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Preface

Complex analysis is a branch of mathematics that involves functions of
complex numbers. It provides an extremely powerful tool with an unex-
pectedly large number of applications, including in number theory, applied
mathematics, physics, hydrodynamics, thermodynamics, and electrical en-
gineering. Rapid growth in the theory of complex analysis and in its appli-
cations has resulted in continued interest in its study by students in many
disciplines. This has given complex analysis a distinct place in mathematics
curricula all over the world, and it is now being taught at various levels in
almost every institution.

Although several excellent books on complex analysis have been written,
the present rigorous and perspicuous introductory text can be used directly
in class for students of applied sciences. In fact, in an effort to bring the
subject to a wider audience, we provide a compact, but thorough, intro-
duction to the subject in An Introduction to Complex Analysis. This
book is intended for readers who have had a course in calculus, and hence
it can be used for a senior undergraduate course. It should also be suitable
for a beginning graduate course because in undergraduate courses students
do not have any exposure to various intricate concepts, perhaps due to an
inadequate level of mathematical sophistication.

The subject matter has been organized in the form of theorems and
their proofs, and the presentation is rather unconventional. It comprises
50 class tested lectures that we have given mostly to math majors and en-
gineering students at various institutions all over the globe over a period
of almost 40 years. These lectures provide flexibility in the choice of ma-
terial for a particular one-semester course. It is our belief that the content
in a particular lecture, together with the problems therein, provides fairly
adequate coverage of the topic under study.

A brief description of the topics covered in this book follows: In Lec-
ture 1 we first define complex numbers (imaginary numbers) and then for
such numbers introduce basic operations—addition, subtraction, multipli-
cation, division, modulus, and conjugate. We also show how the complex
numbers can be represented on the zy-plane. In Lecture 2, we show that
complex numbers can be viewed as two-dimensional vectors, which leads
to the triangle inequality. We also express complex numbers in polar form.
In Lecture 3, we first show that every complex number can be written
in exponential form and then use this form to raise a rational power to a
given complex number. We also extract roots of a complex number and
prove that complex numbers cannot be totally ordered. In Lecture 4, we
collect some essential definitions about sets in the complex plane. We also
introduce stereographic projection and define the Riemann sphere. This

vii
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ensures that in the complex plane there is only one point at infinity.

In Lecture 5, first we introduce a complex-valued function of a com-
plex variable and then for such functions define the concept of limit and
continuity at a point. In Lectures 6 and 7, we define the differentia-
tion of complex functions. This leads to a special class of functions known
as analytic functions. These functions are of great importance in theory
as well as applications, and constitute a major part of complex analysis.
We also develop the Cauchy-Riemann equations, which provide an easier
test to verify the analyticity of a function. We also show that the real
and imaginary parts of an analytic function are solutions of the Laplace
equation.

In Lectures 8 and 9, we define the exponential function, provide some
of its basic properties, and then use it to introduce complex trigonometric
and hyperbolic functions. Next, we define the logarithmic function, study
some of its properties, and then introduce complex powers and inverse
trigonometric functions. In Lectures 10 and 11, we present graphical
representations of some elementary functions. Specially, we study graphical
representations of the Mobius transformation, the trigonometric mapping
sin z, and the function z!/2.

In Lecture 12, we collect a few items that are used repeatedly in
complex integration. We also state Jordan’s Curve Theorem, which seems
to be quite obvious; however, its proof is rather complicated. In Lecture
13, we introduce integration of complex-valued functions along a directed
contour. We also prove an inequality that plays a fundamental role in our
later lectures. In Lecture 14, we provide conditions on functions so that
their contour integral is independent of the path joining the initial and
terminal points. This result, in particular, helps in computing the contour
integrals rather easily. In Lecture 15, we prove that the integral of an
analytic function over a simple closed contour is zero. This is one of the
fundamental theorems of complex analysis. In Lecture 16, we show that
the integral of a given function along some given path can be replaced by
the integral of the same function along a more amenable path. In Lecture
17, we present Cauchy’s integral formula, which expresses the value of an
analytic function at any point of a domain in terms of the values on the
boundary of this domain. This is the most fundamental theorem of complex
analysis, as it has numerous applications. In Lecture 18, we show that
for an analytic function in a given domain all the derivatives exist and are
analytic. Here we also prove Morera’s Theorem and establish Cauchy’s
inequality for the derivatives, which plays an important role in proving
Liouville’s Theorem.

In Lecture 19, we prove the Fundamental Theorem of Algebra, which
states that every nonconstant polynomial with complex coefficients has at
least one zero. Here, for a given polynomial, we also provide some bounds
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on its zeros in terms of the coefficients. In Lecture 20, we prove that a
function analytic in a bounded domain and continuous up to and including
its boundary attains its maximum modulus on the boundary. This result
has direct applications to harmonic functions.

In Lectures 21 and 22, we collect several results for complex sequences
and series of numbers and functions. These results are needed repeatedly
in later lectures. In Lecture 23, we introduce a power series and show
how to compute its radius of convergence. We also show that within its
radius of convergence a power series can be integrated and differentiated
term-by-term. In Lecture 24, we prove Taylor’s Theorem, which expands
a given analytic function in an infinite power series at each of its points
of analyticity. In Lecture 25, we expand a function that is analytic in
an annulus domain. The resulting expansion, known as Laurent’s series,
involves positive as well as negative integral powers of (z — z). From ap-
plications point of view, such an expansion is very useful. In Lecture 26,
we use Taylor’s series to study zeros of analytic functions. We also show
that the zeros of an analytic function are isolated. In Lecture 27, we in-
troduce a technique known as analytic continuation, whose principal task
is to extend the domain of a given analytic function. In Lecture 28, we
define the concept of symmetry of two points with respect to a line or a
circle. We shall also prove Schwarz’s Reflection Principle, which is of great
practical importance for analytic continuation.

In Lectures 29 and 30, we define, classify, characterize singular points
of complex functions, and study their behavior in the neighborhoods of
singularities. We also discuss zeros and singularities of analytic functions
at infinity.

The value of an iterated integral depends on the order in which the
integration is performed, the difference being called the residue. In Lecture
31, we use Laurent’s expansion to establish Cauchy’s Residue Theorem,
which has far-reaching applications. In particular, integrals that have a
finite number of isolated singularities inside a contour can be integrated
rather easily. In Lectures 32-35, we show how the theory of residues can
be applied to compute certain types of definite as well as improper real
integrals. For this, depending on the complexity of an integrand, one needs
to choose a contour cleverly. In Lecture 36, Cauchy’s Residue Theorem
is further applied to find sums of certain series.

In Lecture 37, we prove three important results, known as the Argu-
ment Principle, Rouché’s Theorem, and Hurwitz’s Theorem. We also show
that Rouché’s Theorem provides locations of the zeros and poles of mero-
morphic functions. In Lecture 38, we further use Rouché’s Theorem to
investigate the behavior of the mapping f generated by an analytic func-
tion w = f(z). Then we study some properties of the inverse mapping f 1.
We also discuss functions that map the boundaries of their domains to the
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boundaries of their ranges. Such results are very important for constructing
solutions of Laplace’s equation with boundary conditions.

In Lecture 39, we study conformal mappings that have the angle-
preserving property, and in Lecture 40 we employ these mappings to es-
tablish some basic properties of harmonic functions. In Lecture 41, we
provide an explicit formula for the derivative of a conformal mapping that
maps the upper half-plane onto a given bounded or unbounded polygonal
region. The integration of this formula, known as the Schwarz-Christoffel
transformation, is often applied in physical problems such as heat conduc-
tion, fluid mechanics, and electrostatics.

In Lecture 42, we introduce infinite products of complex numbers and
functions and provide necessary and sufficient conditions for their conver-
gence, whereas in Lecture 43 we provide representations of entire functions
as finite/infinite products involving their finite/infinite zeros. In Lecture
44 we construct a meromorphic function in the entire complex plane with
preassigned poles and the corresponding principal parts.

Periodicity of analytic/meromorphic functions is examined in Lecture
45. Here, doubly periodic (elliptic) functions are also introduced. The
Riemann zeta function is one of the most important functions of classical
mathematics, with a variety of applications in analytic number theory. In
Lecture 46, we study some of its elementary properties. Lecture 47 is
devoted to Bieberbach’s conjecture (now theorem), which had been a chal-
lenge to the mathematical community for almost 68 years. A Riemann
surface is an ingenious construct for visualizing a multi-valued function.
These surfaces have proved to be of inestimable value, especially in the
study of algebraic functions. In Lecture 48, we construct Riemann sur-
faces for some simple functions. In Lecture 49, we discuss the geometric
and topological features of the complex plane associated with dynamical
systems, whose evolution is governed by some simple iterative schemes.
This work, initiated by Julia and Mandelbrot, has recently found applica-
tions in physical, engineering, medical, and aesthetic problems; specially
those exhibiting chaotic behavior.

Finally, in Lecture 50, we give a brief history of complex numbers.
The road had been very slippery, full of confusions and superstitions; how-
ever, complex numbers forced their entry into mathematics. In fact, there
s really nothing imaginary about tmaginary numbers and complexr about
complex numbers.

Two types of problems are included in this book, those that illustrate the
general theory and others designed to fill out text material. The problems
form an integral part of the book, and every reader is urged to attempt
most, if not all of them. For the convenience of the reader, we have provided
answers or hints to all the problems.
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In writing a book of this nature, no originality can be claimed, only a
humble attempt has been made to present the subject as simply, clearly, and
accurately as possible. The illustrative examples are usually very simple,
keeping in mind an average student.

It is earnestly hoped that An Introduction to Complex Analysis
will serve an inquisitive reader as a starting point in this rich, vast, and
ever-expanding field of knowledge.

We would like to express our appreciation to Professors Hassan Azad,
Siegfried Carl, Eugene Dshalalow, Mohamed A. El-Gebeily, Kunquan Lan,
Radu Precup, Patricia J.Y. Wong, Agacik Zafer, Yong Zhou, and Changrong
Zhu for their suggestions and criticisms. We also thank Ms. Vaishali Damle
at Springer New York for her support and cooperation.

Ravi P Agarwal
Kanishka Perera
Sandra Pinelas
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Lecture 1

Complex Numbers I

We begin this lecture with the definition of complex numbers and then
introduce basic operations-addition, subtraction, multiplication, and divi-
sion of complex numbers. Next, we shall show how the complex numbers
can be represented on the xy-plane. Finally, we shall define the modulus
and conjugate of a complex number.

Throughout these lectures, the following well-known notations will be
used:

N = {1,2,---}, the set of all natural numbers;

Z = {-,-2,-1,0,1,2,- -}, the set of all integers;

Q = {m/n: m, n €Z, n+#0}, the set of all rational numbers;

R = the set of all real numbers.

A complex number is an expression of the form a + ib, where a and
b€ R, and i (sometimes j) is just a symbol.

C = {a+ib: a, b€ R}, the set of all complex numbers.
Itisclearthat NCZCQCR CC.

For a complex number, z = a + ib, Re(z) = a is the real part of z, and
Im(z) = b is the imaginary part of z. If a = 0, then z is said to be a purely
imaginary number. Two complex numbers, z and w are equal; i.e., z = w,
if and only if, Re(z) = Re(w) and Im(z) = Im(w). Clearly, z = 0 is the
only number that is real as well as purely imaginary.

The following operations are defined on the complex number system:
(i). Addition: (a+bi)+ (c+di) = (a+c¢) + (b+ d)i.
(ii). Subtraction: (a + bi) — (¢ +di) = (a — ¢) + (b — d)i.
(iil). Multiplication: (a + bi)(c + di) = (ac — bd) + (bc + ad)i.

As in real number system, 0 = 0 + 0¢ is a complex number such that

z + 0 = z. There is obviously a unique complex number 0 that possesses
this property.

From (iii), it is clear that i> = —1, and hence, formally, i = v/—1. Thus,
except for zero, positive real numbers have real square roots, and negative
real numbers have purely imaginary square roots.

R.P. Agarwal et al., An Introduction to Complex Analysis, 1
DOI 10.1007/978-1-4614-0195-7_1, © Springer Science+Business Media, LLC 2011



2 Lecture 1

For complex numbers z1, 29, 23 we have the following easily verifiable
properties:
(I). Commutativity of addition: z1 + 22 = 29 + 21.
(IT). Commutativity of multiplication: z1z9 = 2z221.
(IIT). Associativity of addition: z; 4 (22 + 23) = (21 + 22) + 23.
(Iv).
(

V). Distributive law: (z1 + 22)z3 = 2123 + 2223.

Associativity of multiplication: zj(z223) = (2122)23.

As an illustration, we shall show only (T). Let 21 = a1 +0b1, 20 = ag+boi
then

z1+2z0 = (a1+4a2)+ (b1 +b2)i = (az+a1)+ (b2 + b1)i
= (a2 +b2i) + (a1 +b1i) = 22+ 21.

Clearly, C with addition and multiplication forms a field.

We also note that, for any integer k,

The rule for division is derived as

a+bi  a+bi c—di ac—i—bd_’_bc—adi 24?40
c+di  c+di c—di  2+d>  2+d7 '

Example 1.1. Find the quotient (6+2i) — (1+3i)

—14i—2
(6+2i)—(1+3i))  5—i  (5—14) (-3—1)
—1+i-2  =3+4 (=34+14)(=3-1)
_ —15-1-5i43i 8 1
N 9+1 5 5

Geometrically, we can represent complex numbers as points in the xy-
plane by associating to each complex number a + bi the point (a,b) in the
zy-plane (also known as an Argand diagram). The plane is referred to
as the complex plane. The z-axis is called the real axis, and the y-axis is
called the imaginary axis. The number z = 0 corresponds to the origin of
the plane. This establishes a one-to-one correspondence between the set of
all complex numbers and the set of all points in the complex plane.
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Y

24

i *2+1

0
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—3 -2 -21
Figure 1.1

We can justify the above representation of complex numbers as follows:
Let A be a point on the real axis such that OA = a. Since i-ia = i2a = —a,
we can conclude that twice multiplication of the real number a by ¢ amounts
to the rotation of OA through two right angles to the position OA”. Thus,
it naturally follows that the multiplication by 4 is equivalent to the rotation
of OA through one right angle to the position OA’. Hence, if y'Oy is a
line perpendicular to the real axis ’Ox, then all imaginary numbers are
represented by points on ¢’ Oy.

A/

A" A

/

)

Figure 1.2

The absolute value or modulus of the number z = a + ib is denoted
by |z| and given by |z| = Va2 +b2. Since a < |a] = Va2 < Va2 +b?
and b < [b] = Vb2 < VaZ + b2, it follows that Re(z) < |[Re(z)| < |z| and
Im(z) < |[Im(z)| < |z]. Now, let 21 = a3 + b1i and 23 = as + bai then

|21 — 22| = /(a1 — a2)? + (b1 — ba)2.

Hence, |21 — 22| is just the distance between the points z1 and z2. This fact
is useful in describing certain curves in the plane.
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Example 1.2. The equation |z — 1+ 3i| = 2 represents the circle whose
center is zg = 1 — 3¢ and radius is R = 2.

Figure 1.4

Example 1.3. The equation |z + 2| = |z — 1| represents the perpendic-

ular bisector of the line segment joining —2 and 1; i.e., the line z = —1/2.
Yy
<N
N
lz+2[ ,2 | Y\ 21
7/ N
’ N
4 AN
:, t T 0 \: T
2 -1 | 1

Figure 1.5



Complex Numbers T 5

The complex conjugate of the number z = a + bi is denoted by Z and
given by Z = a — bi. Geometrically, Z is the reflection of the point z about
the real axis.

Yy
*a-+ib
x
0
*a—1ib
Figure 1.6
The following relations are immediate:
z z
L sl = lall) |2 =21 @20
|22]
2. |z| >0, and |z| = 0, if and only if z = 0.
3. z=72, if and only if z € R.
4. z = —%, if and only if z = bi for some b € R.
5. 21 * 20 =71 £ 2.
6. Z122 = (71)(22)

7. (Z—1> =2 0.
z9 zZ9

8. Re(z) = % Im(z) = 2~

9. Z=2.
10. 2| = |z, 2z = |2]%.

As an illustration, we shall show only relation 6. Let z1 = a1 +b1i, 20 =
az + bai. Then

(a1 + b1i)(ag + b2i)

= (araz — b1ba) +i(a1bs + biaz)
( )
(

f122 =

a1 — blbg) — i(a1b2 + bias

ayp — bl’i)(ag — bgl) = (31)(32)



Lecture 2
Complex Numbers II

In this lecture, we shall first show that complex numbers can be viewed
as two-dimensional vectors, which leads to the triangle inequality. Next,
we shall express complex numbers in polar form, which helps in reducing
the computation in tedious expressions.

For each point (number) z in the complex plane, we can associate a
vector, namely the directed line segment from the origin to the point z; i.e.,
z=a+bi+— T = (a,b). Thus, complex numbers can also be interpreted
as two-dimensional ordered pairs. The length of the vector associated with
zis |z|. If 21 = a1 +byi +— U1 = (a1,b1) and 2o = ag+boi <— Vo=
(CLQ,bQ), then z1 + 29 +— 71 + 72.

Figure 2.1

Using this correspondence and the fact that the length of any side of

a triangle is less than or equal to the sum of the lengths of the two other
sides, we have

|21 4+ 22| < 21|+ [22] (2.1)

for any two complex numbers z; and zo. This inequality also follows from

21+ 2 = (2t 2)(z+2) = (214 2) (71 + %)
2121 + 21Z2 + 2221 + 22Z2

|21]2 + (21%Z2 + 2z122) + |22]?

= |21]* 4+ 2Re(21%2) + | 22>

21 + 2|z120] + 222 = (J2a| + |22])*

A

Applying the inequality (2.1) to the complex numbers z3 — 21 and 21,

R.P. Agarwal et al., An Introduction to Complex Analysis, 6
DOI 10.1007/978-1-4614-0195-7_2, © Springer Science+Business Media, LLC 2011
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we get
‘Zg| = ‘22—21+21| < |Zg—2’1|—|-|2’1‘,

and hence
|22] = [21] <[22 — 2. (2.2)

Similarly, we have
|21] = |22 < [o1 — 2. (2.3)

Combining inequalities (2.2) and (2.3), we obtain
1] = Jz2]] < o1 — 2. (2.4)

Each of the inequalities (2.1)-(2.4) will be called a triangle inequality. In-
equality (2.4) tells us that the length of one side of a triangle is greater
than or equal to the difference of the lengths of the two other sides. From
(2.1) and an easy induction, we get the generalized triangle inequality

|21+ 224+ 20| < |zl 4 22|+ + |zl (2.5)

From the demonstration above, it is clear that, in (2.1), equality holds
if and only if Re(z1Z2) = |2122]; i.e., 2122 is real and nonnegative. If zo # 0,
then since z1Zy = 21|22]? /22, this condition is equivalent to 27 /22 > 0. Now
we shall show that equality holds in (2.5) if and only if the ratio of any two
nonzero terms is positive. For this, if equality holds in (2.5), then, since

lzitz2+zs+ -tz = |(;1+22)+2+- -+ 2
<zt 2zl a4+l
<zl A+ lzel + [zl + - + |2l

we must have |21 + 23| = |21| + |22]. But, this holds only when z1/z9 > 0,
provided zo # 0. Since the numbering of the terms is arbitrary, the ratio
of any two nonzero terms must be positive. Conversely, suppose that the
ratio of any two nonzero terms is positive. Then, if z; # 0, we have

22 Zn

lz1+ 22+ - +2zn| = |z 1+Z—+'~—|——
1

- |Z1|(1+9+---+Z—”>
21 21

|21 <1+@ +oot Z”')
|21 |21
|21] + [za| + -+ |znl-

Example 2.1. If |z| = 1, then, from (2.5), it follows that

|22 +224+6+8i] < |22 +22|+[6+8i = 1+2+V36+64 = 13.
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Similarly, from (2.1) and (2.4), we find

2 < [22-3| < 4
Note that the product of two complex numbers z; and z; is a new
complex number that can be represented by a vector in the same plane as

the vectors for z; and z2. However, this product is neither the scalar (dot)
nor the vector (cross) product used in ordinary vector analysis.

Now let z = x4 yi, r = |z| = \/22 + y2, and 0 be a number satisfying

cost = z and sinf = g.
r r

Then, z can be expressed in polar (trigonometric) form as

z = r(cos@ +isinb).

Figure 2.2

To find #, we usually compute tan~!(y/z) and adjust the quadrant prob-
lem by adding or subtracting m when appropriate. Recall that tan=!(y/z) €

(—m/2,7/2).

Y
tan™'(y/z) + 7
—V3+i o6 V3+i
"
—V3—i -m/6 /3
tan™'(y/z) — 7
Figure 2.3

Example 2.2. Express 1 —i in polar form. Here 7 = v/2 and § = —7 /4,

and hence
1—i = V2 [COS (—%) + i sin (—g)} .
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Figure 2.4

We observe that any one of the values § = —(7/4) + 2nm, n=0,1,---,
can be used here. The number 6 is called an argument of z, and we write
0 = arg z. Geometrically, argz denotes the angle measured in radians that
the vector corresponds to z makes with the positive real axis. The argument
of 0 is not defined. The pair (r,argz) is called the polar coordinates of the
complex number z.

The principal value of arg z, denoted by Arg z, is defined as that unique
value of arg z such that —m < argz < .

If we let 21 = r1(cosfy +isinfy) and zo = ro(cos bz + isinfbs), then
z122 = rir2[(cosfy cos by — sin by sin by) + i(sin O cos Oa + cos Oy sin s)]
= rirg[cos(f1 + 02) + isin(01 + 62)].

Thus, |z122| = |21]]22], arg(z122) = argz + arg 29.

Y
2122

r1iT2

22

01 02 6140
Figure 2.5

For the division, we have

21— Dcos(6y — 02) + isin(0 — 62)],

22 T2

i = @7 arg <i> = argezp — argzo.
) Zzl Z2
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i
- in polar form. Since the
—1

Example 2.3. Write the quotient

polar forms of 1 + i and /3 — i are
1+: = ﬁ(cos% + i sin %) and V3—i = 2 (COS (776_r) + ¢ sin (7%)) ,

it follows that
= P[5 ()] i[5 ()]

2L (Z) i ().

Recall that, geometrically, the point Z is the reflection in the real axis
of the point z. Hence, argZ = —arg z.




Lecture 3
Complex Numbers III

In this lecture, we shall first show that every complex number can be
written in exponential form, and then use this form to raise a rational
power to a given complex number. We shall also extract roots of a complex
number. Finally, we shall prove that complex numbers cannot be ordered.

If z = x + iy, then e* is defined to be the complex number

z

e* = e*(cosy +isiny). (3.1)

This number e® satisfies the usual algebraic properties of the exponential
function. For example,

e“le® = 12 and — = ¢
e*2

In fact, if 21 = x1 4+ iy7 and zo = x5 + iyo, then, in view of Lecture 2, we
have
ef1e” = e*(cosyy + isinyy)e™ (cosys + i sinys9)

€12 (cos(yy + y2) + isin(yr + y2))
e@itz2)+i(yr+y2) — pritae

In particular, for z = iy, the definition above gives one of the most impor-
tant formulas of Euler

e = cosy +isiny, (3.2)

which immediately leads to the following identities:

X iy 1y ) W ey
cosy = Re(e”) = i7 siny = Im(e®) = i.
2 2
When y = , formula (3.2) reduces to the amazing equality e™ = —1.

In this relation, the transcendental number e comes from calculus, the tran-
scendental number 7 comes from geometry, and 7 comes from algebra, and
the combination e™ gives —1, the basic unit for generating the arithmetic
system for counting numbers.

Using Euler’s formula, we can express a complex number z = r(cos +
isin#) in exponential form; i.e.,

z = r(cosf +ising) = re’. (3.3)

R.P. Agarwal et al., An Introduction to Complex Analysis, 11
DOI 10.1007/978-1-4614-0195-7_3, © Springer Science+Business Media, LLC 2011
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The rules for multiplying and dividing complex numbers in exponential
form are given by

z179 = (r1€9)(rge'®2) = (ryry)et01702)
i0

z1 o orme” i(61—02)

29 roeifz T '

Finally, the complex conjugate of the complex number z = re? is given by
Z=re ",

1+
V3—i
(1). We have 1 +i = V2eim/4 /3 — i = 2e/6 and therefore

L+i V2eim /4 _ V2 i5m/12
V3—i  2emim/6 2 '

Example 3.1. Compute (1). and (2). (144)%*.

(2). (1_1_2-)24 — (\/ieiﬂ/4)24 — 21261'677 — 912

From the exponential representation of complex numbers, De Moivre’s
formula

(cosO+isind)" = cosnf +isinngd, n=12 -, (3.4)
follows immediately. In fact, we have

(cosf +isind)" = ()" = ¢ .¢e?...¢e"
— piFiO i

e = cosnb + isinné.
From (3.4), it is immediate to deduce that

1+itand\" B 1+ itannb
1—itan6  1—dtann®’

Similarly, since

. . T 0 T 0 . (T 0
1+sinf +icos = 2cos (Z_§> {cos (Z—§>izsm(z—§)],

it follows that

1+sinf +icos@]" nmw .. /nm
- - = cos (— —n@) + i sin (— —nG).
1+sinf —icost 2 2
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Example 3.2. Express cos 36 in terms of cosf. We have

cos30 = Re(cos30+isin3f) = Re(cosf + isinf)?
= Re[cos®  + 3 cos? O(isinb) + 3 cos (— sin® §) — i sin® 4]
= cos® —3cosfsin®f = 4cos®6 — 3cosb.

Now, let z = re? = r(cosf + isin@). By using the multiplicative prop-
erty of the exponential function, we get

P — rneiné (35)

for any positive integer n. If n = —1, =2, - - -, we define 2" by 2" = (z=hH)—n.
If z = re?, then 27! = e~ /r. Hence,

P (2*1)771 = [lei(G)] = (l) ei(=n)(=0) _ ngind
r r

Hence, formula (3.5) is also valid for negative integers n.

Now we shall see if (3.5) holds for n = 1/m. If we let
¢ = Rfreim, (3.6)

then £ certainly satisfies £™ = z. But it is well-known that the equation
&M = z has more than one solution. To obtain all the mth roots of z, we
must apply formula (3.5) to every polar representation of z. For example,
let us find all the mth roots of unity. Since

1 = ™ k=0,41,42,- -,

applying formula (3.5) to every polar representation of 1, we see that the
complex numbers

z = eBFT/m =0, +£1,42,- -,

are mth roots of unity. All these roots lie on the unit circle centered at the
origin and are equally spaced around the circle every 27/m radians.

Figure 3.1
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Hence, all of the distinct m roots of unity are obtained by writing
z = kM k=01, ,m— 1. (3.7)
In the general case, the m distinct roots of a complex number z = re*
are given by
Lm = ’{‘/Fei(9+2k”)/m, k=0,1,---,m— 1.
Example 3.3. Find all the cube roots of v/2 4 iy/2. In polar form, we
have V2 + iv/2 = 2¢7/4, Hence,

(V2 +ivV2)/3 = Yoei(BT5)) k=0,1,2

ie.,
3 3 17 17
%(cosl% —|—isin1ﬂ—2>, V2 <cosz7r +isinf), \3/§<cosl—27T —|—isin1—27T> ,

are the cube roots of v/2 + iv/2.

Example 3.4. Solve the equation (z+1)° = 2°. We rewrite the equation

1\°
as <Z i ) = 1. Hence,
z

AL amifs g —0,1,2,3.4,
z

or

1 1 . 7k
2 = m = —§(I+ZCOt?>7 k_0a172a374'

Similarly, for any natural number n, the roots of the equation (z+1)"+
2™ =0 are

T+ 2kmw

1
z = ——<1+icot
2 n

), k=0,1,---,n—1.

We conclude this lecture by proving that complex numbers cannot be
ordered. (Recall that the definition of the order relation denoted by > in
the real number system is based on the existence of a subset P (the positive
reals) having the following properties: (i) For any number « # 0, either «
or —a (but not both) belongs to P. (ii) If @ and 8 belong to P, so does
a—+ (. (iii) If a and 8 belong to P, so does - 5. When such a set P exists,
we write o > § if and only if & — 8 belongs to P.) Indeed, suppose there is
a nonempty subset P of the complex numbers satisfying (i), (ii), and (iii).
Assume that i € P. Then, by (iii), i = —1 € P and (—1)i = —i € P. This
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violates (i). Similarly, (i) is violated by assuming —i € P. Therefore, the
words positive and negative are never applied to complex numbers.

Problems

3.1. Express each of the following complex numbers in the form x4y :

(a). (\/ﬁ—li) —i(1— \/§z) .(b). (2—3z’)(—2+z‘), gc). (1—4)(2—14)(3—1),

(g). (1++v3i)71° (h). (=1+4)7, (). (1 -

3.2. Describe the following loci or regions:

(a). |z — 20| = |z — Zo|, where Im zg # 0,
(b). |z — 20| = |z + Zo|, where Re zg # 0,
(¢). |z — 20| = |z — 21|, where zg # 21,
(d). |z —1]=1,
(e). |z —2| = 2|z — 24,
zZ— 20 o
(). = ¢, where zp # 21 and ¢ # 1,
zZ— 2z
(g). 0 <Imz < 2m,
Rez
h), ——>1, I
(h) |z—1|> , Imz < 3,
(i). |z = 21| + |z — 22| = 2a,

(j). azZ+kz+kz+d=0, k€ C, a,d € R, and |k|?> > ad.
3.3. Let «, g € C. Prove that
o+ B> +|a = B2 = 2(la +[8),
and deduce that

o+ Va2 = |+ o — Va2 = 2| = |a+ ]+l

3.4. Use the properties of conjugates to show that

(). (2)* = =), <b>.@= o

Z9Z3 7233 '

3.5. If |z| = 1, then show that

az+b

= =1
bz+a
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for all complex numbers a and b.
3.6. If |z| = 2, use the triangle inequality to show that
Im(1 —Zz+2%)| <7 and |2* —422+3|>3.
3.7. Prove that if |z| = 3, then

5

13 —

2z —1
44 22

7

= 5'

3.8. Let z and w be such that zw # 1, |z] < 1, and |w| < 1. Prove that

Determine when equality holds.

3.9. (a). Prove that z is either real or purely imaginary if and only if
(z)? = 22
(b). Prove that v/2|z| > |Re z| + |Tm z|.

3.10. Show that there are complex numbers z satisfying |z—a|+|z+a| =
2|b| if and only if |a] < |b|. If this condition holds, find the largest and
smallest values of |z]|.

3.11. Let 21, 29, - - -, 2,, and w1y, wo, - - -, w, be complex numbers. Estab-
lish Lagrange’s identity

n 2 n n
S| - (sz) (z w) B e ——
k=1 k=1 k=1

k<t
and deduce Cauchy’s inequality

n 2 n n
szwk < <Z|Zk|2> (Z |wk|2> .
k=1 k=1 k=1

3.12. Express the following in the form r(cosf +isinf), —n <0 <7 :

(1—1d)(V3+1) I
(14+4)(V3—1) (b) =8+ 5+ 5=

3.13. Find the principal argument (Arg) for each of the following com-
plex numbers:

(a). 5 (cosg —isin %) , (b). =34+3i, (c).

().

2

T @ (VB
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3.14. Given z129 # 0, prove that
Rez1Z2 = |z1]|22] if and only if Argz; = Argzs.
Hence, show that
|21 4+ 22| = |z1| +|22| if and only if Argz; = Argzs.
3.15. What is wrong in the following?
1=V1=+ED)(-1) = V-1vV-1=ii= —1
3.16. Show that

N4 . .o\ 10
(172)9(COS%+281HE) _ _

(8i — 8v/3)6

3.17. Let z = re? and w = Re'?, where 0 < r < R. Show that

Re<w+z> _ R? —¢? '
w—z R2? — 2Rrcos(0 — ¢) + r?
3.18. Solve the following equations:
(a). 22 =2i, (b). 22=1-+3i, (c). z*=-16, (d). z*=—-8—8/3i.
3.19. For the root of unity z = €>™/™_ m > 1, show that
I+z+22 44271 = 0.

3.20. Let a and b be two real constants and n be a positive integer.
Prove that all roots of the equation

1 . n
( “_Z) — a+ib
1—12

are real if and only if a? + b = 1.

3.21. A quarternion is an ordered pair of complex numbers; e.g., ((1,2),
(3,4)) and (244, 1—i). The sum of quarternions (A, B) and (C, D) is defined
as (A + C, B + D). Thus, ((1,2),(3,4)) + ((5,6), (7.8)) = ((6,8), (10,12))
and (1 —4,44+4) + (74 2i,—5+1i) = (8 + i, —1 + 2¢). Similarly, the scalar
multiplication by a complex number A of a quaternion (B, C) is defined by
the quadternion (AB, AC). Show that the addition and scalar multiplica-
tion of quaternions satisfy all the properties of addition and multiplication
of real numbers.

3.22. Observe that:
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a). Ifx=0andy > 0(y <0), then Argz = 7/2(—7/2).

(b). If 2 >0, then Argz = tan=!(y/z) € (—7/2,7/2).

¢). fzx <0andy > 0(y <0), then Argz = tan~!(y/z)+r (tan~!(y/z)—
).

(d). Arg(z122) = Argz; + Argze + 2mm for some integer m. This m is
uniquely chosen so that the LHS € (—m, 7]. In particular, let 21 = —1, 290 =
—1, so that Argz; = Argzs = 7 and Arg(z122) = Arg(1l) = 0. Thus the
relation holds with m = —1.

(e). Arg(z1/z2) = Argz1 — Argzs + 2mm for some integer m. This m is
uniquely chosen so that the LHS € (—m, 7].

Answers or Hints

3.1. (a). —2i, (b). =14 84, (c). —10i, (d). i, (e). (1 —14)/2, (f). —2/5,
(g). 27 (=1 +/3i), (h). —8(1 +1i), (i). —4.

3.2. (a). Real axis, (b). imaginary axis, (c). perpendicular bisector (pass-
ing through the origin) of the line segment joining the points zp and z,
(d). circle center z = 1, radius 1; i.e., (z — 1) + y? = 1, (e). circle
center (—2/3,8/3), radius v/32/3, (f). circle, (g). 0 < y < 2, infinite
strip, (h). region interior to parabola y? = 2(x — 1/2) but below the line
y =3, (i). ellipse with foci at 21, zo and major axis 2a (j). circle.

3.3. Use |z =27

3.4. (a) A= =7777= (), ). (25) =25 = &
1

2223 2223 Z2Z3
3.5. If |z| =1, then 7 = z— .
3.6. [Im(1—-Z+22)| <[l —Z+22 <|1|+ ]2 + |22 <7, |2* — 422+ 3| =
|22 = 3||2% — 1] > (2% = 3)(|2% - 1).

3.7. We have
22—1| _ 2]z[+1 2:3+1 7
44227 |4—22] |4-3% 5
and
2z2—1| _ [2]z2|-1] 2:3-1 5
44227 |4+ 22| 4+32 13

3.8. We shall prove that |1 —Zw| > |z —w|. We have |1 —zw|? — |z —w|? =
(I-—zw)(1—20)— (z—w)(Z—W) = 1 —2W—Zw+ZwzW—2Z+ 2W+WZ —ww =
1— |22 = |w|? +]2z]?|w|? = (1 —|2]*)(1 — |w|?) > 0 since |z| < 1 and |w| < 1.
Equality holds when |z| = |w| = 1.

3.9. (a). (2)? =22 iff 22— (2)2 = 0 iff (2 +2)(z — Z) = 0 iff either
2Re(z) =z+Z=0or 2ilm(z) = z —z = 0 iff z is purely imaginary or z is
real. (b). Write 2 = z+iy. Consider 2|z|2 — (|Re z|+|Im 2])? = 2(2® +y?) —
(l[+ly)? = 202 +2y>— (2 +y*+2Jzly) = 2*+y*—2z[ly| = (lz[-|y])* > 0.
3.10. Use the triangle inequality.
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3.11. We have

n 2
E ZEWk
k=1

3

=)l lw]? +szwkfz@e
k=1 P,

(Eom) (£om) -5
) <§:1|Zk|2> (,:1 |“”“|2> %'Z’“F'w"Q*;Z%wkEem
() (S o) - G-

3.12. (a). cos(—7/6) + isin(—7/6), (b). 5(cos7r+isin7r).
3.13. (a). —7/8, (b). 57/6, (c). 21/3, (d). =

3.14. Let 21 = r1e?t, zo = rqe2. Then, 21Zo = riroe’(@102) Re(z1z2) =
rirgcos(0y — O2) = 7"17‘2 if and only if 01 — 0> = 2km, k € Z. Thus, if and
only if Argzi-Argzy = 2km, k € Z. But for —m < Argzy, Argzz <,
the only possibility is Argz; = Arg zo. Conversely, if Argz; = Argzs, then
Re (2122) =7rirg = |2,’1H22| Now, |2’1 + 2’2| = |21| + |22| <~ 2121+ 22Z22 +
2122 + 2921 = |Z1‘2 + ‘22|2 + 2|Zl‘22| <~ 2122 + 2021 = 2|Zl||22| <~
Re(z1Z2+22%1) = Re(21Z2) + Re(20Z1) = 2|21]|22| <= Re(z1Z2) = |21]|22]
and Re(Z122) = |z1]]22] <= Arg(z1) = Arg(22).

3.15. If a is a positive real number, then /a denotes the positive square
root of a. However, if w is a complex number, what is the meaning of

Vw? Let us try to find a reasonable definition of y/w. We know that the

2

equation z“ = w has two solutions, namely z = =+ |w\ei(Argw)/2. If we

want v/—1 = i, then we need to define y/w = |w|ei(Argw)/2. However,
with this definition, the expression /wy/w = vw? will not hold in general.
In particular, this does not hold for w = —1.

3.16. Use 1 —i = /2 [cos (—%) +isin (—%)] and 8i — 83 = 16 [cos 2%
+i sin %ﬂ] .

3.17. Use |w — 2|? = (w — 2)(w — 2).

3.18. (a). 22 =2i=2e"/2 2 =24 2exp [L (Z +2m)],

(b). z =1—+3i=2e""/3 z=/2e /6, \/_615”/6

(c). 2% = =16 =2%e'™, z = 2exp [i (F22)], k=0,1,2,3,

(d). 2% =—8—8V3i=16e""/3 z=2exp[L (4 +2k7)], k=0,1,2,3.
3.19. Multiply 1 +z+ 22+ - -+ 2" "L by 1 — 2.

3.20. Suppose all the roots are real. Let z = x be a real root. Then

. n C12n 2\
a+ib = (%) implies that |a + ib|? = ’M = (sz) =1, and

1—ix 14z
hence a? + b? = 1. Conversely, suppose a? + b* = 1. Let z=2x+ 1y be a
N2 2\ "
root. Then we have 1 = a? + b2 = |a+ib|? = ’hi—ﬂ = (Mﬁ) 7

and hence (14 y)? + 2% = (1 — y)? + 2%, which implies that y = 0.
3.21. Verify directly.



Lecture 4

Set Theory
in the Complex Plane

In this lecture, we collect some essential definitions about sets in the
complex plane. These definitions will be used throughout without further
mention.

The set S of all points that satisfy the inequality |z — 29| < €, where € is
a positive real number, is called an open disk centered at zy with radius e
and denoted as B(zg, €). It is also called the e-neighborhood of zg, or simply
a neighborhood of zy. In Figure 4.1, the dashed boundary curve means that
the boundary points do not belong to the set. The neighborhood |z| < 1 is
called the open unit disk.

- ~

g RN \

/
;I *Z € Dotted boundary curve
I \ means the boundary
1 20 | points do not belong to S
\ l

\ /

\ s

Figure 4.1

A point zp that lies in the set S is called an interior point of S if there
is a neighborhood of zy that is completely contained in S.

Example 4.1. Every point z in an open disk B(zg,€) is an interior
point.

Example 4.2. If S is the right half-plane Re(z) > 0 and 2o = 0.01,
then zg is an interior point of S.

Figure 4.2

R.P. Agarwal et al., An Introduction to Complex Analysis, 20
DOI 10.1007/978-1-4614-0195-7 4, © Springer Science+Business Media, LLC 2011



Set Theory in the Complex Plane 21

Example 4.3. If S = {z:|z| < 1}, then every complex number z such
that |z] =1 is not an interior point, whereas every complex number z such
that |z| < 1 is an interior point.

If every point of a set S is an interior point of S, we say that S is an
open set. Note that the empty set and the set of all complex numbers are
open, whereas a finite set of points is not open.

It is often convenient to add the element oo to C. The enlarged set
C U {oc} is called the extended complex plane. Unlike the extended real
line, there is no —oo. For this, we identify the complex plane with the xy-
plane of IR?, let S denote the sphere with radius 1 centered at the origin
of R?, and call the point N = (0,0, 1) on the sphere the north pole. Now,
from a point P in the complex plane, we draw a line through N. Then,
the point P is mapped to the point P’ on the surface of S, where this
line intersects the sphere. This is clearly a one-to-one and onto (bijective)
correspondence between points on S and the extended complex plane. In
fact, the open disk B(0,1) is mapped onto the southern hemisphere, the
circle |z] = 1 onto the equator, the exterior |z| > 1 onto the northern
hemisphere, and the north pole N corresponds to co. Here, S is called the
Riemann sphere and the correspondence is called a stereographic projection
(see Figure 4.3). Thus, the sets of the form {z : |z — 29| > r > 0} are open
and called neighborhoods of oo. In what follows we shall make the following
conventions: z; + 0o =00+ 21 = oo for all z; € C, 29 X 00 = 00 X 29 = 0
for all zo € C but z3 # 0, 21/0 = oo for all z; # 0, and z2/00 = 0 for
z9 # 00.

Figure 4.3

A point z is called an exterior point of S if there is some neighborhood
of zp that does not contain any points of S. A point zp is said to be a
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boundary point of a set S if every neighborhood of zy contains at least one
point of S and at least one point not in S. Thus, a boundary point is neither
an interior point nor an exterior point. The set of all boundary points of
S denoted as 0S5 is called the boundary or frontier of S. In Figure 4.4, the
solid boundary curve means the boundary points belong to S.

O s
\ /
~=7 Solid boundary curve
means the boundary
points belong to S
Figure 4.4

Example 4.4. Let 0 < p1 < p2 and S = {z: p1 < |z| < pa}. Clearly,
the circular annulus S is neither open nor closed. The boundary of S is the

set {z:|z| = p2} U{z:|2] = p1}.

>

Figure 4.5

A set S is said to be closed if it contains all of its boundary points; i.e.,
0S5 C S. It follows that S is open if and only if its complement C — S is
closed. The sets C and @ are both open and closed. The closure of S is
the set S = S U 0S. For example, the closure of the open disk B(zg,7) is
the closed disk B(zo,7) = {2z : |z — 20| < r}. A point z* is said to be an
accumulation point (limit point) of the set S if every neighborhood of z*
contains infinitely many points of the set S. It follows that a set S is closed
if it contains all its accumulation points. A set of points S is said to be
bounded if there exists a positive real number R such that |z| < R for every
z in S. An unbounded set is one that is not bounded.
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A\

Unbounded Bounded
Figure 4.6

Let S be a subset of complex numbers. The diameter of S, denoted as
diam S, is defined as

diamS = sup |z — w|.
z,weS

Clearly, S is bounded if and only if diam S < oo. The following result,
known as the Nested Closed Sets Theorem, is very useful.

Theorem 4.1 (Cantor). Suppose that Si, 55, -- is a sequence of
nonempty closed subsets of C satisfying

1.5, D841, n=1,2,--+,
2. diam S,, — 0 as n — oo.

Then, (),—, S» contains precisely one point.
Theorem 4.1 is often used to prove the following well-known result.

Theorem 4.2 (Bolzano-Weierstrass). If S is an infinite bounded
set of complex numbers, then S has at least one accumulation point.

A set is called compact if it is closed and bounded. Clearly, all closed
disks B(zp, r) are compact, whereas every open disk B(z, r) is not compact.
For compact sets, the following result is fundamental.

Theorem 4.3. Let S be a compact set and r > 0. Then, there exists
a finite number of open disks of radius » whose union contains S.

Let S C C and {S, : @ € A} be a family of open subsets of C, where A
is any indexing set. If S C (J,cp Sa, We say that the family {S, : a € A}
covers S. If A C A, we call the family {S, : « € A’} a subfamily, and if it
covers S, we call it a subcovering of S.

Theorem 4.4. Let S C C be a compact set, and let {S, : a € A} be
an open covering of S. Then, there exists a finite subcovering; i.e., a finite
number of open sets S1,---,.S, whose union covers S. Conversely, if every
open covering of S has a finite subcovering, then S is compact.



24 Lecture 4

Let z; and z2 be two points in the complex plane. The line segment ¢
joining z1 and 29 is the set {w € C:w =21 + (20 — z1), 0 <t < 1}.

6/2
/ Segment [z1, 22]

zZ1
Figure 4.7
Now let z1, 22, -+, zp4+1 be n+ 1 points in the complex plane. For each
k=1,2,--- n, let {; denote the line segment joining zj to zx+1. Then the
successive line segments {1, /o, - - -, £, form a continuous chain known as a

polygonal path joining z1 to zpy1.

Y
Z2

21 % .

0 /e

Zn+1

Figure 4.8

An open set S is said to be connected if every pair of points 21, z5 in
S can be joined by a polygonal path that lies entirely in S. The polygonal
path may contain line segments that are either horizontal or vertical. An
open connected set is called a domain. Clearly, all open disks are domains.
If S is a domain and S = AU B, where A and B are open and disjoint;
ie., ANB =, then either A =) or B = (). A domain together with some,
none, or all of its boundary points is called a region.

NV
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o
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/\\ éj_}///; /I/
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Connected Not connected
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) 7
=31

Connected Not connected

Figure 4.9

A set S is said to be convez if each pair of points P and @) can be joined
by a line segment PQ such that every point in the line segment also lies in
S. For example, open disks and closed disks are convex; however, the union
of two intersecting discs, while neither lies inside the other, is not convex.
Clearly, every convex set is necessarily connected. Furthermore, it follows
that the intersection of two or more convex sets is also convex.

Problems

4.1. Shade the following regions and determine whether they are open
and connected:

(a). {z€C: —7/3 <argz < 7/2},

(b). {z€C:|z—1] < |z+ 1|},

(¢). {z€C:|z—1]+|z —i| < 2v2},

(d.{zeC:12< [z -1 <V2}U{zeC:1/2< |z + 1] < V2}.

4.2. Let S be the open set consisting of all points z such that |z| < 1
or |z — 2| < 1. Show that S is not connected.

4.3. Show that:

(a). If Si,---, S, are open sets in C, then so is (;_; Sk.

(b). If {Sy : a € A} is a collection of open sets in C, where A is any
indexing set, then S = (J,c, Sa is also open.

(c). The intersection of an arbitrary family of open sets in C need not be
open.

4.4. Let S be a nonempty set. Suppose that to each ordered pair
(z,y) € S x S a nonnegative real number d(zx,y) is assigned that satisfies
the following conditions:

(). d(z,y) > 0 and d(z,y) = 0 if and only if x = v,
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(i)). d(z,y) =d(y,z) for all z,y € S,
(iii). d(z, z) < d(z,y) +d(y,z) for all z,y,z € S.

Then, d(z,y) is called a metric on S. The set S with metric d is called
a metric space and is denoted as (S, d). Show that in C the following are
metrics:

(a). d(z,w) = |z — w|,

|z —wl
(o) dlzw) = T
@ diz) = { 1220

4.5. Let the point z = = + iy correspond to the point (£,7,¢) on the
Riemann sphere (see Figure 4.3). Show that

2Rez 2Im 2 |22 —1
= rno "7 Tpap ST Loy
|22 + 1 |22 +1 |27+ 1
and
Rez = L, Im = L.
1-¢ 1-¢

4.6. Show that if z; and 29 are finite points in the complex plane C,
then the distance between their stereographic projection is given by

2‘2’1 722|
d(Zl,ZQ) = .
V6+[a2 1+ |2

This distance is called the spherical distance or chordal distance between
z1 and z5. Also, show that if zo = oo, then the corresponding distance is
given by

2

VItlal

d(z1,00) =

Answers or Hints

4.1.
A

—m/3

|
I
(a). - ®).
:
|
|

Not open Open connected
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Open connected (ellipse)

Open connected

4.2. Points 0 and 2 cannot be connected by a polygonal line.

Y
- ~ -~
7~ AN N
/ \ \
T T 5 —
0 U 2 1
\ s\ /
\ \
4.3. (a). Let w € N?_;Sk. Then w € Sk, k = 1,---,n. Since each Sy, is
open, there is an 7, > 0 such that {z : |z —w| < rp} C Sk, k=1,---,n.
Let r = min{ry,---,rp}. Then {z : |z —w| < r} C{z: |z —w| < 1} C

Sk, k=1,---,n. Thus, {z: |z —w| <r} C N}_,Sk.

(b). Use the property of open sets.

(c). Ne=,{z:|z| < 1/n} = {0}.

4.4. (a). Verify directly. (b). For a,b,c > 0 and ¢ < a + b, use T <
o + ﬁ. (¢). Verify directly.

4.5. The straight line passing through (x,y,0) and (0,0,1) in parametric
form is (tz,ty,1 — t). This line also passes through the point (£,7,({) on
the Riemann sphere, provided t?z2 + t2y? + (1 — t)? = 1. This gives t = 0
and t = 2/(z? + y*> + 1). The value t = 0 gives the north pole, whereas
t =2/(x* + y* + 1) gives (£,1,¢) = (mszzﬂ, T izigzﬁ) . From
this, it also follows that |2 + 1 = IE—C

4.6. If (&1,m1,¢1) and (&2,72,¢2) are the points on S corresponding to
z1 and zy, then d(z1,29) = [(&1 — &)° + (m — m2)* + (G — Q)*]/? =
[2—2(&& +mn2 + Clg“g)]l/Q. Now use Problem 4.5. If 29 = oo, then again
from Problem 4.5, we have d(z1,00) = [§f+77f+§§171)2}1/2 =[2-2¢]"? =
2= 2(lz1* = 1)/ (> + D)2 =2/ (|1 P + 1)V




Lecture 5

Complex Functions

In this lecture, first we shall introduce a complex-valued function of a
complex variable, and then for such a function define the concept of limit
and continuity at a point.

Let S be a set of complex numbers. A complex function (complex-valued
of a complex variable) f defined on S is a rule that assigns to each z = x+iy
in S a unique complex number w = u + ‘v and written as f : .S — C. The
number w is called the value of f at z and is denoted by f(z);i.e., w = f(2).
The set S is called the domain of f, the set W = {f(z) : z € S}, often
denoted as f(9), is called the range or image of f, and f is said to map S
onto W. The function w = f(z) is said to be from S into W if the range of
S under f is a subset of WW. When a function is given by a formula and the
domain is not specified, the domain is taken to be the largest set on which
the formula is defined. A function f is called one-to-one (or univalent, or
injective) on a set S if the equation f(z1) = f(z2), where z1 and 25 are in S,
implies that z; = 2z3. The function f(z) = iz is one-to-one, but f(z) = 22
is not one-to-one since f(i) = f(—i) = —1. A one-to-one and onto function
is called bijective. We shall also consider multi-valued functions: a multi-
valued function is a rule that assigns a finite or infinite non-empty subset
of C for each element of its domain S. In Lecture 2, we have already seen
that the function f(z) = arg z is multi-valued.

As every complex number z is characterized by a pair of real numbers
x and y, a complex function f of the complex variable z can be specified
by two real functions u = u(x,y) and v = v(z,y). It is customary to write
w = f(z) = u(z,y)+iv(z,y). The functions u and v, respectively, are called
the real and imaginary parts of f. The common domain of the functions u
and v corresponds to the domain of the function f.

Example 5.1. For the function w = f(z) = 322 + 7z, we have
fla+iy) = 3@ +iy)* +7(x +iy) = (32" = 3y + Ta) +i(6xy + Ty),

and hence u = 322 — 3y + 72 and v = 6zy + Ty. Similarly, for the function
w = f(z) = |z|%, we find

fle+iy) = [e+iyf = 2°+y°

and hence u = 22 + y? and v = 0. Thus, this function is a real-valued func-
tion of a complex variable. Clearly, the domain of both of these functions is

R.P. Agarwal et al., An Introduction to Complex Analysis, 28
DOI 10.1007/978-1-4614-0195-7_5, © Springer Science+Business Media, LLC 2011
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C. For the function w = f(z) = z/|z|, the domain is C\{0}, and its range
is |z] = 1.

Example 5.2. The complex exponential function f(z) = €* is defined
by the formula (3.1). Clearly, for this function, u = e® cosy and v = e* sin y,
which are defined for all (z,y) € IR?. Thus, for the function e* the domain
is C. The exponential function provides a basic tool for the application of
complex variables to electrical circuits, control systems, wave propagation,
and time-invariant physical systems.

Recall that a vector-valued function of two real variables F(z,y) =
(P(z,y),Q(x,y)) is also called a two-dimensional vector filed. Using the
standard orthogonal unit basis vectors i and j, we can express this vector
field as F(z,y) = P(z,y)i + Q(z,y)j. There is a natural way to represent
this vector field with a complex function f(z). In fact, we can use the
functions P and @ as the real and imaginary parts of f, in which case we
say that the complex function f(z) = P(x,y) + iQ(x,y) is the complex
representation of the vector field F(x,y) = P(x,y)i+ Q(z,y)j. Conversely,
any complex function f(z) = wu(z,y) + iv(z,y) has an associated vector
field F(z,y) = u(z,y)i + v(z,y)j. From this point of view, both F(x,y) =
P(z,y)i+ Q(z,y)j and f(z) = u(x,y) + iv(x,y) can be called vector fields.
This interpretation is often used to study various applications of complex
functions in applied mathematical problems.

Let f be a function defined in some neighborhood of z, with the possible
exception of the point zg itself. We say that the limit of f(z) as z approaches
2o (independent of the path) is the number wy if | f(2)—wo| — 0 as |z—zo| —
0 and we write lim,_, ., f(z) = wo. Hence, f(z) can be made arbitrarily close
to wy if we choose z sufficiently close to zy. Equivalently, we say that wy is
the limit of f as z approaches zj if, for any given € > 0, there exists a 6 > 0
such that

0 < |z—2] < 0 = |f(z) —w| < e

x u

Figure 5.1

Example 5.3. By definition, we shall show that (i) lim,_,;_;(z* —2) =
—2+ 2 and (ii) lim,_,;_, |22 — 2| = V8.
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(i). Given any € > 0, we have
22 -2 (—2+2i) = [22-2i| = [22+2i] = |22+ 24
[z = (L =9z + (1 =)

< = =9l(z = (X =) +2[1 =)
< lp—(1-d1+2v2) if |z-(1-4)| <1
< e if |z(1z)|<m1n{ 2\/_}

(ii). Given any € > 0, from (i) we have

12% = 2| - V8|

72 — 2| — | — 2+ 2i|
122 — 2 — (=2 + 2i)|

IN

< e if z(lz)|<m1n{

N’ }
Example 5.4.

(i). Clearly, lim,_,., z = zp. (ii). From the inequalities

[Re(z — 20)] < [(Re(2 — 20))* + (Im(2 — 20))*]'/* = |2 — 2o,
[Im(z — z0)| < [2— =,

it follows that lim,_,,, Rez = Re zp, lim,_,,, Im 2z = Im 2.

Example 5.5. lim, ,o(z/Z) does not exist. Indeed, we have

. z . x40
lim — lim — = 1,
20 z z—0 z — 10
along z-axis
044
lim é = lim + Zy = —1.
z—0 % y—=0 0 —1y

along y-axis

The following result relates real limits of u(z,y) and v(z,y) with the
complex limit of f(z) = u(x,y) + iv(z,y).

Theorem 5.1. Let f(z) = u(z,y) + iv(z,y), z0 = xo + 1Yo, and wy =
uo+ivg. Then, lim,_, ., f(2) = wo if and only if limy .z, y—sy, w(x, y) = uo
and limy 5o, yoyo 0(2,Y) = 0.

In view of Theorem 5.1 and the standard results in calculus, the follow-
ing theorem is immediate.

Theorem 5.2. If hmz_>ZO f( ) = A and lim,,,, g(z) = B, then

(i) limzazf)(fj(c )) (A)) = B, (i) lim., f(2)9(2) = AB, and
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For the composition of two functions f and g denoted and defined as
(fog)(z) = f(g(z)), we have the following result.

Theorem 5.3. If lim, ., g(2) = wo and lim, s, f(w) = A, then

lim flg(z)) = A = f (zlgrzlo g(z)> :
Now we shall define limits that involve co. For this, we note that z — 0o
means |z| — oo, and similarly, f(z) — oo means |f(z)| — oo.

The statement lim._, ., f(z) = oo means that for any M > 0 there is a
0 > 0 such that 0 < |z — 29| < ¢ implies |f(z)| > M and is equivalent to
lim,,., 1/f(z) =0.

The statement lim, , f(2) = wp means that for any ¢ > 0 there is
an R > 0 such that |z| > R implies |f(z) — wo| < ¢, and is equivalent to
lim, 0 f(1/2) = wo.

The statement lim,_, « f(z) = oo means that for any M > 0 there is an
R > 0 such that |z| > R implies |f(2)| > M.

Example 5.6. Since
22+3 24+3/z

3z+2  3+2/2

lim, 0 (22 + 3) /(32 + 2) = 2/3. Similarly, lim, (22 +3)/(322 +2) =0
and lim, (222 + 3)/(32z + 2) = occ.

Let f be a function defined in a neighborhood of zy. Then, f is contin-
uwous at zo if lim, ., f(2) = f(20). Equivalently, f is continuous at zq if for
any given € > 0, there exists a > 0 such that

|z—2| < 0 = |f(z) = f(2)| < e

A function f is said to be continuous on a set S if it is continuous at each
point of S.

Example 5.7. The functions f(z) = Re(z) and g(z) = Im(2) are
continuous for all z.

Example 5.8. The function f(z) = |z| is continuous for all z. For this,
let zg be given. Then

lim |z] = lim /(Rez)2+ (Im2)2 = /(Rez)2+ (Imz2)2 = |z

Z—r 20 zZ—20

Hence, f(z) is continuous at zg. Since zq is arbitrary, we conclude that f(z)
is continuous for all z.
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It follows from Theorem 5.1 that a function f(z) = u(x,y) + iv(x,y)
of a complex variable is continuous at a point zg = ¢ + iyp if and only if
u(z,y) and v(z,y) are continuous at (zg, yo)-

Example 5.9. The exponential function f(z) = e* is continuous on
the whole complex plane since e* cosy and e” siny both are continuous for
all (z,y) € R%

The following result is an immediate consequence of Theorem 5.2.

Theorem 5.4. If f(z) and g(z) are continuous at zy, then so are

(i) f(2) £9(2), (ii) f(2)g(2), and (iii) f(2)/g(z) provided g(zo) # 0.

Now let f:S — W, Sy C S, and Wy C W. The inverse image denoted
as f~1(Wy) consists of all z € S such that f(z) € Wi. It follows that
F(f~t(W1)) € Wy and f1(f(S1)) D Si. By definition, in terms of inverse
image continuous functions can be characterized as follows: A function
is continuous if and only if the inverse image of every open set is open.
Similarly, a function is continuous if and only if the inverse image of every
closed set is closed.

For continuous functions we also have the following result.
Theorem 5.5. Let f:S — C be continuous. Then,
(i). a compact set of S is mapped onto a compact set in f(5), and
(ii). a connected set of S is mapped onto a connected set of f(5).

It is easy to see that the constant function and the function f(z) = z
are continuous on the whole plane. Thus, from Theorem 5.4, we deduce
that the polynomial functions; i.e., functions of the form

P(z) = ao+ a1z + asz® 4+ -+ anz", (5.1)

where a;, 0 <i < n are constants, are also continuous on the whole plane.

Rational functions in z, which are defined as quotients of polynomials; i.e.,
P(z)  ag+arz+---+apz"
0 = ot bzt T b

(5.2)

are therefore continuous at each point where the denominator does not
vanish.

Example 5.10. We shall find the limits as z — 2i of the functions

; 2
fi(z) = 22 =2241, faz) = ZJ;Z’ fs(z) = zfzjgll)

Since f1(z) and fa2(z) are continuous at z = 2i, we have lim,_,9; f1(2) =
f1(21) = =3 — 44, lim,_,9; fa(2) = f2(2¢) = 2. Since f3(z) is not defined at
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z = 21, it is not continuous. However, for z # 2¢ and z # 0, we have

(2 +2))(2—20) 2 +20
fs(z) = -2~ 2 = fa(z)

and so lim,_,9; f3(2) = lim,_9; f2(2) = 2. Thus, the discontinuity of f3(z)
at z = 2 can be removed by setting f2(2i) = 2. The function f3(z) is said
to have a removable discontinuity at z = 21.

Problems

5.1. For each of the following functions, describe the domain of defini-
tion that is understood:

@) £ = g O f&) = =, () f<2>=1_;|z|2'

5.2. (a). Write the function f(z) = 2% + 22 + 1 in the form f(z) =
u(z,y) +iv(z,y).
(b). Suppose that f(z) = 22 —y? — 2y +i(2z — 2zy). Express f(z) in terms
of z.

5.3. Show that when a limit of a function f(z) exists at a point z, it
is unique.
5.4. Use the definition of limit to prove that:
(a). lim (2% +5) =22 +5, (b). lim 72 =(1+1)?,
z—1—1

zZ—20

(¢). lim Z=7%p, (d). lim (2z2+41)=5—2i.

Z—20 z—2—1

5.5. Find each of the following limits:

2 2
. N2 . 22+ 3 . zZ2+9
S L P e 7
| . 2241 2343024
@ima—y @My O Dy
5.6. Prove that:
Z\2 i
(a). lim (:) does not exist, (b). lim — = 0.
z—0 \Z z2—0 z
5.7. Show that if lim f(z) = 0 and there exists a positive num-
Z—rZz0

ber M such that |g(z)] < M for all 2 in some neighborhood of 2o, then
lim f(2)g(z) = 0. Use this result to show that lim,_,o ze?/I?l = 0.

Z—rZz0
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5.8. Show that if lim f(z) = wo, then lim |f(2)| = |wo].
2—Z20 Z—20

5.9. Suppose that f is continuous at zy and g is continuous at wy =
f(20). Prove that the composite function g o f is continuous at zg.

5.10. Discuss the continuity of the function

23 -1
_— 1
3, |z| =1

at the points 1, — 1, ¢, and —i.

5.11. Prove that the function f(z) = Arg(z) is discontinuous at each
point on the nonpositive real axis.

5.12 (Cauchy’s Criterion). Show that lim,_, ., f(z) = wo if and only
if for a given € > 0 there exists a § > 0 such that for any z, 2’ satisfying
|z — 20| <6, |2 — 20| <6, the inequality |f(z) — f(2’)] < € holds.

5.13. Prove Theorem 5.5.

5.14. The function f : S — C is said to be uniformly continuous on S if
for every given € > 0 there exists a § = d(¢) > 0 such that | f(z1)— f(22)] <¢
for all z1,29 € S with |23 — 23] < 0. Show that on a compact set every
continuous function is uniformly continuous.

Answers or Hints

5.1. (a). 22 # -3 <= 2 # +V3i, (b). 2 +Z #0 <= 2z is not purely
imaginary; i.e., Re(z) #0, (c). [2|? # 1 < |2| # 1.
5.2. (a). (z+iy)3+2(x+iy)+1 = (22 — 3zy? + 22+ 1) +i(32%y — y> +2y).
(b). Use x = (2 +%)/2, y = (2 — Z)/2i to obtain f(z) = z* + 2iz.
5.3. Suppose that lim,_,., f(z) = wo and lim,_,,, f(z) = w;. Then, for
any positive number ¢, there are positive numbers g and d; such that
|f(z) —wo| < € whenever 0 < |z — 2| < dp and |f(z) — w1| < € whenever
0< ‘Z — Zo| < 41 SO, if 0 < ‘Z — Zo| < 0= min{50,51}, then |’LUO — wl\ =
| = (f(z) = wo) + (f(2) —w1)| < [f(2) = wol + [f(2) — w1| < 2¢ ie.,
|wo —w1| < 2¢. But, € can be chosen arbitrarily small. Hence, wg —w; = 0,
or wog = wq.
5.4. (a). |22 +5— (22 +5)| = |z — 20||z + 20| < |2 — 20/(|z — 20| + 2|20])
< (14 2|z0])|z — 20| if |z —20] <1
<e if 0<|z— %] <min{1++|z[)|,1},

(). 22 = (1 +9)?| = [ =1 =) <[z = (1 =d)|]z + (1 =)
< o= (1=0)|(|z— (1—4)|[+2[1—i]) < 5lz—(1—4)] if [z—(1—d)| < 1
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<e if |z—(1—1)|] <min{l,e/5},
—Zo| = |z — 20| < €if |z — 20| <,

()|

z
12241 (5—20)] = [22— (4—2i)| = 22— (2—1)| < eif |2~ (2—i)| < ¢/2.

(d).

5.5. (a). —8i, (b). —=7i/2, (c). 67, (d). —=1/2, (e). 1, (f). oco.

5.6. (a). lim,0.—.(2/2)? =1, lim,_0y=s(2/2)* = —1.

(b). Let € > 0. Choose 6 = ¢. Then, 0 < |z — 0| < ¢ implies |2?/z — 0| =

|z] <e.

5.7. Since lim,_,,, f(z) = 0, given any € > 0, there exists ¢ > 0 such that
|f(2)—0] < /M whenever |z—zg| < 4. Thus, |f(2)g(2)—0| = |f(2)||g(2)] <
M|f(2)| < eif |z — zo| < 6.

5.8. Use the fact ||f(2)] — Jwol| < |f(2) — wo)-

5.9. Let € > 0. Since g is continuous at wy, there exists a §; > 0 such that
|w —wp| < 1 implies that |g(w) — g(wo)| < €. Now, f is continuous at zo,
so there exists a da > 0 such that |z — zg| < 2 implies |f(z) — f(z0)| < 1.
Combining these, we find that |z — zo| < 02 implies |f(z) — f(z0)| < 01,
which in turn implies [(g o f)(z) = (g © f)(20)| = l9[f(2)] — g[f (20)]] < €.
5.10. Continuous at 1, discontinuous at —1, 7, —i.

5.11. f is not continuous at zq if there exists ¢y > 0 with the following
property: For every § > 0, there exists zs such that |zs — z0| < ¢ and
|f(z5) — f(20)] > €0. Now let zg = 29 < 0. Take €9 = 37/2. For each ¢ > 0,
let z5 = o — i(d/2). Then, |z5 — 20| = [id/2| = 0/2 < 9§, —7 < f(zs5) <
—m/2, f(z0) =7, s0 |f(z5) — f(20)] > 37/2 = €y, and f is not continuous
at zg. Thus, f is not continuous at every point on the negative real axis. It
is also not continuous at z = 0 because it is not defined there.

5.12. If f is continuous at zp, then given € > 0 there exists a § > 0 such
that |z1 — 20| < 6/2 = |f(21) — f(20)| < €/2 and |22 — 20| < 0/2 =
|f(z2) — f(z0)] < €/2. But then |21 — 22| < |21 — 20| + |20 — 22| < § =
|f(z1) — f(z2)] <|f(z1) — f(z0)| +|f(22) — f(20)] < €. For the converse, we
assume that 0 < [z—zp| < J, 0 < |2’ —2z9| < 0; otherwise, we can take 2’ = zy
and then there is nothing to prove. Let z, — 2o, z, # 20, and € > 0. There
isa d > 0such that 0 < |z — 2] < 0, |2’ — 20| < ¢ implies |f(z) — f(2)| <,
and there is an N such that n > N implies 0 < |z, — 20| < d. Then, for
m,n > N, we have |f(zn) — f(2n)] < €. So, wo = lim, o f(2,) exists. To
see that lim,_, ., f(z) = wo, take a 6; > 0 such that 0 < |z — 29| < 1, 0 <
|z" — 20| < 01 implies |f(2) — f(Z')| < €/2, and an N; such that n > Ny
implies 0 < |z, — 20| < 01 and |f(zn) — wo| < €/2. Then, 0 < |z — 29| < 03
implies | f(z) — wol < |f(2) = f(zn)| + |f(2n3,) — wo| <e.

5.13. (i). Suppose that f: U — C is continuous and U is compact. Con-
sider a covering of f(U) to be open sets V. The inverse images f~(V) are
open and form a covering of U. Since U is compact, by Theorem 4.4 we
can select a finite subcovering such that U C f=}(V3)U---U f~1(V,,). It
follows that f(U) Cc V4 U--- UV, which in view of Theorem 4.4 implies
that f(U) is compact. (ii). Suppose that f : U — C is continuous and U
is connected. If f(U) = AU B where A and B are open and disjoint, then
U= f~1(A) U f~Y(B), which is a union of disjoint and open sets. Since U
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is connected, either f~1(A) =0 or f~1(B) = (), and hence either A =0 or
B = (. This implies that f(U) is connected.
5.14. Use Theorem 4.4.



Lecture 6
Analytic Functions I

In this lecture, using the fundamental notion of limit, we shall define
the differentiation of complex functions. This leads to a special class of
functions known as analytic functions. These functions are of great im-
portance in theory as well as applications, and constitute a major part of
complex analysis. We shall also develop the Cauchy-Riemann equations
which provide an easier test to verify the analyticity of a function.

Let f be a function defined in a neighborhood of a point zy. Then, the
derivative of f at zy is given by

af
dz

() = Flz) = lim L1082 = f(z0)

Az—0 Az ’ (61)

provided this limit exists. Such a function f is said to be differentiable at
the point zo. Alternatively, f is differentiable at zq if and only if it can be
written as

f(z) = [f(z0) + A(z = 20) +n(2)(z — 20); (6.2)

here, A = f'(20) and n(z) — 0 as z — zp. Clearly, in (6.1), Az can go to
zero in infinite different ways.

d
Example 6.1. Show that, for any positive integer n, =z
2

Using the binomial formula, we find

(z4+ Az -2 (T) A (Z) AR 4+ (Z) (Az)"

Az Az
-1
= n"t %z"‘QAZ + 4 (A"
Thus,
d n o __ . (Z + Az)n - 2" _ n—1
o T AT A T

Example 6.2. Clearly, the function f(z) = Z is continuous for all 2.
We shall show that it is nowhere differentiable. Since

f(zo+Az) = f(z0)  (20+A2)—Zy Az

Az Az Az’
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If Az is real, then Az = A_zEd the difference quotient is 1. If Az is
purely imaginary, then Az = —Az and the quotient is —1. Hence, the limit
does not exist as Az — 0. Thus, Z is not differentiable. In real analysis,
construction of functions that are continuous everywhere but differentiable
nowhere is hard.

The proof of the following results is almost the same as in calculus.

Theorem 6.1. If f and g are differentiable at a point zg, then
). (f £9)(20) = f'(20) £ ¢'(20),

ii). (¢f)(z0) = cf'(20) (¢ is a constant),

(i
(
(iif). (£9)"(20) = f(20)9'(20) + f'(20)9(20);
(
(v

iv). (g) (20) = g(ZO)f/(?(j;(;))J;gZO)gI(ZO) if g(20) # 0, and
). (fog)(20) = f(9(20))g'(20), provided f is differentiable at g(zo).

Theorem 6.2. If f is differentiable at a point zg, then f is continuous
at 2g.

A function f of a complex variable is said to be analytic (or holomorphic,
or regular) in an open set S if it has a derivative at every point of S. If S is
not an open set, then we say f is analytic in S if f is analytic in an open
set containing S. We call [ analytic at the point zy if f is analytic in some
neighborhood of zy. It is important to note that while differentiability is
defined at a point, analyticity is defined on an open set. If a function f is
analytic on the whole complex plane, then it is said to be entire.

For example, all polynomial functions of z are entire. For the rational
function f(z) = P(2)/Q(z), where P(z) and @Q(z) are polynomials, let
{a1, a9, -+, a,} be the roots of Q(z). By the quotient rule, f/(z) exists for
all z€ S=C—{a1,as, -, }. Since S is open, f is analytic in S.

If the functions f and g are analytic in a set S, then in view of Theorem

6.1, the sum f(z) + g(z), difference f(z) — g(z), and product f(z)g(z) are
analytic in S. The quotient f(z)/g(z) is analytic provided g(z) # 0 in S.

The proof of the following result is also similar to that of real-valued
functions.

Theorem 6.3 (L’Hopital’s Rule). Suppose f and g are analytic
functions at a point zo and f(z¢) = g(z0) = 0, but ¢’(z0) # 0. Then,
f&) _ f'(20)

lim == = .
= g(z) ¢l

Example 6.3. Consider the functions f(z) = 2! +1 and g(2) = 27 +1.
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Clearly, f(i) = g(i) = 0, ¢'(i) = 7(i)® = —7 # 0, and hence

14 1 14 13
lim Z — = lim i = lim2:" = —2i.
z—>1 2,’7 4+ Zz—1 72’6 z—1

If the function f(z) = u(x,y)+iv(x,y) is differentiable at zg = xo +iyo,
then the limit (6.1) exists and can be computed by allowing Az = (Az +
1Ay) to approach zero from any convenient direction in the complex plane.
If it approaches zero horizontally, then Az = Az and we obtain

f'(20)
) 1 ) )
= Alggo E[U(Jﬂo + Az, y0) + iv(xo + Az, yo) — u(xo,Y0) — v(x0, Yo)]
~ lim u(xo+Ax, yo) —u(xo, yo) i lim v(zo+Az, yo) —v(Zo, Yo) '
Az—0 Az Az—0 Az

Since the limits of the bracketed expressions are just the partial derivatives
of u and v with respect to z, we deduce that

ou

F0) = 2 (r0,0) + i (w0, 0). (03

On the other hand, if Az approaches zero vertically, then Az = iAy and
we have

f'(z0)
:Alzifgo u(xoayo-l-?i)y—u(movyo)}_|_Z.Ahyrgo{v(ﬂco,yo-ﬁ-?Ayz/—v(xo,yo) 7
and hence

f(z0) = _ig—Z(xo,yO)‘i‘g—;(mmyo) (6.4)

Equating the real and imaginary parts of (6.3) and (6.4), we see that the
equations
Ou _ v 0w Ov (6.5)
ox dy’ Oy Ox
must be satisfied at zg = xg + iyp. These equations are called the Cauchy-
Riemann equations; however, D’Alembert had stated the equations earlier
in the eighteenth century.

Theorem 6.4. A necessary condition for a function f(z) = u(z,y) +
1v(z,y) to be differentiable at a point zg is that the Cauchy-Riemann equa-
tions hold at zy. Consequently, if f is analytic in an open set S, then the
Cauchy-Riemann equations must be satisfied at every point of S.
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Example 6.4. The function f(z) = (2 +y) +i(y?> — x) is not analytic
at any point. Since u(z,y) = 22 +y and v(z,y) = y? — x, we have

ou ou ov ov

— =2 — =1 — = -1, — = 2y.

Ox o oy " Ox T Oy 4
Hence, the Cauchy-Riemann equations are simultaneously satisfied only on
the line x = y and therefore in no open disk. Thus, by the theorem above,
the function f(z) is nowhere analytic.

Example 6.5. The function f(z) = Rez is not analytic at any point.

0 0 0
Here u(z,y) = x and v(z,y) = 0, and so a—z =1, a—Z =0, é =0, 8—Z =0.
Example 6.6. The function f(z) = 7 is not analytic at any point. Here
u(z,y) = x and v(z,y) = —y, and so G_Z =1, g—Z =0, % =0, g—: =-1.

If f is differentiable at zg, then Theorem 6.2 ensures that f is continuous
at zg. However, the following example shows that the converse is not true.

Example 6.7. The function f(z) = |z|*> = 2? + y? is continuous
everywhere but not differentiable at all points z # 0.

Example 6.7 also shows that, even if v and v have continuous partial
derivatives, f need not be differentiable.

Example 6.8. Let f = u + iv, where u = % for (x,y) # (0,0)
zt+y

o _ o _

or Oy

= 0; i.e., all the partial derivatives exist and satisfy the Cauchy-

and u(0,0) = 0, v(z,y) = 0 for all (z,y). Clearly, at (0,0),

ov  Ov
or Oy
Riemann equations. However, u is not continuous at (0,0), and hence f is
not differentiable at (0,0). Thus, even if the function f satisfies the Cauchy-
Riemann equations at a point zg, it need not be differentiable at zg.

In spite of the two examples above, we have the following result.

Theorem 6.5 (Sufficient Conditions for Differentiability). Let f(z) =
u(x,y) + iv(z,y) be defined in some open set S containing the point zg. If
the first order partial derivatives of v and v exist in S, are continuous at zg,
and satisfy the Cauchy-Riemann equations at zg, then f is differentiable at
zo. Moreover,

0 0
flz0) = Z=(@0.y0) +i=(w0,%0)
v ou
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Consequently, if the first-order partial derivatives are continuous and
satisfy the Cauchy-Riemann equations at all points of S, then f is analytic
in S. We also note that if f is differentiable only at finitely many points,
then it is nowhere analytic.
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In this lecture, we shall first prove Theorem 6.5 and then through sim-
ple examples demonstrate how easily this result can be used to check the
analyticity of functions. We shall also show that the real and imaginary
parts of an analytic function are solutions of the Laplace equation.

Proof of Theorem 6.5. From calculus, the increments of the func-
tions u(z,y) and v(z,y) in the neighborhood of the point (z¢,yo) can be
written as

u(xo + Az, yo + Ay) — u(ro,y%0) = uz(Zo, yo)Ax + uy(xo, yo) Ay +ni(x,y)

and

v(xo + Az, yo + Ay) —v(wo,y0) = ve(20,Y0) AT + Uy(3307 Yo) Ay +n2(z,y),

where

m@y) _oood i @Y

|azl—0  |Az| |azl—0 Az

Thus, in view of the Cauchy-Riemann conditions (6.5), it follows that

f(zo + Az) — f(z0) Az +iAy iAr — Ay
A = el ) iRy T W R Ay
+771 (:E7 y) + i772($7 y)
Az +iAy
n(z)

= [us(@o, o) +ivalzo, yo)] + 1
where n(z) = m(x,y) +in2(z, y). Now, taking the limit as Az — 0 on both
sides and using the fact that n(z)/Az — 0 as Az — 0, we obtain

f/(ZO) = ua:(anyO) +Z"L)I(l'0,y0)' n

Combining Theorems 6.4 and 6.5, we find that a necessary and sufficient
condition for the analyticity of a function f(z) = u(x,y) + iv(z,y) in a
domain S is the existence of the continuous partial derivatives u,,uy, v,,
and v,, which satisfy the Cauchy-Riemann conditions (6.5). From this it
immediately follows that if f(z) is analytic in a domain S, then the function

g(z) = f(z) is not analytic in S.

R.P. Agarwal et al., An Introduction to Complex Analysis, 42
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Example 7.1. Consider the exponential function f(z) = e* = e*(cos y+
isiny). Then, u(x,y) = e* cosy, v(zr,y) = €*siny, and
ou Ov ou v

= e*cosy, — = = —¢e¥siny

oy " Ox

or Jdy
everywhere, and these derivatives are everywhere continuous. Hence, f’(2)
exists and
ou v
fl(z) = p —I—i£ = e cosy+ie”siny = € = f(2).
Example 7.2. The function f(z) = 2% = 2% — 3zy? + i(32%y — ¢?) is
an entire function and f’(z) = 322.

Example 7.3. Consider the function f(z) = 22 +y+i(2y—z). We have
u(z,y) =22 +y, v(z,y) =2y —z, and u, = 2z, uy =1, v, = —1, v, = 2.
Thus, the Cauchy-Riemann equations are satisfied when x = 1. Since all
partial derivatives of f are continuous, we conclude that f’(z) exists only
on the line x = 1 and

ou ov
! - _— __ y — —
Example 7.4. Let f(z) = ze |?". Determine the points at which
f'(2) exists, and find f(z) at these points. Since f(z) = (z — iy)e~ (=" +¥"),

u(z,y) = we” @) o(z,y) = —ye” @+, and
gu _ e~ (T HY7) _ 926~ (@7 Hv7) ou _ 2aye YY),
ox dy
0 _ e @) | g2,
ox dy
0 0 0 0
Thus, a_ % is always satisfied, and au_ % holds, if and only if
Jy Ox ox 0y
90— (@ +y?) _ 9,2,—(@*+y?) _ 2y2e*($2+y2) =0,

or

26_(””2'”/2)(1 —22—y%) =0,
or 22 + y?> = 1. Since all the partial derivatives of f are continuous, we
conclude that f/(z) exists on the unit circle |z| = 1. Furthermore, on |z| = 1,

, ) _ Ou .Ov

= @) _0320=(@H07) 4 9ippe— (@ +y?)

= e (1 =227 + 2xyi).
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Now recall the following result from calculus.

Theorem 7.1. Suppose ¢(z,y) is a real-valued function defined in a
domain S. If ¢, = ¢, = 0 at all points in .S, then ¢ is a constant in S.

Analogously, for an analytic function, we have the following theorem.

Theorem 7.2. If f(z) is analytic in a domain S and if f'(z) = 0
everywhere in S, then f(z) is a constant in S.

Proof. Since f/(z) = 0 in S, all first-order partial derivatives of u and
v vanish in S; i.e., uy = uy = v, = vy = 0. Now, since S is connected, we
have u = a constant and v = a constant in S. Consequently, f = u + iv is
also a constant in S. |

Remark 7.1. The connectedness property of S is essential. In fact, if

. [ 1if |z <1
f(2) is defined by f(z) = 2 if |2 > 2,

on its domain of definition, but f is not a constant.

then f is analytic and f/'(z) =0

Theorem 7.3. If f is analytic in a domain S and if |f| is constant
there, then f is constant.

Proof. As usual, let f( ) u( y) + iv(x,y). If |f| = 0, then f = 0.

Otherwise, |f|? = u? +v? = ¢ # 0. Taking the partial derivatives with
respect to x and y, we have
Uy +vv, = 0 and wu, +ovv, = 0.

Using the Cauchy-Riemann equations, we find
Uty — vy = 0 and vuz +uuy, = 0

so that
2 .2 2, .2
(u*+v)u, = 0 and (u*+v°)u, = 0,
and hence u, = u, = 0. Similarly, we have v, = v, = 0. Thus, f is a
constant. |

Next, let f(z) = u(z,y)+iv(z,y) be an analytic function in a domain S,
so that the Cauchy-Riemann equations v, = v, and u, = —v, are satisfied.
Differentiating both sides of these equations with respect to z (assuming
that the functions u and v are twice continuously differentiable, although
we shall see in Lecture 18 that this assumption is superfluous), we get

Pu oo o
0x2  Ozdy 0xdy 0x?’

Similarly, differentiation with respect to y yields
0%u 0%v 0%u 0%v

= — and — =

OyOx Oy? 0y? "~ Qydz’
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Hence, it follows that

0%u  0%u
2 + (9_y2 =0 (7.1)
and o2 o2
v v
@ + 5'_y2 = 0. (7.2)

The partial differential equation (7.1) ((7.2)) is called the Laplace equation.
It occurs in the study of problems dealing with electric and magnetic fields,
stationary states, hydrodynamics, diffusion, and so on.

A real-valued function ¢(x,y) is said to be harmonic in a domain S if
all its second-order partial derivatives are continuous in S and it satisfies
Guz + byy = 0 at each point of S.

Theorem 7.4. If f(2) = u(z,y) + iv(z,y) is analytic in a domain S,
then each of the functions u(z,y) and v(z,y) is harmonic in S.

Example 7.5. Does there exist an analytic function on the complex
plane whose real part is given by u(z,y) = 322 + xy + y?? Clearly, uy, =
6, uyy = 2, and hence uz, +uyy 7# 05 i.e., u is not harmonic. Thus, no such
analytic function exists.

Let u(z,y) and v(z,y) be two functions harmonic in a domain S that
satisfy the Cauchy-Riemann equations at every point of S. Then, u(x,y)
and v(z,y) are called harmonic conjugates of each other. Knowing one of
them, we can reconstruct the other to within an arbitrary constant.

Example 7.6. Construct an analytic function whose real part is
u(x,y) = 23 — 3xy? + Ty. Since Uy, + Uyy = 62 — 62 = 0, u is harmonic in
the whole plane. We have to find a function v(z,y) so that u and v satisfy
the Cauchy-Riemann equations; i.e.,

vy = up = 31 —3y? (7.3)

and
Vg = —uUy = bxy—T. (7.4)

Integrating (7.3) with respect to y, we get
o(z,y) = 32y —y® + ¥(x).
Substituting this expression into (7.4), we obtain
vy = bzy+Y'(z) = 6y —T,

and hence ¥'(x) = —7, which implies that ¥ (z) = —7x 4 a, where a is some
constant. It follows that v(z,y) = 322y — y> — 7w + a. Thus, the required
analytic function is

f(z) = 2® =32y + Ty +i(32%y — y* — Tz + a).
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Example 7.7. Find an analytic function f whose imaginary part is

given by e ¥sinz. Let v(x,y) = e Ysinz. Then it is easy to check that
Ugg + Vyy = 0. We have to find a function u(z, y) such that

Uy = vy = —e Ysinz, (7.5)

U, = —v, = —e Ycosz. (7.6)

From (7.5), we get u(x,y) = e Y cosx + ¢(y). Substituting this expression
n (7.6), we obtain

—e Ysinz +¢'(y) = —e Ysina.

Hence, ¢'(y) = 0; i.e., ¢(y) = c for some constant c¢. Thus, u(z,y) =
e Ycosx + c and

f(z) = e Vcosz+c+ie Ysineg = e VT fe.

Problems
7.1. Find f’(z) when
Z— 23
(W) 1(2) = o £ -1/2), (). [ =,
@ f&) =Y o) @) o) =t
7.2. Use the definition to find f’(z) when
() f(2) =5 (#£0), (b) f5) =22~ =
7.3. Show that
z) =
) =
(z) = yx + iy? is differentiable only at = y = 0 and f/(z) = 0,
2) = 3 +i(1—y)? is differentiable only at z = 0, y = 1 and f’(z) = 0.

=z — iy? is differentiable only at y = —1/2 and f'(2) =1,
= 2% + iy? is differentiable only when z = y and f’(z) = 2z,

7.4. For each of the following functions, determine the set of points at
which it is (i) differentiable and (ii) analytlc Find the derivative where it
exists.

(a). f(2) = (23 + 3zy? — 3z) +i(y> + 32%y — 3y),
(b). f(z) =622 — 2z — 4i|z|?,
(c). f(z) = (32 + 2z — 3y — 1) +i(6zy + 2y),
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(@) £:) = 2o

(e). f(2) = e¥" =" (cos(2zy) — isin(2zy)).

7.5. Find a, b, ¢ so that the function w = (ay® + iz®) + 2y(bx + icy)
is analytic. If z = x + iy, express dw/dz in the form ¢(z).

7.6. Show that there are no analytic functions of the form f = u + v
with u = 2% + y2.

7.7. Let f(z) be an analytic function in a domain S. Show that
02 0? 9
- . — 4|f 2.
(5 + 5 ) V)P = A7)

7.8. Let f: C — C be defined by

z2
£z) = ~ if 2#0
0 if z=0.

(a). Verify that the Cauchy-Riemann equations for f are satisfied at z = 0.
(b). Show that f’(0) does not exist.
This problem shows that satisfaction of the Cauchy-Riemann equations at

a point alone is not enough to ensure that the function is differentiable
there.

7.9. Let D and S be domains, and let f : D — C and g : S — C be
analytic functions such that f(D) C S. Show that go f : D — C is analytic.

7.10. In polar coordinates z = rcosf, y = rsind, the function f(z) =
u(r, 0) +iv(r,0). Show that the Cauchy-Riemann conditions can be written

as
du 10v 10u v
o~ rop vop - o 1)
and ,
F(z) = e (up +iv,). (7.8)

In particular, show that f(z) = V/re?/? is differentiable at all z except
z=0and f'(2) = (1/2y/r)e /2.

7.11. Show that the Cauchy-Riemann conditions are equivalent to wz =
2
0. Hence, deduce that the function w = f(z) = Ze~I*I" is not analytic.

7.12. Let w = f(z) be analytic in a neighborhood of zp, and wy =
f(20), f'(z0) # 0. Show that f defines a one-to-one mapping of a neigh-
borhood of zy onto a neighborhood of wy.
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7.13. Use L'Hopital’s Rule to find the following limits:

2T+ .ot =381 I 25— 64

(2)- i =7y () M~ (@) lim e

7.14. Show that if f = u+iv is analytic in a region S and w is a constant
function (i.e., independent of x and y), then f is a constant.

7.15. Show that if A : R* — R and f = 2h3 + ih is an entire function,
then h is a constant.

7.16. Suppose f is a real-valued function defined in a domain S C C.
If f is complex differentiable at zo € S, show that f/(z9) = 0.

7.17. Suppose that f = w + iv is analytic in a rectangle with sides
parallel to the coordinate axes and satisfies the relation u, + v, = 0 for all
z and y. Show that there exist a real constant ¢ and a complex constant d
such that f(z) = —icz + d.

7.18. Show that the functions
(a). u(z,y) = e *siny, (b). v(x,y) = coszcoshy,

are harmonic, and find the corresponding analytic function u + iv in each
case.

7.19. Suppose that u is harmonic in a domain S. Show that:

a). If v is a harmonic conjugate of u, then —u is a harmonic conjugate of
.

(b). If v; and vy are harmonic conjugates of u, then v1 and vy differ by a
real constant.

(¢). If v is a harmonic conjugate of u, then v is also a harmonic conjugate
of u + ¢, where ¢ is any real constant.

7.20. Show that a necessary and sufficient condition for a function
f(z) = u(z,y) +iv(x,y) to be analytic in a domain S is that its real part
u(x,y) and imaginary part v(z,y) be conjugate harmonic functions in S.

7.21. Let f(2) = u(r,0) +iv(r, ) be analytic in a domain S that does
not include the point z = 0. Use (7.7) to show that both u and v satisfy
the Laplace equation in polar coordinates

¢ 99 0%¢
2— _ _ =
o T Tae TV
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t 1
7.22. Use f(t) = o Re (t > to show that

—1

(—=1)"n!(n+1)! )2l (—1)kgn+1-2k

F0 = gy 2 @R)(n+ 12k

: OR 0
7.23 (a). If f(x +iy) = Re' is analytic, show that — = R—¢.
Ox dy
(b). Consider the two annulus domains D, = {z : a < |z| < 1} and
Dy ={z:b<|z| <1}. Define f: D, — D; by

f(rew) = [(i_z) r+ I;_Z] e'?.

Show that (i) f is bijective and (ii) f is analytic if and only if a = b.

7.24. Let f(2) = u(x,y) +iv(zr,y) be an analytic function. Show that
level curves of the family u(z,y) = ¢ are orthogonal to the level curves of
the family v(x,y) = d; i.e., the intersection of a member of one family with
that of another takes place at a 90° angle, except possibly at a point where
f'(z) = 0. Verify this result for the function f(z) = 22

Answers or Hints

. (). 3/(2z+1)2, (b). 322¢%°, (c). 4(1 + 22)3(22 —1)/2°, (d). 322 + 1.
- (a): f/(2) = lima, o A =nmwoﬁ - 1
2 — 2_
7.3. ( ). Since u =z, v = —y* uy =1, uy =0, v, =0, v, = —2y,

the function is differentiable only when 1 = —2y or y = —1/2, and f/ =
Uy +iv, = 1. (b). Since u = 2%, v = y?, u, =2z, uy =0, v, =0, v, =2y,
the function is differentiable only when 2z = 2y and f’(z) = 2z. (c). Since
uw=yr, v="y> u =y, Uy = x, vy = 0, vy = 2y, the function is
differentiable only when y = 2y, x = 0 or x = 0, y = 0, and f'(z) = 0.
(d). Since u =23, v = (1—y)3, uy =32?%, uy, =0, v, =0, v, = —3(1 —y)?
the function is differentiable only when 322 = —3(1 —y)2 or 2 =0, y = 1,
and f'(z) =0

7.4. (a). f is differentiable at every point on the z and y axes, f'(z
i0) = 322 — 3, (0 +iy) = 3y* — 3, not analytlc anywhere. (b). f is
differentiable only at the point z = 13—6 — i, [ — %z) = 1 —2i, not
analytic anywhere. (c). f is differentiable everywhere, f'(z) = (62 + 2) +

1(6y), analytic everywhere (entire). (d). f is differentiable for all z # 0, +21,
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fl(z) = =2(z* + 522 +12)/[2%(22 + 4)?], analytlc in C —{0,+2i}. (e). fis
differentiable everywhere, f/(z) = —2ze~ # analytlc everywhere (entire).
7.5. a=1,b=-3,¢c= -3, y =0 gives f( ) = iz3, and hence f(z) = iz?
and dw/dz = 3iz>%.

7.6. uy, =2z, uy =2y = v, =2z and v, = =2y = v = 22y + f(y) and
v = —2zy + g(x), which is impossible.

7.7. LHS = 2(u2 + u2) + 2(v2 + v2).

78, (0). uiry) = { (77N, (2 0

0

(° — 32%y)/(@® + %), (2,9) ()= 0
y° = 3x7y)/(x* +y7), (z,y B -
{ 0, (,9) uz(0,0) =1, u,(0,0) =0,

v,(0,0) = 0, v,(0,0) = 1. (b). For 2 # 0, (f(2) = f(0))/(z = 0) = (z/2)*.
Now see Problem 5.6 (a).

7.9. Use rules for differentiation.

7.10. Since u, = Uz Ty + UyYr, Us = UzTg + UyYo, We have

83 and v(x,y)

Up = Uy COSH + uysinb, ug = —u,rsind + uyrcosf (7.9)
and

Uy = Uz €S0 4 vy sin b, vg = —v,rsing + vyrcosb,
which in view of (6.5) is the same as

Up = —Uy cos O + uy sinf, vg = uyrsinb + u,r coso. (7.10)

From (7.9) and (7.10), the Cauchy-Riemann conditions (7.7) are immediate.
Now, since f'(z) = uy +iv, and u, = u, cosd —ug 32> “mg = u, cos 0+ v, sin 0,
Uy = vy cos 0 —vp82Y =y cos O — u, sin 6, it follows that f'(2) = uy(cos —
isinf) + iv, (cos 0 —isin®) = e (u, + iv,.).

Since u = /T cos g, v = \/Fsm g, Uy = 2\1[ cos g, ug = —3+/rsing 9

27
=3 f sin g, vy = 1 rcos 2, and hence conditions (7.7) are satlsﬁed Thus,

[/ is differentiable at all z except z=0. Furthermore, from (7.8) it follows
that f/(z) = e~ Qxlf(cos— +ising) = 2f
7.11. Since 2 = (2 4+ %)/2 and y = (2 — Z)/2¢, u and v may be regarded as

. = cpe N Ou Oz Ou 9y
functions of z and Z. Thus, condition wz = 0 is the same as 5 2% + ayoet

i (g;’ g 4 gz%> =0, which is the same as $2% — £ gZ + 49— %g—z =0.

Now compare the real and imaginary parts.

7.12. Let f = u + iv. From calculus, it suffices to show that Jacobian

Z’” Uz ‘(xo,yo) # 0. Now use (6.5) and (6.3) to obtain
y Uy

J(x0,y0) = u3 (20, y0) + v (w0, y0) = |f'(20)[* # 0.

7.13. (a). i/2, (b). —18, (¢). —16.

T14. f=u+iv, u=c=>us =uy =0=> v, =v, =0= visalsoa

constant, and hence f is a constant.

7.15. If f = u+iv, then u = 2h* and v = h. Now, by the Cauchy-Riemann

conditions, we have 6h2h, = hy and —6h2hy = hy. Thus, —12h*h, = hg,

or hy(12h* + 1) = 0, which implies that h, = 0, and from this h, = 0.

Uy

J(fﬂo,yo) =
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7.16. In (6.1), if we allow Az — 0 along the z-axis, then f’(zp) is real.
However, if we allow Az — 0 along the y-axis, then f’(z) is purely imagi-
nary.

7.17. uy + vy, = 0 and u, = v, imply that u, = vy, = 0. Thus, u =
é(y), v =Y(x). Now, u, = —v, implies that ¢'(y) = —¢'(z) = ¢. Hence,
u= ¢(y) = cy+di, v = P(x) = —cx + da, where dy and dy are real
constants. Thus, f = u + v = —icz + d, where d = d; + ids.

7.18. (a). ie”* +ia, (b). sinasinhy + i cosx coshy + a.

7.19. (a). Since f = u + dv is analytic, (—i)f = v — 4u is analytic. Thus,
—u is a harmonic conjugate of v.

7.20. The necessary part is Theorem 7.4. To show the sufficiency part, we
note that if u(x,y) and v(z,y) are conjugate harmonic functions, then, in
particular, they have continuous first derivatives in S, and hence are dif-
ferentiable in S. Since u(z,y) and v(x,y) also satisfy the Cauchy-Riemann
equations in S, it follows that f(z) is analytic in S.

7.21. Verify directly.

7.22. Use f(M(t) = Redtn (ﬁ) and the binomial theorem.

7.238.(a). f= Re“z’ = Rcos ¢p+iRsin d) By the Cauchy—Riemann equations

cos¢ Rsm(ba‘ZS = 51n¢+Rcos¢8y,
By B cosp — Rsm¢@ = sm¢ Rcos¢6 ;
ie.,
gR cos ¢ — sln(b Rsln% —|—Rcos¢ (7.11)
cosgb—i— smd) Rsmgb—Q Rcos gb—(é (7.12)

Now (7.11)c05¢ + (7.12)sm¢ gives the result. (b). Let z; = rie', 2z =
r2e'%2 Then f(z1) = f(22) implies that

(1) 4] e = [(128) v s 2] e

ie., %7‘1 + ll’_—‘; = % Zr + ll’ 1= and et = ¢ and hence r; = ry and

01 = 0. Therefore, f is one-to-one. Now, for any z € Dy, let z = pew
Then b < p < 1. Consider p = %r + ll’:—z so that r = %p + ‘fT_é’. Since
g—; = % > 0, r is an increasing functign of p. When p = b,r =a and
when p=1,7 =1,s0 a < r < 1; hence re? € D, and f (rew) = pe'? = z;
i.e., f is onto. Now suppose f is analytic then, from part (a), we have

o (1=b b—a) _ 1=bor _ 96 (1=b

& (ﬂr+ﬁ) =1 40s = oy (1 T+ = )
From z = rcosf, y = rsinf, we have 2& = cosf, 2¢ = <€ and hence

ox ’ 8 r 0
%COSQ—CO;Q( r—l—i’i),
b = a. Conversely, if b = a, then f(re'®) = re?® and so f is analytic.
7.24. Since u, + uydy/dx = 0 and vy + vydy/dz = 0, we have dy/dx =
—ug/uy and dy/dx = —v,/v,. Thus, at a point of intersection (xo, o),

from the Cauchy-Riemann conditions and the fact that f’(z¢ + iyo) # 0 it
follows that (—ug/uy)(—vs/vy) = —1.

1—a = 0, and hence



Lecture 8

Elementary Functions I

We have already seen that the complex exponential function e* =
e(cosy + isiny) is entire, and d(e®)/dz = e®. In this lecture, we shall
first provide some further properties of the exponential function, and then
define complex trigonometric and hyperbolic functions in terms of e?.

Let w = f(z) be an analytic function in a domain S. Then, in view of
Problem 7.9 and the fact that the exponential function is entire, it follows
that the composite function e is also analytic in S. Thus, for all z € S| we

have
d dw

w w
—e¥ = —e.
dz dz

zzfiz+7

Hence, in particular, the function e is entire, and

d
—e

z2fiz+7 _ (2z_i)ez27iz+7
dz

The polar components of e* are given by

X

= €%, arge® = y+2kw, k=0,£1,£2---.

e

Since e” is never zero, it follows that e” is also never zero. However, e*
does assume every other complex value.

In calculus, it is shown that the exponential function is one-to-one on
the real axis. However, it is not one-to-one on the complex plane. In fact,
we have the following result.

Theorem 8.1. (i). e* = 1 if and only if z = 2kmi, where k is an
integer. (ii). e** = e*2 if and only if z; = 22 + 2kmi, where k is an integer.

Proof. (i). Suppose that e* = 1 with z = x + iy. Then, we must have
le*| = [e*t¥| = |e%e®| = ¥ = 1, and so x = 0. This implies that ¢* =
e = cosy + isiny = 1. Equating the real and imaginary parts, we have
cosy = 1, siny = 0. These two simultaneous equations are satisfied only
when y = 2k7 for some integer k; i.e., z = 2kmi. Conversely, if z = 2kmi,
where k is an integer, then e* = 2™ = €0 (cos 2k + i sin 2km) = 1.

(if). We have e®* = e*2 if and only if e**"*2 = 1, and hence, from (i)
21 — 29 = 2kmi, where k is an integer. |

R.P. Agarwal et al., An Introduction to Complex Analysis, 52
DOI 10.1007/978-1-4614-0195-7_8, © Springer Science+Business Media, LLC 2011
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A function f is said to be periodic in a domain D if there exists a
constant w such that f(z +w) = f(z) for every z in D. Any constant w
with this property is called a period of f.

Since, for all z, e*T2#™ = ¢% we find that e* is periodic with complex

period 2mi. Consequently, if we divide the z-plane into the infinite horizontal
strips

Sp ={z+iy: —co<ax <00, 2n—)r <y < (2n+l)m, n=0,£1,£2,---}
then e* will behave in the same manner on each strip.

2n+ )w

VNI Ve

(2n — D)

Figure 8.1

From part (ii) of Theorem 8.1, we see that e is one-to-one on each strip
Sp. Finally, for the function e?, we note that e# = e*.

Now, for any given complex number z, we define

Since e'* and e~%* are entire functions, so are sin z and cos z. In fact,

Similarly,

—cosz = —sinz.
dz

Also, sinz = sinZz, €OSz = cosZ.
The usual trigonometric identities remain valid with complex variables:

sin(z+27) = sinz, cos(z+2m) = cosz. (8.1)
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sin(z+m) = —sinz, cos(z+7m) = —cosz, sin(r/2—2z) = cosz,
sin(—z) = —sinz, cos(—z) = cosz, sin®z4cos’z = 1,

sin(z1 + z2) = sinzj cos zo £ cos 21 sin 2,

cos(z1 = 23) = €08 21 €OS 23 F sin 27 sin 2,

sin2z = 2sinzcosz, cos2z = cos?z—sin®z,

2sin(z1 + 29) sin(z; — 22) = cos2z9 — cos 22y,

2cos(z1 + z2)sin(z1 — 22) = sin2z; — sin2z;.

Equation (8.1) implies that sin z and cos z are both periodic with period
2.

Example 8.1. sinz = 0 if and only if z = k7, where k is an integer.
Indeed, if z = km, then clearly sin z = 0. Conversely, if sin z = 0, then we
have (1/2i)(e”* — e~ %) = 0; i.e., €* = e, and hence iz = —iz + 2ki,
which implies that z = kx for some integer k. Thus, the only zeros of sin z
are real zeros. The same is true for the function cos z; i.e., cosz = 0 if and
only if z = (7/2) + k.

The four other complex trigonometric functions are defined by

sin z CoS 2 1 1
tanz = , cotz = — , secz = , Cosecz = — .
CcoSs 2 sin z COS Z sin 2

The functions cot z and cosec z are analytic for all z except at the points
z = km, whereas the functions tan z and sec z are analytic for all z except
at the points z = (7/2) + km, where k is an integer. Furthermore, the usual
rules for differentiation remain valid for these functions:

—tanz = sec?z, —secz = secztanz,
dz dz

—cotz = —coseczz7 d—cosec z = —coseczcotz.
2

dz

For any complex number z, we define

. eF—e % e*+e*
sinhz = — coshz = ————

The functions sinh z and cosh z are entire and

—sinhz = coshz, i coshz = sinhz.
dz dz

For real @, coshz > 1. Since d(sinhz)/dx = coshz, sinhz is an in-
creasing function.
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By comparing the definitions of hyperbolic sine and cosine functions
with those of trigonometric functions, we find

cosh(iz) = cosz, cos(iz) =coshz, sinh(iz)=1isinz, sin(iz) = isinhz.

(8.2)

Using relations (8.2) and the trigonometric identities, we can show that
the following hyperbolic identities are valid in the complex case:

sinh(—z) = —sinhz, cosh(—z) = coshz, cosh®z —sinh®z = 1,
sinh(z; £ 29) = sinh z; cosh 2o & cosh 21 sinh 2o,

cosh(z1 £ 29) = cosh z1 cosh z5 + sinh 27 sinh 2o,

sinh 2z = 2sinh z cosh z.

From relations (8.2), it follows that sinh z and cosh z are both periodic
with period 27i. Furthermore, the zeros of sinh z are z = kwi and the zeros
of cosh z are z = (k + 1/2)mi, where k is an integer.

The four remaining complex hyperbolic functions are given by

inh h 1 1
S cothz = C?Shz, sech z = oo cosech z =

tanh z = , - .
osh z sinh z cosh z sinh z

The functions coth z and cosech z are analytic for all z except at the points
z = kmi, whereas the functions tanh z and sech z are analytic for all z except
at the points z = (k+1/2)mi, where k is an integer. Furthermore, for these
functions also, the usual rules for differentiation remain valid:

d
—tanhz = sech’z, —sechz = —sechztanh z,
dz dz

d
—cothz = 7COS€Ch22’, —-cosechz = —cosech z coth z.
dz dz

Example 8.2. Show that |sin z|? = sin? z + sinh® . Since

sinz = sin(z +1iy) = sinzcos(iy)+ cosx sin(iy)

= sinxcoshy + i cosxsinhy,
it follows that

. . 2 . 12
|sinz|? = sin®zcosh®y + cos? zsinh® y

sin? z cosh? y + (1 — sin” z) sinh? y
2

= sin Jc(cosh2 y — sinh? y) + sinh®y = sin®z + sinh?y.

Similarly, in view of

cosz = cosxcoshy —isinxsinhy,
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12
one can show that |cos z|? = cos? x + sinh” y.

Example 8.3. As in Example 8.2, we have

sinhz = sinhxcosy + icoshxsiny,

coshz = coshxzcosy+ isinhasiny.
Thus, it follows that
|sinhz|> = sinh®z +sin’y,
|coshz|? = sinh?z 4 cos?y.
Example 8.4. From the various relations given above, it follows that

sin(z + iy)
cos(z + iy)
sinx coshy 4 i cos z sinh y

tanz = tan(z +iy) =

cosx coshy — isinzsinhy
cosxsinz + i coshysinhy

cos? z cosh? y + sin? zsinh? y
sin 2z . sinh 2y

cos 22 + cosh 2y s ar + cosh 2y’



Lecture 9
Elementary Functions II

In this lecture, we shall introduce the complex logarithmic function,
study some of its properties, and then use it to define complex powers and
inverse trigonometric functions.

Let Logr = Inr denote the natural logarithm of a positive real number
r. If z # 0, then we define log z to be any of the infinitely many values
logz = Loglz|+iargz
= Log|z| +iArgz + 2kmi, k=0,£1,4+2,---.

Example 9.1. We have

log3 = Log3+iarg3 = (1.098---) + 2kmi,
log(—1) = Logl+iarg(—1) = (2k+ 1),
log(1+i) = Log|l+i|+iarg(l+i) = Logv2+i (%—l—?kw) ,

where k=0, +1,4+2,---.

Now we shall show the following properties of the logarithmic function:

(i). Ifz#0, then z = €'°8%. Let z = re®. Then, |z| = r and argz = 6.
Hence, log z = Logr + i6. Thus,

elogz _ e(LOngrz@) _ eLOgrezG — 0

(ii). loge* = z + 2kmi, k = 0,4+1,£2,---. Let 2 = = + iy. Then |e?| =

€T

e”, arge® =y + 2knw. Hence,
loge* = Logle*| +iarge* = Loge® +i(y+ 2km)
= x+iy+2km = z+ 2kmi.
(iii). log z120 = logz + log 2o (9.1)

log <ﬂ) = logz; — log zs. (9.2)
Z2
Indeed, we have

logzizo = Log|z122| +iargzi2e

Log|z1| + Log |z2| + iargz, + iargzo

log z1 + log z5.

R.P. Agarwal et al., An Introduction to Complex Analysis, 57
DOI 10.1007/978-1-4614-0195-7_9, © Springer Science+Business Media, LLC 2011
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As log z is a multi-valued function, we must interpret (9.1) and (9.2) to
mean that if particular values are assigned to any two of their terms, then
one can find a value of the third term so that the equation is satisfied.

Example 9.2. Let z; = 2o = —1. Then, 2120 = 1. Thus, logz; =
(2k1 4+ D)mi, logza = (2ke + 1)mi, and logl = 2ksmi where k1, ko, and
ks are integers. If we select mi to be the value of logz; and log zs, then
equation (9.1) will be satisfied if we use 27 for log 1. If we select 0 and mi
to be the values of log 1 and log z1, respectively, then equation (9.1) will be
satisfied if we use —mi for log z5.

A branch of a multi-valued function is a single-valued function analytic
in some domain. The principal value or branch of the logarithm, denoted
by Log z, is the value inherited from the principal value of the argument:

Logz = Log|z| +iArgz.

The value of Argz jumps by 27i as z crosses the negative real axis. There-
fore, Logz is not continuous at any point on the nonpositive real axis.
However, at all points off the nonpositive real axis, Logz is continuous.

Theorem 9.1. The function Log z is analytic in the domain D* consist-
ing of all points of the complex plane except those lying on the nonpositive
real axis; i.e., D* = C — (—00,0). Furthermore,

d 1
—Logz = — for 2z in D*.
dz z

Figure 9.1

Proof. Set w = Logz. Let 2y € D* and wy = Log zy. We have to show
that the
. Logz—Logzg
lim —————=—

z2—20 Z— 20

exists and is equal to 1/z¢. Since Logz is continuous, w = Logz — wy =
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Logzg as z — zg. Thus,

. Logz— Log 2
lim ————

2Z—20 Z— 20 w—wg eW — eWo w—wq €

w — wy (9.3)

w — Wy . 1

1 1 1

ewo eLOg 20 20 '

Note that (9.3) is meaningful since, for z # zp, w will not coincide with

wp. This follows from the fact that z = elogz — qw, Thus, w = Logz is
differentiable at every point in D*, and hence is analytic there. |

A line used to create a domain of analyticity is called a branch line or
branch cut. Any point that must lie on a branch cut-no matter what branch
is used-is called a branch point of a multi-valued function. For example, the
nonpositive real axis shown in Figure 9.1 is a branch cut for Log z, and the
point z = 0 is a branch point.

If o is a complex constant and z # 0, then we define z® by 2® = e®108 2,
Powers of z are, in general, multi-valued.

Example 9.3. Find all values of 1°. Since log 1 = Log 1+ 2kmi = 2ki,
we have 1" = ¢?1°81 = 727 where k = 0,+1,+2,---.

Example 9.4. Find all values of (—2). Since log(—2) = Log2 +
(7 + 2km)i, we have (—2)" = e'l8(=2) = eil082o—(m+2km)  where k =
0,£1,42,--. Thus, (—2)* has infinitely many values.

Example 9.5. Find all values of i=%". Since log i = Log 1+(2k + 1) mi =
<2k‘+ %) i, we have i~% = e=2ilogi — =2(k+1/2)mi — L(E+HDT where
k=0,%1,42, -

Since log z = Log |z| + tArg z + 2kmi, we can write

o _ ea(Log\z|+iArgz+2km)

z

_ ea(LOg|z|+iAI'g 2) 2k (9.4)

where k = 0,£1,+£2,---. The value of z% obtained by taking k£ = k; and
k = ka(# k1) in equation (9.4) will be the same when e®?#17i = ga2kami,
This occurs if and only if a2kymi = a2komi + 2mmi (m is an integer); i.e.,
a = m/ (k1 — k2). Hence, formula (9.4) yields some identical values of z*
only when « is a real rational number. Consequently, if « is not a real
rational number, we obtain infinitely many different values of z, one for
each choice of the integer k in (9.4).

On the other hand, if & = m/n, where m and n > 0 are integers having
no common factor, then there are exactly n distinct values (branches) of
2™/ namely
m/n

2 _ e(m/n)Log\z\ e(m(AI‘gz—&-ler)i)/n, k=0, 1,---,n—1.
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In summary, we find:
1. z¢ is single-valued when « is a real integer.
2. z“ takes finitely many values when « is a real rational number.
3. z% takes infinitely many values in all other cases.

If we use the principal value of log z, we obtain the principal branch of

2%, namely e@108 2,

Example 9.6. The principal value of (—i)¢ is ¢il08 (=) = ei(=7i/2) =
/2
e™/2,

Since e* is entire and Log z is analytic in the domain D* = C\(—o0, 0],
the chain rule implies that the principal branch of z® is also analytic in D*.
Furthermore, for z in D*, we have

diz (eaLng) = eaLOgZ%(aLogz) — eolog:= (%)

Now we shall use logarithms to describe the inverse of the trigonomet-
ric and hyperbolic functions. For this, we recall that if f is a one-to-one
complex function with domain S and range S’, then the inverse function
of f, denoted as f~!, is the function with domain S’ and range S defined
by f~l(w) = z if f(z) = w. It is clear that if the function f is bijective,
then f~! maps S’ onto S. Furthermore, both the compositions f o f~! and
f~Yo f are the identity function. For example, the inverse of the function

f(z)=ax+b, a#0,is f~1(z) = (z — b)/a.

The inverse sine function w = sin~! z is defined by the equation z =
sinw. We shall show that sin~! z is a multi-valued function given by

sinTlz = —ilogliz+ (1—2%)?). (9.5)

From the equation

21
we have 2iz = e — e~ Multiplying both sides by e~ we deduce that
e _ 2ze™ — 1 = 0,
which is quadratic in e**. Solving for e, we find
e = iz 4 (1— 2212 (9.6)

where (1—22)'/2 is a double-valued function of z. Taking logarithms of each
side of (9.6) and recalling that w = sin™"' z, we arrive at the representation
(9.5).
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Example 9.7. From (9.5), we have

sinTl(—i) = —ilog(l+2).
However, since
log(1++v2) = Log(1+V?2)+ 2kmi, k=0,4+1,42,---, (9.7)
log(1—v?2) = Log(V2—1)+ 2k + 1)mi, k=0,+1,42,---, (9.8)
and 1
Log(vV2—1) = Logm = —Log(1+V2),

the lists (9.7) and (9.8) can be combined in one list as

(=1)*Log (1 + V2) + ki, k=0,41,42,---.
Thus, it follows that

sinTH(—i) = kr+i(—1)" " Log(1 +v2), k=0,41,+2,---.

Similar to the expression for sin™! z in (9.5), it is easy to show that

cosTtz = —ilog[z +i(1— 2%)Y?
and . -
i itz
tan"'z = -1 : 9.9
an” -z 5 log — (9.9)

Clearly, the functions cos™! z and tan~! z are also multi-valued.

The derivatives of these three functions are readily obtained from the
representations above and appear as

—sinflz—; icos_lz——; itan_lz
dz - (1-22)1/27 dz - (1-22)1/27 dz

- 1
1422

Finally, we note that the inverse hyperbolic functions can be treated in
a corresponding manner. It turns out that

sinh ™'z = log[z + (22 +1)Y/?],
cosh™ 2z = log[z + (22 — 1)1/2],

_ 1 14+ 2
tanh™' 2z = -1
an z 5 Ogl—z’
and J )
=1 -
asmh z = —(22+1)1/2;
1
h . —
ECObh Z = m,
1
—tanh™ 'z =

dz 1—22°
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Problems

9.1. Find all values of z such that
(a). e* = =2, (b). e*=14++3i, (c).exp(2z—1)=1, (d).sinz=2.

9.2. If 21, 29 # (7/2) + km, show that tan z; = tanzs if and only if
z1 = 22 + km, where k is an integer.

9.3. Use (7.7) and (7.8) to prove Theorem 9.1.
9.4. Evaluate the following:
(a). Log(—ei), (b). Log(l —1), (c).log(—1+ v/3i).
9.5. Show that
(a). Log(1 +i)* = 2Log(1 +i) but (b). Log(—1+ )% # 2Log(—1 +i).

9.6. Find the limit lim,_,o+ [Log(a + iy) — Log(a — iy)] when a > 0,
and when a < 0.

9.7. Evaluate the following and find their principal values:
(a). (L+0)', (b). (=17, (c). (1 —i)*, (d). (—=1+iv3)3/2
9.8. Establish (9.9).
9.9. Evaluate the following:
(a). sin='v/5, (b). sinh™'4.

9.10. Prove the following inequalities:

e=% . ) e~

To o < tan(z +idy) —i] < o y>0

—2y —2y

& ) . (&

m < \cot(a:+zy)+z\ < m, y >0
e2y ) ) e2y

m < \tan(x+zy)+z| < m, y<0
ey ) ) ey

m < \cot(x—l—zy)—z\ < m, y >0

Answers or Hints

9.1. (a). e* = —2iff e* = @™ iff 2 = In2 +iw + i(2k7), k € Z, (b).
1+V3i=2e"/3iff z =In2+4i% +i(2kn), k € Z, (c). e>*~! = ¢ iff
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2z — 1 =i(2kn) iff z =3 +i(knm), k€ Z, (d). sinz=2iff e —e " =4i
iff 2% — die”® — 1 = 0iff € = (di + /16 + 4)/2 = (4i + V12i)/2 =
(2+V3)i=(2+V3)e™/2, (2—V3)e™? s0 2 =In(2+V3) +i (5 + 2kn),
orIn(2—V3) +i (% +2km), k€ Z.

9.2. tanz; — tanzy = 0 if and only if sin(z; — 2z2) = 0.

9.3. If Logz = Log|z| +iArgz = Logr+i0, then u = Logr, v = ©. Thus,
ur =1/r, ug =0, v, =0, vo = 1.

9.4. (a). Log(—ei) = Ine + i(—7/2) = 1 —in/2, (b). Log(l —i) =
Inv2 —in/4, (c). log(—1+ V/3i) =In2 + iZE + 2kmi, k € Z.

9.5. (a). Log(1 +1i)? = Log(2i) = n2 + 4% =2 (Inv2 +iZ) = 2Log(1 +
i), (b). Log(—1 + i)? = Log(—2i) = In2 — ir/2 and 2Log(—1 + i) =
2(Inv2+i3) =In2+i3F.

9.6. 0 when a > 0, and 27¢ when a < 0.

9.7. (a). (1 +Z—)i — eilog(14i) _ i(ln vV2+4i(m/4+2km)) _ e—(‘n’/4+2k7r)eiln\/§,
keZ, (b) (_1)7\' _ 671'log(71) _ efr(ln 1+i(m42km)) ez'7r2(1+2k)7 ke 27

(C). e71'61'(21112)7 (d) 63/2(1n2+i27r/3) _ 2\/562'71' _ 72\/5

9.8. 1+itanw = 2e™/(e™ + e~ ™), 1 —itanw = 2e~W /(e 4 =),
9.9. (a). (4k + 1)7/2 +iLog(\/5 +2), (b). (4k + 1)7i/2.

9.10. Follow the same method as in Example 8.2.



Lecture 10
Mappings by Functions I

In this lecture, we shall present a graphical representation of some ele-
mentary functions. For this, we will need two complex planes representing,
respectively, the domain and the image of the function.

Consider z- and w-planes with the points as usual denoted as z = x+ iy
and w = u + iv. We shall visualize the function w = f(z) as a mapping
(transformation) from a subset of the z-plane (domain of f) to the w-plane
(range of f).

The mapping
w = Az (10.1)

is known as dilation. Here, A is a nonzero complex constant and z # 0. We
write A and z in exponential form; i.e., A = ae'®, z = re?. Then,

w = (ar)e’ @t (10.2)

From (10.2), it follows that the transformation (10.1) expands or contracts
the radius vector representing z by the factor a = | A| and rotates it through
an angle o = arg A about the origin. The image of a given region is therefore
geometrically similar to that region. Thus, in particular, a dilation maps a
straight line onto a straight line and a circle onto a circle.

The mapping
w = z+B (10.3)

is known as translation; here, B is any complex constant. It is a translation,
as can be seen by means of the vector representation of Bj; i.e., if w =
u+iv, z =1+ iy, and B = by + iby, then the image of any point (z,y) in
the z-plane is the point (u,v) = (z 4 b1,y + b2) in the w-plane. Since each
point in any given region of the z-plane is mapped into the w-plane in this
manner, the image region is geometrically congruent to the original one.
Thus, in particular, a translation also maps a straight line onto a straight
line and a circle onto a circle.

The general linear mapping
w = Az+B, A#0, (10.4)

is an expansion or contraction and a rotation, followed by a translation.

R.P. Agarwal et al., An Introduction to Complex Analysis, 64
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Example 10.1. The mapping w = (1+1)z+2 transforms the rectangu-
lar region in Figure 10.1 into the rectangular region shown in the w-plane.
This is clear by writing it as a composition of the transformations

Z =14z and w = Z+2.

Since 1+i = v/2 exp(im/4), the first of these transformations is an expansion
by the factor v/2 and a rotation through the angle /4. The second is a
translation two units to the right.

" 1430 % Vo 1430
pl_1t2 B
A/ A”
/4 /4
0 A ! 0 X 2 “
Figure 10.1

The mapping

w = z", nelN, (10.5)

in polar coordinates can be written as
peiqS _ TneinO.

Thus, it maps the annular region » > 0, 0 < 0 < 7/n, of the z-plane onto
the upper half p > 0, 0 < ¢ < 7, of the w-plane. Clearly, this mapping is
one-to-one.

Example 10.2. Let S be thesector S = {2z : |2] <2, 0 < argz < 7/6}.
Find the image of S under the mapping w = f(z) = 23. Clearly, we have

f(S) = {w:|w <8, 0<argw <7/2}.

Example 10.3. Let S be the vertical strip S = {2 = z+iy : 2 < 2 < 3}.
Find the image of S under the mapping w = f(z) = 22. Since w = 2% —
y? + 2izy, a point (x,y) of the z-plane maps into (u,v) = (22 — 32, 2zy)
in the w-plane. Now, eliminating y from the equations v = z? — %2 and
v = 2zy, we get
2
uw = 22— 2.
422

Thus, a vertical line in the z-plane; i.e., z = z( fixed, maps into a leftward-
facing parabola with the vertex at (z2,0) and v-intercepts at (0,4-222).
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Hence, as 2 < x < 3, the corresponding parabolas in the w-plane describe
a parabolic region

2 2
f(s) = {w:u+iv:4—1lj—6<u<9—§—6}.

The mapping
1
w o= — 10.6
- (106)
establishes a one-to-one correspondence between the nonzero points of the
z- and w-planes. Since 2Z = |z|?, the mapping can be described by means
of the successive transformations

1 —

The first of these transformations is an inversion with respect to the
unit circle |z] = 1; i.e., the image of a nonzero point z is the point Z with
the properties

1
|Z] = I and argZ = argz.

Thus, the points exterior to the circle |z| = 1 are mapped onto the nonzero
points interior to it, and conversely. Any point on the circle is mapped onto
itself. The second transformation in (10.7) is simply a reflection in the real
axis.

Y
z
Z
x
0 1
w
Figure 10.2

Since lim,,01/2 = oo and lim, o, 1/2 = 0, we can define a one-to-
one transformation w = T'(z) from the extended z-plane onto the extended
w-plane by writing

o0, z=0,
z = 00,

=

T(z) =

, otherwise.

0| =
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Clearly, T is then continuous throughout the extended z-plane.

When a point w = u + v is the image of a nonzero point z = = + iy
z

under the transformation w = — = 5, then
z oz
€ -y
1 _
Also, since z = — = i,
w o fw]?
U —v
= - = —. 10.9
* w2t Y u? + v? (10.9)
Let A, B, C, and D be real numbers such that
B? +C? > 4AD. (10.10)
The equation
Az +4*)+ Bz +Cy+D = 0 (10.11)

represents an arbitrary circle or line according to whether A # 0 or A = 0.
Since (10.11) is the same as

2
B\? c\? VBZ+C? —4AD
v+ Flutsg) = ,

2A 2A

condition (10.10) is clear when A # 0. Also, when A = 0, condition (10.10)
reduces to B2 4+ C? > 0, which means B and C' are not both zero.

Now, if « and y satisfy equation (10.11), we can use (10.9) to obtain the
equation
D(u?+v*)+Bu—-Cv+A = 0, (10.12)

which also represents a circle or line. Conversely, if u and v satisfy equation
(10.12), it follows from relations (10.8) that « and y satisty equation (10.11).

From (10.11) and (10.12), it is clear that:
(1). A circle (A # 0) not passing through the origin (D # 0) in the z-plane
is transformed into a circle not passing through the origin in the w-plane.
(2). A circle (A # 0) through the origin (D = 0) in the z-plane is trans-
formed into a line that does not pass through the origin in the w-plane.
(3). A line (A = 0) not passing through the origin (D # 0) in the z-plane
is transformed into a circle through the origin in the w-plane.

(4). A line (A = 0) through the origin D = 0 in the z-plane is transformed
into a line through the origin in the w-plane.
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Example 10.4. In view of (10.11) and (10.12), a vertical line z =
c1 (1 #0) is transformed by w = 1/z into the circle —c; (u? +v?) +u = 0,

or 5 )
1 4 1
uU— — vt = | — ,
201 201
which is centered on the u-axis and tangent to the v-axis.

Example 10.5. The transformation w = 1/z maps a horizontal line
y = ¢a (c2 # 0) onto the circle

o+ LY L)’
u — = —
202 202 ’

which is centered on the v-axis and tangent to the u-axis.

Example 10.6. When w = 1/z, the half-plane 2 > ¢1 (¢; > 0) is
mapped onto the disk

1 2Jr . _ (1 2
u— — v -— .
2c1 - 2c1



Lecture 11
Mappings by Functions II

In this lecture, we shall study graphical representations of the Mdbius
transformation, the trigonometric mapping sin z, and the function z!/2.

The transformation

az+b
= = d—b 0 11.1
w= 0 wte £ 0, (1L.1)
where a, b, ¢, and d are complex numbers, is called a linear fractional
transformation or Mébius transformation. Clearly, (11.1) can be written as

Azw+ Bz+Cw+D = 0, AD—-BC # 0, (11.2)

and, conversely, any equation of type (11.2) can be put in the form (11.1).
Since (11.2) is linear in z and linear in w, or bilinear in z and w, another
name for a linear fractional transformation is bilinear transformation.

When ¢ = 0, the condition ad — bc # 0 reduces to ad # 0 and (11.1)
becomes a nonconstant linear function. When ¢ # 0, (11.1) can be written

as
a bec—ad 1

w = —+ ,

c ¢ cz+d

ad —be # 0. (11.3)

Once again, the condition bc—ad # 0 ensures that we do not have a constant
function.

Equation (11.3) reveals that, when ¢ # 0, a linear transformation is a
composition of the mappings
1 a bc—ad

Z =cz+d, W = =, w = —+ W, ad—bc # 0.
Z c c

Thus, a linear fractional transformation always transforms circles and lines
into circles and lines because these special linear fractional transformations
do this.

Solving (11.1) for z, we find

—d b
z = w—+’ ad — be # 0. (11.4)
cw—a
Thus, when a given point w is the image of some point z under transforma-
tion (11.1), the point z is retrieved by means of equation (11.4). If ¢ = 0,

R.P. Agarwal et al., An Introduction to Complex Analysis, 69
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so that a and d are both nonzero, each point in the w-plane is evidently the
image of one and only one point in the z-plane. The same is true if ¢ # 0,
except when w = a/c, since the denominator in equation (11.4) vanishes
if w has that value. We can, however, enlarge the domain of definition of
(11.1) in order to define a linear fractional transformation T' on the ex-
tended z-plane such that the point w = a/c is the image of z = oo when
¢ # 0. We first write

az+b

T(z) = ——
(=) = o

ad — be # 0. (11.5)
We then write T'(c0) = o0 if ¢ = 0 and T'(00) = a/c and T'(—d/c) = oo if
c#0.

It can be shown that T is continuous on the extended z-plane. It also
agrees with the way in which we enlarged the domain of definition of the
transformation w = 1/z.

When its domain of definition is enlarged in this way, the linear trans-
formation (11.5) is a one-to-one mapping of the extended z-plane onto the
extended w-plane. Hence, associated with the transformation 7' there is
an inverse transformation 7~! that is defined on the extended w-plane as
follows: T~ (w) = z if and only if T(z) = w. From (11.4), we have

T Hw) = M, ad —be # 0. (11.6)

cw — a

Clearly, T~! is itself a linear fractional transformation, where T~ (00) = 0o
if c=0and T~ !(a/c) = 00 and T~ !(00) = —d/c if ¢ £ 0.

If T and T" are two linear fractional transformations given by

a1z + by ,
T = — T =
(2) e dn and (2)

a2z + bsy
oz + do ’

where ai1d; — bycy # 0 and agds — bacy # 0, then their composition,

(arag + c1b2)z + (agby + d1b2)
(a102 + Cldg)Z + (62b1 + dldg),

T'[T(2)] = (ardi—bic1)(azda—baca) # 0,

is also a linear fractional transformation. Note that, in particular, T[T (2)]
z for each point z in the extended plane.

There is always a linear fractional transformation that maps three given
distinct points z1, 29 and z3 onto three specified distinct points wi, ws,
and ws, respectively. In fact, it can be written as

(w —wi)(we —w3) (2 —21)(22 — 23)
(0 ws)(wr ) _ (z—2)z —a1) (AL7)
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To verify this, we write (11.7) as

(z—23)(22 — 2z1)(w —wy)(we —ws) = (2—21)(22 — 23)(w — w3) (wa —wq).

(11.8)
If z = z, the right-hand side of (11.8) is zero and it follows that w = wy.
Similarly, if z = z3, the left-hand side of (11.8) is zero and we get w = ws.
If z = 29, we have the equation

(w —w)(we —w3) = (w—ws)(wz —w1),

whose unique solution is w = wsy. One can see that the mapping defined by
equation (11.7) is actually a linear fractional transformation by expanding
the products in (11.8) and writing the result in the form

Azw+ Bz+Cw+ D = 0. (11.9)

The condition AD— BC' # 0, which is needed with (11.9), is clearly satisfied
because (11.7) does not define a constant function. We also note that (11.7)
defines the only linear fractional transformation mapping the points z1, 29,
and z3 onto wy, we, and ws, respectively.

Example 11.1. Find the bilinear transformation that maps the points
z1 = —1, 20 =0, and z3 = 1 onto the points w; = —i, we = 1, and w3 = 1.
Using equation (11.7), we have

(w+1)(1—1) _ (z+1)(0-1)
(w—14)(1+1) (z—1)(0+1)’

which on solving for w in terms of z gives the transformation

1 —z
i+ 2z

If (11.7) is modified properly, it can also be used when the point at
infinity is one of the prescribed points in either the (extended) z- or w-
plane. Suppose, for example, that z; = oco. Since any linear fractional
transformation is continuous on the extended plane, we need only replace
z1 on the right-hand side of (11.7) by 1/z;, clear fractions, and let z; tend
to zero

lim (2 —1/z1)(22 —2z3) 21 — lim (212 — 1)(22 — 23) _ 2=z
2120 (z — 23) (29 — 1/21) 21 21—0 (2 — 23) (2122 — 1) z— 23

Thus, the desired modification of (11.7) is

(w — wy)(wy — ws3) 2
(w—ws)(wg —w1)  z—z3 (11.10)
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Note that this modification is obtained by simply deleting the factors in-
volving z; in (11.7). Furthermore, the same formal approach applies when
any of the other prescribed points is co.

Example 11.2. Find the bilinear transformation that maps the points
z1 =1, z0 =0, and z3 = —1 onto the points wy; =i, wy = 00, and ws = 1.
In this case, we use the modification

w—wy _ (2—21)(22 — 23)

w — ws (z — 23)(22 — 21)

to obtain
w—1 (z=1)(0+1)
w—1 (z+1)(0—1)’

which gives
(i+Dz+(i—1)

w = .
2z
Now let S be the semi-infinite strip S = {z = z + iy : —7/2 < z <

w/2, y > 0}. We shall find the image of S under the mapping w = f(z) =
sin z. For this, since

w = u+iv = sinzcoshy + icoszsinhy,
we have

u = sinzcoshy and v = cosxsinhy. (11.11)

Thus, if y = 0, then v = 0 and u = sinx, and hence w = sin z maps the
interval —7/2 < x < 7/2 into the interval —1 < u < 1. If x = 7/2, then
u = coshy and v = 0, and hence w = sin z maps the positive-vertical line
x = 7/2 onto the part u > 1 of the real axis of the w-plane. Similarly, if
x = —7/2, then w = sinz maps the positive-vertical line © = —m/2 onto
the part u < —1 of the real axis of the w-plane. Hence, under the mapping
w = sin z, the boundary of S is mapped to the entire u-axis. If y = yo >0
and —7/2 < x < /2, equations (11.11) imply that v > 0 and

u? v?

+ =1, 11.12
cosh®yy  sinh?yq ( )

and hence w = sinz maps the interval —7/2 < z < 7/2 into the up-
per semi-ellipse. The w-intercepts of this ellipse are at =+ coshyg, and
the v-intercept is at sinhyg. Since lim,_osinhyy = 0, limy,_ocoshyy =
1, limy, oo sinhyy = oo, and limy, . coshyg = oo, as yo varies in the
interval 0 < yg < oo, the upper semi-ellipses fill the upper half w-plane.
Thus, the image of S under the mapping w = sin z is the upper half w-plane
including the u-axis.
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From the considerations above it is clear that the image of the infinite
strip{z=z+1iy: —7m/2 <2 <7/2, —o0 <y < oo} under the mapping
w = sin z is the entire w-plane.

Finally, we shall consider the mapping w = f(z) = z'/2. For this, we
recall that the mapping g(z) = 22 is not one-to-one; however, if we restrict
the domain of g to S = {z : —7/2 < argz < 7/2}, then it is one-to-one.

To see this, let 21, 20 € S. If 27 = 22; i.e., 27 — 25 = (21 — 22)(21 + 22) =0,
then either z; = 29 or z; = —z5. Since for z = 0 the argz is not defined,

both z; and z5 cannot be zero. Furthermore, since the points z and —z are
symmetric about the origin, if zo € 5, then —z5 ¢ S. Hence, z; # —z5, and
we must have z; = z3. Thus, the mapping g(z) = 22 is one-to-one on S to
C — {0}, and therefore the inverse function g='(z) = f(z) = 2'/? exists.
The domain of g~! is thus C — {0} and the range is the domain of g; i.e.,
S. In conclusion, if z = re??, then the principal branch f; of the function
w=f(z)=2Y%1is

filz) = Vre? r>0, —r<6<m,
and it takes the square root of the modulus of a point and halves the
principal argument. In particular, under this mapping the image of the
sector {z : |z] < 4, 7/3 < argz < 7m/2} is the sector {z : |z] < 2, 7/6 <
argz < m/4}.

From the arguments above it is clear that the principal branch f; of the
function w = f(z) = 21/ is

fi(z) = p/me/n >0, —r<f<m,

and it takes the nth root of the modulus of a point and divides the principal
argument by n.

Problems

11.1. Find images of the following sets under the mapping w = e* :

the vertical line segment x =a, — 7 <y <,

=
— =

the horizontal line —oco < & < 0o, y = b,

. the rectangular area —1 <z <1, 0 <y <,

==
2 e

. the region —co <z < oo, —mT<y<m.

11.2. Find images of the following sets under the mapping w =1/z :
(a). {z:0<|2z| <1, 0 <argz < m/2},
(b). {z:3< 2|, 0 <argz < 7}
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11.3. Find images of the following sets under the mapping w = Log z :

(a). {z:[z| >0}, (b). {z:]z] =7},
(¢). {z:argz=0}, (d). {z:2<|z|] <5}
11.4. Show that as z moves on the real axis from —1 to +1 the point

11—z
w =

moves on part of the unit circle with center (0,0) and radius 1.

zZ—1

11.5. Show that when G

i
1 is purely imaginary, the locus of z is a

circle with center at (1/2,1/2) and radius 1/4/2, but when it is purely real
the locus is a straight line.

11.6. A point a € C is called a fized point of the mapping f provided
f(@) =a.
(a). Show that except the unit mapping w = z, (11.1) can have at most
two fixed points.
(b). If (11.1) has two distinct fixed points, o and 3, then

w—« Z—0o a— Ccx

w—pF  z—f a—cB’

(c). If (11.1) has only one fixed point, «, then

1 1 c
+ .
w— Z—a a-—co

z—1 q 52+ 3
an .
z+1 2z —1
11.7. Find the entire linear transformation with fixed point 1+ 27 that
maps the point ¢ into the point —i.

(d). Find the fixed points of

11.8. Show that a necessary and sufficient condition for two Mobius
transformations
a1z + by
c1z+dy

asz + bay
Ccoz + do

to be identical is that ag = /\CL17 bg = )\bl, Co = )\Cl, d2 = >\d1, A ?é 0.

Ti(z) = and Th(z) =

11.9. For any four complex numbers z1, 22, 23, 24 in the extended plane,
the cross ratio is denoted and defined as
Z4 — 21 zZ9 — 21 (Z4 - 21)(22 — 23)

Z1,22,23,24) = : = .
( ’ ’ ’ ) Z4 — 23 Z9 — 23 (24 — 23)(22 — 2’1)

Show that
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(a). the cross ratio is invariant under any linear fractional transformation
T; ie.,
(T(Zl>, T(ZQ)7 T(ZS)7 T(Z4)) = (zla 22,23, 24)7

(b). the complex numbers z1, 22, 23, 24 lie on a line or a circle in the complex
plane if and only if their cross ratio is a real number.

11.10. Show that the image of the vertical line = zo, where —7/2 <
2o < 7/2, under the mapping w = sin z is the right-half of the hyperbola

u? v?

=1

sin? To  cos? To
if zp > 0 and the left-half if zq < 0.

11.11. Find the image of the rectangle S = {z =ax +iy: —7/2 <z <
/2, 0 < ¢ <y < d} under the mapping w = sin z.

11.12. Find the image of the semi-infinite strip S = {z =z + iy : 0 <
x < m/2, y > 0} under the mapping w = cos z.

Answers or Hints

11.1. (a). circle jw| = €%, (b). ray argw = b, (c¢). semi-annular area between
semi-circles of radii e~! and e with center at 0, (d). C — {0}.

11.2. (a). {w:1 < |w|, —7/2 < argw <0}, (b). {w:0 < |Jw <
1/3, — 7w <argw < 0}.

11.3. (a). {w: —co<u<oo, —m<v <7}, (b). {w:u=Logr, —7<
v <} (¢) {w:—-00<u<oo v=_~0}(d. {w:Log2<uc<

Logh, —m<wv<m}.
g2 y?

11.4. w= w2+(2;_1)2 +1 =u+1iv. On the real axis, y =0, —1 <

22 (12

:Egl,u:%,v:ﬁ—iz,andhencequJer:%:l.If
x=—1,then u = -1, v =0;if x =0, then u =0, v = 1; if z = 1 then

u =1, v = 0. Hence, w moves on the upper half of the unit circle.

11.5. w = x(x_l)"’(z(j/l_)él‘zig(l_x_y), and hence w is imaginary provided

2?2 —r+y*—y=0;ie, (x —1/2)? + (y — 1/2)*> = 1/2 and w is real if
rz+y=1.

11.6. (a). Find all possible solutions of z = (az +b)/(cz + d). (b). Verify
directly. (c). Verify directly. (d). +i and (3 £ v/15)/2.

11.7. w=(2+14)z+1— 3.

11.8. The sufficiency is obvious. If Ti(z) = T»(z), then in particular
Tl(O) = TQ(O), Tl(l) = Tg(l), Tl(OO) = 712(00)7 which give

b_l_b_z_ a1+b1_a2+b2 ﬂ a9
di  do o cp+di ct+da ¢ e
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Substituting by = udy, by = uds, a1 = vey, and ag = vee in the second
relation, we find (¢1dy — cady)(v — ) = 0. But v # u, since otherwise
ay/cy = by/dy; ie., ardy — biep = 0. Thus, ¢1/dy = co/ds.

11.9. (a). Define T" by (T'(21),T(22),T(23),w) = (21, 22, 23, z), that maps
zjtoT(z), j =1,2,3. But T'(z) itself also maps z; to T'(z;). By uniqueness,
w =T'(z) = T(z). Therefore, this equality holds for w = T'(z) also. In par-
ticular, it holds for z = z4 and w = T'(z4). (b). Suppose that z1, 29, 23, 24 lie
on a line or circle v. We can find a linear fractional transformation w = f(z)
that maps - onto the real axis. Then, each w; = f(z;) will be real. Conse-
quently, the cross ratio (wy, wa, ws, wy) will be real. But then, from (11.7),
(21, 22, 23, 24) must also be real. Conversely, suppose that (z1, 29, 23, 24) is
real. We need to show that the points z1, 29, 23, 24 lie on some line or circle.
Clearly, any three points lie on some line or circle (a line if the points are
collinear, a circle otherwise). Hence, there is a unique line or circle v, pass-
ing through the points z1, 2o, z3. Therefore, it suffices to show that z4 also
lies on 1. Let w = g(z) be a linear fractional transformation that maps 1
to the real axis, and let w; = g(z;). Since 21, 22, 23 lie on v1, w1, wa, w3 will
be on the real axis. Now, since (wy, we, ws,ws) = (21, 22, 23, 24) is real, we
can solve it for wy in terms of (21, 22, 23, 24) and w1, wa, w3, and hence wy
must also be real. Finally, since w = g(z) is one-to-one, the only values in
the z-plane that can map to the real axis in the w-plane are on ;. Hence,
24 = g Y (wy) is on ;.

11.10. Use (11.11).

11.11. The region between upper semi-ellipses given by (11.12) with yo = ¢
and yo = d.

11.12. Since u = cosz coshy, v = —sinzsinhy, the image region is {w =
u+iv:u>0, v <0}



Lecture 12

Curves, Contours, and
Simply Connected Domains

In this lecture, we define a few terms that will be used repeatedly in
complex integration. We shall also state Jordan’s Curve Theorem, which
seems to be quite obvious; however, its proof is rather complicated.

Let x(t) and y(t) be continuous real-valued functions defined on [a, b].
A curve or path ~ in the complex plane is the range of the continuous
function z : [a,b] — C given by z(t) = x(t) + iy(t), t € [a,b]. The curve
v begins with its initial point z(a) = x(a) + iy(a) and goes all the way
to its terminal point z(b) = x(b) + iy(b). If we write the function z(t) in
its parametric form; i.e., 2(¢t) = (z(t),y(¢)), then the curve ~ is the set of
points {z(t) = (x(t),y(t)) : t € [a,b]}. This set is called the track of ~, and
is denoted as {~v}.

Terminal point

z(a) ()
Initial point
Figure 12.1

The curve 7 is said to be simple if for all different ¢1,ts € [a,b], z(t1) #
2(t2); i.e., v does not cross itself.

RN

Simple Not simple
Figure 12.2

The curve 7 is said to be closed if z(a) = z(b). The interior of a closed
curve v is denoted as I(7y). The curve ~ is called a simple closed curve (or
Jordan curve) if it is closed and a < t; < to < b implies that z(t1) # z(t2);
i.e., v does not cross itself except at the end points.

R.P. Agarwal et al., An Introduction to Complex Analysis, 77
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Example 12.1. Let z;, 2o € C be different points. The line segment
~1, denoted as [z1, z2] and given by

2(t) = 21 +t(zg —21), 0<t<1,

is a simple curve.

T 2

21

Figure 12.3

Example 12.2. The unit circle v, given by
z(t) = e = cost +isint, 0<t<2rm

is a simple closed curve.

V2 z(0) = z(2m)

Figure 12.4
Example 12.3. Consider the functions z(t) = €, ¢ € [0,27] and
25(t) = €™t € [0,1]. Both curves trace the unit circle. Thus, different

functions may represent the same curve.

A curve 7y given by the range of z : [a,b] — C is called smooth if

(i). 2/(t) = 2'(t) + iy'(t) exists and is continuous on [a, b],

(ii). 2’(t) # 0 for all ¢ € (a,b).

Example 12.4. Clearly, the curves v; and 72 are smooth; however,
the curve ~3 given by

t+2ti, 0<t<1
2(t) = -

is simple but not smooth.
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Yy
21
V3
i y =2z
xr
0 1 2
Figure 12.5

A curve v given by the range of z : [a,b] — C is said to be piecewise
continuous if
(i). z(t) exists and is continuous for all but finitely many points in (a,b),

(ii). at any point ¢ € (a,b) where z fails to be continuous, both the left
limit lim;_, .~ z(¢) and the right limit lim,_,.+ z(¢) exist and are finite, and

(iil). at the end points the right limit lim;_, ,+ z(¢) and the left limit lim,_,;- 2(¢)
exist and are finite.

The curve v is called piecewise smooth if z and 2z’ both are piecewise
continuous.

A contour «y is a sequence of smooth curves {71, --,7,} such that the
terminal point of 7y coincides with the initial point of y;41 for 1 < k <n—1.
In this case, we write

Y=ttt e
It is clear that a contour is a continuous piecewise smooth curve.

Tn

Y1
2 3

Figure 12.6
The opposite contour of v is
=y = (=) + (=Yn-1) + -+ (=m).

Example 12.5. Let v, be the curve z;(t) =t + 2ti, 0 <t < 1, and 72
be the curve zo = ¢+ 2i, 1 <t < 2. Then, 7 = 71 + 72 is a contour (see
Figure 12.5).
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Now consider any partition a = tgp < t1 < -+ < tp—1 < t, = b of
the interval [a,b]. Then, the line segments [z(¢;_1),2(¢;)], 7 = 1,2,---,n
form a polygonal contour ¢ that is inscribed in the curve ~y. Clearly, such
an inscribed polygon a contour ¢ has a finite length, which we denote and
define as

o = 3 [(a(ty) — a(tj—1))> + (y(t;) — y(t;—1)?) 2.

Jj=1

A curve 7 is said to be rectifiable if the lengths ¢, of all inscribed poly-
gons o are bounded. The length ¢ of v is defined as ¢ = sup, ¢,. If v is
a piecewise smooth curve, then the Mean Value Theorem ensures that the
curve -y is rectifiable.

A simple closed contour v is called positively oriented (anticlockwise) if
the interior domain lies to the left of an observer tracing out the points in
order; otherwise it is negatively oriented (clockwise). With this convention,
it is clear that the positive direction of traversing a curve surrounding the
point at infinity is the clockwise direction. A simple open contour - is said
to be positively oriented if we traverse it from its initial point to its terminal
point.

Positively
oriented

Figure 12.7

Theorem 12.1 (Jordan Curve Theorem). The points on any
simple closed curve or simple closed contour « are boundary points of two
distinct domains, one of which is the interior of v and is bounded. The
other, which is the exterior of v, is unbounded.

Example 12.6. Consider the disjoint open disks S1 = {z : [z —z0| < 7}
and Sz = {z : |z — 29| > r}. Clearly, the circle vy = {z : |z — 2| = r} is a
closed contour, and the points on v are the boundary points of S; and So.
The interior of «y is Sy, which is bounded, and the exterior of v is S, which
is unbounded.

A simply connected domain S is a domain having the following property:
If v is any simple closed contour lying in S, then the domain interior to
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lies wholly in S. An immediate consequence of Theorem 12.1 is that the
interior of a simple closed curve is simply connected. A domain that is not
simply connected is called multiply connected.

Simply connected Not simply connected
Figure 12.8

Problems

12.1. For each of the following domains, determine whether it is simply
connected, multiply connected, or neither (not connected):

(a). A={z:0<|22—-1| < 3},

(b). B={z:Argz # 0},

(¢).C={z:|z—i]>1, [z=3] >3 and |z| < 10},
(d). D ={z:Imz # 0},

(). E={z:|z] <1 and Rez <0},

(). F=C—{x+1iy:0<x <3}

12.2. Let v = ApAy---A,n_14, be a closed polygonal Jordan curve
with interior (). Show that the following are equivalent:
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(a). The polygon I() is convex.
(b). For j = 1,---,n, the line L; containing A; 1A, does not intersect
I(7).

(¢). I(7y) is the intersection of a finite number of closed half-planes.
12.3. Show that every convex domain is simply connected.

12.4. Let S C C be an open set, and let f : S — C be a continuous
function. Show that if S is connected, then f(.S) is also connected.

Answers or Hints

12.1. (a). Multiply-connected, (b). simply connected, (c). multiply-
connected, (d). not connected, (e). simply connected, (f). not connected.

12.2. (a). = (b). Since I(7y) and L, are convex, so is I; := I(y) N Lj,
which must then be a line segment since it is a subset of a line. Since I(7)
is convex, the interior angles at A;_; and A; are less than m, so points on

L;j\A;_1A; that are sufficiently close to Aj_; or A; are not in I(y) and
therefore also not in I;. This implies that I; = A;_1A; since it is a line
segment containing A;_1A4;.

(b). = (c). Forj =1,...,n, I(v) is entirely on one side of L;, so I(7y) isin a

closed half-plane H; that has L; as its boundary. Then I(vy) C (j_, H; =

C. We claim that I(v) = C. If not, there is some point zy € C\I(y). Let
z1 be any point in I(7y). By Theorem 12.1, the line segment joining zo and
z1 intersects v at some point. This point is on A;,_1A4;, for some jo, and
then zo and z; are on opposite sides of Lj,. Since z; € I(y) C Hj,, then
29 ¢ Hj,, which is a contradiction since 2y € C.

(¢). = (a). This follows since every closed half-plane is convex and an
intersection of convex sets is convex.

12.3. Let S be a convex domain and v a simple closed curve lying in S.
We want to show that the domain I(-y) interior to y lies in S. If not, there

is some point zg € I(y)\S. Let L be any line through zo. Since I(7) is

bounded, we can take two points z; and ze on L\I(7) such that zy is on the
line segment joining z; and zg. By Theorem 12.1, the line segment joining
zo and z; (resp. zo and z2) intersects v at some point z] (resp. z5). Then
z1 and z4 are in S and zp is on the line segment joining them, so zp € S
since S is convex, a contradiction.

12.4. Let wy,we € f(S). Then, there exist z1,2z2 € S such that w; =
f(z1), wa = f(22). Since S is connected, there exists a curve v in S
connecting z; and zs. Suppose z = z(t), a < t < b represents v. Then,
f(z(t)), a <t <b defines a curve in f(S) connecting w; and ws.



Lecture 13

Complex Integration

In this lecture, we shall introduce integration of complex-valued func-
tions along a directed contour. For this, we shall begin with the integration
of complex-valued functions of a real variable. Our approach is based on
Riemann integration from calculus. We shall also prove an inequality that
plays a fundamental role in our later lectures.

Recall that a complex-valued function w of a real variable t € [a,b] C R
is defined as w(t) = u(t) + iw(t); i.e., w: [a,b] C R — C. The derivative of
w(t) at a point ¢ is defined as

d

—w

dt
provided each of the derivatives ' and v’ exists at ¢t. Similarly, the integral
of w(t) over [a,b] is defined as

/abw(t)dt - /abu(t)dt—l—i/abv(t)dt

provided the individual integrals on the right exist. For this, it is sufficient
to assume that the functions u and v are piecewise continuous in [a, b]. The
following properties of differentiation and integration hold:

(t) = w'(t) = u/(t)+ (1),

Q). b (0)+ wa(t)] = () + wh(r).
(ii). %[Z()uq(t)} = Zo%’wl(t), zp € C.

b b b
(iii)./[wl(t)+w2(t)]dt = /wl(t)dt+/ wa (t)dt.
b b
(iv)./ zowy (t)dt = zo/ wy (t)dt, zo € C.

(v). Re /ab wy (t)dt = /ab Re[wq (t)]dt, Im /ab wy (¢)dt = /ab Im[w; (¢)]dt.

Here we shall show only (iv). For this, let zg = xg + iyo and wi(t) =
u1(t) + vy (t). Then, we have

zowy(t) = [xoui(t) — yovr(t)] + i[zov (t) + yous(t)]

R.P. Agarwal et al., An Introduction to Complex Analysis, 83
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and

b b b
/ 2owy (t)dt = / [zouq (t) —yovl(t)]dt—i—i/ [xovi(t) + your (t)]dt

Zo /ab uy (t)dt — yo /ab vy (t)dt}
xo /ab v1(t)dt + yo /ab U (t)dt]
/ab up(¢)dt + 4 /ab vl(t)dt]

b
- Zo/ wl(t)dt.

+1

= (xo +iyo)

Example 13.1. Suppose w(t) is continuous on [a, b] and w’ (t) exists on
(a,b). For such functions, the Mean Value Theorem for derivatives no longer
applies; i.e., it is not necessarily true that there is a number ¢ € (a, b) such
that w'(c¢) = (w(b) — w(a))/(b — a). To show this, we consider the function
w(t) = e, 0 <t < 2. Clearly, |w'(t)] = |ie?*| = 1, and hence w'(t) is
never zero, while w(27) — w(0) = 0.

We recall that if f : [a,b] — R, then |f: f(z)dx] < fj|f(x)|dz We
shall now show that the same inequality holds for w : [a,b] — C; i.e.,

/a " w(t)dt

For this, let |f; w(t)dt| = r, so that f; w(t)dt = re’ in polar form. Now
we have

b b
ro = e_w/ w(t)dt = /e‘iew(t)dt

b b
= / Re [e “w(t)] dt + Z/ Im [e~w(t)] dt
¢ (a: 0 since LHS is real)

b
< / w(b)|dt, a<b < oo

= /b Re [eiiew(t)] dt
/b Re [e*iew(t)] dt

b b
/|e_i9w(t)’dt = /|w(t)\dt (since |e™"| =1).

IN

b
< /a |Re [e*ww(t)] | dt

IA
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We note that the Fundamental Theorem of Calculus also holds: If
W(t) = U(t) +iV(t), w(t) = u(t) + iw(t) and W' (t) = w(t), t € [a,b],
then

/bw(t)dt — W) - W(a).

Thus, in particular, we have

b
1
/ezotdt = —e!
a 20

The length of a smooth curve 7 given by the range of z : [a,b] — C is

defined by
b
/ 1 (8)dt.

Example 13.2. For z(t) = 21 +t(22 — 21), 0 <t < 1, we have

b

= % (ezob — zz(’“) , 20 #0.

a

1
2'(t) = 22— 21, and hence L(7) :/ |zo — z1|dt = |22 — z1].
0
Example 13.3. For z(t) = 2o + rett, 0 <t < 27, we have
2m
Z/(t) = ire™, and hence L(y) = / lire®|dt = 2mr.
0

Now let S be an open set, and let v, given by the range of z : [a,b] — C,
be a smooth curve in S. If f: .S — C is continuous, then the integral of f
along =y is defined by

—— -

S ——_ p—

Figure 13.1

The following properties of the integration above are immediate:

A (=) £ gl=))dz = / J(2)dz + / g(2)dz,
/zof zo/yf dz, z9€C,
/ 1z /7 1z
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Example 13.4. Let f(z) = z — 1 and let v be the curve given by
z(t) =t +it?, 0 <t < 1. Clearly, v is smooth and

/f(z)dz = /Of(z(t))z’(t)dt = /O(t+it2—1)(1+2it)dt

/ (t —1—2t3)dt +i/1(2t(t — 1) +t?)dt,
0 0

which can now be easily evaluated.

Example 13.5. Let f(z) = z+4 (1/z) for z # 0 and ~ be the upper
semi-circle at the origin of radius 1; i.e., z(t) = e™, 0 <t < 1. Clearly, v
is smooth and

1
/f(z)dz = / mi (e + e ™) e™dt = .
o 0

The length of a contour v =1 + - -+ + 7, is defined by

n n

L(y) = > (lengthof v;) = Y L(v;).

j=1 j=1

If f: S — C is continuous on {7}, then the contour integral of f along

v is defined by
/f(z)dz = Z f(z)dz.
¥

j=177

Example 13.6. Let f(z) = z—1 and v = 1 + 72, where 7; is given
by z1(t) =t, 0 <t <1and s is given by 29(t) =1+t —1), 1 <t <2.
Clearly, the contour = is piecewise smooth, and

/ f2)dz = / Sz ()2, (Bt + / F(za ()2 ()t

_ /O(t—l)dt+/12i(t—1)idt,

which can be evaluated.

Theorem 13.1 (M L-Inequality). Suppose that f is continuous
on an open set containing a contour vy, and |f(z)| < M for all z € {~}.
Then, the following inequality holds

Lf(z)dz

< ML,
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where L is the length of ~.

Proof. First assume that « given by the range of z : [a,b] — C is a
smooth curve. Then, we have
/ OO

IN

b
M/ (O)ldt = ML.
a

Ify=m5 4+ + -+ v, where v1,7s, - -+, v, are smooth, then we find

P RCEEDY

Example 13.7. Let v be given by z(t) = 2¢%, 0 <t < 27. Show that

z 4re?

<
- 3

(&

dz
722+1

Since |e*| = e® < €? and |22 + 1| > [|2%| — 1| = |4 — 1| = 3, it follows that
z 2

[

422+ 1

e 4mre?
< — X 2X2m =
=3 T 3

Problems

13.1. Evaluate the following integrals

1 w/ )
(a). /0 (1+it2)dt, (b). / et

b 2
(©). / (sin 2t + icos2)dt, (d). / Log(1 + it)dt.
0 1

13.2. Find the length of the arch of the cycloid given by z(t) = a(t —
sint) + ai(l — cost), 0 <t < 2w where a is a positive real number.

13.3. Let v be the curve given by z(t) =t +it?, 0 < t < 27. Evaluate

/ |2|%dz.
gl



88 Lecture 13

13.4. Let f(z) =y —x — 3iz? and ~y be given by the line segment z = 0

to z =1+ 4. Evaluate / f(z)dz.
v

13.5. Let v be given by the semicircle z = 2¢%, 0 < # < 7. Evaluate
-2
/ %4z and / |21/2| exp(iArg 2)dz.
v Z -

13.6. Show that if m and n are integers, then

27
/ pimb o—ind g _ { 0 when m#n
o 27 when m = n.

Hence, evaluate / z"™zZ"dz, where ~ is the circle given by z = cost +
¥
isint, 0 <t < 2m.

2 2
13.7. Let v be the positively oriented ellipse x_2 + Z—2 =1 witha®>—0% =
a
1. Show that p
z
——— = £ 27,
/7 V1—22

where a continuous branch of the integrand is chosen.

13.8. Let z1(t), a <t <b and 22(t), ¢ <t < d be equivalent param-
eterizations of the same curve +; i.e., there is an increasing continuously
differentiable function ¢ : [¢,d] — [a,b] such that ¢(c) = a and ¢(d) = b
and z3(t) = 21 0 ¢(t) for all t € [¢,d]. Show that if f is continuous on an
open set containing ~, then

b d
/ )2 tdt = / F(ea(t)) 24 (t)dt.

13.9. Let v be the arc of the circle |z| = 2 from z = 2 to z = 2¢ that
lies in the first quadrant. Without evaluating the integral, show that

dz ™
z1 = 3
v AT
13.10. Let 7 be the circle |z| = 2. Show that

1
dz
/YZ2—1

13.11. Show that if v is the boundary of the triangle with vertices at
z =0, z = 3t, and z = —4 oriented in the counterclockwise direction, then

/y(ez —Z)dz

47

< .
-3

< 48.
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13.12. Let i be the circle |z| = R described in the counterclockwise
direction, where R > 0. Suppose Log z is the principal branch of the loga-
rithm function. Show that

L L
[ ] <o (et
TR z R

13.13. Let g be the circle |z| = R described in the counterclockwise
direction, where R > 2. Suppose Log z is the principal branch of the loga-
rithm function. Show that

Log 22
e, %
g RS2+

13.14. Let S be an open connected set and ~ a closed curve in S.
Suppose f(z) is analytic on S and the derivative f/(z) is continuous on S.
Show that

- R2-R-1

2
< 9rR (M)

I= [ymf’(z)dz

is purely imaginary.

13.15. Let f(z) be a continuous function in the region |z| > 1, and
suppose the limit lim,_,o 2f(2) = A exists. Let a be a fixed real number
such that 0 < a < 27. Denote by g the circular arc given by parametric

equation z = Re?, 0 < § < a with R > 1. Find Rlim / f(z)dz.
7 Jyr

Answers or Hints

13.1. (a). 1+, (b) %(e‘”z/lG—e_“‘?), (). 0, (d). [Zim(1+

12)dt + i [ tan~" tdt.
13.2. 8a.
13.3. [ |22dz = [J7 |t +it?2(1 + 2ti)dt = [J7(#2 + t4)(1 + 2t3)dt.
13.4. [ (y— - 3ia®)dz = [y(t—t—3it2)(1+i)dt = 1—i (y(t) =
(L+i)t, te[0,1]).

T 210 _ . . .
13.5. f7 %dz = fo 2e—722ie'df = —4— 2z7r,f_,y |2|Y/2 exp (iArg z) dz =
_f07r |2629|1/2ez«92i610d9 — _ \/5627L0|0 —0.
13.6. fo% em=m0dh = 27 if m = n and = {ei(m_")g/i(m — n)}|(2)7r =0if
m # n. Now f7 2"z = fo% eimte=intijcitdqt = 2ri if m —n+1=0and 0
ifm—-—n+1#0.
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13.7. In parametric form, the equation of ellipse is * = acost, y =
bsint, t € [0,27]. Thus, z(t) = acost + ibsint. Since a? — b? = 1, we
find v1 — 22 = :I:(asint - ibcost) and Z'(t) = —asint +zbcost

)
13.8. [ f(z(t) ()t = [ F (1 (6(6)) 24 (6(0)¢/ (1)t = [ f(z1(5))4 (s)dls.

13.9. ]fvﬂ () 12| =2, |22 - 1] > |z\2—123,bo Tl’g%
ifz€v, L(y) =% =
13.10. |2* = 1| > |2*| = 1 =3 for |2| = 2. Thus, | [, 57| < &

13.11. ‘fv(ez fE)dz‘ < ‘fv ezdz‘ + ’fvfdz’ <0+4(5+4+3)=48.

//,_—s\\
. N
4 3

z| =
\

/ \
|

—4 0
Log r+iA Logr Logr L
ariug:| o lognies _ Lognes o)) Logsg,

13.12. [ 192 | -

IN

O R LO%I;«HT —9r LOgRR+7r

13.13. Similar to Problem 13.12.

13.14. Let the parametric equation of v be z = z(t), a < t < b. Since
v is a closed curve, z(a) = z(b). Let f(z) = u(z) + tv(z), where u,v are
real, so f/(2) = uy + vy = vy — iuy Thus, I:fb( (z(t)) —iv(z(t)))(us
10y)(zy + iy )dt. Hence, Rel = f (uugxy — uVYr + VUL Yy + vvth)dt =
f:[(uuxa:t + uuyye) + (voyy + vupay)|dt = (1/2) f [dt (u? +v?)]dt = 0.
13.15. Clearly, f’m f(2)dz = [ f(Re")Rie®®df = i [ Re" f(Re™)df and
iAda =i [i Adf. Hence, | [ f(z)dz—iAa| < [§"|Re™ f(Re™) — Aldf. Now
since lim, , 2f(2) = A, for any € > 0 there exists a § > 0 such that
|Re? f(Re®) — A| < €/a for all . Therefore, it follows that | va f(z)dz —

iAa| < €, and hence limp_ o0 wa f(2)dz = iAa.



Lecture 14
Independence of Path

The main result of this lecture is to provide conditions on the function f
so that its contour integral is independent of the path joining the initial and
terminal points. This result, in particular, helps in computing the contour
integrals rather easily.

Let f be a continuous function in a domain S. A function F' such that
F'(z) = f(z) for all z € S is called an antiderivative of f on S. Since f
is continuous, F' is analytic, and hence continuous. Furthermore, any two
antiderivatives of f differ by a constant.

Example 14.1. Clearly,

f(z) z" e? COos z sin z
Zn+1
F(2) n+1+c e +c¢ sinz+c¢ —cosz+ec,

where ¢ is an arbitrary constant.
The main result of this lecture is the following.

Theorem 14.1. Suppose that the function f is continuous and has an
antiderivative I’ in a domain S. If o, € S and ~y is a contour in S joining
« and 3, then

/f@w::ﬂmmex

i.e., the integral only depends on the end points and not on the choice of
~. In particular, if v is a closed contour in S, then

Lf(z)dz = 0.

Proof. Suppose thaty = ~1+v2+- - ~+7,, where, foreach 1 < j <n, ~, is
a smooth curve given by z; : [a;_1, a;] — C such that z1(ap) = a, z,(a,) =

3.

Yn
Y1
Y2 V3
a = z1(ao) B = zn(an)
Figure 14.1
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Lecture 14
Now, since
%F(Zj(t)) = F'(z()z(t) = f(z(1);(),
it follows that
S@a = [ rsaE0n = Feo)
= F(z(a)) — F(z(a;-1)).
Therefore, we have
[1exz = 3 [ #eds = So(FGs(a) - Fles(a))
= {F(z1(a1)) = F(z1(a0))} + -+ + {F(zn(an)) — F(zn(an-1))}
= F(B) — F(a).

If 7 is closed, then a = 3, so we have

/ f2)de = F(B)—F(a) = 0. W

Example 14.2. Compute the integral/
.

contour in Figure 14.2.
(7).
&

Figure 14.2

(2% — 2)dz, where v is the

Since 22 — 2 has the antiderivative (23/3) — 2z, we find

3 43
/(22 —2)dz = / (22 =2)dz = = -2z
v 0 3

Example 14.3. Compute the integral /

3

= 3.
0

e*dz, where ~ is the part of
2l
the unit circle joining 1 to ¢ in the counterclockwise direction. Since e* is
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the derivative of e*, by the theorem above, we have

/ezdz = e —e.
.

Example 14.4. Compute the integral / sin zdz, where v is the contour

~
in Figure 14.3.

6+ 3i
/
-3 [ 3
Figure 14.3
Since sin z has the antiderivative F'(z) = —cosz, by Theorem 14.1, we

have
sinzdz = —cosz = —cos(6 + 3i) + cos(—3).
v

‘6+3i

Example 14.5. Compute /dz/z, where v is the contour in Figure
2!
14.4.

-
"

Figure 14.4

At each point of the contour «, the function 1/z is the derivative of the
principal branch of log z. Hence, we have

1 —1
[y;dz = Logz| = Log(~i)—Log(i) = fgifgi S

Example 14.6. Compute the integral / (z — 2z0)"dz, where n is an
Y
integer not equal to —1 and ~, is the circle |z — 29| = r traversed once in

the counterclockwise direction.
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Let S = C — {z}. Then, S is a domain and the function (z — z)"
is continuous throughout S. Moreover, (z — 20)™ is the derivative of the
function (2 — 29)"*!/(n + 1). Since v, is a closed contour that lies in S, we
deduce that

/(z—zo)”dz =0, n#-L

r

We shall now prove the following theorem.

Theorem 14.2. Let f be a continuous function in a domain S. Then,
the following statements are equivalent:

(i). f has an antiderivative in S.
(ii). For any closed contour v in S, / f(z)=0.
2!

(iii). The contour integrals of f are independent of paths in S; i.e., if
«, B €S and y; and 5 are contours in S joining a and (3, then

[m f(z)dz

Proof. Theorem 14.1 shows that (i) = (iii) = (ii), so we need to prove
that (i) = (iii) = (i).

(ii) = (iii). 71 + (—72) is a closed contour in S (see Figure 14.5). Hence,

[ g = [ e [ s - o
Y1+ (=72) Y1 Y2

Y1

Y2

Figure 14.5 Figure 14.6

(iii) = (i). Fix zp € S. For any z; € S, define F'(z;) /f )dz, where

is a contour in S joining 2o to z;. By (iii), the function F' is well-defined.
Let h € C be such that |h| is sufficiently small, so that [z1,2z1 +h] C S (see
Figure 14.6). Then, we have

F(z1+h) — F(z) 1 1
- = . dz = — d
h h [/Y+[21,21+h] [Y] f(z> ’ h /[21,zl+h] f(Z) :
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and . .
f(z1) = f(zl)ﬁ/ ldz = E/ f(z1)dz.
[21,21+h] [z1,21+h]
Therefore, it follows that

F(Zl-l-h)—F(Zl) . 1 ~ (s .
g = g e s

We shall show that the right hand side of (14.1) tends to 0 as h — 0. For
this, let € > 0 be given. Since f is continuous at z1, there exists a § > 0
such that

lz—2z1] < 0 = |f(z) = f(z1)] < e (14.2)

Since the length of [z1,21 + h] is equal to |h|, if |h| < & then for all
z € (z1,21 + h], |z — 21| <|h| < 4. Thus, if |h| < §, then

1

F(Zl—l-h)—F(Zl) 1 2) — f(x .
hﬁmwﬁ” f(e)d

A — f(z1)

IN

|h|e|h| by (14.2) and the M L-inequality
= e

Thus, F'(z1) = f(z1); i.e., F is an antiderivative of f in S. |

Example 14.7. Let v = v, + 72, where v, and 7 respectively are
given by z1(t) = ti and z3(t) = t + 4, t € [0,1]. Furthermore, let f(z) =
(y — x) + 3ix?. It follows that

/ﬂ&k=:Af%@M@ﬁ+Af%®%@ﬁ
— /Oltidt+/01(1—t+3t2i)dt = %—l—gz

Now let 3 be given by z3(t) =i+ t(1 +14), ¢t € [0,1]. Then, for the same
function f, we have

f(z)dz = 2i.

3
Hence, although v and 3 have the same end points,

/fdz# f()dz

Thus, from Theorem 14.2, this function f cannot have an antiderivative.
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Cauchy-Goursat Theorem

In this lecture, we shall prove that the integral of an analytic func-
tion over a simple closed contour is zero. This result is one of the most
fundamental theorems in complex analysis.

We begin with the following theorem from calculus.

Theorem 15.1 (Green’s Theorem). Let C be a piecewise
smooth, simple closed curve that bounds a domain D in the complex plane.
Let P and @ be two real-valued functions defined on an open set U that
contains D, and suppose that P and ) have continuous first order partial
derivatives. Then,

/denydx = // (%Jr@)da:dy,

where C' is taken along the positive direction.

The left-hand side of this equality is the line integral, whereas the right-
hand side is the double integral.

Now consider a function f(z) = u(z,y) + iv(x,y) that is analytic in a
simply connected domain S. Suppose that v is a simple, closed, positively
oriented contour lying in S and given by the function z(t) = x(t)+iy(t), t

[a,b]. Then, we have
b
[ ey

/f(z)dz
b
— / [u(z(t), y(t)) + iv(z(t), y(1))] (% +i%> dt

[ [ite0000% — vtatt, 000 2] ar
i [ [0, % 4 ute0.00) % a
L(udm —vdy) +1 /(vdw + udy).

Y

Thus, if the partial derivatives of u and v are continuous, then, by Green’s

R.P. Agarwal et al., An Introduction to Complex Analysis, 96
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Theorem, we have

froe = [5G [ L (5 5) e

where S’ is the domain interior to 7. Since f(z) is analytic in .S, the first
partial derivatives of u and v satisfy the Cauchy-Riemann equations. Hence,

it follows that
[ 1@z =
¥

Thus, we have shown that if f is analytic in a simply connected domain
and its derivative f’(z) is continuous (recall that analyticity ensures the
existence of f’(z); however, it does not guarantee the continuity of f'(z)),
then its integral around any simple closed contour in the domain is zero.
Goursat was the first to prove that the condition of continuity on f' can be
omitted.

Theorem 15.2 (Cauchy-Goursat Theorem). If f is analytic
in a simply connected domain S and « is any simple, closed, rectifiable

contour in S, then /f(z)dz =0.
gl

Proof. The proof is divided into the following three steps.

Step 1. If 7 is the boundary A of a triangle A, then fE)A z)dz =0: We
construct four smaller triangles A;, j =1,2,3, 4 by joining the midpoints
of the sides of A by straight lines. Then, from Figure 15.1, it is clear that

4
j; A f(z)dz

oA
A
0A
A
B C
Figure 15.1
which in view of the triangle inequality leads to
4
f()dz| < ) f(z)dz
A VY
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Let A! be the triangle among A;, j = 1,2,3,4 such that

dz| = dz|,
fy S| = | sy
so that
f(z)dz| < 4 f(2)dz|,

OA OA1

which is the same as
1
/ f(z)dz| > —/ f(z)dz|.
AT 41Jaa

Following the process above we divide the triangle A' into four smaller
triangles A} j =1,2,3,4, and obtain the triangle A2 such that

/aAz f(z)dz /Ml f(z)dz /aA F2)de] .

Continuing in this way, we obtain a sequence of triangles A = A? 5 Al 5
A% D ... such that

1
>
— 4

1
=P

1

f(z)dz| > 1

[o7ANG

/aAﬂi1 f(z)dz

for all n > 1. This inequality from induction gives

/6 e /8 REZE

We also note that the length L(0A,,) is given by

1

> — 15.1
> & (15.1)

1

1 ~ 1 o
L(dA™) = FLOA™Y) = SL(OA™?) = o

L(0AY), (15.2)
and hence lim,,_,o diam A” = 0. Thus, from Theorem 4.1, ﬂzozo A" =
{z0}. Now, since the function f is analytic at zo, in view of (6.2), there
exists a function 7(z) such that

f(z) = f(z0) + f'(20)(z = 20) +n(2) (2 - 20), (15.3)

where lim,_,,, 7(z) = 0. Since the functions 1 and (z — zp) are analytic
and their derivatives are continuous, [, 1dz = [,..(2 — z0)dz = 0, and
hence, from (15.3), we find

f(z)dz = /{mn n(z)(z — z0)dz. (15.4)

oA
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Next, since lim,_,,, n(z) = 0, for a given € > 0 we can find a § > 0 such

that
< 2 (15.5)
L2(6A0)€' :

|z —z0] < 0 implies that |n(z)

We choose an integer n such that 9A™ lies in the neighborhood |z — zg| < 6,
as in Figure 15.2.

Figure 15.2
Finally, for all z € 9A™, it is clear that

1
|z — 2z0] < EL(8A”),

which from (15.2) is the same as

1
Now, successively from (15.1), (15.4)-(15.6), Theorem 13.1, and (15.2), we
have

f(x)dz| < 4" f(2)dz
oA RING
< 4”/ n(z)(z — z0)dz
aAn
< o2 1 r0a%r0an
= L2(9A0) € ont1
oL Lrony - .

<
= T L(OA0) 2m
Since € is arbitrary, it follows that [, f(z)dz = 0.

Step 2. If v is the boundary 9C of a polygonal contour C, then [, f(z)dz =
0 : We can add interior edges of C' so that the interior is subdivided into
a finite number of triangles (see Figure 15.3). From Step 1, the integral
around each triangle is zero, and since the sum of all these integrals is equal
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to the integral around C i.e.,
fydz = Y [ fl2)dz,
de J:1 8A7

Step 2 follows.

oC

Figure 15.3

Step 3. We approximate the simple closed contour v by a polygonal con-
tour C), (see Figure 15.4). Then, the difference between fv f(z)dz and

z)dz can be made arbitrarily small as n — oo.
c y

Figure 15.4

Remark 15.1 (i). If v is a closed contour but not simple, then the
integration over v can always be decomposed into integrations over simple
closed curves.

(ii). Since the interior of a simple closed contour is a simple connected
domain, Theorem 15.2 can be stated in a more practical form: If v is a
simple closed contour and f is analytic at each point on and inside -, then
[, f(z)dz= 0.

(iii). Theorem 14.2 can be stated as follows: In a simple connected do-
main, any analytic function has an antiderivative, its contour integrals are
independent of the path, and its integrals over a closed contour vanish.

eZ
22— 16
traversed once counterclockwise. Since e?/(z% — 16) is analytic everywhere

dz where v is the circle |z] = 2

Example 15.1. Evaluate /
.
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except at z = +4, where the denominator vanishes, and since these points
lie exterior to the contour, the integral is zero by Theorem 15.2.

Example 15.2. The function f(z) = e is analytic in C. The function
F(z) = f[O,z] ¢ dw, where [0, 2] is the line segment joining 0 and z is an
antiderivative of f. However, we do not know how to express this as an
algebraic function of elementary functions.
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Deformation Theorem

In this lecture, we shall show that the integral of a given function along
some given path can be replaced by the integral of the same function along
a more amenable path.

Let 1 be a simple closed contour that can be continuously deformed into
another simple closed contour v, without passing through a point where f
is not analytic. Then the value of the integral f’Yl f(2)dz is the same as

f,yz f(2)dz. (Here, in Figure 16.1, we have taken ~, as a circle for simplicity
and applications in mind.)

Y1

Figure 16.1

We state this result precisely in the following theorem.

Theorem 16.1. Let v, and v, be positively oriented, simple, closed
contours with ~o interior to ;. If f is analytic on the closed region con-
taining {71} and {12} and the points between them, then

f(z)dz = f(z)dz.

71 2

Proof. We draw two line segments from ~; to 2. Then, the end points
P, and P; of the segments divide ~; into two contours, v1, and v, and
the end points P3 and Py divide 72 into 2, and 7. Let Py P3 and PoPy
denote the line segments from P; to P3 and P> to Py, respectively. Now,
by Remark 15.1 (ii), we have

- f(z)dz = (/131P3+/y2a+/134P2> f(z)dz

R.P. Agarwal et al., An Introduction to Complex Analysis, 102
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and
/ f(z)dz = (/ —|—/ +/ )f(z)dz
Y1b PyPy Y2b P3Py
Yia P Py
P3
Ps
Py Py Y1ib
Py Py
Figure 16.2
Adding these equations, we find
f(x)dz = </ —|—/ )f(z)dz
Y1 Yla Y1ib
= </ —|—/ )f(z)dz = / f(z)dz. |
Y2a Y2b Y2
Example 16.1. Determine the possible values of / ( )dz, where
L (z—a

v is any positively oriented, simple, closed contour not passing through
z = a. Observe that the function 1/(z — a) is analytic everywhere except at
the point z = a. If a lies exterior to -, then the integral is zero by Theorem
15.2. If a lies inside -, we choose a small circle «,. centered at a and lying

within +. Then, from Theorem 16.1, it follows that

/dz _/ dz
,Yz—a_ z—a

Now, since, on 7,, z = a + re'? (r is fixed), dz = rie’’df, and hence

27 27
/ = _ / 10,0009 — / idf = 2mi.
N 2 o T 0

Hence, we have

/ dz { 27ri if a is inside ~

L Z—a - 0 if a is outside 7.
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Example 16.2. Evaluate/
Figure 16.3.

2—1d2:, where the contour ~ is given in
z

2

N1 /N
</ V1V

Figure 16.3

Clearly, the integrand 1/(z? — 1) fails to be analytic at z = 41. Since the
point 1 lies outside of ~, the integral over ~y is the same as the integral over
that small circle v, enclosing —1. Using partial fraction expansion, we find

/ dz _/ dz _/ 1 _ 1 "
,22=1 ) 22-1 L [2kz-1) 2(z+1)

= Of§2m' = —mi.

Now we state the following result that extends Theorem 16.1.

Theorem 16.2. Lety, ~v1,---, v, be simple, closed, positively oriented
contours such that each «;, j = 1,---,n lies interior to v, and the interior
of 7; has no points in common with the interior of v, if j # k (see Figure
16.4, where for simplicity we have taken each ~; to be a circle). If f is
analytic on the closed region containing {7}, {71}, -, {7} and the points
between them, then

(16.1)

Figure 16.4
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Proof. The proof of Theorem 16.2 is exactly the same as that of Theorem
16.1, except here we need to divide v into several parts. |

(52 —2)

5 dz, where 7 is given in Figure 16.5.
z

Example 16.3. Find/

v

/
N

Figure 16.5

5

The integrand f(z) = (52 — 2)/(22 — 2) is analytic everywhere except for
the zeros of the denominator, z = 0 and z = 1. Let 1 and 72 be two small
circles enclosing these points. Then, using Theorem 16.2, we get

Ve

&6

Figure 16.6

dz = dz + dz.
[yf(z) Z [n f(z)dz [yz f(z)dz
Thus, we have

/—52*2612 = /(2+ ’ )dz+/ <2+ 5 )dz
5 2(z=1) mw\z  z—1 w\z z—1

= 2x2m+04+0+3 x 27 = 10mi.

Example 16.4. Let v be a simple closed contour that contains the
distinct points 21, 29, - -, 2z, in its interior. We shall show that

/ dz _ 0
L (z=21)(z —22) (2 — 2n) '
For this, we write the partial fractional decomposition

1 Aq Ao A,

(z—=2z1)(z —22) - (2 — 2zn) z—21  z2—2z | 2=z
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which is the same as
L= Y Aj(z=—2) (2= 2-1)(z = 211) - (2 = 2).
j=1

Thus, comparing the coefficients of 2”~! on both the sides, we find that
A+ Ay + -+ A, = 0. Next, let v;, j = 1,2,---,n be small circles
with center zj;, that lie in the interior of . Then, from Theorem 16.2 and
Example 16.1, it follows that

n

/ dz B
y (Z=21)(z —22) - (2 — 2n) R

j=1

A' n
I = 9miy A = 0.
/y.Z—Zj 71'22 J
J Jfl

Problems

16.1. Use an antiderivative to show that for every v extending from a
point z; to a point 2z

1
Az”dz = n_i_l(z;‘“fz}”l) for n=20,1,2,---.

16.2. Let v be the semicircle from —3i to 3i in anticlockwise direction.

Show that / % = 1.
y 7

16.3. Evaluate each of the following integrals where the path is an
arbitrary contour between the limits of integrations

(a). /;me”dz, (b). /OH_%COS (2) = (. /13(2—3)3dz.

16.4. Show that if z* is the principal value, then

. 1 -
/zldz _ 1te (1—1),
.

2

where + is the upper semicircle from z =1 to z = —1.

16.5. Let f’ and ¢’ be analytic for all z, and let v be any contour
joining the points z; and z5. Show that

/ F)g (2)dz = F(z)g(z2) — Fz)gle) — / F(2)g(2)dz.

Y
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16.6. Let f = w + iv be continuous and possess continuous partial
derivatives with respect to z and y in a neighborhood of z = 0. Show that
f is differentiable at z = 0 if and only if

limL f(z)dz = 0. (16.2)

r—0 7'("["2 |Z|:’l‘
16.7. Use Green’s Theorem to show that

Areaof D = —E/Edz.
2 Je

16.8. For each of the following functions f, describe the domain of ana-

lyticity and apply the Cauchy-Goursat Theorem to show that / f(z)dz =
%l

0, where 7 is the circle [z| =1:
1 —z
(a). f(z) = 212,12 (b). f(z) = ze™=.
What about (c). f(z) = (22 —4)727
16.9. Let v denote the boundary of the domain between the circle

|z| = 4 and the square whose sides lie along the lines © = +1, y = +1.
Assuming that ~y is oriented so that the points of the domain lie to the left

of ~, state why / f(2)dz =0 when
v

z+2 o
@16 = Gp O @ =175

16.10. Let v denote the boundary of the domain between the circles
|z| = 1 and |z| = 2. Assuming that 7 is oriented so that the points of

the domain lie to the left of v, show that / f(2)dz = 0 for the following

¥
functions:

(a). f(z) =

eZ

22—_|_97 (b). f(2) = cot z.

16.11. Let v be the unit circle |z| = 1 traversed twice in the clockwise
direction. Evaluate

(a)./yLog(z—ﬁ-Q)dz, (b)[ygzgl%

16.12. Let r, R be constants such that 0 < r < R. Denote by v, the
circle z = reza, 0 <0 < 27. Show that

1 R+z
— [ BT g -
2mi [{ (R—2)z -
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Hence, deduce that

[P R? — 2

— g = 1.
21 Jo R?+41r%2—2rRcosf

16.13. Suppose that f is of the form

2z

f) = A ),
j=1

where ¢ is analytic inside and on the simple, closed, positively oriented

contour «y containing 0 in its interior. Show that / f(2)dz = 2miA;.
8!

16.14. Establish the following Wallis formulas

R (2k)! okt
(a). cos™ tdt = 2ﬂm, (b). cos tdt = 0,
0 ' 0

2 (2]6)' 2m L
(c)/ sin?* tdt = 27 o g (d)/ sin?* Tl tdt = 0.
0 22k (k1) 0

Answers or Hints

16.1. [ z"dz= At = 2.
3i

16.2. fvdz/z:Logz’ . (since £Logz = 1 on ) = In|3| + % —
—ol

(In[3] — &) =im.

16.3. (a). (1+1i)/m, (b). e+e7 1, (c). —4.

16.4. Principal value 2* = ¢'1082  Hence, f,y Zidz = —fT? e ieidp =

G E))

16.5. Use [f(2)g(2)]" = f'(2)9(z) + f(2)g'(2).

16.6. As in Lecture 15, we have

f|z|:r f(Z)dZ = ff|z|§r(_v$ - “y)dmdy +i ff|z|§r(ux - ”y)dxd%

and hence, from the Mean Value Theorem of integral calculus, we find
77 Joep f(2)d2 = = (va(T,7) + 4y (T, 7)) + i(ua (2, 9) — vy (2,9)),

where (Z,7) and (z,9) are suitable points. Thus, (16.2) holds if and only if
the Cauchy-Riemann conditions (6.5) hold at z = 0. Now, since the partial
derivatives of u and v are continuous, it is equivalent to the differentiability
of fat z=0.
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16.7. In Green’s Theorem, we let P = z and Q = y, to obtain 2 [ [, dxdy =
Jordy — ydx, and hence 2D = [, xdy — ydx. Suppose the parametric
equation of C is x = z(t), y = y(t), so that z(t) = =z(¢t) + iy(¢) and
z(a) = x(b), y(a) = y(b) (C is closed). Then 2D = f:(zy’ — ya')dt.
Now [, Zdz = f (x —iy)(z' + iy )dt = f (2" + yy') + i(xy — ya')]dt =
il ()+y( | —|—zf y’ yx)dt—O—f—zfaxy—yx’)dt:QiD,and
hence D = 5 [, Zdz = —% [, Zdz.

16.8. (a). f(z) = o 1“))1( gy and thus analytic if z £ —1 + 4 or

z

—1 —; furthermore, [ =% =0, (b). ze7* is entire. (c). Analytic if

z # /2, cannot apply Cauchy-Goursat Theorem; however, since f has an

antiderivative on v, fﬂ/ ﬁ = 0.
16.9. (a). f'(z) = [(sinz/2)(1)—(2+2)( 1/2) cos z/2]/ sin” z/2ifsinz/2 # 0;
sinz/2 = 0 if and only if e=%/2(¢** — 1) = 0; i.e., if and only if ¢”* = 1,

or z = 2km, k € Z; none of this point is in the ' domain. (b). f'(z) =
[(1—e*)—z(—€*)]/(1—e*)?if e* # 1; * = 1 if and only if 2 = 2kmi, k € Z;
none of this point is in the domain. Finally, note that v = 1 + 72 and
fvl fdz = fw fdz = 0.

Y1

V2

16.10. (a). f(z) = /(2% + 9) is analytic if 22 + 9 # 0; i.e., z = +3i. But
+3i are not in the domain, and hence, by the Cauchy-Goursat Theorem,
f_“ f(z)dz = fw f(z)dz = 0. Hence, f,y f(z)dz = 0.

g n

Y2

(b). cot z is analytic if sin z # 0; i.e., z # km, k € Z. But k7 are not in the
domain for all & € Z. Hence, as in (a), fv cot zdz = 0.

16.11. Let v be the circle |z| = 1 taken in the anticlockwise direction.
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(a). [, Log z+2)dz = 0 by the Cauchy-Goursat Theorem, (b). [/ T =

dz = ¥ (2mi) — ¥3(~27i) = 0. Thus,

f V3

3 2i(z— z/f) - 2i(z+i/V3)
-/, Log (2+2) dz = [, Log(z+2)dz+ [ Log(z+2)dz = 0 and — fv T =
f'y 3z2+1 + f'y 3z2+1 =0.

16.12. Use partial fractions. Compare the real parts.

16.13. Use Theorem 16.1 and Examples 14.6 and 16.1.

16.14. Let v be the unit circle |z| = 1. Then
f02 cos™ tdt. Now expand (z + 1/z)™ using the blnomial formula, and use
Problem 16.13.

oy ()" =



Lecture 17

Cauchy’s Integral Formula

In this lecture, we shall present Cauchy’s integral formula that expresses
the value of an analytic function at any point of a domain in terms of the
values on the boundary of this domain, and has numerous important appli-
cations. We shall also prove a result that paves the way for the Cauchy’s
integral formula for derivatives given in the next lecture.

Theorem 17.1 (Cauchy’s Integral Formula). Let v be a
simple, closed, positively oriented contour. If f is analytic in some simply
connected domain S containing v and zq is any point inside -, then

f(z0) = Md

211 52— 20

(17.1)

Proof. The function f(z2)/(z — z0) is analytic everywhere in S except at
the point zg. Hence, in view of Theorem 16.1, the integral over v is the same
as the integral over some small positively oriented circle v, : |z — zo| = 75

OIS (O

»yZ_ZO ,YTZ_ZO

Figure 17.1

We write the right-hand side of the preceding equality as the sum of two
integrals as follows:

6 go o [ Ly [ SIS,
- ~(

v # TR0 v # TR0 )

However, since from Example 16.1

Mclz = f(Zo)/ = f(20) 274,

Z— 20 zZ— 20

Yr

T

R.P. Agarwal et al., An Introduction to Complex Analysis, 111
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it follows that

/ 1) dz = f(zo)27ri—|—/ —f(z)_f(zo)dz.

zZ— 20 Yo Z— 20

The first two terms in the equation above are independent of r, and hence
the value of the last term does not change if we allow r — 0; i.e.,

TG G~ pg) omi+ hm/ HORFICIN (17.2)
v 2T 20 r—0+ Z— 2

Let M, = max{|f(z) — f(z0)| : z € ¥}. Since f is continuous, such a finite
number M, exists, and clearly, M, — 0 as r — 0. Now, for z on ~,, we

have
f(z 20) [f(z) = f(z0)| _ M
z— 20 r - r
Hence, from Theorem 13.1, we find
— M, M,
f(zo)dz‘ < 2Ll = = 27M,,
Z— 2z r
which implies that
lim / Md}; - 0.
r—0+t e Z— 20
Therefore, equation (17.2) reduces to
Malz = f(z0) 2mi,
~ zZ— 20
which is the same as (17.1). |
. e?* + sin z )
Example 17.1. Compute the integral | ————=dz, where 7 is the
circle |z — 2| = 2 traversed once in the counterclockwise direction. Since

the function f(z) = e?* + sin z is analytic inside and on ~, and the point
zo = m lies inside ~, from (17.1) we have

2z 3
/ﬂdz = 27i f(m) = 2mie*™
v

Z—T

cosz + sin z
22-9
contour given in Figure 17.2. Clearly, the integrand fails to be analytic at
the points z = £3. However, only z = 3 lies inside v. If we write (cos z +

Example 17.2. Compute the integral / dz along the
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sin2)/(2% —9) = [(cos z + sin 2) /(2 + 3)] /(2 — 3), then we can apply (17.1)
to the function f(z) = (cosz +sinz)/(z + 3). Hence, it follows that

i 1
/y%dz = 2mif(3) = gmi(cos3+ sin3).

-3(|0//E’\
N—"

Figure 17.2

z

e—dz, where 7 is the following
2(z—2)

Example 17.3. Compute/

y
figure-eight contour.

el _\/—ﬂ\

\o /\( _2/
’}/1~ Y2

Figure 17.3

Let v and 72 be the positively oriented left lobe and the negatively oriented
right lobe, respectively. Then, we have

/6—dz = /Mdz—i-/ e/zdz
5 2(z—=2) " z ye 22

z

e
_om) &
+ (—2mi) p;

= —i—e’mi.
z=2

= 2m
.

z=0

dz, where v is the following

e
Example 17.4. Compute /ym

— 1
~1_

Figure 17.4

contour.




114 Lecture 17

Clearly, we have

e e e
@ = [ L d— | Sd
Lz(z—?)z L2(z—2)z 22"
z eZ

— 2 — = mie? — 7.

2

= 2w —
2

z=2 z=0

Now we shall prove the following general result, which we shall need in
the next lecture.

Theorem 17.2. Let the function g be continuous on the contour 7.
For each z not on v, we define

G(z) = /gg(_—f)zdé“.

Then, the function G is analytic at each point not on +, and its derivative
is given by
( ) o’ (5 - 2)2

Proof. Let z be a fixed point not on v. We need to show that

G+ A2)-G(z) _ 9(8)
Alggo Az N [y (€ - z)2dE
or, equivalently, the difference
_ Gle+A2)-G2) 9(8)
A= Az /7 (& —2)2 d
approaches zero as Az — 0.
From the definition of G(z), we have
Glz+Az)—-G(z) 1 1 1
A I e i =i EOL

B g(&)
= A(&—z—Az><§—z>df’

where Az is chosen sufficiently small so that z+ Az also lies off of 7. Then,
we get

B oOde [ o©ds _ g(€)de
A= /V@—z—Az)(g—z) L(&—zﬁ A /y(ﬁ—z—AZ)(f—Z)Q'
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Figure 17.5

Let M = maxee [g(§)| and let d equal the shortest distance from z to v, so
that |€ — z| > d > 0 for all £ on 4. Since we are letting Az approach zero,
we may assume that |Az| < d/2. Then, by the triangle inequality, we have

== D] = fe—2| |2l = d—(4/2) = d/2
for all £ on ~y. Hence, it follows that

‘ 9(8) M 2M

= g9 = 13
42 23

(€ —2—-Az)(—2)?

for all £ on . Now, from Theorem 13.1, we find

N g()de
Al = 'A A(g—z—Az>(§—z>2

where L(v) denotes the length of 4. Thus, A must approach zero as Az — 0.
This completes the proof. |

|Az|2M L(v)




Lecture 18

Cauchy’s Integral Formula
for Derivatives

In this lecture, we shall show that, for an analytic function in a given
domain, all the derivatives exist and are analytic. This result leads to
Cauchy’s integral formula for derivatives. Next, we shall prove Morera’s
Theorem, which is a converse of the Cauchy-Goursat Theorem. We shall
also establish Cauchy’s inequality for the derivatives, which plays an im-
portant role in proving Liouville’s Theorem.

The arguments employed to prove Theorem 17.2 can be repeated. In
fact, starting with the function

= —g(g) Z Nnot on
H(z) = /7(5_2)2d§ (2 not on ), (18.1)

it can be shown that H is analytic at each point not on v and that

H'(2) = QA%df (z not on 7),

which is obtained formally from (18.1) by differentiating with respect to z
under the integral sign.

Now we shall apply these results to analytic functions. Suppose that f is
analytic at some point zy. Then, f is differentiable in some neighborhood
U of zg. Choose a positively oriented circle v, : [ — zg| =7 in U.

- -~~~

-~ - ~ ~
g 13 RN
/ N\
/ \
|
\ /’\ U
\ /
s
N -’
So Vr -
~ ~ ~ - - -
Figure 18.1
R.P. Agarwal et al., An Introduction to Complex Analysis, 116
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By Cauchy’s Integral Theorem, we have
1 f(€) .
= —_— S S r)s 1 2
f () 57 L i de (7 inside ;) (18.2)

and hence it follows from Theorem 17.2 that

ami ), -2

d¢  (z inside ;). (18.3)

Clearly, the right-hand side of (18.3) is a function of the form (18.1), and
hence it has a derivative at each point inside ,. Since the domain interior
to 7 is a neighborhood of zp, f’ is analytic at zg.

We summarize these considerations in the following theorem.

Theorem 18.1 (Differentiation of Analytic Functions). If

f is analytic in a domain S, then all its derivatives f', f”,---, f(™, ... exist
and are analytic in S.

Remark 18.1. The analogue of Theorem 18.1 for real functions does
not hold, for example, the function f(z) = z%/2, z € R is differentiable for
all real x, but f/(z) = (3/2)«'/? has no derivative at x = 0.

Now, repeated differentiation of (18.3) with respect to z under the in-
tegral sign leads to the following result.

Theorem 18.2 (Cauchy’s Integral Formula for Deriva-

tives) . If f is analytic inside and on a simple, closed, positively oriented
contour v, and if z is any point inside ~y, then

fy = /%d@ n=1,2,--. (18.4)

2mi

From an applications point of view, it is better to write (18.2) and (18.4)
in the equivalent form

f(2) 210 (1)
—_— = -_—— n = 1 2 R 1 .

/y (Z*ZQ)ndZ (’n,* 1)|f (Z()), n 3 4y ) ( 85)
here, zq is inside 7.

Example 18.1. Compute/smfz
, 2

dz, where v is the circle |z] = 1

traversed once counterclockwise. Since f(z) = sin3z is analytic inside and
on v, from (18.5) with zg = 0 and n = 4, we have

/sinSde _ 2mi o) = — 9mi.
~

z4 3!
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dz along the contour v given in

3z+1
Example 18.2. ComputeLm

Figure 17.3. As in Example 17.3, let 71 and 5 be the positively oriented
left lobe and the negatively oriented right lobe, respectively. Then, we have

/ﬂdz _ / (32+1)/(z—2)2dz+/ Bz+1)/2

z(z —2)? z (z —2)?

Applying (18.5) to the right-hand side, we get

3z+1 o 3z4+1 2mi d (3z+1
——udz = 2m—— - ——
4 2(2—2) (z=2)2],_, 1! dz z i
[ S S
= Gmitgm = mi
cosh z .
Example 18.3. Compute | ———=dz, where the contour ~ is given
5 2(z+1)
in Figure 18.2.
Y
Figure 18.2
Using partial fraction expansion, we have
1 1 1 1

2(z+1)2 z z+1 (z2+1)%

and hence, from (18.5), it follows that

/ COShZde _ /COSthz—/COSthz—/ COShZde
5 2(z+1) y 2 4 2 +1 5 (z+1)

d
— 2 mi— cosh z
z

— 2micosh z
z=0
271 — 2mwicosh 1 + 27isinh 1.

= 2micoshz

z=—1 z=—1

Now recall that if f(z) = u(x,y) + iv(z,y) is analytic, then

oy O v o
F(z) = E):v—Hax Oy Zay'
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We now know from Theorem 18.1 that f’ is analytic, and hence continuous.
Therefore, the equations above imply that all first order partial derivatives
of u and v are continuous. Similarly, since f” exists and is given by

0*u 0% %v . D%

" _ <, ;v v ==

1) = ox? +Z8x2 Oyox Zayﬁx
L Pt B o
- dzdy  Oxdy 0y? Oy?

the continuity of f” implies that all second-order partial derivatives of u
and v are continuous at the point where f is analytic. Continuing with this
process, we obtain the following interesting theorem.

Theorem 18.3. If f = u+iv is analytic in a domain 9, then all partial
derivatives of u and v exist and are continuous in S.

The following result is a converse of Theorem 15.2.

Theorem 18.4 (Morera’s Theorem). If f is continuous in
a domain S and /f(z)dz = 0 for every closed contour v in S, then f is
¥

analytic.

Proof. By Theorem 14.2, f has an antiderivative F' in S; i.e., F/(z) =
f(2), z € S. This means that F(z) is analytic. But then, from Theorem
18.1, F'(z) is analytic; i.e., f(z) is analytic. |

1
Example 18.4. Consider the function f(z) = e~="tdt. Let v be

0
any simple closed contour in the complex plane. Changing the order of
integration, we have

Lf(z)dz = /01 (L e‘thdz) dt = 0.

Hence, in view of Theorem 18.4, the function f(z) = (1 — e’zz)/zz, z#0
is analytic.

Now we shall prove the following theorem.

Theorem 18.5 (Cauchy’s Inequality). Let f be an analytic
function inside and on a circle v of radius R centered at zo. If | f(2)] < M
for all z on ~yg, then the following inequality holds

n! M
R’
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Proof. From (18.4), with z = 2z, ¢ = 2, and 7 = g, assumed to be
positively oriented, we have

£ () = ”_'/ (Ee 1z, (18.6)

; — F14%
2mi /., (2 — 20)"

For z on ~yg, the integrand is bounded by M/R"*! and the length of g is
21 R. Thus, from Theorem 13.1, it follows that

n! M n!M

——__97R = .
2 Rn+1 ’R—R Rn

£ 0| <

Finally, we shall prove the following result.

Theorem 18.6 (Liouville’s Theorem). The only bounded
entire functions are the constant functions.

Proof. Suppose f is analytic and bounded by some number M over the
whole complex plane C. By Theorem 18.5, for the case n = 1, we have
|f'(20)] < M/R for any zy € C and for any R > 0. Letting R — oo, we
find f’(z9) = 0 for any zo. Hence, f’ vanishes everywhere; i.e., f must be a
constant. |

Problems

18.1. Show that the Cauchy integral formula implies the Cauchy-
Goursat Theorem.

18.2. Suppose that f is analytic in a simply connected domain S, and
let zp € S be a fixed point. Define the integral along any contour connecting
z

the points zp and z € S as F(z) = / f(&)d¢. Show that F'(z) = f(z); i.e.,
the integral is also an analytic functioon of its upper limit.

18.3. Suppose that f is analytic in a domain S, and let 2y € S be a
fixed point. Define

FE) =) o,
g(z) = Z =20 b7

1 (20) if z = z.

Show that ¢ is analytic in S. Hence, deduce that the function

sin z
if
g(z) = PR 70 (18.7)
1 if z=0
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is entire.

18.4. Let f be analytic within and on a positively oriented closed
contour -, and the point zy is not on . Show that

/ &dz = Mdz.

z—20)2 z — 29
¥

18.5. Let u = u(z,y) be a harmonic function in a domain S. Show that
all partial derivatives g, Uy, Ugy, Ugy, Uyy, - - - €xist and are harmonic.

18.6. Let v be a simple closed contour described in the positive sense,

. £+ 7¢

and write g(z) = / -—
g( ) . (é— . 2)3

and that g(z) =0 when z is outside 7.

d¢. Show that g(z) = 6miz when z is inside v

18.7. Let f(z) = (e® + e #)/2. Evaluate / fsj)dz, where v is any
¥
simple closed curve enclosing 0.

18.8. (a). Let v be the contour z = €, — 7 < @ < 7 traversed in the

. L e .
positive direction. Show that, for any real constant a, / —dz = 2mi.
z
.

(b). Deduce that / e cos(asin 0)df = .
0

18.9. Let 7 denote the boundary of the rectangle whose vertices are
—2—2i,2—2i,2+ 7 and —2 + ¢ in the positive direction. Evaluate each of
the following integrals:

e ” cos z z

(d).L%dz, (e)./y%, (f)./v[ezsinz+ﬁ dz.

18.10. Let f be analytic inside and on the unit circle «v. Show that, for

0<|z| <1,
s = [ 2 [ 10

Hence, deduce the Poisson integral formula

F(rei?) = L/% (1-r?) fehdt, 0<r<1
)T o o 1—2rcos(6 —t)+r? enas, e

|f/(l;.ll. If f(z) is analytic and |f(z)] < 1/(1 —|z|) in |z| < 1, show that
0)] <4.
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18.12. Let the function f be entire and f(z) — oo as z — oo. Show
that f must have at least one zero.

18.13. Let f(z) be an entire function such that | f/(z

)| < \ \ Show that
f(2) = a+ bz? with some constants a,b € C such that |b| < 1

18.14. Suppose f(z) is an entire function with f(z) = f(z+1) = f(z+17)
for all z € C. Show that f(z) is a constant.

18.15. Suppose f(z) and g(z) are entire functions, g(z) # 0 and | f(z)] <
|g(2)|, z € C. Show that there is a constant ¢ such that f(z) = cg(2).

18.16. Show that an entire function whose real part is nonpositive is
constant.

18.17. A subset S of C is said to be dense in C if its closure S = C.
Show that the image of a nonconstant entire function is dense in C.

18.18. Suppose f(z,t) is continuous, and continuously differentiable
with respect to ¢, and suppose 7y is a smooth curve in the domain of defi-

nition of f. Then, the function F'(¢ / f(z,t)dz is continuously differen-

tiable with respect to ¢, and its derlvatlve is

dF(t) [ 9f(z,1)
dt _[Y o

18.19. Let f(z, ) be a continuous function of z on the bounded closed
region S for each value of A in |\ — Ao| < p, and f(z, A) = F(z) uniformly
as A — Ag. Show that F'(z) is continuous on S. Moreover, if 7 is any closed
contour lying in S, then

)\li)n/\lolf(z,)\)dz = KyF(z)dz

18.20. Let f(z,\) be an analytic function of z on the domain S for
each value of X in |\ — Ag| < p, and f(z,A) — F(z) uniformly as A — Ao in
every closed region G of S. Show that F(z) is analytic on S. Moreover, as
A= Ao, Of(2,N)/0z — F'(z) uniformly on G.

Answers or Hints

18.1. Let f be a complex function that is analytic throughout the region
enclosed by a simple closed contour . Let zg be a point inside . Then

[, f(2)dz = [ 220 gy = omi(f(20) (20 — 20)) = 0.

zZ—2Zz0
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18.2. If 24+ Az € S, then ZEFEIFE) _ g0y — L[5 82¢ () _ p(2)]de.
Since f is continuous at z, |§ — z| < 0, or in particular |Az| < ¢ implies
() = F(2)] < e Thus, |FEEBIZLE () < per [754% jag] =
18.3. Let B(zg, R) be an open disk contained in S. For z # 2 in B(zo, R)
consider the segment £(t) = zo(1 — t) +iz, t G [O 1] Since f’ is analytic in
B(zo, R) we can write g(z) as g(z fo o)t + zo)dt. This is also
defined at z = zp, in fact, g(zo) fo (z0) dt f (20). Now use the fact
that f is analytic in B(zo, R).

18.4. Use (17.1) for f'(z) and (18.6) for n = 1.

18.5. For each point zg = (xg,yo) in S there exists a disk B(zg,R) C S.
In this disk, a conjugate harmonic function v exists, so that the function
f =u+iv is analytic. Now use Theorem 18.1.

18.6. If 2 is inside 7, we have [ éﬁ;-df 2L (z) = 6miz (f(§) =

£+ 17€). If z is outside ~, then (EJJFJS; is analytlc throughout the region

enclosed by ~ (including v) and therefore f 7 SETE e = 0.

18.7. 0. Lo
18.8. (a). 2mi(e = [T et e dp

= [T ieecos? cos(a sin 0)d9 f 6“059 sin(a sin §)df = 2mi.

18.9. (a). 2mi(e~™/4), (b). 0, (c). 7i/2, (d). —7eV2/\/2, (e). 0

(f). —mv/3/18.

18.10.1/% is outside . Take z = re? and & = e*t.

18.11. For any r < 1, let v, denote the circle |z| = o By (18.6), we have
I (0)] < ZWfTWkM < %ﬁQﬂ"f‘ r(l - Now let r = 1/2.
18.12. If f has no zero in C, then g(z) = 1/f(2) is entire and g(z) — 0
as z — 00. Now show that ¢ is bounded, and then apply Theorem 18.6 to
conclude that ¢ is a constant.

18.13. Note that f”(z9) = %fm[f’(z)/(z — 20)%dz, where g is the
circle |z — zg| = R taken in the positive direction. Hence, |f"(z0)| < Mr/R
where Mp > |f'(2)| on |z — 29| = R. Now, since |f/(z)] < |z|, it follows
that |f”(z0)] < (R + |20|)/R for all R. Thus, in particular, for all zy €
C, |f"(z0)] < 2. Therefore, in view of Theorem 18.6, f”(z) must be a
constant, and so f(z) = a + az + bz2. However, |f'(z)| < |z| implies that
f'(0) = 0, and hence we should have a = 0; i.e., f(z) = a + bz?. Finally,
since |f"(2)| = |2b] < 2, |b| < 1.

18.14. Observe that f(z) is bounded, and apply Theorem 18.6.

18.15. Observe that f(z)/g(z) is entire and |f(2)/g(z)] < 1. Now use The-
orem 18.6.

18.16. If f = u + iv, then u < 0 implies |e/| = e* < 1. Thus, in view of
Theorem 18.6, e/ = ¢. Hence, eff’ = 0, which gives f' = 0.

18.17. Let f : C — C be an entire functlon If f(C) is not dense in C,
then C\f(C) is open and # (). Thus, there exist w € C\f(C) and r > 0
such that B(w,r) ¢ C\f(C). Hence, |f(z) —w| > r > 0 for all z € C.
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Consider the function g : C — C defined by ¢(z) = 1/(f(z) — w). Clearly,
g(z) is entire since f(z) is; moreover, |g(z)| < 1/r, so g(z) is bounded. By
Theorem 18.6, g(z) must be a constant, and hence f(z) must be a constant.
18.18. Consider ZW=Lo) — _1_ f“/ [f(z,t)— f(z,t0)]dz. If f isreal-valued,

t—to t—to
then by the Mean Value Theorem we have F(tlifz(to f i Z t )

t* lies between to and ¢t but depends on z. Thus,

dz, where

|dz|.

F(t)—F(to) of(z,t) Of(zt™) _ 9f(zt)
t—to . _f»y ot dz‘gf,y‘ at ot

Now, using uniform continuity of l in v x [to,t] and letting ¢ — tg, the
result follows. If f is complex—valued we use the same argument for the
real and imaginary parts separately. Finally, the continuity of f implies
that of %I;

18.19. Since f(z, A) is continuous, for every € > 0 there exists a 6 = §(zp, \)
such that |z — zo] < 6 = |f(2,A) — f(z0,\)| < €/3. Since f(z A) = F(2)
uniformly, there exists 0 < p’ < p such that |A — Xo| < p = |f(z,A) —
F(z)] < €/3. Thus, |z — zo| <9, [N —Xo| < p' = |F(2) — F(z0)| < |F(2) —
F N+ 1f(z,A) = f(z0, M|+ |f (20, A) — F(20)| < €. Again, since f(z,\) —
F(z) uniformly, for every e > 0 there exists 0 < p’ < p such that |A — X\g| <
o = |f(2,\) — F(2)| < ¢/L(7), but then ‘fv(f(z, A) — F(z))dz‘ <e
18.20. Similar to that of Problem 18.19.



Lecture 19

The Fundamental Theorem
of Algebra

In this lecture, we shall prove the Fundamental Theorem of Algebra,
which states that every nonconstant polynomial with complex coefficients
has at least one zero. Then, as a consequence of this theorem, we shall
establish that every polynomial of degree n has exactly n zeros, counting
multiplicities. For a given polynomial, we shall also provide some bounds
on its zeros in terms of the coefficients.

A point zp € C is called a zero of order m for the function f if f is
analytic at zo and f(z0) = f'(20) = --- = f™ D(2) =0, f™(2) #0. A
zero of order 1 is called a simple zero. The main result of this lecture is the
following theorem.

Theorem 19.1 (The Fundamental Theorem of Algebra).

Every nonconstant polynomial
Pu(2) = an2" 4+ an 12" '+ taiz4+ap, n>1, (19.1)

where the coefficients a;, j = 0,1,---,n are complex and a,, # 0 has at
least one zero in C.

To prove this theorem, we need the following lemma.
Lemma 19.1. Let A = Jnax laj|. Then, for |z| > 2nA/|as|, |Pn(2)]
<j<n
> lan||2["/2.

Proof. Since

Ap—1 Ap—2 ao
Pu(z) = 2" (an R Z—) (19.2)
by the triangle inequality, we find
Up—1 Ap—2 ago (p—1 a1 Qg
an + t— tot ] 2 lanl - R e s s B

(19.3)
Now, for |z| > 2nA/|a,| (> 1, indeed A > |ay|, and hence A/]a,| > 1 and
thus obviously 2nA/|a,| > 1), we have

QA A A a
’ n—k ‘ < < Z < ‘ n| )
2k 2|k 2] 2n
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Thus, it follows that

(n—1 ai ao An—1 ai ap
z +.”+z"*1 ol = ’+'”+ z”*l‘ on
|an | |an| |an| _ |an|
S o T T T T

(19.4)
Hence, from (19.2)-(19.4), we get

ao
P,n = n PP J—
Pa(z)l = Il a2 2

) _ lanllel”
w(fag) - b} — lanlEL g
o1 (Janl - 5 ;

From Lemma 19.1, it is clear that | P, (z)] — oo as |z| — oc.

v

Proof of Theorem 19.1. Suppose to the contrary that P,(z) has
no zeros. Then, 1/P,(z) is an entire function. Now, for |z| > 2nA/|a,|, in
view of Lemma 19.1, we have

1 2lan[*!
= anllz(n/2 T (2nA)"

e

Also, for |z| < 2nA/|a,|, 1/P,(z) is a continuous function on a closed disk.
Hence, it is bounded there. Therefore, 1/P,(z) is bounded on the whole
complex plane. But then, by Theorem 18.6 it must be a constant. Thus,
P,(z) itself is a constant, which contradicts our assumption. |

There are numerous other proofs of the Fundamental Theorem of Alge-
bra. In fact, we shall give another proof in Lecture 37.

Now let z; € C be a zero of P,(2); i.e., P,,(z1) = 0. Then, we have
P.(z) = Py(2)—Pu(z1) = an(z"—z’f)—l—an_l(z"_l—z?_l)—i—-~-—|—a1(z—21),
and hence it follows that

P,(z) = (z—21)Pn-1(2), (19.5)

where P,,_1(2) is a polynomial of degree (n — 1). Repetition of this process
finally leads to a complete factorization

P, (z) = an(z—21)(z2 — 22) - (2 — zn), (19.6)

where 21,29, -, 2, are not necessarily distinct. From (19.6), we can con-
clude that P,(z) does not vanish for any z # z;, i < j < n. Furthermore,
the factorization (19.5) is unique except for the order of factors. We sum-
marize these considerations in the following corollary.
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Corollary 19.1. The polynomial P,(z) has exactly n zeros, counting
multiplicities.

Multiplying the factors in (19.6) and equating the coefficients of identical
powers of z on the left- and right-hand sides, we get the following relations
between the roots and the coefficients of P, (z) :

Ap—
Atz = - =
Qn,
ap—2
2122 + 2123+ -+ Zp—12n = )
an (19.7)
a
2120 2y = (—1)"—O

G
For our next result, we shall need the following lemma.

Lemma 19.2. For any complex number ¢ # 1, the following identity

holds:
1— CnJrl

l4c+c 44" = T (19.8)
—c
Proof. Tt suffices to observe that
(1-c)(l4+c+c+---+c")
= (l+c+P+ 4= (c++--+c"M) = 1—cth n

Theorem 19.2. Let B = ,Jnax 1|aj|. Then, all zeros zx, k =
<j<n—
1,2,--+,n of P,(z) lie inside the circle
B
2l = 1+ — = R. (19.9)
|an|

Proof. 1If B =0, then the result is obviously true. So, we consider the
case when B > 0. For |z| > 1, from (19.1), the triangle inequality, and
Lemma 19.2, we have

P > Janz"] — (Jano1z" + -+ arz] + Jao])
> |an||z|"—B(|z|”_1—|—---—|—|z|—|—1)
lanl| — B
= |anl|lz|" —
" 21
B
> _—_— ",
(1l = 7 )

Thus, if
B

= >
lanl = =7 2
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which is the same as

B
2| > 1+ — = R,
|an]
then |P,(z)| > 0; i.e., there is no zero on or outside the circle |z| = R. 1

Corollary 19.2. Let ag # 0 and C = [max laj|. Then, all zeros
<j<n

2k, k=1,2,---,n of P,(z) lie outside the circle
= L = 19.10
H — r. (19.10)

14—
|ao|

Proof. Set z=1/w, so that P,(2) = Q,(w)/w", where
Qn(w) = apw"™ + a4 AW + ap.

The zeros of @, (w) in view of Theorem 19.2 lie inside the circle

C
lw = 1+ — = -,
laol 7
Thus, the zeros of P, (z) lie outside the circle |z| =7. B

Remark 19.1. From Theorem 19.2 and Corollary 19.2, it follows that
all zeros zp, k=1,2,---,n of P,(z) lie inside the annulus r < |z| < R; i.e.,
satisfy the inequality

1
C

B
< e < 1+ —. (19.11)
14 a

< [
|ao

Example 19.1. For the polynomial
B rr—1 = (22+1)(2-1),

we have B = C = 1, and hence, from Remark 19.1, all its zeros i, —i, 1
must lie inside the annulus 1/2 < |z] < 2.

Example 19.2. For the polynomial
22— 4zt 4 23 422 4+ 22— 4,

z1 = 1 is an exact zero, and the other approximate zeros are zo = —0.778384
—0.603392i, z3 = —0.778384 4 0.603392i, z4 = 1.245346, z5; = 3.311422.
Since for this polynomial B = C' = 4, from Remark 19.1 all these zeros
must lie inside the annulus 1/2 < |z| <5.



The Fundamental Theorem of Algebra 129

Theorem 19.3. The smallest convex polygon that contains the zeros
of a polynomial P, (z) also contains the zeros of P/ (z).

Proof. We shall prove that “If all zeros of a polynomial P,(z) lie in a
half-plane, then all zeros of the derivative P/ (z) lie in the same half-plane.”
The general result will follow by considering the half-planes below (above)
every pair of adjacent vertices of the smallest convex polygon that contains
the zeros of P, (z). From (19.6), it follows that

Pl (z) 1 1 1
— et .
P,(2) Z2—21 Z— 2 Z— 2n

(19.12)

Suppose that the half-plane S is defined as the part of the plane where
Im(z —a)/b < 0 (see dilation and translation in Lecture 10). If z; is in S
and z is not, then we have

Im(z_sz) - Im(zga) —1m<zj;a> > 0.

But the imaginary parts of reciprocal numbers have opposite signs. There-
fore, under the same assumption, Im b(z — z;) =" < 0. If this is true for all
J, we conclude from (19.12) that

bP! (z) - b
Im—""2 = I
mPn(z) ; mZ_Zj <9

and hence P/ (z) #0. 1

Problems

19.1. Show that if the coefficients of the polynomial equation P, (z) =0
are real and if zg is a root, then Z; is also a root.

19.2. Let P(z) and Q(z) be two polynomials of degree at most n that
agree on n + 1 distinct points. Show that P(z) = Q(z), z € C.

19.3. Show that if the coefficients of the polynomial equation
Pu(2) = an2"+an12""' 4+ +taiz+as = 0 (19.13)

are positive and nondecreasing; i.e., 0 < a,, < an—1 < -+ < ag, then (19.13)
has no root in the circle |z| < 1, except perhaps at z = —1.

19.4. If P,(z) has distinct roots z1, - - -, 2, and if Q(z) is a polynomial
of degree < n, show that

ZP z—zj)

j=1
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19.5. Show that

sin(n + 1/2)0
2sing/2
cosf/2 — cos(n + 1/2)0
2sin6/2 ’

1
5+cos€+cos29+~-~+cosn9 =

sinf +sin20 + - - - +sinnf =

The first equality is due to Lagrange.

19.6. Consider the polynomial equation
=i 4722 —iz4+6 = 0

for which the roots are ¢, —¢, —2i, 31.

(a). Verify the relations (19.7).
(b). Use (19.11) to find the annulus region in which the roots lie.

19.7. Show that there are at most n points in the extended w-plane with
fewer than n distinct inverse images under the mapping w = P, (z), n > 1.

19.8. Show that there are at most n + m points in the extended w-
plane with fewer than N = max{n,m} > 1 distinct inverse images under
the rational mapping w = P(z)/Q(z), where P(z) and Q(z) are polynomials
of degree n > 1 and m > 1, respectively.

Answers or Hints

19.1. Pn(Z()) = anzg + an,128_1 + -+ 0‘,120 + apg = 0.
19.2. The function ¢(z) = P(z) — Q(z) is a polynomial of degree at most
n that has n + 1 distinct zeros. Now apply Corollary 19.1.
19.3. Obviously, z = 1 is not a solution. Consider |z| < 1 except at
z = £1. It suffices to show that
|(1 = 2)(an2" +an_12"" ' 4+ a1z +ag)| > 0. (19.14)

Since (1 — 2)(anz" + an—12""t+---+a1z+ao) = ap — [anz" ™ + (an—1 —
an)z™ + -+ + (ag — a1)z], it follows that

(1= 2)(anz™ + an—12""1 + -+ a1z + ao)|

> [ao| — [anz™ + (@n_1 — an)2™ + -« + (a0 — ar)z]. 1910

Now,
lanz"t + (an—1 — an)z" + -+ (a0 — a1)2|

< anlz"M + (an—1 — an)[z"| + - + (a0 — a1)|2

with equality if and only if z € IR and z > 0. However, for such z, P(z) >

0 (ap > 0). Thus, in (19.16) we need to consider only strict inequality.
Then, it follows that

(19.16)
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lan2" T + (an—1 — an)2z™ + -+ + (ag — a1)z|
<y + (ap—1—an) + -+ (ag — a1) = ao.

Using (19.17) in (19.15), we get the required inequality (19.14).
19.4. Since P,(z) = an(z — 21)(z — z2) - - - (2 — zp), it suffices to show that

(19.17)

~ (z—2) o (r i) (= zie) o (2 z) _

z) = Q(z)— zj) = 0.
o =eE ; (25 —21) - (2 = zj—1)(zj — Zj41) -~ (25 — Zn)Q( 7
Clearly, ¢(z) is a polynomial of degree at most (n—1). Furthermore, ¢(z1,) =
Qzr) — Qzr) =0, 1 < k < n;ie, ¢(2) has at least n zeros. Now use
Problem 19.2.
19.5. In (19.8), let ¢ = ¢’ and separate real and imaginary parts.
19.6. (a). Verify directly, (b). 6/13 < |z| <8.
19.7. Since P,(z) = oo if and only if z = oo, the point co has just
one inverse image. If A # oo has fewer than n distinct inverse images,
the equation P,(z) = A must have a multiple root; i.e., must satisfy the
equation P/ (z) = 0. But this equation is of degree n — 1, and hence can
have at most n — 1 distinct roots, say aq,---,a,, 1 < r < n — 1. Thus,
P,(a1), -, Py(a,),00 are the only values of A for which the equation
P,(z) = A can have a multiple root. Clearly, at most n of these num-
bers are distinct.
19.8. Arguments are similar to that of Problem 19.7.



Lecture 20

Maximum Modulus Principle

In this lecture, we shall prove that a function analytic in a bounded do-
main and continuous up to and including its boundary attains its maximum
modulus on the boundary. This result has direct applications to harmonic
functions.

Let f be a function analytic inside and on the positively oriented circle
v of radius r around zg. Parameterizing ~y, by z = zg + re?t, 0 <t < 2m,
we can write (18.6) as

TL_! 27 f(Z()"‘T'eit)

F™(29) om |, g ire'tdt
n! o ity —int
= 5 ; f(zo +ret)e""dt,
which for n = 0 is the same as
I :
f(z0) = f (20 +re') dt, (20.1)

27 Jo

ie., f(z0) is the average of its value around the circle ~,. This result is
known as Gauss’s mean-value property. We shall use this result to prove
the following lemma.

Lemma 20.1. Suppose that f(z) is analytic in an open disk centered
at zo and that the maximum value of |f(z)| over this disk is |f(z0)|. Then,
|f(2)| is a constant in the disk.

Proof. Let p be the radius of the disk. Then, for every r such that
0 < r < p, we have the mean-value property (20.1). Hence, we find

1 2m

27
/ f (20 +re™) dt‘ < — |f (20 +re™)|dt. (20.2)
0 21 Jo

1

27

|f(20)] =

However, since |f(zo)| is the maximum value of |f(z)|, we have |f(z)| <
| f(z0)| whenever |z — zo| < p. Thus, from (20.2), we get

1 27 " 1 21
Gl < 5 [ 15 Gotretlar < o [T sl = 15Gol
(20.3)
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From (20.3), it follows that

1 27 ;
[f(z0)] = 2, |f (20 +re’)| dt
or
2 .
[0 - 17 (ot re) e = o
0
The integrand |f(z0)| — | f (20 + re®)| is continuous in the variable ¢, and

by our assumption on | f(zp)] it is greater than or equal to zero on the entire
interval 0 < ¢ < 27. Because the value of the integral is zero, it follows that
the integrand is identically zero. i.e.,

|f(z0+7e")| = [f(20)], O0<r<p, 0<t<2nm
or
|f(z)] = |f(z0)] whenever |z— zo| < p.
Hence, |f(2)| must be constant. |

Now we shall use Lemma 20.1 to prove the following important theorem.

Theorem 20.1 (Maximum Modulus Principle). If f is
analytic in a domain S and |f(z)| achieves its maximum value at a point
zp in S, then f is constant in S.

Proof. We shall prove that |f| is constant in S. Then, by Theorem 7.3,
we can conclude that f is constant.

Let w be a point in S. Since S is connected, there is a polygonal path
joining zp to w. Using topological considerations, we can always cover the
path by a sequence of disks { By, By, - - -, Bn } centered at zq, 21, -+, 2, = w,
respectively, that satisfy the following properties:

(i). B is contained in the domain S for every i.
(ii). z; lies on the path for every i.

(iii). B; contains the point z;4q for i =0,1,---,n — 1.

Since | f(z0)| is the maximum value of |f(z)| over S, it is the maximum
value of |f(z)| over By. By Lemma 20.1, |f(2)| is constant in the disk By.
In particular, |f(z0)| = |f(z1)] since z1 € By. Therefore, |f(z1)| is the
maximum value of |f(z)| over the disk By. By Lemma 20.1 again, |f(z)] is
constant in Bj. By using the same argument repeatedly, we deduce that
|f(2)| is constant over the disks By, By, -+, By,. In particular, |f(20)| =
| f(w)]. Since w is arbitrary, we conclude that |f| is constant in S. Hence,
f is constant in S. |
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Figure 20.1

The following version of Theorem 20.1 is directly applicable in applica-
tions.

Theorem 20.2. A function analytic in a bounded domain and con-
tinuous up to and including its boundary attains its maximum modulus on
the boundary.

Example 20.1. Find the maximum value of |22 + 2z — 3] in the disk
B(0,1). Clearly, 22 +2z — 3 is analytic in the disk B(0, 1) and continuous on
the closed disk B(0, 1). By Theorem 20.2, the maximum of |22 +22z —3| must
occur on the boundary of the disk; i.e., on the circle |z| = 1. Parameterizing
the circle by z(t) = e, 0 <t < 27, we get

|224+22 -3 = (22+22-3)(22+22-3)
—_ (62”—’—26“—3) (6721'75_’_2677;75_3)
= (14 — 6 cos2t — 8 cost).

The function 14—6 cos 2¢t—8 cost attains its maximum when ¢ = cos™1(1/3).
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Thus, the maximum value of |22 + 2z — 3| is 8/v/3.

Example 20.2. Find the maximum of |sin z| on the square {z + iy :
0 <2z <2m 0<y <27} Since sinz is entire, we can apply Theorem
20.2. Now, since |sin(z + iy)|? = sin®z + sinh®y (see Example 8.2) on
the boundary y = 0, |sin? z| has maximum 1; for = 0, the maximum is
sinh? 27 since sinhy increases with y; for # = 27, the maximum is again
sinh? 27; and for y = 27, the maximum is sinh? 27 4 1. Thus, the maximum
of |sinz|? occurs at = 7/2, y = 27 and is sinh®27 4+ 1 = cosh? 27.
Therefore, the maximum of | sin z| on the square is cosh 27.

Yy
1 + sinh? 27
271 21w + 271
sinh? 27 sinh? 27
T
0 1 2T
Figure 20.2

Example 20.3. Find the maximum of |¢*’| on B(0,1). Since ¢ is
an entire function, it is analytic in the disk B(0, 1) and continuous on the
closed disk B(0,1). By Theorem 20.2, the maximum of |623| occurs on the
boundary of the disk; i.e., the circle |z] = 1. Let 2 = x + i¢y. Then

‘€Z3| _ |em3+3iw2y73zy27iy3| — em373xy2.

Since |z| = 1, we have 22 + y* = 1. Thus,

|ez3| — 2’3 —1<z<1.

b

The maximum value of 6413’395, — 1<z <1,isequal to e and is attained
. E .
at x = —1/2 and « = 1. Hence, the maximum of |e*"| is e, which occurs at

r=-1/2, y=4+v3/2,and x =1, y = 0.

Example 20.4. Consider the entire function e=** = e~i(=*~¥")¢22v ip
the positive quadrant S = {z = x +iy : 2 > 0, y > 0}. Since |f(2)| = €2,
on the boundary of S, |f(z)| = 1; however, |f(z)] = 00 as y = © — 0.
Thus, the maximum modulus principle fails on unbounded domains.

An immediate application of Theorem 20.2 applied to the function g =
1/f gives the following result.

Theorem 20.3 (Minimum Modulus Principle). A function
f analytic in a bounded domain S, continuous up to and including its
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boundary, and f(z) # 0 for all z € S, attains its minimum modulus on the
boundary.

A combination of Theorems 20.1-20.3 leads to the following result.

Theorem 20.4. Suppose that f is analytic in a bounded domain S,
continuous up to and including its boundary, and f(z) # 0 for all z € S.
Then, |f] attains a maximum M and a minimum m on the boundary, and
either f is a constant or m < |f(z)| < M for all z € S.

Finally, we note that the Maximum Modulus Principle and Minimum
Modulus Principle have local versions also: Let f(z) be analytic and not
constant in a neighborhood N of zy. Then, there are points in N lying
arbitrarily close to zg, where |f(2)| > |f(z0)]; i.e., |f(#)| cannot have a
local maximum at zg. If, in addition, f(zg) # 0, there are points in N lying
arbitrarily close to zo, where |f(2)| < |f(20)|; i-e., | f(#)| cannot have a local
minimum at z.

Problems

20.1. Find the maximum of |ze* + 22| and iz — 22| on the set {z :
|z] <1 and Imz > 0}.

20.2. Find the maximum of |cosz| on the square {x +iy : 0 < = <
21, 0 <y < 27}. (Observe that |cos(0 + 27i)| > 1).

20.3. Consider the function g(z) defined in (18.7) on the rectangle with
vertices at 0, 7, ¢, ™+ 4. Find the maximum and minimum values of |g(z)|
and determine where these values occur.

20.4. Consider the function f(z) = z + 1. Find the maximum and
minimum of |f] in the closed triangle with vertices at z = 0, z = 2, and
z=1.

20.5. Suppose f(z) and g(z) are continuous in B(0,r) and analytic in
B(0,7) and that f(z) # 0 and g(z) # 0 for all z € B(0,7). If | f(2)| = |g(2)]
for |z| = 7, show that there exists a constant c¢ such that [c] = 1 and
f(z) =cg(z) for all z in B(0,r).

Answers or Hints
20.1. [ze* + 22| = |z||e* + 2| < |e*| + |z| < e+ 1if |z] < 1 (note that when

z=1, [1-el + 1] =e+1), |iz? — 22| = |z]liz — 2| < |iz| +2 < 3 if |2| < 1
(note that when z =i, |i-i% — 2i| = | — 3i| = 3).
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20.2. We need only to consider either z = 0,27 or y = 0, 27.

|cos(x +iy)| = |cosxcosiy— sinz siniy|
|cosiy| = [<5E | if @ =0,27
= |cosz| = emge_m if y=0

/LIE727\'+67’L(L'+27|'

e
2
jw—2m y  —iwt 2w

Note that ‘6 5 < ef%;re% = cos(0 + 2mi).

20.3. sinhl, z=14; 0,z = 7.

20.4. The maximum is attained at z = 2 and equals 3, whereas the mini-
mum is attained at z = 0 and equals 1.

20.5. The function h(z) = f(2)/g(z) satisfies the conditions of Theorem
20.4, and hence there exist u, v € 9B(0,7) such that |h(u)| < |h(2)| < |h(v)]
for all z € B(0,r). But, |f(2)| = |g(z)| for z € 6B(0,7), and hence |h(z)| = 1
for all z € B(0,r). The result now follows from Theorem 7.3.

if y=2m.




Lecture 21

Sequences and Series
of Numbers

In this lecture, we shall collect several results for complex sequences and
series of numbers. Their proofs require essentially the same arguments as
in calculus.

A sequence of complex numbers is a function whose domain is the set of
nonnegative integers and whose range is a subset of complex numbers. We
denote a complex sequence as {z,}22 . This sequence is said to have the
limit z, and we write lim,, ... z, = z, or equivalently z,, — z as n — oo, if
for any € > 0 there exists an integer N = N (e) such that |z, — z| < € for
all n > N. Intuitively, this means that as n increases the distance between
zn and z gets smaller and smaller. If {z,} has no limit, we say it diverges.

Example 21.1. (i) lim, o i/n =0, (ii) {i"} diverges, (iii) if z € C,
then
0 if |2 <1
lim 2" = 1 if z=1 (21.1)
e divergent otherwise.

Example 21.2. Consider z,, = 1+(—1)"(i/n), n > 1. Clearly, |z,| — 1;
however, if the principal values of the arguments are chosen, then

— 2.

1 1 1
arg zop, = tan % — 0 and argzopr1 = 2w —tan m

Thus, lim,, . arg z, does not exist.

We list the principal properties of complex sequences as follows:

P1. A convergent sequence has a unique limit.
P2. A convergent sequence is bounded.

P3. If lim, o 2, = z and lim,, ,o w, = w, and « and [ are complex
numbers, then lim,, o (az, + fw,) = az+ fw.

P4. TIf limy oo 20, = 2z and lim, 00 wy, = w, then lim, o (zpwy,) =
limy, o0 2p, X limy, o0 Wy, = zw.

P5. If lim, 00 2, = 2 and lim, oo w,, = w, then lim, oo (2 /wy) =
limy, 00 2/ limy,— 00 Wy, = z/w, provided w # 0.

R.P. Agarwal et al., An Introduction to Complex Analysis, 138
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P6. If lim, o0 2n = 2z, then lim, 00z, =Z and lim, oo |20 =
[limy, 00 20| = |2].

pP7. If z,, =z, +iyn, n > 0 and z = x + iy, then lim,, o 2, = z if and
only if x,, = = and y,, — y.

P8. If lim, 00 2 = 0 and |wy,| < |z,], n >0, then lim,, oo wy, = 0.

P9. If lim, ooz, = 0 and {w,} is a bounded sequence, then
lim,, oo Wy 2y = 0.

P10. From any bounded sequence, it is possible to extract a convergent
subsequence.

P11. A sequence {z,} is called a Cauchy sequence if for any € > 0 there
exists an integer N > 0 such that n, m > N = |z, — z;| < e. The sequence
{zn} is convergent if and only if it is a Cauchy sequence.

P12. (Heine’s Criterion). Let f be a function defined in a neighborhood
of z. The function f is continuous at z if and only if for any sequence {z,}
converging to z the condition lim,,—,~ f(zn) = f(z) holds.

A point z is called a limit point (or an accumulation point) of the se-
quence {z,} if for every neighborhood N(z) there exists a subsequence
{zn, } for which all terms belong to N(z). Alternatively, z is said to be
a limit point of {z,} if every neighborhood N(z) contains infinitely many
terms of {z,}. From P10, in particular, it follows that every bounded real
sequence {a,} has at least one limit point. For example, for the sequence
{(=1)"}, —1 and 1 are the limit points. An unbounded sequence may
not have a limit point; e.g. {y/n}; however, an unbounded real sequence
{a,} has at least one limit point if we allow the values +oco and —oo.
This means that the real sequence {a,} has +oo as a limit point if it
contains arbitrarily large positive terms, and —oco as a limit point if it con-
tains negative terms of arbitrarily large absolute value. Clearly, for the
sequence {1,1,2,1,2,3,1,2,3,4,---}, each natural number is a limit point.
The largest (smallest) limit point of the (bounded or unbounded) real se-
quence {ay} is called the limit superior or upper limit (limit inferior or
lower limit) and is denoted as limsup,,_, ., a, (liminf,, . a,). For exam-
ple, the sequence {a,} defined by w, = (—=1)"(3 + 1/n) is bounded with
lower bound —4 and upper bound 7/2. For this sequence, the limit points

are —3 and 3, and hence limsup,,_,. ¢, = 3 and liminf, ,a, = —3.
For the sequence {1,1,2,1,2,3,1,2,3,4,---}, limsup,_,. a, = oo and
liminf, ,o a, = 1. For a real bounded sequence {a,}, it follows that

lim,, 300 @, = a if and only if liminf, ,. a, = @ = limsup,,_, . a,. For
an unbounded real sequence {a,}, we have lim,_, a, = oo if and only if
liminf,,_ o an = 00 = limsup,,_, ., an, and lim,,_, a, = —oo if and only if
liminf,, c a, = —oco = limsup,,_, ., a,. Now let {a,,} and {b,,} be bounded
sequences of real numbers. For these sequences, it can easily be shown that:

(1). If ap < by, n € N, then limsup,,_,., a, < limsup,,_, b, and
liminf,, o0 @, < liminf, o by,.
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(2). limsup,, . (an + by) < limsup,,_,. a, + limsup,,_, . bn.
(3). liminf, o (a, + b,) > liminf, o a, + liminf,,_, . b,.

In (2) and (3), the inequality sign cannot be replaced by equality. For
this it suffices to consider a,, = (—1)" and b,, = (—1)"T%.

A series is a formal expression of the form zg + z; + --- or, equiva-
lently, Z =0 %3 where the terms zj are complex numbers. The nth partial
sum of the series, denoted by s,, is the sum of the first n + 1 terms; i.e.,
Spo= > i—0#j- If the sequence of partial sums {s,}32, has a limit s, the

series is said to converge, or sum, to s, and we write s = Z;‘io zj. A series
that does not converge is said to diverge. The series E;io z; is said to
be absolutely convergent provided that the series of magnitudes Z;io |25

converges. For example, the series >° (=)’ /(j + 1)* converges abso-
lutely. A complex series that is convergent but not absolutely convergent is
called conditionally convergent. For example, the series 72 ((=1)7/(j +1)
converges conditionally.

Example 21.3. Consider the geometric series Y72 ac’, where |¢[ < 1.
From Lemma 19.2, we have

acn+1
1—c’

E—(a+ac+a02+-~-+ac") =

Since |¢| < 1, the term |al|c[**1 /|1 — ¢| converges to 0 as n — oo. Thus, the
geometric series converges to a/(1 — ¢).

The following properties of complex series are similar to those of real
series:
Q1. If Z;io z; converges, then lim, . z, = 0.

Q2. If Z;io zj converges, then limy, o0 D 0", 4 2n =

0.

Q3. If Z;io z; converges, then there exists a real constant M such that
|zj| < M for all j.

Q4. If Z;io zj and Z;io w; converge, and o and 3 are complex num-
bers, then Y 72 (az; + fwy) = ad> 220 2 + Y72 w;.

Q5. If z; = z; +1y; and s = u +iv, then Z;’io z; converges to s if and
only if Y°7% ;= uand 372 y; = v.

Q6. If Z;’io z; converges absolutely, then it converges; however, the
converse is not true.

Q7. If Z;io z; converges absolutely, then its every rearrangement is
absolutely convergent and converges to the same limit.

Q8. The series Z;’;O z; converges if and only if for any given € > 0
there exists an N > 0 such that m > n > N implies |s,, — s$p| = |z2n41 +
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Znt2 + -+ + 2m| < €. This is known as Cauchy’s criterion.

Q9. (Comparison Test). If |z;| < a; for all j and Z;’;O a; converges,
then Y777 z; converges.

Q10. (Cauchy’s Root Test). If p = lim; o |2;]}/7 either exists or is
infinite, then the series Z;io zj converges absolutely if p < 1 and diverges
if p> 1. If p =1 the test is inconclusive.

. embert’s Ratio Test). M, o [Cit1/Ci| = p, then the series
11. (d’Alembert’s Ratio Te If i y j+1/¢) p, th h i
-~ z; converges absolutely 1 < 1 an 1verges 1 > 1. = 1 the
o0 % ges absolutely if p < 1 and diverges if p > 1. If p = 1 th
test is inconclusive.

Now let Z;io z; and Z;‘io w; be given series. The Cauchy product of
these series is defined to be the new series >7° t;, where

J J
t]‘ = 20W; +21Wj—1 + -+ 2zjw1 + 2zjwy = Z ZRWji— = sz—k:wk~
k=0 k=0
(21.2)

The following example shows that the Cauchy product of two convergent
series need not be convergent.

Example 21.4. The series )22 z; and > e wy, where z; = w; =

(=1)7(j 4+ 1)~'/2, are convergent. The Cauchy product of these series is
> i—otj, where

t; = (=1) Zj:(k 1)V G4+ 1 - k)R
k=0

Now since from the arithmetic-geometric mean inequality

\/(k—|—1)(j—|—1—k) < k+1+é+1—k _ 3—12—2’

we find

2
E+1)"V2(4+1—k)"Y2 > =
(k+ )72 +1-RT 2

Thus, it follows that

. 2
—1Vt: > (j+1)—— > 1 forall 7>0.
( ) J —(J >]+2 J

Hence, t; does not tend to zero as j — oo. This shows that the Cauchy
product of these series diverges.
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Q12. If Z(;io z; and Z;io w; converge to z and w, respectively, and
their Cauchy product converges, then

itj = izj iwj = zw. (21.3)
7=0 5=0 5=0

However, if Z;io z; and Z?io w; converge absolutely to z and w, respec-
tively, then their Cauchy product also converges absolutely, and (21.3)
holds.

Problems

21.1. Discuss the convergence of the following sequences:

o {22 ()] o ()

21.2. Discuss the convergence of the following series:

oo

= (1+3i)7
(). > —, D Py
= U+ = ¥
= jT . gmw =247
(c). Z <cos 3 + i sin E ) , o (d). > 5T
j=0 7=0

21.3. Examine the series 77 2; for its convergence or divergence,
where z; are recursively defined as

) (2+30)j
zZ0 = 1 +Z, Zji41 = WZJ
21.4. If 0 <r < 1, show that
o0 o0 .
. 1 —rcosf . rsin @
) J ip— "7 ). Jgnif = — 27
(a) jz::()r €087 14172 —2rcosf’ (b) Jz::o’" Snj 1+7r2—2rcosf

21.5. Iflim,, o0 2, = 2z, show that lim,, o (z0+ 21+ +2,)/(n+1) =

21.6. Prove that if Z;io zj converges and |arg z;| < 6 < /2, then it
converges absolutely.

21.7. Suppose that 372 z; and 3072 z7 are convergent and Re z; > 0.
Show that Y77 |z;|* converges.
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21.8. A metric space (S,d) is said to be complete if every Cauchy
sequence in S converges. Show that (C,d) with any metric d is complete.

21.9. The function f: S — C is said to be uniformly continuous on S
if for every given € > 0 there exists a 6 = d(¢) > 0 such that |z — w| < §
implies |f(z) — f(w)] < e for all z,w € S. Show that:

(a). The function f(z) = 1/z is continuous on S = {z: 0 < |z| < 1}, but
not uniformly continuous.

(b). If S is compact and f(z) is continuous on S, then it is uniformly
continuous.

Answers or Hints
21.1. (a). Converges to 3, (b). in polar form lim,, ., e "™/4
hence diverges, (c). converges to (3 + 7i)/2.
21.2. (a). Absolutely convergent, (b). geometric series 5/(4 — 3i), (c). di-
vergent, (d). absolutely convergent.
21.3. Absolutely convergent.
21.4. In Example 21.3, let a =1, ¢ = re'.
21.5. Writing w,, = z,, — z, this is equivalent to showing that if lim w,, = 0,
then lim(wo + w1 + -+ +wy)/(n+ 1) = 0. Given £ > 0, there are Ny > 1
and N such that n > Ny implies |w,| < €/2 and

oscillates, and

|wo+w1+--+wny —1] €
n> Ny = P < 5-

Then, by the triangle inequality,

n > max{Ny, No} = [wotwr b twn] wotwnte b, 1|

n+1 n+1
[wny [+ +|wn| € n—Ni+1 &
+ nt1 <3t =31 z<¢

21.6. Writing 2; = x; + iy; = rje'%, since z; > 0, |y;| = x; [tanf;| <
x;j tanf, and ) z; converges, y |y;| also converges. Since |z;| < |z;|+ |y;]
by the triangle inequality, then " |z;| converges.

21.7. Writing z; = z; + iy;, since Y x; converges and z; > 0, {z;} is
bounded, say, z; < M. Then 0 < x? < Mzxj, so Zx? also converges.
Since 2]2 = x? — yJQ» + 2ixy, Z(m? — yJQ) converges. Then so does > yf since
y; = a7 — (23 —y3). Since |z;]* = 27 4 y3, then ) |z;|* also converges.
21.8. We will show that C with the Euclidean metric is complete. Let
{zn} be a Cauchy sequence in C, so that for € > 0 there is an N such that
|2, — 2m| < € for n,m > N. Let z, = x,, + iy,. Since |2, — | < |20 — 2m|
and |Yn, — Ym| < |2n — zm| for all n,m, we find that {z,,} and {y,} are real
Cauchy sequences. They both converge since IR is complete, say to p and

q, respectively. Then, it follows that {z,} converges to p + iq € C.
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21.9. (a). Let z =6 (0 <6 < 1)and e = /(1 +€). Then, |z —w| < 6,
but |f(2) — f(w)| = ¢/d > €. (b). Suppose not. Then there exists a zg, and
for each n there are points z, and w,, in S such that |z, — w,| < 1/n and
|f(zn) — f(wn)| > €. Now, since S is compact, there exists a subsequence
Znys Znss -+ and a point z, € S such that z, = limy_,o 2p,. Since |z, —
Wn,| < |2s — 20, | + 1/n, it is clear that z, = limg_, oo Wy, . Thus, from the
continuity of f(z), we have f(z.) = limg_ o0 f(2n,,) = im0 f(wy, ). Now
notice that in o < |f(n,) — F(n, )] < |f (7us) = f(z)l + 1F(2e) — F(wny)]
the right-hand side tends to zero.



Lecture 22

Sequences and Series
of Functions

In this lecture, we shall prove some results for complex sequences and
series of functions. These results will be needed repeatedly in later lectures.

Let {fn(2)}22, be a sequence of complex functions defined on a domain
S C C. Suppose that for any z € S the complex sequence { f,,(z)} converges.
Define f(z) = limpoo fn(2) for any z € S. We say {fn.(z)} converges
to f(z) pointwise on S. The sequence { f,(2)} is said to converge to f(z)
uniformly on S if for every e > 0 there exists an integer N > 0 such that
n > N implies |f,(2) — f(2)| < e for all z € S; i.e., the same N works for
all points z € S. The series Z;io fj(2) converges uniformly to s(z) on S if
the sequence of its partial sums; i.e., s,(z) = Z?:o fi(2), n >0 converges
uniformly to s(z) there. For the sequences and series of functions we shall
prove the following results.

Theorem 22.1 (Cauchy’s Criterion). The sequence {f,(2)}
converges uniformly on a domain S to f(z) if and only if for any ¢ > 0
there exists an N(e) such that, for all z € S, n > N, and any natural
number m, the inequality

|fn+m(z) _fn(z)| < € (221)
holds.

Proof. If {f.(z)} converges uniformly on S, then for any ¢ > 0 there
exists an N = N(e¢) such that, for all z € S, n > N, and any natural
number m,

€ €
()= F@] < 5 ad |fusm() — fG)] < 5
Thus, from the triangle inequality, we find

€ €

|fram(2) = fu(2)| < |fasm(z) = f() 4+ |f(2) = ful(2)] < ) + 5 = €.
Conversely, if (22.1) holds, then in view of P11 (Lecture 21), for any fixed
z € S, the sequence {f,(z)} converges. Define f(z) = limy, o0 frn(2). Then,
we have

M [ frym(2) = fu(2)] = [f(2) = fa(2)] < €

m—ro0
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for n > N at all points on S i.e., the convergence is uniform. |

Example 22.1. Let f,(z) = 2", f(z) =0. Then,

(i). fn — f pointwise on the open disk B(0,1),

(ii). f, — f uniformly on the closed disk B(0,7), 0 <7 < 1, and
(iii). f, # f uniformly on B(0,1).

Example 22.2. Let f,(z) = 1/(1 +nz), f(z) = 0. Then, for |z| > 2,
we find

1 1 1 1
- < =
1+ nz

“onlzl-1 T 2n—-1 — n’

i.e., the convergence is uniform. We also note that this sequence for |z| <1
and Rez > 0 converges pointwise but not uniformly. For this, clearly
f(0)=1and f(z) =0, z# 0 is the pointwise limit of this sequence.

Corollary 22.1. The series Y77 f;(2) converges uniformly on a do-
main S to s(z); i.e., ZJO.O:O fi(2) = s(z) if and only if for any € > 0 there

exists an N (€) such that, for all z € S, n > N, and any natural number m,
the inequality |Sp+m(2) — sn(2)] < € holds.

Example 22.3. The series Yizo 29 does not converge uniformly on
B(0,1). In fact, since

i) = sa()] = [z 2
eI = 2 < 2" (1 = |2|™)
B 11— 2| = 11— z] ’

letting m = n and z,, = (n — 1)/n, and recalling that lim,, , (1 —1/n)" =
1/e, we find

|59m (2n) — 5n (2n)] > n<1%>n+1 {1 <1%>n] — 00 as n— 00.

Theorem 22.2. If the sequence {f,(z)} converges uniformly on a
domain S to f(z) and each f,(2) is continuous on S, then f(z) is continuous
on S.

Proof. Let zy be any point in S. Then, for z # 2, we have

1f(2) = f(20)l < |fn(2) = F(2)[+|fn(2) = Fulz0) |+ [fn(20) — f(20)]- (22.2)

Since {f,(2)} is uniformly convergent on S, given any e > 0, there is an
N = N(e) such that |f,(z) — f(2)| < €/3 for all n > N and z € S. Thus, in
particular, | f(20) — f(20)| < €/3 for all n > N. Furthermore, since f,(z) is
continuous at zg € S, we can choose 0 > 0 such that |f,(z) — fn(20)| < €/3
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if |z — 29| < 4. Using these bounds in (22.2), we find that |f(z) — f(z0)| < €
if |z — 20| < §; i.e., f(2) is continuous at 2. |

Corollary 22.2. If the series } 7 fj(2) converges uniformly on a

domain S to s(z) and each f,(2) is continuous on S, then s(z) is continuous
on S.

Theorem 22.3. Let {f.(z)} be a sequence of functions continuous on
a domain S containing the contour 7, and suppose that {f,(z)} converges
uniformly to f(z) on S. Then, the following holds:

li w(z)dz = li w(z)dz = dz.
T [ e /Yngr;of(z)z Lf(z)z

Proof. Let L be the length of 7. Choose N large enough so that |f(z) —
fn(2)] < €/L for any n > N and for all z on . Then, from Theorem 13.1,
we have

Af(z)dz—lfn(z)dz

Theorem 22.4 (Weierstrass’s M-Test). Let Y °2  M; be a
convergent series of positive numbers. Suppose that |f;(z)] < M; for all
z on a domain S and j > 0. Then, Z;io fj(2) converges uniformly and
absolutely on S.

<%L:e. [ |

/ () = fal2))dz

Proof. Since Zjoio M; converges, from Q8 (Lecture 21) it follows that
for any given € > 0 there exists an N = N(e) such that, for all n >
N and positive integer m, |My41 + Myio + -+ My im| < €. But then
|$ntm (2) = 8n(2)] < | far1(2) [+ fnr2(2) |+ | fagm(2)| £ Mpjp1+ Mo+
oo+ My < eforallm > N, m >0, and z € S. The result now follows
from Corollary 22.1. |

Theorem 22.5. Tf 37 f;(2) converges uniformly to s(z) on a domain

S, then for any contour « in S the following holds
/Z fi(z)dz = Z/ fi(z)dz=. (22.3)
7 j=0 j=0"7

Proof. Since the partial sums s,(z) = Y7 f;j(z), n > 0 converge to
s(z) uniformly on S, from Theorem 22.3 it follows that

n— oo

lim [ s,(z)dz = [/s(z)dz
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Now it suffices to note that

n

nl;rgo 7sn z—T}erzo/Z fi(z Z_,}LII;OZ/fj(Z)dZZ Z/ij(z)dz

j=0""7 j=0
and -
/s(z)dz = /ij(z)dz |
Y Y j=0

Theorem 22.6. Let {f.(2)} be a sequence of analytic functions on a
domain S. If f,(2) — f(z) uniformly on S, then f(z) is analytic on S.

Proof. Let zg € S. Since S is open, there exists an r > 0 such that the
open disk B(zp,7) C S. Let v be a closed contour in B(zg,r). Then, by
Theorem 22.3, we have

lim [ f.(2)dz = /f(z)dz
Since, for each n, f,(2) is analytic in S, f fn(2)dz = 0. Hence, f f(z)dz =

0. By Theorem 22.2; f(z) is continuous on S. Therefore by Theorem 18.4,
f(2) is analytic in B(zq,r). Since 29 € S is arbitrary, f (z) is analytic in
S. i

Corollary 22.3. Let {f.(z)} be a sequence of analytic functions on
a domain S. If Z _o Jj(z) converges to s(z) uniformly on S, then s(z) is
analytic on S.

To prove our next result, we need the following elementary lemma.

Lemma 22.1. Suppose that the sequence {f,(2)} (series 3272 f;(2))
converges uniformly to f(z) (s(z)) on a compact set S, and g(z) is a con-
tinuous function on S. Then, {g(2)fn(2)} (3272, 9(2)f;(2)) converges to

9(2)f(2) (g9(2)s(z)) uniformly on S.

Theorem 22.7. Let {f.(2)} be a sequence of analytic functions on a
domain S. If f,(z) — f(z) uniformly on every compact subset of S, then,
for any k > 1, f7(2) = f®(2) for all z € S; i.e., the limit of the kth
derivative is the kth derivative of the limit. Moreover, for each k > 1, the
differentiated sequence { f,(Lk) (2)} converges to f*)(z) uniformly on every
compact subset of S.

Proof. Let z € S and v be a positively oriented closed contour in S.
From (18.6), we have

211 2772
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Now, since f,(z) — f(z) uniformly on v and 1/(z — 2)**! is continuous
on v, from Lemma 22.1 it follows that

fn(2) f(z)
(z — zp)kt1 7 (z — zo)Ft1

uniformly on «. Thus, we can apply Theorem 22.3 to obtain

211 21

Now let S1 be a compact subset of S, and in S let v be a positively ori-
ented closed contour containing S7 so that the shortest distance d between
S7 and 7 is positive; i.e., for all £ € v and z € 51, [ — z| > d > 0. Then,
from (18.4), for all z € Sy it follows that

fn B
27rz/ £—2) k‘“ 5'

L(7) max (&) = (O

27rdk+1 ce{v}

()~ f® ()] =

Finally, since f,,(§) — f(§) uniformly on every compact subset of S, from
the inequality above it follows that fp (k)( ) = f®)(2) uniformly on S;. B

Corollary 22.4. Let {f.(2)} be a sequence of analytic functions on
a domain S. If Y2 ) fj(z) converges to s(z) uniformly on every compact
subset of S, then f!or any k> 1 and all z € 5|

S 59G) = ) (22.4)

Jj=0

i.e., the series may be differentiated term-by-term. Moreover, for each k,
the convergence in (22.4) is uniform on every compact subset of S.

Problems

22.1. Check for the pointwise and uniform convergence of the series
> f;(2) on the given domain, where f;(z) is
7=07J7J J
2 1
—_ <1, b), —————, Rez >0,
Grogry A=t O e
1 1
—, 1<|2| <2, (d). m——5
(1+52+22) & @ (1+5222)

().
(c).

|z] < 1.
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22.2. Does the sequence of functions

i) = { nlz| if 2| <1/n

1 it 1/n<|z|<1

converge uniformly on the unit disk B(0,1)?

22.3. Prove that Theorem 22.7 does not hold if S is assumed to be an
arbitrary set instead of a domain.

22.4. Suppose that {f,(z)} converges to f(z) pointwise on a domain
S. For each n > 0, let

sup{[fn(2) = f(2)| : 2 € S} = M,.

Show that {f,(z)} converges to f(z) uniformly on S if and only if
lim,, 0o M, = 0.

22.5. Let the functions f,,(z) be analytic on a domain S and continuous
on S, and let the series z;io fj(2) converge uniformly on the boundary ~y

of S. Show that the series Y72 f;(z) converges uniformly on S.

Answers or Hints

22.1. (a). Forall |z] <1, |fj(2)| <1/(j+1)?, and hence the convergence is
uniform. (b). ForallRez > 0, |z+iy+j+1]2 = (z+j+1)?+y* > (j+1)2
(¢). For j >4, |1+ 42 +2% >1+j2—4> (j+1)?/2, and hence the
convergence is uniform. (d). f;(z) = 01if z # 0 and 1 if z = 0, and hence
from Theorem 22.2 the convergence is only pointwise.

22.2. Each f,(z) is continuous on |z| < 1; however, the limiting function
limy, 00 fn(2) = (1) g g f l)z| <1 is not continuous. Hence, in view of
Theorem 22.2, the convergence is not uniform.

22.3. The sequence {(sinnz)/n} converges uniformly to zero on the real
axis; however, the sequence of its derivative {cosnz} converges only at
2 = 0. Thus, the sequence {(sinnz)/n} cannot converge uniformly on any
domain containing points of the real axis.

22.4. See the definition of uniform convergence.

22.5. Clearly, the function s, (2) — s,(2), being a finite sum of analytic
functions, is analytic on S and continuous on S. From the uniform con-
vergence on 7, Corollary 22.1 gives |$p4+m (%) — $n(2)| = |frgm(2) + - +
fnt1(2)| < € for n > N for any natural number m and all z € {y}. Now,
by Theorem 20.2, it follows that |sp4+m(2) — sn(2)| < € for n > N for any
natural number m and all z € S.
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Power Series

Power series are a special type of series of functions that are of funda-
mental importance. For a given power series we shall introduce and show
how to compute its radius of convergence. We shall also show that within
its radius of convergence a power series can be integrated and differentiated
term-by-term.

An infinite series of the form

Zaj(z—zo)j = ap+ai(z—20)+- - +aj(z—z) +- (23.1)
=0

is called a power series, with zg as the point of expansion. The constants
a; are called the coefficients of the power series. It is clear that this series
converges at z = zp; it may converge for all z, or it may converge for some
values of z and not for others. If it converges absolutely for |z — zo| < R
and diverges for |z — zg| > R, then R is called the radius of convergence. It
is clear that this R is unique. If (23.1) converges nowhere except at zg, we
define R to be zero; if (23.1), converges for all z, we say R is infinite. On
the circle of convergence; i.e., |z — z9| = R, the series (23.1) may converge
at some, all, or none of the points. The following result determines the
domain of convergence of (23.1).

Theorem 23.1. If (23.1) converges at z = 21 (# 2g), then it converges
absolutely and uniformly in the closed disk B(zo,r), where r < |z — zo].

Proof. Since the series (23.1) converges at z = z1, a;(z1 — 20)) — 0 as
j — oo. Consequently, there exists a constant M such that |a;||z1 — 2]’ <
M, j > 0. Let z be an arbitrary point such that |z — zo| < 7 < |21 — 20};
ie.,

|z — 20|
—_— = < 1.
B
But then _
, | ,
allz— b < MEZ2 oy s
‘ |21 — 2o0|7

Now, since in view of Example 21.3 the geometric series Z;io Mp’ con-

verges, from Weierstrass’s M-test it follows that (23.1) converges absolutely
and uniformly in the closed disk B(zp,r). N
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Corollary 23.1. If (23.1) diverges at some point z = z1, then it
diverges at all points z that satisfy the inequality |z — zo| > |21 — 2o|-

Corollary 23.2. Let R be the radius of convergence of (23.1). For each
0 < Ry < R, the series converges uniformly on the closed disk B(zg, R1).

Example 23.1. From Example 21.3 and Theorem 23.1, it follows that
the geometric series

Yo =ttt (23.2)
=0

which is in fact a power series with zg = 0, a; = 1, converges absolutely
and uniformly on |z| < r < 1 to the analytic function 1/(1 — z). Since at
z = 1 the series (23.2) diverges, from Corollary 23.1 we find that it diverges
on |z| > 1. Thus, the radius of convergence of (23.2) is R = 1. If |z| = 1,
then the terms of (23.2) do not tend to zero, and hence it also diverges on
|z| = 1.

From Theorem 23.1 and Corollary 23.1, it is clear that the radius of
convergence R of (23.1) is the least upper bound of the distances |z—z¢| from
the point zg to the point z at which the series (23.1) converges. However,
for the computation of R, one of the following methods is usually employed:

d’Alembert’s Ratio Test. R = (lim;_, |aj+1/aj|)71 , provided the limit
exists.
Cauchy’s Root Test. R = (limj_>oo la, |1/j)_1 , provided the limit exists.

Cauchy-Hadamard Formula. R = (limsup; \aj|1/j)_l; this limit
always exists.

Example 23.2. Since in (23.2), a; = 1, the ratio test confirms its
radius of convergence R = 1. Similarly, for the series 3372 22/ +1), we
have |aj+1/aj] = |(j —1)/j] — 1 as j — oo. Thus, for this series also, the
radius of convergence R = 1. This series diverges at z = 1 and converges
at z = —1. For the series > 72 (—1)7(z — 2 — 3i)’*1/(j + 1)}, we have
lajt+1/a;] = 1/(j +2) — 0 as j — oo. Thus, the radius of convergence
= 0.

Example 23.3. For the series Y22 (j + 1)/ (2 + )7, we have [a;["/7 =
(j+1) — oo as j — oo, and hence by the root test its radius of convergence
R = 0;i.e., it converges only at 2 = —i. For the series 3% (2 —3—2i)7 /(j+
1)7, the root test gives R = oo, whereas for the series doiol(i +1)/(25 +
3 (z—2—1i), R=2.

Example 23.4. Tn the series Y72 2% /27, azy, = 1/2™ and azp11 = 0.
Thus, |a;|*/7 = 0 if j is odd and |a;|'/7 = (1/2™)1/2™ = 1/V/2 if j = 2m.
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Hence, limsup,_, . |a;['/7 = 1/4/2. Therefore, by the Cauchy-Hadamard
formula, R = V2.

We shall now prove the following theorem.
Theorem 23.2. Let R be the radius of convergence of (23.1).

D). s(z)= Z;io aj(z — zp)? is an analytic function on B(zg, R).

(II).  (Term-by-Term Integration). If ~ is a contour in B(zp, R) and g(z)
is a continuous function on ~, then

z)s(z)dz = z aj(z — 20)dz = Ooaj 2)(z — 20) dz.
JESIS /f’();( vz = Y JRCIE
(23.3)
In particular, if g(z) = 1, then
/Zaj(z —z)dz = Zaj /(z — 2)dz. (23.4)
’Yj:Q j=0 Y

(III). (Term-by-Term Differentiation).

) = %Xgaﬂz—zo)j = Simle-a) T (239)

1

The radius of convergence of the series Z;’il jaj(z — z0)? ! is also R.

Proof. (I). Let z; € B(z, R). Choose any r such that |z; —z| <7 < R.
Then, s,(z) = Z?:o a;(z — z0)? — s(z) uniformly on B(zp,7) by Theorem
23.1. Now, since each term of the series a;(z — z9)? is entire, the function
s(z) is analytic on B(zp,r) by Corollary 22.3. Hence, in particular, s(z) is
analytic at z1.

(IT). Let 0 < r < R be such that {y} C B(zo,7). Then, by Theorem 23.1,
sn(2) = s(z) uniformly on B(zg,). Since {7} is a closed subset of B(zg, ),
from Lemma 22.1 it follows that g(z)s,(z) — ¢(z)s(z) uniformly on {~}.
Now, from Theorem 22.3, we have

lim [ g(z) / lim g(2)sn(2)dz,
v

n— oo

and hence
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(IIT). Let z € B(zo, R), and let v, = {€ : | — z| = r} C B(z0, R). Then,
from part (IT) with g(&) = 1/[27i(€ — 2)?], it follows that

1 5(§) R S U T A (i
i ), T T L / G
Now, from (18.3), we have

Za]d Z—ZO Z]CL] Z—ZO 1.

Finally, since

. )+ a1 . . Aj41 . aj41
lim u lim — | lim |2 = lim —+L ,
Jj—ro0 Ja; J—ro0 ] J—oo | Qg J—oo | Qi
. . o0 . i—1 -
the radius of convergence of the series > 7, ja;(z —20)’ "' is also R. B

Corollary 23.3. Let R be the radius of convergence of (23.1). Then,
s(z) = ZJ "0 aj(z — z0)? is infinitely differentiable for all z € B(zo, R). In
fact, for any k,

o0

s®(2) = > j(—1) (G —k+1)aj(z—20)F. (23.6)

Jj=k

Remark 23.1. From (23.6), it immediately follows that az = s (z)/k!,
k=01,

Example 23.5. From Example 23.1, we have 372, 2/ = 1/(1—2), 2 €
B(0,1). Applying Theorem 23.2 (III) to differentiate the series term-by-
term, it follows that

oo 1
2 —
1+22+32"+-- E j+ 1)z = TE=5E
Jj=0 :

Example 23.6. We shall show that on B(0,1),

Zj+1 2 3

= 22z
Log (1 + 2) Z :z—?+§+-~-. (23.7)

j=0

For this, let s(z) be the right-hand side of (23.7). Since lim;_, |aj+1/a;] =
lim;j_, o [j/(j+1)| = 1, the radius of convergence of s(z) is 1. Using Theorem
23.2 (II1), we find

s(2) = 1—2422-28—... = 1427 = dilZLog(lJrz) (23.8)
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on B(0,1); i.e., [s(z) — Log (1 + 2)]’ = 0. The relation (23.7) now follows
from Theorem 7.2 and the fact that s(0) — Log1 = 0. Clearly, (23.7) also
follows if we begin with (23.8) and use Theorem 23.2 (IT) to integrate the
series term-by-term along any path connecting 0 and z € B(0, 1).

We conclude this lecture by stating the following theorem.

Theorem 23.3. Assume that the power series f(z2) = Zaj (z — 20)’
=0

and g(z Zb z — zo) have the radius of convergence R; and Ra,
7=0
respectively. Then,

(i). iajj:b (z — 20)? and f(2) chz—zo

Jj=0

j

where ¢; = Zakbj,k = Zaj,kb;€7 have the radius of convergence R =
k=0 k=0

min{ Ry, Rz}, and

(i). if g(z) 7é 0 in the disk B(zo,r) (necessarily by # 0), then the quotient

Z cj(z—z0)’ ' where the coefficients satisfy the equation aj =

Z bj_kck, has the radius of convergence R = min{r, Ry, Ra}.
k=0

Problems

23.1. Use the ratio test to compute the radius of convergence of the
following series:

o0

1 o0
@ X T 0 L

Jj= J=0

(z — 3 — 24).

23.2. Use the root test to compute the radius of convergence of the
following series:

oo

> (11549’ . 457 657 N\
(a). ;0(2],%) (z—2-5i), (b). ;(2j+13j+4) (z—3i).

23.3. Use the Cauchy-Hadamard formula to compute the radius of
convergence of the series Z;io ajz’, where
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0 = (Z%) - ) 4= (5 (=3P,
k=0

23.4. Suppose that (23.1) has radius of convergence R. Show that
S, a?(z — 2z9)? has radius of convergence R2.

j=0%;
nl\ Y™ 1
lim (_> _ !
n—oo \ nM e

and use it to find the radius of convergence of the series

23.5. Show that

922 jj .
I+z+ 5224+ =20+
2! 4!

23.6. The Bessel function of order n is defined by

oo

j 2j+n
Z]' (j +n (_) ’

J=

(a). Show that J,(z) is entire.
(b). Verify the identity [2"J,(2)] = 2" Jph—1(2).

23.7. Consider the function

Na—2)--(a—j+1) ,
(2) :1+Z 7l 27,

(a). Show that its radius of convergence is 1.

(b). For all |z] < 1, f'(2) = af(z)/(1 + z). Hence, deduce the binomial
expansion (1 + 2)* = f(z).

23.8. Use power series f(z) = Z;io a;jz? to solve the functional equa-

tion f(z) = z + f(2?).

23.9. If the sum of two power series in a neighborhood of the point of
expansion zq is the same, then show that the identical powers of (z — z)
have identical coefficients; i.e., there is a unique power series that has a
given sum in a neighborhood of zj.

23.10. For the power series s(z) = Y72 a;27, let the radius of conver-
gence be R. Show that

(a). the coefficients of the odd powers of z vanish if s(z) is even; i.e., if
s(—z) = s(z), and
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(b). the coefficients of the even powers of z vanish if s(z) is odd; i.e., if

s(—z) = —s(z).

23.11. For the power series s(z) = Z;io a;jz?, let the radius of conver-
gence be R.

(a). Show that s(Z) is a power series in z with the same radius of conver-
gence R.

(b). Suppose R > 1 and |s(e?)] < 4 for 0 < § < 7 and |s(e’?)| < 9 for
m < 0 < 27. Show that |s(0)| < 6.

23.12. Let f(z) = 372 a;2) = 142+ 22° +32° + 52% +82° + 1320 +
2127 4 - .-, where the coefficients a; are the Fibonacci numbers defined by
ap =1, a1 =1, aj = aj_1 + aj_2, j > 2. Show that f(z) =1/(1 -2z —
2?), z € B(0, R), where R = (v/5 —1)/2.

23.18. Let f(z) = 372, ajz’, where the coefficients a; are the Lucas
numbers defined by ap =1, a1 = 3, aj = aj—1 +a;—2, j > 2. Show that
f(z) = (1+22)/(1—2—22%), z€ B(0,R), where R = (/5 —1)/2.

23.14 (Weierstrass Double Series Theorem). Suppose that for

each k = 0,1,2,--- the power series fi.(z) = > 72 a gk) (2 — 20)7 converges
in the disk B(zo, R), R < o0; i.e., each power series defines the function
fr(z) in the disk B(zo, R). Suppose that F(z) = > .-, fr(z) converges
uniformly for [z — 29| < p for every p < R. Show that F(z) is analytic on

|z — 20| < p and has a power series expansion, F'(z) = ZJ 0 Aj(z = z0)7,

that converges for all |z — 29| < R; here, 4; = Zk:o a§-k). Furthermore,
show that

o0 Z-] )
(a). 2; T converges uniformly for |z] < r < 1, and
]:
[e%) 0 2k+1
(b). Z Z TS for |z| < 1.
j=1 k=0

Answers or Hints

23.1. (a). V10, (b). 4.

23.2. (a). 2/11, (b). 3/5.

23.3. (a). 1/e, (b). 1/11.

23.4. limsup;_, |a?|1/j = (limsupj_>OO |aj|1/j)2,

23.5.e”=1+%+~~~+%+”n—7[1+#+an+2)+---} implies
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2
that" <e"<niyp {1+n—_~_1+(n+1) +- ] (2n+1) . Hence,
2n+1 —
Lcnl ol R 1/e‘

0 if 7 is odd

23.6. (a). a; = { (—1)3/2/ 2747 (j/2)! (j/2 + n)!] if j is even.
show that limsup;_, la;|/7 = 0. Clearly, |a;|'/7 =0 if j is odd, and for j
even we have |a;|1/7 < 1/[(5/2)"%/7. Now use [(k) }1/’“ — 00 as k — oo.
(b). [T (2] = X2 S ()77 = 2 O iy

z 2j4+n—1
23.'27. (a). limj o0 |aj41 /0] = limj 00 [(@ —5)/(j + 1)] = 1. (b). Compute
(14 2)f'(2) directly and show that it is the same as af(z).
23.8. f(z )=a0+2j°0z2] 2| < 1.
23.9. If >°72 aj(z —20)” and 3772 b;(2 — 20)? have the same sum s(z) in
a nelghborhood of zp, then from éorollary 23.3 and Remark 23.1 it follows
that a; = b; = sU)(2)/4!, j =0,1,-
23.10. (a). s(2k+1)(0) =0, k=0,1,---, (b). sZP(0) =0, k=0,1,---.
23.11. (a). s(z) = 272 a;27, s0 s(z) = >0 @;27, and since lim(a;|"/7 =
lim|a;|'/7, they have the same radius of convergence. (b). Both s(z) and
s(Z) converge absolutely and uniformly on on B(0,R), R > 1, so they are
analytic on B(0,1). Hence, g(z) = s(z)s(%) is also analytic on B(0,1).
Since |s(e?)| <4 for 0 < 0 < 7 and |s(e?)] < 9 for 7 < 0 < 27, |g(e??)| =
|s(e?)s(e10)| = |s(e)||s(e??™=))| < 4 x 9 or 9 x 4 according to whether
0<@<morm <0 <2 Thus, |g(e??)| < 36 forall 0 < # < 2. Now, by the
Maximum Modulus Principle, |g(0)| < |g(e?)| for some 6, so |g(0)] < 36;
i.e., [s(0)]? < 36, and hence |s(0)| < 6.
23.12. 1+ 2f(2) + 2°f(2) = 1+ 2720 a2/ T + 3772 a2/t = 14+ 2 +
Zﬁg(aj_l—kaj_g)zj = 1—|—z—|—2§i2 ajz?. Hence, 1+zf(2)+2%f(z) = f(2).
23.13. Show that f(2) =1+ 22+ 2f(2) + 22f(2).
23.14. Use results of Lecture 22. For (a) and (b), expand each function in
the power series.

We will




Lecture 24

Taylor’s Series

In this lecture, we shall prove Taylor’s Theorem, which expands a given
analytic function in an infinite power series at each of its points of analyt-
icity. The novelty of the proof comes from the fact that it requires only
Cauchy’s integral formula for derivatives.

Theorem 24.1 (Taylor’s Theorem). Let f be analytic in a
domain S and let at zg € S, B(zp, R) be the largest open disk in S. Then,
f has the series representation

(z— zo)j,

[ (z0 f"(20) .-

1) = el L - S L

§=0

(24.1)

which converges for all z € B(z, R). Furthermore, for any 0 < r < R,

the convergence is uniform on the closed disk B(zp,r). The series (24.1) is
called the Taylor series of f at zg.

Proof. Let 2z € B(20, R), and let uu denote the distance between z and
20; 1.e., |z — 2| = p. Clearly, 0 < pp < R. Let v be such that 0 < p < v < R,
and let v be the positively oriented circle |£ — zg| = v. For a point ¢ on v,
we define w = (2 — 20) /(¢ — 20) so that |w| = |z — 20|/|€ — 20| = p/v < 1.
Thus, in view of Example 23.1, we have

1 1 1 1
(—=z - (C—20) — (2 — 20) - C—zol—w —zozwj

which is the same as

- — z)
Zfz—ziﬂ

_ZO
Jj=

uniformly in ¢ on 7.

Now, from Theorem 22.5 and Cauchy’s integral formula for derivatives

R.P. Agarwal et al., An Introduction to Complex Analysis, 159
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(18.4), we find

7=0
— [ 1 f(©)
> %/Ac—zwldg} S
=
1)
B z;f]j(lzo (z = 20)’
=

It is clear that the radius of convergence of (24.1) is at least R. This in
turn implies that the power series converges uniformly on every closed disk

B(zp,r), where 0 <r < R. 1

Remark 24.1. Taylor’s series (24.1) with zp = 0 reduces to

’ " > £()(0)
f(z) = f(0)+@z+f2—('0)z2+m = ij,(o)zﬂ. (24.2)
! ! !

This series is called the Maclaurin series of f.

Remark 24.2. In view of Theorem 23.2, Taylor’s series (24.1) in
B(zp, R) can be integrated as well as differentiated any number of times
term-by-term. The radius of convergence of each differentiated series is
also R.

Theorem 24.2 (Uniqueness of Taylor Series). If f(z) =
Z;io a;(z — zp)? for all z € B(zg, R), then the series is the Taylor series of
f at z.

Proof. From Corollary 23.3 and Remark 23.1, it follows that a; =
fIN20)/aty =01, B

Remark 24.3. The function f(2) is analytic at 2o if and only if it can
be expanded in Taylor’s series at zg.

Theorem 24.3. Let f and g have Taylor’s series expansions f(z) =
Yoo ai(z—20), |2 —2| < Riand g(z) = 372 bj(2 —20)7, |2 — 20| < Ro;
here a; = fU)(29)/4! and b; = g\)(29)/4!. Then, the following hold:

(). af(2) =372y aa;(z—20)7, |2— 20| < Ry, where a € C is a constant.
(i)). f(z)+g(z) = Z;’io(aj +b;)(z — 20)7, |2 — 20| < R =min{Ry, Ro}.
(iii). f(2)g(2) = X720¢i(2 = 207, |2 — 20| < R = min{Ry, Ro}, where

NV , R ,
Cj = D o @i—kbk = D 5o arbj—k.
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Example 24.1. Calculating the derivatives of all orders at zg = 0 of
the entire functions e*, cosz, sinz, coshz, sinh z, we obtain the following
Maclaurin series expansions, which are valid on |z| < oo :

S 2+23+ izj (24.3)
o — - o= = .
T3 251
7=0
22 2t 20 > 2Y
= - — -_— R —1)7
cosz = 1 it et = Jz::O( 1) ehlk (24.4)
23 5 LT 0 241
nz = 2— — 4+ _Z 4+... = 1y
sinz = z— gyt o — o F = jz:%( 1) CrEy (24.5)
22 2t 20 = 22
coshz = 1+ 51 +E+E+ = JZ:;J(QJ.)', (24.6)
35 LT © 2541
sinhz = z+ 30 + 5 + 7l + = Z m (247)

di .

Example 24.2. Clearly, d_3<1 —2)7t = j1(1 — 2)77~!. Evaluating
z

these at z = 0 gives the Maclaurin series expansion

1 2022 3123 o
_ 1+Z+_Z+_Z+... = sz. (24.8)

This is the geometric series, which is valid for |z| < 1.

Example 24.3. The consecutive derivatives of Logz are 1/z,—1/22
2/23,--+; in general,

d’Log z

= G-, =12

Evaluating these at z = 1, we find the Taylor series expansion

_ (z-1? ,-1° (-1
Logz = 0+ (2 —1) = o 2l =3l -
Z J+1271)
=1

(24.9)
This is valid for |z — 1| < 1, the largest open disk centered at 1 over which
Log z is analytic.

Example 24.4. From Example 24.1, the following expansions follow
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on |z] < oo
. _ 1 22 2 . 23 28
cosz+i1smmz = —§+Z—~-~ +1 z—§+§—-~-
2 23 L4 Pl
= 141z T 13‘4—54—15'—
_ o, (122 (i) (i2) _ i
= 1+4iz+ 51 + 3l + 1 +oeo= €7,
. B 2 22 T 1 22 2t S
Sinz-cosz = z—g—l—a—ﬁ—i—--- —E—I—I—a—kn-

_ 1 1 3 1 11 1 5
= z- 54—; 27+ 54‘554‘5 z

111 11 1\,
“\Ftsatanata) T
45,16 5 64,

1
= 2_52 —|—§ —ﬁz 4+ = isin2z.

Example 24.5. (a). Differentiate (24.8) term-by-term to get

142243224 = G+, |z| <1

[
Mg

(1—2)2

<.
Il
o

(b). Write 1/(9 4 22) = 1/[9(1 — w)], where w = —2z2/9. Thus, as long as
lw| < 1;ie., | —22/9] <1 or |z| < 3, we have

9+z2 - %i 55_0:( )n

7=0

(c). Use partial fractions to obtain

1 1 1 1

22 —5z+6 (z

|
w
s
—
I8
|
[\
~

7 N
—
\
|
\
[\
|

I
N = N =
(e
VS
DO |
~——
.
I
W —
Mg W —

AN
I
=

N
N | —
~__
o
+
-
\
7 N\
W=
\—< e
T
—
| S|
IS
iy
2
A\
]

-
I

Il

<
Il
o
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Example 24.6. Find the first few terms of the Maclaurin series for

. o0
tan z. Let tanz = ——— = chzj. In view of Theorem 23.3 (ii), for |z| <
cosz =
/2, we have
22 20
z 54_5 [P
22 2 2 3
= (1_§+Z> (CO+ClZ+CQZ + c32 +)
c c ca  c
e (o) (- B (oo o)

Thus, ¢ =0, ¢; =1, ¢c2 — ¢g/2 =0, and hence ¢co =0, ¢3 —¢;/2=—1/6,
and hence ¢g = 1/3, ¢4 — (c2/2) + (c0/24) = 0, and hence ¢4 = 0,---.
Therefore, it follows that

t G iy 2y
anz = 2+ -z —z
37 715

Example 24.7. Consider the function f(z) = (1 +22)/(2% + 2z%). We

cannot find a Maclaurin series for f(z) since it is not analytic at z = 0.
1 1

However, we can write f(2) as f(z) = — <2 - r) . Now 1/(1+ z) has
z z

a Taylor series expansion around the point z = 0. Thus, when 0 < |z| < 1,

it follows that

1 5
flz) = ;(2—1—|—z—z2+23—z4+z"—z6—|—~-~)
1 1 1
= 4+ S 41l—z4+22-224+....
23 22 2z
Problems

24.1. Find the first four terms of the power series expansions about

z = 0 of the following functions:
() oz () . () 5oy (). 5
T 2243 T2 -2 T2 2% " 222242

24.2. Show that, for any constant zy € C,

(e). secz.

0o ,
— )i
(a). e =¢e*™ E M, |z| < co. Hence, deduce that e*1 %2 = e*1e%2,
; J!

Jj=0

(b). sinz = sin zg cos(z — 2zg) + cos zg sin(z — 2o).
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(c). cosz = coszpcos(z — zp) — sin zg sin(z — 2g).

24.3. Show that

I &, ,
(@) =2 (U+DE+1), |z+1<1,
=0
, = S 3(1-9) .
sinS » — 1) 2j+1
(b). sin z—jz:%( 1) 1 (2j+1)!z . |z < o0,

5 8
=142 Zo24 T34 .
=2 +z+2z +32+ ,

24.4. For the function g(z) defined in (18.7), show that

|z] < 1.

z e C.
FO 2 (25 +1)!
Hence, deduce that the function g(z) is entire.

24.5. Expand sinh z in Taylor’s series at zop = 7, and show that

. sinh z
lim - = —1.
z—7mL 2 — Tl

23.6. The error function erf(z) is defined by the integral erf(z) =
2 z
— / ¢~*dt. Find the Maclaurin series for erf(z).
V7 Jo

23.7. The Fresnel integrals C'(z) and S(z) are defined by
Cz) = / cos(¢?)d¢é and S(z) = / sin(¢2)de.
0 0

Use f(z) = C(z) +1iS(z) = / ei52d£ to compute the Maclaurin series for
0

f(2).

24.8. Suppose that an entire function f(z) satisfies |f(z)| < k|z|/ for
sufficiently large |z|, where j is a positive integer and k is a positive constant.
Show that f is a polynomial of degree at most j.

24.9. Let f(z) be an entire function such that lim, .. f(z)/z = 0.
Show that f(z) is a constant.

24.10. Bernoulli’s numbers Bj, are defined as follows:

1 .
BO = ]-a Bl = 757 BQjJrl = O, ‘7:1327"‘a
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227 (25 221=2 (24 1 27
J— Bo: + — Boi By = 1
1(0) 25 + 3 (2 2j—2 + +2j+1 2 0 )

J=12,
Extend the method of Example 24.6 to show that
(a) S By + Biz + i Baj 22, |zl < 2m
Ter—1 2 (2 ’
o ‘
9% B, .
(b). zcotz=DBo+ Y (—1)/=—"2L22 0 2| <,
; (25)!
- - 12%(2% —1)Bay; o,
(c). tanz = Z(—nﬂ*l(—.,)%?fl, 2| < /2,
= (25)!
- 1 (2% —2)By; ,;
(d). zsecz = By+ Y (1)1 2L2% 0 2| < 7
j; (27)!

24.11. Euler’s numbers E}, are defined as

EO - ]-7 E2j+1 = 07 j:031725"'a

27 2j 27 .
FEs; Foi_ Ey = =1.2....
(0> 2j+<2> wet +<2j> P mhe

Extend the method of Example 24.6 to show that

22z < /2.

Egj
|

sechz = Ey + Z @)

Jj=1

24.12. The Legendre polynomials P;(§), j = 0,1,2,--- are defined as
the coefficients of z7 in the Maclaurin expansion of

(1-26242%)712 =) P
=0
Show that P;(&) is a polynomial of degree j, and compute P;(§), j =

0,1,2,3,4,5.

24.13 (Parseval’s Formula). Let f(z) = Z;}io a;j(z—20)? be Taylor’s
expansion of the analytic function f(z) on B(zg, R). Show that, for any
0<r<R,

s . 1 2 .
Z la;|*r® = 2_/ |f (20 + 7€) |2dt.
=0 TJo
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24.14. Suppose that f(z) is analytic in an open set containing the closed
unit disk |z] < 1, and suppose that |f(z)| <1 for all |z| = 1. If f(1/2) =0,
show that |f(3/4)] < 2/5.

24.15. Let a;(2), i = 1,2, - -, n be analytic functions in a disk B(zg, R).
It is known that the initial value problem

dn n—l d
O e L e ra ) = o

f(ZO) = Qo, fI<ZO) = a1,~-~,f("_1)(z0) = Qn-1,

has a unique solution, which is analytic in B(zg, R). Use Taylor’s series to
compute the solution of the following initial value problems:

(a). ff=if =0, f(0) =
(b). f"+f=0, f(0)=0, f(0) =
(). f"+f=0, f(0)=1, f(0)=
24.16. Let g(t) be a continuous complex-valued function of a real vari-
able on [0,7]. Show that the function f(z) = / g(t)sin(tz)dt is entire,
0

and find its power series around the origin.

Answers or Hints

O =g (-9) st (e dede).
1 _1/2d 1/2i . 1 i .
(d). 22=2z+2  z—(1+i)  z—(1—i) _2(1Z+¢) Z/(A+)—1 + 2(124) =1

2 2
1+4 z z 1—i z z
Z%(1+m+(m> +> T (1+m+(m) +>

=L 424240254, () 1+ 1224 524 1.
=2T327T7 2
24.2. (a). Let f(z) = e*. Then fU)(z) = ¢*, and hence f(z) = f(z0) +

f/(zo)( )+f//(zo)( 20)2+. _6204*620(2’72’0)4»620@%”-.
Now, since e**7%2 = 1 + (zl + 29) + M I E;’io _L(ZlJJC!@ > and

el = Z;"’O 51,- z2 — Zj 0= 5, it follows that e*'e® =
e J 11 gk k) _ oo 1 3 ik _k
Zj:O( k=0 (G=k)! k'Zl z2> =2~ J! ( k=0 (j— k)'k'zl =2

_Z (z1t+22)?
j=0"" 4
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(b). Let f(z) = sinz. Then f/(z) = cosz, f”(z) = —sinz,---, and hence

sinz = sinzg + 9820 (2 — z) — 2B (2 — 29)% + BE (2 — z9)P — -

:smzo[l—%—i—%— }+coszo[(z—zo)—(2_:3%)gj+~~

= sin zg cos(z — z) + cos zp sin(z — 2p).

(c). cosz = coszg — (Z_UZU) sin zg — (2_2—)C0520 4 = ) sin zg —

= cos zp cos(z — zp) — sin zp sin(z — 2o).

243. (). ;= —pm = 1-(+1)~ (z+1)27 <oy (b). sin® 2 =
3 1. 22 3

$sinz — 7 sin 3z, (C).l—:(l—i—z—i—z +283 41l +z+5+5+) =
I+(1+1)z+(1+3+1)22+(1+5+5+1D)25+ - =1+224+ 322+ 8254+ -

24.4. Use (24.5). Since g(z) is represented by a convergent power series
for z € C it is entire.

24.5. For even j, f)(mi) = sinh i = isinw = 0, and for odd j, fU) (i) =
coshmi =cosm = —1, so

. _ 0 (z—mi)2I+1
sinh z = Zj:() {—W s ‘Z‘ < 00,
in particular,
. inh . — )%
hmz—)ﬂ'i szlgﬂ-f = Zjoio I:hmz—wri _%} =-1

since the convergence is uniform on B(mi,r) for any r € (0,00).

. _ .2
24.6. Since e™* = Z;io = j, , |z| < oo, and the convergence is uniform

on B(mi,r) for any r € (0, 00), term-by-term integration gives

(— 1)]‘ 2j+1

erf( ) IZJ OW, |Z|<OO

. 2 i22Y)7 . .
24.7. Since " =377 (”;!) , |2] < oo, and the convergence is uniform

on B(mi,r) for any r € (0, 00), term-by-term integration gives

F2) = X0 #2102 < oo

24.8. Taylor’s expansion of f at 0; ie., f(z) = Z?io a;z’ has infinite

; . _ 1 _ 1.4 f(2)
radius of convergence; here a; = ﬁf(J)(O) = 75% g

positively oriented circle of radius R around 0. Clearly, for large R, |a,,| <

fCR Ilj‘cf,,zﬂld < 217TkRﬁJ+127TR Thus, |a,,| < Rm - — 0 as R — oo for
m > j, and hence a,, = 0 for m > j. So, f is a polynomial of degree < j.
24.9. Observe that |f(z)| < k|z| for large |z]. Now use Problem 24.8.
24.10. Similar to 24.11 below. In part (a), first note that z/(e*—1)—B;z =
z(e* +1)/(e* — 1) is an even function.

24.11. Since cosh z is an even entire function whose zeros are (2k + 1)mi/2,
k € Z, the function f(z) = sechz = 1/coshz is analytic in B(0,7/2) and
even, so it has the Taylor series expansion f(z) = > 72 %22]', |z| < 7/2,

where b; = £(27(0). Then

dz and g is a




168 Lecture 24

1= f(z)coshz = ZJ o (2;), 2% Z; 0 (2]),

=0 {ZJ: 0 BO=HR e }

;io {Zi:o (gi) bj—k} ﬁa

and hence by = 1, Zi:o (gi) bj—k =0, 7 >1,s0b; = E»j.

24.12. Tf |¢| < r, where r is arbitrary, and |z| < (1 +7%)'/2 — 7, then it

follows that |26z — 22| < 2|¢||z] + |22 < 2r(1 +r2)V/2 =292 41 402 492 —
2r(1 4 72)Y/2 = 1, and hence we can expand (1 — 2z 4 22)~'/2 binomially

(R
7

(see Problem 23.7) to obtain [1— z(2§—z)}—1/2 =1+1z(26—2)+3322(2¢~
2)2 4+ Wz] (26 —2)7 +- - -. The coefficient of 27 in this expansion

is
1.3.---(2j—1 i 1.3.--(25—3) (j—1 i 1.3---(2j—5 2)(j—3
2.4.. ( (]QJ) : <2§)j_ 2.4-- ((2]] 2)) (Jl' )(25)] 2+2 4. 52; 43 U= 2(3 )( f)

1.3-- 2 1) 1 1)(j—2)(j—3
= 1) (g - et YNGR | = Bi(e).

PO(S) = 1» Pi(§) = ¢, Po(€) = 5(36% — 1), P3(€) = 5(56% — 3¢), Pu(¢) =
$(35¢* —306% +3), P5(&) = £(63¢° —70&% + 15¢). '
24.13. Let z be on the circle of radius r with center at zg. Since z = zg+7re®,
where 0 < ¢ < 2m, f(z) = Y [ga;r7eV’. Thus, |f(2)* = f(2)f(z) =
> Yony aagri TRelUTRE Now integrate this term-by-term.

24.14. Clearly, lim,_,; /o (QZZ# = lim,_,; /9 W (3/4)x

f/(1/2). Consider the function g(z) = %, z # 1/2 and ¢g(z) =
(3/4)f(1/2), z = 1/2. Since f(z) is analytic, in a small neighborhood
around z = 1/2 we have f(z) = f'(1/2)(z —1/2) + >, o an(z — 1/2)™
z ! an(z— n—1

Hence, lim,_,; /5 —g(z) ?51/2) = lim, ;1,9 Sl (1/2):_—21:/;22 S
—(1/2)f'(1/2) +a2. So, ¢'(1/2) exists and clearly ¢'(z) exists at z # 1/2.
Thus, ¢g(z) is analytic on |z| < 1. Applying Theorem 20.2 to g(z) on |z| < 1,

we have [g(z)| < max|q|—1 [g(a)| = |2|20(‘J|f1(‘a)| < ‘IQO; 21‘| =1 (see Problem

3.5 with @ = 1, b = —2). Therefore, |g(z)] < 1 for |z| < 1. In particular,
l9(3/4)| < 1, which implies |f(3/4)| < 2/5.

24.15. (a). ¢%*, (b). sinz, (c). cosz.

24.16. For fixed z € C, Lemma 22.1 ensures that the series g(t)sin(tz) =

Z;’io(—l)ﬂ ((ZZJ)T),g(t) converges uniformly on [0,7]. Now, by Theorem
22.5, we can use term—by—term integration to obtain
()%+ ;
f(2) =252 (fo 1y (23+1)ng( )dt) 22,

which is a power series in z. Clearly, this series converges for all z, and
hence in view of Theorem 23.1, f(z) is entire.



Lecture 25

Laurent’s Series

In this lecture, we shall expand a function that is analytic in an annulus
domain. The resulting expansion, although it resembles a power series,
involves positive as well as negative integral powers of (z — zp). From an
applications point of view, such an expansion is very useful.

Theorem 25.1 (Laurent’s Theorem). Let f(z) be analytic
in an annulus domain A = {z : Ry < |z — 29| < Rz2}. Then, f(z) can be
represented by the Laurent series

f6) = Lale—n)+ 3 s zed (5
j=0 J=1
where ) £6) ‘
a; = %Lmdg, §=0,1,2, (25.2)
and ]
b = TmLf(f)(f—Zo)jldﬁa j=l20 (253)

and ~y is any positively oriented, simple, closed contour around zy lying in
A (see Figure 25.1). The second sum in (25.1) is called the principal part
of the Laurent series.

Figure 25.1

Proof. From Cauchy’s integral formula (17.1), we have

= ][ [ ]2 o

R.P. Agarwal et al., An Introduction to Complex Analysis, 169
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where 71 and 7» are circles centered at zy contained in A, as indicated in
Figure 25.2.

Figure 25.2

P
=
1 1 1 1

E—z  (§—20)—(2—20) _ §—201—[(z—20)/(§ — 20)]

_ 1 > Z— 20 J
B 5202:(520)

7=0

For £ € 9,

Z
0’<1and
20

uniformly on 2. Hence, we get

1 & .. _ .-
27i 2 fTng B 2m/ f(€ Z J‘H

Now, for £ € 71, &= %0
—
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uniformly on ;. Thus, we have

e . 1 — (= =)
2mi %g—zdg B 27Ti[¥1f(£)jz_:o(z—z0)j+1d§
=1 ; 1

Combining (25.4)-(25.6) we immediately get (25.1). |

Remark 25.1. 1. If f(z) is analytic everywhere in B(zg, Ra2) except
at zo, then the Laurent series is valid in 0 < |z — zg| < Rg; i.e., we can take
Ry =0.

2. If f(2) is analytic in B(zq, Rz2), then f(&)(£ — z0)7~! is analytic in
B(z0, R2), so that by the Cauchy-Goursat Theorem (Theorem 15.2),

- /f E—z)tde = 0.
27i

Hence, the Laurent series for f(z) reduces to the Taylor series for f(z).

3. We can write
oo

f2) = Y ajz—2), z€A4,

j=—oc0

where ) 6)

a; = — | ———==—d¢ forall jeZ.

J 2mi /7 (€& — zp)i 11

4. If a series ZJ__OO a;j(z—20)7 converges to f(2) in some annular domain,
then it must be the Laurent series for f(z) at zo; i.e., Laurent’s series for
f(2) in a given annulus is unique.
5. Laurent’s series of an analytic function in an annular region can be
differentiated term-by-term. As a consequence, since Log z is not analytic
in any annulus around 0, it cannot be represented by a Laurent series
around 0.

Example 25.1. Expand e!/# in the Laurent series around z = 0. Since

2 ¢3
e = 1+§+£—+%+
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for all (finite) &, if z # 0, we let £ = 1/z and find

1
/= — Bt S
e 1+z+2!z2+3!z3+ . 0< 2] < .

Similarly, we have

and by term-by-term differentiation,

1 1 2 3
m—;+z—3+z—4+"'7 1< |z] < 0.

Example 25.2. Find the Laurent series for the function (2% — 22 +
7)/(z —2) in the domain |z — 1| > 1. We have

2o2AT oy S (Gl Vi
—— = [-17+¢] -D-1 (-1 1-gig
 [-1%+6] 1 1 1
I CED N A CED B CE AR CE
= (z—=1)+1+ ’ + ! toe

(z=1) (2—1)2

Example 25.3. Find the Laurent series of €2 /(z — 1)3 around z = 1.
We have

27 _ e2+2(z—1) _ 2 20-1)
(z—1)° (z—1)° (z—1)°
e? 2(z-D]  [2-DP
= 1+2(z—-1
(z—l)?’{—’_(z I TR
e? 2¢? 2¢e? 4e%  2¢?
_ + + TR P D R

(z—=1)3 (=12 (2-1) 3 3

Example 25.4. Find the Laurent series of (z — 3)sin1/(z 4 2) around
z = —2. We have

. 1 1 1 1
(z=8)sin 25 = [z +2) =5 <(z+2) BECES e )
5 1 5 1

G42)  Blz427 @ Bl12P @ Blt2r
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Example 25.5. Expand f(z) = 1/(2? + 1) in a Laurent series in a
punctured ball centered at z =i (in powers of z — ). We have that

(z+i)(z—z’)_z—i(zfi)JrQi_z—iﬂl+(z‘fi)/2i
i1 1 i1 =i NE
- _Ez—il—(i/2)(z—i):_iz—iz{é(z_l)}

f(z) = 1 1 1 1 1 1

(converges if |i(z —4)/2| < 1)
o] -\ J+1 . o] -\ J+2
{ N 1/2 B} N
= —Z<§) (z — 1) 1:—%—2(5) (z — 1)
=0 =0
converges if |i(z —1)/2| < 1 and z # i; i.e., 0 < |z —i] < 2.
Example 25.6. For the function (b—a)/(z —a)(z —b), 0 < |a| < |b],

find the Laurent series expansion in (i) the domain |z| < |al, (ii) the
domain |a] < |z| < |b], and (iii) the domain |z| > |b|. Note that

b—a 1 1

(z—a)(z—b)  z—b z—a

(i).  For |z| < |a|, we have |z/a|] < 1 and |z/b| < 1. Thus,
1 1 1 1 1 1

z—=b z—a _Elfz/b_kalfz/a
- () I ()
J=0 J=0
ap>

1 1
. pYESE v 27,
i

(ii). For |a|] < |z| < |b], we have |a/z|] < 1 and |z/b| < 1. Thus,

1 11 11
(z—b) (2—a) bl—z/b z1-—a/z
Ny a’
= _Z<W+ﬁ>'
=0

(iii). For |z| > |b|, we have |a/z| < 1 and |b/z| < 1. Thus,
1 1 1 1 1 1

(z—b) (z—a)  z1-b/z z1-ajz

SN Y a’
Z [ SRR

Jj=0
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Problems

25.1. Expand each of the following functions f(z) in a Laurent series
on the indicated domain:

22 —-22+5 (z—1)

(c). Log (Z —a

b) , where b > a > 1 are real, |z| > b.

= |z — 1] > 1,

s

25.2. Find the Laurent series for the function 1/[z(z—1)] in the follow-
ing domains: (a). 0 < |z| <1, (b). 1<]z],(c). O0<|z—=1]<1,(d). 1<
|z —1], (e). 1<]z—2|<2.

25.3. Find the Laurent series for the function z/[(2% + 1)(2% + 4)] in
the following domains (a). 0 <|z| <1, (b). 1<]|2] <2, (c). |2] > 2.

25.4. (a). Show that when 0 < |z| < 4,
1 1 & 2"
4z — 22 54_;4”4‘2‘

(b). Show that, when 0 < |z — 1] < 2,

[ee]

z 1 (z—1)"
-D(E-3) _Q(z—1)_3ZW-

n=0

(¢c). Show that, when 2 < |z| < o0,
1 1 & (AN
Atdzz T A Z(_l) (?) )
n=0

25.5. Find the Laurent series for the function 1/[(z — 1)(z — 2)(z — 3)]
in the following domains: (a). 0 < |z| < 1, (b). 1 < |z]| < 2, (¢). 2 < |z] <
3, (d). || > 3.

25.6. For the series Y°7 (bj(z—20) 7, let r = limsup;_, . [b;|"/7. Show
that

(a). if r = 0, the series is absolutely convergent for all z in the extended
plane except at z = zq,

(b). if 0 < r < o0, the series is absolutely convergent for all |z — zo| > r
and divergent for all |z — 29| < r, and

(c). if r = oo, the series is divergent for all finite z.



Laurent’s Series 175

25.7. Show that if the Laurent series Z;ifoo a;j(z — 20)? represents an
even function, then ag;11 =0, j = 0,£1,%2,--- and if it represents an odd
function, then as; =0, j =0,+1,£2,---.

25.8. Let 372 aj(z—20)7 converge for |2 —2| < Ry and 372, a_j(z—
20) 7 converge for |z — 29| > Ri, and R; < Ry. Show that there exists
an analytic function f(z), R; < |z — 20| < Rz whose Laurent series is

Zgo'ozfoo Clj(Z - Zo)j .
25.9. Determine conditions on aj, j = 0,£1,42,--- such that the
Laurent series E;’;iw a;z? is analytic on the punctured disk 0 < |z| < 1.

25.10. Let f(z) be analytic in an annulus domain 4 = {z : Ry <
|z — 20| < Ro} and |f(2)] < M, z € A. Show that the coefficients a; and b;

in the Laurent expansion of f(z) in the annulus A satisfy

M ,
la;| < =, j=0,1,2,--- and |b;] < MR], j=1,2,---.
R

25.11. Show that

exp E G-%)] - i Tn(6)=", |2| > 0 (25.7)

n—=—oo

2w

Jn(&) = (=1)"J_n(&) = cos(&sinf — nb)do. (25.8)

27 Jo

The J,(§) are the Bessel functions of the first kind (see Problem 23.6).
From (25.8), deduce that for z = x a real number |.J,(z)| < 1.

25.12. Show that
cosh z+1 _a+°°§ a; zj—i—l
P = 0 = J 27 )

where
27

a; = — cos j6 cosh(2 cos 0)d6.
2 0

Answers or Hints

25.1. (a) = X702 /2 42307, (<1)/2, (b). T, 5(-1) 7 -
17, (o) Log (4 ) = Log (1~ 2) ~Log (1 - &) = 3%, (¢ — o)/ (j=7).
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25.2. (a). _% - Z?io 2, (b). Z(;ig 1/27, (c). zil - Z(;oo< 1)/ (2 -
17, (d). 32755 (=1)7/(2=1)7, (e). 2272, (= 1)+ (2=2) 7+ 3072 0 (- 1)/ (2
)/234—1

25.3. (z2+1)z(z2+4) = %( R )

254 (a) = = 5 (1- -) —%ZZ‘; (5 ) é+22°04iiz

(b). = 1)Z(z 3) 2(z1 1) + 5(2—1)—2 - 2(2 T2 ( ) (1 - Z21)

= 2(z 2(z—1) ?’Zn 0 2n+2 :
(c). z4+4z = 214 1+4/z = z4 > 0( " ()
1

1
25.5. (z— 1)(z 2)(z—3) 2z 1_2 2+§z 3"

25.6. Use the substitution & = 1/(z — zp) to obtain the series Z;io b;&l.
For this new series, the radius of convergence is 1/r.

25.7. See Problem 23.10.

25.8. Define f(z) as the sum of two series. The result now follows from
the uniqueness of the Laurent series.

25.9. Z ajz must converge for all z # 0, and Z;io ajz’ must con-
verge on the disk |2| < 1, limsup,_,, la—;|'/7 =0, and limsup;_,, |a;['/7 <
1.

25.10. Let v = Ry and R; in (25.2) and (25.3), respectively, and follow as
in Theorem 18.5.

25.11. To show J,(§) = (—1)"J_n(§), replace z = —1/s in (25.7). Let
v : |z] = 1. Then, from Examples 14.6 and 16.1, it follows that .J,,(§) =

— f,y exp [% (z — l)} 421 Now let z = ¢,

z

Jj=—00

25.12. Use Laurent expansion to obtain cosh(z+271) = Z;’i_oo ajz?, and
note that a; = a_;.
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Zeros of Analytic Functions

In this lecture, we shall use Taylor’s series to study zeros of analytic
functions. We shall show that unless a function is identically zero, about
each point where the function is analytic there is a neighborhood through-
out which the function has no zero except possibly at the point itself; i.e.,
the zeros of an analytic function are isolated. We begin by proving the
following theorem.

Theorem 26.1. Let f(z) be analytic at 29. Then, f(z) has a zero of
order m at zo if and only if f(z) can be written as f(z) = (z — 20)"™g(2),
where g(z) is analytic at zg and g(zo) # 0.

Proof. Since f(z) is analytic at zg, it can be expanded in a Taylor
series; ie., f(z) = >277ga;(2 — 20)? on some disk B(zo, R); here a; =
f9(z)/5!, 5 = 0,1,2,---. If f(2) has a zero of order m at 2z, then
f%(2) =0, k=0,1,---,m —1 and f("™ () # 0 (recall the definition in
Lecture 19). Thus, it follows that ag = a1 = -+ = a;—1 =0, a,, # 0, and
hence the Taylor series reduces to

f(z) = am(z — ZO)m + am+1(Z _ Zo)m-‘rl +...

= (Z - ZO)m [am + am—i—l(z - ZO) + CLm+2(Z - ZO)2 + - ] )
which is the same as f(z) = (z — 20)"g(z), where g(z) = Z;’im a;(z —
20)7~™ is analytic on |z — 29| < R and g(z0) = am # 0. Conversely, let
f(z) = (# — 20)™g(#). Since g(z) is analytic at zo, it has a Taylor series
expansion g(z) = >3720b;(2 — 20)?, and since g(z9) # 0 it follows that
by # 0. Thus, we have

f(2) = bo(z —20)" +b1(z —2)" T +--- = ij(z—zo)m“,

5=0
which implies that f(z) has a zero of order m at z. B

Corollary 26.1. Let f(z) and g(z) be analytic at zo. If f(2) has a zero
of order m at zp and g(z) has a zero of order n at zg, then f(z)g(z) has a
zero of order m + n at zg.

Example 26.1. (i). The zeros of the function sin z, which occur at
integer multiples of 7, are all simple (at such points, the first derivative,
cos z, is nonzero).

R.P. Agarwal et al., An Introduction to Complex Analysis, 177
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(ii). In view of Problem 24.4, the function g(z) defined in (18.7) has no
zero at 0.

(iii). Since

3 5
fi(z) = 2%sinz = 22<Z—Z—+Z——~-~>

f1(2) has a zero of order 3 at z = 0.

(iv). Since

f2(z) has a zero of order 3 at z = 0.

Corollary 26.2. If f(z) is analytic at zg and f(z9) = 0, then either
f(2) is identically zero in a neighborhood of zy or there is a punctured disk
about zp in which f(z) has no zeros.

Proof. Let Y277 a;(z — 20)’ be the Taylor series for f(z) about z.
This series converges to f(z) in some neighborhood of zy. So, if all the
Taylor coefficients a; are zero, then f(z) must be identically zero in this
neighborhood. Otherwise, let m > 1 be the smallest subscript such that
ap, # 0. Then, f(z) has a zero of order m at zp, and so the representation
f(z) = (2 — 20)™g(%) by Theorem 26.1 is valid. Since g(z9) # 0 and g(z)
is continuous at zp, there exists a disk B(zo,d) throughout which g(z) is
nonzero. Consequently, f(z) # 0 for 0 < |z — zo| < 6.

Thus, for a function f(z) that is analytic and has a zero at a point z
but is not identically equal to zero in any neighborhood of zg, the point zq
must be a zero of some finite order; and conversely, if zg is a zero of finite
order of f(z), then f(z) # 0 throughout some punctured neighborhood
Ne(z0) = {#: 0 < |z — 20| < €} of zp. Thus, a finite-order zero of f(z) is
isolated from other zeros of f(z).

Corollary 26.3. Suppose f(z) is analytic on a region S, and {2, } is an
infinite sequence of distinct points in S converging to « € S. If f(z,) =0
for all n, then f(z) is identically zero on S.

Proof. Since f(z) is continuous, 0 = lim,, o f(2,) = f(a). We claim
that f(z) is identically zero in some neighborhood of . In fact, if f(z) # 0
in some punctured neighborhood N.(«), then, from the definition of the



Zeros of Analytic Functions 179

limit, for sufficiently large n, there exists z, € N¢(«) such that f(z,) = 0.
The rest of the proof is exactly the same as that of Theorem 20.1 (recall
Figure 20.1). |

Corollary 26.4. If a function f(z) is analytic on a domain S and
f(2) = 0 at each point z of a subdomain of S or an arc contained in S, then

f(z)=01in S.

Now suppose f(z) and ¢g(z) are analytic on the same domain S and that
f(z) = g(z) at each point z of a subdomain of S or an arc contained in S.
Then, the function h(z) defined by h(z) = f(z) — g(z) is also analytic on
S and h(z) = 0 throughout the subdomain or along the arc. But then, in
view of Corollary 26.4, h(z) = 0 throughout S; i.e., f(z) = g(2), z € S.
This proves the following corollary.

Corollary 26.5. A function that is analytic on a domain S is uniquely
determined over S by its values over a subdomain of S or along an arc
contained in S.

Example 26.2. (i). Since sin?z + cos?2 = 1, the entire function
f(2) = sin? z4-cos? z—1 has zero values along the real axis. Thus, Corollary
26.4 implies that f(z) = 0 throughout the complex plane; i.e., sin®z +
cos? z = 1 for all z. Furthermore, Corollary 26.5 tells us that sin z and cos z
are the only entire functions that can assume the values sinz and cosz,

respectively, along the real axis or any segment of it.

(ii). We can use cosh® z — sinh®z = 1 to show that cosh® z — sinh® z = 1
for all complex z.

(iii). We can use sin(xy + x2) = sinxq cos xg + cosxy sinxs to show that
for all complex z1, sin(z; + x2) = sinz; cosxg + cos 21 sinxs, and from
this deduce that sin(z; + z2) = sin z1 cos zo + cos 21 sin 29 for all complex
numbers z; and zs.

(iv). We can use e*1t%2 = e"¢e" to show that e*'1?2 = e*1e* for all
complex numbers z; and zs.

Corollary 26.6. If a function f(z) is analytic on a bounded domain
S and continuous and nonvanishing on the boundary of S, then f(z) can
have at most finitely many zeros inside S.

Proof.  Suppose that f(z) has an infinite number of zeros inside S.
Since S is closed and bounded, in view of Theorem 4.2, there is an infinite
sequence of zeros {z,} that converges to a point a € S. Now, since f(z) is
continuous on S, f(a) = lim, e f(2n) = 0, and since f(z) is nonvanishing
on the boundary, a must be inside S. But then, by Corollary 26.3, f(z) is
identically zero on S, and since f(z) is continuous it must be zero on the
boundary of S also. This contradiction completes the proof. |
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From Corollary 26.6, it follows that an analytic function can have an
infinite number of zeros only in an open or unbounded domain. From
Corollary 26.6, it also follows that an entire function in any bounded part
of the complex plane can have only a finite number of zeros. Thus, all
the zeros of an entire function can be arranged in some kind of order, for
example in order of increasing absolute value. In the extended complex
plane, an entire function can have only a countable set of zeros, and the
limit point of this set is the point at infinity of the complex plane.

Extension of known equalities from real to complex variables as in Ex-
ample 26.2 can be generalized to a broader class of identities. In the follow-
ing result we state such a generalization for an important class of identities
that involve only polynomials of functions.

Theorem 26.2. Let P(fi,---, fn) be a polynomial in the n variables
fi» j=1,---,n, where each f; is an analytic function of z in a domain S
that contains some interval a < x < b of the real axis. If for all € (a,b)

P(fi(@), -, fal2)) =0,

then for all z € S

Proof. Clearly, the function P(fi(z),---, fu(z)) is analytic in S and
vanishes over an arc in S. The result now follows from Corollary 26.4. N

We conclude this lecture by proving the following result.

Theorem 26.3 (Counting Zeros). Let f(z) be analytic inside
and on a positively oriented contour «y. Furthermore, let f(z) # 0 on 7.

Then,
1 [ 1)
omi ) 75"

holds, where Z; is the number of zeros (counting with multiplicities) of
f(2) that lie inside ~.

= Zs (26.1)

Proof. The function f/(2)/f(z) is analytic inside and on + except at the
zeros ay, -+, ap of f(z) lying inside . Suppose my, - - -, my are the respective
multiplicities of these zeros. Then Zy = m; + - - +my. In view of Theorem
26.1, we can find disjoint open disks B(ag,ri), k = 1,---,¢, and analytic
nonzero functions gi(z) in B(ag, 7)) such that

f(z) = (z—ar)™gr(z), z€ Blag,rk)- (26.2)

Thus, we have

_ 8B B\ a). (263)
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Consider the function

’ ) 4
fE) 2 ¢ | Blagry),
=1

f(2) — 2~ aj7 )
F(z) = ' (2) jile "
9k\2) E 1y z € B(a =
) kark)7 k_1a7€
g(2) T

Clearly, F(z) is analytic inside and on +, and hence / F(z)dz = 0. There-
2
fore, from Theorem 16.2 and Example 16.1, it follows that

14

/
/f(z)dz = 2mi Y m; = 2miZy,
ol

Jj=1

which is the same as (26.1). |

Problems

26.1. Locate and determine the order of zeros of the following functions:
(a). €2* —e*, (b). z%sinhz, (c). z%cos?z, (d). z3cosz?.

26.2. Suppose that f(z) is analytic and has a zero of order m at zo.
Show that

(a). f'(2) has a zero of order m — 1 at zo.

(b). f'(2)/f(z) has a simple pole at z.

26.3. Find an entire function f(z) with prescribed distinct zeros 21, - - -, 2k
with multiplicities myq, - - -, my, respectively. Is f(z) uniquely determined?

26.4. If f(z) is analytic on a domain S and has distinct zeros z1, - - -, 2
with multiplicities my, - - -, mg, respectively, show that there exists an ana-
lytic function g(z) on S such that f(z) = (z — 21)™ -+ (2 — 2z,)™* g(2).

26.5. Suppose that f(z) and g(z) are analytic in aregion S and f(2)g(z)
is identically zero in S. Show that either f(z) or g(z) is identically zero in
S.
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Answers or Hints

26.1. (a). z = 2kmi, k = 0,%+1,+2,--- simple zeros, (b). z = 0 zero of
order 3, z = kim, k = +1,£2,--- simple zeros, (c). z = 0 zero of order 4,
z=2k+ 1)r/2, k=0,+1,42, - simple zeros, (d). z = 0 zero of order
3, 2 =42k + 1)7w/2, +iy/(2k+ 1)7/2, k=0,1,2,- - simple zeros.
26.2. By Theorem 26.1, f(z) = (z—20)™g(z), where g is analytic at zy and
9(z0) # 0. (a). f'(2) = (2—20)""h(2), where h(z) = mg(z)+(z—20)g'(2)
is analytic at zo and h(zg) = mg(z9) # 0, so f’ has a zero of order m —1 at
zo by Theorem 26.1 again. (b). f'(2)/f(z) = p(2)/(z—z0), where p = h/g
is analytic at zo and p(z9) = m # 0, so f’/f has a simple pole at 2.

26.3. We can take, for example, f(z) = H?Zl(z — 2;)™3; it is not uniquely
determined since multiplying it by an entire function without zeros gives
another such function.

26.4. Taylor’s expansion of f(z) at z; yields an analytic function fi(z)
such that f(z) = (z — z1)™ f1(2), where z; is not a zero of fi(z). Now
expand f1(z) at zo.

26.5. If neither f nor g is identically zero in S, then they both have isolated
zeros, so the zeros of h = fg are also isolated, and hence h is not identically
zero in S.
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Analytic Continuation

The uniqueness result established in Corollary 26.5 will be used here
to discuss an important technique in complex function theory known as
analytic continuation. The principal task of this technique is to extend the
domain of a given analytic function.

Let S; and S2 be two domains with Sy N Sy # 0, and let f1(z) be a
function that is analytic in S;. There may exist a function f2(z) that is
analytic in Sy such that fo(z) = f1(z) for each z in S; N Ss. If so, we call
fa(z) a direct analytic continuation of fi(z) into the second domain Ss.
In view of Corollary 26.5, it is clear that if analytic continuation exists,
then it is unique; i.e., no more than one function can be analytic in So and
also assume the value fi(z) at each point z € S; N Sy. However, if there
is an analytic continuation f3(z) of fa(z) from Sy into a domain Ss that
intersects Sy, it is not necessary that f3(z) = f1(z) for each z € 53 N Ss.
We shall illustrate this in Example 27.4.

S1NSs \ } S2N Ss

<

Figure 27.1

If f2(z) is the analytic continuation of fi(z) from a domain S; into a
domain Sz, then the single-valued function F'(z) defined by

{ fi(z), zeS

F(z) = (27.1)

fg(z), z € Sy

is analytic in the domain S; U Sy. Clearly, the function F' is the analytic
continuation into S7 U Sy of either fi(z) or fa(z). Here fi(z) and fa(z) are
called elements of F.

R.P. Agarwal et al., An Introduction to Complex Analysis, 183
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Example 27.1. Let f(z), = € (a,b) be a continuous function. Then in
some domain S C C such that (a,b) C S there may exist a unique analytic
function f(z), z € S that coincides with f(z) on (a,b). This function f(z) is
also called an analytic continuation of the function f(z) of the real variable
into the complex domain S. Various such analytic continuations were given
in Lecture 26.

Example 27.2. Consider the function

fiz) = sz.
j=0

Clearly, this function converges to 1/(1 — z) when |z| < 1. Hence,

1
f1(2’) = : when |Z| < 1,

and f1(z) is not defined when |z| > 1.

Now the function

faz) = —, 241,

1—=2

is defined and analytic everywhere except at the point z = 1. Since fo(z) =
f1(2) inside the circle |z| = 1, the function f3(z) is the analytic continuation
of f1(z) into the domain consisting of all points in the z-plane except for
z = 1. Clearly, this is the only possible analytic continuation of f1(z) into
that domain. In this example, f1(z) is an element of fa(z).

Example 27.3. Consider the function
filz) = / e *dt.
0
This function exists when Re z > 0, and since
1
fi(z) = Pt Rez >0,

it is analytic in S7 : Rez > 0.

Let f2(z) be defined by the geometric series

[e'e] N\ J
fa(z) = ZZ(Z:FZ> .zl < 1.
=0

Within its circle of convergence, which is the unit circle centered at the
point z = —i, the series is convergent. Clearly,

f2(2) = T—Geri

)

1 1
z
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where z is in the domain Sy : [z +i| < 1.

Evidently, fo(z) = fi(z) for each z € S1 N Ss, and fa2(z) is the analytic
continuation of f1(z) into Ss.

Figure 27.2

The function F(z) = 1/z, S3 : z # 0 is the analytic continuation of both
fi1(z) and fa2(z) into the domain S consisting of all points in the z-plane
except the origin. The functions fi(z) and f2(z) are elements of F'(z).

Example 27.4. Consider the branch of z'/2
fi(z) = Vre?, r>0, 0<6<m.

An analytic continuation of f1(z) across the negative real axis into the lower
half-plane is

faz) = Vre®®2, r>0, w/2<6<2m.

An analytic continuation of f3(z) across the positive real axis into the first
quadrant is _
f3(z) = Vrei?’?, 7 <0 <5m/2

Note that f3(z) # f1(2) in the first quadrant. In fact, f3(z) = — f1(z) there.

In general, it may not be obvious whether a given analytic function can
be extended. However, a standard method of analytic continuation is by
means of power series, which can be described as follows: Let the function
f1(z) be analytic in the domain S;. Choose an arbitrary point zo € S1, and
consider the Taylor series expansion

= A (20)
fiz) = YA

=0

(z — 20). (27.2)

For (27.2), the radius of convergence Ry may not exceed the distance from
2o to the boundary v of Sy (see Figure 27.3(a)). In this case, the expansion
(27.2) does not provide continuation of fi(z) beyond the boundary of Sj.
Another possibility is that Ry exceeds the distance from zg to the boundary



186 Lecture 27

v of Sy (see Figure 27.3(b)). In this case, the domain Sy : |2 — 29| < Ro
is not a subdomain of S; but has a common overlapping portion, say Sio.
In S, the series (27.2) defines an analytic function f5(z), which coincides
with f1(z) in Sia. Clearly, fa(z) is the analytic continuation of f;(z) into
the domain Sy. Thus, the function F(z) defined as in (27.1) is analytic in
the domain S = S;USs. Now, starting from S,, the process can be repeated
to obtain a chain of overlapping disks.

o

Figure 27.3(a) Figure 27.3(b)

Example 27.5. Consider the function f(z) = Logz. We can expand
this function in Taylor’s series around the point zp = —1 44 to obtain

Yz +1—14)
(—1+14)d

fo(z) = Log(—1+1) +Z
7j=1

The radius of convergence of this series is v/2, and hence fy(z) is analytic
in the disk [2+1—1i| < v/2 (see Figure 27.4). The function f»(z) crosses the
branch cut of fi(z) but not the branch point (0, 0). In the second quadrant
f2(2), coincides with f1(z); however, in the third quadrant, f2(z) has to be
different from f;(z). Thus, the Taylor expansion of f1(z) analytically con-
tinues the function into the third quadrant, and the analytic continuation
is different from the original function.

Y
—1+4
V2 o x
~—o 1
Figure 27.4

It can be shown that if analytic continuation of f(z) is possible at all
then it can be accomplished by following a chain of overlapping disks along
some path. Furthermore, different paths may lead to different analytic
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continuations of f(z). The function F(z) obtained by means of an analytic
continuation of f(z) along all possible paths is called the complete ana-
lytic function. Its domain of definition S* is called the natural domain of
existence. The boundary of S* is called the natural boundary.

Example 27.6. Consider the function
flz) = 1422420428 2

Clearly, each root of any of the equations 22 =1, 22 =1, 28=1,---is a
singularity of f(z). Hence, on any arc, however small, of the circle |z| =1,
the function f(z) has an infinite number of singularities. Therefore, we
cannot extend this function outside the circle |z| = 1. In conclusion, for the
function f(z), the circle |z| =1 is the natural boundary.

Problems

27.1. Show that the functions

iT e (—1)771 4
hm) = =5+ (-1 |a-1<1
j=1
and
i =1 .
fo(2) = o+ ;(Z+1)J7 lz+1] <1
j=1

are analytic continuations of each other.

27.2. Suppose that f(z) = Z;io ajz? has radius of convergence R.

Show that if f (rew) tends to infinity as 7 — R, then the point Re is a
singular point of f(z).

27.3. Suppose f(z) = Z;io aj(z — z0)’ has a finite radius of conver-
gence R > 0. Show that f(z) has at least one singular point on the boundary
of the disk B(zo, R).

27.4. Show that for the function f(z) = >272, 27" the unit circle |z| = 1
is a natural boundary.

27.5 (Painlevé’s Theorem). Assume that S; and Sy are two regions
with an adjacent piecewise smooth boundary arc L (see Figure 27.5(a)) and
f1(z) and f2(2) are analytic functions on S; and S, respectively. Further-
more, assume that f1(z) and f3(z) are continuous on S; U L and Se U L,
respectively, and fi(z) = f2(z), z € L. Show that

_ fiz) if zeS;UL
F(z) = {f;(z) if zES;
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is analytic in S = .57 UL U S,.

Figure 27.5(a) Figure 27.5(b)

27.6 (Riemann’s Theorem). Let S = B(zo,7)\{20}, and let f(z) be
an analytic and bounded function on S. Show that f(z) can be analytically
continued to B(zg, ).

Answers and Hints

27.1. The functions fi(z) and fa(z) are the restrictions of —iw/2+logz =
—im/2+ Log|z| + i argz, where —7m/2 < argz < 3m/2 to the disks [z — 1] < 1
and |z + 1] < 1.

27.2. If Re' is not a singular point, then there is a function F(z) that is
analytic in a disk with center Re'” and agrees with f(z) in |z| < R. But then
lim, , g f (rei‘g) =lim, g F (rew) =F (Rew) . But this is a contradiction.
27.3. Suppose that at all points on the boundary {z : |z — z9| = R} the
function f(z) can be continued analytically . Then, at each point £ of the
boundary, the function f(z) can be expanded in terms of powers of (z — &),
say fe(z) in the disk B(§) with radius of convergence 7(§). Since [, B(€)
covers the compact set {z : |z — 29| = R}, by Theorem 4.4 there also exists
a finite subcover {B(&1), B(&2), - -+, B(&m)}- Now the function F'(z) defined
by F(z) = f(2), z € B(20,R) and F(z) = f¢,(2), z€ B(§), 1 <j<mis
analytic in S = B(zp, R)UB(&1)U---UB(&y). Since S contains the closed
disk B(zo, R), it must also contain the disk {z : |z — 20| < R+ ¢€}. But, then
the power series representation F'(z) = Z?io aj(z—zp)’ is valid in the disk
{z : |z — 20| < R+ €}, which contradicts the fact that f(z) has the radius
of convergence R.

27.4. |f(Re"™™)| — 0o as R — 1~ for any rational number 7.

27.5. Clearly, F' is continuous in S. Draw an arbitrary piecewise smooth
closed contour 7 so that its interior lies in S. If it lies entirely in S; or Sy,
then, by Theorem 15.2, f,y F(z)dz = 0. If 7 is contained partly in S; and
partly in Sy (see Figure 27.5(b)), denoted by ~1 and 7., respectively, and
the arc LN+ is denoted by ¢, then again by Theorem 15.2, f% L F(2)dz=0

and [, F(2)dz = 0. Hence, [ F(2)dz = 0. Now use Theorem 18.4.
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27.6. We assume that zp = 0. Define g(z) = 22f(z), z € S; g(z) =
0, z = 0. Clearly, ¢’(0) = 0 and since ¢'(z) = 22f'(2) + 22f(2), z # 0
we find ¢'(z) — 0 as z — 0. Thus, g(z) is continuous and differentiable on
B(0,r) and satisfies the Cauchy-Riemann conditions, and hence is analytic
on B(0,r). Therefore, Taylor’s series g(z) = 0 + 0z + a2z + azz® + - -
converges on B(0,7). Now define F(z) = f(z)/2?> = as + azz + --- which
has the same radius of convergence. Thus, F(z) is analytic on B(0,r), and

F(z)=f(2), z€S.
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Symmetry and Reflection

The cross ratio defined in Problem 11.9 will be used here to introduce
the concept of symmetry of two points with respect to a line or a circle. We
shall also prove Schwarz’s Reflection Principle, which is of great practical
importance for analytic continuation.

Recall that in the real plane two points P and @) are said to be symmetric
across the line L if L is the perpendicular bisector of the segment joining
P and Q. In the complex plane, if L is the real axis, points 2/, 2z’ are said
to be symmetric (reflections of each other) across L, if 2" = 2’. Thus, from
the definition of the cross ratio, if three points z1, 29, 23 are on the real line
L, then the points 2/, z” are symmetric if and only if

(21, 29,23,2") = (21,22, 23,2). (28.1)

Now, since linear fractional transformations map lines and circles to lines
or circles and preserve the value of the cross ratio (see Problem 11.9(a)),
it is natural to use (28.1) to define symmetry of points across any line or
circle v as follows: If the points 21, 2o, z3 are on a line or circle 7, the points
2!, 2" are said to be symmetric with respect to v if (28.1) holds. Once again,
from Problem 11.9(a) it follows that the points z’, 2" are symmetric if and
only if w’,w" are symmetric with respect to 71, where w’ = f(2/), w” =
f(z"”) and 1 is the image of v under the linear fractional transformation
f. In the following theorems, we shall show that the definition of symmetry
above is independent of the points 21, 29, z3. For this, we need the following

elementary lemma.

Lemma 28.1. Let 2, 2,23 be distinct complex numbers. Then,
(21, 22, 23, 2") = (21, 22, 23, 2") if and only if 2 =

Theorem 28.1. The points 2’ and z” are symmetric with respect to a
line v in the complex plane if and only if - is the perpendicular bisector of
the segment joining 2z’ and 2”.

Proof. We can map 7 onto the real axis in the w-plane by a linear
transformation w = az+b, where |a| = 1. Then, for the real points w;, j =
1,2, 3 and the images w’ = az’+b, v’ = az" +b, we have (w1, we, w3, w") =

(w1, wa, w3, w") = (w1, ws, ws, w’), and hence, in view of Lemma 28.1, w" =
w’; i.e., the real axis in the w-plane is the perpendicular bisector of the

segment joining w’ and w”. Now, since the inverse transformation z =

R.P. Agarwal et al., An Introduction to Complex Analysis, 190
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(1/a)w + (—b/a) is just a translation and rotation, the segment joining w’
and w” is rotated and translated along with the real axis onto the segment
joining 2" and z” and the line . Thus, ~ is the perpendicular bisector of
the segment joining 2z’ and z”/. N

Theorem 28.2. The points 2’ and z” are symmetric with respect to a
circle v : |z — 29| = r if and only if 2’ and 2" lie on a ray from the center O

of the circle, and |2’ — 29|2” — 20| = r%.

Figure 28.1

Proof. Without any loss of generality, we can assume that zg = 0. Since
zZ; =1%/z;, j =1,2,3, the points 2/, 2" are symmetric with respect to the
circle |z| = r if and only if

(21,22,23,2") = (71,%2,%3,2) = (7"2/21,7“2/2277“2/23,?)- (28.2)

Now, since the function f(z) = 72/z is a linear fractional transformation,
from (28.2) and Problem 11.9(a) it follows that

(21, 29,23,2") = (21,29, 23,7%/2").

But then, from Lemma 28.1, we have 2" = 7“2{?; ie., 22" = 2. Hence, if
2/ = pe? and 2’ = ve'®, then 22" = vue®=% = 2. Therefore, ¢ = A and
12/||2"| =72 W

Remark 28.1. From Theorem 28.2, it is clear that the center of the
circle v is symmetric to oo with respect to . Thus, the image of this center
will be symmetric to the image of co with respect to 7; under a linear
fractional transformation.

We shall now prove a theorem that shows that some analytic functions
possess the property that f(z) = f(Z) at all points z in certain domains
while others do not. For example, the functions z 4+ 1 and z? have this
property in the entire plane, but z + i and 22 do not. The following
result, which is known as Schwarz’s Reflection Principle, provides sufficient
conditions when the reflection of f(z) in the real axis corresponds to the

reflection of z.
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Theorem 28.3. Suppose that a function f is analytic in some domain
S that contains a segment of the z-axis and is symmetric to that axis.
Then,

f(z) = () (28.3)
for each point z in the domain if and only if f(x) is real for each point
on the segment.

Proof. Let f(z) be real at each point  on the segment. We shall show
that the function

F(z) = T (28.4)

is analytic in S. For this, we write

() = u(a,y) +ivle,y) and F(z) = Ule,y)+iV(z,y).

Now, since
f(f) = u(xv _y) - iv(x, _y)7 (285)
from (28.4) it follows that
U(z,y) = u(z,t) and V(z,y) = —v(a,t), (28.6)
where t = —y.

Now, since f(xz+it) is an analytic function of z:+it, the first-order partial
derivatives of the functions u(z,t) and v(z,t) are continuous throughout S
and satisfy the Cauchy-Riemann equations

Up = Vg, U = — Uy (28.7)

Next, in view of equations (28.6), we have

dt
Upg = up, and V, = —vtd—y = (t=-y),

and hence, from (28.7), we get U, = V},. Similarly,

dt
Uy:Utd_y: — Ut, ‘/z = — U
and therefore from (28.7) we find U, = —V,,. Thus, the partial derivatives of
U(z,y) and V(z,y) are continuous and satisfy the Cauchy-Riemann equa-
tions, and hence the function F'(z) is analytic in S.

Now, since f(x) is real on the segment of the real axis lying in S, v(zx,0)
= 0 on that segment. Thus, in view of (28.6) it follows that

F(z) = U(z,0) +iV(z,0) = u(x,0) —iv(z,0) = u(x,0);
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ie.,

F(z) = f(2) (28.8)
at each point z = x on the segment. But now, in view of Corollary 26.5,
we can conclude that (28.8) holds throughout S. Hence, (28.4) gives

@) = f(z), z€b, (28.9)
which is the same as (28.3).

Conversely, assume that (28.3) holds. Then, (28.9) in view of (28.5) is
the same as

u(z, —y) —iv(zr, —y) = u(z,y)+ vz, y).
Thus, if (z,0) is a point on the segment of the real axis that lies in S, then
u(z,0) —iv(x,0) = u(z,0)+ iv(z,0),
which implies that v(z,0) = 0; i.e., f(x) is real on the segment of the real
axis lying in S. |

Note that the functions z + 1 and 22 satisfy the conditions of Theorem
28.3; in particular, for z = x, both the functions are real; i.e., x + 1 and 2.
However, z 4+ i and iz2 are not real when z = z.

The following corollary of Theorem 28.3 provides a means of describing
an analytic continuation across the interval on the real axis that is a part
of the boundary of the domain.

Corollary 28.1. Let S be a domain in the upper half-plane whose
boundary includes an interval J = (a,b) of the real axis. Let S’ be the
reflection of S across the real axis; i.e., 8" = {Z: z € S}. Let the function
f(2) be analytic on S and continuous on S U J. Furthermore, let f be
real-valued on I. Then, the function F'(z) defined by

Flo) = {Li), ZES,UJ
fZ), z€8

is the unique analytic continuation of f(z) to SUJUS’.

Figure 28.2
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Corollary 28.2. Let S be the upper half-plane and let f(z) be an
analytic function on S that is continuous and real on the real axis. Then,
f(2) can be extended analytically to the entire complex plane.

Corollary 28.3. Let f(z) be an analytic function on the right half-
plane that is continuous and purely imaginary on the imaginary axis. Then,
the function F(z) defined by

z), Re(z
F(Z>:{f() @

e >0
—f(=%), Re(z) <0

is the unique analytic continuation of f(z) to the entire complex plane.

Proof. The transformation w = iz maps the right half-plane Re(z) > 0
onto the upper half-plane Im(w) > 0. The function g(w) = i f(—iw) satisfies
the conditions of Corollary 28.2 and hence has an analytic continuation
G(w) to the entire w-plane. Now, from Corollary 28.1, we have

i f (—iw), Im(w
Gl - { fl=iw),  Tm(w)

Y

0
—if(—w), Im(w) <0,

IN

which is the same as G(w) = iF(—iw). Thus, F(z) is the desired exten-
sion. |

Corollary 28.4. Let f(z) be an entire function taking real values on the
real axis and imaginary values on the imaginary axis. Then, f(z)+ f(—z) =
0 for all z.

Proof.  From Corollaries 28.2 and 28.3, we have f(2) = f(%) and
f(z) = —f(=%). On replacing Z by z in these relations, we get the desired
result. |




Lecture 29

Singularities and Poles I

In this lecture, we shall define, classify, and characterize singular points
of complex functions. We shall also study the behavior of complex functions
in the neighborhoods of singularities.

A point zq is called a singular point of the function f(z) if f(z) is not
analytic at zp but is analytic at some point in B(zp,€) for all € > 0. A
singular point zg of f(z) is called isolated if there exists R > 0 such that
f(2) is analytic on some punctured open disk 0 < |z — zp| < R.

Example 29.1. For the function f(z) = (z + 1)/[z%(2% + 1)], the
singular points are z = 0, i, — ¢ and all are isolated.

Example 29.2. The function Logz is analytic in C\(—o0c,0]. Each
point in (—o0, 0] is a singular point of Log z but not an isolated singularity.

Example 29.3. For the function f(z) = 1/sin(r/z), singularities occur
where sinm/z = 0; i.e., m7/z = nw or z = 1/n. Hence, the singularities of
f(z) are {0y U{l/n:n € Z}.

Now, let z be an isolated singularity of f(z). Then, f(z) has a Lau-
rent series expansion around zo; i.e., f(z) = Zjoifoo a;(z — zp)? on some
punctured open disk, say, 0 < |z — 20| < R.

(i). Ifa; =0 forall j <0, we say that zy is a removable singularity or a
regular point of f(z).

(ii). If a_,, # 0 for some positive integer m but a; = 0 for all j < —m,
we say that zg is a pole of order m for f(z). A pole of order 1 is called a
simple pole.

(iii). If aj # 0 for an infinite number of negative values of j, we say that
zo is an essential singularity of f.

When f(z) has a removable singularity at zo, its Laurent series takes
the form

f(z) = ao+ai(z—20) tas(z—2)>+--, 0<|z—2z|<R, (29.1)

and hence lim,_,,, f(2z) = ap. Thus, if f(2) is not defined at z (the specified
value of f(z0) is not the same as ag), we can define (redefine) the function
f(2) at zo as f(z0) = ap. The function f(z) thus obtained will be analytic
on the open disk B(zg, R).

R.P. Agarwal et al., An Introduction to Complex Analysis, 195
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Example 29.4. The following functions have removable singularities:

sinz 1 A 22 2
fi(z) = > :;<Z—§+E—-'-)=1—§+a—”',20:07
cosz —1 1 22 2t z 23
f2(Z)—T = ;( BT >——5+Z— ;20 =0,
3
-1
f3(2) = Zz—l =224241 = 34+3(z—1)+(z—=1)?+0+0+---, 20 = 1.

In fact, we can remove the singularities of these functions by defining

f1(0) =1, f2(0) =0, f3(1) =3.

Theorem 29.1. The function f(z) has a removable singularity at zo
if and only if any one of the following conditions holds:

(i). f(z) has a (finite) limit as z approaches zy,

(ii). f(z) can be redefined at zy so that the new function is analytic at zo,
(iil). lim,—., (2 — 20) f(2) =0,

(iv). f(2) is bounded in some punctured neighborhood of zy.

Proof. Parts (i)-(iii) follow immediately from (29.1). To prove part (iv),
let zp be a removable singularity of f(z). Then, from (29.1) it is clear that

the function 1) | |
- z), 0<l|z—2z| <R
a(z) = {am z=20

is analytic on |z — 29| < R, and hence bounded in every closed neighbor-
hood of zg. This in turn implies that f(z) is bounded in some punctured
neighborhood of zy. Conversely, suppose there is a punctured neighbor-
hood 0 < |z — 29| < r < R and a finite M such that on this neighbor-
hood |f(z)| < M. Then, in Problem 25.10, taking R; — 0, it follows that
b =0, j =1,2,---,00. Hence, the Laurent expansion of f(z) reduces to
(29.1), and hence zq is a removable singularity of f(z). B

Now, for the function f(z), let the point zg be a pole of order m. Then,
its Laurent series reduces to

a—_m a_(m—1) a—1
f z + e+
B = g T e =) (209)
+ap+ay(z—20) +as(z —20)%+--+, a_m #0,

which is valid in some punctured neighborhood of z.

Example 29.5. The functions

sin z 1 z 23 20
he) = = =S g5its 7t
sin z 1 1 z 23
f(z) = 24 2373!z+§77!+.”’
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Fal2) e? 1+1+ 1 +1+z+
A = —_— = —_— —_— R —_— —_— e
s 2 222 2l 34 ’

respectively, have poles of order 1, 3, and 3 at zg = 0.

Theorem 29.2. A function f(z) has a pole of order m at zq if and only
if, in some punctured neighborhood of zg, f(z) = g(z)/(z — 20)™, where
g(z) is analytic at zg and g(z) # 0.

Proof. If f(z) has a pole of order m at zp, then from (29.2) it follows
that, in some punctured neighborhood of zg,

(z—20)"f(z) = g(z) = acm+a—mir(z—20)+---.
Setting g(z0) = a—m # 0, we find that g(z) is analytic and f(z) = g(z)/(z—

z0)™. Conversely, if f(z) = g(2)/(z — 20)™, where g(z) is analytic at zg and
g(20) # 0, then from Taylor’s series we have

g(2) = cot+ci(z—2) +ealz—20)2+---, co=g(z)#0,
and hence the Laurent series for f(z) around z is

J i C) B !
f( ) (Z _ Zo)m (Z _ Zo)m + (Z _ Zo)m—l

Since ¢g # 0, zg is a pole of order m for f(z). B

Example 29.6. Since

Cos z _cosz/(z+1)?

& = e ~ TGy

and the numerator cos z/(z+1)? is analytic and nonzero at z = 1, Theorem
29.2 implies that the function f(z) has a pole of order 5. Similarly, in view
of Example 24.3, the function 1/[(2? — 1)?Log 2] has a pole of order 3 at
z=1.

Corollary 29.1. If f(z) and g(z) have poles of orders m and n,
respectively, at zg, then f(2z)g(z) has a pole of order m + n at zo.

Corollary 29.2. If f(z) has a zero of order m at zg, then 1/f(2) has a
pole of order m at zo. Conversely, if f(z) has a pole of order m at zp, and
if we define 1/f(z9) = 0, then 1/f(z) has a zero of order m at z.

Example 29.7. Classify the singularity at z = 0 of the function
f(z) =1/[z(e* —1)]. Clearly, z = 0 is a zero of the function z(e* —1). Since

d z — z z J—
E[z(e —1)] T (e 1+ze)Z:0 =0
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and

T et 1) G| 2o

—[z(e® — = e*(z+ ,

dz? -0 0
2z =0 1is a zero of order 2 of z(e* — 1). Hence, z = 0 is a pole of order 2 of
the function f(z).

Example 29.8. Find and classify the singularities of the function

5z + 3
(1—2)3sin® 2’

flz) =

The singularities of f(z) are the zeros of its denominator; i.e., z = 1 and

z=nm, n=0,£1,£2, ---. For z = 1, since
5243 (52 4 3)/sin? 2 52+ 3
= and 0,
(1 — z)3sin” 2 (1—-2)3 sinz |,_, 7

z = 1 is a pole of order 3. Since z = nm are the zeros of order 2 for the
function sin? z and the function (1 — 2)3/(5z 4+ 3) does not vanish at these
points, z = n7 are zeros of order 2 for the function 1/f(z). Hence, z = nm
are poles of order 2 for f(z).

Example 29.9. Classify the zeros and poles of the function f(z) =
tan z/z. Since (tan z)/z = (sin z)/(z cos z), the only possible zeros are those
of sinz; i.e., z =nw (n = 0,+1,42 ---). However, z = 0 is a singularity.
The points z = (n + 1/2)m, which are zeros of cos z, are also singularities.
If n is a nonzero integer, z = nm is a simple zero for f(z) since f'(nm) =
1/(nm) # 0. At 2 = 0, we have lim,_,g(ztanz)/z = 0. Hence, the origin
is a removable singularity. Finally, since cosz has simple zeros at z =
(n+1/2)7, n=0,4£1,42, --- and z/sinz does not vanish at these points,
1/f(2) also has simple zeros at these points. Hence, f(z) has simple poles
at z=(n+1/2)mr, n=0,£1,£2,---.

Corollary 29.3. If f(z) and g(z) have zeros of orders m and n,
respectively, at zo, then the quotient function h(z) = f(z)/g(z) has the
following behavior:

(i).  If m > n, then h(z) has a removable singularity at zo. If we define
h(zp) = 0, then h(z) has a zero of order m — n at z.

(i1). If m < n, then h(z) has a pole of order n — m at zp.

(iii). If m = n, then h(z) has a removable singularity at zo.

Corollary 29.4. The only singularities of the rational function (5.2)
are removable singularities or poles.

Theorem 29.3. If the function f(z) has a pole of order m at zg, then
|(z—20)°f(2)] = ccasz — zg forall £ = 0,1,---,m—1, while (z —20)™ f(2)
has a removable singularity at zg.
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Proof. From (29.2) in some punctured neighborhood of zy, we have
(2= 20)"f(2) = G +a—mir(z —20) +---.

Thus, the singularity of (z—z0)™ f(2) at zp is removable, and (z—z¢)™ f(z) —
a_m # 0 as z — z9. Hence, for any integer ¢ < m, it follows that

(2 — 20)°f(2)] = W(z—zo)mf(z) — 00 as z — 2. |

Theorem 29.4. The point zg is a pole of f(z) if and only if | f(z)| — oo
as z — 2p.

Proof. From Theorem 29.3, if 2 is a pole of f(2), then lim,_,, |f(2)| =
oo. Conversely, assume that lim,_, ., | f(z)] = oo; i.e., for any number A > 0
there is a punctured neighborhood N,(z9) = {z : 0 < |z — 29| < p} of 2o
such that on it | f(z)| > A. Then, the function 1/ f(2) on N,(z0) is analytic,
bounded, and nonzero. But then, from Theorem 29.1, for the function
1/f(z), the point zp is a removable singularity. Consider the function

o - {1/f(2)7 2 € Ny(z0)

0, zZ = 29.

Clearly, ¢(z) is nonzero on N,(z9), and since lim,_,., ¢(z) = 0 = ¢(20),
it is analytic and has a zero of order m > 1 at zy. Therefore, in view of
Theorem 26.1, ¢(2) = (2 — z0)™¥(z), where ¥(z) is analytic and nonzero
on N,(zo). Consequently, if we let g(z) = 1/4(z), then g(z) is analytic and
nonzero on N,(2p), and

1 1 1

z) = = — 2), 0 <lz— 2l <o
e o(z)  (z—z20)"P(z) (- zo)mg( ) |2 =20l <p
Hence, in view of Theorem 29.2, f(z) has a pole of order m at zg. ]

A function f(z) that is analytic in a region S, except for poles, is said
to be meromorphic in S. It is clear that the class of meromorphic functions
includes analytic and rational functions.
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Singularities and Poles 11

Expanding a function in a Laurent series is often difficult. Therefore,
in this lecture we shall find the behavior of an analytic function in the
neighborhood of an essential singularity. We shall also discuss zeros and
singularities of analytic functions at infinity.

Theorem 30.1 (Casorati-Weierstrass Theorem). Suppose
that f(z) is analytic on the punctured disk 0 < |z — z9| < R. Then, z is
an essential singularity of f(z) if and only if the following conditions hold:

(i). There exists a sequence {ay, } such that o, — 2o and limy, o0 | f ()]
= 0.

(ii). For any complex number w, there exists a sequence {«,,} (depending
on w) such that «,, — 2o and lim, _ f(,) = w.

Proof. If (i) holds, then, in view of Theorem 29.1 (iv), z cannot be a re-
movable singularity. If (ii) holds, then, from Theorem 29.4, zy is not a pole.
Hence, if (i) and (ii) hold, then 2 is an essential singularity. Conversely,
suppose that zg is an essential singularity. Clearly, f(z) cannot be bounded
near 2z (otherwise, zg is a removable singularity), and hence (i) holds. If (ii)
does not hold, then |f(z) —w| > € > 0 for some w and all z in a punctured
neighborhood N, (zp). Consider the function ¢g(z) = 1/(f(z) —w). It follows
that g(z) is analytic on N, (zp), and since |g(z)| < 1/e for all z € N,(29), 20
is a removable singularity for ¢g(z). In view of Theorem 29.4, we also note
that lim, ., | f(2)] # oo, and hence g(zp) # 0. But this in turn implies that
the function f(z) = w + 1/g(z) is analytic in a neighborhood of zg. This
contradiction ensures that (ii) holds. |

Corollary 30.1. Let zg be an essential singular point of f(z), and
let Es be the set of values taken by f(z) in the punctured neighborhood
Ns(z0). Then, Es = C U {cc}.

Theorem 30.1 has a generalization, which we state without proof.

Theorem 30.2 (Picard’s Theorem). A function with an essen-
tial singularity assumes every complex value, except possibly one, infinitely
often in every neighborhood of this singularity.

Example 30.1. Consider the function f(z) = e'/#. In view of the
Laurent expansion of e!/# in Example 25.1, this function has an essential
singularity at z = 0. If we choose the sequence {z,} = {1/n}, then z, — 0

R.P. Agarwal et al., An Introduction to Complex Analysis, 200
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and f(z,) = €™ — 0o as n — 00, and hence condition (i) of Theorem 30.1
is satisfied. If we choose the sequence {z,} = {—1/n}, then 2z, — 0 and
f(zn) =™ = 0asn — oo. If we choose the sequence {z,} = {1/(Log |w|+
iArgw + 2mni)}, where w # 0, then z, — 0 and f(z,) = cLoglul+iArgw
w, and hence condition (ii) of Theorem 30.1 is also satisfied. Here, since,
for each n, f(z,) = w and e'/? is never zero, this function verifies Theorem
30.2 also.

Example 30.2. Since

1 1 1 1
f(z) = sin— = — + — e,

z z 3123 Blgb

this function has an essential singularity at z = 0. If we choose the sequence
{zn} = {i/n}, then z, — 0 and f(z,) = sin(n/i) = sin(—in) = —isinhn —
oo as n — oo, and hence condition (i) of Theorem 30.1 is satisfied. If
we choose the sequence {z,} = {i/[Log(iw + v1 — w?) + 2nmi]}, where
w # oo, then z, — 0 and f(z,) = sin(1/z,) = sin(—ilogliw + V1 — w?]) =
sin(sin~ ' w) = w, and hence condition (ii) of Theorem 30.1 is also satisfied.
Clearly, this function also confirms Theorem 30.2.

Example 30.3. For the function f(z) = e*/ "% the only possi-
ble singularities are z = km, k = 0,4+1,+2,---. Since lim,_,o(z/sinz) =
1, lim,—0 f(2z) = e, and hence f(z) has a removable singularity at z = 0.
We claim that z = km, k # 0 are essential singularities of f(z). For this, let
k be even. Then, since lim, . +(z/sinz) = oo and lim, .- (2/sinz) =
—00, it follows that lim, .+ f(z) = co and limy_, .- f(2) = 0. From the
first limit, we find that z = k7w cannot be a removable singularity, whereas
from the second limit it is clear that z = kn cannot be a pole. Thus, the
only possibility left is that z = kx is an essential singularity. A similar
argument holds when k is odd.

Now we shall investigate the behavior of an analytic function in the
neighborhood of infinity. For this, suppose that f(z) is analytic for all |z| >
R, except possibly at the point z = oco. We note that the transformation
w = 1/z carries the point z = oo into the point w = 0, and every sequence
{zn} converging to oo into a sequence {w,, } = {1/z,} converging to 0. Thus,
the study of f(z) in the neighborhood of infinity can be reduced to the study
of F(w) = f(1/w), which is analytic on the annulus 0 < |w| < 1/R. We
say z = oo is a removable singularity, a pole of order m, or an essential
singularity of f(z) if w = 0 is a removable singularity, a pole of order m, or
an essential singularity of F'(w).

Thus, if z = oo is a removable singularity of f(z), then

Fw) = ag+a_jw+a_ow? + - +a_jul + -,
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and hence
f(z) = aptarz7 fa 9z 4+ ta izl 4

Therefore, the expansion of f(z) does not have terms involving positive
powers of z. Similarly, if z = co is a pole of order m of f(z), then

Fw) = amw ™+ +aw " +ao+a71w+-~-+a,jwj + -0, am #0,
and hence

f(z) = amz™ +- - Farz+aota1z a2 4, am #0.
Therefore, the expansion of f(z) contains a finite number of terms involving

positive powers of z. Finally, if z = oo is an essential singularity of f(z),
then

F(w) = Z a;w,
j=—o00
and hence
fz) = > a2
Jj=—00

Therefore, the expansion of f(z) contains an infinite number of terms in-
volving positive powers of z.

From the considerations above it is clear that the situation at z = oo
is the same as at any finite point, except the roles of positive and negative
powers are now interchanged. Furthermore, in view of Theorems 29.1, 29.2,
and 30.1, we can state the following theorem.

Theorem 30.3. The function f(z) has a removable singularity at
z = o0 if f(2) is bounded in a deleted neighborhood of oo, a pole at z = 0o
if lim, o f(z) = 00, and an essential singularity at z = oo if lim,_,, f(2)
does not exist.

When f(z) has a removable singularity at oo, lim, ,o f(z) exists. If
lim,_, o f(2) = 0, we say that f(z) has a zero at cc.

Example 30.4. The function 2/(2? + 1) has a zero at oo, whereas
22/(2% + 1) does not have a zero at co but has a removable singularity.
The function f(z) = z° has a pole of order 5 at z = oo. The function
f(2) = ze™* has an essential singularity at z = oo.

In the following results, we shall characterize entire functions at z = oco.

Theorem 30.4. An entire function f(z) has a removable singularity
at z = oo if and only if it is a constant.
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Proof. If f(z) is a constant, then clearly z = oo is its removable sin-
gularity. Conversely, if f(z) has a removable singularity at z = oo, then
lim, ,o f(2) = wp exists, and hence there is an R > 0 such that |z| > R
implies |f(z) — wo| < 1; ie., |f(2)] < |wo| + 1. This in turn implies that
there exists a finite constant M > 0 such that |f(z)] < M on C. But then,
in view of Theorem 18.6, the function f(z) has to be a constant. |

Theorem 30.5. An entire function f(z) has a pole of order m at
z = oo if and only if it is a polynomial of degree m.

Proof. If f(2) = amz™ + am_12""1 + -+ a1z + ag, am # 0, then

1

Flw) = f(1/w) = tn—s +an1—

1
+-tai—+ag
w

1
= o (am + amoqw—+ -+ agw™ !+ ao) ,

and hence limy, o w™F(w) = an, # 0, while lim,,_,o w"F(w) = 0 for all
n > m. Hence, F(w) has a pole of order m at 0; i.e., f(z) has a pole of order
m at co. Conversely, suppose that f(z) has a pole of order m at co. Then,
F(w) has a pole of order m at 0; i.e., m is the least positive integer such that
lim,, o w™F (w) = ¢, a constant, which is the same as lim,_,, f(2)/2™ = c.
This implies that there is R > 0 such that |f(z)| < (|¢| +1)|z|™ for |z| > R.
But then, in view of Problem 24.8, f(z) is a polynomial of degree at most
m. However, since m is the least such integer, the degree of the polynomial
is exactly m. |

From Theorems 30.4 and 30.5, it follows that f(z) has an essential
singularity at z = oo if and only if f(2) is not a polynomial of finite degree;
i.e., it is an entire transcendental function, such as e*, sinz.

We conclude this lecture by characterizing rational functions.

Theorem 30.6. An entire function f(z) is rational (see (5.2)) if and
only if it has at most poles on the extended complex plane C U {oco}.

Proof. Since a limiting point of poles is an essential singularity, the
function f(z) can have only a finite number of poles on the extended com-
plex plane. Let the poles be at ay,aso, - -, ag, oo of orders ny,nsg, -+, ng, m,
respectively. Consider the function

9(2) = (z—a)™(z —a2)"™ - (z — ar)™ f(2).

Clearly, g(z) is analytic on every bounded domain. Since h(z) = (z —
a1)™(z —ag)™ -+ (2 — a;)™ has a pole of order N = ny +ng + -+ + ny
at infinity, the function g(z) must have a pole of order N + m at infinity.
But then, from Theorem 30.5, it follows that g(z) is a polynomial of degree
N +m. This, however, implies that f(z) = g(z)/h(z) is a rational function.
The converse is immediate. |
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Problems

30.1. Show that z = 0 is a removable singularity of the following
functions. Furthermore, define f(0) such that these functions are analytic
at z =0.

2
e —1 sinz — z 1—%22—6082
(@) f(z)=—— () fl&)=—F73— (o) fl&)=— 75—
30.2. Show that the following functions are entire
cos z 7r
——— wh +— 2 _ e
22 —72/4 when z # 2 € —°  when z#0
—— when z # :|:§, 1 when z=0.
T

30.3. Find and classify the isolated singularities of the following func-
tions:

B ) z sin 3z
(a). 22(z — 1)’ (b). 2%el%, (). cos z’ (d). 22 7’
1sin(z — 1) (2~ 1) cosmz
LGk ) Y :
(0)- cos2——== () (z+2)(22 — 1)(2 + 1)2si® 7z

30.4. Suppose that f(z) has a pole of order m at zo. Show that f/(z)
has a pole of order m + 1 at zg.

30.5. Show that the function f(z) whose Laurent series is

—1 o0 Z‘j
J il
> A+
j=—o0 j=1
does not have an essential singularity at z = 0, although it contains in-
finitely many negative powers of z.
30.6. Classify the zeros and singularities of the functions
tan z

(a). f(z)=sin(l—271), (b). f(z)= , (¢). f(2)=tanhz.

z

30.7. Verify Theorem 30.2 for the functions cos(1/z) and cosh(1/z).

30.8. Suppose that f(z) is analytic on |z| < R, R > 1 except at
20, |z0| = 1, where it has a simple pole. Furthermore, suppose that the
expansion f(2) = 3_7% a;2’ holds on |2| < 1. Show that lim; o a;/aj11 =
Z0-

30.9. Investigate the behavior of the following functions at infinity:



Singularities and Poles IT 205

1 1—e*
———, (b)., ——,
22(2% 4+ 1)2 (b) 1+ e?

(a). (c). ze*, (d). ecot=,

30.10. Suppose that f(z) and g(z) are entire functions such that (f o
g)(z) is a polynomial. Show that both f(z) and g(z) are polynomials.

30.11. Find all functions that are analytic everywhere in the extended
complex plane C U {o0}.

Answers or Hints

m&(@f@=@+§+§+~}ﬂ®=&@)Q@=P%+§—
), f0)=0,(c). f(2) =2 (=g + 5 —)/A=F+5—), [(0)=0.

30.2. (a). First note that 2577 Is analytic everywhere except +7/2.

Hence, +m/2 are isolated singularities of the function. Next, we have

. COS 2. . B —sinz __ 1
hInz~>7r/2 22—n2/d 111112*)#/2 22 and
. CoS 2 1 —sinz __ 1
hmz—>—7r/2 Zom2jd hmz—>—7r/2 %, — o

Thus, z = +m/2 are removable singularities, and hence f is an entire func-
tion.

(b). Clearly, e ;E_z is analytic everywhere except z = 0. But lim,_,¢ ezgi_z
=lim,_ o ez“‘;ﬂ = 1, and hence z = 0 is a removable singularity of 625272 ,

and so ¢ is an entire function. Alternatively, we note that
g(z):%(1—!—2—0—2—?4—---)—%(1—z+§—§+-~-) — 1+ 45+
.-+, which is an entire function.

30.3. (a). z = 0 pole of order 2, z = 1 simple pole, (b). z = 0 es-
sential singularity, (c). z = (7/2) + kn, k € Z simple pole, (d). z =0
simple pole, (e). z = 0 essential singularity, z = ¢ simple pole, z = —i
simple pole, (f). z = 1/2 removable singularity, z = 41 simple pole,
z € Z\{-2,—1,1} and z = =£i pole of order 2, 2 = —2 pole of order 3.
30.4. In some punctured neighborhood of zg, f(z) = g¢(2)/(z — 2z0)™,
where g is analytic at zp and g(z9) # 0 by Theorem 29.2. Then f/(z) =
h(z)/(z — z0)™ L, where h(2) = (2 — 20) ¢'(z) — mg(z) is analytic at 2o and
h(z0) = —mg(z0) # 0, so f’ has a pole of order m + 1 by Theorem 29.2
again.

30.5. The series does not converge in a deleted neighborhood of z = 0.
30.6. (a). Simple zerosat z = 1/(1—nw), n =0,£1,£2,--- . If welet z — 0
through positive values, then sin(1 — z~1) oscillates between £1, and hence
at z = 0 is an essential singularity, (b). z = 0 is a removable singularity, z =
nm, n=+1,42, --- are simple zeros, and z = (2n+1)/2, n =0,£1,£2,---
are simple poles.

80.7. cos(1/2) = 3°720(=1)72727/(2§)!, 0 < |z2| < oo has an essential
singularity at 0. We want to show that for every complex value w, except
possibly one, there is a sequence z,, — 0, z, # 0 such that cos(1/z,) = w.
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cos™ ' w = —iloglw +i(1 —w?)Y/?] = —iLog[w +i(1 —w?)'/?] 4+ 2nn, n € Z
is defined for all w € C since the quantity inside the brackets is never zero.
Fix w and set ¢, = —iLog[w + i(1 — w?)'/?] + 2nz. Then |(,| — 0. So
we can take z, = 1/(,. The result for cosh(1/z) = cos(1/(iz)) also follows
from this.

30.8. f(2) = ;== + h(z), where h(z) is analytic in [2| < R. Thus, h(z) =
Z;io b;jz7 in |z| < R. Clearly, b; — 0. For |z| < 1, we have E;io ajzl =
—(a-1/20) 22520 (2/20)7 + 22724 bz’ Thus, lim; o %
= limj_wo {—Zag;:l + b]} / |:_zag;+12 + bj+1 = 29.

30.9. (a). Zero of order 8, (b). simple poles at (2k+1)mi, k =0, £1,+2,---
and oo is a limit point of poles, (c). simple pole, (d). essential singularity.
30.10. If f(z) is not a polynomial, then it has an essential singularity at oo.
But, then from Theorem 30.1, lim,_, |(f 0 g)(2)| # oo, which contradicts
that (f o g)(z) is a polynomial. A similar argument holds if g(z) is not a
polynomial.

30.11. Let f(z) be such a function. Since it is analytic at oo, it is bounded
for |z| > M. But then, by continuity, f(z) is also bounded for |z| < M.
Hence, f(z) is a bounded entire function. By Theorem 18.6, f(z) must be
a constant.




Lecture 31

Cauchy’s Residue Theorem

In this lecture, we shall use Laurent’s expansion to establish Cauchy’s
Residue Theorem, which has far-reaching applications. In particular, it
generalizes Cauchy’s integral formula for derivatives (18.5), so that integrals
that have a finite number of isolated singularities inside a contour can be
integrated rather easily.

Suppose that the function f(z) is analytic in a punctured neighborhood
N(zo) of an isolated singular point zp, so that it can be expanded in a

Laurent series f(z) = Z;ifoo a;j(z — 20)7. The coefficient a_; is called the

residue of f(z) at zo and is denoted by R[f, zo].

Example 31.1. From Examples 25.1-25.3, we have

2 2z
1/% B 2°—2247 B e B 9
R|:€ / ,O:| = 1, R{T,]} = 7, R[m,]} = 2e”.

Example 31.2. Clearly,

[ee] 5 o0 (oo}

R [ez+1/z70} = (coefficient of 1/2) Zj—]' Z j'% = Z ﬁ

j=0 7" j=0 j=0 J
If f(2) has a removable singularity at zg, all the coefficients of the nega-
tive powers of (z—zp) in its Laurent expansion are zero, and so, in particular,

the residue at zg is zero.

Example 31.3. From Example 29.4, it is clear that

: | 3_1
R[SHZI'Z,O} -0, R{CO%,O] — 0, R[Z 1} -0

z2—1"
If f(2) has a pole of order m > 1 at zg, then the residue R[f, zo] can be

calculated with the help of the following theorem.

Theorem 31.1. If f(z) has a pole of order m at zg, then

1 dm,—l

R[f, Z()] = zh—>nzlo mm [(Z — Zo)mf(z)] . (311)

R.P. Agarwal et al., An Introduction to Complex Analysis, 207
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Proof. The Laurent series for f(z) around 2 is given by

f(z) = (z(i_—zw;)m—’_“.—i_ (Zci_jo)2 +(za—_:,Lzo) +ap+ai(z—z9)+---

Multiplying the series by (z — 29)™, we get

(z—20)"f(2) = a—m +ami1(z—20)+ - +a_o(z —20)™ 2

+a_1(z—20)" P +ap(z — 20)™ + ar(z — z0)™ L + - - -

Differentiating m — 1 times, we obtain

A M=) ) = (m Dty +mlao(z - z)
+@a1(2 — 20)2 + -

Hence, it follows that

m—1

Jim [z = 20)" ()] = (m— Doy,

which is the same as (31.1). |

Corollary 31.1. If f(z) has a simple pole at z, then
R[f,z0] = ZILIEO(Z —20)f(%). (31.2)
Corollary 31.2. If f(2) = P(2)/Q(z), where the functions P(z) and

Q(2) are both analytic at zo and Q(2) has a simple zero at zg, while P(zq) #
0, then

P(z0)
R = . 31.3
[fa ZO} Q/(ZO) ( )
Proof. Since Q(z9) = 0 and f(z) has a simple pole at 2, it follows that
L PR P(2) _ P(x)
bl = ZLEm2gn) = B Taee] T Ot

Corollary 31.3. If f(2) has a simple pole at zy and g(z) is analytic at
29, then

R[fg,20] = g(z0)R[f, z0]. (31.4)

Example 31.4. Find the residue at each of the singularities of f(z) =

¢’ /[2(z + 1)]. The function f(z) has simple poles at z = 0 and z = —1.
Therefore, from (31.2), we have

R[f,0] = limzf(z) = lim <
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and ,
R[f,-1] = lim (¢+1)f(z) = lim < —e .

z——1 z——1 z

Example 31.5. Find the residue at each of the singularities of f(z) =
z/(2" — 1). The function f(z) has simple poles at z, = e27*/" | =
0,1,---,n — 1. Therefore, from (31.3) and the fact that 2] = 1, we have

Z 2k L, L dizk/n
R Zn_l,Zk = -1 — TRk — —e .
nz n n

Example 31.6. Find the residue at each of the singularities of f(z) =
cot z. The function cotz = cosz/sinz has simple poles at z = krw, k =
0,+1,42,---. Using (31.3), we get

_ cos km _ 1
© coskr

Rcot z, kn] = conc

(sinz)"|, ;.

Example 31.7. Find the residue of f(z) = (cot 2)/2? at z = 0. Since
f(2) has a pole of order 3 at z = 0, from (31.1) and L’Hopital’s Rule
(Theorem 6.3), we have

1 2 1 2
R[COtZ O} = — lim d [z?’COtZ] = li d—[zcotz}

— — — — lim
22 2! 250 dz2 22 2! 250 dz2
1., 2 L. 2 2
= —lim —[cot z — zcosec”z] = = lim[—2cosec”z + 2zcosec”z cot 2]
2 2—0dz z—0
. zZcosz—sinz . —zsinz
= 11m —3 = 11m —
z—0 sin” z 2—0 3sin” z cos z
1. z . 1 1
= — —lim — lim = ——.
3 20 sin 2 2—0 cos z 3

Now we shall state and prove the main theorem of this lecture.

Theorem 31.2 (Cauchy’s Residue Theorem). If vy is a
positively oriented simple closed contour and f is analytic inside and on
except at the points 21, 29, - - -, 25, inside v, then

/f(z)dz = ZWiZR[f,zj]. (31.5)

Proof. Let v;, j = 1,2,---,n be positively oriented circles centered
at zj, 7 =1,2,---,n respectively. Furthermore, suppose that each v; has
a radius r; so small that «;, j = 1,2,---,n are mutually disjoint and lie
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interior to v (see Figure 16.4). Then, from Theorem 16.2, the relation (16.1)
holds. At z; the function f(z) has a Laurent series expansion

which is valid for all z on a small, positively oriented circle y; centered at
z;. But then, it follows that

[/j f(z)dz

L i an(z — ;) dz

i k=—o00

Z ak/ (z — zj)*dz = 2mia_y = 2miR[f, z].

k=—0o0

Substituting this in (16.1), the relation (31.5) follows. |

Example 31.8. Let v be any positively oriented, simple, closed contour
containing only the isolated singularity at z = 0 of the functions considered
below. Then, from Examples 31.1-31.4, 31.6 and 31.7, it follows that

1 sin z
e?dz = 2mi, / etV = 2mi _— / = 0,
[y ¥ Z I+ 1) v F

3
z t 2
/e—dz = 2mi, /cotzdz = 2mi, /Cozzdz = — —Ti.
5 2(z+1) - y 2 3

Example 31.9. Evaluate / dz/(z* + 1), where 7 is the following
vy

contour.

e3mi/4 emi/4

-2 0 2
Figure 31.1

The singularities of the integrand occur at the fourth roots of —1; i.e.,
emi/t 3T/t 5Ti/4 and e7™/4. However, only e™/* and e3™/* are inside
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the contour. Hence, by Theorem 31.2, we have

dz . 1 mi/4 1 37i/4
/y24+1 27TZ(R[Z4+1,6 /}—l—R[—ZLH,e /})

. 1 1
= 2m (4(67”'/4)3 + 4(e3m/4)3>

_ o _eﬂi/4 N e*ﬂ'i/4 o
- 4 4 VG

Now suppose that f(z) is analytic in a deleted neighborhood of z = oo,
so that f(z) = Y272 a;27 holds for R < [2] < oco. Let v, : |z] = p >
R. From the definition of a curve positively oriented surrounding infinity
(Lecture 12), it follows that

0
/ f(z)dz = / a;ldz = ja_; dd = —2mia_;.
Ve Yo Z 27
This suggests that R[f,oo0] = —a_;. It is interesting to note that at co the
residue of a function can be nonzero even when oo is a regular point. For
example, for the function f(z) = 1/z, oo is a regular point, in fact, a simple
zero, but R[1/z,00] = —1.

Theorem 31.3. Let the function f(z) be analytic in the extended
complex plane, except at isolated singular points. Then, the sum of all
residues of f(z) is equal to zero.

Proof. The function f(z) can have only a finite number of singular
points; otherwise, the singular points will have a limit point o (maybe at
infinity), which will be a nonisolated singular point of f(z). Thus, there
exists a positively oriented circle vy, such that all finite singular points
21, -, zn of f(2) lie inside 7,. But then, from Theorem 31.2, we have

n

/ f(z)dz = 2wy R[f. 2] (31.6)

j=1
Since relative to the point z = oo the direction of 7, is negative, we also
have

f(z)dz = —2miR[f,0]. (31.7)

Yo

Subtracting (31.7) from (31.6), we find

> R[f.z]+R[f,0c] = 0. B (31.8)

Jj=1
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Since rational functions have only isolated singular points (poles), The-
orem 31.3 is directly applicable to rational functions.

. dz
Example 31.10. Consider I = LW7
3¢, 0 < 6 < 2m. Clearly, I = 27m'23i1 R[f,w;], where w; are the
23 roots of unity. Obviously, this sum is not easy to compute. How-
ever, since R[f,00] = 0 and R[f,7] = 1/(7%3 — 1), from (31.8) we get
I = —2mi(R[z,00] + R[f,7]) = —2mi /(7% — 1).

where v : z =

Problems

31.1. For each of the functions in Problem 30.3 (a)-(d), compute
R[f, z0], where zq is an isolated singularity of f(z).

31.2. Show that

ZQn

|

(2n)!
(n—1)(n+1)"
[ Isin(z—-1) ] 1 ) )
(b). R _cos ;Zz—_‘_l,z} = Ecoshlslnh(l +1),

[ cosz (6 —72)
d). R|=282 -2~ 7)
(d) R_zQ(z—ﬂ)yW} ot
o
247

3
(e). R[z cos —,

61/z )
(f) R [m,o} =sinl.

31.3. Show that
22 B n (2n)!
(2). R [(z + 1)"’00} = (=1 (n—Dln+1)"
143

1
3 cos
(b). R{z 0052_2700} =0

31.4. Evaluate the following integrals:

52
. —————dz, wh tz| =3
(a) L<Z_1)2(Z+2) 2, where 7 : |2 = 3,

3

z
b). dz, wh Hz] =1
(b) /7(z—2)(z—1—i) z, where 7 : |z| 5,
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d

(c). / 4—21, where -y is the rectangle defined by z = —0.5, x =2, y =

A
¥

_27 1122»
z

(d) /Y(Zz_l)Q(Zg_’_l)dZ,Wherefy;Z_1|:\/§,

(e). /cos(l/zQ)el/zdz, where 7y : |z] = 1,
8!

(). /tanz, where 7 : |z| = 2.
8!

31.5. Let v be the circle |z + 1| = 2 traversed twice in the clockwise

direction. Evaluate / L
L (22 2)
31.6. Suppose that f(z) is an even function with an isolated singularity
at 0. Show that R[f,0] = 0.
31.7. Suppose that f(2) =372 aj(z—20) and g(z) = 372 bj(z—
20)? are valid in an annulus around zp. Show that

o0

R[fg, 20| = Z ajb_j-1.

j=—oc0

31.8. Suppose that f(z) and g(z) are analytic functions with zeros of
respective orders k and k + 1 at zg. Show that

(k) (2,
R[fn] = wr s

31.9. Let a be a nonzero fixed complex number such that |o| = a < 1.

Show that
|dz| 27

Llz—al? T 1-a?

where v is the unit circle |z| = 1.

31.10. Find all functions f(z) having the following properties: f(z) has
a double pole with residue 3 at z = 0; f(z) has a simple pole with residue
7 at z = 1; and f(z) is bounded in a neighborhood of z = co.

Answers or Hints

31.1. (a). R[f,0] = L2+ = 1 R[f,1] = 2, (b). R[f,0) = 1/3.,

z—1

(c). RIf, (2 + 1)7/2) =l (g g1y o 2D/ — —GRAD/2
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(d). R[f,0] = 3.

31.2. For (a)-(d), use Theorem 31.2; for (e) and (f), expand the functions
in Laurent’s series.

31.3. Use the definition.

31.4. (a). 2mi, (b). 4mi, (c). wi/2, (d). wi/4, (e). 2mi, (f). —4mi.

3L.5. [ (sz%)z =2/ 22(5%)2 where T is the circle |z + 1] = 2 anticlock-
wise, so —4mi(Res(0) + Res(—1)) = 0.

31.6. Use Problem 25.7.

31.7. Use the Cauchy product.

31.8. f(2) = (2 —20)"¢(2), d(20) # 0, g(2) = (2 — 20)*1(2), ¥(20) #
0. Thus, R[f/g,z20] = lim, ., (2 — 20)[(z — 20)ké(2) /(2 — 2z0)*T19(2)] =
$(20)/1(20). Now use ¢(z0) = f*) (20)/k! and 1 (z0) = g*+1 (2)/(k + 1)!.
31.9. |dz| = |ie??|df = df = dz/(iz) and |z — a|? = |2|*> —aZ —az +|a|? =

= = 2 ldz| 1 dz —_2
1 —az —a@z+a®. Hence, fv A = 3 fﬂ/ s armra Now, az? — (1+

a?)z +a =0 gives 21 = 1/@, 22 = a?/a. Since |a| = a < 1, 21 lies outside

v, whereas z, is inside ~. Finally, note that R [EZQ_(lj_az)Ha,zg

31.10. In view of Theorem 18.6, the function g(z) = f(z) — 2 — 4 — T

is a constant. Thus, f(z) = % + z% + zzl + B.




Lecture 32

Evaluation of Real Integrals
by Contour Integration I

In this lecture and the next, we shall show that the theory of residues
can be applied to compute certain types of definite as well as improper real
integrals. Some of these integrals occur in physical and engineering appli-
cations, and often cannot be evaluated by using the methods of calculus.

First we shall apply Cauchy’s Residue Theorem to evaluate definite real
integrals of the form
2
/ R(cos,sin6)db, (32.1)
0
where R(cosf,sinf) is a rational function with real coefficients of cos 6 and
sin # and whose denominator does not vanish on [0, 27]. We shall transform
(32.1) into a simple closed contour integral. For this, we let v be the
positively oriented unit circle [2| = 1 parameterized by z = e, Thus,
1/2z = e % Since cosf = (e +e7%)/2 and sind = (e’ — e=%)/(2i), we
have

1 1 . 1
cosf = 3 <z—|—;> and sinf = Z(Z_;) (32.2)

Also, differentiating z = ¢ along v, we find

dz = ie" = iz

do Y

and hence J J
==L = &

iz z

Therefore, the integral (32.1) can be written as the contour integral

27 -1 _ 1
/ R(cosf,sinf)df = /R (z te z - ) % (32.3)
0 vy

2 72 iz

If in (32.1) the function R involves cos nf and sin nf, then we can directly
use

cosnf = 1<z”—&—i> and sinnf = ! (z"—i), (32.4)

2 Zn 21 zZn

R.P. Agarwal et al., An Introduction to Complex Analysis, 215
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which follow from De Moivre’s formula (3.4).

1

1+ asinf
integral can be transformed into a contour integral:

27
Example 32.1. Evaluate I = / df, 0 < |a] < 1. This
0

1

1 dz 2
fyl—i—a(z—z_l)/%a - [Yaz2—|—2iz—adz
2/ ! dz
atyz4+i(1+vV1—a2)/a)[z+i(1 =1 —a2)/a]

Since | —i(1 + V1 —a?)/a] > 1 and | —i(1l — V1 —a?)/a| < 1, it follows

that

A 1

I=-" [[z—i—i(l—l—\/1—_a2)/a][2—1—2'(1—\/_1—&2)/(1]7_i(l_ 1-a%)/a
41 1 21

a [—i(1—V1—a?)/a+i(l+VI—a?)/a] VI—a?

Similarly, we have

o 27
I:/ o = , 0<l]a|l <1
o 1l+acosh 1—a2
T do .
Example 32.2. Evaluate I = —————— a > 1. Since the
o (a+cosb)?

integrand is symmetric in [0, 27r] about 6 = 7, it is clear that

. 1/2“ d
2Jy (a+cosh)?

We transform this integral into a contour integral to obtain

I_l/ 422 dz_2/ zdz
2/, (P +2az+ 120z i ), (z—a)?(z—B)%

where @ = —a + va? — 1 and 8 = —a — va? — 1. Thus, the integrand has
two double poles at a and [, of which only « is inside . Hence, it follows

that

471 z i d _c
1= PRl e - i ()
_ g @B @ ma
B Ta=ppF = Taaz-1p2 T (@212

Next, we shall evaluate integrals of certain functions over infinite in-
tervals. If f(x) is a function continuous on the nonnegative real axis
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0 < 2 < oo, then the improper integral of f(x) over [0,00) is defined
by
9] b
L = / f(z)dz = lim / f(z)dx. (32.5)
0 b—oo Jo
If the limit exists, the integral I; is said to be convergent; otherwise it is

divergent. Similarly, the improper integral of f(z) over (—oo, 0] is defined

as
0

0
L = /_ fde = dim [ ) (32.6)

c— 00
—cC

If f(z) is continuous for all z, the improper integral of f(x) over (—oo, c0)
is defined by

oo 0 b
I = / f(zx)de = lim f(x)dx+blim flx)de = L+1; (32.7)
—0o0 c —0Jo

c— 00

provided both the limits in (32.7) exist.

The Cauchy principal value (p.v.) of I is defined to be the number

p.v. /jo flx)dz = lim ’ f(x)dx (32.8)

-y
p—=oe J_,

provided this limit exists. Cauchy’s principal value of an integral may exist
even though the integral itself is not convergent. For example, [ ” P xdr =0

for all p, and hence p.v. [ xdz = 0, but [;° zdx = co. However, if the
improper integral I exists, then clearly it must be equal to its principal value
(p-v.). We also note that if f(x) is an even function; i.e., f(—z) = f(x)
for all real numbers z, and if the Cauchy principal value of I exists, then [
exists. Moreover, we have

s b /_o;f(x)dx — /Ooof(x)dx. (32.9)

In the following theorem, we use residue theory to compute the Cauchy
principal value of I for a certain class of functions f(z).

Theorem 32.1. Let f(z) be a rational function having no real poles,
and there exists p such that for any |z| > u, |f(2)] < M/|z|? for some
M > 0. Then,

p.v. /jo fla)dz = 210y R[f, 2], (32.10)

holds, where the sum is taken over all the poles z; of f(z) that fall in the
upper half-plane.
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Proof. Suppose p > i is so large that the semicircle fy;‘ contains all the
poles of f(z) that are in the upper half-plane. Then, onT', = [—p, p] U{v;j‘},
by Cauchy’s Residue Theorem, we have

f /f Jdz + [ f(z)dz = 2mi Y R[f,z]. (32.11)

Clearly, the right-hand side of (32.11) is independent of p, while for the
left-hand side we find

lim f / flx
p—r00
and
f( ‘/ fpe! pw“’dO} / £ (pe)|pdf < p%w = ]\?

so that lim,_,~ f'y+ f(2)dz = 0. Hence, (32.10) follows. |
P

Corollary 32.1. If f(z) = P(2)/Q(z) is a rational function such that

P(z) and Q(z) do not have a common zero, Q(z) has no zeros on the real

line, and degree Q > 2+ degree P, then lim, f,y+ f(2)dz = 0, where
P

is the upper half-circle of radius p.
Remark 32.1. 1In the proof of Theorem 32.1, the upper semicircle is

used only for convenience. One may as well use the lower semicircle or any
other suitable contour having the real interval [—p, p] as one of its parts.

Example 32.3. Evaluate
< dx
I = pwv. /_00374—+a4’ a> 0.

Clearly, the function f(z) = 1/(z*+ a*) satisfies the conditions of Corollary
32.1. Its singular points in the upper half-plane are the simple poles at
21 = ae™/* and zy = ae3™/*. Thus, from (32.10), it follows that

. 1 1
I = 2m (R [m,Zl] +R[m,22:|)

1 1 21 . )

— o _ _( —3mi/4 —9m/4)
[4 5+ 422] 403 \° e

_ @ (76m/4+e—7ri/4> _ s

4CL3 \/§a3 '

Example 32.4. Evaluate

o dx
I = /O m, a > 0.
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Note that the integral is even and that the function 1/(2%+a?)? has a double
pole at ai and —ai, and hence, from Corollary 32.1, (32.9) and (32.10), it
follows that

1 > dx 1 . )
I = 5 PV [m —(x2+a2)2 = 5(2m)R[f,az]
. d 1 =2 T
= 7 lim — = mi =

z—ai dz (2 + ai)? (2ai)3 403



Lecture 33

Evaluation of Real Integrals
by Contour Integration II

We begin this lecture with two examples where we need to use appro-
priate contours to evaluate certain proper and improper real integrals. We
shall also prove Jordan’s Lemma, which plays a fundamental role in the
computation of integrals involving rational functions multiplied by trigono-
metric functions.

Example 33.1. We shall derive the Fresnel integrals

o0 oo 1
/ coszidr = / sinz?dr = —’/z, (33.1)
0 0 2V 2

which occur in the theory of diffraction. For this, we need the inequality
2 . ™
—0 < sinf, 0<6<_, (33.2)
0 2

and the integral

L= /0 e dr = ‘/7% (33.3)

To show (33.2), we consider the function f(9) =sinf —20/m, 6 € [0,7/2].

Since f”(0) = —sinf, ming<g<r/2 f(#) = f(0) = f(7/2) = 0. To establish
(33.3), we note first that

o0 2 o0 2
L? = </ e " d:v) </ e Y dy> / / (*+97) dxdy
Jo 0 o Jo

and then use the polar coordinates x = rcos ¢, y = rsin ¢, to obtain

/2 poo ) .1
= / / e " rdrdd = [—le’”] « T _ T
Jo 0 2 0 2 4

Now, to establish the integrals in (33.1), we consider the entire function

f(2) = ¢=* and the contour y = OA+ AB + BO as in Figure 33.1, so that,
by Theorem 15.2, we have

/eiz2dz = / eiz2dz+/ eiZdeJr/ e dy = 0.
y 0A AB BO

R.P. Agarwal et al., An Introduction to Complex Analysis, 220
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Clearly, z =z, 0 < xr < pon the line OA; z = pew, 0 <6 < 7/4 on the
arc AB; and z = re™/*, 0 < r < p on the line BO. Hence it follows that
e, /4 , . 0 , .
/ e dx —I—/ exp (inez“g) pie’9d9—|—/ exp (ir2em/2> e dr = 0.
0 0 P
(33.4)
B

A

o</ —a

Figure 33.1

Now, in view of (33.2), we have

w/4 ) ] /4
/ exp (z'pzezle) pie?do| < p/ ‘exp[in (cos 20 + isin 29)]{ de
0 0

IN

/4 5 . /4 ,
p/ e P sm20d9 < p/ e P (40/7r)d9
0 0

rl—e"
= ZT — 0 as p— oo,

whereas (33.3) gives

p—r00

O o0 .
lim exp (ir2e7m/2) eTl"L/4d7, _ _671'2/4/ €7T2d7" _ + 1 \/TE
0
33.6
Combining (33.4)-(33.6), we get
P

o0
.2 . .
lim e dx = / (cosz? +isinz?)dr = —
0

p—< Jq

which on comparing the real and imaginary parts gives (33.1).

Example 33.2. We shall show that

©
I = / dt = i a> 1. (33.7)
o 1

asin(r/a)’

For this, we use the substitution ¢ = e*, so that

o0 eaj
I = pv. /OO eerldm' (33.8)
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The function f(z) = e*/(e** + 1) has an infinite number of singularities on
both the upper and lower half-planes at the points zx = (2k + 1)7wi/«, k =
0,+1,+2,---. Thus, to compute the integral in (33.8), as in Examples 32.3
and 32.4, semicircles cannot be used. Therefore, we use a rectangular con-
tour I', = v1 + 72 + 73 + 74 (see Figure 33.2), which as p — oo expands in
the horizontal direction with the fixed vertical length 27/, and contains
only one singularity of f(z) at zo = 7i/a.

—p+2mi/a 3 p+2mi/a
V4 i/« Y2
—-p 0 71 P
Figure 33.2

By Cauchy’s Residue Theorem, we have

eZ

(e +1)

/F f(z)dz = 2miR[f,mi/a] = 2mi [

z=mi/a

We also have

»/I‘,, f(z)dz = [ﬂ f(z)dz—i—[m f(z)clz—i—[y3 f(z)dz+fy4 f(2)dz

p 27 /o
[ @ [ o+ impidy
0

—p

0

—p
+/p f(:zc—i—27ri/o<)d:1:—i—/2 f(—=p+1y)idy.

T/
(33.10)
Now, we note that
—p —p ew+27ri/oz ) 4 e
i dr — ' der = — 2mi/ o d
/p flx+2mi/a)dx /p corrzm 1 e /_p sl
/ (33.11)
27/ 27/« ep+iy omr eP
/0 Flp+iy)idy /0 ealori) 417 = g -1
; (33.12)
an
0 0 —p+iy 2 -
e T e
— jy)idy| = —idy| < ———.
/27r/a F(=p +iy)idy /M/a ea(=p+iy) L 1Z g = al—er

(33.13)
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Clearly, the right-hand sides of (33.12) and (33.13) go to 0 as p — oc.
Hence, from (33.9)-(33.13), it follows that

i/
—omiS = lim f(z)dz
@ p—oo Jp,
oo ex i oo eac
_ d 0— 27rz/(x/ d 0
/_Ooeax—&—l T ¢ oo €T+ 1 v
_ (1 _ 627”'/0()],
which gives
I 27 emi oo —21 _ s
N a 1—e2ri/a  qe-mi/a _emi/a  qsin(r/a)’

We shall now prove the following result.

Lemma 33.1 (Jordan’s Lemma). Let the function f(z) be
analytic in the upper half-plane with the exception of a finite number of
isolated singularities. Furthermore, let lim, ., max,, |f(z)| = 0, where v,
is the semicircle in the upper half-plane. Then, the following holds

lim e f(z)dz = 0, a>0. (33.14)

P70 Yo

Proof. Let z = pe®, 0 <6 < 7, and M, = max,, |f(z)|. Then, from
the inequality (33.2), we have

/7 e f(2)dz /O7T

P
/2 ) /2
szP/ e ap sm@de < QPMP/ e—2ap9/7rd9
0 0

IN

6(iap[cos€+isin9])’|f(z)|pd0 < PMp/ efapsineda
0

T _e—ap
aMp(l e ) — 0 as p— oo. |

Remark 33.1. If a < 0 and the function f(z) satisfies the conditions
of Lemma 33.1 in the lower half-plane and v, is the semicircle in the lower
half-plane, then (33.14) holds. For a = +ia, (a > 0), (33.14) also holds; in
fact, respectively, we have

lim e “f(z)dz = 0 and lim / e“*f(z)dz = 0, a>0,
pr—>0 Yp1

(33.15)
where ,, is the semicircle in the right half-plane and ~,, is the semicircle
in the left half-plane.
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Remark 33.2. If the function f(z) satisfies the conditions of Lemma
33.1 in the half-plane Im z > yq, where y is a fixed positive or negative real

number, and 7, is the circular arc |z —iyo| = p in the half-plane Im z > yq,
then (33.14) also holds.

Theorem 33.1. Let the function f(z) be as in Lemma 33.1 and have
no singularities on the real axis. Then, for a > 0,

p.v. /_OO e f(x)dx = 27riz Rl f, ], (33.16)

holds, where the sum is taken over all the poles z; of f(z) that fall in the
upper half-plane.

Corollary 33.1. If f(z) = P(2)/Q(z) is a rational function such that
P(z) and Q(z) do not have a common zero, Q(z) has no zeros on the real
line, and degree @ > 14 degree P, then (33.16) holds.

Example 33.3. Clearly, the function f(z) = 1/(22+b2), b > 0 satisfies
the conditions of Corollary 33.1, and hence, for a > 0, we have

0 eiaz ] 6iaz ] T g
p.v. /oon—_Fdex = 2miR {m,lb] = Ee .

Therefore, on comparing the real and imaginary parts, it follows that

 cosax T b °° sinax B
p.v. [m md{ﬁ = EC and p.v. /700 md‘f = 0.

Similarly, we find

o °° xsinax
p-v. / %dm = 0 and p.v. / ———5dr = e,
oo T +b oo T +b

Problems

33.1. Show that:

27 02
(a)./ ﬂd@ 2—W(a—\/aZ—bz), a>b>0.
0

a-+bcos 2
g cos 260 ra?
b). —_—df) = ——— 2 <1,
(b) /0 1+ a? —2acosf 1-a2

2m 2m
1 1 21
. a9 = a9 = 0<b<a
(c) /0 a+bcos? b /0 a+ bsin? 6 Vvava+b
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o 1 2w
d). dd = — 2 b2 2'
(d) /0 acosf +bsinf + ¢ m, a”+0" <c
27 1 9
(e)./ — g = —— 2T 0<c<a, c<b
0o acos?f+Dbsin”0+c @+tolb+co)
. 1 27(1 + a2)
2 = T3 1.
® /o (1+2ac050+a2)2d9 (1—a2)3 "’ la] <
" sin? 6 .
' df = 0 b< 1.
®) /0(1—2610089—|—a2)(1—2bcos<9—|—b2) 2(1—ab)’ <a<b<

27 27
2m (2
. sin“" = cos”" — T , n=1,2---
h 0de 2 0de
0 0 4n \'n

33.2. Show that:

o d. 2
(a). p.v. / L
o T2+ 1 V3

> dx T
b). = b .
(b) /0 P 1@+ - dabaryy 70 b0

922 -1 T
. T g =T
(c) /O Az 4l T d

> x? ™
d). p.v. —_— = — .
(d). p-v /_Oo(x2+a2)2 2a’ a>0
° dx 1-3:5---(2n—=3)7
. = - 1.
(€) /0 @il 24.6--(2n-22 "~

33.3. Let f(z) be a meromorphic function in the upper half-plane
having no real poles, and z f(z) — 0 uniformly as |z| — oo for 0 < argz <
7. Show that (32.10) holds.

33.4. Derive the Poisson integral

p.v. / e—ae? cos(2abx)dr = \/E e a>0, b>0.
a

33.5. Show that

o e 0
p.v./ dr = , 0<ax<l.

e’ +1 sin o

— 00

33.6. Show that

< 7r
—dr = ———, k>2.
/0 k1 ksin(27/k)’ -
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33.7. Show that

o k—1 00 —k
/ i dx:/ T i = —— 0<k<l
o r+1 o v+1 sin km
33.8. With the help of the contour v, as shown, show that
/°° de ~ 2m
o T¥+1 33

i27/3
B

pe

Yo

0] A

33.9. Let a >0, b >0, ¢ >0 and k be real. Show that:

* cosax T ab ab
a). p.v. 2 = ———emab/V2 (cos—+sin—>.
(@) /_oom4+b4 NoE NG
*  cosax kS
b). —d = ~(gh + 1).

o0

cosaxr Y
— " _dr = —e ®coska.
@tk b “

/ cos T de — s e¢ et b
(2 +02) (22 +c2) " (B2 —c2) \ c b )’ “

33.10. Show that:

> lsing T
. p.V. ——dr = —.
(&) pv / (22 +1)2 v 2e

rTSInwTx T
(b)- p-v. /mmd = o

> sinz T
. p.v. de = —.
(). p-v / T+ v e

(). po. /°° cosx;r:vsinxdx _ 2_7r
oo ¢ +1 e

33.11. The gamma function is denoted and defined as

I'(z) ::/ e 7, (33.17)
0
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where Rez > 0 and ¢*~! = e(>=DLO8¢ i5 the principal branch of ¢*~1.
This integral is improper at both ends, and hence it is interpreted as
limp0,c00 f; €127 dL.

(a). Show that [e=**~1| < e~*#R€=2=1 and hence (33.17) converges abso-
lutely for all z such that Rez > 0.

(b). Write ['(2) = 3272, fj(2), where f;(z) = fjo e~'t*~1dt. Show that
each f;(z) is analytic for all z such that Rez > 0.

(c). For all z such that |2|] < A, 0 < Rez < B, show that |f;(2)] < M; =
(j+1)B-1(e=7 —e~UHtD), Hence, deduce that I'(z) is analytic for all 2z such
that Rez > 0.

(d). Use integration by parts to obtain the recurrence relation I'(z + 1) =
2I(z).

(e). Show that I'(1) = 1 and, for an integer n > 1, I'(n + 1) = nl. Thus,
the gamma function is a generalization of the factorial function.

(f). Show that

F@(1-a) = / / e~ Fgmopelgeg = — T 0<a<l.
0 0

sin T

(g). The analytic continuation of I'(z) is
> -1

r — 7,1 (1 f) z/n 0.—1.—2. .-

1(Z) € z ngl + n € ) z 7é ’ ’ ) )

here v is the Fuler constant given by

1 1 1
v = lim [1+—+—+~-~+——lnm} ~ 0.5772.
2 m

m—oo 3

Answers or Hints

33.1. Similar to Examples 32.1 and 32.2.

33.2. Similar to Examples 32.3 and 32.4.

33.3. Similar to Theorem 32.1.

33.4. Take a rectangle as a contour and follow Example 33.1.

33.5. Use the substitution ax = ¢ in (33.8).

33.6. In (33.7), use the substitutions ¢t = 2%, 2a = k.

33.7. In (33.7), use the substitutions t* =z, a =1/(1 — k).

33.8. Since 2% + 1 = 0 implies z = €™/3, 7 ¢®7/3 for p > 1 only
e'™/3 is enclosed by vp- Hence, f«/,, ;%dz = 2miR[1/(2% + 1),e™/3] =
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2 W Next, note that ‘fAB Fo| < %Eﬁ — 0 as p — oo. Fur-
thermore, [, 25 = — [ mge®™/?dt. Thus, we have 2 = (1 —

1271'/3 f() w3_+1dx7 or foo gil = 3(67:2”/?37:161:4#/3) = 2\9f7r'
33.9. Similar to Example 33.3.
33.10. (a). and (b). similar to Example 33.3, (c). use sinz = (e

e~)/(2i), (d). use e /(z —i).
33.11. (a). Compute directly, (b). integral of an analytic function, (c). use
Theorem 22.4 and note that A and B are arbitrary, (d). verify directly, (e). com-
pute directly, (f). use z = s +1t, y = t/s and Problem 33.7, (g). use
Weierstrass’s Factorization Theorem (Theorem 43.3).

i



Lecture 34

Indented Contour Integrals

In previous lectures, when evaluating the real improper integrals we
assumed that the integrand has no singularity over the whole interval of
integration. In this lecture, we shall show that by using indented contours
some functions which have simple poles at certain points on the interval of
integration can be computed.

Recall from calculus that if f(z) is continuous on the interval [a, b) and
discontinuous at b, then the improper integral of f(x) over [a,b] is defined
by

b r
/ f(x)dx = lim / f(x)dx,
a r—=b= J,
provided the limit exists. Similarly, if f(z) is continuous on the interval
(b, ] and discontinuous at b, then the improper integral of f(z) over [b,c|
is defined by
/ f(x)dz = lim / f(x)dx,
b s—=bt Jg
provided the limit exists. If f(z) is continuous on the interval [a,c] and
discontinuous at b € (a,c), then the improper integral of f(z) over [a,c]
and its Cauchy principal value are defined by

/ac f(z)dx = lim ' flz)dz + Sllrg /SC f(z)dzx

r—=b= Jq

aln

t—0+t

d c b—t c
p.v. / f(x)dx = lim ( (x)dx + f(x)da:),
a a b+t

provided the appropriate limits exist. If the function f(z) is continuous
on the interval (—oo, 00) and discontinuous at b, then the Cauchy principal
value of its integral is defined by

'] b—t P
p.v. / f(z)dx = lim lim ( (x)dz + f(x)dm),
Lo b+t

p—00 t—0+ —p

provided the limits as ¢ — 0™ and p — oo exist independently. If f(x) has
discontinuities at several points, then the definitions above can be extended
rather easily.

R.P. Agarwal et al., An Introduction to Complex Analysis, 229
DOI 10.1007/978-1-4614-0195-7_34, © Springer Science+Business Media, LLC 2011
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Example 34.1. Clearly,

1 1
1 1 b) 5

t—>o+ J, al/s t0+ 4 '
o o 1 ?
/ de = lim dr = lim In|z — 3]
3 *—3 t—0+ J3 T —3 t—0+ 34t
= lim [In6—Int] = oo,
t—0t
and
3 1 3—t 1 3—t
/ dr = lim dr = lim In|z — 3]
1 r—3 t—0+ Jy z—3 t—0+ 1
= lim [Int—In2] = — oc;
t—0t
however,

9 4 3-t o 4
p-v. / der = lim / dx + / dx
1 z—3 t—0+t \J1 x—3 34t T — 3

= lim[lnt—In24+1n6—1Int] = In3.

t—0t

To prove the main results of this lecture, we shall need the following
lemma.

Lemma 34.1. Suppose that f(z) has a simple pole at the point b on

the z-axis. If v, is the contour 7, : z = b+ re’?, §; < 0 < 6, (see Figure
34.1), then

lim, /y T F(2)dz = i(02 — 01)R[f,b]. (34.1)
Yr
- \

b
Figure 34.1

Proof. The Laurent series for f(z) at z = b can be written as

1) = Ty g, (312)
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where g(z) is analytic at b. Integrating (34.2) and using the parametrization
of 7,., we obtain

02 ;.10 02 ) )
f(z)dz = RIS, b}/ %d@ —|—ir/ g(b+re?)e?do
01

Ir 01

02
= (0 — 01)R[f, ] + —|—ir/ g(b+re?)e®ds.
01

Now, since g(z) is analytic at b, there exists an M > 0 such that |g(b +
re??)| < M in some neighborhood of b. Thus, it follows that

2 . . 723
lim ir/ g(b+re?)e?dsl < lim r Mdo
r—0t 01 r—0t 01
= i 0y —601)M = 0. [
i, r(6s =)

The following theorems extend the results we presented in earlier lec-
tures.

Theorem 34.1. If f(z) = P(2)/Q(z) is a rational function such that
P(z) and Q(z) do not have a common zero, (z) has simple zeros at the
points by, - - -, by on the real line, and degree () > 2+ degree P, then

IEACOFN. 2] + i l
p.v. /m Q(x)dx = 2mi Y R[f, 2]+ ;R[f,bk] (34.3)

holds, where the first sum is taken over all the poles z; of f(z) that fall in
the upper half-plane.

Theorem 34.2. 1If f(z) = P(2)/Q(z) is a rational function such that
P(z) and Q(z) do not have a common zero, ()(z) has simple zeros at the
points by,---,b; on the real line, and degree Q > 1+ degree P, then for
a >0,

>~ P(x) ‘
p.-v. /_OO Qé) cosaxdr = —27TZIHI R[emzf, zj]—w;hn R[ei‘”f, by

(34.4)
and

© p . ¢ _
p.v. / ngg sinazdx = 27rZRe R[e"* f, zj] + WZRG R[e™* f, bi]
x
—o0 k=1
(34.5)
hold, where the first sum in (34.4) as well as in (34.5) is taken over all the
poles z; of f(z) that fall in the upper half-plane.
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Proof of Theorems 34.1 and 34.2. Let p be sufficiently large so
that all poles of f(z) lie under the semicircle v, : 2 = pe?, 0 < 6 < . Also,
let r be so small that the semicircles Cj, : z = b, +re’?, 0 <0 < m, k =
1,---, £ are disjoint and the poles of f(z) lie above them (see Figure 34.2).
Furthermore, let I' be the closed positively oriented contour consisting of
Yo, —Cj, 7 =1,---,£ and the segments between these small semicircles
Ip = [—p,p]\Us_, (b, — 7, b +7). Then, from Theorem 31.2, it follows that

Yo

b1 b2

Figure 34.2

‘
27riZR[f,zj] :/Ff(z)dz :/7 f(z)dz—i—/l f(x)dx—kz_:1 . f(z)dz.

(34.6)
Now, in (34.6), we let p — oo and r — 0T. If f(z) satisfies the conditions
of Theorem 34.1, then, in view of Corollary 32.1 and Lemma 34.1, (34.6)
reduces to

0 0
2mi Y R[f, 2] = / f(a)de — iy R[f, by, (34.7)
- k=1

which is the same as (34.3). If f(z) satisfies the conditions of Theorem 34.2,
then also from Corollary 33.1 and Lemma 34.1 the relation (34.7) holds,
but for the function f(z) multiplied by e'**, a > 0; i.e.,

. ¢
2mi Z Rle“*f,zj] = / e f(x)dx — i Z R[e" f, by]. (34.8)
k=1

Finally, equating the real and imaginary parts of (34.8), we obtain (34.4)
and (34.5), respectively. |

Example 34.2. We shall show that

e T T
V. de = , a>0.
o [t =
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Clearly, the function f(z) = z/(2® — a®) has simple poles at 21 = a, 2z =
(=1 —iv/3)a/2, and z5 = (—1 + v/3)a/2. Since the pole z, is in the lower
half-plane, from Theorem 34.1 it follows that

p.v. / %dm = 2mR[f, 23] + miR[f, z1]

™

2 1
—— 47T X — = .
3(—1+\/§i)a 3a V3a

Example 34.3. Since R[e'**/2,0] =1, a > 0. From Theorem 34.2, it
follows that

> cosazx > sinax
p-v. / dr = 0 and p.v. / dr = m, a>0.
e T .

= 2mi X

X

We also note that the function (sinax)/z is even, and hence

o -
sin ax T
/ de = =, a>0.
0 X 2

Example 34.4. Since the function f(z) = z/(2?2—b2), b > 0 has simple
poles at b and —b and, for a > 0,

Zeiaz eiab e e
RL’?b?’b} 27 R[;ﬂb?’_b] 2

from Theorem 34.2, it follows that

> xcosax giab  g—iab
p.v. /_mmdx = —wIm( 5 + 5 ) = —mlm(cosab) = 0
and
/°° xsinaxd R etab n e~ tab Re( ) b
V. —— —dx = 7mRe = mRe(cosab) = mcosab.
PV 2 2
Problems
34.1. Show that:
(a). p.v. / O Jy = —msina, a> 0.
o T —a

(b). p.v. / Smxdm = mwcosa, a > 0.

o T —a
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* cosaxr — cosbx T
(d> /0 Tdm = 5([)— a)’ G/,b > 0.

*  sinax T w
(e)./o m(m2—|—b2)dz* sz(l € ), a,b>0.

°  sinax -

f). 2 dr = —[2-(2 —ab .

() /0 x(m2—|—b2)2dx 4b4[ (24 ab)e ], a,b>0
Answers or Hints

34.1. Similar to Examples 34.1-34.3.



Lecture 35

Contour Integrals Involving
Multi-valued Functions

In previous lectures, we successfully applied contour integration theory
to evaluate integrals of real-valued functions. However, often it turns out
that the extension of a real function to the complex plane is a multi-valued
function. In this lecture, we shall show that by using contours cleverly some
such functions can also be integrated.

We begin with the evaluation of the integral

I = / L f(x)dr, 0<a<l. (35.1)
0

For this, we shall assume that: (i) f(z) is a single-valued analytic function,
except for a finite number of isolated singularities not on the positive real
semiaxis, (ii) f(z) has a removable singularity at z = 0, and (iii) f(z) has
a zero of order at least one at z = co.

Consider the domain S : 0 < argz < 27, which is the z-plane cut along
the positive real semiaxis. Clearly, the function F(z) = 2°~1f(2) in the
domain S is single-valued, its singularities are the same as those of f(z),
and it coincides with 2! f(x) on the upper side of the cut; i.e., argz = 0.
Let p > 0 be sufficiently large so that all singularities z; of f(z) lie inside
the circle v,, and let » > 0 be sufficiently small so that all singularities
of f(z) lie outside the circle +,. In the domain S, we consider the closed
contour I', which consists of open circles v,, <, and the segments of the
real axis [r, p] on the upper and lower sides of the cut (see Figure 35.1).
Then, by Theorem 31.3, it follows that

/FF(z)dz = 2mi YR (2), 2]

= /Tpxo‘lf(:zz)daﬂr/% 22 f(2)dz -

+/ 227 f(2)dz — / 227 f(2)dz
P T
= L+ 1+ 13— 14,

where the sum is taken over all singularities of f(z).

R.P. Agarwal et al., An Introduction to Complex Analysis, 235
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Figure 35.1

From assumption (iii) it is clear that |f(z)] < M/|z| for all sufficiently
large |z|. Thus, it follows that

[y 2271 f(2)dz

P

M a—1
|| = < p 21p = 2nMp*t — 0 as p— oc.

For the integral I3, we note that argz = 27, and hence z = ze?™, = > 0.
Thus, we have

T . P )
I; = / Za_lf(Z)dZ - eZTrz(a—l)/ xa_lf(a:)dx - 6271'1(0(—1)]1.
p r
For the integral I, in view of assumption (ii), we find

/ 227 f(2)dz

r

|| = < Cr*'2mr = 0 as r—0.

Finally, in (35.2), letting » — 0, p — oo and using the relations above,
we obtain

/OO T @y = % Y R7T'f(2),2], 0<a<l. (353)
; -

Example 35.1. For 0 < a < 1, from (35.3), we have

/°° 201 dr = 27 R {z“‘l _1}
o T+1 1—e2mai™" | x4 17
_ 2w (—1)*-1 = 2miem(@=1)i o
1 — e2mai 1 — e2n(a=1)i sin o’

which is the same as given in Problem 33.7.
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Example 35.2. From (35.3), we have
T doe = /ooarl/2_1 = dx
0

0o a+1 3 +1

2mi Zl/2 ) Z1/2 ) Zl/2 )
_ (R : Ti/3 R|-= g R 57i/3
1em( Ld+1’€ ]+ Ld+1’€ }+ LS+1’€

o 4 1 4 .
= 7 {% +ge ge—f””/?] - %[i i) = g
Now, we shall consider the integral of the form
1
I = / M1 —2) “f(x)dr, 0<a<l. (35.4)
0

We shall assume that: (i) f(z) is a single-valued analytic function, except
for a finite number of isolated singularities not on the interval 0 < x <1,
and (ii) f(z) has a removable singularity at z = oo. The function F(z) =
2711 — 2)7“f(z) has two branch points, namely z = 0 and z = 1, and
the point z = oo is a removable singularity. Now, as for the integral (35.1),
from Figure 35.2 it is clear that

+[y 2271 = 2) 7 f(2)dz

P

= L —L+13—1,+Is,
(35.5)
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where the sum is taken over all singularities of f(z).

Now, as for the integrals in (35.2), it follows that I and I tend to zero,
and I3 = —e*™][; as r — 0. Next, since f(z) has a removable singularity
at 2z = oo, it has the expansion f(z) = ag + (a_1/2) + -+ -, where a9 =
lim, . f(2). This leads to I5 = 2wiage™®. Thus, as r — 0 and p — oo, we
get

2mi » R[2*TN1—2)""f(2), 2] = (1—e*™) + 2miage™,

which gives

1 .
a—1 —« _ Tag 27” a—1 —«
[t ey = e s ST R (122 ()
(35.6)
where 0 < @ < 1 and ag = lim,_,~ f(2).

Example 35.3. From (35.6), it immediately follows that

1
/xa_l(l—m)_o‘dx S — , 0<ax<l.
0

S T

Recall that the integral above is a particular case of the beta function de-
noted and defined as

1
B(p,q) = / P71 —2)9 e, 0 < p,g < 1.
0
Finally, in this lecture we shall evaluate the integral

= /0OO f(x)Logx dz. (35.7)

We shall assume that f(z) is an even function and that f(z) is analytic
onto the upper half-plane Im z > 0 and satisfies the conditions of Theorem
32.1. From Figure 35.3 it follows that

/f(z)Logzdz = QWZZR z)Log z, 2]
r
= / fx Logxdaz+/ f(2)Log zdz

/ f(x)[Logx + mi]dx — f(2)Log zdz

Yr
= h+DLh+1I3—14
(35.8)
where the sum is taken over all singularities of f(z) on the upper half-plane.
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Figure 35.3

Now, following as earlier, it follows that
M [ , ,
Bl < o5 [ Logpepc|ap
0

M [T M
—/ |Log p + i0]df < Tﬂ-\/Long—i-ﬂ'2 — 0 as p— oo.
P Jo

Furthermore, I, also tends to zero as r — 0. From our earlier lectures, we
also have

IN

|t = wi Y Rire). )

Thus, from (35.8), we get
/0 f(z)Logxdx = wiZR {f(z) <Logz - %Z) 7,2]} . (35.9)

Example 35.4. From (35.9), it is clear that

* Logx o 1 AN
/0 —(12 1) dr = mR {—(zQ 1) <Logz — 5) ,z] =

e

Problems

35.1. Show that:
o 1 T
® |, T T
VR

e .’171/4
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(d). /0 mdw = 3

35.2. Show that:
o0
L
(a). / 8T 1o = 0.
0

2+ 1

z+a)? b2 r = b > a and b are real.

> L Logva? + b? b
(b)/ ( 8T 4 Mt&n*1
0

> Logx 2
) do = .
(c) /0 1 8v/2
o0 L 2 3
(). / (Logz)® , ~_ 7
0 3

2 +1
o L
(o). de -
o (z+1)?
e’} 2 2
(f). / Logz)” , 3V2 ,
0 1‘3 + 1 64

35.3. Show that the substitution ¢ = /(1 — «) reduces the integral
(35.4) to the form (35.1).

35.4. Show that:

> 1
(a). / COSAT hy — —sechg, a is real.

cosh 2
1
/ sinaz = —tanh 2, a is real.
0 smhmc 2 2
o Ta
dr = ( ), < 1.
/oocoshac x msec (- lal
° 11+e ™ 1
/ R sin ax de — L +e 1o
0 sinh 21—e* a
/ Ty F(l—a)sinﬂ, 0<a<l.
0 2
/ smx = F(lfa)cos%, 0<a<l
0

Answers or Hints

35.1. Similar to Examples 35.1 and 35.2.
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35.2. Similar to Example 35.4.
35.3. Verify directly.
35.4. Use proper function and contour.



Lecture 36

Summation of Series

One of the remarkable applications of the Residue Theorem is that we
can sum ) . f(n) for certain types of functions f(z). For this, we shall
prove the following result.

Theorem 36.1. Let the function f(z) be analytic on C except at
finitely many points z1, z2, - - -, 2%, none of which is a real integer. Further-
more, let there exist M > 0 such that |22 f(2)| < M for all |z| > p for some
p > 0. Consider the functions

COSTZ ™

f(z) and h(z) = f(z), zeC.

9(z) = = sin 7z

Then, the following hold:

e k
> fn) = =3 Rlgz (36.1)
and i
> (=D)"f(n) = =) Rlh, 2] (36.2)
n=—oo 7j=1

Proof. Recall that the function sin 7z vanishes at each n € Z. Thus, the
functions 7 coswz/sinwz and 7/ sinwz have simple poles at each n € Z.
Furthermore, by hypothesis, f(z) is analytic at each n. Now, we consider
the following two cases.

Case (i). Let f(n) # 0 for each n. Then, both ¢g(z) and h(z) have sim-

ple poles at each n € Z and singularities at z1, 29, -, 2. Let 7 be a
large rectangle containing all singularities z1, 22, -, zx of f(2), the inte-
gers —n,---,—1,0,1,---,n, and not passing through any integer. Then, by
the Residue Theorem, it follows that
k n
/g(z)dz = 2mi ZR[g, zi] + Z Rlg,m]
Y Jj=1 m=—n

Now since g(z) has a simple pole at each m, we have

Rlg.m] = lim (=~ m)g(z) = lim f(z) ") f(m)

= — = lim = m).
g, m lim (2 —m)g(z Jim f(z) = —— cosmz

R.P. Agarwal et al., An Introduction to Complex Analysis, 242
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Hence, we obtain

&
/g(z)dz = 2mi ZRg,zJ Z f(m)| . (36.3)

m=—-n

Similarly, we find

B

/h(z)dz = 2mi Z [h, ] + Z : (36.4)

: m=—n

Case (ii). If f(m) = 0 for some m, then g(z) and h(z) have removable
singularities at m. Thus, the contrlbutlon of the point m to f g(2)dz and

to fv h(z)dz is zero, which is also f(m). Thus, in this case also (36.3) and
(36.4) remain valid.

If we can show that, as the rectangle ~ gets larger, enclosing all the
integers m in the limit, lim [ g(z)dz = 0 =lim [ h(z)dz, then from (36.3)
and (36.4) the relations (36.1) and (36.2), respectively, follow immediately.
To show this, we consider the rectangular region S,, with boundary ~,,.

Di
D (b 12t 1/2)i
P N1
—n—.l —.n I 7.1 7;+1
111
1/2)— 1/2)%
= (2 12)
Figure 36.1

Let n be so large that |z;| < n for all j and p < n. Then, for any
z € Sn, |2| > n > p, we have |f(2)] < M/|z|* < M/p* < M/n?.

Next, we need to show that

< A forsome A>0 and |[z]>n. (36.5)

‘ COSTZ ’
sin 7z
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For this, note that, for z =z + iy, imz = wiz — 7y and

emIT—TY _’_67771’:1:+7ry |e7rz:c—7ry’ + ‘e—wzx+7ry|

COS’]TZ‘

sin 72 eTITL—TY _ o—TiT+TY - He—m'x-‘rﬂy‘ _ ‘em'x—ﬂ'yH'

Hence, it follows that

COSTZ| e~ 4 ™Y 14 e 2™y 14e ™
e —e T l—e 2™ T ]—e7

sin 7z

provided y > 1/2, and similarly,

T e —e™  1—e2W — ]—eT

COSTZ ‘ - e ™Y 4+ e 1+ e2my l1+e™ ™

sinmwz

provided y < —1/2. Now let —1/2 <y < 1/2, and z = N + 1/2 + iy where
N > n. Then, we have

’ COSTTZ ‘
sinmwz

1
cot T <N+ 3 —I—zy)’ = ’cot (g +7riy)‘ = |tanh my| < tanhg.

Similarly, if z = —(N + 1/2) + iy, we get

‘COSTK’Z

T
, = |tanh7y| < tanh .
sin 7z 2

From the considerations above, the inequality (36.5) is clear.

Finally, for any N > n as chosen above, we find

/wg(Z)dz < W/W

Since, L(yn) = 4(2N + 1), it follows that

/wv g(z)dz

Following the same arguments, we can show that

/VN h(z)dz

This completes the proof of Theorem 36.1. |

COSTZ

M
|1£()llde] < wATZL0m).

sinmz

M
< ﬂAm4(2N+1) — 0 as N — oo.

— 0 as N — oo.

Remark 36.1. If the function f(z) has a singularity at some real
integer K, then Theorem 36.1 also remains valid; however, then, from the
sum Y f(m), we need to exclude the term f(K) and include the residue
Rlg, K] in the sum Y R|[g, z;].
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Example 36.1. The function f(z) = 1/2? satisfies the hypothesis of
Theorem 36.1 except that it has a pole of order 2 at 0. Hence, the function

g(z) = lzc.os ™ hasa pole of order 3 at 0. Now, since
2% sinmz
R[lC9SWZ7 } _ o
22 sinwz 3
and
— 1 1 1
SLoty L
n=1 " 2 n=—o0, n#0 "
from (36.1) and Remark 36.1 it follows that
Lol A ™
—n 2 Llzsinmz 6

For the same function f(z) = 1/22, if we use the relation (36.2) and Remark
36.1, we get

1 1 > 1 2
1o — — — e = _yntt =
22+32 T;( ) n2 12

Similarly, we can show that

—2 = -, —4 = —, —4 fr— —,
~(2n+1) 8 ~n 90 —~ (2n+1) 96
) 1 N 1 1 N o
33 5 73 32
and
LI S S 57
35 55 75 T 1536

Example 36.2. The function f(z) = 1/(2? — a?), where a is real and
noninteger, satisfies the hypothesis of Theorem 36.1. Thus, from (36.1), it
follows that

o)

1 T COSTZ T COSTZ
Z 22 —R 2 28 - R 2 _ 2 » —a
n® —a z4 —a*sinmz z24 —a” sinmz
n=—oo
™ ™ s
= ——cotma— —cotma = — —cotma.
2a 2a a

Furthermore, since
[e%s} —1 [e%s)

1 1 1 1
D s RlD Diies s Rl R Dhes e

n=-—o00 n=-—00 n=1
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and .
- 1 > 1
Z 2 — a2 ZnQ—aQ’
n=—oo n=1
we have

i 1 1 T ot
—— = — — —cot7a.
n? —a? 202  2a

n=1

Problems

36.1. Let a be real and noninteger. Show that:

1 us
(a). Z m = Ecothwa.
- 1 2 2
(b). Z W = m-cosec ma.
n—a
(c) i __ lcoth7ra—|—7T—2cosec27m
L (Pt a?)? 243 2a? ’
= (—1)n ! 1
(d) nz::l n2—_|_a2 = ﬁ — 2—aCOSEC7T(I.
=y,
(e). Z ez = 7w° cot ma cosecTa.

36.2. Show that, for a positive integer k,

o0

1 _ 1 k—1 2k22k_1B
2 = (F)'E (k) 2

n=1

and

2k
n
n=1

where Byy, is the 2kth Bernoulli number (see Problem 24.10).

Answers or Hints

36.1. Similar to Examples 36.1 and 36.2.

I

Lecture 36

36.2. Consider the function f(z) = 1/22* and see Problem 24.10.



Lecture 37

Argument Principle and
Rouché and Hurwitz Theorems

We begin this lecture with an extension of Theorem 26.3 known as
the Argument Principle. This result is then used to establish Rouché’s
Theorem, which provides locations of the zeros and poles of meromorphic
functions. We shall also prove an interesting result due to Hurwitz.

Theorem 37.1 (Argument Principle). Let f(z) be meromor-
phic inside and on a positively oriented contour . Furthermore, let f(z) # 0
on . Then,

Lo
— dz = Z; — Py, 37.1
omi |, 702) =P (37.1)
holds, where Z; (Py) is the number of zeros (poles), counting multiplicities
of f(z) that lie inside ~.

Proof. Let a,---,as be the zeros and by, - - -, b, be the poles of f(z) in
v with respective multiplicities m,---,mg and ny,---,n, such that Zy =
mi + ---+mg and Py =ny +--- + np. Then, from (26.3), we obtain

f/
R |:—,ak:| = Mmg. (372)
f
Now, similar to (26.2) at the pole bs, we have
J() = e h(2) (373)
(2 —by)ns ' '
where h(z) is analytic and nonzero in a neighborhood of b,. From (37.3), it
follows that ) W)
z N z
= - - — 374
eI TEL o
and hence
f/

Finally, using Theorem 31.2 and the formulas (37.2) and (37.5), we find

/J;/((j))dz = 2mi[(ma 4+ me) = (na 4+ np)] = 2mi[Zy — Pyl

R.P. Agarwal et al., An Introduction to Complex Analysis, 247
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which is the same as (37.1). |

Remark 37.1. The nomenclature argument principle for (37.1) comes
from the fact that its left-hand side can be interpreted as the change in
the argument as one runs around the image path f(v). More precisely, the
relation (37.1) implies that Z; — Py = (1/2w) [change in arg(f(z)) as z
traverses v once in the positive direction].

Example 37.1. Consider the function

(z—2)3(z—1)723

1@ = TG are ooy

and 7y : |z] = 2.5. Clearly, Zy =3+ 7+3 =13 and Pf =4+ 7 =11, and
hence Z; — Py = 2. We also note that

ONE 73 4 57
flz)  z2-2 z2-1 2z z—i 2z+3 z2-2

and hence

1 ! 1
% ,YJff((j))dZ = ﬁ[?ﬂl(3+7+3>—2ﬂ'2(4+7)} = 2 = Zf—Pf.

Lemma 37.1. Suppose that f(z) is continuous and assumes only integer
values on a domain S. Then, f(z) is a constant on S.

Proof. For each integer n, let S,, C S be such that, for z € S,,, f(z) =n.
Clearly, the sets S, are disjoint and their union is S. We claim that each S,
is open. For this, let zg € S, so that f(z9) = n. Since f(z) is continuous
at zg, there exists an open disk B(zg,r) such that |f(z) — n| < 1/2 for
all z € B(z,r). However, since f(z) is integer-valued, this implies that
f(z) = n for all z € B(zp,r). Hence, S, is open. Now, since a connected
set cannot be the union of disjoint open sets, only one of the S,, can be
nonempty, say Sy, and thus f(z) = ng for all z in S. |

Now we shall use Theorem 37.1 and Lemma 37.1 to prove the following
result.

Theorem 37.2 (Rouché’s Theorem). Suppose f(z) and g(2)
are meromorphic functions in a domain S. If | f(z)| > |g(z)| for all z on 7,
where v is a simply closed positively oriented contour in S and f(z) and
g(z) have no zeros or poles on =, then

Zy=Pr = Zprg— Prig. (37.6)

Proof. We claim that the function f(2)+g(z) has no zeros on . Indeed, if
f(20)+9(20) = 0 for some zy on 7, then | f(z0)| = |g(20)|, which contradicts
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the hypothesis. Now, since |f(z)| — |g(z)| is continuous on the compact set
7, there exists a constant m > 0 such that |f(z)] — |g(z)] > m > 0 on ~.
Thus, for any A € [0,1], it follows that

[f(2) +Ag(2)] = [f(2)[ = lg9(z)] = m >0

for all z on ~. Therefore,

f'(2) +2d'(2)
— | ———2—dz
2mi J., f(z)+ Ag(2)
is a continuous function of A. But, in view of Theorem 37.1, J(A) = Z¢1xg—

Py g, which is an integer, and hence, from Lemma 37.1, we have J(0) =
J(1); i.e., (37.6) holds. |

JO) =

Corollary 37.1. Suppose f(z) and g(z) are analytic functions in a
domain S. If |f(z)| > |g(2)| for all z on v, where 7 is a simply closed
contour in S, then f(z) and f(z) + g(z) have the same number of zeros
inside v counting multiplicities.

Example 37.2. We shall show that the function ¢(2) = 22°—62%+2+1
has three zeros in the annulus 1 < |z| < 2. For this, first we let f(z) = —622
and g(z) = 22°+2+1on |z| = 1,so0 that | f(2)| = 6 and |g(2)| < 2+1+1 =4,
and hence |f(z)] > |g(z)| on |z| = 1. Thus, by Corollary 37.1, ¢(z) has two
zeros in |z| < 1. Next, we let f(2) = 22° and g(z) = =622+ 2+1 on |z| = 2,
so that |f(z)] = 64 and |g(z)| <24+ 2+ 1 = 27, and hence |f(2)| > |g(2)]|
on |z| = 2. Thus, by Corollary 37.1, ¢(z) has five zeros in |z| < 2. Therefore,
@(2) has three zeros in 1 < |z] < 2.

Example 37.3. We shall show that the function ¢(2) = 2+ 2%+ ¢%* has
exactly one zero in the open upper half-plane. For this, we let f(2) = 2+ 22
and g(z) = e¢”* ony:[-R,R|U{z:Imz >0, |z| = R}, R > /3. Clearly,
for z € [-R,R], |f(2)] > 2 > 1 = |g(2)], and for z = Re??, 0 < 6 <
7, |f(2)] > R? =2 > 1> e 50 — |g(2)|. Thus, from Corollary 37.1, ¢(z)
has the same number of roots in {z : Imz > 0, |z| < R} as 2+ 22, which is
exactly one.

Example 37.4. As an application of Corollary 37.1, we can prove
the Fundamental Theorem of Algebra (Theorem 19.1). For this, we let
f(z) = apz™ and g(2) = a, 12"t + -+ a1z +ag on |z| = R, so that
() = JanB" and lg(2)] < lan-1|R" + -+ |aa| R + |ao. Hence,
|f(2)] > |g9(%)] on |z| = R if we choose R > 1 so large that

|a”*_1| +...+@+M < R.

|an] lan| — Jan]
Since f(z) has n zeros in |z| = R, P,(z) = f(z) + g(z) also has exactly n
zeros in |z| = R
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Now, for each n, let p,(z) be the polynomial

2 n

z z
Pa(2) = 1zt op+od

It is clear that it has n zeros and the sequence {p,(z)} converges to e*
uniformly on any closed disk B(0, R). Thus, as n increases, the number of
zeros of py(z) being n increases while the limit function e* has no zeros at
all. In the following result, we shall show that in the limit all zeros of p,(z)
go into the point at infinity.

Theorem 37.3. For a given R > 0, there exists an n such that, for
any m > n, pm(z) has no zero in the open disk B(0, R).

Proof. Let e = inf{|e*| : |z| < R}. Since e* is continuous and nonzero,
and B(0, R) is compact, it is clear that ¢ > 0. On B(0, R), the sequence
{pn(z)} converges uniformly to e*, so there is n such that, for all m >
n, |pm(2) — €*| < € < |e*] for z € B(0, R). Now let f(2) = e* and g(z) =
Pm(z) —€*. Then, from Corollary 37.1, it follows that e* and f(z)+g(z) =
pm(z) have the same number of zeros in B(0, R). But e* has no zeros in
B(0,R). 1

We conclude this lecture by proving the following result, which gener-
alizes Theorem 37.3.

Theorem 37.4 (Hurwitz’s Theorem). Suppose that {f,(2)}
is a sequence of analytic functions on a domain S converging uniformly on
every compact subset of S to a function f(z). Then, either

(i). f(z) is identically zero on S or

(ii). if B(zo,r) is any open disk in S such that f(z) does not have zeros
on its boundary, then f,(z) and f(z) have the same number of zeros in
B(zg,r) for all sufficiently large n.

Proof. From Theorem 22.6, the function f(z) is analytic on S. Now
suppose that f(z) is not identically zero on S, and let zo € S be a zero of
f(2). Let B(zg,r) be a closed disk such that f(z) does not vanish on its
boundary. Let 0 < e = inf | f(z)| on the boundary of B(z,r). Then, in view
of uniform convergence, there exists an n such that, for all m > n, |f,(z)—
f(2)| < € < |f(2)| on the boundary of B(zq,7). Now let g(2) = fm(2)—f(2).
Then, from Corollary 37.1, it follows that f(z) and f(z) 4+ g(z) = fi(2)
have the same number of zeros in B(zg, 7).

Corollary 37.2. Let {f.(2)} be a sequence of one-to-one analytic
functions defined on a domain S, and suppose {f,(z)} converges uniformly
to f(z) on every compact subset of S. Then, the function f(z) is also one-
to-one and analytic on S.
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Example 37.5. The sequence {e*/n} converges uniformly to zero on
every compact subset of C. Note that functions e*/n have no zeros in the
complex plane.

Problems

37.1. Let f(z) be meromorphic in a simply connected domain S, and
let v be a simply closed positively oriented contour in S such that, for all
zon7y, f(z)# 0 and f(z) # co. Then,

w(f(y),a) = —— / ff#d

2mi (z) —a

is called the winding number of f(v) about a. It represents the number of
times the curve f(y) winds around the point a. Clearly, Theorem 37.1 gives
w(f(v),0) = Zy — Py. If y is not a simple closed curve, but crosses itself
several times, then w(f(7), a) also gives the number of times the curve f(v)
winds around the point a. Find w(f(y),a) for the function f(z) = 27 — 2

when

(a). v:lz[ =2, a=0,

(b). v:|z2|=0.5, a=0,
(¢). v:|z—il=1.5,a=0.

37.2. If a > e, show that the equation e* = az™ has n roots inside the
circle |z| = 1.

37.3. Show that the function z® — 52° — 2z + 1 has five zeros inside the
unit circle |z| = 1.

37.4. Show that all nine zeros of 2% — 822 + 5 lie in the annulus 1/2 <
2| < 3/2.

37.5. Show that all five zeros of z° — 2z + 16 lie in the annulus 1 <
2] < 2.

37.6. Show that the equation z 4+ e~* = ¢ (¢ > 1) has a unique real
root in the right half-plane.

Answers or Hints
37.1. (a). 7, (b). 1, (c). 5.

37.2. Let f(z) = az™ and g(z) = —e® on |z| = 1, and apply Corollary 37.1.
37.3. Let f(2) = —5z°+ 1 and g(z) = 2% — 22.
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37.4. Follow Example 37.2.
37.5. Follow Example 37.2.
37.6. Follow Example 37.3.



Lecture 38
Behavior of Analytic Mappings

In this lecture, we shall use the Rouché Theorem to investigate the be-
havior of the mapping f generated by an analytic function w = f(z). Then,
we shall study some properties of the inverse mapping f~'. We shall also
discuss functions that map the boundaries of their domains to the bound-
aries of their ranges. Such results are of immense value for constructing
solutions of the Laplace equation with boundary conditions.

Let the function w = f(z) be analytic at zg and wg = f(z0). We say that
f has order m > 1 at 2¢ if f(z) — wp has a zero of order m at zp. Clearly,
f has order m > 2 at zg if and only if f(*)(2) =0, k=1,---,m — 1 and
™) (29) # 0. In particular, f has order one at z if and only if f’(zp) # 0.

Theorem 38.1 (Local Mapping Theorem). Let w = f(z) be
a nonconstant analytic function in a neighborhood of zg. Let wg = f(z0)
and m be the order of f at zg. Then, there exist r > 0 and p > 0 such that
every w # wy in B(wy, p) is attained by f at exactly m distinct points in
B(ZO, ’I") .

Proof. Since f(2) —wp has a zero of order m > 1, from Theorem 26.1 it
follows that

f(2) —wo = am(z —20)™ + amy1(z —20)" T 4+ -+, am #0. (38.1)

Thus, lim,—,., (f(2) — wo)/(z — 20)™ = am # 0, and therefore there exists
an r > 0 such that
£~ o] _ o

|z — zo|™ 2

for all 0 < |z — zg| < r. Hence, for z # zp, it follows that f(z) # wo, and
for |z — zo| = r, we have

lam|r™

5 (38.2)

|f(2) = wol| >
Again, since m > 1, in view of (38.1), we can choose r sufficiently small so
that f/'(z) # 0 for all 0 < |z — z9| < 7. Now let p = |a,,[r™/2 and, for a
fixed w such that |w — wg| < p, set g(z) to be the constant wy — w. From
(38.2), for |z — zo| = r, we have

[ [ 7™
9()] = |wo —w] < ——— < |f(2) — wol-
R.P. Agarwal et al., An Introduction to Complex Analysis, 253
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Thus, the Rouché Theorem with f = f —wg and g = wg — w is applicable,
and we have Z;_,, = Zf_wyt+g = Lj—w. Since Zy_,,, = m, it follows that
Zf_w =m for all [w — wy| < p. This implies that w has m inverse images
under the mapping w = f(z) in |z — 2| < r. Finally, the fact that f'(z) # 0
for all 0 < |z — 29| < r ensures that f(z) —w does not have repeated roots,
and hence the inverse images are distinct. |

The particular case m = 1 of Theorem 38.1 will be used later, and hence
we state and prove it separately.

Theorem 38.2 (Inverse Function Theorem). Letw = f(2)
be an analytic function in a neighborhood of zy. Then, there exists an r > 0
such that f is one-to-one on B(zg,r) if and only if f/(zg) # 0.

Proof. InProblem 7.12 (Answers or Hints), we used elementary calculus
to show that there exists an open disk at zp on which f is one-to-one
provided f’(z9) # 0. Here, we shall provide an alternative proof: Consider
the disk B(zo,71) where r1 > 0 is sufficiently small. On B(zg, 1), we define

the function

F(z) = f(2) = f(20) — (2 — 20) f'(20).
Clearly, F' is continuous and, for z1, 2o € B(zp,71) with 21 # 22,
Fea) = F(a1) = (F(ea) = f ()= (2= 21)1 (o) = [ (£2)= ()

Let » > 0 be such that 0 < r < ry and, for |z — 20| <, |f'(2) = f'(20)] <
|7'(20)]/2. Then, for 21,29 € B(zo,7), |F(21) — F(22)| < |22 — 21]|f'(20)]/2-
Hence, it follows that

|f(2z2) = f(21)]

(22 — 21) f'(20) + (F(22) — F'(21))|
> |z2 = z1]|f'(20)| = [F(22) — F(21)]
> |z — 21| f'(20l/2 > 0,

and therefore f(z1) # f(z2). Conversely, if f'(z9) = 0, we can apply Theo-
rem 38.1 to find a neighborhood of 2y on which f is not one-to-one. |

Remark 38.1. Theorem 38.2 says that an analytic function f(z) is one-
to-one in some neighborhood B(zg,r) of a given point zy where f’(z0) #
0; i.e., one-to-one is only a local property. For example, the exponential
function e” is one-to-one only locally, although its derivative does not vanish
anywhere. Similarly, the function 22 is locally one-to-one at every point
other than the origin. In the following result, we shall estimate the size of
the neighborhood B(zg,r); i.e., provide an upper bound on 7.

Theorem 38.3 (Landau’s Estimate). Let w = f(2) be an
analytic function on a closed disk B(zp, R) and f’(zp) # 0. Then, f is one-
to-one on B(zq,7), where r = R?|f'(20)|/(4M) and M is the maximum
value of |f(z)| on |z — 29| = R.
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Proof. Clearly, it suffices to choose r such that f’(z) # 0 for all z €
B(zp,7). We assume that both zp and wg = f(z0) are zero; otherwise, we
can use the transformation Z = z — zg, W = w — wy. Since f(z) is analytic
on B(0,R), for |z| < R it can be written as a convergent Taylor series
f(z) =a1z+azz? +---, where |f'(0)| = |a;| > 0. Let A be so small that

> dlaINTTRITE < ayl. (38.3)

=2

Then, for any z € B(0, AR), we have

e o0
1F'E) = o+ ezt = Jaa] =)l N TR > 0.
j=2 =2

Thus, if we can find a value of A such that (38.3) holds, then we can take
7 = AR. For this, since M is the maximum value of |f(z)[ on [z — 20| = R,
from Theorem 18.5 it follows that |a,;| < M/R’?, j =1,2,---, and therefore

= . o M M A2 =) M 2)
INTIRICT < il W Al S i Sl -
;“‘”'A S ;R” RO-22 -~ RO-NE

We now take A = R|ay|/(4M). Clearly, then A < 1/4, and it follows that

S il VTR < Slal < fal W

j=2
Now we shall deduce the following corollaries from Theorem 38.1.

Corollary 38.1 (Open Mapping Property). A nonconstant

analytic function f maps open sets into open sets.

Proof. Let S be an open set. For wy € f(S), let 29 € S be such that
f(20) = wp. Since S is open, there exists an r > 0 such that B(z,r) C S.
In view of Theorem 38.1, there exists a p such that every w € B(wo, p) is
attained by f; i.e., w = f(2), z € B(zo,7). Thus, B(wo,p) C f(S), and
hence f(S) is open. |

Remark 38.2. If a nonconstant function is just continuous, then
the corollary above does not hold. Indeed, the function f(z) = Rez is
continuous everywhere in C, but f(C) = IR is not open in C.

Corollary 38.2. Let f(z) be analytic on a domain S and zy € S.
Then, there exist two distinct points z; and z5 in S such that

f’(zo) _ f(Zl)—f(Zz)'

21 — 22
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Proof. Consider the function g(z) = f(z) — f'(20)z. Clearly, g(z) is
analytic in S and ¢'(zp) = 0. Thus, by Theorem 31.1 there exist points z;
and zy such that g(z1) = g(z2). N

The next corollary shows that the analytic image of a domain is a do-
main.

Corollary 38.3 (Mapping of Domains). Let S be a nonempty
domain, and f be a nonconstant analytic function on S. Then, f(S5) is a
domain.

Proof. From Corollary 38.1, f(S) is open, and since f is continuous
from Problem 5.13(ii) (Answer or Hints) it is clear that f(S) is connected.
Thus, f(5) is a domain.

Remark 38.3. The Maximum Modulus Principle (Theorem 20.1) fol-
lows from Corollary 38.3. For this, suppose that f(z) is nonconstant. Let
zo € S and wy = f(29). The image of B(zp,7) C S under f is a domain
containing wyp, and hence contains B(wy, p). Therefore, B(zp,r) contains a
point z whose image w = f(z) is farther from the origin of the w-plane
than the point wy; i.e., a point z such that |f(z)| > |f(z0)]-

The following result proves the existence of the inverse function and
provides an expression for its derivative.

Theorem 38.4 (Inverse Function Theorem). Let w = f(z)
be an analytic and one-to-one function on an open set S. Then, the inverse
function f~! exists and is analytic on the open set f(S). Moreover,

4 1y =
! = g (38.4)

Proof. In view of Corollary 38.1, f(.9) is an open set. Since f is one-to-
one, there exists an inverse function g = f~!: f(G) — G. The continuity
of g also follows from Corollary 38.1. Now let zg = g(wp) € S. By Theorem
38.2, f(g(wp)) # 0. Thus, we have

. g(w) —g(wo) :
lim —F——— = lim
w—wp w — Wy g(w)—g(wo) f(g(w))

g(w) —glwp) 1
~Flg(wo) — Fla(wo))’

ie., (38.4) for z = z9, w = wp holds. |

The next result we state gives a formula for the inverse function of f in
terms of an integral involving f and its derivative.

Theorem 38.5. Let w = f(z) be an analytic function on an open
set containing B(zo,r), and suppose that f is one-to-one on B(zg,r). If
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S" = f(B(z0,7)) and 7 : |z — 20| = r, then f~!(w) is defined for each w in
S’ and given by
_ 1 2f'(z)
1
- [ 2 g
£ w) 2772'[Yf(z)—w :

Now let S be a domain. We say that f maps 95 onto df(5) if, for every
point wy € 9f(S), there exists a sequence {z,} C S converging to zy € 9,
and f(zn) — wo.

Theorem 38.6. Let w = f(z) be an analytic and one-to-one function
on a domain S. Then, f maps 95 onto Jf(.5).

Proof. We shall prove only that f maps 9S to df(S). Let {z,} C S be
a sequence such that f(z,) — wo, where wg is an interior point of f(.5).
Since in view of Theorem 38.4 the function f~! exists and is continuous, it
follows that

lim 2, = lim f(f(zn)) = f—l(hm f(zn)) = M (wo);

n—o0 n— o0 n—r oo
i.e., {z,} converges to an interior point of S. |
The following corollary of Theorem 38.6 is immediate.

Corollary 38.4. Let w = f(z) be an analytic and one-to-one function
on a domain S. Let zp € 05 and let f be continuous at zg. Then, f(z) €

af(S).
We conclude this lecture by stating the following interesting result.

Theorem 38.7. Let w = f(z) be an analytic function on a simply
connected domain S, and let v be a simple, closed, smooth curve in S. If f
is one-to-one on 7, then it is also one-to-one in the interior of ~.



Lecture 39
Conformal Mappings

In Lecture 10, we saw that the nonconstant linear mapping (10.1) is an
expansion or contraction and a rotation, followed by a translation. Thus,
under a linear mapping, the angle between any two intersecting arcs in the
z-plane is equal to the angle between the images in the w-plane. Map-
pings that have this angle-preserving property are called conformal map-
pings. These mappings are of immense importance in solving boundary
value problems involving Laplace’s equation. We begin with the following
definitions.

Let zp be a fixed point in the z-plane and 7; and 72 be smooth paths
that intersect at zp, and let ¢; and ¢ denote the tangent lines on ; and o
at zg. The paths 7; and v, are said to intersect at an angle « at zg if the
tangent lines ¢; and /o intersect at an angle a at zy (see Figure 39.1(a)).
To determine this angle precisely in magnitude and sense, we assume that
the paths v and 72 are parameterized by z1(t) and z2(¢), t € [, 8], which
intersect at 21(to) = 22(tg) = z0. Now, since ~; is smooth, 2] = 2{(¢o) is
nonzero, and hence the angle between the tangent line /1 and the positive
x-axis, denoted as arg(z1), is well-defined. The angle arg(z}) is defined
similarly. The angle « (see Figure 39.1(b)) between v, and 7, at zg is then

a = arg(zh) — arg(2]). (39.1)

Figure 39.1(a) Figure 39.1(b)

Now, let w = f(z) be a mapping defined on a domain S C C and let
zp € S. This mapping is said to be conformal at zy if it is one-to-one in a
neighborhood of the point zy and for every pair of smooth paths v; and o
in S intersecting at zg the angle between 77 and 5 at 2o is equal to the
angle between the image paths 7] and 4 at f(z¢) in magnitude and sense.

R.P. Agarwal et al., An Introduction to Complex Analysis, 258
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Furthermore, if w = f(z) maps S onto a domain S’ and is conformal at
every point in S, then w = f(z) is called a conformal mapping of S onto
S’. Moreover, S’ is called a conformal image of S.

The following result provides an easier test for the conformality of the
mapping w = f(z) at the point 2.

Theorem 39.1. If f(z) is analytic at zp and f'(29) # 0, then the
mapping w = f(z) is conformal at zg.

Proof. Since f/(29) # 0 from Theorem 38.2, it follows that there exists
an open disk at zg on which f is one-to-one. Let 7 be a smooth path
passing through zo. We parameterize by z(t) and assume that z(tp) = 2o
and 2’(tp) # 0. The image of v by f is a path parameterized by f(z(t))
that passes through wg = f(z(to)) = f(20) in the w-plane. Since z’(¢y) # 0,
the angle between the tangent line ¢ on « at zy and the positive z-axis is
arg(z'(to)). Now, since

i = P ) # o

to

the angle between the tangent line ¢ on f(z(t)) at wo = f(z0) and the
positive u-axis is

arg(f'(z(to))2' (o)) = arg(f'(z(to))) + arg(z'(to))-

Thus, f(z) rotates the tangent line at zo by a fixed angle arg(f’(20)). The
result now follows from (39.1) and the fact that f rotates any two tangent
lines intersecting at zp by the same angle arg(f'(2o)). |

Remark 39.1. In view of Remark 38.1, it is clear that Theorem 39.1
ensures conformality of the mapping w = f(z) only locally at points where
its derivative does not vanish.

Remark 39.2. If a one-to-one analytic function f maps an open set S
onto the open set f(S), then in view of Theorem 38.4 the inverse function
f71: f(S) — S exists and is analytic. Now, since f~! is one-to-one on
f(9), from Theorems 38.2 and 39.1 it follows that f~! is also a conformal
map.

Example 39.1. The exponential map f(z) = e is conformal at all
z € C. The map f(z) = 22 is conformal everywhere except at the origin.
The M6bius transformation f(z) = (az+b)/(cz+d) is conformal everywhere
except at z = —d/c. The mapping w = P,(z), where P, (2) is a polynomial
of degree n, is conformal everywhere except possibly at oo and the points
21,22, , 20 (1 <r <n—1), where the derivative P/(z) vanishes.

Let f(z) be a nonconstant analytic function at zo. If f'(29) = 0, then
2o is called a critical point of f(z). Our next result shows that at critical
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points magnification of angles occurs, which in turn implies that at critical
points analytic functions are not conformal.

Theorem 39.2. Let f(z) be analytic at 2. If f'(z0) = f"(20) =+ =
F () = 0 and £ (z) # 0, then the mapping w = f(z) magnifies
angles at zg by a factor n.

Proof. From Taylor’s series expansion of f(z) at 2o, it follows that
f(z) = f(z0) + (2 = 20)"9(2), (39.2)
where the function
9(2) = an+ant1(z — 20) + ant2(z — 20)* + - -

is analytic at zo and g(20) = a, = f™(20)/n! # 0. From (39.2), we obtain

arg(w —wo) = arg(f(2) — f(20)) = narg(z — 20) +arg(g(2)). (39.3)

Now, if « is a smooth curve that passes through zy and z — z; along -,
then w — wg along the image curve /. Thus, the angle of inclination of
the tangents £ on v and ¢ on 7/, respectively, are § = lim,_, ., arg(z — zo)
and ¢ = limyy_y, arg(w — wg). Hence, from (39.3), it follows that

o = Zlirglo(n arg(z — zo) + arg(g(z))) = nd+1, (39.4)

where ¢ = lim,_,,, arg(g(z)). The result now follows from (39.1) and
(39.4). |

Example 39.2. For the mapping f(z) = cosz critical points are
z=mnm, n=0,1,2,---. Since f"(z) = —cosz = £1 at the critical points,
Theorem 39.2 indicates that angles at these critical points are magnified by
a factor of 2.

Now we shall show that, given any two finite simply connected domains
S and S, there exists a conformal mapping of S onto S’. For this, we need
the following existence theorem of Riemann.

Theorem 39.3 (Riemann Mapping Theorem). If S is any
simply connected domain in the complex plane (other than the entire plane
itself), then there exists a one-to-one conformal mapping w = f(z) that
maps S onto the unit disk |w| < 1.

Corollary 39.1. Let S and S’ be any two simply connected domains
y
(none of them is the entire plane). Then, S and S’ are conformal images
of each other.

Proof. We use Theorem 39.3 to find a conformal mapping f from S
onto the open unit disk |w| < 1. We apply Theorem 39.3 again to find
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a conformal mapping ¢ from S’ onto the open unit disk |w| < 1. Since g
is one-to-one, g~ ! exists and maps the open disk |w| < 1 onto S’. Then,
w = g~ o f(z) is the desired mapping. |

Remark 39.3. The function w = f(z) that maps S conformally onto
S’ is not unique. For this, first we map S conformally onto the unit disk,
then map the unit disk conformally onto itself, and then map the unit disk
conformally onto S’. The resulting composite mapping maps S conformally
onto S’. However, in view of Problem 39.8, the unit disk can be mapped
conformally onto itself in an infinite number of ways, and hence S can be
mapped onto S’ conformally in an infinite number of ways. In our next
result we shall provide sufficient conditions so that the conformal mapping
of S onto S’ is unique. For this, we need the following lemma, which is of
independent interest.

Lemma 39.1 (Schwarz’s Lemma). Let f(z) be analytic on the
open disk B(0, R), and f(0) =0, |f(2)] < M < oo. Then, the inequality

M
7@ < Fhe (39.5

holds for all z € B(0, R), and

M

" < —=. 39.6
ol < (39.6)
In (39.5) equality occurs at some point 0 # z € B(0,R) if and only if
f(z) = (M/R)az, where « is a complex number of absolute value 1.

Proof. Consider the function fi(z) = f(Rz)/M. Obviously, fi(z) is
analytic for |z] < 1 and f1(0) = 0. Also, for |z| < 1, we have |fi(z)] =
|f(Rz)/M| < M/M = 1 (since |Rz| = R|z|] < R). Let fi(z) = a1z +
az2? + - be the power series for fi(z). The constant term is 0 because
f1(0) = 0. Then, f1(z)/z is analytic, and |f1(2)/z] < 1/r for |z| = r < 1.
This inequality also holds for |z| < r by the Maximum Modulus Principle.
Letting » — 1, we find |f1(2)/2] <1 for all z € B(0, 1), which is the same
as (39.5). For the inequality (39.6), it suffices to note that

lim £18) _ 12 =110

z—0 z z—0 z2—0

= A(0) = 1:50)

Finally, if |f1(20)/20| = 1 for some zy in the unit disk, then again by the
Maximum Modulus Principle fi(z)/z cannot have a maximum unless it
is a constant, and therefore there is a constant o with |a| = 1 such that

fiz))z=a. 1

Theorem 39.4 (Uniqueness Theorem). Let S be as in Theo-
rem 39.3, and let zg € S be an arbitrary point. Then, there exists a unique
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function w = (z ) that maps S conformally onto the unit disk B(0, 1) and
satisfies f(z0) =0, f'(z0) >

Proof. Let w = g(z) be another such function. Then, the function
d(w) = f(g~'(w)) is analytic on B(0,1), satisfies ¢(0) = f(g~1(0)) =
f(z0) =0, ¢'(0) = f'(20)/9'(20) > 0, and maps B(0, 1) conformally onto
itself. Thus, from Lemma 39.1, it follows that |p(w)| < |w|; ie., |f(2)] <
lg(z)| for all z € S. Now, interchanging the roles of f and g, we also have
lg(2)] < |f(z)] for all z € S. This implies that |f(z)| = |g(z)] for all z € S; or
equivalently, |¢(w)| = |w|. But then, from Lemma 39.1, we find ¢(w) = aw,
where |a| = 1. However, since ¢(0) > 0, we must have ov = 1. Therefore,
¢(w) = w, and hence f(z) =g(z), z€S. 1

Finally, we state a result that shows that the knowledge of f(z) on the
boundary of a domain G can be used to conclude that f maps S onto f(S5)
conformally.

Theorem 39.5. Let v be a closed rectifiable Jordan curve. Suppose

f(2) is analytic on I(7) and one-to-one on 7. Then, f maps I(vy) conformally
onto I(I'), where I' = f(v).

Problems

39.1. If f(z) is analytic at zp and f’(z9) # 0, show that the function
F(z) = f(z) preserves the magnitude but reverses the sense of the angles
at zg.

39.2 (Noshiro-Warschawski Theorem). Let f(z) be analytic in a
convex domain S. If Ref’(z) > 0 for all z € S, show that f(z) is one-to-one
in S.

39.3. Explain why the complex plane and the open unit disk cannot
be conformally equivalent.

39.4. Show that:
(a). If S" is a conformal image of a domain S, then S is a conformal image
of 5.
(b). If S’ is a conformal image of a domain S, and if S” is a conformal
image of S/, then S” is a conformal image of S.
(¢). Use parts (a) and (b) to prove Corollary 39.1.

39.5. Show that the rational mapping w = f(z) = P(z)/Q(z), where
P(z) and Q(z) are polynomials, is conformal at any simple zero of Q(z),
and also at z = oo if the equation f(z) = f(co) has no multiple roots.
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z

! is conformal of the horizontal

39.6. Show that the mapping w = ¢

eZ
strip 0 < y < 7 onto the disk |w| < 1. Furthermore, the z-axis is mapped
onto the lower semicircle bounding the disk, and the line y = 7 is mapped
onto the upper semicircle.

2

1
+e is conformal of {z : |z] <

1—2
1, Im(z) > 0} onto {w : Im(w) > 0}. Furthermore, {z : |z| = 1, Im(z) > 0}
is mapped onto the negative w-axis, and the segment —1 < z < 1, y =0,
is mapped onto the positive w-axis.

39.7. Show that the mapping w =

z
% is conformal of the unit

zZZo —
circle |z| < 1 onto |w| < 1 so that the given interior point zg is transformed
into the center of the circle; here, «v is an arbitrary parameter.

39.8. Show that the mapping w = e'* :

39.9. Show that the mapping w = sin® z is conformal of the semi-
infinite strip 0 < x < 7/2, y > 0 onto the upper half-plane Im(w) > 0.

39.10. The Joukowski mapping

w = J(z) = %(w%)

occurs when solving a variety of applied problems, particularly in aerody-
namics. Show that:

(a). J(z)=J(1/z).

(b). Under the mapping w = J(z), every point of the w-plane except
w = £1 has exactly two distinct inverse images, z; and zo satisfying the
relation z129 = 1.

(c). J maps the unit circle |z| = 1 onto the real interval [—1,1].

(d). J maps both the interior and the exterior of the unit circle |z| = 1
into the same set in the w-plane.

(e). J maps the circle |z| =7 (r > 0, r # 1) onto the ellipse

u? v?

Teeo” -

which has foci at +1.

(f). J is a one-to-one continuous mapping of both the interior and the
exterior of the unit circle |z] = 1 onto C\[—1, 1].

(g). w=J(z) is conformal everywhere except at z = +1.

39.11. Let f(z) be analytic on an open set S, and let zp € S and
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f'(20) # 0. Show that

271, / 1 d
inteh . —
f'(20) 5 f(2) = f(20)
where v is a small circle centered at z.

39.12. Let f(z) be analytic on the open disk B(0, R), and |f(z)| < M <
oo. Show that | f(z) — f(0)| < 2(M/R)r for |z| =r < R.

39.13. Let f(2) be analytic on the open disk B(0, R), and |f(z)| < M <
0o. Show that

ﬂMz = |f(20)I?

!
< _— .
|f (ZO)‘ —_ M R2 _ |ZO‘2 I 20 E B(O,R)

(0,1) be an

39.14 (Schwarz-Pick Lemma). Let f : B(0,1) — B
= f(z2), 21,22 €

analytic function. Furthermore, let wy = f(z1), wa
B(0,1). Show that

Z1 — 22 |dw| < |dZ|

d .
T T TP

‘wlwz

1-— w1 Wo 1-— 21%Z2

Answers or Hints

39.1. Since the mapping w = f(z) is conformal at zy by Theorem 39.1,
this follows from (39.1) and the fact that arg F'(z) = — arg f(2).

39.2. Write f(z1) — f(21) as an integral of f’.

39.3. If they are, then there exists a function f : C — B(0,1) that is
analytic and bijective. But then |f(z)| < 1, so by Theorem 18.6, f(z) is a
constant and hence cannot be bijective.

39.4. (a). See Remark 39.2. (b). Follows from the fact that the composition
of two conformal maps is conformal. (c). Use Theorem 39.3 and parts (a)
and (b).

39.5. Use Theorem 39.1.

39.6. Show that z — e* conformally maps 0 < y < 7 onto y > 0 and
takes y = 0 (resp. y = m) onto the positive (resp. negative) z-axis, while
z — (2 —1)/(z + 1) conformally maps y > 0 onto |z| < 1 and takes the
positive (resp. negative) x-axis onto the lower (resp. upper) semicircle.
39.7. Show that z — (1+2)/(1 — z) conformally maps {z: |z| < 1, y > 0}
onto the first quadrant and takes {z : [2| = 1, y > 0} (resp. the segment
—1 < 2z < 1, y = 0) onto the positive y-axis (resp. positive z-axis),
while z — 22 conformally maps the first quadrant onto y > 0 and takes
the positive y-axis (resp. positive z-axis) onto the negative z-axis (resp.
positive z-axis).
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39.8. Verify directly.

39.9. Show that z — sinz conformally maps 0 < & < 7/2, y > 0, onto
the first quadrant, while z — 22 conformally maps the first quadrant onto
y > 0.

39.10. (a). This is clear. (b). Solving J(z) = w gives z = w £ Vw? — 1.
(c). Follows from J(e®) = cosf. (d). Follows from (a). (e). Setting
J(re??) = w givesu = [(r+1/r)/2] cos, v = [(r—1/r)/2]sin 6. (f). Follows
from (b) and (e). (g). For z # 0, J is analytic and J'(z) = (1—1/22)/2 # 0
except at z = £1.

39.11. Since f’(z9) # 0, by Theorem 38.2, f(z) is locally one-to-one in a
neighborhood S7 of zy. Using the analyticity of f(z) at zg, from (6.2), we
have

f(z) = f(20) + f'(20)(2 — 20) + n(2)(z — 20) (39.7)

in a small neighborhood S of zo; here, lim ., 7(z) = 0. Take a closed disk
B(zo,7) C S1 NSy with v as its boundary. Then, for any z € ~, equation
(39.7) holds and f(z) # f(z0). From (39.7), we have

f'(20) _ n(z) 1
f(z) = f(z0) z—20 f'(20)+n(z)z—2’

and hence
L/ f'(z0) 1__/ dz '
2mi ), f(z) - f(zo) 2mi )., f'(z0) )z — 2o
It suffices to show that f % ZdZZU = 0. Since lim,_, ., % 0

for any € > 0 there exists a 0 < § < r such that z € B(z,d) implies
n(z)

o) n(2) el
(39.7) the function n(z) is analytic in B(zo,7)\{20}, by Theorem 16.1 it
follows that

< €. Let s denote the circle |z — 29| = 4. Since in view of

dz

(2) 2 — 29

n(z) dz
vs I'(20) +1(2) 2 = 20

1
< 65271'5 = 27e.

Now use the fact that e is arbitrary.

39.12. Let g(z) = f(2) = f(0). Then, g(0) = 0 and [g(2)| < |f(2)|+|f(0)| <
2M. Now apply Lemma 39.1.

39.13. Consider Z = h(z) = R(z — 29)/(R? — Zoz), which maps |z| < R
analytically onto |Z| < 1 with 2y going into the origin, and W = g(w) =
M (w — wp)/(M? — Wow) (wo = f(20)), which maps |w| < M analytically
onto |W| < 1 with g(wg) = 0. The function W = g(f(h~1(2))) satisfies
the hypotheses of Lemma 39.1. Hence, |g(f(h=1(Z)))| < |Z]| or |g(f(2))| <
|h(2)], which is the same as

f(z)—f(20) R
zZ—2z0 : S M R2—Zpz ?

‘MQ—f(ZO)f(Z) 24 2.



266 Lecture 39

Now let z — zg.

39.14. Let ¢(z) = (2 + 21)/(1 + Z12), ¥(2) = (2 — wy)/(1 — W1 2). Then,
(¥ o f o ¢)(2) satisfies the conditions of Lemma 39.1, and hence |(¢) o f o
?)(2)] < |z|. Now let z = ¢~ 1(z2). We also have |(1) o f 0 ¢)'(0)] < 1; i.e.,
[0 () (1) (0)] < 1.



Lecture 40

Harmonic Functions

In this lecture, we shall employ earlier results to establish some funda-
mental properties of harmonic functions. The results obtained strengthen
our understanding of harmonic functions and are of immense help in solving
boundary value problems for the Laplace equation. We begin by proving
the following result.

Theorem 40.1. Let ¢(z,y) be a nonconstant harmonic function in
a domain S. Then, ¢(x,y) has neither a maximum nor a minimum at any
point of S.

Proof. Let 2y = 29 +iyo be an arbitrary point in S, and let B(zg,7) C S
be a neighborhood of zy. As in Lecture 7 (also see Problem 40.2) we con-
struct a function f(z) = ¢(z,y) + i6(z,y) that is analytic in B(z,7).
Clearly, the function g(z) = ¢/(*) is analytic and nonconstant, and |g(z)| =
e?@¥) Now we claim that the function ¢(z,%y) cannot have a maximum
(minimum) at (z,y0). In fact, if it does, then |g(z)| will have a maxi-
mum (minimum) at (2, yo), but this contradicts Theorem 20.1 (Theorem
203). B

Corollary 40.1. Let ¢(x,y) be a harmonic function in a domain S

and continuous on S. Then, ¢(x,y) attains its maximum and minimum on
08S.

Corollary 40.2. Let ¢(z,y) be a harmonic function in a domain S,
and continuous on S. If ¢(x,y) = constant for (z,y) € 95, then ¢(z,y) =
constant for (z,y) € S.

Corollary 40.3. Let S ¢ R? be a bounded domain, and let g(z,y)
be a real-valued continuous function on 0S. Then, the Dirichlet boundary
value problem

Gzz+Oyy = 0 in S and ¢(z,y) = g(z,y) on IS (40.1)

has at most one solution that is twice continuously differentiable in S and
continuous in S.

Problems in which the normal derivative d¢/dn = 0 is known a priori
everywhere on the boundary of a domain and where the harmonic function
¢ is sought inside the domain are known as Neumann problems.

R.P. Agarwal et al., An Introduction to Complex Analysis, 267
DOI 10.1007/978-1-4614-0195-7_40, © Springer Science+Business Media, LLC 2011
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Theorem 40.2. Suppose that w = f(2) = u(x,y) + iv(x,y) is a
conformal mapping of S into S’ and ¢(u,v) is a harmonic function on S’.
Then, ¢ o f(2) = ¢(u(z,y),v(x,y)) = P(x,y) is harmonic in S. Thus, if ¢
satisfies ¢yy + dow = 0 on S, then ¢ = ¢ o f satisfies ¥y, + 10y, = 0 on S;
i.e., the Laplace equation is invariant under a change of variables using a
conformal mapping.

Proof. Let zy € S and wy = f(20). In view of Problem 40.3, the function
¢ has a harmonic conjugate 6 in a disk around wq. Then, ¢+ 16 is analytic in
this disk, and by the composition of analytic functions, (¢+i6)o f is analytic
at zo. Hence, in view of Problem 7.20, Re[(¢+i6)o f] = Re[po f+i(fo f)] =
¢ o f is harmonic at zg. Since zg was arbitrary, ¢ o f is analytic in S. |

We also note that, under a change of variables, a level curve ¢(u,v) = ¢
in the wv-plane transforms into the level curve ¢(u(x,y), v(x,y)) = ¢ in the
zy-plane. In particular, any portion of the boundary of a region in the wv-
plane upon which ¢ has a constant value transforms into a corresponding
curve in the zy-plane along which ¢ has the same constant value. Thus,
the boundary condition ¢ = c¢ in the original problem is also invariant
under a change of variables using a conformal mapping. Similarly, if the
normal derivative of ¢ vanishes along some curve in the uv-plane, then the
normal derivative of ¢ expressed as a function of x and y also vanishes along
the corresponding curve in the zy-plane. Hence, the boundary condition
d¢/dn = 0 remains unchanged. However, if the boundary condition is not
one of these types, then for the transform problem the boundary condition
may change significantly.

To see the usefulness of Theorem 40.2 and the remarks above, suppose
we are given a domain S in the z-plane. We need to find a harmonic function
Y(x,y) in S that assumes certain conditions on the boundary of S. Suppose
we can find a conformal mapping w = u 4 év = f(z) that maps S onto a
domain S’ in the w-plane, and S’ has a simpler (familiar) shape than S.
Assume that we can find a harmonic function ¢(u,v) in S’ that assumes at
each point of the boundary of S” the condition that is required by ¥ (z,y)
at the preimage of that point on the boundary of S. Then, Theorem 40.2
assures that ¥ (z,y) = ¢((u(z,y),v(x,y))) will be the required harmonic
function in S.

In view of Problem 18.10, the following representation of harmonic func-
tions is immediate.

Theorem 40.3 (Poisson’s Integral Formula). Let ¢(z,y) be
harmonic in a domain containing the disk B(0, R). Then, for 0 < r < R,

- R? —p2 [?7 ¢ (Re™)
0y _ 0 rsing) —
¢ (re’”) = u(rcos,rsinb) 5 . T —9Rrcosi—0) dt.

(40.2)
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Theorem 40.3 has a generalization, which we state in the following re-
sult.

Theorem 40.4. Let ®(z,y) be defined on the circle C : |z| = R and
continuous there except for a finite number of jump discontinuities. Then,
the function

, R2 — 2 [?T ® (Re')
0 _
o(re?) = 27 /0 R2 + 12 — 2Ry cos(t — 0) dt (40.3)

is harmonic in the disk B(0, R), and as re’® approaches any point on Cg
where ® is continuous, ¢ (T@ZG) approaches the value of ® at that point.

Remark 40.1. Since

R%Z — 2 B R? — 2 1
R? + 12 —2Rrcos(t — 6) R? (1- %ei(t—")) (1 — Feit=0)
1 R i(tfe)
- % i(0— t) Rez(t 0)

Lo t>+z< ) (i (t=6)

) [ 0—1) | Gid(t— e)]

> (&)
> (7

) cosj(f —t)

’;Ul*

2
(%) cos j6 cos jt

= /r
+2J§_:1(E) sin 70 sin jt,

from (40.3) it follows that

qS(re = 70—1-2( ) (a; cos jO + bj sin j0), (40.4)
J=1
where
1 21
aj = —/ ® (Re™) cos jtdt, j >0, (40.5)
T Jo
and
1 2
bj = —/ ) Re” ) sinjtdt, j>1. (40.6)
T Jo



270 Lecture 40
Thus, the function ¢ can be expanded in a Fourier series with the Fourier
coefficients (40.5) and (40.6).

Remark 40.2. If w = ¢ and z = re?, then it follows that

1—r? w+ 2 1— |z
= Re =
1472 —2rcos(t — 0)

. 40.
o= 2 (40.7)

w—z
Example 40.1. Consider an electrically conducting tube of unit radius
(R = 1) that has dielectric material inside and is separated into two halves
by means of infinitesimal slits. The top half of the tube (0 < ¢t < )
is maintained at an electrical potential of 1 volt, while the bottom half
(m <t < 2m)is at —1 volt. To find the potential ¢ at an arbitrary point
(r,0) inside the tube, we recall that electrostatic potential is a harmonic
function. Thus, from (40.3), it follows that

o(r.0) = L/ﬂ (1 —r?)dt _i/% (1 —r2)dt
nY = o 1+7r2—2rcos(t—0) 27 ). 1+4712—2rcos(t—20)

1 1 0 1 0
;[2‘5311_1(1 i_:tan <% — 5)) —tan_1<1+:tan (w 5))
+

Thus, in particular, at the center, ¢(0,0) = 0.

Once again, for the same problem, (40.5) and (40.6), respectively, give
a; =0, 5 >0and b; = 2(1 —(-1)7)/(yjm), j > 1, and hence, in view of
(40.4), we have

o 277
Z— 1— (—1)7) sin j.
— JT

Example 40.2. In Theorem 40.4, let R = 1 and

(R Z.t) sint, O0<t<m
e =
0, T<t<2m

Then, from (40.3), we have

1—r2 (7 sint
= dt
¢(2) 27 /0 14+7r2—2rcos(t—0)" "

which in view of (40.7) is the same as

1 w—w 1—|2z]? dw

o S 2w —z]? w’

¢(2) =
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where 7 is the upper half unit circle. Since on v, @ = 1/w, it follows that

1 (w=g) A=z
A ), w(w — 2) (% 72)

L0 [ ey
B iy Lw(w—z)(l—w?)d ’

Thus, from Theorem 31.2, it follows that

¢(2) =

o(z) = _2m(1—|z|2) [1 22 -1

+ _ P E L rsin @
4 z z(1—22)] 20 '

Once again, for the same problem, (40.5) and (40.6), respectively, give
a; =0, 7>0and by =1, b; =0, j > 2. Hence, in view of (40.4), we have
¢(r,0) = rsiné.

Example 40.3. The conformal mapping w = i(1+z)/(1—z) transforms
the unit disk |z| < 1 onto the upper half-plane v > 0, the upper semi-circle
is mapped onto the negative u-axis u < 0, and the lower semi-circle is
mapped onto the positive u-axis u > 0. The function

1 7
—logw = —Loglw| + —argw, 0<argw <,
7r ™ ™
is analytic in the upper half-plane. The imaginary part of this function;

ie, (I/m)argw, 0 < argw < 7 is harmonic in the upper half-plane and
assumes the value 1 on the negative u-axis and 0 on the positive u-axis.

Thus, the function
1 A+z
$z,y) = —arg (’1 — z)

is harmonic in the unit disk satisfying the boundary condition

) 1, 0<fb<m
g N 0, w<#0<2m.

Clearly, under the conformal mapping above, the points z = —1 and z = 1,
respectively, correspond to the points w = 0 and w = oo, and hence the
harmonic function constructed has singularities at z = +1.

Once again, for the same problem, (40.5) and (40.6), respectively, give
ao=1,a;=0, j>1andb; = (1—(-1)7)/(jm), j > 1, and hence, in view
of (40.4), we have
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Problems

40.1. Suppose that ¢(z,y) is a harmonic function in a domain S. Let
1) = ¢ — i¢,. Show that ¢ is analytic in S. The function v is called the
congugate gradient of ¢.

40.2. Suppose that ¢(z,y) is a harmonic function in a simply connected
domain S. Show that ¢ has a harmonic conjugate in S given up to an
additive constant by

(z,y)
0(z.y) = /( —byde + dudy,

Z0,Y0)

where the point (zg,yo) is fixed in S and the integral is independent of the
path. Furthermore, show that in this problem the connectedness property
is crucial.

40.3. Suppose that ¢(z,y) is a harmonic function in a domain S. Show
that ¢ admits a harmonic conjugate locally in S.

40.4. Prove that ¢, + dyy = |f/(2)|?(duu + dvv), where w = f(2) is
analytic and f’(z) # 0. Hence, deduce Theorem 40.2.

40.5. Let a function ¢(z,y) satisfy Poisson’s equation ¢gz + ¢yy =
P(z,y) in a domain S. If S” is the image of the domain S under the confor-
mal mapping w = f(z), show that v = ¢(z(u,v),y(u,v)) satisfies another
Poisson equation, ¥y, + Py, = | f/(2)]? Plz(u,v), y(u,v)], in S’

40.6. Suppose that ¢(z,y) is harmonic and nonnegative in a domain
containing the disk B(0, R). Establish the Harnack inequality

R—r
R+r

R+r
-~ R-—r
Hence, show that a bounded function that is harmonic in C is necessarily
constant.

$(0) < ¢ (re”)

(0).

40.7. Use (40.4) to find a harmonic function ¢(x,y) in the disk B(0, a)
that satisfies ¢(a, ) = g(0), where

(). 96) = 3

(b). 9(0) = %(1 +cos®0), 0<6<2m,
(). g(6) = [0, 0<0<2m

(I+cosf), 0<6<2m,

40.8. Find a harmonic function ¢(r,6) in the wedge with three sides
0, 8 = 8, and r = a (see Figure 40.1) and the boundary conditions
=0=¢(r,p), 0<r<aand ¢(a,0) =g(d), 0<0<p.
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0 ¢=0
Figure 40.1

40.9. Let g(x) be a piecewise continuous and bounded function on
—00 < x < 0o. Show that the function defined by

Plz,y) = %/_Z (x_ig—?ﬂﬂdt (40.8)

is harmonic in the upper half-plane y > 0 and satisfies the boundary con-
dition ¢(z,0) = g(x) at all points of continuity of f. The relation (40.8) is
called Poisson’s integral formula for the half-plane.

40.10. Use Problem 40.9 to find a harmonic function ¢(x,y) in the
upper half-plane y > 0 that satisfies ¢(x,0) = g(z), where

B 1, |zl <1
(4). 9(a) = {O’ T
- z, || <1
). gla) = {07 o
(¢). g(z) = cosz, —oo <z < o0.

Answers and Hints

40.1. It suffices to verify that ¢, and —¢, satisfy the Cauchy-Riemann
conditions.

40.2. See Examples 7.6 and 7.7. Consider the function In |z|.

40.3. Since S is open, we can find an open disk B(zg,7) in S. Clearly, this
disk is connected.

40.4. Use the chain rule and the Cauchy-Riemann conditions.

40.5. Use Problem 40.4.

40.6. Use (R—1)? < R? 472 — 2Rrcos(t — ) < (R+)?, and note that,

for r = 0, (40.2) reduces to ¢(0) = 5= OQW ¢ (Re™) dt.

40.7. (a) l(1—|—£COSQ),(b). (1+3TCOSG+4Q300839) () %
+> 0, m)ﬂil) 2" cos né.

40.8. ¢(r,0) = > o2 | A,/ P sin 0, A, = %a_"”/ﬁ fOB g(t) sin S tdt.
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40.9. Fix z =z +1y, y > 0, and consider f(w) = (w —2z)/(w—7%), v > 0.
Clearly, f maps the open upper half-plane conformally onto B(0,1). The
boundaries |z| = 1 and the real axis correspond via e = f(7) = (7 —
2)/(t — %), t € [0,27], 7 € R. This gives dt = 2ydr /|t — Z|°.

40.10. (). £ (tan~! 225 — tan " 227}, (b). £ (v~ 27— tant 27+

—1)2 44> _ .
%mW, (¢c). e7¥Ycosx.



Lecture 41

The Schwarz-Christoffel
Transformation

In this lecture, we shall provide an explicit formula for the derivative of
a conformal mapping that maps the upper half-plane onto a given bounded
or unbounded polygonal region (boundary contains a finite number of line
segments). The integration of this formula (often a formidable task unless
done numerically) and then its inversion (another nontrivial task) yields
a conformal mapping that maps a polygonal region onto the upper half-
plane. Such mappings are often applied in physical problems such as in
heat conduction, fluid mechanics, and electrostatics.

Consider the transformation
z = gw) = (w—u)¥", 0<a<?2m, (41.1)

where w1 is a point on the real axis of the w-plane. This mapping is a
composition of a translation T'(w) = w — uy followed by the real power
function G(w) = w®/™. From Lecture 11, it is clear that under the com-
posite mapping z = G(T(w)) = (w — uy)*/™ a ray emanating from u; and
making an angle 6 with the real axis is mapped onto a ray emanating from
the origin and making an angle af/m with the real axis. The image of the
half-plane v > 0 is the point z = 0 together with the wedge 0 < arg(z) < a.
Since ¢'(w) = (a/7)(w — up)( /™1 £ 0 if w = u + v and v > 0, it follows
that z = g(w) is a conformal mapping at any point w with v > 0. In what
follows, we shall use the form of the derivative of the function g(w) to de-
scribe a conformal mapping of the upper half-plane v > 0 onto an arbitrary
polygonal region. For this, we shall first analyze the mapping h(w), which
is analytic in the domain v > 0 and whose derivative is

P(w) = A(w —uy) /D (w — ug)l@2/m1 (41.2)

where A is a complex number, u; < ug are real, and 0 < a1,y < 27.
Under the mapping w = h(z), we shall find the images of the intervals
(—o0,u1), (u1,usz), and (uz,00). Since, on the real axis w = u, from (41.2)
it follows that

Arg(h'(u)) = Arg(A)+ (% - 1) Arg(u — ug) + (% - 1) Arg(u — us).

Thus, if —co < u < uy,

Arg(h'(u)) = Arg(A)+ (% - 1) 7T+(% - 1) m = Arg(A)+aq+ax—2m,
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which is a constant for all u. Hence, the interval (—oo, u1) is mapped into a
line segment ¢ defined by z = h(u). Similarly, we find that if u; < u < ug,
then Arg(h/(u)) = Arg(A) + as — m; i.e., the interval (ug,us) is mapped
into a line segment ¢y defined by z = h(u), which changes the exterior
angle by m — a1 from ;. If us < u < oo, then Arg(h/(u)) = Arg(A); i.e.,
the interval (ug,00) is mapped into a line segment ¢35 defined by z = h(u),
which changes the exterior angle by m — s from ¢5 (see Figure 41.1).

Figure 41.1

Since h(z) is analytic, the image of the half-plane v > 0 is an unbounded
polygonal region (see Figure 41.1). In the following result, we generalize
the discussion above for the derivative f’'(w) of a function f(w) that maps
the half-plane v > 0 onto a polygonal region with any number of sides.

Theorem 41.1 (The Schwarz-Christoffel Transformation).

Let f(w) be analytic in the domain v > 0 and have the derivative
flw) = A(w —ug) /M= — uy)@2/M=1 (g — )@ /=1 (41.3)

where u; < us <+ <y, 0 <oy <2m, j=1,2,---,n,and A is a complex
constant. Then, the upper half-plane v > 0 is mapped by z = f(w) onto an
unbounded polygonal region, say P with interior angles «j, 7 =1,2,---,n.

In integral form, (41.3) can be written as

L f(w) _ A/w(<_u1)(a1/ﬂ')—1((_UQ)(az/ﬂ)—l . (C_un)(a"/ﬂ-)—ldc_’_B;

(41.4)
here, in the integral, the lower limit can be chosen arbitrarily. Clearly, from
(41.3) and (41.4), it follows that (u1,0), (u2,0),- -, (un, 0) are the images in
the w-plane of the vertices 21, za, - - -, 2, of the polygon P in the z-plane. If
w = oo is mapped into one vertex, say z; then the term containing (w — ;)
is absent in (41.3). If the polygon P is closed, then the last vertex z, is
the same as the initial vertex z1, and hence instead of n interior angles we
have only n — 1 interior angles. The size and orientation of the polygon P
are determined by the complex constants A and B. This is usually fixed by
choosing some of the points u; on the u-axis. We illustrate some of these
remarks in the following examples.
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Example 41.1. We shall find the transformation that maps the upper
half-plane v > 0 onto the polygonal region defined by the strip z > 0, —1 <
y <1 (see Figure 41.2).

)

7 ' [ )2

I 1 “
Figure 41.2
Clearly, here we have a1 = ag = 7/2, 21 = —i, and 2o = i. We choose

u; = —1 and us = 1, so that (41.4) becomes

2= g = 4 [ CrT e B
= —z’A/w(l—CZ)_l/QdC—&-B = —iAsin"'w+ B.

Now, since f(—1) = —i and f(1) = 4, it follows that A = —2/7, B = 0.
Hence, the required mapping is

2

2 = i—sin"tw.
T

From this mapping, it is clear that

e — = — 1 —
w S111 % (2] 2

maps the strip z > 0, —1 <y < 1 onto the upper half-plane v > 0.

Example 41.2. We shall find the transformation that maps the upper
half-plane v > 0 onto the sector 0 < argz < am, 0 < o < 2. For this, we
note that the given sector is a polygon with vertices z; = 0 and 2z = oc.
We choose u; = 0 and ug = 00, so that (41.4) becomes

z = f(w) = A/w(“‘ldg+B = gw“—&—B.

Now since f(0) = 0 it follows that B = 0, and hence z = f(w) = (A/a)w®.
To fix the arbitrary constant A, for simplicity we choose f(1) = 1, so that
A = «a. Hence, the required mapping is z = w®. From this mapping it is
clear that the principal branch of w = z'/® maps the sector 0 < argz <
am, 0 < a < 2 onto the upper half-plane v > 0.
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Example 41.3. We shall find the transformation that maps the upper
half-plane v > 0 onto the right isosceles triangle. The vertices of the triangle
and its images are given in Figure 41.3.

7

—a
o V4 u
ur | u2 uz=o0
Figure 41.3
Clearly, here we have oy = ag = 7/4, az = 7/2, w1 = —a, we = a, and

ws = 0o, and hence (41.4) can be taken as

2= f(w) = A/Ow(C+a)3/4(C+a)3/4dC+B = A/Ow(<2a2)3/4d<+3

This integral cannot be evaluated in terms of known functions. It has
to be computed numerically for each value of w of interest. Now, since
f(=a) =—=1and f(a) =1, it follows that

-1 = A/ia(CQ—aQ)‘?’/‘ldQ—kB,
0

1 = A/ (¢? —a?)73/44¢ + B,
J 0

which easily determines

1

A = f(;l(cz —a2)-3/4d¢

and B =0.

Hence, the required mapping is

J37(¢% — a?)~3/4dc
Ji(¢2 = a?)=3/4d¢

From this the computation of the inverse mapping that transforms the
triangle in Figure 41.3 to the upper half-plane v > 0 is not straightforward.

Example 41.4. We shall find the transformation that maps the upper
half-plane v > 0 onto the rectangle. The vertices of the rectangle and its
images are given in Figure 41.4.
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3=—a + ib Y zo=a -+ 1b

v
7 -1 1/1/k/

1k
e - u .
uz  ua |0 ur U2 z4=—a 0 z1=a
Figure 41.4
Since here oy = s =g =ay =7/2, u1 =1, ue = 1/k, us = —1/k, uqg =

—1, (41.4) takes the form

w 1 -1/2 1 —-1/2
2= f(w) :A/O <<1>1/2(<E> (<+E) (C+1)""2d¢+B
w k
=A d B.
|

We can use the correspondence w = 0 — z = 0 to get B = 0. Then,

d¢ := CF(w,k), C=kA. (41.5)

w 1
Z:CA VA=) - k)

The function F'(w,k) is called the elliptic integral of the first kind. The
correspondence w = 1 — z = a now yields

d¢ = CF(1,k) = CK(k). (41.6)

! 1
a = C
/0 V(=) (1 - k2¢?)

The function K (k) is called the complete integral of the first kind and is
well-studied in tabular form. Finally, we note that the correspondence
w=1/k — a+ ib leads to

1 1 1/k 1
b ; ]
o ¢ [/O \/(1_<2)<1_k2C2) C+/1 \/(1—C2)(1_k2<2> ¢l
which in view of (41.6) is the same as
1/k )
b=0 dg. (41.7)

1 V(@ =D - k2

For the given values of a and b, the nonlinear equations (41.6) and (41.7)
can be solved for the unknowns C' and k. The relation (41.5) with these
computed values then provides the required transformation.
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Problems

41.1. Find the transformations that map the upper half-plane v > 0
onto the domains in the z-plane as shown in Figure 41.5 with the following
correspondences of the points:

(a). w(ur =0,uy =1l,ug =00) — z(z1 =0,20 =1, 23 = 0),
(b). w(ug =0,us = 1,us =00) — 2(21 =0,20 =1,23 = ),
(¢). w(ur =0,ue =1,u3 =00) — 2(21 =0, 29 = 00,23 = 0),
(d). w(ur =0,us =1,u3 =00) — 2z(21 =0,2 = 00,23 =00)
23
y
zZ1 z9
23
(b)
z3 z2 zZ3 z2
z2 z2
Z1
% o
zZ3 Z3
(c) (d)

Figure 41.5

Answers or Hints

41.1. (a). z = (2/7)[sin" ' yw — (1 — 2w)vVw — w?),

(b) = = (2/m)fsin* v — Vo ),
(0). = = (h/mltanh™ v — V],
(d). z = (2h/m)[tanh ™" w'/* — 201/4].



Lecture 42
Infinite Products

In this lecture, we shall introduce infinite products of complex num-
bers and functions and provide necessary and sufficient conditions for their
convergence.

Let {a,} be a sequence of complex numbers. The infinite product, de-
noted as Hjczl aj is the limit p as n — oo of the nth partial product

Pn = H?Zl a; = aiaz---ay provided this limit exists and is not zero.
As in series, we write H 10 = p or lim,, e ]_[7 1a; = p. Now, if
lim,, o0 pn = p # 0, then, since
H'I’L
lim a, = lim jzl Go_ P 1,
n—oo n—00 H] 1 G D

for the infinite product H — 1 a; to converge it is necessary that lim,, o an
= 1. Thus, if, for convenience, we consider a,, = 1 + b,,, then the infinite
product

oo

[T+ (42.1)
j=1
diverges if lim,,_, o, b,, # 0 or some b,, = —1. The following example suggests

that lim,,_,~ b, = 0 is not sufficient for the convergence of (42.1).

Example 42.1. Both the infinite products, H;)ig (1-1/5) and H;O:1 (14
1/7), diverge. In fact, respectively, we have

123 n—1 n 0 N
b= 95314 n n+tl  n+l a e
and
2 34 n+1
P = = = = - =n+1 — o0 as n — oo.
123 n

The following results that we state, leaving the proofs as exercises, pro-
vide necessary and /or sufficient conditions for the convergence of the infinite
product (42.1).

Theorem 42.1. The infinite product (42.1) converges if and only if
the infinite series

iLog(l +b;) (42.2)
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converges.

Theorem 42.2. The infinite product (42.1) converges if and only if
for every € > 0 there exists an integer N = N (¢) such that

‘(1+bn+1)(1+bn+2)(1+bn+m) — ].I < € (423)

whenever n > N and m > 1.

Theorem 42.3. Tf the series ) )7, b; and 72, b2 converge, then the
infinite product (42.1) converges.

The infinite product (42.1) is said to be absolutely convergent if the

infinite product
o0

[T+ (42.4)

j=1

converges. A convergent infinite product that is not absolutely convergent
is called conditionally convergent.

Theorem 42.4. The infinite product (42.1) is absolutely convergent if
and only if the series Z;’il b; is absolutely convergent.

Theorem 42.5. If (42.4) converges, then (42.1) converges.
Example 42.2. For the infinite product [];Z, (1 — (=1)7/j) , we have

1 e
B 14 3 n_(_]_)n (n+1)_(_1)n+1 B 5 lf’I’L 1S Odd
Pn =537 n 1 =\ 1nt2 |
- if n even,
2n+1

and hence lim,,_, oo pr, = 1/2. However, in view of Example 42.1, the infinite
product [[52,(1+ 1/5) diverges, and hence the converse of Theorem 42.5
is not true.

Now we shall consider infinite products of complex functions. Let
{bn(2)} be a sequence of complex functions defined on a set S. An infi-

nite product
o0

[T +02)) (42.5)
j=1
is said to be uniformly convergent on S if the sequence of partial products
pn(2) = I[;—1 (1 + bj(2)) is uniformly convergent on S to a function p(z)
that is different from zero for all z € S.

Theorem 42.6. Suppose that the series Y2, [b;(2)| converges uni-
formly on every compact subset of S. Then, (42.5) converges uniformly to
p(z) on every compact subset of S.
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Proof. Let S; be a compact subset of S. Since Z 1 1bj(2)| converges
uniformly on S, it is uniformly bounded. Thus, for all 2 € 5y, it follows
that

n n n
() <TI0+ < TLe ) = o (S| < o
j=1 j=1 J=1

Let € > 0 be arbitrary. Then, there exists an integer N sufficiently large
such that Z] ma1 |0 (2)] < e for every n >m > N and all z € S;. Now an
easy argument for all z € 57 gives

n

pu(z) =i (=)l = ()| [T @ +b5()) 1

j=m+1

< |pm(z)‘ H (1 + ‘b](Z)D -1
_j=m+1

< fpm(2)] |exp | D0 Ibi(2) | —1
L j=m+1

< M(ef—1).

But this shows that the sequence {p,(z)} converges uniformly on S;. B

Corollary 42.1. Let {M,} be a sequence of positive constants, and let
b, (2)| < M, for all z € S. Then, if Y7°, M; converges, (42.5) converges
uniformly on S. ‘

Corollary 42.2. If in Theorem 42.6 the functions b, (z) are analytic
on S, then the limiting function p(z) is analytic on S.

Example 42.3. For || < 1, uniformly we have

ﬁ (1+22j) = (1+2)(1422)(1+2Y--

= 1i—z(l — 2+ 22) (1 + 24 -

1 n 1
= lim (1 — 22 ) = .
1 —2n—o0 1—-=2
We also note that this infinite product diverges for |z| > 1.

Example 42.4. Since (1 + 2//7)(1 — 2/V/j) = (1 — 22/j), j > 2 and
(14 2i//5)(1 — 2i/\/5) = (1 4+ 22/4), j > 1 in view of Example 42.1, both
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the infinite products

fi6+3)0-5) = f(2)0-3)

diverge at z = +1.

Example 42.5. Consider the zeros of the function sinz; i.e., z =
jm, 5 =0,+£1,£2,---. The infinite product

[ee] oo
ZHZ+]7T)Z—]7T = HZ—]?T Hl—l—z—gw—l))
J=1 Jj=1 Jj=1

does not converge at any point z # jm, as the necessary condition 2% —
j2m? —1 = 0 as j — oo is violated.

Remark 42.1. If the conditions of Corollary 42.2 are satisfied, then it
can be shown that

P _ 5 b6

Corollary 42.3. Let the conditions of Theorem 42.6 be satisfied.
Then, if {ni,na,---,n;, -} is any permutation of the positive integers,
then p(z) = H;il(l +bn; (2)) on every compact subset of S.

Proof. Let S;,M, e, and N be as in Theorem 42.6. Choose K so large
that {1,2,---, N} C {n1,n2,- -, nk}. Furthermore, let gx(z) = H?Zl(l +
by, (2)). Then, for all z € S, we have

laxc(2) = pn ()] = o (@) [0 +bn,(2)) = 1],
J
where j € {ni,n9, -, nx}\{1,2,---, N}. Thus, as in Theorem 42.6, we

have |qx(2) — pn(2)] < M (e — 1), which shows that {gr(z)} converges
uniformly on Sj.

Corollary 42.4. Let the conditions of Theorem 42.6 be satisfied. Then,
p(z0) = 0 for some zy in a compact subset of S if and only if b;(zy) = —1
for some j.

Proof. Let S;, 0 <e<1/2and N be as in Theorem 42.6. Then, for ev-
eryn >m > N and all z € S, we have |p,(2) —pm(2)| < |pm(2)] (e — 1) <
2|pm(2)]e. Thus, it follows that

Pn(2)] 2 [Pm(2)|=[pn(2)=pm(2)| = [Pm(2)|=2[pm(2)le = (1=2€)|pm(2)]-
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Hence, as n — 00, |p(2)| > (1—2¢€)|pm(z)|, where (1 —2¢) > 0. This implies
that if |p,,(z)| > 0 for each m and z € Sy, then |p(z)| > 0. The converse is
obvious. |

Corollary 42.5. If, for each j, 0 < b; < 1, then H;‘;l(l —b;) > 0if
and only if 377, b; < oc.

Proof. Let ¢, = H;‘L:1(1 —b;). Then, ¢1 > g2 > --- > 0, and therefore

lim,, y00 ¢ = ¢ exists. If Z;}; bj < oo, then ¢ > 0 by Corollary 42.4
since each factor 1 — b; > 0. Conversely, 0 < ¢ < ¢, < H?Zl(l —b;) <

exp (723 1 b; ) , and hence if 3777 b; = oo, then exp(ijolb ) =0,
which implies that ¢ = 0. |

Problems

42.1. Evaluate the following infinite products:

0 T1(1-5) 00T (1 ) 0 T (1 )

Jj=2 Jj=1 =1

42.2. Show that the infinite product H;il (1 + e7#) diverges for Re(z) >
0 and converges absolutely for Re(z) < 0.

42.3. Show that the infinite product []2, (1+ 27/4) is uniformly and
absolutely convergent for |z| < r, where 0 < r < 1.

42.4. Show that the infinite product [[;Z, (1 +1/5%) is uniformly and
absolutely convergent in the half-plane Re(z) > 1+ ¢, where € > 0. Use the
principal value of ;7.

42.5. Show that the infinite product [[72, (1 —2%/42) is uniformly and
absolutely convergent in any closed and bounded region, where z is not a
positive or negative integer.

42.6. Show that the infinite product

(=) g ) 0 -9) i g) -

is uniformly and absolutely convergent in any closed and bounded region,
where z is not a positive or negative integer.

42.7 (Blaschke Product). Let the sequence {z,} be such that 0 <
|zn| < 1 for all n and E;’il(l — |zj]) converges. Show that the infinite
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product

zj — 2 |z

f(z) = = — =
jl;[l 1-%Z;z z;
converges uniformly on the disk B(0,7), 0 < r < 1. Hence, f(z) is analytic
on B(0,1), z,, n = 1,2,--- are its zeros, f(z) has no other zeros, and

[f(2)] < 1.

Answers and Hints

42.1. (a). 1/2, (b). 2, (c). 1/3.

42.2. For Re(z) > 0 use the necessary condition for convergence, and for
Re(z) < 0 use Corollary 42.1.

42.3. |by(2)| = |2"]/n < r™. Now use Corollary 42.1.

42.4. Use Corollary 42.1.

42.5. Use Corollary 42.1.

42.6. Since (1 — Z) ez/" =1 + bn(Z), Where bn(z) = - Z;}ig (jfl) (i)jv

n \ 7! n

we have [b,(2)] < 3272, ﬁ (&) = (5)2 efin < e(%f when n > R.

n n

Similarly, we have (14 Z) e #/" =14 cn(2), where |c,(2)] < e (%)2 when
n > R. Now use Corollary 42.1.
42.7. Follows from Corollary 42.1 since

21
. 142
bi(2) = el - 1= -2 (1 - |

satisfies

bi(2)] < = (1 —|z;]) < B2(1 —|]) = M, forall ze B(0,r)

1—|z][z] 1=r

oo
and .~ M; converges.
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Welierstrass’s Factorization
Theorem

In this lecture, we shall provide representations of entire functions as
finite/infinite products involving their finite/infinite zeros. We begin with
the following simple cases.

Theorem 43.1. If an entire function f(z) has no zeros, then f(z) is
of the form f(z) = e9(*), where g(z) is an entire function.

Proof. Clearly, the function

is entire, and hence

/ “hE)dE = Log f(6)] = Log f(2) - Log £(0).

0
Thus, f(z) = 9, where g(z) = [ h(£)d¢ +Log f(0). B

Theorem 43.2. Let z;,---, 2z, be the distinct zeros of an entire func-
tion f(z), where z; is of order k;, j =1,---,m. Then, f(2) is of the form

f(Z) = (Z - Zl)kl e (Z - an)kmeg(z)7 (431)
where ¢(z) is an entire function.

Proof. 1t suffices to note that the function

- /()

(Z — Zl)kl e (Z — Zm)krn
is entire and has no zeros. The result now follows from Theorem 43.1. [ |

Example 43.1. In Theorem 43.2, if g(z) is a constant, then f(z) is a
polynomial. Otherwise, it is an entire transcendental function.

Remark 43.1. 1If fi(z) and fo(z) are two entire functions having the
same zeros with the same multiplicities, then fi(z) = fa(2)e9(*), where g(z)
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is an entire function. Conversely, if g(z) is an entire function, then f(z)e9(*)
has the same zeros as f(z), counting multiplicities.

Now let us assume that the entire function f(z) has an infinite number
of zeros, say zi,zs2, -+, which have been ordered in increasing absolute
value; i.e., |21] < |z2| < ---. Clearly, |z,| — oo, for otherwise the function
f(2) will be identically zero (see Corollary 26.3). In view of Examples 42.4
and 42.5, the function f(z) cannot be represented as AH;’;l(l — z/z;) or

A H;’il(z — z;). In fact, to find a proper representation of such a function,
we need Weierstrass’s elementary functions:

Eo(z) = (1—2), Eu(2) = (1—2)exp(z+(2%/2)+---+(4/0), £=1,2,--
and the following lemmas.

Lemma 43.1. Each elementary function Ey(z), £ = 0,1,2,--- is an
entire function having a simple zero at z = 1. Furthermore,

(i). Ey(z) = —2exp(z+ (22/2) + - + (2°/0)),

(ii). if Ee(z) = Z;’io ajz7 is the power series expansion of Ey(z) about
z=0,thenay =1, a1 =ay=---=a,=0and a; <0 for j > ¢, and

(iii). if |2] < 1, then |E,(z) — 1| < |21

Proof. (i). Follows by a direct verification.

(ii). That ap =1 is obvious. Since Ej(z) has a zero of multiplicity ¢ at 0,
and since term-by-term differentiation is permissible, in Fy(z) = Z;’;O aj 2,
it follows that a; = as = --- = ay = 0. Next, in the expansion of —E/(z) =
2Pexp(z + (22/2) + - -+ (2%/€)), the coefficient of each 27 is a nonnegative
real number. Hence, the coefficients in the expansion of Ey(z) must be
nonpositive.

(iii). From part (ii), we have

oo o) 00
Ee2) =1 < | > a2l < 3 agllal! < 2D (—ap)la
j=t+1 j=0+1 =41

Now, since Fy(1) =0=1+ Z;iul a; or —Z;’;ZH a; =1, for |z] <1it
follows that

oo
[Eo(z) =1 < |21 > —a; |1 < |27, W
J=0+1

Corollary 43.1. For any nonzero zj, |E(2/zj) — 1| < |z/z;[*T! for
2] < [21.
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Lemma 43.2. Let {z,} be a sequence of complex numbers such that
zn £ 0, n = 1,2,--- and |z,| — oo as n — oo. Then, there exists a
sequence of nonnegative integers {£,,} such that the series 377, |2/ z;[tt

is uniformly convergent on every closed disk B(0,7), r < oc.
Proof. Let?¢,=n—1, n=1,2,---. Since |z,| — 0o as n — oo, there

exists N large enough so that |z, | > 2r for n > N. For all these n and for
|z| < r, we have

2 ln+1

2 |" rA\" 1
S S NGO
Zn Zn 2r 2n
The result now follows from Theorem 22.4. [ |

The main result of this lecture is the following theorem.

Theorem 43.3 (Weierstrass’s Factorization Theorem). Let
{zn} be a sequence of complex numbers such that z, # 0, n = 1,2,---
and |z,| — oo as n — oo, and let m be a nonnegative integer. Further-
more, let {¢,} be a sequence of nonnegative integers such that the series
>go1 12/2]% T converges uniformly on compact subsets of the complex
plane (in view of Lemma 43.2, such a choice is always possible). Then,

fz) = zmﬁEgj (%) (43.2)

represents an entire function. This function has a zero at z = 0 of mul-
tiplicity m and at each z;, j = 1,2,--- of multiplicity k;; here, k; is the
number of times z; occurs in the sequence {z,}.

Proof.  Since Ey, (2/2,) = 1+ (Ep, (2/2,) — 1), in view of Theo-
rem 42.6, (43.2) converges uniformly and absolutely provided the series
Z;il(Egj (2/zj) — 1) converges uniformly and absolutely on every disk
of finite radius. Let |z| < r. Then, there exists N large enough so that
|z/zn| < 1 for n > N. But, then in view of Corollary 43.1, we have
|Ee (2/2n) — 1] < |2/2z,]T1. Since £,, can be chosen as in Lemma 43.2, it
follows that the series > 72, |2/ z;[%*1 converges uniformly on the closed
disk B(0,7), which in turn implies that the series >e1 (B (2/2j) —1) con-
verges uniformly and absolutely on B(0, ). Finally, since r > 0 is arbitrary,
in (43.2) the limit function f(z) is entire and has the prescribed zeros. W

Remark 43.2. Since the sequence of positive integers {/£,} can be
chosen differently, the representation (43.2) is not unique.

Remark 43.3. The general entire function with simple zeros at z =
Zn, n=1,2,--- and a zero of multiplicity m at z = 0 is given by f(z)e9*)
where f(z) is as in (43.2) and g(z) is an arbitrary entire function.
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Example 43.2. The function sin7z is entire and has simple zeros
at n = 0,£1,£2,---. In Theorem 43.3, we let ¢,, = 1 for each n. Since
Z;—;l |z/n|? converges uniformly on every disk of finite radius, the function

R CPHICHER IS

is entire and has simple zeros at nonzero integers. Thus, in view of Remark
43.3, it follows that

oo 2
sinz = 9 2 H <1 - Z—2> , (43.3)

i=1 J

where the entire function g(z) has to be determined. For this, differentiating
both sides of (43.3) and using Remark 42.1, we obtain

cos "(z) + L +§: —22 si
TCOSTZ = z) 4+ = ——_ | sinnz,
9 > = j2 22

which is the same as

1 1
mecotmz = — Z( )
z z—7 Z—l—j

for all z such that sinmz # 0; i.e., for all z ## n. Hence, we have

1 1 i
g(Z): Z( ‘)2_.2

Pyt sin” 7z

Now we observe that the function ¢”(z) is periodic of period 1. Also, since
|sinmz|? = sin® 7z 4 sinh? 7y it follows that for 0 < = < 1, |y| > 1, the
function ¢”(z) converges uniformly to zero as y — oo. This ensures that
|g"” (2)| is bounded in the strip 0 < 2 < 1, |y| > 0. But then, by periodicity,
lg"” ()] is bounded on the whole complex plane. By Theorem 18.6, ¢”(2)
must be a constant, and since the limit is zero, the constant must also be
zero; i.e., g”(z) = 0. This leads to the interesting identity

- 1 w2
~— = . 43.4
j;oo (z—7)2 sin’ 7z ( )
Thus, ¢'(z) must be a constant. But, since ¢'(z) = —g’(—=z), this constant

also must be zero. Hence, we also have the identity

1 (1 1
Teotmz = —+Z( - + ) (43.5)
s AN z+7
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Therefore, g(z) must be a constant, say e9*) = ¢, and thus (43.3) can be

written as
2

. oo
SIN7TZ z
= 1——. 43.6
n 20 cH( .) (43.6)

2
i=1 J

Taking z — 0 on both sides of (43.6) gives ¢ = 7. Thus, we have the infinite
product expansion
oo 2
sinmz = 7z [ <1 - 2—2) . (43.7)
i=1 J

Remark 43.4. For z = 1/2, (43.7) reduces to Wallis’s formula

> 27)2 2.2.4.4-6-6-8-8--.
T I = (27)° - : (43.8)
2 7 M @FDE -1 1-33:55-7-7-9--
Remark 43.5. From (43.7), it follows that
sinhmz = WZH <1+,—2>. (43.9)
it J
j
Remark 43.6. Since
. z—7 ) z—27 z—1-2j5
j=—2N-1 j=—N j=—N-1
N
1 1 1 1
B Z+;(z—2j+z+2j>z+1+2N
N

1 1 1
- -3 -+ .
z—1 = z—1-27 =z—-1+2j

as N — oo, from (43.5), we find

= (—=1) m . mz 7w w(z—1)
E - = —cot— — —cot ————=
) 2= 2
j=—00

—~

which immediately gives the series

= (=17 (43.10)
sinmz , z—j
j=—o0
Remark 43.7. 1In (43.10), replace z by z — 1/2 to get
71' = 2(—1)it!
= P OT—— 43.11
cos Tz Z 22 —1—2j’ (43.11)

j=—o00
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which for z = 0 gives the Gregory-Leibniz series

7 = (—1)! 1 1
T _ e 43.12
1 jZZ:OQjJrl + + ( )

Remark 43.8. From the expansions above the following series are
immediate

1 1 2z 2z 2z

- - - 43.13
sinh 2z z 22472 + 22 + 472 22 4972 + ( )
1 ™ 3T 51
= — — 43.14
T oy g Rl iy Ep Rl oy S S
and
2 2 2
tanhz = - : ... (43.15)

722+ 2 GBr2P 42 (rj2P 42



Lecture 44
Mittag-Lefller Theorem

In this lecture, we shall construct a meromorphic function in the entire
complex plane with preassigned poles and the corresponding principal parts.

Recall that a function is meromorphic in a region if it is analytic except
for isolated singularities which are at most poles. In what follows, if nec-
essary, we shall redefine the function at its removable singularities, so that
it has only poles. Clearly, a meromorphic function in the entire complex
plane can have at most a finite number of poles in every bounded subset.
Otherwise, there will be a finite limit point of poles, and this limit point
will be an essential singularity. If zg is a pole of order m of a function f(z),
then in a neighborhood of zg, f(z) = G(2) + g(z), where g(z) is analytic
at zp and

_ a—m A—m+1 . a—1
Gla) = (z—z0)™ (22— z9)m ! (z — 20)

is the principal part of f(z) at zo (observe that G(z) is a rational function).
Thus, with a pole, the principal part of the function at the pole is always
associated. In this lecture for a given sequence of complex numbers {z,}
and a sequence of functions {G,(z)} of the type G(z) above, we shall con-
struct a meromorphic function f(z) that has poles at z,, n=1,2,--- with
the corresponding principal parts G, (z). The construction of such a func-
tion f(z) is trivial if the number of points z, is finite, say N. In fact, then
f(z)= Z;\le Gj(z) + g(z), where g(z) is analytic, is the required function.
When the number of points z,, is infinite, we have the following theorem.

Theorem 44.1 (Mittag-Leffler Theorem). Let {z,} be a se-
quence of complex numbers such that 0 < |z1| < |z2]| < -+ and, limy, 500 |20 | =
oo, and for each n, let G,,(z) be the rational function given by
a” a™ n
—m(n) —m(n)+1 a_y
G, = el S
B = e P ey TN T

Then, there exist polynomials h,(z), n =1,2,--- such that

= > (G hy(2)) (44.1)

j=1
defines a meromorphic function with poles at z,, n = 1,2, --- and principal
parts G, (z), respectively.

R.P. Agarwal et al., An Introduction to Complex Analysis, 293
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Proof. Consider the power series expansion of the principal part G.,(z)
in the neighborhood of the point z = 0; i.e.,

£

Gn(z) = a” +aMz 4 +alMl 4. (44.2)

Clearly, this series is convergent in the open disk B(0, |zy,|), and its con-
vergence is uniform in every closed disk of radius strictly less than |z,[; in
particular, in the open disk B(0,|z,|/2). Let hy(2) = a(()n) + agn)z +F

ag\?()n)zN("), where N(n) is so large that

= 1
G (2) = ha(2)] = Yo alet] < o0 7€ B(0,]zl/2). (443)
k=N (n)+1

Now consider a disk B(0,7), r > 0, and let ng = ng(r) be the smallest
integer such that |z,| > 2r for all n > ng. Since B(0,r) C B(0, |z,|/2)
for all n > ng, B(0,r) contains none of the points z,41, Zng+2, - . Thus,
(44.3) holds for all n > ng and z € B(0,r). Therefore, by Theorem 22.4,
the series

converges uniformly on B(0,r) and hence represents an analytic function
Qno(2), on B(0,7). Thus, if f(z) = >272,[Gj(2) — h;(2)], we have the

representation

f(Z) = f"o(z)+Qno(z)’ z € B(O,’I"),
where Qn,(2) is analytic on B(0,r), and the partial sum

no

Fuo(2) = D [G5(2) — hy(2)]

j=1

is a rational function whose poles in B(0,r) are those points of the sequence
{zn} that lie in B(0,r). Moreover, the principal part of f,,(z), and hence of
f(2), at any point z, € B(0,r) is just G,,(z). Finally, since r can be chosen
arbitrarily large, the result follows. |

Remark 44.1. In Theorem 44.1, if zo = 0 is one of the points of the
sequence {z,} with the given rational function Go(z), then in (44.1) we
need to add a corresponding term.

Remark 44.2. 1If f1(2) and f»(z) are meromorphic functions with the
same poles and the same corresponding principal parts, then their differ-
ence fi(z) — fa(z) is analytic in the entire plane, and hence equals to an
entire function. Conversely, the addition of an entire function to a given
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meromorphic function does not alter its poles and the corresponding prin-
cipal part. Hence, if g(z) is an entire function, then (44.1) can be replaced
by

f(2) = Y (Gj(z) = hy(2) +g(2). (44.4)

j=1
This representation is called a partial fraction expansion of f(z).

Example 44.1. Consider the problem of finding a meromorphic
function with simple poles at each integer n and with the principal part
Gu(z) =1/(z—n) at n. The series 3372 Gj(2) =372 1/(2—j) does
not converge uniformly for noninteger z in B(0, ) for any r > 0. However,
for any n #£ 0,

1 1

Ll [l

z
S S o B
n?|(z/n) =1 — n?

z—n n n(z—n)

for large n. Hence, for noninteger z with |z| < r, the series

Z(ziﬁ%)

J#0

converges uniformly for each 7 > 0. Hence, in Theorem 44.1, letting h,,(2) =
1/n for each nonzero integer n, we have that

1 1 1 1 1 1 1 1
-+ -+ = = —+ -+ =+ - — =
z Z<Z—J J) z Z<Z—J Jooz+] J)

J#0 j=1

J— 2z
Y (75)

j=1

is a meromorphic function with simple poles at integers and the princi-
pal part 1/(z — n) at each integer n. Thus, in view of (43.5), the desired
meromorphic function is 7 cot 7z.

Example 44.2. Consider the problem of constructing a meromorphic
function with double poles at each integer n and with the principal part
Gu(z) = 1/(2 —n)* at n. The series 3372 Gj(2) = X272 [ 1/(2 —j)?
converges uniformly and absolutely for noninteger z in B(0, r) for any r > 0.
Hence, in Theorem 44.1, letting h,,(z) = 0 for each integer n, we find the
desired meromorphic function 337 1/(z — j)?, which in view of (43.4)

is the same as w2/ sin® 7z.

Example 44.3. Let {z,} be a sequence of complex numbers such that
0 < |z1| < |#2] < -+ and limy 00 |25| = 00, and let {A,} be a sequence
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of arbitrary complex numbers. We shall find an entire function f(z) such
that
flzn) = Ap, n=1,2,---. (44.5)

This is a simple interpolation problem. For this, first we follow Theorem
43.3 to construct an entire function ¢(z) with simple zeros at the points

21,2257,
52 J
z
||<1——)exp< +2—2+ +]7>
= J

Then, we compute the derivative ¢'(z) at every point z,, which gives a
sequence of nonzero complex numbers {¢'(z,)}. Next, we use Theorem
44.1 to find a meromorphic function ¥ (z) with simple poles at the points
21, z2,- -+ and the corresponding principal parts
#7 n=12"-;
¢ (2n) (2 — 2n)

ie., .
D> T )

where h;(z) are suitably chosen polynomials. Then, the desired function is
f(2) = &(2)¥(2). For this, clearly f(z) is entire, and since

i [2) =)

Z— Zn

¢’ (2n)A

f(zn) = lim ¢(2)(2) = W7

Z—rZn Z—rZn

$a)e = 2)| =
it satisfies the conditions (44.5).

Finally, we state the following result, which provides an explicit partial
fraction expansion of a meromorphic function f(z).

Theorem 44.2. Let f(z) be a meromorphic function, and let {~,} be
a sequence of closed rectifiable Jordan curves with the following properties:
1. The origin lies inside each curve v,, n=1,2,---.

2. None of the curves passes through poles of f(z).

3. Tn C I(’YTL+1)’ n= 1727""

4. If r, is the distance from the origin to ,, then lim, . 7, = c0.

Let the poles of f(z) be ordered in such a way that v, contains the first
m, + 1 poles zg = 0,21, -, 2m,,, with principal parts Go(z),G1(2),- -,
G, (2), so that m,, < my41, n = 1,2,---. Moreover, suppose that, for
some integer p > —1,

limsup/ |f(£)|ds < 00, (44.6)

n—oo Yn |£‘p+1
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where ds = |d¢|. Then, at an arbitrary regular point of f(z),

mMn

fe) = lim ¥ Gjz), p=-1, (44.7)

and -
f) = Jm 3IGi) - b)) p> L (44.8)

7=0

where h,,(z) are polynomials of degree at most p. The convergence in both
(44.7) and (44.8) is uniform on every compact set containing no poles of

f(2).

Example 44.4. We shall use Theorem 44.2 to expand the function
secz in partial fractions. For this, we choose 7, to be the square with
center at the origin and sides of length 2nm parallel to the coordinate axis.
Clearly, for z = +nm + iy and z = x &£ inw, respectively, we have

1 1
|secz| = —— and |secz| < ———,
coshy sinh n
and hence
| sec&|ds <2/ N — ,
- e COShy sinh n

which shows that (44.6) holds with p = —1. Inside 7, the function sec z has
simple poles at the points z = (j — 1/2)7, —n+ 1 < j < n. Furthermore,
since, in view of (31.2),

Rlsecs, (i) e = pm  ET ot

2 z=(j—1/2)r  COSZ sin(j —1/2)7

the principal part of sec z at the pole z = (j — 1/2)7 is G;(z) = (—1)7/[z —
(7 —1/2)x]. Furthermore, since z = 0 is not a pole of sec z, we have Gy (z) =
0. Hence, (44.7) gives

: - (2j —U)m
p— 1 —_—
T Z:z—o—ua = LV e

Jj=—n+1 Jj=1

which converges uniformly on every compact set containing none of the
points z = (j — 1/2)w, j =0,£1,4+2,---
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Periodic Functions

Recall from Lecture 8 that a complex number w # 0 is a period of a
function f(z) if f(z +w) = f(z) for all z. For example, e* has the period
274, and sin z and cos z have the period 27. If w; and wy are periods of
f(z), then

fztwi+w) = flz+w) = fz);
i.e., w; +wo is also a period. In particular, if w is a period, then nw is also a
period, where n is any integer. The following results for periodic functions
are important:

R1. Let f(z) be a meromorphic periodic function with period w. Then, w
is also a period of all derivatives of f(z). In fact, differentiating n times the
relation f(z +w) = f(z), we get f(™(z +w) = f(2).

R2. Let f(z) be a meromorphic periodic function with period w, and let
there exist a meromorphic function F(z) such that F'(z) = f(z). Then,
there exists a constant ¢ = c¢(w) such that F(z + w) — F(z) = ¢. Indeed,
since F'(z+w)—F'(z) = f(z4+w) — f(2) = 0, the function F(z4w)— F(z)
must be a constant. Furthermore, F(z+2w) = F(z+w+w) = F(z4w)+c =
F(2) + 2c. Also, replacing z by z — w, the relation F(z+w) — F(z) = ¢ can
be written as F'(z —w) — F'(z) = —c. Hence, we have F(z+nw) = F(z)+nc
for all integers n by induction.

The function f(z) is said to be simply periodic if all its periods are of
the form nw. The functions e*, sinz, and cos z are simply periodic. The
function f(z) is called doubly periodic if all of its periods are of the form
njwi + nows, where ny and ny are arbitrary integers and ws /wy is not real.
Here wy and ws are called fundamental periods for f(z).

A pair of fundamental periods is not unique. If (w],w}) is also a pair of
fundamental periods, then there are integers a, b, ¢, d such that

w) a b w1
wh c d wy |-
Since a, b, ¢, d are real, then
@\ _
Wh B
wp W\ _
wh  wh a

R.P. Agarwal et al., An Introduction to Complex Analysis, 298
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Similarly, there are also integers a’,b’, ¢/, d’ such that

w1 Wi . a v w’1 wll
wo  Wa d d wh why )

SO
w1 wl . CL/ b/ a b w1 wl
wo wg C/ d/ c d wo wg ’
Since
w1 W _ o . wo
_ = Wy —Wwy = —2ilmwiwy = —2i |w1|2 Im — # 0,
w2 W2 w1

this implies that

b e b 1
d d c d| 7
and hence ) L
a a b
c d ‘ Tl d +1

since each determinant is an integer.

A doubly periodic and meromorphic function is called an elliptic func-
tion. Elliptic functions have been studied extensively, particularly because
of their importance in algebra and number theory.

Example 45.1. Weierstrass’s elliptic function with periods w; and wy
is defined by

1 1 1

Alternatively, p(z) may be defined in terms of 7 = wy /w1 as

1 ! .
o) = 3+ 2 {<Zn1n27>2_<m+n27>2}'

(nl’n2)¢(0’0)

These two definitions are related by

plzim) = p(z1,7)

. (/or; wa 1)
Z/W1iWwWa /W1
@(Z§W17W2) = p—Q
wi
Let f(z) be an elliptic function with fundamental periods wy,ws. Any
parallelogram P with vertices of the form zg, zg+w1, z0+w2, and zg+wi +wa,
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for some zp € C, is called a fundamental parallelogram for f(z). First we
prove the following elementary result.

Theorem 45.1. If f(z) is a nonconstant elliptic function and P is a
fundamental parallelogram for f(z), then there is a pole of f(z) in P.

Proof. If not, then f(z) is bounded on P. But then it is bounded every-
where by the periodicity, and hence constant by Liouville’s Theorem. |

An immediate consequence of Theorem 45.1 is the following corollary.

Corollary 45.1. If f(z) is an entire elliptic function, then f(2) is a
constant.

Since the poles of f(z) are isolated, there are only a finite number of
them in the compact set P, so the point zy may be chosen such that there
are no poles on the boundary of P. Then, we have the following result.

Theorem 45.2. If f(z) is an elliptic function and P is a fundamental
parallelogram for f(z) with no poles of f(z) on its boundary, then

f(z)dz = 0.
opP

Proof. Since f has periods wi,ws, the integrals over opposite sides of P
cancel each other out, and hence the contour integral vanishes. |

Combining this theorem with the residue theorem now gives the follow-
ing corollary.

Corollary 45.2. The sum of the residues of f(z) in P is zero.

Thus, f(z) cannot have a single simple pole in P; it must have at least
two simple poles or a higher-order pole.

Since the zeros of f(z) are the poles of 1/f(z), which is also an elliptic
function with P as a fundamental parallelogram, f(z) also cannot have a
single simple zero in P; it must have at least two simple zeros or a zero
of higher multiplicity. In particular, f(z) cannot attain any complex value
only once in P, counting multiplicities. Indeed, if f(z) attains ¢ € C only
once in P, then f(z) — ¢ is an elliptic function with P as a fundamental
parallelogram having a single simple zero there.

Now let f(z) be a nonconstant elliptic function, let a1, - - -, a; be the dis-
tinct poles of f(z) in the fundamental parallelogram P, and let myq,---,m;
be their respective multiplicities. The number

J
m = E my
=1



Periodic Functions 301

(i.e., the total number of poles of f(z) in P counting multiplicities) is called
the order of f(z). Since f(z) must have at least two simple poles or a higher-
order pole, m > 2.

Example 45.2. The function p(z) of Example 45.1 has only a single
pole of order 2 in any fundamental parallelogram, and hence it is of order
2. Its derivative

2
o(zwnwe) = —5— )

3
= () #(0,0)

2
(z — n1wi — nows)3

has order 3.

Note that P may be further chosen so that there are also no zeros of f(z)
on its boundary. Let b1,---,b; be the distinct zeros in P, with respective
multiplicities ny, - - -, ng. We have the following result.

Theorem 45.3. If f(z) is a nonconstant elliptic function and P is a
fundamental parallelogram for f(z) with no poles or zeros of f(z) on its
boundary, then

k
E ng = m.
=1

Proof. We have

(Z _ bl)m .. (Z _ bk)n"
(z—a)™ - (z—a;)™

f(z) = g(z), zeP

for some analytic function g(z) with no zeros in P. A simple calculation
shows that

k

F) & m g2
on Zz—az+lz + =

— — z—b g(2)

Applying the Residue Theorem and noting that ¢’(z)/g(z) is analytic in P
gives

R L) N .
% op f(Z) dz = —Zml+z_:nl.

On the other hand, f’(z)/f(z) is also an elliptic function with P as a
fundamental parallelogram, so this integral is zero by Theorem 45.2. |

Since f(z) attains the complex value ¢ precisely at the zeros of the
elliptic function f(z)— ¢, for which P is again a fundamental parallelogram,
we have the following corollary.
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Corollary 45.3. The function f(z) attains every complex value m-
times in P, counting multiplicities.

Example 45.3. By Example 45.2 and Corollary 45.3, the function
©'(2) has three zeros in the fundamental parallelogram P with vertices
0, w1, ws, and wy 4+ ws. Let us determine these zeros. Since p'(2) is an odd
periodic function

Pz) = —¢/(=2) = —p/(-2+w)
for any period w, and taking z = w/2 gives
P (w/2) = —¢'(w/2),

which implies
§(w/2) = 0.
In particular, wy /2, w2/2, (w1 + w2)/2 are the zeros of ©'(z) in P.

We end this lecture by deriving a differential equation satisfied by the
function p(z). Referring to the example above, p'(z) has simple zeros at
w1/2,w2/2, and (w1 +w2)/2 and a pole of order 3 at z = 0, so the function

has zeros of order 2 at wy/2,ws/2, (w1 + w2)/2 and a pole of order 6 at
z=0. Let

e1 = p(wi/2), e = pw2/2), ez = p((w1+w2)/2),

and consider the function

9(z) = (p(2) — e1)(p(2) — e2)(p(2) — ea).

Since w1 /2 and wa/2, (w1 +w2)/2 are simple zeros of ©'(z), they are double
zeros of p(z) — ey, p(z) — e, and p(z) — es, respectively, so g(z) also has
zeros of order 2 at wy/2,ws/2, and (w; + w2)/2 and a pole of order 6 at
z =0. Then, f(z)/g(z) is an entire elliptic function, and hence constant by

Corollary 45.2, so
f(z) = Ag(z)

for some A € C. Comparing the coefficients of 1/2% on the two sides shows
that A =4, so p(z) satisfies the differential equation

9(2) = 4p(z) — ex)(p(2) — e2)(p(2) — €3)-
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The Riemann Zeta Function

The Riemann zeta function is one of the most important functions of
classical mathematics, with a variety of applications in analytic number
theory. In this lecture, we shall study some of its elementary properties.

Recall that for any positive real number r and a complex number z, r* =

1087 s a well-defined complex number, and if z = x + iy, then

| _ ’e(z—i-iy)LOgr erLOgr eiyLOgr T TRe(z).

[r? =r

Let D; be the open half-plane D; = {z € C : Re(z) > 1}. The Riemann
zeta function is defined on D by the equation

((z) =3 ]i (46.1)
j=1

Analyticity property. Note that, for any 6 > 0 and all z € Dy such
that Re(z) > 1+,

oo

1
2|7

Jj=1

oo

1
ZT—HS<OO’

=17

i.e., the series in (46.1) converges uniformly and absolutely for z with
Re(z) > 14 6. In particular, the series converges uniformly on compact
subsets of Di. Now, since for each j the function 1/4% = e~#108J i5 entire,
it follows that the function ((z) is analytic on D;. Moreover, in view of
Corollary 22.4, for any £ > 1 and all z € D;, we have

(M (z) = i(—l)’“—@oﬁj)k. (46.2)

Connection with prime numbers. Note that

1 1 111
1-—)(1-= = 14—+ —
( 32)( 22)((2) tEtEtEt

R.P. Agarwal et al., An Introduction to Complex Analysis, 303
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This time all terms having 3 as a factor in the denominator cancel each

other. Proceeding in this way, if p1, po, - - -, pi are the first k prime numbers,
then we have
k ( : > :
II(1- 2] =1+
4
j=1 pj m me
where m consists of those positive integers that do not have p1,ps2, -, Dk

as a factor. Thus, letting & — oo, which is permissable, we obtain

which is the same as

@ _ ﬁ (1 _ l) , (46.3)

where the product on the right is over all the primes and converges for
Re(z) > 1.

Analytic continuation. This is accomplished step by step by ex-
tending the function first to the domain Dy = {z € C : Re(z) > 0}, next
to the domain D_; = {z € C: Re(z) > —1}, and so on, adding a vertical
strip to the domain at each step. Observe that, for each n, the function

1 1
nz—1 (n+ 1)2—1

gn(z) =

is entire, with a zero at 1. Hence, for each n, the function ¢,,(z) defined by

ou(2) = T (nzll N +11>21> - / e /+ S

is also entire. Similarly, for each n, the function f,(z) defined by the
difference of two entire functions,

1 1 Lot Yoot
7)== e, G ), e
(46.5)

is also entire. Moreover, for all z, we also have the estimate

1 1
t 1
< | _ B —_—
|fn(2)] < | Z|/O |(n+t)z+1|d = |z‘/0 (n_i_t)RG(z)-H7

and hence, if z is such that Re(z) > ¢ and |z] < M for some § > 0 and
M > 0, we have

1
|fa(2)] < MW?
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which implies that >0 =1 fj(#) converges uniformly on compact sets of D,
and therefore defines an analytic function on Dy. On the other hand, using
(46.5), we have, for z € Dy,

[ee]

((z) = +—+3—Z+ = 2]+1

- w2 ([ ¥ o o)
0 J+t (j+1)= o (F+1)*
= 1+Z/ —t —zi/l—t dt
2o Gror Ty Groe
< dt =t t
= 1 - —

and hence

C(z) = 1+ (46.6)

—dt
o (1)t

Thus, for z € Dy, () is given by (46.6). But, in (46.6) the last term is
analytic on Dy, while 14 1/(z — 1) is meromorphic on the entire complex
plane with a simple pole at 1. Hence, the function defined by the right-
hand side of (46.6) is a meromorphic function on Dy with a simple pole at
1 and coincides with the definition of the Riemann zeta function on Dj.
Therefore, we can define the function ((z) on Dy by (46.6). This extends
((z) from D; to Dy.

We can similarly extend the function ((z) to D_;. Note that

1 1 2

t z z(z+1) t
— —dt = — — dt. (46.7
ZA (n+ 6=+ 2+ )7t 2 .A<n+wwz (46.7)

Both the terms on the right-hand side of (46.7) define entire functions.
Moreover, the series

> 1) 12
o G+t

j=1

now converges uniformly for z such that |z| < M and Re(z) > § > —1 for
any § > —1 and M > 0 and thus converges uniformly on compact subsets
of D_1, and therefore defines an analytic function there. Now, from (46.6)
and (46.7), we have

g(z):1+zi1 ;[g(zﬂ)—l Z/ j+tz+2 t, (46.8)
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which is analytic everywhere on D_; except at 1, where it has a simple
pole. Note that [((z + 1) — 1] has a simple pole at z = 0, and hence
(2/2)[¢(z 4+ 1) — 1] is analytic at z = 0.

The extension of the domain of ((z) from D_; to D_5 follows similarly.
Indeed, integration by parts first gives

1 2 1 3
t 1 2 t
/ dt = ICRR) / dt,
o Gt T aEn sy o
and then its substitution in (46.8) leads to

1 z 2(z+1)
o1 gl 1= =

2(z+1)(2 +2) & /1 t3
- dt D_s.
3 jz:; o Grops © s

((z) = 1+ [€(z+2) —1]

The extension of the Riemann zeta function ((z) over the entire complex
plane follows analogously. It is a meromorphic function with a single pole
at z = 1. The residue of ((z) at 1 is one.

Relation between gamma and zeta functions. In the definition of
gamma function in (33.17), we change t to jt, where j is a positive integer,
to get

I'(z) = jz/ e ' dt,  Re(z) > 0.
0

Hence, it follows that
= 1 N
F(Z)Z]—Z = T(2)¢(2) = Z/ e 7= dt,  Re(z) > 1.
j=1 j=170

It can be shown that the order of summation and integration on the right-
hand side can be interchanged, so that, for Re(z) > 1, we have

e3¢} 0 ) o] tzfl
I'(2)¢(z) = / eIt it = / dt
()66 = 223 o @1
and hence .
1 o gET

Using this relation between the gamma and zeta functions, it is possible to
extend ((z) first to Dy and then to D_q, and so on, to the whole plane.

Riemann hypothesis. The series (46.1) for real z was introduced
by Euler in 1787. In Example 36.1, we have seen that ((2) = 72/6 and
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¢(4) = 7*/90. In fact, ¢((2n) can be calculated for all positive integers
n. From elementary calculus, we know that ((1) diverges. The study of
¢(2n + 1) is significantly more difficult. In 1979, Apéry proved that ((3) is
irrational, but no similar results are known for other odd integers. Riemann
in 1859 used the zeta function over the complex numbers for the first time
to study the distribution of the prime numbers. This function has zeros on
the real axis only at the negative integers —2, —4, —6, - - -. One of the most
important open problems in mathematics today is the Riemann hypothesis,
which is a conjecture made by Riemann, who stated that the analytic con-
tinuation of the zeta function has infinitely many nonreal roots and that
all these roots lie on the critical line # = 1/2. This conjecture was on the
list of 23 problems David Hilbert proposed in 1900 as being most worthy of
solution in the coming century. However, it has defeated the finest minds
in the world. In recent years computers have been brought to bear on the
conjecture, and by 2005 it had been verified that the first 100 billion zeros
were on the critical line-but it does not constitute a proof.



Lecture 47

Bieberbach’s Conjecture

Let S be the class of functions that are analytic and one-to-one in the
unit disk B(0, 1) and are normalized by the conditions f(0) = 0 and f/(0) =
1. The class S has many interesting properties. A function f € S in terms
of Maclaurin’s series can be expressed as

f(z) = z24+az® +azz®+---. (47.1)

In 1916, Ludwig Bieberbach (1886-1982), a German mathematician (re-
membered as a notorious uniform-wearing Nazi and vicious anti-Semite,
who sought to eliminate Jews from the profession of German mathematics)
conjectured that in (47.1) the coefficients |a,,| < n, n > 2. This conjecture
attracted the attention of several distinguished mathematicians. The proof
for the case n = 2 was known to Bieberbach. In 1923, K. Léwner used a
differential equation to treat the case n = 3, whereas in 1925 Littlewood
proved that |a,| < en for all n, showing that the Bieberbach conjecture
is true up to a factor of e. Several authors later reduced the constant in
the inequality below e. Variational methods were employed in the 1930s,
which led to the conjecture established for n = 4 in 1955 by Garabedian
and Schiffer and for n = 6 by Pederson in 1968 and Ozawa in 1969. The
case n = 5 was settled by Pederson and Schiffer in 1972. From time to
time, proofs of other special cases were announced, but they have not been
substantiated. Finally, twelve years later, Louis de Branges in 1984 proved
the general case. As expected, his proof is not simple, it ran to over 350
pages. At one point, even a computer was used to validate the work; how-
ever, the proof itself does not rely on a machine. In recent years, the proof
of Bieberbach’s conjecture (also now known as de Branges’s Theorem) has
been shortened considerably, but still it is outside the scope of our book.
In this lecture, we shall prove the conjecture for the case n = 2, and for the
general case the reader can refer to [27]. Our proof requires the following
result.

Theorem 47.1 (Bieberbach’s Area Theorem). Letge 7T,

where 7T is the class of functions that have Laurent’s expansion
¢ c
w=g(z) = ztco+—+ =+, (47.2)
z oz

which are analytic and one-to-one in {z : |z| > 1} except for a pole at
infinity. Then,

oo
> dlel? < 1 (47.3)
j=1
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Proof. We assume that ¢y = 0; otherwise, we can replace w — cg by
w. Since the function g is one-to-one, it maps the circle z = re?, 0 <
0 < 2w, r > 1 onto a closed contour «. Clearly, v can be written as
w(f) = u(f) +iv(d), 0 < 6 < 27, where w = ¢(z) is as in (47.2) with

co = 0. The area A(Q)), where Q is the region enclosed by =, is given by
27
A(Q) = / u(0)v'(0)do, (47.4)
0

where v/(6) is the derivative of v(f) with respect to 6. Now, from (47.2),
we have
4 ' o L —ij0 | =00
2u(0) = w®) +w(H) = re?? +re” + Z u

rJ
j=1

and

00 . —ij0 | = ij0
. _ / = o 260 —i0 JC5€ J +JCJ6
2i0'(0) = w'(0) —w(0) = i |re” +re z; 7
J:
Thus, from (47.4), we obtain
AQ) = m? —x Zj|cj|2r_2j.
j=1
Since the area is always positive, it follows that
0 .
> ileiPr < o, (47.5)
j=1

The inequality (47.3) now follows by letting r — 1 in (47.5). |
The main result of this lecture is the following theorem.

Theorem 47.2 (Bieberbach’s Conjecture for n = 2). Let
f €S8 beasin (47.1). Then, |as| < 2.

Proof. The proof requires the following three steps.
Step 1. F(z) = [f(1/2)]"! € T. For this, first we shall show that F(z)

is one-to-one. Assume that [f(1/21)]7! = [f(1/22)] 7!, where |z| > 1 and
|z2| > 1. Then, we have

G) =)

1

21

>1 and > 1.

Z2




310 Lecture 47

The one-to-one property of [f(1/2)]7! for |z| > 1 now follows from the
one-to-one property of f(z) for |z| < 1.

Next, we shall demonstrate that F'(z) is analytic for |z| > 1. If we can
show that f(1/z) # 0 for |z| > 1, then from the analyticity of f(z) on
B(0,1) it will follow that F(z) is analytic for |z| > 1. Let zg be such that
0 < |1/z0] < 1 and f(1/2z9) = 0, but then f(0) = f(1/20) = 0, which
contradicts the one-to-one property of f(z) on B(0,1).

Step 2. If f(z) € S, then Fy(z) = 2/ f(22)/22 € S. For this, since
Fi(z) = z(1+ a22% + azzt + aq2® + - ~)1/2, (47.6)

the function Fj(z) is analytic with F1(0) = 0 and F](0) = 1. Moreover,
Fi(z) # 0 for z # 0. To show that Fj(z) is one-to-one on B(0, 1), assume
that Fy(z1) = Fi(z2). But this implies that f(2?) = f(22), and hence,
in view of the one-to-one property of f(z), we must have z? = 22; i.e.,
z1 = t29. Now notice that Fy (—z) = —Fy(2); i.e., Fi(z) is an odd function.
Hence, z1 = —zy gives Fi(z1) = Fi(—22) = —Fi(22); i.e., then Fy(z1) #
Fy(22). Therefore, z1 = z5 is the only solution of Fj(z1) = Fi(z2).

Step 3. From (47.6), it follows that F{”(0) = 3az, and hence
L 3
Fi(z) = z+§agz +oee

Since, by Step 1, [F1(1/2)]7! € T, we have

1 1 1 1
Z__a2_+...7

N 1 1 1 - 2
(- -1+ za0— +--- -
z z 2 22

which in view of Theorem 47.1 implies that

2

1
2 ‘ 5042 S ].,
and hence certainly we must have |az| <2. 1

Remark 47.1. The inequality |as| < 2 in Theorem 47.2 is the best
possible. For this, we consider the function

z

m = Z+2)\22+3)\223+7

w = h(z) =

where [A| = 1. We claim that this function is one-to-one on S. In fact, we

have
Z1 z9

(1—)\21)2 - (1—>\22)2
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if and only if
(21 — 2’2)(1 — )\22122) = 0.

However, since 1 — A\22122 # 0 as |21] < 1 and |2z3| < 1, it follows that
z1 = z3. It is also clear that the function h(z) is analytic in B(0,1). Thus,
h(z) is the desired function that belongs to S for which |a,| = n. This
function is known as Koebe’s function. It can be shown that this is the
only function for which |a,| = n. Furthermore, for A = 1, w = h(z) maps
B(0,1) onto the entire w-plane with a branch cut —oco < u < —1/4, v =0.

We conclude this lecture by proving the following interesting result.

Theorem 47.3 (Koebe’s Covering Theorem). If f € S and
f(z) # ¢ for |z| < 1, then |c| > 1/4; i.e., if the point ¢ is not in the image
of f(2), z € B(0,1), then the distance between ¢ and the origin is at least
1/4.

Proof. Since f(z) # ¢, from (47.1), it follows that the function

9(z) = cc_f_;z()z) = Z+<a2+%)22+...

is analytic and one-to-one on B(0,1). Thus, from Theorem 47.2, it follows
that

1
—| —Jag] < <
c

1

az + - < 27
c

which in view of |ag| < 2 gives

1

< 24 |ag] < 4,
c

ie,|c>1/4. 1

Remark 47.2. Theorem 47.3 shows that for each f € S the image
w = f(z), z € B(0,1) in the w-plane contains the disk {w : |w| < 1/4}.

Remark 47.3. There is a beautiful regularity theorem of Hayman,
which he established in 1953. The limit lim,_ o |a,|/n exists for every
f € S and is smaller than 1 unless f is a Koebe’s function.



Lecture 48

The Riemann Surfaces

A Riemann surface is an ingenious construct for visualizing a multi-
valued function. We treat all branches of a multi-valued function as a
single-valued function on a domain that consists of many sheets of the z-
plane. These sheets are then glued together so that in moving from one
sheet to another we pass continuously from one branch of the multi-valued
function to another. This glued structure of sheets is called a Riemann
surface for the multi-valued function. For example, in a multi-story car
park, floors can be thought of as sheets of the z-plane, that are glued by
the ramps on which cars can go from one level to another. Riemann surfaces
have proved to be of inestimable value, especially in the study of algebraic
functions. Although there is much literature on the subject, in this lecture
we shall construct Riemann surfaces for some simple functions.

Riemann surface for w = z'/2. Recall from Lecture 9, that this
function has two branches, represented by the single-valued functions f;(z)
and fo(z) (see Figure 48.1). The respective domains S; and Sy of these
functions are obtained by cutting the z-plane along the negative z-axis.
The range Ry for fi(z) consists of the right half-plane and the positive v-
axis; the range Ry for fa(z) consists of the left half-plane and the negative
v-axis. The sets R; and Ry are glued together along the positive and
negative v-axes to form the w-plane with the origin deleted.

Yy v

Figure 48.1
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Now we place these two copies of the cut z-plane S; and S directly
on each other so that the upper sheet S; maps to the right w half-plane
Ry, and the lower sheet S; maps to the left w half-plane Ry. The dashed
edge of Sy is glued to the black edge of Sy, and the dashed edge of Sy is
glued to the black edge of Si. The surface R thus obtained is a Riemann
surface for the mapping w = z'/2 (for portions of S; and Sy see Figure
48.2). Although in a physical sense this gluing procedure is impossible, on
R the function w = 2'/? is single-valued, and continuous for all z # 0.

N

Figure 48.2

Riemann surface for w = Zl/ " Recall that this function has n

branches, represented by the single-valued functions

2k 2k
f(2) = 2 (COSMHMM> k= 01nl
n
The respective domains Sy, S1, - -+, S,_1 of these functions are obtained by

cutting the z-plane along the negative x-axis. Now we place these n copies
of the cut z-plane directly on each other. Let s,‘: and s, denote the black
and dashed edges of S,. We glue s, to si, s to s5,--+,s, 5 to si |,
and finally s;,_; to sg. This results in an n-sheeted Riemann surface R (see
Figure 48.3 for n = 4). All n sheets meet at the branch point z = 0. On R,

the function w = 2™ is single-valued, and continuous for all z # 0.

Figure 48.3
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Riemann surface for w = log z. Recall that
logz = Loglz|+iargz = Log|z| +iArgz + 2kmi, k=0,£1,4+2,---

is a countably many-valued function. Thus, its Riemann surface requires
infinitely many copies Sy, k=---,—n,---,—1,0,1,--- n,--- of the z-plane
cut along the negative x-axis. As earlier, we place these infinite copies of the
cut z-plane directly on each other and let s,ir and s, denote the black and
dashed edges of Si. For each integer k, we glue 32' to s, ;. The Riemann
surface for the function w = log z looks like a spiral staircase that extends
upward on the sheets Sy, Ss, - -- and downward on the sheets S_1,5_o,---
(for portions of S, Sy, and S_1, see Figure 48.4).

N
4

7/ \

Figure 48.4
Riemann surface for w = e*. This function maps each parallel
strip (k — 1)27 < y < k- 27 onto a sheet with a cut along the positive axis.
The sheets are attached to each other so that they form an endless screw
in the w-plane. The origin will not be a point of the Riemann surface due
to the fact that e* is never zero.

Riemann surface for w = cos z. This function maps each parallel
strip (k — 1) < & < k7 onto a sheet with a cut along the real axis from
—o00 to —1 and from 1 to co. The line z = k7 corresponds to both edges
of the positive cut if k is even and to the edges of the negative cut if k
is odd. If we consider two strips that are adjacent along the line z = km,
then the edges of the corresponding cuts must be joined crosswise so as to
generate a simple branch point at w = 41. The resulting Riemann surface
has infinitely many simple branch points over w = 1 and w = —1 that
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alternatingly connect the odd and even sheets. Figure 48.5 represents a
cross section of the surface in the case that the cuts are chosen parallel to
each other. Here, any two points on the same level are joined by an arc
that does not intersect any of the cuts.

X
X

X
X

Figure 48.5

Riemann surface for w = sinz. Since w = sinz = cos(7/2 — 2),
the Riemann surface for w = sin z is the same as for w = cos z.

Riemann surface for w = tanz. The Riemann surface has in-
finitely many sheets with two logarithmic branch points above w = =i.
It is constructed by joining an infinite number of w-planes with a cut
u =0, |v] <1, corresponding to the vertical strips kn < z < (k + 1).

Riemann surface for w = cot z. Since cot z = tan(n/2 — 2), the
Riemann surface for w = cot z is the same as for w = tan z.

Riemann surface for w = coshz. Since coshz = cosiz, the
Riemann surface for w = cosh z is the same as for w = cos z.

Riemann surface for w = sinhz. Since sinhz = —isiniz, the
Riemann surface for w = sinh z is obtained by rotating the surface for
w = sin z through /2 about the origin.

Riemann surface for w = tanh z. Since tanhz = —itaniz, the
Riemann surface for w = tanhz is obtained by rotating the surface for
w = tan z through 7/2 about the origin.

Riemann surface for w = cothz. Since cothz = icotiz, the
Riemann surface for w = coth z is the same as for w = tanh z.



Lecture 49
Julia and Mandelbrot Sets

In this lecture, we shall discuss the geometric and topological features
of the complex plane associated with dynamical systems whose evolution
is governed by the iterative scheme z,4+1 = f(2,), 20 = p where f(z) is
a complex valued function and p € C. Such systems occur in physical,
engineering, medical, and aesthetic problems, especially those exhibiting
chaotic behavior.

The word fractal is related to the words fractured and fraction, meaning
broken or not whole. This term was coined in 1975 by Benoit Mandelbrot
to describe objects that in a certain sense can have dimensions that are not
whole numbers; however, the fractal phenomenon had been noticed earlier,
in 1918, by the French mathematicians Gaston Julia and Pierre Fatou when
exploring iterations of the complex functions; i.e., analyzing the complex
sequence {z,} generated by the iterating scheme

Zn+1 = f(zn)a 20 = pec' (491)

The findings of Julia and Fatou did not receive much attention because
during that period computer graphics were not available. With the recent
advancement of computers, the study of complex iterative sequences has
attracted many prominent mathematicians and computer scientists. We
shall discuss some of their interesting results for the quadratic function
fe(2) = 2%+ c and show graphically how the iterates for such a simple func-
tion produce startling pictures. For this, we need the following definitions.

Let f(z) be an analytic function in C. A point zy is called an attracting
point (repelling point) for the function f(z) if [f'(z0)| <1 (|f'(20)] > 1). A
g-cycle for f(z) is a set Q = {20, 21, -, 2¢—1} of ¢ complex numbers such
that zp+1 = f(zn), n=0,1,---,¢ — 2, and f(2q—1) = z0. If ¢ = 1, then
2o is a fized point of f(z). Each z, € @ is called a periodic point. In fact,
once z, = f(zn—1) reaches a periodic point, thereafter it cycles indefinitely
through the points of the cycle. The g-cycle is said to be attracting (re-
pelling) if [Fy(20)] < 1 (|F,;(20)| > 1), where [y is the composition of f with
itself n times, e.g., when ¢ = 2, then Fs(z) = (f o f)(2) = f(f(2)). From
the chain rule, it immediately follows that the derivative of F,(z) takes the
same value at each point of the g-cycle. The significance of an attracting
point is explained in the following result.

Theorem 49.1. If z* is an attracting fixed point of f(z), then there
exists a disk B(z*,r) such that f(z) draws any point z € B(z*,r) toward
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z*, in the sense that |f(z) — z*| < |z — z*|. Furthermore, the sequence {z,}
generated by (49.1) with any zp = z € B(z*,r) converges to z*.

Proof. Since f(z) is analytic, for every e > 0 there exists some r > 0
such that if z € B(z*,r), then

' fe) - 1)

e B E

< €.

Since | f/(z*)| < 1, we can let e =1 — | f'(2*)] to obtain

LI ey < (LS ) < i,

which immediately gives | f(z)—z*| < |z—=z*|. Hence, there exists a ¢ € (0,1)
such that for all z € B(z*,r), |f(z) — z*| < ¢|z — z*|. Thus, in particular,
it zg € B(z*,r), then |z — z*| = |f(20) — 2| < ¢lzo — 2% < or; ie.,
z1 € B(z* cr) Furthermore, |29 — 2*| = |f(21) — 2*| < ¢|z1 — 2*| < Pr; e,
23 € B(z*,c*r). Now, an easy induction gives z, € B(z*,c"r), and this in
turn 1mphes that z,, — 20. [ |

Example 49.1. For the function f.(z) = 22 + ¢, 2* is a fixed point
if and only if f.(2*) = z*, which gives 2§ = (1 + /1 —4¢)/2 and 25 =
(1 —+/1 —4c)/2, where the square root designates the principal square root
function. Since f/(z) = 2z, the fixed point 2] (z3) is attracting if and only
if [1++v1—4cl <1 (|1 =+1-4¢| < 1). In particular, for the function
f(z) = 2% the fixed points are z; = 1 and 25 = 0. The fixed point 1 is
repelling, whereas the fixed point 0 is attracting. In fact, the iterative
scheme (49.1) gives z, = p*", and hence, if |p| < 1, then z, — 0; if [p > 1,
then |z,| — oo; and if |p| = 1, the sequence {z,} either oscillates around
the unit circle or converges to 1. Thus, the unit circle divides the complex
plane into two regions separated by the unit circle. A starting value p in
one region results in z, being attracted to 0 and in the other region results
in repulsion.

The nature of the sequence {z,, .(p)} generated by (49.1) for the function
fo(2) = 2% + ¢ depends critically on the choice of c¢. Thus, for a fixed ¢, we
define the sets

Ee = {p:|zn.c(p)| = 00}  (escape set)
K. = C\E. (keep set).

The following properties of these sets are known:

Pl. z€ E. (K.) ifand only if — z € E. (K,).

P2. z € E, (K,) implies that f.(z) € E, (K,).

P3. K. C B(0,r.), where r. is the nonnegative root (if it exists) of the
equation z2 + ¢ = x.
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P4. FE. is open and connected.

P5. K., is closed and simply connected.

P6. K. is connected if and only if 0 € K. (Fatou-Julia Theorem). In
particular, the sets Ky and K; are connected.

P7. If the point zg is a periodic attractor for f.(z), then it is an interior
point of K.

P8. If the point 2 is a periodic repeller for f.(z), then it is on the boundary
0K, of K..

The boundary K. of K. is known as the Julia set for the function
fe(2), and the set K. UK. is called the filled-in Julia set. For an assigned
value of ¢, the Julia set of f.(z) can be viewed as a curve that divides
the complex plane into two regions. From Example 49.1, it is clear that
the Julia set for fy(z) is the unit circle |z| = 1. It turns out that K. is a
nice simple set only when ¢ = 0 or ¢ = —2. Mandelbrot discovered that
for every other value of ¢ the Julia set of f.(z) is a fractal. In fact, it
exhibits a complicated structure under any degree of magnification and
describes an object whose dimensionality might not be a whole number. It
may fragment into a multitude of tiny flecks (called Fatou dusts), with K.
having no interior points at all.

The Mandelbrot set denoted as M is defined as
M = {c : z,.(0) does not tend to infinity} .

Clearly, c € M if and only if 0 € K.. The Fatou-Julia Theorem characterizes
M in terms of K, as

M = {c¢ : K. is connected}.
Theorem 49.2. B(0,1/4) C M C B(0,2).

Proof. To prove B(0,1/4) C M by inductive arguments, we shall show
that |z,.(0)] <1/2, n > 1. Clearly, if |c| < 1/4, then |21 .(0)] = |c] < 1/4.
Now, assuming that |z, .(0)| < 1/2, we have |z,41,c(0)] = |2n,c(0) + ¢] <

|20,c(0)]* + || < 1/4+ 1/4 = 1/2. To prove M C B(0,2), we shall show
that, if |¢| > 2, then ¢ ¢ M. Clearly, |z1,.(0)| = |¢| > 2, and

22,0)] = [28.(0) + ¢ = [21(0)]|21,¢(0) + ¢/ 21.0(0)]
> z21,e(0)[([21,(0)] = [el/[21,e(0)]) = lel(e] = 1),
which also implies that |z2,.(0)] > |c|. Next, we have
|23.6(0)] = [22,6(0)[(122,6(0)] = lel/|22,c(0)]) > [22,e(0)](|e] = 1) = |el(|e] — 1)*.
Continuing in this way, we find

|2n.c(0)] > le|(le] = 1),



Julia and Mandelbrot Sets 319

which in view of |¢| > 2 implies that |z, .(0)] = co. N

For |¢| < 2, if we encounter an iterate zp (0) such that |z, .(0)| > 2,
then as above it follows that

|2n4m,c(0)] > |Zn,c(0)|(‘zn,c‘(0)| -,

which immediately implies that |z, .(0)] = oo, and this means that ¢ & M.
It is believed that if we reach z1000,c(0) such that |z1000,c(0)] < 2, then there
is very little probability that the sequence will diverge to infinity. We can
then, with great safety, say that ¢ € M.

The elements of the Mandelbrot set M for values of ¢ in the range
—2<Rec<1, —1.5<Imec<1.5 are plotted in Figure 49.1.

Figure 49.1

The following properties of the set M are known:

Q1. If ¢ is any real number greater than 1/4, then ¢ & M.

Q2. M is a closed subset of B(0,2), and hence compact.

Q3. M is symmetric about the real axis, which it intersects in the interval
[—2,1/4].

Q4. M is simply connected.

The set M is not self-similar, although it may look that way. There are
subtle variations in its infinite complexity. The boundary of the set M is
its most fascinating aspect. A magnification of a portion of the boundary
of M in Figure 49.2 reveals its fractal nature and the presence of infinitely
many hairlike branching filaments. The connectedness of M relies on the
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existence of these filaments. A further magnification is shown in Figure
49.3. These pictures justify the statement of Hubbard that the Mandelbrot
set M is the most complicated object in mathematics.

Figure 49.3

Finally, we remark that the connection between chaotic systems and
fractals has been explored in many recent books.



Lecture 50
History of Complex Numbers

The problem of complex numbers dates back to the 1st century, when
Heron of Alexandria (about 75 AD) attempted to find the volume of a
frustum of a pyramid, which required computing the square root of 81 — 144
(though negative numbers were not conceived in the Hellenistic world).
We also have the following quotation from Bhaskara Acharya (working in
486 AD), a Hindu mathematician: “The square of a positive number, also
that of a negative number, is positive: and the square root of a positive
number is two-fold, positive and negative; there is no square root of a
negative number, for a negative number is not square.” Later, around 850
AD, another Hindu mathematician, Mahavira Acharya, wrote: “As in the
nature of things, a negative (quantity) is not a square (quantity), it has
therefore no square root.” In 1545, the Italian mathematician, physician,
gambler, and philosopher Girolamo Cardano (1501-76) published his Ars
Magna (The Great Art), in which he described algebraic methods for solving
cubic and quartic equations. This book was a great event in mathematics.
In fact, it was the first major achievement in algebra in 3000 years, after the
Babylonians showed how to solve quadratic equations. Cardano also dealt
with quadratics in his book. One of the problems that he called “manifestly
impossible” is the following: Divide 10 into two parts whose product is 40;
i.e., find the solution of = + y = 10, zy = 40, or, equivalently, the solution
of the quadratic equation 40 — (10 — ) = 22 — 102 +40 = 0, which has the
roots 5 +1/—15 and 5 — /—15. Cardano formally multiplied 5 + /—15 by
5 —+/—15 and obtained 40; however, to calculations he said “putting aside
the mental tortures involved.” He did not pursue the matter but concluded
that the result was “as subtle as it is useless.” This event was historic
since it was the first time the square root of a negative number had been
explicitly written down. For the cubic equation 23 = ax + b, the so-called
Cardano formula is

S ROECRER RO

When applied to the historic example 23 = 152 + 4, the formula yields

r = Y2+voTa0 + {2 voToL

Although Cardano claimed that his general formula for the solution of the
cubic equation was inapplicable in this case (because of the appearance of
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v/ —121), square roots of negative numbers could no longer be so lightly
dismissed. Whereas for the quadratic equation (e.g., 22 +1 = 0) one could
say that no solution exists, for the cubic 2> = 15z 4+ 4 a real solution,
namely z = 4, does exist; in fact, the two other solutions, —2 + /3, are
also real. It now remained to reconcile the formal and “meaningless” so-
lution = = /2 4+ /=121 4+ /2 — /=121 of 2® = 15z + 4, found by using
Cardano’s formula, with the solution x = 4, found by inspection. The task
was undertaken by the hydraulic engineer Rafael Bombelli (1526-73) about
thirty years after the publication of Cardano’s work.

Bombelli had the “wild thought” that since the radicals 24 +/—121 and
2 — +/—121 differ only in sign, the same might be true of their cube roots.
Thus, he let

v/24++v/—121 = a++vV—b and /2—+v—121 = a—+v—b

and proceeded to solve for @ and b by manipulating these expressions ac-
cording to the established rules for real variables. He deduced that a = 2
and b =1 and thereby showed that, indeed,

€/2+\/7121+ {’/2—\/7121 = 2+vV-1)+2-v-1) = 4.

Bombelli had thus given meaning to the “meaningless.” This event signaled
the birth of complex numbers. A breakthrough was achieved by thinking
the unthinkable and daring to present it in public. Thus, the complex num-
bers forced themselves in connection with the solutions of cubic equations
rather than the quadratic equations.

To formalize his discovery, Bombelli developed a calculus of operations
with complex numbers. His rules, in our symbolism, are (—i)(—i) = —1
and

(£1)i = +4, (+i)(+i) = —1, (=i)(+i) = +1,
(£1)(—=i) = Fi, (+i)(—i) = +1.

He also considered examples involving addition and multiplication of com-
plex numbers, such as 8i + (—5i) = + 37 and

<{/4+\/i> ({/3+\/§> = \/8+11V2i.

Bombelli thus laid the foundation stone of the theory of complex num-
bers. However, his work was only the beginning of the saga of complex
numbers. Although his book [’Algebra was widely read, complex numbers
were shrouded in mystery, little understood, and often entirely ignored. In
fact, for complex numbers Simon Stevin (1548-1620) in 1585 remarked that
“there is enough legitimate matter, even infinitely much, to exercise one-
self without occupying oneself and wasting time on uncertainties.” John
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Wallis (1616-1703) had pondered and puzzled over the meaning of imag-
inary numbers in geometry. He wrote, “These Imaginary Quantities (as
they are commonly called) arising from the Supposed Root of a Negative
Square (when they happen) are reputed to imply that the Case proposed is
Impossible.” Gottfried Wilhelm von Leibniz (1646-1716) made the follow-
ing statement in 1702: “The imaginary numbers are a fine and wonderful
refuge of the Divine Sprit, almost an amphibian between being and non-
being.” Christiaan Huygens (1629-95) a prominent Dutch mathematician,
astronomer, physicist, horologist, and writer of early science fiction, was
just as puzzled as Leibniz. In reply to a query he wrote to Leibniz: “One

would never have believed that \/1 +vV=3+ \/1 — v/—3 = /6 and there is
something hidden in this which is incomprehensible to us.” Leonhard Euler
(1707-83) was candidly astonished by the remarkable fact that expressions
such as /=1, v/—2, etc., are neither nothing, nor greater than nothing, nor
less than nothing, which necessarily constitutes them imaginary or impos-
sible. In fact, he was confused by the absurdity \/(—4)(—9) = v/36 = 6 #
V—4v/=9 = (2i)(3i) = 6i2 = —6.

Similar doubts concerning the meaning and legitimacy of complex num-
bers persisted for two and a half centuries. Nevertheless, during the same
period complex numbers were extensively used and a considerable amount
of theoretical work was done by such distinguished mathematicians as René
Descartes (1596-1650) (who coined the term imaginary number, before
him these numbers were called sophisticated or subtle), and Euler (who
was the first to designate /—1 by i); Abraham de Moivre (1667-1754)
in 1730 noted that the complicated identities relating trigonometric func-
tions of an integer multiple of an angle to powers of trigonometric func-
tions of that angle could be simply reexpressed by the well-known formula
(cosf + isind)™ = cosnb + isinnh and many others. Complex numbers
also found applications in map projection by Johann Heinrich Lambert
(1728-77) and by Jean le Rond d’Alembert (1717-83) in hydrodynamics.

The desire for a logically satisfactory explanation of complex numbers
became manifest in the latter part of the 18th century, on philosophical, if
not on utilitarian grounds. With the advent of the Age of Reason, when
mathematics was held up as a model to be followed not only in the natural
sciences but also in philosophy as well as political and social thought, the
inadequacy of a rational explanation of complex numbers was disturbing.
By 1831, the great German mathematician Karl Friedrich Gauss (1777-
1855) had overcome his scruples concerning complex numbers (the phrase
complex numbers is due to him) and, in connection with a work on number
theory, published his results on the geometric representation of complex
numbers as points in the plane. However, from Gauss’s diary, which was
left among his papers, it is clear that he was already in possession of this in-
terpretation by 1797. Through this representation, Gauss clarified the “true
metaphysics of imaginary numbers” and bestowed on them complete fran-



324 Lecture 50

chise in mathematics. Similar representations by the Norwegian surveyor
Casper Wessel (1745-1818) in 1797 and by the Swiss clerk Jean-Robert Ar-
gand (1768-1822) in 1806 went largely unnoticed. The concept modulus of
complex numbers is due to Argand, and absolute value, for modulus, is due
to Karl Theodor Wilhelm Weierstrass (1815-97). The Cartesian coordinate
system called the complex plane or Argand diagram is also named after the
same Argand. Mention should also be made of an excellent little treatise by
C.V. Mourey (1828), in which the foundations for the theory of directional
numbers are scientifically laid. The general acceptance of the theory is not
a little due to the labors of Augustin Louis Cauchy (1789-1857) and Niels
Henrik Abel (1802-29), especially the latter, who was the first to boldly use
complex numbers, with a success that is well-known.

Geometric applications of complex numbers appeared in several mem-
oirs of prominent mathematicians such as August Ferdinand Mobius (1790-
1868), George Peacock (1791-1858), Giusto Bellavitis (1803-80), Augustus
De Morgan (1806-71), Ernst Kummer (1810-93), and Leopold Kronecker
(1823-91). In the next three decades, further development took place. Es-
pecially, in 1833 William Rowan Hamilton (1805-65) gave an essentially
rigorous algebraic definition of complex numbers as pairs of real numbers.
However, a lack of confidence in them persisted; for example, the English
mathematician and astronomer George Airy (1801-92) declared: “I have not
the smallest confidence in any result which is essentially obtained by the
use of imaginary symbols.” The English logician George Boole (1815-64)
in 1854 called v/—1 an “uninterpretable symbol.” The German mathemati-
cian Leopold Kronecker believed that mathematics should deal only with
whole numbers and with a finite number of operations, and is credited with
saying: “God made the natural numbers; all else is the work of man.” He
felt that irrational, imaginary, and all other numbers excluding the positive
integers were man’s work and therefore unreliable. However, the French
mathematician Jacques Salomon Hadamard (1865-1963) said the shortest
path between two truths in the real domain passes through the complex
domain. By the latter part of the 19th century, all vestiges of mystery and
distrust of complex numbers could be said to have disappeared, although
some resistance continued among a few textbook writers well into the 20th
century. Nowadays, complex numbers are viewed in the following different
ways:

1. points or vectors in the plane;

2. ordered pairs of real numbers;

3. operators (i.e., rotations of vectors in the plane);

4. numbers of the form a + bi, with a and b real numbers;
)

. polynomials with real coefficients modulo 2 + 1;

6. matrices of the form [ _ab Z ] , with @ and b real numbers;
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7. an algebraically closed complete field (a field is an algebraic structure
that has the four operations of arithmetic).

The foregoing descriptions of complex numbers are not the end of the
story. Various developments in the 19th and 20th centuries enabled us
to gain a deeper insight into the role of complex numbers in mathematics
(algebra, analysis, geometry, and the most fundamental work of Peter Gus-
tav Lejeune Dirichlet (1805-59) in number theory); engineering (stresses
and strains on beams, resonance phenomena in structures as different as
tall buildings and suspension bridges, control theory, signal analysis, quan-
tum mechanics, fluid dynamics, electric circuits, aircraft wings, and elec-
tromagnetic waves); and physics (relativity, fractals, and the Schrodinger
equation).

Although scholars who employ complex numbers in their work today do
not think of them as mysterious, these quantities still have an aura for the
mathematically naive. For example, the famous 20th-century French intel-
lectual and psychoanalyst Jacques Lacan (1901-81) saw a sexual meaning

in/—1.
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