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PREFACE

THIs book is written primarily for undergraduate students of science
and engineering, and presents an elementary introduction to some of
the major branches of modern algebra — namely, matrices, sets and
groups. Of these three topics, matrices are of especial importance at
undergraduate level, and consequently more space is devoted to their
study than to the other two. Nevertheless the subjects are inter-
related, and it is hoped that this book will give the student an insight
into some of the basic connections between various mathematical
concepts as well as teaching him how to manipulate the mathematics
itself.

Although matrices and groups, for example, are usually taught to
students in their second and third year ancillary mathematics
courses, there is no inherent difficulty in the presentation of these
subjects which make them intractable in the first year. In the author’s
opinion more should be done to bring out the importance of alge-
braic structures early on in an undergraduate course, even if this is
at the expense of some of the more routine parts of the differential
calculus. Accordingly this book has been made virtually self-
contained and relies only on a minimum of mathematical knowledge
such as is required for university entrance. It should therefore be
suitable for physicists, chemists and engineers at any stage of their
degree course.

Various worked examples are given in the text, and problems for
the reader to work are included at the end of each chapter. Answers
to these problems are at the end of the book. In addition, a list of
further reading matter is given which should enable the student to
follow the subjects discussed here considerably farther.

The author wishes to express his thanks to Dr. I. N. Baker and
Mr. D. Dunn, both of whom have read the manuscript and made
numerous criticisms and suggestions which have substantially
improved the text. Thanks are also due to Dr. A. N. Gordon for
reading the proofs and making his usual comments.

Imperial College, London. G.S.
1964
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CHAPTER 1

Sets, Mappings and Transformations

1.1 Introduction

The concept of a set of objects is one of the most fundamental in
mathematics, and set theory along with mathematical logic may
properly be said to lie at the very foundations of mathematics.
Although it is not the purpose of this book to delve into the funda-
mental structure of mathematics, the idea of a set (corresponding as
it does with our intuitive notion of a collection) is worth pursuing as
it leads naturally on the one hand into such concepts as mappings
and transformations from which the matrix idea follows and, on
the other, into group theory with its ever growing applications in the
physical sciences. Furthermore, sets and mathematical logic are now
basic to much of the design of computers and electrical circuits, as
well as to the axiomatic formulation of probability theory. In this
chapter we develop first just sufficient of elementary set theory and
its notation to enable the ideas of mappings and transformations
(linear, in particular) to be understood. Linear transformations are
then used as a means of introducing matrices, the more formal
approach to matrix algebra and matrix calculus being dealt with
in the following chapters.

In the later sections of this chapter we again return to set theory,
giving a brief account of set algebra together with a few examples of
the types of problems in which sets are of use. However, these ideas
will not be developed very far; the reader who is interested in the
more advanced aspects and applications of set theory should consult
some of the texts given in the list of further reading matter at the
end of the book.

1.2 Sets

We must first specify what we mean by a set of elements. Any
collection of objects, quantities or operators forms a set, each indi-
vidual object, quantity or operator being called an element (or mem-
ber) of the set. For example, we might consider a set of students, the

1



Sets, Mappings and Transformations [1.2]

set of all real numbers between 0 and 1, the set of electrons in an
atom, or the set of operators 8/0x,, 8/0x,, . . ., 8/0x,. If the set con-
tains a finite number of elements it is said to be a finite set, otherwise
it is called infinite (e.g. the set of all positive integers).

Sets will be denoted by capital letters 4, B, C, . . ., whilst the
elements of a set will be denoted by small letters a, b, . . . x, y, z, and
sometimes by numbers 1, 2, 3, .. ..

A set which does not contain any elements is called the empty set
(or null set) and is denoted by @. For example, the set of all integers
x in 0<x<1 is an empty set, since there is no integer satisfying this
condition. (We remark here that if sets are defined as containing
elements then o can hardly be called a set without introducing an
inconsistency. This is not a serious difficulty from our point of view,
but illustrates the care needed in forming a definition of such a basic
thing as a set.)

The symbol € is used to denote membership of — or belonging to -
a set. For example, xed is read as ‘the element x belongs to the
set 4 °. Similarly x¢4 is read as * x does not belong to 4’ or ¢ x is not
an element of 4.

If we specify a set by enumerating its elements it is usual to enclose
the elements in brackets. Thus

A=1{2,4,6,8,10} 1)

is the set of five elements — the numbers 2, 4, 6, 8 and 10. The order
of the elements in the brackets is quite irrelevant and we might just
as well have written 4 = {4, 8, 6, 2, 10}. However, in many cases
where the number of elements is large (or not finite) this method of
specifying a set is no longer convenient. To overcome this we can
specify a set by giving a ‘ defining property * E (say) so that A4 is the
set of all elements with property E, where E is a well-defined property
possessed by some objects. This is written in symbolic form as

A = {x; x has the property E}. )
For example, if 4 is the set of all odd integers we may write
A = {x; x is an odd integer}.
This is clearly an infinite set. Likewise,
B = {x; x is a letter of the alphabet}

is a finite set of twenty-six elements - namely, the Iletters
ab,c...y,z
2
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Using this notation the null set (or empty set) may be defined as
o= {x; x # x}. 3
We now come to the idea of a subset. If every element of a set 4
is also an element of a set B, then A is called a subset of B, This is
denoted symbolically by 4 < B, which is read as ‘A4 is contained in
B’ or ‘4 is included in B’. The same statement may be written as
B 2 A, which is read as * B contains 4°. For example, if
A = {x; x is an integer}
and
B = {y; y is a real number}

then 4 < Band B 2 A. Two sets are said to be equal (or identical)
if and only if they have the same elements; we denote equality in the
usual way by the equality sign =.

We now prove two basic theorems.

Theorem 1. If A < Band B< C,then 4 = C.

For suppose that x is an element of 4. Then xed. But xeB since
A € B. Consequently xeC since B = C. Hence every element of 4
is contained in C — thatis, 4 = C.

Theorem?2. If A < Band B < 4, then 4 = B.

Let x4 (x is a member of A4). Then xeB since 4 = B. But if xeBthen
xeA since B < A. Hence 4 and B have the same elements and conse-
quently are identical sets — that is, 4 = B.

If a set 4 is a subset of B and at least one element of B is not an
element of A4, then 4 is called a proper subset of B. We denote this
by A = B. For example, if B is the set of numbers {1, 2, 3} then the
sets {1,2}, {2,3}, {3,1}, {1}, {2}, {3} are proper subsets of B.
The empty set & is also counted as a proper subset of B, whilst the
set {1, 2, 3} is a subset of itself but is not a proper subset. Counting
proper subsets and subsets together we see that B has eight subsets,
We can now show that a set of n elements has 2" subsets. To do this
we simply sum the number of ways of taking r elements at a time
from n elements. This is equal to

Y "C,="Co+"C(+...4"C,=2" (CY)
r=0

using the binomial theorem. This number includes the null set (the
"Cy term) and the set itself (the "C, term).

3



Sets, Mappings and Transformations [1.3]

1.3 Venn diagrams

A simple device of help in set theory is the Venn diagram. Fuller
use will be made of these diagrams in 1.7 when set operations are
considered in more detail. However, it is convenient to introduce the
essential features of Venn diagrams at this point as they will be used
in the next section to illustrate the idea of a mapping.

The Venn diagram method represents a set by a simple plane area,
usually bounded by a circle - although the shape of the boundary
is quite irrelevant. The elements of the set are represented by points
inside the circle. For example, suppose 4 is a proper subset of B
(i.e. A = B). Then this can be denoted by any of the diagrams of
Fig. 1.1.

oo}

Fig. 1.1

If 4 and B are sets with no elements in common - that is no ele-
ment of 4 is in B and no element of Bis in 4 — then the sets are said
to be disjoint. For example, if

A= {x; x is a planet}
and
B = {y; yis a star}

then 4 and B are disjoint sets. The Venn diagram appropriate to this
case is made up of two bounded regions with no points in common
(see Fig. 1.2).

planets

Fig. 1.2
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QA

Fig. 1.3

It is also possible to have two sets with some elements in common.
This is represented in Venn diagram form by Fig. 1.3, where the
shaded region is common to both sets. More will be said about this
case in 1.7,

1.4 Mappings

One of the basic ideas in mathematics is that of a mapping. A mapping
of a set 4 onto a set Bis defined by a rule or operation which assigns
to every element of A4 a definte element of B (we shall see later that
A and B need not necessarily be different sets). It is commonplace
to refer to mappings also as transformations or functions, and to
denote a mapping f of A onto B by

!
f:A-B, or A-B. (5
If x is an element of the set A, the element of B which is assigned to
x by the mapping f'is denoted by f(x) and is called the image of x.

This can conveniently be pictured with the help of the diagram
(Fig. 1.4).

Fig. 1.4

A special mapping is the identity mapping. This is denoted by
f:A— A and sends each element x of A4 into itself. In other words,
f(x) = x (i.e. x is its own image). It is usual to denote the identity
mapping more compactly by I.
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We now give two examples of simple mappings.

(a) If 4 is the set of real numbers x, and if fassigns to each number
its exponential, then f(x) = e* are the elements of B, B being the
set of positive real numbers.

(b) Let A4 be the set of the twenty-six letters of the alphabet. If f
denotes the mapping which assigns to the first letter, a, the number
1, to b the number 2, and so on so that the last letter z is assigned
the number 26, then we may write

(a— 1)
b— 2

c— 3

[ 226

The elements of B are the integers 1,2,3 . . . 26. Both these
mappings (transformations, functions) are called one-to-one by
which we mean that for every element y of B there is an element
x of 4 such that f(x) = y, and that if x and x are two different ele-
ments of A then they have different images in B (i.e. f(x) # f(x)).
Given a one-to-one mapping f an inverse mapping f ! can always be
found which undoes the work of f. For if f sends x into y so that
y = f(x), and f ! sends y into x so that x = f~'(y), then

y=fS =41 (6)
and
x=fTf()] =7 (x). M
Hence we have
S l=f=1 ®)

where I is the identity mapping which maps each element onto itself.
In example (a) the inverse mapping f ~*! is clearly that mapping which
assigns to each element its logarithm (to base e) since

log.e*=x and e'*%*=x.
The inverse of the product of two or more mappings or transfor-

mations (provided they are both one-to-one) can easily be found.
For suppose f sends x into y and g sends y into z so that

y=f(x) and z=g(y). ®
6
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Then

z = g[f(x)), (10)
which, by definition, means first perform f on x and then g on f(x).
Consequently

x = ()" (2). (11)
But from (9) we have
x=f"'(y) and y=g"'(2). (12)
Consequently
x=f"g7'@]=(f""97 ")) (13)
Comparing (11) and (13) we find
@ t=f""g7h (14)

The inverse of the product of two one-to-one transformations is
obtained therefore by carrying out the inverse transformations one-
by-one in reverse order.

One-to-one mappings are frequently used in setting up codes.
For example, the mapping of the alphabet onto itself shifted four
positions to the left as shown

abcde...s t uvwxyz:z
111118 1ttt i1t1ty?
e fghi...wxyzabocd

transforms * set theory’ into ‘ wix xlisvc’.
Not all mappings are one-to-one. For example, the mapping f
defined by Fig. 1.5, where x is the image of a, and z is the image of

S
L

Fig. 1.5

both & and ¢, does not have an inverse mapping, although of course,
inverses of the individual elements exist; these are f~!(x) = a,
f712) = {b, ¢} (i.e. the set containing the two elements b and ¢), and
f7Y(y) = o (the null set) since neither a, b nor ¢ is mapped into y.

7
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It is clear that if f, g and A are any three mappings then

Hglh()]} = (f9)[h(x)] = fgh(x) = f(gh)(x) (15)
— that is, that the associative law is true. However, it is not true that
two mappings necessarily commute — that is, that the product is
independent of the order in which the mappings are carried out. For
suppose

a—b a—b
f=< b-oc and g=< b-b ». (16)
c—>a ec—a
If we first carry out the mapping ¢ and then the mapping f we find
a—c
fa=<4 b-c ;. (17)
c—b
Conversely, carrying out first fand then g we find
a—b
gf=< b-a >. (18)
c—-b
Clearly fg # gf, showing that f and g do not commute. It might be
suspected that non-commutation arises in this particular instance
since f is a one-to-one mapping whilst g is not. However, even two
one-to-one mappings do not necessarily commute. Nevertheless, two
mappings which always commute are a one-to-one mapping f and
its inverse f ! (see (8)).

1.5 Lioear transformations and matrices

Consider now the two-dimensional problem of the rotation of rec-
tangular Cartesian axes x,0x, through an angle 6 into y,0y, (see
Fig. 1.6).

X2
Y2
P
g
g
0 X1
Fig. 1.6
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If P is a typical point in the plane of the axes then its coordinates
(y1,y,) with respect to the y,0y, system are easily found to be
related to its coordinates (x,, x,) with respect to the x,0x, system
by the relations
=x,;c088 + x,sin8,

Y1 1 ‘ 2 } (19)
Y2 = —xsinf + x,cos 6.

These equations define a mapping of the x,x,-plane onto the
¥.1¥,-plane and form a simple example of a linear transformation.
The general linear transformation is defined by the equations

yiw=apgxitagpx,+ . . L tagx,
Ya=a1 Xyt axX;+ . . . +axX,

(20)
ym=am1x1+a,,,2x2+ « v . +a,,,,,x,,.

in which the set of n quantities (x,, x,, x3, . . ., x,) (the coordinates

of a point in an n#-dimensional space, say) are transformed linearly
into the set of m quantities (¥, ¥2. . . ., ¥, (the coordinates of a
point in an m-dimensional space). This set of equations may be
written more concisely as

yi = kzl aikxk (i = 1: 2’ erey m)9 (21)

or, in symbolic form, as

Y = AX, (22)
where
Y=/y \, X=/x and A= /ay; a;;, . . .ay,
Y2 X2 az;y Qa3 .- . . Qg
ym Xn Ay Qm2 - . « Qun

The rectangular array, A, of mn quantities arranged in m rows and
n columns is called a matrix of order (m x n) and must be thought of
as operating on X in such a way as to reproduce the right-hand side
of (20). The quantities a; are called the elements of the matrix A,
ay being the element in the i'® row and k' column. We now see that

9
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Y and X are matrices of order (mx1) and (nx 1) respectively ~
matrices having just one column, such as these, are called column
matrices.

Of particular importance are square matrices which have the same
number of rows as columns (order (mxm)). A simple example of
the occurrence of a square matrix is given by writing (19) in
symbolic form

Y = AX, 23)
where
Y=/y X =[x and A= cosf@ sinf
s . . (29
<y2> (x2> (—smf) cosO)
Here A is a (2 x 2) matrix which operates on X to produce Y.

Now clearly the general linear transformation (20) with m # n
cannot be a one-to-one transformation since the number of elements
in the set (x,, x,, . . ., x,) is different from the number in the set
(15 V2> - - - Ym)- An inverse transformation to (20) cannot exist
therefore, and consequently we should not expect to be able to find
an inverse matrix A~! (say) which undoes the work of A. Indeed,
tnverses of non-square matrices are not defined. However, if m = n
it may be possible to find an inverse transformation and an associated

inverse matrix. Consider, for example, the transformation (19).
Solving these equations for x; and x, using Cramer’s rulet we have

cos@  y;
—sin 0 Va2

» %= ‘ cos@ sinf

—sinf cos@

Y1 sin
V2 cos

cosf sinf
i —sin@ cosf

.25

x1=

Consequently unique values of x; and x, exist since the determinant
in the denominators of (25) is non-zero. This determinant is in fact
just the determinant of the square matrix A in (24). In general, an
inverse transformation exists provided the determinant of the square
matrix inducing the transformation does not vanish. Matrices with
non-zero determinants are called non-singular — otherwise they are
singular. In Chapter 3 we discuss in aetail how to construct the
inverse of a non-singular matrix. However, again using our know-
ledge of mappings we can anticipate one result which will be proved

t See, for example, the author’s Mathematical Methods forScience Students.
Longman, 2nd edition 1973 (Chapter 16).

10
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later (see Chapter 3, 3.4) — namely, that if A and B are two non-
singular matrices inducing linear transformations (mappings) then
(cf. equation (14) ) the inverse of the product AB is given by

(AB)"!=B7!A7, (26)
Consider now two linear transformations

z;= Z buye with i=12..m, 27
k=1
and
P
Y= Z aijj With k = 1,2, ey R (28)
j=1
In symbolic form these may be written as
Z=BY and Y = AX, (29)
where
= 21\‘, Y=_y}\, X=/[x (30)
Z2 Y2 X2
Zm In xp
and
A= a“ alz . oo alp N B= bll blZ « s bln . (31)
Azy Q23 + « azp b21 bzz “ o . bz,,
Qi Gup + - - Gyp bpy bmz - - - bun

The result of first transforming (xy, X, . . ., X,) into (¥, ¥2, - . -, Yn)
by (28), and then transforming (y,, ¥3, - - ., ¥s) iNto (24, 25, . . ., 2Z,)
by (27) is given by

n p P n
Z‘ = Z b"‘ Z aijI = Z < Z bikakj> xj. (32)
k=1 Jj=1 J=1 \k=1

Symbolically this is equivalent to
Z = BY = BAX, (33)
where the operator BA must be thought of as transforming X into Z.
Suppose, however, we go direct from (xy,x;, . . ., X,) into
11
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(zy, 23, - - -, Z,,) by the transformation
P
Zi = -ZL Cijx]', (34)
i=
which in symbolic form reads
Z=CX, (35)
where
C= / Cit Ciz ¢« « clp . (36)
€21 €2+ .+ . Cpp
Cm1 Cm2 cmp
Then comparing (34) and (32) we find
¢y = kzl byay. 37

Equation (37) gives the elements ¢, of the matrix C in terms of the
elements a;, of A and b, of B. However, from (35) and (33) we see
that C = BA so (37) in fact gives the elements of the matrix product
BA. Clearly for this product to exist the number of columns of B
must be equal to the number of rows of A (see (37) where the sum-
mation is on the columns of B and the rows of A). The order of the
resulting matrix C is (m x p).

As an example of the product of two matrices we can justify the
earlier statement Y = AX (see equation (23) ) since, using (37),

AX = cosf sind X,
—sin @ cosf X,
= x,c080+x,sin0\=/y, \=Y. (38)
—x,sin 0 + x,cos0 V2

Qur aim so far has been to show the close relationship between
linear transformations and matrices. In Chapter 2, 2.1, matrix
multiplication and other matrix operations will be dealt with in
greater detail and in a more formal way.

1.6 Occurrence and uses of matrices

Although matrices were first introduced in 1857 by Cayley, it was not
until the early 1920s when Heisenberg, Born and others realised their

12
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use in the development of quantum theory that matrices became of
interest to physicists. Nowadays, matrices are of interest and use to
mathematicians, scientists and engineers alike, occurring as they do
in such a variety of subjects as electric circuit theory, oscillations,
wave propagation, quantum mechanics, field theory, atomic and
molecular structure — as well as being a most powerful tool in many
parts of mathematics such as the stability of differential equations,
group theory, difference equations and computing. In the fields of
probability and statistics, game theory, and mathematical economics,
matrices are also widely used.

It is instructive to give at this stage a simple illustration of the
formulation of a physical problem in matrix language.

Consider the problem of the small vertical oscillations of two
masses m; and m, attached to two massless springs of stiffness s, and

Equilibrium Stretched
position position

Fig. 1.7

s, (see Fig. 1.7). If y, and y, are the displacements from the equilib-
rium position at time ¢, the equations of motion are

mgj, = —51}’1+52(J’2—Y1),} (39)

myy, = —s2(y2—y1)

(dots denoting differentiation with respect to time). These equations
may be written in matrix form as

¥ =AY, (40)
13
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where
Y=/y,\, and A= (sy+s5) S3 \. 41)
<}’2> B m, E
S2 S2
my omy

If desired the second time derivatives may be eliminated from (39)
by the introduction of two new dependent variables y, and y, such
that

ml)'jx:,"a,} (42)
m;y; = Ya-
Then
):’3= “'51.}’1'*‘32(}’2—}’1),} @3)
Vo= —5y2—y1)-
In matrix form (42) and (43) read
W = BW, (44
where
W=/y,\ and B= 0 o L o (45)
my
Y2 1
V3 0 0O 0 —
Ya m;
—(s;+5,) s, 0 0
52 _52 0 0

We see that the second time derivatives have been eliminated only
at the expense of introducing larger matrices.

1.7 Operations with sets

In the earlier sections of this chapter we introduced the ideas of set
theory and developed the set notation just far enough to enable
the concept of a mapping to be understood. Of course, it would have
been possible to omit the set theory sections and to introduce
matrices just by linear transformations. However, as mentioned
earlier, set theory is becoming increasingly used in many branches
of science and engineering; consequently having already introduced
some of its basic notions we follow it a little farther here.

A common criticism of introducing set theory to scientists and
engineers (and for that matter to school children, as is now fashion-

14
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able) is that it is only notation and that little or nothing can be done
using set formalism that cannot be done in a more conventional way.
Although to some extent this may be true it is equally true of a large
part of mathematics as a whole; the development of a new notation
often has a unifying and simplifying effect and suggests lines of
further development. For example, it is more convenient to deal with
the Arabic numbers rather than the clumsy Roman form; vectors are
more convenient in many cases than dealing separately with their
components, and linear transformations are better dealt with in
matrix form than by writing down a set of n linear equations.

We shall not pursue set theory very far, but will go just a sufficient
distance to show some of the types of problems in which sets may be
used with profit.

In what follows we let U denote the set of elements under discus-
sion (the universal set) and 4 and B be two subsets of U,

(a) Union and intersection of sets

The union (or join or logical sum) of 4 and B is denoted by 4 U B
and is defined as the set of all elements belonging to either 4 or B
or both (see, for example, the shaded part of the Venn diagram in
Fig. 1.8). The symbol v is usually read as ‘ cup ’.

A U B represented by shaded region

Fig. 1.8
Clearly
AUB=BuA4, (46)
and, since 4 and B are subsets of 4 U B,
A= (AuB), and B<(4uUB). @n
Likewise
AvU=UuAd="U. (48)

15
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The intersection (or meet or logical product) of 4 and B is denoted
by A n B and is the set of those elements common to both 4 and B
(see the shaded part of the Venn diagram in Fig. 1.9). The symbol
M is read as ‘cap ’.

A N B represented by shaded region

Fig. 1.9

Corresponding results to those for the union are

AnB=BnA, 49
(AnB)S A4, (4AnB) < B, (50)

and
ANnU=UnA=A. (51)

Furthermore, if 4 and B are disjoint sets (i.e. no elements in com-
mon) then
AnB=g, (52)

where ¢ is the empty set.

Example 1. If 4 represents the set of numbers {1, 2, 3, 4, 5, 6}, and
B the set of numbers {5, 6, 7}, then

AuB=1{1,2,3,4,56,7} (53)
and
AnB={56)}. (54)

Example 2. Let A be the set of points in the region of the Euclidean
plane defined by |x| < 1, || < 1, and B the set of points in the
region defined by y* < x,0 < x < 2. Thesets A U Band 4 N B are
then represented by the shaded parts of Figs. 1.10 and 1.11
respectively.

16
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A B

% O { 2 X

AU B represented by shaded region
Fig. 1.10

y

A / B

AN B represented by shaded region
Fig 1.11

(b) Complement of a set and difference of sets

The complement of a set 4 is denoted by A’ and is the set of elements
which do not belong to A. Accordingly if 4 is a subset of the universal
set U (represented by the rectangle in Fig. 1.12), then A4’is
represented by the shaded part of the diagram.

.1" represented by shaded region
Fig. 1.12

17
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It is clear that

Ay =4, (55
AuvuAd' =U, (56)

and
AnA =o. (57)

The difference of two sets 4 and B is denoted by A — B and is the
set of elements which belong to 4 but not to B (see Fig. 1.13).

represented by shaded region
Fig. 1.13

By inspection of the Venn diagram we find

A—Bc A, (58
AuB=(4A-B)UB, (59)
and
A—B=ANPB. (60)
Furthermore, A— B, 4 N B and B— A are disjoint sets. Hence
(A—B)n(AnB) =g, (61)
and so on.

Example 3. Suppose U is the set of numbers
{1,2,3,4,5,6,7,8,9,10}.
Let 4 be the subset {1, 2, 3, 4, 5, 6} and B the subset {5, 6, 7}. Then

A-—B=1{1,2,3,4}, (62)
A =1{7,8,9,10}, (63)
and
B =1{1,2,3,4,8,9,10}. (64)
We may easily verify (60), for example, since
AnB ={1,2,3,4}, (65)

which is identical with (62).
18
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1.8 Set algebra

It will have been noticed in the previous section that various relation-
ships hold between the four operations U, N, —, and ’. These are in
fact just examples of the laws of set algebra, the most important of
which we give here. In these relations 4, B and C are subsets of the
universal set U.

U = A '=g,

(a) o, NA'=p } 66)
o' =U, Aud =T, 4y = A.

®) AvAd=4, An A=A 67

(©) AvU=U, Avue =4, A—ta=A,} (69)

AnNnU=A4, Aneg =g, A—A=op.

d AnB=BnA

@ n o (commutative laws). (69)
AuB=BuUA

(e) (AuB)UC=Au(Bu(O)

iative laws), 0
(ANB)nC=AN(BAC) (associative laws).  (70)

O AVBNC)=(AuBN(A4U0)
An(BuC)=(AnB)u(AnC)

These relations may be easily verified by Venn diagrams. For
example, in Fig. 1.14a the horizontally shaded part represents
A n B, and the horizontally and vertically shaded part (AN B)nC.

(distributive laws).  (71)

T

o
NI

>
=

1

pid

% \

C C

Fig. 1.14a Fig. 1.14b

Likewise in Fig. 1.14b, the horizontally shaded part represents
B n C, and the horizontally and vertically shaded part 4An(BnC).
Clearly (4 n By n C = A n (B n C), as stated in (70).
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1.9 Some elementary applications of set theory

It is impossible here to give an overall picture of the applications of
set theory. Indeed, much of the importance of set theory lies in the
more abstract and formal branches of pure mathematics. However,
the following examples give some indication of a few of the problems
which may be dealt with using sets.

Example 4. In a survey of 100 students it was found that 40 studied
mathematics, 64 studied physics, 35 studied chemistry, 1 studied all
three subjects, 25 studied mathematics and physics, 3 studied
mathematics and chemistry, and 20 studied physics and chemistry.
To find the number who studied chemistry only, and the number
who studied none of these subjects.

Here the basic set under discussion U (the universal set) is the set
of 100 students in the survey. This set is represented in the usual way
by a rectangle (see Fig. 1.15). Let the three overlapping circular

Fig. 1.15

regions M, P and C represent the subsets of U corresponding to
those students studying mathematics, physics and chemistry respec-
tively. We see that the intersection of all three subsets MN(PnC)
represents 1 student (and is so labelled). Likewise, since the number
of students studying mathematics and chemistry (M n C) is 3, the
number of students studying only mathematics and chemistry is

MAC-Mn(PNnC)=3-1=2, (2
In this way every part of the Venn diagram may be labelled with the
20
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appropriate number of elements. From Fig. 1.15 we see that the
numbers of students studying only mathematics, only physics and
only chemistry are respectively 13, 20 and 13. Furthermore, the total
of the numbers in the subset (M w P) u C is seen to be 92. Hence
the number of students not studying any of the three subjects is

[(MUP)UCY =U—-[(MUP)UC]=100—92=8.  (73)

Example 5. The results of surveys are not always consistent. Consis-
tency may be readily checked using Venn diagrams. Suppose out of
900 students it was reported that 700 drove cars, 400 rode bicycles,
and 150 both drove cars and rode bicycles. If A4 represents the set of
car-driving students, and B the set of cyclists then 4 n B = 150.
Hence A—B = 550 and B— A4 = 250 (see Fig. 1.16). Since the basic

U

Fig. 1.16

set U contains 900 students and, by inspection,
Au B =550+250+150 = 950,

we see that the data must be inconsistent. Put another way, the
number of students who neither drive cars nor ride cycles is

U—(A U B) =900—950 = —50. (4

Clearly the necessary and sufficient condition for data to be consistent
is that the number of elements in each subset must be non-negative.

Example 6. Closely connected with set theory is Boolean algebra.
This is an algebraic structure which has laws similar to those of sets
(see 1.8). Its importance chiefly lies in the description and design of
electrical switching circuits and computing systems. Although it is
not possible to give a detailed account of Boolean algebra here, a
few simple ideas can be indicated.
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Consider the simple circuit shown in Fig. 1.17(a) in which s; and
s, are switches in series. If p denotes the statement °switch s, is
open ’ and q the statement * switch s, is open ’, then (a) is described
by the statement ¢ p and q’. In set theory notation we have seen that
the intersection A N B of two sets 4 and B defines those elements

A Sy St S

@ @
(a) (b)
Fig. 1.17

ey

common to 4 and B. Hence we take over the set notation and write
p nqfor‘pandgq’. The circuit of Fig. 1.17(a) is therefore described
by the logical statement p N g.

Using the set notation p’ to mean ‘ not p°, we see that the circuit
of Fig. 1.17(b) in which switches s, and s, are not open is described
by the logical statement p’ n ¢’. The circuits of Fig. 1.18 are similarly
described.

NI S» §i S

: @ I @
@) (b)
Fig. 1.18

Now consider the circuits of Fig. 1.19 where s; and s, are in
parallel. In set notation the union 4 U B of two sets 4 and B defines
those elements in 4 or B. Consequently, parallel circuits in which the
current has alternative routes are described by the use of the union
symbol U. For example, Fig. 1.19(a) is described by p U ¢’, Fig.
1.19(b) by p’ U ¢, Fig. 1.19(c) by p U g, and Fig. 1.19(d) by p’ U g.

The description of more complicated circuits can readily be found
by treating them as combinations of these basic series and parallel
circuits,

Boolean algebra is useful in showing the equivalence of two cir-
cuits. For suppose a circuit is described by (p v g) n (p U r). Then
since (pugln@ur)=pul(gnr)is a law of Boolean algebra

22
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8 Sy

$H Sy
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(a) (b)
S( Sl
52 SZ
It Q L Q
(c) (d)

Fig. 1.19

(cf. equation (71) ) the circuit must be equivalent to another with the
structure p U (g n r). This brief sketch of Boolean algebra has been
included here only to indicate one of the developments of set theory.
For further details the reader should consult a more specialised text.

PROBLEMS 1
1. Express in words the statements
(@ 4= {x;x*+x—12 = 0},
(b) B = {x; tanx = 0}.
Which of these two sets is finite ?
2. Which of the following sets is the null set a?
(@) 4= {x;xis> land xis < 1},
() B= {x;x+3 =3},
(©) C = {o}.
3. (@) If 4 = {1, 2, 3, 4}, enumerate all the subsets of 4.
(b) If B = {1, {2, 3} }, enumerate all the subsets of B.
4. Which of the following sets are equal?
(a) {x; x is a positive integer < 4},
(b {1,2,3},
(¢) {x; x is a prime number < 5},
23
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10.

@ {1, {2,3} },
© {1,2,3,1}.

. The symbol

1 2 3 4

denotes the mapping which sends 1 irto a,, 2 into a,, 3 into a;

and 4 into a,.

f f=/1 2 3 4\ and g=/1 2 3 4
4 1 3 2 3 2 1 4

find fg and gf. Each mapping (f and g) is a permutation of the

numbers 1, 2, 3, 4. How many such mappings are there? Are

the mappings fg and gf members of this set ?

. Given that the letter e is the most frequently occurring letter in

the decoded form of the message

ggk xeja bacqgbab Ixwm sammeya,
obtain the mapping of the alphabet onto itseif which decodes
the message. The only operations allowed are lateral displace-

ments of the alphabet as a whole, and turning the alphabet back-
wards.

Express the transformation
Yy =6x +2x,—x3,
Y2 =Xy —X;+2x3,
ya=Tx{+x,+x,,

in the symbolic form Y = AX. Determine whether or not an
inverse transformation exists.

. Evaluate the matrix product

2 3 1 3 —-1)\.
3 1 2 1 0
1 2 3 -2 1

. Given 4 = {1,2,3,4}, B= {3,4,5} and C = {1, 4, 5}, find

Au(BnC), An(BNC), AUBNC) and An(Bu C).
Verifythat A n(BUC)=(AnB)u(4dnC).
Verify that A—(B U C) = (4—B) n (4—C), and that
A—(BNC)=(A—-B)u(4-0C).
24



CHAPTER 2

Matrix Algebra

2.1 Laws of matrix algebra

In Chapter I, 1.5 a matrix was defined as an array of mn elements
arranged in m rows and n columns. We now consider some of the
elementary algebraic operations which may be carried out with
matrices, bearing in mind that as with matrix multiplication these
may be derived from first principles by appealing to the properties
of linear transformations.

(a) Addition and subtraction of matrices

The operations of addition and subtraction of matrices are defined
only if the matrices which are being added or subtracted are of the
same order. If A and B are two (m x n) matrices with elements a;,
and b, respectively, then their sum A+B is the (m xn) matrix C
whose elements ¢, are given by ¢y = a;+b,. Likewise A—B is
the (m x n) matrix D whose elements d,, are given by d;, = ay—by,.
For example, if

A= 1 2 3 and B=/3 4 1 €))
-1 1 2 0 2 -1
then
A+B = 4 6 4 and A-B=/-2 =2 2\. (2
-1 3 1 -1 -1 3

Two matrices are said to be conformable to addition and sub-
traction if they are of the same order. No meaning is attached to the
sum or difference of two matrices of differing orders. From the
definition of the addition of matrices it can now be seen that if
A, B and C are three matrices conformable to addition then
A+B=B+A 3)

and

A+B+CO)=(A+B)+C=A+B+C. C))
These two results are respectively the commutative law of addition
and the associative law of addition.
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(b) Equality of matrices

Two matrices A and B with elements a;, and b, respectively are
equal only if they are of the same order and if all their corresponding
elements are equal (i.e. if a;, = by, for all {, k).

(c) Multiplication of a matrix by a number

The result of multiplying a matrix A (with elements a;) by a number
k (real or complex) is defined as a matrix B whose elements b, are
k times the elements of A. For example, if

A=(1 2) then 6A=/ 6 12). (5)

3 4 \18 24

From this definition it follows that the distributive law
k(A+B)=kA+kB (6)

is valid (provided, of course, that A and B are conformable to
addition). Furthermore, we define

kA = Ak M
so that multiplication of a matrix by a number is commutative.

(d) Matrix products

As we have already seen in Chapter 1, 1.5, two matrices A and B
can be multiplied together to form their product BA (in that order)
only when the number of columns of B is equal to the number of
rows of A. A and B are then said to be conformable to the product
BA. We shall see shortly, however, that A and B need not be con-
formable to the product AB, and that, even when they are, the
product AB does not necessarily equal the product BA. That is,
matrix multiplication is in general non-commutative.

Suppose now A is a matrix of order (m x p) with elements a;,, and
B is a matrix of order (p x n) with elements b;,. Then A and B are
conformable to the product AB which is a matrix C, say, of order
(m x n) with elements ¢, defined by

P
Cx = Z s by ®
s=1
For example, if A and B are the matrices
A= fa;; ap,)\, B=<b11 b12> %
a1 Q22 by, biy
3y 432
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then C = AB is the (3 x 2) matrix (using (8))

C= [ay byitanby,, aybitanbss). (10)
Az by +az by aj by tas by,
Az bytas by as by tas by,
The product BA, however, is not defined since the number of columns
of B (i.e. two) is not equal to the number of rows of A (i.e. three) -

in other words, A and B are not conformable to the product BA.
As another example, we take the matrices

A=/3 1 2\, B=/1 2\. {an
2 1 3 3 1
2 3
Then

AB=/10 13). (12)
11 14

Now the product BA is also defined in this case since the number of
columns of B is equal to the number of rows of A. However, it is

readily found that
BA=/7 3 8\. (13)
11 4 9

12 5 13

Clearly AB # BA, since the orders of the two matrix products are
different (see 2.1(b)). This non-commutative property of matrix
multiplication may appear even when the two products are defined
and are of the same order. To illustrate this we take

A=<(1) i) B=((1) —(1)>. (14)

AB=<i _(1)>, BA=(—(1) _i> (15)

whence again AB # BA. This shows that matrices behave in a
different way from numbers by not obeying (in general) the com-
mutative law of multiplication. However, they still obey the associa-
tive law of multiplication and the distributive law in that if A, B and
C are three matrices for which the various products and sums are

27
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defined then
(AB)C = A(BC) (16)
and
(A+B)C = AC+BC. a7n

Matrices A and B for which AB = BA are said to commute under
multiplication.

2.2 Partitioning of matrices

In dealing with matrices of high order it is often convenient to
break down the original matrix into sub-matrices. This is done by
inserting horizontal and vertical lines between the clements. The
matrix is then said to be partitioned into sub-matrices. For example,
the (3 x 4) matrix

A= [a;,; ay; ag dis (18)
azy dz, Q3 Q24
azy 43z Qsxs I 34

1s partitioned into sub-matrices a,,, &5, %, and a,, by the straight
lines, and may be written as

A=<a“ a12>, (19)
Ay o
where
Ay = <au aya a13>, a12=(a14>,
4y 4z dz3 aza (20
a2 =(a3; az; as3), %, = (a34)-

Now suppose A and B are two matrices conformable to addition.
Then if A and B are partitioned as

A=<a11 m12)’ B=(ﬁ11 |512> (21)
%1 %22 Bar B2
we have
A+B=<au+ﬂu ‘112+512) (22)
oy +Ba @y +Ba

provided that for each sub-matrix a;, the corresponding sub-matrix
Bix is of the same order. This will be so provided A and B are par-
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titioned in precisely the same way. For example,

1 ‘ 4 7\ + /0 3 6\=/1 7 13\.(23)
2 5 8 1 4 7 3 9 15
3 6 9 2 5 8 5 1 17

We now come to the problem of the multiplication of partitioned
matrices. Suppose A is a (m x p) matrix and B is a (p x n) matrix.
Then their product AB = C is an (mxn) matrix with elements
¢y, Where

P
Cik = Z aisby (24)
s=1
If now A is partitioned into, say, four sub-matrices
A= (a“ “12) (25)
G2y %23
and B into
B=(Bu ﬁu) (26)
B2 B2
then the product AB = C may be written as
C= ('Yn T12 ) (27
Y21 Y22
where
Yik = 2 aisﬁsk' (28)

s=1

(r depending on the partitioning pattern)

provided the sub-matrices a;, and fi,, are conformable to the product
o B This will always be so provided the partitioning of A and B
is such that the columns of A are partitioned in the same way as the
rows of B. However, the rows of A and the columns of B may be
partitioned in any way whatsoever.

Example 1. To evaluate AB given

A=/3 1 2\, B=/1 3 0\. (29)
1 2 3 2 1 2
0 1 4 302 1
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Partitioning so that

A=<a“ a12>=
%2y %2
and
B=(ﬁll>= 1 3
P21 2 1
3 2

301 2 (30)
1 2 3
0 1 4
0 (31)
2
1

(i.e. partitioning the columns of A in the same way as the rows of B),

we have using (28)

AB=<

oy iy tag2Bay
%3181 +az2 B2y

)

(32)

B ICREYICE AN 6 A
\(0 1)(; i, g>+(4)(3 2 1)
(G DG ) 0
2 1 2+@12 8 4
= /11 14 4\. (35)
(14 11 7)
14 9 6

The same result could have been obtained by partitioning A and

as

A= /3 1 2\,
1 2 3
0 1 4

B=

(36)

’

1 3 0
2 1 2
3 2 1

where again the columns of A are partitioned in the same way as the

rows of B.
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2.3 Some special types of matrices

(a) Row matrix

A set of n quantities arranged in a row is a matrix of order (1 X n).
Such a matrix is usually called a row matrix or row vector and is
denoted by

[Al=(a;, a, a; ... a,). 37

(b) Column matrix

A set of m quantities arranged in a column is a matrix of order
(mx1). Such a matrix is called a column matrix or column vector

and is denoted by
(A} = {al . (38)

a,
as

(c) Zero (or null) matrix

A matrix of order (m x n) with all its elements equal to zero is called
the zero (or null) matrix of order (m x n). For example, the matrix 0,

where
0=/0 0 O 39)
(0 0 0)
is the (2 x 3) zero matrix.
We note here that, if A and B are two matrices conformable to
the product AB and such that AB = 0 where 0 is the zero matrix,
this does not necessarily imply that either A = 0 or B = 0, or both.

For if
A=/(2 1), B= 1 3 (40)
4 2 -2 =6

AB=(0 0). (41)

then

0 0

Here again matrices do not follow the behaviour of numbers.
3
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The zero matrix 0 has the following obvious properties:

A—A =0,
A+0=0+A =A,
42)
A0 =0,
0A =0,

provided A and 0 are conformable to the various sums and products.

(d) Sgquare matrices

A matrix with the same number of rows as columns is said to be
square, and to be of order » if » is the number of rows. For example,
the (n x n) matrix

A = a“ (112 e . aln (43)
dig 022 R/ 5 %
a, Ay2 . . . Apy

is a square matrix of order n. The diagonal containing the elements
dy1, Qz3, 33, « - -5 gy 18 called the leading diagonal, and the sum of
these diagonal elements

n
Zaii
i=1

is called the frace or spur of the matrix. This sum is usually denoted
by Tr (or Sp). For example, if

A= /1 0 1 (44)
2 1 3
3 4 5
then
TrA=1+1+5=17. (45)

(e) Diagonal matrix

A square matrix with zero elements everywhere except in the leading
diagonal is called a diagonal matrix. In other words, if a; are to be
the elements of a diagonal matrix we must have a; = 0 for i # k.
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This is best described by introducing the Kronecker delta §;, which
is defined by

5 = 1fori=k, (46)
"‘—{Ofori;ék.
The elements of the n'® order diagonal matrix A, where
A=/4 O 0 .. .0 47
0o 4, 0
0 An

may now be written as
a,-k = /1‘-5”‘, (48)

where / and & run from 1 to n.

All diagonal matrices of the same order commute under multipli-
cation to give another diagonal matrix. Furthermore, if A is the
diagonal matrix of (47) and B is a general (n x #) matrix with ele-
ments by, then

AB= 11 0 0 . . . 0 bll b12 . . . bl,. (49)
0 A, 0. . . . \[by by . . . by
0 0 . . . .
. by b, . . . b,
o 0 A,
= [J1byy  Ayb o . Ay, (50
Aabyy  Aybs, o . L Ayby,
'{nbnl Anbnz s j'nbrm

We see that, on forming the product AB, A; multiplies all the ele-
ments of the first row of B, 1, the elements of the second row, and
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so on. On the other hand

BA= (b, by, . b\ (2 0 . . .0\ (5D
b,, by, . by 0 i, .
. . 0 0
by, by, . . . by, .
0 0. 2,
= [A1byy A2big - - Agbig (52)
j'1 bll 12 b22 . : ln bZn
A’l bnl ’12 bnl L '{n bnn

which shows that, on forming the product BA, 4; multiplies all the
elements of the first column of B, A, the elements of the second
column, and so on.

() Unit matrix

The unit (or identity) matrix of order n is an »n™ order diagonal
matrix with unit elements. Such matrices are usually denoted by I
(or sometimes by E). For example, the unit matrix of order 3 is

I=/1 0 © (53)
0 1 0
0 0 1

the elements of which are 8, (i, k = 1, 2, 3). Such matrices are
related to the identity mapping

yl = xly 1
y2 = xZ,
y3 = X3,
(54)
yrl = xu, J
which in matrix form reads
Y=IX (55)
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where
Y=/y;\, I=f/1 0 0. . .0 and X = [ x;\.(56)
yZ 0 1 0 x2
. 0 1
n . . X,
o . . . . .1

In general, if A is an arbitrary square matrix of order n and I is the
unit matrix of the same order then IA = AI = A. To prove this
result we write B = IA. If the elements of B are b, then

by = Zl Oislsk = Q. N

Hence IA = A. Similarly we may prove that AI = A.
By taking A = I in the results, we find
=1 (58)
and consequently
F=I)'=.=01=1, (59
where k is any positive integer.

If A is not square then YA 3 Alsince one or other of these products
will not be defined. However, provided the product is defined we can
always multiply an (m x n) matrix by a unit matrix without changing
its form. For example,

1 0 0\ /1 4\ =/1 4\. (60)
(0 1 0 (2 5 (2 5
o o 1/\3 &6 36

(g) Idempotent and nilpotent matrices
A square matrix A which satisfies the relation

AT=A (61)
is called idempotent. Such matrices arise, for example, from the two
relations

AB=A and BA=B. (62)
For then
ABa [ TABIA =AY 63)
{ =A(BA)=AB = A,

showing that A2 = A.
35



Matrix Algebra [2.3}

A square matrix A which satisfies the relation
AF =0, (64)

where k is any positive integer, is said to be nilpotent of order %.
For example,

4 -2

is nilpotent of order 2 since A% = 0.

A=<2 —1) (65)

(h) The transposed matrix

If A is a (m x#n) matrix its transpose A (sometimes denoted by A’
or AT) is defined as the (r x m) matrix obtained by interchanging the
rows and columns of A. Consequently the i"™ row of A becomes the
i'™® column of A. For example, if

A= (1 4\ then A:(l 2 3\. (66)
(2 5 4 5 6
3 6

Clearly the transpose of a column vector, say

{A} = (‘11),

{X'} =(a, a, ay)= [A] (67)

Similarly the transpose of the row vector [A] is the column vector
{A}. It follows that

{A}{A} = [A][A] = a}+aj+a3. (68)

In general we see that if A is matrix of order (mxn) then A is of
order (nx m) and hence A and A are conformable to both products
AA and AA. (N.B. both products exist but are of different orders
unless A is square.)

We now show that if A and B are two matrices conformable to
the product AB = C, then

is a row vector

C = (AB) = BA. (69)

To prove this, suppose A is of order (m x p) with elements a;, and
B is of order (p x n) with elements ;. Then C is a matrix of order
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(m x n) with elements c;, given by

14
Cix = z ;5 bg. (70)
s=1
Consequently
P~
lk =Cuy = Z aks si T Zl bisask (71)
and therefore
¢ = BA = (AB). 72)
Similarly we may show thatif A, A,, ..., A, are n matrices conform-
able to the product A;A, ... A, then
T — - -
(A1AA;. . A)=A,. AR A, (73)

In other words, in taking the transpose of matrix products the order
of the matrices forming the product must be reversed. For

example, if
A=/[1 2}, B=/2 74
G a0
then
K=<1 3), B=2 1. 7s)
2 4
Consequently
AB = ( 4), BA=@14 10), (76)
10

and hence (ANB) = BA.

(i) Complex conjugate of a matrix; real and imaginary matrices

If A is a matrix of order (i x n) with complex elements g, then the

complex conjugate A* (sometimes A) of A is found by taking the

complex conjugates of all the elements. For example, if

A=(1+i 2 —i) then A*=<1—i 2 i ).(77)
3 1—i 2+4i 3 1+i 2—i

It is easily seen that

(AH* = A,
(JA)* = 1*A*, (78)
(AB)* = A*B*,

where 1 is a complex number, and where the product AB is assumed
to exist.
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A matrix A which satisfies the relation
A = A* (79)

is called real, since (79) ensures that all its elements will be real
numbers. Likewise a matrix A is called imaginary if it satisfies the
relation

A= —A* (80)

since this condition ensures that all its elements will be imaginary
numbers.

(G) Symmetric and skew-symmetric matrices

A matrix A is symmetric if
A=A (ie. ay = a, for all i,k). (81)

Such a matrix is necessarily square and has the leading diagonal as
a line of symmetry. For example, a typical symmetric matrix is

A= /(1 x y\. (82)
x 3 z
y z 4

For an arbitrary square matrix of order n there are n* independent
elements. Imposing the symmetry condition a; = a;, however,
reduces this number to

2

";"+n=wm+u (83)
A matrix A is skew-symmetric if
A= -4 (ie. ifa, = —a, forall i, k). (84)
Such a matrix is again necessarily square, and in virtue of the rela-
tions a,;, = —ay, d;; = —a,,, etc., all the elements of the leading
diagonal are zero. For example,
A= /[0 2 1 (85)
-2 0 3
-1 -3 0

is skew-symmetric. It is easily verified that for an n™ order skew-
symmetric matrix the number of independent components is
4n(n—1). (86)
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Any square matrix may be written as the sum of a symmetric
matrix and a skew-symmetric matrix since

A+A A-A
A= <T> * <T> ®D

the first bracket being a symmetric matrix (satisfying (81) ) and the
second bracket a skew-symmetric matrix. We note that the sum of
the numbers in (83) and (86) gives n? as it should in virtue of (87).

(k) Hermitian and skew-Hermitian matrices

A matrix A is called Hermitian if
A = (A%). (88)

Such a matrix is necessarily square. We usually denote (ﬂ‘) by
At (or AM); so A is Hermitian if

A=A (89)

In terms of the elements a;, of A, (89) means a;, = a, which clearly
shows that the diagonal elements of a Hermitian matrix are real.

For example,
A=/1 1+i i (90)
1—i 2 4

—i 4 3
is Hermitian.
We note here that if in (88) A is real the definition becomes that of
a symmetric matrix (see 2.3(j)).
A matrix A is skew-Hermitian (or anti-Hermitian) if

A= —(A% 1)
which, in terms of A', reads

A= —A' (92)
In terms of elements, (92) means a;, = —a;f, from which it follows

that the diagonal elements of a skew-Hermitian matrix are either
zero or purely imaginary. For example,

A= i1 1-i (93)
-1 0 i
—1—i i 2

39
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Every square matrix with complex elements may be written as
the sum of a Hermitian matrix and a skew-Hermitian matrix, since

A =3A+A)+I(A-AY), (94)

the first bracket being a Hermitian matrix (satisfying (89) ), and the
second bracket a skew-Hermitian matrix (satisfying (92) ).

Now since (AB)* = A*B*, and (AB) = BA (see (69)), we have

-/ ~—J ~ ~
(AB)* = (A*B*) = B*A* (95
or rather
(AB)! = BtA', (96)

PROBLEMS 2

1. If A=/1 2\ and B=/2 1),
3 4 4 3

evaluate (A+B), (A—B), (A—B)(A+B) and A?—B2,

2. If A= /2 1 2\ and B= /-3 1 0
35 7 6 2 1
1 0 1 1 -1 2

evaluate A+ B, A—B, AB and BA.

3. If A=/2 3} and B=/3 -2},
4 -1 2 1

find AB and BA.

If C=/1 2
3 4

verify that A(BC) = (AB)C, and that (A+BYC = AC+BC.

4. If A= 2 3 1\, u=/1 and v= 1
0 1 -1 1 1
-1 0 2 0 -2

calculate Au, A%u, Av, A%v and 0A%v.

5. Given

o, =/0 1}, o,=,0 ~—i}\, o;=/1 0y,
1 0 i 0 0 -1
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11.

(

0

i

f A= /1 0 0 0
1 -1 O 0
1 -2 1 0
1 -3 3 -1

show that o¢,0, = ie;, 6,65 = io|, 650, = i6,, and that
o,0,+06,0;, = 20,1 (i, k = 1,2,3), where I is the unit matrix
of order 2.

. Given

vv=/0 0 0 1\, Y, = 0 0 0 i\,
0O 0 1 0 0 0 —i O
0O 1 o0 0 0 i 0 0
1t 0 0 O —-i 0 0 0

vs;= /0 0 1 0\, va=/1 0 0 0\,
0 0 0 -1 0 1 0 0
1 0 0 0 0 0 -1 0
0 -1 0 0 0 0 0 -1

show that v;v,+vev;: = 20, X (i, k = 1, 2, 3,4), where I is the
unit matrix of order 4.

prove that A? =1 Prove also that if P = AM;A and
Q = AM, A, where M, and M, are arbitrary diagonal matrices
of order 4, then PQ = QP.

. Find the symmetric and skew-symmetric parts of the matrix

A=/ 1 2 —5\.
~1 4 2

1 3—i
3+ 2

. Verify that the matrix

is Hermitian.

. Prove that if A is skew-Hermitian, then +/A is Hermitian.

Determine the nature (symmetric, skew-symmetric, Hermitian
or skew-Hermitian) of the following matrices:

DG (S ()
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13.

14.

. Show that if A is Hermitian then A = S+iT, where S and T

are real symmetric and skew-symmetric matrices respectively.
Prove that ATA and AA' are both Hermitian.

Show that both the matrices

1 —1 1\ and 1 -2 1
1 -1 1 -1 2 -1
1 -1 1 -2 4 =2

are idempotent.
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CHAPTER 3

The Inverse and Related Matrices

3.1 Introduction

In Chapter 1, 1.5 we discussed briefly the idea of a linear one-to-one
transformation, illustrating it by the particular case of a two-
dimensional rotation of Cartesian axes. Consider now the linear

transformation

Yi=a X +a,x;+
Ya=ayX1+ta3,%;+

Yo =0ap Xy +ap X+

which may be written in matrix form as

Y = AX,
where
Y=/y;\, X=/x;\ and A= [a
B 4) X2 az;
yn xn anl

. +a

.+ a.l,,x,,,
.+ AynXns

ag,

(%)

We now wish to find the inverse transformation

X1 =byyi+biay,+ « +biaYn
Xy =Dbyy +brpy+ .+ b2y
xn=bn1y1+anYZ+ +bnuyn’ )

X,

nn’vny

1)

0
Ain \ - (3)
a2p
a;m

(4)

(assuming that it exists) which expresses the x; explicitly in terms
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of the y;. In matrix form (4) reads

X = BY, 5)
where X and Y are given by (3) and where
B=/by by . . bu)\. (6)
b21 b22 . . bZn
by . . . . . by,
From (2) and (5), it follows that
Y = ABY and X =BAX @)
which in turn give
AB=BA =1, 8)

where I is the unit matrix of order n.

B is called the inverse matrix of A and is denoted by A~!. Equa-
tion (8) now becomes

AATl=A"'A=1, 9)

which is to be compared with equation (8), Chapter 1, where essen-
tially the same result was derived for one-to-one mappings in
general. We note that A and A~ ! necessarily commute under multi-
plication. What is now required is a method of calculating A~*
given the matrix A. To do this we first need to discuss the adjoint of
a square matrix.

3.2 The adjoint matrix
If A is a square matrix of order » its adjoint — denoted by adj A ~
is defined as the transposed matrix of its cofactors. Suppose Ay is
the cofactor of the element a; in A (i.e. (—1)'** times the value of
the determinant formed by deleting the row and column in which
a; occurs). Then the matrix of cofactors is the square matrix (of
the same order as A)
Ay Ay o . A\ (10)
Ay Azz. . . Ay,
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Consequently
adj A=A, Ay. . . Ay 1y
Az Az o o Ap
P
Example 1. If
A=/1 2 3 (12)
1 3 5
1 5 12

then the cofactor of a,, is 4,, = (= 1)'** (3.12—5.5) = 11, the co-
factor of a;, is A,; = (=1D'*? (12.1-5.1) = —7, and so on.
Proceeding in this way we find

adj A= /11 =9 1\. (13)
-7 9 -2
2 -3 1

Now, returning to (11) and using the expansion property of
determinants

Zx a; Ay = IA[ Oiks (14)
we find
A@djA)=[a;; a;;, . . ay, Ay A4y - o An (15)
Ay Qa2 . . dyy Az Az, - Am
anl ann Aln Ann/
=[]A] 0 0 0\, (16)
Al o 0
0 0 |A|
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which may be written more compactly as
A(adj A) = [A[T, (17)

where I is the unit matrix of order n.
Likewise, using the result

ZlAsk dgi = lAl Bits (18)
we may easily prove that
(adj A)A = |A|L (19)
Consequently
A(adj A) = (adj A)A = |A]1, (20)

which shows that A and its adjoint matrix commute under multi-
plication.

Some further properties of the adjoint matrix may be derived
from (20). For example, taking determinants (and remembering that
the determinant of a product is the product of the determinantst)
we have

|A]|adj A] = |A] @)
or
ladj A| = |A]"77, (22)
provided |A] # 0.

3.3 The inverse matrix

d
From (20) it is clear that the matrix al“il behaves in the way re-
quired of an inverse of A~! since
adj A> <adj A>
—F JA=A|{—+)=1 (23)
( |A| |A]
(compare with (9) ). Consequently we define
_adjA

A7l = . 24

A (24
It is necessary, however, to show that this inverse is unique in that
there is no other matrix with the desired properties. To prove this

+ There are many ways of proving this result. It is sufficient here for the reader
to establish the resuit for the determinants of two (2 x 2) matrices and to see
that the method can be readily extended to higher order determinants,
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suppose that X is any matrix such that AX = I. Then

ATTAX = A" T=A"1, (25)
Since A7'A =1, (25) gives X = A~'. Likewise if Y is a matrix
such that YA = I, then

YAA !=IA"' = A"! (26)
and, since AA"! = I, Y = A™'. Consequently provided the inverse

exists it is unique. Clearly, from (24), the inverse A~ ! exists provided
|A| # 0 - that is provided A is non-singular.

Example 2. The adjoint of the matrix

A=/[1 4 0 @7
(— 1 2 2)
0O 0 2
is the matrix
4 —8  38\. (28)
(2 2 —2)
0 0 6
Furthermore |A| = 12. Hence
R L S 29)
[Al (% 3 —%)
0 0 3

It may easily be verified that AA™! = A7'A = 1.

3.4 Some properties of the inverse matrix

Suppose A and B are two square non-singular matrices of the same
order. Then since [A]| and |B| are both non-zero so also is |AB|.
Consequently AB has an inverse (AB) ! such that

(AB)(AB)™! =1L (30)
Hence multiplying (30) throughout on the left by B"'A~! we have
B !AT'AB(AB) ! =B 'A7], 31

which gives (since A”'A =1, B"'B = I)
(AB) ' =B7'A". (32)

The same result is obtained by taking (AB) !AB = I and multi-

plying throughout on the right by B"'A™!. Equation (32) shows

that the inverse of a product is obtained by taking the product of the
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inverses in reverse order. This result was, in fact, deduced in
Chapter 1, 1.4 using the idea of general mappings, and may be

extended to » non-singular matrices A, A,, A,, .. ., A, of the same
order to give
(ALA, A, A) P =A AL LA TATL (33)

Another result which is easily proved is that if A is a non-singular
matrix then

~—
A)'=(Ah. (34)
For, since AA™! = A7'A = I, we have
~— .
AAH)=AHA=1=1 (35
and
M~— _r~
(AT'A)=AA"HY=1=1 (36)
Consequently
M~ T~ _
AAD=ANHA=1L (37
However
AR ' =R)A=1, (3%)
s0
~—
@A)~ '=(ATh). (39)

Finally we may now show that if A is non-singular and symmetric
then so also is A™*. For since
. ~—/ )
ATA=I1=T=(AA"Y) =(A"H4, (40)

it follows, using the symmetry of A expressed by the relation

A = A, that
[
A7l =(A7D, (41)

Consequently A~! is symmetric.

3.5 Evaluation of the inverse matrix by partitioning

Suppose A is a non-singular square matrix of order n. We now par-
tition A into sub-matrices (see Chapter 2, 2.2) as

A= (‘111 alz)y (42)
%7y
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where a;, is an (sxs) matrix, a,, an (sxs) matrix, a,; a (sxs)
matrix and «,, a (s x §) matrix, and where 2s=n.
Let the inverse matrix A~! be partitioned as

ATl = (ﬁu ﬁlZ)r (43)
B2t B2

where the partitioning is carried out in exactly the same way as the
partitioning of A (i.e. B,, is an (sxs) matrix, etc.). Now, since
AA™Y =1, we have

(Cl“ ' au) (ﬂu ﬁlz) = <Is 1 0) , (44)
%2 ‘ %32 By B2 0 l I,

where I, is the unit matrix of order s.

From (44) it follows that

a1 B+ a2y =1 45)
o B2 tay2B:,=0, (46)
oy Bii a8 =0, (47
oy Brata,By =L (48)
Putting B,, = k™', we have from (46)
Biz= _al_llalzk_l (49)
(assuming that e, is non-singular), and from (48)
Bi.= az_ll‘az_llazz k! (50)

(assuming that o, is non-singular also).
Comparing (49) and (50) it is easily found that

k=000, (5D
Hence, using (51) and (50),
Bir= —ayla, k7 (52)
Now from (47)
Bii = —azioy;Bs; (53)
and from (45)
Biy = o —ajla,B,,. (54)
Consequently from (53) and (54)
Brr = I(o—oy oz lery,) ! (55)
= —k o, a7 (using (51)). (56)
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Finally, using (56) and (54), we have
Bii=oar +apfa, kKT lay ). (57)
Collecting the appropriate results together we have
Bii=ar+aria, k™ ey a7,
Bz = —ajla, k7,
-1 —1 (58)
B2y = —k™ o047,
22=k" 1,
where k is defined by (51). In the calculation of these sub-matrices
the inverse matrices which need be calculated are «j,! and k™',
Identical results to (58) may be obtained by partitioning A accord-
ing to some other pattern. However, the choice of the way in
which the original matrix A is partitioned depends very much on its
form. In general, however, the method of partitioning enables the
inversion of a large matrix to be reduced to the inversion of several
smaller order matrices.

Example 3. To find by partitioning the inverse of the matrix

A= 1 2 1\. (59)
-1 2 1
2 5 3
Let
oy = 1 2\, a,=(1Y), (60)
-1 2 1
a; =2 95), a,; = (3)
It is easily found that
ay' =4(2 =2 (61)
1 1
and hence that
k=3-2 5if/2 -2 1 (62)
1 1 1
= 4. (63)

Consequently, using (58),

DT DO
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(65)

O LN S A

1]
NN
[VIPEN

|
N N
N’

-3-3 (67)
and
B, =2. (68)
Hence the inverse of A is the matrix
3 =3 0\ . (69)
51 -1
-3 -+ 2

3.6 Orthogonal matrices and orthogonal transformations
A square matrix A (with real elements) is said to be orthogonal if
A=A"" (70)

Since AA~! = A7'A =L, it follows that an orthogonal matrix A
satisfies the relation

AA=AA=1 (71)
From (71) it is easily deduced that the columns (or column vectors)
and also the rows (or row vectors) of an orthogonal matrix form an

orthonormal set of vectors (i.e. mutually orthogonal and of unit
Iength). For example, the matrix

A=/(1%1 % 3 (72)
1 -3
-3 % -1

is orthogonal. Now taking the first column of elements as represent-
ing the components of a 3-vector, its length is

B +@*+ (=} =1
Likewise for the second and third columns (and also the rows).
Furthermore, taking the scalar product of the first column vector
with the second column vector, we have 3.3+%.1—%+% =0,
showing that the first two column vectors are mutually orthogonal.
Likewise for the second and third columns, and the third and first
columns. Similar results hold for the rows. These results may be
expressed more compactly for a general n" order orthogonal
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matrix A with elements a;, by the relation

Zl Ajs Qs = 5ik- (73)

Some other results concerning orthogonal matrices may easily
be proved.

(a) Suppose A and B are two »'" order orthogonal matrices. Then
AA = AA =Iand BB = BB = I. Hence

(AB)(AB) = ABBA (using equation (72), Chapter 2),  (74)
-1 (75)

Likewise
(AB)AB = BAAB =1, (76)

so consequently the product of two orthogonal matrices is an
orthogonal matrix.

(b) The transpose of an orthogonal matrix A is crthogonal. For,
since A = A™%, then

~ ~J
A)=A"H=(A)"" (using (39), an

which shows A to be orthogonal.
(c) The inverse of an orthogonal matrix A is orthogonal. For,
since A = A”!, then

—~/ ~
A DN=A)=A=A"H", (73)
which shows A1 to be orthogonal.

(d) The determinant of an orthogonal matrix is equal to +1. For,
since AA = I, we have, taking determinants,

[AlA] = AP =1, (79)
so that [A] = +1.
Suppose now that the elements of the column vector

X=/x (80)
X2 \
xll
represent the Cartesian coordinates (x,, x,, . . ., x,) of a point P
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in ap Euclidean space of n-dimensions. Then XX = x24+x2+ ... +x2
gives the squared distance from the origin to the point P (in 3-dimen-
sions this reduces to the well-known result x?+x3+x3). Now
supposing we make a coordinate transformation by means of the
matrix relation Y = AX, where A is an »'? order matrix and

Y= /[y
Ya

)”I
With respect to the new axes, the coordinates of the point P are now
(»15 Y25 - - -» ys). The distance of P from the origin (which is a fixed
point under the transformation, since when X = 0, Y = 0 also) is
now YY = yl+p3+...+y2 But
~
YY = (AX)AX = XAAX (using (72), Chapter 2), (81)

so if AA = I then YY = XX, and distance is preserved (i.e. is an
invariant quantity) under the transformation. But AA =1 is the
condition that A be orthogonal. Consequently the transformation

Y = AX with A orthogonal (82)
is called an orthogonal transformation, and has the important

property of preserving distance. Besides leaving distance unaltered,

0 (xiz), x;(,_z), ........ s §§22))
r (xf’), xg), ........ s x,(,l))

Fig. 3.1

an orthogonal transformation also leaves the angle between any
two vectors unaltered. Suppose X!’ and X® are two vectors in
n~dimensional space (see Fig. 3.1), and that they are represented by
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column matrices

XM = x(ll) , X = x(]2) , (83)
) (2)
X2 X2
¢ 2
x(V x{

where (x{V, x4V, ..., x{1) and (x{2, x%, ..., x{¥) are coordinates
of the points P and Q respectively. Then the angle § between X
and X‘?) is defined by

XX+ x4+ x XD

cosf = TR 84
X s x0T D a8

in matrix form this becomes

G &
cos = (XX (FOXON (83)
Now let XV be transformed into a new vector Y* by an orthogonal
transformation Y = AX™, and X® be transformed into a new
vector Y® by the same matrix so that Y® = AX®. Then the
angle ¢, say, between the new vectors Y and Y@ is

Yhy@)

cos¢ = (FOYOJF (§Oy@ (86)
T~/
(AX“’)AX(Z)
=T —~—— (87)
{AXD)AXD {(AXP)AXD}
XTEAX®)
=~ (88)
{XDEAXDP (KDAAXD}
g
- e X -y )

{KOXOP (KOXD} (since AA
=cosf.

Hence 6 = ¢, showing that an orthogonal transformation preserves
angles between vectors.
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We now consider the conditions to be placed on the general
second order matrix with real elements

A=<a“ a12> (50)
a1 4y

for it to be orthogonal. Now, since we require AA = I, we have

<a“ au) <a“ 021>=<1 0>- oD
a21 az; a;; d4x 0 1

Hence
ai,+ai,; =1, (92)
ay183,+0a,,a5, =0, 93)
and
az, +al, =1. (94)

Writing a,, = cos 0, a,; = cos ¢, (92) and (94) give a;, = sin f
and a,, = sin ¢ respectively. Equation (93) now becomes

cos(8—¢)=0 95)
giving ¢ = 0+7n/2 or ¢ = §+ 3n/2. Consequently
a;, = + cosd, a,y = F sinf. (96)

Hence there are only two possible second-order orthogonal matrices,
namely

A=/ cosf sinf\ and A,=[cosd sinf\). (97)
—sinf  cos@ sinf —cosf

The first of these two matrices, namely A,, has been met earlier (see
Chapter 1, 1.5) in connection with the rotation of Cartesian axes.
The orthogonal transformation Y = A, X corresponds therefore to
a rotation about the origin. The transformation Y = A, X, however,
is not just a rotation about the origin, but consists of a rotation of
the axes through an angle 0 together with a reversal of the sign
of the second coordinate. In other words, a rotation through an
angle 0, followed by a reflection in the Oy, axis (see Fig. 3.2). The
essential difference between these two transformations is in the values
of the determinants of the matrices A; and A,. For |A,| = +1,
whilst |A,| = —1. In general, orthogonal transformations for which
IA] = +1 correspond to pure rotations about the origin, whilst
orthogonal transformations with |A| = — 1 correspond to a rotation
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Xa X2

o]
Y1 N M

O X O o SN
Fig. 3.2

plus a reflection in one or other of the planes defined by the axes.
A rigid body is therefore unaltered in size and shape by an orthogonal
transformation (since length and angle are both unaltered by the
transformation), but undergoes either a pure rotation about the
origin or a rotation about the origin together with a reflection in an
axis plane.

3.7 Unitary matrices
A square matrix A is said to be unitary if
At =A"! (le. AAT=ATA=1]), (98)

where A' = (A*) is the transpose of the complex conjugate of A
(see Chapter 2, 2.3(k) ). Clearly when the elements of A are real (98)
reduces to A = A™!, which is the definition of an orthogonal
matrix. In fact, the unitary matrix is the generalisation of the real
orthogonal matrix when the matrix elements are allowed to be
complex. For this reason similar results to those obtained in the
last section still apply. For example, the product of two unitary
matrices is an unitary matrix since, if A and B are unitary, At = A™!
and b' = B™1, and hence
(AB)' = B'A'  (using (96), Chapter 2) (99)
=B 'A™! =(AB)'! (using(32), Chapter3). (100)
As in the previous section we may also prove that the inverse and
transpose of a unitary matrix are unitary matrices. The transfor-
mation Y = AX is called unitary if the matrix A 1s unitary, and
preserves lengths of vectors and angles between them when the

vector components are complex numbers (x;, X3, . . ., X,). The
definition of squared distance, for example, is different now and is
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no longer given by XX (sce last section) but by

XX = XTx, +x5x,+ ...+ xFx, (101)
= |x 24 e P 4 |x) (102)
where bars indicate the moduli of the complex numbers. Similarly

the angle between two vectors X’ and X with complex com-
ponents is now

)
X(D*x(2)
cos@ = —7 , (103)

{x(l)*x(l)}é {qu)}t

which is to be compared with (85). It can easily be verified that 0 is
an invariant under the unitary transformation Y = AX (A unitary.

Example 4. The matrix

A= 1_ i (104)
J2ooV2
7i7 1
J2ooo 2
is unitary, since
A=/ 1 i)and@A%=A'=/ 1 i\ . (105)
V22 V2 V2
i 1 i 1

i
J2 V2 2o V2
Hence AT = AL,
Now suppose X is a column vector with components x; and ix,,
say, where x, and x, are real numbers. Then

X=/x\, (106)
ix,
and the squared length of X is
XHX = X'X = x24+x2. (107)

Now carry out an unitary transformation Y = AX using the unitary
matrix (104). Then the transformed vector

Y= Y1)
Y2
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is given by
1
Gl () ™
1
V() "
whence
by = %(xi—x», vy = — \—/lé(xl+x2). (110)

The squared length of the vector Y is

Y*Y = |2+ ]va]? = 30, —x) P +3(x, +x,)7 = xi+x3, (111)

showing that distance is unaltered under an unitary transformation.

PROBLEMS 3
1. Prove that
(i) adj AB = adjBadj A;
(ii) if A is symmetric so is adj A;
(iii) if A is Hermitian so is adj A;
(iv) adj (adj A) = |A|""2Aif [A] # 0.
2. By solving the equations
Yy =x,c080 + x,sin0
Y= —x,sinf + x,cos
for x, and x,, show that the inverse of the matrix
A= ( cos@ sin0> is A™l= <cosB —sin 6>.
—sin® cosf sin 6 cos 6

Verify that AA™! = A™'A =1, and that A is an orthogonal
matrix.

3. Find the inverse of
a+ib  c+id
—c+id a—ib
given that a®>+b%+c2+d* = 1.
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If A=

0O 0 1\,
(0 1 0
i1 0 O
show that A~! = A.

(Such matrices are called self-reciprocal.)

. Find the inverse matrix of

A=/2 3 1
3 5 2
0 2

and verify that AA™!' = A™!'A =1,

(=

. Verify that

1 a O\"'=/1 —a 0\,
(0 1 O) <O 1 0)
0 B 1 0 —-p 1
and that
I 1 0\ '=/1 -1 1\ .
(0 1 1) (0 1 —1)
0 0 1 0 0 1
If atiff = a f
(-5 %)
verify that (0t if)"! S( o ﬂ)“l.
-8B o«

. Prove that (adj A)"! = (adj A™!).

.If A is an (mxn) matrix with AA non-singular, and if
B = I—-A(AA)" !4, show that B=BZ

. Obtain by partitioning the inverse of

1 2 3)\.
2 4 5
3 5 6

CIf X = 1 V3 0
T2 T2

VA IR B
2 2

0 0 2
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and

2
J3oa o
\_ 2 2
0 0 1
prove that P~ 'XP is a diagonal matrix and that X satisfies the
equation

P= 3
1@0
2

X?-2X?—X+21 =0,

where I is the unit matrix of order 3.

12. If A is skew-symmetric (i.e. A = —A), show that
I-A)(I+A)
is orthogonal (assuming that Y+ A is non-singular).

sin 6 cos@
cosf —sin

14. If A, is an n'™ order orthogonal matrix, show that

13. Verify that

is orthogonal.

A =1 0 0 ...0
0
0 A,
0

is orthogonal.

15. If AB = BA, show that RAR and RBR commute if R is
orthogonal.
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16. Show that

s—/1 1
NG
Lo
NI

1s orthogonal. Show also that if
P=/1 3
3 1
then SPS is a diagonal matrix.

17. Prove that if A is skew-Hermitian then
I-A)T+A)!
is unitary (assuming that I+ A is non-singular).

(3 2) - Wil

where A and C are square matrices, and A~! exists. By con-
sidering the matrix product

(% 06 %)

|1+AB| = BA+1.

18. Show that

show that
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CHAPTER 4

Systems of Linear Algebraic
Equations

4.1 Introduction

One of the important uses of matrices occurs in the solution of
systems of linear algebraic equations. However, this is almost a
subject in its own right since the problem really reduces to the
numerical computation of inverse matrices. Various numerical pro-
cedures are now available for the inversion of large matrices to any
desired degree of accuracy, and the reader who is interested in these
techniques should consult one or other of the treatises listed at the
end of this book (in particular, a useful account is given in the text
by Fox, An Introduction to Numerical Linear Algebra). For this
reason only a somewhat formal and elementary account of the
solution of linear equations is given here.

4.2 Non-homogenegus equations

Consider the set of n linear algebraic equations in » unknowns
X1y Xy o v vy X

a1 X +a,x,+. . .tax,=hy,
Ay X1+ da,X,+. . .+ay,x, =h,,
(1
Ay X1+ a,2%,+ .. .+ a,,x, =h,
where the coefficients a, and h, (i,k =1,2,...,n) are known
constants. Writing (1) in matrix form, we have
AX =H, ()]
where A= /a,;, a;; ... a\, X=/x 3)
Azy Q2 ... Oy X3
S S X,
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and
H=/h\. 1))

Provided H is a non-zero column vector (i.e. not all elements equal
to zero), equations (1) are called non-homogeneous. Homogeneous
equations (H = 0) will be discussed later in this chapter.

Now returning to (2) and assuming that A has an inverse A~! we
have, by pre-multiplying by A~! throughout,

A"'AX = AT'H, )
which, since A™'A = I, gives
X = A™'H. (6)

This matrix equation gives the solution of (2).
Example 1. To solve the equations

X+y+z= 6,
x+2y+3z = 14, (1)

x+4y+9z = 36.

A=/1 1 1\, X=/x\ and H=/ 6\. (8
1 2 3 y 14
1 4 9 z 36

, )]
and consequently, since X = A™'H,

|
I L

The solutions are therefore x = 1, y = 2 and z = 3.
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The general matrix method just outlined may be used to derive
Cramer’s rule for the solution of linear equations by determinants.
For from (6) we have

1

X=A"'H=
||

(adj A)H, (11)

which, using the definition of adj A given in Chapter 3, 3.2, gives

1
Xy =|_K[(h1/1u+hz/421+ St Ay,
1
xz = m(h1A12+h2A22+. : ot +h”A"2)’
i [ (12)
Xp= oAy + by Ayt oo+ R, A,
|A]
1
X, = lXl(hiA,,,+hz,42,,+ cFh,AL).

Each of these expressions is the expansion of a determinant divided
by |A|. It is casily seen that in fact

f

hy a3 ... Gy, ay,, hy ... ay

hy, a,, ... . a,y hy, ... daj,

h, a,n ... a, ay h, ... a,

x, = | Xy = . (13)

l all alz o e aln all alz LT aln

a, Qax 2n azy 4z Q2n

py - - - . . Qg 7 T
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and so on. In general we have

ay,, ay, ... hy ... ay

a,y, Q33 ... hy ... a,,

a a, ... h, ... a
x, ="t " ? mi(r=1,2,...,n), (14
r

Ay Qg3 ... Qg ... Gy,

azy 4z az, Q2n

At anZ L ap,, Qpp

where the determinant in the numerator is obtained from the
determinant in the denominator (i.e. |A|) by replacing the r™ column

by the elements Ay, A, . . ., h,. This is Cramer’s rule. As an example
we take the equations of Example 1 again. Using (14) we have
6 1t 1 1 6 1
14 2 3 1 14 3
36 4 9 1 36 9
xl — 1 1 1 e 1, x2 b “1 1 1 — 2, (15)
1 2 3 1 2 3
1 4 9 1 4 9
and
1 1 6
1 2 14
1 3 36
= = 3
=11 1 ) (16)
1 2 3
1 4 9

where x; = x, x, = yand x; = z.

Now from the method outlined by equations (2)-(6) it is clear
that a solution of » linear algebraic equations in » unknowns exists
provided A~! exists — that is, provided |A] # 0. This solution is in
fact unique. For suppose the solution is X = X so that AX, = H.
Let X, be another solution. Then AX, = H. Consequently
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AX, = AX,. But, since |A| # 0, X, = X,, and hence the solution
is unique.

We must now consider the two possibilities which can arise when
Al = 0.

(a) If any of the determinants in the numerators of (14) are non-
zero, then, since the determinant in the denominator (i.e. |A]) is
zero, no finite solution of the set of equations exists. The equations
are then said to be inconsistent or incompatible.

For example, the equations

3x+2y =2,
¢ } an
3x+2y =6,
are of this type since, by Cramer’s rule,
2 2 l ‘ 3 2 I
6 2 -8 3 6 12
32" o and y= 3 2170 (18)
3 2 3 2

which are not defined quantities. No finite solution exists therefore.
This result may be interpreted geometrically by noting that (18)
represents two non-intersecting straight lines.

Similarly the set of equations

—2x+y+z=1,
Xx—2y+z=2, (19)
x+y—2z=3,

(for which |A| = 0) has no finite solution. The equations are
inconsistent since the negative of the sum of the last two equations
gives —2x+y+2z = —35, which is inconsistent with the first equation
of the set.

(b) If, in addition to |A| = 0, the determinants in the numerators
of (14) are all zero, then in general an infinity of solutions exist.

For example, the equations
Ix4+2y =2,
¢ } (20)
6x+4y =4,

are of this type. The second equation is just the first equation in
disguise. Consequently there is only one equation for two unknowns
with the result that an infinity of (x, y) values satisfy the equation.
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The equations are linearly dependent in.that one is a multiple of
the other. (Geometrically (20) represents two coincident lines with
an infinity of common points.) Similarly the equations

—2x+y+z=1,
x—2y+z=2, (21)
X+y—2z= -3,
have |[A| = 0, and all numerator determinants equal to zero. Again
the equations are linearly dependent in that the first is just the
negative of the sum of the second and third and is therefore redun-

dant. Consequently (21) is in reality only a pair of equations for
three unknowns x, y and z — namely
—2y+z=2,
x—2y+z } @2
X+y—2z= -3,
which are satisfied by the infinity of solutions of the form
x=2-%, y=2A-% z=4, (23)

where A is an arbitrary parameter.

4.3 Homogeneous equations

We now consider a system of » homogeneous equations
allxl+alzx2+. . .+a1,|x,| = 0,
021X1 +a22x2+. . .+a2"x,. = 0,

24

Ayy Xy + Xy +. o+ X, =0,
which is obtained by putting the elements A;, h,, . . ., h, in (1) equal
to zero. In matrix form, therefore, (24) becomes
AX =0, (25)
where 0 is the zero column matrix (or vector) of order . If [A]| % 0
then A~! exists and consequently by (6)

X=A"'0=0 (26)
is the only solution — thatis, x, =0, x, =0, . . ., x, = 0. This
identically zero solution is usually called the trivial solution and is
of little interest. However, if |A| = 0 an infinity of non-trivial
solutions exists as in the non-homogeneous case.
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For example, the set

x+5y+3z=0,
Sx+y—kz=0, 27
x+2y+kz =0,

where k is an arbitrary parameter, has the trivial solution
x = y = z = 0 for all values of k. Non-trivial solutions will exist,
however, when

Al=|1 5 3|=271-k)=0, (28)
5 1 —k
1 2 k

which gives &k = 1. In this case the equations are linearly dependent
since
x+5y+3z=—-4S5x+y—2)+3(x+2y+2). (29)

Consequently there are only two equations for three unknowns.
Solving any two of (27) we find the infinity of solutions

x=—4 y=2), z=-3A (30)

where A is an arbitrary parameter.

4.4 Tl-conditioned equations

In many instances where the set of equations of type (1) arise from
the mathematical description of an experimental set-up, the co-
efficients ay, h; (i, k = 1,2,..., 1) may be known only approxi-
mately as experimentally determined values subject to certain errors.
If, in addition, the value of |A| is small compared with the magnitude
of the coefficients a,, h; then the solution of the set of equations
may be very sensitive to small changes in the values of the co-
efficients. Such equations are called * ill-conditioned *. Consider, for
example, the pair of equations

3x+1-52y =1,
e} 3

2x+1-02y =1,

for which
|A]=1]3 152]=002. (32)
2 102

By Cramer’s rule, the solution of (31) is

x = —25, y=50. 33
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Now allow a small change in the a,, coefficient so that the equations
read, for example,

3x+1-52y =1,
e } (34)
2x+1-03y = 1.
Then |A| = 0-05 and, by Cramer’s rule again,
x=—98, y =20. (35)

Clearly if the experimental design leads to a set of ill-conditioned
equations no reliance can be placed on the solutions of such equa-
tions for, as the example shows, a change of about 1% in one of the
coefficients can lead to a change of some 2009%,-3009; in the solu-
tions. In general, there is no mathematical way of overcoming this
difficulty. The best that can be done is to re-interpret the experimen-
tal set-up (using different variables, for example) in an attempt to
obtain a set of equations which is not ill-conditioned.

PROBLEMS 4
1. Solve by matrix methods the equations

4x—-3y+z =11,
2x+y—4z=—1,
x+2y—-2z=1.
2. Show that the three equations
—2x+y+z=a,
x—2y+z=b,
x+y—2z=c,

have no solutions unless a+b+c¢ = 0, in which case they have
infinitely many. Find these solutions whena = 1,b = 1,¢ = -2,

3. Show that there are two values of k for which the equations
kx+3y+2z=1,

x+(k—=1y=4,
10y+3ze= -2,
2x—ky—z =35,

are consistent. Find their common solution for that value of &
which is an integer.
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4. Solve, where possible, the following sets of equations:

(a) 8x—4y+z = 8,
4x+2y—2z =0,
2x+Ty—4z = 0.
(b) x+y—z+w =0,

3x—y+2z43w =17,
x+2y—2z—w = —1,
3z4+w

(©) x—=2y+3z
2x+5y+62

(d) x+y+z
x—y+2z

Ix+y+z

2x—2y+3z

(e) X+y+z+w
2x—y+z-2w

i
L »

Il
W N = =

-

-

-

3x42y—z—w

o) x+5y+3z
Sx+y—z

x+2y+z

-

(8) X+y—z
2x+3y—-3z
—x+d4y—z ,
4x—5Sy+z = 2.

>

H

i
I = O

5. Suppose B is good approximation to the inverse A™' of A. Let
AB = I1—$E, so that 6E = 0 when B = A™!. Deduce that

A"'=B+A"1JE,
and that
A™!' =B+ (B+A ! 8E)SE = B(I+8E+8E>+3E3+...).
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If the elements of 6E are sufficiently small the series will converge
and A~! may be calculated to any desired degree of accuracy.
Use this result (up to the SE> term) to obtain an improved
approximation to A”', where

A=<411 I32> and B=<_i —i)

. Obtain the solutions of
x+152y =1,
2x+(3:05+0)y =1,
for 6 = —0-:02, —0-01, 0, 0-01 and 0-02.

. Consider the following m linear equations in # unknowns
X1s X2, « +y X, Where m > n:

Ay X +a:%X+. . Fagx,=hy,
AyXy+az,%,4+. . . +ay,x,=h,,
A Xy FAaXo+. . .+ X, = h,,.

In general these equations will be inconsistent. The  best values ’
of x{, x5, . . ., x, are then defined as those which make the
expression

E = Z {a,.lxl+a,2x2+...+amx,,—-h,}2
r=1

a minimum. The necessary conditions for this to be so are

E_GE__OE_

ax, ox, = ox,
Show that these conditions lead to the set of n equations (the
‘ normal ’ equations)
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m

r=1

Z arl(arlxl +ar2x2+ .
m

'+aruxn_hr) =0

Zx a,(a, X +a,x;+ .
K=

'+arnxn_hr) =0

m
21 aru(ar1x1+ar2x2+‘ . '+arnxn_hr)
e

for the best values of x,, x,,

ce X,
(This is the method of least squares.)

0

Find the best values of x and y for the inconsistent equations

2x+3y =8,
Ix—y=1,
x+y=4
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CHAPTER §

Eigenvalues and Eigenvectors

5.1 Introduction

In Chapter 1, 1.6 a typical oscillation problem was formulated in
matrix language and it was shown that the equations of motion
could be written as (see equation (40), Chapter 1).

¥ =AY, Y]

where Y is a (2% 1) column vector and A a second order square
matrix, the dots denoting differentiation with respect to time z. In
an attempt to solve (1) we write

Y =Xe, )

where X is a column vector independent of ¢, and where w is a
constant. Equation (1) now becomes

AX = w?X, €)]
which may be written as a set of homogeneous equations
(A-IDX =0, C))

where 4 = »? and I is the unit matrix of the same order as A.
Besides having the trivial solution X = @ (which is of no interest),
equation (4) will have non-trivial solutions (X # 0) only if

|A—a1[=0 (5)

(see Chapter 4, 4.3). This equation is called the characteristic
equation of A and determines those values of A for which non-
trivial solutions of (4) will exist. In the particular oscillation prob-
lem considered here (since 2 = w?) the A values determine the fre-
quencies of oscillation w. Equations of the type (4) arise frequently
in the solution of many other types of physical problems and in the
sections which follow therefore we discuss the general nature of these
equations and their solutions.
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5.2 Eigenvalues and eigenvectors

Suppose A is a square matrix of order n with elements a;,, and X is
a column vector of order n with elements x;. Then the set of homo-
geneous equations

(A-ADX =0 (6)
has non-trivial solutions only if
|A—21] =0. )
That is, only if
a“—). a12 PR al,, =0 (8)
ay, dya—7 ... Ay,
a,y a,: e a,,,,—,l

As already indicated in 5.1, equation (7) (or (8)) is called the
characteristic (or secular) equation of the matrix A. The expansion
of [A—2AI| gives rise to an #n™ degree polynomial in A, say f(4),
called the characteristic polynomial, and the roots 4, 4,, . . ., 4, of
the characteristic equation f(1) = O are called the eigenvalues (or
characteristic roots, latent roots or proper values) of the matrix A.
To each root A{i = 1,2,..., n) there is a non-trivial solution X,
called the eigenvector (or characteristic vector or latent vector). For
any other value of 1 # A, the only solution of (6) is the trivial one
X=0.

Finally it is important to note that, since the set of equations (6)
is homogeneous, if X; is an eigenvector belonging to an eigenvalue
A, then so also is kX;, where k is an arbitrary non-zero constant.
The length of the eigenvector is therefore undetermined by the
equations. If the elements of the eigenvectors are all real then the
length of kX, is given by

~ ~
{(kxi)kxi}* = k{xixl}*’ )]

and it is usual to choose k such that the eigenvector has unit length.
(If some of the elements of the eigenvector are complex then the

length of kX, is defined as k{(S(V;")X,.}* —see Chapter 3, 3.6.) In most
of what follows eigenvectors will be normalised to unit length.
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Example 1. To find the eigenvalues and eigenvectors of the matrix

A=/[4 1)\. (10)
2 3
Now the characteristic equation is
|A—AD] = |4-2 1 =(1-2)(A—5)=0. (11)
2 3-4

Hence the two eigenvalues are 1; = 2, A, = 5. To find the eigen-
vectors belonging to these two eigenvalues we take the basic set of
homogeneous equations (6) with A given by (10) and solve for
X for each 4 value. In general, the eigenvector corresponding to the
i*® eigenvalue 2, will be denoted by X; and the elements (or compo-
nents) of X; denoted by x,@, x,¥, .., x,®.

Case 4y = 2
Equations (6) become

HOROH MO

26 +x =0 (twice), (13)

Hence
giving
xit = —4xib), (14)

If we normalise the length of the eigenvector to unity we require
x{* 4 x{V = 1, so that using (14)

x{ = —%, x(z”=\%. (15)
Consequently the normalised eigenvector corresponding to 4, = 2 is
X, = 1. (16)
5
2

Case A, =
Equations (6) now become

G576 D)6y "
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which are
—xP4xiP =0,
(21) (22) } (18)
2x19=2x4 = 0,
giving
x$? = x(, 19
Normalising to unit length as before so that x{¥’ +x(" = 1 we find
1 1
x(lz) =— x‘zz) =— . (20)

V2 V2
Hence the normalised eigenvector corresponding to the eigenvalue
A, =2is

X,=/1 1)

\/2
Jz

Example 2. To find the eigenvalues and eigenvectors of the matrix

A=/{1 -1 -—1\. 22)
1 -t 0
1 0 -1
The characteristic equation is
1-2 — l - 1 =0, (23)
1 - 1 -
1 —1—
which gives three roots 4; = —1, 4, =i, A3 = —I.

Case Ay = —1
Equations (6) are

1 -1 —1\+1/1 0 0 X0\ = [0\, (24)
1 -1 0 0 1 0 x4 0
1 0 -t 0 0 | X 0

which give
25D — %D — XD = 0,
1 2 3l . } (25)
x{Y = 0 (twice).
Hence
xV=0, x{ = —x{. (26)
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Normalising to unit length so that x{""+x{V*+x{1" = 1 we have

1 1
x(ll) =0, X(zl) _,\/i, x(31)= -;/_5' (27)
Consequently
X, =/ 0)\. (28)
1
J2
1
V2
Case Ay = +i

Here equations (6) take the form

1 -1 —1\—if1l 0 O X\ = [0\, (29)
1 -1 0 0 1L 0 x@ 0
1 0 -1 0 0 1 x@ 0

(1—-x{P —xP —x§ = 0,
P —(1+)xP =0, (30
2 —(1+DxP =0,
the solutions of which are

x2 = (14+)x?, x$2) = x{?. 31

giving

Now, since some of the elements of the eigenvector are complex,
when normalising to unit length we must use the generalised defini-
tion of distance (see Chapter 3, 3.6) and require

xF@x() 4 x3Ox D 4 x¥ D) = 1, (32)
Consequently
1+i
x(IZ) = T H x(22) = iv X(32) = i" (33)
The normalised eigenvector is therefore
X,={1+4i\. (34)
2
}
1
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Case Ay = —i
Proceeding in a similar fashion we find in this case
1—-i
T 39)
giving
X,=/1-i\. (36)
2
3
\ 3

5.3 Some properties of eigenvalues

We now return to the characteristic equation (8). The left-hand side
of this equation may be written

A=A =f(D) = (=D)"{A"—o, A" P+, "2+ (= 1),}, (37)
where a4, a5, . . ., &, are defined in terms of the elements a;,. Suppose

now that 4,, 4,, . . ., 4, are the n roots (the eigenvalues) of the
characteristic equation f(1) = 0. Then

J) = =H(A, =D - 2).. (4,—4). (38)
Comparing (37) and (38) we have
ay = A +Ay+ .+ A,
0(2 =112'2+j'1’13+"'+llln+1213+2214+
o+ At A A,

a3=111213+...+l,,_21,,_1l,,, L (39)

O!n = 1112 "'ln'
Two important results now follow.
(a) By putting A = 0 in (37) we have
o, = |A| =Aid. A, (40)
showing that the product of the » eigenvalues of A is equal to its
determinant. It follows that a matrix is singular if it has a zero eigen-
value, and non-singular if all its eigenvalues are non-zero.
(b) By inspection
“1=a11+022+...+ann=}.1+A.2+...+A.n, (41)
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using (39). Hence
TrA=3 a,=3 A (42)
i=1 i=1

In other words, the sum of the eigenvalues of a matrix is equal to
its trace.

These two results may be easily verified for the matrices of
Examples 1 and 2. For, from Example 1,

2
Y 4 =7T=4+3=TrA, (43)
i=1
and
A2, =52=10=]A] (44
Likewise for Example 2
3
Zli=—}—i+i=—1=TrA, (45)
=1
and
Aidads = (=D(=D@) = -1 =|A]. (46)

Some further results may also be proved. Suppose A is an n'
order matrix. Then
|A—a1] = |K— 1], @)

so A and its transpose A have the same eigenvalues. However, A
and A will have different eigenvectors unless, of course, A is sym-
metric (A = A). Furthermore, if 1,, 4,, . . ., 4, are the eigenvalues
of A, the matrix KA where k is an arbitrary scalar has eigenvalues
kA, kA4, . . ., k4,. This follows since

| kA —kAY| = |k(A—2T)| = k"|(A—AT)|. (48)

We can also show that the eigenvalues of A~! are the inverses of

the eigenvalues of A, provided none of the eigenvalues of A are zero.
For

1A - 21| =1—2A(A“ —i) » (49

I
— n -1 _
+2 |A||A )

which shows that if A has eigenvalues 4, then A~! has eigenvalues 1/4.

5.4 Repeated eigenvalues

In Examples 1 and 2 of 5.2 the eigenvalues of each matrix were all
different. We may now prove quite generally that if X,, X,, .. ., X,
are the n eigenvectors corresponding to n different eigenvalues
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A1s A3, . . ., 4, then the eigenvectors are linearly independent — that
is, there is no linear relationship between them of the type

X+, Xo+...4+6,X, =0, (50
where the c; are constants, except when ¢; = ¢, = ... = ¢, =
Now, since AX; = 1, X;(j=1,2,...,n), we have

(A=A4DX; = (1;—-1)X,. (51)

Suppose a linear relation of the type (50) does exist for some non-
zero values of ¢;. Consider
(A=2D(e; X+ X, + .. +6,X,) =0. (52)
Using (51), (52) becomes
1Ay = 4)X 1 +e3(A3—A)X5+ .+ 04, —22)X, =0 (53)
in which the X eigenvector is missing. Proceeding in a similar way
and operating with (A—215I), (A—4,1),..., (A—24,)) we eliminate in
turn X3, X,, . . ., X, and arrive at
c{A1—=22) (A1 = A3) (A~ A4) ... (A, — 4)X; = 0. (54)

Now by assumption all A; are different. Hence, since X, # 0,
¢, = 0. In a similar fashion we can, by operating on (50) by
A-4D, (A-A40, ..., (A=A eliminate in turn X,, X5, .. ., X,
and obtain

(A2 —4)(A2—43) ... (1, —1,)X; =0 (55)

showing that ¢, = 0.
In this way it can be shown that provided all the A, are different

then ¢; = ¢, = ... = ¢, = 0. Hence no linear relationship exists
between the eigenvectors and they are consequently linearly
independent.

If, however, two or more eigenvalues are equal then the ¢; need
not necessarily all be zero, and the eigenvectors may be either
linearly dependent or linearly independent (see Examples 3 and 6
which follow and also 5.6 dealing with real symmetric matrices).

Example 3. Consider the matrix
A=/2 1 2\. (56)
0 2 3
0 0 5
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The characteristic equation is

2—2 1 2 | =0, (57
0 2—2 3
0 0 5-2
which has the solutions
Ay =35, Ay =2, Ay =2. (58)

We now obtain the eigenvectors corresponding to each eigen-
value, noting that two of the eigenvalues are the same.

Case Ay = 5
The homogeneous cquations (6) become

2 1 2y-=5/1 0 O XU\ = 70\, (59)
(B I 1
0 0 5 0 0 1 x§D 0
which give
=3x{V 4 xV 4+ 2x0 = 0,
— x4 x =0,

Hence x{" = x4 = x{". Normalising to unit length as before we
have

(60)

1
XD = 5 = XD = —= (61)
and consequently
X, =/ 1}. (62)
V3

Casel, = A3 =2
Here equations (6) reduce to

0O 1 2 xZ3M\ = [0\, (63)
(0 0 3) (x‘zz'”) (0
0 0 3 x{ 3 0
which lead to

x{2-3) arbitrary, xZ¥ =0, x33 =0, (64)
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Consequently, in this case there is only one eigenvector — namely

X, = [a\, (65)
g
0

where « is an arbitrary parameter. Normalising X, to unit length
leads to « = 1. The eigenvector X; has also to have the same form
as X, and is consequently linearly dependent on X,.

In this example the matrix A, in virtue of its repeated eigenvalues,
has only two linearly independent eigenvectors.

5.5 Orthogonal properties of eigenvectors
In 5.3 we showed that A and A have the same eigenvalues. However,
A and A will have different eigenvectors (unless A is symmetric -
see 5.6).

Now let A be a non-symmetric square matrix and consider

AX; = 41X, (66)
where X, is the column eigenvector corresponding to the i'® eigen-

value of A,. Let Y, be the column eigenvector of A corresponding to
the i'® eigenvalue A,. Then

AY‘ = A‘Yi. (67)
Taking the transpose of (67) we have (using (69), Chapter 2)
Y.A=1Y, (68)

which shows that ¥, is a row eigenvector of A.
From (66) we have by premultiplying by 37/

¥,AX, = 1,Y,X, (69)
and from (68) by post-multiplying by X,

Y,AX; = 1¥.X,. (70)
By writing / for j and j for i in (70) it follows that

¥,;AX, = 1,Y,X. (71)
Comparing (69) and (71) we find

(4;-4)¥,X, =0. (72)
Hence if 4, # 4; then

,X, =0, (73)

which shows that the row eigenvector Yj corresponding to any
eigenvalue of a general square matrix is orthogonal to the column
eigenvector X, corresponding to any different eigenvalue.
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Example 4. We take the matrix of Example 1

A=(4 1 (74)
2 3

whose eigenvalues are A, = 2,4, = 5. The corresponding normalised
column eigenvectors are respectively

X,=/ 1\, Xy=/1
NG V2
2 1

NEY V2
Now the row eigenvectors Y, and Y, are obtained in the following
way.

(75)

Case Ay = 2
Equations (68) become

O v /4 1\=-2/1 0\]=/0) (76)
_(2 3 0 1 0

O (2 1) =(0), 7
2 1 0

where y1, 3" are the elements of Y.
Equations (76) now give
P4y =0 (twice). (78)
Hence y{’ = —){Y, and the normalised row eigenvector

?1=<_14 _*IA>. (79)
V2 V2
Here (68) becomes, after simplification,
0P ¥ (-1 1\ =0}, (80)
2 -2 0

P =2y (twice). 81)
Normalising to unit length we have
Y,=/2 t ) (82)
(5 &
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Now since both cigenvalues are different, the row eigenvector of
one eigenvalue should be orthogonal to the column eigenvector of
the other eigenvector (see (73) ). This is easily verified since (using
(75) and (82))
Y2X1=( 2 1 ) 13y=0 (83)
J5 /s V5
2

and .
1X2=<31§ _\/%) 1\ =0. (84)

5.6 Real symmetric matrices

In all the examples given in this chapter so far, the elements of the

basic matrix A have been real numbers. However, as Example 2

shows, the eigenvalues and eigenvectors of a real matrix may be

complex. We now show that provided A is real and symmetric the

eigenvalues (and consequently the eigenvectors) are necessarily real.
Suppose A is a real symmetric matrix of order #. Then

AX; = 14X, (85)
where X, is the eigenvector corresponding to the eigenvalue 4,.
Taking the complex conjugate of (85) we find

AX}F = AfXF (since A = A*). (86)
Hence, using (85) and (86),
XFAX,— K AX] = (4~ ADKXY, 87

since (XHX, = X, X*.
Now X,AX? is a number and the transpose of a number is itself,
Consequently
T~ ~
X.AXF = (X,AXY) = XFAX, (88)
= )?;"‘AXi (since A = A, A being symmetric). (89)

Using (89), (87) gives
Gi=ANX Xk =0. (90)
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Since X, X[ is just the square of the length of the eigenvector X, it
is both real and positive, and hence

A=A} 91)

showing that 4, is a real quantity.

Another important result concerning symmetric matrices can be
readily deduced from 5.5 by putting A = A. It then follows from
(67) that Y, is an eigenvector of A, and consequently (73) gives

X, =0 for A #4, (92)

In other words, eigenvectors corresponding to different eigenvalues
of a symmetric matrix are orthogonal.

Example 5. The real symmetric matrix

A=/3 4 (93)
(« 3)

has eigenvalues 5 and —5 (both real). The normalised eigenvectors
appropriate to these two eigenvalues are respectively

X, = i and X, = _1_ s 94
NG J5
1 2

75 NG

which are orthogonal since X, X, = 0.

The orthogonality property of eigenvectors expressed by (92) is,
as we have seen, true if the eigenvalues are different. It can also be
proved that if out of the set of n eigenvalues & of them are the same
(i.e. a repeated root of the characteristic equation of multiplicity k)
then there are k orthogonal eigenvectors corresponding to this par-
ticular repeated eigenvalue, and that each of these eigenvectors is
orthogonal to the eigenvectors corresponding to the other n—k
different eigenvalues.

Example 6. Consider the matrix

A=/2 0 1)\. (95)
0 3 0
1 0 2
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The characteristic equation is

2—-2 0 1
0 3—4 0
1 0 2—

=0, (96)
|

A
which has the roots

=1, A, =2;=3. (97)
The root of value 3 is therefore a repeated root of multiplicity two.
The eigenvectors are now found in the usual way.

Case A, =

The homogeneous equations (6) become

2 0 1\-1/1 0 0 XD\ = [0\,  (98)
0 3 0 0 1 0 x4 0
1 0 2 0 0 1 X 0

which give
x{P+x{P =0,
2 =0, (99)
xP+x{ =0,
Hence x{" = —x{", and x{"» = 0. Normalising to unit length as
before we have
1 1
x(V == xtP =0, xP = — = 100
1 \/2 2 3 \/2 ( )
and consequently
X, = BT (101)
V2
0
1

Case Ay = A3 = 3
Here the equations (6) reduce to

-1 0 1\ /x{@9\ = [0\, (102)
0 0 0 [xz¥ 0
10 —1) \x@® 0

X = B, X arbitrary, (103)
86
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Two mutually orthogonal normalised eigenvectors satisfying (103)
are

X,=/1"

and X;= [0\, (104)
5
0 | 0

\33)

both of which are orthogonal to the eigenvector X; given by (101).

The results of this section (which are of importance in Chapter 6)
may be summarised as follows:

(a) The eigenvalues of a real symmetric matrix are real.

(b) For a real symmetric matrix of order n there are n mutually
orthogonal (and normalisable) eigenvectors X irrespective of whether
the eigenvalues are all different or not. Assuming the X; are nor-
malised to unit length this result may be written as

X.X; =9 (105)

where 6;; is the Kronecker delta symbol (see Chapter 2, equation
(46) ).

Eigenvectors satisfying (105) are called orthonormal.

5.7 Hermitian matrices

In Chapter 2, 2.3(k) it was shown that a real symmetric matrix
(A = A)is just the real counterpart of a Hermitian matrix (A = A*),
Corresponding results to those obtained in the last section apply
therefore to Hermitian matrices — namely:

(a) The eigenvalues of a Hermitian matrix are real.

(b) For a Hermitian matrix of order n there are n mutually
orthogonal (and normalisable) eigenvectors X, irrespective of
whether the eigenvalues are all different or not. If the X; are nor-
malised to unit length the corresponding result to (105) is

XX, =6,.. (106)

Example 7. The matrix

A=/ 1 I+ (107)
(i 13)
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is Hermitian. Its characteristic equation is

Il—-l 1+i]=0, (108)
1—i 2-2

which gives eigenvalues
Ay =0, 4, =3 (both real). (109)

The normalised column eigenvectors in these two cases are
respectively

X, =/ (1+D\ and X, = [1+i\. (110)
J3 V6
| >

e NE

X3X, =<1;i \/g) _(1+i)\ =0, (111)
J6 3 V3
1

7

Then

showing that X, and X, are orthogonal.

5.8 Non-homogeneous equations
Consider now the non-homogeneous system of equations

AX-X =B, (112)

where A is a real symmetric n'® order matrix, X is a column matrix
of order (nx 1), A is a given constant, and B a real (#x 1) column
matrix. Now the n eigenvectors of A are known to form a set of n
mutually orthogonal! n-dimensional vectors and consequently are
linearly independent. Hence any other n-dimensional vector may be
expanded as a linear combination of these eigenvectors. Let the
normalised eigenvectors of A be X? so that

AX? = 4, X0, (113)
Expressing X as a linear combination of the X, by the relation
X=7Y X (114)
j=1
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where the «; are constants, and inserting (114) into (112) we find

AZaX AZaX" (115)
Inserting (113) into the first term of (115) gives

Z A X9— /1‘21 ;X9 =B. (116)

J=1 j=

We now pre-multiply (116) through by 5(\‘2, where X? is the k™
eigenvector of A. Then

X0 Y 2,4,X0— X0 Y a;X? = X¢B. (117)
=1 =1
Now owing to the orthogonality property of the XJ and the assump-

tion that the X{ are normalised to unit length we have )?‘EX‘} = by,
(see 105) ). Consequently (117) becomes

A — Ao, = XOB, (118)
or
X?B
%, Akle (k=1,2,...,n). (119)
Hence, from (114), the solution of the set of equations (112) is
X°B
X = X9 120
Z ( T l) (120)

provided 4 is not one of the eigenvalues 4; of A,

Example 8. Consider the set of equations (112) with

A=(1 2>, 1=1, B=[J3). (121)

The eigenvalues of A are easily found to be

A =3, Ay = —1, (122)
and the corresponding normalised eigenvectors are
X0=1711, Xy = 1. (123)

V2 NG
1 1
V2 V2
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Consequently, using (120), the solution X of (112) is given by

(W) Gah[ s
1

2
+/1 1 J2 1 1 (124)
(5 ~5) Gh)a] &
1
2
3N Ly =) (125)
2( V2 2] V2 1
1 b V2
J2 J2

PROBLEMS 5§

1. Obtain eigenvalues and eigenvectors normalised to unit length
for each of the following matrices:

@) (1 -8\, (b) [2 0\,
(2 11 (1 3)

(© /1 4 5\, () [2 3 I1\.
(o 2 6) (0 | 2)
0 0 3 0 0 1

2. Obtain eigenvalues and a set of orthonormal eigenvectors for
each of the following matrices:

@@ (0 1 0\, (b /2 2 0\,
(1 0 o) (2 2 0)
0 0 1 0 0 1

© /3 2 2\, @/ 1 1+i\.
(2 2 0) <l—i 2 >
2 0 4

3. Show that if A has eigenvalues 4, 4,, .. ., 4, then A™ (where m is
a positive integer) has eigenvalues A7, 17, ..., 4.
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. Prove that the eigenvalues of a unitary matrix (A™! = (AN*) ) have
absolute value 1.

. Prove that the ecigenvalues of a skew-Hermitian matrix
((A*) = —A) are purely imaginary or zero.

. Show that if 1,, 4,, . . ., 4, are the eigenvalues of A then
Av—k, A,—k, ..., A,—k are the eigenvalues of A — kL

. Show that the square matrices A and B = T~'AT have the same
eigenvalues, where T is an arbitrary non-singular matrix.

. Prove that if A and B are of order n and A is a non-singular
matrix then A™'BA and B have the same eigenvalues.

. Prove that every eigenvalue of a real orthogonal matrix has
absolute value 1. Prove also that both +1 and—1 are eigenvalues
if the number of rows is even and the determinant has value —1.
Verify that the matrix

0 0 0 -1

-1 0 0 0

0 —1I 0 0

0 0 -1 0

is orthogonal, and determine its eigenvalues.
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CHAPTER 6

Diagonalisation of Matrices

6.1 Introduction
In Chapter 5, Example 1, the eigenvalues and eigenvectors of the

matrix
A=/4 1 (1)
2 3

were found to be respectively 4, = 2, 1, = 5, and
X, = 1, X,=/1
Js V2
2 1
Vs V2
Consider now the matrix U, whose columns are formed from the
eigenvectors of A. Then

U= 11 and U™'= Js J5\ - (3)
NEREING T3 3
21 202 V2
VRS 33
A straightforward calculation now gives
U AU = (2 0) =D (say), 4

)

0 s

showing that the matrix U~ !AU is diagonal.
In general, any two matrices A and B which are related to each
other by a relation of the type
B=M"1AM (5)
where M is any non-singular matrix, are said to be similar, equation
(5) being called a similarity transformation. The properties of similar
matrices are discussed in detail in the next section. For the moment,
however, we notice that the matrix A of (1) has been transformed into
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diagonal form (4) by a similarity transformation with M equal to U
(the matrix of the eigenvectors of A). It is in fact often possible to
carry out the diagonalisation of a matrix in this way, and in the
later sections of this chapter we discuss the various conditions
under which matrices may be diagonalised. Diagonalisation is an
important concept and is useful in many ways. For example, the
elements of the k™ power (k a positive integer) of a given square
matrix A are usually difficult to obtain except for small values of k.
However, the powers of a diagonal matrix are readily obtained

since, if
D=/a O (6)
(5 5

D=/ 0, (N
(5 #)

and similarly for diagonal matrices of higher order. Suppose A is
an arbitrary matrix of order 2 which is similar to the diagonal
matrix D of (6). Then

then

D=M"'AM, ®)
where M is some non-singular matrix.
Now from (8)
D?2 = (M 'AM)(M™'AM) = M7 'A’M 9)
since MM™! = L
Similarly
D’ =M"'A’M (10)
and, in general,
Df = M~ 'A'M. (11)

To find A* from (11) we now only have to pre-multiply by M and
post-multiply by M ™! so that

MD'M ™! = MM 'A"MM ! = A%, (12)

Hence, since D* may be easily calculated, A* may be obtained pro-
vided the matrix M which diagonalises A to D is known.

Example 1. To find A® given

A=/4 1\. (13)
2 03
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As already shown (see (4) ) A is similar to the diagonal matrix

D=/2 0)\. (14)
0 5

DE=/2 0\ =/2% 0\=/25% O \. (15
0 5 0 58 0 390625

The matrix M which diagonalises A is the matrix U given by (3).
Hence using (12)

A% =UD®U !

-/_1 1 (256 0 s) J5 3

Now

NERNG: 0 390625 ) | — 33
2 1 22 V2
J5 V2 3 3

= /260502 130123). (16)
260246 130379

Apart from the ease of calculating powers of matrices by first
diagonalising them (if possible), another motive can be seen in
diagonalisation. Consider as an illustration the problem of the maxi-
misation or minimisation of a function of two variables, say f(x, y).
Suppose f(x, y) has a convergent Taylor expansion within some
domain of the xy-plane so that if (x,. y,) is a typical point in this
region then

flen = sfsosa+ s (2)  w=n(2) 4

Y=Jo y=¥o

(x=xo)? (8 , Tl
+ (5(—2>XZXO+(?~_X0)(Y_)0) (axay>x:xo+

2!
yY=JYo y=yo
(y=y0)° 32f>
—= {
Y <0y2 o "
Y=Jyo
Now the necessary conditions for a stationary value of f(x, y) at
(xo, yo) are
)
<éf-> =0, <~f> =0, (18)
ax X =x0 ay xX=Xxgq
Y =yo y=Yyo
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which are equations determining the values of x, and y,. However,
these conditions do not tell us whether the function takes on a
maximum value or minimum value at (x,, y,) or whether the
stationary point is a saddle point. Clearly the nature of the stationary
point depends on the quadratic terms in (17) since, using (18),
f(x, ) = f(x0, yo) +10Q(x, ), (19

where

Qx, y) = a(x —x0)* +2h(x —xo) (¥~ yo) + b(y —yo)*  (20)
and

o*f o 0*
“ (b_qxz>x=xo’ h= <axay>x=xo’ b= (5.;3>x=xo. (21)

y=Yo yY=Yo yY=Yo
Writing x—x, = u, y—y, = v we have
Q(u,v) = au® + 2huv+ bv*. (22)

This expression is called a quadratic form in # and v since each
term is homogeneous of degree 2. If Q(u, v) > 0 for all values of u
and v close to zero (i.e. for (x, y) values in the neighbourhood of
(x4, o)) then fx, ¥) > f(x,, ¥o) and the stationary point corresponds
to a minimum of f(x, y). Likewise if Q(u,v) < Othen f(x, y) < f(x,¥0)
and the stationary point corresponds to a maximum. (The case in
which Q(u, v) takes both positive and negative values leads to a
saddle point.) Clearly determining the nature of a stationary point
is closely related to determining whether a quadrati~ form is positive
definite (i.e. Q(u, v) > 0 for non-zero u, v), negative definite (i.e.
QO(u, v) < 0 for non-zero u, v) or indefinite (Q(u, v) taking both
positive and negative values for different u, v values). This can best
be done by writing (22) in matrix form as

Q = SAS, (23)

S=/u and A=/a h\. 24)
)G os)

If now Q can be put into diagonal form such that

Q = AU*+uV?, (25
where A, yt are constants and U, V are new variables related to u, v,
then Q is positive when both A and p are positive, and negative when
both A and p are negative. As we shall see in 6.8 the reduction of a
quadratic form to a diagonal form is closely related to the diagonali-
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sation of the matrix A associated with the form (see, for example,
(23) and (24)).

Now the nature of a quadratic form in two variables such as
(22) may easily be determined without using matrix ideas. For from
first principles Q(u, v) > 0ifa > 0 and ab—h? > C, and Q(u,v) < 0
if a <0, ab—h* > 0. However, when dealing with functions of
many variables say f(x,, x,, ..., x,) the nature of the stationary
point depends on the nature of the general quadratic form

M=

n
2 2
Z aikuiuk———a“u1+alzu1u2j...+a""u" (26)
i=1 k=1

]

and the matrix approach becomes of prime importance. We shall
return to this problem in 6.8.

6.2 Similar matrices

As we have already seen two matrices A and B are said to be similar
if there exists a non-singular matrix M such that

B=M"1AM. 2n

We now show that similar matrices have the same eigenvalues. For

B-AI=M'!AM-AI=M"'AM-IM"'M =M ' (A-ADM, (28)
and hence

|B—A1| = |M“(A—AI)M| = |M"| |A—AI| [M] = |A-21|, (29)

since [M™!| M| = 1. Consequently the characteristic polynomials

of A and B are identical and so therefore are their eigenvalues.
Suppose now that X; is an eigenvector of A and Y, is an eigen-

vector of B both corresponding to the i'® eigenvalue ;. Then

AX, = 4X, (30)
and

BY, = 1Y, (31)
But since B = M~ 'AM then

MB = AM, (32)
and hence, using (31),

MBY, = AMY, = 4, MY,. (33)

Comparing (33) and (30) we see that

X, =MY,. (34)
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Another result follows from the fact that A and B both have the
same characteristic equation for then
TrA=TrB. (3%
Furthermore
[B] = [M™*AM]| = [M ™| |A| [M] = |A| (36)
s0 that the determinants of similar matrices are equal. To illustrate
these results we again return to the matrix

A=(g ;) (37

In 6.1 it was found that A is similar to the diagonal matrix

D=/2 0)\. (38)
0 5

Clearly TrA = 443 =542 =T7TrD, and |[A]| =10 = [D|. As a
further example we take

A=<:12 ;) M=<i (1)> (39)

B=M"!'AM=/4 3\. (40)
0 —1

Again it is easily verified that 7r B = 77 A, and that |A| = |B|.

Then

6.3 Diagonalisation of a matrix whose eigenvalues are all different

In Chapter 5, 5.4 we showed that if the eigenvalues of a general n't
order matrix A, say, are all different then a set of » linearly inde-
pendent eigenvectors always exists. Now let U be the square matrix
whose columns are the eigenvectors of A. Then, if X, is the eigen-
vector corresponding to the i'® eigenvalue 1,, we have

U=(X,X;X;..X), 41
which in terms of the components of the eigenvectors is
U=/x{" x©. . . xPy. 42)
Xox® X
xf‘,” xf;z’. .o xf;"’

97



Diagonalisation of Matrices [6.3]

We further write

D=/4 0 0 . . . 0\. (43)
0o 4, 0 0
0 0 A 0
0O o0 A,
Consequently
UD = [ 4, %0 ,x®. ., 2x{ (44)
xS x4
P I RV C
which, in the abbreviated notation of (41), is the matrix
Xy 4,X,... 4,X,). (45)
Likewise AU is an »'® order matrix given by
AU = (AX;, AX, ... AX)). (46)
But since AX; = 1,X, we have
AU = (4, X; 2,X,...4X)." é4n
Hence
AU=UD (48)
or
D = U 'AU, 49)

where D is a diagonal matrix whose elements are the eigenvalues
of A. (We note here that since all the eigenvalues are assumed
different the columns of U are linearly independent (see 5.4) and
hence U™ 1! exists. If some of the eigenvalues of A were the same the
eigenvectors would not necessarily be independent. Consequently
two or more columns of |U} would be proportional giving [U| = 0.
Hence U™! would not exist and diagonalisation could not be carried
out.) The general result of this section is as follows:

A matrix A with all different eigenvalues may be diagonalised by
a similarity transformation D = U™'AU, where U is the matrix
whose columns are the eigenvectors of A. The diagonal matrix D
has as its elements the eigenvalues of A.
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The origin of the diagonalisation of the matrix of equation (1) is
now clear, equation (4) showing that the elements of D are indeed the
eigenvalues of A. As a further illustration of the method of diagonali-
sation we consider the following example.

Example 2. The matrix of Chapter 5, Example 2,

A=/1 -1 -—1 (50)
r -1 0
1 0 -1
has eigenvalues 2, = —1, A, =i, A, = —i and corresponding
eigenvectors
X, = 01\, X;= /1+i\, X;=/1-i\. (51
1 2 2
J2 3 3
s 3 3
V2
Hence
U= 0 I+i 1-i), (52)
2 2
1
— o+ 4
V2
1
e
V2
|U[= —i/\/i, and
U™l = 1 1 . (53)
0 Ep— _— =
V2 V2
o 14i 14
o2 2
1—i 1—i
; il -
2 2
Hence
U 'AU= /-1 0 0\ . (54)
0 i 0
0 0 —i
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6.4 Matrices with repeated eigenvalues

As shown in Chapter 5, 5.4 the eigenvectors of a matrix with
repeated eigenvalues may not be linearly independent. The remarks
of the last section then lead us to the fact that such a matrix cannot
be diagonalised by a similarity transformation. Consider as an
example the matrix of Chapter 5, Example 3, where

A= /2 1 2\, AL =5, Ay =A4,=2. (55)
0 2 3
0o 0 5
Using the results of (62) and (65) (Chapter 5) we have
U=/1 . 56
V3
1
— 0 0
J3
1
0 0

V3
Hence |U| = 0, and therefore U™ ' does not exist. Consequently A
is not diagonalisable.

In general, a non-symmetric matrix with repeated eigenvalues
(such as (55)) is not diagonalisable, but may be reduced to the
Jordan normal form. This is a matrix with elements in the leading
diagonal, elements equal to 0 or 1 in the next line parallel to and
above the leading diagonal, and zeros everywhere else. However,
we will not prove this result here.

6.5 Diagonalisation of symmetric matrices

In Chapter 5, 5.6 we have seen that corresponding to any »'™ order

real symmetric matrix A there are (even if some eigenvalues are

repeated) n orthonormal eigenvectors X, satisfying the relation
XX, =6, (57

(see Chapter 5, equation (105) ).
We now see that in virtue of (57) the »'* order matrix of the eigen-
vectors X, of A, namely,
U=(XIXZ~..X") (58)
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satisfies the relation
Ou=1 (59)
from which
O=U""'. (60)
Hence U is an orthogonal matrix (see Chapter 3, 3.5). Consequently
it follows from (49) and (60) that A is diagonalised to D by an
orthogonal matrix U, where
D =U"'AU = UAU. (61)
The general result obtained here may be stated as follows:

A real symmetric matrix A (with distinct or repeated eigenvalues)
may be diagonalised by an orthogonal transformation D = UAU,
where U is the orthogonal matrix whose columns are formed from a
set of orthonormal eigenvectors of A. The diagonal matrix D has
as its elements the eigenvalues of A.

Example 3. The matrix
4 -3

of Chapter 5, Example 5, has eigenvalues 4, = 5, 1, = —5 and
orthonormal eigenvectors

A=<3 4) (62)

L Xp=/ 1. (63)
J5 J5
] 2
Vs V5

Hence
U=/ 2 L (which is orthogonal) (64)
V5 s
1 2
Jso Vs
and
UAU=/5 0\ =D. (65)
0 -5
Example 4. The matrix
A= (2 0 1 (66)
0 3 0
1 0 2
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of Chapter 5, Example 6, has eigenvalues 4, = I, A, = A; = 3.
An orthonormal set of eigenvectors corresponding to these eigen-
values is (see (101) and (104), Chapter 5)

x1=/ Ly Xm0\, Xy= [0\, (6])
J2 V2 l
0 0

0
1 1
V2 V2
Hence
U=/ 1 L (68)
J2 2
0 0 1
1 1
e — = 0
J2 V2
and
CAU=/1 0 0\. (69)
0 3 0
0 0 3

6.6 Diagonalisation of Hermitian matrices

It was found in Chapter 5, equation (106) that the normalised eigen-
vectors X; of a Hermitian matrix satisfy

XPX, =5, (70)
Accordingly the matrix of the normalised eigenvectors
U=(X;X,...X) 71)
satisfies
UU=1 (or U*=U"") (12)

U is therefore a unitary matrix. Hence a Hermitian matrix A can be
diagonalised by the unitary matrix U formed from an orthonormal
set of its eigenvectors. For, using (49) and (72), we have

U~'AU = U*AU = D, (73)

where D is a diagonal matrix with the eigenvalues of A as
elements.
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Example 5. The matrix
A=/ 1 b+i (74)
1—i 2
of Chapter 5, Example 7, is Hermitian and has orthonormal eigen-

vectors
X, = (1+0\, X,=/1+i (75)

J3 NG
1 3

L Jz
NE) 3

satisfying (70).

Hence
U=/ () 1t 76)
J3 e
1 Ji
V3 3!
and

U=/ (1= 1 \. a7

NERRNE
1—i 3
N3 «/3

I?*AU:(O 0>=D. (18)

Consequently
0 3
It is easily verified that 0 and 3 are, in fact, the eigenvalues of A.

6.7 Bilinear and quadratic forms
An expression of the type

B=) Y ajxiy; (79)

i=1j=1
which is linear and homogeneous in each of the sets of variables
Xty X2y « + oy Xm> Y15 Y2y - « o Yy is called a bilinear form. For the

moment we shall deal only with real forms for which the coefficients
a;;, and the variables x,, y; are real quantities. Now (79) may be
written in terms of matrices as

B = XAY, (80)
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where

X=/x1\, A=/ ay dyy - EESTAR Y= /y\, (8
X2 a1 dz; - - Aan Y2
xm aml amn yn

A being called the matrix of the form.
For example, the bilinear form

By =x;y;+2y,x,+3x,y +4x, 4+ 5y X3 +6y,x;  (82)
may be written as

(xy x; x3)<1 2 <y1>- (83)
3 4 b2
5 6

By, =6x;y;+2x1y,+3x,y,—4x,y, (84)

= (x, x2)<g —421> <i1> (85)

A special case of (80) occurs when X and Y each have the same num-
ber of elements and A = I (the unit matrix). Then

Likewise

B=XY=x,p,4+%X,y,+ ...+ X, Vn, (86)

which is the matrix form of the scalar product of the two vectors
X and Y.

Bilinear forms lead naturally into quadratic forms when Y = X,
for then

B=Q = .21 "21 a;;x;x;, 87
i=1 j=
which is a homogeneous polynomial of degree two in the variables x,.
In matrix form (87) becomes

Q0 = XAX, (88)

where A is the matrix of the quadratic form. Now expanding (87)
we find

Q =ay xi+(a+ay)%, %, + (a3 +a3)x, x5+ ...+
+ay,x24+(ay3+a32)x X3+ ... +a,, x2. 89)
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Writing

ap+ay .
Coe = —52—"‘ for all i and k

so that ¢;, = ¢, Q becomes

2
€1 X1+201, X X420 3X X3+ ...+

2 2
40y X5+ 2¢,3 X, X35+ FCpp X,

which in matrix form is
Xcx,

where C is a symmetric matrix.
For example, the matrix

(4

associated with the quadratic form
XAX = x%—3x,x,+5x2
is non-symmetric, However, writing (94) as
XT—3x,x;,—3x,x,+5x3 = XCX,

we see that the associated symmetric matrix C is

()

6.8 Lagrange’s reduction of a quadratic form

A real quadratic form

n n
Q=2 Y a;xXx
i=1j=1

can be reduced by a variety of methods to the form

a1y§+a2y§+"'+any3’

(90)

on

(92)

93)

¥4

(95)

(96)

©7

(98)

where the y; are linearly related to the x; and the «; are constants.
This process is called reducing the quadratic form to a diagonal
form - or, more briefly, diagonalisation. One method of diagonalisa-
tion (due to Lagrange) consists of continually completing the square,

as shown by the following example.
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Example 6. Consider
= x2 4+4x2 4+ 5x3—2x, x5 — X, X,. 9%9)

Then regrouping the terms in (99) gives

2
b
= (3= 3) Hitamdotesd- et 00
= yi+&yi+ 1, (101)
where
X2
=X, — — N

Y1 1 2 (102

Y2 = Xy =1%Xs, |

V3= X3- J

6.9 Matrix diagonalisation of a real quadratic form
We now consider the matrix form of Q - namely

XCX (see (92)), (103)
where C is a real symmetric matrix. Suppose we now allow a real

non-singular linear transformation of the variables x; to a new set of
variables y; defined by

X = UY, (104)
where U is some real non-singular matrix.
Then ~
Q = (UY)CUY = YOCUY. (105)

Clearly if U can be chosen such that UCU is a diagonal matrix then
Q will be transformed into the diagonal form (98). Although there
is frequently no unique way of doing this, an important method
already discussed in 6.5 is based on choosing U to be the matrix of
a set of orthonormal eigenvectors of C. The matrix U is then
orthogonal (U = U™%) and UCU is a diagonal matrix D, whose
elements are the eigenvalues 1,, 4,, . . ., 4, of C. Hence, with this
particular choice of U, we have

O0=YDY=(y, y;..y) A, 0. . .0 Y1\ (106)
0 4, . Va2
o . . . . A Vn

=y, pi+ o+ 2,02 (107)
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Now as we have scen in 6.1 one of the important problems asso-
ciated with a quadratic form is to determine the nature of the form -
that is, whether it is positive definite, negative definite or indefinite.
The results of this section enable this to be decided very easily.
For from (107) if all the eigenvalues 4; of C are positive then
O(x;) > 0 for all x; except x; = 0 and consequently is positive
definite. Similarly if all the cigenvalues of C are negative then
O(x;) < 0 for all x; except x; = 0 and accordingly is negative
definite. If, however, C has both positive and negative eigenvalues
then Q(x,) takes on positive and negative values for different x;
values and is consequently an indefinite form. For example,

L= X1 4H2x343x3 (108)
is a positive definite form, and
Q, = x3+2x3-3x3 (109)

is an indefinite form.

An important number associated with a quadratic form is its
signature s. This is defined as the number of positive terms minus the
number of negative terms in the diagonalised form of Q. By inspec-
tion the signatures of @, and @, of (108) and (109) are respectively
+3 and + 1, whereas, for example,

Q3 =x{—-x3—xi-x} (110)
has signature —2.

An important result is that given two or more real linear transfor-
mations which diagonalise a quadratic form the resulting diagona-
lised forms (although different) nevertheless have the same signature.
In other words, the signature is an invariant quantity under real
transformations of the variables x;. (Clearly signature is not an
invariant quantity under complex transformations. For example,
the transformation x; = y,, x, = iy,, x5 = iy, transforms Q, of
(108) which has signature +3, into y?—2y2—3y% which has
signature —1.)

Example 7. The real quadratic form

0 = 2x}+2x342x, x,4+3x3 (111)
may be written as XAX, where
A= (2 1 0\ and X= /x,\. (112)
12 0) X,
\0 0 3 X3
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It is easily found that the eigenvalues of A are 4, = 1,1, = 4; = 3,
and that a corresponding set of orthonormal eigenvectors is

q, = 1_ , q; = L s q; = (0). (113)
J2 J2 0
1N i 1

V2 V2
0 0

(N.B. q, has been used to denote the i*™ eigenvector of A rather than
X, so as to avoid possible confusion with X in (112), which is an
arbitrary column vector associated with the quadratic form.)

The matrix A may now be diagonalised by the orthogonal matrix
U of the eigenvectors (113), where

U= 1 Loy (114)
V2o V2
1 1
- — 0
V2 V2
0 0 1
to give
U 'AU=TAU=D=/1 0 0\. (115)
0 3 0
0 0 3

Hence the transformation X = UY, where

Y= /[y\, (116)
V3

diagonalises the quadratic form XAX to give

-/ -
(UY)AUY = YUAUY = YDY = y? +3y3+3y3. (117)

Alternatively Q of (111) may be reduced to diagonal form by the
Lagrange method of 6.8 to give

2
=2 (x, + %) +3x243x2 (118)

=2u? 4+ 3ul+3ul, (119)
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where
X2 U,
ul—x1+7 X =u, -,
(120)
Uy = Xy, or Xy = Uq,
Uy = X3, X3 = Uj.

Finally the transformation X = WZ, where

Z= [z and W=1%}/-1 2 1 (121)
z, 2 -1 1
Z3 1 1 -1

sends XAX into
IWAWZ =z} 4274 z3 (122)
Here W is not an orthogonal matrix - nevertheless WAW is diagonal.
In the three diagonalised forms of (111) — namely, (117), (119) and
(122) — the coefficients of the variables are different, as are the rela-
tions between the x; and the transformed coordinates. However, the
signature of each form is + 3.

6.10 Hermitian forms
Results similar to those obtained in the last section for a real quad-
ratic form hold for a Hermitian form H defined by

H = X*AX = X'AX, (123)
where A is a Hermitian matrix (i.e. AT = A) and X is a column vector
of complex elements. If A and X are real then H is a real quadratic
form. One of the important properties of a Hermitian form is that
its value is always real. This is easily proved by considering

H* = (X*AX)* = RA*X* = RAX*, (124)
Now, since the transpose of a number is itself,

T~/ ~
(XAX*) = (XAX*) = X*AX = H. (125)
Consequently
H* =H, (126)

showing that H is real.

A Hermitian form may be diagonalised in a similar way to a real
quadratic form. Consider the non-singular complex linear transfor-
mation

X =UY, (127)
109



Diagonalisation of Matrices [6.10]

applied to H so that H becomes
(UY)'AUY = Y'UTAUY. (128)

If now U is chosen to be the unitary matrix formed from the column
eigenvectors of A (see 6.6) then

U'AU(= U*AU) = D, (129)
where D is a diagonal matrix with the eigenvalues (real) of A as
elements. Consequently by (128) and (129) we have

H=Y*DY=/11[y,|2+/12[y2|2+...+/1, 2 (130)
where |y,| denotes the modulus \/(y"fyl) of y,, etc, and
Ats Azy . o ., 4, are the eigenvalues of A. (Since the eigenvalues of a

Hermitian matrix are necessarily real, (130) again demonstrates that
H is a real quantity.)

.vn

6.11 Simultaneous diagonalisation of two quadratic forms

It has been shown in 6.5 that a real symmetric matrix may always be
diagonalised by an orthogonal transformation. We now wish to
find the conditions under which two real symmetric matrices may be
diagonalised by the same orthogonal transformation. Suppose the
real symmetric matrix A is diagonalised by the orthogonal matrix
U(0 = U™Y) so that

U 'AU=UAU =D,. (131)

Now if B is another real symmetric matrix, then in general UBU will
not be a diagonal matrix. However, if UBU is a diagonal matrix
D, (say) then, since D, D, = D, D, we have

UAUUBU = UBUUAU. (132)
Now, since U is orthogonal, UU = I, and hence
AB = BA. (133)

In other words, if two real symmetric matrices are simultaneously
diagonalisable by the same orthogonal transformation they must,
of necessity, commute. It may also be shown that this condition is
sufficient in that if two real symmetric matrices commute then they
may be simulianeously diagonalised by the same orthogonal
transformation.

It follows that two real quadratic forms Q; = XAX, 0, = XBX
A and B symmetric) may be simultaneously reduced to diagonal
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form by the same orthogonal transformation only if A and B
commute.

In quantum mechanics special importance is attached to unitary
transformations. It is easily seen that if H is now a Hermitian matrix

which is diagonalised by a unitary matrix U(U! = G:" =U"1Y so
that UTHU is diagonal, then another Hermitian matrix K is diagona-
lised by the same unitary transformation only if H and K commute.
In the same way as for real quadratic forms it follows that two
Hermitian forms H, = X'HX, H, = X'KX may be simultaneously
reduced to diagonal form by the same unitary transformation only
if H and K commute.

Example 8. The symmetric matrices
A=/2 1}, B=/3 2 (134)
1 2 2 3
commute. Hence they can both be diagonalised by the same ortho-

gonal transformation. Now the orthogonal matrix formed from the
orthonormal eigenvectors of A is easily found to be

U=/1 RRE (135)
J2ooV2
1 1
V2ooV2
Consequently
UAU=/3 0\ and UBU=/5 0}, (136)
0 0 1

showing that both A and B are diagonalised by U.

PROBLEMS 6

1. Diagonalise each of the following matrices by means of a similarity
transformation:

(a)(2 3), (b) (1 0 —1), (©) (—2 ~1 0).
4 1 1 2 1 1 2 3
2 2 3 4 5 6

In each case obtain the sixth power of the matrix by first finding
the sixth power of the diagonal form and then transforming back.
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2. Diagonalise each of the following real symmetric matrices by
means of an orthogonal transformation:

(a) /3 4\, () /0 1 0\,
<4 _3> (1 0 0)
0 0 1
() /12 2 0V, @/o0 1 0 0
(2 2 0) 1 0 0 O
0O 0 1 0 0 0 1
0O 0 1 0

3. Diagonalise each of the following Hermitian matrices by means
of a unitary transformation:

@@ ([ -2 3+3i\, () (3 1-i\,
(3—3;‘ 1 ) 1+i 4

(c) 0 i 0y\.
(——i 4 =2
0 2i 2

4. Find the real symmetric matrix associated with each of the
following quadratic forms:

(a) 2x?—5x,x,+5x2,
(b) x2—2x,x, +2x3—2x,x5+2x3,
(¢) x?+8x,x;—10x,x,+2x3.

S. Reduce each of the above quadratic forms to diagonal form by
Lagrange’s method.

6. It can be proved that a set of necessary and sufficient conditions
for the cuadratic form XAX to be positive definite, where A is a
real symmetric matrix with elements a,,, is that all the determinants

Ay =ay,, Ay=|ay; ap|,
azy ai;
A3=

Q1 G2 Q4z3
Qs dsz; Qi3

a1y 442 4g3 ’ T |Al

are positive.
Using these conditions, show that the quadratic forms

3x}+4x, x,+ 5x3
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and
2x2 4 2x; X, +2x3 —6x, X3 — 2%, X3+ Tx3

are both positive definite.

. Suppose that the real quadratic form XAX is diagonalised by the
orthogonal transformation X = UY (U orthogonal) to give

YDY = 2,2+ A,y 4. + A, 02,

where 4,, 45, . . ., 4, are the eigenvalues of A. We now assume
that A; > 4, > ... > 4,. Then

¥DY>1,YY and ¥YDY <4, VY.
Hence
XAX
/11=max.—§5(—, An=min.ﬁ~,
and consequently
XAX
2w = Ay
Mgy =h

By choosing different forms for the vector X, obtain approximate
bounds on the eigenvalues of

A= (2 1 0\.
1 3 0
0 0 2
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CHAPTER 7

Functions of Matrices

7.1 Introduction

In the last chapter it was shown that powers of a square matrix
could readily be obtained by putting the matrix into diagonal form
by means of a similarity transformation. Powers of matrices are
frequently required especially in the study of matrix functions,

where for example a power series such as
2

A
eA=I+A+;+... (€3]

depends on all positive powers of A. We shall deal with matrix
functions — in particular, with (1) — in later sections of this chapter.
For the moment, however, we recall that not all matrices are
diagonalisable by a similarity transformation and consequently
some other method is required for evaluating powers of matrices.
Such a method, which in fact can be applied to all (square) matrices,
is embodied in the Cayley-Hamilton theorem discussed in the next
section.

7.2 Cayley-Hamilton theorem

This theorem states that every square matrix satisfies its own
characteristic equation. In other words if

f) = [A—-/ll| (2)
is the characteristic polynomial of an #® order matrix A then
flA) =0, 3)

where 0 is the zero matrix of order n.
We may see the origin of this theorem in the following analysis.
For, by Chapter 5, 5.3,
Ay =(=D)"Q "=, A" Ty A = (= 1)) G
and hence
fAA) = (—1)"(A"—a; A" 4o, A" 72— (= 1), I). (5)
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Now if X, is an eigenvector of A corresponding to the i*® eigenvalue
A; then

AX; = 4 X, (6)
and
SAAX; = (— 1)'(A"—a, A" '+, A" 2+ (= 1), DX, )
However, from (6) it follows that
A"X, = X, (8)

Hence using (8) in each term on the right-hand side of (7) we have
JAX; = (— 1 - ™ ot 72+ (= o)X, 9

= 0, since A; 18 an eigenvalue of A. (10)
Now if A has » distinct (i.e. not repeated) eigenvalues there will be
n linearly independent eigenvectors X, X,, . . ., X,. Writing the
matrix of these eigenvectors as
S =(X,X;..X,), (1)
(10) may be expressed as
flAS =0. (12)
Since the X, are linearly independent, S™! exists, and hence
H(ASS ' =0 (13)
or
f(A) =0, (14)

which is the Cayley-Hamilton theorem.

This proof depends on A having distinct eigenvalues. We now show
that the Cayley-Hamilton theorem is true for any n'® order A whether
it has repeated eigenvalues or not.

Consider first adj(A — AI) which is, by definition, the transposed
matrix of the cofactors of A— 1. Now, since |A — AI| is a polynomial
of degree n in A, adj(A— D) will, in general, be a polynomial of
degree n—1 in A with matrix coeflicients. Hence we may write

adj(A—AI) = Co A" '+ C, 1" 2+ ...+C,_4, (15)
where Cq, C,4, . . ., C,-, are n™ order matrices with elements depen-
dent on the elements of A.

Now by definition

(A— i) adj(A—AD) = [A—AI[I = f()L (16)
Hence
(A—AD(Co A" '+ C A" 24+ 4+C, ) =(=1)"x
("= A b, A2 (= 1)) (17)
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Equating coeflicients of like powers of 1 on each side of (17) we find
- CO = ( - 1)" Iv ]
AC—-C =—(—1D"oyl,

AC,—C, = (—1)a,],
. . ’ (18)

AC,., =a,L J

Pre-multiplying the first equation in (I8) by A", the second by
A" !, and so on, the last being pre-multiplied by I, and then finally
adding the resulting equations we have

0=(—10(A"~a, A" 40, A" 24 . +(=1)la,])  (19)
or

f(A) =0, (20)

which again is the Cayley-Hamilton theorem.
The following examples illustrate the theorem.

Example 1. Consider the matrix

=
whose characteristic equation (JA—AI| = 0) is

A2—4)-5=0. (22)

Hence, by the Cayley-Hamilton theorem, A must satisfy the relation

AZ—~4A—-51=0, (23)

where 0 is the zero matrix of order 2. This is easily verified by
evaluating A? directly to give

Al=/(9 8\=4/1 2\+5/1 0)\.
(o) G 376 ) e

To evaluate A® we write (using (23) )
A% = AA? = A(4A+51) = 4A% +5A
= 5A+4(4A +51) = 21A +201 (25)
=21 (1 2>+ 20(1 0>=(41 42). (26)
4 3 0 1 84 83
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Likewise
A* = AA® = AQQ1A420I) (using (25)) (27)
= 21A?+20A = 21(4A +51)+20A (using (23)) (28)
= 104A + 1051 (29)
=104 /1 2>+ 105 /1 0\=/209 208\. 30)
4 3 0 1 416 417
Furthermore, since A is non-singular, (23) may be written as
A-4I-5A""' =0 (31
so that
ATl=1A-4D=1/1 2\-%/1 O (32)
4 3 0 1
(7)) (33)
4 1
5 5

This is a very useful way of evaluating the inverse of a matrix, and
may be readily extended to higher negative powers. For example,
ATP=A""AT = [(A-4D (A —-4D)
= 5 (A —8A +16])
= -(4A + 5D —SA + 151, (using (23)),
=—35A+ 5L (39)

== 21 2\+2L/1 0
4 3 0 1

=< 2% —*285-), (35)
16 9
25 25

as may be verified from first principles.

Clearly all positive and negative integral powers of A may be
expressed as linear combinations of A itself and the umt matrix I;
that is

A"=qa,A+a,l (36)

where 7 is a positive or negative integer, and g, and a, are numerical
constants which are different for each r (as shown by (25), (29), (32)
and (34) ). This result is true for any matrix of order 2 (assuming that
it is non-singular for the negative powers to exist) and in 7.3 we show
how the constants a, and a, may be evaluated.
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Example 2. The matrix

A=/2 1 2 37
0 2 3
O 0 5
has as characteristic equation
A3—91%4241-20=0. (38)
Hence, by the Cayley-Hamilton theorem
A3 —9A?4+24A-201 = 0. 39)
Consequently, A%, for example, may be evaluated by writing
A* = AA3 = A(9A? —24A 4 200) (40)
= 9(9A% —24A 4-201) — 24A? + 20A 41)
= 57A% — 196A + 1801 (42)
=57/4 4 1N\N-196/2 1 23+180/1 O O
0 4 21 0o 2 3 0 1 0
0 0 25 0 0 5 0 0 1
=/16 32 577\. 43)
180 16 609
0 0 625

Moreover, since A is non-singular, A~! may be evaluated by writing
(39) as

A?—9A4+241—20A"' =0 (a4)
or
Al = (A2~ 9A +24I), (45)
=55 /10 =5 —1\. (46)
0 10 -6
o o0 4

Similar calculations can be made for higher positive and negative
integral powers of A. In fact, it is clear (see, for example, (42) and
(45) ) that

A" =a;A’+a,A+a,], 47

where r is a positive or negative integer, and a,, a, and a; are
numerical constants whose values depend on the value of r.
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7.3 Powers of matrices

The previous two examples have shown that (a) in the case of a
second order (i.e. (2 x2)) matrix A,

A"=a,A+a,l, (48)
and (b) in the case of a third order matrix A,
A"=a A’ +a,A+a,L (49)

Using the Cayley-Hamilton theorem it is easily found that for an
n™ order matrix any integral power A" may be expressed as
A"=a, A" '+ a,A" 4 asA" 4 ta, A tal, (50)
where the values of a,, a,, . . ., a, depend on the particular choice
of r. However, as Example 2 showed, the evaluation of the constants
a,, a,, . . . etc., required repeated use of the Cayley-Hamilton
theorem. We give here an alternative procedure for the calculation
of these constants. For convenience we deal only with second order
matrices, the analysis for #*® order matrices (which is exactly similar)
being partly discussed in Problems 4 and 5 at the end of the chapter.
Now the characteristic polynomial f(1) of a second-order matrix
A is a quadratic expression. Hence if A" 1s divided by f(2) we have
A" = f(HQA)+R(A), (51
where Q(1) is a quotient polynomial and R(4) is a remainder poly-
nomial which at most is of first degree.
Let
R(A) =a,i+a,. (52)
Then since the eigenvalues of A, 1, and 4,, say, are the roots of
f(A) = 0, we have, using (51) and (52)
AM=a,l +a2,}
A =a, A +a,.
Provided A; # 1,, the two equations of (53) determine the values
of a; and a,.
Now the analogous result to (51) for the matrix A (which we state
here without proof) is

(53)

A" = f(A)Q(A) + R(A). (54)
However, by the Cayley-Hamilton theorem f(A) = 0. Hence
A"=R(A)=a,A+a,l, (55)

which is precisely the result of (48). The values of a, and a,, how-
ever, are now the solutions of (53).

119



Functions of Matrices [7.3]

Example 3. We consider the matrix

A=/l 2
<4 3> (56)
of Example 1. To evaluate A> we write
A’ =a,A+a,] (57)
and determine a; and a, from the equations (53) making use of the
fact that the eigenvalues of A are 4, = 5Sand 1, = —1. That is
53 =5a,+a,,
3 a,+a, } (58)
(—1) = _al+a21
whence
a, =21, a, =20. (59)
Hence
A% =21A+201 (60)
=21/1 2\+20/1 O\=/41 42 (61)
4 3 0 1 84 83
as in (26).
Likewise
AS =b,A+Db,1, (say), (62)
where b, and b, are the solutions of
5¢=5b,+b,,
) (+by } (63)
(=D)°=—b,+b,.
Solving (63) we find
b, =2771, b, = 2T70. (64)
Hence
AS=2771/1 2\+2770/1 0\=/5541 5542\. (65)
3 4 0 1 8313 13854

The eigenvalues of A in the last example are different, this being
the condition under which (53) leads to unique values of a4, and a,.
It is natural to ask how these constants can be determined for a
matrix (again second order) with two identical eigenvalues. Suppose
Ay is a double root of the characteristic equation f(1) = 0. Then

f(A) =0, and f'(4;) = 0. (66)
Now differentiating (51) with respect to A we have
rir Tt = Q' (A +/ (A +R'(A). (67)
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Hence putting 1 = 1, and using (66) we find
rA7"'=R(1) =a,. (68)
The pair of equations

A :alll—{»az,} (69)

riy ! =a,,
then determine uniquely the values of @, and a, and take the place
of (53) when the two eigenvalues are the same.

Example 4. Consider the matrix

A= <1 2> (70)

0 1
which has eigenvalues 1; = 1 (twice).
Hence
A"=a,A+a,l, (71)
where a; and a, arc the solutions of the equations
1" =la, +a,,
I } (72)
rl” " =a,.
Equation (72) leads directly to
a, =r, a,=1-r. (73)

Hence, for example,

AY= 3/1 2\ -2/1 O0\=/1 6, (74)

<0 1> (o 1> <0 1>
A =26/1 2\-25/1 O\=/1 52\, (75)
0 1 <0 1) 0 1>

R RS R O I Y B

As mentioned earlier the analysis for n'" order matrices is similar
to that developed here for second order matrices, and further
details can be found in Problems 4 and 5 at the end of the chapter.

and

7.4 Some matrix series

We indicated in 7.1 that matrix functions - in particular, power
series — would be considered later. This is an extensive subject and all
that is possible here is to give a brief introduction to it without
any proofs.
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First we recall some ideas relating to series whose arguments are
scalar quantities. Suppose z is a complex number. The series

o0
Y a,z,
r=0

where the a, are real coeflicients, will converge absolutely to a sum

[(2) (say) if

iy zr+ 1
lim |————| <1 (D’Alembert’s ratio test); an
r—+w a,Z
that s, if
lz| <R, (18)
where
R =lim (19)
row | Gryg

Since z is a complex number, (78) defines a circle of radius R in the

Argand plane with centre at the origin (see Fig. 7.1). The series con-

verges for all values of z inside the circle and diverges for all z

outside; for this reason, the circle is called the circle of convergence.
For example, the series

thz4l s + 5 Z’ i z (80)
z =) —
2! or!
has a circle of convergence of radius
1/r! )
R =lim ——————}=lim |r+1}| =00, 81
oo Jr+D e | | @1

and consequently converges absolutely for all z. It is easily seen
that (80) is just the power series expansion of €.
On the other hand the series

2]
l4z+22+.. 42"+ =) 2 (82)
r=0
has
R=lim || =lim |>|=1, (83)
roo | Qred r=o

and consequently is absolutely convergent only for |z| < 1. For such

. . 1
values of z the series represents the function ——.
—z
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We are now in a position to be able to state (without proof) one
of the basic theorems of matrix analysis. This is that if all the eigen-
values of a matrix A lie within the circle of convergence of the power
series

Q0
f&)=3 a7 (84)
then the matrix power series
Y a,A’ (85)
r=0

(where A% is defined as the unit matrix I) converges absolutely to the
matrix function f(A). If at least one eigenvalue of A lies outside the
circle of convergence, (85) diverges. (A more refined test of con-
vergence is necessary when one or more of the eigenvalues of A lies
on the circle of convergence — this case will not be discussed here.)
For example, since the functions ¢7, sin z, cos z converge for all z
(i.e. R = o0), it follows that the matrix functions

A2 r
A=I+A+—+...+—+... (86)
2! ri
A3 AS A2r+1
mA=A——+——...+(=1) —— +... 87
sin 5t Tsr T Gyt ®7)
AZ 4 2r
COSA=I—2—'+Z'“—+(—1) (2—";'*‘ (88)
are valid for every square matrix A.
Likewise
e = cos A+isin A. (89)
Now, since e’e™* = 1, we have
erteA=1 (90)
whence
(Mt =e"A (C2))]

Hence the inverse of e* always exists and e* is consequently a non-
singular matrix for every A.

Care must be taken when dealing with more than one matrix
function. For, although e%e” = e**7, it is not neccssarily true that
e*e® = ¢**®, This may be seen to be the case since (by (86))

B 2
eA+°=1+(A+B)+‘—‘1; 92)
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whereas
A? B*
e‘e“=<I+A+§T+...><I+B+E+ ) 93)
Hence
ertB_er o® = L(BA—AB)+
+terms of higher order in (BA —AB). %%
Consequently
eAtB oA B (95)
only if A and B commute. When decaling with functions of two
matrices analogous results to those of functions of a scalar variable
usually hold only if the two matrices commute. For example,
sin (A+B) =sin A cos B+cos Asin B (96)
only if A and B commute (as can be verified by using the power
series expansions (87) and (88) ).
We now illustrate how matrix functions may be simplified using
the Cayley-Hamilton theorem.

Example 5. To evaluate

A with A =< 0 I>, 7
-1 0
where ¢ is an arbitrary paramcter.
Now
2 t2
A'=I+At+—5'—+... (98)
But the characteristic equation of A is
f)=2+1=0. (99)
Hence, by the Cayley-Hamilton theorem,
flA) = A*+1=0. (100)
Consequently from (100) we deduce that
Al=—1 A’=-A, A*=1 A=A, (101)

Hence, using (101) in (98),
12 AP Ir* AP
—I+At—?—‘3T+ZT+‘5*!~—... (102)

t2 t4 t3 IS

I<1—-—+Z*‘ . >+A< 37-*-** ) (103)

=Icost+Asint. (104)
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Hence

Example 6. To evaluate
AMwithA=/0 0 0\,
1 0 0
0 1 0

where ¢ is an arbitrary parameter.
Now by the Cayley-Hamilton theorem

f(A)=A°=0.
Hence
A"=0, r>3,
and therefore
2t2
At __ -
eM=14+Ar+ o

Evaluating A% and inserting in (109) we have

A=/l 0 O\+1/0 0 O\N+5/0 0 0
0 1 0 I 0 0 0 0 0
0 0 1 0 1 0 1 0 0

=({1 0 O0\.
t 1 O
IZ
- ¢t 1
2

Example 7. To evaluate

e* with A =/1  2\.
0 1

Now it was shown in Example 4 that

A"=rA+(1-nL
Consequently

A" A 1—r

TR
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Hence, using (114),

© A’
A=3

in

s

2 1
=I+A Zlﬁﬁ' (115)

Ae+I(e—1—¢) (116)

17‘!

fi

o '
= Ae
< > 117

Example 8. We have seen earlier in this chapter that the series
) 1
14+z+z*+...+2"+ ... converges to the function 1 for |z] < 1.
-z

Hence the matrix power series
Y A =T+A+A%+ . +A+... =(1-A)"! (118)
r=0
provided all the eigenvalues of A have moduli < 1. The matrix
A=/} 1 (119)
0 4
has eigenvalues } (twice) satisfying this condition. To evaluate A’
we write (as in 7.3)
A"=a A+a,l, (120)

and, since the two eigenvalues are equal, use (69) to determine the
constants a, and a,. Since A, = 4, (69) become

(%_)1’ = }a, +az,} (121)
r(%)r =ay,
from which we find
ay=r@y,  a=F{1-n. (122)
Hence, using (120) and (122),
AT =@y <rA + L;—H) (123)

Hence ty (11v,
I-A)"'=Y AT =I+A ) r@)y '+1 Y (1-r@). (124)
r=90 r=1 r=1

Using the fact that the series in the last two terms of {124) are
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expressible in terms of the geometric series, we find after some
simplification that

(I-A)"'=4A=/2 4. (125)
0 2

This result is readily checked since

R e

N I
as required.

We have concentrated so far on showing how powers of matrices
(and consequently matrix power scrics such as e*’) may be evaluated
with the help of the Cayley-Hamilton theorem. This method is valid
for any matrix. However, an alternative method of evaluating matrix
power series exists for matrices which are diagonalisable by means of
a similarity transformation. For suppose A is a matrix such that

and

U 'AU =D, (cf. (49) of Chapter 6), (128)

where D is a diagonal matrix whose elements are the eigenvalues of
A and U is the matrix of the eigenvectors of A. Then

A=UDU™!, A2=UDU'UDU!=UDU!,...
A'=UD'U Y, (rintegral) (129)

Hence for any analytic function f(z) we can write (using (84) and (85))

f(A) = Uy f(4,) LR (130)
J(4,) 0
0 )
where 4y, 4,, . . ., 4, are the eigenvalues of A.
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As an example of (130), we have for any diagonalisable matrix A

A _ ) it Ut (131)
eiz! 0

7.5 Differentiation and integration of matrices

Suppose A is any matrix (not necessarily square) whose elements a;,
are at least once differentiable functions of a scalar parameter ¢.
Then the derivative of A with respect to ¢ is defined as the matrix
whose elements are the derivatives of the elements of A. For example,

if
A=/sint ¢ (132)
1 le
then
dA
i cos t 2t \. (133)
! 0 2%

From this definition it follows that if A and B are any two matrices
for which the product AB is defined then
dA dB
— (AB) =— B A— (134)
dt’
Care is necessary, however, in differentiating matrices. For
example, it is not generally true that
dA

d
B 13
a " di (133)

as might have been expected. Rather we have to write

d d
SA"= " (AA..A
i = at )
dA ,_, . dA dA
=COATIRACT AT I AT
AT A AT A (136)

since, in general, A and dA/dt do not commute.
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d
Likewise (provided A~! exists) (Z‘A”‘ must be obtained in the

following way:
Since AA™! = I (by definition),

d dA dA™!
—(AA ™ D=~ AT A ——=0. 137
dt( ) dt + dt (137)
Pre-multiplying (137) by A~! we have
dA™? dA
o :_A—l__A—l
dt dt ’ (138)

. . -, dA dA
which gives the expected result —A™? 0 only when A™! and o
commute.

An important result which we usc shortly is that for a constant

matrix A
1
(%(e") = A M= oMAL (139)

This is readily verified by term-by-term differentiation of the power
series expansion of e,

Lastly we come to integration. The integral of a matrix A whose
elements are integrable functions of a parameter ¢ (say) is the matrix
whose clements are the integrals of the elements of A. Thus if

A=<1 cos t e') (140)

t t? t

then
JAdt=[t sint €\ +C, (141)
12 I 1t
2 3 4

where C is an arbitrary constant matrix of the same order as A.
The results of this section are of use in the solution of linear

differential equations by matrix methods. For suppose we have a

set of » linear first order equations in n unknown functions y,(¢),

yz(t), e yn(t)

d A o
y‘—zl a;y,  (i=1,2,.,n), (142)
P2

dt &
where the a;; are constants, and where the initial values y,(0) are
given,
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Writing
Y(t) = [y,(0) and A:/a11 ay; ... a,\ (143)
y2() a1 Gy ... 4y
yn(t) anl e ann
(143) may be written in matrix form as
dy(t
—(%) = AY(2), (144)

where the column vector Y(0) is given. Using (139), it is easy to see
that the solution of (144) is

Y(f) = e** Y(0). (145)
The solution of the set of differential equations is equivalent there-
fore to finding e**. This may be done by any of the methods discussed
in 7.4. For example, if A is diagonalisable by a similarity transforma-
tion then, using (130),

A=ULUT (146)
where D is a diagonal matrix with the eigenvalues of A as elements.
Consequently (145) becomes

Y(1) = U e U1 Y(0). (147)
Another approach is to make the transformation

W) =U"1Y(@) (148)

in (144), whence
dW(1)
Tdr
This is a set of uncoupled equations of the type
dw(t)

Tdt

daw,(1)

dt

= U~ 'AUW(t) = DW(1). (149)

1
= A, @(8),

= 112 wZ(t)’
(150)

daw,(1)
dt

= Ay 0,(1),
J
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where the w(¢) are the elements of the column vector W(¢), and
Aty Agy . .., A, are the eigenvalues of A. Each of these equations may
be solved separately and Y(¢) found from the inverse transformation
of (148).

PROBLEMS 7

1 3\ and /1 0)\%°
3 1 3 1
2. Show that

cos @ sinfd\"=/ cosnll sinnB\.
—sin@ cos 0 —sinnl  cos nd
3. Show that the eigenvalues of

A:(l—p q >
p l—¢q

are 4, = 1, 1, = 1—p—q. Hence (using the method of 7.3)
deduce that

1. Evaluate

Lo | (I-p—q)
Yea(t O e (2T
p P —p q/,

assuming that p+g # 0.
4. Extend the method of 7.3 to an n'™ order matrix with distinct
eigenvalues 4,, 4,, . . ., 4, so obtaining the result that
A"=R(A) =a; A" ' +a, A"+ . +a,_,A+a,],
where the constants q,, a,, . . ., g, are uniquely determined by
the n equations
A7 = R(4,), 5 = R(4,),. .., &, = R(A,).
Hence obtain A® for

A=( 1 1 1\.
0 2 1
-4 4 3

5. Suppose A is an n'® order matrix with » repeated eigenvalues
Ay = Ay = ... = A, Show that
A'=RA)=a A" "+a, A" ?+...+a,.;A+a,l,
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where the constants a,, a;, . . ., a, are determined by the
equations
AL = Ry,
A7 = RO =(n-1a, 1772+
+(n—2)a, 73+
+...4a,_,,

r(r—DA7"2 = R*Q1,) =m—-1)n—2a, 1] >+
+(n—2)n-3)x
Xa, A7 4.+
+2an—2’

[rr—1)..r—n+ DA =R D) = nla,,

where -
" 'R
R™(4,) = (5--~ RO
dr i=4
The matrix
A=/ 1 0 0 O
1 1 0 0
O 1 1 0
-1 -1 0 1
has all four of its eigenvalues equal to unity. Show that
A= 1 0 0 0\
r 1 0 0
r(r—1)
1 0
2
- 1))
AR /
2

6. Given that A has distinct eigenvalues, show by diagonalising A
that the condition that A" —» 0 as r — oo, where r is a positive
integer is that the moduli of all eigenvalues of A are less than
unity.

7. Given that e* is diagonalisable by a similarity transformation,

show that
|eA[ — eTrA.

Hence deduce that |e*| = 1 when A is a skew-symmetric matrix.
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10.

Show that if A is a real skew-symmetric matrix then e* is an
orthogonal matrix.

. Show that if H is a Hermitian matrix then ™ is a unitary matrix.

(This result is of extreme importance in quantum mechanics.)

10
e(ozze 0\.
0 et

Show that

. By letting Y = A, where A is a function of a parameter ¢,

) d
obtam an equation for " (A}).
¢

. A function x, defined for r = 0, 1, 2, . . . satisfies the second-

order Iincar difference equation
X,ptax,+bx, ;=0 (r=1,2,3..),
and is subject to the initial conditions
No = &, x; = f,
where a and f} are given constants.

By writing y,,, = x,, the sccond-order difference equation
may be written as a pair of first-order difference equations

Xpp = —[l.\',.—b}',,
Yev1 = Xpe
E, =/x,
Ve

this pair of equations may be written in matrix form as

Letting

E .., = AE,
where
A=f—a —b\.
(7" %)
Hence
E.,, =AE,=A’FE,_, =..=A'E,,
where

006
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By evaluating A" for the difference equation
Xpp1— 5%, +6x,4 =0,

solve this equation for x, subject to the initial conditions
xo = 1, Xl = 2.

13. Show that the set of n linear differential equations
dy (1) a

TR Y a;y (O+£()
t j=1

in the unknowns y(t), where a;; are constants and f(t) are
given functions, may be written in matrix form as
dY(1)

— = AY()+FQ),

where

Y(1) = ,Vx(t)\\, A=fa, a; ... aln\

ya(0) azy 4y A2n

v.(0) L R 2

F() = [f,(0).
f2()

and

20y

Show that the solution of this matrix equation is

t
Y(1) = eMY(0)+ [ ACOF()dr.
0

14. Verify that the solution of the matrix equation

‘—IX(J—) = AY(H+Y(1)B,
dt
where A and B are constant matrices, and where Y(0) = Cis a
constant matrix, IS
Y(t) = e*CeP,
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15,

Show that a necessary condition that the solution of matrix
equation
dy(t
dt
where A and B are constant matriccs and A has distinct eigen-
values, tends to zero as ¢ — oo is that all the eigenvalues of A
have negative real parts. (Hint: use the representation of (131).)
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CHAPTER 8

Group Theory

8.1 Introduction

We mentioned in Chapter 1, 1.1 that set theory led naturally on into
group theory. Now in this final chapter, having dealt with sets and
matrices in the earlier chapters, we discuss what is required of a set
of elements in order that it should be a group, and, in addition,
show the way in which matrices play an important part in what is
called group representation theory. Group theory is an important
subject principally in the fields of theoretical physics and chemistry
and, within this context, finds numerous applications to the quantum
mechanics of atoms, molecules and nuclei, solid state theory,
crystal structure, as well as to elementary particle theory and
relativity.

Group theory is the formal mathematical way of dealing with the
symmetries (if any) of a system or structure, and its importance lies
therefore in simplifying the mathematical description of the system
in virtue of any symmetries it may have. Some elementary examples
of groups are given in 8.3. However, most of the applications to
genuine physical problems require an extensive knowledge of the
subject to which group theory is being applied (e.g. quantum
mechanics, crystal structure). Rather than attempt to give the
necessary background to these subjects and then demonstrate the
applications of group theory, it was felt better to provide the basic
language of group theory, leaving it to the reader to apply it to his
particular subject. To this end, the list of further reading matter at
the end of the book provides a fairly wide selection of books covering
most of the fields mentioned here.

8.2 Group axioms

A set G (finite or infinite) of elements a, b, ¢ . . . is said to form a
group if there exists a rule for combining any two elements to form
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their ‘ product’ ab, say, such that the following four axioms are
satisfied.

(1) For every a,b e G (using the set notation of Chapter 1, 1.2),
ab € G. In other words, every ‘ product’ of two elements (ab being
considercd as different, in general, from ba) and every ‘ square ’ (aa)
are to be elements of G.

If this axiom is satisfied the set is said to be closed under multi-
plication.

(i1) For cvery a,b,ce G,

(ab)c = a(bc).
This is the associative law for group * products ’.

(ii1) The set G contains a unit (null, or neutral) element e such
that forallae G

ae=ea =a. (D

(iv) For every a € G there exists an element a~! of G called the

inverse of a such that

aa"'=a"la=e. )
The word  product * used here is to be understood within the con-
text of the rule of combination. For example, if the elements are to
be combined under multiplication then their ¢ products ’ arc obtained
by multiplying any two elements together. If, however, the rule of
combination is addition then the ‘ product’ of any two elements is
their sum.

A group is called Abelian (or commutative) if for every pair of
elements a,b € G

ab = ba. (3)
Finally, any finite set of elements satisfying the four group axioms
is said to form a finite group, the order of the group being equal to
the number of elements in the set. If the group does not have a finite
number of elements it is called an infinite group.

Examples of these various types of groups will be given in the next
section. However, before doing this it might reasonably be asked
whether the unit element in (iii) is necessarily unique. To show that
this is so we suppose that e and e’ are two unit elements of G. Then
by (1)

ae =ea = a, 4)
and likewise
ae' =eée'a=a. (5)
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Letting a = ¢ in (4) and (5), we have

el=e=¢ee =e )
Similarly, letting @ = ¢’ in (4) and (5),
e€l=¢ =¢'e=ee. @)

Hence, comparing (6) and (7), it follows that
e=ée'. ®)
The unit element therefore is unique.

Similarly, it may be proved that the inverse of each group element
is unique (see Problem 1 at the end of the chapter).

8.3 Examples of groups
Example 1. The set S, of all integers (positive, negative and zero)
forms an infinite group under addition. To verify this we note that the
group axiom (i) is satisfied since the sum of any two integers (and the
sum of any integer with itself) is always another integer. Similarly, (i)
is satisfied since the associative law of addition a+ (b+¢) = (a+b)+¢
is true for integers. The unit element must be taken as 0, since the
addition of 0 to any integer does not alter it; consequently (iii) is
satisfied. Finally, (iv) is satisfied since, if the inverse of an integer is
defined as its negative, then
a+(—a)=0.

The group is Abelian since a+b = b+a.

We note here that the same set does not form a group under
multiplication since the inverses of integers are not integers; (iv)
therefore cannot be satisfied.

Example 2. The set S, of all rational numbers p/g (g # 0) forms a
group under addition. Here the unit element is O (i.e. p = 0) and the
inverse of a given number is its negative. Again this is an example
of an infinite Abelian group.

Example 3. The set S, of all complex numbers z = x+iy forms an
infinite Abelian group under addition. Here z = 0 is the unit element,
and —z is the inverse of z.

We notice that the set of elements of Example 1 is a subset of the
set of elements of Example 2. Likewise, the set of elements of
Example 2 is a subset of the set of elements of Example 3. Hence

S,=8,c8; (and hence S; = S3). )]
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Since each of these sets forms a group under the same rule of com-
bination, we say that S; is a subgroup of S, and that S, is a sub-
group of S5. Accordingly, S, is a subgroup of S;.

Subgroups will be dealt with in more detail in 8.9. For the moment,
however, we remark that every group G (say) has two trivial or
improper subgroups, namely G itself and the group containing only
one element — the unit element.

Example 4. It may easily be verified that the set of all rational num-
bers, the set of all real numbers and the set of all complex numbers,
with Oexcluded in each case, form infinite Abelian groups under multi-
plication. For example, if we take a rational number p/g (p # 0,
g # 0) then (i) is satisfied since the product (in the ordinary sense)
of two rational numbers is another rational number. Axiom (ii) is
clearly satisfied since multiplication of numbers is associative. The
unit element is 1/1 = 1, and if the inverse of p/q is taken as g/p then

(iv) is satisfied since (p/g)(q/p) = 1.

Example 5. Consider now the rotations of a line about the z-axis
through angles n/2, n, 3n/2 and 27 in the xy-plane (see Fig. 8.1).

Az
A
///\\
/, 7
O 0T
0O, y
¢}
N
Vi
Q
x
Fig. 8.1

This is a finite set of order 4 in that it contains four clements,
namely the four rotations through angles of #/2, = and so on. We
now show that this set of elements forms a group under composition
of rotations. It is clear that if we perform the operation of rotating
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the line through =/2 from the § = 0 position and then follow it by a
further rotation of n we reach the 8 = 3n/2 position. This position
could have been reached by performing one basic rotation of 3r/2.
Likewise the composition of any two basic rotations leads to another
basic rotation. Consequently the group axiom (1) is satisfied. The
associative law (ii) is satisfied since the order in which successive
rotations are performed is immaterial, e.g.

3 3
n+<§——2n>=<n+-§>—2n

The element 0 = 2n(= 0°) corresponds to the unit element, since a
rotation of the line through 2n brings it back to 1ts initial position.
Hence (iil) is satisfied. Finally, (iv) is satisfied if the inverse of any
basic rotation is defined as a rotation of the same magnitude but
the opposite direction.

Example 6. The set of four numbers 1, i, —1, —i forms a group of
order 4 under multiplication. Group property (1) is clearly satisfied
since the product of any two elements (and the squares of cach ele-
ment) are elements of the set (e.g. i =i, i(—i)=1,i> = —1, (—i)?
= —1, etc.). The associative law (i1) also holds for the multiplication
of numbers. The unit clement e is taken as the aumber 1. Finally, if
the inverse of every element is taken as its reciprocal (e.g. 1/i = —1,
1/—1 = —1, etc.) then group property (iv) is satisficd.

Example 7. It should now be clear from the earlier work on matrices
that they possess properties such that the set of all square non-singu-
lar matrices of a fixed order forms an infinite group under matrix
multiplication, the unit matrix corresponding to the unit element
of the group. This group is non-Abelian. However, finite sets of non-
singular matrices may also form groups. As an example of a finite
group of matrices which is Abelian we give the matrices

10\, 0 1), /=1 0\, [0 ~—1\, (10)
0 1 -1 0 o—1> (1 0

which form a group of order 4 under matrix multiphcation.

Sets of matrices which form groups with respect to matrix multi-
plication are usually called matrix groups, and are of extreme
importance in the theory of group representations (see 8.10).
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8.4 Cyclic groups

A group whose elements can all be expressed as powers of a single

element is called a cyclic group. The structure of the group is such
that the set of elements

e,a,a’,...,a" 1, (11)
where n is the smallest integer for which
a"=e, (12)

forms the cyclic group of order n generated by the element a. The
first three group axioms are easily verified by a direct inspection of
(11) and (12); we now verify that each element possesses an inverse
element in the set. To do this we simply note that, since
aa" "T=a"=e, (13)

the inverse of a” is " " which is an element of the set. Hence group
axioms (iv) is satisfied.

Cyclic groups are necessarily Abelian since a’a = aa?, etc.

We now give some examples of cyclic groups.

Example 8. Suppose PQOR is an equilateral triangle (see Fig. 8.2).

Ry °
A
Q (m R > 1

= aa c=aaa=¢e
Fig. 8.2

Consider the rotations of PQR in its plane which bring it into coin-
cidence with itself. These rotations may be represented as follows:

e (= 0°) leaves PQR unchanged (see Fig. 8.2(1) ),
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a (= 2n/3) sends P- Q, Q— R, R—P (see Fig. 8.2(ii) ),

b = aa (= 4n/3) sends P-» R, Q—P, R— (Q (see Fig. 8.2(iii) ),

¢ = aaa (= 2n) brings P back to P, Q back to @, and R back to

R (see Fig. 8.2(iv) ).

Clearly ¢ = aaa = a® = e. Hence the possible rotations form a

set of three elements e, g and b, or equivalently
e, a,aX(a’ =e). (14)

This set forms a cyclic group of order 3 under composition of
rotations. For example, the rotation b is equivalent to the rotation a
twice over (i.e. 4n/3 = 2n/3+ 2n/3). Similarly, the inverse of a is a®
since the rotation which undoes the work of a (= 2x/3) is a further
rotation b (= 4xn/3).

Example 9. The set of elements

1,a,a%...,a"}, (15)
where

a = exp(2ni/n), (16)
forms a cyclic group of order »n under multiplication. Again
a" = 1 (= e) as required by (12).

8.5 Group tables

A group of order n clearly has n* products. These products may be
arranged in a square array called a group multiplication table, As a
particular example we take the group of order 4 of Example 6,
where the elements e, a, b, ¢ are the numbers 1, i, — 1, —i respectively.
The group multiplication table then takes the form

e a b ¢ 1 i =1 —i
e a b ¢ or 1 1 i -1 —i
ala b ¢ e equivalently i i =1 =i 1
bib ¢ e a -1 -1 ~-i 1 i
clc e a b —i | —i 1 i -1

Table 1.

from which the product @b (say) may be read off as the element
common to the row marked a and the column marked b (in that

142



Group Theory [8.5]

order). Since the group is Abelian (@b = ba, etc.) the multiplication
table is symmetrical about its leading diagonal. Conversely, if a
group multiplication table is symmetrical about its leading diagonal
it must arise from an Abelian group.

In a group multiplication table each element occurs once only
in each row, and once only in each column. For if the elements of
the grouparea, (i = 1, 2, . . ., n) and if two entries in a row or
column are the same then a;a; = a;q,. This gives a; = a la;a, = q,
which is not the case.

We now give another example of a group and its multiplication
table which will be of interest again in later sections of this chapter.

Example 10. Consider all the rotations which send an equilateral
triangle into itself. (This is not the same problem as in Example §,
where only rotations in the plane were allowed.) Now let POR be an
equilateral triangle with centre 0 (see Fig. 8.3), and let OA4, OB and

R
B A
O
r Q
C
Fig. 8.3

OC be a set of rotation axes fixed in space and passing through the
three vertices of the triangle (these axes are left unchanged as
the triangle is rotated).

The operations which bring the triangle into coincidence with
itself may now be described as follows:

e: the identity element (leave the triangle as it is).
a: an anti-clockwise rotation of 27/3 in the plane of the triangie
so that P> Q, O—R, R—-P.
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b: an anti-clockwise rotation of 47/3 in the plane of the triangle
so that P» R, Q—P, R—» Q.

u: a rotation of the triangle through n about the OA axis.

v: a rotation of the triangle through n about the OB axis.

o a rotation of the triangle through n about the OC axis.

As in Example 8, we see that b = a>. All the products of the elements
may now be worked out from first principles, and it is easily verified
that this set of six operations forms a group. For example, ub means
first consider the effect of b and then the effect of p. Now b sends

R r
into
P 0 ) R
and the effect of p on this is to send
P R
into
o) R Q Jd

This configuration is the same as that obtained by rotating the
original configuration through #n about the OC axis. Hence pb = o.
Similarly bp = v, which shows that, since pb # by, the group is
non-Abelian.

The group multiplication table has the following form:

e a b pu v o
ele a b pu v o
ala b e o u v
b|b e a v o6 u
ulpg v o e a b
viv ¢ p b e a
giloc p v a b e

Table 2.

From this table the inverses of the six elements may easily be read off.
For example, b~! = g, p~! = p, etc. Furthermore, we notice that
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the set of elements {e, a, b} forms a subgroup (see 8.3 and 8.9) of
order 3 and that, since b = a2, this subgroup is cyclic with the ele-
ment a as the generator (see 8.4). Three other subgroups — each of
order 2 - exist, namely {e, p}, {e, v} and {e, ¢}.

8.6 Isomorphic groups

Two groups with the same multiplication table are called isomorphic.
In more formal language two groups G and G’ with elements
a,b,c...and a’, b, ¢’ ... respectively are said to be isomorphic if
a one-to-one correspondence exists between all their elements such
that ab = ¢ implies a’h’ = ¢’, etc., and vice versa. The elements of
the two groups may, however (and, in general, do), represent com-
pletely different mathematical entities.

The isomorphism of groups is a special instance of the homo-
morphism of groups. For, whereas isomorphism requires a one-to-
one correspondence between elements, homomorphism allows a
one-to-many correspondence. However, we shall not discuss this
concept further here.

We now give two examples of the isomorphism of groups.

Example 11. Consider the group G of Example 6. This consists
of the four elements

e=1, a=i, b=-1, c¢=—i, 17y
with ordinary multiplication as the rule of combination. The group

multiplication table is shown in Table 1.
Now let G’ be the matrix group of Example 7, with elements

e=/1 0\, a= 0 1\, b=/-1 0\, ¢=/0 —1\.
01 -1 0 0 -1 1 0

(18)

It is easily found that the group multiplication table of this group is

’e’ a b

a|a b ¢ e
’ ’ cl ! al
cl C' el I bl
Table 3.
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Comparing Tables 1 and 3 we see that they have precisely the same
structure. Accordingly, the groups G and G’ are isomorphic.

Example 12. The matrix group G’ of order 6 with elements

J3 NE

’= 1 0 N a': —-} b'= -—i. ——
€ (o 1) 2 2
IE v,
2 2
(19)

1t o0\, v=[-3 X\ &=/ -3 RE
(0 _1> 22 2
E J3
-5 b -5 1
is isomorphic with the group G of Example 10, as may be verified
by constructing the multiplication table of G’ and comparing with
Table 2. For example,
J3 S
T2 T2

#'b’=((1) —(1)> -3 =| -% =0, (20

?—i-—ﬁi

u

and so on.

8.7 Permutations: the symmetric group

Suppose we have a set of n distinct objects labelled, for convenience,
1,2, ..., n. The operation of replacing 1 by a,,2by a,,...,nbya,
to give some arrangement 4, a, . . . @, of the same n objects is called
a permutation P and is denoted by the symbol

P=/1 2 3 .. n), 1)

<a1 a, das ... a,

indicating that each element in the first row is to be replaced by the
element directly below it in the second row. The order in which the
columns of the permutation symbol (21) are placed is irrelevant and
we may just as well write

P=/2 1 n .. 3\=/1 3 2 .. n\, Q2
a, a; a, ... a4, a, a, a, .. a,
and so on.
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For n objects there are n! arrangements or permutations, each of
which may be written in the form (21).
To be more explicit we deal here with the set of six (= 3!) permu-
tations of three objects. These permutations are
3\
)

P,=/1 2 3\ P,=(1 2
1 3 301
Py =/1 3\, Pa=(1 2 3\, (23)
2 1 2 1 3
2

Ps=/(1 3\, Ps=/(1 3\.
3 1 1 3 2/

Now the product of two permutations P;P; (i,j = 1,2,...,6) is
defined as the permutation obtained by first performing P; and then
P;. (This convention is consistent with that used for operators,
although when dealing with permutations the opposite convention —
P; first, then P; — is adopted in many texts.) For example, P¢P,
means first perform P, and then Pg. To evaluate the result we see
that by P, 1 is replaced by 3, and by Pg 3 is replaced by 2. Hence,
by P4 P,, 1 is replaced by 2.

Similarly by P, 2 is replaced by 1, and by P4 1 is replaced by 1.
Hence, by P P,, 2 is replaced by 1. Finally, we find

PeP,=(1 2 3\ /1 2 3\=/1 2 3\=P, (29
1 3 2/\3 1 2)\2 1 3

Other products may be obtained in the same way.

Included in the set of six permutations is the one which leaves the
original arrangement unaltered, namely P;. This permutation is
called the identity permutation.

Lastly, to every permutation P; there exists another permutation
P,~! called the inverse of P, which undoes the work of P,. For
example the inverse of

~

v

NN W N

P,=(1 2 3 (25)
(3 1 2)
s P;'=(3 1 2\=(1 2 3\=P, (26)
236G
since 1 . . .
P,P;' =P, Py = P, (the identity permutation). 27N

Now from (24) it is seen that the product PP, (= P,) is an
element of the set of six basic permutations (23). Likewise by (26)
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the inverse of P, (= P,) is also an element of the set. In fact, it may
easily be verified that all products and inverses are elements of the
set of permutations and that accordingly the permutations
P, P,, ..., Psform a (non-Abelian) group of order 6. This group
is called the symmetric group, and its multiplication table is shown
in Table 4.

Table 4.

A comparison of Tables 4 and 2 shows that they have the same
structure. The symmetric group of order 6 is therefore isomorphic
with the group of operations which bring an equilateral triangle into
coincidence with itself (see Example 10). The correspondence
between the elements is
e—»P,, aoP, beP,, puoP,, veoPs, ocePg  (28)
Furthermore, since the group of matrices (19) is isomorphic with
the group of Example 10, this matrix group must also be isomorphic
with the symmetric group of order 6. Another isomorphism is
obtained from the correspondence

PSS, P,oS,, PyoS;, PyoS;, PsoSs, Pge—Ss (29

where S =1 o, S, = [0
0 0 0

0 1 1

Ss= 0 =

1

0

S5= 0

1

0

(30)

SO = OO OO
OO =
\—/

%)
&
|
P
OO -

O, O R OO OO =
O = O
R N
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Although we have dealt specifically here with the permutations
of three objects, it is clear that the set of permutations of n objects
forms a group - the symmetric group - of order n!. As we shall see
in the next section this group has an important place in the theory
of finite groups as a whole.

We note here in passing that the matrix S; (j= 1,2, ..., 6) of
(30) is the unit matrix in which the rows have been subjected to the
permutation P;. This gives a general rule for writing down the
(n x n) matrices associated with the permutation of n objects.

8.8 Cayley’s theorem
This theorem states that every finite group is isomorphic with a suit-
able group of permutations. To prove this important result we let
G be a group of order n with elements
a,as,...,a,. (31

Now choose any one of these elements, say a;, and form the products
(in the group sense)

a;aq, a;a,,..., a;a,. (32)
These products are again just the n distinct elements of G and
consequently form a rearrangement of (31).

Let
¢ P,=( a, a, ... a, (33)
al'al aiaz sew aian
be a permutation associated with the element a;. Then when g; is
chosen to be the unit element of the group P; becomes the identity
permutation,
Furthermore, if
P;=( a, a, .. a, (34)
a;a; a;a, .. a;a,
is the permutation associated with the element a;, and a; and a; are
chosen to be different, then P, and P; are different permutations.
Finally, taking the product P;P; we have
P‘Pj= al 02 aee a" al a2 vos a" (35)
a;ay Q;d; ... a;a, ajal aja2 .. Q;4,

J

={ a, a, a, \, (36)
a,a;a; a;a;a, ... a;a;a,

which is just the permutation corresponding to the element a;a; of
the group G.
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From these results it is clear that a one-to-one correspondence
exists between the elements a,, a,, . . ., g, of G and the permutations
P, P,, ... P, and that these n permutations themselves form a
group. This group H (say) is a subgroup of order » of the sym-
metric group of order n! which contains all n! permutations of
a, az, . . ., dy

Cayley’s theorem highlights the important position of permutation
groups in the study of finite groups. Quite apart from this, however,
permutation groups are of importance in quantum mechanics where,
owing to the identity of elementary particles of a given type (all
electrons are identical!), various quantities must be invariant under
interchange or permutation of the particles. Further details of the
consequences of this invariance property may be found in almost
any book dealing with the applications of group theory to quantum
mechanics.

8.9 Subgroups and cosets

The idea of a subgroup has been met in earlier sections of this
chapter. We now prove that the order of a subgroup is a factor of
the order of the group from which the subgroup is derived.

Let G be a group of order n with elements

a, as,..., a, (37

where, for convenience, we associate g, with the unit element e.
Suppose now H is a subgroup of G of order m with elements

by, bs,..., by, (38)
Again we let b; = e (since, being a group H must contain the unit

element). We now take some element g, (say) of G which is nof in H,
and consider the set of m elements

b ay, byay,..., b, a,. (39)
This collection of elements is called the right-coset of H with respect
to a, and is denoted more compactly by Ha,. (The term ° right ’ is
used to signify that the ‘ products * are obtained by putting the g,
on the right-hand sides of the b;.) We see that Ha, consists of m
different elements since b;a, = b;a, implies

_ -1 _ -1 _
b; = biaya,* = b;aa; ' = b;
which is not so.

This right-coset of H does not form a group. For if it did it would
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contain the unit element (a; = b, = e) which would require for
some b; that b;a, = e or, equivalently, g, = b;~!. This requires g,
to be an element of H, which is contrary to assumption. Indeed, the
right-coset does not contain any element in common with H. For
supposing it contains some element b; (say) of H. Then for some
b; we must have
bia, = b,. (40)
But this requires that
a,=b'b, 41)

which, in turn, requires that a, be a member of H. Again this is
contrary to assumption.

Moreover, if Ha, and Ha, have an element in common then they
are identical. For if b;a, = b;a, then for any b,a, in Ha, we have

bpak = (bpbi_l)bia" = (bpbi_l)bja[ = bsab (42)

where b, = b,b; 'b;. Since bya; is an element of Ha; we have
Ha, = Ha,. Now every element g, in G but not in H belongs to
some coset Ha,. Thus G falls into the union of H and a number
of non-overlapping cosets, each having m different elements. The
order of G is therefore divisible by m. Hence the order of a sub-
group H of G is a factor of the order of G.

This result is well illustrated by the group of order 6 of Example 10
where the proper subgroups are of orders 2 and 3. The improper
subgroups — namely, the unit element and the group itself — have
orders 1 and 6 respectively, both orders again being factors of 6.

Finally, we remark that by forming the products a, H we obtain
the left-cosets of H with respect to a,. It may be shown that using
left-cosets similar arguments to those used here for right-cosets
again lead to (42).

8.10 Some remarks on representations

In some previous sections of this chapter (see 8.6 and 8.7) we have
seen examples of groups having isomorphisms with matrix groups.
In these examples every element of a group G corresponds to a dis-
tinct square matrix of a matrix group G’ (say). When this is the
case G’ is called a faithful (or true) representation of G. Suppose G
has elements a, b, . . . . Let I'(a) be the square matrix corresponding
to the element a, I'(b) be the square matrix corresponding to the
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element b, and so on. Then if
L(a)L(b) = I'(ab) (43)
and
I'(e) = I (the unit matrix) (44)
(e being the unit element) the matrices satisfy the group axioms.
The order of I is called the dimensionality of the representation.
For example, the matrices of (18) form a 2-dimensional representa-
tion of the group G of Example 6. Likewise, the matrices (19) form
a 2-dimensional representation of the group of Example 10. Similarly,
the matrices (30) form a 3-dimensional representation of the permu-
tation group of order 6.
Now suppose each matrix of the representation G’ of G is trans-
formed by a similarity transformation (see Chapter 6) into I''(@),
where

I'(a) = U™ 'T(a)y, (45)

U being a non-singular matrix. Then
@)X’ (b) = U ' I'(@)UU'T(h)U (46)
=U"'I(a)'(h)U 47
=U"T(ab)U (using (43)) (48)
= I"(ab). (49)

Hence the group properties still hold for the transformed matrices
and so they too form a true representation of G. In general, repre-
sentations related in this way are regarded as being equivalent,
although, of course, the forms of the individual matrices will be
quite different in equivalent representations. With this freedom in
the choice of the forms of the matrices it is important to look for
some quantity which is an invariant for a given representation.
This is found in considering the traces of the matrices forming a
representation for, as we have seen in Chapter 6, 6.2, the trace of a
matrix is invariant under a similarity transformation. The traces of
the matrices forming a representation are called the characters of
the representation and are invariant under the transformation (45).
Characters play an important part in the theory of group repre-
sentations and are of importance in many of the group theory appli-
cations to quantum mechanics. This topic, and others related to
whether a given representation of a group can be reduced to one of
smaller dimension are, however, beyond the scope of this book.
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PROBLEMS 8
. Show that the inverse of each element of a group is unique.

. Show that the identity operation and the rotations through =
about any one of three mutually perpendicular intersecting lines
form a group of order 4, and obtain its multiplication table.

. Verify that the set of positive rational numbers does not form a
group under division.

. Show that the set of all three-dimensional vectors forms an
infinite Abelian group under vector addition.

. Prove that all orthogonal matrices of a fixed order form a matrix
group. Prove also that all orthogonal matrices of fixed order
and of determinant +1 form a matrix group.

. Show that the six functions
x—1

Si(x) = x, fi(x) =1-x, fi(x) = ,

X

1 1 x
X)) = — X) = P = I
= H0= Sl =
form a group with the substitution of one function into another
as the law of combination.

. Verify that the six matrices
1 0\, -1 1)\, 0 -1y, -1 0\,
0 1 -1 0 1 -1 0 -1
1 =1\, 0 1
1 0 -1 1
form a matrix group. Show that the group is cyclic and that it
may be generated by either of the last two matrices:

. Show that matrices of the type

a 0\,
0 1
where a # 0, form a matrix group which is isomorphic with the

group of real non-zero numbers under multiplication.
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9.

10.

11.

Show that the four functions

=% H@=-x A= fl)=—

X
form a group under substitution of one function into another.
Verify that this group is isomorphic with the matrix group
whose corresponding elements are

1 0\, 1 0\, -1 0\, -1 0\.

0 1 0 -1 0 1 S |
Prove that a group of prime order has no proper subgroups
and is necessarily cyclic.

Examine the structures of groups of order 1 to 4 (inclusive).
Show that there are only two possible groups of order 4, one of
which is cyclic.
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ANSWERS TO PROBLEMS

PROBLEMS 1
1. (@) is a finite set.
2. (@) is the null set.

3. {1}, {2}, {3}, {4} {1,2}, {1,3}, {1,4}, {2,3}, {2,4}, {3,4},
{1,2,3}, {2,3,4}, {1,2,4}, (3,4, 1}, {1,2,3,4} and 0.

4, The sets (b), (c) and (e) are equal.

S5.fg=(1 2 3 4\, gf=/1 2 3 4\
31 4 2 4 3 1 2

There are 4! mappings of which fg and g/ are two.
6. The message reads ‘you have decoded this message’.

7. Y=/[y\, X=/x\, A=/6 2 —1.
Y2 X, 1 -1 2
Vi X 7 1 1

Since |A] = 0 an inverse transformation does not exist.

8. 7 -1\
6 ~1
-1 2

PROBLEMS 2

1. A+B=/3 3\, A-B=/-1 1\,
7 7 -1 1
(A-B)YA+B)=/4 4\, A?—-B?=/-1 5
4 4 -5 9
2. A+B = /-1 2 2\, A-B=/5 0 2\,
9 7 8 -3 3 6
2 -1 3 0 1 -1
AB=/ 2 2 5\, BA=/-3 2 1\.
2 6 19 19 16 27
-2 0 2 1 -4 -3
3.AB=/12 -1\, BA=/-2 11\.
10 -9 8 5
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Answers to Problems

4. Au=/ 5\, Alu=/12\, Av=/ 3\, Alv=/ 10\,
1) 2 3 8
—1 -7 -5 -13

A%y = 18
8. Symmetric part of A is

1 1 =3\;
( 1 0 ‘})
-3 i 2

0 4 -2\
)
2 -1 0

11. Skew-Hermitian, symmetric, Hermitian, skew-symmetric, skew-
Hermitian.

skew-part of A is

PROBLEMS 3

3. fa—ib —c—id\.
<c—id a+ib>
5. 5 =3 1.
(—3 2 —‘})

0 0 3

10. 1 -3 2
-3 3 -1
2 -1 0

PROBLEMS 4
l.x=3, y=1, z=2.
2. x=k—1, y=k—-1, z=k, (karbitrary).
3. k=3, -3, x=2, y=1, z=-4
4. @) x=2, y=4, z=8.
M x=1, y=2, z=3  w=0.
(¢) x=-3k, y=0, z=k, (karbitrary).
(d) Inconsistent.
(&) x=1+k, y=—-24k, =-k, w=k, (karbitrary).
(f) Inconsistent.
(g) Inconsistent.
158



Answers to Problems

6. x = —151, y = 100; no solution; x = 153, y = —100; x = 77,
y==50;x=51%3y=-33;

— 145 — 286
1 x=13% y=1i3%-

PROBLEMS 5
1. (@) 2, =3, X, = ___4_; =9 X,= _1_
J17 V2
N 1
V17 V2
(b 44=2, X;=/ 1\; A,=3 X2=(0>.
V2 1
_L
J2
() 2 =1, x1=(1>; =2, X,=[ 4 \;
0 J17
° L
J17
0
Jy=3, Xy=/29\.
/989
A2
/989
2
/989
A 4=2 X =/1\; L=zl X;=X3= 3
0 =
° By
J10
0
2, (@) Ay=—1, X;= BRY Ay=1, X2=__,
V2 2
1 1
V2 V2
0 0
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Answers to Problems

=1, X,=/0\.
g
1
(b) '11=0: X1= _}__i '12=‘*, X2=
J2
_ 1
Ji/
0
=1 X,=[0\.
0
1
© A4 =0, X;=[-3; =6 X;=/3;
% 3
3 3
=3, Xy=/ 4\.
|
-%
) 4, =0 x1=<—<1+iw5>;
1
V3
1 =3 x2=((1+_i)/\/6).
Vi
9. A=+1, +i.
PROBLEMS 6
1. () /5 0\, () /1 0 0\,
<o —2> (o 2 0)
0 0 3
() /0 0 0 \.
(o 3(1+1) 0 )
0 0 3(1—i)
2. (@) (5 0, ®) /1t 0 0\,
(o —5) (0 1 o)
0 0 -1
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Answers to Problems

(© /0 0 0, (@ /L 0 0 0
G 1 0 0 1 0 0
0 0 4 0 0 -1 0
0 0 0 -1
3. (a) (4 o>, (b)<5 o>, () ,1 0 0
0 -5 0 2 0 5+233 0
5—./33
0 2
4. [/ 2 =35\, ®b) /1 -1 O\, (¢ /1 4 =5\.
(—% 5) (—1 2 -1 ( 4 0 (9
0 -1 2 -5 0 2

2,15,2 - H —
5.() 2ui+Fus,  up=x,—5%,, U3 =X,
2 2 2
(b) uituz+uz, uy=x;1—X;, Uy=2X;—X3, U3=Xj.
() ub+2ui—u?, u,=x,+4x,—5%;, Up;=2x3,

u3 = 4x2—5)C3.

5+./5
Exact eigenvalues are 2, _2\/ .
PROBLEMS 7
1. 3/a B\, where a =4'442!4 g =414_214, 1 0\.
B o 90 1

—12100 12356 6305
—13120 13120 6561

12. x, = 2".

4. (—12099 12355 6305).
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INDEX

Abelian group, 137-139
Addition of matrices, 25
Adjoint matrix, 4446
Algebraic equations, 62-69

Bilinear forms, 103-105
Boolean algebra, 21-23

Cayley-Hamilton theorem, 114-119,
124-127

Cayley’s theorem, 149-150

Character of a group, 152

Characteristic equation, 73-74

Characteristic polynomial, 74

Characteristic values, 74

Codes, 7

Column matrix, 31

Complement of a set, 17-18

Complex conjugate of a matrix, 37

Convergence of matrix series, 121-123

Cosets, 150-151

Cramer’s rule, 10, 64-66

‘*Cup’and *cap’, 15-16

Cyclic group, 141

Diagonal matrix, 33

Diagonalisation of Hermitian forms,
109-110

Diagonalisation of Hermitian matrices,
102-103

Diagonalisation of matrices, 92-111,
127

Diagonalisation of matrices (eigen-
values all different), 97-99

Diagonalisation of matrices (repeated
eigenvalues), 100

Diagonalisation of real
forms, 106-109

Diagonalisation of symmetric matrices,
100-102

Differentiation of a matrix, 128-131

Differential equations, 129-131

Disjoint sets, 4

Difference equation, 133

quadratic

Eigenvalues, properties of, 78-80
repeated, 79-80

Eigenvectors, 73-90
Element of a set, 1, 136-138
Element, unit, 137

Empty set, 2

Equality of matrices, 26
Equality of sets, 3

Finite group, 137
Finite set, 2
Functions of matrices, 114-131

Group character, 152
Group representations, 151-152
Group tables, 142-145
Groups, 136-152
Abelian, 137-139
axioms of, 136-138
cyclic, 141-142
examples of, 138-140
isomorphic, 145-146
symmetric, 146-149

Hermitian matrix, 3940, 87-88
Homogeneous equations, 67-68
Homomorphism of groups, 145

Idempotent matrix, 35

Identity mapping, 5
Ill-conditioned equations, 65-69
Imaginary matrix, 37-38

Improper sub-group, 139
Inconsistent equations, 66
Indefinite form, 95-96

Infinite set, 2

Infinite group, 137

Integration of matrices, 128-131
Intersection of sets, 15-17

Inverse by partitioning, 48-51
Inverse mapping, 6

Inverse matrix, 46-48

Inverse of a group element, 137-138
Inverse of a matrix product, 47-48
Inverse transformation, 10, 43-44
Isomorphic groups, 145 -146

Jordan normal form, 100
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Index

Kronecker delta symbol, 33

Lagrange’s reduction of a quadratic
form, 105-106

Latent roots, 74

Leading diagonal, 32

Least squares, 71-72

Linear dependence, 80

Mappings, 5-8
Matrix, Hermitian, 3940
idempotent, 35
imaginary, 37-38
nilpotent, 35
orthogonal, 51-56
real and imaginary, 37-38
skew-Hermitian, 39-40
skew-symmetric, 38-39
symmetric, 38-39
transposed, 36-37
unit, 34
unitary, 56-58
Matrix algebra, 25-42
Matrix, definition of, 8-12
Matrix diagonalisation, 92-111
Matrix differentiation, 128-131
Matrix equations, 88-90
Matrix group, 140
Matrix integration, 128-131
Matrix products, 11-12, 26-28
Matrix series, 114, 121-128

Negative definite forms, 95-96

Nilpotent matrix, 35

Non-homogeneous equations, 6267

Non-homogeneous matrix equations,
88-90

Non-singular matrix, 10

Null element, 137

Null set, 2

One-to-one mapping, 6

Orthogonal matrices, 51-56

Orthogonal properties of eigenvectors,
82

Orthogonal transformations, 51-56

Orthonormal set of eigenvectors, 87

Oscillations, 13, 73

Partitioning of matrices, 28-30, 48-51
Permutations, 146-149

Positive definite form, 95-96

Powers of matrices, 119-121

Product of matrices, 11-12, 26-28

Quadratic forms, 95-96
diagonalisation of, 106-109
simultaneous diagonalisation of, 2,

110-111

Real matrix, 37-38
Real symmetric matrices, 84-85
Row matrix, 31

Sets, 1-3

Set algebra, 19

Set applications, 20-23

Set operations, 14-19

Similar matrices, 92-93, 96-97

Similarity transformation, 92, 100, 127

Simultaneous diagonalisation of quad-
ratic forms, 110-111

Singular matrix, 10

Skew-Hermitian matrix, 39-40

Skew-symmetric matrix, 38-39

Square matrix, 32

Subgroup, 139, 150-151

Subset, 3

Subtraction of matrices, 25

Switching circuits, 21-23

Symmetric group, 146149

Symmetric matrix, 38-39

Trace of a matrix, 32
Transformations, linear, 8-12
orthogonal, 51-56
unitary, 56-58
Transpose of a matrix product, 36-37
Transposed matrix, 36-37

Union of sets, 15-17

Unit element, 137

Unit matrix, 34

Unitary matrices, 56-58
Unitary transformation, 56-58

Venn diagrams, 4-5, 15-21

Zero matrix, 31

164



