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Preface

For some 30 years, I have taught two “Mathematical Physics” courses. One of
them was previously named “Engineering Analysis.” There are several text-
books of unquestionable merit for such courses, but I could not find one that
fitted our needs. It seemed to me that students might have an easier time if
some changes were made in these books. I ended up using class notes. Actually,
I felt the same about my own notes, so they got changed again and again.
Throughout the years, many students and colleagues have urged me to publish
them. I resisted until now, because the topics were not new and I was not sure
that my way of presenting them was really much better than others. In recent
years, some former students came back to tell me that they still found my
notes useful and looked at them from time to time. The fact that they always
singled out these courses, among many others I have taught, made me think
that besides being kind, they might even mean it. Perhaps it is worthwhile to
share these notes with a wider audience.

It took far more work than expected to transcribe the lecture notes into
printed pages. The notes were written in an abbreviated way without much
explanation between any two equations, because I was supposed to supply
the missing links in person. How much detail I would go into depended on the
reaction of the students. Now without them in front of me, I had to decide the
appropriate amount of derivation to be included. I chose to err on the side of
too much detail rather than too little. As a result, the derivation does not
look very elegant, but I also hope it does not leave any gap in students’
comprehension.

Precisely stated and elegantly proved theorems looked great to me when
I was a young faculty member. But in later years, I found that elegance in
the eyes of the teacher might be stumbling blocks for students. Now I am
convinced that before the student can use a mathematical theorem with con-
fidence, he or she must first develop an intuitive feeling. The most effective
way to do that is to follow a sufficient number of examples.

This book is written for students who want to learn but need a firm hand-
holding. I hope they will find the book readable and easy to learn from.
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Learning, as always, has to be done by the student herself or himself. No one
can acquire mathematical skill without doing problems, the more the better.
However, realistically students have a finite amount of time. They will be
overwhelmed if problems are too numerous, and frustrated if problems are too
difficult. A common practice in textbooks is to list a large number of problems
and let the instructor to choose a few for assignments. It seems to me that is
not a confidence building strategy. A self-learning person would not know what
to choose. Therefore a moderate number of not overly difficult problems, with
answers, are selected at the end of each chapter. Hopefully after the student
has successfully solved all of them, he or she will be encouraged to seek more
challenging ones. There are plenty of problems in other books. Of course, an
instructor can always assign more problems at levels suitable to the class.

On certain topics, I went farther than most other similar books, not in the
sense of esoteric sophistication, but in making sure that the student can carry
out the actual calculation. For example, the diagonalization of a degenerate
hermitian matrix is of considerable importance in many fields. Yet to make
it clear in a succinct way is not easy. I used several pages to give a detailed
explanation of a specific example.

Professor I.I. Rabi used to say “All textbooks are written with the prin-
ciple of least astonishment.” Well, there is a good reason for that. After all,
textbooks are supposed to explain away the mysteries and make the profound
obvious. This book is no exception. Nevertheless, I still hope the reader will
find something in this book exciting.

This volume consists of three chapters on complex analysis and three chap-
ters on theory of matrices. In subsequent volumes, we will discuss vector
and tensor analysis, ordinary differential equations and Laplace transforms,
Fourier analysis and partial differential equations. Students are supposed to
have already completed two or three semesters of calculus and a year of college
physics.

This book is dedicated to my students. I want to thank my A and B
students, their diligence and enthusiasm have made teaching enjoyable and
worthwhile. I want to thank my C and D students, their difficulties and mis-
takes made me search for better explanations.

I want to thank Brad Oraw for drawing many figures in this book, and
Mathew Hacker for helping me to typeset the manuscript.

I want to express my deepest gratitude to Professor S.H. Patil, Indian Insti-
tute of Technology, Bombay. He has read the entire manuscript and provided
many excellent suggestions. He has also checked the equations and the prob-
lems and corrected numerous errors. Without his help and encouragement,
I doubt this book would have been.

The responsibility for remaining errors is, of course, entirely mine. I will
greatly appreciate if they are brought to my attention.

Tacoma, Washington K.T. Tang
October 2005
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Part 1

Complex Analysis



1

Complex Numbers

The most compact equation in all of mathematics is surely
™+ 1=0. (1.1)

In this equation, the five fundamental constants coming from four major
branches of classical mathematics — arithmetic (0, 1), algebra (i), geometry
(m), and analysis (e), — are connected by the three most important math-
ematic operations — addition, multiplication, and exponentiation — into two
nonvanishing terms.

The reader is probably aware that (1.1) is but one of the consequences of
the miraculous Euler formula (discovered around 1740 by Leonhard Euler)

¢! = cosf + isin 6. (1.2)
When 6 = 7, cosm = —1, and sinm = 0, it follows that el™ = —1.

Much of the computations involving complex numbers are based on the
FEuler formula. To provide a proper setting for the discussion of this for-
mula, we will first present a sketch of our number system and some historic
background. This will also give us a framework to review some of the basic
mathematical operations.

1.1 Our Number System

Any one who encounters for the first time these equations cannot help but be
intrigued by the strange properties of the numbers such as e and i. But strange
is relative, with sufficient familiarity, the strange object of yesterday becomes
the common thing of today. For example, nowadays no one will be bothered by
the negative numbers, but for a long time negative numbers were regarded as
“strange” or “absurd.” For 2000 years, mathematics thrived without negative.
The Greeks did not recognize negative numbers and did not need them. Their
main interest was geometry, for the description of which positive numbers are
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entirely sufficient. Even after Hindu mathematician Brahmagupta “invented”
zero around 628, and negative numbers were interpreted as a loss instead of
a gain in financial matters, medieval Europe mostly ignored them.

Indeed, so long as one regards subtraction as an act of “taken away,”
negative numbers are absurd. One cannot take away, say, three apples from
two.

Only after the development of the axiomatic algebra, the full acceptance
of negative numbers into our number system was made possible. It is also
within the framework of axiomatic algebra, irrational numbers and complex
numbers are seen to be natural parts of our number system.

By axiomatic method, we mean the step by step development of a subject
from a small set of definitions and a chain of logical consequences derived
from them. This method had long been followed in geometry, ever since the
Greeks established it as a rigorous mathematical discipline.

1.1.1 Addition and Multiplication of Integers

We start with the assumption that we know what integers are, what zero is,
and how to count. Although mathematicians could go even further back and
describe the theory of sets in order to derive the properties of integers, we are
not going in that direction.

We put the integers on a line with increasing order as in the following
diagram:

01234567---
! T
9 _ _ _

If we start with certain integer a, and we count successively one unit b times
to the right, the number we arrive at we call a + b, and that defines addition
of integers. For example, starting at 2, and going up 3 units, we arrive at 5.
So 5 is equal to 2 + 3.

Once we have defined addition, then we can consider this: if we start with
nothing and add a to it, b times in succession, we call the result multiplication
of integers; we call it b times a.

Now as a consequence of these definitions it can be easily shown that
these operations satisfy certain simple rules concerning the order in which the
computations can proceed. They are the familiar commutative, associative,
and distributive laws

a+b=b+a Commutative Law of Addition
a+(b+c)=(a+b)+c Associative Law of Addition
ab = ba Commutative Law of Multiplication (1.3)
(ab)c = a(be) Associative Law of Multiplication

a(b+c) =ab+ ac Distributive Law.
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These rules characterize the elementary algebra. We say elementary algebra
because there is a branch of mathematics called modern algebra in which some
of the rules such as ab = ba are abandoned, but we shall not discuss that.

Among the integers, 1 and 0 have special properties:

a+0=a,

a-1=a.
So 0 is the additive identity and 1 is the multiplicative identity. Furthermore
0-a=0

and if ab = 0, either a or/and b is zero.

Now we can also have a succession of multiplications: if we start with 1
and multiply by a, b times in succession, we call that raising to power: a®. It
follows from this definition that

(ab)® =
abac (b+c)
(CLb c bc)

These results are well known and we shall not belabor them.

1.1.2 Inverse Operations

In addition to the direct operation of addition, multiplication, and raising to
a power, we have also the inverse operations, which are defined as follows. Let
us assume @ and c are given, and that we wish to find what values of b satisfy
such equations as a+b=c¢, ab=c¢, b® =c.

If a+b=c, bisdefined as ¢c—a, which is called subtraction. The operation
called division is also clear: if ab = ¢, then b = ¢/a defines division — a solution
of the equation ab = ¢ “backwards.”

Now if we have a power b® = ¢ and we ask ourselves, “What is b?,” it is
called ath root of ¢ : b= ¢/c. For instance, if we ask ourselves the following
question, “What integer, raised to third power, equals 87, then the answer
is cube root of 8; it is 2. The direct and inverse operations are summarized as
follows:

Operation Inverse Operation

(a) addition : a+b=c (da)subtraction: b=c—a
(b) multiplication : ab = ¢ (v') division : b=c/a
(c) power : b =c (') Toot : b= c
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Insoluble Problems

When we try to solve simple algebraic equations using these definitions, we
soon discover some insoluble problems, such as the following. Suppose we try
to solve the equation b = 3 — 5. That means, according to our definition of
subtraction, that we must find a number which, when added to 5, gives 3. And
of course there is no such number, because we consider only positive integers;
this is an insoluble problem.

1.1.3 Negative Numbers

In the grand design of algebra, the way to overcome this difficulty is to broaden
the number system through abstraction and generalization. We abstract the
original definitions of addition and multiplication from the rules and integers.
We assume the rules to be true in general on a wider class of numbers, even
though they are originally derived on a smaller class. Thus, rather using the
integers to symbolically define the rules, we use the rules as the definition
of the symbols, which then represent a more general kind of number. As an
example, by working with the rules alone we can show that 3 —5 = 0 — 2.
In fact we can show that one can make all subtractions, provided we define a
whole set of new numbers: 0—1, 0—2, 0—3, 0 — 4, and so on (abbreviated
as —1, =2, =3, —4,...), called the negative numbers.

So we have increased the range of objects over which the rules work, but
the meaning of the symbols is different. One cannot say, for instance, that
—2 times 5 really means to add 5 together successively —2 times. That means
nothing. But we require the negative numbers to obey all the rules.

For example, we can use the rules to show that —3 times —5 is equal to
15. Let = —3(—5), this is equivalent to z +3(—5) =0, or x +3 (0 —5) = 0.
By the rules, we can write this equation as

24+0—-15=(zx+0)—15=2—15=0.
Thus, = 15. Therefore negative a times negative b is equal to positive ab,
(—a)(=b) = ab.

An interesting problem comes up in taking powers. Suppose we wish to
discover what a3~ means. We know that 3—5 is a solution of the problem,
(3 —5) 4+ 5 = 3. Therefore

Q3545 _ 3

Since

a(B=5)+5 — ,(3-5) 45 — 43
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it follows that:

Thus, in general

If n = m, we have

In addition, we found out what it means to raise a negative power. Since

1
3—5=-2, a3/a5:a—2.

So

If our number system consists of only positive and negative integers, then
1/a? is a meaningless symbol, because if a is a positive or negative integer,
the square of it is greater than 1, and we do not know what we mean by 1
divided by a number greater than 1! So this is another insoluble problem.

1.1.4 Fractional Numbers

The great plan is to continue the process of generalization; whenever we find
another problem that we cannot solve we extend our realm of numbers. Con-
sider division: we cannot find a number which is an integer, even a negative
integer, which is equal to the result of dividing 3 by 5. So we simply say
that 3/5 is another number, called fraction number. With the fraction num-
ber defined as a/b where a and b are integers and b # 0, we can talk about
multiplying and adding fractions. For example, if A = a/b and B = ¢/b, then
by definition bA = a, bB = ¢, so (A + B) = a + ¢.Thus, A+ B = (a + ¢)/b.
Therefore

a i c_a +c
b b b
Similarly, we can show
¢ _ac a ¢ ad+cb

a
— X — =
b d bd b + d bd

It can also be readily shown that fractional numbers satisfy the rules
defined in (1.3). For example, to prove the commutative law of multiplication,
we can start with
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ac

@7

ca

db’

a % C o C % a -
b d d" b

Since a,b,c,d are integers, so ac = ca and bd = db. Therefore 77 = . It
follows that:

Cc

d X

XE—
d_

Sl
e

Take another example of powers: What is a%/°? We know only that
(3/5)5 = 3, since that was the definition of 3/5. So we know also that

(@B/9))5 = qB3/906) = g3,

Then by the definition of roots we find that

a3/ — /3.

In this way we can define what we mean by putting fractions in the various
symbols. It is a remarkable fact that all the rules still work for positive and
negative integers, as well as for fractions!

Historically, the positive integers and their ratios (the fractions) were
embraced by the ancients as natural numbers. These natural numbers together
with their negative counter parts are known as rational numbers in our present
day language.

The Greeks, under the influence of the teaching of Pythagoras, elevated
fractional numbers to the central pillar of their mathematical and philosoph-
ical system. They believed that fractional numbers are prime cause behind
everything in the world, from the laws of musical harmony to the motion of
planets. So it was quite a shock when they found that there are numbers that
cannot be expressed as a fraction.

1.1.5 Irrational Numbers

The first evidence of the existence of the irrational number (a number that
is not a rational number) came from finding the length of the diagonal of a
unit square. If the length of the diagonal is z, then by Pythagorean theorem
22 = 12 + 12 = 2. Therefore & = /2. When people assumed this number is
equal to some fraction, say m/n where m and n have no common factors, they
found this assumption leads to a contradiction.

The argument goes as follows. If v/2 = m/n, then 2 = m?/n?, or 2n? = m?.
This means m? is an even integer. Furthermore, m itself must also be an even
integer, since the square of an odd number is always odd. Thus m = 2k for
some integer k. It follows that 2n? = (2k)2, or n? = 2k2. But this means n is
also an even integer. Therefore, m and n have a common factor of 2, contrary
to the assumption that they have no common factors. Thus /2 cannot be a
fraction.
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This was shocking to the Greeks, not only because of philosophical argu-
ments, but also because mathematically, fractions form a dense set of numbers.
By this we mean that between any two fractions, no matter how close, we can
always squeeze in another. For example

A2 2 2 1
100~ 200 ~ 201 ~ 202 101°

2 1 1 1 2
So we find 557 between 155 and 157. Now between 155 and 557,

since

we can squeeze
: 4
mn 101’
1 4 - 4 - 4 2
100 400 ~ 401 ~ 402 201°

This process can go on ad infinitum. So it seems only natural to conclude —
as the Greeks did — that fractional numbers are continuously distributed on
the number line. However, the discovery of irrational numbers showed that
fractions, despite of their density, leave “holes” along the number line.

To bring the irrational numbers into our number system is in fact quite
the most difficult step in the processes of generalization. A fully satisfactory
theory of irrational numbers was not given until 1872 by Richard Dedekind
(1831-1916), who made a careful analysis of continuity and ordering. To make
the set of real numbers a continuum, we need the irrational numbers to fill
the “holes” left by the rational numbers on the number line. A real num-
ber is any number that can be written as a decimal. There are three types
of decimals: terminating, nonterminating but repeating, and nonterminating
and nonrepeating. The first two types represent rational numbers, such as
1

5 = 0.25; % = 0.666.... The third type represents irrational numbers, like

V2 =1.4142135.. ..

From a practical point of view, we can always approximate an irrational
number by truncating the unending decimal. If higher accuracy is needed,
we simply take more decimal places. Since any decimal when stopped some-
where is rational, this means that an irrational number can be represented by
a sequence of rational numbers with progressively increasing accuracy. This
is good enough for us to perform mathematical operations with irrational
numbers.

1.1.6 Imaginary Numbers

We go on in the process of generalization. Are there any other insoluble equa-
tions? Yes, there are. For example, it is impossible to solve this equation:
2% = —1. The square of no rational, of no irrational, of nothing that we have
discovered so far, is equal to —1. So again we have to generalize our numbers
to still a wider class.

This time we extend our number system to include the solution of this

equation, and introduce the symbol i for v/—1 (engineers call it j to avoid
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confusion with current). Of course some one could call it —i since it is just as
good a solution. The only property of i is that i? = —1. Certainly, = —i also
satisfies the equation 22 + 1 = 0. Therefore it must be true that any equation
we can write is equally valid if the sign of i is changed everywhere. This is
called taking the complex conjugate.

We can make up numbers by adding successively i’s, and multiplying i’s by
numbers, and adding other numbers and so on, according to all our rules. In
this way we find that numbers can all be written as a + ib, where a and b are
real numbers, i.e., the numbers we have defined up until now. The number
iis called the unit imaginary number. Any real multiple of i is called pure
imaginary. The most general number is of course of the form a + ib and is
called a complex number. Things do not get any worse if we add and multiply
two such numbers. For example

(a+bi)+ (c+di) = (a+c)+ (b+d)i. (1.4)

In accordance with the distributive law, the multiplication of two complex
number is defined as

(a4 bi) (¢ + di) = ac + a(di) + (bi)c + (bi)(di)
= ac + (ad)i + (bc)i + (bd)ii = (ac — bd) + (ad + be)i, (1.5)

2 = _1. Therefore all the numbers have this mathematical form.

It is customary to use a single letter, z, to denote a complex number
z = a + bi. Its real and imaginary parts are written as Re(z) and Im(z),
respectively. With this notation, Re(z) = a, Im(z) = b. The equation z; = 25
holds if and only if

Re(z1) =Re(z2) and Im(z1) =Im(z2).

since ii =i

Thus any equation involving complex numbers can be interpreted as a pair of
real equations.

The complex conjugate of the number z = a + bi is usually denoted as
either z*, or z, and is given by z* = a — bi. An important relation is that the
product of a complex number and its complex conjugate is a real number

22" = (a+ bi)(a — bi) = a® + b
With this relation, the division of two complex numbers can also be written
as the sum of a real part and an imaginary part
a + bi a+bic—di ac+bd be—ad,.

c+di c+dic—di 2+ d? +02—|—d21'

Ezxample 1.1.1. Express the following in the form of a + bi:
(a) (6+ 2i) — (1 + 3i), (b) (2-3i)(1+1),

o (7m) (77)
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Solution 1.1.1.
() (6421))—(14+3))=(6-1)+i(2—-3)=5—1.

(b) (2-31)(141) =2(1+1i)—3i(1+1i) =2+ 2i — 3i — 3i*
=(2+3)+i(2-3)=5—1i.

(© (2—13i> (1—1H>: (2—31;(1+i):51—i
5+i 54i 5 1

T GonGr) 2P 26 26

Historically, Italian mathematician Girolamo Cardano was credited as the
first to consider the square root of a negative number in 1545 in connection
with solving quadratic equations. But after introducing the imaginary num-
bers, he immediately dismissed them as “useless.” He had a good reason to
think that way. At Cardano’s time, mathematics was still synonymous with
geometry. Thus the quadratic equation #2 = ma + ¢ was thought as a vehicle
to find the intersection points of the parabola y = 22 and the line y = mz +c.
For an equation such as 2 = —1, the horizontal line y = —1 will obviously
not intersect the parabola y = 22 which is always positive. The absence of
the intersection was thought as the reason of the occurrence of the imaginary
numbers.

It was the cubic equation that forced complex numbers to be taken seri-
ously. For a cubic curve y = 23, the values of y go from —oo to +oc. A line
will always hit the curve at least once. In 1572, Rafael Bombeli considered
the equation

z3 = 15z + 4,

which clearly has a solution of x = 4. Yet at the time, it was known that
this kind of equation could be solved by the following formal procedure. Let
r = a-+ b, then

23 = (a+b) = a® + 3abla +b) + V*,
which can be written as
2% = 3abx + (a® + b°).

The problem will be solved, if we can find a set of values a and b satisfying
the conditions

3ab=15 and o+ =4
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Since a?b® = 5% and b® = 4 — a?, we have
a*(4 —a®) =5°,

which is a quadratic equation in a3

(a®)” — 4a® +125 = 0,

The solution of such an equation was known for thousands of years,

(4416 —500) = 2 + 11i.

[N

a® =

It follows that:
B¥=4—a®=2F11i
Therefore
r=a+b=(2+11)"3 4+ (2-113)"/3.

Clearly, the interpretation that the appearance of imaginary numbers sig-
nifies no solution of the geometric problem is not valid. In order to have the
solution come out to equal 4, Bombeli assumed

@+11)2=2+46;  (@-11)Y3=2—0

To justify this assumption, he had to use the rules of addition and multipli-
cation of complex numbers. With the rules listed in (1.4) and (1.5), it can be
readily shown that

(2+b1)° = 8+ 3(4) (bi) + 3(2) (bi)* + (bi)®
= (8—6b") + (126 —b°) i.
With b = +1, he obtained
(2+1)* =2+ 11,
and
r=02+11)P+e-11)P=2+4it2-i=4

Thus he established that problems with real coefficients required complex
arithmetic for solutions.

Despite Bombelli’s work, complex numbers were greeted with suspicion,
even hostility for almost 250 years. Not until the beginning of the 19th century,
complex numbers were fully embraced as members of our number system. The
acceptance of complex numbers was largely due to the work and reputation
of Gauss.
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Karl Friedrich Gauss (1777-1855) of Germany was given the title of “the
prince of mathematics” by his contemporaries as a tribute to his great achieve-
ments in almost every branch of mathematics. At the age of 22, Gauss in his
doctoral dissertation gave the first rigorous proof of what we now call the Fun-
damental Theorem of Algebra. It says that a polynomial of degree n always
has exactly n complex roots. This shows that complex numbers are not only
necessary to solve a general algebraic equation, they are also sufficient. In
other words, with the invention of i, every algebraic equation can be solved.
This is a fantastic fact. It is certainly not self-evident. In fact, the process
by which our number system is developed would make us think that we will
have to keep on inventing new numbers to solve yet unsolvable equations. It
is a miracle that this is not the case. With the last invention of i, our number
system is complete. Therefore a number, no matter how complicated it looks,
can always be reduced to the form of a + bi, where a and b are real numbers.

1.2 Logarithm

1.2.1 Napier’s Idea of Logarithm

Rarely a new idea was embraced so quickly by the entire scientific community
with such enthusiasm as the invention of logarithm. Although it was merely
a device to simplify computation, its impact on scientific developments could
not be overstated.

Before 17th century scientists had to spend much of their time doing
numerical calculations. The Scottish baron, John Napier (1550-1617) thought
to relieve this burden as he wrote: “Seeing there is nothing that is so trouble-
some to mathematical practice than multiplications, divisions, square and
cubical extractions of great numbers,...... I began therefore in my mind by
what certain and ready art I might remove those hinderance.” His idea was
this: if we could write any number as a power of some given, fixed number b
(later to be called base), then multiplication of numbers would be equivalent
to addition of their exponents. He called the power logarithm.

In modern notation, this works as follows. If

bwl :Nl; bIQ :NQ

then by definition

x1 =logy N1; a9 = logy, Ns.

Obviously

1 + z2 = log, N + log;, Na.
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Since
bo1tT2 — pT1pT2 — NN,
again by definition
1 + x2 = log, N1 Ns.
Therefore
log, N1 N2 = log, N + log, Na.

Suppose we have a table, in which N and log, N (the power x) are listed side
by side. To multiply two numbers N; and N, you first look up log, N1 and
log;, N in the table. You then add the two numbers. Next, find the number
in the body of the table that matches the sum, and read backward to get the
product Ny Ns.

Similarly, we can show

N
log,, ﬁ; = log, Ny — log, Na,

log, N™ = nlog, N, longl/”:@.
Thus, division of numbers would be equivalent to subtraction of their expo-
nents, raising a number to nth power would be equivalent to multiplying the
exponent by n, and finding the nth root of a number would be equivalent
to dividing the exponent by n. In this way the drudgery of computations is
greatly reduced.

Now the question is, with what base b should we compute. Actually it
makes no difference what base is used, as long as it is not exactly equal to 1.
We can use the same principle all the time. Besides, if we are using logarithms
to any particular base, we can find logarithms to any other base merely by
multiplying a factor, equivalent to a change of scale. For example, if we know
the logarithm of all numbers with base b, we can find the logarithm of N with
base a. First if a = 0", then by definition, x = log; a, therefore

a= b, (1.6)

To find log, N, first let y = log, N. By definition a¥ = N. With a given by
(1.6), we have

(blogb a)y — log, a _ N.
Again by definition (or take logarithm of both sides of the equation)

ylog, a = log, N.
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Thus
= log, N.
Y log, a 08
Since y = log, N, it follows:
1
log, N = log, N.
log, a

This is known as change of base. Having a table of logarithm with base b will
enable us to calculate the logarithm to any other base.

In any case, the key is, of course, to have a table. Napier chose a number
slightly less than one as the base and spent 20 years to calculate the table. He
published his table in 1614. His invention was quickly adopted by scientists all
across Europe and even in far away China. Among them was the astronomer
Johannes Kepler, who used the table with great success in his calculations of
the planetary orbits. These calculations became the foundation of Newton’s
classical dynamics and his law of gravitation.

1.2.2 Briggs’ Common Logarithm

Henry Briggs (1561-1631), a professor of geometry in London, was so impres-
sed by Napier’s table, he went to Scotland to meet the great inventor in
person. Briggs suggested that a table of base 10 would be more convenient.
Napier readily agreed. Briggs undertook the task of additional computations.
He published his table in 1624. For 350 years, the logarithmic table and the
slide rule (constructed with the principle of logarithm) were indispensable
tools of every scientist and engineer.

The logarithm in Briggs’ table is now known as the common logarithm.
In modern notation, if we write x = log N without specifying the base, it is
understood that the base is 10, and 107 = N.

Today logarithmic tables are replaced by hand-held calculators, but loga-
rithmic function remains central to mathematical sciences.

It is interesting to see how logarithms were first calculated. In addition to
historic interests, it will help us to gain some insights into our number system.

Since a simple process for taking square roots was known, Briggs computed
successive square roots of 10. A sample of the results is shown in Table 1.1.
The powers (z) of 10 are given in the first column and the results, 10%, are
given in the second column. For example, the second row is the square root
of 10, that is 1072 = /10 = 3.16228. The third row is the square root of the

square root of 10, (101/2)1/2 =104 = 1.77828. So on and so forth, we get a
series of successive square roots of 10. With a hand-held calculator, you can
readily verify these results.

In the table we noticed that when 10 is raised to a very small power, we
get 1 plus a small number. Furthermore, the small numbers that are added



16 1 Complex Numbers

Table 1.1. Successive square roots of ten

z (log N) 10” (N) (10* —1)/x
10.0 9.00
1=05 3.16228 4.32
(1)*=0.25 1.77828 3.113
(1)*=0.125 1.33352 2.668
()" =0.0625 1.15478 2.476
(1)° =0.03125 1.074607 2.3874
(3)% = 0.015625 1.036633 2.3445
()" =0.0078125 1.018152 2.3234
(1)® = 0.00390625 1.0090350 2.3130
(1)? = 0.001953125 1.0045073 2.3077
()" = 0.00097656 1.0022511 2.3051
(1) = 0.00048828 1.0011249 2.3038
($)'? = 0.00024414 1.0005623 2.3032
($)'* = 0.00012207 1.000281117 2.3029
()" =0.000061035 1.000140548 2.3027
(3)' =0.0000305175 1.000070272 2.3027
(1)'% =0.0000152587 1.000035135 2.3026
(3)'7 = 0.0000076294 1.0000175675 2.3026

to 1 begins to look as though we are merely dividing by 2 each time we take
a square root. In other words, it looks that when x is very small, 10 — 1 is
proportional to z. To find the proportionality constant, we list (10* — 1)/x
in column 3. At the top of the table, these ratios are not equal, but as they
come down, they get closer and closer to a constant value. To the accuracy of
five significant digits, the proportional constant is equal to 2.3026. So we find
that when s is very small

10° = 1 + 2.3026s. (1.7)

Briggs computed successively 27 square roots of 10, and used (1.7) to obtain
another 27 squares roots.

Since 10* = N means = = log N, the first column in Table 1.1 is also the
logarithm of the corresponding number in the second column. For example,
the second row is the square root of 10, that is 10'/2 = 3.16228. Then by
definition, we know

log(3.16228) = 0.5.
If we want to know the logarithm of a particular number N, and N is not

exactly the same as one of the entries in the second column, we have to break
up N as a product of a series of numbers which are entries of the table. For
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example, suppose we want to know the logarithm of 1.2. Here is what we do.
Let N = 1.2, and we are going to find a series of n; in column 2 such that

N:n1n2n3-~-.

Since all n; are greater than one, so n; < N. The number in column 2 closest
to 1.2 satisfying this condition is 1.15478, So we choose n; = 1.15478, and we
have
N 12
ny  1.15478

The number smaller than and closest to 1.039159 is 1.036633. So we choose
ny = 1.036633, thus

N 1.039159
= = 1.0024367.
ning  1.036633 0024367
With ns = 1.0022511, we have
N 1.0024367 — 1.0001852.

ninems  1.0022511

The plan is to continue this way until the right-hand side is equal to one.
But most likely, sooner or later, the right-hand side will fall beyond the table
and is still not exactly equal to one. In our particular case, we can go down a
couple of more steps. But for the purpose of illustration, let us stop here. So

N = ninans(1 + An),
where An = 0.0001852. Now
log N =logn; + logns + log ng + log(1 + An).

The terms on the right-hand side, except the last one, can be read from the
table. For the last term, we will make use of (1.7). By definition, if s is very
small, (1.7) can be written as

s =log(1 + 2.3026s).

Let An = 2.3026s, so s = 5o = 00001852 — g 04 x 10~°. It follows:

log(1 + An) = log[1 + 2.3026 (8.04 x 107°)] = 8.04 x 107°.

With logn; = 0.0625, logny = 0.015625, logns = 0.0009765 from the table,
we arrived at

log(1.2) = 0.0625 + 0.015625 + 0.0009765 + 0.0000804 = 0.0791819.

The value of log(1.2) should be 0.0791812. Clearly if we have a larger table we
can have as many accurate digits as we want. In this way Briggs calculated the
logarithms to 16 decimal places and reduced them to 14 when he published his
table, so there were no rounding errors. With minor revisions, Briggs’ table
remained the basis for all subsequent logarithmic tables for the next 300 years.
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1.3 A Peculiar Number Called e

1.3.1 The Unique Property of e

Equation (1.7) expresses a very interesting property of our number system. If
we let t = 2.3026s, then for a very small ¢, (1.7) becomes

107507 =1+ ¢, (1.8)
To simplify the writing, let us denote
102.31026 =e. (19)

Thus (1.8) says that e raised to a very small power is equal to one plus the
small power

el=1+t for t—0. (1.10)

Because of this, we find the derivative of e is equal to itself.
Recall the definition of the derivative of a function:

Af@) _ o et A) — fla)

dr ~ Az—o0 Az
So
de” et TAT _ o e®(eA” — 1)
— = lim ——— = lim ——~=.
dx Az—0 Az Axz—0 Ax

Now Az approaches zero as a limit, certainly it is very small, so we can write
(1.10) as

e =1+ Az
Thus
(et —1)  e"(1+Ax—1)
Ax B Ax -
Therefore
i—i = e”. (1.11)

The function e® (or written as exp(z)) is generally called the natural exponen-
tial function, or simply the exponential function. Not only is the exponential
function equal to its own derivative, it is the only function (apart from a mul-
tiplication constant) that has this property. Because of this, the exponential
function plays a central role in mathematics and sciences.
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1.3.2 The Natural Logarithm
If e¥ = z, then by definition
y = log, x.

The logarithm to the base e is known as the natural logarithm. It appears
with amazing frequency in mathematics and its applications. So we give it a
special symbol. It is written as Inz. That is

y=log,z=1Inz.

Thus

Furthermore,
Ine® =zlne = z.

In this sense, the exponential function and the natural logarithm are inverses
of each other.

Ezxample 1.5.1. Find the value of In 10.
Solution 1.3.1. Since
107303 =, = 10 = 23026

it follows:

In 10 = In 23926 = 2.3026.

The derivative of Inx is of special interests.

d(Inz) lim In(z + Az) —Inx
der  az—o0 Az

)

ln(x+Ax)—lnx:1nx+Ax:1n<1+m).
x x

Now (1.10) can be written as

t =1In(1+1)
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Az

for a very small ¢t. Since Ax approaches zero as a limit, for any fixed =z,
can certainly be made as small as we wish. Therefore, we can set % =t, and

conclude
A A
2 (1 + x) .
T T

dinz) o L1 2%) o LA L
dx Az—0 Ax T x

Thus,

This in turn means

dz
d(l = —
(inz) =
or d
—lenx—l—c, (1.12)
x
where c is the constant of integration. It is well known that because of
d$n+1
daf (n + )x b
we have
n+1
/ e = +c.
(n+1)
This formula holds for all values of n except for n = —1, since then the

denominator n + 1 is zero. This had been a difficult problem, but now we see
that (1.12) provides the “missing case.”

In numerous phenomena, ranging from population growth to the decay of
radioactive material, in which the rate of change of some quantity is propor-
tional to the quantity itself. Such phenomenon is governed by the differential
equation

dy

A 4
ar Ys

where k is a constant that is positive if y is increasing and negative if y is
decreasing. To solve this equation, we write it as

d
Y kar
y

and then integrate both sides to get
Iny=Fkt+ec, or y=-e"te=cle
If yo denotes the value of y when ¢ = 0, then yo = e and
y=yoe.

This equation is called the law of exponential change.



1.4 The Exponential Function as an Infinite Series 21
1.3.3 Approximate Value of e

The number e is found of such great importance, but what is the numerical
value of e, which we have, so far, defined as 10(1/2:3025)? We can use our table
of successive square root of 10 to calculate this number. The powers of 10
are given in the first column of Table 1.1. If we can find a series of numbers
ny, N2, N3,...in this column, such that

23026 thmetnsts

then

107302 = [ tnetnst = 1gmiQn210ns ...

We can read from the second column of the table 10™*, and 10™2, and 10™3
and so on, and multiply them together. Let us do just that.

= 0.43429 = 0.25 4 0.125 + 0.03125 + 0.015625
2.3026 + + +

+ 0.0078125 4 0.00390625 + 0.00048828 + 0.00012207
-+ 0.000061035 + 0.000026535.

From the table we find 1092° = 1.77828, 109125 = 1.33352, ... etc. except for
the last term for which we use (1.7). Thus

e = 107307 = 1.77828 x 1.33352 x 1.074607 x 1.036633 x 1.018152
x 1.009035 x 1.0011249 x 1.000281117 x 1.000140548
x (14 2.3026 x 0.000026535) = 2.71826.

Since m is only accurate to 5 significant digits, we cannot expect our result
to be accurate more than that. (The accurate result is 2.71828 - --) Thus what
we get is only an approximation. Is there a more precise definition of e¢? The
answer is yes. We will discuss this question in the next section.

1.4 The Exponential Function as an Infinite Series

1.4.1 Compound Interest

The origins of the number e are not very clear. The existence of this peculiar
number could be extracted from the logarithmic table as we did. In fact there
is an indirect reference to e in the second edition of Napier’s table. But most
probably the peculiar property of the number e was noticed even earlier in
connection with compound interest.

A sum of money invested at x percent annual interest rate (x expressed
as a decimal, for example 2 = 0.06 for 6%) means that at the end of the year
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the sum grows by a factor (1 + ). Some banks compute the accrued interest
not once a year but several times a year. For example, if an annual interest
rate of x percent is compounded semiannually, the bank will use one-half of
the annual rate as the rate per period. Hence, if P is the original sum, at the
end of the half-year, the sum grows to P (1 + g) , and at the end of the year

the sum becomes
P+ (+5) =P (+3)"

In the banking industry one finds all kinds of compounding schemes — ann-
ually, semiannually, quarterly, monthly, weekly, and even daily. Suppose the
compounding is done n times a year, at the end of the year, the principal P
will yield the amount

‘9=P(1+%)7

It is interesting to compare the amounts of money a given principal will
yield after one year for different conversion periods. Table 1.2 shows that
the amounts of money one will get for $100 invested for 1 year at 6% annual
interest rate at different conversion periods. The result is quite surprising. As
we see, a principal of $100 compounded daily or weekly yield practically the
same. But will this pattern go on? Is it possible that no matter how large n
is, the values of (1+ %)™ will settle on the same number? To answer this ques-
tion, we must use methods other than merely computing individual values.
Fortunately, such a method is available. With the binomial formula,
(a_|_ b)n =q" + nanflb_k TL(’I’L2'— 1)an72b2
+n(n 1)(n—2)

T an_?’b3+-~~+b",

we have
(14 3) = 1en () + 2052 ()

+¢Nn‘*D01*2>(£)3+..H%(£)"

3!
1-1 1-1 1-2 n
TR Vo (T[T
2! 3! n
Now as n — oo, % — 0. Therefore
. N 22 g3 4
£$O+ﬁ):Hw+§+§+ﬂ+m. (1.13)

becomes an infinite series. Standard tests for convergence show that this is a
convergent series for all real values of x. In other words, the value of (14 Z)"
does settle on a specific limit as n increase without bound.
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Table 1.2. The yields of $100 invested for 1 year at 6% annual interest rate at
different conversion periods

n x/n 100(1 + z/n)"
Annually 1 0.06 106.00
Semiannually 2 0.03 106.09
Quarterly 4 0.015 106.136
Monthly 12 0.005 106.168
Weekly 52 0.0011538 106.180
Daily 365 0.0001644 106.183

1.4.2 The Limiting Process Representing e

In early 18th century, Euler used the letter e to represent the series (1.13) for
the case of x =1,

. \" 1 1 1
e:nlLH;O(l—i—n) :1+1+5+§+I+”" (1.14)

This choice, like many other symbols of his, such as i, = , f(x), became
universally accepted.

It is important to note that when we say that the limit of % as n — oo
is 0 it does not mean that % itself will ever be equal to 0, in fact, it will not.
Thus, if we let t = %7 then as n — oo, t — 0. So (1.14) can be written as

e = lim (1—|—t)1/t.
t—0

In words, it says that if ¢ is very small, then
t
ol = [(1+t)1ﬂ — 14t t—0O.

This is exactly the same equation as shown in (1.10). Therefore, e is the same
number previously written as 101/2-3926, Now the formal definition of e is given

by the limiting process
. \"
e= lim (1 + ) ,
n—oo n

which can be written as an infinite series as shown in (1.14). The series con-
verges rather fast. With seven terms, it gives us 2.71825. This approximation
can be improved by adding more terms until the desired accuracy is reached.
Since it is monotonely convergent, each additional term brings it closer to the
limit: 2.71828 - - -.
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1.4.3 The Exponential Function e®

Raising e to = power, we have

Let nx = m, then > = % As n goes to oo, so does m. Thus the above
equation becomes

€T m
e’ = lim (1—1——) .
m— 00 m
Now m may not be an integer, but the binomial formula is equally valid for
noninteger power (one of the early discoveries of Isaac Newton). Therefore by
the same reason as in (1.13), we can express the exponential function as an

infinite series,

2 JZB Jf4

x
e —1+x+2!+3!+4!+ . (1.15)
It is from this series that the numerical values of e are most easily obtained,
the first few terms usually suffice to obtain the desired accuracy.
We have shown in (1.11) that the derivative of e* must be equal to itself.
This is clearly the case as we take derivative of (1.15) term by term,

d , 2 a8 .

1.5 Unification of Algebra and Geometry

1.5.1 The Remarkable Euler Formula

Leonhard Euler (1707-1783) was born in Basel, a border town between
Switzerland, France, and Germany. He is one of the great mathematicians
and certainly the most prolific scientist of all times. His immense output fills
at least 70 volumes. In 1771, after he became blind, he published three vol-
umes of a profound treatise of optics. For almost 40 years after his death, the
Academy at St. Petersburg continued to publish his manuscripts. Euler played
with formulas like a child playing toys, making all kinds of substitutions until
he got something interesting. Often the results were sensational.

He took the infinite series of e”, and boldly replaced the real variable x in
(1.15) with the imaginary expression if and got

01 ., (102  (0)* (i6)*
e’ =1+10 + o1 + 3l + i +
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Since i2 = —1, i® = —i, i* = 1, and so on, this equation became
; 02 93 64
10 e 1 _——_—— —_— —_— ...
e =1+41i6 o 3 + m + .

He then changed the order of terms, collecting all the real terms separately
from the imaginary terms, and arrived at the series

. 02 04 63 0°
i0 :

Now it was already known in Euler’s time that the two series appearing in
the parentheses are the power series of the trigonometric functions cos 6 and
sin 6, respectively. Thus Euler arrived at the remarkable formula (1.2)

0 — cosf +isinb,

ol
which at once links the exponential function to ordinary trigonometry.

Strictly speaking, Euler played the infinite series rather loosely. Collecting
all the real terms separately from the imaginary terms, he changed the order
of terms. To do so with an infinite series can be dangerous. It may affect its
sum, or even change a convergent series into a divergent series. But this result
has withstood the test of rigor.

Euler derived hundreds of formulas, but this one is often called the most
famous formula of all formulas. Feynman called it the amazing jewel.

1.5.2 The Complex Plane

The acceptance of complex number as a bona fide members of our number
system was greatly helped by the realization that a complex number could
be given a simple, concrete geometric interpretation. In a two-dimensional
rectangular coordinate system, a point is specified by its z and y components.
If we interpret the x and y axes as the real and imaginary axes, respectively,
then the complex number z = x + iy is represented by the point (x,y). The
horizontal position of the point is x, the vertical position of the point is y,
as shown in Fig.1.1. We can then add and subtract complex numbers by
separately adding or subtracting the real and imaginary components. When
thought in this way, the plane is called the complex plane, or the Argand
plane.

This graphic representation was independently suggested around 1800 by
Wessel of Norway, Argand of France, and Gauss. The publications by Wessel
and by Argand went all but unnoticed, but the reputation of Gauss ensured
wide dissemination and acceptance of the complex numbers as points in the
complex plane.

At the time when this interpretation was suggested, the Euler formula
(1.2) had already been known for at least 50 years. It might have played the
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Z=X+ly

Fig. 1.1. Complex plane also known as Argand diagram. The real part of a complex
number is along the x-axis, and the imaginary part, along the y-axis

role of guiding principle for this suggestion. The geometric interpretation of
the complex number is certainly consistent with the Euler formula. We can
derive the Euler formula by expressing €'’ as a point in the complex plane.

Since the most general number is a complex number in the form of a real
part plus an imaginary part, so let us express e'? as

e =a(0)+ib(0). (1.16)

Note that both the real part a and the imaginary part b must be functions of
0. Here 0 is any real number. Changing i to —i, in both sides of this equation,
we get the complex conjugate

e % = (h) —ib(h).
Since
elfe=i0 — 0= _ 0 — 1

it follows that

e = (a4 ib)(a — ib) = a® + b = 1.

Furthermore
d . .
;Edezmﬁ:ua+my:mfb
but
d e ia—l—iib: a +ib,

a6 T a" e

equating the real part to real part and imaginary part to imaginary part of
the last two equations, we have
, d d

B A ey
“ = 18" : a6’ ¢



1.5 Unification of Algebra and Geometry 27

Fig. 1.2. The Argand diagram of the complex number z = '’ = a+ib. The distance
between the origin and the point (a,b) must be 1

Thus

and
ba—adb=a>+1>=1.

Now let a (@) represent the abscissa (z-coordinate) and b (0) represent the
ordinate (y-coordinate) of a point in the complex plane as shown in Fig. 1.2.
Let a be the angle between the z-axis and the vector from the origin to the
point. Since the length of this vector is given by the Pythagorean theorem

r?=ad?>+0b =1,

clearly
cosa = aTG) =a(f), sina= b(19) =b(0), tana= ZEZ)) (1.17)
Now
dtana _dtanada 1 da 1da
de da df cos2adf a?df’
but

do  ~ db

dtan a d (b _ ba—a'b 1
)=
It is clear from the last two equations that

da

— =1

de
In other words,

a=0+c.
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To determine the constant ¢, let us look at the case § = 0. Since €® = 1 = a+ib
means ¢ = 1 and b = 0, in this case it is clear from the diagram that a = 0.
Therefore ¢ must be equal to zero, so

a=40.
It follows from (1.17) that:
a(f) = cosa =cosf, b(f) =sina =sinb.

Putting them back to (1.16), we obtain again

¥ = cosf + isiné.

ol

Note that we have derived the Euler formula without the series expansion.
Previously we have derived this formula in a purely algebraic manner. Now
we see that cos 6 and sin 6 are the cosine and sine functions naturally defined
in geometry. This is the unification of algebra and geometry.

It took 250 years for mathematicians to get comfortable with complex
numbers. Once fully accepted, the advance of theory of complex variables was
rather rapid. In a short span of 40 years, Augustin Louis Cauchy (1789-1857)
of France and Georg Friedrich Bernhard Riemann (1826-1866) of Germany
developed a beautiful and powerful theory of complex functions, which we will
describe in Chap. 2.

In this introductory chapter, we have presented some pieces of historic
notes for showing that the logical structure of mathematics is as interesting
as any other human endeavor. Now we must leave history behind because of
our limited space. For more detailed information, we recommend the following
references, from which much of our accounts are taken:

Richard Feynman, Robert B. Leighton, and Mathew Sands, The Feynman
Lectures on Phyics, Vol. 1, Chapter 22, (1963) Addison Wesley

Eli Maor, e: the Story of a Number, (1994) Princeton University Press

Tristan Needham, Visual Complex Analysis, Chapter 1, (1997) Oxford
University Press

1.6 Polar Form of Complex Numbers

In terms of polar coordinates (r,0), the variable  and y are
x=rcosf, y=rsinf.
The complex variable z is then written as
z=x+iy=r(cosf +isinh) = rel. (1.18)

The quantity r, known as the modulus, is the absolute value of z and is
given by
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#\1/2 1/2
r:|z\:(zz)/ :(x2+y2) .

The angle 6 is known as the argument, or phase, of z. Measured in radians,
it is given by

6 = tan"*

SHES

If z is in the second or third quadrants, one has to use this equation with
care. In the second quadrant, tan 6 is negative, but in a hand-held calculator,
or a computer code, a negative arctangent is interpreted as an angle in the
fourth quadrant. In the third quadrant, tan 6 is positive, but a calculator will
interpret a positive arctangent as an angle in the first quadrant. Since an
angle is fixed by its sine and cosine, 6 is uniquely determined by the pair of
equations

COSQZE sin@zl.

EdN 2|

But in practice we usually compute tan~! (y/z) and adjust for the quadrant
problem by adding and subtracting 7. Because of its identification as an angle,
6 is determined only up to an integer multiple of 2. We shall make the usual
choice of limiting 6 to the interval of 0 < 6 < 2x as its principal value.
However, in computer codes the principal value is usually chosen in the open
interval of —m < 0 < 7.

Equation (1.18) is called the polar form of z. It is immediately clear that,
the complex conjugate of z in the polar form is

2* (r,0) = z (r, —0) = re 1%,

In the complex plane, z* is the reflection of z across the z-axis.

It is helpful to always keep the complex plane in mind. As @ increases, e'
describes an unit circle in the complex plane as shown in Fig. 1.3. To reach a
general complex number z, we must take the unit vector ¢! that points at z
and stretch it by the length |z| = r.

It is very convenient to multiply or divide two complex numbers in polar
forms. Let

0

21 = rlelel, 29 = 7’26192,

then

2129 = Tleiel 7“26192 = 7“17"261(61+92) =1rire [COS (91 + 92) +isin (91 + 92)],

Z1 7"1(3191 1 (01 —05) 1 P
T e T 7261 1=02) _ E[cos (01 — 02) +isin (01 — 63)].
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e’":e im— _4

e/'31t/2

— e—irc/2 =i

Fig. 1.3. Polar form of complex numbers. The unit circle in the complex plane is
described by €. A general complex number is given by re'

1.6.1 Powers and Roots of Complex Numbers

To obtain the nth power of a complex number, we take the nth power of the
modulus and multiply the phase angle by n,

2t = (reie)n = "™ =" (cosnb + isinnd) .

This is a correct formula for both positive and negative integer n. But if n
is a fraction number, we must use this formula with care. For example, we
can interpret z'/4 as the fourth root of z. In other words, we want to find a
number whose 4th power is equal to z. It is instructive to work out the details
for the case of z = 1. Clearly

) 4 .
(i)t = (emerz)' = oo 1

Therefore there are four distinct answers

The multiplicity of roots is tied to the multiple ways of representing 1 in the
polar form: e'®, 27 7™ etc. Thus to compute all the nth roots of z, we
must express z as
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z = relf Tik2m (k=0,1,2,...,n—1)
and

Zw o= {rel?/mtikT/n (e =0,1,2,... n—1).

The reason that k stops at n—1 is because once k reaches n, 27/ = 27 = ]
and the root repeats itself. Therefore there are n distinct roots.
In general, if n and m are positive integers that have no common factor,

then

2 = Pzl W 02k — /) [COS m (0 + 2km) + isin m 0+ 2k7r)}
n n

where z = |z| e’ and k =0,1,2,...,n — 1.

Ezample 1.6.1. Express (14 1)® in the form of a + bi.
Solution 1.6.1. Let z = (1 +i) = re!’, where

™

r= (zz*)l/2 =2, f=tan!

[

It follows that:

(141)% = 28 = 8% = 16e>™ = 16.

Ezxample 1.6.2. Express the following in the form of a + bi:

(3v3+4)°

i 3
(\/77 + 1\/775)
Solution 1.6.2. Let us denOte

3 3. .
Zl e (2\/§+21> :7"16917
5 . [5 i
= <\[2+\[2> =,

ry = (zlzf)l/z =3, 6 =tan"’ <

where

™
67

%)

ro = (2225)1/2 =5, fy=tan (1) =

I
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Thus
(Bv3+31)° 6 (37/6)°  g6eim

Wiyg) o e e

729 729 .
el(ﬂ—BTr/4) _ e17'r/4

5v'5 5v/5
729 T T 729

= COS*~|-ISII’1 = ——(141).
5f< 4) 5\/10( )

FEzample 1.6.5. Find all the cube roots of 8.

Solution 1.6.3. Express 8 as a complex number z in the complex plane
2 =8k =0,1,2,---

Therefore

21/3 — (8)1/3eik2ﬂ/3:26ik‘2ﬂ/3, k:O,172

2ei0 =2, k=0
213 = 2ei2”/3:2(cos —|—1sm—) —1+1\f k=1
2ei4’r/3:2(cos 5 —|—1bln—) ——1—1\f k=2.

Note that the three roots are on a circle of radius 2 centered at the origin.
They are 120° apart.

Example 1.6.4. Find all the cube roots of V2 +1V2.
Solution 1.6.4. The polar form of V2 +1V2 is

2 =3 +1V/3 = adn/ ik
The cube roots of /2 + iv/2 are given by

(2)1/3617'{'/12 _ (2)1/3 (cos—Jrlsm 12) k=0,
23 =8 ()13 eiln/1242m/3) — (9)1/3 (cos2F +isin2r), k=1,
(2)1/3 ei(ﬂ'/12+47‘r/3) — (2)1/3 (COS 17m +1isin 117277) , k= 2.

Again the three roots are on a circle 120° apart.
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Example 1.6.5. Find all the values of z that satisfy the equation 2z* = —64.
Solution 1.6.5. Express —64 as a point in the complex plane
—64 = 646 TR B =0,1,2,....

It follows that:
2= (—64)/* = (64)/ i(THZET/A | — 01,2, 3,

2v2(cos T +isinZT) =2+2i, k=0
2f(cos—+isin?ﬂf):72+2i, k=1

z =
2v/2(cos 5 +isin %) = -2 —2i, k=2
2\[(00&”—&-151 ™y =2-2i, k=3.

Note that the four roots are on a circle of radius v/8 centered at the origin.
They are 90° apart.

Ezample 1.6.6. Find all the values of (1 — 1)3/2 .
Solution 1.6.6.
(1-1) = V2’  0=tan"'(~1) = _g.
(1—i)% = 2v2e30+ik2m | —0,1,2,....
(1—1)%2 = VRel®/2+hm) - | = 0, 1.

\3/2 cos (—3F) +isin (—2 k=
e R TE S By

1.6.2 Trigonometry and Complex Numbers

Many trigonometric identities can be most elegantly proved with complex
numbers. For example, taking the complex conjugate of the Euler formula

(e'?)* = (cos +isin6)*,
we have
e 1% = cosf —isinb.

It is interesting to write this equation as

e = (=0 = cos(—h) + isin(—0).
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Comparing the last two equations, we find that

cos(—0) = cos b
sin(—60) = —sin @
which is consistent with what we know about the cosine and sine functions of

trigonometry.

Adding and subtracting €’ and e~

, we have

e +e71% = (cos@ +isinf) + (cosf — isinh) = 2cos¥h,

e — e = (cosf +isinf) — (cosf — isin ) = 2isin 6.

Using them one can easily express the powers of cosine and sine in terms of
cosnf and sinnf. For example, with n = 2

2
COS2 f = |:; (eiO + e—ié):| _ i (ei20 + zeiae—if) + e—i29)

111, : : 1
=3 [2 (¢ +e712) 4 elo] =3 (cos20 4+ 1),

2
(eie - e—ie)] _ _% (eize N e—i29)

1 1. : : 1
== [2 (20 +e7120) 4 elo] =3 (—cos20+1).
To find an identity for cos (1 + 63) and sin (01 + 65), we can view them as
components of expli(f; + 02)]. Since
eif16if2 — oi(01402) _ (oo (01 + 05) +isin (61 + 05) ,
and

e%161% = [cos @) + isin 6, ][cos By + isin fs]

= (cos By cos Oy — sin Oy sin Oy) + i (sin 07 cos O + cos O sinbs) ,

equating the real and imaginary parts of these equivalent expressions, we get
the familiar formulas

cos (01 + 02) = cos by cos s — sin by sin s,

sin (61 + 02) = sin 6y cos O3 + cos 01 sin 0.
From these two equations, it follows that:

sin (01 + 602)  sinf; cosfa + cos Oy sin O,
tan (61 + 05) = = _
an (61 + 62) cos (01 +62)  cosbycosby — sin by sin Oy
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Dividing top and bottom by cos 6, cos #2, we obtain

tan @y + tan 6,
tan(0; +03) = ——m————.
an (61 + 02) 1 — tan 64 tan 6,

This formula can be derived directly with complex numbers. Let 2z
and z5 be two points in the complex plane whose x components are both equal
to 1.

tan 6, = % =1,

tan Oy = % = Y.

z1 =141y, = re™,

29 = 1 +1ys = ree'2,

The product of the two is given by

) Im(z12
a1zp = 112! tan (61 + 6) = R(<2)>
But
zizg = (L+iy1) (1 +iy2) = (1 — yaye) +i(y1 +42),
therefore

Im(z122) w1 +y2  tanf; +tan6y

tan (01 + 62) = = - '
an (61 + 62) Re(z122) 1—y1yo 1 —tan6; tanfs

These identities can, of course, be demonstrated geometrically. However, it is
much easier to prove them algebraically with complex numbers.

Example 1.6.7. Prove De Moivre formula
(cos@ +isin )" = cosnb + isinnf.
Solution 1.6.7. Since (cos 6 + isin@) = e'?, it follows: that
(cos@ +ising)" = ()" = ™
= cosnf +isinnf.

This theorem was published in 1707 by Abraham De Moivre, a French math-
ematician working in London.
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Ezxample 1.6.8. Use De Moivre’s theorem and binomial expansion to express
cos 40 and sin46 in terms of powers of cosf and sin 6.

Solution 1.6.8.
cos4f +isin4f = ef = (616)4 = (cos +isinf)*
= cos? 0 + 4 cos® A(isin ) + 6 cos® O(isin H)?
+ 4cosf(isin ) + (isinf)*
= (cos* § — 6 cos® Osin” 0 + sin’ §)
+1i (4 cos® Osin § — 4 cos 6 sin® 9)
Equating the real and imaginary parts of these complex expressions, we obtain

cos40 = cos 0 — 6 cos® 0sin? 6 + sin* 6,

sin 46 = 4 cos>® 0 sin 0 — 4 cos 0 sin® 6.

Ezample 1.6.9. Express cos? 0 and sin* # in terms of multiples of 6.

Solution 1.6.9.
1. q4
cos*f = [2 (e + ele)]
_ % [(6140 I 67149) 14 (6120 I 67120) I 6}

1 1 3
= gcos40+ §cos20+ 3

1 . N
sin® 0 = {21 (ela — e_“g)}

_ %6 [(ei46 +e—i49> 4 (eize +e—129) —1—6]
1 1 3
= gcos49— §COSQH+ 3

FEzample 1.6.10. Show that

cos(01 + 65 + 03) = cos 6y cos O3 cos O3 — sin 0 sin O cos O3
— sin 0 sin 03 cos O — sin O sin O3 cos Oy,
sin(6y + 02 + 03) = sin 6y cos O cos O3 + sin O cos 61 cos O3

+ sin 03 cos 01 cos O3 — sin 01 sin O, sin O3.
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Solution 1.6.10.

cos(91 + 92 + 93) + isin(91 + 02 + 03) _ 61(91+92+93) — 619161926193’

e¥161%2¢1% — (cos @) + isinb) (cosBy + isinby) (cos B + isin f3)

= cosf (1 +itanfy)cosOs (1 4 itanby)cosfs (1 +itanbs).
Since

(I+a)(14+0)(1+c)=14+(a+b+b)+ (ab+ bc+ ca) + abe,

(I+itanfy) (1 +itanfe) (1 +itanfs) =1 +i(tanb; + tan s + tanbs)

+i2 (tan 67 tan 05 + tan 05 tan 05 + tan O3 tan 61 ) + i% tan 0, tan 6, tan 03
= [1 — (tan 0 tan O3 + tan O3 tan O3 + tan fs tan 61 )]

+ i[(tan 6y + tan 6y + tan f3) — tan 01 tan O3 tan O3] .

Therefore

el?1ei%260 — cog 01 cos 65 cos 03
o [1 — (tan 6, tan O + tan O tan O3 + tan O3 tan 6, )]
+ i[(tanf; + tanf; + tan f3) — tan Oy tan Oz tan 3] |

Equating the real and imaginary parts

cos(f + 02 + 03) = cos b cos O cos O3
x [1 — (tan 01 tan 02 + tan 65 tan O3 + tan 05 tan 6, )]
= cos 61 cos 05 cos O3 — sin A sin O, cos O3

— sin ¢ sin O3 cos 65 — sin 05 sin O3 cos 64,

sin(6y + 02 + 03) = cos 61 cos s cos O3
X [(tan 01 + tan 92 + tan 93) — tan 91 tan 02 tan 93]
= sin 07 cos O cos O3 + sin Oy cos 01 cos O3

+ sin 65 cos 01 cos O3 — sin 07 sin 05 sin Os.

Example 1.6.11. If 61,605,05 are the three interior angles of a triangle, show
that

tan @, + tan 0y + tan #3 = tan 0, tan 05 tan Os.
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Solution 1.6.11. Since

sin(91 + 05 + (93)

tan (61 + 0 + 03) = cos(0y + 0 + 93),

using the results of the previous problem and dividing the top and bottom by
cos 01 cos 5 cos B3, we have

tan 01 + tan 0y + tan 03 — tan 67 tan 05 tan 03

tan (01 + 0y + 03) = ’
an (61 + 02 + 03) 1 — tan 64 tan 0o — tan O, tan 63 — tan O3 tan 61

Now 61, 05,03 are the three interior angles of a triangle, so 61 + 65 + 03 = 7
and tan (0] + 65 + 05) = tanm = 0. Therefore

tan #; + tan 0y + tan f3 = tan 6, tan 65 tan 6s.

Example 1.6.12. Show that

sin nf cos nd
cos@—i—cos39+cos59—|—---+cos(2n—1)9:M,
sin 0
sin? nd
sinf 4+ sin30 4+ sinb0 4+ --- +sin (2n — 1) 0 =

sinf
Solution 1.6.12. Let
C = cosf + cos30 + cosbf + - -- +cos(2n — 1) 0,
S =sinf +sin 30 +sin 50 + - - - 4+ sin (2n — 1) 6.

Z =C+15 = (cosf +isin ) + (cos 30 + isin 36)
+ (cos50 4+ isinbf) + - - -+ (cos (n — 1) 0 +isin (2n — 1) 0)
— il 4 i3 | iS04 i(2n—1)0
G207 — 30 | G50 | 4 (i2n=1)0  (i(2nt1)6
7 — o207 — it _ oi(2nt1)6,

ol _ oi(2n+1)0 elf(1 — ei2n0) ointd (e—ine _ ein@)
Z = = =

1 _ ei20 elf (e=10 — ¢if) (e—10 — ¢if)
e sinnf  cosnfsinnd _sinnfsinnd
= s = s 1 .
sin 6 sin 6 sin 6
Therefore
. )
cos nf sin nb sin”® n
C = S =

sin 0 ’ sinf -




1.6 Polar Form of Complex Numbers 39

Ezxample 1.6.13. For r < 1, show that

2 2
o0 o0 1
2n 2n
(ng_o r“" cos n@) + (ng_o " sin n@) T ——

Solution 1.6.13. Let

o0 oo
7 = Zrzncosnﬁ—i—in%sian

n=0 n=0
o0 o0

= g 72" (cosnf + isinnf) = E r2nein?
n=0 n=0

— 14 26 4 p4ei20 4 60130 4
Since r < 1, so this is a convergent series

T2610Z2T2€19+T46120—|—T66136—|—"'

Z—r27 =1,
1
Z = ——7F-
1—7‘2610
1 1
7P =27 = . :
| | 1— 7"2610 X 1— 7”26_16
1 1

1 —1r2(el® e 1) £t 1 —2r2cosf 4 1t

But
oo oo oo oo
|Z|2 = (Z 2" cosnb + i Z r?" sin n9> (Z 2" cosnf — i Z r?" sin n9>
n=0 n=0 n=0 n=0
= (Z 2" cos n@) + (Z 2" sin n9> .
n=0 n=0

Therefore

2n ) 2n s _
(T;)r cos n9> + (7;)7“ smn@) R Yy

This is the intensity of the light, transmitted through a film after multiple
reflections at the surfaces of the film and r is the fraction of light reflected
each time.
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1.6.3 Geometry and Complex Numbers

There are three geometric representations of the complex number z = z + iy:
(a) as the point P (z,y) in the zy plane,
(b) as the vector OP from the origin to the point P,
(c) as any vector that is of the same length and same direction as OP.
For example, z4 = 3 + i can be represented by the point A in Fig.1.4.
It can also be represented by the vector z4. Similarly zp = —2 + 3i can be
represented by the point B and the vector zg. Now let us define z¢ as z4 + 2,

20 =z2a+28 =3 +1)+ (—243i) = 1 +4i.

So z¢ is represented by the point C' and the vector z¢. Clearly the two shaded
triangles in Fig. 1.4 are identical. The vector AC' (from A to C) is not only
parallel to zpg, it is also of the same length as zp. In this sense, we say that
the vector AC can also represent zp. Thus z4, zp, and z4 + zp are three
sides of the triangle OAC'. Since the sum of two sides of a triangle must be
greater or equal to the third side, it follows that

|zal + |zB| > |24 + 2B] -

Since zg = zc — z4, and zpg is the same as the AC, we can interpret zc — 24
as the vector from the tip of z4 to the tip of z¢. The distance between C' and
A is simply |zo — za|.

If z is a variable and z,4 is fixed, then a circle of radius r centered at z4 is
described by the equation

|z — za| =1

4 32 10| 1 2 3 4

Fig. 1.4. Addition and subtraction of complex numbers in the complex plane.
A complex number can be represented by a point in the complex plane, or by the
vector from the origin to that point. The vector can be moved parallel to itself
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Fig. 1.5. Perpendicular segments. If AB and C'D are perpendicular, then the ratio
of zp — z4 and zp — z¢ must be purely imaginary

If the two segments AB and C'D are parallel, then
zp —za =k(zp — 2¢0),

where k is a real number. If K = 1, then A, B, C', D must be the vertices of
a parallelogram.
If the two segments AB and C'D are perpendicular to each other, then the
ratio ED Zi must be a pure imaginary number. This can be seen as follows.
The segment AB in Fig. 1.5 can be expressed as

zp — 24 = |2p — za| €,
and segment C'D as

2p — 20 = |zp — 2| €@
So

2D — Zc _ |zp — 2¢]| el _ lzp — zc| i(a—p3)
2p — 24 |z —zal€® |z — 24l '

It is well known that the exterior angle is equal to the sum of the two interior
angles, that is, in Fig.1.5 a = f+~, or v = a — (. If AB is perpendicular to
CD, then v = Z, and

ei(afﬁ) _ eify — ei7r/2 =i

Thus
zp —2c _ |zp — 2'c|i
Zp —za  |zB — 24l
Since 122=2¢l s real so Z2=2¢ must be imaginary.
b
|zB—2zal ZB—zA



42 1 Complex Numbers

The following examples will illustrate how to use these principles to solve
problems in geometry.

Example 1.6.14. Determine the curve in the complex plane that is described
by

z+1
z—1

-2
Solution 1.6.14. ’%‘ = 2 can be written as |z + 1| = 2|z — 1|. With z =

x + iy, this equation becomes

(@ +1) +iyl = 2](e— 1)+,

{{w+1) +iyl [z +1) — i)} * = 2{[(z = 1) +ig] [(= — 1) — ig]}"/*.
Square both sides
(z+1)° 4y =4(x—1)° + 4%
This gives
322 — 10z +3y°> +3 =0,

which can be written as

or

This represents a circle of radius 4 with a center at (2,0).

Ezxample 1.6.15. In the parallelogram shown in Fig. 1.6, the base is fixed along
the x-axis and is of length a. The length of the other side is b. As the angle
f between the two sides changes, determine the locus of the center of the
parallelogram.
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B C

Fig. 1.6. The curve described by the center of a parallelogram. If the base is fixed,
the locus of the center is a circle

Solution 1.6.15. Let the origin of the coordinates be at the left bottom corner
of the parallelogram. So
zZA = a, g = be'? .

Let the center of the parallelogram be z which is at the midpoint of the
diagonal OC. Thus

1 1 1. .
z:i(zAJrzB):iaJribele

or
1 .
z— ia = —pel?
It follows that:
1 1 . 1
— —a| = |=bel?| = Zb.
z 2a ‘2 e 5

Therefore the locus of the center is a circle of radius %b centered at %a. Half
of the circle is shown in Fig. 1.6.

Example 1.6.16. 1f E, F, G, H are midpoints of the quadrilateral ABCD.
Prove that EFGH is a parallelogram.

Solution 1.6.16. Let the vector from origin to any point P be zp, then from
Fig. 1.7 we see that

1
ZE:ZA+§(ZB*ZA)a

1
ZF:ZBJrQ(Zc*ZB)»
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A E B

Fig. 1.7. Parallelogram formed by the midpoints of a quadrilateral

1 1 1
zFsz:zB+§(chzB)szfi(zszA):i(zosz).

1
za =z2p+ = (2¢ — zp),

2
1
zH:zA+§(zD—zA),
1 1
szzH:zDJri(chzD)szfi(szzA):5(2072,4).

Thus
ZF —RE — 2G — RH-

Therefore EFGH is a parallelogram.

Ezxample 1.6.17. Use complex number to show that the diagonals of a rhombus
(a parallelogram with equal sides) are perpendicular to each other, as shown
in Fig. 1.8.

A B

Fig. 1.8. The diagonals of a rhombus are perpendicular to each other
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Solution 1.6.17. The diagonal AC'is given by z¢ — z4, and the diagonal DB
is given by zp — zp. Let the length of each side of the rhombus be a, and the
origin of the coordinates coincide with A. Furthermore let the x-axis be along
the line AB. Thus

z2a=0, zp=a, zp= ae'?.
Furthermore,
zc =2+ zp :a—l—aeig.
Therefore
20— 24 = a+ ae'? :a(l—l—eie),
ZB — ZD :afaew:a(lfew).
Thus
romza_a(l+e?)  (1+e?) (1—e )
2p—2zp a(l—ef)  (1—eif) (1—e )
elf — o0 . sinf
= - B =1 .
2 — (e +e-¥) 1—cosd
Sinlc)eBliié’Oze is real, ﬁ is purely imaginary. Hence AC' is perpendicular
to .

Example 1.6.18. In the triangle AOB, shown in Fig.1.9, the angle between
AO and OB is 90° and the length of AO is the same as the length of OB. The
point D trisects the line AB such that AD = 2D B, and C is the midpoint of
OB. Show that AC' is perpendicular to OD.

Fig. 1.9. A problem in geometry. If OA is perpendicular to OB and OA = OB,
then the line C'A is perpendicular to the line OD where C' is the midpoint of OB
and DA =2BD
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Solution 1.6.18. Let the real axis be along O A and the imaginary axis along
OB. Let the length of OA and OB be a. Thus

z0=0, zpa=a, zp=al, zc= —ai,

2 2 1 .
zD:zA+§(zszA):a+§(a17a):ga(1+21),

1 1
zD—zo:§a(1+21)—O:ga(l—i—Qi).
The vector AC is given by z¢ — 24,
1. 1 .
chzAzialfazlia(lJer).

Thus

20 — ZA ,3

2D — 20 2"

Since this is purely imaginary, therefore AC is perpendicular to OD.

1.7 Elementary Functions of Complex Variable

1.7.1 Exponential and Trigonometric Functions of z

The exponential function e* is of fundamental importance, not only for its
own sake, but also as a basis for defining all the other elementary functions.
The exponential function of real variable is well known. Now we wish to give
meaning to e when z = x +iy. In the spirit of Euler, we can work our way in
a purely manipulative manner. Assuming that e* obeys all the familiar rules
of the exponential function of a real number, we have

e = "MV = e%el¥ = e (cosy + isiny). (1.19)
Thus we can define e* as e* (cosy + isiny). It reduces to ¢* when the imagi-
nary part of z vanishes. It is also easy to show that
efle?2 — g¥1t22,

Furthermore, in Chap. 2 we shall consider in detail the meaning of derivatives
with respect to a complex z. Now it suffices to know that

d z z

—e® =¢”.

dz

Therefore the definition of (1.19) preserves all the familiar properties of the
exponential function.
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We have already seen that
L oo, —io . L oo i
cosf = —(e +e7), 51119:?(6 —e ).
i

On the basis of these equations, we extend the definitions of the cosine and
sine into the complex domain. Thus we define

Lo | i i —i
cosz=—(e*4+e "), sinz=—(e” —e ).
z 2( ) inz 21( )

The rest of the trigonometric functions of z are defined in a usual way. For
example,

sin 2 cos z
tanz = , cotz = ——,
cos z sin 2z
1 1
secz = , CSCz = —.
coSs z sin 2z

With these definitions we can show that all the familiar formulas of trigono-
metry remain valid when real variable x is replaced by complex variable z:

cos(—z) =cosz, sin(—z) = —sinz,
cos? z +sinz = 1,

cos (21 £ 22) = €08 z1 €08 23 F sin 21 sin 2,

sin(zy & z2) = sin 21 cos 25 + cos 21 sin 22,

—cosz = —sinz, —sinz = cosz.

dz dz

To prove them, we must start with their definitions. For example,

1 iz —iz ?
(e e )}

1, , 1, . i
_ Z(6122 L2 67122) o Z(612z —9 +6712Z) —1.

1, NE
cos? z +sin’ z = [2(e‘z +e‘z)] + [

Example 1.7.1. Express e~ in the form of a + bi, accurate to three decimal
places.

Solution 1.7.1.
el =cle =¢(cos1 —isinl).
Using a hand-held calculator, we find

e! ™1~ 2.718(0.5403 — 0.84151)
= 1.469 — 2.287i.
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Example 1.7.2. Show that
sin 2z = 2sin z cos 2.
Solution 1.7.2.

1, N .
2sinz cos z = ZE(elz — eﬂz)i(e” +e %)
1 . .
= 5(6122 — e 12%) = 5in 22,

i

Ezample 1.7.3. Compute sin(1 — i).

Solution 1.7.3. By definition

| Y (1 1 . .
sin(1—1) == (el(lﬂ) _ eﬂ(lﬂ)) _ (elJ“ _ efl*‘)

2 2i
— %{e [cos(1) +isin(1)]} — % {6—1 lcos(1) — isin(l)]}
1

=5 (e—e ") cos(1) + % (e+e ") sin(1).

We can get the same result by using the trigonometric addition formula.

1.7.2 Hyperbolic Functions of z

The following particular combinations of exponentials arise frequently,
1 z —z : 1 z —z
coshz:i(e +e ), smhz:§(e —e )

They are called hyperbolic cosine (abbreviated cosh) and hyperbolic sine
(abbreviated sinh). Clearly

cosh(—z) = coshz,  sinh(—z)= —sinhz.

The other hyperbolic functions are defined in a similar way to parallel the
trigonometric functions:

sinh z
tanh z = , cothz=
osh z tanh 2z’
h ! h !
sechz = , cschz = — .
cosh z sinh z

With these definitions, all identities involving hyperbolic functions of real
variable are preserved when the variable is complex. For example,
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cosh? z — sinh? 2z = i (ez + e*Z)2 _ 1 (ez _ 672)2 =1,

sinh 2z = % (62Z — e*QZ) —

= 2sinh z cosh z.

(ez _ efz) (ez + efz)

B~
N |

There is a close relationship between the trigonometric and hyperbolic
functions when the variable is complex. For example,

. LG —i(i Lo-
smlz:%<e(z)—e (Z))zi(e F—e”)

% (ez — e_z) = isinh z.

Similarly we can show

cosiz = cosh z,

sinhiz =isinz, coshiz = cosz.
Furthermore,

sin z = sin(z + iy) = sinz cos iy + cos x sin iy
= sinx cosh y + icos z sinh y,

cos z = cosx coshy — isinx sinh y.

Ezxample 1.7.4. Show that

i cosh z = sinh z, di sinh z = cosh z.

dz
Solution 1.7.4.

d dl z —z _1 z_ =2\ _ o

acoshzzaﬁ(e +e )—2(6 e )—Slnhz7
. _ d1 z _ =z _1 z —z\ _

asmhz—aé(e e )—2(6 +e )—coshz.

Ezample 1.7.5. Evaluate cos(1 + 2i).
Solution 1.7.5.

cos(1 + 2i) = cos1cosh2 — isin 1sinh 2
— (0.5403) (3.7622) — i (0.8415) (3.6269) = 2.033 — 3.052i.
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Ezample 1.7.6. Evaluate cos (7 —1).
Solution 1.7.6. By definition,

1/ . . o 1
COS(T{' — 1) = 5 (el(ﬂfl) + efl(""*l)) — 5 (el7'r+1 _|_e717r71)
1
=5(-e~ e 1) = —cosh (1) = —1.543.

We get the same result by the expansion,

cos(m — 1) = cos7 cosh (1) + isin 7 sinh (1)
= —cosh (1) = —1.543.

1.7.3 Logarithm and General Power of z

The natural logarithm of z = x + iy is denoted In z and is defined in a similar
way as in the real variable, namely as the inverse of the exponential function.
However, there is an important difference. A real valued exponential y = e*
is a one to one function, since two different = always produce two different
values of y. Strictly speaking, only one to one function has an inverse, because
only then will each value of y can be the image of exactly one x value. But
the complex exponential e* is a multivalued function, since

e® =" = " (cosy + isiny) .

When y is increased by an integer multiple of 27, the exponential returns to
its original value. Therefore to define a complex logarithm we have to relax
the one to one restriction. Thus,

w=Inz

is defined for z # 0 by the relation

e =z
If we set
_ : _ .6
w = u + 10, zZ=re’,
this becomes
w u+iv u, iv i0

Since

‘ew| _ [(ew) (ew)*]l/z _ (eu+iveu—iv)1/2 _ eu7
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1/2

1= [(re) (re®) ] = [re) (o) =

Therefore

e =r
By definition,

u=Inr.
Since e¥ = z,

el = rel? = rel?

it follows that:

v=>4.

Thus
w=u+iv=Inr-+if.
Therefore the rule of logarithm is preserved,
Inz=Inre? =Inr+i6. (1.20)

Since 6 is the polar angle, after it is increased by 27 in the z complex plane,
it comes back to the same point and z will have the same value. However,
the logarithm of z will not return to its original value. Its imaginary part will
increase by 2mi. If the argument of z in a particular interval of 27 is denoted
as 0o, then (1.20) can be written as

Inz=1Inr+1i(fy + 27n), n=0,+1,4+2,....

By specifying such an interval, we say that we have selected a particular
branch of 6 as the principal branch. The value corresponding to n = 0 is
known as the principal value and is commonly denoted as Ln z, that is

Ln z=Inr + ifj.

The choice of the principal branch is somewhat arbitrary.

Figure 1.10 illustrates two possible branch selections. Figure 1.10a depicts
the branch that selects the value of the argument of z from the interval —m <
0 < m. The values in this branch are most commonly used in complex algebra
computer codes. The argument 6 is inherently discontinuous, jumping by 27
as z crosses the negative x-axis. This line of discontinuities is known as the
branch cut. The cut ends at the origin, which is known as the branch point.
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(a) (b)

y y

4 4

3 3

2 12951 2

1 RN

x ! ; x
4-3-2-1/] 1/2 3 4 -4-3-21/] 1234
122 " -0705n 2

-3 -3

-4 {4
zo=-3-4i zo=-3 —-4i

Fig. 1.10. Two possible branch selections. (a) Branch cut on the negative z-axis.
The point —3 — 4i has argument —0.7057. (b) Branch cut on the positive z-axis.
The point —3 — 4i has argument 1.2957

With the branch cut along the negative real axis, the principal value of
the logarithm of zp = —3 — 4i is given by In(|z¢| ') where 6 =tan™' 3 —,
thus the principal value is

. 4
In(—3 — 4i) = In5e!’ =In5 +i(tan™? 3~ ™) = 1609 - 0.7057i.

However, if we select the interval 0 < 6 < 27 as the principal branch, then
the branch cut is along the positive z-axis, as shown in Fig. 1.10b. In this case
the principal value of the logarithm of zq is

4
In(—3 — 4i) = In5 +i(tan’ 3+ 7) = 1.609 + 1.2957i.

Unless otherwise specified, we shall use the interval 0 < 6 < 27 as the principal
branch.

It can be easily checked that the familiar laws of logarithm which hold for
real variables can be established for complex variables as well. For example,

Inzize = Inr €% ry e = Inryry + i (61 + 02)
=1Inry +Inry +1i6; + 165
= (Inry +1i01) + (Inre +103) = Inzy + In 2.

This relation is always true as long as infinitely many values of logarithms
are taken into consideration. However, if only the principal values are taken,
then the sum of the two principal values In z; + In zo may fall outside of the
principal branch of In(z;23).
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Example 1.7.7. Find all values of In 2.

Solution 1.7.7. The real number 2 is also the complex number 2 + i0, and
2410 =2e"2"  n=0,+1,+2,....

Thus

In2 =Ln 2+ n27i
=0.693 +n27i, n=0,+1,+2,....

Even positive real numbers now have infinitely many logarithms. Only one of
them is real, corresponding to n = 0 principal value.

Ezample 1.7.8. Find all values of In(—1).
Solution 1.7.8.

In(—1) = ne! ™2™ — (x4 27n), n=0,+1,42,....
The principal value is im for n = 0.

Since Ina = x means e* = a, so long as the variable x is real, a is always
positive. Thus, in the domain of real numbers, the logarithm of a negative
number does not exist. Therefore the answer must come from the complex
domain. The situation was still sufficiently confused in the 18th century that
it was possible for so great a mathematician as D’Alembert (1717-1783) to
think In(—z) = In(x), so In(—1) = In(1) = 0. His reason was the follow-
ing. Since (—z)(—x) = 2?2, therefore In[(—x) (—z)] = In2z? = 2lnz. But
In[(—z)(—z)]=In(—z)+In(—z) = 2In(—=z), so we get In (—z) = Inx. This
is incorrect, because it applies the rule of ordinary algebra to the domain of
complex numbers. It was Euler who pointed out that In(—1) must be equal to
the complex number im, which is in accordance with his equation '™ = —1.

Ezample 1.7.9. Find the principal value of In(1 + i).

Solution 1.7.9. Since

14+i=12e"/4,

(1 +1) = In V2 + %i = 0.3466 + 0.7854i.
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We are now in a position to consider the general power of a complex
number. First let us see how to find i'. Since

i= ei(%+27rn)7
it = [e“%“””)}l — e (BH2m) 0 41,42, ..
We get infinitely many values — all of them real. In a literal sense, Euler

showed that imaginary power of an imaginary number can be real.

In general, since a = e™?, so

ab _ (elna)b — eblna-

In this formula, both a and b can be complex numbers. For example, to find
(141)'7", first we write

(1+ Z‘)lfi = {eln(lﬂ)} e — o(1=9)In(144)

Since

In(1 4 i) = In V26l (5427 — In /2 + i(% +2mn), n=0,+1,+2,...,

now
(1+1) = o(InV2+i(F+27n) —iln V24 (5 +27n))
— InvV2+F+2mi(§+2mn—Inv2)
Using
ei2m — 1, on V2 _ V2,
we have
(14i)'7" = V2eTH2m [cos (% - ln\/§> +isin (Z —In \/5)} .

Using a calculator, this expression is found to be

(1+1)"7"=e¥ (2808 + 1.3181),  n=0,£1,42,....

Ezample 1.7.10. Find all values of i'/2.
Solution 1.7.10.

o 2,
i1/2 _ {el(§+27rn)] _ elﬂ'/4elnﬂ" n = 0,:|:1,:|:2,....

Since "™ =1 for n even, and e"™ = —1 for n odd, thus

. 2
/2 = peim/4 = 4 (oos T 4 isin f) _uV2 (1+1).
4 4 2
Notice that although n can be any of the infinitely many integers, we find

only two values for i'/2 as we should, for it is the square root of i.




1.7 Elementary Functions of Complex Variable 55

Example 1.7.11. Find the principal value of 2'.
Solution 1.7.11.

2l = [elnz}i =¢e'"? = cos (In2) + isin (In2)
= 0.769 + 0.639i.

Ezample 1.7.12. Find the principal value of (1 +1)>".
Solution 1.7.12.
(141> " =exp[(2—i)In(1+1)].
The principal value of In(1 +1) is
In (1 +1) = Inv2e™* = In V2 + i%.
Therefore
(141> = exp [(2 i) (1n\/§ + i%)]

= exp (21n\/§—|— %) exp {i (g — ln\/iﬂ

= 2e™/* {cos (g - ln\@) + isin (g — ln\@)}

= 4.3866 (sin 0.3466 + 1cos 0.3466) = 1.490 + 4.126i.

1.7.4 Inverse Trigonometric and Hyperbolic Functions

Starting from their definitions, we can work out sensible expressions for the
inverse of trigonometric and inverse hyperbolic functions. For example, to find

w=sin""!z,

we write this as

. 1 . .
z=sinw = (e —e ™).

iw

Multiplying €', we have
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Rearranging, we get a quadratic equation in e,
(€")” = 2ize™ — 1 =0.
The solution of this equation is
e = % (212 V=422 4 4) =iz (1-22) "7
Taking logarithm of both sides
iw=1In [iz + (1 — 22) 1/2} .
Therefore
w=sin"'z=—iln {iz + (1 — 22)1/2} .
Because of logarithm, this expression is multivalued. Even in the principal

branch, sin~! z has two values for z # 1 because of the square roots.
Similarly, we can show

cos 'z =—iln {z + (22 — 1)1/2} ,
-1 1 nl+Z
2 i—z

)

sinh™'z =1n [z + (1 + 22)1/2} ,
cosh ™'z =1In [z + (22 — 1) 1/2} ,

1+ 2
1—2"

1
tanh ™' 2 = = In
2

Example 1.7.13. Evaluate cos™! 2.

Solution 1.7.13. Let w = cos™!2, so cosw = 2. It follows:

1 . .

5 (elw + e—lw) =9

Multiplying e, we have a quadratic equation in e'*
(e™)? + 1 = 4e'™.

Solving for el

eiw:%(4i\/16f4):2ﬁ:\/§.
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Thus
iw=1In (2 + \/§> .
Therefore
cos 2 =w=—iln (Q:I: \/§) .
Now

In(2++v3) =1.317, In(2—V3)=-1.317.
Note only in this particular case, —In(2+ v/3) = In(2 — v/3), since

n ! =1In 2-v3
24V3 22— (V3)?

Thus the principal values of In (2 + \/§) = +1.317. Therefore

—In(2++v3) =In(2+V3)"t =1 =1In(2 - V3).

cos 12=F1.317i+2mn, n=0,+1,+2,....

In real variable domain, the maximum value of cosine is one. Therefore we
expect cos™!' 2 to be complex numbers. Also note that + solutions may be
expected since cos (—z) = cos (2) .

Example 1.7.14. Show that

—1

tan™ " z = %[ln(i—kz) —In(i—2)].

Solution 1.7.14. Let w = tan™! z, so

sinw e —eTW
z=tanw = = — —
cosw i(elw 4 e~iw)

iz (eiw + e—iw) _ eiw _ e—iw’

(iz — 1) e 4 (iz + 1) e ™ = 0.
Multiplying e and rearranging, we have

_1+iz

ei2w_ g
1—iz
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Taking logarithm on both sides

14 -
12w =1In +?Z :ln% Z.
1—iz 142
Thus
1. i—z i i—z i i+z
w= —In - =——In- =—1In- ,
21 i+z 2 i+z 2 i—-=z
tan~!z = w = %[ln(i +2)—In(i—2)].

Exercises

1. Approximate v/2 as 1.414 and use the table of successive square root of
10 to compute 102
Ans. 25.94

2. Use the table of successive square root of 10 to compute log 2.

Ans. 0.3010

3. How long will it take for a sum of money to double if invested at 20%
interest rate compounded annually? (This question was posted in a clay
tablet dated 1700 BC now at Louvre.)

Hint: Solve (1.2)" = 2.
Ans. 3.8 years, or 3 years 8 months and 18 days.

4. Suppose the annual interest rate is fixed at 5%. Banks are competing
by offering compound interests with increasing number of conversions,
monthly, daily, hourly, and so on. With a principal of $100, what is the
maximum amount of money one can get after 1 year?

Ans. 100e%% = 105.13
5. Simplify (express it in the form of a + ib)
cos 2 + isin 2a
cosa +isina
Ans. cosa +isina.
6. Simplify (express it in the form of a + ib)

(cos® —isinf)?

(cosf +isinf)3’
Ans. cos 50 — isin 50.
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11.

12.

13.

14.

15.
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Find the roots of

t+1=0.

o

T
Ans.g—l—iﬁ ?4—'\/5‘/5 =,

— Tlg, g Tl

<%
el

—1i

2

. Find all the distinct fourth roots of 8 — i8+/3.

5 Yol DT 117 S iy Llm
Ans. 2 (cosﬁ +isin ﬁ) ,2 (cosﬁ + isin ﬁ) ,

177 i LT 231 f et 23T
2 (cosﬁ + isin ﬁ) ,2 (cosﬁ +1smﬁ) .

. Find all the values of the following in the form of a + ib.

(a) 23, (b) (=D, (c) (3+4i)".
Ans. (a) —1, (1£iv3)/2, (b) —1, (1£iV3)/2, (c) —527 — 336i.
Use complex numbers to show
cos 30 = 4cos® ) — 3cos b,
sin3¢ = 3sinf — 4sin’ .
Use complex numbers to show

cos?f = — (cos20 + 1),

sin?f = — (1 — cos 26).

N~ N~

Show that
1 sin|(n+35)0
Zcosk‘9=§+—[( 2) ],
k=0
- 1 1 cos +13)6
Zsink@ = §COt -0 — M
k=0
Find the location of the center and the radius of the following circle:

z—1
=3
z+1)

Ans. (=2, 0) r=2.

Use complex numbers to show that the diagonals of a parallelogram bisect
each other.

Use complex numbers to show that the line segment joining the two mid-
points of two sides of any triangle is parallel to the third side and half its
length.
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16.

17.

18.

19.

20.

21.

22.

23.
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Use complex numbers to prove that medians of a triangle intersect at
a point two-thirds of the way from any vertex to the midpoint of the
opposite side.

Let ABC be an isosceles triangle such that AB = AC'. Use complex num-
bers to show that the line from A to the midpoint of BC' is perpendicular
to BC.

Express the principal value of the following in the form of a 4 ib :

it In2

(a) exp (4 + 2> , (b) cos(m—2iln3), (c) In(—i).

Ans. (a) 1+1, (b) =%, (c) —i% or i%F.

Express the principal value of the following in the form of a 4 ib :

(a) i, (b) (2)"*, () <1+21¢§> ‘

Ans. (a) —0.20788i, (b) —0.2657 + 0.3189i, (c) 0.35092.

Find all the values of the following expressions:
(a) sin (iln 1o (b) tan"1(2i), (c) cosh™! 1
14+i)° ' 2
Ans. (a) 1, (b) %ﬂ' + i% In3, (c) i(i% + 2n7r) .
With z = z + iy, verify the following

sin z = sin x cosh y + icos x sinh y,
cos z = cosx coshy — isinx sinh y,
sinh z = sinh z cosy 4+ icosh z siny,

cosh z = coshx cosy + isinh z sin y.

Show that
sin 2z = 2sin z cos z,
cos 2z = cos® z — sin® z,
cosh? z — sinh? z = 1.

Show that

cos tz=—iln [z + (22 — 1)1/2} ,

sinh ™'z =In {z + (1 + 22)1/2] .



2

Complex Functions

Complex numbers were first used to simplify calculations. In the course of
time, it became clear that the theory of complex functions is a very effective
tool in engineering and sciences. Often the most elegant solutions of important
problems in heat conduction, elasticity, electrostatics, and hydrodynamics are
produced by complex function methods. In modern physics, complex variables
have even become an intrinsic part of the physical theory. For example, it is
a fundamental postulate in quantum mechanics that wave functions reside in
a complex vector space.

In engineering and sciences the ultimate test is in the laboratory. When
you make a measurement, the result you get is, of course, a real number. But
the theoretical formulation of the problem often leads us into the realm of
complex numbers. It is almost a miracle that, if the theory is correct, further
mathematical analysis with complex functions will always lead us to an answer
that is real. Therefore the theory of complex functions is an essential tool in
modern sciences.

Complex functions to which the concepts and structure of calculus can be
applied are called analytic functions. It is the analytic functions that dominate
complex analysis. Many interesting properties and applications of analytic
functions are studied in this chapter.

2.1 Analytic Functions

The theory of analytic functions is an extension of the differential and integral
calculus to realms of complex variables. However, the notion of a derivative
of a complex function is far more subtle than that of a real function. This
is because of the intrinsically two-dimensional nature of the complex num-
bers. The success made in analyzing this question by Cauchy and Riemann
left a deep imprint on the whole of mathematics. It also had a far reaching
consequences in several branches of mathematical physics.
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2.1.1 Complex Function as Mapping Operation

From the complex variable z = x + iy, one can construct complex functions
f(2). Formally we can define functions of complex variables in exactly the same
way as functions of real variables are defined, except allowing the constants
and variables to assume complex values.

Let w = f(z) denote some functional relationship connecting w and z.
These functions may then be resolved into real and imaginary parts

w = f(z+iy) = u(z,y) +iv(z,y)
in which both u(z,y) and v(x,y) are real functions. For example, if
w= f(z) = 2%
then
w = (z +iy)? = (? — y?) +i2zy.
So the real and imaginary parts of w (u,v) are, respectively,

u(e,y) = (2* = y?),
v(x,y) = 2xy.

~~
o N
o~
=

Since two dimensions are needed to specify the independent variable z(x,y)
and another two dimensions to specify the dependent variable w (u,v), a com-
plex function cannot be represented by a single two- or three-dimensional plot.
The functional relationship w = f(z) is perhaps best pictured as a mapping, or
a transformation, operation. A set of points (z,y), in the z-plane (z = x +iy)
are mapped into another set of points (u,v), in the w-plane (w = u + iv). If
we allow the variable x and y to trace some curve in the z-plane, this will
force the variable v and v to trace an image curve in the w-plane.

In the above example, if the point (z,y) in the z-plane moves along the
hyperbola 22 — y? = ¢ (where c is a constant), the image point given by (2.1)
will move along the curve u = ¢, that is a vertical line in the w-plane. Similarly,
if the point moves along the hyperbola 2zy = k, the image point given by
(2.2) will trace the horizontal line v = k in the w-plane. The hyperbolas
2% —y? = c and 2zy = k form two families of curves in the z-plane, each curve
corresponding to a given value of the constant ¢ or k. Their image curves form
a rectangular grid of horizontal and vertical lines in the w-plane, as shown in
Fig. 2.1.

2.1.2 Differentiation of a Complex Function

To discuss the differentiation of a complex function f (z) at certain point zo,
the function must be defined in some neighborhood of the point zy. By the
neighborhood we mean the set of all points in a sufficiently small circular
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Y v

z-plane w-plane

Fig. 2.1. The function w = z? maps hyperbolas in the z-plane onto horizontal and
vertical lines in the w-plane

region with center at zg. If zg = zg + iyo and z = zg + Az are two nearby
points in the z-plane with Az = Ax + i Ay, the corresponding image points
in the w-plane are wy = ug + ivg and w = wy + Aw, where wy = f (z0) and
w= f(z) = f (20 + Az). The change Aw caused by the increment Az in zq is

Aw = f (20 + Az) — f (20) .

These functional relationships are shown in Fig. 2.2.

Now we define the derivative f'(z) = 9% by the usual formula

. Aw . f(zo+Az)— f(20)
/ = —_—
F{#w) = Jim —-== lim As

. (2.3)

It is most important to note that in this formula z = 2y + Az can assume
any position in the neighborhood of zy and Az can approach zero along any
of the infinitely many paths joining z with zy. Hence if the derivative is to
have a unique value, we must demand that the limit be independent of the
way in which Az is made to approach zero. This restriction greatly narrows
down the class of complex functions that possess derivatives.

y

Fig. 2.2. The neighborhood of zy in the z-plane is mapped onto the neighborhood
of wo in the w-plane by the function w = f (z)
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For example, if f(z) = |z|*, then w = zz*, and

Aw |z + Az)? — |z (2 Az) (2" + AZF) — 22"
Az Az B Az

2AzZ* Ax —iAy
o . . .
p; x— iy + Az 1Ay+(x+1y)7x+i "

=2+ A"+

For the derivative f’(z) to exist, the limit of this quotient must be the same
no matter how Az approaches zero. Since Az = Az + iAy, Az — 0 means,
of course, both Az — 0 and Ay — 0. However, the way they go to zero may
make a difference. If we let Az approach zero along path I in Fig. 2.3, so that
first Ay — 0 and then Az — 0, we get

. Aw . . . . . Az —iAy
Jim, 5% = Jimy |- ae i s e

= 2.

But if we take path II and first allow Az — 0 and then Ay — 0, we obtain

Aw . . . . L Ax —iAy
i = i L e i G

= —2iy.

These limits are different, and hence w = |z|2 has no derivative except possibly
at z =0.
On the other hand, if we consider w = 22, then

w+ Aw = (z+ Az)? = 2% + 22 Az + (Az)?,

so that
Aw  22Az+ (Az)°
—_—_— = =9 Az.
Az Az Fhaz
y
Il Z+Az
Ay

X
Fig. 2.3. To be differentiable at z, the same limit must be obtained no matter which
path Az is taken to approach zero



2.1 Analytic Functions 65

The limit of this quotient as Az — 0 is invariably 2z, whatever may be
the path along which Az approaches zero. Therefore the derivative exists
everywhere and

dw . Aw .
T A R, T i (224 A2) =22

It is clear that not every combination of u(z,y) + iv(z,y) can be differ-
entiated with respect to z. If a complex function f(z) whose derivative f’(z)
exists at zg and at every point in the neighborhood of zp, then the function
is said to be analytic at zg. An analytic function is a function that is analytic
in some region (domain) of the complex plane. A function that is analytic
in the whole complex plane is called an entire function. A point at which an
analytic function ceases to have a derivative is called a singular point.

2.1.3 Cauchy—Riemann Conditions

We will now investigate the conditions that a complex function must satisfy
in order to be differentiable.
It follows from the definition:

f(z)=fz+1iy) =u(z,y) +iv(z,y),
that

f(z+Az) = f((z+ Az) +i(y + Ay))
=u(x+ Azx,y + Ay) + iv(x + Az, y + Ay) .

Since w = f(z) and w4+ Aw = f (z + Az), so
Aw=f(z+Az)— f(2) = Au+1iAv,
where

Au=u(z+Az,y+Ay) —u(z,y),
Av=v(z+ Az,y+ Ay) —v(z,y).
We can add 0 = —u(z,y + Ay) + u(z,y + Ay) to Au without changing its
value
Au = U(l‘ + Al’,y + Ay) - U(l’,y)
=u(z+ Az, y + Ay) —u(@,y + Ay) + u(z,y + Ay) — u(z,y).

Recall the definition of partial derivative

. 1 ou
Jim = fu(e + Ay + Ay) —ulz,y + Ay) = o



66 2 Complex Functions

In this expression only x variable is increased by Az and y variable remains
the same. If it is implicitly understood that the symbol Az carries the meaning
that it is approaching zero as a limit, then we can move it to the right-hand

side

u(x + Az, y + Ay) —u(z,y + Ay) = %Am.

Similarly, in the following expression only y variable is increased by Ay, so:

u(z,y + Ay) —u(z,y) = eTZAy'
Therefore P P
u u
Au=—A —Ay.
“ ox T dy Y
Likewise,
v v
Av=——Az+ —Ay.
R e * dy J
Hence the derivative given by (2.3) can be written as
dw _ . Autide (G Tig)Ar+ (G +i5)Ay
dz a0 Az +iAy  Az50 Ax+iAy '

Dividing both the numerator and denominator by Az, we have

Ou | :0v Ou | :9v)Ay

dw _ (o Ti50) + (55 +15))5:
— 'ﬂ

dz Az—0 1+1Ax

(5 +i30) Ay

(%3 + i%) Az

ou - v
(52 +152)
AzZ=0 1+ i%

(2.4)

There are infinitely many paths that Az can approach zero, each path is

Ay

characterized by its slope X2 as shown in Fig. 2.4. For all these paths to give

Az

the same limit, % must be eliminated from this expression. This will be the

case if and only if
(55 +i5) .
GE+ig)
ox ox

since then the expression becomes

dw (Qu 4 j9v) Ay ou . Ov
Rk ox ox 1 o Y
Az ArDo 1 +i% —HA:c Ox +13:177

which is independent of %.

(2.5)
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Z+Az

X

Fig. 2.4. Infinitely many paths Az can approach zero, each characterized by its
slope

From (2.5), we have

ou Ov . Ou Ov

=1— — —

oy oy " lor  ox

Equating the real and imaginary parts, we arrive at the following pair of
equations:

ou Ov ou ov

"oy oy 0w
These two equations are extremely important and are known as Cauchy-—
Riemann equations.

With the Cauchy—Riemann equations, the derivative shown in (2.6) can
be written as

dw v . Ou  Ou . 0Ov

The expression in (2.6) is the derivative with Az approaching zero along
the real z-axis and the expression in (2.7) is the derivative with Az approach-
ing zero along the imaginary y-axis. For an analytic function, they must be
the same.

Thus if w(z,y), v(x,y) are continuous and satisfy the Cauchy—Riemann
equations in some region of the complex plane, then f(z) = u(z,y) + iv(x,y)
is an analytic function in that region. In other words, Cauchy—Riemann
equations are necessary and sufficient conditions for the function to be differ-
entiable.

2.1.4 Cauchy—Riemann Equations in Polar Coordinates

Often the function f (z) is expressed in polar coordinates, so it is convenient
to express the Cauchy—Riemann equations in polar form.
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Since x = r cos @ and y = r sinf, so by chain rule

Ou  Oudr  Oudy @Cosg_y@sinﬁ,

E—%EJF@E:&@ oy
%_@@4_%@———”7"5&194—%7“0089
90 0x 00 " oydl  ox dy '
Similarly,

@_@%_i_@@—@cos@—&-@sine

or  dxor Oyor Oz oy 7
gv _vdr vy v gy 9V cosg
90 9z 00 ' Oyoo  Ox dy '

With the Cauchy—Riemann conditions
Oou Ov ou v

or oy 9y  Or

we have
ov ou ou
—_—= - 0+ —sinf
or 2y cost + oz sin 0,
% = 8—57‘ sin 6 + %7‘ cos 0.
Thus

ou 10v 1 ou ov

o roe’  r o6 or
are the Cauchy—Riemann equations in the polar form.
It is instructive to derive these equations from the definition of the deriv-
ative

In the polar coordinates, z = re'?,

Aw = Au(r,0) +iAv (r,0),
Az = (r+ Ar) el (0FA0) _ . oi0

For Az — 0, we can first let A — 0 and obtain
Az = (r+Ar)el? —rel? = Arel?,
and then let Ar — 0, so

Au(r,0) +iAv(r,0) 1 <au .5‘v>'

'(2) = 1 : - (&
F'(2) Ao Arel? el? 87“+18T
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But if we let Ar — 0 first, we get
Az = rel@TA0) _ . 6i0

Since

. . det? .
i(0+A0) _ 0 _ Af = i 19A
e e 0 0 =ie" A,

so Az can be written as
Az =riel? A6,
and when we take the limit Af@ — 0, the derivative becomes

. Au(r,0) +iAv (r,0) 1 ou .0v
/ o ? _ _ _
fz) = lim, ric?Af ~ire? \ 90 " '90)

For an analytic function, the two expressions of derivative must be the same,
1 [0u n .0v 1 ou . .Ov
- - 1— - T—F7 = 1— .
el \or or irel? \ 96 = 00

ou 10v ov 10u

ar o0 o ron

Therefore

which is what we obtained by direct transformation.
Furthermore, the derivative is given by either of the equivalent expressions

o [ Ou ov
/ s A Y
Fiiz)=e (8r+13r>

fi —i6 @4,@
¢ \90 "'oe )

2.1.5 Analytic Function as a Function of z Alone

In any analytic function w = wu(z,y) + iv(z,y), the variables z,y can be
replaced by their equivalents in terms of z, z*:

1 1
r==(z4+2") and y=—(2—-2"
St and y= o (z- ),
since the complex variable z = x + iy and 2z* = x — iy. Thus an analytic
function can be regarded formally as a function of z and z*. To show that w
depends only on z and does not involve z*, it is sufficient to compute g;““ and

verify that it is identically zero. Now by chain rule
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ow O(u +1iv) _ Ou _Hav

0z* oz* 0z*  0z*

_ (Ou dx  Ou Oy [ O0v dr  Ov Oy
<8x8z*+8y3z*> 1(83@82*—’_33/62*)'

Since, from the equations expressing x and y in terms of z and z*, we have

or 1 nd dy i
9 2 dzx 2’

dw 18u+18u L 181}+18v
= _— _—— 1 _—— _——
0z* 20x 20y 20x 20y
L (0u 00N, i (0u v
2\ 0z Oy 2\ 0y  O0z)°
Since w, by hypothesis, is an analytic function, v and v satisfy the Cauchy—

Riemann conditions, therefore each of the quantities in parentheses in the last
expression vanishes. Thus

we can write

ow
oz*
Hence, w is independent of z*, that is, it depends on x and y only through

the combination = + iy.
Therefore if w is an analytic function, then it can be written as

(2.8)

and its derivative is defined as

dw _ f(z+02) = f(2)

— = lim
dz  Az—0 Az

This definition is formally identical with that for the derivatives of a function
of a real variable. Since the general theory of limits is phrased in terms of
absolute values, so if it is valid for real variables, it will also be valid for
complex variables. Hence formulas in real variables will have counterparts in
complex variables. For example, formulas such as

d(w1 :l:’U)Q) - dw1 + d’LUQ

dz T A T d2
d(wiwy)  dws dw,
= s tws dz’

d (wy /wa) _ wo(dwy /dz) — wi (dwe /d2)

0,
dz w% ) w2 7é
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are all valid as long as wy, we, and w are analytic functions.
Specifically, any polynomial in z

-1
w(z) =apz" +an_12"" "+ F+ar1z+ap

is analytic in the whole complex plane and therefore is an entire function. Its
derivative is

W' (2) = nans" + (0 — Dan_12" 2+ + a1,

Consequently any rational function of z (a polynomial over another polyno-
mial) is analytic at every point for which its denominator is not zero. At
the zeros of the denominator, the function blows up and is not differentiable.
Therefore the zeros of the denominator are the singular points of the function.

In fact we can take (2.8) as an alternative statement of the differentiability
condition. Thus, the elementary functions defined in the previous chapter are
all analytic functions, (some with singular points), since they are functions
of z alone. It can be easily shown that they satisfy the Cauchy—Riemann
conditions.

Example 2.1.1. Show that the real part u and the imaginary part v of w = 22

satisfy the Cauchy—Riemann equations. Find the derivative of w through the
partial derivatives of u and v.

Solution 2.1.1. Since
w=z>=(z+iy)’ = (m2 — y2) + i2zy,

so the real and imaginary parts are

u(z,y)=2"—y>,  v(zy) =2y
Therefore

o _, v ouw_ ,

or 7 oy Oy Y= "oz

Thus the Cauch—Riemann equations are satisfied. It is differentiable and

dw Ou ov
— = —+i—=2 12y = 2
dz 8m+18x Tty i

which is what we found before regarding z as a single variable.
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Ezample 2.1.2. Show that the real part u and the imaginary part v of f (z) =
e” satisfy the Cauchy—Riemann equations. Find the derivative of f (z) through
the partial derivatives of u and v.

Solution 2.1.2. Since
e* = "MV = % (cosy + isiny)
the real and imaginary parts are, respectively,
u==e"cosy and v=-e"siny.

It follows that:

u o cos ov ou o s ov
— = =—, —=—-¢e"siny=——.
oz 4 oy oy 4 ox
So the Cauchy—Riemann equations are satisfied, and
ou  O0v
"(2) = — +i=— = e® cosy +ie”siny = *
o) =g +ig y+ y=e,

which is what we expect by regarding z as a single variable.

Ezxample 2.1.3. Show that the real part u and the imaginary part v of Inz
satisfy the Cauchy—Riemann equations, and find % In z through the partial
derivatives of w and v. (a) use rectangular coordinates, (b) use polar coordi-
nates.

Solution 2.1.3. (a) With rectangular coordinates, z = x + iy,

/2 1Y

Inz=u(z,y)+iv(z,y) = In (2 +y2)1 +i(tan™" = + 2nm).
x
So
u=1In (z? —|—y2)1/2, v = (tan"* LA 2n),
x

Ou 1 2z B x
Ox  2(a+y?) (22 +y?)
du 1 2y oy
gy 2(a?+y?) (22 +y?)]
v —y/z* oy
dr 1+ (y/x)? (22 +y2)’
ov 1/z x

oy 1+ (y/x)?  (@2+y2)
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Therefore
ou Ov ou ov

or  dy’ 9y  Ox

The Cauchy—Riemann equations are satisfied, and

ilnz—@—i—i@— z —1i Y
dz Cox 0r (22492 (a2 4y?)
T — iy T — 1y - 1 1

(z2+y?)  (r+iy) (e —1y) (r+iy) =2
(b) With polar coordinates, z = rel?,

Inz=wu(r0)+iv(r,0) =Inr+1i(0 + 2nn).

uw=Inr, v =10+ 2nm,
w_1
or or
ou v
50 = 0, 0 1.
Therefore the Cauchy-Riemann conditions in polar coordinates
Ou_1_10v  10u_, 0Ov
o r rob’ rod — or’

are satisfied. The derivative is given by

dlnz:e_ie(au—i—iav):e_wl: ! :1
or

dz or r ref 2

as expected.

73

Ezxample 2.1.4. Show that the real part uw and the imaginary part v of 2"
satisfy the Cauchy-Riemann equations, and find dd—zz" through the partial

derivatives of u and v.

Solution 2.1.4. For this problem, it is much easier to work with polar coor-

dinates with z = rel?,

2" =u(r,0)+iv(r,0) = riein? — pn (cosnf +isinnd) .

w=r"cosnf, wv=r"sinnd,
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% = nr" ! cosnb, % = —nr" sinnd,
% = nr" Lsinnd, % = nr" cosnf.

Therefore the Cauchy—Riemann conditions in polar coordinates

@ =nr" tcosnfh = 1@

or T roo’
10u el _Ov
el —nr sinnf = 5

are satisfied and the derivative of z™ is given by

d _o[Ou Ov . _ . 1 .
i A (R St P U (m"” Lcosnf +inr™ 181nn9)
dz or or
. 1 IR RETA ipyn—1 —
—e 197’?/7"” 1eln0 = nr" 1e1(n 1)0 —n (7" e119) = nz" 17

as one would get regarding z as a single variable.

2.1.6 Analytic Function and Laplace’s Equation

Analytic functions have many interesting important properties and applica-
tions. One of them is that both the real part and imaginary part of an analytic
function satisfy the two-dimensional Laplace equation

¢ ¢ 0
ox?  oy2
A great many physical problems lead to Laplace’s equation, naturally we are
very much interested in its solution.
If f(2) = u(z,y) + iv(z,y) is analytic, then u and v satisfy the Cauchy—
Riemann conditions

ou Ov ou ov

ox 9y’ 9y  Ox

Differentiate the first equation with respect to & and the second equation with
respect to y, we have

o _ o
0z Ozdy
0%u 0%v

o2 Oydx
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Adding the two equations, we get
0%u N Pu v
0x2  O0y2  Oxdy Oydx
As long as they are continuous, the order of differentiation can be interchanged
v 0%
0xdy  Oydx’

therefore it follows that:
Pu P
ox2  oy2

This is the Laplace equation for w. Similarly, if we differentiate the first
Cauchy—Riemann equation with respect to y, and the second one with respect
to x, we can show that v also satisfies the Laplace equation

oo o _
ox2  Oy?

Functions satisfying the Laplace equation are called harmonic functions.
Two functions that satisfy both the Laplace equation and the Cauchy—
Riemann equations are known as conjugate harmonic functions. We have
shown that real and imaginary parts of an analytic function are conjugate
harmonic functions.

A family of two-dimensional curves can be represented by the equation

u(z,y) = k.

For example if u(z,y) = 22 + y? and k = 4, then this equation represents a
circle centered at the origin with radius 2. By changing the constant k, we
change the radius of the circle. Thus the equation 22 + y? = k represents a
family of circles all centered at the origin with various radii.

Each of the conjugate harmonic functions forming the real and imaginary
parts of an analytic function f(z) generates a family of curves in the z—y
plane. That is, if f(z) = u (z,y) +iv(x,y), then u(x,y) = k and v (x,y) = ¢,
where k and ¢ are constants, are two families of curves.

If Aw is the difference of u at two nearby points, then by (2.4)

_ Ou ou

Au=—A —Ay.
¢ Ox x—i—ay 4

Now if the two points are on the same curve, that is

0.

u(r+Az,y+Ay) =k, u(z,y) =k,
then
Au=u(z+ Az,y+ Ay) —u(z,y) = 0.
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In this case

ou ou
= —A — Ay.
0 9 x+8y Y

To find the slope of this curve, we divide both sides of this equation by Ax

~ Ou  Ouly

0=5z " oy Ax

therefore the slope of the curve u (x,y) = k is given by

Ay, _Oufox
Az ou/dy’

Similarly, the slope of the curve v (z,y) = ¢ is given by

Ay ov/0x

Az T ovjoy”

Since u and v satisfy the Cauchy—Riemann equations

ou Ov ou ov

ooy g ow
the slope of the curve v (z,y) = ¢ can be written as

Ay, Ou/dy
Az Ou/oz’

which, at any common point, is just the negative reciprocal of the slope of the
curve u (x,y) = k. From the analytic geometry, we know that the two families
of curves are orthogonal (perpendicular) to each other. For example, the real
part of the analytic function 22 is u(z,y) = 2% — y?, the family of curves of
u = k is the hyperbolas asymptotic to the line y = +x as shown in the z-plane
of Fig. 2.1. The imaginary part of 22 is v(z,y) = 22y, the family of curves of
v = c is the hyperbolas asymptotic to the x and y axes, also shown in the
z-plane of Fig. 2.1. It is seen that they are indeed orthogonal to each other at
the points of intersections.

These remarkable properties of analytic functions serve as basis for many
important methods used in fluid dynamics, electrostatics and other branches
of physics.

Ezample 2.1.5. Let f(z) = wu(z,y) + iv(z,y) be an analytic function. If
u(z,y) = wy, find v(z,y) and f(z)
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Solution 2.1.5.

@_ _@ ou _81}
8x_y_8y’ Oy Ox’

Method 1: Find f(z) from its derivatives

Af _Ou 00
dz_aglj lal‘_y 1r = T 1y) = —1%2,

f(z):fiéz2 +C.

i . i
12) = =5 @ +i)? +C = oy — (2> — ) + C.

1
v(z,y) = *g(fﬂz -y +C.

Method 2: Find v(z,y) first

ov 15

a Y = v(x,y)—/ydy—gy + k(z),
ov ov  dk(z) 1, _
i — s 4 Y = k(z) = 5% +C;

1 1
v(z,y) = 592 - 51‘2 +C.

1
f(z) :xy+i§ (y271:2+20),

1 1 1
xr = §(Z + z*), Yy = 5(2 — z*) implies f(z,’) = _5221 +C.
1

7

Ezample 2.1.6. Let f(z) = u(x,y) + w(z,y) be an analytic function.

u(,y) = In(a? + y?), find v(z,y) and f(2)

Solution 2.1.6.
ou 2z v ou 2y v

dr  (@+y?) Oy dy  (P4y?) Ox

If
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Method 1: Find f(z) first from its derivatives

Ao o0y
dz  0xr  0x (22 +y?) (22 +y?)
_ T — iy _9 T — iy _ o 1 g

@ +y?) “-iy(w+iy) w+iy 2
f(z2)=2Inz+4+C =1nz*+C,

z=re?;  r= (%4 yH)V? f = tan—1 2
x

In 2?2 = In(z? + y*)e'?? = In(2? + y?) + i2tan~?

SRS

)

v(x,y) = 2tan"! % +C.

Method 2: Find v(z,y) first

v 2z 2z 1Y
= = = —= dy=2tan" ' Z 4+ k
AT v(z,y) / @+ 59 Yy an” ~ + k(z),

ov(z,y) —y 1 dk(x) —2y dk(x)
or 2 (:ﬁ) (14 y2%/x?) - dr (22 4+ y2) - de ’

v —2y dk(x)

or (22 +y?) — dz

v(z,y) = 2tan"! % +C.

f(2) = In(2? +y?) +i2tan"! %

+iC
= In(z? 4 y?)e'?? 4 iC
f(z) =Inz? +C".

Example 2.1.7. Let f(2) = L = u(z,y)+iv(z,y), (a) show explicitly that the

==

Cauchy-Riemann equations are satisfied; (b) show explicitly that both real
part and imaginary part satisfy the Laplace equation; (c¢) Describe the family
of curves u (z,y) = k and v (x,y) = ¢ and sketch them; (d) show explicitly
that the curves u (z,y) = k and v (x,y) = ¢ are perpendicular to each other

at the points they intersect.



Solution 2.1.7.

2.1 Analytic Functions

1 1 1 T — iy T — iy T .y
flr)=-= = T T 3 2 2 2 15 2"
z T +1y r+1y T —1y T +y e +y T +y
Therefore
< Y
u(r,y) = m7 v(z,y) = —m~
(a)
ou 1 222 B y? — a2
or a:2—|—y2 (x2+y2)2 (xz_'_yz)z’
ou 2y
Oy (22 +y)?
@ B 2zy
or (a2 +y2)2’
o —1 L 29 B y? — 2
y ) + 92 (x2+y2)2 - (332 +y2)2'

Clearly the Cauchy-Riemann equations are satisfied

u_ov ou_ o
or oy’ oy  Ox’
(b)
@ 2 (y? —2?) (=2) (2z)  22° — 6xy?
922~ (22 + y2)2 (22 + 12)3 T (@24 y2)3
Pu - —2zy (—2) (2y)  —22° + 63y
Oy? - (x2+y2)2 (x2+y2)3 (:c2+y2)3 .

Thus the real part satisfies the Laplace equation

x?

Ou  Ou_

a7 0.

Furthermore,
Pv 2 (2zy) (=2) (22) _ 2y° — Gy
0x2 (22 + y2)2 (22 + y2)3 (22 + y2)3’
P2 (=2 +9°) (=2) (2y) _ —2y° + 62y
o2 (a2 +y?)? (z2 +y?)? (z2 +y2)3

The imaginary part also satisfies the Laplace equation.

79
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0%v N *v 0
ox2  oy2
(¢) The equation
x
u(z,y) W =
can be written as
2 2 _ 7T
x = —
+y A

or

LANNPRNE S
Y TER

which is a circle for any given constant k. Therefore u (z,y) = k is a family
of circles centered at (i, O) with radius i This family of circles is shown in
Fig. 2.5 as solid circles. Similarly

_ vy
v(x,y)——m—c

can be written as

y 1\> 1
2 2_ Y 2 2 -
Ty = c * +(y+2c) 4c?

Therefore v (z,y) = ¢ is a family of circles of radius =, centered at (0, — ).

2c?
They are shown as the dotted circles in Fig. 2.5.

Fig. 2.5. The families of curves described by the real part and imaginary part of
the function f(z) =

z
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(d) On the curve represented by

x
= —— = k’
ou ou
du=—d —dy =20
i ™ + Oy y=u
which is given by
1 222 2xy

du =

_ dr —
2 +y? (22 +y?)? x (22 + 42)2
It follows that:

dy y? — z?

dz ™ 2uxy
Similarly, with

Y
q 2xy 1 2y 0
v — =
(22 + y2)2 22 +y? (22 +y?)? Yy

and

dy 2zy

Since the two slopes are negative reciprocals of each other, the two curves are
perpendicular.

Those who are familiar with electrostatics will recognize that the curves
in Fig. 2.5 are electric field lines and equipotential lines of a line dipole.

2.2 Complex Integration

There are some elegant and powerful theorems regarding integrating analytic
functions around a loop. It is these theorems that make complex integrations
interesting and useful. But before we discuss these theorems, we must define
complex integration.

2.2.1 Line Integral of a Complex Function

When a complex variable z moves in the two-dimensional complex plane, it
traces out a curve. Therefore to define a integral of complex function f(z)
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2

Z3

X

Fig. 2.6. The Riemann sum along the contour I" which is subdivided into n segments

between two points A and B, we must also specify the path (called contour)
along which z moves. The value of the integral will be dependent, in general,
upon the contour. However, we will find, that under certain conditions, the
integral does not depend upon which of the contours is chosen.

We denote the integral of a complex function f(z) = u(z,y) + iv(z,y)
along a contour I" from point A to point B as

B
I= f(2)dz.
Wa

The integral can be defined in terms of a Riemann sum as in the real variable
integration. The contour is subdivided into n segments as shown in Fig. 2.6.
We form the summation

I, = Z f (Cz) (Zz - 21'71) = Z f (Q) Az;,
i=1 i=1

where zo = A, z, = B, and [ ({;) is the function evaluated at a point on I
between z; 1 and z;. If I,, approaches a limit as n — oo and |Az;| — 0, then
we can define the integral as

B n
[ored= | tmo Y pe)as

AT |Az;|—0, n—oo 4 1
, =

Since Az; = Ax; +1Ay; as shown in Fig. 2.6, the integral can be written as
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B B B
/ f(z)dz:/ (u—l—iv)(dx—i—idy):/ [(wdz —vdy) +i(vde + udy)]

AT AT AT
B B
:/ (udx—vdy)—i—i/ (vdz + udy). (2.9)
AT AT

Thus the complex contour integral is expressed in terms of two line integrals.

Ezxample 2.2.1. Evaluate the integral I = ff 22dz from z4 = 0 to zp = 1 +1i,
(a) along the contour I': y = 22, (b) along y-axis from 0 to i, then along the
horizontal line from ¢ to 1 + i, as I's shown in Fig. 2.7.

5 B(1.1)

C(0.1) k
I

A(0,0) X

=0) to B (z = 1+1), I : along

Fig. 2.7. Two contours Iy and I> from A (za
(zc = 1), then along a horizontal line

the curve y = x2, I : first along y-axis to C'
to B

Solution 2.2.1.

f(z)=22=(z+iy)° = (2® — y?) +i2zy = u + v,

B

B B
f(z)dz = / [(z? — 3?)dx — 2zy dy] + i/ [2zy dx + (2% — y?)dy].
AT AT A,r

(a) Along Iy, y = 2% dy = 2rdz,

B 1 1
(2)dz :/ [(2? — 2")dr — 222722 da]+ i/ [2z2?dz+ (22 — )22 dx]
Al 0 0

' ! 2 2
= / (¢ — 5a")da + i/ (4a® — 22°)dx = —Z + Zi.
0 0 3 3
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(b) Let z¢ =1 as shown in Fig. 2.7. So

B c B
(z)dz = (z)dz + f(z)dz.
AT AT C, Iy
From AtoC:2=0,dz =0
C 1 1
. 2 .
f(z)dz = 1/ (—y*)dy = —=i.
A, T 0 3
FromCtoB: y=1,dy=0
B 1 1 9
(z)dz:/ (x2—1)dx+i/ 2xdr = —= + 1.
C, Iy 0 0 3
B
1 2 2 2
dz=—i—Z+i=-=+Zi.
A,pr(Z) s=—gi-gHi=—g+3i

The integrals along I} and I are observed to be equal.

2.2.2 Parametric Form of Complex Line Integral

If along the contour I, z is expressed parametrically, these line integrals can
be transformed into ordinary integrals in which there is only one independent
variable. For if z = z (t) , where ¢ is a parameter, and A = z (t4), B = z (tp),
then

B ts dz
/Af(z)dz: ROFE (2.10)

For instance, on Iy of the previous example, y = 22, we can set z(t) =

z (t) + iy (t) with z(t) =t and y(t) = t>. It follows that ¥ =1+ i2¢, and

B 1
/ 22dz :/ (t+it2)% (1 +i2t) dt
0

A I
' 2 2
= / [(#% — 5tY) +i(4t® — 2¢°)]dt = —= + =i
0 373

Similarly, on I of the previous example, from A to C, we can set z () = it
with 0 < ¢ <1, and % =i. From C to B, we can set z (t) = (t — 1) +1 with

1<t<2 and %zl.Thus

B 1 2
/ szz:/ (it)2idt+/ (t—1+i)%dt
AT 0 1
2 2 2
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Parametrization of a Circular Contour

A circular contour can be easily parameterized with the angular variable of
the polar coordinates. This is of considerable importance because through the
principle of deformation of contours, which we will soon see, other contour
integrations can also be carried out by changing the contour into a circle.

Consider the integral I = §, f (z) dz, where C' is a circle of radius r cen-
tered at the origin. Clearly we can express z as

z(0) =rcosf+irsinf = re,
d .
d—g = —rsinf +ircosf =irel?.

This means dz = ire'?df, so the integral becomes

27
1 :/ f (Teig) ire?dg.
0

The following example will illustrate how this is done.

Ezxample 2.2.2. Evaluate the integral 550 z"dz, where n is an integer and C' is
a circle of radius r around the origin.

Solution 2.2.2.

2 o
f 2dy = / (r ew)nirew d6 = ir"“/ ol +1)0 49
C 0 0
For n # —1
2 1

2m . 1 X
/ el(nJrl)Gda = |:el(n+1)0} S
0 0 i(n+1)

i(n+1) 1-1=0.

Forn = -1
27 n . 27
/ (ré®) ire?do =i [ do=2ni.
0 0

This means

% z"dz =0 for n# -1,
c

d
& _oni.
C z

Note that these results are independent of the radius 7.
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Some Properties of Complex Line Integral

The parametric form of the complex line integral enables us to see immediately

that many formulas of ordinary integration of real variables can be directly

applied to the complex integration. For example, the complex integral from B

to A along the same path I" is given by the right-hand side of (2.10) with ¢4

and tp interchanged, introducing a negative sign to the equation. Therefore
B A

Fde=— [ f(2)de

WA B,T
Similarly, if C'is on I, then

B C B
FRde= [ f)de+ [ F(2)de

A, A, c,r

If the integral from A to B is along I} and from B back to A is along a
different contour I3, we can write the sum of the two integrals as

B A

f(z)dz+ f(z)dZZj{f(z)dz
AT B,I*; r

where I' = I + I's and the symbol fp is to signify that the integration is

taken counterclockwise along the closed contour I'. Thus

B A
ff(z)dz: f@det [ f(e)de

A,y B, I
A B
—— [ @[ f@e--f e
B, I, A, I C.W.
where c.c.w. means counterclockwise and c.w. means clockwise.
Furthermore, we can show that
B

f(z)dz

Al

< ML, (2.11)

where M is the maximum value of |f (z)| on I" and L is the length of I'. This

is because
tB d tB
ragals [T
ta ta

which is a generalization of |21 + 22| < |21| + |22| . By the definition of M, we

have
te
/ f(2) dt<M/
ta ta

Thus, starting with (2.10), we have

/ £

dz

| de
dt|

B
azM/\m:ML
A

dz
dt

ﬂ)dﬂ<ML

ta
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2.3 Cauchy’s Integral Theorem

As we have seen, the results of integrations of 22 along Iy and I}, of Fig.2.7
are exactly the same. Therefore a closed loop integration from A to B along
It and returning from B to A along I5 is equal to zero. In 1825, Cauchy
proved a theorem which enables use to see that this must be the case without
carrying out the integration. Before we discuss this theorem, let us first review
the Green’s lemma of real variables.

2.3.1 Green’s Lemma

There is an important relation that allows us to transform a line integral into
an area integral for lines and areas in the xy plane. It is often referred to as
Green’s lemma, which states that

([ [QEy) _oPEy)]
ji[P(x,y)dz + Q(z,y)dy] = //R { o oy dedy, (2.12)

where C'is a closed curve surrounding the region R. The curve C' is traversed
counterclockwise, that is with the region R always to the left as shown in
Fig. 2.8.

To prove Green’s lemma, let us use Fig. 2.9, part (a) to carry out the first
part of the area double integral

d r=g2(y)
r Oz c z=g1(y) O

d
= / [Q(a, y))2=2 ) dy.

Fig. 2.8. The closed contour C of the line integral in the Green’s lemma. C is
counterclockwise and is defined as the positive direction with respect to the interior
of R
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(a) (b)

Fig. 2.9. Same contour but with two different ways to carry out the area double
integral in the Green’s lemma

Now

d d
/ [Qa, y)s=2 dy—/ Q(g2(y dy—/ Q(91(y), y)dy
d c
=/ Q(gz(y),y)dy+/d Q(91(y), y)dy.

The contour of the last line integral is from y = ¢ going through ¢o(y) toy = d
and then returning through ¢, (y) to y = c. Clearly it is counterclockwise closed

loop integral
//“9 ) de dy 7{ Q(x.y)d (2.13)

Next we will use Fig. 2.9, part (b) to carry out the second part of the area
double integral

8P(x,y) /b /y—fz(fb) 8P([E,y) /b y=ra2(x)
Y e dy= —dy| dz= P 2 d
//R Ay T a y=f1(z) oy 1 a P, y)}y Sia)

b b b
/ [P, y)]/= ) do = / P(x, fo(z))dz — / P(x, fi(z))d
b a
_ / Plz, fo(x))dz + /b Pz, fi(2))dz

In this case the contour is from = = a going through f>(z) to x = b and then
returning to = a through f;(x). Therefore it is clockwise

//R (de dy = 7{W P(z,y)dr = - ]{W P(w,y)de.  (214)

In the last step we changed the sign to make it counterclockwise.
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Subtracting (2.14) from (2.13), we have the Green’s lemma

I {a@éa; v apéz, y>} drdy= Q) + Pla)sl

2.3.2 Cauchy—Goursat Theorem

An important theorem in complex integration is the following:
If C is a closed contour and f(z) is analytic on and inside C, then

]{ f(z)dz =0. (2.15)
C

This is known as Cauchy’s theorem. The proof goes as follows. Starting with

%Cf(Z)dZ: ﬁ(udx—vdy)—ki?{c‘(vdx—i—udy), (2.16)

making use of the Green’s lemma of (2.12) and identifying P as u and @ as

—v, we have
v
j{(udx—vdy // [ . &J da dy.

Since f(z) is analytic, so u and v satisfy Cauchy—Riemann conditions. In
particular

ov  Ou

~%s = 3y’

therefore the area double integral is equal to zero, thus

fc(udx—vdy) =0.

Similarly, identifying v as @ and v as P, from Green’s lemma we have

 warruay = [ [ [&‘_y} da dy.

Because of the other Cauchy—Riemann condition

ou Ov

ox Ay’

the integral on the left-hand side is also equal to zero

f(vdx—l—udy) =0.
c
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Thus both line integrals on the right-hand side of (2.16) are zero, therefore

jéf(@dz:O,

which is known as Cauchy’s integral theorem.

In this proof, we have used Green’s lemma which requires the first partial
derivatives of u and v to be continuous. Therefore we have implicitly assumed
that the derivative of f (z) is continuous. In 1903, Goursat proved this theorem
without assuming the continuity of f (z) . Therefore this theorem is also called
Cauchy—Goursat theorem. Mathematically Goursat’s removal of the continu-
ity assumption from the proof of the theorem is very important because it
enables us to rigorously establish that derivatives of analytic functions are
analytic, and they are automatically continuous. A version of Goursat’s proof
can be found in Complex Variables and Applications, by J.W. Brown and
R.V. Churchill Complex Variable and Applications, 5th edn. (McGraw-Hill,
New York 1989).

2.3.3 Fundamental Theorem of Calculus

If the closed contour I is divided into two parts I and I%, as shown in
Fig. 2.7, and f (2) is analytic on and between I'y and I's, then Cauchy’s integral
theorem can be written as

B A
$ = [ s [ e
I ATy B I
B B
= (z)dz — f(z)dz =0,
A Fl A F2

where the negative sign appears since we have exchanged the limit on the last
integral. Thus we have

B B
(2)dz = f(z)dz, (2.17)
ATy AT»
showing that the value of a line integral between two points is independent
of the path provided that the integrand is an analytic function in the domain
on and between the contours.
With this in mind, we can show that, as long as f(z) is analytic in a region
containing A and B

B
/A f(2)dz = F(B) - F(A),

where
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The integral
F(z)= / () ds (2.18)
e
uniquely define the function F'(z) if zg is a fixed point and f (2’) is analytic

throughout the region containing the path between zy and z. Similarly, we
can define

z+Az z z+Az
F(z+Az) = / F(Z)d = / f(z)d +/ f(z)dz.

20

Clearly

z+Az
FletAz)— F(2) = / F()dz.

For a small Az, the right-hand side reduces to

z+Az
/ f ()2 — f(2) Az,

which implies that

Thus

dz

and the fundamental theorem of calculus follows:

B B
/f(z)dz:/ dF (z) = F (B) — F (A).
A

A

Example 2.3.1. Find the value of the integral fOHi 22 dz.
Solution 2.3.1.

1+i 1+i
1 1 2 2
2 3 3 .
dz = | 5 =-(1+i) =—-—-+ i
/0 z°dz {32’]0 3( i) 5 T3l

Note that the result is the same as in Example 2.2.1.

Example 2.5.2. Find the values of the following integrals:

i 4—3mi
I z/ cos zdz, I :/ e*/2dz.
4

—i +7i
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Solution 2.3.2.

Tl
L = / ~coszdz = [sin 2™ = sin (7i) — sin (—7i)
—T1

1 /.. »
= 2sin (i) = 25 (07 — 707 ) = (¢" — e 77) i = 23.007.
1

4—37i _a_
I / i eZ/de N |:2€Z/2:|4 3mi ) (eQ_igﬂ-/2 . eQ—l-iﬂ'/Q)
44-7i 4+7i

— 262 (e*i%/? - ei”/Z) = 2¢%(i— 1) = 0.

Example 2.3.3. Find the values of the following integral:

tdz
-

—i

Solution 2.3.3. Since z = 0 is a singular point, the path of integration must
not pass through the origin. Furthermore

/%:lanrC’,
z

where In z is a multivalued function, therefore there is a branch cut. To eval-
uate this definite integral we must specify the path of z going from —i to i.
There are two possibilities as shown in (a) and (b) of the following figure:

(a) (b)

[
2 _1_i/1 2 2 _1\.1 2

(a) To go from —i to i in the right half of the complex plane, we must take
the negative real axis as the branch cut. In the principal branch, —7 < § < 7.
Thus

td ; gp0=1 =1 1
/ 5= Inz]_; = [lne‘e]ei; = [19]9 2l =izm+izm =i

—i
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(b) To go from —i to i in the left half of the complex plane, we must take the
positive real axis as the branch cut. Therefore 0 < 6 < 27w. Thus

i dz i i070=37 L 0=17 ! .3 .
/ — =[Inz]'; = [lne ]0:§7r = [19]9:§7T =igm—igm = —im.

—i

2.4 Consequences of Cauchy’s Theorem

2.4.1 Principle of Deformation of Contours

There is an immediate, practical consequence of the Cauchy Integral Theorem.
The contour of a complex integral can be arbitrarily deformed through an
analytic region without changing the value of the integral.

Consider the integration along the two contours shown on the left side of
Fig. 2.10. If f(z) is analytic, then

]{ f(z)dz =0, (2.19)
]{ f(z)dz = 0. (2.20)

Naturally the sum of them is also equal to zero
j{ f(z)dz + 7{ f(z)dz = 0. (2.21)
abeda efghe

Notice that the integrals along ab and along he are in the opposite direction.
If ab coincides with he, their contributions will cancel each other. Thus if the
gaps between ab and he, and between cd and fg are shrinking to zero, the
sum of these two integrals becomes the sum of the integral along the outer

e a C,

hb
gc

fd
o X o X

Fig. 2.10. Contour deformation



94 2 Complex Functions

contour C7 and the integral along the inner contour Cy but in the opposite
direction. If we change the direction of C, we must change the sign of the
integral. Therefore

f f(z)dz + f f(z)dz = ff(z)dz—j[f(z)dz =0.
Cy Ca

abeda efghe

It follows:

]{f(z)dz = j{f(z)dz. (2.22)
Cy Ca

Thus we have shown that the line integral of an analytic function around any
closed curve C is equal to the line integral of the same function around any
other closed curve C5 into which C; can be continuously deformed as long as
f (2) is analytic between C7 and Cs and is single-valued on Cy and Cj.

2.4.2 The Cauchy Integral Formula

The Cauchy integral formula is a natural extension of the Cauchy integral
theorem. Consider the integral

I = () g, (2.23)
Cy Z— 20
where f(z) is analytic everywhere in the z-plane, and C} is a closed contour
that does not include the point zy as shown in Fig. 2.11a.
Since (z — 29) ! is analytic everywhere except at z = 2o, and zg is outside
of Cy, therefore f(z)/(z — zp) is analytic inside Cj. It follows from Cauchy’s
integral theorem that

n-¢ S84 0 (2.24)
o) zZ— 20
(a) (b)
y y

Fig. 2.11. Closed contour integration. (a) The singular point zo is outside of the
contour Ci. (b) The contour C> encloses zg, C2 can be deformed into the circle Co
without changing the value of the integral
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Now consider a second integral

I = ) 4., (2.25)
Cs Z— 20

similar to the first, except now the contour C5 encloses zy, as shown in
Fig.2.11b. The integrand in this integral is not analytic at z = zy which
is inside (5, so we cannot invoke the Cauchy integral theorem to argue that
I, = 0. However, the integrand is analytic everywhere, except at the point
z = zp, so we can deform the contour into an infinitesimal circle of radius e
centered at zy, without changing its value

2.26
e—0 CO z — 20 ( )

This deformation is also shown in Fig. 2.11b.

This last integral can be evaluated. In order to see more clearly, we enlarge
the contour in Fig. 2.12.

Since z is on the circle C, with the notation shown in Fig. 2.12, it is clear
that

z = x + 1y,
T = x9+ecosh,

y = yo + esinf.

Therefore
z = (2o +1iyo) + e(cosh + isin0). (2.27)

Since

20 = Zo + 1Yo,
i

e = cosf +isinb,
y
z
€
X, z, 0
\J}o
Yo
X

Fig. 2.12. Circular contour for the Cauchy integral formula
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we can write _
2= 29+ eell, (2.28)

On Cy, € is a constant, and 6 goes from 0 to 27. Therefore
dz =ice?d (2.29)

and

(2) &= 2 f (20 +e€l?)
Oy Z— 20 0 e el

2m
isei"dezi/ f(z0+ee?)dg. (2.30)
0

Ase — 0, f(z0+¢ce) = f(z0) and can be taken outside the integral

I = I G (I
Cy 2T 20 e—0 Cy %20
27 . 27
= lin%i/ f(z0+ee?)do = if(zo)/ df = 27i f(z0), (2.31)
E— 0 0

where C' is any closed, counterclockwise path that encloses zg, and f(z) is
analytic inside C'. This result is known as Cauchy’s integral formula, usually
written as

flz0) = . Mdz. (2.32)

2mi Jo 2 — 20

2.4.3 Derivatives of Analytic Function

If we differentiate both sides of Cauchy’s integral formula, interchanging the
order of differentiation and integration, we get

F(z0) = fcf() d_1 14 e 4

" 2mi ZTm(z—zo) T 2mi Jo (2 — 20)?

To establish this formula in a rigorous manner, we may start with the formal
expression of the derivative

: flz0 + Azg) — f(20)
/ _ — -
f (ZO) N ALIOIEO Az T Azg—0 Az

~ lim ;f&d%; FICAN
Azo—0 Azy |27 Jo 2 — 20 — Azg 21 Jo z — 2o

[f (20 + Az0) — f(20)]

Now

f(2) fz) 1 1
éz—zO—Azodz_ Cz—zodz_jif(z) (z—zo—AzO_z—z())dZ

_ . AZO 5= p f(z>dz
_ﬁf()(Z*ZO*AZO)(ZfZO)d Aoj{C(Z*ZO*AZU)(Z*ZO)'
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Therefore
. 1 [Az f(z)dz
! — 1 _ - |\ ==Y
1 (z0) Ao Az [ 2mi %C (z — 20 — Azg)(z — 20)

f(z)dz 7i}{ f(2) 1s
c ( '

— lim — —
A0 2 ji (z— 20 — Azp)(z — 20) 2w z—20)?

In a like manner we can show that

f(20) = % j[c (zf—(zzl)?’dz (2.33)
and in general )
ey ML S
[ (z0) = 27Ti?{c (Z_ZO)an : (2.34)

Thus we have established the fact that analytic functions possess derivatives of
all orders. Also, all derivatives of analytic functions are analytic. This is quite
different from our experience with real variables, where we have encountered
functions that possess first and second derivatives at a particular point, but
yet the third derivative is not defined.

Cauchy’s integral formula allows us to determine the value of an analytic
function at any point z interior to a simply connected region by integrating
around a curve C surrounding the region. Only values of the function on the
boundary are used. Thus, we note that if an analytic function is prescribed
on the entire boundary of a simply connected region, the function and all its
derivatives can be determined at all interior points. The Cauchy’s integral
formula can be written in the form of

L[ f©)
flz) =5 e ~ds, (2.35)
where z is any interior point inside C'. The complex variable ¢ is on C' and
is simply a dummy variable of integration that disappears in the integration
process. Cauchy’s integral formula is often used in this form.

Ezxample 2.4.1. Evaluate the integrals

2 .
(a)jé z smzrzdz7 (b) % COSZdZ

_ 1 3
z 3 z

around the circle |z| = 1.

Solution 2.4.1. (a) The singular point is at z = % which is inside the circle
|z| = 1. Therefore

22sinmz 1\2 1 1
24z = 2 [P —ori (=) sin(7s) = i
% 27% z i [z sm7rz]z:1/2 771(2> sin <7r2) 2771
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(b) The singular point is at z = 0 which is inside the circle |z| = 1. Therefore

cosz omi [ d2 i )
7{ p dz = o [dzz cos z] . = mi[— cos (0)] = —mi.

Ezxample 2.4.2. Evaluate the integral

j{(j_;;dz

around (a) the circle |z| = 1, (b) the circle |z| = 3.

Solution 2.4.2. (a) The singular point is at z = 2. It is outside the circle of
221
5 is

|z| = 1, as shown in Fig. 2.13a. Inside the circle |z| = 1, the function oz

2 _
?{%dzzo
(z=2)

(b) Since z = 2 is inside the circle |z| = 3, as shown in Fig. 2.13b, we can write

the integral as
22 -1 o f(Z) — i !
?{(Z_mzdz = f(z—Q)QdZ =27 f'(2),

f(2)=2*=1, f'(2)=2z and [f'(2)=4

analytic, therefore

where

Thus

z—2

2
—1
7{ (zi)zdz — 27id — 8.
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Example 2.4.3. Evaluate the integral

2
z
—d
?{ 241
(a) around the circle |z — 1] = 1, (b) around the circle |z — i| = 1, (¢) around
the circle |z — 1] = 2.

Solution 2.4.3. Unless the relationship between the singular points and the
contour is clear as in previous examples, to solve problems of closed contour
integration, it is best to first find the singular points (known as poles) and
display them on the complex plane, then draw the contour. In this particular
problem, the singular points are at z = =i, which are the solutions of 2241 =
0. The three contours are shown in Fig. 2.14.

(a) It is seen that both singular points are outside of the contour |z — 1] =1,

therefore
2
z
——dz=0.
% 2241 N

(b) In this case, only one singular point z = 7 is inside the contour, so we can

write
2 2
fzjdz - f{%dz = f(z).dzm
22+1 (z —1)(z+1) z—1
where
2
z
6=

Thus, it follows:

2 i2
f{ 22: -de = f{ %dz = ori f(i) = 2#1% _

(a) (b) (c)

Fig. 2.14. (a) [z—1] =1, (b) |z —i|=1, (¢) |z — 1| =2
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(c) In this case, both singular points are inside the contour. To make use of

. . . 1
the Cauchy integral formula, we first take the partial fraction of =,

I 1 _ A, B
241 (z—i)(z+1) (z—1i) (2+1)
A(z+1i)+B(z—1) (A+B)z+ (A—B)i

(z—1)(z+1) (z —1)(z +1)

So

A+B=0, (A-B)i=1,
B=—-4A, 24i=1,
A-r 1l o p 1

2 2 2

It follows that:
22 i o1 i1
R, P s d
fz2+1 : 7{2 ( 2(z—i)+2(z+i)) -
i 22 1 22
S— dz 4 = dz.
2%z—i Z+2]{z+i “

Each integral on the right-hand side has only one singular point inside the
contour. According the Cauchy integral formula

22
?{ dz = 27i(i)?® = —27i,

zZ—1

z2 .2 .
-dz = 27i (—1)” = —27i.
zZ+1
Therefore

B L Comiy 4+ L (Cami) = 0
22_"_1 z = 9 Tl D) ) = U.

Ezxample 2.4.4. Evaluate the integral
z—1
—d
f 92 +32-2 "~
around the square whose vertices are (1,1), (-1,1), (-1,-1),(1,-1).
Solution 2.4.4. To find the singular points, we set the denominator to zero
22 +32-2=0,

which gives the singular points at
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- (_3i¢m):{_5’

2.

e

The denominator can be written as
9 1
22°4+32—-2=2 25 (z+2).

The singular points and the contour are shown in the following figure:

Since only the singular point at z = 2 is inside the contour, we can write the

2
integral as

femear - f e fe e ()

where

z—1 1 1
o=y ()@
Therefore

z—1 1 .
— dz=——mi.
222 4+32—2 5

Several important theorems can be easily proved by Cauchy’s integral
formula and its derivatives.

Gauss’ Mean Value Theorem

If f(z) is analytic inside and on a circle C' with center at zy, then the mean
value of f(z) on C'is f (z0).
This theorem follows directly from the Cauchy’s integral formula:

) = L 7f(z) dz.

oM Joz— 20

f(Zo
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Let the circle C be |z — 29| = r, thus

z=z20+re? and dz=ireds.

Therefore
1 .
f(z0) = 5= i [ +Ze re?dg
21 Jo 2 — zo re!
= %ﬁf (20 + 7€) do

which is the mean value of f(z) on C.

Liouville’s Theorem

If f(z) is analytic in the entire complex plane and |f (z)| is bounded for all
values of z, then f(z) is a constant.
To prove this theorem, we start with

oy L &)
f(z)_%%c(z’—zﬁdz'

The condition that |f(z)| is bounded tells us that a nonnegative constant M
exists such that |f(z)| < M for all z. If we take C to be the circle |z' — z| =

then
I
! < |f z ‘ d /
THOIE i f| Dl
M
< MQ = —
- 27rR2 i R’

Since f (2’) is analytic everywhere, we may take R as large as we like. It is
clear that 2 — 0, as R — oo. Therefore |f’(z)| = 0, which implies that
f'(z) =0 for all z, so f(2) is a constant.

Fundamental Theorem of Algebra

The following theorem is now known as the fundamental theorem of algebra.
In the last chapter we mentioned that this theorem is of critical importance
in our number system.

Every polynomial equation

P,(2)=as+arz+---+a,z" =0

of degree one or greater has at least one root.
To prove this theorem, let us first assume the contrary, namely that
P, (z) # 0 for any z. Then the function
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is analytic everywhere. Since nowhere will f (z) go to infinity and f(z) — 0
as z — 00, so | f (z)| is bounded for all z. By Liouville’s theorem we conclude
that f(z) must be a constant, and hence P, (z) must be a constant. This is a
contradiction, since P, (z) is given as a polynomial of z. Therefore, P, (z) =0
must have at least one root.

It follows from this theorem that P, (z) = 0 has exactly n roots. Since
P, (z) = 0 has at least one root, let us denote that root ;. Thus

Po(2) = (2 = 21)Q@n-1(2)

where @Q,,—1(z) is a polynomial of degree n — 1. By the same argument, we
conclude that @,,—1(z) must have at least one root, which we denote it as z.
Repeating this procedure n times we find

P,(2)=(z—21)(z—22) - (2 —2,) =0.

Hence P, (z) = 0 has exactly n roots.

Exercises

1. Show that the real and the imaginary parts of the following functions f(z)
satisfy the Cauchy—Reimann conditions

(@) 2%, (b)e*,  (c) 5.

2. Show that both the real part u(x,y) and the imaginary part v (x,y) of
the analytic function e = u (z,y) +iv (z,y) satisfy the Laplace equation

Po 06 _

— + =5 =0.

Ox? + Oy?

3. Show that the derivative of ﬁ calculated in the following three different
ways gives the same result:

(a) Let Ay =0, so that Az — 0 parallel to the z-axis. In this case

Oou .0v
’ _ .
7z = oz o
(b) Let Az = 0, so that Az — 0 parallel to the y-axis. In this case
Oou  Ov
10, —
f(z) = iy + oy’

(c) Use the same rule as if z were a real variable. That is

_df

7' =L
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Let 22 = u (z,y)+iv (z,y), find the point of intersection of u (z,y) = 1 and
v (z,y) = 2. Show that at the point of intersection the curve u(z,y) =1
is perpendicular to v (x,y) = 2.

. Let f(2) = u(z,y) +iv(x,y) be an analytic function. If u(z,y) is given by

the following function:
(a)x? — y?; (b) eYsinu,

show that they satisfy the Laplace equation. Find the corresponding
conjugate harmonic function v(z,y). Express f(z) as a function of z
only.

Ans. (a) v(z,y) = 22y +¢, f(2) = 22 +c (b) v(z,y) = eYcosz +
e, f(z)=ie " +ec

. In which quadrants of the complex plane is f (z) = |z| — i|y| an analytic

function?
Hint: In first quadrant, x > 0, so %Z = % = % = 1, in the second
quadrant, z < 0, so ‘g—’; = % = % = —1, and so on.

Ans. f(z) is analytic only in the second and fourth quadrants.

Express the real part and the imaginary part of (z +1)? in terms of polar
coordinates, that is, find w (r,6) and v (r,0) in the expression

(z+ 1> =u(r6) +iv(r,0).
Show that they satisfy the Cauchy-Riemann equations in the polar form:
u(r,0) 10v(r,0) 19u(r,0)  9v(r,0)

or r 00 r 00 or

. Show that when an analytic function is expressed in terms of polar coordi-

nates, both its real part and its imaginary part satisfy Laplace’s equation
in polar coordinates
0? 10 1 02
7? + 19¢ + —Q—f =0.
or rdr 1200

. To show that line integral are, in general, dependent on the path of inte-

gration, evaluate

/ |2|* dz
—1

(a) along the straight line from the initial point —1 to the final point i, (b)
along the arc of the unit circle |z| = 1 traversed in the clockwise direction
from the initial point —1 to the final point 4.

Hint: (a) Parameterize the line segment by z = —1+ (1+1i)t, 0<¢t<1.
(b) Parameterize the arc by z = €', 7 > 6 > /2.

Ans. (a) 2(1 +1)/3,(b)1 +1i.
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To verify that the line integral of an analytic function is independent of

the path, evaluate
3+i
/ 22dz
0

(a) along the line y = x/3, (b) along the real axis to 3 and then vertically
to 3 +1i, (c¢) along the imaginary axis to i and then horizontally to 3 + 1.

Ans. (a) 6+ 24, (b) 6+ 2, (c) 6+ L.

Verify the Green’s lemma
_ 9B(z,y) 0A(z,y)
f[A(aay)dxﬂLB(:c,y)dy]—//[ 5% oy dz dy
R

for the integral

j{[(fc2 +y)de — zydy]
taken around the boundary of the square with vertices at (0,0), (1,0), (0,1),
(1,1).

Verify the Green’s lemma for the integral

f (& — y)dz + (2 +)dy]

taken around the boundary of the area in the first quadrant between the
curve y = 22 and y? = x.

Evaluate

3+i
/ 22dz
0

with fundamental theorem of calculus. That is,

dF (z)
dz

B
if = f(z), then/ f(x)dz=F(B)—-F(A),
A
provided f (z) is analytic in a region between A and B.
Ans. 6 + %i.
What is the value of

2
1
£3Z + 72+ ds

z4+1
c

(a) if C' is the circle |z + 1] = 1?7 (b) if C' is the circle |z +i] =17 (¢) if C
is the ellipse 22 + 2y? = 8?
Ans. (a) —6m7i, (b) 0, (¢) —67i.
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15. What is the value of

j{idz
2242245
c
(a) if C is the circle |z| = 17 (b) if C is the circle |z + 1 —i| = 27 (¢) if C
is the circle |z + 1 41| = 27
Ans. (a) 0, (b) 3(3+2)m,  (c) 3(—3+2i)m.

16. What is the value of
eZ
d
%(24— 1)2 N
C

around the circle |z — 1| = 37

Ans. 27ie L.

17. What is the value of
z+1
% 23 — 222 dz
c

(a) If C' is the circle |z] = 17 (b) If C is the circle |z — 2 —i| =27 (¢) If C
is the circle |z — 1 — 2i| = 27
Ans. (a) =371, (b) 37, () 0.

18. Find the value of the closed loop integral
3 .
j{ z° + sllnz d»
(z—1i)?
taken around the boundary of the triangle with vertices at +2, 2i.
Ans. w(e—e™!) /2 — 6.
19. What is the value of

c
if C' is the circle |z| = 17
Ans. 27i.
20. What is the value of
Inz
d
j{ (z —2)2 i
C

if C' is the circle |z — 3| = 27

Ans. i.
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Complex Series and Theory of Residues

Series expansions are ubiquitous in science and engineering. In the theory of
complex functions, series expansions play a crucial role because they are the
basis for deriving and using the theory of residues, which provide a power-
ful method for calculating both complex contour integrals and some difficult
integrals of real variable. Before the formal development, we will first review

a basic geometric series.

3.1 A Basic Geometric Series

Let
S=14z+22+22+-- 42"

Multiplying by z,
28 =24 22+ 23+ 2" 4
and subtracting the two series
(1-2)9=1-z""
we get

Szl—z”"rl

1—2

Now if |z] < 1, "™t — 0 as n — co. Thus, if n goes to infinity,

(3.1)
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and it follows from (3.1) that

1 oo

— =1 24 B34 = k. 3.2

T +z4+2°4+2°+ Z z (3.2)
k=0

Clearly it will diverge for |z| > 1. It is important to remember that this series

converges only for |z| < 1. Under this condition, the following alternative

series is also convergent:

1 1

e et B L R PN ()

M8

=
Il

0

3.2 Taylor Series

Taylor series is perhaps the most familiar series in real variables. Taylor series
in complex variable is even more interesting.

3.2.1 The Complex Taylor Series

In many applications of complex variables, we wish to expand an analytic
function f(z) into a series around a particular point z = zy. We will show
that if f(z) is analytic in the neigborhood of zy including the point at z = zo,
then f(z) can be represented as a series of positive powers of (z — z).

First let us recall

fo) = L f SO g (3.4)

27 Jot—2z

where ¢ is the integration variable and it is on the enclosed contour C; inside
which f(z) is analytic. The quantity (z—zp) can be introduced into the integral
through the identity

1 1 B 1
t—z (t—2z0)+ (20— 2) (t—z@(l—iﬁ")
If
zZ— 20
— <1, 3.5
P— (3.5)

then by the basic geometric series (3.2)

2 3
1 zZ—Z zZ—Z zZ— 2z
zz=1+< (0+( Q +< ﬂ o (3.6)
l—ﬁ t—ZQ t—ZO t—ZO




3.2 Taylor Series 109

Therefore (3.4) can be written as

1
L (O
271 Jot— 2

1 f(@) z— 29 z— 20 2 Z— 20 3
2mi Ct_ZO[ +(t—zo + t— zp + t— zp +

:L f(t) dt+{ 1 ?{Cf(t)dt] (z — 20)

27 Jo t — 2o 271 Jo (t— 20)2

NEWRNTIN T

N S -

2mi t—zp)

f(z) =

According to Cauchy’s integral formula and its derivatives

. ! ¢
£ (z0) = o fc e fz(ognﬂ dt

the earlier equation (3.7) becomes

() (
o= T
n=0 :

0)(2 — )2 4. (3.8)

This is the well-known Taylor series.

3.2.2 Convergence of Taylor Series

To discuss the convergence of the Taylor series, let us first recall the definition
of singular points.

Singularity

If f(z) is analytic at all points in the neighborhood of z, but is not differen-
tiable at zg, then z, is called a singular point. We also say that f(z) has a
singularity at z = z,. For example:

ﬁ has singularities at z =1, —i.

tan z = zionz has singularities at z = £3, :I:%”, :i:%”, .

S Z
1422 . .. o
o5er6 has singularities at z = 2, 3.

ﬁ has singularities at z = +im, +i3w, +ibm,....
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Radius of Convergence

The Cauchy integral formula of (3.4) is, of course, valid for all z inside the
Contour C, if f(t) is analytic in and on C. However, in developing the Taylor
series around z = zg, we have used (3.6), which is true only if the condition
of (3.5) is satisfied. This means |z — zp| must be less than |t — zg|. Since ¢
is on the contour C' as shown in Fig. 3.1, the distance |t — zg| is changing as
t is moving around C. With the contour shown in the figure, the smallest
|t — 20| is |s — zo| where s is the point on C closest to zg. For |z — zg| to be
less than all possible |t — zg|, |z — zp| must be less than |s — zp|. This means
the Taylor series of (3.8) is valid only for those points of z which are inside
the circle centered at zp, with a radius R = |s — zg|.

If f(z) is analytic everywhere, we can draw the contour C' as large as we
want. Therefore the Taylor series is convergent in the entire complex plane.
However, if f(z) has a singular point at z = s, then the contour must be
so drawn in such way that the point z = s is outside of C. In Fig. 3.1, the
contour C' can be infinitesimally close to s, but s must not be on or inside C.
For such a case the largest possible radius of convergence is |s — 2| . Therefore
the radius of convergence of a Taylor series is equal to the distance between
its expansion center and the nearest singular point.

The discussion earlier applies equally well to a circular region about the
origin, zp = 0. The Taylor series about the origin

f"(0)
2!

F@) = FO) + 1 (0) 2+ =2+
is called the Maclaurin series.

Even in the expansion of a function of a real variable, the radius of con-
vergence is equally important. To illustrate, consider

Fig. 3.1. Radius of convergence of the Taylor series. The expansion center is at zo.
The singular point at s limits the region of convergence within the interior of the
circle of radius R
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1

_ _ 2 4 6
_1—1—22_172 +25 =2+

f(z)
This series converges throughout the interior of the largest circle around the
origin in which f(z) is analytic. Now, f(z) has two singular points at z =
+i,and even though one may be concerned solely with real values of z, for
which 1/(1+42?) is everywhere infinitely differentiable with respect to z, these
singularities in the complex plane set an inescapable limit to the interval of
convergence on the x axis. Since the distance between the expansion center
at z = 0 and the nearest singular point, i or —i is [i — 0] = 1, the radius of
convergence is equal to one. The series is convergent only inside the circle of
radius 1, centered at origin. Thus the interval of convergence on the z axis is
between x = £1. In other words, the Maclaurin series

1

_ 2 4 6

is valid only for —1 < z < 1, although 1/(1 + 2?) and its derivatives of all
orders are well defined along the real axis x. Now if we expand the real function
1/(1+ 2?) into Taylor series around z = zg, then the radius of convergence is
equal to [i — x| = /1 + 23. This means that this series will converge only in

the interval between z = zg — \/1 4 x3 and = = z9 + /1 + z2.

3.2.3 Analytic Continuation

If we know the values of an analytic function in some small region around z,
we can use the Taylor expansion about zg to find the values of the function in
a larger region. Although the Taylor expansion is valid only inside the circle
of radius of convergence which is determined by the location of the nearest
singular point, a chain of Taylor expansions can be used to determine the
function throughout the entire complex plane except at the singular points of
the function. This process is illustrated in Fig. 3.2.

Suppose we know the values around zj and the singular point nearest to zg
is sg. The Taylor expansion about zy holds within a circular region of radius
|z0 — so| . Since the Taylor expansion gives the values of the function and all
its derivatives at every point in this circle, we can use any point in this circle
as the new expansion center. For example, we may expand another Taylor
series about z; as shown in Fig.3.2. We can do this because f" (z1) is known
for all n from the first Taylor expansion about zy. The radius of convergence
of this second Taylor series is determined by the distance from z; to the
nearest singular point s;. Continuing this way, as indicated in Fig. 3.2, we can
cover the whole complex plane except at the singular points sg, s1, So,....
In other words, the analytic function everywhere can be constructed from the
knowledge of the function in a small region. This process is called analytic
continuation.

An immediate consequence of analytic continuation is the so called identity
theorem. It states that if f(z) and g(z) are analytic and f (z) = g(z) along
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Fig. 3.2. Analytic Continuation. A series of Taylor expansions which analytically
continue a function originally known in the region around zp. The first expansion
about zo is valid only inside the circle of radius |zo — so|, where so is the singular
point nearest to zo. The next Taylor expansion is around z; which is inside the first
circle. The second Taylor expansion is limited by the singular point s1, and so on

a curve L in a region D, then f (z) = g(z) throughout D. We can show this
by considering the analytic function h (z) = f (z) — g (2) . If we can show that
h(z) is identically zero throughout the region, then the theorem is proved.

If we choose a point z = 29 on L, then we can expand h(z) in a Taylor
series about zq,

h(Z) = h(zo) + h/ (Z()) (Z — Z()) —|— %h” (ZO) (Z — ZO)2 _|_ S

which will converge inside the some circle that extends as far as the nearest
point of the boundary of D. But since zg is on L, h (2¢) = 0. Furthermore, the
derivatives of h must also be zero if z is approaching zy along L. Since h (2)
is analytic, its derivatives are independent on the way how z is approaching
zp, this means

hl (Zo) = h” (Z()) =...=0.

Therefore, h (z) = 0 inside the circle. We may now expand about a new point,
which can lie anywhere inside the circle. Thus by analytic continuation, we
may show that h (z) = 0 throughout the region D.

3.2.4 Uniqueness of Taylor Series

If there are constants a,, (n =0, 1, 2,...) such that

F(2) =) an(z—2)"
n=0
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is convergent for all points z interior to some circle centered at zp, then this
power series must be the Taylor series, regardless of how those constants are
obtained. This is quite easy to show, since

f(z):ao—l—a1(z—zo)—|—a2(z—z0)2—|—a3(z—20)3—|—-~-,
f’(z):a1+2a2(zfzo)+3a3(zfzo)2+4a4(zfzo)3+~~,

F(z) =2a2+3-2a3 (2 —20) +4-3(z—20)° + -,
clearly
f(z0) = a0, f'(20) =a1, f"(20)=2a2, f"(20)=3"2as,

It follows that:
Ap = mf(n) (ZO)a

which are the Taylor coefficients. Thus, Taylor series is unique. Thus no matter
how the power series is obtained, if it is convergent in some circular region, it
is the Taylor series. The following examples illustrate some of the techniques
of expanding a function into its Taylor series.

Example 3.2.1. Find the Taylor series about the origin and its radius of con-
vergence for

(a) sinz, (b) cosz, (c)e”.
Solution 3.2.1. (a) Since f(z) =sinz,
fl(2) =cosz, f"(z2)=—sinz, f"(z)=—cosz, f*(z)=sinz,
Hence

f)=0, f(0)=1, f"(0)=0, f"(0)=~-1, f*(0)=0,

1
sinzzzﬁf(”)(())z"
n=0

Ls 15
zz—gz —|—az + -

This series is valid for all z, since sin z is an entire function (analytic for the
entire complex plane).

(b) If f(z) = cos z, then

f'(2) = —sinz, f"(2)=—cosz, f"(2)=sinz, f*(z2)=cosz,
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f(O) =1, f/(O) =0, fll(o) = -1, f”/(O) =0, f4(0) =1,
Therefore

Lo, 14
cosz-l—az +IZ -

This series is also valid for all z.

(c) For f(z) = €*, then

= @ez = e*andf™ (0) = 1.

™ (2)
It follows:
z 1 2 1 3
e —1+z+§z +§Z + e

This series converges for all z, since e* is an entire function.

Ezxample 3.2.2. Find the Taylor series about the origin and its radius of con-
vergence for

z

fz)=

cosz

Solution 3.2.2. The singular points of the function are at the zeros of the
denominator. Since cos 5 = 0, the singular point nearest to the origin is at
z = +%5 . Therefore the Taylor series about the origin is valid for |z| < 7.
We can find the constants a,, of

z

:a0+alz+agz2+-~-

cos z
from (™) (0), but the repeated differentiations become increasingly tedious.
So we take the advantage of the fact that the Taylor series for e* and cos z
are already known. Replacing e* and cos z with their respective Taylor series
in the equation

ezz(ao+alz+a2z2+a3z3+-~-)cosz,
we obtain
L o 13 2 3
1+z+§z +§Z +~-~:(a0+alz+agz + asz —|—)

12 ]‘4
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Multiplying out and collecting terms, we have

1424 2%+ =28 = ap+arz + : >+ : S+
z 2'2’ 3'2 = ayp a1z a9 2(10 z as 20,1 z .
Therefore
_1 _1 1 1
ag =1, a1 =1, a2—§ao—§, a3—§a1_§,...
It follows that:
_1+1 _1 _1+1 2
a2—2 2a0— s 6L3—3! 2a1_3a
and
e* 9 2 4 ™
=1l+z+2"+=2>+--+, || < —.
CoS 2 3 2

Ezxample 3.2.3. Find the Taylor series about z = 2 for

Solution 3.2.3. (a) The function 1/z has a singular point at z = 0, the
distance between this point and the expansion center is 2. Therefore the Taylor
series about z = 2 is convergent for |z — 2| < 2 and has the form

1
;:a0+a1(z—2)+a2(z—2)2+~--

We can write the function as

1 1 1 1

221 (z-2) 21+ (52)

For |z — 2| < 2, ‘z;2‘ < 1. Therefore we can use the geometric series (3.3)
to expand

() () ()

It follows that for |z — 2| < 2

() ) () ()

1
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(b) Since
1__d1
22 dzz’
therefore
1 d (1 1 , 1 5 .
2 & (2 7S A e TA A A R )
1 3 , 1 X
1 4(2 2)+16(z 2) 8(2 2)" +

Example 3.2.4. Find the Taylor series about the origin for

1

1=

Solution 3.2.4. Since 1+ 2z —22% = (1—2)(1+22), the function f (z) has two
singular points at z = 1 and z = —1/2. The Taylor series expansion about
z = 0 will be convergent for |z| < . Furthermore

1 /3 2/3

1+z—2z2_1—z+1+2z‘

For |z| < § and [2z] <1

1

—— =14zt 22+

1-=2

1 2 3

=1—-22+42"—82"+---.
1+22
Thus
1 2, .3 2 2 3
fG)=-0+z2+224+2+ )+ = (1-22+42" -8z +--+)

3 3

1— 24322 -523+....

Example 3.2.5. Find the Taylor series about the origin for
fE)=In(1+2).

Solution 3.2.5. First note that

d
—In(l+42) =
o n+z)

)

142

and
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1
142

:1*Z+Z2*23+"'7
SO
din(142)=(1—z422 24 )de.

Integrating both sides, we have

1 1
1n(1+z):z—§,22+§z3+--~+k.

The integration constant k = 0, since at z =0, In(1) = 0. Therefore

1 1
ln(1—|—z):z—522+§z3+---.

This series converges for |z| < 1, since at z = —1, f () is singular.

3.3 Laurent Series

In many applications, it is necessary to expand functions around points at
which, or in the neighborhood of which, the functions are not analytic. The
method of Taylor series is obviously inapplicable in such cases. A new type of
series known as Laurent expansion is required. This series furnishes us with a
representation which is valid in the annular ring bounded by two concentric
circles, provided that the function being expanded is analytic everywhere on
and between the two circles.

Consider the annulus bounded by two circles of Cy and C; with a common
center zp as shown in Fig. 3.3a. The function f(z) is analytic inside the an-
nular region; however, there may be singular points inside the smaller circle

(a) (b)

Fig. 3.3. Annular region between two circles where the function is analytic and
the Laurent series is valid. Inside the inner circle and outside the outer circle, the
function may have singular points



118 3 Complex Series and Theory of Residues

or outside the larger circle. We can apply the Cauchy’s integral formula to
the region which is cut up as shown in Fig. 3.3b. The region is now simply
connected and is bounded by the curve C/ = Cy + Cy + C3 + C4. Cauchy’s
integral formula is then

2mi C/t—Z

:1< SO gy [ TW gy [ SO g, ﬂ”@)
Cy ’

2mi t—=z e, t—2 o, t—2 o, t—2

where ¢ is on C” and z is a point inside C’. Now let the gap between Co and
Cy shrink to zero, then the integrals along Cy and C4 will cancel each other,
since they are oriented in the opposite directions, if f(z) is single valued.
Furthermore, the contour C; becomes Cy and the contour Cj is identical to
C; turning the opposite direction. Therefore

PN B O (O DV O O ()

C2mi Jo, t—2 2mi Jo t—z

dt, (3.9)

where Cy and C; are both traversed in the counterclockwise direction. The
negative sign results because the direction of integration was reversed on Cj.

We can introduce zg, the common center of Cy and C;, as the expansion
center. For the first integral in (3.9) with ¢ on Cy, we can write

1 1 1

t—z t—z2+2-—2z (t—2)—(2—2)
B 1
(t- =) (1- 2)

Since t is on Cy and z is inside Cy, as shown in Fig. 3.3a

(3.10)

.
= — <1,
To

zZ— 20

t—ZQ

—1
so we can expand (1 - m) with the geometric series of (3.2), and (3.10)

t—zo

1 1 Z — z Z— z 2= 2\°
_ 1 0 0 0
t—=z t—zol—’_t—zo—’_(t—zo)—’_(t—zo

3
+<z—z0> +] for ¢ on Cj. (3.11)

t—Zo

becomes
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For the second integral with ¢ on C; and z is between Cy and C;, we can
write

I I 1
t—z  z—t Zz—2z29+ 29—t
- 1 B 1
R ) (R =
Since
[=20) Ty
zZ— 29 T

as shown in Fig. 3.3a, we can again expand
-1
t _
(-=3)
zZ— 20
with the geometric series, and write
2 3
t— 2 t—=z t—z
1+ °+< 0) +< 0) +oe
zZ— 20 zZ— 20 zZ— 20
Putting (3.11) and (3.12) into (3.9), we have

f(z) =Ig, + Ic;,

1 1

for t on Cj.

t—=z zZ— 20
(3.12)

where

1 f(t) z—2p z—20\’ z—2\°
Io, = — 1 o lar
o~ o Cotzol +tzo+<tzo) + t— 2 +
1 t 1 t
= f®) dt + —7{ L)2dt (z — 20)
2mi Jo, t =20 2mi Je, (t = 20)

S LS
+<27Ti ji*o(t—zo)g dt) (2= 20)*+ <27‘r1 %CD (7,‘—2'0)4dt> (z—20)3 4
t— 2o t—20\° t—2\°
1+Z—Zo+<Z—Zo) +<z—zo) *
= <21m fc f(t)dt) . _120 + <21m 7{0 F)(t— Zo)dt> (2_120)2

+ (217“ fg fO - zo)th> e —12’0)3 SRR

and

P RO ()

= dt
2mi Jo 2z — 2o
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Therefore, in the region between C; and Cp, f(z) can be expressed as

f(z) = Zan(z —z)" 4+ an%a
n=0 k=1 (Z - ZO)

where

Ly IO =2 f -0t

n:% Co(t—ZO)n+1 ’ _% C

i

Because of the principle of deformation of contours, we can replace both C;
and Cy by a closed contour C' between C; and Cjy without changing the values
of the integrals. Thus we can write this series as

with ) )

an = 5 D = 2 dt. (3.13)
This expansion is known as the Laurent series which contains both negative
and positive powers of (z — zp).

It should be noted that the coefficients of positive powers of (z —zy) cannot
be replaced by the derivative expressions, since f(z) is not analytic inside
C. However, if there is no singular point inside C;, then these coefficients
can indeed be replaced by £ (z)/n!, at the same time the coefficients of
the negative powers of (z — zg) are identically equal to zero by the Cauchy
theorem, since f(t)(t — z9) ™! for n < —1 are analytic inside C. In such a
case, the Laurent expansion reduces to the Taylor expansion.

3.3.1 Uniqueness of Laurent Series

Just as Taylor series, Laurent series is unique. If a series

oo

Z an (z — 20)" = Z%—FZan(?s—zo)"
n=1 (Z ZO) n=0

n=—oo

converges to f (z) at all points in some annular domain about zg, then regard-
less how the constants a,, are obtained, the series is the Laurent expansion
for f (z) in powers of (z — zp) for that domain. This statement is proved if we
can show that

_ 1 0
an }é(t B dt. (3.14)

27 — 20



3.3 Laurent Series 121

We now show that this is indeed the case. Let gy, (¢) be defined as

1 1

9k (t) = 5= 57>
() i (t_zo)k+1

where k is an integer, either positive or negative, or zero. Furthermore let C'
be a circle inside the annulus centered at zy and taken in the counterclockwise
direction, so

_ 1 f(t)
%Cgk (t) f(t)dt = fc( 5 dt. (3.15)

2mi t — 2p)
Now if f (t) is expressible as

(oo}

ft)= Z an (t_ZO)nv

n—=—oo

then

1 1 > .
f;gk(t)f(t)dt:% C(tzo)kH< Z an, (t — 20) )dt

n=-—oo
1 1
n=-—oo mJc (t - ZO)

The last integral can be easily evaluated by setting t—zo = rel?, so dt = ire'?df
and

1 2 irel?
7{; (t— zo)k—n+l dt = /0 rk—n+lgi(k—n+1)0 de (3.16)
: 27
_ ! -k 1g _ox _ ) 0 n#k,
= /0 A0 = 2midn, = {Qm n=k.
Thus
7{ g () f () dt= Y 5= 2Mi0s, = a1 (3.17)
c n=-—oo
It follows from (3.15) that:
1 % f(t)
=— ¢ ———dt 3.18
k i o (t _ to)k+1 ( )

Since k is an arbitrary integer, (3.14) must hold.

Thus no matter how the expansion is obtained, as long as it is valid in the
specified annular domain, it is the Laurent series. This enables us to deter-
mine the Laurent coefficients with elementary techniques, as illustrated in the
following examples. The integral representations of the Laurent coefficients
(3.18) are important, not as means of finding the coefficients, but as means of
using the coefficients to evaluate these integrals. We will elaborate this aspect
of the Laurent series in following sections on the theory of residues.
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Ezxample 3.5.1. Find the Laurent series about z = 0 for the function
fz) =el/

Solution 3.3.1. Since f(z) is analytic for all z, except for z = 0, the
expansion of f(z) about z = 0 will be a Laurent series valid in the annulus
0 < |z| < co. To obtain the expansion, let 1/z = ¢, and note

1 1
t_ 42 43
efl+t+2!t +3!t+ .

RSP R N AR A A
a z 21\ z 3\ z '

Ezxample 3.3.2. Find all possible Laurent expansions about z = 0 of

Therefore

1+ 222
f(Z)— 23_’_25

and specify the regions in which they are valid.

)

Solution 3.3.2. By setting the denominator to zero z3+42° = 23 (1 + 22) =0,
We get three singular points, z = 0, and z = +i. They are shown in Fig. 3.4.
Therefore we can expand the function about z = 0 in two different Laurent
series, one is valid for the region 0 < |z| < 1 as shown in (a), the other is valid
in the region |z| > 1 as shown in (b).

The function can be written as

) 142:2 14222 21422 -1 1 1
Z) = = = _ — —_ —_—,.— .
23425 23(1+4 22) 23(1 + 22) 23 1422

Fig. 3.4. If the function has three singular points at z = 0 and z = =i, then the
function can be expanded into two different Laurent series about z = 0. (a) One
series is valid in the region 0 < |z| < 1, (b) the other series is valid in the region
1< |z
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In the case of (a), |z < 1, so is |22‘ < 1. We can use the geometric series to
express

1 2 4 6
1—1—22:1_2 +25 =24
Therefore
1
f(z)—z—3(2—[1—z2—|—z4 25 + ])
1 1 3
:—3+;fz+z +--- for 0<|z] <1

z

In the case of (b), |z%| > 1, we first write

1 1

1+22 22(1+ %)

Since |Z%| < 1, again we can use the geometric series

PR S I
(1+%) 274 25

1 1 1 1 1
f‘*z):zg(%za{l‘zz*zfzﬁ*“b

2 1 1 1 f

Thus

Example 3.3.3. Find the Laurent series expansion of

1

f(z):zz—3z+2

valid in each of the shaded regions shown in Fig. 3.5.

Solution 3.3.3. First we note that 2> —32+2 = (2—2)(z—1), so the function
has two singular points at z = 2 and z = 1. Taking the partial fraction, we
have

1 1
22-324+2 (2-2)(z—-1)
1 1

z2—2 z—-1

flz) =
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(a) (b)

(c) (d)

@

Fig. 3.5. The function with two singular points at z = 1 and z = 2 can be expanded
into different Laurent series in different regions: (a) expanded about z = 0 valid in
the region 1 < |z| < 2, (b) expanded about z = 0 valid in the region 2 < |z|, (c)
expanded about z = 1 valid in the region 0 < |z — 1| < 1, (d) expanded z = 2 valid
in the region 1 < |z — 2|

(a) In this case, we have to expand around z = 0, so we are seeking a series
in the form of

f(z) = Z anz".

The values of |z| between the two circles are such that 1 < |z] < 2. To make
use of the basic geometric series, we write

Since |z/2| < 1, so

As for the second fraction, we note that |z| > 1, so |1/z| < 1. Therefore we
write
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Il
|
ISEE
—
=

(b) Again the expansion center is at the origin, but in region (b) |z| > 2. So
we expand the first fraction as

1 1
2 (1D

2 /2\* /2)\*
1+2+(2) +(2) +--
z z z
S A S
Tz 22 30 4 '

1
z

Note that the expansion of the second fraction we worked out in part (a) is
still valid in this case

Thus the Laurent series in region (b) is the sum of these two expressions

1 1

f(z)_z—Q_z—l

_ 1 3 7
—;+;+Zj+~--.

(¢) In this region, we are expanding around z = 1, so we are seeking a series
of the form

oo

f(z) = Z an(z —1)"

n=—oo
Since in this region 0 < |z — 1| < 1, so we choose to write the function as

1 1 1

(z-1D(-2) (-Dz-1)-1] (z-Dl=(z=-1]

f(2)
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and use the geometric series for

1

m:1—|—(z—1)+(z—1)2+(z—1)3—|—~~~

Therefore the desired Laurent series valid in region (c) is

1 2
f(Z):—m(l—l-(z—l)—i—(z—l) —|—(z_1)3_|_...)
1 :
= G- UGN

(d) In this region we are seeking an expansion about z = 2 in form of

o0

f@)= Y an(z-2)"

n=—oo
that is valid for |z — 2| > 1. So we choose to write the function as

1 1 1
f(z)_(z—l)(z—2)_[(2’—2)—!—1](2—2)_(Z2)2{14r ]

1
z—2

Since ‘2%2’ < 1, we can use the geometric series for

-1
1 1 1 1
] :1_( 4+

{”2—2 o) G2 ao2p

Therefore the desired Laurent series valid in region (d) is

1 1 1 1
0=l (et e )

1 1 1 1
CE e R T A

3.4 Theory of Residues
3.4.1 Zeros and Poles
Zeros

If f(z0) = 0, then the point zy is said to be a zero of the function f(z). If
f (2) is analytic at zp, then we can expand it in a Taylor series
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o0

flz) = Zan(z—zo)” =ag+ai(z—2) +ax(z—2)*+---

n=0

Since zq is a zero of the function, clearly ag = 0. If a; # 0, then zj is said to
be a simple zero. If both ay and a; are zero and as # 0, then z( is a zero of
order two, and so on.

If f(2) has a zero of order m at zg, that is, ag, ay,...,a,—1 are all zero
and a,, # 0, then f (z) can be written as

fz)=(2=2)"g(2),

where
9(2) = am + ams1 (2 — 20) + amaa(z — 20)2 4o

It is clear that g (z) is analytic (therefore continuous) at zg, and g (z0) = a.m, #
0. It follows that in the immediate neighborhood of zj, there is no other zero,
because g (z) cannot suddenly drop to zero, since it is continuous. Therefore
there exists a disk of finite radius § surrounds zp, within which g (z) # 0. In
other words,

f(z)#0 for 0<|z— 2z <.

In this sense, zq is said to be an isolated zero of f(z).

Isolated Singularities

As we recall, a singularity of a function f (z) is a point at which f (z) is not
analytic. A point at which f (z) is analytic is called a regular point. A point
2o is said to be an isolated singularity of f (z) if there exists a neighborhood
of zg in which zg is the only singular point of f (z). For example, a rational
function P (z)/Q (z), (the ratio of two polynomials), is analytic everywhere
except at zeros of @ (z). If all the zeros of @ (z) are isolated, then all the
singularities of P (z) /Q (z) are isolated.

Poles

If f(z) has an isolated singular point at zp, then in the immediate neighbor-
hood of zg, f (z) can be expanded in a Laurent series

f(Z):Zan(Z—Zo)n-i-( a_q + a_2 n a_3 3+...

z—2) (2—2)° (2—2)

n=0

The portion of the series involving negative powers of (z — zp) is called the
principal part of f (z) at zo. If the principal part contains at least one nonzero
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term but the number of such terms are finite, then there exists an integer m
such that

a_m #0 and  a_(pi1) = A_(my) = -+ = 0.
That is, the expansion takes the form

> a_ a_ A—m,
fE) =Y anle—20)" + o ek
n=0

(Z - ZO) (Z — 20) (Z — 20

where a_,, # 0. In this case, the isolated singular point zj is called a pole of
order m. A pole of order one is usually referred to as a simple pole.

If an infinite number of coefficients of negative powers are nonzero, then
zp is called an essential singular point.

3.4.2 Definition of the Residue

If 2 is an isolated singular point of f(z), then the function f(z) is analytic
in the neighborhood of z = 2y with the exception of the point z = zq itself. In
the immediate neighborhood of 2y, f(z) can be expanded in a Laurent series

[ee]

@)=Y anlz—2)" (3.19)

n—=—oo

The coefficients a,, are expressed in terms of contour integrals of (3.13). Among
the coefficients, a_; is of particular interest,

1
a =5 j{c f(2)dz, (3.20)
where C' is a closed contour in the counterclockwise direction around zq. It is
the coefficient of (z — 29)~! term in the expansion, and is called the residue
of f(z) at the isolated singular point z5. We emphasize once again, for a_; of
(3.20) to be called the residue at zp, the closed contour C' must not contain
any singularity other than z;. We shall denote this residue as

a_1 = Resz:zo [f (Z)] :

The reason for the name “residue” is that if we integrate the Laurent
series term by term over a circular contour, the only term which survives the
integration process is the a_; term. This follows from (3.19) that

%f(z) dz = i an 7{(2'— 20)"dz.

n—=—oo

These integrals can be easily evaluated by setting z — zg = re'? and dz =
irei?de,
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2m
f(z —20)"dz = / i el Tl qg — { 0 n7-1
0

2 n = —1.

Thus, only the term with n = —1 is left. The coefficient of this term is called
the residue

1

2rri

j{f(z) dz—a 1.

3.4.3 Methods of Finding Residues

Residues are defined in (3.20). In some cases, we can carry out this integral
directly. However, in general, residues can be found by much easier methods.
It is because of these methods, residues are so useful.

Laurent Series

If it is easy to write down the Laurent series for f (z) about z = zp that is valid
in the immediate neighborhood of zj, then the residue is just the coefficient
a_y of the term 1/ (z — zp) . For example

is already in the form of a Laurent series about z = 2 witha_; =3 and a,, =0
for n # —1. Therefore the residue at 2 is simply 3.
It is also easy to find the residue of exp(1/2%) at z = 0, since

ey L 11 1
e — — R R ——
22 2z4 316

There is no 1/z term, therefore the residue is equal to zero.

Simple Pole

Suppose that f(z) has a simple, or first-order, pole at z = zp, so we can write

a—
f(z) = ! +aot+ai(z—z0)+ .
zZ— 20

If we multiply this identity by (z — z¢), we get

(z—20)f(2) = a_1 +ao(z — 20) + a1(z — 20)* + -+ .
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Now if we let z approach zy, we obtain for the residue

a_1 = lim(z — z0) f(2).

For example, if
4—3z
1) 2(z—=1)(z—2)’
the residue at z =0 is
4 — 4
Res.—o [f ()] = lim R o,

the residue at z =1 is

Res:=1 [f (2)] = lim (= — 1)z(z ThGeo2) iy ¢
and the residue at z = 2 is
4 — 4 —
Res.3 [f (2)] = lim (= — 2)2(2 - 1)31 2) 2 1)6 =t

These results can also be understood in terms of partial fractions. It can
be readily verified that

4 -3z 2 -1 -1

M= e T T

In the region |z| < 1, both i and % are analytic. Therefore they can be
expressed in terms of Taylor series, which has no negative power terms. Thus,
the Laurent series of f(z) about z = 0 in the region 0 < |z| < 1 is of the form

2
f(z):;+a0+a1z+a222+--~.

It is seen that a_; comes solely from the first term. Therefore the residue at
z = 0 must equal to 2.

Similarly, the Laurent series of f(z) about z = 1 in the region 0 < [z—1| < 1
is of the form

-1
J@) =g tata(z -1 +ax(z =1+

Hence a_1 is equal to —1. For the same reason, the residue at z = 2 comes
from the term Z;Jz, and is clearly equal to —1.
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Multiple-Order Pole

If f(z) has a third-order pole at z = zg, then

flz) =

a_s a_9 a_1

(z—20) (2 —2)? z—zo+a0+a1(z_zo)+m

To obtain the residue a_1, we must multiply this identity by (z — a)?
(z—20)2f(2) =a_3 +a_o(z — 20) +a_1(z — 20)* + ao(z — 20)> + - --

and differentiate twice with respect to z

i[(z —20)°f(2)] = a—g +2a_1(z — 20) + 3ao(z — 20)* + -+,

dz
d2
@[(z —20)%f(2)] = 2a_1 +3-2a0 (2 — ) + - --
Next we let z approach zg
d? 3
Jim —51(2 = 20)°f(2)] = 204,
and finally divide it by 2,
1, d?

5z = 20)*f(2)] = a-1.

=1
2 Zi’nzlo dz2
Thus, if f(z) has a pole of order m at z = zp, then the residue of f(z) at

z = zo 18

Regzajf(zﬂ::(nli]J!}Eg)ﬁzl1Kz——aynf@0}

For example,

1

f(Z)Zm

clearly has a fourth order pole at z = 2. Thus

1. d? 1
Res.—2 [f (2)] = 5; lim = l(z - 2)42@_2)4]
1

1 1 -1)(=2) (-

_lp, a1, EDEDEI) 1
6z—2dz3z 622 24 16

To check this result, we can expand f (z) in a Laurent series about z = 2 in

the region 0 < |z — 2| < 2. For this purpose, let us write f (z) as

1 1 1 ! L
T P L P R ) T ()
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ZgZ{ < 1, so we have

Since |

-t -5 () ()

1 1 1 1 1 1 1 1

1
2G_2' A_2° 8G_27 16(z-2

It is seen that the coefficient of the (z — 2)~! is indeed —1/16.

Derivative of the Denominator

If p(z) and ¢(z) are analytic functions, and ¢ (z) has a simple zero at zy and
p(z0) # 0, then

has a simple pole at zg. As ¢(z) is analytic, so it can be expressed as a Taylor
series about zg

/ q"(20) 2
q(z) = q(20) + 4 (20)(z — 20) + ol (2 —20)" +
But it has a zero at zg, so ¢(z¢) = 0, and
/!
, 2
q(z) = ¢ (20)(z — 20) + ¢ 0)(zfz0)2+...

2!

Since f(z) has a simple pole at zp, its residue at zg is

Res.—sy [f (2)] = lim (= — 20) 2

z2—20 q(2)
= lim (z — z pSZ)

Z_)ZO( O)q’(ZO)(Z*ZO)+ q éfO)(Z*ZO)2+"'
_ p(20)

q'(20)

This formula is very often the most efficient way of finding the residue.
For example, the function

z

T =

has four simple poles, located at the zeros of the denominator

Ar4=0.
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The four roots of this equation are

2 =V2e" =141,

Z9 = V2el(m/A4+m/2) — 1 4 i,
25 = V27T — 1
zy = V2el (/A3 — 1

The residues at z1, 29, z3, and z4 are

Resz:zl [f (Z)] — Zli{lgl m = 21LH211 E == ZIL)Ierl E
1 1 1.
_ . 72 — — = —=1,
—aH) 422 T 41?8
1 1 !
R _ pu— 1. 12 7 4 a2 7‘
ween[F)] = _lm = T e
1 1 !
R s = 1. 12 7 4 2 77"
es.—z, [f (2)] H(IEI%,i) 422 4 (-1- i)2 8
1 1 1.

Res.—., [f (2)]

= —_— = -1

lim —
a—(1-i) 422 4(1-1)® 8
It can be readily verified that

: —ifs i/8 i/8 i/8
z4+47z—(1+i)+z—(—1—|—i)+z—(—1—i) z—(1-1)

Therefore the calculated residues must be correct.

3.4.4 Cauchy’s Residue Theorem

Consider a simple closed curve C' containing in its interior a number of isolated
singular points, z1, 22, ..., of a function f(z). If around each singular point
we draw a circle so small that it encloses no other singular points as shown in
Fig. 3.6, so f(z) is analytic in the region between C' and these small circles.
Then introducing cuts as in the proof of Laurent series, we find by the Cauchy
theorem that the integral around C' counterclockwise plus the integral around
the small circles clockwise is zero, since the integrals along the cuts cancel.
Thus

%j[f - L f()dz+---—i, f(2)dz =0,

27 Je,

where all integrals are counterclockwise, the minus sign is to account for the
clockwise direction of the small circles. It follows that:

L. f(z)dz = ! f( )dz+~-~+21m%cn f(z)dz

2mi Jo 2
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Fig. 3.6. The circles Ci,C5,...,Cn enclosing, respectively, the singular points
z1, 22, ...,2n within a simple closed curve

The integrals on the right are, by definition, just the residues of f(z) at the
various isolated singularities within C'. Hence we have established the impor-
tant residue theorem:

If there are n number of singular points of f(z) inside the contour C, then

]{;f(z)dz = 2mi {Res,—,, [f (2)] + Res,—., [f (2)] + - + Res,—. [f (2)]}-

(3.21)
This theorem is known as Cauchy’s residue theorem or just the residue
theorem.

3.4.5 Second Residue Theorem

If the number of singular points inside the enclosed contour C' is too large, or
there are nonisolated singular points interior in C, it will be difficult to carry
out the contour integration with the Cauchy’s residue theorem. For such cases,
there is another residue theorem that is more efficient.

Suppose f (z) has many singular points in C' and no singular point outside
of C, as shown in Fig. 3.7.

If we want to evaluate the integral §, f (z)dz, we can first construct a
circular contour Cr outside of C, centered at the origin with a radius R.
Then by the principle of deformation of contours

]{ f(z)dz = I (z)d=.
c Cr

Now if we expand f (z) in terms of Laurent series about z = 0 in the region
2| > R,

a_3 a—y  a_
f(z):-~-+—33+72+f1+a0+a1z+a222+~-~,
z z z

the coefficient a_; is given by the integral
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Fig. 3.7. If the number of singularities enclosed in C' is too large, then it is more
convenient to replace the contour C with a large circular contour Cr centered at
the origin

1

=3 CRf(z) dz.

a_1

Note that a_1 in this equation is not the residue of f (z) about z = 0, because
the series is not valid in the immediate neigborhood of z = 0. However, if we
change z to 1/z, then

1 a a
f() ='-~+a,3z3+a,222+a,1z+a0+—1+—§+-~-7
z z z

is convergent for |z| < 1/R. It is seen that a_; is the residue at z = 0 of the
function % f (1), since

1 1 a-1  ao , Qi
Sfl-)="tasz+as+—+5+5+ -,
z z z z z

is a Laurent series valid in the region 0 < |z| < %. Hence we arrived at the
following theorem.

If f(z) is analytic everywhere except for a number of singular points inte-
rior to a positive oriented closed contour C, then

fcf () dz = 27i Res. g [;f C)] .

Example 3.4.1. Evaluate the integral fC f(2)dz for

5z — 2
z(z—1)’

flz) =

where C' is along the circle |z] = 2 in the counterclockwise direction. (a) Use
the Cauchy residue theorem. (b) Use the second residue theorem.
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Solution 3.4.1. (a) The function has two single poles at z =0, z = 1. Both
lie within the circle |z] = 2. So

jif (z)dz = 2mi{Res,—o[f (2)] + Res.—1[f (2)]} -

Since
52 — 2 -2
Res.—o[f (2)] = th(l)zz(z_ - -1 7
5z —2 3
Res.alf (2)] = lim (>~ 1) Z-—5 = 7 =3,
thus

f f(2)dz =27 (2 +3) = 107i.
C

If C' is in the clockwise direction, the answer would be —10i.

(b) According to the second residue theorem

fcf (2)dz = 27i Res.—g Ll?f (i)] .

! (i) - 1/25(/12/2—2 1) (517—2?2’

1 1 5—2z
fo(z> T z(1-2z)

which has a simple pole at z = 0. Thus

Resz:O |:12f (1>:| = lim ZH — § = 5.
z z

Now

Therefore
]{ f(z)dz = 2715 = 107i.
c

Not surprisingly, this is the same result obtained in (a).

Example 3.4.2. Find the value of the integral

taken counterclockwise around the circle (a) |z| =2, (b) |z +2| = 3.
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Solution 3.4.2. (a) The function has a third-order pole at z = 0 and a
simple pole at z = —4. Only z = 0 is inside the circle |z| = 2. Therefore

%C Z3(j:4) = 27 Res.—o[f (2)].

For the third-order pole,

1 a2 . 1 1 2 1
. = lim — 2% = S lim ——— = —.
Res:—o[f (2)] 1:00d22" 23 (2 +4) 2220 (z+4)° 64

Therefore

f{ L
Bz +4) ed 32
(b) For the circle |z + 2| = 3, the center is at z = —2 and the radius is 3.

Both singular points are inside the circle. Thus

dz )
f; Frp — 2 Resscolf (2)] + Rese—alf ()]}

Since

% dz - 1 1 0
_—_— = 1 _— — ==
c 2 (z+4) 64 64
Example 3.4.3. Find the value of the integral

% tanwzdz
c

taken counterclockwise around the unit circle |z| = 1.

SO

Solution 3.4.3. Since

f(z) =tanmz = sm7rz7
CcosS Tz
and
2 1
cos nt =0, for n=...,—-2,-1,0,1,2,...,

2

therefore z = (2n + 1)/2 are zeros of cos7z. Expanding cosmz about any of
these zeros in Taylor series, one can readily see that f (z) has a simple pole at
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each of these singular points. Among them, z = 1/2 and z = — 1/2 are inside
|z| = 1. Hence

fgtan mzdz = 2mi {Res,_1o[f (2)] + Res.—_1.2[f (2)]} .

The simplest way to find these residues is by the “derivative of the denomi-
nator” method,

sin 7z sin 7z 1
Res, — “losmay |~ |Trsmaz| . =
es;=1/2[f ()] [(cos WZ)'L—; {—w sinsz_é L
sinmz sinmz 1
R - _ o ite — - = ——.
€S.— 1/2[f (2)] |:(COS7TZ)/:|Zé {wsinwzlé T

Therefore
1 1
j{ tanmzdz = 27ri{— — } = —4i.
C ™ ™

Ezxample 3.4.4. Evaluate the integral 3§c f(2)dz for
1
o ==ew (1),
z

where C' is counterclockwise around the unit circle |z| = 1.

Solution 3.4.4. The function f (z) has an essential singularity at z = 0. Thus

}[C 2 exp (i) dz = 27 Res._o[f (2)].

The residue is simply the coefficient of the z~! term in the Laurent series

about z = 0,
z 2122 3123 4l 4

1
2o ()
z

S I I T
o 2 3z 422
Therefore
1 1
Res._ - ==
esecolf ()] = 57 = 5
Hence
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Example 3.4.5. Evaluate the integral 3§c f(z)dz for

~ 2Pexp (1)
flz) = 2100 4 1

where C' is counterclockwise around the circle |z| = 2.

Solution 3.4.5. There are 100 singular points located on the circumference
of the unit circle |z| = 1 and an essential singular point at z = 0. Obviously
the second residue theorem is more convenient. That is,

TR

Now
(1) 2 e () _ zexne)

if 1\ exp(z)

227 \z/)  z(1+ 2100)
So

(Y] oG

Res=o [22f (z)} - ilg(l)zz(l + 2100) 1

Therefore

2'99 ex 1
c < =+ 1

Ezample 3.4.6. (a) Show that if z = 1 and z = 2 are inside the closed contour
C, then

1
fehe o

(b) Show that if all the singular points s1, s2, ..., s, of the following function

1

(z=51)(z—82) (2= 8n)

f(z) =

are inside the closed contour C, then

I:]if(z)dz:O.
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Solution 3.4.6. (a) Taking partial fraction, we have

1 _ A B
(z—=1)(z-2) (2—1) (2—-2)
So
1 A B
7€~(wl)(zﬂ)dzzﬁ(zfnd”f{c(zw)dz
— 27 (A + B).
Since
A B _AE-29+B(-1)_(A+B):-(24+B)
G-1) -2 (-DE-2  (-0(-2
and
(A+ B)z— (2A+ B) 1

(z—1)(2—2) (-1 (2—2)
it follows that:
A+B=0.
Therefore

1
7{c<z—1><z—2>d“°'

(b) The partial fraction of f (z) is of the form
1 _ 1 n T2 n n Tn
(z—s1)(z—82) - (z—s,) (2—s1) (2—82) (2 —8n)

Therefore

T1 T2 Tn
dz= ¢ — 2 4 LT d
@ f e f cE e f e
=2mi(r +re+-+71n).

Now
1 T2 rno (iAot 4rn) 2" 4

Gos)  (=s) s (z—s1)(z—s2) (z—5n)

and

9

<T1+T2+"'+7‘n)2n71+"'7 ]_
(z—s1)(z—s2) (2 — sp) (z—s1)(z—82) (2 —sn)
Since the numerator of the right-hand side has no 2"~ term, therefore

(T1+r2+"'+rn):03

and

1
fc‘(2—51)(z—32)..,(2_8n)d2ZO,
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3.5 Evaluation of Real Integrals with Residues

A very surprising fact is that we can use the residue theorem to evaluate
integrals of real variable. For certain classes of complicated real integrals,
residue theorem offers a simple and elegant way of carrying out the integration.

3.5.1 Integrals of Trigonometric Functions

Let us consider the integral of the type
2T
I= / F(cosf,sin6)do.
0

If we make the substitution

d .
z=e", d—z—iele—lz,
then
1 1
0 = — i0 —if _ = -
cos (e +e ) 2(z+z>,
1 1
(10 —i6\ __ -
sm€—21(e ) % (z z>’
and
1
df = —dz
iz

The given integral takes the form

dz
=4 ref

the integration being taken counterclockwise around the unit circle centered
at z =0.
We illustrate this method with following examples.

Ezxample 3.5.1. Show that

2w de

I: —_— =
o V2 —cosf

2.
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Solution 3.5.1. With the transformation just discussed we can write the
integral as

dz —2dz
S A e ey el A e Ty
2 dz

ii[c@—ﬂ—m(z—ﬂﬂ)'

The integrand has two simple poles. The one at /2 + 1 lies outside the unit
circle and is thus of no interest. The one at v/2 — 1 is inside the unit circle,
and the residue at that point is

. 1 - _1
Res,_ 54 [f (2)] = Zj%_l(z —V241) (z=V2-1)(z—v2+1) 2

Thus

Ezxample 3.5.2. Evaluate the integral

4 de
I = _— b>0.
/0 a—beosg 707

Solution 3.5.2. Since the integrand is symmetric about § = 7, so we can
extend the integration interval to [0, 27],

]_1/2”(19
2Jo a—bcosh’

which can be written as an integral around an unit circle in the complex plane

1 1 dz 1 dz
Izi a—bl(z—i—l)gz 20z —bz2 —b i
2 z

f{ 1 dz 174 L
20z —bz2—b i b fo%erl =

taking this seemingly trivial step of making the coefficient of 22 to be 1 can
actually avoid many pitfalls of what follows. The singular points of the inte-
grand are at the zeros of the denominator,

Now

2
zz—ferl:O.
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Let 21 and z; be the roots of this equation. They are easily found to be
1 1
21:E<a—\/a2—b2), zQZE(a—F a2—62>.
Since

2
2—(z1+22)+2122222——az—|—1,

(z—21)(z—20) =2 5

it follows that:
Z1%92 = 1.

This means that one root must be greater than 1, and the other less than 1.
Furthermore, z; < z2, z1 must be less than 1 and z, greater than 1. Therefore
only z; is inside the unit circle. Thus

dz
——— = 2miRes,—,, | f(z
j{ e e— [£(2)
2mi lim ( ) ! 2mi—
= 27 lim — N T 4Tl ————~
g z—z1 z %1 (2721) (2722) T (21 722)7
and
1 B b
i—2) e B
Therefore

1 b 0
I=——2mi(— - .
bi ( 2va? —bz> Va2 — b2

Ezxample 3.5.3. Show that

27 |
/ cos®™ dh = M
0 227 (nl)

Solution 3.5.3. The integral can be written as

27 2n 2n
1 1 dz 1 1| dz
_ 2n _ _ E 2n _2n—k
k=0

where C,f" are the binomial coefficients

(2n)!

2n
G = El(2n — k)
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Carrying out the integration term by term, the only nonvanishing term is the
term of z~!. Since

2n
11
§ 2n 2n—k
Ck z Zk‘| ; =

k=0

2n 1
2 Oznz2n72k -,
z

k=0

it is clear that the coefficient of 2! is given by term with k = n. Thus

1 2n—1 2n—3 72Ln 1
1 .. o 27 (2n)!
= 3n 2riCy 220 ()2

3.5.2 Improper Integrals I: Closing the Contour with a Semicircle
at Infinity

We consider the real integrals of the type

I= /_Z f(x)dz.

Such an integral, for which the interval of integration is not finite, is called
improper integral, and it has the meaning

0o R
/ f(z)de = lim f(z)da.
s R—oo J_p
Under certain conditions, this type of integral can be evaluated with the
residue theorem. The idea is to close the contour by adding additional pieces
along which the integral is either zero or some multiple of the original integral
along the real axis.
If f(z) is a rational function (i.e., ratio of two polynomials) with no
singularity on the real axis and
lim zf (2) =0,
Zz2—00
then it can be shown that the integral along the real axis from —oo to oo
is equal to the integral around a closed contour which consists of (a) the
straight line along the real axis and (b) the semicircle Cg at infinity as shown
in Fig. 3.8.
This is so, because with

z=Re?  dz=iRe?df = izdb,
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y

dah

-R R X

Fig. 3.8. As R — o0, the semicircle C'r is at infinity. The contour consists of the
real axis and Cr encloses the entire upper half-plane

f(z)dz| =

Cr

/ f(2) izd@‘ < Max |f (2) z| m,

0

which goes to zero as R — oo, since lim,_, zf (z) = 0. Therefore
lim f(z)dz=0.
R—o0 Cr

It follows that:

/_Zf(x)dx: lim [/_I;f(ac)da:—&— CRf(z)dz

R—o0

where uw.h.p means the entire upper half-plane. As R — oo, all the poles of
f (2) in the upper half-plane will be inside the contour. Hence

/ f(z)dz = 271 (sum of residues of f (z)in the upper half-plane).

By the same token, we can, of course, close the contour in the lower half-
plane. However, in that case, the direction of integration will be clockwise.
Therefore

/ T @de= ¢ f(2)dz
—o00 Lh.p

= —2ri (sum of residues of f (z)in the lower half-plane).

Example 3.5.4. Evaluate the integral

e 1
I:/ ——dz.
N
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Solution 3.5.4. Since

lim z——— =0
oo 1422

we can evaluate this integral with contour integration. That is

e 1 1
/ 7dx:% ——dz
R whyp L+ 22

The singular points of

1
&=
are at z =1 and z = —i. Only z =1 is in the upper half-plan. Therefore
1

Now, if we close the contour in the lower half-plane, then

I = —27iRes,—_i[f (2)] = —2n1 lim (z + 1)

A e ey =

which is, of course, the same result.

Example 3.5.5. Show that

/ <1 d ™
——dr = —.

o Tt V2

Solution 3.5.5. The four singular points of the function

1

A

are el™/4 l37/4 obT/4 GiTT/4 Only two, e™/4) €137/4 are in the upper half-
plane. Therefore

1 .

% 247_’_1 dz = 27T1{Resz:exp(i7r/4) [f (Z)] =+ Resz:exp(iSﬂ'/4) [f (Z)]}
u.h.p.

For problems of this type, it is much easier to find the residue by the method

of p(a)/q'(a). If we use the method of lim,_,(z —a)f(z), the calculation will

be much more cumbersome. Since
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_ 1 _ L _1 —iSTr/4

1
Resz:exp(i37r/4) [f (Z)] = |:

3:| _ EefiQTr/Zl _ lefifr/él7
4z z=exp(i3w/4)

SO

<1 1 _. 1 .
/ ——dz = 271 |:46137T/4 + 4elﬂ/4:|

oo Tt +1
-5l e

3.5.3 Fourier Integral and Jordan’s Lemma

Another very important class of integrals of the form

o .
I :/ e* f(x)da

—00
can also be evaluated with the residue theorem. This class is known as the
Fourier integral of f(z). We will show that as long as f (x) has no singularity

along the real axis and
lim f(z) =0, (3.22)

Zz2—00
the contour of this integral can be closed with an infinitely large semicircle in
the upper half-plane if k is positive, and in the lower half-plane if k is negative.
This statement is based on the Jordan’s lemma, which states that, under the
condition (3.22),

lim e** f (2)dz =0,

R—o0 Cr
where k is a positive real number and Cp is the semicircle in the upper half-
plane with infinitely large radius R.

To prove this lemma, we first make the following observation. In Fig. 3.9,
y=sinf and y = %9 are shown together. It is seen that in the interval [0, 7],
the curve y = sinf is concave and always lies on or above the straight line
Yy = %9. Therefore

snf> 26 for 0<f< "
T 2
With

z=Re” = Rcosf +iRsinf, dz =iRe'’do,
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y

y=sin6

:||m
El

Fig. 3.9. Visualization of the inequality sin§ > 260/m for 0 < 0 < 7/2

we have
/ e*7f (2)dz| = / e** f (2) iReiedG' < / |e*#| | f (2)| R || d6.

Cr 0 0

Since
‘eikz‘ —_ eik(RcosG+iRsin9)‘ _ ‘eik‘RCOSG| |e—kRsin0’ _ e—kRsinG’
SO
/ e** f (2)dz| < Max |f (2)] R/ e FRsinfqg,
Cr 0

Using sin (7 — 0) = sin, we can write the last integral as

T ) w/2 )
/ e—kRsm Ode — 2/ e—kRsm 9d9
0 0

Now, sinf > 26 in the interval [0, /2], therefore

/2 ) /2
2/ efkRsmede < 2/ efkR20/7Td0 = l (1 — efkR) . (323)
; ; kR
Thus

SMax|f(z)\%(1—e7kR).

/ e f (2)dz
Cr

As z — 00, R — oo and the right-hand side of the last equation goes to zero,
since lim,_, f (2) = 0. It follows that:

lim e** f (2)dz =0,

Z—00 Cr
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and Jordan’s lemma is proved. By virtue of this lemma, the Fourier integral
can be written as

o R
/ eikxf(l‘) dr = Rlim (/ eikxf(l‘) dz + / eisz (z) dZ>
e —00 R Cr

all

= f % f (2) dz = 2mi Z Runp [eisz (2)],
u.h.p i=1

where Z?il Runp [€%%f ()] means the sum of all residues of e f (z) in the
upper half-plane.

Note that if k is negative, we cannot close the contour in the upper half-
plane, since in (3.23) the factor e“*% will blow up. However, in this case we
can close the contour in the lower half-plane, because integrating from 6 = 0
to # = —7 will introduce another minus sign to make the large semicircular
integral in the lower half-plane vanish. Therefore

all

/OO e*ilk“”f(a:) dzr = —27riZR1_h_p [efilklzf (z)} ,

- i=1

where 2?21 Rinp [e7*2 £ (2)] means the sum of all residues of e~ !I¥= £ (2)
in the lower half-plane. The minus sign is due to the fact that in this case the
closed contour integration is clockwise.

Since sin kz and cos kz are linear combinations of e** and e=#® the real
integrals of the form

/ coskzf(z)dr and / sinkzx f (z) dz
can be obtained easily from this class of integrals,
/ coskaf(x)de = 5 [/ e f(x) dx + / e M f (1) dx] , (3.24)

/io: sin ke f(z) d = % {/Ci ok f() dz — /i ek £ () dx} .(3.25)

If it is certain that the result of the integration is a finite real value, then
we may write

/OO coskxf(z)dr = Re /OO e*® f(x) du, (3.26)
/OO sinkx f(x)de = Im/C><> e* f(x)da. (3.27)

These formulae must be used with caution. While (3.24) and (3.25) are always
valid, (3.26) and (3.27) are valid only if there is no imaginary number in f(z).
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Example 3.5.6. Evaluate the integral

I:/OQ Sinafdx.
o T 1

Solution 3.5.6. There is a simple pole located in the lower half-plane, and

/°° sinx 1 [ el® 1 [ ei®
-dr = — -dr — — A
oo T 1 21 ) x+i 21 ) x+i

dzx.

To evaluate the first integral in the right-hand side, we must close the contour
in the upper half-plane as shown in Fig. 3.10a.
Since the function is analytic everywhere in the upper half-plane, therefore

/ ¢ ,dx:f ° -dz = 0.
oo 1 u_h'pz—i—l

To evaluate the second integral, we must close the contour in the lower half-

plane as shown in Fig. 3.10b. Since there is a simple pole located at z = —i,
we have
oo —ix —iz —iz
/ ¢ ,dx:f ¢ ,dz:—QWiReszi{e }
oo X1 Lhp # T1 zZ+1
e—iz
= 27 lim (z +1i)—— = —2mie™ .
z——1 zZ+1
Thus

[ sinx ol T
1_/wm+idx_21[o (~2mie™)] = 7.

Clearly

o] eiz
I #1 d
* m/_m i

this is because there is the imaginary number i in the function.

Fig. 3.10. Closing the contour with an infinitely large semicircle. (a) contour closed
in the upper half-plane, (b) contour closed in the lower half-plane
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Example 3.5.7. Evaluate the integral

> 1 —iwx
I:/_Oox2+4e de, w>0.

Solution 3.5.7.

1 .
o] e
Lhp 2 T4

The only singular point in the lower half-plane is at z = —2i, therefore

efiwz
I = —27miRes,—_9i | 57—
71 es 2 |:Z2+4:|
—iwz —2w T o
:—2.1 2—:—27:—_“}
N P [CE R
1

This integral happens to be the Fourier transform of >, as we shall see

in a later chapter.

Ezxample 3.5.8. Evaluate the integral

A 00 eiwt

I =52 o R+ iwL

dw,

for both t > 0 and ¢ < 0.
Solution 3.5.8.
Al oo elwt A1 [ et
I =——wL —dw = —— — dw.
2miL /Oo(i}z)—l—w 271’1[//005‘)—122
For ¢ > 0, we can close the contour in the upper half-plane.
I A1l eitz

T 9 il . _ iR
2mil Junyp 2 —if

dz.

. . . . . R
The only singular point is located in the upper half-plane at z = i7-. Therefore

Al R elt? A (R A _=r
AL (B Ay A
oriL ik (Z 1L> il L° L°

For t < 0, we must close the contour in the lower half-plane. Since there is no
singular point in the lower half-plane, the integral is zero. Thus

A — By
I _ feL t>0,
o={7" 120
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For those who are familiar with AC circuits, this integral I(t) is the current
in a circuit with resistance R and inductance L connected in series under a
voltage impulse V. A high pulse in a short duration can be expressed as

V(t) A / e“tdw,

:%700

and the impedance of the circuit is Z = R 4 iwL for the w component, and
the corresponding current is given by % Thus the total current is the integral
we have evaluated.

Ezample 3.5.9. Evaluate the integral

> zsinz
I = ——dz.
/MWLH)I

Solution 3.5.9.

® rsinzx o pel®
= FMT g e g
[muhﬂ)x mﬁmuﬂﬁ)%

el 7{ zel?
——dz = —dz.
/—oo (‘TQ =+ 1) u.h.p (ZQ + 1)

There is only one singular point in the upper half-plane located at z =i. So

iz

zel% ze
_dz=2riRes. | —
ihﬂﬂ+n S, %‘L#+U}

iz ia—1
= 2rilim (2 — i) o = 27 = 1§,
zi (22+1) 2i e

and

Ezample 3.5.10. (a) Show that

° b
I :/ %dm = lefb“, a>0, b>0.
0o T¢+a 2a

(b) Use the result of (a) to find the value of

/°° cos bx de
o @2+a2
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Solution 3.5.10. (a) Since the integrand is an even function, so
o b 1 [~ b
/ czos x2 dr — 7/ cosbz .
0o r2+a 2 J 2?24 a?

*  cosbr oo elbw elbz
3 2da::Re ﬁdx:Re ﬁdz
—00 T +a —o T +a u.h.pZ +a

The singular point in the upper half-plane is at z = ia, so

eibz eibz
————dz =27miRes,—jy | ——=
f;.h.p 22 + a? 22 + a?

elbz eib(ia)
= 27 lim (2 —ia) — = 27— =
z—ia (z —ia) (z + ia) 2ai

Thus,

/ - sbr g, — g (Tete) = Lemte,
o T?+a 2 a 2a

(b) Taking derivative of both sides with respect to a,

d [ cosbx d ( T _ba)
— ———dr=—(-—¢
da Jo 22+ a? da \2a ’
we have
/oo _22a cos bx pe Tba | T (—b) o—ba_
o (224 a?)? 2a? 2a
Therefore

°°  cosbx v b
B — = — (1 L‘L.
/0 (22 + a?)? de 4a3 (1+ab)e

3.5.4 Improper Integrals II: Closing the Contour with Rectangular
and Pie-shaped Contour

If the integrand does not go to zero fast enough on the infinitely large contour
CR, then the contour cannot be closed with a large semicircle, up or down.
For such a case, there may be other types of closed contours that will enable
us to eliminate all parts of the integral but the desired portion. However,
selecting appropriate contour requires considerable ingenuity. Here we present
two additional kinds of contours that are known to be useful.
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Rectangular Contour

If the height of the rectangle can be so chosen that the integral along the top
side of the rectangle is equal to a constant multiple of the integral along the
real axis, then such a contour may be useful for evaluating integrals whose
integrand vanishes as the absolute value of the real variable goes to infinity.
Generally, integrands containing exponential function or hyperbolic functions
are good candidates for this method. Again the method is best illustrated by
an example.

FEzample 3.5.11. Show that

I:/ € -dx = ,W , for O0<a<l1.
Ceo L4 e€” sin am

Solution 3.5.11. First we analytically continue the integrand to the complex
plane

eaz

@) =1

The denominator of f (z) is unchanged if z is increased by 27i, whereas the
numerator changes by a factor of e®?™, Thus a rectangular contour shown in
Fig. 3.11 may be appropriate.

Integrating around the rectangular loop, we have

ff(z)dZ:J1+J2+J3+J4,

where
R
J == X,
! /L1 1+ eZ / 1+ eI
™ a(R+1y
Jo = id
’ /L /0 T e O
R a(1+127r) ) -R eax
JSZ/ / +2)d.’1}_612ﬂ—a/ zd$7
LS R 1 + e Trlam R 1 4+ e
0 —R+iy)
Jy = ————idy.
—R+2mi Ls R+2mi
L4 Ti Lo
R 0 L4 R

Fig. 3.11. A closed rectangular contour
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As R — oo,
R ea® 0o eaT
lim J; = lim dx :/ de =1,
R—oo R—oo J_R 1+ e oo 1+e7
. —R ed® . o) ea® )
lim Js = lim 7@ do = —e?™ do = —el27may,
Ao amees Jp T o lte

Furthermore, since |ea(R+iy)| = ¢*" and the minimum value of |1 4 e®+¥] is
|1 - eR|, hence

lim [Jo < Tim |- |or = im —2T_ 0, 1
Rl_r)noo| | S TR 2T T M caar Y since a < 1.
Similarly,
efaR
Rlim [J4] < E}im ‘1R 21 = lim 27e % — 0, since a > 0.
—00 —00 — e —00

Therefore
az
lim
R—o0 1+ e?

dz = (1 —e®™)1.

Now inside the loop, there is a simple pole at z = im, since
l+e*=1+e"=1-1=0.

By the residue theorem, we have

7{ ¢ dz = 2miRes,—ir L | = 271 67,
1+ez ]‘+ez (1_|_ez) z=iT

iTa

= 27— = —27ie'™".
elﬂ'
Thus,
(1 _ e127ra)I _ _27riem'a’
SO
—2mie'™® —27i ™

1 — ele7ma e~Ima — elma sinma

Pie-shaped Contour

If the integral is from 0 to oo, instead of from —oo to co and none of the earlier
methods is applicable, then a pie-shaped contour may work. In the following
example, we will illustrate this method with the evaluation of the Fresnel
integrals, which are important in diffraction theory and signal propagation.
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Example 3.5.12. Evaluate the Fresnel integrals
1. = / cos (1:2) dz, I, = / sin (ac2) dax.
0 0

Solution 3.5.12. The two Fresnel integrals are the real and imaginary parts
of the exponential integral,

/ e dy = I, 4 il,.
0

We integrate the complex function ¢*” around the pie-shaped contour shown
in Fig. 3.12. Since the function is analytic within the closed contour, the loop

integral must be zero,
j{ e*dz = 0.

This loop integral naturally divides into three parts. First from 0 to R along
the real z axis, then along the path of an arc Cr from R to R'. Finally
returning to 0 along the straight radial line with § = 7 /4.

R 2 .2 0 .2
/ e’ dx—l—/ e dz+/ e dz=0.
0 Cr /

In the limit of R — oo, the first integral is what we want to find,

R ) L,

lim e dx :/ e'” dux.
R—oo /o 0

On the path of the third integral, with z = re'? and § = 7 /4,

22 — p2ei20 _ 24

dz = edr = e™/*dr,

/2 _ 2

R’

/4

0 R

Fig. 3.12. A pie-shaped contour. In the complex plane, R’ is at z (R') = Rel™/*



3.5 Evaluation of Real Integrals with Residues 157

so the third integral becomes

0 2 0 2 . . R 2
/ e dz = / e e/ Adr = —61”/4/ e " dr.
/ R 0

We will now show that the second integral along Cg is equal to zero in the
limit of R — oo0. On Cg

z = Re, dz = iRe'?do,
22 = R%e?? = R?(cos 20 + isin 26),

so the second integral can be written as
o T/, . .
/ % dy = IR/ elR (cos 260-+isin 20)619
Cr 0
w/4
do = IR/ ei(R2 cos 29+9)e—R2 sin 20d0.
0

Thus

< R/W/46_stin29d9: R/ﬂ/Qe_RQSind)d(b
—Jo 2 Jo

R/
.2
/ e dz
R

where ¢ = 260. According to (3.23) of Jordan’s lemma,

/2
—stinqbd < L 1— —R?
| e < - e,

Therefore, it goes to zero as 1/R? for R — oo. With the second integral equal
to zero, we are left with

(o] Lo . (e ] 2
/ e’ dr — e‘”/4/ e " dr=0. (3.28)
0 0
Now it is well known that

/ e dg = ﬁ
O 2

To verify this expression, define

I:/ e_mzdm:/ e_dey,

0 0

5 (oo} _x2 oo o (oo} oo _(x2+ 2)

I° = e " dx e Vdy = e Y daxdy.
0 0 o Jo

SO
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In polar coordinates

oo /2 0o
12:/ / e*”degpdp:g/ efrzpdng,
o Jo 0

so I =/m/2.
It follows from (3.28) that

o0 oo
/ e dy = ei’r/4/ e " dr = ei”/4ﬁ = (COS T 4isin z) g
0 0

G

Therefore

3.5.5 Integration Along a Branch Cut

Some integrals of multivalued functions can also be evaluated by Cauchy’s
residue theorem. For example, the integrand of the integral

I/Oooxo‘f(x)dx

is multivalued if « is not an integer. In the complex plane, 2~ is multivalued
because with z expressed as

5= ,,,el(9+n27r) ,

where n is an integer, 2~“ becomes

LT — e—ozlnz — e—a(lnr+1«9+m27r).

«

It is seen that z~¢ is a multivalued function. For instance, with a = 1/3,

—1(Inr+i0) n=0
-5 — —L(Inr4i0) 5i2n/3 _ (_1 | :3/3) —i(nr+io —
273 = e 3(n'r l)elﬂ'/ —(—5—"—17)6 3(1'17“1) n=1

—5(Inr+if) gidm/3 _ (_1 _ -@)efé(lnrJriG) n=9.

7 — 15

To define 2~ as a single valued function, the angle 6 must be restricted in an
interval of 27 by a branch cut. If we choose the branch cut along the positive x
axis, then our real integral is an integral along the top of the branch cut. Very
often the problem can be solved with a closed contour as shown in Fig. 3.13,
in which the entire branch cut is excluded from the interior of the contour.
Again let us illustrate the method with an example.
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y

Cr

Fig. 3.13. A contour that excludes the branch cut along the positive z axis

Example 3.5.13. Evaluate the integral

I:/ v dz, 0<a<l.
o l1+=

Solution 3.5.13. Consider the contour integral

Z*O&
d
fl—l—z §

around the closed contour shown in Fig. 3.13. Since the branch point at z =0
and the entire branch cut are excluded, the only singular point inside this
contour is at z = —1. Therefore

2mi

elTl'a

7{ © 4z =2miRes || = 27 (~1)" = 2niei™(-®) =
L+z 1+2

This integral consists of four parts

— —Q —Q — —
j{z dz:/ : dz+/ i dz+/ i dz+/ i dz.
1+2 ro1+z cp 1+2 r 1+z c. 1+z

The first integral is along the top of the branch cut with § = 0, the second
integral is along the outer large circle with radius R, the third integral is along
the bottom of the branch cut with § = 27, and the fourth integral is along
the inner small circle with radius e.

With z = rel?, it is clear that when § = 0 and 6 = 27, r is the same as z.
Therefore

—a R —«
/ : dz:/ m dz,
r. 1+=z e 142

_ o 9 (— R _
/ =" dz = /E wei% dx = 767127704/ v” dx.
r 14z n 1+ xe?m e l1+x
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/ i dz
CR1+Z

where R~ is maximum of the numerator, 1 — R is the minimum of denomi-
nator, and 27 R is the length of Cg. As R — oo,

On Cg, z = Re'?,

R*Q
<
< ‘ T R27TR

7

'1R_ RQ?TR‘ ~R™™ — 0, since « > 0.

. . o 0
Similarly, on C¢, z = ee'?,

L
dz
/C‘ 1+ 2

—Q

€
<

2me.
- TE

Ase— 0,

efa

1—¢

e ~ T

— 0, since a < 1.

On taking the limit R — oo and € — 0, we are left with

—Q o0 —Q . o0 — 2 .
f SN, P / x dx — eﬂZM/ T =2
1+2 o l+=z o l+=z elra

_ L —i27ma > x _E
(1 € )A 1+xdz_ei7ra7

Thus

and

< pTe d 2mi 2mi T
Tr = — - = — — = — .
0 1+2x elma (1 _ e—127roc) eima _ g—ima sin T

3.5.6 Principal Value and Indented Path Integrals

Sometimes we have to deal with integrals [ f (z) dz whose integrand becomes
infinite at a point = = x( in the range of integration

lim f(z) = .

r—x0

In order to make sense of this kind of integral, we define the principal value
integral as

P/_if(x)dng% [[z_ef(m)dx+[cf+sf(x)dx] .
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It is a way to avoid the singularity. One integrates to within a small distance ¢
of the singularity in question, skips over the singularity, and begins integrating
again at a distance € beyond the singularity.

When evaluating the integral using the residue theorem, we are not allowed
to have a singularity on the contour, however, with principal value integrals
we can accommodate simple poles on the contour by deforming the contour
so as to avoid the poles.

The principal value integral

P/O;f(x)dx

can be evaluated by the theorem of residue for a function f (z) that satisfies
the asymptotic conditions that we have discussed. That is, either zf (z) — 0
as z — o0, or f(z) = e™*g(z) and g (z) — 0 as z — oo. Let us first assume
that f(z) has one simple pole on the real axis at z = xp and is analytic
everywhere else. In this case, it is clear that the closed contour integral around
the indented path shown in Fig. 3.14 is equal to zero

fre—o

since the only singular point is outside the contour.
The integral can be written as

jéf(z)dz/g:Ef(:c)der/CEf(z)der/zirEf(x)der Rcrs

In the limit of R — oo, with f (2) satisfying the specified conditions, we have
shown

Cr

Ce
[\ X
-R | x R

Fig. 3.14. The closed contour consists of a large semicircle Cr in the upper half-
plane of radius R, the line segments from —R to o — ¢ and from x¢ + ¢ to R along
the real axis, and a small semicircle C; of radius € above the singular point z¢
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Furthermore, the two line integrals along the x axis become the principal value
integral as ¢ — 0

lim [/Zsf(x)dx+/z:;f(a:)dx] :P/O;f(a:)dx.

Since f (z) has a simple pole at z = zg, so in the immediate neighborhood
of xg, the Laurent series of f (z) has the form

a o0
—1 n
fz)= +§ an (z —x9)" .
zZ— X
n=0
On the semicircle C. around xy,
z—xo = ee?, dz = ieel?do,

where ¢ is the radius of the semicircle. The integral around C. can thus be

written as
Claa | i\ | .o
/C f(z)dz :/ o + Zan (ee')" | icel”de.
e ™ n=0

On taking the limit ¢ — 0, every term vanishes except the first. Therefore

0
lim/ f(z)dz= / a_11d0 = —ira_; = —inRes,—4, [f ()] .
C. T

e—0

It follows that in the limit R — oo and € — 0

%f(z)dzzP/_O;f(a:)da:—ines[f(z)] =0.

Therefore

P/_OO f(x)dz =inRes[f (2)].

Note that to avoid the singular point, we can just as well go below it
instead above. For the semicircle below the z axis, the direction of integration
is counterclockwise

2m
lim / f(z)dz= / a—1idf = ira_1 = irRes,—, [f (2)].
C. T

e—0

However, in that case, the singular point is inside the closed contour, and the
loop integral is equal to 27i times the residue at z = xg. So we have

j{f (2)dz = P/_OO f(x)da +inRes,—, [f (2)] = 2miRes,—, [f (2)] .
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Not surprisingly we get the same result
P/ f(x)dae =2miRes,—q, [f (2)] — iTReS,—0, [f (2)] = inReS—s, [f (2)] -

Now if f(z) has more than one pole on the real axis, (all of them first-
order), furthermore, it has other singularities in the upper half-plane, (not
necessary first-order), then by the same argument one can show that

(o)
P/ f(z)dz = mi (Z residues on axis)

+27i (Z residues in upper half—plane) .

Ezample 3.5.1/. Find the principal value of

P/ A, P
o T

o .
sinx
/ dx = 7.
o T

Solution 3.5.14. The only singular point is at @ = 0, therefore

P/ £ da = miRes.—g [e} = mi {e,] =i
oo T z A
P/ ede[/ CO”dxﬂ/ Smxdx},
o T o T o T
P/ Smmdx:lm(P/ edx>:7r.
oo T e T

We note that x = 0 is actually a removable singularity of sinx/x, since as

x — 0, sinxz/x = 1. This means that £, instead of approaching zero, can be
set equal to exactly zero. Therefore the principal value of the integral is the

integral itself
> sinx
/ dr = .
o X

and use the result to show

Since

therefore,
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It is instructive to check this result in the following way. Since sinz/x
is continuous at = = 0, if we move the path of integration an infinitesimal
amount at x = 0, the value of the integral will not be changed. So let the
path go through an infinitesimally small semicircle C on top of the point at
x = 0. Let us call the indented path as the path from —oo to ¢ along = axis,
followed by C. and then continue from € to co along the x axis. Then

00 . .
Sin T S z
/ dr = / dz.
—00 L Indented <

Now let us make use of the identity

1 . .
: 1z —1z
sinz = — (e —e
21 ( ) ?
SO
o0 iz —iz
sinx 1 e 1 e
/ dex = — —dz — — dz.

—o 2i Indented < 2i Indented #

For the first integral in the right-hand side, we can close the contour with an
infinitely large semicircle CE in the upper half-plane, as shown in Fig. 3.15a.
Since the singular point is outside the closed contour, so the contour integral

vanishes
eiz eiz
/ —dz = % —dz =0.
Indented < u,h.p Z

)

For the second indented path integral, we cannot close the contour in the
upper half-plane because of e 7%, so we have to close the contour in the lower
half-plane with C'f;, as shown in Fig. 3.15b. In this case, the singular point at
z = 0 is inside the contour, therefore

e—iz e—iz ) e—iz )
/ dz = j{ dz = —27iRes,—g = —27i.
Indented < Lhp < z

@ ®

Fig. 3.15. (a) The indented path from —R to R is closed by a large semicircle C'};
in the upper half-plane. (b) The same indented path from —R to R is closed by a
large semicircle C'; in the lower half-plane
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The minus sign accounts for the clockwise direction. It follows that:

 sinx 1 1
= — - — —2 1) =
/ . dx 2iO 5 (—27i) =,

— 00

which is the same as we obtained before.

Exercises

1. Expand f(z) = z;} in a Taylor’s series (a) around z = 0 and (b) around

the point z = 1. Determine the radius of convergence of each series.
Ans:

(a)f(z) = —14+22—222+222 —--. |z| <1
(b)f(z):%(z— 1) - %(z - 1)2+é(z I %(z— Dz — 1] < 2.

2. Find the Taylor series expansion about the origin and the radius of con-
vergence for

1
© fG=¢ @ 0=
Ans:
: L 3 5_ 1 7
(a) Sinz =z — 52 —&—az — +--- all oz
(b) coszzl—%zQ—i-%z‘l—ézﬁ—i—-u all  z,
(c) eZ=1+z+%z2—|—%z3+--~ all  z,
(@) (1_lz)m:1+mz+m(m2+1)22+m(m+g(m+2)23+"'|Z|<1‘

3. Find the Taylor series expansion of

f(z)=Inz

around z = 1 by noting that
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Ans:
mz=(z-1)—-1(:-124+3z-13-1(z-1)"+-- |z — 1] < 1.
4. Expand

1
+1)(z+2)

in a Taylor’s series (a) around z = 0 and (b) around the point z = 2.
Determine the radius of convergence of each series.

fz) =

Ans:
() f&) =5~ Szt iz~ P4l <1
()Gt
+<313_413>(z_2)2_..- -2 <3.

5. Without obtaining the series, determine the radius of convergence of each
of the following expansions:

(a) tan~'z around z = 1,

around z = 4i,

xT
(C) m around z = 0.

Ans: (a) V2, (b) 27 —4, (c) +10.

6. Find the Laurent series for

in the region of

@) |z <1, (b) l<|z|<2 (c) 0<|z—1]<1,

(d) 2<z], (¢) |z—1]>1, (f) 0<|z—2| <1

Ans:
(a) f(Z)—%+Zz+gz2+%z3+
1 1 1 1 1 1 1
0 f&) =~ 53~ 5 "5 i
(© f(5) = 1= (s 1) = (= 1) —
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B, 7.3 1

(d) f(z):“'+z5+274+2:73+?'
1 1 1
(e) f(z):.'.+(z—1)4+(z—1)3+(2—1)2.
() f(2) = 5 14 (-2~ (=2 + (- -2 -
Expand
1

f(z)zm

in two different Laurent expansions around z = i and tell where each
converges.

Ans:
f(z)=—-5 —2i43(z—1) —4i(z—i)* + - 0<l|z—i<1
f(z) =" (zili)ﬁ - (zfi)s - (Zf‘i)4 + (z—li)3 |z —1] > 1.

. Find the values of § f(z)dz, where C is the circle |z] = 3, for the
c

following functions:

1 z+2 “
(a) f(Z):mv (b) f(Z):mv (c) f(Z):m’
1 1 L
(d) f(z) = FEESIEE (e) f(2) = (z+1)2 () 7(=) = 2(z+1)(z+4)
by expanding them in an appropriate Laurent series f(z) = > "_> a,z"

and using a_; = 5 § f(z)dz.
c

Ans: (a) 0, (b) 271, (c)2ni, (d) 0, (e)0, (f) —in/6.

. Find the residue of

z
(a) at z=1 and (b) at z = —i.
Ans: (a) 1/2; (b) 1/2.
Find the residue of
z+1

(a) at z=0 and (b) at z = 2.
Ans: (a) —3/4; (b) 3/4.
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11. Find the residue of

at each of its poles.
Ans: r(—=1+2i) =(2+1)/4; r(-1-2))=(2-1)/4
12. What is the residue of

1
f(z) = (z+1)3
at z=-17
Ans: 0.
13. What is the residue of
f(z) =tanz
at z=m/27
Ans: —1
14. What is the residue of
1
1) = z —sinz
at z=07
Ans: 3/10

15. Use the theory of residue to evaluate § f(z)dz if C' is the circle |z| =4
c

for each of the following functions:

z z+1 1
(a) 22 -1’ (b) z2(z++2)’ (c) 2(z —2)3’
q 1 1
(d) 22+z+1 (e) 2(22+62+4)

Ans. (a) 27, (b) 0, (c)0, (d)O0, (e) (5— 3v5)ir/20.
16. Show that

?{ 1 Lo 2
c (001 1) (z—4) 4100 11’

if C'is the circle |z] = 3.
Hint: First find the value of the integral along |z| = 5, then do the inte-
gration along |z| = 5 and |z| = 3 with a cut between them.
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17. Use the theory of residue to evaluate the following definite integrals

( )/Qﬂde
. o 2+ cosf’

(b) /27T cos 3046
o H—4cosf’

T cos 20d0
—_—— h -1 1
(C)/O 1—2acosf+a2 ¢ (-l<a<l)

(d)/ sin?" 0df where n=1,2,....
0

Ans. (a) 27/V3, (b) 7/12, (c) ma®/ (1—a?), (d) 7 (2n)!/ (22" (n!)?).
18. Show that

/ x2+1 5’
T 1
o[ 411 — Vo
T
/ x2+1 Ty
4 T
/ x2+a2 x2+b2) T 20a+b)

19. Evaluate

o] ein
d
(a)/,oox—m “
> coskx
b —d
o) [ S
> cos mx
I |
Of G

(d) /_oo 210

Ans. (a) 2mi/eS, (b) Ze ¥l (c) Te P cosma, (d) "4 (ejm —ejm).

20. Use a rectangular contour to show that

 cosmw T
—T | e dz = m /2 —mm /2"
oo © e e +e

21. Use the “integration along the branch cut” method to show that

o p1/3 2r
/ 5 dr = .
o (1+=x) 3v3
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22. Use a pie-shaped contour with 8 = 27 /3 to show that

d =
3 4+ 1 . 9

/°° 1 231
0

23. Find the principal value of the following

> 1
P —— —dux.
[ e
Ans. \/§7r/6.
24. Show that

1— eQiz

22

has a simple pole at z = 0. Find the principal value of

> 1 2ix
P / S dx.
T

— 00

Use the result to show that

 sin? x
3 dx =
0 X

SIE

Ans. 2.



Part 11

Determinants and Matrices



4

Determinants

Determinants are powerful tools for solving systems of linear equations and
they are indispensable in the development of matrix theory. Most readers
probably already possess the knowledge of evaluating second- and third-order
determinants. After a systematic review, we introduce the formal definition
of a nth order determinant through the Levi-Civita symbol. All properties of
determinants can be derived from this definition.

4.1 Systems of Linear Equations

4.1.1 Solution of Two Linear Equations

Suppose we wish to solve for x and y from the system of 2 x 2 linear equations
(2 equations and 2 unknowns)

a1x + bly = d17 (41)
asx + boy = da, (42)

where ay,as,b1,be,d;, and do are known constants. We can multiply (4.1) by
by and (4.2) by by, and then take the difference. In so doing, y is eliminated,
and we are left with

(bg(ll — blag)l' = b2d1 - b1d27

therefore Db dob
g =42 "2 (4.3)

aq b2 — a2b1
where we have written bsa; as ajpbs, since the order is immaterial in the
product of two numbers. It turns out that if we use the following notation, it

is much easier to generalize this process to larger systems of n X n equations

ay by

ol (4.4)

arby — agby =
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= 31 b2 - 32b1

*)

Fig. 4.1. A schematic diagram for a second-order determinant

The 2 x 2 square array of the four elements on the right-hand side of this
equation is called a second-order determinant. Its meaning is just that its
value is equal to the left-hand side of this equation. Explicitly, the value of a
second-order determinant is defined as the difference between the two products
of the diagonal elements as shown in the schematic diagram (Fig.4.1).

With determinants, (4.3) can be written as

‘dl b1
da b
=122 (4.5)
ai by
a9 b2
and with a similar procedure one can easily show that
ay dl
az dy
y = . (4.6)
ay b1
ag bg
Example 4.1.1. Find the solution of
2z — 3y = —4,
6 — 2y = 2.
Solution 4.1.1.
—4 -3
. 2 -2 846
23] —4+18 7
6 —2
2 —4
|62 4+24

YT 8T Sar1s
62
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4.1.2 Properties of Second-Order Determinants

There are many general properties of determinants that will be discussed in
later sections. At this moment we want to list a few which we need in the fol-
lowing discussion of third-order determinant. For a second-order determinant,
these properties are almost self-evident from its definition. Although they are
generally valid for nth order determinant, at this point we only need them to
be valid for second-order determinant to continue our discussion:

1. If the rows and columns are interchanged, the determinant is unaltered,

ap az| o _|laa by
bl bg —a,lbg b1a2 = ag b2 . (47)
2. If two columns (or two rows) are interchanged, the determinant changes
sign,
b ay *ba—ba*—(ab—ab)*—albl (4.8)
by ay | 0102 T D201 = 12 —az01) == |- .

3. If each element in a column (or in a row) is multiplied by m, the determi-
nant is multiplied by m,

ay by
az by

may b1
mas bQ

= ma1b2 — ma2b1 = m(a1b2 — a2b1> =m

4. If each element of a column (or of a row) is sum of two terms, the deter-
minant equals the sum of the two corresponding determinants,

+ b
EZ; n Z;; b; = (a1 + Cl)bg — (CLQ + Cz)bl = a1by — ashy + c1by — caby
a1 b1 C1 b1
- a9 b2 C2 bQ ’

4.1.3 Solution of Three Linear Equations

Now suppose we want to solve a system of three equations

T+ by + 1z = dy, (4.9)
asx + bgy + coz = dQ, (410)
azx + b3y + c3z = ds. (4.11)

First we can solve for y and z in terms of z. Writing (4.10) and (4.11) as

boy + coz = do — asx,

b3y + c3z = d3 — asx,
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then in analogy to (4.5) and (4.6), we can express y and z as

(do — asz) co
da —
Yy = ( & agx) © , (4.12)
bg C2
b3 c3
bQ (dg — agx)
bs (ds —
L _ Ibs (ds—asx)| (4.13)
b2 C2
b3 c3

Substituting these two expressions into (4.9) and then multiplying the entire
equation by

by o
by c3 |’
we have
1Y CEY it o Y [ o | Y P B
By properties 3 and 4, this equation becomes
alpalero{le - la))
vl Eelo —alre). (4.15)
It follows:
Dz = N,, (4.16)
where
wealpal-nlial-alial e
and
RN ol Y it T ol (4.18)
Expanding the second-order determinants, (4.18) leads to
D = ajbycs — ajbsco — biascs + biascy — c1baas + c1bsas. (4.19)

To express these six terms in a more systematic way, we introduce a third-
order determinant as a short hand notation for (4.19)

aq bl C1
D = a9 b2 Co|. (420)
az bz c3
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=ay b203 + b1 Codz + C4 azbs - 33b201 - b30231 - 0332b1

Fig. 4.2. A schematic diagram for a third-order determinant

A useful device for evaluating a third-order determinant is as follows. We write
down the determinant column by column, after the third column, we repeat
the first, then the second column, creating a 3 x 5 array of numbers. We can
form a product of three elements along each of the three diagonals going from
upper left to lower right. These products carry a positive sign. Similarly, three
products can be formed along the diagonals from lower left to upper right.
These three latter products carry a minus sign. The value of the determinant
is equal to the sum of these six terms. This is shown in the diagram (Fig. 4.2).

This is seen to be exactly equal to the six terms in (4.19).

Using the determinant notation, one can easily show that N, in (4.17) is
equal to

dl bl C1
]\]z = dg bg Co|. (421)
d3 b3 C3
Therefore
d1 b1 C1
dg bg C2
ds bz c3
xr = .
aq bl C1
ag bg C2
as bg C3
Similarly we can define
ay dy ¢ a1 by dy
Ny =|azdz cal, N, = |az by da|,
as ds c3 asz b3 ds
and show
_Ny _ N
Yy = D ’ = D .
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The determinant in the denominator D is called the determinant of the coef-
ficients. It is simply formed with the array of the coefficients on the left-hand
sides of (4.9)—(4.11). To find the numerator determinant N,, start with D,
erase the x coefficients aq, az, and asz, and replace them with the constants
di,dy, and dz from the right-hand sides of the equations. Similarly we re-
place the y coefficients in D with the constant terms to find IV,, and the z
coefficients in D with the constants to find IV,.

Ezxample 4.1.2. Find the solution of

3z 42y + 2z =11,
20+ 3y + 2z =13,
r+y+4dz =12

Solution 4.1.2.

321
D=[231|=36+2+2-3-3-16=18,
114
112 1
N,—|13 3 1|=132424+13—36—11— 104 = 18,
12 1 4
311 1
N, =12 13 1|=156+11+24— 13— 36— 88 = 54,
112 4
32 11
N.=|2 3 13| =108+ 26 + 22 — 33 — 39 — 48 — 36.
11 12
Thus
18 54 36
:—:1 = — = :—:2.
r=g b yE T FT g

Clearly, with determinant notation, the results can be given in a system-
atic way. While this procedure is still valid for systems of more than three
equations, as we shall see in the section on Cramer’s rule, but the diagonal
scheme of expanding the determinants shown in this section is generally cor-
rect only for determinants of second- and third-orders. For determinants of
higher order, we must pay attention to the formal definition of determinants.
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4.2 General Definition of Determinants
4.2.1 Notations
Before we present the general definition of an arbitrary order determinant,

let us write the third-order determinant in a more systematic way. Equations
(4.19) and (4.20) can be written in the following form:

a1 by ¢ 3 3 3
ag by co | = Z Z Z €ijrkaibjcr, (4.22)
as bs c3 i=1 j=1k=1

where

€123 = €231 = €312 = 1,
€132 = €321 = €213 = —1, (4.23)
gijr = 0 for all others.

Writing out term by term the right-hand side of (4.22), one can readily verify
that the six nonvanishing terms are exactly the same as in (4.19).

In order to generalize this definition for a nth order determinant, let us ex-
amine the triple sum more closely. First we note that €;;, = 0 if any two of the
three indices i, j, k are equal, e.g., €112 = 0, £333 = 0. Eliminating those terms,
(4.22) is a particular linear combination of six products, each product contains
one and only one element from each row and from each column. Each product
carries either a positive or a negative sign. The arrangements of (i, 7, k) in the
positive products are either in the normal order of (1,2, 3), or are the results
of an even number of interchanges between two adjacent numbers of the nor-
mal order. Those in the negative products are the results of an odd number
of interchanges in the normal order. For example, it takes two interchanges to
get (2,3,1) from (1,2,3) [123 (interchange 12)—213 (interchange 13)—231],
and asbzcy is positive (e231 = 1); it takes only one interchange to get (1,3,2)
from (1,2, 3) [123 (interchange 23)—132], and aybscs is negative (€132 = —1).
The diagram (Fig.4.3) can help us to find out the value of ¢;;; quickly. If a
set of indices goes in the clockwise direction, it gives a positive one (+1), if it
goes in the counterclockwise direction, it gives a negative one (—1).

1
-1 / \ +1
3 2

NS

Fig. 4.3. Levi-Civita symbol €;;, where ¢, j, k take the value of 1,2, or 3. If the set
of indices goes clockwise, ;1 = +1, if counterclockwise, €, = —1
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These properties are characterized by the Levi-Civita symbol €;,4,...4,,
which is defined as follows:

1 if  (i1,42,...,1,) is an even permutation
of the normal order (1,2,...,n)
Eiviain =\ _ if  (41,42,...,0y) is an odd permutation
of the normal order (1,2,...,n)
0 if any index is repeated.

An even permutation means that an even number of pairwise interchanges
of adjacent numbers is needed to obtain the given permutation from the nor-
mal order, and an odd permutation is associated with an odd number of
pairwise interchanges. As we have shown, (2,3,1) is an even permutation,
and (1,3,2) is an odd permutation.

An easy way to determine whether a given permutation is even or odd
is to write out the normal order and write the permutation directly below
it. Then connect corresponding numbers in these two arrangements with line
segments, and count the number of intersections between pairs of these lines.
If the number of intersections is even, then the given permutation is even. If
the number of intersections is odd, then the permutation is odd. For exam-
ple, to find the permutation (2,3,4,1), we write out the normal order and
permutation in the diagram (Fig. 4.4, we call it “permutation diagram”):

There are three intersections. Therefore the permutation is odd and
€2341 = —1. The reason this scheme is valid is because of the following. Start-
ing with the smallest number that is not directly below the same number,
an exchange of this number with the number to its left will eliminate one
intersection. In the earlier example, after the interchange between 1 and 4,
only two intersections remain. Clearly two more interchanges will eliminate
all intersections and return the permutation to the normal order. Thus three
intersections indicate three interchanges are needed. Therefore the permuta-
tion is odd.

When we count the number of intersections, we are counting the intersec-
tions of pairs of lines. Therefore one should avoid to have more than two lines
intersecting at a point. The lines joining the corresponding numbers need not
to be straight lines.

17§<3<4 After one 1>SZ<S ‘4
B ————_
2 341 interchange 2314
Fig. 4.4. Permutation diagram. The permutation is written directly below the
normal order. The number of intersections between pairs of lines connecting the
corresponding numbers is equal to the number of interchanges needed to obtain the

permutation from the normal order. This diagram shows that one intersection point
represents one interchange between two adjacent members
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Ezxample 4.2.1. What is the value of the the Levi-Civita symbol 13572467

Solution 4.2.1. There are six intersections in Fig. 4.5, therefore the permu-
tation is even and e1357246 = 1.

12 34567 1234567
TN | — 7 ><X
1357 2 46 12357 46
N\ ALY A
123 4567 1234567
— >< —
12 83 45 L6 1234567

Fig. 4.5. In this diagram, six intersections represent that six interchanges are needed
to obtain the permutation 1357246 from the normal order 1234567

4.2.2 Definition of a nth Order Determinant

In discussing a general nth order determinant, it is convenient to use the
double-subscript notation. Each element of the determinant is represented
by the symbol a;;. The subscripts ¢j indicate that it is the element at ith
row and jth column. With this notation, aibsc3 becomes aijasqass; asbscy
becomes agiasaai3, and a;bjc, becomes a;1aj2ak3. The determinant itself is
denoted by a variety of symbols. The following notations are all equivalent:

ajp ai2 -+ Qin
a?1 a'22 a?n = |as;| = |A| = det |A] = D,,. (4.24)
Apl Ap2 *** Gpn

The value of the determinant is given by
n

n n
Dn = E E e E silig...inaillaiﬂ e ainn. (425)
i1=112=1

in=1

This equation is the formal definition of a nth order determinant. Clearly,
for n = 3, it reduces to (4.22). Note that for a nth order determinant, there
are n! possible products because i, can take one of n values, io cannot repeat
i1, so it can take only one of n—1 values, and so on. We can think of evaluating
a determinant in terms of three steps. (1) Take n! products of n elements such
that in each product there is one and only one element from each row and
one and only one element from each column. (2) Attach a positive (+) sign
to the product if the row subscripts are an even permutation of the column
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subscripts, and a minus sign (—) if an odd perturbation. (3) Sum over n!
products with these signs.

Stated in this way, it is clear that the definition of a determinant is sym-
metrical between the rows and columns. The determinant (4.25) can just as
well be written as

n

n n
Dn = Z Z N E Eitigin B1ig A2y =+ Ang,, - (426)
i1=112=1

in=1

It follows that any theorem about the determinant which involves the rows is
also true for the columns, and vice-versa.

Another property that is clear from this definition is this. If any two rows
are interchanged, the determinant changes sign. First it is easy to show that if
the two rows are adjacent to each other, this is the case. This follows from the
fact that an interchange of two adjacent rows corresponds to an interchange
of two adjacent row indices in the Levi-Civita symbol. It changes an even
permutation into an odd permutation, and vice versa. Therefore it introduces
a minus sign to all the products.

Now suppose the row indices ¢ and j are not adjacent to each other and
there are n indices between them:

1 ay ay az -+ Qn J.

To bring j to the left requires n + 1 adjacent interchanges leading to
J i oay as as --- Q.

Now bringing ¢ to the right requires n adjacent interchanges leading to
j ay ay as -+ Qn 1.

Therefore all together there are 2n+1 number of adjacent interchanges leading
to the interchange of ¢ and j. Since 2n + 1 is an odd integer, this brings in an
overall minus sign.

FEzample 4.2.2. Let
ail ai2
a1 a2

)

use (4.25) to (a) expand this second-order determinant, (b) show explicitly
that the interchange of the two rows changes its sign.

Solution 4.2.2. (a) According to (4.25)

2 2
Dy = E E €i1in iy 10452,
i1=1do—1
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yig=1: €i1ip Qi 10452 = €11011012

~.
=
I

1

1,42 =21 €4,4,04,10i,0 = €12011022
11 =2, 19 =1: £,i,04,10;,2 = €21021a12

2, 42 =2 €4i,0i;10i,2 = €22021022.

Since €11 =0, €12 = 1, €91 = —1, €99 = 0, the double sum gives the second-
order determinant as

E E Ei1inAi;1Aiy2 = A11G22 — GA21412.
11—1 ’LQ—

(b) To express the interchange of two rows, we can simply replace a;,1a;,2 in
the double sum with a;,1a;,2 (i1 and iy are interchanged), thus

= Z Z EipipMing1 Qi 2-

11—1 ’LQ—

a21 a22
a11 a12

Since i; and iy are running indices, we can rename i; as jp and iz as ji, so

§ E 51112‘11210112—5 § 5]2]1“]11%22—§ 5:@2]1%11%22

i1=11i2=1 Jj2=171=1 Jj1=172=1

The last expression is identical with that of the original determinant except
the indices of the Levi-Civita symbol are interchanged.

- § : § :6.72.710“]110’]22

Ji1=1j2=1
= £11011012 + €21G11022 + £12a21012 + €22G21022

a21 a22
a11 A12

a1l ai2
az1 a2

—aj1a9z + a21012 = —

This result can, of course, be obtained by inspection. We have taken the risk
of stating the obvious. Hopefully, this step by step approach will remove any
uneasy feeling of working with indices.

4.2.3 Minors, Cofactors

Let us return to (4.18), written in the double-subscript notation this equation
becomes

a1 ai2 a13
D3 = |a2; az2 a3
asi asz ass
- aze azs| a1 as3 as1 a2 (4.27)
ass ass azy ass asy ass
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where we have interchanged the two columns of the last second-order deter-
minant of (4.18) and changed the sign. It is seen that

@22 23
az2 ass

is the second-order determinant formed by removing the first row and first
column from the original third-order determinant Ds. We call it M;; the
minor complementary to ai1. In general, the minor M;; complementary to a;;
is defined as the (n — 1)th order determinant formed by deleting the ith row
and the jth column from the original nth order determinant D,,. The cofactor
Ci; is defined as (—1)"7 M;;.

Ezample 4.2.3. Find the value of the minors M1, Ms3 and the cofactors Cq,
Cs3 of the determinant

2 -1 13
32 50
Di=11 ¢ _99|
4 2 31
Solution 4.2.3.
SESINEEY. 200 e
M11: :0722, M23= =10 2].
x0—22 5 3 1 10 %2 491
x2 31 4 2 *1
250 2-13
Cii= (D10 -22|; Coz=(-1)*T]1 0 2.
2 31 421

4.2.4 Laplacian Development of Determinants by a Row
(or a Column)

With these notations, (4.27) becomes

3
D3 - allMll - 0112M12 + CL13M13 = Z(—1)1+ja1jM1j (428)
=1
3
= a11Ch1 + a12C12 + a13C13 = ¥ arxCix. (4.29)
k=1

This is known as the Laplace development of the third-order determinant on
elements of the first row. It turns out this is not limited to the third-order
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determinant. It is a fundamental theorem that determinants of any order can
be evaluated by a Laplace development on any row or column

Dn = Z(_l)i+jaijMij = ZaijCij for any i, (430)
j=1 j=1
n o n

= Z(—l)z"'JaijMij = ZaijCij for any j (431)
i=1 i=1

The proof may be given by induction and is based on the definition of the
determinant. According to (4.25), a determinant is the sum of all the n! prod-
ucts which are formed by taking exactly one element from each row and each
column and multiplying by 1 or —1 in accordance with the Levi-Civita rule.

Now the minor M;; of a nth order determinant is a (n— 1)th determinant.
It is a sum of (n — 1)! products. Each product has one element from each
row and each column except the ith row and jth column. It is then clear
that Z?Zl kija;; M;; is a sum of n(n — 1)! = n! products, and each product is
formed with exactly one element from each row and each column. It follows
that, with the appropriate choice of k;;, the determinant can be written in a
row expansion

Dn = ZkijaijMij (432)
j=1
or in a column expansion
Dn =Y kijai; M;;. (4.33)
i=1

The Laplace development will follow if we can show:
kij = (=17,

First let us consider all the terms in (4.25) containing a1;. In these terms
i1 = 1. We note that if (1,49,43,...,4,) is an even (or odd) permutation
of (1,2,3,...,n), it means (is,i3,...,4,) is an even (or odd) permutation of
(2,3,...,n). The number of intersections in the following two “permutation
diagrams” are obviously the same:

123 n)\. 23 n
1i2i3"'in ’ 7/2137/71 ’

€lig-iy = Eigerrin -

therefore
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So terms containing a;; sum to

n n n n
g E Elig iy A11 452 ** * G = A11 E E Cigeri Qin2 """ Ay
ix=1 n=1

in= ig=1 in=1

which is simply a1 My1, where My is the minor of a;;. On the other hand,
according to (4.32), all the terms containing a1; sum to ki1a11My1. Therefore

ki = +1.

Next consider the terms in (4.25) which contain a particular element a;;.
If we interchange the ith row with the one above it, the determinant changes
sign. If we move the row up in this way (i — 1) times, the ith row will have
moved up into the first row, and the order of the other rows is not changed.
The process will change the sign of the determinant (i — 1) times. In a similar
way, we can move the jth column to the first column without change the order
of the other columns. Then the element a;; will be in the top left corner of the
determinant, in the place of a11, and the sign of the determinant has change
(i —1+4+j—1) times. That is

a1 -+ Alg s Al Ajj Q51 Q52 =~ Gin
o 15 a1 a2 ~ - Gip

_ 1 i+j—2
(€75 R 7% BN ¢ 77 —(—) G5 G21 A22 -+ G2n
Gpl * " Apj **° Qpn Qpj Anl Gp2 Gpn

In the rearranged determinant, a;; is in the place of ai1, thus the sum of all
the terms containing a;; is equal to a;;M;;. But there is a factor (=1)"*772
in front of the rearranged determinant. Therefore the terms containing a;; in
the right-hand side of the equation sum to (—1)**7=2a,;;M;;. On the other
hand, according to (4.32), all the terms containing a;; in the determinant of
the left-hand side of the equation sum to k;;a;;M;;. Therefore,

kij = (—1)"172 = (1), (4.34)

This completes the proof of the Laplace development, which is very important
in both theory and computation of determinants. It is useful to keep in mind
that k;; forms a checkboard pattern:

+1-1+41
-11 -1
+1 —-1+1

+1 -1
—1+1
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FEzxample 4.2.4. Find the value of the determinant

3-2 2
Dy=[12 -3
41 2

by (a) a Laplace development on the first row; (b) a Laplace development on
the second row; (c) a Laplace development on the first column.

Solution 4.2.4.

(a) D3 = a1 Mi1 — aioMiz + ai1sMiz = a11Cr11 + a12C12 + a13C13
2 -3 1-3 12
312'(2)42 +2‘41

=3(4+3)+2(2+12)+2(1 —-8) = 35.

(b)
D3 = —ag1 Moy + asaMos — aszMog
—22 32 3 -2
=1 2‘+2‘42)_(_3) 41 ’

=—(—4-2)+2(6—8)+3(3+8) = 35.

D3 = a1 M1 — ag1 Moy + a3 Msy

2 -3 —22 -2 2
1 2 1 2 2 -3
=3(4+4+3)—(—4—-2)+4(6—-4) = 35.

=3

Eri

Example 4.2.5. Find the value of the triangular determinant

a1l ai2 ai13 -+ Ain
0 aszo azz -+ az,

Dn: 0 0 azs - -+ AdA3p
0 0 0 - apn
Solution 4.2.5.
a2 G23 - * G2p

0 asz--- asy

D, =an =A11A22 |~ ottt = (11022033 * " - Ann-

0 0 - any,
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4.3 Properties of Determinants

By mathematical induction, we can now show that properties 1 to 4 of second-
order determinants are generally valid for nth order determinants. Based on
the fact that it is true for (n — 1)th order determinants, we will show that it
must also be true for nth order determinants. All properties of the determinant
can be derived directly from its definition of (4.25). However, in this section,
we will demonstrate them with Laplace expansions.

1. The value of the determinant remains the same if rows and columns are
interchanged.

Let the Laplace expansion of D,, on elements of the first row be
Dn = Z(—1)1+ja1jM1j. (435)
j=1

Let DT (known as the transpose of D,,) be the nth order determinant formed
by interchanging rows and columns of the determinant D,,. The Laplace ex-
pansion of D} on elements of the first column (which are elements of the first
row of D,,) is then given by

DY =Y (-1)"ay; My, (4.36)
j=1

where Mll; is the minor complement to a1;, and is equal to the determinant
M;; with rows and columns interchanged. In the case of n = 3, the minors
are second-order determinants. By (4.7), Mlj; = M. Therefore D3 = DT.
This process can be carried out, one step at a time, to any n. Therefore we
conclude

D, = DF. (4.37)

2. The determinant changes sign if any two columns (or any two rows) are
interchanged.

First we will verify this property for the third-order determinant D3. Let
Ej3 be the determinant obtained by interchanging two columns of Ds. Suppose
column k is not one of those exchanged. Using Laplace development to expand
D3 and FEs3 by their kth column, we have

3
Dy = Z(*l)iJrkaikMik; (4.38)

i=1

By =Y (=1)"a; M}, (4.39)
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where Mi’k is a second-order determinant and is equal to M;; with the two
columns interchanged. By (4.8), M/, = —M;;,. Hence E5 = —Ds. Now by
mathematical induction, we assume this property holds for (n—1)th order
determinants. The same procedure will show that this property also holds for
determinants of nth order.

This property is called antisymmetric property. It is frequently used in
quantum mechanics in the construction of an antisymmetric many particle
wave functions.

3. If each element in a column (or in a row) is multiplied by a constant m,
the determinant is multiplied by m.

This property follows directly from the Laplacian expansion. If the ith
column is multiplied by m, this property can be shown in the following way:

aiy -+ Mag; -+ Qin
n n
a21 ... ma21 ... a2n
o =) maCi=m Yy a;iCy
j=1 j=1
Apl =" MQpg - Apn
aiy - Q15 0 Qi
a21... a2.... a/2
=m ‘ " (4.40)
Apl *** Qng " Apn

4. If each element in a column (or in a row) is a sum of two terms, the
determinant equals the sum of the two corresponding determinants.

If the 7th column is a sum of two terms, we can expand the determinant
on elements of the ith column

apy -+ ay;+biy o aig
i+ bo; - aop n n n
TR =S e+ 0)Ci = Y ajiChi+ Y biCii
(2275 I anz+bnz Gpn =t =t =t
Q11 - Q14 -+ Qin a11 -+ by -+ aip
_ | @21 v G2 00 d2p + azy - boi --- ag, ' (4.41)
Gpl * " Qpg * " App anl"'bni"'ann

From these four properties, one can derive many others. For example:
5. If two columns (or two rows) are the same, the determinant is zero.

This follows from the antisymmetric property. If we exchange the two
identical columns, the determinant will obviously remain the same. Yet the
antisymmetric property requires the determinant to change sign. The only
number that is equal to its negative self is zero. Therefore the determinant
must be zero.
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The value of a determinant is unchanged if a multiple of one column is

added to another column (or if a multiple of one row is added to another

row).

Without loss of generality, this property can be

expressed as follows:

a1l +maiz a2 --- Aip a11 @12 * - Ain maiz @12 -+ Aln
Q21 + Masgy a2z -+ A2y a21 22 *+* A2n magg G22 -+ A2n
an1 + manp2 Gp2 *** Apn Apl Ap2 *** Gpn map2 Gp2 *++ Apn
a11 a2 *-- Gin a12 a2 *-- Gin a11 @12 *+° QAin

_ | @21 G22 -+ A2np +m a22 A22 - G2n a21 @22 *-+ A2p (442)
anpl Gp2 ** App Anp2 Gp2 *** App Anpl Ap2 *** Gpn

The first equal sign is by property 4, the second equal sign is because of
property 3, and the last equal sign is due to property 5.

Ezxample 4.5.1. Show that

1a be 1aa®

Lbac|=|10b0b?

1cab lcc?

Solution 4.3.1.

1abe 1 a (be+ a?) 1 a (bc+ a® + ba)
lbac|=|1b(ac+ab)|=|10b (ac+ ab+b?)
1cab 1 ¢ (ab+ ac) 1 ¢ (ab+ ac+ be)
1 a (bc+ a® + ba + ca) 1aa?
=10 (ac+ab+b*+cb)|=|10b0b?
1 ¢ (ab+ ac+ be + c?) 1cc?

1aa? lal
=102 |+ (ab+bc+ca)|lbl|=

lcc? lcl

1 a (be+ ba + ca)
+|1b (ac+ ab+ cd)
1 ¢ (ab+ ac+ be)

1aa?

1b b2
1ec?

First we multiply each element of the second column by a and add to the
third column. For the second equal sign, we multiply the second column by
b and add to the third column. Do the same thing except multiplying by ¢
for the third equal sign. The fourth equal sign is due to property 4. The fifth
equal sign is due to property 3. And lastly, the determinant with two identical

column vanishes.
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Ezxample 4.3.2. Evaluate the determinant

1+a1 a9 as -+ Qp

ap l+ay a3 -+ ap

a a l+as -+ «a

Dn: 1 2 3 n
a1 as azg - 14+ay,

Solution 4.3.2. Adding column 2, column 3, all the way to column n to
column 1, we have

I+tar+ax+az+--+ap a as o an
l+a+ay+as+---+a,1+a a3 -+ an
D — l+a+ax+as+---+a, a l+az--- an
n . . . DR .
1+a+as+az+---+a, a as - 1+4+ay,
1 ao as -+ ap
11+as a3 --- an

={1+a+a+az+---+ap) a,2 +.a3... a.

1 as ag -+ 14a,

Multiplying row 1 by —1 and add it to row 2, and then add it to row 3, and
S0 on

lasyaz - - an,

010---0

001--0
D,=104a+ay+as+- - +ay)

000 -1

=14+a+ax+tas+---+a,).

Ezample 4.3.3. Evaluate the following determinants (known as Vandermonde

determinant):

1ay o2 - gt
Loy a? e D
() Dy=|lapad|, (b) D,=|'"3%5 " 73
1 w3 22 '
1a, x2 - gt
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Solution 4.3.3. (a) Method I.

2 2
1ay 27 1 1 7

1 (22 +2
Lag 23| = |0 (x2 —a1) (23 —af) | = (w2 — 21)(23 — 21) 1 Exz +x1;
1 w3 22 0 (z3 — =) (23 — x) ’ 1

= (1’2 - Il)(zs - 5171)(553 - I2)-

Method II. D3 is a polynomial in x; and it vanishes when x; = z2, since then
the first two rows are the same. Hence it is divisible by (21 — x2). Similarly,
it is divisible by (z9 — x3) and (x3 — z1). Therefore

D3 =k (1‘1 — 1‘2) (331 — xg) (IQ — l‘3) .

Furthermore, since D3 is of degree 3 in x1, x2, x3, k must be a constant. The
coefficient of the term x93 in this expression is k(—1)(—1)2. On the other
hand, the diagonal product of the D3 is +x23. Comparing them shows that
k(=1)(=1)? = 1. Therefore k = —1 and

Dy = —(z1 — x2) (x1 — x3) (v2 — x3) = (v2 — 21) (23 — 21) (23 — 22).
(b) With the same reason as in Method II of (a),
D, =k(xy —xa)(x1 —x3) -+ (01 — @n) (w2 — x3) - (X2 — ) - (X1 — Tp).

The coefficient of the term zox3 - 277! in this expression is k(—1)(—1)2---

(—1)"~L. Compare this with the diagonal product of D,,, we have
1=k(=1)(-1)2--- (-1 = k(—1)1+2+3+-~+(n71)'
Since
1+2+3+"'+(”*1):%n(n—1),
therefore

Dy =(=1)"" Y2 (1) — o) (1 — x3) - (21 — ) (22 — 3) -+ (@2 — Tp) -+ -

(Tpn—1 — ).

Ezxample 4.5.4. Pivotal Condensation. Show that

a11 a12 a11 413
a1 12 a13 1 a1 @22 az1 @23
D3 = |a21 az a3 | = o
a3l as2 a33 a1l ai2 a1l a3
a3y 432 azy ass

Clearly, a;; must be nonzero. If it is zero, then the first row (or first column)
must be exchanged with another row (or another column), so that a;; # 0.
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Solution 4.3.4.

a11 ai2 a13 1 a11 a1i1Gi12 G11013
21 Q22 A23 | = P 21 A11022 @11023
asy asz ass U las; ajiase ajiass
1 a11 (a11a12 - a11a12) (alla13 - 61116113)
=5 |az (a11a22 — a21a12) (a11023 — ag1013)
W lag; (ajiase —agiai2) (a11as3 — asia13)
1 a1 0 0
=5 |az (a11a22 — az1a12) (aiiass — azia13)
W las; (ajiase —agiai2) (a11a33 — asia13)
_ 1 (a11a22 - a21a12) (011(123 - a216113)
ail (a11a32 - a31a12) (a11a33 - a31a13)
ail @12 @11 a13
1 a21 A22 a21 a23
@11
a11 @12 a11 13
asy @32 a3y 33

This method can be applied to reduce a nth order determinant to a (n — 1)th
order determinant and is known as pivotal condensation. It may not offer any
advantage for hand calculation, but it is useful in evaluating determinants

with computers.

4.4 Cramer’s Rule

4.4.1 Nonhomogeneous Systems

Suppose we have a set of n equations

1121 + a12%2 +

2121 + Q222 +

Ap1%1 + Ap2%2 +

The constants dy, ds, . .

and n unknowns

et T, = dy
"'+a2n$n:d2

(4.43)

., dy, on the right-hand side are known as nonhomoge-

neous terms. If they are not all equal to zero, the set of equations is known
as a nonhomogeneous system. The problem is to find z1, 2o, ..., z, to satisfy
this set of equations. We will see by using the properties of determinants, this
set of equations can be readily solved for any n.

Forming the determinant of the coefficients and then multiplying by z1,
with the help of property 3 we have
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ai1 a2 - Qin ap1xry a12 *-° Ain
a21 Q22 *-* G2p | | A21T] G22 *** A2n
anpl Ap2 *** Gpn Ap1T1 Gp2 **° Apn

We multiply the second column of the right-hand side determinant by z2 and
add it to the first column, and then multiply the third column by x3 and add
it to the first column and so on. According to property 6, the determinant is
unchanged

ail ai2 - Gip 1171 + @12%2 * ++ + A1pTy G12 - Alp
a2 G22 -+ A2 | | G211 + Q22%2 - -+ + A2pTy Q22 <+ G2p
Anl Ap2 *** Gpn anp1T1 + Ap2T2 -~ -+ + ApnTn An2 - Apn

Replacing the first column of the right-hand side determinant with the con-
stants of the right-hand side of (4.43), we obtain

aiy @12 -+ Ain dy aiz -+ aip
a1 Q22 -+ Q2n | | d2 a2z - aop
Apl Gp2 *** App d3 Ap2 *** Qpp

Clearly if we multiply the determinant of the coefficients by x2, we can analyze
the second column of the determinant in the same way. In general

2D, =N;, 1<i<n, (4.44)

where D,, is the determinant of the coefficients

a11 a2 -+ Gin

a a ... a,
Dn _ 21 W22 2n

Gnl An2 * - Gpn

and N; is the determinant obtained by replacing the ith column of D,, by the
nonhomogeneous terms

ay -+ ari—1 di a1iq1 0 A1p
a PR a s d a/ . ... a

N1 _ 21 21—1 W2 U241 2n ) (445)
Apl **° Apg—1 dn Api+1 *°° Qpn

Thus if the determinant of the coefficients is not zero, the system has a
unique solution

1<i<n. (4.46)
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This procedure is known as Cramer’s rule. For the special cases of n = 2
and n = 3, the results are, of course, identical to what we derived in the first
section. Cramer’s rule is very important in the development of the theory of
determinants and matrices. However, to use it for solving a set of equations
with large n, it is not very practical. Either because the amount of computa-
tions is so large and/or because the demand of numerical accuracy is so high
with this method, even with high speed computers it may not be possible to
carry out such calculations. There are other techniques to solve that kind of
problems, such as the Gauss-Jordan elimination method which we will discuss
in the chapter on matrix theory.

4.4.2 Homogeneous Systems
Now if dy,ds,...,d, in the right-hand side of (4.43) are all zero, that is

a1171 + a1pxg + -+ a1y, =0

a21T1 + a22%2 + - - + agp Ty, =0

Ap1%1 + Ap2x2 -« + AppTn = Oa

the set of equations is known as a homogeneous system. In this case, all N/s
in (4.45) are equal to zero. If D,, # 0, then the only solution by (4.46) is a
trivial one, namely 1 = 22 = --- = x, = 0. On the other hand, if D, is
equal to zero, then it is clear from (4.44), z; do not have to be zero. Hence
a homogeneous system can have a nontrivial solution only if the coefficient
determinant is equal to zero. Conversely, one can show that if

a11 @12 ** Aln
a21 G22 -+ A2

S =0 (4.47)
Gpl Ap2 *** Gpn

then there is always a nontrivial solution of the homogeneous equations. For
a 2x2 system, the existence of a solution can be shown by direct calculation.
Then one can show by mathematical induction that the statement is true for
any n X n system.

This simple fact has many important applications.

Example 4.4.1. For what values of A do the equations

3z + 2y = A\,
4z + by = My

have a solution other than x =y = 07
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Solution 4.4.1. Moving the right-hand side to the left gives the homogeneous
system

B—Nz+2y=0,
dr+ (5—- Ny =0.
For a nontrivial solution, the coefficient determinant must vanish:

’3—)\ 2

_\2 _ _ _ _ _
A 5_)\’_)\ SA+T=(\—1)(\—7)=0.

Thus the system has a nontrivial solution if and only if A=1o0or A =7.

4.5 Block Diagonal Determinants
Frequently we encounter determinants with many zero elements and the
nonzero elements which form square blocks along the diagonal. For example
the following fifth-order determinant is a block diagonal determinant:

a1 Q12 0 0 0
a21 Q22 0 0 0

D5 = |A| = * * a3z a34 A35

* * A43 Q44 Q45

* % (53 (54 0A55
In this section, we will show that

as3 as4 ass
air ai2
D5 = |43 a4 asgs |,
a1 a2
as53 as4 Ass

regardless the values the elements * assume.
By definition

Since a13 = a14 = a15 = as3 = agq = ags = 0, all terms containing these
elements can be excluded from the summation. Thus
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Furthermore, the summation over i; and i, can be written as from 1 to 2,
since 3,4, and 5 are taken up by 13,44, or i5, and the Levi-Civita symbol is
equal to zero if any index is repeated. Hence

Under these circumstances, the permutation of i1, 42,43, i4, 75 can be separated
into two permutations as schematically shown later:

1 9 3 4 5
i1=1,2 ip=1,2 i3=3,4,5 i, =3,4,5 i5 = 3,4,5

(1 2\(3 45
U VAVE A

The entire permutation is even if the two separated permutations are both
even or both odd. The permutation is odd if one of the separated permutations
is even and the other is odd. Therefore

Eivigigigis —  Eirig ° Eigigis-
It follows
2 2 5 5 5
D5 = Z Z Z Z Z Eirig * Cigigis i 1Ai52Ai33A5,4A555
i1=149=143=3i4=3 i5=3
2

]

= 61112a111a122 § § E 67,37,47,5a7,33a/144a7,55

11=11i2=1 13=314=315=3
a33 a34 Aa35
ail a2
= (43 (44 Qa45
a1 a2

53 As54 G55

When the blocks are along the “antidiagonal” line, we can evaluate the
determinant in a similar way, except we should be careful about its sign. For
example,

0 0 a13 a14

0 0 a9z ag az1 azz| |aiz ai
- : : (4.48)
a3y azz * * 41 (42 a23 24

a41 Q42 * *
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and

0
0
0

0
0
0

0
0
0

Q41 Q42 @43
a51 52 A53

ag1 A62 A63

4 Determinants

14 Q15 Q16
Q24 A25 @26

a34 ass a3e

* * *
* * *
* * *

(41 Q42 Q43 14 G15 Aa1e

= —|as1 Aas2 as3

| Q24 Q25 Q26 | . (449)

a1 Ge2 A3 a34 Aazs 36

We can establish the result of (4.48) by changing it to a block diagonal deter-
minant with an even number of interchanges between two rows. However, we
need an odd number of interchanges between two rows to change (4.49) into
a block diagonal determinant, therefore a minus sign.

Solution 4.5.1. Example 4.5.1. Evaluate

02071
10300
Ds=100051].
10400
00010
Solution 4.5.2.
02071 02071
10300 10300
Dg 00051 — (Rowd—Row2)={00051
10400 00100
00010 00010
051
= (1)(2) 1100 =-2-1=-2.
010

4.6 Laplacian Developments by Complementary Minors

(This section can be skipped in the first reading.)
The Laplace expansion of D3 by the elements of the third column is

a1 ai2 a13
a21 G22 @23
a31 az2 a33

21 422
asy as2

a11 @12
a3y @32

ai1 ai2
a1 a2

D3 = = a3




4.6 Laplacian Developments by Complementary Minors 199

The three second-order determinants are minors complementary to their re-
spective elements. It is also useful to think that the three elements a13, a3, ass
are complementary to their respective minors. Obviously the expansion can
be written as

apy a2
D3 = ass —
a21 G2

a21 a22
a3yl a32

a1y a12

. 4.50
as1 azs a1 (4.50)

In this way, it is seen that the determinant D3 is equal to the sum of the signed
products of all the second-order minors contained in the first two columns,
each multiplied by its complementary element. In fact, any determinant D,,,
even for n > 3, can be expanded in the same way, except the complementary
element is of course another complementary minor. For example, for a 4th
order determinant

aii a1z ai13 ai4

a21 A9 A3 A

Dy — 21 (22 (23 424 , (4.51)
az1 a3z a3z a34

A41 Q42 A43 A44

six second-order minors can be formed from the first two columns. They are

a1l ai2 as31 az2

Q41 Q42

a21 A22
41 Q42

a21 a22
a31 432

a1l ai2
41 Q42

a1 ai2
a31 a32

3 7 7 )

a21 a22

Let us expand Dy in terms of these six minors. First expanding D, by its first
column, then expanding the four minors by their first columns, we have

Dy = a11Ci1 + a21C21 + a31C31 4 a41Ca1, (4.52)
where
22 123 424
Chy = _ a33 434 23 424 23 24
11 = |32 A33 A34 | = G22 - + aq2
43 Q44 43 Q44 a33 a34
(42 43 A44
@12 A13 A14
Cor — _ 433 a34 a13 A14 @13 A14
21 = — |A32 G33 A34 | = —G12 a32 -
43 Q44 (43 Q44 as3 as4
42 (43 Q44
a12 @13 A14
23 24 @13 A14 a13 A14
C31 = |a22 az3 ag4 | = a12 +a
(43 Q44 43 Q44 a23 (24
42 43 A44
@12 13 A14
Cyr — _ 423 424 a13 A14 @13 A14
41 = — | Q22 A23 Q24 | = —A12 a22 - .
a33 a34 a33 (34 a3 a24

a32 433 434
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Putting these cofactors back into (4.52) and collecting terms, we have

as3 (34 a23 24
Dy = (a11a22 — az1a12) — (a11a32 — az1a12)
43 Q44 (43 44
a3 a24 ai3 a14
+(a11a41 — as1012) + (az1a32 — aziaz;)
ass as4 43 Q44
ai3 ai4 a13 G14
—(ag1a42 — as1a22) + (ag1a42 — aa1a32)
a33 a34 a23 G24
Clearly,
Dy = ai1 @12 | @33 @34 | _ |A11 Q12| | A23 (24
a21 a22 (43 44 a3l asz2 (43 44
aip a1z | | @23 24 + Q21 Q22| | @13 G14
a41 42 as3 a34 a31 432 Q43 Q44
_ | @21 @22 |a13 Q14 + asi azz| | @13 14
a41 42 as3 a3z4 41 Q42 @23 424

If D, is a block diagonal determin

ant,

a1l a2 a13 a4

a1 922 A23 A
D4: 21 422 ¢23 (24

0
0

0 a3z ass
0 a3 ass

then only the first term in (4.54) is nonzero, therefore

Dy =

a11 @12
a21 22

a33 a34
43 44

)

in agreement with the result derived in the last section.

If we adopt the following notation

182,512 —

A

Qiyjy @iy o

Qiyjy Qigjo

‘ . (4.53)

(4.54)

and M;, i, j, 4, as the complementary minor to A;,;, j,j,, the determinant Dy
in (4.51) can be expanded in terms of the minors formed by the elements of

any two columns,

3 4
_ titia+iiti2 4. . ..
Dy = Z Z (_1) Ahlzyhjz
i1=1142>11

M,

112,512

(4.55)
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With j; = 1, jo = 2, it can be readily verified that (4.55) is, term by term,
equal to (4.54). The proof of (4.55) goes the same way as in the Laplacian
expansion by a row. First (4.55) is a linear combination of 4! products, each
product has one element from each row and one from each column. The coef-
ficients are either +1 or —1, depending on whether an even or odd number of
interchange are needed to move iy to the first row, is to the second row, and
j1 to the first column, jo to the second column, without changing the order
of the rest of the elements. Obviously, the determinant can also be expanded
in terms of the minors formed from any number of rows.

For a nth order determinant D,,, one can expand it in a similar way, not
only in terms of second-order minors but also in terms of kth order minors
with & < n. Of course, for k = n — 1, it reduces to the regular Laplacian
development by a column. Following the same procedure of expanding Dy,
one can show that

f§ _1\atiettietiitie i o o
Dn - ( 1) A2112“'lk,]1]2“']kM1112"'1k,]1J2“'Jk’
(2)

where the symbol } (i) indicates that the summation is taken over all possible
permutations in the following way. The first set of subscripts i1is . .. i is from
n indices 12...n taken k at a time with the restriction iy < i5--- < i. The
second set subscripts jijo...Jjr are chosen arbitrarily but remain fixed for
each term of the expansion. This formula is general, but is seldom needed for
the evaluation of a determinant.

Ezxample 4.6.1. Evaluate

2131
1025
2113
1302

Dy =

by (a) expansion with minors formed from the first two columns, (b) expansion
with minors formed from the second and fourth rows.

Solution 4.6.1. (a)

D, |21 [13] |21 |25 21| |25
47 110| |02 21| 102 13| (13

10f (31p |10} |31 21] |31
21| (02 13 |13 13] |25

=—-2-0+5+6—24+65=50.
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(b)

D, = (71)2+4+1+2 13|13

1 0‘ ‘3 1 ' +(—1)2atIEs

12‘ ‘11‘

sl 53
il

+(_1)2+4+1+4

150 13 2444243
12’ '11’“ 2

+(_ 1)2+4+2+4

05 |23 2+443+4
32"’21’” D
=-24—4—-6+24+60—0=50.

4.7 Multiplication of Determinants of the Same Order
If |A| and |B| are determinants of order n, then the product
[Al-[Bl = [C]

is a determinant of the same order. Its elements are given by

n
= E aikbkj.
k=1

(As we shall show in Chap. 5, this is the rule of multiplying two matrices.)
For second-order determinants, this relation is expressed as

b1 b2
ba1 bao

(@11b11 + a12b21) (@11b12 + @12b22)
(a21b11 + a22b21) (a21bi2 + azebas) |’

a1l ai2

Al 1B = |
21 A22

To prove this, we use the property of block diagonal determinants.

a1 aA12 0 0

aiy ar2| |bi1 bi2 azy aze 0 0

Al-|B| = . .
4]+ 15| a1 aga | | b1 ba2 —1 0 b1 b2
0 —1 bay bao

Multiplying the elements in the first column by b7 and the elements in the
second column by by; and then add them to the corresponding elements in
the third column, we obtain

a1 a1z (a11bi1 + aizbar) 0
_|a21 a2 (a21b11 + az2b21) 0
0 -1 0 boo
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In the same way, we multiply the elements in the 1st column by b2 and the
elements in the second column by by2 and then add them to the corresponding
elements in the fourth column, it become

a1 a12 (a11b11 + a12b21) (a11b12 + a12b22)

0 -1

|A|-|B| = a1 agzz (a21b11 + azzbo1) (azibia + azabaz)
-1 0 0 0 ’
0 -1 0 0
By (4.48)
4] - |B| = ‘ (a11b11 + a12b21) (a11bi2 + ai2ba2)

)

(a21b11 + a22ba1) (a21b12 + azebas)

(a11b11 + a12b21) (@11b12 + a12b22)
(@21b11 + a22b21) (@21b12 + a22b22)

)

which is the desired result. This procedure is applicable to determinants of
any order. (This property is of considerable importance, we will revisit this
problem for determinant of higher order in the chapter on matrices.)

Example 4.7.1. Show that

b2+c2  ab ca
ab a2+ be = 4ab% 2.
ca be  a®+b?
Solution 4.7.1.
4+ ab ca becO bao
ab a®>+b® be |=la0c|-|c0a|=(-2abc)* = 4a’b*c>.

ca be  a?+b? Oabd Ocbd

4.8 Differentiation of Determinants

Occasionally, we require an expression for the derivative of a determinant. If
the derivative is with respect to a particular element a;;, then

oD,

3aij 7

where C}; is the cofactor of a;;, since

Dn == ZaijCij for 1 S ) S n.

j=1
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Suppose the elements are functions of a parameter s, the derivative of D,
with respect to s is then given by

dD,,  ~x= 9Dy dai; -, dag
K‘Zzaaﬁ ds] _ZZC” dsJ'

i=1 j=1 i=1 j=1

For example

al] a12 a13 3 3 3
D3 = |az1 azz azz | = E a1;C15 = E a2;Cy; = E a3;C3;,
=1 P

a3y 32 as3 Jj=1

3 3 3
s 3 i, 3 e, 1 3 i,
ds ; ds 7 4= ds 7 L~ ds Y
Jj=1 j=1 j=1
daj; dajp d
L =3l =odd ail aiz 13 ain a2 @13

dagy dags d
a1 e ags |+ | g G2 G2 | 4| a21 a2 ags
daz; dazp daszs

agy as2 ass as1 as2 ass ds ds. T de
cosx sinzx
Ezxample 4.8.1. If Dy = . , find dd&.
—sinx cosx z
Solution 4.8.1.
dDy | —sinz cosx cosz sinx
dz —sinx cosx —cosx —sinz

2

This is an obvious result, since Dy = cos® z + sin® z = 1.

4.9 Determinants in Geometry

It is well known in analytic geometry that a straight line in the xy-plane is
represented by the equation

ax +by+c=0. (4.56)

The line is uniquely defined by two points. If the line goes through two points
(z1,11) and (z2,y2), then both of them have to satisfy the equation

axry + by + ¢ =0, (4.57)
azry +bys + ¢ = 0. (4.58)
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These (4.56)—(4.58) may be regarded as a system in the unknowns a, b, ¢ which
cannot all vanish if (4.56) represents a line. Hence the coefficient determinant
must vanish:
z y 1
a1y 1] =0. (4.59)
T2 Y2 1
It can be easily shown that (4.59) is indeed the familiar equation of a line.
Expanding (4.59) by the third column, we have

z yl
1 y1 1| = (2192 — 2291) — (vy2 — 22y) + (2Y1 — 71Y) = 0.
T2 Y2 1

This equation can be readily transformed into (4.56) with a = y1 — y2, b =
To — T1, ¢ = 1Yo — x2yp. Or it can be put in form

Yy = mx + Yo,

Y2—Y1

where m = o Is the slope and yy = y1 — mx; is the y-axis intercept.
It follows from (4.59) that a necessary and sufficient condition for three
points (z1,41), (x2,y2), and (z3,ys) to lie on a line is

T1 Y1 1
z3 Y3 1
Now if the three points are not on a line, then they form a triangle and
the determinant (4.60) is not equal to zero. In that case it is interesting to
ask what does the determinant represent. Since it has the dimension of an
area, this strongly suggests that the determinant is related to the area of the
triangle.
The area of the triangle formed by three points A(xy,y1), B(22,y2),
and C(x3,ys) shown in Fig. 4.6 is seen to be

Area ABC = Area AA'C'C + Area CC'B’'B — Area AA'B’'B.

The area of a trapezoid is equal to half of the product of its altitude and the
sum of the parallel sides:

1

Area AA'C'C = 5(963 —x1)(y1 + v3)s
/ / 1

Area CC'B'B = 5(962 —3) (Y2 + ¥3),

Area AA'B'B = %(932 — 1) (Y1 + y2).
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C (X3,y3)

B (%.¥>)

A (x1,11)

’ ’ ’

A C B

Fig. 4.6. The area of ABC is equal to the sum of the trapezoids AA’C'C' and
CC’'B’'B minus the trapezoid AA’B’B. As a consequence, the area ABC can be
represented by a determinant

Hence
1
Area ABC = 5[(x3 —21)(y1 + y3) + (2 — 23) (Y2 + y3)

—(w2 — 21)(y1 + y2)]
1

=3 [(v2ys — w3y2) — (T1y3 — 23y1) + (T1y2 — T2y1)]
1 X yl 1

= — | T2 yg 1 . (461)
2

x3 Y3 1

Notice the order of the points ABC in the figure is counterclockwise. If
it is clockwise, the positions of B and C' are interchanged. This will result in
the interchange of row 2 and row 3 in the determinant. As a consequence, a
minus sign will be introduced. Thus we conclude that if the three vertices of
a triangle are A(z1,y1), B(x2,y2), C(x3,y3), then

1 Y1 1
ZTo yo 1| = £2 x Area of ABC, (4.62)

x3 Y3 1

where the + or — sign is chosen according to the vertices being numbered
consecutively in the counterclockwise or the clockwise direction.

Ezample 4.9.1. Use a determinant to find the circle that passes through (2,6),
(6,4), (7,1).

Solution 4.9.1. The general expression of a circle is

a(x® +y?) +br +cy+d=0.
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The three points must all satisfy this equation
a(@? +y7) +bxy +cyr +d =0,
a(z3 +y3) + bra + cys +d = 0,
a(x3 +y3) +brz +cyz +d = 0.

These equations may be regarded as a system of equations in the unknowns
a,b,c,d which cannot all be zero. Hence the coefficient determinant must
vanish

x2+y2 r oy
I +y7 o
T3+ Y5 T2 Yo

T3+ Y3 T3 Y3

e

Put in the specific values

x2+y2 x

40 2
92 6
50 7

=0.

ok O

1
1
1
1

Replacing the first row by (row 1 — row 2), and the third row by (row 3 —
row 2) and the fourth row by (row 4 — row 2), we have

2 +y? z oy 1 (22 + 4% —40) (z—2) (y—6) 0
40 261 40 2 6 1
52 6 4 1| 12 4 -2 0
50 711 10 5 -5 0

(2? +y* —40) (x-2) (y—6)
= 12 4 -2
10 5 -5

= —10(z® +y? — 40) + 40 (z — 2) + 20 (y — 6) = 0,
or
22 +y® — 40 — 4(x —2) — 2(y — 6) = 0.
which can be written as
(x—2)%+ (y—1)* = 25.

So the circle is centered at x = 2, y = 1 with a radius of 5.
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Ezample 4.9.2. What is the area of the triangle whose vertices are (—2,1),
(4,3),(0,0)?

Solution 4.9.2.

—-211
Area=1| 4 31| =-10.
001

The area of the triangle is 10 and the order of the vertices is clockwise.

Exercises

1. Use determinants to solve for z,y,z from the following system of

equations:
3z 4+ 6z = 51,
12y — 62 = —6,
r—y—z=0.

Ans.z =7, y=2, z=25.

2. By applying the Kirchhoff’s rule to a electric circuit, the following equa-
tions are obtained for the currents iy, 79,43 in three branches

1Ry +1i3R3 =Vy
19y +i3R3 = Vi
1+ 19 —i3 = 0.
Express i1,i9,73 in terms of resistance Rp, Ro, R3, and voltage source
Va,Ve.
Ans.
_ (RQ + Rg)VA — R3Ve
" 7 RiR, + R\ Rs + RyR3’
_ (Rl + R3)VC — R3V4
> 7 RiRy+ RiRs + RyR3’
_ RoVa+ R Ve
RiRs + RiR3 + RaR3’

13
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. Find the value of the following fourth-order determinant (which happens

to be formed from one of the matrices appearing in Dirac’s relativistic
electron theory)

0 0

—-10 0

Dy = 0

SO O
O = O O

0
0 0-1
Ans. 1.

. Without computation, show that a skew-symmetric determinant of odd
order is zero

0 a b c¢cd
—a 0 e fg
Dg=|-b—-e 0 h i|=0.
—c—f—-h 0 j
—d—g —i —j0
[Hint: DT = D and (—1)"Dg = DL.
ad2a—3d
. Show that |b e 2b —3e | = 0.
cf2c—3f
1 2 -3
. Determine x such that |—z 14+ 3z 3 — = | = 36.
0 -6 5

Ans. 13.

. The development of the determinant D,, on the ith row elements a; is
ZZ:1 a;kCik, where Cy is the cofactor of a;,. Show that

n
> akCir =0 for j #i.
k=1
[Hint: The expansion is another determinant with two identical rows.]

. Evaluate the following determinant by a development on (a) the first
column, (b) the second row

111 1
123 4
Di=113¢6 10|

1410 20
Ans. 1.

. Use the properties of determinants to transform the determinant in prob-
lem 6 into a triangular form and then evaluate it as the product of the
diagonal elements.
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10.

11.

12.

13.

14.

4 Determinants

Evaluate the determinant in problem 6 by expanding it in terms of the
2x2 minors formed from the first two columns.

Evaluate the determinant

\
—_

W= oOoto o

Ds

I
cCo o w
cocon

o oo
—_ o oo

Ans. 3080.
[The quickest way to evaluate is to expand it in terms of the 2x2 minors
formed from the first two columns.]

Without expanding, show that

ytzz+rax+y
T Y z =0.
1 1 1
[Hint: Add row 1 and row 2, factor out (z +y + 2).]

Show that (a)

Ty z Ty z
2?2 y? 22| = (vy +yz + z2) |22 y? 22
Yz Zx Y 1 11

[Hint: Replace row 3 successively by x - row 1 + row 3, then by y - row 1 4+
row 3, then by z-row 1 + row 3. Express the result as a sum of two deter-
minants, one of them is equal to zero.]

(b) Use the result of the Vandermonde determinant to show that

z
2 .2

8 8
S

22| = (wy +yz+zz)(x —y)(y — 2)(z — @)

<
I\
I
8
<

State the reason for each step of the following identity:

a—b—-a b 2a —2b —a b
ba —b—-a| |20 2a —b—a
c—d c —d| |0 0 ¢ —d
dc d ¢ 0 0 d c

2a —2b
2b 2a

_c—d
d c

‘ = 4(a® + ) (P + &)



15.

16.

17.

18.
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State the reason for each step of the following identity

abcd (a+0b)b(c+d)d (a+b) b (c+d) d
badc| |(b+a)a(d+c)c| 0 a—-b 0 c¢c—d
cdab| |(c+d)d(a+b)b| |(c+d) d (a+b) b
decba (d+c)c(b+a)a 0 ¢c—d 0 a-—b
(a+0b)(c+d) b d
_|(e+d)(a+b) d b
- 0 0 a—-bc—d
0 0 c—da-b

=[(a+)* = (c+d)[(a—1b)*—(c—d)?].

Show and state the reason for each step of the following identity

0 1 2 3 «--n-—1
1 0 1 2 -n—=2
2 1 0 1 ---n-3_ negy
5 2 1 0 ..op_a|= AT
n—1n—-2n-3n—4--- 0

[Hint: 1. Replace column 1 by column 1 + last column. 2. Factor out
(n — 1). 3. Replace row i by row ¢ — row(i — 1), starting with the last
row. 3. Replace row i by row ¢ + row 2. 4. Evaluating the triangular
determinant.]

Evaluate the following determinant

1 2 3 -een
n+1 n+2 n+3 < 2n
D, = 2n+1 2n 4+ 2 2n+ 3 - 3n.

(n—l.)n—|—1(n—l')n+2(n—1.)n—|—3::: n.2

Ans. Forn=1, D=1, n=2, Dy =-2; n>3, D, =0.
[Hint: For n > 3, replace row ¢ by row ¢ — row(i — 1).]

Use the rule of product of two determinants of same order to show the

24+ ab ca b2 +ac be 2
ab a2+ be = ab  2ac be
ca be  a®+b? a? ab b + ac

[Hint:
beO ba0 bcO bcO
alOcl-|cO0a|=|a0c|-|alc|.
Oab Ocbd Oabd Oab
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19. If f(s) is given by the following determinants, without the expansion of

f(o) find - f(2)

e’ e 1 cosx sinz In|x|
(a) flz)=|e®* —e ™ 0]; (b) f(z)=|—sinz cosz 1
e’ —e T —cosz —sinz —gﬂ%

Ans. (a) —2; (b) 1/z +2/x3.

20. The vertices of a triangle are (0,t), (3t,0), (¢,2t). Find a formula for the
area of the triangle.
Ans. 2t.

21. The equation representing a plane is given by ax + by + cz + d = 0. Find
the plane that goes through (1,1,1),(5,0,5),(3,2,6).
Ans. 3z +4y — 2z —5=0.
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Matrix Algebra

Matrices were introduced by British mathematician Arthur Cayley (1821-
1895). The method of matrix algebra has extended far beyond mathemat-
ics into almost all disciplines of learning. In physical sciences, matrix is not
only useful, but also essential in handling many complicated problems. These
problems are mainly in three categories. First in the theory of transformation,
second in the solution of systems of linear equations, and third in the solu-
tion of eigenvalue problems. In this chapter, we shall discuss various matrix
operations and different situations in which they can be applied.

5.1 Matrix Notation

In this section, we shall define a matrix and discuss some of the simple oper-
ations by which two or more matrices can be combined.

5.1.1 Definition
Matrices

A rectangular array of elements is called a matriz. The array is usually en-
closed within curved or square brackets. Thus, the rectangular arrays

4 7 v 4i cosf) sinf 0
12 6 |, ( —iy)’ —sinf cosf 0 (5.1)
—9 3 Ty 0 0 1

are examples of a matrix. It is convenient to think of every element of a matrix
as belonging to a certain row and a certain column of the matrix. If a matrix
has m rows and n columns, the matrix is said of order m by n, or m x n.
Every element of a matrix can be uniquely characterized by a row index and
a column index. It is convenient to write a m X n matrix as
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ai; a2 ... Qip

ag1 a22 ... Agn
A= ,

Am1 Am?2 - .- Amn

where a;; is the element of 7th row and jth column, it may be real or complex
number or functions. The elements may even be matrices themselves, in which
case the elements are called submatrices and the whole matrix is said to be

partitioned.
Thus, if the first matrix in (5.1) is called matrix A, then A is a 3 x 2 matrix,
4 7
it has three rows: (4 7), (12 6),(—9 3) and two columns: [ 12 |, | 6 | . Its
-9 3
elements are a11 = 4,a12 = 7,a21 = 12, a2 = 6,a31 = —9, and azs = 3.
Some times it is convenient to use the notation

A= (aij)mxn
to indicate that A is a m x n matrix. The elements a;; can also be expressed as

aij = (A)

ij
5.1.2 Some Special Matrices

There are some special matrices, which are named after their appearances.
Zero Matrix

A matrix of arbitrary order is said to be a zero matrix if and only if every
element of the matrix equals zero. A zero matrix is sometimes called a null
matric.

Row Matrix

A row matrix has only one row, such as (10 3). A row matrix is also called
a row vector. If it is called row vector, the elements of the matrix are usually
referred as components.

Column Matriz

3
A column matrix has only one column, such as | 4 |. A column matrix is
5
also called a column vector. Again if it is called column vector, the elements
of the matrix are usually called the components of the vector.
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Square Matrix

A matrix is said to be a square matrix if the number of rows equals the
number of columns. A square matrix of order n simply means it has n rows
and n columns. Square matrix is of particular importance. We will be dealing
mostly with square matrices together with column and row matrices.

For a square matrix A, we can calculate the determinant

det(A) = |A],

as defined in Chap.4. Matrix is not a determinant. Matrix is an array of
numbers, determinant is a single number. The determinant of a matrix can
only be defined for a square matrix.

Let A = (ay;),, be a square matrix of order n. The diagonal going from
the top left corner to the bottom right corner of the matrix, its elements
a11,a22, . . ., ann, are called the diagonal elements. All the remaining elements
a;; for i # j are called the off-diagonal elements.

There are several special square matrices that are of interest.

Diagonal Matrix

A diagonal matrix is a square matrix whose diagonal elements are not all
equal to zero, but off-diagonal elements are all zero. For example,

100 300
00 0 and 040
00 -2 005

are diagonal matrices. Therefore for a diagonal matrix

(A);; = aiidij,

where
_Jli=y,
=012
This kind of notation may seem to be redundant, as a diagonal matrix can

easily be visualized. However, this notation is useful in manipulating matrices
as we shall see later.

Constant Matrix

If all elements of a diagonal matrix happen to be equal to each other, it is
said to be a constant matrix or a scalar matriz.
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Unit Matrix

If the elements of a constant matrix are equal to unity, then it is a unit matrix.
A unit matrix is also called the Identity matriz, denoted by I, that is

10...0
01...0
I=1 .. ..
00...1

Triangular Matriz

A square matrix having only zero elements on one side of the principal diagonal
is a triangular matrix. Thus

12 3 100 000
A=|034 ], B=|320], c=[500
00 -2 450 430

are examples of a triangular matrix. A matrix for which a;; = 0 for ¢ > j is
called a right-triangular matriz or a upper triangular matriz, such as matrix
A above. Whereas a matrix with a;; = 0 for ¢ < j is called a left-triangular
matriz or a lower triangular matriz, such as matrix B. If all the principal
diagonal elements are zero, the matrix is a strictly triangular matriz, such
as matrix C. Diagonal matrix, identity matrix as well as zero matrix are all
triangular matrices.

5.1.3 Matrix Equation

Equality

Two matrices A and B are equal to each other if and only if, every elements
of A is equal to the corresponding element of B. Clearly A and B must be of
the same order, in other words they must have the same rows and columns.

Thus if
12 012 120
A_<34)’ B_(034>’ C_<340>’

A#B, B#C, C#A.
Therefore, a matrix equation A = B means that A and B are of the same
order and their corresponding elements are equal, i.e., a;; = b;;. For example,

the equation
T T2 _ 3t 1 + 2t
yiy2 ) \4t2 0

means 1 = 3t,y; = 4t2, 29 = 1 + 2t, 95 = 0.

With this understanding, often we can use a single matrix equation to
replace a set of equations. This will not only simplify the writing but will also
enable us to systematically manipulate these equations.

we see that
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Addition and Subtraction

We may now define the addition and subtraction of two matrices of the same
order. The sum of two matrices A and B is another matrix C. By definition

A+B=C

means
Cij = aij =+ bij-

For example,

a=(B15) 2= (137):

then
aen= ({09 615 (529) = (73 %).
o (29 020 509) - (57 R)

The sum of several matrices is obtained by repeated addition. Since matrix
addition is merely the addition of corresponding elements, it does not matter
in which order we add several matrices. To be explicit, if A, B,C are three
m X n matrices, then both commutative and associative laws hold

A+ B =B+ A,
A+(B+C)=(A+B)+C.
Multiplication by a Scalar

It is possible to combine a matrix of arbitrary order and a scalar by scalar
multiplication. If A is a matrix of order m x n

A= (a'ij)mxn
and ¢ a scalar, we define cA to be another m x n matrix such that

cA = (caij)mxn-

1 -35
A_(Q 4 6)’

-2 6 —10
_2‘4_(4 -8 12)'

The scalar can be a real number, a complex number, or a function, but it
cannot be a matrix quantity.

For example, if

then
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Note the difference between the scalar multiplication of a square matrix cA
and the scalar multiplication of its determinant ¢ |A|. For cA, ¢ is multiplied
to every elements of A, whereas for ¢|A|, ¢ is only multiplied to the elements
of a single column or a single row. Thus, if A is a square matrix of order n,
then

det(cA) = " |A].

5.1.4 Transpose of a Matrix

If the rows and columns are interchanged, the resulting matrix is called the
transposed matriz. The transposed matrix is denoted by A, called A tilde, or
by AT. Usually, but not always, the transpose of a single matrix is denoted
by the tilde and the transpose of the product of a number of matrices by the

superscript T.

Thus, if

ail a12 ... Ainp

asz1 a2 ... Agn
= )

Am1 Am?2 « .. Amn

then
a11 a1 ... m1
~ T a12 a2 ... Am2
A = A =

A1p A2p -« - Amn

By definition, if we transpose the matrix twice, we should get the original
matrix, i.e., _
AT = A,

Using index notation, this means

T s

(A)__ = (A)jz'7 (A ) = (A)ij'
17 1]

It is clear that the transpose of m x n matrix is a n x m matrix. The transpose

of a square matrix is another square matrix. The transpose of a column matrix
is a row matrix, and the transpose of a row matrix is a column matrix.

Symmetric Matrix

A symmetric matrix is a matrix that is equal to its transpose, i.e.,
A=A,
which means
Qi = Qjj-
It is symmetric with respect to its diagonal. A symmetric matrix must be a
square matrix.
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Antisymmetric Matrix

An antisymmetric matrix is a matrix that is equal to the negative of its
transpose, i.e., B
A=—-A,

which means
Qi = —Qyjj-

Thus the diagonal elements of an antisymmetric matrix must all be zero. An
antisymmetric matrix must also be a square matrix. Antisymmetric is also
known as skew-symmetric.

Decomposition of a Square Matrix

Any square matrix can be written as the sum of a symmetric and an antisym-
metric matrix. Clearly

A= (A+E)+%<A—Z)

M| =

is an identity. Furthermore, let

Ay = (A+?1), A, =

(4-3)

N | =
N | =

then Ag is symmetric, since

1 — 1/~
T L (4T T\ _ * _
AT =5 (AT + A7) = 5 (A+4) = 4,
and A, is antisymmetric, since
1 ~ 1/~
T _ (4T _ FT\ _ 2% _ — A
A= ()= (A A) =,
Therefore
A=A+ A,
A=A - A,
Example 5.1.1. Express the matrix
201
A= 0 32
—142

as the sum of a symmetric matrix and an antisymmetric matrix.
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Solution 5.1.1.

A:As+Aa7
2 01 20 -1 200
Ay == 032|]+(03 4 =(033],
—142 12 2 032
1 201 20-1 001
Aa:§ 032|—-1034 = 0 0-1
—142 12 2 —11 0

5.2 Matrix Multiplication

5.2.1 Product of Two Matrices

The multiplication, or product, of two matrices is not a simple extension
of the concept of multiplication of two numbers. The definition of matrix
multiplication is motivated by the theory of linear transformation, which we
will briefly discuss in Sect. 5.3.

Two matrices A and B can be multiplied together only if the number of
columns of A is equal the number of rows of B. The matrix multiplication
depends on the order in which the matrices occur in the product. For example,
if A is of order I x m, and B is of order m x n, then the product matrix
AB is defined but the product BA, in that order is not unless m = [. The
multiplication is defined as follows. If

A= (aij)lxrm B = (bz’j)mxna
then AB = C means that C is a matrix of order | x n and

C = (cij)

cij = aikbij.
k=1

So the element of the C' matrix at ith row and jth column is the sum of all
the products of the elements of ith row of A and the corresponding elements
of jth column of B. Thus, if

A— a11 a2 ., B= b11 b12 b3 ., C=AB,
a921 A22 b21 b22 b23

Ixn?

then

- ((anbn +ai2bo1) (a11b12 + arzbaa) (aribiz + a12b23)>
(a21b11 + a22ba1) (a21b12 + aabes) (a21b13 + azebaeg) ) -
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ayy @y v @yp ] Cyy Ci2 =+ Cyj ** Cqp
a,, a a bis bz o[y -+ ban Coy C c c
by dpp v+ dom 21 Cp2 *+ Cyj ** Cpp
boy boy -+|byj| -+ bop
81 8j2 -+ 8im .. . . Ci1 Ciz =+ |G| - Cin
bm1 bm2 . bmj . bmn
\ @ @2 -+ am / — \G1t G2 =+ G -+ Cn )

Fig. 5.1. Illustration of matrix multiplication. The number of columns of A must
equal the number of rows of B for the multiplication AB = C' to be defined. The
element at ith row and jth column of C'is given by ¢;; = a;1b1;+ai2b2;j+- - -+ aimbm;

The multiplication of two matrices is illustrated in Fig.5.1.

If the product AB is defined, A and B are said to be comformable (or
compatible). If the matrix product AB is defined, the product BA is not
necessarily defined. Given two matrices A and B, both the products of AB
and BA will be possible if, for example, A is of order m x n and B is of order
n X m. AB will be of order m x m, and BA of order n x n. Clearly if m # n,
AB cannot equal to BA, since they are of different order. Even if n = m, AB
is still not necessarily equal to BA. The following examples will make this
clear.

Example 5.2.1. Find the product AB, if

12 321
a=(51) 2-(1%5)-
Solution 5.2.1.

12 321

1= (53) (i30)
((1x34+2x4) (I1x24+2x5) (I1x1+2x6)
T \lBx3+4x4) 3x2+4x%x5) 3x14+4x6)

(111213

-\ 252627 )"
Here A is 2 x 2 and B is 2 X 3, so that AB comes out 2 x 3, whereas BA is
not defined.

Example 5.2.2. Find the product AB, if

(1) 5 (0)
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Solution 5.2.2.

1= (31) (6) = (555 - ()

Here AB is a column matrix and BA is not defined.

Example 5.2.3. Find AB and BA, if

2
A:(123), B=13
4
Solution 5.2.3.
2
AB=(123) 3 =(2+6+12)=(20)7
4
2 24 6
BA=13 (123): 36 9
4 4 8 12

This example dramatically shows that AB # BA.

Example 5.2.4. Find AB and BA, if
12 34
4=(31)- 2= (e)
12 34 13 16
AB = (3 4) <5 6) - (29 36)
34 12 15 22
pa=(35) (51) = (3):

AB # BA.

Solution 5.2.4.

and

Clearly

Example 5.2.5. Find AB and BA, if

11
1=(33)

I
—
— |

—
I~
—
~



5.2 Matrix Multiplication 223
Solution 5.2.5.

11 -1 1 00
a5=(55) (3 4) = (59):
-1 1 11 1 1
BA = ( 1 —1) (2 2) - (—1 —1>'
Not only AB # BA, but also AB = 0 does not necessarily imply A = 0 or
B=0or BA=0.

Ezxample 5.2.6. Let
20 03 03
4= (o). 2= (03) o= (3)

AB = AC.

= (50) (53) = (60)
o= () (39)-(30)

This example shows that AB = AC can hold without B = C or A = 0.

show that

Solution 5.2.6.

5.2.2 Motivation of Matrix Multiplication

Much of the usefulness of matrix algebra is due to its multiplication property.
The definition of matrix multiplication, as we have seen, seems to be “un-
natural” and somewhat complicated. The motivation of this definition comes
from the “linear transformations.” It provides a simple mechanism for chang-
ing variables. For example, suppose

Y1 = a1171 + a12T2 + a13T3, (5.2a)
Y2 = A21T1 + A22T2 + G233, 5.2b)

and further
21 = buiy1 + biaya, (5.3a)

29 = ba1y1 + bagyo. (5.3b)
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In these equations the x’s and the y’s are variables, while the a’s and the
b’s are constants. The x’s are related to the y’s by the first set of equations,
and the y’s are related to the z’s by the second set of equations. To find out
how the x’s are related to the z’s, we must substitute the values of the y’s
given by the first set of equations into the second set of equations

21 = b1 (@121 + a12@2 + a13x3) + b1z (2121 + 2222 + agsxs), (5.4a)

22 = bay (@121 + a12%2 + a1373) + bag (a2171 + a2 + azsxs) . (5.4b)
By multiplying them out and collecting coefficients, they become

z1 = (briair + bi2agr) 1

+(b11a12 + bi2ag2)xs + (bi1a1s + bizass)xs, (5.5a)
zo = (ba1a11 + bazao1) 1
+(ba1ara + bagage)xa + (ba1ais + basass)xs. (5.5b)

Now, using matrix notation, (5.2) can be written simply as

€1
a1 a1 a
(111)( 11 a12 13> s |, (5.6)
Y2 a21 22 423

€3

Not only the coefficients of a1, 23, and x3 in (5.5) are precisely the elements

of the matrix product
b11 b2 a1 ai2 a13
ba1 bao ao1 G2 G23 )’

but also they are located in the proper position. In other words, (5.5) can be

and (5.3) as

obtained by simply substituting (1?11) from (5.6) into (5.7)
2

z by b ai as a 1
1 11 b12 11 412 a13

= . 5.8
<Z2> (b21 b22> (a21 a2 a23> T2 (5:8)

€3

What we have shown here is essentially two things. First, matrix multi-
plication is defined in such a way that linear transformation can be written
in compact forms. Second, if we substitute linear transformations into each
other, we can obtain the composite transformation simply by multiplying co-
efficient matrices in the right order. This kind of transformation is not only
common in mathematics, but is also extremely important in physics. We will
discuss some of them in later sections.
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5.2.3 Properties of Product Matrices
Transpose of a Product Matrix

A result of considerable importance in matrix algebra is that the transpose
of the product of two matrices equals the product of the transposed matrices
taken in reverse order,

(AB)T = BA. (5.9)

To prove this we must show that every element of the left-hand side is
equal to the corresponding element in the right-hand side. The ijth element
of the left-hand side of (5.9) is given by

(AB)T),, = (AB)ji = > _(A)j(B)ni- (5.10)
k
The ijth element of the left-hand side of (5.9) is

(84),=2(B),, (4),, = LB

ij

=> (A)s(B)ki, (5.11)

k

where in the last step we have interchanged (B); and (A);j because they are
just numbers. Thus (5.9) follows.

Ezxample 5.2.7. Let

2 3 15
A:<0_1> and B—<24>,

show that

Solution 5.2.7.

= (35) (3) = (25) amr=(27),
i=(a0) = (h) m-G ()= (20)

Thus, (AB)T = BA.
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Trace of a Matrix

The trace of square matrix A = (a;;) is defined as the sum of its diagonal
elements and is denoted by Tr A

TrA= i Qg5 -
i=1

An important theorem about trace is that the trace of the product of a finite
number of matrices is invariant under any cyclic permutation of the matrices.
We can first prove this theorem for the product of two matrices, and then the
rest automatically follow.

Let A be a n x m matrix and B be a m X n matrix, then

(AB)ii = > > aijbi,

Tr(AB) =)
i=1 i=1 j=1
TI‘(BA) = (BA)jj = Z Z bjiaij.
j=1 j=11i=1

Since a;; and b;; are just numbers, their order can be reversed. Thus
Tr (AB) = Tr(BA).

Notice that the trace is defined only for a square matrix, but A and B do
not have to be square matrices as long as their product is a square matrix.
The order of AB may be different from the order of BA, yet their traces are
the same.

Now

Tr(ABC) = Tr(A(BC)) = Tr((BC)A)
= Tr(BCA) = Tr(CAB). (5.12)
It is important to note that the trace of the product of a number of matrices

is not invariant under any permutation, but only a cyclic permutation of the
matrices.

Example 5.2.8. Let

406 101
A=[521], B=[912],
783 041

show that (a) Tr(A + B) = Tr(A) 4+ Tr(B), and (b) Tr(AB) = Tr(BA).
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Solution 5.2.8.

406 101 507
(a) Te(A+B)=Tr{ [521 ]| +[912]3=Tr|14 33
783 041 7124
=5+34+4=12,
406 101
Tr(A)+ Te(B)=Tr [ 521 | +Tr [ 912
783 041
—(4+24+3)+(1+1+1) =12
(b)
106\ /101 424 10
Tr(AB)=Tr (521 | [912 ) =Tr |23 6 10 | = 36,
783) \041 79 20 26
101\ /406 118 9
Tr(BA)=Tr| 912 | (521 =Tr | 551861 | = 36.
041) \783 2716 7

Associative Law of Matrix Multiplication

If A, B, and C are three matrices such that the matrix product AB and BC
are defined, then
(AB)C = A(BC). (5.13)

In other words, it is immaterial which two matrices are multiplied together
first. To prove this, let

A=(aij)xns B=ij)nye: C=1(Cij)onp-

The ijth element of the left-hand side of (5.13) is then

(AB)C)ij = > (AB)ir(Chij = > (Z(A)u(B)m> (C)rj

k=1 k=1 \Il=1
o n

= aibigcry,
k=11=1

while the ijth element of the right-hand side (5.13) is
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A)u(BC); =Y (A)a 1k (C)j

=1 k:l
n
= E aibiCrj-

Clearly ((AB)C);; = (A(BC));-

M:

(A(BC))ij =

I
-

N
Il
—
e
Il
—

Example 5.2.9. Let

show that

Solution 5.2.9.

B <52—1) ;)_21 (9 —2)
53 1 9 1 16 2
Clearly A(BC) = (AB)C. This is one of the most important properties of
matrix algebra.

Distributive Law of Matrix Multiplication

If A, B, and C are three matrices such that the addition B + C and the
product AB and BC' are defined, then

A(B+C)=AB+ AC. (5.14)
To prove this, let

A= (ayy) B = (bij)nyps  C=(Cij)nxp (5.15)

mxn’
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so that the addition B + C' and the products AB and AC' are defined. The
ijth element of the left-hand side of (5.14) is then

n n
(A(B+C));; = > (A)in(B+Chij = > _(A)ir(Brj + Cij)
k=1 k=1
= ;i (brj + cij).
k=1
The ijth element of the right-hand side of (5.14) is

(AB + AC),; = (AB),, + (AC);

> (Wik(Brj + > _(A)ik(C)rj
k=1

>
Il
—

I
NE

aik (br;j + Cj)-

b
Il
_

Thus, (5.14) follows.

Ezxample 5.2.10. Let
12 2 -1
1=(a0) 7= (33) e

C(A+B)=CA+CB.

) [(8)-

N
| co
—

show that
Solution 5.2.10.

C(A+B)=

2
CA+CB=11
4

5 —8
Hence, C(A+ B)=CA+ CB.
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5.2.4 Determinant of Matrix Product

We have shown in the chapter on determinants that the value of the determi-
nant of the product of two matrices is equal to the product of two determi-
nants. That is, if A and B are square matrices of the same order, then

|AB| = |A][B].

This relation is of considerable interests. It is instructive to prove it with the
properties of matrix products. We will use 2 x 2 matrices to illustrate the
steps of the proof, but it will be obvious that the process is generally valid for
all orders.

1. If D is a diagonal matrix, it is easy to show |DA| = |D||A].
For example, let D = (dn 0 ), then

0 dos
DA = dip 0 @11 @12 _ di1a11 di1aq2
0 da a21 22 doaoy dazass )’

di1 O
|D| = ’ 81 do = di1da2,

dira1r diiare aiy a2
DA| = = d =|D||A]|.
DA da2a21 da2a22 U522 g1 ago ID114]

2. Any square matrix can be diagonalized by a series of row operations which
add a multiple of a row to another row.

For example, let B = <:1,) i) Multiply row 1 by —3 and add it to row

. 12
3, the matrix becomes (O _2>. Then add row 2 to row 1, we have the
0
0-2)°
3. Each row operation is equivalent to premultiplying the matrix by an ele-
mentary matrix obtained from applying the same operation to the identity
matrix.

diagonal matrix (1

For example, multiply row 1 by —3 and add it to row 2 of (é (1)), we

33 ?) Multiply this matrix to the left

()= (151)63)=(6%)

we get the same result as operating directly on B. The elementary matrix

obtain the elementary matrix (

of B,

for adding row 2 to row 1 is < (1) 1) . Multiplying this matrix to the left of

<(1) _22 ), we have the diagonal matrix
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(D) (%) =(%)

4. Combine the last equations

(1) (62) = (o) (51) (53)-(6.5%):
e=(01) (5D =(31): 2=(0%).

we can write the equation as

= (1) (31)=(6%) =

This equation says that the matrix B is diagonalized by the matrix F,
which is the product of a series of elementary matrices.

5. Because of the way FE is constructed, multiplying E to the left of any
matrix M is equivalent to repeatedly adding a multiple of a row to another
row of M. From the theory of determinants, we know that these operations
do not change the value of the determinant. For example,

10
12
|B_‘34'_4—6_—2.

Therefore the determinant of the diagonalized matrix D is equal to the
determinant of the original matrix B,

|D| = |B].
In fact M can be any matrix, as along as it is compatible,
|[EM| = [M].

6. Now let M = BA,
|E(BA)| = |BA|.

But
|E(BA)| = [(EB) Al = |[DA| = [D||4],

since D is diagonal. On the other hand |D| = | B|, therefore
[BA| = [B|[A].

Since |B| |A| = |A]|B|, it follows |BA| = |AB|, even though BA may not
be equal to AB.
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5.2.5 The Commutator

The difference between the two products AB and BA is known as the com-

mutator
[A,B] = AB — BA.

If in particular, AB is equal to BA, then
[A, B] =0,

the two matrices A and B are said to commute with each other.
It follows directly from the definition that:

b [AaA] =

o [AI=[[,A]=0

e [A B]=—-[B,A]

o [A(B+C)|=[AB]+][AC]

e [A[B,C]+[B,[C,A]l+][C,[A,B]]=0

Ezxample 5.2.11. Let
(01 (0 (10
e=\10) v~ \io) 727 \0o-1)"

[02,0y] =2i0,, [0y,0.] =2i0,, [0.,0,]= 2i0,.

show that

Solution 5.2.11.
{01\ [0—i\ .[/10
7% =\10)\io )" "\o-1)
0=\ 01\ (10
v =\io )\10)” o-1)
(02,04 = 0p0, —0y0, =21 ((1) _01> = 2io,.

Similarly, [0,,0.] = 2i0, and [0, 0] = 2i0,.

Example 5.2.12. If a matrix B commutes with a diagonal matrix with no two

elements equal to each other, then B must also be a diagonal matrix.



5.3 Systems of Linear Equations 233

Solution 5.2.12. To prove this, let B commute with a diagonal matrix A of
order n, whose elements are

(A);; = aibij (5.16)
a; 7& a; if 4 7£ ]

We are given that
AB = BA.

Let the elements of B be b;;, we wish to show that b;; = 0, unless 7 = j.
Taking the ijth element of both sides, we have

Y (Wa(Blig =Y (Blin(A)sj-
k=1 k=1

On using (5.16), this becomes

n n
> aibikbr; = Y birakSi;,
k=1 k=1
with the definition of delta function
aibij = bijaj.

This shows
(GJZ' — aj)bij =0.

Thus b;; must be all equal to zero for i # j, since for those cases a; # a;. The
only elements of B which can be different from zero are the diagonal elements
bii, proving that B must be a diagonal matrix.

5.3 Systems of Linear Equations

The method of matrix algebra is very useful in solving a system of linear
equations. Let x1,22,...,2, be a set of n unknown variables. An equation
which contains first degree of x; and no products of two or more variables is
called a linear equation. The most general system of m linear equations in n
unknowns can be written in the form

a1121 + a12x2 + - -+ + a1y = di,
(2171 + A22%2 + - -+ + A2p Ty = da,

(5.17)
Am1T1 F Q2T + -+ QmnTp = dim,.

Here the coefficients a;; and the right-hand side terms d; are supposed to be
known constants.
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We can regard the variables x1,xs,...,2, as components of the n x 1

column vector x
T1
T2

Ty
and the constants dq,ds, ..., d,, as components of the m x 1 column vector d
dy
da
d =
dm

The coefficients a;; can be written as elements of the m x n matrix A

ail a12 ... Ain

a1 a2z ... G2n
A =

Am1 Am?2 - -+ Amn

With the matrix multiplication defined in Sect. 5.2, (5.17) can be written as

a1 a12 ... Qip X1 d1
az1 a2 ... a2n €2 ds
Aml Am2 -+« Qmn Ty dm,

If all the components of d are equal to zero, the system is called
homogeneous. If at least one component of d is not zero, the system is called
nonhomogeneous. If the system of linear equations is such that the equations
are all satisfied simultaneously by at least one set of values of z;, then it is
said to be consistent. The system is said to be inconsistent if the equations
are not satisfied simultaneously by any set of values. An inconsistent system
has no solution. A consistent system may have an unique solution, or an in-
finite number of solutions. In the following sections, we will discuss practical
ways of finding these solutions, as well as answer the question of existence and
uniqueness of the solutions.

5.3.1 Gauss Elimination Method

Two linear systems are equivalent if every solution of either system is a solu-
tion of the other. There are three elementary operations that will transform
a linear system into another equivalent system:
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1. Interchanging two equations
2. Multiplying an equation through by a nonzero number
3. Adding to one equation a multiple of some other equation

That a system is transformed into an equivalent system by the first oper-
ation is quite apparent. The reason that the second and third kinds of opera-
tions have the same effect is that when the same operations are done on both
sides of an equal sign, the equation should remain valid. In fact, these are
just the techniques we learned in elementary algebra to solve a set of simul-
taneous equations. The goal is to transform the set of equations into a simple
form so that the solution is obvious. A practical procedure is suggested by
the observation that a linear system, whose coefficient matrix is either upper
triangular or diagonal, is easy to solve.

For example, the system of equations

—2x9 + x3 = 8,
21’1 — T2+ 41’3 = 73, (518)
T1 — Xo + x3 = —2,
can be written as
0 -21 1 8
2 -1 4 o | = -3
1 -11 T3 —2

Interchange equation 1 and equation 3, the system becomes

T4 — To+x3=—2 1 —-11 €1 —2
2%1 — X9 +4$3:—3 2 -1 14 ) = -3 )
—2x9 +23=28 0 -21 T3 8

where we have put the matrix equation representing the system right next to
it. Multiply equation 1 of the rearranged system by —2 and add to equation
2, we have

$1—$2+x3:—2 1 —-11 T —2
To + 2x3=1 0 1 2 To | = 1
—2x9 +13=28 0 —-21 xs 8

Multiply equation 2 of the last system by 2 and add to equation 3

T, — X9+ x3=-—2 1 —-11 T —2
To + 2x3=1 0 1 2 To | = 1 . (5.19)
533‘3 =10 0 0 5 T3 10

These four systems of equations are equivalent because they have the same
solution. From the last set of equations, it is clear that x3 = 2,250 = 1—2x3 =
—3,and r1 = -2+ x5 —x3 = —T.

This procedure is often referred to as the Gauss elimination method, the
echelon method, or triangularization.
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Augmented Matrix

To simplify the writing further, we introduce the augmented matrix. The
matrix composed of the coefficient matrix plus an additional column whose
elements are the nonhomogeneous constants d; is called the augmented matrixz
of the system. Thus

a1 a12 ... Qip dl
as1 a2 ... an d2
Am1 Am2 -+ Gmn | dn

is the augmented matrix of (5.17). The portion in front of the vertical line
is the coefficient matrix. The entire matrix, disregarding the vertical line, is
the augmented matrix of the system. Clearly the augmented matrix is just a
succinet expression of the linear system.

Instead of operating on the equations of the system, we can just operate on
the rows of the augmented matrix with the three elementary row operations
which consist of:

1. Interchanging of any two rows
2. Multiplying of any row by a nonzero scalar
3. Adding a multiple of a row to another row

Thus we can summarize the Gauss elimination method as using the ele-
mentary row operations to reduce the augmented matrix of the original system
to an echelon form. A matrix is said to be in echelon form if:

1. The first element in the first row is nonzero.

2. The first (n — 1) elements of the nth row are zero, the rest elements may
or may not be zero.

3. The first nonzero element of any row appears to the right of the first
nonzero element in the row above.

4. As a consequence, if there are rows whose elements are all zero, then they
must be at the bottom of the matrix.

Thus we can think of solving the linear system of (5.18) in the above
example as reducing the augmented matrix from

0-21] 8

2 -1 4| -3

1 -1 1] =2
to the echelon form

1 —-11] -2

01 2] 1

0 0 51 10

from which the solution is easily obtained.
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Gauss—Jordan Elimination Method

For a large set of linear equations, it is sometimes advantageous to continue
the process to reduce the coefficient matrix from the triangular form to a
diagonal form. For example, multiply the third row of the last matrix by 1/5

1 -11| -2
01 2|1 (5.20)
0 0 1] 2
Multiply row 3 by —2 and add to row 2
1 -1 1] =2
01 0] -3
0 0 1] 2
Multiply row 3 by —1 and add to row 1:
1 -10| -4
01 0 -3
0 0 1] 2
Add row 2 to row 1:
100 -7
010|-31,
001| 2
which corresponds to z1 = —7,x2 = —3, and x3 = 2. This process is known

as the Gauss—Jordan elimination method.

5.3.2 Existence and Uniqueness of Solutions of Linear Systems

For a linear system of m equations and n unknowns, the order of the coefficient
matrix is m x n that of the augmented matrix is m x (n 4+ 1). If m < n, the
system is underdetermined. If m > n, the system is overdetermined. The most
interesting case is m = n. In all three cases, we can use Gauss elimination
method to reduce the augmented matrix into an echelon form. Once in the
echelon form, the problem is either solved, or else shown to be inconsistent.
A few examples will make this clear.

Example 5.3.1. Solve the following system of equations:

I1+I27I3:2,
201 —x9 + 23 =1,

3r1 — x9 +x3 = 4.
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Solution 5.3.1. The augmented matrix is

11 —-1]2
2 -1 1 1]1/].
3 -1 114

Multiply row 1 by —2 and add to row 2:
11 —-1] 2
0 -3 3| -3
3 -1 1 4

Multiply row 1 by —3 and add to row 3:
11 —-1] 2
0 -3 3 |-
0 -4 4 | —

Multiply row 2 by —1/3:

1 1 -1
01 -1 1
0 -4 4 | -2

Multiply row 2 by 4 and add to row 3:

11 -1]2
01 —-1}1
00 0|2

This represents the system of equations
T1+ 22— 23 =2,
o —x3 =1,

0=2

Since no values of z1, x5, and x5 can make 0 = 2, the system is inconsistent,
and has no solution.

Ezxample 5.3.2. Solve the following system of equations:
r1 + 31 + 23 = 6,
3$1 — 2372 — 8183 = 7,
4x1 + dxo — 33 = 17.
Solution 5.3.2. The augmented matrix is

1 3 1 6
3 -2 =8| 7
4 5 —=3|17
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Multiply row 1 by —3 and add to row 2:

1 3 1 6
0 —11 =11 | —-11
4 5 =3 | 17
Multiply row 1 by —4 and add to row 3:
1 3 1 6
0 —11 —11| —-11
0 -7 =7 =7
Multiply row 2 by —1/11:
1 3 1 6
0 1 1 1
0 -7 —-7| -7
Multiply row 2 by 7 and add to row 3:
131]6
0111
0000
This represents the system
z1 + 3x9 + 23 = 6,
To+x3 =1,
0=0.

This says xo = 1 —x3 and 1 = 6 — 315 —

x3 = 3+ 2x3. The value of x3 may be

assigned arbitrarily, therefore the system has an infinite number of solutions.

FEzample 5.3.3. Solve the following syste

T1 + 22
x1 + 229

21’1 + X2
Solution 5.3.3. The augmented matrix

11
12
21

Multiply row 1 by —1 and add to row 2:

11
01
21

m of equations:
=2,

=3,

=3.

is

2

3
3

2
1
3
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Multiply row 1 by —2 and add to row 3:

1 1 2
0 1 1
0 —-1] -1
Add row 2 to row 3:
1112
011
00|0
The last augmented matrix says
T+ To = 2,
To = ].,
0=0.

clearly o = 1 and x1 = 1. Therefore this system has an unique solution.

To answer questions of existence and uniqueness of solutions of linear
systems, it is useful to introduce the concept of the rank of a matrix.

Rank of a Matrix

There are several equivalent definitions for the rank of a matrix. For our
purpose, it is most convenient to define the rank of a matrix as the number of
nonzero rows in the matrix after it has been transformed into a echelon form
by elementary row operations.

In Example 5.3.1, the echelon forms of the coefficient matrix C, and of the
augmented matrix A, are, respectively,

-1
Ce = 1

0

O O

1 -1 1
1 -11], Ac=10
0 0 0

O = =
N =N

In C,, there are two nonzero rows, therefore the rank of the coefficient matrix
is 2. In A, there are three nonzero rows, therefore the rank of the augmented
matrix is 3. As we have shown, this system has no solution.

In Example5.3.2, the echelon forms of these two matrices are

Ce =

OO =
O = W

1 1
1), A.=1{0
0 0

O = W
O ==
SO = O

They both have only two nonzero rows. Therefore the rank of the coefficient
matrix equals the rank of the augmented matrix. They both equal to 2. As
we have seen, this system has infinite number of solutions.



5.4 Inverse Matrix 241

In Example 5.3.3, the two echelon forms are
11 112
Ce=101], A.=1011
00 000

Both of them have two nonzero rows, therefore the coefficient matrix and the
augmented matrix have the same rank of 2. As we have shown, this system
has an unique solution.

From the results of these examples, we can make the following observa-
tions:

1. A linear system of m equations and n unknowns has solutions if and only
if the coefficient matrix and the augmented matrix have the same rank.

2. If the rank of both matrices is r, and r < n, the system has infinitely
many solutions.

3. If r = n, the system has only one solution.

Actually these statements are generally valid for all linear systems regard-
less of whether m < n, m =n, or m > n.

The most interesting case is m = n = r. In that case, the coefficient
matrix is a square matrix. The solution of such systems can be obtained from
(1) the Cramer’s rule discussed in the chapter of determinants, (2) the Gauss
elimination method discussed in this section, and (3) the inverse matrix which
we will discuss in Sect. 5.4.

5.4 Inverse Matrix

5.4.1 Nonsingular Matrix

The square matrix A is said to be nonsingular if there exists a matrix B such
that
BA=1,

where I is the identity (unit) matrix. If no matrix B exists, then A is said
to be singular. The matrix B is the inverse of A and vice versa. The inverse
matrix is denoted by A~!
A™'=B.
The relationship is reciprocal. If B is the inverse of A, then A is the inverse
of B. Since
BA=A1'A=1, (5.21)

applying B~ from the left
B™'BA=B"'I.

It follows:
A=B"" (5.22)
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Existence
If A is nonsingular, then determinant |A| # 0.
Proof. If A is nonsingular, then by definition A~! exists and AA~! = I. Thus
|AATY = |A|-|A7Y = |1].
Since |I| = 1, neither [A| nor [A™!| can be zero.
If |A| # 0, we will show in following sections that A~! can always be found.
O

Uniqueness

The inverse of a matrix, if it exists, is unique. That is, if

AB =1,

AC =1,
then

B=C.

This can be seen as follows. Since AC = I, by definition C = A~!. It follows
that:
CA=AC=1.

Multiplying this equation from the right by B, we have
(CA)B=1B =B.

But
(CA)B=C(AB)=CI=C.

It is clear from the last two equations that B = C.

Inverse of Matrix Products

The inverse of the product of a number of matrices, none of which is singular,
equals the product of the inverses taken in the reverse order.

Proof. Consider three nonsingular matrices A, B, and C'. We will show
(ABC)"' =07 'B7tA™h

By definition
ABC(ABC)™ ' =1.

Now
ABC(CT'B™'A Y)Y = AB(CcCc B tA™!
=ABB AT = AIAT = AAT =1
Since the inverse is unique, it follows that:

(ABC)™' =c'B7tA™h
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5.4.2 Inverse Matrix by Cramer’s Rule

To find A~!, let us consider the set of nonhomogeneous linear equation

a11 A12 ... A1p X1 d1
a21 A22 ... A2p X2 dg

= . (5.23)
Apl A2 ... Gpn LT dy

written as
(A)() = (d). (5.24)

According to Cramer’s rule discussed in the chapter on determinants

N;

s =
2 ‘A| ?

where | A| is the determinant of A and N; is the determinant

a11 ... @11 d1 A1iq1 ... Q1p

agy ... agi—1 da G241 ... da2q
N; =

Gpl - - Ani—1 dn Uni+1 - - Ann

Expanding N; over the ¢th column, we have

1 n
j=1

where C}; is the cofactor of jth row and ith column of A.
Now let A~! = B, i.e.,

bi1 bi2 ... b1y

41— g bay baa ... bap

bnl bn2 oo bnn

Applying A~ to (5.24) from the left

SO
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or
€1 bi1 bi2 ... bin dy
T ba1 boa ... ba, dy
Tn bnl bn2 e bnn dn
Thus .
Ty = Zbijdj. (526)
j=1
Compare (5.25) and (5.26), it is clear
1 1 ~
bij = —Cyi = —Cyy.
LAl ALY

Thus the process of obtaining the inverse of a nonsingular matrix involves
the following steps:

(a) Obtain the cofactor of every element of the matrix A and write the matrix
of cofactors in the form

Cll C(12 Cln
B 021 022 . an
Cnl Cn2 e Cnn

(b) Transpose the matrix of cofactors to obtain

Ci1 Co1 ... Oy
- Cia Cag ... Oy
C= .

Cln C2n s Cnn

(c) Divide this by det A to obtain the inverse of A

Cll C(21 Cnl

1 1 012 022 On2
A s

Cln C2n s Cnn

Example 5.4.1. Find the inverse of the following matrix by Cramer’s rule:

-3 1 -1
A=|15 -6 5
-5 2 =2
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Solution 5.4.1. The nine cofactors of A are

-6 5 15 5 15 —6
Ci1 = 9 _9 =2, 012——‘5 _9 =35, C13—’5 2’—07
1 -1 -3 -1 -3 1
021__‘2 _2‘_07 022_‘_5 _2‘_17 023__’_5 2’_17
1 -1 -3 -1 -3 1
C31 = 6 5 = -1, 032’15 5 ‘ 0, 033‘15 —6‘3'

The value of the determinant of A can be obtained from the Laplacian expan-
sion over any row or any column. For example, over the first column

|A| = —-3C11 +15C9 —5C31 = —6+0+5=—1.
So the inverse exists. The matrix of cofactors C' is

250
C=1011
-103

The inverse of A is then obtained by transposing C' and dividing it by det A.
Therefore

L. g [250\" /(=20 1
A—lzjcz—l 011 =(-5-10 |. (5.27)
S T 0 —1-3
It can be directly verified that
-20 1 -3 1 -1 100
A'A=| -5-10 15—-65 |=]|010
0 —1-3 -5 2 =2 001

In literature, the transpose of the cofactor matrix of A is sometimes defined
as the adjoint of A, i.e., adj A = C. However, the name adjoint has another
meaning, especially in quantum mechanics. It is often defined as the Hermitian
conjugate Af, i.e., adj A = AT. We will discuss Hermitian matrix in Chap. 6.

For a large matrix, there are more efficient techniques to find the inverse
matrix. However, for a 2 x 2 nonsingular matrix

ai a
A— 11 A12 7
az1 @22

one readily obtains from this method

- L ([ axn —an
A7l = — .
|A] (—a21 ar

This result is simple and useful, It may even be worthwhile to memorize it.
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Ezxample 5.4.2. Find the inverse matrices for

12 cosf sinf
A_(34)’ R_<—sin9 cos&)'
Solution 5.4.2.

=y (5 7)< (5 i)

R_l_; cosf) —sinf\  (cosf —sind
 (cos20 +sin?f) \sinf cosf ) \sinf cost )

One can readily verify

(5 10) (53)-(31).

cosf) —sinf cosf@ sinf\ (10
sinf cos® —sinf cosf® ) \01)"

5.4.3 Inverse of Elementary Matrices
Elementary Matrices

An elementary matrix is a matrix that can be obtained from the identity
matrix I by an elementary operation. For example, the elementary matrix F,
obtained from interchanging row 1 and row 2 of the identity matrix of third

order is
010

Er=1100
001

On the other hand, the elementary row operation of interchanging row 1
and row 2 of any matrix A of order 3xn can be accomplished by premultiplying
A by the elementary matrix F,

010 a1 a2 a1 a2
100 az1 azy | = | ai1 a2
001 asi asp asi ase

The second elementary operation, namely multiplying a row, say row 2,
by a scalar k can be accomplished as follows:

100 a1 a2 air a2
0kO ag1 A922 = k’agl k‘agg
001 asi ass asy  as2
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Finally, to add the third row k times to the second row, we can proceed
in the following way

100 aii a2 an a2
01k a1 azz | = | a1 + kaz1 ag + kasp
001 az1 ass asi ass

Thus, to effect any elementary operation on a matrix A, one may first
perform the same elementary operation on an identity matrix to obtain the
corresponding elementary matrix. Then premultiply A by the elementary
matrix.

Inverse of an Elementary Matrix

Since the elementary matrix is obtained from the elementary operation on
the identity matrix, its inverse simply represents the reverse operation. For
example, F is obtained from interchanging row 1 and row 2 of the identity
matrix [

010
EI=E,=[100
001
Since
100
Ef'Ey=I=[010],
001

ET ! represents the operation of interchanging row 1 and row 2 of E;. Thus
E7 is also given by
010
E;'=1100 | =E;.
001

The inverses of the two other kinds of elementary matrices can be obtained
in a similar way, namely

100 100

Ey=|(0k0 |, Ey'=(01/k0 |,
001 00 1
100 10 0

Es=(01k|, Ej'=[01-k
001 00 1

It can be readily shown by successive elementary operations that

a00 1/a 0 0
E,=|0b0 ]|, E;! 0 1/b 0
00c 0 0 1/c
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and
1000 100 0
[ 01nm ~1_|01-n-m
Bs=1oo10|" % =|oo1 o
0001 000 1

5.4.4 Inverse Matrix by Gauss—Jordan Elimination

For a matrix of large order, Cramer’s rule is of little practical use. One of the
most commonly used methods for inverting a large matrix is the Gauss—Jordan
method.

Equation (5.23) can be written in the form

a11 A12 ... A1 X1 10...0 d1
a21 422 ... A2p T 01...0 dg

=|.. .. s (5.28)
Aptl Gp2 - .. App, Ty 00...1 dy,

or symbolically as

(A)(z) = (I)(d). (5.29)
If the both sides of this equation is under the same operation, the equa-
tion will remain to be valid. We will operate them with the Gauss—Jordan
procedure. Each step is an elementary row operation which can be thought
as premultiplying (multiplying from the left) both sides by the elementary
matrix representing that operation. Thus the entire Gauss—Jordan process is
equivalent to multiplying (5.29) by a matrix B which is a product of all the
elementary matrices representing the steps of the Gauss—Jordan procedure

(B)(A)(x) = (B)(I)(d)- (5.30)
Since the process reduces the coefficient matrix A to the identity matrix I, so
BA=1.
Postmultiplying both sides by A~!
BAA ' =71A71,

we have

B=A""1.

Therefore when the left-hand side of (5.30) becomes a unit matrix times the
column matrix x, the right-hand side of the equation must be equal to the
inverse matrix times the column matrix d.

Thus if we want to find the inverse of A, we can first augment A by
the identity matrix I, and then use elementary operations to transform this
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matrix. When the submatrix A is in the form of I, the form assumed of the
original identity matrix I must be A=!.
We have found the inverse of

-3 1 -1
A= 15 -6 5
-5 2 =2

in Example5.4.1 by Cramer’s rule. Now let us do the same problem by
Gauss—Jordan elimination. First we augment A by the identity matrix I

-3 1 -1:1100
15 =6 5 1010
-5 2 =2:1001

1 1 1
i I
1_T25T25loﬁol’
L =5 5" 0 0 —5

leave the first row as it is, subtract the first row from the second row and put
it in the second row, and subtract the first row from the third row and put it
back in the third row

13 4 -d 0 0
1 11
o 2o i B5)
0-%515' 35 0 -5
multiply the second and third row by —15
1 -2 &0 -3 00
01 0 1 =5 -10|,
01 =11 -5 0 3

leave the second row where it is, subtract it from the third row and put the
result back to the third row, and then add 1/3 of the second row to the first
row

10 3 1 -2-30
01 0 1 -5-10],
00-110 1 3
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Finally we have changed matrix A to the unit matrix I, the original unit
matrix on the right side must have changed to A~!, thus

-20 1
A= -5-10
0 —-1-3

which is the same as (5.27) obtained in Sect. 5.3.

This technique is actually more adapted to modern computers. Computer
codes and extensive literature for the Gauss—Jordan elimination method are
given in W.H. Press, B.P. Flannery, S.A. Teukolsky,, and W.T. Vetterling,
Numerical Recipes, 2nd edn. (Cambridge University Press, Cambridge 1992).

Exercises
1. Given two matrices
25 20
a= (%) 5= (1),
find B — 5A.
-8 —25
Ans. ( 12 4 ) .
2. If A and B are the 2x2 matrices
2 4 3-—1
a=(51). 5=(0%)

find the products AB and BA.

22 6 911
s ap = (29), pa- (311,

3. If
1 —4
A:<_23_2111>7 B=| 3 -2,
-1 1
find AB and BA if they exist.
59 14 -9 0
Ans.ABz(2 9>, BA=| 12 -7 10
-5 3 =3
4. If
) 2 3 0
A: _1_1 3 5 B: 24 3
2 -1

2 01
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find AB and BA if they exist.

27

Ans. AB = (1) iO7 , BA does not exist.

8 -1

1 2 31 43
A= (i) 2=(3) o= (1)
verify the associative law by showing that

(AB)C = A(BC).
- (1),
w=(51)
e = [(20) (01

7. Given
-1 0 01 0 —1 10
a=(0 ) m=(10): o= (57) = (o1):

Find all possible products of A, B,C and I, two at a time including
squares.

(Note that the products of any two matrices is another matrix in this
group. These four matrices form a representation of a mathematical group,
known as viergruppe (vier is the German word four).)

8. If )
ab b
A= (—a2 —ab) ’

—-10 2
e () (1)
10. Explicitly verify that (AB)T = BA, if

=(32) (79

6. Show that if

then

show that A2 = 0.
9. Find the value of

Ans. 8.
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11. Show that matrix A is symmetric, if

A=BB.
Hint: Q5 = Z bzkgkg
k
12. Let A = <é 132> , find a matrix E such that FA is diagonal and
|EA| = |A].
—41
Ans. <_5 1) .

13. Let

10 21
=(a5) 2= ()
explicitly show that

AB # BA but |AB|=|BA|.

14. Show that if
[A, B] # 0,
then
(A—B)(A+ B) # A*> - B2,
(A+ B)® # A2 + 2AB + B2,
15. Show that
(A, [B,C] + [B,[C, A]] + [C, [A, B]] = 0.

16. Show that
|A7Y = (A"

Hint: AA~' =1, |AB| = |A||B.

13 24
4=(57)- 2= (50),

find A=*, B!, and (AB)™"' by Cramer’s rule and verify that (AB)™' =
B~tAL

17. Let

18. Reduce the augmented matrix of the following system to an echelon form
and show that this system has no solution

I1+$2+2I3+I‘4:5,
2x1 + 3x90 —x3 — 214 = 2,
4x1 + 59 + 323 =1T7.



19.

20.

21.

22.

23.
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112 1|5
Ans. | 01 -5 —4|-8
00 0 0 |-5

Solve the following equations by Gauss’ elimination
xr1 + 2(E2 - 3.’E3 = —1,
3:171 - 21}2 + 2583 = 10,
4r1 + 19 + 223 = 3.

Ans. 23 = —1,20 = -3, 11 = 2.
Let
12 -3
A=13-2 2 |,
41 2

find A= by Gauss—Jordan elimination. Find z1, z2, z3 from

X1 -1
zo | =AL| 10 |,
and show that
T -1
A To = 10
T3 3

Determine the rank of the following matrices:

4 2 -1 3 3 -1 4 —2
@ 0o 5 —12], ® [0 2 4 6
12 -4 -15 6 —1 10 —1

Ans. (a) 2, (b) 2.

Determine if the following systems are consistent. If consistent, is the
solution unique?

T, — To + 3x3 = —H, r1 — 2x9 + 33 =0,
(a) —x1 + 323 =0, (b) 2x1 + 329 — a3 =0,
21 + a9 = 1. 4x1 — x9 4+ dxg = 0.

Ans. (a) unique solution, (b) infinite number of solutions.
Find the value of A so that the following linear system has a solution
r1 + 2x9 + 323 = 2,
3x1 + 229 + 23 =0,
T+ To + T3 = A
Ans. A =0.5.
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010
Lt 001
000

24. Let
000
100
010

|-1) = O , jnudly = [ 0

oo~

Show that

L= =0y, L*[0)=1[1), L*1)= null),
=10y, L10)=|-1), L~ |-1)=|null).
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Eigenvalue Problems of Matrices

Given a square matrix A, to determine the scalars A and the nonzero column
matrix x which simultaneously satisfy the equation

Ax = \x (6.1)

is known as the eigenvalue problem (eigen in German means proper). The
solution of this problem is intimately connected to the question of whether
the matrix can be transformed into a diagonal form.

The eigenvalue problem is of great interests in many engineering appli-
cations, such as mechanical vibrations, alternating currents, and rigid body
dynamics. It is of crucial importance in modern physics. The whole struc-
ture of quantum mechanics is based on the diagonalization of certain type of
matrices.

6.1 Eigenvalues and Eigenvectors

6.1.1 Secular Equation

In the eigenvalue problem, the value A is called the eigenvalue (characteris-
tic value) and the corresponding column matrix x is called the eigenvector
(characteristic vector). If A is a n x n matrix, (6.1) is given by

ai1 a2 ... Gin T1 T1

a1 a22 ... G2n T2 T2
=A

an1 Qp - .. Qpn e Tp

Since
T 10...0 T
€Z9 01...0 i)
Al =\ .. .. . = \x,

Tn 00...1 Tn
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where [ is the unit matrix, we can write (6.1) as
(A=X)x=0. (6.2)

This system has nontrivial solutions if and only if the determinant of the
coefficient matrix vanishes

a1 — A ai12 e A1n,
a1 a9 — A a2n
=0. (6.3)
an1 Ap2  vv Qpp — A

The expansion of this determinant yields a polynomial of degree n in A, which
is called characteristic polynomial P (X). The equation

PO =|A—\|=0 (6.4)

is known as the characteristic equation (or secular equation). Its n roots
are the eigenvalues and will be denoted A1, Aa,...,\,. They may be real
or complex. When one of the eigenvalues is substituted back into (6.2), the
corresponding eigenvector x(z1,xo,...,x,) may be determined. Note that
the eigenvectors may be multiplied by any constant and remain a solution of
the equation.

We will denote x; as the the eigenvector belonging to the eigenvalue A;.
That is, if

then
AXZ' = )\ixi .

If n eigenvalues are all different, we will have n distinct eigenvectors. If
two or more eigenvalues are the same, we say that they are degenerate. In
some problems, a degenerate eigenvalue may produce only one eigenvector, in
other problems a degenerate eigenvalue may produce more than one distinct
eigenvectors.

Example 6.1.1. Find the eigenvalues and eigenvectors of A, if

A:<;§).

Solution 6.1.1. The characteristic polynomial of A is

1-Xx 2

P(/\)’ 21—

‘/\22)\3,
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and the secular equation is
M —22-3=A+1)(A-3)=0.
Thus the eigenvalues are

M=-1, =3

Let the eigenvector x; corresponding to A\; = —1 be (in), then x; must
12

1—-X 2 T\ 22 11\ _
() () o= (B9 () -

This reduces to

satisfy

25811 + 21’12 =0.

Thus for this eigenvector x17 = —x12. That is, x11 : x12 = —1 : 1. Therefore
the eigenvector can be written as

< -1
=14 )
Any constant, positive or negative, times it will also be a solution, but it will

not be regarded as another distinct eigenvector. With a similar procedure, we
find the eigenvector corresponding to Ay = 3 to be

o — T21 _ 1
2= T22 - 1 ’
Ezxample 6.1.2. Find the eigenvalues and eigenvectors of A, if

a=(313)

Solution 6.1.2. The characteristic polynomial of A is

3—-X2 =5

— —\2 _
N A E
so the secular equation is
A —2)+2=0.
Thus the eigenvalues are
A=1+1.

Let Ay = 141, and the corresponding eigenvector x; be (iu ), then x; must
12
satisfy
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3—(1+1) -5 1) _
1 -1 - (]. —+ 1) T12 -

(2 — i)xll — 51’12 = 07

which gives

r11 — (2 + i)xlg =0.
The first equation gives

S 5 - 75(2+i)x 72+ix
11*2_i 12 — 441 12 — 1 12,

which is the same result from the second equation, as it should be. Therefore

X1 can be written as
R
X1 = 1 .
Similarly, for A = Ay = 1 — i, the corresponding eigenvector is
(22—
X9o = 1 .

So we have an example of a real matrix with complex eigenvalues and complex
eigenvectors.

Example 6.1.3. Find the eigenvalues and eigenvectors of A, if

-2 2 =3
A=1 2 1 —6
-1-20

Solution 6.1.3. The characteristic polynomial of A is
—-2-X 2 -3
PN =| 2 1-X —6|=-2—)\421)\+45.
-1 -2 =X
The secular equation can be written as
AN HA2 -2 —45= (A =5) (A +3)° =0.
This equation has a single root of 5 and a double root of —3. Let

M=5 J=-3 Jl3=-3.
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The eigenvector belonging to the eigenvalue of A\ must satisfy the equation

—2-5 2 -3 T11
2 1-5 —6 Xr12 =0.
-1 -2 0-5 T13

With Gauss’ elimination method, this equation can be shown to be equivalent
to

—72 -3 T11
0 1 2 Xr12 = O7
000 I13

which means

—Tx11 4+ 2219 — 3213 = 0,

12 + 2(1713 = 0.
Assign x13 = 1, then 215 = —2,21; = —1. So corresponding to A\; = 5, the
eigenvector x; can be written as
-1
X1 = -2
1

Since the eigenvalue of —3 is twofold degenerate, corresponding to this eigen-
value, we may have one or two eigenvectors. Let us express the eigenvector

x1
corresponding to the eigenvalue of —3 as | x5 |. It must satisfy the equation
T3
243 2 =3 1
2 143 -6 z9 | =0.

—1 -2 043 T3

With Gauss’ elimination method, this equation can be shown to be equivalent
to

12 -3 T
00 0 zy | =0,
000 T3

which means
Ty + 2x9 — 323 = 0.

We can express x; in terms of x5 and x3, and there is no restriction on o

and x3. Let x5 = ¢o and x3 = c3, then 1 = —2¢5 + 3c3. So we can write
X1 —262 + 363 —2 3
To | = Co = Co 1 +c3| O

T3 C3 0 1
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Since c¢o and cg are arbitrary, we can first assign ¢3 = 0 and get an eigenvector,
and then assign ¢y = 0 and get another eigenvector. So corresponding to the

degenerate eigenvalue A = —3, there are two distinct eigenvectors
-2 3
X9o = 1 5 X3 = 0
0 1

In this example, we have only two distinct eigenvalues, but we still have three
distinct eigenvectors.

Example 6.1.4. Find the eigenvalues and eigenvectors of A, if

4 6 6
A= 1 3 2
-1 -5-2

Solution 6.1.4. The characteristic polynomial of A is
4—X 6 6
PN =| 1 3-X 2 |=-X45\2-8)\+4.

-1 -5 —2—-A

The secular equation can be written as
Mo 48A—4=A-1)(A=2)°=0.
The three eigenvalues are
AM=1, A=A3=2.

From the equation for the eigenvector x; belonging to the eigenvalue of \;

4—-1 6 6 Z11

1 3—1 2 T12 = 0,

—1 -5 —-2-1 13

we obtain the solution
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T

The eigenvector | x5 |, corresponding to the twofold degenerate eigenvalue
Zs3

2, satisfies the equation

4-2 6 6 1
1 3-2 2 2o | = 0.
1 -5 —2-2) \as

With Gauss’ elimination method, this equation can be shown to be equivalent
to

112\ [z
021 [ | =0,
000/ \ =3

which means

1+ x2 + 223 = 0,
2I2+I3:0.

If we assign x3 = —2, then x5 = 1 and z7; = 3. So

3
X9 = 1
-2

The two equations above do not allow any other eigenvector which is not just
a constant times x5. Therefore for this 3 x 3 matrix, there are only two distinct
eigenvectors.

Computer Code

It should be noted that for large systems, the eigenvalues and eigenvectors
would usually be found with specialized numerical methods (see, for example,
G.H. Golub and C.F. Van Loan, Matriz Computations, John Hopkins Uni-
versity Press, 1983). There are excellent general purpose computer programs
for the efficient and accurate determination of eigensystems (see, for exam-
ple, B.T. Smith, J.M. Boyle, J. Dongarra, B. Garbow, Y. Ikebe, V.C. Klema,
and C.B. Moler, Matriz Eigensystem Routines: EISPACK Guide, 2nd edn.
Springer-Verlag, 1976).

In addition, eigenvalues and eigenvectors can be found with a simple com-
mand in computer packages such as, Maple, Mathematica, MathCad, and
MuPAD. These packages are known as Computer Algebraic Systems.

This book is written with the software “Scientific WorkPlace,” which also
provides an interface to MuPAD (before version 5, it also came with Maple).
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Instead of requiring the user to adhere to a rigid syntax, the user can use
natural mathematical notations. For example, to find the eigenvalues and
eigenvectors of

5 —6—6
14 2 |,
3 —6—4

all you have to do is (1) type the expression in the math-mode, (2) click on the
“Compute” button, (3) click on the “Matrices” button in the pull-down menu,
and (4) click on the “Eigenvectors” button in the submenu. The program will
return with

1 2 2
eigenvectors : —% — 1, 01,11 — 2.
1 1 0

You can ask the program to check the results. For example, you can type

5 —6-6)\ /2
—1 4 2 1],
3 —-6-4/ \o

and click on the “Compute” button, and then click on the “Evaluate” button.
The program will return with

5 —6 —6 2 4
14 2 1]=1|2],
3 —6—4 0 0
2 2
which is of course equal to 2| 1 |, showing [ 1 | is indeed an eigenvector
0 0

belonging to eigenvalue 2. The other two eigenvectors can be similarly checked.

Computer Algebraic Systems are wonderful as they are, they must be
used with caution. It is not infrequent that the system will return with an
answer to a wrong problem without the user knowing it. Therefore answers
from these systems should be checked. Computer Algebraic Systems are useful
supplements, but they are no substitute for the knowledge of the subject
matter.

6.1.2 Properties of Characteristic Polynomial

The characteristic polynomial has several useful properties. To elaborate on
them, let us first consider the case of n = 3.
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app — A ai2 ais
P(A) = a1 a9 — A a23
asy agz  asz — A
a1 ai2 ais —A a12 ais
=|a21 ax2— X a3 |+| 0 ax—A a3
azy  azz a3z — A 0 agz  azz — A
ai1 a2 a3 ai;r 0 a13
= |a21 a2 a3 +la —A a3
azy azz azz — A azr 0 azz—A
—-A a2 a3 - 0 a3
+| 0 as2 a3 + 0 —A a93
0 as2 (133—)\ 0 0 a33—)\
a1l a2 a3 air aiz 0 air 0 ag3 a1 0 O
= |ag1 a2 a3 |+ |as aze 0 |4 |azr —A agz|+|az —A 0O
azy azz G33 azy azz —A\ az1 0 ass azgr 0 —A
7)\ a1 ai1s 7)\ a2 0 7)\ 0 ais *)\ 0 0
+ 0 a29 a23 + 0 a922 0 =+ 0 -\ a23 =+ 0 . 0
0 asz as3 0 as2 - 0 0 ass 0 0 —A
a1l ai2 a11 413 a22 423
s (] o ax = 1) (2
21 (22 aszy ass azz ass
+ (a11 + a9 + CL33) (7)\)2 + (7)\)3. (65)

Now let A1, A2, A3 be the eigenvalues, so P(A\1) = P(\2) = P(\3) = 0.
Since P() is a polynomial of degree 3, it follows that:

PA) = (A1 = A) (A2 = M)Az —A) = 0.
Expanding the characteristic polynomial,
P(A) = M)z + (A da + Aads 4+ AsA1) (=A) + (A1 + da 4+ A3) (=N + (=N,
Comparison with (6.5) shows

A+ A2+ A3 = a11 + as +azzs = Tr A.

This means that the sum of the eigenvalues is equal to the trace of A. This
is a very useful relation to check if the eigenvalues are calculated correctly.
Furthermore

a22 a23
a32 433

a11 ais
a3y a33

a1l ai2

A2 4+ Aoz + Az A = (o1 Qo

9
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which is the sum of principal minors (minors of the diagonal elements), and
A2 A3 = |A|.

That the product of all eigenvalues is equal to the determinant of A is also
a very useful relation. If A is singular |A| = 0, at least one of the eigenvalue
must be zero. It follows that the inverse of A exists if and only if none of the
eigenvalues of A is zero.

Similar calculations can generalize these relationships for matrices of
higher orders.

Ezxample 6.1.5. Find the eigenvalues and the corresponding eigenvectors of the
matrix A if

57 =5
A=1(104 -1
28 =3

Solution 6.1.5.
5—X 7 -5
P\ = 0 4-—X -1
2 8 —-3-—-A

575
—foa—1| - (|2 P23 P T A 5ra-3)a2 - »3
e al T \Us—3[*]2-3]]ou

=6—1IA+6X2 =X =(1-N)(2-)N)(3-)) =0.

Thus the three eigenvalues are

As a check, the sum of the eigenvalues
M+X+A3=14+2+3=6
is indeed equal to the trace of A
TrA=5+4-3=6.
Furthermore, the product of three eigenvalues
AA2A3 =6

is indeed equal to the determinant

57 =5
04 —-1|=6.
28 -3
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T11
Let the eigenvector x; corresponding to A; be | 12 |, then
13
5— )\1 7 -5 T11 4 7 =5 T11
0 4 — )\1 -1 T12 = 03 —1 12 = 0.
2 8 -3 — )\1 T13 2 8 —4 T13

By Gauss’ elimination method, one can readily show that

47 =5 4 7 =5 47 =5
03 -1]=103 -1 = (03 —1
28 —4 045 —1.5 00 O

Thus the set of equations is reduced to

4x11 + Tx19 — D13 = 0,
3%‘12 — X113 = 0.
Only one of the three unknowns can be assigned arbitrary. For example, let

x13 = 3, then 215 = 1 and x1; = 2. Therefore corresponding to the eigenvalue
A1 = 1, the eigenvector can be written as

2
X1 = 1
3

Similarly, corresponding to Ay = 2 and A3 = 3, the respective eigenvectors are

1 -1
xXo= 1|1 and x3 = 1
2 1

6.1.3 Properties of Eigenvalues

There are other properties related to eigenvalue problems. Taken individu-
ally, they are almost self-evident, but collectively they are useful in matrix
applications.

e The transpose A (AT) has the same eigenvalues as A.

The eigenvalues of A and AT are, respectively, the solutions of |4 — \I| = 0
and ‘AT — )\I{ = 0. Since AT — X[ = (A - )\I)T and the determinant of a
matrix is equal to the determinant of its transpose

A= X|=[(A=XD)T| =|A" = A1,

the secular equations of A and AT are identical. Therefore they have the same
set of eigenvalues.
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e If A is either upper or lower triangular, then the eigenvalues are the diag-
onal elements.

Let |A— M| =0 be

aiy - A ai12 A1n
0 a9 . agn
= (a11 - )\)(agg — )\) s (ann — )\) =0.
0 0 : :
0 0 0 app —A

Clearly A = a1, A = a22,..., A = apn-

e If Ay, A2, A3,...,\, are the eigenvalues of A, then the eigenvalues of the
inverse A= are 1/\1,1/Xa,1/A3,...,1/\,.

Multiplying the equation Ax = Ax from the left by A~!
A Ax = A" x =247 1x

and using A~'Ax = Ix = x, we have x = AA~!x. Thus

A x = =x.

A

o If Ay, Ao, A3,..., A\, are the eigenvalues of A, then the eigenvalues of A™
are AT, ADY AR L AT

Since Ax = Ax, it follows:
A?x = A(Ax) = Adx = Mx = \*x.

Similarly
Adx =M%, ..., AMx = \"x.

6.2 Some Terminology

As we have seen that for a n X n square matrix, the eigenvalues may or may
not be real numbers. If the eigenvalues are degenerate, we may or may not
have n distinct eigenvectors.

However, there is a class of matrices, known as hermitian matrices, the
eigenvalues of which are always real. A n X n hermitian matrix will always
have n distinct eigenvectors.

To facilitate the discussion of these and other properties of matrices, we
will first introduce the following terminology.
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6.2.1 Hermitian Conjugation
Complex Conjugation

If A= (aij)mxn is an arbitrary matrix whose elements may be complex num-
bers, the complex conjugate matrix denoted by A* is also a matrix of order
m X n with every element of which is the complex conjugate of the corre-
sponding element of A, i.e.,

(A*)ij = af;*
It is clear that

(cA)* = c"A*.

Hermitian Conjugation

When the two operations of complex conjugation and transposition are car-
ried out one after another on a matrix, the resulting matrix is called the
hermitian conjugate of the original matrix and is denoted by AT, called A
dagger. Mathematicians also refer to A as the adjoint matrix. The order of
the two operation is immaterial. Thus

Al = (49T = (4)*. (6.6)
For example, if

(641) (1—6i) 1
A_((?)—i—i) 4 3i>’ (6.7)

then
: : T 6-1) (3—1)
At =T = (6= 046D 1A [0 6 4|, (68)
<(3 —1) 4 —31) 1 g
B 6+i) (3+1)\" (6—1) (3—1)
Al=A) = @1-61) 4 = (1+6i) 4 . (6.9)
1 3i 1 —3i

Hermitian Conjugate of Matrix Products

We have shown in Chap. 5 that the transpose of the product of two matrices
is equal to the product of the transposed matrices taken in reverse order. This
leads directly to the fact that

(AB)" = Bt A,

since

(AB)' = (A*B")" = B*A* = BtAl. (6.10)
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6.2.2 Orthogonality
Inner Product

If a and b are two column vectors of the same order n, the inner product
(or scalar product) is defined as a’b. The hermitian conjugate of the column
vector is a row vector

al = | | = (ajas5---ay),

therefore the inner product is one number

by
ba n
alb = (af a3 ---ay) : :Za,*cbk.
: k=1
by,

There are two other commonly used notations for the inner product.

The notation most often used in quantum mechanics is the bracket nota-
tion of Dirac. The row and column vectors are, respectively, defined as the
bra and ket vectors. Thus we may write the column vector

b =|Db)
as the ket vector, and the row vector
al = (al
as the bra vector. The inner product of two vectors is then represented by
(alb) = a'b.
Notice that for any scalar c,
(alcb) = ¢ (alb),

whereas
(calb) = ¢* (a]b).

Another notation that is often used is the parenthesis notation:
(a,b) =a'b = (alb).

If A is a matrix, then
(a, Ab) = (A'a,b)



6.2 Some Terminology 269
is an identity, since
(A'a,b) = (A'a)' b =af (4")' b =al 4b = (a, Ab).

Thus if
(a, Ab) = (Aa,b),

then A is hermitian. Mathematicians refer to the relation AT = A as self-
adjoint.
Orthogonality
Two vectors a and b are said to be orthogonal if and only if
a'b=0.

Note that in three-dimensional real space

n
alb = Z apby = ar1by + azbs + azbs
k=1

is just the dot product of a and b. It is well known in vector analysis that if
the dot product of two vectors is equal to zero, then they are perpendicular.

Length of a Complex Vector

If we adopt this definition of the scalar product of two complex vectors,
then we have a natural definition of the length of a complex vector in a
n-dimensional space. The length ||x|| of a complex vector x is taken to be

n n
x| = xTx = " apar =D |ax|*.
k=1 k=1

6.2.3 Gram—Schmidt Process

Linear Independence

The set of vectors x1,Xo,...,X, is linearly independent if and only it

n
E a;X; = 0
i=1

implies every a; = 0. Otherwise the set is linearly dependent.
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Let us test the three vectors

1 0 1
X1 = 0 , X2 = 1 , X3 = 0 ;
1 0 0

for linear independence. The question is if we can find a set of a;, not all zero
such that

3 1 0 1 a1 + as 0
Z aixi=a1 | 0] 4+ax 1] 4+a3[ 0] = as =10
i=1 1 0 0 ai 0

Clearly this requires a; = 0, ag = 0, and a3 = 0. Therefore these three vectors
are linearly independent.

Note that linear independence or dependence is a property of the set as a
whole, not of the individual vectors.

It is obvious that if xi,x9,x3 represent three noncoplanar three-
dimensional vectors, they are linearly independent.

Gram—Schmidt Process

Given any n linearly independent vectors, one can construct from their linear
combinations a set of n mutually orthogonal unit vectors.

Let the given linearly independent vectors be x1,Xs,...,X,. Define
X1
u; = —
[ ]

to be the first unit vector. Now define
u, = xo — (X2,u1) uy.
The inner product of u), and u; is equal to zero,
(wy,u1) = (x2,w1) — (x2,u1) (w,u1) =0,

since (uy,uy) = 1. This shows u} is orthogonal to u;.
We can normalize u),
!
u
Ug = 7/2
[ |
to obtain the second unit vector uy which is orthogonal to u;.
We can continue this process by defining

k—1

W =Xp — Y (X, W) u,

i=1
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and ,
u
up = 56 .
[l

When all x;, are used up, we will have n unit vectors uy, us, . .., ux orthogonal
to each other. They are called an orthonormal set. This procedure is known
as Gram—Schmidt process.

6.3 Unitary Matrix and Orthogonal Matrix
6.3.1 Unitary Matrix
If the square matrix U satisfies the condition
Ut =1,
then U is called unitary. The n columns in a unitary matrix can be considered

as n column vectors in an orthonormal set.
In other words, if

U1 Uu21 Un1
Ui2 U22 Un2
u; = ,Ug = . ) ,Up = 5
Uln U2n Unn
and
’Lbjl
Ujo e
; J 1if i=
L * * . * _
uiu]_(uil ) uin) —{0 it i
Ujn
then
U111 U21 - .. Upi
U12 U292 ... Up2
U f—
Uy Un2 - - - Upn
is unitary. This is because
* * *
Ui Uiy ... U,
* * *
) usy udy ... ub,
U p—
* * *
(TR T S V5l
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therefore
u’{lufzu’{n U1 U217 ... Uni 10...0
U§1U§2U§n Ui U22 ... Up2 01...0
vio=1| T T =
Ury Uhg oo Uk Uly U2 -« Unn 00...1

Multiply U ! from the right, we have
vtvut =10
It follows that hermitian conjugate of a unitary matrix is its inverse, i.e.,

ut=u-"

6.3.2 Properties of Unitary Matrix

e Unitary transformations leave lengths of vectors invariant.

Let
a=Ub, so al=>blUT,
and
|a]|* = afa = bIUTUD.
Since
vt =v-'v =1,
it follows:

la]* = afa = b'b = ||b||*.

Thus the length of the initial vector is equal to the length of the transformed
vector.

e The absolute value of the eigenvalues of an unitary matrix is equal to one.

Let x be a nontrivial eigenvector of the unitary matrix U belonging to the
eigenvalue \

Ux = \x.

Take the hermitian conjugate of both sides

xUt = \*xt.
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Multiply the last two equations
xUTUx = \*xfx.
Since UTU = I and A*\ = |A]?, it follows:
xTx = [\*xx.

Therefore
IAI> = 1.

273

In other words, the eigenvalues of a unitary matrix must be on the unit circle

in the complex plane centered at the origin.

6.3.3 Orthogonal Matrix

If the elements of an unitary matrix are all real, the matrix is known as an
orthogonal matriz. Thus the properties of unitary matrices are also properties

of orthogonal matrices. In addition,

e The determinant of an orthogonal matrix is equal to either positive one or

negative one.
If A is a real square matrix, then by definition
Af = A* = A,
If, in addition, A is unitary, AT = A=, then
A=A"1

Thus _
AA=1.

Since the determinant of A is equal to the determinant of Z, SO
7 ¥ 2
|AA| = |A[[A] = [A]7.

But B
|[AA| = [I] =1,

therefore
|A]? = 1.

Thus, the determinant of an orthogonal matrix is either +1 or —1.

(6.11)

Very often (6.11) is used as the definition of an orthogonal matrix. That
is, a square real matrix A satisfying the relation expressed in (6.11) is called
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an orthogonal matrix. This is equivalent to the statement “that the inverse of
an orthogonal matrix is equal to its transpose.”
Written in terms of its elements, (6.11) is given by

Zaijajk = Zaijakj = ik (6.12)
Jj=1 j=1
for any ¢ and any j. Similarly, AA =1 can be expressed as

Zﬁijajk = Z aji@jk = Oik- (6.13)
Jj=1 j=1

However, (6.13) is not independent of (6.12), since AA = AA. If one set of
conditions is valid, the other set must also be valid.

Put in words, these conditions mean that the sum of the products of the
corresponding elements of two distinct columns (or rows) of an orthogonal
matrix is zero, while the sum of the squares of the elements of any column
(or row) is equal to unity. If we regard the n columns of the matrix as n real
vectors, this means that these n column vectors are orthogonal and normal-
ized. Similarly, all the rows of an orthogonal matrix are orthonormal.

6.3.4 Independent Elements of an Orthogonal Matrix

An nth order square matrix has n? elements. For an orthogonal matrix, not
all these elements are independent of each other, because there are certain
conditions they must satisfy. First, there are n conditions for each column
to be normalized. Then there are n(n — 1)/2 conditions for each column to
be orthogonal to any other column. Therefore the number of independent
parameters of an orthogonal matrix is

n? —[n+nn—1)/2] =n(n—1)/2.

In other words, an nth order orthogonal matrix can be fully characterized by
n(n — 1)/2 independent parameters.

For n = 2, the number of independent parameters is one. This is illustrated
as follows.

Consider an arbitrary orthogonal matrix of order 2

ac
a-(19).
The fact that each column is normalized leads to

a? + b =1, (6.14)
A+d*=1. (6.15)
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Furthermore, the two columns are orthogonal

(abd) (Z,) = ac+bd =0. (6.16)

The general solution of (6.14) is @ = cosf, b = sinf, where 6 is a scalar.
Similarly, (6.15) can be satisfied, if we choose ¢ = cos ¢, d = sin ¢, where ¢ is
another scalar. On the other hand, (6.16) requires

cos 0 cos ¢ + sin O sin ¢ = cos(f — ¢) = 0,

therefore -
=0+ —.
¢ 2
Thus, the most general orthogonal matrix of order 2 is
cosf —sinf cosf sinf
A= (sin9 cos 6 ) or Ay = (sin@ —COSH)' (6.17)

Every orthogonal matrix of order 2 can be expressed in this form with some
value of 6. Clearly the determinant of A; is equal to +1 and that of As, —1.

6.3.5 Orthogonal Transformation and Rotation Matrix

The fact that in real space, orthogonal transformation preserving the length
of a vector suggests that the orthogonal matrix is associated with rotation of
vectors. In fact the orthogonal matrix is related to two kinds of rotations in
space. First it can be thought as an operator which rotates a vector. This is
often called active transformation. Secondly, it can be thought as the transfor-
mation matrix when the coordinate axes of the reference system are rotated.
This is also referred as passive transformation.

First let us consider the vectors shown in Fig.6.1a. The  and y compo-
nents of the vector ry are given by x1 = rcosp and y; = rsinp, where r is
the length of the vector. Now let us rotate the vector counterclockwise by an
angle 6, so that xs = rcos(p + 0) and yo = rsin(p + ). Using trigonometry,
we can write

x9 =rcos(p+0)=rcospcost —rsinpsind = x; cosd — y; sin b,

ya = rsin (@ +6) =rsinpcosf + rcos psinf = y; cosf + x1 sin 6.
We can display the set of coefficients in the form of
z2\ _ [ cos® —sinf T
yo ] \'sinf cos@ n )

It is seen that the coefficient matrix is the orthogonal matrix A; of (6.17).
Therefore the orthogonal matrix with determinant equal to +1 is also called
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Y Y

Yo
M yy

(a) (b)

Fig. 6.1. Two interpretations of the orthogonal matrix A; whose determinant is
equal to +1. (a) As a operator, it rotates the vector r1 to r2 without changing its
length. (b) As the transformation matrix between the coordinates of the tip of a
fixed vector when the coordinate axes are rotated. Note that the rotation in (b) is
in the opposite direction as in (a)

rotation matriz. It rotates the vector from r; to ro without changing the
magnitude.

The second interpretation of rotation matrix is as follows. Let P be the tip
of a fixed vector. The coordinates of P are (z,y) in a particular rectangular
coordinate system. Now the coordinate axes are rotated clockwise by an angle
0 as shown in Fig.6.1b. The coordinates of P in the rotated system become
(z’,y'). From the geometry in Fig. 6.1b, it is clear that

=0T - 8Q =0Qcost — PQsinf = xcosf — ysinb,
Yy = QT+ PS =0Qsinf + PQcos = xsinf + ycosb,

'\ _ [cosf sinf x
y )] \sinf —cos6 y )’

Note that the matrix involved is again the orthogonal matrix A;. However,
this time A; is the transformation matrix between the coordinates of the tip
of a fixed vector when the coordinate axes are rotated.

The equivalence between these two interpretations might be expected,
since the relative orientation between the vector and coordinate axes is the
same whether the vector is rotated counterclockwise by an angle 6, or the
coordinate axes are rotated clockwise by the same angle.

Next, let us consider the orthogonal matrix As, the determinant of which
is equal to —1. The matrix Ay can be expressed as

A — cosf sinf \ [cosf —sind 10
27 \sinf —cos® ) — \sinf cosd 0-1)"

or
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\% Y
~N
Iy r ’
o o *
0
X X
\6
3
-Y 2 -Y \(’

(a) (b)

Fig. 6.2. Two interpretations of the orthogonal matrix Az whose determinant is
—1. (a) As an operator, it flips the vector ri to ro symmetrically with respect to
X-axis, and then rotates r2 to rs. (b) As the transformation matrix between the
tip of a fixed vector when the Y-axis is inverted and then the coordinate axes are
rotated. Note that the rotation in (b) seems to be in the same direction as in (a)

xTo o 1 O X1

Y2 0-1)\»

T2 =1, Y2 = —Y1.
Clearly this corresponds to the reflection of the vector with respect to the
X-axis. Therefore Ay can be considered as an operator which first symmetri-
cally flips the vector r; over the X-axis and then rotates it to rz as shown in

Fig. 6.2a.
In terms of coordinate transformation, one can show that (z’;%’) in the

equation
'\ _ [cosf —sinf ) [z
y ) \sinf cosf Y

represents the new coordinates of the tip of a fixed vector after the Y-axis is
inverted and the whole coordinate axes are rotated by an angle 6, as shown in
Fig. 6.2b. In this case one has to be careful about the sign of the angle. The
sign convention is that a counterclockwise rotation is positive and a clockwise
rotation is negative. However, after the Y-axis is inverted as in Fig.6.2b, a
negative rotation (rotating from the direction of the positive X-axis toward
the negative of the Y-axis) appears to be counterclockwise. This is why in
Fig.6.1a,b, the vector and the coordinate axes are rotating in the opposite
direction, whereas in Fig. 6.2a,b, they seem to rotate in the same direction.
So far we have used rotations in two dimensions as examples. However,
the conclusions that orthogonal matrix whose determinant equals to 41 repre-
sents pure rotation, and orthogonal matrix whose determinant is equal to —1

The transformation

gives
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represents a reflection followed by a rotations are generally valid in higher-
dimensional space. In the chapter on vector transformation, we will have a
more detailed discussion.

6.4 Diagonalization

6.4.1 Similarity Transformation

If Ais an xn matrix and u is a n x 1 column vector, then Au is another
n X 1 column vector. The equation

Au=v (6.18)

represents a linear transformation. Matrix A acts as a linear operator sending
vector u to vector v. Let

Uy U1

U2 U2
u= , V= ,

Un, Un

where u; and v; are, respectively, the ith components of u and v in the n-
dimensional space. These components are, of course, measured in a certain
coordinate system (reference frame). Let the unit vectors, e;, known as bases,
along the coordinate axes of this system be

1 0 0
0 1 0
e = . ,€9 = . e, €y = . s
0 0 1
then
Uy 1 0 0
U2 0 0 n
u=| |=w| . |tu|. [+tu | [ =D we. (6.19)
' : : : Pl
Up, 0 0 1

Suppose there is another coordinate system, which we designate as the
prime system. Measured in that system, the components of u and v become

! !
Uy U1

A !
u v

2 o 2 o

. =u', . =v'. (6.20)
u v!
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We emphasize that u and u’ are the same vector except measured in two

different coordinate systems. The symbol u’ does not mean a vector different

from u, it simply represents the collection of components of u in the prime

system as shown in (6.20). Similarly, v and v’ are the same vectors. We can

find these components if we know the components of e; in the prime system.
In (6.19)

u=uje; + uses + ~~+unen,

the u} are just numbers which are independent of the coordinate system. To
find the components of u in the prime system, we only need to express e; in
the prime system.

Let e; measured in the prime system be

S11 512 Sin
521 522 Son

€] = . , €2 = . yeeey € = . )
Snl Sn2 Snn

Uy S11 512 Sin
i
Uy S21 522 Son
. = uy . + u2 . + -t u,
!
Uy, Snl Sn2 Snn
U811 + U2812 + +++ + UpSin S$11 S12 --- Sin U
U821 + U2S22 + +++ + UpS2n S21 822 ... S2p U2
U1Sn1 + U25n2 +---+ UnSnn Snl Sn2 - -+ Snn Up

This equation can be written in the form

u' =T, (6.21)
where

S$11 812 ... S1in

S$21 S22 ... S2p

Snl Sn2 --- Snn

It is clear from this analysis that the transformation matrix between the
vector components in two coordinate systems is the same for all vectors, since
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it depends only on the transformation of the basis vectors in the two refer-
ence frames. Therefore v/ and v are also related to the same transformation
matrix T,

vi=Tv. (6.22)

The operation of sending u to v, expressed in the original system is given
by Au = v. Let the same operation expressed in the prime system be

Au =V,
Since ' = Tu and v/ = T'v,
ATu="Tv.
Multiply both sides by the inverse of T from the left,
T'ATu=T""Tv=v.

Since Au = v, if follows that:
A=T71A'T. (6.23)

If we multiply this equation by T from the left and by 7! from the right, we
have

TAT ' = A,

What we have found is that as long as we know the relationship between
the coordinate axes of two reference frames, not only we can transform a
vector from one reference frame to the other, but we can also transform a
matrix representing a linear operator from one reference frame to the other.

In general, if there exits a nonsingular matrix 7" such that T-'AT = B
for any two square matrices A and B of the same order, then A and B are
called similar matrices, and the transformation from A to B is called similarity
transformation.

If two matrices are related by a similarity transformation, then they rep-
resent the same linear transformation in two different coordinate systems.

If the rectangular coordinate axes in the prime system are generated
through a rotation from the original system, then 7" is an orthogonal ma-
trix as discussed in the Sect.6.3. In that case T—! = T, and the similarity
transformation can be written as TAT. If we are working in the complex
space, the transformation matrix is unitary, and the similarity transformation
can be written as TTAT. Both of these transformations are known as unitary
similarity transformation.

A matrix that can be brought to diagonal form by a similarity transforma-
tion is said to be diagonalizable. Whether a matrix is diagonalizable and how
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to diagonalize it are very important questions in the theory of linear transfor-
mation. Not only because it is much more convenient to work with diagonal
matrix, but also because it is of fundamental importance in the structure of
quantum mechanics. In the following sections, we will answer these questions.

6.4.2 Diagonalizing a Square Matrix

The eigenvectors of the matrix A can be used to form another matrix S in
such a way that S™!AS becomes a diagonal matrix. This process often greatly
simplifies a physical problem by a better choice of variables.

If A is a square matrix of order n, the eigenvalues \; and eigenvectors x;
satisfy the equation

AXZ‘ = )\ixi (624)
for i =1,2,...,n. Each eigenvector is a column matrix with n elements
Z11 Z21 Tni
T12 T22 Tn2
X1 = . , X2 = . yeee s Xp =
Tin T2n Tnn

Each of the n equations of (6.24) is of the form

ail a2 ... ain €1 Ai%s1
a1 Az ... Aop T2 AiTio
= . . (6.25)
anl Ap2 - .. Qpp Tin Azxzn
Collectively they can be written as
@11 A12 ... Q1n 11 T21 --- Tpl AMT11 A2T21 - ApTpl
a21 422 ... A2p T12 22 ... ITp2 >\1I12 )\21‘22 . )\nl‘ng
Apl Ap2 - - . Qg L1y Ton - - Ton AMT1n A2Z2n -« - AnTnn
11 21 ... Tpi )\100
12 22 ... Tp2 0)\20
= . . . . L. . (6.26)
Tip Ton -« - Tnn 0 0 ...\,
To simplify the writing, let
11 21 ... Tpl
T12 L9292 ... Tp2
S = . . . X R (6.27)

Tin L2n - -+ Tpn
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A O...0

0 X... 0
A=1 . . . .1, (6.28)

00 ...\

and write (6.26) as
AS = SA. (6.29)
Multiplying both sides of this equation by S~! from the left, we obtain

ST1AS = A. (6.30)

Thus, by using the matrix of eigenvectors and its inverse, it is possible to
transform a matrix A to a diagonal matrix whose elements are the eigenvalues
of A. The transformation expressed by (6.30) is referred to as the diagonal-
ization of matrix A.

12
21
Show that the elements of S~tAS are the eigenvalues of A.

Example 6.4.1. If A = , find S such that S~1AS is a diagonal matrix.

Solution 6.4.1. Since the secular equation is

1—Xx 2
2 1-2A

‘:()\+1)()\—3):07

the eigenvalues are A\y = —1, Ay = 3. The eigenvectors are, respectively,

X1 = (_11>,XQ— <1>.Theref0re
11
s= (1),

1 _
It can be readily checked that S—1 = 5 (} 11> and

s (1) () (4D - (29 - (1)

Note that the diagonalizing matrix S is not necessary unitary. However, if
the eigenvectors are orthogonal, then we can normalize the eigenvectors and
form an orthonormal set. The matrix with members of this orthonormal set as
columns is a unitary matrix. The diagonalization process becomes a unitary
similarity transformation which is much more convenient and useful.

The two eigenvectors in the above example are orthogonal, since

(14)(}):0.
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Normalizing them, we get

w8 b ()

The matrix constructed with these two normalized eigenvectors is

o—m-5(4)

which is an orthogonal matrix. The transformation
-~ —-10
sar= (1)

is a unitary similarity transformation.

First we have eliminated the step of finding the inverse of U, since U is an
orthogonal matrix, the inverse of U is simply its transpose. More importantly,
U represents a rotation as discuss in Sect. 6.3. If we rotate the two original
coordinate axes to coincide with u; and us, then with respect to this rotated
axes, A is diagonal.

The coordinate axes of a reference system, in which the matrix is diagonal,
are known as principal azes. In this example, u; and usy are the unit vectors
along the principal axes. From the components of u;, we can easily find the

orientation of the principal axes. Let #; be the angle between u; and the
original horizontal axis, then

u — [ €08 b\ _ 1 (1
"7 \singy ) T 2\ -1
which gives 6; = —m /4. This means that to get the principal axes, we have to

rotate the original coordinate axes 45° clockwise. For consistence check, we
can calculate 05, the angle between us and the original horizontal axis. Since

_fcosf\ _ 1 (1
27 \singy ) 2 1)
02 = +7 /4. Therefore the angle between 6; and 05 is 7w/2. This shows that uy
and us are perpendicular to each other, as they must.

Since 0y = 7/2 + 0y, cosfy = —sinfy, and sinfy = cosfy, the unitary
matrix U can be written as

B _ (cosficosbty\ (cosf —sinb,
U= (u1 u2) - (sin91 sin92> - (sin91 cos 0 >’

which, as seen in (6.17), is indeed a rotation matrix.
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6.4.3 Quadratic Forms

A quadratic form is a homogeneous second degree expression in n variables.
For example,

Q(x1,x0) = 5x? — 4o o + 223

is a quadratic form in z1 and x5. Through a change of variables, this expression
can be transformed into a form in which there is no crossproduct term. Such
a form is known as canonical form. Quadratic forms are important because
they occur in a wide variety of applications.

The first step to change it into a canonical form is to separate the
crossproduct term into two equal terms, (4a129 = 2x129 4+ 22927), so that
Q (x1,x2) can be written as

Q(a1,22) = (71 22) (_52 _22> (2) , (6.31)

where the coefficient matrix
5 —2
o= (%7)

is symmetric. As we shall see in Sect. 6.5 that symmetric matrices can always
be diagonalized. In this particular case, we can first find the eigenvalues and
eigenvectors of C.

—(A—1)(A—6)=0.

5—A —2
-2 2=

Corresponding to Ay = 1 and A2 = 6, the two normalized eigenvectors are
found to be, respectively,

a0 k()

Therefore the orthogonal matrix

=) =5 (57)

will diagonalize the coefficient matrix

re= (L1 (57)(677)- (56

If we make a change of variables

() -v (i)
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and take the transpose of both sides
(1 22) = (u1 u2) U,

we can write (6.31) as

(u up) TCU (Zl) — (w1 u2) (éﬁ) (Z;) — 6l (632)

2

which is in a canonical form, i.e., it has no crossterm. _
Note that the transformation matrix 7" defined in (6.21) is equal to U.

Ezxample 6.4.2. Show that the following equation
922 — dzy + 63> — 2v5x — 46y = 15

describes an ellipse by transforming it into a standard conic section form.
Where is the center and what are the lengths of its major and minor axes?

Solution 6.4.2. The quadratic part of the equation can be written as

9 -2 T
927 —dzy +6y° = (2 y) (_2 6 ) <y>

The eigenvalues of the coefficient matrix are given by

’9—/\ -2

72 6)\‘:()\—5)()\—10):0.

The normalized eigenvectors corresponding to A = 5 and A = 10 are found to

be, respectively,
1 /1 1 (=2
neEle) sl

Therefore the orthogonal matrix

diagonalizes the coefficient matrix

o34 (52) () (34)
()-0()-56) ()
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which is equivalent to

(22" + ),

Sl

1 / /
r=— (@ —2y), =
7 ( V), y
then the equation can be written as

AN x’ 1 / / 1 / no_
(z y)UCU(y,)—Q\/g\/g(x —2y)—4\/5$(2x +vy') =15,

522 + 10y"? — 102’ = 15,
% 4 2y% — 22’ = 3.

Using (2/ — 1)> = /2 — 22/ + 1, the last equation becomes
(@' 1) 2y =4,

or / 2 2
-1
@07 v
4 2

which is the standard form of an ellipse. The center of the ellipse is at z =
1/v/5, y = 2/\/5 (corresponding to 2’ = 1, 4 = 0). The length of the major
axis is 2v/4 = 4, that of the minor axis is 2V/2.

To transform the equation into this standard form, we have rotated the
coordinate axes. The major axis of the ellipse is along the vector v; and the
minor axis is along vs. Since

_fcosO) 1 (1
Vi=\sing )~ 5 \2)
the major axis of the ellipse makes an angle # with respect to the horizontal
coordinate axis and 6 = cos™*(1/v/5).

6.5 Hermitian Matrix and Symmetric Matrix
6.5.1 Definitions
Real Matriz

If A* = A, then a;; = agj. Since every element of this matrix is real, it is
called a real matriz.



6.5 Hermitian Matrix and Symmetric Matrix 287

Imaginary Matriz

If A* = —A, this implies that a;; = —aj;. Every element of this matrix is
purely imaginary or zero, so it is called a imaginary matrix.

Hermitian Matriz

A square matrix is called hermitian if AT = A. It is easy to show that the
elements of a hermitian matrix satisfy the relation a;; = a;;. Hermitian matrix
is very important in quantum mechanics.

Symmetric Matriz

If the elements of the matrix are all real, a hermitian matrix is just a sym-
metric matrix. Symmetric matrix is of great importance in classical physics,
hermitian matrix is essential in quantum mechanics.

Antihermitian Matriz and Antisymmetric Matriz

Finally, a matrix is called antihermitian or skew-hermitian if

Al = —A, (6.33)

*

which implies a;;
Again, if the elements of the antihermitian matrix are all real, then the
matrix is just an antisymmetric matrix.

—aji.

6.5.2 Eigenvalues of Hermitian Matrix
e The eigenvalues of a hermitian (or real symmetric) matrix are all real.

Let A be a hermitian matrix, and x be the nontrivial eigenvector belonging
to eigenvalue A

Ax = Ax. (6.34)
Take the hermitian conjugate of the equation
xT AT = A*xT. (6.35)

Note that A is only a number (real or complex), its hermitian conjugate is
just the complex conjugate, it can be multiplied either from left or from the
right.

Multiply (6.34) by x! from the left

xMAx = AxTx.
Multiply (6.35) by x from the right
xTAfx = MxTx.
Subtract it from the preceding equation

A=) xTx =xf(4 - AN)x.
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But A is hermitian, A = A', so
(A= A)xx = 0.

Since x'x # 0, it follows that A = A\*. That is, \ is real.
For real symmetric matrices, the proof is identical, since if the matrix is
real, a hermitian matrix is a symmetric matrix.

o If two eigenvalues of a hermitian (or a real symmetric) matrix are different,
the corresponding eigenvectors are orthogonal.

Let

Axy = Mixq,

AXQ = )\2x2.

Multiply the first equation by xg from the left
xbAxy = A1 x)

2 1 = A1X9X].

Take the hermitian conjugate of the second equation and multiply by x; from
the right
x;Axl = )\gx;xl,

where we have used the facts that (Axy)T = xbAT, AT = A, and Ay = X5
Subtracting these two equations, we have

()\1 — )\2)X£X1 =0.

Since A1 # Ag, it follows:

xgxl =0.

Therefore x; and x5 are orthogonal. For real symmetric matrices, the proof
is the same.

6.5.3 Diagonalizing a Hermitian Matrix

e A hermitian (or a real symmetric) matrix can be diagonalized by a unitary
(or a real orthogonal) matrix.

If the eigenvalues of the matrix are all distinct, the matrix can be diago-
nalized by a similarity transformation as we discussed before. Here we only
need to show that even if the eigenvalues are degenerate, as long as the ma-
trix is hermitian, it can always be diagonalized. We will prove it by actually
constructing a unitary matrix that will diagonalize a degenerate hermitian
matrix.

Let A1 be a repeated eigenvalue of the n x n hermitian matrix H, let
X1 be a normalized eigenvector corresponding to A\;. We can take any n lin-
early independent vectors with the only condition that the first one is x; and
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construct with the Gram—Schmidt process an orthonormal set of n vectors
X1,X2, . ..,Xy, €ach of them has n elements.
Let U7 be the matrix with x; as its ith column

11 21 .- Tpi
12 22 ... ITp2

Ul = . . . . )
Tin T2n -+ Tnn

as we have shown this automatically makes U; an unitary matrix. The unitary
transformation U 11‘ HUj has exactly the same set of eigenvalues as H, since they
have the same characteristic polynomial

UTHU, = M| = |UT HU, = U7 0| = (U7 (H = DU
= U [H = M| |UL| = [H = M.

Furthermore, since H is hermitian, U}L HU, is also hermitian, since

(Uﬁﬂh)T:(HUﬂTOﬂ)T:CQH*UlquHUL

Now

* * *

T, 19 -+ Ty 11 21 -.. Tp1
* * *

t Top Tog -+ Toy 12 22 ... Tp2

UlHU, = "l H

* * *

Tp1 Tpo o+ Ty Tin Ton « - Tpn

AR AP A1x11 hotr ... hpa
* * *

Loy Tog -+ Toy /\11312 h22 N hng

fr . s

* * *

Try Xho o T, AMTin hop o hpn

where we have used the fact that x; is an eigenvector of H belonging to the
eigenvalue \q

T11 T11
12 T12
H = )\1 ’
T1in T1in
and have written
T hi
T2 hio

Tin hzn



290 6 Eigenvalue Problems of Matrices

for i # 1. Furthermore

A 0O 0 ... 0
Tl Tig ... Ty Mxir hot oo b 0
* * * A h h Q99 (32 ... Qpo
Lo Log - Loy 1T12 N2z ... Np2
ulHU=| T T . . S o
Tyq XTrg . X AT hop - P
" " nn 0 Aop A3p ... Opp

The first column is determined by the orthonormal condition

T11
(x* x*ﬁ*) T12 _J1ifi=1,
il i2 in - Ole?él
Tin

The first row must be the transpose of the first column because Uf HU, is
hermitian (or real symmetric) and A; is real and the complex conjugate of zero
is itself. The crucial fact in this process is that the last n — 1 elements of the
first row are all zero. This is what distinguishes hermitian (or real symmetric)
matrices from other square matrices.

If A1 is a twofold degenerate eigenvalue of H, then in the characteristic
polynomial p(\) = |H — M|, there must be a factor (A; — A)*. Since

p(\) = |H — M| = |UHU, = \I
AL — A 0 0 . 0
0 o — A 32 . an2
— 0 o3 33 — AL an3
0 Q2n, Q3 QOpp — A
oo — A (39 An2
Qo3 (i33 — A . Qn3
= ()‘1 - /\) : )
Qo Q3p Qpp — A
the part
99 — A Q39 . no
Q23 33 — A n3
Q2n Q3n, s Qpp — A

must contain another factor of (A; — A). In other words, if we define H; as
the (n — 1) x (n — 1) submatrix
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Q22 (39 ... Opo
Q23 33 ... Q3

= Hla
Aon O3p - .. Qnp

then Ay must be an eigenvalue of H;. Thus we can repeat the process and
construct an orthonormal set of n — 1 column vectors with the first one being
the eigenvector of H; belonging to the eigenvalue \;. Let this orthonormal
set be

Y22 Y32 Yn2
Y23 Y33 Yn3

Y1 = : Y2 = : sy Yn—1 = : )
Yon Y3n Ynn

and let Uy be another unitary matrix defined as

10 0 ... 0
0 Y22 Y32 -+ Yn2
Up= | OY23 yss - yns

0 Yon Y3n - -+ Ynn

then the unitary transformation Ug(UIHUl)UQ can be shown as

10 0 ...0 AM O 0 ... 0
0 Y32 Y33 - Yap 0 ago aza ... apa
U;(UJHUl)UQ — | Oy3s 433 -+ W3, 0 a3 a3z ... ap3
Oygn ygn"'y;n 0 Aoy A3y « .. Opp
10 0 ... 0 AM O 0 ... 0
0 Y22 Y32 - - Yn2 00X O ... 0
— | Oy23 y33 ... YUn3 0 0 fBs3...0n3
0 Y2n Y3n - - Ynn 0 0 B3n ... Bon

If Ay is m-fold degenerate, we repeat this process m times. The rest can be
diagonalized by the eigenvectors belonging to different eigenvalues. After the
n X n matrix is so transformed n — 1 times, it will become diagonal.
Let us define
U=UUs---Up-,

then U is unitary because all U; are unitary. Consequently the hermitian ma-
trix H is diagonalized by the unitary transformation U HU and the theorem
is established.

This construction leads to the following important corollary.
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e Every n x n hermitian (or real symmetric) matrix has n orthogonal eigen-
vectors regardless of the degeneracy of its eigenvalues.

This is because UTHU = A, where the elements of the diagonal matrix
A are the eigenvalues of H. Since UT = U~!, it follows from the equation
U(UTHU) = UA that HU = UA, which shows that each column of U is an
normalized eigenvector of H.

The following example illustrates this process.

Ezxample 6.5.1. Find an unitary matrix that will diagonalize the hermitian
matrix

2 i1
H=1|-1 2 i
1 —-i2

Solution 6.5.1. The eigenvalues of H are the roots of the characteristic
equation

2-\ i 1
pA)=| -1 2=X i [=-24+6)7-9\x=-))\-3)?=0.
1 - 2-2)

Therefore the eigenvalues A1, Ao, A3 are
A =3, X=3, A3=0.

It is seen that A = A\ = Ay = 3 is twofold degenerate. Let one of the eigen-
vectors corresponding to Ay be

x1
EIZ x2 )
T3
SO
27)\1 1 1 T —1 i 1 T
—-i 2=\ i zo | = -1 -1 i z9 | =0.
1 —i 2—)\1 T3 1 —-i —1 T3

The three equations

—x1 +ire + 23 =0,
711‘1 — X9 +1173 == 0,
1‘1—i$2—$3 =0

are identical to each other. For example, multiply the middle one by i will
change it to the last one. The equation
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T, — 11'2 — T3 = 0 (636)

has an infinite number of solutions. A simple choice is to set xo = 0, then
x1 = x3. Therefore

1
E;=1(0
1
is an eigenvector. Certainly
1 0 1
E,=10], Ex= 11, Es=1(0
1 0 0

are linearly independent. Now let us use the Gram—Schmidt process to find
an orthonormal set x1, X2, X3.

_E V2,
IR A

X1

Es is already normalized and it is orthogonal to E;, so

0
X2:E2: 1 y
0

x5 = E3 — (B3, x1) %1 — (E3,X2) X2

1 1 1 0\ /0
2 2
=(o]- (100)% 0 g 0|-1](1o0)|1}|] (1
0 1 1 0/] \o
1 1 1
1 1
0 1 1
1
x5l 2\ 4

Form a unitary matrix with xi,xo, X3

U1 = (Xl X9 X3> =

o ool
o = O
bol\:@

ol
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The unitary similarity transformation of H by Uj is

V2
UlHU, =

o = O
EON‘E

A

702

0 1 0
\/50\/5 1 —i 2
0

2

Il
oo w

V2i

Since H and U;r HU; have the same set of eigenvalues, therefore A = 3 and
A = 0 must be the eigenvalue of the submatrix

Hi= (\/251 _\1@> '

This can also be shown directly. The two normalized eigenvector of Hy corres-
ponding to A = 3 and A\ = 0 are found, respectively, to be

_ /64 V3
— 3 — 3
yi1 = V3 Y2 = s |-
3 3

Therefore
1 0 0
U,=10 —@i @1 ,
0 V3 6
3 3
and
v2 g 2 1 0 0
g 0 VB; V3
U=U,U=1 0 1 0 0 —761 731
V2 g V2 0 3 6
2 2 3 3
V2 V6 V3
2 6 3
= 0 -8 %
V2 V6 _ V3
2 6 3
It can be easily checked that
UtHU = @ @i _g i 2 i 0 —%i @i
V3 V3 _ V3 1 -2 V2 V6 V3
3 3 3 2 6 3
300
=030
000
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is indeed diagonal and the diagonal elements are the eigenvalues. Furthermore,
the three columns of U are indeed three orthogonal eigenvectors of H

2 i 1\ [ 2 2
Hll1 :Aluls -1 2 i 0 =3 0 s
1 —12 V2 V2
2 2
: V6 V6
2 11 6 6
Hus = \us - -1 2 i @i =3 @i ,
1 —-i2 _ V6 _ 6
6 6
2 i1 VK V£
Hu3 = Agllg: —i 2 i ?1 =0 ?1
1 —i2 _? _@

We have followed the steps of the proof in order to illustrate the procedure.
Once it is established, we can make use of the theorem and the process of
finding the eigenvectors can be simplified considerably.

In this example, one can find the eigenvector for the nondegenerate eigen-
value the usual way. For the degenerate eigenvalue A\ = 3, the components
(1,22, x3) of the corresponding eigenvectors must satisfy

xl—i$2—$3=0,

as shown in (6.36). This equation can be written as x2 = i(z3 — x1). So in
general
1
u= | i(zz — 1)
T3

)

where 1 and x3 are arbitrary. It is seen that u; is just the normalized eigen-
vector obtained by choosing 1 = z3

The other eigenvector must also satisfy the same equation and be orthogonal
to uy. Thus



296 6 Eigenvalue Problems of Matrices

gl
which gives z1 +x3 = 0, or 3 = —x1. Normalizing the vector | —2z; |, one
—2
obtains the other eigenvector belonging to A = 3

NG 1

= —_— 72.
LV 5) 6 _11

6.5.4 Simultaneous Diagonalization

If A and B are two hermitian matrices of the same order, the following im-
portant question often arises. Can they be simultaneously diagonalized by the
same matrix S? That is to say, does there exist a basis in which they are both
diagonal? The answer is yes if and only if they commute.

First we will show that if they can be simultaneously diagonalized, then
they must commute. That is, if

D, =S"14S and D, =S"!'BS,
where D and Dy are both diagonal matrices, then AB = BA.
This follows from the fact
DDy = S7*ASST'BS = ST1ABS,
DyDy = S7'BSST'AS = ST'BAS.

Since diagonal matrices of the same order always commute (D1 Ds = Dy Dy ),
so we have

S~'ABS = ST'BAS.

Multiplying S from the left and S~! from the right, we obtain AB = BA.
Now we will show that the converse is also true. That is, if they commute,

then they can be simultaneously diagonalized. First let A and B be 2 x 2

matrices. Since hermitian matrix is always diagonalizable, let .S be the unitary

matrix that diagonalizes A
A0
“14q_ [ M
STHAS = < 0 /\2) ,

where A1 and Ay are the eigenvalues of A. Let

§-1Bg — (bn b12> _

ba1 bao
Now
A O bi1 b b11 A1 bia
S™'ABS = $7'ASS 'BS = ! 1 b2 (budrbizdn)
0 A2 ba1 baa ba1 A2 bao Ao

b b A 0O b1 A1 bia)
SlBAsslBsslAs< 1 12) ( 1 >( 111 b12 2>.
ba1 b2z 0 Az ba1 A1 bas o
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Since AB = BA, so S"'ABS = S"'BAS
(b11/\1 b12>\1) _ (b11/\1 b12>\2>
ba1 A2 bao Ao bo1 A1 baoda ) -

ba1 Ao = ba1 A1,  biaA1 = b1z Aa.
If Ay # A1, then b1 = 0 and by; = 0. In other words

1 o bu 0
S BS(O by |-

Therefore A and B are simultaneously diagonalized.
If Ay = A\; = ), we cannot conclude that S~!BS is diagonal. However, in

this case
1 (A0
STHAS = <0 NE

Moveover, since B is hermitian, so the unitary similarity transform S—!BS
is also hermitian, therefore S~!'BS is diagonalizable. Let T be the unitary
matrix that diagonalize S™'BS

It follows that:

1o A0
T (S 1BS)T:<01)\,2>.

On the other hand,

i (A0 (A0 [(AD
T (S AS) T =T (O/\>T_(O/\>T T—<0/\>.

Thus the product matrix U = ST diagonalizes both A and B. Therefore, with
or without degeneracy, as long as A and B commute, they can be simultane-
ously diagonalized.

Although we have used 2 x 2 matrices for illustration, the same “proof”
can obviously be applied to matrices of higher order.

a=(32). 5= ()

Can A and B be simultaneously diagonalized? If so, find the unitary matrix
that diagonalized them.

Ezxample 6.5.2. Let

Solution 6.5.2.
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Thus [A, B] = 0, therefore they can be simultaneously diagonalized

2—X 1
1 2=

‘(Al)()\?))().

The normalized eigenvectors corresponding to A = 1,3 are, respectively,

() -50)
=50 P50
- (05 (D5 (4)-(62)
e () ()5 () ()

Thus they are simultaneously diagonalized. It also shows that 1 and 5 are the
eigenvalues of B. This can be easily verified, since

Therefore

‘B—A 2

) 3_)\‘()\1)0\5)0.

If we diagonalize B first, we will get exactly the same result.

6.6 Normal Matrix

A square matrix is said to be normal if and only if it commutes with its
hermitian conjugate. That is, A is normal, if and only if

AAT = ATA. (6.37)

It can be easily shown that all hermitian (or real symmetric), antihermitian
(or real antisymmetric), and unitary (or real orthogonal) matrices are normal.
All we have to do is to substitute these matrices into (6.37). By virtue of their
definition, it is immediately clear that the two sides of the equation are indeed
the same.

So far we have shown that every hermitian matrix is diagonalizable by a
unitary similarity transformation. In what follows, we will prove the general-
ization of this theorem that every normal matrix is diagonalizable.

First, if the square matrix A is given, that means all elements of A are
known, so we can take its hermitian conjugate Af. Then let
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B:%(AJrAT),
1
. _ AT
C 2i(A AT).
So
A=DB+iC. (6.38)

Since (AT)T = A and (A + B)T = At + BT,

1 1
Bt = 5(A+AT)T = 5(AT + A) = B,

of =1 (A— AN = —l(AT—A) =C.

2i* 2i

Thus, B and C' are both hermitian. In other words, a square matrix can always
be decomposed into two hermitian matrices as shown in (6.38). Furthermore

E

4i

CB = 4l (A% — ATA+ AAT — AT?).
1

BC = — (A% — AAT + ATA — A7),

It is clear that if ATA = AAT, then BC = CB. In other words, if A is normal,
then B and C commute.

We have shown in Sect. 6.5 that if B and C' commute, then they can be
simultaneously diagonalized. That is, we can find a unitary matrix S such
that S~'BS and S~'CS are both diagonal. Since

ST1AS = S~ 'BS +iS~'CS,

it follows that S~1AS must also be diagonal.
Conversely, if S~'AS = D is diagonal, then

(57148)" = 571 4ts = D = D,
since S is unitary and D is diagonal. It follows that:
STLAATS = (STTAS) (STTATS) = DD*,
STLATAS = (S71ATS)(S1AS) = D*D.
Since DD* = D*D, clearly AAT = At A. Therefore we conclude.

e A matrix can be diagonalized by a unitary similarity transformation if and
only if it is normal.

Thus both hermitian and unitary matrices are diagonalizable by a unitary
similarity transformation.
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The eigenvalues of a hermitian matrix are always real. This is the reason
why in quantum mechanics observable physical quantities are associated with
the eigenvalues of hermitian operators, because the result of any measurement
is, of course, a real number. However, the eigenvectors of a hermitian matrix
may be complex, therefore the unitary matrix that diagonalizes the hermitian
matrix is, in general, complex.

A real symmetric matrix is a hermitian matrix, therefore its eigenvalues
must also be real. Since the matrix and the eigenvalues are both real, the
eigenvectors can be taken to be real. Therefore, the diagonalizing matrix is a
real orthogonal matrix.

Unitary matrices, including real orthogonal matrices, can be diagonalized
by a unitary similarity transformation. However, the eigenvalues and eigenvec-
tors of a unitary matrix are, in general, complex. Therefore the diagonalizing
matrix is not a real orthogonal matrix, but a complex unitary matrix. For
example, the rotation matrix is a real orthogonal matrix, but, in general, it
can only be diagonalized by a complex unitary matrix.

6.7 Functions of a Matrix

6.7.1 Polynomial Functions of a Matrix

Any square matrix A can be multiplied by itself. The associative law of matrix
multiplication guarantees that the operation of A times itself n times, which
is denoted as A™, is an unambiguous operation. Thus

AmAn — Am-&-n.

Moreover, we have defined the inverse A~! of a nonsingular matrix in such a
way that AA~! = A='A = I. Therefore it is natural to define

n

AP =A"1=AA =], and A "= (Afl)

With these definitions, we can define polynomial functions of a square matrix
in exactly the same way as scalar polynomials.

For example, if f (z) = 2% + 52 + 4, and A = (1 !

9 3), we define f (A), as

f(A) =A% +5A+4.

= (35)(33) - (31),
7 = (2;‘1)+5(§§)+4(é?) - (13390)'

Since
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It is interesting to note that f (A) can also be evaluated by using the
factored terms of f (z). For example

f@)y=a?+5c+4=(x+1)(x+4),

SO

)+ Gl(3) ++(07)]
(37) = (i)

Ezample 6.7.1. Find f (A), if

11
A= (23> and f(x)szx_l.

Solution 6.7.1.
A s a1 (11\[24\ " 1/-11
f(A)_Az_I_A(A 1) _(23)<810> _6<2 1)'

Note that f (A) can also be evaluated by partial fraction. Since

x 11 11
f(x)7x2—17§x—1+§x+1’
1 —1 1 —1
fA) =5(A=D)"+5(A+1T)
Crfo1) ', 121\t 1/-11
“3l22) T3l2a) “Gl21)

6.7.2 Evaluating Matrix Functions by Diagonalization

When the square matrix A is similar to a diagonal matrix, the evaluation of
f (A) can be considerably simplified.
If A is diagonalizable, then

S~tAS =D,
where D is a diagonal matrix. It follows that:

D? = S71ASS TAS = ST1A%S,
DF = § 1416987148 = 51 AFS.



302 6 Eigenvalue Problems of Matrices
Thus

AF = SDFS—1
A"+ A" = 8p"S~t + Sp™S™ = §(D" + D™) S
If f(A) is a polynomial, then
f(A)=Sf(D)s™

Furthermore, since D is diagonal and the elements of D are the eigenvalues

of A,
Meoooo0
0XNs...0
SRR

00 0\

Therefore

Ezample 6.7.2. Find f (A), if

A= ((1)_32> and f(z) = 2" — 42® + 62° —z — 3.

Solution 6.7.2. First find the eigenvalues and eigenvectors of A

0—X -2
1 3=

‘:()\—1)0\—2):0.

The eigenvectors corresponding to Ay = 1 and Ay = 2 are, respectively,

e (3 we (1)
s=(30) 5= (1)

Therefore
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and
D=S1AS = (é g)
Thus f1) 0
f(A)=Sf(D)s™* :S( 0 f(Z)) St
Since

= 3
- 4 (21 -10 1 1Y\ [(-5-8
f(A)=5f(D)S (—1—1> ( 0 3) <—1—2)(4 7 >
Example 6.7.3. Find the matrix A such that

A% JA 4+ 4] = (43).

56

Solution 6.7.3. Let us first diagonalize the right-hand side

4—-X\ 3
‘ 5 6—)\‘ =A=1)(A=9)=0.
The eigenvectors corresponding to Ay = 1 and Ay = 9 are, found to be,
respectively,
(1 (3
u]. - 71 b) u2 - 5 N
Thus )
(13 11 /5-3
s=(43) s =5007).
and
a1 (43 (10
D=S <5 6 S = 09 )"
Therefore

—1(42 -1 (43 (10
S (A 4A+4I)SfS <56>S<09>'

The left-hand side must also be diagonal, since the right-hand side is diagonal.
Since we have shown that, as long as S™'AS is diagonal, S~'A*S will be

diagonal, we can assume
sias= ("0
0 T2 ’
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It follows that:

2
1 2 . $1—4$1+4 0 o 10
S (A 4A+4])S_< o amra) = (oo)

which gives

o2 —dxy +4=1,

T2 —dzy +4=09.
From the first equation we get x1 = 1, 3, and from the second equation we ob-
tain xo = 5, —1. Therefore there are four possible combinations for (xl 0 ) ,

0 X9
namely

10 10 30 30
v (os) = (h) 4= (05) 4= (35)

Thus the original equation has four solutions
B [ 13\[10\1/5-3\ 1/(53
A1 =SAS _<—15)<05>8<11)_2 57)°
1 /1 -3 1/15 3 1/3 -3
A2_4<—5—1)’ A3_4<517>’ A4_2<—51>'

and similarly
For every scalar function that can be expressed as an infinite series, a
corresponding matrix function can be defined. For example, with

xr 12 1 3
e —1+x—|—§m —&—ﬁx + e

we can define ) )
eA=I+A+§A2+§A3+~-~

If A is diagonalizable, then
S7'AS=D, A"=SD"S7',

1 1
eA:S(I+D+2D2+3|D3+---)S‘1,
where
AL oee 0
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It follows that:

L+ XA+ 3A7 - 0

0 T4+ X+ 21020 . 0
e =5 . T . 51

0 0 T L REE

eM oL, 0

0e2...0

=S| . . . . S,
0 0 ...eM

Example 6.7.4. Evaluate e? if A = (é i)

Solution 6.7.4. Since A is symmetric, it is diagonalizable.

=2\ -2\ —24 =0,

1-X 5
5 1—-2AX

which gives A = 6, —4. The corresponding eigenvectors are found to be

we(}) w2
(1) -3(1)

Thus

Therefore

6.7.3 The Cayley—Hamilton Theorem

The famous Cayley—Hamilton theorem states that every square matrix satis-
fies its own characteristic equation.
That is, if P()\) is the characteristic polynomial of the nth order matrix A

P(/\): |A*>\I| :Cn)\n+0n—1)\n71+'~'+co,
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then
P(A) = c, A" + ¢ 1 A" 4o eol = 0.

To prove this theorem, let x; be the eigenvector corresponding to the
eigenvalue A;. So
P()\i) = O, AXi = >\7.Xz

Now

P(A)x; = (an” +oep AV 4 COI) X;
= (AT + a1 AT - co) X

Since this is true for any eigenvector of A, P (A) must be a zero matrix.

For example, if
12
= (a1)

1-x 2
P(/\)’ 2 1-2)

r=(31) (31) 2:1) = (o)
(-G -(9)-(Caras ) - (60)

Inverse by Cayley—Hamilton Theorem

‘/\22)\3.

The Cayley-Hamilton theorem can be used to find the inverse of a square
matrix. Starting with the characteristic equation of A

PO =[A=MN|=c A"+t N+ A+ ¢ =0,

we have

P(A) = ey A" 4 cp 1 A" 4t At el = 0.
Multiplying this equation from the left by A~!, we obtain
ATTP(A) = e A" ey 1 AV P el + AT =0,
Thus

1
A7l = s (annfl +en 1 AV al) .
0
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Example 6.7.5. Find A=! by Cayley-Hamilton theorem if

57 -5
A=104-1
28 -3
Solution 6.7.5.
5-\ T -5
P(\) = 0 4-)\ -—1 =6— 11A+ 6% — )%,

2 8 —=3-2A

P(A) =61 —11A+6A% — A3 =0,
ATIP(A) = 6471 — 111 + 64 — A2 =0,

Al = % (A —6A+111),

1' 57 =5 57 =5 575 100
A*lz6 04 —1 04—-1]—-6]104—-1]+11]010
| \28-3 28 -3 28 -3 001
1 [/ 15 23 —17 30 42 —30 110 0
=5 28 -1 |—-(024 =6 |+ 0110
'\ 4 22 -9 12 48 —18 0011
L[ —4-1913
—8 —26 20

It can be readily verified that

—4-1913 57 —5 100
A'A==[-2 -5 5 04-1]=1[010
—8 —26 20 28 -3 001

High Powers of a Matrix

An important application of the Cayley—Hamilton theorem is in the represen-
tation of high powers of a matrix. From the equation P (A) = 0, we have

1
A" = —— (Cn_lAnil + Cn_QAniz + -+ ClA + 60]) . (639)

Cn

Multiplying through by A

1
ANt = —C—(cn,lA" Fep o AV b AT+ coA), (6.40)
n
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and substituting A" from (6.39) into (6.40), we obtain

2
Antl (Cn21 B Cn2> Al (CnlCl B co> At 190 (641

c Cn 2 Cn 2

n

Clearly this process can be continued. Thus any integer power of a matrix of
order n can be reduced to a polynomial of the matrix, the highest degree of
which is at most n — 1. This fact can be used directly to obtain high powers
of A.

Example 6.7.6. Find A'° if A = (:13 ?)

Solution 6.7.6. Since

1-Xx 3
3 1-2A

‘ =X -2 -8=\—-4)(A+2)=0,
the eigenvalues of A are A\; = 4 and Ay = —2. The eigenvalues of A'° must
be A% and A% ie.,

A0y, — \100y 4100y, _ 3100y

On the other hand, from the Cayley-Hamilton theorem, we know that A0
can be expressed as a linear combination of A and I, since A is of second
order matrix (n = 2).

A0 — oA+ 81,
thus
A% = (aA + BI)x; = (aX + B)x1,
A100X2 = (OLA —+ BI)XQ = (QAQ —+ B)Xg.
Therefore
/\%00 =a) + 3, /\%00 =al + 0.
It follows:
1 1
_ 200 _ 3100) _ = 4100 _ 9100
@ )\1 o )\2 ( 1 2 ) 6( )7
1 1
_ Ay AL00 _ 3 3100y _ L4100 4 9101y
B )\17)\2(12 21> 3( + )
Hence

AlOO — %(4100 o QIOO)A + é(4100 + 2101)1.
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Exercises

1. Find the eigenvalues and eigenvectors of the matrix
19 10
-30 —16 ) °
2 1
Ans. \ =4, x1 = (_3>; Ao =—1,x9 = (_2).

2. Find the eigenvalues and eigenvectors of the matrix
6—2i —1+3i
9+31 —4+31)°

Ans. )\1:27X1: (12_1>;>\221,X2: (1;1>

3. Find the eigenvalues and eigenvectors of the matrix

2-21

2-43

2-65
1 1 0
ADS.)\1:O7X1= 2 ;)\2:1,)(2: 1 ;>\3:2,X3: 1
2 1 2

4. If UTU = I, show that (a) the columns of U form an orthonormal set; (b)
UUT = I and the rows of U form an orthonormal set.

5. Show that eigenvalues of antihermitian matrix are either zero or pure
imaginary.

6. Find the eigenvalues and eigenvectors of the following matrix:

1L/ 7 6
5\ —6i -2 )"’
and show explicitly that the two eigenvectors are orthogonal.

Ans. Al :2, X1 = (211>, )\2 = —1, To = <211)

7. Show the two eigenvectors in the previous problem are orthogonal. Con-
struct an unitary matrix U with the two normalized eigenvectors, and
show that

_oq (201
Ans.U\/g<12i .

Uty = 1.
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8. Find the eigenvalues and eigenvectors of the following symmetric matrix:

1/6 12
A‘5<12—1

).

Construct an orthogonal matrix U with the two normalized eigenvectors

and show that

UAU = A,

where A is a diagonal matrix whose elements are the eigenvalues of A.

Ans.U:é<§_43>,

1=(55)

9. Diagonalize the hermitian matrix

(1 1+
A_<1—i 2 >

with a unitary similarity transformation

UtAU = A.

Find the unitary matrix U and the diagonal matrix A.

141 14
V3 V6
1 2

NG

Ans. U =

NG
10.

00
Ca=(03)

Diagonalize the symmetric matrix

110
101 |,
011

A:

with a similarity transformation

UTAU = A.

Find the orthogonal matrix U and the diagonal matrix A.

11

V2 V6

Ans. U = 0 —%
1 1

V2 V6

1

11. Diagonalize the symmetric matrix

V3 100
1
=l A=10-10
1 00 2
V3

-7 2 10
A== 2 2 -8

7

10 -8 —4



12.

13.

14.

15.
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with a similarity transformation

UAU = A.
Find the orthogonal matrix U and the diagonal matrix A.
2 1 2
3 3 3 00 0
Ans. U= |2-2—-21], A=[030
1 2 9 00—6
3 3 73

If A is a symmetric matrix (so A = A), S is an orthogonal matrix and
A" = S71AS, show that A’ is also symmetric.

If u and v are two column matrices in a two-dimensional space, and they
are related by the equation
v = Cu,

cosf —sinf
¢= (sin@ cos 6 > ’
find C~! by the following methods:
(a) By Cramer’s rule.
(b) Show that C' is orthogonal, so C~1 = C.
(c) The equation v = C'u means that C rotates u to v. Since u = C v,

C~! must rotate v back to u. Therefore C~! must also be a rotation
matrix with an opposite direction of rotation.

where

Find the eigenvalues A1, A2, and the corresponding eigenvectors of the
two-dimensional rotation matrix

[ cosf —sinf
~ \siné cosh )’
Find the unitary matrix U, such that

A 0
f _ (M
UCU_(()AQ)'

1 ]. ] ]. ].1
i0 —i6 1
Ans.e,<i>,e ’(i)’l}ﬁ<ii>'

Show that the canonical form (in which there is no crossproduct terms)
of the quadratic expression

Q(x1,x0) = Tx? 4 481129 — T2

is
Q' (), xh) = 2522 — 2523,
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16.

17.

18.

19.

20.

21.
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1) _g x}
X9 xh )
Find the orthogonal matrix S.

Ans. S = % (§43>'

If A= <(1) _32) and f (z) = 2% 4+ 32% — 3z — 1, find f (A).

—13 —26
Ans. ( 13 26 )

If A= (é (1)>’ find A™ and lim,, o, A™.
1

1 0 10
Ans. A" = n n |, lim, .. = .
<§—§(i) (1) ) <§0>

Solve for X, if X3 = (‘6 14).

715
0 2
Ans. X = (_13).

Solve the equation

where

0 2 —-14 6 —4 5 —2
AHSM1<_13)7M2<_25>,M3<2 O),M4<1 2)

According to Cayley—Hamilton theorem, every square matrix satisfies its
own characteristic equation. Verify this theorem for each of the following

matrices:
34 -1 -2
@ (25) o (7))
210
Find A~! by Cayley-Hamilton theorem if A = [ 120
003

2 -10
Ans. A7t =1 -120
0 01
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