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Preface to the Third Edition

Beginning with the first edition of Complex Analysis, we have attempted to present
the classical and beautiful theory of complex variables in the clearest and most
intuitive form possible. The changes in this edition, which include additions to ten
of the nineteen chapters, are intended to provide the additional insights that can be
obtained by seeing a little more of the “big picture”. This includes additional related
results and occasional generalizations that place the results in a slightly broader
context.

The Fundamental Theorem of Algebra is enhanced by three related results.
Section 1.3 offers a detailed look at the solution of the cubic equation and its role in
the acceptance of complex numbers. While there is no formula for determining the
roots of a general polynomial, we added a section on Newton’s Method, a numerical
technique for approximating the zeroes of any polynomial. And the Gauss-Lucas
Theorem provides an insight into the location of the zeroes of a polynomial and
those of its derivative.

A series of new results relate to the mapping properties of analytic functions.
A revised proof of Theorem 6.15 leads naturally to a discussion of the connection
between critical points and saddle points in the complex plane. The proof of the
Schwarz Reflection Principle has been expanded to include reflection across analytic
arcs, which plays a key role in a new section (14.3) on the mapping properties of
analytic functions on closed domains. And our treatment of special mappings has
been enhanced by the inclusion of Schwarz-Christoffel transformations.

A single interesting application to number theory in the earlier editions has been
expanded into a new section (19.4) which includes four examples from additive
number theory, all united in their use of generating functions.

Perhaps the most significant changes in this edition revolve around the proof of
the prime number theorem. There are two new sections (17.3 and 18.2) on Dirichlet
series. With that background, a pivotal result on the Zeta function (18.10), which
seemed to “come out of the blue”, is now seen in the context of the analytic con-
tinuation of Dirichlet series. Finally the actual proof of the prime number theorem
has been considerably revised. The original independent proofs by Hadamard and
de la Vallée Poussin were both long and intricate. Donald Newman’s 1980 article
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presented a dramatically simplified approach. Still the proof relied on several nontriv-
ial number-theoretic results, due to Chebychev, which formed a separate appendix
in the earlier editions. Over the years, further refinements of Newman’s approach
have been offered, the most recent of which is the award-winning 1997 article by
Zagier. We followed Zagier’s approach, thereby eliminating the need for a separate
appendix, as the proof relies now on only one relatively straightforward result due
of Chebychev.

The first edition contained no solutions to the exercises. In the second edition,
responding to many requests, we included solutions to all exercises. This edition
contains 66 new exercises, so that there are now a total of 300 exercises. Once again,
in response to instructors’ requests, while solutions are given for the majority of
the problems, each chapter contains at least a few for which the solutions are not
included. These are denoted with an asterisk.

Although Donald Newman passed away in 2007, most of the changes in this
edition were anticipated by him and carry his imprimatur. I can only hope that
all of the changes and additions approach the high standard he set for presenting
mathematics in a lively and “simple” manner.

In an earlier edition of this text, it was my pleasure to thank my former student,
Pisheng Ding, for his careful work in reviewing the exercises. In this edition, it as
an even greater pleasure to acknowledge his contribution to many of the new results,
especially those relating to the mapping properties of analytic functions on closed
domains. This edition also benefited from the input of a new generation of students
at City College, especially Maxwell Musser, Matthew Smedberg, and Edger Sterjo.
Finally, it is a pleasure to acknowledge the careful work and infinite patience of
Elizabeth Loew and the entire editorial staff at Springer.

Joseph Bak
City College of NY
April 2010



Preface to the Second Edition

One of our goals in writing this book has been to present the theory of analytic
functions with as little dependence as possible on advanced concepts from topol-
ogy and several-variable calculus. This was done not only to make the book more
accessible to a student in the early stages of his/her mathematical studies, but also
to highlight the authentic complex-variable methods and arguments as opposed to
those of other mathematical areas. The minimum amount of background material
required is presented, along with an introduction to complex numbers and functions,
in Chapter 1.

Chapter 2 offers a somewhat novel, yet highly intuitive, definition of analyticity
as it applies specifically to polynomials. This definition is related, in Chapter 3, to
the Cauchy-Riemann equations and the concept of differentiability. In Chapters 4
and 5, the reader is introduced to a sequence of theorems on entire functions, which
are later developed in greater generality in Chapters 6-8. This two-step approach, it
is hoped, will enable the student to follow the sequence of arguments more easily.
Chapter 5 also contains several results which pertain exclusively to entire functions.

The key result of Chapters 9 and 10 is the famous Residue Theorem, which is
followed by many standard and some not-so-standard applications in Chapters 11
and 12.

Chapter 13 introduces conformal mapping, which is interesting in its own right
and also necessary for a proper appreciation of the subsequent three chapters. Hydro-
dynamics is studied in Chapter 14 as a bridge between Chapter 13 and the Riemann
Mapping Theorem. On the one hand, it serves as a nice application of the theory
developed in the previous chapters, specifically in Chapter 13. On the other hand,
it offers a physical insight into both the statement and the proof of the Riemann
Mapping Theorem.

In Chapter 15, we use “mapping” methods to generalize some earlier results.
Chapter 16 deals with the properties of harmonic functions and the related theory of
heat conduction.

A second goal of this book is to give the student a feeling for the wide applicability
of complex-variable techniques even to questions which initially do not seem to
belong to the complex domain. Thus, we try to impart some of the enthusiasm

vii
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apparent in the famous statement of Hadamard that "the shortest route between
two truths in the real domain passes through the complex domain." The physical
applications of Chapters 14 and 16 are good examples of this, as are the results
of Chapter 11. The material in the last three chapters is designed to offer an even
greater appreciation of the breadth of possible applications. Chapter 17 deals with
the different forms an analytic function may take. This leads directly to the Gamma
and Zeta functions discussed in Chapter 18. Finally, in Chapter 19, a potpourri of
problems—again, some classical and some novel-is presented and studied with the
techniques of complex analysis.

The material in the book is most easily divided into two parts: a first course
covering the materials of Chapters 1-11 (perhaps including parts of Chapter 13), and
a second course dealing with the later material. Alternatively, one seeking to cover
the physical applications of Chapters 14 and 16 in a one-semester course could omit
some of the more theoretical aspects of Chapters 8, 12, 14, and 15, and include them,
with the later material, in a second-semester course.

The authors express their thanks to the many colleagues and students whose
comments were incorporated into this second edition. Special appreciation is due
to Mr. Pi-Sheng Ding for his thorough review of the exercises and their solutions.
We are also indebted to the staff of Springer-Verlag Inc. for their careful and patient
work in bringing the manuscript to its present form.

Joseph Bak
Donald J. Newmann
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Chapter 1
The Complex Numbers

Introduction

Numbers of the form a + b+/—1, where a and b are real numbers—what we call
complex numbers—appeared as early as the 16th century. Cardan (1501-1576)
worked with complex numbers in solving quadratic and cubic equations. In the 18th
century, functions involving complex numbers were found by Euler to yield solutions
to differential equations. As more manipulations involving complex numbers were
tried, it became apparent that many problems in the theory of real-valued functions
could be most easily solved using complex numbers and functions. For all their util-
ity, however, complex numbers enjoyed a poor reputation and were not generally
considered legitimate numbers until the middle of the 19th century. Descartes, for
example, rejected complex roots of equations and coined the term “imaginary” for
such roots. Euler, too, felt that complex numbers “exist only in the imagination” and
considered complex roots of an equation useful only in showing that the equation
actually has no solutions.

The wider acceptance of complex numbers is due largely to the geometric repre-
sentation of complex numbers which was most fully developed and articulated by
Gauss. He realized it was erroneous to assume “that there was some dark mystery
in these numbers.” In the geometric representation, he wrote, one finds the “intu-
itive meaning of complex numbers completely established and more is not needed
to admit these quantities into the domain of arithmetic.”

Gauss’ work did, indeed, go far in establishing the complex number system on
a firm basis. The first complete and formal definition, however, was given by his
contemporary, William Hamilton. We begin with this definition, and then consider
the geometry of complex numbers.

1.1 The Field of Complex Numbers

We will see that complex numbers can be written in the form a + bi, where a and b
are real numbers and i is a square root of —1. This in itself is not a formal definition,



2 1 The Complex Numbers

however, since it presupposes a system in which a square root of —1 makes sense.
The existence of such a system is precisely what we are trying to establish. Moreover,
the operations of addition and multiplication that appear in the expression a + bi
have not been defined. The formal definition below gives these definitions in terms
of ordered pairs.

1.1 Definition

The complex field C is the set of ordered pairs of real numbers (a, b) with addition
and multiplication defined by

(a,b) + (c,d) =(a+c,b+d)
(a,b)(c,d) = (ac — bd, ad + bc).
The associative and commutative laws for addition and multiplication as well as
the distributive law follow easily from the same properties of the real numbers. The
additive identity, or zero, is given by (0, 0), and hence the additive inverse of (a, b)

is (—a, —b). The multiplicative identity is (1, 0). To find the multiplicative inverse
of any nonzero (a, b) we set

(a,b)(x,y) = (1,0),

which is equivalent to the system of equations:

ax —by =1
bx+ay=0
and has the solution
a —b
X = s = .
2+p2 VT g2y

Thus the complex numbers form a field.
Suppose now that we associate complex numbers of the form (a, 0) with the
corresponding real numbers a. It follows that

(a1, 0) + (az, 0) = (a1 + a2, 0) corresponds to a; + a;

and that
(a1, 0)(az, 0) = (ajaz, 0) corresponds to ajas.

Thus the correspondence between (a, 0) and a preserves all arithmetic operations
and there can be no confusion in replacing (a, 0) by a. In that sense, we say that the
set of complex numbers of the form (a, 0) is isomorphic with the set of real numbers,
and we will no longer distinguish between them. In this manner we can now say that
(0, 1) is a square root of —1 since

0, 1)(0, 1) = (=1,0) = —1
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and henceforth (0, 1) will be denoted i. Note also that

a(b,c) = (a,0)(b,c) = (ab, ac),
so that we can rewrite any complex number in the following way:

(a,b) = (a,0)+ (0,b) = a + bi.

We will use the latter form throughout the text.

Returning to the question of square roots, there are in fact two complex square
roots of —1: i and —i. Moreover, there are two square roots of any nonzero complex
number a + bi. To solve

(x+iy)? =a+bi
we set
2—yr=ga
2xy=b

which is equivalent to

Ax* —4ax* = > =0
y=0>b/2x.

Solving first for x2, we find the two solutions are given by

x:i\/a+«/a2+b2

2
b _ 24 p2
y = :;I:\/ a+Va>+ - (sign b)
2x 2
where
. 1 ifb>0
sign b = .
—1 ifb < 0.
EXAMPLE
i. The two square roots of 2i are 1 +i and —1 —i.
ii. The square roots of —5 — 12i are 2 — 3i and —2 + 3i. O

It follows that any quadratic equation with complex coefficients admits a solution
in the complex field. For by the usual manipulations,

az? +bz+c¢=0 a,b,ceC, a#0
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is seen to be equivalent to
L b > p*—dac
¢ 2a)  4a?

—b+ b2 —4dac
= .
2a

and hence has the solutions

ey

In Chapter 5, we will see that quadratic equations are not unique in this respect:
every nonconstant polynomial with complex coefficients has a zero in the complex
field.

One property of real numbers that does not carry over to the complex plane is the
notion of order. We leave it as an exercise for those readers familiar with the axioms
of order to check that the number i cannot be designated as either positive or negative
without producing a contradiction.

1.2 The Complex Plane

Thinking of complex numbers as ordered pairs of real numbers (a, b) is closely
linked with the geometric interpretation of the complex field, discovered by Wallis,
and later developed by Argand and by Gauss. To each complex number a + bi
we simply associate the point (a, b) in the Cartesian plane. Real numbers are thus
associated with points on the x-axis, called the real axis while the purely imaginary
numbers bi correspond to points on the y-axis, designated as the imaginary axis.
Addition and multiplication can also be given a geometric interpretation. The sum
of z1 and z» corresponds to the vector sum: If the vector from O to z» is shifted parallel
to the x and y axes so that its initial point is 71, the resulting terminal point is z1 4 z».
If 0, z1 and z are not collinear this is the so-called parallelogram law; see below.

y y

The geometric method for obtaining the product z1z» is somewhat more compli-
cated. If we form a triangle with two sides given by the vectors (originating from
0 to) 1 and z; and then form a similar triangle with the same orientation and the
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vector z, corresponding to the vector 1, the vector which then corresponds to z; will
be z122.

This can be verified geometrically but will be most transparent when we introduce
polar coordinates later in this section. For the moment, we observe that multiplication
by i is equivalent geometrically to a counterclockwise rotation of 90°.

2
214

2

With z = x + iy, the following terms are commonly used:

Re z, the real part of z, is x;
Im z, the imaginary part of z, is y (note that Im z is a real number);
Z, the conjugate of z,is x — iy.

Geometrically, z is the mirror image of z reflected across the real axis.

2~

el
o
]

[=]
—————————

2l

|z|, the absolute value or modulus of z, is equal to v/x2 + y2; that is, it is the
length of the vector z. Note also that |z; — z2]| is the (Euclidean) distance between
z1 and z. Hence we can think of |z3| as the distance between z; + z2 and z; and
thereby obtain a proof of the triangle inequality:

lz1 + z2| < |z1] + |z2].
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An algebraic proof of the inequality is outlined in Exercise 8.

21+ 2

1251
121 + 25l

21

124l

Arg z, the argument of z, defined for z # 0, is the angle which the vector (orig-

inating from 0) to z makes with the positive x-axis. Thus Arg z is defined (modulo
2r) as that number 6 for which

Rez . Imz
cosf = ; sinf = .
|z] |z]
Z
Il ITm z|
0
0 IRe zl

EXAMPLES

i. The set of points given by the equation Re z > 0 is represented geometrically by
the right half-plane.

ii. {z:z =z} is the real line.
iii. {z: —6 < Argz < 8} is an angular sector (wedge) of angle 26.

iv. {z:|Argz — /2| < 7/2} ={z:Imz > 0}.

v. {z: |z + 1| < 1} is the disc of radius 1 centered at —1. O
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@

(ii)

™)
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A nonzero complex number is completely determined by its modulus and
argument. If z = x + iy with |z] = r and Arg z = 6, it follows that x = r cos#é,
y =rsinf and

z =r(cosf +isinb).

We abbreviate cos§ + i sinf as cis@. In this context, r and @ are called the polar
coordinates of z and r cis @ is called the polar form of the complex number z. This
form is especially handy for multiplication. Let z; = ry cis 81, zo = r2 cis 6. Then

7122 =riracisfcisfy = rir CiS(@l + 603),
since

(cos@; +isind;)(cosbr + i sinby)
= (cos 8 cos by — sinb sinB;) + i (sinb; cos &> + cos b sin )
= cos(0; + 6h) + i sin(0; + 6)
= cis(b) + ).

Thus, if z is the product of two complex numbers, |z]| is the product of their moduli
and Arg z is the sum of their arguments (modulo 27 ). (This can be used to verify
the geometric construction for 71z, given at the beginning of this section.) Similarly
z1/z2 can be obtained by dividing the moduli and subtracting the arguments:

21 r.o.
= cis(01 — 63).
22 mn

It follows by induction that if z = r cis§ and n is any integer,
" =r"cisné. (1)
Identity (1) is especially handy for solving “pure” equations of the form z" = zo.

EXAMPLE
To find the cube roots of 1, we write z° = 1 in the polar form

r?cis30 = 1cis0,
which is satisfied if and only if
r = 1,360 = 0 (modulo 2x).
Hence the three solutions are given by

. . 2m C dr
z1 =cis0, zp =cis 3 73 = CIS 30
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or in rectangular (x, y) coordinates

1 V3 RV

z=1, znn=—_+i , 3=-—

272 BT T2
The polar form of the three cube roots reveals that they are the vertices of an equilateral
triangle inscribed in the unit circle. Similarly the n-th roots of 1 are located at the
vertices of the regular n-gon inscribed in the unit circle with one vertex at z = 1. For
example, the fourth roots of 1 are £1 and +i. O

1.3 The Solution of the Cubic Equation

As we mentioned at the beginning of this chapter, complex numbers were applied to
the solution of quadratic and cubic equations as far back as the 16th century. While
neither of these applications was sufficient to gain a wide acceptance of complex
numbers, there was a fundamental difference between the two. In the case of quadratic
equations, it may have seemed interesting that solutions could always be found among
the complex numbers, but this was generally viewed as nothing more than an oddity
at best. After all, if a quadratic equation (with real coefficients) had no real solutions,
it seemed just as reasonable to simply say that there were no solutions as to describe
so-called solutions in terms of some imaginary number.

Cubic equations presented a much more tantalizing situation. For one thing, every
cubic equation with real coefficients has a real solution. The fact that such a real
solution could be found through the use of complex numbers showed that the complex
numbers were at least useful, even if somewhat illegitimate. In fact, the solution of
the cubic equation was followed by a string of other applications which demonstrated
the uncanny ability of complex numbers to play a role in the solution of problems
involving real numbers and functions.

Let’s see how complex numbers were first applied to cubic equations. There is
obviously no loss in assuming that the general cubic equation:

ax3+bx>+cx+d=0
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has leading coefficienta = 1. The equation can then be further reduced to the simpler
form:
P4 px+qg=0 (1)

if we change x into x — 13’. The first recorded solution for cubic equations involved

a method for finding the real solution of the above “reduced” or “depressed” cubic
in the form:
X+ px=q ®)

To the modern reader, of course, equation (2) is, for all practical purposes, identical
to equation (1). But in the early 16th century, mathematicians were not entirely
comfortable with negative numbers either, and it was assumed that the coefficients
p and g in equation (2) denoted positive real numbers. In fact, in that case, f(x) =
x3 4 px is a monotonically increasing function, so that equation (2) has exactly one
positive real solution. To find that solution, del Ferro (1465-1526) suggested setting
X = u + v, so that (2) could be rewritten as:

w + 0’ + BGuv + p)u+0) =q 3)

The solution to (3) can be found, then, by solving the pair of equations: 3uv+p = 0
and 1> + 03 = ¢. Using the first equation to express v in terms of 1, and substituting
into the second equation leads to:

P’
27

6

u —u3q— =0

which is a quadratic equation for x> and has the solutions

3 aEVG +4p32T
- ; .

The identical formula can be obtained for 03, and since u3 + v3 = q,

_ _\%q+\/q2+4p3/27 Jq — Vg2 +4p3/27
X=u-+ov= + .

) ) “)

or, as del Ferro would have written it to avoid the cube root of a negative number,

XxX=u-+ov=

\3/«/612 +4p3/27+q \3/\/q2 +4p*/27—q
2 2

For example, if p = 6 and ¢ = 20, we find x = vV6+/3 + 10 — V6+/3 — 10 or
(check this!) x = 2.

Although (4) was originally intended to be applied with p,g > 0, it can ob-
viously be applied equally well for any values of p and ¢. Changing ¢ into —¢q
would simply cause the same change in x. For example, the unique real solution
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of the equation x3 + 6x = —20 is x = —2. Changing p into a negative number,
however, can introduce complex values. To be precise, if q2 +4 p3 /27 < 0;ie.,if
4p® < —2742, equation (4) gives the solution as the sum of the cube roots of two com-
plex conjugates. For example, if we apply (4) to the equation x> — 6x = 4, we obtain

x =242 +2-2i (5)

Since we saw (in the last section) that we can calculate the three cube roots of any
complex number using its polar form, and since the cube roots of a conjugate of any
complex number are the conjugates of its cube roots, we realize that (5) actually does
give the three real roots of x3 — 6x = 4.

To Cardan, however, who published formula (4) in his Ars Magna (1545), the case:
4p® < =274 presented a dilemma. We leave it as an exercise to verify that equation
(2) has three real roots if and only if 4p> < —2742. Ironically, then, precisely in
the case when all three solutions are real, if formula (4) is applicable at all, it gives
the solutions in terms of cube roots of complex numbers! Moreover, Cardan was
willing to try a direct approach to finding the cube roots of a complex number (as
we found the square roots of any complex number in section 1), but solving the
equation (x +iy)> = a + bi by equating real and imaginary parts led to an equation
no less complicated than the original cubic. Cardan, therefore, labeled this situation
the “irreducible” case of the depressed cubic equation.

Fortunately, however, the idea of applying (4) even in the “irreducible” case, was
never laid to rest. Bombelli’s Algebra (1574) included the equation x> = 15x + 4,
which led to the mysterious solution

x=~2+11i+ 72— 11i (6)

By a direct approach, combined with the assumption that the cube roots in (6) would
involve integral real and imaginary parts, Bombelli was able to show that formula (6)
did “contain” the solution x = 4 in the form of (2 4+ i) + (2 — i). He did not suggest
that (6) might also contain the other two real roots nor did he generalize the method.
In fact, over a hundred years later, the issue was still not resolved. Thus Leibniz
(1646-1716) continued to question how “a quantity could be real when imaginary
or impossible numbers were used to express it”. But he too could not let the matter
go. Among unpublished papers found after his death, there were several identities
similar to

\3/36 + +/=2000 + \3/36 — +/=2000 = —6

which he found by applying (4) to: x> — 48x — 72 = 0.

So complex numbers maintained their presence, albeit as second-class citizens, in
the world of numbers until the early 19th century when the spread of their geometric
interpretation began the process of their acceptance as first-class citizens.
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1.4 Topological Aspects of the Complex Plane

I. Sequences and Series The concept of absolute value can be used to define the
notion of a limit of a sequence of complex numbers.

1.2 Definition

The sequence z1, 22, 23, . . . converges to z if the sequence of real numbers |z, — z|
converges to 0. Thatis, z, — zif |z, —z] = 0.
Geometrically, z, — z if each disc about z contains all but finitely many of the
members of the sequence {z,}.
Since
[Re z|, [Im z| < |z| < [Rez| + [Im 2],

zn — zifand only if Rez;, — Rez and Imz, — Imz.

EXAMPLES

1. 2" > 0if|z| < 1 since |z" — 0] = |z|" = O.
—i

1

= - 0. O
Vn2+1

n .
2. . — 1 since
n+1

n—+i :n+i

1.3 Definition

{zn} is called a Cauchy sequence if for each € > 0 there exists an integer N such that
n,m > N implies |z, — zm| < €.

1.4 Proposition

{zn} converges if and only if {z,} is a Cauchy sequence.

Proof

If z, —» z,then Rez, — Rez, Imz, — Imz and hence {Rez,} and {Imz,} are
Cauchy sequences. But since

|20 — zml < [Re(zp — zm)| + 1Im (2, — Zp)|
= |Rez, —Rezy| + |Imz, —Imz,|,

{zn} is also a Cauchy sequence.
Conversely, if {z,} is a Cauchy sequence so are the real sequences {Re z,} and
{Im z,,}. Hence both {Re z,,} and {Im z,,} converge, and thus {z,,} converges. [l

An infinite series > ;- | zx is said to converge if the sequence {s, } of partial sums,
defined by s, = z1 + 22 + - - - z», converges. If so, the limit of the sequence is called
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the sum of the series. The basic properties of infinite series listed below will be
familiar from the theory of real series.

i. The sum and the difference of two convergent series are convergent.
ii. A necessary condition for 21?11 Zk to converge is that z;, — O asn — oo.
iii. A sufficient condition for Y 72 | zx to convergeis that > 72 | |zx| converges. When
Z,fi 1 12k | converges, we will say Z,fi | Zk 18 absolutely convergent.

Property (iii), which will be important in later chapters, follows from Proposi-
tion 1.4. For if Z,fil |zk| converges and t,, = |z1| + |z2| 4+ - - - + |zx| then {#,} is a
Cauchy sequence. But then so is the sequence {s,} givenby s, = z1+ 22+ -+ zZn,
since

[ — sn| = Izn+l + Zn+2 + 4z
< znt1l + |zag2| + - -+ lzm]| = ltm — tnl

by the triangle inequality. Hence >/ | zx converges.

EXAMPLES

-k

l
1> converges since

2 k=1 k24 o g
ik 1 - 1
= and since E converges.
kil Vit 41 Y/ S

1
2. 00, ki diverges, since

1 k—i

oo
1
k4Tl which implies that ZRe (k 4 i) diverges. O

k=1

II. Classification of Sets in the Complex Plane We give some definitions relating
to planar sets.

1.5 Definitions

D(zp; r) denotes the open disc of radius r > 0 centered at zq; i.e., D(zo;r) =
{z:]z—=zo0l <7}

D(zo; r) is also called a neighborhood (or r-neighborhood) of zg.

C(zo; r) is the circle of radius r > 0 centered at z(.

A set Sissaidtobe openifforany z € S, thereexistsd > Osuchthat D(z; J) C S.

For any set S, S = C\S denotes the complement of S; i.e., S ={z € C:z ¢ S}.

A setis closed set if its complement is open. Equivalently, S is closed if {z,} C §
and z;, —» zimply z € S.

08, the boundary of S, is defined as the set of points whose J-neighborhoods have
a nonempty intersection with both S and S, for every 6 > 0.

S, the closure of S, is given by S=SUas.

S is bounded if it is contained in D(0; M) for some M > 0.
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Sets that are closed and bounded are called compact.

S is said to be disconnected if there exist two disjoint open sets A and B whose
union contains S while neither A nor B alone contains S. If S is not disconnected, it
is called connected.

[z1, z2] denotes the line segment with endpoints z; and z5.

A polygonal line is a finite union of line segments of the form [zg, z1]U[z1, z2]U
[z2,z3]...Ulza—1, 2n].

If any two points of S can be connected by a polygonal line contained in S, S is
said to be polygonally connected.

It can be shown that a polygonally connected set is connected. The converse,
however, is false. For example, the set of points z = x + iy with y = x? is clearly
connected but is not polygonally connected since the set contains no straight line
segments. In fact there are even connected sets whose points cannot be connected to
one another by any curve in the set (see Exercise 23). On the other hand, for open
sets, connectedness and polygonal connectedness are equivalent.

1.6 Definition

An open connected set will be called a region.

1.7 Proposition

A region S is polygonally connected.

Proof

Suppose zg € S. Let A be the set of points of § which can be polygonally connected
to zo in S and let B represent the set of points in § which cannot. Since any point z
can be connected to any other point in D(z; d), it follows that A is open. Similarly
B is open. For if any point in a disc about z could be connected to zg, then z could
be connected to zg. Now S is connected, S = A U B and A is nonempty; hence we
must conclude that B is empty. Finally, since every point in S can be connected to
Z0, every pair of points can be connected to each other by a polygonal line in S. [J

III  Continuous Functions

1.8 Definition

A complex valued function f(z) defined in a neighborhood of zg is continuous at zg
if z, — zo implies that f(z,) = f(zo). Alternatively, f is continuous at zg if for
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eache > Othereissomed > Osuchthat |z —zg| < dimpliesthat|f(z)— f(z0)| < €.
f is continuous in a domain D if for each sequence {z,} C D and z € D such that
zn — z, we have f(z,) = f(2).

If we split f into its real and imaginary parts

f@) = fx,y)=ulx,y) +iv(x,y),

where u and v are real-valued, it is clear that f is continuous if and only if « and v
are continuous functions of (x, y). Thus, for example, any polynomial

m n
P(x,y) =D > aijxky/

j=1k=1
is continuous in the whole plane. Similarly

1 X Y
= —1
7 x24y2 X242

is continuous in the “punctured plane” {z : z # 0}. It follows also that the sum,
product, and quotient (with nonzero denominator) of continuous functions are con-
tinuous.

We say f € C" if the real and imaginary parts of f both have continuous partial
derivatives of the n-th order.

A sequence of functions { f;,} converges to f uniformly in D if for each € > 0,
thereis an N > O such thatn > N implies | f,,(z) — f(z)| < € forall z € D. Again,
by referring to the real and imaginary parts of { f;,}, it is clear that the uniform limit
of continuous functions is continuous.

1.9 M-Test

Suppose fi is continuousin D, k = 1,2, ... If | fx (2)| < My throughout D and if
z,fil My, converges, then Z,fil fx (2) converges to a function f which is continuous
in D.

Proof

The convergence of > 72, fi(z) is immediate. Moreover, for each € > 0, we can
choose N so that

o
- ka(z) < Mpr1+Mpypo+--- <€
n+1

‘f(Z) - > fi2)

k=1

for n > N. Hence the convergence is uniform and f is continuous. (I
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EXAMPLE
7) = 3 kzF is continuousin D : |z| < ) since
k=1 2

k — k
lkz¥| < ok in D and Z ok
k=1

converges. (See Exercise 21.) O

Recall that a continuous function maps compact/connected sets into compact/
connected sets. None of the other properties listed above, though, are preserved
under continuous mappings. For example f(z) = Rez maps the open set C into
the real line which is not open. The function g(z) = 1/z maps the bounded set:
0 < |z| < 1 onto the unbounded set: |z| > 1.

Most of the key results in subsequent chapters will concern properties of (a certain
class of) functions defined on a region. We note that, arguing as in the proof of
Proposition 1.7, we could show that any two points in a region can be connected by
a polygonal line containing only horizontal and vertical line segments. For future
reference we will introduce the term polygonal path to denote such a polygonal line.

One important result regarding real-valued functions on a region is given below.

1.10 Theorem

Suppose u(x, y) has partial derivatives u, and uy that vanish at every point of a
region D. Then u is constant in D.

Proof

Let (x1, y1) and (x2, y2) be two points of D. Then, as noted above, they can be
connected by a polygonal path that is contained in D. Any two successive vertices of
the path represent the end-points of a horizontal or vertical segment. Hence, by the
Mean-Value Theorem for one real variable, the change in u between these vertices is
given by the value of a partial derivative of u somewhere between the end-points times
the difference in the non-identical coordinates of the endpoints. Since, however, u,
and uy vanish identically in D, the change in u is 0 between each pair of successive
vertices; hence u(xy, y1) = u(xz, y2). O

1.5 Stereographic Projection; The Point at Infinity

The complex numbers can also be represented by the points on the surface of a
punctured sphere. Let

1\ 1
Z=[(5,f7,é):52+f72+(c—2) =4}; (1)
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that s, let D_ be the sphere in Euclidean (¢, #, ¢') space with distance ; from (0, 0, ;).
Suppose, moreover, that the plane ¢ = 0 coincides with the complex plane C, and that
the ¢ and # axes are the x and y axes, respectively. Toeach (&, 7, ) € D we associate
the complex number z where the ray from (0, 0, 1) through (&, #, ¢) intersects C.
This establishes a 1-1 correspondence, known as stereographic projection, between
C and the points of > other than (0, 0, 1). Formulas governing this correspondence
can be derived as follows. Since (0, 0, 1), (&, #, ¢) and (x, y, 0) are collinear,

(x,y,0)

so that
¢ n

X = 1= y = 1—¢
We leave it as an exercise to show that the equations (1) and (2) can be solved for
&, n, ¢ interms of x, y as

@)

2 2
) X y xX“+y
NN N S A e )
Now suppose that {ox} = {(&k, 7k, (x)} is a sequence of points of > which converges
to (0, 0, 1) and let {zz} be the corresponding sequence in C. By (2),

2 _ 524"72 _ ¢
1-02 1=

sothatasoy — (0,0, 1), |zxk| = oo.Conversely, it follows from (3) thatif |zx| — oo,
or — (0,0, 1). Loosely speaking, this suggests that the point (0,0, 1) on > cor-
responds to oo in the complex plane. We can make this more precise by formally
adjoining to C a “point at infinity” and defining its neighborhoods as the sets in
C corresponding to the spherical neighborhoods of (0, 0, 1). (See Exercise 24.)

x2+y
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While we will not examine the resulting “extended plane” in greater detail, we will
adopt the following convention.

1.11 Definition

We say {zx} — oo if |zx| = oo i.e., |zx| — oo if for any M > 0, there exists
an integer N such that k > N implies |zx| > M. Similarly, we say f(z) — oo if

|f ()] = oo.

For future reference, we note the connection between circles on > and circles
in C. By a circle on >, we mean the intersection of >  with a plane of the form
A¢+Bn+C¢ = D. According to (3),if S is such a circle and T is the corresponding
setin C,

(C=D)x*+y*) +Ax + By =D “)

for (x,y) € T. Note that if C # D, (4) is the equation of a circle. If C = D, (4)
represents a line. Since C = D if and only if S intersects (0, 0, 1), we have the
following proposition.

1.12 Proposition
Let S be a circle on Y and let T be its projection on C. Then

a. if S contains (0,0, 1), T is a line;
b. if S doesn’t contain (0,0, 1), T is a circle.

The converse of Proposition 1.12 is also valid. We leave its proof as an exercise.
(See Exercise 25.)

Exercises
1. Express in the form a + bi:
1 Q2+i)(B+20)
a. . b. X
6+ 2i . 1—1
1 3
c.<—2+i“§) d.i2,i3,i%,i5, ...

2. Find (in rectangular form) the two values of v/—8 + 6.
3. Solve the equation 12 +4/32iz—6i =0.

4. Prove the following identities:
a z1+z22=2 +22.
b. z122 =z1 - 22.
c. P(z) = P(2), for any polynomial P with real coefficients.
d Z=z

5. Suppose P is a polynomial with real coefficients. Show that P(z) = 0 if and only if P(Z) = O [i.e.,
zeroes of “real” polynomials come in conjugate pairs].

6. Verify that |12| = |z|2 using rectangular coordinates and then using polar coordinates.
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7. Show
a. |2 = [z|".
b. |z = zZ.

c. |Rez|, [Imz| < |z] < |Rez|+ [Imz].
(When is equality possible?)

8. a. Fill in the details of the following proof of the triangle inequality:

|21+ 221% = (21 +22) (21 +22)
=l + 122 + 2122 + 2122
=lz11* + 221> + 2 Re(z122)
< 21 + 22 + 2lz; 122
= (211 + 2.
b. When can equality occur?
c. Show: |z1 — z2| = |z1] — |z2].

9.* It is an interesting fact that a product of two sums of squares is itself a sum of squares. For example,
(12 +2H3%2+4%) =125 =52 + 102 =22 + 112

a. Prove the result using complex algebra. That is, show that for any two pairs of integers {a, b} and
{c, d}, we can find integers u, v with

(@ +52)(2 +d?) = u? + 2

b. Show that, if a, b, c, d are all nonzero and at least one of the sets {a2, b2} and {c2, d2} consists
of distinct positive integers, then we can find u?, v? as above with «2 and v both positive.

c. Show that, if a, b, ¢, d are all nonzero and both of the sets {a2, b2} and {c2, d2} consist of distinct
positive integers, then there are two different sets {uz, 02} and {sz, t2} with

(02 + 172)(c‘2 + d2) =u? +0% =52 +1%
d. Give a geometric interpretation and proof of the results in b) and c), above.

10# Prove: |z1 + 2212+ |21 — 2212 = 2(|z1 %> + |22/?) and interpret the result geometrically.

11. Let z = x + iy. Explain the connection between Arg z and tan—! (y/x). (Warning: they are not
identical.)

12. Solve the following equations in polar form and locate the roots in the complex plane:
a 0=1.
b ot =-1.
c. zt=-1+3i

13. Show that the n-th roots of 1 (aside from 1) satisfy the “cyclotomic” equation 2y
z+1=0. [Hint: Use the identity 2" — 1 = (z — D" L +2""2 .-+ 1)]

14. Suppose we consider the n — 1 diagonals of a regular n-gon inscribed in a unit circle obtained by
connecting one vertex with all the others. Show that the product of their lengths is n. [Hint: Let the
vertices all be connected to 1 and apply the previous exercise.]



20 1 The Complex Numbers

15. Describe the sets whose points satisfy the following relations. Which of the sets are regions?

. z—1
a.lz—i|l < 1. b. =1.
z+1
c.|lz=2 > |z-3| d.|z] < landImz > 0.
1 _
e. =1z f.|z|> = Imz.
z
g. Iz2 — 1| < 1. [Hint: Use polar coordinates.]
16.* Identify the set of points which satisfy
a. |zl =Rez +1 blz—1|+z+1]=4 " l=y

17. Let Arg w denote that value of the argument between —z and # (inclusive). Show that

(z—l) /2 iflmz >0
Arg = .
z+1 —r/2 ifImz <0

where z is a point on the unit circle |z| = 1.

18 Find the three roots of x> — 6x = 4 by finding the three real-valued possibilities for Y242 +
/2 — 2i.(Note: You can find the three cube roots of 2 + 2i, or you can simplify the problem by first
applying the identity: a + b = (a3 + b3)/(a® — ab + b?).

19 Prove that x> + px = q has three real roots if and only if 4 p3 < —27q2. (Hint: Find the local
minimum and local maximum values of x3 + px—q.)

20% a. Let P(z) = 142743224 +nz"~L. By considering (1 — z) P(z), show that all the zeroes
of P(z) are inside the unit disc.
b. Show that the same conclusion applies to any polynomial of the form: ag +a; z+a212+ tan ",
with all g; realand 0 < ag < a; < --- < ay

21. Show that

a f2) =22 kz* is continuous in |z| < 1.

b. g2) = 2130:1 l/(k2 + z) is continuous in the right half-plane Re z > 0.
22. Prove that a polygonally connected set is connected.
23. Let 1
S=jx+iy:x=0o0rx >0,y =sin
X
Show that S is connected, even though there are points in S that cannot be connected by any curve
in S.

24. Let S ={(&,n,0) € > ¢ > o}, where 0 < (g < 1 and let T be the corresponding set in C. Show
that 7T is the exterior of a circle centered at 0.
25. Suppose T C C. Show that the corresponding set § C > is

a. acircle if T is a circle.
b. acircle minus (0, 0, 1) if 7 is a line.

26. Let P be a nonconstant polynomial in z. Show that P(z) — oo as z = oo.

27. Suppose that 7 is the stereographic projection of (&, 7, ¢) and 1/z is the projection of (¢, #/, ¢’).

a. Show that (¢, /. ) = (&, —n, 1 = 0).
b. Show that the function 1/z,z € C, is represented on Y by a 180° rotation about the diameter
with endpoints (—;, 0, ;) and (;, 0, ;)

28. Use exercise (27) to show that f(z) = 1/z maps circles and lines in C onto other circles and lines.



Chapter 2
Functions of the Complex Variable z

Introduction

We wish to examine the notion of a “function of z”” where z is a complex variable. To
be sure, a complex variable can be viewed as nothing but a pair of real variables so
that in one sense a function of z is nothing but a function of two real variables. This
was the point of view we took in the last section in discussing continuous functions.
But somehow this point of view is too general. There are some functions which are
“direct” functions of z = x 4+ iy and not simply functions of the separate pieces x
and y.

Consider, for example, the function x2 — y2 + 2ixy. This is a direct function of
x + iy since x> — y% + 2ixy = (x + iy)?; it is the function squaring. On the other
hand, the only slightly different-looking function x> 4+ y? — 2ixy is not expressible
as a polynomial in x +iy. Thus we are led to distinguish a special class of functions,
those given by direct or explicit or analytic expressions in x + iy. When we finally
do evolve a rigorous definition, these functions will be called the analytic functions.
For now we restrict our attention to polynomials.

2.1 Analytic Polynomials

2.1 Definition

A polynomial P (x, y) will be called an analytic polynomial if there exist (complex)
constants ay such that

P(x,y) = a0+ ai(x +iy) + az(x +iy)* + -+ an(x + iy)".
We will then say that P is a polynomial in z and write it as

P(z)=ao+alz+azz2+~-~+aNzN.

21
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Indeed, x2 — y2 + 2ixy is analytic. On the other hand, as we mentioned above,
x2 4+ y? — 2ixy is not analytic, and we now prove this assertion. So suppose

N
x>+ y2 —2ixy = Zak(x + iy)k.
k=0

Setting y = 0, we obtain

N
%2 = Zakxk
k=0
or

a0+a1x+(a2—1)x2+-~-+aNxNEO.

Setting x = 0 gives ag = 0; dividing out by x and again setting x = 0 shows a; = 0,
etc. We conclude that

o =03=0a4=---=oy =0

ar =1,

and so our assumption that

N

x2 4+ y? =2ixy= Zak(x +iy)*
k=0

has led us to
X2y =2ixy= (x +iy)> = x* — y> + 2ixy,

which is simply false!

A bit of experimentation, using the method described above (setting y = 0 and
“comparing coefficients”) will show how rare the analytic polynomials are. A ran-
domly chosen polynomial, P(x, y), will hardly ever be analytic.

EXAMPLE

x2 4+ iv(x, y) is not analytic for any choice of the real polynomial v(x, y). For
a polynomial in z can have a real part of degree 2 in x only if it is of the form
az’> + bz +c with a # 0. In that case, however, the real part must contain a y2 term
as well. O

Another Way of Recognizing Analytic Polynomials We have seen, in our method of
comparing coefficients, a perfectly adequate way of determining whether a given
polynomial is or is not analytic. This method, we point out, can be condensed to the
statement: P (x, y)isanalyticif and onlyif P(x, y) = P(x+iy, 0). Looking ahead to
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the time we will try to extend the notion of “analytic” beyond the class of polynomials,
however, we see that we can expect trouble! What is so simple for polynomials is
totally intractable for more general functions. We can evaluate P (x +iy, 0) by simple
arithmetic operations, but what does it mean to speak of f(x + iy, 0)? For example,
if f(x,y) = cosx + isiny, we observe that f(x,0) = cosx. But what shall we
mean by cos(x + iy)? What is needed is another means of recognizing the analytic
polynomials, and for this we retreat to a familiar, real-variable situation. Suppose
that we ask of apolynomial P(x, y) whether it is a function of the single variable
x + 2y. Again the answer can be given in the spirit of our previous one, namely:
P(x, y)isafunction of x + 2y if and only if P(x, y) = P(x 42y, 0). But it can also
be given in terms of partial derivatives! A function of x + 2y undergoes the same
change when x changes by € as when y changes €/2 and this means exactly that its
partial derivative with the respect to y is twice its partial derivative with respect to x.
That is, P(x, y) is a function of x + 2y if and only if P, = 2P;.

Of course, the “2” can be replaced by any real number, and we obtain the more
general statement: P (x, y) is a function of x 4+ Ay if and only if Py = AP,.

Indeed for polynomials, we can even ignore the limitation that 1 be real, which
yields the following proposition.

2.2 Definition

Let f(x,y) = u(x, y)+iv(x, y) where u and v are real-valued functions. The partial
derivatives fy and f, are defined by uy + iv, and u, + ivy respectively, provided
the latter exist.

2.3 Proposition

A polynomial P(x, y) is analytic if and only if Py, =i P,.

Proof

The necessity of the condition can be proven in a straightforward manner. We leave
the details as an exercise. To show that it is also sufficient, note that if

P, =iP,

the condition must be met separately by the terms of any fixed degree. Suppose then
that P has n-th degree terms of the form

O(x,y) = Cox" + C1x" 1y + Cox"2y? + . + Cuy".

Since
Qy = iQx;
Cl.xn_l + 2C2xn_2y + . + ncnyl’l—
=i[nCox" '+ (n = DC1x" 2y + -+ Co1y" 1.

1
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Comparing coefficients,

C =inC0=i(’I)Co

_ i(n—1) . on(n—1) _afn
Cy = ) Ci=i 5 Co=1i > Co,

Ckzik(Z)Co

n
Co (Z) xX"Kiy)* = Colx +iy)".
k=0

and in general

so that

n
Q(x,y) =D Cux" Tyt
k=0

Thus P is analytic. (]

The condition f, = if, is sometimes given in terms of the real and imaginary
parts of f. Thatis, if f = u 4+ iv, then
Jr =ux +ivy
fy =uy +ivy

and the equation fy = if, is equivalent to the twin equations
Uy =y, Uy = —0y. (D)
These are usually called the Cauchy-Riemann equations.

EXAMPLES

1. A non-constant analytic polynomial cannot be real-valued, for then both P, and
Py, would be real and the Cauchy-Riemann equations would not be satisfied.

2. Using the Cauchy-Riemann equations, one can verify that x> — y* 4 2ixy is
analytic while x> 4+ y? — 2ixy is not. %

Finally, we note that polynomials in z have another property which distinguishes
them as functions of z: they can be differentiated directly with respect to z. We will
make this more precise below.

2.4 Definition

A complex-valued function f, defined in a neighborhood of z, is said to be differen-
tiable at z if

i fl@z+h)— f(2)
1m
h—0 h

exists. In that case, the limit is denoted f/(z).
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It is important to note that in Definition 2.4, & is not necessarily real. Hence the
limit must exist irrespective of the manner in which / approaches 0 in the complex
plane. For example, f(z) = z is not differentiable at any point z since

f@+h)y—f@) _h
h T h

which equals 41 if £ is real and —1 if / is purely imaginary.

2.5 Proposition

If f and g are both differentiable at z, then so are

hi1=f+¢g
hy = fg
and, if g(z) # 0,
h3=f.
8

In the respective cases,
1@ =1"@+5@

"y (2) = f'(2)g(2) + f(2)g'(2)
Ry(2) = £ (2)g(2) — f(2)&'(@))/g* ).

Proof

Exercise 6. O

2.6 Proposition

If P(z) = ao + aiz + --- + anzV, then P is differentiable at all points z and
P(z)=0a1 +200z+ -+ N(ZNZN_I.

Proof

See Exercise 7. O

2.2 Power Series

We now consider a wider class of direct functions of z—those given by infinite poly-
nomials or “power series” in z.
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2.7 Definition

A power series in z is an infinite series of the form > 32 ) Ciz*.
To study the convergence of a power series, we recall the notion of the lim of a
positive real-valued sequence. That is,

lim a, = lim | supay ).
n— oo n— oo kzl’l

Since supy-.,, ax is a non-increasing function of », the limit always exists or equals

+o00. The properties of the lim which will be of interest to us are the following.
If limy— 0y, = L,

i. for each N and for each € > 0, there exists some k > N such thata; > L —¢;
ii. for each € > 0, there is some N suchthata; < L + ¢ forallk > N.
iii. lim ca, = cL for any nonnegative constant c.

2.8 Theorem
Suppose lim|Ci|'/* = L.

1. IfL =0, Cxz* converges for all z.

2. IfL=00,. Crz* converges for z = 0 only.

3. If0 < L < oo, set R = 1/L. Then > Cyz* converges for |z| < R and diverges
for|z| > R. (R is called the radius of convergence of the power series.)

Proof

1. L=0.
Since lim|Ck|'/* = 0, 1lim|Ci|'/¥|z| = 0 for all z. Thus, for each z, there is some
N such that k > N implies

sothat > |Crz¥| converges; therefore, by the Absolute Convergence Test, > Crz*
converges.

2. L =o0.
For any z # 0,

||V >

|z

for infinitely many values of k. Hence |Ckzk| > 1, the terms of the series do
not approach zero, and the series diverges. (The fact that the series converges for
z = 0 is obvious.)



2.2 Power Series 27

3.0 <L <00, R=1/L.
Assume first that |z| < R and set |z| = R(1 — 20). Then since lim|Cy|"/¥|z| =
(1 —20), |Cx|"/*|z] < 1 — § for sufficiently large k and > CyzF is absolutely
convergent. On the order hand, if |z| > R, lim|C¢|"/¥|z| > 1, so that for in-
finitely many values of k, Cxz* has absolute value greater than 1 and > CrzF
diverges. O

Note that if >_;, Ciz* has radius of convergence R, the series converges uni-
formly in any smaller disc: |z] < R — ¢. For then

o0 o0
DGk < DGR = 0,
k=0 k=0

which also converges. Hence a power series is continuous throughout its domain of
convergence. (See Theorem 1.9.)

All three cases above can be combined by noting that a power series always
converges inside a disc of radius

R = 1/1im|Cy|'/*.

Here R = 0 means that the series converges at z = 0 only and R = oo means that
the series converges for all z. In the cases where 0 < R < oo, while the theorem
assures us that the series diverges for |z| > R, it says nothing about the behavior of
the power series on the circle of convergence |z| = R. As the following examples
demonstrate, the series may converge for all or some or none of the points on the
circle of convergence.

EXAMPLES

1. Since n'/* — 1, > >, nz" converges for |z| < 1 and diverges for |z| > 1. The
series also diverges for |z| = 1 for then |nz"| = n — oo. (See Exercise 8.)

2. 202, n?) also has radius of convergence equal to 1. In this case, however,
the series converges for all points z on the unit circle since

1
= for |z| = 1.
2 |z

3. >, (z"/n)hasradius of convergence equal to 1. In this case, the series converges
at all points of the unit circle except z = 1. (See Exercise 12.)
4. > > (z"/n!) converges for all z since

1
(nh)l/n — 0.

(See Exercise 13.)
5. ;’;0 [T + (—=1)"]"Z" has radius of convergence ; since lim[1 + (—=1)"] =
lim2 = 2.
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6. >20 2 = 1+z+24+224 2%+ .. hasradius of convergence 1. In this case
lim|C,|Y/" =1lim1 = 1.

7. Any series of the form > C,z"* with C,, = %1 for all n has radius of convergence
equal to 1. O

It is easily seen that the sum of two power series is convergent wherever both
of the original two power series are convergent. In fact, it follows directly from the
definition of infinite series that

00 00 00
Z(an + bn)Zn = Zanzn + anzn-

n=0 n=0 n=0

Similarly if > 02 anz" = A and X2 byz" = B, the Cauchy product > 2 ¢,2"
defined by ¢, = >_j_ akbn—i converges for appropriate values of z to the product
AB. The proof is the same as that for “real” power series and is outlined in Exercises
17 and 18.

2.3 Differentiability and Uniqueness of Power Series

We now show that power series, like polynomials, are differentiable functions of
z. Suppose then that > C,z" converges in some disc D(0; R), R > 0. Then the
series > nC,z"~! obtained by differentiating > C,z" term by term is convergentin
D(0; R), since

lim|nCy |V D = lim(InCp /"y =1 = lim|C,,|'/".

2.9 Theorem

Suppose f(z) = > o2y Cnz" converges for |z| < R. Then f'(z) exists and equals
> o nCyz" ! throughout |z| < R.

Proof

We will prove the theorem in two stages. First, we will assume that R = oo, then
we will consider the more general situation. Of course, the second case contains the
first, so the eager reader may skip the first proof. We include it since it contains the
key ideas with less cumbersome details.

Case (1): Assume Z?zio C, 7" converges for all z. Then

fG+h) —f@) <= . [@+h)"—2"]
h _HZOC” h

and

f(z+h) 1O S =1 =3 ¢

n=0
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where
(z+h)"—z" n—1

b, = L —nz

n n
_ n k—1_n—k n n—k __ n
_Z(k)h : sIhIZ(k)IzI = k(2] + 1)
k=2 k=0
for |h| < 1. Hence, for |h]| < 1,

o0
< [h1 D" 1Cul (2l + 1)" < Alh|
n=0

‘f(Z+h) 1) ch .

n=0

since > 02 ) |Cy|2" converges for all z. Letting 7 — 0, we conclude that
f'@) = nCpz"™!

Case (2):0 < R < oo.
Let |z] = R — 20,0 > 0, and assume |k| < ¢. Then |z 4+ h| < R and, as in the
previous case. we can write

f(z+h) 1@ 56,071 =3 co,

n=0

where

n
bn — (Z)hk_lzn_k-
k=2

If z = 0,b, = K"~ and the proof follows easily. Otherwise, to obtain a useful
estimate for b,, we must be a little more careful. Note then that

Hence, for z # 0,

2 n
n |h| n _ n—(k—
bl <7 Z(k_z)vuk 2|2
2
h
<" 'Z( )|h|f| =i

n2|
= e (I | + |AD)"
n?|h|

|Z|2 (R _5)}1
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and

e =16 Z €2 _||22 Cal(R = )" < AW,

since z # 0 is fixed and since z;‘;o n?|C,|z" also converges for |z| < R. Again,
letting i — 0, we conclude that f/(z) = >0, nC,z" 1. O

EXAMPLE
f(2) =202 (z"/n!) is convergent for all z and, according to Theorem 2.9,

0 n—1 X n
ra=x" =" =fe.
n= n=0

2.10 Corollary

Power series are infinitely differentiable within their domain of convergence.

Proof

Applying the above results to f/(z) = > oo nC,z"~! which has the same radius
of convergence as f, we see that f is twice differentiable. By induction, f® is
differentiable for all n. O

2.11 Corollary

Iff(z) = Z?,o:o C, 7" has a nonzero radius of convergence,

(n)
C, = ©) for all n.
n!

Proof
By definition f(0) = Cy. Differentiating the power series term-by-term gives

f(2) =C1 +2Coz+3C32 + - --
so that
f'0) =
Similarly

(n+2)!

2' Cl’l+2Z2 + T,

@) =n!Cp+ (14 D'Coyr1z +

and the result follows by setting z = 0. O
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According to Corollary 2.11, if a power series is equal to zero throughout a
neighborhood of the origin, it must be identically zero. For then all its derivatives at
the origin—and hence all the coefficients of the power series—would equal 0. By the
same reasoning, if a power series were equal to zero throughout an interval containing
the origin, it would be identically zero. An even stronger result is proven below.

2.12 Uniqueness Theorem for Power Series

Suppose Z?;o C, 7" is zero at all points of a nonzero sequence {zi} which converges
to zero. Then the power series is identically zero.

[Note: If we set f(z) = >_ Cpz", it follows from the continuity of power series
that f(0) = 0. We can show by a similar argument that f/(0) = 0; however, a
slightly different argument is needed to show that the higher coefficients are also 0.]

Proof

Let
f@) =Co+Ciz+Coz> +---.

By the continuity of f at the origin
Co= f(0) = lim f(z) = lim f(zx) =0.
z—0 k— o0

But then

b4
8(Z)=fi) =C1+Cruz+C32> + -

is also continuous at the origin and

Cr=g=1m? @ = m T _g
z—0 Z k—oo  Zk
Similarly, if C; = 0for 0 < j < n, then
¢, =tim 7@ = gim ) _y,
=0 " k—oo  z}
so that the power series is identically zero. (I

2.13 Corollary

If a power series equals zero at all the points of a set with an accumulation point at
the origin, the power series is identically zero.

Proof
Exercise 18. O

The Uniqueness Theorem derives its name from the following corollary.
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2.14 Corollary

If > anz" and > byz" converge and agree on a set of points with an accumulation
point at the origin, then a, = b, for all n.

Proof
Apply 2.13 to the difference:

Z(an - bn)Zn-

O

Power Series Expansion about z = o. All of the previous results on power series are
easily adapted to power series of the form

ZCn(z —a)".

By the simple substitution w = z — a, we see, for example, that series of the above
form converge in a disc of radius R about z = a and are differentiable throughout
|z — a| < R where R = 1/1im|C,|!/". (See Exercises 22 and 23.)

Exercises

1. Complete the proof of Proposition 2.3 by showing that for an analytic polynomial P, Py = iPy.
[Hint: Prove it first for the monomials.]

2.% a. Suppose f(z) is real-valued and differentiable for all real z. Show that f’(z) is also real-valued
for real z.
b. Suppose f(z) is real-valued and differentiable for all imaginary points z. Show that f’(z) is
imaginary for at all imaginary points z.

3. By comparing coefficients or by use of the Cauchy-Riemann equations, determine which of the
following polynomials are analytic.
a. P(x+iy)= x3 - ?axy2 —-x+ i(3x2y - y3 — ).
b. P(x +iy) = xZ+ iyz.
c. P(x+iy)=2xy+ i(y2 - xz).

4. Show that no nonconstant analytic polynomial can take imaginary values only.

¢

Find the derivative P’(z) of the analytic polynomials in (3). Show that in each case P’(z) = Py.
Explain.

Prove Proposition 2.5 by arguments analogous to those of real-variable calculus.
Prove Proposition 2.6. [Hint: Prove it for monomials and apply Proposition 2.5.]

Show Sy =nl/" = lasn — oo by considering log Sj;.

R

Find the radius of convergence of the following power series:

a X%, b X+ 22"

10. Suppose > c,z" has radius of convergence R. Find the radius of convergence of
a. > nPey", b. > leqlz",

c. Yk
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11. Suppose > anz" and > b, z" have radii of convergence R and Rj, respectively. What can be said
about the radius of convergence of > (ay + by )z" ? Show, by example, that the radius of convergence
of the latter may be greater than R and R;.

12. Show that Z;’f’:l (z"/n) converges at all points on the unit circle except z = 1. [Hint: Let z = cis 0
and analyze the real and imaginary parts of the series separately.]
13. a. Suppose {ay} is a sequence of positive real numbers and

a
lim "t =,
n— o0 an

1 1/n
(n') — 0.

14. Use Exercise (13a) to find the radius of convergence of

Show then that lim;,— 50 a,ll/n =1L.
b. Use the result above to prove

(_ l)nzn Z2n+1
a. 0 , b. o0 ,
R RN [ 2020 (2 + 1)1

nlz" Qn g

oo oo
c. n=1 nn d. Zn:O n!
15.* Find the radius of convergence of
2

a. > sinnz", b. D™ ",

2
16.* Find the radius of convergence of > ¢, z" if cp = ok cop—1 =1+ l/k)k L k=1,2, ...

17. Suppose Z}?io ap = A and Z}?io by = B. Suppose further that each of the series is absolutely
convergent. Show that if

k
cx = z ajbg—;
—
then

o0
> e =AB.
k=0

Outline: Use the fact that ) |ax| and > |bg| converge to show that > d converges where

k
de = lajlibe—jl.
j=0
In particular,
dypy1 +dyyp+---—> 0asn — oo.
Note then that if

Ay =ap+a;+---+ay
By =by+by+---+bp
Ch=co+cy+---+cn,

AnBy = Cp+ Ry, where |Ry| < djyy1 +dpy4p+- - -+dpy,, and the result follows by letting n — oo.
18. Suppose > anz" and > b,z" have radii of convergence R; and R; respectively. Show that the
Cauchy product > ¢, z" converges for |z] < min(Ry, Rp).
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19. a. Using the identity
A= +z+22 4+ =1

show that

< 1
> = for |z| < 1.
-z

b. By taking the Cauchy product of >0 ; z”* with itself, find a closed form for Y >° ; nz".
20. Prove Corollary 2.13 by showing that if a set S has an accumulation point at 0, it contains a sequence
of nonzero terms which converge to 0.

21. Show that there is no power series f(z) = ZEO:O Cjz"such that

i f@)=1forz=5,1.}4. ...,

ii. f(0)>0.

22. Assume lim|Cy,|}/" < oco. Show that if we set

f@= Cuz—a)',
n=0

then
(n)
C, = S ey
n!
23. Find the domain of convergence of
="
a. > 2on(z—1)", b >0 " z+ D",

. >0 n2(2z — D",



Chapter 3
Analytic Functions

3.1 Analyticity and the Cauchy-Riemann Equations

The direct functions of z which we have studied so far—polynomials and conver-
gent power series—were shown to be differentiable functions of z. We now take a
closer look at the property of differentiability and its relation to the Cauchy-Riemann
equations.

As we mentioned earlier (after Definition 2.4), if fis differentiable,
. fle+h) = fQ)
m

li
h—0 h

must exist regardless of the manner in which 4 approaches 0 through complex values.
Animmediate consequence is that the partial derivatives of f must satisfy the Cauchy-
Riemann equations.

3.1 Proposition

If f = u +iv is differentiable at z, f, and f, exist there and satisfy the Cauchy-
Riemann equation

fy = ifx
or, equivalently,

Uy =Dy

Uy = —0y.

Proof
Suppose first that # — 0 through real values. Then

fle+h) = 7@ _ f&x+hy)— fx,y) N

1 I .

35
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On the other hand, if h — 0 along the imaginary axis, & = i# and
feth) = f@) _ fy+m—flxy) f
h in i
(See Exercise 1.) Since the two limits must be equal,
fy = ifx-

As we mentioned in Chapter 2, setting f = u + iv, the equation f), = if, takes the
form
Uy +ivy =i(uy +ivy)

and hence

Uy =0y

Uy = —0y. U

The converse of the above proposition is not true. There are functions which are

not differentiable at a point despite the fact that the partial derivatives exist and satisfy

the Cauchy-Riemann equations there.
For example, consider

xy(x +1iy)
0
F@=fan=1 x4y 7
0 z=0.

f = 0 on both axes so that f, = f, = 0 at the origin but

. f(@)— f(0) . Xy
lim = lim
750 z (x.)>(0,0) x% + y?

does not exist. For on the line y = ax

F@ =10 _ a

for 0
z 1+a s

2

and hence the limit depends on o!
The following partial converse, however, is true.

3.2 Proposition

Suppose fx and fy exist in a neighborhood of z. Then if fy and fy are continuous
at zand fy = ify there, fis differentiable at z.

Proof
Let f=u+iv,h=¢+in.
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We will show that

fz+ h]z —f@ @) =uy(2) +ive(z)

as h — 0. By the Mean-Value Theorem (for real functions of a real variable)

uz+h)—u@ ulx+<y+n —ulx,y)
h B E+in
_ulx+ Syt —ulx+4,y)
B E+in
ulx +¢&,y) —ulx,y)
C+in
= é5_’7_]lii7z4y(x—i—f,y-l—(?m)

¢
+ é:—l—l}’IMX(x +62§5 y)’

and

vz+h)—ov@) _ 7
h —5+l.’71)y(x+fsy+937])

¢
+ é:—l—inDX(x +64é:’y)

for some 6,
0<br <1, k=1,2,3,4.

Thus

h) —
fz+ })l f@) _ 547_71.’7[”)‘(11)_'_1.0}1(&)]

4 .
+ iy in[MX(Z3) +ivx(z4)]

where |zx —z] > Oash — 0,k = 1,2,3,4. Since fy = ify at z we can subtract
fx(2) in the form of

n ¢
§+i77fy+5+if7fx
to obtain
h) —
fiz+ 2 f @) - fx(@) = é:_:_?l-n[(”y(zl)_”y(z))'f‘i(l)y(Zz)—l)y(z))]

e -Ein[(ux(m) — ux(2)) +i(0x(z) =02
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Finally, since
AR
CHin| [E+in

while each of the bracketed expressions approaches 0 as & — 0,

. flz+h) -1
1m

h—0 h

= fx(2).

EXAMPLE

Let f(z) = |z|*> = x> + y2. Then f, = 2x, fy = 2y so that f'has continuous partial
derivatives for all z. By the previous proposition, then fis differentiable if and only
if fy =ify. Hence fis differentiable only at the point z = 0. O

To avoid pathologies such as that given in the example above, we adopt the
following definition.

3.3 Definition

f is analytic at z if f is differentiable in a neighborhood of z. Similarly, f is analytic
ona set S if f is differentiable at all points of some open set containing S.

Note that this definition is consistent with Definition 2.1 for analytic polynomials.
For we have already noted (Proposition 2.6) that “polynomials in z”” are everywhere
differentiable. Conversely, if a polynomial P is analytic at a point z, its partial deriv-
atives must satisfy the Cauchy-Riemann equations throughout a neighborhood of z.
Hence, as in Proposition 2.3, it follows that P must be a “polynomial in z.”

Functions, such as polynomials or everywhere convergent power series, that are
everywhere differentiable are called entire functions.

As we saw in Propositions 2.5 and 2.6, many of the properties of differentiability
are analogous to those of differentiable functions of a real variable. Similarly, the
composition of differentiable functions is differentiable (see Exercise 3). As in the
“real” case, the inverse of a differentiable function need not even be continuous.
Under the appropriate hypothesis, however, we can establish the differentiability of
inverse functions.

3.4 Definition

Suppose that S and T are open sets and that fis 1-1 on S with f(S) = T. g is the
inverse of f on T if f(g(z)) = z for z € T. g is the inverse of f at zg if g is the
inverse of f in some neighborhood of zg.

Note that an inverse function must be 1-1 forif f~!(z) = f~(z0), f(f 7' (2)) =
F( ™ @o))sie., z =20,
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3.5 Proposition

Suppose that g is the inverse of f at zo and that g is continuous there. If f is
differentiable at g(zo) and if f'(g(z0)) # O, then g is differentiable at zo and

oo 1
ERO= e
Proof
8() —g(zo) _ 1
i—z0  [g@)— f(gzo)
g(z) — g(z0)

for all z # zo in a neighborhood of zg. Since g is continuous at zo, g(z) — g(zo) as
Z = 2o, and by the differentiability of f,

i @) —glzo) 1
1m

20 Z—20 B f/(g(ZO)).
O

As we shall see in the coming chapters, the property of analyticity is a very
far-reaching one. Some immediate consequences are proven below.

3.6 Proposition

If f =u+iv is analytic in a region D and u is constant, then f is constant.

Proof

Since u is constant, uy = u, = 0; therefore, by the Cauchy-Riemann equations,
vy = vy = 0. According to Theorem 1.10, u and v are each constant in D, hence fis
constant. O

3.7 Proposition

If f is analytic in a region and if | f| is constant there, then f is constant.

Proof
If | f] = 0, the proof is immediate. Otherwise

u*>+02=C#0.
Taking the partial derivatives with respect to x and y, we see that

uuy +ov, =0

uuy +ovy = 0.
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Making use of the Cauchy-Riemann equations, we obtain

uuy —ouy =0

vuy +uuy =0,
so that

> +0H)u, =0

and uy = vy = 0. Similarly, u, and v, are identically zero, hence fis constant. []

3.2 The Functions e?, sin z, cos z

We wish to define an exponential function of the complex variable z; that is, we seek
an analytic function f such that

@1 +22) = f(z1) f(z2), )
f(x) =¢" forall real x. (2)

According to (1) and (2) we must have

f@) = flx+iy) = fO)fliy) =€ fiy).

Setting f(iy) = A(y) + i B(y), it follows that

f@@)=e"A(y) +ie"B(y).

For f to be analytic, the Cauchy-Riemann equations must be satisfied; therefore
A(y) = B'(y) and A’(y) = —B(y), so that A” = —A. Thus we consider

A(y) =acosy+ fsiny
B(y) = —A'(y) = —fcosy +asiny.

Since f(x) = ¥, however, A(0) = a = 1 and B(0) = —f = 0, so that, finally, we
are led to examine
f(z) =e"cosy+iesiny.

Indeed, it is easy to verify that fis an entire function with the desired properties
(1) and (2). (See Exercise 11.) Hence fis an entire “extension” of the real exponential
function and we write f(z) = e°.

The following properties of e* are easily proven:

i |ef] = e".
ii. e* #0.
This follows from (i) since e* # 0. Also, according to (1), above, e?e™?=e"=1.
iii. e =cis y.
iv. e® = a has infinitely many solutions for any a # 0.
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Proof

Seta = rcis® = re'?, r > 0. Since ¢ = e¢*e', we will have ¢ = a if x = logr

and e = ¢’ Hence e* = « for all points z = x + iy withx = logr, y = Arga =
0+2kn,k=0,1,2.... (I
v. (%) = é*.

Recall that (e%) = (%), = €~.

To define sin z and cos z, note that for real y

e =cosy+isiny
e™V =cosy —isiny

so that |
siny = __ (e —e™V)

2i

and |
cosy = 2(eiy +e).

Thus we can define entire extensions of sin x and cos x by setting

1 . .
sinz = et —e %
2i( )

1 . )
cosz = 2(6’Z +e7'%).

Many of the familiar properties of the sin and cos functions remain valid in the larger
setting of the complex plane. For example,

sin2z = 2s8inzcosz

2

sin2z+cos z=1

(sinz) = cosz.

These identities are easily verified and are left as an exercise. Moreover, in Section 6.3,
we will see that, in general, functional equations of the above form, known to be true
on the real axis, remain valid throughout the complex plane.

On the other hand, unlike sin x, sin z is not bounded in modulus by 1. For example,
|'sin 10i| = (e'® — ¢~1%) > 10, 000.

Exercises
1. Show that ,
. f@+h) - @) . flztih) = f(2)
fx = lim ; fy = lim s
h—0 h 7 >0 h
h real h real

provided the limits exist.
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11.

12.
13.

15.

3 Analytic Functions

a. Show that f(z) = xZ+ iy2 is differentiable at all points on the line y = x.
b. Show that it is nowhere analytic.

. Prove that the composition of differentiable functions is differentiable. That is, if fis differentiable

at z, and if g is differentiable at f(z), then g o f is differentiable at z. [Hint: Begin by noting

§(f@+m) —g(f@) =1 (f@)+ellfz+h) = f)]

where € = 0ash — 0.]

. Suppose that g is a continuous “\/z” (i.e., gz(z) = z) in some neighborhood of z. Verify that

¢'(z) = 1/2/z. [Hint: Use
_ @~ 8%)
z—120

1

to evaluate
. 8(2) —g(zo)
lim N
=20 Z—20

. Suppose fis analytic in a region and f’ = 0 there. Show that fis constant.

. Assume that fis analytic in a region and that at every point, either f = 0 or f’ = 0. Show that fis

constant. [Hint: Consider f 2.]

. Show that a nonconstant analytic function cannot map a region into a straight line or into a circular

arc.

. Find all analytic functions f = u + iv with u(x, y) = xZ— y2.

. Show that there are no analytic functions f = u + iv with u(x, y) = 2+ y2.

Suppose f'is an entire function of the form

F&x,y) =ux) +io(y).

Show that f'is a linear polynomial.

a. Show that € is entire by verifying the Cauchy-Riemann equations for its real and imaginary
parts.

b. Prove:
eZ1+Zz — Pl %2,

Show: || = e*.
Discuss the behavior of e* as z — oo along the various rays from the origin.

Find all solutions of
a.el =1, b. et =1,
c.ef =-3, det=1+i

Verify the identities

a. sin2z = 2sinzcos z,
b. sin?z + cos?z = 1,
c. (sinz)’ =cosz.

16.* Show that

a. sin(% +iy) = é(ey +e7Y) =coshy

b. |sinz| > 1 at all points on the square with vertices (N + é)ﬂ + (N + é)ﬂi, for any positive
integer N.

c. |sinz] = oco,as Imz =y - £oo.



Exercises

17. Find (cosz)’.
18. Find sin~! (2)—that is, find the solutions of sinz = 2. [Hint: First set w = ¢'% and solve for w.]
19.* Find all solutions of the equation:
e =1.
20. Show that sin(x + iy) = sinx cosh y 4+ i cos x sinh y.

21. Show that the power series

2

[o¢]
z z
f(z)=1+z+2!+...= E n!

is equal to e®. [Hint: First show that f(z) f(w) = f(z + w), then show
f)y=¢"
f(iy)=cosy+isiny
using the power series representations for the real functions
e, cosx, sinx.]

22. Show:

3 ZS

z
gx)=z- gyt~ t

is equal to sin z. [Hint: Use the power series representation for e* given in (21) to show that

1 . .
g(@) = y (e"" —e™')]

23. Find a power series representation for cos z.
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Chapter 4
Line Integrals and Entire Functions

Introduction

Recall that, according to Theorem 2.9, an everywhere convergent power series
represents an entire function. Our main goal in the next two chapters is the somewhat
surprising converse of that result: namely, that every entire function can be expanded
as an everywhere convergent power series. As an immediate corollary, we will be
able to prove that every entire function is infinitely differentiable. To arrive at these
results, however, we must begin by discussing integrals rather than derivatives.

4.1 Properties of the Line Integral

4.1 Definition

Let f(t) = u(t) + iv(¢) be any continuous complex-valued function of the real
variable t,a <t < b.

b b b
/ f(t)dt:/ u(t)dt-l—i/ v(t)dt.
a a a

4.2 Definition

a. Let z(t) = x(¢t) +iy(t), a <t < b. The curve determined by z(¢) is called
piecewise differentiable and we set

i) =x"(t)+iy'(®)

if x and y are continuous on [a, b] and continuously differentiable on each subin-
terval [a, x1], [x1, x2], . .., [Xn—1, b] of some partition of [a, b].

b. The curve is said to be smooth if, in addition, z(r) # 0 (i.e., x’(¢) and y’(¢) do not
both vanish) except at a finite number of points.

45
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Throughout the remainder of the text, all curves will be assumed to be smooth
unless otherwise stated.

Finally, we define the important concept of a line integral.

4.3 Definition

Let C be a smooth curve given by z(¢), a <t < b, and suppose f is continuous at
all the points z(¢). Then, the integral of f along C is

b
/f(z)dz=/ fz@)z(t)dt.
C a

Note that the integral along the curve C depends not only on the points of C but on
the direction as well. However, we will show that it is independent of the particular
parametrization. Intuitively, if z(f),a <t < b, and w(t), ¢ < t < d, trace the same
curve in the same direction, then A = z~! o @ will be a 1-1 mapping of [c, d] onto
[a, b] such that

w(t) = z(A@1)). ey

However, if z is not 1-1, it is difficult to define z 1. Instead, we take the existence of
some A that satisfies (1) as the definition for equivalent curves.

4.4 Definition

The two curves

and
Cr:ow(), c<t<d

are smoothly equivalent if there exists a 1-1 c! mapping A(¢) : [c,d] = [a, b] such
that A(c) = a, A(d) = b, A'(¢t) > 0 for all ¢, and

o(t) = z(A(1)).
(It is easy to verify that the above is an equivalence relation. See Exercise 1.)

4.5 Proposition

If Cy and Cy are smoothly equivalent, then

/ f=1r
C Cy
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Proof
Suppose f(z) = u(z) +iv(z), C1 and C; as above. Then, by definition

b b
/C r= / u(z(O)x (O)di — / oGOy (1)dr
b

b
+i/ u(z(t))y’(t)dt+i/ v(z()x'(t)dt (1)

while
d
/Cf=/ [u(z(2(1)) + iv(AONX (A1) + iy AN (Ddr. ()

Expanding the integrand in (2) and analyzing the four terms separately, we find that
they are exactly equal to the four corresponding terms in (1).
For example

d b
/ uCG))X GO (di = / U)X (1)d,

c a

by the change-of-variable theorem for ordinary real integrals, and the proof is
complete. O

The following proposition points out the dependence of the line integral on the
direction of the curve.

4.6 Definition
Suppose C is given by z(f), a < t < b. Then —C is defined by z(b + a — 1),

a <t < b. (Intuitively, —C is the point set of C traced in the opposite direction.)

4.7 Proposition

Proof

b
/ f:—/ feb+a—1)ib+a—1t)dt.
—C a

Again, expanding the integral into real and imaginary parts and applying the change-
of-variable theorem to each (real) integral, we find

/_ 1= A " Fe@)id = /C . 0
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EXAMPLE 1
Suppose f(z) = x> 4 iy? (where x and y denote the real and imaginary parts of z,
respectively), and consider

C:zt)=t+1it, 0<t<l1.

Then
z2()=1+i
and
1 1
/f(z)dz=/ > +ir)(A +i)dr = (1 +i)2/ 2dt = 2i /3.
c 0 0
O
EXAMPLE 2
Let |
X . y
f(Z)_Z_x2+y2 lx2+y23
and set
C:z(t) = Rcost+iRsint, 0<t<2x, R#O.

Then

2 fcost . sint . )
/ f(z)dz = / —1i (—Rsint + iR cost)dt
c 0 R R

2
= / idt =2ri (See Exercise 8.)
0

That is, the integral of 1/z around any circle centered at the origin (traversed coun-
terclockwise) is 27i. O

EXAMPLE 3
Suppose f(z) = 1, and let C be any smooth curve. Then
b
/ f(@dz = / z2(t)dt = z(b) — z(a).
C a
¢

The integrals defined above are natural generalizations of the definite integral and,
not too surprisingly, they share many of the same properties.

4.8 Proposition

Let C be a smooth curve; let f and g be continuous functions on C; and let a be any
complex number. Then
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L [([f@)+g@dz = [, f(R)dz+ [ g(2)dz
I [rof(x)dz=a [, f(z)dz.

Proof

Exercise 4. O

Notation: If a and f are complex numbers, the symbol o < f will be used to denote
the inequality |a| < |f].

4.9 Lemma

Suppose G(t) is a continuous complex-valued function of t. Then

b b
/G(t)dt <</ |G (t)|dt.

Proof
Suppose

b

/ G(1)dt = Re'’, R > 0. (1)
a
By Proposition 4.8, then
b
/ e G(r)dt = R. )
a

Suppose further that e~ G(r) = A(r) + i B(t), with A and B real-valued. Then,
according to (2),

b b
R= / A(n)dt = / Re (e " G(1))dt.

a

ButRez < |Rez| < |z], hence
b
R g/ |G(1)|dt. 3)
a
A comparison of (1) and (3) then gives the desired result. (I

4.10 M-L Formula

Suppose that C is a (smooth) curve of length L, that f is continuous on C, and that
f < M throughout C. Then

/ f()dz < ML.
c
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Proof
Suppose C is givenby z(¢) = x(t)+iy(t), a < t < b. Then, by the previous lemma,

b b
/Cf(z)dzz/a fz(@))zdt <</a | f (z()z(t)|dt.

According to the Mean-Value Theorem for Integrals applied to the positive functions

|f(z(2))] and |2(2)]

b
[ @) <maxis@ [ iz @

Finally, recall that for any curve given parametrically by (x(¢), y(¢t)), a <t < b,
the arc length L is given by

b b
L= [ Jaor+oopd = [ ol
so that according to (4) [ f(z)dz < ML. O

EXAMPLE
Let C be the unit circle and suppose f < 1 on C. Then M =1, L =2z, and

/ fR)dz <« 2.
C

To see that the upper bound of 27 can actually be achieved, consider Example 2
above. O

4.11 Proposition

Suppose { f} is a sequence of continuous functions and f, — f uniformly on the
smooth curve C. Then

/Cf(Z)dZ=nli>rgo/cfn(Z)dZ~

Proof

/C F)dz — /C o)z = /C LFG) = fu(@)ldz

by Proposition 4.8. Taking n large enough so that | f(z) — f,(z)| < € forall z € C,
and applying Proposition 4.10, shows that

/ f@ —/ f1(2)dz < € - (length of C)
c c
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for any pre-assigned € > 0, and hence that

nlg&/cf”(z)dzz/cf(z)dz' 0

The following generalization of the Fundamental Theorem of Calculus will be
crucial in the development of this chapter.

4.12 Proposition

Suppose [ is the derivative of an analytic function F—that is, f(z) = F'(z), where
F is analytic on the smooth curve C. Then

/c f()dz = F(z(b)) — F(z(a)).

Proof

The proof depends on a complex analogue of the chain-rule for differentiation. Letting
y () =F(z(1), a<t<b,

we wish to show that
7 () = f(z(t)z(r)

at the all-but-finite number of points where z(¢) exists and is nonzero.
Note first that for any smooth curve A(¢), by considering the real and imaginary
parts of A separately, it is easily seen that
; At +h) — At
A(t) = lim (+2 ().

h—0
hreal

Hence

50 = }}1_% F(z(t + h)) — F(z(1))

h
F(z(t+h) = Fz@®) z(+h)—z0)
T >0 z(t4+h) —z(1) h '

[Since z(t) # 0, we can find 6 > 0 so that |k| < J implies z(t + k) — z(¢) # 0.]
Thus

J () = FE0).
Proposition 4.12 follows then by noting that
b b
/C F)dz = / FEO)H0d = /  (1)dt
— ) (b) — 7 (@) = F() — F(z(a)).
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4.2 The Closed Curve Theorem for Entire Functions

4.13 Definition

A curve C is closed if its initial and terminal points coincide—i.e., if C is given by
z(t),a <t < b, with z(a) = z(b). C is a simple closed curve if no other points
coincide; i.e., if z(t]) = z(t2) with #; < t, implies t; = a and t, = b.

The following theorem is the first of several which show that, under rather gen-
eral conditions, the integral of an analytic function along a closed curve is zero.
Of course, Example 2 showed that this is not always the case. We begin cautiously,
by considering entire functions.

Note: Throughout the text, the boundary of a rectangle will mean a simple closed
curve parametrized so that the rectangle it bounds lies on the left as the curve is
traced out for increasing 7.

4.14 Rectangle Theorem
Suppose f is entire and T is the boundary of a rectangle R. Then

/r f(2)dz =0.

Lemma

If f is a linear function and if T is as above, then

/r f(z)dz =0.

Proof of Lemma
Let f(z) = a + fz and let T" be given by

I:z(t), a<t<b.

Since f(z) is everywhere the derivative of the analytic function F(z) = az + fz%/2,

/ F)dz = / F'()dz = F(b)) = F(2(a)) = 0
I T

by Proposition 4.12 and the observation that I" is a closed curve. (An alternate, more
direct proof is outlined in Exercise 7.) U

Proof of Theorem 4.14

Let fr f(z)dz = I. To show that I = 0, we use the method of continued
bisection. That is, we split the rectangle R into four congruent subrectangles, by
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bisecting each of the sides. If we let 'y, I'2, I'3, I'4 denote the boundaries of the four

subrectangles
4
1=/
b2

I3 T,

since the integrals along the interior lines appear in opposite directions and thus
cancel, by Proposition4.7. Hence for some I'4, 1 < k < 4, which we will denote F(l),

1
/r“) f@dz > 4

Let RD be the rectangle bounded by I'"). Continuing in this manner, dividing
R™ into four congruent rectangles, we obtain a sequence of rectangles

RMD 5 R@D 5 gG) o ...

and their boundaries
r®, @ r®

such that diam R*+D — ;diamR(k) and such that

1
/F S@dz> (M

Letzo € N2, R® . The proof will follow by considering the analyticity of f at z.

That is, since
f@=fGo)
Z—20

1" (o)

we can write

f@) = f(zo) + f'(z0)(z — z0) + €:(z — 20)

where €, — 0 as z = zp.
Note, then, that

f@a=/[ﬂm+fmm—m+qn—mwz
rm rm

= / €; - (z — z0)dz by the lemma.
r
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To estimate the integral, let us assume that the largest side of the original boundary I
was of length s. Then, by elementary geometric considerations,

4
/ ldz| = length of T® <
o on

and

).
o=zl < V" forallzer®.

Given € > 0, we choose N so that

|z —zol < implies that €, < €.

2.5
N
Then for n > N, we have by the M-L formula (Proposition 4.10)

4+/252
fdz <€ . 2
rm 4n
A combination of (1) and (2) shows that forn > N
I 4/252
41’! << € 41’!
or
[ < €-44/25%
Since this holds for all € > 0, we may conclude that / = 0. O

Note: Although the orientation of I' was chosen to be counterclockwise, the same
result would hold with the opposite orientation. This follows from Proposition 4.7.
The counterclockwise orientation was chosen primarily to fix a direction. In later
chapters, we will see that the counterclockwise direction along the boundary is also
the more “natural” one in a sense for functions analytic inside a region. Hence, unless
otherwise specified, the integral around any convex curve will always be taken in the
counterclockwise direction.

4.15 Integral Theorem

If f is entire, then f is everywhere the derivative of an analytic function. That is,
there exists an entire F such that F'(z) = f(z) for all z.

Proof
We define F(z) as

/ s

where foz denotes the integral along the straight lines from 0 to Re z and from Re z
to z.
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Note that o
Fe+h) = F) + / F(O)de

where the integral denotes the integral along the line segments from z to z + Re & and
from z + Re & to z+ h. This follows since the difference between the two approaches
is equal to the integral of f around a closed rectangle and is thus equal to zero. (See
diagrams below.)

z+h z+h
\ Y
z < z+Reh z+Reh > z

A
A
A

Hence o
F+h) - F) = / FOdC

and since

1 z+h 1
ldz = h—2)=1,
b /Z =, (z+ Z)
(see Example 3 after Proposition 4.7)

Fz+h) —F@) _

1 [zth
) o=, [ - o

Finally, for each € > 0, if & is small enough, | f () — f(z)| K € throughout the path
of integration. Applying the M-L formula, we obtain

F(z+h)—F(2)

1
N —f(z)<<h~2he=2€.

Hence

F'(z) = f(2).
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4.16 Closed Curve Theorem

If f is entire and if C is a (smooth) closed curve,

/C f(@dz=0.

Proof

Since f is entire, by the Integral Theorem f(z) = F’(z) for some entire function F
so that

/ F)dz = / F'()dz = F()) — F((a))
C C

by Proposition 4.12. Since C is closed, z(b) = z(a), F(z(b)) = F(z(a)), and

/c f(@dz=0.

Remarks

While Theorem 4.16 was proven for entire functions f, the only fact we needed was
that f(z) is the derivative of an analytic function on C. Thus, for example,

2Z
cZ

if C is any smooth closed curve not passing through the origin. For although 1/z? is

not entire, it is the derivative of F(z) = —1/z which is analytic except at the origin.
Similarly,
/ dz =0
c
if k is any integer except —1. Recall Example 2 which showed that k = —1 is an

exception to the above. (See Exercise 8.)

Exercises

1. Prove that “equivalence” of smooth curves has the familiar reflexive, symmetric, and transitive prop-
erties of an equivalence relation.

2. Evaluate fC f where f(z) = x2 + iy2 as in Example 1, but where C is given by z(t) = 2+ i,
0<r<l.

3. Evaluate fc f where f(z) = 1/zasinExample 2, and C is givenby z(¢) = sint+icosz, 0 <t < 2x.
Why is the result different from that of Example 2?

4. Prove Proposition 4.8. [Hint: Divide the integrals into real and imaginary parts.]

5. Prove the uniqueness of the integral. That is, show that F/ = 0 implies that F is a constant.
[Hint: Use Proposition 4.12 to get an expression for F(b) — F(a).]
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6. Show that, if f is a continuous real-valued function and f < 1, then

‘thf«4.

[Hint: Show that [ f < fozn | sin t|dt.]

7. Give a direct proof of the lemma to Theorem 4.14. That is, given any rectangle with vertices
(a,¢), (b, c), (b,d) and (a, d), parameterize the boundary I" and verify directly that

/dzz/zdzzo.
r r

8. Show that fc zKdz =0 for any integer k # —land C : z = Rei‘g,O <0 <2rm

a. by showing that ¥ is the derivative of a function analytic throughout C,
b. directly, using the parametrization of C.

9. Evaluate fC (z — i)dz where C is the parabolic segment:

) =t+i?, —l<r<1
a. by applying Proposition 4.12,
b. by integrating along the straight line from —1+i to 14 and applying the Closed Curve Theorem.
10.* Evaluate
a foedz

b. fZ//ZZ_H cos 2z dz

11.* Suppose f is analytic in a convex region D and | f/| < 1 throughout D. Prove that f is a "contraction";
i.e., show that | f(b) — f(a)| < |b —a|foralla,b € D.

12.* Let a, b be two complex numbers in the left half-plane. Prove that |¢¢ — ebl <la—b].






Chapter 5
Properties of Entire Functions

5.1 The Cauchy Integral Formula and Taylor Expansion
for Entire Functions

We now show that if f is entire and if

f@)— f(a) cta
g(z) = z—a
f'(a) z=a

then the Integral Theorem (4.15) and Closed Curve Theorem (4.16) apply to g as
well as to f. (Note that since f is entire, g is continuous; however, it is not obvious
that g is entire.) We begin by showing that the Rectangle Theorem applies to g.

5.1 Rectangle Theorem II
If f is entire and if

f@ = fla) cta
g(2) = t—a
f'(@) z=a

then fr g(z)dz = 0, where T is the boundary of a rectangle R.

Proof
We consider three cases.
I. a eextR.
In this case, g is analytic throughout R and the proof is exactly the same as

that of Theorem 4.14. Note that the proof required only that the integrand be
analytic throughout R and I'.

59
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II. aeT.
Divide R into six subrectangles as indicated and note that because of the

cancellations involved .
8= / 8 (D

I

where I'y, 1 < k < 6, denote the b_oundaries of the subrectangles. Since g is
continuous in the compact domain R, g < M for some constant M. If we take
the boundary of the rectangle containing a (call it I'1) to have length less than €,

/ g < Me by the M-L formula
r
while

/g:O, k#1
Tk

/g<<M€
r

as in case (I). Hence by (1)

for any € > 0 and the proof is complete.
III. a € int R.
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Here, as in the previous case, we subdivide R—this time into nine rectangles.
Along the boundaries of the eight rectangles (not containing a)

/ g=0,
Ty

while the integral along the boundary of the remaining subrectangle can be
made arbitrarily small by choosing its length to be as small as required. As in
the previous case, we conclude

9
g= /g:O. ([
/F k;rk

5.2 Corollary

Suppose g is as above. Then the Integral Theorem and the Closed Curve Theorem
apply to g.
Proof

We observe that since g is continuous, the proofs of Theorems 4.15 and 4.16 apply,
without any modification, to g. [

5.3 Cauchy Integral Formula

Suppose that f is entire, that a is some complex number, and that C is the curve

C:R, 0<6<2nr, with R > |al.
Then | @)
flay=__. “ dz.
27i Jcz—a
Proof
By Corollary 5.2
fO-r@ , _,
c i—a
so that
d
ra [ F = [T

ci—a cil—a

and the proof follows once we show that

d
/‘ Y Z o
cz—a

This lemma is proven below in somewhat greater generality. (]
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5.4 Lemma

Suppose a is contained in the circle C,: that is, C, has center a, radius p, and
la —a| < p. Then
dz
/ =27i.
c,z—a

Proof

First we note that

d 2w ;00
/ ‘ =/ P a0 = 2mi,
c,Z— @ 0o pe

dz
=0 fork=1,2,3,....
/C,, (z—a)k+1

while

The second equality follows not only from a direct evaluation of the integral

dZ l 2n —ikO
/C (z—a)k+1=pk/0 =040 = 0
p

but also from the fact that 1/(z — a)**! is equal to the derivative of the analytic
function —1/k(z — a)F.
To evaluate fc,, (1/(z — a))dz, write

1 1 1

i—a G-a)—(@-a) @-—oll-(@a=a)/c-o)]
. 1 1
C(z—a) l-w
where
a—o la —al
w= has fixed modulus <1 throughout C,. @))
Z—a p
By (1) and the fact that 1/(1 — @) = 1 4+ @ + w* + - - -, we obtain
1 1 a—a (a—a)
= 1
a|: +z—a + @ —a)? +
1 a—a (a —a)?

z—a (@Z—a)? (z—a)d

Since the convergence is uniform throughout C,,

/ by / by +§:/ @=a) i 0
= Z I = LTL.
c,2—a c,Z—0 =17 C» (z— a)k+1
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5.5 Taylor Expansion of an Entire Function

If f is entire, it has a power series representation. In fact, f®(0) exists for k =
1,2,3,...,and

Z f(k)(O) &

forall z.

Proof

Suppose a # 0, R = |a|+ 1 and let C be the circle: || = R. By the Cauchy Integral
Formula

f (o)
fo=, d
Tl Jc W —2Z
forall z < a.
As before, note that
1 1 _l, e +z2 N
w—z_w(l_z)_w 0’ Wl ’
w

and since the convergence is uniform throughout C
2
Z Z
fl2) = /f()|: + ,+ 3+o~:|da)
1) )
f(w) 1 f () 1 f (w)
dw dw
27[1/ + 2ri Jo w? ot 2ri Jo a)3 <+
= Z Cr 2k
k=0

where
1 f(w)
Cr = dow. 1

k 27i C a)k‘H @ ( )
Since for each z, there exists some a > z, the proof of the first part of the theorem
appears to be complete. There is, however, one wrinkle. The contour C—and hence
the coefficients of the power series—depended on a, for the radius R had to be chosen
larger than |a| to insure the uniform convergence of the power series for 1/(w — z).
On the other hand, if we think of a as being fixed, we have shown that there exist
coefficients Co(a), Ci(a), C2(a), ..., such that

f@) = Cr@)i )

for all z « a. To see that this is sufficient we note that although, a priori, the coef-
ficients could change as we consider complex numbers a of increasing magnitude,
they are in fact constant.
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For, as we saw in Chapter 2 (Corollary 2.11), it follows from (2) that f is infinitely
differentiable at 0 and that

F®0)
ko

Hence the coefficients are independent of a. Note, finally, that although the every-
where convergence of the series

Cr(a) =

Zmek

is not proven explicitly, it is implicit in the fact that the series equals f(z) for
all z. O

5.6 Corollary

An entire function is infinitely differentiable.

Proof
Since f has a power series expansion, we may invoke Corollary 2.10—an everywhere
convergent power series is infinitely differentiable. O

5.7 Corollary

If f is entire and if a is any complex number, then

f"(a)

@ =f@+f@e=-a)+" " —ay+- forallz
Proof
Consider g(¢) = f(¢ + a) which is likewise entire. By 5.5
O =50+ O+ P
so that
_ f”( )
fC+a) = fla)+ fa) + 2+

Setting = z — a, the corollary follows. (I
5.8 Proposition
If f is entire and if

f@) = f(a) ita

8(z) = 1—a
f'(a) z=a

then g is entire.
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Proof

By the previous corollary, for z # a

" 3)
so=r@+! [ ear !

and by the definition of g, (1) is also valid at z = a. Since g is equal to an everywhere
convergent power series, g is entire. a

(z—a)y+---, (1)

5.9 Corollary

Suppose f is entire with zeroes at a1, az, . .., ay. Then if g is defined by

g(@) = f@ for z # ax,

(z—a(z—az)...(z—ay)

lim; 4, g(2) exists fork = 1,2, ..., N, and if g(ax) is defined by these limits, then
g is entire.

Proof
Let fo(z) = f(z) and let

Se=1@) = fi-1(a) _ fi-1(2)
fk(@) = = s TFar.
Z—ai Z—ag
Assuming that fi— is entire, it follows from Proposition 5.8 that f(z) has a limit
as z — ay and if we define fy (ax) to be this limit, f is entire. Since fj is entire by

hypothesis, the proof follows by induction. (]

5.2 Liouville Theorems and the Fundamental Theorem of
Algebra; The Gauss-Lucas Theorem

5.10 Liouville’s Theorem

A bounded entire function is constant.

Proof

Let a and b represent any two complex numbers and let C be any positively oriented
circle centered at 0 and with radius R > max(|a|, |b|). Then according to the
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Cauchy Integral Formula (53)
1
f(Z) dz f(Z) dz

iJcz—"> 2ni Jcz—a

1
fO) = f@y=

1 f@)(b—a)
T 2mi /C (z—a)(z—b)dZ
M|b—al-R

1
(R = |al)(R — [b]) W

using the usual estimate, where M represents the supposed upper bound for | f|. Since
R may be taken as large as desired and since the expression in (1) approaches 0 as
R — 0o, f(b) = f(a)and f is constant. O

5.11 The Extended Liouville Theorem

If f is entire and if, for some integer k > 0, there exist positive constants A and B
such that

1f(2)] < A+ B|z|,

then f is a polynomial of degree at most k.

Proof
Note that the case k = 0 is the original Liouville Theorem. The general case follows
by induction. Thus, we consider
2)— f(
Q-1
8(z) = <

1'(0) z=0.

By 5.8, g is entire and by the hypothesis on f,
lg(@)| < C + DIz~

Hence g is a polynomial of degree at most k — 1 and f is a polynomial of degree at
most k. 0

5.12 Fundamental Theorem of Algebra

Every non-constant polynomial with complex coefficients has a zero in C.

Proof

Let P(z) be any polynomial. If P(z) # O forall z € C, f(z) = 1/P(z) is an
entire function. Furthermore if P is non-constant, P — o0 as z — oo and f is
bounded. But then, by Liouville’s Theorem, f is constant, and so is P, contrary to
our assumption. |
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Remarks

1. If a is a zero of an n-th degree polynomial P,, P,(z) = (z — ) P,—1(z2), where
P,—_1 is a polynomial of degree n — 1. This can be seen by the usual Euclidean
Algorithm or by noting that

Py(z)
Z—a

< A+ Blz|"!

and hence is equal to an (n — 1)-st degree polynomial by the Extended Liouville
Theorem.

2. a is called a zero of multiplicity k (or order k) if P(z) = (z — «)*Q(z), where
Q is a polynomial with Q(a) # 0. Equivalently, a is a zero of multiplicity k if
P(a@) = P'(a) = --- = P& D(a) =0, P®(a) # 0. The equivalence of the
two definitions is easily established and is left as an exercise.

3. Although the Fundamental Theorem of Algebra only assures the existence of a
single zero, an induction argument shows that an n-th degree polynomial has n
zeroes (counting multiplicity). For, assuming every k-th degree polynomial can
be written

Pi(x)=AQx—z1)--- (2 — ),

it follows that
Prt1(z) = Az — z0)(z — 21) -+ (2 — zp).
By the above remark, any polynomial

1

P =ay7" +an—17""7 4+ +ao )
can also be expressed as
Pn(Z) =an(Z—Zl)(Z—Z2)...(Z_Zn)’ 3)

where z1, 22, ...z, are the zeroes of P,. A comparison of (2) and (3) yields the
well-known relations between the zeroes of a polynomial and its coefficients. For
example,

sz = —au—1/an. 4)

There are many entire functions, such as e* — 1, which have infinitely many
zeroes, and whose derivatives are never zero. So there is no general analytic analogue
of Rolle’s Theorem. However, for polynomials, the Gauss-Lucas Theorem, below,
offers a striking analogy and, in some ways a stronger form, of Rolle’s Theorem.

Recall that a convex set is one that contains the entire line segment connecting any
two of its points. Hence, if z; and z; belong to a convex set, so does every complex
number of the form 7z; + (1 —t)z2, for 0 < r < 1. We leave it as an exercise to show
that if z1, z2, ..., 2, belong to a convex set, so does every “convex’” combination of
the form

aiz1 +axza + -+ anzi a; = Oforalli,and D a; = 1. 5)
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5.13 Definition

The convex hull of a set § of complex numbers is the smallest convex set
containing S.

5.14 Gauss-Lucas Theorem

The zeroes of the derivative of any polynomial lie within the convex hull of the
zeroes of the polynomial.

Proof

Assume that the zeroes of P are 71, 22, ..., 2, and that a is a zero of P’ but not a zero
of P, Then

Py _ | s 2o ©)
P(@) a—z1 a-—22 o=z
Rewriting
1 o=z
a—zi |a—zl?

we can apply (6) to obtain

1 1
o= a;zi, witha; = . 7
Z Lot ! |a—Zi|2/Z|a—Zi|2 )

Finally, by taking conjugates in (7), we obtain an identical expression for o in
terms of z1, 22, ..., Z». Hence « is in the convex hull of {z1, z2, ..., Zx}. O

A final remark

The Fundamental Theorem of Algebra can be considered a “nonexistence theorem”
in the following sense. Recall that the complex numbers come into consideration
when the reals are supplemented to include a solution of the equation x> + 1 = 0.
One might have supposed that further extensions would arise as we sought zeroes of
other polynomials with real or complex coefficients. By the Fundamental Theorem
of Algebra, all such solutions are already contained in the field of complex numbers,
and hence no such further extensions are possible. This is usually expressed by saying
that the field of complex numbers is algebraically closed.

5.3 Newton’s Method and Its Application to Polynomial
Equations

I. Introduction We saw in Chapter 1 that solutions of quadratic and cubic equa-
tions can be found in terms of square roots and cube roots of various expressions
involving the coefficients. A similar formula is also available for fourth degree poly-
nomial equations. On the other hand, one of the highlights of modern mathematics is
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the famous theorem that no such solution, in terms of n-th roots, can be given for the
general polynomial equation of degree five or higher. In spite of this, there are many
graphing calculators that allow the user to input the coefficients of a polynomial of
any degree and then almost immediately output all of its zeroes, correct to eight or
nine decimal places. The explanation for this magic is that, although there are no
formulas for solving all polynomial equations, there are many algorithms which can
be used to find arbitrarily good approximations to the solutions.

One extremely popular and effective method for approximating solutions to equa-
tions of the form f(z) = 0, variations of which are incorporated in many calculators,
is known as Newton’s Method. It can be informally described as follows:

i) Choose a point z¢ “sufficiently close” to a solution of the equation, which we
will call s.
ii) Define z1 = zo — f(z0)/f (z0) and continue recursively, defining 7,41 =

zn = f@n)/f' ().

Then, if zg is sufficiently close to the root s, the sequence {z, } will converge to s.
In fact, the convergence is usually extremely rapid.

If we are trying to approximate a real solution s to the “real” equation f(x) = 0,
the algorithm has a very nice geometric interpretation. That is, suppose (xg, f (xg))
is a point P on the graph of the function y = f(x).Then the tangent to the graph
at point P is given by the equation L(x) = f(xo) + f/(x0)(x — x¢). Hence x| =
x0 — f(x0)/f "(x0) is precisely the point where the tangent line crosses the x-axis.

Vi
S )

y=fx)

> X
X Tl S

Similarly, x,1 is the zero of the tangent to y = f(x) at the point (x,, f(xy)).
Thus, there is a very clear visual insight into the nature of the sequence generated
by the algorithm and it is easy to convince oneself that the sequence converges to
the solution s in most cases. However, the geometric argument leaves many ques-
tions unanswered. For example, how do we know if xq is sufficiently close to the
root s? Furthermore, if the sequence does converge, how quickly does it converge?
Experimenting with simple examples will verify the assertion made earlier that the
convergence s, in fact, very quick, but why is it? Finally, and of special interest to us,
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why does the method work in the complex plane, where the geometric interpretation
is no longer applicable? The answer to all these questions can be found by taking a
slight detour into the topic of fixed-point iteration.

II. Fixed-Point Iteration Suppose we are given an equation in the form z = g(z).
Then a solution s is a “fixed-point” of the function g. As we will see below, un-
der the proper conditions, approximating such a fixed point can often be accom-
plished by recursively defining z,+1 = g(z,), a process known as fixed point
iteration.

5.15 Lemma

Let s denote a root of the equation 7 = g(z), for some analytic function g. Suppose
that zg belongs to a disc of the form D(s; r) throughout which |g'(z)| < K, and let
21 = g(z0). Then |z1 — s| < Klzo — s|.

Proof

Note that |71 — s| = |g(z0) — g(s)]. Using the complex version of the Fundamental
Theorem of Calculus,

¢(z0) — g(s) = / * ¢'()dz

where we choose the path of integration to be the straight line from s to zg. The result
then follows immediately from the M — L formula. (]

5.16 Theorem

Let s denote a root of the equation 7z = g(2),for some analytic function g. Suppose
that zg belongs to a disc of the form D(s; r) throughout which |g'(z)| < K < 1
and define the sequence {z,} recursively as: z,+1 = g(zn); n = 0, 1,2, .... Then
{zn} > sasn — .

Proof
Note that, as in Lemma 5.15,
|zn+1 — 8| < K|z — 5|

and hence, by induction, z, € D(s; r) for all n and |z, — 5| < K"|z9 — s|. Since
K < 1, the result follows immediately. (I

5.17 Corollary

Let s denote a root of the equation 7z = g(z), for some analytic function g and assume
that |g'(s)| < 1. Then there exists a disc of the form D(s; r) such that if z9 € D(s:r)
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and if we define the sequence {z,} recursively as: z,+1 = g(zn); n = 0,1,2, ...,
{zn} > sasn — oo.

Proof

Since |g’(s)| < 1, there exists a constant K with |g’(s)] < K < 1. But then,
since g’ is analytic, there must exist exist a disc D(s;r) throughout which
1g'()] < K. O

Suppose we let ¢, = |z, — s| denote the n-th error, i.e. the absolute value of the
difference between the n-th approximation z,, and the desired solution, s. Then the
above results show that, with an appropriate starting value zg, the sequence of errors
satisfies the inequality

ent1 < Key (D

If,e.g. K = é, the error will be reduced by a factor of 110 for every 3 or 4 iterations.
An iteration scheme which satisfies inequality (1) for any value of K, 0 < K < 1,
is said to converge linearly. In that case, the number of iterations required to obtain
n decimal place accuracy is roughly proportional to 7.

Corollary 5.17 shows that an important condition for the convergence of fixed-
point iteration is that |g’(s)| < 1 This raises the following practical problem. An
equation in the familiar form f(z) = O can certainly be rewritten as an equivalent
equation in the fixed point form z = g(z). For example, one could simply add the
monomial z to both sides of the equation. But how can we rewrite f(z) = 0 in the
form z = g(z) with the additional condition that |g’(s)| < 1 at the unknown solution
s 7 One answer to this problem will provide the insight to Newton’s method that
we are looking for. That is, suppose the equation f(z) = 0 is rewritten in the form
7z = g(?) = z — f(2)/f'(z). Then the fixed point iteration algorithm is precisely
Newton’s Method. Moreover, we can find the exact value of g’(s)!!

5.18 Lemma

If f is analytic and has a zero of order k at z = s, and if g(z) = z — f(2)/f'(2),
then g is also analytic at s and g'(s) = 1— ]1<

Proof
By hypothesis, f(z) = (z — s)*h(z), with h(s) # 0. Hence

(z —5)h(z)

f(Z)/f/(Z) = kh(z) + (z — )W (2)

Thus f/f is analytic at s (with the appropriate value of 0 at s), and its power series
expansion about the point s is of the form llc(z —5) 4+ ax(z — 5)*> + - - -. Hence

1
gl(s)zl_ k O
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Applying Corollary 5.17 then yields

5.19 Theorem
Let s denote a root of the equation f(z) = 0. Let g(z) = z — f(2)/f'(2), and

define the sequence {z,,} recursively as: z,4+1 = g(zy); n = 0, 1,2, .. Then there
exists a disc of the form D(s; r) such that zog € D(s; r) guarantees that {z,} — s as
n— oo. O

If f(z) has a simple zero at s, according to Lemma 5.18, g(z) = z — f(z)/f'(z)
will have g’(s) = 0. In this case, the iteration scheme will converge especially
rapidly.

5.20 Lemma

Let s denote a root of the equation 7 = g(z), for some analytic function g such that
g’ (s) = 0. Suppose that zy belongs to a disc of the form D(s; r) throughout which

18" <M

and let z1 = g(z0). Then |71 — s| < éM|zO — 5%

Proof

As in lemma 5.15, we begin by noting that z; — s = g(z0) — g(s) = fszo g (2)dz.
But for any value of z on the line segment [s, zo], we can write:

€@ =1g'G) - §'6)| = | / §"(2)dz] < Mz — 5] )

Let Az = (zo — s)/n and write

20 s+Az s+2Az 20
/ g (2)dz =/ g+ / g+ ... +/ g 3)
K K s+Az 70—Az

Then applying the M-L formula to each of the integrals in (3) and using the estimates
for g’ given by (2) show that [ ¢’(z)dz is bounded by

n(n+1) |zo — s>

n
2 _
> Mk(Az)* =M 5 "

k=1

and the lemma follows by letting n — oo. (I

5.21 Definition

If ¢, = |z, — s| satisfies ¢,41 < K 8,2,, we say that the sequence {z,} converges
quadratically to s.

Note that in the case of quadratic convergence, once the sequence of iterations
is close to its limit, each iteration virtually doubles the number of decimal places
which are accurate. If, for example, at some point the error is in the 10th decimal
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place, then at that point, ¢, is approximately 107!, so that &, = K 85 will be
approximately 10720,
Lemmas 5.18 and 5.20 combine then to give us

5.22 Theorem

If f(2) has a simple zero at a point s, and if zg is sufficiently close to s, Newton’s
Method will produce a sequence which converges quadratically to s. (]

III. Newton’s Method Applied to Polynomial Equations While Newton’s Method
can be (and is) applied to all sorts of equations, it works especially well for polynomial
equations. For one thing, we don’t have to worry about the existence of solutions; they
are guaranteed by the Fundamental Theorem of Algebra. That may be one reason
why Newton himself applied his method only to polynomial equations. According
to Theorems 5.19 and 5.22, as long as the initial approximation zq is sufficiently
close to one of the roots, Newton’s Method will converge to it. If we are looking
for a simple zero of a polynomial, the method will actually converge quadratically.
Of course, there are starting points which will not yield a convergent sequence. For
example, if z¢ is a zero of the derivative of the polynomial, z;will not be defined!
On the other hand, the set of “successful” starting points is surprisingly robust.

Modern technology has been applied to identifying what have been labeled “New-
ton basins”, the distinct regions in the complex plane from which a starting value
will yield a sequence converging to the distinct zeroes of a polynomial. If these re-
gions are shaded in different colors, they yield remarkably interesting sketches. Aside
from the example below, interested readers can generate their own sketches of the
Newton basins for various polynomials at http://aleph0.clarku.edu/~djoyce/newton/
technical.html

The sketch below shows the Newton basins for the eight zeroes of the polynomial
P(z) = (z* = 1)(z* + 4). The eight roots: £1, &i, =(1 + i), £(1 — i) are at the
corners and the midpoints of the sides of the displayed square. The black regions
contain the starting points which do not yield a convergent sequence.
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Exercises
1. Find the power series expansion of f(z) = z2 around z = 2.
2. Find the power series expansion for e about any point a.
3. fiscalled an odd function if f(z) = — f(—z) for all z; f is called even if f(z) = f(—2).
a. Show that an odd entire function has only odd terms in its power series expansion about z = 0.
[Hint: show f odd = f’ even, etc., or use the identity
f@—-r(=2)
f@)= ) 1
b. Prove an analogous result for even functions.
4. By comparing the different expressions for the power series expansion of an entire function f, prove
that il F@)
®@y= © )4 k=0,1,2
10O = | e,
for any circle C surrounding the origin.
5. (A Generalization of the Cauchy Integral Formula). Show that
k! f(w)
®(a) = d k=1,2,...
19@= [T o 2,
where C surrounds the point a and f is entire.
6. a. Suppose an entire function f is bounded by M along |z| = R. Show that the coefficients Cy in
its power series expansion about 0 satisfy
c M
ICk| < RE'
b. Suppose a polynomial is bounded by 1 in the unit disc. Show that all its coefficients are bounded
by 1.
7. (An alternate proof of Liouville’s Theorem). Suppose that | f(z)| < A + Blzlk and that f is entire.
Show then that all the coefficients C, j > k, in its power series expansion are 0. (See Exercise 6a.)
8. Suppose f is entire and | f(z)| < A + B|z|3/2. Show that f is a linear polynomial.
9. Suppose f is entire and | f’(z)| < |z| for all z. Show that f(z) = a + bz? with |b] < ;
10. Prove that a nonconstant entire function cannot satisfy the two equations
L fz+1D)=f@)
i. fiz+i)=f()
for all z. [Hint: Show that a function satisfying both equalities would be bounded.]
11. A real polynomial is a polynomial whose coefficients are all real. Prove that a real polynomial of
odd degree must have a real zero. (See Exercise 5 of Chapter 1.)
12. Show that every real polynomial is equal to a product of real linear and quadratic polynomials.
13. Suppose P is a polynomial such that P(z) is real if and only if z is real. Prove that P is linear. [Hint:

Set P =u +iv,z = x + iy and note that v = O if and only if y = 0.
Conclude that:
a. either vy > 0 throughout the real axis or vy < 0 throughout the real axis;
b. either uy > 0 or uy < O for all real values and hence u is monotonic along the real-axis;

c. P(z) = a has only one solution for real-valued «.]
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14. Show that « is a zero of multiplicity & if and only if

P@)=P'@)=--=P* D@ =0,
and P® (a) #0.

15. Suppose that f is entire and that for each z, either | f(z)| < 1 or |f/(z)| < 1. Prove that f is a
linear polynomial. [Hint: Use a line integral to show

[f ()] < A+]z| where A =max(l, |f(0)]).]

16.* Let (z1 + 22 + - - - + z» ) /n denote the centroid of the complex numbers z1, 23, ..., Zn. Use formula
(4) in section 5.2 to show that the centroid of the zeroes of a polynomial is the same as the centroid
of the zeroes of its derivative.

17.* Use induction to show that if z1, z3, ..., z» belong to a convex set, so does every "convex" combi-
nation of the form

a1z1 +axzy +- - -+ anzp; a; > 0forall i, and Za,- =1.
18.% Let Pp(z) = 1 4+ 2z +22/2! + - - - 4+ zK/k!, the kth partial sum of e*.

a. Show that, for all values of k > 1,the centroid of the zeroes of Py is —1.
b. Let z; be a zero of Py with maximal possible absolute value. Prove that {|zx|} is an increasing
sequence.

19.#Let P(z) = 142z + 322+ .- +nz""1. Use the Gauss-Lucas theorem to show that all the zeroes
of P(z) are inside the unit disc. (See exercise 20 of Chapter 1 for a more direct proof.)

20.* Find estimates for +/i by applying Newton’s method to the polynomial equation 22

z0=1.

= i, with






Chapter 6
Properties of Analytic Functions

Introduction

In the last two chapters, we studied the connection between everywhere convergent
power series and entire functions. We now turn our attention to the more general
relationship between power series and analytic functions. According to Theorem 2.9
every power series represents an analytic function inside its circle of convergence.
Our first goal is the converse of this theorem: we will show that a function analytic
in a disc can be represented there by a power series. We then turn to the question of
analytic functions in arbitrary open sets and the local behavior of such functions.

6.1 The Power Series Representation for Functions Analytic
in a Disc

6.1 Theorem

Suppose f is analyticin D = D(a; r). If the closed rectangle R and the point a are
both contained in D and T represents the boundary of R,

/ f(@)dz =/ F@ = f(a)dz =0.
r r

Z—a
Proof
The proofis exactly the same as those of Theorems 4.14 and 5.1. The only requirement
there was that f'be analytic throughout R, and this is satisfied since R C D. (I

To simplify notation, we adopt the following convention. If f(z) is analytic in a
region D, including the point a, the function

_ @ - fla)

Z—a

g(2)

77
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will denote the function given by

f@) = f(a)
g(@) = z—a
f'(a) z=a.

ze€D, z#a

The fact that g is analytic at a is proven in Proposition 6.7. (Compare with Proposi-
tion 5.8.)

6.2 Theorem

If f is analytic in D(a; r), and a € D(a; r), there exist functions F and G, analytic
in D and such that

FO=f@, G@="""1
Proof
We define .
F(z) = / £ e
and

[P O - fa)
G(z)—/a r—a d¢

where the path of integration consists of the horizontal and then vertical segments
from « to z. Note that for any z € D(a; r) and & small enough, z + h € D(a;r) so
that, as in 4.15, we may apply the Rectangle Theorem to the respective difference
quotients to conclude

F'(z) = f(z)
and
G [O-T@ -
z—a

6.3 Theorem

If f and a are as above and C is any (smooth) closed curve contained in D(a; r),

/ f)dz = f@ = f@ dz =0.
C C Z—a

Proof

According to Theorem 6.2, there exists G, analytic in D(«; r) and such that

f@) = fla)
. .

—da

G'(z) =
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Hence,

J‘(Z)—f(a)dZ

c z—a

=/G@M=Gmm—6mm=o
C

since the initial and terminal points z(a) and z(b) coincide. Similarly,
Jo fR)dz =0. O

6.4 Cauchy Integral Formula
Suppose f is analyticin D(a;r),0 < p <r,and |a — a| < p. Then

fla) = 9 4

T 2z c,z—a

where C), represents the circle a + pet? 0<0<2r.

Proof
fQ=r@ , _,
¢, 1—a
so that 4
f(a)/ o[ IOy,
c,z—a c,z—a

Moreover, according to Lemma 5.4,

d
/ . =2ri
c,z—a

and the proof is complete. (I
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6.5 Power Series Representation for Functions Analytic in a Disc

If f is analytic in D(a; r) there exist constants Cy such that
(o.¢]
f@ = G-t
k=0
for all z € D(a; r).
Proof

Picka € D(a;r)and p > Osuchthatla —a| < p <.
By the previous integral formula, if |z — a| < |a — ]

1 w
ra="1 [ T
21i c,®—2z
and using the fact that
1 z—a (z —a)?

w—0 (@—a)? (@—a)P

converges uniformly to 1/(e — z) throughout C,, (see Lemma 5.4)

1 1 z—a (z—a)2
f(Z)=2m./C f(w){w_a +(w_a)2+(w_a)3+..}dw
= Co(p) + C1(p)(z — &) + C2(p)(z — a)* + - -- (1)

where : F()
w
Cr(p) = i /C,, (@ — )+l do.

Note, then, that the coefficients Cy (p) are actually independent of p. For once again,
asin 5.5, we can apply (1) to conclude that f is infinitely differentiable at o and

(k)
Cr(p) = ! k'(a) foreach p,0 < p <r, and all k.

Hence, for all z € D(a; 1)
o0
f@= ch(Z —a)f
k=0

with

(k)
9@ 1/ @, -
C

Cr = =
k k! 27i Je, (z — a)k+!
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6.2 Analytic in an Arbitrary Open Set

The methods used above cannot be generalized to find a single power series equal
to a given analytic function in an arbitrary open set. In fact no such generalization
is possible even to the most elementary of domains—e.g., a square. The breakdown
in the previous strategy arises when, given a point a in the square, we try to find a
contour C surrounding a and the center a of the square such that

a-a <1 forallweC

w—a

(see the diagram). As we shall soon see, this is not simply a technical difficulty but
a reflection of the fact that in general, no such power series exists! However, we can
apply our previous results to obtain the following general theorem.

6.6 Theorem

If f is analytic in an arbitrary open domain D, then for each o € D, there exist
constants Cy. such that

(0.¢]
f@=> Ge-a)f
k=0
for all points z inside the largest disc centered at o. and contained in D.

Proof

This is a simple reformulation of Theorem 6.5. (]

EXAMPLES

i. f(z) =1/(z—1)isanalytic at z = 2 and in a disc of radius 1 centered at 7 = 2.
To find a power series representation for f in that disc, we write

1 1

— —1— (s — =234 —...
z—l_l+(Z—2)_1 =2+ (E-2"-E-2"+ &)

which converges as long as |z — 2| < 1.
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Note that the power series diverges throughout |z — 2| > 1 despite the fact
that f(z) = 1/(z — 1) is analytic everywhere except at the single point z = 1.
Furthermore, according to Theorem 2.14 any other power series > ax (z — 2)k
which equals 1/(z — 1) in any disc around z = 2 would have to be identical with
the power series in (1). Hence, there is no power series > ax(z — 2)k equal to
1/(z — 1) throughout its domain of analyticity.
ii. To find a power series representation for 1/z> near z = 3, we set

e I e PR |
2 3+G@=3)] 9|1+ (z-3)/3

=y -3 _e-y T
9 3 9 27

9 3 9 27

— _ _ 2 _ 3
Ll _26=3) 3:=3)" _4E=3) +_..}

_1\k
—Z 1) (k+1)(Z N

Note again that the radius of convergence
9. 1/k
1/1imsup|ck|1/’<=ﬁm( ) =3

represents the radius of the largest disc centered at z = 3 in which 1/z% is analytic.

iii. To find the first three terms of the power series for f(z) = sin(1/z) around
z = 1, because no immediate formula suggests itself, we evaluate the coefficients
directly using the formula

A
Cr = oo
Thus we find

(2cos1 —sinl)

2
;=D e 0

1
f(z) =sin =sinl —cosl(z—1)+
Z

6.3 The Uniqueness, Mean-Value, and Maximum-Modulus
Theorems; Critical Points and Saddle Points

We now consider some of the implications of the power series representations
discussed in Theorem 6.6. We begin with a local version of Proposition 5.8.
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6.7 Proposition

If f is analytic at a, so is

f@) = fla)
ZF#a
8(2) = z—a
f(a) 7z=a.
Proof
By Theorem 6.6, in some neighborhood of a,
1" (@)
f@=f@+f@e=0+" " @=al+:-.
Thus g has the power series representation
"(a 3) o
s@=r@+? e+’ Pe-wt
in the same neighborhood, and by 2.9, g is analytic at a. (I

6.8 Theorem
If f is analytic at z, then f is infinitely differentiable at 7.

Proof

We need only recall that, by definition, f is analytic at a point z if it is analytic in an
open set containing z. By 6.6, then, in some disc containing z, f may be expressed as a
power series. This completes the proof, since power series are infinitely differentiable
(Corollary 2.10). O

6.9 Uniqueness Theorem

Suppose that f is analytic in a region D and that f(z,,) = 0 where {z,,} is a sequence
of distinct points and z, = zo € D. Then f =0in D.

Proof

Since f has a power series representation around zo, by the Uniqueness Theorem
for Power Series, f = 0 throughout some disc containing zg. To show that f = 0 in
the whole domain D, we split D into two sets:

A = {z € D: z is alimit of zeroes of f},
B={zeD:z¢A}.

By definition, A N B = @. A is open by the Uniqueness Theorem for power series:
if z is a limit of zeroes of f, f = 0 in an entire disc around z and that disc is
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contained in A. B is open since for each z € B, there must be some J > 0 such that
f(w) #0for0 < |z —w| < . The disc D(z; 6) would then be contained in B.
By the connectedness of D, then, either A or B must be empty. But, by hypothesis,
z0 € A. Thus B is empty and every z € D is a limit of zeroes of f. By the continuity
of f,then, f =0in D. (]

6.10 Corollary

If two functions f and g, analytic in a region D, agree at a set of points with an
accumulation point in D, then f = g through D.

Proof
Consider f — g. O

Note that a non-trivial analytic function may have infinitely many zeroes. For ex-
ample, sin z, which is entire, is equal to O atall the pointsz = nw,n = 0, =1, £2, .. ..
In fact, sin(1/z) = 0 on the set

1

:n::l:l,:l:2,...]
nmw

which has an accumulation point at 0! Because this limit point is not in the
domain of analyticity of sin(1/z), however, sin(1/z) does not satisfy the hypoth-
esis of Theorem 6.9.

6.11 Theorem

If f is entire and if f(z) > o0 asz = o, then f is a polynomial.

Proof

By hypothesis, there is some M > 0 such that |z| > M implies that | f(z)| > 1. We
conclude that f has at most a finite number of zeroes a1, a2, . . ., ay. Otherwise, the
set of zeroes would have an accumulation point in D(0; M), and by the Uniqueness
Theorem f would be identically zero, contradicting the original hypothesis. If we
divide out the zeroes of f,

@) = f@

(z—a(z—a2)---(z—an)

is likewise entire (Corollary 5.9), and never equal to zero; hence

W= | = —aG—a)- G —an)/f Q)
g(@)

is also entire. Since f — oo as z — o0, |h(z)] < A + |z|V; therefore, by
Theorem 5.11, & is a polynomial. But # = 1/g # 0, hence according to the
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Fundamental Theorem of Algebra, / is a constant k. Thus

fO = G- G- a) 0

The Uniqueness Theorem is often used to demonstrate the validity in the complex
plane of functional equations known to be true on the real line. For example, to prove
the identity

&%l ‘22 _ Praprs) (2)

we first take z> to be a fixed real number. Then e 722 and e?! - e?2 represent two
entire functions of z; which agree at all real points and hence by the Uniqueness
Theorem, they agree for all complex z; as well. Finally, for any fixed z;, we con-
sider the two sides of (2) as analytic functions in z; which agree for real z», and
again applying the Uniqueness Theorem, we conclude that they agree for all com-
plex z> as well. Hence (2) is valid for all complex z; and z». Similarly, equations
such as

2

tanzz=sec z—1,

which are known to be true for real z, are valid throughout their domains of
analyticity.

In general, if there is an “analytic” relationship among analytic functions: that is,
a functional equation of the form

F(f,g,h,..)=0

which is satisfied by the analytic function F(f, g, h,...) on a set with an accu-
mulation point in its region of analyticity, then the equation holds throughout the
region.

We now examine the local behavior of analytic functions.

6.12 Mean Value Theorem

If f is analytic in D and a. € D, then f(a) is equal to the mean value of f taken
around the boundary of any disc centered at a. and contained in D. That is,

2w
f@=" 7 fa+re®ao
2 0

when D(a;r) C D.

Proof
This is a reformulation of the Cauchy Integral Formula (6.4) with a = «. That is,
1 b4
fw=" [ 79
2ni Jc, 2 —a
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and introducing the parameterization z = a + re'?, we see that

2
f(a):zln i fla + re'?)de. O

In analogy with the real case, we will call a point z a relative maximum of f if
| f(@)| = | f ()] for all complex w in some neighborhood of z. A relative minimum
is defined similarly.

6.13 Maximum-Modulus Theorem

A non-constant analytic function in a region D does not have any interior maximum
points: For each z € D and 6 > 0, there exists some w € D(z; ) N D, such that

If (@) > 1f ()]

Proof

The fact that
| f(@)| > [f ()]

for some w near z follows immediately from the Mean-Value Theorem. Since for
r > 0 such that D(z; r) C D we have

2
fl@)= ! f(z +re?yao,
2 0

it follows that

2r
|f(z)|521/ |f (z 4 re?)|do < max|f (z + re'?)). A3)
T Jo 4

Similarly, we may deduce that | f () | > | f(z)| for some w € D(z; r). For, to obtain
equality in (3), | f| would have to be constant throughout the circle C(z; r) and since
this holds for all sufficiently small » > 0, | f| would be constant throughout a disc.
But then by Theorem 3.7, f would be constant in that disc, and by the Uniqueness
Theorem, f would be constant throughout D. U

Ironically, the Maximum-Modulus Theorem actually asserts that an analytic
function has no relative maximum. It is sometimes given a more positive flavor
as follows.

Suppose a function f is analytic in a bounded region D and continuous on
D. (We will, henceforth, use the expression “f is C-analytic in D” to denote
this hypothesis.) Somewhere in the compact domain D, the continuous function
| /] must assume its maximum value. The Maximum-Modulus Theorem may then
be invoked to assert that this maximum is always assumed on the boundary of
the domain.
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6.14 Minimum Modulus Theorem

If f is a non-constant analytic function in a region D, then no point z € D can be a
relative minimum of f unless f(z) = 0.

Proof

Suppose that f(z) # 0 and consider g = 1/f. If z were a minimum point for f, it
would be a maximum point for g. Hence g would be constant in D, contrary to our
hypothesis on f. (]

Remark

We can also prove the Maximum-Modulus Theorem by analyzing the local power
series representation for an analytic function. That is, for any point a, consider the
power series

f@)=Co+Ciz—a)+Caz—a) +---,

which is convergent in some disc around a. To find z near a and such that
| f(@)| > |f(a)|, we first assume C;| # Oand set z = a + se?, with 6 > 0
“small”, and @ chosen so that Cy and C;Je'? have the same argument. Then

|f(@)] = |Col
1f(2)] > 1Co+Ci(z—a)| = |Ca(z — )2 + Ca(z —a)> + -
> |Col + |C16| = *|C2 + C3(z —a) + - -|.

Since the last expression represents a convergent series,

1
|/ (@) = |Col + |C10] — AS® > |Col + L |C1ol > 1/ (@)l

as long as 6 < |Ci|/2A. Hence a cannot be a maximum point. Note that if
C1 = 0, the same argument can be applied by focusing on the first non-zero co-
efficient Cy.

This technique of studying the local behavior of an analytic function by consid-
ering the first terms of its power series expansion can be used to derive the following
result.

Recall that in calculus, relative maximum points were found among the critical
points (those points at which f” = 0) of a differentiable function f. The proposition
below shows a somewhat surprising contrast in the behavior of an analytic function
at a point where it assumes its maximum modulus.

6.15 Theorem

Suppose f is nonconstant and analytic on the closed disc D, and assumes its maxi-
mum modulus at the boundary point zg. Then f'(zo) # 0.
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Proof (G. Pdlya and G. Szegd)
Assume that f/(z9) = 0. For any complex number ¢ of sufficiently small modulus
we have y
FARIE) ok
k!

where k is the least integer with %) (z0) # 0 and the omitted terms are all of higher
order in & than ¢¥. Multiplying the above expression by its conjugate shows

fo+<) = f(z0) + +-,

|f (2o + P = f(z0+E) f(z0+ &)
2
=1f (o) + L Re (f(zo)f(k)(zo)ék) 4o

Since | f(z0)| = maxzep | f (@), f(z0) # 0. Write f(z0)f® (z0) = Ae* with
A > 0,and let ¢! = &/ |&|. Then

2A
[f o+ =1f @)+ € coskO +a) + -,

and, for & of sufficiently small modulus, | f (zo + &)| — | f (zo)| has the same sign as
cos(kf + a). It follows that

| f @] > | f(zo)| if z is in any of the k wedges of the form

. —rn+4rj—20 w+4nj —2a
[z() +rpe’? 10 e ( 2k] , 2; ) and ry € (0, Sg)] 4)

for some positive eg and j = 0,1, ...,k —1(and | f(2)| < |f(z0)| if z is in any of
the alternate wedges).

Since f'(z0) = 0, k > 2. To complete the proof, note that at least one of the k
wedges described in (4) must intersect D. Hence | f (zo)| cannot be the maximum
value of | f] on D. (Il

Remarks

1. While the theorem asserts that | f| cannot achieve an absolute maximum value at
a critical point, it is equally true that | f| cannot have a minimum value other than
zero at a critical point. This is obvious from the parenthetical remark after (4),
above. It can also be proven by considering 1/f (which is analytic on an open set
containing D if f is nonvanishing on D).

2. Theorem 6.15 is easily generalized to a wide range of compact sets K, including
those which do not have smooth boundaries. The key is that, along with each
boundary point zg, K must also contain a wedge (or “cone”) of the form

{zo +re?:0ela,pl,re, 8)}
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with ¢ > 0 and f — a > = /2. This is sufficient since each of the wedges
in (4) has a maximum vertex angle of z /2. Thus, the theorem would be equally
valid for a polygon all of whose vertex angles were obtuse. Without this “cone
condition”, however, the theorem is no longer valid. For example, in the unit
square {z : Rez,Imz € [0, 1]}, z2 + i has both an absolute minimum and a crit-
ical point at 0, and 1/(z> + i) has both an absolute maximum and a critical
point at 0.

3. The ideas in the proof of Theorem 6.15 can be applied to show that the set
of interior critical points of an analytic function (except for those which are
also zeroes) is identical with the set of its “saddle points”. The details are
given below.

6.16 Definition

z0 18 a saddle point of an analytic function f if it is a saddle point of the real-valued
function g = | f|; that is, if g is differentiable at zo,with gy (z0) = gy(z0) = 0, but
zo is neither a local maximum nor a local minimum of g.

6.17 Theorem

zo is a saddle point of an analytic function f if and only if f’(zg) = 0 and

f(zo0) #O0.

Proof

Let f = u + iv, where u and v are real, and let g = | f].
First, suppose that z is a saddle point of f. Then g = | f] is differentiable at z,
and obviously g (z9) # 0. Note that

(uuy + oo Uy + ooy
= SR T ) 5)

Since g (z0) = gy(z0) =0,
u(zo)ux(z0) + v(z0)vx(z0) = 0,
u(zo)uy(zo) + v(z0)vy(z0) = 0.

u(zo) and v(zp) are not both 0, so the above equations imply that

(”x (z0) vx (Zo))
et =0
uy (z0) vy (20)
From the Cauchy-Riemann equations, it follows that u2 (z9) +v2(z9) = 0, and hence
that f/(zo) = 0.
Conversely, if f'(zg) = 0, then u,(z9) and v, (zg) are both zero, and by the

Cauchy-Riemann equations, the same is true for u,(zo) and v,(zo). It follows
from (5) that g is differentiable with g,(z0) = gy(z0) = 0. However, as in the
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proof of Theorem 6.15, the facts that f/(z9) = 0 and f(z9) # 0 guarantee that zg is
not an extremal point of g. (]

Note: Of course, if f(z9) = 0, | f| has an absolute minimum at zq. If, in addition,
f’(zp) = 0, then it follows from the power series expansion of f about zq that, for
z sufficiently close to zg and for some positive constant M,

Lf @I = 1f Gl < 1£() = f(z0)l < M |z =20/,

showing that g = | f] is differentiable at zo with g, = g, = 0 there. If f(z0) =0
but f'(zo) # 0, it can be shown that | f| is not differentiable at zo. (See Bak-Ding-
Newman)

These observations can be illustrated by f(z) = (z — 1) (z — 4)2, which has a
simple zero at z = 1, a critical point but not a zero at z = 2, and a critical point at
the double zero z = 4. The graph of | f| is shown in Figure 1. Note that | /| has a
saddle point at z = 2 and is not differentiable at z = 1.

Exercises

1. Find a power series expansion for 1/z around z = 1 +i.

1
l—z—2z2

2.* Find a power series, centered at the origin, for the function f(z) = by first using partial

fractions to express f(z) as a sum of two simple rational functions.

3. Using the identity 1/(1 —z) = 1+ z 4+ z2 +-- - for |z| < 1, find closed forms for the sums > nz"
and 3" n2z".

4. Show that if f is analytic in |z| < 1, there must be some positive integer n such that f(1/n) #
1/(n+1).

5. Prove that sin(z] 4+ zp) = sinzj cos zo + cos 77 sin z5.

6. Suppose an analytic function f agrees with tanx, 0 < x < 1. Show that f(z) = i has no solution.
Could f be entire?
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7.

10.

Suppose that f is entire and that | f(z)| > 12|V for sufficiently large z. Show that f must be a
polynomial of degree at least N.

Suppose f is C-analyticin |z] < 1, f < 2for |z] = 1,Imz > Oand f < 3 for |z] = 1,Imz < 0.
Show then that | £(0)| < +/6. [Hint: Consider f(z) - f(—z2).]

Show directly that the maximum and minimum moduli of e* are always assumed on the boundary
of a compact domain.

Find the maximum and minimum moduli of z2 — z in the disc: lz] < 1.

11.* (A proof, due to Landau, of the maximum modulus theorem) Suppose f is analytic inside and on a

circle C with | f(z)| < M on C, and suppose 2 is a point inside C. Use Cauchy’s integral formula
to show that | f(zg)|" < KM", where K is independent of n, and deduce that | f (zg)| < M.

Suppose f* and g are both analytic in a compact domain D. Show that | f ()| + |g(2)| takes its
maximum on the boundary. [Hint: Consider f(z)e!* + g(z)e'? for appropriate a and 8.]

. Show that the Fundamental Theorem of Algebra may be derived as a consequence of the Minimum-

Modulus Theorem.

Suppose P, (z) = ag +ayz + -+ - + a,z" is bounded by 1 for |z| < 1. Show that | P(z)| < |z|" for
all z > 1. [Hint: Use Exercise 6 of Chapter 5 to show |a,| < 1 and then consider P(z)/z" in the
annulus: 1 < |z| < R for “large” R.]

15.% Let f(z) = (z — 1)(z —4)2. Find the lines (through z = 2) on which | f(z)| has a relative maximum,

and the ones on which | f(z)| has a relative minimum, at z = 2. (See the figure at the end of the
chapter.)

2
16.* Find the saddle point of f(z) = (Z'Zl) and identify the lines on which it is a relative maximum or

a relative minimum of | f.

17.* a. Find the saddle points z, zp of

2
f= CVIEHD
Z

b. Show that, fori = 1,2
| f(zi)| = Max| f(z)] on the circle |z| = |z;].

c. Find lines through z; on which | f| has a relative maximum or a relative minimum at z;.






Chapter 7
Further Properties of Analytic Functions

7.1 The Open Mapping Theorem; Schwarz’ Lemma

The Uniqueness Theorem (6.9) states that a non-constant analytic function in aregion
cannot be constant on any open set. Similarly, according to Proposition 3.7, | f| cannot
be constant. Thus a non-constant analytic function cannot map an open set into a
point or a circular arc. By applying the Maximum-Modulus Theorem, we can derive
the following sharper result on the mapping properties of an analytic function.

7.1 Open Mapping Theorem

The image of an open set under a nonconstant analytic mapping is an open set.

Proof

(due to Carathéodory). We will show that if f is non-constant and analytic at a, the

image under f of some (small) disc containing a will contain a disc about f(a).

Without loss of generality, assume f(a) = 0. (Otherwise, consider f(z) — f(a).)

By the Uniqueness Theorem, there is a circle C around « such that f(z) # 0 for

z € C. Let2e = mingec | f(z)]. It will follow that the image of the disc bounded by

C contains the disc D(0; €). For assume that w € D(0; €) and consider f(z) — w.
Forz e C

1f(2) — ol = 1f@)]— ol >

while at «
[f(a) —ol=|—-o| <e.

93
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fC)

Hence | f(z) — w| assumes its minimum somewhere inside C, and by the Minimum
Modulus Theorem, f(z) — w must equal zero somewhere inside C. Thus @ is in the
range of f. 0

The Maximum-Modulus Theorem can also be used in conjunction with other
given information about a function to obtain stronger estimates for the modulus of
f in its domain of analyticity. The following example is typical.

7.2 Schwarz’ Lemma

Suppose that f is analytic in the unit disc, that f < 1 there and that f(0) = 0. Then

i |f@) <z
ii. [f(0)] <1

with equality in either of the above if and only if f(z) = €z

Proof
We apply the Maximum-Modulus Theorem to the analytic function
F@ 0<lz]l <1
g)=4 z
(0 z=0.

(See Proposition 6.7.)

Since g < 1/r on the circle of radius r, by letting » — 1 and applying the
Maximum-Modulus Theorem, we find that |g(z)| < 1 throughout the unit disc,
proving (i) and (ii). Furthermore, if |g(z0)| = 1 for some zq such that |zg| < 1, then
by the Maximum-Modulus Theorem, g would be a constant (of modulus 1), and
f(z) = e?z. O
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A class of functions analytic in the unit disc and bounded there by 1 is given by
the set of bilinear transformations

—a
B,(z) =
1 —az
where |o| < 1. Note that

> 1,

a

so that B, is analytic throughout |z] < 1.On |z| = 1

B, 2 = Z—a z—a\ Izlz—ai—&z+|a|2_
T \d=-az)\1-az)  1—az—az+lal?zl?
so that |B,| = 1 on the boundary. For this reason, the functions B, can be used,

in variations of Schwarz’ Lemma, to solve various extremal problems for analytic
functions.

EXAMPLE 1
Suppose that f is analytic and bounded by 1 in the unit disc and that f (é) =0.We

wish to estimate |f(3)|. Since f(;) =0,

2(2) = f(Z)/( ;Z) 7 #
4f’

is likewise analytic in |z| < 1. Letting |z| — 1, we find that |g| < 1; so that

N = N —

If (@) <

— 52

throughout the disc. In particular,

3 <2
‘f(4)‘—5-

Note that the maximum value, Z, is achieved by

> 50

Bé(Z)=1 h

EXAMPLE 2
Next we show that among all functions f which are analytic and bounded by 1 in
the unit disc, max |f/(§)| is assumed when f(é) =0.
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Suppose f (;) # 0 and consider
9 1@ &)

IETOE)
Again, since

o= fG)|_,

- f(})o

when |w| = 1, while | f| < 1 in |z] < 1, the Maximum-Modulus Theorem assures
us that g, like f, is bounded by 1. A direct calculations shows that

()= () /(-1 C))
()Gl

We note that max | f/ (é)l is assumed by the function Bj,3(z). [See Exercises 10
and 11.] O

so that

>

Example 2 has an interesting physical interpretation. Given the constraint on f
that it must map the unit disc into the unit disc, the way to maximize | f'( ;)| is by

a. mapping é into 0 and
b. mapping the boundary of the unit disc onto itself.

Itis as though by thus allowing the maximum room for expansion around f ( é ), we

obtain max | f’ (;)l. We will see a similar phenomenon when we study the Riemann
Mapping Theorem.

Returning once again to entire functions, the Maximum-Modulus Theorem may
be used to derive further extensions of Liouville’s Theorem.

7.3 Proposition

If f is an entire function satisfying

|f ()] < 1/Imz|
forall z, then f = 0.

Proof

By hypothesis f < 1 throughout |Imz| > 1 but f could be unbounded near the real
axis. To estimate | f| on the circle |z| = R, we introduce the auxiliary function

g() = - RHf ().
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For any z such that |zl = Rand Rez > 0

[(z = R)f(2)] < |z — R|/[Imz| = sec
for some 8, 0 < 6 < 7 /4 (see the following diagram), so that

I(z— R)f(2)] < V2.

Similarly, if |z] = R and Re z < 0, then

Iz + R @) < V2.
Thus
lg(@) =1z + Rllz — Rl f(z)| <3R
for all z with |z] = R. By the Maximum-Modulus Theorem, the same upper bound
holds throughout |z|] < R. Hence
lg(@) = 12> = R*IIf ()] < 3R

and

3R
@) < 122 — R?]

as long as R > z. Letting R — o0, we see that f(z) = 0. Since this holds for all z,
the theorem is proven. O
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7.2 The Converse of Cauchy’s Theorem: Morera’s Theorem;
The Schwarz Reflection Principle and Analytic Arcs

The key result in our study of analytic functions so far has been the Rectangle
Theorem (6.1). Thus, it may not come as a surprise that the property described there
is almost equivalent to analyticity.

7.4 Morera’s Theorem

Let f be a continuous function on an open set D. If

/rf(z)dz =0

whenever U is the boundary of a closed rectangle in D, then f is analytic on D.

Since line integrals are unaffected by the value of the integrand at a single point,
the continuity of f is a necessary hypothesis. Note also that in the proof, we actually
require only that fr f = 0 for rectangles whose sides are parallel to the horizontal
and vertical axes.

Proof

In a small disc about any point zg € D, we can define a primitive

F(z) = / e

where the path of integration is the horizontal followed by the vertical segments from
7o to z. If we then consider a difference quotient of F and apply the fact that fr f=0
around any rectangle, we may conclude (as in Theorems 4.15 and 6.2) that

F(z+h)—F(z) _ 1 [
A A O

as h — 0. (Here we are using the continuity of f.) Hence F is analytic in a neighbor-
hood of zg. Since analytic functions are infinitely differentiable and F’(z) = f (2), f
is analytic at zg. Finally, since zg was arbitrary, f is analytic in D. (I

Morera’s Theorem is often used to establish the analyticity of functions given in
integral form. For example, consider

o eZ[
f(z)=/0 H_ldt.

/Oo e dt</ooe)”a?t=—1
o t+1 0 X

IfRez=x <0,



7.2 The Converse of Cauchy’s Theorem: Morera’s Theorem 99

so that the integral is absolutely convergent and | f (z)| < 1/|x|. To show that f is
analytic in the left half-plane D : Re z < 0, we may consider

/Ff(z)dzz/r(/()ootitldt)dz,

where I' is the boundary of some closed rectangle in D.

Since
/ /oo | Ztl
t+ 1

converges, we can interchange the order of integration; hence

) &t 00
/rf /0 /rt+1 0

by the analyticity of e*’ /(¢ + 1) as a function of z. By Morera’s Theorem, then, f is
analytic in D.

7.5 Definition

Suppose { f,} and f are defined in D. We will say f,, converges to f uniformly on
compacta if f,, — f uniformly on every compact subset K C D.

The following theorem asserts that analyticity is preserved under uniform limits,
in marked contrast to the property of differentiability on the real line. There, the
uniform limit of differentiable functions may be nowhere differentiable.

7.6 Theorem

Suppose { fn} represents a sequence of functions, analytic in an open domain D and
such that f,, — f uniformly on compacta. Then f is analytic in D.

Proof

In some compact neighborhood K of each point zg, f is the uniform limit of con-
tinuous functions; hence f is continuous in D. Furthermore, for every rectangle

I'ck
/f:/limfnzlim/fnzo,
r r nJr

since f, — f uniformly on I'. Hence, by Morera’s theorem, f is analytic in D. [

7.7 Theorem

Suppose f is continuous in an open set D and analytic there except possibly at the
points of a line segment L. Then f is analytic throughout D.
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Proof

Without loss of generality, we may assume the exceptional points lie on the real axis.
Otherwise, we could begin by considering g(z) = f(Az + B) where Az + B maps
the real axis onto the line containing L. (See Exercise 15.) Of course, the analyticity
of f on D is equivalent to the analyticity of g on the corresponding region. Moreover,
since analyticity is a local property, we may assume D is a disc.

To show fr f = 0 for every closed rectangle in D with boundary I' (and with
sides parallel to the real and imaginary axes), we consider three cases.

i. L doesn’t meet the rectangle bounded by I
Here [ f = Oby the analyticity of f throughout the interior of I' (Theorem 6.1).
ii. One side of T" coincides with L.
In this case, we let I'¢ be the rectangle composed of the sides of I' with the
bottom (or top) side shifted up (or down) by € in the positive

(i)

I

(iii)

(or negative) y-direction. Then

=1 ,
Jr=nm] s
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since
b b
/ fx+ie)dx — / f(x)dx
a a
by the continuity of f. Hence
[=0

r

Jor=hoe b

where I'| and I'; are as in (ii). Again we conclude

Af:&

Finally, By Morera’s Theorem, f is analytic in D. (]

iii. If I surrounds L, we write

A wide range of results, all of which are known as the Schwarz Reflection Prin-
ciple, are typified by the following theorem.

7.8 Schwarz Reflection Principle

Suppose f is C-analytic in a region D that is contained in either the upper or lower
half plane and whose boundary contains a segment L on the real axis, and suppose
f is real for real z. Then we can define an analytic “extension” g of f to the region
D U L U D* that is symmetric with respect to the real axis by setting

@) = f(z) ze DUL
971 e

where D* = {7 : 7 € D}.

oD
N
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Proof

Atpointsin D, g = f and hence g is analytic there. If z € D* and / is small enough
sothatz + h € D*

gz+h)—gk)  fG+h)—-f@) _ [f(z+fz) - f(Z)]
h - h N h

which approaches f’(z) as h approaches 0. Hence g is analytic in D*. Since f is
continuous on the real axis, so is g and we can apply Theorem 7.7 to conclude that
g is analytic throughout the region D U L U D*. O

By invoking the Uniqueness Theorem, we obtain the following immediate corol-
lary:

7.9 Corollary

If f is analytic in a region symmetric with respect to the real axis and if f is real for
real z, then

J@) = f@).

The Schwarz reflection principle can be applied in more general situations. The
key is to extend the concept of reflection across other curves.

7.10 Definition

A curve y:[a,b] — C will be called a regular analytic arc if y is an analytic,
one-to-one function on [a, b] with y” # 0.

Note that, by the definition of analyticity, y is the restriction to [a, b] of a function
y (z) which is analytic in an open set S containing [a, b]. Moreover, if all points of
S are sufficiently close to [a, b], y’ # 0 and y will remain one-to-one throughout
S. (Otherwise, the original curve would fail to be one-to-one or 7’ would be zero at
some point of [a, b].) So assume that y (z) is analytic and one-to-one in such an open
set S which is also symmetric with respect to the interval [a, b]. Then we can define
the reflection w* of a point w in y (S), across the curve y, as y (y ~1(w)). That is, if
w = y(z), w* = vy (z). It follows immediately that (w*)* = w, that points on the
original curve are reflected into themselves, and that points not on the curve y are
reflected onto other points not on y . In fact, the arc formed by taking the image under
y of the vertical line from any nonreal 7 to its conjugate z must intersect the original
curve y (i.e. y (), a <t < b) orthogonally, by the conformality of y . Hence w and
w* are on opposite sides of y.

For example, if y (t) = it, —o0 <t < oo, and w = u + iv, then w* =
y (0 —iu) = —u + iv = —w, which is the reflection of w across the imaginary
axis. Similarly, suppose y is an arc of the circle y (t) = Re'’. Then y (z) = Re'? =
Re™Vel* If w = y(z) = re!?, Re™ = r and x = 0, so that w* = y (x — iy) =
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R* , R? .
¢ = " . Note that w* is on the same ray as w, and [ww*| = R?, so that w and
r n)
w™ are on opposite sides of the circle of radius R.

Suppose then that f is analytic in a region S and continuous to the boundary,
which includes the regular analytic curve y, and assume that f(y) C 4, another
regular analytic curve. Let z* denote the reflection of z across y, and let w~ denote
the reflection of w across A. Then f can be extended to S* by defining f(z) at a
point z € S* as (f(z*)) . This defines an analytic extension of f to S* since it is
equal to the composition: 20 A= o f oy oy ~1. As in our proof of the original form
of the Schwarz reflection principle, the analyticity of f follows from the fact that
h(z) is analytic at z (and has a derivative equal to 4’(z) ) whenever 4 is analytic at z.

f

AN
SEN

Example 1: Suppose f is analytic in the unit disc and continuous to the boundary,
which it maps into itself. Then f can be extended by defining f(z) = 1/f(1/z) at
points z outside the unit circle. Note that the extended function is analytic everywhere
except at the reflections of the zeroes of f inside the unit circle, which the extended
function would map into co. Thus if we were looking for a bilinear function f
mapping the unit circle into itself, with f(a) = 0, it would follow that f(1/a) = oo,
so that we might consider f(z) = (z —a)/ (z — 1/a) . However, in its current form
f does not map the unit circle into itself. In particular, | f(1)| = |a|, so we must
multiply our function by a constant of magnitude 1/|a|, which leads us to consider
functions of the form f(z) = (z —a)/ (1 — az). As we saw in the last section, these
bilinear functions do, in fact, map the unit circle into itself. O

Example 2: Suppose f is an analytic map of a rectangle R onto another rectangle
S, which maps each side of R onto a side of S. Then f can be extended analytically
across the sides of R, mapping rectangles adjacent to R onto rectangles adjacent
to S. Continuing in this manner, f can be extended to an entire function! It is
easily seen, moreover, that the extended entire function has “linear growth”; i.e.
| f(2)| < Alz| + B, for some positive constants A and B. Hence, according to the
Extended Liouville Theorem, f must be a linear polynomial. O
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Exercises

Show that if f is analytic and non-constant on a compact domain, Re f and Im f assume their maxima
and minima on the boundary.

Prove that the image of a region under a non-constant analytic function is also a region.

a. Suppose f is nonconstant and analytic on S and f(S) = 7. Show that if f(z) is a boundary point
of T, z is a boundary point of S.

b. Let f(z) = z2 on the set S which is the union of the semi-discs S1 ={z:]z] £2;Rez <0} and
S» = {z:|z|] < 1;Rez > 0}. Show that there are points z on the boundary of S for which f(z) is
an interior point of f(S).

Suppose f is C-analytic in D(0; 1) and maps the unit circle into itself. Show then that f maps the
entire disc onto itself. [Hint: Use the Maximum-Modulus Theorem to show that f maps D(0; 1) into
itself. Then apply the previous exercise to conclude that the mapping is onto.]

Suppose f is entire and | f| = 1 on |z| = 1. Prove f(z) = Cz". [Hint: First use the maximum and
minimum modulus theorem to show

f@=cl] ;-2

i=1

6. Show that for any given rational function f(z), with poles in the unit disc, it is possible to find another

rational function g(z), with no poles in the unit disc, and such that | f (z)| = |g(z)| if |z| = 1.

7.% a. Suppose |a| < R. Show that

10.

11.

12.

R(z —a)
R?2 —az

is analytic for |z| < R, and maps the circle |z| = R into the unit circle.
b. Suppose |ar| < R for k = 1,2, ...n. Prove that (unless |a| = O for all k)

YIz—a1l-lz =] -+ |z~ an|
assumes a maximum value greater than R, and a minimum value less than R, at some points z
n
on |z| = R. [Hint: Apply the maximum and minimum modulus theorems to l_[ (R2 —0x2).]
k=1
Suppose that f is analytic in the annulus: 1 < |z|] < 2, that | f| < 1 for |z| = | and that | f| < 4 for
|z] = 2. Prove | f(z)] < |z|2 throughout the annulus.

Given f analytic in |z] < 2, bounded there by 10, and such that f(1) = 0. Find the best possible
upper bound for | f( é)l.

Suppose that f is analytic and bounded by 1 in the unit disc with f(a) # O for some a <« 1. Show
that there exists a function g, analytic and bounded by 1 in the unit disc, with |g’(a)| > | f/(@)].

Find max ¢ | f ’(a)] where f ranges over the class of analytic functions bounded by 1 in the unit disc,
and o is a fixed point of |z| < 1. [Hint: By the previous exercise, you may assume f(a) = 0.]
Show that
7@ Bu(2) _
i—a

/ T .
fi(a)= Z]% < lim

B, ().
z—a  >a a(@)

Suppose f is entire and | f(z)| < 1/|Re:z|2 for all z. Show that f = 0.
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13. Show that .
sin zt
= [
0

t

is an entire function.

a. by applying Morera’s Theorem,
b. by obtaining a power series expansion for f.

14. With f as in (13) show that
1
'@ =/ cos ztdt
JO

a. by writing

1 rz
f(z):/ / cos zt dz dt
0 JO
z 1
=/ /Cosztdt dz, etc.,
JO 0

15. Show that g(z) = z9 + efz, 0 = Arg(z1 — zp), maps the real axis onto the line L through zg and z7.

b. by using the power series for f.

16. Suppose f is bounded and analytic in Im z > 0 and real on the real axis. Prove that f is constant.

17. Given an entire function which is real on the real axis and imaginary on the imaginary axis, prove that
it is an odd function: i.e., f(z) = —f(—z).

18.* Show that » + iu is the reflection of the point u# + iv across the line u = v.
19. Suppose f is analytic in the semi-disc: |z| < 1,Imz > 0 and real on the semi-circle |z| = 1,Imz > 0.

Show that if we set

f @ lz] <1, Imz>0
8= f(i) lz] > 1, Imz>0
z

then g is analytic in the upper half-plane.

20. Show that there is no non-constant analytic function in the unit disc which is real-valued on the unit
circle.

21. Suppose f is analytic in the upper semi-disc: |z| < 1,Imz > 0 and is continuous to the boundary.
Explain why it is not possible that f(x) = |x| for all real values of x.

22.*% Suppose an entire function maps two horizontal lines onto two other horizontal lines. Prove that its
derivative is periodic. [Hint: Assume f = u + iv maps the lines y = y; and y = yp onto v = v and
v = vy with yo — y; = c and vp — v = d. Show then that f(z + 2¢i) = f(z) + 2di, for all z.]

23.*% Prove that an entire function which maps a parallelogram onto another parallelogram, and maps each
side of the original parallelogram onto a side of its image, must be a linear polynomial. [Hint: Use
Exercise 22 to prove that f is constant.]






Chapter 8
Simply Connected Domains

8.1 The General Cauchy Closed Curve Theorem

As we have seen, it can happen that a function f is analytic on a closed curve C and
yet [, ¢ | # 0. Perhaps the simplest such example was given by

1
/ dz =2ri.
lzl=1 Z

On the other hand, the Closed Curve Theorem—6.3—showed that if f is ana-
lytic throughout a disc, the integral around any closed curve is 0. We now seek
to determine the most general type of domain in which the Closed Curve The-
orem is valid. Note that the domain of analyticity of f(z) = 1/z is the punc-
tured plane. We will see that it is precisely the existence of a “hole” at z = 0
which allowed the above counterexample. The property of a domain which as-
sures that it has no “holes” is called simple connectedness. The formal definition
is as follows.

8.1 Definition

A region D is simply connected if its complement is “connected within € to 00.”
That is, if for any zo € Dand e > 0, there is a continuous curve y (¢),0 <t < 00
such that

(@) d(y (1), D) < eforallt >0,

(b) 7 (0) = zo,

(©) im0 y () = 00.

A curve y, satisfying (b) and (c), is said to “connect zg to 00.” (See Chapter 1.4.)

EXAMPLE 1
The plane minus the real axis is not simply connected since it is not a region; that is,
a simply connected domain must be connected. O

107
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EXAMPLE 2

The annulus
A={z:1 <|z| <3}

is not simply connected.

dh
/)

To prove this, note that 0 € A and yet there is no y which remains within ¢ = é of
A and connects 0 to co. If such a y existed, by the continuity of [y (¢)], there would
have to be a point #; such that |y (¢1)| = 2, but then d(y (¢1), D) = 1. %

EXAMPLE 3
The unit disc minus the positive real axis is simply connected since for any zg in the

complement
y 1y (@) =@+ Dzo

connects zq to co and is contained in the complement.

Y
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EXAMPLE 4
The infinite strip S = {z: — 1 < Imz < 1} is simply connected. Note that in this
case, the complement S is not connected.

y

EXAMPLE 5
Any open convex set is simply connected. See Exercises 1 and 2. O

Definition 8.1 requires some explanation. It may seem somewhat simpler to say a
region D is simply connected if every point in its complement can be connected, by
a curve in the complement, to co. However, although this is the case in all the above
examples, it is still somewhat too restrictive. For example, suppose the complement
is the (connected) set

y =sin

- 0<x<1
D=1{x+1iy: Yy =1 <y <oo}

By Definition 8.1, D would then be simply connected although the points on the
curve y = sin(1/x) cannot be connected to oo by a curve in D. For a compari-
son of Definition 8.1 with other definitions of simple connectedness, see [Newman,
pp. 164£f]. Also, see Appendix I.

Before proving the general closed curve theorem, we first prove an analogue
for simple closed polygonal paths. Recall that a polygonal path is a finite chain of
horizontal and vertical line segments.

8.2 Definition

Let I' be a polygonal path. We define the number of levels of I' as the num-
ber of different values yy for which the line Imz = yp contains a horizontal
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segment of T".

2 levels

3 levels

4 levels

8.3 Lemma

Let T be a simple closed polygonal path contained in a simply connected domain D.
Suppose the top level of T consists of the points y = y1, x € X1 and the next level
is givenby y = yy,x € X,. Then the set R = {7 = x +iy: yzxseyxslyl} is contained
in D.

Proof

Note that R is a finite union of disjoint closed rectangles. We will show that for any
z0 € R and any curve y connecting zo to 0o, y N I" # @. Then, since D is closed
and I is compact, d(T, D) =6 > 0, and y would not remain within € = d/2 of D.
Thus z9 € D.

To show y N T" # @, we proceed by induction on the number of levels of T'.
If T has only two levels, it is the boundary of a single rectangle and the proof is
straightforward (the details are given in Exercise 5). Otherwise we consider

L={x+4+iy:y=y,x e X1\X2}.

Note that zo is contained in one of the rectangles of R, so y must intersect the
boundary of R. Thus, if y doesn’t meet R N I', it must meet L. Setting

to = sup{t : y (¢t) € R}
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we note that for small enough /2 > 0, y (fo + #) would be between the top two levels
of a simple closed polygonal curve which is a connected component of

I'=TNRUL

and has one less level than T'. But then, by induction y (¢) € T for some ¢ > 1y + h.
Finally, since y () ¢ R fort > fp and since L C R,y (t) € I and the proof is
complete. O

8.4 Theorem

Suppose f is analytic in a simply connected region D and T is a simple closed
polygonal path contained in D. Then fr f=0.

Proof of Theorem 8.4

The proof will again be by induction on the number of levels of I'. Define L, R and
I as in the lemma. We can write

[1=[ s+ [ 1
T OR I’

the integral over L being taken in opposite directions. Since 0R consists of the
boundaries of rectangles and since f is analytic throughout these rectangles (by the
lemma), fa r / = 0 by the Rectangle Theorem (6.1).

Proceeding by induction on the number of levels of I', we may assume

f=0
1_‘/
since it has one less level than I'. Hence fr f = 0 and the proof is complete. (]

8.5 Theorem

If f is analytic in a simply connected region D, there exists a “primitive” F, analytic
in D and such that F' = f.

Proof

Choose zg € D and define

F2) = / F©Ode,

where the path of integration is a polygonal path contained in D.
By the previous theorem, F' is well-defined for if we take I'; and I'; to be two
such polygonal paths from zg to z,

Jor=fr=h
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where T is a closed polygonal curve. We leave it as an exercise to show that any
closed polygonal curve can be decomposed into a finite number of simple closed
polygonal curves and line segments traversed twice in opposite directions. Thus it
follows from Lemma 8.3 that [.. f =0and [ f = [ f.

To show that F' = f, we consider

Fz+h)—F(@) _ 1 [
= [ o

where now (by taking 4 small enough), we may take the simplest path of integration:
horizontally and then vertically from z to z + A. It follows, then, as in Theorems 5.2
and 6.2, that F/(z) = f(2). O

8.6 General Closed Curve Theorem

Suppose that f is analytic in a simply connected region D and that C is a smooth
closed curve contained in D. Then
/ f=0.
C

Proof

Af=LP@ﬁ

where F is the primitive function guaranteed by Theorem 8.5,
= F(z(b)) — F(z(a)) =0
since the endpoints of the closed curve coincide. U

It might be noted that while Theorem 8.6 is stated for simply connected regions,
it has implications for other domains as well. For example, if f is analytic in the
punctured plane z # 0 and C is a closed curve in the upper half-plane, fc f=0
since C may be viewed as a closed curve in the simply connected subset Imz > 0,
where f is analytic. In general, if f is analytic in D and if C is contained in a simply
connected subset of D, then fc f=0.

EXAMPLE 1
Suppose C is the circle a + re’?,0 < 0 < 2z and |[a — a| > r. Then

d
fooZamo
ci—a

since 1/(z — a) is analytic in the simply connected disc: |z — a| < |a — a| which
contains C. (Compare with Lemma 5.4.) O
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Cauchy’s Theorem also allows us at times to switch an integral along one closed
contour to another.

EXAMPLE 2
Suppose f is analytic in the annulus: 1 < |z| < 4. Then

f@dz = f(2)dz

lz|=2 lz|=3

since, by adding the integrals along the real axis from 2 to 3 and from —2 to —3 in
both directions, we can write

/Iz @z = /| @z = /r @z /F s

where I'1 and T'; are closed curves contained in simply connected subsets of the
annulus. (See below.)

8.2 The Analytic Function log z

8.7 Definition
We will say f is an analytic branch of log z in a domain D if

(1) f is analytic in D, and
(2) f is an inverse of the exponential function there; i.e., exp(f(2)) = z.
Of course if f is an analytic branch of log z then so is

g(@) = f(z) + 2nki

for any fixed integer k.
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Since ¢® # 0 for any o, log 0 is not defined. However, for any z = Re'’, R > 0,
if we set

f@) =logz =u(z) +iv(z)

condition (2) above becomes
exp(f(z)) _ eu(z) . eiv(z) — Rei@

which is possible if and only if

(3) "9 =|z| =R

and

4) v(z) =Argz =60 + 2k=.

Hence a function f satisfying (2) can always be found by setting
(5) f(@) =u(2)+iv(z) =loglz| +i Argz.

However, Arg 7z is not a well-defined function [see Chapter 1.2] and even if we
adopt a particular convention for Arg z, it is not clear that the function defined in (5) is
analytic (or even continuous) in D. However, if D is a simply connected domain not
containing 0, we may define an analytic branch of log z there. (Recall that according
to Theorem 3.5 if an analytic inverse of e® exists, its derivative must be 1/z. Thus
we proceed as follows.)

8.8 Theorem

Suppose that D is simply connected and that O & D. Choose zo € D, fix a value of
log zo and set

Z

d
(6) f(z)=/ 5 + log zo.

0

Then f is an analytic branch oflog z in D.

Proof

f is well-defined since 1/¢ is an analytic function of ¢ in D and hence the integral
along any two paths from zg to z yield the same value (Theorem 8.5). Furthermore,
f'(z) = 1/z, so f is analytic in D.

To show that exp(f(z)) = z, we consider

g(x) =ze7 /@,

Since g'(z) = e /@ — zf/(z)e=/® = 0, g is constant and

g(z) = g(z0) = z0e /) = 1.

Hence
ef@ =2, O
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In an analogous manner, we can define an analytic branch of log f(z) in any
simply connected domain where f is analytic and unequal to 0. We simply fix zg
and a value of log f(z¢) and set

Q)
o O

In atypical situation, suppose Drepresents the whole plane minus the non-positive
real axis: x < 0. If we choose zg = 1 and log 1 = 0 in (6) the resulting function,

f(Z)=/IZd§,

is an analytic branch of log z with

log f(z) = d¢ +log £ (z0).

—r < Im(logz) = Argz < .

(This latter inequality can be seen by integrating from 1 to |z| and from |z| to z.)

Similarly, if D is the plane slit along the non-negative real axis and we choose that
branch of log z for which log(—1) = zi, we will have defined an analytic branch of
logz with 0 < Argz < 2x. [See Exercise 8.]

By proper application of the logarithm, we can also define analytic branches of
Vz, z!/3, etc., in the appropriate domains.

For example, ,/z may be defined, in any domain where log z is defined, as

(7) vz = exp(; log2).

Since
1 2
(exp (2 logz)) =exp(logz) =z,

this does define a “,/z” and it is analytic where the logarithm is. Note that different
branches of log z may yield different branches of /z. Unlike log z, however, which
has infinitely many different branches

logz + 2mki

for any integer k, there are only two different branches of ,/z. This follows from the
fact that the equation w? = z has exactly two different solutions for any z % 0. It
also follows from (7) since

1 1
exp (2 logz) = exp (z[logz + 27rki])

if k is even.
The same technique may be used to define arbitrary powers of any nonzero com-
plex number. For example,

it = eflosi = [ /2 gmm2 52y



116 8 Simply Connected Domains
Exercises

1. A set S is called star-like if there exists a point & € § such that the line segment connecting a and
z is contained in S for all z € S. Show that a star-like region is simply connected. [Hint: Show that
y 1y(t)=tz+ (1 —t)a,t > 1is contained in the complement for any z in the complement.]

2.*% Prove that every convex region is simply connected.

3. Suppose aregion S is simply connected and contains the circle C = {z : |z — a| = r}. Show then that
S contains the entire disc D = {z : |z — a| < r}. [Hint: Show that since S is open (by definition) and
C is compact, S contains the annulus B ={z:r —J < |z — a| < r + J} for some J > 0.]

4. Show that if
0<x<l1

5§ = iy : - Uliy: —1 <y < oo},

s x 41y y:sin}c {iy <y }
S is simply connected.

5.* Show thatapolygonal line y connecting z to co intersects the boundary of every rectangle R containing
z. [Hint: Consider ty = sup{t : y (t) € R}.]

6. Define the “inside” of a simple closed polygonal path. Show that if such a path is contained in a simply
connected domain, so is its “inside.”

7. Show that any closed polygonal path can be decomposed into a finite union of simple closed polygonal
paths and line segments traversed twice in opposite directions.

8. Show that zi + ffl d¢ /¢ defines an analytic branch of log z in the plane slit along the non-negative
axis with 0 < Imlogz = Argz < 2x.

9.* Define a function f analytic in the plane minus the non-positive real axis and such that f(x) = x*
on the positive axis. Find f (i), f(—i). Show that f(z) = f(z) for all z.



Chapter 9
Isolated Singularities of an Analytic Function

9.1 Classification of Isolated Singularities; Riemann’s Principle
and the Casorati-Weierstrass Theorem

Introduction While we have concentrated until now on the general properties of
analytic functions, we now focus on the special behavior of an analytic function in
the neighborhood of an “isolated singularity.”

We will use the term deleted neighborhood of zo to denote a set of the form
{z:0 <|z—2z0| <d}.

9.1 Definition

f issaid to have an isolated singularity at zo if f is analytic in a deleted neighborhood
D of z¢ but is not analytic at zg.
Note that, by Theorem 7.7, f must be discontinuous at an isolated singularity.

EXAMPLES

sing z#72
0 z7=2
has an isolated singularity at z = 2.
ii. g(z) = 1/(z — 3) has an isolated singularity at 7 = 3.
iii. exp(1l/z) has an isolated singularity at z = 0. %

i. The function defined by f(z) =

As we shall soon see, the above examples represent the different types of isolated
singularities. These may be classified as follows.

9.2 Definition

Suppose f has an isolated singularity at z.

i. If there exists a function g, analytic at zg and such that f(z) = g(z) for all z in
some deleted neighborhood of zg, we say f has a removable singularity at zo
(i.e., if the value of f is “corrected” at the point zg, it becomes analytic there).

117
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ii. If, for z # zg, f can be written in the form f(z) = A(z)/B(z) where A and B
are analytic at zg, A(zo) # 0, and B(z9) = 0, we say f has a pole at zg. (If B
has a zero of order k at zg, we say that f has a pole of order k.)

iii. If f has neither a removable singularity nor a pole at zo, we say f has an essential
singularity at zp.

The following theorems show how the nature of the singularity possessed by
a function may be determined by its behavior in a deleted neighborhood of the
singularity.

9.3 Riemann’s Principle of Removable Singularities

If f has an isolated singularity at zo and if lim;—,,(z — z0) f(z) = O, then the
singularity is removable.

Proof

Consider

0 Z = 20.

MU:{&—mV@)Z#m

By hypothesis, & is continuous at zg. Since A, like f, is analytic in a deleted
neighborhood of zg, it follows that & is analytic at zo (Theorem 7.7). Since i (z9) = O,
g(2) = h(z)/(z — zo) is likewise analytic at zo and equals f for z # zp. O

9.4 Corollary

If f is bounded in a deleted neighborhood of an isolated singularity, the singularity
is removable.

9.5 Theorem

If f is analytic in a deleted neighborhood of zy and if there exists a positive integer
k such that

lim (z — 20) f(2) #0 bur lim (z — z0)** f(z) = 0,
20 =20
then f has a pole of order k at 7.

Proof

If we set
(z— 20 f(@) z+#20
g(z) =

0 Z=120

then g is continuous and hence analytic at z¢. Furthermore, since g(z¢) = 0,

10 = *9 —c-wtre
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is likewise analytic at zg, and by hypothesis A(zp) # 0. Since

A(2)
(z — zo)*

the proof is complete. (I

f@)=

for z # zo

Note that according to the previous two theorems, there is no analytic function
which approaches oo like a fractional power of 1/(z — zg) in the neighborhood of an
isolated singularity zo. For example, if f were analytic in a deleted neighborhood of 0
and satisfied | £ (z)| < 1/4/]z|, thenby 9.3, f would be bounded since the singularity
would be removable. Similarly, given that

1
If @I < 12[5/2°

we conclude that z> f (z) has a removable singularity at 0. Hence f has a pole of
order at most 2 at the origin and, in fact, f(z) < A/|z|*

It also follows that in the neighborhood of an essential singularity, a function f
must be not only unbounded but such that, for each integer N, (z —z0)" f(z)#> O as
z — z0. Itdoes not follow, however, that f (z) — oo asz — zg. In fact, the following
theorem shows that the set of values assumed by a function in the neighborhood of
an essential singularity is “dense” in the whole complex plane. That is, the range of
f intersects every disc in C.

9.6 Casorati-Weierstrass Theorem

If f has an essential singularity at zg and if D is a deleted neighborhood of z, then
the range R = {f(2):z € D} is dense in the complex plane.

Proof

Assume there exists some disc with center w and radius 6 which does not intersect R.
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Then | f(z) — w| > 6 and

1
< 5 throughout D.

‘ 1
f@)—-o

By Riemann’s Principle (9.3), it follows that 1/( f (z) — @) has (at most) a removable
singularity at zo. Hence

1
=2(2)
f@)-—o
where g is analytic at zo. But then
1
fR) =0+
8(2)
so that f has either a pole (if g(zg) = 0) or a removable singularity (if g(z9) # 0)
at zo. O

There is, in fact, a much stronger form of the Casorati-Weierstrass Theorem—
known as Picard’s Theorem—which asserts that an analytic function takes every value
with at most a single exception in the neighborhood of an essential singularity.

9.2 Laurent Expansions

In Chapter 6, we saw that functions analytic in a disc could be represented there
by power series. A somewhat similar representation—by “two-sided power series” of
the form > 72 ar(z — z0)¥—can be derived for functions analytic in an annulus

R1 < |z — z0] < Ry. These two-sided power series, known as Laurent expansions,
are valuable tools in the study of isolated singularities.

9.7 Definition

We say > o uk = L if both D02 ux and D72 | p—x converge and if the sum
of their sums is L.

9.8 Theorem

=X, arz* is convergent in the domain
D ={z: R <|z|and|z] < Rz}

where

Ry =1/ lim sup |ax|"/*
k— o0

Ri = lim sup |a—g|"/*.
k—o00
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If Ri < Ry, D is an annulus and f is analytic in D.

ahu
\_ T

Proof
By Theorem 2.8,
(0.¢]
fik) = Zakzk converges for |z|] < R
k=0

and similarly
-1 [} 1
AR =D @ => a ()
—00 1 <
converges for

1

1
< , or|z| > Ry.
Z R

Hence Ziooo akzk converges for all 7 in the intersection. Also, since f] is a power
series and f>(z) = g(1/z) where g is a power series, fi and f> are both analytic in
their respective domains of convergence. Hence f is analytic in the intersection of
these domains. O

9.9 Theorem

If f is analytic in the annulus A: Ry < |z| < Ra, then f has a Laurent expansion,
f@) =22 azk, in A.

Proof

Let C; and C; represent circles centered at O of radii r; and r», respectively, with
Ri <r1 <r < Ry. Fix z withry < |z]| < ra. Then

OEN®)

w—7z

g(w)
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is analytic in A, and by Cauchy’s Theorem

/ g(w)dw = 0.
Cry—C

(See Example 2 following Theorem 8.6.) Thus

/ f@ dw:/ fy - )
C—C W =2 C=Cp W —2

Note then that sz dw/(w — z) = 2mi, according to Lemma 5.4, while
fCl dw/(w — z) = 0 by Cauchy’s Theorem so that

/ F@ dw =2rif (z). (2)
Cr—Cy w—2z

Combining (1) and (2), we have

f@) = 21 , S gy ] R 3)

i Jo, w—1z 2ri Jo, w—2z

Now, on Cy, |w| > |z]| so that

while on C1, since |w| < |z|,

1 -1 1 w  w?

w—2z Ii—w < <

the convergence being uniform in both cases. Substitution into (3), then, yields

1 S f(w) 1 N5 [zt
ro= g [ (W Yawe 2 [ (30w
k=0 1 k=—1
and switching the order of summation and integration,

fl@) = Z azk, ap = ! f(w)dw
k=—00

T 27i Je wht!

where C is any circle in A centered at O, for all z € A. For although, in the course
of the proof, we have

C— Cy fork >0
o C; fork <O,
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in fact C can be taken as any circle in A centered at 0. This follows again from the
fact that

(1) = f(w)
slw) = wk+1
is analytic in A and from the Cauchy Closed Curve Theorem. (I

Note that the Laurent expansion is unique. That is, if

@ =2 and"

in an annulus, then

f (@)
= d 4
U= omi Jo 1™ ©@
where C is as above. For if 3> a,z" converges in A, it converges uniformly along
C, and thus
f (Z) —k—1
4 Z &z, 5)
n=—0oo
Since
/Zpdzz 2xi p =.—1
c 0 any integer p # —1,
it follows that )
Z .
et dz =2miay,

proving (4).

9.10 Corollary

If f is analytic in the annulus R1 < |z—2z0| < Ra,then f has a unique representation

@) = az—z0)

1 f@@)
W= opi /C (z — zo)kt! dz

and C = C(zo; R) with R < R < Ry.

where

Proof

Simply apply the previousresults to g(z) = f(z+z0), which is analytic in an annulus
centered at 0. U
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If we set Ry = 0, we obtain:

9.11 Corollary
If f has an isolated singularity at zo, then for some 6 > 0,and 0 < |z — zo| < 6

@)= arz — 20,

where the ay are defined as in Corollary 9.10.

EXAMPLES
() 5
1 1
(@+1) = +2+zforallz #0.
Z F4
(ii)
1 1
= (I+z4+22+-
2(1-2) 12( )
1 1
=Z2+Z-|-1+z+~-~for0<|z|<1.
(ii1)
1 _ —1 _ —1
2(1=-2) 22@=1 [I+G-DPE-1)
:Z__l+2—3(z—1)+4(z—1)2—+"'
forO < |z —1] < 1.
(iv)

1
exp(l/z)zl—l—z—}- +--- forz #0.

272

9.12 Definition

If f(2) =D ar(z— ZO)k is the Laurent expansion of f about an isolated singularity
20, Z:éo ar(z — zo)* is called the principal part of f at zo; > an(z — z0)¥ is
called the analytic part.

Because of the uniqueness of the Laurent expansion, we can derive the following
characterizations of the principal parts around the different types of singularities.

(i) If f has a removable singularity at zo, all the coefficients C_; of its Laurent
expansion about zg, for k > 0, are 0.
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Proof
Since f(z) = g(z) for z # zp, the Laurent expansion for f must agree with the
Taylor expansion for g around zg. (I
EXAMPLE
: 2 4
smz | — Z + Z .
z 315!

(ii) If f has a pole of order k at zg, C—_x #0but C_y =0 forall N > k.

Proof
Since f(z) = A(z)/B(z) where A(zo) # 0 and B has a zero of order k at zo,
0@
1@ = (z —z0)F’

where Q is analytic and nonzero at zo. Hence if Q(z) = > 02 an(z — z0)", then

— (—-20" ~ ;
n=0 < <0 j=—k
where C; = ajqk. Thus, C_x = ap = Q(z0) # 0. O

(>iii) If f has an essential singularity at zg, it must have infinitely many nonzero
terms in its principal part.

Proof
Otherwise (z — z0)" f(z) would be analytic at zq for large enough N and f would
have a pole at zp. (]

The so-called partial fraction decomposition of proper rational functions can be
derived as a corollary of the theory of Laurent expansions.

9.13 Partial Fraction Decomposition of Rational Functions
Any proper rational function

P(z) _ P(2)
0 G—-z)h@E—z)k-(z—zp)k’

where P and Q are polynomials with deg P < deg Q, can be expanded as a sum of
polynomialsin1/(z —zx), k=1,2,...,n.

R(z) =



126 9 Isolated Singularities of an Analytic Function

Proof

Since R has a pole of order at most k; at z1,

‘M@=H( : )+m&>
Z—21

where P;(1/(z —z1)) is the principal part of R around z; and A is the analytic part.
Furthermore

m@=R@—m( 1)
Z— 21

has a removable singularity at z; and the same principal parts as R at z2, ..., Zn.
Thus, if we take P>(1/(z — z2)) to be the principal part of R around z» and proceed
inductively, we find

An(Z)ZR(Z)_[Pl( : )+P2( : )+"‘+Pn( : )]
— 121 =22 Z—2Zn

is an entire function (once it is defined “correctly” at z1, z2,...z,). Furthermore,
A, is bounded since R and all its principal parts approach 0 as z — 0. Thus, by
Liouville’s Theorem (5.10), A,, is constant; indeed A,, = 0. Hence.

R@=m( 1)+&(])+~+m(1 )
Z— 11 Z—22 Z—2Zn

Exercises

1. Suppose f(z) = oo as z — zg, an isolated singularity. Show that f has a pole at z(.

2. Does there exist a function f with an isolated singularity at O and such that | f (z)| ~ exp(1/|z]) near
z=0?
3.* Suppose that f is an entire 1 — 1 function. Show that f(z) = az + b.

4. Suppose f is analytic in the punctured plane z # 0 and satisfies | £ (z)| < +/|z| + 1/4/|z|. Prove f
is constant.

5.* Suppose f and g are entire functions with | f(z)| < |g(z)| for all z. Prove that f(z) = cg(z), for
some constant c.

6. Verity directly that el/7 takes every value (with a single exception) in the annulus: 0 < |z] < 1.
What is the missing value?

7. Suppose f and g have poles of order m and n, respectively, at zg. What can be said about the
singularity of f +g, f-g, f/gatzo?

8.* Suppose f has an isolated singularity at zg. Show that z( is an essential singularity if and only if
there exist sequences {ay, } and {8, } with {a,} = z0, {Bn} = 20, {f(@n)} = 0,and { f(B,)} = 0.
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9. Classify the singularities of
1
4422
b. cotz
c. cscz
o SP(/2%)
z—1

10.* Find the principal part of the Laurent expansion of

f@)= @+ 1)

about the point z = i.

11. Find the Laurent expansion for

a. 5 aboutz =0

1
z4+z
exp(1/z2)

7 —

b. about z =0

c. about z = 2.

72 —

1
12.* Find the Laurent expansion of f(z) = (in powers of z) for
2(z-DE=-2)

a. 0<|z]l <1
b. 1 <|z] <2
c |z] > 2.

13.*% Let {ay, ap, ..., a } be a set of positive integers and

1

R@) = @ =12 —1)-- (% —1)"

Find the coefficient c_j in the Laurent expansion for R(z) about the point z = 1.

14. Show that if f is analytic in z # 0 and “odd” (i.e., f(—z) = — f(z)) then all the even terms in its
Laurent expansion about 0 are 0.

15. Find partial fraction decompositions for

1 1
a. b. .
A +z22 22+1

16. Suppose f is analytic in a deleted neighborhood D of zq except for poles at all points of a sequence
{zn} — z¢- (Note that z( is not an isolated singularity.) Show that f(D) is dense in the complex
plane. [Hint: Assume, as in the proof of the Casorati-Weierstrass Theorem, that | f (z) — w| > J and
consider g(z) = 1/(f(2) — w).]
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17. Show that the image of the unit disc minus the origin under

f(@@)=cscl/z
is dense in the complex plane

a. by noting that sin(1/z) has an essential singularity at z = 0,
b. by applying Exercise 16 to f(z).

18. Prove that the image of the plane under a nonconstant entire mapping is dense in the plane. [Hint: If
f is not a polynomial, consider f(1/z).]



Chapter 10
The Residue Theorem

10.1 Winding Numbers and the Cauchy Residue Theorem

We now seek to generalize the Cauchy Closed Curve Theorem (8.6) to functions
which have isolated singularities. Note that by 9.10 and 9.11, if y is a circle sur-
rounding a single isolated singularity zo and f(z) = > Ci(z — z0)¥ in a deleted
neighborhood of z( that contains y, then

/ f=2riC_y.
14

Thus the coefficient C_; is of special significance in this context.

10.1 Definition

If f(z) = 2% Ck(z — z0) in a deleted neighborhood of zg, C_; is called the
residue of f at zg. We use the notation C_; = Res(f’; z0).

Evaluation of Residues

(i) If f has a simple pole at zp; i.e., if

A(2)
7) =
f=, @
where A and B are analytic at zg, A(zg) 7 0 and B has a simple zero at zg, then
: A(zo)
1=1 — = . 1
C- Zgrz}o(z 20) f(2) B'(20) 1
Proof
Since

C_
f@= """ 4+Co+Cic—z0)+ -,
Z—20

(z=20)f(z) =C—1 +Colz—z20) + C1(z — 20)> + - - - ,

129
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and
lim (z — z0) f(z) = C—1.
=20

The second equality in (1) follows since

A
lim (@ — 20) /() = lim (¢ = 20) "+
720 7—20 B(z)
B — B A
— lim AG) (z) = B(z0) _ Alz0) ' 0
229 7—20 B’(z0)
(ii) If f has a pole of order k at zg,
1 k—1 '
C_ = (k — 1)l dek-1 [(z —20) f(z)] evaluated at z(.
Proof
Setting
f@)=Cxz—z200 +-Coiz—z20)"' + Co+ Ci(z — 20) + -+
g@) =@ -2 f@)=Cor+---Co1z =20 + Colz — z20)* + - --
dk—l
kg_(f) =Gk —=1DIC_1 +k!Coz—z20)+---
dz
and the equality follows. O

(iii) In most cases of higher-order poles, as with essential singularities, the most
convenient way to determine the residue is directly from the Laurent expansion.

EXAMPLES

1
i. Res(cscz;0) = =1.
cos0

_— R N T
ii. Res i) = = .
A1) T 4374

1
1ii. Res( 35 0) =0.
z

1
iv. Res(sin ; 1) =1, since
z—1

) 1 1 1 1
sin =

el =1 3e—1p Tsig—1y T T 0

Winding Number. To evaluate |, . f when y is a general closed curve (and when
f may have isolated singularities), we introduce the following concept.
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10.2 Definition
Suppose that y is a closed curve and that a & y. Then

1 dz
nGa) = /y ey

is called the winding number of y around a.
Note that if y represents the boundary of a circle (traversed counter-clockwise)

1 if a is inside the circle

n(%a)={

0 if a is outside the circle.

The first identity was proven in Lemma 5.4. The second was shown in Example 1
following the Cauchy Closed Curve Theorem. Also, if y circles the pointa k times—
ie,ify(@) =a+re,0<6 < 2kr—then

1 2km
n(y, a) = 27”,/0 idd =k,

which explains the terminology “winding number.”

10.3 Theorem

For any closed curve y anda & y, n(y, a) is an integer.

Proof
Suppose y is given by z(¢), 0 < ¢ < 1, and set

Y 4]
F(s)—/o z(t)—adt’ 0<s<l.

Then, as we saw in defining the logarithm function (Section 8.2) it follows from

that
(z(s) — a)e™F®

is a constant, and setting s = 0,
(z(s) —a)e F® = 2(0) — a.

Hence
F(s) _ z2(s) —a
z(0) —a
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and
z(0) —a

since y is closed; i.e., z(1) = z(0). Thus
F(1) =2nki for some integer k

and

1
ny,a)=, F)=k.
O

It follows from Definition 10.2 thatif we fix y and leta vary, n(y, ) is acontinuous
function of a (as long as a & y). Since it is always integer-valued, we conclude that
n(y, a) is constant in the connected components of the complement of y . Moreover,
n(y,a) = 0asa — oco. Hence n(y, a) = 0 in the unbounded component of y (the
set of points which can be connected to co without intersecting y ). Some typical
examples are illustrated below.

n=0

The Jordan Curve Theorem asserts that any simple closed curve divides the plane
into exactly two components—one bounded, the other unbounded (here the curve
need not necessarily be smooth)—so thatif y is such a “Jordan” curve (and is smooth
besides),

k if a € Bounded Component
0 if a € Unbounded Component.

n(y,a)z[

The proof of the Jordan Curve Theorem would lead us too far afield. Nevertheless,
in all future examples when we deal with simple closed curves, we will be able to
verify directly thatn(y,a) = 0or+1foralla ¢ y . In fact, by choosing the “proper”
orientation, we will be able to show thatn(y,a) = 0or1foralla & y . (The “proper”
orientation will be easily recognized as that one for which the bounded component
of 7 lies to the left of y.)
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EXAMPLE
Let y be a semicircle traversed counterclockwise. Then

1 if a is inside the semicircle

0 if a is outside.

n(y,a)={

The first assertion can be seen by citing the Closed Curve Theorem to show

/ dz _/ dz
yz—a_cz—a

where C is the completed circle containing z = a. The second follows from the
analyticity of 1/(z — @) in a half-plane containing y but not a.

To simplify our terminology, we introduce the following definition.

10.4 Definition

y is called a regular closed curve if y is a simple closed curve with n(y,a) = 0 or
1 for all @ & y. In that case, we will call {a : n(y,a) = 1} the inside of y. The set
of points a where n(y, a) = 0 is called the outside of y .

10.5 Cauchy’s Residue Theorem

Suppose f is analytic in a simply connected domain D except for isolated singulari-
tiesatz1,22, - ,Zm.Lety beaclosed curve not intersecting any of the singularities.
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Then "
/ f=2mi Zn(y,zk)Res(f; k).
v

k=1
Proof

(Note that since y is a “general” curve, we cannot replace it by a finite union of
“familiar” curves. Instead we proceed as in Section 9.2.)
If we subtract the principal parts

1 1
Pl LR Pm
Z—121 Z—Zm
from f, the difference

g(Z)=f(z)—P1( ! )—Pz( ! )_"‘_Pm( ! )
Z— 11 Z—22 Z—Zm

(with the appropriate definitions at z1, . .., Z) is an analytic function in D. Hence,
by the Closed Curve Theorem (8.6)
fe=0
y

m
1
f=§/Pk( )dz. (3)
/7 k=1""7 LT
Furthermore, for any k,

1
=0, ifn#1 since
/y (z — zx)" ”

(z — zx)™" is the derivative of

and

(Z _ Zk)l_n
1—n
which is analytic along the closed curve y . Hence if

P ( 1 )_ C_1 n C_, n
“Ne—a) " 2-xu (z —z1)? ’
1 dz .
P dz = C_ =2min(y,zk)Res(f; zk)
y Z— Zk y 2= 2k

and by (3), the proof is complete. (I

>

10.6 Corollary

If f is as above, and if y is a regular closed curve in the domain of analyticity of f,
then fy f =2mi >, Res(f; zk), where the sum is taken over all the singularities of
f inside y .
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10.2 Applications of the Residue Theorem

10.7 Definition

We say f is meromorphic in a domain D if f is analytic there except at isolated
poles.

10.8 Theorem

Suppose y is a regular closed curve. If f is meromorphic inside and on y and
contains no zeroes or poles on vy, and if

Z = number of zeroes of f inside y (a zero of order k being counted k times),

P = number of poles of f inside y (again with multiplicity),

then
1 /
/ / =7Z—-DP.
2ri J, f
Proof

Note that f//f is analytic except at the zeroes or poles of f. If f has a zero of order
k at z = a, that is, if

f@) =(Gz-a)gk) with g(z) # 0,
then
f@)=G-a) " [kg@@) + (2 - a)g'(2)]
has a zero of order k — 1 at z, and
'@ _ k + g'(2)
f@ z—a g

Hence, at each zero of f of orderk, f’/f has a simple pole with residue k. Similarly,
if
f@) =G -a @),
then
r'@ _ k|, gQ
f@ z—a 3@’
so that at each pole of f, f//f has a simple pole with residue —k. By Corollary 10.6,

then
1 f/ . f/ . 3
2mi /y f Z ©s ( f) Z-F.
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If we take f to be analytic, we obtain

10.9 Corollary (Argument Principle)

If f is analytic inside and on a regular closed curve y (and is nonzero on y) then
- 1 f
Z(f) = the number of zeroes of f insidey = . .
2zi Jy f

Remarks

1. The above is known as the “Argument Principle” because if y is given by z(?),
0<tr<l,

1 / fh_log f(z(1)) —log f(z(0)) _
2ri ), f ' B

1
i o A A8 f() ()

as z travels around y from the starting point z(0) to the terminal point z(1) = z(0).
To prove (1), we split y into a finite number of simple arcs

y1:2(t), 0<t<n
y2:2(8), h<t<t

niz(t), tho1 <t <t =1

% 7

"

143

Since an analytic branch of log f can be defined in a simply connected domain
containing y1,

f/

= log f(z(t1)) — log f(z(0)).
n

Similarly

/J}=logf<z(rk)>—logf(z<rk_1)>, k=2.3.....n.
Yk
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=]l

and the first equality in (1) follows. Note, also, that since z(0) = z(1) and since

We note that

logw =log|w| +i Arg o,
log f(z(1)) —log f(z(0)) =i [ Arg f(z(1)) — Arg f(z(0))],

and the second equality follows.

2. We may also view [ f’/f as the winding number of the curve f (y (z)) around
z = 0. (See Definition 10.2.) Thus, if f is analytic inside and on y, the number
of zeroes of f inside y is equal to the number of times that the curve f(y)
winds around the origin. By considering f(z) — a, it follows that the number of
times that f = a inside y equals the number of times that f(y ) winds around the
complex number a. As an example, consider the function described in Exercise 3b
of Chapter 7.

10.10 Rouché’s Theorem

Suppose that f and g are analytic inside and on a regular closed curve y and that
| f ()| > |g@)| forall z € y. Then

Z(f +g) =Z(f) insidevy.

Proof
Note first that if f(z) = A(z)B(z)

so that

/ A/ B/
[r=1a+]%
y f y A y B
Thus, if we write

ree=r(1+%).
fre) 1 Lo (i)
/

1 ( I
Z(f+g)_2m'/y Frg 2ni), £ 2ai

(43

1
ZZ(szm'/y 144
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But this last integral is zero since, by hypothesis, (1 4+ g/f)(y) remains within a
disc of radius 1 around z = 1. Hence the winding number of (1 + g/f)(y) around
0is 0 [i.e., setting w = 1 + g/f it follows that @ (z) remains in the right half-plane

for z € y and hence that . daf) =0.] |

i+ 2on

(=]
L ]
(3]

EXAMPLE
Since |4z%| > |2z 4 1] on |z| = 1, each of the polynomials

2710 4422 4 1and 2210 — 4% + 1
has exactly two zeroes in |z| < 1. O

Recall that according to the Cauchy Integral Formula (6.4)

o=t [T

27i Jo v — 2

where C is a circle containing z. By application of the Residue Theorem, we can
extend the result as follows.

10.11 Generalized Cauchy Integral Formula

Suppose that f is analytic in a simply connected domain D and that y is a regular
closed curve contained in D. Then for each z inside y and k =0,1,2.. .,

k! f(w)
P = i /y (@ _Z)k_Hda).

Proof
Note that since

JAI6)

! (a)—z)k—l—-~-

fl@=f@Q+f@Dw-—2)+--+
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throughout a neighborhood of z,

*)
Res( f(@) ,Z>=f @

(w — )+’ k!

Since f(w)/(w — z)**! has no other singularities in D, the result follows from
Corollary 10.6. (]

We now derive an extension of Theorem 7.6 for the limit of analytic functions.

10.12 Theorem

Suppose a sequence of functions f,,, analytic in a region D, convergesto f uniformly
on compacta of D. Then f is analytic, f,, — f’in D and the convergence of f, is
also uniform on compacta of D.

Proof

We proved the analyticity of f in Theorem 7.6. By the Integral Formula 10.11, if we
pick any zo € D and let C = C(zp; r) for some r < 1,

@~ f@,

(0 — 2)?

oy
no-ro=, [’

for all z in D(zo; r). Moreover, if we take n large enough so that | f, — f| < er?/4
throughout the compact D(zp; r), it follows that

/i@ — f'@) <€

for all z in D(zo; r/2). Thus, to see that the convergence is uniform on compacta,
we need only note that any compact subset D can be covered by finitely many discs
of the form: |z — zo| < r/2. O

10.13 Hurwitz’s Theorem

Let { f,,} be a sequence of non-vanishing analytic functions in a region D and suppose
fa = f uniformly on compacta of D. Then either f = 0in D or f(2) # 0 for all
z€ D.

Proof

Suppose f(z) = 0 forsome z € D. If f £ 0, there is some circle C centered at z
and such that f(z) # 0 on C; hence

n T

- uniformly on C.
o f
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However | ,
AR
2wi Jo f
while .
"=7 =0.
ot Jo £ =20
Hence
f=0. O

[Note that it is possible to have f = 0 despite the fact that f,(z) # 0 for all n.
Consider, for example, f,(z) = (1/n)ec.]

EXAMPLE
Since sin 7z = 0, there must be some 7 such that

Z3 N ZS N Z2}1-{-1
T T s Qn + 1)!
hasa zeroin |z — 7| < 1 forall n > ny. O

10.14 Corollary

Suppose that f, is a sequence of analytic functions in a region D, that f, — f
uniformly on compacta in D, and that f, # a. Then either f =a or f # ain D.

Proof
Consider g,(z) = fn(2) — a, etc. O

10.15 Theorem

Suppose that f; is a sequence of analytic functions, and that f, — f uniformly on
compacta in a region D. If f, is 1-1in D for all n, then either f is constant or f is
1-1in D.

Proof

Assume z; # 72, f(z1) = f(z2) = a and take disjoint discs D; and D; (in D)
surrounding z; and zp, respectively. If f # a, by 10.13, f,(z) = a must have a
solution in Dj once n is large enough. (Otherwise we could find a subsequence
fu, — f with no a-values D1.) But then since f; is 1-1, f,,(z) # a throughout D,
for all large n and hence f(z2) # a, contradicting our hypothesis. [
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Exercises

1. Determine the singularities and associated residues of

a. b. cot z
74+ 22
exp(1/2%)
c.cscz d.
z—1
1 1
€. f. sin
22 +3z4+2 |
3/z
. ze . ,a # 0.
£ az2 +bz+c
2. Use the Residue Theorem to evaluate
tzdz b ¢
a [, = cotz dz - Jizj=2 - - 1)

1
; 3
c. Jizj=1 sin Zdz d. fIZI=2 ze3/%dz.

3. Prove that for any positive integer n, Res((1 — e~%)™"; 0) = 1. [Hint: Consider

/c a —dffz_~)”

and make the change of variables @ = 1 — ™% to show
Res((1 —e™%)7"; 0) = Res ! ;0) .1
’ o"(l—w) )’

4.% Show that f|z|=l (z+ 1/2)¥Hdz = 27[1’(2"}““), for any nonnegative integer m.

S5.#Let C be a regular curve enclosing the distinct points wi, ®p, ..o, and let p(w) =
(0 —w1)(@—w)) -+ (w— wy). Suppose that f(w) is analytic in a region that includes C. Show that

L[ @ p@=pQ),,

P@) = 27i Jo p(w) w—2z

is a polynomial of degree n — 1, with P(w;) = f(w;),i = 1,2, ..n.
6. Suppose f is defined b,
ppose f Y $(@)do
f@) = ,
Jy o—z

where y is a compact curve, ¢ is continuous on y, and z & y . Show that

P(w)dw

y (w_Z)Z

@)=

directly by considering
fe+h) - f@
1 .

Give an alternate proof of Theorem 10.11.

7. Suppose that f is entire and that f(z) is real if and only if z is real. Use the Argument Principle to
show that f can have at most one zero. (Compare this with Exercise 13 of Chapter 5.)

8.% a. Show that Rouche’s Theorem remains valid if the condition: | f| > |g| on y is replaced by:

If1= Igland f+g #0on y.
b. Find the number of zeroes of 15 + 2z4 + 1 in the unit disc.
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9. Find the number of zeroes of

a. fi(z) =3e* —zin|z] < 1

1 .
b f2(2) = 3ez—z1n lzl <1
¢ f3e)=z"=5z+1inl<|zg] <2

d f4z)=20-54+32—linjz| < 1.

10.* Suppose A > 1. Show that 1 —z — e~ = 0 has exactly one root (which is a real number) in the right
half-plane.

11. Suppose f is analytic inside and on a regular closed curve y and has no zeroes on y . Show that if m

is a positive integer then ,
1 /Zm f (Z)dz _ Z(Zk)m
2ri y f@ T
where the sum is taken over all the zeroes of f inside y.

12. Show that for each R > 0, if n is large enough,

2 n

Z Z .
AR has no zeroes in |z| < R.
! n!

Pi(z)=142z+ )

13.# a. Let P(z) be any polynomial of the form: agy + a1z + a212 + -+ apz", with all g; real and
0 <ag <ap <--- < ay.Prove that all the zeroes of P(z) lie inside the unit disc by applying
Rouche’s Theorem to (1 — z) P(z).

b. Prove that, for any p < 1, the polynomial P, (z) = 1+2z+ 3224+ (n+ 1)z" has no zeroes
inside the circle |z| < p if n is sufficiently large.

14. Derive the Fundamental Theorem of Algebra as a corollary of Rouché’s Theorem.
15. Supply the details of the following proof of Rouché’s Theorem (due to Carathéodory). Set

1 (f +4g)

. > 0<i<l.
2zi Jy, fH+Ag

J()) =

Note that J(4) is defined for all 4,0 < 4 < 1. Furthermore J (1) is a continuous function of 1 and is
always integer-valued. Hence J is constant; in particular, J(0) = J (1) so that

Z(f) = Z(f + &)

16. Recall, as in 8.2, that
z 2(
log(z2 — 1) = / dc
Jva 2 -1

is analytic in the plane minus the interval (—oo, 1]. Hence, so is
Va2 ! log(2?
72— 1=exp 2log(z -). (1)

Show that \/zz — 1 (as defined in (1)) is analytic in the entire plane minus the interval [—1, 1]. [Hint:
Use the Argument Principle to show that \/ z2 — 1 is continuous along the interval (—oo, —1) and
then apply Morera’s Theorem.]

17. Show that an analytic 3/(z — 1)(z — 2)(z — 3) can be defined in the entire plane minus [1, 3].



Chapter 11

Applications of the Residue Theorem to the
Evaluation of Integrals and Sums

Introduction

In the next section, we will see how various types of (real) definite integrals can
be associated with integrals around closed curves in the complex plane, so that the
Residue Theorem will become a handy tool for definite integration.

11.1 Evaluation of Definite Integrals by Contour Integral
Techniques

I Integrals of the Form f_OZO(P(x)/Q(x))dx, where P and Q are polynomials.
From real-variable calculus we know that an integral of this type will converge if
0(x) # 0 and deg Q — deg P > 2. Making these assumptions, we note that

©Px), . [RPrK
0 00 TR o™

and we seek to estimate the second integral for large values of R.

Let Cr be the closed contour consisting of the real line segment from —R to R
and the upper semi-circle I'g centered at the origin and of radius R large enough to
enclose all zeroes of Q lying in the upper half-plane.

-R R

143
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By the Residue Theorem
P P
@ dz = 2ri ZRes ( ;zk)
cx 0(2) - 0
where the points z; are the zeroes of Q in the upper half-plane.
Thus R
P P P
/ ) 4+ (Z)dz=27ziZRes( ;zk) 1)
20 "k, 0@) - 0
To estimate er P/Q, note that since deg Q — deg P > 2, by the usual M — L

estimates
/ P < R A
71' . .
rx @ R?

. P(@)
Rl;mm . Q(Z)dz =0. 2)

Combining (1) and (2) shows that

P, P
. Q(x)dx =2ri Zk:Res (Q’ Zk)

and hence

EXAMPLE

oo X

2
© dx 1
=2ri Res 4

where z; = /™/* and z; = €7i/4 represent the poles of 1/(z* + 1) in the upper

half-plane. Since each is a simple pole, the residues are given by the values of 1/4z3
at the poles. Thus

1 . 1 —-21 1
R <ol /4 = = = — 2 N2
es(z4+1,e ) 41? 4 8(«/ +l«/)

and

1 . 1 ,
Res (Z4 L : el37r/4) = (V2 —iv2),

so that

/OO dx /2 o
o X1 27

IL. Integrals of the Form [°, R(x)cosxdx or [°o R(x)sinxdx. Assuming
that

where P and Q are polynomials and Q(x) # 0 (except perhaps at a zero of cos x or
sin x), the above integrals converge as long as deg Q > deg P.
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Integrating R (z) cos z along the same contour as in Type I is not appropriate since

lim R(z)coszdz #0.

M— 00 Ty

If we consider

R(z)e'“dz,
Cm

however, we will be able to show that
R(z)e*dz — 0
Ty

so that

R(z)e'*dz — / ” R(x)e*dx. (3)
CM —00

o0 o0
/ R(x)cosxdx and / R(x)sinx dx
—00 —00

can then be determined as the real and imaginary parts of the limit in (3). Hence,
applying the Residue Theorem in (3), we see that

/oo R(x)cosxdx = Re |:27ri ZRes(R(Z)eiZ; Zk):|
oo p

and ffooo R(x)sinxdx =Im[27i >, Res(R(z)e'?; zi)], where the points z; are the
poles of R(z) in the upper half-plane.

To show that fFM R(z)e'*dz — 0, and complete the argument, we split I'j; into
two subsets:

A={zeTlTy:Imz > h}
B={zeTy:Imz < h}.
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Using the facts that R(z) <« K /|z| and |e?| = eR¢%, we obtain

—h
/ R(z)e'*dz < K¢ am= Cie™.
A M
But K I
R(z)e'“d 4h=Co
/B (z)e"*dz < M 2y
SO

. h
R(z)e*dz < Cre™" +Cy .
'y M

If we now choose h = ~/M, for example, we find

. C
RQR)eldz < Cre™VM + 2
Tu VM
and
lim R(z)e%dz = 0.
M— o0 Ty
EXAMPLE

To evaluate ffooo (sin x /x)dx, we might write

* sinx el
dx =1Im dx.
oo X 00 X

The pole of ¢/*/x at x = 0 forces us to modify the technique slightly; we write

instead: .
 sinx X ¥ — 1
dx =Im dx.
—oo X oo X

eiz_l Meix_l eiz_l
/ dz =/ dx +/ dz;
Cu < -M X Ty <

while, according to Cauchy’s Theorem,

et —1
/ dz=0
cu 2

since the integrand has no poles! Thus

M ix _ _ Lz iz
/ e 1dx=/ 1—e dz=/ 1dz—/ e dz
-M X T'm Z 'y < 'y <
eiz
=7Z'i—/ dz.
'y <

Note that
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Since er (¢'*/z)dz approaches 0 as M — o0,

00 Lix _ '
dx =mi
T

o
sin x
/ dx =m.
—00 X

IIl (A) Integrals of the Form fooo(P(x)/Q(x))dx As in I, to insure conver-
gence of the integral, we assume that deg Q — deg P > 2 and that Q(x) # 0
for x > 0. Of course, if the integrand is an even function it can be evaluated as
éffooo(P(x)/Q(x))dx. In other cases, set R(z) = P(z)/Q(z) and consider the
integral of log z - R(z) around the keyhole-shaped contour K, js consisting of

and

¢

i. the horizontal line segment /| from i€ to /M2 — €2 + ie;
ii. the circular arc Cys of radius M traced counterclockwise from

\/M2—62+i6t0\/M2—62—i6;

iM
CM

-M ce\\\ —ie I

iii. the horizontal line segment I, from
VM2 -2 —icto —ie;

iv. the semi-circle C, of radius ¢ traced clockwise from —i¢ to ie.

The inside of K¢ ) is a simply connected domain not containing O and hence
log z may be defined there as an analytic function. (For simplicity, we choose 0 <
Argz < 2m.)

By the Residue Theorem

lir% / R(z)logzdz = 2mi ZRes(R(z) log z; zk). 4)
ll;::oo Kem k
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Moreover, assuming € is small enough and M large enough so that all the zeroes of
Q lie inside K¢y, the contour integral is related to fooo R(x) dx as follows:
i fC( R(z)logzdz « me maxc, |R(z)logz| <« Ae|loge| since R is continuous
at0 and |logz| < log|z| 4+ 2x. Thus
lim R(z)logzdz = 0.
€

-0 Ce

ii. fCM R(z)logzdz <« 2zM - maxc,, |logz||R(z)] < AMlogM/M? since
R(z) < B/|z|% and thus

lim R(z)logzdz = 0.

M— o0 Cu

iii. im o [; R(z)logzdz = Jo° R(x)logxdx and
M—oo

(o.¢]
ling R(z)logzdz = —/ R(x)(ogx + 2xi)dx.
€E—> 0

M—oo 2

Combining all of the above results we find

o
lim/ R(z)logzdzz—Zm'/ R(x)dx,
W00 Ken 0

so that by (4)

o0

R(x)dx = — ZRes(R(Z) log z; zk)
k
where the sum is taken over all the poles of R.

EXAMPLE
To evaluate fooo dx /(14 x3), note that at z; = ¢/"/3,

logz ir {1 3
GS(1+Z3,21) 9(2+z 2),
R logz im
es ; = _;
14+3°% 3
i57/3
logz —Sszif1 /3

logz 27
ZReS(1+Z3,Zk) =

k

andatzz = e

so that
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©  dx 2
= 3.
/0 1+ x3 97[\/

and

O

(B) Integrals of the form faoo (P(x)/Q(x))dx canbe evaluated in a similar manner

by considering
P(2)
log(z — a) dz
/cM s 0(2)

(=]

with Cys as indicated. In fact, since

b=l

this method can be used to find indefinite integrals of rational functions.

(C) Integration around the “keyhole” contour can also be used to evaluate integrals

of the form
00 xa—l
/ dx
o P)

where 0 < o < 1 and P is a polynomial with deg P > 1.

Throughout the inside of the contour K¢ u, 7271 = exp[(a — 1)logz] can be
defined as an analytic function (again, with 0 < Argz < 2z, for example).

As we integrate along I (as ¢ — 0)

a—1 1

%7 =exp((a — 1) logx) = x*~
while, throughout I

Za—l — e(a—l)(logx+2m) — xa—le2m(a—1).
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Since the integrals along the two circular segments approach zero as before, the
integral around K¢ y is given by the integrals along /; and /> and hence

2rila—1) ooxa—l Za_l
1 — e ™™ ]/ dx =2mi Res sze 1,
[ 0 Pk ; P()
the sum being taken over the zeroes of P.

EXAMPLE
To evaluate [;° dx//x(1 + x), note that

1 .
Res (Jz(l 4o _1) =
—7i OO X _
(1-¢ )/o Srl4x) T
/Oo dx B
o r(4x)

1A fozn R(cosO, sin@)dd where R Represents a Rational Function Here we take
a slightly different point of view. Previously, we viewed the definite integrals as
integrals along real line segments which were then supplemented into closed contours
in the complex plane. In this case, we think of the real integral itself as the parametric
representation of a line integral taken around the unit circle.

Recall that

and

so that

O

f(2)dz

lz|=1

becomes
2

Feie?ao

on setting 7 = eie, 0<0<2rx.
More specifically, the integral f02” R(cos 8, sinh)d0 is equal to

z+ ! z-1 dz
.4 5

d
a0 = "%,
|1 ¥4

ei(i +e—i9 1 1
cosf = = ’ Z+ s

since with z = e'?
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i0 _ —if
sinez(e ¢ )=1(z—1).

2i 2i 2z

The contour integral (5), as always, can be evaluated by the Residue Theorem.

and

EXAMPLE

/2” do _2/ dz
0 2+4cosl i J=1 2 +4z+1

:47rRes( ! V3 —2)

244z +17
2
=37rx/3. O

11.2 Application of Contour Integral Methods to Evaluation
and Estimation of Sums

I To evaluate sums of the form >_2 _

are givenby {f(n):n =0, £1,£2,...}.
Suppose we set g(z) = f(z)¢(z). Then the function ¢ should have a simple pole
with residue 1 at every integer. Such a function is given by

f(n), we seek a function g whose residues

COSTZ

p@) =7
sinwz

since sin 7 z has a simple zero at every integer and

T COSTZ T COSTN
Res . n) = =1
sinzz T COSTN

(Note that sin z has no other zeroes in the complex plane.)

We first apply the Residue Theorem to the integral

f(z) - mcotmzdz (1)
Cn

where Cy is a simple closed contour enclosing the integersn = 0, +1, +2, ..., £N
and the poles of f (which we assume to be finite in number). Thus

N
/ nf(@)cotmzdz =2xi | D f(n)+ D Res(f(R)zcotzz;zi) | (2)
Cn

n=—N k
n#zy

where {z;} are the poles of f.
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o0

ne—oo J (n), we will assume that

Furthermore, to insure convergence of Z
1f(2)] < 2 so that

Zlggo zf(z) =0, 3)

and by a proper choice of Cy, we will be able to show that

lim f@)mcotwrzdz =0. 4)
N—>oo Cn
Then by (2)
Z f(n) = —ZRes(f(z)ﬂ cotmz; zx). ()
n=—00 k
n#zy

To demonstrate the existence of a contour Cy satisfying (4), we will let Cy be
the square with vertices +(N + é) + (N + é)i. Having thus avoided the poles of
cotxz, we can show that |cotzz| < 2 on Cy. For example,if Rez =x = N + ;

and Im z = y then
eZn’iz +1 .eni—Zﬂy +1

cotmz = leZn'iz —1 =1 emi—2wy _ |
i(N+%)
CN
N N+1
—i(N+D
CN
and
1_6—27ry
cotwz| = < 1.
| Z] | 4 o=27

Similarly, if Inz =y = N + |

1+ e—7r(2N+l)

| — g=7@N+1) = 2

|cotmz| <

since the latter expression is maximized at N = 0. (The same bounds apply to the
other sides of Cy as well, since cot z is an odd function.)
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Since the length of C is 8 N + 4, by the usual estimates,

/ f@rmcotrz < (8N +4)2x max | f ()]
CN zeln

<K Amax |zf (2)];
CcN

thus
f(@)rmcotmrzdz — 0 by (3).
Cy
EXAMPLE
To find
o0
>,
n2 ’
n=1
note that
al I (o |
Z n2 2 Z n2
n=1 n=—00
n#0
and hence, by (9),
— 1 1 Tcotmwz
Z = — Res ;0.
I’l2 2 12
n=1

The residue can be determined by using the Laurent expansion for cotz; i.e.,

1 z 1
3

tr = — =
ofe= T3 Tyt T
so that
meotrz 1 2z
22 3 3z 45
Thus
T Ccotmz —r?
Re 5 ;0) =
Z 3
and
1 2
Z n2 = 6 : <>
n=1

II Toevaluate sumsoftheform ) > (—1)" f(n), where f(z) has a finite number
of poles, we integrate again around the square Cy, this time using the auxiliary

function 7 f(z) csc m z.

Note that |
V4
ReS( . ;n) = = (=",
SIN7TZ cCoSmTn
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and since

esclmz=1 +cot27rz,

csc 7z (like cot 7 z) is bounded on Cy. Thus we may conclude that

lim rf(z)cscmzdz =0
N—oo Cn

and, by the Residue Theorem, that

D (=" f() = — D Res(xf(z) csc nz; 2i)
k

n=-—00
n#zg

where the z; are the poles of f.

EXAMPLE
1 1 1 (=1 1 < (=)
4 + 9 16 + Zl n? 2 n; n?
n= n#0
1 2
_ L Res T cscnz;o _T
2 72 12
since
mesemz 1 +7T2+77T4Z+ o
2 3 6z 360 :

I Sums Involving Binomial coefficients The connection between binomial coef-
ficients and contour integration is an immediate corollary of the Residue Theorem
since

(Z) = coefficient of zX in (1 + z)"

(Z) 1 (I+2z) dz ©)

T ori c ZkH

and hence

where C is any simple closed contour surrounding the origin. The identity (6) has
some immediate consequences. For example,

(Zn) 1 (1+z)2"dZ

n ) 2xi)e vt

and if we choose C to be the unit circle, we find

(Zn) <4
n
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This same identify (6) can be used to evaluate (or estimate) sums involving bino-
mial coefficients.

EXAMPLE 1
To find
i Y 1,2, 6,
n Jsn 5 25
n=0
we set

(Zn)_ Lot

n ) 2mi)e !
where C is any simple contour surrounding the origin so that

(211 1 < [ (I+2)™dz
Z(n )5”_2%1'”Z G2z’ @

n=0 —07C

If we could then interchange the order of summation and integration, we would

conclude
i m\ 1 5 / dz
n )5 2xi Jo3z—1-22

n=0

However, we must indicate a contour C (surrounding 0) on which summation under
the integral sign is justified. [Without this caution, C could be an arbitrary circle cen-
tered at 0 and if we let the radius R be large enough, we would conclude erroneously

that .
1
Z (2}1) —0.]
n 5n

n=0
One way to assure the legitimacy of the interchange is to obtain uniform conver-
gence of the series > oo [(1 + z)?/5z]" throughout C. Thus we pick C to be the
unit circle so that
(1+2)?
5z

4
<
-5

throughout C and the convergence is uniform. Hence

i(Zn) 15 / dz
=0 n 5n 2ri lzl=1 3Z—1—Z2
1 3—-45

3z—1—-22° 2
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EXAMPLE 2
To evaluate

n 2
Z " we cast " in two roles:
k)’ k ’

k=0
a. (Z) = coefficient of z¥ in (1 + z)"

b. (Z) = coefficient of z7% in (1 + 1/z)"

so that
n n 2 1 n
( ) = constant term in (1 + z)" (1 + ) .
k z
k=0
Thus
n 2 n
1 1 dz
(Z) -, ./(1+z)”(1+ )
k=0 Tl Jc < Z
(1 +Z)2n
n+1
= coefﬁc1ent of 2" in (1 + 2)*"
2
=( ”)- 0
n
EXAMPLE 3

To estimate

- (" 2n n n 2ny i n 2n
1 1 2 2 n n
we again note that since

(Z) = coefficient of z* in (1 + z)"

2n I 1>
(=¥ = coefficientof , in (1 — ,
k zk z

the sum is equal to the constant term in the product and is given by

St (M) (2 )= L[ e DD
ké(_l) (k) (k ) - 2ri Z2n+1 dz.

C

and since
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In this case, however, there is no simple technique for evaluating the integral and
instead we seek to estimate it. If we let C be the unit circle, then throughout C,

‘(z - 1)%(z + 1)’ < 196\/3

[see Exercise 15] and hence

5 ()62

Note that this estimate is much smaller than one might guess by estimating the size
of the various terms—the last term of the series alone is of the order of magnitude of
4" (See Exercise 16.) O

A more familiar series whose sum is of much smaller magnitude than its individual

terms is

2 x3

e_x=1—x+x - 4
21 31

The fact that e™* — 0 as x — oo is in sharp contrast to the growth of its
individual terms. By employing our contour integral technique, we can demonstrate
similar behavior for the series

x2 x3

X
BO=1= 1+ op " @pt

that is related to the Bessel Function. Since

1 L .
= coefficient in z”* the expansion of ¢*
n!

and

—x)" . n. —
( ') = coefficient of z ™" in e ~*/%
n!

1 Z,—X/Z
B(x) = / e dz
C

2w z

where C is any simple contour surrounding 0.
We seek a contour C on which

|ez—x/zl — eRe(z—x/z)
is small. Setting z = Re'?, we find

Re(z — x) = Rcosf — * cosd;
2z R
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hence R = ./x seems a good choice, and we pick C to the circle: [z] = 4/x.
Then

T

1 2 . .
B(x) = / 621\/)[ sinf ¢
27 Jo
and since the integrand is bounded by 1 for all §, we conclude
[B(x)| <1

forall x > 0.
(In fact, a closer analysis would show that B(x) — 0 as x — o0, but this would

take us too far afield at this point.)

Exercises
1. Evaluate the following definite integrals
a [® x2dx b foo x2dx
e (14 x2)2 (244262 4+ 9)°
dx sin xdx
(o.¢] 00
c. , d. ,
fo xt+x241 fO x(1 4 x2)
o [ cos xdx ¢ (oo dx
O a2 0348
a—1
oo X 2n dx
. dx, 0 <a <1, h. S
& fo 14+x 0 (24 cosx)?

2
oz SIn” xdx on dx
' ’ : s 1), 1.
F0T s 4 3cosy i Jo @+ cosx (a real), |a| >

2. Evaluate
/OO sin? x d
X.
o x?

[Hint: Integrate (€% —1— 2iz) /z2 around a large semi-circle.]

/°° dx
o 1+x"

where n > 2 is a positive integer. [Hint: Consider the following contour.]

3. Evaluate

e i/

21/n
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4.* Evaluate:

00 cosax
a. / dx; a>0
0

00 x2
b. / 10 dx (See the hint for exercise 3.)
o xV+4+1

2z i0
/ & do
0

5.* Show that 5
4 27 (2
/ (cosx)¥dx = i ( m)
Jo 4m\ m

for any positive integer m.

6.* Show that

/°° dx 1-3:5---2n— Dz
_00(1+x2)n+1_ 2.4.6---2n

.2 .
7. a. Showthater e'“"dz — 0as R — oo where I'g is the circular segment: z = Re“g, 0<0<m/4
b. Evaluate fooo cos x2dx, fooo sin x2d.x. Note: The convergence of the above integrals can be proven
for example by making the substitution u = x2 and applying Dirichlet’s Test.
8. Suppose f is a rational function of the form P/Q with deg Q — deg P > 2. Show that the sum of the
residues of f is zero.
9. Evaluate
- 1
a. s
Z n2 +1
n=1
- 1
I
n=1
S (D"

) .
n +1

n

1
10.* a. Show that/ . dz — 0 as N — oo, where Cy is the square with vertices (N + i) +
C, 28inmz

(N + é)i. (See Chapter 3, exercise 16.)

1 I 1
b. By integrating around a suitable contour, show that 1 — 3 + s 7 4= 4

2z —1)sinzz
00 kx
/ ¢ dx
oo 1 +€*

converges if 0 < k < 1. Find its value by integrating around the rectangle with vertices at R and
at =R +27i.
12.* Suppose f is analytic for |z| < 1, and let log z be defined so that Imlogz = argz € [0, 27). Prove

1 1
that _ (2)1 dz = (x)d
a /Izlzle) ogzdz = [y f(x)dx

2ri
i (3n) 1
"
n=0 " 8

11.* Show that

13. Evaluate
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14. Show that

< (2n n 1 1
E X' = as long as|x| <

=\ V1 —4x 4

Note: This is the sum of the middle column in Pascal’s Triangle for powers of 1 4 x.

The equation can also be verified by applying the binomial expansion for (1 — 4x)_l/ 2,

15. Complete Example 3 of Section 2-III by showing |(z — 1)2(z + 1)| < (16/9)+/3 throughout |z| = 1.
[Hint: Maximize a?b given a? + b2 = 4.]

lz+ 11

16. a. Show that

z-1D2@+1)
2

<2V2 for zl=V2

Z

and thereby obtain an improved estimate for the example cited in (15).
b. Show that

(z—-D>G@+1)
max 2

> 2«/2f0ranyR > 0.
lzI=R

Z

(Thus, in a sense, the estimate in (a) is the best possible.)
n
> () )
k=0
n YEAYL
S (D)6

17.* a. Express

as a contour integral.

b. Use the integral above to prove that < 4"




Chapter 12
Further Contour Integral Techniques

12.1 Shifting the Contour of Integration

We have already seen how the Residue Theorem can be used to evaluate real line
integrals. The techniques involved, however, are in no way limited to real integrals. To
evaluate an integral along any contour, we can always switch to a more “convenient”
contour as long as we account for the pertinent residues of the integrand.

EXAMPLE 1

Consider
e‘dz

1 (z+2)?

where [ is the line z(1) = 1 +it, —co <t < o0.
Let Cg be the left semicircle of radius R > 3 centered at z = 1. Then

1+iR 2 2 z
/ ¢ Zg—}—/ ¢ Z3=2m’Res( ¢ 3;—2).
1—ir (2 +2) cr (@+2) (z +2)

Since e* is bounded by e in the lefl half-plane x < 1,as R — oo
2d
/ eaz 5 0
cr 2+2)

= 2mi Res (

and
e‘dz

eZ
; @+2)3 @+my_ﬁ‘

161
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| —¢ | +iR

~—1-iR

To evaluate the residue, we write

22
ezze_zez+2=e_2(1+(z+2)+(Z—l— ) +)

2
so that
R e 2 !
es , — =

(z+2)3 2¢2

and
etdz . i
1 @+2)73 e
O

EXAMPLE 2
Evaluate

/ dz
lzl=1 V622 — 57+ 1

where the square root is the positive /2 at the point z = 1.

Recall (see Exercise 10—16) that since 6z2 — 5z + 1 has its zeroes at z = ; and

7= ;, V672 — 57 +1is analytic in the plane minus the interval ; <z< ;

To evaluate the integral, we switch to the contour |z| = R. Then, since
V622 — 57 4+ 1 ~ +/6 7 for large z, it follows that

/ dz N 1 / dz _27n'
=R V622 —5z+1 N6 =k 2 V6
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~
\

To formally justify the last step, suppose (in general) that f(z) = z + €(z), where
€(z)/z > 0asz — oo. Then

1 dz €(2)
dz — = — d
/|z|=R f@ ¢ /|z|=R z /|z|=R 72(z + €(2)) ¢

€(2)

<« 2w max
7+ €(2)

lz|I=R

— 0as R — oo. O

EXAMPLE 3
Based on numerical evidence, it was conjectured that

Z(—l)k\/(Z) — Oasn — oo.
k=0

A proof of the conjecture can be given as follows:
Note that

Fo) = sinzwz

rz(1 —2)(1 —2z/2)...(1 —z/n)
satisfies
fk)= (Z) for any nonnegative integer k.

Because f(z) is zero-free in —1 < Rez < n + 1, 4/f(z) (taken as positive at the
origin) is analytic there. By the Residue Theorem, then

" k n _ 1 T
g(_l) \/(k) C 27 /C\/f(z)sinﬂzdZ 1

where C is any contour in —1 < Rez < n + 1 which winds once about each integer
0, 1, ..., n and never about any other integer.
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Suppose we let C = Cys be the rectangle formed by the lines Rez = —1/2,
Rez =n+1/2and Imz = =M. Then

T Jrdz

cn \/f(z)sm“dz = ey V21l =2) (1 —2z/2)...(1 — z/n)sinzz

and letting M — o0, we conclude

‘ —1/2—ico  pnl/2+ico

1 T
Z(‘l)k/(2)= 1 + [ i@ " dz|.
k=0 27i | J-1/2+ic0 n+1/2—ico sinzz

Since the integrand is invariant (aside from a & sign) under the substitutionz — n—z,

we need only estimate the first integral. Now, when Re z = —é ,

lz(1 —2)(1—2/2)...(1 —z/n)| > ;(1+;) (1+i)...(1+21n)

1 \/ 1 \/ 1
> J14+1,/1 o1
_2«/+ +, +

and so the first integral is bounded by

dz

Jsinzz

A
< .
= n

.y
V2mdn+1 JRez=—172

Hence

Z(—l)k\/(Z) — 0asn — oo.
k=0

12.2 An Entire Function Bounded in Every Direction

Recall that, according to Liouville’s Theorem, every nonconstant entire function is
unbounded. Nevertheless, one may wonder whether there is a nonconstant entire
function which is bounded along every ray from the origin. The answer to this
question is yes! However, there seems to be no way of describing such a function
in closed form. Instead, the function will be given in integral form and the crucial
estimate will then be obtained by switching the contour of integration.

The strategy is as follows: We will find a nonconstant entire function f which is
bounded by 1 outside of the strip |Im z| < z. If we consider

&) = f(z — 2mi),
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gx1
37 /

/

gx1

i

then it follows that g < 1 outside the strip # < Imz < 37 and hence g will be
bounded on every ray. As a final touch, we might then consider

- 300
n@) = 5@ Z 8(0)

which is an entire function that approaches zero along every ray!
Construction of f: Define
00 ezt
f)= / dt.
0

tt

The integral converges absolutely since for any z = x + iy,

o0 o0 eXf
/ dt :/ dt < 0.
0 o

Furthermore, f is continuous and for any rectangle R

/aRf(Z)dz=/6R(/Oooe;tdt)dz=/ooo(/aRe;tdz)dtz/OOOOdtzo,

The absolute convergence of the integral justifies the change in the order of integra-
tion. Hence, by Morera’s Theorem, f is entire.

We see from our definition of f that f is real-valued along the real axis. Thus,
by the Schwarz Reflection Principle, f(zZ) = f(z) and we need only show that f is
bounded for z = x + iy, y > x. In fact, we will show that forz = x + iy, y =
m/2+c¢, |f@)] < 1/e.

To derive the stated upper bound for

oo Lzt
= [

eZZ

tl
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note that the integrand is an analytic function of ¢ in the right half-plane and hence
we can replace the integral
Ryt
/ . dt
e I

along the positive axis by the integral along the quarter-circle from € to i€ plus the
integral along the imaginary axis from i€ to iR minus the integral along the quarter-
circle Cg of radius R. (See below.) Since the integrand approaches 1 at t = 0, the
integral along the quarter-circle of radius € is negligible. As ¢ — 0 and R — oo,

o0 eZI eZl eZl
= dt =— 1i dt dt
f@ /0 t! Rimm cp +/, t!

where [ is the positive imaginary axis. (See the diagram below.)

iR ¢

t-plane

e dt
s around

the closed contour = 0

R

™

Finally we will show that the latter integral is bounded by 1/c and that the limit

on the right is 0.
Using the obvious parametrizationt = iv, 0 < v < 00

ezt 00 eiuz 00
dt =i d
/Irf ’/o (iv)"” ”<</o

but forImz =7 /2 + ¢,

ivz

| d
(il))w v

ivz e—u(n’/2+c) e—v/(n:/Z—i—c)

= . . = =e
Iewlogtul e—vm/2

zt 0 1
/et dt <</ e Pdv = .
1t 0 c

e

(l'l))i“

Hence
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To estimate

zt .
/ etdt, letr = Re?, 0<6<".
Cr t 2

Then logt = log R + i6 and

eZt

tf

exp[(x +iy)(Rcosf + iRsinf)]
exp [(log R +i0)(R cosO + iRsin0)]
=exp—[(ogR —x)Rcosf + (y —O)Rsind].

Taking R large enough so thatlogR —x > y > y — 6,

eZl‘

<exp—[(y —O)R] < e=F

tt

and .
/ “dr < " R-eck,
Cr tt 2

which approaches 0 as R — oo.

We note that for every nonconstant entire function, there is always some polygonal
line along which the function is not only unbounded but actually approaches infinity.
We prove this result in Chapter 15. (See Exercise 6.)

Exercises

1.* a. Evaluate

4 Z
/ ¢ dz,
1 (z+ D4

where / is the imaginary axis (from —ioo to +i00).
b. Evaluate
I+ico ;2
/ 2dz, 0<a<oo.
l—ico 2
2.% Evaluate
/ dz
l21=2 /422 — 8z + 3
3. Evaluate fy €% log zdz where log z is that branch for which log 1 = 0 and y is the parabola: y (f) =
1—12+it, —00 <t < 00.

4. Show that
n n 1/3
Z(—l)k(k) -0 as n — oo.
k=0
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sen()

by integrating along the lines Rez = —3/4 and Rez = n + 3 /4.

b. Estimate
2.1 )k\/(Z )
k=0

by integrating along Rez = —1 + d and Rez = n + 1 — ¢. Find an optimal ¢. [Note: Numerical
evidence suggests

5. a. Obtain an improved estimate for

Z(—l)k\/(Z) ~ \}n for even n].

k=0

6. * Suppose g is the entire function (bounded on every ray) described in the last section. Show that
g(x 4+ 2mi) — oo as x — o0.



Chapter 13
Introduction to Conformal Mapping

In this chapter, we take a closer look at the mapping properties of an analytic function.
Throughout the chapter, all curves z(¢) are assumed to be such that z(¢) # O for all .

13.1 Conformal Equivalence
13.1 Definition

Suppose two smooth curves C1 and C» intersect at zg. Then the angle from C1 to C,
at zg, ZC1, C»,is defined as the angle measured counterclockwise from the tangent
line of C at z¢ to the tangent line of C5 at zo.

G

13.2 Definition

Suppose f is defined in a neighborhood of zg. f is said to be conformal at zg if f
preserves angles there. That is, for each pair of smooth curves C and C; intersecting

169
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at zg, £LC1, Co = /Ty, Ty where I'} = f(Cy), 2 = f(C3). Similarly, we say f
is conformal in a region D if f is conformal at all points z € D.

Note that f(z) = z? is not conformal at z = 0. For example, the positive real axis
and the positive imaginary axis are mapped onto the positive real axis and negative
real axis, respectively. However, as we shall see below, it is conformal at all other
points of the complex plane.

13.3 Definition

a. f is locally 1-1 at zg if for some 6 > 0 and any distinct z1, zo € D(zo;9),
f@1) # f(z2).

b. f islocally 1-1 throughout a region D if f is locally 1-1 atevery z € D.

c. fisal-1 functionin aregion D, if for everydistinctzy, z2 € D, f(z1) # f(22).

Again, note that f(z) = z> is not locally 1-1 at z = 0 since f(z) = f(—z) for
all z. However, f is locally 1-1 at all points z # 0 (see Exercise 1).

13.4 Theorem

Suppose f is analytic at zo and f'(z0) # 0. Then f is conformal and locally 1-1
at zo.

Proof (Conformality)

Let C : z(¢t) = x(¢) +iy(¢) be a smooth curve with z(zy) = zo. Then the tangent line
to C at zg has the direction of z(fg) = x’(t9) + iy’ (t) so that its angle of inclination
with the positive real axis is Arg z(f). If we set I' = f(C), then I' is given by
w(t) = f(z(¢)) and the angle of inclination of its tangent line at f (z¢) is equal to

Arg o(to) = Arg [ f'(z0)z(t0)] = Arg f'(z0) + Arg z(to).

Hence the function f maps all curves at zg in such a way that the angles of inclination
are increased by the constant Arg f’(zo). Thus, if C| and C; meet at zg and T'y, T'p
are their respectively images under f, it follows that /"1, 'y = ZCy, C3.

To show f is 1-1 in a neighborhood of zg, let f(z0) = a and take ¢’ > 0 small
enough so that f(z) — a has no other zeroes in D(zo; ¢'). Such a &’ can always be
found for otherwise we would have f/(zg) = 0 (Theorem 6.10).

If we let C = C(z0;0) and T = f(C), it follows by the Argument
Principle (10.9) that

1= ! /'@ dz

S 2niJe f@) @
1 / do 1 / dw
S 2ti Jro—a  2%i Jro—p
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for all # in some sufficiently small disc D(«a; €), since the winding number is locally
constant (see following 10.3). If we then take § < ¢’ sothat D(zo; 9) C f~1(D(a; €))
it follows that for any z1, z2 € D(zo; J)

1 dw 1 dow
= 27ti/ra)—f(zl) B ZEi/rw—f(Zz)
1 (2 1 '@

i

T omi Jo F@ - fe) T 2mi Je £ = F(z)

i.e.,the values f(z1) and f(z7) are both assumed once inside C so that f (z1) # f(z2)
if z1 # z2. O

EXAMPLE 1

f(z) = €* has a nonzero derivative at all points, hence it is everywhere conformal
and locally 1-1. (Note that is it not globally 1-1 since f(z 4+ 27i) = f(z).) By the
conformality of f, the images of the orthogonal lines x = constant and y = constant
under the mapping f are themselves orthogonal. We leave it as an exercise to verify
this by showing that f maps the vertical lines x = constant onto circles centered at
the origin and maps the horizontal lines y = constant onto rays from the origin.

EXAMPLE 2

Let f(z) = z%. Since f'(z) = 2z # O exceptatz = 0, f is conformal throughout
z#0. Thus, if we set f = u +iv, it follows that the preimages of the curves u = cy,
v = ¢; for 1, ¢ # 0 must be orthogonal. Indeed, since u(z) = x* — y2, v(z) = 2xy
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these preimages are the orthogonal systems of hyperbolas given by

x2—y*=¢|, 2xy=cy (see the figure below).

=

O

To analyze the mapping properties of a function f at a point z where f’(z) = 0,
we first consider the following special case.
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13.5 Definition

Let k be a positive integer. f is a k-to-1 mapping of D1 onto D, if forevery a € D>,
the equation f(z) = a has k roots (counting multiplicity) in D;.

13.6 Lemma

Let f(z) = z*, k a positive integer. Then f magnifies angles at 0 by a factor of k
and maps the disc D(0; 6), 6 > 0, onto the disc D(0; ) in a k-to-1 manner.

Proof

Since f(re'?) = rket*®  f maps the ray from 0 with argument # onto the ray from
0 with argument k6. Hence the angle at O between any two rays is magnified by a
factor of k. To see that f(z) = a, a € D(0; 5) has k roots in D(0; d) recall that
if & # 0 there are k distinct roots all lying on the circle |z| = |a|'/*. If a = 0, the
equation z¥ = a has a k-fold root at the origin. (I

We can now “complete” Theorem 13.4.

13.7 Theorem

Suppose f is analytic at zo with f'(zg) = 0. Then, unless f is constant, in some
sufficiently small open set containing zo, f is a k-to-1 mapping and f magni-
fies angles at zo by a factor of k, where k is the least positive integer for which

f®(z0) #0.

Proof

We may assume, without loss of generality, that f(zo) = 0. [Otherwise, we could
first consider f(z) — f(zo).] Then, by hypothesis, the power series expansion of f
about z is of the form

@) = ar(z = 200" + a1z — 20" + arga(z — 200 + -
= (z = 20)" [ak + ar+1(z — 20) + ars2(z — 20)* + -+ ]
with ay = f®(z0)/k! # 0.
If we let g(z) represent the bracketed power series, we note that g(zg) # 0 so

that g has an analytic k-th root in some disc D(zp; J) (see the comments following
Theorem 8.8). Thus, in that disc,

f@ =@
where A is an analytic function defined by
h@) = =208 @)

and
h(z0) =0, K (z0) = g"*(z0) # 0.
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Hence, in a sufficiently small neighborhood D of z, f is the composition of the 1-1
and conformal mapping % followed by the mapping z¥. Since z* magnifies angles
at 0 by a factor of k, it follows that f magnifies angles at zo by k. Also, since z¥ is
k-to-1 on discs about 0, it follows that if

D(0;€) C h(D)

and 1
n=nh""(D(0;¢)),

then f is k-to-1 on 7. [

g AD)

The previous results combine to yield the following properties of 1-1 analytic
functions.

13.8 Theorem
Suppose f is a 1-1 analytic function in a region D. Then

a. [~V exists and is analytic in f (D),
b. f and f~" are conformal in D and f (D), respectively.

Proof

Since f is 1-1, f’ # 0. Hence f~! is also analytic (Proposition 3.5). Furthermore,
(f~'Y =1/ so that f~! also has a nonzero derivative. Thus f and f~! are both
conformal. d
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Theorem 13.8 motivates the following definitions:

13.9 Definitions

a. A 1-1 analytic mapping is called a conformal mapping.
b. Two regions D; and D are said to be conformally equivalent if there exists a
conformal mapping of D onto D».

We leave it as an exercise to verify that “conformal equivalence” satisfies the
usual axioms of an equivalence relation. In particular, we note that the transitive
property follows from the fact that the composition of two conformal mappings is
also a conformal mapping, and we will use this fact throughout the remainder of the
chapter.

The Riemann Mapping Theorem, which we will prove in the next chapter, asserts
that any two simply connected domains (besides the whole plane) are conformally
equivalent. In the next section, we will consider certain special transformations that
will enable us to explicitly display conformal mappings between many familiar sim-
ply connected regions.

13.2 Special Mappings

I Elementary Transformations

(i) w=az+b.

The linear map w = az+bis a 1-1 analytic map of the entire plane onto itself. The
effect of the mapping on a given domain can be seen by viewing it as a composition
® = w3 o @y o w of the mappings

L. w1 =kz, k=]lal
2. wp = e‘gz, 0 =Arga

3. w3=2z+b.

A mapping of the form w = kz, k > 0 is called a magnification. It sends each
point onto another point along the same ray from the origin, multiplying its magnitude
by a factor of k. The mapping @ = ¢’z is a counterclockwise rotation through an
angle 6. Finally, ® = z + b is called a translation since it translates each point by
the complex number, or vector, b.

(i) w=z% a > 0.

As we noted in Chapter 8, the function w = z* given by z% = %82 is analytic
in every simply connected domain that does not contain 0. If we take the branch of
log z which is real on the positive axis, then z* will also map the positive axis onto
itself. The point z = re'? is mapped onto r*¢/*? and hence w = z% maps the wedge
S ={z:01 < Argz < 0} onto the wedge T = {w : al < Arg w < ab,}. If,
moreover, afp — o) < 2x;i.e., if b — 01 < 27 /a, the mapping is a conformal
mapping of S onto T'.
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Some examples are sketched below:

(i) o = €~.

Since e? = e*e’, the function @ = e* maps the strip: y; < y < y; onto the
wedge: y1 < Arg w < y2. If y» — y1 < 2z, the mapping is 1-1. For example, the
strip 0 < y < « is mapped conformally onto the upper half-plane.
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II The Bilinear Transformation @ = (az + b)/(cz + d)
The mapping given by

ad —bc #0 (D

is called a bilinear transformation. The condition ad — bc # 0 insures that f is
neither identically constant nor meaningless. Since

f islocally 1-1 and conformal. In fact, a bilinear transformation is globally 1-1 since
azi+b _azn+b
cz1+d czp+d

implies that
(ad —be)(z1 —22) =0

and hence that
zZ1 = 22.

The bilinear transformation (1) maps the full plane, minus the point —d/c, onto
the full plane minus the point a/c, since the equation

az+b
=w
cz+d
has the explicit solution
do—b a
7= forevery w # .
—cw+a c

In fact, if we consider the limiting values f(00) = (a/c) and f(—d/c) = co we can

say that f is a 1-1 mapping of the Riemann sphere onto itself. (See Section 1.5.)
The set of bilinear transformations forms a group under composition. It is easily

seen that the inverse of a bilinear transformation is also bilinear since, as above,

az+b
w =
cz+d
admits the solution
do—b
2= ‘P77 andda — (=b)(=c) = ad — be #0.
—cw+a

We leave the verification of the other group properties as an exercise.
A very useful property of bilinear transformations is that they map circles and
lines onto other circles and lines. We prove this first for the special case f(z) = 1/z.
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13.10 Lemma

If S is a circle or line, and f(z) = 1/z, then f(S) is also a circle or line.

Proof

(A proof involving the Riemann sphere is outlined in Exercises 27 and 28 of
Chapter 1. The following proof is more direct.)
Assume first that S = C(a; r) and let

1
f(S):[co: :zeS].
Z
Writing the equation for S in the form
E-a)@-a)=r
we have
22—aZ—az =r*—|af?

or, in terms of w,

1 a o
== =ri—a. ()
0o O o
Note then that if r = |a|; i.e., if S passes through the origin, (1) is equivalent to

l—oaw—aw=0

or
Reaw = _.
2
In that case, if @ = xg + iyp and w = u + iv, the equation for w becomes

1
MXO_U)’OZZ;

i.e., f(S) is aline in the w-plane.
If, on the other hand, r # |a/, then (1) is equivalent to

_ o _ o -1
ww — w — w =
lo|?> — r? lae|? — r2 la|?> —r2’

o

and setting

P = ap =

we obtain )
- - = 2 _
oo — o — Po+ |pI° = (a2 = r2)2°
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2
2 r
w— = s
@/ (|a|2—r2)

so that f£(S) is a circle with center f and radius |r/(|a|?> — r?)].
Finally, if S is a straight line, then there exist real-valued a, b, ¢ such that if
z=x+1iy €S,

Thus

ax + by =c. 2

Letting o = a — bi, (2) is equivalent to

Reaz =c
or
oz +az=72c.
It follows then, as above, that f(S) is either a circle or a line. O

13.11 Theorem

az+b
fl2) = npt

maps circles and lines onto circles and lines.

ad — bc # 0,

Proof

If c =0, f isalinear map and the result is immediate. Otherwise, we can write
az+b 1lacz+ad—ad+bc| 1 ad — bc
cz+d ¢ cz+d Cc “ cz+d '

Thus f is the composition f = f3 o f> o f1, where

fik) =cz+d,

H@) = 1,
Z

A = a (ad —bc) .
c c

f1 and f3 are linear; hence they map circles and lines into circles and lines. By
Lemma 13.10, the same is true for f>, and thus it follows that f has the desired
property. (I

The above properties of bilinear transformations make them a very handy tool in
solving many conformal mapping and miscellaneous geometric problems.
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EXAMPLE 1
Find a conformal mapping f of the semi-disc S = {z : |z] < 1, Im z > 0} onto the

upper half-plane.

Note that because g(z) = 1/(z + 1) has a pole at —1, it maps the line segment
[-1, 1] and the upper semi-circle onto infinite rays. Furthermore, the two rays must
intersect at g(1) = ; and by the conformality of g, they intersect orthogonally.
By considering several points, it can then be seen that g maps the segments onto
the lines indicated below and maps the semi-disc onto the quadrant bounded by the

orthogonal rays.

z+1l =%+ fo)=1

J@

Thus, the desired mapping f is given by

N -@-1?
f(z)=[i (g@—z)] = 4((j+1))2.
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EXAMPLE 2

Suppose two circles C; and C; are tangent at a point a and a chain of circles tangent
to C1 and C; and to each other is constructed as indicated. Prove that the points of
tangency a, b, c, ...thus created all lie on a circle.

Consider the image of the above diagram under the mapping f(z) = 1/(z — a).
Since the mapping is 1-1 and has a pole at a, C and C, are mapped into a pair of
parallel lines. Furthermore, all the other circles are mapped into circles and, again
since f is 1-1, the circles will be tangent to the parallel lines and to each other.

¥

It is clear that the points f(a), f(b), f(c), ... lic on a straight line (between
f(Cy1) and f(C»)). Finally, then, a, b, c... all lic on the image of this line under
the inverse transformation f~!. Since f~! is also bilinear, this image is a circle and
the result is established. O
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In light of Theorem 13.11, it will come as no surprise that bilinear functions can
be used to map half-planes and discs conformally onto other half-planes and discs.
In fact, as we shall see below, all such mappings are given by bilinear transforma-
tions.

13.12 Definition

A conformal mapping of a region onto itself is called an automorphism of that region.

13.13 Lemma
Suppose f:D1 — D» is a conformal mapping. Then
a. any other conformal mapping h:D1 — D> is of the form g o f;

b. any automorphism h of D is of the form f~' o g o f, where g is an automorphism
of D3.

Proof

a. If f and h are both conformal mappings of D; onto D, then & o f~! is an
automorphism of Dy;i.e,ho f~l =gandh =go f.

b. If & is an automorphism of Dy, foho f —lis an automorphism of D»; thus
fohofl'=gandh= flogof. O

We now consider the problem of determining all the automorphisms of the unit disc.

13.14 Lemma
The only automorphisms of the unit disc with f(0) = 0 are given by f(z) = €'z.

Proof
If f maps the unit disc 1-1 onto itself and f(0) = 0, then by Schwarz’ Lemma (7.2)

[ f@)] < lz| forz| < 1. 3

Moreover, since f~! also maps the disc onto itself and f 1) = o, by the same
argument,
1f7 @1 < Izl forlz| < 1. )
However, (3) and (4) can both be valid only if | f(z)| = |z| and, by Schwarz’ Lemma
once again, it follows that '
fz) =e?z.
O

Suppose now that we wish to find an automorphism f of the unit disc with
f(a) =0, for a fixed a, 0 < |a| < 1. If we assume that f is bilinear, then since
f is globally 1-1, it must map the unit circle onto itself and we can thus apply the
Schwarz Reflection Principle (7.8) (see also Exercise 19, Chapter 7) to conclude that
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f(1/a) = oo. Hence f must be of the form
Z—a
f(z)zc(z—l/a)'

[f(D] = lcal =1

we have |c| = (1/]a|), and f may be written in the form

f(z)=ei0(z_a).
1—az

This suggests the following theorem.

Setting

13.15 Theorem

The automorphisms of the unit disc are of the form

. Z—ao
g(z)=e’9(l_&z), lal < 1.

Proof

Letg(z) = (z—a)/(1—az). Then, as we noted previously (following 7.2), |g(z)| = 1
for |z] = 1. Since g(a) = 0, it follows that g is indeed an automorphism of the unit
disc. Now assume that f is an automorphism of the unit disc with f(a) = 0. Then
h = f o g~!is an automorphism with (0) = 0, so that according to the previous
lemma

h(z) = el

f(Z)=ei9(Z_fx)-
1 —az

Suppose next that we wish to determine a conformal mapping 4 of the upper half-
plane onto the unit disc. Again, let us first assume that % is bilinear and i (a) = 0,
for fixed o with Im a > 0. Then, since the real axis is mapped into the unit circle, it
follows by the Schwarz Reflection Principle that (&) = oo so that

h(z)zc(z_(f).
z—a
13.16 Theorem

The conformal mappings h of the upper half-plane onto the unit disc are of the form

h(z):eia (z—a)’ Ima > 0.

z—a

or

O
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Proof

Let f(z) = (z—a)/(z—a). Since |z — a| = |z — a| for real z, f maps the real axis
onto the unit circle. Also, since f(a) = 0 and Im a > 0, it follows that f maps the
upper half-plane onto the unit disc. Suppose then that / is any conformal mapping
of the upper half-plane onto the unit disc and 2(a) = 0. By Lemma 13.13, 4 is of
the form

h=gof
where g is an automorphism of the disc. However, since #(a) = g(0) = 0, it follows

that g(z) = ¢'?z (13.14) and
h(z) = ' (Z B (f) .
Z—ao

13.17 Theorem
The automorphisms of the upper half-plane are of the form

az+b
hz) =
() ez +d

with a, b, ¢, d real and ad — bc > 0.

Proof

Let & be as above. Then clearly 4 maps the real axis onto itself. Also,
ad — bc
2 +d?
so that i is mapped into the upper half-plane and hence f is an automorphism of
the upper half-plane. To show that there are no other automorphisms, we can apply

Lemma 13.13 and Theorem 13.15 to show that any such automorphism 4 must be
of the formh = f~! o g o f with

Im f(i) = > 0,

z7—1 . zZ—ao
f@=" " and g(z>=e'9( _ ) la| < L.
741 1 —az

We leave it as an exercise to verify that such a mapping can be written in the form

az+b
cz+d’

(See Exercise 16.) [l

h(z) = a, b, ¢, d, real; ad—bc > 0.

In the results that follow, we will see that there is a unique bilinear mapping
sending any three distinct points z1, z2, z3 onto any three distinct points w1, @z, w3,
respectively.

13.18 Definition
zo is called a fixed point of the function f if f(z0) = zo.
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13.19 Proposition

A bilinear transfomation (other than the identity mapping f (z) = z) has at most two
fixed points.

Proof

Let f(z) = (az + b)/(cz + d). If ¢ # 0, the equation f(z) = z is equivalent to
the quadratic equation az + b = cz> + dz and hence has at most two solutions.
(Note also that in this case f(00) = a/c # 00.) If c = 0, f is linear and, unless
a/d =1, f(z) = z has one solution in the finite complex plane. In this case, since
f(00) = o0, the point at infinity may be considered a second fixed point. Finally, if
f(z) = z + b, there are no fixed points in C. (]

13.20 Lemma

The unique bilinear mapping sending z1, z2, 23 into 00, 0, 1, respectively, is given
by

(z —z2)(z3 — 21)

(z—z2)(z—22)

T(z) =

Proof

Certainly T has the desired properties. If S is another bilinear transformation which
maps 71, z2, zzintooo, 0, 1,thenT o S ~! is a bilinear map with three fixed points,
so that T o S~ is the identity map and T = . (I

Note that the lemma, with the appropriate modifications, is valid also if some
z; = 00. If z1 = oo, the map is given by

72—z
T(z) = )
23— 22
If zp = oo,
B3—z
T =374
z—21
and if z3 = oo,
Z—22
T(z) =
Z—1z1

13.21 Definition

The cross-ratio of the four complex numbers 71, 22, 73, za—denoted (21, 22, 23, 74)—
is the image of z4 under the bilinear map which maps z;, z2, z3 into oo, 0, 1,
respectively.

By the preceding lemma

-2\ (23— 21
(z1, 22, 23, 24) = .
uw—z21) \z3—22
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13.22 Proposition

The cross-ratio of four points is invariant under bilinear transformations: i.e., if S
is bilinear, (Sz1, Sz2, S23, Sz4) = (21, 22, 23, 24).

Proof [ Ahlfors]

Let T be the bilinear map which sends z1, z2, z3 into co, 0, 1. Then T o s—!
maps Sz1, Sz, Sz3 into oo, 0, 1 and by definition (Sz;, Sz2, Sz3, Sz4) =
T oS (Sz4) = Tza = (21, 22, 23, 24). O

13.23 Theorem

The unique bilinear transformation @ = f(z) mapping 71, 22, 23 into wy, w2, W3,
respectively, is given by

(0 —m)(w3 —w1) _ (z—22)(z3 —21)
(@—o) (@ —m) (—21)&—22)

&)

Proof

The existence of the mapping f is easily established. If we let 77, T3 be the bilinear
maps with
Ty :z1, 22, 23 > 00, 0, 1

T : w1, an, w3 —> 00, 0, 1

then f = T2_l o Ti. To show that w = f(z) must satisfy (5), we need only invoke
Proposition 13.22 that the cross-ratio of any four points is preserved under a bilinear
map and hence

(01, m, w3, ) = (21, 22, 23, 2).
(The appropriate modification of (5) if some z; or some w; = oo is left as an
exercise.) U

Note that (5) affords a direct method to find the desired mapping by simply solving
for w.

EXAMPLE
Tomapzi =1, 20 =2, zz=T7ontow; =1, wy =2, w3 =3 we set

@-23-1) _ (=20-1)
@-1B=2) " -DT-2)

or, solving for w,
_Tz—4

o= .
2z + 1
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13.3 Schwarz-Christoffel Transformations

I Mapping a Semi-Infinite Strip Onto a Half-Plane
We will show that f(z) = sin z maps the semi-infinite strip:

T
5 <Rez<2;Imz>O

conformally onto the upper half-plane by considering its behavior on the rectangle R:

<Rez< 0<I <N
o SREES s
for large N.
Of course, the interval [_2” ) ’5] is mapped onto [—1, 1]. For complex z, we use
the identity
sinz = sin(x 4+ iy) = sinx cosh y + i cosx sinh y D

to show that sin(7 + iy) = coshy, which is real-valued and increases from 1 to
cosh N as y increases from 0 to N. Note that the mapping f (z) = sin z doubles the
vertex angle of R at z = 7, as we could have anticipated since f’(z) has a simple
zero at that point.

Along the line Im z = N,

sinz = sinx cosh N + i cos x sinh N 2)

For large N, sinh N is just slightly smaller than cosh N since both are very close
to ;eN . Hence, according to (2), as x varies from 7; to _2”, sin z traces an "almost
circular" elliptical path from cosh N counterclockwise to — cosh N.

Finally, sinz maps the interval connecting ;" 4+ iN to ' onto the interval
[ — cosh N, —1]. So sinz maps the boundary of R onto the boundary of a region
S whose base is the real interval [ — cosh N, cosh N] and which is very close to a
semicircular region in the upper half-plane. By the Argument Principle, then, f maps

the interior of R onto the interior of S (see Remark 2 following Corollary 10.9).

y w=sinz v
/\
Ni
w2 0 7R . 1 0 1 u

2 2
u2 - v2 <1
cosh™N sinh"N
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It follows, letting N — oo, that sin z maps the semi-infinite strip:

) <Rez<§;lmz>0

conformally onto the upper half-plane. (|

A mapping of any other semi-infinite strip onto a half-plane or onto any of the
domains previously considered can be found by composing sin z with the appropriate
conformal mappings.

It is interesting to examine the inverse function, sin~! z, which can be defined by
the familiar integral formula:

sin_lz—/Z ! ¢
e

Unlike sin z, which is an entire function, sin~! z is not analytic at the points z =

+1. This follows immediately from the fact that its derivative, ' ,» approaches

oo as z — =+1. Itis also evident geometrically since sin™! z maps the stralght angles

at z = %1 onto right angles. The function sin™' z is analytic, however, as is \/11

—Z
in the plane slit along the two rays z = =1 — iy, 0 < y < oo. In particular, it is
analytic in the upper half-plane and continuous to the boundary, including the points
1

i

2

=+1, since the improper definite integral fol ,dx converges to 7 /2. As was the
case with sin z, it is easy to determine the behav10r of sin~! z along the boundary;
i.e., along the x — axis.

To that end, note that its derivative:

d . _ 1

dz V=22
is positive on the interval —1 < z < 1. So sin™!
monotonically onto the interval [— i ’5] To see how the analytic

z maps the closed interval [—1, 1]
' behaves

Vi-22
on the remainder of the line, consider /1 + z as z va;ies along a small semicircular
arc from —1 +r to —1 — r. Thatis, letz = —1 + re‘g, 0 <60 < r.Then

Vi4z= \/reie = Jre??

andatz = —1 —r,i.e. when 0 = 7, /1 +zisa multiple of i. It follows that
¢11+Z and ! are negative multiples of i throughout the interval (—oo, —1). This

\/l—z

property of its derivative, and the fact that f o /i !

,d( diverges, show that sin™! z
maps (—oo, —1) onto the ray from —z /2 4 ico to —z /2. By analyzing /1 — z in
a semicircular arc around z = 1, we can see that sin~! z maps the interval (1, o)
onto the ray from 7 /2 to 7 /2 + i co. (This also follows from the Schwarz Reflection
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Principle (7.9 ) since J ! s is real-valued on the imaginary axis, so that sin~! z

-z
maps the imaginary axis into itself.)

While our insights into the mapping properties of sin z were very dependent on
formula (1), our analysis of the behavior of sin~! z along the real line can easily
be adapted to a wide range of problems. This will ultimately lead to the general
Schwarz-Christoffel formula, but first we consider the following special case:

II Mapping the Upper Half-Plane Onto a Rectangle.
As we saw in the last section, if the argument of f/(z) is constant along a straight
line, f(z) will map that line into another line. To be specific, recall that

FG) = fzo) = / F1Ode

Hence if y represents the ray: z = zo + re!®, r > 0, and if Arg(f’) = B, then
I' = f(y) will travel along the ray

o = f(z0) +s5e'@th) ¢~ 0

More specifically, if z travels to the right along the real axis from a real point zg, and
if f/ has a constant argument of 0, then f(z) will travel along the ray from f(zo)
with argument 6.

If we want to find a function f which maps the upper half-plane onto a rectangle,
we would like f to map the real line onto the four sides of the rectangle. This
suggests that f’ should have exactly four different arguments on the segments of the
real line and that its argument should increase by 7 as we move (to the right) from
one segment to the next. To create such a function f”, note that if zo represents any
real number, z — zo has a constant argument of 7 for real z < zp, and a constant
argument of 0 for real z > zo. If we define the analytic function (z — z9) ™ so that
it is positive for real z > zo, its argument will increase from —an to 0 as z crosses
the point zg. In particular, with & = 1/2, the argument of (z — z9) ™% increases by
7 /2 as z crosses over the point zg. So, to define f’, we can pick four arbitrary real
numbersa < b < ¢ < d and let

'@ =1/y/(z = a)(z = b)(z — ©)(z — d).

The square root in the denominator is defined as the product of the square roots of
each of its linear factors, and each of these is defined to be positive for large positive
values of z. We can then define

Z z 1
= / dir = d 3
1@ O/f(“ ¢ O/J(C—a)(c—b)(c—c)(q—d) ¢« 9

Note that although f’(z) is undefined at the (real) points a, b, ¢, d, it is ana-
lytic in the entire complex plane slit along the four rays from ¢ to t — ioo, for
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t = a,b,c,d. So it is analytic on the closed upper half-plane minus the points
a, b, c,d. Technically, the path of integration in (3) should be indented slightly to
avoid these points. However, since the associated improper integrals are all con-
vergent, the path of integration can be along the real line for all real z, including
z=a,b,c,d,and f is continuous at all points of the real line. Moreover, since the
real integral

7 1
d
d/wx—a)(x—b)(x—c)(x—d) *

converges, lim,_, , f(z) exists, as does lim;—, _ f(2).

According to our earlier remarks, f maps the interval (—oo, a] onto a fi-
nite interval parallel to the real line, and it maps the four successive intervals:
[a, b],[b, c], [c, d], [d, o0) onto intervals, each of which represents a counterclock-
wise rotation of /2 from its predecessor. These facts alone do not guarantee that the
image of the real line is the boundary of a rectangle. It does follow, however, once
we can show that f(—o0) = f(00); i.e., that

1

o0
dx =0 “4)
_Zo V& = a)(x = h)x — &) (x — d)

This follows by the type of argument used in Chapter 11. Let Cr be the closed
contour consisting of the real interval [— R, R] followed by I'g, the upper semicircle
of radius R, traversed counterclockwise from R to —R, and let Cg ; be the contour
formed by replacing each interval in Cg of the form [t —¢,t +¢], t = a,b,c,d
with a semicircle in the upper half-plane centered at ¢, with radius &. By the Cauchy
Closed Curve Theorem,

/ £ =0
CR,&

and, letting ¢ — 0, we see that

/ £ =0
Cr

That is,
1

R
/

/ Jx —a)(x —b)(x —c)(x — d)dx +/f (©de=0
-R T
Since | f/(z)| is asymptotic to 1/R? throughout I'g, the usual M — L estimate shows
that the second integral above approaches 0 as R — o0, thus proving equation (4).

An analogous argument can be used to show that f maps the upper half-plane
conformally onto the inside of the rectangle. We need only note that for any point w
inside the rectangle, if R is sufficiently large, f maps Cr onto a contour which is
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just a slight perturbation of the boundary of the rectangle and hence winds around
the point w exactly once. By the Argument Principle, f takes the value w exactly
once inside Cg. The general result follows by letting R — oo. (]

It is interesting that we never directly established that the definite integrals which
yield the lengths of opposite sides of the rectangle have the same magnitude. In fact,
if it weren’t an obvious corollary of our other arguments, it would be hard to verify
directly. For example, if we leta, b, ¢, d equal 1,2, 5, 9, respectively, it follows that

2 9
1 1
1/ Ve =D2=-x)6-x)0 —X)dx 25/ Vi =D =2)(x =5 —X)dx

One particularly nice choice for a, b, c, d is the set of values —1/k, —1,1, 1/k
withk < 1. Theresulting formula for f(z) given by (3), and with a suitable additional
constant factor, is

Z
1

7) = d
T 0/ Ja-ea -

This is known as an elliptic integral of the first kind. In this form it is easy to
verify directly that opposite sides of the rectangle obtained have equal length. It is
also easy to show that by choosing an appropriate value of k, the rectangle obtained
can have adjacent sides of any desired ratio.

Note also that if we omitted the fourth point d in formula (3), the resulting function

z / Z 1
f(Z)Zo/f@dC_o/J(c—a)(c—b)(i—c)dc

would still map the (closed) upper half-plane, with the point at co, onto a closed
rectangle. This follows from the behvior of f(z) along the real axis and from the
fact that in this case, as in formula (3), f(—o0) = f(c0). Here, the point at infinity
takes the place of the "missing" point d, and is mapped by f onto one of the vertices
of the rectangle.

I Mapping the Upper Half Plane Onto any Convex Polygon

The ideas of the previous section are easily generalized to find a conformal map-
ping f of the upper half-plane onto a convex polygon with any number of sides and
any interior angles. To assure that f maps the real line (with the point at infinity)
onto the boundary of such a polygon, we choose n real pointsa; < ap < --- < ap,
and define

ff@=G—a)™ ™ @z—a) ™™ - (z—ay)™*™

where the n exterior angles of the polygon are equal in order to a7, asx, . .., ay%.
As in the previous section, each of the analytic functions (z —a;) ™% is defined so that
its argument is O for real z > a; and —a; 7 for real z < a;. Since the desired image
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polygon is convex,0 < a; < 1foreachi,and D a; = 2. So if we once again define
f2) = foz f'(0)dc, it follows that the argument of f’ increases by a;x, and f has
a corresponding change in direction, as z crosses the real point ;. Moreover, by the
same reasoning used in the previous section, lim,—, » f(z) and lim,_, _ f(z) both
exist and are equal. Taken together, these properties assure that f is a conformal
mapping of the upper half-plane onto a polygon of the desired type.

Here, too, if we omitted the final factor: (z — a,)*" from the formula for f, it
would still map the upper half-plane onto a polygon of the desired type. As in the
case of the rectangle, the point at co would map into one of the n vertices of the
polygon.

In this general setting, it is more difficult to show that, with the proper choices
of aj, as, ...ay,, the function f can be made to map the upper half-plane onto an
arbitrary polygon; that is, onto a polygon with any desired shape. On the other hand,
it is not hard to define the mappings onto certain special polygons. This is especially
easy for triangles since their shape is entirely determined by their angles. Thus, it
follows e.g. that

FG) = / & — 1)2Rd;
0

maps the upper half-plane onto an equilateral triangle. (I

Note: The techniques used above can be applied equally well to finding mappings
from the upper half-plane onto a wide variety of polygonal regions. Many such
examples, and much more information regarding Schwarz-Christoffel mappings,
can be found in the classic book of Nehari.

Exercises

1. Verify directly that f(z) = ks locally 1-1 for z # 0, k any nonzero integer.
2. Find the image under @ = €% of the lines x = constant and y = constant.
3. Find a conformal mapping f between the regions S and 7', where

i S={z=x+4+iy: =2<x<1}; T=D(@;1)

ii. § =T = the upper half-plane; f(-2)= -1, f(0)=0andf(2) =2
iii. S:{reig:r>0and0<0<7z/4}; T={x+iy:0<y<l}

iv. $=D(0; D\[0, 1]; T = D(0; 1).

[Hint: For (iv) use the mapping of the upper semi-disc onto a quadrant.]

4.* Find a conformal mapping of the region "between" the circles: |z| = 2 and |z — 1| = 1 onto the unit
disc.

5.*% Find a conformal mapping of the semi-infinte strip: x > 0, 0 < y < 1 onto the unit disc.

6.* Find a conformal mapping of the semi-disc S = {z : |z] < 1, Im z > O} onto the unit disc.
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7.% Verify that “conformal equivalence” satisfies the reflexive, symmetric and transitive properties of an

10.

11.

12.

13.

14.

15.
16.

17.

18.

equivalence relation.

a. Prove that a linear function maps polygons onto polygons.
b. Suppose f is entire and, for some rectangle R, f(R) is a rectangle. Prove f is linear.

. Prove that bilinear mappings form a group under composition.

Find the image of the circle |z| = 1 under the mappings

1
a w= |,
Zz
1
b. w= N
z—1
1
c. w= .
z—2

Show that the only automorphism of the unit disc with £(0) = 0, f/(0) > 0 is the identity map
f@=z

Suppose f1 and f7 are both conformal mappings of a region D onto the unit disc and for some z¢g € D,
f1@o) = f2(z0) =0;  f{ o), f3(z0) > 0.

Prove f| = f>.

Show that all conformal mappings of a half-plane or disc onto a half-plane or disc are given by bilinear
transformations.

What is the image of the upper half-plane under a mapping of the form

b
Foy="TP b e dreal; ad—be <0
cz+d

Find a formula for all the automorphisms of the first quadrant.

Complete Theorem 13.17 by showing 4 is of the form

b
he) =" 4 b e, dreal; ad—be> 0.
cz+d

[Hint: Write h = hy o hp where
z—1 -1 i0 z—1
z+1 z+1
o\ =1 .
z—1i z—a z—1i
h = .
2 (z+i) O(l—&z)o(eri)
(1 +cos@)z + siné
nm@=, . )
(—sind)z + (1 + cos9)

(1-Rea)z+Ima
(Ima)z+ (1 +Rea)

Show, then that

ha(z) =

Find the fixed points of the mappings
z—1 b4
aw= S b.ow= .
z+1 z+1
Prove that (z1, 22, 23, z4) is real-valued if and only if the four points z1, z2, z3, z4 lie on a circle
or line.
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19. Find the bilinear mappings which send

a. 1,i, —1onto —1, i, 1, respectively
b. —i, 0, i onto 0, i, 2i, respectively
c. —i, i, 2i onto oo, 0, é respectively.
20. Find a conformal map f of the region between the two circles |z| = | and |z — 411| = i onto an

annulus a < |z| < 1. [Hint: Find a bilinear map which simultaneously maps |z| < 1 onto |z| < 1 and
|z — 411| < !1 onto a disc of the form |z| < a.]

z
21.* Find the image of the upper half-plane under the mapping f(z) = / l/\/(2 — 1d¢ . How is this

function related to sin~! 7 ? 0
22.* Find a mapping of the upper half-plane onto an isosceles right triangle.

23.%* Find a mapping of the upper half-plane onto a square. [Hint: Let the point at infinity map onto one
of the vertices of the square.]



Chapter 14
The Riemann Mapping Theorem

14.1 Conformal Mapping and Hydrodynamics

Before proving the Riemann Mapping Theorem, we examine the relation between
conformal mapping and the theory of fluid flow. Our main goal is to motivate some
of the results of the next section and the treatment here will be less formal than that
of the remainder of the book.

Consider a fluid flow which is independent of time and parallel to a given plane,
which we take to be the complex plane. The flow (or velocity) function g is then
a two-dimensional or complex variable of two variables and we can write it in the
form g(z) = u(z) + iv(z) where u and v are real-valued. If we let ¢ and 7 denote,
respectively, the circulation around and the flux across a closed curve C, it can be
shown that

/ gydz=0+irt (see Appendix IT) . (1
C

We will confine our attention to incompressible fluids and flows which are locally
irrotational and source-free. That is, for any point z in our domain D, we assume
there exists a 0 > 0 such that the circulation around and flux across any closed
curve C in D(z; d) is zero. Thus, for all such curves, if we define f(z) = g(2) it
follows by (1) that fc f(z)dz = 0. We will assume moreover that g (and hence f)
is continuous so that, by Morera’s Theorem (7.4), f is analytic. Conversely, given
an analytic f = u —iv in a domain D, its conjugate g = u + iv can be viewed as a
locally irrotational and source-free flow in D.

195
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EXAMPLES

i. Suppose f(z) = k. Then g(z) = k represents a constant flow throughout C.

/ / / 3(115 Ze]%ocity vectors
LI,
S A A

ii Let f(z) = z. Then g(z) = z represents a flow which is tangent to the real and
imaginary axes.

\

/N e
SIN
NV
AN \/‘f/

-

-~

/
-
~

AN

iii. Let f(z) =1/z,z #0.

Then )

X +1y

x2 4 y2

denotes a flow whose direction at z is the same as that of the vector (from 0) to z. In
this case

g(@)=f)=

f()dz =2ni,
|z|=0
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so that there is a nonzero flux across a circle centered at 0. Nevertheless the flow is
locally irrotational and source-free in z 7 0. (The flow is said to have a “source” at
the origin.) O

8(@) =

As the examples above suggest, the possible fluid flows of the type considered
are as abundant as the analytic functions in a given region. To focus on the particular
flow related to a canonical conformal mapping of a region D, we make the following
further assumptions.

Al D is the closure of a bounded simply-connected region. (We will refer to D as a
“barrier.”)

A2. g(z) = 1 atoo. Thatis, lim, 5 g(z) = 1.

A3. g has the direction of the tangent at the boundary of D (except for isolated points
at which it may be zero or infinite).

A4. The flow is totally irrotational and source-free; i.e., fC f(z)dz = 0 for every
closed curve C contained in D.

Under the above assumptions, suppose zg € D and set F(z) = f;o f©)de. By
assumption (A4), F is well-defined and hence analytic in D. Moreover, according to
(A2), F(z) ~ z atoo. Finally, suppose the boundary of Dis givenby z(¢), a <t < b.
Then

d
i F(z(t)) = F'(z(1))z(t) = g(z()z(1),

which is real-valued according to (A3). Hence F maps 6 D onto a horizontal segment.

The converse is equally valid. If F maps D conformally onto the exterior of a
horizontal interval and F(z) ~ z at oo, then g(z) = F’(z) will represent a fluid flow
in D, satisfying assumptions (A1)-(A4).

EXAMPLES
i. F(z) = z + 1/z maps the exterior of the unit disc conformally onto the exterior
of the interval [ — 2, 2], and clearly F'(z) ~ z at co. Thus

1
8@ =F)=1- 2
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represents a fluid flow in the given region, satisfying (A1)-(A4). Note that

g(=1) = g(1) = 0 and that the maximum speed is assumed at i where
lg(2)] =2.
—
\
g ~——
0 1
/>
— ~N _—>
~ T, e

ii. Suppose D is the complement of the interval I from —i to i. Then an analytic
V1 + 72 can be defined there (see Chapter 10, Exercise 16). Note that if V1 +22is
taken to be positive on the positive axis, it is negative on the negative axis and maps
D onto the exterior of [ — 1, 1]. Also /1 4 z2 ~ z at co so that F(z) = /1 + 22
is the desired conformal mapping and the flow is given by

Z
8(2) = (~/1+z2)'

In this (idealized) case, g(0) = 0 and g(%i) = cc. %

The examples above show how the appropriate mapping function enables us to
obtain the fluid flow in a region. On the other hand, certain physical properties of the
flow yield the following insights into conformal mapping.

I Existence and Uniqueness of Conformal Mappings As we have seen, the exis-
tence of a conformal mapping of a “single-barrier” domain onto the exterior of a
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horizontal interval is equivalent to the existence of a flow function satisfying (A1)-
(A4). However, it is known that a flow satisfying these assumptions exists and is
unique. According to Kelvin’s Theorem [Milne-Thomson, p.95], the totally irrota-
tional flow of a fluid occupying a region of the type considered (with the conditions at
oo and along the boundary) is the unique flow with the least possible kinetic energy.
The proof that such a unique flow exists can thus be given in terms of the partial dif-
ferential equations governing the flow. We will not proceed that far with the physics,
but we will be guided by the notion that a conformal mapping of the type sought is
given by the solution to an extremal problem. We cast the problem in mathematical
terms and complete the details in the next section.

I Conformal Mapping of Other Types of Domains By considering fluid flow
throughout other types of domains, we can identify canonical domains to which
they can be conformally mapped. In fact, reasoning like the above suggests that all
domains with n “barriers” can be conformally mapped onto the plane slit along n
horizontal line segments.

In the case of a simply connected domain D1, the standard canonical domain is
the unit disc. For, if we fix zo € Dj, the mapping given by Fi(z) = 1/(z — z0)
maps Dp onto a single barrier domain D;, sending zg into co. We then can map
D, conformally onto D3, the exterior of a horizontal interval, by a mapping F>.
Similarly, the unit disc U is mapped

<& = C

l<o

D,
D, /
Gy
Gy
D — 1

¢ =G ° Gyl o Fyo F,

—
Dy

by G1(z) = 1/z onto the exterior of the unit circle, D4. Because Dy is a single barrier
domain, we have a conformal mapping G, of D4 onto Ds. Finally, the mapping

q):Gl_loGz_lonoFl
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maps the simply-connected domain D; conformally onto the unit disc U. Note that
in changing our canonical region from the exterior of an interval to the unit disc the
condition F(0c0) = oo is replaced by ¢ (z¢9) = 0.

14.2 The Riemann Mapping Theorem

The Riemann Mapping Theorem, in its most common form, asserts that any two
simply connected, proper subdomains of the plane are conformally equivalent. That
is, if Ry, Ra(5# C) are simply connected regions, there exists a 1-1 analytic map of
Ri onto R».

Note that the condition that Ry, R, # C is necessary, as a consequence of
Liouville’s Theorem. See Exercise 10.

To prove the theorem, it suffices to show that for any simply connected region
R(# C) there exists a conformal mapping of R onto U. For then, if Ry, R, are two
simply connected, proper subdomains of C, we have conformal mappings

fi:Ri > U
f2:Ry > U

and g = fz_l o fi is a conformal mapping of R; onto R>.

A N W [
N

g=f"efy

It is an easy exercise to show that given a conformal mapping f of R onto U
and zo € R, one can compose f with an appropriate automorphism of U so that
the composite function ¢ maps R conformally onto U with the added properties that
¢(z0) =0and ¢’ (z0) > 0. [See Exercise 6.] In fact, if we insist that ¢ be a conformal
mapping of Ronto U with these two additional properties, then the mapping is unique.
We first prove the uniqueness and then we will prove the Riemann Mapping Theorem
by showing that such a unique mapping ¢ exists.

Riemann Mapping Theorem

For any simply connected domain R(# C) and zy € R, there exists a unique con-
Sformal mapping ¢ of R onto U such that ¢(z9) = 0 and ¢’(z0) > 0.
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Proof (Uniqueness)

Suppose g1 and ¢, were two mappings with the above properties. Then @ = ¢ o¢, !
would be an automorphism of the unit disc with ®(0) = 0 and ®’(0) > 0. By 13.14,
then, ®(z) = €’z and since @'(0) = ¢/ > 0, it follows that @ is the identity
mapping. Hence, ¢ = ¢;.

(Existence) As we mentioned in the last section, we will find ¢ as the solution to an
extremal problem. We recall some of the solutions to extremal problems for analytic
mappings of U onto U that we obtained in Chapter 7. We found that, for fixeda € U,
the 1-1 analytic mappings ¢ which maximize |¢’(a)| are precisely those of the form
92— 0
p(2) =e" ;
l—-oaz
that is, those ¢ which

i. map a onto 0 and
ii. map U onto U.

(See Example 2 after 7.2 and Exercises 10 and 11 of Chapter 7.) This suggests a
strategy for proving the existence of the conformal mapping ¢ of an arbitrary simply
connected domain R(# C) onto U. Namely, given R and zo € R, we will consider
the collection F of all 1-1 analytic functions f:R — U satisfying f’(z9) > 0 and
take ¢ to be such that ¢’(z9) = sup rerf ’(z0). The details which we must show are
the following.

A. F is nonempty.

B. Supfey:f/(z()) = M < oo and there exists a function ¢ € F such that
9'(z0) = M.

C. With ¢ as in (B), ¢ is a conformal mapping of R onto U such that ¢(z9) = 0
and ¢’(zg) > 0. [The facts that ¢ (zg) = 0 and that ¢ is an onto mapping are not
guaranteed in (B).] O

Proof of (A): Since R # C, there exists a point pg € R. [If R contains a disc
D(po; 0), we can simply set f(z) = J/(z — po) and it would clearly follow that
| f] < 1 throughout R. It is possible, however, that R contains no discs at all so we
must use a different approach.] Since R is simply connected, there exists an analytic

function
Z—p0
g(z) = \/
20 — pPo

with g(z9) = 1. It follows then that g must remain bounded away from —1. For if
&n = po
g(fn>=\/ AR
20 — PO

then
é:n — Po

20 — PO

-1
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so that &, — zo. But then, by the continuity of g at zg, it would follow that
g(&,) — +1 and the contradiction is apparent. Hence, forsome > 0, |g(z)+1| > 7
throughout R. Thus, if we set f(z) = n/(g(z) + 1), we will have | f| < 1. Since
f is the composition of 1-1 functions, it too is 1-1 in R. Finally, since all the above
properties are invariant under multiplication by ¢! we can assume that f/(zo) > 0
and hence f € F.

Proofof (B):  Note, first, that since R is open, there exists some disc D(zp; 20) C R
and hence, for any f € F,

|f'(zo)| =

1 1
/ F@ ,dz| <
27i Je(zp30) (2 = 20) g
by the usual M — L estimate.

Suppose then that M = sup.p f (z0) and let fi, f2,..., be chosen so that
fi(z0) &> M as n — oo. To show that there exists a function ¢ € F, such that
¢'(z0) = M, we will find a subsequence of {f,,}7° | which converges uniformly on
compacta of R. To that end, let £, &, ... be a countable dense subset of R. (For
example, the &’s may be chosen as the points of R with rational coordinates.) Since
{fn(&1)}52, is a bounded sequence, there exists a subsequence { f1,},-, such that
{f1n (1)}, converges to some limit which we will denote ¢ (¢1). Similarly { f1,}
has a subsequence { f>,} such that {f2,(¢)} converges and we denote its limit by
@ (&). Continuing in this manner, we obtain a nested sequence of subsequences
{fin}2 122, such that {f,}02, converges at ¢, ..., &. If we then take the
“diagonal” subsequence {p,(z)}7>; with ¢, = fu, it follows that ¢, (z) converges
to the function denoted by ¢ forz = &1, &, . . ..

We next wish to show that {p,} converges throughout R and uniformly on any
compact subset L C R. We leave it as an exercise to show that any compact C C R
is contained in a finite union of closed discs contained in R. Hence, we may assume,
without loss of generality, that K is itself a fixed compact disc in R. Note that d (K, R),
the distance from K to the closed set R, is positive and we can set d (KC, Ié) =2d > 0.
Hence, since |p,| < 1

1 ©) 1 2zd 1
lon ()] = 2 / i zdf‘ < o = 5 LE K
mi Je(za) (€ —2) 2r d d
and .
lz1 — 22|
aten = ontel = | [ oz < 7
21

Thus, {p,} is an “equicontinuous” sequence of functions on K. That is, for each
€ > 0andall n,

lon(z1) — pn(22)| < €
as long as |z1 — z2| < ed. If we then take z € K and ¢ > 0, we can write

l9n(2) — em (D] < 19n(2) = 9n (G| + l9n (k) — om (S| + lom (Sk) — ¢m(2)| and
choosing & such that |& — z| < €d/3, it follows that

l9n(z2) — om(2)| < €
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once n and m are chosen large enough so that

0n (&) — om (G| < g

Thus {9, (z)};2 , satisfies the Cauchy Criterion and converges for any z € K. More-

over, the limit function ¢ is continuous since
lp(z1) —@(z2)| = lim |pu(z1) —on(z2)| <€, z1,22 €K,
n— oo

as long as |z1 — z2| < ed.
Finally, to show that ¢, — ¢ uniformly on compacta, we apply the following
standard argument. Suppose € > 0 is given and set

Si={zeK:lpn(z) —p)| <€ forn > j}.

Clearly K C U?ozl S;. Hence, since the sets S; are open (by the equicontinuity of

the functions ¢,) and K is compact, we can choose N such that C C U;yzl S;. Thus,
forall z € IC, |9, (z) — ¢(2)] < € when n > N and the convergence is uniform.
Since ¢, = ¢ uniformly on compacta, ¢ is analytic (Theorem 7.6). Also, accord-
ing to Theorem 10.12
¢'(z0) = lim ¢, (z0) =M > 0
n—oo

so that ¢ is nonconstant. Since it is the uniform limit of 1-1 functions, ¢ is 1-1 in R
(Theorem 10.15).

Proof of (C): It remains only to show that ¢ (z0) = 0 and that ¢ maps R onto U. To
see the former, assume that ¢ (z9) = @, 0 < |a| < 1. Then

() —a

f2) = | = ap()

is also a 1-1 analytic map of R into U with

Thus f/(z0) > ¢’(z0), which is impossible.

Assume nextthatp(z) # o, w = —12¢'?,0 <t < 1.Ifwesetg(z) = e ?0(2), g
too will map R into U, g(zo) = 0 and |g’(z0)| = ¢’(z0). Moreover, g(z) # —t> for
all z € R. If we then set

g(z) + 1

1 +12g(2)
it follows that f; maps R into U with fi(zo) = 2. Since g(z) # —t%, fi(z) # 0

and there exists an analytic square root

£L@) =k

filx) =
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with f»(z0) = t. Next, let
fa(z) =1

1—1f@2)

Clearly f5 is 1-1 and direct calculation shows that

f1(z0) = &'(zo)(1 — %)
o) fi(zo)

@)=

faa) = 2V fizo) 2t
, f3(z0)
Ao ="

so that, combining the above equations,

g (zo)(1 +1%) >

/
o g'(z0)

f3(z0) =
since 1 +1% > 2t for0 < 1 < 1. If we set f(z) = ' f3(z) we will have f € F and
such that f'(z9) > ¢’(zo) which is impossible. Hence, ¢ must be onto and the proof
is complete. (]

Note: Consider the original sequence f1, f2, ...suchthat f, (z0) > M asn — oo.
While the Riemann mapping function ¢ was obtained as the limit of a subsequence
of { f}, it turns out that the original (full) sequence { f;,} converges to ¢. For suppose
there existed some subsequence f,, fn,, - - such that

| (2) —0(2)] > € ey

forafixedz € Rand e > 0.

Then since fn/k (z0) > M ask — oo, we could apply the previous proof to show
that it has a subsequence which converges to the unique mapping function ¢. But
then (1) is impossible.

14.3 Mapping Properties of Analytic Functions on
Closed Domains

Introduction

While the Riemann Mapping Theorem showed that any two open simply connected
sets, other than C, are conformally equivalent, there is no such theorem for closed or
even for compact connected sets. In fact, there is often no analytic mapping of one
closed domain onto another. As an example, there is no analytic mapping of the closed
upper half-plane onto the closed first quadrant. If f were such an analytic function,
it would map some real number x¢ onto the origin. Suppose f’(xg) # 0. Then,
according to Theorem 13.4, f would map the rays I} = {xo +¢,0 <t < oo} and
I = {xo—1,0 <t < oo} onto two curves whose tangent lines form a straight angle.
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But two such curves, which meet at the origin, cannot both lie in the first quadrant.
Similarly, if f has a zero of order k > 2 at xo, we can complete the argument by
considering the effect of f on /1 and on the ray {xo + re™i/k 0 <t < oo}

The above argument might leave the impression that if we somehow “rounded the
corner” of the first quadrant, the resulting region might possibly be the image of the
closed upper half-plane under some analytic mapping. That, in fact, is not the case
(Corollary 14.6), but it requires a separate argument.

On the positive side, while an analytic mapping of one closed domain onto another
is not always possible, the theorem below shows that for certain types of regions, any
conformal mapping between the interiors extends to a 1-1 continuous map between
the closures.

Recall that a Jordan curve is a simple closed curve. As we noted in Chapter 10, the
very intuitive (but difficult to prove) Jordan Curve Theorem asserts that any Jordan
curve disconnects its complement in the complex plane into two disjoint regions: a
bounded component known as its interior and an unbounded component known as
its exterior.

14.2 Definition

A region R will be called a Jordan region if it is the interior of a Jordan curve.

14.3 Theorem (Carathéodory-Osgood):

Any conformal mapping between two Jordan regions can be extended to a homeo-
morphism between the closures of the two regions.

Like the Jordan Curve Theorem, the Carathéodory-Osgood Theorem is not easy to
prove. Although we will use the result throughout this section, we refer the interested
reader to the proofs in the classic texts of Ahlfors and Carathéodory.

A Jordan curve y is positively-oriented if its has winding number one around its
interior points. For circles, as we have seen, this is the counterclockwise direction.
As with circles, the positive orientation is the one which has the interior points on
the left as the curve is traversed. We can also define a triple {a;, a2, a3} C R to
be positively oriented with respect to o R if the parametrization of d R which passes
through ap, a», a3 in that order is positively-oriented. Suppose f is a conformal
mapping between two Jordan regions R; and R,. Then, according to the Argument
Principle (see the comments following Corollary 10.9), the induced mapping between
the boundaries must be orientation-preserving.

Based on the Carathéodory-Osgood Theorem, there are two additional ways to
characterize a unique conformal mapping between any two Jordan regions.

14.4 Proposition:
Let R be any Jordan region, and let D = D(0; 1), S = 6D = C(0; 1). Then

(i) given a positively-oriented triple, {ay, a>, a3} C OR and a positively-oriented
triple, {b1, b2, b3} C S, there exists a unique conformal mapping f:R — D such
that f(ay) = by fork =1,2,3;

(ii) givenzo € R, a € OR and b € S, there exists a unique conformal mapping from
R to D with f(z0) = 0and f(a) =D.



206 14 The Riemann Mapping Theorem

Proof

To prove (i), take any conformal mapping of R onto D and follow it with an automor-
phism of D which maps the images of the three boundary points of R onto the three
points of S. [Such a mapping exists since Theorem 13.23 showed that there is a bilin-
ear mapping 7', sending the images of a1, az, a3 onto by, by, b3, respectively. More-
over, since both triples are positively oriented, 7' will also map D onto itself.] To show
that the mapping is unique, use the fact that if there were two such mappings f1 and f>,
fro fl_1 would be an automorphism of the unit disc with three fixed points on the unit
circle, and hence would be the identity (Proposition 13.19). To prove (ii), follow the
usual Riemann mapping with the appropriate rotation so that the image of the bound-
ary point a is mapped onto b. The uniqueness follows from Schwarz’ Lemma. [J

Next we would like to consider the possibility of finding analytic (not necessarily
conformal or even locally conformal) mappings from one closed region onto another.
It is worth recalling that in this general context the boundary of a region is not
necessarily mapped entirely onto the boundary of its image. For a simple example,
consider the image of the rectangle 0 < x < 1,0 < y < 2z under the mapping
f(z) = €*. (Also, see exercise 3 of chapter 7.) In many cases, however, we can
determine the image of the boundary by using the following theorem.

Rigidity of Analytic Arcs

Anarcy : I — C (I being areal interval) is said to be analytic if y is the restriction
to I of a function y which is analytic on an open set of C containing /.

14.5 Theorem

Let y:I — C be an analytic arc where I is a compact real interval; let £ C C be a
circle or a line. If y [I1]1 N € is infinite, then y [I] C €.

Note that a very straightforward proof can be given for the case where ¢ is a line.
By making a simple change of variables, we can assume that £ is a subset of the real
line. In that case, Im y (¢) is a “real” analytic function for # € I. Since Im y (¢) has
infinitely many zeroes in /, it follows from the uniqueness theorem for real analytic
functions that Im y (¢) is identically zero and y (¢) € R for all + € I. A modified
form of the proof can also be given for the case where ¢ is a circle. The following
argument, however, is applicable to both lines and circles and highlights the fact that
the theorem is really about analytic arcs.

Proof of Theorem 14.5. Let y be analytic on some domain Q containing / with
717 = v we may arrange that Q be symmetric about R. Let ()’ denote reflection
across ¢ and consider w(z) = (7 (z))' forz € Q. By the Schwarz reflection principle
and by the symmetry of Q, w (like 7) is analytic in Q. For t € I with y (¢) € ¢,
w(t) = y(¢t). But y () € ¢ for infinitely many values of ¢, so that according to the
uniqueness theorem (6.10), @ = 7 throughout Q. In particular, forall ¢ € I,

y() =70 =w@) =00,
which implies that y [I] C €. a
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14.6 Corollary

If f is an analytic mapping of the closed upper half-plane, and if the boundary of its
image contains a line segment J, then the boundary of the image is a subset of the
line containing J.

Proof

Note that the boundary of the image is a subset of the analytic curve f(R). If the
boundary includes a line segment J, a standard set-theoretic argument shows that,
for sufficiently large N, f([ — N, N]) contains infinitely many points of J. But then,
according to Theorem 14.5, the boundary is entirely contained in the line determined
by J. (I

It is a well-known consequence of the maximum modulus principle that any
nonconstant function g which is C-analytic in D, mapping D onto D and S into S is
of the form

n
g =e"]] f_;kkz forsomen € N,ax € D, and 6 € R. (1)
k=1

(See the solution to Chapter 7, exercise 5.) According to Theorem 14.5, if g is
analytic in D, the condition that g maps S into S can be dispensed with. Thus we
have

14.7 Corollary
An analytic function mapping D onto D is of the form (1).

Proof

Given such an analytic function f, it suffices to show that f[S] = S. Note that
S = a(f[D]) c fIS] by the open mapping theorem. Thus f[S] NS = S. Theorem
14.5 then shows that the analytic arc f[S] is a subset of S. Hence f[S] = S. O

14.8 Corollary

If an entire function f maps D onto D, then f(z) = cz" for some ¢ € S.

Proof

Clearly f[D] = D. By Corollary 14.7, f(z) = € [[}_(z — o)/ (1 — o 2) for

some a; € D and § € R. Since f is entire, all the points a; must be zero, so that
f)=e"2".

(]

It follows that any entire function f mapping some disc onto a disc is of the form

f@) =a(z—z20)" +wo

for some a, 20, wg € C and n € N.
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Analytic Mappings Between Polygons

Does there exist any analytic function which maps a closed convex n-gon onto
another closed convex n-gon? Of course, if the polygons are similar, there is an
elementary linear mapping between them. But what if they are not similar? The
somewhat surprising answer is a very general NO, even if all the angles are identical,
as would be the case with two dissimilar rectangles. In fact, we begin our inquiry
by first considering rectangles. We then answer the question for the smallest n (i.e.,
n = 3) and finally address the general problem by induction on n. We note at the end
of this section that the convexity condition on the polygons is actually not necessary.

14.9 Theorem

An analytic function f that maps a closed rectangle R onto another closed rectangle
S is a linear polynomial.

Theorem 14.5 will play a crucial role here, allowing us to show that
fIOR] =0S.

Proof

Assume without loss of generality that
R =1[0,a] x[0,b] and S =[O0, c] x [0, d].

First, note that f will not turn a straight line into an angle unequal in measure to
an integral multiple of 7, because, where f’ # 0, f is conformal, and, where f’ = 0,
f magnifies angles by an integral factor. Therefore, f will not map any nonvertex
point on R to a vertex of S. We thus make the following observation:

Each vertex of S has precisely one preimage, which is a vertex of R. Hence,

the image of each vertex of R must be a vertex of S and f gives a one-to-one
correspondence between the vertices of R and those of S.

By the open mapping theorem, no interior point of R will be mapped by f to 0.5,
and therefore S C f[OR]. It is a simple set-theoretic matter that there is a side £ of
OR such that f[£] N [0, c] is infinite. Theorem 14.5 then implies that f[¢] C [0, c].
Without loss of generality, we may assume that £ = [0, a], in which case either
f(©)=0and f(a) =c,or f(0) = cand f(a) = 0. But the latter possibility cannot
happen, because f, being analytic, must preserve the orientation of the boundary. It
then follows from the intermediate value theorem that f[£] = [0, c].

Similarly we conclude that the side {c+is : s € [0, d]} C S must be the image of
some side of R, and, since f(a) = c, that side of R mustbe {a+ir : r € [0, b]} C R.
Continuing until we exhaust all four sides of S, we then have established:

f maps each side of R onto a side of S.

Finally, reflection across the sides of R allows us to extend f (by the Schwarz
reflection principle) to rectangles adjacent and congruent to R. Continuing this reflec-
tion process, we obtain an entire function, which by construction has at most linear
growth in modulus. Hence, by the Extended Liouville Theorem (5.11), f must be a
linear polynomial. O
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We note those elements of the preceding argument that are applicable in general.

14.10 Lemma

Suppose an analytic function f maps some closed n-gon R onto a closed n-gon S.
Then:

(a) Eachvertex of S has precisely one preimage, which is a vertex of R, and f maps
each side of R monotonically onto a side of S.

(b) If R and S are both convex, each interior angle of R has the same measure as
the corresponding interior angle of S.

Proof

For part (a), given the argument for Theorem 14.9, we only need to establish
monotonicity of f on each side of R. Let ¢ be a side of R. If f(z) were to reverse
direction as z traverses ¢, there would be some x4 € £ with f/(u) = 0. At the critical
point «, f magnifies angle by an integral factor. Hence the image of any yx-centered
semidisc contained in R would lie partly outside of S, contradicting our hypothesis!

To show part (b), denote by m (V') the measure of an interior angle with vertex V.
For any vertex A of R, let A’ = f(A). Then, by analyticity of f, m(A") = kam(A)
for some k4 € N (and, by convexity of S, kam(A) < 7). Since R and S are both

convex n-gons,
> m(a) =" m(A) =D kam(A).
A A A

Hence k4 = 1 for every vertex A. O

We turn now to the general case. The strategy will be to first solve the problem
for triangles and then to use induction on the number of sides of the polygons in
question to prove the general case.

14.11 Lemma

If an analytic function f maps a closed n-gon R onto a closed n-gon S, then f gives
a conformal equivalence between their interiors: Rand §.

It is interesting that it is the isolated singularities (i.e., vertices) on d R and 0§ that
force f to be conformal. Were the boundaries analytic Jordan curves, no conclusion
about the valence of f on R could be drawn (as can be seen by considering z"” on
the unit disc).

Proof

ByLemma 14.10(a), f[0R] = 08 andflaR'aR — oS isunivalent. Thus the winding
number of f|sr around any point in S 1s exactly one. By the argument principle, f
is a conformal equivalence between Rand §. (]

We now apply Lemma 14.11 to resolve the triangle case.



210 14 The Riemann Mapping Theorem

14.12 Lemma

An analytic function f that maps some closed triangle R onto another closed triangle
S is a linear polynomial.

Proof

By Lemma 14.10(b), the two triangles R and S have equal corresponding angles and
are therefore similar. We then can easily construct an affine map g mapping R onto S,
which is a fortiori conformal. If R is not equilateral, g is unique; if R is equilateral,
let g be such that it agrees with f on the vertices of R. By Lemma 14.11, f gives a
conformal equivalence between R and $. Since f and g agree on the three vertices
of R, by Proposition 14.4, f = g! (]

Finally, we are able to completely answer the question raised at the beginning of
this section.

14.13 Theorem

An analytic function mapping some closed convex n-gon R onto another closed
convex n-gon S is a linear polynomial.

Proof

If R is a rectangle, then, according to Lemma 14.10(b), S is also a rectangle. By
Theorem 14.9, f is a linear polynomial.

Suppose then that R is a nonrectangular quadrilateral. Note that there is at least
one interior angle of R that is obtuse. Denote by £ and £ the two sides of R that form
this angle. Reflect R across £ and denote by R’ the reflected image of R. Extend
{5 to a full line L. Then L; divides R’ into two regions, one of which is a triangle.
Call this triangle T'. See the diagram below.

Observe that, by the Schwarz reflection principle, f can be analytically continued
to R’ and this extended map (which we also call f) maps R’ onto the similarly-
constructed quadrilateral S’. Since f[£] is a side of S, by Theorem 14.5, f[Ly N R’]
isalso aline segment. Therefore f[07]is the boundary of atriangle A; by considering
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the winding number of f|s7, we deduce that f[f] = A. Hence fIT] = A, and,
according to Lemma 14.12, f must be a linear polynomial.

To complete the proof for n > 4, we proceed as in the quadrilateral case and
use induction on n. Given a convex n-gon R with n > 4, there must be an interior
angle that is obtuse. Otherwise, the formula for the sum of interior angles would be
violated. Reflect R across one of the two sides forming this obtuse angle and extend
the other side to divide R’ (the reflected image of R) into two regions, one of which is
a convex polygon 7 with fewer than n sides. As in the quadrilateral case, f extends
analytically to R’ and maps T onto another convex polygon; it is immediate that the
polygon f[T] has the same number of sides as 7. The induction hypothesis then
guarantees that f is a linear polynomial. O

In the rectangle case, we first showed that the analytic function in question can
be extended to an entire function, and then used its order of growth to prove that it
is linear. In the case of other convex polygons, we showed that the analytic function
in question can be analytically continued to a mapping between two triangles, which
allowed us to conclude that it is a linear polynomial. In both cases, the Schwarz
reflection principle and Theorem 14.5 played pivotal roles.

Note also that the convexity condition on the polygons in Theorem 14.13 can be
dispensed with. This slightly more general result will follow easily. The idea is that,
by extending the sides forming an interior angle greater than a straight angle, we can
find a convex polygon that is mapped analytically to a convex polygon. We leave the
details to the interested reader.

Conformal Mappings Between Dissimilar Rectangles

Among entire functions, linear polynomials are the only ones that are conformal on
every domain. Since a linear polynomial is a composition of rotation, real multipli-
cation, and translation, the two rectangles in Theorem 14.9 and the two n-gons in
Theorem 14.13 are actually similar.

Let R and S be two closed rectangles that are not similar to each other and
let f be a conformal map from R onto § (whose existence is guaranteed by the
Riemann mapping theorem). By the Carathéodory-Osgood theorem, f extends to
a homeomorphism f:R — S. The argument in the proof of Theorem 14.9 shows
that

« the extension f of f to R fails to be analytic at some point on OR;
* atleast one vertex of R fails to be mapped by f to a vertex of S.

We can attempt to make f “as analytic as possible” by requiring that three of
the four vertices of R be mapped to vertices of S; then by the Schwarz reflection
principle, f will be analytic on the two sides of R bounded by the three vertices.
Note that, according to Proposition 14.4, the requirement that three chosen vertices
of R be mapped to three chosen vertices of S uniquely determines the conformal
equivalence f between R and §. One can express such a map explicitly with the aid
of the Schwarz-Christoffel formulae, and this will offer an illustration of the fact that
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the interiors of two dissimilar rectangles cannot be put into a conformal equivalence
that extends to a vertex-preserving homeomorphism.

To focus on a simple concrete example, let R = [ — 1,1] x [0,r] and § =
[ —1,1] x [0, s]. Let H denote the upper half-plane and let Fr:HH — R be the
Riemann map with

Fr(=1)=—1, Fp(0)=0, Fr(l)=1. ()
Then Fg is given by the elliptic integral

1

= d
FrO=C | Ja—eya—ieen™

where k, = 1/a, and C, = 1/ fol [(1 = &) (1 — k227 1/2dé. 1t follows from the
definition of Fg thata, = F 1y ! (1 + ir) increases monotonocally with r and that

Fr(£a,) = 1 +ir.

In the same manner, let Fs : H — S be the Riemann Mapping, also satisying
conditions (1) and with a; similarly defined.
Suppose f : R — § is a conformal equivalence with

f(=h=-1, f()=1, f(+ir)=1+is.

We will see that, if r # s, f(—1 +ir) # —1+is and hence f~Y(=1+is)isnota
vertex of R, which 1mphes that f cannot be analytic at F~Y(=1 +is). To this end,

we consider g = F¢ ' o f o Fg : H — H. See the diagram below.
T Fi f’l (-1 + is)
— 77
H ~1+ir 1+ir
R
-a, -1 0 1 a -1 0 1
g f
Fy
— T
T -1 +is 1+is
H
P S
5 fl+int
g(iar) _ ‘
i 0

1 a, 1 0 1
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The map g is an automorphism of the upper half-plane. Hence it is a bilinear
mapping with

g=H=-1, g)=1, ga,)=as, withl < a,, a;. ()

If f(=1+ir) = —1+is, we would also have §(—a,) = —aj. Since the cross-ratio
is preserved under bilinear transformations, it would follow that (—a,, —1, 1, a,) =
(—as, —1, 1, ay), or equivalently:

(@ +1D> _ (as+1)*

3
4a, 4ag )

It is easy to see, however, that (3) is possible if and only if either a, = a; or
aras = 1. The latter equation is impossible, according to (2). Hence a, = a; and we
have the desired conclusion: f maps vertices of R to vertices of S only if R and §
are similar.

Ifr <s,thena, < as. So, if we let g(—a,) = —b, by the preservation of cross-
ratios, b < a,. This translates into the sketch of the conformal mapping f in the
above diagram. Note that the top side of R is bent by f 1nt0 an L-shaped path and
that f fails to be analytic at precisely one point, i.e., at f~1(—1 + is).

Finally, observe that, despite the fact that f[R] is a rectangle, the image of any
subrectangle Q C R must not be a rectangle; for, otherwise, f would map Q onto a
rectangle and thus have to be a linear polynomial, in which case R would necessarily
be similar to S.

Exercises

1. Suppose g represents a locally irrotational and source-free flow in a simply-connected domain D and
F(z) = ZZO 8(¢)d¢. Show that g is orthogonal to the curves given by Re F(z) = constant.

2. If F and g are as in (1), show that the curves ImF (z) = constant are the “streamlines” of g; i.e., show
that the flow is tangent to those curves.

3. Find the streamlines of the flow functions given by

a. g(z)=12
b. g(z)=1/z,z#0.

4. Verify directly that F(z) = z + 1/z is the unique conformal mapping (up to an additive constant) of
|z| > 1 onto the exterior of a horizontal interval, with F(z) ~ z at oo [Hint: Begin with the Laurent

Expansion
A | A

F@)=z+A0+ ~+ 5+
oz

and use the fact that InF (ei 0) = constant (see Markushevich, p. 189).]
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5. a. Show that w = 2z + 1/z maps the exterior of the unit circle conformally onto the exterior of the

ellipse:

b. Find a conformal mapping of the exterior of the ellipse x2/9 + y2 = 1 onto the exterior of a real
line segment.

6. Given a conformal mapping f of R onto U (the unit disc) and zo € R, find a conformal mapping g
of R onto U with g(zg) = 0 and g’(zo) > O.

7.* Let R be a simply connected region # C, which is symmetric with respect to the real axis; and suppose
that f is the Riemann mapping of R onto U, with f(zg) = 0, f/(zo) > 0, for somereal-valuedz € R.
Prove that f(z) = f(z) forall z € R.

8.* Find the unique conformal mapping of the upper half-plane onto the unit disc with
a. f(=1), f(0), f(1) equal to 1, i, and —1, respectively.
b. f(@)=0and f(1)=1.

9. Let R be simply-connected and assume z1, zp € R. Show there exists a conformal mapping of R onto
itself, taking z| into z;. (Consider two cases: R # C and R = C.)

10. Suppose R is any simply connected domain # C. Show that there exists no conformal mapping of C

onto R.

11. Let R be a simply connected region and zg € R. Suppose G is defined as the set of all analytic
functions g : R — U such that g’(zg) > 0 (g need not be 1-1).

a. Show that
sup g'(z9) = M* < oo.
geG
b. Assuming that ®’(zp) = M*, show that @ is 1-1 in R. [Hint: Show that ® is the Riemann mapping
function.]

12.* a. Find a conformal mapping f from the semi-disc S = {z:|z| < 1, Imz > 0} onto the unit disc U
and show that it extends to a homeomorphism between S and U'.
b. Show that f is analytic on S but f —1is not analytic on U.

13.* Prove that there is no analytic mapping from U onto a “Norman window”, which is a closed region
whose boundary is a rectangle surmounted by a semicircle.



Chapter 15

Maximum-Modulus Theorems
for Unbounded Domains

15.1 A General Maximum-Modulus Theorem

The Maximum-Modulus Theorem (6.13) shows that a function which is C-analytic
in a compact domain D assumes its maximum modulus on the boundary. In gen-
eral, if we consider unbounded domains, the theorem no longer holds. For example,
f(z) = €% is analytic and unbounded in the right half-plane despite the fact that on the
boundary |¢?| = |e”¥| = 1. Nevertheless, given certain restrictions on the growth of
the function, we can conclude that it attains its maximum modulus on the boundary.
The most natural such condition is that the function remain bounded throughout D.

15.1 Theorem

Suppose f is C-analytic in a region D. If there are two constants M| and M;
such that

|f(@)| <My forzeoD
|f(2)| < My forallz e D

then, in fact,
|f(@)| < My forallz € D.

Proof

Without loss of generality, we suppose | f(z)| < 1 on 0D. Assuming, then, that
|f(z)] £ M in D, we wish to prove | f(z0)| < 1 for every zo € D. We will first
prove the theorem in the special case where D is the right half-plane and then extend
the proof to a general region.

In the case of the right half-plane, fix zo € D and consider the auxiliary function

_ M@

h() z+1

where N is a positive integer. By the hypothesis on f, |k(z)| < 1 on the imag-
inary axis and |h(z)| < MV /R for all z € D such that |z] = R. Thus we have

215
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|h(z)] < Max(l, MY /R) on the boundary of the right semi-circle Dgx =
{z € D:|z] < R}. Choosing R > MY and large enough so that zy € Dg, we
conclude |i(z)| < 1 along the boundary of the compact domain Dg and hence by
the Maximum Modulus Theorem |4 (zg)| < 1. Thus for each zg € D

IV (z0)
z0+1

<1

or
|f zo)| < lzo + 1"V,

If we now let N — oo, we see | f(z0)| < 1 as desired.
In the more general case, where D is an arbitrary region, we must replace 1 /(z+1)
by a function g, analytic in D and such that g(z) — 0 as z — oo. Such a function

is given by £ - @)
z2)— f(a
= i—a

g(2)

where a is any fixed pointin D. Clearly g, like f, is C-analytic in D (Proposition 6.7).
The boundedness of f assures g(z) — 0 as z — oo and this, in turn, implies that
lg(z)| < K, some constant, throughoutD.

Again, we set Dg = {z € D :|z| < R}. Setting h(z) = fV(z)g(z), because
g — 0asz — oo we may take R large enough so that |4(z)| < K along the boundary
of Dg. Hence, by the Maximum Modulus Theorem, |h(zg)| < K for every zg € D.
Assuming, then, that g(zo) # 0, we can write

1/N

|f(zo)l < ‘g(zo)

and letting N — oo yields | f(zo)| < 1. Note, finally, that unless f is constant, the
zeroes of g form a discrete set (Theorem 6.9); hence, by continuity,

| f(z0)| < 1forevery zo € D. 0

The above theorem may be used to derive the following stronger form of Liou-
ville’s Theorem.

15.2 Definition

Let y be a path parameterized by y = y(#), 0 < r < oo. We will say that
f approaches infinity along y if, for any positive integer N, there exists a point
to such that

[f(y @) =N forallz > 1.

15.3 Theorem

If f is a nonconstant entire function, there exists a curve along which f approaches

infinity.
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Note: An equivalent formulation of Liouville’s Theorem (5.10) is that, for any non-
constant entire function f, there exists a sequence of points 71,z ... such that
f(zn) = o0 asn — oo. However, the existence of a curve along which f — oo
does not immediately follow. If we simply connect the points z1, z2, . . . successively,
we have no control over the behavior of f at the intermediate points. The proof of
Theorem 15.3 will depend on judiciously choosing the points z; and the connecting
lines so that we can guarantee that f — oo along the path thus formed.

Proof of Theorem 15.3

Let Ty = {z:|f(2)| > 1} and fix S, a connected component of 77. We will need
the following facts about S7:

a. §p is an open set
b. |f(z)|=1forz € 88
c. f isunbounded on Sj.

(a) is immediate. To prove (b), we first note that | f(z)| > 1 on the boundary of
S1 by continuity. If | f(z)| > 1 for some z € 85, then |f(w)| > 1 forall w in a
neighborhood of z and thus z would be an interior, rather than a boundary point of
S1. Finally, if f were bounded throughout S, we could apply (b) and Theorem 15.1
to show | f(z)| < 1 throughout S, contradicting its definition.

Nowset Tp = {z € S1 : | f(z)| > 2} and choose a connected component S;. (Note
that, by (c), T» is non-empty.) As above, we can prove that f is unbounded on S,.
Proceeding inductively, we obtain a sequence of regions

S1 D8 D85 D---

such that | f(z)| > k forall z € S.

Finally, we choose a point zx € S fork = 1,2, .. .. Since each set Sy is a region
which contains all points z,, n > k, we can connect zx to zx+1 by a polygonal
path yi contained in Sx. Thus | f(z)] > k for all z € yi. If we then form the path
y = Uz k. it follows that f approaches co along y , proving the theorem. O
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15.2 The Phragmén-Lindel6f Theorem

We now return to theorems of maximum-modulus type.

Theorem 15.1 is rather general in that it applies to any region. On the other hand, if
we restrict ourselves to various specific regions D, we will be able to derive the same
type of conclusion under a much weaker hypothesis on f. We begin, as before, by
considering the right half-plane. As previously noted, the function e? is unbounded
in this domain despite the fact that it is bounded by 1 on the imaginary axis. The
same, of course, is true of the function e% for any 0 > 0. However, if f(z) has slower
growth than e%?, we have the following extension of Theorem 15.1.

15.4 Phragmén-Lindel6f Theorem
Let D denote the right half-plane and suppose f is C-analytic in D. If

lf@)) =<1 ey
on the imaginary axis and if, for each € > 0, there exists a constant A¢ such that
If @) < AceH 2)

throughout D, then (1) holds for all z € D.

Before proceeding with the proof, we will need the following lemma, which is a
slightly weaker form of the theorem.

Lemma 1

Suppose f is C-analytic in the right half-plane D. If

)] =<1 3)

on the imaginary axis, and if for some 0 > 0, there exist constants A and B such that

17(2)] < Aexp(Blz|'™) 4)

forall z € D, then (3) holds throughout D.

Proof of Lemma 1

Here we use the auxiliary function

N
h@) = (@)

- exp(zl—é/Z)

and wish to show |h(z0)| < 1 foreach zg € D. Let us first analyze the denominator
g(z) = exp(z' ~9/?). In the open right half-plane z! ~%/? may be defined as an analytic
function (see the comments following Theorem 8.8). To fix its value, we take it to
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be positive on the positive real axis. Then, for z = re!?, — /2 <0 < x/2,

Z170/2 = p1=0/2,i0(1=0/2) _r <0 < T
2 2
which is also continuous to the boundary.
Finally, ) o )
¢(z) = exp(zl_‘)/z) — exp(rl_‘)/ze’e(l_a/z)).
Thus, forz =iy
1-5/2 o\« 0
1g(@)| =exp| Iyl cos{1=_),)ze =1 ®)
andfor |z]| = R, z € D,
1-6/2 0 1-6/2
lg(z)| =exp( R cos{1— ) 0) > exp(R m). (6)

where m is the minimum value of

cos 1—5 0, —ﬂ<<9<n.
2 2 2

Now consider |2(z)| on the boundary of Dg. On the imaginary axis, by (3) and
(5), [h(z)| < 1. For |z| = R, by (4) and (6),

|h(z)| < A" exp(NBR'~° — mR'~%/%).

Since the expression in parenthesis approaches —oo as R — oo, we have for R large
enough, |h(z)] < 1 on the boundary of Dg. Once again, invoking the maximum
modulus theorem,

|h(zo)| < 1

for every zo € D and thus

1-90/2
|/ zo)l < lexp(zg 7SIV,

Finally, letting N — oo gives the desired result. (]

Note: While the lemma was stated in the right half-plane, it is obviously true in any
other half-plane as well. For example, if f satisfies the growth conditions (3) and (4)
in the upper half-plane, g(z) = f(—iz) would satisfy the hypotheses of the lemma.
Hence, g < 1 in the right half-plane and f < 1 in the upper half-plane.

Similarly, by mapping other regions analytically onto the right half-plane, we
can derive results similar to Lemma 1 for functions which are C-analytic in the
given regions. We record one example which will serve as another lemma to
Theorem 15.4.
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Lemma 2

Suppose f is C-analytic in a quadrant. If | f(z)| < 1 on the boundary and if for
some 0 > 0, there exist constants A and B such that

|f ()| < Aexp(B|z|>%) for every 7 in the quadrant,

then | f(z)| < 1 throughout the quadrant.

Proof of Lemma 2

Without loss of generality, we consider the first quadrant. Set g(z) = f(4/z). Then g
is C-analytic in the upper half-plane. Furthermore, by the hypothesison f, [g(z)] < 1
on the boundary and )

l8(2)| < Aexp(Blz]'™?)

throughout the half-plane. By Lemma 1, |g(z)| < 1 throughout the half-plane and
thus | f(z)| < 1 for all points z in the quadrant. [

Proof of Theorem 15.4

We consider N
h) = Y@
eZ

and, as before, the proof will follow if we can show |h(z)] < 1 throughout the
right half-plane. To do this, we consider the first and fourth quadrants separately. To
estimate /(z) on the boundary of the first quadrant, note that |[¢"’| = 1 and hence,

by (1)
|[h(z)] <1 on the positive imaginary axis.

Also, by (2), |f(2)] < Ayne/ME 5o that seting By = (A1n)Y,
| fN()| < Byel! throughout the half-plane. On the positive x-axis, though,
le?| = el and hence |h(z)| < By for z > 0. Thus |h(z)] < Max(1, By) along
the boundary of the first quadrant. Furthermore, throughout the first quadrant

@) < 1/ @) < ByeH
so that we can apply Lemma 2 to conclude
|h(z)] < Max(1, By)
in the first quadrant. By the exact same reasoning,
|h(z)] < Max(1, By)

in the fourth quadrant. Hence /(z) is a bounded C-analytic function in the right
half-plane and is bounded by 1 on the imaginary axis. By Theorem 15.1, |2(z)| < 1
throughout the right half-plane, and the proof is complete. (I
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By mapping a wedge of angle a onto the right half-plane, we derive the following
corollary.

15.5 Corollary

Let “
D = {z " T,

and suppose f is C-analytic in D. If

<Argz < Z}, where 0 < a < 2r,

lf@)I =<1 ey
on 0D and if, for each € > 0, there exists a constant A¢ such that
1f @) < Acexp(elz]™*), 2)
then (1) holds throughout D.
Proof
Given f as above, consider g(z) = f(z*/7) in the right half-plane and apply
Theorem 15.4. (]

An interesting special case of the corollary arises if we take a wedge of angle 27
(the whole plane slit along one ray). In that case, the boundary is a single ray and,
by the above corollary, if f is bounded on that ray and has slower growth than eVl
for each € > 0, it is in fact bounded throughout the wedge. Now, we may view an
entire function as a C-analytic function in every wedge of angle 2z . This leads to
the following theorem.

15.6 Theorem

If f is a non-constant entire function and for each € > 0 there exists a constant A¢
such that
1 @)] < AceVF!

then f(z) is unbounded on every ray!

Proof

If f were bounded on some ray R, by Corollary 15.5 it would also be bounded
on the wedge C\R; that is, f would be bounded in the entire plane. But, then, by
Liouville’s Theorem f would reduce to a constant, contradicting the hypothesis of the
theorem. ([l

EXAMPLE
cos z has a power series involving only even terms, hence cos 4/z is an entire function
that is bounded on the positive x-axis. Hence, by the above theorem, it must grow
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as fast as ¢Vl for some € > 0. Setting

eiZ _I_e—iZ
COSZ =
2

shows that this is in fact the case. (Consider points z along the imaginary axis.) ¢

An Application of Theorem 15.6: The differential equation f/(z) = — f(z) has the
explicit solution f(z) = Ae™*. However, if we consider the very similar equation

F@=-£(3) (M)

no such explicit solution can be found. Nevertheless, one may seek to study the
behavior of a solution f(z) as z — oo along the positive x-axis. To accomplish this,
we will find the solution in the form of a power series which is, in fact, an entire
function. Furthermore, we will show that the solution is of “small” growth, so that
Theorem 15.6 is applicable, and f is unbounded on every ray. Thus, unlike Ae™%,
the solution to (1) has no limit as z — +o00. The details are as follows:

15.7 Proposition
Let f be a solution of the differential equation f'(z) = — f(z/2), analytic at z = 0.
Then f is entire and is unbounded on every ray.

Proof

Let f have the power series representation

[e.e]

f@) = adt.
k=0
Because of (1), we must have
Zkakzk_l =— Zak (2)
k=1 k=1
or
ag—1
U= k1
By induction, then,
_(=D)ag
n = 1on(n—1)/2°
Hence f(z) is given by
(—=DF
FQ =AY i wherebi= 0, @
k

and a simple check shows that (2) does in fact represent an entire solution of (1).
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We now show that f satisfies the hypothesis of Theorem 15.6. For this we fix
€ > 0 and show that, for z sufficiently large,

| f (@) < exp(z]).

Assume then that |z] = R =2V, N > 2, and let

M(R) = %ﬁﬁ'ﬂz)" M = M(1).
According to (1),
Z , _ V4 p
Q=10 = [ rodo= [ =1 () dr

2
< RM k
2

U&NSZRM(g).

Setting M(R/2) = |f(z1)| for some z; € D(0; R/2) and proceeding inductively,
we obtain

so that

[f(@)] < MRN = M|Z||10gzl/log2. 3

The right-hand side of (3) is bounded above by exp(|z|) for all z sufficiently large;
therefore, we get Ry = Rg(€) such that

| f(2)] < exp(|z|°)

for all z with |z| > Rg, as desired. O

Exercises

1.* Show that the conclusion of Theorem 15.1 would hold if we insisted only that f <« 1 along the
boundary and f(z) < log z throughout the domain. How could the hypothesis be further relaxed?

2. What is the “smallest” non-constant analytic function in the quadrant D = {x +iy : x, y < 0}, which
is bounded along the boundary?

3. Show that ¢¢° « 1 throughout the boundary of the region

. T T
D={)c—i—ty:—2 <y < }

Show that it is the “smallest” such analytic function.

4.*% Suppose g is a non-constant entire function which is bounded on every ray. (See 12.2). Show that for
any A and B, there must exist some point z with |g(z)| > A exp(lle ). [Hint: If not, divide the plane
into a finite number of very small wedges and apply 15.5 and Liouville’s Theorem to conclude that g
is constant.]






Chapter 16
Harmonic Functions

16.1 Poisson Formulae and the Dirichlet Problem

In this chapter, we focus on the real parts of analytic functions and their connection
with real harmonic functions.

16.1 Definition

A real-valued function u (x, y) whichis twice continuously differentiable and satisfies
Laplace’s equation
Uyy +Uyy =0

throughout a domain D is said to be harmonic in D.
Although one may talk of complex-valued harmonic functions, the term “harmonic’
throughout this chapter will always refer to a real-valued function.

>

16.2 Theorem

If f =u+ivisanalyticin D, u and v are harmonic there.

Proof

u and v both have continuous partial derivatives of all orders since f is analytic. By
the Cauchy-Riemann equations

Uy = Dy; Uy = —Vy

so that
Uxx = Dyx = Uxy = —Uyy,

hence u is harmonic. By the same argument, v is harmonic since it is the real part of
the analytic function —if. (|

The converse of the above is not true. For example,

ux, y) = log(x? + y?)

225
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is harmonic in the punctured plane but is not the real part of an analytic function
there. (See Exercise 4.) We do have the following partial converse:

16.3 Theorem
If u is harmonic in D, then

a. uy is the real part of an analytic function in D,
b. if D is simply connected, u is the real part of an analytic function in D.

Proof

a. Let f =uy—iuy.Sinceu € C 2. f has continuous first-order partial derivatives.
Moreover, by the harmonicity of u
Sy = tay =ity = tyy +itxx = ify

so that f satisfies the Cauchy-Riemann equations. Hence f is analytic in D.
b. If D is simply connected, by the Integral Theorem (8.5), f = u, — iuy is the
derivative of an analytic function F. Butthenif F = A+ iB

F'(z)=Ax+iB, =A, — Ay = uy — iuy

so that
A(x,y) =ulx,y) +C.
Hence u(x, y) is the real part of the analytic function F(z) — C. (]
EXAMPLE

u(x,y) = x — e*siny is harmonic in the whole plane. Hence f(z) = u,(z) —
iuy(z) =1 —e*siny +ie* cosy is entire. In fact, f(z) = 1+ ie* and if we set

F(Z)z/ozf(C)dC=z+iez—i,

then
u(z) = ReF(2).
O

The fact that a harmonic function is, at least locally, the real part of an analytic
function allows us to apply some of the theory of analytic functions to harmonic
functions.

16.4 Mean-Value Theorem for Harmonic Functions

If u is harmonic in D(zo; R),

1 2 .
u(zo) = - /O u(zo + re'?)do

for all positive r < R.
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Proof
Letu =Ref.By6.12

1 2 .
f(z0) = f(zo + re')ae,
27[ 0

and the result follows by taking the real parts of the above. ([

16.5 Maximum-Modulus Theorem for Harmonic Functions

If u is a nonconstant harmonic function in a region D, u has no maximum or
minimum points in D.

Proof

The theorem may be derived as a corollary of the above Mean-Value Theorem. It
follows even more immediately, however, from the Open Mapping Theorem (7.1).
For in a disc D(zg; 6) C D about any point zo € D, u is the real part of an analytic
function f. Since f maps D(zp; J) onto an open set, u takes both larger and smaller
values than u(zg) in the open disc. (I

Note that the Maximum-Modulus Theorem for analytic functions (6.13) asserts
only that | f| has no interior maximum point; | f| can have a local minimum if it
is equal to zero. By contrast, Theorem 16.5 shows that a non-constant harmonic
function has neither a maximum nor a minimum point in the interior of a domain.

We let the term C-harmonic refer to a function which is harmonic in the interior
of a domain and continuous on the closure. The previous theorem implies then that a
C-harmonic function in a compact domain must assume its maximum and minimum
values on the boundary of that domain.

16.6 Corollary

If two C-harmonic functions u and uy agree on the boundary of a compact domain
D, then uy = uy throughout D.

Proof

u = u1 — up is C-harmonic in D; hence it takes its maximum and minimum on the
boundary. Since # = 0 on the boundary, it follows that u = 0 throughout D and that
Uy = up. [l

Corollary 16.6 shows that a C-harmonic function is determined by its values on the
boundary of a compact domain. But this result is of a purely theoretical nature. How
to determine the value at an interior point from a knowledge of u on the boundary is
the subject of the next theorem. We begin by considering C-harmonic functions in
the unit disc.
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16.7 Theorem
Suppose u is C-harmonic in D(0;1). Then

2
u(z) = Zlﬂ /O u(@®)K©, z)do

where K (0, z) is the “Poisson Kernel,”

i0
K@, z) = Re [em +Z].
el —z
In polar form,
2 i0 2
= | [
2z Jo 1 —2rcos(@ —¢)+r?
Proof

[To simplify the notation, we will assume # = Ref where f is analytic on the
closed unit disc. To justify the assumption, we could first prove the theorem for
u*(z) = u(rz) where r < 1 and then take the limit as r — 1 since u is uniformly
continuous on D(0; 1).]

By the Cauchy Integral Formula (6.4)

O
$O =y [ 1S
or

1 2 . ei&
&=, f@%[m }w (1)
T Jo e’ —Z

If we replace z by the symmetric point 1/z which lies outside the unit disc, then
by the Closed Curve Theorem (8.6)

o= L [ IO
I

T 2mi

a=1¢—;
or 1 [ » o0
0= 2 fe )[ei(’—l/z]de' 2)
Note that
o0 Zeif _z

eig—l/Z_Zeie—l _e—ie_z
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so that subtracting (2) from (1) yields
1 2r 0 ei@ elf
= ) ) —11d0
1@ =, | re” L,g Lt (ela _Z)

1 2 0 ei@
= Y12 R . —1|d6
2z Jo fee )[ 6(6‘9—1) ] ’

or

1 2r ) i6
f@) = f(e”)Re [e.g i Z] do. 3)
27 Jo et —z
Finally, taking the real parts of the above, we obtain
1 2 . i0
u(z) = / u(e®)Re [e.e + Z} do. )
27 Jo evv —z
O

By mapping the unit disc onto other domains, we can obtain similar results for
any simply connected domain. For example, if u is harmonic in D(0; R), u = Re f,
we can apply the above results to g(¢) = f(R¢). Thus

1 2 . i0
rro = [ rwenre| 6, FE Jan,

elt

andif welet R =z

1 27 , Re' 4 7
F@ = [ rwenre| e, T an, ©
and ) »
1 T ) Re' + 7
w@= /0 u(Re'9>Re[ P _J‘”' ©)

The above is known as the Poisson Integral Formula for a disc. The Poisson
Formula for a bounded harmonic function in a half-plane

1 [ t
uG+iy)= /_Oo (t _yx”)(zlyzdf (7

is derived in Exercise 6.

The Dirichlet Problem  The Dirichlet Problem is the problem of proving the
existence of a function u which is C-harmonic in a domain and assumes prescribed
boundary values. This differs from the attitude in the last section where a function u
was assumed to be C-harmonic in a domain and we sought a formula for # in terms
of its boundary values. Nevertheless, the previous theorems offer a starting point.
Suppose, for example, that D is the unit disc. Then if there is a harmonic function u
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in D with limit values u(e) on the boundary, u must be of the form
1 2 ) i0
u(z) = / ueRre| ¢ T a0,
27 Jo et —z

or

; Lo @)1 —r?
u(re') = /
2z Jo 1 —2rcos(@ —¢)+r?

The fact that this Poisson Integral does indeed provide the solution to the Dirichlet
Problem is proven below.

16.8 Theorem
Suppose u(e'?) is continuous on C(0; 1). Then

2w
u(z) = 2; /0 u(@HK (O, z)do

is the restriction to D(0; 1) of a C-harmonic function in the closed unit disc with
boundary values u(e™).

Proof
Let
1 27 . ei& 4z
8@ = / u(elg)[ie ]d&, lz] < 1.
T Jo e’ —Z

Since (¢ + z) / (€ — z) is an analytic function of z for each 6 and since g is
continuous, it follows by Morera’s Theorem that g is analytic in D(0; 1). Moreover,

u(z) = Re g(z) so that u is harmonic. To show that u has the limit u(e?) as z — ¢'?,
we note the following properties of the Poisson Kernel
1—r2 .
K@®,z) = z=re'?. (8)

1 —2rcos(@ — @) +r?’

i K@, z) > 0.
The numerator is obviously positive and the denominator is bigger than (1 — r)?.
ii. (1/27) J77 KO, 2)d0 = 1.
This follows on applying the Poisson Formula (16.7) with u = 1.
iii. Foreveryd > 0

p—0 2r )
K@, z)do —I—/ K@,2)d0| >0 asz— €.
0 p+0

Note that the denominator in (8) is bounded away from zero for |§ — ¢| > J while
the numerator approaches 0 as z approaches the boundary.



16.1 Poisson Formulae and the Dirichlet Problem 231

According to (ii) we can write

in i Lo i6 i
u(re'?)y —u(e'?) = o /0 [u(e”) — u(e'?)1K 0, 2)do.

Let M = Maxglu(eie)l. By the continuity of u, given € > 0 we can find § > 0 so
that |u(e'?) — u(e’®)| < € when |@ — ¢| < . Then by (ii) and (iii)

) ) M p—0 2
lu(re'?) — u(e'?)| < K@, z)do + K@, z)do
T 0 o+0

1 p+0
+ / €K, 2)do
27 p—0

M p—0 2n
< K@, z)do +/ K@,z2)do | +e,
T 0 p+d

andasr — 1

lim, 1 |u(re’?) — u(e')| < e.

Hence

lim u(re'?) = u(e'?). 9)

Since u was assumed to be continuous on the unit circle and u is harmonic (and
hence continuous) in the disc, it follows from (9) that u is continuous in D with the
prescribed values on the boundary. (I

Remarks

1.

2.

According to Corollary 16.6, the above solution to the Dirichlet Problem is
unique.

The arguments above show that for any integrable function # on the unit circle,
there is a harmonic function in D(0; 1) with limit u(e’?) at any point of continuity
of u along the boundary.

. By considering the appropriate conformal mapping f of D onto U, we can solve

the Dirichlet Problem for any bounded simply connected domain. To find a har-
monic function # in D with given boundary values, we first determine a harmonic
function uy in U with the values u1(f~'(z)) along the boundary. Since u5 is the
real part of an analytic function g,

u1(z) = ua(f(2)) =Re g(f(2))

is the desired harmonic function in D.

. In many simple cases, an explicit solution to the Dirichlet Problem can be obtained

(without recourse to the Poisson Integral) by determining an analytic function with
the appropriate real part.
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EXAMPLES

i. To determine the C-harmonic function # in D(0; 1) with boundary values
u(x, y) = x2, note that
Rez?> =x% — y2

is everywhere harmonic and equals 2x> — 1 on the boundary. Hence

1 1
ue,y)= (2 =yH+ .

By taking linear combinations of the above with the harmonic polynomials
1,x,y and xy, we can find a C-harmonic function in D(0; 1) with boundary
values equal to any given quadratic polynomial on C(0; 1).

ii. logr = Relogz is a harmonic function in the punctured plane z # 0 which
depends only on the modulus. [Although log z is only analytic in a slit plane,
Relogz = log|z| is continuous and hence harmonic in the entire punctured
plane.]

Thus if A is an annulus: | < |z| < rp, we can find a harmonic function in A
with arbitrary constant values on the inner and outer circles by setting u(re'?) =
alogr + b for appropriate @ and b. O

An Application to Heat Problems. ~ Suppose we consider a solid whose temperature
u is constant in one direction. (This is a reasonable model for a cylindrical solid
with insulated faces or for a “very long” cylindrical solid.) If we assume that the
temperature is independent of time, then, thinking of the solid as resting in a region
of the z plane, the temperature depends only on the x, y position and can be shown
to be a harmonic function. [See Appendix III.] For that reason, Laplace’s equation:
Uyx + uyy = 0, is sometimes called the heat equation and Dirichlet problems can be
thought of as boundary-value heat problems. Such problems can thus be solved by
the methods discussed. It is often helpful to first map the given region onto a simpler
one where a solution to the corresponding problem is known.

EXAMPLES

i. Suppose the annulus 1 < |z] < 2 represents the cross-section of an “infinite”
cylindrical solid with temperature 100° maintained on the outer rim and temper-
ature 0° on the inner rim. Then, as in the previous example, the temperature is

given by
: 1
u(re'?) = ( ogr) 100°.
log2

In particular, the isothermal line with temperature 50° is the circle of radius v/2.
ii. Nextwe find the “steady-state” temperature function in the unit disc with boundary
values 1 on the upper semi-circle and 0 on the lower semi-circle. Note that w =
(z — 1)/(z + 1) maps the disc onto the left half-plane with the upper and lower
semi-circles mapping onto the positive and negative imaginary axes, respectively.
In the left half-plane, Argz = Imlogz is harmonic with boundary values 7 /2
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and 37 /2, so that
3 Argz
2 bis
has the desired boundary values. The solution to the given problem, then, is

3 1 z—1
=" - A .
u(z) e rg(“_l)

16.2 Liouville Theorems for Re f; Zeroes of Entire Functions
of Finite Order

The following theorem offers a formula, much like the Poisson Integral Formula, for
the value of a C-analytic function in D(0; R) in terms of its real part. This, in turn,
will allow us to obtain estimates on the magnitude of an entire function from given
bounds on its real part alone.

16.9 Theorem
If f =u+ivis C-analytic in D(0; R), then
1 27 " Rei& 4z '
fl) = o /() u(Re' )[Reie_z}de—}—lv(()).
Proof

We have already proven (following Theorem 16.7) that if f = u 4 iv is C-analytic
in D(0; R) then
27

_ 1 i0 Rei9+z
f(z)_27z A f(Re )ReI:Reig_Z:|d9. @))]

Moreover, as we noted in the proof of 16.8 (with R = 1)

2 i0
g(z)=21ﬂ/0 u(Rei€)|:Re +Z]d6 )

Rel? —

is also analytic in D(0; R). A comparison of (1) and (2) shows, however, that f and
g have the same real parts

1 2 ) R i0
Re f(z) =Reg(z) = 5 / u(Re’H)Re|: eie + Z} de.
7 Jo Re'V — 7

Hence
fi@)=g@) +il
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or

2r i0
fz) = 1/ u(Rei0)|:Re +Z]d6+i/1.
27 0

Re0 —z

To determine A, set z = 0. Then, by the Mean-Value Theorem (16.4), the integral on
the right equals u(0), so that
f(O0)=u0)+iA

and
A =0(0). O

Analogues of Liouville’s Theorems for Re f. The original Liouville Theorem (5.10)
states that a bounded entire function is constant. Note that the condition | f| < M
implies the four inequalities

—M <Re f<M
—M <Im f <M.

However, according to the Weierstrass Theorem (9.6), any one of the four inequal-
ities would suffice to prove that f is constant. For if any one of the inequalities
is satisfied, the set of values assumed by f is not dense in the whole plane and f
must be constant. The next theorem shows that the same reduction in hypothesis is
possible for the Extended Liouville Theorem (5.11).

16.10 Theorem

If f is entire and any one of the four inequalities

—Alz|" <Re f(z) < Alz|"
—Alz|" <Im f(z) < Alz|"

holds for sufficiently large z, then f is a polynomial of degree < n.

Proof

Without loss of generality, we may assume Re f(z) < A|z|" for large z. (In the other
cases, we could consider — f or if.) Then applying 16.9 with R = 2|z|

<3

Re'? + 7
Reit — 7

and

2
F@I< /0 u(Re')[d0 + | f(0)], whereu = Re f.

To estimate the integral above, we set

i _ u() ifu() >0
! @_[0 ifu(c) < 0.
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Then according to the hypothesis, if |z| is large enough,

1 2 .
5 / ut(Re'’Ydo < AR" = A2"|z|"
T Jo

and by the Mean-Value Theorem (16.4)

By the lemma below

so that

and by the Extended Liouville Theorem, f is a polynomial of degree at most n.

16.11 Lemma

1 2r .
/ u(Re'%)d6 = u(0).
277.' 0

1 2r )
Zﬂ/ W(R®) O < A2 2" + |u(0)]
0

|f()] < Atlz]" + Az

Let g be real-valued and continuous on [a, b]. Iffab gx)dx = a and if

then

Proof
Recall that

If we set

then

and

By hypothesis

b
/ ¢t (0)dx < B,

b
/ gl dx < 28 + al.

+on el ifglx)>0
& (x)_[o if g(x) < 0.

) = [—g(x) if g(x) <0

0 if g(x) >0,
g=gt-¢"
lgl=g¢"+3g".

/abgﬂx) <p

235



236 16 Harmonic Functions

and , ,
/ g (x)dx =/ gt)dx —a < p—a,
a a
so that ,
[ tetldr <26 -0 <26+ ol 0
a

16.12 Definition
An entire function f is said to be of finite order if for some k and some R > O,
| £ ()| < exp(|z|F) for all z with |z] > R.

Theorem 16.10 can be used to prove the existence of zeroes for many entire
functions of finite order. To show, for example, that e* — z must have a zero, we first
assume that e* — z # 0. Then g(z) = log(e* — z) would be entire with

Re(g(z)) =logle® —z| < |z| + 1 for |z| > e.
But then, according to Theorem 16.10, g would be a linear polynomial; that is,

log(e* —z) =az+b

or

et — 7= eaz+b'

Expanding both sides in power series would lead us to conclude

) 2 2 _ o 22
+2!+3!+'~—e +az+a 2!+~' )

which is impossible.

Similarly, we can show that e* — z must have infinitely many zeroes. For if e* — z
had only finitely many zeroes ay, as, ..., ay, we could apply the above argument
to

(*—2)/z—a)z—0a2)...(z—an)

to conclude that
F—z=©GC—-a)z—a)...(z—ay)e“r?. 3)

By considering the growth of both sides as z — oo, however, it is easily seen that
(3) cannot hold.

16.13 Theorem

Suppose f is an entire function of finite order. Then either f has infinitely many
zeroes or

@) = 0(z)ef®

where Q and P are polynomials.
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Proof

Suppose f has a finite number of zeroes, a1, ..., ag. Then we may write
f(2) =Q(2)g(z)

where

0@)=@—ay)----- (z — ax)

and g is an entire function that is never zero. Thus we can define an entire function
P(z) =logg(2),
which by our hypothesis must satisfy
IRe P(2)] < |z* forlz] = R

for some k and R. Hence P is a polynomial and f(z) = Q(z)ef®, as desired. [0

An entire function does not have to assume every value in the complex plane. How-
ever, according to Theorem 16.13, if f is of finite order, and if f(z) # a for all z, then

f@)—a=el®

It follows that f assumes every other complex value b infinitely often since P
assumes each of the infinitely many values of log(b — a).

The Little Picard Theorem asserts that the above is true for all entire functions.
While a proof of this theorem would take us too far afield, we can prove that it is true
for a very broad class of functions. Let E{(z) = exp(z¥) for any fixed positive integer
k, and let E,41(z) = exp(E,(z)), so that E;is the j-fold exponential of K. We
will show that Picard’s Theorem is applicable to any entire function which grows no
faster than E; for some j. To be precise, we will say that f is of j—fold exponential
order if, for some R > 0, the j-fold logarithm: log(log(log - - -(| f (2)]))) < lz[*, for
some fixed k and |z| > R. Note that if f is of j—fold exponential order, then log f
is of (j — 1)—fold exponential order.

16.14 Theorem

Suppose f is an entire function of j—fold exponential order, for some j. Then, if
f(z) # aforall z, f assumes every other complex value b infinitely often.

Proof

If j = 1, fisoffinite order and the result follows, as indicated above. To complete the
proof, assume that f is of (j + 1)-fold exponential order. Then g(z) = log(f (z) —a)
would be of j-fold exponential order, and by induction we can assume that g assumes
every value in the complex plane with at most one exception. In particular, g assumes
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all of the infinitely many values of log(b — a) with at most one exception. But then,
since f(z) = a + €8, f assumes every complex value b # a infinitely often. [

We leave it as an exercise to show that Theorem 16.14 is not equivalent to Picard’s
Little Theorem. That is, there are entire functions which are not of j —fold exponential
order, for any j.

Exercises

1. Suppose f = u + iv is analytic. Show then that # + v and uv are harmonic.
2. Show that every partial derivative of a harmonic function is itself harmonic.
3. Show that u? cannot be harmonic for any nonconstant harmonic function u.
4

. Show that log()c2 + yz) is harmonic in z # 0 but is not equal to the real part of a function that is
analytic in z # 0.

5. a. Show thatif u(r, €) is dependent on r alone, Laplace’s equation becomes

1
urr + ur =0.
r

b. Use the above to show that a harmonic function which depends on r alone must have the form
u(r, ) =alogr +b.

6. Derive the Poisson Formula
(o +iy) 1/oo y - ultydt M
ulx +iy) =
VT r e =02 42

for abounded C-harmonic function in the upper half-plane. [Hint: Let C g denote the indicated contour

and set i
F© go - [ O 4
cpr¢—z cr ¢~z

2mif(z) =

>

where Re f = u. Then simplify and obtain (I) for f(x + iy) by letting R — 00.]

Cr

on

NN

7. Find a harmonic function in D(0; 1) with boundary values u(x, y) = x3.

8. Let u be harmonic in D(0; 1) with boundary values: 1 on the upper semi-circle and 0 on the lower
semi-circle. Show that the level curves u(x, y) =k, 0 < k < 1, are all circular segments.
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9. Find a harmonic function u in the upper half-plane with

0, x<0

lim u(x,y) =
y—0 1, x>0

10. Find the temperature function u(x, y) for a solid represented by the semi-infinite strip

- <x<

T T
>0
2 20 V=

1 P — T /4
given thatu(x,0) =1,-% <x < 7,

u(—Z,y):Z, andu(z,y):O, fory > 0.

11. Prove e — P(z) and sin z — P(z) have infinitely many zeroes for every non-zero polynomial P.

12. We say an entire function of finite order has order j if

j=inf{k: fim @ =0}.
200 exp(Jz[k)

Prove that the only non-vanishing entire functions of order j are of the form f(z) = eFi (Z), where
Pj is a polynomial of degree ;.

13.* Show that sin z — z = ¢ has a solution for every complex number ¢ by showing that if sinz — z # ¢
for all z, then sinz — z # ¢ + 27

14.% Let fo(z) = 2, fup1(2) =@, 0 =0,1,2, ... and let go(r) = t, g41 (1) = 17(), Define

- fk(2)
F(z) = Z
= k)

Show that F(z) is an entire function but F(z) is not of j-fold exponential order for any positive
integer j.






Chapter 17
Different Forms of Analytic Functions

Introduction

The analytic functions we have encountered so far have generally been defined either
by power series or as a combination of the elementary polynomial, trigonometric and
exponential functions, along with their inverse functions. In this chapter, we consider
three different ways of representing analytic functions. We begin with infinite prod-
ucts and then take a closer look at functions defined by definite integrals, a topic
touched upon earlier in Chapter 7 and in Chapter 12.2. Finally, we define Dirichlet
series, which provide a link between analytic functions and number theory.

17.1 Infinite Products

17.1 Definition

a. Let {ux}2, be a sequence of nonzero complex numbers. The infinite product
172, ux is said to converge if the sequence of partial products Py = ujus ...uy
converges to a nonzero limit as N — oo. If Py — 0, we say the infinite product
diverges to 0.

b. If finitely many terms uy are equal to zero, we will say the product converges to
zero provided [[72 ux converges.

ur#0

EXAMPLES

i. H,fil(l +1/k) = % . ; . ‘3‘ - ... diverges (to o) since Py = N + 1 - oo.
ii. [1;2,(1 — 1/k) diverges to zero.
iii. [Ipo,(1 = 1/k%) = [2,(k — 1)(k + 1)/k? converges.

We leave it as an exercise to prove this by finding an explicit formula for Py .
iv. TIe2,(1 — 1/k?) converges to 0 since []72,(1 — 1/k?) converges. O

241
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Notes
1. If Py—1 #0,
Py

uyN = .
Py—y

Hence if H,fil up converges, uy — 1 as N — oo. For this reason, we will
usually write infinite products in the form [ [, (1 4 zx) with the understanding that
zx — 0 if the product converges.

2. If {ax}72 | is a sequence of positive real numbers, T3 (1 + ak) converges if and
only if )2, ax converges. This follows from the inequalities

N
ai+ay+---+ay < H(l +ag) < eMtarttay,
k=1

The right-hand inequality is a direct consequence of the fact that 1 + x < ¢*
for all real x. It is not true for complex numbers zx, however, that H,fil (1 4+ zx)
converges if any only if > 2, zx converges (see Exercise 5), but we do have the
following theorem.

17.2 Proposition

Letzi # —1, k=1,2,.... [132 (1 +zx) convergesif and only if > 2=, log(1+zx)
converges. (logz here denotes the principal branch of the logarithm; ie., —w <
Imlogz = Argz < m.)

Proof

Let Sy = &, log(1 + z¢). Then Py = ¢V and if Sy — S, Py — P = 5.
Suppose, on the other hand, that Py — P 5 0. Then, some branch of the logarithm
(which we will denote log*) is continuous at P and log* Py — log* P as N — oo.
Suppose we inductively define integers ny so that

N

Z(log(l + zk) 4+ 2ming) = log* Py.
k=1

Then since log* Py converges,

N

> (log(1 + zx) + 27in)
k=1

converges; therefore log(1 + zx) + 2xiny — 0as k — oo. Since zx — 0 and log
denotes the principal branch, it follows that n; = 0 for k sufficiently large.
Hence > 72 log(1 + zx) converges. (|

17.3 Proposition

IF 302 |zk| converges, [1ie.; (1 + zk) converges.
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Proof

Assume 21211 |zk| converges and take N such that for k > N, |zx| < é Then, for
k>N

z,% z,% I 1
|10g(1+2k)|=|2k—2+3—+"'|§|Zk| 1+2+4+--- < 2|zl

Hence >°2 41 log(1 + zx) is convergent and by the previous proposition so is
[T2 (1 + ). u

17.4 Definition
[T72, (1 + zx) is called absolutely convergent if

(0.¢]
H(l + |zx|) converges.
k=1

17.5 Proposition

An absolutely convergent product is convergent.

Proof

According to Note (2) (following Definition 17.1), the convergence of [ [72; (1+|z|)
is equivalent to the convergence of 21?11 |zx|. Hence if H,fil (1 + |zx|) converges
so does ;2 |zx| and by the previous proposition, so does [];2 (1 + z). O

We wish to consider analytic functions defined by infinite products; i.e., functions

of the form
o0

f@=]]A+ux).

k=1

Recall that f isanalyticif each function uy, k = 1, 2, .. .is analytic and the partial
products converge to their limit function uniformly on compacta (Theorem 7.6).

17.6 Theorem

Suppose that uy(z) is analytic in a region D fork = 1,2, ..., and that ;o |ux(z)|
converges uniformly on compacta. Then the product H,fil (1 + ug(z)) converges
uniformly on compacta and represents an analytic function in D.

Proof

Let A be a compact subset of D. Since > 7o | |ux(z)| converges uniformly on A, for
sufficiently large &k, |ux(z)| < 1 there. Hence, we may assume that 1 + uy # 0 for
all k. If we then take N large enough so that Z,fiNH lux(z)| < €/2,itfollows, as in
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the proof of Proposition 17.3, that

o0

Z log(1 4+ ux(z))| < € throughout A.
k=N+1

That is, > "2 ; log(1 + ux(z)) converges uniformly on A to a limit function S(z). It
follows that S(A) is bounded. Finally, since the exponential function is uniformly
continuous in any bounded domain,

N

Py (2) = exp (Z log(1 + uk<z)>)
k=1

converges uniformly to its limit function 5. O

EXAMPLES

Lo[Te2, (1 + zF) converges uniformly on any compact subset of the unit disc since
any compact subset is contained in a disc of radius 6 < 1. Hence

(o) (0.¢] 5

2 =20t =

k=1 k=1 1-9
and, by the M-test, > 2, |z¥| is uniformly convergent.

]EII(H;Z)

represents an analytic function in the half-plane D : Rez > 1. In any compact
subset of D, Re z > 1 + ¢ throughout so that

L1 1 k=12
k2 _kReszl+6’ e
Hence o |
k=1 ke
and, consequently,
[T(1+ )
k=1 ke
are uniformly convergent. %

The Weierstrass Product Theorem. According to the Uniqueness Theorem (6.9), a
nontrivial entire function cannot have an accumulation point of zeroes. That is, if
{Ax} = A andif f is an entire function with zeroes at all the points A, then f = 0.
On the other hand, an entire function may be zero at all the points of a sequence which
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diverges to co. For example sin z is zero at all integral multiples of z . Similarly, e* — 1
is zero at all the integral multiples of 2zi. The Weierstrass Product Theorem shows
that these examples are in no way exceptional.

17.7 Theorem (Weierstrass)
Suppose {Ax}p2, — 00. Then there exists an entire function f such that f(z) =0
ifandonly ifz = Ag, k=1,2,....

Note: To define an entire function with zeroes at the points 1, it would seem natural

to write
o0

f@=]]c-.

k=1
However, since 1y — 00, the terms of the product would not approach 1 (for fixed
z) and hence the product would diverge. Instead, we consider the infinite product of

linear functions given by
(o)
b4
(Z = (1 - ) 5
ro=T1(1-;

k=1

assuming for now that Ax # 0. Indeed, if > 2, |1/4x| converges, > ro, |z/ Akl
converges uniformly on every compact set so that the product is uniformly convergent
on compacta and gives the desired entire function. Moreover, if > = | 1/|4x| diverges
but 372, 1/ |1%|? converges, we can modify the above construction by considering

f) = [(1—Z)ez/ﬂk]
Hit-

With the “convergence factors” e?/* the product is uniformly convergent on com-

pacta since, for |A¢| > 2|z],
Uz 22 _ 23 n n Z
Ak 223 343 At

Z
1 1— I
Og[( lk)e ]
1+1+1 B 2
2 48 -

z
Zlog[(l —z/)e ], 7 #

R
Ak
k=1

Z2

<
2
/Ik

Hence the series

is uniformly convergent and the product is uniformly convergent on compacta.
By the same reasoning, if >t 1/ |2%|" ! converges for some positive integer
m and we consider the convergence factors

Ec(@) = exp (2/2 + /22 4 -+ 2" mA )
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it follows that the infinite product

fi(i)ec

k=1

is uniformly convergent on compacta and represents an entire function with the
desired zeroes. There are sequences {Ax}, however, such that 1 — oo and yet
z,fil 1/|4%|N diverges for all N. (For example, {1;} = {log k}72,.) Hence, for the
general case we must introduce a slight variation.

Proof

Assume for the moment that A; # 0 and set

2 k
Z Z Z
Ek(Z)ZeXp(ik + 22 +-~-+ki,]§).

Suppose, moreover, that |z| < M. Then since 1y — oo, for sufficiently large
k, |Ax| > 2|z| and

()]« 52l <
og| (1~ Ekz]s M < i
A j=k+11'11j< A 2

Hence both

Zlog[(l - ;’k) Ek(z):| and [ [(1 - jk) Ek(z):|
k=1 k=1

are uniformly convergent on compacta. Note also that the individual factors are zero
only at the points 14, and by the definition of convergence the infinite product is zero
at those points only. Finally, if we seek an entire function with zeroes at the origin
as well, we need only set

f@)=z" [(1 - jk) Ek(z>]
k=1

EXAMPLES

1. To find an entire function f with a single zero at every negative integer 1, = —k,
note that > 2, 1/|Ax| divergesbut > 72, 1/| A« |2 converges so that we can define

(1 + ]Z() ek,

)

fl@) =

k=1
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2. An entire function with zeroes at all the points 1y = logk, k = 1,2, .. .,1is given
by

@) = H( ) z N 22 R P
)=z log k loghk ' 2log2k  kloghk ]|

3. An entire function with a single zero at every integer is given by

ro=<1[0-5)e (e =1(-5) ¢

17.8 Proposition
Let

f(z)—zH(l kz)'
k=1

Then f(z) = (sinznz)/x.

Proof

Consider the quotient

00 2
0(z) = zH(l — Iiz)/sinﬂz.
k=1

Q is entire and zero-free. To show that Q is constant we seek estimates on its growth
for large z. Assume then that ;N < |z| € N. Then |Q(z)| is bounded by the
maximum value assumed by Q on the square of side 2N + 1 centered at the origin
(Theorem 6.13). We have already proved, however, (see Chapter 11.2) that along this
square (which avoids the zeroes of sin zz), |1/ sin zz| < 4. Moreover,

[(-52) =me-D e+ 1 (-5)

k=1 k=1 k=N+1
N 00
H 2lz/k| H Pl
k=1 k=N+1

2
z
< exp(2|z|(1 +log N) + |N|)

since
N

1 = 1 1
Zk<1+logNand Z k2<N'
k=1 k=N+1
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0
W

Noting again that forlarge N, 2(1+log N) < /N /2 < |z|'/? while |z?|/N < |z,

it follows that ,
[T, (1 - ,i2)

sin 7z

10(z)| = < Aexp(Iz]*/?).

By Theorem 16.12, then, we must have

2 (1-5)
el ( ) AeB?.

sin 7z

However, Q is an even function so that B = 0, and the constant A can be determined
by noting that

A=00)=lm ° =

—0sinzz T

Some consequences of the above proposition:

i. Setting z = ; , we have

T 1
122HP‘@W}

=GEDE)
=2 (13 (9 (9)

so that

or
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ii. Suppose we expand the terms in the product to obtain an infinite series. Then we
will have

o0 ZZ
sin 7z = nzklj[l(l — kz)

(o.¢]
1Y , 1\ .

k=1 k,j

A comparison with the familiar power series

. n3z3 + w37 "
sinmz = nz — —
CETET 6 T 20
shows that
S
k2 6

k=1
(See 11.2 for an earlier proof of this identity.)

17.2 Analytic Functions Defined by Definite Integrals

We noted previously that Morera’s Theorem (7.4) can be used to prove the analyticity
of certain functions given in integral form. We now examine this notion in somewhat
greater detail.

17.9 Theorem

Suppose ¢(z, t) is a continuous function of t, a < t < b, for fixed z and an analytic
function of z € D for fixed t. Then

b
f@ =/ p(z,t)dt

is analytic in D and

b g
£() = / 2 (ot 0yt )
a Z

Proof

Since f is a continuous function of z, according to Morera’s Theorem (7.4), we need
only prove that [ f(z)dz = 0 for any rectangle I' C D. We can reverse the order
of integration, however, and write

/rf(Z)dz=/r (/abq,(z,t)dt) dz=/ab (/l_(p(z,t)dz)dt
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since ¢ is continuous in ¢ and in z. Thus, since ¢ is analytic in z,

/rf(z)dzz/abOdtzo

We leave it as an exercise to show that f” is given by the formula in (1). (I

EXAMPLES

1. f(2)= Jy dt/(t — z) is analytic in D = C\ [0, 1].

In fact, direct integration shows that f(z) = log(l — 1/z), and we can use
Theorem 10.8 to show that f is analytic in D. Recall then that AArg(1 — 1/z2),
as z traverses a closed curve, gives the number of zeroes minus the number of
poles of 1 — 1/z that lie inside the curve. Yet if the curve is a simple closed curve
encircling the interval [0, 1], because 1 — 1/z has one zero and one pole inside,
AArg(1 — 1/z) = 0. The same argument shows that f has a jump discontinuity
of 27i as z crosses through any point x, 0 < x < 1 from the upper to the lower
half-plane.

2. g(z) = fooo dt/(e' — z) is analytic in C\ [1, co). Although g is given by an
improper integral, it is the uniform limit of

N g
gN<z)=/0 !

el —z

on any compact subset of C\ [1, co0), and hence g is analytic. As we shall see
below, g has a “jump” of 2zi/x as z crosses from the upper half-plane to the
lower half-plane through any point x > 1. %

17.10 Proposition

Suppose that f and g are continuous real-valued functions on [a, b] and that ' > 0
is also continuous. Then

10
FO=], ro-:
is analytic outside the interval [a, f] where a = f(a), f = f(b) and
g(f7H ()

lim [F(x +iy)— F(x —iy)] = 2xi forall x € (a, B).
y—0t

1)

Proof

The analyticity of F is proven in Theorem 17.9. By rationalizing the denominator,
we obtain

bif() —x1g() ) /" g(nydt

Fx 41 =/ dr + :
(x +1iy) o LF() = x4 2 Y [f(t) — x> + »?
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Hence
g()dt

b
F(x +iy)— F(x —i =2'/ ,
(x4 iy) = F(x —iy) = 2iy o LF() — xP 4 32

and setting t = f~'(u), a = f(a), f = f(b)

yg(f~ (w))du
Yu) [ —x)2 +y?]

We leave it as an exercise to complete the proof by showing that

P h(u)y
/a (U= x)2 + yzd” - wh(x)

B
F(x+iy)—F(x—iy)=2i/ Ff-

as y — 0 for any continuous function 4 on [a, flanda < x < . (I

17.3 Analytic Functions Defined by Dirichlet Series

Series of the form
o0
n

a
n<

n=1

are known as Dirichlet Series. Note that n™¢ = exp(—z logn) represents an entire
function for every positive integer n. (log n is chosen as the principal value;i.e., logn
is real-valued, so n? is positive for all real z. The coefficients a,,, of course, can be
any complex constants.) Since the partial sums are entire, a function f(z), defined
by a Dirichlet series, is analytic in any region where the series converges uniformly.
According to the theorems below, the natural regions of convergence for Dirichlet
series are half-planes of the form Re z > x(¢, much as discs centered at the origin are
the natural regions associated with power series.

17.11 Theorem
a
I, Z converges for z = zo, then it converges for all 7 in the half-plane H =
nz
{z :Re z > Re zg9}. Moreover, the convergence is uniform in any compact subset of H.
Proof

a
To show that > 7 'Z’ converges, we will show that the partial sums form a Cauchy

sequence. That is, we will show that

al a a a

n M N
2 ne| Iz e
n=M

is arbitrarily small for sufficiently large values of M.
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Our proof is based on “summation by parts” and the following two observations:
(i) Since
(o.¢]
>
n<o
n=1

converges, there exists a positive constant A with

L a
n
> | <A 2)
n=1
for all positive integers 7.
(ii)
1 1 [w]
nw - (n + 1)10 pRew+1

The above inequality follows easily from the usual M — L formula, since

1 1 ntl —w—1
nw_(n+1)w: ) wt dt.

To complete the proof, let

n
1
M=% b= . withw=z-z.

k=1 k2o "
Then
MM N Ay = Ay Dby + -+ (Ay — An_1)bN
M= N*
N-1
= —Au-1bu + D Axlbi —bey)) + Avby.  (3)
k=M

—Apm—1by and A nby both go to zero for sufficiently large values of M and N,
since
|Axl < Aforallk, and |b,| = 1/nRe@%0)

The remaining sum on the right side of (3) is also arbitrarily small for sufficiently
large M since, according to (i) and (ii), it is bounded in absolute value by

o0

Alz — 2ol
Z L1406 , where 0 = Re (z — zp),
k=M
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which is the “tail” of a convergent series. Hence
(0.¢]
An
n<
n=1
converges.

Finally, note that if K is a compact subset of H, there is a positive value of ¢,
with Re (z — zg) > J for all z in K, as well as a positive constant B with |z| < B
throughout K. Hence the expression in (3) will have a uniformly small absolute value
forall zin K, once M is sufficiently large. So the series converges to its limit function
uniformly in K. (I

Note that in the proof of Theorem 17.11, we never actually used the convergence
of the Dirichlet series at zg. The only actual requirement for the conclusion was that
there was a finite upper bound for the absolute value of its partial sums.

EXAMPLE u
Supposea, = (—1)".Then > 2, z has bounded partial sums (although it diverges)
n

at z = 0. According to Theorem 17.11, then, it converges and represents an analytic
function in the right half-plane: Rez > 0. The fact that it diverges at z = 0 also
implies that its partial sums are not bounded for any value of z with a negative real
part. O

17.12 Theorem
a

If Zzi 1 z converges for some, but not all, values of z, there exists a real constant
n

. a ,
xo (called the abscissa of convergence) such that Y - | Z converges if Rez > xg
and diverges if Re z < xo. n

Proof

Let x( be the greatest lower bound of the real parts of all the complex numbers z for
a

which 372 | 'Zl converges. By Theorem 17.11, if xo = —o0, the series converges

for all z. If the series neither converges for all z nor diverges forall z, —oo < xp < 00
and the theorem follows from Theorem 17.11 ]

The abscissa of convergence of the Dirichlet series bears an obvious analogy to
the radius of convergence of a power series. However, the analogy does not extend to
the idea of absolute convergence. Power series converge absolutely in any compact
subset of their region of convergence. On the other hand, consider the Dirichlet series

— (—1)"
2

As we mentioned above, the series converges (and represents an analytic function)
in the right half-plane: Re z > 0. However, it converges absolutely only if Re z > 1.
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This is the general situation with Dirichlet series. In addition to the half-plane of
convergence H, there is a half-plane of absolute convergence Hj, which may be a
proper subset of H .

17.13 Theorem

a

Suppose > 12, ;’ converges absolutely for some, but not all, values of z. Then there
n

[e%e} An

n=1 n?

converges absolutely if Re z > x1 and does not converge absolutely if Re z < x1.

exists a constant x| (called the abscissa of absolute convergence) such that

Proof

_ lan|

‘ an
n.x

n<

. dan . .-
So if >0, Z is absolutely convergent at zg, it is also absolutely convergent at
ne
all points z with Rez > Rezg. The theorem follows with x; equal to the great-
a
est lower bound of the real parts of all complex z for which > 2 'Zl converges
n

absolutely. (]

Note that if the coefficients a,, are all positive, the abscissas of convergence and
absolute convergence must be identical. Otherwise there would be a real number x
between them where the Dirichlet series is convergent but not absolutely convergent.
But this is obviously impossible since the terms in the Dirichlet series, for real values
of z, are all positive.

EXAMPLE |

The function ¢ (z) is defined by the Dirichlet series > oo, . This series converges
n

absolutely for Rez > 1, and divergesif Rez < 1. %

Since Dirichlet series converge uniformly within their half-plane of convergence,

they can be differentiated term-by-term. So if f(z) = > oo, a,z, , then
n
< —a logn
/ _ —Un
fo=2 """
n=1

For any value of z within the half-planes of convergence for two Dirichlet series,

we have :
o0 o0

an n by _ i an + by
n=1 n n=1 n n=1 n

We can also multiply two Dirichlet series. Rewriting the product as another Dirich-
let series involves a rearrangement of the terms, which is justified if the two series
are absolutely convergent. Hence, within the half-planes of absolute convergence,
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we have
o0

00 00
D IS I
n< ne n<
n=1 n=1 n=1

with ¢, defined as the “convolution” of a, and b,, That is,
Cn =D adbn/a
dln

where the sum is taken over all the positive divisors of n.

EXAMPLE
o0 00 00
1 1 d(n)
2 _ —
C@O=2 2=
n=1 n=1 n=1

where d(n) equals the number of positive divisors of n.

Exercises

1. Prove

o0

-
2

k=2 k

converges by finding an explicit formula for Py .

2. As above, prove
e k
(=1
1
I+

k=2
converges.

3.* Prove that I I(l + ! ) diverges, but I I 14 ' | converges.
n n
n n

4. Show that if >"2° | z converges and > 22 |zx |2 converges, then 12, (1 + zi) converges.

5. Show that
o k
—1
[T(1+ =D
k=2 Vk
diverges even though
o
k=2 \/k
converges.
k
6. Provethat (1 4+z)(1 +zz)(l +z4) L= ]_[]‘zio(l +22 ) converges uniformly on compactato 1/(1 —z)

in |z| < 1. [Hint: Find Py .]
7. Define an entire function g with single zeroes at and only at all the “squares” iy = Kik=1,2,...
8. Show that one solution to (7) is given by sin 7 \/z /7 \/z.

9. Prove that o
4z2
cosmz = 1- .
1_[ [ 2k + 1)2]

k=0
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10.

11.

12.

13.

17 Different Forms of Analytic Functions

. and consider f(z) =

)

a. Define a function f, analytic in |z| < 1 and such that
. . 1
f(z)=0 ifandonlyifz=1-— k; k=1,2,....
[Hint: Find an entire function g with zeroes at A = k,k = 1, 2,..
g(1/(1=2)).]
b. Generalize the above results.
Given F(z) = fab ¢(z, t)dt. Derive the formula for F/(z) by writing
1 F 1 (e
T I LY
2ri Je (¢ —2) 2ri Jec\Ja (—2)
and switching the order of integration.
Complete Proposition 17.10 by splitting
p h d xX—€ X+€ p
(u)zu 2into/ +/ +/ .
a (U—x)"+y a Jx—e x+e
Show that

L oar
ro=[ 2,

is analytic outside [1, oo]. Find the discontinuity of f as z “crosses” a point x > 1.
14.*% a. Let¢(n) be the Euler totient function; i.e., the number of positive integers not exceeding 7, which

are relatively prime to n. Prove that

is absolutely convergent for Re z > 2.

()

b. Itcanbeshownthat X" ;, #(d) = n,foralln > 1[Apostol, p.26]. Show that{ (z) >0 =

{(z—1),forRez > 2.

n<



Chapter 18

Analytic Continuation; The Gamma
and Zeta Functions

Introduction

Suppose we are given a function f which is analytic in a region D. We will say
that f can be continued analytically to a region D; that intersects D if there exists a
function g, analyticin D1 and such that g = f throughout D1 D. By the Uniqueness
Theorem (6.9) any such continuation of f is uniquely determined. (It is possible,
however, to have two analytic continuations g1 and g; of a function f to regions D
and D, respectively with g1 # g» throughout D1 N D;. See Exercise 1.)

The Schwarz Reflection Principle (7.8) is an example of how, in some cases, an
analytic function can be continued beyond its original domain of analyticity. In this
chapter, we first examine the possibility of such “extensions” for functions given
by power series. We then consider the classical Gamma and Zeta functions, defined
originally by a definite integral and a Dirichlet series, respectively.

18.1 Power Series

As we have seen in Chapter 2, a power series, Z;’,O:O anz", may converge at some
or all or even none of the points on its circle of convergence. As the examples
below indicate, the convergence or divergence of the power series at a point does
not determine whether the function f(z) = > a,z", can or cannot be continued
beyond that point.

1.

1 o0
o) = 1 — g :ZOZ” for |z| < 1.
n=

Although the power series diverges at every point on the unit circle, f is analytic
throughout the punctured plane z # 1.

. >, (" n?) converges at all points on the unit circle; however, g(z) cannot be
continued analytically to a domain including z = 1 since

]

(n+ 1)7" _
"(z) = E - - 1.
g (@) 2, 4 00 asz

257
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18.1 Definition

Suppose that f is analytic in adisc D and that zg € 6 D. Then f is said to be regular
at zg if f can be continued analytically to a region D with zo € D1. Otherwise, f is
said to have a singularity at z.

18.2 Theorem

If 2020 anz" has a positive radius of convergence R, f(z) = Y oo anz" has
at least one singularity on the circle |z| = R.

Proof

If f were regular at every point on the circle of convergence, then for each z with
|z] = R, there would exist some maximal €, such that f could be continued to a
region containing D(z; €;). Clearly €, would depend continuously on z so that, since
the circle |z| = R is compact,

min €, =€ > 0.

lzI=R
Hence, a function g would exist, analytic in D(0; R + €) and such that g = f in
D(0; R). But then g must have a power series representation > .-, b,z" convergent
for|z| < R+e. Yetsince g(z) = f(z) = X anz" for|z| < R, by the Uniqueness
Theorem for Power Series (2.12), a, = b,. Thus the radius of convergence would
be R, and we have arrived at a contradiction. (I

In general, it is difficult to determine when a function has a singularity at a par-
ticular point on the circle of convergence of its power series. The following theorem
is one of the few results we have in this direction.

18.3 Theorem

Suppose that ZZOZO anz" has a radius of convergence R < 0o and that a, > 0 for
alln. Then f(z) = > e anz" has a singularity at z = R.

Proof

By Theorem 18.2, f has a singularity at some point Re'® . If we consider the power
series for f about a point pe'*, with 0 < p < R:

d . O () io _
10 = 3tz pey = 3T ety
n=0 n=0 :

we see that the radius of convergence of this series is R — p. (If it were larger, the
power series would define an analytic extension of f beyond Re'®). Note, however,
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that for any non-negative integer j,

(e ¢]

fPpe™y =D nn=1)...(n = j + Dan(pe)"

n=j

so that, since a,, > 0, ) ) )
1F D (pel®)| < 9 (p).

Hence the power series expansion of f about p,
o
™)
> =),
=0 n:

must have radius of convergence R — p. On the other hand, if f were regular at
z = R, the above power series would converge in a disc of radius greater than R — p;
therefore, f is singular at z = R. (I

18.4 Definition

If f(z) = D o2 anz" has a singularity at every point on its circle of convergence,
then that circle is called a natural boundary of f.

EXAMPLE
00

Zzzk =z+2 4+ + 2+

k=0
has radius of convergence 1. Yet as z — zg, where zg is any 2"th root of unity, all
the terms of the power series past zZ approach 1, so that f(z) — oco. Hence f is
singular at every 2"th root of unity, n > 1. Since these are dense on the unit circle,
that circle is a natural boundary for the power series. %

Similarly, if we set g(z) = Z,fio(zzk /2%Y it is clear that g has the unit circle as a
natural boundary since g’(z) = (1/2) > 1o sz — 00 as z approaches any 2"th root

of unity. If we set h(z) = > ro (sz / 2"2) then, while 4 has radius of convergence 1,
all of its derivatives are bounded throughout |z| < 1. Nevertheless, according to the
following theorem, % too has a natural boundary on the unit circle.

18.5 Theorem
Suppose
Nk+1
>
k—oo Tk

(0.¢]
fl) = Z k™ with  lim
k=0

Then the circle of convergence of the power series is a natural boundary for f.
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Proof

Since the result is independent of ¢k, we may assume without loss of generality that
the radius of convergence is 1. Also, neglecting finitely many terms if necessary, we
will assume that for some 6 > 0 and for all k, ngy1/nx > 1+ J. Finally, it suffices
to show that f is singular at the point z = 1. For the same result, applied to the series
> o Ck (ze~?)" shows that f is singular at any point z = '’

Choose an integer m > 0 such that (m + 1)/m < 1 + ¢ and consider the power
series g(w) obtained by setting

w™ + wm+1
2

w™ + wm+1 "k
2
in the power series of f:

m m+1 mnq mno+1
w" +w cow conow o
8(w) = f( ) - + + -+ w™notno

=

and expanding the terms

2 210 210 210
+ 1 W™ 4 cing w4 ‘1 M
2)11 21’!1 21’!1

Note that in this expression no two terms involve the same power of w, since

1 m+1
+ > .
ng m

n
mng4+1 > mng + ng holds whenever

If |w| < 1, then

lw]™ + Jw|"*!
) <1,

and since f(z) is absolutely convergent for |z| < 1,

ng
o |w|m + |w|m+l
Z |ck| ) converges.
k=0

Hence for |w| < 1, g(w) is absolutely convergent. On the other hand, if we take w
real and greater than 1, then
w™ + wm+1
2

0 (wm + wm+l )nk
2
2

k=0

> 1

so that
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diverges. Note, though, that the jth partial sums s; of the above series are exactly
the n;(m + 1)-st partial sums of the power series for g. Hence the series for g(w)
diverges and g, too, has radius of convergence 1. According to Theorem 18.2, g must
have a singularity at some point wq with |wg| = 1. If wg # 1, then

wy' + w81+1
2

<1

and since f is analyticin |z| < 1, g isregular at wg. Thus g must have a singularity

at wg = 1 and since
w™ + wm+l
g(w) = f ( 5 ,

f(2) must have a singularity at z = 1. O

The Method of Moments. Suppose we are given a power series f(z) = > oo cn2"
where the coefficients ¢, are the “moments” of a given continuous function.
For example, suppose that there exists a continuous function g on [0, 1] such that

1
cnz/ g() -t dt.
0

Then

|:/l gt" dt:| 7"
" 0

1
=> UO g(0)(12)" dt} :

n

HOEDY
=0
=0

and, interchanging the order of summation and integration, we find that
1 (o.¢]
o= {Z g(r)(rz)"} i
n=0

1
t
_ / g(1) dr.
0 1 — 1z
(The interchange of summation and integration is easy to justify if |z| < 1.) More-

over, this integral form serves to define an analytic extension of the original power
series.

EXAMPLES

i. Consider
0 n

Z
f(Z)=nZ::0n+l, 2l < 1.
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1 1
=/ t" dt,
I’l—|—1 0

U dr
f(@) :/ for |z] < 1.
0 1—tZ

Since
g()=1and

The integral above is analytic throughout the complex plane minus [1, ©0).
According to Proposition 17.10 this extension of f has a discontinuity at every
point of the interval [1, 00).

ii. Since o0 1 o0 ,—U 1 00
/ e dr = / N du, = c/ e dt,
0 Vo 24u Vn 0

where c is a positive constant. (We will show in the next section that the value of
cis2/4/m.) Hence

00 _p 00

> jn =c> [/Ooo(ze—fz)” dt]

n=1

oo | X )
= c/ |:Z(ze_t )" | dt, forlz] <1
0 n=1

o0
z
=c ) dt. O
0o e’ —z

Again, while the interchange of summation and integration is valid only in the
original domain |z| < 1, the integral defines an analytic extension to the larger region:
C\[1, o0). Again, by 17.10, the integral has a discontinuity at every pointof [1, co).

Many problems of this type can be solved by expressing the coefficients ¢, in the
form

o0
Cn =/ e "Mg(t)dt.
0

(In this case, ¢, is obtained as the “Laplace Transform” of g at the integer n.) Some
well-known formulae are listed below:

1 o0
=/ e e gy
n+a 0
o0
a ot
) 2:/ e " sin ar dt
nc+a 0

o0
n . —nt
5 , = e " cos at dt
nc+a 0

1 oo
= cp/ e P~ Vdr, p>o.
0

npP
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(The constants ¢, are determined in terms of the I' function which we will study in
the next section. See Exercise 5.)

EXAMPLE
Let 00 5
f@=> s
n241" "
n=0
Then

d (& nz"
f@ :Zdz (§n2+ 1)'

Using one of the above formulae
[ n 00 00
n __ —nt n
Zn2+1z _Z[/o (e7 " cost)z dt]
n=0 n=0

® ¢l cost
= dt for|z|] < 1.
0

el —z

Thus
® el cost
f@) =z dt
o (

el — Z)2 :
[Alternatively, we could write
i 1

n 1 - 1 n
f(Z):Z(l_n2+l)Z :1_Z—l§n2+lz, etc... .. ] O

n=0

18.2 Analytic Continuation of Dirichlet Series

Dirichlet series, unlike power series, do not necessarily have a singularity on their
boundary of convergence. For example, we will see in the next section that

o (=1
2 .
n=1
can actually be continued to the full complex plane. However, if all the coefficients
ap are positive, we have the following analogue of Theorem 18.3.

18.6 Landau’s Theorem

Suppose that a, > 0 for all n, and that b is the real boundary point of the region of

convergence of ~

f@=3"

n=1

Then f has a singularity at b.
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Proof

We will show that if f is regular at b; that is, if it can be analytically extended to
a region containing the point b, then the Dirichlet series will converge at some real
number less than b, which contradicts the definition of b. Toward that end, choose
a real number a > b, and consider the power series representation of f, centered at
z = a. Since

f(k) (2) = i an(—log n)k ,

n<
n=1

the power series representation for f in a disc centered at z = a is

00 00 (=1 k
10 =2 o= 0 vitva = 3 (= loam M

If f is regular at z = b, the radius of convergence of the series in (1) is greater
than a — b so that the series converges at a point of the form b — ¢, with ¢ > 0.
That is,

Z(Z an(log f’l) —b+ 8)k (2)

nak!
k=0 n=1

converges. Since a, > 0 for all n, all the terms in (2) are nonnegative. Hence it is an
absolutely convergent series and, as such, its terms can be rearranged in any form.
Suppose then that we first sum over k. Then

Z (log ) )( —b+ g)k (a—b+s)10gn — na—b+s
k=0

and the convergent series in (2) becomes

0 anna—b+£
2"
n=1
which is exactly the Dirichlet series with z = b — ¢. (]

18.7 Corollary

If a Dirichlet series has nonnegative coefficients and can be analytically continued
to the entire complex plane, then it converges throughout the complex plane.

Proof

If the series did not converge for all z, according to Theorem 18.6, the function
represented by the Dirichlet series would have a singularity at the real boundary
point of its region of convergence. (]
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18.3 The Gamma and Zeta Functions

The Gamma Function. Consider the integral
(o.¢]
1, =/ e 't"dt n=0,1,2....
0

Integration by parts shows that

(0]
1, = n/ e~ Vdt = nl,_.
0
Since Ip = 1, the above recurrence relation implies
I, =n!

for all positive integers n. Moreover, the above integral allows us to extend this
“factorial” function to the complex plane. Note that

|tz| — |ezlogt| — e(Rez)logt — tRez fort > 0

so that if we replace n by the complex variable z, the resulting function f(z) =
fooo e~ 't%dt is uniformly convergent for Rez > —1. A translate of this function,

[(z) = /OO e~ dr, (1)
0

is the classical Gamma Function. Thus I is analytic in the right half-plane Re z > 0
and I'(n) = (n — 1)! for all positive integers n.

It is clear that T" has a singularity at z = 0 since
00 L=t
F(E):/ _ dt > 00 ase— 0.
o ¢

On the other hand, although (1) defines I" only in the right half-plane, the function
can be extended to the whole plane with the exception of isolated poles. We may
carry out this extension in several ways.

I. Integration by parts shows that
I'(z+1)=2zI(z) forRez > 0,

or equivalently, )
I'z) = forRez > 0. 2)
z

Identity (2) allows us to define an extension of I" to the half-planeRez > —1,z # 0.
This extension is analytic for —1 < Rez < 0 and is continuous along the nonzero
y-axis since the “original” I" is continuous on the line Re z = 1. That is,

T 1 N 1
im T(@) = tim LG TD _T@&+D
=iy =iy Z Ly

=T(iy), y#0.
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Hence by Morera’s Theorem the extended function is analytic throughoutRez > —1,
z # 0. Identity (2) also reveals the nature of the singularity at z = 0, since as z — 0

Fe+1) T _1
Z

I'(z) = .
Z Z

Hence I" has a simple pole with residue 1 at z = 0.
Continuing in the same manner, we can define

_ T+ _TGE+2)

r = forRez > -2,
@ Z z2(z+ 1) ¢
I'z+3)
I'z) = forRez > —3,...,
©= re+2) ‘
T k+1
I'(z) = @+k+1) forRez > —k — 1. 3)

Czz+ D (4K
Note then that the only singularities are the isolated (simple) poles at the non-positive

integers, and as z &> —k

o~ I _
DTk + 1) =D+ k) K4k

(=D*
ko

Hence
Res(I'(2); —k) =

II. SetI'(z) =T1(z) + I'2(z), where
1
') =/ e ' 7 dr
0
o0
I'2(z) =/ e~ ldt, Rez > 0.
1

Since |r*7!| = tR¢2~1 T, is uniformly convergent for all z and represents an entire
function. Thus, to extend I', we need only to extend I';. But for Rez > 0

1 t2
Fl(z)=/ 1—t+2'—+-~- r“~lar
0 .
1 1 ltz+l
:/tz_ldt—/tzdt—}-/ -+
0 0 o 2!

1 1 n 1
z @+ 2z+2)

The above series defines an analytic extension of I'j to the whole plane except for
isolated poles at 0, —1, —2, . ... Note again that

R

(=DF

Res(I'; —k) = Res(I'y; —k) = £l
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III. Using the fact that (1 — 7/n)" converges to e~' as n — 00, one can show
that
n t n
I'z)= lim [ #! (1 - ) dt
0 n

n—0o0

1 n
= lim / ' —1)"dt, Rez> 0.
n—oo n [,
(See Exercise 7.)
Integrating by parts, we have

. 1 n " n—1
I'(z) = lim . F(n—0)""dt
< Jo

n—oo pl
= lim | n(n—1)---1 "=ty
nsoon z(z+1)---(z+n—1) Jo

" () (52) ()
= lim .
n-oo z \z+1 742 Z+n

L= (145) - (1+)

n
— i —z Z)
= fim o [T (1+)-

k=1

Thus,

To examine the above limit, we insert “convergence factors” e~ %k and obtain

n
! = lim gn 2tUH1/2H+1/m H (1 + Z) e~k
k=1 k

F(Z) n— 00
n
— lim e2(1+1/2++1/n—logn) ZH(1+ Z)e—z/k .
n— 00 Pl k

By the lemma below, 1 + é +---41/n—logn approaches a positive limit y (known
as the Euler constant) so that

! = ze'? ﬁ (1 + Z) ek,
I'(z) k

k=1

Using the above identity to define an extension of I' to the left half-plane, we obtain
1 T z2 sin 7z
= —Z 1— = —Z .
I'z)T(-2) kI:II ( k2 T

I@)r(-z) =

Thus

zsinzz’



268 18 Analytic Continuation; The Gamma and Zeta Functions
and since I'(1 — z) = —zI'(—z2),

rrd-z) = “4)

sinzz’
Two immediate consequences of identity (4) are

i. I is zero-free,
ii. F(;) = /m. Applying the identity I'(z + 1) = zI'(z), we have also I'(3/2) =

LV, T(5/2) = 3J/n /4, etc.

18.8 Lemma

If sp =1+ ; + -+ 1/n —logn, then lim,_, s, exists. This limit is called the
Euler constant, y .

Proof

t, =1+ é +---+41/(n —1) —logn increases with n. Geometrically this is obvious
since t, represents the area of the n — 1 regions between the upper Riemann sum and
the exact value for 1"(1 /x) dx. We can write

S

k=1
and
—[1 1
i =3[ w1+ )
k=1
The series above converges to a positive constant since

1 I R B I
0< —log(1 - < b
Sk Og( + k) e T T4 TS e

This proves the lemma, because lim;,—, o 5, = lim, 500 #;- O

The Zeta Function. Recall that the Zeta Function ¢(z) is defined by the Dirichlet
series

1 1
22+3Z+~~, Rez > 1.

This function is of special interest in number theory because it provides a link between
the prime numbers and analytic function theory. To see this connection, note that

()y=1+

P T T
28O = et e T T

so that : | |
(1—21)((1)=1+3Z+51+'~.
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=) (1= )co=1+ L+ L+ 14
2 3 )¢ = e g T :

and because of the unique prime factorization of the integers, we can continue in-
definitely to obtain (in the limit)

H (l—plz)((z)zl.

p prime

Similarly,

That is
c@=1/ ] ( ) Rez > 1. (5)
p prime

To best exploit identity (5), we need to extend ¢ beyond the domain Re z > 1. Note
that ¢ does have a singularity at z = 1 since ¢(1 + €) — oo as € — 07. We shall
see below that this is the only singularity of the ¢ function.

We extend ¢ by the method of moments. Note that

oo 1 0 T
/ e Mgy = / e 't ldr = @
0 n* Jo nt

so that
< 00 [
—nt
r@2, .=/ Ze di
n=1
tZ 1
—/0
That is,
21
(2) = /
‘9=
or

1 1 tz—l [e’s) tz—l
€O= 10, UO s e,_ldr] ©)

Recall that 1/ T'(z) (with the appropriate limiting value of zero at the poles of I') is
entire, as is [ loo (#*~1/(e! = 1))dt. Furthermore, the Laurent Expansion for 1/(e’ — 1)
around ¢t = 0,

1
L= Ao+ A+ At
el —1 t
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converges absolutely for # = 1 so that

1 tz—l 1
/ dt:/ (tz_2+A0tz_l+A1tZ—I—~~)dt
0 0

el —1
1 Ao Al

z—1 z z+1 ™

provides an analytic extension of fol (t¥71/(e' — 1)) dt except for isolated poles.
According to (6), then

@) = 1 |:( 1 +A0+ Aq )+(:| )
CZ)_F(Z) z—1 z 41 8@

where g(z) is entire. Note that while he bracketed expression above has a simple
pole at z = 1 as well as at every non-positive integer, all these poles are cancelled
by the zeros of 1/T'(z) except z = 1. Hence ¢ has a single (simple) pole at z = 1
with residue 1.

For future reference, then, we record

18.9 Theorem
The only singularity of the Zeta function { (2) is a simple pole with residue 1 at z = 1.

According to (5), ¢ is zero-free for Re z > 1. The celebrated Riemann hypothesis
asserts that all the complex zeroes of the Zeta function lie on the line Rez = ;
While this hypothesis has neither been proved nor disproved, the following theorem
offers an important extension of the zero-free region of (.

18.10 Theorem

¢ is zero-free throughout Re z > 1.

Proof

A key element in the proof is the observation that if (1 +ia) = 0, then the function
f(@) = ()¢ (z +ia) is entire. At z = 1, the pole of ¢(z) is cancelled by the zero
of ¢(z 4+ ia). Also, since ¢ (z) is real-valued for real z, according to the Schwarz
Reflection Principle, ¢(z) = ¢(z). Hence ¢ (1 — ia) = 0, and the pole of ¢ (z + ia)
at z = 1 — ia is cancelled by the zero of ¢ (z) at that point. Note that f(z —ia) =
(z —ia){(z) will also be entire as will the product g(z) = f(z)f(z —ia) =
%) (z+ia)¢ (z —ia). The desired contradiction will be based, in part, on the fact
that the Dirichlet series for g(z) has all nonnegative coefficients. To see that, we first
consider log(g(z)) which, according to Euler’s formua for ¢ (z), is given by

log(g(2)) = D[ —2log(l — p~%) —log(1 — p~*) —log(1 — p~*~)]

P

1 —ina ina

IRV ARYED
p.n
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The sum is taken over all primes p and all positive integers n. Since 2 + p~"¢ 4+
pi"® =2 4 2cos(nalog p) > 0, all of the coefficients in the above Dirichlet series
for log(g(z)) are nonnegative. But if a Dirichlet series S(z) = > a,n~% has all
nonnegative coefficients, so does

S(z) a];i
¢ 1:[ ; nkak!

Hence g(z) represents an entire function whose Dirichlet series has all nonnegative
coefficients. According to Corollary 17.12, then, its Dirichlet series must converge
for all z! But this is clearly impossible. Since all of the coefficients of

2
g(z) — Z n=2 Z n—z—ia Zn—z+ia
n n n

are nonnegative, the sum is clearly positive for all real z. Moreover, the sum must
be larger than the sum over any subset of the positive integers. So if we consider
nonnegative real values of z and limit ourselves to the subseries corresponding to
integers n of the form 2k we have

1 1 1

Ig(z)l > 1- 2—1)2 ’ 1 —2—z—ia ’ 1 — 2—ztia

Finally, since z is nonnegative, |(1 — 2737/4)(1 — 27%%4)| < 4, and

1
>
lg(@)l A1 — 202
Letting z — 0 through positive real values, then, shows that the Dirichlet series
for g diverges at 0. O
Exercises

1. Let f(z) =logz,Rez > 0, Im z > 0.Let g; be the continuation of f to the plane minus the negative
axis (and 0) and let g5 be the continuation of f to the plane minus the negative imaginary axis (and 0).
Show that g| # g5 throughout the third quadrant.

2% a. Suppose f(z) = D anz" has radius of convergence 1 and assume that an analytic continuation
of f has a pole at z = 1. Show that > a,z" diverges at every point on the unit circle. (Hint:
Show that if {a,} — 0, then (1 — z) f(z) = 0as z — 1 from below, along the x —axis.)
b. Generalize the result; i.e. show that if f(z) = > anz" has a positive radius of convergence and
an analytic continuation of > a,z" has a pole at any point on its circle of convergence, then
> anz" diverges at all points on the circle of convergence.

3. Prove: If Z;“;O(— 1)"a,z", a, > 0has a finite radius of convergence, then it has a singularity on the
negative axis.
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4. Define an analytic continuation of

n

oo " 00 z
Zn:l \3/,1’ b. Z4n:0 n2+1°

5. Show that oo r
/ e Mp—lgr = (p) for p > 0.
0 np

6. Use the Gamma Function to show
Jo T2
7. Prove

n t n
I(z) = lim / 21 (1— ) dt, Rez> 0.
n—oo 0 n

[Hint: First show, for t < n,
2
0<et/n— l—t <!
- n) =~ 2n?

a" =" <na"Va—b) fora>b

2
e (Z)

8.% Use the product formula for 1/ ' (z) to prove that I’ (1) = —y.

and then use the identity

to show

9. Show that
: 1 1 1
Tt Tt
can be continued analytically to the full plane. That is, show that it represents an entire function.

10. Use identity (5) to prove > , prime (1/p) diverges.



Chapter 19
Applications to Other Areas of Mathematics

Introduction

We have already seen, especially in Chapter 11, how the methods of complex analysis
can be applied to the solution of problems from other area of mathematics. In this
chapter we will get some insight into the fantastic breadth of such applications. For
that reason, the topics chosen are rather disparate. Section 19.1 involves calculating
the total variation of a real function, and illustraties how the methods of Chapter 11
can be applied to yet another nontypical problem. Section 19.2 offers a proof of
the classic Fourier Uniqueness Theorem using two preliminary results from real
analysis and a surprising application of Liouville’s theorem. In Section 19.3 we see
how the use of a generating function allows complex analytic results to be applied
to an infinite system of (real) equations. Generating functions are also the key to
the four different problems in number theory that comprise section 19.4. Finally, in
section 19.5, we offer a well-trimmed analytic proof of the prime number theorem
based on properties of the Zeta function and another Dirichlet series.

19.1 A Variation Problem

PROBLEM
Calculate the total variation of sin” x /xZ on (—o0, 00).

Note: (sin® x/x?) is nonnegative and clearly has one local maximum between each
pair of adjacent zeros. Hence the total variation is simply twice the sum of its max-
imum values. This problem is related to the type of sums encountered in 11.2. The
novelty here lies in the fact that while we will not explicitly determine the maximum
points xz; k = 1,2, ..., we will be able to find the desired sum:

(0]
Z Sll‘l xk

k=1
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SOLUTION

The maximum points of sin” x /x2 are given by those zeros of its derivative that are

not zeroes of sinx/x, and these are the (real) solutions of x cosx — sinx = 0, or

simply tan x = x. We leave it as an exercise to verify that tan z = z has no nonreal

solutions. Thus we need only sum the values of sin” x /x2 at the zeroes of tan z — z.
Except for z = 0, all the zeroes of tanz — z are simple. We recall that f//f has

residue 1 at every simple zero of f, thus we see that

) 1
> " 2Xk = i /CN J1(2)dz —Res(f1; 0)

Xk

where

sin? z tan? z

i@ =,

Z*(tanz — 2)
and where the sum is taken over all the nonzero maximum points x; that lie inside
Cn. However, we must find a sequence of suitable contours C which contain all the
points xi (in the limit) and are such that limy_, 0 fCN f1(z)dz can be determined.

If we take Cy to be the square of side 2zN centered at z = 0, it follows that
[tanz| < 2 throughout Cy. [See 11.2 and use the fact that tanz = cot(x /2 — 7)].
However, there are several difficulties. Not only is sin z unbounded throughout Cy,
but f(z) introduces an infinity of residues at the poles of tan z. To overcome these
difficulties we replace
sin’ z tan? 7

72

by another analytic function with the same values at the zeroes of tan z — z. Thus we
substitute z> for tan” z and since

sin“ z = 5 >
1+ tan* z
we consider
2
z
hk) =

(14 z3)(tanz — 2)°

Again, however, there is a difficulty. While f(z) — 0 along Cy (as N — ©0), it
is not true that fCN f2(z)dz — O since for large z, f2(z) ~ —1/z. (See Exercise 2.)
Hence we make one more adjustment and consider finally

ztanz

£ = (14+z3)(tanz —2)°

Note that f3 is analytic at the poles of tanz and that | f3(z)] < A/|z|* throughout
Cy. Thus it follows that

f3(x)dz - 0 as N — oo, (D
Cy
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while, on the other hand,

/C f3(2)dz — 2mi ZRes(ﬁ(z))

)
—2mi | > 7" % £ Res(f3;0) + Res(f3; i) + Res(f3; —i) |- (2)
X

k=1 k
X #0

A direct calculation shows that Res( f3; i) = Res(f3; —i) = (1 — ¢%)/4. Expanding

zsinz
f&) = (1 4+ z%)(sinz — zcosz)
around z = 0, we see that Res(f3; 0) = 3. Since sin®x/x2 = latx = 0, a
comparison of (1) and (2) shows that
.2 © .2
sin sin
Var( 2x)=2 H=eos 0
* k=1 Yk

19.2 The Fourier Uniqueness Theorem

Suppose f is Lebesgue-integrable on (—oco,00). Then, by definition,
(ee] (ee] [ . . r
JZoo I f(D]dt < oo, and for any real x, [°  f(t)e'*'dt exists. The function f (x)

defined as f x) = ffooo f(t)e'*'dt is called the Fourier transform of f. The ques-

tion we consider is whether f is uniquely determined by f . That is, does f =0
imply f = 0in the L' sense: that is, almost everywhere? The answer is yes and is
usually found by appealing to an inversion formula which allows one to recover f
from f. The analytic proof below is somewhat more direct. We do, however, require
two elementary results from the Lebesgue theory.

19.1 Lemma

If gn(x) is a sequence of measurable functions such that |g,(x)| < G(x), where
G (x) is integrable, for all values of x and n, and if

lim g,(x) = g(x)
n— oo
for all x, then

(o) (o)
lim gn(x)dx =/ gx)dx.
(o.¢]

n—oo | _ oo
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Proof
See [Titchmarsh, p. 345]. O

19.2 Lemma
If f isintegrable and tfffoo f(®)dt =0 forallreala,then f = 0almost everywhere.

Proof
[Titchmarsh, p. 360]. U

19.3 Fourier Uniqueness Theorem
If f is integrable and if

fx)= /_ FHe™dr =0,

then f = 0 almost everywhere.

Proof
By hypothesis, for any real a,

/ " e i—as = - / T e 0 ar, 3)
If we set
L(z) = /“ f(t)eiz(t—a)dt’ RG) = — /OO f(t)eiz(t—a)dt’

then L(z) is defined for Im z < 0 while R(z) is defined for Im z > 0. Moreover
each is analytic in the interior of its domain, continuous to the boundary (according
to Lemma 19.1), and bounded by ffooo | f(#)|dt. Since, by (3), they agree on the
boundary, we can invoke Theorem 7.7 to prove that the “combined” function

| L) Imz <0
F) = [ R(2) Imz >0

is entire. By Liouville’s Theorem (5.10), the boundedness of F implies that F is
constant. Finally, setting z = Ni we have F(Ni) = R(Ni) = faoo —f()e Nt gy
which approaches 0 as N — oo, by Lemma 19.1. Hence F(z) = 0. In particular,
setting z = 0 yields

F(O):/_a f(t)dt = 0.

Since this holds for all real a, according to Lemma 19.2, f = 0 almost
everywhere. O
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19.3 An Infinite System of Equations

Consider the infinite system of equations

a+by =2
ax +2a1by + by =4
a3 +3axb1 + 3a1by + b3 =8

an + (’il)an—lb'i‘ (;)an—ZbZ +-- 4+ b, =2"

PROBLEM
Assuming a1 = by = 1 and ax, by > 0 for all k, does there exist a solution to the
system above other than a, = 1, b, = 1? [l

Note that if we do not insist ax, by > 0, there are an infinite number of solutions,
since each equation introduces two new unknowns. Somewhat surprisingly, then, the
answer to the given problem is no. (Somehow, any scheme to solve the equations
successively is doomed to eventually introduce negative values for ay or by.)

SOLUTION

Assume the sequences {a,} and {b,} yield a solution to the above system. To study
these sequences, we consider their “exponential generating functions”. That is, we
define

>, a,7" . by"
n n
f@=> ol g) =) ol
n=0 n=0

with ag = by = 1. Since ay, by > 0, for all k, it follows that ag, by < 2k 3o that
both f(z) and g(z) are entire functions.

Note that

ap— ]
n—J)'J'

SO

f(@)e(2) = Z CnZ" where C, = Z ¢

n=0

so that according to the hypothesis

X An_n

2
fRe@=2"" =

n=0
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Thus f and g are entire functions with no zeros and both are of linear order. According
to Theorem 16.13, then,

f@) = e and g(z) = &7 7F°.

Since
f0)=g(0)=ao=bo =1,
f(z) = e** and g(z) = €’*. On expanding

2,2 2

oz arz
fR=e“=l+az+ |+ =ldz+ ; T
2.2 2
z byz
s@ = =14zt b=zt o
it follows that a = y = 1 and hence a, = b, = 1. O

19.4 Applications to Number Theory

Like the example in Section 19.3, all of the problems in this section involve sequences
of real numbers, and in each case we will consider an appropriate generating function.
Note, therefore, that the ordinary generating function of a sequence {c,} is the power
series Y ¢, 7".

I A Partition Problem

PROBLEM
Can the positive integers {1, 2, 3, ...} be partitioned into a finite number of sets
S1, 82, ..., Sk, each of which is an arithmetic progression - that is,

Sy ={ai,a1 +di,a1 +2di, ...}
Sy ={az, ar +da,az +2ds, .. .}

Sk = {ak, ak + di, ax +2dy, ...}

and such that there are no equal common differences (i.e. d; # d; fori # j)?

Note that if we allowed equal common differences, the answer would be obviously
yes. For example, we could take S; = { odd integers } and S» = { even integers }.
With the given hypothesis, as we shall see, the answer is no.

SOLUTION
For any set S ={a,a 4+ d,a + 2d, . ..}, consider the sequence {c,}, where ¢;, = 1 if
n € S, and ¢, = 0 otherwise. Then the generating function for the sequence {c,} is
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the geometric series

<
n
=
Z 1 —z4

nes

Assume that S, 5>, . . ., Sk (as above) partition the set of positive integers. Taking
the various generating functions, we would then have

o0
Zz”=21”+21"+~-~+22"
n=I1

nes; nes neSi
or ay a ax
z z z z
- +o ot . @)
l—z 1—-z4 1-z% 1 — zdk
2mi/dy

Since d; # dj, we may assume d; > d; for j # 1. Itfollows thatasz — e
the first term on the right side of (4) will approach infinity while all the others
approach a finite limit. This clearly contradicts (4) and hence no partition of the
desired type is possible. (I

II Making Change

Suppose the coins in a certain country had the values 3 cents, 8 cents, and 15 cents.
How many ways could we offer change for $1.00 using those coins? A direct check
would show that the answer is 15, but would not really suggest an approach to
the more general question: Can we find a formula for C(n), the number of ways
that an arbitrary nonnegative integer n can be expressed as a (nonnegative) integral
combination of 3’s, 8’s and 15’s ? Note that, by the familiar rule for the product of
power series, the generating function for the sequence {C(n)} is

o
dDCm =0+ 4+ 0+ )+ 40+ U+ + 0+
n=0

or

23 ’ 15 ®)

ad 1
Z C(n)z" = |
n=0 -

So our search for C(n) leads to a search for the coefficient of z” in the prod-
uct on the right side of (5). To that end, we would like to find the partial fraction
decomposition for the function

1
R(z) = :
@=,_

Note that since R is a proper rational function; i.e., R(z) — 0 as z — oo, the
partial fraction decomposition is simply the sum of the principal parts of the Laurent
expansions about each of the singularities (see Theorem 9.13). Let

o= g = 28 L i1
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and express R(z) as

3

1S
=1l w1l 11

1
z—pn’

R has a pole of order three at z = 1(= o> = % = y %), double poles at a(= y7)
and at a? (= y '°) and simple poles at its other 19 singularities. Hence R has a partial
fraction decomposition of the form

2 2

3 19
_ ay by Ck dj
R(Z)_é(z—l)k +Z(z—a)k +Z(Z—az)k+ ~ (Z—Zj) (6)

k=1 k=1 j

where the numbers z; represent the 19 simple poles of R(z). Note that if we can find
all the coefficients ay, bi, cx and d;, we will be able to find the desired coefficient of
Z" in R(z). This is because repeated differentiation of the familiar identity

T TP
z—o o(l-z/o) o 0
shows that
. . I 4. -1 n+1 n+2)(n+1)
the coefficient of z” in (Z B a)) is it g2 and — o3
for k = 1,2, and 3, respectively. 7

Hence we can can apply the techniques discussed in Chapter 10 to find all of
the coefficients ay, by, cx and d;, and we can then complete the job by applying
formula (7) to each of the terms of (6), takingw = l andk = 1,2, and 3; v = a
and o = a® withk = 1 and 2; and w = z;j for each value of j (withk = 1).

For obvious reasons, we will choose to skip the remaining details. Instead, we will
leave the reader the challenge of completing a similar exercise with more "reasonable”
numbers. However, we can easily answer a related question: That is, putting aside the
problem of finding the exact formula for C(n), can we find an asymptotic formula?
In other words, can we identify a familiar function f(n) with the property that
C(n)/f(n) > 1lasn — oo ? To find f(n), we need only look at formulas (6)
and (7) to see that the "largest" contribution to C(n), the only one with order of
magnitude 12, corresponds to @ = 1 and k = 3. (Note that [w| = 1 in all cases).
Thus an asymptotic formula for C(n) is

—a3n2
2
In fact, we can calculate a3 as

1—z 1—z 1—1z —1
lim(z — 1)*R(z) = — lim . . _
m@=D'R@ ==Tim ' 5 _ s 1 _.15= 360
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Finally, then, we have the asymptotic formula:

n2
C(n) 720 O
The above example is easily generalized as follows: Suppose we are given any
relatively prime set of integers S = {ay, az, - - - , ax} and we would like to find C (n),
the number of ways that an arbitrary nonnegative integer n can be expressed an a
(nonnegative) integral combination of the elements of S. As in the earlier example,
the generating function for C(n) is given by

o0
> C) = (142 422 o )4 22 4222 )
n=0

X (14 2%+ 2% +...)
1 1 1
-z 1=z  1—z&

Thus C(n) is the coefficient of z” in

1 1

R(Z): l_Zal . l_zaz.‘.l_zak’

and we can find C(n) by obtaining the partial fraction decomposition. Again, as in
the special case treated above, finding an exact formula for C(n) is rather forebod-
ing. However, to find an asymptotic formula for C(n), we need only establish the
following points (whose proofs we leave to the reader):

(i) R hasapoleof orderk at z = 1.
(ii) Every other pole of R(z) is of order less than k.
(iii)
1 k _ k—1
The coefficient of z" in (1 ) is (n tk 1) "
-z

k=1 )7 k=1

(iv) The coefficient a_j in the Laurent expansion of R(z) about the point z = 1 is
(=DF/(araz - ay)

Combining all of the above gives the general asymptotic formula:

nk—l

C ~
(n) (k—Dlajar---ax
O

An immediate, but nontrivial, corollary of the above formula is the fact that for
sufficiently large values of n, C(n) > 0. That is, every “sufficiently large” integer
can be expressed as a nonnegative integral combination of the integers in S. This also
highlights the necessity of the condition that S be a relatively prime set of integers.
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Otherwise, all the elements of S would be multiples of some integer greater than 1,
and so would any nonnegative integral combination of the elements of S.

III An Identity of Euler’s

Consider expressing n as the sum of distinct positive integers, i.e., where repeats are
not allowed. (So for n = 6, we have the expression 1 + 2 4+ 3 as wellas 1 4+ 5 and
2 4 4, and just plain 6.)

Also consider expressing n as the sum of positive odd integers, but this time
where repeats are allowed. (So forn = 6, wehave 1 +5,3+3,1 +1+1+4 3,
and 1+ 14141+ 14 1.) In both cases we obtained four expressions for 6, and a
theorem of Euler’s says that this is no coincidence.

19.4 Euler’s Theorem

The number of ways of expressing n as the sum of distinct positive integers is the
same as the number of ways of expressing n as the sum of (not necessarily distinct)
odd positive integers.

Proof
To prove the theorem, we produce two generating functions. The latter is exactly the
“coin-changing” function where the coins have denominations 1,3, 5,7, ... This

generating function is given by

1
(1-2)1 =)L =27
Note that the infinite product in the denominator converges uniformly on compacta
and represents a nonzero analytic function for |z| < 1.

The other generating function is not of the coin-changing variety because of the
distinctness condition. However this generating function is the product

(142142042

for, when these are multiplied out, each of the various terms which contribute to any
particular power in the product is comprised of a product of distinct powers. Euler’s
theorem in its analytic form is then just the identity

1 = 2 3 PR
(1= 2)(1 = )1 = z5)... ~ A+HIA+FA+ ®

throughout |z| < 1.
To prove this identity, note that the product on the right can be expressed as

00 00 | _ 2%

I —
H(1+Z)_H 1 —zk
k=1 k

=1
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But since the factors in the numerator, and those in the denominator, each determine
a convergent infinite product, we can also express the above product as

N N
limy oo [T(1— Z2k) limy 00 [T(1— Z2k)

k=1 k=1 1

N - N - ngnoo N
limy— 00 H (1- Zk) limy_so0 [J(1— Zk) H 1- ZZk_l)
k=1 k=1 k=1
which is precisely the expression on the left side of (8). (I

IV Another “Splitting” Problem

Can we split the nonnegative integers into two sets A and B so that every nonnegative
integer n can be expressed the same number of ways as the sum of two distinct
members of A, as it can as the sum of two distinct members of B? If we experiment
a bit and begin by placing O in A, then 1 € B, otherwise 1 would be expressible
as a + a’ but not as b + b’. Similarly 2 € B and 3 € A (why?). Continuing in
this manner we find that if the sets A and B exist, then A = {0,3,5,6,9, ...} and
B ={1,2,4,7,8,...}. Butthere is no obvious pattern, nor do we have any assurance
that A and B even exist. So we turn to generating functions. Let

Az) = 2z” and B(z) = Zz”
neA neB

and let a(n) and b(n) denote the number of ways that n can be expressed as the sum
of distinct members of A and B, respectively. (To be precise, we will assume that
order does not count so that, for example, a(6) = b(6) = 1, rather than 2. Of course,
if we counted order, it would have no effect on the problem of determining A and B.)
Then the generating function for {a(n)} is é[Az(z) — A(z?)]. So if A and B exist,
they must satisfy

[R@-a)] = [B0 - 8] ©

In addition, since A and B partition the integers,
1
A@R)+ B(z) = (10)
11—z
Combining (9) and (10) shows that
1 2 2
[AR) = B@)]- | _ =A@ =B

or

A@) - BG) = (1= [4G) - BE)| an
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Now, (11) can be iterated, giving
AGY) - BE) = (1 =) [AGh - BEY|
and, applying (11) once again,
A@ - B@) = (-2 - [AC) - B

Continuing in this manner, we have

AQ = B@ = (1= =) (1= )[4 - B
Finally, letting n — oo, and using the facts that 7" — 0, A(0) = 1, and B(0) = 0,
we have

A@) - B =[]a -2 (12)
k=1

Expanding the above shows that
(o)
AR —B@@)=1—-z-— 2+t = Z(—l)d(")z"
n=0

where d(n) is equal to the number of 1’s in the binary representation of the inte-
ger n. The above identity, together with (10), implies that if the sets A and B exist
(and if we assume 0 € A), then A consists of all nonnegative integers whose binary
representations contain an even number of 1’s, while B consists of those integers
whose binary form has an odd number of 1’s. So the solution, if it exists, is unique.
But do the sets described above actually provide a solution to the original prob-
lem? In other words, if r4(n) and rg(n) denote the number of representations of
n as the sum of two distinct integers of A and B, respectively, is r4 (n) = rp(n)
for all n?

Fortunately, now that the generating functions have revealed the nature of the sets
A and B, it is easy to see that the answer to the above question is YES! In fact, we can
establish a 1 — 1 correspondence between sums of the form a + a’ and those of the
form b+b’, which equal the same number n, as follows. In the binary representations
of a and of a@’, simply switch the 1 and the 0 in the first binary digit where they differ.
For example, the number 12 is equal to the two sums 12 + 0 and 9 4- 3, whose terms
all belong to A. However we can also obtain representations of 12 of the form b + b’
by noting that 12 + 0 = (1100)2 + (0000); = (1000)2 + (0100), = 8 + 4, and
9+ 3=(1001)2 + (0011), = (1011)2 4+ (0001), = 11 + 1. O

As an aside, it might be interesting to determine all integers for which r4 (n) =
rp(n) = 0. We leave it to the reader to verify that for n > 4, those are precisely the
integers of the form 2%**1 — 1; that is, those integers whose binary representation
consists of a single string of an odd number of 1's.
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19.5 An Analytic Proof of The Prime Number Theorem

We conclude (this chapter and our textbook) with an analytic proof of the famous
prime number theorem.

19.5 Prime Number Theorem

N

Let m (N) denote the number of primes less than or equal to N. Then n (N) ~ log N

That is,
7 (N)log N
N

Riemann seems to have been the first person to note the connection between the
zeta function and the prime number theorem. The first complete proofs of the theorem,
however, were not given until 1896, when de la Vallée Poussin and Hadamard each
gave a complete but complicated “analytic” proof. The proof below is based on
some key results concerning the zeta function along with an ingenious lemma of
Chebychev and an application of Cauchy’s theorem.

The properties of the zeta function which we will use are

-1 as N — oo.

(1) Euler’s Identity: ¢(z) =1/ [] (1 —=1/p?)if Rez > 1 (See section 18.3)
p prime
(2) (z — 1)¢(2) is analytic and zero-free for Re z > 1. (See theorems 18.9 and

18.10)

Accordingto (1),ifRez > 1

1 1 1 1

p prime p prime

- > !

nz
p prime,n>1 np
Note, moreover, that
I
nz 2 3z T
p prime,n>2 np p prime 2]7 ) 3p ‘
is analytic for Re z > ; (see Exercise 9). So the function
1 1
W= ¥ L omco- L g
p prime p prime,n>2

is also analytic for Re z > 1. In addition, since

log¢(z) + log(z — 1)
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is analytic for Re z > 1 (see (2) above), so is the function L(z) + log(z — 1) as well

as
1 —logp 1
L = 4
@+ 2; P )
p prime

Our proof will center on two functions: One is the analytic function
log p
92) = Z p? :
p prime

So, for future reference, note that, according to (4),

19.6 Lemma
1
If¢(Z) = Z[, prime Opgzp’ then
1
¢(z) —
z—1

is analytic for Re z > 1. (I

The other function which plays a critical part in our proof is defined for positive

real values x as O(x) = > pex log p. There are several equivalent versions of the
prime number theorem. The one below, involving 6(x), is very straightforward.

19.7 Lemma

The prime number theorem is equivalent to the assertion that 6(x) ~ x.

Proof
Note that, on the one hand,
0(x) = Zlogp < Zlogx =7n(x)logx

p=x p=x

while, on the other hand, for any ¢ > 0,

0(x) > Z logp > Z (1—-¢)logx=(1—¢)logx [n(x)—n(xl_s)]

xl_5<p§x x1_5’<p§x
Since, obviously, 7 (x 1-¢ ) < x17¢ the two above inequalities combine to give
0(x) - 7(x)logx - 1 0(x) 4 log x
x X T 1—¢ X x¢
and the lemma follows by letting x — oo0. (I

Chebychev was well aware of the importance of 8(x) to the proof of the prime
number theorem. While he was unable to prove that (x) ~ x, he was able to prove
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i 0(x)
that, for sufficiently large x,0.92 < ”*

7 (x) logx
X

< 1.11, which gave the corresponding

double inequality for . We will not prove this double inequality, but we will
use the following weaker result obtained by Chebychev.

19.8 Lemma (Chebychev)
f0(x) < xlogl6

Proof

Note that , ) isan integer whose prime factorization contains every prime number

in the closed interval [n + 1,2n] and hence [| p < (2:) On the other hand,

n<p<2n

(Znn) is only one of the terms in the binomial expansion of (1 + 1)** = (2(;1 ) +

(21’1) 4+ -+ (;Z ), so that (2:) < 4". Combining the two inequalities shows

that ] p < 4", and taking the logarithm of both sides:

n<p<2n

Z log p < nlog4. &)

n<p<2n

Adding inequality (5) withn =1,2,4, ..., 2M wwhere M is the least integer for
which 2M+1 > x shows then that

0(x) < > logp <2t log4 < 2xlog4. O
1<p<2M+l

Note that, forRe z > 1,

PR = log.p = /100 de(%) = Z/loo fz(ﬂ dx = z/ooo e~0(e")dr

Z Z
p X
p

since G)Eff) =0forx =1, and limy_ G)E’(f) = 0, according to Lemma 19.8.
Hence | ~
P+l _ / e~ DG (" dt (6)
741 0
and subtracting the identity: ; = fooo e % dt from (6) yields

pz+1)

1 o0
=/ e h(ee" — 11dt
z4+1 Z 0
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Let g(z) = ?&1" = ! and £ (1) = 6(e")e™ — 1. Then

(i) gz) = Jog~ e ¥ f(0)dt
(ii) g(z)isanalyticforRe z > 0. This follows since Lemma 19.6 asserts that ¢ (z+1)

has a simple pole with residue 1 at z = 0, and the same is obviously true for
P (z+1)

+1
(iii) fz(t) is bounded (according to Lemma 19.6) and locally integrable.

According to the Analytic Theorem below, then,

/oo fdt = /Oo [B(ee™ —11dt = /Oo 6(x)2— Y dx converges.  (7)
0 0 1

X

19.9 Analytic Theorem
Let f(t), t > 0, be a bounded and locally integrable function and suppose that
g(z) = fooo e~ f(t)dt,Rez > 0, extends analytically toRe z > 0. Then fooo f(@)dt
exists (and equals g(0)).

Proof

For T > 0, set gr(z) = fOT e % f(t)dt. g is clearly an entire function. What we
must show is that lim7_, o g7(0) = g(0).

Let R be large and let C be the boundary of the region {z : |z| < R,Re z > —4},
where 6 = d(R) > 0 is small enough so that g(z) is analytic inside and on C. Then

dz

1 2
0 =510 =, [ @0 —er@neT 1+ 1))

by Cauchy’s Theorem. On the semicircle C;+ = C N {z : Re z > 0} the integrand is
bounded by 2B/ R?, where B = max;>o | f ()|, because

00 00 Be—TRez
lg(2) = gr(2)| = I/ e f(n)dr| < B/ le™|dt =
T T Re z
while
Z 2 Re
|eZT| TReZandll—‘r |_|ZZ+Z | |Z—£Z|= RZ'

So, by the familiar M — L formula, the contribution to g(0) — g7(0) from the
integral over C is bounded in absolute value by g .

For the integral over C— = C N {z : Re z < 0}, we look at the terms involving
g(z) and g7 (z) separately. Since g7 is entire, the path of integration for the term
involving g7 can be replaced by the semicircle Cc_ = {z:|z] = Rand Re z < 0O}.
The contribution to g(0) — g7(0) from the integral along this semicircle is also
bounded by B/R, since

Be—TRe 4

T T
lgr (2)] = I/ e f(ndr| < B/ le™ |dt = ,Rez <0.
0 —c0 [Re z|
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Finally, the remaining integral over C_tendstoOas 7 — oo because the integrand
is the product of the function g(z)(1 4+ z>/R?)/z, which is independent of T, and
the function e*” | which goes to 0 rapidly and uniformly on compact sets as 7 — 00

in the half-plane Re z < 0. For example, we can choose T large enough so that

1 : : e . -1
Jr < J, and then split C_ into two parts: C_ = {z € C- : Re z > «/T} and

C?={zeC_:Rez< \7; }. The integral over C! is bounded by M — L, where

M = Max|g(z)| forz e C—

and L = the length of C!, which is bounded above by \/4T . The integral over C2 is
bounded by 7 RMe~VT . Hence

lim sup |g(0) — g(0)| < 2B/R

T—o0

and since R is arbitrary, the proof is complete. (I
We now complete the proof of the Prime Number Theorem by showing that the
convergence of the integral in (7) guarantees that 6(x) ~ x.

19.10 Lemma

Suppose h(x) is a non-decreasing function and

/°° h(x)z— xdx @)
1

X

converges. Then h(x) ~ x.

Proof

Assume that for some 1 > 1, there are arbitrarily large values of x with h(x) > Ax.

Then
() —t ax —t Lp—t
dt > dt = dt >0
12 12 12
X X

for all such x, contradicting (8). Similarly, the inequality A(x) < Ax with 1 < 1

would imply
“h(t) —t X gx —t A —t
/ % mS/ xzmz/ L dr <0
AX t X t 1 t

which, according to (8), cannot be true for a fixed 1 and arbitrarily large values of x.
d
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Exercises

1. Show that tan z = z has only real solutions.

2. With Cy as in 19.1, use the fact that

22 1

1+ zz)(tanz —-2) - z

H@) =

to conclude fCN f2(z)dz - —2zi. (Compare with 12.1, Example 3.) Conclude that

in2
Var(smzx) 25
X

by considering the various contributions to

lim / (@) de.
N—oo /ey

3. Recall (Section 16.2) that ¢* = z has infinitely many solutions zz; k =1, 2, .... Find Z,fozl l/z%.
4. Find all solutions to the system of equations in 19.3 if we require only ay, by > O for all k.

5. Show that the positive integers cannot be partitioned into a finite number of arithmetic progressions
if one of the differences is relatively prime to the others.

6.* (The following exercise shows how generating functions can be used to "solve a difference equa-
tion"; i.e., to find an explicit form for a recursively-defined sequence.) Suppose a sequence is defined
recursively by co = ¢; = 1 and ¢,42 = ¢p41 + 2¢, forn > 0. Let F(z) = 280 cn”.

a. Prove by induction that ¢;, < 3", and hence show that the radius of convergence of F(z) > ; .
b. Show that (1 —z — 212)F(z) = 1, and express F(z) as a sum of two simple rational functions.
c. Find (a closed form) for the sequence of coefficients {c;}

7#Letey, = 124224+ +n? and F(z) = $° ¢nz. Show that (1 — 2)F(z) = X.{° n%z" and
thereby obtain a closed form for ¢, .

8.* Use the method outlined in 19.4 II to find a formula for C (n), the number of ways of expressing the
positive integer n as a nonnegative integral combination of 3’s and 4s.

9. Prove

1
z nphz

p prime
n>2
is analytic in Re z > ; [Hint: Show
1 2
Z np"z < z p2x ]
n>2 p prime
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Chapter 1
Loa 5 — i b. 57+ Ui

e 3+ d —1,—i1,i,....
2. +(1+3i).

W

o0 3 O\ W

11.

12.

13.

14.

15.

14+ B —V8)i;—1— 3+ /8.
.a. b, d:Letzy = x| +iy], 22 = x3 + iy, etc.

c. Use properties (a), (b) and the fact that a real number is its own conjugate.

. Use Exercise (4¢): P(z) = P(2).

L Ifz=x+1iy = re'?, then z2 =x2—y2+2ixy =r
. (c) Equality occurs if, and only if, Re z or Im z = 0.

. (b) |z1 + 22| = |z1]| + |z2| if, and only if, Re(z122) = |z1l]z2], i.e., if, and only if,

2020 etc.

7122 is a real number, or, equivalently, Arg z1 = Arg z».
Note that tan~! is always between — and 7 whereas Arg z takes values
(modulo 2m) in the interval O to 27 .

a. 1, cis ’g,cis 23”, —1, cis 43”,cis
: . _m 3r S5z TIn
> 011s/40,6_4, Yo s
1 . T T T T
c. 2V/cisO; 0="7%, 5, ¢, 5.
Note that the nth roots of unity are all zeroesof z" — 1 = (z — 1)(Z" ' +z""2- ..
+1).
Using (13) and the fact that z" — 1 = (z — z1)(z — z2) - - (z — z,) where
Z1, 22, --., Zn are the nth roots of unity, we have (assuming z; = 1)

5z
3.

STk l=(—2) (= 2)

Let z = 1, and consider the absolute value of the two sides of the above equation.
Closed disc centered at i with radius 1; not a region.

. The imaginary axis; not a region.

. The open half-plane: Re z > 5/2; a region.

. The upper half of the unit disc, centered at the origin; a region.

. The unit circle centered at the origin; not a region.

The circle centered at ; i with radius ;; not a region.

-0 0 o

291
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g. The set of points satisfying r> < 2 cos 26, r # 0; not connected and, therefore,
not a region.

17. Arg (;1) = Arg(z — 1) — Arg(z + 1).Consider the diagram below for Rez > 0

and an analogous argument for Re z < 0.

21. a. For|z]| <7 <1, > |kzF| < 3 kr* < co. Apply Theorem 1.9.
b. ForRez >0, > k2l+z‘ <> k12~ Apply Theorem 1.9.

22. Assume S is polygonally connected, and S is “disconnected” by open sets A and
B witha € A, b € B. Consider the polygonal line L(z), 0 < ¢ < 1, connecting
a and b, and let c = L(tg), to = sup{t; : L(t) € A, 0 <t < t1}. Then, ¢ € A,
but, because A is open, so is L(fg + o), unless ¢ = b.

23. Note thatno curvein S (of finite length) can connect a point of S, not on the y axis,
with a point on the y axis. Nevertheless, S cannot be “disconnected” because any
open set which contains a point of the form (0, 7), —1 < ¢ < 1, would also have
to contain points of the form y = sin |, x > 0.

x’
4. cz0= 7+ =2 O

25. A(x®> + y?) + Bx + Cy + D = 0 is equivalent to A (lié‘) + B¢ (liC) +

Cn (11{) FD=00rAc+ BE+Cn+D(1—¢) =0, ¢ # 1. Consider A = 0
and A # 0.

26. If P(z) = anz" + an—1z" "' 4+ -~ +ag, a, # 0, then P(z) = 2" (an + a"z_‘ +

NS Z,?), etc.
27. a. Use formulas (3) for (¢, #, ¢) and the fact that ; = Xiiy = xzj-yz - x2i5:y2
to show that (&, #', () = (&, —n, 1 —=7).

b. Consider the corresponding points on > and apply 27 (a).

28. Note that according to (27), A +Bn+C¢ = Disequivalentto AS'—By'—C¢’ =
D—-C.
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Chapter 2

9]

—_

13.

14.
17.

18.

19.

20.

21.
22.

AN S

. For P(x, y) = (x +iy)", Py =n(x —i—iy)"_1 and Py =in(x + iy)”_l.
. a. Analytic: P(z) = 2> — z.

b. Not analytic.

c. Analytic: P(z) = —iz?.

Py =i Py wouldimply P, = P, = Obecause both P, and P, would be imaginary.
In (3a), P'(z) = 322 — 1 = 3x2 —=3y2 — 1 +i6xy. In 3¢c), P'(z) = —2iz =
2y —2ixy.

Use the usual properties of limits, etc.

limy,_s 0 (Z+h)"—z” = limp_s0 [(z _l_h)n—l +(z _l_h)n—2Z I +Zn_1] — I’lZn_l

]Og" — 0asn— 00,50 8, = e85 — 1.

log S, =
a. 1. b.172.

a.R. bR  cR~.

The radius of convergence must be greater than or equal to min(R;, R»). It may
exceed both if, e.g., b, = —a, forall n and Ry, Ry < oo.

Use the facts that > 3“11”0 converges for all § and > Coflne converges for

6 : 0 <0 < 2x (both can be proven by Dirichlet’s Test).
a. Write a, = aj (“2) .. ( “n ) and note that, according to the hypothesis,

Aan—1

for any € > 0, there is some k such that j > k =

Mi(L — )" < a, < M(L +e)" 7%, etc.
b. Note that, fora, = ), “+ = n-:-l and apply (13a).
a. co. b. co. c.e. d. oo
If > |ak| and D>’ |bk| converge and if dy = Z§:o|aj||bk—,/|, then, clearly,
Dh—odk = Do laxl - 220 bkl < 3520 lal 3320 |bel so that 3 dj con-
verges. Moreover A, B, = C, + R, where |R,| = ZZJ:O agbj < dyy1 +

n<k+j<2n

aj —L‘ < €. Thus,

aj_l

dpyo + -+ - + day, etc.

Use the fact that > a,z" and > b,z" converge absolutely within their circles of
convergence and apply Exercise (17).

a. Let N — oo in the identity

(l—z)(1+z+zz+-~--|-zN)=1—ZNJrl

b (250 2") (E5502") = Xlon+ D = 1, so that

s 1 1 z

2’“ T -2 -z (-2

If S has an accumulation point at 0, we can find z; € S with |z1] < 1, z0 € §
with |z2] < 2z, etc
If f(z) =1forz =] 2 3, 4,.- ,by (2.13), f =1and f’ = 0.
() )
Letg(z) = f(z +a) = 3. Cuz". Then, G, = & @ = /7@,
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23.

a. |z—i| <1.
b. all z.

1 1
c. Z_z‘ <,

Chapter 3
L fe=limy o SO — i, JEZ@
h real f h}; (x.y) h real ( Z) o
Sy =1lim;, _, o - X’H_h ey =lim, _, ¢ f Z-‘rth f

=)}

11.

12.
13.

14.

h real

h real
fy = 2iy = if; = 2ix if, and only if, y = x.
The equality in the hint follows from the differentiability of g at f(z). Divide
both sides by 4 to complete the argument.

g7 @)—g%0) _ 1 8@—g) _ 1 : 8(@)—g(z0) _
Because . =1, A 0 = ¢(@)+e(zo)’ SO that lim,_, A 0 —
2 %Zo) by the continuity of g at zp.
. Note that f, = fy =0, and apply Theorem 1.10.

. Note that [ f2(z)] =2f(2) f'(z) = 0.
. If f maps aregion into a straight line or into a circular arc, then there are constants

A, Bsothat g(z) = Af(z) + B maps the region into the imaginary axis or into a
circle centered at the origin, respectively. But, then, according to Propositions 3.6
and 3.7, g is constant, and so is f.

. f(x, y) =x% = y?2 +2ixy+iC = z> +iC, where C is a real constant.
. Note that the Cauchy-Riemann equations cannot be satisfied.
. The Cauchy-Riemann equation u, = v, implies, in this case, that u’(x) = v’ (y).

Because #/(x) is a function of x alone and v’(y) is a function of y alone, both
u’(x) and v’(y) are constants; in fact, u’(x) = v’(y) = aand f(z) = u +iv =
az+b.
a. Becauseu = e*cosyandv =e*siny, uy =vy =e*cosyandu, = —v, =
—e*siny.
b. With z; = x1 +iy1, 22 =x2 + iy
et = X1t cos(y; + y2) + i sin(y; + y2)] = e*l(cosy; + isinyp) -

e*2(cos yp +isin yp) = e*le®2,
le?| = /e2¥ cos? y + ¥ sin? y = *
e* = e*elY - o00if x = 400 (i.e., along rays in the right half-plane). e* — 0 if
x — —o0 (i.e., along rays in the left half-plane). On the imaginary axis, e* = "
traverses the unit circle infinitely often.
. 2mki; k any integer.
- (5 4 2mk)i.
. In3 4+ Qk+ Dxi.
yIn2+ (z/4+2mk)i.

o

ao o
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15. a. 2sinzcosz = 2[21,. (" — e ) (ef? +e_iz)] = L (¥ — et =
sin 2z. ' _ ' _
b. cos?z +sin’z = }1 (e'? + e_’z)2 — }1 (e'* — e_’z)2 =1
c. (sinz) = 21i (ie'* +ie '?) =cosz.
17. —sinz.
18. z=(5 +27k) —iln(2 £ V/3), k any integer.
20. sin(x +iy) = 5 (e —e¥7¥) = ) [e™¥(cosx +isinx) — e¥(cosx —
isinx)] = ; (e77sinx + ¥ sinx) + 3 (e¥cosx — e Y cosx) = sinxcoshy +
i cosxsinhy.
w" k n
21 @) f () = X020 8 Xio =220 (Shoo Gln) = Xi2o 8 =
f @+ w). .
. 2 PG . 2 -3
22. B.ecau.see’Z = 1 -|—lZ Z, — ‘; +.--ande ™ =1—iz— ZZ'! + ’§! + .-,
o =T + 2 5! L
2 4 2n
23. cosz=1—-5 45— = > (=" én)!
Chapter 4
1. Use the facts thata 1-1 C! mapping A(¢) : [c, d] = [a, b] with A’ > Ohasa 1-1
Clinverse 27! : [a, b] = [c, d] with (,1 1Y > 0and, if 1 : [c, d] = [a, b]
and A : [e, f] — [c, d],then 11 o A2 : [e, f] — [a, b] with all the desired
properties of A1 and 4».
2. [o fR)dz = f(} (t* +it*) (2t + i2t)dt = 3 i. The result is the same as in
Example 1, because the curves are equivalent.
3. Jo fR)dz = 0 (Slm_’_’cost)(COSt—lSll‘lt)dl " —idt = —2mi. Note that
the curve in this case is in the opposite direction of the curve in Example 2.
4. Let f =uj +ivy, g =uz +ivy, C:z(t) =x(t)+iy(t) and a = a + bi, etc.
5. F(b)—F(a) = [, . F’(z)dz where y is any curve with initial point a and terminal
point b.
6. As in Lemma 4.9, let flz|=1 f(z)dz = Re' so that R = flz|=1 f(z)dz‘ =

flzl=l e~ £ (z)dz. Note, then, that

) 27 ) ) 27 )
R= / e™ f(2)dz =/ feMie =gy =/ g)ie' " Dar
lz]=1 0 0

where g(1) = f(e') is a real-valued function of ¢

2 ) 2
=Re / g)ie' "Nt = / g(t)sin(0 — r)dt
0 0

and because |¢(1)] < 1, R < [ |sin(@ — 1)|dr = [;" | sint|dr =
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. Note that, on any line segment from zg to zy, i.e., if y (#) = zo + (21 — 20),

2 2
0<tr<l, fy ldz = z3 —zoandfyzdz:zé‘ —Z'zo,etc.

s k1 . .
a. Because zX = (k+1 ) and because §<+1 is analytic on C (as long as k is an

integer other than —1), by Proposition 4.12, [,. z¢dz = 0.

2
b. fc kdz = fz” Rkeik0i Rei® g — i R¥+1 fz” ek+Di0 gp — Rk+‘ e k+1)i0 g
0=0
=0.
) 1+i
9. a. [(z—i)dz=7% —iz =0.
—1+i
b Letz(t)=t+i, =1 <t < 1. [.(z—i)dz= [ tdt =0.
Chapter 5

10.

L2 =444 -2+ (z—-2)?

Nk
Because all the derivatives of e? are e?, e? = 302 e? ©70)" = etei—0
a. f(z) =—f(—2) = f'(z) = f'(—z). Hence, the derivative of an odd function

is even. Similarly, the derivative of an even function is odd. Furthermore, if f

isodd, i.e., if f(z) = — f(—z), it follows that f(0) = 0. So, if f is odd,

— f®(0)
f(Z)=Zl N Z*.
f ol

b. By analogous reasoning, an even function has only even powers in its power
series expansion about 0.

According to Theorem 5.5, Cy = 2E i Je {U ,(ffl dw while, according to Corollary
2.11,C = ‘(k)!“’).

. Let g(z) = f(z + a), so that g®(0) = f®(a), etc., and apply the result of
Exercise 4.

. a. Using Exercise 4 and the M — L formula, |Cy| < R"
b. Apply (6a) with R = 1 and M = 1 to conclude that |Cy| < 1 for all .

. According to Exercise (6a) |C;| < A+R€Rk. Because j > k, we conclude that

C; =0 by letting R — oo.

. As in the previous exercise, note that Cy = 0 for k > 2.
. By Liouville’s Theorem, f”(z) is a linear function. Moreover, | f'(z)| < |z| =

f’(O) _ Osothatf(z)=f(0)+f’(0)2+f”2(0)22 = a+bz2with|b|= ‘ f//2(0)‘ < é

because f”(0) = ,!. Siwj=1 fﬂf’z”)dw < L
f is bounded in the compact domain: 0 < x < 1,0 < y < 1. Moreover,

by the two equations of periodicity, for any z = x + iy, f(z) = f(x,y) =
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11.

12.

13.

14.

15.

f(x — Intx, y — Inty), where Int w, the integer part of w, is the greatest integer
less than or equal to w. Hence, f is bounded throughout the complex plane and
must be constant.

By the remarks following the Fundamental Theorem of Algebra, a polynomial of

odd degree must have an odd number of zeroes (counting multiplicity). According

to Exercise 5 of Chapter 1, a real polynomial has a zero at the conjugate of any
nonreal zero, so that the complex zeroes come in conjugate pairs. Thus, there must
be at least one real zero.

Let P(z) = ayz" + ---ap = an(z — z1)(z — z2) - - - (z — z) and note that, if

zx = a + bi and z; = a — bi are complex conjugates, (z — zx)(z — zj) =

72 — 2az + (a® + b?) is a real quadratic polynomial.

a. Ifv > O fory > 0, then we must have v < 0 for y < 0. (By the Fundamental
Theorem of Algebra, v > 0 for all z is impossible!) Hence vy, > 0 throughout
the real axis. Similarly, if o < 0 for y > 0, vy < 0 throughout the real axis.

b. Follows from the Cauchy-Riemann equations.

c. Because u,(x, 0) is a polynomial in x which is either consistently > 0 or
consistently < 0 for all x, u(x, 0) = a cannot have more than one solution.
Hence P(z) = a has, at most, one solution for real & and, by the Fundamental
Theorem of Algebra, P is a linear polynomial.

If P(2) = (z — 0)* Q) with Q@) # 0, P'(x) = c — )" '[(z — ) Q') +

kQ(2)] = (z — a)*"' R(z) with R(a) # 0. Proceed by induction.

Let f(z) = f(z0) + fz ZO f/(w)dw where the path of integration is along the ray

from O to z, beginning at zg, with zo = #9z, where typ = sup{r; : | f(¢z)] < 1,0 <

t < t1}.Clearly, then | f (z0)| < max{l1, |f(0)|} and the integral is bounded by |z]|.

Chapter 6

1.

3.

For any complex a,
1 1 . 1
: a+@—a) all+7]

_ — )2
1|:1_(z a)_l_(z 2(1) _+”.:|

a a (24
_ i =Dz = o)
- k+1 )

k=0 “

Take oo = 1 +1.
Because | +z4+22+---= 1 142743224+ =32 nz" ! = (1_12)2 and

= _,
00 n_ z s 0 2.n—1 _ 14z 00 2.n _ z(1+2)
anl n = (1_2)2'Slmllaﬂy’ Zn:l n-z - (1—2)3 and anl n-z- = (1_1)3'
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10.

12.

13.

14.

1 1 . 1 1 Zn
I f(,) =, thenforallpointsz, =, f(zn) = T or f(zy) = L+ Zn.Be—
cause {z,} has an accumulation point at 0, this implies that f (z) = | -Zl—z throughout

its domain of analyticity which yields a contradiction since f was assumed ana-
Iytic at z = —1.

. Let zo be a fixed real number. Then, f(z) = sin(z + z2) and g(z) =

sinz coszy + coszsinzy are two entire functions (of z) which agree for all
real values z = z; and, hence, for all complex values z = zj, as well.
Let z = z; be any such complex number. Then, f(z) = sin(z; + z) and
g(z) = sinzjcosz + coszj sinz agree for all real values z = z» and, hence,
for all complex values z = z, as well.

If f(x)=tanx,0 < x < 1, f(z) must equal the analytic function csg‘;zz through-

iz _p—iz

out the domain of analyticity of f(z). Thus, f(z) =i = "% = = ¢ =

cosz 2i
iz L —iz . . . .
i(e -|2—e ) = e'* = 0, which is impossible.

. Because | f(z)| > |z|V for large z, f(z) — oo as z — oo and, hence, f is a

polynomial (Theorem 6.11). Moreover, | f (z)| > |z|" for large z implies that the
degree of f(z) must be at least N.

g(2) =f(z) f (—=z) is bounded in modulus by 6 throughout |z| = 1. Thus |g(0)| < 6
and | f(0)| < V6.

le?] = e* so that max |e%| occurs at a point in the domain with maximal x and
min |e?| occurs at a point in the domain with minimal x (i.e., at points farthest to
the right and to the left, respectively).

Because 72 — 7 = z(z — 1), the minimum modulus occurs at z = 0 and the
maximum modulus (which occurs on the boundary) is assumed at z = —1, i.e.,
maxj; <1 |22 — z| = 2; minp < |22 — 2| = 0.

Suppose | f (z)| + |g(z)| assumed its maximum at the interior point zg (and not on
the boundary). Let f(z0) = Ae™* and g(z0) = Be . Then h(z) = f(z)e* +
g(2)e” would satisfy h(z0) = | f(z0)| + 1 (z0)| while |k (2)| < | f ()| +]g(2)] <
| (z0)| throughout the boundary. Thus, the analytic function A (z) would assume
its maximum at the interior point z¢ (and not on the boundary) which is impossible.
If P(z) # 0, then, the minimum modulus of P(z) in |z] < R would have to occur
on the boundary. However, because P(z) — oo as z — 00, we could choose R
so that |P(z)| > |P(0)| for all |z] = R, yielding a contradiction.

According to Exercise (6b) of Chapter 5 P(z) = ao + a1z + --- + anz"
with |axg] < 1 fork = 0,1,..., n. Consider Q(z) = PZ(,,Z) in the annulus
1 < |z| < R. Throughout |z| = 1,|Q(z)| = |P(z)| < 1 and, if |z] = R,
10@)| = lan+“"" +---+ 50| < lan|+€r < 14€gr whereeg — Oas R — oo.

Hence, | Q@) = | 75| < 1forall z: |z > 1 = |P@)] < |aI",
[NOTE: The related question: What is the maximum value of P, (x) for real x,

given |P,(x)] < 1for —1 < x < 1, can be answered in terms of Chebychev
polynomials and is considerably more complicated.]
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Chapter 7

10.

11.

12.

1

W

14.

. According to the Open Mapping Theorem, the image under f of any open set

D containing z¢ in its interior is an open set containing f(zo) in its interior.
Hence, both Re f and Im f assume larger and smaller values in D than the values
Re f(zp) and Im f(zp).

. Note that continuous functions map connected sets into connected sets and apply

the Open Mapping Theorem to complete the argument.

. a. By the Open Mapping Theorem, if f(z) is a boundary point of 7', z cannot be

an interior point of S.
b. Note that T = f(S)is D(0; 4) so that f maps the boundary points: {z:|z| = 1,

Rez >0} and {iy:l <y <2o0r—2 <y < —1} into the interior of T.
Because |f| = 1 on C(0; 1), by the Maximum Modulus Theorem | f| < 1
throughout D(0; 1). Because D(0; 1) is compact so is its image under the contin-
uous function f. To show that f maps D(0; 1) onto D(0; 1), consider f(0) and
let T be the points on any chord of C(0; 1) passing through f(0). If T were not
contained in the range of f, there would have to be some point w € T, |w| < 1
which is a boundary point of the range of f. By the previous exercise, however,
this is impossible.

. Let f(z) have zeroesatay, ...,ay.Theng(z) = f(z)/(H % ) would have

i=1 1-a;z

modulus 1 throughout the circle: |z] = 1, and g(z) # 0 at any points z:|z| < 1.
Thus, both the maximum and modulus theorems can be applied to conclude that
lg| = 1 throughout D(0; 1) and, hence, g is constant i.e., f(z) = C ]/, o ;"Z
Because f is entire, it follows that a; = 0 for all i and, thus, f(z) = Cz".
Note that / (21) has modulus 1 throughout the boundary of the annulus and apply
the Maximum Modulus Theorem.
Let g(z) = llof(Zz). Then |g| < 1 for |z] < 1 and g(1/2) = 0 so that |g(z)| <

—
1—

1
fz ‘ In particular, |g(1/4)| < 2/7 and | f(1/2)| < 20/7.

Letg(z) = lf_(?(;{ f(?z)) Then g is also analytic and bounded by 1 in the unit disc

and a direct calculation shows that g’(a) = 14{.;'(?01))|2' Thus, g'(a) > f/(a).
Because f(a) = 0, f/(a) = lim,_,, ﬁ? & limy—,, i"_(;) (because | f(z)| <
|By(z)| forall |z] < 1) = f'(a) < Bl (a). [NOTE: B, (a) = 1_|1a|2.]

Consider g(z) = (z—iR)*(z+iR)? f(z) = (zZ+R?*)? f(z). As in Proposition 7.3,
it can be shown that |g(z)| < 8R? throughout |z| = R, and, hence, |g(z)| =
|(z2 + R*)?f(z)] < 8R* aslong as |z| < R. Thus |f(z)| <
letting R — oo, we conclude that f = 0.

and

8R?
(22+R?)?) |

ca [ f@de= [ fy S e dZ—folf S“;Zfdz di = [ 0dr = 0.

1 4 3 5
b. f(Z) _ f smztdt — f()( _ 3‘ Zsf! _...)dt :Z_3f3!)+555!) _

a. f(z) oy sntar = [ [%cos ztdzdt = [ [ cos zt dt dz sothat f'(z) =
[y cos zzdt.
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15.

16.

17.

19.

20.

21.

b. According to (13b) f'(z) = 1= % + %, —+--- and

1 - 1 X 2212 A4 p
A coszt dt = A - 7, + 4 -4+ t

22 Fa o

=1 3(2!)+5(4!) toe=1 3ts Tt
Note that g is a linear function of z with g(0) = zo; g(|z1 — zol) = z0 + ¢ |z1 —
20l = zo + (21 — 20) = z1.
By the Schwarz Reflection Principle, f can be extended to the entire plane and
would then be a bounded entire function. Hence, f is constant.
By the Schwarz Reflection Principle, if f(z) = f(x+iy) = u(x+iy)+iv(x+iy),
then f(2) = f(x —iy) =u(x —iy)+ivo(x —iy) =u(x +iy) —iv(x +iy) and
f(=2) = f(=x—iy) = —u(x —iy)+iv(x —iy) = —u(x+iy)—iv(x+iy) =
—f@@).
Note that g is differentiable for |z| < 1, and for |z| > 1 because g’(z) = h/(2)
where h(z) = f(1/z) for |z] > 1. Moreover, g is continuous on the upper
semicircle so that g is analytic throughout the upper half-plane.
Arguing as in Exercise (19), such an analytic function could be extended to a
bounded entire function.
If f(x) = |x|, by the Schwarz Reflection Principle, f can be extended to be
analytic in the unit disc. However, f’(0) cannot exist because limy_,q s (h);f ©
yields different values as 1 — 0 along the positive real axis and along the negative
real axis.

Chapter 8

1.

y represents the portion of the ray from a through z to oo, starting at z. Thus, if
z is in the complement of S, so is all of y. For, if any z; € y belonged to S, so
would the entire segment connecting a and z1, including z.

. As suggested in the hint, let C = {z : |z — a| = r} and consider §, =

max{t:D(z;t) C S}. J, is a continuous function of z € C and 6 = minec J;
exists. Hence, the annulus B = {z:r — d < |z — a| < r + J} is contained in S.
It follows that any zo € D(a; r) must belong to S. For any path y connecting zo
to co must intersect C, and, at that point, d(y, S') > 0.

S is closed because it contains all its accumulation points. Moreover, any point

(x0, sin xlo) can be connected by the curve y = sin )lc to ( k; R 0) which is within
€ of (0, 0) as long as k > nl e The positive y axis, contained in S, then, connects
the origin to co.

As in Lemma 8.3, we can view a simple closed curve I" with k levels as a union
of rectangles and one or more closed curves I'” with k — 1 levels. We can then



Answers 301

define the inside of I' as the points in the rectangles together with the inside of
the closed curves I'”. As in the proof of Lemma 8.3, it follows by induction that
points inside I" belong to any simply connected domain containing .

Suppose y (t):a <t < b has y (f2) = y (t1). Then y can be written as a union of
y1and yo where y1 =y (t); ¢t € [a, 11U [, bland yo = y (t); ¢ € [t1, ©].
Note that, for points z on the negative axis, wi + [~ dg =i+ f__llzl df =
i + In|z|. Hence, Im(logz) = =i for all points on the negative axis. For any
z, we can, then, choose the path of integration from —1 to —|z|, followed by the

circular arc from —|z] to z.

Chapter 9

1. Note that zog cannot be aremovable singularity nor can it be an essential singularity.

11.

14.
15.

. No. According to Exercise 1, | f(z)| ~ exp (I;I) = f has a pole at z = 0, but

then | f(2)] ~ I;}k near 7 = 0.

. By Riemann’s Principle, the singularity is removable; hence f is (can be con-

sidered) entire! But then | f(z)| < Alz| for large z implies that f is a linear
polynomial, and | f (z)| < A+/|z| for large z implies that f is constant.

. el/2 £ 0. To solve ¢(1/?) = w for any w # 0, take (1/z) equal to any of the

infinitely many values of log w. Note that infinitely many of these values for 1/z
correspond to values of z in the unit disc.

. f+ g will have a pole of order max(m, n) if m # n and a (possible) pole of order

<mifm = n; f - g will have a pole of order m + n; f/g will have a pole of order
m —n if m > n, a zero of order n — m if n > m, and a removable singularity if
m = n.

a. Double pole at z = 0; simple pole at +i.

Simple pole at z = k=, k any integer.

Same as (b).

Essential singularity at z = 0; simple pole at z = 1.

Zl?i—l (- 1)k+lz2k

> e arz® with

SR

—e ifk >0,
ax={=e+1+{\+ 3 ++ L ifk=-2jork=-2j+1,
j=1,2---

-1 k+1 ) k
¢ 32, VLS
Use f(z) = f(Z)—2f(—Z).

1

a.

1 1
2 7 2iz—i) + 2i(z+i)
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16.

1 1
b. 2i(z—i) ~ 2i(z+i)

If|f(z) —w| > 9, gz) = ¥ zi— » Would be analytic in D with zeroes at all the

points of {z,} which would imply that g is identically zero.
1

17. a. Because the range of sin ; is dense in the plane, so is the range of csc ; =
b. Note that csc ; has a pole at all the points z = klﬂ , k an integer.

18. If f is a polynomial, according to the Fundamental Theorem of Algebra, the
range of f is the full complex plane. Otherwise, note that f(1/z) has an essential
singularity at 0.

Chapter 10
1. a z4-11—12 = z2(z£+1) = 212 (1—z%4z*—---)around z = 0. Hence Res (14112;0) =

0; 0 is a double pole.
1

Hence, ,' , hasa simple pole at i, with Res = ;, and

P42 T 2+ > 22 )
a simple pole at z = —i, with Res = _2‘ (see Chapter 9, Exercise (15a)).

b. cotz = (Y has a simple pole at every integral multiple of 7 with
Res(cotz; k) = 1 for all k.

c.cscz = sirll . has a simple pole at every integral multiple of 7 with

Res(cscz; k) = Cosgﬂk) = (=1)k.
1

exp
d. Z_le has a simple pole at z = 1 with Res = e. Around z = 0,
e‘/zz_1+1+1+1 (1 2.
=1 22 2zt 31z e ’
2
Hence, Res (ezlfl ;0) = —e + 1 (see Chapter 9, Exercise (11b); O is an
essential singularity!).
1 _ 1 1 : _ -2 Wi
€ 30 T (+1)42)” Hence 243242 has simple poles at —1 and —2 with

1 . .
22432427 2432427
f. Essential singularity at z = 0 with Res = 1.
g. Essential singularity at z = 0 with Res = 9/2.

Res( —1):1;Res< ! —2):—1.

h. If b> — 4ac # 0, there are simple poles at with residues of

1 2
Ifb° —4ac =0,
i\/b2—4ac ac

—btr/b2—4ac
2a

= h h i
1 1 l
,ZE,C ( Z,SOtattee SadOube
ST 24

poleatz = Ef with residue zero.
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2. a. 2xi (see (1b)).

b.
3 1 2 < Zk
2ri = where z; = %713 k=1,2,3,
;(zk—4)-3z§ 3 §Zk—4
—2ri

63
c. 2xi (see Exercise (1f)).
d. 9zi (see Exercise (1g)).
3. Let C be any regular closed curve surrounding z = 0 and not surrounding any of
the other singularities: z = 2z ki, k = £1, £2, .... Then Res ((1—61—a)n ; 0) =

1 dz .
2mi Je (1—e=2yn - Letting

w=1—e%,
e t=1—-w
—e %dz = —dw
dz = dw  dw

e 2 1 —w

and

1 / dz . 1 / dw
21i Jo (1 —e ) 2xi Joo wi (1 — w)

where C* is the image under w = 1 — e~ % of C. [To see that C* surrounds 0

and not 1 in the w-plane, we can consider C to be the boundary of the rectangle

—1 <x <1; 7 <y < 7 in which case C* can be seen to be the left half

of the annulus centered at 1 with inner radius 1/e and outer radius e.] Thus,
1. _ 1. _ 1 _ 1

Res ((1—e*1)n’ 0) = Res ((w”(l—w)’ 0) = 1 because W (1—w) = wn 1+w+

w? + ---)hasRes = 1 at w = 0 for all n.

1
6. f(“'h}z_f(z) = fy o (w) [w_(“h}i “=* | dw. Because z ¢ y, we can take limy_,q
inside the integral and limj_, (Z+}2_f @ — fy (z(_“;))zdw. In particular, be-
cause f(z) = 271”. Je ‘Z)(f’gdu) where C is a regular curve surrounding z, it

follows that f/(z) = 271”. fc (£ (_ngdw and continuing inductively we can prove
Theorem 10.11.
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11.
12.

14.

15.

16.

f o R E ] SR
: R \_/
)

Consider the image of the circle |z| = R under the mapping w = f(z). Because
f(z) is real if, and only if, z is real, f maps the entire upper semicircle |z| = R;
y > 0 into either the upper half-plane or the lower half-plane, and, likewise,
f maps the entire lower semicircle [z] = R, y < 0 into either the upper or
the lower half-plane. Because AArg w is at most 7 in either the upper or lower
half-plane, it follows that AArg f(z), as z traverses |z| = R, is, at most, 2z and
Z(f)in|z| < R,= . AArg f(z) < 1.

a. 0 because [3¢7%| > 2 > |z] on |z| = 1

b. 1 because |z| > ‘;ez

c. Onlz] =2, |z% > |52 —1]. On |z| = 1, |5z] > |z* + 1]. Hence, there are
3 zeroes in the annulus.

d. Note that, on |z] = 1, |5z*| =5 > |z® 4+ 3z% — 1| with equality possible only
at z = +i. Because z0 — 5z* + 372 — 1 # 0 at z = =i, it follows that there
are 4 zeroes in |z] < 1.

Res (mejz;(f) 5 Zk) =p- zf where p is the order of the zero at zi.

Note that 1 + z + 122, +--- fl", — e* which has no zeroes anywhere. Because the
convergence is uniform in |z| < R, the result follows.

Use the fact that |a,z"| > |a,—12""' + -+ + ao| on the circle |z] = R for
sufficiently large R.

To show that J (1) is defined and continuous, note that | f| > |g| throughout y

implies that f + Ag is nonzero throughout y forall1:0 < 1 < 1.

Let f(z) = vz2—1 = exp (; fj/z ;gdfl) Without loss of generality, we can
assume that the path of integration is in the upper half-plane, if Im z > 0,
and in the lower half-plane, if Im z < 0. To show that lim,,, f(z) exists for
—00 < x < —1, we must establish that the same limit exists as we approach x
through the upper half-plane or the lower half-plane. The difference between the
limits equals |, c 4_2251 d¢ where C is aregular closed curve surrounding ¢ = +£1.

By the argument principle,

2 . 2 .
/CCZ_Id(=2mZ Res(Cz_l,ﬂ) = 4ri

Hence, lim,_, , +/z2 — 1 exists because ¢®/2 = ¢(®+471)/2 By Theorem 7.7, then
f is analytic in the plane minus [ — 1, 1].
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17. Define f(z) = &/(z = 1)(z —2)(z — 3) as exp (; log[(z—1)(z—2)(z— 3)])
where
=D =2 -3)]
(z=D(E—-2)(z—-3)

for z in the plane minus the interval (—oo, 3]. Show then that f(z) defines a
function which is continuous at all points x on the real axis with x < 1.

log[(z — Dz = 2)(z — 3)] =/ dz +log6
4

Chapter 11

2 . 2 . . .
1. a ffooo (14)-;2)2 dx = 2ri Res((z+i)§(z_l,)2;z) = 2rif’(i) (where f(z) =

Z ) T
(z+i)27 — 2°
00 2 1 . 2 A oA
b 5 esabgg 4 = 4 2mzRes( (22+4;2(ZZ+9),21,31). Note that
Z2 ) (3i)? _ 3. Z2 )
Res((z2+4)2(z2+9>’3’> = (@Giytapei = sot and Res((z2+4)2(z2+9>’2’> =

x2

) . 2 —13. 00 _
[1@20), with f(2) = 515 (.249)> and equals 5. Thus, Jo (2+4)2(x249) —
. 1 -
Tl (_200’) = 200
c. Use the fact that z* + z2 + 1 = 0 when % = —; + 431’ or when 72 = ¢! 7
ore' 3. Thus, z* + 2% + 1 has zeroes in the upper half-plane at z; = ¢*/3

)
andatzp =e' 3 7.

1
ceins =34 /3
_ 1
z=ei§” B 3+ \/3i

1 1
Res 2 ) =
(z4+z2+1 1) 473 427
R 1 1
es i) =
A2+ 1 %) T a4

so that

o0 dx 1 1 1 3
4 ) = 2ri + )= .
0 Xx*+x*+1 2 —34+3i 3+3i 6

00 i 1 o ix_1 1 : SR _
d. [ X(Slli))iz) dx = 5Im 7, = X‘E1+x2)dx = ,Im (27u Res (Z‘("sz), z))) =
1 r(e—1)i\ _ m(e—1)
ZIm( e ) - 2
1 1 g 1 ; i
e. Jo° S dx =, 2 rhdx = JRe [% 143 =, 2mi Res (lizz,l)
= /2e.
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T A giis = —Zi:1 Res (1(3)+§3»Zk) where 7 = 2¢/7/3, 75 = 2¢" = —2;
-5
z3 = 2¢'3™  Note then that Res ( k;g;, Zk) = Zkleng and Zi:l Res (Zlg_g:s’ Zk)
«/37[
Zoz—l .
o ola— 1)2711)/ dx = 27iRes 4 ;=1 ) =27zie® D" Since
Z
i o ya-—l —2riemi —2ri
= —1; =1, dx = i = ' P
0 14+x 1 — e2ami e—Omi _ pOTi
T
sin(ra)’

/2” dx 4/ z J
= z
0 (2+COSX)2 1 |z|=1 (22+4Z—|— 1)2

Z
_87zRes<(Z 244z g )2, 2-}-\/3)
1o : — <
=87 f (=2 ++/3), with f(z) 424 Y3
J3 4
=8x 18 = 9x/37z

2 gin?x i (z2 = 1)?
dx = 5 nn dz
0 5+3cosx 2 lzl=1 Z (32 + IOZ+3)
2 —=1)? 1
= Res 0).
™ 2 _Res ( 2322 +10243)° 3 )

The result follows by noting that the Res at — 1/3 is 8/9 and the Res at 0, which

equals f (0) with f(z) = 3 2+15)+3, is equal to — 190.
2 dz _ 1 . :
j. f a+cosx =7 Jijm1 s2490p01 =47 Res (12+2az+1 ; zo) where z is the zero

—a++a2-1 ifa>1
of z2 4+ 2az + 1 with |z9| < 1. Thus zg =
—a—+a2-1 ifa<-1
2t gy 4r 2 27 /v a? — 1 ifa>1
/0 a -+ cosx 210+2a Z()—}-Cl - _zﬂ/\/az_l ifa < —1

2. LetCg, 'gbeasin11.1(I). fCR em_zl_m dz = Obecause the integrand is entire.
R
Thus, -2 [©4 Sl; Ydx —2i er . +er
find [ “;’fdx =.

2iz—1 .
, dz =0, and letting R — 00, we
z
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3. Let C, be the indicated contour; I, the circular segment. Then, fc | -:z" dz =
27i Res (1+ i ei”/") = _i”iei”/”. Note that [ l_dé,l — 0 as the radius of
I', = o0. Hence, letting R — oo, we find

: 1 * 1 2wi/n * 1
lim dz = dx —e dx,
R— Cy 14+ 2z" 0 1+ xn 0 1 + x"
and

i [ i
(1-e dx 2wie
0 1 +x” - '

Thus,

/°° 1 2mie™i/n 2mi T/n
dx = . = L= .
0 1+ x» e2mi/n _ 1 emi/n — p—mi/n Sll‘l(ﬂ.’/n)

iz2 ) . )
7. a. Note that on rR, |6’Z | = e—2x} where z :x—’—[y.Becausex > R |6’Z I <

V2’
e~ R Dividing 'y into the lower part L = {z € I'g : y < h} and an upper
part U = {z e Tg:y > h}, fr e dz = I; ei?dz + fU eiPdz <« 2h +
o—Rh ( ) R by the usual M-L formula. Choosing h = JR e.g., we see that
ere‘Z dz = 0as R — oo.

b. fCR ¢/*dz = 0 where C is the boundary of the indicated sector. Parametriz-
ing and letting R — oo, we see by (a) that [;° e’ dx — ein/4 I e dx =
0 = [, cosx?dx + i [;"sinx?dx = €™/ [e —<*dx. Using the fact
that fo —~dx = /7 /2 and equating real and imaginary parts shows that

Joo cosx?dx = [;° sinx?dx = “/2”

8. [Note that le R Q(z; dz =2ri Zk Res (Q ; zk) where {zi} represent the zeroes
of O in [z] < R (assuming that Q # 0 on |z] = R.)] If we choose R large
enough to encompass all the zeroes of Q, le R gg)dz = 27i Y Res (g)
On the other hand, letting R — oo and applying the usual M — L estimates,

Jo=r nggdz — 0. Hence, ZRes( ) =0.
9. a. 2>, n2+1 = —ZkZIRes(”?i(gz),zk) where z; = 0;20 = i;2z3 =
) e )
Ziil nzl_H = _5 +3 (iﬁi)
b 302y b= —jRes (T 0) = 5
c 142302, EEL): =—2 =+ Res ((sin,,g(zzﬂ)?zk) = = sin(zi) = o
S Gl = A -
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my _ 1 (I+2)*" Wyl _ 8
13. Because( ) = o2z Jizil=R dz for any R > 0, Zn 0( )8" = "oz X
I _ 8 dz (1+2) _
ez catyiose = ~ami Jeim1/2 st s (Smce‘ 82 ‘ < 3 forlel =

1/2). Because z° + 372> — 5z + 1 = (z — 1)(z> + 4z — 1), the only zero of
23 4+3z22 =5z + linside |z] = Jisatz = =2+ /5, and D00 (%) g4 =

1 5+3J5
—8 Res (z3+3z2—51+1 ; =24 «/5)

14. Because (3 )x" = 271”. flzI=R ((H’Z) x) dzz and because ‘(H—Zz)zx < |4x|<1

Z

troughout 2] = 1, 3520 ()" = o}, iy 5t ods. Note that (1 +

2)2x —z = xz2 + (2x — 1)z + x has zeroes at (1 — 2x & /1 —4x)/2x
and (1 — 2x — /1 — 4x)/2x is inside the unit circle. Thus, >0 (2n” )x" =

_ _ 1 Lol=2x—1-4x) _ 1
Res( (14z2)2x—z > 2x ) VA 4x'
15. Note that _max a’b = max (4b b} = $4/3.
a’+b2=4 0<b<
16. a. To maximize b as in the diagram below, note that (2 R)? +22 =2(a? + b s
R2 g
so that a®> + b> = 2(R*> + 1) and “Rzzb = b(6;b2) because R?> = 2.
Hence, max |~ 1)2(”1)‘ max(6b — b%) occurs when b = +/2 and

max

z—1) (z+1)‘

b. Asin the diagram above

(z—D*z+1)
X = = max
lzI=R 72

a’b bQR*>+2—b?)
ax
R? R? ’
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which occurs when b?> = é(ZRz + 2), and is equal to 4‘9/6 (1#.;;)3/2.

. 2. 11\3/2
But ming<g <o 4‘9/6 (R ;;) occurs when R = +/2 and equals 242 as we
saw in Exercise (16a).

Chapter 12
3. Note that er e?Inzdz = 0 where I'y is the closed curve indicated below,
(1-R%R)

_\

Lyy

Ce

ie,Tr=7yr UL ULUCe UL U L. Because |¢?Inz| < e!~®*(In R + ) for
Rez = 1 —R?, leULZ e?Inzdz = 0as R = oo. Similarly, fcE e*Inzdz — Oas

;—) 0. Hence fy e“Inzdz = [ e *(Inx +mi)dx — [* e (Inx —zi)dx =
Ti.

St (1) = an 0O 0
k = 2ni Je < sin(z z) ¢
1 —ltico n?3
< /] dz
T J-l—ico |Si1‘1(7[Z)|2/3\3/|Z(1 =) (1=7)1
< 4 = .
Jn+1 (DY

5. a OnRez = —Z,

1 1

<

Jamo =010 (0) )
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. 1
YT (1+ )
1
<
/
I 1+.2)]
_ 1
RS VAN
Hence ZZ=0(_1)k\/(Z) < nf/g'
b.Let Re z = -1 4+ 6 = —t. Then |(1_Z)...(1_2)| >
t N
HZ=1(1 + ltc) z [ Z:l (1 + ,1()] = (n + 1)'79. Also, because
Isin(x+iy)| = |sinx], |Sin(7rz)| > | sin(z 9)| > 20. Thus, )zgzl(—l)k\/ )
1+0+ioc0 . o
<2 14+d6—ioco «/Sln(”z)(l z) (-3 = «/6(n+1)1 _, and, taking o = logn

B\/logn
< .
W/

PECHINGIE

Chapter 13

1. Note that the solutions of z = « are uniformly distributed around the circle of
radius |a|!/*. Hence z* is 1-1 in any set of the form Sop={z:a < Argz <
BiB—a <)

2. x = xp is mapped into a circle centered at 0 with radius e*
y = yp is mapped into the ray re™¥0; r > 0.

3.1 faofro f1 where f1(z) = 5 (z +2); f2(2) = €%; f3(z) = I1.

ii. f(z) = 6 z (see Theorem 13 23).

iii. f(z) = 2logz

V. fyo fro fiwith fi2) = vz, f(0) == 71 and fi(2) = 1

8. a. Note that lines are mapped into lines.

b. By considering g(z) = af(fz + y) + J, we can assume without loss of
generality that f maps a rectangle R of the form: 0 < x <a, 0 <y < b
onto a rectangle S of the form: 0 < x < ¢, 0 < y < d. If we assume, in
addition that f maps the boundary curves of R onto the boundary curves of S,
it will follow from the Schwarz Reflection Principle that Re f(z) and Im f(z)
both grow (at most) linearly. Thus | f(z)| < A|z| + B and, by the Extended
Liouville Theorem, f is linear. See Example 2 in Section 7.2 and exercise 23
of Chapter 7. The fact that the boundary lines are, in fact, mapped onto the
boundary lines, is proven in 14.9.
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0.

If fi(z) = 9500, foe) = @I then fro fi(z) = &8 with A = aa +
brc1, B = axby + bady, C = ajcy + c1da, D = bicy + did> and AD — BC =
(a1di —bic1)(ardr —brco). Also, asin the text, if £(z) = “18, f71(z) =

h ’ : cz+d? —cz+a
The other group properties are easily established.

10. a. |z] = 1.
b. The linex = —).
c. C(—3;3)-Notethat 'y = fro fi with fi(2) =z =2, f(z) = | and use
Lemma 13.10.
11. By Theorem 13.15, f(2) = el zand e = £/(0) > 0.
12 Let f(2) = fio f5 ' (2). Then f(0) = 0,and f'(0) = f,(f; ' (O))- , L ==
H(fy ©)
;‘,EZO; > 0 so that, by Exercise 11, f(z) =z and f> = fj.
220

13. Use Theorems 13.15-13.17 and the fact that any disc or half-plane can be mapped
onto the unit disc or upper half-plane, respectively, by a linear mapping.

14. The lower half-plane.

15. \/gjjif;; a,b,c,dreal; ad — be > 0.

16. Use the hint given with the exercise and the fact that 4 o hy is of the form
‘Cfi{é’; a, b, c, dreal as in the proof of Exercise 9.

17. (a)i, —i. (b) 0.

18. T(z) = g Zig’g ;3 maps z1, 22, 23 — 00, 0, 1, respectively, and because it
is bilinear, it maps the circle (or line) containing z1, z2, z3 onto the real line.
Moreover, T is 1-1 so that (z1, z2, 23, z4) = T (z4) is real-valued if, and only
if, z4 lies on the circle (or line) contalmng Z1, 22, 23-

19. @w=-!.®O)w=z+i()w=7

d7—1—

20. Note that f_;z maps |z] < lonto |z] < 1 and g(z) = a (1—13(411—181)) maps

|z — }1| < }1 onto |z| < a. Equating coefficients leads to a = 2 — V3.
Chapter 14
1. Since g is locally irrotational and source-free, F' is well defined and analytic. As

z moves along a curve C from z; to z2
15}
F(z2) — F(z21) =/ (u —iv)(dx +idy)
I

15}
= / udx +vdy + i(udy — vdx)

I

where C: z(t); zx = z(tx). If Re F(z) is constant throughout C, fflz udx+vdy=0,
which implies that g = u + iv is orthogonal to the (tangent) direction vector

dx dy
dt> dt )]
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10.

. Note that curves satisfying Im F(z) = constant are orthogonal to curves satis-

fying Re F(z) = constant since the two families of curves are the preimages
under F of the orthogonal curves: x = constant and y = constant. Alternatively,
argue as in Exercise 1, that fc udy — vdx = 0 implies that the vector (u, v) is

. . dy dx
orthogonal to the direction ( dr> i )

. a. The hyperbolas xy = c.

b. Rays from the origin.

. Note that, if F(z) =z + Ao+ &' + ;‘22 + ..., with Ax = ax + ibg; ag, by real,

then Im F(e'?) = sin@ + bg — D50 | ax sin(kf) + D72 by cos(k®). Hence, by
the uniqueness of the Fourier series, a; = 1;a; = 0 for k > 1 and by = 0 for
k>1ie,F(x)=z+Ao+ ..

. a. Forf(z):Zz—i—;, f(e?) =3cosO +isind = u + iv with “92 +02=1.

b. Take f(z) = f» o fi where fi is the inverse of 27 + ;, ie., fiz) = Z+\/412_8
and fo(z) =z + .
. _ i0 £/

Let g(z) = ¢ [lf_(?(z Of)(fz&))] Because g'(z0) = 1:;&3?2’ choose

6 = —Argf’ (z0).

IfR#C,let fi: R— Uand f> : R —> U be such that fi(z1) = f2(z2) = 0.
Then, f = fz_1 o fi is the desired mapping. If R = C, let f(z) =z — z1 + z2.

If fi: C - R were conformal, then f = f> o f], where fo: R —> U

would be a conformal mapping of C onto U which is impossible by Liouville’s
Theorem.

11. a. Note, as in the proof of the Riemann Mapping Theorem, part B, that
g’ (zo)| < (1; where J is such that D(zg; §) C R.
b. Let ¢1(z) be the Riemann mapping function ¢; : R — U with ¢1(z9) = O,
91(z0) =M > Oandlet g2 : R — U with ¢2(z0) = 0, p5(z0) = M* > M.
Let f(z) = g2 0 q)l_l(z). Then f is analytic in the unit disc; | f]| < 1 there,
£(0) = 0 and f'(0) = V’%E“; = M" > |. Hence, by Schwarz’ lemma,
¢1(20
M* =M and f(z) = z,i.e., p3 = ¢1.
Chapter 15
2. €I
3. €% maps the lines y = +7 onto the imaginary axis; hence, ¢ < 1 on the

boundary of D. If f(z) < Ace® in D, then g(z) = f(logz) < Acel in the
right half-plane.
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Chapter 16

1. u+v =Re[(1 —i)f]; uv = Re (“'{2).

2. If g = fy, then gyx + gyy = (fax + fyy)x = 0. Similarly, f is harmonic.

3. Ifg = u?, gox + 8yy = 2u(uyx +uyy) + 2(u§ + ui) = 2(u§ + ui) which cannot
be identically zero unless u is constant.

4. A direct calculation shows that, if u = log(x? + y?), uxy + uyy = 0. If u
were the real part of an analytic f(z),z # 0, f would have to agree up to an
additive constant with the analytic function log z in the simply connected domain
0 < Arg z < 2z. But then, f(z), like logz, would not be continuous on the
positive real axis.

5. Notethat,ifv(r, 8) = u(r cos@, rsin8), then, r2v,+rv,+vgg = rz(uxx—l—uyy).
Hence, Laplace’s equation becomes

0
2V + rvy 4+ vgg = 0 or ra (rv;) +ve9 = 0.
r

1.e., aar (roy) + lvee = 0. If v depends on r alone, vgg = 0, and the above
differential equation implies
v=ualnr +b.

Note also that, if v, = 0 and v is harmonic, then vgg = 0, or
v(0) =ab +b. )

6. 2zif (2) = fo, D¢ = Jo, [9de = [o, E7[ ) d¢. Let Tg be the semi-
circular arc |z| = R,Im z > 0. Then, as R — oo, er ((CZ:Z,E))(E(—(E)-) d; — 0 by the
M-L formula, so that

dt,

27if(z) = Zi/_ (t _y){)(;)_’_ )2

and, dividing by 2z i and equating real parts,

1 o0

7. Note that Re(z) = x3 — 3xy? = 4x3 — 3x on the unit circle. Hence
1 3 2
u(x,y) = 4()c —3xy° + 3x).

8. u(@) = g - ;Arg (;%) where the Arg takes values between 7 and 3; .

u(z)zkﬁArg(jli)=6=7z(;—k).
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11.

12.

Thus, for 1 < k < 1, z lies on the upper arc of a circle for which [ —1, 1]is

a chord and for which the lower arc has 260 degrees. For 0 < k < 2, z lies on
congruent arcs in the lower half-plane. The chord [ — 1, 1] is the level curve for
k=)

)T Argz = 71[ 6 (see the note following Exercise 5).

. sin z maps the strip onto the upper half-plane with the boundary of the strip being

mapped onto the real line segments (—co, —1), [ — 1, 1], (1, o).

In the upper half-plane: w > 0, Arg(w? — 1) has the values 2z, 7, 0 on
the intervals (—oo, 1), (=1, 1) and (1, 00), respectively, and Arg(w?* — 1) =
Im[log(w? — 1)] is the imaginary part of a function analytic in the upper half-
plane. Thus, the desired solution is

1 1
ulx,y)=_ Arg(sin®z — 1) = _ Arg(= cos? 7)

Note, for example, that on the y axis, u(0, y) = ; Arg(—cosh? y) = 1.
By Theorem 16.3, if ¢ — P(z) does not have Infinitely many zeroes,

¢ — P(z) = Q(x)ef®

where O, R are polynomials. Considering the growth at infinity, it follows that
R(z) =z, Q(z) = 1, and P(z) = 0. Similarly, for sinz — P(z).
If a function f of order j does not have infinitely many zeroes,

@) = 0(2)e’@.

But if f # 0, Q is a constant and f can be written in the form f(z) = e”©@.
Finally, because f is of order j, P is a polynomial of degree j.

Chapter 17

T, (1 ) T (k l)(kH) N'H .Hence Py — } as N — oo.

T D)= OO ) () [ e

1 if N is odd

Py = 1 ! if N i
i is even
-I-N Y

and Py > las N — oo.
3

2
log(1 + z¢) — zk = —Z2" + Z3k -+ L g7 if |zl < é Hence, if > |z
converges, so does > [log(1 + zx) — zx] and, because Y, zx converges, it follows
that > log(1 + zx) converges. By Proposition 17.2, then, TT(1 + zx) converges.
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5.

10.

11.
12.

13.

Because Dz = > (?/lk)k converges, the convergence of >_ log(1+z) is equiva-
2 3

lent to the convergence of " [log(1+zx) — zx]. But the latteris >, (_ Z; + Z'3k —

+.. ) and, fork > 4, log(1 + zx) — zx < g,l so that > log(1 + zx) diverges.

I+ +D) -0+ ) =14z 424422 s IR k= L
uniformly for |z] < r < 1.

o
Hk:l (1 k2
Using the power series expansion for sin z, it can be seen that 5127:/;/2 is entire

and equal to zero if z = k2; k =1, 2, ---. Note, also, that, according to
Proposition 17.8, the solutions in (7) and (8) are identical.

(2k+1)2
Proposition 17.8, it can be shown (considering the magnitude of f on a square of
side 2N centered at the origin) that | f (z)| < A exp(|z|*/?) and that f is, in fact,
constant, so that f(z) = f(0) = 1. The product form also be derived from the
identity:

f@ = TIx, (1— 42 )/cosnz is entire and zero-free. As in

sin 27 z
cosSmTZ = _ . .
2sinzz

1 1
a. [, [1 - k(l—z)] €Xp (k(l—z))'
b. Le {zx} be a sequence of distinct points with limg_, zx = zo. Then, an

entire function can be defined with zeroes at the points A = I ! - Setting

g)=f ( 2), g will be analytic for z # z¢ and equal to zero at the points
of the 0r1g1nal sequence {zx}.
b “t t
F'@) = o Je Iy 060 dirde = [7 54 Jo (50 dedi = [7 8 (oG, 0)ar.
Because % is continuous, |k| < M on [a, S]. Foranye > 0, f; € hy g

(u—x)2+y?
and f e hi';gj_y du are each bounded in absolute value by My(e/);_a) whereas

fx+6 h(u)y
X—€ (u—x)2+y?

y— 0, [ aﬂ (u hf)‘giyz du can be made arbitrarily close to 7k (x).

fz) = 01 = —log(;_z) which is analytic in C — [1, 00). By the argument
principle, A Arg(l — z) = 2z i as z circles the point z = 1; hence, f has a jump
discontinuity of 2)75’ as z crosses from the upper half-plane to the lower half-

du = h(x) - 2 tan~! (;) where x — € < x < x + €. Hence, as

plane at z = x > 1. Note also that, if we consider g(z) = fo e, _ . (Example 2

I dt

following 17.9), setting u = e/, it can be shown that g(z) = 0 1z
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Chapter 18

1.

3.
4.

9,

10.

2
. Becausee™!/" =1 — P4t

Assuming log z is the principle branch, i.e., Im logz = 0 on the positive axis, it
follows that Im g;(z) will be between —z and —7% in the third quadrant, whereas

Im g»(z) will be between 7 and 3; .
Note that f(— z) Zanz ap > 0, and apply Theorem 18.3.

a. Because |, = r(1/3) Joo et dt,

n

Z 1 0 I, —
2 s = r(1/3)/o 2 e

z
r(y/3) /0 123 (et — Z)dt

which is analytic outside of the interval [1, co)

b. Since 2+1 fo e ™Msint dt,

Zn o n
Z w241 = Z/o (ze™")" sint dt
o0 o0 I
t
=/ Z(Ze")” Sintdtz/ ¢
0 0o € —z

which is analytic outside of the interval [1, 00)
Make the change-of-variables u = nt.

Setting u = ¢ yields
0 1 1
/ﬁ erar=r ()= VT
0 2 \2 2

_+...’0§g—’/"—(1—;)<t ift <n,

2n? 2n2°
2

—t t\n e 't
sothate™ — (1 — )" <e-°," and

n 1 t n n 1 e n 1 5
/ A (1— ) dt—/ e dr « / e % dr
0 n 0 2n Jo

< ‘T(Rez+2)
2n

which approaches 0 as n — oo.
f@=1- 21 + 31Z —_t = (1 - 22) ((z) so that f is certainly analytic, like

{(z), for z # 1. Moreover, lim;,1 f(z) = lim;_ 222(;__21) = In 2 so that f is
analytic at z = 1 as well.

Because ((z) —» ocoasz — 1,11 (1 — 11)) diverges to 0. Because > plz con-

verges, this implies that > 117 diverges (see Chapter 17, Exercise 4).
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Chapter 19

1. Consider f(z) = tan z — z inside the square centered at the origin and with sides
of length 2z N, whose boundary is denoted Cn . Then, the number of poles of f(z)
inside Cp = the number of zeros of cos z inside Cy = 2N. The number of real
zeros of f inside C is 2N + 1 since f has a triple zero at the origin and tanx = x
has exactly one solution in each of the intervals [(2k — 1)7, 2k + )T ]k =
+1,+2,..., (N =1).

Let ¢ = the number of complex, nonreal zeros of tan z — z inside C. Then

1 tan?
/ R /S J
2ri Joy tanz —z

by the calculations above.

By the usual M — L estimates and the fact that |tanz| < 1 + € throughout Cy
(where ¢ —» 0 as N — 00), it follows that

Z—-P=1+c<?2.

Hence ¢ = 0.

2. With f5(z) = note that [ f2(z)dz — —2zi whereas

2
(14z2)(tanz—z)’

0o .2
/ p@dz = 2xi | 377" T 4 Res(fa: i) 4+ Res(fa: —i) +Res(fa; 0)
Cy

k=1 k
xp #0

Note, then, that Res( f>; i) = Res(f2; —i) = — (ezjl) whereas Res(f2; 0) =3

because nzzz_z has a simple pole at z = 0 and lim,_,¢ tanzj_z = 3. Hence,
.o 7 . .2 t
St = T and Var (1) =220, M 42 =2
x#0 Tk x#0 Tk
3. Let f(z) = zzi;z_—lz)' Then fCN f(@)dz — 0as N - oo if Cy is a square

centered at the origin with sides of length 2z N. At the same time, |, ey S (x)dz —>
27i (Z 212 + Res(f; 0)) where the sum is taken over the zeros of e*—z. Because
'k

Res(f; 0) = +1 it follows that >_ Zl =—1.
4. Asin Section 19.3, a solution {ay}, {%k}, would imply

2 2,2

azz a~z
ldaiz+ o 4= =1daz+ - 4

21 21

byz? 222
P E S Sy  T

2! 2
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sothata = ajandax = a¥, k =2,3, ..,and f = by, by =bk;k=2,3,....
Thus, there would be infinitely many solutions of the form {ax}, { by} with
ai, by > 0;a; +by =2and ax = ak; by = bk fork = 2,3, ...

5. Suppose d is relatively prime to all d;, j # 1, and assume that the desired
partition is possible. Then, as in Section 19.5,

z z% z5 7%

lmz 1z Ty T
for |z] < 1. Then, if we let z — ¢**/91the first term on the right side of the
equality would approach infinity whereas all the others would approach a finite
limit. Thus, the partition is impossible. (In fact, according to this argument, the
partition would be impossible as long as one of the differences is not a divisor of
any of the others.)

%) 1 _ 00 1 1 00 1 _ 1 p* 2 1
9. Zn=2 np"z| T Zn=2 np™* < 2211=2 pnx = 2p2X (p*=1) < pz" for x > 2

1 o] 1
In fact, forx > ; 4+6, 22, nphs
p prime
1 . . . ..
Thus, > , 22 ppne 18 uniformly convergent on compacta and is analytic in the
p prime

half-plane Re z > ;

2 00 2
< 2p prime plt20 S 2un=1 yivas < OO
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Appendices

I A Note on Simply Connected Regions

The definition of simple connectedness (8.1) led to a relatively easy proof of the
General Closed Curve Theorem (8.6). At the same time, while Definition 8.1 was
somewhat complicated, we were able to establish the very intuitive result that a
simply connected region contains, along with any closed polygonal path, all of the
points which are “inside” the path. (See Lemma 8.3 and Exercise 6 of Chapter 8).
This property of a simply connected region can be generalized. That is, a simply
connected region contains, along with any closed curve, all the points inside the
curve. The difficulty in proving the general result lies in defining the “inside” of a
general closed curve. If we limit ourselves to smooth closed curves, however, we can
use complex integrals to define the “inside” of the curve and we can prove the above
property of simply connected regions.

Definition

If T is a smooth closed curve, we say that a point zg & I is inside I if fr z[—lio #0
The totality of such points is called the inside of I'. Note that a similar definition
(10.4), under more limited circumstances, is given in Chapter 10.

Lemma

If D is a simply connected region, I is a closed curve contained in D and z¢ € D,
then there exists a differentiable curve y(t) which connects zy to 0o and which does
not intersect I.

Proof

According to Definition 8.1, there exists a continuous curve y , connecting zo to 0o
with d(y, D) < €. If we take € = éd (T, D), y will not intersect I'. Moreover, since
y — oo, for some N, t > N = |y(¢)| > max{|z| : z € T'}. We can, then, redefine
y(t) = ,(, y (N) fort > N sothaty will be differentiable (y ' will actually be constant)
for t+ > N. Finally, because y(t), 0 <t < N, can be uniformly approximated by a
differentiable curve, there exists a curve y with all of the desired properties. O
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Theorem

If D is a simply connected region and T is a smooth closed curve contained in D,
then the inside of T is contained in D.

Proof

If not, there would be zg € D for which fr Zd_é . # 0. Let y be adifferentiable curve,
connecting zg to oo and not intersecting I" (as in the above lemma), and define

dz
I(I)_/rz—y(t)’ 120

1(¢) can be differentiated with respect to ¢ and

dz
[z —y@®)1

The above integral is clearly O (for all #) since the integrand has, as a primitive,
the function __ Thus we can conclude that 7 (¢) is constant. On the other hand,
1(0) #0 (smce y80) = z¢)and I (r) — 0ast — oo since the integrand approaches
0 uniformly, which yields the desired contradiction. [

I'(t)y=y"(1)
I

II Circulation and Flux as Contour Integrals

Let C be a closed curve given by z(¢) = x(¢) + iy(¢). Then a vector tangent to C is
given by

: dx | .dy
t) =
z(1) J + i it
and a normal vector to C is given by
dy .dx
—1 .
dt dt

(If C is parametrized so that the tangent points in the counter-clockwise direction,
the above normal vector points “outward.”) Suppose g = u + iv represents a flow
function throughout C. Then the circulation around C is found by integrating the
tangential component of g against the arclength, and the flux across C is given by
the corresponding integral of the normal component of g. Let o, 7 represent the
circulation and flux, respectively, and recall that the component of a vector a in the
direction of /8 is given by (& o $/|5]). Then

d d
az/ ux—}— Y dt = /udx+vdy
c dt dt c
d d
r:/ Yt dt:/udy—vdx.
C dt dt C

and
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Note, finally, that if f = g = u —iv,

/f(z)dz=/(u—iv)(dx+idy)=6+ir.
c c

III Steady-State Temperatures; The Heat Equation

Let the function u denote the temperature at the points of a region D and assume that
u is independent of time. Then u = u(x, y) is a real-valued function of the position
(x, ), and we wish to show that it is harmonic. To this end, we note two basic facts:

1. Heat flows in the direction of cooler temperatures, and the amount of heat crossing
acurve per unit of time is proportional to the length of the curve and the difference
in temperature across the two sides. Thus the amount of heat crossing a horizontal
line of length Ax is equal to Ku, Ax, while the amount of heat crossing a vertical
line of length Ay is given by Ku, Ay.

2. The total increase in heat (the amount of heat entering minus the amount of heat
leaving) in any square S C D must be zero. Otherwise, the temperature at points
of § would change, contrary to our assumption that # is independent of time.

Using these two facts, we can obtain the following proof that u is harmonic,
assuming u € C2.

Suppose that S is any square in D with horizontal and vertical sides of length A
and assume without loss of generality that the lower left vertex is (0,0). Note that for
any function f (x, y) with continuous partial derivatives at the origin,

fx,y) = f0,0) = f(x,y) = f(x,0) + f(x,0) = f(0,0)
= )’fy(x,ér) +xfx(’7: 0)

so that
3) fx,y) = £(0,0) = y(£y(0,0) + €1) + x(f(0,0) + €2)

where ¢; and €, — 0 as (x,y) — (0, 0). To obtain a formula for the change in
the amount of heat in S per unit time, we first calculate the loss of heat through
the top side minus the increase through the bottom side. According to (1), over any
subinterval Ax, this is given by

[Kuy(x,h) — Kuy(x,0)]Ax.
But according to (3),
uy(x, h) =uy(0,0) + xuy,(0,0) + huyy(0,0) 4+ €1x + €2
”y(x’ O) = My(oa O) + xuyx(oa 0) + €3X

so that
uy(x, h) —uy(x,0) = huyy(0,0) + esh
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where €4 — 0 as & — 0. The net decrease in heat from the (two) subintervals thus
equals K [huyy (0, 0) + e4h] Ax, and the net loss through the top and bottom sides is
given by

K [h%uyy (0, 0) + esh?].

Similarly, the net loss through the vertical sides is given by
K[h%u..(0,0) + esh?].
and since the overall decrease must be zero,
1220, 0) + 1y (0, 0) + 4 + €5 = 0,
Since, finally, & could have been chosen as small as possible, we conclude
uxx(0,0) +1y,,(0,0) =0

and since the origin is in no way special, it follows that u is harmonic throughout D.
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Jordan, 132
level, 238
piecewise differentiable, 45
regular closed, 133
simple closed, 52
smooth, 45
Curves
smoothly equivalent, 46
Cyclotomic equation, 19

Define Integral

complex, 45

real, 143
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