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Preface

This book presents fundamental material that should be part of the
education of every practicing mathematician. This material will also
be of interest to computer scientists, physicists, and engineers.

Complex analysis is also known as function theory. In this text
we address the theory of complex-valued functions of a single complex
variable. This is a prerequisite for the study of many current and
rapidly developing areas of mathematics, including the theory of several
and infinitely many complex variables, the theory of groups, hyperbolic
geometry and three-manifolds, and number theory. Complex analysis
has connections and applications to many other many other subjects
in mathematics, and also to other sciences as an area where the classic
and the modern techniques meet and benefit from each other. We will
try to illustrate this in the applications we give.

Because function theory has been used by generations of practicing
mathematicians working in a number of different fields, the basic re-
sults have been developed and redeveloped from a number of different
perspectives. We are not wedded to any one viewpoint. Rather we
will try to exploit the richness of the subject and explain and interpret
standard definitions and results using the most convenient tools from
analysis, geometry, and algebra.

The key first step in the theory is to extend the concept of dif-
ferentiability from real-valued functions of a real variable to complex-
valued functions of a complex variable. Although the definition of com-
plex differentiability resembles the definition of real differentiability, its
consequences are profoundly different. A complex-valued function of a
complex variable that is differentiable is called holomorphic or analytic,
and the first part of this book is a study of the many equivalent ways of
understanding the concept of analyticity. Many of the equivalent ways
of formulating the concept of an analytic function are summarized in
what we term the Fundamental Theorem for functions of a complex
variable. Chapter 1 begins with two motivating examples, followed by
the statement of the Fundamental Theorem, an outline of the plan for

vii



viii PREFACE

proving it, and a description of the text contents: the plan for the rest
of the book.

In devoting the first part of this book to the precise goal of stating
and proving the Fundamental Theorem, we follow a path charted for us
by Lipman Bers, from whom we learned the subject. In his teaching,
expository, and research writing he often started by introducing a main,
often technical, result and then proceeded to derive its important and
seemingly surprising consequences. Some of the grace and elegance
of this subject will not emerge until a more technical framework has
been established. In the second part of the text, we proceed to the
leisurely exploration of interesting ramifications and applications of
the Fundamental Theorem.

We are grateful to Lipman Bers for introducing us to the beauty
of the subject. The book is an outgrowth of notes from Bers’s original
lectures. Versions of these notes have been used by us at our respective
home institutions, some for more than 20 years, as well as by others at
various universities. We are grateful to many colleagues and students
who read and commented on these notes. Our interaction with them
helped shape this book. We tried to follow all useful advice and correct,
of course, any mistakes or shortcomings they identified. Those that
remain are entirely our responsibility.

Jane Gilman
Irwin Kra

Rubi E. Rodriguez
June 2007



Standard Notation and Commonly Used Symbols

Xcondition
ve(f)
i(v)
e(y)
fls

U(z,r) =U,(r)

D
H2

A LIST OF SYMBOLS

MEANING

integers
rationals
reals
complex numbers
CU {oo}
a square root of —1
the imaginary axis in C
real part of z
imaginary part of z
r =Rz and y = 2z
conjugate of z
absolute value of z
an argument of z
r=|z| and 0 = arg z
real partial derivatives
complex partial derivatives
partial derivative
boundary of set R
cardinality of set R
closure of set R
interior of set R
the set of x € X that satisfy condition
order of the function f at the point ¢
interior of the Jordan curve ~
exterior of the Jordan curve
restriction of the function f to the subset B
of its domain
{CeC |¢—2[<r}
U(0,1)
{z€C; 32> 0}
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STANDARD NOTATION AND COMMONLY USED SYMBOLS

STANDARD TERMINOLOGY

TERM MEANING
LHS left-hand side
RHS right-hand side
deleted neighborhood of z neighborhood with z removed
CR Cauchy Riemann equations
- proper subset
- subset, may not be proper
d Euclidean distance on C
oD hyperbolic distance on D
MMP Maximum Modulus Property

MVP Mean Value Property
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CHAPTER 1

The Fundamental Theorem in Complex Function
Theory

This introductory chapter is meant to convey the need for and the
intrinsic beauty found in passing from a real variable x to a complex
variable z. In the first section we “solve” two natural problems using
complex analysis. In the second, we state the most important result in
the theory of functions of one complex variable that we call the Fun-
damental Theorem of complex variables; its proof will occupy most of
this volume. The next-to-last section of this chapter is an outline of
our plan for the proof; in subsequent chapters, we will define all the
concepts encountered in the statement of the theorem. Therefore, the
reader may not be able at this point to understand all (or any) of the
statements in the theorem, to fully appreciate the two motivating ex-
amples, or to appreciate the depth of the various claims of the theorem
and might choose initially to skim this material. All readers should
periodically, throughout the journey through this book, return to this
chapter. Finally we end this chapter with a section that gives a more
conventional outline of the text.

1.1. Some motivation

1.1.1. Where do series converge? In the calculus of a real vari-
able one encounters two series that converge for |z| < 1 but in no larger
open interval:

S P +(=1)"a" +
= — X xr — ... — s
142
and .
o 2 4 n_2n
1+x2—1—m +at — (=D)L

It is natural to ask why these two series that are centered at the origin
have radius of convergence 1. The answer for the first one is natural:
the function 1J1rz has a singularity at x = —1, and so the series certainly
cannot represent the function at this point, which is at distance 1 from
0. For the second series, the answer does not appear readily within

real analysis. However, if we view | +1z2 as a function of the complex

1



2 1. FUNDAMENTAL THEOREM

variable! x, then we again conclude that the series representing this
function should have radius of convergence 1, since that is the distance
from 0 to the singularities of the function; they are at +u.

1.1.2. A problem on partitions. A natural question in elemen-
tary additive number theory is the following: Is it possible to partition
the positive integers Z-q into finitely many (more than 1) infinite arith-
metic progressions with distinct differences? The answer is “NO”. The
assumption on distinct differences is clearly necessary. So assume to
the contrary that

Zisg = S1USyU...US,,
where n € Z~1, and for 1 <1 <n, S; is an arithmetic progression with
initial term a; and difference d;, for 1 < i < j < n, S;NS; =0, and
l<d<dy<...<d,. Then

[o¢]
E z’:E z’+§ z’+...+§ z'
i=1 €Sy i€Ss i€Sy,

and each series converges for |z| < 1. Summing the above geometric
series, we see that

al ZGZ an

z 2 z .
1_Z:1—zd1+1—zd2+”'+1—zdn for all z with |z| < 1. (1.1)

Choose a sequence of complex numbers? {z;,} of absolute value less
27
than 1 with lim z, = edn . Then

k—oo
27
. 2k € dn
lim = .
k—oo 1 — 2k 1 —edn
and
a 27ruz,b-
. 2" e dn .
lim de: oy fori=12 ... n—1,;
k—oo 1 — 27 '
k 1—e dn
an
2k,

(all these quantities are finite), whereas lim 4. does not exist.

This is an obvious contradiction to (1.1).

"n the sequel we usually use z, w, and ¢, among others, but not z to denote a
complex variable.
2Notation for the polar form of a complex number is established in Chapter 2.



1.2. THE FUNDAMENTAL THEOREM 3

1.2. The Fundamental Theorem

THEOREM 1.1. Let D C C denote a domain (an open connected

set), and let f =u+w : D — C be a complez-valued function defined
on D.

The following conditions are equivalent:
(1) The complex derivative
f'(2) exists for all z € D; (Riemann)
that is, the function f is holomorphic on D.

(2) The functions u and v are continuously differentiable and sat-
isfy
0 0 0 0
8Z = az and az =— 8;' (Cauchy—Riemann: CR)
Alternatively, the function f is continuously differentiable
and satisfies

of
0z
(8) For each simply connected subdomain D of D there exists a
holomorphic function F : D — C such that F'(z) = f(2) for
all z € D.
(4) The function f is continuous on D, and if v is a (piecewise

smooth) closed curve in a simply connected subdomain of D,
then

= 0. (CR~complex form)

f(z)dz = 0.

(1) = (4): Cauchy’svtheorem; (4) = (1): Morera’s theorem)

An equivalent formulation of this condition is as follows:
The function f is continuous, and the differential form f(z)dz
is closed on D.

(5) If {z€ C:|z— 2| <r} C D, then

1
f(z) = / f(7) dr (Cauchy’s Integral Formula)
2T Jr =y T — 2
for each z such that |z — z| < 7.
(6) The n-th complex derivative

f"™(2) exists for all z € D and for all integers n > 0.



4 1. FUNDAMENTAL THEOREM

(7) If {z : |z — 20| <r} C D withr >0, then there exists a unique
sequence of complex numbers {a,}5°, such that
f(z)= Z an (z — z)" (Weierstrass)
n=0
for each z such that |z — z| <.
Furthermore, the series converges uniformly and absolutely
on every compact subset of {z : |z — zo| < r}. The a,, may be
computed as

1 f(7)
n = d h
‘ 2m /|7'—zo=r (T - Z0>n+1 ! (Cauc y)
and
(n)
ap = / n('Z())' (Taylor)

(8) Choose a point z; € K;, where |J,.; K; is the connected compo-
nent decomposition of the complement of D in CU {oo}. Let
S ={z;1 € I}. Then the function f is the limit (uniform on
compact subsets of D) of a sequence of rational functions with
singularities only in S.

(Runge’s theorem)

1.3. The plan for the proof

We prove the Fundamental Theorem by showing the following im-
plications.

1) (2)= @)= @)= (5)=(6) = (1)
() = (7) = (1) & (8).

It is of course possible to follow other paths through the various
claims to obtain our main result. For the convenience of the reader, we
describe where the various implications are to be found. At times the
reader will need to slightly enhance an argument to obtain the required
implication.

): Corollary 2.36.

): Theorem 2.32 and Corollary 5.7.

): Theorem 4.52 and Corollary 4.44.

): This is a trivial implication. See Lemma 4.12 and the defi-
nitions preceding it.



1.4. OUTLINE OF TEXT 5

(5): Theorems 5.11 and 5.2.

(6): The proof of Theorem 5.5.
(1): This is a trivial implication.
(7): The proof of Theorem 5.5.
(1): Theorem 3.17.

(8): Theorem 7.35.

(1): Theorem 7.2.

In standard texts, typically each of these implications is stated as a
single theorem. The tag words in parentheses are the names or terms
that identify the theorems. The forward implication (1) = (n) would
be the theorem: “If f is a holomorphic function, then condition (n)
holds,” where n € {2,3,4,5,6,7,8}. For example, (1) = (2) would be
stated as, “If f is holomorphic, then the Cauchy—Riemann equations
hold.” The organization of these conditions (potentially 56 theorems—
some trivial) into a single unifying theorem is the hallmark of Bers’s
mathematical style: clarity and elegance. Here it provides a concep-
tual framework for results that are highly technical and often computa-
tional. The framework comes from insight that, once articulated, will
drive the subsequent mathematics and lead to new results.

1.4. Outline of text

Chapter 2 contains the basic definitions. It is followed by a study
of power series in Chapter 3. Chapter 4 contains the central material,
the Cauchy theory, of the subject. We prove that the class of analytic
functions is precisely the same as the class of functions having power
series expansions, and we establish other parts of the Fundamental
Theorem. Many consequences of the Cauchy theory are established in
the next two chapters.

In the second part of the text we proceed to the leisurely explo-
ration of interesting ramifications and applications of the Fundamental
Theorem. It starts with an exploration of sequences and series of holo-
morphic functions in Chapter 7. The Riemann Mapping Theorem and
the connection between function theory and hyperbolic geometry are
the highlights of Chapter 8. The last two chapters deal with harmonic
functions and zeros of holomorphic functions. The latter is the begin-
ning of the deep connections to classic and modern number theory.



CHAPTER 2

Foundations

The first section of this chapter introduces the complex plane, fixes
notation, and discusses some useful concepts from real analysis. Some
readers may initially choose to skim this section. The second section
contains the definition and elementary properties of the class of holo-
morphic functions - the basic object of our study.

2.1. Introduction and preliminaries

This section is a summary of basic notation, a description of some
of the basic properties of the complex number system, and a disjoint
collection of needed facts from real analysis (advanced calculus). We
remind the reader of some of the formalities behind the standard no-
tation, which we usually approach informally. R

We start with some Notation: Z., C Z C Q C R ¢ C C C. Here
7 represents the integers, Z-, the positive integers,! Q the rationals
(the integer n is included in the rationals as the equivalence class of '),
and R the reals. Whether one views the reals as the completion of the
rationals or identifies them with Dedekind cuts, the most important
property from the perspective of complex variables is the least upper
bound property: Every nonempty set of real numbers that has an upper
bound has a least upper bound.

The inclusion of R into the complex numbers C needs a bit more
explanation. It is specified as follows: For z € C, we write 2 =z 41y
with  and y in R where the symbol 2 represents a square root of
—1 so that 12 = —1. With these conventions we can define addition
and multiplication of complex numbers? using the usual rules for these
operation on the reals: For all x,y,&,n € R,

(+w)+ (E+m) =(x+&) +uy +n)
and
(z + ) (€ +m) = (x€ —yn) +1(zn + y&).

'In general Xeondition and {z € X : condition} will describe the set x € X
that satisfy the condition indicated.
2With these operations (C,+,-) is a field.

7



8 2. FOUNDATIONS

(R

LY [ o

FIGURE 2.1. The complex plane

The reals R are identified with the subset of C consisting of those

numbers with y = 0; the imaginary numbers 1R are those with z = 0.
For z = x + 1y in C with z and y in R, we write x = Rz, the real
part of z, and y = 3z, the imaginary part of z. Geometrically, R and
1R represent the real and imaginary axes of C, viewed as the complex
plane and identified with the cartesian product R? or, equivalently,
R x R.
R The complex plane can be viewed as a subset of the complex sphere
C, which is C cogpactiﬁed by adjoining a point, known as the point at
infinity, so that C = C U {oc}. C is also called the extended complex
plane or the Riemann sphere. See Exercise 3.18 for a justification of
the name.

The complex number z = x — 1y is the complex conjugate of the
Z+z zZ—Z

complex number z = x + 1y. Note that Rz = 5 and 3z = 9,

1

It is easy to verify the following properties:

Properties of conjugation. For z and w € C,

(a) z+w = z+w,
(b) zw = z w, and
(c) z =z
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There is a simple and useful geometric interpretation of conju-
gation: It is represented by mirror reflection in real axis. Since z = z,
the map z — 2z defines an involution of C

. C—-C.
Another important map, z +— |z| or

HI(C—>]R20

is defined by r = |2| = (22)2 = (22 +y?)2. Here z =  + 1y and we use
the usual convention that unless otherwise specified the square root of
a nonnegative number is chosen to be nonnegative. The nonnegative
real number r is called the absolute value or norm or modulus of the
complex number z.

Properties of absolute value. For z and w € C,
(a) |z] >0, and |z| = 0 if and only if z = 0.
(b) [zw] = |2] [u].
(c) |z +w| < |z| + |w|. Equality holds whenever either z or w is
equal to 0. If 2 # 0 and w # 0, then equality holds if and only
if w = az with a € Ry,.

(d) [2] = [2].

Linear representation of C. As a vector space over R, we can
identify C with R?. Vector addition agrees with complex addition.
Scalar multiplication R x C — C is the restriction of complex multi-
plication C x C — C.

Polar coordinates. A nonzero vector can be described by polar
coordinates (r,0) as well as by the rectangular coordinates (z,y) we
have been using. If z € C and z # 0, then we can write

z=x+1y=r(cosf+1sinb),

Y
where r = |z| and 0 = arg z (an argument of z) = arcsin © = arccos
r

Note that the last two identities are needed to define the argument
and that® arg z is defined up to the addition of an integral multiple of
2.

If w = p[cos + 1 sinp] # 0, then using the addition formulas for
the sine and cosine functions, one has

zw = (rp)[cos(d + @) + 1 sin(0 + ¢)] .

3The number 7 will be defined rigorously in Definition 3.29. Trigonometric
functions will be introduced in the next chapter. Hence, for the moment, polar
coordinates should not be used in proofs.
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This polar form of the multiplication formula shows that complex mul-
tiplication involves real multiplication of the moduli and addition of
the arguments, giving a geometric interpretation of how the operation
of multiplication acts on vectors given in polar coordinates.

In particular, it follows that if n € Z and z = r (cos 4 ¢ sinf) is a
nonzero complex number, then

2" = 1r"[cosnb + 1 sinnb) .

Therefore, for n in Z~(, each nonzero complex number z has (precisely)
n n-th roots given by

1{ (8+27rk:) , (9+27rk)]
o | CoS + 1 sin ,
n n

with £ =0,1,...,n— 1.

The formula d(z,w) = |z — w|, for z and w € C, defines a metric
for C that agrees with the Euclidean metric on R? (under the linear
representation of the complex plane).

DEFINITION 2.1. We say that a sequence (indexed by n € Zo)
{zn} of complex numbers converges to a € C if given ¢ > 0, there
exists an N € Z~g such that |z, — a| < e for all n > N; in this case we
write

lim z, =« .

n—oo
A sequence {z,} of complex numbers is called Cauchy if given € > 0,
there exists an N € Z~q such that |z, — z,,,| < € for all n,m > N.

THEOREM 2.2. If{z,} and {w,} are Cauchy sequences of complex
numbers, then
(a) {z, + aw,} is Cauchy for all o € C.
(b) {zn} is Cauchy.
(¢) {|zn]} C Rsq is Cauchy.

PROOF. (a) It suffices to assume that o # 0. Given € > 0, choose
Ny such that |z, — 2,| < § for all n,m > N; and choose N, such that
|wy, — wy,| < 2|Ea‘ for all n,m > Ny. Choose N = max{Ny, No}. Then
for n and m > N, we have

|(zn + awy) — (2m + @wy)| < |20 — 2m| + |af |w, —wy,| < e

(b) |zn — 2m| = |20 — 2m]-
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(c) Note that for all z and ¢ in C, we have

2] =z =+ <[z = ¢+ ¢l
and hence, we conclude that

|zl = 1<l <1z =]
Thus we have
2] = [2ml] < 20 — 2ml] .
|

REMARK 2.3. The above arguments mimic arguments in real anal-
ysis needed to establish the corresponding results for real sequences.
We will, in the sequel, leave such routine arguments as exercises for
the reader.

COROLLARY 2.4. {z,} is a Cauchy sequence of complex numbers if
and only if {Nz,} and {3z} are Cauchy sequences of real numbers.

COROLLARY 2.5. (C,d) is a complete metric space; that is, every
Cauchy sequence of complex numbers converges to a complex number.

PROOF. The metric on C restricts to the Euclidean metric on R,
which is complete. UJ

DEFINITION 2.6. Let A C C. Define
|All = {lz]; 2 € A} C R .

We say that A is bounded if and only if ||A] is; that is, if there
exists a positive real number M such that |z| < M for all z in A.

DEFINITION 2.7. Let ( € C and € > 0. The e-ball about C is the set
Uce) =U(C,e) ={2 € C; |z — (| < €}

PROPOSITION 2.8. A subset A of C is bounded if and only if there
exists a ¢ € C and an R > 0 such that A C U((, R).

REMARK 2.9. A proof is omitted for one of three reasons (in ad-
dition to the reason described in Remark 2.3): Either it is trivial, it
follows directly from results in real analysis, or it appears as an exer-
cise at the end of the corresponding chapter.® The third possibility is
always labeled; when standard results in real analysis are needed, there
is some indication of what they are and where to find them. It should

4Exercises can be found at the end of each chapter and are numbered by chapter,
so that Exercise 2.7 is to be found at the end of Chapter 2.
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be clear from the context when the first possibility occurs. It is recom-
mended that the reader check that he/she can supply an appropriate
proof when none is given.

THEOREM 2.10 (Bolzano—Weierstrass Theorem). Every infi-
nite bounded set S in C has at least one limit point; that is, there exists
at least one a € C such that for all € > 0, U(a,€) contains a point
z#a,z €S. Such an a is called a limit point of S.

THEOREM 2.11. A set K C C is compact if and only if it is closed
and bounded.

DEFINITION 2.12. Let f be a function defined on a set S in C.
We always (unless otherwise stated) assume that f is complex valued.
Thus, f may be viewed as a map from S into R? or C and as two
real-valued functions defined on the set S. Let ¢ be a limit point of S
and a € C. Then

liné f(z)=«a
if and only if for all € > 0, there exists a ¢ > 0 such that

|f(2) — a| < e whenever z € Sand 0 < |z — (| <9 .

REMARK 2.13. In addition to the usual algebraic operations on
pairs of functions f : S — C and g : S — C familiar from real analysis,
such as f+cg with ¢ € C, fg, and g (provided g does not vanish on S,
we will consider other new functions constructed from a single function
f. Among these

(R)(z) = Rf(2), (Sh)(2) = 3f(2), [(z) = [(2), [[[(2) = |f(2)].

THEOREM 2.14. Let S be a set in C, and let f and g be functions
on S. Let ¢ be a limit point of S. Then

(a) lim(f +cg)(=) = lim f(=) + ¢ limg(2) for allc € C,
(8) lim(£9)(2) = lim £ (=) lim g(2)

(¢) lim |f] (2) = [lim f(2)
(@) lim f(2) = lim /().

REMARK 2.15. The usual interpretation of the above formulas is
used here and in the rest of the book: The LHS® exists whenever the
RHS exists, and then we have the stated equality.

, and

SLHS (RHS) are standard abbreviations for left-(right)-hand side and will be
used throughout this book.
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COROLLARY 2.16. Let u = Rf, v = Sf (so that f(z) = u(z) +
1v(2)) and a € C. Then

lim f(2) = «

z—(

if and only iof

limu(z) = Ra and liné v(z) = Sa .

z—(
DEFINITION 2.17. Let S be a subset of C, f : S — C and (¢ a limit

point of S, which is also in S. We say that f is continuous at ( if
lin} f(z) = f(C), that f is continuous on S if it is continuous at each

¢ in S, and that f is uniformly continuous on S if and only if for all
€ > 0, there is a § > 0 such that

|f(2) = f(w)| < eforall zand win S with |z —w| < ¢ .
REMARK 2.18. Uniform continuity implies continuity.

THEOREM 2.19. Let f and g be functions defined in appropriate
sets; that s, sets where composition of these functions makes sense.

(a) If f is continuous at ¢ and f(¢) # 0, then } is defined in a
neighborhood of ( and is continuous at (.

(b) If f is continuous at ¢ and g is continuous at f(C), then go f
15 continuous at C.

THEOREM 2.20. Let K C C be compact and f : K — C be contin-
uwous. Then f is uniformly continuous on K.

PROOF. A continuous mapping from a compact Hausdorff space to
a metric space is uniformly continuous. 0

DEFINITION 2.21. Given a sequence of functions {f,} all defined
on the same set S in C, we say that {f,} converges uniformly to a
function f on S if for all € > 0, there exists an N € Z~ such that

|f(2) = fu(2)| <€ forall z€ Sand alln > N .

REMARK 2.22. {f,} converges uniformly on S if and only if for all
€ > 0, there exists an N € Z- such that

|fn(2) = fim(2)| <€ forall z € S and all n and m > N .

THEOREM 2.23. Let {f,} be a sequence of functions on S. If
(1) {fu} converges uniformly on S, and
(2) each f, is continuous on S,

then the function f defined by

f(z) = nh_)ngofn(z)v z €8,
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is continuous on S and {f,} converges uniformly to f on S.

Proor. We start with two points z and ¢ in S. Then for each n,

1F(2) = FOI <1 (2) = fa(D)] + [Fa(2) = O]+ [falC) = FO] -

Fix z and € > 0. By (1), the first and third term on the right-hand
side are less than § for n large. Fix n. By (2), the second term is less
than § as soon as ( is close enough to 2. 0

DEFINITION 2.24. A domain or region in C is a subset of C that is
open and connected.

REMARK 2.25. Note that a domain in C could also be defined as
an open arcwise-connected subset of C.

2.2. Differentiability and holomorphic mappings

The definition of the derivative of a complex-valued function of a
complex variable mimics that for the derivative of a real-valued function
of a real variable. We shall see that the properties of the two classes of
functions are quite different.

DEFINITION 2.26. Let f be a function defined in some ball about
¢ € C. Assume h € C. We say that f is (complex) differentiable at

if and only if
o FCH ) = 1)
h—0 h

exists. In this case the limit is denoted by

a
2O | (00O,

and is called the derivative of f at (.

REMARK 2.27. (1) It is important that h is an arbitrary complex
number (of small nonzero modulus) in the above definition.
(2) If f is differentiable at , then f is continuous at (.

NoTATION 2.28. If the function f is differentiable on a domain D
(that is, at each point of D), then it defines a function f': D — C.

Thus for every n € Zsg, we can define inductively f™ the n-th
derivative of f, as follows:
fO = f and if f™ is defined for n > 0, then we set f*t1) = (f(”))/
whenever the appropriate limits exist.

It is customary to abbreviate @ and f® by f” and f"”, respec-
tively.
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DEFINITION 2.29. Let f be a function defined in a neighborhood of
¢ € C. Then f is holomorphic or analytic at C if it is differentiable in a
neighborhood (perhaps smaller) of . A function defined on an (open)
set U is holomorphic or analytic on U if it is holomorphic at each point
of U.

A function f is anti-holomorphic if f is holomorphic.

The usual rules of differentiation hold. Let f and g be functions
defined in a neighborhood of ( € C, let k£ be a function defined in a
neighborhood of f((), and let ¢ € C. Then (recall Remark 2.15)

(a) (f +cg)(Q) = f'(C) + ¢g'(€),
(b) (f9)'(¢) = f(¢)g'(C) + f'(C)g(C),
() (ko f)(C) =K(f(C))f(C),

)

L *—f/(o rovide an
( (f) (© = =11 provided £(0) #0. and

(e) for f(2)=2" (n€Z), f'(z) =nz"""! (forn <0, z#0).

DEFINITION 2.30. A function is called entire if it is holomorphic
on C.

EXAMPLE 2.31. (1) Every polynomial (in one complex variable) is
entire.

(2) A rational function R = g , where P and () are polynomials with @
not the zero polynomial, is holomorphic on C — {zeros of Q}. The
polynomial @) has only finitely many zeros (the number of zeros,
properly counted, equals the degree of Q; see Exercise 3.17).

(3) A special case of Example 2.31.2 is R(z) = Zzzjrrs with a, b, ¢, and d
fixed complex numbers satisfying ad — bc = 1. These rational func-
tions are called fractional linear transformations or Mdbius trans-
formations, and they will be studied in detail in Section 8.1.

Convention. Whenever we write z = x + 1y for variables and
f = u+ v for functions, then we automatically mean that x = Rz,
y=Sz, u=Rf, and v = Jf. We write u = u(z,y) and v = v(z,y) as
well as u = u(z) and v = v(2).

THEOREM 2.32. If f = u+ v is differentiable at ¢ = a + 1 b, then
u and v have partial derivatives with respect to x and y at ¢, and these
satisfy the Cauchy—Riemann equations (to be abbreviated CR):

ug(a,b) =vy(a,b), uyla,b) =—v,(a,b). (CR)
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PROOF. First take h = a and then h =13 (with a and 3 real) in
the definition of differentiability (2.26) and compute

f'(¢) = uz(a,b) +1v.(a,b) = —ruy(a,b) + vy(a,b) .
O
We will also use the obvious notation f, = u,+w, and f, = u,+w,.

REMARK 2.33. The CR equations are not sufficient for differentia-
bility. To see this, define

2|27t for z #0,
f) = {0 for z = 0.

The function f is continuous on C and its real and imaginary parts
satisfy the Cauchy—Riemann equations at z = 0, but it is not differen-
tiable at 2 = 0. For « real and nonzero we have ’ E;l) =1, and for [ real
and nonzero we have ’ Ezﬁﬁ) = 1. Hence the CR equations are satisfied.
Thus if the CR equations implied differentiability, we would conclude
that f’(0) = 1. Now take h = (1 + )y with v real and nonzero and

observe that f(hh) = —1 so that f/(0) would be —1.

In Exercise 2.8, we introduce the complex partial derivatives f, and
f. of C*-complex-valued functions® f defined on a region in the complex
plane. These partials not only simplify the notation: For example, the
two equations given in (CR) are written as the single equation

J.=0, (CR complex)

but they allow us to produce more concise arguments (and as we shall
see later prettier formulas), as illustrated in the proof of the lemma
below. We also use the notation g’; interchangeably with f,.

LEMMA 2.34. If f is a C'-complez-valued function defined in a
neighborhood of ¢ € C, then for z € C with |z — ¢| small,

f(2) = fle) = (z =) fo(c) + (z = ) f(0) + ]2 = cl e(z,0), (21
where £(z,¢) is a complez-valued function of z and ¢ with

lime(z,¢) =0

6C-complex-valued functions may be defined as functions whose real and imag-
inary parts have continuous first partial derivatives.



2.2. DIFFERENTIABILITY AND HOLOMORPHIC MAPPINGS 17

PROOF. As usual we write 2z = x + 1y, ¢ = a +1b, and f = u + w
and abbreviate Au = wu(z) — u(c), Ax = z —a, Ay = y — b, and
Nz=z—c=Ax+1Ay.

By hypothesis, the real-valued function u has continuous first par-
tial derivatives defined in a neighborhood of ¢, and we can define ¢,
by

_ Au—uy(c)Ar — uy(c) Ay
e1(z,c) = Az :
We show that
limei(z,¢) =0. (2.2)

If we rewrite Au as o
Au = [u(z,y) — u(x,b)] + [u(z,b) —u(a,b)] ,
it follows from the (real) mean value theorem that
RHS = uy(z, yo) Ay + uy(xo,b) Az,
where 1, is between y and b and z( is between z and a. Thus

ez, ) = [wy (2, y0) — uy(a, b)) Ay + [ug(z0,b) — uz(a,b)|Ax
o 2z -

Hence we see that
le1(2, )] < fuy (2, y0) — uy(a, 0)] + [ua(2o, b) — uala, b)] -
Thus we have shown that
u(z) —u(c) = (x — a)uy(a,b) + (y — b)uy(a,b) + |z — c|ei(z,¢) ,

with (2.2).
Similarly,

v(z) —v(c) = (v — a)vgy(a,b) + (y — b)vy(a,b) + |z — ¢ ea(z, ¢) ,

with
limey(z,¢) = 0. (2.3)

z—C

With obvious notational conventions,

ANf=Au+1lv =
(up(a, b) + wy(a, b)) Az + (uy(a,b) + w,(a, b)) Ay + |Az|e(z, ¢)
= nz —;— AZﬁ,;(c) + ZAZ ; Any(c) +|Az|e(z,c)

= Nzf.(c) + Nzfs(c) + | Azl ez, ).
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Since €(z,¢) = e1(z,¢) + 162(2, ¢), equalities (2.2) and (2.3) imply
that
lime(z,¢) = 0.

zZ—C

O

THEOREM 2.35. If the function f has continuous first partial deriva-
tives in a neighborhood of ¢ that satisfy the CR equations at c, then f
is (complex) differentiable at c.

PROOF. The theorem is an immediate consequence of (2.1) since
in this case f:(c) = 0 and hence f’'(c) = f.(c). O

COROLLARY 2.36. If the function f has continuous first partial
derivatives in an open neighborhood U of ¢ € C and the CR equations
hold at each point of U, then f is holomorphic at ¢ (in fact on U ).

REMARK 2.37. The converse is also true. It will take us some time
to prove it.

THEOREM 2.38. If f is holomorphic and real valued on a domain
D, then f is constant.

PROOF. As usual we write f = u +2v; in this case v = 0. The CR
equations say u, = v, = 0 and u, = —v, = 0. Thus u is constant. [

THEOREM 2.39. If f is holomorphic and f' = 0 on a domain D,
then f s constant.

PROOF. As above [ = u + v and ' = u, + w, = 0. The last
equation together with the CR equations say 0 = u, = v, and 0 =
vy = —uy. Thus both u and v are constant. O

Exercises

2.1. (a) Let {z,} be a sequence of complex numbers and assume

Zn — Zm| < , for all n and m .
120 = 2l 1+ |n—m|
Show that the sequence converges.
Do you have enough information to evaluate lim,, .., 2,7
What more can you say about this sequence?

(b) Let {z,} be a sequence with lim,, . 2z, = 0, and let {w,} be a
bounded sequence. Show that

lim w,z, =0 .

n—oo
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2.2. Verify the Cauchy—Riemann equations for the function f(z) =
2% by splitting f into its real and imaginary parts.

2.3. Let x = rcosf, y = rsinf. Show that the Cauchy-Riemann
equations in polar coordinates for F' = U + .V, (U = U(r,0),V =
V(r,0)) are
ou v ov ou

and r = —

or 00 or o9

Alternatively, one can write

rU, = Vp, and vV, = —U,.

r

2.4. Suppose z = x +1y. Define

*(x+
e ="
for z # 0, and f(0) = 0.
Show that
i )10

as z — 0 along any straight line. Show that as z — 0 along the curve
x = y?, the limit of the difference quotient is }, thus showing that f'(0)
does not exist.

2.5. Does there exist a holomorphic function f on C whose real part
is
(a) u(z,y) =e"?
(b) or u(z,y) = e*(xcosy — ysiny)?
Justify your answer. That is, if yes, exhibit the holomorphic func-
tion(s); if not, prove it.

2.6. Prove the Fundamental Theorem of Algebra: If ag, ..., a, 1
are complex numbers (n > 1) and p(z) = 2"+ a,_12"" ' +...+ap, then
there exists a number z, € C such that p(zp) = 0.

Hints:

(a) Show there is an M > 0 and an R > 0 so that |p(z)| > M for
|z| > R.
(b) Show next that there is a zp € C such that

p(20)| = min{|p(z)| ;2 € C} .

(c¢) By the change of variable p(z + zy) = g(2), it suffices to show
that ¢(0) = 0.
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(d) Write g(2) = a+ 2" (64 1z 4+ ... + cpomz™ ™) with G # 0.
Choose v such that

If a # 0, obtain the contradiction |g(vz)| < |a| for some z.

Note. We will later have a simpler proof of this theorem using results
from complex analysis. See Theorem 5.15. See also the April 2006
issue of The American Mathematical Monthly for still other proofs of
this fundamental result.

2.7. Using the Fundamental Theorem of Algebra stated in Exercise
2.6, prove Frobenius Theorem: If F'is a field containing the reals and
such that the dimension of F as a real vector space is finite, then either
F' is the reals or F is (isomorphic to) C.

Hints:

(a) Assume dimg F' = n > 1. Show that for § in F' — R there
exists a nonzero real polynomial p with leading coefficient 1
and such that p(f) = 0.

b) Show that there exist real numbers 5 and « such that

0> — 2860+~ = 0.

¢) Show that there exists a positive real number § such that (6 —
(3)? = =42, and therefore,

_0-p
77 5

is an element of F satisfying 0% = 1.
d) The field

G=R(o)={r+yo:z,yc R} CF

is isomorphic to C, so without loss of generality, assume o =1
and G = C. Conclude by showing that any element of F' is the
root of a complex polynomial with leading coefficient 1 and is
therefore a complex number.

2.8. Let f be a complex-valued function defined on a region in the
complex plane, and assume that both f, and f, exist in this region.
Define:

Y=

fz:2

and

1
fz - 9 (fw"_lfy)
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Show that for C'-functions f,
f is holomorphic if and only if f, =0,
and that in this case f, = f'.
2.9. Let R and ® be two real-valued C'-functions of a complex
variable z. Show that f = Re'® is holomorphic if and only if
% = —1P,.

2.10. Show that if f and g are C'-functions, then the (complex)
chain rule is expressed as follows (here w = f(z) and g is viewed as a
function of w):

(gof)z:gwfz+gwfz
and

(gof)z:gwfz+gwfz'

2.11. Let p be a complex-valued polynomial of two real variables:

p(z) = Z aix'y’
p(z) =D Pi(2)7,

Jj=0
where each P is of the form Pj(z) = Y b;;2". Prove that p is an entire
function if and only if

Write

o=~ =P=....

2.12. (a) Given two points z1, 2o such that |z;| < 1 and |z] < 1,
show that for every point z # 1 in the closed triangle with vertices
21, 2o and 1,
12
1—z]
where K is a constant that depends only on z; and 2.

(b) Determine the smallest value of K for z; = '3* and 2z = '}".

2.13. Deduce the analogs of the CR equations for anti-holomorphic
functions, in rectangular, polar, and complex coordinates.

<K,

2.14. Let D be an arbitrary (nonempty) open set in C. Describe
the class of complex-valued functions on D that are both holomorphic
and anti-holomorphic.

2.15. (a) Every automorphism of the real field is the identity.
(b) Every continuous automorphism of the complex field is either the
identity or the conjugation.



CHAPTER 3

Power Series

This chapter is devoted to an important method for constructing
holomorphic functions. The tool is convergent power series. It is the
basis for the introduction of new non-algebraic holomorphic functions,
called elementary transcendental functions. It will turn out that all
holomorphic functions are described (at least locally) by this tool. This
will be proven in the next chapter.

The first section of this chapter is devoted to a discussion of ele-
mentary properties of the complex power series. Some material from
real analysis, material not usually treated in books or courses on that
subject, is studied. The concept of a convergent power series is ex-
tended from series with real coefficients to complex power series, and
tests for convergence are established. In the second section, we show
that convergent power series define holomorphic functions. The next
section, Section 3.3, introduces important complex-valued functions of
a complex variable, including the exponential function, the trigonomet-
ric functions, and the logarithm. This is followed by Sections 3.4 and
3.5, which describe an identity principle and introduce the new class of
meromorphic functions: These functions are holomorphic on a domain
except that they “assume the value oo” (in a controlled way) at cer-
tain isolated points, known as the poles of the function. Meromorphic
functions are defined locally as ratios of functions having power series
expansions. It will hence follow subsequently that these are locally ra-
tios of holomorphic functions. After some more work we will be able
to replace “locally” by “globally.” We develop the fundamental identity
principle and its corollary, known as the principle of analytic continu-
ation, for functions given by a power series, and we discuss the zeros
and poles of a meromorphic function. The principle of analytic contin-
uation is one of the most powerful results in complex function theory.
Once we show that every holomorphic function is locally defined by
a power series, we will see that the principle of analytic continuation
says that a holomorphic function defined on an open connected set is
remarkably rigid: Its behavior at a single point in the set determines

23
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its behavior at all other points of the set. Holomorphicity at a point is
an extremely strong concept.

3.1. Complex power series

Let A be a subset of C, and let {f,} = {f.}>2, be a sequence
of functions defined on A (in the previous chapter, sequences were
indexed by Z-q; for convenience, in this chapter, they will be indexed
by Zso). We form the new sequence (known as a series) {Sx}, where

N e
Sn(z) = Z fn(2), and the formal infinite series Z fu(2) .
n=0

n=0
The sequence of complex numbers {Sy(2)}22, is also known as the

o0
sequence of partial sums associated with the infinite series Z fn(z) at

n=0
the point z € A. When the indices of summation are clear from the

context, we often omit them. For example, Z fn(C) usually means the

infinite sum Z fn(C). Other similar abbreviations are used.
n=0

DEFINITION 3.1. i) We say that the infinite series Z fu(2) con-
n=0
verges at a point ¢ € A if {Sy(()} converges. In this case, we write

> ful¢) = lim Sx(C).

ii) We say that the infinite series Z fa(2) converges pointwise in A if
n=0

{Sn({)} converges for every ¢ € A.

iii) We say that the infinite series Z fn(2) converges absolutely at a
n=0
point ¢ € A if the infinite series Z | fn(C)] converges.

n=0

iv) We say that the infinite series Z fn(z) converges uniformly in A
n=0
if the sequence of partial sums {Sx(z)} converges uniformly in A.
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v) We say that the infinite series Z fu(2) converges normally on a set
n=0
B C A if there exists a sequence of positive constants {M, } such
that

(1) |fn(2)| < M, for all z € B and all n, and

(2) ZM” < 00.

vi) We say that the infinite series Z fn(2) diverges at a point of A if
n=0
it does not converge at that point.

We speak of the pointwise, uniform, absolute, or mormal conver-
gence of a series as well as of the divergence of a series.

REMARK 3.2. The fact that the sequence {Sn(()} converges if and
only if {Sy(()} is Cauchy allows us to rephrase conditions (i-iv) as if
and only if statements when useful: (i) > f.(2) converges at a point
¢ € Aifand only if {Sx(()} is Cauchy; (ii) Y fu(2) converges pointwise
in A if and only if {Sy({)} is Cauchy for every ¢ € A; (iii) > fu(2)
converges absolutely at a point ¢ € A if and only if the infinite series
S1fa(Q)| converges; and (iv) > f.(z) converges uniformly in A if and
only if the sequence of partial sums {Sy(z)} converges uniformly in A.

REMARK 3.3. Many questions on convergence of complex sequences
are reduced to the real case by the trivial but important observation
that absolute convergence at a point implies convergence at that point.

REMARK 3.4. Two other such observations, both trivial but impor-

[e.e]
tant, are that if an infinite series Z fn(z) converges at a point ¢, then

n=0

lim f,(¢) =0 and lim »  fi(¢) =0.
k=n

n—oo

Some relationships between some different types of convergence of
a series are given in the following result.

Weierstrass M-test. Normal convergence implies uniform and
absolute convergence.
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Proor. With notation as in the last definition, if Ny < N are
positive integers, then

N
|Sn(2) — Sy, (2)] < Z M, for all z € A

n=N1+1

(needed for the uniform convergence argument), and

N
| [Sn(2)] = |Sn, (2)] | < Z M, for all z € A

n=N1+1

(needed for the absolute convergence argument).
Given any € > 0, we can find a positive integer Ny such that N >

N
Ny > No implies Y~ M, <. O

n=N1+1

We shall be mostly interested in series of the form ) ° - a,2" with
a, € C (these are known as power series) and the associated real-valued
series >~ |a,|r™ where r = |z|. We define, for each N € Z,,

N
Sy(r) = Z la,|r" for r € Rx,

n=0

and we observe that
Ni1(r) > Sy(r) forall N € Zso and for all r € Rxg .
We refer to Sx(r) as the real partial sum at r.

An elementary but most important example is provided by the geo-
metric series with r € Rs:

1+r4+r2+....

1— N+1

Note that Sy(1) = N + 1, and Sy(r) = ) " for 0 <r <1, as
—r
well ascxf)or r > 1.

1
Thus Zr”: if 0 <r<1and > r™ diverges if r > 1.
o 1—r

We now introduce two special cases of divergence of a sequence of
real numbers. It will be useful to regard these sequences as convergent
sequences with infinite limits.
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DEFINITION 3.5. A sequence of real numbers {b,,} converges to +o0o
if and only if for all M > 0 there exists an N € Z-q such that b, > M
for all n > N. In this case we shall write lim,,_,~ b,, = +00. A similar
definition applies to real sequences converging to —oo.

With this notation either:
(a) ]\}Enm Sy (r) exists and is finite: That is, > 7 |a,|r"™ converges.
In this case we write >~ |a,|r" < +o0;
or
(b) ]\}Enoo Sy (r) = 4o0: That is, Y > |a,| r™ diverges (in the pre-

vious sense). In this case we write > |a,|r" = +o0.

For real sequences, we have the comparison test. Let 0 < a,, < b,.

(a) If ¥ a, = 400, then »_ b, = +00.
(b) If " b, < +00, then > a, < +00.

Abel’s lemma. Let 0 < r < rg. Assume there exists an M € Ryq
such that
la,ry| < M for all n € Zsy .
Then the series Y a,z" converges normally for all z with |z| <r. In
particular, it converges absolutely and uniformly for all z with |z| <.

PRrROOF. For |z| < r we have

n n
\anz"l—\anHzl”SIanllr\”—W"'(T) TQSM(T) ‘
To

To

Comparison with the geometric series [or an application of the
Weierstrass M-test with M, = M()"] shows the normal conver-
gence. 0

If S is any nonempty set of real numbers, then the least upper bound
or supremum of S is denoted by sup S and the greatest lower bound
or infimum is denoted by inf S. The possibilities that sup S = +o00 or
inf S = —oo are allowed.

DEFINITION 3.6. The radius of convergence p of the power series
> a,2" is given by
p = sup{r > 0; Z lan| ™ < 400} .

Note that 0 < p < +00. As a result of the next theorem it makes
sense to define {z € C; |z| < p} as the disk of convergence of the power
series > a,z".
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THEOREM 3.7. Let Y a,z" be a power series with radius of conver-
gence p.
(a) If 0 < r < p, then Y a,z" converges normally, absolutely, and
uniformly for |z| <r.
(b) The series Y a,z" diverges for |z| > p.

PROOF. (a) Choose 1y with r < ¢ < p such that > |a,|rj < +o0.
Thus there exists an M > 0 with |a,|r] < M for all n in Z~,. Now
apply Abel’s lemma.

(b) We claim that for |z| > p, the sequence {|a,||z|"} is not even

bounded. Otherwise Abel’s lemma (with ry = |z|) would guarantee
the existence of an r with p < r < |z| and ) |a,|r™ < 4o00. This
contradicts the definition of p. O

COROLLARY 3.8. Let > a,z™ be a power series with radius of con-
vergence p. Then the function defined by S(z) =Y a,z"™ is continuous
for |z| < p.

PrROOF. It follows immediately from Theorems 2.23 and 3.7. [

We now turn to the obvious and important question: How do we
compute p?

To answer this question, we introduce the concepts of lim sup and
lim inf.

DEFINITION 3.9. Let {u,} be a real sequence. We use = to indi-
cate equivalent names [we also use this same notation with a different
meaning in other places, such as f = 0 or f = g, to emphasize that
these functions are (identically) equal] and define

lim w, = limsupu, = upper limit of {u,}
n n
= limit superior of {u,} = lim sup {u,} = inf sup {u,},

and

lim wu, = liminfu, = lower limit of {u,}

= limit inferior of {u,} = lim inf {u,} = sup inf {u,}.
P—00 N2p p n2p
Note that every real sequence has a limit superior as well as a limit
inferior, which are either real numbers or +o0c or —oo.

Properties of limits superior and inferior. Let {u,} and {v,}
be real sequences. Then:
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(a) liminf u, < limsup u,.

(b) liminf(—w,) = — lim sup u,,.

(c) If r > 0, then

liminf(ru,) = rliminf u, , and limsup(ru,) = rlim sup w,.
n n n n

(d) If u, < v, for all n, then

liminf u,, <liminfu,, and limsupu, < limsupwv,.
n n n n

(e) limu, = L if and only if liminf w, = L = lim sup u,

(L is allowed to be +oo in this context).
(f) liminf(u, + v,) > liminf u,, + liminf v,,, and
lim sup(u,, + v,) < limsup u,, + lim sup v,.

n n n

Remark and exercise. If f is a real-valued function of a complex
variable, defined on a set S in C and if ( is a limit point of S, then it
is possible to define lin% f(2) and lim f(2).

z—(

ExaMPLE 3.10. Let u, = sin ("), n = 0,1,2,.... This is the

sequence {0,1,0,—1,...}. Hence for all p € Z,,

a, = sup u, = 1 and thus limsup u, = lim a, = 1, and

n>p n p—0o0
b, = inf w, = —1 and thus liminf w, = lim b, = —1.
n>p n p—00

The ratio test will be well known to most readers (see Exercise
3.4). Suppose that v, > 0 for all non-negative integers n.

(a) If lim Yl _ [ <1, then >~ v, converges.

n—oo ’Un
(b) If lim Yl _ [ > 1, then > v, diverges.
n—oo ’Un
Perhaps less familiar is the root test. Suppose that v, > 0 all n.
(a) If lim(vn)i = L < 1, then ) v, converges.
(b) If lim(vn)rlb = L > 1, then ) v, diverges.
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PROOF. (a) Choose € > 0 such that 0 < L 4+ ¢ < 1. There exists a
P € Z-q such that

sup {vn”} <L+e¢ forall p>P.
nzp

Thus
v, < (L+¢€)" forall n> P,

and comparison with the geometric series yields convergence.

(b) Suppose that > v, < +00. Then limwv, = 0. Thus there exists

a P in Z-g such that n > P implies that v, < 1 for all n > P. Hence
(vn)n < 1 for all n > P and therefore lim(v,)» < 1. O

REMARK 3.11. The root test applies (with the same value of L)
whenever the ratio test applies. However, the converse is not true.
To see this take a sequence where the ratios are alternately é and é.
Then the root test will apply with L = }1, but the sequence of ratios,
obviously, will not converge.

ExAMPLE 3.12. Consider the sequence n~® with s a positive real
number. Both the ratio and the root test end up with L = 1. The
series diverges (converges to +oo) for 0 < s < 1 and converges for
s> 1.

We now return to the study of the complex power series >~ ; a,2"
and to the problem of computing the radius of convergence.

THEOREM 3.13. Let > a,z" be a power series. Suppose that a,, # 0

(p41

for all n and that the limit lim = L exists, with 0 < L < +00.

Qp
Then the radius of convergence p of the power series Y >~ a,2" is

L in other words,

L’
Ap+1
Qp,

1
= lim

p n—oo

1
where 1s to be understood as being = 0.
+00

The hypotheses required for this result to hold are strong. As
pointed out in Remark 3.11, the ratio test is stronger than the root
test. The next result provides a way of computing the radius of con-
vergence for any power series.
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THEOREM 3.14 (Hadamard). The radius of convergence p of the
power series ZZO:O a, 2" is given by

= lim \an|flb :
n

PROOF. Let L = lim\an|rlb. Thus lim|an7’”|rlb =L foralr >0

and we conclude by the root test that the associated series > |ay,|r"
converges for 0 < r < ;| and diverges for r > | . Thus p = ;. O

LEMMA 3.15. Let > u, and > v, be two absolutely convergent se-
ries. Define

Wy, = Z UpUp—p -
p=0
Then > w, is absolutely convergent and > w, = (O u,) (> vy).

PROOF. Let a, = Z |u,| and B, = Z |vn|. Then

nzp nzp

lima, =0 =1limf, .
p P

Also

N 00 00
Z |wn| S Z ‘un‘ Z |Un| = aOﬁO < +OO>
n=0 n=0 n=0

o0

and therefore, Z |w,| < 4+o00. Thus we have proven the absolute
n=0

convergence of the new series.

To show the required equality, choose m and n with m > 2n and

consider
£ () (5]
k=0 k=0 k=0

We have to show that £ — 0 as n — oo (we already know each of
the above series converges). We rewrite

m

n on
E WUiVpe—i — E E UiV

k
k=0 i=0 j=0 i=0

2:
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(a) The first sum (b) The second sum

Ficure 3.1. The (i, k) plane

By looking at the diagrams in the (i, k) plane shown in Figure 3.1,
we see that

m k m m
E E Ui V—7 = E E Ui VE—s
k=0 =0 =0 k=i
m m m m—i m m—i
= E U; E Vi—i — E U; V; = E UV
=0 k=1 =0 j=0 i=0 7=0

Thus we can estimate

m m—i
)91 ) SRS S KD 9 30
=0 Lj=0 i=n+1 j=0
n - m m—i
<15 S w4 2 S
i=0 j=n+1 i=n+1 j=0
[ee] [e.e] [e.e] [ee]
< Z Z il [vs] + Z Z il [vj] = (@0Bni1 + Bocns1),
i=0 j=n+1 i=n+1 j=0
and the last expression approaches 0 as n goes to oc. 0

2. More on power series

It is straightforward to prove the following (see Exercise 3.5).

THEOREM 3.16. Suppose the power series Y a,z" and . b,z" have
radii of convergence > p. Then
(a) > (ay,+b,)z" and Y ¢, 2", where ¢, = Y ., a;b,—;, have radii
of convergence > p, and
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(b) for|z| < p, we have

Z(an +b,)2" = Z anz" + Z b,2"
chz” = <Z anz”> (Z bnz”) )

THEOREM 3.17. Suppose the power series Y ", a,z" has radius of
convergence p > 0. For |z| < p, let

S(z) = i a, 2"
n=0

(note that this defines a continuous function by Corollary 3.8). Then
the power series Y oo na,z""* has radius of convergence p and

and

S'(z) = Znanz”_l, for all |z| < p.
n=0

Thus a power series defines a function which is holomorphic (and C*)
in its disk of convergence, and all its derivatives are holomorphic there.

PROOF. Let p’ be the radius of convergence of > >°  na,z""'. Then
1

L= lim(n\an\)i = limnilim\anﬁ = lim|an|7ll =,
n n n n

where the first and last equality follow from Hadamard’s theorem and
the second one from Exercise 3.3.
Thus we can define a continuous function 7" on |z| < p by

T(z) = Z na,z""'.
n=1

Note that if A and B € C and n € Z~1, then
A" —B"=(A—-B)(A" ' 4+ A" 2B 4 ... + B"1).
Let us set, for h # 0 and |h| sufficiently small,

—T(2)

F(h) = 'S(z—i—h) —S(2)

h

S [(Z + h]): — mn_l}

n=2

S an[(z+h)" T 2z +h)" 42" = n ]
n=2
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For fixed z with |z| < p, we choose r so that |z| < r < p and then
we choose h with |z + h| < r. Under these restrictions

|(z+h)"  +z(z+h)" 7+ 2 —nT
<|z+h)" T H2(z4+h)" 42T n T < 2
and thus

0<f(h) < ZQ || nr" ! < 4-o0.
n=2

Therefore given any € > 0, there exists a positive integer N with

- €
§ 2|a,|nrt < .
|| nr ™ < 5
n=N
Thus

N-1 n n
0 7m< Yl [T
n=2

[e.e]
n 2" + Z 2 |a,|nr"
n=N

The first sum, being a finite sum, goes to 0 as h — 0. Thus there exists
a ¢ > 0 such that 0 < |h| < 0 implies that the first term is at most .
Thus 0 < f(h) < e for 0 < |h| <. Hence T'(z) = 5'(z). O

REMARK 3.18. The theorem tells us that under certain circum-
stances we can interchange the order of computing limits: If the power
series > a,2" has a positive radius of convergence and if we let

N
Zanz” = Sn(2),
n=0
then the theorem states that
SN(Z + h) — SN(Z)

lim lim Sn(z+h) = Sn(z) = lim lim .
h—0 N—oco h N—oo h—0 h

COROLLARY 3.19. If S(z) = > " a,2" for |z| < p, then for all
n € Zso and all |z| < p,

and
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PRrRoOOF. Induction on n shows that

(n+1)!

S™(2) =nla, + 1

Apt1 2+ .0 .

O

The results obtained so far have provided information about the
behavior of a power series inside its disk of convergence. Our next
result deals with a point on the boundary of this disk.

THEOREM 3.20 (Abel’s limit theorem). Assume that the power
series Y a,z" has finite radius of convergence p > 0. If > anz{ con-
verges for some zq with |zo| = p, then f(z) = > a,z" is defined for
{lz] < p} U {20} and we have

lim f(z) = f(z0),

Z2—20

as long as z approaches zy from inside the circle of convergence and
|2 — 2|
p =l

remains bounded.

z
PRrROOF. By the change of variable w = we may assume that
z

0

p =1 = z (replace a, by a,zy). Thus ) a, converges to f(1). By

changing ag to ap — f(1), we may assume that f(1) = > a, = 0.
Therefore we are assuming that |z| < 1 (with 1 — |z| small) and

1—
that |1 ‘Z} < M for some fixed M > 0. (Recall Exercise 2.12.) Let
— |z

Sp=0ap+ay+ ...+ a,.
Then lim,, s, = 0 and
Sp(z2) =ag+ a1z + ...+ a,2"
=50+ (s1—80)z2+ ...+ (Sp — Sp_1)2"
=s0(1—2)+s1(z—2°)+ ...+ 812" = 2") + 5,2"
=(1—2)(so+s12+ ...+ 8,12"1) + 82"

Now

f(z) = JLHOIO Sn(z) = (1—2) anz” :
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Given € > 0, choose N € Z~( such that |s,| < € for n > N. Then

N e
[f() < 1 - 2] (anzn + Y sl \ZI”)
n=0

n=N+1
N ‘Z|N+1 N
< |1 —2| ;:Osnz +61_ o <1 -z ;:Osnz + elM.
Thus we conclude that lim,,; f(z) = 0. O

REMARK 3.21. Observe that we have not needed or used polar
coordinates in our formal development thus far.

3.3. The exponential function, the logarithm function,
and some complex trigonometric functions

In this section we use power series to develop several functions.
We discover the exponential function by looking for functions that are
solutions of the ordinary differential equation

f(z) = f(z)
subject to the initial condition
f0)=1.

3.3.1. The exponential function. We try to find such a solution
defined by a power series

f(z)=ay+arz+--+a2"+...
that converges near z = 0. Then (by Theorem 3.17)
f'(2) =a1 +2a0z + ... +naz2" P 4. ..,

and thus we must have

1
=1 =qyp=1 = .q =
Qo , A1 Qo , g 9 aq 91’ )
! L (by induction)
R A— — in ion).
T B o I
Hence
22 2"
f(z):1+z+2!+...+n!+.... (3.1)
Note that !
1 " ) !
:limaJrl = lim " = 0.
pn| oay n (n+41)!

Thus p = +oo and the power series (3.1) defines an entire transcen-
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dental function. We write e and exp z for f(z), and we call f the
exponential function.

A transcendental function is one that is not a rational function;
that is, it is not the quotient of two polynomials. Exercise 3.9 shows
that the exponential function is a transcendental function.

PROPOSITION 3.22. Let ¢ € C. Then the function f(z) = ce® is
the unique power series and the unique entire function satisfying

f'(z) = f(2) and f(0) = c. (3-2)

PROOF. It is trivial that z — ce® satisfies (3.2) and is the unique
power series to do so. We know that this is an entire function. We
postpone the proof that this is the unique entire function that satisfies
(3.2) until after we establish the next two propositions. O

PROPOSITION 3.23. e*7¢ = e*¢e¢ for all z and ¢ in C.

PROOF. Define f(z) = e**¢ with ¢ fixed in C. Then the function f
has a power series expansion that converges for all z € C, f'(z) = f(z)
and f(0) = e¢. Thus f(z) = ce* for some constant ¢, which must be

f(0) = ec. O
PROPOSITION 3.24. For all z € C,
e =e"=1.

Thus
e #0 forall z€ C.

Conclusion of proof of Proposition 3.22. If g(z) is any entire
function satisfying (3.2), form the function h(z) = ge(f).
The rules for differentiation tell us that

B(z) = g'(z)e — g(z)e?

) =0 forall z €C.
eZ

Thus, by Theorem 2.39 of the previous chapter, h is constant. O
PROPOSITION 3.25. e# = ¢e* for all z € C.
PROPOSITION 3.26. Write z = x 4+1y. Then
eV = eWe ™ =1,
and thus

le*| = e”.

The exponential function leads us immediately to the complex
trigonometric functions.
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3.3.2. The complex trigonometric functions. We define two
entire functions by

eV +e—zz 22 Z4
con = 2 21 4 (3:3)
and
) e — oW 23 2’5
sin z = o :z—3!+5!—.... (3.4)

It is then easy to verify the following familiar properties:

cosz +1sinz =e”, cos’z+sinz=1, (3.5)
cos(—z) = cos z, sin(—z) = —sinz,
cos’ z = —sinz, sin’ z = cos z. (3.6)

In the next subsection we will formally define 7 and then, after
some calculations, we will be able to obtain from (3.5) the beauti-
ful identity (connecting perhaps the four most interesting numbers in
mathematics):

e'+1=0.

REMARK 3.27. It should be observed that the functions sin and cos
defined above agree for real values of the independent variable z with
the familiar real-valued functions with the same names. The easiest
way to conclude this is from the power series expansions of these func-

tions at z = 0. Also note that sin z and cos z form a basis for the power
series solutions to the ordinary differential equation

f"(2) + f(z) =0.

Similarly, using either this last characterization of the sine and co-
sine functions or the additivity of the exponential function, one estab-
lishes that for all z and ¢ € C,

cos(z 4+ () = cos z cos ¢ — sin zsin ¢

and

sin(z + ¢) = sinzcos( + cos zsin € .
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3.3.3. The definition of 7 and the logarithm function. Our
first task is to establish the periodicity of ¢*. For z € R, sinz and
cos z [as defined by (3.4) and (3.3) respectively] are real numbers. From
sin? x + cos?z = 1, we conclude that

—1<cosz<1.

Integrating for x > 0 we have fox costdt < foz dt, or sinwz < z.
Also, for z > 0, we must have sinz < z.! Equivalently, —sinz > —z.
Thus [ (—sint)dt > [(—t)dt. We conclude that cosz — 1 > —= or

cosx >1— 9”22. Repeating, we get two inequalities for x # 0:

3 2 1’4

. x x
sinz > — and cosz <1— 5 —1—24. (3.7)

DEFINITION 3.28. Let f be a complex-valued function defined on
C, and let ¢ € C, ¢ # 0. We say that f has period ¢ (and call f
periodic) if and only if f(z + ¢) = f(z) for all z € C.

The exponential function is periodic (that is, it has a period). Note
that e*t¢ = ¢* if and only if e = 1. Thus ¢ = 1w, with w € R. Tradi-
tionally w (and not 2w) is called a period of the exponential function.
We want to determine the smallest such positive w.

First note that cos0 = 1 (obvious). It follows from the inequalities

(3.7) that

3 9 1
1— = —
cos V3 < 2+24 8<0,

and then continuity implies that there exists a o € (0,v/3) such that
cosyg = 0.

But cos? 4 + sin® ¢y = 1 implies that siny, = &1, and thus e®° =
cosyp + 2 sinyy = 2 and e*¥ = 1. We conclude that 4y, is a period
of e*. We claim that this is the smallest positive period and that any
other period is an integral multiple of this one.

PROOF. If 0 < y < yo < V/3, then 4> < 3 and 1 — y; > 1 thus,

siny > y(1 — yg
decreasing on [0, yo.
Since cos?z + sin?z = 1 and sinz > 0 on (0, ), we conclude that

sin y is strictly increasing here. Thus, siny < sinyy = 1.

) > 5 > 0 and we conclude that cosy is strictly

!The function x +— z — sinz is certainly nondecreasing on [0, +oc) since its
derivative is the function z +— 1 — cosz > 0. The inequality sinx < x certainly
holds for 2 > 1. If for some xq in (0, 1] we would have sin xy = x¢, then we would
conclude from the Mean Value Theorem that for some Z € (0, xg), cos & = 1, which
leads to the contradiction sinz = 0.
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Now 0 < y < yp implies that 0 < siny < 1, which in turn implies
that e # 41, 42 and therefore e*¥ £ 1. Thus wy = 41, is the smallest
positive period.

If w is an arbitrary period, then so is |w| and there is an n € Z-
such that nwy < |w| < (n+1)wp. If nwy # |w|, then 0 < (n+ 1)wy — |w|
is a positive period less than wy. Since this is impossible by definition,
lw| = nwp. O

DEFINITION 3.29. (Definition of 7.) We define the real number
m by 4yg = 2w. Thus e* = 1 if and only if z = 2mn with n € Z.
Hence, according to tradition, 27 is the smallest positive period of the
exponential function.

As in real analysis, the inverse to the exponential function should
be a logarithm. We now turn to its definition. Since e* > 0 for all
x € R, e” is strictly increasing on R. Hence there exists an inverse
function denoted by log (sometimes by In):

e’ : R — (0,+00) , (3.8)
log : (0,+00) = R,

and we have the well-known properties

log z

loge® =2 forall x € R, ande =g forall z € Ry .

We know that e* # 0 for all z € C; we thus can expect to define a
complex logarithm. The problem is that the exponential function

e :C— Cy

is not one-to-one. Let us write z # 0 in polar coordinates® z = re’
(this agrees with our previous way of writing polar coordinates). Here
r = |z| and § = arg z. The argument of z is defined up to addition of
2mn with n € Z. We also define

0

log z = log |z| +1arg z ;
it is a multivalued function® on Co.
The principal branch of argz, Arg z, is restricted to lie in (—m, 7).

It has a jump discontinuity on the negative real axis (it is not defined
at 0). We define the principal branch of the logarithm by the formula

Logz =log|z| +1Arg z .

2Hawing defined 7, polar coordinates now rest on a solid foundation and can
be used in proofs.
3Thus it is not a function.



3.3. THE EXPONENTIAL AND RELATED FUNCTIONS 41

It is a continuous function on C — (—o0, 0]; it is C' on this set.

Properties of the complex logarithm
1. elog® = gloglelhrargz — | 5| grarez — 5 for ]l 2 € Co.

d 1
Logz =  there.
dz z

PROOF. Write z = re? with —m < # < m. Thus Logz =
logr 4+ 10 = u + 1v. Calculate u, = i, vg = 1, ug = 0, and
v, = 0. Thus ru, = vg and rv, = —ug. Hence Log z is C! and
satisfies CR (see Exercise 2.3); thus it is holomorphic. We can
now compute formally using the chain rule:

2. Log z is holomorphic on C— (—o0, 0], with

e = 2.
Thus
elos? d Logz =1
dz '
and we conclude that
1
Logz =e 187 = |
dz & z

O

3. Logz; + Log 2o = Log 2129 if —m < Argz; + Argz, < m, and
Log z1 + Log 2o # Log 2129 otherwise.

DEFINITION 3.30. A continuous function f on a domain D not
containing the origin is called a branch of the logarithm on D if for all
2z € D, we have e/(?) = 2.

Later we will establish that under appropriate conditions on D a
branch of the logarithm always exists.

THEOREM 3.31. Let D be a domain in C with 0 ¢ D. Suppose [ is
a branch of the logarithm on D.

Then g is a branch of the logarithm in D if and only if there is an
n € Z such that g(z) = f(z) + 2man for all z in D.

PROOF. If g = f + 2mun with n € Z, then for all z in D, e9*) =
ef(z)€27rzn = 2
For a proof of the converse, define

ey - 10— 90)

211

, 2€D .
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1
Then e?7*"(?) = ¢f(?)¢=9(2) = » © = 1. Thus for each z € D, there is

z
an n € Z such that h(z) = n. Hence h(D) C Z. Since D is connected,
h(D) = {n} for some fixed n € Z. O

COROLLARY 3.32. Fvery branch of the logarithm on a domain D
is a holomorphic function on D.

THEOREM 3.33. For z € C with |z| < 1,
& n 2 3

z z¢  z
Log(1 - T == ce
og(1+2) ;() I 2+3—|—
ProOOF. We first compute the radius of convergence of the given
1
series using the ratio test: = lim - 1. Thus
non+1
00 . o
fz)=) (="
n=1 n
is holomorphic in |z| < 1. We calculate
flR)=1—z+22+...= L+ for |z] < 1.
z
of @)
Let g(2) = ef®); then ¢'(2) = /@ f/(2) = |+ and
z
oy = (IO () =
z) = =0.
g (1+2)?
Thus ¢'(z) = «, a constant, and
e/ = a(1+ 2).

Now f(0) = 0 tells us a = 1. Thus f(z) defines a branch of log(1 + z).
For z € (—1,1), f(x) € R. Thus f is the principal branch of log; that
is, f(z) = Log(1 + z). O

Complex exponentials are defined by 2¢ = e¢'¢* for ¢ € C and
z € Cyo and the principal branch of 2¢ by e¢ ¢ =,

3.4. An identity principle

Holomorphic functions are remarkably rigid: If f is a holomorphic
function that is defined on an open connected set D, then the knowledge
of its behavior at a single point a € D is sufficient to describe precisely
its properties [in particular, its value f(b)] at an arbitrary point b €
D. We now start on the exciting journey to establish this and other
beautiful results.
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DEFINITION 3.34. A function f defined in a neighborhood of ( € C
has a power series expansion at ( if there exists an r > 0 such that

f(2) =) an(z=Q)" for [z =([<r<p,

n=0
where p is the radius of convergence of the power series (in the variable

w=z-—2).

THEOREM 3.35. Let f be a function defined in a neighborhood of
¢ € C that has a power series expansion at ( with radius of convergence
p. Then

(a) [ is holomorphic and C* in a neighborhood of .

(b) If g also has a power series expansion at ¢ and if the product
f g is identically zero in a neighborhood of C, then either f
or g is identically zero in some neighborhood of C.

(c) There exists a function h defined in a neighborhood of ¢ that
has a power series expansion at (, with the same radius of
convergence p, such that h' = f. The function h is unique up
to an additive constant.

ProoOF. Without loss of generality we assume ¢ = 0.
(a) Already verified, in Theorem 3.17.
(b) For some r > 0, we have

f(z) =20 a,z" and g(z) = >~ b,2" for |z| <.

Suppose that neither f nor ¢ vanish identically in any
neighborhood of ( = 0, and choose the smallest nonnegative
integers N and M such that ay # 0 and by, # 0. We know

that
(F-9)(z) =3 ens” for || <7 .
n=0
where
Cp = Z ap by.
p+q=n
Thus ey = anby # 0 (note that ¢, = 0 for n =

0,1,...,N+M —1). But
1 <dN+M(f-g))
0) .

NEMTZ (N M)\ deNem
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>~ g
Define h(z " 2" Then the radius of convergence
(c) nz:; ot 1 g
P’ of h satisfies
1 i , " i | |1
= lim su = limsup |a,|" =
! n P n+1 n P

O

The following lemma is a useful tool with significant applications
beyond the immediate one.

LEMMA 3.36. If S(z) = >~ a,z" has radius of convergence p > 0,
then for any ¢ € C with |C| < p, the power series

o S(”)(C) .
Z:; nt

has radius of convergence > p — |(| and

> g
S(z)zzsn!@(z—g)n for |z—¢l<p—1C| .

n=0
PROOF. Let us define R = [(| < p (see Figure 3.2). The argument
consists of two steps:

>, 5P
(I) We show first that Z S ‘(C) w? is absolutely convergent for

p=0 P

lw| < p—R.
We know that

= Zann(n— Dn—=2)...(n—p+1)¢""

= Zan nep
(n—
n=p
If n —p=gq, weset by, = |a,| and then
(r+9)!
ERGIED S

q=0
Take r € R with R < r < p. Then

i ' p<pr+qp+q RY(r — R) (3.9)

p=0
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F1cURE 3.2. Radii of convergence

Making the change of variables n = p + ¢ in the RHS of (3.9)
we continue to estimate the LHS.

LHS<Zb Z n‘

:an(r—R+R)" < +o0.

n=0

e

(IT) We show next that

> g
S(Z) _ Z S p‘(C) (Z _ C)P

p—O

—ZZ P& rE= oy

pOnp

for |z — (| < p— R. We now know that this series converges
absolutely. Hence we may rearrange the order of the terms
and sums (see Exercise 3.13). The argument proceeds exactly
as in part (I).

O

1
ExXAMPLE 3.37. S(z) = ) satisfies S(2) =14 2z + 22+ ... for
—z

|z| < 1. Here p = 1. The function S is defined on C.; however, the
power series representation is valid only for |z| < 1.



46 3. POWER SERIES
Let us take ( = —J. Then S(p( ) = p!(1 —2)7'"7, and thus,
S (—;) = p! ( Hp. Hence Z ( ) w? has radius of conver-

gence p' = g It follows that for all z satisfying }z + ;} <

S(z) = ; (§)1+,, (z + ;)p

Note that p — [¢| = J < 3. What we see in this example is not an
accident as will soon become clear.

COROLLARY 3.38. If f(2) = > a,2" for|z| < p, then f has a power
series expansion at each point ¢ with || < p.

3

5 we have

The next result is called an (perhaps, “the”) identity principle; it
provides necessary and sufficient conditions for a function that has a
power series expansion at each point of a connected domain of definition
to vanish identically. The principle is usually applied in the form given
by Corollary 3.40.

THEOREM 3.39. Let f be a function defined on a domain D. As-
sume that f has a power series expansion at each point of D, and let
¢eD.

Then the following conditions are equivalent.

(a) f™()=0 forn=0,1,2,....
(b) f =0 in a neighborhood of (.

(c) There exists a sequence {z,} consisting of distinct points of D
with lim, z, = ¢ and f(z,) = 0 for each n.

(d) f =0 onD.
PROOF. It is obvious that (d) = (b) = (¢) and that (a) < (b).
(¢) = (a): We know that f(z) = > 7, an(z — ()" for |z —(| < p

n:

for some p > 0. Furthermore, ay = f(¢) = lim,, f(z,) = 0.
Assume by induction that
0=f()=...= ")
for some integer n > 0. Then
FE) =D ap(z=CP = (=" anprsp(2—Q)" = (z—¢)"g(2).
p=n+1 p=0

Now, without loss of generality, we assume z, # (¢ for all n. The
function g has a power series expansion at (. Obviously g(z,) = 0 if
and only if f(z,) = 0. Thus g(¢) =0 = a,41.



3.5. ZEROS AND POLES 47

(a) = (d): Let us define
D' ={z € D; f =0 in a neighborhood of z}.

The set D' is open in D because, as we already remarked, (a) is trivially
equivalent to (b). Now

D' = ()= € D: s () — 0}
n=0

is the intersection of a countable family of closed subsets of D and hence
is closed in D. Since D’ is not empty and D is connected, D' = D. [

3.5. Zeros and poles

The most important and first practical consequence of the work of
the last section is the next corollary. The results of Section 3.4 will
also allow us to introduce an important class of functions; these are
meromorphic functions taking values in the extended complex plane
C U {oo} rather than just C.

COROLLARY 3.40 (Principle of Analytic Continuation). Let
D be a domain, and let f and g be functions on D having power series
expansions at each point of D.

If f and g agree on a sequence of distinct points in D with a limit
point in D, or if they have identical power series expansions at a single
point in D, then f =g (on D).

ExXAMPLE 3.41. The exponential function e* is the unique extension
of e” in the class of functions under study; that is, it is the unique
function on C that has a power series expansions at each point and
agrees with e at each point = € R.

COROLLARY 3.42. If K is a compact subset of a domain D and
f is a nonconstant function that has a power series expansion at each
point of D, then f has finitely many zeros in K.

DEFINITION 3.43. Let ¢ € C. Assume that
f(z) = Zan(z — ()" for |z — (| < p for some p > 0.
n=0

If f is not identically zero, then there exists an N € Zx( such that
ay # 0 and a, = 0 for all n such that 0 <n < N.
Thus
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with g having a power series expansion at ¢ and g(¢) # 0. We define
N = v¢(f) = order (of the zero) of f at (.

Note that N > 0, and N = 0 if and only if f({) # 0. If N = 1, then
we say that f has a simple zero at (.

Notation. Let C = C U {oo} be the one point compactification of
C, usually called the Riemann sphere. It is diffeomorphic to the unit
sphere in R3. See Exercise 3.18.

DEFINITION 3.44. (a) Let f be defined in a deleted neighborhood
of ¢ € C (see the Standard Notation summary). We say that

linéf(z) =00
if for all M > 0, there exists a § > 0 such that
O0<|z—=(|<d=|f(z)]> M.

(b) Let o € C, and let f be defined in |z| > M for some M > 0 (we
say that f is defined in a deleted neighborhood of co in C). We say

lim f(2) = «

Z— 00

(1)
lim = q.
z—0 z

(c) The above defines the concept of continuous maps between sets
in C.

provided

(d) A function f is holomorphic (has a power series expansion)
at oo if and only if g(z) = f (i) is holomorphic (has a power series
expansion) at z = 0.

DEFINITION 3.45. Let U C C be a neighborhood of a point . A
function f that is holomorphic in U" = U —{(}, a deleted neighborhood
of a point (, has a removable singularity at ( if there is a holomorphic
function in U that agrees with f on U’.

Let us consider two functions f and g having power series expan-
sions at each point of a domain D in C. Assume that neither function

vanishes identically on D, and let ¢ € DN C. Let F(z) = (Z_]; ()ZV)C(f)
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and G(z) = C)” (o for z € D. Then the functions F' and G have re-

movable Singularltles at ¢, do not vanish there, and have power series
expansions at each point of D. Furthermore

(Z) o (Z - C)Vg(f) F(Z)
97 (=G
Exactly three distinct possibilities exist for the behavior of h(z) at (,
which lead to the following definitions:

DEFINITION 3.46. (I) v¢(g) > v¢(f). Then h(¢) = oo [this defines
h(¢), and the resulting function A is continuous at ¢]. In this
case we say that h has a pole of order v¢(g) — vc(f) at (. If
ve(g9) —ve(f) = 1, we say that the pole is simple.

h(z) = for all ¢ € D.

(IT) ve(g) = ve(f). The smgularlty of h at ¢ is removable, and by
definition, A(() =

G(C
(III) v¢(g) < ve(f). The singularity is again removable and h(¢) =
0.
In all cases we set v¢(h) = ve(f) — v¢(g) and call it the order of h
at (.

In cases (II) and (III) of the definition, h has a power series expan-
sion at ( as a consequence of the following

THEOREM 3.47. If f has a power series expansion at ¢ and f(C) #
0, then ch also has a power series expansion at (.

PrOOF. Without loss of generality we assume ¢ =0 and f(0) = 1.

Thus -
:Zanzna ap=1, p>0.
n=0

We want to find the reciprocal power series; that is, a power series
g(z) = > °7 byz™ with a positive radius of convergence and such that

(Sa) (S 0e) =1.

The LHS and the RHS are both power series, where the RHS
is a power series expansion whose coefficients for n > 1 are all zero.
Equating the first two coefficients, we obtain

aobo = 1, bo = 1, albo -+ a0b1 = O,

and using the n-th coefficient of the power series when expanded for
the LHS, for n > 1, we obtain

anby + ap_1b1 + ...+ agb, = 0.
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Thus by induction we define

n—1
bn = — E bjan_j.
=0

1
Since p > 0, we have ! < +o00. Since limsup, |a,|» = /1), there

p
exists a k > 0 such that |a,| < k™.

We will show by induction that |b,| < 271 k" for all n > 1. For
n = 1, we have by = —a; and hence |b;| = |a1| < k. Suppose the
inequality holds for j < n for some n > 1. Then

n n
Busr] < D bil lamsr—l = lansal + Y 1ol ansa—
j=0 J=1

< gl 4 Z 9i—1pifnt1—j _ ]{in+1(1 Loon 1).
j=1
Thus there is a reciprocal series, with radius of convergence o, satisfying

b lim sup |bn|’11 < lim(21_rlb)k: =2k.
o n

n

O

COROLLARY 3.48. Let D be a domain in C and f a function on D.
If f has a power series expansion at each point of D and f(z) # 0 for
all z € D, then ch has a power series expansion at each point of D.

DEFINITION 3.49. For each domain D C CU {o0} = C, we define
H(D) as

{f : D — C; f has a power series expansion at each point of D}.

The set H(D) is referred to as the set of holomorphic functions on
D. We will see in Chapter 5 that this terminology is consistent with
our earlier definition of a holomorphic function on D.

COROLLARY 3.50. Assume that D is a domain in C. The set H(D)
s an integral domain and an algebra over C. Its units are the functions
that never vanish.

DEFINITION 3.51. Let D be a domain in C. A function f:D— C
is meromorphic if it is locally? the ratio of two functions having power
series expansions (with the denominator not identically zero). The set
of meromorphic functions on D is denoted by M(D).

4A property P is satisfied locally on an open set D if for each point a € D,
there exists a neighborhood U C D of a such that P is satisfied in U.
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COROLLARY 3.52. Let D be a domain in C, f € M(D) and ¢ €
D N C. Then there exist a connected neighborhood U of ( in D, an
integer n, and a unit g € H(U) such that

f(z)=(z—=0"g(z) forall z€U .
Note that n = v¢(f).

COROLLARY 3.53. If D is a domain in C, then the set M(D) is a
field and an algebra over C.

We recall that, by our convention, M(D) is the set of meromor-

phic functions with the constant function 0 omitted, where 0(z) = 0
for all z in D.

COROLLARY 3.54. If D be a domain and € D, then
ve : M(D)zg — Z
s a homomorphism.
Defining v;(0) = 400, we obtain
ve(f +g9) > min{ve(f),ve(g)} for all f and g in M(D);
that is, vc is a (discrete) valuation® (of rank one) on M(D).

REMARK 3.55. The converse statement also holds; it is non trivial
and not established in this book.

The next corollary defines the term Laurent series.

COROLLARY 3.56. If f € M(D)zo and ¢ € DN C, then f has a
Laurent series expansion at (; that is, there exist a p € Z (1 =vc(f)),

a sequence of complex numbers {an}ffzu with a, # 0, and a deleted
neighborhood U’ of ( such that

(e}

f(2) =) an(z=Q)"

n=p

for all z € U'. The power series

(e}

Z an(z = ()"

n=max(0,x)

converges uniformly and absolutely on compact subsets of U = U'U{(}.

SStandard, but not universal, terminology.
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REMARK 3.57. If oo € D, then for all sufficiently large real numbers
R the series representing f in {|z| > R} U {oo} has the form

[e.9] 1 n
f(z) = Zan <z) )
n=p
COROLLARY 3.58. If f € M(D), then f' € M(D). If in addition
ve(f) #0 for ¢ € D, then
ve(f) =ve(f) - 1.

REMARK 3.59. Some care must be exercised in discussing singular-
ities and singular values. oo is, of course, a singular value for holomor-
phic functions but not for meromorphic ones.

Exercises

3.1. Determine the radius of convergence of each of the following

series:
o0 o0 o0
Z" 2" |n
PONTED DR B
n=0 " n=0

n=1

3.2. Prove that if |a,| < M for n > 0, then the power series
> >, an 2" has radius of convergence p > 1.

3.3. Under the hypothesis that {a, } and {b, } are positive sequences,
prove that:

(a)

lima,b, < lima, limb,,
n n n

provided the right side is not the indeterminate form 0 x co.
Show by example that strict inequality may hold.

(b) If lim, a,, exists, then the equality holds in (a) provided the
right side is not indeterminate; that is, show that in this case,

lign anb, = lign an, liqgn b,.
3.4. Give a proof of the ratio test.
3.5. Give a proof of Theorem 3.16.
3.6. Find all the roots of cos z = 2.
3.7. (a) Find R(sin z) , S(sin z) , R(cos z) , S(cos z) .
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(b) Write z = = + 1y and prove that
|sin z|* = sin® & + sinh?y
and
|cos z|* = cos? 2 + sinh? y,

e +e” ) ef—e*
where cosh z = and sinh z = 5 are the hyper-

bolic trigonometric functions.
(c) Derive the addition formulas for cosh(a + b) and sinh(a + b).
(d) Evaluate Dsinh z, D cosh z, and cosh? z — sinh? 2.

3.8. Prove, using power series, that e = 1.
e

3.9. Show that the exponential function is a transcendental func-
tion.

3.10. Is it always true that Log(e*) = 27 Support your answer with
either a proof or a counterexample.

3.11. (a) What are all the possible values of 7' ?

(b) Let a and b € C with a # 0. Find necessary and sufficient
conditions for a® to consist of infinitely many distinct values.

(c) Let n be a positive integer. Find necessary and sufficient con-
ditions for a’ to consist of n distinct values.

3.12. (a) Show that both the sine and the cosine functions are pe-
riodic with period 2.

(b) Show that sin z = 0 if and only if z = 7n for some n € Z.

(c) Show that cosz = 0 if and only if z = 7(2n + 1) for some
n € Z.

3.13. Let {k,} be a sequence in which every positive integer appears
once and only once.

Let > a, be a series. Putting a/, = ay,, we say that > a/ is a
rearrangement of »_ a,,.

(a) Let {a,} be a sequence of real numbers such that > a, con-
verges but _ |a,| does not. Let a be any real number. Show
that there is a rearrangement > al of > a, such that a =
> .

(b) Show that > a, converges absolutely if and only if every re-
arrangement converges to the same sum.
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3.14. Let {a,} be a real sequence. Show that
lim {a,} = sup {a; a =lim bn} :

with {b,} a convergent subsequence of {a,} and that

lim a,, = inf {oz; o= li;bnbn }

with {b,} as above.
In this exercise a sequence {b,} with limb,, = +oo (similarly —oo)
is to be considered a convergent sequence.

3.15. (Only for those who know some algebra.) Show that C is the
only nontrivial finite-dimensional commutative division algebra over R.

3.16. Let p(2) = an2" + ap_12" ' + ... + a1z + ao, a, # 0, be a
polynomial of degree n > 1. Consider p as a self-map of C.

(a) Let o € C. Show that there exists a z € C such that p(z) = a.b

(b) Let z € C and p(z) = a € C. Define appropriately my(2),

the multiplicity of o for p at z, so that you can prove: For all
aeC,

Z my(z) = n. (3.10)

2€C; p(z)=a

Note: The integer Z m,(2) is the topological degree of the map
R R 2€G; p(2)=a

p:C—C.
3.17. Let p = g be a nonconstant rational map. It involves no

loss of generality to assume, as we do, that P and () do not have any
common zeros. View, as in the case of polynomials, p as a self-map of

C.
(a) Show that p is surjective.

(b) Define the concepts of multiplicity at a point and topological
degree for the rational map p so that (3.10) holds.

3.18. The unit sphere (with center at 0) S C R? is defined by
S*={&m Q) R &+n’+(* =1}

5You may use, although other arguments are available, the Fundamental The-
orem of Algebra which will be established in Chapter 5.
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Show that stereographic projection
E+un

(&n.¢) — ¢

is a diffeomorphism from S? — {(0,0,1)} onto C and that it extends to
a diffeomorphism from S? onto C (that sends (0,0,1) to 0o).

3.19. Justify the statement that stereographic projection takes cir-
cles to circles.

That is, a “circle”on S? is the intersection of a plane in R? with S2.
Such a circle is a “maximal circle” if it is the intersection of S? with a
plane through the point (0,0, 1) of R3.

Show that stereographic projection sets up a bijective correspon-
dence between the set of “maximal circles” on S 2 and the set of “circles”
through oo on C, that is, straight lines in C. Also show that stereo-
graphic projection sets up a bijective correspondence between the set
of all circles on S? and what are called the circles in C: the union of
the set of all circles in C and the set of all straight lines in C.

The circles in C will play an important role in Chapter 8.

3.20. Show that stereographic projection preserves angles.

3.21. Suppose the power series Zozjzj and Z ﬁ]zj converge for

1 <|z| <3and2<|z| <4, respectlvely, and that they have the same
sum for 2 < |z| < 3. Does thls imply that a; = 3; for all 37

3.22. Find all zeroes of f(z) =1 — exp(exp z).

3.23. Find the radius of convergence of the power series

o
g ay 2",
n=0

where ag =0, a; = 1, and a,, = a,,_1 + a,,_» for all n. > 1.
(Hint: Multiply the series by 22 + 2z — 1.)
3.24. The formula
sin z

tan z =
CoS 2

defines a meromorphic function on C. Show that it has simple poles at
z=(2k+ 1)7; for every integer k

and is holomorphic elsewhere. Show that tan maps C onto C U {oo}.
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(a) Show that tanz = tan( if and only if there exists an integer
k such that ( — z = nk.
(b) Show that z +— tan z is a holomorphic one-to-one map of

{z e C; —;T <Rz < ;T} onto C — {(—o0, —1) U (1, +00)}

and of
T 0
. < 7
{zE(C, 0 <Rz < 2} onto CU {oc0}.
(¢) Show that

tan z = .
dz cos? z

3.25. One purpose of this exercise is to establish the beautiful for-
mula (3.11).
Verify each of the following assertions and/or answer the questions:

(a) The series

1 k 2k
2~ Z(_l) z
1+z —
defines a holomorphic function on |z| < 1.
(b) Hence there is a holomorphic function

.~ (_1>I<:Z2k+1

f&) =2 % + 1

k=0
on |z| < 1 such that
, 1
f(0) =0and f'(z) = s
(c) Since tan is locally injective, there exists a multivalued inverse
function arctan defined on C U {oo} such that
tan(arctan z) = z for all z € C,

hence also tan(arctan(z)+km) = z for all k € Z and all z € C.
We can then define the principal branch of arctan, to be called
Arctan, by requiring that

—;T < R(Arctan z) < ;T

(d) Show that

1 142
arctan z = _ log :
21 11—z

"For this and the previous onto proof, you will need either some of the results of
the next exercise or something like Rouché’s theorem, which is proven in Chapter 6.
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(e) Let g(z) = f(tanz). Show that ¢’(z) = 1 for all z in a domain
D. Describe D.

(f) Conclude that f(z) = Arctan z for |z| < 1.

(g) Why does the Taylor series for Arctan at the origin not con-
verge in a bigger disk?

(h) Show that Arctan 1 is given by Y~ (2;:2; , thus justifying

o (="
w:4k§2k+1. (3.11)

3.26. (I'Hopital’s rule) Let f and g be two functions defined by
convergent power series in a neighborhood of 0. Assume that f(0) =
0= ¢(0) and ¢'(0) # 0. Show that

i 1) _ 10
b g(:) " g(0)



CHAPTER 4

The Cauchy Theory—A Fundamental Theorem

As with the theory of differentiation for complex-valued functions of
a complex variable, the integration theory of such functions begins by
mimicking and extending results from the theory for real-valued func-
tions of a real variable, but again the resulting theory is substantially
different, more robust and elegant. Specifically, a curve or path v in
C is a continuous function from a closed interval in R to C. Thus the
restriction of a complex-valued function f on C to the range of a curve
has real and imaginary parts that can be viewed as real-valued func-
tions of a real variable and thus integrated on the interval.! Adding
the integral of the real part to 2 times the integral of the imaginary
part defines a complex-valued integral of a complex function (that is,
Jf=[Rf+1[Sf). In fact there are several useful ways to employ
the ability to integrate a function of a real variable to define complex-
valued integrals of a complex variable over certain paths. Among these
integrals are those known as line integrals, complex line integrals, and
integrals with respect to arc length. One can then use the integration
theory of real variables to obtain an integration theory for complex
functions along curves in C. This extends to a more general theory,
the Cauchy Theory, which constitutes a main portion of what we have
called the Fundamental Theorem (Theorem 1.1). The integration the-
ory depends not just on the integrated function being holomorphic but
also on the topology of the curve over which the integration is being
carried out and the topology of the domain in which the curve lies.
In the simplest situation, Cauchy’s theorem says that the integral of
a holomorphic function over a simple closed curve lying in a simply
connected domain is zero.?

In this chapter we lay the foundations for proving several of the
equivalences in the Fundamental Theorem. Beginning in Section 4.1,
we present a more or less self-contained treatment; our approach is

'When suitable conditions on Rf and Sf hold.

2A simple closed curve is one whose initial and end points coincide and has
no other self-intersections. Being simply connected is a topological property of a
domain (see Section 4.4).

59
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through integration of closed forms over closed curves. Line integrals
and differential forms are introduced in this section. In the next one we
emphasize the difference between exact and closed (locally exact) one-
forms. Integration of closed forms along continuous, not necessarily
rectifiable, paths is discussed next. This is followed by a section on
the winding number of a curve about a point. In the last section we
treat Cauchy’s theorem in its simplest format: that the integral of a
holomorphic function over the boundary of a rectangle is zero. This is
known as Cauchy’s theorem for a rectangle.

Although the proofs of the main results become quite technical in
places, the final results are simple to state. This simplicity gives them
a certain elegance and compactness.

The two chapters that follow this one present the core of what
we have termed the Fundamental Theorem, Theorem 1.1. In Chap-
ter 5 we present key consequences of the initial Cauchy Theory (that
is, Cauchy’s theorem for a rectangle). This is followed by Chapter
6 where consequences related to holomorphic functions with isolated
singularities are presented.

4.1. Line integrals and differential forms

We recall the definitions of the one-sided derivative for functions of
a real variable.

DEFINITION 4.1. Let [a, ] be a closed (finite) interval on R and let
g : [a,b] — R be a function. As in calculus, for a < ¢ < b, we define

N o gle+h)—gl(c)
(D7g)(c) = lim h :

h>0

the right-sided derivative of g at ¢ (whenever this limit exists).
Similarly, for a < ¢ < b, we define
_ . gle+h)—glc)
(D g)(e) = fim 911791,
h<0

the left-sided derivative of g at ¢ (whenever this limit exists), and for
a < ¢ < b, we define

g'(c) = (Dg)(c) = (D7 g)(c) = (D" g)(c),
the derivative of g at ¢, whenever the last two limits exist and are
equal.
We say that ¢ is differentiable on [a,b] if ¢ exists on (a,b) and
(D*g)(a) and (D~ g)(b) exist (these define ¢'(a) and ¢'(b), respectively);
g is called continuously differentiable on [a,b] if ¢’ is continuous on
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[a,b]; in which case, we will write g € CL([a,b]) or, equivalently, ¢’ €
C&(la, b]) = Cr([a, ).

REMARK 4.2. The concepts we have been discussing are from real
analysis; if f : [a,b] — C is a complex-valued function, they apply to
the two real-valued functions of a real variable given by v = Rf and
v = Qf, and we can set f' = u' +1v. We abbreviate C¢([a,b]) and
CL([a,b])) by C'([a,b]) and C°([a,b])), respectively.

In what follows D is a domain in C.

DEFINITION 4.3. A function v € C!([a,b]) with v([a,b]) C D C
C >~ R? will be called a differentiable path or curve in D, and we say
that v is parameterized by [a, b].

We will write

V(1) = (2(1),y(t)) = (1) = x(t) +ay(t) for a <t <b.

We denote the image or range of v by range .

The curve is called closed if y(a) = 7(b). The closed curve 7 is
simple if 7 is one-to-one except at the end points of the interval [a, b];
to be precise, if y(t;) = v(to) for a < t; < t5 < b, then a = ¢; and
to = b.

DEFINITION 4.4. Let D be a domain in C. A differential (one-)form
w on D is an expression

w= Pdxr+ Qdy,

where P = P(z,y) and QQ = Q(z,y) are continuous (complex-valued)
functions on D, and dx and dy are symbols associated with the coor-
dinate z = x + 1y and called the differentials of x and y, respectively.

If v is a differentiable path in D and w is a differential form on D,
then we define the line or path or contour integral of w along v, by the
formula

/ w= / Pa(t), y(8) (1) + Q(a(t), y(t) ' (B))de
~ [0 0.9(0) ')+ w(0). 50 ' (0)

+Z/ (p2(x(t), y (1) '(t) + qa(2(t), y (1)) y/'(1)) dt,

where P =p; +1py and QQ = ¢1 + 1 ¢o.



62 4. THE CAUCHY THEORY-A FUNDAMENTAL THEOREM

REMARK 4.5. The above definition involves again only concepts
from real analysis, even though the paths and functions involve the
complex numbers.

Reparametrization: If ¢ : [, 5] — [a, b] is one-to-one, onto, and
differentiable, and v : [a,b] — C is a differentiable path, then 7 = v ot
is again a differentiable path, called a reparametrization of ~.

Since for any closed interval [a, b] there exists a one-to-one, onto,
and differentiable map ¢ : [0, 1] — [a,b], we can always assume that a
given path v is parameterized by [0, 1].

For all differential forms w defined in a neighborhood of the range

of the path v and all reparametrizations 7 of 7, the following equalities
hold:

/w—/w, if t'(u) >0 forallu € [a, ]
¥ ¥

and

/w——/w, if ¢'(u) <0 forall uela,p].
gl gl

Note that there are no other possibilities for the sign of the deriva-
tive of t.

Subdivision of interval: Let v : [a,b] — C be a differentiable
path and consider the partition of [a,b] defined by

a:t0<t1<...<tn+1:b. (41)
If
v; :'y|[tj7tj+1] , for 7=0,...,n, (4.2)

then ; is a differentiable path and

[o-3 ] 4s)

5=0
For a set T' contained in the domain of 7, 7|7, of course, denotes
the restriction of v to T'.

DEFINITION 4.6. Let v : [a,b] — C be a continuous path. We say
that ~ is a piecewise differentiable path (henceforth abbreviated pdp)
if there exists a partition of [a,b] of the form given in (4.1) such that
each path defined by (4.2) is differentiable. Then we use (4.3) to define
the path integral fyw.
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a b X

(a) Picture of the
curve

d
: /N
t 3

(b) The graph of x (c¢) The graph of y

FIGURE 4.1. Three figures

REMARK 4.7. The path integral is well defined (independent of the
partition) and agrees with earlier definition for differentiable paths.
The verification is left as an exercise.

REMARK 4.8. Three pictures in R? are naturally associated with
each path v = x +1y: the picture of the curve and the graphs of the
functions z and y. Figure 4.1 illustrates this with a curve whose image
is the rectangle with vertices (¢, e), (d,e), (d, f), and (c, f).

LEMMA 4.9. If D is a domain in C, then any two points in D can
be joined by a piecewise differentiable path in D.

Proor. Fix ( € D, and let
E ={z € D; z can be joined to ¢ by a pdp in D}.
Then F is open in D, D — E is also open in D, and ¢ € E. O

DEFINITION 4.10. Let D be a domain in C.

(1) A function f on D is of class C?, with p € Z>, if f has partial
derivatives (with respect to x and y) up to and including order
p and these are continuous on D. It is of class C'* if it is of
class C? for all p € Zxy. The vector space of functions of class
C? on D is denoted by CP(D).

(2) A differential form w = Pdz + Qdy is of class C? if and only
if P and @) are of that class.
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(3)

(5)
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For a given function f, we have the (real) partial derivatives
f» and f,, as well as the formal (complex) partial derivatives f,
and f, introduced in Exercise 2.8, where it was also shown that
for a C'-function f = u +2v, the Cauchy—Riemann equations
hold for the pair v and v if and only if f, = 0.

The four partial derivatives just described may be regarded
as directional derivatives.

REMARK 4.11. At this point we recommend that all con-
cepts and definitions that are formulated in terms of x and y
be reformulated by the reader in terms of z and z (and vice
versa).

If fis a C'-function on D, then we define df, the total differ-
ential of f, by either of the two equivalent formulas

df = fedx + f,dy = f.dz+ f.dz,
where
dz =dr+1dy and dz = dx —1dy.

Thus in addition to the differential operator d, we have two
other important differential operators 0 and 0 defined by

of = f.dz and Of = f,dz
as well as the formula
d=0+0.

We have defined the three differential operators on spaces
of C'-functions. They can be also defined on spaces of C'-
differential forms, and it follows from these definitions that,
for example, on C%-functions the equality d> = 0 holds. We
shall not need these extended definitions.
A differential form w on an open set D is called ezxact if there
exists a C'-function F' on D (called a primitive for w) such
that

w = dF.

If D is connected, then a primitive (if it exists) is unique
up to addition of a constant.

By abuse of language we also say that a function F' is a
primitive for a function f if F'is a primitive for the differential

w = fdz.
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(6) A differential form w on D is called closed if it is locally exact;
that is, if for each a € D, there exists a neighborhood U of a
such that wy, is exact.

4.2. The precise difference between closed and exact forms

Although the definitions of exact and closed are straightforward,
as is the fact that every exact differential is closed, an intuitive sense
of the difference between the two properties may not be immediately
present itself. The reason is because these differences arise from the
topology of the domain and the behavior of the differential form along
certain paths. An example of a closed but not exact differential will be
given in Example 4.24. We will see that on a disk the two properties are
equivalent, but situations where they are not equivalent are especially
significant.

To understand this difference, we study the pairing that associates

the complex number
<77w> - /w
.

to a piecewise differentiable path v in a domain D and a differential
form w on D (when the integral exists).

LEMMA 4.12. Let w be a differential form on a domain D. Then
w s exact on D if and only if fﬂ/w = 0 for all closed and piecewise
differentiable paths v in D.

PROOF. Assume that w is exact. Then there exists a C'-function
F on D with
w=F,dx+ F,dy.

Let v be a pdp parameterized by [a, b] joining P; to P, in D. Then

b b
dx dy dF
= (B +F5Y) at= dt = F(Py) — F(P,),
/f” /a< at * ydt) /a dt (F2) = F(71)

which equals 0 if P, = Ps.
To prove the converse, let Zy = (zg,yo) be a fixed point in D and
let Z = (z,y) be an arbitrary point in D. Let v be a pdp in D joining

Zo to Z. Define
F(z,y) = /w.
v

Our hypothesis tells us that the function F' is well defined on D.

Assume that w = Pdz + Q dy. We must show that F is C! and
dF = w. Choose € > 0 so that U = U, (€) C D; also choose z; # x
such that (z1,y) € U and that the straight line L from (x1,y) to (z,y)
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FIGURE 4.2. The integration path for F’

is contained in D. Let 6 be any pdp in D from (z,yo) to (x1,y) (see
Figure 4.2).
Then

F(x,y) = /w+/ P(&,y) de.
) 1
It is now clear that F, = P. Similarly, F,, = Q. O

THEOREM 4.13. Let w be a differential form on a disk D. Then w
is exact on D if and only if fyw = 0 for all v that are boundaries of
rectangles with sides parallel to the coordinate azxes.

PROOF. Repeat the above argument with (zg, yo) the center of D.
0

COROLLARY 4.14. If D is a disk, then w is a closed form if and
only if it is exact.

DEFINITION 4.15. A region R C R? is called (zy)-simple if it is
bounded by a pdp and has the property that any horizontal or vertical
line that has nonempty intersection with R intersects it in an interval.
Furthermore, the set of values a € R for which the line x = a has
nonempty intersection with R is an interval, and the set of values ¢ € R
for which the line y = ¢ has nonempty intersection with R is also an
interval. Here an interval may consist of a single point.

In particular, there exist real numbers ¢ < d and functions h; and
ho defined on the interval [, d] such that the region R may be described
as follows:

R={(r,y)ic<y < dly) <z < hoiy)}.

A similar description may be given interchanging the roles of x
and y.
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We recall Green’s theorem, which will help us to distinguish closed
differentials from exact differentials.

THEOREM 4.16 (Green’s theorem). Let R be an (xy)-simple re-
gion, and let v denote its boundary oriented counterclockwise. Let
w=Pdx+ Qdy be a C'-form on a region D D RU~. Then

//R (68?_68];) dxdy—fypdx—i-Qdy.

Proor. We have, using the notation introduced in the definition
of (zy)-simple regions,

[ e [ [ aei
_ / ' (QUhaly).v) — Qs (), )] dy

d c
— h d h dy = dy .
/C@< (). 9) y+/d QUh(y). ) dy [@ y
Similarly,

// —apdxdy——// op dydm-/Pdm.
R ay Rﬁy o
OJ

REMARK 4.17. (1) The theorem can be extended to finite unions of

(zy)-simple regions (by cancelation of integrals over common
boundaries oppositely oriented).

(2) In terms of complex derivatives, the theorem can be restated

// (8@ 8P) dzdz:Asz+de,

where dz dz = —2udx dy.

THEOREM 4.18. Suppose that w = Pdx + Q dy is a C*-differential
oP

form on a domain D. If w is exact, then o = on Conversely, if
Yy x
P
D is an open disk, P and Q are C'-functions on D, and aa = 38@;
Yy x

then w = Pdx 4+ Q) dy is ezact.

PROOF. Since w is exact, w = dF = F,dr + F,dy. But wis C,
and thus F is C?; therefore, F,, = F,.
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For the converse, we need only show that fyw = 0 for all closed
paths v in D that are boundaries of rectangles R with sides parallel to
the coordinate axes. But

=22 i0) s

REMARK 4.19. Recall that
f(2)dz = (u+1v)(dx + 21 dy)
= (udr —vdy) +1(udy + vdx)

= W + tws.

[roa= fase [

Furthermore, f(z)dz is closed (exact) if and only if both w; and wy
are, and F} is a primitive for w; (j = 1 2) if and only if F} + 1 Fy is a
primitive for f(z)dz.

LEMMA 4.20. Let f(z)dz be of class C'. Then f(z)dz is closed if
and only if  is holomorphic.

Thus

PROOF. By the above remarks, f(z)dz is closed if and only if u, =
—v, and v, = u, if and only if v and v satisfy C'R if and only if f is
holomorphic. O

LEMMA 4.21. A C'-function F is a primitive for f(z)dz if and
only if F' = f.

PROOF. The function F' is a primitive for f(z)dz if and only if
dF = F,dz+F,dz = f(z)dzifandonlyif F, =0and F, = F' = f. O

We have now proven the following result.

THEOREM 4.22. The differential form f(z)dz on a domain D is
closed if and only if fy f(z)dz = 0, for all boundaries v of rectangles®
R contained in D with sides parallel to the coordinate azes.

If fis C1, then f(2)dz is closed if and only if f is holomorphic.
REMARK 4.23. We shall see that the C! assumption is not needed.

EXAMPLE 4.24. Not every closed form is exact. Let D = C, and
__ dz

w .
z

3Tt should be emphasized that the rectangle R, not just its perimeter dR, is
contained in D.
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(a) If y(t) = e*™" for t € [0,1], then [ w = 272 Thus w is not
exact.
(b) Since ! is holomorphic and C* on D, w is closed.

Locally w = dF, where F' is a branch of the logarithm. We have
produced two real forms, the real and imaginary parts of w:
dz xdr+ydy n —ydr + x dy

2 42 = dlog|z| +1darg z = dlog z.

2 a2 42 T

The first of the two real forms is exact, and the second is closed but
not exact on D. Note that dargz = darctan ¥ (for z # 0). Note also
that arg z and arctan ¥ are multi-valued functions whose differentials
agree and are single-valued.

DEFINITION 4.25. Let D be a domain in C, v : [a,b] — D a contin-
uous path in D and w = Pdx + Q dy a closed form in D. A primitive
for w along v is a continuous function f : [a,b] — C such that for all
to € [a,b] there exist a neighborhood N of v(ty) in D and a primitive
F for win N such that F(y(t)) = f(¢) for all ¢ in a neighborhood of ¢,
in [a, b].

Caution. It is possible to have t; # ty with v(¢;) = ~(t2) but
f(t1) # f(to); that is, f need not be well defined on ~.

THEOREM 4.26. If v is a continuous path in a domain D and w s
a closed form on D, then there exists a primitive f of w along v; f is
unique up to the addition of a constant.

PROOF. Suppose v is parameterized by [a,b] and w = P dz + Q dy.

Uniqueness: Suppose f and g are two primitives of w along v and
let ¢y € [a,b]. Then there exist primitives /" and G of w in a connected
neighborhood U of v(ty) in D such that F(y(t)) = f(t) and G(v(t)) =
g(t) for t near t.

Hence F, = G, = P and F, = G, = @ in U, thus F — G restricts
to a constant in U and therefore f — ¢ is constant near ty.

We conclude that f—g is a continuous and locally constant function
on the connected set [a,b]. Thus f — ¢ is a constant function.

Ezistence: Givent € [a, b], there exist an interval I(t) C [a, b] (open
in [a,b] and containing t), and an open set U(y(t)) C D such that w
has a primitive in U(vy(¢)) and ~(1(¢)) C U(~(t)). Then

U 1)
te(a,b]
is an open cover of [a, b], and thus, there exists a finite subcover
ILhuLu...Ul, =ab],
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with corresponding U;.

Without loss of generality we may assume Iy = [ag, by), I; = (a;,b;)
for j =1,...,n—1, and I,, = (ay,,b,|, where ay = a, a; < b; for
j=0,...,n,b; >aj; for j =0,...,n—1, and b, = b. Furthermore,
v(Z;) C U; and w has a primitive F; on U; for j =0,1,...,n.

Set f(t) = Fy(y(t)) for t € Iy. Having defined f on [yU; U... Ul
for 0 < k < n, we define f on I, as follows. Let F}.; be any primitive
in Uyyq, and let Fi be the primitive in Uy such that f(t) = Fj.(y(t))
for t € I,. Then Fj,, and F} are primitives for w in Uy N Ug. Thus
Fy.qy — F} is constant on each connected component of Uy, N Uy; in
particular, Fi,1— F}y = ¢ on the component containing 7y (Ix1MN1y). Set
f(t) = Fry1(y(t))—cfort € Iy, q; then f is well defined on Iy 1N, O

4.3. Integration of closed forms and the winding number

Consideration of the next example leads to the extension of the
integral to more general paths which leads in turn to the surprising
result, given in Corollary 4.31, that certain integrals take on only in-
teger values. This fact allows a precise definition corresponding to the
intuitive idea of counting the number of times a curve winds around a
point, the winding number of the curve with respect to a point.

ExXAMPLE 4.27. We compute fﬂ/w, where w is closed in D and 7 is
a pdp in D. As before v : [a,b] — D. Subdivide I = IyUI, U...UI,,
where [; = [aj,a;41], ap = a and a,+; = b, such that v; = v ‘Ij is a
differentiable path and w has a primitive Fj in a neighborhood of y(1;)
for j =0,...,n. Let f be a primitive of w along 7. Then

o= [ dF =10 - fta)

v j=0 "
Using the last equation, we extend the concept of a line integral.

DEFINITION 4.28. Let w be a closed differential form in D and
v : [a,b] — D be a continuous path in D. We define

[o=10- s

g
where f is a primitive of w along 7.

REMARK 4.29. The integral is well defined and agrees with the
earlier definition for pdps. Note that we have avoided any discussion
of rectifiability of the curve v. We have however paid a price: We have
not introduced the class of curves v whose length is well defined.
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THEOREM 4.30. If v is any continuous closed path in Cyg, then
1 d
/ “en.
2 y 2

d
PROOF. Let f be a primitive of - along ~v. Then
z

z

Adz—ﬂw—fmx

where [a, b] parameterizes . Since y(a) = 7(b), this difference is just
the difference between two branches of log z, hence of the form 2min
with n € Z. O

From Example 4.24, we obtain

1 dy — yd
COROLLARY 4.31. For v as in Theorem 4.30, /I JYI s
2 x? 4+ y?
an integer.

DEFINITION 4.32. Let ¢ € C, and let v be a continuous closed path

in C — {¢}. We define the index or winding number of ~ with respect
to ¢ by

1 dz
I(%C)_sz[yz—c € 7.

ExaMPLE 4.33. (In polar coordinates). Let r = f(0) > 0, with
f € CHR). Let n € Z+g, and define y(0) = f(6)e*?, where 0 € [0, 27n].
Assume that f(0) = f(27n).

Then
1 dz 1 [P d(f(0)e?)
I, 0) = 27T’L/y z 27m/0 f(@)e?
1 2mn f’(é’)e“’ +zf(9)e“’ B 1 2mn [f/(e) Z] .
C2m ), f(@)e? 40 = 27m/0 f(0) To|df=mn.

In general, let 7 : [a,b] — C — {(} be a continuous closed path
and let f be a primitive of zd_zg on . Then f(t) agrees with a branch
of log(v(t) — ¢); that is,

e/ = ~(t) = ¢ forall t€[a,b] .
Hence

Ho) IO~ f(@)
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Yo(t)

FIGURE 4.3. Homotopy with fixed end points

4.4. Homotopy and simple connectivity

To give the integration results the clearest formulation (see Corol-
lary 4.44), we introduce the concepts of homotopic curves and simply
connected domains.

DEFINITION 4.34. Let vy and v, be two continuous paths, in a do-
main D, parameterized by I = [0, 1] with the same end points; that
is, 7(0) = 71(0) and ~0(1) = 71(1). We say that 7o and v, are ho-
motopic (with fized end points) if there exists a continuous function
0:1 x I — D such that

(1) 6(t,0) = vo(t) for all t € I,

(2) 6(t,1) =7 (t) forall t € I,

(3) 9(0,u) = v(0) = 71(0) for all u € I, and
(4) 6(1,u) =~(1) =y (1) for all uw € 1.

We call § a homotopy with fixed end points between vy and ~;; see
Figure 4.3.

Let vy and 7; be two continuous closed paths in a domain D pa-
rameterized by I = [0, 1]; that is, 70(0) = v9(1) and 7, (0) = v1(1). We
say that 79 and v, are homotopic as closed paths (see Figure 4.4) if
there exists a continuous function ¢ : I X I — D such that

(1) 6(t,0) = 7o(t) for all t € I,
(2) 6(t,1) = (t) for all t € I, and
(3) 0(0,u) =0(1,u) for all u € I.
The map ¢ is called a homotopy of closed curves or paths.

A continuous closed path is homotopic to a point if it is homotopic

to a constant path (as a closed path).

DEFINITION 4.35. Let I = [0,1], let 6 : I x I — D C C be a
continuous map, and let w be a closed form on D.
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Y1(t

@
/@w

DN

FIGURE 4.4. Homotopy of closed paths

A function f : I x I — C is said to be a primitive for w along
0 provided for every (tg,ug) € I x I, there exists a neighborhood V/
of d(tg,up) in D and a primitive F' for w on V such that f(t,u) =
F(6(t,u)) for all (¢,u) in some neighborhood of (g, ug) in I x I.

REMARK 4.36. (1) Such a function f is automatically continuous
on [ xI.

(2) For fixed w € I, f(-,u) is a primitive for w along ¢ — §(¢, u).

THEOREM 4.37. If w is a closed form on D and ¢ : [0,1] x [0,1] —
D c C is a continuous map, then a primitive f for w along ¢ exists
and is unique up to an additive constant.

PrRoOOF. We leave the proof as an exercise for the reader. O

We now observe that all integrals of a closed form along homotopic
paths are equal.

THEOREM 4.38. Let vy and 1 be continuous paths in a domain D,
and let w be a closed form on D.
If vo s homotopic to v with fixed end points, then

/w—/w.
0 M

Proor. We assume that both paths are parameterized by I =
[0,1]. Let 0 : I x I — D be a homotopy between our two paths, and
let f be a primitive of w along §. Thus u +— f(0,u) is a primitive
of w along u +— 0(0,u) = 7,(0), and hence, f(0,u) is a constant «
independent of w. Similarly f(1,u) = € C.
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Now,

/wzf@m—f@mzﬁ—a
Yo
and

[ w=ran-ren=s-a
s
O
REMARK 4.39. A similar result holds for two curves that are ho-
motopic as closed paths (see Exercise 4.8).

COROLLARY 4.40. If v is homotopic to a point in D and w is a
closed form in D, then
/w = 0.
8!

This corollary motivates the following definition.

DEFINITION 4.41. A region D C C is called simply connected if
every closed path in D is homotopic to a point in D.

EXAMPLE 4.42. (1) The complex plane C is simply connected.
More generally,

(2) disks are simply connected: Let ( € C, R € (0,4+00) and
D = {z € C;|z — (| < R}. Without loss of generality, ( =0
and R = 1. Let v be a closed path in D parameterized by
I =[0,1], and define 0(¢,u) = uy(t).

COROLLARY 4.43. If D is a simply connected domain and vy is a
continuous closed path in D, then f,yw = 0 for all closed forms w on
D.

We obtain the simplest formulation of the main result:

COROLLARY 4.44. In a simply connected domain, a differential
form is closed if and only if it is exact.

An immediate corollary gives the existence of branches of the log-
arithm:

COROLLARY 4.45. In every simply connected domain not contain-
ing the point 0, there exists a branch of log z.

PRroor. The differential form w = i is closed and thus exact in

z
the given domain. Hence there exists a holomorphic function F' (on
the same domain) such that dF° = w. This function F' is a branch of
the logarithm. 0
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REMARK 4.46. Annuli and punctured disks are not simply con-
nected. To see this let Ry, R, and Ry be real numbers with 0 < R; <
R < R,. For any complex number zj, let A be the annulus {z; Ry <
|z — 29| < Ry} and let D be the punctured disk {z;0 < |z — 29| < Ra2}.
Then the (range of the) closed path v(t) = Rexp(2met), for 0 < ¢ <1,

is contained in A and in D, and f,y = _ 2m1 # 0.
Z— 20

To clarify further the concept of simple connectivity, we need

DEFINITION 4.47. A region D is convex if every pair of points in
D can be joined by a segment in D.

Note that convex implies simply connected, but the converse is not
true.

4.5. Winding number

In Section 4.3 we defined the winding number I(v, () of a curve =
with respect to a point (. In this section we will see that it allows us
to draw strong conclusions about the behavior of a function defined in
a disk (Theorem 4.48).

We begin with some properties of I(~, () for v a closed path and

¢ ¢ rangey.
(1) If 7 and v; are homotopic as closed paths in D = C — {(},
then I(ryOv C) - I(rylv C)

d
Proor. The differential w = - is closed on D. Thus,
P

Lk ;

) If v : [a,0] — C is a closed path, then z — (7, z) is a locally
constant function on D = C —range 7; hence, it is constant on
each connected component of D.

PRrROOF. Let ¢ € D; we need to show that for all h € C
with |h| sufficiently small, I(,{+ h) = I1(7,().

Since rangey C C — {(}, for each ¢t € [a,b], we choose
d > 0 such that U(y(t),0) C C —{¢} and then choose a finite
subcover of range .

Let 9y be the Lebesgue number of this cover; that is,

Uv(t),60) € C—{C}
for all t € [a, b].
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If we fix any h € C with |h| < &y, then

Az—&h):£<z—%—<zlfz'di/<’

where 2/ = z — h and 7/ = v — h; that is, 7/(t) = v(t) — h for
all t € [a,b].

Now 4/ is a closed path in C — {¢} and 7 is homotopic to
7 (as closed paths), via the homotopy defined on [a, b] x [0, 1]
by

O(t,u) =~(t) —uh ,t € [a,b], ue[0,1].

Thus, I(y,¢+h) =1(,¢) =1(7.¢) O
(3) If rangey € D C C — {¢} with D simply connected, then
I(v,¢) = 0.

ProoF. The differential dz ¢ is closed in D, therefore

s
exact. ]

(4) Let v : 0 — Re?, with R > 0 and 6 € [0,2n]. Then I(v,0) =
1 [by Example 4.33|, I(v,z) = 1 for |z| < R [by (2)], and
I(v,z) =0 for |z| > R [by (3)].

We now show that if the image of the boundary of a disk under
a continuous function f winds non trivially around a point (, then f
assumes the value ¢ someplace inside the disk. More precisely,

THEOREM 4.48. Let f : {z € C: |z] < R} — C be a continuous
map (with B> 0), and let v(0) = f(Re*™) for 0 € [0, 1].

If ¢ ¢ range~y and I(~,() # 0, then there exists a z such that
|z| < R and f(z) = (.

PROOF. Assume f(z) # ( for all |z| < R. Then f(z) # ¢ for all
|z| < R.

Define 6(p, ) = f(pRe*?) on [0,1] x [0,1]. Then ¢ is continuous,
6(1,0) = ~(0), 6(0,0) = f(0), d(p,0) = d(p, 1) and d(p,0) € C — {(}.
Thus ~ is homotopic to a point in C — {(}, and hence, I(v,{) = 0. We
have arrived at the needed contradiction. 0

DEFINITION 4.49. Let 7, and 7, be continuous paths parameterized
by [0,1]. We define two new paths, also parameterized by [0, 1]:

MY2 it = i (t)ye(t),
Y1+ 2 it yi(t) + ().
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Note that the above definition of a product of two paths differs from
the one used in topology, where the paths are traversed in succession
but at twice the speed.?

THEOREM 4.50. Ify; and s are continuous closed paths not passing
through 0, then

1(71727 0) - I(rylv 0) + ](72’ 0)

d
PROOF. Let w = ZZ and v, : [0,1] — C — {0}.

Choose continuous functions f; : [0,1] — C so that efi® = ~;(¢) for
all t € I. Then ef1®+2() — ~ 4, (¢). Thus, f = f, + f, is a primitive
of w along ~17,, and

I(172,0) = f<1>2;lf<0> _ f1<1>2;2f1<0> . f2<1>2;2f2<0> |

O

THEOREM 4.51. Let 1 and 7 be continuous closed paths in C. As-
sume that

0 < |n(t)| <|v(t)] forall tel0,1].
Then
I(m+7,0) = I(y,0).
PrROOF. Note that

Y1(t)

~+(#) ) =~(t)B(t) forallt € [0,1]

A(8) + 1 (t) = () (1 n

with g(t) = 14+ 1%

V()
Now
B(t) — 1] < 1,
and thus 3 is a closed path in the simply connected domain U(1,1).
Therefore, 1(/3,0) = 0. O

In topology, if 1 and 72 are continuous paths parameterized by [0,1] and
v1(1) = 42(0), then

 m(2t), for 0 <t < %;
T172(t) = { ~v2(2t — 1), otherwise.
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4.6. Cauchy Theory: initial version

The most important technical result of this chapter is the following

THEOREM 4.52 (Goursat’s theorem). If f is holomorphic on a
domain D, then f(z)dz is a closed differential form on D.

This theorem has many significant consequences. To prove it we
need some preliminaries. Recall that the only issue that needs to be ad-
dressed involves the smoothness of the function f; we are not assuming
that the function has continuous partial derivatives. For C'-functions,
we already have the result (see Theorem 4.22).

We follow a beautiful classic line of reasoning.

DEFINITION 4.53. Let v be a pdp parameterized by the unit interval
[0,1] in a domain D and let f be a continuous function on D.
For such restricted paths,” we define

(1) the integral of f on v with respect to arc-length

[ = [ s

(2) the path v traversed backward
v (t) =~(1—=1t), foralltel0,1],

and
(3) the length of the curve v

L(vy) = length of v = / |dz|.

y

The following results follow straightforwardly from these defini-
tions.

PROPOSITION 4.54. Let v be a pdp parameterized by the unit inter-
val [0,1] in a domain D and let f be a continuous function on D.

Then
[ 1(2) |z = / 1(2) laz]

< /\f(Z)\ |dz| < (sup{[f(2)| : 2z € range~}) - L(7).

y

and

/{f(z) dz

®The middle definition is valid for all paths.
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,,,,,,,,,,,,,,,,,,,

FIGURE 4.5. The integrals along the common side of R!
and R? are in opposite directions

PROOF OF THEOREM 4.52. (Due to E. Goursat). To show that
w = f(z)dz is a closed form in D, we show that if v denotes the
boundary of R oriented counterclockwise, where R is any rectangle in
D with sides parallel to the coordinate axes, then fy w=0.

Even though the proof of this last statement is due to Goursat, the
result is known as Cauchy’s theorem for a rectangle.

Assume to the contrary that fﬂ/w = « # 0 and divide R into four

congruent rectangles R, ..., R*, with boundaries 7!,..., 7% Then

4 4
a—/w— g /w— E o
v i=1 7" i=1

The second equality follows from the fact that certain paths on
the boundaries of the subrectangles have opposite directions, giving
cancelations in the integrals (see Figure 4.5).

It is clear that for at least one index i, we must have |af| > ‘Z". Call
this rectangle Ry, its boundary v, and the corresponding integral .
By repeating this procedure, we obtain a sequence of closed rectangles

ROR D...OR,D...

with boundaries v, = OR}, so that for oy = f% w, we have

|al
|ak| 2 4k .
Each rectangle Ry is a closed subset of D and also of C; furthermore,
A R
fim v (1) = i 2 <

The Bolzano—Weierstrass Theorem states that there exists a unique
( € NpRy. Since f is holomorphic at (,

f) =)+ (OE=-¢+ex) |z =],
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where

lime(z) =0.

z—¢
Let Ax = length of a diagonal of Ry = 2);:, where A is the length of
a diagonal of R. Now

ak:/%ﬂz)dz:f(c)/ dz+f’(<)/(z—é)dz+/% 2 = Cle(z) de.

Tk Tk
The first two integrals following the second equal sign are zero since

the integrands are exact forms (dz and 2d(z —()?, respectively). Thus,

we have
ozk—/ |z —(le(z)d=.
Yk
Now on R;, we have
lz—Cl <M =2"%)\.

Given € > 0, there exists a K € Z~q such that |e(z)| < e for z € R.
Thus also for z € Ry, with £ > K. Hence for k > K, we have

ol < / 2= ¢ o) 1de] < 2% Ae L) = 4™ AL(y) .
Yk

We conclude that
|| < 4% Jay| < eXL(y).
Since € is arbitrary, we must have that o = 0. 0J

COROLLARY 4.55 (Cauchy’s theorem). If f is holomorphic on

an open set D and 7y is a continuous closed path in D that is homotopic
to a point in D, then f,y f(z)dz=0.

COROLLARY 4.56. If f is holomorphic in a domain D, then locally
f(2)dz has a primitive in D.

REMARK 4.57. We have previously shown that (1) implies (4) in
the Fundamental Theorem. We have just established another path for
obtaining the same conclusion.

Exercises

4.1. Evaluate the line or contour integral [, || dz directly from the
definition if
(1) C'is a straight line segment from —2 to 2.
(2) C is the left half of the unit circle traversed from —z to .
(3) C is the right half of the unit circle traversed from —u to 1.
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4.2. Evaluate the line or contour integral fo xdz directly from the
definition when C' is the line segment from 0 to ¢ 4 1.

4.3. Evaluate the line or contour integral [.(z — z9)"dz directly
from the definition, where C' is the circle centered at zy with radius
r > 0 and

(1) m is an integer, m > 0.
(2) m is an integer, m < 0.
4.4. Evaluate the line or contour integral fﬂ{ 23dz directly from the
definition over the path (¢),0 <t < 1, where
(1) v(t) =1 +1it.
(2) (1) =e ™.
(3) 7(t) = e™.
(4) v(t) =1+t +t%
Evaluate the integrals fﬂ{ Zdz and fﬂ{ idz over the same paths.

4.5. Let Dy and Dy be simply connected plane domains whose in-
tersection is nonempty and connected. Prove that their intersection
and their union are both simply connected.

4.6. Show that for any closed interval |a, b] there exists a one-to-one,
onto, and differentiable map ¢ : [0, 1] — [a, b].

4.7. Establish Remark 4.7.

4.8. Let D be a domain in C. We have studied the pairing fvw,

where v is a closed path in D and w is a closed differential form in D.
Show that

(1) fﬂ/ w depends only on the homotopy class of the closed path ~;
that is, if we replace v by a closed path 4’ homotopic to 7 (as
closed paths), then the integral is unchanged,

(2) (only for those who know some algebraic topology) fvw de-
pends only on the homology class of the closed path ~; that
is, if we replace v by a closed path +" homologous to 7, then
the integral is unchanged, and

(3) fy w depends only on the cohomology class of the closed form
w; that is, if we replace w by w + df with f € C?*(D), then the
integral is unchanged.

4.9. (1) Let v : [a,b] — C denote a pdp, and let ¢ : rangey —
C be a continuous function.
Define g : D = C — rangey — C by

g(2) :/,qu(—U)z du .
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Show that g has derivatives of all orders and that

M) =n () U
g = [

for all n in Z>(. Thus, in particular, g is holomorphic on D.
(2) Use the above to prove again that if () = zy + Rexp(2mit)
for 0 <t <1, then

1/ dz [ 1, if |z — z| < R;
271 ’yZ_ZO— 0, if |z — 2 > R.



CHAPTER 5

The Cauchy Theory—Key Consequences

This chapter is devoted to some immediate consequences of the
Fundamental Theorem for Cauchy Theory, Theorem 4.52, of the last
chapter. Although the chapter is very short, it includes proofs of many
of the implications of the Fundamental Theorem 1.1. We point out
that these relatively compact proofs of a host of major theorems result
from the work put in Chapter 4 and earlier chapters.

The appendix to this chapter contains a version of Cauchy’s integral
formula for smooth (not necessarily holomorphic) functions.

5.1. Consequences of the Cauchy Theory

We begin with a technical strengthening of Theorem 4.52 of the
previous chapter allowing functions that are holomorphic on a domain
except on a line segment. It will lead to Cauchy’s integral formula,
once described as the most beautiful theorem in complex variables.

THEOREM 5.1 (Goursat’s theorem, strengthened version).
If f is continuous in a domain D and holomorphic except on a line
segment in D, then f(z)dz is closed in D.

ProoFr. Without loss of generality, D is the unit disk and the line
segment is all or part of the real axis in D.

We must show that the integral f,y f(2) dz vanishes whenever = is
the boundary of an open rectangle R whose closure is contained in D
and whose sides are parallel to the coordinate axes.

There are three possibilities for such rectangles:

(1) The closure of R does not intersect the real axis.
(2) The closure of R has one side on R.
(3) (The interior of) R intersects R.

In case (1) there is nothing to do. In case (3), we reduce to the case
of two rectangles as in case (2). Thus it suffices to consider a rectangle
of type (2). Assume that the rectangle R lies in the upper semi-disk
with one side on R from a to b. (The possibility of R in the lower half
disk is handled similarly.)

83
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a b

FIGURE 5.1. The rectangles R and R;

Let Rs be the rectangle R with the portion below height ¢ chopped
off, § > 0, and small (see Figure 5.1). Then the difference of the

integrals over the boundary of R and the boundary of Ry is an integral
over a rectangle:

8Rf(z)dz— . f(z)dz—/ f(x,O)dx+Z/o f(b,y)dy
+/baf(x,5)dx—|—2/6 fla,y)dy
— [0 = eondsto [ (1) - Fap)dy.

a 0
Now given € > 0, there exists a § with 0 < § < e such that |z — (| <

0 implies that |f(z) — f({)] < € for all z and ¢ in R (by the uniform
continuity of f on R). Also an M > 0 exists such that |f(z)| < M for
all z € R. Thus

< e€(b—a)+2Me.

f(z)dz — (2)dz
OR ORs

Since € is arbitrary, this tells us that

aRf(z) dz — f(z)dz=0.

ORs

We apply this strengthened theorem to obtain
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THEOREM 5.2 (Cauchy’s integral formula). If f is holomorphic
on a domain D and 7y is a continuous closed path homotopic to a point
in D, then for all ( € D — range~y, we have

1
27rz[y fSZ)g dz=1(v,¢) - f(¢)- (5.1)
PROOF. Define, for z € D,
£2) = 110 |
g(z): Z_C ’ le#Ca
f1(¢), if 2=

Then ¢ is continuous on D and holomorphic except (possibly) at ¢,
and thus, by Theorem 5.1, g(z) dz is closed in D. It follows that

O—KQ(Z)dZ—/Vf(Ziig(O dz.

ljfidz—f<c>lchc.

EXAMPLE 5.3. Let D be a domain in C, and let f be holomorphic
on D. Let ( € D. Choose R > 0 such that clU((,R) C D, and let
¥(0) = ¢+ Re*™. 0 < 0 < 1. Then I(y,w) =1 for |w— (| < R and
I(y,w) =0 for |w—¢| > R. Thus

(1)

Thus

O

! /f(z) dz = f(w) for |[w—(| <R

21 Z—wW

and
(2)
L[ f(z)

21 y 2= W

dz=0for lw—(|>R.

REMARK 5.4. Equation (5.1) gives the amazing result that the
value of a holomorphic function at a point interior to a circle (or even-
tually any simple closed curve) is determined completely by the values
of the function on the boundary circle. The function must, of course, be
holomorphic in a neighborhood of the the closed disk bounded by the
circle. Note that it then follows from Exercise 4.9 that a holomorphic
function has derivatives of all orders. We now prove a more general
result.
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THEOREM 5.5 (Power series expansions for holomorphic func-
tions). If f is holomorphic in the open disk {|z| < R}, with R in
(0,+0c|, then f has a power series expansion at each point in this

disk. In particular, there exists a power series Zakzk with radius of

k=0
convergence p > R such that

[e.9]
= Zakzk for |z| < R.
k=0

PRroOF. It suffices to establish just the particular claim. Choose
0 <19 < R, and define v(0) = ree?™ for 0 < 0 < 1. Then |z| =r < 1y
implies I(7, z) = 1. We start with

foy= [T g

21 Jt—2

Now
1 _1<t) _11—<t> 1 ”<Z>k
t—z t 1_°% ¢ 1_;‘ t L=\t
Hence
n+1
1 1 ~/2\F 1 <t>
t—z ¢ <t> o
z — 1—
and
n+1
f(t)
L [ [T
:Zakzk+Rn,
k=0
where
n+1
L [f@) f(#)
= dt R, dt .
2my )., thHL and 27m/

On 7 we have t = roe?™ |t| = ry and |dt| = 2mrodf. Let

M(ry) = sup{‘f(roe%”e)} :0<60 <1},
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and observe that ‘1 — i‘ >1-— " . Hence
To

1 M oyt
|R,| < / (ro) (TO) . To2mdf
2 Jo 710 —

= M(r) <TZ>

-

0

— 0 as n — oo.

We conclude that f(z) = Z apz® for |z| < R; furthermore,
k=0

- 2m , thHt
is independent of ry. We have also obtained the estimates

|ax| < Mgw (5.2)

and therefore,
1

M (ro)*
To '

|+ <

Thus the radius of convergence p of Y azz" satisfies p > rq for all
ro < R; in particular, p > R. O

We will make more use of (5.2) shortly.

COROLLARY 5.6. A function f is holomorphic in an open set D if
and only if f has a power series expansion at each point of D. For a
holomorphic function f on D, the power series expansion of f at { € D
has radius of convergence

p > sup{r > 0; U(¢,r) C D}.

COROLLARY 5.7. If f is holomorphic on a domain D, then f is
C™® in D, and f™ is holomorphic on D forn =0,1,2,....

COROLLARY 5.8 (Cauchy’s generalized integral formula). Let
f be holomorphic on an open set D containing clU((, R) for some

(eDand R>0. If y(0) = ¢ + Re? for 0 <6 < 2m, then
ooy f(t)
120 = g [ TG

T om — ()ntt

form=0,1,2,....
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PRroOOF. Recall that

ay =
21

A (R LS
l(t_g)n+ldt_ .

O

THEOREM 5.9 (Morera’s theorem). If f € C°(D) and f(2)dz is
closed on D, then f is holomorphic on D.

PRroOOF. The differential form w = f(z) dz is locally exact. Thus for
each point ¢ € D, there is a neighborhood U of ¢ in D and a primitive
F of win U. That is, there is a C''-function F' on U with F, = f and
F., = 0; thus, F is holomorphic on U and so is its derivative f. O

COROLLARY 5.10. If f is continuous in D and holomorphic except
on a line segment in D, then f is holomorphic in D.

We have by now established the following important

THEOREM 5.11. Let f be a complex-valued function defined on an
open set D in C. Then the following conditions are equivalent:

(a) [ is holomorphic on D.

(b) f is C* in D and satisfies CR on D.

(c) fis C° in D and f(z)dz is closed on D.

(d) f is C° in D and f is holomorphic except possibly on a line
segment in D.

(e) [ has a power series expansion at each point in D.

REMARK 5.12. As a consequence of the theorem, the space H(D)
defined in Chapter 3 (see Definition 3.49) consists precisely of the holo-
morphic functions on D, and a meromorphic function (an element of
M(D), see Definition 3.51) is locally the ratio of two holomorphic func-
tions.

Recall that we have established the estimates (5.2) from the Cauchy
Integral Formula. An immediate corollary is

COROLLARY 5.13 (Cauchy’s inequalities). Let

f(2) =) an(z=Q)"

have radius of convergence p > 0. Then
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and .
=70

for all 0 < r < p, where
M(r) = sup{|f(2)|; |z = (| =7}

THEOREM 5.14 (Liouville’s theorem). A bounded entire function
18 constant.

PRrROOF. Use the Taylor series expansion of the function at the ori-
gin and the estimate (5.3). O

THEOREM 5.15 (Fundamental Theorem of Algebra). If P is a
polynomial of degree n > 1, then there exist ai, ..., a, € C andb € Cy
such that

P(z) = bﬁ(z —a;) forall z € C.

j=1

1
PROOF. It suffices to show that P has a root. If not, P is an entire

1
function. It is also bounded since lim (2) = 0, and thus, it must be
zZ—00 z
constant. O

5.2. Cycles and homology

In some subsequent chapters we will need a more general form of
Cauchy’s theorem that deals with integrals over cycles that are homol-
ogous to zero.

DEFINITION 5.16. A cycle 7 is a finite sequence of continuous ori-
ented closed paths in the complex plane.

We write v = (71,72, - . ., 7n) if 7 is a cycle and 71, 7s, . . ., 7, are the
closed paths that make up . The paths in a cycle are not necessarily
distinct. We will consider the range of v to be the union of the ranges
of the components ~;.

We extend the notion of the integral of a function over a single
closed path to the integral over a cycle as follows:

DEFINITION 5.17. If v is a cycle and 4, ..., 7, are its components,
then for any holomorphic function f defined on a domain U such that
rangey C U, we set

/yf@) dz—/m £(2) dz+...+/ f(2)d= (5.4)

n
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We can extend the notion of the index of a point with respect to a
path to the index of a point with respect to a cycle by

DEFINITION 5.18. The index of a point ¢ with respect to the cycle
7y is denoted by I(7y, () and defined by

1(7,Q) =17, Q) + ... + (7, Q). (5.5)

DEFINITION 5.19. A cycle v with range contained in a domain
U C C is said to be homologous to zero with respect to U if I(,{) =0
for every ( e C—U.

With these definitions, it is easy to see that Cauchy’s theorem can
be stated in its most general form as

THEOREM 5.20 (Cauchy’s theorem: general form). If [ is an-
alytic in a domain U C C, then fv f(z)dz =0 for every cycle v that is
homologous to zero in U.

REMARK 5.21. A topologist would develop the concept of homol-
ogy in much more detail using chains and cycles. However, for our
purposes, the above definitions suffice. In particular, our cycles are al-
lowed repetitions of the component curves, and the component curves
may be taken in any order since we are only concerned with the sum
of the integrals.

An additional notion we will use is that of two cycles v = (71, ..., V)
and 6 = (d1,...,0,) being homologous in the domain U. Namely,
and 0 (with range contained in U) are homologous in U if the cycle
with components (71, ...,%,01—,...,0,_) is homologous to zero in U,
where §;_ is the curve ¢; traversed backward (see Definition 4.53).

We also speak of two nonclosed paths v; and 7, (with range con-
tained in U) as being homologous in U if they have the same initial
point and the same end point and the closed cycle (71,72-) is homolo-
gous to zero with respect to U.

We point out that there is a difference between the cycle v =
(71,72, - - -,7n) and the sum ~; + 45 + - - -7, of the paths in v, as in
Definition 4.49.

5.3. Jordan curves

We introduce some more terminology.

DEFINITION 5.22. Let v : [0,1] — C be a continuous closed path.
The curve ~ is called a simple closed path or a Jordan curve whenever
v(t1) = y(tz) with 0 < t; <ty <1 implies t; =0 and ¢, = 1.
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In this case, the range of v is a homeomorphic image of the unit
circle S'. To see this, we define

h(€2mt) — ’y(t),
and we note that h maps S* onto the range of 7. Observe that h is

well defined, continuous, and injective. Since the circle is compact, h
is a homeomorphism.

We state, without proof,

THEOREM 5.23 (Jordan Curve Theorem'). If v is a simple
closed path in C, then

(a) C — range~y has ezactly two connected components, one of
which is bounded;

(b) range~y is the boundary of each of these components; and

(c) I(~y,C) = 0 for all ¢ in the unbounded component of the com-
plement of the range of 7y, and I(v,{) = £1 for all ¢ in the
bounded component of the complement of the range of ~v. The
choice of sign depends only on the choice of direction for tra-
versal on 7.

DEFINITION 5.24. For a simple closed path v in C we define the
interior of 7y, i(7), to be the bounded component of C — rangey, and
the exterior of 7, e(7), to be the unbounded component of C —range 7.

If I(~,¢) = +1 (respectively, —1) for ¢ in i(7), then we say that -
is a Jordan curve with positive (respectively negative) orientation.

We shall not prove the above theorem. It is a deep result. In all of our
applications, it will be obvious that our Jordan curves have the above
properties.

REMARK 5.25. If we view a Jordan curve 7 as lying on the Riemann

sphere @, then each component of the complement of its range is simply
connected.

This observation allows us to prove

THEOREM 5.26. [Cauchy’s theorem (extended version)| Let
Y0, - - -5 Y be n+ 1 positively oriented Jordan curves. Assume that for
all1<j#k<n,

rangey; C e(yx) Ni(70)
(see Figure 5.2).

IFor a proof see the appendix to Ch. IX of J. Dieudonné, Foundations of Mod-
ern Analysis, Pure and Applied Mathematics, vol. X, Academic Press, 1960, or
Chapter 8 of J. R. Munkres, Topology, a first course, Prentice-Hall Inc., 1975.
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FIGURE 5.2. The Jordan curves and the domain

If f is a holomorphic function on a neighborhood N of the closure

of
D =i(y)Ne(y) N...Ne(y),
then .
/ f(z)dz = Z f(z)dz.
70 k=1 Yk
Proor. Adjoin curves §; from vy to y; for j = 1,...,n. Then the
cycle

0= (707 517’}/1—7 51—) ) 571—)
is homologous to zero with respect to N. Thus

(] [ ))o=o

An immediate consequence is the following result.

O

THEOREM 5.27. [Cauchy’s integral formula (extended ver-
sion)] With the hypotheses as in the extended version of Cauchy’s
theorem 5.26, we have for ( € D

n

2mif(¢) = (2) dz—Z/ /() dz.

'YOZ_C k=1 'ykZ_C

PrROOF. We can apply Theorem 5.2 to the function f using the
neighborhood N of Theorem 5.26 and the cycle ¢ constructed in its
proof, since ¢ is homologous to zero in N and 1(d,() = +1. As before

an integral over a ¢; is canceled by the corresponding integral over
0;. O
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5.4. The Mean Value Property

The next concept applies in a broader context than that of holo-
morphic functions, as we will see in Chapter 9.

DEFINITION 5.28. Let f be a function defined on a domain D in C.
We say that f has the Mean Value Property (MVP) if for each ¢ € D
there exists 9 > 0 with U(¢,r9) C D and

1 2m
f(¢) = 27T/ f(C+re?)dd for all 0 < r < 7. (5.6)
0

REMARK 5.29. A holomorphic function f on a domain D has the
Mean Value Property (with ry = the distance of ¢ € D to dD). Hence
so do its real and imaginary parts.

THEOREM 5.30 (Maximum Modulus Principle (MMP)). Sup-
pose f is a continuous complez-valued function defined on a domain D
in C that satisfies the Mean Value Property.

If | f| has a relative mazimum at a point ¢ € D, then f is constant
in a neighborhood of (.

PROOF. The result is clear if f(¢) = 0. If not, replacing f by e % f
for some 0 € R, we may assume that f({) > 0.
Write f = u + 1v, and choose 7y > 0 such that
(1) clU(¢, 7o) C D,
(2) (5.6) holds, and
(3) If(z)| < f(C) for z € L U(C ro)-

If we define
M(r) =sup{|f(2)|;|z = (| =71} for 0 <71 <rg,

then
M(r) < f(¢) for 0 <71 <.
The MVP implies that

2
f(Q) = f(C+re?ydo for 0 <r <7,
21 Jo
and thus f(¢) < M(r). We conclude that f(() = M(r) for 0 < r < r.
Now
10 2m 1 2
o [ M=M= Q)= [ u(Crrenyan, (5

where the last equality holds because f(() is real. Also, it follows from
the definition of M (r) that

M(r) —u(C+re?) >0 (5.8)
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But it also follows from (5.7) that fozﬂ [M(r) —u((+re?)] df =0
and hence from (5.8) that we must have equality there. Finally,

M(r) > (WP(C+re®) + 03 (¢ +re?))z = (M(r)? + 3 (¢ +re?))z,

which implies that v*({ +re?) =0 = v({ +re¥?) for 0 < r < 7y and
0<60< 2. 0

From the above it is easy to deduce that a nonconstant holomor-
phic function on a bounded domain (since it satisfies the MVP) that is
continuous on the closure of the domain assumes its maximum on the
boundary of that domain.

COROLLARY 5.31. Suppose D is a bounded domain and f € C°(cl D)
satisfies the MVP in D.

If
M = sup{|f(2)|; = € 0D},
then

(a) |f(z)] < M all z € D, and
(b) if |f(C)| = M for some ¢ € D, then f is constant in D.

ProOOF. Let
M =sup{|f(2)];z € c1 D}.
Then
M< M < 400.

We know that there exists a ¢ in ¢l D such that |f(¢)| = M'. If
¢ € D, then f is constant in a neighborhood of (.
Let

D'={z€D; |f(z)| = M'}.

The set D' is closed and open in D. If nonempty, it is all of D. If
D' =, then M = M'. If D’ # (), then f is constant on D and thus
also on cl D. 0J

In particular, since a function that is holomorphic in a domain
satisfies the MVP, we have

COROLLARY 5.32 (The Maximum Principle for analytic func-
tions). If f is a nonconstant holomorphic function on a domain D,
then | f(2)| has no maximum in D.

Furthermore, if D is bounded and f is continuous on the boundary
of D, then |f(z)| assumes its maximum on the boundary of D.
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REMARK 5.33. By studying the proof of Theorem 5.30, one can
prove the Mazimum Principle, which is an interesting result that may
be stated as follows.

Suppose f is a continuous, real-valued function defined on a domain
D in C that satisfies the Mean Value Property. If f has a relative
maximum at a point ( € D, then f is constant in a neighborhood of (.

Similarly, the Minimum Principle asserts that a continuous real-
valued function defined on a domain D in C that satisfies the Mean
Value Property on D and has a relative minimum at a point ( € D
must be constant in a neighborhood of ¢ (apply the Maximum Principle
to the negative of the function).

An important consequence of Corollary 5.31 is

THEOREM 5.34 (Schwarz’s lemma). If f is holomorphic on D =
U(0,1) and satisfies |f(2)| <1 for |z| <1 and f(0) =0, then |f(2)] <
|z| for |z| <1 and |f'(0)] < 1.

Furthermore, if |f(C)| = |C| for some ¢ with 0 < |(| < 1 or if
|f'(0)| = 1, then there exists a A € C with |A\| =1 such that f(z) = Az
for all |z| < 1.

o
PROOF. Using the Taylor series expansion, we write f(z) = Z an2";
n=1

this power series has radius of convergence p > 1. Then

{ f(z)7 for z #£ 0;

9(z) = z
a; = f'(0), for z=0,

satisfies
o0
g(z) = Zanzn_l
n=1

and is holomorphic on U(0, 1).
Now for any r with 0 < r < 1,

9] = |7

z
and thus also for |z| < r by MMP. Hence |g(z)| < 1 or, equivalently,
[f(2)| < 2| and [f/(0)] < 1.

If |g(¢)] = 1 for some ¢ with |(| < 1, then g is constant, again by
MMP. 0

1
< for |z| =7
,

REMARK 5.35. In Schwarz’s lemma, the hypothesis |f(z)| < 1 can
be replaced by |f(z)| < 1. Under this weaker hypothesis, the stronger
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one still holds, for otherwise there exists an a € D with |f(a)| = 1 and
by MMP, the function f must be constant — obviously impossible.

5.5. On elegance and conciseness

The Jordan Curve Theorem is a major result in two-dimensional
topology. All the other theorems and corollaries of this chapter are
milestones in function theory. They all were established in an elegant,
short, and concise way as a consequence of Goursat’s theorem (4.52).

5.6. Appendix: Cauchy’s integral formula for smooth
functions

In most real analysis courses and books (see, for example, Th. 5.12
of G. B. Folland Advanced Calculus, Prentice Hall, 2002), one estab-
lishes (we are using complex notation) the following form of

THEOREM 5.36 (Green’s theorem). Let D be a compact set in
C that is the closure of its interior, with piecewise smooth positively
oriented boundary 0D (this means that D lies to the left of the oriented
curves on its boundary).

If f and g are C'-functions on a neighborhood of D, then

//D(gz ~ f)dedz = | [(2)dz+ g(z)dz

As a consequence of this result, we prove

THEOREM 5.37 (Cauchy’s integral formula for smooth func-
tions). Let D be a compact set in C that is the closure of its interior,
with piecewise smooth positively oriented boundary 0D.

If f is a C'-function on a neighborhood of D and ¢ is in the interior
of D, then

f(¢) = ! { aDZ(—Zle—i_/DfZEZz dzdz} (5.9)

PROOF. Choose ¢ > 0 such that the closure of the ball U((,¢€) is
contained in the interior of D, and let D, = D — U((, €).

We apply Green’s theorem to the smooth differential form f(z)( dz
Z —
on D. and obtain

(2) 4, _ _/ 3 s (5.10)

8D, —( DEZ—C
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Now, 0D, consists of two components: dD and the clockwise ori-
ented circle with center at ¢ and radius €. Hence

(2) (2) /2” 0
dz = dz —1 f(C+ee”)db.
op. 2 — G op 2 — G 0 ( )
Letting € — 0 in (5.10) yields (5.9). O

REMARK 5.38.

e For holomorphic functions, (5.9) reduces to (5.1).

e The last result shows that the Cauchy Theory is a consequence
of Green’s theorem for C''-functions that satisfy CR.

e The area element is given by dz dz = —21dx dy. This equation
can be taken as the definition of the LHS (it really follows from
the rules of the exterior differential calculus).

Exercises

5.1. Let D be a domain in C. Prove that the following conditions
are equivalent.

(1) D is simply connected.

(2) C — D is connected.

(3) For each holomorphic function f on D such that f(z) # 0 for
all z € D, there exists a ¢ € H(D) such that f = ¢ (g is a
logarithm of f).

(4) For each holomorphic function f on D such that f(z) # 0
for all z € D and for each positive integer n, there exists an
h € H(D) such that f = h".

How unique are the functions g and A7

5.2. Let f be analytic in a simply connected domain D, and let ~
be a closed piecewise smooth path in D. Set § = f o~. Show that

I(B,()=0forall ( € C,{ ¢ f(D).

5.3. Show that if a continuous closed curve ~ is homotopic to a
point in a domain U, then the cycle () is homologous to zero in U.
Is the converse true?

5.4. Let f be a holomorphic function on |z| < 1 with |f(2)| < 1 for
all |z] < 1.

(1) Prove the invariant form of Schwarz’s lemma (also known as
the Schwarz—Pick Lemma):

/(2]

, < , forall |2] <1
L=[f)I" 1=
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(2) Find necessary and sufficient conditions for equality in the last
equation.

(3) If f (;) = é, find a sharp upper bound for }f’ (;)}

5.5. Let f be a holomorphic function on U(0, R), R > 0. Assume
there exist an M € R, such that |f(z)] < M for all z € U(0, R) and
an n € Z>q such that

0= f(0)=f(0)=...= f"(0).
(1) Prove that

n+1
1f(2) < M <|;‘) for all z € U(0, R);

with equality if and only if there exists an o € C, |a] = 1,
n+1
such that f(z) = aM <;> for all z € U(0, R).

n+1
(2) Assume that either f(() = M (‘g) for some ¢ with 0 <

(| < Ror |f"F(0)] = (n+ 1)!M.
Prove that there exists an o € C, || = 1, such that f(z) =

z n+1
aM (R) for all 2 € U(0, R).

5.6. Let f be a holomorphic function on the punctured plane 0 <
|z| < co. Assume that there exist a positive constant C' and a real
constant M such that

1
1f(2)] < C|2|™ for 0 < |z] < .

Show that z = 0 is either a pole or a removable singularity for f,
and find sharp bounds for v,(f), the order of f at 0.

5.7. Prove by use of Schwarz’s lemma that every one-to-one con-
formal mapping of a disk onto another disk is given by a fractional
linear transformation. Here the term “disk”is also meant to include
half-planes (with oo adjoined), and a fractional linear transformation
is a map of the form T'(z) = %' where a,b,c, and d are complex

cz+d
numbers with ad — be # 0.

5.8. Assume that an entire function that takes on every complex
value once and only once must be a polynomial of degree one. Prove
that the inverse of an entire function cannot be entire except if it is a
polynomial of degree one.
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5.9. Let f be an entire function with |f(2)| < alz|® + ¢ for all z,
where a, b, and ¢ are positive constants. Prove that f is a polynomial
of degree at most b.

5.10. Let f be an entire function such that f(0) = 0, and that
R(f(z)) — 0 as |z] — oo. Show that f is identically 0.

5.11. Let D be a bounded domain in C. Let f : cl1D — C be a
nonconstant continuous function, which is analytic in D and satisfies
|f(2)] =1 for all z € dD. Show that f(z9) = 0 for some 2y € D.

5.12. Prove the Maximum and the Minimum Principles stated in
Remark 5.33.

Furthermore, if D is bounded and f is continuous on the closure of
D and satisfies the MVP in D, with m < f < M on 0D for some real
constants m and M, show that then m < f < M on D.



CHAPTER 6

Cauchy Theory: Local Behavior and Singularities
of Holomorphic Functions

In this chapter we use the Cauchy Theory to study functions that
are holomorphic on an annulus and analytic functions with isolated sin-
gularities. We describe a classification for isolated singularities. Func-
tions that are holomorphic on an annulus have Laurent series expan-
sions, an analog of power series expansions for holomorphic functions
on disks. Holomorphic functions with a finite number of isolated singu-
larities in a domain can be integrated using the Residue Theorem, an
analog of the Cauchy Integral Formula. We discuss the local properties
of these functions. The study of zeros of meromorphic functions leads
to a theorem of Rouché that connects the number of zeros and poles
to an integral. The theorem is not only aesthetically pleasing in its
own right but also allows us to give alternative proofs of many impor-
tant results. In the last section of this chapter we illustrate the use of
complex function theory in the evaluation of real definite integrals.

6.1. Functions holomorphic on an annulus

THEOREM 6.1 (Laurent series expansion). Let ¢ € C, and let f
be holomorphic in the annulus

A={2€C; 0< R, <|z2—(| < Ry < +oo}.!
Then

(e}

f2)= ) anlz=Q)"

for all z € A, where the series converges uniformly and absolutely on
compact subsets of A, and

1 / f(#)
a, = dt , for Ry <r < Ry
2m )., (t =)t ’
with
Yy :§+7’e“9,0 <0 <2r.
We are including here the cases of degenerate annuli: those with Ry = 0

and/or Ry = +00.
101
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This series is called a Laurent series for f. It is uniquely determined
by f and A.

Proor. Without loss of generality we assume ¢ = 0. Consider two
concentric circles v, = {2;]z| = r;} (j = 1,2), bounding a smaller
annulus

Ry <ri <|zl<ry<Rs.

If for j € {1,2} we let
LIy,

2m s t— =z

fi(z) =

then it follows from the extended version of Cauchy’s Integral Formula
that

PR N A (DR N0

271 ,Mt—z 271 oy t—z

dt = fa(2) = 1(2) -

Since f, can be extended to be holomorphic in the disk {z; |z| < 2},
by Exercise 4.9, we obtain

- 1 t
= Zanzn , with a,, = 1) dt ;
n=0

2m ), 1
T2

furthermore, this series converges for |z| < Ry and a, is independent
of ry (since any two circles about 0 in A are homotopic in A).
As for fi, note that

1 1 11 IS /)"
t—z z—t z1-! z;(z) or [t} =y and |z[ >
= 1
Th — Rt = —hl t)t* dt.
us fulz 27mz Z ZZ 27m/ U
k=0 Y1 =0 T
Letting —k — 1 = n, we obtaln
1 f(t)

= Z a,z", where a, = dt is independent of 7 .

211 g+l
n<—1 Try

Observe that f; can be extended to be holomorphic in |z| > Ry,
including oo, and fi(oc0) = 0. O

COROLLARY 6.2. If f is holomorphic in A, then f = fi+ fo where
fa is holomorphic in |z — (| < Ry and f is holomorphic in Ry < |z — (|
(including the point at co). The functions f; are unique if we insist

that fi(c0) = 0.
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PrROOF. Once again, without loss of generality ¢ = 0.
Existence: Already done.
Uniqueness: Suppose f = fa+ fi = g2+ g1 with appropriate f; and g;.
Then 0 = (fa—g¢2)+(f1—¢1) in A, the function (fs— gs) is holomorphic
in |z| < Ry, and the function (f; — ¢1) is holomorphic in |z| > R; and
vanishes at oo.
Define
h(Z): (91—f1>(z>, lf |Z| >R1;
(f2—g2)(2), if |z] < Rs.
The function A is well defined and holomorphic on C U {oco} and
vanishes at co. Hence it is identically zero. OJ

6.2. Isolated singularities

DEFINITION 6.3. We now consider the special case of functions
holomorphic on a degenerate annulus with R; = 0 and Ry € (0, 4-00];
that is, we fix a point ( € C and a holomorphic function f on the
punctured disk {z € C;0 < |z — (| < Ry}. In this case, ( is called an
isolated singularity of f.

We know that in this case f has the Laurent series expansion
[e.e]
f(z) = Z an(z — Q)" for 0 <|z—(| < Rs.
n=-—oo
There are three possibilities for the coefficients {a, }nez_,; we now
analyze each possibility.

(1) If a,, = 0 for all n in Z_g, then f has a removable singularity
at z = (, and f can be extended to be a holomorphic function
in the disk |z — (| < Ry by defining f(¢) = ao.

Shortly (in Theorem 6.5), we will establish a useful crite-
rion for proving that an isolated singularity is removable.

(2) Finitely many nonzero coefficients with negative indices ap-
pear in the Laurent series; that is, there exists N in Z-q such
that a_, = 0 for all n > N and a_x # 0. We can hence write

—1 e’}
f(z) = Z an(z— Q)" + Zan(z —a)"
n=—N n=0
for 0 < |z — (] < Ro.
~1
In this case, Z a,(z — ()" is called the principal part of

n=—N
f at ¢, f is meromorphic in the disk |z — (| < Ry, and f has
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a pole of order N at z = (. Furthermore,
lim (2 — ONf(2)=a-n#0

and N is characterized by this property (that the limit exists
and is different from zero).

(3) Infinitely many nonzero coefficients with negative indices ap-
pear in the Laurent series. Then ( is called an essential sin-
gularity of f.

ExAMPLE 6.4. We have
1 X
P (z) - ; n!

for |z| > 0. Here Ry = 0 and Ry = +o00; 0 is an essential
singularity of the function, and oo is a removable singularity

(f(o0) =1).
THEOREM 6.5. Assume that
f(z) = Z a,z" for all 0 < |z| < Ry

is the Laurent series of a holomorphic function on a punctured disk. If
there exist an M > 0 and 0 < ro < Ry such that

[f() <M for 0 < |z <o,
then f has a removable singularity at z = 0.

L[ )

2m /., tntl
T

Proor. We know that a, = dt, where 7,(0) = re?,

for 0 € [0,27] and 0 < 7 < ry.
We estimate |a,| < M. For n < 0, we let r — 0 and conclude that
a, = 0. O

THEOREM 6.6 (Casorati—Weierstrass). If f is holomorphic on
{0 < |z| < Ry} and has an essential singularity at z = 0, then for all
c € C the function
1

9(z) =
= fe -
is unbounded in any punctured neighborhood of z = 0.

Therefore the range of f restricted to any such neighborhood is dense
in C.
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PROOF. Assume that, for some ¢ € C, the function ¢ is unbounded
in some punctured neighborhood N of z = 0.

Then there is ¢ > 0 such that N = U(0,e) — {0}, and, for any
M > 0, there exists a z € N such that |g(z)| > M; that is, such that
|f(2) —c| < ;- Thus cis a limit point of f(N), and the last statement
in the theorem is proved.

Now it suffices to prove that for all ¢ € C and all € > 0, the
function ¢ is unbounded in U(0,¢) — {0}. If g were bounded in such a
neighborhood, it would have a removable singularity at z = 0 and thus
would extend to a holomorphic function on U(0, ); therefore f would
be meromorphic there. ]

A much stronger result (the next theorem) can be established. This
is usually done in more advanced text books.

THEOREM 6.7 (Picard). If f is holomorphic in 0 < |z| < Ry and
has an essential singularity at z = 0, then there exists a ¢y € C such
that for all ¢ € C — {cp}, f(2) = ¢ has infinitely many solutions in
0 < |z] < Rs.

1
ExXAMPLE 6.8. The function exp < ) shows the above theorem is
z
sharp (co = 0).

DEFINITION 6.9. A function f has an essential singularity at oo if
g(z) = f (1) has an essential singularity at z = 0.

ExAMPLE 6.10. For an entire function f(z) = Zanz” (its radius
n=0

of convergence p equals +00), there are two possibilities:

(a) Either there exists an N such that a, = 0 for all n > N; in
which case, f is a polynomial of degree < N. Ifdeg f = N > 1,
then f has a pole of order N at oco. If deg f = 0, f is constant,
of course.

(b) Or f has an essential singularity at co.

DEFINITION 6.11. If f has an isolated singularity at ¢, with Laurent
+oo

series f(z) = Z a,(z—()"in 0 < |z — (| < Ry, we define the residue

n=—oo

of f at ¢ by the formula

Res(f,{) =a_1.
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THEOREM 6.12. Let A denote the annulus Ry < |z — (| < Ry. If v

is a closed path in A and if f is holomorphic in A with Laurent series
+00

f(z) = Z a,(z — )", then

n=—oo

g | S 4= 1020 0

In the special case that Ry =0 and I(v,() = 1, we have
1
o | £ d= = Res(£.).

Proor. We write

where
9(z) = 3 anlz = Q"
n#—1
The function g has a primitive in the annulus; namely,

Z nilan(z—()”.

n#—1
Thus /g(z) dz = 0. O
v

THEOREM 6.13 (Residue Theorem). Let f be holomorphic in a
domain D except for isolated singularities at zq,...,2z, € D. Let v be
a positively oriented Jordan curve homotopic to a point in D such that
z; €i(y) for j=1,...,n. Then

/f(z) dz = 27TZZ Res(f, z).

PRrROOF. Put a small positively oriented circle around each z; and
use the extended version of Cauchy’s theorem. O

6.3. Zeros and poles of meromorphic functions

Let D be adomainin Cand f: D — Chea meromorphic function.
This means that f is holomorphic except for isolated singularities in
D, which are removable or poles (see Section 3.5). We have denoted
the set (field) of meromorphic functions on D by M(D).

We now know that at each point of D, f has a Laurent series expan-
sion with only finitely many nonzero coefficients for negative indices.
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THEOREM 6.14 (The argument principle). Let D be a domain
in C, and let f € M(D). Suppose «y is a positively oriented Jordan
curve in D that is homotopic to a point in D. Let ¢ € C, and assume
that f(z) # ¢ and f(z) # oo for z € range~y. Then

L[PG N g
2ﬁzlf(z)_cdz—z (f-0)=Z-P,

z€i(y)

where Z is the number of zeros of the function f — c inside v (counting
multiplicities) and P is the number of poles of the function f inside ~y
(counting multiplicities).

f'(z)
flz) —c
Res(F, () = v¢(f —¢) for all ¢ € D, (6.1)

ProoF. If F(z) = for z € D, then we claim that

provided f is not identically c¢. The theorem then follows immediately
from (6.1) and the Residue Theorem.

To verify our claim, it suffices to assume that ¢ = 0 and that ( = 0.
If vo(f) = n, then f(z) = 2"g(z) with g holomorphic near 0 and
g(0) # 0. It follows that

f'(z) =nz""g(2) +2"g(2)

! / /
and hence I'(z) =" + g (Z) Thus é has residue n at 0. O

f(z) 2 g(2)

REMARK 6.15. To explain the name of the theorem, we observe
that the argument principle may be stated in the following way: Let
D be a domain in C, and let f € M(D). Suppose 7 is a positively
oriented Jordan curve in D that is homotopic to a point in D. Let
¢ € C, and suppose that f(z) # ¢ and f(z) # oo for all z € range .

If Z denotes the number of zeros of the function f — c¢ inside ~
(counting multiplicities) and P denotes the number of poles of f inside
v (counting multiplicities), then the argument of f — ¢ increases by
27(Z — P) upon traversing =.

/!
Indeed, note that ff = (log(f — ¢))" and recall that
—c
log(f —c) =log|f —c| +rarg(f — ¢).

Therefore,

[ 552 cte= [tontir et [ dustrar -

Y
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The first integral on the rightmost side of the equation equals zero
because log | f — ¢| is single-valued. The second integral on the right-
most side equals the change in the argument as one traverses 7.

COROLLARY 6.16. Let f be a nonconstant holomorphic function on
a neighborhood of ¢ € C, a = f(¢) and m = v:(f — «). Then there
exist v > 0 and € > 0 such that for all 5 € C with 0 < | —«a| < ¢,
| — 0 has exactly m simple zeros in 0 < |z — (| < r.

PROOF. Observe that m > 1. Choose a positively oriented circle ~y
around ¢ such that f — a vanishes only at ¢ in cli(v) and f’(z) # 0 for

all z € cli(y) — {C}.
If we consider the curve v; = f o, it follows from Theorem 6.14

that . )
z
I(mn, )= 2Wz£f(z)—a dz=m.

Let w = f(z), and conclude that for every [ not in the range of ~;

we have
1 1'(2) 1 1 B
271 /y f(z)—p dz = 271 /71 w— [ dw =10y, 6).

Now there exists a 6 > 0 such that | f(z) — «| > ¢ for all z € range~y.
Hence |5 — a| < ¢ implies that, for z € =,

1f(z) =Bl =(f(2) —a) = (a = B)| = [f(2) —af = |a— 5] > 0.
Thus f — ( does not vanish on v for such 5. Since I(vy, () is

constant on each connected component of the complement of the range
of 71 in C, there is an £ > 0 such that

I —a|l<e<d= I(y, ) =m.

If B # «, then all the zeros of f — (3 are simple (since f’ is not zero
close to (). Therefore f — 3 has m simple zeros in i(7). O

COROLLARY 6.17. A nonconstant holomorphic function is an open
mapping.
ProOOF. If f: D — C is holomorphic on a domain D and is not a

constant, we obtain from Corollary 6.16 that for any a in f(D), there
exists € > 0 such that U(a,€) C f(D), and the result follows. O

COROLLARY 6.18. An injective holomorphic function is a homeo-
morphism from its domain onto its image.

Corollary 6.16 gives a characterization (m = 1 if and only if f
is injective in a neighborhood of () for a holomorphic function to be
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locally injective (or, equivalently, to be a local homeomorphism). See
also the discussion in the next section.

THEOREM 6.19 (Rouché’s theorem). Let f and g be holomorphic
functions on a domain D. Let v be a positively oriented Jordan curve
with cli(vy) contained in D. Assume that | f| > |g| on range~.

Then Zyyy = Zy, where Zy denotes the number of zeros of f in

i(7y)-

PRrROOF. Recall from Theorem 6.14 that Z; = I(f o~,0), and then
use Theorem 4.51. O

THEOREM 6.20 (Integral formula for the inverse function).
Let R > 0. Suppose f is holomorphic on |z| < R, f(0) =0, f'(z) #0
for|z| < R, and f(z) #0 for 0 < |z| < R.

For any 0 <r < R, let ~, be the positively oriented circle of radius
r about 0, and let m = min |f| on ~,.

Then
_ 1 tf'(t)
g(w) = 2m /%, ft)—w dt

defines a holomorphic function in |w| < m with
flg(w)) = w on fw] <m
and
9(f(2)) ==z for z € i(y) N fH(lw] < m).

PROOF. Observe that m > 0, and fix wy with |wg| < m. Then on
the circle ~,., we have

[f(2)] = m > |wol.

Thus f and (f—wy) have the same number of zeros in (7, ), by Rouché’s
theorem, and hence f(z) —wy = 0 has a unique solution 2y in (7).
Therefore it suffices to show the following.

(1) g(wo) = 2o if f(zy) = wp, and

(2) g is a holomorphic function on the disk |w| < m.

To verify (1), note that it follows from the Residue Theorem that

s f'(s)

g(wy) = Res(F, zp), where F(s) = £(s) — wp

for |s| < R.
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Thus
. s ['(s)
wp) = lim (s — 2
o) = B = 20) 1)~ 1 (z0)
_ / 2 "
i (257 (2 sz
o #1(5)
where the second equality follows from I'Hopitals’s rule (see Exercise
3.26).

Alternatively, to avoid the use of I'Hopitals’s rule, we change the
previous series of equalities to

(e s f'(s)
g(wo) o sl—>zo( O)f(s) o f(ZO)

= lim (s — zp) s/'(s)

= (s —2)(fi(z0) + 7" CN s — o) ..

To show (2) we note that |f(¢)| > |w| on ~, and hence

f(t)l—w - 1_ w ] B f(lt) i (fl(i))n‘

ft)
Thus
IS tf'(t)
g(w) = w" / oy dt.
2m ; o JE)
. tf'(t) -
Since dt| < for some constant M that is independent
L ) mn+l
of n, the last power series has radius of convergence > m. O

6.4. Local properties of holomorphic maps

Let D be a domain, f € H(D), and zy € D. In this section we de-
scribe the behavior of f near zy using results from the previous section.
We will use the following notation:

z=x+wy, w=s+it = f(z) =u(z,y) +w(r,y) for z € D,
and wo = f(z9).
PROPOSITION 6.21. Let D be a domain in C, zy a point in D and

f a function holomorphic on D.
Then the following properties hold:

(1) If f'(z9) # 0, then f defines a homeomorphism of some neigh-
borhood of zy onto some neighborhood of wy.
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PrOOF. The condition implies that v, (f(z) — wy) = 1,
and it follows from Corollary 6.16 that there exist » > 0 and
£ > 0 such that for all w € C with 0 < |w — wy| < &, f—wp has
exactly one simple zero in 0 < |z — 2| < r. In other words, f
is injective near zy. Now use Corollary 6.18 to conclude.

U

(2) If there exists n € Z>y such that
0=f(z)=...= f"(2) and f"*Y(z) #0,

then f isn—+1 to1 near zy.

PROOF. Let g(z) = f(z) — wp. It is enough to prove that
gisn+1to 1 near z5. But

9(20) =0=g'(20) = ... = g™ (%), and g""*V(z) #0,

and therefore, for |z — zo| small, we may write

g(z) = Z am(z — 20)"™ (where a, 11 # 0)
m>n+1

o0

= (2 —2)"" Z i1 (2 — 20)"

k=0
= (2 = 20)" " (h(2))"" = (a(2))"",
where h and g; are holomorphic functions near zy such that
1

h(z0) = (ant1)»* # 0, g1(20) = 0, and (g1)'(20) = h(20) # 0.
The existence of h is a consequence of Exercise 5.1.

By (1), g1 is a homeomorphism from a neighborhood of zy
to a neighborhood of 0. Since p(z) = z"*! is clearly n + 1 to
1 from a neighborhood of 0 to a neighborhood of 0, and since

g =p o g, it follows that g is n+ 1 to 1 from a neighborhood
of zy to a neighborhood of g(zp) = 0, as claimed. O

REMARK 6.22. The above property (2) of holomorphic
mappings is also a consequence of Corollary 6.16. Much of
the above discussion, as well as the next corollary, are slight
amplifications of the material in the previous section.

An immediate consequence of (1) and (2) is the following

COROLLARY 6.23. A holomorphic function f is injective
near a point zy in its domain if and only if f'(z0) # 0 if and
only if f is a homeomorphism near z.
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(3) If f'(z0) # 0, then angles between tangent vectors to curves at
2o are preserved, and infinitesimal lengths at zo are multiplied
by [ f'(z0)]-

If0 = f'(20) = ... = f"(2) and f")(z) # 0 for some
n in Zsy, then angles between tangent vectors to curves at z
are multiplied by n + 1.

PROOF. Let us write
FE) = F0) _ o Aw

Z2—20 Z— 2 Z—20 AZ ’

Assume first that f'(z9) # 0. Then

F(z0) = p e, p 0.
If z:[0,1] — D is a C'-curve with z(0) = zy and 2/(0) # 0,
then w = f o z is a C'-curve with w(0) = wy, w'(0) # 0.
Furthermore, if we denote Az = z — z (for z close to but
different from zy) and Aw = f(2) — wy, then

Aw
Aw = Az As

implies that
A
arg Aw = arg Az + arg Aw)
z

which together with
Aw

lim ar =
2— 20 & Az

0

imply that
argw'(0) = arg 2’ (0) + arg f'(20).

All uses of the multivalued arg function need to be inter-
preted appropriately; we leave it to the reader to do so.

The assertion about lengths means that the ratio of the
length of Aw to the length of Az tends to |f/(z0)| as z tends
to zo. This follows immediately from

Aw
Az
The argument for the case with vanishing derivatives is

almost identical to the one used to establish (2) and is hence
left to the reader. O

(4) Conversely, if g € C'(D) preserves angles, then g € H(D).

lim

z—20
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PROOF. Let z : [0,1] — D be a C'-curve with 2/(t) # 0
for all t. Then

w=goz:[0,1] — g(D)
is also a C''-curve and
w'(t) = g. 2'(t) + 9. (t) -
w'(t

'(t)
2(t)

Since g preserves angles, arg must be independent of

arg 2/ (t). But

w'(t) _ 2(t)
() 9=+ 9 (1)

and therefore g, = 0. 0J
(5) The change in infinitesimal areas is given by multiplication by
|f /(ZO)E'
Proor. We compute the Jacobian of the map f:
J(f) = :j;c Zz = Uy — UV, = U2 + V2 = |f’(z0)‘2.

6.5. Evaluation of definite integrals

The Residue Theorem is a powerful tool for the evaluation of many
definite integrals. We illustrate this with a few examples.

(1) The first integral to be evaluated is

<1
dz .
/_Oox4—i—1 *

1
We will obviously want to integrate F'(z)dz = ] dz. To

4
apply the Residue Theorem, we must choose thezp;;h of inte-
gration carefully.

Let R > 1 and we choose vg to be the portion on R from
—R to +R followed by the upper half of the circle |z] = R, as
in Figure 6.1.

Since

3m 3

Arl=(z—et)z—ed)(z+et)(z+e1),
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TR

R R
FIGURE 6.1. The path of integration for Example (1)

the function F' has (possibly) nonzero residues only at these
four roots of unity and we conclude that

1 ™ T
/ . dz = 2m (Res (F,e4)—|—Res <F,634 ))
e 21

The residues are easy to compute:

T 1 _1
Res(F,e4 ) = . =
( ) (24+)(z+er)| v 2(v2—1/2)
and
3me 1 1
Res(F,e 4+ ) = - = .
( ) (22— 1)(z+eT) o 2(V2+12)

Next we estimate the absolute value of the integral over
the semicircle {z; Sz >0, |2| = R}:

™ Rae? TR
‘/0 Ri o0 4 1 d&' < R — 0 as R — +oo.
> 1 2
We conclude that / dr = v 7T.
ot +1 2

REMARK 6.24. This mJerEglod will work for the evaluation
of integrals of the form / Q(x) dx, where @ is a rational

function with no singularities on R and with v (Q) > 2.

(2) A second class of integrals that can be evaluated by the Residue
Theorem consists of those of the form
27
I = Q(cosf,sin @) do,
0
where () is a rational function of two variables with no singu-
larities on the unit circle S* = {z; |z| = 1}.
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To apply the Residue Theorem, we express I as an integral
of a holomorphic function over the unit circle. We use the
change of variables

z=¢" hence dz =e% df =12 df
and
0 e +e0 L4l 0 el —e0 L7t
cosf = = sinf) = =
2 2 21 21
EXAMPLE 6.25. Let 0 < b < a, and evaluate

2w 1 1
1:/ d@:/ N
0 a—l—bCOSH ‘Z‘:l (ZZ) <a+b222>

/ —21 d
— z
2j=1 022 + 2az + b

—21
=2 Res 2.
TLZ (b22+2az+b Z)
|z]<1
The denominator of the integrand in the last integral is a qua-

dratic polynomial in z with precisely one root inside the unit
circle (the product of the roots is +1). We conclude that

I =2n(a* —b*) 2
(3) The last of the types of integrals to be discussed here is

I= /_: Q(z)edx ,

where @ is a rational function with (at least) a simple zero at
infinity and, in general, with no singularities on R.

We illustrate with a more complicated example, where @)
has a simple pole at the origin. Here the ordinary integral is
replaced by its principal value (pr. v.) defined below.

00 prz Ro
pr. v. / dr = lim / /
—oo L 5—>0+ R ) Z

R2—>+oo
We must choose a nice contour for integration; start with
large X1, X5, and Y and small 9, all positive. Our closed path
~ has several segments (see Figure 6.2):
71 @ from —X; to —) on R,
7o : the semicircle in the lower half-plane of radius ¢ and
center 0,
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—Xi+1Y s Xo+2Y
Ye
V4
—-X; M1 y Vs X2
Y2

FIGURE 6.2. The path of integration for Example (3)

vz : from ¢ to X5 on R,
v4 : at © = Xy go up to height Y,
5 @ at height Y travel from X, back to —X7, and (finally)
Y6 - at x = — X go down from height Y to the real axis.

We start with
/ A= 2mi Res(f,0),
y 2

where f(z) = ¢

z

= 14 g(2), with g entire. Thus

/6 dz =27 .
4 2

We now estimate the integral over ~,:

Yez(Xg—l-zy) Y 1
vdy| < e Y d
o X2ty y‘_/o X+ 0y

1 /Y 1
< e Vdy < )

Next we estimate the integral over ~s:
—X1 i(z+1Y) X2 -Y
e
/ dz| < / © dx
Xo r+1Y -X1 |$—|—7,Y‘

<e_Y/X2 ! dx—e_Y[X + X4
< LY Ty 2 1]

Also the integral over ~4:

0 e (X1+2y)

1 dy
y X1ty

< o -
Xy
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We conclude that

1z 1z
e ) e
/ dz = lim dz.
z 5—0F . 2
v X oo Y 11208
Xo9—00

Finally,
X9 -4 el
lim ( / + / ) dx
6—0T 5 X X
—lim(/ ¢ dz+/ ¢ dz).
=0 \JyUptns # o F

1. —1 _ . —1
Jim (27 +g(2)) d= 51i1(1)1+ 2z
T2 T2
because ¢ is bounded on a neighborhood of 0 and the length

of the path of integration goes to zero. Now
—rq
lim 2 Vdz = lim )
50t ) - 5—0+ Jo  det
2
We conclude that
oo 67“’E
pr. v. / dr = m.

o~ T

But

0e'? 1 df = —m.

Using the fact that ¢'® = cosx + ¢ sinz, we see that we
have evaluated two real integrals:

* cos  §i
pr. v. / ¥ de =0 and / Y g ="
o X 0 T 2

Exercises

6.1. Use Rouché’s theorem to prove the Fundamental Theorem of
Algebra.

6.2. Let g be a holomorphic function on |z|] < R, R > 1, with
lg(2)] <1 for all |z| < R.

(1) Show that for all ¢ € C with [¢| < 1, the equation

z=1tg(2)
has a unique solution z = s(¢) in the disk |z| < 1.

(2) Show that ¢ — s(t) is a holomorphic function on the disk
lt] < 1.

6.3. Verify (6.1) using Laurent series expansions for f and F.
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6.4. Evaluate /_OO 4 —fx‘l dx.

6.5. If f is a holomorphic function on 0 < |z| < 1 and f does not
assume any value w with |w — 1| < 2, what can you conclude?

< d
6.6. Compute /_OO 1+xx6.

6.7. Evaluate the following integrals.

(a) /_oo (x—l—l)dx

o Tr1
T do
(b) :
o b5+ cosb
(©) / 25dz
|z|=1 727 - 17
(d) zcot z dz.

|z—1007|= 1‘(2)9#

6.8. Let f be an entire function such that |f(z)| = 1 for |z| = 1.
Which are the possible values for f(0) and for f(17)?

>~ d
6.9. Find / * using residues.
0 1 -+ [E?’

6.10. Find all functions f which are meromorphic in a neighborhood
of {|z] <1} and such that |f(z)| = 1 for |z| = 1, f has a double pole at
z =}, atriple zero at z = —1, and no other zeros or poles in {|z| < 1}.

6.11. Suppose f is an entire function satisfying f(n) = n° and
f (—g) = n' for all n € Z-y. How many zeros does the function

9(z) = [f(2) — €][f(z) — n] have?
6.12. Evaluate
[ IO
|z]=3 flz) =17

where f(z) =2 —2z+ 2% + gl'

6.13. Suppose f is holomorphic for |z| < 1 and f(i) = n73 for
n=2,3,.... What can be said about f”’(0)?

6.14. Let f be an entire function such that |f(2)] < \z|233 for all
|z| > 10. Compute f®(10.001).

6.15. Evaluate / ztanz dz.
‘z—g‘:3.15
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6.16. Evaluate the following real integrals using residues:

* cosx * gsinx
d dx .
/_001+x2x’ /_001+x2x
6.17. Find all Laurent series of the form Ziooo a,z" for the function

= 2

2
(1—2)2(1+2)
6.18. If f is an entire function such that Rf(z) > —2 for all z € C
and f(z) =1+ 2, what is f(—1)?
6.19. If f is holomorphic on 0 < |z| < 2 and satisfies f(') = n?
and f(—!) =n? for all n € Z-,, what kind of singularity does f have
at 07

6.20. Let D be an open, bounded, and connected subset of C with
smooth boundary.

If f is a nonconstant holomorphic function in a neighborhood of the
closure of D such that |f| = ¢ is constant on 0D, show that f takes on
each value a such that |a| < ¢ at least once in D.

6.21. Suppose f is holomorphic in a neighborhood of the closure of
the unit disk.
Show that for |z| <1

FEA -] =t / LTy ar

2m Jipjm T — 2

and conclude that the following inequality holds:

1 27
FEI= B <, [ )] db.
T Jo
6.22. Let f be an entire function. Suppose that |f(z)] < A+ B|z|'°
for all z € C. Show that f is a polynomial.

6.23. Suppose f is meromorphic in a neighborhood of the closed
unit disk, that it does not have zeroes nor poles in the unit disk, and
that |f(z)| =1 for |z| = 1. Find the most general such function.

6.24. Let C' denote the positively oriented unit circle. Consider the

function
2 226 1\ 1\°
f(z)= <1 + exp (2*) (z— 2) <z— 3) :

Evaluate the following integrals:

[ [ rea [ J;((; 0z,
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6.25. If f is entire and satisfies | f”(z) — 3| > 0.001 for all z € C,
f0)=0, f(1) =2, f(=1) =4, what is f(2)7.

6.26. If f is holomorphic for 0 < |z| < land f(}) =n? f(=!) =
2n? for n = 2, 3,4, ..., what can you say about f?

6.27. Find all series of the form Zanzn that converge in some

domain to

2 — 22
I&= 0 ne-2
6.28. Suppose f is entire and f(z) # t? for all z € C and for all
t € R. Show that f is constant.

6.29. Find all Laurent series of the form Z a,z" representing the

function )

LS S T T

6.30. If f is holomorphic for 0 < |z| < 1, f (}) =n"?and f (-)) =
2n=2, n=2,3,4,..., find lim |f(z) — 2|.

z—0

* g¢in? 2x

6.31. Find / , dx using residues.
0 x

6.32. Prove the following extension of the Maximum Modulus Prin-
ciple. Let f be holomorphic and bounded on |z| < 1, and continuous
on |z| < 1 except maybe at z = 1. If | f(e'?)| < A for 0 < 6 < 2, then
|f(2)] < Aforall 2| < 1.

6.33. Let D denote the unit disk {z € C;|z| < 1}, and let {f,}
be a sequence of holomorphic functions in D such that lim f, = f

uniformly on compact subsets of .

Suppose that each f, takes on the value 0 at most seven times on
D (counted with multiplicity). Prove that either f = 0 or f takes on
the value 0 at most seven times on D (counted with multiplicity).

6.34. Show that the function f(z) = 2z + 22% + 323 + 42 + -+ is
injective in the unit disk D = {z € C; |z| < 1}. Find f(D).

6.35. Suppose f is a nonconstant function holomorphic on {z €
C; |z| < 1} and continuous on {z € C; |z| < 1} such that for all § € R,
the value f(e*) is on the boundary of the triangle with vertices 0, 1,
and 1.
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Is there a zp with |z| < 1 such that f(z) = /(1 +1¢)? Is there a
zo with |z| < 1 such that f(z) = (1 +1)?

6.36. Is there a function f holomorphic for |z| < 1 and continuous
for |z| <1 that satisfies

f(e?) =cos@ + 2 sinf, for all § € R?



CHAPTER 7

Sequences and Series of Holomorphic Functions

We now turn from the study of a single holomorphic function to
the investigation of collections of holomorphic functions. In the first
section we will see that under the appropriate notion of convergence
of a sequence of holomorphic functions, the limit function inherits sev-
eral properties that the approximating functions have, such as being
holomorphic, and in the second section, we show that the space of holo-
morphic functions on a domain can be given the structure of a complete
metric space. We then apply these ideas to obtain a series expansion
for the cotangent function. In the fourth section, we characterize the
compact subsets of the space of holomorphic functions on a domain.
This powerful characterization is used in Section 7.5 to study results on
approximations of holomorphic functions and, in particular, to prove
Runge’s theorem. This characterization will also be used in Chapter 8
to prove the Riemann Mapping Theorem.

7.1. Consequences of uniform convergence on compact sets

We begin by recalling some notation and introducing some new
symbols. Let D be a domain in C. We denote by C(D) the vector space
of continuous complex-valued functions on D and recall that H(D) is

the vector space of holomorphic functions on D (see Definition 3.49).
Note that H(D) C C(D).

PROPOSITION 7.1. A necessary and sufficient condition for a se-
quence of functions { f,} C C(D) to converge uniformly on all compact
subsets of D is for the sequence to converge uniformly on all compact
disks with rational centers and rational radii contained in D.

PrOOF. Every compact set contained in D can be covered by finitely
many such disks. 0]

It is clear that if a sequence of functions {f,} C C(D) converges
uniformly to a function f on all compact subsets of D, then for all z in
D, we have lim, . fn(z) = f(z). The converse is not true: Uniform
convergence on all compact subsets of D is stronger than pointwise con-
vergence. To see this observe that we know from Theorem 2.23 that if

123
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a sequence of functions { f,,} C C(D) converges uniformly to a function
f on all compact subsets of D, then f € C(D). Consider any sequence
of continuous functions converging at every point of the domain to
a discontinuous function. Such an example is easily constructed (see
Exercise 7.1).

We now study some consequences of this notion of uniform conver-
gence on compact subsets of D, also called locally uniform convergence,
for H(D). The first one says that H(D) is closed under this type of
convergence.

THEOREM 7.2. If {f,} € H(D) and {f.} converges uniformly on
all compact subsets of D, then the limit function f is holomorphic on
D.

PROOF. We already know that f € C(D).
Let v be any closed curve homotopic to a point in D. Then, by

Cauchy’s theorem,
/ fn(2)dz = 0.
.

By uniform convergence it follows that

[sGraz= g [ =<0

and then, by Morera’s theorem, f is holomorphic on D. OJ

COROLLARY 7.3. If {f,} € H(D) and an converges uniformly
n=1
on all compact subsets of D, then the limit function (also denoted by

Z fn) is holomorphic on D.

n=1

Theorem 7.2 has no analog in real variables: It is easy to see (at
least pictorially) that the absolute value function on R, which has no
derivative at 0, can be approximated uniformly by differentiable func-
tions. A more extreme example was constructed by Weierstrass, that of
a continuous function defined on [0, 1] which is nowhere differentiable
and uniformly approximated by polynomials.

The next consequence of uniform convergence on compact sets is
that uniform convergence of a sequence of holomorphic functions on
compact subsets implies uniform convergence of the derivatives on
compact subsets. This is another feature of holomorphic functions
not shared by real differentiable functions: It is easy to construct a
sequence of differentiable functions converging uniformly on a closed
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interval and such that the sequence of derivatives does not converge
uniformly. We leave this construction to the reader as Exercise 7.2.

THEOREM T7.4. If {f,} € H(D) and f, — f uniformly on all
compact subsets of D, then f| — f" uniformly on all compact subsets

of D.

PROOF. Since f € H(D), it is enough to check uniform convergence
of the derivatives on small compact subdisks R C D with OR =
positively oriented. For z € i(vy), we have

: 1 f(©) - fn(€) Y
Jz) = 2m A (¢ —2)? de = nll—>I20 27rz/,y (¢ —2)? de = hnolo fa(2);

this convergence is uniform in any smaller compact subdisk, such as

R={zei(y);inf{|z —w|;w € R} > § > 0},
with ¢ sufficiently small. O

THEOREM 7.5. Let {f,} be a sequence of holomorphic functions on
D such that f, — [ uniformly on all compact subsets of D.

If fo(2) #0 for all z € D and all n € Z~q, then either

(a) [ is identically zero, or

(b) f(z) #0 forall z € D.

PROOF. Assume that there is a ¢ € D with f({) = 0 and that f
is not identically zero. Then there exists a circle v with center ¢ such
that cli(y) C D and f(z) # 0 for all z € cli(y) — {C}.

Therefore the number N of zeros of f in i() satisfies

1 [f(z)
_27rz/,yf(z) dz > 1.
[70) e [ 504
L f(2) n—o0 fnz

DEFINITION 7.6. Let f € H(D). We call f simple, univalent, or
schlicht if it is one-to-one (injective) on D.

But

O

REMARK 7.7. A schlicht function is a homeomorphism with nowhere-
vanishing derivative.
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THEOREM 7.8 (Hurwitz). Assume D is a domain in C. If{f,} is
a sequence in H(D) with f, — f uniformly on all compact subsets of
D and f, is schlicht for each n, then either f is constant or schlicht.

PROOF. Assume that f is neither constant nor schlicht; thus, in
particular, there exist z; and 2z in D with z; # 29 and f(21) = f(22).
Look at ¢,,(2) = fn(2) — fn(22) on the domain D" = D —{z,}. Then
gn € H(D'), g, never vanishes and g, — g = f — f(22) uniformly on
all compact subsets of D’. But ¢ is not identically zero, and it vanishes
at 2. U

7.2. A metric on C(D)

We now introduce, for use in the proof of the Compactness Theorem
of this chapter and in the proof of the Riemann Mapping Theorem in
Chapter 8, a metric on C(D) for any domain D in C. The metric p
on C(D) will have the property that convergence in the p-metric is
equivalent to uniform convergence on all compact subsets of D.

For K compact in D and f € C(D), set

A1l = max{[f(2)]; 2z € K}

Consider the set of compact (closed) disks contained in D with
rational radii and rational centers (that is, if the center of the disk is
at z = x—+1y, then both z and y € Q). There are countably many such
disks and they cover D. Call this collection of disks {D;}iez.,-

For n € Z+y, let

(1)
K,=|]JD;,

i<n
then {K,} is an ezhaustion of D; that is,

(2)

each K, is compact,

K, C K, forall n € Z~,y, and
(4)
) intK, =D,
HEZ>0
where int K denotes the interior of the set K.

From now on, we shall use only properties (2), (3) and (4) of our
exhaustion and not how these sets were constructed.
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REMARK 7.9. A crucial consequence of these properties that we
will use often is that each compact subset K of D is contained in K,
for some n.

For f € C(D) and i € Z~q, we set

and we note that
My > M
We define
=> 27 min(L, Mi(f)) <)Y 27 =1 (7.1)
i=1 i=1

Properties of d. For all f and g € C(D),
(1) d(f) >0, and d(f) = 0 if and only if f = 0.

(2) d(f +g) < d(f) +d(g).
(3) For each i, 27" min(1, M;(f)) < d(f).
(4) For each i, d(f) < M;(f) +27".

PROOF OF PROPERTY (2).

d(f+g) = 22 "min(1, M;(f +g)) SZ min (1, M;(f)+ M;(g))

Z [min(1, M;(f)) + min(1, M;(g))].

O
PROOF OF PROPERTY (4).
= > 27 min(L, M;(f)) + ) 27 min(1, M,(f))
j<i >
<> 27My(f +22J<<Zz ) f+27
J<i Jj>i J<i
O

Finally, we define the metric on C(D) we have been seeking:

p(f,9) =d(f —g). (7.2)
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Properties of p. For all f, g, and h in C(D), the following hold:
(1) p(f,g) >0, and p(f,g) =0 if and only if f = g.

(2) p(f,9) = plg, f)-
3) p(f.9) < p(f,h) + p(h; g).
(4) p(f +h,g+h) = p(f,g); that is, p is translation invariant.

PROOF OF PROPERTY (3):
p(f.g9) =d(f—g)=d(f—=h+h—g)<d(f—h)+dh-g).

Note that properties (1) to (3) say that p is a metric on C(D).

THEOREM 7.10. Convergence in the p-metric in C(D) is equivalent
to uniform convergence on all compact subsets of D.

ProOF. Let {f,} € C(D), and assume that {f,} is p-convergent.
Since for every compact set K C D there is an i such that K C K, it
suffices to show uniform convergence on K; for each i.

Given 0 < € < 1, choose N large so that

0(fons frn) = d(fm — fn) < 2% for all m,n > N.

Now ' '
27 min(1, M;(fin — fa)) < d(fm — fu) <277,
and thus
Mz(fm_fn) <e<l;
that is,

||fm_anKZ <e€.

The above inequality implies that the sequence { f,,} converges uni-

formly on K;. If € > 1, then use ¢y = i and proceed as above.

We have actually shown more than claimed: If {f,} is a p-Cauchy
sequence in C(D), then there exists an f € C(D) such that f, — f
uniformly on all compact subsets of D.

Conversely, assume that f, — f uniformly on K; for all . Thus
lim M;(f — f.) =0 for all 1.

Given € > 0, first choose i such that 27% < 5 and next choose N
such that M;(f — f,) < 5 for all n > N. Then

d(f—fn>§Mi(f—fn>+z—i<;+;:
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COROLLARY T7.11. The topology of the metric space (C(D),p) is
independent of the choice of exhaustion {K,}nez., of D.

COROLLARY 7.12. p is a complete metric on C(D).

Because of Theorem 7.10, we can reformulate the results of the
previous section in terms of the metric p. In particular, Theorems 7.2
and 7.4 can now be phrased as in the following Corollary. We already
remarked that H(D) C C(D). We let p|g(p) denote the restriction of
the metric p to H(D).

COROLLARY 7.13. H(D) is a closed subspace of (C(D),p). As
such, (H(D), pla(py) s a complete metric space. Furthermore, f — f'
is a continuous function from H(D) to itself.

It is useful to have an alternative description of the topology of
(C(D), p). Toward this end, we make the following definition.

DEFINITION 7.14. Given f € C(D), K compact C D and € > 0,
we define

Ni(e) ={g € C(D); p(g. f) < ¢}
and
Vi(K.€e) ={g € C(D); |lg— fllx <€}
THEOREM 7.15. For any f € C(D), a basis for the neighborhood
system at f is given by the sets Vi(K,e).
Proor. We must show that
(1) given V(K e€), there exists an Ny(0) C Vi(K,e€),
and
(2) given Ny(0), there exists a Vi(K,€) C N¢(9).

To show (1), we assume without loss of generality that 0 < e < 1.
Choose ¢ such that K C K;, and set 6 = 27%. If g € Ny(d), then
d(g— f) <2 %. Thus

2 "min(1, M;(g — f)) < 27"
and then

Mi(g = f) =lg— fllg, <e€.
But

g = fllx < llg = /]
that is, g € V(K €).

K o
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To show (2), choose i such that 27" < . For g € V; (K, J), we

have 2 "2
Mi(g - f) < g .
Hence
plg, f) =d(g—f) < Mg —f)+27" <3;
that is, g € Nf(9). =

REMARK 7.16. f,, — f in the p-metric if and only if for all compact
K C D and all € > 0, there exists N = N(K,¢) in Z-( such that
I|f — fullx < eforalln>N.

We can apply these concepts to convergence of meromorphic func-
tions.

DEFINITION 7.17. Let {f,} be a sequence in M(D), the meromor-
phic functions on D. We say that »_ f, converges uniformly (abso-
lutely) on a subset A of D if there exists an integer N such that f,

is holomorphic on A for all n > N and Z fn converges uniformly

N+1
(absolutely) on A.

THEOREM 7.18. Let {f,} € M(D). If > f. converges uniformly
on compact subsets of D, then the series f = > f, is a meromorphic
function on D and ) f! converges uniformly on all compact subsets to

I

PRrROOF. The proof is trivial. 0]

7.3. The cotangent function

As an application of the ideas developed in the last two sections,
we establish a series expansion formula for the cotangent function.

THEOREM 7.19. For all z in C — Z, the following equalities hold:

mecosmz 1 1 1
weotmz = = + Z [ + } (7.3)
sin 7z z z—n n
neZ, n#0
= +2z i !
oz — |22 —n?
cos
We first observe that the function F'(z) = " has its poles at

sin 7z
the integers, each of these poles is simple and has residue 1. It would
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(N+3)(1+2)

XZ

(N+1)(-1-2)

FIGURE 7.1. The square Cy

seem more natural to sum the series g , but this one does not
z—n
n=—oo

converge (Exercise 7.3).

1 1 z
We claim that E { + } = E converges ab-
z—n n n(z—n)
n€Z, n#0 n#0
solutely and uniformly on compact subsets of C.

To verify this claim, assume that |z| < R with R > 0. Then

12 R
2 alin—2 S 2l (nl - B
|n|>2R In|>2R

ey focoy !

In|>2R 7] }2} - n#£0 ‘"‘
We can now verify the expansion (7.3) for 7 cot 7z.

PROOF OF THEOREM 7.19. For N € Z+, let C'y be the positively
oriented boundary of the square with vertices (N + 1) (£1 + 1) (see

Figure 7.1).
Then
1 t it tt
/ corm dt = Z Res cow)t .
2m Jo, t—2 . t—=z
te i(Cn)
Here z € C is fixed: We take z ¢ Z, z € i(Cy). The poles of the

cot rt
function H(t) = ; " occurat t = z and at t = n € Z, and they are

all simple.
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Furthermore, we see that

cot mt
Res ( , z) = cotmz

t—=z
and
cot mt cosmt 1 1
Res W,n =lim(t —n) | " = :
t— =z t—n sinwt t—z  w(n—z)

Thus we have

N
1 cot 7t 1 1
dt = cot E
27rz/ 0 7T2+7rn:_Nn—z

Cn t— 2z
N
1 1 1 1
— cot _ _
0 7TZjLW Z [n—z n] w2’

N
1
>, =0
n
n=—N
n#0
Hence it suffices to prove
LEMMA 7.20. We have
t i
lim corm dt = 0.

N—oo COn t—z
REMARK 7.21. We will also have obtained

1 1
meotmz = _Z[n—z ndz| _Zn2

where the last series converges uniformly and absolutely on compact
subsets of C — Z.

PROOF OF LEMMA. We proceed in stages:

1 t it
(1) / LT 1 — 0.
27TZ Cy t
cot 7t

As usual, for G(t) = , e have

N

1 cot 7rt
2m/CN ZResGt Res(G,0) + Z

tE’L(CN n=—N
"0
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The last sum is clearly zero, and the residue of G at 0 is 0
because G is an even function.

(2)/ Comtdt:/ cotmt| + ! dt:/ cotmt| |t
CNt—Z Cy t—=z t Cn t(t—Z)

where the first equality holds by (1).

(3) There exists an M > 0 (independent of V) such that
|cot mt| < M on Cly.

For t = u + w,

2 )
|cos wt|* = cos® mu + sinh? 7v |

2

. 2 . .
|sin t|* = sin® mu + sinh? 7o |

and thus
2 s 12
cos® mu + sinh” v

|cot mt|? = )

sin® 7u + sinh? v

On the vertical sides of Cy, we have u = +N £+ ;, and hence

cos® Tu = cos® <7T <j:N + ;)) =0,

sin’® ru = sin® <7T <j:Nj: ;)) =1, and

9 sinh? 7rv
|cot wt|” = .., <L
1 4 sinh® v

On the horizontal sides of Cny, v = +N + %, and hence
1+sinh® 7 (£N + 3)
sinh? 7 (£N + 1)

Thus, there exists an M > 0 such that |cot wt| < M for t on the
horizontal sides and the claim is proved.

(4) If we denote by L(Cy) the length of Cy, then

cot mt z
/ dt‘ = / cot t [ ] dt‘
Cn t— 2z Cn t(t — Z)

M |z| M |z|
< dt] < L(C
< e 1S e 2] e EOY)

_ M|
V(N 2] = 1z)

|cot mt|? < — 1 as N — oc.

4(2N+1) —0 as N — oo.

O
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Thus the theorem is proved. O

Differentiating the series (7.3) term by term, we obtain the following
expansion.

COROLLARY 7.22. For all z € C —Z,

sm w4 Z z—n

In particular,

7.4. Compact sets in H(D)
We now return to the study of C(D) with the p-metric.

Recall that a metric space X is compact if and only if every sequence
in X has a subsequence that converges to a point in X, and a subset
X of R™ is compact if and only if it is closed and bounded. This last
statement is the result we are trying to generalize to H(D).

DEFINITION 7.23. Let A C C(D). We say that A is bounded in
the strong sense or strongly bounded if for all compact K C D and all
€ > 0 there exists a A > 0 such that

ACA(K,€) ={g € C(D); g=Af with |[f[| <e}.
REMARK 7.24. In a metric space (X, p), one defines for any subset
Aof X
diam A = sup{p(f,g); f € Aand g € A}.

Usually one says that A is bounded if diam A < 4o00. For a bounded
metric (as in our case), this concept is not very useful.

LEMMA 7.25. A set A C C(D) is strongly bounded if and only
if for each compact K C D, there exists an M(K) > 0 such that
| fllx < M(K) forall f € A; that is, A is strongly bounded if and only

if the functions in A are uniformly bounded on each compact subset of
D.

PrROOF. We leave the proof as Exercise 7.4. 0

THEOREM 7.26. A compact subset A C C(D) is closed and strongly
bounded.
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PROOF. A compact subset of any metric space is closed. If K C D
is compact, then

fe HfHK

is continuous on the compact set A and hence strongly bounded. [

LEMMA 7.27. Let ¢ € C and D = U(C, R) for some R > 0. Let
A C H(D) be strongly bounded, and let { fr}3>, C A.

Then the sequence { f.} converges uniformly on all compact subsets

of D if and only if klim f,i”’(g) exists (in C) for all integers n > 0.

Proor. If f; — f uniformly on all compact subsets of D, then for
every nonnegative integer n, f,g”) — £ yniformly on compact subsets
of D; in particular fkn)(g“) — fM)(¢), as a set consisting of one point is
certainly compact.

Conversely, it suffices to show that {fx} converges uniformly on
clU(¢,r) with 0 < r < R. Choose 7y such that r < ry < R. Since A is
strongly bounded, there exists an M = M(rq) such that

|fx(2)] < M for |z — (| < ro.

Write
Zankz— " for |z — (| < R;

n>0
then Cauchy’s inequalities (5.3) tell us that

M
lank| < for all n and k.
7o

Assume |z — (| < r. Then

|fk( |< Zank Z— )"—Zamm(z—
<> (@ng = anm)(z = O"| +2M Z ( )

Let € > 0, and choose Ny € Z~( such that

oM Z ( ) <; for N> Nj.

n=N+1
Choose N; such that k,m > N implies

No

Z(an,k — ) (2 — Q)"

n=0

_ €
2
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This may be achieved by requiring, for example, that
€

2Ny

this last finite set of inequalities can be satisfied because

‘a'n,k - a'n,m‘ <

lim |apx — anm| =0 foreach n.

k,m—o00

O

THEOREM 7.28 (Compactness Theorem). Let D be a domain in
C. Then every closed subset A of H(D) that is bounded in the strong
sense is compact.

PRrOOF. Cover D by countably many open disks {U(z;,7;)}ieze,
whose closures are contained in D.
For each ¢ € Z~( and each n € Z>, consider the mapping

A H(D) = C, A (f) = f7(z):

The maps A" are C-linear and continuous.
Given a sequence {fx}72, C A, we consider the set of numbers

N (i) = 17 (),
We show that there exists B C Z-, |B| = oo, such that

lim F(2) exists for all n and 1. (7.4)
S
k—+o0

Assertion (7.4) suffices to prove the theorem; for then by Lemma
7.27, the sequence {fi}rep converges uniformly on the closed disk
clU(z;,r;) for each i, which implies that the same sequence converges
uniformly on all compact subsets of D. Since A is closed, ilflené fr € A.

k—-+o00
Thus every sequence in A has a subsequence converging to a point of

A and A is hence compact.

To establish (7.4), we use the “Cantor diagonalization” method.

Since A is strongly bounded, for each i there is an M (i) such that
|f(2)] < M(q7) for all zin clU(z;, ;) and all f in A. Thus

10| < M
Now Z
f e )

IThis method is often used in analysis.
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form a countable set of mappings. Renumber these mappings as

{:ula:u%"'a,um?"'}'
For m =1,
{1 (fr) Yrezas

is a bounded sequence of complex numbers, and therefore there exists
a subsequence B of Z- such that

]}ggl 1 ( fr) exists.
k—+o0
For m = 2,

{p2(fx) bren, C {M2(fk:)}keZ>o

is a bounded sequence of complex numbers. Therefore, there exists a
subsequence By of B such that

li ists.

Jim o ( fr) exists
k——4o00

Continue to obtain a nested sequence of sets

Bi2By2---2B,2:--
with the property that

klelglm o (fi) exists.
k——4o00
At last, diagonalize (justifying the name of the procedure); that is,
let
B:{TLl, n27 o e s nm’...}’

where n,, is the m-th term of B,,. Then
llclerg W (fr) exists for all m € Z-
k——o00
because
{Nmy Nmy1, ..} C By
O

COROLLARY 7.29. A set A C H(D) is compact if and only if it is
closed and bounded in the strong sense.

DEFINITION 7.30. A set A C H(D) is relatively compact if cl A is
compact. This definition clearly makes sense in much more general
settings.

COROLLARY 7.31. Every strongly bounded subset of H(D) is rela-
tively compact.
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DEFINITION 7.32. Let A be a bounded set in H(D), and let { f;}72,
be a subset of A. We say that f € H(D) is adherent to { fi}32, if it is
a limit point of this sequence.

REMARK 7.33. If {z;}?2, is a sequence in a compact topological
space X and if every subsequence of {xj}7°, that converges has the
same limit, then the entire sequence {x;}32, converges.

THEOREM 7.34 (Vitali’s theorem). Let D be a domain in C. Let
{fr}22, € H(D), and assume that the elements in this sequence are
uniformly bounded on compact subsets of D. Let S C D, and assume
that S has a limit point in D. Assume that ]jl_)rglo fr(z) exists (pointwise)

forall z € S.
Then the sequence { fr} converges uniformly on compact subsets of
D.

PROOF. Every subsequence of the sequence {f;} has a converging
sub-subsequence. Thus, there exists an f adherent to this sequence.
Say that f and g are both adherent to {f;}. Then

f(z) = klim fr(z) =g(z) for z€ S
and thus, f =g. 0

7.5. Approximation theorems and Runge’s theorem

In this part of the chapter we consider the problem of approximating
holomorphic functions by rational functions. We regard a nonconstant
polynomial as a rational function whose only pole is at infinity and
viceversa. The ability to uniformly approximate a holomorphic func-
tion depends on the region where the function is being approximated,
as well as on the function. The strongest statement about uniform ap-
proximation of holomorphic functions that we will prove is known as
Runge’s theorem.

We observe first that we have already proved a form of Runge’s
theorem for an open disk 2. A holomorphic function on {2 has a power
series expansion at the center of the disk. For every positive integer
n, we obtain a polynomial of degree n by discarding all the higher
order terms in the series. These polynomials converge to the function
uniformly on any compact subset of the disk.

On the other hand, we also know that uniform polynomial approx-
imation does not hold in general. For instance, consider the punctured
disk Q = {2z € C;0 < |z — 2| < R}, with R > 0 and z; arbitrary, and

the analytic function on €2 defined by f(z) = (we take advantage
zZ— 20
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of the fact that it is a rational function whose only pole is at zg — not in
Q, of course); if f were uniformly approximated by a sequence of poly-
nomials {p,} in the closed annulus K = {0 < r < |z — 2| < p < R},

then by taking v(t) = : _g P exp(2mit) for 0 <t < 27, we would obtain

the contradiction that

0= nhrgO pa(2)dz = /f(z) dz = 2m .
g g

However, truncation of the Laurent series expansion for f on (2
shows that f is indeed uniformly approximated on K by rational func-
tions whose poles lie outside 2. This fact is generalized to arbitrary
open sets €2 by Runge’s theorem.

Specifically, in this section we prove that every holomorphic func-
tion defined on an open set can be uniformly approximated by rational
functions whose poles lie in any given prescribed subset of C, as long as
the prescribed subset has nontrivial intersection with every component
of the complement of the open set.

THEOREM 7.35 (Runge). Let K be a compact subset of C and let

A~

S be a subset of C — K that intersects nontrivially each connected
component of C— K. If f is a holomorphic function on an open set
Q D K, then for every e > 0, there exists a rational function R with
poles only in S such that

|f(2) = R(z)| <€ forallze€ K.

The proof (based on S. A. Grabiner, A short proof of Runge’s the-
orem, Amer. Math. Monthly, 83 (1976), 807-808) is given in Section
7.5.2.

Note that this is the implication 1) = 8) of the Fundamental
Theorem. The converse follows from Theorem 7.2.

We begin with some preliminaries from real analysis needed in the
proof of Runge’s theorem. The proof depends on three major lemmas
that are stated and proved in the subsequent sections; the first two are
given in Section 7.5.3 and the third in 7.5.4. Runge’s theorem follows
from these lemmas.

Note that for C — K connected and S = {oo}, Runge’s theorem
asserts that each function analytic in an open neighborhood of K can
be approximated uniformly in K by a sequence of polynomials.

7.5.1. Preliminaries for the proof of Runge’s theorem. We
recall some terminology and notation. If F' and K are subsets of C
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with F' closed and K compact, then the distance between these two
sets is the nonnegative real number

d(F,K)=inf{|]z —w|;z € F and w € K}
that satisfies
d(F,K)=0ifand only if FN K # 0.

In particular, if F' = {z} is a set consisting of only one complex num-
ber, we set

d(z9, K) = d(F,K) = inf{|zg — w|;w € K}.
It is obvious that
d(zp, K) = 0if and only if 2y € K .

If A and B are connected subsets of C that are not disjoint, then
AU B is connected. If C'is a connected component of the set A, then
(' is an open subset of A.

We recall that if v : [a,b] — C is a curve, then its image is denoted
rangey (see Section 4.1).

Next, we let K and S be as in the hypothesis of Runge’s theorem,
7.35, and define B(S) to be the set of continuous functions on K that
are uniform limits of sequences of rational functions with poles only in
S. The sums and products of elements of B(S) are elements of B(S),
as well as the products of constants by elements of B(S). The same
holds for uniform limits of sequences in B(S). We summarize these
facts in a lemma. The proof is left as an exercise.

LEMMA 7.36. B(S) is an algebra that contains all rational functions
with poles in S, and is closed under uniform limits in K.

We will also need the following topological result.

LEMMA 7.37. Let U and V be open subsets of C with V- C U and
oV NU = 0. If H is a connected component of U and HNV # (), then
HCV.

PRrROOF. Let a € HNV, and let G be the connected component
of V' containing a. It is enough to show that G = H. But H UG is
connected, contained in U, and contains a. Since H is the component
of U containing a, G C H. Furthermore, 0G C 9V and so 0GNH = ).
This implies that H — G = H —cl G and, therefore, that H — G is open
in H. Since G is also open in H, the conclusion follows. OJ
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7.5.2. Proof of Runge’s theorem. In this section we outline the
proof of Runge’s theorem. The details needed to fill in the outline will
be completed in the next two sections.

(Outline). The proof consists of four steps:

(1) There exists a finite collection of oriented line segments 1, Y2,
.oy Yn in © — K such that

(—=z

This is the content of Lemma 7.38 of the next section.
(2) It suffices to prove that each integral f%, é(_cz d( can be approx-

f(z) = erz zi; ; /(©) d¢ for all z € K.

imated uniformly on K by finite sums of rational functions
z+— P (Zic), where P is a polynomial and ¢ € S. We hence
drop the subscript j from the notation. We note that it will
be convenient to regard P ( ! ) as a polynomial in z.

zZ—00

(3) We next note that the line integral fﬂ{ é(_cz d( can be approxi-
mated uniformly on K by Riemann sums of the form

Z ak , with a; € C and by € range~y.
A bk —Z

This is the content of Lemma 7.39.
(4) Finally, it suffices to show that each summand b:ﬁ _ can be ap-

proximated uniformly on K by appropriate finite sums. This
is Lemma 7.40 of Section 7.5.4.

O

7.5.3. Two major lemmas. We prove two lemmas: The first
gives an extension of the Cauchy Integral Formula, and the second
provides an approximation by rational functions whose singularities lie
on the curves over which we are integrating, for a function defined by
the Cauchy Integral Formula.

LEMMA 7.38. Let K be a compact subset of C. If f is a holomorphic
function on an open set Q) O K, then there exists a finite collection of

oriented line segments vy, Vo, ..., Vn in 2 — K such that
L5~ [ f(©)
= d I K. .
f(z) o ZE:I/WC_Z ¢ forallz € (7.5)

PRrROOF. After enlarging K if necessary, we may assume that K =
cl(int(K)). For example, we enlarge K if it consists of a single point.
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Next, to simplify statements we adopt the standard convention that
a curve 7 : [a,b] — C, that is, the continuous function from a closed
interval [a, b] to the complex sphere, and its image rangey = {y(t) | t €
[a,b] } are both called v. Thus by abuse of language, we say that a
curve v lies in a subset 7' C @, when its image lies in 7.

For any positive real number d, we place a rectangular grid of hori-
zontal and vertical lines in the plane C so that consecutive lines are at
distance 6 apart. We let Ry, Rs, ..., R,, be the rectangles in the grid
that have nonempty intersection with K. Since K is compact, there
are only a finite number of such rectangles. We can (and from now on
do) choose § such that R; C Q for all j; if Q@ = C any § > 0 suffices,
and otherwise, it is enough to consider any 0 < § < ;d(K ,C—Q), since
z € R; implies that d(z, K) < v/26.

We denote the boundary of R; by OR; and orient it to be traversed
in the counterclockwise direction. We observe that integration of a
continuous form along the common boundaries of any pair of contiguous
R; and R; cancel out (as in the proof of Goursat’s theorem 4.52).

This last observation implies that we can choose a set of curves S
whose images are a subset of the sides in UJL;JR;, and such that the
set § = {v;;1 <i < n} satisfies

(1) if v, is in S, it lies on a side of only one R;,
(2) if 4; is in &, then it is disjoint from K, and
(3) for any continuous function g on UT,0R;, we have

Z/aRg—;/ (7.6)

Note that we have identified the curves with their images. Since
the boundary of each rectangle is oriented, each ~; is an oriented line
segment in {2 — K. We now prove that these 7; also satisfy equation
(7.5), the equation involving the function f given in the statement of
the lemma.

If z € K and z is not on the boundary of any of the rectangles,
then the function

L f(w)

w»—>g(w):2m o w e UL 0R;

is continuous. Thus we have by (7.6)

Z 1 Zn f(w)
et d
2m or; W — %2 dw 21 4 /.w—z
=1 Vi
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Now if z belongs to the interior of exactly one of the R;, call it R;.
If j #t, then z ¢ R; and

1 (w)

dw = 0;
2T Jop, W — 2

also, since z € Ry, the Cauchy Integral formula says

! (w) dw = f(z).

21 Jop, W — 2

Thus

271 4 W — Z
i=1 Y7V

fo) = ! Z/ S0 gy (7.7)

Since range y; does not intersect K, both sides of equation (7.7) are
continuous functions on K and they agree on the set of z in K that
are not on the boundary of any rectangle, a dense subset of K. Thus
they agree for all z € K. O

LEMMA 7.39. Let v be any pdp, and let K be a compact set not
meeting the image of v . If f is continuous on v and € is any positive
real number, then there is a rational function R having all of its poles
on range~y such that

[, f(w) dw — R(z)

<€ forall z€ K.
Z—w

PROOF. Since K and the image of 7y are disjoint, d(K, range~y) > 0,
and we can choose a number r with 0 < r < d(K,range~).

Assuming that v is parametrized by [0, 1], then for all 0 < s,¢ < 1
and all z € K, we have

' fy@)  f(y(s)
v(t)

-z q(s)—z
< LIFGONE) ~ FOEN ) - 2(160) - FE))
< LIFGO -1 901+ O] - 1) ~ )] +
(s - 1)1

Since v and [ are continuous functions and K is a compact set, there
is a constant C' > 0 such that |z| < § for all z € K, [y(t)] < § and

72
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|f(v())] < C for all t € [0,1]. Thus for all s and ¢ in [0,1] and all
ze K,

fFOy(@) _ f(v(s)) 2 o
Yt =z y(s)—z [Iv(s) =] +[f(v(s)) = (v ]

Since both v and f o v are uniformly continuous on [0, 1], there is a
partition of [0, 1] with 0 =ty < t; < ---t, = 1 such that
'f(v(t)) () €
) =z ) -z L(v)
fort; 1 <t <t;,1<j<n,and all z € K, where L(7) denotes the

length of v (recall Definition 4.53).
Define the function R as follows. For z # ~(t;),

- Y(t;) —v(tj-1)
R(z) = E f(y(ty)) - .
( ) = ( ( J)) W(t]) —
Then R is a rational function whose poles are contained in the set

{7(t1>7 7(t2>7 ce 7/7(1>}a

in particular, they are contained in range~y. Now equation (7.8) gives

[ e Z / (00) _ 106

C

_7’2

(7.8)

dt

v(t) — 2

€ (U
< |7/ (t)] dt =€ for all z € K.
L(7) ;/tl
0J

1
7.5.4. Approximating . Of central importance in the proof
z—a
of Runge’s theorem is

LEMMA 7.40. If a € C — K, then the function defined by z —
(z—a)"t € B(S).

PRroOF. If oo € S, then for any zy in the unbounded component of
C—K such that |z| is sufficiently large, the Taylor series for the rational
1

function g : z — converges uniformly on K and therefore g is
Z— 20
in B(S).
We claim that B((S —{oo})U{z}) C B(S5). Indeed, if f € B((S—
{o0})U{20}) and R is a rational function with poles in (S—{oo})U{z}

uniformly approximating f on K, we can write R = Ry + R, where R;
has all its poles (if any) in .S — {oco} and R» has a unique pole (if any)
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at zp. But then Ry can be approximated uniformly by polynomials P,
on K, and therefore, R; + P, have poles only in S and approximate
uniformly f on K. That is, f € B(S).

Thus it is sufficient to prove the lemma for S € C. We will use
Lemma 7.37.

Let U =C—K,and let V ={w e C;z — (z —w)™' € B(S)}.
Then S CV C U. We want to show U = V. We will show first that

ifaeV and |b—al <d(a,K), then be V. (7.9)

Assume a € V and |b — a| < d(a, K). Then there is a real number
r, 0 <r <1, such that |b—a| < 7|z —a| for all z € K. Note that

(z—0)"'=(z—a)" (1— b_a)_l; (7.10)
b — al

|2 — a
to conclude that the series (in the variable z)

(1—2:‘;)_1_%(2:2)” (7.11)

n=0

since <r < 1forall z€ K, we can use the Weierstrass M-test

converges uniformly on K. Now Lemma 7.36 and equation (7.10) imply
that (7.9) holds.

Note that (7.9) says that V' is an open subset of C.

Next we show that OV NU = (.

If b€ 9V, let {a,} be a sequence of elements of V' converging to b.
Since b ¢ V, it follows that |b— a,| > d(a,, K), and letting n — oo,
we obtain 0 = d(b, K); that is, b € K and therefore b ¢ U.

We now apply Lemma 7.37. If H is any connected component of
U = C — K, then by the definition of S, there exists s € H N.S. But
then s € H NV # () and the lemma implies H C V. Therefore every
connected component of U lies in V' and consequently U C V', and thus
Uu=V. O

Proof of Runge’s theorem. Lemmas 7.38, 7.39, and 7.40, re-
spectively, complete steps 1, 3, and 4 of the proof. O

COROLLARY 7.41. If D is any simply connected domain in the plane
and f is a holomorphic function in D, then f can be approximated
uniformly on all compact subsets of D by polynomials.
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Exercises

7.1. Show that Theorem 7.2 has no analogue for real variables in
that the absolute value function on R, which has no derivative at 0,
can be approximated uniformly by differentiable functions.

7.2. Construct an example of a sequence of real differentiable func-
tions converging uniformly to a real differentiable function on a closed
interval such that the sequence given by the derivatives does not con-
verge uniformly there.

(Hint: The sequence f,(x) = a™ does not converge uniformly on
[0,1].)

= 1
7.3. Show that the series Z does not converge.
z—n

7.4. Prove Lemma 7.25.

7.5. Prove Lemma 7.36: that B(S) is an algebra closed under uni-
form limits on K.



CHAPTER 8

Conformal Equivalence

In this chapter we study conformal maps between domains in the
extended complex plane. These maps are one-to-one meromorphic
functions. Our goal is characterize all simply connected domains in the
complex plane. The first two sections of this chapter study the action
of a quotient of the group of two-by-two nonsingular complex matri-
ces on the extended complex plane C, namely the group PSL(2, C), the
projective special linear group. This group is also known as the Mobius
group. In the third section we characterize simply connected proper
domains in the complex plane by establishing the Riemann Mapping
Theorem. This extraordinary theorem tells us that there are confor-
mal maps between any two such domains. The study of the Mobius
group is connected intimately with hyperbolic geometry. In the next-
to-last section of this chapter, we define the non-Euclidean metric, also
known as the hyperbolic metric and the Poincaré metric. Hyperbolic
geometry has increasingly become an essential part of complex variable
theory. We end the chapter by using the Schwarz lemma to establish
the deep connection between complex variables and geometry, Theo-
rem 8.43, which says that a holomorphic mapping is either an isometry
or a contraction in the hyperbolic metric. The last section is devoted to
a study of certain bounded analytic functions on the unit disk known
as finite Blaschke products.

We begin with

DEFINITION 8.1. A one-to-one meromorphic function is called a
conformal map.

This is the correct notion of isomorphism in the category of mero-
morphic mappings, since the inverse of a conformal map is also con-
formal.! Thus the concept introduces a natural equivalence relation on
the family of domains on the sphere, called conformal equivalence.

n geometry, C'-maps are called conformal if they preserve angles. We have
seen in Proposition 6.21 of Chapter 5 that in the orientation preserving case, these
are precisely the holomorphic functions with nowhere vanishing derivatives. Thus
the two definitions agree locally for sense preserving transformations. In our defi-
nition, we also require injectivity.

147
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DEFINITION 8.2. Let D be a domain in C. Aut D is defined as the
group (under composition) of conformal automorphisms of D; that is,
it consists of the conformal maps from D onto itself.

There are two naturally related problems:

Problem I. Describe Aut D for a given D.
Problem II. Given two domains D and D’, determine when they are
conformally equivalent.

We solve Problem I for D =C, D =C, and D =D (the unit disk
{z € C; |z| < 1} in C), and Problem II for D and D’ any pair of simply
connected domains in C.

8.1. Fractional linear (Mgbius) transformations

In this section we describe the (orientation preserving) Mobius

group, and show that for the domains D = C, C, a disk or a half-
plane, the group Aut D is a subgroup of this group.

DEFINITION 8.3. A fractional linear transformation (or Mdbius
transformation) is a map A : C — C of the form

( b
et if ¢ # 0 and z # oo and z # — ¢,
cz+d ¢
“ if c#0 and z = o0,
2 Al2) =4 if c#£0and z = -1, (8.1)
324—2 if c=0and z # o0,
o0 if c=0 and z = o0,

\

where a, b, ¢, and d are complex numbers such that ad — be # 0.

Without loss of generality we assume from now on that ad — bc =
1 (the reader should prove that there is really no loss of generality
in this assumption; that is, establish Exercise 8.1). Also, whenever
convenient we will multiply each of the four constants a, b, ¢, and d
by —1, since this does not alter the Mobius transformation nor the
condition ad — bc = 1. We abbreviate

Alz) = az+b

ezt d
since all special values in (8.1) are obtained as limits of expressions of
this form with both z and 7" finite.
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o~

REMARK 8.4. A Mobius transformation is an element of Aut(C),
and the set of all Mobius transformations form a group under compo-
sition, the Mobius group.

REMARK 8.5. Other related groups are the matrix group

SL(Q,C):{[Z 2]7 a,b,c,deC,ad—bc:l},

the corresponding quotient group
PSL(2,C) = SL(2,C)/{£I},

where [ = { 0 (1) } is the identity matrix, and the extended Mobius
group of orientation preserving and reversing transformations, consist-

ing of the motions

Z and z +— , with ad — bc = 1.
cz+d cz+d
Here orientation reversing means that angles are preserved in mag-
nitude but reversed in sense (as the map z — z does).

It is clear that

o~

1 —{+£l} — SL(2,C) — Aut(C) (8.2)
is an exact sequence, where the first two arrows denote inclusion and

by the last arrow a matrix [ ch Z } in SL(2,C) is sent to the element

~

of Aut(C) given by (8.1). That is, for any pair of consecutive maps in
the sequence, the kernel of the second map coincides with the image of
the first one.

It is also clear that the image of the last arrow in the sequence (8.2)
is precisely the Mobius group and, therefore, that it is isomorphic to
PSL(2,C), the quotient of SL(2,C) by 1 as defined above.

It is natural to ask whether the last arrow is surjective; that is,

whether the Mobius group coincides with Aut(C). We will see that
this is the case in Theorem 8.17.

Let A be an element of PSL(2, C). Take the trace of a preimage of
A in SL(2,C), and square it. This quantity will be the same for either
of the two preimages of A. Thus even though the trace of an element

in the Mobius group is not well defined, the trace squared of an element
in PSL(2,C) is well defined.
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DEFINITION 8.6. For A in the Mobius group, described by (8.1)
with ad —be = 1, we define tr? A = (a+ d)? where A is the equivalence

b ] in SL(2,C).

class of the matrices + [ CCL d

8.1.1. Fixed points of Mdbius transformations. Let A be any
element of the Mobius group different from the identity map. We are

interested in the fized points of A; that is, those z € C with A(z) = z.

b
Thus if A(z) = . +d with (the standard normalization) ad — be = 1,
cz

then for a fixed point z of A we have either z = oo, or z € C and
cz® 4+ (d — a)z + b = 0. We consider two cases:

Case 1: ¢ = 0. In this case oo is a fixed point of A and ad = 1. If
a = d, then A(z) = z+ b with b # 0 (because A is not the identity
map), and A has no other fixed point. If a # d, then A has one more

b
fixed point, given by ¢ = J

—a
We note that in this case A has precisely one fixed point if and only
if A(z) =z+bwithbe Candb+#0.

Case 2: ¢ # 0. In this case, oo is not fixed by A, and its fixed points
are given by

a—d+/(a—d)?+4bc  (a—d) £Vtr?A—4

2c 2c
We have thus proved the following result.
PROPOSITION 8.7. If A(z) = azis with ad — be =1 is a Mdbius
cz

transformation different from the identity map, then A has either one
or two fized points in C. It has exactly one if and only if t1> A = 4.

8.1.2. cross-ratios.

PROPOSITION 8.8. Given three distinct points zo, 23, 24 in @, there
exists a unique Mdobius transformation S with S(z2) = 1, S(z3) = 0,

and S(z4) = 0.
PrOOF. The proof has two parts.

Uniqueness: If S; and S, are Mobius transformations that solve
our problem, then S; o Sy ' is a Mdbius transformation that fixes 1, 0,

and oo, and hence, by Proposition 8.7, it is the identity map.
Existence: 1f the z; are complex numbers, then
S(z) =

Z — 23 29 — 24
Z— 24 RZ9 — 23
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is the required map.
If one of the z; = 0o, use a limiting procedure to obtain the follow-
ing.

If 2o = o0, then S(z) = T :
Z — Z4

If 23 = o0, then S(z) = S ,
Z — Z4

If z4 = oo, then S(z) = T
Z9 — 23

O

COROLLARY 8.9. If z; and w; (i = 2,3,4) are two triples of distinct

points in C, then there exists a unique Mobius transformation S such
that S(z;) = w;; thus the Mdbius group is uniquely triply transitive on

~

C.

DEFINITION 8.10. The cross-ratio (z1, 2o, 23, 24) of four distinct
points in C is the image of z; under the Mobius transformation taking
25 to 1, z3 to 0, and z4 to oo; that is,

Z1 — 23 R9 — 24
(Z17227Z37Z4> — :
21 — R4 R — 23

if the four points are finite, with the corresponding limiting values if
one of the z; equals oco.

PROPOSITION 8.11. If z1, 29, 23, and z4 are four distinct points in
C and T s any Mobius transformation, then

(T'(21),T(22), T(23), T(24)) = (21, 29, 23, 24)-

PROOF. If we define S(z) = (z, 29, 23, 24) for z € C, then S o T
is a Mobius transformation taking 7'(z2) to 1, T'(z3) to 0, and T'(z4) to
00. Therefore

(T(21), T(22), T(23), T(24)) = S 0 T™H(T(21)) = S(=1).
UJ

DEFINITION 8.12. A circle in C is either an Euclidean (ordinary)
circle in C or a straight line in C together with oo (this is a circle
passing through oo). See Exercise 3.19.

PROPOSITION 8.13. The cross-ratio (21, 22, 23, 24) 1S a real number
if and only if the four points lie on a circle in C.
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Z2

Z3 Z4

(a) On a circle (b) Not on a circle

FIGURE 8.1. The cross-ratio arguments

Proor. This is an elementary geometric argument that goes as
follows. It is clear that

21 — 23 22 — 23
arg(z1, 29, 23, 24) = arg —arg )
21 — 24 22 — 24

It is also clear from the geometry of the situation (see Figure 8.1
and Exercise 8.3) that the two quantities on the right hand differ by

mn, with n € Z, if and only if the four points lie on a circle in C. [

THEOREM 8.14. A Mébius transformation maps circles to circles.

Proor. This follows immediately from Propositions 8.11 and 8.13.
OJ

We use the following standard notation in the rest of this chapter:
D denotes the unit disk {z € C; |z] < 1}, and H? the upper half-plane
{z € C; Sz > 0}. Note that both D and H? should be regarded as

disks in C since they are bounded by circles in C: the unit circle S
and the extended real line R = R U {o0}, respectively.

COROLLARY 8.15. Ifw(z) = : _T_ ! for z € H?, then w is a confor-
241

mal map of H? onto .
PROOF. w maps R = R U {oc} onto ST (the unit circle), w(i) = 0,
and Mobius transformations are conformal. OJ
8.2. Aut(D) for D =C, C, D, and H?

THEOREM 8.16. An entire function f belongs to Aut(C) if and only
if there exist a and b in C, a # 0, with f(z) =az + b for all z € C.

PrOOF. The if part is trivial.
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For the only if part, since f is entire, we can write
[e.e]

f(z) = Zanz” forall z € C.

n=0

If oo were an essential singularity of f, then f(|z| > 1) would be
dense in C. But

f(zl > 1) N f(]z] < 1) is empty.

Thus there is a nonnegative integer N such that a, = 0 for all
n > N and such that ay # 0; that is, f is a polynomial of degree
N. If N were bigger than one or equal to zero, then f would not be
injective. 0

~

THEOREM 8.17. Aut(C) = PSL(2,C). Thus the last arrow in the
exact sequence (8.2) corresponds to a surjective map.

~

PROOF. We need only show that Aut(C) C PSL(2,C). Let f be an

o~

element of Aut(C). If f(oco) = oo, then f is a Mdbius transformation,

1
by Theorem 8.16. If f(oo) = ¢ # oo, then consider A(z) = i and
conclude that Ao f fixes oc. 0J

THEOREM 8.18. A € Aut(D) if and only if there exist a and b in C

b
such that |a|”> — |b]> = 1 and A(z) = azt forall z € D.
bz +a

PROOF. if part: Assume that A is of the above form, and observe
that a # 0. We must show that A € Aut(D). This will follow from the
following easy-to-prove facts:

(1) Mappings A of the given form constitute a group under com-
position.

(2) |z| =1 if and only if |A(2)| = 1.

® l40) - |!

(4) A(D) is connected. Thus either A(D) is contained in D or
A(D) N D is empty. From (3) we see that A(D) C D.

(5) Obviously Ao A7}(D) = D, which implies that A(D) = D.

< 1.

only if part: Let f € Aut(D) and w = f(z). Then z =
[ Hw) and f~! € Aut(D).
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(6) If f(0) =0, then
[f(2)] < 2] and [z = [f7H(w)] < Jw| = |f(2)].

Thus, by Schwarz’s lemma, there exists a # € R such that
f(z) = e’z for all z € D. So we can take a = ¢'% and b =0 to
conclude that f has the required form.
(7) If f(0) =( #0, then 0 < |¢| < 1 and we set A(z) = 1Z _CC :
—(z
The Mobius transformation A belongs to Aut(ID), and Ao f
fixes the origin.

O

Just as in Section 8.1 we defined PSL(2, C) and then proved that it

~

is isomorphic to the group Aut(C), we can define the group PSL(2,R) =
SL(2,R)/{£I} of appropriate matrices with real coefficients modulo
plus or minus the identity matrix and obtain the following description.

THEOREM 8.19. Aut(H?) & PSL(2,R).

ProOOF. This is an easy consequence of Corollary 8.15 and the pre-
ceding theorem. 0

8.3. The Riemann Mapping Theorem

We now combine the results about Mobius transformations of the
previous two sections with results from Chapter 7 about compact and
bounded families of holomorphic functions to show that every simply
connected plane domain, other than C itself, is conformally equivalent
to the unit disk; any conformal map from a domain D onto the unit
disk D will be called a Riemann Map.

Recall that a set A is a proper subset of a set B if A C B and
A # B.

THEOREM 8.20 (Riemann Mapping Theorem). Let D be a
proper simply connected open subset of C and let ( € D. Then there
exists a unique conformal map f : D — D with f({) =0, f'(¢) > 0,
and f(D) = D.

PrOOF. The argument has two parts.

Existence. We first reduce the problem to a special case.
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FIRST REDUCTION: It suffices to assume that D is bounded.

PROOF. Since D # C, we can choose b € C— D. Since D is simply
connected there is a branch g(z) of log(z — b) on D. Thus

e9®) =2 b forall z€D.

The function g is injective: For if g(w) = g(z), then w —b =z — b.
Furthermore, if ¢ € D, then g(z) — g(c) # 2m for all z € D. Otherwise
s b= I3 — p9lO)F2m _ o9(c) —

Choose ¢ € D and ¢ > 0 such that
lw—g(c)] <d=we g(D).
Thus
lw—g(c)—2m| <d=w ¢ g(D).

Now
1

9(2) —g(c) — 2m
is an isomorphism of D onto F'(D), and the domain F'(D) is contained

) 1
in CIU(O, 5). 0

We are now reduced to solving the mapping problem for (F(D), F(()).

SECOND REDUCTION: We may also assume that ( = 0. Toward
this end, set o = F'(().

PROOF. Look at G(z) = e (2 — a), where § = arg F'(¢). If
f: G(F(D)) — D is a conformal surjective map with f(0) = 0 and
£/(0) > 0, then

h = f oG o F is a conformal map of D onto D, with
h(¢) = 0 and 1'(C) = f'(0)G'() F'(C) > 0.

F(z) =

O

Thus we now assume that D is bounded, simply connected, and
(=0¢€eD.

PROOF OF THE THEOREM UNDER THESE ASSUMP-
TIONS.

We define
F ={f € H(D); f is either conformal or identically zero,
f(0)=0, f'(0) e R, f/(0) >0 and |f(2)| <1all z€ D}.
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Our first observation is that F is nonempty. Of course, f = 0 is
in F. This is not good enough for much. Since D is bounded, there
exists an M > 0 such that |z| < M for all z € D. Hence if ¢ € R and

c¢> M, then f(z) = “ for z € D defines a function in F (which is not
¢

identically zero).

Next we show that F is compact. The elements of F are bounded
by 1; hence, this family is certainly strongly bounded.

To show that it is closed, let {f,} C F be such that f, — f
uniformly on all compact subsets of D. Then f € H(D), and since
each f, vanishes at 0, so does f.

It is now convenient to consider two cases:

1. f, = 0 for infinitely many distinct n.
In this case, f = 0 and hence certainly f € F.

I1. f, = 0 for finitely many n.

In this case we may assume that each f,, is a conformal map so that
f1(0) > 0, and thus, f’(0) > 0. Hurwitz’s theorem 7.8 says that f is
either constant (hence identically zero) or univalent. Since |f,(z)] <1
for all z € D, we conclude that |f(z)| <1 forall z € D. If |f(20)] =1
for some zy € D, then |f| = 1 by the Maximum Modulus Principle;
this is a contradiction to f(0) = 0. Thus |f(z)| < 1 for all z € D, and
we conclude that f € F. Thus F is closed and therefore compact.

If S={f'(0); f € F}, then S C Rsy. We claim that S is bounded
from above. Indeed, choose € > 0 so that clU(0,¢) C D. If y(0) = ee*?
for 0 < 0 < 2 is the circle centered at 0 with radius €, then for any
f € F, we have

vy L[ f(Q)
1O =, |
and thus L9 .
, e
ros, =

—_

If fw =supS, then pu > j\l/[ > 0 because . € S for all ¢ > M, as we
saw above. Also, there exists a sequence {f,} C F such that
Tim f,(0) = pe.
Since F is compact, there exists a convergent subsequence {f,, }
with ]}erolo fn, = f € F. Since f'(0) = p, f is a conformal map. Also
f(D) € D.
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We need to show that f(D) = D. We show that if we assume
f(D) # D, we can construct an h € F with A'(0) > p and thus
contradict the fact that p = sup S. Namely, if f(D) # D, then there
exists wy = re'? with 0 < r < 1 such that wy € 9f(D). We now
construct h as follows:

(1) Let g1(2) = e f(2). The map g, is the map f followed by a
rotation through the angle —6 and it sends wq to r.

morphism of D that sends r to 0 (see Exercise 8.4).
Note that p(z) # 0 for all z € D (p(z) = 0 if and only if
g1(z) = rif and only if f(z) = wy).

. The map p is g; followed by an auto-

(3) Let g(z) = p(z)2, where we choose the branch of the square
root® with ¢(0) = rz > 0.
The map ¢ is injective because q(z1) = q(22) if and only if
p(z1) = p(22). Furthermore, |¢(2)| < 1 for all z € D.

(4) Let go(z) = fi;éqq((zz))

morphism of D that sends r2 to 0.

. The map g, is q followed by an auto-

(5) Let h(z) = €'%gy(z). The map h is g, followed by a rotation
through the angle 6.

Conclusion: h is a univalent mapping of D into D.

We calculate h(0) and A'(0). In order to use the chain rule we need
to see what happens to zero under all the maps used to construct h. It
is easily checked that

91(0) =0, p(0) =7, q(0) =72, g5(0) =0 and h(0) = 0.

ad — By
(vz+0)% "

. az+f3 o
Aside: 1t A(z) = N then A'(z) =

2By Exercise 5.1 of Chapter 5 there certainly exists a function ¢ whose square
is p. Hence —q is also such a function. These are the two branches of the square
root of p.
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Now the calculation of the derivative of h at zero proceeds as follows.

r—1 r—1
10 _ 10 2q/(0)

R(0) = e?gh(0) = e 1 réq(o))g q'(0) = (1—7)

er? 1 1, er? 1 =147 ,
= (G)roro = T (5) T Lo
I, 1 1r2—1 .0 _r—l—l

T o1, 1 C T g I
Finally,
1
T+1 >1lifandonlyif 0 <r <1,
2r2

arriving at a contradiction that finishes the existence proof.

Uniqueness: The proof of uniqueness is a straightforward argument
using the Schwarz’s lemma. O

COROLLARY 8.21. If D is a simply connected domain in (@, then
D is conformally equivalent to one and only one of the following: (i)
C, (i) C, or (iii) D.

The case (i), (ii), or (iii) occurs when the boundary of D consists
of none, one, or more than one point, respectively. In the last case
the boundary of D contains a continuum (a homeomorphic image of a
closed interval containing more than one point).

8.4. Hyperbolic geometry

Let D be a simply connected domain in the extended complex plane
with two or more boundary points. In this section we establish that
such a domain carries a conformally invariant metric, known as the
Poincaré or hyperbolic metric.

We consider only those simply connected domains D which, by the
Riemann mapping theorem, are conformally equivalent to the upper
half-plane H?, or, equivalently, to ‘the unit disk D, although the metric
may be defined on all domains in C with two or more boundary points.

We show that conformal equivalences between these domains pre-
serve the hyperbolic metric; that is, they are isometries (distance pre-
serving maps) with respect to the hyperbolic metrics on the respective
domains. Endowed with these equivalent metrics, the upper half-plane
and the unit disk become models for non-Euclidean (also known as hy-
perbolic or Lobachevsky) geometry. As we have shown, the groups of
conformal self-maps of these domains, Aut(H?) and Aut(D), consist of
Mobius transformations, a class of maps much easier to study than the
group of conformal self-maps of an arbitrary D. It is a remarkable fact
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that these Mobius functions constitute the full group of isometries of
H? and D with their respective hyperbolic metrics. We conclude this
section using Schwarz’s lemma and the hyperbolic metric to establish
a deep connection between complex analysis and geometry. Namely,
holomorphic maps between hyperbolic domains are either isometries or
contractions with respect to their hyperbolic metrics.

We first define the Poincaré metric in a general setting, that is, on
an arbitrary simply connected domain D with two or more boundary
points (Section 8.4.1). We subsequently study it in more detail on H?
and D, where specific computations are most easily carried out (Sec-
tions 8.4.2 and 8.4.3). The results that follow from these computations
transfer to the general setting because of the conformal equivalence.
Finally in Section 8.4.4, we establish the result about contractions.

8.4.1. The Poincaré metric.

DEFINITION 8.22. Let D be a simply connected domain in the ex-
tended complex plane with two or more boundary points. We define
the (infinitesimal form of the) Poincaré metric

Ap(2)|dz]
as follows. First, set for the unit disk
Ap(z) = 5, 2 €D,
1— 2]

For arbitrary D, choose a Riemann map 7 : D — D and define A\p by

Ay (7(2)) |7 (2)| = Ap(2), z € D.

Our first task is to show that A\p(z) is well defined for all simply
connected domains® D and all z € D. Toward this end, let A be a
conformal self-map of D. Recall that there exist complex numbers a
and b with |a|> — |b]> = 1 such that

b
A(z) = @ , z €D.
bz +a
An easy calculation now shows that

Ap(A(2)) A (2)] = Ap(2), z € D.
Let 2y € D be arbitrary and suppose that 7 and p are two Riemann
maps of D onto D with

m(z) = 20 = p(C)

3With two or more boundary points.
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for two points z and ¢ € D. We need to show that?

Ar@) (T(2)) = Ay (p(C))-
Now, A =7n"1opisin Aut(D) and A(¢) = 2. It follows that

Ao (P(€)) = An(C) 10 (O = Ap(AO) A Q) 17 (A A
= o(2) |7 ()] " = Aaioy ((2)).

REMARK 8.23. (1) If z € D is arbitrary and we choose the Riemann
map 7 to satisfy m(0) = z, then

Ap(z) =2x'(0)| "
(2) Tt is easy to see that

1
Amz(2) = - for all z € H?.

The important invariance property of our metric is described by

PROPOSITION 8.24. For every conformal map f defined on D,

Moy (f(2) |f'(2)] = Ap(z) for all z € D.

Proor. If 7 is a Riemann map, so is f o . OJ

Any infinitesimal metric on D allows us to define lengths of paths in
D and, hence, a distance function on the domain. We work, of course,
with length element

ds = \p(z) |dz|.

DEFINITION 8.25. We define the hyperbolic length of a piecewise
differentiable curve v in D by

1o(1) = [ Ao(2)lda]
v

if z; and 2z, are any two points in D, the hyperbolic (or Poincaré)
distance between them by

pp(z1, 22) = inf{lp(y);y is a pdp in D from z; to z5}. (8.3)

4The two symbols Ap and Ay denote, of course, the same function. The
latter one is meant to emphasize the use of the Riemann map m in its computation.
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We leave to the reader (Exercise 8.23) the verification that pp de-
fines a metric on D.

We remind the reader that an isometry from one metric space to
another is a distance preserving map between them. It follows from
the last proposition that for every conformal map f defined on D and
every pdp v in D,

Loy (f o) =n(v)
and
proy(f(21), f(22)) = pp(21, 22) for all z; and 2z, € D;

that is, p is conformally invariant and an isometry with respect to the
appropriate hyperbolic metrics.

8.4.2. Upper half-plane model. In this case ds = \‘%‘C@)' The
hyperbolic length of an arbitrary curve v in H? may be hard to calculate
directly from Formula (8.3). We will show that given any two points
in H?, there exists a unique semicircle (a hyperbolic line) in H? passing
through the two points such that the hyperbolic length of its segment
joining the two points realizes the hyperbolic distance between the two
points. Such a hyperbolic line is called a geodesic, and the unique
portion of the geodesic between the two points is called a geodesic path
or geodesic segment. The following three lemmas establish the existence
of a geodesic path between two points; the proof of its uniqueness
follows.

LEMMA 8.26. Let P and Q € H? lie on an Euclidean circle C
centered on the real azis, and let v be the arc of C in H? between P
and Q. Assume also that the radii from the center to P and () make,
respectively, angles o and [ with the positive real axis.

Then

csc(/) — cot ()

b (7) = ‘log cse(a) — cot(a) |

PROOF. Assume the circle C' has radius r and is centered at (¢, 0)
(see Figure 8.2).

Let z = (x,y) be an arbitrary point on C, and let ¢ be the angle
that the radius from z to the center of C' makes with the positive real
axis; then x = ¢+ rcost and y = rsint. Therefore, dr = —rsint and

dy = rcost. We have Iy2(y) = ‘faﬁ csctdt’, and the result follows. [J

Similarly one can calculate that
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© ¢

FIGURE 8.2. In the upper half-plane

LEMMA 8.27. If P = xp +wp and Q = xp + 1yg, so that P and
Q lie on a vertical line perpendicular to the R-axis, and yp > yo > 0,
then the hyperbolic length of the segment of the vertical line connecting
the points is given by log zg

We recall that according to our conventions a straight line in C is
a circle in CU{oo} passing through infinity. By abuse of language, we
will consider such circles to be centered on the real axis. Recall also
that a Euclidean circle with center on the real axis is perpendicular to
the real axis.

DEFINITION 8.28. For any circle C' centered on the real axis, the
part of C' lying in the upper half-plane will be called a semicircle or a
hyperbolic line or a geodesic.

LEMMA 8.29. Let z and w be two different points in H?. Then there
1s a unique circle C' centered on the real axis and passing through z and
w.

ProOF. If R(z) = R(w), take C to be the Euclidean line through =
and w. Otherwise, let L be the perpendicular bisector of the Euclidean
line segment connecting z and w. If ¢ is the point where L intersects
the real line, then C'is the circle with center ¢ passing through 2z and

w. See Figure 8.3. 0J

COROLLARY 8.30. Let z and w be two different points in H?. Then
there is a unique geodesic passing through z and w.

REMARK 8.31. If z and w are two different points in H?, we have
observed in Lemma 8.29 that they determine a circle C' centered on
the real axis passing through z and w. We let z* and w* denote the
points on C'N (R U {oo}). We choose z* so that it is closer to z than
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F1GURE 8.3. Unique circle through two points in the
upper half-plane

to w. When R(z) = R(w), z* and w* are R(z) and oo, respectively, if
Jz < Sw; otherwise, 2* = oo and w* = R(w).

LEMMA 8.32. Let z and w be two different points in H?. Then there
ezists a unique T in Aut(H?) such that T'(2*) =0, T(z) =1, T(w) =1y
withy > 1, and T'(w*) = oo.

Proor. Consider the unique circle C' centered on the real axis and
passing through z and w. Since the Mobius group is triply transitive,
there exists a Mobius transformation 7' that maps z*, z, w* to 0, 1, 0o,
respectively. Since Mobius transformations map circles to circles (in-
cluding straight lines), 7" maps C onto the imaginary axis and, since
they preserve orthogonality, 7" maps R U {oo} onto itself. Thus T is in
Aut(H?). O

DEFINITION 8.33. Let 2z and w be two different points in H?. The
arc of the unique geodesic determined by 2z and w between z and w is
called the geodesic segment or geodesic path joining z and w.

LEMMA 8.34. Let z and w be two different points in H?. Then the
hyperbolic length of the geodesic segment joining z and w is shorter
than the hyperbolic length of any other pdp ~v joining z and w in H?.

Proor. Write z =z, + 1y, and w = x,, + 12,,.
First consider the case x, = z,. Assume the curve v is given by

v :la,b] — H2, y(t) = z(t) +1y(t). Then
/b V(1)
o Yt

b ()2 ()2
[V
o y(t)
and equality is attained if and only if x(¢) is constant and /() > 0.

Iz (7y) =

Y

= ‘10 Yu
Y
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For the case =, # x,, by Lemma 8.32, we can find 7" in Aut(H?)
such that 7'(z*) = 0 and T'(w*) = oo. Since T is conformal, the image
under 7T of the geodesic segment between z and w is the segment on
the imaginary axis between T'(z) and T'(w), and both segments have
the same hyperbolic length. Similarly, 7o+ is a pdp in H? joining 7'(z)
and T'(w), with the same hyperbolic length as v, and we are reduced
to the previous case. 0]

The next result follows from Lemmas 8.29 and 8.34.

THEOREM 8.35. For any two points z and w in H?, the geodesic

segment joining z to w is the unique curve that achieves the infimum
for the hyperbolic metric defined by (8.3).

Recall that (a,b,c,d) denotes the cross-ratio for any four points
a,b,c,d in CU{oc}. A computation now establishes

LEMMA 8.36. For any two points z and w in H?, the hyperbolic
length of the geodesic segment v joining z and w is given by

pm2(7) = log |(z", w*,w, z)| = log |(0, 00,2y,1)| = logy,

where y is the real number (> 1) given in Lemma 8.32.

PROOF. A fractional linear transformation preserves the cross-ratio
of any four points. We have already seen that fractional linear trans-
formations mapping H? to itself are isometries. 0]

In particular, for any z and w in H?, we have
COROLLARY 8.37. ppz(z,w) = log|(z*, w*, w, z)|.
A calculation (see Exercise 8.19) shows that we also have

COROLLARY 8.38.

|z —w| + |z — w|

prz(z, w) = log (8.4)

|z —w| — |z —w|

We have already concluded (because conformal maps preserve the
infinitesimal form of the hyperbolic metric) that PSL(2,R) acts as a
group of isometries of H2. The current development for the hyperbolic
metric together with the two facts that fractional linear transformations
preserve the cross-ratio and map circles to circles, give an alternative
proof that Aut(H?) = PSL(2,R) consists of hyperbolic isometries of
H?2. Moreover, using this development we can prove the converse; that
is, that every orientation preserving isometry of the upper half-plane
with its hyperbolic metric is a Mobius transformation. We need a
preliminary
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PROPOSITION 8.39. If f is an isometry of H? that fizes the imagi-
nary axris pointwise, then f is the identity map.

PRrROOF. Let z = v+ 11y and f = u + 2v. For all positive real
numbers ¢ we have py2(z,1t) = prz(f(2), f(21)) = prz(u + 1v,2t). We
calculate using (8.4) that

2%+ (y =)o = [u® + (v = 1)*]y

for all positive . Thus, y = v and 2> = u?® Thus, f(z) = z or
f(z) = —z. Since f is orientation preserving, we are done. O

THEOREM 8.40. The set of orientation preserving isometries of H?
with its hyperbolic metric is precisely the set of fractional linear trans-
formations mapping H? to itself; that is, PSL(2,R).

PROOF. Suppose ¢ is such an isometry. Then g maps hyperbolic
lines to hyperbolic lines. Thus there is a fractional linear transforma-
tion f that preserves H? and such that f o ¢ fixes the imaginary axis.
Using (if needed) the isometries z — kz, k in Ry, and z +— —217 we
may assume that f o g fixes 2 and the intervals (2, 00) and (0,2) on the
imaginary axis.

Using the fact that pyz2(2 2, 2w) = }log (j})‘ for z,w € R and w # 0,
we see that f o g = id on the imaginary axis, hence on H?, by the

previous proposition. We conclude that g is a Mobius transformation.
O

8.4.3. Unit disk model. Statements about the hyperbolic metric
on the upper half-plane can be translated to the unit disk model using
the differential ds = 2|dz| )

1— |27
exercises and do not need restatement. We emphasize the following
two results.

Most of these statements are left as

In particular, Theorem 8.40 translates to

THEOREM 8.41. The set of orientation preserving isometries of D
with its hyperbolic metric is precisely the set of fractional linear trans-
formations mapping D to itself, that is, Aut(DD).

And Corollary 8.38 becomes

THEOREM 8.42. We have

I —wz|+|w—=2
pp(w, z) = log ‘|1 B wz} B :w B z‘| for all z, w € D. (8.5)
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In particular,

1+ |z]
2z €D, 8.6

PRrROOF. See Exercise 8.22. O

pID)(O> Z) = 1Og

8.4.4. Contractions and the Schwarz’s lemma. We use the
Schwarz’s lemma to establish a deep connection between function the-
ory and geometry. First we recall that not every holomorphic self-map
of D is a Md6bius transformation, only conformal self-maps are, and as
we have seen, these are isometries in the hyperbolic metric. However,

THEOREM 8.43. Holomorphic self-maps of the unit disk do not in-
crease distance in the hyperbolic metric.

PrOOF. Let F' : D — D be a nonconstant holomorphic function
from the unit disk to itself. Assume first that F'(0) = 0. Then by
Schwarz’s lemma (Theorem 5.34), we have |F'(z)| < |z| for |z| < 1 and
|F'(0)] < 1.

Equation (8.6) also tells us that

L+ [F(2)]

p]D)(Oa F(Z)) = lOg :
1—|F(2)]
Now we use Schwarz’s lemma to conclude that
1+ |F(2)] - 1+ |z
1—|F(z)] = 1=z
and then we conclude, by Equation (8.6), that
p]D)(O> F(Z)) S p]D)(O> Z)
Let @ and b € . Assume that a # b. Choose conformal self-maps
A and B of the unit disk such that B(0) = a and A(F(a)) = 0. Then

Ao FoB is a holomorphic self-map of the unit disk that fixes 0. Hence,
by what was already established,

po(A(F(B(0))), A(F(B(z2)))) < pp(0, 2).
Since B and A are isometries,

pn(0, 2) = pp(B(0), B(2))
and

po(A(F(B(0))), A(F(B(2)))) = po(F(B(0)), F'(B(2))).
We conclude that
po(F(B(0)), F(B(2))) < pn(B(0), B(z)).
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Taking z = B~%(b), we obtain the required inequality
po(F(a), F (b)) < pp(a,b). (8.7)
If we multiply each side of the last equation by
1 1 F(a) — F(b)
a—b 'F(a)—F(b) " a-b
and take the limit as a approaches b, we get the infinitesimal form of
our required formula

Ap(F'(0)) [F'(b)] < An(D). (8.8)
We leave it to the reader to verify that equality in either (8.7) or
(8.8) implies that F'is conformal (also an isometry). O

DEFINITION 8.44. Let M be a metric space with distance d. A map
f from M to itself is a contraction if d(f(z), f(y)) < d(z,y) for all x
and y in M.

Theorem 8.43 can be restated as

THEOREM 8.45. A holomorphic self-map of the unit disk is either
an isometry or a contraction with respect to the hyperbolic metric.

8.5. Finite Blaschke products

Let A = {ap,ai,...} be a finite or countable sequence of complex
numbers lying in the unit disk ID. Define

Bu(z) = B(z) =]

i

a;| 72— a;
|Z‘~ ‘. for z € D,
a; 1—a;z

where if a; = 0, we set ‘Z?' =1.
T

DEFINITION 8.46. The function B, is called a (finite or infinite)
Blaschke product associated with A. In the infinite case, there are, of
course, convergence issues (see Section 10.5).

For the rest of this section we will study finite Blaschke products.
It follows immediately from the definition that we have

PROPOSITION 8.47. Let A = {ag, a1, ...,a,} be a finite sequence of
points in ID. Then
(a) B = By is a meromorphic function on C U {oco}, with zeros

precisely’ at the n + 1 points {a;} and poles at the n + 1 points {al },
and

°If a; appears v times in our list A, then
Vo,(B) =vand v: (B) = —v.
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(b) B is a self-map of the closed unit disk that maps the open unit
disk holomorphically onto itself and the unit circle onto itself, with

B(0) = (=1)"*' T, fadl.

Blaschke products transform beautifully under automorphisms of
D, as shown next.

PROPOSITION 8.48. Let A = {ag, a1, -+ ,a,} be a finite sequence
of points in D, and let T be any element of Aut(ID). Then

BA ol = )\BT—I(A) s
where X is a constant of absolute value 1 and
THA) ={T"(a), T"H(ar), -+ }.

PRrROOF. Since T belongs to Aut(ID), there exist complex numbers

b
a and b, with |a|> — [b|* = 1, and such that T'(z) = 4z +_ for all z in
bz+a
D.
It suffices to compute the action of 7" on the function z — 72|
where av € D. A calculation shows that
ac —b
z—  _
T(z) = o _ —ba+a
1—aT(z) a-—ba ax —b \’
- 1— _ 2
a — ba —ba +a
: . a — ba
The proof is completed by observing that ol = 1 and by
a — ba
aw — b
recalling that 77 (w) = o : O
—bw +a

THEOREM 8.49. Let f be a holomorphic self-map of D. Let A =
{ap, a1, -+ ,a,} be a finite sequence of points in D and B = By. As-
sume that f(a;) =0 for each a; in A. Then

(a) |f(2)] < |B(2)| for all z € D, and

(b) if |f(a)] = |B(a)| for some a € D with a # a; for all i, then
there is A € C with |\| = 1 such that

f(z) =AB(z) forall z € D. (8.9)

(c¢) If a; appears v times in the sequence A and if

0= fla)=f(a)= ... =f“D(a)
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and
[f ()| = [BW(as)|
then there is A\ € C with || = 1 such that (8.9) holds.

PROOF. Let T be an automorphism of D that sends 0 to ag. Then,
as a result of the last proposition, and replacing f and B by foT and
B o T, respectively, we may assume that ag = 0.

We let By be the Blaschke product associated with {ay, as, -+ ,a,}.

The function F' = é is certainly holomorphic on D and F'(0) = 0. We

claim that |F(2)| < 10for all z € D. Fix such a point z. The restrictions
of |By| to circles of radius r, with 0 < r < 1, yields a family of func-
tions that uniformly approach the constant function 1 as r approaches
1. Hence for all € > 0 we can choose an r such that |By(w)| > 1 — ¢
for all w of absolute value . Without loss of generality, we can choose
r > |z|. Hence, by the maximum principle for |w| < r, it follows that
|f (w)]
| F(w)] Bo(w)| S 1—e
trary, the claim is proved. By Schwarz’s lemma, we obtain |F'(z)| < |z|
or, equivalently,

. In particular, |F(z)| < ' . Since € is arbi-

[f(2)] < [2][Bo(2)] = [B(2)]
for all z € D, proving (a).
The function B is analytic on D, and its modulus is at most 1 on

A
D. Assuming |f(a)| = |B(a)| for some a € D with a # a; for all 4, then

there is a point a in D where the modulus of EZ’C is 1; therefore, it is
A
constant, and (b) follows.

To prove (c), we may assume that a; = 0. By L’Hopital’s rule,

(v)
g(o)': f(u>(0) =1
A B,7(0)
and (8.9) follows. O
Exercises

b

8.1. A matrix A = [ a
c d

} with a,b,c,d € C, ad — bc # 0, acts on

~ az+b
Chy z— 277,

Show that for each t € C, A and tA induce the same action.

8.2. Suppose the four distinct points 21, 2o, 23, 24 are permuted.
What effect will this have on the cross-ratio (21, 22, 23, 24)7
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8.3. Prove in detail that the angles at z; and zy in Figure 8.1 are
equal precisely when the four points lie on a circle in C.

8.4. Show that f € Aut(D) if and only if there exist # in R and
¢ € D such that

z=¢
1—-(Cz

f(z) =e* for all z € D.
8.5. Formulate and prove (as a consequence of the Riemann Map-
ping Theorem 8.20) the Riemann Mapping Theorem for simply con-

nected domains D C C. Include the possibility that ¢ = oo.

8.6. (1) Let D be the domain in the extended complex plane C
exterior to the circles |z — 1| =1 and |z + 1| = 1. Find a Riemann
Map (one-to-one holomorphic map) of D onto the strip S = {z €
C; 0 < Q2 <2}

(2) Find a conformal map from the domain in C given by

{z€C;lz—1]>1,]z+ 1] > 1} U {0}
onto the upper half-plane.

8.7. Find a conformal map from {z € C;|z| < 1,8 2z > 0} (a
semi-disk) onto the unit disk.

s

8.8. If f(2) = w is a Riemann Map from the domain [Arg 2| <

onto the domain |w| < 1 and if f(1) =0 and f'(1) > 0, find f(2).

8.9. Find a conformal map from the disk {z € C;|z| < 1} onto
{z € C;lz| < 1,32z > 0}.

8.10. If w = g(z) maps the quadrant {z = x4+ € C;z > 0,y > 0}
conformally onto |w| < 1 with g(1) = 1, g(z) = —1, and ¢(0) = —1,
find |¢'(1 +1)|.

8.11. If f is holomorphic for |z| < 1 and satisfies |f(z)] < 1 for
|z <1and f(0) = f(5) =0, show that

) < z”‘l\

. for all |z| < 1.

8.12. Foreachn = 1,2, 3, ..., find a conformal map from the infinite
angular sector 0 < Arg z < " onto the unit disk.

8.13. Find the Riemann Map f from the strip 0 < &z < 1 onto the

unit disk satisfying f (;) =0 and f’ (;) > 0.
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8.14. Find a conformal map from the domain
{z€C;|z| <1 and z#t for 0<t<1}

onto |w| < 1.

8.15. Find a conformal map from the upper half-plane onto the unit
disk minus the nonnegative real numbers.

8.16. Suppose { f, } is a sequence of holomorphic functions in |z| < 1
that satisfy

1
Rfn(2) >0 and |f,(0) — ] < ) forall n € Z-y and all |z| < 1.

Show that {f,} contains a subsequence that converges uniformly
on compact subsets of the unit disk.

8.17. Supply all of the details of the proof that py2 defines a metric
that is invariant under the Mobius group PSL(2, R).

8.18. Let z and w be points in H? with 2* and w* the points on
the real axis that are the ends of the diameter of the circle perpen-
dicular to the real lines passing through z and w. Define D(z,w) =
|log(z*, w*, w, z)|. Show that D defines a metric in the upper half-
plane.

8.19. Let z and w be points in the upper half-plane. Prove that
puz (2, w) = log [z = w4z = w|‘
|z —w| — |z —w|

8.20. Show that the hyperbolic circle {z € H?; pg2(1,2) = r} is
given by
{2z € H*;2® + (y — coshr)? = sinh®(r)},
and conclude that the topology induced by the hyperbolic metric in H?
coincides with the Fuclidean topology.

8.21. Assume f is a bounded holomorphic function on the unit disk
and f (;) =f (—;) = 0. Show that

1) z—2 z4+

2 2 G(z), z€D,
where G is a bounded holomorphic function on D.

T4zl lz
8.22. Prove that

1
pp(0, 2) = log ] * :Z}, for all z € D.
— |z
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8.23. Let D be a simply connected domain in the extended complex
plane with two or more boundary points. Show that (8.3) defines a
metric on D.



CHAPTER 9

Harmonic Functions

This chapter is devoted to the study of harmonic functions. These
functions are closely connected to holomorphic maps since the real and
imaginary parts of a holomorphic function are harmonic functions. The
study of harmonic functions is important in physics and engineering,
and there are many results in the theory of harmonic functions that
are not connected directly with complex analysis. However, in this
chapter we consider that part of the theory of harmonic functions that
grows out of the Cauchy Theory. Mathematically this is quite pleasing.
One of the most important aspects of harmonic functions is that they
arise as functions that solve a boundary value problem for holomorphic
functions, known as the Dirichlet problem. An example is the problem
of finding a function continuous in a closed disk that assumes certain
known values on the boundary of the disk and is harmonic in the in-
terior of the disk. An important tool in the solution is the Poisson
formula.

In the first section we define harmonic functions and the Laplacian
of a function. In the second we obtain integral representations for har-
monic functions that are analogous to the Cauchy Integral Formula,
including the Poisson formula; in the third we use these integral rep-
resentations to solve the Dirichlet problem. The third section includes
three interpretations of the Poisson formula: a geometric interpreta-
tion, a Fourier series interpretation, and a classic one. In the fourth
section we characterize harmonic functions by their Mean Value Prop-
erty. The last section deals with the reflection principle for holomor-
phic and real-valued harmonic functions, which is a simple but useful
extension tool.

9.1. Harmonic functions and the Laplacian

We begin with

DEFINITION 9.1. Let D be a domain in C and g € C*(D). We
define Ag, the Laplacian of g, by

0? 0?
_ g g

ox?  Oy?

173

Ag (9.1)
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The operator A is called the Laplacian or the Laplace operator.

DEFINITION 9.2. Let D be a domain in C and g € C%*(D). We say
that g is harmonic if

do*qg  0?
T4%9 _omD. (Laplace)

A pu—
9= og2 Oy?

These definitions have several immediate consequences that we list:

(1) It is obvious from the definition of the Laplacian as a linear
operator on C? complex-valued functions that it preserves real-
valued functions. It is useful to have equivalent formulas for
it (Exercise 9.1):

0? 0? 0? 0?
o= Ox? i oy? 482’82’ N 46282’

and in polar coordinates (r,0)

1 0 0 o
5= (o (ror )+ o) 93)

(2) Recall that for f € CY(D), f is holomorphic on D if and only

(9.2)

if gf = 0 in D. Thus, for f € C*(D), f is harmonic if and
2
only if of is holomorphic.

0z

In particular, holomorphic functions are harmonic, and (2)
gives an easy way to construct analytic functions from har-
monic ones.

(3) f is harmonic if and only if f is.

(4) f is harmonic if and only if Rf and S f are [this follows from
the linearity of A and (3)].

(5) If f is holomorphic on D, then f, Rf, Sf and f are harmonic
on D.

(6) If f is holomorphic or anti-holomorphic on D and g is harmonic
on f(D), then go f is harmonic on D.

PROOF. Assume that f is holomorphic, let w = f(z), and
use the chain rule (see Exercise 2.10):

(gof)z :gwfz+gwfz :gwfz
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and

(g o f)zz — gwwfzfz + gwwfzfz + gwfzz = 0.
The argument in the anti-holomorphic case is similar. [

(7) If f € C*(D) and f is locally the real part of an analytic
function on D, then f is harmonic on D.

EXAMPLE 9.3. log|z| is harmonic on Cy, since it is locally the real
part of log z, a multivalued, but holomorphic, function.

PROPOSITION 9.4. If g is real valued and harmonic, then it is locally
the real part of an analytic function. The analytic function is unique up
to an additive constant.

PRrooOF. Let D be a simply connected region where ¢ is harmonic.

Since 2g. dz is closed on D, it is exact. Choose a holomorphic function
fon D with df = 2g, dz. Then

df =2g.dz
and hence,

1
o df+1) = dg;
that is,
Rf =g+ constant.
[

COROLLARY 9.5. A real-valued harmonic function on a simply con-
nected domain is the real part of a holomorphic function.

COROLLARY 9.6. A harmonic function is C.

COROLLARY 9.7. Harmonic functions have the Mean Value Prop-
erty, and hence they satisfy the Maximum Modulus Principle. Real-
valued harmonic functions also satisfy the Maximum and Minimum
Principles.

PROOF. See Definition 5.28 and the properties that follow thereof.
O

REMARK 9.8. The Maximum (Minimum) Principle asserts that if
f is real valued and harmonic on a domain D and if f has a relative
maximum (minimum) at a point ( € D, then f is constant in a neigh-
borhood of (. Furthermore, if D is bounded and f is continuous on
the closure of D, with m < f < M on 0D for some real constants m
and M, then m < f < M on D.
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9.2. Integral representation of harmonic functions

We begin to apply the Cauchy Theory toward our present main
goal, which is to solve a boundary value problem. A major tool in the
solution is the Poisson formula. Given a harmonic function g defined
in a disk, we derive an integral formula for g, known as the Poisson
formula.

PROPOSITION 9.9 (The Poisson formula). Let g be a harmonic
function on the domain |z| < p for some p > 0. Then, for each 0 <
r<p,

1 o 10 r? — |Z‘2
g(2) g(re'?) - rert , df  for |z| <. (9.4)
0

Con ret? — z|

PRrOOF. It suffices to assume that g is real valued. To establish this
formula, we can thus apply Proposition 9.4 and choose the holomorphic
function f on this domain with Rf = g and ¢(0) = f(0), noting that
there is a unique such f.

The function f has a power series expansion: Let 0 < r < p and
2z =re”. Then

flre? = f(2) = Zanzn, with ay € R.
n=0

Now

o) = (S + 1) = ) D o + aen)

n=0
=ap+ ! ir" (ane™ + aye™™)
2 — n n .
Integration of g along the curve v(0) = re'?, for 0 < 6 < 27, yields
1 /27r ( Zg) da
ap = re :
0= o . 9
Multiplying g by e™*"? for n € Z-, and integrating along the same
curve, we obtain
1 1 [ 0 0
n n — (2 . —tn de;
o = o /0 g(re'?) -e
or, equivalently,

1 2w 20
an = / 9 10 for n > 1.
)y (retf)n
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Thus for |w| < r, we have

rwr =y, [ ot

:27T

142y (;:9)”] do.

n>1
Now )
w A\ re’ +w
142 ( ) —
Z 7’6’6 7,616 —w

n>1

1 [ o el +w
w) = re'’) - df for |w| <r.
fl) =y [ atren) 7T ul

The above formula gives a representation of a holomorphic function
in terms of its real part, when the function is real at 0. Taking the real
part of both sides and renaming the variable w to z, we obtain equation

(9.4), the Poisson formula. O
The function
2 2 20
|7’ ) 12 2 =R (Te ) i Z) (Poisson kernel)
ret? —z retv —z

is known as the Poisson kernel. Note that setting z = 0 in Formula
(9.4), we reobtain the Mean Value Property for harmonic functions.

The derivation of the above formula assumed that g was harmonic
in the closed disk {|z| < r}. However, the result remains true for
|z| < 1 under the weaker assumption that ¢ is harmonic in the open
disk {|¢| < r} and continuous on its closure. In this case, fix ¢t with
0 <t <1 and look at the function of z given by ¢(tz). It is harmonic
on the closed disk {|¢| < r}, and hence, by the result already proven
(9.4),

1 27 7,2 o |Z‘2 )
tz) = - q(tre') db .
9(t2) o /0 |re — 2\2 gl )

Since the function ¢ is uniformly continuous on the closed disk, we
know that g(t¢z) approaches g(z) uniformly on the circle {|¢| = r} as
t approaches 1. Hence both sides of the last equation converge to the
expected quantities.

As a special case we apply the Poisson formula to the function that
is identical to 1 and obtain

2T 7,2 _ |Z‘2
/ , df =2m for all z € C with |z| <.
0
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DEFINITION 9.10. A harmonic conjugate of a real-valued harmonic
function u is any real-valued function v such that w1 v is holomorphic.

Harmonic conjugates always exist locally, and they exist globally
on simply connected domains. They are unique up to additive real
constants. In fact, it is easy to see that they are given locally as
follows.

PROPOSITION 9.11. If g is harmonic and real valued in |z| < p for
some p > 0, then the harmonic conjugate of g vanishing at the origin
1S given by

1 [ oo re W0z —retlz
27”/0 g(re'?) - et — of? do , for |z| <r <p.

The following result is interesting and useful.

THEOREM 9.12 (Harnack’s inequalities). If g is a positive har-
monic function on |z| < r that is continuous on |z| < r, then

r—|2]
r+ |z|

r+ 2]
r— |zl

9(0) < g(2) < 9(0) , for all |z[ <r.
PROOF. Our starting point is (9.4). We use elementary estimates
for the Poisson kernel:

r—lz] r? — |Z\2 r? — |Z\2 r? — |z|2 r+ |z

rlel ()2 T et — 2P T (=22 = 2]
Multiplying these inequalities by the positive number g(w) = g(r e*?)

and then averaging the resulting function over the circle |w| = r, we
obtain

o 27 1 27 2 |42
r =l A / g(re?) df < / g(re?) = , df
0 21 Jo

r+|z| 2w ' |rer? — 2|

1 27
<" + 12l / g(re’) do.
0

r—|z| 2n

The middle term in the above inequalities is g(z) as a consequence
of (9.4), whereas the extreme averages are ¢(0) by the Mean Value
Property. 0]

REMARK 9.13. Exercise 9.6 gives a remarkable consequence of Har-
nak’s inequalities.
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9.3. The Dirichlet problem
Let D be a bounded region in C, and let f € C(0D). The Dirichlet

problem is to find a continuous function v on the closure of D whose
restriction to D is harmonic and which agrees with f on the boundary
of D.

We will consider only the special case where D is a disk; without
loss of generality, the disk has radius 1 and center 0.

For a piecewise continuous function v on S and 2z € C with |z| < 1,
we define [compare with (9.4)]

Plu(=)] = | /O%ye(‘flzﬂ) cu(e®) db. (9.5)

27 eV — z
We have
1 27 1_‘2‘2
Plu(2)] = u(e?) - de . 9.6
@l =y [ ule) i (9.6)

The following are properties of P:

(1) Plu] is a well-defined function on the open unit disk. Hence
we may view P as an operator that assigns a function, which
we also denote by Pu, on the open unit disk to each piecewise
continuous function u on the unit circle.

(2) Plu+ v] = Pu+ Pv and Plcu] = ¢ - Pu for all piecewise
continuous functions v and v on S and every constant ¢ (P
is a linear operator).

(3) P[1] = 1 because the constant function is analytic.

(4) Plu] is harmonic in the open unit disk. To establish this claim
we may assume (by linearity of the operator P) that u is real
valued. In this case, P[u] is obviously the real part of an
analytic function on the disk.

(5) For all constants c,
Plc] = c.

This last fact (5) implies that any bound on u yields the
same bound on Pu. For example, for real-valued u with m <
u < M for real constants m and M, we have m < Pu < M.

We now establish the solvability of the Dirichlet problem for disks.
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(a) The function uy (b) The function us
FIGURE 9.1. u; and us

THEOREM 9.14 (H. A. Schwarz). Assume that u is a piecewise
continuous function on the unit circle S*.

Then the function Pu is harmonic on {|z| < 1} and, for 6y € R, its
limit as z approaches €% is u(e'?) provided u is continuous at e*%.
In particular, the Dirichlet problem is solvable for disks.

Proor. We only have to study the boundary values for Pu.

Let ¢ and C5 be complementary arcs on the unit circle. Let w4
be the function which coincides with v on C; and vanishes on Cs;
let up be the corresponding function for Cy (see Figure 9.1). Clearly
Pu = Puy + Pus.

The function Pu; can be regarded as an integral over the arc Ci;
hence it is harmonic on C — ;. The expression

e +2 1— |z
R lD) =
e —z ‘e“g — z‘
vanishes on |z| =1 for z # e'?. It follows that Pu; is zero on the one-
dimensional interior of the arc Cy. By continuity Pu,(z) approaches
zero as z approaches a point in the interior of C\.

In proving that Pu has limit u(e*?®) at %, we may assume that
u(e'®) = 0 (if not replace u by u — u(e*?)). Under this assumption,
given an € > 0 we can find C; and C5 such that e*% is an interior point
of Cy and }u(e”))‘ < ¢ for ¢’ € C5. This last condition implies that
‘ug(e”’)‘ < ¢ for all e'?, and hence |Pusy(z)| < § for all [z] < 1.

But we also have that u; is continuous and vanishes at ¢*?. Since
Puy, is continuous at e'? and agrees with w; there, there exists a § > 0
such that |Pus(z)| < § for |z —e'®| < 4.

It follows that |Pu(z)| < |Puy(z)| 4+ |Pus(2)| < € as long as |z| < 1
and }z —e 90‘ < 0. This is the required continuity statement. OJ
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F1GURE 9.2. The similar triangles

9.3.1. Geometric interpretation of the Poisson formula. This
interpretation is due to Schwarz; the presentation follows Ahlfors.!
Recipe: To find Plu(z)] we replace u(e'®)—the value of the function
u at the point €'’ —by its value u(e'?") at the point ' on the unit
circle opposite to the point to e'? with respect to z, and we average
these values over the unit circle (see Figure 9.2).

This comes from reinterpreting the second formula for Plu(z)],
equation (9.6), as follows: Fix a point z inside the unit circle and
a point €*? on the unit circle. Let e’ be the unique point on the unit
circle that also lies on the straight line through z and e*?. High-school
geometry (similar triangles, see Figure 9.2) or a calculation (using the
law of cosines, for example) yields

1— 2> = et — 2| - [e? —2].

10
. -z . . . . .
The ratio . is negative; it follows from this observation that
et — 2z
L—|zP = = (e —2) - (77 — 2). (9.7)
To verify this equality, note that
6“9*_Z-(eZ —z)- (e —2)

is negative and has the same absolute value as (' — 2) - (e!?" — 2).
We now regard 6* as a function of 0, with z fixed, and differentiate
equality (9.7) logarithmically to obtain
10 —16*
e

do = do*.

—z et — 2

&

6z€

LComplex Analysis (third edition), McGraw-Hill, 1979.
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Hence we see that (because #* is an increasing function of 6) that

do*

df
We have thus shown that

Plu(z)] = /0 () do” = ;ﬁ /0 () do.

:27'('

ert? — 2

260

L— 2

etz

e’ —z

The recipe follows.

9.3.2. Fourier series interpretation of the Poisson formula.
We again consider the case of the unit disk and proceed to compute
the power series expansion of Pu(z) at the origin.

We note that

1 [ 1—2zz
P = cu(e'?) do f <1
M= g [ o a8 for
Start with an expansion of the Poisson kernel

1—2z2z2 B 1— 2z

(0 —2)- (e —2) (1—e02) - (1—e?2)

_ (1 o ZZ) Z et n . aml.m

n,m>0

_ (1 . ZZ) Z ez(m—n)eznzm

n,m>0
o) o)
—1 + § e—znﬂzn + § ezmazm’
n=1 m=1

and note that the last two series converge uniformly and absolutely on
all compact subsets of the unit disk. Therefore we see that

Plu(2)] = ag + Z anz" + Z b 2™,
n=1 m=1
where, for n € Z>o and m € Z-,

1 2m
/ e u(er?y db , by, =
0

:27T

1

(7%
2

2m
/ e™? u(e?) di. (9.8)
0

Thus we have the following procedure for extending a given con-
tinuous function w on the unit circle to a continuous function on the
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closed unit disk that is harmonic on its interior. First compute the
Fourier series of u:

00 00
u(eze) — § aneme + 2 :bme—zmH’
n=0 m=1

where the Fourier coefficients a, and b,, are given by (9.8). In this
series, replace ™ by 2", for each n € Zs¢, and e~ by 2™, for each
m € Z>0.

9.3.3. Classic reformulation of the Poisson formula. To give
the classic reformulation, we need to define the conjugate differential
of a given differential.

DEeFINITION 9.15. If w = Pdzr 4+ Qdy is a differential form, we
define *w, the conjugate differential of w, by

w=—-Qdx+ Pdy.

If D is a simply connected domain in C and u € C?*(D) is real
valued, we know that u is harmonic on D if and only if u is the real
part of an analytic function f on D. In this case,

df = f'(2)dz = (ugy — wy) - (dz +1dy)
= (uy dz + uy, dy) + 1 (—uy dz + u, dy) = du +1 *du

is an exact differential on D and *du = dv, where v is a harmonic
conjugate of uw on D. Thus du and *du are exact differential forms on
D whenever u is a real-valued harmonic function on a simply connected
domain D.

In what follows we work with cycles rather than with curves. We
remind the reader of the definitions of cycles and cycles homologous
to zero in Section 5.2. In the general case, for a harmonic (including
complex-valued) function w on an arbitrary (not necessarily simply
connected) domain D, the form du = u,dx + u,dy is always exact on
D and its conjugate differential *du = —u,dx + u,dy is closed since
(—u)yy = Uy We conclude that

/ - (9.9)

for all harmonic functions v on D and all cycles v in D that are ho-
mologous to zero on that domain.

We can now turn to the reformulation.
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Assume that v is a regular curve with equation z = z(t) (regular
means that z/(t) # 0 for all ¢). The direction of the tangent line to the
curve at z(t) is determined by the angle o« = Arg 2/(¢) and

dx = |dz| cosa , dy = |dz| sin a.

The normal that points to the right of the tangent line has direction
= a— 7. The normal derivative of u is the directional derivative of
u in the direction (:

ou . .
o, = e cos [+ uy sin 3 = u, sina — u, cos .
Thus we see that *du = gz |dz| and (9.9) can be rewritten as
ou
|dz| = 0.
5 on
Ju  Ou
It is important to realize that if v is the circle |z| = r, then P
n r

We now prove an important generalization of (9.9).

THEOREM 9.16. If uy; and us are harmonic functions on D, then
wy “dus — us “duy
s a closed form on D.

To establish this assertion, it involves no loss of generality to assume
that the functions are real valued (see Exercise 9.4), and hence, we
may also assume (because the issue is local) that each function w; has
a single-valued harmonic conjugate v;; thus

U1 *dUQ — U9 *du1 = U1 dU2 — U9 d’U1 = Uy dUQ + v dUQ - d(UQ ’Ul>.
The last expression d(usvy) is, of course, exact and
uy dvy + vy dug = S ((ug +2v1)(dug + 1dvsy)) .

Now wuq + 2v; is an analytic function and dus + 2 dvsy is the total dif-
ferential of an analytic function. By Cauchy’s theorem, the product is
closed, and hence, we have shown that

/U1 *dUQ — U9 *du1 =0

v
for all cycles v that are homologous to zero in D.
In classic language, the above formula reads as follows

81@ 8u1 .
A <u1 o U2 8n) |dz| = 0.
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Let us take for D the annulus {z € C; Ry < |z| < R»} and apply the
above formula to the function z — wu;(z) = logr (in polar coordinates)
and an arbitrary harmonic function us = v on D. We take for ~ the
cycle Cy — Cy where Cj is the circle |z| = r; oriented counter clockwise;
here Ry <1y < ry < Ry. On any circle |z| = r, with Ry < r < Ry, we
have *du =1 - gﬁ df. Hence we have

logrl/ r1~au dH—/ udﬁ-logm/ r2~au d@—/ u df
Cy 37’ Cy Cs 37’ Cs

or 5
logr/ r 0 dg — wdb=—B
|z|=r or |z|=r
is independent of r (it is constant).
Applying the same argument to the functions u; = 1 (constant

function) and us = u, we obtain that

ou
. df = A
/;:r " 87’

is constant over the annulus D and hence is zero (let r = 0) if u is
harmonic in the disk {z € C; |z| < Ra}.

Thus for a function « harmonic in an annulus, the arithmetic mean
over concentric circles |z| = r is a linear function of logr

1

/ udf = Alogr + B ;
2w |z|=r

and if u is harmonic in a disk, then A = 0 and the arithmetic mean is
constant. In the latter case B = u(0) by continuity (the reader should
know other proofs of this fact.)

Changing the origin to 2z, we see that if u is harmonic in the disk
{z€C;lz—2| < R}, thenfor0<r <R

1 2m
u(zo) = 27r/0 u(zo +re?) do ;

this is the Mean Value Property (MVP) for harmonic functions that
was already established in Corollary 9.7 as a consequence of the fact
that real-valued harmonic functions are locally real parts of analytic
functions. From it one also obtains the area Mean Value Property

u(z) = 27:”2 / /| ) e (9.10)

REMARK 9.17. If u : S — S is a homeomorphism, then Pu is also
a homeomorphism, from {z;|z| < 1} to itself. This useful observation is
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FIGURE 9.3. A symmetric region

not obvious at all. A generalization will be established in a companion
volume on more advanced topics.

9.4. The Mean Value Property: a characterization

Harmonic functions satisfy the MVP, as we have seen in Corollary
9.7. As a matter of fact this property characterizes harmonic functions.
The proof below is based on the solution to the Dirichlet problem.

THEOREM 9.18. A continuous complex-valued function that satis-
fies the MVP is harmonic.

PROOF. Let f be a continuous function on a domain D, let ( € D,
and let g > 0 be sufficiently small so that clU((,79) C D and f
satisfies (5.6) for all < r(. It suffices to assume that f is real valued.
Let v be the continuous function on {|z — (| < r¢} that is harmonic on
{|]z = (] <1} and agrees with f on {|z — (| =1¢}. Then f — v has the
MVP in {|z — (| < o}, and thus it attains its maximum and minimum
on {|z — (| = ro}. Since f = v on {|z — (| = 7o}, we conclude that
f=wvon{|z— (| <ro} and thus that f is harmonic there. O

9.5. The reflection principle

We start with the simplest form of the reflection principle. Let €2
be a nonempty region in the complex plane that is symmetric about
the real axis; that is, z €  if and only if z € Q (see Figure 9.3). Such
a region must intersect the real axis nontrivially, and it is a disjoint
union of three sets:

Q=0"UuocuUuQ,

where

O"={2€Q;32>0}, c=0QNR, and Q@ ={2€Q; Iz <0}
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REMARK 9.19. A function z — f(z) on € is harmonic (analytic) if
and only if the function z — f(2) is (see Exercise 9.2).

We concentrate on the holomorphic case. Assume that f € H()

and f is real on at least one segment of o; then f(z) = f(2) for all
z € (L

PROOF. The function z — ¢(z) = f(z) — f(Z) is analytic on €2 and
vanishes on a subset of €2 with a limit point in £2; it is thus identically
zero on €. OJ

The same conclusion holds if we merely assume that f € C(Q"Uo),
is analytic on Q" and real on o, since in this case the extension of f to
Q) defined by f(z) = f(2) for z € )~ satisfies the previous hypothesis.
We can strengthen this statement considerably.

THEOREM 9.20. Let €2 be a nonempty region in the complex plane
that is symmetric about the real axis.

If v is a real-valued, continuous function on QT U o, and it is har-
monic on QT and zero on o, then v has a harmonic extension to Q) that
satisfies the symmetry condition v(z) = —v(Z2).

Moreover, if v is the imaginary part of an analytic function f in
H(QT), then f has an analytic extension to Q that satisfies the sym-
metry condition f(z) = f(Z).

ProoF. We use the symmetry to extend v to all of 2. The resulting
extension (also called v) is continuous on 2, harmonic on Q" U Q|
and vanishes on o.

The issue of harmonicity of v in €2 is local; therefore we only need
to show that v is harmonic in a neighborhood of each point x € o. For
this purpose, consider an open disk D with center at x whose closure
is contained in 2. Let V' be the unique function that is continuous on
cl D, harmonic on its interior, and agrees with v on the boundary of D.
Since v restricted to D satisfies the symmetry condition v(z) = —v(Z),
so does the function V' (on cl D). Hence V' vanishes on cl D™ NR. The
function V' —wv is continuous on ¢l DT, harmonic on D, and vanishes on
its boundary; hence it is identically zero on ¢l D*. Similarly, V —v = 0
on cl D~. We conclude that V' = v on D, and we have thus shown that
v is harmonic on €.

The function f has a symmetric extension to QU O~ [that satisfies
f(2) = f(2)]. We only know that its imaginary part can be extended to
all of Q (and the extension vanishes on o). We must use information on
the imaginary part of f to draw conclusions about its real part. Again,
the problem is local and we work with the disk D defined above. The



188 9. HARMONIC FUNCTIONS

real-valued harmonic function v on D has a harmonic conjugate —u
on this disk. The fact that harmonic conjugates are unique up to the
addition of real constants allows us to normalize so that v = R f in D™.
We study the function

U(z) =u(z) —u(z), z € D.
This function vanishes on D N o; hence,

ou

ox
Also, from the definition of U and the CR equations for the analytic
function u 4+ 2v on D,

o :28u :_28v =0 for (z,0) € D.
dy oy ox
Thus the analytic function 2U, = U, — 1 U, vanishes on D N o and
is hence identically zero on D. Hence U is constant on D. Since it
vanishes on D N o, the constant must be zero. We have shown that on
Dt U D™, the functions f and u + 2v agree. Since u + ¢ v is analytic
on all of D, so is f. O

=0 for (z,0)e Dno.

Exercises

9.1. Prove that the equivalent forms for the Laplacian given in equa-
tions (9.2) and (9.3) are correct.

9.2. Show that a function z +— f(z) on 2 is harmonic (analytic) if
and only if the function z — f(2) is.

9.3. Show that if w = fdz + gdz is a continuous differential form
on a domain D, then

‘w=—1(fdz— gdz).

9.4. We have shown that if u; and w, are real-valued harmonic
functions on D, then
wy “dug — us “duy
is a closed form on D, and we have asserted that it also holds for
complex-valued harmonic functions. Prove this assertion.

9.5. Prove the Maximum and Minimum Principles for real-valued
harmonic functions

(1) as a general result for real-valued functions that satisfy the
MVP, and then once again

(2) as a consequence of Harnack’s inequalities for positive har-
monic functions.
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9.6. Let K be a compact subset of a domain D C C, and let u be
a positive harmonic function on D.

Show that there exists a constant ¢ > 1 that depends only on K
and D, but not on u, such that

for all z; and 2 € K.

9.7. Let f be a continuous real-valued function on a domain D. Sup-
pose that the partial derivatives gi{ and ng; exist, and satisfy Laplace’s
equation A f = 0. Show that f is harmonic on D.

Hint: Use the notation in the proof of Theorem 9.18. Let ( =
£+ € D. Show first that for all € > 0, the function F(z) =

u(z) —v(2) +e(x—E&)? satisfies the maximum principle in {|z —¢| < 7o}

9.8. Does the area Mean Value Property imply harmonicity for con-
tinuous functions?

9.9. If u is real valued and harmonic on |z| < 1, continuous on
2| <1, and u(e'?) = cos 260 + sin 26, find u ().

9.10. Suppose that «(0) = 1, where u is harmonic and positive in
a neighborhood of {z € C;|z| < 1}. Prove that } <u (%) <7.

9.11. Let a be a real number. For ¢ = ¢'? with 6 € R, let
©(¢) = cosf +1a sinb.

Which of the following assertions are true for all a in R? Which
are true for some values of a?
a) The function f(z) = ! / # () d( is holomorphic for
2m Jig=1 € — 2
|z| < 1.
b) There exists a function f holomorphic for |z| < 1, continuous
for |z| <1, and satisfying f(¢) = ¢(() for |¢| = 1.
c¢) There exists a function f holomorphic for |z| < 1 such that
Rf is continuous for |z| < 1 and satisfies Rf(¢) = Rp(() for

¢l =1.

9.12. Let g be a continuous complex-valued function defined on S*.
Prove that there exists a continuous function f on {z € C; |z| < 1},
such that f is holomorphic on {z € C; |z| < 1}, and satisfies f|51 =g,

if and only if
/ g(()¢"d¢ =0 forn=0,1,2,....
I¢1=1



190 9. HARMONIC FUNCTIONS

9.13. Does there exist a function f holomorphic on |z| < 1 such
that

lin% f(z)=C¢+¢ P forall ¢ with |¢|=1?

9.14. Let f € C?*(D). Show that f is holomorphic or anti-holomorphic
on D if and only if f and f? (the square of f) are harmonic on D.



CHAPTER 10

Zeros of Holomorphic Functions

There are certain (classical families of ) functions of a complex vari-
able that mathematicians have studied frequently enough for them to
acquire their own names. These functions are, of course, ones that de-
velop naturally and repeatedly in various mathematical settings. Ex-
amples of such named functions include Euler’s I'-function, the Rie-
mann (-function, and the Euler ®-function. We will study only the
first of these functions. There is a long history of synergy between
the understanding of such functions and the development of complex
analysis. Indeed, motivation for much of the theory and techniques of
complex analysis was the desire to understand specific functions. In
turn, the understanding of these functions has fed and continues to
feed the development of the theory of complex variables.

Holomorphic functions in general and these classically studied func-
tions in particular are often understood by their zeros. In this chapter
we develop techniques to study the zeros of holomorphic functions. We
show that one can always construct a meromorphic function with pre-
scribed zeros and poles. To do so, we develop a theory for infinite
products.

10.1. Infinite products

We begin with some language needed to discuss infinite products.
We then develop lemmas that lead to Theorem 10.5, which relates the
uniform convergence of certain infinite sums to the uniform convergence
(to a holomorphic function) of corresponding infinite products.

DEFINITION 10.1. Let u,, € C for each n € Z~q, and set
pn=(1+u)(T+ug) (14 uy,).
If lim p, exists and equals p, we write

n—~00

(e}

p:H(l—l—un).

n=1
We call p,, the partial product of the infinite product p. We say that
the infinite product p converges if {p,} does.

191
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LEMMA 10.2. Let {u,}>, C C and set

N N

py = [[(+ua) and py =[]0+ lunl).
n=1 n=1
Then
piy < elmlrtlnlgndpy — 1] < piy — 1.

Proor. We know that x > 0 implies that e* > 1 + x. Therefore,
1+ |u,| < el so that py, < elult+unl,
The second statement is proved by induction on N. For N = 1,
lpr — 1| = || = pf — 1.
For N > 1,
lpvi1 — 1] = [prv(1 + ung1) — 1
= (o — DL+ ne) + ]
<lpy =1 |1 +unq1| + [uns]

and by induction, this expression is
<Py =1 X+ lun]) + lun]
=Py~ L
OJ

THEOREM 10.3. Suppose {u,} is a sequence of bounded functions
on a set S such that ) |u,| converges uniformly on S.

Then the following hold:

(1) f(z) = H(l + u,(2)) converges uniformly on S.
n=1
(2) If J : Zsog — Zo is any bijection, then
£z = T + (=)
k=1

(3) f(z0) = 0 if and only if u,(z9) = —1 for some n € Z~y.

PROOF. By uniform convergence of > |u,| on S, there exists ¢ €
R<( such that

sup Z lun(2)] < e

zeS
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Let
N M
pn(z) = H(l +u,(z)) and qu(z H (1 4+ ugq(
n=1 k=1

We know that
Ion| < Iy — 1| +1 < ply < elmlrtlund < ee,
Choose € with 0 < e < ;. Then there exists an Ny € Z- such that

Z|un )| <€ forall zeS;

n=Np

in particular, |u,(z)| < e <} for all z € S and all n > Ny. Choose M,
such that

{17 27 SR NO} - {J(1)7 J(2)7 SR J(MO)}
If M, N > max{My, Ny}, then we can write

qm(2) —pn(2) = p(2) <H;8:tz:8§ N 1) '

Here the symbols [], and [], denote products taken over appropriate
disjoint indices. For our purposes the important facts about [[, and
[[, are that only indices n > N, appear, and that the indices that
appear in the two products are disjoint.

Let us define w,(z) by

14 u,(z) if n appearsin [[,
1+ u,(z) = 1
1+ uy,(2)

and let  be the union of the indexing sets in [[, and [[,. Note that
[C 7y

1
Now if a and b € C, 6 € R, |a] <0 < ;,and L+ =140, then
a
|b| < 20. Therefore

if n appears in [], ’

e (2) = pa(2)] = Ipn(2)] |1+ () — 1

nel

< lpn(2)] (H(1+ [in(2)]) = ) < Ipn(2) (eXp (Z\un ) - 1)

< |pn(2) (exp (Z [t (2 ) — 1) < |pw | (e* = 1).
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We now claim that e* —1 <2z for 0 < z < ; This claim may be
verified as follows. Define F/(z) = e* — 1 — 2z for x € R. Observe that
F(0) =0 and F'(z) = e” — 2. Since the (real) exponential function is

increasing, F’ < e2 — 2 on [0, ']. But

: L2 G
bttty

1 1\? 1
<1 R —9
+2+(2) b= o

and thus F' is nonpositive on [0, ]. Therefore

lgn (2) — pa(2)| < e“de forall z € S,

and we can conclude as follows:

(1) If we let J be the identity map, then py(z) — f(z) uniformly

for z € S.

(2) For arbitrary J, we conclude that gy (z) — f(z) uniformly in
2.

(3) Since pn, = pym — (P — P, ), we have, for sufficiently large
M,

pvol < Ipael + [par — Pl < Ipae| + (€% = 1) |piv |
< |pum| +4e|pn, |

or, equivalently, that
Pa(2)] = (1 = 4e) |p, (2)] -
Therefore f(z) = 0 if and only if py,(z) = 0.

THEOREM 10.4. Assume 0 < u,, < 1.

(1) Iqun < 00, then 0 < H(l — Up) < 00.
n=1 n=1

(2) ]fiun = +o00, then ﬁ(l —u,) =0.
n=1

n=1

PROOF. The first claim is a consequence of the previous theorem.
To prove the second claim, we start with the observation that

l—z<e™ for0<x<1.
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Let py = (1—uy)(1—uz) - (1—uy). Sincep; > py > ... > py >0,
lim py = exists. We call it p. Now

N—o0
N
n=1
Since lim e~ (*+un) — () the theorem follows. O

N—o0

Finally, we can establish when an infinite product is holomorphic.

THEOREM 10.5. Let D be a domain in C, and suppose that { f,} is
a sequence in H(D) with f,, not identically 0, and such that Z 11— ful

n=1
converges uniformly on compact subsets of D.
o0

Then H fn converges uniformly on compact subsets of D to a func-

n=1

tion f € H(D), and
v,(f) = sz(fn) for all z € D.

PRrOOF. We only have to verify the last formula. We note that the
sum in that formula is finite (that is, all but finitely many summands
are zero). Let zp € D, and let K C D denote a compact set containing
a neighborhood of zy. There is an N in Z, such that |1 — f,(2)] < |
for all z € K and all n > N. Therefore, f,(z) # 0 for all z € K and for
all n > N. Thus

Vzo(f) =V <]j fn) + Uy, <H fn>) = Z_:Vzo(fn> + 0.

10.2. Holomorphic functions with prescribed zeros

Our goal is to construct a holomorphic function with arbitrarily
prescribed zeros (at a discrete set). To this end, we begin by defining
the elementary functions first introduced by Weierstrass. We investi-
gate some of their properties and then use them along with Theorem
10.5 to construct the required holomorphic function.

DEFINITION 10.6. Let z € C, and set
Eo(Z) =1- Z,
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and, for p € Z,,

22 P
Ep(Z):(l—Z)exp<z—|— 5 NN p)'

Note that, for all nonnegative integers p, E,(0) =1, and E,(z) =0
if and only if z = 1. Furthermore, the unique zero of E), is simple.

LEMMA 10.7. If |2| < 1, then |1 — E,(2)] < [2["*" for all nonnega-
tive integers p.

PRrROOF. The statement is clearly true if p = 0.
If p> 1, we have

2 2
E;(Z) = (1 - Z)ez+22 +.“+Z: [1 +z4+- -+ Zp—l] o ez+z2 +...+Z§
Z+Z22+"'+Z§.

= —2Pe

We therefore conclude that vo(—E]) = p. Further,

—E,(2) = zpez+z22+'“+ P

nz>p

with b, = 1 and b, > 0 for all n > p. Therefore

1—-Ey(2) = Z bn 2"

o n+1
Set
1 - Ey(z)
s ="
We observe that ¢ € H(C) and ¢(z Zan " with a, > 0 for

n>0
all n € Zso. For |z| <1, we have

Zanzn < Zan\zn\ < Zan =¢(1) =1;

n>0 n>0 n>0

2)| =

thus |1 — E,(2)| < |2"* for |2] < 1. O
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THEOREM 10.8. Assume that {z,}52, is a sequence of nonzero com-
plex numbers with lim |z,| = co.

n—oo

Let {p,} C Zs¢ be a sequence of nonnegative integers with the prop-
erty that for all positive real numbers r, we have

Z (W‘)Hpn < 0. (10.1)

Then the infinite product

I=10en ()

defines an entire function whose zero set is {zy, z2,...}. More precisely,
if z = a appears v > 0 times in the above set of zeros, then v,(P) = v.

Condition (10.1) is always satisfied for p, = n — 1. Thus any
discrete set in C is the zero set of an entire function.

PrOOF. We first show that (10.1) holds for p,, = n—1. In this case
we have to show convergence of the series > a,, with a, = <| " |) .
Zn

1
But |a,|» — 0 as n — oo, and the root test allows us to conclude that

2 (1) <=

Now let {p,} be any sequence of nonnegative integers satisfying
condition (10.1); fix » > 0, and assume that |z| < r. From Lemma

10.7, we conclude that
e =R =)

Therefore we can apply Theorem 10.5 to conclude that [ £, ( ¢ )

z

Zn

converges uniformly on all compact subsets of C to an entire function
that has the required zero set. 0

We next prove

THEOREM 10.9. Let f € H(C) have vy(f) = k. Let {z1, 20,...} be
the other zeros of f, listed according to their multiplicities in nonde-
creasing order.
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Then there exist a function g € H(C) and a sequence of nonnegative
integers {pi1, pe, ...} such that

o=+ Tl (1)

PROOF. Choose any sequence of nonnegative integers {p,} such
that (10.1) holds for all » > 0. Let

2) = EIIE ) (;) and G(z) = ZZ](DZ()Z)

Then G € H(C) and G(z) # 0 for all z € C. Since G is a nonva-
nishing entire function, there is a g € H(C) with e9*) = G(2) for all
ze€C. O

THEOREM 10.10. Let D be a proper subdomain of C. Let A be
a subset of D that has no limit point in D, and let v be a function
mapping A to Z~g.

Then there exists a function f € H(D) with v.(f) = v(z) for all
z € A, whose restriction to D — A has no zeros.

PRroOF. To begin, we make the following observations:

(1) Aiseither finite or countable. We let | A| denote the cardinality
of A.

(2) Without loss of generality, we may assume that co € D — A
and that A is nonempty.

(3) If |A] < oo, let A = {z,...,2,} and let v; = v(z;), for all
1 <7 <n. Choose zyg € C— D so that zy # oo. We set in this

case ( ) ( )
z—=z) (2= 2p)
f(Z) = ' vi44u ?
(z — z) n
and we note that f does not vanish on C — {2y, ..., 2,} since
f(oo) = 1. We have thus established the theorem for finite
sets A.

To prove the theorem for infinite sets A, let K = C — D. Note that
K is a compact subset of C.

Let {a,}2°, be a sequence whose terms consist of all @ € A, where
each a is repeated v(a) times.

We first claim that, for each positive integer n, we can choose a
Bn € K such that |5, — a,| < |8 — ] for all 5 € K. To see that this
claim is valid, note that the function z — I(2) = |z — a,| for z € K is
continuous on K and, therefore, achieves a minimum at some 3, € K.
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The function f we are seeking is
= Op — ﬁn
z) = E, .
=118 (725)
We show next that lim,, ., |3, — a,,| = 0. For if |3, — a,| > 4 for
some § > 0 and infinitely many n, then for some subsequence {a,,} of

{ant,
|z —apn,| >0 forall z € K. (10.2)

Eut a subsequence of this subsequence converges to some point o €
C. From (10.2), we conclude that @ ¢ K. Thus we arrive at the
contradiction that o € D and is a limit point of A.

Next, we put r, = 2|, — 3,| and observe that the r, converge to
zero as n goes to infinity. We let Ky be a compact subset of D, and we
note that r, — 0 implies there is an N € Z-( such that |z — 3, > r,
for all z EAKO and all n > N. Since K and K are disjoint compact
subsets of C, the distance ¢y between them must be positive.

Thus

_ 1
O;"_ﬂi” < 27;7” =, foralln > N and all = € Ko,
and hence
_ o n+1 n+l
1-E, Oy 671 < (079 611 < 1
z2— Bn z— [ 2

for all n > N and all z € K.
Therefore the infinite product defining f converges. Now f(z) =0

if and only if E,, (a" = P
& 611

for some n € Z-y. O

) = 0 for some n € Z~, if and only if z = «,

As an immediate corollary we obtain the following

THEOREM 10.11. If D is a proper subdomain of @, then M(D) is
the field of fractions of the integral domain H(D).

10.3. Euler’s I'-function

In this section we introduce an important function among whose
remarkable properties is the fact that it extends the factorial function
on the integers to an entire function. Our development is more brisk
than in previous sections.



200 10. ZEROS OF HOLOMORPHIC FUNCTIONS

10.3.1. Basic properties. Define, for z € C,

[e.e]
z "
Gy =TT (1+ 7)e .
(2) H + 0 )€
n=1
The infinite product converges to an entire function with simple
zeros at each negative integer.

We claim that
sin mz

h(z) = 2G(2) G(—=2) = N for all z € C. (10.3)

Simple calculations show that

h(z) —Zﬁl (1 - f;)

and hence, using (7.3) of Chapter 7,

h(z) d I & 2z
hz) = 1 logh(z) = LT nz:; 02 52 = Tcotmz.

It follows that h(z) = csinmz for some nonzero constant c¢. To
evaluate ¢, we note that

. sin7z . h(z
lim =, and lim (2) =1,
z—0 z z—0 z

and thus, we conclude that ¢ =

T
The function G(z — 1) is entire and has simple zeros at each non-
positive integer and no other zeros. It follows that

G(z—1) = 2279 G(2) (10.4)

for some entire function v. We proceed to determine this function. Dif-
ferentiating logarithmically both sides of the last equation, we obtain

- 1 1 1 - 1 1
Z(z—l—i—n_n)_Z+V(2)+;(z+n_n)'

n=1
i": 1 1 (1 1
— z—14n n _n:0 z24+n n4+1)’

we conclude that

Since

(1) e

n=1

Hence the function v is constant. It is known as Euler’s constant.
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Returning to our function G, we observe that if we set z = 1 in
(10.4), we obtain that 1 = G(0) = e?G(1). We determine 7 as follows:

From (10.4),
— 1 .
= 1 T,
e L[l ( + n) e
Thus
e’ = lim (n+ 1)6_(1+§+"'+i)7
and hence,

1 1
—v = lim {10g(n+1)—(1+ +--+ )}
n—00 2 n
Since lim,, .o (log(n + 1) — logn) = lim,, . log(1 + ) = 0, we obtain
n—oo 2

Next set H(z) = €7*G(z) and compute that
H(z—1)=¢€%e7G(z —1) =e72G(z) = zH(2).

1 1
v = lim {(1+ +-~-+n) —logn}. (10.5)

We can now introduce

DEFINITION 10.12. FEuler’s I'-function is defined by

1
I'(z) = , f e C.
(2) H(2) or z
Note that I' is a meromorphic function on C with simple poles at
z=0,—1,—2,..., and that it has no zeros.

The I'-function satisfies a number of useful functional equations.
We now derive some of these, which will lead up to (10.11), known as
Legendre’s duplication formula.

We start with

e z2\~1 .
D(z) = (1 ) cen . 10.6
@=" I(+,) (10.6)
The I'-function satisfies the functional equation
1 1
F(z+1) = = = zI'(2). (10.7)

(z+1)H(z+1) H(z)
Furthermore, it follows from (10.3) that

[()(1—2)= (10.8)

sinmz
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A simple calculation shows that

r(1) = e—Vﬁ (1 + ;)_lei =1.

n=1
Together with (10.7), this implies that

I(n)=(n—1)!, forall ne Zy.

Also, (I (}))* = " = implies that

2 sin §
1
F(2) = /7.

We derive some other properties of Euler’s I'-function that we will
need. We start with a calculation, from (10.6):

dI'(z) d d
dzT(2) dz dz(IOg(F(Z))

SPA R 3 (FURY ) o] (5 LT

Both functions
1
z—T(22) and z— T'(2)T (z + 2)
have simple poles precisely at the points 0, —1,—-2,... and —,, g, e

The ratio of the two functions is hence entire w1thout Zeros. The next
calculation will show more:

d (T'(2) d (T'(z+3)) « 1 - 1
dz (F(z)) + dz (F(z+ ;)) _z:: (z+n)? +n2:% (z+n+ ;)2
_4<;(2z+2n Z: 2z+2n+1) )
(< 1 . d (T'(22)
=1 <mZ::0 (2z+m)2> _2dz (F(Qz)) '
Therefore, for some constant a, we have
F’(2z):1"’(z) F’(z+;)_
[(2z)  T(z) T(z+1))

or, equivalently,

d d 1
logl'(22) = | logD'(2)I —a.
5, 108 (22) 5, 108 (2) <z+ 2) a
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Thus, for some constant b, we have
LogI'(2z) = LogI'(2)T’ (Z + ;) —az—b
or, equivalently,
[(22)e% = T(2)T (z + ;) | (10.10)

Next work backward to determine a and b. Setting z = J in (10.10),

we obtain 1-e29t? =/ that is, sa+b=llogm. Setting z =1 in
(10.10), we obtain e*** = Jy/m; that is, a + b = | logm — log 2.

Thus a = —2log?2 and b = ;(log 7) +log 2, and we have established

Legendre’s duplication formula
1
Vrl(22) = 227'T(2)T (z + 2) : (10.11)

10.3.2. Estimates for I'(z). The estimate of I'(z) for large values
of |z| that is found in this section is known as Stirling’s formula.

To derive this formula, we first express the partial sums ), _, (ler k)z

of jzl;l((;)) [see (10.9)] as a convenient line integral.

View z = z+y as a (fixed) parameter and ( = £+ 7 as a variable,

and define
7 cot ¢

d(() = (2102 for ¢ € C.

The function ® has singularities at ( = —zand at ( € Z; if z € Z, a
double pole at —z and simple poles at the integers. Let Y be a positive
real number, n be a nonnegative integer, and K be the rectangle in the
¢-plane described by =Y <n <Y and 0 < £ < n+ (see Figure 10.1).

1Y

—1Y

F1GURE 10.1. The rectangle K
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Then the Residue Theorem yields
LEMMA 10.13. For z ¢ Z>,

1 1~ 1
.. O(¢)d¢ = — .
Pt om /8K (¢)dc 9.2 " ; (z 4+ v)?

We plan to let Y — oo and n — co. We thus have to study several
line integrals, as follows.

10.3.2.1. The integral over the horizontal sides: n = £Y . On the

horizontal sides n = Y, cot 7{ converges uniformly to +2 as Y goes

t
to oo. Thus (CO+72§2 converges to 0 on each of the line segments
z
£>0,n==xY as Y — oco. We need to show that

n-‘,—l
m tim [ OTEED) e,
n—oo Y —o0o 0 (Z + 5 + ’LY)2
Since we can control the speed with which Y and n approach infinity,
this presents a small challenge; for example, we can set Y = n? and
then let n — oo.
10.3.2.2. The integral over the vertical side & = n + ; On the

vertical line & = n+ ;, cot m( is bounded since cot is a periodic function.
Thus we conclude that for some constant ¢,

dn
d(O)d¢| < .
/£=n+; (e _C/5:n+; ¢+ 2/

On§:n+§,wehave§:n+;—H]an—i—l—C. We then use
residue calculus (as in Case (1) of Section 6.5) to conclude that

1 / ac 1 / dC B 2
v Semng1 |+ 2 o e=ns) ((+2)2n+1-(+2) C2n 1+ 20
Therefore,
. dn
lim g =
n=00 Je=nt} |C + 2]
10.3.2.3. The integral over the imaginary axis. We now turn to the

computation of the principal value of the integral over the imaginary
axis, which may be written as follows.

1 /00 cot [ ! 1 } d
T —
2 Jo Tan+22 " (m—22]""
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We now let Y and n tend to oo in Lemma 10.13 to conclude that

dI'z) < 1
dzT(2) nz:zo (z+mn)?

1 e 1 > 2nz
=52 +[Foo O(¢)d¢ = 5,2 +/0 cothm](n s dn.
Replacing cothmnp = 1+ 627”72_ 1 in the above expression and noting
that
/ < 2nz dn — 1
0o (P22t
we obtain

d T (z 1 o 2 2nz
Gr_ 1, / 1+ 7 dn

dzT(z) 222 J, e?™ — 1) (n? + 22)2

1 1 < dnz d
= 4+ ,+ / ! P
z 222 o (PP422)2e2m—1
We restrict z to 8z > 0 and note that we can integrate under the
integral sign with respect to z to conclude

I’ ~ 1 <2 d
(Z)—C'—i-Logz—2 —/ K K
z

I'(z) n2+z2e?m — 1
Using integration by parts, we see that
< 2 d 1 [ 22—n?
_/ 2 K 2 o2 o= / : log(1 — e™™) dn;
o mrHz2ern—1 7w ), (n? +z2)
therefore,

Iz) ~ 11 [ 22—
=C+1L — log(1 — e~ 2™) d
I'(z) +Logz 2z + T /0 (n? + 22)? og(1 — ™) dn,

and we conclude that
1
Logl'(2) =C"+Cz + (z— 2) -Log z + J(2), (10.12)

where

1 [ z 1
— 1 dn.
K= | s 98 1 o @

If 2z — oo and z stays away from R, then J(z) — 0. We have
almost established

THEOREM 10.14 (Stirling’s formula). For Rz > 0,
['(z) = V22"~ 2e ¢!, (10.13)
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PrOOF. We know from (10.12) that
[(z) = O t07 72 (), (10.14)

and we only need to determine the constants C’ and C', which we now
do using (10.14) and the two functional equations (10.7) and (10.8)
already derived for T'.

Replacing I'(z) by the RHS of (10.14) (and also I'(z + 1) by the
corresponding value) in I'(z + 1) = 2I'(z), we obtain

C=—(z+ ;)Log <1+ i) +J(z) — J(z+ 1),

and letting z tend to oo, we conclude that C' = —1.
To obtain C” one can proceed in a similar manner, replacing I'(z)
and I'(1 — 2z) by the corresponding RHS of (10.14) in the equality

Frra—z) = " , with z = J 4 1y. We leave the details to the
sinz
reader. O

COROLLARY 10.15.

n!
li 1.
e /27 (m)"

Proor. Note that

1\" 1>
(n+1)"2 = p'* <1+ ) (1+ ) ,
n n

and therefore,

n+l
lim (n+1)"*2

n—00 e nn+é

= 1. (10.15)
Applying Stirling’s formula (10.13) with z = n + 1, we obtain
T(n+1) = V2r(n+ 1)"F2e= (Dl (04D

Since we already know that lim J(n+1) = 0, the claim is proved.
O

With some additional work we can prove the following integral ex-
pression for the I'-function:

['(z) = / e bt hdt , for Rz > 0. (10.16)
0
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PROOF. Denote for the moment the RHS of (10.16) by F'(z). It cer-
tainly defines a holomorphic function whenever the integral converges;
that is, in the right half-plane given by Rz > 0. Since

F(z—i—l)z/ e_t-tzdt:z/ et 7l dt = 2F(2) for Rz > 0,
0 0

we see that F' and I" satisfy the same functional equation. Thus

F(z+1) F(2)
F(z41) ~ I(2) for Rz > 0,

and the function F' can be extended to be defined on all of C. For z
with 1 < Rz < 2,
F(2)| < / et 1y — P(R2),
0

and since F' is a continuous function on the closed interval [1,2], it
is bounded there. The last estimate shows that F' is bounded on the
strip 1 < 2z < 2. We need a lower bound for |I'| on the same strip;
it suffices to determine how negative log |I'| = RlogI' can become. We
do so as follows. From (10.12), we see that

1 1
log [T'(2)| = ) log 2w — RNz + (%z - 2) log |z| — Sz Arg z + RJ(2).
Only the term —S3z Arg z approaches 0o as Sz approaches +oo.

This term is comparable with —;T |Sz]. Thus as Sz goes to foo, ' T '
grows at most like a constant multiple of exp (—;T |%z\>

2mz

F
Since is periodic, it is a function of W = e (on the punc-

tured plane C — {0}); it has an isolated singularity at W = 0. As W

approaches 0, T grows at most as \W\_é, and as W approaches oo,
grows at most as |VV|é Hence the singularities at both ends are

F
removable and r is constant. Since F'(1) =1 = I'(1), this constant is
1. 0

10.4. The field of meromorphic functions

It is convenient to introduce the following
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DEFINITION 10.16. Let D be a plane domain. A divisor on D is
either the empty set () or a formal expression

v
1=
i

where the {z;} form a discrete set in D and v; € Z. We will also write
a divisor D as

D= H 2v=(P),
2€D
with the understanding that v,(D) € Z for all z € D and v.(D) = 0
for all z not in a discrete set (that depends on the divisor, of course)

Note that v,(0) = 0 for all z € D.

There is a commutative law of multiplication for divisors, where
the empty set is the unit element, and if D, =[], 27=(P1) and Dy =
[1.cpzP2) are two divisors, then

D, -Dy = H 27 (P1)+v=(D2)

zeD

The set of all divisors on D with this operation becomes a commu-
tative group, denoted by Div(D).

In particular, to a nonidentically zero meromorphic function f on
D, we can associate its divisor (f) defined by

() =11=".

zeD

where v, (f) denotes the order of the function f at the point z in D (see
Section 3.5). In particular, to any constant (nonzero) function in D we
associate the divisor given by the empty set. A divisor of a nonzero
meromorphic function in D is called a principal divisor.

Note that the set of all principal divisors is a subgroup of Div(D),
and that the function (-) that associates with each nonzero meromor-
phic function f on D its divisor (f) is a homomorphism from the mul-
tiplicative group M(D) — {0} to Div(D), whose image is the subgroup
of principal divisors. Much more is true as shown next.

THEOREM 10.17. Let D be a domain in C. The map
(1) : M(D) — {0} — Div(D)

s a surjective homomorphism, whose kernel is the set of nowhere van-
ishing holomorphic functions on D.
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Proor. Write D = g;, where D; and D, are relatively prime inte-
gral divisors (see Exercise 10.5) and use Theorem 10.10. O

10.5. Infinite Blaschke products

D:Ha;ji

be an integral divisor (see Exercise 10.5) on the unit disk D. It is
clear that the definitions of Section 8.5 associate a Blaschke product
Bp with the divisor D. We end this book with the statement of two
theorems. The proof of the first is left as a formal exercise, Exercise
10.10. The proof of the second theorem is left as food for thought. It
requires material that we have not developed.

Let

THEOREM 10.18. Let D =[], a)* be an integral divisor on the unit
disk D. The Blaschke product Bp converges to a bounded analytic func-
tion on D if and only if

> vl ail) < 0.
If >, vi (1 — |a;]) = oo, then the Blaschke product converges to the
constant zero function on the disk.

THEOREM 10.19. Let D =[], a;" be an integral divisor on the unit

disk D. Then there exists a bounded analytic function on D with divisor
D if and only if Y. v; (1 — |a;|) < oo.

Exercises

10.1. Show that TI2°,(1 — }) = 1.

T oon 2
10.2. Let {a,} be a sequence in Z_;. The infinite product 1132, (14

a,) is said to be absolutely convergent if the corresponding series
22, Log(1 + a,) converges absolutely.

(1) Show that TIS°,(1 + a,) converges absolutely if and only if
>0 o lan| converges.

(2) Show that the value of an absolutely convergent product does
not change if the factors are reordered.

(3) Find examples that show that the convergence of > ja, is
neither necessary nor sufficient for the convergence of 115, (1+

ay).

10.3. Show that I'() =27(3)> - (I'(}))%
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10.4. Find the residues of I' at the poles z = —n, n > 1.

10.5. A divisor D on a domain D is integral if v,(D) > 0 for all
z € D. Define appropriately the greatest common divisor ged(Dy, Ds)
and the least common multiple lem(Dy, D) of two integral divisors D,
and D,y. Show that both the ged and the lem exist, and obtain formulas
for them. We say that the integral divisors D; and D, are relatively
prime if their ged is the empty set.

10.6. Show that two nonzero meromorphic functions f and g in D
give rise to the same divisor if and only if there exists a function h in
H(D) that does not vanish in D and such that f = gh.

10.7. Show that a principal divisor on D is integral if and only if it
is the divisor of an analytic function on D.

10.8. Show that if f and g are analytic functions in D (where at least
one is not the zero function), then there exists a function h € H(D)
such that A is a greatest common divisor for f and g. That is, A divides
f and ¢ (in H(D)) and it is divisible by every holomorphic function
dividing both f and g.

If f and g are not identically 0, show that

(h) = ged((f), (9)) -
Hint: Apply Theorem 10.10.

10.9. Replace I'(z) and I'(1—2) by the corresponding RHS of (10.14)

in P'(2)I'1 —2) = . " , with z = J 4 oy in the proof of Stirling’s
sin 7z

formula (Theorem 10.14) to obtain C” in a similar manner to that used

to obtain C'. Give full details.

10.10. Prove Theorem 10.18.

The following exercises lead to a proof of the fact that every finitely
generated ideal in H(D) is a principal ideal.

10.11. Show that every nonempty collection of holomorphic func-
tions in D, except for the set consisting of the single function zero, has
a greatest common divisor.

10.12. Show that if h is a greatest common divisor for fi,..., f, in
H(D), then there exist g1, ..., g, in H(D) such that

figi+ ...+ fagn="h.

Hint: First consider the case when n =2 and h = 1.
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10.13. Let fi,..., f, be holomorphic functions in D, and consider
the ideal I generated by them in H(D):

[: {flgl +-'-+fngn;gj S H(D)}
Prove that I is a principal ideal; that is, there exists a function f
in H(D) such that
I={fg;9€H(D)} .
10.14. Characterize the principal maximal ideals in the ring of holo-

morphic functions on a plane domain. Do the concepts of “principal
maximal” and “maximal principal” ideals coincide?



BIBLIOGRAPHICAL NOTES

The references required for proofs and definitions were included in
the body of the book. The purpose of these notes is to list a number of
basic books on complex analysis that the authors of this volume have
found useful and interesting. This is an incomplete list reflecting the
tastes and limited knowledge of the authors. We list three categories
of books.

1. Undergraduate Texts: The texts by Churchill and Brown [5],
Derrick [7], and Silverman [25] are each very appropriate for
an undergraduate course that is centered around applications;
Palka [22] is a very thorough and careful undergraduate text
that is also used frequently in graduate courses; Marsden [19]
is more theoretical, whereas Bak—Newman [2] is the only un-
dergraduate text on the subject that ends up with a treatment
of the Prime Number Theorem.

2. Graduate Texts: Ahlfors [1] is among the outstanding mathe-
matics books in any field. Another classic treatment is the
book by Nevanlinna-Paatero [21]; whereas Narasimhan [20]
is an outstanding modern treatment. Cartan [4] starts with
a treatment of formal power series. The first of the two Hille
volumes [10] is a standard introduction to the subject; the sec-
ond [11] deals with many interesting special topics. The book
by Heins [9] covers many prerequisites currently dealt with on
other courses and some advanced topics. Conway’s book [6]
is very concise yet complete. It includes the big Picard theo-
rem. Berenstein-Gay [3] is in tune with more recent, modern
developments in complex variables. The Greene—Krantz text
[8] is a treatment of complex variables as an outgrowth of real
multivariate calculus.

Another standard reference is Lang [18]. Lang and Bers
probably influenced each other’s views of complex variables
as a result of long discussions in the Columbia mathematics
department fifth floor lounge while Lang was writing his book

213
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and Bers was teaching Complex Variables I and II during the
1966-67 academic year.

The first chapter of Hormander [12] serves as a wonderful
review for those who have learned one variable complex analy-
sis and are interested in seeing how it leads naturally to a study
of several variables. Rudin [23] is an integrated treatment of
real and complex analysis.

3. Problem Books: Some paperback books contain problems sets

and their solutions. Classic is a five-volume set by Konrad
Knopp. Whenever Bers taught the year-long graduate Com-
plex Analysis course at Columbia, he taught without a text
and simply told his students to read and work through all
of the problems in Knopp’s books on the theory of functions
[13]-[17] (Bers translated one of these five volumes from the
German [15]). Knopp’s problem books are still eminently
relevant and useful. A paperback by Rami Shakarchi [24]
includes solutions to all of the undergraduate-level problems
from Lang’s graduate text (problems from the first eight chap-
ters) and solutions to selected problems from the more ad-
vanced chapters.
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equivalence, 147
map, 147
conjugate
complex, 8
harmonic, 178
contour integral, 61
convergence
in p-metric, 128
locally uniform, 124
of meromorphic functions, 130
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uniform on all compact subsets,
128
uniform on compact subsets, 124
coordinates
polar, 9
rectangular, 8
CR, see also Cauchy—Riemann
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cross-ratio, 150
curve, 61
regular, 184
cycle, 89
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index with respect to a point, 90

definition of 7, 40
derivative, 14
diagonalization, 136
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closed, 64

conjugate, 183

exact, 64
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of class CP, 63
Dirichlet Problem, 180
Dirichlet problem, 179
disk of convergence, 27
divisor, 207, 208

integral, 207, 210

principal, 207, 208
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Weierstrass, 195
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FEuler
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