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Chapter 1

COMPLEX NUMBERS

1.1. Arithmetic and Conjugates

The purpose of this chapter is to give a review of various properties of the complex numbers that we shall
need in the discussion of complex analysis. As the reader is expected to be familiar with the material,
all proofs have been omitted.

The equation x? +1 = 0 has no solution € R. To “solve” this equation, we have to introduce extra
numbers into our number system. To do this, we define the number i by i2 4+ 1 = 0, and then extend the
field of all real numbers by adjoining the number i, which is then combined with the real numbers by the
operations addition and multiplication in accordance with the Field axioms of the real number system.
The numbers a + ib, where a,b € R, of the extended field are then added and multiplied in accordance
with the Field axioms, suitably extended, and the restriction i + 1 = 0. Note that the number a + 0i,
where a € R, behaves like the real number a.

What we have said in the last paragraph basically amounts to the following. Consider two complex
numbers a + ib and ¢ + id, where a, b, c¢,d € R. We have the addition and multiplication rules

(a+1ib) + (c+id) = (a+¢) +i(b+ d) and (a+1b)(c + id) = (ac — bd) + i(ad + bc).
These lead to the subtraction rule
(a+1b) — (c+id) = (a —¢) +i(b— d),
and the division rule, that if ¢ + id # 0, then

a+ib ac+bd+ibc—ad
c+id 24+d> 2 +d?
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Note the special case a =1 and b = 0.

Suppose that z = x +iy, where x,y € R. The real number z is called the real part of z, and denoted
by x = Pez. The real number y is called the imaginary part of z, and denoted by y = Jmz. The set
C={z==x+1y: x,y € R} is called the set of all complex numbers. The complex number z = z — iy is
called the conjugate of z.

It is easy to see that for every z € C, we have

z2+Z z2—Z
Rez = * and Jmz = -
2 2i
Furthermore, if w € C, then
z+w=Z4+w and ZW = ZW.

1.2. Polar Coordinates
Suppose that z = x + iy, where x,y € R. The real number

T

is called the modulus of z, and denoted by |z|. On the other hand, if z # 0, then any number 6 € R
satisfying the equations

(1) x =rcosf and y=rsinf
is called an argument of z, and denoted by arg z. Hence we can write z in polar form
z =r(cosf +1isinb).
Note, however, that for a given z € C, arg z is not unique. Clearly we can add any integer multiple of
27 to 6 without affecting (1). We sometimes call a real number § € R the principal argument of z if 6
satisfies the equations (1) and —7 < 6 < 7. The principal argument of z is usually denoted by Arg z.
It is easy to see that for every z € C, we have |z|? = 2z. Also, if w € C, then
[zw| = [2]lw]  and [z 4 w] < 2]+ |w].
Furthermore, if
z =r(cosf +isinf) and w = s(cos ¢ + isin @),

where 7, 5,0, € R and 7, s > 0, then

zw = r8(cos(0 + ¢) + isin(6 + @)) and g = 2(008(9 — ¢) +isin(6 — @)).

1.3. Rational Powers
De Moivre’s theorem, that

(2) cosnf +isinnd = (cosf +isinf)" for every n € N and 6 € R,
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is useful in finding n-th roots of complex numbers.

Suppose that ¢ = R(cosa + isin«), where R, € R and R > 0. Then the solutions of the equation
2™ = c are given by

" 2k 2k
z:vR(cosu—&—isinu), where £k =0,1,...,n— 1.
n n

Finally, we can define ¢® for any b € Q and non-zero ¢ € C as follows. The rational number b can
be written uniquely in the form b = p/q, where p € Z and ¢ € N have no prime factors in common.
Then there are exactly ¢ distinct numbers z satisfying 2?7 = ¢. We now define ¢’ = 2P, noting that the
expression (2) can easily be extended to all n € Z. It is not too difficult to show that there are ¢ distinct

values for the rational power cP.

PROBLEMS FOR CHAPTER 1

1. Suppose that zy € C is fixed. A polynomial P(z) is said to be divisible by z — 2 if there is another
polynomial Q(z) such that P(z) = (z — 29)Q(z).

a) Show that for every ¢ € C and k € N, the polynomial c(z* — 2&) is divisible by z — 2.

b) Consider the polynomial P(z) = ag + a1z + a2z + ... + a,2", where ag, a1, as, ..., a, € C are
arbitrary. Show that the polynomial P(z) — P(zp) is divisible by z — 2.

c¢) Deduce that P(z) is divisible by z — zy if P(z) = 0.

d) Suppose that a polynomial P(z) of degree n vanishes at n distinct values z1, 22, ..., 2, € C, so
that P(z1) = P(z2) = ... = P(z,) = 0. Show that P(z) = c¢(z — 21)(# — 22) ... (2 — 2,,), where
c € C is a constant.

e) Suppose that a polynomial P(z) of degree n vanishes at more than n distinct values. Show
that P(z) = 0 identically.

2. Suppose that a € C is fixed and |o| < 1. Show that |z| <1 if and only if <1.

1—az

3. Suppose that z = x + iy, where z,y € R. Express each of the following in terms of x and y:

z+1 ) z+1
¢

z—1 1—iz

a) |z —13 b)

4. Suppose that ¢ € R and a € C with a # 0.
a) Show that az + @z + ¢ = 0 is the equation of a straight line on the plane.
b) What does the equation 2z + az + @z + ¢ = 0 represent if |a|? > ¢?

5. Suppose that z,w € C. Show that |z +w|? + |2 — w|? = 2(|2|2 + |w|?).

6. Find all the roots of the equation (28 — 1)(2® + 8) = 0.

7. For each of the following, compute all the values and plot them on the plane:
8) (1+1)71/2 b) (—4)*/1 ¢) (1—i)*s
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Chapter 2

FOUNDATIONS OF COMPLEX ANALYSIS

2.1. Three Approaches

We start by remarking that analysis is sometimes known as the study of the four C’s: convergence,
continuity, compactness and connectedness. In real analysis, we have studied convergence and continuity
to some depth, but the other two concepts have been somewhat disguised. In this course, we shall try
to illustrate these two latter concepts a little bit more, particularly connectedness.

Complex analysis is the study of complex valued functions of complex variables. Here we shall
restrict the number of variables to one, and study complex valued functions of one complex variable.
Unless otherwise stated, all functions in these notes are of the form f :.S — C, where S is a set in C.

We shall study the behaviour of such functions using three different approaches. The first of these,
discussed in Chapter 3 and usually attributed to Riemann, is based on differentiation and involves pairs
of partial differential equations called the Cauchy-Riemann equations. The second approach, discussed in
Chapters 4-11 and usually attributed to Cauchy, is based on integration and depends on a fundamental
theorem known nowadays as Cauchy’s integral theorem. The third approach, discussed in Chapter 16
and usually attributed to Weierstrass, is based on the theory of power series.

2.2. Point Sets in the Complex Plane

We shall study functions of the form f : S — C, where S is a set in C. In most situations, various
properties of the point sets S play a crucial role in our study. We therefore begin by discussing various
types of point sets in the complex plane.

Before making any definitions, let us consider a few examples of sets which frequently occur in our
subsequent discussion.
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EXAMPLE 2.2.1. Suppose that zg € C, R € Rand 0 < r < R. The set {z € C: |z — z| < R}
represents a disc, with centre zo and radius R, and the set {z € C : r < |z — z9| < R} represents an
annulus, with centre zg, inner radius r and outer radius R.

EXAMPLE 2.2.2. Suppose that A,B € Rand A< B. Theset {z=z+iy € C:z,y € Rand z > A}
represents a half-plane, and the set {z =z +iy € C:z,y € R and A < x < B} represents a strip.

EXAMPLE 2.2.3. Suppose that o, 5 € R and 0 < o < § < 27. The set
{z=r(cosf+isinf) e C:r,0d e Rand r>0and a <6 < §}

represents a sector.

We now make a number of important definitions. The reader may subsequently need to return to
these definitions.
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DEFINITION. Suppose that zp € C and € € R, with € > 0. By an e-neighbourhood of 2y, we mean a
disc of the form {z € C: |z — 2¢| < €}, with centre zy and radius € > 0.

DEFINITION. Suppose that S is a point set in C. A point zy € S is said to be an interior point of S
if there exists an e-neighbourhood of zy which is contained in S. The set S is said to be open if every
point of S is an interior point of S.

Ne

ExXAMPLE 2.2.4. The sets in Examples 2.2.1-2.2.3 are open.

EXAMPLE 2.2.5. The punctured disc {z € C: 0 < |z — 20| < R} is open.
EXAMPLE 2.2.6. The disc {z € C: |z — 29| < R} is not open.

EXAMPLE 2.2.7. The empty set @) is open. Why?

DEFINITION. An open set S is said to be connected if every two points z1, 20 € S can be joined by the
union of a finite number of line segments lying in S. An open connected set is called a domain.

21 2

REMARKS. (1) Sometimes, we say that an open set S is connected if there do not exist non-empty
open sets S; and Sy such that S; U S; = S and S; NSy = (. In other words, an open connected set
cannot be the disjoint union of two non-empty open sets.

(2) In fact, it can be shown that the two definitions are equivalent.



24 W WL Chen : Introduction to Complex Analysis

(3) Note that we have not made any definition of connectedness for sets that are not open. In
fact, the definition of connectedness for an open set given by (1) here is a special case of a much more
complicated definition of connectedness which applies to all point sets.

ExamMpLE 2.2.8. The sets in Examples 2.2.1-2.2.3 are domains.
EXAMPLE 2.2.9. The punctured disc {z € C: 0 < |z — 29| < R} is a domain.

DEFINITION. A point zy € C is said to be a boundary point of a set S if every e-neighbourhood of zg
contains a point in S as well as a point not in S. The set of all boundary points of a set S is called the
boundary of S.

EXAMPLE 2.2.10. The annulus {z € C: r < |z — 20| < R}, where 0 < r < R, has boundary C; U Cy,
where

Ci={z€C:lz—z| =71} and Co={2€C:|z—2]| =R}

are circles, with centre zg and radius r and R respectively. Note that the annulus is connected and hence
a domain. However, note that its boundary is made up of two separate pieces.

DEFINITION. A region is a domain together with all, some or none of its boundary points. A region
which contains all its boundary points is said to be closed. For any region S, we denote by .S the closed
region containing S and all its boundary points, and call S the closure of S.

REMARK. Note that we have not made any definition of closedness for sets that are not regions. In
fact, our definition of closedness for a region here is a special case of a much more complicated definition
of closedness which applies to all point sets.

DEFINITION. A region S is said to be bounded or finite if there exists a real number M such that
|z| < M for every z € S. A region that is closed and bounded is said to be compact.

EXAMPLE 2.2.11. The region {z € C: |z — 29| < R} is closed and bounded, hence compact. It is called
the closed disc with centre zy and radius R.

EXAMPLE 2.2.12. The region {z =2 +iy € C:z,y € R and 0 < 2 < 1} is closed but not bounded.

ExXAMPLE 2.2.13. The square {z =2z +iy € C:z,y e Rand 0 <2 <1 and 0 < y < 1} is bounded
but not closed.
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2.3. Complex Functions

In these lectures, we study complex valued functions of one complex variable. In other words, we study
functions of the form f :.S — C, where S is a set in C. Occasionally, we will abuse notation and simply
refer to a function by its formula, without explicitly defining the domain S. For instance, when we
discuss the function f(z) = 1/z, we implicitly choose a set S which will not include the point z = 0
where the function is not defined. Also, we may occasionally wish to include the point z = oo in the
domain or codomain.

We may separate the independent variable z as well as the dependent variable w = f(z) into real
and imaginary parts. Our usual notation will be to write z = z 4+ iy and w = f(z) = u + iv, where
z,y,u,v € R. Tt follows that © = u(z,y) and v = v(z,y) can be interpreted as real valued functions of
the two real variables = and y.

EXAMPLE 2.3.1. Consider the function f : S — C, given by f(z) = 22 and where S = {z € C: |2| < 2}
is the open disc with radius 2 and centre 0. Using polar coordinates, it is easy to see that the range of
the function is the open disc f(S) = {w € C : |w| < 4} with radius 4 and centre 0.

EXAMPLE 2.3.2. Consider the function f : H — C, where H = {z =z +iy € C: y > 0} is the upper
half-plane and f(z) = 22. Using polar coordinates, it is easy to see that the range of the function is the
complex plane minus the non-negative real axis.

EXAMPLE 2.3.3. Consider the function f: T — C, where T ={z =z +iy € C: 1 < z < 2} is a strip
and f(z) = z2. Let xp € (1,2) be fixed, and consider the image of a point (zg,y) on the vertical line
r = xg. Here we have

uU=2x5—Y and v = 2x0Y.

Eliminating y, we obtain the equation of a parabola

U2

2

U=2x5— —5
423

in the w-plane. It follows that the image of the vertical line £ = z under the function w = 22 is this

parabola. Now the boundary of the strip are the two lines ¢ = 1 and x = 2. Their images under the

mapping w = 22 are respectively the parabolas

v? v?

uzl—z and u:4—1—6.

It is easy to see that the range of the function is the part of the w-plane between these two parabolas.
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EXAMPLE 2.3.4. Consider again the function w = 22. We would like to find all z = 2 + iy € C for
which 1 < Rew < 2. In other words, we have the restriction 1 < u < 2, but no rectriction on v. Let
ug € (1,2) be fixed, and consider points (z,y) in the z-plane with images on the vertical line u = wy.
Here we have the hyperbola

z? — y? = uy.
The boundaries u = 1 and u = 2 are represented by the hyperbolas

22 —y?=1 and 2?2 —y? =2.

It is easy to see that the points in question are precisely those between the two hyperbolas.

2.4. Extended Complex Plane

It is sometimes useful to extend the complex plane C by the introduction of the point co at infinity. Its
connection with finite complex numbers can be established by setting z+ 00 = co+ 2z = oo for all z € C,
and setting z - 0o = 00 - z = oo for all non-zero z € C. We can also write oo - 0o = 0.

Note that it is not possible to define co + oo and 0 - co without violating the laws of arithmetic.
However, by special convention, we shall write z/0 = oo for z # 0 and z/0c0 = 0 for z # 0.

In the complex plane C, there is no room for a point corresponding to co. We can, of course,
introduce an “ideal” point which we call the point at infinity. The points in C, together with the point
at infinity, form the extended complex plane. We decree that every straight line on the complex plane
shall pass through the point at infinity, and that no half-plane shall contain the ideal point.

The main purpose of this section is to introduce a geometric model in which each point of the
extended complex plane has a concrete representative. To do this, we shall use the idea of stereographic
projection.

Consider a sphere of radius 1 in R3. A typical point on this sphere will be denoted by P(x1,x2,x3).
Note that 2% + 23 + 23 = 1. Let us call the point N (0,0, 1) the north pole. The equator of this sphere is
the set of all points of the form (x1,22,0), where 23 + 3 = 1. Consider next the complex plane C. This
can be viewed as a plane in R3. Let us position this plane in such a way that the equator of the sphere
lies on this plane; in other words, our copy of the complex plane is “horizontal” and passes through the
origin. We can further insist that the z-direction on our complex plane is the same as the z;-direction
in R, and that the y-direction on our complex plane is the same as the xo-direction in R3. Clearly a
typical point z = x + iy on our complex plane C can be identified with the point Z(z,y,0) in R3.
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Suppose that Z(x,y,0) is on the plane. Consider the straight line that passes through Z and the
north pole N. It is not too difficult to see that this straight line intersects the surface of the sphere at
precisely one other point P (1, z2,23). In fact, if Z is on the equator of the sphere, then P = Z. If Z is
on the part of the plane outside the sphere, then P is on the northern hemisphere, but is not the north
pole N. If Z is on the part of the plane inside the sphere, then P is on the southern hemisphere. Check
that for Z(0,0,0), the point P(0,0,—1) is the south pole.

N Yy

On the other hand, if P is any point on the sphere different from the north pole IV, then a straight
line passing through P and N intersects the plane at precisely one point Z. It follows that there is a
pairing of all the points P on the sphere different from the north pole NV and all the points on the plane.
This pairing is governed by the requirement that the straight line through any pair must pass through
the north pole N.

We can now visualize the north pole N as the point on the sphere corresponding to the point at
infinity of the plane. The sphere is called the Riemann sphere.

2.5. Limits and Continuity

The concept of a limit in complex analysis is exactly the same as in real analysis. So, for example, we
say that f(z) — L as z — zp, or

lim f(z) =L,

z—20

if, given any € > 0, there exists ¢ > 0 such that |f(z) — L| < e whenever 0 < |z — 2| < 0.

This definition will be perfectly in order if the function f is defined in some open set containing
zo, with the possible exception of zg itself. It follows that if zy is an interior point of the region S of
definition of the function, our definition is in order. However, if zg is a boundary point of the region S
of definition of the function, then we agree that the conclusion |f(z) — L| < € need only hold for those
z € S satisfying 0 < |z — 2| < 0.

Similarly, we say that a function f(z) is continuous at zg if f(z) — f(z0) as z — zp. A similar
qualification on z applies if 2y is a boundary point of the region S of definition of the function. We also
say that a function is continuous in a region if it is continuous at every point of the region.
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Note that for a function to be continuous in a region, it is enough to have continuity at every point of
the region. Hence the choice of § may depend on a point zy in question. If § can be chosen independently
of zy, then we have some uniformity as well. To be precise, we make the following definition.

DEFINITION. A function f(z) is said to be uniformly continuous in a region S if, given any ¢ > 0, there
exists § > 0 such that |f(z1) — f(22)| < € for every z1, 22 € S satisfying |21 — 22| < 0.

REMARK. Note that if we fix z3 to be a point zo and write z for z;, then we require | f(z) — f(20)| < €
for every z € S satisfying |z — 29| < §. In other words, § cannot depend on z.

ExXAMPLE 2.5.1. Consider the punctured disc S = {z € C: 0 < |z| < 1}. The function f(z) =1/z is
continuous in S but not uniformly continuous in S. To see this, note first of all that continuity follows
from the simple observation that the function z is continuous and non-zero in S. To show that the
function is not uniformly continuous in S, it suffices to show that there exists € > 0 such that for every
6 > 0, there exist z1, zo € S such that

1 1

Z1 22

|21 — 22| < 6 and >e.

Let € = 1. For every § > 0, choose n € N such that n > 6~'/2, and let

1 and 1
= — 11 = .
AL n 2 n+1
Clearly 21,20 € S. It is easy to see that
1 1 1 1 1
— 29| = |— — = 4] d —— —|=1
21 = 2| n nJrl’ nn+1) < an z1 29
PROBLEMS FOR CHAPTER 2
1. For each of the following functions, find f(z + 3), f(1/2) and f(f(2)):
1—=z
a) f(z)=2-1 b) f(z) =2 ) flz)=1/z d) f2) =37
z
2. Which of the sets below are domains?
a) {z:0< |zl <1} b) {z:Jmz < 3|z|} o) {z:]z -1 <|z+ 1]}

d) {z:]z2-1] <1} e) {z:0<Rez < 1}

3. Find the image of the strip {z : |[Rez| < 1} and of the disc {z : |z| < 1} under each of the following
mappings:

1
a) w=(1+i)z+1 b) w = 22? c) w=z"" d)w:"’+

z—1

4. A function f(z) is said to be an isometry if |f(z1) — f(22)| = |21 — 22| for every z1, 20 € C; in other
words, if it preserves distance.
a) Suppose that f(z) is an isometry. Show that for every a,b € C with |a] = 1, the function
g(z) = af(z) + b is also an isometry.
b) Show that the function

is an isometry with h(0) =0 and h(1) = 1.
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¢) Suppose that k(z) is an isometry with k(0) = 0 and k(1) = 1. Show that FRek(z) = Rez, and
that k(i) = £i.
[HINT: Explain first of all why |k(z)| = |z| and |1 — k(2)| = |1 — z].]

d) Suppose that in (c¢), we have k(i) = i. Show that Jmk(z) = Jmz and that k(z) = 2 for all

z€C.

e) Suppose that in (c), we have k(i) = —i. Show that Jmk(z) = —Jmz and that k(z) = Z for all
z e C.

f) Deduce that every isometry has the form f(z) = az + b or f(z) = az + b, where a,b € C with
la| = 1.

5. In the notation of Section 2.4, let the point z = = + iy on the complex plane C correspond to the
point (z1,xz9,x3) of the sphere under stereographic projection, so that the three points (0,0,1),
(21,29, 23) and (z,y,0) are collinear. Note that (z1,22,23 — 1) = A(z,y, —1) for some A € R, and
that 23 + 2% + 2% = 1.

2 2 2_1
a) Show that (z1, 7y, 73) = ( x y >

|22 +17 212417 |z]2+1

b) Note that a circle on the sphere is the intersection of the sphere with a plane ax1+bxs+crs = d.
By expressing this equation of the plane in terms of x and y, show that a circle on the sphere
not containing the pole (0,0, 1) corresponds to a circle in the complex plane. Show also that a
circle on the sphere containing the pole (0,0, 1) corresponds to a line in the complex plane.

¢) Suppose that (21, z2,23) and (2], x4, 25) are two points on the sphere corresponding to the com-
plex numbers z and z’ respectively. Show that the distance between (1, 2, x3) and (2}, x5, ©5)
is given by

2|z — 2

VRN

[REMARK: The number d(z,z’) is known as the chordal distance.]

d(z,2")

6. Each of the following functions is not defined at z = z5. What value must f(zg) take to ensure
continuity at z = z¢?

Z— 20 23— 23
a) f(z) = — b) f(z) = —2
Z— 20 Z =20

1 1 1 1 1 1

0 10=25 (0 3) ) 16= 25 (5 %)

7. Suppose that
ag + a1z + a222
)= ——7""777,
bo + b1z + baz

where ag, a1, as, by, b1, by € C. Examine the behaviour of f(z) at z =0 and at z = co.
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Chapter 3

COMPLEX DIFFERENTIATION

3.1. Introduction
Suppose that D C C is a domain. A function f: D — C is said to be differentiable at zg € D if the limit

L £ = 1)

zZ—20 zZ— 20

exists. In this case, we write

" o) =t T FGo)

zZ—20 zZ— 20
and call f'(zp) the derivative of f at zo.

If 2 # zp, then
PEMECE

zZ— 20

> (2 — 20) + f(z0)-

It follows from (1) and the arithmetic of limits that if f/(zg) exists, then f(z) — f(z0) as z — zo, so
that f is continuous at zg. In other words, differentiability at zg implies continuity at zg.

Note that the argument here is the same as in the case of a real valued function of a real variable. In

fact, the similarity in argument extends to the arithmetic of limits. Indeed, if the functions f: D — C
and g : D — C are both differentiable at zy € D, then both f + g and fg are differentiable at zy, and

(f +9)(z0) = f'(20) + ¢'(20) and (f9)'(20) = f(20)9'(20) + f'(20)9(20)



32 __ W WL Chen : Introduction to Complex Analysis

If the extra condition ¢’(zg) # 0 holds, then f/g is differentiable at zp, and

(i)/ (20) = 9(20)f"(20) — f(20)9'(20)

9 9%(20)

One can also establish the Chain rule for differentiation as in real analysis. More precisely, suppose
that the function f is differentiable at zp and the function g is differentiable at wy = f(29). Then the
function g o f is differentiable at z = 2y, and

(g0 f) (20) = g'(wo) f'(20)-

ExaMPLE 3.1.1. Consider the function f(z) = Z, where for every z € C, Z denotes the complex
conjugate of z. Suppose that zg € C. Then

(2) f&)=f(20) _Z-% _z-%2

z— 2o z—2y 2—20

If z — zg = h is real and non-zero, then (2) takes the value 1. On the other hand, if z — 2y = ik is purely
imaginary, then (2) takes the value —1. It follows that this function is not differentiable anywhere in C,
although its real and imaginary parts are rather well behaved.

3.2. The Cauchy-Riemann Equations

If we use the notation

h—0 h ’

then in Example 3.1.1, we have examined the behaviour of the ratio

flz+h) - f(z)
h

first as h — 0 through real values and then through imaginary values. Indeed, for the derivative

to exist, it is essential that these two limiting processes produce the same limit f/(z). Suppose that

f(z) =u(z,y) +iv(x,y), where z = x + iy, and u and v are real valued functions. If h is real, then the
two limiting processes above correspond to

z+h)— f(z

L SEHR) — 1)

u(z + h,y) —u(z,y) vethy) —v(z,y) _ du Ov

by I = jiny I +1jm h T or lox
and

lim f(Z+lf}) —fG) i u(x,y+ﬁ) — @Y i v(x,y+@) —v(z,y) _Ov .0u

h—0 ih h—0 ih h—0 ih Jdy Oy

respectively. Equating real and imaginary parts, we obtain

Ou  Ov ou ov

Note that while the existence of the derivative in real analysis is a mild smoothness condition, the
existence of the derivative in complex analysis leads to a pair of partial differential equations.
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DEFINITION. The partial differential equations (3) are called the Cauchy-Riemann equations.
We have proved the following result.

THEOREM 3A. Suppose that f(z) = u(x,y) + v(z,y), where z = x + iy, and u and v are real
valued functions. Suppose further that f'(z) exists. Then the four partial derivatives in (3) exist, and
the Cauchy-Riemann equations (3) hold. Furthermore, we have

TR oy 000
(4) f(z)_8x+16:v and f(z)—ay lay'

A natural question to ask is whether the Cauchy-Riemann equations are sufficient to guarantee
the existence of the derivative. We shall show next that we require also the continuity of the partial
derivatives in (3).

THEOREM 3B. Suppose that f(z) = u(z,y) + iv(z,y), where z = x + iy, and u and v are real
valued functions. Suppose further that the four partial derivatives in (3) are continuous and satisfy the
Cauchy-Riemann equations (3) at zg. Then f is differentiable at zo, and the derivative f'(zo) is given
by the equations (4) evaluated at zp.

PROOF. Write zp = xg + iyp. Then

f(z) = f(z0) _ (u(z,y) —u(zo,y0)) +i(v(z,y) — v(20,40))

zZ— 20 zZ— 20

We can write
ou ou
u(x,y) — ulxg, =(r—=x — + (y — — + |z — 2p|€1(2
)~ wtrow) = = 20)(G2) +w-w)(Gp) +1-slal)

and

o) o) = =) (52) ) () e late)

If the four partial derivatives in (3) are continuous at zp, then

lim €;(2) =0 and lim ez(z) = 0.

z—20 z—20

In view of the Cauchy-Riemann equations (3), we have

ou . Ov ou . Ov .
=) (Gerigs) + O (Graigy) - sl +iat)
ou . Ov ov . Ou .
(r — o) <% 1@)@ + (¥ — %) (‘@ + 1@)@ + |2 — z0l(e1(2) +iea(2))
ou . Ov . ou . Ov .
=) (G rigs) +iw-w) (Grige) el i)

= (z — 20) (% + 1%) + |z — 20(€1(2) + ie2(2)).

Hence

f(z) = f(z)  [(Ou .Ov |z — 20| ) ou . Ov
T (@ +1£>z0 + (—z - > (e1(2) +iea(2)) — (% +1%>Z0
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as z — 2g, giving the desired results. O

3.3. Analytic Functions

In the previous section, we have shown that differentiability in complex analysis leads to a pair of partial
differential equations. Now partial differential equations are seldom of interest at a single point, but
rather in a region. It therefore seems reasonable to make the following definition.

DEFINITION. A function f is said to be analytic at a point zg € C if it is differentiable at every z in
some e-neighbourhood of the point zy. The function f is said to be analytic in a region if it is analytic
at every point in the region. The function f is said to be entire if it is analytic in C.

ExXAMPLE 3.3.1. Consider the function f(z) = |z|?. In our usual notation, we clearly have
u=x>+y> and v =0.
The Cauchy-Riemann equations
2z =0 and 2y=10

can only be satisfied at z = 0. It follows that the function is differentiable only at the point z = 0, and
is therefore analytic nowhere.

EXAMPLE 3.3.2. The function f(z) = 2? is entire.

ExaMpPLE 3.3.3. Suppose that the function f is analytic in a domain D. Suppose further that f has
constant real part u. Then clearly

0 0
gu_ 0 and au _ 0.
Ox oy
Since f is analytic in D, it is differentiable at every point in D, and so the Cauchy-Riemann equations
hold in D. It follows that

v v
% =0 and 8_y =0.

Hence f must have constant imaginary part v, and so f must be constant in D.

ExaMPLE 3.3.4. Suppose that the function f is analytic in a domain D. Suppose further that f has
constant imaginary part v. A similar argument shows that f must have constant real part u. Hence f
must be constant in D.

ExaMPLE 3.3.5. Suppose that the function f is analytic in a domain D. Suppose further that f has
constant modulus. In other words, u? + v? = C for some non-negative real number C. Differentiating
this with respect to z and to y, we obtain respectively

ou ov ou ov
20— + 20— = 20— + 2v— = 0.
uax—i— U&'x 0 and u8y+ Uﬁy 0

In view of the Cauchy-Riemann equations, these can be written as

ou ou ou ou
2u% — 2v8—y =0 and 20% + 2u8_y =0.
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In matrix notation, these become

ou
()] =)
voou ou 0)°
Ay

Note now that
det(u U>u2+v26’.
voou

If C' > 0, then we must have the unique solution

ou ou
% =0 and a—y = O7

so that the real part u is constant. It then follows from Example 3.3.3 that f is constant in D. On the
other hand, if C' = 0, then clearly © = v =0, so that f =0 in D.

3.4. Introduction to Special Functions

In this section, we shall generalize various functions that we have studied in real analysis to the complex
domain. Consider first of all the exponential function. It seems reasonable to extend the property
e®11%2 = e%1e%2 for real variables to complex values of the variables to obtain

e® = eV = ¢%elY, where z,y € R.
This suggests the following definition.

DEFINITION. Suppose that z = x + iy, where z,y € R. Then the exponential function e* is defined for
every z € C by

(5) e = e%(cosy +isiny).

If we write e = u(z,y) + iv(z,y), then
u(z,y) = e” cosy and v(z,y) = e"siny.

It is easy to check that the Cauchy-Riemann equations are satisfied for every z € C, so that e* is an
entire function. Furthermore, it follows from (4) that

d 0 0
s TGO e’ cosy +ie” siny = e”(cosy + isiny) = €7,

az° Jx Oz
so that e* is its own derivative. On the other hand, note that for every yi1,y2 € R, we have
el(v1ty2) — cos(y1 + y2) +isin(y; + y2) = (cosy; +isiny;)(cosys + isinys) = el¥1elv2,
Furthermore, if 1,25 € R, then
T+ T2i(11FY2) — (g2 e%2)(elV1ei2) = (67161 ) (e™2eil2),
Writing z1 = z1 + iy and 2z = x4 + iy, we deduce the addition formula

1tz — g%1g%2,
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Finally, note that
[e*| = |e¥(cosy + isiny)| = €®|cosy + isiny| = .
Since e” is never zero, it follows that the exponential function e* is non-zero for every z € C.

Next, we turn our attention to the trigonometric functions. Note first of all that if z = x +iy, where
x,y € R, then iz = —y + iz. Replacing z in (5) by iz and by —iz gives respectively
—iz

e” = e Y(cosz + isinz) and e ¥ =eY(cosx —isinx).

The special case y = 0 gives respectively

e = cosx +isinx and e ¥ =cosx —isinx.
It follows that
eiw + e—ix eiw _ e—ix
cosy = ———— and sing = ————
2 21

This suggests the following definition.

DEFINITION. Suppose that z € C. Then the trigonometric functions cos z and sin z are defined in terms
of the exponential function by

el 4 o1z ) ez _ o—iz
(6) cosz = ——— and sing = —————
2 2i

Since the exponential function is an entire function, it follows easily from (6) that both cosz and
sin z are entire functions. Furthermore, it can easily be deduced from (6) that

—cosz = —sinz and —sinz = cos 2.
dz dz

We can define the functions tan z, cot z, sec z and cosec z in terms of the functions cos z and sin z as in
real variables. However, note that these four functions are not entire. Also, we can deduce from (6) the
formulas

cos(z1 + z2) = €OS 21 €COS 22 — sin 21 sin 25 and sin(z1 + z2) = sin 21 cos 23 + cos 21 sin za,
and a host of other trigonometric identities that we know hold for real variables.

Finally, we turn our attention to the hyperbolic functions. These are defined as in real analysis.

DEFINITION. Suppose that z € C. Then the hyperbolic functions cosh z and sinh z are defined in terms
of the exponential function by

(7) cosh z = % and sinh z = %

Since the exponential function is an entire function, it follows easily from (7) that both cosh z and
sinh z are entire functions. Furthermore, it can easily be deduced from (7) that

i cosh z = sinh z and i sinh z = cosh z.
dz dz
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We can define the functions tanh z, coth z, sech z and cosech z in terms of the functions cosh z and sinh z
as in real variables. However, note that these four functions are not entire. Also, we can deduce from
(7) a host of hyperbolic identities that we know hold for real variables. Note also that comparing (6)
and (7), we obtain

cosh z = cosiz and sinh z = —isiniz.

3.5. Periodicity and its Consequences

One of the fundamental differences between real and complex analysis is that the exponential function
is periodic in C.

DEFINITION. A function f is periodic in C if there is some fixed non-zero w € C such that the identity
f(z4+w) = f(2) holds for every z € C. Any constant w € C with this property is called a period of f.

THEOREM 3C. The exponential function €* is periodic in C with period 2mwi. Furthermore, any
period w € C of €7 is of the form w = 2nki, where k € Z is non-zero.

PRrROOF. The first assertion follows easily from the observation
e?™ = cos 2m + isin 27 = 1.
Suppose now that w € C. Clearly e*t* = e? implies ¥ = 1. Write w = a + i3, where a, 3 € R. Then
e“(cos B +isinf) = 1.

Taking modulus, we conclude that e* = 1, so that &« = 0. It then follows that cos( 4+ ising = 1.
Equating real and imaginary parts, we conclude that cos 8 = 1 and sin 8 = 0, so that 8 = 27wk, where
k € Z. The second assertion follows. (O

Consider now the mapping w = e*. By (5), we have w = e®(cosy + isiny), where z,y € R. It
follows that

|w| = e* and argw =y + 27k,

where k € Z. Usually we make the choice argw = y, with the restriction that —nm < y < w. This
restriction means that z lies on the horizontal strip

(8) Ro={z€C:—0o<ax<o0,—<y<m}

The restriction —7 < argw < 7 can also be indicated on the complex w-plane by a cut along the negative
real axis. The upper edge of the cut, corresponding to argw = m, is regarded as part of the cut w-plane.
The lower edge of the cut, corresponding to argw = —m, is not regarded as part of the cut w-plane.

Yy v
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It is easy to check that the function exp : Ry — C\ {0}, defined for every z € Ry by exp(z) = €,
is one-to-one and onto.

REMARK. The region Ry is usually known as a fundamental region of the exponential function. In
fact, it is easy to see that every set of the type

©) Rip={2€C:—oc0<z<o00,(2k—1)r <y <(2k+ 1)},
where k € Z, has this same property as Ry.

Let us return to the function exp : Rg — C\ {0}. Since it is one-to-one and onto, there is an inverse
function.

DEFINITION. The function Log : C\ {0} — Ry, defined by Log(w) = z € Ry, where exp(z) = w, is
called the principal logarithmic function.

Suppose that z = ¢ + iy and w = u + iv, where x,y,u,v € R. Suppose further that we impose the
restriction —7 < y < 7. If w = exp(2), then it follows from (5) that u = e* cosy and v = e* siny, and so

lw| = (u? + 0?2 =¢® and y = Arg(w),
where Arg(w) denotes the principal argument of w. It follows that

x = log|w| and y = Arg(w).

(10) Log(w) = log |w| + i Arg(w).

In many practical situations, we usually try to define
logw = log |w| + iargw,

where the argument is chosen in order to make the logarithmic function continuous in its domain of
definition, if this is at all possible. The following three examples show that great care needs to be taken
in the study of such “many valued functions”.

EXAMPLE 3.5.1.  Consider the logarithmic function in the disc {w : |w+2| < 1}, an open disc of radius 1
and centred at the point w = —2. Note that this disc crosses the cut on the w-plane along the negative real
axis discussed earlier. In this case, we may restrict the argument to satisfy, for example, 0 < argw < 2.
The logarithmic function defined in this way is then continuous in the disc {w : |w + 2| < 1}.

v
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ExAMPLE 3.5.2. Consider the region P obtained from the w-plane by removing both the line segment
{u+iv:0 < wu < 1,v =0} and the half-line {u +iv: u = 1,v > 0}, as shown below.

v

Suppose that we wish to define the logarithmic function to be continuous in this region P. One way to
do this is to restrict the argument to the range 7 < argw < 37 for any w € P satisfying u > 1, and to
the range 0 < argw < 27 for any w € P satisfying u < 1.

ExAMPLE 3.5.3. Consider the annulus {w : 1 < |w| < 2}. It is impossible to define the logarithmic
function to be continuous in this annulus. Heuristically, if one goes round the annulus once, the argument
has to change by 2 if it varies continuously. If we return to the original starting point after going round
once, the argument cannot therefore be the same.

It should now be quite clear that we cannot expect to have
Log(wiws) = Log(w:) + Log(ws),
or even
log wiwy = logwy + log wa.
Instead, we have

log wiwe = log wy + log ws + 27ik for some k € Z.

Let us return to the principal logarithmic function Log : C\ {0} — Ro. Recall (10). We have
Log(z) = log|z| + 1 Arg(z).

Recall from real analysis that for any ¢t € R, the equation tanf = ¢ has a unique solution 6 satisfying
—7/2 < § < /2. This solution is denoted by tan=!t and satisfies

d, i, 1
— tan = .
dt 1+1¢2
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It is not difficult to show that if we write

—tan~! <£> BT y <0,

Y 2
(11) v(z,y) = { —tan! (%) if 2 > 0,
—tan~! (£> +E if y >0,

Y 2

then Arg(z) = v(x,y). Hence Log(z) = u(z,y) + iv(z,y), where

(12) u(z,y) = %log(ﬂf2 + 7).

It now follows from (12) that

uw_ =z g Oy

or a2 492 oy x2+y?’
and from (11) that

ov Y and Ov x

— = n — = .

Oz 2 4+ 12 Oy a2+ 92

Clearly the Cauchy-Riemann equations are satisfied, and so

iLo (z)—@—l—i@—x_iy— 1 _1
dz 8 T By or  z2+y?2 w+iy 2z

Power functions are defined in terms of the exponential and logarithmic functions. Given z,a € C,
we write 2% = e?1°28%_ Naturally, the precise value depends on the logarithmic function that is chosen,
and care again must be exercised for these “many valued functions”.

3.6. Laplace’s Equation and Harmonic Conjugates

We have shown that for any function f = u + iv, the existence of the derivative f’ leads to the Cauchy-
Riemann equations. More precisely, we have

ou Ov ou ov
(13) ooy M T e
Furthermore,
ou ov
/ _vu YU

Suppose now that the second derivative f” also exists. Then f’ satisfies the Cauchy-Riemann
equations. The Cauchy-Riemann equations corresponding to the expression (14) are

- o (oo (a0 (owy o (o
or \ox/) Oy \ox oy \ox) Oz \ozx)’
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Substituting (13) into (15), we obtain

?u  O%u 0%v 0%
We also obtain
v 0% and Pu  0%u
Oydx  Oxdy Oydx  Oxdy’

DEFINITION. A continuous function ¢(x,y) that satisfies Laplace’s equation

% 6 _
ox2 Oy

in a domain D C C is said to be harmonic in D.
We have in fact proved the following result.

THEOREM 3D. Suppose that f = u+iv, where u and v are real valued. Suppose further that f"(2)
exists in a domain D C C. Then u and v both satisfy Laplace’s equation and are harmonic in D.

DEFINITION. Two harmonic functions u and v in a domain D C C are said to be harmonic conjugates
in D if they satisfy the Cauchy-Riemann equations.

The remainder of this chapter is devoted to a discussion on finding harmonic conjugates. We shall
illustrate the following theorem by discussing the special case when D = C.

THEOREM 3E. Suppose that a function u is real valued and harmonic in a domain D C C. Then
there exists a real valued function v which satisfies the following conditions:

(a) The functions u and v satisfy the Cauchy-Riemann equations in D.

(b) The function f = u+ iv is analytic in D.

(c) The function v is harmonic in D.

Clearly, parts (b) and (c) follow from part (a). We shall now indicate a proof of part (a) in the
special case D = C, and shall omit reference to this domain.

Suppose that u is real valued and harmonic. Then we need to find a real valued function v such
that

ou Ov ou v
— == and —=——.
dr Oy oy Or
Let Xg 4+ 1Yy € D be chosen and fixed. Integrating the second of these with respect to z, we obtain

X

(17) wxm=- [ §—Z<x,y>dx+c<y>,

where ¢(y) is some function depending at most on y. Differentiating with respect to y, we obtain

o o (X ou
—(X,y)=—=— —(z,y)dz + ().
ay( Y) 99 ). ay( Y) (y)

Clearly the first of the Cauchy-Riemann equations requires

Au 9 (X ou

Z(X.y) = —— = "(y).
ax( . Y) 3y |, ay(wvy)dwﬂ%(y)
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Changing the order of differentiation and integration, we obtain

U X (A X 2U
G == [ S (G e+ et = [ Totae ).

X

Since v is harmonic, we obtain

ou X 92y ou ou
5 (Xoy) = —(X,y) - —(X '
550 = [ G 4 = GO0 — 500 + ),

so that

Integrating with respect to y, we obtain

Y

Ju
(X07 )dy +c

(18) oY) = v, Ox

where ¢ is an absolute constant. On the other hand, (17) can be rewritten in the form

X
(19) V(X,Y) = — /X gZ(x Y)dz + ¢(Y).

Combining (18) and (19), we obtain

X ou Y ou

20 v(X,Y)=— z,Y)dx + —(Xo,y)dy + c.
(20) vy == [ Gue e s [ SO0y

It is easy to check that this function v satisfies the Cauchy-Riemann equations. Indeed, we have

) a [*o a (Yo 9
(X, Y) = o [ P @, Y)de + S —“(Xo,wdy:—a—z

1304 0X Jx, Oy X Oz (X, Y).

On the other hand, we have

0 X au 9 Y ou X 92y du
_ —(Xo, = — Y — X Y

0
—u(X,)Y) = Y )y, o . By e

oYy

2
:/ O ¥ )de+ 20, ¥) = 28 vy - D, v )

ou
062 Ox 0

ou
—m(XmY) =3

S (XY,

This completes our sketched proof.

In practice, we may use the following technique. Suppose that u is a real valued harmonic function
in a domain D. Write

(21)
Then the Cauchy-Riemann equations for g are
9 (Ouy__9 (ou and 2 (Ou)_ 9 (Ou
or \ox) oy \dy oy \oz/) oz \oy)’

which clearly hold. It follows that g is analytic in D. Suppose now that w is the real part of an analytic
function f in D. Then f’(z) agrees with the right hand side of (21) in view of (3) and (4). Hence f' =g
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in D. The question here, of course, is to find this function f. If we are successful, then the imaginary
part v of f is a harmonic conjugate of the harmonic function w.

EXAMPLE 3.6.1. Consider the function u(z,y) = 2® — 3xy?. It is easily checked that

o Pu_
ox2 = oy2

so that w is harmonic in C. Using X = Yy = 0 in (20), we obtain
X oy Y u b'e Y
v(X,Y) = —/ —(x,Y)dx—l—/ —(0,y)dy+c= 6/ xYdx — 3/ yidy 4+ ¢ =3X%Y - Y3 +¢,
o Oy o Oz 0 0
where c¢ is any arbitrary constant. On the other hand, we can write
9(2) = — —i— = 3(2? — y?) + 6izy = 3(2? + 2izy — y*) = 3(x +iy)? = 322,
)

It follows that w is the real part of an analytic function f in C such that f'(z) = g(z) for every z € C.
The function f(z) = 23 + C satisfies this requirement for any arbitrary constant C. Note that the
imaginary part of f is 322y — 3> + ¢, where c is the imaginary part of C.

ExXAMPLE 3.6.2. Consider the function u(z,y) = e*siny. It is easily checked that

o Pu_
ox2 oy

so that u is harmonic in C. Using Xy = Yy = 0 in (20), we obtain

Xau Yau X Y
U(X,Y):—/ a—(x,Y)dx—i—/ 8—(0,y)dy+c:—/ e””cosde+/ sinydy + ¢
0 Y o 0T 0 0

=cosY —eXcosY —cosY +1+c=c —eXcos,

where ¢’ is any arbitrary constant. On the other hand, we can write

ou . Ou - -
z)= — —1— =¢€"siny — 1e¥ cosy = —ie®(cosy + isiny) = —ie”.
9(2) = 5~ 9 Y Y (cosy Y)

It follows that w is the real part of an analytic function f in C such that f'(z) = g(z) for every z € C.
The function f(z) = C — ie® satisfies this requirement for any arbitrary constant C. Note that the
imaginary part of f is ¢ — e cosy, where ¢’ is the imaginary part of C.

PROBLEMS FOR CHAPTER 3

1. a) Suppose that P(z) = (z — 21)(z — 22) ... (z — zx), where 21, z2,. ..,z € C. Show that

P'(2) 1 1 1
= f C .
) zle—l_zsz—i_ +zfzk or every z € C\ {z1,22,..., 2k}

b) Suppose further that Rez; < 0 for every j =1,...,k, and that SRez > 0. Show in this case that
Re(z — z;)~! > 0 for every j = 1,...,k, and deduce that P’'(z) # 0.
[REMARK: Polynomials all of whose roots have negative real parts are called Hurwitz polynomials.
We have shown here that the derivative of a non-constant Hurwitz polynomial is also a Hurwitz
polynomial.]
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2. For each of the following functions f(z), determine whether the Cauchy-Riemann equations are

satisfied:
a) f(z) =% —y? — 2ixy b) f(z) =log(z? + y?) + 2icot ™1 (x/y)
c) f(z) =23 —3y? + 2z +i(32%y — 3> + 2y) d) f(2) =log(z? — y?) + 2itan"!(y/x)

3. Show that a real valued analytic function is constant.

4. We are required to define an analytic function f(z) such that f(z +iy) = e* f(iy) for every z,y € R
and f(0) = 1. Suppose that for every y € R, we write f(iy) = ¢(y) +is(y), where c(y), s(y) € R for
every y € R.

a) Show by the Cauchy-Riemann equations that ¢/(y) = —s(y) and s'(y) = ¢(y) for every y € R.

b) For every y € R, write g(y) = (c(y) — cosy)? + (s(y) — siny)?. Show that ¢’'(y) = 0 for every
y € R. Deduce that g(y) = 0 for every y € R.

¢) Comment on the above.

5. a) Suppose that P(z) = ag + a1z + a2 + ...+ a,z", where ag,a1,as,...,a, € C are constants.
Show that for every K =0,1,...,n, we have
P®(0
ar = 7( )
k!

b) Apply the result to the polynomial (1 + 2)™ = co + ¢12 + 22 + ... + ¢,2" and show that for
every k=0,1,...,n, we have

n!

C T R — k)

6. a) Show that for every z € C, we have e'* = cos z + isin z.
b) Show that for every z,w € C, we have

cos(z + w) +isin(z + w) = (cos z + isin z)(cosw + isin w)
and
cos(z + w) —isin(z + w) = (cos z — isin z)(cosw — isinw).
c¢) Express sin(z + w) and cos(z + w) in terms of sin z, sinw, cos z and cos w.
7. Suppose that aq,as,...,a, € C are distinct, and consider the polynomial
QRQ(z)=(z—21)(z —22) ... (2 — zn).

Suppose further that P(z) is a polynomial of degree less than n. Follow the steps below to show

that there exist a1, as,...,a, € C such that
P(z) om az an,
Qz) z—2z1 z—20  z—2z,

a) We shall first of all show that the expression above is possible by multiplying it by Q(z) and
then determining aq,as, ..., a, so that the resulting equation between polynomials of degree
less than n holds when z = 21, 25,..., 2.

[HINT: Recall Problem 1 in Chapter 1.]

b) Show that for every k = 1,...,n, we have

= lim (z — 2 P(z) = P(z)
o= i G0 T G

[HINT: Note that Q(z) =0 for every k =1,...,n.]




10.

11.

12.
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Suppose that a € C is non-zero. Show that for any fixed choice of value for loga, the function
f(z) = a® = e*1°8 % satisfies f'(z) = f(2)loga.

For each expression below, compute all possible values and plot their positions in the complex plane:

a) log(—1i) b) log(1+ 1)

c) (=)~ d) i

e) 27 £) (14+1)i(1+1)"
For each of the following equations, find all solutions:

a) Log(z) = 7i/3 b) e* =2i

c) sinz =1 d) sinz = —cosz

e) tan?z = —1

For each of the functions below, determine whether the function is harmonic. If so, find also its
harmonic conjugate:

a) 22 —y? +y b) e*siny

c) 2% —y? d) ze® cosy — ye®siny

e) 3%y —y3 +ay f) at — 622y + y* + 23y — 2y
2 2

g) e* 7Y sin2zy

a) Suppose that the functions f(z) and g(z) both satisfy the Cauchy-Riemann equations at a
particular point z € C. Show that the functions f(z) + g(z) and f(2)g(z) also satisfy the
Cauchy-Riemann equations at the point z.

b) Show that the constant function and the function f(z) = z both satisfy the Cauchy-Riemann
equations everywhere in C.

c¢) Deduce that every polynomial P(z) with complex coefficients satisfies the Cauchy-Riemann
equations everywhere in C.

A real valued function u(x,y) which is continuous and satisfies the inequality ug,; + uy, > 0 in a
region D is said to be subharmonic in D. Show that u = | f(z)|? is subharmonic in any region where
f(2) is analytic.
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Chapter 1

COMPLEX NUMBERS

1.1. Arithmetic and Conjugates

The purpose of this chapter is to give a review of various properties of the complex numbers that we shall
need in the discussion of complex analysis. As the reader is expected to be familiar with the material,
all proofs have been omitted.

The equation x? +1 = 0 has no solution € R. To “solve” this equation, we have to introduce extra
numbers into our number system. To do this, we define the number i by i2 4+ 1 = 0, and then extend the
field of all real numbers by adjoining the number i, which is then combined with the real numbers by the
operations addition and multiplication in accordance with the Field axioms of the real number system.
The numbers a + ib, where a,b € R, of the extended field are then added and multiplied in accordance
with the Field axioms, suitably extended, and the restriction i + 1 = 0. Note that the number a + 0i,
where a € R, behaves like the real number a.

What we have said in the last paragraph basically amounts to the following. Consider two complex
numbers a + ib and ¢ + id, where a, b, c¢,d € R. We have the addition and multiplication rules

(a+1ib) + (c+id) = (a+¢) +i(b+ d) and (a+1b)(c + id) = (ac — bd) + i(ad + bc).
These lead to the subtraction rule
(a+1b) — (c+id) = (a —¢) +i(b— d),
and the division rule, that if ¢ + id # 0, then

a+ib ac+bd+ibc—ad
c+id 24+d> 2 +d?
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Note the special case a =1 and b = 0.

Suppose that z = x +iy, where x,y € R. The real number z is called the real part of z, and denoted
by x = Pez. The real number y is called the imaginary part of z, and denoted by y = Jmz. The set
C={z==x+1y: x,y € R} is called the set of all complex numbers. The complex number z = z — iy is
called the conjugate of z.

It is easy to see that for every z € C, we have

z2+Z z2—Z
Rez = * and Jmz = -
2 2i
Furthermore, if w € C, then
z+w=Z4+w and ZW = ZW.

1.2. Polar Coordinates
Suppose that z = x + iy, where x,y € R. The real number

T

is called the modulus of z, and denoted by |z|. On the other hand, if z # 0, then any number 6 € R
satisfying the equations

(1) x =rcosf and y=rsinf
is called an argument of z, and denoted by arg z. Hence we can write z in polar form
z =r(cosf +1isinb).
Note, however, that for a given z € C, arg z is not unique. Clearly we can add any integer multiple of
27 to 6 without affecting (1). We sometimes call a real number § € R the principal argument of z if 6
satisfies the equations (1) and —7 < 6 < 7. The principal argument of z is usually denoted by Arg z.
It is easy to see that for every z € C, we have |z|? = 2z. Also, if w € C, then
[zw| = [2]lw]  and [z 4 w] < 2]+ |w].
Furthermore, if
z =r(cosf +isinf) and w = s(cos ¢ + isin @),

where 7, 5,0, € R and 7, s > 0, then

zw = r8(cos(0 + ¢) + isin(6 + @)) and g = 2(008(9 — ¢) +isin(6 — @)).

1.3. Rational Powers
De Moivre’s theorem, that

(2) cosnf +isinnd = (cosf +isinf)" for every n € N and 6 € R,
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is useful in finding n-th roots of complex numbers.

Suppose that ¢ = R(cosa + isin«), where R, € R and R > 0. Then the solutions of the equation
2™ = c are given by

" 2k 2k
z:vR(cosu—&—isinu), where £k =0,1,...,n— 1.
n n

Finally, we can define ¢® for any b € Q and non-zero ¢ € C as follows. The rational number b can
be written uniquely in the form b = p/q, where p € Z and ¢ € N have no prime factors in common.
Then there are exactly ¢ distinct numbers z satisfying 2?7 = ¢. We now define ¢’ = 2P, noting that the
expression (2) can easily be extended to all n € Z. It is not too difficult to show that there are ¢ distinct

values for the rational power cP.

PROBLEMS FOR CHAPTER 1

1. Suppose that zy € C is fixed. A polynomial P(z) is said to be divisible by z — 2 if there is another
polynomial Q(z) such that P(z) = (z — 29)Q(z).

a) Show that for every ¢ € C and k € N, the polynomial c(z* — 2&) is divisible by z — 2.

b) Consider the polynomial P(z) = ag + a1z + a2z + ... + a,2", where ag, a1, as, ..., a, € C are
arbitrary. Show that the polynomial P(z) — P(zp) is divisible by z — 2.

c¢) Deduce that P(z) is divisible by z — zy if P(z) = 0.

d) Suppose that a polynomial P(z) of degree n vanishes at n distinct values z1, 22, ..., 2, € C, so
that P(z1) = P(z2) = ... = P(z,) = 0. Show that P(z) = c¢(z — 21)(# — 22) ... (2 — 2,,), where
c € C is a constant.

e) Suppose that a polynomial P(z) of degree n vanishes at more than n distinct values. Show
that P(z) = 0 identically.

2. Suppose that a € C is fixed and |o| < 1. Show that |z| <1 if and only if <1.

1—az

3. Suppose that z = x + iy, where z,y € R. Express each of the following in terms of x and y:

z+1 ) z+1
¢

z—1 1—iz

a) |z —13 b)

4. Suppose that ¢ € R and a € C with a # 0.
a) Show that az + @z + ¢ = 0 is the equation of a straight line on the plane.
b) What does the equation 2z + az + @z + ¢ = 0 represent if |a|? > ¢?

5. Suppose that z,w € C. Show that |z +w|? + |2 — w|? = 2(|2|2 + |w|?).

6. Find all the roots of the equation (28 — 1)(2® + 8) = 0.

7. For each of the following, compute all the values and plot them on the plane:
8) (1+1)71/2 b) (—4)*/1 ¢) (1—i)*s
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Chapter 2

FOUNDATIONS OF COMPLEX ANALYSIS

2.1. Three Approaches

We start by remarking that analysis is sometimes known as the study of the four C’s: convergence,
continuity, compactness and connectedness. In real analysis, we have studied convergence and continuity
to some depth, but the other two concepts have been somewhat disguised. In this course, we shall try
to illustrate these two latter concepts a little bit more, particularly connectedness.

Complex analysis is the study of complex valued functions of complex variables. Here we shall
restrict the number of variables to one, and study complex valued functions of one complex variable.
Unless otherwise stated, all functions in these notes are of the form f :.S — C, where S is a set in C.

We shall study the behaviour of such functions using three different approaches. The first of these,
discussed in Chapter 3 and usually attributed to Riemann, is based on differentiation and involves pairs
of partial differential equations called the Cauchy-Riemann equations. The second approach, discussed in
Chapters 4-11 and usually attributed to Cauchy, is based on integration and depends on a fundamental
theorem known nowadays as Cauchy’s integral theorem. The third approach, discussed in Chapter 16
and usually attributed to Weierstrass, is based on the theory of power series.

2.2. Point Sets in the Complex Plane

We shall study functions of the form f : S — C, where S is a set in C. In most situations, various
properties of the point sets S play a crucial role in our study. We therefore begin by discussing various
types of point sets in the complex plane.

Before making any definitions, let us consider a few examples of sets which frequently occur in our
subsequent discussion.
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EXAMPLE 2.2.1. Suppose that zg € C, R € Rand 0 < r < R. The set {z € C: |z — z| < R}
represents a disc, with centre zo and radius R, and the set {z € C : r < |z — z9| < R} represents an
annulus, with centre zg, inner radius r and outer radius R.

EXAMPLE 2.2.2. Suppose that A,B € Rand A< B. Theset {z=z+iy € C:z,y € Rand z > A}
represents a half-plane, and the set {z =z +iy € C:z,y € R and A < x < B} represents a strip.

EXAMPLE 2.2.3. Suppose that o, 5 € R and 0 < o < § < 27. The set
{z=r(cosf+isinf) e C:r,0d e Rand r>0and a <6 < §}

represents a sector.

We now make a number of important definitions. The reader may subsequently need to return to
these definitions.



Chapter 2 : Foundations of Complex Analysis _____  2-3

DEFINITION. Suppose that zp € C and € € R, with € > 0. By an e-neighbourhood of 2y, we mean a
disc of the form {z € C: |z — 2¢| < €}, with centre zy and radius € > 0.

DEFINITION. Suppose that S is a point set in C. A point zy € S is said to be an interior point of S
if there exists an e-neighbourhood of zy which is contained in S. The set S is said to be open if every
point of S is an interior point of S.

Ne

ExXAMPLE 2.2.4. The sets in Examples 2.2.1-2.2.3 are open.

EXAMPLE 2.2.5. The punctured disc {z € C: 0 < |z — 20| < R} is open.
EXAMPLE 2.2.6. The disc {z € C: |z — 29| < R} is not open.

EXAMPLE 2.2.7. The empty set @) is open. Why?

DEFINITION. An open set S is said to be connected if every two points z1, 20 € S can be joined by the
union of a finite number of line segments lying in S. An open connected set is called a domain.

21 2

REMARKS. (1) Sometimes, we say that an open set S is connected if there do not exist non-empty
open sets S; and Sy such that S; U S; = S and S; NSy = (. In other words, an open connected set
cannot be the disjoint union of two non-empty open sets.

(2) In fact, it can be shown that the two definitions are equivalent.
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(3) Note that we have not made any definition of connectedness for sets that are not open. In
fact, the definition of connectedness for an open set given by (1) here is a special case of a much more
complicated definition of connectedness which applies to all point sets.

ExamMpLE 2.2.8. The sets in Examples 2.2.1-2.2.3 are domains.
EXAMPLE 2.2.9. The punctured disc {z € C: 0 < |z — 29| < R} is a domain.

DEFINITION. A point zy € C is said to be a boundary point of a set S if every e-neighbourhood of zg
contains a point in S as well as a point not in S. The set of all boundary points of a set S is called the
boundary of S.

EXAMPLE 2.2.10. The annulus {z € C: r < |z — 20| < R}, where 0 < r < R, has boundary C; U Cy,
where

Ci={z€C:lz—z| =71} and Co={2€C:|z—2]| =R}

are circles, with centre zg and radius r and R respectively. Note that the annulus is connected and hence
a domain. However, note that its boundary is made up of two separate pieces.

DEFINITION. A region is a domain together with all, some or none of its boundary points. A region
which contains all its boundary points is said to be closed. For any region S, we denote by .S the closed
region containing S and all its boundary points, and call S the closure of S.

REMARK. Note that we have not made any definition of closedness for sets that are not regions. In
fact, our definition of closedness for a region here is a special case of a much more complicated definition
of closedness which applies to all point sets.

DEFINITION. A region S is said to be bounded or finite if there exists a real number M such that
|z| < M for every z € S. A region that is closed and bounded is said to be compact.

EXAMPLE 2.2.11. The region {z € C: |z — 29| < R} is closed and bounded, hence compact. It is called
the closed disc with centre zy and radius R.

EXAMPLE 2.2.12. The region {z =2 +iy € C:z,y € R and 0 < 2 < 1} is closed but not bounded.

ExXAMPLE 2.2.13. The square {z =2z +iy € C:z,y e Rand 0 <2 <1 and 0 < y < 1} is bounded
but not closed.
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2.3. Complex Functions

In these lectures, we study complex valued functions of one complex variable. In other words, we study
functions of the form f :.S — C, where S is a set in C. Occasionally, we will abuse notation and simply
refer to a function by its formula, without explicitly defining the domain S. For instance, when we
discuss the function f(z) = 1/z, we implicitly choose a set S which will not include the point z = 0
where the function is not defined. Also, we may occasionally wish to include the point z = oo in the
domain or codomain.

We may separate the independent variable z as well as the dependent variable w = f(z) into real
and imaginary parts. Our usual notation will be to write z = z 4+ iy and w = f(z) = u + iv, where
z,y,u,v € R. Tt follows that © = u(z,y) and v = v(z,y) can be interpreted as real valued functions of
the two real variables = and y.

EXAMPLE 2.3.1. Consider the function f : S — C, given by f(z) = 22 and where S = {z € C: |2| < 2}
is the open disc with radius 2 and centre 0. Using polar coordinates, it is easy to see that the range of
the function is the open disc f(S) = {w € C : |w| < 4} with radius 4 and centre 0.

EXAMPLE 2.3.2. Consider the function f : H — C, where H = {z =z +iy € C: y > 0} is the upper
half-plane and f(z) = 22. Using polar coordinates, it is easy to see that the range of the function is the
complex plane minus the non-negative real axis.

EXAMPLE 2.3.3. Consider the function f: T — C, where T ={z =z +iy € C: 1 < z < 2} is a strip
and f(z) = z2. Let xp € (1,2) be fixed, and consider the image of a point (zg,y) on the vertical line
r = xg. Here we have

uU=2x5—Y and v = 2x0Y.

Eliminating y, we obtain the equation of a parabola

U2

2

U=2x5— —5
423

in the w-plane. It follows that the image of the vertical line £ = z under the function w = 22 is this

parabola. Now the boundary of the strip are the two lines ¢ = 1 and x = 2. Their images under the

mapping w = 22 are respectively the parabolas

v? v?

uzl—z and u:4—1—6.

It is easy to see that the range of the function is the part of the w-plane between these two parabolas.
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EXAMPLE 2.3.4. Consider again the function w = 22. We would like to find all z = 2 + iy € C for
which 1 < Rew < 2. In other words, we have the restriction 1 < u < 2, but no rectriction on v. Let
ug € (1,2) be fixed, and consider points (z,y) in the z-plane with images on the vertical line u = wy.
Here we have the hyperbola

z? — y? = uy.
The boundaries u = 1 and u = 2 are represented by the hyperbolas

22 —y?=1 and 2?2 —y? =2.

It is easy to see that the points in question are precisely those between the two hyperbolas.

2.4. Extended Complex Plane

It is sometimes useful to extend the complex plane C by the introduction of the point co at infinity. Its
connection with finite complex numbers can be established by setting z+ 00 = co+ 2z = oo for all z € C,
and setting z - 0o = 00 - z = oo for all non-zero z € C. We can also write oo - 0o = 0.

Note that it is not possible to define co + oo and 0 - co without violating the laws of arithmetic.
However, by special convention, we shall write z/0 = oo for z # 0 and z/0c0 = 0 for z # 0.

In the complex plane C, there is no room for a point corresponding to co. We can, of course,
introduce an “ideal” point which we call the point at infinity. The points in C, together with the point
at infinity, form the extended complex plane. We decree that every straight line on the complex plane
shall pass through the point at infinity, and that no half-plane shall contain the ideal point.

The main purpose of this section is to introduce a geometric model in which each point of the
extended complex plane has a concrete representative. To do this, we shall use the idea of stereographic
projection.

Consider a sphere of radius 1 in R3. A typical point on this sphere will be denoted by P(x1,x2,x3).
Note that 2% + 23 + 23 = 1. Let us call the point N (0,0, 1) the north pole. The equator of this sphere is
the set of all points of the form (x1,22,0), where 23 + 3 = 1. Consider next the complex plane C. This
can be viewed as a plane in R3. Let us position this plane in such a way that the equator of the sphere
lies on this plane; in other words, our copy of the complex plane is “horizontal” and passes through the
origin. We can further insist that the z-direction on our complex plane is the same as the z;-direction
in R, and that the y-direction on our complex plane is the same as the xo-direction in R3. Clearly a
typical point z = x + iy on our complex plane C can be identified with the point Z(z,y,0) in R3.
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Suppose that Z(x,y,0) is on the plane. Consider the straight line that passes through Z and the
north pole N. It is not too difficult to see that this straight line intersects the surface of the sphere at
precisely one other point P (1, z2,23). In fact, if Z is on the equator of the sphere, then P = Z. If Z is
on the part of the plane outside the sphere, then P is on the northern hemisphere, but is not the north
pole N. If Z is on the part of the plane inside the sphere, then P is on the southern hemisphere. Check
that for Z(0,0,0), the point P(0,0,—1) is the south pole.

N Yy

On the other hand, if P is any point on the sphere different from the north pole IV, then a straight
line passing through P and N intersects the plane at precisely one point Z. It follows that there is a
pairing of all the points P on the sphere different from the north pole NV and all the points on the plane.
This pairing is governed by the requirement that the straight line through any pair must pass through
the north pole N.

We can now visualize the north pole N as the point on the sphere corresponding to the point at
infinity of the plane. The sphere is called the Riemann sphere.

2.5. Limits and Continuity

The concept of a limit in complex analysis is exactly the same as in real analysis. So, for example, we
say that f(z) — L as z — zp, or

lim f(z) =L,

z—20

if, given any € > 0, there exists ¢ > 0 such that |f(z) — L| < e whenever 0 < |z — 2| < 0.

This definition will be perfectly in order if the function f is defined in some open set containing
zo, with the possible exception of zg itself. It follows that if zy is an interior point of the region S of
definition of the function, our definition is in order. However, if zg is a boundary point of the region S
of definition of the function, then we agree that the conclusion |f(z) — L| < € need only hold for those
z € S satisfying 0 < |z — 2| < 0.

Similarly, we say that a function f(z) is continuous at zg if f(z) — f(z0) as z — zp. A similar
qualification on z applies if 2y is a boundary point of the region S of definition of the function. We also
say that a function is continuous in a region if it is continuous at every point of the region.
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Note that for a function to be continuous in a region, it is enough to have continuity at every point of
the region. Hence the choice of § may depend on a point zy in question. If § can be chosen independently
of zy, then we have some uniformity as well. To be precise, we make the following definition.

DEFINITION. A function f(z) is said to be uniformly continuous in a region S if, given any ¢ > 0, there
exists § > 0 such that |f(z1) — f(22)| < € for every z1, 22 € S satisfying |21 — 22| < 0.

REMARK. Note that if we fix z3 to be a point zo and write z for z;, then we require | f(z) — f(20)| < €
for every z € S satisfying |z — 29| < §. In other words, § cannot depend on z.

ExXAMPLE 2.5.1. Consider the punctured disc S = {z € C: 0 < |z| < 1}. The function f(z) =1/z is
continuous in S but not uniformly continuous in S. To see this, note first of all that continuity follows
from the simple observation that the function z is continuous and non-zero in S. To show that the
function is not uniformly continuous in S, it suffices to show that there exists € > 0 such that for every
6 > 0, there exist z1, zo € S such that

1 1

Z1 22

|21 — 22| < 6 and >e.

Let € = 1. For every § > 0, choose n € N such that n > 6~'/2, and let

1 and 1
= — 11 = .
AL n 2 n+1
Clearly 21,20 € S. It is easy to see that
1 1 1 1 1
— 29| = |— — = 4] d —— —|=1
21 = 2| n nJrl’ nn+1) < an z1 29
PROBLEMS FOR CHAPTER 2
1. For each of the following functions, find f(z + 3), f(1/2) and f(f(2)):
1—=z
a) f(z)=2-1 b) f(z) =2 ) flz)=1/z d) f2) =37
z
2. Which of the sets below are domains?
a) {z:0< |zl <1} b) {z:Jmz < 3|z|} o) {z:]z -1 <|z+ 1]}

d) {z:]z2-1] <1} e) {z:0<Rez < 1}

3. Find the image of the strip {z : |[Rez| < 1} and of the disc {z : |z| < 1} under each of the following
mappings:

1
a) w=(1+i)z+1 b) w = 22? c) w=z"" d)w:"’+

z—1

4. A function f(z) is said to be an isometry if |f(z1) — f(22)| = |21 — 22| for every z1, 20 € C; in other
words, if it preserves distance.
a) Suppose that f(z) is an isometry. Show that for every a,b € C with |a] = 1, the function
g(z) = af(z) + b is also an isometry.
b) Show that the function

is an isometry with h(0) =0 and h(1) = 1.
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¢) Suppose that k(z) is an isometry with k(0) = 0 and k(1) = 1. Show that FRek(z) = Rez, and
that k(i) = £i.
[HINT: Explain first of all why |k(z)| = |z| and |1 — k(2)| = |1 — z].]

d) Suppose that in (c¢), we have k(i) = i. Show that Jmk(z) = Jmz and that k(z) = 2 for all

z€C.

e) Suppose that in (c), we have k(i) = —i. Show that Jmk(z) = —Jmz and that k(z) = Z for all
z e C.

f) Deduce that every isometry has the form f(z) = az + b or f(z) = az + b, where a,b € C with
la| = 1.

5. In the notation of Section 2.4, let the point z = = + iy on the complex plane C correspond to the
point (z1,xz9,x3) of the sphere under stereographic projection, so that the three points (0,0,1),
(21,29, 23) and (z,y,0) are collinear. Note that (z1,22,23 — 1) = A(z,y, —1) for some A € R, and
that 23 + 2% + 2% = 1.

2 2 2_1
a) Show that (z1, 7y, 73) = ( x y >

|22 +17 212417 |z]2+1

b) Note that a circle on the sphere is the intersection of the sphere with a plane ax1+bxs+crs = d.
By expressing this equation of the plane in terms of x and y, show that a circle on the sphere
not containing the pole (0,0, 1) corresponds to a circle in the complex plane. Show also that a
circle on the sphere containing the pole (0,0, 1) corresponds to a line in the complex plane.

¢) Suppose that (21, z2,23) and (2], x4, 25) are two points on the sphere corresponding to the com-
plex numbers z and z’ respectively. Show that the distance between (1, 2, x3) and (2}, x5, ©5)
is given by

2|z — 2

VRN

[REMARK: The number d(z,z’) is known as the chordal distance.]

d(z,2")

6. Each of the following functions is not defined at z = z5. What value must f(zg) take to ensure
continuity at z = z¢?

Z— 20 23— 23
a) f(z) = — b) f(z) = —2
Z— 20 Z =20

1 1 1 1 1 1

0 10=25 (0 3) ) 16= 25 (5 %)

7. Suppose that
ag + a1z + a222
)= ——7""777,
bo + b1z + baz

where ag, a1, as, by, b1, by € C. Examine the behaviour of f(z) at z =0 and at z = co.
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Chapter 3

COMPLEX DIFFERENTIATION

3.1. Introduction
Suppose that D C C is a domain. A function f: D — C is said to be differentiable at zg € D if the limit

L £ = 1)

zZ—20 zZ— 20

exists. In this case, we write

" o) =t T FGo)

zZ—20 zZ— 20
and call f'(zp) the derivative of f at zo.

If 2 # zp, then
PEMECE

zZ— 20

> (2 — 20) + f(z0)-

It follows from (1) and the arithmetic of limits that if f/(zg) exists, then f(z) — f(z0) as z — zo, so
that f is continuous at zg. In other words, differentiability at zg implies continuity at zg.

Note that the argument here is the same as in the case of a real valued function of a real variable. In

fact, the similarity in argument extends to the arithmetic of limits. Indeed, if the functions f: D — C
and g : D — C are both differentiable at zy € D, then both f + g and fg are differentiable at zy, and

(f +9)(z0) = f'(20) + ¢'(20) and (f9)'(20) = f(20)9'(20) + f'(20)9(20)
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If the extra condition ¢’(zg) # 0 holds, then f/g is differentiable at zp, and

(i)/ (20) = 9(20)f"(20) — f(20)9'(20)

9 9%(20)

One can also establish the Chain rule for differentiation as in real analysis. More precisely, suppose
that the function f is differentiable at zp and the function g is differentiable at wy = f(29). Then the
function g o f is differentiable at z = 2y, and

(g0 f) (20) = g'(wo) f'(20)-

ExaMPLE 3.1.1. Consider the function f(z) = Z, where for every z € C, Z denotes the complex
conjugate of z. Suppose that zg € C. Then

(2) f&)=f(20) _Z-% _z-%2

z— 2o z—2y 2—20

If z — zg = h is real and non-zero, then (2) takes the value 1. On the other hand, if z — 2y = ik is purely
imaginary, then (2) takes the value —1. It follows that this function is not differentiable anywhere in C,
although its real and imaginary parts are rather well behaved.

3.2. The Cauchy-Riemann Equations

If we use the notation

h—0 h ’

then in Example 3.1.1, we have examined the behaviour of the ratio

flz+h) - f(z)
h

first as h — 0 through real values and then through imaginary values. Indeed, for the derivative

to exist, it is essential that these two limiting processes produce the same limit f/(z). Suppose that

f(z) =u(z,y) +iv(x,y), where z = x + iy, and u and v are real valued functions. If h is real, then the
two limiting processes above correspond to

z+h)— f(z

L SEHR) — 1)

u(z + h,y) —u(z,y) vethy) —v(z,y) _ du Ov

by I = jiny I +1jm h T or lox
and

lim f(Z+lf}) —fG) i u(x,y+ﬁ) — @Y i v(x,y+@) —v(z,y) _Ov .0u

h—0 ih h—0 ih h—0 ih Jdy Oy

respectively. Equating real and imaginary parts, we obtain

Ou  Ov ou ov

Note that while the existence of the derivative in real analysis is a mild smoothness condition, the
existence of the derivative in complex analysis leads to a pair of partial differential equations.
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DEFINITION. The partial differential equations (3) are called the Cauchy-Riemann equations.
We have proved the following result.

THEOREM 3A. Suppose that f(z) = u(x,y) + v(z,y), where z = x + iy, and u and v are real
valued functions. Suppose further that f'(z) exists. Then the four partial derivatives in (3) exist, and
the Cauchy-Riemann equations (3) hold. Furthermore, we have

TR oy 000
(4) f(z)_8x+16:v and f(z)—ay lay'

A natural question to ask is whether the Cauchy-Riemann equations are sufficient to guarantee
the existence of the derivative. We shall show next that we require also the continuity of the partial
derivatives in (3).

THEOREM 3B. Suppose that f(z) = u(z,y) + iv(z,y), where z = x + iy, and u and v are real
valued functions. Suppose further that the four partial derivatives in (3) are continuous and satisfy the
Cauchy-Riemann equations (3) at zg. Then f is differentiable at zo, and the derivative f'(zo) is given
by the equations (4) evaluated at zp.

PROOF. Write zp = xg + iyp. Then

f(z) = f(z0) _ (u(z,y) —u(zo,y0)) +i(v(z,y) — v(20,40))

zZ— 20 zZ— 20

We can write
ou ou
u(x,y) — ulxg, =(r—=x — + (y — — + |z — 2p|€1(2
)~ wtrow) = = 20)(G2) +w-w)(Gp) +1-slal)

and

o) o) = =) (52) ) () e late)

If the four partial derivatives in (3) are continuous at zp, then

lim €;(2) =0 and lim ez(z) = 0.

z—20 z—20

In view of the Cauchy-Riemann equations (3), we have

ou . Ov ou . Ov .
=) (Gerigs) + O (Graigy) - sl +iat)
ou . Ov ov . Ou .
(r — o) <% 1@)@ + (¥ — %) (‘@ + 1@)@ + |2 — z0l(e1(2) +iea(2))
ou . Ov . ou . Ov .
=) (G rigs) +iw-w) (Grige) el i)

= (z — 20) (% + 1%) + |z — 20(€1(2) + ie2(2)).

Hence

f(z) = f(z)  [(Ou .Ov |z — 20| ) ou . Ov
T (@ +1£>z0 + (—z - > (e1(2) +iea(2)) — (% +1%>Z0
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as z — 2g, giving the desired results. O

3.3. Analytic Functions

In the previous section, we have shown that differentiability in complex analysis leads to a pair of partial
differential equations. Now partial differential equations are seldom of interest at a single point, but
rather in a region. It therefore seems reasonable to make the following definition.

DEFINITION. A function f is said to be analytic at a point zg € C if it is differentiable at every z in
some e-neighbourhood of the point zy. The function f is said to be analytic in a region if it is analytic
at every point in the region. The function f is said to be entire if it is analytic in C.

ExXAMPLE 3.3.1. Consider the function f(z) = |z|?. In our usual notation, we clearly have
u=x>+y> and v =0.
The Cauchy-Riemann equations
2z =0 and 2y=10

can only be satisfied at z = 0. It follows that the function is differentiable only at the point z = 0, and
is therefore analytic nowhere.

EXAMPLE 3.3.2. The function f(z) = 2? is entire.

ExaMpPLE 3.3.3. Suppose that the function f is analytic in a domain D. Suppose further that f has
constant real part u. Then clearly

0 0
gu_ 0 and au _ 0.
Ox oy
Since f is analytic in D, it is differentiable at every point in D, and so the Cauchy-Riemann equations
hold in D. It follows that

v v
% =0 and 8_y =0.

Hence f must have constant imaginary part v, and so f must be constant in D.

ExaMPLE 3.3.4. Suppose that the function f is analytic in a domain D. Suppose further that f has
constant imaginary part v. A similar argument shows that f must have constant real part u. Hence f
must be constant in D.

ExaMPLE 3.3.5. Suppose that the function f is analytic in a domain D. Suppose further that f has
constant modulus. In other words, u? + v? = C for some non-negative real number C. Differentiating
this with respect to z and to y, we obtain respectively

ou ov ou ov
20— + 20— = 20— + 2v— = 0.
uax—i— U&'x 0 and u8y+ Uﬁy 0

In view of the Cauchy-Riemann equations, these can be written as

ou ou ou ou
2u% — 2v8—y =0 and 20% + 2u8_y =0.
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In matrix notation, these become

ou
()] =)
voou ou 0)°
Ay

Note now that
det(u U>u2+v26’.
voou

If C' > 0, then we must have the unique solution

ou ou
% =0 and a—y = O7

so that the real part u is constant. It then follows from Example 3.3.3 that f is constant in D. On the
other hand, if C' = 0, then clearly © = v =0, so that f =0 in D.

3.4. Introduction to Special Functions

In this section, we shall generalize various functions that we have studied in real analysis to the complex
domain. Consider first of all the exponential function. It seems reasonable to extend the property
e®11%2 = e%1e%2 for real variables to complex values of the variables to obtain

e® = eV = ¢%elY, where z,y € R.
This suggests the following definition.

DEFINITION. Suppose that z = x + iy, where z,y € R. Then the exponential function e* is defined for
every z € C by

(5) e = e%(cosy +isiny).

If we write e = u(z,y) + iv(z,y), then
u(z,y) = e” cosy and v(z,y) = e"siny.

It is easy to check that the Cauchy-Riemann equations are satisfied for every z € C, so that e* is an
entire function. Furthermore, it follows from (4) that

d 0 0
s TGO e’ cosy +ie” siny = e”(cosy + isiny) = €7,

az° Jx Oz
so that e* is its own derivative. On the other hand, note that for every yi1,y2 € R, we have
el(v1ty2) — cos(y1 + y2) +isin(y; + y2) = (cosy; +isiny;)(cosys + isinys) = el¥1elv2,
Furthermore, if 1,25 € R, then
T+ T2i(11FY2) — (g2 e%2)(elV1ei2) = (67161 ) (e™2eil2),
Writing z1 = z1 + iy and 2z = x4 + iy, we deduce the addition formula

1tz — g%1g%2,
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Finally, note that
[e*| = |e¥(cosy + isiny)| = €®|cosy + isiny| = .
Since e” is never zero, it follows that the exponential function e* is non-zero for every z € C.

Next, we turn our attention to the trigonometric functions. Note first of all that if z = x +iy, where
x,y € R, then iz = —y + iz. Replacing z in (5) by iz and by —iz gives respectively
—iz

e” = e Y(cosz + isinz) and e ¥ =eY(cosx —isinx).

The special case y = 0 gives respectively

e = cosx +isinx and e ¥ =cosx —isinx.
It follows that
eiw + e—ix eiw _ e—ix
cosy = ———— and sing = ————
2 21

This suggests the following definition.

DEFINITION. Suppose that z € C. Then the trigonometric functions cos z and sin z are defined in terms
of the exponential function by

el 4 o1z ) ez _ o—iz
(6) cosz = ——— and sing = —————
2 2i

Since the exponential function is an entire function, it follows easily from (6) that both cosz and
sin z are entire functions. Furthermore, it can easily be deduced from (6) that

—cosz = —sinz and —sinz = cos 2.
dz dz

We can define the functions tan z, cot z, sec z and cosec z in terms of the functions cos z and sin z as in
real variables. However, note that these four functions are not entire. Also, we can deduce from (6) the
formulas

cos(z1 + z2) = €OS 21 €COS 22 — sin 21 sin 25 and sin(z1 + z2) = sin 21 cos 23 + cos 21 sin za,
and a host of other trigonometric identities that we know hold for real variables.

Finally, we turn our attention to the hyperbolic functions. These are defined as in real analysis.

DEFINITION. Suppose that z € C. Then the hyperbolic functions cosh z and sinh z are defined in terms
of the exponential function by

(7) cosh z = % and sinh z = %

Since the exponential function is an entire function, it follows easily from (7) that both cosh z and
sinh z are entire functions. Furthermore, it can easily be deduced from (7) that

i cosh z = sinh z and i sinh z = cosh z.
dz dz
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We can define the functions tanh z, coth z, sech z and cosech z in terms of the functions cosh z and sinh z
as in real variables. However, note that these four functions are not entire. Also, we can deduce from
(7) a host of hyperbolic identities that we know hold for real variables. Note also that comparing (6)
and (7), we obtain

cosh z = cosiz and sinh z = —isiniz.

3.5. Periodicity and its Consequences

One of the fundamental differences between real and complex analysis is that the exponential function
is periodic in C.

DEFINITION. A function f is periodic in C if there is some fixed non-zero w € C such that the identity
f(z4+w) = f(2) holds for every z € C. Any constant w € C with this property is called a period of f.

THEOREM 3C. The exponential function €* is periodic in C with period 2mwi. Furthermore, any
period w € C of €7 is of the form w = 2nki, where k € Z is non-zero.

PRrROOF. The first assertion follows easily from the observation
e?™ = cos 2m + isin 27 = 1.
Suppose now that w € C. Clearly e*t* = e? implies ¥ = 1. Write w = a + i3, where a, 3 € R. Then
e“(cos B +isinf) = 1.

Taking modulus, we conclude that e* = 1, so that &« = 0. It then follows that cos( 4+ ising = 1.
Equating real and imaginary parts, we conclude that cos 8 = 1 and sin 8 = 0, so that 8 = 27wk, where
k € Z. The second assertion follows. (O

Consider now the mapping w = e*. By (5), we have w = e®(cosy + isiny), where z,y € R. It
follows that

|w| = e* and argw =y + 27k,

where k € Z. Usually we make the choice argw = y, with the restriction that —nm < y < w. This
restriction means that z lies on the horizontal strip

(8) Ro={z€C:—0o<ax<o0,—<y<m}

The restriction —7 < argw < 7 can also be indicated on the complex w-plane by a cut along the negative
real axis. The upper edge of the cut, corresponding to argw = m, is regarded as part of the cut w-plane.
The lower edge of the cut, corresponding to argw = —m, is not regarded as part of the cut w-plane.

Yy v
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It is easy to check that the function exp : Ry — C\ {0}, defined for every z € Ry by exp(z) = €,
is one-to-one and onto.

REMARK. The region Ry is usually known as a fundamental region of the exponential function. In
fact, it is easy to see that every set of the type

©) Rip={2€C:—oc0<z<o00,(2k—1)r <y <(2k+ 1)},
where k € Z, has this same property as Ry.

Let us return to the function exp : Rg — C\ {0}. Since it is one-to-one and onto, there is an inverse
function.

DEFINITION. The function Log : C\ {0} — Ry, defined by Log(w) = z € Ry, where exp(z) = w, is
called the principal logarithmic function.

Suppose that z = ¢ + iy and w = u + iv, where x,y,u,v € R. Suppose further that we impose the
restriction —7 < y < 7. If w = exp(2), then it follows from (5) that u = e* cosy and v = e* siny, and so

lw| = (u? + 0?2 =¢® and y = Arg(w),
where Arg(w) denotes the principal argument of w. It follows that

x = log|w| and y = Arg(w).

(10) Log(w) = log |w| + i Arg(w).

In many practical situations, we usually try to define
logw = log |w| + iargw,

where the argument is chosen in order to make the logarithmic function continuous in its domain of
definition, if this is at all possible. The following three examples show that great care needs to be taken
in the study of such “many valued functions”.

EXAMPLE 3.5.1.  Consider the logarithmic function in the disc {w : |w+2| < 1}, an open disc of radius 1
and centred at the point w = —2. Note that this disc crosses the cut on the w-plane along the negative real
axis discussed earlier. In this case, we may restrict the argument to satisfy, for example, 0 < argw < 2.
The logarithmic function defined in this way is then continuous in the disc {w : |w + 2| < 1}.

v
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ExAMPLE 3.5.2. Consider the region P obtained from the w-plane by removing both the line segment
{u+iv:0 < wu < 1,v =0} and the half-line {u +iv: u = 1,v > 0}, as shown below.

v

Suppose that we wish to define the logarithmic function to be continuous in this region P. One way to
do this is to restrict the argument to the range 7 < argw < 37 for any w € P satisfying u > 1, and to
the range 0 < argw < 27 for any w € P satisfying u < 1.

ExAMPLE 3.5.3. Consider the annulus {w : 1 < |w| < 2}. It is impossible to define the logarithmic
function to be continuous in this annulus. Heuristically, if one goes round the annulus once, the argument
has to change by 2 if it varies continuously. If we return to the original starting point after going round
once, the argument cannot therefore be the same.

It should now be quite clear that we cannot expect to have
Log(wiws) = Log(w:) + Log(ws),
or even
log wiwy = logwy + log wa.
Instead, we have

log wiwe = log wy + log ws + 27ik for some k € Z.

Let us return to the principal logarithmic function Log : C\ {0} — Ro. Recall (10). We have
Log(z) = log|z| + 1 Arg(z).

Recall from real analysis that for any ¢t € R, the equation tanf = ¢ has a unique solution 6 satisfying
—7/2 < § < /2. This solution is denoted by tan=!t and satisfies

d, i, 1
— tan = .
dt 1+1¢2
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It is not difficult to show that if we write

—tan~! <£> BT y <0,

Y 2
(11) v(z,y) = { —tan! (%) if 2 > 0,
—tan~! (£> +E if y >0,

Y 2

then Arg(z) = v(x,y). Hence Log(z) = u(z,y) + iv(z,y), where

(12) u(z,y) = %log(ﬂf2 + 7).

It now follows from (12) that

uw_ =z g Oy

or a2 492 oy x2+y?’
and from (11) that

ov Y and Ov x

— = n — = .

Oz 2 4+ 12 Oy a2+ 92

Clearly the Cauchy-Riemann equations are satisfied, and so

iLo (z)—@—l—i@—x_iy— 1 _1
dz 8 T By or  z2+y?2 w+iy 2z

Power functions are defined in terms of the exponential and logarithmic functions. Given z,a € C,
we write 2% = e?1°28%_ Naturally, the precise value depends on the logarithmic function that is chosen,
and care again must be exercised for these “many valued functions”.

3.6. Laplace’s Equation and Harmonic Conjugates

We have shown that for any function f = u + iv, the existence of the derivative f’ leads to the Cauchy-
Riemann equations. More precisely, we have

ou Ov ou ov
(13) ooy M T e
Furthermore,
ou ov
/ _vu YU

Suppose now that the second derivative f” also exists. Then f’ satisfies the Cauchy-Riemann
equations. The Cauchy-Riemann equations corresponding to the expression (14) are

- o (oo (a0 (owy o (o
or \ox/) Oy \ox oy \ox) Oz \ozx)’



Chapter 3 : Complex Differentiation _____  3-11

Substituting (13) into (15), we obtain

?u  O%u 0%v 0%
We also obtain
v 0% and Pu  0%u
Oydx  Oxdy Oydx  Oxdy’

DEFINITION. A continuous function ¢(x,y) that satisfies Laplace’s equation

% 6 _
ox2 Oy

in a domain D C C is said to be harmonic in D.
We have in fact proved the following result.

THEOREM 3D. Suppose that f = u+iv, where u and v are real valued. Suppose further that f"(2)
exists in a domain D C C. Then u and v both satisfy Laplace’s equation and are harmonic in D.

DEFINITION. Two harmonic functions u and v in a domain D C C are said to be harmonic conjugates
in D if they satisfy the Cauchy-Riemann equations.

The remainder of this chapter is devoted to a discussion on finding harmonic conjugates. We shall
illustrate the following theorem by discussing the special case when D = C.

THEOREM 3E. Suppose that a function u is real valued and harmonic in a domain D C C. Then
there exists a real valued function v which satisfies the following conditions:

(a) The functions u and v satisfy the Cauchy-Riemann equations in D.

(b) The function f = u+ iv is analytic in D.

(c) The function v is harmonic in D.

Clearly, parts (b) and (c) follow from part (a). We shall now indicate a proof of part (a) in the
special case D = C, and shall omit reference to this domain.

Suppose that u is real valued and harmonic. Then we need to find a real valued function v such
that

ou Ov ou v
— == and —=——.
dr Oy oy Or
Let Xg 4+ 1Yy € D be chosen and fixed. Integrating the second of these with respect to z, we obtain

X

(17) wxm=- [ §—Z<x,y>dx+c<y>,

where ¢(y) is some function depending at most on y. Differentiating with respect to y, we obtain

o o (X ou
—(X,y)=—=— —(z,y)dz + ().
ay( Y) 99 ). ay( Y) (y)

Clearly the first of the Cauchy-Riemann equations requires

Au 9 (X ou

Z(X.y) = —— = "(y).
ax( . Y) 3y |, ay(wvy)dwﬂ%(y)
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Changing the order of differentiation and integration, we obtain

U X (A X 2U
G == [ S (G e+ et = [ Totae ).

X

Since v is harmonic, we obtain

ou X 92y ou ou
5 (Xoy) = —(X,y) - —(X '
550 = [ G 4 = GO0 — 500 + ),

so that

Integrating with respect to y, we obtain

Y

Ju
(X07 )dy +c

(18) oY) = v, Ox

where ¢ is an absolute constant. On the other hand, (17) can be rewritten in the form

X
(19) V(X,Y) = — /X gZ(x Y)dz + ¢(Y).

Combining (18) and (19), we obtain

X ou Y ou

20 v(X,Y)=— z,Y)dx + —(Xo,y)dy + c.
(20) vy == [ Gue e s [ SO0y

It is easy to check that this function v satisfies the Cauchy-Riemann equations. Indeed, we have

) a [*o a (Yo 9
(X, Y) = o [ P @, Y)de + S —“(Xo,wdy:—a—z

1304 0X Jx, Oy X Oz (X, Y).

On the other hand, we have

0 X au 9 Y ou X 92y du
_ —(Xo, = — Y — X Y

0
—u(X,)Y) = Y )y, o . By e

oYy

2
:/ O ¥ )de+ 20, ¥) = 28 vy - D, v )

ou
062 Ox 0

ou
—m(XmY) =3

S (XY,

This completes our sketched proof.

In practice, we may use the following technique. Suppose that u is a real valued harmonic function
in a domain D. Write

(21)
Then the Cauchy-Riemann equations for g are
9 (Ouy__9 (ou and 2 (Ou)_ 9 (Ou
or \ox) oy \dy oy \oz/) oz \oy)’

which clearly hold. It follows that g is analytic in D. Suppose now that w is the real part of an analytic
function f in D. Then f’(z) agrees with the right hand side of (21) in view of (3) and (4). Hence f' =g



Chapter 3 : Complex Differentiation ______  3-13

in D. The question here, of course, is to find this function f. If we are successful, then the imaginary
part v of f is a harmonic conjugate of the harmonic function w.

EXAMPLE 3.6.1. Consider the function u(z,y) = 2® — 3xy?. It is easily checked that

o Pu_
ox2 = oy2

so that w is harmonic in C. Using X = Yy = 0 in (20), we obtain
X oy Y u b'e Y
v(X,Y) = —/ —(x,Y)dx—l—/ —(0,y)dy+c= 6/ xYdx — 3/ yidy 4+ ¢ =3X%Y - Y3 +¢,
o Oy o Oz 0 0
where c¢ is any arbitrary constant. On the other hand, we can write
9(2) = — —i— = 3(2? — y?) + 6izy = 3(2? + 2izy — y*) = 3(x +iy)? = 322,
)

It follows that w is the real part of an analytic function f in C such that f'(z) = g(z) for every z € C.
The function f(z) = 23 + C satisfies this requirement for any arbitrary constant C. Note that the
imaginary part of f is 322y — 3> + ¢, where c is the imaginary part of C.

ExXAMPLE 3.6.2. Consider the function u(z,y) = e*siny. It is easily checked that

o Pu_
ox2 oy

so that u is harmonic in C. Using Xy = Yy = 0 in (20), we obtain

Xau Yau X Y
U(X,Y):—/ a—(x,Y)dx—i—/ 8—(0,y)dy+c:—/ e””cosde+/ sinydy + ¢
0 Y o 0T 0 0

=cosY —eXcosY —cosY +1+c=c —eXcos,

where ¢’ is any arbitrary constant. On the other hand, we can write

ou . Ou - -
z)= — —1— =¢€"siny — 1e¥ cosy = —ie®(cosy + isiny) = —ie”.
9(2) = 5~ 9 Y Y (cosy Y)

It follows that w is the real part of an analytic function f in C such that f'(z) = g(z) for every z € C.
The function f(z) = C — ie® satisfies this requirement for any arbitrary constant C. Note that the
imaginary part of f is ¢ — e cosy, where ¢’ is the imaginary part of C.

PROBLEMS FOR CHAPTER 3

1. a) Suppose that P(z) = (z — 21)(z — 22) ... (z — zx), where 21, z2,. ..,z € C. Show that

P'(2) 1 1 1
= f C .
) zle—l_zsz—i_ +zfzk or every z € C\ {z1,22,..., 2k}

b) Suppose further that Rez; < 0 for every j =1,...,k, and that SRez > 0. Show in this case that
Re(z — z;)~! > 0 for every j = 1,...,k, and deduce that P’'(z) # 0.
[REMARK: Polynomials all of whose roots have negative real parts are called Hurwitz polynomials.
We have shown here that the derivative of a non-constant Hurwitz polynomial is also a Hurwitz
polynomial.]
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2. For each of the following functions f(z), determine whether the Cauchy-Riemann equations are

satisfied:
a) f(z) =% —y? — 2ixy b) f(z) =log(z? + y?) + 2icot ™1 (x/y)
c) f(z) =23 —3y? + 2z +i(32%y — 3> + 2y) d) f(2) =log(z? — y?) + 2itan"!(y/x)

3. Show that a real valued analytic function is constant.

4. We are required to define an analytic function f(z) such that f(z +iy) = e* f(iy) for every z,y € R
and f(0) = 1. Suppose that for every y € R, we write f(iy) = ¢(y) +is(y), where c(y), s(y) € R for
every y € R.

a) Show by the Cauchy-Riemann equations that ¢/(y) = —s(y) and s'(y) = ¢(y) for every y € R.

b) For every y € R, write g(y) = (c(y) — cosy)? + (s(y) — siny)?. Show that ¢’'(y) = 0 for every
y € R. Deduce that g(y) = 0 for every y € R.

¢) Comment on the above.

5. a) Suppose that P(z) = ag + a1z + a2 + ...+ a,z", where ag,a1,as,...,a, € C are constants.
Show that for every K =0,1,...,n, we have
P®(0
ar = 7( )
k!

b) Apply the result to the polynomial (1 + 2)™ = co + ¢12 + 22 + ... + ¢,2" and show that for
every k=0,1,...,n, we have

n!

C T R — k)

6. a) Show that for every z € C, we have e'* = cos z + isin z.
b) Show that for every z,w € C, we have

cos(z + w) +isin(z + w) = (cos z + isin z)(cosw + isin w)
and
cos(z + w) —isin(z + w) = (cos z — isin z)(cosw — isinw).
c¢) Express sin(z + w) and cos(z + w) in terms of sin z, sinw, cos z and cos w.
7. Suppose that aq,as,...,a, € C are distinct, and consider the polynomial
QRQ(z)=(z—21)(z —22) ... (2 — zn).

Suppose further that P(z) is a polynomial of degree less than n. Follow the steps below to show

that there exist a1, as,...,a, € C such that
P(z) om az an,
Qz) z—2z1 z—20  z—2z,

a) We shall first of all show that the expression above is possible by multiplying it by Q(z) and
then determining aq,as, ..., a, so that the resulting equation between polynomials of degree
less than n holds when z = 21, 25,..., 2.

[HINT: Recall Problem 1 in Chapter 1.]

b) Show that for every k = 1,...,n, we have

= lim (z — 2 P(z) = P(z)
o= i G0 T G

[HINT: Note that Q(z) =0 for every k =1,...,n.]
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Suppose that a € C is non-zero. Show that for any fixed choice of value for loga, the function
f(z) = a® = e*1°8 % satisfies f'(z) = f(2)loga.

For each expression below, compute all possible values and plot their positions in the complex plane:

a) log(—1i) b) log(1+ 1)

c) (=)~ d) i

e) 27 £) (14+1)i(1+1)"
For each of the following equations, find all solutions:

a) Log(z) = 7i/3 b) e* =2i

c) sinz =1 d) sinz = —cosz

e) tan?z = —1

For each of the functions below, determine whether the function is harmonic. If so, find also its
harmonic conjugate:

a) 22 —y? +y b) e*siny

c) 2% —y? d) ze® cosy — ye®siny

e) 3%y —y3 +ay f) at — 622y + y* + 23y — 2y
2 2

g) e* 7Y sin2zy

a) Suppose that the functions f(z) and g(z) both satisfy the Cauchy-Riemann equations at a
particular point z € C. Show that the functions f(z) + g(z) and f(2)g(z) also satisfy the
Cauchy-Riemann equations at the point z.

b) Show that the constant function and the function f(z) = z both satisfy the Cauchy-Riemann
equations everywhere in C.

c¢) Deduce that every polynomial P(z) with complex coefficients satisfies the Cauchy-Riemann
equations everywhere in C.

A real valued function u(x,y) which is continuous and satisfies the inequality ug,; + uy, > 0 in a
region D is said to be subharmonic in D. Show that u = | f(z)|? is subharmonic in any region where
f(2) is analytic.
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Chapter 4

COMPLEX INTEGRALS

4.1. Curves in the Complex Plane

Integration of functions of a complex variable is carried out over curves in C and leads to many important
results useful in pure and applied mathematics. In this section, we give a brief introduction to curves in
C. We are interested in complex valued functions of the form

B(t) = ¢1(t) +iga(t),

where the functions ¢; and ¢, are real valued and defined on some closed interval [A4, B] in R. The
functions ¢ and ¢o are called the real and imaginary parts of the function ¢ respectively.

EXAMPLE 4.1.1. The function ¢(t) = e'*, defined on the interval [0, 7], represents the upper half of a
circle centred at the origin and of radius 1. As ¢ varies from 0 to m, ¢(t) follows this half-circle in an
anticlockwise direction. Also ¢1(t) = cost and ¢2(t) = sint.

b2(1)

$1(1)
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EXAMPLE 4.1.2. The function ¢(t) = (4¢ + 1) +i(¢ + 1), defined on the interval [0, 1], represents a line
segment from the point 1+ i to the point 5 4 2i.

The functions ¢, and ¢, are real valued functions of a real variable, and we have already studied
continuity, differentiability and integrability of such functions. We can now extend these definitions to
the function ¢.

We say that ¢ is continuous at ty if both ¢, and ¢ are continuous at ty. We also say that ¢ is
continuous in an interval if both ¢, and ¢2 are continuous in the interval. It is simple to show that the
arithmetic of limits, as applied to continuity, holds.

We say that ¢ is differentiable at tq if both ¢; and ¢- are differentiable at ¢y, and write
¢'(to) = #1(to) + g5 (to).-
It is simple to show that the arithmetic of derivatives holds.

We also have the Chain rule: Suppose that f is analytic at the point zg = ¢(tg), and that ¢ is
differentiable at to. Then the complex valued function ¥ (t) = f(¢(t)) is differentiable at g, and

V' (to) = f'(20)¢ (to).

We say that ¢ is integrable over the interval [A, B] if both ¢; and ¢, are integrable over [A, B], and
write

/ABqﬁ(t)dt = /AB¢1(t)dt+i/AB¢2(t)dt.

Many rules of integration for real valued functions can be carried over to this case. For example, if ¢ is
continuous in [4, B], then there exists a function ® satisfying ® = ¢, and the Fundamental theorem of
integral calculus can be generalized to

/A 6(t)dt = B(B) — B(A)  and % /A 6(r)dr = 6(1).

DEFINITION. A complex valued function ¢ : [A4,B] — C is called a curve. The curve is said to be
continuous if ¢ is continuous in [A, B], and differentiable if ¢ is also differentiable in [A, B]. The set
C([A, B]) is called the trace of the curve. The point ((A) is called the initial point of the curve, and the
point ¢(B) is called the terminal point of the curve.

REMARKS. (1) Of course, we can only have continuity and differentiability from the right at A and
from the left at B.
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(2) Usually, we do not distinguish between the curve and the function ¢, and simply refer to the
curve (.

DEFINITION. A curve ¢ : [A, B] — C is said to be simple if ((¢1) # ((t2) whenever ¢; # to, with the
possible exception that ((A) = {(B). A curve ( : [A, B] — C is said to be closed if ((A) = {(B).

o

simple and not closed simple and closed

not simple and not closed closed and not simple

4.2. Contour Integrals

DEFINITION. A curve ¢ : [A,B] — C is said to be an arc if ¢ is differentiable in [A, B] and (' is
continuous in [A, BJ.

EXAMPLE 4.2.1. The unit circle is a simple closed arc, since we can described it by ¢ : [0,27] — C,

given by ((t) = el = cost + isint. It is easy to check that ((t;) # ((t2) whenever t; # to, the only

exception being ¢(0) = ¢(27). Furthermore, {'(t) = —sint + icost is continuous in [0, 27].

DEFINITION. Suppose that C is an arc given by the function ¢ : [A, B] — C. A complex valued function
(

f is said to be continuous on the arc C' if the function ¢ (t) = f({(¢)) is continuous in [A, B]. In this
case, the integral of f on C is defined to be

B
(1) léf@mzz/;ﬂamadt

REMARKS. (1) Note that (1) can be obtained by the formal substitution z = {(¢) and dz = {’(¢) dt.

(2) If we describe the arc C' in the opposite direction from ¢t = B to t = A, this opposite arc can
be designated by —C. Since

| reowar=— [ oo

B

we have

[C F(z)dz = —/Cf(z) dz.
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(3) Integration of functions on arcs is a linear operation. More precisely, suppose that f and g are
continuous on the arc C'. Then for any «, 8 € C, we have

[ @)+ sz =a [ foae+5 [ g0

(4) Suppose that F is analytic in a domain D and has a continuous derivative f = F’ in D.
Suppose further that C, defined by ¢ : [4,B] — C, is an arc lying in D, with initial point z; and
terminal point zs.

2

Define ¢ : [A, B] — C by w(t) = F(C( )). Then by the Fundamental theorem of integral calculus applied
to the function ¥’ (t) = F'(¢(¢)){'(t) = f(¢(¥)){'(t), we have

B
[ fG = [ HO)¢ @) dt = FQ(B) - FE(A) = Fea) - Fla).
C A

We can extend the case of one arc to the case of a finite number of arcs joined together.

DEFINITION. Suppose that A7 < By = Ay < By = ... = A, < B, are real numbers, and that
for every j = 1,...,k, C; is an arc given by the function ¢; : [4;, B;] — C. Suppose further that
G (Bj) = (j+1(Ajyr) for every j=1,...,k—1. Then

C=CiUCyU...uCy

is called a contour. The point ¢; (A1) is called the initial point of the contour C, and the point (;(By)
is called the terminal point of the contour C. A complex valued function f is said to be continuous on
the contour C' if it is continuous on the arc C; for every j = 1,...,k. In this case, the integral of f on
C is defined to be

/f(z)dz: fz)dz+ f(z)dz+...+/ f(z)dz.
c C Ca Cy

The following result follows immediately from this definition and Remark (4) above.
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THEOREM 4A. Suppose that F is analytic in a domain D and has a continuous derivative f = F’
in D. Suppose further that C is a contour lying in D, with initial point z1 and terminal point zo.

2

Then

(2) [ @z = Fea) = P

REMARKS. (1) Note that the right hand side of (2) is independent of the contour C. It follows that
under the hypotheses of Theorem 4A, we have

3) [ =0
c
for any closed contour C in D.

(2) Naturally, we would like to extend (3) to all analytic functions f in D and all closed contours
C in D. Note, however, the restrictive nature of the hypotheses of Theorem 4A in this case. In many
situations, no analytic functions F satisfying F’ = f may be at hand. Consider, for example, the function
f(2) = cos 2.

EXAMPLE 4.2.2. Consider the contour C given by ¢ : [4, B] — C, where ((t) = e. Then

B s B . it _
1ofde_ 1 PO, 1 Pt B4

omi Jo 2z 2miJa C(t) 2mif, eft 27

Suppose that A = 0 and B = 2kw, so that the contour “winds” round the origin k times in the
anticlockwise direction. In this case, we have

1 dz

— | — =k
21 Jo 2

Note, however, that in this case, the initial point and terminal point of the contour are the same. Yet,
(3) does not hold. Clearly the function 1/z is analytic in the domain D = {z: 1/2 < |z| < 3/2} and the
contour C lies in D. However, we cannot find an analytic function F' in D such that F'(z) = 1/z in D.
The logarithmic function log z appears to be a candidate; however, it is not possible to define log z to
be continuous in this annulus D. See Example 3.5.3.

ExXaMPLE 4.2.3. Suppose that C is any contour in C with initial point z; and terminal point z3. Then

/ e®dz =e* — ™ and / cos zdz = sin 29 — sin z;.
c c
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These follow from Theorem 4A since the entire functions e* and sin z satisfy

d .
—e* =e and — sin z = cos z.
dz dz

EXAMPLE 4.2.4. Suppose that f is a polynomial in z with coefficients in C. Then

/Cf(z)dz =0

for any closed contour C in C. This is a special case of (3). For any such polynomial f, it is easy to find
a polynomial F' in z with coefficients in C and such that F'(z) = f(z) in C.

4.3. Inequalities for Contour Integrals

Suppose that ¢ : [A, B] — C is continuous in [4, B]. Let

/A " é(t) dt

/A " oty dt

If I > 0, then there exists a real number 6 such that

I =

If I =0, then clearly

B
(4) gA\wmw.

B .
/ B(t)dt = Ie'?,
A

so that

(5) I= /B e ot)dt = /AB Rele (1)) dt + i/B Jmle Yep(t)] dt.

A A

Since I is real, the last integral on the right hand side of (5) must be 0. It follows that

B
. / Rele (1) dt.
A
On the other hand, clearly

Rele (1)) < e ()| = |o(t)]

for every t € [A, B], and so it follows from the theory of real integration that

B
fsA\wma.

Hence the inequality (4) always holds.

Consider now an arc C given by the function ¢ : [A, B] — C. Suppose that the function f is
continuous on C. Then it follows from (4) that

/Cf(z) dz

(6) (AfK@K%MtsAlﬂwmwwmt
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Suppose that |f(z)] < M on C, where M is a real constant, then we have

/Cf(z) dz

Let us investigate the integral on the right hand side of (7) more closely. If ((t) = z(¢) + iy(t), then

o dy| _ [rde\® o (dy)*_ds
dt -~ de| |\ dt ) dt’
where s(t) is the length of the arc C' between ((A) and ((t). It follows that the integral

/ S ar

A

B
(7) <M /A ¢’ (t)] dt.

I¢'(B)] =

is the length of the arc C'. We have proved the following result.

THEOREM 4B. Suppose that a function f is continuous on a contour C'. Then

/Cf(z) dz

where L is the length of the contour C' and where M is a real constant such that |f(z)| < M on C.

<ML,

REMARK. We usually write

In this notation, we have

and (6) can be represented by

4.4. Equivalent Curves

EXAMPLE 4.4.1. Consider the arc C’ given by the function ¢ : [0,1] — C where ((t) = (1 + i)t
Consider also the arc C” given by the function ¢ : [0,7/2] — C where £(7) = (1 4 i)sin7. Clearly
¢(0) = £(0), so that the two arcs have the same initial point. Also, (1) = £(m/2), so that the two arcs

have the same terminal point. Furthermore, ([0, 1]) = £([0,7/2]), so that the two arcs have the same
trace. Suppose that the function f is continuous on C’ and C”. On the one hand, we have

1 1
z)dz = ! = i)t? i .
[ reas= [ rconcma= [ ez v

On the other hand, we have

/2 /2
- f(z)dz = /0 FEm)E (r)dr = /0 F((1+1)sin7)(1 +1)cosTdr.
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If we perform a formal change of variables
t> =sinT and 2t dt = cos T dT,

then we see in fact that
f(z)dz = f(z)dz.
C/ C//

This is not surprising, considering that basically the two arcs “are the same”.

DEFINITION. Two curves C’ and C” are said to be equivalent if they have the same trace and if
f(z)dz= [ [f(z)dz
Cl CN
holds for all functions f which are continuous in a region containing this trace.
REMARKS. (1) It can be shown that two simple arcs are equivalent if they have the same initial points,

the same terminal points and the same trace, with the convention that in the case of closed arcs, the
arcs must be followed in the same direction.

(2) In fact, the definition
/f(z)dz: f(z)dz + f(z)dz+ ...+ f(z)dz
c et Cy Ck

of a contour integral in terms of integrals over arcs as discussed earlier is made in the same spirit.

(3) The practical importance of these considerations is that when we consider integrals over a
simple contour, we may choose the most convenient parameterization of the given contour.

EXAMPLE 4.4.2. Consider the integral

dz
]
c <

where C' is a contour that avoids the origin. Suppose first of all that C' is an arc ¢ : [4, B] — C. Then

dz _ [P .,
/ij O dt = var(log z, C).

Here the variation function var(log z, C) is interpreted in the following way: We choose a branch of the
logarithmic function at the initial point z; = ((A) of the arc C' and then let log z vary continuously as
z follows C' to the terminal point z; = ((B) of the arc C. In other words, the function log {(¢) must be
continuous in [A, B]. Then we calculate log {(B) — log ((A). This result is then extended to contours
by addition. Let us interpret this geometrically. Note that logz = log |z| +iarg z. Since log |z| is single
valued, its variation around a closed contour C is 0. In this case, we have

var(log z,C) = var(iarg z, C),

and this gives a value 27i every time the closed contour winds round the origin.

4.5. Riemann Sums

The following brief discussion of complex integrals in terms of Riemann sums will further demonstrate
the independence of the integral from the parameterization of the arcs in question. The discussion is
heuristic, as we only want to illustrate ideas.



Chapter 4 : Complex Integrals _____ 4-9

Suppose that C' is an arc, with initial point 2y and terminal point z;. Suppose further that we
divide the arc C into subarcs C1, ..., C in the following way. The points zg, z1, . . . , i are points on the
arc C, and they occur in the given order as we follow the arc C from zy to zi. For every j =1,...,k,
the subarc C; is then the part of C' between z;_; and z;, with initial point z;_; and terminal point z;.

For every j =1,...,k, we write Az; = z; — z;_1, and we let Z; denote a point on the subarc Cj;.

As in real variables, we can then construct the Riemann sum

k
S=Y"f(3)Az.

Jj=1

We now consider subdivisions of the arc C' which are made finer and finer by subdivision into more and
more subarcs. The precise requirement will be

k — oo and max |Az;| — 0.
1<j<k

When the subdivision becomes arbitrarily fine, the Riemann sum S has a unique limit, independent of
the manner of subdivision. This limit is the integral

/Cf(z) dz.

PROBLEMS FOR CHAPTER 4

1. Consider the integral / 2™ dz, where n € Z and C' is a closed contour on the complex plane.
c

a) Suppose that n > 0. Use Theorem 4A to explain why the integral is equal to zero.

b) Suppose that n < —1, and that the contour C' does not pass through the origin z = 0. Use
Theorem 4A to explain why the integral is equal to zero.

¢) What is the value of the integral if n = —1 and C' is the unit circle {z : |z] = 1}, followed in
the positive (anticlockwise) direction?

2. a) Sketch each of the arcs 2 =2 +it, z = e~ ™! z =™ and 2 = 1 +it +¢2 for t € [0, 1].
b) Using Theorem 4A if appropriate, integrate each of the functions f(z) = 422, f(z) = z and
f(2) = 1/z over each of the arcs in part (a).
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10.

Suppose that a function f(z) satisfies f'(z) = 0 throughout a domain D C C. Use Theorem 4A to
prove that f(z) is constant in D.

Suppose that C; is the semicircle from 1 to —1 through i, followed in the positive (anticlockwise)
direction. Suppose also that Cs is the semicircle from 1 to —1 through —i, followed in the negative
(clockwise) direction. Show that

/ 23 dz :/ 2 dz and / zdz # zdz.
Cl Cz Cl CZ

Use Theorem 4A to comment on the two results.

Suppose that a = a + ib, where a,b € R are fixed. By integrating the function e®* over an interval
[0,T] and equating real parts, show that

T
(a® + b%) / e cosbt dt = €T (a cos bT + bsin bT) — a.
0

Suppose that f(t) = f1(t)+if2(t) and g(t) = g1(t)+ig2(t) are differentiable complex valued functions
of a real variable ¢t. Deduce the formulas

(f+9)®)=f®)+g () and  (fg)'(t) = f()g'(t) + f'(t)g(t)

from known results of these types for real valued functions fi(t), f2(t), g1(¢) and ga(t).

Consider an arc z(t) = z(t) + iy(¢t), where t € [A, B]. Use

dz dx .dy

@@ T

to interpret z/(t) as the complex representation of a vector tangent to the arc at any point where
Z'(t) is non-zero.

Suppose that ((t) = 2 for t € [~1,0] and ¢(t) = it? for ¢ € [0, 1]. Show that the curve ¢ : [-1,1] — C
is an arc (although its trace has a corner).

Consider the curve ¢ : [-1,1] — C, given by ((t) = —t for t € [-1,0] and ((t) = t + it3sin(1/t) for
t € (0,1].
a) Show that ¢ : [-1,1] — C is an arc.
b) Determine all points of self-intersection of this arc; in other words, find all points z € C such
that there exist ¢1,ts € [—1, 1] satisfying t; # t2 and z = ((t1) = ((t2).

Suppose that C' = {z : |z] = 1} is the unit circle, followed in the positive (anticlockwise) direction.
Evaluate each of the following integrals:

2 [ b [ o [ 1

c % |2 c

dz dz |dz|
il £ Liad
@ o [ )

c ?? c 22
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11.

12.

13.

14.

15.

Suppose that C = {z: |z| = 1} is the unit circle, followed in the positive (anticlockwise) direction.
a) Use Theorem 4B to show that
/ dz
C 4+ 32

b) By dividing the circle C into its left half and its right half and applying Theorem 4B to each
half, establish the better bound
/ dz
C 4 + 32

Consider the circle C = {z : |z — 1| = 1/2}, followed in the positive (anticlockwise) direction with
initial point z = 1/2. Evaluate the integral

/ dz
o G-

given that the integrand is equal to the derivative of the function log(z + (22 — 1)1/2).

< 2.

6
<

= 5 .

Writing f = v+ iv and z = x + iy, computation suggests the identity

/C f(z)dz = /C (u(, ) de — v, ) dy) +1 /C (u, y) dy + v(z, y) dz),

Suppose now that the arc C' is given by ((¢) = £(t) +in(¢) for t € [A, B]. Show from first definition
that the identity holds.

Suppose that the arc C is given by z = (1 (¢) for ¢t € [A, B], and that the arc C5 is given by z = {(7)
for 7 € [, B]. Suppose further that there is a differentiable function ¢ : [4, B] — [a, ] such that
?(A) = a, ¢(B) = . Show that the two arcs C; and Cy are equivalent.

Suppose that C denotes the ellipse x = acost and y = bsint, where a,b € R are positive and fixed,
and ¢ € [0, 27], so that C is followed in the positive (anticlockwise) direction.

1 d
a) By referring to Example 4.4.2 if necessary, explain why o 5
C

=1.

dt 1
a2cos2t+ b2sin’t  ab’

1 27
b) Hence show that — /
2 0
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Chapter 5

CAUCHY’S INTEGRAL THEOREM

5.1. A Restricted Case

Cauchy’s integral theorem states that in a simply connected domain, the integral of an analytic function
over a closed contour is zero. The proof of this general result is rather involved. Here we first study a
special case of the theorem in order to develop the basic properties of analytic functions.

THEOREM 5A. Suppose that a function f is analytic in a domain D. Suppose further that the

closed triangular region T lies in D, and that C' denotes the boundary of T in the positive (anticlockwise)
direction.

Then
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We shall give two proofs of this result, usually known as Cauchy’s integral theorem for a triangular
path. The first of these proofs, given next, is based on an additional assumption that the derivative
f'(2) is continuous in D.

PROOF OF THEOREM H5A. Write f(z) = u(z,y) + iv(z,y), where u and v are real valued. Since f’
exists and is continuous, the Cauchy-Riemann equations

ou Ov ou ov
= — and — =

ox y dy Oz

hold, and the four partial derivatives are continuous. On the other hand, we can write

/Cf(z)dz:/c(u%-iv)(dx—&—idy):/C(udx—vdy)—ki/c(vdx—i—udy).

Suppose that C = C; U Cy U (3, a union of the three straight directed edges.

0,

G
Cy

Consider the integral

/udx.

c

/udx:/ udx—|—/ udx—|—/ udx.
C Cl CQ C3

For each of the three integrals on the right hand side, y can be represented as a linear function of z,
unless the edge is vertical, in which case the integral vanishes. Suppose that the projection of the triangle
T on the z-axis is the line segment X; < x < X,. Suppose also that the vertical line with abscissa x
intersects the triangle in hj(z) and ho(z), where hy(x) < ho(z) (in the diagram, hq(x) describes C; and
Cy, while hy(z) describes C5). Then

We can write

/Cud:c = /X2 u(x, hy(z))dz + /X1 u(z, ho(x))de = — /X2 (u(z, ho(x)) —u(x, hy(z))) dz

X1 Xo X1

Xz h2(2) gy ou
= — —(z,y)d dx:—/—d:z:d.
/x1 </hl(:r) By( v) y) roy

Note that the third equality above follows from the continuity of du/0y. Similarly

/vdy:/@dxdy.
C T@x
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Hence

ou Ov
dr—vdy) = — | (22 4+ %) dady = 0.
/C(ux vdy) /T<8y+8x>my0
We can also show that

/vdx:—/@dxdy and /udy:/@dxdy,
c T 9y e} T Ox

Oou  Ov
/C(vdx+udy)—L<%—a—y) dxdy = 0.

so that

The result follows. O

5.2. Analytic Functions in a Star Domain

In this section, we shall use Theorem 5A to establish the existence of an indefinite integral and the
Cauchy integral theorem for analytic functions in a certain class of domains.

DEFINITION. A domain D C C is called a star domain if there exists a point zg € D such that for every
point z € D, the line segment joining z and zg also lies in D. In this case, the point zq is called a star
centre of the domain D.

EXAMPLE 5.2.1. The disc {2 : |z| < 1} is a star domain. Every point in this domain is a star centre.

EXAMPLE 5.2.2. The complex plane C is a star domain. Again, every point in this domain is a star
centre.

EXAMPLE 5.2.3. The complex plane C with the non-negative real axis {x + iy : © > 0,y = 0} deleted
is a star domain. Every point on the remaining part of the real axis is a star centre.

EXAMPLE 5.2.4. The set {z +1iy : |zy| < 1} is a star domain. The point 0 is the only star centre.

EXAMPLE 5.2.5. The interior of the set shown below is a star domain, with a star centre zy as shown.

20

THEOREM 5B. Suppose that a function f is analytic in a star domain D. Then there exists a
function F, analytic in D and such that F'(z) = f(z) for every z € D.
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PROOF. Suppose that zy € D is a star centre. For every z € D, define
1) Fe= [ r0a
20,7

where, for every 21,29 € D, [21, 22] denotes the directed line segment from z; to z9. Since z € D, there
exists an e-neighbourhood of z which is contained in D. Furthermore, for every h € C satisfying |h| < e,
the point z+ & lies in this e-neighbourhood of z. It follows that the closed triangular region with vertices
zo, z and z + h lies in D.

2e—12+h

20

By Theorem 5A, we have

d d d¢ = 0.
/{M £(0)d¢ + /Wh] £(0)d¢ + / £ ¢

[z+h,z0]

In other words,

/ FOd— [ fodc= £(0)dc.
[z0,2+h] [20,2]

[z,2+h]

It follows from (1) that
FG+h)-Fe) = [ fOd
[z,2+h]

If h # 0, then

o) PErh =L gy /[zm](f(c) ~ f()d¢.

Since the function f is continuous at z, it follows that given any e > 0, there exists § > 0 such that
|f(¢) — f(2)] < € whenever | — z| < 0. This means that if |h| < 0, then | f(¢) — f(2)| < € holds for every
¢ € [z, 2+ h]. Theorem 4B now gives

3)

< ¢e|hl.

/ (F(O) — F(2) ¢
[z,2+h]

Combining (2) and (3), we have
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This gives

lim F(z+h)— F(2) ~ f2),

h—0 h

and completes the proof of the theorem. ()

If we examine our proof carefully, then it is not difficult to see that we have in fact established the
following result.

THEOREM 5C. Suppose that a function f is continuous in a star domain D. Suppose further that

/Cf(z)dz =0

for every closed triangular contour C lying in D. Then there exists a function F, analytic in D and
such that F'(z) = f(z) for every z € D.

We can also deduce the Cauchy integral theorem for a star domain.

THEOREM 5D. Suppose that a function f is analytic in a star domain D. Suppose further that C
is a closed contour lying in D. Then

/Cf(z)dz =0.

PrOOF. By Theorem 5B, there exists a function F', analytic in D and such that F'(z) = f(z) for every
z € D. The result now follows from Remark (1) immediately after Theorem 4A. O

ExaMPLE 5.2.6. Consider the contour integral

/ e +sinz
27dz,
|z|=3 z? — 16

where the contour of integration is the circle centred at 0 and with radius 3, followed in the positive
(anticlockwise) direction. Note that the function in question is analytic in the disc D = {z : |z| < 4},
clearly a star domain. It follows from Theorem 5D that the integral is 0.

EXAMPLE 5.2.7. Suppose that 0 < r < R. Consider the contour integral

R+ =z
_TE g
/z|—r (R - Z)Z

where the contour of integration is the circle centred at 0 and with radius r, followed in the positive
(anticlockwise) direction. For every z € C, note that using partial fractions, we have

R+ =z 1 2

(R—z)zingR—z'

R+z 1 2
——dz = —-d dz.
/z|_r (R_Z)Z ‘ /z|_r z Z+/|z|_r R—=z :

Next, note that the function

It follows that
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is analytic in the star domain D = {z : |z| < R}. It follows from Theorem 5D that the last integral is 0,
so that

R4z 1
(4) / —dz=/ ~dz = 2ni,
|z|=r (R - Z)Z |z|=r

in view of Example 4.4.2. On the other hand, the contour can be described by z = re?, where 6 € [0, 27].
This formal substitution leads to the expression dz = ire'? d§ = iz df and

dz =

/ R"’Z 2m R+releid0
2|=r (R —2)2 o R—rel?

Next, note that

R+re?  (R+re)(R—re ) R?—r2+42iRrsing

R—re?  (R—re)(R—re %) R2—2Rrcosf +r2’

so that

R—2)z T 0 R2—2Rr6059+7‘21d9'

5) / R+z 2™ R?2 — y2 £ 2iRrsinb.
|z|=r (

Combining (4) and (5) and equating imaginary parts, we obtain

1 [ R? — 2

il dod=1
2 Jo R?—2Rrcosf +r?

5.3. Nested Triangles
In this section, we shall give a second proof of Theorem 5A, without the additional assumption that
the derivative f’(z) is continuous in D. This proof is based on the following well-known result in real
analysis: Suppose that

a1 <ags<asz<... and by >by>b3>....
Suppose further that ay < by for every k € N, and that by — ap — 0 as k — oo. Then there exists a
unique number ¢ € R such that ap — ¢ and by — £ as k — oo. This is a special case of the Cantor
intersection theorem. In other words, if the intervals

[a1,b1] D [az,b2] 2 [as,b3] 2 ...

are nested, so that each contains all subsequent ones, and if their lengths decrease to 0, then the intervals
collapse to a unique point.

We shall now prove Theorem 5A by the method of bisection.

Suppose that a function f is analytic in a domain D. Suppose further that the closed triangular
region T lies in D, and that C' denotes the boundary of T in the positive (anticlockwise) direction. Write

I(T):/Cf(z)dz.
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We now divide T into four triangular regions by joining the midpoints of the three sides of T' as shown
in the diagram.

Suppose that the four triangular regions so obtained are denoted by T7), where j = 1,2,3,4, with
boundaries CU) in the positive (anticlockwise) direction. Then since integrals over the common sides
cancel each other, we have

where for j =1,2,3,4,
HWM:/ f(2)dz.
c@)

Since the maximum is never less than the average, at least one of these four triangular regions 7) must
satisfy

. 1
(6) 1(TD)| = 21T
We denote this triangular region by 77, with the convention that if more than one of the four triangular
regions T) satisfies (6), then we choose one under some fixed rule. This process can now be repeated
indefinitely, so that we obtain a sequence of nested triangles

T=Ty2T1 2T, 2T32...2Tp D...

with the property
1

1T = 11T,

so that
—k

(7) [(Ty)| = 47" I(T)].
Note now that the sequence of nested triangular regions must collapse to a point z* € D. Suppose now
that € > 0 is chosen. Since D is open and the function f is analytic at z*, there exists a é-neighbourhood

{z: |z — 2*| < d} of z*, contained in D and such that

f(z) = £(z")

z—z*

(8) — 'z <e

whenever |z — z*| < §. Furthermore, we can choose k so large that

(9) T, C{z:]z—2"| < d}.
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Note that since

dz = and / zdz =0,
Ck Ck

we have
I(Ty,) = f(Z)dZ=/ (f(2) = f(z") = (z = 2")f'(z")) d.
C Ck
In view of (8) and (9), we have
F(2) = F(27) = (5 = ) (2] < el — 27| < edy,
where d;, denotes the diameter of T},. It follows from Theorem 4B that
(10) [[(Tx)| < edyLy,
where L denotes the perimeter of T. Observe now that
(11) dp =27%d and  L,=2"%L,

where d and L denote respectively the diameter and perimeter of 7. Combining (7), (10) and (11), we
obtain

\I(T)| < edL.

Since € > 0 is arbitrary, we must have I(T) = 0. This completes the proof of Theorem 5A.

5.4. Further Examples

EXAMPLE 5.4.1. Suppose that C' is any contour. For any z € C not lying on C', consider the integral

1(z) :/Ccdfz.

We shall show that the function I(z) is continuous at z. Since z ¢ C, there exists € > 0 such that the
e-neighbourhood of z does not meet C. Suppose that h € C satisfies |h| < ¢/2.

sl o
Z ‘Z—Fh

Then

e -160= [ (- e55) 4= [ =iy
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Note next that for any ¢ € C, we have
I — 2| > ¢ and |C—z—h|>§,

and so it follows from Theorem 4B that

2L|h
1+ ) - 1) < 24,

where L is the length of C. This clearly tends to 0 as h — 0.
The final example in this chapter exhibits the possibility of defining a continuous logarithm.

EXAMPLE 5.4.2. Consider the domain obtained by deleting from C the origin 0 and a half-line starting
from 0. This is a star domain in which the function 1/z has a continuous derivative. Suppose that C is
a closed contour that does not meet this half-line.

——

(D
S

Then

Furthermore, the integral

S
w0 €

is independent of the path joining zy to z in this domain, and can therefore be used to define a continuous
logarithm.

PROBLEMS FOR CHAPTER 5
1. Give an example to show that the conclusion of Theorem 5D may not hold if D is not a star domain.

2. Suppose that R > 0 is fixed. By integrating the function (R — 2)~! over the circle C = {z : |z| = r},
where 0 < r < R, and referring to Example 5.2.7, show that

1 m Rcosf 40 — r
21 Jo R2—2Rrcosf+r2  R2 7?2
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3. a) Suppose that C is the rectangle with vertices at +b and £b + ia, where a,b > 0. Explain why

/ e % dz=0.
C

b) Let C = C; UCy U C3 U Cy, where C1,Cy, Cs, Cy represent the four edges of C' followed in the
positive (anticlockwise) direction, with initial point z = —b. Show that

a
2 2 2 2
/ e * dz / e % dz| <e® / eV dy.
Ca Cy 0

c¢) Explain why

a
< e*b2/ ey2 dy and
0

b b
/ e~ (@+ia)? gy _ / e dg — 0 as b — oo.
—b —b

Deduce that the integral

is independent of the choice of a > 0.

4. Suppose that a function f(z) is analytic in {z : |z| < R} and continuous in {z : |z| < R}, where
R > 0 is fixed. Suppose further that C' denotes the circle {z : |z| = R}.
a) Suppose that r < R. Explain why

27 2m
/ f(z)dz = f(Re)Rel?1d — f(rei?)rel?ide.
c 0 0

b) The function f(z)z is continuous in {z : |z| < R}, and so uniformly continuous in {z : |z| < R}.
This implies that given any e > 0, there exists § > 0 such that |f(Rel?)Rel® — f(rei?)rel?| <
whenever R — 9§ < r < R. Use this to show that

/Cf(z) dz

< 2me.

¢) Explain why it follows that

/Cf(z)dz =0.

d) Explain also why this result does not follow directly from Theorem 5D.
5. Suppose that a function f(z) is continuous on a closed contour C. Suppose further that f(z) can be

uniformly approximated with arbitrary precision by a polynomial; in other words, given any € > 0,
there exists a polynomial P(z) such that |f(z) — P(z)| < € for every z € C. Prove that

/Cf(z) dz = 0.

6. Suppose that a function f(z) is analytic in {z : |2] < 1}. By considering a suitable integral over the
unit circle {z : |z| = 1}, show that

> 1.

max
|z|=1

L
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7. Suppose that C' is a closed contour, and that D is a domain not containing any point of C. By

10.

noting Examples 4.4.2 and 5.4.1, show that the integral

n(C, z) = L/ dz
c

2mi zZ— 2

is independent of the choice of zy € D.
[REMARK: The value n(C, zp) is called the winding number of the contour C round the point zo,
and measures the number of times the contour winds round the point zp.]

Suppose that C is a contour z = r(6)el? for § € [0, 27], where r(#) > 0 for every 6 € [0,27]. Suppose
further that r(0) = r(27), so that C is a closed contour. Let D be the domain containing the origin
z = 0 and with boundary C'
a) Show that D is a star domain with the origin z = 0 as a star centre.
b) Suppose that zp € DUC. Explain why the half line L = {A\zp : A € [1,00)} satisfies LNC = ().
Show also that C\ L is a star domain with star centre z = 0.
¢) Explain why

i dz _ 0 ifZOQDUC,
o2mi Jo 2z —2 |1 ifz € D.

[HINT: For the case zg € D, refer to Problem 7 if necessary.]
d) Suppose that P(z) is a polynomial with no roots on the contour C. By referring to Problem 1
in Chapter 3 if necessary, show that the number of roots of P(z) in D is given by

1 [ P(2)

2mi C P(Z)

Suppose that P(z) is a polynomial of degree k and with distinct roots z1, ..., 2. Suppose further
that C' is a closed contour which does not contain any of these roots. By referring to Problem 7 if
necessary, show that

1P
27 Jo P(2)

dz=n(C,z1) + ...+ n(C, z).

Suppose that two star domains D¢ and Dy both have the point zg as star centre. Show that Dy N Dy
and Dq U Dy are both star domains with star centre zj.
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Chapter 6

CAUCHY'’S INTEGRAL FORMULA

6.1. Introduction

In this chapter, we study a remarkable formula due to Cauchy and which shows that the values of an
analytic function at the interior points of a disc are determined by the values of the function on the
boundary of the disc.

THEOREM 6A. Suppose that a function f is analytic in a domain D. Suppose further that the
closed disc {z : |z — a| < r} is contained in D, and that C' denotes the circle {z : |z — a| = r} followed
in the positive (anticlockwise) direction.

D C

Then for every z € D satisfying |z — a| < r, we have

1) 16 =5 [ £ ©) .

" 2mi cC—=z
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REMARK. Theorem 6A is a special case of Cauchy’s integral formula in a simply connected domain
which we shall study in Chapter 9.

PrROOF OF THEOREM 6A. Suppose that 7 is a circle of radius p and centred at z, followed in the
positive direction. Suppose further that p is sufficiently small so that v lies in the interior of C'. Note
that a horizontal line through the point z intersects C' at two points and intersects v at two points and
gives rise to two line segments inside C' and outside 7.

The part of the two circles above this line and the two line segments give rise to a simple closed contour
CT followed in the positive direction and which can be shown to lie in a star domain lying in D but not

containing z, so that
/ 1) 4 _o.
c+C—z
in view of Theorem 5D. Similarly, the part of the two circles below this line and the two line segments

give rise to a simple closed contour C~ followed in the positive direction and which again can be shown
to lie in a star domain lying in D but not containing z, so that

SO 4 -
/Cic_zdg_o.

It is easily seen that

f(0) f(Q) . JO) fO)
/ccfde‘ﬁcfde— C+<—zd<+/_¢—zd<’

so that

[ [ £9

We can write

2 [ ac=re [ v [ 1B ac
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The first integral on the right hand side of (2) is studied in a similar way as in Example 4.2.2, and we
have

Q.
(3) LC_Z—QTH.

On the other hand, note that f is continuous at z. It follows that given any € > 0, there exists § > 0
such that |f(¢) — f(2)| < € whenever | — z| < 0. If we choose p so that p < 4, then

<

for every ¢ € v, and so it follows from Theorem 4B that

f(O) = f2)

(4) L = dc‘ < 2re.

Combining (2)—(4), we obtain

/ SO e 2mif ()
C

< 27e.

(—=z

The result follows immediately, since € is arbitrary. O

6.2. Derivatives

An important consequence of Cauchy’s integral formula is that we can show that an analytic function
possesses derivatives of all orders. This is a rather remarkable result, and much nicer than in real
analysis. We shall establish this result by a number of steps.

THEOREM 6B. Suppose that a function f is analytic in a domain D. Then the derivative f' is
analytic in D.

REMARK. Recall that in our first proof of Theorem 5A, we use the additional assumption that f’ is
continuous in D. In view of Theorem 6B, it appears that this extra assumption is superfluous. However,
our proof of Theorem 6B below will depend on Theorem 6A, whose proof uses Theorem 5D, which
follows somewhat from Theorem 5A. Hence we cannot reasonably use our first proof of Theorem 5A
without running into the danger of a “circular argument” of deducing two results from each other and
possibly establishing neither. Note, however, that our second proof of Theorem 5A in Section 5.3 saves
us from this dubious distinction.

THEOREM 6C. Suppose that a function f is analytic in a domain D. Then the derivative f(™
exists for every n € N and is analytic in D.

THEOREM 6D. Suppose that a function f is analytic in a domain D. Then, in the notation of
Theorem 6A, we have

T 2mi

) 1) = g [ L ac

for every n € N.
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ProoOF oF THEOREM 6B. Note that every z € D is contained inside some circle C' with « as centre,
and so (1) is valid. Suppose that h € C has sufficiently small modulus so that z + h, as well as z, lies
inside the circle C.

Then by (1), we have

flz+h)—flz) 1 Q) 1 _ 1 f(©)
h 27Tih/C(C—z—h C—z)dCQﬂ'i/C(C—z—h)(C—z)dC

I 1)
b W L e (S

Since z is inside the circle C, the number

d=min|{ —z| > 0.
ceC

If |h| < §/2, then for every ¢ € C, we have

o 9

—z—h|>[|C—z2|—|h|>0—===.

C—2=hl 2~z Wl >5-3 =2

On the other hand, the circle C is a closed and bounded set. It follows that there exists some real

constant M such that |f(¢)] < M for every ¢ € C. Recall that the circle C' has radius r. It now follows
from Theorem 4B that

h f(C) |h| 2M B 2Mr|h|
%L<c—z>2<c—z—h>d< Sor = 0

as h — 0. This establishes the existence of f’ in D and (5) for n = 1. We now repeat the argument,
starting with (5) with n = 1. This establishes the existence of f” in D, and so the analyticity of f’ in

D. O

PROOF OF THEOREM 6C. Suppose that f(® is analytic in D. Applying Theorem 6B to the function
) we conclude that ("1 is analytic in D. The conclusion now follows by induction. O

PROOF OF THEOREM 6D. It follows from Theorem 6C that f(™) is analytic in D. Applying Theorem
6A to the function f(")| we have

(n)

27 o (=2

dc.

Integrating this by parts n times gives (5). O
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6.3. Further Consequences

THEOREM 6E. (CAUCHY’S ESTIMATE) Suppose that a function f is analytic in a domain D.
Suppose further that the closed disc {z : |z — a| < r} is contained in D, and that there exists a positive
constant M such that |f(z)| < M in this disc. Then

F™ (@) < M

/'n?’L

Proor. It follows from Theorem 6D that

f(")(a) — E/C&dg_

27 Jo (¢ — )L
Note now that for every ¢ € C, we have |( — a| = r, so that

‘ f(©)
(€= o)+t

M
— rnJrl .

It now follows from Theorem 4B that

n n! M n!M
‘f( )(a)\ < %TH_HQWT: p

as required. ()

THEOREM 6F. (LIOUVILLE’'S THEOREM) An entire and non-constant function f cannot be
bounded in C.

PROOF. Suppose on the contrary that f is bounded. Then there exists a positive constant M such
that |f(z)| < M for every z € C. For every a € C, Cauchy’s estimate for n = 1 gives

) <

r

This inequality is valid for every r > 0 since the closed disc {z : |z — «| < r} is clearly contained in C.
It follows that we must have f/'(«) = 0 for every a € C. Hence it follows from Theorem 4A that

£ =10 = [ r©ac=o,
0
so that f is constant, a contradiction. )

THEOREM 6G. (MORERA’S THEOREM) Suppose that f is continuous in a domain D. Suppose
further that

/Cf(z)dz =0

holds for every closed triangular contour C which together with its interior lies in D. Then f is analytic
in D.

PRrROOF. Suppose that z € D. Then there exists an e-neighbourhood D, of z lying entirely in D.
Clearly D, is a star domain. It follows from Theorem 5C that there exists a function F', analytic in D,
and such that F/ = f in D,. By Theorem 6B, f is analytic in D, and so analytic at 2. Since z € D is
arbitrary, the result follows immediately. O
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EXAMPLE 6.3.1. We can now prove the Fundamental theorem of algebra, that every non-constant
polynomial P(z) has at least one root. It is easily checked that every such non-constant polynomial
satisfies |P(z)| — oo as |z| — oco. Hence the function 1/P(z) is bounded outside some circle {z : |z| = r}.
Suppose that P(z) does not vanish. Then 1/P(z) is an entire function. Hence it is continuous and so
bounded in the closed set {z : |z| < r}. It follows that it is bounded in C. By Liouville’s theorem, it
must be constant, a contradiction.

PROBLEMS FOR CHAPTER 6

1. Suppose that a function f = u + iv is analytic in a region D. Show that all partial derivatives of u
and v are continuous in D. Show also that uv is harmonic in D.

2. Suppose that f(z) is an entire function. Suppose further that there exist M € R and m € N such
that | f(z)| < M|z|™ whenever |z| is large.
a) Use Cauchy’s estimate to show that f()(0) = 0 for every integer n > m.
b) Deduce that f(z) is a polynomial of degree at most m.

3. Suppose that a function f(z) is analytic in the closed disc {z : |z| < R}, where R > 0 is fixed.
a) Prove Gauss’s mean value theorem, that
1 27 .
)= [ [f(Re")do.

:27T0

b) Prove also that for every n € NU {0}, we have

F™ ) <

27
i0
< o | R s

¢) Suppose that L is the length of the image of the circle {z : |z] = R} under f, so that

27
_ / _ / i0
L—Lume—Ré |/ (Re”)] do.

Show that L > 27 R|f'(0)|.
d) By first expressing the integral in polar coordinates, show that

/ f(z +iy) dady = mR%f(0).
{z:|zI<R}

4. Suppose that f(z) is an entire function. Suppose further that there exists M € R such that
Ref(z) < M for every z € C. By applying Liouville’s theorem to the function ef(*), show that f(z2)
is constant.

5. Suppose that f(z) is an entire function, and that g(R) — 0 as R — oo. Suppose further that for
all large R, the inequality |f(z)| < Rg(R) holds whenever |z| = R. By proceeding along the lines of
the proof of Liouville’s theorem, show that f(z) is constant.

6. Suppose that a function f(¢) is continuous on a contour C. Show that the function

F(z) = /C g(TC)Z d¢  satisfies  F'(z) = /C % d¢

for every z ¢ C, so that F(z) is analytic off the contour C.

7. Suppose that a function f(¢) is continuous on a contour C. Consider again the function F(z) in
Problem 6. Use Morera’s theorem to show that F'(z) is analytic off the contour C.
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Chapter 7

TAYLOR SERIES, UNIQUENESS
AND THE MAXIMUM PRINCIPLE

Remarks on Series

The purpose of this chapter is to show that every analytic function can be represented by a Taylor series,
and to use the Taylor series to study further properties of such functions.

Here we do not propose to have a systematic study of series. Such a study is postponed until

Chapter 16. In this section, we shall make a brief review of standard terminology.

(1)

We are concerned with power series of the form

ao +a1(z — 20) + az(z — 20)° + ...,

where ag,a1,as,... € C and zy € C are fixed, and where z belongs to some region in the complex plane
C. For every N € N, the N-th partial sum of the series (1) is defined by

(2)

sn(2) =ag+a1(z—2) +as(z—2)% + ... +an(z — 20)"

We are interested in the sequence sy (z) of partial sums.

Suppose that a function f(z) and a sequence of functions sy (z) are defined in a region G in the

complex plane C. The sequence sy(z) is said to converge uniformly to f(z) in G if, given any € > 0,
there exists Ny = Ny(e) such that

lsn(2) = f2)] <e
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for every N > Ny and every z € G. Note here that the notion of uniformity implies the independence of
Ny from the choice of z in G. We also write

f(z) = lim sy(z)

— 00

uniformly in G.

7.2. Taylor Series

In particular, if sy (z) is given by (2), then we write

f(z)= Z an(z — 20)"
n=0

uniformly in G.

THEOREM 7A. (TAYLOR’S THEOREM) Suppose that a function f is analytic in the domain
{z: ]z — 20| < R}, where zy € C and R > 0 are fized. Suppose further that 0 <r < R. Then

(3) fy =3 L) e
n=0

n!
uniformly in {z : |z — 20| < r}.
DEFINITION. The series (3) is called the Taylor series of the function f at zp.
Theorem TA follows easily from the following special case.

THEOREM 7B. Suppose that a function g is analytic in the domain {z : |z| < R}, where R > 0 is
fized. Suppose further that 0 <r < R. Then

O 4(n)
(1) o) =S 0
n=0 !

n

uniformly in {z : |z| <r}.

We shall show that Theorem 7A follows from Theorem 7B. Suppose that |z — zo| < R. If we write
¢ = z — zg, then || < R. We now use the substitution f(z) = ¢g(¢). Suppose that f is analytic in the
region {z : |z — 29| < R}. Then clearly g is analytic in the region {¢ : |(| < R}. It then follows from
Theorem 7B that

n!

o () % e(n)(,
f(z)zg(f)zzg (O)Cn:ZfT(,O)(Z*ZO)n
n=0 n=0 ’

uniformly in {¢ : |(] < r}, and so uniformly in {z : |z — z9| < r}. It remains to prove Theorem 7B.

PrOOF OF THEOREM 7B. Let the real number p be chosen to satisfy r < p < R, and let C' denote the
circle {¢ : || = p}, followed in the positive (anticlockwise) direction. By Theorem 6A, we have

o(2) = 11 9@

2 Jo (-2

d¢
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for every z satisfying |z| < r. Since (see Remark (1) below)

(5) 1 —l+i+z_2+ +Zn71+£ 1
C—z ¢ ¢ ¢ cn ne—2

we have
(6) (Z):L/MdCJr +£/@d6+z" (2)

= om o ¢ T T T Jo ¢ on(2),
where

_ 1 9(¢)
(7) gn(z) = om . m d¢.
By Theorems 6A and 6D, we have
1 9(¢) 9™(0)

(8) o /C T d¢ ="

for every k =0,...,n — 1, so that (6) becomes

g~ (0)

n—1 n
mz + z gn(Z).

(9) 9(z) =g(0)+ g (0)z+ ...+
To complete the proof of Theorem 7B, it suffices to show that

|z"gn(2)] = 0
uniformly in {z : |z| < r} as n — oo. Clearly, the circle C = {¢ : || = p} is closed and bounded,
and the function g is continuous on C'. It follows that there exists a positive real constant M such that

lg(¢)] < M for every ¢ € C. Hence for every ¢ € C and every |z| < r, we have

9(¢)
(¢ —2)

M
Tptp—r)

It follows from Theorem 4B that

9(¢) M
/c T —2) dc‘ : 2

and so

noM M "
|2"gn(2)| € tm————2mp = — (f)
2m p™(p— ) p—1\p

Since r < p, the right hand side clearly converges to 0 as n — oo independently of the choice of z in the

set {z:|z| <r}. O

REMARKS. (1) To derive the identity (5), note that if w # 1, then the identity

1 _ 2 3 n—1
——=1l4wt+w'+w +...4+w +
1—w 1—w

is easily verified. Now substitute w = z/¢ and then divide by ¢ to obtain (5).

(2) It is easily seen that the function g, (z) in (7) is analytic in the domain {z : |z| < R}. If z # 0,
then the analyticity follows immediately from (9). To show that g,(z) is analytic at 0, note that the
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function ¢g(¢)/¢™ is continuous on the circle C, and the result follows from Problem 6 in Chapter 6. Note
also that (7) and (8) for k = n give

_9"™(0)

gn(0> nl

These observations, combined with (9), immediately lead to the following finite version of Taylor’s
theorem.

THEOREM 7C. Under the hypotheses of Theorem TA, we have

f(n—l) (20)

o )T fa(@) (=)

f(z) = f(z0) + f'(20)(z = 20) + ... +
where f,(2) is analytic in the domain {z : |z — 20| < R} and

F™ (20)
n!

fn(ZO) =

A very good reason for studying Taylor series is their polynomial-like behaviour, although great
care needs to be exercised. An example is the following result.

THEOREM 7D. Suppose that a function f is analytic in the domain {z : |z— 29| < R}, where zy € C
and R > 0 are fived. Then the series obtained through term-by-term differentiation of the Taylor series
(3) of f(2) converges uniformly to f'(z) in any closed disc {z : |z — z0| < 1}, where r < R. Furthermore,
the differentiated series is the Taylor series of f'(z).

PROOF. Since f is analytic in the domain {z : |z — 29| < R}, it follows from Theorem 6B that f is
also analytic in {z : |z — 29| < R}. By Theorem 7A, the function f’ has its Taylor series

0o (n+1) > 0o (n) -
f'(z) = Z f4(0)(z —z)" = Z fT(,O)n(z — )",

n!
n=0

the same series as obtained through term-by-term differentiation of the Taylor series of f. The uniform
convergence of this series to f/(z) in {z : |z — 29| < r} follows from Theorem 7A. O

EXAMPLE 7.2.1. The function g(z) = e* is entire. Also, for every n € N, we have ¢(")(z) = e, so that
g™ (0) = 1. Tt now follows from Theorem 7B that

m 2 3 4

2, 2" z z z
z _ — J— JR—
e _Z—n! =ldzt g+t
n=0

uniformly in {z : |z| < r} for every r > 0.

EXAMPLE 7.2.2. The function ¢g(z) = sin z is entire. Also, for every n € N, we have

cos z ifn=1,5,9,...,
—sinz ifn=2,6,10,...,

g(”)(z) Y —cosz ifn= 3,7,11,...,
sin z ifn=4,8,12,.. .,
so that
1 ifn=1,5,9,...,
g(”)(O): 0 ifn=26,10,...,

-1 ifn=23,711,...,
0 ifn=4812,...
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It now follows from Theorem 7B that

22 2 2T

sinz:z—§+§—ﬁ+...

uniformly in {z : |z| < r} for every r > 0. Applying Theorem 7D and differentiating term-by-term, we
obtain

1 22 2t S
COS 2 = —gﬁ—z—a-'—
uniformly in {z : |z| < r} for every r > 0.
ExXAMPLE 7.2.3. Consider the function
sin z
h(z) = —.
() ==

From Example 7.2.2 and Theorem 7C, we have
sinz = z + 2%ga(2),
where the function go(z) is entire. It follows that for z # 0, we have

sin z

=1+ zg2(2),

and so h(z) — 1 as z — 0. Note that the function h(z) is analytic at any z # 0. If we define h(0) = 1,
then the function h is continuous at 0. We say that h has a removable singularity at 0.

EXAMPLE 7.2.4. Consider the function

From Example 7.2.2 and Theorem 7C, we have

2
cosz=1-— 5 + 23g3(2),

where the function g3(z) is entire. It follows that for z # 0, we have

1—cosz 1

P = _7293(2)7

z 2

and so k(z) — 1/2 as z — 0. Note that the function k(z) is analytic at any z # 0. If we define
k(0) = 1/2, then the function k is continuous at 0.

7.3. Uniqueness

Recall the Cauchy integral formula as given by Theorem 6A. To determine the value of an analytic
function at interior points of a disc, we need the values of the function on the boundary of the disc.

On the other hand, if we know the values of f(zo), f'(20), f"(20), ... of an analytic function f at a
point zg in a domain D, then the Taylor series determines f(z) in some disc {z : |z — 29| < R} centred at
2. It follows that if f(z) is known in some infinitely differentiable short arc in the disc {z : |z — 20| < R},
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then f(z) is uniquely determined in the disc {z : |z — 29| < R}, since the derivatives of f(z) can be
calculated by differentiation of f(z) on this arc.

The purpose of this section is to extend this second observation to show that an analytic function
f is uniquely determined in a domain D, and not just a disc centred at zy, by the values of f(™(zy) at
some zg in D. We shall also show that an analytic function f is determined in a domain D by the values

on a short continuous curve C in D.

THEOREM 7E. Suppose that two functions f and g are analytic in a domain D. Suppose further
that zo € D, and that f(z) = g(2) in some e-neighbourhood of zy. Then f(z) = g(z) for every z € D.

REMARK. The proof is based on the following argument: A domain D is open and connected, and
therefore cannot be written as a disjoint union of two non-empty open sets.

PROOF OF THEOREM 7E. For every z € D, write h(z) = f(z) — g(z). Then the function h is analytic
in D. Let

S1 ={z1 € D: h(z) =0 in some neighbourhood of z;} and Se =D\ S;.
To prove the theorem, it clearly suffices to show that S; = D.

Suppose that z; € S;. Then there exists €; > 0 such that h(z) =01in {z: |z — 21| < €1}. Suppose
now that |2/ — z1] < €.

Then clearly
{z:i]z=F|<ea—-—z|}C{z:|z— 2| <ea}l,

and so it follows that h(z) = 0 in the neighbourhood {z : |z — 2’| < €1 — |2’ — 21|} of 2z’. This shows that
z' € S; whenever |2 — z| < €. Tt follows that {z: |z — 21| < €1} C 51, so that S is open.

Suppose next that zo € S. Since 2o € D, there exists R > 0 such that the disc {z : |z — 22| < R}
is contained in D and so it follows from Theorem 7A that the Taylor series expansion

b =3 e =
n=0 :

is valid in the disc {2z : |z — 22| < r} for every r < R. Since h is not identically zero in this latter disc,
there exists a smallest n such that (™ (z) # 0. By Theorem 7C, we can then write

h(z) = hn(2)(z = 22)",
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where h,(2) is analytic in the disc {z : |z — 22| < R} and

hn(z) -

h(™) (25)

n!
as z — zy. It follows from continuity of h,, that there exists e > 0 such that h(z) # 0 in the punctured
disc {z:0 < |z — 22| < €2}, and so {z : |z — 23] < €2} C So. Hence S; is open.

Clearly S1 # 0, since 29 € S1. Suppose, on the contrary, that S; # D. Then the two open sets S;
and Sy are both non-empty. Clearly

51U52:D and SlmSQZ(Z).
In view of our earlier remark, this is absurd. Hence we must have Sy = (), and so S; = D. (O
In fact, a slight elaboration of the ideas in part of the above proof gives the following two results.

THEOREM 7F. Suppose that a function f is analytic in the domain D. Suppose further that zo € D,
and that f(z9) = 0. Then either f(z) is identically zero in D or else there exists n € N such that

f(z) = (z—20)"g(2),
where the function g is analytic in D, and

(n) (4
g(z0) = 1220 g

n!

DEFINITION. If the latter conclusion of Theorem 7F holds, then we say that the function has a zero of
order n at zg. Furthermore, if n = 1, then we say that the function f has a simple zero at zg.

THEOREM 7G. Suppose that a function f is analytic in the domain D. Suppose further that f(z)
is not identically zero in D. Then for every zo € D such that f(zo) = 0, there exists € > 0 such that
f(2) #0 for every 0 < |z — 29| < €. In other words, the zeros of f are isolated.

PrOOF OF THEOREM 7F. Clearly there exists R > 0 such that the disc {z : |z — 29| < R} is contained
in D. Suppose that f(™(z) = 0 for every n € N. Then it follows from Theorem 7A that f(z) is
identically zero in this disc. Let the function g be identically zero in D. Then f(z) = g(z) in some
neighbourhood of zy. It now follows from Theorem 7E that f(z) = 0 for every z € D. Suppose next
that f(*)(2) # 0 for some k € N. Then there exists a smallest k € N such that f*)(zy) # 0. Denote
this value of k£ by n. By Theorem 7C, we can then write

f(2) = fn(2)(z = 20)",

where f,(z) is analytic in the disc {z : |z — 29| < R} and

(n)
fule) = T2 4

n

as z — z9. We now define g(z) = f,,(z) in this disc, and by g(z) = f(2)(z — 20)~™ in the remainder of

D to complete the proof. O

ProOF oF THEOREM 7G. It follows from Theorem 7TF that there exists n € N and an analytic function
g in D such that f(z) = (z — 20)"g(z), where g(zp) # 0. It follows from the continuity of ¢g that there
exists € > 0 such that g(z) # 0 if |z — 20| < e. The result follows immediately. O
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EXAMPLE 7.3.1. Suppose that two functions f and g are analytic in a domain D and not identically
zero in D. Suppose further that zg € D, and that f(z9) = g(z9) = 0. Then by Theorem 7F, there exist
m,n € N and functions F and G analytic in D and satisfying F'(z) # 0 and G(zg) # 0 such that

f(2)=(z—-20)"F(z) and  g(z) = (z = 20)"G(2)-

Then
f(2) k() f'(2) RmE(2) + (2 — 20)F'(2)
_— = — d = — s
0o " em Y ve T e T m e )
where £ = m — n. Consider now the special case m = n = 1, so that £k = 0. We have

S PO RGP FE) L f6)
2=z20 g'(2) 2220 G(2) + (2 — 20)G'(2) 2=z G(2) 2>z g(2)

This is I’'Hopital’s rule.

We complete this section by proving the following result, which shows that an analytic function is
determined in a domain D by the values on a short continuous curve in D.

THEOREM T7H. Suppose that a function f is analytic in the domain D. Suppose further that z,
is a sequence of distinct points having a limit zo € D, and that f(zn) = g(zn) for every n € N. Then
f(z) = g(2) for every z € D.

PRrROOF. For every z € D, write h(z) = f(z) — g(z). Then the function h is analytic in D. Furthermore,
it follows from continuity that h(zg) = 0. Since h(z,) = 0 for every n € N and z, — 2zp as n — oo, the
zero 2o of the function h is not isolated. It follows from Theorem 7G that h(z) is identically zero in D.

O

7.4. The Maximum Principle

Let us return to Cauchy’s integral formula, as given by Theorem GA. If we take z to be the centre « of
the circle C, then (1) in Chapter 6 gives

(10) flo) = g [ £ ac
so that
(1) (@) < max Q)

in view of Theorem 4B. In other words, the modulus of an analytic function at a point in a domain never
exceeds the maximum modulus of the function on the boundary of any disc centred at that point and
contained in the domain.

In this section, we shall establish the following stronger result.

THEOREM 7J. (MAXIMUM PRINCIPLE) Suppose that a function f is analytic in a domain D.
Then |f(z)| cannot have a mazimum anywhere in D unless f(z) is constant in D.

PROOF. Suppose on the contrary that there exists o € D such that

(12) [f(@)] = |f(2)]



Chapter 7 : Taylor Series, Uniqueness and the Maximum Principle _____  7-9

for every z € D. Since D is open, there exists an e-neighbourhood S of a which is contained in D. If
|7 (2)] = |f(a)| for every z € S, then it follows from Example 3.3.5 that f(z) is constant in S, and so
constant in D by Theorem 7TE. We may therefore assume that there exists z; € S such that

(13) |f ()] < |f(@)].

’ 2

Let |21 — a] = r. Clearly r < e. If we denote by C' the circle in the positive (anticlockwise) direction
centred at o and with radius r, then (10) holds. Furthermore, writing ¢ = a + re'’, we have

1 27 .
fl@)= 5 [ flatretyar
T Jo
so that
2m
(14) @) < 5= [ e ret)a

On the other hand, it clearly follows from (12) that

(15) @z 5 [ 1t re)la

However, note that z; = « + rel®t for some t; € [0,27]. It follows from continuity that there exists an
interval I C [0, 27] for which |f(a + 7el)| < |f(a)| for every ¢ € I. It follows that equality cannot hold
in (15), so that

(16) @l > 5 [ 1t rela

Note now that (14) and (16) contradict each other, and this concludes the proof of the theorem. O
The following alternative form of the Maximum principle is perhaps more useful.

THEOREM 7K. Suppose that a function f is analytic in a bounded domain D, and continuous in
the closed region D. Then |f(2)| attains its mazimum on the boundary of D.

PROOF. It is well known from real analysis that |f(z)| assumes its maximum somewhere in the closed
bounded region D. By Theorem 7J, this maximum cannot be attained in D, and so must be attained
on the boundary of D. O
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PROBLEMS FOR CHAPTER 7

1. Obtain the Taylor series for the function (1 —2)~! at z = 0. Deduce from this the Taylor series for
the function (1 — 2)~2 at z = 0. In what open discs centred at z = 0 are these series valid?

2. Suppose that a function f(z) is analytic in the disc {z : |z| < R}, where R > 0 is fixed, and has
Taylor series

f(z)= Z anz".

n=0

a) Show that

z 0 an N
| reac= 3 e

n=0

uniformly in {z : |z| < r} for every r < R.
b) Denote the integral by F'(z). Explain why the series in (a) is the Taylor series for F(z).

3. Deduce from the Taylor series for (1 —z)~! at z = 0 in Problem 1 the Taylor series for the function
log(1 — 2) at z = 0, where log1 = 0. In what open discs centred at z = 0 is this series valid?

4. Suppose that o € C is fixed. By interpreting the function (1 + 2)* as e® log(1+2) " with log1 = 0,
show that

—1 —1 -2
(o =1 pans O, 20 D) g

uniformly in {z : |z| < r} for every r < 1.

5. a) Show that the function f(z), defined by f(0) =1 and f(z) = 2~ !sinz when z # 0, is entire.
b) Obtain the Taylor series for f(z) at z = 0.

¢) Obtain the Taylor series for the integral / f(¢)d¢ at z=0.
0

6. Suppose that P(z) is a polynomial of degree at most 3. Using partial fractions if necessary, find ay,
a1 and as such that
P(z)
22+ 1)(z=1)(z—2)

2
=ap+aiz+az" +...

valid whenever |z| < 1.

7. Suppose that a power series
oo
>
n=0

converges uniformly to an analytic function f(z) in the disc D = {z : |z] < R}, where R > 0 is
fixed. For every N € N and z € D, let

sn(z) = Zanz".

Then given any € > 0, there exists Ny such that |f(z) — sy (2)| < € for every N > Ny and z € D.
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a) Show that for every k € NU {0} and every N > Ny,

27e

R sN<z>>z“dz| <

where C' = {z : |z| = R}, followed in the positive (anticlockwise) direction.
b) Now let N > k. Show that

1)

€
< —
2mi C Zk+1 -

RE’

dz — ayg

¢) Deduce that aj = f*)(0)/k! for every k € NU {0}.
[REMARK: This shows that if a power series converges uniformly to an analytic function f(z) in D,
then it is the Taylor series for f(z).]

8. Suppose that two functions f(z) and g(z) are analytic in the disc D = {z : |z] < R}, where R > 0
is fixed, with Taylor series

f(2) =ap+ a1z + az® + ... and g(2) = by + b1z +boz? + ...
respectively.
a) Without worrying about convergence problems, multiply the two series together to obtain
another power series ¢y 4 c12+c2? +. ... Check that ¢, = agby,, + a1bp—1 +. .. +anbg for every
n € NU{0}.

b) Suppose that f(z)g(z) has a Taylor series. Show that the coefficient of the term z" in the
Taylor series is given by the value at z = 0 of the function

1da
n! dzn

(f(2)g9(2)).
¢) Explain why the power series in (a) is the Taylor series for f(z)g(z).

9. Suppose that two functions f(z) and g(z) are analytic in a bounded region D and continuous in
D. Suppose further that f(z) = g(z) for every z on the boundary of D. Show from the Maximum
principle that f(z) = g(z) for every z € D.

10. Suppose that a function f(z) is analytic in a closed bounded region D. Suppose further that f(z) # 0
for any z € D. Show that |f(z)| assumes its minimum value on the boundary of D.

11. Using I’Hopital’s rule, or otherwise, evaluate each of the following limits:
. sinz . e 41
o) lm - b) I Tt

12. Suppose that f(z) is analytic in the disc D = {z : |z| < R}, where R > 0 is fixed. Suppose further
that f(0) = 0 and |f(z)] < M whenever |z| = R.
a) Explain why f(z) = zg(z) for some function g(z) analytic in D.
b) By applying the Maximum principle on the function ¢(z), prove Schwarz’s lemma, that

M
£l < M
whenever 0 < |z| < R, unless f(z) = cz for some constant ¢ € C.

13. Suppose that C' is a contour of length L. Suppose further that a function f(z) is continuous on C,
and |f(z)] < M for every z € C. Show that, unless |f(z)| = M for every z € C, we have

/Cf(z) dz

< ML.
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Chapter 8

ISOLATED SINGULARITIES
AND LAURENT SERIES

8.1. Removable Singularities

Suppose that a function f is analytic in the punctured disc {z : 0 < |z — 29| < R}. Observe that it is not
necessary for f to be defined at the point z5. We say that the function f has an isolated singularity at zg.
Our purpose is to show that there are only three possible ways in which f(z) can behave in a punctured
neighbourhood of zy. To illustrate the first of these, let us first consider the following examples.

ExXAMPLE 8.1.1. The function

is analytic in the punctured disc {z : 0 < |z| < R}. However, the quotient is not defined at z = 0.
However, note that the function sin z is entire. By Theorem 7C, we can write

sinz = 2 + 2%g(2),
where g is an entire function. It follows that for z # 0, we have

sin z

f(z)= . =14 2%g(2).

Note that the function 1 + 22g(z) is entire. It follows that if we make the further definition f(0) = 1,
then f is now analytic at z = 0, and we have removed the isolated singularity.
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EXAMPLE 8.1.2. Suppose that a function f is analytic in a domain D, and that zg € D. We define
the function g in D by writing

(1) 9(z0) = f'(20),
and writing

f) = 1(z0)

Z— 20

(2) 9(2) =

if z # z9. It is easily seen from Theorem 7C that g is analytic in D. However, note that the function
g, defined by (2), is analytic in the domain D \ {20}. It also has an isolated singularity at zg, which is
removed by the definition (1).

DEFINITION. Suppose that a function f is analytic in the punctured disc {z : 0 < |z — 2| < R}.
Suppose further that by assigning a suitable value for f(zg), the function f can be made to be analytic
in the disc {z : |z — z0| < R}. Then we say that f has a removable singularity at zg.

THEOREM 8A. (RIEMANN’S THEOREM ON REMOVABLE SINGULARITIES) Suppose that
a function f is analytic in the punctured disc {z : 0 < |z — z9| < R}. Suppose further that

(3) lim (z — z0) f(2) = 0.

zZ—Zz0

Then f has a removable singularity at zg.
PROOF. Suppose that z is a point in the punctured disc {z : 0 < |z — 29| < R}. Then 0 < |z — zo| < R.

Let 71 and 7y satisfy 0 < r; < |z — 29| < ro < R, and let C; and Cs denote two circles in the positive
(anticlockwise) direction, centred at zp, and of radius 1 and rs respectively.

[

The function g, defined by g(z) = f/(z) and for { # z by

(4) 9(Q) = ————

is clearly analytic in the punctured disk {¢ : 0 < | — 29| < R}. Then it can be shown, as in the proof
of Theorem 6A, that

/ g(¢)d¢ = [ g(¢)d¢.
Cy

Ca
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Combining this with (4), we have

(5) /Cl%dc—f(z)/clgdgz=/cg“)zdg—f(z)/czcdcz.

Note now that the function

1
(—=z

is analytic in the star domain {¢ : | — 20| < |z — 20|} which contains the contour Cy. It follows that

© L=

On the other hand, by Cauchy’s integral formula as given by Theorem 6A, we have

a
(7) /CZC_Z27TL

Furthermore, in view of the condition (3), we have, given any e > 0, there exists 6 > 0 such that
[(¢ — 20)f(€)| < € whenever |¢ — zo| < §. Without loss of generality, we may assume that

1
(8) d < |z — 2.
2
If we now take r; = 4, then
- 2 4
c, (=% o (= 20)(¢—2) 6(|z — 20| = 9) |2 =20l =6 = 2 — 20
in view of Theorem 4B and (8). Since € > 0 is arbitrary, we conclude that

) /C Cf%dg:o.

Combining (5)—(7) and (9), we obtain

(10) f@:L/ﬂQM

2mi CQC—Z

Note now that (10) holds for every z in the punctured disc {z : 0 < |z — 29| < r2}. Note also that the
integral on the right hand side of (10) represents an analytic function in the disc {z : |z — 20| < r2} (see
the proof of Theorem 6B). It follows that if we define

fw—léf@m

B % C — 20
then the function f is analytic in the disc {z : |z — 20| < r2}. O

REMARKS. (1) Note that condition (3) will be satisfied if f(z) is continuous at zg, or if |f(z)| is
bounded.

(2) Since an analytic function is continuous, it follows that removable singularities at zp can be
overcome by defining

f(z0) = lim f(2).

z—20
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8.2. Poles

DEFINITION. Suppose that a function f is analytic in the punctured disc {z : 0 < |z — 2| < R}.
Suppose further that

(1) flz) = 92

(z — 20)"’

where n € N and the function g is analytic in some neighbourhood of zp, with g(z¢) # 0. Then we say
that f has a pole of order n at zg. Furthermore, if n = 1, then we say that f has a simple pole at zj.

THEOREM 8B. Suppose that a function f is analytic in the punctured disc {z : 0 < |z — 29| < R}.
Then f has a pole at zy if and only if

(12) lim [f(z)[ = oo;

zZ—2z0
in other words, given any E > 0, there exists § > 0 such that |f(z)] > E whenever 0 < |z — zp| < 0.

PrOOF. Note first of all that (12) follows immediately from (11), since g(z9) # 0. Suppose now that

(12) holds. Then f(z) # 0 in some punctured disc {z : 0 < |z — 29| < 7}, where r < R. It follows that
the function

1

F(z) = —

B =50

is analytic in {z: 0 < |z — 20| < 7}, and has an isolated singularity at zo. On the other hand, it follows
from (12) that F(z) — 0 as z — zp. Hence by Theorem 8A, F' has a removable singularity at zo. If we
define F(zp) = 0, then F' is now analytic in the disc {z : |z — 29| < r}. Clearly F(z) is not identically
zero in {z : |z — zo| < r}. It follows from Theorem 7F that there exists n € N such that

F(z) = (2 = 20)"h(2),

where the function h is analytic in {z : |z — 29| < r}, with h(zg) # 0. Hence

is analytic in some neighbourhood of zp, and (11) holds. Clearly g(zo) # 0. O

REMARK. Note that a function f has a pole of order n at zq if and only if the function 1/f has a zero
of order n at zg.

8.3. Essential Singularities

DEFINITION. Suppose that a function f is analytic in the punctured disc {z : 0 < |z — 2| < R}.
Suppose further that the isolated singularity at zp is neither removable nor a pole. Then we say that f
has an essential singularity at zg.

EXAMPLE 8.3.1. The function €'/ is analytic at every z # 0. It has an isolated singularity at z = 0.
Let us restrict z to be real numbers, and consider e!/*, where z > 0. Clearly
1/x

lim e/* = lim eY = oo,
r—0+ y—+00
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so that the singularity is not removable. On the other hand, for every n € N,

. . e¥
lim z"e'/* = lim — = oo,
z—0+ y—+oo ym

so that the singularity is not a pole of order n. Hence e'/# has an essential singularity at z = 0.

To illustrate the wild behaviour of an analytic function near an essential singularity, we mention
Picard’s theorem that such a function assumes all values except possibly one in any neighbourhood of
an essential singularity. The following result is somewhat weaker, and shows that such a function comes
arbitrarily close to any given complex number in any neighbourhood of an essential singularity.

THEOREM 8C. (CASORATI-WEIERSTRASS) Suppose that a function f is analytic in the punc-
tured disc {z : 0 < |z — 20| < R}, with an essential singularity at zo. Then given any w € C and any
real numbers € > 0 and 6 > 0, there exists z in the punctured disc satisfying

0<|z—20| <6 and |f(z) —w| <e.

PROOF. Suppose on the contrary that the conclusion does not hold. Then there exist w € C and real
numbers € > 0 and ¢ > 0 such that |f(z) —w| > € whenever 0 < |z — zg| < J. It follows that the function

is analytic and bounded in the punctured disc {z : 0 < |z — 2| < §}, with an isolated singularity at zo
which is removable, in view of Theorem 8A. Tt follows that by defining g(z¢) appropriately, the function
g is analytic in the disc {z : |z — 29| < d}. On the other hand, the function g is clearly not identically
zero in {z : |z — zg| < ¢}. Furthermore, note that

If g(z0) # 0, then f is analytic at zo. If g(z9) = 0, then f has a pole at zy. In either case, the conclusion
contradicts the assumption that f has an essential singularity at zg, and this completes the proof. ()

8.4. Isolated Singularities at Infinity

The behaviour of a function f(z) at z = co can be studied via the behaviour of the function f(1/() at
¢ = 0. A punctured neighbourhood {¢ : 0 < |¢| < R~!} of 0 then plays the same role as the “punctured”
neighbourhood {z : R < |z| < oo} of co.

Suppose now that a function f(z) is analytic in the domain {z : R < |z| < co}. Then by using
z = 1/¢ and considering ¢ = 0, we see that the function f(z) has an isolated singularity at z = co. This
may be a removable singularity, a pole or an essential singularity.

Corresponding to Theorem 8A, suppose that |f(z)/z] — 0 as |z| — oco. Then the singularity is
removable by defining f(oco) suitably to make f(z) continuous at z = co. In other words, we need to

define
f(oo) = lim f <—>
¢/

¢—0
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In the special case that f(co) = 0, then we say that f has a zero at z = co. Furthermore, if f is not
identically zero, then, corresponding to Theorem 7F, there exists n € N such that

where h(z) is analytic in {z : R < |z| < oo}, and h(co) # 0. In this case, we say that f has a zero of
order n at z = oo.

Corresponding to Theorem 8B, suppose that |f(z)| — oo as |z] — co. Then f has a pole at z = oo,
and there exists n € N such that

f(z) = 2"h(2),

where h(z) is analytic in {z : R < |z| < oo}, and h(co) # 0. In this case, we say that f has a pole of
order n at z = oc.

Corresponding to Theorem 8C, suppose that the isolated singularity at z = oo is neither removable
nor a pole. Then it is an essential singularity. In this case, given any w € C and any real numbers € > 0
and N > 0, there exists z in the domain {z : R < |z| < oo} satisfying

|2 >N  and |f(z) —w| <e.

In other words, the function f(z) comes arbitrarily close to any given complex number in any neigh-
bourhood of z = co.

8.5. Further Examples

EXAMPLE 8.5.1. The function

e* —1

f(Z):m

is analytic at every z € C except for isolated singularities at z = 0,1. At z = 1, it has a simple pole;
note that we can write

F =2 g =T

and ¢g(1) # 0. At z =0, it has a removable singularity, since

i S fim - —
1m = 11m = —
z—0 Z(Z — 1) 2—02z —1

by 'Hopital’s rule. It follows that if we define f(0) = —1, then f is analytic at z = 0. The function f(z)
also has an isolated singularity at z = co. To study the isolated singularity at z = oo, note first of all
that

e —1
im —
|z|—00 Z(Z — 1)
does not exist. To see this, note that

col d 1m St
im —— =4 an im ————= =0.
z—+oo x(x — 1) z——oo z(x — 1)
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Hence the singularity is not removable. Suppose next that n € N is given and fixed. Then

h(Z):f(Z)_ e* —1

Zn Zntl(z—1)

is not analytic at z = oo, since

I e* —1
m ———
|z| =00 Z"+1(Z — 1)

does not exist. To see this, note that

. e’ —1 ) e — 1
iy - e I Ty =0

Hence the singularity is not a pole. It follows that f(z) has an essential singularity at z = co.

EXAMPLE 8.5.2. The function

(22 —4)(z —1)*

flz) =

(sinmz)
is analytic at every z € C except for isolated singularities at z = 0, +1,£2, ..., where the denominator
vanishes. Note also that the numerator vanishes at z = 1,+2. Note that the function sin 7z has simple
zeros at z = 0, +1,£2,.... It follows that f has poles of order 4 at z = 0, —1,+3, +4,£5,.... Next, note

that the function (2% — 4)(z — 1)* has simple zeros at z = 2. It follows that f has poles of order 3 at
z = +2. To study the isolated singularity at z = 1, note that by Theorem 7C, we have

sinmz = —m(z — 1) + g(2)(z — 1)2,
where g is entire. It follows that

N e 22— 4
lim ———————~ = lim ==
21 (sinmz)* =1 (T —g(2)(z = 1))* m

and so f has a removable singularity at z = 1. Finally, the singularity at z = oo is not isolated, since
there does not exist any R > 0 such that the function f(z) is analytic in the domain {z: R < |z| < oo}.

8.6. Laurent Series

EXAMPLE 8.6.1. Suppose that the function f is analytic in the punctured disc {z : 0 < |z — 20| < R},
with a pole of order m at zg. Then

floy= 2O

(2 — 20)™’

where the function g is analytic in {z : |z — 29| < R}, with g(z¢) # 0. By Theorem 7C, we have

g//(ZO)
2!

g™V ()
(m—1)!

9(2) = 9(20) + ¢’ (20)(2 — 20) + (z—20)°+... + (z—20)""" 4 gm(2)(z — 20)"™,

where g,,(2) is analytic in the disc {z : |z — 29| < R}. It follows that

o), g g (z0) o)
ER T e T R e e SR gy e S LS

f(z) =
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The expression

9(%0) 9'(20) 9" (20) n A )
(z—20)™  (2—2z0)™ 1  2(z—29)™2 7 (m—1)(z—20)

is called the principal part of f at zp. If we use Theorem 7A instead, then we can show that

oo

fz2)=Y an(z—2)"

n=—m

for suitable choices of the coefficients a,,.

Our main task in this section is to generalize this example. The first step in this direction can be
summarized by the following result.

THEOREM 8D. Suppose that a function f is analytic in the punctured disc {z: 0 < |z — 29| < R},
with an isolated singularity at zo. Then there exist unique functions f1 and fo such that

(a) £(2) = f1(2) + fol2) in {z:0 < |2 — 2| < R},

(b) f1 is analytic in C except possibly at zo,

(c) fi(z) = 0 as |z] — oo, and

(d) fa is analytic in the disc {z : |z — 20| < R}.

PrROOF. We begin the proof in the same way as for Theorem 8A. Suppose that z is a point in the
punctured disc {z : 0 < |z — 29| < R}. Let 1 and rq satisfy 0 < 1 < |z — 29| < r2 < R, and let C}
and Cs denote two circles in the positive (anticlockwise) direction, centred at zg, and of radius r; and
r9 respectively. On combining (5)—(7), we obtain

I T A (O R T B (9
(13) TG = o /C 2% o =2 %
Write
R T (9 _ 1 f(©)
(14) e =gn [ Fa0 ma p =g [ M ac

Part (a) follows immediately. For part (d), note that the second integral in (14) represents an analytic
function in the disc {z : |z — 20| < r2} (as in the proof of Theorems 6B and 8A). For part (b), note that
the first integral in (14) represents an analytic function in the annulus {z : |z — 29| > r1} (similar to
the proof of Theorem 6B). Note next that fa(z) and f(z) are independent of the choice of r1, so that it
follows from (a) that f1(z) is also independent of the choice of 1. Similarly, f2(z) is independent of the
choice of 5. It is easy to see that

o [

‘Z‘—M}O 4 C— z

¢ = 0.

Part (c) follows immediately. To show that the functions f; and fs are unique, suppose that g; and go
are functions having the same properties as f; and fs respectively. Then

f1(2) = 91(2) = 92(2) = fa(2)

in the punctured disc {z : 0 < |z — 29| < R}. Let

_ J92(2) = fa(z) if |z — 20| < R,
Flz) = {ﬁ(z) —a(2) iz —z0| > 0.

Then F is entire. On the other hand, it follows from part (c¢) that F(z) — 0 as |z| — oo. Hence F is
bounded. It follows from Liouville’s theorem that F' is constant in C, and so we must have F'(z) = 0 for
every z € C. This completes the proof. O
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We can now state our generalization of Example 8.6.1.

THEOREM 8E. Suppose that a function f is analytic in the punctured disc {z : 0 < |z — z9| < R},
with an isolated singularity at zo. For every n € Z, let

_ 1 f(2)

where C is a circle in the positive (anticlockwise) direction centred at zg and of radius r, where 0 < r < R.
Then the series

oo

(16) f2)= D an(z—20)"

n=—oo

is convergent in the punctured disc {z : 0 < |z — zo| < R}. Furthermore, this convergence is uniform in
any annulus {z : r1 < |z — 29| < ra}, where 0 <1y <1y < R.

REMARK. To say that the series converges uniformly to f(z) in the annulus {z : r; < |z — 29| < 72},
we mean given any € > 0, there exists Ny = Ny(e,r1,72), independent of the choice of z, such that

N2

flz)— Z an(z —20)"| < €

n=—N1

for every z in the annulus {z : r; < |z — 20| < ro} whenever N1 > Ny and Ny > Nj.
DEFINITION. The series (16) is called the Laurent series for the function f at zo.

PROOF OF THEOREM 8E. The first step in our proof is to show that if the series in (16) converges to
f(2) uniformly on the circle C' centred at zo and of radius r, where 0 < r < R, then the coefficients a,,
are given by (15). Suppose that n € Z is chosen and fixed. For any ¢ > 0, we can choose N; and Nj so
large that —N; < n < Ny and

Ny
f2)= Y aj(z— =) | <e
Jj=—N1

for every z € C. Then it follows from Theorem 4B that

N3

1 - dz €
17 — - (o) | —FF < &
(17) 5 e 3wl | | < 5
——4iv1
Since
2mi C(Z_ZO) dz = {0 if k# -1,
we have
N

1 . dz

- . — J _— =

2mi Jo j:ZN e = z0) (z—z) 1 ™

so that (17) can be simplified to

L/C(Ldzan <

€
2mi z — 7o)t v’
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Since € > 0 is arbitrary, (15) follows immediately. It now remains to show that f(z) can be represented
in the form (16) in the punctured disc {z : 0 < |z — 29| < R}, and that the convergence is uniform in any
annulus {z : 11 < |z — 29| < r2}, where 0 < r; < ro < R. Suppose that 0 < r; < r < ro < R. Following
Theorem 8D, we can write

(18) f(z) = f1(2) + fa(2),

where f1(z) and f2(z) are uniquely determined and satisfy conditions (b)—(d) of Theorem 8D. Since fo
is analytic in the disc {z : |z — 20| < R}, it follows from Theorem 7A that the Taylor series

(19) fa2(2) = Anlz = 20)"
n=0

converges in the disc {z : |z — 29| < R}, uniformly in the closed disc {z : |z — 29| < r2}. To study fi(z),
write

or 2= —+2p.
w
Then
1
fi(z) = h (— + Zo)
w

is an entire function of w, and so it follows from Theorem 7A that the Taylor series

(20) A () = X B

converges in C, uniformly in the closed disc {w : |w| < 1/r1}. Note that the constant term By in the
Taylor series is missing, since By corresponds to the value of the function at w = 0, or z = oo, and this
is 0 in view of condition (c) in Theorem 8D. However, (20) is equivalent to saying that the series

(21) fi(z) =

B (z—z)™™

M8

1

3
Il

converges in C \ {0}, uniformly in {z : |z — 29| > r1}. The result now follows on combining (18), (19)
and (21). O

DEFINITION. The series

-1

filz) = Z an(z — 20)",

n=—oo

where a,, is given by (15), is called the principal part of the function f at zo.

The next result highlights the relationship between the principal part of a function and the nature
of the isolated singularity.

THEOREM 8F. Suppose that a function f is analytic in the punctured disc {z : 0 < |z — 20| < R},

with an isolated singularity at zo. Suppose further that the Laurent coefficients a,, are given by (15).

(a) The function f either is analytic or has a removable singularity at zg if and only if a,, = 0 for every
n < 0.

(b) The function f has a pole at zg if and only if a positive but finite number of coefficients a,, with
n < 0 are non-zero.

(c) The function f has an essential singularity at zo if and only if an infinite number of coefficients a,
with n < 0 are non-zero.
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PROOF. Note first of all that if f has a removable singularity at zg, then f can be made analytic at zg
by a suitable choice of f(zp). Part (a) now follows on observing that an analytic function has a Taylor
series, and that a Laurent series with no principal part is a Taylor series. To prove part (b), note first
of all that if a positive but finite number of coefficients a,, with n < 0 are non-zero, then there exists
m > 0 such that a_,, # 0 but a,, = 0 for every n < —m. In this case, we have

)= an(z—2)",
so that
- 9)
£ = 2

where m € N and the function g is analytic in some neighbourhood of z, with ¢g(z9) = a—_,, # 0. This
shows that f has a pole of order m at zp. The converse is given in Example 8.6.1. Part (b) follows. Part
(c) follows immediately from (a) and (b). O

EXAMPLE 8.6.2. The observation that a Laurent series is unique enables us to use different methods
to find the coefficients apart from the formula (15). Consider, for example, the function e'/#. Using the
substitution z = 1/w on the Taylor series

oo wn
wo_ -
¢ = Z n!’
n=0
we obtain the Laurent series
oo
1 1 1 1
1/z _ [ - - -
¢ nz;:)n!z” ”’+3!z3+2!22+z+1'

We conclude this chapter by making a remark on various equivalent definitions of analyticity in a
domain D. The reader is advised to check the following theorem very carefully.

THEOREM 8G. For any function f and any domain D, the following statements are equivalent:

(a) f(2) is analytic in D.

(b) f(2) has continuous derivatives of all orders in D.

(c) f'(z) exists and is continuous in D.

(d) f'(z) exists in D.

(e) f'(z) exists in D except possibly at a finite number of points in D, and f(z) is continuous at these
exceptional points.

(f) f(z) can be represented uniformly by its Taylor series in the neighbourhood of every point in D.

PROBLEMS FOR CHAPTER 8

1. For each of the functions below, classify all the singular points in C:

a) f(z) =¢e* b) f(z) = COZSZ c) f(z):;—i
d) f()zzsz+z ) f(z):cozsz

2. Show that the principal parts of the function f(z) = 82%(z +1)"}(z —1)2at 2 = -l and 2 = 1
are respectively —2(z +1)"! and 4(z —1)72 +10(z — 1)~ L.
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For each of the functions below, find the principal part at the given points:
e? 6
a) f(z) = —; at the point z =0 b) f(z) = : at the point z =1
z

(1-2)°

sin z

c) f(Z):m

at the point z = 27

Expand the function (z — 1)/(z + 1) in powers of 1/z.

For each of the functions below, use partial fractions if appropriate and find the principal part at
each of its singular points in C:

12 2t +1
a) f(z) = 2214 b) f(z) = 2(22 +1)2
_ 4826 N 2241
I = oGy VIO = vy

Suppose that f(2) = b_2" ™ 4+ b 12 ™ 4.+ bo+ bz 4. .. +bp2", where m, k € N. Suppose
further that f(z) has Laurent series

o0
g anz"

n=—oo

at the point z = 0. Show by direct calculation that a,, = b, whenever —m < n < k and a,, = 0
otherwise.

a) Consider the function f(z) = e'/#. Note that for every k € Z, the coefficient for the term z* in
the Laurent series of f(z) at z = 0 is given by

1 el/¢
= — _— d
= ori /C ¢kt “
where C' is the circle {z : |z| = 1} followed in the positive (anticlockwise) direction. Show that

1 ™

=5 » %9 cos(sin 6 + k6) db.

ag

b) Find the Laurent series for the function f(z) = e'/* at z = 0 without using part (a).
¢) Deduce that for every n € NU {0},

1™ s 1
— / %9 cos(sinf — nh) df = —.
T Jo n!
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Chapter 9

CAUCHY’S INTEGRAL THEOREM REVISITED

9.1. Simply Connected Domains

Cauchy’s integral theorem states that in a simply connected domain, the integral of an analytic function
over a closed contour is zero. In Chapter 5, we have studied a special case of the theorem in order to
develop the basic properties of analytic functions. More precisely, we have studied the special case when
the domain in question is a star domain. For most purposes in pure and applied mathematics, this
special case is adequate. However, by introducing further line segments, one may be able to extend the
results to curves which may not lie in star domains.

EXAMPLE 9.1.1. It is easy to see that the domain D = {z : 2 < |2| < 6 and Jmz > 0} is the part of
the annulus {z : 2 < |2| < 6} in the upper half plane. It is not difficult to check that D is not a star
domain.

Let

Dy ={z:2<|z| <6 and TJmz > 0 and Rez < 1}

and

Dy ={z:2<|z| <6 and Jmz > 0 and Rez > —1}.
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It is not difficult to see that D = D; U D5, and that D; and D5 are star domains with star centres
—2 + 5i and 2 + 5i respectively.

D, D,

Gy Cy
-6 -2 2 6

If C is a simple closed contour lying in D, then by introducing line segments along the imaginary axis,
it is not difficult to see that there is a simple closed contour C7 in D; and a simple closed contour Cs in
Dy such that for any function f analytic in D, we have

/ f(z)dz = f(z)dz + f(z)dz.
c C1 Cs2
Note now that we can apply Theorem 5D to the two integrals on the right hand side.

However, it is of great theoretical interest to formulate results that are less restricting. Here we
introduce the idea of a simply connected domain. This can be done in a number of ways. Here we use
the Jordan curve theorem for simple closed polygons.

DEFINITION. By a polygonal curve, we mean a curve ¢ : [A, B] — C which is continuous and piecewise
linear. In other words, there exists a dissection

A=A <B1=Ay<By=...=A; <B,=B

such that for every j =1,...,k, the edge ¢ : [A;, B;] — C is of the form ((t) = a;t+3;, where ¢, 5; € C
and we assume further that o; # 0.

DEFINITION. By a simple closed polygon, we mean a polygonal curve that is closed and does not
intersect itself; in other words, if {(t1) # ((t2) whenever t; # to, with the one exception that ((A) = {(B).
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It is not hard to prove the Jordan curve theorem for a simple closed polygon, that such a polygon
divides the plane C into two domains, the bounded one interior to the polygon and the unbounded one
exterior to the polygon. Here we shall not give the proof.

DEFINITION. A domain D is said to be simply connected if the interior of every simple closed polygon
in D is contained in D.

REMARK. Recall that a domain is an open connected set. A simply connected domain is one which is
free of holes or cuts in its interior.

simply connected not simply connected

9.2. Cauchy’s Integral Theorem
In this section, we indicate the proof of the following generalization of Theorem 5B.

THEOREM 9A. Suppose that a function f is analytic in a simply connected domain D. Then there
exists a function F, analytic in D and such that F'(z) = f(z) for every z € D.

In view of Remark (1) immediately after Theorem 4A, Theorem 9A immediately leads to the
following generalization of Theorem 5D.

THEOREM 9B. Suppose that a function f is analytic in a simply connected domain D. Suppose
further that C is a closed contour lying in D. Then

/Cf(z)dz =0.

EXAMPLE 9.2.1. The punctured plane D = {z : z # 0} is not simply connected. Although the function
f(z) = 1/z is analytic in D,

d
om0
CZ

if C'is the positive (anticlockwise) oriented unit circle centred at 0. This also shows that there is no single
valued branch of logz in D, and confirms that the condition that D is simply connected in Theorems
9A and 9B is essential.
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The proof of Theorem 9A depends on a process known sometimes as “triangulation”. It can be
shown by induction that a simple closed polygon of k + 2 sides can be decomposed by diagonals into a
set of k triangles.

We shall first prove the following generalization of Theorem 5A.

THEOREM 9C. Suppose that a function f is analytic in a simply connected domain D. Suppose
further that C is a simple closed polygon in D. Then

/Cf(z)dz =0.

PRrROOF. We may assume, without loss of generality, that C' is in the positive (anticlockwise) direction.
Suppose that the triangulation process gives rise to triangles 17, ..., Ty, with boundaries C4,...,Cy in
the positive (anticlockwise) direction. Then it is easy to see that

/f(z)dz: f)dz+... + f(z)dz.
C Cl Ck
The result follows on applying Theorem 5A to each of the integrals on the right hand side. O

We now sketch a proof of Theorem 9A. Suppose that zg € D is fixed. For every z € D, let C; and
C5 denote polygonal curves from zy to z that lie entirely in D.

&)

&

We shall first of all indicate that
(1) fedz= [ f(z)dz
Cl C2

Let C be the closed polygonal curve obtained by C; followed by —C5. To show (1), it suffices to show
that

(2) /C f(z)dz =0.
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It can be shown by induction that the closed polygonal curve C' consists of a number of line segments
followed in opposite directions and a number of simple closed polygonal curves. (2) now follows in view
of Theorem 9C. Note that (1) shows that the integral is independent of the polygonal curve chosen. We
can therefore define

Fe = [ CFQ)dc,

where the integral is taken along any polygonal curve from zg to z. It follows that if |h| is sufficiently
small, then the segment [z, z + h] lies entirely in D, and that

F(z+h) - F(z) = /[ LS

The proof of Theorem 9A is now completed in the same way as in the proof of Theorem 5B.

9.3. Cauchy’s Integral Formula

Suppose that f is analytic in a simply connected domain D. Suppose further that C' is a closed contour
in D, and that the point z does not lie on C. If z € D, then the function

f(O - (=)
(—z

is analytic in D, apart from a removable singularity at ( = z. Furthermore, this singularity is removed
by defining g(z) = f'(z). It now follows from Theorem 9B that

/dezzo, and so /Ccf(cldzzf(z)/ccd_zz_

g(¢) =

Here

n(C, 2) 1 / dz  var(iarg(¢ — 2),0)

:2_771 CC_Z_ 27

is the winding number, and counts the number of times the contour C' winds round the point z in the
positive (anticlockwise) direction. Hence

1 f(©)

2_7T'i CC—Z

3)

dz =n(C, z) f(2).

Note also that if z ¢ D, then both sides of (3) are 0. It follows that (3) holds whenever z € C.

9.4. Analytic Logarithm

Suppose that f is analytic and non-zero in a simply connected domain D. Let zg € D be fixed. For
every z € D, we can define

[ F©
w0 1)

where the integral is over any contour in D from zg to z, and is independent of the choice of the contour,
in view of Theorem 9B. Differentiating (4) with respect to z, we obtain ¢'(z) f(z) = f/(z). It follows that

(4) 9(2) d¢ + Log f(z0),

L) f(2)) = e 9O f/(2) — g/ (2)e ) f(2) = 0,
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so that e™9(*) f(2) is contant in D. Since e=9(*0) f(z) = 1, it follows that e=9(*) f(z) = 1 for every z € D.
In other words, f(z) = e9(*) for every z € D, so that f has an analytic logarithm in D.

PROBLEMS FOR CHAPTER 9

1. Suppose that T is a triangle, followed in the positive (anticlockwise) direction. Suppose further that
for any a € C\ T, we write
1 d
n(T,a) = — / =
27 Jrz —a

a) Show that n(T,a) = 0 for every a € C outside T
b) Suppose now that a € C is inside T. By relating T' to a suitably small circular path centred at
the point a, show that n(T,a) = 1.

2. Suppose that C' is simple closed polygon, followed in the positive (anticlockwise) direction. Suppose
further that for any a € C\ C, we write

1 dz
n(C,a)—%/Cz_a.

a) Show that n(C,a) = 0 for every a € C outside C.

b) Suppose now that a € C is inside C. Apply the “triangulation” process to C' and show that
n(C,a) = 1 if the point a does not lie on the boundary of any of the triangles that arise from
the process.

¢) Suppose now that a € C is inside C' and lies on the boundary of some of the triangles that arise
from the “triangulation” process. Explain why we also have n(C,a) = 1.

3. Suppose that D C C is a domain. For every contour C lying in D and for every a € D, write

n(C,a) = L/C dz

omi Joz—a’

a) Suppose that D is simply connected. Explain why n(C,a) = 0.
b) Suppose that D is not simply connected. Show that there exists a contour C' lying in D and a
point a ¢ D such that n(C,a) # 0.

4. Deduce from the conclusion of Problem 3 that every star domain is simply connected.

5. Suppose that D C C is a domain. Suppose further that every function which is analytic and non-
zero in D has an analytic logarithm in D, so that in particular, for every a € D, there exists a
function g(z) analytic in D and such that z — a = e9*) for every z € D. Use the conclusion of
Problem 3 to show that D is simply connected.

6. Suppose D is a bounded domain. For any € > 0, let D, denote the larger domain containing D
and every point in C whose distance from D is less than e. Give an example of a simply connected
domain D such that D, is not simply connected for any e > 0.

7. Suppose that f(z) is an entire function with a finite number of zeros. Show that there exist a
polynomial P(z) and an entire function g(z) such that f(z) = P(2)e?).

8. Suppose that f(z) is analytic and non-zero in the disc {z : |z] < R}, where R > 0 is fixed. Prove
the following special case of Jensen’s formula, that

1 27 .
log (0] = 5 [ loglf(Re"| 5.
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Chapter 10

RESIDUE THEORY

10.1. Cauchy’s Residue Theorem

If we extend Cauchy’s integral theorem to functions having isolated singularities, then the integral is in
general not equal to zero. Instead, each singularity contributes a term called the residue. Our principal
aim in this section is to show that this residue depends only on the coefficient of (2 —29) ™! in the Laurent
expansion of the function near the singularity zg, since all the other powers of z — zy has single valued
integrals and so integrate to zero.

DEFINITION. By a simple closed contour or Jordan contour, we mean a contour ¢ : [A, B] — C such
that ((t1) # ((t2) whenever t; # to, with the one exception ((A4) = ((B).

THEOREM 10A. Suppose that a function f is analytic in a simply connected domain D, except for
an isolated singularity at zo, and that

is the principal part of f at zo. Suppose further that C is a Jordan contour in D followed in the positive
(anticlockwise) direction and not passing through zy. Then

—/cfl(z)dz — {81 if zo lies inside C,

27 if zg lies outside C'.
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PROOF. Suppose first of all that zy is outside C. Then z; is in the exterior domain of C' which also
contains the point at co. It follows that zg can be joined to the point at co by a simple polygonal curve
L, as shown in the picture below.

The Jordan contour C' is clearly contained in the simply connected domain obtained when L is deleted
from the complex plane. In fact, it is contained in a simply connected domain which is a subset of D\ L,
as shown by the shaded part in the picture above. Clearly f is analytic in this simply connected domain,
so it follows from Theorem 9B that

/Cf(z)dz =0.

Suppose next that zg is inside C. Then there exists > 0 such that the closed disc {z : |z — 29| <7} is
inside C. Let v denote the boundary of this disc, followed in the positive (anticlockwise) direction.

D

We now draw a horizontal line through the point zy. Following this line to the left from zg, it first
intersects v and then C' (for the first time). Draw a line segment joining these two intersection points.
Similarly, following this line to the right from zp, it first intersects v and then C (for the first time).
Again draw a line segment joining these two intersection points. Note that these two line segments are
inside C and outside v. We now divide C into two parts by cutting it at the two intersection points
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mentioned. It can be shown that one part of this, together with the part of v above the horizontal line
and the two line segments, gives rise to a simple closed contour Ct followed in the positive direction
and which can be shown to lie in a simply connected domain lying in D but not containing zy. Clearly
f is analytic in this simply connected domain, so that

f(z)dz =0,
Cc+

in view of Theorem 9B.

cr
.ZO

Similarly, the other part of C, together with the part of v below the horizontal line and the two line
segments, gives rise to a simple closed contour C'~ followed in the positive direction and which again can
be shown to lie in a simply connected domain lying in D but not containing zy. Clearly f is analytic in
this simply connected domain, so that

f(z)dz=0.
o

It is easily seen that
[ @ [ed= [ e [ fe)as
c 5 c+ c-
so that

/Cf(z)dz/vf(z)dz.

By Theorem 8E, we have
/ f(z)dz = 2wia_;.
.
It follows that
/ f(z)dz = 2wia_;.
c

Finally, note that f2(2) = f(2) — f1(2) is analytic in D, so that

/C falz)dz =0,
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whence

/ f(z)dz :/ f1(z) d=.
C C
The result follows. O

DEFINITION. The value a_; in Theorem 10A is called the residue of the function f at zy, and denoted
by res(f, z0).

We are now in a position to state and prove a simple version of Cauchy’s residue theorem.

THEOREM 10B. Suppose that the function f is analytic in a simply connected domain D, except

for isolated singularities at z1, ..., z. Suppose further that C' is a Jordan contour in D followed in the
positive (anticlockwise) direction and not passing through z1,...,z;. Then
1 k
30 Cf(z)dz: Z res(f, zj).

j=1
zj inside C

PrOOF. For every j =1,...,k, let f;(z) denote the principal part of f(z) at z;. By Theorem 8D, f;
is analytic in C except at z;. It follows that the function

k
9(z) = f(z) =Y fi(2)
j=1
is analytic in D, so that

/ g(z)dz=0
c
by Theorem 9B, and so

/. f<z>dz=il | #ia

The result now follows from Theorem 10A. O

10.2. Finding the Residue

In order to use Theorem 10B to evaluate the integral

/C f(2)dz,

we need a technique to evaluate the residues at the isolated singularities.

Suppose that f(z) has a removable singularity at zp. Then f(z) has a Taylor series expansion which
is valid in a neighbourhood of zy. The residue is clearly 0.

Suppose that f(z) has a simple pole at zyg. Then we can write

f(z) = = 4 g(2),
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where g(z) is analytic at zg, so that (z — 2z9)g(z) — 0 as z — 2. It follows that the residue is given by

a_1 = lim (z — 20) f(2).

z—20

Suppose that f(z) has a pole of order m at zy. Then we can write

. [o - a_m+1 a1
fz) = (z — z0)™ " (2 —20)™! et zZ—2p +9(2),

where g(z) is analytic at zg, so that
(2= 20)"f(2) = G+ a_my1(z —20) + ... Fa_1(z — 20)™ 4+ (2 — 20)™g(2)
is analytic at zg. Differentiating m — 1 times gives

m—1 m—1
d—_l((z —20)"f(2)) =a_1(m—1) 4+ (;izm—l ((z — 20)™g(2)).

Since g(z) is analytic at zg, we have

m—1

lim ——((z — 20)™g(2)) = 0.

z—20 dszl

It follows that the residue is given by

m—1

a_1 = ! lim ((z—20)" f(2)).

(m — 1)l 2—2z0 dzm—1

DEFINITION. A function is said to be meromorphic in a domain D if it is analytic in D except for poles.

ExaMPLE 10.2.1. The function

has simple poles at z = +i/2, with residues

i . i .
(f ! 5) = b, ( - 5) J@=ln vy - a

and

ele e

i . i ]
e (f’ _§> = m (z * 5) M@=t o=y T

/2 9

/21
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It follows from Cauchy’s residue theorem that if C' = {z : |z| = 1} is the circle with centre 0 and radius
1, followed in the positive (anticlockwise) direction, then

ez e ! e s
— dz=ori(—=——Z=)=Z
/C1+4z2 y 7“( 4i 41) 2

EXAMPLE 10.2.2. The function

e
f(z) = o
has a pole of order 4 at z = 0, with residue
1.4, 1, a1
res(f,0) = 37 1m @(z f(z) = 3y m ——ge” = o

It follows from Cauchy’s residue theorem that if C' is any Jordan contour with 0 inside and followed in
the positive (anticlockwise) direction, then

z 1 M
/e—4d22m(—> -
CZ 6 3

ExaMpPLE 10.2.3. Suppose that a function f is analytic in a simply connected domain D, and that
zo € D. Suppose further that C' is a Jordan contour in D, followed in the positive (anticlockwise)
direction and with zq inside. If f(zp) # 0, then the function

has a simple pole at zg, with residue

lim (z — 20)F(2) = f(20).

z—20

Applying Cauchy’s residue theorem, we obtain Cauchy’s integral formula

L[ IE G fe),

2mi Jo 2 — 2o

If f(z0) = 0, then F'(z) has a removable singularity at zp. The same result follows instead from Cauchy’s
integral theorem.

10.3. Principle of the Argument

In this section, we shall show that the residue theorem, when applied suitably, can be used to find the
number of zeros of an analytic function, as well as the number of zeros minus the number of poles of a
meromorphic function.

The main idea underpinning our discussion can be summarized by the following two results.
THEOREM 10C. Suppose that a function f is analytic in a neighbourhood of zy. Suppose further

that f has a zero of order m at zy. Then the function f'/f is analytic in a punctured neighbourhood of
zo, with a simple pole at zg with residue m.



Chapter 10 : Residue Theory _____ 10-7

THEOREM 10D. Suppose that a function f is analytic in a punctured neighbourhood of zg. Sup-
pose further that f has a pole of order m at zy. Then the function f'/f is analytic in a punctured
neighbourhood of zy, with a simple pole at zy with residue —m.

PROOF OF THEOREM 10C. We can write f(z) = (2 — 20)™¢g(z), where g(z) is analytic in a neighbour-
hood of zg and g(zp) # 0. Then

f'z) _mlz=2)"g() + (= 20)"g'(z) _ _m g'(2)

fz) (2 = 20)™g(2) T z—z20 g(2)’

Since ¢(z) is analytic in a neighbourhood of zy and g(z¢) # 0, the function ¢'(z)/g(z) is analytic in a
neighbourhood of zy. The result follows. O

PrROOF OF THEOREM 10D. We can write f(z) = (2 — 29) " ™g(2), where g(z) is analytic in a neigh-
bourhood of zy and g(z) # 0. Then

f(z) _ zmlz=20) " lg() + (= —20) "g'(2) _ _—m | g'(2)

flz) (z — 20)"™g(2) Cz—z g(z)’

Since g(z) is analytic in a neighbourhood of zg and g(zp) # 0, the function ¢’(z)/g(z) is analytic in a
neighbourhood of zy. The result follows. O

The main result in this section is the Principle of the argument, as stated below.

THEOREM 10E. Suppose that a function f is meromorphic in a simply connected domain D. Sup-
pose further that C is a Jordan curve in D, followed in the positive (anticlockwise) direction, and that
f has no zeros or poles on C. If N denotes the number of zeros of f in the interior of C, counted with
multiplicities, and if P denotes the number of poles of f in the interior of C, counted with multiplicities,
then

1 [ FE)

=N-P.
2mi Jo 1) &

PROOF. Note that by Theorems 10C and 10D, the poles of the function f’/f are precisely at the zeros
and poles of f. Furthermore, a zero of f of order m gives rise to a residue m for f'/f, so that the residues
of f'/f arising from the zeros of f are equal to the number of zeros of f counted with multiplicities, and
this number is N. On the other hand, a pole of f of order m gives rise to a residue —m for f'/f, so
that the residues of f’/f arising from the poles of f are equal to minus the number of poles of f counted
with multiplicities, and this number is P. It follows that the sum of the residues is equal to N — P. The
result now follows from Theorem 10B applied to the function f'/f. O

REMARKS. (1) Note that

% ; ]}’((j)) dz = % var(log f(2),C) = %Var(i arg f(z2),C) = %Var(arg f(2),0).

It follows that the conclusion of Theorem 10E can be expressed in the form

1
N-P= ﬁvar(argf(z),C),

in terms of the variation of the argument of f(z) along the Jordan curve C.
(2) Note also that

A f@ L[ e




108 W WL Chen : Introduction to Complex Analysis

(3) Theorem 10E can be generalized in the following way. Suppose that a function f is meromor-
phic in a simply connected domain D, and that all its zeros and poles in D are simple. Suppose further
that C is a Jordan curve in D, followed in the positive (anticlockwise) direction, and that f has no zeros
or poles on C. If aq,...,ayN denote the zeros of f in the interior of C, and if b1, ...,bp denote the poles
of f in the interior of C, then

N

1) L (L0 0y d =3 gla) = 3 gltn)

2mi C f(Z) =1 =1

for every function g analytic in D. To see this, simply note that any simple zero or simple pole zy of f,
where g(z9) # 0, gives rise to a simple pole of (f'/f)g with residue

. f'(2) _ . f'(z)  [g(z0) if 2o is a simple zero of f,
fim (= = 20) f(2) 9(2) = g(z0) lim (= = Zo)m B { fggzo) if zg is a simple pole of f;

z—20 z—20

on the other hand, if g(z9) = 0, then (f’/f)g has a removable singularity at zo. In fact, (1) remains
valid if the zeros and poles of f are of higher order, provided that all zeros and poles are counted with
multiplicities. Note also that the choice g(z) = 1 in D gives Theorem 10E again. A particular useful
choice of f is given by the entire function f(z) = sinwz, with simple zeros at every n € Z. Since

f'(z) mcosmz

= = t
f(2) sinmz oo
it follows from (1) that
1
(2) 3 Cg(z)w cotmzdz = Z g(n)
n inside C

for every function g analytic in D. This may be used to obtain a variety of infinite series expansions.
See Chapter 16.

EXAMPLE 10.3.1. To find the number of zeros of the function f(z) = 2%+ 23 — 222 + 22+ 4 in the first
quadrant of the complex plane, we use the Jordan curve C' = C; U Cy U C3, where C7 = [0, R] is the
straight line segment along the real axis from 0 to R, C5 is the circular path ¢ : [0,7/2] — C, given by
((t) = Re'', and C3 = [iR, 0] is the straight line segment along the imaginary axis from iR to 0. Here R
is taken to be a large positive real number.

&

On Cq, we have z = x > 0, so that

i +4 ifo<z<l1

_ =2t 4+ 2% — 222+ 20 +4 >
fle)=f@)=a"+a" -2+ 2w+d 25 ifo>1

is clearly positive, so that var(arg f(z),C1) = 0. Next, note that

24

322242 4
f(z)—z4<1+z 2°+2z+ )
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On Cy, we have |z| = R, so that

= iz SR TR

23—222+22+4<R3+2R2+2R+4 2R3 2

whenever R > 8, say. It follows that on Cy when R is large enough, we have f(z) = R*e**(1+w), where
|w| < 2/R, so that var(arg f(z),Cs) = 2w + €, where ¢ — 0 as R — oo. Finally, on C3, we have z = iy,
where y > 0, so that

fR)=fy) =@ +22 +4)+i2y —9*) = * + 1) +3+i2y — v°).

Note that Ref(iy) > 0, so that f(iy) is in the first or fourth quadrant of the complex plane. In fact,
when R > 0 is large, f(iR) is much nearer the real axis than the imaginary axis, while f(0) = 4 is on the
positive real axis. It follows that var(arg f(z), C3) = €3, where e — 0 as R — co. We now conclude that
var(arg f(z),C) = 27 + €1 + €2, where €1,e5 — 0 as R — co. On the other hand, C is a closed contour,
so that var(arg f(z),C') must be an integer multiple of 27. It follows that var(arg f(z),C) = 2x. Note
now that the function f has no poles in the first quadrant. It follows from the Argument principle that
f has exactly one zero inside the contour C for all large R. Hence f has exactly one zero in the first
quadrant of the complex plane.

To find the number of zeros in a region, the following result provides an opportunity to either bypass
the Argument principle or at least enable one to apply the Argument principle to a simpler function.
Needless to say, the proof is based on an application of the Argument principle.

THEOREM 10F. (ROUCHE’S THEOREM) Suppose that functions f and g are analytic in a sim-
ply connected domain D, and that C is a Jordan contour in D. Suppose further that |f(2)] > |g(z)| on
C. Then f and f + g have the same number of zeros inside C.

We shall give two proofs of this result. The first is the one given in most texts.

FIRST PROOF OoF THEOREM 10F. Consider the function

f(z) +9(2)
fz)

The condition |f(2)] > |g(%)| on C ensures that both f and f + g have no zeros on C. On the other
hand, note that

F(z) =

(3) F(z)—1|:‘%‘ <1

for every z € C. By Remark (2) after Theorem 10E, we have

1 F'(z) , 1 dw

In view of (3), the closed contour F(C') is contained in the open disc {w : |w — 1] < 1} with centre 1
and radius 1. This disc does not contain the point 0, so that n(F(C),0) = 0. Hence

1 [ F'(2)

271 Jo F(2)

dz =0.

It follows from the Argument principle that the function F' has the same number of zeros and poles
inside C. Note now that the poles of F' are precisely the zeros of f, and the zeros of F' are precisely the
zeros of f+g¢g. O
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SECOND PROOF OF THEOREM 10F. For every 7 € [0,1], let

[ PE )
N =25 ) FE) T rae)

The condition |f(z)| > |g(z)| on C ensures that

1f(2) +79(2)| = |f(2)| = lg(2)] = [f(2)] = 9(2)| > O

on C, so that f + 7g does not have any zeros (or poles) on C. In fact, there is a positive lower bound
for | f(2) +7g(2)| on C independent of 7. It follows easily from this that N(7) is continuous in [0, 1]. By
the Argument principle, N(7) is an integer for every 7 € [0,1]. Hence N(7) must be constant in [0, 1].
In particular, we must have N(0) = N(1). Clearly, N(0) is the number of zeros of f inside C, and N (1)
is the number of zeros of f + g inside C. O

EXAMPLE 10.3.2. To determine the number of solutions of e* = 2z + 1 with |z| < 1, we write
f(z) =—-22 and g(z) =€ — 1,

so that f(z) 4+ g(z) = €* — 2z — 1. We therefore need to find the number of zeros of f + ¢ inside the unit
circle C = {z : |z|] = 1}. Clearly, f has precisely one zero, at z = 0, inside C. On the other hand, note

that
1
ez—lz/ eCdC:/ e*'zdt.
[0,2] 0

If z € C, then |e*'] < e, and so

1 1
lg(z)] = |e* — 1] §/ |eth|dt§/ eldt =e—1.
0 0

Since |f(z)| = 2 whenever z € C, it follows that |f(z)| > |g(z)| on C. By Rouché’s theorem, f + g has
precisely one zero inside C'.

PROBLEMS FOR CHAPTER 10

1. a) Write down the Taylor series for e* about the origin w = 0.

b) Using the substitution w = 1/z2 in (a), find the Laurent series for the function e'/#* about the
origin z = 0.

¢) Find the residue of the function e'/ =

at the origin z = 0.

1/22%

d) What type of singularity does the function e have at the origin z = 07

2. Suppose that f(z) = g(z)/h(z), where the functions g(z) and h(z) are analytic at z;. Suppose
further that g(zo) # 0 and h(z) has a simple zero at z5. Use I'Hopital’s rule to show that

C bm g(z) _ 9(20)
res(f, z0) = zl_,ZO R(z)  W(z)
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. For each of the functions f(z) given below, find all the singularities in C, find the residues at these
singularities, and evaluate the integrals

» f(z)dz and /” f(z)dz,

where C’ and C” are circular paths centred at the origin z = 0, of radius 1/2 and 2 respectively,
followed in the positive (anticlockwise) direction:

1 z 23+ 2

W f6) = g b) f(z) = ) I = e

. Suppose that C' is a circular path centred at the origin z = 0, of radius 1, followed in the positive
(anticlockwise) direction. Show each of the following;:

eTI'Z eZ
a) /C PN z=mi ) 7 z=mi

. Find the number of zeros of f(z) = 2%+ 234522 + 22 +4 in the first quadrant of the complex plane.
Find also the number of zeros of the function in the fourth quadrant.

. Consider the equation 2z° + 8z — 1 = 0.

a) Writing f(z) = 22% and g(z) = 82 — 1, use Rouché’s theorem to show that all the roots of this
equation lie in the open disc {z : |z| < 2}.

b) Writing f(z) = 8z — 1 and g(z) = 22°, use Rouché’s theorem to show that this equation has
exactly one root in the open disc {z : |z| < 1}.

¢) How many roots does this equation have in the open annulus {z : 1 < |z| < 2}7 Justify your
assertion.

. Show that the equation 2z 4+ 422 = 1 has exactly two roots in the open disc {z : 2| < 1}.
[HINT: Use Rouché’s theorem. You will need to make a good choice for f(z) and g(z). Do not give
up if your first guess does not work.]
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Chapter 11

EVALUATION OF DEFINITE INTEGRALS

11.1. Introduction

The calculus of residues often provides an efficient method for evaluating certain real and complex
integrals. This is particularly important when it is not possible to find indefinite integrals explicitly.
Even in cases when ordinary methods of calculus can be applied, the use of residues often proves to be
a labour saving device.

Naturally, the calculus of residues gives rise to complex integrals, and this suggests that we may
be at a disadvantage if we want to evaluate real integrals. In practice, this is seldom the case, since a
complex integral is equivalent to two real integrals.

However, there are limitations to this approach. The integrand must be closely associated with some
analytic function. We usually want to integrate some elementary functions, and these can be extended
to the complex domain. Also, the techniques of complex integration applies to closed curves while a real
integral is over an interval. It follows that we need a device to reduce our problem to one which concerns
integration over closed curves. There are a number of ways to achieve this, depending on circumstances.
The technique is best learned by studying typical examples, and complete mastery does not guarantee
success.

11.2. Rational Functions over the Unit Circle

We shall be concerned mainly with integrals of the type

27
f(cosb,sin ) do,
0
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where f(z,y) is a real valued rational function in the real variables x and y.

If we use the substitution

z=¢e% = cosh +isinb and dz = ie'? do,
then
1
— =cosf —isinf and d9:—i%.
z z

We can therefore write

0059:1(2—5—1) and sinﬁzl,(z—l),
2 z 2i z

. . 1 1 1 1 dz
f(cosH,smH)dH——l/cf(E <Z+;),Z(z—;>> —

where C' is the unit circle {z : |z| = 1}, followed in the positive (anticlockwise) direction.

so that

2m

0

ExaMpPLE 11.2.1. Suppose that the real number a > 1 is fixed. Consider the integral
/” o 1 /2” do
o atcosf® 2 ), a+cos
= cosf + isinf, we have

/2” o _ . / dz _ / 2dz
o a-+cosf czlat+3(z+1) c 22 4+2az+1’

where C'is the unit circle {z : |z| = 1}, followed in the positive (anticlockwise) direction. It follows that

/’T d __i/ dz
o a+tcosf c22+2az+1"

If we factorize the denominator z? + 2az + 1, we obtain roots

a=—a++Va? -1 and B=—-a—+\a%-1.

Using the substitution z = e’

Clearly |5] > 1. Since af = 1, it follows that || < 1. Hence the function

1
224 2az+1
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is analytic in some simply connected domain containing the unit circle C, except for a simple pole at

z = « inside C, with residue

1

1 . 1 . 1 1
res | ——,a ) = lim(z — ) lim =
224+ 2az+1

It follows from Cauchy’s residue theorem that

/ dz 9 1 2mi
—— = 2rires al =
o 22 +2az+1 22 4+2az+1’ 2v/aZ -1’

/7T a0 7
o a+cos® aZ_1
EXAMPLE 11.2.2. Now let w € C\ [—1, 1], and consider the integral

T de
F(w) = —t
(w) /0 w + cos 6

and so

2o 22+2z+1 z—az—f a-p

2

a2 —1

Note that we have excluded the closed interval [—1,1] to ensure that the denominator of the integrand
does not vanish. One can show that F’(w) exists in the domain C\ [—1,1], so that F(w) is analytic

there. We know from Example 11.2.1 that

™

@ Pl = a1y

on the real axis to the right of the point w = 1. Tt follows from Theorem 7H that (1) holds for every
w € C\ [~1,1]. Note, however, that the branch of the square root must be chosen so that it is positive

for w > 1.

11.3. Rational Functions over the Real Line

We shall be concerned mainly with integrals of the type

2) / O:Of(w) ar,

where f(z) is a real valued rational function in the real variable x. Here we shall assume that the degree
of the denominator of f exceeds the degree of the numerator of f by at least 2, and that f has no poles

on the real line, so that the integral (2) is convergent.

Consider first of all the integral

/ z /() dz,

where R > 0. We then extend the definition of the rational function f to the complex domain, and

consider also the integral

/C J@)a
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where Cg is the semicircular arc given by z = Re'’, where t € [0, 7]. Consider now the Jordan contour
C= [—R,R] U CRg,

where [—R, R] denotes the line segment from —R to R.

Cr

-R R

By Cauchy’s residue theorem, we have
R
/ f(z)dx + f(z)dz = 2mi Z res(f, zi),
-R Cr z; inside C

where the summation is taken over all the poles of f inside the Jordan contour C. It is easily shown
that

f(z)dz—0
Cr

as R — oo, so that

/_Oo f(z)dx = 27 Z res(f, zi),

Jmz; >0

where the summation is taken over all the poles of f in the upper half plane.

ExAMPLE 11.3.1. Suppose that the real number a > 0 is fixed. Consider the integral

[ee] .’E2
/,oo @ 1 a2y

To evaluate this integral, note that the rational function

2

f(Z)Zm

has poles of order 3 at z = +ia. Consider now the Jordan contour
C =[-R, R|UCRg,

where R > a.

Cr

.

-ia ¢
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By Cauchy’s residue theorem, we have

R
/ f(z)dx + f(z)dz = 2wires(f,ia).
—R Cr

Since

es(f,ia) 1 . d? :—ia)® 22 1 i 2 122 N 1222
r ia) == lim — | (z —ia)’———== | = = lim -
’ 2 z=ia dz? (22 + a2)3 2 z—ia \ (2 +1a)® (z+1ia)* (2 +1a)®

2 B 12ia 7 1242 i
(2ia)3  (2ia)* (2i@)®)  16a3’

| =

it follows that

8a3

R T
/ f(z)dz + f(z)dz = —.
-R Cr

Note now that

2

f(z)dz

Cr

< 37TR—>0

as R — oo. Hence
oo $2 [ee] T
[m —(:132—1—&2)3 dx:[mf(x)dx: s

ExampLE 11.3.2. Consider the integral

/°° 22 +3
———dux.
oo T D22+ 4

To evaluate this integral, note that the rational function

2243 _ 2243
244522 4+4  (224+1)(22+4)

f(z) =
has simple poles at z = +i and z = +2i. Consider now the Jordan contour
C =[-R,R|UCR,

where R > 2.

Cr

.

By Cauchy’s residue theorem, we have

R
/ f(z)dz + f(z)dz = 2mi(res(f,1) + res(f, 21)).
-R Cr
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By Problem 2 in Chapter 10, we have

2213 1 22 +3 1
) = lim — 5 _ 1 %) = lim — > =
res(fi) =lm s 0, =5 res(f2) = i e T T

It follows that

R
/ flx)dx + f(z)dz:?.
—R Cr

Note now that

< R2+3
~ RY—5R? 4

/°° 22+ 3 / fa
x4+5x2+4

TR — 0

as R — o0o. Hence

11.4. Rational and Trigonometric Functions over the Real Line

We shall be concerned mainly with integrals of the type

3) / Z fw)e dz,

where f(x) is a real valued rational function in the real variable x. Here we shall assume that the degree
of the denominator of f exceeds the degree of the numerator of f by at least 2, and that f has no poles
on the real line, so that the integral (3) is convergent. Note that the real and imaginary parts of the
integral (3) are respectively

/00 f(x)cosx dx and /00 f(z)sinzdz.

Consider first of all the integral

R
/ f(x)e de,
—R

where R > 0. We consider also the integral

f(2)e* dz,

Cr

where Cg is the semicircular arc given by z = Re'’, where t € [0, 7].
Cr

| -
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Consider now the Jordan contour
C =[-R,R|UCRp,

where [—R, R] denotes the line segment from —R to R. By Cauchy’s residue theorem, we have

R . . .
(4) /_Rf(x)e“” dzx + . f(z)e” dz = 2mi Z res(f(2)e'?, z;),

z; inside C

where the summation is taken over all the poles of f(z)e* inside the Jordan contour C.
To study the second integral in (4), we prove the following estimate.

THEOREM 11A. (JORDAN’S LEMMA) Suppose that R > 0. Suppose further that Cg is the
semicircular arc given by z = Re'', where t € [0,7]. Then

(5) / 6% d2| < .
Cr

ProOOF. Note that
(6) / ‘eiszZ| :/ |eiRCitHiReit‘dt — R/ |eiR(cost+isint)|dt
CR 0 0
T X /2 )
= R/ e*Rsmt dt = 2R/ efRsmtdt.
0 0

Since
. 2 T
sint > —t whenever 0 <t < 5
T

it follows that

w/2 /2
7 7Rsintdt </ 72Rt/7rdt: m 1_ —R s )
(™) /0 ¢ =), € s ) <3

The inequality (5) follows on combining (6) and (7). O

It follows easily from Theorem 11A that

f(z)e*dz — 0
Cr
as R — oo, so that

/jo f(z)el® dz = 2ri Z res(f(2)e?, z;),

Jmz; >0
where the summation is taken over all the poles of f(z)e'* in the upper half plane.

REMARK. In view of Jordan’s lemma, we may consider integrals of the form (3) where the degree of
the denominator of the rational function f exceeds the degree of the numerator of f by only 1. Note,
however, that the argument in this case only establishes the existence of the integral (3) as

R—o0

R
lim / f(z)el® dz.
-R
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EXAMPLE 11.4.1. Suppose that the real number a > 0 is fixed. Consider the integral

> cosz
ok
s XFFa

To evaluate this integral, note that the function

iz

e

F = -
()=

has simple poles at z = +ia. Consider now the Jordan contour
C =[-R, R|UCRg,

where R > a.

Cr

-ia ¢

By Cauchy’s residue theorem, we have

/R F(z)dx Jr/ F(z)dz = 2wires(F,ia).

—R Cr

Since

eiz eiz e~ @
res(F,ia) = lim { (2 —ia) 53— | = lim — = —,
z—ia z4+a z—ia 2 +1a 2ia

it follows that

Note now that

as R — oo. Hence

so that

—a

/ ﬂdx:me/ F(z)de = ¢

2 2
0o Lt a a

ExXAMPLE 11.4.2. Suppose that the real numbers a > 0 and b > 0 are fixed and different. Consider
the integral

/°° 23 sinz d
z.
—oo (2% +a?)(2? + b?)
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To evaluate this integral, note that the function

23612

P& = mrae e

has simple poles at z = +ia and z = £ib. Consider now the Jordan contour
C= [—R, R] U CRg,

where R > max{a, b}.

Cr
ia D
ib ¢

R -ib ¢ B
-1a ¢

By Cauchy’s residue theorem, we have

R
/ F(x)dx + / F(2)dz = 2ri(res(F,ia) + res(F, ib)).
—R Cr

Since

res(F,ia) = lim ( (2 — ia) 2e” = lim 2e” = _2°
Y e (22 +a2)(22 +02) ) z—ia (2 +1ia)(22 +02)  2(a2 — b2)

2.,—a

and

res(F,ib) = lim ((z - ib)(

z—ib

Z3eiz i ZBQiz B b2e—b
224a2) (22 +02) ) z—ib (22 +a?)(z+ib)  2(b2 —a?)’

it follows that

R 2.—a 2.—b
. [ a“e bee
/_RF(x)dx—i— CRF(z)dz:m<a2_bz+b2_a2>.
Note now that

/ |eiz||dz| < ’ 0
—
(R2 - a2)(R2 - b2) Cr (R2 - ClQ)(R2 - b2)

/CR F(z)dz

as R — oo. Hence

so that

° r3sinx e m(a?e™® — b2e™?)
/m($2+a2)(m2+b2)dxjm/mF(I)dz e .
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ExAMPLE 11.4.3. Consider the integral

etz — 1

which has a removable singularity at z = 0. Consider now the Jordan contour
C= [—R,R] U CRg,

where R > 0.

Cr

-R R

By Cauchy’s integral theorem, we have

R
/ G(z)dx + G(z)dz =0,
-R Cr

so that
B )
d 1z
/ G(z)dm:/ —Zf/ S
-R Cr z Cr z
Note that
d iz 1 .
/ i and / S < = le*®||dz] <
Crn ? Ccn % R Jo,
Hence
R
T
Gx)dxr — 7| < —=.
|/R (z)dx — 7i 7
Since

R _: R
/ Smxdxzjm/ G(z)dz,

_R X _R

it follows that

R .
sin x
de — 7
—R X

™

R
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so that letting R — oo, we obtain

0o .
sin x
/ dx = .
oo X

Note that the previous two examples do not fit the discussion at the beginning of this section, since
the degrees of the denominators of the rational functions in question do not exceed the degrees of the
numerators by at least 2. In fact, we have a non-trivial convergence problem for the integral

We shall return to this example later.

/_ o; (@) sinz dz.

The argument formally establishes the existence of this integral as

R
lim / f(z)sinz de,
-R

R—oo

and not as

X
lim f(x)sinzdz.
Xq1—00 -X
Xo—00
However, it turns out that this does not cause any difficulties, since the functions f(z)sinz in question
turn out to be even functions of x, so that for X, Xs > 0, we have

X2 X1 X2
f(@)sinzdz = f(x)sinzdz + f(x)sinz dz.
X 0 0

Let us examine the problem more carefully. Consider the integral
o .
/ f(x)e” de,
—00

where f(z) is a real valued rational function in the real variable x. Suppose now that the degree of the
denominator of f exceeds the degree of the numerator of f by exactly 1, and that f has no poles on the
real line. To establish the existence of the integral, we need to study the integral
X2
(z)el® dz,
-X,

where —X; < 0 < Xo, and consider the limit as X; — oo and Xy — oo. Clearly we cannot use the
semicircular arc. We shall use instead a rectangular contour

C = [-X1, X3] U [X2, Xo +1Y] U [Xy +1Y, - X +iY]U [ X; +1Y, —X4],

where Y > 0. Here [Z1, Zs], where Z1, Zy € C, denotes the line segment from Z; to Zs.

—X1+iY XQ-‘riY

y 3
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By Cauchy’s residue theorem, we have

X2

(8) (z)e'” dx + / f(z)e*dz + / f(z)e*dz + / f(2)e* dz
—X1 [X27X2+iY] [XngiY,*Xl‘FiY] [7X1+1Y,7X1]
= 27i Z res(f(2)e?, z;),

z; inside C

where the summation is taken over all the poles of f(z)el* inside the rectangular contour C. When
X1, X5 and Y are large, then all the poles of the function f(z)e'* in the upper half plane are inside the
contour C'.

Under our hypotheses, the function zf(z) is bounded. Suppose that |zf(z)| < M for every z € C.

Note first of all that

Y
/ f(z)e*dz =i / F(X +iy)e X2 v) gy,
[X2,X24iY] 0

Since
M M
Xo+iy)| < ————< —,
|f( 2 y)|7 ‘X2+1y| )(2
we have
(9) / f(2)ed <M/Y”d Ma—emy <X
z z| < — y=—(1- —.
[X2,Xa+iY] X2 Jo Xo Xo
Similarly,
: M
(10) / f(z)e?dz| < —.
[— X1 +iY,— X1] X1
Next, note that
. X2 . .
/ f(z)e*dz = — [z +iY)e!®HY) dg.
[Xo+HiY,— X1 +iY] -X
Since
M M
i) < < =
fle+V)ls oo = 3
we have

(11)

X Me=Y
g—/ e Vdr= ; (X1 + Xo).

/[Xz+iY,X1+iY]

Combining (8)—(11), we conclude that for sufficiently large X1, X5 and Y, we have

X ' .
(12) /4( f(z)e' dax — 27 Z res(f(z)e'®, z;)

Jmz; >0

Note that the left hand side of (12) is independent of Y. For fixed X; and X5, we have

Me™Y

(Xl +X2) —>0
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as Y — oo. It follows that

‘/Xz f(z)el® dz — 2ni Z res(f(2)e®, z;)| < — + —.
—X;

Jmz; >0

Letting X7 — oo and X5 — oo, we conclude that

/OO f(z)el® dz = 2ri Z res(f(2)e'®, z;).

- Jmz; >0

11.5. Bending Round a Singularity
We shall first indicate the ideas by two examples.

ExaMpPLE 11.5.1. Recall Example 11.4.3, and consider again the integral

o .
sinx
/ dx.
oo T

If we use the function

to evaluate this integral, then the Jordan contour C = [—R, R]UCF discussed earlier is unsuitable, since
the singular point z = 0 is on the contour. Let us consider instead the Jordan contour

C =[-R,—6]UK(8)U[5,R]UCh,

where R > § > 0, and where K (§) denotes the semicircular arc z = delt, where ¢ € [, 27].

-R —6\4./6 R

By Cauchy’s residue theorem, we have

/: F()dr + /K(é) F(z)dz + /:” F(x)dz + /CR F(z)dz = 2mires(F,0).

Note that the function F(z) in analytic in C apart from a simple pole at z = 0 with residue 1, so that
res(F,0) = 1. It follows that

F(z)= % + G(2),
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where G(z) is entire. Furthermore, it is easy to show that

/ dz .
— =i.
K(5) *

Hence

/5F(x) du + /JR Fz)dz +

. G(z)dz + / F(z)dz = mi.

K(8) Cr

Since G(z) is entire, there exists M > 0 such that |G(z)| < M whenever |z| < 1, so that for every § < 1,
we have

< M.

/K(S) G(z)dz

On the other hand, a simple application of Jordan’s lemma gives

/CRF(Z)dz

<
R

It follows that if 6 < 1, then

<M7r5+£.

/_6F(x)dx+/6RF(x)dx—7ri 7

—R

Letting § — 0 and R — oo, we obtain

/m F(z)dz = 7.

—00

/ sinx dr — .
o
EXAMPLE 11.5.2. Suppose that the real number a > 0 is fixed. Consider the integral

> cosz
ﬁdx.
Ceo 02—

To evaluate this integral, note that the function

Taking imaginary parts gives

F(z) = prR
has simple poles at z = +a. Consider now the Jordan contour
C= [7R, —a — 51] U J1(51) U [*a + 51,(1 — 52] U J2(52) U [a + 52, R] U Chg,

where R > 2a and 0 < 401,62 < a.
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Here —J;(81) denotes the semicircular arc z = —a + §1e'’, where t € [0,7], and —J(d2) denotes the
semicircular arc z = a + dze'*, where t € [0, 7]. By Cauchy’s integral theorem, we have

—(L—51 (L—52
/ F(z)dx — / F(z)dz + / F(z)dx
—R —Jl(él) —a+61

R
—/ F(z)dz—l—/ F(x)dx—i—/ F(z)dz =0.
—J2(d2) a+3d2 Cr

Note that the function F(z) in analytic in C apart from simple pole at z = +a with residues

—ia ia
(§]

res(F,—a) = lim (z+a)F(z) = and res(F,a) = lim(z — a)F(z) = -2
z——a 2a z—a 2a
It follows that
—ia eia
F = - -
(2) 2a(z + a) +Gz) 2a(z — a) +Ga(2),

where G1(z) is analytic in {z : |z + a| < a} and G2(z) is analytic in {z : |z — a|] < a}. Furthermore, it is
easy to show that

/ e 1@ q ﬂ-ie*ia and / eia d 7.l.ieia
—F 4z = 11 —dz = .
—J1(61) 2(1(2 + (l) 2a —J2(82) 2@(2’ — a) 2a

Hence

/ T et / Y pwdr s [ P

—R —a+6, a+d2
— / Gi(z)dz — / Ga(z)dz + F(z)dz
—J1(61) —J2(02) Cr
I O s 7ri( —ia _ glay
- 2a 2 2a‘ e

Since G1(z) is analytic in {z : |z + a| < a}, there exists M; > 0 such that |Gi(z)| < M; whenever
|z + a| < a, so that for every §; < a, we have

/ Gi(z)dz
—J1(61)

Since Ga(z) is analytic in {z : |z — a| < a}, there exists Ms > 0 such that |Ga2(z)| < Mz whenever
|z — a| < a, so that for every 2 < a, we have

7J2(52)

On the other hand, a simple application of Jordan’s lemma gives

/CRF(Z)dz

It follows that if 0 < 1,2 < a and R > 2a, then

|/Ra51 Flaydo+ [ " Pyde JRC AT

F F
a+d1 a+062 20’

S M17r61.

S M27T62.

™

<

™
< M171'(51 + M27T52 + m
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Letting 61,02 — 0 and R — oo, we obtain

/Oo F(x)de = 7T—i(e*ia —elo),

P 2a

Taking real parts gives

*®  coszw msina
dx = .

oo @2 — 2 a
REMARK. Note that in Example 11.5.1, we have bent round the singularity in question by using a con-
tour with the singularity in the interior, whereas in Example 11.5.2, we have bent round the singularities
in question by using a contour with the singularities in the exterior.

We have used the following general result.

THEOREM 11B. Suppose that a function F(z) is analytic in an e-neighbourhood of zy, apart from
a simple pole at zy with residue a_1. Suppose further that 0 < t1 < ty < 2mw. For every positive § < €,
let J(8) denote a circular arc of the form z = z + delt, where t € [t1,ts].

Then

lim F(z)dz =ia_1(ta — t1).
6—0 J(8)

PROOF. We can write

F(z) = =1 4 G(2),

Z— 20

where G(z) is analytic in the closed disc {z : |z — 29| < ¢}. Then

It is easy to check that

/ a-1 dz = ia,_l(tg — tl).
J

©) Z— 20

On the other hand, since G(z) is analytic in the closed disc {z : |z — 20| < ¢}, it is bounded in this disc,
and so there exists M > 0 such that |G(z)| < M whenever |z — zg| < §, whence

G(z)dz
J(5)

SM/ |[dz| <27 M6 — 0
J(5)

as 0 — 0. The result follows. O
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11.6. Integrands with Branch Points

Consider an integral of the type

(13) /0 (@) da,

where f(x) is a real valued rational function in the real variable x. Here we shall assume that the degree
of the denominator of f exceeds the degree of the numerator of f by at least 2, and that f has no poles
on the positive real axis and at most a simple pole at the origin. We shall also assume that 0 < a < 1.

The problem here is that the function z®f(z) is not single valued. However, this is precisely the
circumstance that makes it possible to find the integral. The simplest technique is to first of all make
the substitution z = u2, and note that

(14) / z%f(x)de = 2/ w2t £ (u?) du.
0 0
We now consider the function
F(z) = 22T f(2%).

For the function z2*, by choosing the branch so that the argument of z2* lies between —7a and 37a, it
is easy to see that this is well defined and analytic in the region obtained from C by deleting the origin
and the negative imaginary axis. It follows that as long as a Jordan contour avoids this cut, then we
can use Cauchy’s residue theorem on F(z).

We shall consider the Jordan contour
C =[-R,—6]UJ(6)U][s, R]UCR,

where R > § > 0, —J(6) denotes the semicircular arc of the form z = del’, where t € [0,7], and Cr
denotes the semicircular arc of the form 2z = Re', where ¢ € [0, 7).

Cr

J(3)

By Cauchy’s residue theorem, we have

-6 R .
/_R F<Z)d2+/](§)F(Z)dZ+/§ F(z)dz + F(z)dz = 2w Z res(F, z;),

Cr z; inside C

where the summation is taken over all the poles of F' inside the Jordan contour C. It is easily shown
that

/ F(z)dz—0 and / F(z)dz—0
J(8) Cr

as § — 0 and R — oo respectively, so that

/oo F(z)dz = 2mi Z res(F, z;),

Jmz; >0
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where the summation is taken over all the poles of F' in the upper half plane. On the other hand, note
that (—z)%* = e?™22% and so

/oo 22a+1f(22) dz = /oo (Z2a+1 T (_Z)2a+1)f(22) dz = (1 _ e27ria) /oo u2a+1f(u2) du.
— o —c0 0

Since e?™ £ 1, this gives us a way of calculating the integral on the right hand side of (14).

ExXAMPLE 11.6.1. Suppose that the real number « € (0,1) is fixed. Consider the integral

o] l,afl
/ dz.
o l+=x
The substitution z = u? gives

oo a—1 00 2041
(15) / T de= 2/ - du
o 14z 0o u*+u

To evalaute this integral, note that the function

Z2a+1

F(z)=

22+ 24
has a singularity at z = 0 and simple poles at z = +i. Consider now the Jordan contour
C =[-R,-6]UJ()U][d, R]UCR,

where R > 1> 6 > 0.

Cr

|-

By Cauchy’s residue theorem, we have

/_: F(z)dz + /J(g) F(z)dz + /(SR F(z)dz + /CR F(z)dz = 2mires(F,i).

Since

1 .
res(F,i) = lim(z —1)F(z2) = —iem“,

z—1

it follows that

-6 R
/ F(z)dz+ F(z)dz + / F(z)dz + / F(2)dz = —mie™,
-R J(8) s Cr

Note now that
20+1
— 70 — 0 and

/ F(z)dz| < 0
J(5)

R2a+1

< —R47R27TR_)0

F(z)dz
Cr

=52 _54
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as 0 — 0 and R — oo respectively. Hence

. o) u2a+1 0 22a+1 .
(1- ezma) T du = =T 1 dz = —mie™?,
0 uct+u 00 25+ 2

so that

du = =

u? + ut 1 — e27ia e~ma _ema  9¢inga’

/°° ylotl riemier i T
0

It now follows from (15) that

[ee] xafl T
dz = — .
0o 142 sin Tov

In fact, the integral (13) can be studied without the substitution # = u?. However, the contour that
we use will not be a Jordan contour. We shall consider the function

F(z) = 2°f(2),
and choose a branch of z% so that the argument lies between 0 and 27a.
We now consider the contour
C =[5, RJUS(R)U[R,0)U L(9),

where R > § > 0, S(R) denotes the circle of the form z = Re'’, where ¢ € [0, 27], and —L(§) denotes the
circle of the form z = de'’, where t € [0, 27].

S(R)
L(é)/(\
\ s R

Clearly C is not a Jordan contour. However, there clearly exists ¢y € (0,27) such that the line segment
joining de'’o and Re'®® does not pass through any singularities of f(2) in {z : |2| < R}. Now let

Cy = [6, R U S1(R) U [Rel™, selto] U Ly (6),

where S1(R) denotes the circular arc of the form z = Re'’, where t € [0,t0], and —L;(J) denotes the
circular arc of the form z = de'’, where t € [0,to]. Also let

Cy = [R, 8] U Ly(8) U [de'™, Re'™] U Sy(R),

where So(R) denotes the circular arc of the form z = Re'*, where t € [to, 27|, and —Lo(8) denotes the
circular arc of the form 2 = dei*, where t € [to, 27].
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It is easy to see that

(16) /CF(z)dz: [ F(z)dz—l—/ F(2) dz.

Ca

Clearly there exists ¢y > 0 such that C] is a Jordan contour in the simply connected domain
Dy ={2#0:—eg<argz <tyg+e}
and Cjy is a Jordan contour in the simply connected domain

Dy={z2#0:ty —eg <argz < 2m + €o}.

Ch

Applying Cauchy’s residue theorem, we obtain

/ F(z)dz = 2ri Z res(F, z;) and / F(z)dz = 2mi Z res(F, z;),
Cl C2

z; inside Cy z; inside Cs

so that
(17) / F(z)dz = 2w Z res(F, z;).
c z; inside C
Note that
(18) F(z)dz = F(z)dz+ / F(z)dz+ / F(z)dz+ / F(z)dz,
Cq [6,R] S1(R) [Reito,deito] L1(6)
and

(19) / F(z)dz = / F(z) dz+/ F(z) dz+/ F(z) dz+/ F(z)d=.
Co (R,d] L (6) [§eit0, Reito] $(R)

When we evaluate the integrals in (18), we need 0 < argz < to. Hence

R
(20) /[&R]F(z)dz: /5 F(z)da.

When we evaluate the integrals in (19), we need ¢y < argz < 27. Hence

R R
— oY _ a 27ia _ _ p2mia
(21) - F(z)dz = /[R,5] 2%f(2)dz = /5 x%e ™ f(z) dx e /5 F(x)dex.
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Also
(22) / F(z)dz + / F(z)dz =0.
[Reito Seito] [Seito, Reito]
It follows from (16), (18)—(22) that
(23) /F(z)dz:/ F(z)der/ F(z)der/ F(z)dz+/ F(z)dz
c [6,R] [R,9] S1(R) S2(R)

+/ F(z)dz+/ F(z)dz
L1 () L2 ()

— (1 — i) /(;R F(z)dz + /S(R) F(z2)dz +/ F(z)d=.

L(5)

It is easily shown that

/ F(z)dz—0 and / F(z)dz—0
L(6) S(R)

as 0 — 0 and R — oo respectively, so it follows from (17) and (23) that

(1 — e*™io) /00 F(z)dx = QWines(f, zi),

0

where the summation is taken over all the poles of F'in C\ {0}.
EXAMPLE 11.6.2. Suppose that the real number « € (0,1) is fixed. Consider again the integral
oo a—1
/ x dx.
0 1 +x

To evaluate this integral, note that the function

zafl P
F = =
() 1+2z  2(1+42)’
has a simple pole at z = —1, with residue
res(F,—1) = liml(z +1)F(2) lim1 2ot = grilaml) — _gmia

Consider now the contour

C = [6,R]US(R) U R, 38 UL(S),

where R >1> 6 > 0.

S(R)
L(é)f,\
N R
-1

11-21
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By Cauchy’s residue theorem and our earlier observation, we have

(24) /CF(Z) dz = (1 — *™i@) /(;R F(z)dx + /S(R) F(z)dz + / F(z)dz = —2mie™,

L(5)

Note now that

a—1 a—1
/ F(z)dz| < 276 — 0 and F(z)dz| < 2rR — 0
L() 1-46 S(R) R—-1
as § — 0 and R — oo respectively, so it follows from (24) that
/°° zo1 2rie™ ™
dr = — — = — .
o l+z 1—e?me  ginma
We next turn our attention to integrals of the types
(25) / f(z)logzdx and / f(z)log? z du,
0 0

where f(x) is a real valued rational function in the real variable x. Here we shall assume that the degree
of the denominator of f exceeds the degree of the numerator of f by at least 2, and that f has no poles
on the non-negative real axis, so that the integrals (25) are convergent. We shall also assume that f is
an even function; in other words, f(—z) = f(z) for every z € R\ {0}.
We shall consider the function
F(z) = f(2)log® 2
and the Jordan contour

C =[5 RIUCRU[-R,—0] U J(3),

where R > § > 0. Here Cg denotes the semicircular arc z = Re'’, where ¢ € [0, 7], and —J(J) denotes
the semicircular arc z = de't, where t € [0, 7.

J(9)

By Cauchy’s residue theorem, we have

F(z)dz +/

[_R7_5]

F(z)dz +/

F(2) dz—l—/ F(z)dz = 2ri Z res(F, z;).
Cr J(9)

z; inside C

(3, R]

If we impose the restriction —7/2 < argz < 3mw/2, then

R
F(z)dz = / f(z)log? z du,
[6,R)] 5
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and
R R
/ F(z)dz = / (logx + im)%f(—z)dx = / (log x + im)% f(x) dx
[_Rv_é] g é

R R R
z/ f(z) logzxdx—l—Zwi/ f(z) logxdx—WQ/ f(x)dx.
5 5 5
It is easily shown that

/ F(z)dz—0 and F(z)dz—0
J(8) Cr

as 0 — 0 and R — oo respectively. It follows that

(26) 2/000 f(x) 1og2xdx—|—27ri/ooo f(z)logzdx — m* /000 f(x)da = 27 Z res(F, z;),

Jmz; >0

where the summation is taken over all the poles of F in the upper half plane. The integrals (25) can
then be found on equating real and imaginary parts.

ExAMPLE 11.6.3. Consider the integrals

S| ] 2
/ 8T iy and / %% % dz.
0 1 + 1'2 0 1 + 1'2

To evaluate these integrals, note that the function

1og2 z
F =
) =172
has simple poles at z = +i. In particular,
log? = w2
F.i) =1 —i)F(2) =1 =——.
res(R) = lim(z —DF(e) = i 2y = -

Consider now the Jordan contour
C=[5R|UCRU[-R,—0]U J(3),

where R > 1> 6 > 0.

Cr

| .

By Cauchy’s residue theorem, we have

3

/ F(z)dz + F(z)dz—|—/ F(z)dz+/ F(z)dz:Qﬂires(F,i):—ﬂ-—.
(6, Cn (R3] J(6) 4



11-24 W W L Chen : Introduction to Complex Analysis

On J(8), we have z = de', so that

log? = |log § + it|? <10g25+7r2
1+22|- 1-62 — 1-62
Hence
2 2
<1og o+m 50

/J N F(2)dz

as § — 0. On Cg, we have z = Re'?, so that

- 162

log? z

|log R + it|? < log? R + 72
1+ 22 '

RZ—-1 — R2-1

Hence

log® R + n2
F(2)dz| < =———
/CR (2) z‘ =1 TR — 0

as R — oo. It follows from (26) that
0 1 2 ] > 4 3
2/ ngdx+27ri/ ek dx—wz/ = -
o 1+ a? o 1+az2 o 1+a? 4

It is well known that
/°° dz 7
0 1 + 33‘2 o 2 '

001 2 [e%s} 1 3
2/ ngdx+27ri/ B dw="1
0 1—|—Jj2 0 1+x2 4

Hence

Equating real and imaginary parts, we obtain

oo 2 3 ol |
/ o Izdarzﬁ— and / 98 4z —0.
0 1+$ 8 0 1"‘.’1;2

We conclude this chapter by considering an example which does not easily fall into any general
discussion. Some of the calculation is unpleasant, and we shall omit some details.

ExaMPLE 11.6.4. We wish to evaluate the integral

/ log sin x dx.
0

To do this, consider the function
(27) 1 —e% =e#(e7 — ) = —2ie!* sin 2.
Note that if z = x + iy, where x,y € R, then

1 _e2iz — 1 _ e—2y(cos 2x + isin 2x),
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so that the function is real and non-positive if and only if x = n7 and y < 0, where n € Z. Consider the
simply connected domain D obtained from C by deleting all half lines of the form {z = n7 +iy : y < 0},
where n € Z.

In this domain, the principal branch of log(1 — e%#), with imaginary part between —m and =, is single
valued and analytic. Consider the Jordan contour

C=[§r—-90UTi(6)U[r+id,7 +iY]U [r +1iY,iY] U [iY;id] U T5(4),

where § > 0 is small and Y > 0 is large. Here —7}(d) denotes the circular arc z = 7 + del*, where
t € [r/2,7], and —T(5) denotes the circular arc z = de'’, where t € [0, 7/2].

nHY

4

iy

i0 '\‘\

By Cauchy’s integral theorem, we have

/ lOg(l — 6212) dz =+ / ]og(l _ eQiz) dz + / log(l _ eQiz) dz
(8,734 Ty (3) [7+i6,m+iY]

+ / log(1 — e*#)dz + / log(1 —e**)dz + / log(1 — e*#)dz = 0.
[r+iY,iY] [iY,id] To(6)

Using the periodicity of the integrand, we have

/ log(1 — e**)dz + / log(1 — e**)dz = 0.
[m+id,m+iY] [iv;i6]

Furthermore, it can be shown that
/ log(1 — e*#)dz — 0 and / log(1 — e*#)dz — 0
T1(5) T>(9)
as 0 — 0, and that

/ log(1 — e*#)dz — 0
[m+iY,iY]

as Y — oo. It follows that

(28) / log(1 — **)dx = 0.
0
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Next, consider the function log(—2ie'” sinz). If we choose logel” = iz, then the imaginary part lies
between 0 and 7. To obtain the principal branch of the logarithm with imaginary part between —m and
m, we must choose log(—i) = —im/2. Hence

log(—2ie'” sinx) = log 2 — % + iz + logsin z,
so that
im?2

™ 2 T
(29) / log(—2ie'” sinz) dz = wlog2 — - + % + / logsinz dx.
0 0

Combining (27)—(29), we conclude that

/ logsinx dxr = —mlog 2.
0

PROBLEMS FOR CHAPTER 11

1. Show each of the following:

a) /02”%2_\/7% b) /()2”1_2a21()989+a21iﬂa27wherea€(€and|a|<1
f) /_Z%dfﬂ:g g) /_Z%dfﬂ:ge_a7wherea€Randa>0
0 [ e e (- ) e a e Randa s >0

2. Suppose that a € R and 0 < a < 1. By integrating the function

e(lZ

e +1

around a rectangle with vertices at =R and +R + 2, show that

e T
" dor = — .
feo €T+ 1 sinTa

3. Show each of the following:

oo 1 _ o0 :
a) / 702081; de=m7 b) / ST dr=x
x o xz(1—22)

— 00

00 2 oo 2
c)/ log x d __71'\/5 d)/ log x qe o
0 0

A1 T 16
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Chapter 12

HARMONIC FUNCTIONS
AND CONFORMAL MAPPINGS

12.1. A Local Property of Analytic Functions
Consider an arc C given by z(t), where ¢t € [A, B]. For every t € [A, B], we can write
2(t) = (t) +iy(t),
where z(t),y(t) € R. Then the vector
2'(t) = 2'(t) + 1y (t)
has slope dy/dx, which is also the slope of the arc C. It follows that if 2’(¢g) # 0, then the vector z’(to)

is tangent to the arc at the point zg = z(tg), and arg z’(¢¢) is the angle this directed tangent makes with
the positive z-axis.
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Suppose now that C lies in a domain D, and that a function f(z) is analytic in D. Consider the
arc f(C) given by w(t) = f(z(t)), where t € [A, B]. By the Chain rule,
w'(t) = f'(2(£)2'(1).
Suppose now that z'(to) # 0 and f'(z0) # 0, where zo = z(t9). Then w’(tg) # 0, and
argw'(to) = arg f'(20) + arg 2’ (o).

We can interpret this geometrically in the following way: The angle between the directed tangent to C
at zo = z(to) and the directed tangent to f(C) at f(zo) is arg f'(z0).

In other words, under the mapping f, the directed tangent to any arc through zg is rotated by an
angle arg f'(2q), independent of the choice of the arc through zp. This also means that if two arcs C
and Cy intersect at zp at an angle, then the two arcs f(C1) and f(C2) intersect at f(zp) at the same
angle.

DEFINITION. An analytic function f is said to be conformal at zg if the following condition is satisfied:
If two arcs Cy and Cs meet at zg, then the angle from f(C1) to f(C2) at f(z) is the same as the angle
from C7 to Cy at zg.

same

angle ™ f(CQ)

C
toe fch)

We have in fact proved the following result.

THEOREM 12A. Suppose that a function f is analytic in a domain D, and that zy € D. Suppose
further that f'(z9) # 0. Then f is conformal at z.

REMARK. Conformality is considered a local property of analytic functions. Note also that

o ) = o)l

z—20 |z — 20|

= [f'(20)l.

This shows that |f'(zp)| is a local scaling factor of the function f at zp, and is independent of the
direction of z from zj.

To say that an analytic function is conformal usually means that it is locally one-to-one. In partic-
ular, we have the following result.

THEOREM 12B. Suppose that a function f is analytic and one-to-one in a domain D. Then f is
conformal at every point in D.

This follows immediately from the result below and Theorem 12A.

THEOREM 12C. Suppose that a non-constant function f is analytic in a domain D, and that zy € D.
Suppose further that f'(29) = 0. Then f cannot be one-to-one in any disc containing zg.



Chapter 12 : Harmonic Functions and Conformal Mappings _____  12-3

PROOF. Write wg = f(20). Since f(z) is not identically constant, the function g(z) = f(z) — wp is not
identically zero. If f'(z¢) = 0, then g(z) has a zero of finite order at least 2 at zp. Since the zeros of an
analytic function are isolated, we can choose 7 > 0 so small that both g(z) and f’(z) have no zeros in
the punctured disc {z : 0 < |z — 29| < r}. Then

= 1 O
m = min |g(z)| > 0,

where C' = {2z : |z — 20| = r} denotes the boundary of the disc. Let w € C satisfy 0 < |w — wg| < m.
Then

|wo —w| < |g(2)]

on C. Tt follows from Rouché’s theorem that the functions g(z) and g(z) + (wp — w) have the same
number of zeros inside C'. Hence

9(z) + (wo —w) = f(2) —w

has at least two zeros inside C. Clearly none of these zeros can be zy. Since f'(z) # 0 inside the
punctured disc, it follows that these zeros must be simple, and so distinct. )

EXAMPLE 12.1.1. The exponential function f(z) = e* has non-zero derivative at every z € C, and is
therefore conformal at every z € C. Note, however, that f : C — C is not one-to-one. On the other
hand, the function is one-to-one if we restrict its domain of definition to any strip of the form

{z=2+1iy:a <y <b}

where 0 < b — a < 27w. We therefore say that the exponential function is locally one-to-one.

12.2. Laplace’s Equation

Recall that a continuous function ¢(z,y) that satisfies Laplace’s equation

9?%¢ 82_¢:

oz Tz 0

in a domain D C C is said to be harmonic in D. In Theorem 3E, we have shown that such a function
can be written as the real part of an analytic function f in D.

Our main task in this section is to show that a harmonic function can be carried from one domain
to another by analytic functions. More precisely, we prove the following result.

THEOREM 12D. Suppose that D, D’ C C are domains, and that f : D — D' is a one-to-one and
onto analytic function. Suppose further that for every z € D, we write w = f(z), where z = x + iy and
w = u+ iv, with z,y,u,v € R. Then for every function ¢(x,y) harmonic in D, the function (u,v),
defined by

(1) Y(u,v) = d(x(u,v), y(u, v)),
is harmonic in D’'.

Theorem 12D is particularly useful in applications which involve the solution of the Dirichlet problem
concerning the question of finding a harmonic function in a domain D which takes specified values on
the boundary of D. Once we solve this problem for a particular domain, we can use Theorem 12D to find
solutions on all domains which can be obtained from D by a one-to-one and onto analytic function, so
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long as the boundary values correspond. We can therefore select the domain which makes the problem
simplest.

Note that (1) can be written in the form

Our first task is therefore to establish the analyticity of the inverse function f=!: D’ — D.

THEOREM 12E. Suppose that D, D’ C C are domains, and that f : D — D' is a one-to-one and
onto analytic function. Then the inverse function f~': D' — D is analytic in D'. Suppose further that
for every z € D, we write w = f(z), where z = x + iy and w = u + iv, with z,y,u,v € R. Then

or Oy ox oy
2 — = = d - = _ZZ
2) ou  Ov an ov ou
PRrROOF. To prove the first assertion, it suffices to prove that for every wog = f(2¢) € D', the limit

zZ— 20

lim
w—wo W — W

exists. To establish this, note first of all that by Theorem 12C, we have

w — Wy

lim
z—z20 2 — 20

£0.

Since f is continuous in D, we clearly have w — wg as z — zg. Since f is one-to-one in D, we clearly
have w # wy when z # zy. It follows that

-1
. Z— 20 . w — Wo
lim = ( lim .
w—wo W — W z2—20 2 — 20

To complete the proof of the theorem, note that (2) are the Cauchy-Riemann equations of the analytic
function f~1. O

PROOF OF THEOREM 12D. Note that
oy 8¢% 8¢@ B ax@ dy 0¢

ou  Oxdu  Oyou Oudr Oudy’
so that

0% 0 ((%L’Bq’) ayaqs) 0% dp 0w D <a¢> 82y 0 Oy (a¢>

B 9 " 9u\ouor Toudy) " ouror " ouou\oz ) auzoy T oudu \ oy

On the other hand,

" 0 (00) 00 (96 0y 0 (05) _0s0% 0y 0%
ou\0x) Oudxr \ oz oudy \0x ) 0Oudx?  Oudxdy’

Similarly,

5 0 (06\ _0r 0 (06) 04D (06) 0w Po oy
ou\dy) Oudx \ Oy oudy \Oy /) Oudxdy Oudy?’

Combining (3)—(5), we obtain

o U _ oo Pyoo (0:\' 0% onoy Po (o) o
ou?  Ou?dxr  Ou? Oy ou) 0x? Ou Ou Oxdy ou) Oy?’
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A similar argument gives

0 0P dp | 0%y oo (8x)232¢ L0z 0y ¢ (8y)26‘2¢

(7) 902 " ocor Taray T\ ) a2 P 2avovamay T \av) 057

Adding (6) and (7), we have

U (0 B\ 06 (Fy 0\ 06 (doy  dxon) 0%
ou? - ow?  \ou?  Ov?) Ox ou?  ow?) Oy Oudu  Ovov) Oxdy

ox\°> [0z\?\ 8%¢ oy\>  [oy\?\ 9%¢
Gy G ) e (B + (1))

Suppose now that ¢(x,y) harmonic in D. Then

9% %6 _
ox2 Oy

(8)

9) 0

in D. On the other hand, the Cauchy-Riemann equations (2) give

Pz 0%z %y 0%y
(10) g Toz 0 amd Gt gz =0
as well as
dr 0y ~ Ordy o\ ox 2_ oy 2 dy 2

(11) %a-‘r%%—o and (%) + 2 =\ . + 9
in D'. Combining (8)—(11), it is easily seen that

Py % _y

ou? o

in D', so that ¢(u,v) is harmonic in D’. (O

12.3. Global Properties of Analytic Functions

We begin by studying the following result which can be considered both local and global. It can be
proved by means of Rouché’s theorem in the same spirit as the proof of Theorem 12C.

THEOREM 12F. (OPEN MAPPING THEOREM) Suppose that a non-constant function f is ana-
lytic in a domain D. Then f(S) is open for any open set S C D. More specifically, suppose that zg € D,
and that wo = f(z0). Then for all sufficiently small € > 0, there exists § > 0 such that

{w:|w—wo| <} C f({z:|z— 20| <€}).

In other words, wq is an interior point of f(D).
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PROOF. Since f(z) is not identically constant, the function g(z) = f(z) — wo is not identically zero,
and has a zero of finite order at zy. Since the zeros of an analytic function are isolated, we can choose
r < e so small that g(z) has no zeros in the punctured disc {z: 0 < |z — 29| < r}. Then

¢ =min |g(z)| >0,

where C' = {2z : |z — 29| = r} denotes the boundary of the disc. Let w € C satisfy |w — wg| < 6. Then
lwo —w| < |g(2)]

on C. It follows from Rouché’s theorem that the functions g(z) and g(z) + (wo — w) have the same
number of zeros inside C. Hence

9(2) + (wo —w) = f(2) —w
has a solution inside C, so that w € f({z: |z — 20| < r}). It follows that
{w:Jw—wg| <6} C f{z: ]z — 20| < 7T}).
The result follows. O

Let us examine Theorem 12D again. We have assumed that both D and D’ are domains. The
following result allows us to somewhat relax our assumptions.

THEOREM 12G. Suppose that a non-constant function f is analytic in a domain D. Then f(D) is
a domain.

REMARK. Recall that an open set S is connected if every two points in S can be joined by the union
of a finite number of line segments lying in S. An easy theorem in real analysis states that any contour
can be approximated arbitrarily well by the union of a finite number of line segments. It follows that S
is connected if every two points in S can be joined by a contour lying in S.

PROOF OF THEOREM 12G. To show that f(D) is a domain, we need to show that it is open and
connected. In view of Theorem 12F, it remains to show that f(D) is connected. Suppose that wy,wy €
f(D). Then there exist 21,22 € D such that f(z1) = wy and f(z3) = ws. Since D is connected, z; and
zy can be joined by the union of a finite number of line segments lying in S. The image of each line
segment under f is an arc in f(D), since f is differentiable in D.

wy

fD)

Z1 2

It follows that w; and ws can be joined by a contour lying in f(D). O
We conclude this section by stating the following result.

THEOREM 12H. (RIEMANN MAPPING THEOREM) Suppose that D is a simply connected do-
main in C which is different from C. Then there exists a one-to-one and onto analytic function of the
type f: D — U, where U = {w : |w| < 1} denotes the unit open disc.
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REMARKS. (1) If we prescribe a point in D and a direction through this point, then there is a unique
function of the type described which maps this point and direction to the origin and the positive z-axis
respectively.

(2) The proof can be split into three steps. Let zg € D be fixed. One begins by showing that
the collection S of one-to-one analytic functions of the type f : D — U and satisfying the conditions
f(z0) = 0 and f’(z0) > 0 is non-empty. One then shows that there is an extremal member in S with
greatest f’(zg). Finally, one shows that if a member in S is not an onto function, then it cannot be this
extremal member. It follows that the extremal member satisfies the requirements of the theorem.

(3) Unfortunately, Theorem 12H is a purely existence theorem, and so cannot be used in conjunc-

tion with Theorem 12D. In Chapters 13-14, we shall study some techniques which may enable us to
construct such a function.

PROBLEMS FOR CHAPTER 12
1. Let Cy and C5 be two straight lines that meet at the origin at an angle ¢. Consider the function
f(z) = 2.
a) At what angle do the two lines f(C7) and f(C2) meet?
b) Comment on the solution in (a).
2. Discuss angles at the origin under the mapping f(z) = z%, where 0 < a < 1.

3. Use the Open mapping theorem to prove the Maximum principle.

4. Explain why the conclusion of the Riemann mapping theorem cannot hold when D = C.
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Chapter 13

MOBIUS TRANSFORMATIONS

13.1. Linear Functions

EXAMPLE 13.1.1. Consider the square {z = 2 +iy € C: 0 < 2z <1 and 0 < y < 1}. The pictures
below show the images of this square under the functions f(z) = z + 1 +1i, f(z) = €%z and f(z) = 2.
Note that the image of the square in each case is also a square.

1 2 1 2
original square image under f(z) =z+1+1
o)
1 2 1 2
image under f(z) = ez image under f(z) =2z

The function f(z) = 2+ 1+1 is an example of a function of the type f(z) = z + ¢, where ¢ € C is fixed.
This function describes a translation on the complex plane C, where every point is shifted by a vector
corresponding to the complex number c. The function f(z) = e'®z, where ¢ € R is fixed, describes a
rotation on the complex plane C, where every point is rotated in the anticlockwise direction by an angle
¢ about the origin. The function f(z) = 2z is an example of a function of the type f(z) = pz, where
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p € R is positive and fixed. This function describes a magnification on the complex plane C, where
the distance between points is magnified by a factor p, noting that |pz1 — pza| = p|z1 — 22| for every
21,20 € C.

It is easily seen that if we take the domain and codomain of each of the above functions to be the
complex plane C, then f : C — C is both one-to-one and onto. Furthermore, any geometric object in C
has an image under f which is similar to itself.

DEFINITION. A linear function is a function f : C — C of the form f(z) = az + b, where a,b € C are
fixed, and a # 0.

ExaMPLE 13.1.2. Let us return to the three examples earlier. For the function f(z) = z 4 ¢, we have
a =1 and b = ¢. For the function f(z) = €'z, we have a = €!® and b = 0. For the function f(z) = pz,
we have a = p and b = 0.

THEOREM 13A. Any linear function f : C — C is the composition of a rotation, a magnification
and a translation. Furthermore, it is one-to-one and onto.

PROOF. Suppose that f(z) = az + b for every z € C. Write a = pe'®, where p,¢ € R and p > 0. Then
f = fso feo fi, where

fi(z) = ez and  fo(z) =pz  and fs(z) =2z+0.

We have the picture below:

Jo~Jo

J rotation T translation

magnifica tion
_— |

The last assertion follows from the observation that composition of functions preserves the one-to-one
and onto properties. O

THEOREM 13B. The composition of any two linear functions is also a linear function.

PROOF. Suppose that fi(z) = a1z + by and fo(z) = azz + by, where ay,b1,a92,b0 € C and aq,as # 0.
Then (f2 0 f1)(2) = az(a1z + b1) + ba = ajazz + (azby + ba). Clearly ajaz, asby + b2 € C and ajas # 0.
O

ExaMPLE 13.1.3. Suppose that zg € C is fixed. Consider the linear function f : C — C which rotates
the complex plane C in the anticlockwise direction by an angle 6 about the point zy. We may adopt the
following strategy: Translate the point zy to the origin, then rotate in the anticlockwise direction by an
angle 6 about the origin, and then translate the origin back to the point zg. Then f = f3o fo0 f1, where

fi(z) =2 -2 and fa(z) =€z and f3(2) = 2 + 20.
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We have the picture below:

f
e 20
Jfl(Z)ZZ—ZO ng(z)=z+zo
fa(z) = €l
] N 0

Hence
f(z) =%z — 20) + 20 = €92 + 20(1 — €).

Alternatively, we may adopt the following strategy: Rotate in the anticlockwise direction by an angle 6
about the origin, and then translate the image of zy under this rotation back to zy. Then f = g5 o g1,
where

Hence

0

f(z) = €2+ (20 — €20) = €92 + 2(1 — €?).

ExAMPLE 13.1.4. Consider the linear function f : C — C which maps the horizontal arrow shown to
the other arrow shown.

We may adopt the following strategy: Translate the tip of the arrow from 3 + i to the origin, magnify
the arrow by a factor 1/ V2, rotate it about its tip (now at the origin) in the anticlockwise direction by
an angle 37 /4, and finally translate its tip from the origin to the point —2+2i. Then f = fyo0 f30 fy0 f1,
where

fi(z)=2z—(3+1) and fio(z) = %z and  f3(z) =42 and  fiy(2) = 2 4+ (=2 + 2i).

Hence
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13.2. The Inversion Function

Consider the inversion function

1
w=f(z)= pt
This function can be considered a function of the type f : C — C, where C denotes the extended complex
plane, so that C = C U {oo}. We write formally f(0) = oo and f(oc0) = 0.

Let us first study some geometric properties of this function. For our purposes, the point at oo is
considered to belong to every line on the extended complex plane.

REMARKS. (1) A line passing through the origin contains all points of the form z = re!’, where § € R
is fixed and r € R. The images of these points under the inversion function are of the form

They form a line through the origin. Note that the point at oo and the origin change roles under the
inversion function.

(2) A line not passing through the origin consists of all points of the form z = z + iy, where
z,y € R and Ax + By = C, where A, B,C € R are fixed and C' # 0. The images of these points under
the inversion function are of the form w = u + iv, where u,v € R and w = 1/z. It is easy to see that

1 1 u — iv
z2 = — = " = s
w  u4iv  u? 402
so that
u v
@ TmaEre ™ vETae
It follows that
Au Bv
u +v2 w2402
This can be rewritten in the form
A B
u? 0 — Zu+ v =0,

C c

the equation of a circle passing through the origin.

(3) Note now that the inverse of the inversion function is the inversion function itself. It follows
from the previous observation that a circle passing through the origin becomes a line not passing through
the origin under the inversion function.

(4) A circle not passing through the origin consists of all points of the form z = z + iy, where
z,y € R and 2?2 + 4y? + Az + By = C, where A, B,C € R are fixed and C # 0. The images of these
points under the inversion function are of the form w = u + iv, where u,v € R and w = 1/z. In view of
(1), we have

u? 02 Au Bv

(u2+v2)2 (u2+1}2)2 + ’U,2+’U2 o ’Z,L2+U2
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This can be rewritten in the form

A B 1
w0 - Su+ v =—,

C C C

the equation of a circle not passing through the origin.
We now state a result which includes these four remarks.

THEOREM 13C. The inversion function f : C — C, given by f(z) = 1/z for every non-zero z € C,
and f(0) = co and f(oco) =0, is one-to-one and onto. On the other hand, its inverse function is itself.
Furthermore, the image under this function of a line or a circle in C is also a line or a circle in C.

REMARKS. (1) We have in fact shown the following: Under the inversion function, the image of a
line through the origin is a line through the origin, the image of a line not through the origin is a circle
through the origin, the image of a circle through the origin is a line not through the origin, and the
image of a circle not through the origin is a circle not through the origin.

(2) If we think of a line as a circle of infinite radius, then we can think of circles and lines as
belonging to the “same” class. The inversion function therefore maps members of this class to members
of this class.

13.3. A Generalization

If we extend any linear function discussed in §13.1 to a function of the type f : C — C by writing
f(o0) = oo, then it is easy to see that this extended function f : C — C is also one-to-one and onto, and
that its inverse function f=! : C — C is also a linear function.

Note also that the class of all circles and lines in C is carried to itself by all linear functions as well
as the inversion function. We now try to generalize these two types of functions.

DEFINITION. A Mgbius transformation, or a bilinear transformation, is a rational function 7 : C — C
of the form

az+b

(2) T(z) = ztd

where a, b, c,d € C are fixed and ad — bc # 0. We write formally

(3) T (——) =00 and  T(c0) = -.

REMARKS. (1) Note that if ad — be = 0, then

d— be
T'(z) = 24 7°¢ _
()= -0

so that T'(z) is constant. Hence the requirement ad — bc # 0 is essential.

(2) To justify (3), note that the function T'(z) has a simple pole at z = —d/c, and that

lim T(z) = 2
c

|z|—00
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(3) Since

ad — be
5 70

T'&) = (e vap

for every z € C satisfying z # —d/c, it follows that a Mébius transformation is conformal at every point
in C where it is analytic.

(4) The case ¢ =0 and d = 1 reduces to T(z) = az + b, a linear function.
(5) The case a =d =0 and b = ¢ = 1 reduces to T(z) = 1/z, the inversion function.

(6) If ¢ # 0, then it is easy to check that

() az+b_g+(b_a_d> 1

cz+d ¢ c ) cz+d

(7) Writing w = T'(z), then (2) can be written in the form cwz — az + dw — b = 0, and this is
linear in both z and w. This is the reason for calling such a function a bilinear transformation.

The following result is a generalization of Theorems 13A and 13C.

THEOREM 13D. Suppose that T : C — C is a Mébius transformation. Then

(a) T is the composition of a sequence of translations, magnifications, rotations and inversions;
(b) T : C — C is one-to-one and onto;

(c) the inverse function T~ :C — C is also a Mébius transformation;

(d) T maps the class of circles and lines in C to itself: and

(e) for every Mébius transformation S: C — C, SoT : C — C is also a Mdbius transformation.

PROOF. (a) Suppose that

az+b
cz+d’

T(z) =
where ad — bc # 0. If ¢ = 0, then we must have ad # 0, so that

az+b a b

In this case, T is a linear function, and the result follows from Theorem 13A. On the other hand, if
¢ # 0, then we use the identity (4). We can write T = T5 o T5 o Ty, where

1 d
Ti(z)=cz+d and Ta(z) = - and T5(z) = <ba—>z+g.
z c c

It is easy to check that T and T3 are linear functions, while T3 is the inversion function. The result now
follows from Theorem 13A.

(b) and (d) follow from (a) on noting that translations, magnifications, rotations and inversions all
have the properties in question, and that composition of functions preserves these properties.

(c) and (e) are left as exercises. O
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ExampLE 13.3.1. Suppose that a € C is fixed and |a| < 1. Consider the Mébius transformation

T :C — C, given by

a—=z
=1

where @ € C denotes the complex conjugate of a. Note that

|T(Z)‘2 — ‘CL 7_2”|2 _ |a‘2 — 2932(6‘2) + |Z|2 )
[1—az|2 1-—2%Re(az) + |al?|z|2

It is easy to see that if |z| = 1, then |T'(z)| = 1. It follows from Theorem 13D(d) that the image under
T of the unit circle {z : |z| = 1} is the unit circle itself. On the other hand, the inequality |T'(z)| < 1 is
equivalent to the inequality

la]? + |2* < 1+ [af*[2]?,
which is equivalent to the inequality
(1= lal*) (@ —[2*) > 0,

which is equivalent to the inequality |z| < 1, in view of the assumption |a| < 1. It now follows from this
observation and Theorem 13D(b) that the interior {z : |z| < 1} of the unit circle must be mapped onto
itself by T.

DEFINITION. A fixed point z € C of a Mdbius transformation T : C — C is a solution of the equation
T(z) =z

THEOREM 13E. A Mdbius transformation T : C — C has at most two distinct fized points in C
unless T'(z) = z identically.

PROOF. Suppose that

az+b

T(z) = ——,
(2) cz+d

where ad — bc # 0. If ¢ = 0, then ad # 0, so that T is a linear function. In this case, the equation

T(z) = z becomes az + b = dz. If T(z) is not identically equal to z, then a # d or b # 0, so that this

equation has at most one solution in C. Suppose next that ¢ # 0. Then clearly oo is not a fixed point.

The equation T'(z) = z is now a quadratic equation, and so has at most two distinct roots in C. O

It follows from Theorem 13E that a Md&bius transformation must be the identity function if it has
three fixed points. Suppose now that S and T are Mobius transformations, and that there exist distinct
21,22, 23 € C such that S(z;) = T(z;) for j = 1,2,3. By Theorem 13D(c)(e), the composition S~ o T is
also a Mobius transformation. Clearly (S™1 o T)(z;) = z; for j = 1,2,3, so that S~! o T has three fixed
points, and so must be the identity function. In other words, (S~! o T)(z) = z, and so S(z) = T'(z), for
every z € C. We summarize this observation below.

THEOREM 13F. Suppose that two Mobius transformations S : C—Cand T :C — C are equal at
three distinct points in C. Then S(z) = T(z) for every z € C.

Next, we show that three points determine uniquely a Md&bius transfomation.

THEOREM 13G. Suppose that z1, 23, 23 € C are distinct, and that wy, wa, ws € C are also distinct.
Then there exists a unique Mébius transformation T : C — C such that T(z;) = w; for j =1,2,3.
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PrOOF. To establish the existence of such a function, note that Ty : C — C, given by

(2 — 21)(22 — 23)
(z—23) (22 — 21)’

Ti(z) =
is a M&bius transformation, with 77 (21) = 0, Ty (22) = 1 and T} (23) = oo. Similarly, 75 : C — C, given
by

(w — w1) (w2 — w3)
(w — w3) (w2 — wl)’

TQ (’UJ) =

is a Mobius transformation, with T(w;) = 0, To(ws) = 1 and Ty(w3) = co. Clearly T =T, ' o T} is a
Mobius transformation such that T'(z;) = w; for j = 1,2, 3. The uniqueness follows from Theorem 13F.

O

ExampLe 13.3.2. To find a Mobius transformation 7' : C — C such that T(0) = 2, T(1) = 3 and
T(6) = 4, note that Ty : C — C, given by

is a Mobius transformation, with 73 (0) = 0, T3 (1) = 1 and T3 (6) = oco. Similarly, T : C — C, given by

w-B-4) _ -w+?
B = =he=2 " w_1"

is a Mobius transformation, with 75(2) = 0, T5(3) = 1 and T3(4) = oco. We now have to calculate
T =T, ' oTy. Note that

_ 4z + 2
Ty ' (2) = P

so that

4222 1o
z—6  —20z+2(2—6) —182—-12 92+6
(—52)+1 bz +(2—-6)  —4z—-6 2243

13.4. Finding Particular Mdbius Transformations

Recall that a Mébius transformation T : C — C, given by

az+b
T(z) = ——,
(2) cz+d
where ad — be # 0, maps the class of circles and lines in C to itself. Suppose that a circle or line contains
the pole z = —d/c of T, then its image under T is unbounded, and is therefore a line rather than a
circle. Suppose, on the other hand, that a circle or line does not contain the pole z = —d/c of T', then
its image under 7' cannot contain the point at co, and is therefore a circle rather than a line.

Note next that a circle or line splits the extended complex plane into two domains. Here we adopt
the convention that a line contains the point at oo, whereas a half plane not including its boundary line
does not contain the point at co. Since T : C — C is one-to-one and onto, and since an analytic function
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maps domains to domains, it follows that the image of any domain arising from a circle or line must be
mapped onto a domain arising from the image of this circle or line under T.

REMARK. Strictly speaking, the function

az+b
cz+d

T(z) =
is one-to-one, onto and analytic if we take the domain of T to be C\ {—d/c} and the codomain of T' to

be C\ {a/c}.

EXAMPLE 13.4.1. Suppose that zo,wo € C and rqi,72 > 0 are fixed, and that we are required to
find a Mobius transformation T' : C — C which maps the disc {z : |z — 20| < 71} to the annulus
{w : |w —wg| > ro}. This can be achieved by taking T'= Ty o T3 o Ty o T}, where

1
Ti(z) =z — 29 and Tr(z) = - and T3(z) = rirez and Ty(2) = z + wp.

We have the picture below:

l T (2)=2-2 1 Ty(2)=2z+w,

b)

{41 4): % T3(2)=rm2

Note that Ty is a translation which takes the centre of the disc {z : |z — zo| < 71} to the origin. Then the
inversion 75 turns a disc into an annulus. We now apply a magnification T3 and then use the translation
Ty to position the disc so that its centre is at wg. It is easy to see that

rr Woz + (1179 — Wo 2
T(6) = L 4 gy = 20 F (172~ o)
— 20 — 20

ExaMPLE 13.4.2. Suppose that we are required to find a Mobius transformation 7" which maps the
unit disc {z : |z| < 1} to the right half plane {w : Rew > 0}.
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Our first step is to find a Mébius transformation S : C — C which maps the unit circle {z : |z| = 1} to
the imaginary axis {w : Sew = 0}. For

az+b
cz+d

S(z) =

to map the unit circle to a line, the unit circle must contain the pole z = —d/c of S. Suppose that we
choose the point z = 1 to be this pole. In this case, we may take, for example, c =1 and d = —1. Next,
some point on the unit circle must have image 0 under S. Suppose that we choose z = —1 to be this
point. In this case, we may take, for example, a = 1 and b = 1. Note that ad — bc # 0, and these choices
give

z+1

S(z) = 1

Note that S(1) = co and S(—1) = 0. We also know that the image of the unit circle under S is a line
through the origin, but at this point, we do not know whether this line is the imaginary axis. To check
what this line is, we use a third point on the unit circle, the point z = i, say. It is easy to check that
S(i) = —i, on the imaginary axis. We therefore conclude that S maps the unit circle to the imaginary
axis. It follows that S maps the unit disc {z : |z| < 1} to one of the half planes arising from the imaginary
axis, but at this point, we do not know whether it is {w : Rew < 0} or {w : Rew > 0}. To check which
half plane this is, we can use the point z = 0. It is easy to check that S(0) = —1. Unfortunately, this
is in {w : Rew < 0} instead of {w : Rew > 0}. This little problem can be eradicated by rotating S(z)
about the origin by an angle 7. In other words, the M&bius transformation

—z—1
z—1

T(z) =e"S(2) = —S(2) =
satisfies our requirements.

ExaMPLE 13.4.3. Suppose that we are required to find a Mobius transformation S which maps the
half plane {z = z + iy : y < =} to the annulus {w : |w — 3] > 5}.

=X

v

-2 3 8

Our first step is to find a M&bius transformation S : C — C which maps the line {z = z +iy : y = 2} to
the circle {w : |w — 3| = 5}. Consider first of all the transformation

Si(z)=vV2e ™z = (1—1i)z

(the magnification here by /2 serves only to simplify the arithmetic), where we attempt to map the line
{z =z +iy : y = z} to the real axis {z : Jmz = 0}. Next, we shall find a Mébius transformation S,
which maps the real axis {z : Jmz = 0} to the circle {w : |w — 3| = 5}. To do this, we shall use the
Moébius transformation Se which maps the points 0,1, 00, say, on the real axis to the points 8,4i, —2,
say, on the circle. From the proof of Theorem 13G, the inverse Mobius transformation S5 1 is given by

(w—8)(4i+2) w—8

(w+2)(di—8) 2i(w+2)

2= 8, (w) =
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Simple calculation gives

4z —8i
w=520) = 55—

and so the Mo6bius transformation S = S5 0 .S7, given by

5(:) = (S20 81)(2) = Tgr e,

maps the line {z =z + iy : y = 2} to the circle {w : |lw — 3| = 5}. It follows that S maps the half plane
{z =2 +1iy:y < z} to the disc {w : |w — 3| < 5} or the annulus {w : |w — 3| > 5}. To check which
this is, we can use the point z = 1. It is easy to check that S(1) = —4 4 4i. This is in the annulus
{w:|w—3| > 5}. It follows that

41 —i)z —8i
SG) = ST

satisfies our requirements.

13.5. Symmetry and Mo6bius Transformations

DEFINITION. We say that two points 21,29 € C are symmetric with respect to a line L if L is the
perpendicular bisector of the line segment joining z; and zs.

Suppose that z1, 20 € C are symmetric with respect to a line L. Then it is easy to see that every
circle or line passing through both z; and 2o intersects L at right angles.

Using this observation, we make the following definition.

DEFINITION.  We say that two points z1, 2o € C are symmetric with respect to a circle C' if every circle
or line passing through both z; and 2o intersects C' at right angles.
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REMARKS. (1) Consider the circle C = {z : |z — z9| = r} with centre zy and radius 7. Then it can be
shown that two points z; inside C' and zo outside C' are symmetric with respect to C if and only if there
exist p, 0 € R satisfying 0 < p < r and such that

2
. ré .
21 = 20+ pe‘e and 29 = 2o + —e‘e;
p

in other words, if and only if (z; — 20)(22 — z0) = 72.

(2) We also say that the centre of a circle C' and the point at oo are symmetric with respect to
the circle C.

(3) Note that a line can be interpreted as a circle of infinite radius. It follows that our definition
covers symmetry with respect to both lines and circles.

THEOREM 13H. (SYMMETRY PRINCIPLE) Suppose that T : C—-C is a Mébius transforma-
tion. Suppose further that C is a circle or line in C. Then two points z1,20 € C are symmetric with
respect to C if and only if T(z1) and T(z2) are symmetric with respect to T(C').

ProOOF. Note that 7 maps the class of lines and circles in C to itself. Note also that T" is conformal at
all points where it is analytic, and so preserves orthogonality. ()

EXAMPLE 13.5.1. Let us return to Example 13.3.1. Suppose that a € C is fixed and la| < 1. Suppose
also that A € C is fixed and |A| = 1. Then the Mobius transformation 7' : C — C, given by

z—a
T(z) = a2 %
(=) az—1’

maps the unit disc D = {z : |z| < 1} onto itself. Note here that we have introduced an extra rotation
X about the origin. We shall now attempt to show that any Mobius transformation 7' : C — C which
maps the unit disc D onto itself must be of this form. Clearly T' maps the unit circle C' = {z : |z| = 1}
onto itself. Next, let a € C be the unique point satisfying T'(a) = 0. Then |a| < 1. Suppose now that
a and a* are symmetric with respect to the unit circle C. Then by the Symmetry principle, T'(a) and
T'(a*) are symmetric with respect to the circle T(C) = C. Since T'(a) = 0, we must have T'(a*) = 0.
It follows that T'(z) must have a zero at z = a and a pole at z = a*. Note now that aa* = 1, so that
a* = 1/a. Hence

zZ—a

T(z) =M\
(2) az —1

for some A € C. Recall now that |T'(z)| = 1 whenever |z| = 1. In particular, we require
l1—-a
-1

=1

)= |3

a

It follows that [A| = 1.

PROBLEMS FOR CHAPTER 13

1. Find a Mo6bius transformation that takes the points 0,2, —2 to the points —2,0, 2 respectively.

2. Show that the Mdbius transformation w = Z—: maps the upper half plane {z : Jmz > 0} onto the
z+1i
disc {w : |w| < 1}.
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10.

. Show that if either of the transformations w = a + 1

Suppose that C is a given circle or line, and that C’ is also a given circle or line. Does there exist a
Mobius transformation that maps C onto C’'? If so, is this Mobius transformation unique? Justify
your assertions.

The cross ratio of four distinct points z1, 2o, 23, 24 € C is defined by

(21 — 22)(23 — 21)
(21 — 2z4)(23 — 22)

X(Zl,ZQ,Z3,Z4) =

and by the obvious limit if one of the points is co. Show that the cross ratio is invariant under
Mobius transformation; in other words, for every Mobius transformation 7' : C — C, we have

X(T(21),T(22),T(23),T(z1)) = X (21, 22, 23, 24)-

[HINT: Note that every Mobius transformation is a composition of translations, rotations, magnifi-
cations and inversions.]

Use the invariance of the cross ratio to find a Mobius transformation that takes the points 0, 1, co
to the points —i, 1,1 respectively.
[HINT: Suppose that the Mébius transformation takes z to w.]

Show that a Mobius transformation w = f(z) maps the upper half plane {z : Jmz > 0} onto the
disc {w : |w| < 1} if and only if it is of the form

z—a
w=A -,
z—a

where a, A € C satisfy [A\| = 1 and Jma > 0.

a) Construct a one-parameter family of M&bius transformations that map the real axis onto the
unit circle by mapping the points 0, A, co to the points —i, 1,1 respectively, where A is a non-zero
real parameter.

b) What point of the upper half plane gets mapped to the centre of the circle?

c¢) For what values of ) is the upper half plane {z : Jmz > 0} mapped onto the disc {w : |w| < 1}?
Onto the annulus {w : |Jw| > 1}7?

d) Taking note of Problem 6, comment whether the family includes all M6bius transformations
that map the real axis onto the unit circle.

. Find all Mébius transformations that map the disc {z : |z — 1| < 2} onto the upper half plane

{w: Jmw > 0} and takes z =1 to w =1i.

bz bz

and w = ¢ + ——— maps the unit disc
—cz 1—az
onto the unit disc, then they both do.

Find a transformation that maps A = {z =z +iy : |z| < 1 and y > 0}, the upper half of the unit
disc, onto the first quadrant.
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Chapter 14

SCHWARZ-CHRISTOFFEL TRANSFORMATIONS

14.1. Introduction

Recall that a function f(z) is conformal at every point where it is analytic and has non-zero derivative.
In this chapter, we shall study the situation at points where f(z) is not conformal.

Suppose that 2y € R is fixed. Consider a function f(z) with derivative
f'(z) = (z = o),
where —1 < a < 1. Here we have chosen the branch of the argument so that

3T

—— < (— )<—
arglz x
9 g 0_2,

introducing a branch cut along the axis {xo + iy : y < 0}. We shall study the image of the real axis
under this mapping f.

Suppose first of all that z lies on the real axis and z > xy. Then f(z) is conformal at such a point
z, since f'(z) # 0. Note also that

arg f'(z) = aarg(z — 1) =0

for all such points z, ignoring multiples of 2. Since the tangent at every point of the half line (x¢, co) has
slope 0, it follows that the tangent at every point of the image curve f((xg,00)) has slope arg f'(z) = 0.
Hence f((zg,00)) is a half line parallel to the real axis and has left hand end point f(zg).

Suppose next that z lies on the real axis and z < xo. Again f(z) is conformal at such a point z,
since f’(z) # 0. Note also that

arg f'(2) = carg(z — xo) = am
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for all such points z, again ignoring multiples of 27. It follows easily that f((—oo,xz¢)) is a half line
making an angle ar with the horizontal axis.

Summarizing the above, we have the following diagram which describes the image of the real axis
under f.

14.2. A Generalization
Again, suppose that xo € R is fixed. Consider a function f(z) with derivative
f'(2) = Mz = 20)*,
where A € C is non-zero and —1 < o < 1. Then
arg f'(z) = arg A\ + aarg(z — 7).

In other words, there is an extra rotation by arg A from the case in the previous section. This leads to
the following diagram which describes the image of the real axis under f.

Suppose now that z1,...,z; € R are fixed, and that 21 < ... < x. Consider a function f(z) with
derivative
(1) F(z) =Xz —x)* .. (2 — zp)
where A € C is non-zero and —1 < a,...,a, < 1. Then

arg f'(2) = arg A + ag arg(z — x1) + ... + ag arg(z — x).
It is easy to see that if z is on the real axis, then

arg \ if z > zy,
arg \ + apm if 1 < 2z < xp,

arg f'(2) = ¢ !
arg A+ aom+ ... +apm if r1 < 2 < x9,
arg A\ +aqm+ ... +apm if z < xq.
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This leads to the following diagram which describes the image of the real axis under f.

f(Iz)V

QT

Suppose now that a function f(z) satisfies (1). Then it is analytic on the complex plane C with a
few branch cuts at x1,...,x,. More precisely, it is analytic in the domain

C\({x1+iy:y<0}U...U{xg +iy:y <0}).

It follows that for any z € H, where H denotes the upper half plane, we can write

() f(2)=/[ ]f'(<)d<+B=A/ (€= o)™ .. (C — )™ dC + B.

[Z(),Z]

Here, zp is a suitably chosen point in H or its boundary. Also, for every z € H, [z, 2] denotes the
straight line segment from zg to z.

DEFINITION. A function f(z) of the form (2) is called a Schwarz-Christoffel transformation.

14.3. Polygons

Note that the function (2) maps the real axis onto a polygonal path. We now wish to construct a
one-to-one analytic function that maps the upper half plane H onto the interior of a given polygon P.
The idea is to tailor a Schwarz-Christoffel transformation to achieve this.

Suppose that the vertices of the polygon P are given by wi, ..., wy in the anticlockwise direction.
Let us follow the edges of the polygon P. At vertex w;, suppose that we make a right turn of angle 0,
where —1 < §; < 1, with the convention that 6; < 0 denotes a left turn.

Wj41

Since P is a polygon and its vertices are given in the anticlockwise direction, we must have
O+ ...+ 0,7 =—27.

It is an elementary fact in geometry that if we know the vertices wyq, ..., wr_1 and angles 07, ..., 0 _17
of the polygon P, then the last vertex wy and angle 8,7 are uniquely determined. The idea is therefore
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to find real numbers z1 < ... < xp_1 to act as preimages of the vertices wy,...,wg_1, and to assume
that £ = oo is the preimage of the vertex wy.

Suppose that 1 < ... < zg_1. Clearly the function
g(z) = /[ ](C — xl)gl o (C- xk_l)e"'*l d¢
Z0,2

maps the real line onto some polygon @ of k sides. However, the polygon ) may not be the polygon
P, but at least it has the required right hand turn angles 61, ...,60;_1 at the vertices g(x1),..., g(xx—1).
We can adjust the lengths of the sides of the polygon @ by choosing z1, ..., x_1 carefully, so that @ is
similar to the polygon P. Once this is achieved, we can then map the polygon @ to the polygon P by a
linear transformation.

We state, without proof, the following important result.

THEOREM 14A. Suppose that P is a polygon with vertices w1, ..., wy in the anticlockwise direction,
with corresponding right turns of angles 017, . . ., 0k respectively, where —1 < 01,...,0; < 1. Then there
exists a function of the form

f(z) A/[ ](Cfxl)el oo (C =z dC + B,

where A, B € C, that maps the upper half plane H one-to-one and conformally onto the interior of P,
with

fz1) = wy, cel, flagp—1) = wg—1, f(o0) = wg.

REMARKS. (1) Note that we do not even need to have very precise information on wy, and 6.

(2) Certain infinite regions can sometimes be thought of as infinite polygons. In this case, it is
sometimes convenient to take wy as the point at infinity, as we need no information on the angle 0y
when we use Theorem 14A.

(3) It can be shown that a Schwarz-Christoffel transformation can be uniquely determined by three
points, as is the case for Mobius transformations. This can be interpreted as three degrees of freedom
in our construction of the transformation. One of these is used by taking f(occ) = wy. We can therefore
afford to choose x1 and z9 freely, subject to the restriction that —oco < x7 < x5 < 0.

(4) Occasionally, we may choose extra points apart from x; and x5 due to symmetry properties
of the polygon P. We shall illustrate this point in Examples 14.4.3-14.4.5 below.

(5) Note that the integrals involved may be impossible to calculate in practice. Numerical tech-
niques are often used. However, we shall not discuss these here.

14.4. Examples

EXAMPLE 14.4.1. We wish to find a Schwarz-Christoffel transformation that maps the upper half plane
‘H to the inside of the triangle with vertices at —1, 0 and i. The boundary of the triangle is described

by the solid edges in the picture below.

1 0|
|
|
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Let us write, in our notation,

so that
61 = —3/4, 0y = —3/4, 03 = —1/2.

Following Theorem 14A, we consider a function of the form
f(z):A/ (C— 1) 73*(C — x0)~%/*dC + B.
[ZUvz]

We may choose 1 = —1 and x5 = 1, and obtain, using zy = 0,

flz)=A (C+ 1) —1)3*d¢+B=A (¢ —1)7%/4d¢ + B.

[0,2] [0,2]

We need f(—1) =iand f(1) = —1. It follows that

—1 1
A/ (2-1)"%*"dC+B=i and A/ (2 -1)%4d¢+B=—1.
0 0

Writing
1
f«u:/ (¢ =17,
0
we have
—Ak+ B =1 and Ak + B = -1,
so that
A:_l_1 and B:l_l.
2K
Hence
—-1-1 9 _3/4 i—1
= —1)73/44 —_—
f0) =g [ @ ack

14-5

EXAMPLE 14.4.2. We wish to find a Schwarz-Christoffel transformation that maps the upper half plane

‘H to the set
P={z=z+4+iy:z>0andy>0U{z=x+iy: 2 <0andy > 1}.

The boundary of P is described by the solid edges in the picture below.
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Let us write, in our notation,

so that
01:1/2 and 92:—1/2

Following Theorem 14A, we consider a function of the form
) =A [ (€ n) ) A+ B
[2072]

We may choose 1 = —1 and x2 = 1, and obtain

1/2
<ﬂ> d¢+ B’

se=af @enre-ytracer=af (S

[20,2]

=A ((z2 —1)Y2 +log(z + (2% — 1)1/2)) + B.

We shall omit some of the painful analysis, and claim that we can choose a branch of the function which
is analytic in the upper half plane H. We need f(—1) =i and f(1) = —1. It follows that by choosing a
suitable branch of the logarithm, we have

Alog(-1)+ B =i and Alogl+ B =0,

so that A =1/7 and B = 0. Hence

f(z) =

3=

((22 —1)V2 4 log(z + (2% — 1)1/2)) .

ExAMPLE 14.4.3. We wish to find a Schwarz-Christoffel transformation that maps the upper half
plane H to the inside of the rectangle with vertices at +1 and +1 + i. The boundary of the rectangle is
described by the solid edges in the picture below.

141

Let us write, in our notation,
11)1:—14-17 ’LU2=—1, U}gzl, U}4=1—|—i, w5:i

(here we have used an extra point ws in order to create some symmetry; see Remark (4) in the previous
section), so that

6‘1:92293:94:—1/2 and 95:0.

Following Theorem 14A, we consider a function of the form

fz)=A (C—21) V(¢ —22)TVA(¢ —w3) VA —wg) T2 AC+ B.

[20,2]
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We shall choose
T = —q, Ty = _17 xr3 = 17 Ty = @,

where a > 1 will be determined later. Note that we are attempting to benefit from the symmetry here.
With such a choice, we obtain, using zg = 0,

fR)=A] (C+a)2C+1)V2(¢-1)V2C—a)/?dC+ B
[0,2]

_ _ d¢
:A 2_1 1/2 2 2 l/2d +B:A +B
[Oyz](C ) (¢ = a) ¢ 01 VI =) (a2 =)

We need

It follows that

(3) A/Oa \/(1—gj)c(a2—(2) +B=—1+i,
W AZT1¢@—<$@2—@>+B:_L
? Aél¢u—éﬁﬁ—<%+BL
(6) A/oa\/(1—gj)c(a2—c2)+B:1+i'

Subtracting (4) from (3) and subtracting (5) from (6), we obtain respectively

- d¢ . @ d¢ ,
A =i nd A =i,
-1 /(1 =)~ ¢?) ! /1 VI =) (a2 = 2)

which are in fact the same equation (note that symmetry is at work here). Multiplying the denominator
by i, we obtain

=1

A
" /1 V(2= 1(a? - ¢?)

On the other hand, if B = 0, then (4) and (5) are the same, and can be represented by

1 d¢
) AA V-2 -¢)

It follows that our choice of o should be made so that

/1 d¢ _ /a d¢ .
o VAI-¢)?-¢) i V(@ -D(a?-¢?)

We can then take A to be the reciprocal of the common value of these two integrals.
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EXAMPLE 14.4.4. We wish to find a Schwarz-Christoffel transformation that maps the upper half plane
‘H to the domain

P=C\{z=z+i:2<0}.

The boundary of the set P is described by the solid edges in the picture below when the point ws is
taken to infinity along the negative real axis.

Let us write, in our notation,
wy = i, wWo = 00, wg = —I, Wy = 00

(note again the symmetry; see Remark (4) in the previous section), so that

0, =1, 0y = —1, 03 =1.
Following Theorem 14A, we consider a function of the form

) =4[ @ma)C-a) - m) g+ B
[z0,2]

We shall choose

1 =—1, zo =0, x3 =1,

and note that we are attempting to benefit from the symmetry here. We obtain

fe=A [ CrnetC-1dc+ B = A/ (1) tdC+ B

[20,2] [20,2]

1 a7
—A/[ZD)Z] (C_Z> d(+ B —A<2 logz>+B.

f(=1) =i f(0)=-00,  f(1)=-i

It follows that by choosing a suitable branch of the logarithm, we have

We need

A(%—i?‘(‘)-‘,—B:i and A(%—O)—f—B:—i,

so that A = —2/7 and B = 1/m —i. Hence

Note that |f(z)| — oo as z — 0.
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EXAMPLE 14.4.5. We wish to find a Schwarz-Christoffel transformation that maps the upper half plane
‘H to the domain

P=H\{z=yi:y <1}

The boundary of the set P is described by the solid edges in the picture below.

Let us write, in our notation,
wy =0, wy = i, ws = 0, Wy = 00
(note again the symmetry as well as the use of the point 0 twice), so that
0 =—1/2, O =1, 03 = —1/2.

Following Theorem 14A, we consider a function of the form
R A e e
20,

We shall choose
T, = —1, Ty = 0, T3 = 1,

and note again that we are attempting to benefit from the symmetry here. We obtain

f(z) = A/[ ](C—I- 1)_1/2C(C _ 1)—1/2 d¢ + B = A/ (C2 - 1)—1/2Cd<+ B = A(z2 - 1)1/2 + B.

[20,2]

We need

It follows that by choosing a suitable branch of the function which is positive for large positive z, we
have

Ai+B=i and B =0,

so that A =1 and B = 0. Hence

PROBLEMS FOR CHAPTER 14

1. Use these notes and without reproducing proofs, find a transformation that maps the unit disc
D = {z:|z| < 1} onto the domain D’ = H\ {z = yi: y < 1}, where H denotes the upper half plane.
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2. For each of the sets A below, find a Schwarz-Christoffel transformation that maps the upper half
plane H onto the set A:
a) A is an open triangular region with vertices =1 and iv/3.
b) A is the region above the polygonal path

{z=z+1:2<0}U{z=2+(1—-2)1:0<zx<1}U{z=2:2>1}

c) A={z=z+iy:y>0or|z] <1}
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Chapter 15

LAPLACE’S EQUATION REVISITED

15.1. Use of Mobius Transformations

Recall that Laplace’s equation involves finding a harmonic function in a given region and which satisfies
given boundary conditions. In this chapter, we shall illustrate very briefly the use of transformations to
simplify this problem. Note, however, that we are not discussing the general problem of the solution of
Laplace’s equation; that is a topic in partial differential equations. Here we shall satisfy ourselves on
how to use a few simple cases of Laplace’s equation to obtain solutions in more complicated situations.
We first discuss an example which uses M&bius transformations.

ExAMPLE 15.5.1. Consider the lens region formed by the intersection of the two discs
{zeC:|z+1*<2}n{zeC:|z—-1*<2}.

Here the two discs both have radius v/2 and are centred at z = —1 and z = 1 respectively (see the picture
on the next page). Suppose that we are required to find a harmonic function ¢ in this region with ¢ = 1
on the right hand boundary and ¢ = 0 on the left hand boundary. Note that both the right hand and
left hand boundaries are parts of circles and intersect at z = +i. If we use a M&bius transformation with
pole at z =i, then both boundaries are transformed into straight lines. Let us try the transformation

z4+1

z—1

Then f(i) = co and f(—i) = 0. By considering, for example, f(v/2 — 1) and f(1 — /2), it is not difficult
to show that the right hand and left hand boundaries are transformed into the half lines argw = 37 /4
and argw = 57/4 respectively. Note also that f(0) = —1. It follows that the lens region is transformed
into the region

wE(C'3—7T<ar w<5—7r
1 g 0
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We summarize the above discussion in the pictures below:

z w
M
1 \ / 1 1
-i
It is easy to check that the function
2 (5
vl = 2 (°F ~ao)
T\ 4

is harmonic in this region and satisfies ¢(w) = 1 when argw = 37/4 and ¢ (w) = 0 when argw = 57/4.
It follows that our required harmonic function is given by

-2 (229

15.2. Use of Schwarz-Christoffel Transformations
We now discuss three examples which use Schwarz-Christoffel transformations.

ExaMpPLE 15.2.1. We wish to find a non-constant harmonic function in the region above the polygonal
path given in Example 14.4.2, with boundary condition ¢ = 0 on the polygonal path. Here ¢ = const can
be interpreted as lines of flow on a river over a step on the river bed. Recall that the Schwarz-Christoffel
transformation

7)== (22 = )Y2 +log(= + (2 ~ 1))

™

maps the upper half plane onto the region in question. We now need to find a non-constant harmonic
function 1 on the upper half plane with boundary condition ¢ = 0 on the real line. For example, the
function

P(z) = Tmz

satisfies the requirements. We now need to invert the function f(z) to obtain a harmonic function

in the original region.

ExXaAMPLE 15.2.2. We wish to find a harmonic function in the slit plane given in Example 14.4.4, with
boundary conditions ¢ = 1 on the upper slit and ¢ = —1 on the lower slit. Here ¢ = const can be
interpreted as equipotential lines in a region around two semi-infinite conducting plates with opposite
charges. Recall that the Schwarz-Christoffel transformation
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maps the upper half plane onto the region in question. Furthermore, it maps the negative and positive
real axis onto the upper and lower slits respectively. We now need to find a harmonic function ¥ on the
upper half plane with boundary conditions ¥ = 1 on the negative real axis and ¥ = —1 on the positive
real axis. For example, the function

U(z) = %arng 1

satisfies the requirements (here we take the principal value of the argument). We now need to invert the
function f(z) to obtain a harmonic function

2 _
Hlw) = > arg(f " (w)) ~ 1
in the original region.
ExaMPLE 15.2.3. We wish to find a non-constant harmonic function in the slit upper half plane given

in Example 14.4.5, with boundary condition ¢ = 0 on the slit and the real axis. Here ¢ = const can be
interpreted as lines of flow past an obstacle. Recall that the Schwarz-Christoffel transformation

fz)=(2-1)?

maps the upper half plane onto the region in question. We now need to find a harmonic function ¥ on
the upper half plane with boundary conditions ¢y = 0 on the real line. For example, the function

Y(z) = Tmz
satisfies the requirements. Note now that
7 w) = P 1),
We therefore obtain the harmonic function
¢(w) = Im((w? +1)"/?)

in the original region. Here we choose a branch of the square root that is positive for large positive w.
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Chapter 16

UNIFORM CONVERGENCE

16.1. Uniform Convergence of Sequences

Recall that if a sequence a,, of complex numbers converges to a, then, given any ¢ > 0, there exists
N € R such that |a, — a|] < € whenever n > N.

We can extend this to pointwise convergence in a region D C C in a natural way. A sequence of
complex valued functions a,(z) defined on D converges pointwise to a function a(z) defined on D if,
given any € > 0 and any z € D, there exists N € R such that |a,(z) — a(z)| < € whenever n > N. Here
the value of N may depend on the choice of z € D. Indeed, for any fixed z € D, we simply consider the
convergence of the sequence a,(z) of complex numbers to the complex number a(z). The region D does
not play any essential part in the argument apart from providing the complex numbers z in question.

In this chapter, we introduce the idea of uniformity to the question of convergence. Put simply,
uniformity transfers the dependence of NV on z to dependence of N only on the region D containing the
complex numbers z in question. More precisely, we have the following definition.

DEFINITION. Suppose that D C C is a region. We say that a sequence of complex valued functions
an(z) converges uniformly in D to a function a(z), denoted by a,(z) — a(z) as n — oo uniformly in D,
if, given any € > 0, there exists N € R such that for every z € D, |a,(z) — a(z)| < € whenever n > N.

REMARK. Note that N no longer depends on the choice of z € D. Note also that a precise definition
can be given by requiring N € R to satisfy

sup |a,(2) —a(z)| < e
z€D

whenever n > N.
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ExAMPLE 16.1.1. Consider the sequence

an(z) = %

in the region D = {z : |z| < 1}. Note first of all that for every fixed z € D, we have a,(z) — 0 as
n — 00. On the other hand, given any € > 0, we have, for every z € D, that

2 _ 1
n(z) —0l=—< =<
Jan(z) = 0] = 1 < — <

whenever n > 1/e. Hence a,,(z) — 0 as n — oo uniformly in D. Now consider the same sequence in the
region D = C. Note that

12l

lan(2) —0] <e  ifand only if n>
€

It is therefore impossible to find a suitable N independent of the choice of z € C. Hence a,,(z) converges
to 0, but not uniformly, in C.

16.2. Consequences of Uniform Convergence
In this section, we show that uniform convergence carries a number of properties of the sequence over
to the limit function. The following three results concern respectively continuity, integrability and

differentiability.

THEOREM 16A. Suppose that for every n € N, the function a,(z) is continuous in a region D C C.
Suppose further that a,(z) — a(z) as n — oo uniformly in D. Then a(z) is continuous in D.

PROOF. Suppose that 2o € D is fixed. For every z € D, we have
a(2) = a(z0) = a(2) = an(2) + an(2) = an(20) + an(z0) — a(20),
so that
(1) la(z) = a(z0)] < lan(2) = a(2)| + |an(2) = an(20)] + |an(20) — a(20)]-
Given any € > 0, there exists N (independent of the choice of z € D) such that
€ €
(2) lan(2) — a(z)] < 3 and lan(z0) — a(z0)] < 3

whenever n > N. We now choose any n > N and consider the function a,(z). Clearly this function is
continuous at zg. Hence given any ¢ > 0, there exists § > 0 such that

(3) lan(2) — an(z0)| < % whenever |z — zp| < 0.

Combining (1)—(3), we conclude that |a(z) — a(zo)| < € whenever |z — zg| < §, so that a(z) is continuous
at zg. Since zg € D is arbitrary, the result follows. ()

EXAMPLE 16.2.1. Consider the sequence a,(z) = z™ on the real interval [0, 1]. Each function a,(z) is
clearly continuous in [0,1]. Also a,(z) — 0 as n — oo if z € [0,1) and a, (1) — 1 as n — oo, so that the
limit function is not continuous in [0, 1]. In view of Theorem 164, it is clear that this discontinuity is
caused by the lack of uniform convergence of a,(z) in [0, 1].



Chapter 16 : Uniform Convergence _____  16-3

THEOREM 16B. Suppose that for every n € N, the function a,(z) is continuous in a region D C C.
Suppose further that a,(z) — a(z) as n — oo uniformly in D. Then for any contour C lying in D, we
have

lim [ a,(z)dz= /Ca(z) dz.

n—oo C

PROOF. Note first of all that the integrals exist, since integrability over C'is a consequence of continuity
in D. Suppose now that the contour C' has length L. Given any € > 0, there exists NV € R such that for
every z € D, |an(2) — a(2)| < ¢/L whenever n > N. Then

/Can(z)dz—/ca(z)dz

THEOREM 16C. Suppose that for every n € N, the function a,(z) is analytic in a disc D = {z :
|z — zo| < R}. Suppose further that a,(z) — a(z) as n — oo uniformly in D, = {z : |z — 29| < r} for
every r € [0,R). Then a(z) is analytic in D, and al(z) — a/(z) as n — oo uniformly in D, for every
r € [0, R).

< Lsup lan(2) — a(2)| < €
zeC

whenever n > N. O

PROOF. Suppose that T is any triangular path in D. We now choose r € [0, R) so that 7' C D,.. Then

/ a(z)dz = lim [ an(z)dz=0.
T

n—oo T

Here the second equality follows from Cauchy’s integral theorem, while the first equality follows from
Theorem 16B, in view of uniform convergence in D,. The assertion that a(z) is analytic in D now
follows from Morera’s theorem (Theorem 6G). Suppose next that r € [0, R) is fixed. We now choose
p = (r+ R)/2, so that r < p < R, and let C, denote the circle {¢ : |( — zo| = p}, followed in the
positive (anticlockwise) direction (the reader is advised to draw a picture). For every z € D,., we have,
by Cauchy’s integral formula, that

Note that for every ¢ € C,, we have | — z| > p —r. Also, in view of the uniform convergence of the
sequence a,(z) in D,, we have, given any e > 0, there exists N such that for every z € D,,

(p—1)%

lan(2) —a(2)l < —

whenever n > N. It follows that for every z € D,., we have

an(C) a(C)‘
(€—2)?

whenever n > N. Hence a/,(z) — a'(z) as n — oo uniformly in D,. O

|ay,(2) — a’(2)| < p sup
cec,

Note that Theorem 16C is restricted to discs. However, as far as application is concerned, this is
not a serious restriction. For any point z in an arbitrary domain D C C, we can always find an open
disc D’ such that z € D’ C D, and so we can apply Theorem 16C to the disc D’. We immediately have
the following result.

THEOREM 16D. Suppose that for every n € N, the function a,(z) is analytic in a domain D C C.
Suppose further that an(z) — a(z) as n — oo uniformly in D. Then a(z) is analytic in D. Furthermore,

for every z € D and every k € N, we have agc)(z) —a®(2) as n — co.
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16.3. Cauchy Sequences

Suppose that a sequence of complex numbers a,, converges to a. Then given any € > 0, there exists
N € R such that |a, — a|] < ¢/2 whenever n > N. It follows that

lan — am| < lan —a| + |am —a] <€
whenever m,n > N.

DEFINITION. We say that a sequence of complex numbers a,, is a Cauchy sequence if, given any € > 0,
there exists N € R such that |a,, — a;,| < € whenever m,n > N.

In the last section of this chapter, we shall prove the following result.

THEOREM 16E. (GENERAL PRINCIPLE OF CONVERGENCE) A sequence of complex num-
bers a, is convergent if and only if it is a Cauchy sequence. In other words, a sequence a,, of complex
numbers is convergent if and only if, given any € > 0, there exists N € R such that |an, — am| < €
whenever m,n > N.

DEFINITION. Suppose that D C C is a region. We say that a sequence of complex valued functions
an(z) is a uniform Cauchy sequence in D, if, given any € > 0, there exists N € R such that for every
z € D, |an(2) — am(z)| < € whenever m,n > N.
We have the following important result.

THEOREM 16F. (GENERAL PRINCIPLE OF UNIFORM CONVERGENCE) Suppose that D C
C is a region. A sequence of complex valued functions a,(z) converges uniformly in D if and only if it
is a uniform Cauchy sequence in D.

PRrOOF. It is simple to show that uniform convergence implies uniform Cauchy. To prove the converse,
note that for every fixed z € D, the sequence of complex numbers a,,(z) is a Cauchy sequence. It follows
from Theorem 16E that a,(z) converges to a(z), say. Since a,(z) is a uniform Cauchy sequence in D,

it follows that, given any e > 0, there exists N € R such that for every z € D, |an(2) — am(z)| < €
whenever m,n > N. Letting m — oo, we conclude that |a,,(z) — a(2)| < € whenever n > N. O

16.4. TUniform Convergence of Series
Recall that the convergence of a series depends on the convergence of the sequence of partial sums.

DEFINITION.  Suppose that D C C is a region. We say that a series of complex valued functions
o0
> an(2)
n=1
converges uniformly in D if the sequence of partial sums
N
sn(z) = Z an(z)
n=1

converges uniformly in D.

We immediately have the following analogues of Theorems 16A, 16B, 16D, 16E and 16F. They can
be established by applying the earlier results to the sequence of partial sums.
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THEOREM 16G. Suppose that for every n € N, the function a,(z) is continuous in a region D C C.
Suppose further that the series

oo
> an(2)
n=1
converges uniformly to a function s(z) in D. Then s(z) is continuous in D.

THEOREM 16H. Suppose that for every n € N, the function a,(z) is continuous in a region D C C.
Suppose further that the series

Z an(2)

converges uniformly to a function s(z) in D. Then for any contour C lying in D, we have

i:l/can(z)dZZ/cs(z)dz.

In other words, we can interchange the order of summation and integration.

THEOREM 16J. Suppose that for every n € N, the function a,(z) is analytic in a domain D C C.
Suppose further that the series

Z an(2)

converges uniformly to a function s(z) in D. Then s(z) is analytic in D. Furthermore, for every z € D
and every k € N, we have

o0
k k
Za; )(2) = s (2).
n=1
In other words, we can interchange the order of summation and differentiation.

THEOREM 16K. (GENERAL PRINCIPLE OF CONVERGENCE) A series
D> an
n=1

of complex numbers converges if and only if, given any € > 0, there exists Ny € R such that

N>

> o

n=N;+1

<€

whenever Ny > N1 > Nj.
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THEOREM 16L. (GENERAL PRINCIPLE OF UNIFORM CONVERGENCE) Suppose that D C
C is a region. A series

Z an(2)

of complex valued functions converges uniformly in D if and only if, given any € > 0, there exists Ny € R
such that for every z € D,

N2

Z an(2)

n=N;+1

<€

whenever Ny > N1 > Nj.
We can also establish the following uniform versions of the Comparison test and the Ratio test.

THEOREM 16M. (WEIERSTRASS M-TEST) Suppose that D C C is a region. Suppose further
that an(z) is a sequence of complex valued functions such that |a,(2)| < M, for every z € D, where the
real series

of non-negative terms is convergent. Then the series

Z an(2)

converges uniformly (and absolutely) in D.

ProOOF. Using the Triangle inequality, we have

No No N2
2 @< Y el Y M
n=Ni+1 n=N1+1 n=N1+1

Given any € > 0, it follows from Theorem 16K that there exists Ny such that
N2
Z M, <e€
n=N;+1
whenever Ny > N; > Ny. It follows that for every z € D,
No

Z an(z)

n=N;+1

<€

whenever Ny > N7 > Ngy. The result now follows from Theorem 16L. O
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THEOREM 16N. (RATIO TEST) Suppose that D C C is a region. Suppose further that a,(z) is
a sequence of complex valued functions such that a1(z) is bounded in D, and

an+1(z)
an(z)

(4)

<R<1

for every z € D, where R is constant. Then the series

Z an(2)
n=1

converges uniformly (and absolutely) in D.

PROOF. Note that the condition (4) implies |a, (z)] < R""!|a;(z)| for every n € N. On the other hand,
there exists M € R such that |a1(2)] < M for every z € D. It follows that for every z € D and every
n € N, we have |a,(z)] < MR"!. The result now follows from the Weierstrass M-test, noting that the
geometric series

i MR
n=1

converges. ()
EXAMPLE 16.4.1. The series
=1
(5) (=) =Y
n=1

converges absolutely for every z satisfying SRez > 1. To see this, note that writing z = = + iy, where
z,y € R, we have

1 1 1 . 1 _. 1 ..
= = b — —e iylogn ﬁ(cos(y logn) — isin(ylogn)),
so that
1 1
n7| nv

Since x > 1, the series
>
xr
n=1 n

of non-negative terms is convergent. It follows from the Comparison test that the series (5) converges
absolutely. Suppose now that § > 0 is fixed. Consider the region D = {z : Rez > 1+ J}. Then for every
z € D, we have

The series
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of non-negative terms is convergent. It follows from the Weierstrass M-test that the series (5) converges
uniformly in D. We comment here that the series (5) is called the Riemann zeta function, and is crucial
in the study of the distribution of prime numbers. Indeed, the study of this function has led to much of
the development in complex analysis.

ExaMPLE 16.4.2. In Chapter 10, we discussed the function mwcot 7z, and showed that it has simple

poles at the (real) integers with residue 1. Here we shall make a more detailed study. Consider the
function

1 = 2z
f(z)_;—i_nz::lfdz*?’ﬁ-

Let us first of all study this function in the region D = {z : |z| < R}, where R > 0 is fixed. Let N € N
satisfy N > 2R, and write f(z) = f1(z) + f2(2), where

N 00
1 2z 2z
fl(z):;—i_leging and fZ(Z): §+1 22*’)12.

Clearly the function fi(z) is analytic in Dg, with the exception of simple poles at the (real) integers in
Dg. Consider next the function fo(z) in Dg. For every z € Dg and every n > N > 2R, we have

2z
22 _n2

__ 2R __1 2R ___SR
T n2—R2  n21—(R/n)2 " 3n?

It follows from the Weierstrass M-test that the series for f2(z) converges uniformly in Dg, and is analytic
in Dg in view of Theorem 16J. Hence f(z) is analytic in Dg, with the exception of simple poles at the
(real) integers in Dg. It follows that f(z) is meromorphic in C, with simple poles at the (real) integers.
It is easy to check that all these simple poles have residue 1. Note also that we can write

We shall show that f(z) = 7 cot mz. For convenience, we shall change notation, and show that

(6) Z 1 _ mcot ma

a? —n? a
nez

whenever a ¢ Z. Consider the function

mecotmz

9(2) =

(12722-

Since the function 7 cot 7z has simple poles at every n € Z with residue 1, and since a ¢ Z, it follows
that g(z) has simple poles at every n € Z and at z = +a, with residues

1 t
res(g,n) = o and res(g, ta) = —%.

For every N € N, let C'y denote the boundary of the rectangular domain

1
{z:x+iy:x|<N+§ andy|<N},

followed in the positive (anticlockwise) direction. If N > |a|, then we have

1 Tecot Tz 1 mcot Ta

— ——dz = g - .
; 2 _ 2

27 Jo af — 2
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Clearly (6) will follow if we show that the integral on the left hand side converges to 0 as N — oco. It
can be shown that | cot mz| < cothr for every z € Cy. Hence for every N > |a|, we have
ot mz (8N + 2)w coth
75 4z 2 2
oy 02 —2 N2 — |a|

weotmz
—0 as N — oo.

< (8N +2) sup
2€CnN

<

a2 — 22

16.5. Application to Power Series

Let z,« € C. In this section, we shall study series of the type
o0

(7) Zan(z—a)" (ag,a1,az,... €C),
n=0

known commonly as power series.

THEOREM 16P. Suppose that the series given by (7) converges for a particular value z = zg. Then,
for every r < |zo — al, the series converges uniformly (and absolutely) in the disc D, = {z:|z—a| < r}.

PROOF. Suppose that

oo
Z an(z0 — )"
n=0

converges. Then a,(zp — a)™ — 0 as n — oo, and so there exists M € R such that |a,(z0 — a)"| < M
for every n € NU {0}. For every z € D,, we have

n

<M

n

Z— r

lan(z — )" < M

Z0 — & 20 — &

for every n € NU {0}. The result now follows from the Weierstrass M-test, noting that the geometric
series

n
r

S

n=0

Zo — &
converges. ()

THEOREM 16Q. (CONVERGENCE THEOREM FOR POWER SERIES) For the power series

given by (7), exactly one of the following holds:

(a) The series converges absolutely for every z € C.

(b) There exists a positive real number R such that the series converges absolutely for every z € C
satisfying |z — a| < R and diverges for every z € C satisfying |z — a| > R.

(c) The series diverges for every z # .

SKETCH OF PROOF. In the notation of Theorem 16P, consider
S ={r>0:(7) converges absolutely in D,.}.
Then S contains the number 0. In view of Theorem 16P, S must be an interval with lower end-point 0,

so that S = [0,00), S = {0} or there exists some positive number R such that S = [0, R) or S = [0, R].
The first two possibilities correspond to (a) and (c) respectively, while the last possibility corresponds

to (b). O
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DEFINITION. The number R in Theorem 16Q) is called the radius of convergence of the series (7). We
also say that R = 0 if case (c) occurs, and that R = oo if case (a) occurs.

We now show that differentiation of a power series can be carried out term by term, and that the
series so obtained converges to the derivative.

THEOREM 16R. Suppose that the power series given by (7) has radius of convergence R > 0. Then
it represents an analytic function f(z) in the open disc D = {z : |z — a| < R}. Furthermore, the
derivatives of f(z) can be obtained by differentiating the series term by term.

PrOOF. For every r < R, it follows from Theorem 16P that the series converges uniformly in the disc
D, ={z:|z—a| < r}. It now follows from Theorem 16J that the series converges to an analytic function
f(2) in D,., and the derivatives of f(z) can be obtained by differentiating the series term by term. Since
the above holds for any r < R, the result follows. ()

EXAMPLE 16.5.1. Suppose that f(t) is a complex valued function continuous (and so bounded) on the
closed real interval [0,1]. Consider the function

Fz) = /O o~ F(t) dt.

For any fixed z € C, we have the power series (here ¢ is the variable)

(8) e—zt — Z (_Zt)n’

with infinite radius of convergence. It follows from Theorem 16P that the series (8) converges uniformly
in [0,1], and so can be multiplied by the bounded function f(t) and integrated term by term, in view of
Theorem 16H. Hence

o [ (=20)" o (=)™ [,
(9) F(z)_nZ%/O Tf(t)dt:ZT/o t"f(t) dt.

n=0
Furthermore, if | f(t)] < M, where M is a fixed positive number, then

1 1

M
/t”f(t)dt‘<M/ it = —.
0 0 n+1

Suppose now that R > 0 is fixed. If |z| < R, then

’<nz!>“ / Lo dt\ < (rﬂf +R:>!'

Note that the series
5
= (n+1)!

converges, so it follows from the Weierstrass M-test that the series in (9) converges uniformly in the disc
{#z : |z| < R}. By Theorem 16J, the function F(z) is analytic in {z : |z| < R}. Since R > 0 is arbitrary,
it follows that F'(z) is entire.
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16.6. Cauchy Sequences

In this section, we shall prove Theorem 16E. Clearly a convergent sequence of complex numbers is
Cauchy. It remains to show that a Cauchy sequence of complex numbers is convergent.

The proof of this result usually involves the Bolzano-Weierstrass theorem which states that every
bounded sequence of complex numbers has a convergent subsequence. Here, we shall give a proof without
using the Bolzano-Weierstrass theorem.

Assume, first of all, that the sequence a,, is real. Since a,, is a Cauchy sequence, it follows that
there exists an increasing sequence of natural numbers

Ni <Ny <...<N,<...

such that

1
lan — am| < >

whenever n,m > N,, (we simply take e = 277 for every p € N). In particular, we have

|aNp+l - a'Np‘ <

op

for every p € N. For every p € N, let
1
bp = an, — op—1
Then
bp-‘,—l —bp = CLNP+1 —aNp + ﬁ Z 2_p — |CLNP+1 —aNp‘ > O7
so that the sequence b, is increasing. Note next that
1 1 1
lbp| = |an, — 1| S lan, —an,| +lan | + w157 lan, |+ op1

so that the sequence b, is bounded. Hence the sequence b, converges to L, say, as p — oo.

We now show that a,, — L as n — oco. Given any € > 0, we now choose p € N so large that

1 €
2—p < and |bp - L| < Z

1o

Suppose that n > NV,. Then

1 1 €
|an—L|§|an—aNp|+\aNp—bp\+|bp—L|<2—p+F+Z<6

as required.
Suppose now that the sequence a,, is complex valued. Then we can write a,, = z, + iy,, where

ZTn,yn € R. If a, is a Cauchy sequence, then it is easy to see that the real sequences z,, and y,, are real
Cauchy sequences. It follows that both z, and y, converge, and so a,, converges.
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PROBLEMS FOR CHAPTER 16

1. Suppose that a,(z) — a(z) and b, (z) — b(z) as n — oo uniformly in a region D.
a) Show that a,(z) + b,(2) — a(z) + b(2) as n — oo uniformly in D.
b) Suppose that f(z) is bounded in D. Show that a,(z)f(z) — a(z)f(z) as n — oo uniformly in
D.
¢) Write f(z) = 1/z and a,(2) = 1/n. Find a region D such that a,(z) converges uniformly in D
but a,(2)f(z) does not converge uniformly in D.

2. For each of the following power series, find a number R such that the series converges for |z| < R
and diverges for |z| > R:

a) 2202”2" Z

n= n=1

e oM ,2n & 3n,n
C)ZnQin Z4”+5"

n o0

a) Z (n!Z)l/2 b) 22?

n

I
=

4. Show that each of the following functions is meromorphic in C, and find the residues at the poles:

oo _1n o0
3)2% g (z+n)?

n=0
> 1 T o\2
5. Show that for every z ¢ Z, we have n;m CEE = (sin 7TZ> .
= z ™
6. a) Show that except at the poles, we have Z R = b

n=—oo
o0
1
b) By writing the series as 1/z plus a sum over all natural numbers, evaluate Z poR—E
n=1 + n
o0

1
C) By letting z — 0, show that Z — = —
n

7. Consider the exponential series
o0
2 =
o n!

which converges for every z € C. Suppose further that e(z) is the sum of the series.
a) Show that the series converges uniformly in the disc Dr = {z : |z| < R} for every real number
R>0.
b) Suppose that D is a bounded region in C. Explain why the series converges uniformly in D.
¢) Show that for every z € C satisfying |z| = R, we have

RM 11 1 1 1
=l =55 - R’Y — — ) >RM([— - — ).
(R+R2+ +RM—N—1) <M! R—1>
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d) Use (c) to show that the series does not converge uniformly in C.

e) Explain carefully why e(z) is an entire function in C.
[REMARK: In view of the unfavourable conclusion of (d), you should take extra care here.]

f) Show that €’(z) = e(z) for every z € C and ¢(0) = 1.

g) Let g(z) = e(—=z)e(z). Show that ¢'(z) = 0 for every z € C, and deduce that e(—z)e(z) =1 for
every z € C.

h) Suppose that a € C is fixed. By studying the function g,(z) = e(—z)e(z + a), show that
e(z + a) = e(z)e(a) for every z € C.

8. This question makes use of the function e(z) discussed in Problem 7. Suppose that for every z € C,
we write

c(z) = L;(M and s(z) =

a) By using the Taylor series for e(iz) and e(—iz), find the Taylor series for ¢(z) and s(z).
b) Show that ¢/(z) = —s(z) and §'(z) = ¢(z) for every z € C.
¢) By studying the function h(z) = ¢?(z) + s2(2), show that ¢?(z) + s2(z) = 1 for every z € C.



