 is also 0. This shows that

M =<oc@)>®<»>® - ® <y >.

Since o is an isomorphism from M to M’ such that o(< x; >) = < o(x}) >, it
induces an isomorphism from M/ < x; > to M’/ < o(x;) >. Clearly,

M/ <x>R<xp>@D<x3>D D < Xy >,
and

M) <o@x)><y, >D<y3>D--D <y >.
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By the induction assumption, m + 1 = k,and r; = s; for all i. it

If {m;, my, ..., m,} is a set of pairwise co-prime members of R, then it follows,
from the Chinese remainder theorem, that R/Rm is isomorphic to R/Rm; & R/Rm, &
---@R/Rm,. Using this fact, and the above results, we obtain the following theorems.

Theorem 6.2.26 Let M be a finitely generated torsion module over R, where R is a
P.LD. Then there exists an ordered set {ay, az, . .., a,} of elements of R such that a;
divides a; 1 for all i, and M is isomorphic to

R/Ra1 @R/Raz @ e @R/Ra,

Further, such an ordered set {a, as, ..., a;} is unique in the sense that if M is also
isomorphic to

R/Rb; ® R/Rb, @ - - - @ R/Rb,

where b; divides bj, for all j, then t = s and a; is an associate of b; for all i. it

Theorem 6.2.27 Let M be a finitely generated module over a principal ideal
domain R. Then there exists a nonnegative integer n together with an ordered set
{a1, a, ..., a;} of elements of R such that a; divides a;+ for all i, and M is isomor-
phic to

Rn @R/Ral @R/Raz @ e @R/Ra,

Further, n and the ordered set {ay, as, . .., a,} is unique in the sense that if M is also
isomorphic to

R" ® R/Rb; & R/Rb, ® - - - & R/Rb;,

where b; divides bj for all j, then m = n, t = s, and a; is an associate of b; for all
i i
Exercises

6.2.1 Describe all torsion abelian groups of exponent 24 which are generated by at
the most three elements.

6.2.2 Describe all torsion R[X]- modules which are of exponents (X — 1)2(X> +1)?,
and which are generated by at the most two elements.

6.2.3 Describe the torsion modules of exponent (X?+ 1) which cannot be generated
by less than three elements.
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6.3 Rational and Jordan Forms

Let V be a finite-dimensional vector space over a field F, and T be a linear transfor-
mation on V. Then V becomes a F[X]-module with respect to the external operation
- defined by f(X) - v = f(T)(v) (verify that it is indeed a F[X] module). This
module will be referred as F[X] module associated to the linear transformation 7.
By the Cayley Hamilton theorem ®4(7) = 0, where ®7(X) is the characteristic
polynomial of 7. Hence ®7(X) -v = ®7(T)(v) = 0. Thus, V (being finite dimen-
sional)is a finitely generated F[X] module which is torsion module. Since F[X] is
a PL.D., using the structure theory of finitely generated torsion module over P.I.D.
developed in the previous section, we study the linear transformation 7 by looking
at its matrix representation with respect to suitable bases. Let my(X) be an exponent
of the module V. Then my(T) = 0, and whenever f(T) = 0, my(X) divides
f(X). In particular, my (X) divides ®7(X). If mr(X) is assumed to be monic (leading
coefficient 1), then my(X) is unique, and it is called the minimum polynomial of 7.

Proposition 6.3.1 Let Ty and T, be linear transformations on V. Then T\ is similar
to Ty if and only if the F[X] module V associated to T, is isomorphic to the F[X]
module associated to T».

Proof Suppose that T, = PTP~!, where P is a nonsingular linear transformation
on V. Then given any polynomial f(X) € F[X], we have f(T,) = Pf(T))P~'. 1t
follows that P is in fact a module isomorphism from the module V associated to 7>
to the module associated to 7). Conversely, suppose that P is an isomorphism from
the F[X] module V associated to 7 to the F[X] module associated to 7». Then P
is clearly a nonsingular linear transformation on V, and P(T|(v)) = P(x-v) =
x-P() = T»(P(v)) forallv e V.Hence T, = PT\P~". it

Let T be a linear transformation on a finite-dimensional vector space V over a
field F such that the associated F[X] module V is cyclic module generated by v € V.
Then it is clear that the period o(v) of v is precisely the minimum polynomial my (X)
of T. Thus, we have an F[X] module isomorphism 7 from F[X]/F[X]mr(X) to the
F[X] module V given by n(f(X) + F[X|mr (X)) = f(X)-v = f(T)(v). Suppose
that

mrX) = ap + a1X + @X> + - + a X" + X"

Every element of F[X]/F[X]m7(X) is uniquely expressible as r(X) + F[X]mr(X),
where 7(X) is a polynomial of degree at most n — 1. Thus, {1 + F[X]mr(X), X +
F[XImr(X), ..., X" ' + F[X]mp(X)} is a basis of the vector space F[X]/F[X]
my(X) over F. Since n (being a F[X] module isomorphism) is a F-isomorphism,
and (X' + F[X]mz (X)) = Ti(v), it follows that {v, T (v), T>(v), ..., T" ' (v)} is
a basis of V. Since my(T) = 0, we have

T"(v) = —apv — a1T(v) — & T*@W) — -+ — a T ' (v).
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Hence the matrix representation of T with respect to this ordered basis is clearly

[000---0 —ag
100---0 —a
010---0 —a

0000 —a»
(0001 —a, |

The above matrix is termed as the companian matrix of the polynomial
ay + a1X + aX? + - + a X7+ X
Definition 6.3.2 A matrix A with entries in a field F' is said to be in rational

canonical form if there exists an ordered set {f; (X), f>(X), ..., f(X)} of polynomials
such that f;(X) divides f;,;(X) for all i and

AL 0 -0
0Ay--- 0

ac ||
00 -4,

where A; is the companion matrix of f;(X), and each 0 is zero matrix of appropriate
order.

Using the Theorem 6.2.26, and above discussion, we obtain the following theorem.

Theorem 6.3.3 Let T be a linear transformation on V. Then there is a basis of V
such that the matrix of T with respect to this basis is in rational canonical form.

Corollary 6.3.4 Every square matrix with entries in a field F is similar to a unique
matrix in rational canonical form. it

The following example illustrates as to how to find/reduce a matrix having all its
eigenvalues in the field to a matrix in rational canonical form. We chose a simple
triangular matrix for convenience of the computation.

Example 6.3.5 Consider the matrix A given by

122
A= [011
002
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The eigenvalues of A are 1, 1, 2, and the characteristic polynomial ¢4(x) of A is
given by ¢4 (x) = (x — 1)?(x — 2). The minimum polynomial m4 (x) is a divisor of
the characteristic polynomial having all eigenvalues as roots. Thus, the possibilities
for my (x) are (x — 1)>(x — 2) and (x — 1)(x — 2). Since (A — I)(A — 2I) #0,
it follows that ms(x) = ¢a(x) = (x — 1)2(x — 2). Now, R? is a R[x] module
associated to the matrix A. The exponent of this module is the minimum polynomial
my (x). The primes dividing the exponent are x — 1 with multiplicity 2, and x — 2 with
multiplicity 1. The x — 1 part R?x_l) of the module is given by ]R?x_l) ={veR}|
@=1*T =0} = (v | (A=D’T =0} = {(v,v2,v3) | v; = 0} = R*x{0}.
It can be easily checked that this is a cyclic submodule generated by (1, 1, 0). This
submodule is isomorphic to R[x]/R[x](x — 1)*. Further, the x —2 part R} _, is again
the null space {(4c, @, @) | o € R} of A — 21, and it is a cyclic submodule of R?
isomorphic to R[x]/R[x](x —2). Indeed, since (x — 1), and (x — 2) are co-prime, R*
itself is a cyclic module (for example generated by (5, 2, 1)), and it is isomorphic to
the module R[x]/R[x]m4 (x). Thus, the rational form of A is the companion matrix
of the minimum polynomial m4 (X) of A. As such the rational form of the matrix is
given by

00 2
10-5
01 4

To get the matrix P such that PAP~! is the rational form of A, we need to find the
matrix P of transformation from the standard basis to the basis {v', AT', A>v'}, where
v = (5,2, 1) is the generator of the module. Indeed, {v", Av’, A?v'} are the columns
of the matrix P.

Let T be a linear transformation on a finite-dimensional vector space V over a
field F. Suppose that my(X) = (X — \)", where A € F, and F[X] module V
associated to T is a cyclic module (note that (X — ) is a prime element of F[X])
generated by v. Then V. = F[XJv = {f(X)-v | f(X) € F[X]}. Since period
of vis (X — \)", it follows that f(X) - v is uniquely expressible as r(X) - v, where
r(X) is the remainder obtained when f(X) is divided by (X — \)". Further, every
polynomial r(X) is uniquely expressible as polynomial s(X — A) in X — A which
is of same degree as of r(X) (write r(X) = r(X — A+ )), and use the binomial
theorem). This shows that every element of V is unique F-linear combination of
(v, X=X v, X=N2-v,..., (X—=X\)""".v}. Also by the definition of F[X]-module
X=XN'v = (T=ADi(v).Hence {v, (T—A) (), (T—AD?(), ..., (T=XD""'(v)}
is a basis of V. Further T((T — A\)'(v)) = (T — X' (v) + MT — N)i(v). This
shows that the matrix of 7" with respect to the above ordered basis is the n x n matrix
A given by
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[A0000000]
1A000000
01X00000

0000010
(0000001 A |

Such a matrix is called a Jordan block of order n. We have established the following
proposition.

Proposition 6.3.6 Let T be a linear transformation on 'V with minimum polynomial
(X — N)", and it is such that the corresponding F[X]-module V is cyclic. Then there
is a basis of V with respect to which the matrix of T is a Jordan block as given
above. it

Example 6.3.7 Consider the nonidentity uni-upper triangular matrix A given by

lap
A=]01~
001

Clearly, the characteristic polynomial ¢4 (X) of A is (X — 1)3. Further, A — I # 0,
and

00 ay
A-D*= 1000
000

Suppose that o # 0 # «. Then (A — D? # 0. This means that my (X) = ¢4(X) =
(X — 1. Letv = [v},v2, v3] be a nonzero vector in R3. Then (4 — ) - v' =
[avy + Bus, yv3, 0], and (A — I)? - ¥ = [aryvs, 0, 0. This shows that the period
o(e3") of the column vector e3' is (X — 1)3. Let us consider the R[X]-submodule of
R generated by e3'. Since the set

(e, A &' =[B,7, 11, A* - &' = [26 + 27, 27, 11}

is a basis of R?, it follows that R? is a cyclic R[X]-module generated by e3’. Hence
A is similar to the Jordan block of order 3 all of whose diagonal entries are 1. In
particular, all such 3 x 3 matrices are similar.

From the structure Theorem 6.2.20 of finitely generated p-module over a P1.D.,
and the Proposition 6.3.6, we have the following more general result.
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Corollary 6.3.8 Let T be a linear transformation on a finite-dimensional vector
space V of dimension n over a field F such that the minimum polynomial my(X) =
(X — N)™. Then there exist integers my > ms > --- > m, with m; > my, and a basis

{U], V2, ..., Umla vm1+1» Um1+21 R Um1+m27 Um]+mz+1» ceey Ty Um1+mz+~--+m,}
of V with respect to which the matrix of T is

AL 00000
04,0000

0 0000A,
where A; is a Jordan block of order m; all of whose diagonal entries are \. it

Example 6.3.9 Consider the nonidentity uni-upper triangular matrix A given by

105
A= |01y
001

Clearly, the characteristic polynomial ¢4 (X) of A is (X — 1)°. Further, A — I # 0,
and (A — I)> = 0. This means that my(X) = (X — 1)%2. Letv = [v}, v, v3] bea
nonzero vector in R3. Then (A —I) - v = [Buvs, yvs, O]'. Since (5, v) # (0, 0), it
follows that the period o(e3") of €3 in the corresponding R[X ]-module R? is (X —1)2.
Thus, the R[X]-submodule of R? generated by 3’ is the subspace W of R? generated
by the set

{ea' A &' = [B,7,0I').

Clearly, the dimension of W is 2. Consider the vector [u, v, 0]’ such that Sv—uy # 0.
Then {e3', [3, v, O, [u, v, 0]'} is a basis of R®. Also the period of [1, v, 0]"is (X —1).
The subspace U generated by [u, v, 0]" is a R[X] - submodule such that the module
R3 is the direct sum W @ U. Evidently, the matrix A is similar to the matrix

A O
0 A |’
where A is a Jordan block of order 2 with diagonal entries 1, A; is the Jordan block of
order 1 with diagonal entry 1, and zeros are the zero matrices of appropriate orders. If

P is a matrix with first, second, and the third columns as &3, [3, v, 0]’, and [u, v, 0]’
respectively, then P~'AP is the matrix
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A 0
0 A |°
Consequently, all such matrices are similar.

Definition 6.3.10 A matrix A is said to be in Jordan canonical form if there exist
AL, A2, ..., A, all distinct elements in F, and integers

my, my, ..., My, My 41, My 42, oo o s Myyy o ooy My,
such that my > my forallt; + 1 < k < [ < t;4 for all i, and Jordan Blocks
Ay, Ay, ..., A, where A; is m;j x m; Jordan block with diagonal entries \; for all
J,t; +1 <j <ty such that

AL 0000 O
04,0000
A =

0 00004,
The following result is immediate consequence of the structure theorems (Theo-
rems 6.2.19 and 6.2.20) of finitely generated torsion modules over a P.1.D.

Theorem 6.3.11 Let T be a linear transformation on a vector space V over a field
F such that all the characteristic roots of T are in F. Then there is a basis of V with
respect to which the matrix of T is in Jordan canonical form.

Proof Since all the characteristic roots of 7" are in F', the minimum polynomial mz (X)
of T is given by

mrX) = X = AD"MX =)™ - (X =)™,

where \{, Ay, ..., A\, are distinct characteristic roots of 7. Thus, the F[X] module V
associated to 7T is a finitely generated torsion module of exponent my(X). Using the
structure theorem of finitely generated torsion module over a PI.D., together with
the above results, we find that there is a basis of V with respect to which the matrix
of T is in Jordan canonical form. it

Corollary 6.3.12 Let T be a linear transformation on a finite-dimensional vector
space V over an algebraically closed field F. Then there is a basis of V with respect
to which the matrix of T is in Jordan canonical form. it

Since the matrices with respect to different bases are similar, we have the following
corollary.

Corollary 6.3.13 Every square matrix with entries in an algebraically closed field
is similar to a matrix in Jordan canonical form. il
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Following corollary follows from the uniqueness theorem for the decomposition
of finitely generated torsion modules over a P.I.D. as direct sum of cyclic p-modules
for different primes.

Corollary 6.3.14 Let A and B be two n X n matrices with entries in an algebraically
closed field F. Then A and B are similar if and only if they are similar to matrices in
Jordan canonical forms with same set of Jordan blocks. it

Corollary 6.3.15 A square matrix A is similar to a diagonal matrix if and only if its
minimum polynomial has all its roots distinct. it

We illustrate the reduction of a matrix in to its Jordan canonical form by means
of an example.

Example 6.3.16 Consider the matrix

122
A=1011
002

of the Example 6.3.5. As already observed, in Example 6.3.5, that the R[x]-module
R? associated to the matrix A is the direct sum of the cyclic (x — 1)-submodule
R? x {0} with a generator (1, 1, 0) (isomorphic to the direct sum of R[x]/R[x](x —
1)?), and the cyclic (x — 2) submodule {(4a,a,a) | a € R} (isomorphic to
R[x]/R[x](x — 2)). As such the representation of the matrix relative to the basis
{(1,1,0)", (A—-D(1,1,0), (4, 1, 1)'} is the Jordan canonical form

100
110
002

of the matrix A. The matrix P of transformation is the matrix with columns
{(11 1» O)ls (A _I)(l» 17 O)tv (4» 17 l)l}

Recall that a linear transformation is said to be a semi-simple linear transforma-
tion, or it is said to be a diagonalizable linear transformation if its matrix represen-
tation with respect to certain basis is diagonal. T is said to be nilpotent if 7" = 0
for some n. A square matrix A is said to be a semi-simple matrix, or it is said to be a
diagonalizable matrix if it is similar to a diagonal matrix. It is said to be nilpotent if
A" = 0 for some n.

Theorem 6.3.17 (Jordan—Chevalley) Let T be a linear transformation on a finite-
dimensional vector space V over an algebraically closed field F (or at least all
characteristic roots of T arein F). Then T can be expressed uniquelyasT = T, + T,
where Ty is semi-simple, T, is nilpotent, and Ty and T,, commute. Further, there are
polynomials g(X) and h(X) without constant terms such that g(T) = T, and
WT) = T,
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Proof Suppose that my(X) = Hle (X —\)™ where \{, \s, ..., A, are the distinct
eigenvalues of 7. Since every finitely generated torsion module over a P.I.D. is
direct sum of p - submodules for different primes p dividing the exponent of the
module, we have V. = Vi ® Vo, @ --- @ V,, where V is F[X]-module associated
to the linear transformation 7, and V; is the (X — )\;)-submodule of V. Clearly,
Vi = Ker(T — NI)™. Let Ty be the linear transformation defined on V by the
requirement that 75(x) = Ax forallx € V;, 1 <i < r. Then Ty is clearly a semi-
simple linear transformation. Take 7,, = T —Tj. Then T, is nilpotent, for the matrix of
T, relative to the basis of V obtained by taking the union of bases of V; is strictly lower
triangular. Thus, T = T, + T,. We show that 7 and T, have the required property.
Since Ay, Ao, ..., A, are all distinct, the set {(X — A)™, (X — )™, ..., (X —\)"™}
is a set of pairwise co-prime elements of F[X]. By the Chinese remainder theorem,
there exists a polynomial g(X) such that g(X) = \;(mod (X — ;)™ for all i, and also
g(X) = 0(modX). Thenitis clear that Ty = ¢(T), and if we take h(X) = X — g(X),
then 7, = T — T, = h(T). Since any two polynomial in 7 will commute with
each other, it follows that T, and 7,, commute with each other. Next, suppose that
T = T, + T, is another such decomposition. Then Ty — T} = T, — T,,. Since
T, Ty, and also T,, T,, commute, it follows that Ty — T is semi-simple as well as
nilpotent. But, then 7y, — 7} = 0 (note that a diagonal matrix is nilpotent if and only
ifitis 0). Hence Ty = T}, and soalso 7, = T,. it

Definition 6.3.18 The linear transformation 7 in the above theorem is called the
semi - simple part of 7', and T, is called the nilpotent part of 7.

Corollary 6.3.19 (Jordan—Chevalley) Let A be a square matrix with entries in an
algebraically closed field (or at least all the characteristic roots of A are in F ).z Then
A can be expressed uniquely as A = A; + A,, where A; is diagonalizable, A, is
nilpotent, and As and A,, commute. Further, there exist polynomials g(X) and h(X)
without constant terms such that A; = g(A), and A, = h(A). it

Corollary 6.3.20 Let T be a linear transformation on a finite-dimensional vector
space V over an algebraically closed field F. Then a linear transformation S on V
commutes with T if and only if it commutes with its semi-simple and nilpotent parts.

Proof Clearly if § commutes with T and T, then it commutes with T = Ty + T,.
Conversely, if S commutes with T, then it commutes with f(7') for all polynomials
f(X), and since T and T, are polynomials in T, it commutes with 7§ as well as with
T,. i

Recall that a linear transformation 7" is unipotent if all of its all characteristic roots
are 1.

Corollary 6.3.21 (Multiplicative Jordan—Chevalley theorem) Let T be a nonsin-
gular linear transformation on a finite-dimensional vector space V over an alge-
braically closed field F (or at least all characteristic roots of T are in F). Then T
is uniquely expressible as T = TT,, where T is semi-simple, T, is unipotent, and
1,7, = T,T;. Further, T; and T, are polynomials in T.
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Proof We know that T is uniquely expressible as T = T, + T,, where T is
semi-simple, 7, is nilpotent, 7,7, = T,T;, and also T;, T, are polynomials in 7.
Since T is nonsingular, T is also nonsingular. Set 7, = [ + T, IT.. Since T,
and T,, commute, and 7, is nilpotent, it follows that Ts_lT,, is nilpotent. Hence T, is
unipotent. Clearly T = T,T,. The rest follows from the properties of 7 and T,.

Application to Differential Equations

Consider the first-order linear differential equation

dx
priiaies
The general solution to the above differential equation is x(#) = ce®, where ¢ is an
arbitrary constant.

In complete analogy to the above differential equation, we discuss the solution
to a system of n-homogeneous first-order linear differential equations with constant
coefficients. In the matrix form, this system of equations can be expressed as

dX (1)

= A-X(t
o (0,

where X (¢) is a smooth column vector point function (smooth function from R to
R") and A a n x n real matrix.

First, let us introduce e*. Identify M,(R) with the Euclidean space R” with
Euclidean metric. Consider the sequence {7),,} of functions from the metric space
M, (R) to itself defined by

AZ A
ThA) =1 +A+ — + -+ + —.
2! m!
It can be seen easily that the above sequence is uniformly convergent on any compact
subset of M, (R). Let us denote ¢* by

Liny— o0 Tin(A).

This defines a map exp from M, (R) to M, (R) by exp(A) = ¢*. Using elementary
analysis, we observe that exp is continuous, in fact, differentiable, and its Jacobian
at 0 is the identity matrix of order n°. By the inverse function theorem, it follows
that exp is local diffeomorphism. Again using the Abel’s result, we can show that
B = ¢A . ¢B provided that AB = BA. In particular, it follows that

et =M = =] = e
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Hence ¢” is always nonsingular. Thus, exp is a local diffeomorphism from M, (R) to
GL(n,R). The map ¢ ~ ¢ is a group homomorphism from (R, +) to GL(n, R) for
all A € M, (R). These are called one-parameter family of subgroups of GL(n, R).

Theorem 6.3.22 The columns of the matrix e form a basis of the space of solutions

of the system of homogeneous linear differential equations expressed in matrix form
by

dX (1)

= A-X(©),
” 0]

where X (1) is a smooth column vector point function.

Proof Using the theorem on term by term differentiation of a uniformly convergent
series, it follows that

detA
— A' I‘A‘
dt ¢
o dlg Ol LN dag(®) A A g
Since —7— = [b;(1)], where b;;(t) = —j—, each column Y;(z) of " satisfies
dY;(t _
@ = A-Y(1).
dt

Thus, each column of e is a solution of the given system of differential equations.
Conversely, suppose that X (¢) is a solution. Then

—tA}_( _ Y
de TXG) _ —Ae "X (1) + X

—Ae "X (¢ “MAX (7).
” o e @) + e @)

—A commute, it follows that

Since A and ¢
de™X(1)

0.
dt

HencE e X (1) = C, where C is a constant column vector. It follows that X () =

e . C, and so every solution of the system of equations is a linear combination of
the columns of ¢. Since ¢ is nonsingular the columns are linearly independent. #

Thus, the problem is to compute e, Let us observe the following:
() IfA = Diag(\i, M2, ..., \y), then e = Diag(e, e, ..., eM).
(i) If
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[0£0----0
00r0---0
A= )
000-.--0t1t
_()()0_
then
— 5 P
1;%.2..._(;79!
t "=
Olti...(an)!
eA:
000 - --1 ¢
(000 ---0 1 |
(iii) If
B0
a= 58]
then
[eBr 0
€A= OeBZ:|.

(iv)IfA = CBC~! thene? = CefC!.

(v) If A and B commute, then A8 = ¢4 . ¢5.

(vi) If A is a real n x n matrix, and X (¢) a complex-valued solution of the system
of differential equations

dX (1)
dt

= A-X(),

then the real and imaginary parts of X (¢) are also solutions of the above system of
equations.

Using the Jordan—Chevalley decomposition A = A, + A,,, where A, is similar to
a diagonal matrix, and A, is similar to direct sum of the matrices of the form
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010--0
0010-0
00--01
00 - 0
Further, A, and A, commute, and so ¢* = e . ¢*. Using the above observations,

we can compute e, and thereby get the general solution of the given homogeneous
system of linear differential equations. We illustrate the above discussion by means
of an example.

Example 6.3.23 Consider the system of differential equations given in the matrix
form by

dX (1) _
= AX(1),
dt
where
110
A= 1011
001
Then A, = I, and
010
A, = 1001
000
Since tA = tA, + tA,, it follows that (fA); = tA,, and (tA), = tA,. Again, since
tA, and 1A, commute, e = e . ¢, Clearly, e = €I, and as discussed above
112
2
e =10171
001
Thus,
e te! Lo
2
A =10¢ t!

00 €

The columns of the above matrix form a basis of the space of solutions.
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Exercises

6.3.1 Consider the following linear transformations on R? whose matrix represen-
tations with respect to the standard ordered basis are given by

)
200
020,
003
(i)
100
1101,
003
(iii)
011
-100 ],
1 00
(iv)
20 1
0 2 —11|,and
1-12
(v)
1 3 3
3 1 3
-3 -3 -5

In each case, find the minimum polynomial, the decomposition of the corresponding
R[X]-module R? as direct sum of cyclic modules, also a basis of R? with respect to
which the matrix representation is in rational canonical forms.

6.3.2 Reduce the matrices in the Exercise 6.3.1 to rational canonical form.
6.3.3 Determine the pairs of matrices in Exercise 6.3.1 which are similar.

6.3.4 Reduce the following two matrices over Zs into rational canonical forms, and
determine if they are similar to each other.
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®

S| M| —|
| Ol W
RN

(ii)

—| Ol —|
(=1 S]]
—| W] O

6.3.5 Reduce the matrices in Exercise 6.3.1 in Jordan canonical form considering
them as matrices over the field C of complex numbers. Determine which pairs are
similar over C.

6.3.6 Reduce the following complex matrices into Jordan canonical form, and also,
in each case, find a nonsingular matrix P such that PAP~! is in Jordan canonical
form. Determine which pair of matrices are similar to each other.

®

il 0
02 —1
101+

(ii)

(iii)

011
iil
00

6.3.7 Show that a linear transformation S commutes with 7" if and only it commutes
with T as well as with 7,.

6.3.8 Let 7| and 75 be linear transformations on a vector space V of dimension
3 over a field. Show that the module V over F[X] associated to T is isomorphic
to the F[X]-module V associated to T, if and only if they have same characteristic
polynomials and minimum polynomials. Deduce that any two 3 x 3 matrix over F
are similar if and only if they have same characteristic and minimum polynomials.
Is this result true for 4 x 4 matrices? Support.
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6.3.9 Let A be a complex matrix all of whose characteristic roots are real. Show that
A is similar to a real matrix in Jordan form.

6.3.10 Let A be an x n real matrix such that A2 + I = 0. Show thatn = 2ris
even. Show also that A is similar to

On _In
Il’l Ol’l
6.3.11 Let T be a nilpotent transformation on a complex finite dimensional vector
space V. Letf(X) = ap + a1X + aX* + -+ a,X". Find the semi-simple part
of f(T).
6.3.12 Find ¢* for
102

A=010],
202

and also the solution of the system of linear equations given in matrix form by

dX (1) _
= AX(1).
dt
6.3.13 Reducing the matrix
110
A=1(010
011

in to Jordan canonical form, find ¢”, and then solve the corresponding system of
differential equations.

6.3.14 If ) is an eigenvalue of A, then show that ¢* is an eigenvalue of ¢*. Deduce
from this fact that e* is nonsingular.

6.3.15 Show that Det(e?) = ™.

6.3.16 Show that the map exp induces a map from the space s/(n, R) of n x n matrices
with trace O to the group SL(n, R) of matrices of determinant 1. Show further that it
is a local diffeomorphism. Determine the dimension of the group SL(n, R).

6.3.17 Show that the map exp induces local diffeomorphism from the space S, (R)
of skew symmetric matrices to the group O(n) of orthogonal matrices. Determine
the dimension of O(n).

6.3.18 Is exp surjective from M, (R) to GL(n, R)? Support.

6.3.19 Give an example to show that ¢**? need not be ¢* - ?.



Chapter 7
General Linear Algebra

The present chapter is devoted to the study of Noetherian rings, Projective modules,
Injective Modules, Tensor product of modules, Grothendieck, and Whitehead groups
of rings.

7.1 Noetherian Rings and Modules

Over an arbitrary ring, we note that left and right modules are in general distinct.
Recall, further, that all subspaces of a finitely generated vector space over a field
with a given choice of basis determines and is uniquely determined by a matrix
with entries in F. This is a consequence of the fact that every subspace of F" is
finitely generated. However, this fact is not true in general rings. Rings over which
all submodules of left module R" can be described by matrices are essentially left
noetherian rings, which we describe in this section. The theory of right noetherian
modules and right noetherian rings can be developed exactly on the same lines. A
module will always mean a left module, unless stated otherwise.

A module M over R is said to satisfy ascending chain condition (A.C.C), if
given any chain

NSNS CN, SNy S0

of submodules of M, there exists ng € Nsuchthat N, = N, forall r > ny.
A module M is said to satisfy maximal condition, if given any nonempty family
{M, | « € A} of submodules of M, it has a maximal member.

Theorem 7.1.1 Let M be a module over R. Then the following conditions are
equivalent.

© Springer Nature Singapore Pte Ltd. 2017 229
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1. M satisfies A.C.C.
2. Every submodule of M is finitely generated.
3. M satisfies maximal condition.

Proof 1 = 3. Let X = {M, | @« € A} be a nonempty family of submodules
of M. Suppose that X has no maximal member. Let M,, € X. Since M,, is not a
maximal member of the family, there is a member M,, € X such that M,, C M,,.
Again, since M,, is not a maximal member, there is a member M,, € X such that
M,, C M,,. Using induction, we arrive at a properly ascending chain of submodules
of M. This is a contradiction to 1 (note that we have used axiom of choice in some
form).

3 = 2. Assume 3. Let L be a submodule of M. Let X be the family of all finitely
generated submodules of L. Clearly, {0} € X, and so X is a nonempty family. From
3, it has a maximal member L (say). We claim that Ly = L. Suppose not. Then
thereisx € L — L. But, then Lo+ < x > is also finitely generated, and so it belongs
to X. This is a contradiction to the choice of L. Thus, L is finitely generated.

2 = 1. Assume 2. Let

M CMy S CM, CM S

be an ascending chain of submodules of M. Then L = |J,..; M, is a submodule. By
2, L is finitely generated. Suppose that L = < {xj, x2, ....Xy} >.Then x; € M,
for some r;. Let ry be the maximum of all ;. Then x; € M, for each i. It follows
that L = M,,,and so M, = M,, forall r > ry. it

A module M over R is said to be noetherian module if it satisfies any one,
and hence all of the conditions in the above theorem. A ring R is said to be a
noetherian ring if it is a noetherian module over itself.

If we consider a ring R as a left module over itself, then submodules are precisely
the left ideals. Thus, a ring R is a left noetherian ring if and only if all its left ideals
are finitely generated.

Since submodule of a submodule is again a submodule of the module, we have

Proposition 7.1.2 Every submodule of a noetherian module is a noetherian
module. it

Proposition 7.1.3 Any homomorphic image of a noetherian module is noetherian.

Proof Let f : M| ~» M, be a surjective homomorphism, where M; a noetherian
module. Let L be a submodule of M,. Then f~!(L) is a submodule of M,. Since
M; is noetherian, f~!(L) is finitely generated. Since image of a finitely generated
module under a homomorphism is finitely generated, L = f(f~'(L)) (f being
surjective f(f~'(L)) = L) is finitely generated. Thus, every submodule of M, is
finitely generated. Hence M, is a noetherian module. i

The argument used in the proof of the above proposition is valid for rings(inverse
image of an ideal under a homomorphism of rings is an ideal), and so we have the
following proposition.
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Proposition 7.1.4 Any homomorphic image of a noetherian ring is noetherian. f

Corollary 7.1.5 Quotient of a noetherian module (ring) is a noetherian mod-
ule(ring). f

Proposition 7.1.6 Let M be a module over a ring R. Let L be a submodule of M
such that L and M /L are noetherian. Then M is noetherian.

Proof Let U be a submodule of M. Then, U + L /L, being a submodule of M /L, is
finitely generated. By the second isomorphism theorem U/ U [ L is isomorphic to
U+ L/L.Hence U/U () L is finitely generated. Further, U [ L, being submodule
of anortherian module L, is noetherian. Hence U [ L is finitely generated. We know
that if N and M /N are finitely generated, then M is also finitely generated. Thus, U
is finitely generated. This shows that M is noetherian. it

Proposition 7.1.7 Let M\, M», ..., M, be modules over R. Then M = M/ x M, X
- X M, is noetherian if and only if each M; is noetherian.

Proof For each i, the projection p; is a surjective homomorphism from M to M;.
Sine homomorphic image of a noetherian module is noetherian, if M is noetherian,
then each M; is noetherian. Conversely, suppose that each M; is noetherian. We have
to show that M is noetherian. By the induction, it is sufficient to prove the result for
r = 2.Suppose that M and M, are noetherian. The projection p, of M onto M, isa
surjective homomorphism whose kernel is M, x {0}. By the fundamental theorem of
homomorphism M /M, x {0} is isomorphic to M,. Thus, M /M, x {0} is noetherian.
Also M; x {0} is isomorphic to M (the map x ~» (x, 0) is an isomorphism), and so
it is noetherian. From the previous proposition M is noetherian. it

Theorem 7.1.8 Let R be a noetherian ring. Then every finitely generated module
over R is a noetherian module.

Proof Let R be a noetherian ring, and M a finitely generated module over R which
is generated by S = {x1, x2, ..., x,}. Define a map n from R" to M by

(e, o, ..., 0) = oXg +ax + - X

Clearly, 7 is a surjective homomorphism. Since R is noetherian, from the previous
result, R" is also noetherian. Since homomorphic image of a noetherian module is
noetherian, M is noetherian. it

Remark 7.1.9 1t follows that R is noetherian if and only if every finitely generated
module over R is noetherian.

Example 7.1.10 Every P.LD. is a noetherian ring because every ideal is generated
by a singleton. Thus, every finitely generated module over a P.I.D is noetherian. In
particular, every submodule of a finitely generated module over a P.I.D is finitely
generated. Note that this is not true over an arbitrary ring (give an example). In turn,
every subgroup of a finitely generated abelian group (Z-module) is finitely generated.
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Example 7.1.11 The polynomial ring Z[X, X»,..., X,,...] over Z in countably
infinite set of indeterminates {X;, X5, ..., X, ...} is not a noetherian ring, for the
ideal generated by {X;, X5, ..., X,,, ...} is not finitely generated. This also shows
that, in general, submodule of a finitely generated module need not be finitely gen-
erated. Check if it is a U.F.D.

Example 7.1.12 Subring of noetherian ring need not be a noetherian ring: The ring
Z[Xy, X2, ..., X, ...] is an integral domain which is not noetherian. However, its
field of fractions is noetherian.

Example 7.1.13 Let R be noetherian integral domain. Then every nonzero nonunit
element of R can be written as finite product of irreducible elements of R. To prove
this, it is sufficient to show that there is no infinite chain a;, as, ..., a,, . .. such that
a4 is proper divisor of a, for all n, or equivalently, there is no infinite properly
ascending chain of principal ideals. This is true, for R is a noetherian ring.

Theorem 7.1.14 (Hilbert Basis Theorem). Let R be a commutative ring with iden-
tity. Then the polynomial ring R[X] is noetherian if and only if R is noetherian.

Proof Suppose that R[X] is noetherian. Define a map n from R[X] to R by
n(f(X)) = f(0) (the constant term of f(X)). Then 7 is a surjective homomor-
phism. Since homomorphic image of a noetherian ring is a noetherian ring, R is
noetherian.

Conversely, suppose that R is noetherian. Then, we have to show that R[X] is
noetherian. Let A be an ideal of R[X]. We show that A is finitely generated. Let
n € NJ{0}. Define A, by

A, = {a € R| thereexists f(X) = ap+a X+ +a,_1 X" ' +aX" € A}.

Clearly, 0 € A,, for 0 = 040X + ---0X" € A. Let a,b € A,. Then
there exist f(X) = ao+ aiX + - + an 1 X" ' + aX", and g(X) =
bo+b X+ +b,_1 X" ' +bX" € A. Since A is anideal, f(X) —g(X) € A, and
also af(X) € A.Hencea — b € A,, and also wa € A,,. This shows that A, is an
ideal of R. Further, leta € A,,, and f(X) € A be such that a X" is the leading term
of f(X). Since Xf(X) € A,a € A,4+,. Thus, A,, C A, for all n, and we have an
ascending chain
AgC A CAC---CAC---

of ideals of R. Since R is noetherian, there exists m € N such that A, =
A,, for all n > m. Again, since R is noetherian, A, is finitely generated ideal
of R for all n. Let {a;1, a2, ..., ain,} be a set of generators of the ideal A;. Let
fij(X),0 <i <m,1 < j < n; be apolynomial in A whose leading term is a[in.
We show that S = {f;;(X) | 0 <i <m,1 < j < n;}is a set of generators of
the ideal A of R[X]. Let f(X) € A. We show that f(X) is linear combination of
members of § with coefficient in R[X]. The proof is by the induction on degree of
f(X) (clearly O is linear combination of members of S). If degree of f(X) is O, then
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f(X) is constant, and so it belongs to Ap. But, then it is a linear combination of
{ao1, am, - . ., ao,,} with coefficients in R. Clearly, ay; = f,;, and so in this case
f(X) is a linear combination of members of S with coefficients in R C R[X]. Thus,
the result is true if the degree of f(X) is 0. Assume that the result is true for all those
polynomials in A whose degree is less than r. Let f(X) € A, and degree f(X)isr.
There are two cases:

@31 r > m.
@) r <m-—1.

Consider the case (i). Let f(X) = a9+ aiX + --- + a, X" be a member of
A. Thena, € A, = A,. Since A,, is generated by {a,,1, am2, - - ., awm}, @ =
Q11 + 22 + - -+ + O, G, TOT SOME 1, 2, - - ., U, in R. Then,

fl(X) = f(X) - Xr_m(amlfml(x)+am2fm2(x)+"'+amnmfmnm(x))

isamember of A, and itis 0, or it is of degree less than r. By the induction hypothesis
f1(X) is a linear combination of members of S with coefficients in R[X]. In turn,
f(X) is also a linear combination of members of S with coefficients in R[X].

Consider the case (ii). In this case r < m — 1, and so f,;(X),1 < j < n, are in
S. Now,

fl(X) = f(X) - arlfrl(X) _aerr2(X)_"'_Olrn,frn,-(X)

belongs to A, and it is O, or it is of degree less than r. Again, by the induction
hypothesis, fi(X) is a linear combination of members of S. Hence, f(X) is also a
linear combination of members of S with coefficients in R[X]. it

Using the induction on n, we get the following corollary.

Corollary 7.1.15 If R is noetherian ring, then R[Xi, Xi,...,X,] is also
noetherian. it

Remark 7.1.16 Although in a noetherian domain every nonzero nonunit element
is product of irreducible elements, it need not be a U.F.D. For example, consider
Z[+/=5]. This is not a U.ED. Now, Z[X] is a noetherian ring (by the Hilbert
basis theorem), and the map f(X) ~» f(+/=5) is a surjective homomorphism of
rings(verify). Since homomorphic image of a noetherian ring is noetherian Z[v/—5]
is a noetherian ring. Also observe that a U.F.D. need not be a noetherian ring. For
example Z[X 1, X2, ..., X, ---11s a U.ED. but it is not noetherian.

Exercises
7.1.1 Show that a noetherian domain is a U.E.D. if and only if g.c.d. exists in R.

7.1.2 Show that every proper ideal of a noetherian ring can be embedded in a max-
imal ideal.
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7.1.3 Give anexample of an integral domain in which every nonzero nonunit element
is expressible as product of irreducible elements but still it is not a noetherian ring.

7.1.4 Is a direct product of noetherian rings a noetherian ring? Support.
7.1.5 Show that a vector space is noetherian if and only if it is finite dimensional.
7.1.6 Show that Z[./n] is a noetherian ring for all integers 7.

7.1.7 Show that an abelian group is a noetherian Z-module if and only if it is finitely
generated.

7.1.8 Give an example of a noetherian module which does not satisfy D.C.C. for
submodules.

7.1.9 Let G be a finite commutative semigroup with identity. Show that the semi-
group ring R(G) is noetherian if and only if R is noetherian.

7.1.10 Suppose that R is noetherian, and G is group which is also noetherian in
the sense that every subgroup of G is finitely generated. Is R(G) also noetherian?
Support.

7.1.11 Show that if R is noetherian, then the ring R[[X]] of formal power series is
also noetherian.

Hint. Imitate the proof of the Hilbert basis theorem by taking order function on the
power series instead of degree of a polynomial.

7.2 Free, Projective, and Injective Modules

In the last section, we described rings over which all modules possesses one of the
most important and crucial property of vector spaces (modules over fields), viz., all
submodules of finitely generated modules are finitely generated. Following are other
two important properties of vector spaces: (i). Given a vector space W over a field
F, and a surjective homomorphism f from a vector space V over F to W, there is
a vector space homomorphism ¢ from W to V such that tof = Iy. (ii). Given an
injective homomorphism i from W to V, there is a homomorphism s from V to W
such that soi = Iy. In this section, we discuss modules over arbitrary rings with
these important crucial properties. Later in Chap. 9 on representation theory of finite
groups, we shall describe rings (semi-simple rings) over which all modules have both
of these crucial properties.

Let R be a ring(not necessarily commutative) with identity, and X be a set. We
have the following universal problem:

“Does there exists a pair (M, i), where M is aleft R-module, i amap from X to M,
with the property that given any such pair (&, j), there is a unique R-homomorphism
¢ from M to N such that poi = j77
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As in case of free groups, the solution to this problem is unique up to isomor-
phism. More precisely, if (M, i) and (N, j) are solutions to the above problem, then
there exists an isomorphism ¢ from M to N such that the following diagram is
commutative. (imitate the proof in the case of free groups).

X . M

Y

N

We show the existence of solution to the above problem. If X is finite set
{x1, x2, ..., x,} containing n elements. Then the pair (R", i), where i(x;) = e;,
is a solution to the problem. We do the construction of solution to the above prob-
lem for an arbitrary set X. Let F'(X) denote the set of all maps from X to R which
vanish at all but finitely many points of X. More precisely, F(X) = {f : X —
R | thereis a finite subset J such that f(x) = 0 forall x € X — J}. Let
f,g € F(X). Define amap f + g from X to Rby (f + g)(x) = [f(x)+ gx).
Observe that f + g € F(X). This defines a binary operation + on F(X) such that
(F(X), +) is an abelian group. Define a multiplication - on F(X) by elements of R
by (a- f)(x) = a- f(x), where - in the R.H.S. is the product in the ring. It is easy to
see that F(X) is a left R-module. Define a map i from X to F(X) byi(x)(y) = 1if
x =y, and 0 otherwise. It is clear that i is an injective map. We show that (F (X), i)
is a solution to the above problem. Let f € F(X) — {0}. Let {x;, x2, ..., x,} the
finite subset of X such that f(x;) = @ # 0,and f(x) = 0if x # x;. Then it
is clear that f = ai(x1) + azi(x2) + - - - + a,i(x,), and such a representation is
unique. More precisely, i (X) is a basis for F(X). Let N be a left R-module, and j
be a map from X to N. Define a map ¢ from F(X) to N by

plari(x) +azi(x2) + -+ - +ayi(xy)) = arj(x)) +azjx2) + - +a,jx,).

Then ¢ is a homomorphism such that ¢oi = j. Since i (X) is a basis, such a map
is unique. This completes the proof of the existence of the solution to the above
problem.

Definition 7.2.1 The solution to the above universal problem is called the free left
R-module on X. Thus, (F(X), i) is the free left R-module on X.

Proposition 7.2.2 Every left R-module is quotient of a free left R-module.

Proof Let M be a left R-module, and (F (M), i) the free left R-module on M. The
identity map I, is a map from the set M to the left R-module M. From the universal
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property of free left R-module, there is a unique homomorphism ¢ from F (M) to
M such that ¢oi = I;. This shows that ¢ is surjective homomorphism. By the
fundamental theorem of homomorphism M is isomorphic to F(M)/ker¢. it

In Chap. 6 Sect. 6.1, we defined direct sum of finitely many R-modules. Now, we
define direct sum of an arbitrary family of submodules. Let {M,, | « € A} be a family
of R-modules. Then the Cartesian product

ven My = {x: A — UaeA M, | x(a) € M, for all o}

is aleft R-module with respect to the operations defined by (x+y) () = x(a)+y(®)
and (a -x)(a) = a-x(a). Define a map i, from M, to [[,., My by ia(x)(B) = x
if B = «, and O otherwise. It is clear that i, is an injective homomorphism. Further,
the o' projection p, from [, My to M, defined by py(x) = x() is a surjective
homomorphism such that i,op, = Iy,. The submodule of [[,., M, generated by
Ugen fa(My) is clearly

aeA

e[l Malx@ = 0except for finitely many ).

This submodule is denoted by @ X, My, and it is called the external direct sum
of the family {M, | « € A}. If M“ denotes the submodule of @XM, generated

by Uﬂ#a ig(Mp), then iy (My) (\ M* = {0}.
Proposition 7.2.3 Let M be a module over a ring R. Let {M,, | « € A} be a family
of its submodules. Then the following conditions are equivalent.

1. (i) M is generated by |, M.
(i) My (M = {0}, where M® is the submodule of M generated by J 4, Mp.
2. Foreverynonzero element x € M, there is a unique finite subset {o1, a, ..., 0}
of distinct elements of A together with unique nonzero elements x,, € My, for
eachi,1 <i <r such that

X = Xo + Xo, + -0 + X,
Proof (1 = 2) Assume 1. Let x be a nonzero element of M. From 1(i), there exist
a finite subset {aq, o2, ..., @} of A together with nonzero elements x,, € M,, for
eachi, 1 <i < r such that
X = Xo + Xo, + 0+ Xg,.
Next, we prove the uniqueness. Suppose that
X = Xoy + Xy + 00+ Xo, =Yg + Y + 00+ Vg,

where {1, @2, ..., o} and {B1, B2, . .., By} are sets of distinct elements of A, xo, €
M,, — {0} foralli,1 <i <r,and yp; € Mg, — {0} forall j,1 < j <s.Weneed
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to show the following: (i) r = s, (ii) after some rearrangement o; = g; for all i,
and (iii) x,, = Yo, for all i. We prove it by the induction on max(r, s). Suppose that
max(r,s) = 1.Clearly,r = | = s.Ifa; # Bi,thenx € M,, (| M* = {0}. This
means thatx = 0, acontradiction. Hence «; = fj,andthenx = x,, = yg,. Thus
the result is true for max(r, s) = 1. Assume that result is true for max(r, s) = n.
Let x be a nonzero element having representations

X = X + Xay + o+ 'x‘x/erl = yﬂ] + yﬂZ + et yﬁm’

where {aq, o, ..., ;1) and {B1, B2, ..., B} are sets of distinct elements of A,
m <n+1,xy, € My, —{0}foralli,1 <i < n—i—l,andygj € Mﬁj—{O}forallj, 1<
J < m. We show that «; = p; for some j. Suppose not. Then

Xoy = —Xgy = "0 = Xepyy T Y8+ Vgt oo+ Vg,
belongs to M,, (1M* = {0}. Hence x,, = 0. This is a contradiction to the
supposition that x — oy # 0. Thus, oy = B, for some j. After rearranging, we may
assume that «; = f,. Further,

Xy = Yoy = —Xay — vt T Xgpy FYg t oo Vg,

Hence x,, — yq, belongs to My, (| M = {0}. This shows that x,, = y,,. In turn,
Xoy + Xy + 00+ Xy = Vg o+ Vg o Vg,

By the induction hypothesis,n +1 = m,o; = f;,and x,, = yg, foralli.

(2 = 1) Assume 2. Evidently, 1(i) follows. From the uniqueness of the repre-
sentation of a nonzero element in M, it follows that M,, (| M* cannot contain any
nonzero element of M. Thus, M, (| M* = {0}. it

Definition 7.2.4 We say that a module M over a ring R is an internal direct sum
of the family {M, | @ € A} of its submodules if it satisfies any one, and hence both
of the conditions in the above proposition is satisfied.

Proposition 7.2.5 Let M be an internal direct sum of the family {M, | « € A} of
its submodules. Then M is isomorphic to the external direct sum @ Xycp M,,.

Proof The map n from the external direct sum G X,cp My to M defined by n(x) =
Yyeax(a) is easily seen to be an isomorphism. it

From now onward, we shall not distinguish the internal and the external direct
sums.

It follows from the construction of a free R- module F'(X) on a set X that F(X)
is isomorphic to the direct sum &%, x M,, where M, = R for all «. Thus, F(X)
is precisely the direct sum of X copies of R.
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Consider a chain

Oy, (07
> ]\4n+1 i > Afn > ]\[n—l >

where M, is an R-module for all n, and «,, is a homomorphism for all n. This
chain is called an exact sequence at M, if kera, = imagea, ;. It is said to be
exact sequence, if it is exact at all M,,.

An exact sequence

o g
0 :JWI :MQ =M3 > 0

where 0 is the trivial module, is called a short exact sequence. Clearly, the above
sequence is a short exact sequence if and only if (i) « is injective, (ii) B is surjective,
and (iii) kerf = imagec.
If N is a submodule of a module M, then
) v
0 - N » M__, M/N __,0

is a short exact sequence, where i is the inclusion map, and v is the quotient map.

The sequence 0 — M| —> M, is exact if and only if M; —> M, is injective.
The sequence M, — M3 — 0 is exact if and only if M, — M3 is surjective,
and the sequence 0 — M| — M, —> 0O is exact if and only if M| — M, is an
isomorphism.

Theorem 7.2.6 (Five Lemma) Consider the following commutative diagram where
rows are exact, and vertical maps are homomorphisms.

oy Qg Qs Qy
My v My__o My___o  My__+ M
l f l f l fs l fi l f
o5 B2 B3 Ba
1 —» N2 B —— NS - N4 - N5

(i) If fi1is surjective, f> and f4 are injective, then f3 is injective.
(ii) If fs is injective, fi and f, are surjective, then f3 is surjective.
(iii) If f1, fa, fa, [5 are isomorphisms, then f3 is also an isomorphism.

Proof (i). Suppose that f; is surjective, f> and f4 are injective. We have to show
that f3 is injective. Suppose that f3(m) = 0. Then fy(a3(m)) = B3(f3(m))
(commutativity of the diagram) = f3(0) = 0. Since f; is injective,
az(m) = 0. Thus, m € keras = imagea, (exactness), and hence
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there is an element m, € M, such that a;(m,;) = m. Further, 0 =
frm) = fi3(aa(my)) = Ba(fr(my)) (commutativity of the diagram). Thus,
fo(my) € kerB, = imagep; (exactness). Hence, there exists n; € N; such
that By (n;) = fo(my). Since f) is surjective, there is an elementm; € M, such

that fi(m1) = n1. Now, fo(a1(m1)) = Bi(fi(m1)) = Bi(n1) = fa(ma).

Since f, is injective, o;(m) = my. But, already ar(m;) = m. Hence
m = op(a(my)) = 0, for imagea; = keray. This shows that f; is
injective.

(ii). Suppose that f5 is injective, f> and f; are surjective. We have to show that f3
is surjective. Let n € N3. We have to show the existence of an element m € Mj;
such that f3(m) = n.Now, B3(n) € N4. Since f; is surjective, there is an
elementmy € My suchthat fy(my) = B3(n). Now fs(ag(myg)) = Ba(fa(my))
(commutativity of the diagram)= p4(B3(n)) = 0 (exactness). Since f5 is
injective, ag(my) = 0. Thus, my € keray = imageans. Hence, there
is an element m3 € Mj such that az(m3) = my4. Since B3(f3(m3)) =
falaz(mz)) = fa(my) = B3(n), B3(n — f3(m3)) = 0. Thus,n — f3(m3) €

kerfs = imagepf,.Hencethereexistsn, € N, suchthat 8,(ny) = n— f3(ms).

Since f is surjective, there is an element m, € M, such that f>(m;) = n,.
Now n — f3(m3) = Ba(n2) = Ba(fa(m2)) = f3(a2(m2)). This shows that
f3(m3 + a(m;)) = n, and so f3 is surjective.

(iii). Follows from (i) and (ii). it

Remark 7.2.7 The technique used in the proof of the above theorem is known as
diagram chasing.

Corollary 7.2.8 Consider the following commutative diagram

0—» —]\/[1—>]w2—>-]\/[3—> 0

| ]

0—» N1—>-N2—>-N3—>- 0

where rows are exact, vertical arrows are homomorphisms, and the extreme
vertical arrows are isomorphisms. Then the middle vertical arrow is also an iso-
morphism. it

A short exact sequence

a B
0 My My___y My___, 0

is said to be a split exact sequence, if there exists a homomorphism ¢ from Mj;
to M, such that ot = Iy,. The homomorphism ¢ is called a splitting of the exact
sequence.
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Proposition 7.2.9 A short exact sequence

g

«
0 -~ M - Mo My > 0

is split exact if and only if there exists a homomorphism s from M, to My such
that soa = Iy,. Further, there is a bijective correspondence between the set of
splittings of the short exact sequence and the set of all homomorphisms s from M,
to M, satisfying soa = Iy,.

Proof Let t be a splitting. Then Bot = Iy,. Let x € M. Then f(x — t(B(x))) =
B(x)— B (B(x))) = B(x)—PB(x) = 0.Hencex —t(B(x)) € kerf = imagea.
Since « is injective, there is a unique s(x) € M) such that a(s(x)) = x —t(8(x)).
Using the defining property of s and the injectivity of «, it can be seen that s is
a homomorphism from M, to M;. Also a(s(x¢(y))) = o(y) —t(B(a(y))) =
a(y) (for Boa = 0). Since « is injective s(x(y)) = y for all y € M;. Hence
soa = Iy,. We show that the correspondence which associates an splitting ¢ with
s defined above is bijective. Suppose that #; and 7, are splittings which associates
to same s. Then a(s(x)) = x —11(B(x)) = x — r(B(x)). Since B is surjective,
t; = 1. Lets be a homomorphism from M, to M, such that soae = 1I,. Let
y € Ms. Since B is surjective, there is an element x € M, such that S(x) = y.
Define a binary relation ¢ from M3 to M, by t(B(x)) = x — a(s(x)). Suppose
that B(x;) = PB(xz). Then x; — x», € kerf = imagea. Hence there exists
z € M such that w(z) = x; — x3. Now, s(x; — x2) = s(x(z)) = z. Hence
a(s(x; —x3)) = a(z) = x; — xp. Thus, x; — a(s(x1)) = x, — a(s(xp)). This
shows that # is a map from M3 to M. It can easily be seen that 7 is a homomorphism.
Also B(t(B(x))) = B(x—a(s(x))) = B(x)—B(a(s(x))) = B(x),for Boa = 0.
Thus, ¢ is splitting, and since x — ¢ (8(x)) = a(s(x)), the homomorphism from M,
to M, associated to the splitting ¢ is s. it

A homomorphism s such that soa = Iy, is also called a splitting.
Let M, and M5 be R-modules. Then

? P
0 o M M @My My, 0

is a split exact sequence, where i1 (x) = (x,0), and p(x,y) = y.The map
ip from M3 to M| @ M; given by i»(y) = (0, y) is a splitting, and the associated
splitting from M| @& M3 to M, is the first projection p;.

Proposition 7.2.10 Let

0 - M M, > M; > 0

Y
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be a split exact sequence. Then there exists an isomorphism from M, to M| & M3
such that the diagram

« &4
0___ M, > M, > M3 > 0
Jl My \f “M:;
0 D2
0___ My M, @ M, My, 0

is commutative. Further, if t and s are associated splittings, then

S

t
0 > Ms - M, - M 0

is also a spilt exact sequence.

Proof Let t be a homomorphism from M3 to M, which is a splitting, and s be the
associated splitting. Define a map f from M, to M| @ M3 by f(x) = (s(x), B(x)).
Then f is a homomorphism which makes the diagram commutative(verify). By the
five lemma f is an isomorphism. Finally, since f is an isomorphism t = f~!ois,
ands = pjof. The result follows if we observe that

{ D
0 s My My @My My, 0

is split exact. it

Let M and N be left R-modules. Let Homz(M, N) denote the set of all R-
homomorphisms. Let f, g € Homg(M, N). Define a map f + g from M to N by
(f+g)x) = f(x)+ g(x). Itis easy to observe that f 4 g is also a member of
Hompg(M, N). This defines an addition in Hom g (M, N) with respect to which it is
an abelian group. We may be tempted to define a module structure on Homg (M, N)
by defining (a- f)(x) = a- f(x).Buta- f need not be a member of Homg(M, N),
and so it will not work in general. However, if R is a commutative ring, then it is
indeed a member of Homg(M, N), and then Hom (M, N) becomes a R-module.
Note that every R-module is also a Z-module, and Homg(M, N) is a subgroup of
Homyz (M, N).Let f € Homz(M, N),anda € R. Defineamap f -a from M to N
by (f-a)(x) = f(a-x).Clearly, f-a € Homz(M, N). Itis easy to observe that
Homz(M, N) is a right R-module with respect to the above right multiplication.
Also, if R is a commutative ring, then Homg(M, N) is a right R-submodule of
Homyz(M, N).

Let M, and M, be left R-modules, and o a R-homomorphism from M; to M;. Let
N be aleft R-module. Then we have amap «* from Hom g (M>, N)to Homg(M;, N)
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defined by «*(f) = foa. It can be easily seen that «* is a group homomorphism.
Similarly, we have a group homomorphism «, from Hom g (N, M) to Homg(N.M>)
given by o, (f) = aof. Let B be a homomorphism from M, to M;. We leave it
to the reader to verify that (i) (Box)* = «a*of*, and (ii) (Bow), = PB,oa,. Itis
also clear that 0* and 0, are the corresponding zero homomorphisms. Further, it is
straight forward to see that (/;)* and (I)), are the corresponding identity maps.

Theorem 7.2.11 Hom is a left exact functor in the following sense.

(i) If

« 1)
M, > M, > M > 0

is an exact sequence of left R-modules, and N a left R-module, then the sequence

* *

a
0___, Hompg(Ms, N)i> Homp(Ms, N)—_, Homp(M;, N)

is exact.

(ii) If

is an exact sequence, then

Oy
0__, Homg(N,M;) __, Homg(N, ]Wg)_ﬁ*, Hompg(N, Mj)

is also exact.

Proof (i). Let f € Homg(M3, N) such that 8*(f) = 0. Then fof = 0. Since B
is surjective (exactness), it follows that f = 0. This shows that 8* is injective. Next,
since Boa = 0 (exactness of the given sequence), «*of* = (Boa)* = 0* = 0.
Hence image B* C kera*. Let f € kera*. Then o*(f) = foa = 0, and so
kerf O imagea = kerp. By the fundamental theorem of homomorphism, there is
a unique homomorphism f from M,/ kerp to N such that fov = f. Also, since f8
is surjective, we have an isomorphism f from M,/ kerf to M3 such that Bov = B.
Then /3*(70371) = 703710ﬂ = fov = f.Thus f € imagef*. This shows that
kera* = imagep”.

The proof of (ii) is similar, and it is left as an exercise. it

Remark 7.2.12 Hom is not a right exact functor, for even if « is injective o* need
not be surjective, and even if g is surjective, B, need not be surjective. Consider,
for example, the multiplication f,, from Z to Z by m, where m > 1. Then f}
from Homyz(Z, Z) to itself is not surjective (verify). The quotient map v frim Z to
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Zy, is a surjective homomorphism but v, from Homzy(Z,,, Z) to Homz(Zy, L)
is not surjective for the simple reason that Homz(Z,,7Z) = {0}, whereas
Homy(Zy, L) = L # {0}.

Proposition 7.2.13 If
5

o — My_, My___ , My__, 0

is a split exact sequence, and N a module, then

* *

I} «
0 _, Homgr(Ms,N) _,Homgr(Ms,N) _, Homgr(M,N) _, 0

and

Oy Bs
0 _, Homgr(N,M;) _yHomgr(N,Ms) _, Homg(N,Ms) _, 0

are also split exact sequence.

Proof Let t and s be associated splittings. Then (s*oa*) = (x0s)* = Inompm,.N)>
and similarly, 7,08, is also the identity map. This shows that «* and S, are surjective
maps, and the above sequence splits. i

Definition 7.2.14 A left R-module P is called a projective left R-module if given
an exact sequence

(or equivalently, g is a surjective homomorphism from M to N), and a homo-
morphism f from P to N, there is a homomorphism g from P to M such that the
diagram

P

is commutative.

Dually, we have
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Definition 7.2.15 A left R-module [ is called an injective left R-module if given
any exact sequence

0 - N M

(or equivalently, o an injective homomorphism), and a homomorphism f from
N to I, there is a homomorphism g from M to [ such that the diagram

«
0 N. M

is commutative.

Proposition 7.2.16 If P is a projective R-module, then every short exact sequence

a
0 M___, N_ﬁ> P, 0

splits. Dually, if M is injective, then also it splits.

Proof Suppose that P is projective. Since

is exact, and /p is ahomomorphism from P to P, there is a homomorphism 7 from
P to N such that Bot = Ip. Thus, ¢ is a splitting. The rest also follows similarly. £

The following result follows from Propositions 7.2.10 and 7.2.13.

Corollary 7.2.17 If the last but one term in a short exact sequence is a projective
module, or the second term in a short exact sequence is injective module, then Hom
takes the short exact sequence to a split exact sequence. i

Proposition 7.2.18 Every free R-module is projective.

Proof Let (F(X),i) be a free R-module on X, and § a surjective homomorphism
from M to N. Then B~'{(foi)(x)} # @ for all x € X. From the axiom of choice,
there is a map ¢ from X to M such that c(x) € B~!{foi(x)} for all x € X. This
means Boc = foi. Since (F(X),i) is a free R-module on X, there is a unique
homomorphism ¢ from F(X) to M such that poi = c. Hence Bo¢ and f both
make the triangle
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X

commutative. Since (F(X), i) is a free R-module, fo¢p = f. This shows that
F(X) is a projective module. it

A submodule N of a module M over a ring R is called a direct summand of M
if there is a submodule L of M suchthat M = N @ L.

Proposition 7.2.19 Direct summand of a projective (injective) module is projec-
tive(injective).

Proof Suppose that P @ Q is projective. We show that P is projective. Let 8 be
a surjective homomorphism from M to N, and f a homomorphism from P to f.
Then fop; is a homomorphism from P @ Q to N. Since P @ Q is projective, there
is a homomorphism ¢ from P & Q to M such that fo¢p = fop;. We have the
homomorphism ¢oi; from P to M such that Bo¢oi;, = fopjoiy = folp = f.
This shows that P is projective. The rest can be proved similarly. i

Theorem 7.2.20 A left R-module P is projective if and only if it is direct summand
of a free R-module.

Proof Since a free R-module is projective, and direct summand of a projective mod-
ule is projective, direct summand of a free module is projective. Next suppose that
P is projective. From Proposition 7.2.2 we have a surjective homomorphism 8 from
from F(P) to P. This gives us an exact sequence

0— Kerp — F(P) — P — o.

Since P is projective, the sequence splits. Hence from Proposition 7.2.10. P is direct
summand of F(P). it

We have the following corollary.

Corollary 7.2.21 A left R-module P is projective if and only if every short exact
sequence
0O— M -—N—P—0

splits.

Proof Suppose that every short exact sequence

0O— M —N—P —0
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splits. Then, in particular,
0— Kerp — F(P)— P — o0

splits. From the Proposition 7.2.10, P is a direct summand of F (P). From Theorem
7.2.20, it follows that P is projective. The converse follows from the Proposition
7.2.16. f

Corollary 7.2.22 Let {P, | @ € A} be a family of left R-modules. Then P =
D Xyen Py is projective if and only if each P, is projective.

Proof 1If P is projective, then, since each P, is direct summand of P, each P, is
projective. Conversely, suppose that each P, is projective, then P, is direct summand
of a free module F,,. But, then P is a direct summand of @ X, F,. Since direct sum
of free modules are free, the result follows. it

Example 7.2.23 Every vector space (being free) is projective. It is also injective.

Example 7.2.24 Direct sum of infinite cyclic groups are Z-projective, for they are
free.

Example 7.2.25 Since submodules of free modules over a P.I.D. are free, projective,
and free modules over P.I.D. are same. In particular, all projective modules over F[X],
where F is field, is free. It is a fact that all finitely generated projective module over
F[Xy, X», ..., X,]1s free. This fact was conjectured by J.P. Serre, and it was proved
by D. Quillen and Suslin simultaneously, and independently in 1976.

Example 7.2.26 7Z,, is not Z-projective for it is not free. Z is Z-projective but it is
not injective.

Example 7.2.27 Submodule of a free module need not be free. For example, Zg is
free over Zg, but Z3 being an ideal of Zg is a submodule, and it is not free. Also
Ze = 73 @ Z,, and so Zj is projective but not free.

Example 7.2.28 Submodule of a projective module need not be a projective module.
Zy4 is free module over Zy4, and so it is projective. However w Z, is a submodule of
Z4 which is not direct summand of a free module, and so it cannot be a projective
module. Quotient of a projective module need not be projective, for otherwise every
module will become projective.

Theorem 7.2.29 Let I be a left R-module. Then I is injective if and only if given
any left ideal A of R and a R-homomorphism [ from A (considered as R-module)
to I, there exists a R-homomorphism f from R to I such that f/A = f.

Proof If I is injective, then by the definition, every homomorphism from A to I can
be extended to a homomorphism from R to /.

Conversely, suppose that every R-homomorphism from every ideal A to I can
be extended to a homomorphism from R to /. Let £ be an injective homomorphism
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from a left R-module to M to a left R-module N, and ¢ a R-homomorphism from
M to I. We have to show that ¢ can be extended to a homomorphism from N to
I. Let X be the set of all pairs (L, ¥) such that L is a submodule of N containing
&(M), and ¥y ahomomorphism from L to I such that v0& = ¢. Further, X # @, for
(E(M), ) belongs to X, where ¥ (§(x)) = ¢(x)forall x € M.Define arelation <
on X by (L, ¥) < (L, x),if L C L'"and x/L = . Clearly, (X, <) is a nonempty
partially ordered set. Let {(L,, ¥,) | @ € A} be a chain in X. Since union of a chain
of submodules is a submodule, L = Ume A Lo 1s a submodule of N containing
&(M). We have a unique homomorphism v from L to N defined by the property that
Y/Ly = ¥, for all @. Clearly, (L, 1) is an upper bound of the chain. By the Zorn’s
Lemma X has a maximal element (L, ¥) (say). We show that Ly = N. Suppose
that Ly # N,andxo € N — Lo. Let A = {A € R | Axgp € Lo}. Then A, being the
inverse image of L, under the homomorphism A ~» Ax, from R to N, is anideal of R,
and the map f from A to [ defined by f(1) = Yo (Axp) is a homomorphlsm From
our supposition, we have a R-homomorphism f from R to I such that f/A = f.
Let Ly = Lo+ < xo > be the submodule of N generated by L | J{xo;. T hen
Ly is a proper submodule of L;. Any element of L, is of the form u + Axy, where
u € Ly and A € R. Suppose that u; + Axo = ur + Axxp, where uy,uy € Ly
and Ay, A, € R. Then (A, — A)x9 = wu; —ur € Lo. Hence A, — A1 € A, and
fa=2) = fo—h) = Wo(()»z—)»l)xo) = Yo(ur—uz) = Yo(ur) —Yo(uz).
Hence f(A2)—f (M) = Yo(u1)—o(uz),and so Yo (uy)+f (k1) = Yo(uz)+f (h).
Thus, we have a map Y| from L; to I given by ¥1(u + Axg) = Yo(u) + f(k).
clearly, ¥ is a homomorphism, and /Ly = . Hence (L, ¢) € X, and
(L1, ¥1) > (Lo, ¥o)- This is a contradiction to the maximality of (L, ¥). Thus,
Ly = N, and v is a homomorphism from N to [ such that Yy0& = ¢. This proves
that / is injective. i

Now, we describe Z-injective modules. Recall the following:

Definition 7.2.30 An abelian group A is called a divisible if for all a € A and
n € Z— {0}, thereisab € A such thatnb = a.

Corollary 7.2.31 An abelian group A is Z-injective if and only if it is divisible.

Proof An ideal of Z is of the form m Z for some nonnegative integer m. From the
above theorem, an abelian group A is Z-injective if and only if for each m, every
homomorphism from mZ to A can be extended to a homomorphism from Z to A.

Suppose that A is Z-injective. Leta € A and n € Z — {0}. The map f from nZ
to A defined by f(nm) = ma is a homomorphism. Since A is injective, there is
a homomorphism f from Z to A such that f/nZ = f.Now f(n) = f(n) =
l-a = a.Suppose that f(1) = b.Thena = f(n) = n- f(1) = n-b. This
shows that A is divisible.

Conversely, suppose that A is divisible. Let f from nZ to A be a homomorphism.
Suppose that f(n) = a. Since A is divisible, there is b € A such that nb = a. We
have a homomorphism f from Z to A defined by f(m) = mb. Alsoif m = nr,
then f(m) = nrb = rnb = ra = f(nr) = f(m).This meansthat f/nZ = f.
It follows from the above theorem that A is injective. it
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Example 7.2.32 The groups (Q, +), (R, +), (C,+), and (S', ) are all divisible
(verify), and so they are all Z-injective.

Example 7.2.33 Homomorphic images, and also the quotients of divisible groups
are divisible groups (verify). In particular, Q/Z ~ P is Z-injective. Submodule of
an injective module need not be injective, for (Z, +) is not injective whereas (Q, +)
is injective.

Example 7.2.34 No nontrivial finite group can be divisible, for if | A | = n and
a # 0, then we cannot find a b € A such thatnb = a.

We have seen that every module is quotient of a projective module. Dually, we
show that every module is submodule of an injective module.

Proposition 7.2.35 A left R-module I is injective if and only if for every left ideal
A of R and every R homomorphism f from A to I, there exists a x € I such that
f(a) = ax forall a € A.

Proof Suppose that [ is injective, A aleftideal of R, and f a R-homomorphism from
A to I. Then there exists a R-homomorphism ¢ from R to [ such that /A = f.
Suppose that (1) = x. Thenp(a) = ¢p(a-1) = a-¢(1) = a-xforalla € R.
In particular, f(a) = a-x forall a € A. Conversely, suppose that such a x € /
exists. Then the map ¢ from R to I defined by ¢ (a) = a - x is a homomorphism
which is an extension of f. The result follows from the Theorem 7.2.29. i

Let R be aring with identity, and A be an abelian group. Then the set Homz(R, A)
of all additive group homomorphisms from (R, 4) to A is an abelian group with
respect to the pointwise addition. Homz(R, A) becomes a left R-module with respect
to the external multiplication - defined by (a - f)(b) = f(ba).If A is also a left
R-module, then Homg(R, A) is a subgroup of Homz(R, A). If f € Homg(R, A),
thena - f € Homg(R, A), for (a - f)(bc) = f(bca) = bf(ca) (for fisa R—
homomorphism)= b(a - f)(c). This shows that Homg(R, A) is a left submodule of
Homy(R, A) for all left R-module A.

Proposition 7.2.36 Let M be a left R-module. Then the map ¢ from Homg(R, M)
to M defined by ¢ (f) = [f(1) is an isomorphism of R-modules.

Proof Clearly, $(f +8) = (f +0(1) = f()+g() = ¢(f) + ¢ (s,
and ¢(a-f) = (@ - H) = f(l-a) = fla) = a- f(1) (for fisa R-
homomorphism)= a - ¢(f). This shows that ¢ is a homomorphism. Next, suppose
that ¢(f) = ¢(g). Then f(1) = g(1). Since f and g are R-homomorphisms,
f@) = a-f() = a-g(1) = g(a)foralla € R. This shows that f = g, and
so ¢ is injective. Lastly, let x € M. Define a map f from R to M by f(a) = a - x.
Then f € Homg(R, M) and ¢ (f) = x. This shows that ¢ is also surjective. it

Proposition 7.2.37 Let A be a divisible group and R a ring. Then the left R-module
Homyz(R, A) is a left injective module over R.
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Proof Let B be a left ideal of R, and f be a R-homomorphism from B to
Homyz(R, A). Then the map x from B to A defined by x (b) = f(b)(1) is clearly
a group homomorphism from (B, +) to A. Since A, being divisible, is Z-injective,
we can extend x to a group homomorphism y from the group (R, +) to A. Now, for
beB, f(b)(1) = x(b) = x(b) = by(l). This show that f(b) = b -x for all
b € B. From the Proposition 7.2.35, the result follows. f

The proof of the following proposition is an easy verification.
Proposition 7.2.38 Direct sum of divisible groups are divisible. it
Proposition 7.2.39 Every abelian group can be embedded in to a divisible group.

Proof Let A be an abelian group. Then A is quotient of the free abelian group F(A)
on A. Suppose that A &~ F(A)/L. Now, F(A) is direct sum of A copies of Z, and
so it is a subgroup of direct sum of A copies of (Q, +). Thus, A is isomorphic to
a subgroup of quotient group of the direct sum of A copies of Q. Since direct sum
of divisible groups are divisible, and also the quotient group of divisible groups are
divisible, the result follows. it

Theorem 7.2.40 Every left R-module can be embedded in a left injective R-module.

Proof Let M be aleft R-module. From the above proposition, (M, +) is subgroup of
a divisible group D. Since Hom is a left exact functor, Homz(R, M) is isomorphic
to a submodule of Homyz(R, D). Since D is divisible, Homyz (R, D) is injective over
R. Also M ~ Homg(R, M) is a submodule of Homyz(R, M). The result follows.

Corollary 7.2.41 A left R-module I is injective if and only if every short exact
sequence of the type

0 I, M__, N__, 0

splits.

Proof If I is injective, then it is already seen that the sequence will split. Conversely,
suppose that every such exact sequence splits. Since every module can be embedded
in an injective module, there is an injective module M such that / is a submodule of
M. This gives us an exact sequence

0—I1—M— M/N — o.

By our hypothesis, the above exact sequence splits. Hence [/ is direct summand of
an injective module M. Since direct summand of an injective module is an injective
module, 7 is an injective module. f

Exercises

7.2.1 State and prove the Five lemma for groups.
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7.2.2 Develop the concept and the theory of projective and injective groups. Try to
characterize them.

7.2.3 A commutative integral domain R is said to be a Dedekind domain if given
any pair of ideals A and B of R such that B C A, there is an ideal C such that
B = AC. For example, every PID is Dedekind domain. Z[v/—3] is a Dedekind
domain (prove it). Indeed, if we have a subfield F' of C which is a finite-dimensional
vector space over its subfield Q (such a field is called a number field) , and R the
set of elements of F* which are roots of monic polynomials with rational coefficients
(called the ring of algebraic integers F), then R is a Dedekind domain. Let R be a
Dedekind domain. Let A be an ideal of R. Show that A considered as a module over
R is a finitely generated projective module.

Hint. Leta € A,a # 0. Then Ra C A. Let B be an ideal such that Ra = BA.
Suppose that a = bya; + brar + - -+ + bya,. Check that (uy, us, ..., u,)
uia; + uras + - - - + u,a, is a module homomorphism with the inverse map given
by x +— (v, v,...,0,), Where via = xb;.

7.2.4 Let R be a Dedekind domain. Using induction on n and the fact that projection
maps from R" to R are module homomorphisms, show that every finitely generated
projective module is direct sum of finitely many ideals of R.

7.2.5 A ring R with identity is called a local ring if the set M = R — R* of
non-units form a left ideal of R. Show that M is a two-sided ideal which is maximal
ideal. Deduce that R/M is a division ring. Let [a;;] be a n x n matrix such that the
matrix [a;; + M]is invertible in R/M. Show that A is invertible.

Hint. If [a;; + M] is the identity matrix in R/M, then using elementary operations
[a;;] can be reduced to identity matrix.

7.2.6 Use the Exercise 7.2.5 to show that every finitely generated projective module
over a local ring is free.

7.2.7 R be aring with identity, and A be a n x n idempotent matrix with entries in
R. Show that R" A is a finitely generated projective module, where elements of R”
are treated as row matrices. Conversely, show that any finitely generated projective
module is isomorphic to such a module.

7.2.8 Let A and B be m x m idempotent matrices with entries in a ring R. Suppose
that there is a invertible m x m matrix P such that PAP~' = B. Show that the
projective modules R™ A and R™ B are isomorphic as a module over R.

7.3 Tensor Product and Exterior Power

Let R be aring with identity. Let M be a right R-module, N a left R-module, and L
an abelian group. A map f from M x N to L is called a balanced map if it satisfies
the following two conditions:
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(i) The map f is additive in both the coordinates in the sense that f(x + y,u) =
f, )+ fy,uw), fx,u+v) = f(x,u)+ f(x,v)forall x,y € M, and for
allu,v € N.

(i) f(xa,u) = f(x,au)forallx e M, a € R,andu € N.

If further, M, N, and L are both sided R-modules, and in addition to (i) and (ii),
we have f(xa,u) = af(x,u), then we say that f is a bilinear map.

If f is a balanced map, then it follows from the additivity that f(0,u) = 0 =
f(x,0).

Let M be a right R-module, and N be a left R-module. We have the following
universal problem:

“Does there exists a pair (L, f), where L is an abelian group, f a balanced map
from M x N to L with the property that if (L', f) is another such pair, then there is
a unique homomorphism ¢ from L to L’ such that pof = f'?”

Asinearlier cases solution to above problem, if exists, is unique upto isomorphism.
For the existence, consider the free abelian group (F(M x N),i)on M x N.Let A
be the subgroup of F(M x N) generated by the elements of the types

(1) l(-x+y1u) _l(-xvu) _l(yvu)3
(1) i(x,u4+v)—i(x,u) —i(x,v),

and
(i) i(xa,u) —i(x,au).

Let L = F(M x N)/A, and f = voi. We show that (L, f) is a solution
to the above problem. Let L’ be an abelian group, and g a balanced map from
M x N to L'. From the universal property of a free abelian group, there is a unique
homomorphism ¢ from F(M x N) to L’ such that poi = g. Since g is a balanced
map ¢ (i (x+y, u)—i(x,u)—i(y,u)) = ¢(i(x+y, w)—¢i(x,u))—¢(y,n)) =
gx+y,u)—g(x,u)—g(y,u) = 0. Thus, the elements of the type (i) are contained
in the kernel of ¢. Similarly, elements of the types (ii) and (iii) are also contained
in the kernel of ¢. This shows that A is contained in the kernel of ¢. From the
fundamental theorem of homomorphism, there is a unique homomorphism 7 from
L = F(MxN)/Ato L suchthatnov = ¢.But,thennof = novoi = ¢oi = g.
This completes the proof of the fact that (L, f) is the solution to the above universal
problem. The abelian group L is denoted by M ®x N, and it is called the tensor
product of M and N. The image f(m,n) = i(m, n)+ A is denoted by m ® n. Thus,
(m,n) ~» m ® n is a balanced map, and hence

O x+y)Qu = xQu+yQu,
) xQ@u+v) = xQu + y®v,

and
(i) xaQ@u = x ®au

forallx,y e M,a € R,andu,v € N.
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Also0®u = 0 = x®O0forallx € Mandu € N.

Further, if L’ is an abelian group, and g a balanced map from M x N to L', then
we have a unique homomorphism ¢ from M ®gz N to L’ defined by the property
¢pm@n) = gim,n).

Definition 7.3.1 Let R and S be rings with identities. An abelian group M which
is a left R-module, and also a right S-module is called a Bi — (R, S) module if
(a-x)-b =a-(x-b)forallx e M,ae R,andb € S.

Observe that if R is a commutative ring with identity, then a left R-module M is
also a right R-module (define x - a = a - x). In fact, it is a bi-(R, R) module.

Proposition 7.3.2 Let M be a right R-module and N a bi-(R, S) module. Then
M ®gr N has unique right S-module structure defined by (x @u) -b = (x @ (u - b)).
If M is bi-(S, R) module, and N a left R-module, then M Qg N is a left S-module.

Proof Let M be aright R-module, and N be a bi-(R, S) module. Let b € S. Define
amap f, from M x Nto M ® N by f,(x,u) = x Qub. Itis easy to observe (using
the fact that N is a bi-(R, S) module) that f, is a balanced map. From the universal
property of the tensor product, we have a unique homomorphism ¢, from M Qg N to
itself defined by the property ¢, (x ® u) = x x ub. Define an external multiplication
on M ®@gr N by elements of S from rightby z-b = f,(z) forallz € M ®g N,

and b € S. Since f}, is a homomorphism for all b € S, and f;5, = fp,0f5, for all
b1, by € §, it follows that M ®x N is a right S-module with respect to the external
multiplication defined above. The rest can be proved similarly. it

In particular, we have the following corollary.

Corollary 7.3.3 If R is a commutative ring, then M @ N is a both sided R-module.
i

Proposition 7.3.4 Let M and N be bi-(R, R) modules. Then we have a unique
isomorphism f from M Qg N to N Qg M such that f(x @ y) = y ® x.

Proof The map ¢ from M x N to N @r M defined by ¢p(x,y) = y®xisa
balanced(in fact bilinear) map. From the universal property of the tensor product,
we have a unique homomorphism f subject to the condition f(x ® y) = y ® x.
Similarly, we have a unique homomorphism g from N ® g M to M ® N subject to
the condition g(y ® x) = x ® y. Clearly, gof(x ® y) = x ® y forall x € M and
ye N.Since{x ® y|x € M,y € N}is aset of generators of M Q@ N, it follows
that gof = Iyg,n.Similarly, fog is also the identity map. This shows that f is an
isomorphism. i

In particular, we have the following corollary.

Corollary 7.3.5 Let R be a commutative ring, and M and N be are R-modules.
Then M Qg N is isomorphic to N Qg M. it
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Proposition 7.3.6 Let M be a right R-module, N a bi-(R, S) module, and L a left S-
module. Then there is a unique isomorphism ¢ from (MQQrN)QsL to MQr (N ®sL)
subject to the condition p(x @ y) ®z) = x Q@ (yQz) forallx € M,y € N, and
ze L.

Proof Let x € M. The map (y,z) ~ (x ® y) ® z defines a balanced map from
N x Lto(M®pg N)®s L. Hence, there is a unique homomorphism ¢, from N ®g L
to (M ®g N) ®s L subject to the condition ¢, (y ® z2) = (x ® y) ® z. The map
(x,u) ~ ¢, (u), whereu € N ®g L, is also a balanced map from M x (N ®g L) to
(M ®r N)®gs L. Thus, there is a unique homomorphism ¢ from M @ (N Qg L) to
(M ®g N)®g L subject to the condition p (x ® (y®z)) = (x®y)®z. Similarly, we
have a unique homomorphism ¢ from (M @z N) ®s L to M ®g (N ®g L) subject
to the condition ¥ (x ® y) ®z) = x ® (y ® z). It is clear that ¢» and y are inverses
of each other. it

Remark 7.3.7 The above result, in particular, says that if R is acommutative ring with
identity, M|, M, . .., M, are R-modules, then the tensor productof M|, M», ..., M,
taken in same order with respect to any two bracket arrangements are naturally
isomorphic. Thus, we can define the tensor product M| ®r M Qg -+ Qr M,
unambiguously. It is universal with respect to n-linear maps in the sense that if
¢ is a n-linear map from M; x M, x --- x M, to an R-module L, then there
is a unique homomorphism v from M; @z M, Qg --- @ M, to L subject to
VI ®@xn®: - ®xy) = ¢(x1,x2, ..., Xpn).

Proposition 7.3.8 Let R be a ring with identity. Then there is a unique
R-isomorphism f from R @g M to M defined by f(a @ x) = ax.

Proof The map (a, x) ~» ax is clearly a balance map from R x M to M. Hence
there is a unique homomorphism ¢ from R ® g M to M such that ¢ (¢ ® x) = ax.
Also the map v from M to R ® g M defined by ¢ (x) = 1 ® x is a homomorphism.
Now, (Vod)la ® x) = Yax) = 1Q@ax = la®x = a ® x. Thus,
Yo¢p = Irg,m.Similarly, oy = I. This shows that ¢ is a group isomorphism.
Further, Y (ax) = 1®ax = a®x = a-(1 ®x) = ay(x). This shows that v
is a R-isomorphism. i

Proposition 7.3.9 Let {M, | « € A} be a family of right R-modules and N a
left R-module. Then there is a unique isomorphism ¢ from (®qcxMy) @ N to
®Zgcp (My ®r N) such that ¢(f @ n)(@) = f(«) ® n. Similar result holds if N
is a right R-module and M, is left R-module for each .

Proof The map ¢ from (BXycaMy) X N to ®Xpcn (M, Qg N) defined by
d((fin)(@) = f(x) ®n is easily seen to be a balanced map. Hence there is
a unique homomorphism ¢ such that ¢ ( f®n)(a) = f(a)® n. The inverse map
is an obvious map. The proof of the second part is similar. it

Remark A free left R-module is isomorphic to direct sum of several copies of R,
and which are also bi-(R, R) modules. Thus, a free left (right) R-module is also a
free bi-(R, R) module.
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Corollary 7.3.10 Tensor product of free left R-modules is a free left R-module. In
turn, the tensor product P ® Q of a projective bi-(R, R) module P with a projective
left R-module Q is a projective left R-module.

Proof Since a free left R-module is direct sum of so many copies of R, and since
R®R isisomorphic to R, the first part of the result follows from the above proposition.
Further, let P be a projective bi-(R, R) module, and Q a projective left R-module.
Then there exists a right R-module L, and a left R-module M such that such that
P® L isafree R-module, and Q & M is also a free R-module. Since tensor product of
free R-modules are free R-modules, (PO L) R (Q @ M) is afree R-module. From the
previous proposition, (P® Q)@ U isfree, where U = (POM)D(LRQ)B(LRIM).
Hence P ® Q is a projective module. i

Corollary 7.3.11 Let V and W be finite-dimensional vector spaces over a field F.
Thendim(V @ W) = dim(V) - dim(W).

Proof Suppose that dim(V) = n, and dim(W) = m. Then V is isomorphic to
direct sum of n copies of F, and W is isomorphic to m copies of F. From the above
proposition it follows that V ® W is isomorphic to the direct sum of nm copies of
F. The result follows. i

Remark 7.3.12 Let {eq, ez, ...,e,} beabasisof V,and { fi, f>, ..., fn} be a basis
of W.Then{e; ® f; | 1 <i <n,1 < j <mj}isasetof generators of V ® W, and
soitisabasisof V® W.

Example 7.3.13 We show that Z,, ®z Z, is isomorphic to Z;, where d is the g.c.d
of m and n: Suppose thata = a’ in L, and b = b in Z,,. Then m divides a — a’,
and n divides b — b’. This means d divides a — a’, and it also divides b — &’. In turn,
d divides ab — a'b’. Hence ab = a’b’ in Z,. Thus, we have a map f from Z,, x Z,
to Zy defined by f(a,b) = ab. Evidently, f is a balanced map, and so it induces a
unique homomorphism ? from Z,, ®z, Z, to Z4 such that 7(5 ®b) = ab. Clearly,
f is surjective. Suppose that ab = 0 in Z,. Then d divides ab. By the Euclidean
algorithm, there are integers u and v such thatd = wum + wvn. Since d divides ab,
there are integers r and s such that rm + sn = ab. But, then

b =a®bl =ab®1 = ab®1 = rm+sn®1 = sn®1 =
s@nl =350 =0

This shows that kernel of f is {0}, and so f is also injective.

Let f; be a R-homomorphism from a right R-module M, to a R-module M,, and
g1 @ R-homomorphism from a left R-module N; to a left R-module N,. The map
f1 X g1 from M| x N| to M, ®g N, defined by (f1 x g1)(x,y) = fix)®g(y)isa
balanced map(verify). Hence it induces a unique homomorphism f; ® g1, called the
tensor product of fi and g1, from M| @ N1 to Mo ®@r N, suchthat (fi®g1)(x®y) =
f1(x) ® g1(y). Since {u @ v | u € M,, v € N,} is a set of generators of M, @ N,
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it follows that tensor product of any two surjective homomorphisms is a surjective
homomorphism. Suppose further that f, is a homomorphism from M, to M3, and g,
that from N, to N3. Then

(f20f1) ® (g2081) = (f2® g2)o(f1 ® g1).

If N is a left R-module, then the homomorphism f ® Iy from M; ®x N to
M, ®g N is denoted by f,. It is clear that (gof), = g.ofs, and 0, = 0. Also

Iv @ In = Iygyn-
Tensoring is a right exact functor in the sense of the following theorem.

Theorem 7.3.14 Let

a B
]\/fl > ]WQ > M > 0

be an exact sequence of right R-modules, and N be a left R-module. Then the
sequence

Qe ﬂ*
Mi®@r N _ My®rN _, M3®@rN__, 0

is also exact.

Proof Since B is surjective, and the tensor product of surjective homomorphisms are
surjective, B, is surjective. Thus, we need to show that kerfB, = imageo,. Again,
since foa = 0, we have 0 = (Bowa), = pB.oa,. Hence imagea, C kerp,.
Put imageo, = L. By the fundamental theorem of homomorphism, we have a
unique homomorphism ¢ from (M, ® g N)/L to M3 ®g N defined by ¢ ((m, ®n) +
L) = B(my) ® n. It is sufficient to show that ¢ is an isomorphism. We construct
its inverse. If B(m,) = P(m}), then mp, — m/, belongs to kerf = imagea. Hence
(m, @ n) — (my ®n) = (mp —m}) ®nisin L. This ensures that we have a map
(m3,n) ~ my®n+ L from M3 x N to (M, ®g N)/L where B(m;) = ms. Thisis
a balanced map(verify). Hence we have a unique homomorphism ¢ from M3 @ N
to (M, ®g N)/L such that ¥ (m3 @ n) = my @ n + L, where B(m;) = m3. Now
(poy)(mzs @n) = ¢(my @n+ L) = B(my) ®n = m3 ® n. This shows that
¢o is the identity map. Similarly, ¥ o¢ is also the identity map. This proves that ¢
is an isomorphism, and so L = kerp,. it

Remark 7.3.15 Consider the homomorphism f from Z to Z defined by f(a) = 5a.
Then f is injective but f, from Z ®yz Zs to itself is the zero map, for f,(m ® a) =
fm®a = Sm®a = m®5a = 0. Since Z Qy, Zs ~ Zs is nontrivial, f, is not
injective. This shows that tensoring is not left exact.
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Example 7.3.16 Let A be an abelian group. Then Z,, ®z A is isomorphic to A/mA:
Consider the exact sequence

where « is the multiplication by m. Taking tensor product with A, and observing
the fact that tensoring is right exact, we see that Z,, ®z A is isomorphic to (Z ®z
A)/kerv,. Againkerv, = imagea,. Theisomorphism f from Z®yz A to A given by
f(n®a) = na takes imagea, to mA. The assertion follows from the fundamental
theorem of homomorphism.

Let V be a vector space over a field F. Let é) V denote s times tensor product
of V with itself, and é) V* denote r times tensor product of the dual space V*

with itself. Let V. denote the tensor product (é) V) ® (é) V*). The members of
V. are called tensors of the type (7, s). Tensor product induces a multiplication
inT(V) = @®Z,,V, with respect to which it is an associative algebra called the
tensor algebra of V. The Riemann’s metric tensor is an example of a tensor of order
(2,0).

Let V be a vector space over F. Let W denote the subspace of é V generated by
(X1®x,®---®x, | x; = xjforsomei # j},andlet A" V denote the quotient space

(é) V)/W. Let us denote the coset x; @ xa ® - - - @ x, + Wby x; Axa A -+ A x.
The map f from V" to A" V defined by

Fxi, x0, ..., %) = xl/\xz/\-~-/\xr

is r-alternating, and the pair (A" V, f) is universal in the sense that if g is any r-
alternating map from V"’ to a space U, then there is a unique linear transformation n
from A" V to U such that

n(x /\xz/\"'/\xr) = gx1, x2, ..., %)

The pair (A" V, f) is called the rth exterior power of V.

If T is a linear transformation from V to W. Then the map x"T from V' to
N W defined by (x"T)(x1,x2, ..., %) = T@)AT@)A--- AT(x)isanr
- alternating map, and so it induces a unique homomorphism A" 7 from A" V to
A" W which takes x; Axa A --- Ax, o T(x) ATx2) A -+ A\ T(x,). It is easy
to verify that A"(7'0T) = (A" T"o(A\" T),and \" Iy = I, y.In particular, if
T is an isomorphism, then A" T is an isomorphism for all r.

If V is vector space of dimension 7, then any m-alternating mapon V form > n
is zero map (for an r alternating map takes any linearly dependent » tuple to 0). Thus,
we have the following proposition.
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Proposition 7.3.17 Let V be a vector space of dimension n. Then \"' V = {0} for
allm > n. f

Theorem 7.3.18 Let V be a vector space of dimension n. Then dim \"V = 1.

Proof Let {e|, ey, ...,e,} be an ordered basis of V. If f is an n-alternating
map, then for any ordered n-tuple {xi, x2, ..., x,}, f(x1,x2,...,%x,) = detA -
flei,ex, ..., ey), Wwhere x; = X a;;e;, and A = [a;;]. Thus, f is determined
uniquely by its value f(ey, ey, ..., e,). This shows that dim /\" V is at most 1. Also
the map f defined by f(x;,x2,...,x,) = detA defines a nonzero n-alternating
map(indeed, f (1, €2, ..., €;,) = 1). This shows that the dimension of A" V is 1. #

Let V be a vector space of dimension n, and 7" a linear transformation on V.
Then A" T is a linear transformation on A" V. Since A" V is of dimension 1, the
linear transformation A" T is multiplication by a scalar. This scalar is called the
determinant of 7'. It is easy to observe that this definition of determinant agrees with
the definition of determinant in the Chap. 5.

Theorem 7.3.19 Let V be a vector space of dimension n, and r < n. Then
dim \'V = "C,.

Proof For r = n, the result is the content of the above theorem. Let {e;, e, ..., e,}
be abasis of V. Then as observed in the above theoreme; A e A - - - /\ e, is nonzero.
Consider the subset S = {e;, Ae, A=~ Nei |i1 <ia < -+ < g lof \V.
Clearly, every member of A" V is a linear combination of members of S, and so it
is a set of generators. We show that § is linearly independent. Suppose that

X iy <o<i, Qiyin--i, (€ /\ e, /\ e /\ e,) = 0.

Fix j; < j» < --- < j,.Suppose that

{1527-"”/1} - {jl’j2a--~7jr} == {jr+15jr+27"-7jl‘l}~

Taking the exterior product with j, 1 A j42 A -+ /\ j. we obtain that

aniesen Ao Ao Ao Ner A Aes = o

Since ji # j; for all k # [, it follows that

ei New N\~ Nei = e Nea \ -+ N\ ew #0.

Hence aj, j,...;, = 0. This shows that S is linearly independent, and so it is a basis.
Clearly, the number of elements in S is "C,. it

The exterior product gives us an external multiplication from A"V x A'V
to /\r“ V, and this can be extended linearly to a multiplication on E(V) =
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®E2, (A" V) with respect to which it is an associative algebra, and it is called
the exterior algebra of V. Also,

dim(E(V)) = Z]_,Dim \V = "Cy + "C + -+ + "C, = 2".

Exercises
7.3.1 Show that Zs ®y Zj3 is the trivial group.

7.3.2 Show that A ®y, Z,, is trivial whenever A is divisible. Deduce that Q ®7 Z,,
is trivial.

7.3.3 Let A be an abelian group of exponent m. Show that A ®z Z,, is isomorphic
to A.

7.3.4 Show that tensoring takes a split exact sequence to a split exact sequence.
7.3.5 Find Q ®z Q.

7.3.6 Let R be a commutative ring. Show that Hom g (A ®g B, C) is isomorphic to
Homg(A, Homg(B, C)).

7.3.7 Show that the definition of determinant in this section agrees with the defi-
nition of determinant given in the previous chapter, and establish all properties of
determinant using this definition.

7.3.8 Let V be a vector space of dimension at least 2. Show that a linear transfor-
mation 7 on V is an isomorphism if and only if A" T is an isomorphism for all
r>2.

7.4 Lower K-theory

In this section, we shall introduce and discuss the functors Ky and K; from the
category of rings to the category of abelian groups. Let R be a ring with identity.
Let e (R) denote the set of isomorphism classes of finitely generated projective left
R-modules (Note that o (R) is, indeed, a set). The isomorphism class of projective
module determined by P will be denoted by [ P]. Let Ko(R) denote the abelian group
generated by g (R) subject to the relation

[Pl + [Q] = [P&® Q]

More precisely, Ko(R) = F/N, where F is the free abelian group with basis
©(R), and N is the subgroup of F generated by the set of elements of the
type [P] + [Q] — [P @ Q]. The group Ko(R) is also called the Grothendieck
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group of the ring R. It is also called the Grothendieck group of the category Py of
finitely generated left projective modules over R. The coset [P] + N is denoted by
< P >.Thus, the elements of the type < P > generate K((R). Clearly, any element
of Ko(R) is expressibleas < P > — < Q >.

Definition 7.4.1 Two finitely generated projective R-modules P and Q are said to
be stably isomorphic, if P & R" is isomorphic to Q & R" for some n. A projective
R-module P is said to be stably free if it is stably isomorphic to a free R-module.

Remark 7.4.2 Clearly, isomorphic projective modules are stably isomorphic. How-
ever, two stably isomorphic projective modules need not be isomorphic. For example,
let V be an infinite-dimensional vector space over a field F, and R the ring of endo-
morphisms of V. Then the module R over R is isomorphic to the module R & R
(check it). As such, the trivial module is stably isomorphic to the module R, but R
is not isomorphic to the trivial module.

Proposition 74.3 < P > = < Q > ifand only if P and Q are stably isomorphic.
Inturn, < P> — <Q>=<P > — < Q >ifandonlyif P ® Q' is stably
isomorphic to P’ & Q.

Proof Suppose that P is stably isomorphic to Q. Then [P & R"] = [Q & R"]
for some n. This means that < P > + < R" > =< Q > + < R" >. This
shows that < P > = < Q >. Conversely, suppose that < P > = < Q >. Then
[P] —[Q] € N. Since N is the subgroup of F generated by the elements of the
type [P] + [Q] — [P @ Q], there exist elements [P;],[Q;],i = 1,2,...,n, and
[L;]1.[M;],j=1,2,...,min F such that

[P] = [0] = ZL,({P1+[Qi] — [P® Qi) — Z/L,([L;1+[M;] — [L; & M;])
in F. Equivalently,

[P] + 2L, [P @ Qi + 20, (L1 +[M;]) =
(0] + 27, [L; & M;] + 2L, ([P ]+ [Q:D.

Since F is free abelian on g (R), there is a bijective correspondence between the set
of terms in the sum of the LHS to the set of terms in the sum of RHS so that the
corresponding terms represent same elements in g (R). This ensures the existence of
a finitely generated projective module U such that P @ U is isomorphicto Q @ U.
Since U is projective, there is a module V such that U & V is isomorphic to R" for
some n. But, then P @ R" is isomorphic to Q @ R". This shows that P is stably
isomorphic to Q. The rest follows immediately. il

Let f be a homomorphism from a ring R; to a ring R;. A ring homomorphism
is always assumed to preserve the identities of the rings. R, can be treated as a
right Rj-module by defining r -a = rf(a),r € Ry,a € Ry. In fact, then R, is a
bi — (R, Ry) module. If M is aleft Rj-module, then R, ®, M is aleft R,-module.
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We denote this R,-module by f;(M). Since tensor product distributes over direct
sum, the following assertions can be easily verified.

@ f:(P® Q)= f:(P)® f3(Q),
(ii) f: takes finitely generated modules to finitely generated modules,
(iii) f; takes free modules to free modules,
(iv) f3 takes projective modules to projective modules,
(v) f:defines amap from o (R) to ¢ (R;), and it respects therelation [P] 4 [Q] =
(P& Q]

In turn, f induces a homomorphism Ky(f) from Ko(R;) to Ko(R,) given by
Ko(f) (< P>—- <0 >) =< fi(P) > — < f:(Q) >. Further, (i) Ko(Ir) =
Ik, (r), and (i1) Ko(gof) = Ko(g)oKo(f). In the language of category theory, it
says that K is a functor from the category of rings to the category of abelian groups.

If R is acommutative ring, P and Q are finitely generated projective modules, then
P ® Q is again afinitely generated projective module. Since tensor product distributes
over direct sum, we have a product - on Ko(R) givenby (< P > — < Q >) - (<
PP>—<Q0>=<PRQO>+<00 >—<PRQ >—<Q0QP >.
It follows that K¢(R) is a commutative ring. Thus, K, defines a functor from the
category of commutative rings to the category of commutative rings also.

Proposition 7.4.4 Let R be a ring such that the following hold:

(i) R" isisomorphic R™ if and only if n = m.
(ii) Every finitely generated projective module is free.

Then K((R) is isomorphic to the group of integers.

Proof Under the hypothesis of the proposition g (R) = [R"], and R" is stably
isomorphic to R™ if and only if n = m. Thus, [R"] = < R" >. The map n from
the set {< R" > | n € N} to N defined by n(< R" >) = n is a bijective
map such that n < R*" @ R" > = n(< R" >) 4+ n(< R™ >). Suppose that
<R'>—<R">=<R >— < R >.Then < R"™ > = < R"" > This
means that n +s = m + r. Thus, n can be extended to a map 7 from Ky(R) to Z
given by 7(< R" > — < R™ >) = n — m. Clearly, 7 is an isomorphism. i

Corollary 7.4.5 (i) If D is a division ring, then Ky(D) is the group of integers.
(ii) If R is a principal ideal domain, then Ky(R) is the group of integers.
(iii) If R is a local ring, then K(R) is the group of integers.

Proof In each of the cases, the hypothesis of the above proposition is satisfied (for
local ring see Exercise 5, 6, and 7 of the Sect.7.2. f

Now, we introduce the functor K; from the category of rings to the category of
abelian groups. Let R be a ring with identity. Let us denote by G L (n, R) the group of
invertible n x n matrices with entries in R. There is a natural embedding of G L (n, R)
into GL(n 4 1, R)given by



7.4 Lower K-theory 261

A0
A~ [ 01 i| .
Under this embedding, G L(n, R) can be treated as a subgroup of GL(n + 1, R). We
get a chain of groups

GL(,R) S GL2,R)<---SGL(n,R) S GLn+1,R) S------

The union of this chain is a group denoted by GL(R), and it is called the gen-
eral linear group over the ring R. The elementary n x n matrices Ef/ (also called
transvections) are members of GL(n, R). The Steinberg relations still hold among
these matrices. Let E(n, R) denote the subgroup of GL(n, R) generated by these
elementary matrices. We have a chain

E(LR)CEQRC--CEmR CEm+1,R) C-----

of subgroups of GL(R). The union E(R) of this chain is a subgroup of GL(R).
Recall that for a field F, every matrix of determinant 1 can be reduced to the iden-
tity matrix using the elementary operations corresponding to transvections. In other
words, the special linear group SL(F) € E(F). Already, the elements of E(F') are
of determinant 1. Thus, SL(F) = E(F).

Proposition 7.4.6 E(R) is aperfect group in the sense that [E(R), E(R)] = E(R).

Proof One of the Steinberg relation is [El’\] E’].LZ] = Eixl“ .Taking A = 1, we observe
that every transvection is a member of [E(R), E(R)]. Hence, [E(R), E(R)] =
E(R). g

Proposition 7.4.7 Matrices of the type
IA 10 d 0-1
or|{ar| o |

Proof The result follows, if we observe that the matrices described in the proposition
can be reduced to the identity matrix by applying the elementary operations associated
to the matrices Ef] g

are members of E(R).

Corollary 7.4.8 Let A € GL(R). Then the matrix

[3:4]

is a member of E(R).
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Proof Follows from the above proposition and the identity
A 0 | TA I 0||TA||O0-1
0A '] o1 || -At1||loT||I O]

Lemma 7.4.9 Whitehead Lemma. [GL(R), GL(R)] = E(R).

Proof Already E(R) = [E(R), E(R)] € [GL(R), GL(R)]. Thus, it is sufficient
to observe that any commutator ABA~'B~! in GL(n, R) treated as an element of
GL(2n, R) can be expressed as

ip-1 _ |A O B 0 (BA™ 0
anats =[50 ][0 5070 s

i

Definition 7.4.10 The abelian group GL(R)/E(R) is called the Whitehead group
of the ring R, and it is denoted by K (R).

Thus, the Whitehead group K (R) can be viewed as the group of equivalent matrices
in GL(R), where two matrices A and B in G L(R) is said to be equivalent one can be
obtained from the other by using elementary operations associated to transvections.
For example, over fields, two matrices are equivalent if and only if they have same
determinant. Note that a nonsingular matrix A with entries in a field F can be reduced
to the matrix diag(1, 1, ..., 1, det A) by using the elementary operations associated
to transvections.

If f is a homomorphism from a ring R; to a ring R, then it induces a map from
M, (Ry) to M, (R,) which takes A = [a;j]to f(A) = [b;;], where b;; = f(a;;).
In fact, it maps GL(R;) to GL(R;), and E(R;) to E(R;). In turn, it induces a
homomorphism K;(f) from K;(R;) to K;(R,). It can be easily observed that (i)
Ki(gof) = Ki(g)oK(f),and (ii) K1(Ig) = Ik,(r)- In the language of category
theory, K| defines another functor from the category of rings to the category of
abelian groups.

If R is a commutative ring, then determinant of a square matrix with entries in R
makes sense, and then every element of E(R) is of determinant 1. Thus, E(R) C
SL(R).In general E(R) # SL(R). We denote the group SL(R)/E(R) by SK{(R).
It follows that

Ki(R) = SKi(R)® U(R),

where U(R) is the group of units of R. For most of the commutative rings R,
SL(R) = E(R), and in such cases K;(R) = U(R). For example, if R is a
Field, or a Local ring, or an Euclidean domain, or the ring of integers in a num-
ber field, the matrices of determinant 1 can be reduced to the identity matrix by
using elementary operations associated to the transvections E f] Thus, in these cases
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SL(R) = E(R),and so K{(R) = U(R). However, there are commutative rings
in which a matrix of determinant 1 may not be reducible to the identity matrix by
using elementary operations associated to transvections. For example, consider the
ring R = R[x, y]/T", where I" is the ideal generated by x> + y> — 1. Then the

matrix
A = [f _ﬂ,
y X

where X = x+T'andy = y 4+ I' is a matrix of determinant 1. Using topological
arguments (see “Algebraic K-Theory” by Milnor, p. 58), it can be shown that no
nontrivial power of A can be in E(R). Thus, SK|(R) contains an element of infinite
order.

Exercises
7.4.1 Compute K((Z¢), and also K (Zsg).

7.4.2 Find K((R), where R is the ring of endomorphisms of an infinite-dimensional
vector space V.

7.4.3 Determine Ko(M,(C)).
7.4.4 Show that Ky(R; x Ry) =~ Ky(R;) x Ko(R»).

7.4.5 Determine K((Z[i]) and K, (Z[i]).



Chapter 8
Field Theory, Galois Theory

This chapter is devoted to the theory of fields, Galois theory, geometric construc-
tions by ruler and compass, and the theorem of Abel-Ruffini about the polynomials
equations of degree n, n > 5. We also discuss cubic and biquadratic equations.

8.1 Field Extensions

Let K be a subfield of a field L. Then we say that L is a field extension of K. The
notation L/K is used to say that L is a field extension of K. If L is a field extension of
K, then (L, 4) is a vector space over K (the multiplication by scalars being the field
multiplication). If the dimension of (L, +) over K is infinite, then we say that L is
infinite extension of K. If the dimension of (L, +) over K is finite, then the dimension
of (L, +) over K is called the degree of the extension, and it is denoted by [L : K].

Proposition 8.1.1 Let K be a finite field. Then the number of elements in K is p" for
some prime p, and for some n € N.

Proof Since K is a finite field, its characteristic is a prime p. The map i ~» i - 1 is an
injective homomorphism from the field Z, to the field K. Thus, Z, can be considered
as a subfield of K, and since K is finite, it is a finite-dimensional vector space over
Z,. Suppose that the dimension of K over Z,, is n. Then K, as a vector space over
Zp, is isomorphic to ZZ' This shows that | K | = p". it

Proposition 8.1.2 Let L/K and K/F be finite field extensions. Then L/F is also
finite field extension, and [L : F]1 = [L : K][K : F].

Proof Suppose that [L : K] = nand [K : F] = m. Let {x;,x,...,x,} be a
basis of the vector space L over K, and {y;, y2, ..., ym} be a basis of K over F.
We show that S = {x;y; | 1 <i < n,1 <j < m}is a basis of L over F. Let
x € L. Since {x1,x2,...,x,}isabasisof Lover K,x = ajx; +ax; + -+ a,x,
for some ay, as, ..., a, in K. Further, since {y;, y2, ..., y,} is a basis of K over
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F,a; = XL, qjy; for some o € F. Thus, x = % ax;y;. This shows that §
generates the vector space L over F'. Now, we show that S is linearly independent over
F.Suppose that ¥; ;o;;x;y; = 0.Then X! 1(Ej’ilaﬁyj)xi = 0.Since {x1, x2, ..., X, }
is linearly independent over K, E]”; 1iy; = Oforalli. Again, since, {y1,y2, ..., Y}

is linearly independent over F, o;; = O forall j, i. it

Corollary 8.1.3 Let L be a finite extension of K, and a F a subfield of L containing
K. Then [L: F]/[L : K], and also [F : K]/[L : K]. i

Corollary 8.1.4 Let L be a finite field containing p" elements. Let K be a subfield
of L. Then K contains p™ elements, where m divides n.

Proof Since K is a subfield of L, charK = charL = p. Thus K contains p™
elements. Suppose that [L : K] = r. Then L, as a vector space over K, is isomorphic
toK",andsop” =|L|= (p™) = p™.Hencen = mr. it

Let L be a field extension of K. Let S be a subset of L. The subring of L
generated by K |J S will be denoted by K[S]. Clearly, K[S] is the intersection of
all subrings of L containing K [ J S. The subfield of L generated by K | J S is the
intersection of all subfields containing K | J S, and it is denoted by K(S). Clearly,
K(S) is the field of fractions of K[S]. If S is finite, and K(S) = L, then we
say that L is a finitely generated field extension of K. The ring K[S] is called the
finitely generated ring extension of K.

Let S = {aj,an,...,q,} be a finite subset of L. Let (X}, Xz, ..., X,) be
a polynomial in K[X], X5, ..., X,]. Then f(ay, as, ..., a,) denotes the element
of L which is obtained by substituting «; at the place of X; in the polynomial
fX1, Xa, ..., X,) for each i. It is clear that f (v, ap, . . ., ;) belongs to each sub-
ring which contains K | J S. Consider the map 7 from K[X;, X5, ..., X,] to L defined
by n(f (X1, X2, ..., X)) = f(ay, an, ..., ). Clearly, the map 7 is a ring homo-
morphism whose image is the subring of L generated by K | J S. This subring is
denoted by K[ay, s, ..., a,]. By the fundamental theorem of homomorphism,
K[X1, Xa, ..., X,]/kern is isomorphic to K[ay, ay, ..., a,]. If kern = {0}, then
we say that the set {«ay, oy, ..., a,} is algebraically independent. More explic-
itly, {aq, ao, ..., ay,} is said to be algebraically independent if there is no nonzero
polynomial f(X;, X5, ..., X,) such that f(ay, az,...,a,) = 0. It is said to be
algebraically dependent otherwise. It follows that K[, aa, .. ., a,]is the subfield
K(ay, ag, ..., ap) of L generated by K | J{«, a, ..., ,} if and only if the kern is
a maximal ideal. We shall see that this is, indeed, the case if and only if each ¢; is a
root of a nonzero polynomial in K[X]. Such elements are called algebraic elements
over K. We first consider the case whenn = 1.

Let L be a field extension of K and a € L. Consider the map 7 from K[X] to
K[«] defined by n(f (X)) = f(«). Then n is a surjective ring homomorphism. Thus,
by the fundamental theorem of homomorphism K[X]/kern is isomorphic to K[a].
There are two cases:
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(1) kern = {0}.
(ii) kern # {0}.

In case (i), n is an isomorphism from K[X] to K[«], and we say that « is a
transcendental element over K. More explicitly, « is a transcendental element over
K if o is not a root of any nonzero polynomial f(X) € K[X]. For example, 7 and the
exponential e are transcendental over Q.

In case (ii), there is a nonzero polynomial f (X) € K[X]suchthatf(«) = 0,andin
this case we say that « is an algebraic element over K. For example, a primitive cube
rootw = e of unity, being a root of the nonzero polynomial X + X + 1 € Q[X],
is algebraic over Q.

Suppose that « is an algebraic element over K. Then kern # {0}. Since K[X]
is a P1.D, kern is a nontrivial principal ideal. Suppose that kern = < p(X) > =
K[X]p(X). Let p’(X) be another polynomial in K[X] such that kern = < p'(X) > =
K[X]p'(X). Then p(X) divides p’(X), and also p’(X) divides p(X). In turn, p(X) =
ap’(X) for some nonzero element a € K. Thus, there is a unique monic polynomial
p(X) € K[X] such that kern = < p(X) >. The unique monic polynomial p(X),
thus obtained, is called the minimum polynomial of « over K, and it is denoted by
ming (o) (X). Clearly, the minimum polynomial ming (o) (X) of cv over K is the monic
polynomial of smallest degree having « as a root. Conversely, suppose that f(X) is a
monic polynomial of smallest degree having « as a root. Then ming («)(X) divides
f(X). By the division algorithm, there exist polynomials ¢(X) and r(X) such that
ming (o) (X) = q(X)f (X) +r(X), where r(X) = Oorelsedeg(r(X)) < degf(X).
Hence r(ar) = 0. This implies that (X) = 0, for other wise we shall arrive at a
contradiction to the supposition that f(X) is the smallest degree polynomial having
« as aroot. Hence f(X) divides ming (o) (X). It follows that f(X) = ming(a)(X).

Proposition 8.1.5 Let L be afield extension of K, and « € L be an algebraic element
over K. Then the minimum polynomial ming («)(X) of a over K is an irreducible
polynomial in K[X], and the ideal < ming(a)(X) > = K[X]|ming(a)(X) is a
maximal ideal of K[X].

Proof Suppose that ming (o) (X) = f(X)g(X), where f(X) and g(X) are noncon-
stant polynomials in K[X]. Then degf (X) < degmink (a)(X), and also degg(X) <
degming (a))(X). Further, 0 = ming(a)(a) = f(a)g(a). Since L is a field,
f(a) = Oorg(e) = 0.But, then ming (o) (X) divides f(X), or it divides g(X).
This is a contradiction. Hence ming («)(X) is an irreducible polynomial. Since the
ideal generated by an irreducible element in a principal ideal domain is a maximal
ideal, < ming («)(X) > is a maximal ideal. it

Proposition 8.1.6 Let L be a field extension of K, and o € L. Then « is algebraic
ifand only if K[a] = K(«). Further, then [K(«) : K] = degming () (X). it

Proof Suppose that « is algebraic. The map n from K[X] to K[a] given by
n(f(X)) = f(«) is a surjective homomorphism. From the fundamental theorem
of homomorphism, K[X]/kern is isomorphic to K[a]. By the above proposition,
kern = < ming(a)(X) > is a maximal ideal. Hence K[a] is a field, and so
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K[a] = K(a). Conversely, suppose that K[a] = K(«). Then K[«] is a sub-
field of L. Hence a~! € K[a]. Suppose that

al' =ay + aja + ad® + -+ + a,d",

where at least one q; is nonzero. Clearly,
fOO = =1 + aX + aiX? + - + auX""!

is a nonzero polynomial in K[X] such that f(a) = 0. It follows that « is algebraic.
Finally, suppose that « is algebraic, and

ming(@)(X) = ay + a1X + awX*> + - + a,X".

It is sufficient to show that the set S = {I, o, o?, ..., "'} is a basis of K(«)
over K. Since K(a) = K[a], every element of K(«) is of the form f(«), where
f(X) is a polynomial in K[X]. By the division algorithm, there exist polynomials
q(X) and r(X) such that f (X) = q(X)ming(a) + r(X), where r(X) = 0, or else
degr(X) < n—1.But, thenf(a) = r(a).Thus,f(a) = r(«) islinear combination
of members of S. This shows that S generates the vector space K («) over K. Next,
suppose that
a + aja + aa® + - a7 = 0,

where a; € K foreachi. Then each q; is 0, for otherwise we get a nonzero polynomial
gX) = ap + aiX + aX® + - @ X"

of degree less than the degree of ming () (X) such that g(a) = 0. This shows that
S is also linearly independent. it

Proposition 8.1.7 Let L be a field extension of K. An element « € L is algebraic
over K if and only if K(«) is a finite extension of K.

Proof Suppose that « is algebraic over K. From the above proposition, it follows
that K («) is a finite extension of K. Conversely, suppose that K («) is a finite exten-
sion of degree n over K. Then the dimension of K(«) over K is n. Hence the set
{1, o, 0%, ..., 0" is linearly dependent. Thus, there exist ag, ay, ..., a, not all 0
such that

ap + aja + aa® + -+ ap_1a” = 0.
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This gives us a nonzero polynomial

gX) = ap + aix + aX> + - a,X"

such that g(ar) = 0. It follows that « is algebraic over K. it
Proposition 8.1.8 Let L be a field extension of K, and o, an, . .., o, be elements
of L which are algebraic over K. Then K(ay, oz, ..., ) = Klag, az, ..., a,l In

particular, kern is a maximal ideal of K[X,, Xz, . .., Xy

Proof The proof is by the induction on n. For n = 1, the result is the above
proposition. Assume that the resultis true for n. Let oy, ap, . . ., vy, 11 be elements
of L which are algebraic over K. By the induction hypothesis,

Klog, ag, ..., opq1] = Klag, ag, ..o apllong] = K(or, aa, ..o o) o]

Since o4 is algebraic over K, it is also algebraic over K («, aa, . . ., ;). From the
above proposition,

K(ay, an, ..., ap)lapg1] = K(ag, az, ..., apg). 8

Proposition 8.1.9 Let L be afield extension of K, and F be a subfield of L containing
K. Let o € L be algebraic over K. Then « is algebraic over F, and ming(c)(X)
divides ming (o) (X) in F[X].

Proof Since ming () (X) belongs to K[X], it also belongs to F[X]. Again, since «
is a root of ming () (X), the result follows. it

Definition 8.1.10 A field extension L of K is said to be an algebraic extension of
K if every element of L is algebraic over K.

Evidently, we have the following proposition:

Proposition 8.1.11 Let L be an algebraic extension of K and F be a subfield of L
containing K. Then L is an algebraic extension of F. it

Proposition 8.1.12 Let L be a finite extension of K. Then L is an algebraic extension
of K.

Proof Let L be a finite extension of K and o € L. The [K (o) : K] < [L : K] < o0.
Thus from the above proposition « is algebraic over K. il

Proposition 8.1.13 Let L be a field extension of K. Let Ly be the set of all algebraic
elements of L over K. Then Ly is a subfield of L containing K which is the largest
algebraic extension of K contained in L.
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Proof Everyelementa € K isalgebraic over K, foritisarootof X — a. Thus K C L.
Let a, B € Ly. Since « is algebraic over K, K(«) is a finite extension of K. Further
since (3 is algebraic over K, it is also algebraic over K (o). Thus K (v, §) = K(a)(B)
is a finite extension of K («). It follows that K («, 3) is also a finite extension of K.
Hence K (v, () is an algebraic extension of K. Hence o =+ 3 and o - 37! are also
algebraic over K, and so both of them belong to Ly. This shows that L is a subfield.
Clearly, this is the largest field contained in L which is algebraic over K. il

Definition 8.1.14 The subfield Ly of L in the above proposition is called the
algebraic closure of K in L.

Corollary 8.1.15 Let L be an algebraic extension of F, and F be an algebraic
extension of K. Then L is an algebraic extension of K.

Proof Let o € L. Since L is algebraic over F, v is algebraic over F. Let
minp(@)(X) = X" + ;X" ' + -+ + a,.

Then « is algebraic over F' = K(ay, as, .. .a,). Clearly, F'(«) is a finite extension
of F/, and [F'(«) : F'] = n. Further, since a, is algebraic over K, K(a;) is a finite
extension of K. Again, since a, is algebraic over K, and so also over K (a,), it follows
that K(a1)(a;) = K(a, ay) is a finite extension of K(a;). In turn, it follows that
K (a1, ay) is a finite extension of K. Proceeding inductively, we find that F” is a finite
extension of K. But, then F’(«) is also a finite extension of K. Hence every element
of F'(«) is algebraic over K. In particular « is algebraic over K. it

Definition 8.1.16 An extension L of K is called a simple extension if there is an
element o € L suchthat L = K(«).Such an element « is called a primitive element
of the extension.

Theorem 8.1.17 Let L be a finite extension of K. Then L is simple over K if and
only if there are only finitely many intermediary field between L and K.

Proof Suppose that L = K(«) is a finite simple extension of K. Let F' be a subfield
of L containing K. Then « is algebraic over K and also over F'. Clearly, ming (a)(X)
is a divisor of ming (a)(X). We show that F is uniquely determined by the factor
ming () (X) of ming () (X). Suppose that

minp(@)(X) = ag + aiX + aX* + - + a, X" + X",

where a; € F. Consider the subfield K’ = K(ag,ay,...a,—;) of F. Then
ming (a)(X) = minp(a)(X),and so [L : F] = [L : K']. Hence F = K'.
This shows that F' is uniquely determined by ming(c)(X). Since the number of
monic polynomial divisors of ming (a)(X) are finitely many, we have only finitely
many intermediary fields between L and K.

Conversely, suppose that there only finitely many intermediary fields. Then we
have to show that L is a simple extension of K. Suppose first that K is a finite field,
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and L is a finite extension of K. Then L is also a finite field. Further, we know that
the multiplicative group L* of nonzero elements of L is cyclic. Suppose that it is
generated by a. Then it is clear that L = K(«).

Assume, now, that K is infinite. Since [L : K] is finite, L is finitely generated

extension of K. Suppose that L = K(«ay, a, ..., o). The proof is by the induction
onn. If n = 1, then there is nothing to do. Suppose that the result is true for
n. Suppose that L = K(ay, oy, ..., ay, ay+1). Then, by the induction hypothesis

K(ay, o, ..., 0n) = K(a) for some o € L. Clearly, L = K(«, ay41). Consider
the set {K (aa + ay,+1) | a € K}. Since the there are only finitely many intermediary
fields between K and L, and K is infinite, there are distinct elements a, b € K such
that K(aa + a,41) = Kba + a,y1) = F (say). But, then o = ((aa +
app1) — (ba + auq1))(a — b)~! belongs to K(aa + ay,41). This also shows that
aut+1 € K(ao + apy1). Hence L = K(a, apy1) = K(aoa + ay1). The proof is
complete. i

Now, we have some examples.

Example 8.1.18 The field C of complex numbers is an extension field of R. Since
{1, i} is a basis of the vector space C over R, we have [C : R] = 2. The field R
of real numbers is an extension of the field Q of rational numbers. The dimension
of R considered as a vector space over Q is infinite(since Q" is countable, any
finite-dimensional vector space over Q is countable, but R is uncountable). /2is an
element of R which is algebraic over Q, for it is a root of the polynomial X? — 2.
Also, since X% — 2 is the smallest degree monic polynomial over Q of which +/2 is a
root, minQ(ﬁ)(X) = X?—2.Further Q(+/2) = Q[v2] = {a+bv2 | a,be Q).
Note that [Q(+v/2) : Q] = 2.

Example 8.1.19 Let w be a primitive cube root of unity. Then w is algebraic over
Q, for it is a root of the equation X3 — 1. Further, since w ¢ Q, and it is also a root
of X% + X + 1, it follows that X*> + X + 2 is the minimum polynomial of w over Q.
Clearly, Q(w) = Q[w] = {a+bw |a,b e Q},and [Qw) : Q] = 2.

Example 8.1.20 /2 and w are algebraic over Q. Hence QIV2,w] = QW2,w)
is a finite extension of Q. We show that it is a simple extension of Q(in fact we
shall show later that every finite extension of a field of characteristic 0 is simple).
We find an element o € C such that Q(a) = Q(~v/2,w). Observe that v/2 + w
belongs to QW2,w). Put @ = ~/2 + w. We show that Q(a) = Q(v/2,w). We
have (o —w)? = 2. Using the binomial expansion and the fact that w? = —1 — w,
we find that
w= (@ - 3a - 3B’ + 3.

Note that &> + a # 0. Thus, w € Q(«), and so ~/2 also belongs to Q(a). This
shows that Q(o) = Q(+v/2, w). Next, we find the minimum polynomial of «, and
also the degree [Q(«) : Q]. Note that Q(«) is an extension of Q(+/2), and it is also
an extension of Q(w). Since [Q(v/2) : Q] = 3(X® — 2 is the minimum polynomial
of v/2) and [Q(w) : Q] = 2, it follows that 2 and 3 both divide [Q(«) : Q]. Thus 6
divides [Q(«) : Q]. Next,
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3 _ 2
o’ — 3a — 3 = wBa” + 3a).

Putting the value of w from the above equation in the equation w?> + w + 1 =0,
we get that

(@ =3a—=3)> + 3o’ +3a)” + 3’ +3a)(a’ —3a—3) = 0.
This gives us a six degree monic polynomial
(X =3X —3)" + BX*+3X)> + BX*+3X0) (X’ -3X -3) = 0.

of which « is aroot. Since [Q(«) : Q] is at least 6, it follows that this is the minimum
polynomial of «, and [Q(«v) : Q] = 6.

Example 8.1.21 Let p and g be distinct prime numbers. Then ,/p and ,/q are alge-
braic over Q with minimum polynomials X 2_pandX*—g respectively. Clearly,
QW/p) = {la+byplabeQ},and [Q(/p) : Q] = 2. Also \/q ¢ Q(/P).
and so ,/q is algebraic over Q(,/p) with minimum polynomial X? — g. Thus,
QP v : Q1 = [Q(/p. v : QU/MIQG/P) : Q1 = 4. We show
that Q(/p, v = Q(/p + /g Note that Q(/p + /9) S Q(/p, \/9). Put
a = ,/p+./q. Then

(a—Jp)? = +p —2ap = q.

This shows that o> + p — 2a.,/p belongs to Q(«). Hence ,/p € Q(cv). Similarly,
/4 € Q(). This shows that Q(a) = Q(/p, /). Next,

@ +p - @ — 4pa® = 0.

This shows that « satisfies a monic polynomial of degree 4 which is the minimum
polynomial of «.

Example 8.1.22 Let p be a positive prime integer. By the Eisenstein irreducibility
criteria, X" — p is irreducible in Q[X]. Hence /p is an algebraic element over Q of
which X" — p is the minimum polynomial. It follows that [Q(y/p) : Q] = n.

Example 8.1.23 m and the exponential e are transcendental (not algebraic). It was
Hermite who proved the transcendence of e in 1873. Earlier, the irrationality of e
was established by Liouville. The transcendence of 7 was established by Lindemann.
The proof of this fact can be found in Algebra by S. Lang. You may also refer to
the corollary following the theorem 8.7.5. It is not known if 7 is transcendental over
Q(e), or equivalently, it is not known if e is transcendental over Q(7).

Proposition 8.1.24 Let K(X) be the field of fractions of the polynomial ring K[X]
(This is also called the function field over K in one variable). Let T € K(X) — K.
Then K(X) is an algebraic extension of K(T), and T is transcendental over K.
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Further, if T = %, where f(X) and g(X) are co-prime in K[X], then h(Y) =
Tg(Y) —f(Y) € K(X)[Y] is a minimum degree polynomial over K(T) of which X is

a root. In turn, [K(X) : K(T)] = max(degf (X), g(X)).

Proof Put L = K(T), where T = %. We find the minimum degree polynomial
in K(T)[Y] of which X is a root. Consider the polynomial #(Y) = Tg(Y)—f(Y) in
K(T)[Y]. We first observe that h(Y) # 0 and degh(Y) = max(degf (X), degg(X)).
If not, then the leading term of 7Tg(Y) and f(Y) should be same. Now, the leading
coefficient of Tg(Y) is Ta for some a € K, and the leading coefficient of f(Y) is
b for some b € K. This would mean that T = ba~' € K, a contradiction to the
supposition that 7' ¢ K. Clearly, X is aroot of 4(Y), and so X is algebraic over K(T').
This also shows that K (X) is algebraic extension of K (7). It is sufficient, therefore,
to show that 2(Y) is irreducible in K(7T')[Y]. We first observe that T is transcendental
over K (in other words every element of K(X) — K is transcendental over K). For if
not, then 7" would be algebraic over K. This says that K(T') is algebraic extension of
K. Since K (X) is already algebraic extension of K(7), this would mean that K (X) is
algebraic extension of K, a contradiction to the fact that X is transcendental over K.
Thus, K[T7] is isomorphic to the polynomial ring over K. Since f(X) and g(X) are
co-prime in K[X], h(Y) = Tg(Y) — f(Y) is a primitive polynomial of degree 1 in
K[Y][T]. Hence itis irreducible in K[Y][T] = K[T][Y], and so also it is irreducible
in K(T)[Y]. The result follows. it

Remark 8.1.25 Luroth proved in 1876 a fundamental result in the theory of algebraic
function fields that any subfield F of L = K(X) containing K is again of the form
K(T), where, of course, T is transcendental over K. When K is algebraically closed
field in the sense that there is no proper algebraic extension of K, then a result of
Castelnuovo says that every subfield of K (X, Y) containing K is of the form K (7),
or it is of the form K (7, S). The result of this kind is not true for algebraic function
field in 3 variables.

Example 8.1.26 Let L = K(X) be the field of rational functions over K in one
variable. We determine the Galois group of K (X) over K (the group of automorphisms
of K(X) fixing the members of K). Let T € K (X) be such that K(X) = K(T). Then
T ¢ K. Suppose that T = -ZE—Q, where f(X) and g(X) are co-prime in K[X]. Then
[K(X) : K(T)] = 1, and so from the previous proposition, max(degf (X), g(X)) =

1. Thus, T = ‘ggiz for some a, b, c,d € K. Interchanging the role of X and T we
_ uT+v
observe that X = VT for some u, v, p, g € K. Thus
aX +b aX +b
X == 3
(p(cx+d) + 9 u(Cx+d) + v

or equivalently,

p(aX2+bX) + q(ch—i—dX) = uaX + ub + veX + vd.
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Thus, comparing the coefficient of same powers of X, we obtain that pa + gc =
0 = ub+ vd,and pb + gd = ua + vc # 0. This shows that the matrix

ab
cd
is a nonsingular 2 x 2 matrix, and so it belongs to the group GL(2, K). Conversely,
aX+b

given such a matrix in GL(2, K), we can solve X in terms of T = sl and so
K(X) = K(T). It follows that any element

ab
o)

of GL(2, K) determines an element of G(K(X)/K) which takes X to % This
defines a surjective homomorphism 7 (say) from GL(2, K) to G(K(X)/K). Since
the7 = Xifandonlyifa = dandb = 0 = c, the kernel of 7 is the normal
subgroup of GL(2, K) consisting of the scalar matrices. The subgroup of the scalar
matrices is precisely the center of GL(2, K). The quotient group of GL(2, K) mod-
ulo its center is called the projective general linear group, and it is denoted by
PGL(2,K). Thus, the group G(K(X)/K) of K—automorphisms of K(X) is iso-
morphic to PGL(2, K).

Exercise
8.1.1 Let K be a field, and K((X)) = {X.2,a,X" | a, € K, m € Z} be the set of
formal power series with coefficients in K. Define + by
Sa, X" + b, X" = T(ay +by)X".
n n n
and the multiplication - by
(T aX") (T bX") = T (T aby)X"

Show that K((X)) is a field with respect to the above operation, and it is a field
extension of K (X).

8.1.2 Give an example of an algebraic extension which is not a finite extension.

8.1.3 Show that Q(+/3, v/7) is a finite extension of Q. Find its degree. Find also
a primitive element of the extension together with the minimum polynomial of that
primitive element.

8.1.4 Find the minimum polynomial of a primitive 11th root of unity over Q.

8.1.5 Let L be a field extension of K. Let o, aa, ..., «, be elements of L which
are algebraic over K. Show that
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[K(or.00,....o0) : K] < [[IK () : KI.

i=1

Show, by means of an example, that the strict inequality may hold. Find a sufficient
condition for the equality.

8.1.6 Show that the fields Q(,/p) and Q(,/g), where p and ¢ are distinct primes,
are not isomorphic whereas they are isomorphic as vector spaces over Q.

8.1.7 Let L be an algebraic extension of K. Show that any subring of L which
contains K is a field.

8.1.8 Let L be a finite field extension of K. Let F| and F, be intermediary fields.
The smallest subfield of L containing F; and F, is called the composite of F; and
F,, and it is denoted by F F,. Show that

[F1F> : K] < [Fy : K][F2; K].

Further, show that the equality holds provided that [F'; : K]and [F; : K] are co-prime.
Give an example to show that the strict inequality may hold.

8.1.9 Find the degree of Q(«S/Z \/7) over Q, and also find a primitive element for
the extension.

8.1.10 Let Q be the algebraic closure of Q in C. Show that [Q : Q] is infinite.
8.1.11 Let m be co-prime to [K(«) : K]. Show that K(a)) = K(a™).

8.1.12 Show that the composite of two field extensions F'| and F; is algebraic if and
only if both are algebraic.

8.1.13 Show, by means of an example, that [L : K] = 3 need not mean that
L = K(J/a) for some a.

8.1.14 Show that Sinm? is algebraic for all rational .

8.2 Galois Extensions

To each polynomial f(X) € K[X], Galois attached a group, called the Galois group
of the polynomial f(X). It is essentially a group of permutations of roots of f(X) in
certain extension field L of K over whichf (X) splits into linear factors. He showed that
the polynomial equation f(X) = 0 can be solved using field and radical operations
if and only if the Galois group of f(X) is a solvable group. Here, we follow a slightly
different but equivalent approach due to Artin in which we proceed with the Galois
group of an extension.
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Let L and L' be two extensions of K. A ring homomorphism f from L to L’ such that
f(a) = aforalla € K is called a K-homomorphism. Clearly, a K-homomorphism
f from L to L' is also a vector space homomorphism from L to L’ considered as vector
spaces over K, forf(aa) = f(a)f(a) = of (a)foralla € K, and a € L. Since L is
afieldkerf = {0},orkerf = L.Sincef takes identity to identity, ker f = {0}. This
shows that f is injective. If f is also a bijection, then f is called a K-isomorphism.
Thus, if [L : K] = [L': K] < o0, then f is an isomorphism (an injective linear
transformation between vector spaces of same dimensions is an isomorphism). In
particular, if L is a finite field extension of K, then any K-homomorphism from L to
L is an isomorphism. This is called a K-automorphism of L.

Definition 8.2.1 Let L be a field extension of K. Then the set of all K - automor-
phisms of L form a group under composition of maps. This group is called the
Galois group of the extension L of K, and it is denoted by G(L/K).

Definition 8.2.2 Let L be a field, and X be a subset of the group Auz(L). Let F(X)
denote the set of all elements a € L such that o(a) = aforall o € X. Then, F(X) is
a subfield of L, and it is called the fixed field of X. Itis clear that F(X) = F(< X >).

Observe that if X € G(L/K), then F(X) is an intermediary field of the field
extension L of K.

Let S(G(L/K)) denote the set of all subgroups of the Galois group G(L/K) of the
field extension L of K, and SF(L/K) denote the set of all intermediary fields. Then,
we have a map ® from S(G(L/K)) to SF(L/K) defined by ®(H) = F(H) (the fixed
field of H), and a map ¥ from SF(L/K) to S(G(L/K)) defined by ¥ (F) = G(L/F).

The aim of this and the following two sections will be to show that in case L
is a finite extension of K, these two maps are inverses to each other if and only if
K = F(G(L/K)).

Definition 8.2.3 Let L be an algebraic extension of K. We say that L is a
Galois extension of K if K = F(G(L/K)).

Proposition 8.2.4 Let L be a field extension of K. Then,

K] - Kz, K], K2 c SF(L/K) > G(L/Kz) - G(L/K])
H, € Hy,H\, H € S(G(L/K)) = F(H,) < F(H)).

S C G(L/K) => F(S) = F(<S >).

K’ € SF(L/K) = K' € F(G(L/K")).
SCGL/K)=—=<S>C G(L/F(< S >)).

F(H) = F(G(L/F(H))) for all H € S(G(L/K)).
G(L/K') = G(L/F(G(L/K"))) for all K' € SF(L/K).

NS RA RN~

Proof 1 and 2 follow from the definitions. Since § € < S >, if a is fixed by every
element of < § >, then it is also fixed by every element of S. Hence F(< § >) C
F(S). Further, suppose that a is fixed by every element of S. Then it is fixed by every
power of elements of S, and so also by the products of powers of elements of S. Thus,
F(S) € F(< S >). This proves 3. 4 and 5 also follow from the definitions.
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Now, we prove 6. Let a € F(H). If 0 € G(L/F(H)), then by the definition
o(a) = a. This shows that a € F(G(L/F(H))). Thus, F(H) € F(G(L/F(H))).
Next, by 5, H € G(L/F(H)). By 2, F(G(L/F(H))) € F(H). This completes the
proof of 6.

Finally, we prove 7. From 4, it follows that K’ C F(G(L/K’)), and so by 1,
G(L/F(G(L/K"))) € G(L/K'). Let 0 € G(L/K’). Then by the definition o will
fix every member of F(G(L/K’), and hence it belongs to G(L/F(G(L/K"))). This
completes the proof of 7. it

Example 8.2.5 G(C/R) = {Ic, o}, where o denotes the complex conjugation of
C: Let o be a nonidentity R-automorphism of C. Leta+ ib € C. Then o(a + ib) =
o(a) + o()o(b) = a + o(i)b. Since o is an automorphism —1 = o(—1) =
o(i*) = o(i)o(i) = (o(i))*. This shows that o(i) = =i. Since o is nonidentity,
o(i) = —i.Thus,o(a+ib) = a—ib = a+ ib. It follows that R = F(G(C/R)),
and so the extension C of R is a Galois extension.

Example 8.2.6 As in the above example it can be seen that G(Q(W2) /Q) =
{IQ(ﬁ), o}, where o(a + bﬁ) = a — b/2. It follows that the extension Q(ﬁ) is
also a Galois extension of QQ.

Example 8.2.7 Consider the extension Q(%) of Q, where V/3 is the real cube root
of 5. It is not a Galois extension: We first show that G(Q(f/g)/(@) = {I@(%)}.
Clearly, QW5) = {a+ b53 + 53 | a, b, ¢ € Q}. The other cube roots of 5 are not
in Q(v/5), for they are not real numbers. If ¢ is an automorphism of Q(V/3), then
5 = 0(5) = (0(53)%. Thus, (53) = 53. Hence o is the identity map. Thus,
the Galois group of the extension is trivial, and F' (G(Qi/g)) # Q. Hence it is not a
Galois extension.

Since any field automorphism of the field R of real numbers fixes @Q, and since it
also preserves order, it is the trivial identity automorphism. Thus, the Galois group
of R over Q is trivial. In turn, it follows that R is not a Galois extension of Q.

Proposition 8.2.8 Ler Ly and L, be a field extensions of K. Let 0 be a K-
homomorphism from Ly to L,. Let « be an element of Ly which is algebraic over
K. Then o(«) is also algebraic over K, and ming (a))(X) = ming(o(a)(X). Fur-
ther, o permutes the roots of ming (o) (X) if L = L.

Proof Since « is algebraic over K, there exists a nonzero polynomial f(X) € K[X]
such that f(a) = 0. Suppose that

fX) = a0+ a1X + &X* + - + a,X",
where each a; € K. Then, since ¢ is a K-homomorphism,

0 = 0(0) = o(f(a) = Tiyo(@o(@) = T ao() = flo().
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Thus, o(«) is also algebraic. Further, ming (o)) (o(«)) = 0, and so ming (o(a))(X)
divides ming («)(X), and since the later is irreducible, ming (a)(X) = ming(o

() (X). i

Definition 8.2.9 Let L be a field extension of K. We say that an element o € L is
K-conjugate to an element 3 € L if there exists an element ¢ € G(L/K) such that

o(a) = S.

Corollary 8.2.10 If o is an algebraic element of L over K, then there are at most
deg(ming () (X)) conjugates of ain L over K.

Proof Tt is clear from the above result that if 3 is conjugate to «, then /3 is a root of
ming (o) (X), and ming (a)(X) = ming (8)(X). i

Example 8.2.11 The number of conjugates to an algebraic element may be strictly
less than deg(ming (c)(X)): Consider the field Z,(X) of rational functions in one
variable over the prime field Z,. Let

L = Z,X)(X?) =Z,X0[X+] = {aoX) +a1X)Xr + - +a,X)X7 |
a;(X) € Z,(X), 0 <r <p—1}.

Then it can be easily seen that L is a field with respect to the usual addition and
multiplication of polynomials, and it is a field extension of Z,(X). The element X z
is algebraic over Z,(X), for it is a root of ¥” — X in Z,(X)[Y]. By the Eisenstein
irreducibility criteria Y — X is irreducible in Z,(X)[Y], and so it is the minimum
polynomial of X ».Since Y7 — X = Y —-X %)”, it follows that X 7 is self conjugate,
and no other element is conjugate to it.

Proposition 8.2.12 Let L be a field extension of K. Let o and 3 be elements of L
which are algebraic over K. Suppose that they are K-conjugate. Then there is a
K-isomorphism from K (o) to K(3) which takes « to 3.

Proof 1t follows from the results above that if o and J are conjugates, then
ming (o) (X) = ming (3)(X). The map f(X) ~ f(«) defines a surjective homomor-
phism from K[X]to K[a] = K(«) whose kernel is the ideal < ming () (X) >. Thus,
by the fundamental theorem of homomorphism, we have an isomorphism ¢ from
K[X]/ < ming(a)(X) > to K(a) such that o(f (X)+ < ming(a)(X) >) = f(a).
Clearly, o (a+ < ming(a)(X)) = aforalla € K and o(X+ < ming(a)(X)) = «a.
Similarly, we have an isomorphism 7 from K[X]/ < ming(3)(X) > = K[X]/ <
ming (o) (X) > to K(/3) such that 7(f (X)+ < ming(a)(X)) = f(f3). Clearly To0™!
is a K-isomorphism from K («) to K((3) which takes « to 3. it

Corollary 8.2.13 Let o be an algebraic element of L over K. Then there is a bijective
map 1 from G(K () /K) to the set of roots of ming (o) (X) defined by n(c) = o(a).
In particualy, | G(K () /K) | is the number of distinct roots of ming (a)(X) which
are in K(a).
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Proof 1f o is a K-automorphism of K(«), then it is uniquely determined by o («)
which has the same minimum polynomial as a. Conversely if (3 is a root of the
minimum polynomial of @ which belongs to K («), then it follows from the above
proposition that there is a K-isomorphism from K («) to K(3). But, since 3 € K(«),
and [K(a) : K] = deg(mink(a)(X)) = deg(ming(B)(X)) = [K(B) : K]it
follows that K(3) = K(«). The result follows. it

Exarlnple 8.2.14 In this example, we calculate the Galois group of Q(Z% ,w) =
Q(23 +w) over Q: Looking at the minimum polynomial of 23 4w over QQ, which we
have already found in Example 8.1.20, we see that the other 5 roots of the minimum
polynomial of 25 + w are 23 + w?, 25w +w, 2502 + w?, w23 +w?, and w225 + w.
The Galois group of this extension is, therefore, of order 6. Denote these elements by
ar, ap, a3, a4, as, ag. Let o; be the automorphism which takes «; to ;. Then, o is
the identity automorphism. It can be checked that 03, 03, 07, 02, o} are all identity
maps. Thus, the Galois group of this extension is the symmetric group S3 of degree
3.

Proposition 8.2.15 Let L be a finite field extension of K. Then the Galois group
G(L/K) is finite.

Proof Let{a), as, ..., a,}beabasisof Lover K. Clearly, L = K(ay, ap, -+, ),
and any K-automorphism of L is uniquely determined by its effect on oy, o, . . ., ;.
Since any K-automorphism of L will take an element of L to one of its conjugates,
and since there are only finitely many conjugates to an algebraic element «v (at most
deg(ming () (X)) conjugates of « are there), it follows that a K-automorphism of L
can take finitely many values on each ;. Hence G(L/K) is finite. it

Definition 8.2.16 Let K be a field and G a group. A group homomorphism from G
to K* (the multiplicative group of nonzero members of K) is called a character of
G in K. Thus, a character of G over K is just one dimensional representation of G
over K.

Consider the set F'(G, K) of all maps from G to K. This is a vector space over K
with respect to the point wise addition and multiplication by scalars. The dimension
of this space is the cardinality | G | of G (verify). Let Ch(G, K) denote the set of all
characters of G in K. Then Ch(G, K) C F(G, K). We have the following result due
to Dedekind.

Theorem 8.2.17 (Dedekind) Ch(G, K) is linearly independent subset of the vector
space F (G, K).

Proof Suppose the contrary. Then there is a finite subset of Ch(G, K) which is
linearly dependent. Let S = {0y, 02, ..., 0, | 0; # 0j fori # j} be aminimal finite
linearly dependent subset of Ch(G, K). Then there exist a, vy, . .., o, in K not all
zero such that

ayop + ooy + -0 + apo, = 00 , (8.2.1)



280 8 Field Theory, Galois Theory
where 0 in the RHS is the zero of F(G, K). This means that
aio1(g) + a02(9) + -+ + @ou(g) = 0 (8.2.2)

for all g € G. Indeed, all o; are nonzero, for otherwise we shall get a proper subset
of § which is linearly dependent, a contradiction to the minimality of S. Since o #
0, there exists h € G such that o (h) # o0, (h). Multiplying the Eq. (8.2.2) by o, (h)
we get that

2 oi(haoi(g) = 0------ (8.2.3)
for all g € G. Further substituting g at the place of g in the Eq. (8.2.2), we get

2! aioithg) = 0

for all g € G. Since each o; is a homomorphism, we have

TiLiqioi(h)oi(g) = 0+ (8.2.4)
for all g € G. Subtracting the Eq.8.2.4 from the Eq.8.2.3, we get that

i (01(h) — oi(h)yoi(g) = 0

forall g € G.Putb; = (o1(h) — o;(h))c;, i > 2. Then, since o;(h) # o, (h) and
each a; # 0, it follows that b, # 0. Also

byoa(9) + b3os(g) + -+ + buou(g) = 0
for all g € G, where b, # 0. This means that
byoy + b3oz + -+ + byo, = 0,
where 0 in the RHS is the zero of F (G, K). This is a contradiction to the minimality
of S. g

Corollary 8.2.18 Let L be a finite field extension of K. Then | G(L/K) |< [L : K].

Proof We have already seen that under the hypothesis of the corollary G(L/K) is
finite. Suppose that G(L/K) = {01, 02, ...0,} where o; # o; for i # j. Suppose
the contrary. Then [L : K] < n. Suppose that [L : K] = mand {x, x2, ..., X} is
a basis of L over K. Consider the elements Cy, C», ..., C, of the set L' consisting
of row vectors given by

Ci = (0i(x1), 0i(x2), ..., 0i(xp)).

Since L™ is a m-dimensional vector space over Landn > m,theset{C, Cs, ..., Cy,}
is linearly dependent. Thus, there exist ay, oy, ..., o, in L not all zero such that
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aCy + auC, + -+ + o, C, = 0,
where 0 in the RHS is the zero of L™. This means that
a101(x) + aoa(x) + - + auou(x) = 0

forallj. Letx € L. Then, since {xi, x», ..., X, }isabasisof Lover K,x = E}’;lﬂjxj.
But then since each o; is a K automorphism, we have

TLaioi(x) = TLGEL aoi(x) = 0.

Since not all ¢; are zero, {0}, 02, ..., 0,} is linearly dependent. Further each o; is a
character of L* in L, and hence by the Dedekind theorem {0}, 0>, ..., 0,} should be
linearly independent in F'(L*, L). This is a contradiction. Hence the assumption that
m < nis false. it

Theorem 8.2.19 Let K be the fixed field of a finite group G of automorphisms of a
field L. Then | G | = [L: K].

Proof By the definition G € G(L/K), and so by the previous theorem | G |<|
G(L/K) |< [L : K]. Suppose that | G | < [L : K].Let G = {oy,02,...,0,},
where o; # o; for i # j. Then since n is supposed to be strictly less than [L : K],
there exists a subset {xi, x2, ..., X,+1} of L which contains n + 1 elements, and
which is linearly independent over K. Consider the subset {C;, C5, ..., Cyy1} of L"
consisting of rows with n columns and entries in L, where

Ci = (01(x), 02(x), ..., (X))

i=1,2,...,n+1.Since the dimension of L" over L is n, this setis linearly dependent.
Rearranging if necessary, we may assume that {Cy, C,, ..., C,} is a minimal subset
which is linearly dependent. Then there exist «j, ao, .. ., a,, in L not all zero such
that

aC; + aoC + -+ + a,,C,, = 0,

where 0 in the RHS is the zero of L". The minimality assumption implies that all ¢;

are nonzero. Dividing by ay; we may assume that «; = 1. Thus, we have
Zi’ilaiaj(x,-) =0------ (825)
forallj, 1 <j <n, where oy = 1, and no ¢; is zero. Let o be an arbitrary element

of G. Then applying o on the above equation we get that

1 0(a)ooi(x;) = 0
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for all j. Since multiplication by an element of the group to the elements of the group
permutes the elements of the group, we have

Tilio(aoj(xi) = 0------ (8.2.6)

for all j. Subtracting the Eq.8.2.2 from the Eq.8.2.1, and observing that oy = 1,
we see that
(0 — o(ay)oj(x) = 0

for all j. It follows from the minimality assumption of m that (o — o(qy)) =
0 foralli. Thus, o(c;) = «;foralli. Since o is an arbitrary element of G, each «;
belongs to K the fixed field of G. But, then, since each o; € G, we see that

O'j(EI-m:IOLiXi) =0
for all j. Since o; is an automorphism, we have
Ei”lloz,-xi = 0.

This is a contradiction to the fact that each «; is nonzero, and {x, xa, ..., X1} 18
linearly independent over K. i

Corollary 8.2.20 Under the hypothesis of the above theorem, G = G(L/K). In
other words G(L/F(G)) = G.

Proof Already G € G(L/K). Also from the Dedekind theorem, and the above
theorem, we have | G(L/K) |< [L : K] =| G |. The result follows. it

Corollary 8.2.21 Let L be a finite field extension of K. The L is a Galois extension
of K ifand only if | G(L/K) | = [L: K].

Proof Suppose that L is a Galois extension of K. Then by the definition K =
F(G(L/K)). Hence from the above theorem | G(L/K) | = [L : K]. Conversely,
suppose that | G(L/K) | = [L: K].LetL; = F(G(L/K)). Then K C L;. From the
hypothesis and from the previous theorem [L : K] = | G(L/K) | = [L: L] <[L:
K]. Thus, [L:L;] = [L:K],andso K = L. it

Corollary 8.2.22 Let L be a field extension of K, and « be an element of L which
is algebraic over K. Then K (o) is Galois extension of K if and only if there are
degming (o) (X) distinct roots of ming (o) (X) all belonging to K (cv).

Proof We have already seen that | G(K(«))/K) | is equal to the number of distinct
roots of ming (a))(X) which belong to K(«). Further, we know that [K(«) : K] =
deg(ming (o) (X)). From the previous theorem, it follows that K («) is a Galois exten-
sion of K if and only if | G(K(«)/K) | = [K(«) : K]. The result follows. it

Example 8.2.23 Q(Z%, w) = Q(2% +w) is a Galois extension of Q, for | G(Q(Z% +
wW/Q=181=6 = [Q25 +w):Ql
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Example 8.2.24 Consider the field L = K(X;,X>,...,X,) of rational func-
tions in n variable over the field K. It is the field of fractions of the polynomial
ring K[X;, X5, ..., X,]. If p € S, is a permutation of degree n, then we have an
unique isomorphism from K[X;, X», ..., X,,] to itself given by (X, X, ..., X;;) ~
F Xy Xp2)» - - - » Xpny) Which extends uniquely to an automorphism of L. Thus, S,
is isomorphic to a subgroup of Auz(L). Let G be a subgroup of S,,. Then from what
we have done above, it follows that L is a Galois extension of F(G), and the Galois
group of this extension is G. This, in particular, says that every finite group will
appear as a Galois group of some Galois extension.

Exercises

8.2.1 Determine the Galois group of the following extensions. Which of them are
Galois extensions:

(i) Q(e*) over Q.
(i) Q(57) over Q.
(i) Q(/p, /q) over Q, where p and g are distinct primes.
@iv) R over Q.
(v) CoverQ.

8.2.2 We have seen that Q(Z% , w) is Galois extension of QQ with Galois group S3.
Find the fixed field K of A3.Is K a Galois extension of Q7 Support. Find also a fixed
field of a subgroup of order 2 in Ss. Is that a Galois extension of QQ? support.

8.2.3 Suppose that L is a Galois extension of K, and F a subfield of L containing
K. Show that L is also a Galois extension of F. Show by means of an example that
F need not be a Galois extension of K.

8.2.4 Is Q(+/3i) isomorphic to Q(+/3)? support.

8.2.5 Let K and L be two extensions of Q of degrees 2. Are they necessarily iso-
morphic? Support.

8.2.6 Find the Group of automorphisms of Z,(X). Show that it is finite. Find its
order.

8.2.7 Let p be the primitive 4th root of unity. Find the Galois group of Q(p)/Q. Is
this a Galois extension? Support.

8.2.8 Show that any field extension L of degree 2 of a field K of characteristic
different from 2 is a Galois extension.

8.2.9 Let L be afinite field extension of K, and L’ any extension of K. Let Xk (L, L")
be the set of all field homomorphisms from L to L’ which fix the members of K (in
particular Xx (L, L) = G(L/K)). Use the Dedekind theorem and imitate the Proof
of Corollary 8.2.18 to show that | g (L, L") |< [L: K].
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8.2.10 Show that a finite field extension L of K is a Galois extension if and only if
the following two conditions hold.

(i) There is a field extension L’ of L such that | ¥x(L,L") | = [L : K].
(i1) Given any field homomorphism o from L to a field extension L’ of L which
fixes every element of K, o(L) = L.

8.2.11 Prove the following generalization of the result in Exercise 8.2.9: Let K and
K’ be fields. Let L be a finite extension of K and L’ an extension of K’. Show that
the number of extensions of o to homomorphisms from L to L’ is at most [L : K].

8.3 Splitting Field, Normal Extensions

A finite field extension L of K may cease (see the Exercise 8.2.10 of the previous
section) to be a Galois extension because of any of the following two reasons:

(i) There is field extension L’ of L and a field homomorphism ¢ from L to L’ fixing
each element of K such that o (L) # L.
(ii) Given any field extension L' of L, | g(L, L") | < [L: K].

In this section, we study those finite extensions L of K for which (i) is not the reason.

Definition 8.3.1 A finite extension L of K is called a normal extension if given any
field extension L’ of L, and a field homomorphism o from L to L’ which fixes every
element of K, o(L) = L.

Definition 8.3.2 A finite extension L of K is called a separable extension if there
exists an extension L’ of L such that | £x(L,L") | = [L: K].

Thus, a finite extension is a Galois extension if and only if it is separable as well
as normal.
Separable extensions will be the subject matter of study of the next section.

Theorem 8.3.3 Let K be a field, and f (X) be a nonconstant polynomial of degree n
over K. Then there exists a field extension L of K such that [L : K] < n, and f(X)
has a root in L.

Proof Every nonconstant polynomial in K[X] is product of irreducible polynomials
of positive degrees in K[X], and if an element « in a field extension L of K is a root
of an irreducible factor of f(X), then it is also a root of f(X). Thus, it is sufficient
to prove the result for irreducible polynomials over K[X] of positive degrees. Let
p(X) be an irreducible polynomial in K[X] of degree n. Since K[X] is a principal
ideal domain, the ideal < p(X) > generated by p(X) is a maximal ideal. Thus, the
quotient ring K[X]/< p(X) > is a field. Let us denote it by F. Define a map 7 from
Kto Fbyn(a) = a+ < p(X) >.Itis easily seen that 7 is a ring homomorphism.
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Suppose that n(a) = n(b). Thena + < p(X) >= b + < p(X) >. This means
that a — b belongs to < p(X) >. Since p(X) is irreducible polynomial of positive
degree, this is possible if and only if a — b = 0. Thus @ = b. This shows that
7 is injective homomorphism and so it is an embedding. Any element of F is of
the form f(X) + < p(X) > = r(X) + < p(X) >, where r(X) is the remainder
obtained when we divide f (X) by p(X). It is also clear thatif r| (X) + < p(X) > =
(X)) + < pX) >,and deg(r;(X)) < deg(p(X)), i=1,2,thenr;(X) = rn(X).
Let £, (K) denote the set of all polynomials in K[X] whose degrees are less that
n. Then from what we have proved above it follows that the map p from g, (K) to
K[X]/ < p(X) > defined by p(r(X)) = r(X) + < p(X) > is a bijective mapping
whose restriction to K is 7. Pullback the operations of K[X]/ < p(X) > to those of
n(K) with the help of the map p. The operations & and x on g, (K), thus obtained,
are given by
rX) @ s(X) = r(X) + s(X),

and
r(X) = s(X) = t(X),

where 7(X) is the remainder obtained when r(X) - s(X) is divided by p(X). Clearly,
©n(K) becomes a field such that p is an isomorphism, and K is a subfield of g, (K).
Further, X € $,(K), and X is a root of p(X), for p(X) represents 0 in g, (K). it

Let f(X) be a polynomial in K[X]. We say that f(X) has all its roots in a field
extension L of K if f (X) splits into product of linear factors in L[X] in the sense that
fX) = aX —a)X —ay)...(X —a,) forsome a € K and a;, ay,...,a, in L.
We also say that f(X) splits over L.

Corollary 8.3.4 Let f(X) € K[X] be a polynomial of degree n. Then there is a field
extension L of degree at most n! such that f (X) has all roots in L.

Proof The proof is by the induction on the degree of f(X). If f(X) is of degree 1,
then it has only one root which is in K. Assume that the result is true for all those
polynomials whose degrees are less than n. Let f(X) be a polynomial of degree n.
From the above theorem it follows that there is an extension L of K which has a root
a (say) of f(X), and [L : K] is at most n. Then f(X) = (X — a)g(X), where g(X)
is a polynomial in L[X] of degree n — 1. By the induction hypothesis there is an
extension F' of L of degree at most (n — 1)! in which ¢(X) has all its roots. Clearly,
f(X) has all its roots in F, and [F : K] = [F : L][L : K] is at most n!. it

Definition 8.3.5 Let K be a field, and f(X) be a polynomial in K[X]. A minimal
field extension L of K such that f(X) splits over L is called a splitting field of f(X)
over K.

We have seen that given any polynomial f (X) € K[X], there is a field extension L
of K such that f(X) splits over K. Let a;, as, .. ., a, be all roots of £(X) in L. Then
K(ay,as, ..., a,) is a minimal field extension of K in which f(X) splits. Thus, we
have
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Corollary 8.3.6 Let K be a field, and f(X) be a polynomial over K. Then f(X) has
a splitting field over K. g

The above result says that a splitting field of a polynomial exists. Our next aim is
to show that it is unique up to K-isomorphism.

Proposition 8.3.7 Let K and K’ be fields, and o be an isomorphism from K to K'.
Let L be a field extension of K, and L’ be an extension of K'. Let a be an element of
L which is algebraic over K with minimal polynomial p(X), and b an element of L’
which is a root of p° (X). Then there is an extension ¥ of o to an isomorphism from
K(a) to K'(b) such that X (a) = b.

Proof Since o is an isomorphism, and p(X) is irreducible, p? (X) is also irreducible
in K'[X]. In particular, p?(X) is the minimum polynomial of . The map 7 from
K[X]/ < p(X) > to K'[X]/ < p°(X) > defined by n(f(X)+ < pX) >) =
f7X)+ < p°(X) > is an isomorphism (verify). Further, we have an isomorphism ¢
from K(a) to K[X]/ < p(X) > which fixes the members of K and takes a to X+ <
p(X) >. Similarly, we have an isomorphism v from K'(b) to K'[X]/ < p°(X) >
which fixes the members of K’ and takes b to X+ < p?(X) >.Itis clear that the map
1~ 'ono¢ has the desired property. i

Corollary 8.3.8 Let K and K’ be fields, and o be an isomorphism from K to K'. Let
f(X) € K[X]. Let L be a splitting field of f (X) over K, and L’ be a splitting field of
f2(X) over K'. Then o can be extended to an isomorphism from L to L.

Proof The proof is by the induction on the degree of f(X). If degree of f(X) is 1,
then there is nothing to do. Assume that the result is true for all those polynomials
whose degrees are less than n. Let f (X) a polynomial of degree n. Suppose that f (X)
hasaroota € K. Thenf(X) = (X —a)g(X), where g(X) is a polynomial in K[X] of
degree n — 1. Clearly, L is a splitting field of g(X), and L’ is a splitting field of g7 (X)
over K'. By the induction hypothesis, o can be extended to an isomorphism from L
to L'. Suppose that f(X) has no root in K. Let p(X) be an irreducible factor of f(X).
Then degree of p(X) is greater than 1, and p°(X) is an irreducible factor of f7(X).
Let a be a root of p(X) in L, and b be a root of p? (X) in L’. From the previous result,
o can be extended to an isomorphism ¢’ from K(a) to K'(b) such that o’(a) = b.
Now (X — a) divides f(X) over K (a), and X — b divides 7 (X) over K'(b). Suppose
thatf(X) = X —a)g(X),and f°(X) = (X —b)h(X), where g(X) € K(a)[X], and
h(X) = ¢ (X) in K'(b)[X]. Clearly, L is a splitting field of g(X) over K (a), and L’
is the splitting field of (X)) = g”’ (X) over K’ (b)[X]. By the induction hypothesis,
o’ can be extended to an isomorphism from L to L. Thus, ¢ can be extended to an
isomorphism from L to L'. f

Corollary 8.3.9 Splitting field of a polynomial f(X) in K[X] is unique upto K-
isomorphism.
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Proof Take 0 = Ik the identity map on K, and apply the above corollary. it

Corollary 8.3.10 If L is a splitting field of a polynomial f(X) € K[X] of degree n,
then [L : K] < n!. it

Example 8.3.11 The equality may also hold in the above corollary. Consider the
field L = K(X;,X>, ..., X,) of rational functions in n indeterminates over the field
K. Define a map 7 from the symmetric group S, of degree n to the group Aut(L) of
automorphisms of L by

n(p)(f(Xl’XZ’ ce »Xn)) _ f(Xp(l)s Xp(z)s ce aXp(n))
9X1, Xa, ..., Xp) 9 Xp1)s Xp2ys - - - s Xpy)

where p € §,. It is clear that 7 is an injective homomorphism. Let F = F(1n(S,))
the fixed field of 7(S,,). Let us denote 7(S,,) by G. Let sy, 52, - - - , 5, be n elementary
symmetric polynomials given by

Sk = B < iy < o < i Xiy Xiy -+ - Xig s
where summation is taken over all k-tuples of distinctelementsi; < i, < --- < .
In particular, s;, = x; +x + -+ x5, and s, = xyx2...x,. We show that

F = K(s1,52,...,8,),and L is the splitting field of the polynomial
f&x = X" — S|X”_1 — SZX"_2 — e — (=D,

over K(sy, $2, ..., s,). Clearly, each sy € F(G) = F,andso K(sy, $2,...,5,) C F.
Further, since F is the fixed field of G, wehave [L : F] =| G | =1 S, | = n!. Next,
we note that

X)) = X —x)X —x2) ... (X — xp)

(proof follows from easy expansion). Thus, L is the splitting field of f(X) over
K(s1, 82, ...,5,). In turn, we have

n! = [L:F]<I[L:K(s1,5,...,5)] <nl

The first inequality is true because K (sy, $2, . .., S,) € F, and the second inequality
is true because of the previous corollary. This shows that F = K(s, s2,...,5,).

Example 8.3.12 The field C of complex numbers is the splitting field the polynomial
X? + 1 over the field R of real numbers. It is also the splitting field of X> + 3 over R.

Example 8.3.13 K = Q(Z%, w) is the splitting field of X* — 2 over Q. This is
1 1 1
because K is the smallest field containing all the roots 25, 25w, and 2350% of X3 —2.
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Algebraically Closed Field and Algebraic Closure

Definition 8.3.14 A field K is said to be an algebraically closed field if every poly-
nomial f(X) in K[X] has all its roots in K, or equivalently, every irreducible element
of K[X] is a linear polynomial of the type aX + b,a,b € K, a # 0.

Proposition 8.3.15 The following conditions on a field K are equivalent.

1. K is algebraically closed field.

2. Iff(X) is any polynomial in K[X], then K is the splitting field of f (X).
3. Every nonconstant polynomial f (X) € K[X] has a root in K.

4. There is no proper algebraic extension of K.

5. There is no proper finite extension of K.

Proof 1 = 2. Assume 1. Let f(X) be a polynomial in K[X]. Since K is algebraically
closed, f(X) has all its roots in K, and so K is the splitting field of f(X).

2 = 3. Assume 2. Let f(X) be a nonconstant polynomial in K[X]. By 2, K is the
splitting field of f (X), and so K contains all roots of f (X). Since f(X) is nonconstant,
it has at least one root.

3 = 4. Assume 3. Let L be an algebraic extension of K. Let a € L. Suppose
that a ¢ K. Then the minimum polynomial ming (a)(X) is an irreducible polynomial
of degree greater than 1, and so it will have no root in K. This a contradiction to the
assumption.

4 = 5. Assume 4. Since every finite extension is an algebraic extension, there
is no finite extension of K.

5 = 1. Assume 5. Then there is no finite extension of K. Let f(X) € K[X] be a
polynomial of positive degree. Let L be the splitting field of f(X). Then L is a finite
extension of degree at most n!, where » is the degree of f(X). By 5, L = K, and so
K has all roots of f(X). By the definition, K is algebraically closed. i

Example 8.3.16 We shall see later that the field C of complex numbers is an alge-
braically closed field. This is known as the fundamental theorem of algebra which
was first proved by Gauss.

Proposition 8.3.17 No finite field can be algebraically closed.

Proof Let K = {aj,as,...,a,} be a finite field. Then f(X) = X —a))X —
a)...(X —a,) + 1hasnorootinK. it

Now, we shall show that every field can be enlarged to an algebraically closed
field.

Definition 8.3.18 An algebraic extension L of K is called an algebraic closure of
K if L is an algebraically closed field. Thus, a maximal algebraic extension of K, if
exists, is called an algebraic closure of K.

Now, we shall show that every field K has an algebraic closure and it is unique
upto K-isomorphism.

The following proposition is essential to escape some set theoretic logical prob-
lems in proving the existence of algebraic closure.
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Proposition 8.3.19 Letr L be an algebraic extension of K. If K is finite, then the
cardinality | L | of L is at most that of the set N of natural numbers(i.e., it is finite or
countably infinite). If K is infinite, then the cardinality | L | of L is the same as the
cardinality | K | of K.

Proof Let Xk denote the set of irreducible monic polynomials over the field K. To
every member p(X) € Xg, we associate the subset Y, x) consisting of roots of p(X)
in L. Y,x) may be empty set also. Clearly, Y,(x) is a finite subset of L containing at
most n elements, where n is the degree of p(X). Itis clear that L = |J,x)ex, Yo0)-
Now, each irreducible monic polynomial of degree n is determined uniquely by a
choice of an ordered n-tuple in K. Thus, the cardinality of Xk is same as that of the
set |,y K" If K is finite, then since a countable union of disjoint finite sets is again
countable, it follows, in this case, that Xk has the same cardinality as that of N. Next,
if K is infinite, then K" has same cardinality as K. Since K is infinite, a countable
union of sets having the same cardinality as that of K again has the same cardinality
as that of K. Since Y, is finite, the same argument shows that if K is finite, then
the cardinality of L is at most that of N, and if K is infinite, then its cardinality is
same as that of K. it

Theorem 8.3.20 Every field has an algebraic closure.

Proof Let K be afield. Observe that there is no set containing all algebraic extensions
of K. Indeed, we need to consider a set of algebraic extensions of K so that every
algebraic extension of K is K-isomorphic to a member of the set. For this purpose, let
¥ be a set containing K, and whose cardinality is strictly larger than that of K | J N.
This is possible because power set of a set always has larger cardinality than that of
the set. Let €2 be the set of all fields which are algebraic extensions of K, and whose
set part is contained in X.

Clearly, 2 is nonempty set for K € 2. Define apartial order <in QbyL; < L,ifL,
is asubfield of L. Thus, (£2, <) is anonempty partially ordered set. Let {L,, | o € A}
beachainin Q. Let Ly = |J,, La- Then Ly is also a field contained in X of which
all L, are subfields, and which is an algebraic extension of K. Thus, Ly € 2 is an
upper bound of the chain. By the Zorn’s lemma € has a maximal member L (say).
Then L is an algebraic extension of K. We show that L is an algebraic closure of
K by showing that it is an algebraically closed field. Suppose not. Then there is
a proper algebraic extension F of L. From the above proposition, it follows that
the cardinality of F is strictly less than that of X. Hence there is a subset L’ of X
containing L properly, and a bijective map 7 from L’ to F which is identity on L. We
can pull back the operations of F to that of L’ so that L’ becomes a proper algebraic
extension of L. Clearly, L’ is also an algebraic extension of K, and L' € X. This
contradicts the supposition that L is a maximal member of 2. This completes the
proof of the fact that L is an algebraic closure of K. i

Theorem 8.3.21 Let o be an isomorphism from a field K 1o a field K ' Let K be an
algebraic closure of K, and K’ be an algebraic closure of K '. Then o can be extended
to an isomorphism from K to K'.
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Proof Let  be the set of triples (L, o/, L), where L is a subfield of K containing
K, L'is asubfield of K’ containing K’, and ¢’ is an extension of ¢ to an isomorphism
from L to L'. The set €2 is a nonempty set, for (K, o, K') is a member of . Define
arelation < on 2 by

(Ly, 01, L) < (Lp, 00, L)) < L| C Ly, L} C L), and o, an extension of o}.

Thus, (€2, <) is a nonempty partially ordered set. Let {(L., 04, L,) | @ € A} be a
chainin Q. Let Ly = J,cp Lo, Ly = U,ep L), and o is a map from Ly to L
defined by the property that oy restricted to L, is o,. Then it is easy to observe that
the triple (Lo, 0o, L)) is a member of € which is an upper bound of the chain. By
the Zorn’s lemma 2 has a maximal member (L, 7, L') (say). We show that L = K
and L' = K’ which will complete the proof the theorem. Suppose that a € K — L.
Then a is algebraic over L. Let p(X) be the minimum polynomial of a over L. Since
a ¢ L, p(X) is an irreducible polynomial of degree greater than 1. Since & is an
isomorphism, it follows that p”(X) is an irreducible polynomial over L’ of degree
greater than 1. Since K’ is algebraically closed there is a root b in K’ of p?(X). By
the Proposition 8.3.7, we get an extension 7 of & to an isomorphism from L(a) to
L’(b). Thus, the triple (L(a), T, L’(b)) belongs to 2, and this is a contradiction to
the maximality of the triple (L, 7, L/) Hence L = K. But, then 5(K) is also an
algebraically closed field of which K’ is an algebraic extension. This means that

@(K) = K'. This completes the proof. g
Taking K = K’,and 0 = Ik in the above theorem, we get the following

corollary:

Corollary 8.3.22 Algebraic closure of K is unique upto K-isomorphism. it

The algebraic closure of K will usually be denoted by K.

Corollary 8.3.23 Let L be an algebraic extension of K. Then the algebraic closure
L of L is K-isomorphic to the algebraic closure K of K.

Proof Follows from the fact that the algebraic closure L of L is also an algebraic
extension of K which is algebraically closed. i

Corollary 8.3.24 Let K be a field and S a set of polynomials over K. Then there is
a field extension L of K in which all the polynomials in S has a root. Further, given
any two field extensions Ky and K> of K such that all the polynomials in S split over
K1 as well as over K, let Ly be the subfield of K| generated by K and the roots of
the members of S belonging to K, and L, be the subfield of K, generated by K and
the roots of the members of S belonging to K». Then L, and L, are K -isomorphic.

Proof Tf K is the algebraic closure of K, then all roots of S split over K. Let L; and L,
be as in the hypothesis of the corollary. Then L; and L, are both algebraic extension
of K. Let L; be algebraic closure of L, and L, be the algebraic closure of L,. Then
both of them are algebraic closure of K also. Hence there exists a K-isomorphism o
from L, to L,. Clearly o will take the roots of a polynomial in S to a root of the same
polynomial in S. Thus, o restricted to L; will be an isomorphism from L; to L,. f



8.3 Splitting Field, Normal Extensions 291

Definition 8.3.25 The unique (upto K-isomorphism) field described in the above
corollary is called the splitting field of the set S of polynomials over K. It is in fact
the smallest field upto injective embeddings over which all polynomials in S split.

Remark 8.3.26 The algebraic closure of K is the splitting field of the set of all
polynomials over K.

Theorem 8.3.27 Let L be an algebraic extension of K. Then the following conditions
are equivalent.

1. L is splitting field of a family S of polynomials over K.

2. If o is a K-homomorphism from L to its algebraic closure L, then o(L) = L.

3. Every member o € G(L/K) restricted to L is a member of G(L/K).

4. Iff(X) is an irreducible polynomial in K[X] which has a root in L, then it has all
its roots in L.

Proof 1 = 2. Assume 1. Then by the definition of the splitting field of a family of
polynomials, it follows that L is the subfield of L generated by K and the roots of the
members of S. Since any K-homomorphism from L to L takes root of a polynomial
in S to a root of the same polynomial, it follows that the o takes the roots of members
of S to the roots of members of S, and it also takes K to K. Hence (L) = L.

2 = 3. Assume 2. If o € G(L/K), then o restricted to L is a K-homomorphism
from L to L. By 2, (L) = L, and so o restricted to L is a member of G(L/K).

3 = 4. Assume 3. Let f(X) be an irreducible polynomial in K[X] which has a
root a € L. Let b be another root of f(X) in L. Then by Proposition 8.3.7, there is
K-isomorphism ¢ from K (a) to K (b) such that 0(a) = b. Clearly, L is an algebraic
closure of K (a) as well as of K (b). By the proposition 8.3.21 there is an isomorphism
7 which extends ¢. From 3, 7(L) = L. Hence b € L.

4 = 1. Assume 4. Let S be the set of all polynomials in K[X] having a root in
L. Then from 4, all the roots of members of § are in L. Further, since L is algebraic
over K, every element of L is a root of some polynomial in K[X]. It follows that L is
the splitting field of S over K. ft

Definition 8.3.28 An algebraic extension L of K is called a normal extension if it
satisfies any one (and hence all) of the above conditions.

Corollary 8.3.29 A finite extension L of K is a normal extension if and only if L is
splitting field of a polynomial over K.

Proof If L is splitting field of a polynomial over K, then by the definition, L is a
normal extension of K. Conversely, suppose that L is a finite normal extension. Then
L = K(a,ay,...,a,) for some aj, ay,...,a, in L. Let f;(X) be the minimum
polynomial of a;. Let f(X) be the product of fi(X), 2(X), ..., f,(X). Then clearly L
is splitting field of f(X) (note that by the definition L has all roots of f(X)). it
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Corollary 8.3.30 Every Galois extension is a normal extension.
Proof Follows from the Exercise 8.2.10. it

Remark 8.3.31 A normal extension need not be a Galois extension: Let K = Z,(X)
the field of rational functions over the field Z, in one variable. Consider the polyno-
mial Y” — X in K[Y]. Let L be the splitting polynomial of ¥ — X over K. Then
from the definition, L is a normal extension of K. Y” — X is irreducible K[Y] by
the Eisenstein irreducibility criteria (for X is a prime element in Z,[X] of which K
is the field of fractions). Let a be a root of this polynomial in L. Then o = X.
Thus, Y? — X = YP — o’ = (Y — a)’. Hence a is the only root of Y? — X
which is denoted by X ». This means that L = K X ll’). Ifois any automorphism

in G(L/K), then it permutes the roots of Y7 — X. Hence c(X») = X ». This
shows that ¢ is the identity map. Thus, G(L/K) is the trivial group, but the degree
[L:K] = deg(Y? — X) = p. Hence this extension is not a Galois extension.

Corollary 8.3.32 Let L be a normal extension of K. Let F be any intermediary field.
Then L is also a normal extension of F whereas F need not be a normal extension
of K.

Proof Let L be a normal extension of K and F an intermediary field. Then L is the
splitting field of a family S of polynomials over K. Since every polynomial over K is
also a polynomial over F, L is also the splitting field of the same set S of polynomials
over F. This shows that L is a normal extension of F. Next, we show that F' need
not be a normal extension of K. Consider the extension Q(Z%, w) of Q. This is the
splitting field over Q of the polynomial X3 — 2, and so it is a normal (in fact it
is already seen to be a Galois extension). Further, Q(Z%) is an intermediary field
which is not normal. Indeed, X3 — 2 has a root in Q(Z%) but not all its roots are

in 0(27). i
Remark 8.3.33 If Lis anormal extension of F, and F is a normal extension of K, then
L need not be a normal extension of K. For example, Q(+/2) is a normal extension
(splitting field of X% —2) of Q, and Q(\/ﬁ) is a normal extension of Q(+/2) whereas
Q(\/ﬁ) is not a normal extension of Q. Clearly, X* — 2 is the minimum polynomial
of \/ﬁ over Q where as not all roots of X* — 2 are in Q(\/ﬁ). For example,

V/+/2i is also a root of the polynomial X* — 2, and it is not in this field (Find the
splitting field of this polynomial over Q).

Corollary 8.3.34 Let F be a finite extension of K. Then there is a smallest subfield
L of F which contains F, and which is a normal extension of K.

Proof Suppose that F = K(ay, a, ..., a,). Let f;(X) be minimum polynomial of
a; over K. Let f(X) be the product of these polynomials, and L C F be the splitting
field of f(X) over F. L is also the splitting field of f (X) over K, and it is the smallest
normal extension of K containing F. it



8.3 Splitting Field, Normal Extensions 293

Definition 8.3.35 The field L described in the above corollary is called the
normal closure of F over K.

Proposition 8.3.36 Let F be a finite extension of K of degree m, and f(X) be an
irreducible polynomial in K[X] of degree n. Suppose that m and n are co-prime. Then
f(X) is also irreducible in F[X].

Proof Let L be the splitting field of the polynomial f(X) over F. We may assume
that n > 1. Now, f(X) can not have any of its roots in F, for if a is a root of
f(X) which is in F, then K(a) € F. But, then n = degf(X) = [K(a) : K]
will divide [F : K] = m. This is a contradiction to the supposition. Let a be a
root of f(X) in L, which as shown above, is not in F. Consider F'(a). Then, since
K(a) € F(a),[K(a) : K],and [F : K] both divide [F(a) : K] = [F(a) : F][F : K].
Thus, m - n divides [F(a) : F] - m. This shows that n divides [F(a) : F]. Since a is
aroot of f(X), it follows that [F(a) : F] < n.Hence [F(a) : F] = n = degf(X),
and so f(X) is irreducible over F. it

As an application of the above proposition we have the following example:

Example 8.3.37 The polynomial f(X) = X’ — 10X* + 5X*> + 15X + 10is
irreducible over Q(Z% , w): By the Eisenstein irreducibility criteria, f (X) is irreducible
over Q. Next, we have already seen that Q(Z%, w) is a Galois extension of degree 6
which is co-prime to 7. The assertion follows from the above proposition.

Exercises

8.3.1 Show that Q(w) is the splitting field of X* + X% + 1 over Q, where w is a
primitive cube root of unity.

8.3.2 Show that the splitting field of X" — 1 is Q(p,), where p, = e is the
primitive nth root of unity. Show that, in case n = p a prime, its degree is p — 1.
More generally, we shall show that its degree is ¢(n).

8.3.3 Determine the degrees of the splitting fields over Q of the following polyno-
mials:

i X*+1.
(i) X +X+1.
(iii) X°+ X3+ 1.
(iv) X*-5.
8.3.4 Determine the degrees of the splitting fields of the following polynomials:

i x3 +X + 1 over Zs.
(i) X7 —5over Z,.

8.3.5 Give examples of rational numbers » and s such that the splitting field of
X3 + rX + s has degree 3 over Q. Can we characterise such r and s?
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8.3.6 Use the fact that if ¢ is a K-automorphism of a field extension L of K, and
f(X) is a polynomial in K[X], then o takes the roots of f(X) to that of f(X), to show
the following:

(1) If z is a complex number which is a root of a polynomial f (X) with real coeffi-
cients, then the conjugate z is also a root of f(X).

(ii) If ris a rational number which is not a square of a rational number, and a + b./r
is a root of a polynomial f(X) in Q[X], then a — b./r is also a root of f(X).

8.3.7 Show that K = Q(+/2 + +/3) is a normal extension of Q of degree 4. Show
that every irreducible polynomial of odd degree over Q is also irreducible over K.

8.3.8 Let K be a field of characteristic p. Show that

(i) XP — a, where a € K is either irreducible, or it has all its roots in K.
(i) X? — X — ais irreducible, or it has all its roots in K. Deduce that if a # 0, then
it is irreducible over Z,.

8.4 Separable Extensions

Now, we describe the finite extensions L of K for which the number of K embeddings
of LintoL = Kis[L:K].

Consider the case when L = K(a). Let p(X) be the minimum polynomial of
a. We know that [K(a) : K] = degp(X). Since any K-embedding of L will take
a to a root of p(X), there are at the most as many K-embeddings of K (a) into K
as many distinct roots of p(X). Further, given any root b of p(X), there is a unique
Kisomorphism o from K (a) to K (b) € K which takes a to b. This shows that there
are exactly as many K-embeddings of K(a) into K as many distinct roots of the
minimum polynomial p(X) of a. Thus, we have proved the following:

Proposition 8.4.1 The number of K-embeddings of K (a) into Kis[K(a) : K] ifand
only if all the roots of p(X) are distinct. it

The above proposition motivates to have the following definition.

Definition 8.4.2 An irreducible polynomial p(X) in K[X] is called a separable
polynomial if all its roots are distinct in its splitting field. A polynomial f(X) (not
necessarily irreducible) is said to be separable if all its irreducible factors are sep-
arable. An algebraic element a of an extension field L of K is said to be separable
if the minimum polynomial of a is separable. An algebraic extension L of K is said
to be a separable extension if every element of L is separable over K. An algebraic
extension L of K which is not separable is said to be an inseparable extension.

Proposition 8.4.3 Let L be a separable extension of K and F be an intermediary
field. Then L is a separable extension of F, and F is also a separable extension of K.
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Proof Suppose that L is a separable extension of K. Then every element of L is
separable over K. In particular every element of F is separable over K. This shows
that F is separable over K. Further, if @ is an element of L, and p(X) is the minimum
polynomial of a over K, then the minimum polynomial of a over F is a factor of
p(X). Since p(X) has all its roots distinct, any factor of p(X) will also have its roots
distinct. Thus, a is separable over F also. f

Definition 8.4.4 Let L be a finite extension of K. Let [L : K], denote the num-
ber of distinct K-embeddings of L into L. The number [L : K], is called the
degree of separability of the extension L of K (the justification for this terminology
will be clear a little later).

Thus, the above proposition says that a € L is separable if and only if [K(a) :
K]; = [K(a) : K]. We shall show that L is a separable extension of K if and only if
[L:K]; = [L:K].

Proposition 8.4.5 Let L be a finite extension of K. Let o be an isomorphism from K
to K'. Then the number of extensions of o to an embedding of L to K’ is [L : K];.

Proof Let K be an algebraic closure of K containing L. The it follows by 8.3.21 that
o can be extended to an isomorphism & from K to K'. Let £,(L, K’) be the set of
extensions of ¢ to homomorphisms from L to K’. We have to show that | =, (L, K') |
= [L : K];. Define a map 7 from X, (L, K to =x(L, K) by n(g) = E’log. Now,
1n(g1) = n(g2) implies that 5’1og1 = E’logz. Since T is bijective, g = ¢».
Thus, 7 is injective. Let h € £k (L, K). Then g = Goh € X,(L,K’) and n(g) = h.
This shows that 7 is surjective. Thus | £,(L, K') | = | g (L, K) |. By the definition
| x(L,K) | = [L : K],. The result follows. o

Corollary 8.4.6 Let L be a finite field extension of K, and let F be an intermediary
field. Then [L : K]y, = [L: F];-[F : K],

Proof Let K be an algebraic closure of K containing L. Then from the above propo-
sition it follows that every K-embedding of F into K has exactly [L : F], extensions
to embeddings of L into K. Further, since there are [F : K];, K-embeddings of F
into K, it follows that there are [L : F], - [F : K], K -embeddings of L into K. The
result follows from the definition. it

Corollary 8.4.7 Let L be a finite extension of K. Then L is a separable extension of
Kifandonlyif[L : K], = [L:K].

Proof The proof is by the induction on [L : K]. If [L : K] = 1,then L = K,
and then there is nothing to do. Suppose that the result is true for all extensions
whose degrees are less than n. Let L be a separable extension of K of degree n.
Then every element of L is separable over K. Let a € L — K. Then by the definition
a is separable over K. Let K be an algebraic closure of K containing L. We have
already seen that the number of K-embeddings of K (@) in K is the number of distinct
roots of the minimum polynomial p(X) of a, and it is the same as deg(p(X)) =
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[K(a) : K]. Thus, [K(a) : K]y = [K(a) : K]. We have also observed that L
is separable over any intermediary field, and so L is separable over K(a). By the
induction assumption, [L : K(a)l; = [L : K(a)]. From the previous corollary, we

have [L : K]y, = [L: K(a)l;-[K(a): K]y = [L:K(a)]-[K(a): K] = [L:K].
Conversely, suppose that [L : K]; = [L : K]. Let a € L. We have to show that a is
separable over K. It is sufficient to show that [K(a) : K]; = [K(a) : K]. Suppose
that [K(a) : K]y < [K(a) : K]. Then since [L : K(a)]; < [L : K(a)], we see
that [L : K]; = [L : K(a)]s - [K(a) : K] is strictly less than [L : K]. This is a
contradiction to the hypothesis. i

Corollary 8.4.8 Let L be finite separable extension of F and F a finite separable
extension of K. Then L is a separable extension of K.

Proof Under the hypothesis of the corollary, [L : K], = [L: Fl;-[F : K]y = [L:
F]1-[F:K] = [L:K]. i

Corollary 8.4.9 Let L be afinite extension of K. Let K* denote the set of all elements
of L which are separable over K. Then KL is a subfield of L.

Proof Leta,b € Kf Then we have already seen that K (a) and K (b) are separable
extensions of K. Since b is separable over K, it follows from the previous result
that K(a)(b) = K(a, b) is a separable extension of K. Thus K(a, b) C KSL. Hence
a—b,a-banda”!, a # 0 are in K~. This shows that K is a subfield of L. g

Definition 8.4.10 The subfield K” is called the separable closure of K in L. The
separable closure of K in its algebraic closure is called the separable closure of K

Corollary 8.4.11 A finite extension L of K is a Galois extension if and only if it is
separable as well as normal.

Proof We know that a finite extension L of K is a Galois extension if and only if
| G(L/K) | = [L : K]. Suppose that L is a finite Galois extension. Since each
member of G(L/K) can be viewed as K-embedding of L into K, there are at least
[L : K] K-embeddings of L into K. There can not be more. Hence [L : K], = [L : K].
This shows that L is a separable extension of K. We have already seen that a Galois
extension of K is also a normal extension. Conversely, suppose that L is a separable
normal extension. Since it is separable, there are [L : K] K-embeddings of L into
K. Since L is also a normal extension of K any K-embedding of L into K takes L to
itself. This shows that | G(L/K) | = [L : K], and so L is a Galois extension of K.

Corollary 8.4.12 A finite field extension L of K is Galois extension if and only if it
is splitting field of a separable polynomial over K.

Proof A finite extension is a normal extension if and only if it is splitting field of a
polynomial. Thus, it is sufficient to show that the splitting field L of a polynomial
f(X) over K is a separable extension if and only if f(X) is a separable polyno-
mial. Suppose that L is splitting field of a separable polynomial f(X) € K[X]. Let
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L = K(ay,ay,...,a,), where ay, ay, ..., a, are all roots of f(X). Then minimum
polynomials of each q; is a divisor of f(X). Since factor of a separable polynomial is
separable, it follows that each q; is separable. This shows that the separable closure
of K in L is K(ay,a,,...,a,) = L. In other words L is a separable extension
of K. Conversely, suppose that L = K(ay, ay, ..., ay,) is a splitting field of f(X)
where ay, ay, .. ., a, are roots of f (X), and which is a separable extension of K. Then
nonconstant irreducible factors of f(X) are precisely the minimum polynomials of
ai, a, ..., a, which are all separable elements. Hence f(X) is separable. it

Corollary 8.4.13 A finite extension F of K is a separable extension if and only if
there is a Galois extension L of K such that F is contained in L.

Proof Since F is a finite extension, F = K(ay, as, ..., a,), and since it is also
separable, the minimum polynomial f;(X) of a; is separable for each i. Let f(X) =
HX)fHX) ... fu(X). Thenf(X) is separable. Let L be the splitting field of f (X)) which
contains F. Then from the above corollary, it follows that L is a Galois extension
of K. it

Our next aim is to have a test for the separability of a polynomial. We first define
the concept of formal derivative of a polynomial.

Definition 8.4.14 The formal derivative f'(X) of a polynomial
fX) = ay + a1X + X + o+ a, X"
is defined to be the polynomial
X)) = a; + 2aX + 3a3X> + - + na, X"\

The proof of the following proposition is straightforward and it is left as an exercise.

Proposition 8.4.15 Let f(X), g(X) be polynomials in K[X] and a, b € K. Then

(i) (af + bg)(X) = af'(X) + bg'(X).

(i) (f+9)'(X) = f'COgX) + [(X)g (X).

(iii) (fog) (X) = (90N CO). "

(i) fX+a) = f@ + Xf'@ + 5f'@ + -+ L. f

Proposition 8.4.16 Let f(X) be a nonconstant polynomial in K[X]. Then a is a
multiple root of f (X) in a splitting field L of f (X) over K if and only if it is a common
root of f(X) and f' (X).

Proof If f(X) = (X —a)g(X), then f'(X) =(X — a)g'(X) + g(X). Thus, a is a root of
g(X) if and only if a is a common root of £ (X) and 1’ (X). i
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Proposition 8.4.17 Let f(X) and g(X) be polynomials in K[X]. Let L be a field
extension of K. Then f(X) and g(X) are co-prime in K[X] if and only if they are
co-prime in L[X].

Proof Suppose that f(X) and g(X) are co-prime in K[X]. Then by the Euclidean
algorithm there are polynomials u(X) and v(X) in K[X] such that u(X)f (X) +
v(X)g(X) = 1. Since a polynomial in K[X] are also polynomials in L[X], this
is an identity in L[X] also. This shows that they are co-prime in L[X]. Conversely,
suppose that they are co-prime in L[X]. Then again by the Euclidean algorithm there
are polynomials 4(X) and k(X) in L[X] such that A(X)f(X) + k(X)g(X) = 1.If
d(X) in K[X] divides f(X) as well as g(X) in K[X], then they divide f(X) and g(X)
in L[X] also. Hence d(X) divides 1 in L[X]. Hence d(X) is a unit. This means that
f(X) and g(X) are co-prime in K[X] also. it

Proposition 8.4.18 Ler f(X) € K[X] be a nonconstant polynomial. Let L be an
splitting field of f (X) over K. Then all the roots of f (X) in L are distinct if and only
if f(X) and ' (X) are co prime in K[X].

Proof Suppose thatf(X) and f'(X) are co-prime in K[X]. Suppose that a is a multiple
root of £(X). Then f(X) = (X — a)’>g(X) for some g(X) € L[X]. Now f/(X) =
2X —a)gX) + X — a)zg’(X). This shows that X — a divides f (X) as well as ' (X).
Hence f(X) and f'(X) are not co-prime in L[X]. From the above proposition, f(X)
and f’(X) are not co-prime in K[X]. Conversely, suppose that all roots of f(X) are
distinct in L. Let L’ be the splitting field of /' (X) over L. Suppose that f(X) and f(X)
have a common root a in L', and so also in L (note that all roots of f (X) are supposed
tobein L). Suppose thatf (X) = (X —a)g(X). Thenf'(X) = gX) + X —a)g' (X).
Since a is also a root of f(X), it follows that (X — a) divides g(X). But, then (X — a)?
divides f (X). This is a contradiction to the supposition that / (X) has no multiple root.
Hence f(X) and f'(X) have no common root in L. This also shows that f(X) and
f/(X) are co-prime in L'[X], and so (by the above proposition) they are also co-prime
in K[X]. i

Corollary 8.4.19 Let f(X) be an irreducible polynomial in K[X]. Then f(X) is
separable (i.e., all its roots distinct) if and only if f (X) does not divide f'(X).

Proof Since f(X) is irreducible greatest common divisor (f (X), f/(X)) is a unit or it
is an associate of f(X). By the definition f(X) is separable if and only if it has no
multiple roots. From the above proposition, this is equivalent to say that (f (X), f' (X))
is a unit. This in turn is equivalent to say that that f (X) does not divide f'(X). it

Corollary 8.4.20 An irreducible polynomial f (X) in K[X] is separable if and only
iff'X) #0.

Proof If f'(X) # 0, then it is a polynomial of lower degree than f(X), and so f(X)
can not divide f'(X). The result follows from the above proposition. it
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Since in a field of characteristic 0, f'(X) = 0 if and only if f(X) is a constant
polynomial (verify), the following corollary is immediate.

Corollary 8.4.21 Every polynomial over a field K of characteristic 0 is
separable. it

Corollary 8.4.22 Let K be afield of characteristic 0. Then every algebraic extension
L of K is separable.

Proof By the definition L is separable over K if and only if all elements of L are
separable over K. This, in turn, means that the minimum polynomial of each element
of L over K is separable. The result follows. il

Corollary 8.4.23 Let K be afield of characteristic p # 0. Let f (X) be an irreducible
polynomial in K[X]. Then f(X) is separable if and only if there is no polynomial
g(X) € K[X] such that f(X) = g(XP).

Proof We have seen that an irreducible polynomial f(X) is separable if and only if
f'(X) # 0. Let K be a field of characteristic p # 0. Let

fX) = a0 + a1 X + a2X2 + o+ g X"
be an irreducible polynomial in K[X]. Then
f,(X) = a; + 2aX + 3(13X2 + 4 I’laanHl -0

if and only if ia; = O for all i. This means that if p does not divide i, a; = 0. This
shows that f'(X) = 0 if and only if f(X) is of the form

f(X) = Qo + apo + a2pX2p + + arpxrp
for some r. This is equivalent to say that f(X) = ¢(X?), where
gX) = ap + apX + apX® + - + a,X'.

The result follows. it

Proposition 8.4.24 Let K be a field of characteristic p # 0. Let a € K. Then the
polynomial XP — a is irreducible over K if and only if it has no root in K.

Proof If XP — ais irreducible, then obviously it has no roots. Conversely, suppose
that it has no root in K. Let L be a splitting field of this polynomial, and let b € L be
arootof X — a.Then b ¢ K and b’ = a. Further,

X' —a) = X — ) = (X — bY.

Now, any nonunit factor of X — @« in K[X] will be of the form (X — b)" for
some r, 1 < r < p. Suppose that (X — b)" € K[X]. Then1 < ¢t forb ¢ K.
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Suppose that 7 < p. Then since (X — b)' € K[X], it follows that th € K. Since ¢ is
co-prime to p, b € K. This is a contradiction to the supposition. Hence, in this case,
it is irreducible. it

Corollary 8.4.25 Let K be a field of characteristic p # 0. Then every algebraic
extension of K is separable over K if and only if K = {a’ | a € K} = K.

Proof To say that every algebraic extension of K is separable and is equivalent to
say that every polynomial over K is separable. This, in turn, is equivalent to say that
every irreducible polynomial over K is separable. Suppose that every irreducible
polynomial over K is separable. Let a be a nonzero element of K. Consider the
polynomial X? — a. Ifitis irreducible, then since its derivative is 0, it is not separable.
Hence X? — ais notirreducible. From the previous proposition, it follows that X” — a
has aroot b € K. This shows thata = b” € K”. Conversely, suppose that K¥ = K.
We show that every irreducible polynomial over K is separable. Suppose contrary.
Let f(X) be an irreducible polynomial in K[X] which is not separable. Then we have
f(X) = g(X?) for some polynomial g(X) € K[X]. Suppose that

gX) = ap + aiX + aX® + - + a,X".
Since K = K, we have b; € K such that bf’ = a; forall i. Hence
fX) = g(XP) = (bo + 01X + bX* + -+ + bX")

This contradicts the supposition that f(X) is irreducible. it

Definition 8.4.26 A field K is said to perfect if every algebraic extension of K is
separable.

The above results can be restated in the light of the above definition:

Corollary 8.4.27 Every field of characteristic 0 is a perfect field. A field K of char-
acteristic p # 0 is perfect if and only if KP = K. i

Corollary 8.4.28 Every finite field is perfect.

Proof Let K be a finite field of characteristic p. Consider the map ¢ from K to
K defined by o(a) = d”. Then o(a) = o(b) implies that @ = b". Now,
(a—b) = a’—b" = 0.Since K is afield,a —b = 0. Thus, o is injective. Since
K is finite, it is surjective. This means that K = K. From the previous result, K is
perfect. il

We know that the order of every finite field is p” for some prime p and n > 1.

Theorem 8.4.29 Given any prime p and n > 1, there is one and only one (up to
isomorphism) field of order p".
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Proof Consider the field Z, of residue classes modulo p. Consider the polynomial
X" — Xin Z,[X]. Since its derivative is —1 # 0, all its roots in the splitting field L of
this polynomial are distinct. We show that L is precisely the set of roots of X?" — X.
It is sufficient to show that the set of roots of X** — X form a field. Let a and b be
roots of this polynomial. Then @”° = a and »”" = b. Now,

(a+b? =da" + V" =a+ b,
(aby”" = "'V = ab,

and if a # 0, then
(@Y = @) "' =al.

This shows thata+b, ab and a~! are all roots of the above polynomial. This completes
the existence of a field of order p". For uniqueness, let L; and L, be fields of order
p". Then both are splitting fields of X?* — X over their respective prime subfields.
Since their prime subfields are isomorphic (to Z,), it follows from Corollary 8.3.9
that L; and L, are isomorphic. it

Corollary 8.4.30 Every finite extension of a finite field is a Galois extension. If K is
a field containing q elements, and L is a field extension of degree n, then the Galois
group G(L/K) is a cyclic group of order n generated by o, where o is defined by
o(a) = ai.

Proof Clearly, L is the splitting field of X" — X over K. Hence L is normal as well
as separable extension of K. By the Corollary 8.4.11, it is Galois extension. Further,
since a? = a forall a € K, it is clear that the map ¢ defined by o(a) = a? is
a member of G(L/K). Also 0"(a) = a¥ = aforalla e L,andso 0" = I,.
If m < n, then 0™ can not be the identity map, for other wise every element of

L would turn out to be a root of X9° — X. This shows that o generates a cyclic
subgroup of G of order n. Since L is Galois over K, | G(L/K) | = [L: K] = n.
Thus, o generates G(L/K). it

Remark 8.4.31 Consider the algebraic closure L of Z,. Let K be a subfield of L order
p", and F a subfield of order p”. Then K C F if and only if n divides m. This is
clear, for if K C F, then F is a vector space over K of dimension r (say), and then F
should contain exactly (p")" = p™ elements. This means thatm = nr. Conversely,
ifm = nr,then X' — X divides X*" — X. In fact,

(r—Dn

X" —X) = X" — X)1 + X" + x4 xr,

This shows that the splitting field K of X”" — X is contained in the splitting field F
of X" — X.

Proposition 8.4.32 Let K be a finite field containing g = p™ elements. Let f(X)
be a monic irreducible polynomial of degree n over K. Let a be a root of f(X) in a
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field extension L of K. Then K(a) is the splitting field of f (X), and all roots of f (X)
are of the forma? , r > 1.

Proof Clearly, [K(a) : K] = degf(X) = n.Thus, K(a) is a field extension of K of
degree n. From the above results, K (a) is a Galois extension, and it is splitting field
of X9 — X over K. Thus, all the roots of £(X) lie in K (a). Further, G(K (a)/K) is
the cyclic group of order n generated by o where o is defined by o(b) = b?. This
shows that {o"(a) | 1 <r <n} = {a? | 1 <r < n}is the set of all distinct roots

of £(X). i

These results say that to find a field K of order p”, it is sufficient to find irreducible
polynomials of degree n over Z,, and then K is simply isomorphic to the field
Z,[X]/ < f(X) >, where f(X) is an irreducible polynomial over Z, of degree n.
There is an effective procedure using the division algorithm in Z,[X] to enumerate
the elements of K, and also to determine the addition and multiplications in K. How
to determine irreducible polynomials of degree n in Z,[X]? As observed if f(X) is
a monic irreducible polynomial over Z, of degree n, then the splitting field of f(X)
is same as the splitting field of X*" — X.If a is a root of £(X), then it is also a root
of X?" — X. Since f(X) is the minimum polynomial of a, it divides X*" — X. This
shows that all irreducible monic polynomials of degree » are the irreducible factors
of X”" — X. Further, let g(X) be any monic irreducible polynomial over Z,[X] of
degree m, where m divides n. Then the splitting field of g(X) is also the splitting
field of X”" — X, and it is contained in the splitting field of X** — X. Hence any
root of g(X) is also a root of X" — X. Conversely, if g(X) is an irreducible monic
polynomial of degree m which is a factor of X** — X, then the splitting field of g(X)
is of order p™, and it is contained in the splitting field of XP" — X.Thus, m divides
n. This shows that all irreducible polynomials of degrees m, where m divides n are
factors of X' — X, and they are the only(upto associate) factors of X' — X. Since
the roots of this polynomial are all distinct, it has no repeated irreducible factors.
The arguments above combine to give the following:

Theorem 8.4.33 The polynomial X' — X in ZplX] is the product of distinct irre-
ducible monic polynomials in Z,[X] whose degrees are divisors of n. it

One can develop a computer program to factorize X”' — X in Z,[X] for small
primes p and for small 7.

Example 8.4.34 Consider the case p = 2 andn = 3. We wish to find all monic
irreducible polynomial of degree 3 in Z,[X], and also factorize X 2 _ Xas product
of irreducible factors. Since 1 and 3 are the only divisors of 3, irreducible factors
of X8 — X are irreducible polynomials of degree 1 and irreducible polynomials of
degree 3. The irreducible polynomials of degree 1 are X and X + 1 only. Consider the
irreducible polynomials of degree 3. Let us enumerate the polynomials of degree 3.
Theyare X, X> + X2, X’ 4+ X, X* + 1, X* + X>’ + X, X’ + X> + 1, X’ + X + 1
and X* + X?> + X + 1. Polynomials of degree 3 which have no roots in Z, are
X? + X? 4+ land X3 + X + 1. They are all irreducible also. Thus,
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XP— X = XX+DX + X 4+ DO+ X + D).

Ifaisarootof X> + X2 + 1,thena® = a* + 1. Note that a® and a* are also
roots of X3 + X% + 1. Ifbisarootof X> + X + 1,thenb® = b + 1.
Zo[X1/ < X3+ X*+1 > and Z,[X]/ < X3 + X + 1 > are both fields of order 8.
Determine an explicit isomorphism between them. Compare this with the example
of a field of order 8 given in Chap.7, of algebra 1.

Example 8.4.35 Consider the case whenp = 2andn = 5. Since 1 and 5 are the
only divisors of 5, it follows that only irreducible polynomials of degrees 1 and 5
are factors of X3> — X. Irreducible polynomials of degree 1 (as above) are X and
X + 1. Irreducible polynomials in Z,[X] of degree 5 are precisely

XC+X+ 1L, +X+ 1L, X+ X+ X3+ X +1,
X+X+X+X+ 1L, +X+ X+ X2 +1,

and X° + X3 +X?+ X + 1. Itis easily seen that X*? — X is product of these irreducible
polynomials.

Exercises

8.4.1 Give an example of a inseparable polynomial over some field.
Hint. Consider the field K = Z,(X) and take the polynomial Y — X in K[Y].

8.4.2 Let K be a field of characteristic p # 0. Show that the field K(X) is not a
perfect field.

8.4.3 Let K be a field of characteristic p # 0. Let f (X) be an irreducible polynomial
in K[X]. Show that there exists n > 1 and a separable polynomial g(X) in K[X] such
that f(X) = g(X"").

8.4.4 Let L be a field extension of K and the characteristic of K is p # 0. Let a be
an element of L which is algebraic over K. Show that there is a positive integer n
such that a”" is separable over K.

8.4.5 Call an element a of the extension L of a field K of characteristic p # 0 a
purely inseparable element if it is algebraic over K, and its minimum polynomial
has only one root namely a. Show that a is purely inseparable over K if and only if
a”" e K for some n.

8.4.6 Show that an element a of L is separable as well as purely inseparable if and
only ifa € K.

8.4.7 Show thatif a € L is purely inseparable over K, then K (a) is splitting field of
the minimum polynomial of a, and G (K (a)/K) is trivial.

8.4.8 Let L be an algebraic extension of K. Show that every element of L is purely
inseparable over the separable closure K of K in L.
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8.4.9 Call an algebraic extension L of K to be a purely inseparable extension if
every element of L is purely inseparable over K. Show that L is purely inseparable
of K.

8.4.10 Show thatif L is a finite purely inseparable extension of K, then [L : K] = p"
for some prime p and n.

8.4.11 Let L be a finite extension of K, and F be an intermediary field. Show that
L is purely inseparable extension of K if and only if L is purely inseparable over F,
and F is purely inseparable over K.

8.4.12 Let L be a field extension of K. Let K; denote the set of all purely inseparable
elements of L. Show that K; form a subfield of L called purely inseparable closure
of K in L. Observe that L need not be separable over K;.

8.4.13 Define [L : K]; = [L : K;] and call it the degree of inseparability. Show
that [L : K]; = [L: F];[F : K];, where F is an intermediary field.

8.4.14 Let L be a finite normal extension of K. Show that K; is a Galois extension
of K, and G(L/K) is isomorphic to G (K;/K). Deduce that | G(L/K) | = [L : K];.

8.4.15 Let K be a field of characteristic p # 0 and a € K such that a ¢ K?. Show
that X? — a is irreducible over K.

8.4.16 Find all irreducible polynomials of degree 4 over Z,. Factorize X'® — X as
product of irreducible factors over Z,. Determine the structure of a field of order 16.

8.4.17 Determine the cubic irreducible polynomials over Zs, and factorize X’ — X
over Zs. Determine the structure of a field of order 27.

8.4.18 Express X 4 4+ las product of irreducible elements in Z3[X]. Determine its
splitting field.

8.4.19 Show that X* — 7 is irreducible over Zs.
Hint. Observe that 7 is not quadratic residue mod 5.

8.4.20 Determine irreducible polynomials of degree 5 over Zs3, and factorize
X — Xas product of irreducible elements in Z3[X].

8.4.21 Let ¥(q, d) denote the number of irreducible polynomials of degree d over
a field K, containing ¢ elements. Then show that

q" = Zamdi(q, d).
Use the inversion formula to show that
np(q.n) = Sasup(d)qe.

8.4.22 Find the number of irreducible polynomials of degree 9 over a field K of
order 125.
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8.5 Fundamental Theorem of Galois Theory

In this section, we relate the intermediary fields of Galois extensions with the sub-
groups of the Galois groups. We translate problems in the field theory to the prob-
lems in group theory. As a simple application, we prove the fundamental theorem of
algebra. Other applications of fundamental theorem of Galois theory will follow in
the following sections.

Theorem 8.5.1 (Fundamental theorem of Galois theory). Let L be a finite Galois
extension of K. Let S(G(L/K)) denote the set of all subgroups of the Galois group
G(L/K). Let S(L/K) denote the set of all intermediary subfields of the field extension
L of K. Then we have a bijective map ¢ from S(G(L/K)) to S(L/K) given by p(H) =
F(H) (the fixed field of H), and a bijective map 1 from S(L/K) to S(G(L/K)) given
by v(F) = G(L/F) such that ¢ and 1) are inverses of each other. Further, the
following conditions hold.

(i) H\ € H, = F(Hy) C F(H)).
(i) F1 € F» = G(L/F>) € G(L/F)).
(iii) |H|= [L:F(H)], and [F(H) : K] = [G(L/K) : H].
(iv) H is normal subgroup of G(L/K) if and only if F(H) is a Galois extension of
K, and then G(F(H)/K) is isomorphic to the quotient group G(L/K)/H.

Proof Clearly, ¢ and v are maps. By the Corollary8.2.20, H = G(L/F(H)).
Also since L is a Galois extension of K, for any intermediary field F, L is also
a Galois extension of F, and so it follows from the definition of Galois extension
(Definition 8.2.3) that F(G(L/F)) = F. This shows that ¢ and 1 are inverses of
each other. In particular, they are bijective maps also.

(i) and (ii) are restatements of Proposition8.2.4. The part (iii) follows from the
Theorem 8.2.19.

(iv) Suppose that H is a normal subgroup of G (L/K). We have to show that F'(H)
is a Galois extension of K. Since L is a Galois, and so separable extension of K, every
element of L is separable over K. In particular, every element of F'(H) is separable
over K. Thus, in any case F'(H) is a separable extension of K. We show that under the
assumption that H is normal subgroup of G(L/K), F(H) is also a normal extension of
K. Tt suffices to show that o (F(H)) € F(H) forall 0 € G(L/K).Leta € F(H), and
o€ G(L/K).LetT € H. Then7(c(a)) = o((c"'oroo)(a)) = o(a),for o~ oroo
belongs to H and a € F(H). This shows that o(a) € F(H) for all o0 € G(L/K).
Thus, F(H) is a Galois extension of K. Conversely, suppose that F(H) is a Galois
extension of K. Then any ¢ € G(L/K) restricted to F(H) is an automorphism
of F(H). This enables us to define a map ¢ from G(L/K) to G(F(H)/K) by
¢(0) = o/F(H) (the restriction of ¢ to F(H)). Clearly, this is a homomorphism.
Since L is a Galois extension of K, any element of G (F(H)/K) can be extended to
an element of G(L/K). Thus, ¢ is a surjective homomorphism. Further, Ker¢p =
G(L/F(H)) = H. This shows that H is a normal subgroup of G(L/K), and by
the fundamental theorem of homomorphism, G(L/K)/H is isomorphic to
G(F(H)/K). f
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Corollary 8.5.2 Let L be a finite Galois extension of K. Then there are only finitely
many intermediary fields. In particular; it is simple extension.

Proof Since G(L/K) is finite of order [L : K], it has only finitely many subgroups.
By the fundamental theorem of Galois theory, there is a bijective correspondence
between the set of subgroups of G(L/K) to the set of intermediary fields. The result
follows. Finally by the Theorem 8.1.17, it follows that L is a simple extension of K.

Corollary 8.5.3 Every finite separable extension is simple.

Proof Let L be a finite separable extension of K. Suppose that L = K(ay, as, ...,
ap). Let f;(X) be the minimum polynomial of ;. Then each f;(X) is separable. Let
L’ be the splitting field of f(X) = fi(X)(X)...f,(X) containing L. Then L' is a
finite Galois extension of K. Hence there are only finitely many intermediary field
between L’ and K. In particular, there are only finitely many intermediary field in
between L and K. Again by the Theorem 8.1.17, L is a simple extension of K. il

Corollary 8.5.4 Every finite field extension of a field K of characteristic 0 is simple.

Proof Since every finite extension of a field of characteristic 0 is separable, the result
follows. 8

Our next aim will be to use the fundamental theorem of Galois theory to enumerate
intermediary fields in a Galois extension L of K by calculating the Galois group
G(L/K), enumerating all subgroups of G(L/K), and finding fixed fields of these
subgroups. In this section we give some simple examples to illustrate it.

Example 8.5.5 Recall Examples8.2.14, 8.2.23, and 8.3.13. The extension L =
Q(Z%,w) = Q(Z% + w) is a Galois extension of QQ with Galois group isomor-
phic to S3. Since S3 has 6 subgroups, there are 6 intermediary fields. We enumerate
them. Clearly, the fixed field F(S3;) of S3 is Q. The fixed field of the trivial sub-
group is the field Q(2% + w). Consider the subgroup < ¢ > of G(L/Q) generated
by the element o, where o takes 23 to wZ%, and takes w to itself. Clearly, < o >
is the unique normal subgroup of G(L/Q) of order 3, and it is isomorphic to Aj.
Thus, F(< o >) is a Galois extension of Q of degree [G(L/Q) :< o >] = 2.
Also w € F(< o >). Thus, Qw) € F(< o >). Since [Qw) : Q] = 2.
Hence F(< 0 >) = Q) = Q(w?). Let 7y, 7, 73 be elements of G(L/K)
given by 11(23) = 23, M(w) = w; ™(23) = w23, Hw) = w? and

7'3(2%) = w22%, mw) = w? Itisclearthat < 7, >, < 7 >, and < 73 >
are a}l 3 subgroups of order 2 of G(L/K). Now, 7, fixes the field Q(Z%), alnd
[QR25) : Q] = 3 = [GUL/K) :< 71 >]. Thus, F(< 11 >) = Q(23).

Similarly, F(< 7 >) = Q(w22%), and F(< 3 >) = Q(w2%). This determines
all intermediary fields.

Example 8.5.6 Consider the polynomial X* — 5 in Q[X]. By the Eisenstein irre-
ducibility criteria, it is irreducible over Q. Let L be the splitting field of this poly-
nomial over Q. Then L is a Galois extension of Q. We find its Galois group, and
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also all intermediary fields. Let a be a real fourth root of 5. Then +a, =ica are
all four roots of X* — 5. Thus, +i € L. Hence L = Q(a, i). It is easy to ver-
ify that L = Q(a +i). [QG) : Q] = 2. Consider the polynomial X* — 5
over Q(i). Note that Q(i) is the field of fractions of Z[i]. It is easy to observe that
1 + 2i is an irreducible element of Z[i] which divides 5 (5 = (1 + 2i)(1 — 2i))
but (1 4 2i)?> does not divide 5. By the Eisenstein irreducibility criteria, X* — 5 is
irreducible over Q(i). Since « is a root of X* — 5, L = Q()(«) is of degree 4
over Q(i). Thus, [L : Q] = [L: QO)IQG) : Q] = 8. Now, we find G(L/Q).
We first find G (L/Q(i)). Consider the automorphism o defined by (o) = «i and
o(i) = i.Clearly, 0 € G(L/Q(i)), and it generates a cyclic group of order 4. Thus,
< 0 > = G(L/Q()). It has a unique proper subgroup < ¢ > of order 2. Since
o2(a?) = o2, it follows that the fixed field of < o2 > is Q(a?, i) (find 3 such that
Q(a?,i) = Q(B)). Thus, we have a maximal tower Q € Q(i)) € Q(a?,i) C L of
intermediary subfields. Next, consider Q(«) which is the fixed field of the subgroup
< 7 > of order 2, where 7 is defined by 7(i) = —i,and 7(ov) = « (in fact 7
is complex conjugation), and which is degree 4 extension of Q. Clearly, this is not
a Galois extension of , as such 7 does not lie in the center. Therefore, the Galois
group is neither abelian nor the quaternion group. It is, therefore, the dihedral group
with presentation < o, T; ot = I, = 72,701 = o3 >. The fixed field of the
subgroup < o2, 7 > which is a normal subgroup of G(L/Q) of order 4 is clearly,
Q(c?). This gives us another maximal tower Q € Q(a?) € Q(«) C L of intermedi-
ary fields. Consider the element o>7. This element takes o to —« and i to —i. This is
an element of order 2. The fixed field of < ¢>7 > is Q(cvi) which is a field extension
of Q of degree 4, and it is isomorphic to Q(cv). Clearly, it contains Q(a?). This gives
another maximal tower Q € Q(a?) € Q(«i) C L. Similarly, looking at other towers
of subgroups of the group G(L/K), we can find all towers of intermediary subfields.
This is left as an exercise.

Example 8.5.7 Let K = C(X) the field of fractions of C[X]. Then, since X is a
prime element in C[X], by the Eisenstein irreducibility criteria, Y* — X is irreducible
in K[Y]. Let L be the splitting field of this polynomial over K. We determine the
Galois group, and also all the intermediary fields. Let o be a root of Y" — X. Let
p = e bea primitive nth root of unity. Then picr, 1 < i < n are all roots of
the polynomial Y” — X. Since p € C € K, L = K(«) is the splitting field of
Y" — X. This shows that L is a Galois extension of K, and the Galois group is of
order [L : K] = n. We show that this is a cyclic group of order n. Thus, there will
be 7(n) (the number of divisors of n) subgroups of the Galois group, and so also the
intermediary subfields. We determine them. We have an automorphism o in G(L/K)
givenby 0(a) = pa. Then o'(a) = p'a. This shows that o is an element of order
n. Thus, G(L/K) = < o >. Corresponding to any positive divisor m of n, there is
a unique subgroup < ¢” > of order m, where n = mr. Consider 0" (a¥) = p™*ak.
This shows that K (o) is contained in the fixed field F (< ¢” >). Since /" is aroot of
Y" — X,and Y" — X isirreducible, it follows that [K (o) : K] = r =|< ¢" >|.This
shows that K (a™) is the fixed field of < ¢” >. This determines all 7(n) intermediary
fields.
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Now, we prove the fundamental theorem of algebra as an application of the fun-
damental theorem of Galois Theory. The fundamental theorem of algebra states that
the field C of complex numbers is algebraically closed. This result was first proved
by Gauss. The routine proof is usually given in a standard complex analysis course
using the fact that there is no bounded function which is analytic throughout the
complex plane. We first prove some basic results in the form of Lemmas.

Lemma 8.5.8 Thereis no proper odd degree extension of the field R of real numbers.

Proof Let L be a field extension of the field R of reals such that [L : R] is odd. Since
R is of characteristic 0, it is a separable and since every finite separable extension is
simple, there is an element a € L such that L = R(a). Let p(X) be the minimum
polynomial of a. Then p(X) is irreducible polynomial of odd degree greater than
1. It is sufficient therefore to show that no polynomial of odd degree greater than
1 is irreducible over R. Let f(X) be a polynomial of degree 2n 4+ 1 over R. Then

Limn%_w% = —oo and Limn_wo% = 00. Thus, there exists a such that
f(a@) > 0Oandf(—a) < O0.By the intermediate value theorem, there is a ¢ € R
such that f(c) = o, and so f(X) can not be irreducible. it

Lemma 8.5.9 There is no Galois extension L of the field C of complex numbers such
that[L:C] = 2",n> 1.

Proof Suppose the contrary. Let L be a Galois extension of C such that | G(L/K) |
= 2", where n > 2. Then G(L/K) has a maximal normal subgroup H of order on=1
Since H is a normal subgroup, F(H) is an extension of C of order 2. Suppose that
F(H) = C(a). Thena ¢ C, and a*> € C. This is impossible, for if a> = re', then
a = +rie? belongs to C. it

Theorem 8.5.10 (Fundamental Theorem of Algebra). The field C of complex num-
bers is algebraically closed.

Proof Let K be a finite extension of C. We have to show that K = C. Suppose not.
Then K = C(ay,az,...,a,) = R@,ay,as,...,a,),and [K : C] > 2. Let f;(X) be
minimum polynomial of ¢; over R. Let f(X) = (X> + Dfi(X)Ap(X) ... f(X). Let L
be the splitting field of f(X) over R. Then L is a Galois extension of R containing K.
Since [L : R] = [L: C][C:R] = 2[L: C]iseven, G(L/R) is of even order, and
so it has a Sylow 2—subgroup H of order 2" (say). Consider the fixed field F'(H)
of H. Then [F(H) : R] = [G(L/R) : H] is odd. Since R has no proper extension
of odd degree, we have F(H) = R. This means that G(L/R) = H is a 2— group.
Hence G(L/C) € G(L/R) is also of order 2" for some r > 1. This is a contradiction
to the above lemma. it

Exercises

8.5.1 Let K be afield, and f (X) € K[X]. Find the splitting field L, the Galois group
G(L/K), and all intermediary subfields in each of the following cases.
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(i K = Q, fX) = X* — 11
() K = Q, fX) = X® — 10.
(i) K = Zs, fX) = X* — 2.
(iv) K = Zo, fX) = X°> + X + 1.
v) K =Q, fX) =X — 11.

8.5.2 Find the Galois group of L = Q(+/2, +/3) over Q. Find all intermediary
fields.

8.5.3 Let L be a Galois extension of K with Galois group Zoo. Find the number of
intermediary subfields and also find them.

8.5.4 Let L be a finite Galois extension of K and L = K (a). Show that {c(a) | o €
G(L/K)} is a basis of L over K (This result is known as normal basis theorem).

8.5.5 Let L be a finite Galois extension of K. Let L; € L, be intermediary
fields which are Galois extensions of K. Show that G(L;/K) is isomorphic to
G(L2/K)/G(Ly/Ly).

8.5.6 Let L, and L, be intermediary fields of a Galois extension L of K. Suppose
that L, is Galois extension of K. Show that L; L, (the smallest subfield of L contain-
ing L; and also L) is a Galois extension of L;, and G(L;L,/L;) is isomorphic to
G(L,/Li (N Ly).

8.5.7 Let L be a Galois extension of K. Let
K=K <K,C.---CK,=1L--- (8.5.1)

and
K=L<cL,<.--CL,=0L------ (8.5.2)

be two towers of intermediary extensions of the Galois extension L of K, where K; |
is a Galois extension of K;, and L;, is a Galois extension of L; for all i and j. Show
that there are refinements

K=FCcCFKhc. .. -CF =1L

and
K =FCF,C---CF, =1L

of 1 and 2 respectively such that after some rearrangement G (F;; /F;) is isomorphic

to G(F},,/F)) forall i.
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8.5.8 State and prove the analogue of the Jordan Holder theorem for towers of
intermediary subfields of a Galois extensions.

8.5.9 Let L be a finite Galois extension of K with no proper intermediary fields.
Show that G(L/K) is a cyclic group of prime order.

8.5.10 Let L be a finite Galois extension with G(L/K) simple. Let F be an inter-
mediary field such that K # F # L. Show that there is a K-automorphism ¢ of L
such that o(F) # F.

8.5.11 Let L be a Galois extension of degree 15 over a field K. Find the number of
intermediary fields.

8.5.12 Let L be a finite Galois extension of K, and H a subgroup of G(L/K). Show
that F'(N(H)) is the smallest subfield contained in F(H) such that F'(H) is a Galois
extension of F(N(H)).

8.5.13 LetL beafinite Galois extension of K of degree 35. Let F be any intermediary
field. Show that F' is Galois extension of K.

8.5.14 Let L be a finite extension of K such that p” is the largest power of prime
p dividing [L : K]. Show that any two intermediary fields F| and F, such that
[F1 : K] = [F,: K] = p" are K-isomorphic. If m is the number of intermediary
fields which are extensions of degrees p”, then show that m divides [L : K], and it is
of the form 1 + kp.

8.5.15 Let L be a finite Galois extension of K, and H be a subgroup of G(L/K).
Let F be the normal closure of F(H).
Show that G(L/F) = (\,cqu/x) oF(H)o™".

8.5.16 Let L be a finite Galois extension of K, and H a subgroup of G(L/K). Let
F(H) = K(a), and S aleft transversal of G(L/K) modulo H. Show that

[1.& - o@

is the minimum polynomial of a. Deduce that
[1,co00& = o@ = px,

where n is the degree [L : K], ris the index of H in G(L/K), and p(X) is the minimum
polynomial of a over K. Further, deduce the normal basis theorem (Exercise 8.5.4).

8.5.17 Let F be a field of characteristic p # 0. Let L = F(X,Y) be the field of
fractions of F[X,Y] and K = F(X?,Y?). Show that [L : K] = p2 is a finite
extension which is not simple. Show that there are infinitely many intermediary
fields.



8.6 Cyclotomic Extensions 311

8.6 Cyclotomic Extensions

Definition 8.6.1 A finite extension L of K is called a cyclotomic extension of K
if there is an element £ € L such that L = K(§), and " = 1 for some n. A
Galois extension L of K is called an abelian extension if the Galois group G (L/K)
is abelian. It is called cyeclic if the Galois group is cyclic.

A rootof X" — 1inafield X is called a nth root of unity. An element o € K is
called primitive nth root of unity if its order in the multiplicative group K* is n. It
follows that any root of unity is a primitive root of unity for some n.

Let K be a field. Consider the polynomial X" — 1 in K[X]. Suppose first that
characteristic of K is p # 0. Suppose that p divides n and n = p"m, where p and
m are co-prime. Then X" — 1 = (X" — 1)”. Thus, the roots of X* — 1 and
that of X — 1 in any extension field are same. In other words, the splitting field of
X" — 1, and the splitting field of X”* — 1 are same. Let L be the splitting field of
X" — 1, and so also of X" — 1. Since p does not divide m, all the roots of X" — 1
are distinct. Let G be the group of roots X — 1 in L. Since it is a finite subgroup
of L* of order m, it is a cyclic group of order m. A generator &, of G is a primitive
mth root of unity. Thus, G = {§, |0 <r <m —1}.

Note that if &, is a primitive mth root of unity, then any mth primitive root of unity
isofthe form ), where 1 <r <m—1and (r,m) = 1.Clearly,L = K(&,). Any K-
automorphism 7 of L is uniquely determined by its effect on &,,,, and whose restriction
to G is an automorphism of G. This defines an injective group homomorphism from
the Galois group G(L/K) to Aut(G). From the theory of cyclic groups, it follows
that Aut(G) is isomorphic to the group U, of prime residue classes modulo m.

Next, if the characteristic of K is 0, then all roots of X" — 1 are distinct, and e
is a primitive nth root of unity. The above argument is valid when m is replaced by
n. We can be summarize the above discussion in the following theorem.

Theorem 8.6.2 Let K be a field, and & be a root of unity. Then K(§) is a Galois
extension of K. Further, if &, is a primitive mth root of unity, then K(&,,) is an
Abelian extension of K, and G(K(&,,)/K) is isomorphic to a subgroup of U,,. In
particular, [K (&) : K] divides ¢(m). it

In general, the Galois group G (K (&,,)/K) need not be exactly U,,. It, in general,
depends on the field K. For example, G (Q(i)(£s)/Q(i)) is a subgroup of order 2 of
the group Ug, and Us is of order 4. Note that G (Q(&g)/Q) is isomorphic to Us.

Remark 8.6.3 In general, minimum polynomials of distinct primitive nth roots of
unities are distinct over fields of characteristic p # 0. For example, we have the
factorization

X - 1=X-DX+X+ DX +XxX2+1

over Z;. Clearly, X* + X + 1 is the minimum polynomial of three of its roots in the
splitting field which are all primitive 7th roots of unity, and similarly, X> + X2 + 1
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is minimum polynomial of the rest of the primitive 7th roots of unity. We shall see
below that all the primitive nth roots of unity over Q have same minimum polynomial,
and we shall describe it.

Definition 8.6.4 Let {p;, p2, ..., psm)} denote the set of all primitive nth roots of
unity in the field C of complex numbers. The polynomial

6. =[x = o

i=1
is called the nth cyclotomic polynomial.

Thus, the degree of ¢,(X) = ¢(n). Further, since every nth root of unity is a
primitive dth root of unity for a unique positive divisor of n, we have

Proposition 8.6.5 X" — 1 = [] ¢u(X). ft
d/n

Proposition 8.6.6 ¢,(X) € Z[X].

Proof Consider L = Q(p;), where p; is a primitive nth root of unity over Q. Then
L is the splitting field of X" — 1 over Q. Since any QQ-automorphism of L takes
a primitive root to a primitive root, it follows that ¢, (X) is fixed by all members
of the Galois group G(L/Q). Since L is a Galois extension of Q, it follows that
¢,(X) is a polynomial in Q[X] whose leading coefficient is 1. First, observe that if
f(X), g(X) € Z[X], and h(X) € Q[X] are polynomials with leading coefficient 1
such that f(X) = ¢g(X)h(X), then h(X) € Z[X]. Now, we prove, by the induction
on n, that ¢,,(X) € Z[X] for each n. Clearly, ¢;(X) = X + 1 € Z[X]. Assume that
the result holds for all m less than n. From the previous proposition, we have

X' =1 =[] ¢ax)uX).

d/n,d<n

The left hand side is a monic polynomial in Z[X], and by the induction hypothesis
the first factor in the RHS (being product of monic polynomials in Z[X]) is a monic
polynomial in Z[X]. From the earlier observation, ¢, (X) € Z[X]. f

Example 8.6.7 The above proposition gives inductive procedure to find nth cyclo-
tomic polynomial. We illustrate it in this example. If p is prime, then all pth roots of
1 except 1 are primitive roots. Thus,

Xr—1 2 —1
X)) = 7 = LHX + X 4 X

Clearly, p;(X) = X — 1, ¢o(X) = X + 1, ¢3(X) = X*> + X + 1. Hence

X0 -1 = X=DX+DX>+X + Doe(X).
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Thus,
X0 —1

PelX) = X2—DX2+X+ 1)

Theorem 8.6.8 ¢, (X) is irreducible over Q for each positive integer n.

Proof Suppose the contrary. Then ¢,,(X) is reducible in Q[X]. Since ¢, (X) is a monic
polynomial in Z[X], it follows that ¢, (X) is reducible in Z[X]. Let f (X) be an monic
irreducible factor of ¢, (X) in Z[X]. Suppose that ¢,(X) = f(X)g(X), where g(X)
is also a monic polynomial in Z[X] of positive degree. Let p be a root of f(X) in the
splitting field. Then p is a primitive nth root of 1. We show that p" are roots of f (X) for
all 7 co-prime to n. The proof is by the induction on r. If r = 1, then there is nothing
to prove. Assume that the statement is true for all ¢ less than » > 2 and co-prime to
n. Let p be a prime dividing r and » = ps. Then since r is co-prime to n, it follows
that p does not divide n. Thus, p” is also a primitive nth root of 1, and so it is a root
of ¢,,(X). We claim that it is a root of f(X). Suppose not. Then p? is a root of g(X).
But then p is a root of g(X?). Since f(X) is the minimum polynomial of p, it follows
that f(X) divides g(X?) in Q[X]. Since f(X) is monic, it follows that f(X) divides
g(X?) in Z[X]. Reducing it modulo p, we see thatm divides g(X?) = (g(X))? in
ZpX]. Let h(X) be an irreducible factor of f(X) (note that f(X) in Zp|X] is neither
zero nor a unit). Then A(X) divides ¢(X) in ZpX]. This means that mz divides
o,(X) = f(X)g(X). But, then ¢, (X) will have repeated roots in splitting field of
X" — 1over ZpX]. Since ¢, (X) divides X" — Tin Z,[X], it follows that X" — 1 has
repeated roots in its splitting field. This is impossible for p does not divide #. Thus,
we see that p? is a root of £ (X). By the induction hypothesis p” = p” = (p’)’isa
root of f(X). Thus, all roots of ¢, (X) are also roots of f(X), and since all the roots
are distinct, f(X) = ¢,(X). This is a self contradiction. it

Corollary 8.6.9 All the primitive nth roots of 1 have same minimum polynomials
over Q. If p is a primitive nth root of 1, then Q(p) is a Galois extension of Q with
Galois group U,. In particular, Q(p) is an abelian extension, and [Q(p) : Q] = ¢(n).

Proof We have already seen that Q(p) is a Galois extension with Galois group
isomorphic to a subgroup of U,,. From the above result it follows that [Q(p) : Q] =
¢(n) =| U, |. The result follows. it

Now, we shall describe the cyclic extensions. Recall that a Galois extension L of
K is called a cyclic extension if the Galois group is cyclic. Since the structure of a
cyclic group is easy to describe, one can describe the intermediary fields easily. We
shall first discuss cyclic extensions L of K of order n, where K contains a primitive
nth root of 1.

Theorem 8.6.10 Let K be a field which contains a primitive nth root p of 1. Let L
be a Galois extension of K such that G(L/K) is a cyclic group of order n generated
by o. Then there is a nonzero element o € L such that p = o()a~ L. Further,
L = K(a), where o = B €K, ie, L = K(/B) for some 3 € K.
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Proof We first show that p € K is an eigenvalue of o, or equivalently, p is a root of
the characteristic polynomial of . Since o is of order n, it satisfies the polynomial
X" — 1. Further, by the Dedekind theorem G (L/K) = {I, o, o%, ..., 0" s linearly
independent. Hence o can not be a root of lower degree polynomial. This shows that
X" — 11is the minimum polynomial of ¢. Since the dimension of L over K is n, the
characteristic polynomial is also X" — 1. Since p is a primitive nthroot of 1, itis aroot
of the characteristic polynomial of o. Hence, 0 (a) = pa for some a. It follows that
o"(a) = p'a = «if and only if n divides r. This means that G(L/K(«)) = {I}.
This shows that L = K(a). Also o(a") = (o(a))" = p"a”" = «". This shows
that o" € F(G(L/K)) = K.Take § = o". i

The following theorem is converse of the above theorem in some sense.

Theorem 8.6.11 Let K be a field which contains a primitive nth root of 1. Let L be
a finite extension of K. Let a € L such that " € K. Then K (&) is a cyclic extension
of K. Further, if r is the order of the Galois group of K(«) over K, then r divides n
and o € K, i.e.,, K(o) = K(/B) for some 3 in K.

Proof Suppose that o = a € K. Then ais aroot of X" — a. Since K has a primitive
nth root of 1, it follows that characteristic of K does not divide 7, and so all the roots
of X" — a in its splitting field are distinct (the derivative of X" — a is nonzero).
Let p be a primitive nth root of 1. Then each p'« is a root of X* — a. It follows that
K () is the splitting field of X" — a, and so it is a Galois extension. Let G denote the
group of roots of 1 in K. Then G is a cyclic group of order n. Define a map 7 from
G(K(a)/K) to G by n(0) = o(a)a™! (note that 0(a) = p"a for some r). It is
easy to see that 7 is a homomorphism which is injective (a member of G (K («)/K) is
uniquely determined by its effect on «). Since subgroup of a cyclic group is cyclic,
it follows that the Galois group of K («) over K is cyclic, and it is isomorphic to a
subgroup of G. Suppose that the order of the Galois group G (K («)/K) is r. Then r
divides n. Let o be a generator of G(K(«)/K). Then ¢ = [ if and only if r divides
m. Suppose that (o) = p’a. Then p° is of order r. This means that s = 2. The
result follows if we take 8 = p*a. Clearly p* is primitive rth root of 1.

Theorem 8.6.12 (Artin-Schreier) Let K be a field of characteristic p # 0. Let L be
a cyclic Galois extension of K of degree p. Then there is a € K and o € L such that
L = K(«), where o — o — a = 0. Conversely, if there is a € K such that there
isnoa € K such that o — o = a, then X — X — ais irreducible in K[X], and
its splitting field is cyclic Galois extension of K of degree p.

Proof Suppose that L is a cyclic Galois extension of K of degree p. Let o be a
generator of G(L/K). Then o — I = 0. Thus, o satisfies the polynomial X” — 1.
Since G(L/K) = {I, o, 0%, ..., 0P 1}is linearly independent (Dedekind theorem),
o can not satisfy a polynomial of lower degree. In other words, X7 — 1 is the
minimum polynomial of o. Let T denote the linear transformation ¢ — I. Then
TP = (0 — I)) = o — I = 0. Thus, image7”~! C KerT. TP~! # 0, for
otherwise o will satisfy a polynomial of degree p — 1. Further, KerTT = {a € L |
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0 =T(@ = o(a —a} ={aelL]|ola) = a} = F(G(L/K)) = K. Since

imageT”~! is a nonzero subspace of KerT = K, it follows that imageT’~' = K.
Let 8 € K such that 777'(3) = 1. Take o = TP7%(5). Then T(e) = 1,
and so o0(ar) = « + 1. Since « is not fixed by o, it follows that @ ¢ K. Since

[K(c) : K]divide [L : K] = p, it follows that L = K(«). Further, 6(o? — «) =
c@?’ — o(a) = (a+ 1Y — (a+1) = "+1—a—-1 = & — a. This
shows that o — « belongs to K. Puta = o — «a. Then X? — X — aisthe
minimum polynomial of .. Conversely, Let a € K be such that there is no 5 € K
such that 87 — [ = a. Let L be the splitting field of f(X) = X’ — X — a.
Let a € L be a root of f(X). By the hypothesis a ¢ K. Since i = i for all i in
the prime field of K, we have p distinct roots a, « + 1, o+ 2, ..., a4+ p — 1. Thus
all the roots of f(X) are in K («v). This shows that L = K(«). Now, we show that
f(X) is irreducible. Suppose not. Let f (X) = pi(X)p2(X) ...pn(X), m > 1be the
factorization of f (X) as product of irreducible factors. Let «; be a root of p;(X). Then
it is also a root of f(X). From the earlier argument, it follows that L = K(«;) for
each i. Thus, degp;(X) = [L : K]. This shows thatp = degf (X) = [L : K]m.This
is a contradiction, for p is prime, [L : K] > 1 andm > 1. This shows that f(X)
is irreducible, and so [L : K] = p. Hence the Galois group of L over K is prime
cyclic. it

At last, in this section, we prove a very important and useful result known as
Hilbert theorem 90. First we have some definitions.

Let L be a finite field extension of K. Let a € L. The map L, from L to L defined
by L,(x) = axis a K—linear endomorphism of the vector space L over K.

Definition 8.6.13 Let L be a finite field extension of K. We define two functions
Nk and T )k from L to K, the norm and the trace functions, by Ny jx(a) = DetL,
and Ty jx(a) = TraceL,.

It follows easily that L,, = L,Lp, Ly+p = L, + Ly and L,, = al, for all
a,b € Land a € K. Since the determinant of product of two linear transformations
is the product of their determinants, and the trace is a linear functional, it follows
that Nk (ab) = Nip/k(a)Np/k (), and Ty /k is alinear functional on L. Also L1 =
(L)™', and so Ny k is a group homomorphism from L* to K*.

Proposition 8.6.14 Let L be a finite extension of degree n, and a € L. Let p(X) be
the minimum polynomial of a over K. Then p(X) is also the minimum polynomial
of the linear transformation L,. Further, if degp(X) = m, then the characteristic
polynomial of L, is p(X)n.

Proof The map 7 from L to Endg (L) defined by n(a) = L, is easily seen to be an
injective algebra homomorphism (observe that both sides are algebras over K). This
shows that the minimum polynomial of @ over K is same as the minimum polynomial
of L,. If x(X) is the characteristic polynomial of L,, then it is a fact of elementary
linear algebra (Cayley Hamilton Theorem) that the minimum polynomial p(X) of L,
divides the characteristic polynomial, and they have same irreducible factors. This
shows that x(X) = p(X)" for some r. Comparing the degrees, and observing that
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the degree of the characteristic polynomial is same as the dimension n of the vector
space L over K, we obtain that y(X) = p(X)n. i

Theorem 8.6.15 Let L be a finite Galois extension of K of degree n. Let a € L. Then
the characteristic polynomial x(X) of L, is given by

xx) = J] & - o).

seG(L/K)

Proof Let us denote the polynomial HUGG(L/K) (X — o(a)) by ¥(X). Since a is
a root of ¥ (X), it follows that the minimum polynomial p(X) of a divides ¥ (X).
Also given any member 0 € G(L/K), p°(X) = p(X), and so o(a) is a root of
pX) for all 0 € G(L/K). In other words, each ¢(a) has same minimum polynomial
p(X). This also says that the only irreducible factor of ¥ (X) is p(X). Comparing the
degrees, we obtain that 1»(X) = p(X)~. From the previous proposition, it follows

that x(X) = ¥ (X). g

Corollary 8.6.16 Let L be a finite Galois extension of K, and a € L. Then

Np(a) = H o(a),

0eG(L/K)

and

Tyx(@) = % o(a).
oeGL/K)

Proof Since the determinant of a linear transformation is product of the characteristic
roots, and the trace is the sum of the characteristic roots, the result follows from the
above theorem. f

Definition 8.6.17 Let L be a Galois extension of K. A map f from G(L/K) to L*
is called a 1-cocycle of G(L/K) in L* if f satisfies the following Emmy Noether
equation.

flor) = f(o)o(f(1)) forall o, 7 € G(L/K).
A 1-cocycle is also called a crossed homomorphism:

Proposition 8.6.18 Let L be a finite Galois extension of K, and f be a 1-cocycle of
G(L/K) in L*. Then there is an element a € L such thatf(c) = o(a)a™! forall o €
G(L/K).

Proof Sincef (o) # Oforall o0 € G(L/K), and by the Dedekind theorem, G(L/K) is
linearly independent, it follows that X, /x)f (0)0 # 0.Hence there is an element
b € L such that Z,ccux)f(0)o(b) # 0.Leta = (Zpecu/xf (@)a(b))!. Since
fis a l-cocycle, for any 7 € G(L/K), we have
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fOE@)™ = fnr@") = fOr( £ flo)ob) =
0eG(L/K)

T fOTf)(To)b) = = fro)ro)b) = a .
0eG(L/K) 0eG(L/K)

This shows that f(7) = 7(a)a”! forall 7 € G(L/K). it

Theorem 8.6.19 (Hilbert Theorem 90) Let L be a cyclic Galois extension of K of
degree n, and o be a generator of G(L/K). Then the kernel of the homomorphism
Nypk from L* to K* is {oc(@)a" | a e L*}.

Proof It follows from Corollary 8.6.16 that Ny jx (@) = Ny k(o(a)) foralla € L and
o € G(L/K).Hence o(a)a”" is in the kernel of Ny foralla € L*and o € G(L/K).

Conversely, suppose that u belongs to the kernel of Ny k. Then Ny jx(u) = 1.
Define a map f from G(L/K) to L* by f(I;) = l,andfor 1 <i <n— 1, we define
fo) = uo(u)o?(u)...o" "' (u). We show that f is a 1-cocycle of G(L/K) in L*.
Suppose that 0 < i,j < n— 1. There are two cases: (1) i+j < n—land (ii) i+j > n.
In case (i)

f(a'd) = f(o') = uoao’w)...c™"" = f(a")o'(f (o).
Now, consider the case (ii). In this case
fo'o)) = fF( ™™ = uo(uyo*w). ..o """ w).
Also

F(eHa' (F(0) = uou)o®w)...oc" " wo' o). ..o/ ') =
uo(u) . .. q”{"""lA(u)a"*j”l(ua(u) . q"fl ) =
fo'a)a™ " (N (w) = f(a'o)).
This shows that f is a 1-cocycle. From the earlier proposition, there is a a € L such
that f(0') = o'(a)a”". In particular, u = f(0) = o(a)a™". g

Exercises

8.6.1 Find out a primitive 16th root of 1, and also the minimum polynomial of
a primitive root of 1 over Q. What is the degree of the corresponding cyclotomic
extension over Q. Find also the intermediary subfields.

8.6.2 Let Q, denote the splitting field of X" — 1 over Q, and Q,, the spitting field
of X™ — 1. Show that Q, (" Q,, = Qg, where d is the g.c.d of n and m.

8.6.3 Show that the nth cyclotomic polynomial ¢, (X) over Q is also given by

(X)) = [Jxi — 1@,

d/n
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where p is the Mobius function.
Hint. Use the Mobius inversion formula and Proposition 8.6.5.

8.6.4 Find all subfields of Q.
8.6.5 Show that cos%T and sin%T are both algebraic numbers.
8.6.6 Is Q(cos%ﬁ) Galois over Q. If yes, what is the Galois group?

8.6.7 Let L be a Galois extension of K, and F be an intermediary field such that F
is a Galois extension of K. Show that NL/]( = NF/KONL/F and TL/]( = TF/KOTL/F-

8.6.8 Use the theorem Hilbert 90 to prove Theorem 8.6.10.

8.6.9 Let L be a cyclic Galois extension of K. A map f from G(L/K) to L is called
a l-cocycle of G(L/K) in L if f(o1) = f(0) + o(f(7)) for all o, 7 € G(L/K).
Use the methods of the Proposition 8.6.18, and Theorem 8.6.12 to prove that the null
space of Tk is {o(a) — a | a € L}. This is known as the additive Hilbert Theorem
90.

8.7 Geometric Constructions

We shall be basically interested in problem of constructions using straight edge and
compass.

First, we try to understand the meaning of geometric constructions. We start with
two points O and P in a plane and take the length of the segment OP as unit. We draw
the line OP indefinitely and take it as X axis with O as origin and P as marked point.
We construct points, lines, and circles inductively. At each point of construction,
we draw a line through an already constructed point, or draw a circle with center as
one of the constructed point and radius as segment through that point and another
constructed point, and then take the intersection of newly constructed line or circle
with already existing lines and circles to construct new points. We can construct a
line through O and perpendicular to the line OP to draw Y axis. By drawing a circle
with center as O and radius OP, we get a point Q on Y axis whose coordinate is
(0,1). Thus, by drawing perpendicular to OQ at Q and to OP at P, and then taking
their intersection we determine a point whose coordinate is (1, 1). This is how, we
proceed, and do the constructions. A real number a is said to be constructible if we
can construct two points which are at a distance | a | apart.

We recall some standard school level geometric constructions by ruler and com-
pass.

(i). We can draw a line perpendicular to a line from any point on that line.
(ii). We can draw perpendicular to a line from any point outside the line.
(iii). We can draw a perpendicular bisector to any segment of a line.
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(iv). Given any segment of a line we can draw an equilateral triangle with the given
segment as a base. In particular, we can construct a 60° angle.

(v). Given a quadrilateral, we can construct a triangle which has the same area as
the given quadrilateral.

(vi). Given segments of lengths a and b units, we can construct segments of lengths
a+b, a—b,a > 0, ab,and a/b. In particular, given a unit segment, we can
construct a segment of length r > o, where r is a rational number.

(vii). Given any segment of length a, we can construct a segment of length \/a.
In particular, given segments of lengths | @ | and | b |, we can construct
segments of lengths | « | and | 3 | where « and 3 are solutions of the equation
X? — (a+b)X + ab.

If a point (a, b) is constructible, then drawing perpendicular from that point to
X-axis and also to Y-axis, we see that (a, 0) and (0, b) are also constructible points.
Conversely, if (a, 0) and (0, b) are constructible points, then drawing perpendicular
on X-axis through (a, 0) and on Y-axis through (0, b), and then taking the intersection,
we construct the point (a, b). Next, suppose that the points U and V are constructible
points, and the length of the segment UV is [. Then we can construct the point (/, 0)
(and also (0, 1)) as follows: We can draw a parallelogram with sides OU and UV .
Let W be the other vertex of the parallelogram. Then the length of the segment
OW is [. Draw a circle with center O and radius on the segment OW. The point of
the intersection of this circle with X axis is the point (/, 0). The above discussion
concludes to the following proposition.

Proposition 8.7.1 Let L denote the set of all constructible numbers. Then L x L
is the set of all constructible points. Further, L is subfield of R, and every positive
member of L has a square root in L. In other words, there is no proper real quadratic
extension of L. it

Proposition 8.7.2 Let a be a positive real number such that there is a tower Q =
Ky C Ky C K, C --- CK, of extensions such that K, C R, [Ki : K;] < 2, and
a € K,,. Then a is constructible.

Proof The proof is by the induction on n. If n = 0, then a € Q, and since the set
of all constructible numbers is a subfield, a is constructible. Assume the result for
n.Leta € K1, where Q0 = Ky C Ky C K, C--- CK, C K,y is atower of
extensions such that [K;;; : K;] < 2. By the induction hypothesis each member of
K, is constructible. Since [K,,+1 : K,,] < 2,K,1+1 = K,,orelse [K,y1: K,] = 2.If
a € K, then there is nothing to do. Suppose that a ¢ K,,, then [K,4; : K,] = 2, and
soa = +/bfor some b € K,. By the induction hypothesis b is constructible. Hence
from our basic constructions a is also constructible. f

Now, we aim to prove the converse of the above proposition. First, we have some
definitions.

Definition 8.7.3 Let K be a subfield of R. An element of K x K will be called a
point in a plane of K. A line passing through two points of the plane of K is called
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a line in the plane of K. A circle with center in the plane of K, and radius a positive
member of K, is called a circle in the plane of K

Proposition 8.7.4 A line aX + bY = cinRis a line in the plane of K if and only
if there is a A € R such that \a, \b, \c € K.

Proof Suppose thataX + bY = cisaline in the plane of K. Then there are distinct
points (a, (1) and (aw, >) in the plane of K which lie on the line. Thus,

acy + b, = ¢ = acy + bfs.

Then a(o; — an) = b(Br — S). Since the points are distinct, a; # v, or
B1 # (2. Suppose that ay # a,. Thena = b=t 5= “ tandc = b’2 ﬂl + bB.b #0,
for otherwise a = 0 = ¢ which is not p0551ble Now, it is clear that A\ = b~!

will serve the purpose. For converse, we may assume that a, b, ¢ € K. Suppose that
a # 0 # b. Then, the line passes through the points (ca~!, 0) and (0, cb™") in the
plane of K. Suppose that @ = 0 # b. Then the line passes through (0, ch~!) and
(1, cb—") which are in the plane of K. Similarly, if a % 0 = b, then the line passes
through the points (ca™', 0), and (ca™", 1) in the plane of K. it

Proposition 8.7.5 Suppose that X> + Y> + 2uX + 2vY + w = 0isa circle
in K. Then u, v, w € K. Conversely, suppose that u, v, w € K. Then it represents a
circle with center in the plane of K, and the radius in K (v/u? + v? — w).

Proof If the given circle is in the plane of K, then the center (—u, —v) is a point in the
plane of K, and also the radius +/u? + v> — w belongs to K. This means that u, v and
W+t —w belongs to K, and so u, v, w € K. Conversely, suppose that u, v, w € K.
Then the center (—u, —v) is in the plane of K, and the radius is ~/uv? — w. it

Proposition 8.7.6 Iftwo lines in the plane of K intersect, they intersect in the plane
of K. g

Proof LetaX + bY = candd’X + 'Y = ¢ be two lines in the plane of K. We
may assume that all the coefficients are in K. Since these lines are not parallel, the
simultaneous equation has a unique solution in terms of the coefficients which are
in K. Thus, these two lines intersect in the plane of K. it

Proposition 8.7.7 The intersection of a line in the plane of K and a circle in the
plane of K is either empty set, or a point in the plane of K, or it consists of two points
in the plane of K~/d for some positive d in K.

Proof LetaX + bY = cbe aline in the plane of K, and

X4+ Y +uX +vY +w=0
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acircle in the plane of K. We may assume that all the coefficients are in K and b # 0.
Substituting y = % in the equation of the circle, and then solving, we get
that either the solutions are imaginary, and in this case they do not intersect, or they
intersect at one point in the plane of K (this is when the discriminant of the quadratic
equation obtained is 0), or it intersects at two points in the plane of K (v/d), where
d is the discriminant of the quadratic equation obtained after the substitution of the
valuey = _“Xb+ < of y in the equation of the circle. f

Proposition 8.7.8 Given two circles in the plane of K one and only one of the
following holds:

(i). They do not intersect.
(ii). They touch each other at a point in the plane of K.
(iii). They intersect at two points in the plane of K (v/d) for some positive d € K.

Proof Let
X+ 42X +20Y +w =0

and
XX+ Y24+ 22X +20Y +w =0

be two circles in the plane of K. Then u, v, w, u, v’, w’ belong to K. The intersection
of these circles is the same as the intersection of the plane

w—u)X + v=0)Y +w—-w =0

with any of the two given circles. Now, the result follows from the previous propo-
sition. i

Theorem 8.7.9 A real number a is constructible if and only if there is a tower
Q = KOEKI §K2§ "'EKH

of field extensions such that a € K,, and [K;;1 : K;] < 2.

Proof From the Proposition 8.7.2, it follows that if a lies in such a tower, then it is
constructible. We prove the converse. Suppose that a is constructible. Then the point
(a, 0) can be constructed from a finite number of steps starting from the points in the
plane of Q. This is obtained by taking intersections of constructible lines and circles
starting from lines and circles in the plane of Q. In the first step the point will lie in
the plane of Q or in the plane of K; = Q(,/a;) for some positive a; € Q. In the
second step the point will lie in the plane of K; or in the plane of K, = Kj(a).
Proceeding inductively we arrive at the result. i

Corollary 8.7.10 A real number a is constructible only if [Q(a) : Q] is a power
of 2.
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Proof Suppose that a is constructible. From the above theorem, a € K,,, where
[K, : Q] = 2™ for some m. Since [Q(a) : Q] divides [K,, : ], the result follows. i

We are now ready to answer the classical problems on geometric constructions.

Proposition 8.7.11 An angle 0 is constructible if and only if cos8, or equivalently,
sinf is constructible.

Proof Suppose that cosf is constructible. Then we can construct the point
P(cos6,0). Draw a perpendicular line to the X-axis from this point, and also a unit
circle with center origin. Let R be the point of intersection of the line with this unit
circle. Then the angle < POR is the required angle. Conversely, suppose that the
angle 6 is constructible. Let OQ be a line making angle 6 with X-axis. Draw a unit
circle with O as center, and let R be the intersection of this circle with line OQ. Draw
the perpendicular from R to X-axis which meats it at a point P (say). Then OP is a

segment of length cosf. f
Theorem 8.7.12 [t is impossible to construct 20° angle using ruler and compass
only.

Proof From the previous result, if we can construct 20° angle, then a = c0s20° is

constructible. Now
1 o 3 o o 3
3 = c0s60° = 4co0s°20° — 3c0s20° = 4a° — 3a.

Thus, a is a root of the polynomial 8X® — 6X — 1. Since this polynomial has
no rational root (prove it), it is irreducible. Hence [Q(a) : O] = 3. From the
Proposition 8.7.2, a is not constructible. it

Corollary 8.7.13 Trisection of a 60° angle is impossible by ruler and compass
construction.

Proof Since 60° angle can be constructed by ruler and compass, if it is possible to
trisect 60° angle, then 20° angle is constructible. This is impossible because of the
above theorem. it

Corollary 8.7.14 It is impossible to duplicate a unit cube by the ruler compass
constructions.

Proof If we can duplicate a unit cube by ruler and compass, then we can
1 P

construct a segment of length 25. Since [Q(25) : Q] = 3 is not a power of 2, this is

impossible. i

Recall that a complex number « is called algebraic number if it is algebraic over
Q. We state a result without proof.

Theorem 8.7.15 (Lindemann—Weierstrass). Let ay, az, ..., a, be n distinct alge-
braic numbers. Then {e®', €™, ..., e*} is linearly independent set over Q. it
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Corollary 8.7.16 w and e are not algebraic over Q.

Proof If e is a root of a nonzero polynomial over @, then there are rational numbers
ag, aq, . . ., a, not all zero such that

agp + aje' + - + apet = o.

This means that {¢°, ¢!, ..., ¢"} is linearly dependent. Since 0, 1, 2, ..., n are alge-
braic over Q, we arrive at a contradiction to the theorem of Lindemann and Weier-
strass. Thus, e is not algebraic over Q.

Since ¢ and ™ are rational numbers, they are linearly dependent over Q. By the
theorem of Lindemann and Weierstrass it follows that 0 and 7ri both are not algebraic.
Since 0 is algebraic, it follows that 7i is not algebraic. Again, since i is algebraic, it
follows that 7 is not algebraic. i

Remark 8.7.17 1t is not known if 7 is algebraic over Q(e).

Theorem 8.7.18 It is impossible to construct a square by ruler and compass whose
area is the area bounded by the unit circle.

Proof Suppose that it is possible to construct such a square. Then /7 will be a
constructible number. Since 7 is not algebraic, /7 is also not algebraic. But, then
Q(+/7) is of infinite degree over Q. This is a contradiction. f

Theorem 8.7.19 A regular polygon of n side is constructible (by ruler and compass)
if and only if ¢(n) is a power of 2.

Proof A regular polygon of n side is constructible if and only if the angles 27” at

the center are constructible. This is possible if and only if cos%’r is constructible.

2mi el . -1,
Let p = e’ denote the primitive nth root of 1. Since cos%’r =2 +ﬁ'} , it follows

that cos* € Q(p). Since p ¢ R and cos® € R, it follows that Q(cosX) is a
proper subfield of Q(p). Further, p is a root of the polynomial X> — 2cos27’TX + 1,
it follows that [Q(p) : Q(coszf)] = 2. Hence if coszi—l” is constructible, then
o(n) = [Q(p) : Q] is a power of 2.

Conversely, suppose that ¢(n) is a power of 2. Since QQ(p) is a Galois extension,
and which is abelian (isomorphic to U,) of degree ¢(n) = 2™, all the subgroups
of the Galois group G(Q(p)/Q) are normal. In particular, G (Q(p) /Q(coszi—l”)) is
normal, and H = G(Q(coszn—”) /Q) is an abelian group of order 27=1_ From the
theory of Abelian groups, we have a normal series

H=H>H>>H, = I,
where [H; : H;11] = 2. Taking the fixed fields, we obtain a chain
2w
Q CFHy) CFHpy2) - CFH) = Q(COS;)

such that [F(H;) : F(H;—1)] = 2. The result follows from Proposition 8.7.2. it
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In particular, it is impossible to construct a regular polygon with 9 sides by ruler
and compass. It is of course possible to construct a regular polygon of 17 (¢(17) =
24) sides. An explicit algorithm to construct a regular polygon of 17 sides was given
by Gauss in 1801.

Exercises

8.7.1 Can we divide a right angle in 10 equal parts by ruler and compass? Support.

8.7.2 Let a and b be positive rationals. Can we construct a square whose area is
same as that of the ellipse with major axis 2a and minor axis 2b? Support.

2/
8.7.3 Can we construct an angle -7 Support.

2rq

8.7.4 Can we construct a circular arc of length 177

Support.

8.7.5 Show that a regular polygon of z side is constructible by ruler and compass if
and only if all odd prime divisors of n are of the form 2™ + 1.

8.7.6 Think of a machine which can construct cube root of a rational number.

8.8 Galois Theory of Equation

In this section, we determine a necessary and sufficient condition (due to Galois) for
the solvability of polynomial equations by the field and the radical operations.

Definition 8.8.1 Let L be a field extension of K. We say that L is a radical extension
of K if there exists elements a,, as, .. ., a, in L, and positive integers ny, ny, ..., n,
suchthatL = K(ay, ay, ..., a,),wherea; € K(ay, ay, ...a;—y) foralli > 1.1f we
can take n = n; for all i, then we say that it is n - radical extension of K.

Thus, every radical extension is an algebraic extension. To say that L is a radical
extension of K is to say that there is tower of finite extensions K = Ky C K| C
K, € ... € K, = L of finite simple extensions. Further, any radical extension
is n radical extension for n = nn,...n,. Thus, every cyclotomic extension is a
radical extension. Also observe that if L is a n-radical extension of F', and F is also
a n-radical extension of K, then L is n-radical extension of K.

Proposition 8.8.2 Let L be a n-radical extension of K, and L’ the normal closure of
the extension L of K. The L' is also n-radical extension of K.

Proof LetL = K(ay,ay, ..., a,), where a! € K(ay, as, ..., ai—1). The proof is by
the induction on r. Suppose that L = K(a;) such that a] € K. Let p;(X) be the
minimum polynomial of a; over K. Since a; is arootof X" — a, wherea = a} € K,
it follows that p; (X) divides X" — a. Thus, every root (3 of p; (X) satisfies the relation
8" = a € K. The normal closure L' = K(f1, 5, ... [3,), where §3; are all roots
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of p;1(X) over K is therefore n-radical extension of K. Assume that the result is true
forr.Let L = K(ay,a,...,a,, ar+1) be n-radical extension of K. Let L be the
normal closure of K (ay, as, ..., a,) over K. Then Ly is the splitting field of the set
{pi(X) | 1 <i < r}, where p;(X) is irreducible polynomial of a; over K, and by the
induction hypothesis L is n-radical extension of K. Then the normal closure L’ of
L over K is the splitting field of p,(X) over Ly. Let 31, 3, ..., B be the roots of

Pr+1(X). Then from the assumption, it follows that ﬁ;‘ e K(ay,ar, ...,a,) C Ly.
Thus L’ is n-radical extension of Ly, and Ly is n-radical extension of K. This shows
that L' is n-radical extension of K. it

Definition 8.8.3 Let K be a field and f(X) € K[X]. Then f(X) is said to be
solvable by radical operations if the splitting field of f(X) is contained in a rad-
ical extension of K.

Proposition 8.8.4 Let K be a field containing nth root of 1, and L be an abelian
Galois extension such that the exponent of G(L/K) divides n. Then L is a n-radical
extension of K.

Proof From the structure theorem of finite abelian groups, we have
G(L/K) = C; xCy x -+ xC,,

where C; are prime power order cyclic groups such that order of each cyclic group
divides n. Let L; denote the fixed field of

H,‘ = C] XC2X"’XC,‘_[ XCH_] X"'XC,-.

Then G(L;/K) is isomorphic to C; for each i. Thus, L; over K is a cyclic Galois
extension of degree m;, and since m; divides n, K also contains primitive m;th root of
1. From the Theorem 8.6.10, we see that L; = K(a;), where al'.”i € K,andsoa! € K
for all i. Clearly, K (ay, a, ...,a,) = LiL,...L, is the fixed field of ﬂiHi = {I}.
Hence K(ay, ay, ...,a,) = L. This shows that L is n-radical extension of K. it

Theorem 8.8.5 (Galois) Let K be a field of characteristic 0 and f (X) € K[X]. Let
L be the splitting field of f(X). Then f(X) is solvable by radical if and only if the
Galois group G (L/K) is a solvable group.

Proof Suppose that f(X) is solvable by radical operations. Let F' be a n-radical
extension of K containing the splitting field L of f(X). Since char K=0, we may
assume, by Proposition 8.8.2, that F is also a Galois extension. Let L’ be the splitting
field of X" — 1 over F. Since characteristic K is 0, L’ = F(p), where p is a primitive
nth root of 1. From the previous proposition, L’ is also n-radical extension of K (p).
Thus, we have tower

K=KCK =KpCcCKCKc---CK, =1L,
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where K;1 = Kj(a;),i > 1 for some ¢; such that a] € K;. Since each K;,i > 1
contains a primitive nth root of 1, it follows by Theorem 8.6.11 that K; is a cyclic
Galois extension of K; for all i > 1. Since K] is a cyclotomic extension it follows
that it is abelian. It is also clear that L’ is a Galois extension of each K;, and we have
a normal series

GW/K) > G /K> G [Ky) > - & GL/K,) = (I}

whose factors G(L'/K;)/G(L' /Kiy1) ~ G(K;11/K;) are all abelian (as observed
above). Thus, G(L'/K) is a solvable group. By the fundamental theorem of Galois
theory, it follows that G (L/K) is isomorphic to the quotient G(L'/K)/G(L'/L). This
shows that G(L/K) is solvable.

Conversely, suppose that G(L/K) is solvable, and

GIL/K) = GoB>G = ---BG, = (I}

a normal series of G(L/K) with abelian factors. Let F; = F(G;). Then from the
fundamental theorem of Galois theory, it follows that F;; is Galois over F; with
Galois group isomorphic to abelian group G;/G;4;. Let p be a primitive nth root of
1, where 7 is the exponent of G(L/K). Note that it exists because the characteristic
of Kis 0. Let L; = F;(p). Then we get a tower of extensions

KCLyCLiS---CL = L(p).

It follows, by induction, that L;;; = L;F;;, and by the Exercise 8.6.6, G(L;y/L;)
is isomorphic to a subgroup of the abelian group G (Fi;/F;). Clearly exponent of
G (Li+1/L;) divides n. From the above proposition, it follows that L;y; is n radical
extension of L; for each i. Since Ly = K(p) is already a n-radical extension of K,
it follows that L(p) is n-radical extension of K, and so L is contained in a radical
extension of K. This means that f (X) is solvable by the radical operations. it

Let L denote the field K(X;, X, ...X,) of fractions of the polynomial ring
K[X1, Xs, ... X,], where K is a field of characteristic 0. Then every permutation
p € Sy defines uniquely an automorphism of L. Indeed, S, is isomorphic to a sub-
group of Aut(L) (see Example 8.3.11) which we denote by S, again. Let F denote the
fixed field of S,.. Then we have seen (Example8.3.11) that F = K(s1, $2, ..., Sy)-
The polynomial

fXO = X" — s X" — = (=D, = X - XDX — X,)... (X — X))

in F[X] is called a general nth degree polynomial over K. The question is: can
we determine a formula for X, X5, ..., X,, in terms of the symmetric polynomials
using field and radical operations? In other words, can we solve a general nth degree
equation over K by the field and the radical operations. Since the Galois group of
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f(X) over F is S,, and S, is not a solvable group for n > 5, the following result of
Abel and Ruffini follows from the above theorem of Galois.

Theorem 8.8.6 (Abel-Ruffini) A general nth degree equation, n > 5, over a field
K of characteristic O is not solvable by radicals. it

Example 8.8.7 Let f(X) be an irreducible polynomial over Q of degree p, where
p > 5 is a prime such that it has exactly 2 imaginary roots (which are of course
conjugate to each other). Then the Galois group of f(X) over Q is S,: We prove
it. Let L be the splitting field of f(X). Then since f(X) is irreducible, p divides
| G(L/Q) |. Also G(L/Q) is a subgroup of S, (it acts faithfully on the roots of
f(X) which are all distinct). Since p divides | G(L/Q) |, by the Cauchy theorem,
G (L/Q) has an element of order p. This means that it is a cycle of length p. Further,
the complex conjugation is a member of G (L/Q) which interchanges two roots, and
therefore represents a transposition. Since a transposition together with a cycle of
length p generates S, it follows that the Galois group G(L/Q) is §,. Since S, is
not solvable, by the above theorem of Galois, f(X) is not solvable by radicals. In
particular, using elementary calculus, and the Eisenstein irreducibility criteria, we
see that X° — 4X + 2 satisfies the conditions mentioned above, and so it is not
solvable by radical.

Since Sy, n < 4 is solvable, every general equation of degree n, n < 4 is solvable
by radical. In what follows we determine formula for these lower degree general
polynomial equations.

1. Quadratic Equations. For general quadratic polynomial X> — s;X + s,, the
formula for X; and X; is given by the Sridharacharya formula. It is given by

S :I:‘/s% — 4ds,

X = 5

2. Cubic Equations. We give the Cardano’s method to solve a cubic equation
by radical operations. Consider the general 3° equation

X - sXP X — 53 =0 (8.8.1)

Substituting X = Y + % in the above equation, we get

Y3 + pY —+ q = O...... (882)
where
§2
p=S2——1""" (8.8.3)
3
and 3
s S18
q:__1_|_¥_s3 ...... (8.8.4)
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If p = 0, then the roots are o, aw and aw?, where @ = (—q)%, and w a primitive
cube root of 1. Suppose that p # 0. Substitute Y = U + V in 2, and then the
equation reduces to

U+ V34 g+ Q@UV +pU +V)=0----. (8.8.5)
We set two equations
U4+ Vidtg=0-...- (8.8.6)
and
3UV +p=0------ (8.8.7)

in U and V. Since p # 0, U and V both are nonzero. Substituting the value of V
obtained from the Eq. 8.8.7 in the Eq. 8.8.6, we get that

4U° U — = =0---. 8.8.8

+ g 77 (8.8.8)
This is a quadratic equation in U3. Solving we get U? = —% + —%, where
D = —4p® — 274> (called the discriminant of Y3 + pY + ¢). If we take
U = -4 + /-5, and denote it by P, then by symmetry V3 = —4 — /-5

and this we denote by Q. Pairing the three cube roots of P and Q each such that their
product is —£, we get the roots JP + VO, wJP + W2Y0, AYP + w0 of
Y3 + pY + g = 0. This gives all roots of the given cubic equation.

3. Bi — quadratic equations. We describe Ferrari’s method of solving the gen-
eral 4° equation

X=X 4+ 90X — 53X 454 =0-00en- (8.8.9)
The above equation can also be written as

-1 X+Y

5 ) = AX®> + BX + C,

x* +

where A = % — s + Y, B = %‘Y + s3,and C = YTZ — s4. We chose Y so
that the RHS becomes a perfect square. This is so if B> — 4AC = 0. This gives us
a cubic equation in Y which can be solved by the Cardano’s method. Suppose that

the RHS becomes (PX + Q). Then

-1 X+Y
X2+L

5 = +(PX + Q).

At last, this quadratic equation can be solved, and we get the solutions of the given
bi-quadratic equation.
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Exercises

8.8.1 Solve the cubic equation X> — 3X%> 4+ 2X 4+ 1 = 0.

8.8.2 Solvethe X* + 4X — 1 = 0.

8.8.3 Find a polynomial of degree 7 over Q whose Galois group is S7.



Chapter 9
Representation Theory of Finite Groups

In this chapter, we develop the elementary theory of linear representations of finite
groups over a field F'. We shall assume that the characteristic of F' does not divide the
order | G | of G. The representations over fields F* where characteristic of F divides
the order of G are called Modular representations or Brauer representations, and
the theory was developed by Brauer. We shall have occasions, of course rare, to
make some comments about modular representation theory.

9.1 Semi-simple Rings and Modules

One of the crucial properties of a field (skew field) F is that given any module M
over F and a submodule N of M there is a submodule L of M such that M is direct
sum of N and L. In this section, we study rings with this property. All the rings in
this section are assumed to be rings with identities.

Definition 9.1.1 A left R-module M is called a simple left module if it has no proper
submodules.

Nontrivial simple left modules over adivisionring R are precisely one-dimensional
spaces. Simple Z-modules are precisely prime cyclic groups.

Example 9.1.2 Let D be adivisionring, and M,, (D) be the ring of n x n matrices with
entries in D. Let D" denote the additive group of column vectors. Then D" is a left
M, (D)-module with respect to the matrix multiplication. Let X be a nonzero column
vector in D", and Y # 0 be any other nonzero column vector. It is an elementary
fact of linear algebra that there is a matrix A in M,,(D) such that A-X = Y. Thus,
D" has no proper M,-submodules, and so it is simple. Let D; denote the subset
of M, (D) consisting of those matrices all of whose columns except possibly ith
column is zero. Then an easy calculation shows that D; is a minimal nonzero left
© Springer Nature Singapore Pte Ltd. 2017 331
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ideal. As a module this is isomorphic to the module D". Also observe that the subset
D; of M, (D) consisting of matrices whose ith column is zero is also a left ideal, and
it is maximal because M, (D)/D; is isomorphic to the simple left module D". An
elementary calculation shows that M, (D) has no proper two-sided ideal.

Proposition 9.1.3 A left R-module M is simple if and only if there is a maximal left
ideal A of R such that M as a module is isomorphic to R/ A.

Proof Since a submodule of R/A is of the form B/A, where B is a left ideal con-
taining A, it follows that R/A is simple if and only if A is a maximal left ideal. Let
M be a simple left R-module. Let x # O be an element of M. Since M is simple
Rx = M. Thus the map a ~» ax is a surjective R-homomorphism. By the funda-
mental theorem R/ A is isomorphic to M where A is the kernel of the map. Since M
is simple, A is maximal left ideal. it

Proposition 9.1.4 (Schur’s Lemma) Let M and N be simple left R modules. Then
a nonzero homomorphism from M to N is an isomorphism. In particular, Endgr (M)
is a division ring with respect to the addition of endomorphisms, and the product as
composition of maps.

Proof Let f be a nonzero homomorphism from M to N. Then f(M) is a nonzero
submodule of N. Since N is simple, f(M) = N and so f is surjective. Next Ker f
is also a submodule of M different from M, and since M is also simple, Ker f is {0}.
This means that f is injective. In particular, every nonzero element of Endg(M) is
invertible, and so Endg (M) is a division ring. it

Theorem 9.1.5 Let M be a left R-module. Then the following conditions are equiv-
alent.

1. M is sum of its simple submodules (equivalently M is generated by its simple
submodules).

2. M is direct sum of simple submodules.

3. Every submodule of M is direct summand.

4. Every short exact sequence of the type

splits.

Proof (1 = 2). Suppose that M = X,coM,, where {M,, | @ € A} is the family
of all simple submodules of M. Let

X = {J CA | Yoac My = GBE(YEJM(!}-

Then each {a} € X. Hence X # §. X with inclusion is a nonempty partially ordered

set. Let {J,, | © € ©} be a chainin X. Then J = Uueﬂ J,, is a member of X, for
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YacsM, = ®X,csM, (verify). Thus, J is an upper bound of the chain. By the
Zorn’s Lemma X has a maximal element Jy (say). We show that M = @ X,cj,M,.
Put N = @®X,cs,M,. Suppose that Mg g N for some 3 € A. Then 3 ¢ Jy. Since
M is simple, M3 (| N is {0}, oritis M. Since it is assumed that My ¢ N, it follows
that Mg (YN = {0}. Thus, M3+ N = Mz@® N = @Xucy, Ji3Ma. This shows
that Jo [J{3} € X. This is a contradiction to the supposition that Jy is a maximal
element of X. Hence M, € N for each a € A. This shows that N = M.

2 = 1 is obvious.

2 = 3. Assume2.Let M = ®X,c;M,, where each M, is a simple submodule
of M. Let N be a proper submodule of M. As in the proof of 1 = 2, consider

X = {F cJ | N+ XperMy = N® EaEFMa}‘

Since N # M, there is M, o € J such that M,, is not contained in N. Since M, is
simple, N (1M, = {0},andso N + M, = N & M,. Hence such a {a} is in X,
and so X is nonempty set. Order it through inclusion. As in the proof of | =— 2, X
has a maximal element Fy(say), and then N @ X,cr,M, = M. This shows that N
is a direct summand.

3 = 4. Assume 3. Then f(N) is a submodule of M,and M = f(N) & K for
some K. Every element of M is uniquely expressible as f(n) + k, where n € N and
k € K. Itis clear that the map s from M to N defined by s(f(n) + k) = n defines
a splitting.

4 =— 3. Assume 4. Let N be a submodule of M. Then we have a short exact
sequence

0O—N-—>M-— M/N— 0,

where the map from N to M is inclusion, and the map from M to M /N is quotient
map. From 4, it is a split exact sequence, and so M = N @ K for some submodule
K (isomorphic to M/N) of M.

3 = 1.Let M # {0} be aleft R-module such that every submodule of M is direct
summand of M. We first show that every submodule N of M also has this property.
Let K be a submodule of N. Then K is also a submodule of M, and hence there is
a submodule L of M suchthat M = K @& L. Weshowthat N = K & (L[| N).
Clearly, K (\(L(\N) = {0}.Letx € N.Thenx = y + z, where y € K and
z€ L.Sincex,y € N, z€ N.Hencez € L[| N,andsoN = K+ (L[ N). Thus,
every submodule of N is direct summand of N. Next, we show that every nonzero
submodule N of M contains a nonzero simple submodule. Let x € N, x # 0. Then
Rx # {0} is a submodule of N. Consider the surjective homomorphism f from R
to Rx defined by f(a) = ax. Since f is surjective, and Rx # {0}, it follows that
Kerf # R. Suppose that A = Kerf. Then A is a proper left ideal of R. By the
Krull’s theorem, A can be embedded in a maximal left ideal B (say). By the first
isomorphism theorem R/B ~ Rx/f(B) = Rx/Bx. Since B is maximal, R/B is
simple, and so Rx/Bx is also simple. Since Rx is a submodule of M, and Bx is a
submodule of Rx, Rx = Bx @ T for some nonzero submodule 7" of Rx. T being



334 9 Representation Theory of Finite Groups

isomorphic to Rx/Bx is simple. Thus, N contains a nonzero simple submodule of
M. Let M be the sum of all simple submodules of M. Suppose that M, #= M. Then
from 3, there exists a nonzero submodule Ny of M such that M = My @ Ny. From
what we have proved above N, contains a nonzero simple submodule L of M. But,
then Ly is a simple submodule of M not contained in M. This is a contradiction to
the choice of M. Hence My = M. f

Definition 9.1.6 A left R-module M is said to be semi-simple if it satisfies any one
(and hence all) of the four conditions in the above theorem.

Every vector space is semi-simple, for all subspaces are direct summands. Since
Z-simple modules are prime cyclic groups, Z semi-simple modules are precisely
direct sum of prime cyclic groups. More generally, simple R-modules over a P.1.D.
are isomorphic to R/Rp, where p is irreducible element of R. In particular, a P1.D.
R is a left semi-simple module over itself if and only if it is a field.

Proposition 9.1.7 Every submodule of a semi-simple left R-module is semi-simple.
Every homomorphic image (and so quotient) module of a semi-simple left module is
semi-simple.

Proof Let M be a semi-simple left module, and N be a submodule of M. Then as
observed in the proof of 3 = 1 (Theorem 9.1.5), it follows that every submodule
of N is a direct summand of N. Hence N is semi-simple. Let 3 be a surjective
homomorphism from M to N. Since M is semi-simple, the exact sequence

0o, Kerp___ ., M___ N__,0

splits. Hence, there exists a homomorphism ¢ from N to M such that ot = Iy.
Clearly, ¢ is injective homomorphism, and as a result N is isomorphic to the sub-
module 7(N) of M. Since submodule of a semi-simple left module is semi-simple,
t(N), and so N is semi-simple. it

Since a direct sum of direct sums of simple left modules is a direct sum of simple
modules, we have the following proposition.

Proposition 9.1.8 Direct sum of a family of semi-simple left modules is a semi-
simple left module. it

Definition 9.1.9 A ring R is said to be a Left semi-simple ring if it is a semi-simple
left module over itself.

A field is a semi-simple ring, for it itself is a simple module over itself. Z is not
semi-simple, for it cannot be direct sum of simple left ideals. Subring of a left semi-
simple ring need not be left semi-simple. For example, Q is semi-simple ring but Z
is not.

Theorem 9.1.10 A ring R is left semi-simple ring if and only if every left module
over R is semi-simple.
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Proof If every left module over R is semi-simple, then in particular, R is semi-simple
left module over itself. By the definition, R is left semi-simple. Conversely, suppose
that R is left semi-simple ring. Then every free left R-module, being direct sum of
copies of R, is semi-simple left module. Since every left module is quotient of a free
left module and quotient of a semi-simple left module is semi-simple, it follows that
every left module over R is semi-simple. it

The following corollary is immediate from the previous results.
Corollary 9.1.11 Let R be a ring. Then the following conditions are equivalent.

R is left semi-simple.

Every short exact sequence of left R-modules splits.

Every left R-module is semi-simple.

Every left R-module is projective.

Every left R-module is injective. g

ARSI

It follows from the definition of left semi-simple ring that a ring R is left semi-
simple if it is direct sum of minimal nonzero left ideals. Since M, (D), where D is a
division ring, is the direct sum of its minimal nonzero left ideals D;, it follows that
M, (D) is left semi-simple.

Definition 9.1.12 A left semi-simple ring is said to be simple if it has no nonzero
proper two-sided ideals.

Example 9.1.13 Since M, (D) has no nonzero proper two-sided ideals, it follows
from the above discussion that M, (D) is a left simple ring. We shall see that every
simple ring is isomorphic to M, (D) for some n, and for some division ring D.

Let R, and R; be rings. Then left ideals of R; x {0}, and those of {0} x R, are
also left ideals of R; x R,. Thus, if R; and R, are direct sum of minimal left ideals,
then R; X R; is also direct sum of minimal nonzero minimal left ideals. This proves
the following proposition.

Proposition 9.1.14 Direct product of left semi-simple rings is a left semi-simple
ring. g

In particular, we have the following corollary.

Corollary 9.1.15 Let Dy, D», ..., D, be division rings, and ny, na, ..., n, be pos-
itive integers. Then

Mnl(Dl) X an(DZ) X X Mn,- (Dr)

is a left semi-simple ring. g
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One of the main results of this section is to show that any left semi-simple ring is
isomorphic to such a ring. In particular, left semi-simple rings and right semi-simple
rings are same.

Let F be a field and G a group. Recall (see the Sect.7.6 on polynomial rings,
Algebra 1) the definition of the group ring F(G). F(G) is at first a vector space
over F with members of G as basis. Thus, the members of F(G) are formal sums
Y4ecyg, where all but finitely many «, are 0. The multiplication - in F'(G) defined
by

(Xyecy9) - (EgeGﬁgg) = (¥y4e6799):

where v, = Xu =gou Bk, makes F(G) aring. Thus, F(G) is an algebra over F,
and it is called a group algebra. The following result is the first basic result in the
representation theory of groups.

Theorem 9.1.16 (Maschke) Let F be a field, and G be a finite group such that the
characteristic of the field F does not divide the order of the group G. Then F(G) is
a semi-simple ring.

Proof Assume that the characteristic of F does not divide the order of the group G.
We shall show that every left F'(G)-module is semi-simple. Let M be a left F(G)-
module and N a submodule of M. Since F is a subfield of F(G), M is a vector space
over F, and N is a subspace of M. Hence, there is a F-subspace L of M such that
M is a vector space direct sum N @r L of N and L. Let p; be the first projection
from M to N. Then p; is a F-homomorphism from M to N such that p;(x) = x
for all x € N. We average p; to make it a '(G)-homomorphism. Define a map p;
from M to N by

pim) = (n-1)""Tyegg- pilg™" - m),

where n is the order of G(note that characteristic of F does not divide n, and so
n -1 # 0in F). Further,

prlmi +mz) = (n- 1) Syegg- pig~ mi +m2)) = (n- 1) Byegg - pig” mi+

g 'my) = (n- 1) "y (g- prg i m) + g prg (m2)) = pr(my) + pr(mo),

and

Lahm).

pi(ah-m) = (n-1)7"Sgecq- pi(g”
Putting g~'h = x in the above equation, we get that

Pi(ahm) = (n-1)'ahTicgxpi(x™'m) = ahpi(m)


http://dx.doi.org/10.1007/978-981-10-4256-0_7

9.1 Semi-simple Rings and Modules 337

forallaw € F,h € G, and m € M. This shows that p;y is a F(G)-homomorphism.
Also since N is a F(G)-submodule, for each x € N, g’lx € N, and so p; (g’lx) =
g’lx. Hence for each x € N, we have

1

P = (- D) 7' Spege - piaT ) = (- DT g9 e = - D7l = x

Thus, pjoi = Iy, where i is the inclusion map from N to M. Hence, M is F(G)-
direct sum of N and Kerp;. This completes the proof of the fact that M is F(G)-
semi-simple. i

Our next aim is to determine the structure of a semi-simple ring.
Let

M=MoMo- - -®&M,
and

N=N&N,D---®N,
be some direct sum decompositions of left R-modules M and N. Let M,y denote
the set of matrices [¢y, ], where ¢, € Homg(M,, Ny). Let f, denote the homo-
morphism pgofoi, from M, to Ny, where i, is the natural inclusion of M, in M,

and p; the sth projection of N to N;. It is easy to verify that the map 7,y from
Hompg(M, N) to My defined by

un(f) = [fsr]

is a bijective map. In fact every x € M is uniquely expressed as x| +x2 + - - - + X,
where x; € M;, and then f(x) = X)_, f-x,. In matrix form it is expressed by

f fos ]|
Flx) = f.21 f.22 f'2n 2
fml fm2 t fmn X

Further, let My denote the set of matrices with respect to the above given direct
decomposition of N, and with respect to a direct decomposition of L. Then the
matrix multiplication induces an external multiplication from My X My to My
(multiplication of entries are composition of maps). It is also easy to observe that
nur(gof) = nnr(9) - nun(f). In particular, if L is a left R-module with a given
direct sum decomposition, and My ; denote the corresponding set of matrices, then
M, is a ring with respect to matrix addition and multiplication. Clearly, this ring is
isomorphic to the ring Endg(L).
Let us denote by M" the n times direct sum of M.
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Proposition 9.1.17 Let M = M|' & My> @ --- & M, where (M, M, ..., M,}
is a set of pairwise nonisomorphic simple left R-modules. Then the ring Endg (M)
is isomorphic to the direct product

Mnl(Dl) X Mng(DZ) X e X Mnr(Dr)s

where D; = Endgr(M;) is a division ring, and M,, (D;) is the ring of n; x n;
matrices with entries in D;.

Proof Since each M; is simple left R-module, by the Schur’s Lemma Endg (M;) is a
division ring, and for i # j, Homgr(M;, M;) = {0}.It follows from the discussion
prior to the proposition that Endg (M) is isomorphic to the ring of matrices of the

type

A, 0 -~ - 0
0 A,0--- - 0
00 ----4A_0

| 00 -+ 0 A |

, where A; € M, (D;). The map which associates to each matrix of the above type to
(A1, Ay, ..., A,) defines an isomorphism from Endg (M) to M,, (D) x M,,(D>) x
Mn,(Dr) ﬁ

Proposition 9.1.18 Let R be a ring with identity. Let a € R. Then the map f, from
R to R defined by f,(x) = x -a is a member of Endgr(R, +), where (R, +) is
treated as a left R-module. Further, the map f from R to Endgr(R, +) defined by
f(a) = f,isan anti-isomorphism.

Proof fux +y) = (x+y)-a = x-at+y-a = fux)+ fa(y). Also
fab-x) = b-x-a = b- f,(x). Thus, f, € Endg(R,+). Next, f(a +b)(x) =
fasp(x) = (a+b)-x = a-x+b-x = fo()+ fp(x) = fl@x)+ f(b)(x) =
(f@+f®d))(x)foralla, b, x € R.Thus, f(a+b) = f(a)+f(b).Next, fup(x) =
x-ab = f(f,(x)) for all a, b, x € R. This shows that f(ab) = f(b)f(a) for
alla,b € R, and so f is a anti-homomorphism. Suppose that f(a) = f(b). Then
a=a-1= f,(1) = fla1) = fb)A) = fo(1) = b-1 = b.Thus, fisan
injective anti-homomorphism. Further, given any f € Endgr(R,+), f = f(f(1)).
This shows that f is also surjective. ft

Theorem 9.1.19 Let R be a left semi-simple ring. Then there are only finitely non-
isomorphic simple left modules each isomorphic to a simple left ideal of R. Let
{My, M, ..., M.} be a set of pairwise nonisomorphic simple left R-modules such
that each simple left R-module is isomorphic to M; for some i. Let D; denote the



9.1 Semi-simple Rings and Modules 339

division ring Endg(M;). Then there exists positive integers ny, n,, ..., n, such that
the ring R is isomorphic to the ring

My, (D) X My, (D2) x - - x My, (D).

Proof Let R be a left semi-simple ring. Let M be a nontrivial simple left R-module.
Then there is a maximal left ideal A of R such that R/A is isomorphic to M. Since
R is left semi-simple, there is a left ideal B of R such that R = A & B. But,
then B, being isomorphic to R/A, is a simple (minimal nontrivial)left ideal, and it
is isomorphic to M. Since R is a left semi-simple ring, it is direct sum of simple left
ideals. Suppose that

R = ® E(}EA Aa )

where A, is a simple left ideal for each @ € A. Thus, 1 € R can be uniquely
expressed as

I = ey, + eq, + - + e,

where o; € A, and each e,, # 0is a member of A,,. Since each A, is a simple left
ideal, Re,, = A,,. Thus,

R =R-1= Rey, + Rey, + -+ + Re,, = Ay, DAL, D D A,,.
In turn, R is direct sum of finitely many simple left ideals. Suppose that
R =A0A & - -&A,

where A; is simple left ideal of R. We show that any nontrivial simple left module
is isomorphic to A; for some i. Let M be a nonzero simple left R-module. Then
{0} M = RM.Hence A;M # {0} for some . Since A; M is anonzero submodule
of M and M is simple, it follows that A;M = M. In turn, it follows that A;x # {0}
for some x € M. Since A;x is also a submodule of M, we have A;x = M.
Define a map f from A; to M by f(a) = a - x.Then f is clearly a surjective R-
homomorphism. Since A; is simple and Kerf # A;, it follows that Kerf = {0}.
Thus, f is anisomorphism from A; to M. This shows that every simple left R-module
is isomorphic to A; for some i, and so there are only finitely many nonisomorphic

simple left R-modules. Let {M;, M, ..., M.} be a set of pairwise nonisomorphic
simple left R-modules such that every simple left R-module is isomorphic to M;
for some i. Suppose that n; of Ay, Ay, ..., A; are isomorphic to M;. Then as left

R-module, R is isomorphic to

M'"®&M?® ---dM".
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Thus, Endg (R, +) is isomorphic to
Mnl(Dl) X an(DZ) X - X Mn,(Dr)

The map A ~» A’ defines an anti-isomorphism from M,, (D;) to itself. Thus, the
above ring is anti-isomorphic to itself. Further, we have seen that R is anti-isomorphic
to Endg(R, ). Since composition of two anti-isomorphisms is isomorphisms, the
result follows. it

Corollary 9.1.20 Every left semi-simple ring is anti-isomorphic to itself. ot

It is clear that R is left semi-simple if and only if the opposite ring of R is right
semi-simple. Thus, we have the following corollary.

Corollary 9.1.21 Left semi-simple rings and right semi-simple rings are same. {

From now onward, we shall simply write semi-simple ring instead of left semi-
simple or right semi-simple.

Corollary 9.1.22 A semi-simple ring is commutative if and only if it is direct product

of fields.

Proof The result follows if we observe that M, (D) is commutative if and only if D
isafield,andn = 1. i

Let M be a left R-module, and S = Endgr(M). Then M is also a S-left module
with respect to - defined by f-x = f(x).

Theorem 9.1.23 (Jacobson Density Theorem) Let M be a left simple R-module
and S = Endr(M). Let f € Ends(M), and x1, x3, ..., x, € M. Then there exists
a € R such that f(x;) = ax; foralli.

Proof We first prove the result for r = 1, and for a semi-simple left R-module
M. Assume that M is semi-simple. Then there is a submodule N of M such that
M = Rx; @ N. The first projection p; is a member of Endgr(M). Hence f(x;) =
fpi(x) = pi- f(x1) = pi(f(x1). Thus, f(x;) € Rxy,and so f(x1) = ax;
for some a € R. Next, assuming that M is simple, we prove the result for arbitrary
r. Consider the map f” from M" to M" defined by

i uy,ouy) = (f ), f2), ..., fu).

Clearly, ' = Endr(M") = M,(S) is the ring of r x r matrices with entries in S.
Now, f" preserves addition, and

fr(h : (M], u29-~~1ur)) = fr(E;:]hil suy, E;:]hiZ U2, ., Eirzlhir 'Mr),

where h = [h;;] € S'. Applying the definition of f”, and observing that f €
Endg(M), it follows that the above is same as h - f"(uy, us, ..., u,). This shows
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that /" € Endsg(M"). Since M" is semi-simple, for (x, x5, ..., x,) € M", there
is aa € R such that f"(x;,x2,...,x,) = a- (x1,x2,...,x,). This shows that
f(x;) = ax; foralli. it

Remark 9.1.24 The term density theorem for the above result is justified in the
following sense. Give M the discrete topology. The set MM of all maps from M to
M can be considered as product of M copies of M. Give the product topology to
MM . Endg(M) is a subset of MM . Give the subspace topology to Endgs(M). Let
a € R. The map f, from M to M defined by f,(x) = a - x is easily seen to be a
member of Endg(M), and the map f from R to Ends(M) defined by f(a) = f,
is a ring homomorphism. The Jacobson density theorem can be restated by saying
that f(R) is dense in Endg(M)(justify).

Corollary 9.1.25 (Burnside) Let V be a finite-dimensional vector space over an
algebraically closed field F. Then V is simple Endr(V)-module, and it cannot be
simple over any proper sub-algebra of Endp (V).

Proof Letv and w be nonzero members of V. Then there is amember T of Endp(V)
such that 7(v) = w. This says that V is a simple left Endy(V)-module. Now, let
R be a sub-algebra of Endp(V) such that V is left simple over R. We show that
R = Endp(V). Since V is a simple left R-module, Endg (V) is a division ring. Let
a € F. Themap f, from V to V defined by f,(v) = a-visamemberof Endg(V),
for f,(g-v) = a-gv) = gla-v) = g- f,(v) forall g € Endp(V). The map f
from F to Endg(V) defined by f(a) = f,isanembedding of F into Endg(V), for
fa = fpimpliesthata-v = b-vforallv € V, and this, in turn, implies thata = b.
Also if h € Endg(V), then (f,oh)(v) = a-h(v) = h(a-v) = (hof,)(v) for
all a € F. This shows that F is embedded as subfield of Endg (V) contained in the
center. We identify the embedded subfield by F. More precisely, we identify a and
fa-Leth € Endg(V). Let F (h) denote the subfield of Endg (V') generated by F and
h(note that 2 commutes with each element of F'). Further, observe that Endg (V) is
a F-subspace of Endp (V) which is finite dimensional. Hence, F (h) is also a finite-
dimensional subspace over F. Thus, F(h) is a finite field extension of F. Since F
is algebraically closed, it follows that & € F. This shows that ' = Endg(V). Let
{vi,v2,..., v} beabasisof V over F.Let T € Endr(V) = Endgua,v)y(V). By
the Jacobson density theorem, there is a 2 € R such that 7 (v;) = h(v;) for all i,
and so T = h. This shows that R = Endp(V). it

Let F be a field, and G be a finite group. Let V be a finite-dimensional vector
space over F whichis also a F(G)-module. Then the map f from F(G) to Endp (V)
defined by f(Zjecay9)(v) = (Xg4ecayg)-vis aninjective algebra homomorphism.
Thus, F(G) can be thought of as a sub-algebra of Endg (V). The following corollary
is restatement of the above corollary in this situation.

Corollary 9.1.26 Let F be an algebraically closed field, and G be a finite group.
Let V be a simple F (G)-left module which as F-space is of dimension n. Then the set
{fy | g € G} generates Endp (V) as a F-space, where f is the linear transformation
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given by f,(v) = g-v. Inparticular, G contains at least n? elements, and we have
a subset S of G containing n* elements such that the set {fy | g € S}is a basis of
Endp (V). f

Let F be afield, and G be a subgroup of the general linear group GL(n, F'). Then
every element X g4 A of F(G) can also be viewed as a member of M, (F) =
Endp(F").In other words, we have a algebra homomorphism from F (G) to M, (F).
This makes F" a left F(G)-module. We say that G is an irreducible subgroup if the
F (G) - module described above is simple. This amounts to say that given v # Oin F",
andany w € F",thereisanelement ¥ scgaxaAin F(G)suchthat X scgasA-v = w,
or equivalently, the subspace generated by {A - v | A € G} is V. An other way to
express this is to say that F" has no nontrivial proper G-invariant subspace.

Corollary 9.1.27 Let F be an algebraically closed field, and G be an irreducible
subgroup of GL(n, F). Suppose further that the set {Tr(A) | A € G} is finite, and
it contains m elements. Then G is finite and contains at most m" elements.

Proof Tt follows from the above corollary that the F-subspace of M, (F) generated
by G is M, (F). We can therefore choose a basis of M, (F) out of elements of G.
Let {A!, A%, ..., A"} be a basis of M,,(F), where A? = [ai’}] € G forall p < n’.
Let A = [a;;] be an arbitrary element of G. Let us denote the trace of A” A by az.
Thus,

This shows that the entries a; of A are a solution to the system of n? linear equations

DT
in unknowns x;;. Since {A', A%, ..., A"} is a basis of M,,(F), the above system of
linear equations has a unique solution. Hence, A is uniquely determined by the trace
aﬁ of AP A. Since the number of traces of elements of G is at most m, we have at
most m choices for aﬁ for each p. The choices for A, therefore, are at most m" .
This shows that G contains at most m" elements. it

Corollary 9.1.28 Let G be a subgroup of GL(n, F) with finitely many conjugacy
classes, where F is an arbitrary field. Then G is finite.

Proof Since GL(n, F)isasubgroup of GL(n, F), where F is algebraic closure of F,
we may assume that F is algebraically closed. We may assume that G is irreducible.
Since G has only finitely many conjugacy classes, and conjugate elements have same
trace, it follows that there are only finitely many traces of elements of G. The result
follows from the above corollary. f

We give few applications of the above result to the linear groups.
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Theorem 9.1.29 (Burnside) Let F be a field of characteristic 0. Then all finite
exponents subgroups of GL(n, F) are finite. Indeed, if G is of exponent m, then it
contains at most m" elements.

Proof Clearly, GL(n, F) is a subgroup of GL(n, F), where F is algebraic closure
of F. Thus, there is no loss in assuming that F is algebraically closed. The proof
is by the induction on n. If n = 1, then G is subgroup of F* of finite exponent m.
Since the number of solutions of the equation X™ = 1 in F is at most m, order of a
subgroups of F* of exponent m is at most m = m"’. Assume that the result is true
for subgroups of GL(r, F), where r < n. Then we prove the result for subgroups
of GL(n, F). Let G be a subgroup of G L(n, F) of finite exponent m, where F is an
algebraically closed. Suppose that G is irreducible. Since A” = [ forall A € G,
all eigenvalues of elements of G are the mth roots of 1. Since trace of a matrix is
sum of its eigenvalues, there are at most m" traces of the members of G. It follows
from the above corollary that G is of order at most (m”)”2 = m"". Now, suppose
that G is reducible. Then there is a nontrivial proper subspace W of F" which is
invariant under the multiplication by elements of G. Clearly, DimW = s < n,
and DimF"/W = t < n.Wehave a homomorphism p from G to GL(W) defined
by p(A) = A/ W, where A/ W is the restriction of the matrix multiplication on F"
to W. Then p(G) is a subgroup of GL(W) of exponent at most m. By the induction
hypothesis, p(G) is finite of order at most m*’. Let H, be the kernel of p. Then by
the fundamental theorem of homomorphism, H; is a normal subgroup of G of index
at most m*". Clearly, HH = {A€e G| A-w = wforall we W}. Next, since W
is invariant under multiplication by the members of G, we have a homomorphism 7
from G to GL(F"/W) defined by n(A)(v+ W) = A-v + W. By the induction
hypothesis, 7(G) being of exponent at most m is finite of order at most m' . Let Hy
be the kernel of 1. Then H, is also a normal subgroup of G of index at most m’ ' Let
H = H; () H;. Then H is also normal of index at most m* -m" = m*+" . Since
s+1 = nands®+13 < (s +1)3, it follows that G/H is of order at most m"". Also
H acts trivially on W as well as on F"/W. Hence, we can find a basis of F" with
respect to which representation of all elements are upper triangular, and all of whose
diagonal entries are 1. Since F is of characteristic 0, all nonidentity unitriangular
matrices are of infinite order, and so H is trivial. This shows that G is of order at
most m™. i

The group GL(n, F) can be thought of as a subgroup of GL(n + 1, F) by iden-
tifying a n x n matrix A by
A On,l
01, 1 |~

GL(l,F)cGL2,F)C---CGL(n,F)CGL(n+1,F)C---

The union of the chain
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is a group denoted by G L (F'). A subgroup of G L(F)is called alinear group. Itis clear
that every finitely generated linear group is subgroup of GL(n, F) for sufficiently
large n. Thus, we have the following corollary.

Corollary 9.1.30 Every finitely generated linear group over a field of characteristic
0 is finite if and only if it is of finite exponent. il

Burnside conjectured that all finitely generated groups of finite exponent is finite.
This conjecture turns out to be false. In fact, we have uncountably many 2-generator
infinite simple groups all of whose nontrivial proper subgroups are cyclic groups
of same prime order p (p sufficiently large). As such, another modified conjecture
known as restricted Burnside conjecture was framed. The restricted Burnside conjec-
ture asserts that for all n and r, there is a finite group R B(n, r) of exponent r which
is generated by n elements such that every n-generator finite group of exponent 7 is
quotient of RB(n, r). This conjecture was finally settled by Zelmanov in 1994.

Theorem 9.1.31 (Schur) Every torsion subgroup of GL(n, Q) is finite. In fact, there
exists afunction f from N to N such that order of every torsion subgroup of GL(n, Q)
is less than or equal to f (n).

Proof 1Tt is sufficient to show the existence of a function g such that order of each
finite-order element of GL(n, Q) is at most g(n), for then, using the above result of
Burnside, order of each torsion subgroup of GL(n, Q) is at the most f(n), where
f(n) = g(n)”3. We show that if m is order of an element of GL(n, ), then
¢(m) < n, where ¢ is the Euler’s phi function. This, in turn, implies that there is a
function g on N such that m is bounded by a function g(n). The proof of the assertion
is by the induction on n. If n = 1, then GL(1, Q) = Q*. The only elements of Q*
of finite order are 1 and —1. Since ¢(1) = ¢(2) = 1, the result follows for n = 1.
Assume the result forall GL(r, Q), wherer < n.Consider the subgroupG =< x >
of GL(n, Q), where x is an element of order m. Suppose that G is irreducible. Then
Q" is a simple Q(G) module. Thus, Endgy)(Q") = D is a division algebra
over Q. Clearly, the center F of D is a subfield containing @Q and x. Since x is
of order m, it is root of the cyclotomic polynomial ®,,(X) over Q, and ®,,(X) is
irreducible of degree ¢(m) over Q. Since x ¢ Q, it is irreducible polynomial of x.

Thus, there exists v € Q", v # 0 such that {v, xv, x2v, .., x?M=1y) s linearly
independent; otherwise, x will be a root of a polynomial of lower degree. This means
that ¢(m) < n. This completes the proof of the theorem. it

A matrix A in M,,(F) is called unipotent if all its characteristic roots are 1. Clearly,
unipotent matrices are nonsingular.

Proposition 9.1.32 Let F be an algebraically closed field. Every subgroup G of
G L(n, F) consisting of unipotent matrices is conjugate to a subgroup of the subgroup
U (n, F) of uni-upper triangular matrices.

Proof To say that G is conjugate to a subgroup of U (n, F) is to say that there is a
basis of F" such that the matrix representation of linear transformations from F” to
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F" determined by the multiplications by elements of G are uni-upper triangular. The
proof is by the induction on n. If n = 1, then there is nothing to do. Assume that the
result is true for all subgroups of unipotent transformations in GL(r, F) forr < n.
We prove it for a subgroup G of GL(n, F). Suppose that G is irreducible. Then,
since each member of G is unipotent, the trace of each member of G is n. Hence, G
contains at most 1”° = 1 element. But, then G is the trivial group. Assume that G
is not irreducible. Then there is a subspace W of F" such that W is invariant under
multiplication by elements of G. This defines a homomorphism p from G to GL(W)
defined by p(A) = A/W, where A/W is the restriction of the multiplication
by A to W. Clearly, p(G) consists of unipotent transformations in GL(W). By
the induction assumption, we can find a basis {w;, wo, ..., ws} of elements of W
such that the matrix representation of elements of p(G) with respect to this basis
is uni-upper triangular. Also elements of G induce unipotent transformations on
F"/W. This gives us a homomorphism 7 from G to GL(F"/W) such that n(G)
is a group of unipotent transformations. By the induction hypothesis, we can find
abasis {v; + W, v, + W, ..., v, + W} of F"/W so that the matrix representation
of each member of 7(G) with respect to this basis is uni-upper triangular. Clearly,

{wi, wa, ..., wy, vy, v2, ..., 0} is a basis of F" with respect to which all members
of G are uni-upper triangular. i
Exercises

9.1.1 Describe all semi-simple modules over a PI.D.
9.1.2 Describe all simple modules over R[X].
9.1.3 What are integral domains which are semi-simple rings?

9.1.4 Let G be a cyclic group of order p. Show that Z,(G) is not semi-simple.
Hint. Zf, is a Z, vector space. It is G-module with respect to the multiplication
defined by a’ - (@, v) = (u + iv, v). Show that Z, x {0} is a Z,(G) submodule but
it is not a direct summand.

9.1.5 Let G be a finite p-group. Show if a Z,(G) module M is simple, then it is of
dimension 1 over Z,.

9.1.6 Show that the theorem of Schur is not true in GL(n, C). Isittrue in GL(n, R)?
9.1.7 Generalize the last result of the section for arbitrary fields.

9.1.8 LetV beavector space of dimensionn over afield F withbasis {ey, ez, ..., e,}.
n

Define a F(S,) module structure on V by p - X' a;e; = X!'_a;e,;). Show that it
is not simple. Determine a simple submodule of V' and its direct compliment.
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9.2 Representations and Group Algebras

Let G be a group and V a vector space over a field F. A homomorphism p from G
to GL(V) is called a linear representation of G over F. We shall be interested in
case when V is finite dimensional. Such representations are called finite-dimensional
representations. The dimension of V is called the degree of the representation. If we
fix a basis of V, then we get an isomorphism from GL(V) to GL(n, F), and so a
homomorphism from G to GL(n, F). This is also called a representation, or matrix
representation of G of degree n.

Let p be a representation of a group G on a vector space V over a field. Then V
becomes a left F'(G)-module with respect to the external multiplication - defined by
(Xgecg9) v = Zgegoygp(g)(v). This module will be termed as module associated
to the representation p. Conversely, suppose that V is a left F'(G)-module. Then
already V is a vector space over F, and for each ¢ € G, the map p(g) from V
to V defined by p(g)(v) = g - v is a linear transformation such that p(g19,) =
p(g1)op(gr) for all g;, g» € G, and p(e) = Iy. It follows that p(g) is bijective and
(p(9))~" = p(g~") forall g € G. This says that pis a representation of G on V. This
representation will be termed as the representation associated to the F'(G)-module.
This correspondence between representations over F and F(G)-modules is faithful
in the sense that each can be recovered from the other. We have already developed
the language of modules. The language of module theory and the representations
correspond in the following manner.

1. F(G)-module «— representation over F.

2. F(G) submodule <— sub-representation.

3. Simple F(G)-module <— irreducible representation.

4. Direct sum of F(G) modules <— direct sum of representation.

5.1If V and W are left F(G) modules, then both of them are vector spaces over
F.We can make V ® W a F(G) module by defining g- (v® w) = (g-v) ® (g-w).
The representation thus obtained is called the tensor product of the representation
corresponding to F(G) module V and the F(G) module W.

6. Let p be a representation of G associated to the F(G) module V. Then the rth
exterior power A" V is a vector space of dimension "C,, where 7 is the dimension
of V. This can be made a F'(G)-module by defining

g NN Av =g v Agu N\ Ng-v.

The representation thus obtained is called the rth exterior power of p, and it is denoted
by A" p.

7. Let p be the representation associated to the F (G)-module V. Let S” (V') denote
the rth symmetric power of V. More precisely, S" (V) = (®"V)/A,), where A, is
the subspace of ®"V generated by the elements of the type

VI QU QU — Vpa) ®Vp) @ @ Vp(r),
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where p is a permutation in S,. We already have a F'(G)-module structure on Q" V
defined above which affords the rth tensor power of the representation p associated
to the F(G)-module V. It is easily noticed that A, is a F(G)-submodule of ®" V.
Hence, S"V is also a F(G) module. The associated representation is called the rth
symmetric power of p, and it is denoted by S” p.

Consider the quotient map v from ®?V to S?V. The kernel of this map is /\2 Vv
(verify). Thus, ®2p = S2p® A p.

8. Representations associated to isomorphic F (G)-modules are called equivalent.
Suppose that p is the representation of G associated to the F(G)-module V, and n
a representation associated to the F'(G)-module W. Then p is equivalent to 7 if and
only if there is a F (G)-module isomorphism 7 from V to W. Clearly, T is a vector
space isomorphism from V to W such that T(g - v) = g - T (v) forall g € G and
v € V, or equivalently, T (p(g)(v)) = n(g)(T(v)) forall g € G and v € V. This
means that (g) = Tp(g)T ! forall g € G. Thus, p is equivalent to 7 if there is a
nonsingular linear transformation 7 from V to W such that n(g) = Tp(g)T ! for
allg € G.

Given a representation p from G to GL(V), arepresentation 7 from G to GL(W)
is called a subrepresentaion if p(g)(W) € W for all ¢ € G, and then 7(g) is the
restriction p(g)/ W forall g € G. A representation p from G to GL (V) is irreducible
if there is no nontrivial proper subspace W of V such that p(g)(W) € W for all
g € G. The Mashcke’s theorem can be restated as follows:

Theorem 9.2.1 Let G be a group and F afield. Suppose that characteristic of F does
not divide | G |. Then every representation of G over F is direct sum of irreducible
representations over F. it

Thus, to determine all representations of a finite group G over a field whose char-
acteristic does not divide | G |, it is sufficient to determine nonequivalent irreducible
representations of G.

Example 9.2.2 Let G be a group, and V be a vector space over F. The trivial homo-
morphism which takes every element of G to the identity map Iy on V is a represen-
tation called the trivial representation on V. Itisirreducible if and only if dimV = 1.

A one-dimensional representation of a group G over a field F is exactly homo-
morphism from G to F*. These are also irreducible representation of G. Distinct
one-dimensional representations over F are all nonequivalent (why?).

Proposition 9.2.3 Every irreducible representation of an abelian group over an
algebraically closed field is one dimensional.

Proof Let G be an abelian group, F an algebraically closed field, and p an irreducible
representation of G on V. Consider p(g). Since F is algebraically closed field, p(g)
has an eigenvalue A\, € F(say). The corresponding eigen subspace V), # {0}.
Let h € G and v € V) . Then p(¢9)(p(h)(v)) = p(gh)(v) = phg)(v) =
p(h)(p(g)(v)) = Agp(h)(v). Thus, V), is invariant under G. Since p is irreducible
V), = V,andso p(g) is multiplication by a scalar for each g € G. This shows that
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each subspace of V is invariant under G. Since p is irreducible representation, there
should not be any proper subspace of V, and so V is one dimensional. il

Thus, to find irreducible representations of abelian groups over an algebraically
closed field, it is sufficient to find all homomorphisms from G to F*.

By the Maschke’s theorem, F(G) is semi-simple if the characteristic of F does
not divide | G |. By Theorem 9.1.19, it follows that every simple F(G)-module is
isomorphic to a left ideal of F'(G) which is also direct summand of F(G) considered
as a left module. It is, therefore, necessary to find the structure of the group algebra
F(G). First, we find the division rings Endp)(V), where V is a simple F(G)-
module. In case F is an algebraically closed field, we have the following proposition.

Proposition 9.2.4 Let F be an algebraically closed field, G a finite group, and V a
simple F(G) module. Then for any T € Endr)(V), there exists a unique \r € F
suchthat T is multiplication by \r. Further, the map X from Endp (V) to F defined
by X(T) = Ar is an isomorphism.

Proof Let T € Endp)(V). Then T is a linear transformation on V. Since F is
algebraically closed, T has an eigenvalue Ay (say). Consider the eigenspace V), #
{0}. Givenanyv € Vy, andh € G, T(h-v) = h-T(@w) = h-Arv = Arh-v.
This shows that V), is a F(G)-submodule of V. Since V is simple, V. = V),
and so T is multiplication by Ar. The map A\ which takes T to Ay is clearly an
isomorphism. i

Theorem 9.2.5 Let F be an algebraically closed field, and G be a finite group such
that characteristic of F does not divide | G |. Then there are only finitely many
nonequivalent irreducible representations of degrees ny, n,, ..., n, such that the
following holds.

(i) The group algebra F(G) is isomorphic as F algebra to
M, (F) X Mp,(F) x -+ X M, (F).
(ii) n3 + n3 + --- +n2 =G|
(iii) ny = 1 corresponds to the degree of the trivial representation.

(iv) The number r of nonequivalent irreducible representations is the number of
conjugacy classes of G (called the class number of G).

Proof From Theorem 9.1.19 and the above proposition, it follows that there are
positive integers ny, ny, ..., n, such that F(G) as F algebra is isomorphic to

M, (F) X My,(F) X -+ X M, (F).
Comparing the F-dimension of F(G) and that of

Mnl(F) X an(F) X - X Mn,(F)a
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we obtain (ii). Clearly, the simple left ideals of the above algebra are isomorphic
to the simple left ideals of M, (F) for i = 1,2,...r. All simple left ideals of
M, (F) are isomorphic, and are of dimension n;. Thus, n;, ns, ..., n, represent the
dimensions over F of simple left F(G)-modules and so they represent the degrees
of the irreducible representations of G over F. Since the trivial representation is of
degree 1, we may assume thatn; = 1.

Finally, we prove (iv) by comparing the dimension of the center of F(G) and that
of algebra

M, (F) x My, (F) x -+ x M, (F).

The center of M, (F) is the ring of all scalar matrices, which is a vectorspace of
dimension 1 over F. Hence, the dimension of the center of

Mm(F) X an(F) X oo X Mn,(F)

is r. Let {Cy, C3, ..., C;} be the set of all distinct conjugacy classes of G. Let
Ui = Tiecx. Since gu;g' = Tiecgxg! = T,ec,y = u;, it follows that
u; is in the center of F(G) for each i. We show that {uy, u,, ..., u,} is a basis of
the center of F(G). Since distinct conjugacy classes are disjoint, and the set G is
linearly independent in F (G), it follows that {u, u», . .., u,} is linearly independent.
Let ¥ ey, g be a member of the center of F(G). Then hZcga,gh™" = Tyeca,g
for each 4 € G. Since G is linearly independent, comparing the coefficients, we
get that oy = g for all b € G. Thus, ay = «;, whenever g and i are
in same conjugacy class. Let oy =« for each g € C;. Then Zjecgoyg =
Ef:l a;u;. This shows that {u1, u», ..., u,} form a basis of the center of F(G). Thus,
t is the dimension of the center of G. Hence, r = ¢ is the number of conjugacy
classes of G. it

Remark 9.2.6 We shall show later that the degrees of irreducible representations
divide the order of the group.

Example 9.2.7 Let F be an algebraically closed field of characteristic different from
2. We find the irreducible representations of the Klein’s four group V,. From the above
results, it follows that there are 4 irreducible representations of V4, and they are all of
degree 1. Thus, we have to find all 4 distinct group homomorphisms from V, to F™*.
We list them. Let p; denote the trivial homomorphism which maps each element of
V4 to 1. Let p, denote the map which takes e and a to 1 and b and ¢ to —1. Check that
itis indeed a homomorphism. Let p3; denote the map which takes e and b to 1 and the
rest to —1. p4 is the map which takes e and ¢ to 1 and the rest to —1. These are the
only irreducible representations of V,. Note that all these irreducible representations
of V, are realized on any field of characteristic different from 2.

Example 9.2.8 We find all irreducible representations of the Quaternion group Qg
over an algebraically closed field F of characteristic different from 2. There will be
as many irreducible representations of Qg as many conjugacy classes of Qg. There
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are 5 conjugacy classes of Qs. They are {1}, {—1}, {i, —i}, {j, —j} and {k, —k}.
Thus, there are 5 irreducible representations of degrees 1, n,, ns, nq4, ns such that
1+ n% + n% +n?1 + ng = 8. The only possible solutionisn, = n3 = ngy = 1,and
ns = 2. In other words, there are 4 irreducible representations including the trivial
representation of degrees 1, and there is a unique two-dimensional irreducible repre-
sentation. We list them. All one-dimensional representations are just homomorphisms
from Qg to F*. Note that the kernel of any homomorphism from Qg to F* contains
the commutator subgroup {1, —1} of Qg (for F* is abelian). Since Qg/{1, —1} is iso-
morphic to the Klein’s four group, we get the four homomorphisms from Qg to F*
as in the above example. Thus, we have 4 one-dimensional representations, viz., p;
the trivial representation, p, the homomorphism which takes 1 and —1to 1,7, —i to
1, and the rest of them to —1. Similarly, we have two other homomorphisms from Qg
to F*. Finally, we determine the two-dimensional irreducible representation. Since
F is algebraically closed field of characteristic different from 2, X* — 1 = 0 has
4 distinct roots, which form a cyclic group of order 4. Let £ denote the primitive 4
roots of unity. Then the map

 Jeo] . 01 0¢
5 S[a ][]

defines a representation which is irreducible.

Example 9.2.9 Let F be an algebraically closed field of characteristic different from
2 and 3. We find all the irreducible representations of the symmetric group S3 over
F. Since there are 3 conjugacy classes of Ss, there are 3 irreducible representation of
S5 over F. Suppose that there degrees are 1, ny, n3. Then 1 4 n% —|—n§ = 6. The only
possible solutionisn, = 1 andnz = 2.Thus, there are 2 one-dimensional irreducible
representations pj, p2, and 1 two-dimensional irreducible representation p3. The one-
dimensional representations p; and p, are just homomorphisms from S; to F*. We
have a trivial homomorphism p; from S3 to F* which maps every member of S3 to 1,
and a nontrivial homomorphism p, from S3 to F* given by p2(p) = x(p), where x
is the alternating map. Now, we describe two-dimensional irreducible representation
p3. Let V be a vector space over F of dimension 3 with a basis {e}, e>, e3}. Consider
the representation p from S3 to GL(V) defined by p(p)(xie; + x2e2 + x3e3) =
Xi1ep1) + X2€p0) + X3€p33). Consider the subspace U = {a(e; +ex+e3) | a € F}
of V. Clearly, U is such that p(¢g)(U) C U. In the language of modules U is a F(S3)-
submodule of V. The sub-representation thus obtained is the trivial representation
p1. Consider the subspace W = {xje; + x2e2 + x3e3 | x1 +x2 +x3 = 0} of V.
Clearly, W is of dimension 2, and it is also a F'(S3)-submodule. The corresponding
representation p3 is 2 dimensional. We show that it is irreducible by showing that
this is simple F(S3) module. Let w = xje; 4+ x2e2 + x3e3 be a nonzero element
of W. Then at least two of x1, x», x3 are nonzero, and x; + x, + x3 = 0. Suppose
that x; # 0 # x,. We show that there is a permutation p € S3 such that w and
p3(p)(w) = p - w are linearly independent. Suppose not. Then w and p - w are
linearly dependent for all p € S3. Thus, for each p € S3, there is a scalar «,, such
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thatw = «,p-w. Taking p = (2, 3) and comparing the coefficients of ey, e;, e3,
we find that v, = 1,and x, = x3.Similarly, x; = x;.Since x;+x2+x3 = 0, we
see that x; = O for all i. This is a contradiction. Hence, there is a p € S; such that
w and p - w are linearly independent. This shows that W has no nontrivial F(S3)-
submodule, and so p3 is the two-dimensional irreducible representation. The exterior
power /\2 p3 is aone-dimensional representation which maps even permutations to 1,
and the odd permutations to —1 (this representation is called the sign representation).

Exercises

9.2.1 Find all irreducible representations of a group of order 15 over the field C of
complex numbers as well as over the field Q of rational numbers.

9.2.2 Find all irreducible representations of the dihedral group Dg and also of A4
over C and also over Q.

9.2.3 Find the number of irreducible representations of S, over C. Find also the
degrees. Determine the structure of C(S4). Find some of the irreducible representa-
tions of Sy using the method of the last example of this section.

9.2.4 Show that over any field the number of irreducible representations of a group
G can be at the most the class number of G.

9.2.5 Find the number of nonequivalent complex irreducible representation of each
of the extra special p-groups of order p?. Find also their degrees.

9.3 Characters, Orthogonality Relations

Let p be a representation of a group G on a finite-dimensional vector space V over
a field F. The map x, from G to F defined by x,(g) = tracep(g) is called the
character of G afforded by the representation p. Characters afforded by irreducible
representations are called irreducible characters.

Proposition 9.3.1 Characters are class functions in the sense that they are constants
on conjugacy classes of G.

Proof Let x, be the representation afforded by the representation p. Then
p(ghg’l) = p(g)p(h)p(g)’1 for all g, h € G. Since similar transformations have
same trace, it follows that x,(h) = Xp(ghg’l) forall g, h € G. it

Proposition 9.3.2 Equivalent representations afford same characters.

Proof Let p and 1) be equivalent representations on vector spaces V and W, respec-
tively. Then there is an isomorphism 7' from V to W such that n(g) = Tp(¢)T !
for all g € G. Hence, x,(g) = trace(n(g)) = trace(p(g)) = x,(g) for all
geG. it
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Proposition 9.3.3 Let p; and p, be representations. Then X ,¢p, = Xp, + Xp2 and
Xpi®p: = Xpi * Xpa+

Proof The result follows from the fact that trace(T) + T,) = traceT) + traceT,
and trace(Ty ® To) = trace(Ty) - trace(T>). it

From the above result, it follows that sums and products of characters are charac-
ters, and the set of characters form a semi-ring. We complete this semi-ring to ring by
putting negatives of characters called the virtual characters. The ring thus obtained
is called the character ring, and it is denoted by Ch(G).

Let p be the representation afforded by the F(G)-module M, p the representation
afforded by the F(G)-submodule N of M, and v the representation afforded by the
quotient module M /N. It follows from elementary linear algebra that tracep(g) =
traceu(g) + tracev(g) for all g € G. Next, since M is finite-dimensional vector
space, there is a composition series of F'(G)-module M whose factors are simple.
This proves the following proposition.

Proposition 9.3.4 Every character (even if the characteristic F divides the order of
the group) is sum of irreducible characters. it

The members of F(G) can be viewed as function from G to F'. Indeed, we identify
the member X cga,g by the function  from G to F defined by a(g) = ay. A
character y of G is, therefore, a member of F'(G). Since characters are class functions,
they belong to the center of F'(G).

Let p be a representation of G on a finite-dimensional vector space V over a field
F.Let {x{, x2,...,x,} be a basis of V. Then we get n? functions pij from G to F
defined by

p(9)(x;) = X pij(g)x;.

The character , of p is given by x,(9) = Z[_,pii(9).
Suppose that the characteristic of F does not divide | G |. Define a map <, >
from F(G) x F(G) to F by

<a,f>= (G| D) '"Zeca(@blg™h,

where 1 denotes the identity of the field F. It is easy to observe that <, > is a
symmetric bilinear form on F(G). Suppose that < «, § > = 0 for all 5 in F(G).
Then for each h € G, we have a(h) = < «, i-1 > = o, where ij,-1 is the map
from G to F which takes 2~! to 1, and the rest of the elements to 0. This shows
that « = 0, and so <, > is a nondegenerate symmetric bilinear form on F(G).
Such a bilinear form is also called an inner product on F(G). Now, we shall show
that the set of irreducible characters of G over F form an orthonormal basis of the
center of F(G). The results which follow are due to Frobenius, and are called the
orthogonality relations.
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Theorem 9.3.5 Let G be a finite group, and F be an algebraically closed field whose
characteristic does no divide the order of G. Let p and 1 be nonequivalent irreducible
representations. Then

(G- Zhecpin(g™Iny(g) = 0
foralli, j, k and p.

Proof Let V and W be F(G) modules corresponding to representations p and 7,
respectively. Let {x;, x, ..., x,,} be a basis of V, and {y;, 2, ..., yin} be a basis of
W. Let Tj; be the linear transformation from V to W which takes x; to y; and x; to
0 fork #i. T;; need not be a F'(G)-module homomorphism. We average it to make
a F(G)-module homomorphism. Define T_j, by

Ti(v) = (|G| -1 Sean(@)T;i(p(g™H ().

Then T_j, is a F(G)-module homomorphism from V to W (see the proof of the
Maschke’s theorem). Since V and W are simple and nonisomorphic F(G)-modules,

any F(G)-homomorphism from V to W is the 0 map. Since Tj; is a F(G)-
homomorphism from V to W, it follows that 7;; = 0. Hence,

0 =Ti) = (G| -D)" Sgean(@) (T (S o (g~ Hx).

This in turn gives

(G- D" Sgecpinlg™ )V Ep_inpi(9)y, = 0.

Since {y1, ¥2, ..., Y} 18 a basis, we see that

(G- " Zhecpiu(gHInpig) = 0
forall i, j, k and p. it

Corollary 9.3.6 Let x, and x,, be distinct irreducible characters of G over an alge-
braically closed field whose characteristic does not divide | G |. Then < x,, X, >
= 0.

Proof Since x, # X;, p and 7 are nonequivalent. In the above theorem putting
k = iand p = j, and then summing over all i and j, we see that < x,,

Xy, >= 0. f

Theorem 9.3.7 Let p be an irreducible representation of a finite group G on a vector
space V of dimension n over an algebraically closed field whose characteristic does
not divide | G |. Let {x, x, ..., x,} be a basis of V, and [p;;(g)] be the matrix of
p(g) with respect to this basis. Then
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(i) Zgecpij(g Vpulg) = 0if j #kori # 1 and
(ii) n-Zgecpij(g Hpjilg) =1G|-1.

Proof V isasimple F(G)-module. By Proposition 9.2.4 every F (G)-endomorphism
of V is multiplied by a scalar. Fix i and j, and then consider the average T_], of the
linear transformation T;; which maps x; to x;. Suppose that this endomorphism T_j,
of V is multiplication by « ;. Then ﬁ(xk) = «j;x; foralli, j and k. Now

T = (1 G 1D Zgeap(9)(Ti (plg™ ) ().

In turn, we get that

ajixe = (|G| -D 7" By By (9)pin (g™ D
Since {xi, x2, ..., x,} is a basis, we get that

(1 G1-D™" Zgecprj(@pin(g™) = 0
ifk #1 and
aji = (1G 1 -D™" Speami(@pin (g™

Applying the above argument again, we see that o;; = 0ifi # j. Also

@i = (G- D " Zheepi@pin(g™) = am

for all i, k. Now,

nai = (1 G| -D™N(EL, (Zgeapa (@pin(g™)
= (1 G| -D7' (Zyec (Zi_1 o0 (Dpic (g™

Next, 1 = pii(97'9) = Z}_pi(9)pix(g~"). Hence
noi = (1G1-D'IG 1) = 1.
This shows that
n-(1G |- D" Sheapui(@pin(g™) = 1.
Multiplying | G | -1 we get the result. il

Corollary 9.3.8 (Orthogonality relation) Let G be a finite group and F an alge-
braically closed field whose characteristic does not divide the order of G. Then the
set of irreducible characters of G over F form an orthonormal basis of the center of
F (G) (which can be interpreted as vector space of class functions on G).
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Proof By Corollary 9.3.6, it follows that distinct irreducible characters are orthogo-
nal. Next, if x, is an irreducible character afforded by the irreducible representation
p, then from the above theorem it follows that

< XpXp >= (|G| '1)_12g€GXp(g)Xp(g_l)
= (G| - D (Zpec(Z it (D ZL_ 1 prr(g™)))
=n-(G| - D" Syecpii(@pii(g™) = 1.

This shows that the set of irreducible characters form an orthonormal set. Since the
number of irreducible characters is the class number of G, and the class number is the
dimension of the center (the space of class functions on G) of F(G), it follows that
the set of irreducible characters form an orthonormal basis of the center of F(G). ¢

Corollary 9.3.9 Letr G be a finite group, and F be an algebraically closed field of
characteristic 0. Then a representation p over F is equivalent to a representation 7
over F ifand only if x, = Xy

Proof Clearly, equivalent representations have same characters. Conversely, sup-
pose that p and 7 are representation such that x, = x;,. Let {p1, p2,..., pr}
be the set of pairwise nonequivalent irreducible representations such that each
irreducible representation is equivalent to one of them (r is the class number
of G). Then there exists nonnegative integers ny, ns, ..., n,, and my, mo, ..., m,
such that p is equivalent to nip; ® nypr & --- & n,p,, and 1 is equivalent to
mipy @ mapy @ --- ® m,p,. Then x, = mnix, + n2x, + -+ + n.x,, and
Xy = MiXp + maXp + -+ 4+ mXx,. Since x, = Xy, by the orthogonality
relation, we have n; - 1 =< X, Xy, > =< Xoyps Xpy > = m; - 1. Since F is of
characteristic 0, we get that n; = m; for all i. This shows that p is equivalent to 7. ff

Corollary 9.3.10 Let p be a representation of G over an algebraically closed field
of characteristic 0. Then p is irreducible if and only if < x,,x, > = 1.

Proof Let {py, p2, ..., pr} be a complete set of pairwise nonequivalent irreducible
representations. Then p = mp;®m,p,®- - -®m, p,, where each m; is anonnegative
integer. Then x, = mx,, +maX,, +---+m,X,, . From the orthogonality relation,
we find that < X,, X, >= m?+m}+---+m? Thus, < x,,x, >= lifand
only if m; = 1 for aunique i, and the rest of m; = 0. Thus, < x,, x, > = 1if
and only if p is equivalent to p; for some i. i

Let p be a irreducible representation of a finite group G over a field F whose
characteristic does not divide | G |. Then V is a simple F(G)-module, and we have
a homomorphism p from the ring F(G) to Endp(V) defined by p(Xjegayg) =
Yyecayp(g). If Tyegayg is in the center of F(G), then p(X egayg) commutes
with p(g) for all ¢ € G, and so it belongs to Endr)(V). Since V is a sim-
ple F(G)-module, members of Endp)(V) are multiplications by scalars. Let
{C1, Cy, ..., C/} be the set of distinct conjugacy classes of G. Let u; = Xyec,g.
Then as observed, {u;, us, ..., u,} form a basis for the center of F(G). From the
previous observation p(u;) is multiplication by a scalar o; (say).
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Proposition 9.3.11 Let G be a finite group, F an algebraically closed field of char-
acteristic 0 and p, an irreducible representation of G over F. Then the scalars «;
described in the above paragraph are algebraic integers.

Proof Letu; = X,ec, g, where {Cy, C,, ..., C,} is the set of all distinct conjugacy
classes of G. Let v € Cy and af‘j denote the cardinality of the set XZLJ = {(g,h) €
CixCjlgh = vl If we C, then there is x € G such that w = xvx~!. The
map (g, h) ~ (xgx~', xhx~") is clearly a bijective map from X;; to X;. Thus, the
integer al(‘j depends only on i, j, k, and not on the choice of v € Cy. This also shows
that

uinj = E,’C‘:laf‘juk.
Thus,
Puip(uy) = pluuy) = i_iafplu).

The left-hand side is multiplication by «;c«;, and the R.H.S. is multiplication by
E;zla{‘jak. This shows that

o = E,i:lafjozk

forall i, j and k. We can take C| to be the conjugacy class {e}, and sou; = e. Since
p(uy) = ple) = Iy,a; = 1 # 0. The above equation shows that the column
vector

aq

(6%)

o
is an eigenvector of the matrix [b;], where bj; = af‘i, and the corresponding

eigenvalue is ;. Thus, o; is a root of the monic polynomia'l det(x1, — [bji]) whose
coefficients are all integers (note that b, = afj are all nonnegative integers). This
shows that each o; is an algebraic integer. it

Corollary 9.3.12 Let G be a finite group, and F be an algebraically closed field
of characteristic 0. Let p be an irreducible representation over F of degree n. Let
g € G.Letm = [G : Cg(g)] be the number of conjugates to g. Then %(”) is
an algebraic integer(observe that every algebraically closed field of characteristic

0 contains the field of algebraic numbers).

Proof Let C; be the conjugacy class determined by g. Then the trace of p(g) = the
trace of p(x) foreachx € C;.Thus, tracep(u;) = m-tracep(g) = m-x,(g).Since
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p is multiplication by «;, and the degree of pis n, it follows that tracep(u;) = n-«;.
Thus, o; = %(q) The result follows from the above theorem. it

Corollary 9.3.13 The degree of every irreducible representation of a finite group
G over an algebraically closed field F of characteristic 0 divides the order of the

group.

Proof Let p be an irreducible representation of a finite group G of degree n over an
algebraically closed field F. Let {Cy, C», ..., C,} be the set of all distinct conjugacy
classes of G. Then X, is constant on each C;. Let ; be the value of x, on C;. Then
from the above corollary, it follows that # is an algebraic integer, where m; is
the number of elements in C;. Let p be the permutation of {1, 2, ..., r} defined by
C;' = C,u), where C; ! is the set of inverses of the members of C; (note that C; '

is again a conjugacy class). By the orthogonality theorem, we have

1 _
1 =< XXy >= lT'Egecxp(g)xp(g h.
Thus, | G | = X/_,m; i Bp- In turn,
| G| m; 3;
= X ——0B,a4).
" =, Bpaiy

From the previous result % is an algebraic integer. Also each f3; is trace of p(g)
for g € C;. Since G is finite, ¢’ = e for some ¢, and so p(g)’ = Iy. This shows
that the eigenvalues of p(g), being roots of unity, are algebraic integers. Since sum
of algebraic integers are algebraic integers, it follows that 3,;) = tracep(g) = the
sum of the eigenvalues of p(g), g € Cp), is an algebraic integer. Again, since sums
and products of algebraic integers are algebraic integers, it follows from the above
identity that % is an algebraic integer. We also know that a rational number is an
algebraic integer if and only if it is an integer. Thus, ‘nﬂ is an integer. This means
that n divides | G |. it

Following is a simple application of representation theory.

Proposition 9.3.14 Let G be a finite simple group of order n, and p be a prime
such that the number of conjugacy classes of G is greater than %. Then Sylow

P’
p-subgroups of G are abelian.

Proof We may assume that p? divides . Since G is simple, every nontrivial complex
representation of G isinjective. Now,n = 1+n3+n3+---+n2, whereny, ns, ..., n,
are the degrees of nontrivial irreducible representations, and r the class number of G.
Since the class number r is greater than %, thereis i > 2 suchthatn; < p.Consider
the corresponding irreducible representation p;. Let P be a Sylow p-subgroup of G.
Consider the restriction p; /P to P. Then p;/P is a faithful representation of P of
degree less than p. The degrees of the irreducible components of p; /P must divide
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the | P | = p', where t > 2. Since the degree of p;/P < p, it follows that
all irreducible components of p;/P are of degree 1. Since p; /P is faithful, P is
abelian. it

Proposition 9.3.15 Let x, be an irreducible character afforded by the irreducible
representation p of degree n of a finite group G over an algebraically closed field F
of characteristic 0. Let g be an element of G with m conjugates such that m and n
are co-prime. Then X”T(g) is an algebraic integer.

Proof By the Euclidean algorithm, there exists integers « and v such thatum +vn =
1. Hence X’T(Q) =u- anJ + vx,(g). By the previous result, ’ﬂXnﬂ is an algebraic
integer. Also since eigenvalues of p(g) are roots of unity (note that (p(¢)!¢! = Iy)),
it follows that x,(g) is an algebraic integer. Since sums and products of algebraic

Xp(9)
t —”n

integers are algebraic, it follows tha is an algebraic integer. i

Proposition 9.3.16 Under the hypothesis of the above proposition, x,(g) = 0, or
else p(g) is multiplication by a scalar.

Proof We first show that p(g) is multiplication by scalar if and only if all the eigen-
values of p(g) are same. One way is evident. Suppose that all the eigenvalues of p(g)
are same. Consider the restriction p/ < g > of p to the cyclic subgroup generated
by g. By the Maschke’s theorem p/ < ¢ > is direct sum of irreducible representa-
tions of < g >. Since irreducible representations of < g > are one dimensional, it
follows that p(g) is diagonalizable. Since all the eigenvalues of p(g) are same, it is
multiplication by a scalar.

Now, suppose that p(g) is not multiplication by a scalar. Then all eigenvalues of
p(g) are not same. Let A\, Ay, ..., A, be eigenvalues of p(g). Then each J; is a root
of unity, andso | A; | = 1. Since all of them are notsame | x,(g) |=| Z/_, N\ | < n.
By the previous proposition, 1# is an algebraic integer such that | ’—“@ | < 1.
Let o be an automorphism of a finite Galois extension K of Q containing each

;. Then U(XPT('(])) is also an algebraic integer whose modulus is less than 1. Let

7z = ngAut(K) U(X”n(g)). Then z is an algebraic integer and | z | < 1. Itis clear that

0(z) = zforall o € Aut(K). Since K is a Galois extension of Q, it follows that
z € Q. The only rational algebraic integers are integers, and therefore z € Z. Since
| z | < 1, it follows that z = 0. This shows that X/T(g) = 0,andso x,(9) = 0. 4

Following is a criteria, due to Burnside, for non-simplicity of a finite group.

Theorem 9.3.17 Let G be a finite group which has a conjugacy class containing
p™ elements, where p is a prime and m > 1. Then G can not be simple.

Proof If G is abelian, then there is nothing to do. Assume that G is non-abelian.
Suppose that G is simple, and g € G be such that there are exactly p™ conjugates to
g. Let p be a nontrivial irreducible complex representation of degree n such that p
does not divide n. Since G is simple and p is nontrivial, it follows that p is injective,
and so G is isomorphic to p(G). Suppose that x,(g) # 0. Then from the previous
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result p(g) is multiplication by a scalar. This means that p(g) is in the center of p(G).
Since p(G) is simple, p(¢g) = Iy. Again, since p is injective, g = e the identity of
G. This is a contradiction to the supposition that g has exactly p” > 1 conjugates.
Hence, x,(9) = 0 whenever the degree of p is not divisible by p. Let x,., denote
the character of the regular representation p,.,. Then

Xreg = X1 + naXx»2 + + nyXr,

where x| is the trivial character, and y; is the irreducible character of degree n;. From
Proposition 9.3.16 and the previous observation, it follows that x,.,(g) = 1(modp).
One also observes that the matrix of p,.4(g) with respect to the basis G of F(G) has
no nonzero entry in the diagonal. Hence, x,.,(9) = 0. This is a contradiction.  f

Corollary 9.3.18 (Burnside) Every group of order p”q° is solvable, where p and q
are primes.

Proof Assume contrary. Let G be a counter example of the smallest order. Then if H
is a nontrivial proper normal subgroup of G, then H and G/H are both solvable. But
this will mean that G is solvable. Hence G is simple. Suppose that | G | = p”g°.
Clearly, r,s > 1. Let Q be a Sylow g-subgroup of G. Let ¢ # e be a member
of the center of Q. Then C;(g) contains Q, and it is not G (for then g will be in
the center, a contradiction to the assumption of simplicity of G). This shows that
[G: Cs(g9)] = p™ for some m > 1. Again from the previous theorem G cannot be
simple, a self-contradiction. it

Remark 9.3.19 The representation theoretic proof of the above result came quite
early in the twentieth century. A nonrepresentation theoretic proof of the result was
given by Thomson, Bender, and Goldschmidt quite late around 1976. Now, we have
a more general result due to Kegel and Wielandt which says that product of any two
nilpotent groups is solvable.

Exercises

9.3.1 Show by means of an example that nonequivalent representations over a field
of positive characteristic may have same character.

9.3.2 Show by means of an example that the degree of an irreducible representation
over a field F need not divide the order of the group.

9.3.3 Find all irreducible representations of Qg and Dg over C.

9.3.4 Can we realize all complex irreducible representations of a finite group G
over Q.

9.3.5 Determine the number of irreducible complex representations of Ss, and also
their degrees. Find them explicitly.
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9.3.6 Determine the number of irreducible complex representations of A4, and also
find their degrees.

9.3.7 Let F be an algebraically closed field of characteristic 0, and G be a finite
group. Let p and 7 be representations associated to '(G) modules V and W, respec-
tively. Show that < x,, x, > = Dimp(Homp (V, W)).

938 Let G = < a > be a cyclic group of prime order p. Consider the group
algebra Q(G). Leto = %Zf;olai and 7 = a — o. Show that the following holds.

() o? = o.
(i) Q- o is a subfield isomorphic to Q.
(i) (1—-0)> = 1—o0).
@iv) Q- (1 — o) is also a subfield isomorphic to Q.
(v) T is a root of the irreducible polynomial X?~! + X?=2 4+ ... + X + 1 over

0-(1-o).
(vi) The subring F of Q(G) generated by Q - (1 — o) and 7 is isomorphic to
2mi.
Qe 7).
(vii) Every element of Q(G) can be written uniquely as sum of an element of Q - &
and F.

(viii) Product of any element of QQ - o with an element of F is 0.
2mi
(ix) Q(G) isisomorphicto Q x Q(er ).

9.3.9 Determine irreducible representations of a cyclic group of order 3 over Q.

9.3.10 Let G = H x K be the direct product of finite groups H and K. Let
F be an algebraically closed field of characteristic 0. Let p and 7 be irreducible
representations of H and K on vector spaces V and W, respectively. Let p ® 1) be the
representation of G on V® W defined by (p@n) (h, k)(vQw) = p(h)(v)@nk)(w).
Suppose that i and v are also irreducible representations of H and K, respectively.
Show that

< Xpen Xper > = 1,

ifp = pandn = v, and

< Xpon» Xpuev = = 07

otherwise. Deduce that these are irreducible representations, and every irreducible
representation of G is obtained in this manner.

9.3.11 Show that the Grothendieck group of the group algebra C(G) is the character
ring Ch(G) of G. Find the Grothendieck groups of
C(Zm), C(V4), C(S3), C(Qs) and C(Ds).
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9.4 Induced Representations

Let H be a subgroup of a group G, and p be a representation of a group G. Then
the restriction of p to H denoted by py is a representation of H. One may observe,
by means of an example, that the restriction of an irreducible representation need
not be an irreducible representation(the two-dimensional irreducible representation
of S3 when restricted to As is not irreducible).

Now, we describe the adjoint to the restriction. Let H be a subgroup of G, and
p be a representation of H on W. Then W is a left F(H)-module. Since F(H)
is a sub-algebra of F(G), we see that F'(G) is a bi-(F(G), F(H)) module. Hence
V = F(G) Qr W is aleft F(G)-module. This gives us a representation of G
which we denote by p¢, and call it the induced representation of G induced by the
representation p of the subgroup H of G. Let S be a left transversal to H in G.
Then F(G) as right F (H)-module can be written as @ X ,csx F'(H). Thus, V can be
written as

V = @EXES-X ® W.

Consider an element x @ w, w € W, x € S in one of the direct summands of V.
Suppose that gx = yh,h € Hand y € S. Then p¢(9)(x @ w) = gx @ w) =
gxQw = yhQ@w = yQhw = yQ®w’,where w = hw = p(h)(w). Clearly,
DimV = DimW -G : H]. Thus, deng = degp- G : H]. If {wy, wy, ..., w,}
isabasisof Wand § = {xi,x2,...,x}. Then{x; ®w; [ 1 <i <s5,1 < j <r}is
a basis of V. The character x,¢ of G is denoted by Xf, and it is called the induced
character.

Proposition 9.4.1 Let H be a subgroup of a finite group G and F a field whose
characteristic does not divide | G |. Let p be a representation of H. Then

X5 (9) = TreaX,(xgx "),

1
| H|
where x|, = x,on H and0on G — H.

Proof Let p be a representation of H on W, and {w, wy, ..., w,} be a basis of W.
Let S = {x1,x2,...x5} bealeft transversalto H in G.Let V = F(G) Qrmy W.
Then as observed, {x; ® w;} form a basis of V. Now, the basis element x; ® w; will
contribute in the diagonal entry of p© (¢) only if gx; = x;h forsome h € H,and then
p%(9)(xi ® w;) = x; ® p(h)(w;). Thus, for such a x;, the sum of the contributions
in the diagonal entries of p“(g) corresponding to the set {x; ® w b1 <j<r}is
Xp(x; 'gx;) to the diagonal entry. This shows that

. 1
X5 (9) = T, gx) = THT Drea X, gx).

The last equality holds because x, is a class function. it



362 9 Representation Theory of Finite Groups

Theorem 9.4.2 (Frobenius reciprocity Law) Let H be a subgroup of a finite group
G. Let p be a representation of H, and 1) be a representation of G over a field whose
characteristic does not divide | G |. Then

G
< Xp9Xn >c =< vaX’f]H >H,

where Ny denotes the restriction of nto H, <, > ¢ denote the inner product in F (G),
and <, >y the inner product in F(H).

Proof We have

< X§oxy 26 = 556 XS (@xy(g7) =
ﬁEgEG(ﬁEJCEGX;;(X7lgx)Xn(xilgilx)) = #E)'EGX;;()’)X7]())71) =
#EheHXp(h)X'UH(h_l) =< Xps Xoyg ~H -

i

In practice, to determine irreducible representations of a group G, we look at
the representations of some special type of subgroups, induce it to G, and then
decompose it into irreducible representations.

Remark 9.4.3 Observe that the Frobenious reciprocity holds even if we replace char-
acters by the class functions.

Example 9.4.4 Let H be a subgroup of a finite group G. Let S be a left transversal
to H in G. Let 15 denote the trivial representation of H over a field F whose
characteristic does not divide | G |,and V = @ X,csx ® F the right vector space
over F with § = {x ® 1 | x € S} as a basis. Then the induced representation 1,’?,
is the representation of G on V given by 12(9) x®1) = gx®1 = yk®1 =
y®lyk)(1) = y®1,wheregx = yk,y € S,k € H.The character x,¢ is given
by X1g(g) = tracelg(g) =|{xeS | gx = xkforsomeke H} |=|{x eS|
gxH = xH} |forall g € G. Using the Frobenious reciprocity law,

<X1%> Xlg =6 =< X1y» X1g/H >5 =< X1, X1, >n = 1.

It follows that the trivial representation 15 of G appears once and only once in the
representation of 1% as the direct sum of irreducible representations. More explicitly,
lg = 1 @ sy (G), where sy (G) is the representation of G with no summands as
1. We shall call sy (G) as the standard representation of G induced by the subgroup
H of G. What is s()(G)? Describe the representation sy (G). Further,

1 -
TG Zreexig @il = 1.
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In turn,

1
IT|ZQEG|{XES| gxH = xH} | = 1.
Now, let 0 be a left transitive action of G on X. Then ¢ induces a representation p of
G on the vector space FX over F with X as a basis. If H is the isotropy subgroup
of the action at a point x; € X, then X can be realized as a left transversal to H in
G, and the representation p is equivalent to 12. Thus, in this case,

%Egeg|{xeS| gfx = x}|= 1.

More generally, let G be a finite group which acts on a finite set X through a left
action 0. Let F be a field whose characteristic does not divide | G |, and V a vector
space over F with X as a basis. The action # of G on X determines a representation
pof GonV.Let{X;, X5,...,X,} be the set of distinct orbits of the action. The
action of G on X induces transitive actions of G on each X;. Further, V = FX =
FX,® FX,®---® FX,, and p induces representations p; of G on F'X; for each
iwithp = py®p, @ --- D p,. Let H; denote the isotropy subgroup of the action
at a point x; € X;. Then as observed above, p; = 12} for each i, and the character
Xp = XiXp - Inturn, using the Frobenius reciprocity,

<Xp» Xig 6= Xi < X1y Xig 6= Zi < Xly» X1y >H = I
We get

1
ngeG|{XES| gox = x}|=r,
where r is the number of orbits of the action (see Exercise 9.1.11 of Algebra 1). Also
note that 1{2} is the regular action py., of G.

Example 9.4.5 Let G be a finite group which acts transitively on a finite set X
through a left action 6. Let H denote the isotropy subgroup of the action at a point
x € X. Then H also acts on X. Let p denote the representation of G associated to
the action 0. Then p = 12, and the representation of H associated to the induced
action of H on X is the restriction lg /H . It follows from the discussion in the above
example that the number r of H-orbits of the action is given by

1 -
r=<Xi$/u> Xy >H=<X16> X1§ =G = ngeGXp(g)Xp(g 1)'
Further, x,(g) = tracep(g) is the number of fixed points of the action of the element
g on X, and which is the same as the number of fixed points of g~!. This shows that
Xp(9) = Xp(971)~ Thus,
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1
mwme==EﬂquueX|Wx=ﬂD?

1
yr = —
|G|
Letus further assume that G acts doubly transitively on X . Then the isotropy subgroup

H of the action at xyp € X acts transitively on X — {x¢}, and so the number of orbits
of the action of H on X is 2. From the above discussion, it follows that

T bx e X | gbx = x} 1) =2

(see Exercise 9.1.23, Algebra 1). Also 12 = 16 ®su(G), where 15 does not appear
as a summand in sy (G). Hence

< Xsu(G)» Xsu(G) >6 = L.

This shows that the standard representation sy (G) of G is irreducible provided that
the action of G on X is transitive as well as doubly transitive (For example, S,
or A,,n > 4 acts transitively as well as doubly transitively on a set containing n
elements).

Let H and K be subgroups ofa group G. Asubset KgH = {kgh |k € Kandh €
H}iscalled a (K, H) double coset. The setof all (K, H) double cosets will be denoted
by[K, G, H]. Whatare [{e}, G, H], [H, G, {e}]and [G, G, H]?Itis easily observed
that [K, G, H] is a partition of G. The set of representatives obtained by choosing
one and only one member from each (K, H)-double coset is called a double coset
representative system. For convenience, we choose e to represent double coset K H .
Let S be a left transversal to H in G. Then [K, G, H] = {KsH | x € S}. Further,
G and so also K acts on § in a natural manner. It follows that the number of K -orbits
of this action is precisely the number | [K, G, H] | of (K, H)-double cosets. Using
the arguments in Examples 9.4.4 and 9.4.5, we see that

1
|[K,G,H]|= mzkeK|{xes| kOx = x}|.

Since k#x = x if and only if k € x "' Hx ) K, it follows that

1
|[K.G Hl | = e Baes | H BLEE

We state few results due to Brauer and Artin without proof.

Theorem 9.4.6 (Artin) Every character of G over Cis a rational linear combination
of characters induced from characters of cyclic subgroups. it

Theorem 9.4.7 (Brauer) Every character of G is integral linear combination of
characters induced by one-dimensional characters of subgroups of G. it
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Exercises

9.4.1 Show that the regular p,., representation of G is the same as the induced
representation of the trivial representation of the trivial subgroup.

9.4.2 Let H be a subgroup of G of finite index. Let W be the F-vector space with
(G/H ) as a basis. Then the action of G on (G /H ) gives rise to a representation of
G. Show that this representation is the representation induced by the trivial repre-
sentation of H. When can this representation be irreducible?

9.4.3 Describe irreducible components of all representations of S3 induced by the
representations of proper subgroups.

9.4.4 Call a group G to be a Frobenius group, if it has a proper subgroup H such
that H xHx~' = {e}forall x € G — H. Itis a fact, which can be proved using
induced representation theory, that N = G — UgeG g(H — {e})g~" is a normal
subgroup, called the Frobenius kernel, such that G = HN and H(\N = {e}.
Show that a finite group G is a Frobenius group if and only if it is a transitive
nonregular permutation group in which no nonidentity element has more than one
fixed point.

9.4.5 Show that Dy, , is a Frobenius group.

9.4.6 Let G be a Frobenius group with Frobenius kernel N, and the Frobenius
compliment H. Show that | H | divides | N | —1.

9.4.7 Let H be a cyclic group of order ny. Define a map py from H to Z by
pup(h) = npyif his a generator of H, and 0 otherwise. Show that py is a class
function. Let vy = ¢(np)Xreg — Mup, Where X,.q is the regular character of
H (note that vy is zero map on trivial cyclic group). Show that vy is also a class
function on H.

9.4.8 Let G be afinite group of orderm. Let x = X,eq — X1,. Using the Frobenious
reciprocity, show that for any class function 1 on G,

G
<my, 1 >¢ = Zgeq < Vg, 1 >G,

where €2 is the set of subgroups of G. Deduce thatmy = X Hegyg.

9.4.9x Let 1) be a degree 1 character of a cyclic group H. Show that
<vp, N> = Zpex(l — n(h)),

where X is the set of generators of H. Using the fact that () is an algebraic integer,
deduce that < vy, 1 >y is positive integer.

9.4.10 Using the above exercises, show that x (defined in Exercise 9.4.8) is positive
linear combination of characters induced by degree 1 characters of cyclic subgroups
of G.
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9.4.11 Let H be a subgroup of a finite group G, and p be a representation of H on
a finite-dimensional vector space W. Let p© be the induced representation of G. Let
K be a subgroup of G and S a set of (K, H)-double coset representative system.
Let H, denote the subgroup x ' Hx () K. Let p, denote the representation of H,
defined by p,(a) = p(xax~") and pX the induced representation of K induced by
px. Let resg (p¢) denote the restriction of p© to K. Show that

resk(p°) = ®Tiespf .
9.4.12 Refer to Exercise9.4.11 with K = H. Show that p© is irreducible if and

only if pisirreducible, and < X, Xresy, () > = 0. This resultis termed as Mackey
irreducibility criteria.



Chapter 10
Group Extensions and Schur Multiplier

The Chap. 8 was devoted to the field extensions and Galois Theory. This chapter cen-
ters around the study of group extension and Schur multiplier. The guiding problem
in Group Theory is to classify groups up to isomorphisms. The solution, in general, is
beyond the dream to mathematicians. However, mathematicians always roam around
this problem. Let us restrict our self to the problem of classifying finite groups up-
to isomorphisms. Every finite group has a composition series, and the composition
length is an invariant of the group. If

G =G >GD>-->G,>Gu = {e}.

is a composition series of G, then G;/G;4 is a finite simple group for each i. As
such, the problem of classifying finite groups reduces to the following two problems:

1. Classify all finite simple groups.

2. Given a finite group H and a finite simple group K, to classify all groups G
(up-to isomorphism) having H as a normal subgroup such that G/H is isomorphic
to K.

Finite simple groups have been classified. They are of the following four types:

(1) Prime Cyclic groups.

(i1) The alternating groups A,,, n > 5.
(iii) Finite simple groups of Lie types such as PSL(n, q).
(iv) 26 Sporadic simple groups.

The reader is referred to the book “Finite simple groups: An introduction to their
Classification, by D. Gorenstein” for their detailed description.

The solution to the problem 2 is still beyond the dream to mathematicians, and it is
addressed in the theory of extensions of groups and co-homology theory of groups.
In this chapter, for convenience, we may frequently use the language of category
theory. The reader may refer to the appendix of the Algebra 1 for the purpose.
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10.1 Schreier Group Extensions

In this section, we shall describe Schreier theory of group extensions.
A sequence

2 Q1 « e}
- > Gn—l — Gn = GIH—I —

of groups G, together with homomorphisms o, is said to be an exact sequence at
G, if image o, = kera,. The sequence is said to be exact if it is exact at each
G,.

A finite term exact sequence of the type

1l —H3 62k —1

with 1 representing the trivial group is called a short exact sequence. Thus, to say
that the above sequence is exact is to say that « is injective, (3 is surjective, and
image o« = ker (3. In particular, «(H) is a normal subgroup of G such that g3
induces an isomorphism from G /a(H) to K. The above short exact sequence is also
termed as an extension of H by K. By the abuse of language, we also say that G is
an extension of H by K.

Example 10.1.1 For any positive integer m, we have the short exact sequence
0 — mz 5> 7 % 7, — (0},

where i is the inclusion map, and v is the quotient map. Thus, this is an extension of
mZ by Z,,. We have another extension of mZ by Z,, given by the short exact sequence

{0} — mZ L mZ® Ly, 5 7, — {0},

where i; is the inclusion in the first component, and p; is the second projection. Note
that Z is not isomorphic to mZ & Z,,.

Example 10.1.2 We have the exact sequence
0} — A3 5> 83 5 (1, -1} — {0},
where i is the inclusion map, and Yy is the alternating map. Note that A3 is a cyclic

group of order 3, and {1, —1} is cyclic group of order 2. We have another extension
of a cyclic group of order 3 by a cyclic group of order 2 given by the exact sequence

0} — 73 > Zg 5 7, — {0},

where Zj is included as a cyclic group of order 3 in Zg, and v is the corresponding
quotient map. Note that S3 is not isomorphic to Z.
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Example 10.1.3 Let G be a group, n the natural map from G to Aut(G) given by
n(g) = f, the inner automorphism determined by g (f;,(x) = gxg~'), and v the
natural quotient map from Aut(G) to Out(G). Then the sequence

e} — Z(G) & G B Aur(G) % ouw(G) — 1
is an exact sequence.
Example 10.1.4 The sequences

0 —2z YWzezB 72— 0

and

0 —z "5 zez " 7 — (0),

where (i, 0) is the first inclusion given by n +— (n, 0), p; is the second projection,
(i1, —ip) isthe map given by n — (n, —n), and p; + p, is the map given by (n, m) —
n + m, are short exact sequences. As such, both are extensions of Z by Z. Note that
the middle term is also same.

Let EXT denote the category (see appendix of algebra 1 for the notions in category
theory) whose objects are short exact sequences

1 —HS6 2k 1

of groups, and a morphism between two extensions E; and E, given by the short
exact sequences

I3
1 — H 36, 2 KL — 1
and

l—>H232>G2£2>K2—>1

isatriple (A, u, ), where A is ahomomorphism from H, to H», 1+ is a homomorphism
from G, to G, and v is a homomorphism from K; to K, such that the following
diagram is commutative:

ay B
1 — , H — G — 3K — 5 1

]

1y H, 3G, K 5, 1
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The category EXT is called the category of Schreier extensions of groups. The
isomorphisms in this category are called the equivalences of extensions.

Theorem 10.1.5 (Five Lemma) Consider the following commutative diagram

(€3] Qp (0%] (a7
G — » G, — » Gy Gy — Gs
l h l S l 5 l Ja l fs
B B2 B3 B4
H 5 H, Hy Hy Hs,

where rows are exact sequences of groups, and the vertical maps are homomorphisms.
(i) If f1 is surjective and f>, f, are injective, then f3 is injective.
(ii) If f5 is injective and f4, f> are surjective, then f5 is surjective.
(iii) If f1, f>, f4, f5 are isomorphisms, then f3 is also an isomorphism.

Proof (i). The proof is the imitation of the proof of the five lemma (Theorem7.2.3)
for modules. However, we repeat those arguments again. Suppose that f] is surjective,
f> and fy are injective. We have to show that f; is injective. Let g3 € G3 such that
f3(g3) = e (e will denote the identity of all the groups under consideration). Then
e = [3(e) = P3(f3(93)) = fa(az(gs)) (from the commutativity of the diagram).
Since f; is injective, a3(g3) = e. Thus, g3 € keraz = imagea, (exactness), and
hence there is an elementg, € G, such that a;(g2) = g3. Further, e = f3(g3) =
f3(aa(g2)) = Ba(f2(g2)) (commutativity of the diagram). Thus, f>(g;) € ker3, =
imagef3; (exactness). Hence, there exists #; € H; such that 3 (h;) = f>(g»). Since fi
is surjective, there is an elementg; € G, such that fi(g;) = h;. Now, fo(a1(g1)) =
Bi(fi(g1)) = Bithi) = f2(g2). Since f> is injective, a;(g1) = g». But, already
az(g2) = g3.Hence g3 = az(a;(g1)) = e (forimagea; = Keray). This shows
that f3 is injective.

(i1). Suppose that f5 is injective, f> and f; are surjective. Let i3 € H;. We have
to show the existence of a g3 € G3 such that f3(g3) = h3. Now, (O3(h3) € Hy.
Since f; is surjective, there is an element g4 € G4 such that fy(g4) = F3(h3). Now,
f5(aa(g4)) = Ba(fa(ga)) (commutativity of the diagram)= B4(33(h3)) = e (exact-
ness). Since fs is injective, a4 (g4) = e. Thus, g4 € keray = imageas. Hence there
is an element g3 € G3 such that a3(g3) = g4. Since G3(f3(g3)) = fa(as(gsz)) =
falgs) = B3(h3), B3(hs(fs(g3))~") = e. Thus, h3(f3(g3)) ™" € ker33 = imagef,.
Hence there exists /1, € H, such that 8>(h,) = h3(f3(g3))~". Since f> is surjective,
there is an element g, € G such that /(¢g2) = hy. Now h3(f3(g3)) ™! = Ba(hn) =
G2(f2(g2)) = f3(a2(g2))- This shows that f3(2(g2)g3) = hs, and so f3 is surjective.

(iii). Follows from (i) and (ii). it

Corollary 10.1.6 Let the triple (A, i, v) be a morphism between two extensions E,
and E,. Suppose that \ and v are isomorphisms. Then i is also an isomorphism. f
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Corollary 10.1.7 The triple (X, p, v) is an isomorphism in the category EXT if and
only if X and v are isomorphisms between corresponding groups. it

Now, we shall give another description of an equivalence class in this category.
Let

| > HSG62 Kk —>1...... (10.1)

be an extension of H by K. Since [ is surjective, there is a map ¢ (not necessarily
a homomorphism) from K to G with #(e) = e (called a section or a transversal)
such that fotr = Ik (note that we are using the axiom of choice). «(H) = kerf is
a normal subgroup of G. Thus, for each x € K and i € H, t(x)a(h)t(x)~" belongs
to a(H). Since « is injective, there is a unique element o’.(%) in H depending on x
and A such that

ahix)™" = a(ol(h)) «- - . (10.2)
This gives us a map o’ from H to H given by (10.2). Suppose that o’.(h;) = o.(h).
Then t(x)a(h)t(x)™" = a(ol(h) = alol(h)) = t(x)a(h)i(x)~". Hence
a(h;) = «a(hy). Since « is injective, hy = hy. This shows that O')tc is an injec-

tive map from H to H. Next, let 1 € H. Then there is an element a € H such
that 1(x) "' (a(h)t(x) = a(a). Now, t(x)a(a)t(x)~! = «(h). By the definition
ol(a) = h. This shows that ¢’ is also a surjective map from H to H. Again,
a(oy(hihy))
= 1(x)a(hihy)t(x)™!
= t(x)a(h)o(hy)t(x)™!
= 1()ah)i(x) 1) a(h)i(x) "
= a(oy(h)a(ol(h))
= a(oy(h)o(h)).
Since « is injective, ot (h1hy) = o&(h1)ol(hy). This shows that o, is an automor-
phism of H.

Thus, given an extension

1 —-HS6 2k >

of H by K, every section ¢ from K to H determines a map o’ from K to Aut(H) given
by the Eq. 10.2 (note that o' depends on the chosen section ¢). Since #(e) = e,

ol = Iy e (10.3)
Further, B(t(x)t(y)) = pB@(x)B(t(») = xy = [(t(xy)). Hence (1(x)t(y))

(t(xy))~! belongs to ker3 = imagec. Thus, there is a unique element f'(x,y) € H
depending on ¢, x and y such that

tHy) = a(f G, y)e@xy) - . (10.4)
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Again, as t(e) = e,

flle,y) =e=f(xe)------ (10.5)

forall x,y € K.
Forx,y,z e K,

(ttONH) = af (x, Y)tntz) = a(f (x, y)a(f (xy, 2)i((xy)z) =
a(f’ (x, y)f' ey, 2)1((xy)2)

On the other hand,

HO (M) = tWa(f (v, 0)t02) = t@alf (v, )1~ 1(0)1(yz2)
a(o (f O, ) af (x, y)t(x(v2)) = o (f' (v, D) (x, y2))t(x(y2))

Equating both the expression for #(x)¢(y)#(z), we find that
a(f' e, »f' oy, 2) = a(oL(f' (o, D) (x, y2).
Since « is injective,
Frenf ey, 2) = o (ff o, ) (x, y2) - . (10.6)
Next, forx,y e Kandh € H
(ttMath) = aff'x, y)ray)ath) =
a(f! (e, YNty amiy) " t(y) = a(f'(x, y)a(ah, (h)t(xy) =
alf! (x, y)ot, (M)1(xy).
On the other hand,
) ah) = 1@ E@are)'ty) = @) (a@lh)iy) =
1) (@l (MNHX) ()1 (y) = alah(al () e(f’ (x, y)t(xy) =
afoy (g (M)f (x, y)t(xy).

Equating both the expression for #(x)¢(y)a(h), and using the injectivity of «, we find
that

Fleoly ) = oL@ ) (x.y) - (10.7)

We are prompted to have the following definition.
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Definition 10.1.8 A Quadruple (K, H, 0, f), where K and H are groups, o a map
from K to aut(H), and f a map from K x K to H, is called a factor System if the
following conditions hold:

(1) 0. = Iy (For convenience we denote the image of x under the map o by o).
(1) f(x,e) = 1 = f(e,y) forall x,y € K, where 1 denotes the identity of H, and
e denotes the identity of K.

() f (x, Y)f (xy, 2) = ox(f(y, 2))f (x, yz) forall x, y, z € K.

@) f(x,y)o(h) = o(oy(h)f(x,y) forallx,y € Kandh € H.

Remark 10.1.9 The condition (iii) can be viewed as the non-abelian version of a 2
co-cycle.

The proof of the following proposition follows from the discussions which moti-
vated the Definition 10.1.8.

Proposition 10.1.10 Every extension E of H by K with a choice of a section t
determines a factor system Fac(E,t) = (K, H, o', f"), where o' and f' are described
by the Eqs.(10.2) and (10.4) above. This factor system is termed as a factor system
associated to the extension E. it

Conversely, we have the following proposition.

Proposition 10.1.11 Let (K, H, o, f) be a factor system. Then there exists an exten-
sion E of H by K, and a section t of E such that Fac(E,t) = (K, H, o,f).

Proof Let G = H x K. Define a product - in G by

(a,x) - (b,y) = (ao:(D)f (x,y), xy).

Using (i) and (ii) in the definition, (1,¢) - (b,y) = (lo.(b)f(e,y),ey) = (b,y),
and also (a, x) - (1,e) = (ao(1)f(x, e),xe) = (a,x). This shows that (1, e) is the
identity of G. Let (a,x) € G. To find the inverse of (a, x), we have to find a (b, y)
so that (I,e) = (a,x)-(b,y) = (ao.(b)f(x,y), xy). Obviously, then, y = x~!,
and b should be such that ac,(b)f (x,x~') = 1. Since o, is a bijective map on H,
b = o (a7 'f (x, x~1) ™). More precisely, (o' (@™ 'f (x, x™1)~1), x 1) is the inverse
of (a, x). Finally, to ensure that G is a group, we have to establish the associativity
of -. Now,

((a,x) - (b, y) - (¢,2) = (aox(b)f (x,y),xy) - (¢,2) =
(aox(b)f (x, y)oxy (C)f (xy, 2), (x)2).

On the other hand,

(a,x)- (b, y) - (¢,2)) = (a,x) - (boy(c)f (v, 2), y2)
(aox(bay(O)f (v, 2)f (x, y2), X(y2)).

Since the multiplication in K is already associative, to ensure the associativity in G,
we need to show that



374 10 Group Extensions and Schur Multiplier

aoy(D)f (x,y)on(O)f (xy,2) = aox(bo,(c)f (v, 2)f (x, yz)

for all a, x, b, y, c, z. Since o, is an automorphism, we need to verify that

O, y)on(©f xy,2) = ooy (@)oo (f(y, 2)f (x, yz)

Using the (iii) part of the Definition 10.1.8, the RHS is transformed to

ox(ay(©))f (x, y)f (xy, 2).

Hence we need to verify that

f(x’y)gxy(c) = UX(UY(C))f(X, y)

This is true because of the part (iv) of the Definition 10.1.8. Thus, G is a group
with respect to the product - defined above. The map « from H to G defined by
a(h) = (h,e), and the map (3 from G to K defined by 3(a, x) = x are easily seen
to be homomorphisms. In turn, we get the extension

E=1-—>H3%6 2k — 1

of H by K. Consider the section 7 of E given by #(x) = (1, x). Then t(x) - 1(y) =
(Lx)-(Ly) = (flx,y,x) = (fx,y),e) - (1,xy) = aff(x,y)) - 1(xy). This
shows that f'(x,y) = f(x,y) for all x,y € K. Thus, f' = f. Again, t(x) - a(h) -
ot = (Lx-(he-1n)T" = (oWf(xe),x) - (o) ((fx,
YT = (e, xT )T xTh, ) = (0x(h), ) = alox(h)) (note
that (1, x)"' = (o) "(Fx, x~H)™Y), x~1)). This shows that ol(h) = o(h) for
allx € Kand h € H.Itfollows that o' = o andf’ = f. Thus, Fac(E, 1) is the given
factor system (K, H, o, f). g

Now, we describe the category EXT of extensions as the category of Factor
systems. Let (A, i, ) be a morphism between the extensions E| and E, given by the
following commutative diagram:

aq B1
1, H G — K — 5 1

ap B2
1 H, G, K 5 1
Let #; be a section of Ej, and 7, be a section of E,. Let (K, Hy,c",f") and

(K>, H,, 0™, ) be the corresponding factor systems. Let x € K. Then u(t;(x)) €
Go and Ba(u(t1(x)) = v(Bi(t1(x)) = v(x) = Ba(t2(v(x))). Thus, u(t(x)) (%
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w@)™' ekerB, = imagecs. In turn, we have a unique g(x) € H, such that
@ (g(x)) = u(t1(x)((v(x)))~L. Equivalently,

pt(x) = a(g)h@x) - - . (10.8)
Since t1(e) = e = t,(e), it follows that
gle) =1 ... (10.9)

Now, using the commutativity of the diagram and the Eq. 10.8, we have

)t ) = plaa (e Nt Gy) = aa A" ()t () =
(A" (x, M) a2 (gCy) (v (xy) = aa(A(f" (x, y)aa (g(ey)t v (x)v(y))

On the other hand, since p is a homomorphism, using again the Eq. 10.8,

pt ()0 () = pn)un () = a(g)n@x)a(gONn@ ) =
a2 (9N ()2 (g (@ () ' @) Lw(Y) =
a2(g(0)) a2 (), (GO N)LW(Y)) =
(g a2 (a7, (N (> (v (x), v N (X)V(Y)).

Equating the two expressions for 1(¢;(x)#;(y)), and observing that « is an injective
homomorphism, we obtain the following identity:

A, yDgy) = g0 (GO (@), v(y)) - (10.10)
Further, by Eq. 10.2,
H (@) (W)t (x) ™" = a1 (ah (h)).

Applying the homomorphism g on the above equation, and using the commutativity
of the diagram, we get

(1t ()2 A (1)) ™" =z (A(al! ().
Using the Eq. 10.8,
a2 (g () A) (V) a2 (g(0) ™) = (Ao} ().
Using the Eq. 10.2 for the extension E,, we get

a2 (g))az (o, A az(gD) ™) = ar(A\(a] ().
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Since o is an injective homomorphism,
9@, AM)gX) ™ = Aoph) - (10.11)

Thus, a morphism (A, u, ) between extensions E; and E, together with choices

of sections #; and #, of the corresponding extensions, induces a map g from K; to

H, such that the triple (v, g, \) satisfies (10.9), (10.10) and (10.11), and it may be

viewed as a morphism from the factor system (Ky, Hy, o', f"') to (K, Hp, 2, f).
Let (A, i1, v1) be a morphism from an extension

EE=1—H %6 3k — 1
to an extension ,
E2 =1 — H2 iz) Gz —2> K2 —> 1,

and (A2, 2, 1) be that from the extension E; to

E3El—>H3i;G3ﬁ>K3—>1
Let 1, 1, and 73 be corresponding choice of the sections. Then as in (10.8)

p1(t1(0) = a(g1()n@1(x).

and
p2(t2(u)) = a3(ga(W)t3(v2(w)),

where g; is the uniquely determined map from K, to H,, and ¢, is that from K, to
H;. In turn,

(1 (7 (X)) = pa(aa(gi (X)) p2(t2(v1(x))) =
m2(a(g1(x))) s (g2 (V1 ()13 (12 (V1 (%)) =
a3 (M (g1 ()3 (g2 (V1 ()N (12 (V1 (X)) = az(g3(x) 13 (1 (v1(x))).

It follows that the composition (Ay o Ay, p2 o i1, ¥ o v1) induces the triple (v, o
V1, g3, A2 0 A1), where g3(x) = A2(g1(x))g2(v1(x)) for each x € K.

Prompted by the above discussion, we introduce the category FACS whose objects
are factor systems, and amorphism from (K, Hy, o', f1) to (K,, Ha, 0%, f*) isatriple
(v, g, \), where v is a homomorphism from K; to K;, A a homomorphism from H;
to H,, and g a map from K; to H, such that
(i gle) =1
() A, )gy) = g0, (GO (), v()

(iii) g0,y AW g ™" = Ao} (h))
The composition of morphisms (v, g1, A;) from (K}, Hy, al,fl) to (K», H,, Uz,fz)
and the morphism (12, g2, \2) from (Ky, Hs, 0%, f?) to (K3, H3, o, f3) is the triple
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(1, ovy, g3, A2 0 A1), where gs is given by g3(x) = g2(v1(x))A2(g1(x)) for each
x € Kj.
The following theorem is the consequence of the above discussion.

Theorem 10.1.12 Let tg be a choice of a section of the extension E of a group by
another group (such a choice function t exists because of axiom of choice). Then the
association Fac which associates to each extension E the factor system Fac(E, tg)
is an equivalence between the category EXT of extensions to the category FACS of
factor systems. it

Fix a pair H and K of groups. We try to describe the equivalence classes of
extensions of H by K. Let G be an extension of H by K given by the exact sequence

E=1-—>H%SG6 2k — 1.

Let (A, i1, v) be an equivalence from this extension to an other extension G’ of H’
by K’ given by the exact sequence

F=1—H%¢ %Kk —1
Then it follows that G’ is also an extension of H by K given by the exact sequence
E=1-—HY¢"3k 1
such that (Iy, u, Ix) is an equivalence from E to E”. Also, (), I, V) is an equivalence
from E” to E'.

As such, there is no loss of generality in restricting the concept of equivalence on
the class E(H, K) of all extensions of H by K by saying that two extensions

p
EE=1—H3XG 2 K — 1.

and ,
EE=1—H3 G, 3 K — 1.

in E(H, K) are equivalent if there is an isomorphism ¢ from G, to G, such that the
diagram

a B
1 H G —— K ____, 1

Iy l ¢l Ix l
an B2

1, H G, K _ , 1
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is commutative. Indeed, for any extension £ in EXT which is equivalent to a member
E’ of E(H, K), there is a member E” of E(H, K) such that E is equivalent to E” in
the category EXT and E” in E(H, K) is equivalent E’ in the sense described above.
Let )
E=1—>H%SG62 Kk — 1

be an extension of H by K. Let 7 be a section of the extension. Then ¢ induces a map
o' from K to Aut(H) as described by the Eq. 10.2. In turn, it induces a map W, from
K to Out(H) given by Wy (x) = olLinn(H). Let

F=1—H%¢ 2k — 1.

be another equivalent extension in E(H, K). Let (I, ®, Ix) be an equivalence from
Eto E’, and ¢’ be a section of E’. It induces an equivalence (Ix, g, Ig) from the factor
system (K, H, o', f") to the factor system (K, H, o', f"), where g is a map from K
to H. From (10.10) and (10.11), we have

[ ygay) = go (g (e y) oo (10.12)

and /
gt (Mg~ = al(h) - (10.13)

forall x,y € K and h € H. Thus, o’ and o' differ by an inner automorphism of H.
Hence V). (x) = olinn(H) = o' Inn(H) = \IIE (x) foreach x € K. This shows that
the map W}, from K to Out(H) is independent of a representative E of the equivalence
class, and also independent of the choice of a section ¢. Thus, without any ambiguity
we can denote W by Wig), where [E] denote the equivalence class determined by
the extension E. Further, from (10.7), it follows that a;y and ¢’ o aj, differ from an
inner automorphism of H. Hence Wiz (xy) = Wi (x)Wg(y) forallx,y € K.

Definition 10.1.13 A homomorphism from K to Out(H) = Aut(H)/Inn(H) is
called a coupling or an abstract kernel of K to H.

We have established the following theorem:

Theorem 10.1.14 Let Ext (H, K) denote the set of all equivalence classes of exten-
sions in E(H, K). Then there is a natural map ¥V from Ext (H, K) to the set
Hom(K, Out(H)) of all abstract kernels (couplings) of K to H given by V([E]) =
W) as defined above. il

The map W described in the above theorem is called the abstract kernel map or
the coupling map.

Example 10.1.15 The abstract kernel map W need not be injective. In other words,
two non-equivalent extensions H by K may induce same abstract kernels of K to H.
For example, consider the extensions
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0 -2 207, B 7, — (0

E,

and
m3

E ={0) 2238725 7, — {0

of the group Z by Z3, where mj is the multiplication by 3, and v is the natural quotient
map. These two extensions E; and E, are not equivalent as Z & Z; and Z are not
isomorphic. Since Out(Z) is a group of order 2 and Zj; is a group of order 3, the
only abstract kernel of Z3 to Z is the trivial map. As such, [E|] # [E,], where as
V(E D = V(ED.

We shall see that the map W may not be surjective also. Indeed, we have two basic
problems in the theory of extensions of groups.

1. To determine the abstract kernels 1 € Hom(K, Out(H)) which are realizable
from an extension E of H by K in the sense that W ([E]) = 7.

2. Given an abstract kernel n € Hom(K, Out(H)) which is realizable from an
extension, to determine and classify all extensions E up to equivalence such that
W(E) = n. Such abstract kernels are call couplings.

Theorem 10.1.16 Let H be a group with Z(H) = {e}. Then the map V from
Ext (H, K) o the set Hom(K, Out(H)) is bijective. More explicitly, every abstract
kernel 1 of K to H determines and is determined uniquely by an equivalence class
of extensions in Ext (H, K).

Proof Letn € Hom(K, Out(H)) be an abstract kernel of K to H. Consider the Pull
Back Diagram

P2
G __, K

|, 0]

Aut(H) ____, Out(H)

More explicitly, G is the subgroup of the direct product Aut(H) x K givenby G =
{(o,x) | 0 € Aut(H) and olnnH = n(x)}, p; the first projection and p, the second
projection. Clearly, p; is a surjective homomorphism from G to K. The kerp, =
{(g,e) | olnnH = n(e) = Inn(H)} = Inn(H) x {e}. Since the center Z(H) of
H is trivial, the map o« from H to G defined by a(h) = (iy, e) (i), denotes the inner
automorphism determined by %) is an injective homomorphism with imagea =
kerp,. This gives an extension E of H by K given by the exact sequence

E

i
|
=
l
Q
i
>~
|

Using the axiom of choice, there is a map £ from K to Aut(H) such that £(x)Inn
(H) = n(x). This determines a section ¢ of the extension E givenby #(x) = (£(x), x).
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Recall that the abstract kernel W(E) associated to the extension E is given by
W(E)(x) = o.inn(H), where o', is given by (see Eq. 10.2)

tami@) ™" = a(olh)).

Now,
alolh) = tamix)™" = (@), x) > e)(Ex), )~ =
E@iEE) ™ e) = (eemy, ) = al€x)(h)).

Thus, oi(h) = &(x)(h) for all h € H. In turn, 0. = £(x). By the definition,
W(E)(x) = olinn(H) = &x)Inn(H) = n(x) for all x € K. This shows that
W(E) = n, and so W is surjective.

To prove the injectivity, suppose that W(E|) = W(E,), where E| and E; are
extensions of H by K given by

) B

E, 1 — H—> G, > K — 1.

and 5
EE=1—H3 G, 3 K — 1.

Let 7, be a section of E; with corresponding factor system (K, H, ¢!, f1), and 1,
be a section of E, with the corresponding factor system (K, H, 02, ). Under our
assumption

olllnn(H) = W(E)(x) = V(E)(x) = olInn(H)

for all x € K, where ¢! and ¢ are given by the equations

H@a(u )™ = ai (@l (h).

and
HMaMn@ ™ = a0l h).
Since ¢'Inn(H) = o2Inn(H) for all x € K, and since H is center less, there is a
unique map g from K to H such that
ol = g o0 e (10.14)

for all x € K. Again by (10.7), we have,

[y ) = ol (o ()" (x,y) -+ (10.15)
and

2o (h) = o (W) (x,y) - (10.16)
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Using (10.14), (10.15), and (10.16), we get

S gy ol (g y) ™!
= £, o (h)
ol (o ()" (x, y)
9@ (0} ()g(x)~'f" (x,)
g (g o (Mg g " (x, )
g TGN oL (2 (M)o (g g MG y) - (10.17)

In turn,

a2 (g g~ x, »g ) ol () (a2 (g() g )~ (x, y) g (ey)) ™!
= o2 (03 (h)

= [0 o (=, y) "

forall h € H. Since a)’fy is a bijective map on H, and H is center less,

20 y) = a9 Hg) T (x, vglay),

or equivalently,

Freygay) = g@o (g2, y) <oeee ) (10.18)

The Egs.(10.14) and (10.18) tells that (Iy, g, Ix) is an isomorphism from the
factor system (K, H,o",f") to (K,H,oc",f?) in the category FACS. From
Theorem 10.1.12, E| is equivalent to E,. it

Indeed, the proof of the above theorem establishes the following more general
result.

Proposition 10.1.17 Let E| and E, be extensions of H by K with V(E1) = V(E»).
Then the following induced extensions E| and E’, of H/Z(H) by K given below are
equivalent:

(o3}

E| =1 — H/ZH) 3 G/oyZH) 2 K — 1,

ag

E, =1 — H/ZH) 3 GyJor(Z(H) 3 K — 1. #

Split Extensions, Semi-direct Products

Definition 10.1.18 An extension

E=1-—>H%G6 2k — 1.
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of H by K is called n split extension, if there is a section f which is a homomorphism.
Suchasection ¢ is called a splitting of the extension. The corresponding factor system
(K, H, o', f") is such that f* is trivial in the sense that f'(x,y) = 1 forallx,y € K,
and then ¢’ is a homomorphism from K to aut(H).

The Example 10.1.2 (both the extensions), and the Example 10.1.4 (both the exten-
sions) are split extensions, whereas the extension

0} — mz 5 72 % 7, — {0

is not a split extension as the only homomorphism from Z,, to Z is the zero homo-
morphism.

Recall that a group G is said to be the semi-direct product of a normal subgroup
H of G with a subgroup K of G if
(i) G = HK, and
(i)HNK = {e}.

Symbolically, we write it as H > K.

Proposition 10.1.19 Let

E=1-—>H%6 2k — 1.

be a split extension of H by K with a splitting t. Then G = «(H) > t(K) is the
semi-direct product of a(H) with t(K). Conversely, if G = H > K, then there is a
natural projection p from G to K such that

| —H -5 G625k — 1.

is a split extension of H by K.

Proof Suppose that E is a split extension with splitting 7. Clearly, «(H) = kerf is
a normal subgroup of G. Let g € G. Then 3(gt(B(¢™"))) = B(g)Bt(BG™"))) =
B(9)B(g™") = e. This shows that g#(3(g~")) € ker3 = imagec. Hence there is
a unique & € H such that gt(3(¢™")) = a(h). Inturn, g = a(h)t(B(g)). Thus,
G = «a(H)t(K). Since ¢ is an injective homomorphism, #(K) is a subgroup of G
isomomorphic to K. Let a(h) € a(H) [ #(K), h € H. There is a k € K such that
a(h) = t(k).But,thene = [(a(h)) = [(t(k)) = k. Since t is ahomomorphism,
e = t(e) = t(k) = a(h). This shows that «(H) (" #(K) = {e}.

Conversely, suppose that G = H > K. Every element g € G is expressible as
g = hk, where h € H and k € K. Suppose that hjk; = hyk;. Then hz_lhl =
kzkfl € HNK = {e}. This implies that ;;y = h, and k; = k,. Thus, every
element g € G is uniquely expressible as ¢ = hk, where h € H and k € K. This
gives us a surjective map p from G to K given by p(g) = k, where g = hk. Also
(/’l]k])(hzkz) = hlkll’lzkl_lklkz, where hlklhzkl_l € H and k1k2 € K. It follows that
p is a surjective homomorphism from G to K with kernel H. We get the extension
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1 —>H5G65% K — 1.

of H by K with the inclusion map from K to G as splitting. i

Following are some applications of the above results.

Definition 10.1.20 A group H is called a complete group if the homomorphism
h +— iy (i, being the inner automorphism determined by /) is an isomorphism from
H to aut(H). More explicitly, the center Z(H) of H is trivial, and all automorphisms
of H are inner.

Example 10.1.21 There are many complete groups. The symmetric group S,,, n # 6,
the group aut(G) of automorphisms of a non-abelian simple group G (or more
generally, automorphism groups of direct products of non-abelian simple groups) are
all complete groups. Let H be a cyclic group of odd order. Consider the symmetric
group Sym(H) on the set H. Let p(H) denote the image of the Cayley representation
of H in Sym(H). Then the subgroup G of Sym(H) generated by p(H) | aur(H) is
also a complete group. We shall give proof of some of them.

Proposition 10.1.22 Let H be a complete group. Then any extension of H by K is
equivalent to direct product extension

1 — HS Hxk B kK — 1,

where iy is the inclusion h — (h, 0), and p, is the second projection. More explicitly,
if G is any group containing H as a normal subgroup, then there is a subgroup K of
G such that G is direct product of H and K.

Proof Since H is complete, the center Z(H) of H is trivial, and also Out(H) is trivial.
Thus, for any group K there is only one abstract kernel of K to H which is the trivial
homomorphism from K to Out(H). It follows from the Theorem 10.1.16 that there is
only one extension of H by K (up to equivalence) which, of course, is the one given
in the proposition. i

Conversely, we have the following result due to Baer.

Proposition 10.1.23 (Baer) Let H be a center less group. Suppose that for any
group K, there is only one extension (up to equivalence) of H by K, then H is a
complete group.

Proof Let H be a center-less group such that all extensions of H are direct product
extensions. Let o € Aut(H). We wish to show that « is an inner automorphism of H.
Consider the symmetric group Sym(H) of permutations on the set H. For h € H, let
Lj, denote the left multiplication by & on H. The map x from H to Sym(H) defined
by x(h) = L, is an injective homomorphism from H to Sym(H). Let G denote the
subgroup of Sym(H) generated by x(H) [ J{a}.Let L, € x(H). Thencvo Lo~ =
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Loy € x(H). This shows that the subgroup x(H) is a normal subgroup of G, and
we have an extension

1 —H>S G5 G/xH) — 1.

By our assumption, this is a direct product extension. Hence there exists a subgroup
K of G isomorphicto G/x(H) suchthat G = x(H) @ K. As such, elements of x (H)
will commute with elements of K, and every element of G is uniquely expressible as
product of an element of x(H) and an element of K. Suppose that« = L.k, x € H

and k € K. Now, La(h) = OthOé_l = kaLhk_l(Lx)_l = L Ly,L- = Ly,.
Since Y is injective, a(h) = xhx~! for all & € H. This shows that « is the inner
automorphism determined by x. it

Following is an other characterization of a complete group.

Proposition 10.1.24 A group H is a complete group if and only if it has a charac-
teristic subgroup K with trivial centralizer in H such that all the automorphisms of
K are induced by inner automorphisms of H.

Proof Suppose that H is complete. Then we can take K = H, which is a character-
istic subgroup of H, and since H is complete, every automorphism of H is an inner
automorphism of H. Also {e¢} = Z(H) = Cy(H).Conversely, let H be a group with
a characteristic subgroup K whose centralizer Cy (K) in H is trivial, and all of whose
automorphisms are those induced by inner automorphisms of H. Since Cy(K) is
trivial, H is center less. It is sufficient (Proposition 10.1.23), therefore, to show that
for any group G containing H as a normal subgroup, there is a subgroup L of G
such that G is direct product of H and L. Let G be a group containing H as a normal
subgroup. Then K, being a characteristic subgroup of H, is normal in G. Let g be any
element of G. Then the inner automorphism i, restricted to K is an automorphism of
K. By our hypothesis, there is an element 2 € H such that i, and i, agree on K. This
means that 1~ 'g € C5(K). Thus, G = HCg(K). Since K is a normal subgroup of
G, Cg(K) is a normal subgroup of G. Also H (| Cg(K) = Cr(K) = {e}. This
shows that G is direct product of H and Cg (K). it

Corollary 10.1.25 Let G be a non-abelian simple group. Then Aut(G) is a complete
group.

Proof Since G is non-abelian simple, Inn(G) is isomorphic to G, and so Inn(G)
is simple. In the light of the above proposition, it is sufficient to show that
Inn(G) is a characteristic subgroup of Aut(G) whose centralizer in Aut(G) is triv-
ial, and all automorphisms of Inn(G) are induced by the inner automorphisms
of Aut(G). Inn(G) is already seen to be a normal subgroup of Aut(G). Let o €
Caurc)(Inn(G)). Then avo iy, = ij0 o for all g € G. Hence a(g)a@®a(g)™! =
ga(x)g~! for all x, g € G. This shows that g~'a(g) € Z(G) for all g € G. Since
G is center less, a(g) = g for all g € G. This means that « = Is. Thus,
Caurc)(Inn(G)) = {Ig}. Next, we show that Inn(G) is a characteristic subgroup
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of Aut(G). Let o € Aut(Aut(G)). Since Inn(G) is a normal subgroup of Aut(G),
a(Inn(G)) is also a normal subgroup of Aur(G), and so a(Inn(G)) () Inn(G) is a
normal subgroup of Inn(G), and also of a(Inn(G)). Since Inn(G) and a(Inn(G))
are simple, a(Inn(G)) () Inn(G) = {Ig} or else a(nn(G)) () Inn(G) = Inn(G) =
a(Inn(G)). Suppose that a(Inn(G)) () Inn(G) = {Is}. Then the elements of
a(Inn(G)) commute with elements of Inn(G). This is a contradiction to the fact that
Caur)(Inn(G)) = {Ig}. Hence a(Inn(G)) (Inn(G) = Inn(G) = a(nn(G)).
This shows that Inn(G) is a characteristic subgroup of Aut(G).

Let x € Aut(Inn(G)). Then there is a bijective map p from G to G such
that x(iy) = i,y for all g € G. Further, i) = XGg4) = Xx(gig)
X (g )X () = iu(g)iueg,)- This shows that 1(g192) = p(gi)p(g2) forallgi, g» € G.
Thus, 1 € Aut(G). Now, (,uigu‘l)(x) = i) = x(iy)(x) forall g, x € G. This
shows that x(i;) = uig;fl for all g € G. Thus, x is the automorphism of Inn(G)
induced by an inner automorphism of Aut(G). it

We described the extensions of groups with trivial centers. Let us consider the
other extreme case when center of the group is the group itself. More explicitly, we
describe the extensions of abelian groups. Let H be an abelian group. We shall adopt
the additive notation + for the binary operation of H. The group Out(H) is naturally
identified with Aut(H). An abstract kernel of K to H is a homomorphism ¢ from K
to Aut(H). We discuss the following problem:

Problem Let H be an abelian group. Classify all extensions of H by K (up to
equivalence) with the given abstract kenel o.

Let us denote by EXT,(H, K) the set of equivalence classes of extensions of an
abelian group H by a group K with the given abstract kernel o. We have at least
one such extension, viz., the semi-direct product extension of H by K associated to
the homomorphism o. Clearly, the factor system associated to the split extension is
(K, H, o, fy), where fj is trivial in the sense that fy(x,y) = 0 for all x,y € K. Let
Z§ (K, H) denote the set of factor systems (K, H, o, f) associated to the abstract ker-
nel o. Indeed, a factor system in Zg (K, H) determines, and it is uniquely determined
by the corresponding map f which satisfies the condition

fO,y) + fy, ) = o:(fp,2) + fx,y2)

forall x, y, z € K. By the abuse of language, we shall call such af as a factor system
in Zg (K, H). f is also called a 2-co-cycle associated to (K, H, o). The justification
for the notation Z2(K, H), and the 2- co-cycle terminology will follow later. Suppose
that f and f” are two members of Z2(K, H). Then

f +1H0y) + F +1)xy. 2)

= f(x,y) + fOy,2) + f/(x,y) + f(xy,2)

= 0.(f(,2) + f(x,y2) + o:(f' (. 2) + f'(x,y2)
= o ((f +/)©.2) + (f +f)x, y2).

This shows that f + f” is also a factor system associated to the abstract kernel o.
Also —f € Zg(K, H) forallf € Zf(H, K). Thus, Z(%(K, H) is an abelian group with
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respect to the operation defined above. f; is the identity of the group. Let B2(K, H)
denote the set of factor systems which are equivalent to the trivial factor system fj.
More precisely, from (10.12), f € B2(K, H) if and only if there is a map g from K
to H with g(e) = Osuchthatf(x,y) = o0.(9(y)) — gxy) + g(x) (see Eq.10.12
written additively). Note that for any map g with g(e) = 0, f defined by f(x,y) =
ox(g(y)) — g(xy) + g(x)isafactorsystem. The members of Bg (K, H) are called the
2- co-boundaries associated to (K, H, o). The quotient group Zg(K ,H) /B%, (K, H)
is called the second co - homology group associated to (K, H, ¢), and it is denoted
by H*(K, H).

Theorem 10.1.26 Let H be an abelian group, and K be a group. Let o an abstract
kernel of K to H. Then, there is a natural bijective correspondence I between the set
EXT,(H, K) of equivalence classes of extensions of H by K with the given abstract
kernel o and the second co-homology group Hg (K, H).

Proof Let E be an extension of H by K with the abstract kernel o. Let ¢ be a
section of the extension, and (K, H, o, f*) be the corresponding factor system. Then
fle Zg (K, H).Let E' be another equivalent extension of H by K, and ¢’ be a section of
the extension E'. Let (K, H, o, ") be the corresponding factor system. Then (see the
Eq. 10.18) there is amap g from K to H with g(¢) = O such thatf’(x,y) + g(xy) =
o.(9(») + g(x) + f"(x,y). This shows thatf* + B%(K,H) = f" + B2(K, H).
Thus, the association (E, t) +— f* induces a map I" from EXT,(H, K) to Hg(K, H)
given by T'([E]) = f' + B?,(K, H), where ¢ is a section of E. Let f € Zg(K, H).
Then by the theorem 10.1.11, there is an extension E of H by K, and a section ¢ such
that f/* = f. This shows that I is surjective. Let E| and E, be extensions of H by
K with sections #; and t, and abstract kernel o such that I'([E;]) = T'([E;]). Then
f" + BX(K,H) = f + B2(K, H). Hence there exists a map ¢ from K to H with
g(e) = Osuch thatf(x,y) + gxy) = o.(g(»)) + g(x) + f2(x,y). It follows
that the factor system f" is equivalent ™. Hence the corresponding extensions E,
and E, are equivalent. it

Let H be a group (not necessarily abelian), and K be a group. Though, H may not be
abelian, we use the additive notation + for the operation in H, and also for the oper-
ation in any extension G of H by K. The operation of K is denoted by juxtaposition.
Thus, the identity of H is denoted by 0, and that of K by e. Let ¢ : K —— Out(H) =
Aut(H)/Inn(H) be an abstract kernel. Since the center Z(H) of H is a characteris-
tic subgroup of H, we have a homomorphism x : Aut(H) —> Aut(Z(H)) given by
x(o) = af/(Z(H).Let o : K — Aut(H) be a lifting of i) with o(e) = Iy in the
sense that voo = 1, where v is the quotient map from Aut (H) to Out(H). Since v is
a homomorphism, o (xy)Inn(H) = (o(x)o(y))Inn(H). Hence there is a map f from
K x KtoH suchthato(x)o(y) = if,y) o (xy) (recall that i, denote the inner automor-
phism determined by £). It follows that (yoo) (xy) = (xo0)(x)(xoo)(y)forallx,y €
K. This means that yoo is a homomorphism from K to Aut(Z(H)). Let 7 be another
lifting of . Then o (x)Inn(H) = 7(x)Inn(H) for all x € K. Hence there is a map
g from K to H with g(e) = 0 such that o(x) = iy 7(x) for all x € K. But, then
(xoo(x)) = (xor(x)) for all x € K. Thus, xoo depends only on ¢ and not on any
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particular lifting 0. In turn, x induces a map  from the set Hom(K, Out(H)) of
abstract kernels from K to H to the set Hom(K, Z(H)) of abstract kernel from K to
Z(H) given by X(¢) = xoo, where o is a lifting of .

Proposition 10.1.27 Let

E

1
|
Sy
|
Q
\
>~
|

and

F=1-—H%6¢ 2% Kk — 1.

be extensions of H by K such that vg = g = 1. Then there is a section t of E
and a section t' of E' such that o' = o' = X)), and —f'(x,y) + f'(x,y) €
Z(H) for all x,y € K. Further, then the map h from K x K to Z(H) defined by
h(x,y) = —f'(x,y) + f*(x,y) is a2 co-cycle in Z%(«/}) (K, Z(H)).

Proof Let t be a section of E, and s be a section of E’. Since vr = g,
o'(x)Inn(H) = o*(x)Inn(H) for all x € K. This means that there is a function g
from K to H with g(e) = 0 such that o' (x) = iy o*(x) for all x € K. The map
¢ from K to G’ given by #'(x) = ¢g(x) + s(x) is also a section of E’. Further,
then o' (x) = iywo*(x) = o'(x) for all x in K. This shows that ' = 0. Now
F1ny) = 10 + 10) — 1) and f(x,y) = £'(x) + () — (xy). Hence
iy = o'W M@ @) = 0" W ()" ()T = iy forallx,y € K.
Thus, i_si(yy) 4 f/ryy = In- This shows that —f*(x,y) + f(x,y) € Z(H) for all
x,y € K.Puth(x,y) = —f'(x,y) + f"(x,y). Then

h(x,y) + h(xy,z)

= —f’(x,y) +fl,(x1y) _ft(,xyvz) +fl’,(xy7Z)

= "Gy, y) — [y + 100y 4+ (. 2)

= —(f'(.y) + [, 2) + 100y + 10, 2)

— (o (f' (7, 2)) + 16 y2) + [T (xy) + [y, 2)

~f1(632) = oL, D) + ol (1, D) + 1 y2)

106 y2) + o (=102 + f1 0, 2) + S (x,y2), for ot = o
10 y2) + 100 y2) + o (=10, 2) + S0, 2)

o ("0, + [T 0.2) —f(xy2) + f (&, y2)

= 0, (h(y,2)) + h(x,y2)

for all x, y, z € K. This shows that & € L( ) (K,Z(H)). it

Theorem 10.1.28 Let i) : K — Out(H) be an abstract kernel from K to H which
is realizable by an extension of H by K. Then the second co-homology group
H%w) (K, Z(H)) acts sharply transitively on the set EXT,(H, K) of equivalence
classes of extensions of H by K associated to the abstract kernel 1.

Proof Let E be an extension of H by K which realizes the abstract kernel v, and
t be a section of E. Let (K, H, o', f") be the corresponding factor system. Then
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Yx) = olinn(H) for all x e K. Let h € Z%(w)(l(, Z(H)). It is easily seen that
(K,H, o', f'" + h)isagainafactor system. Let E x h denote the corresponding exten-
sion. Clearly E % h also realizes 1. Let i’ be another 2 co-cycle in Z%(w) (K,Z(H))
such that the co-homology class [#] = h + B%(vi') (K,ZH)) = [I] = I +
B%W(K, Z(H)) in H%(M(K, Z(H)). Then there is amap g : K — Z(H) € H with
g(e) = Osuchthath’(x,y) = Jdg(x,y) + h(x,y)forallx,y € K.Clearlyf" + I’ =
f' 4+ h + 0Og. Hence (K,H,o',f" + h) is equivalent to (K, H, o', f" + HK).
This shows that [E xh] = [E xh']. Let E and E’ be equivalent extensions of H
by K which realize ¢ and h € Z%(w) (K, Z(H)). By the Theorem 10.1.12, we have
sections ¢ and ¢’ of E and E’ respectively such that (K, H, o', f") is equivalent to
(K,H, ", f"). Hence, there is a map ¢ from K to H with g(¢) = 0 such that
fl&xy) + gy) = g&x) + o'@(g(y) + f(x,y) for all x,y € K. Clearly,
(K,H, o', f' +h) is equivalent to (K, H, ", f" + h), and so [Exh] = [E xh].
Thus, we get an action * of H%w) (K,Z(H) on EXT;(H, K) given by [E]x[h] =
[E * h]. We show that this action is sharply transitive. Let E and E’ be extensions real-
izing the abstract kernel ¢. By the Proposition 10.1.27, there is a section ¢ of E, and
there is a section ¢’ of E’ such that o' = ¢" = X(v), and the map & from K x K to
Z(H) defined by h(x,y) = —f'(x,y) + f"(x,y)isa2 co-cyclein Z%(w) (K, Z(H)).
Clearly, [E] x [h] = [E’]. This shows that the action « is transitive. Next, suppose
that [E] x [h] = [E]. Then there is a section ¢ of E such that the factor system
(K, H, o', f"is equivalent to (K, H, o', f* 4+ h). Hence there is a map g from K to H
with g(e) = Osuchthatf'(x,y) + h(x,y) + g(xy) = gx) + oy (g() + f'(x,y)
forall x,y € K and also g(x) + oL(h) — g(x) = ol(h) forallx € K and h € H.
Since ¢, is an automorphism of H, it follows that g(x) € Z(H) for all x € K. Thus,
h(x,y) = ol(g(y)) — glxy) + g(x) for all x, y € K. This shows that h = 0Jg,
where ¢ is a map from K to Z(H) with g(e) = 0. It follows that [x] = 0. This
completes the proof of the fact that the action * is sharply transitive. i

Corollary 10.1.29 There is a bijective correspondence between EXT,;(H, K) to
H%(@b) (K, Z(H)) provided there is an extension of H by K which realizes ). it

Let H be an abelian group and K a group. As H2(K, H) is an abelian group,
the bijective map I'" (see Theorem 10.1.26) induces a group structure on the set
EXT,(H, K) of equivalence classes of extensions of H by K with the given abstract
kernel o. We shall try to describe the induced addition called the Baer sum on the
class of extensions. Let

4 GliK—>1

I
|
=
!

E;

and ;
EE=1—H3 G, 83 K — 1.

be two extensions of H by K with abstract kernel . We have the extension E; & E,
of H® H by K @ K given by
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E®oE=1-— HoH " 6,06,"%Y ko — 1.

Using this, we construct an other extension of H by K. Let A denote the diagonal
map from K to K & K defined by A(x) = (x, x). We have the pull back diagram

L __, K

1 et |
Bi1 @ B

Gi®G, —_, KOK,

where L = {(g91,92) | 51(g1) = P2(g2)}, i the inclusion map, and x is given by
X (g1, 92) = Pi1(g1) (ensure that it is a pull back diagram). Clearly, x is a surjective
homomorphism, kerx = {(g1,92) € L | x(g1,92) = Bi(g1) = e} = {(g1,92) |
e = B1(g1) = Pa2(g2)} = H @ H. Thus, we have an extension A*(E @ E) of
H @& H by K given by

AE ®E)=1— HOH gz ;o X

K — 1.
Now, let V denote the co-diagonal map from H @ H to H givenby V(h;, hy) = h; +
h,. Since H is an abelian group, V is a homomorphism. Let D = {(h,h™") | h € H}.

Then D is a normal subgroup of L, and we have the push out diagram (verify)
o @ o
H®H ___, L

|

H __, G,

where G = L/D, v the quotient map, and 7 is given by n(h) = (h,0) + D.
Clearly, 77 is ahomomorphism. Suppose that (k) = D.Then (h, 0) € D. Thisimplies
that » = 0. Hence 7 is injective. Again the map x from L to K takes (h, —h)
to B1(h) = e. This shows that x induces a surjective homomorphism Y from G
to K given by X((g1, 92) + D) = pi(g1). Also kerY = {(g1,92) +D | e =
Bi(g1) = Ba(g)} = {(, ) +D | hiy,hp e H} = {(hi+hy)+D | hy,h €
H} = imagen. Thus, we get an other extension

1 —H LG K — 1.

=i

of H by K, called the Baer sum of E; and E,, and it is denoted by E; |+ E;. Further,
let #; be a section of Ej, and #, be a section of E, with corresponding factor system
S and f2. Then we have the section #; + 1, of E; |{ E; given by (#; + ) (x) =
(t1(x), t2(x)) + D. It can be easily seen that f1*2 = f" 4 f 1t follows that the
bijective map I" from the set EXT,(H, K) of equivalence classes of extensions of
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H by K to the second co-homology group HLZ) (K, H) respects the addition. In turn,
EXT,(H, K) is an abelian group with respect to the Baer sum, and it is isomorphic
to Hj) (K, H). g

Proposition 10.1.30 Let H be an abelian group, and K be a group of order m. Then
mHg(K, H) = {0} for any abstract kernel o : K —— Aut(H).

Proof Let f € Z*(K, H). Consider the map g from K to H given by g(x) =
Y.exf(x, 2). Clearly g(e) = 0. Now,

dg(x,y) = o.(9(y)) — glxy) + g(x)

= 0:(Bekf (0, 2) — Diexf (0y,2) + Ziekf(x,2)

= Yk (0 (f(,2)) — fxy,2) + fx,2)

= mf(x,y) + Zeex —f(x,y) — fOxy,2) + ox(f(y,2) + fx,2)

= mf(x,y) + Zexo(f(0,2)) — f(xy,2) + f(x,y2) — f(x,y) (for H is abelian)
= mf(x,y) + Z.ek0f (x,y,2)

mf (x,y) (forf € Z2(K, H)).

Hence mf € B2(K, H). This shows that m[f] = 0. o

Corollary 10.1.31 Let H be an abelian group of order n, and K a group of order
m such that (m,n) = 1. Then Hg(K, H) = {0} for all abstract kernel o : K —
Aut(H).

Proof From the above proposition, mH{% (K, H) = {0}. Since nf = 0 for all maps
f from K x K to H, it follows that an (K, H) = {0}. Since m and n are co-prime,
HX(K,H) = {0}. t

Corollary 10.1.32 Let H be a finite abelian group of order n, and K a group of
order m, where (m,n) = 1. Then every extension of H by K splits.

Proof 1t follows from Theorem 10.1.26 that EXT, (H, K) is in bijective correspon-
dence with Hg (K, H). From the above corollary, it is evident that there is only one
equivalence class of extension, and indeed, it is the split extension. it

Let H and K be finite groups of co-prime orders. Z(H) and K are also of co-prime
orders. It follows from the Theorem 10.1.28 and the above corollary that EXT,;, con-
tains at most one element. More explicitly, an abstract kernel ¢ : K +—— Out(H) is
either not realizable from an extension of H by K or there is only one equivalence
class of extensions of H by K associated to the abstract kernel ). However, it is not
clear if the unique extension is split extension. The following theorem asserts that it
is, indeed, a split extension even if H is non-abelian.

Theorem 10.1.33 (Schur—Zassenhauss) Let G be a finite group having a normal
subgroup H such that H and G /H are of co-prime orders. Then G is a split extension
of H by G/H (equivalently, G is semi-direct product of H with G/H ).
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Proof If H is abelian subgroup of G, then the result follows from the above corollary.
We prove it for general case. The proof is by induction on the order | G | of G. If
| G | = 1, then there is nothing to do. Assume that the result is true for all those
groups L for which | L | < | G |. We prove it for G. Let H be a normal subgroup of
G such that | H | is co-prime to | G/H |. Suppose that there is a proper subgroup K
of G suchthat G = HK. Then K () H is a normal subgroup of K with (| (K (H) |
, | K/K(H ) = 1 (note that K/K () H is isomorphic to KH/H = G/H). Since
| K | <| G |, by the induction hypothesis, there is a compliment L of K (| H in K.
But,thenK = (K (VH)LandK (YH ()L = {e}.Hence G = H(K (VH)L = HL
and H (L = {e} (for L C K). This proves the result for G in case G has a proper
normal subgroup K suchthat G = HK.Next, assume that there is no proper subgroup
K of G such that G = HK. Suppose that there is a nontrivial normal subgroup M
of G which is properly contained in H. Then H/M is a normal subgroup of G/M
such that H/M and (G/M)/(H /M) ~ G /H are of co-prime orders. By the induction
hypothesis, there is a subgroup L/M of G/M such that G/M = (H/M)(L/M) and
(H/M) (L/M) = {M}. In other words G = HL and H ()L = M. But, then
L = GandsoM = H(W\L = H(\G = H, a contradiction to the supposition
that M is properly contained in H. Thus, H is a minimal normal subgroup of G. Let
p be a prime dividing the order | H | of H. Let P be a sylow p - subgroup of H. Since
(»,| G/H|) = 1, Pisasylow p - subgroup of G also. Further, since all the sylow
p - subgroups of G are conjugate, and they are all contained in H, G = HNg(P).
Hence N (P) = G. In other words P is a normal subgroup of G which is contained
in H. Since H is a minimal normal subgroup of G, H = P is a p - subgroup. Thus,
the center Z(H) # {e}. Since Z(H) is a characteristic subgroup of H, and H is normal
in G, it follows that Z(H) is normal in G. Again the minimality of H ensures that
H = Z(H) is abelian. From the previous corollary, G is split extension of H by
G/H. i

10.2 Obstructions and Extensions

Let us discuss the conditions under which an abstract kernel ¢ of K to H can be
realized from an extension of H by K. Here, H is not assumed to be an abelian
group. Let o be a map from K to Aut(H) with 0, = Iy suchthaty(x) = o Inn(H)
for each x € K (axiom of choice ensures that such a map exists). Such a map o will
be termed as lifting of 1. Since ¢ is a homomorphism, o oy Inn(H) = oxInn(H).
Letf be amap from K x K to H withf(e,x) = 1 = f(x, e) forallx € K such that

Ox0y = if(x,y)gxy ...... (1019)
for all x, y € K (existence of such a f is ensured by the axiom of choice). Now,

0x0y0; = lf(xy)Oxy0z = If(x,y)lf(xy,2) Oxyz-
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On the other hand,

. . 1 . .
Ox0y0; = Oxlf(y,)0y: = Oxlf(y,)(0x) " OxOy: = loy(r(y,2) 1 (x,y2) Oxyz-

Equating both the expressions,

Iaf(, = lof.0)f -

for all x, y, z € K. Hence there is a map ¢ from K x K x K to Z(H) with 1 =
d(e,y,2) = P(x,e,27) = ¢(x,y,e) such that

Fe, V(. 2) = o(x, v, 200:(F O, 2))f (x,y7) =+ . (10.20)

Clearly, f is a factor system in Z2(K, H) if and only if ¢ is identically trivial. It is
natural, therefore, to term ¢ as the obstruction to f for being a factor system. This
is also call an obstruction associated to the abstract kernel .

We have the following proposition.

Proposition 10.2.1 An abstract kernel 1 can be realized from an extension if and
only if one of its obstruction is trivial. it

We further analyze the obstruction ¢, and its dependence on the choice of o and the
function f. First ¢(x, y, z) € Z(H), and the center is a characteristic subgroup. Thus,
ox(@(y,z, 1)) € Z(H) for all x,y, z,t € K. For convenience, we adopt the additive
notation for the operation of H. Note that H need not be abelian. However, Z(H) is
abelian. Thus, the Eq. (10.20) reads as

Jxy) + fy.2) = o, y,2) + ox(f(2) + fx,y2) oo - (10.21)

Proposition 10.2.2 An obstruction ¢ associated to an abstract kernel 1) is a
3-cocycle in the sense that

O—x(¢(y7 Z, t)) - ¢(Xy, Z, t) + ¢(x,yZ, t) - (b(-xs ) Zt) + (b(-xs ) Z) = O

Proof Using (10.21), we express f(x,y) + f(xy,z) + f(xyz, ) in two different
ways.

Sy + fy, 2 + flxyz, 1)

= ¢(x,y,2) + ox(f(y,2)) + f(x,y2) + f(xyz, 1)

= o, y,2) + ox,yz,1) + o (f(y,2) + f(yz, 1) + f(x,yzt)

= o, y,2) + o, yz,1) + 0.(p(v, 2, 1) + oy(f(z, 1) + f(y,20)) + f(x,yz)
= ¢, y,2) + o(x,yz,1) + 0:(@(y, 2, 1) + ox(oy(f(z, 1) + o (f(y,2t) +
S(x, yzt)
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= ¢(x,y,2) + o, yz, 1) + 0Py, 2, 1) + oxloy(f(z, 1) — ox,y,zt) +
FO,y) + flxy, z0)

= ¢, y,2) + o, yz, 1) + 0(d(y,z,0) — o,y 2t) + flx,y) + oy
(f(z, D) + fxy,z).

On the other hand,

S,y + fy,2) + fxyz, 1)
= f(x,y) + o(xy,z,8) + on(f(z, 1) + flxy, zt)
= ¢(xy,z, 1) + f(x,y) + on(f(z, 1) + flxy, 20)

Equating the two expressions for f (x, y) + f(xy,z) + f(xyz,t), we get the desired
result. g

Since Z(H) is a characteristic subgroup of H, and o, is an automorphism
of H, 0,/Z(H) € Aut(Z(H)). Again, since 0,0y, = if(xy)Oxy, Ox/Z(H)0\/Zy =
Oy /Z(H). Thus, o induces a homomorphism from K to Aut(Z(H) which associates
x to 0,/Z(H). This induced homomorphism is again denoted by o. Further, if 7 is
another lifting of ¥, then o, Inn(H) = 7,.Inn(H) for all x € K. Hence there is a map
g from K to H with g(e) = 1 such that 0, = iy, for all x. This means that the
induced homomorphisms ¢ and 7 from K to Aut(Z(H)) are same. It follows that the
induced homomorphism o from K to Aut(Z(H)) is independent of the lifting o, and
it depends only on the abstract kernel . Let Zf (K,ZH)) = Zj. (K, Z(H)) denote
the set of 3 co-cycles associated to the abstract kernel . Then this is an abelian
group with respect to the obvious addition, and it is called the group of 3 co-cycles.
Thus, for each choice of f satisfying the Eq. 10.19, we obtain an obstruction ¢ in
Z3(K,Z(H)) described by the Eq. 10.21.

Now, we examine as to how the obstruction changes with different choices of
the function f satisfying (10.19). Let f* be another map from K x K to H with
f'(e,y) = f'(x,e) = Osuchthat 0,0y, = ip(y)0x. Let ¢ be the obstruction to f”.
Then there is another map p from K x K to Z(H) such that

fley) = fy) + px,y)
for all x, y € K. Also
ey + ffay,2) = ¢, 9,2 + ox(f'(0,2) + f(x,y2).

Putting the values of f'(x, y), we get

S, y) + fy,2) + plx,y) + plxy,2) =
¢, y,2) + ou(f(,2) + p(y,2) + f(x,y2) + p(x,y2).

In turn,

o(x,y,2) + o(f(y,2) + f(x,y2) + px,y) + plxy,2) =
¢ x,y,2) + o:(f(y.2) + ox(p(y,2) + f(x,y2) + p(x,y2).
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Thus, there is a map p from K x K to Z(H) with p(e,y) = 0 = p(x, e) for all
x,y € K such that

d(x,y,2) — ¢'(x,y,2) = o:(p(y,2)) — pxy,2) + plx,y2) — p(x, ).

Let us call a map J from K x K x K to Z(H) a 3 co-boundary if there is a map p
from K x K to Z(H) with p(e,y) = 0 = p(x, e) forall x, y € K such that

0(x,y,2) = Op(x,y,2) = ox(p(y,2)) — pxy,2) + plx,y2) — px,y).

for all x, y, z € K. It can be easily verified that a 3 co-boundary is also a 3 co-cycle,
and the set Bf, (K, Z(H)) of co-boundaries is a subgroup of the group Zg (K,Z(H)).
The quotient group Z2(K, Z(H)) /B> (K, Z(H)) is called the third co-homology group
denoted by H2 (K, Z(H)). It follows that ¢ + B3(K,Z(H)) = ¢' + B2(K,Z(H)).
Thus, ¢ + Bf, (K, Z(H)) is independent of the choice of f, and we have a map Obs
(called the obstruction map) from the set Hom(K, Out(H)) of abstract kernels to the
third co-homology group Hg (K, Z(H)) defined by Obs(y)) = ¢ + Bg(K ,Z(H)),
where ¢ is an obstruction to the choice f.

Proposition 10.2.3 An abstract kernel i) can be realized by an extension if and only

if Obs(y) = 0.

Proof Suppose that ¢ can be realized by an extension. Then there is an extension E
of H by K. Let t be a section of E. Then it gives rise to a factor system (K, H, o', f*)
with ¢ (x) = olInn(H) (note that o’ restricted to the center Z(H) is independent of
t). In turn,

0.0y = lpre )0y
and

ffa,y) + fly,2) = ob(f'(n,2) + f(x, y2).

This shows that the obstruction ¢ to the choice f* is 0. Hence Obs(y)) = 0. Con-
versely, suppose that Obs(v)) = 0. Thenthereisamap o from K to Aut(H), and amap
ffromK x K toH suchthato, = Iy, f(e,y) = 0 = f(x,e), ¥v(x) = o Inn(H)
and 0,0y = if(xy) 0y forall x, y € K. By our assumption, the obstruction ¢ to f is a
co-boundary. Hence thereisamapp fromK x K toZ(H) withp(e,y) = 0 = p(x, e)
for all x, y € K such that

o(x,y,2) = ox(p(y,2)) — py,2) + plx,y2) — p(x,y).
In other words, by (10.21),

fO,y) + fly,2) =
o(p(y,2)) — p(xy,z) + p(x,y2) — p(x,y) + o.(f(y,2) + f(x,¥2).

forallx,y,z € K. Take f* = f — p.Thenirny) = iy forallx,y € K and
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ey + oy, = o' (0,2) + f(x,y2).

This shows that (K, H, o, f’) is a factor system. Let E be the corresponding extension
of H by K. Clearly, the associated abstract kernel is the given abstract kernel ¢. 1

Proposition 10.2.4 Let H and K be groups, and ¢ be a 3 co-cycle representing an
element in H 3 (K, Z(H)), where o is a homomorphism from K to Aut(Z(H)). Assume
that K contains more than two elements. Then there is a group (free in some sense)
G with Z(G) = Z(H), and an abstract kernel ) € Hom(K, Out(G)) inducing the
homomorphism o from K to Aut(G) such that Obs(v) = [¢].

Proof Letgbea3co-cycleinZ> (K, Z(H)).LetX = K x K — K x {¢} — {e} x K
and F (X) the free group on X. For convenience, we use the additive notation for F(X)
also, although it is non-commutative. Let G = Z(H) x F(X) be the direct product
of Z(H) and F(X). Then Z(H) and F(X) are naturally identified as subgroups of G.
Indeed, for convenience, an element (a, u) € G, a € Z(H), u € F(X) will be written
as a + u. Since X contains more than one element, it follows that Z(G) = Z(H).
For each x € K, we extend the map o, to an endomorphism o, of G by defining it
on the free generating set X of F'(X) as follows:

ox(y,2) = ¢, y,2) + (1Y) + (.2 — (X, yz)------ (10.22)

for all x,y,z € K — {e}. Since ¢(x,y,z) = 0 whenever any of the x, y, z are e, the
identity (10.22) will make sense for all x, y, z € K if we identify (x, ¢) and (e, y)
with the identity of F(X) for all x, y € K. Clearly, o, = I5. We show that

Te Oy = iy Ony o ) (10.23)

Since o, is an extension of o, for all x € K, and ¢ is a homomorphism from K to
Aut(Z(H)), fora € Z(H),

U_X(J_y(a)) = Ux(ay(a)) = ny(a) = (xy + ny(a) - ().

Thus, both sides of (10.23) are equal whenrestrictedto Z(H) = Z(G).Itis sufficient,
therefore, to show that both sides of (10.23) evaluated on (z, t) give the same result
for all z, # € K. Using (10.22) and the fact that ¢ is a 3-co-cycle, we get

o (a,((z, 1))

= o0, (06(y,z, 1) + (0, 2) + Gz, 1) — (v, 2t))

= 0,(¢(y, 2, 1)) + 0 ((,2) + 0:((z, 1) — T ((y,21))

= o (90,2, 1) + oy, 2 + Yy + (.2 — (,y2) + o, yz, 1) +
(x,y2) + (xyz, 1) — (x,yzt) — (P(x, v, 28) + (x,y) + (y,zt) — (x,yzt))

= O'X(QS()HZ, t)) + qS(x,y,z) + (x,)’) + (xy,z) - (x7yZ) + ¢(xs)’Zs t) +
(x,y2) + (yz, ) — (x,yzt) + (x,yzt) — (xy,2) — (x,) — o(x,p,21)

= 0,(0(y,2, 1) + o(x,y,2) + ¢(x,yz, 1) — o(x,y,20) + (x,y) + (xy,2) —
(x,y2) + (x,y2) + (xyz, 1) — (x,yzt) + (x,yz2t) — (xy,z8) — (x,)
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= (x,y) + oy, z,0) + (xy,2) + (yz,1) — (xy,zt) — (x,)
= i(x,)')(a_w(Yv Z))

Thus,

0x 0y = i(xy)0xy
for all x, y € K. In particular,
Oy Oy 1 = i(x,x“)axx‘] = i(x,x“)

This shows that o is surjective, and o, is injective for all x € K. Hence o, is an
automorphism of G. It follows that & induces a homomorphism 1) from K to Out(G)
whose obstruction is the given co-cycle ¢. it

The abstract kernel v, thus obtained, is universal in some sense. Let x be a
homomorphism from K to Out(H) such that Z(H) = Z(K), and the obstruction of
x is the obstruction of . Then there is a map 7 from K to Aut(H) with 7, = Iy and
amap f from K x K to H with f(e,y) = 0 = f(x, e) such that

W) 727y = Iy Tays

(i1) 7» = o, whenrestricted to Z(H) = Z(G) and

(i) fx,y) + fGy,2) — fx,y2) — =(f(.2) = o y.2 = (xy) +
(xy,2) — (x,y2) — 0:(y,2)

for all x,y, z € K. Using the universal property of the free group F(X), we get a
unique homomorphism p from G to H subject to p((x,y)) = f(x,y)and p(h) = h
forallh e Z(H) = Z(G).Inturn, poo, = 7yopforallx € K.

Example 10.2.5 Inthisexample, we discuss the extensions of a group by a free group
F (say). Let 1) is an abstract kernel of F' to H. In other words v is a homomorphism
from F' to Out(H). Since F is free, we have a homomorphism o from F to Aut(H)
suchthatv o 0 = . The semi-direct product extension induced by o is an extension
of H by F with abstract kernel 1. Further, since F is free, any extension E given by

E=1-—>H%S632F > 1.

splits. Thus, corresponding to any abstract kernel of F to H, there is one and only
one equivalence class of extension of H by F which is a split extension. In particular,
H}(F.H) = {0)

Example 10.2.6 In this example we discuss the extensions of a group by a cyclic
group. The case of infinite cyclic group is already included in the above example. We
discuss the extension of a group H by the cyclic group Z,,, m > 2.Let) be an abstract
kernel of Z,, to H. Let o7 be an automorphism of H such that oglnn(H) = (1). Then
the map o from Z,, to Aut(H) given by 0; = (o7)" is a lifting of the abstract kernel
1. Clearly, (o7)™ € Inn(H). Note that, for convenience, the image of i under the map
o is being denoted by o7. Let G = H x Z,,. Let hy € H such that o7(hg) = hy.



10.2 Obstructions and Extensions 397

Note that at least one such A exists, for if worst comes 4y = 1 will do. Define a
product in G by

(a,i)(b,)) = (aoy(b),i+))
incasei+j <m—1,and
(a,i)(b,j) = (ao;(b)hy, i+ ),

otherwise. It can be easily seen that G is a group. The identity is (1, 0), the inverse
of (h, i) is (k, m — i), where o;(k) = h~'(hy)~'. We have an extension E of H by
Z,, given by

E=1-—HS%SG6 272, — 1

where al(a) = (a, 0) and 3 is the second projection. Consider the section ¢ of E given
by 1) = (1,0). Then (0%(h),0) = 1()(h,0)(t()~" = (1, 0)(1,)" =
(o5(h), D) (hy ', m — i) = (07(h)hy 'ho, 0) = (o7(h), 0). This shows that o' = 0. It
follows that the abstract kernel associated to this extension is 1. Thus, every abstract
kernel of Z,, to H can be realized from an extension of H by Z,,. Note thatf' (i, j) = 1
for i +j < m — 1 and hg otherwise. Observe that (r(1))" = ((1,1))" = (ho,0)
and (O'T)m = iho-

It also follows from the above discussion that any extension of H by Z,, with given
abstract kernel v is determined by a choice of an element /1y of H which is fixed by o.
There is a corresponding section ¢ such that 7(1)" = hg. Let #’ be an other section of
the extension with o/ = ¢’ = o. Then there is an element a € H such that /(1) =
(@, 0t(T) = (.01, 1) = (a, Dand (o7(h),0) = i1 ((h,0)) = i,7,(h,0) =
(a, D(h,0)((a, 1))~! = (aog(h)a™", 0). This shows that acp(h)a~' = o1(h) forall
h € H. This means that a € Z(H). Also, #(1)" = (a, 1)" = (N,(a)h, 0), where
N, is amap from H to H given by N, (h) = ho(h)o®(h) - -- o™ (h). The map N, is
called norm of . Clearly, N, maps Z(H) to itself, and when restricted to Z(H), it is
a homomorphism. Also N, (a) and N, (a)hy are invariant under o. Clearly, the choice
h; = N,(a)hy determines another equivalent extension of H by K with prescribed
abstract kernel ¢/ in the manner described above, and also any equivalent extension
determines such an element a in Z(H). To summarize, we have the following:

“Let H be group, and m be a natural number. Let ¢) be an abstract kernel of
Zy to H, i.e., 1 is a homomorphism from Z,, to Out(H). There is a lifting map
o (not necessarily a homomorphism) from Z,, to Aut(H)with 0(0) = Iysuch that
o' (WInn(H) = (h) forall h € H. Let Fix(c) denote the set {h € H | o(h) = h}
of elements of H fixed by o. Clearly, Fix(o) is a subgroup of H. Also, N,(Z(H)) isa
normal subgroup of Fix(o). The construction described above which constructs, for
each i € Fix(o) an extension of H by Z,, induces a natural bijection from the group
Fix(0)/N,(Z(H)) to the set EXT,(Z,,, H) of equivalence classes of extensions of
H by Z,,. In turn, if H is an abelian group, then it induces an isomorphism from
Fix(0)/N,(H) to the second co-homology group Hg (Zy, H). In particular, if o is
trivial, then Fix(c) = H andN,(H) = {W" | h € H}. Thus, in this case H>(Z,,, H)
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is the quotient group H/H™. In particular, H>(Z,,, Z) is isomorphic to Z,,. Also if
D is a group such that every element of H is a m” power, then H*(Z,,, H) = {0}”

Exercises

10.2.1 Find all extensions of (i) Z by Z,
(i) Q by Z,

(i) Z by Z x Z,

(iv) a finite group by Z,
(v) Qs by Zo,

(vi) Dy by Z,,

(vii) S5 by Zy,

(Vlll) A4 by Zz,

(ix) Zo by Z X Zo,

(x) Zp x Zy, by Zj,,

(xi) Qs by Vi

up to equivalence.

10.2.2 Characterize groups all of whose extensions are split extensions.
10.2.3 There are several splittings of a split extension. How are they related?
10.2.4 Give a proof of the Proposition 10.1.17.

10.2.5 Show that the kernel of the natural homomorphism 7 from Aut(G) to
Aut(G/Z(G)) is Caur()(Inn(G)).

10.2.6 Show that a group G is free if and only if every extension by G splits.

10.2.7 Show, by means of an example, that the number of non-isomorphic groups
G having a normal subgroup H such that G/H is isomorphic to a fixed group K may
be strictly less than the number of equivalence classes of extensions of H by K. Hint.
Look at the Exercise 10.2.1 (ix).

10.2.8 Describe the extensions of H by Z,,, X Z,,.

10.2.9 Describe all extensions of a group of order 5 by a group of order 4. Hence
describe all groups of order 20.

10.2.10 Let 7 be the automorphism of the Kleins four group V4 given by 7(a) =
b, 7(b) = c.Find Hg (Z3, V4), where o is the homomorphism from Z3 to Aut(Vy)
given by oy = 7.

10.3 Central Extensions, Schur Multiplier

In this section we study those extensions of abelian groups for which the associated
abstract kernels are trivial homomorphisms. In other words, we are interested in
extensions G of an abelian group A by a group G for which A is a subgroup of the
center of G. More precisely, we have the following definition.
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Definition 10.3.1 An extension E of H by K given by

E=1-—H%S6 2k — 1.

is called a central extension if «(H) C Z(G).

Example 10.3.2 Any group G is naturally a central extension of its center Z(G) by
the group Inn(G) of its inner automorphisms. Thus, the quaternion group Qg is a
central extension of Z, by the Kliens four group V.

Let F be a field, and GL(n, F) be the general linear group of invertible n x n
matrices with entries in the field F. The center Z(GL(n, F)) of GL(n, F) consists
of all scalar matrices al,, a € F* = F — {0}. The quotient group GL(n, F)/Z
(GL(n, F)) is called the projective general linear group, and it is denoted by
PGL(n, F). Thus, GL(n, F) is a central extension of its center by the projective
general linear group PGL(n, F)). We have the short exact sequence

14

1 — F* 5 GL(m,F) > PGL(,F) —> 1 -+, (10.24)

where F* is the multiplicative group of the field, « is the map given by a(a) = al,,
and v is the quotient map. The above exact sequence represents a central extension of
F* by PGL(n, F). Mostly, groups can be represented as a subgroup of a linear group.
Recall that a homomorphism p from a group G to the group GL(n, F) is called a linear
representation of G of degree n over the field F' (see Chap. 9). A homomorphism from
a group K to PGL(n, F) is called a projective representation of K over F. It may
not be possible to lift a projective representation p from a group K to PGL(n, F)
to a linear representation from K to GL(n, F). For example, the identity projective
representation from PGL(n, F) to itself cannot be lifted to a linear representation as
the exact sequence (10.24) does not split. A natural question is “When can we lift a
projective representation to a linear representation”. This question was first tackled
by Schur in the beginning of the twentieth century.

Let A be an abelian group, and G be a group. Then Hom(G, A) is again an abelian
group with respect to the obvious operation. Let a be a homomorphism from G to
a group K. Then « induces a homomorphism a* from Hom(K, A) to Hom(G, A)
defined by a*(n) = noa.

Proposition 10.3.3 Let
« B
l— H—> G - K — 1.
be an exact sequence of groups, and A be an abelian group. Then the sequence
B *
0 — Hom(K,A) > Hom(G,A) & Hom(H,A)

is exact.
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Proof The proof of the proposition is again an imitation of the proof of the Theo-
rem7.2.11, and it is left as an exercise. it

Remark 10.3.4 (i) As observed in the Remark 7.2.12, the sequence, in general, is
not exact if we adjoin Oin the right side of the sequence.
(ii) In the language of category theory, the above proposition is expressed by saying
that for all abelian groups A, Hom(—, A) is a left exact contra-variant functor from
the category of groups to the category of abelian groups.

Let
1l —>HS>G 2Kk —1.... (10.25)

be a central extension of H by K, and A be an abelian group. Let us denote by H%(K , A)
the second co-homology group H2(K, A) in case the homomorphism o from K to
Aut(A) is trivial. We define a homomorphism d(called a connecting homomorphism)
from Hom(H, A) to H*(K, A) as follows:

Let ¢ be a section of (10.25). Since the extension is central, o' is trivial in the
sense that o%.(h) = h for all x € K and i € H. The function f* from K x K to H
is given by t(x)t(y) = a(f'(x,y))t(xy). Then f’ belongs to group Z>(K, H) of 2
co-cycles. Though ¢’ is independent of the choice of the section 7, f* depends on
the choice of 7. However, if ' is another section of the extension, then f and f*
differ by a 2 co-boundary in B*(K, H). Let 7 € Hom(H, A). Then 1o f' is a map
from K x K to A. Since 7 is a homomorphism and f" is a 2 co-cycle in Z*>(K, H),
nof'is a2 co-cycle in Z>(K, A). Also o f* and 17 o f* differ by a 2 co-boundary.
This defines, unambiguously, an element 7 o f* + B*(K, A) in H*(K, A). We define
5(n) = nof' + B*(K,A). Clearly, § defines a homomorphism.

‘We have the following fundamental exact sequence associated to the central exten-
sion (10.25).

Proposition 10.3.5 For any abelian group A, we have the following natural
fundamental exact sequence

0 —> Hom(K.A) > Hom(G.A) % Hom(H,A) > H*(K.A) --- (10.26)

associated to the central extension given by (10.25)

Proof In the light of the Proposition 10.3.3, it is sufficient to prove the exactness
at Hom(H, A). Let x € Hom(G, A). Then by the definition, d(a*(x)) = (xoa)o
'+ BXK,A). Now, 1(0)t(y) = a(f'(x, y)t(xy). Hence x(1(x)) + x(t(y) =
x(a(f'(x,y))) + x(t(xy)). Thus, we have the map g from K to A given by g(x) =
x(t(x)) with g(e) = Osuchthat xy(a(f'(x,y))) = g(y) — g(xy) + g(x).This shows
that (x o ) of" € B*(K,A), and s0 6 o a* = 0. It follows that imagea* C kerd.
Let 1) € kerd. Then o f € B*(K,A). Let g be a map from K to A with g(e) = 0
such that

n(f'x,y) = gO» — gly) + glx) - . (10.27)
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Every element of G is uniquely expressed as a(a)?(x) for unique a € H and x € K.
Define a map x from G to A by x(a(a)t(x)) = n(a) + g(x). Then

x(a(@)t(x)a(b)t(y))

= x(a(a)al(oy(b))a(f' (x, y)t(xy))

= x(abf'(x, y)t(xy))

= n(abf'(x,y)) + g(xy)

n(@ + nb) + n(f'x,y) + gxy)

= n(a) + nb) + gx) + g (by (10.27))
= x(a(@tx) + x(ad)t@)).

This shows that x is a homomorphism. Also x(a(a)) = n(a) for all a € H. Thus,
n = xoa = a*(x).Italso follows that Kerd C imagea*. i

In particular, we have the following exact sequence.

0 — Hom(K, H) —> Hom(G H) 5 Hom(H H) 4 H*(K,H) ---. (10.28)

The main problem is to determine all central extensions by a group K up to equiva-
lence. Some author term it as an extension of K instead of by K. But, we shall stick
to our earlier terminology by calling it an extension by K.

Definition 10.3.6 A central extension
E=1-—>H% ¢ 2k — 1.

by K is said to be a free central extension if given any central extension

, o

8/
EF=1—H-—> GG 5 K — 1,
and a homomorphism 7 from K to K’, there exists a morphism (p, 7, ) (not neces-
sarily unique) from the extension E to the extension E’.

Let i
l —>R5>F 3K — 1" ) (10.29)

be apresentation of K, i.e., F'is afree group, R a normal subgroup of F, i the inclusion,
and v a surjective homomorphism with kernel R (note that R is also free by the Neilson
Schreier theorem). The subgroup [R, F] =< {[r,x] = mr~'x7!' | reR,x € F} >
is a normal subgroup of F contained in R. As such, we get an extension

| — RJ[RF]-> F/[RF] 5 K —> 1 ... . (10.30)

by K induced by the presentation (10.29) of K. Clearly, this is a central extension
by K.
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Proposition 10.3.7 The central extension given by (10.30) is a free central extension
by K.

Proof Let

;) «

| —>HS6¢ LKk —1...... . (10.31)

be a central extension by K’, and 77 be a homomorphism from K to K’. Since F is a free
group, from the projective property of a free group, there is a homomorphism  from
FtoG'suchthat 3oy = nowv.Since B(y(R)) = n(v(R)) = {e},7(R) C ker(.By
the exactness of (10.31), v(R) C a(H’). Again, since a(H") C Z(G’), it follows that
Y([R, F]) = [7v(R),y(F)] C [a(H"), G'] = {e}. Thus, v induces a homomorphism
7 from F/[R, F] to G’ such that 3o 7 = 1o ¥. Clearly, 3(7(R/[R, F])) = {e}. By
the exactness, 7(R/[R, F]) C «(H'). Since «is injective, it induces a homomorphism
p from R/[R, F] to H' such that v o p is 7 restricted to R/[R, F]. Thus, (p, 7, 7n) is a
morphism from the extension (10.30) to (10.31). it

Proposition 10.3.8 Let

E=1-—>HS% 65 k — 1.

be a free central extension. Then the map 6 in the associated fundamental sequence
described in the Proposition 10.3.5 is surjective. More explicitly, for any abelian
group A, the sequence

0 — Hom(K,A) i Hom(G, A) i; Hom(H,A) —6> HZ(K,A) — 0

is exact.

Proof Let p be a 2 co-cycle in Z*(K,A). Then (K, A, o, ) with o the trivial map

from K to Aut(A) is a factor system. The corresponding associated extension
E=1-—A%6¢ %Kk — 1.

is a central extension with a section ¢’ such that #'(x)t'(y) = o/ (u(x, y))t'(xy). Since
E is a free central extension, we have a homomorphism p from H to A and a homo-
morphism 7 from G to G’ such that the diagram

a B
1l o H __,G K __, 1

k]

1, A .G K 1
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is commutative. For each x € K, chose a #1(x) € G such that 7(¢(x)) = #'(x). Then
B(t(x)) = F'(f'(x)) = x. This shows that 7 is a section of E. Now, t(x)t(y) =
a(f!(x, y))t(xy), where f' is a 2 co-cycle in Z>(K, H). Further, o/ (u(x, y))t'(xy) =
()1 (y) = T(1(x))T(1(y)) = T(1(x0)1(y)) = T(a(f’
L, NEy)) = T(a(f' (e, )NTEEY) = T(aff'(x, )t (xy). This shows that
o' (p(f'(x,¥))) = o (u(x,y)). Since o is injective, p(f'(x,y)) = p(x,y). By the
definition, §(p) = p + B*(K,A). It follows that § is surjective. ot

Next, we try to describe the image of the connecting homomorphism § in the
fundamental exact sequence associated to a central extension under the assumption
that A is a divisible group. Recall that an abelian group A is called a divisible group
if for any @ € A and an integer n, there is an element b € A such that nb = a. For
example, (Q, +), (Q/Z,+), (R, +), (C,+), (C*, ), and the circle group (S, -)
are all divisible groups. From the Corollary 7.2.31, a group D is a divisible group if
and only if given any subgroup H of an abelian group G, all homomorphisms f from
H to D are restrictions of homomorphisms from G to D. Equivalently, the functor
Hom(—, D) from the category of abelian groups to itself takes a short exact sequence
to a short exact sequence.

Proposition 10.3.9 Let

E=1-—>H%S6 2 k — 1.

be a central extension, and D be a divisible group. Then the image of § in the
fundamental exact sequence

0 — Hom(K, D) ﬁ; Hom(G, D) i; Hom(H, D) —6> HZ(K,D)

is isomorphic to Hom([G, G] () «(H), D). In particular, if the central extension is
free central extension, then H*(K, D) is isomorphic to Hom([G, G] () a(H), D).

Proof By the fundamental theorem of homomorphism, image 6 ~ Hom(H, D)/
Kerd ~ Hom(H, D)/imagea*. The map « induces injective homomorphism & from
H/H( o Y([G, G]) to G/[G, G]. Since D is divisible, a* is a surjective homomor-
phism from Hom(G/[G, G], D) to Hom(H /H () a~Y([G, G]), D). Also, since D is
abelian, v* from Hom(G/[G, G], D) to Hom(G, D) is an isomorphism, where v is
the quotient map. Further the diagram

a*

Hom(G/|G,G],D) ___, Hom(H/H(a '(IG,G]),D)

V*l y*l
a*

Hom(G,D) ___, Hom(H,D)
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is commutative. It follows that the image of o* is the image of v*. Again, since D is
divisible, the following sequence is exact:

0 — Hom(H/H ﬂ a” (G, G]), D) % Hom(H, D)
X Hom(H N '(G.GD.D) — 1.
Thus, Hom(H, D) /imagea* is isomorphic to Hom(H () o~ '([G, G]), D). Clearly,
Hom(H () a~'([G, G]), D) is isomorphic to Hom([G, G] () «a(H), D). This

shows that image § is isomorphic to Hom([G, G] [ a(H), D). The last assertion
follow from the Proposition 10.3.8. i

Corollary 10.3.10 Given a central extension

E=1-—>H%S6 2k — 1.

by K, Hom([G, G] () a(H), C*) is a subgroup of H*(K, C*). it

Corollary 10.3.11 Given a presentation

1l —>R5>F 5% K — 1.

of K, H*(K, C*) is isomorphic to Hom(([F, F](\ R)/[R, F], C*).
Proof The given presentation induces the free central extension

| — R/[R,F]-> F/IR,F] > K — L.

by K. The result follows from Proposition 10.3.9. i

Proposition 10.3.12 Let K be a finite group of order n. Then H*(K, C*) is also finite
abelian group in which order of each element divide n.

Proof Letf € Z>(K, C*). Then

fO,f @y, 2) = fO, 2f (x, y2)

for all x, y, z € K. Taking the product of the equation over all z € K, we get

faey [lre = [Jro.o[]reo

zek zek zek

Define amap g from K to C* by g(x) = []..xf(x,2). Then g(e) = 1and the above
equation reads as

Fe )" = ggty) gx).
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This means that f” is a co-boundary. Hence order of each element of H*(K, C*)
divides n. Selecting a n™ root u(x) of g(x) foreach x € K, withu(e) = 1, we geta
map u from K to C*. Define a map f” from K x K to C* by

ey = foy)u@) uby)u@) .

It follows that f/ + B*(K,C*) = f + B*(K,C*) and f'(x,y)" = 1. Thus, for
eachx, y € K, there are only finitely many possibilities for f’(x, ). Since K is finite,
H?*(K, C*) is finite. it

Corollary 10.3.13 (Schur) Let G be a group such that G/Z(G) is finite. Then the
commutator subgroup [G, G| of G is finite.

Proof Suppose thatn =| G/Z(G) |. Then by the Proposition 10.3.12, H*(G /Z(G),
C*) is finite, and order of each of its element divide n. By the Proposition 10.3.10,
Hom([G, G]() Z(G), C*) is isomorphic to a subgroup of Hz(G/Z(G), C*). Thus,
Hom([G, G1()Z(G), C*) is finite, and order of each element of Hom([G, G][)
Z(G), C*) divides n. If [G, G] () Z(G) contains an element a of infinite order,
then Hom(< a >, C*) ~ C* is infinite. Since C* is a divisible group, i* from
Hom(< a >, C*) to Hom([G, G] () Z(G), C*) is injective. This contradicts the fact
that Hom([G, G]1 () Z(G), C*) is finite. This shows that [G, G] () Z(G) is a tor-
sion group. Suppose that G is finitely generated. Then Z(G), being a subgroup of
finite index, is also finitely generated. Hence [G, G] () Z(G) is finitely generated
torsion abelian group, and so it is finite. Suppose, now, that G is not finitely gen-
erated. Let S be a transversal to Z(G). Then S is finite. Let L = < § > be the
subgroup generated by S. Then L is finitely generated subgroup of G. Letx,y € G.
Then there are elements a, b € Z(G) and u, v € S such thatx = auandy = bv.
But, then [x,y] = [u, v]. This shows that [L, L] = [G, G]. Since G = Z(G)L,
the center Z(L) of L is contained in Z(G). Thus, Z(G) (\L = Z(L). Further,
G/Z(G) = LZ(G)/Z(G) ~ L/Z(G) (L = L/Z(L). This means that L/Z(L)
is finite. It follows from the earlier proved fact that [L, L] is finite. Hence [G, G] is
finite. it

Corollary 10.3.14 (Schur-Hopf Formula) Let

1l —>R5>F 5% K — 1.

be a free presentation of a finite group K. Then H*(K,C*) is isomorphic to
(IF.FINR)/IR, F].

Proof By the Corollary 10.3.11, H*>(K, C*) is isomorphic to Hom(([F, F1(\R)/
[R, F], C*). Further, R/[R, F] € Z(F/[R, F]). Since F /R, being isomorphic to K,
is finite, it follows that (F//[R, F])/Z(F/[R, F1]) is finite. From Corollary 10.3.13, it
follows that the commutator [F, F]/[R, F]of F/[R, F]is finite. Inturn, ([F, F1(R)/
[R, F]is finite abelian. Clearly, Hom(Z,,, C*) =~ Z,,. Also Hom respects direct sums
in the sense that Hom(A & B, C) = Hom(A, C) & Hom(B, C). Since every finite
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abelian group is direct sum of finite cyclic groups, it follows that for any finite
abelian group A, Hom(A, C*) ~ A. This shows that for finite groups K, H*(K, C*)
is isomorphic to ([F, F]1(R)/IR, F]. ft

It follows from the above result that for a finite group K, the group ([F, F](R)/
[R, F] is independent of the choice of a free presentation of K. Indeed, we show
that for any group (not necessarily finite), it is independent of the choice of a free
presentation of the group.

Proposition 10.3.15 Let
Er=1-—R5>F AL K — 1.

be an extension by K representing a free presentation of K, and

E=1-—>H5>6¢ 21— 1.

an extension by L, where i denotes the inclusion map. Let vy be a homomorphism from
K to L. Then there is a homomorphism T from F to G (not necessarily unique) such
that (7/R, T,7) is a morphism from the extension Er to E. Further, the morphism
(7/R, T,7) induces a homomorphism T from [F, F|/[R, F] to [G, G]/[H, G] such
that the diagram

i v
I _ (F,FINR)/IR, F] [F, F1/IR, F] —»K. K] I

g co ]

I — (G.GINH)/IH,G]—  [G.Gl/[H,G] _—IL L] —» 1

is commutative, where the maps i and U in the rows are the obvious induced maps,
while p and 7 are the restrictions of T and y respectively. Further, if A is an other
homomorphism from F to G such that (\/R, \, y) is a morphism from the extension
Ep to E. Then the induced homomorphism X is same as 7.

Proof Since F is free, we have a homomorphism (not necessarily unique) 7 from F
to G suchthat 3o 7 = 7 o v. Clearly, (7/R, 7, 7) is a morphism from the extension
Ep to E. Also 7 maps [R, F] to [H, G]. Thus, 7 induces a homomorphism 7 from
F/[R, F]to G/[H, G] such that the diagram
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i v

1l _, R/IRF] _______, F/[RF] K — 1
i B

1 _, H/[H,G] ______ G/[H Gl — L — 1

is commutative, where p is the restriction of 7. Again, since v maps [F, F]to [K, K],
(6 maps [G, G] to [L, L], and T maps [F, F]/[R, F] to [G, G]/[H, G], the diagram
in the statement of the proposition is commutative. Suppose that there is an other
homomorphism A from F to G such that (A/R, A, ) is amorphism from the extension
Ep to E. Then as for 7, X\ induces a homomorphism \ from F/IR,F]to G/[H, G]
such that the diagram

1 v

I __ R/[R, F] _ F/IR,F1 K — 1
i B

1 _, H/[H,G] G/[H,G] —_, L — |

is commutative, where 0 is the restriction of \. Let X € F /IR, F]. Then, B(X()_c)) =
v(@X) = B(FX)). Hence A\(X) = u(x)7(x) for some u(x) € H/[H, G]. Since
H/[H, G] is contained in the center of G/[H, G], A\([X,y]) = [AX), \F)] =
[u)7TX), uMHTH»)] = [7(Xx), 7] = 7(x,y]). This shows that the induced
homomorphisms A = 7 when restricted to [F, F] /IR, F], and so also to ([F, F]
NR/IR, F]. f

Corollary 10.3.16 Given two free presentations
Er=1-—R5>F %K — 1.

and

EpEl—)R,—l) /

i; K — 1.
of K, the groups ([F, F1(\R)/IR, Fland ([F', F'1(\R)/IR, F'] are naturally iso-
morphic.

Proof From the Proposition 10.3.15, for the identity map Ix from K to K, we have a
unique homomorphism p from ([F, F]1(\R)/[R, F1to ([F', F'1( R)/[R', F'] which
is induced by a morphism (7/R, 7, Ix) from Ep to Ep and also a unique homo-
morphism p’ from ([F', F'](\R')/[R', F'] to ([F, F]1(\ R)/[R, F] which is induced
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by a morphism (7'/R’, 7/, Ix) from Ep to Er. Thus, ((' o 7)/R, 7 o7, Ig), and
(Ir /R, I, Ix) are both morphisms from Ep to itself and so they induce same homo-
morphisms from ([F, F] (| R)/[R, F] to itself. This means that p’ o p is a homomor-
phism from ([F, F] () R)/[R, F] to itself which is induced by (Ir/R, Ir, Ix). Hence
p o pis the identity map on ([F, F] () R)/[R, F]. Similarly p o o/ is the identity map
on ([F', F'1(\R)/[R', F']. This shows that p and p’ are isomorphisms. ft

Since the group ([F, F]1 (| R)/[R, F] is independent of a particular choice of the
presentation of K, we have right to have the following definition.

Definition 10.3.17 Let
1 — R—i> F4% K — 1.

be a free presentation of a group K. Then ([F, F] () R)/[R, F1] is called the Schur
Multiplier of K, and it is denoted by M (K).

Corollary 10.3.18 For finite groups K, M(K) is finite, and it is isomorphic to
H*(K, C*). If order of K is n, then the order of each element of M(K) divides n.

Proof Follows from Corollary 10.3.14 and Proposition 10.3.12. it

Corollary 10.3.19 The Schur multiplier M defines a co-variant functor from the
category of groups to the category of abelian groups.

Proof Let Eg denote the standard free multiplication presentation of K. More pre-
cisely,

Ex =1 —> Ry - Fx 5 K —> 1,

where Fk is the free group on K, p the unique homomorphism from Fx to
K induced by Ix and Rk the kernel of p. Then the Schur multiplierM (K) =
(Rx N\[Fk, Fk])/[Rk, Fx]. Let X be a homomorphism from K to L. Then from
the Proposition 10.3.15, \ induces a unique homomorphism M (\) from M(K) =
(RK n[FK, FK])/[RK, FK] to M(L) = (RL ﬂ[FL, FL])/[RL, FL] Further, if n is a
homomorphism from the group L to a group U, M (n) o M () is the unique homo-
morphism which is induced by 7o A\. Hence M(no \) = M(n) o M()\). Clearly,
MIg) = Ini. g

Proposition 10.3.20 Let
E=1-—R5F ALK 1

be afree presentation of afinite group K, where F is free group ona set {x1, x2, . . ., Xy}
consisting of n elements. Then, M(K) = (R(\[F,F1)/IR, F] is the finite tor-
sion subgroup of R/[R, F], and the torsion-free part (R/[R, F1)/(R([F,F1/
[R,F1) ~R/(R([F,F)) is the free abelian of rank n. In turn, R/[R, F] is iso-
morphic to the direct sum of M(K) and R/ (R (\[F, F)).
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Proof Since R/[R, F] is contained in the center of F/[R, F], it is abelian. Also
F/[F, F]is free abelian of rank n. Further R/(R ([F, F]) is isomorphic to R[F, F]/
[F, F] which is a subgroup of F'/[F, F]. Since subgroup of a free abelian group is a
free abelian group, R/(R [\[F, F]) is a free abelian group of rank at the most n. Also
(F/LF, F1)/(RIF, F1/IF,F]) ~ F/R[F,F]. Hence (F/[F,F])/(R[F, F1/[F, F])
is finite. This means that R[F, F]/[F, F] and so also R/(R ([F, F]) is free abelian
of rank n. Next, by the Corollary 10.3.18, M(K) = (R(\[F, F1)/[R, F] is a finite
subgroup of R/[R, F]suchthat (R/[R, F1)/((R([F, F1)/IR, F1) ~ R/(R([F, F])
is free abelian. This shows that M (K) is a torsion part of R/[R, F]land R/(R (\[F, F1)
is torsion-free part of R/[R, F]. It also follows that R/[R, F] is direct sum of M (K)
and R/(R([F, F). f

Corollary 10.3.21 Let
E=1-—R5>F5L K —1

be afree presentation of afinite group K, where F is free group ona set {x1, xa, . . ., X}
consisting of n elements, and R the normal subgroup of F generated as normal
subgroup by a set {wy, wa, ..., w,} consisting of r relators. Suppose that m is the
minimum number of generators for M(K). Then r > n + m. Equivalently, any set of
generators of M(K) contains at least r — n elements.

Proof Since R is generated as a subgroup by the set {w;, w, ..., w,} and its con-
jugates and w;[R, F] = ww;w™'[R, F] for all w € F, it follows that R/[R, F] is
generated by the set {w;[R, F], w»[R, F], ..., w,[R, F]}. From Proposition 10.3.20,
it follows that R/[R, F] is generated by at least n -+ m elements. Thus,
r>n+4m. it

Corollary 10.3.22 Let K is a finite group having a presentation with generating set
{x1,x2, ..., x,}, and the set {wy, w,, ..., w,} as irreducible set of defining relations.
Thenr > n. Ifr = n, thenthe Schur multiplier M (K) is trivial. Further ifr = n + 1,
then M(K) is cyclic. If r = n+ 2, then M(K) is either a finite cyclic group, or it is
a p — group which is direct product of two cyclic groups.

Proof From the above corollary, » > n. If r = n, then the minimum number m for
generating set of M (K) is 0. Hence M (K) is trivial. Suppose that r = n + 1, then the
minimum number m for generators of M (K) is at most 1 and so M (K) is finite cyclic.
Suppose that r = n 4 2. Then the minimum number m for generators for M (K) is at
most 2. Since M (K) is a finite abelian group, it is a direct product finite cyclic groups
of prime power orders. Since direct product of cyclic groups of co-prime orders is a
cyclic group, it follows that M (K) is either cyclic or else it is a p — group which is
direct product of two cyclic p— groups. i

Example 10.3.23 If F is a free group, then

| — (05> F B F 1.
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is a free presentation of F. Hence by the definition M (F) = {0}. In particular, Schur
multiplier of an infinite cyclic group is trivial. Further,

0 — mz-5> 7 % 7, — 1{0).

is a free presentation of Z,,. As such, the Schur multiplier M (Z,,) = {0}. Alter-
natively, using, Corollary 10.3.18, M(Z,,) ~ H?*(Z,,, C*) and then, using, Exam-
ple 10.2.6, we see that H?(Z,,, C*) = {0}. Using the fundamental theorem of finite
abelian groups, we can find the Schur multipliers of all finite abelian groups provided
we have a formula which relates M (A x B), M(A) and M (B) for all finite abelian
groups. This will follow in sequel.

Example 10.3.24 Consider the quaternion group Qg. It has a presentation < i, j; i*,
! I > Indeed, i* is derivable from the other two relators as follows.

it =
2 = ii*i7" = jj?i7' = j72 = i~?. Hence i* = 1. Thus, Qg has a presentation
< i,j;i%72,iji"" = j~' > with two generators and two defining relations. As such,

by Corollary 10.3.22, M(Qg) is trivial. More generally, a generalized quaternion
group Qy,, of order 4n has a presentation < x, y; x>, x"y~2, yxy~'x >.Itis easily seen
that this is a group of order 4n. Here also x> is derivable from the other 2 relations
as follows. We have x” = y*> = yy’y~! = yx"y~! = x7". Hence x*" = e. Thus,
Qu, 1s a finite group generated by two elements with two defining relations. As such,

by Corollary 10.3.22, M (Qy,) is trivial.

Proposition 10.3.25 Let

| RS FHB K 1

be a free presentation of a finite group K, where F is a free group of rank n. Suppose
that L is finite subgroup of R/[R, F] such that the quotient of R/[R, F] modulo L is
generated by n elements. Then M (K) = L.

Proof Let A be the torsion part of R/[R, F] and B the torsion-free part of R/[R, F].
Then B is free abelian of rank n. Also R/[R, F] = A @ B. Since L is finite, L C A.
Thus, (R/[R, F])/L =~ (A/L) @ B.If L # A, then (R/[R, F])/L cannot be generated
by n elements. This shows that L is the Torsion subgroup of R/[R, F]. The result
follows from Proposition 10.3.20. i

Example 10.3.26 The Dihedral group D», of order 2n is given by a presentation
<x,y:x",y?,yxy~! = x~! >. This is generated by two elements with three defin-
ing relations. Thus, M (D,,) has to be cyclic. Every element of D,, has unique rep-
resentation as x'y/, 0 <i <n—1,0 <j < 1, and so D», is a group of order 2n. D5,
has a free central extension given by

1| — R/[R.F] > FJIR,F] & D,, — 1,
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where F is the free group on {x,y}, and R the subgroup of F generated by
{x",¥?, yxy~'x} and its conjugates. As already described in Proposition 10.3.20,
R/[R, F]isinthe center of F/[R, F]. The torsion-free part of R/[R, F']is a free abelian
group of rank 2, and its torsion part is M (D,,). Since uwu~'[R, F] = w[R, F] for
all u € F and w € R, it follows that R/[R, F] is an abelian subgroup of F/[R, F]
which is generated by {x"[R, F], y*[R, F1, yxy~'x[R, F]}. Denote x"[R, F], y’[R, F]
and yxy~'x[R, F] by a, b and c respectively. Then R/[R, F] is generated by {a, b, c}.
Now,a = x"[R, F] = yx”y’l[R, F] = (yxy’l)”[R, F] = (yxy’lxx’l)”[R, F] =
Oxy” xR, F)" = (ay xR, FIG' R, F)' = (ay™ 'R, FI)'x™"[R, F] =
c"a~'. Thus a> = ¢". Suppose thatn = 2miseven. Putd = a~'¢". Thend’? = e.
Supposethatd = e.Thena = ¢” and sox"(yxy~'x)™ e [R, F].Since [R, F] C R,
it follows that x" is derivable from the relation yxy~'x. But the group given by a pre-
sentation < x, y; 2, yxy~! = x~! > is infinite Dihedral group. Hence d is an element
of order 2 in R/[R, F]. Also the quotient group of R/[R, F'] modulo the subgroup
< d > generated by d is generated by {b < d >, ¢ < d >}. Itfollows from the above
proposition that < d > is the torsion part of R/[R, F]. This shows that M (Dy,,) is
the cyclic group of order 2.

Next, suppose that n = 2m + 1is odd. Now, putd = ac™™.Thend”? = c. Hence
a,c €< d >.Thus, in this case, R/[R, F] is generated by {b, d}. Already, R/[R, F]is
direct sum of M (Dy,,+,) with a free abelian group of rank 2. If M (Dy,,,,) is nontrivial,
R/[R, F] can not be generated by two elements. Hence M (Day,42) is trivial.

Example 10.3.27 Consider the group G having presentation

<x,y;x5,y3, (xy)2 > .

If we take x = (12345) andy = (152) in A5, orx = |:(1) ” andy = |:_01 (1)i|

in PSL(2,5), then x> = y> = (xy)? represent the identities in the respective
groups. Also they generate the respective groups. As such there is a surjective
homomorphism from G to As, and also a surjective homomorphism from G to
PSL(2,5). Using the coset enumeration method of Coxeter and Todd, one finds
that the order of G is 60 which is same as that of As, and also that of PSL(2,5).
It follows that < x, y; X, y3, (xy)2 > is presentation of As, and also a presentation
of PSL(2,5). It also turns out that As is isomorphic to PSL(2, 5). Let F denote the
free group on {x, y} and R the normal subgroup of F generated by {x°, y*, (xy)?}.
To find the Schur multiplier, we need to find the Torsion part of R/[R, F]. Put
a = xX[R,F], b = Y[R, Fland ¢ = (xy)’[R, F]. Then R/[R, F] is a central
subgroup of F/[R, F] generated by {a, b, c}. We find relations between a, b, and
c in R/[R, F). Indeed, we show that ¢** = «'?b®. Since c is in the center of
F/[R.Fl, ¢* = (xy)’[R. Flxy)’[R, F] = x(xy)’yxy[R.F] = x’yxy’xy[R.F].
Again inserting (xy)?> between x?> and y in the above expression, we find that
¢ = x*y(xy*)%xy[R, F]. Repeating this process by putting (xy)? in between x> and
y and again in turn putting (xy)? in between x* and y in the resulting expression, we
find that © = x>y(xy*)*xy[R, F] = ay(xy?)*xy[R, F]. Since ¢ and a commute with
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all the elements of F/[R, F1,a~'c¢>y~'[R, F] = a~'y~![R, F1c> = (xy*)*xy[R, F].
Hence
¢ = ay’)’[R, F]

Putting again (xy)? in between x and y? in the above expression, we get ¢!¥ =
a@?yxy’[R, F1)> = a(’[R, FI’(Pyx[R, F])’ = ab’(@yx[R,F])’ =ab’
(xzy(x3y)4x[R, F]. Further, since c, a, b commute with all elements of F/[R, F],
we have (x>y(*y)*[R, F] = y 'x3@ab’)~'¢!°. In turn

' = ab’(*y[R, F1)°

Again, iterating the same procedure, i.e., putting ¢ in between x> and y in the above
expression, we find

e = ab’ (x*yx*[R, F1)°

Iterating finally, we get

30— 412p20

Thus, if we put p = a®h'c™15, then p? is the identity of R/[R, F]. Also if we put
q = ab3cd and r = ab®c73, then R/IR,F] =<a,b,c >=<p,q,r >. Hence
the quotient group (R/[R, F])/ < p > is generated by two elements. Since torsion-
free part of R/[R, F] is a free abelian group of rank 2, < p > is the torsion part of
R/[R, F]. This shows that the Schur multiplier of As(PSL(2, 5)) is a group of order
at most 2. Further, we have a central extension

1 — A = SL(2,5) 5 PSL(2,5) — 1,

where A is the center of SL(2, 5). Thus A is the group {al, | a € Z5,0? = 1} =
{I,, —I,}. This means that A is a group of order 2. Since SL(2, 5) is a perfect group,
by the Proposition 10.3.9, Hom(A, C*) ~ A is a subgroup of the Schur multiplier
H?*(PSL(2,5), C*) of PSL(2, 5). Thus, the Schur multiplier M (PSL(2, 5)) ~ M(As)
is a group of order 2.

Five-Term Exact Sequence
For convenience, in all the group extensions of the type

1 —>HS 62k — 1,

a will be treated as inclusion map i. Thus, H is treated as a normal subgroup of G.
Needless to say that there is no loss of generality.
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Theorem 10.3.28 7o every group extension E given by

E=1-—H562 Kk 1,

there is an associated connecting homomorphism §(E) from M(K) to H/[H, G, and
in turn the five-term exact sequence

3 i ]
e O HIH. Gl 5> Gup 2 K — 1,

M(G) = M) —

which is natural in the sense that given any extension E' of H' by K', and a morphism
(u/H, p, v) from E to E', the diagram

e M P ' 6wty ke 1

M(;LM%}(IJ(W(V)&(E,) lu = lu 7 l

MG - H/H.G| — Gh—n K —» 1

is commutative, where G, = G/[G, G] and K/[K, K] are the abelianizers of G
and K respectively.

Proof By the Corollaries 10.3.16 and 10.3.17, M is a functor from the category of
groups to the category of abelian groups. Thus, itis sufficient to establish the five-term
exact sequence with a choice of a free presentation of G and that of K. Let

1—>R—i>F—#>G—>1,

be a free presentation of G. Let S = p~'(H). Then R C S and we have a free

presentation

| — s 5 F™Kx 0,

of K. Clearly, p takes S to H, and indeed, [S, F] to [H, G]. In turn, we have a natural
map §(E) from M(K) =~ (S ([F, F1)/[S, Flto H/[H, G] given by §(E)(s[S, F]) =
w(s)[H, G]. This gives us a five-term sequence

MG) " M) S HIH, Gl S Guy B Ky — 1.

We prove the exactness of the sequence. Since (3 is surjective, 3 is surjective. Again,
since [oi is the trivial map, image i C ker[3. Suppose that 3(g[G, G]) = [K,K].
Then B(g) € [K, K]. Hence there is a u € [G, G] such that 5(g) = ((u). In turn,
thereisa h € H such that g = hu. Clearly, i(h[H, G]) = glG, G]. This proves the
exactness at G .
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Next, since u(s) € H ([G, G] for all s € S ([F, F], it follows that
i(6(E) (IS, F1) = i(u(®)[H, G]) = u()G, Gl = [G,G].

This shows that imaged(E) C keri. Let h[H, G] € keri. Then h € H ([G, G]. This
means that & € u(S ([F, F]). It follows that h[H, G] € imaged(E). Finally, we
prove the exactness at M (K). Let r[R, F] € M(G), r € R(\[F, F]. Then by defini-
tion, 6(E)(M(B)(r[R, F1)) = d(E)(rIS, F]) = u(nlH, G] = [H, G],for u(r) =
0. This shows that imageM (3) C kerd(E). Further, suppose that § (E)(s[S, F]) p(s)
[H,G] = [H, G], wheres € S(\[F, F]. Then u(s) € [H, G] = u([S, F]). Hence
there is a ¢ € [S, F] such that ;u(s) = p(¢). Inturn, pu(st~') = e. Thus,s = rt for
some r € R. But, then s[S, F] = rt[S, F] = r[S,F] = M(3)(r[R, F]). It follows
that imageM (3) = ker(6(E)). it

We give another interpretation of the group M (G) as the group of commutator
relations. For any group G, the commutator operation [x,y] = xyx~'y~! can be
easily seen to satisfy the following relations called the trivial commutator relations.
() [x,x] = e.

(i) [x, ylly, x] = e.
(iii) Pryx~", xzx M [x, zllz, xy] = e

(iv) [xyx~! —1z!

[z, yllyzy T2 ] = e

The group M(G) can be viewed as the group of nontrivial commutator rela-
tions in G. More precisely, consider the free group F(X) on X, where X =
GxG — (Gx{etUle} x G). We identify (x,e) and (e, x) with identity of
F(X). From the universal property of a free group, we have a unique homomor-
phism 7 from F(X) to G given by n((x,y)) = [x,y] = xyx~'y~!. Let Q(G)
denote the normal subgroup of F(X) generated by the set of elements of the
types (x, x), (x, ) (3, %), Gyx~ ', xzx ) (x, 2)(z, xy) and oyt xzx ) (2, y) (vzy !
771 x). Clearly, 2(G) is contained in the kernel of 7. As such, it induces a unique
homomorphism denoted, again, by n from F(X)/2(G) on to the commutator sub-
group [G, G] of G. The proof of the following theorem involves some computations
which we leave and refer to the book “Schur Multiplier” by Karpilovski for the details
of the computations.

Theorem 10.3.29 The kernel of the above-described map n is the Schur multiplier
M (G), and we have the natural short exact sequence

1 — M(G) BN F(X)/2(G) A 16,.G] — 1. i

Thus, M(G) can be viewed as the group of commutator relations in G modulo

the trivial commutator relations.

Definition 10.3.30 The group F(X)/2(G) introduced above is called the non-
abelian exterior power of G, and it is denoted by G A G.
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Corollary 10.3.31 If G is an abelian group, then M(G) ~ G A G. it

Tensor Product and Exterior Power of Groups
Let K and L be groups. Let G be another group. A map n from K x L to G is
called a bi-multiplicative map, if

(i) n(kk', 1) = n(k, Hn(k', 1) and
(i) n(k, iy = ntk, Dn(k, ')

forall k, k" € K andl, ' € L. Note that if  is a bi-multiplicative map, then (e, [) =
e = n(k,e)forallk € Kand!/ € L.

Proposition 10.3.32 For any pair of groups K and L, there is a pair (K ® L, n),
where K @ L is a group with 1 a bi-multiplicative map from K x L to K ® L which
is universal in the sense that for any pair (G',n') with 0 a bi-multiplicative map
from K x L to G', there is a unique homomorphism i from K ® L to G’ such that
pon = 1.

Proof Take K ® L to be the group with presentation < X; R >, where the generating
set X = {(k,]) e K x L | k # e # [} and the set R of relators is given by R =
(kK" D (K, D) (e, D), e, 1) (e, 1) Nk, )Y | kK € K and 1,1 € LY.
Thus, K ® L = F(X)/H, where H is the normal subgroup generated by R. The
map 7 is given by n(k, /) = (k,[)H. We denote n(k, /) by k ® I. Clearly, n is a bi-
multiplicative map, thatis,kk’ @ [ = (k® )(k' ® [)andalsok Q II' = (k ® I)(k &
). Let (G', ') with i a bi-multiplicative map from K x L to G’ be an other pair.
From the universal property of free group, we have a unique homomorphism x from
F(X) to G’ such that x(k, ) = 7/(k, ). The supposition that n" a bi-multiplicative
map from K x L to G’ ensures that ) takes the relators R to e. This means that H
is contained in the kernel of Kery. By the fundamental theorem of homomorphism,
X induces a unique homomorphism p from K ® L to G’ such that u(n(k,l)) =
u((k, DH) = x(k, D) = 1/(k, D). f

Proposition 10.3.33 The pair (K ® L, n) introduced above is unique in the sense
that if (G', ) is another such pair, then there is a unique isomorphism pfrom K ® L
to G' such that pon = 1.

Proof From the universal property of the pair (K ® L, n) established in the above
proposition, there is a unique homomorphism g from K ® Lto G" suchthat pon =
7. Since the pair (G’, n’) is also assumed to have the same universal property, there
is a unique homomorphism v from G’ to K ® L such that von/ = 7. Thus, vo pu
and Ixg are both homomorphisms from K ® L to itself such that (vop)on =
n = Ikgr o 7. From the universal property of the pair (K ® L, ), vopu = IggL.
Reversing the role of (K ® L, n) and (G’, r'), we get that ypov = Ig. Thus, p is
an isomorphism with the required property. i

Definition 10.3.34 The pair (K ® L, n) is called the tensor product of K and L.
By the abuse of language we also say that K ® L is a tensor product of K and L. The
image 71((k, [)) is denoted by k ® .
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Thus, () (ki @) = QDK @D, (1) kQIl') = (k®D(k®!'). In turn,
eQl =e¢ = kQeandk '@ = kD! = kI

Proposition 10.3.35 Let n be a bi-multiplicative map from K x L to G. Then the
image n(K x L) of n generates an abelian subgroup of G.

Proof Fork,k' e Kand[,l' € L,

n(kk' 1) = n(kk', Dn(kk', 1) = n(k, Dn&', Dk, Ny, 1)
On the other hand,
nkk', 'y = nk, Wn&', 10 = nk, Dnk, UDnk', Dnk', ).

Comparing, n(k’, Dn(k, ') = nk,)nk’, 1) for all k, k' € K and [,!' € L. This
means that the elements of (K x L) commute pairwise. it

Corollary 10.3.36 The tensor product K @ L of any two group K and L is abelian
group, and it is isomorphic to K, @ Lap, where K, denote the abelianizer K /[K, K]
of K.

Proof Since K @ Lis generatedby {k ® [ | k € K, [ € L}, it follows from the above
proposition that K ® L is abelian. Let us denote the coset k[K, K] by k. Define a map
7 from K x L to K, ® Ly, by n(k, ) = k@l Evidently, 7 is a bi-multiplicative
map. As such, it induces a unique homomorphism 7 from K ® L to K, ® L, subject
to 7(k ® ) = k® I which is clearly surjective. We show that it is bijective by
constructing its inverse. Now, [k, K1 ® | = kk'k 'k '®1 = k QDK @ (k™' ®
(k' ®1) = eforallk,k’ € K and! € L. Since every element of [K, K] is product
of commutators, and taking tensor product is bi-multiplicative, it follows that u ®
| = eforall uelK,K]. Similarly, k@ v = eforall ke K and [ € [L,L]. It
follows that k = k' implies that k® | = k' ® [ forall e L and also | = I’
implies that k @ I = k® [ for all k € K. Thus, k = k' and [ = I’ implies that
k® 1l = k' ® I'. This ensures that we have amap x from K, x Ly, to K ® L defined
by x(k,]) = k® L. Clearly, y is a bi-multiplicative map, and as such it induces a
homomorphism  from K,, ® L, to K ® L given by Y(% ® 7) = k ®l. Clearly, ¥
is inverse of 7. it

It is evident from the above corollary that the theory of tensor product of groups
reduces to the theory tensor product of abelian groups through their abelianizers. As
such, we state few results which follow from the corresponding results on the tensor
products of abelian groups (modules over Z) (refer to the Chap.7 of the book).

Corollary 10.3.37 K ® L is isomorphic to L ® K. it

Proposition 10.3.38 Let

1 —>HS ¢ 2k — 1
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be an exact sequence, and L be a group. Then the sequence

HRLY corL ™ koL — 1

is exact. f

Proposition 10.3.39 Let H, K, and L be groups. Then (H ® K) ® L is naturally
isomorphicto (H® L) ® (K ® L). it

Proposition 10.3.40 Let H, K, and L be groups. There is a tautological isomorphism
from (HQK) R LtoH Q (K ® L) whichmaps (h® k) @ltoh® (k ® ). f

Proposition 10.3.41 Let H, K, and L be groups with L being abelian. Then there is
a natural isomorphism from Hom(H, Hom(K, L)) to Hom(H ® K, L). it

We, further state few results without proof which can be used for some com-
putations. For the proof we refer to the book “Schur Multiplier” by Karpilovski.

Proposition 10.3.42 Let H and K be groups. Then M(H ® K) ~ M(H) & M (K)
® (H® K). i

Thus, for finitely generated abelian group, M(A & B) =~ A ® B, and so the Schur
multiplier of a finitely generated abelian group is easily determined. For free products,
we have the following.

Proposition 10.3.43 M(H «K) ~ M(H) & M (K). it
Exercises

10.3.1 Let K be a subgroup of a group G, and A be an abelian group which is a trivial
G-module. Show that we have a homomorphism res g k) from H 2(G,A) to H*(K, A)
given by resi.x)(f + B*(G,A)) = f/K x K + B*(K,A). The homomorphism
res(g. k) 1s called the restriction homomorphism from G to K. Observe that if L is a
Sllng'Ollp of K, then res.1)0 resg,xy = resG,r)-

10.3.2 Let K be asubgroup of a group G of finite index n. Let = {e = x1, x2, . . ., X}
be a right transversal to K in G. Given any element g € G, for each x; € S, there
is a unique element o0,,(g) € K, and a unique element x; x g € S such that x;,g =
0., (g)x; * g. Let f be a 2 co-cycle in Z?(K, A), where A is a trivial K-module. Show
that the map f from G x G to A defined by

[, 0y )
i=1

is a 2 co-cycle in Z2(G, A). Show also that f € B*(K, A) implies that f € B*(G, A).
Deduce that we have a co-restriction homomorphism cores. g, from H*(K, A)
to H*(G, A) given by cores.c)(f + B*(K,A)) = f + B*(G,A). Show also that
coresg G)0 cores(L gy = COres G-
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10.3.3 Leta = f+ B*(K,A) be an element of H*(G, A). Show that (cores.c)
ores.ky)(a) = a", where K is a subgroup of index n.

10.3.4 Let K be a normal subgroup of G of index n, and a € H*(K, A). Show that
(res(G,K)o COI’ES(K’G))((Z) = a".

10.3.5 Use the fact that the group R* has only one nonidentity element — 1 of finite
order to show that H*(G, R*) ~ H*(G, Zy) for any finite group G.

10.3.6 Let G be a finite group, and D be a divisible group. Show that H*(G, D) =
H*(G,T(D)), where T(D) is the torsion part of D. Deduce that M(G) = H?
(G, Q/Z) for all finite groups G.

10.3.7 Compute Qg A Qg, and hence also M (Qs).

10.3.8 Use the five-term exact sequence associated to the extension
1 — {1,=1) 5 0s % vy — 1. 4

to show that M (Qg) = {0}.

10.3.9 Compute P A P, where P is a non-abelian group of order p*, p a prime. Hence
compute M (P).

10.3.10 Compute the Schur multiplier of a non-abelian group of order pq, p, and ¢
are primes.

10.3.11 Find the Schur multipliers of A4, and also of S;.

10.3.12 Let G be a finite nilpotent group. Show that the Schur multiplier of G is
the direct products of Schur multipliers of its Sylow subgroups.

10.3.13 Let m, n, r be positive integers such that " = 1(mod m), (m,n) = 1 =
(n,r — 1). Let G be a group having a presentation < {x,y}; | X" =1 = y' =
y~Ixy™" >. Using the Tietze transformation (see Algebra 1), reduce the number of
relators to 2, and then show that M (G) is trivial.

10.3.14 Show that there is a surjective homomorphism from M(GL(R)) to
M(K;(R)).

10.4 Lower K-Theory Revisited

In Chap. 7, Sect. 7.4, we introduced the Grothendieck group Ky (R) and the Whitehead
group K;(R) of a ring R. Recall that K;(R) = GL(R)/E(R), where E(R) is the
group generated by the elementary matrices. By the Whitehead lemma, E(R) is
the commutator subgroup [GL(R), GL(R)] of GL(R). In this section, we introduce
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Milnor group K,(R) of a ring R which can be viewed in two ways: (i) The Schur
multiplier M (E(R)) of the group of commutator relations among the elements of
E(R) modulo the trivial commutator relations, and (ii) the group of relations among
the transvections E3 modulo the group of trivial relations, viz., the group of Steinberg
relations. We describe it in detail.

Note: Usually, in the literature, an extension

E=1—H5>G6 2Kk —1
is termed as extension of K, but we shall adhere to our terminology by calling it

extension by K.

Proposition 10.4.1 Let K be a perfect group in the sense that [K, K] = K, and

E=1 —>H> 62 k — 1

be a central extension by K. Then the commutator subgroup |G, G] is perfect, and
i i
I — H()IG.G] > [G.G] > K — 1

is also a central extension by K.

Proof Since K is perfect, 5([G, G]) = [K,K] = K. Thus, given any element
a € G, there is an element u € [G, G] such that 3(a) = ((u). This means that
every element in G is of the type hu for some 4 € H and u € [G, G]. Leta = hu,
b = Wu',whereh, W € HC Z(G),u, ' € [G, G]be arbitrary elements of G. Then
[a,b] = [u,u'] € [[G, G], [G, G]]. This shows that [G, G] C [[G, G], [G, G]].
Hence [G, G] is perfect. The rest is evident. it

Proposition 10.4.2 Let
E=1-—>H5 G653 Kk 1

be a central extension by K, where G is perfect. Let A and 1 be a homomorphisms
from G to G’ inducing the morphisms (\/H, \, Ix) and (u/H, u, Ix) from E to a
central extension E' given by

E=1—HS¢2Kk -1

Then A = p.

Proof Since G is perfect, the commutators generate G. Thus, it is sufficient to show
that A([a, b]) = u([a, b]) for all a,b € G. For each x € G, B(A(x)) = B(u(x)),
and so there is an element u(x) € H such that A(x) = u(x)u(x). Now, \([a, b]) =
(M), AD)] = [u(a)p(a), ub)p(b)] = [u(a), p(b)] = u(la, b)). g
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Definition 10.4.3 A central extension
6}
Q=1 —>H3>U S5 K — 1

is called a universal central extension by K if given any central extension

E=1 —>1%56 52k —1

by K, there is a unique homomorphism ¢ from U to G inducing a morphism (¢, ¢, Ix)
from Q to E.

Proposition 10.4.4 Universal central extension by K is unique up to equivalence.

Proof Let

Q=120 2Kk 1

be another universal central extension by K. Then there is a unique homomorphism
¢ from U to U’ inducing a morphism (&, ¢, Ix) from Qg to Q/K, and there is a unique
homomorphism ¢’ from U’ to U inducing a morphism (¢, ¢/, Ix) from Q to Q.
But, then we have homomorphisms ¢’o¢ and Iy inducing morphisms (§'0&, ¢'o¢, Ix)
and (Iy, Iy, Ix) respectively. From the universal property of Qk, ¢'o¢p = I. Sim-
ilarly, using the universal property of Q/K, ¢o¢’ = Iy. This shows that Qg is
equivalent to .. i

Proposition 10.4.5 If

U =1-—>HSU 2 K — 1

is a universal central extension, then U is perfect (U = [U, U]).

Proof Suppose that U is not perfect. Then U/[U, U] is a nontrivial abelian group.
Consider the direct product extension

| — UJIU,UIS UJIU, U xK B K — 1

by K, where 7 is the first inclusion, and p; is the second projection. Clearly,
this is a central extension by K. Further, the map (v, 3) defined by (v, 5)(u) =
u[U, U], B(u)), and the map(0, 3) defined by (0, 8)(u) = ([U, U], 5(u)) are two
distinct homomorphisms from U to U/[U, U] x K which induce morphism from
Q to the given direct product extension. Hence Q2x can not be a universal central
extension. it

Since homomorphic image of a perfect group is a perfect group, we have
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Corollary 10.4.6 If K admits a universal central extension by K, then K is a perfect

group. f
Conversely,

Proposition 10.4.7 Every perfect group K admits (of course, a unique) universal
central extension by K.

Proof Suppose that K is perfect. Let
Fx=1-—R5>F 5K — 1

be a free presentation of K. We have a central extension

Ex =1 — R/[R,F] > F/IR.F] > K — 1

by K. Since K is perfect, [F/[R, F], F/[R, F]] = [F, F]/[R, F] is perfect (by the
Proposition 10.4.1), and we have a central extension

Qx =1 — R(\IF.FI/IR,F] > [F.FI/IR.F] 5> K —> 1
by K. We prove that this is a universal central extension by K. Let

E=1-—H56 2k 1

be a central extension by K. Since F is free, there is a homomorphism ¢ from F to
G inducing a morphism (¢/R, ¢, Ix) from Fg to E. Since E is a central extension
by K, it induces a morphism (E/R, 5 Ig) from Eg to E, which in turn, induces a
morphism from Qg to E. Since [F, F]/[R, F] is perfect, by the Proposition 10.4.2
such a morphism is unique. i

Corollary 10.4.8 If K is perfect, then K A K is also a perfect group, and it is the
universal central extension of M(K) by K. More precisely,

| — M(K)> KAK S K — 1
is a universal central extension, where c is the commutator map given by c(x Ny) =
[x, yl. i
Proposition 10.4.9 A central extension

g

Q=1 -—oHS>U DL K 1

by K is a universal central extension by K if and only if U is perfect and every central
extension by U splits.
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Proof Suppose that given extension €2 is a universal central extension. Then by
Proposition 10.4.5, U is perfect. Let

E=1-—5>15G63U — 1

be a central extension by U. Then consider the extension

E’El—>ker(ﬁo5)—i>G6—0>5K—>1

by K. We first show that this is a central extension by K. Let g € ker(50d). We
need to show that g € Z(G). Since (3(6(g))) = e, 6(g) € ker = H C Z(U).
Letx € G. Since §(g) € Z(U), §(xgx™") = 6(x)5(¢)d(x)~" = e. This shows that
xgx~' € L € Z(G). Again, since Z(G) is a characteristic subgroup of G, it follows
that g € Z(G). In turn, it follows that E’ is a central extension by K. Since 2 is
universal central extension, there is a unique homomorphism ¢ from U to G such
that (od)o¢p = (. This shows that (do¢) and Iy are homomorphisms from U to U
which induce morphisms from €2 to itself. Since €2 is universal central extension, it
follows that (Jo¢) = Iy . This shows that E is split exact sequence.

Conversely, suppose that U is perfect and every central extension by U splits. Let

E'=1-—>P5G3K 1

be a central extension by K. In the light of the Proposition 10.4.2, it is sufficient to
show the existence of a homomorphism 7 from U to G inducing a morphism from
Q to E”. Consider the subgroup U xx G = {(u, g) | fu) = 5(g)}of U x G. We
have the extension

E'"=1—HS UxxG B U — 1

which is clearly a central extension by U. From our hypothesis, the sequence splits.
Let 7 be an splitting. Then there is a homomorphism ¢ from U to G such that
t(w) = (u, p(u)) € U xgx G.But, then 5(¢(u)) = u. Thus, ¢ induces a morphism
from Q to E”. ft

Let R be a commutative ring. Recall that the group E(R) is perfect. As such, we
have the universal central extension

1 — M(EQR) > E(R)AER) > ER) —> 1

by E(R). The group E(R) A E(R) represent the group of commutator relations in
the group E(R) modulo the trivial commutator relations. We shall have another
interpretation of this group.

We have the following definition.
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Definition 10.4.10 The group M (E(R)) is called the Milnor group of the ring R,
and it is denoted by K, (R).

We shall have another way to see the group K> (R). If f is a homomorphism from a
ring R to aring R’, then f induces a natural homomorphism E(f) from E(R) to E(R’)
given by E(f)[a;] = [b;], where b;; = f(ay). Clearly, E(gof) = E(g)oE(f) and
E(Ig) = Ig) . Further, since M defines a functor from the category of groups to the
category of abelian groups, it follows that K is a functor from the category of rings
to the category of abelian groups in the sense that if f is a homomorphism from a
ring R to R', it induces a homomorphism K, (f) from K>(R) to K»(R’) such that (i)
K>(gof) = Kx(9)oKx(f) and (i) K2(Ir) = Ik, w)-
The following natural exact sequence relates K; and K, functors.

1 — KR - ER AER) > GLR) % Ki(R) —> 1,

where c¢ represents the commutator map given by c(x Ay) = [x, y].
Recall that the n x n, n > 3 elementary matrices El? with entries in a ring R with
identity satisfy the following relations termed as Steinberg relations.
. A
() E)E; = E;™".
(i) [E}, Eyl = I, fori# land; # k.
(i) [E},E}] = E)'.i # 1.
. —A
(iv) [E), Eyl = E;".

For each n > 3, let St(n, R) denote the group generated by the set
p | 1<i<nl1<j<nAeR}

subject to the relations
(i) x,-j)\xg = xgﬂ.
(ii) [xg,x,‘;] = efori # landj # k.
Qi) [x),xf] = x)" i # 1.
(v) [ xp] = x
For each n, we have the natural surjective homomorphism ¢, from St(n, R) to E(n, R).
Clearly, St(n, R) is a subgroup of St(n + 1, R) in a natural way, and we have a chain

St(3,R) € St(4,R) € --- S St(n,R) € St(n+1,R) C------

of groups. The union St(R) of the chain is a group called the Steinberg group
of the ring R. Note that the maps ¢, respect the inclusion maps in the sense that
1,00, = @u+10i,, where i, are the respective inclusion maps. In turn, in limit, ¢,
induces a surjective homomorphism ¢ from St(R) to E(R).
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Theorem 10.4.11 The short exact sequence

| —> Kerd > St(R) 2 E(R) —> 1

is a universal central extension by E(R).
Before proceeding to prove the above theorem, let us have a corollary.

Corollary 10.4.12 We have natural isomorphisms ker¢p ~ Kr(R) ~ M(R) and
St(R) ~ E(R) N E(R). it

Thus, K, (R) can be viewed as the group of nontrivial relations satisfied by the
elementary matrices E? Further, we have the exact sequence

1 — KZ(R)—i> St(R) % GL(R) &> Ki(R) — 1.

Lemma 10.4.13 Ker¢ is the center Z(St(R)) of St(R).

Proof Leta € Z(St(R)). Then ¢(a) € Z(E(R)). Since E(R) is center less (a matrix
commutes with all elementary matrices if and only if it is a scalar matrix), ¢(a) is
identity. This means thata € Ker¢. Thus, Z(St(R)) C Ker¢. Suppose that ¢p(a) = e.
We need to shows that a € Z(St(R)). Let C,, denote the subgroup of St(R) generated
by the elements of the type xi’j\, where i # n # j. Clearly, there is a n € N such that
a € C,.Fixan € Nsuch thata € C,. Let X, denote the subgroup of S¢(R) generated
by the elements of the types xi’\”, where i # n. Since any two such elements commute
(see the Steinberg relations), X, is abelian. Further, any nonidentity element x of X,,
is expressible as

Y V) A : :
X o= XXX, i << cee <y,
: Al A Ao . .
where iy # n. Now, ¢(x) = E; E;% ---E; is the matrix all of whose diagonal

entries are 1, i,’f row and n column entry is A\, k < r and the rest of the entries

are 0. This shows that the representation of an element x as given above is unique,
and ¢ is an injective homomorphism when restricted to X,,. Similarly, let ¥,, denote
the subgroup of St(R) generated by the elements of the type xﬁlj, where j # n. Then
Y, is also abelian, and ¢ restricted to Y, is injective. Consider xg, where i # n #j.

p Al A
Then for any x;,, € X, xjjx;,,x;

isx)'x!" |ifj = kand x!" , otherwise. This means that
xiijnx[;’\ C X,,. Similarly, xl.}\. Y,,x[;’\ C Y,,. Itfollows C,, is contained in the normalizer
of X, as well as in the normalizer of Y,,. Thus, aX,a~' < X, and also aY,a~! C Y,,.
Letu € X,,. Then p(aua™") = ¢(a)pw)p(a)~" = ¢(u). Since phi is injective when
restricted to X,,, it follows that aua™' = u for all u € X,,. Thus, a commutes with
each element of X,,. Similarly, @ commutes with all elements of Y. It follows that
a commutes with xﬁn and also with x,’:j for all i # n # j. Consider x,;\l, where k # n
and [ # n. Thenx}, = [x},, %], and so @ commutes with x7) also. This means that

a commutes with all the generators of S?(R). Hence a € Z(St(R)). it
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In the light of the Proposition 10.4.9, to complete the proof of the Theorem 10.4.11,
it is sufficient to establish the following Lemma.

Lemma 10.4.14 Every central extension by St(R) splits.

Proof Let
|l — HS5 G S5 StR) — 1

be a central extension by St(R). To show the existence of a splitting, it is sufficient
to show the existence of a set {sfj € G | A€ R} of elements of G which satisfy
the Steinberg relations and & (sg) = x3 Let ¢ be a section of the extension. Then
§([t(xl.’>€), t(x,lj)]) = [E(t(xi’}()),ﬁ(t(x,lj)] = [xiAk,x,ij] = xl.?,wherei,j,kare distinct.
Further, if # is another section of the extension, then #(x)) = u}#'(x)) for some
u;}( € H. Since H C Z(G), it follows that [t(xl.’}(), t(x,lj)] = [t/(xi?(), t(x,lj)]. Thus,
[t(xi?{), t(x,lj)] is independent of the choice of a section. In fact, using trivial commu-
tator relations, and observing the fact that [t(xi?, t(x,’:,)]([t(x;[\,, t(xf;l)])‘1 € Z(G) for
alli,j # k, I, p # qandalso [1(x}, tx)]([1(x;), 10y ™" € Z(G) foralli, j, p # g,
it can be shown that [t(xﬁk), t(x,lj)] is also independent of k,i # k,j # k. Take
{sé = [t(x?k), t(x,lj)]. Using the basic commutator relations, it may be further verified

that {sf]-} respects the Steinberg relations. it
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R

Radical extension, 324

Rank, 43, 50

Rank of a bilinear form, 180

Rank of a linear transformation, 83
Rational canonical form, 215
Reduced row echelon form, 45
Reflection about a hyperplane, 129
Reflexive, 81

Restricted Burnside Conjecture, 344
Rigid motion, 122

Root system, 129

Rotation group, 174

Row rank, 43

Row space, 43



432

S

Scalar matrix, 36

Schreier extensions, 370

Schur, 344

Schur Lemma, 332

Schur multiplier, 408
Schur-Zasenhauss, 390

Second co-homology group, 386

Self adjoint, 37, 118

Semi-direct product, 382

Semi-simple linear transformation, 153
Semi-simple module, 334

Semi-simple ring, 334

Separable closure, 296

Separable element, 294

Separable extension, 284

Separable polynomial, 294

Set of generators, 13

Shortest distance, 112

Signature of a real symmetric matrix, 184
Signature of a symmetric bilinear form, 184
Similar matrices, 88

Simple extension, 270

Simple module, 331

Singular value, 165

Singular value decomposition, 166
Skew-Hermitian linear transformation, 118
Skew-Hermitian matrix, 37
Skew-symmetric bilinear form, 184
Skew symmetric matrix, 36

Solution space, 42

Space of linear transformation, 79
Space of matrices, 33

Spectral theorem, 161

Spherical n-space, 175

Split exact sequence, 239

Split extension, 382

Splitting, 382

Splitting field, 285

Stably isomorphic, 259

Steinberg group, 423

Steinberg relations, 55

Structure theorem of semi-simple ring, 337
Subfield, 4

Sub-representation, 346

Subspace, 11

Index

Subspace generated by a set, 13

Sylvester law, 183

Symmetric bilinear form, 181

Symmetric matrix, 36

Symmetric power of a representation, 346
System of linear equations, 40

T

Tensor algebra, 256

Tensor product, 251

Tensor product representation, 346
Tensors, 256

Third co-homology group, 394
Torsion-free module, 197

Torsion module, 197

Trace, 151

Trace form, 95

Trace of field extension, 315
Transcendental, 267

Transpose of a linear transformation, 80
Transpose of a matrix, 34
Transpositions, 136
Transvections, 55

Triangulable matrix, 157

U

Unitary group, 110

Unitary matrix, 109

Unitary space, 99

Unitary transformation, 118
Universal central extension, 420

\%
Vandermonde matrix, 145
Vector space, 9

Al
Whitehead group, 262

Z
Zelmanov, 344
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