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Preface

Among the most important tools of mathematics are the elementary functions — ratio-
nal, trigonometric, hyperbolic and exponential functions, logarithms .... Their close
relation only becomes apparent when one admits complex numbers as their arguments.
This leads to developing complex analysis, i.e. calculus with complex numbers: the
subject of the present book. Our choice of topics and manner of presentation have
been determined by the following considerations:

1. The theory should rapidly lead to a deeper understanding of the elementary func-
tions as well as to new classes of functions (higher functions). We thus present the
elementary functions in the first chapter, study their deeper properties in the third
chapter, and finally use the powerful methods of complex analysis worked out in
chapters II to IV to introduce several non-elementary functions: elliptic functions,
the Gamma- and the Zeta-function, and the modular map A. These chapters (V and
VII) contain a proof of the prime number theorem — perhaps the most striking ap-
plication of complex analysis! — as well as a description of plane cubics in terms of
elliptic functions, and a proof of Picard’s theorem on essential singularities.

2. In order to circumvent topological difficulties we start with a local version of
Cauchy’s integral theorem — see chapter II — which suffices to build up most of the the-
ory. A global theorem is then established using winding numbers; we follow Dixon’s
elegant argument. The residue theorem with its important applications then follows
easily.

3. Functions of several complex variables naturally belong within the conceptual
framework of complex analysis — a view which we share, e.g., with authors like
H. Kneser, R. Narasimhan et al. We present these functions in the various chapters
at the appropriate places and study them more deeply in the sixth chapter. Basic
results that are covered are the Weierstrass preparation theorem and the solution of
the Cousin problems in the entire space.

4. The geometric point of view has proven especially fruitful in complex analysis.
It dominates our last chapter where we prove Riemann’s mapping theorem, discuss
hyperbolic geometry and introduce the modular map using a very general version of
Schwarz’s reflection principle.

Large parts of our text are translated from the original German version in [FL] which
concentrates on the most elementary and basic results of complex analysis. We have
considerably extended this text for the English version by the more advanced topics
mentioned above. So the book should be accessible after a one year calculus class
(which is assumed to include the definition of complex numbers), and it ought to take
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the reader from this foundation to fairly sophisticated topics — as expressed in the
title.

Complex analysis is the creation of the great mathematicians of the 19*" century;
quite a few of its chapters have assumed their final shape and are presented in the
same form all over the literature. We have of course followed this tradition. Wherever
possible, we have given historical comments to exhibit the origin of important results;
but we are quite unable to write a history of the subject. Both authors have made
their first acquaintance with the field in lectures by H. Grauert to whom we owe
deep gratitude. As to the actual text: the suggestion of translating and extending
our textbook [FL] is due to Ulrike Schmickler-Hirzebruch (Vieweg+Teubner Verlag)
and Dierk Schleicher (Jacobs University Bremen). The difficult task of translation
was carefully and competently executed by Jan Cannizzo (now a graduate student at
Ottawa University). Mathematical advice has come from our colleagues D. Schleicher,
M. Range (Albany), J. Michel (Calais) et al. Daniel Fischer compiled the final W¥TEX
file and, moreover, suggested many improvements. We are sincerely grateful for all
the help we received.

Bonn & Bremen, August 2011 W. Fischer, I. Lieb
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Chapter I.

Analysis in the complex plane

The fundamental concept of holomorphic function is introduced via complex differentiability in sec-
tion I.1. The relation between real and complex differentiability is then discussed, leading to the
characterization of holomorphic functions by the Cauchy-Riemann differential equations (I.2). Power
series are important examples of holomorphic functions (I.3); we here apply real analysis to show
their holomorphy, although Chapter II will open a simpler way. In particular, the real exponential
and trigonometric functions can be extended via power series to holomorphic functions on the whole
complex plane; we discuss these functions without recurring to the corresponding real theory (I.4).
Section 1.5 presents an essential tool of complex analysis, viz. integration along paths in the plane.
In 1.6 we carry over the basic theory to functions of several complex variables.

The interpretation of complex numbers as points of the plane was given about 1800 by Gauss, Ar-
gand, and Wessel (independently); the term “Gaussian plane” is still in use. — Since 1820, Cauchy
systematically investigated functions of a complex variable; he discussed the concept of complex
differentiability (1841), as did Riemann (1851); both of them obtained the Cauchy-Riemann differen-
tial equations. The connection to real differentiability of functions of 2 or 2n real variables could, of
course, only be clarified after the latter concept had been precisely formulated; this happened surpris-
ingly late (Stolz 1893) [Sto]. — The “quotient-free” definition we use can be found in Carathéodory
[Ca]. Tt offers technical advantages in complex as well as in real analysis, in particular in connection
with Wirtinger derivatives, introduced by Poincaré and Wirtinger (~ 1900). — Holomorphic functions
of several variables were investigated in the 19*" century (Cauchy, Jacobi, Riemann, Weierstrass); a
systematic theory was only developed in the 20*" century.

0. Notations and basic concepts

Complex analysis develops differential and integral calculus for functions of one or
several complex variables and applies these tools to elementary and non-elementary
functions. The fundamental topological and analytic concepts of real analysis, quite
naturally, play again an essential role: we recall some of them here and fix the meaning
of some words.

The field C of complex numbers yields coordinates in the plane; we therefore talk
about the complex plane. The absolute value (or modulus) |z| of a complex number z
measures its euclidean distance from 0; it satisfies the usual properties of a valuation.
For a complex number z = x+iy, with x = Re z and y = Im 2z real and ¢ the imaginary
unit, the complex conjugate is defined as

Z=x— 1y,

W. Fischer, 1. Lieb, 4 Course in Complex Analysis, DOI 10.1007/978-3-8348-8661-3 1,
© Vieweg+Teubner Verlag | Springer Fachmedien Wiesbaden GmbH 2012



2 Chapter I. Analysis in the complex plane

the map z — Z is an automorphism of C (reflection in the real axis), and we have

|z| = VzZ.

By D.(zg) or U-(z9) we denote the open disk of radius € and centre z:
D.(z0) = U:(20) ={z € C: |z — 2| < e};

D = D1(0) is the unit disk, the unit circle {z € C : |z| = 1} is occasionally denoted
by S. We write H for the upper half plane {z : Im z > 0} and C* = C\ {0}.

Let us now turn to some topological concepts. Ue(z) is also called the e-neighbourhood

of zp. An arbitrary neighbourhood of zy is a set U which contains an e-neighbourhood.

A set is open if it is a neighbourhood of each of its points; complements of open sets
o

are closed. The interior M of a set M is the largest open set contained in M; the
smallest closed set containing M is its closure M; the (topological) boundary of M is

OM = M \ M. The intersection of an open set U with an arbitrary set M is called
relatively open in M or more simply open in M; relatively closed sets are defined
correspondingly.

Convergent sequences and their limits are introduced in the usual way via neighbour-
hoods; let us note the rules

lim (z, + w,) = lim 2, + lim w,,

V—r00 V—r0Q0 V—00

lim z,w, = lim z, lim w,,

V—00 V—>00 V—r00
. 1 1
lim — = —
v—00 7z, lim z,
V—r00

the last formula is valid if lim z,, is different from 0. A point z¢ € C is an accumulation
point of M C C, if there is a sequence z, in M \ {29} with lim z, = z.

A set K which is bounded — i.e. |z| < R for some R and all z € K — and closed
is called compact; in this case each sequence in K contains convergent subsequences
with limit in K. The latter property is equivalent to compactness. — By

UccV

we will denote that the closure of U is compact and contained in V; for short: U is
relatively compact in V.

Our main subject is the study of complex valued functions f: M — C, where M is
a (usually open) subset of C or — in the case of several complex variables — C™. A
function f is continuous at zg € M, if for each neighbourhood V' of wg = f(2¢) there is
a neighbourhood U of zp with f(UNM) C V. This property can also be expressed as

f(Jlim 2v) = Jlim f(z0)
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for all convergent sequences z, € M with limit zy. Any complex valued function — as
any complex number — can be decomposed into its real and imaginary parts:

f=g+in,

where g and h are real valued; f is continuous if and only if both g and h are. The
composition of continuous functions is again continuous.

Examples of continuous functions are polynomials in z and Zz:

N
flz)= Z ay 2" 2"

v,u=0

the coefficients a,,, are complex numbers. The case of polynomials in 2z alone —

N
) =3 e
v=0

is of particular importance. Other essential examples are paths u: [a,b] — C, i.e.
continuous maps from closed finite intervals into the complex plane. The image set
u([a, b)) is the trace of the path, denoted by Tru, the points u(a) and u(b) are the
initial and end points, respectively; u connects its initial point with its endpoint. A
set M is (pathwise) connected if any two points of M can be connected by a path
whose trace lies in M. A connected open set is called a domain. An open set U is
a domain if and only if no decomposition of U into disjoint nonempty open subsets
exists.

Images of compact or connected sets under continuous functions are again compact
or connected, resp. The corresponding statement for open or closed sets is false: it
is not the images but the inverse images of open resp. closed sets that are open or
closed, resp.

To conclude this sketchy reminder of things known, let us point out that all the above
notions make sense for subsets of R” and maps between such sets. One replaces the
absolute value by the euclidean norm or any other norm and defines accordingly. We
will make use of this remark without further mention.

1. Holomorphic functions

We begin with the central notion of complex analysis.

Definition 1.1. A complez-valued function f defined on an open set U C C is (com-
plex) differentiable at zy € C if there exists a function A on U, continuous at zy, such
that

f(2) = f(20) + A(2)(z = 20) (1)
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holds for all z € U. If f is complex differentiable at all points zo € U, then we say
that f is holomorphic on U. We say that f is holomorphic at zy if there exists an
open neighbourhood of zg on which f is holomorphic.

We call the number A(zg), which is uniquely determined by (1), the value of the
derivative of f at zg, i.e.

AGo) = ) = Lz,

If a function f is complex differentiable on all of U, then the values of its derivative
at points z € U define

=2

as a function on all of U. Accordingly, we may define the higher derivatives

2
)= 2= The),

d dn—lf - d”f

1) = 20 = The),

provided they exist. In the next chapter, we will show that if f is holomorphic, then
all of these higher derivatives do in fact exist! — Note that we will occasionally put

FO =,

FEzxzamples:
i. If f(2) =c (i.e. if f is constant), then f(2z) = f(z0) + 0(z — 20), so that f/'(z) = 0.
ii. For f(z) = z, we have f(2) = f(20) + 1(z — z0); thus f'(z) = 1.

i11. Unlike the first two examples, the function f(z) = Z is nowhere complex differen-
tiable: If, as per (1), it were true that

zZ—Zo = A(2)(z — 20),

where A is continuous at zg, then for all z for which z — zg is real and nonzero, we
would have

z— 20 = A(2)(z2 — 20),

so that A(z) = 1, whereas for all z for which z — zy is imaginary and nonzero — thus
Z —Zp = —(2 — 20) — we would have

—(z—20) = A(2)(z — 20),

so that A(z) = —1. It follows that A cannot be continuous at zg.
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Example ¢ is surprising: an everywhere continuous but nowhere complex differen-
tiable function! And yet the definition of complex differentiability is copied from the
definition of real differentiability in one variable — and finding continuous nowhere
differentiable functions on R is rather difficult. We will clarify this situation in the
following section. For the moment, however, let us make use of the formal equality
between the definitions of real and complex differentiability for functions of one vari-
able in order to set up the differentiation rules familiar from real analysis. All proofs
follow their real counterparts verbatim and are therefore left to the reader.

Proposition 1.1. Any function that is complex differentiable at a point zy is contin-
uous at zg.

Proposition 1.2. Let f and g be complex differentiable at the point zo. Then the
functions f + g, fg, and 1/f (provided f(zo) # 0) are complex differentiable at z,
and we have

(f +9)(20) = f'(20) + ' (20)
(f9)(20) = f'(20)9(20) + f(20)9'(20)

(-1t

The set of holomorphic functions on an open set U thus forms a ring (or, more
precisely, a C-algebra), which we denote by O(U).

Proposition 1.3 (The chain rule). Let f: U — V and g: V — C be mappings of
open subsets of C that are complex differentiable at zo € U and f(z9) = wo € V,
respectively. Then

gof:U—=C
1s complez differentiable at zg, and

(g0 £) (20) = g’ (wo) f' (0)-

We introduce the following concepts concerning inverse functions.

Definition 1.2. A map f: U — V between open subsets of C is called biholomorphic
if it is bijective and holomorphic and, moreover, its inverse f~1 is holomorphic.

We now show:

Proposition 1.4. Let f: U — C be a holomorphic function with a nonvanishing
derivative. Then

i. For every zg € U, there exists a neighbourhood U(zy) such that z = zy is the
only solution of the equation f(z) = f(20) in U(zp).

ii. The map f is open (meaning that the images of open sets under f are open).
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Proof: Without loss of generality, let zop = 0 and f(zp) = 0. Claim ¢ is almost trivial:
Since f is holomorphic, it can be decomposed as

f(z) = A(2)z, (2)

where A is continuous at 0 and takes the value

A(0) = £(0) £ 0

there. Thus A is nonzero in a neighbourhood of 0, and 0 = A(z)z implies z = 0. We
postpone the proof of the second claim to the following section. ]

As in single-variable real calculus, the continuity of the inverse function (see # above)
yields

Proposition 1.5. A map f: U — V is biholomorphic if and only if it is bijective and
holomorphic and its derivative is nonvanishing. If this is the case, then

(f—l)/ (w) = f’iz)’ where  w = f(z).

The previous two propositions are special cases of the more general inverse function
theorem from real analysis — cf. [Ru]; their proofs, however, are especially simple. We
will strengthen both theorems considerably in the next chapter, showing that bijective
holomorphic maps are biholomorphic.

Combining the examples of this section with the above rules, we obtain:

Proposition 1.6. Polynomials in z, i.e. functions of the form

n
p(z) = Z a,z”,
v=0

are holomorphic on C; their derivatives are again polynomials, namely
n
p(z) = Z va,z" 1.
v=1

Proposition 1.7. Rational functions, i.e. quotients of polynomials

are holomorphic everywhere except at the zeros of their denominators, and their
derivatives are again rational functions.

Polynomials and rational functions constitute the most basic classes of functions; we
will investigate them in more detail in Chapter III.
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Exercises
1. Show that a function f is complex differentiable at zp in the sense of Def. 1.1 if and only if the
limit
p ) = f(z0)
m —
z—20 z — 20
exists.

2. Find the derivative of f(z) = (az + b)/(cz + d).
3. Where are the functions Re z, Im 2, |z|, and |z|? complex differentiable?

4. Prove that every real-valued holomorphic function on C is constant.

2. Real and complex differentiability

Given that complex-valued functions of one complex variable can be viewed as maps
(of subsets) of R? into R?, the notion of (real) differentiability can be applied to them.
A suitable formulation is:

A function
f=g+ih:U — C, (1)

where U C C is open, is real differentiable at zo = xo+iyo € U if there exist functions
A1, As: U — C, continuous at zg, such that

f(2) = Fz0) + (& = m0) A1(2) + (y — yo)A2(2) (2)

holds for all z = x + iy € U. The functions A; and As are not unique, but their
values at zgy are:

0
8—£(z0)

Aalz0) = fi(z0) = %5@0»

Ay(20) = fz(20) = 3
3

It is immediate that this condition is equivalent to the differentiability of the real
functions ¢ and h, with

fo =gz +ihg, fy:gy"‘ihzr (4)

We want to avoid the decomposition into real and imaginary parts and free ourselves
of the real coordinates x and y. To this end, we note that

1 1
ﬂf—xozi(fz-zo-#?—fo)» y_yO:%(Z_ZO_(z_EO))v (5)

and substitute (5) into (2). An easy computation now yields:
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The function f: U — C is real differentiable at zg € U if there exist functions
AE: U — C that are continuous at zy and for which

f(z) = f(20) + (2 — 20)A(2) + (Z — Z0)E(2). (2

The values A(zp) and E(2) are uniquely determined by f.
We indeed obtain A and E from (2) and (5):

1 1
A= §(A1 — i), E= §(A1 +1iAo). (6)

Definition 2.1. The values A(zp) and E(2¢) in the decomposition (2') are called the
Wirtinger derivatives of f at zg, denoted

Alz) = %(zo) = f2(20)
E(z) = %(20) = fz(20)

In light of (3), we obtain from (6)

fo = 5 (e —ify) 7
fo= g tify) (5)

The connection between real and complex differentiability is now immediately appar-
ent from (2):

Theorem 2.1. A function f: U — C is complex differentiable at zg € U if and only
if it is real differentiable at zg and

of

0z (Zo) = 0.

If this is the case, then f'(zp) = %(zo).

Proof: If f is complex differentiable, we have the decomposition (1) from I.1, which
is precisely (2) with E(z) = 0; in particular, fz(z9) = 0. Moreover, we have

f'(20) = A(20) = f2(20).

Conversely, if fz(z9) = 0, then for z # zy we may write (2') as

F(2) = F(20) + (= — 20) (A(z> i Z°E<z>).

zZ— 20
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Since E(zg) = fz(z0) = 0 and

Z—20 —1,
Z— 20
the function
Z— 7%
Az) + E(z
(2) + Z—2E()
is continuous at zg. It follows that f is complex differentiable at zg. O

Definition 2.2. The differential operator

0 _1(0 .0
0z 2 \0r Oy
is called the Cauchy-Riemann operator.

In requiring that a function be complex differentiable we thus simultaneously require
that a certain partial differential equation be satisfied. In other words, holomorphic
functions are the differentiable solutions of the Cauchy-Riemann equation

of .\ _
“()=0. ©)

It is therefore plausible that holomorphic functions possess special properties that
real differentiable functions in general do not — whether in one or in two variables.

The following “real” interpretation of the Cauchy-Riemann equations is especially
important:

Let f be a twice differentiable function that satisfies (9). Then

0%f
020Z

(z) =0. (10)

A simple calculation shows that

9? 1/ 02 0? 1
907 1 (ax - ay) =& (11)

The operator A is called the Laplace operator, and solutions of the equation Af =0
are called harmonic functions. Since A is a real differential operator —i.e. Af =Af—a
function is harmonic precisely when both its real and imaginary parts are harmonic.

Proposition 2.2. Twice differentiable holomorphic functions are harmonic, as are
their real and tmaginary parts.
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As we will see, the above differentiability requirement is superfluous — see Thm. 11.3.4.
Conversely, we will show that real harmonic functions are locally the real (or imagi-
nary) parts of holomorphic functions — see VIL.5. This connection between Laplace’s
equation and complex analysis is decisive in dealing with many questions. It only
arises, however, in the theory of one complex variable. In this text, we will use it only
in VIL.6.

Before moving on, we give the Cauchy-Riemann equations in real form. Taking
f = g +ih, they are as follows:
Gz = hya Gy = 7hm~

The gradients and, consequently, the equipotential lines of g and h are thus perpen-
dicular to one another at all points where the gradients do not vanish.

As a further consequence of Thm. 2.1, we note:

Proposition 2.3. If G is a domain, f: G — C is holomorphic, and f' = 0, then f
18 constant.

The reason is that the Cauchy-Riemann equations then yield f, =0, fz =0, f, =0,
and f, = 0.

We are now ready to finish the proof of Prop. 1.4. Let us note that if f and g are
holomorphic functions, then fg is real differentiable, and

S (f(3() = £(2)3(). (12)

Now we consider again the situation of Prop. 1.4. By part i, there is an r > 0 such that
z = 0 is the only zero of f on D,-(0); in particular, | f(z)| > 0 on 0D,.(0) = {z: |z| = r},
and since 0D, (0) is compact, there is an € > 0 such that

()] > 2 (13)
for |z| = r. We will show that

D(0) C f(Dy(0)), (14)
which implies the claim. For an arbitrary point w; € D.(0), the function

9(2) = 1f(2) —w|?
is real differentiable and, due to (13), satisfies the following inequalities:

9(0) = |un|* < &
9(2) = |f(2) —wi* > %, for |2 =1 (15)
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Since ¢ is continuous, it attains its minimum value on D,.(0), and by (15), this min-
imum must be attained in the interior of D,.(0), at, say, z; € D,(0). All partial
derivatives of g must vanish at z1, so that, in particular,

0=g.(z1) = f'(21)(f(z1) — W1). (16)
Since f'(z1) # 0, we have w; = f(z1). O

We need a special case of the chain rule for Wirtinger derivatives. The general case
is left to the reader as Ex. 1.

Lemma 2.4. Let f: U — C be a real differentiable function defined on an open set
U CC, and let w: [a,b] — U be a differentiable map (i.e. a differentiable path in U ).
Then for all t € [a, b,

G o) = (o) f(w®) (5)) = 1. o) + o))

Here we denote % by w and use matrix multiplication.

We will draw on this lemma in giving a further interpretation of complex differentia-
bility. First, let us recall some facts from linear algebra:

A complex linear map [: C — C is characterized by the conditions

(z+w)=1(z)+ l(w) (17)
l(rz) =rl(2), (18)

where z,w,r € C; if (18) holds only for real r, then [ is called real linear. Every
complex linear map is of the form

w=1(z) =az

for some unique number a € C, and every real linear map is of the form
_ z
w=I(z)=az+bz=(a b) <z> (19)

for some unique pair (a b) € C2. Thus [ is complex linear if and only if b = 0.

Definition 2.3. Let f: U — C be real differentiable at the point zg. The real linear
map from C to C determined by the vector (f(z0) fz(z0)) as per (19) is called the
tangent map of f at zg.

We now have:

Proposition 2.5. A function f is complex differentiable at a point zy if and only if
its tangent map at zo is complex linear.
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Consider a differentiable path w whose initial point is zg, i.e. a path w: [a,b] — C
such that w(a) = zp, and assume that w(a) # 0. Then we may interpret w(a) as the
direction vector of w at a. If v: [a,b] — C is another such path with direction vector
0(a), then the angle between w and v, denoted <((w,v), is by definition the oriented
angle between the vectors w(a) and v(a), i.e. <t(w(a),v(a)). A real differentiable
function f maps the paths w and v to paths f ow and f o v, respectively, that cross
each other at an angle

a(fouwfon) =< g o (rova)

at the point f(zp). Now if f is complex differentiable at zp and f’(zg) # 0, then by
Lemma 2.4,

<(HUow@). 5o 0)(@ ) = <(Goli(a). £ (0)i(0) = (o), i(a).

so that the image paths f ow and f owv cross at the same angle. Lemma 2.4 implies
the converse of this statement as well.

Definition 2.4. A map f: U — V is called conformal, or angle-preserving, if it is
differentiable and has a differentiable inverse and if for all z € U and any differentiable
paths w and v, both with initial point z € U, we have

<(w,v) =<(f ow, fow).

We have thus shown:

Theorem 2.6. A map f: U — V is conformal if and only if it is biholomorphic.

Exercises

1. Formulate and prove the chain rule for Wirtinger derivatives. Furthermore, show that
of _of
0z~ 9z

2. Which of the following real functions are real parts of holomorphic functions?

23 —y3, 2y —axy®, ecosx, e®cosy.

3. Let the map f = g + th: U — C be real differentiable. The real and complex Jacobian matrices
of f are

T fz fE
= ) ma H=(fF)

respectively. Show that det J]R = det J(C In particular, show that if f is holomorphic, then this

determinant is equal to |f’|2.
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3. Uniform convergence and power series

Already in real analysis, important elementary functions are generated from simpler
functions — typically polynomials — via limiting processes. This technique can natu-
rally be transferred to complex analysis, allowing us to extend elementary real analytic
functions on the real line to the complex plane and leading to a deeper understanding
of their properties. Let us first recall some fundamental concepts.

An infinite series
o0
>
v=0
of complex numbers is convergent if and only if the sequence
n
Sp = g a,
v=0

of its partial sums is convergent; the limit s of the sequence s, is then by definition
the sum of the series:

oo
s = g a,.
v=0

The series is absolutely convergent if the series whose terms are the absolute values |a, |
is convergent. In this case, the series ZEOZO a, is in fact unconditionally convergent,
meaning that it will remain convergent (with the same sum) upon any reordering of
its terms. If |a,| < |b,| for all but finitely many v, then the absolute convergence of
Y02 by implies the absolute convergence of Y77 a, (the comparison test). Likewise,
the ratio and root tests familiar from real analysis are at our disposal. Both are derived
via a comparison with the geometric series, which we now give for complex z.

Proposition 3.1. The geometric series converges (even absolutely) precisely when
|z| < 1; for such z, we have

oo
E Z¥ =
v=0

This, together with the ratio test, allows us to see easily that the series
(e ]

iyz Z (v—1)z i (v=1)--(v—k+1)2"* (1)
v=1 v—k

are absolutely convergent for |z| < 1; their sums will be computed later.
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Let us now consider sequences and series of functions. A sequence f, of functions
defined on M C C converges pointwise to the function f, written

lim fl/:forfl/_>f7
V—r00

if for all z € M, we have f,(z) — f(z). Much more important than pointwise
convergence, however, is uniform convergence:

Definition 3.1. A sequence of functions f,: M — C converges uniformly on M to
the function f if for every € > 0, there is an index vy such that for all v > vy and all
zeM,

1fu(2) = f(2)] <e.

The sequence f, converges locally uniformly to f on an open set U if for every point
z0 € U, there is a neighbourhood V (zo) C U on which f, converges uniformly to f.

Locally uniform convergence is equivalent to compact convergence, meaning uniform
convergence on every compact subset K C U. From real analysis, we have:

Proposition 3.2. The limit of a uniformly or locally uniformly convergent sequence
of continuous functions is continuous.

Proposition 3.3. Let f, be a sequence of holomorphic functions that converges to f
on an open set U, and assume that the derivatives f], are continuous and converge
locally uniformly to a function g. Then f is holomorphic, and ' = g.

Proof: Wehave f, ., = f, and f,z = 0, which implies that all partial derivatives with
respect to x and y are continuous and converge locally uniformly. The proposition
now follows from standard results of differential calculus. O

We will obtain Prop. 3.3 in a stronger form and by simpler means (namely without
recourse to real analysis) in Chapter II.

As usual, definitions and results about sequences of functions can be translated into
analogous statements concerning series of functions. For us, the most important such
definition is the following;:

Definition 3.2. An infinite series Y .- fu of functions defined on a set M is ab-
solutely uniformly convergent on M if the series of moduli Ziozo|fy| 18 uniformly
convergent on M.

The following proposition gives criteria for absolute uniform convergence.
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Proposition 3.4.

i. (The Cauchy convergence test) The series Y .- f, is absolutely uniformly con-
vergent on M if and only if for every € > 0, there is an index ng such that for
all nym = ng (withm > n) and all z € M,

Zm )| <e.

ii. (The majorant test) If Z?f:o a, 1s a convergent series with positive terms and
if for almost all v and all z € M we have

|fo(2) < aw,

then Y07 fu is absolutely uniformly convergent on M.
We introduce absolute locally uniform convergence following Def. 3.1. Prop. 3.2
and 3.3 then hold for the limits of absolutely locally uniformly convergent series.

Before moving on to important examples, we note that the above definitions and
theorems remain meaningful and true when applied to mappings of subsets of R™ (or
C™) into R™ (or C™). We only need to replace the absolute value with the euclidean
norm (or any other norm).

An infinite series of the form

Z*ZO E ay2’72’0 s

where a,, € C and zg € C, is called a power series with base point zy and coefficients
a,. As an example, consider the geometric series

o
> =
v=0

(see Prop. 3.1); it is not difficult to see that it converges absolutely locally uniformly to
the function (1 —2)~! in the unit disk D = {z: |2| < 1}. Making use of the majorant
test, we get the following:

(2)

Proposition 3.5. Assume that for some point z1 # 0, the terms of the power series
Yoosgauz” are bounded, that is |a,z{| < M independently of v. Then the series
converges absolutely locally uniformly in the disk D)., |(0) = {z: |z] < |z1]}.

Proposition 3.6. For every power series P(z) = Y - a,z", there is a well-defined
number 0 < r < oo such that P(z) converges absolutely locally uniformly in the disk
D,(0) and diverges for |z| > r.

Definition 3.3. The number introduced in Prop. 3.6 is called the radius of conver-
gence of the power series P(z), and D,.(0) is called its disk of convergence.
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Here we regard oo as a number. If r = 0, we say that P(z) is nowhere convergent,
and if 7 = oo, so that D, (0) = C, we say that P(z) converges everywhere. We can of
course immediately carry over the above statements to power series P(z — zg) with
an arbitrary base point: the disk of convergence will then be centred at zj.

Proof: It suffices to prove Prop. 3.5, since Prop. 3.6 is a direct consequence of it.
Thus, let

lay|[z1]” < M

for all v. We choose 2z such that 0 < |z2| < |21| and for |z| < |z2| obtain

174
< Mg,

z
laullzl” < lallzl” = layll1]| 2|
1

where ¢ = |22/2z1| < 1. By Prop. 3.4.7 and Prop. 3.1, this guarantees absolute uniform
convergence in the disk D)., |(0). O

With a bit of extra effort, one can also prove the Cauchy-Hadamard formula

1
r=————
lim sup {/|a, |

V—r0Q0
for the radius of convergence. We leave this to the reader in Ex. 2.

By Prop. 3.2, a power series converges to a continuous function — which we also denote
by P(z) —in its disk of convergence. But more is true:

Theorem 3.7. The sum of a power series
P(z) = Z a,z” (4)
v=0
is holomorphic in its disk of convergence D,.(0). Its derivative is
[ee]
P'(z) = Z va,z" 1, (5)
v=1
and the radius of convergence of P’ coincides with that of P.

Proof: The series (5) is obtained from (4) by termwise differentiation. To apply
Prop. 3.3, let us show that (5) converges locally uniformly in the disk of convergence

of (4).
As in the proof of Prop. 3.5, we choose two points 0 < |z2| < |21|, where z; € D,(0).
The convergence of (4) now implies that

lav |zt < M
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independently of v. If |z] < |22/, then

V—1| < Ml/qy_17

29 v—1
lva,z ‘ ‘

v0ay ||z
21

where g = |25/21|. Comparing this with the first of the series in (1) gives the uniform
convergence of (5) in the disk |z] < |z2|. Moreover it is easy to see that the radius of
convergence of (5) cannot be larger than that of (4) — we leave this to the reader. [

It follows that power series are in fact infinitely often complex differentiable in their
disks of convergence — all of their derivatives are again convergent power series and
are therefore holomorphic. We have

i (v—=1)---(v—k+1a,z"""

Corollary 3.8 (The identity theorem for power series).

i. Let P(z) =) ,° ja,z” be a convergent power series. Then

pw) (0)
vl

a, =

it. If P(z) =0 in a neighbourhood of 0, then a,, =0 for all v.
iit. If P(z) = > 02 gauz” and Q(z) = Y2, b,2” are convergent power series such
that P(z) = Q(z) in a neighbourhood of 0, then a, = b, for all v.

Proof: Claim ¢ is a direct consequence of the remarks preceding the corollary, i
follows from 4, and 4ii follows from is. O

In Chapter I, we will prove a general theorem that includes the preceding propositions.
For now, however, let us apply our results in order to compute the sums (1). Repeated
differentiation of the geometric series (2), namely

dF 1 k!

dzF1— 2z (1 —z)k+1

gives us the series (1). Thus,
v—k __
VE:ky(Vf]_).n(]/fk#»l)Z —m

To conclude, we ask a few questions whose answers, although they could be given
now, will be easier to come by in the next chapter.
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a) Let zp be a point that belongs to the disk of convergence of a convergent power
series

f(z) = Za,,z”.

v=0
Is there a power series expansion

oo

f(z) = bu(z—20)"

v=0

of f about zp? What would be the coefficients of this new series, and what would be
its radius of convergence?

b) Does a rational function necessarily admit a power series expansion about every
point in its domain of definition? How would one compute the coefficients of such a
series?

Exercises

1. Prove that, on open subsets of R, locally uniform convergence is equivalent to compact conver-
gence. Does this equivalence hold on arbitrary subsets of R™?

2. Prove the Cauchy-Hadamard formula (3).

3. Show that if the limit lim, s o0|ay /ay 41| exists, then it is equal to the radius of convergence of
the series Y 02  ayz”.

4. Determine the radii of convergence of the following series:

oo o0 v oo oo oo
z 2v)!

g Rz, E — g vz¥, E (QV )' z2Y, E

V=0 R v =0

v=0

@),
8 w2

5. Let a, be a decreasing sequence of real numbers that converges to 0, and suppose that the radius
of convergence of the series > 77 ja,z” is 1. Show that for every § > 0 the series converges
uniformly on D\ Ds(1) (so that 1 is the only point on 9D at which it could diverge).

Hint: Estimate the sum (1 —2) > 0_,  a,z”.

6. Show that the series > 72 ja, converges absolutely if and only if each of the four subseries
consisting, respectively, of those terms a, that lie in the quadrant where Rez > 0 and Im z > 0,
those that lie in the quadrant where Rez < 0 and Im z > 0, and so on, converges.

4. Elementary functions

In real analysis, the elementary functions (exponential functions, trigonometric func-
tions, and hyperbolic functions) exhibit very different behaviour (periodic, aperiodic,
bounded, or unbounded) and seem to have little to do with one another. Consider-
ing them as functions of a complex variable, however, makes their close relationship
apparent: All of them stem from the complex exponential function.
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The power series

oo v

expz:Z% (1)

v=0

converges absolutely locally uniformly on all of C and therefore defines a holomorphic
function, the (complex) exponential function. We have

exp0 =1, (2)

and we define Fuler’s number to be

o0

e:explzzj1 (3)

E.
v=0
Since the coefficients of the series (1) are real, we have

expZ = exp z. (4)

In particular, the complex exponential function is real for real z and coincides with
the real exponential function on R. The termwise differentiation of (1) gives

d
7, CXPz = expz, (5)

the differential equation of the exponential function. Everything that follows is a
consequence of the preceding identities.

Let w € C be fixed. Then (5) implies that

d
- exp(w + z) exp(—z) = exp(w + z) exp(—z) — exp(w + z) exp(—z) = 0.
Hence,
exp(w + z) exp(—z) = const. (6)

Setting z = 0 shows that this constant equals exp w; setting w = 0 gives, in view
of (2),

expzexp(—z) =1, (7)
and after multiplying (6) with exp z, we get
Proposition 4.1 (The addition rule).

exp(z + w) = exp z exp w,
exp z # 0.
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For n € Z, the addition rule reads

expn = (expl)” =e".

We will from now on write

expz = e* (8)
for an arbitrary number z € C as well.
The identity (4) implies that

le?| = |ez/2‘2 — o(z+7)/2 _ ,Rez. 9)

The exponential function thus maps vertical lines Re z = ¢ to circles; in particular, it
maps the line iR = {z: Rez = 0} to S = {w: |w| = 1}. Moreover, if z = x is real,
then by (9), e* = |e”| > 0.

In summary:
Lemma 4.2. The exponential function is a group homomorphism from C into C*
that maps the subgroup R into R~q and the subgroup iR into S.
Note that the group operation on C, R, and ‘R is addition and the group operation
on C*, Ry, and S is multiplication. Furthermore:
Proposition 4.3. The three homomorphisms exp: C — C*, exp: R — R.q, and
exp: iR — S are surjective.
Proof: By Prop. 1.4 and (5), the exponential map is open; let U be its image in C*.
If a € C*\ U (which is closed), then the coset

aU = {aw: w € U}
is also open, and

UnalU = @.

Indeed, if there were a number b € UNaU, then for some numbers z, w € C, we would
have

so that a = e*~% € U. It follows that C*\ U is open and therefore empty, since C* is
connected. This shows that the first of the above homomorphisms is surjective. Now
let u € Rsp. There exists a number z = 2 + iy € C such that u = e*, so that, by (9),

which shows that the second of the above homomorphisms is surjective. Finally, if
|w| = 1 and w = €, then eR¢* = ¢ = 1, and since e” is increasing (its derivative is
positive), we have = 0, which completes the proof. O
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Next, let us consider the kernel N of the homomorphism exp: C — C*, namely
N={z:e=1}.

Since there exists a number z* € C such that e* = —1, 22* is a nonzero element of
N. We already know that N C iR. By Prop. 1.4, there is a neighbourhood U of 0
such that U N N = {0}, and since N is closed, there is a smallest positive number p
such that ip € N. We define the number 7 to be p/2:

Definition 4.1. The number m is the smallest positive number for which e*™ = 1.

It is now clear that N consists of the integer multiples of 27i: if N contained a number
q & {2kmi: k € Z}, then by adding some integer multiple of 27, one could produce a
number qo = i¢’ in N such that 0 < ¢’ < 27. — The addition rule now tells us that N
consists exactly of the periods of e, i.e.

ez+2kﬂ'i _ ez’ (10)

where z € C and k € Z. We thus have:

Proposition 4.4.
1. The exponential function is periodic with period 27i.

. If a domain contains at most one member of each congruence class modulo 2mi,
then the exponential function maps it biholomorphically onto its image in C*.

Let us summarize the key mapping properties of the exponential function.
1. The mapping t — €' maps R onto Rsq bijectively.

2. The mapping t — €' maps [0,27) onto S bijectively.

A horizontal line z = = + iyp is thus mapped bijectively onto the open ray L, that
begins at 0 and passes through the point e¢®° on the unit circle. A vertical line
z = xg + iy is mapped onto the circle centred at 0 and of radius €*; an interval of
length less than 27 on this line is mapped injectively into this circle.

Every half-open horizontal strip
Sy ={z=x+iy:yo <y <yo+2r}

is mapped bijectively onto C*. The line z = x4 iy is mapped to the ray L,,, and the
remaining open strip (i.e. Sy, minus its lower boundary) is mapped biholomorphically
onto the “slit” plane C*\ L,,. For yg = —m, one thus obtains the slit plane C* \ R
cut along the negative real axis.

We introduce the remaining elementary functions in terms of the exponential function
via the following Fuler formulas:
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Definition 4.2 (Trigonometric and hyperbolic functions).
i. The cosine function: cosz = %(e“ +e7 %),

it. The sine function: sinz = 5-(e'* — e %),

11. The hyperbolic cosine function: coshz = %(ez +e 7).

iv. The hyperbolic sine function: sinhz = (e* — e™%).

Properties of these functions can immediately be derived from the corresponding prop-
erties of the exponential function. We summarize them in the following proposition.
Proposition 4.5.

1. The functions cos z and sin z are periodic with period 2m; cosh z and sinh z are
periodic with period 2mi.

— sinz = cos z —cosz = —sinz
dz dz
— sinh z = cosh z — cosh z = sinh z
dz dz
119, sin(z + w) = sin z cos w + cos z sin w

(z +w)

cos(z +w) = cos z cosw — sin z sinw

sinh(z + w) = sinh z cosh w + cosh z sinh w
(z +w)

cosh(z + w) = cosh z cosh w + sinh z sinh w

iv. For each of the above functions, f(Z) = f(z).

v s Z2IJ s Z2V+1
. _ 1\ . _ _1\V
COSZ—Z( 1) ) San—Z( 1) )
v=0 v=0
o Z2u o Z2u+1
cosh z = — sinh z = —_—

S S

vi. €* =cosz+isinz

V1. sinz +cos’z=1

cosh? z —sinh? z = 1.

It follows from v that, for real z, all of the above functions coincide with the trigono-
metric and hyperbolic functions familiar from calculus. Formula vi gives the decom-
position of e* into its real and imaginary parts (it is also called Euler’s formula):

T = e*(cosy + isiny). (11)
Concerning the zeros of the trigonometric functions, we have:

Proposition 4.6. The zeros of the sine function are the real numbers km, and the
zeros of the cosine function are the numbers 5 + km, where k € Z.
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Proof: Let us restrict our attention to the cosine function. The equation
1 iz —iz

cosz:§(e +e ) =0
implies that

¥ +1=0. (12)
The only solutions of (12) are the aforementioned ones. O
In real analysis, one sometimes defines 7 via the condition that 7/2 is the smallest
positive zero of the cosine function. The above theorem shows that our definition of

7 gives the same number as this more elementary definition. The connection between
7 and the circumference of a circle will be derived in the following section.

As an application of the preceding formulas and definitions, let us exhibit the nth
roots of unity, i.e. the n solutions of the equation

X" =1
in C. Clearly,
) 2 2
Cn = 2™/ = cos =X —l—isin—7T
n n

is such a solution; all the solutions are the powers ¢, for 0 < h < n — 1. These
numbers all lie on the circle S and span a regular n-gon one of whose vertices is 1.
They form a cyclic group of order n (under multiplication); in the exercises, the reader
is asked to show that all finite subgroups (and in fact all closed proper subgroups) of
S are groups of nth roots of unity. Consequently, every complex number z = |z| e
has nth roots, which can be written in the form

n |Z| eit/n CTILLL’ (13)
where 0 < h < n — 1. For z # 0, all of these roots are distinct.

We conclude with a list of the remaining trigonometric and hyperbolic functions:

sin z CcoS z
tanz = , cotz = ——, (14)
CoS 2 sin z
sinh z cosh z
tanh z = , cothz = — . 15
cosh z sinh z (15)

They are holomorphic everywhere except at the zeros of their denominators and have
periods 7 or, in the hyperbolic case, 7i.

Concluding remark: In this section, we extended the elementary real analytic func-
tions e”, cosx, etc. to holomorphic functions on the complex plane. Prop. 11.4.2
will show that this extension can be carried out in only one way and is therefore not
arbitrary.
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Exercises

1. Let ¢ # 1 be an nth root of unity. Show that
n

(-1

2. Prove that every closed proper subgroup of S is finite cyclic and thus consists of nth roots of
unity.

14+204+332+...4+n¢" =

3. a) Show that [sin z| < sinh|z| and |cos(z)| < cosh|z|. Investigate the behaviour of the trigono-
metric and hyperbolic functions as Re z — oo and Im z — co.

b) Where do the functions sin z, cos z, tan z, and cot z take on real values? Where do they take
on imaginary values?

4. Show that the function tanz never takes on the values +i, and that therefore d% tanz # 0
everywhere. Show that the tangent function maps the strip So = {z: — 7/2 < Rez < 7w/2}
biholomorphically onto C\ {it: t € R, |¢| > 1}.

5. Show that the radius of convergence of the power series

[e'e]

f) =3

v=0

is 1, and that for any fixed a € Q, f(re?™*®) is unbounded as 7 — 1.

5. Integration

We will now introduce the most important tool in complex analysis: the integration of
complex-valued functions along suitable curves (“paths of integration”) in the complex
plane. That is, we will define

JEo (1)

where f is a — generally continuous — function and v: [a,b] — C is a piecewise contin-
uously differentiable path in the domain of f. To the reader who is already familiar
with path integrals: (1) is the integral of the special Pfaffian form f(z)dz along
the path 7. But we now define things “ab ovo”, assuming (almost) no background
knowledge.

The integral of the function f = g+ih: [a,b] — C, where [a, b] is a closed real interval,
is the complex number

b b

/bf(t) dt:/g(t) dt+i/h(t) dt. 2)

a a

It exists if f is integrable, e.g. if f is piecewise continuous:
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Definition 5.1.

i. The function f: [a,b] — C is piecewise continuous if there exists a partition
a=t)<...<tp,=0b (3)
of the interval [a,b] into subintervals [t,—1,t,] such that the restriction of f to

the open intervals |t,—1,t,] is continuous and admits a continuous extension to
the endpoints t,_1 and t,.

it. The function f is piecewise continuously differentiable if the derivative f' exists
everywhere except at the points of a partition (3) and can be extended to a
piecewise continuous function.

Note that the functional

b
If):/f(t)dt

is complex linear and satisfies I(f) = I(f). We thus have:
I(Ref) = Rel(f),  I(lm f) =T I(f) )

The following inequality is essential:

Lemma 5.1.

] /b 7(t) dt] < /b )t

Proof: Choose a number o € R such that

b
el / ft)dt >

Then using |e?“| = 1 and (4), we have

\/f = /f dt' Re(e /f dt> Re/ (1) d
/Re e f(t) /|ve )| dt = /\f )| dt. O

a

Of course, the central theorems of integral calculus hold for complex-valued functions
as well. Let us record the following two results for later use.
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Proposition 5.2.
i. Let f be continuously differentiable on [a,b]. Then

b
/ f(t)ydt = £(b) — f(a).

it. (Substitution rule) Let f be piecewise continuous on [a,b], and let h: [, d] — [a, b]
be a continuous, nondecreasing, and piecewise continuously differentiable bijec-
tion. Then

b d
/ £(s) ds = / ) (2 dt. (5)

(The integrand on the right hand side of (5) may be undefined at finitely many points,
but this does not matter!)

We are now ready to define the paths along which we will integrate:
Definition 5.2. Let M C C be a subset of the complex plane. A path of integration

in M is a continuous and piecewise continuously differentiable map v: [a,b] — M.

The interval [a,b] is called the parameter interval, and v runs from its initial point
v(a) to its end point v(b). The image ~y[a,b] is called the trace of the path v and is
denoted Tr~y. We borrow the following from real analysis:

Proposition 5.3. Paths of integration are rectifiable, and their length is given by

b
L(y) = / /(1)) dt. (6)

We now come to the key definition:

Definition 5.3. Let f: M — C be continuous on M C C, and let v: [a,b] — M be a
path of integration in M. The integral of f along ~v is defined as

b
/ f(z)dz = / SO/ ) (2) dt. (7)

The integrand on the right hand side might again be undefined at finitely many points,
but it is nevertheless piecewise continuous.
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Ezamples:

i. Let a,b € C, and let v: [0,1] — C be defined as
() =a+tb—a).

We will denote this path by [a,b] and refer to it as the segment joining a to b. If a
and b are real and a < b, then it is immediate that

/f(z)dz:/bf(t)dt.
[a.b] a

ii. For zg € C and r > 0, put
k(T 20)(t) = 20 4+ 1 €™, (8)

where —m < ¢ < w. We call this path of integration the (positively oriented) circle
with centre zp and radius r; the trace of the path (8) is precisely 9D, (zp).
Prop. 5.3 tells us that the length of the above circle is

T

L (k(r;20)) = /\Zr | dt = 27

—T

We thus see that the number 7 that we defined in terms of the period of the exponential
function in the previous section coincides with the number 7 familiar from geometry.

1. An especially important example is:
s

dz ir et
/ p—— / it dt = 2mi (9)

K(T;20) -7

Definition 5.4. A parameter transformation is a map
h:[e,d] — [a,b]

between real intervals with the following properties:
i. It is a continuous, piecewise continuously differentiable bijection.

ii. There exists a number 6 > 0 such that h'(t) > & for all t for which h'(t) is
defined.

It follows that h is increasing and that its inverse h~! is a parameter transformation
as well (this time from [a,b] to [c,d]). Moreover, the composition of two parameter
transformations is again a parameter transformation. If v: [a,b] — C is a path of
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integration, then yo h: [¢,d] — C is a path of integration with the same initial point,
end point, and trace as . We say that v o h is a reparametrization of .

Suppose now that f is continuous on the trace of . By (5) and (7),

/f(z)dz:/bf(y(t £) dt = /f )y o h)'( ds_/f dz. (10)

~yoh
Integrals are therefore invariant under reparametrization.

In light of this, we will identify two paths of integration if they are reparametriza-
tions of each other. To be pedantic: a path of integration is an equivalence class of
(parametrized) paths of integration with respect to the aforementioned equivalence
relation. The maps v and v o h are thus parametrizations of the same path of inte-
gration.

The substitution rule also controls the behaviour of path integrals under holomorphic
mappings. If v is a path of integration in the open set U C C and h: U — V is a
holomorphic function, then h o~y is a path of integration in V. It follows that if f is
continuous on V, then

/f /fwmwnwmwwwwu=/0omwum& (11)

ho~y Y
Note the extra factor A’ that appears in the integrand!
Paths of integration may, in a natural way, be combined, subdivided, and reversed:

a) Let 71 and 72 be two paths of integration such that the end point of ~; is the
initial point of v5. We may — reparametrizing if necessary — assume that v; and s
are defined on the intervals [a,b] and [b, ¢]. Then by setting

(), tela,b]
”@){wux te bl

we define a new path of integration . If f is a continuous function, then clearly

/f(z)dz:/f(z)dz+/f(z)dz. (12)

We therefore also write (in this order!)

Y ="+ 72
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b) If v: [a,b] — C is a path of integration and a =ty < ... < ¢, = b is a partition of

[a, b], then the restriction v, = 'y| [tv—1,t,] is also a path of integration, and
Y=t

The subpaths ~, arise upon subdividing .

c¢) Let v: [0,1] — C again be a path of integration. We define the path

—v:[0,1] = C

by —v(t) = v(1 —t) and call —v the reverse of v. The trace stays the same, whereas
the initial and end points are switched. Clearly,

/f(z) iz = —/f(z) dz. (13)

We will write 41 — 2 as shorthand for v; + (—v2).

Let us continue our list of examples:

iv. A path v: [a,b] — C such that y(t) = ¢ is a constant path. Any integral along ~y
is zero.

v. A path is called closed if its initial and end points coincide. The circle x(r; 2g), for
example, is a closed path, as is the boundary OA of the triangle A with vertices a, b,
and c:

OA = [a,b] + [b,c] + [c,a].

vi. Example 7 (formula (9)) shows that the value of an integral depends on the path
of integration: if it did not, the integral over every closed path of integration would
be zero (i.e. equal to the integral over a constant path). Two further typical examples
of integrals over the circle x(1;0): t — e, where —m <t < 7, are:

™

/ Zdz =1 / Dt g = 0 for n # —1,

r(1;0) -7
d
Zdz = / =~ ori.
z
%(1;0) £(1;0)

vii. Instead of specifying a particular path along we which we want to integrate, we
will often specify its trace when it is clear how it is to be parametrized. We may thus

write the integrals in vi as [; or [, _,.
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Translating Lemma 5.1 into the language of path integrals, we obtain:

Proposition 5.4 (The standard estimate). Let f be continuous on the trace of the
path of integration . Then

‘ / F(2)dz| <

Proof: Since Tr~ is compact, |f| is bounded on it, say by M. Lemma 5.1 then

implies
b
=Vﬂw ﬂ /v DI () dt

<M/WWﬁ:MMﬂ 0

< ng%gcwlf( 2)| - L(7)-

The following proposition is an immediate consequence of this estimate:

Proposition 5.5. Let f, be a sequence of continuous functions that converges uni-
formly to a function f on the trace Try of a path of integration . Then f is contin-
uous, and

| Zde el
~

/f(z) dz= lim [ f,(z)dz
5
(Limit and integral signs are thus interchangeable.)
Proof: We already know that f is continuous. We then have

‘/ﬂ@W/ﬁmeVU@n@mu

< zrg%rxv\f — fu(2)] - L(y) = 0. O

Two further propositions will be important in the chapters to come. Both of them are
known results from the theory of integration in R™. We therefore state them without
proof:

Proposition 5.6. Let v be a path of integration in C, let M C R", and let
fi Tryx M — C be a continuous function. Then:
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i. The function

s continuous on M.

1. If M is open and the partial derivative of f with respect to x, is continuous on
Tr~ x M, then F is continuously differentiable with respect to x,, and

OF of
oz, (x) = /a—xu(z,x) dz.

ol

ii. If M C C is open and, for every z € Trwy, f is complex differentiable with
respect to w € M and the derivative f,,(z,w) is continuous on Try x M, then
F is holomorphic in the variable w, and

Fw) = [ fulzw)dz

Claim 7 follows from i, and 7 follows from the standard estimate in the same way
as Prop. 5.5 (and can be seen as a generalization of Prop. 5.5).

Finally, the Fubini theorem (about interchanging the order of integration):

Proposition 5.7. Let « and B be two paths of integration, and suppose the function
[ is continuous on Tra x Tr 3. Then

[(f rewman)is = ([ st

Moreover, the theory of integration tells us that the following statement can be viewed
as a special case of Prop. 5.7:

Proposition 5.8. Let a,,, where (v, 1) € N x N, be complex numbers. If there exists
a bound M, independent of n and m, for which

ZZ‘GVM < M,

pn=0r=0

the series Y27 o (3o0—g awu) and 3207 (302 avy) are convergent, with the same sum.

Exercises

1. Let f: [a,b] — C be a continuous function. Prove that

‘/bRef(t) dt‘ < ‘/bf(t)dt' and Vblmf(t)dt‘ < ‘/bf(t) dt“
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2. Determine the trace of the path v(t) = ae’ + be ™, where 0 < t < 27 and @ > b > 0, and
compute the integrals

/zdz and /z2 dz.

v vy

3. Compute fmwo) Re zdz and f[a b Re zdz, where a,b € C.

6. Several complex variables

The foundation laid in the first sections supports more than just the theory of holomor-
phic functions on the plane: we can easily extend our definitions to functions of several
complex variables. In doing so, the proofs and results remain largely unchanged, al-
though the theory of several complex variables eventually leads to questions that do
not arise in the theory of one complex variable. Now for the details!

Given a point in the n-dimensional complex vector space
C'={z=(z1,...,2n): 2, € C},

we will denote the real and imaginary parts of its coordinates z, by z, and y,, re-
spectively. Moreover, we equip C™ with the “maximum norm”

2] = max ||

V>

instead of the euclidean norm. We will consider complex-valued functions f: U — C
defined on an open set U C C".

Definition 6.1. A function f: U — C is complex differentiable at the point zg € U
if there exist n functions Ay,...,A,: U — C, continuous at zg, for which

n

f(2) = fzo) =) Au(2)(2 — 2)) (1)

v=1

holds for all z € U. If f is complex differentiable at every point zg € U, then f is
said to be holomorphic on U. We say that f is holomorphic at zg if it is holomorphic
on a neighbourhood of zg.

The numbers A, (zg) are uniquely determined by (1); they are by definition the values
of the complex partial derivatives of f with respect to z,. We write:

AV(ZQ) =

B0 (z0) = [, (20)-

If f is holomorphic on all of U, the maps

of

Z 0. (z),

z e U,
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define the complex partial derivatives of f as functions on U; we denote them by

of
fz,, = a .
2y
If they are again holomorphic, one may take higher partial derivatives
82f 8k1+...+knf
02,0z, "’ 32{“1 c Ok

If we now define real differentiability as cleverly as we did in 1.2, namely in terms of
the relation
n n

f(2) = f(z0) =D Au(z)(2 — 2

v=1 v=1

(2)

RO
~
+
e

N
—~
N
~—
—
I\

<
\
N
N
~—

where A, and E, are continuous at zg, then as before we conclude:

The values A, (zo) and E,(z¢) are uniquely determined by f and zy. We call them
the Wirtinger derivatives of f and denote them by

of of
9-. and 97 (3)

The same computation as in 1.2 shows their relationship with the partial derivatives
of f with respect to the real coordinates z, and y,:

_of 1[of .Of
o = 9z, 2 (81‘” _Zayy> (1)
o= of 1<8f JrZ,8]”)
9z, 2\ oz, oy, )

Likewise, the following is a consequence of the discussion in I1.2:

Theorem 6.1. A function f: U — C is holomorphic if and only if it is real differen-
tiable and satisfies the differential equations

of

0z,
If this is the case, the Wirtinger derivatives f,, coincide with the complex partial
derivatives of f (which is why we denote them in the same way!).

0, 1<v<n. (5)

The system (5) is called the system of Cauchy-Riemann equations in n variables.

A holomorphic function f in n variables is clearly holomorphic in each variable; more
generally, if one fixes k variables, then f is holomorphic in the remaining n — k
variables.

The usual rules for finding partial derivatives evidently apply to functions of several
complex variables as well. By observing that constant functions and the coordinate
functions z, — but not z,! — are holomorphic, one obtains the following:
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Proposition 6.2. The set of holomorphic functions on an open set U forms a C-
algebra that contains the polynomial algebra Clzy,. .., zyp].

Furthermore, the quotient rule for derivatives implies:

Proposition 6.3. A quotient of holomorphic functions is holomorphic everywhere
except at the zeros of its denominator. In particular, a rational function (i.e. a
quotient of polynomials) is holomorphic at every point in its domain of definition.

In order to formulate the chain rule, we need the following definition.

Definition 6.2. Let F' = (f1,..., fm) be a mapping of an open set U C C" into
C™. Then we say that F is holomorphic if all of the coordinate functions f, are
holomorphic.

To be more explicit: F(z1,...,2,) = (w1,...,Wy), where
wu:fu(zl7"'7zn)a 1<M<m

Let all f,, be holomorphic. Then if f is a function that is holomorphic in a neighbour-
hood of a point wg = F(zg), one obtains for the function f o F' in a neighbourhood
of zg:

Chain rule. The function f o F is holomorphic at zy, and

a(gzy Z:: Bwu gﬁz (20). (6)

Formula (6) is typically written more concisely as

" of 0
D O )

ow, 0z,

The proof is obtained as in the case of one variable. Alternatively, one can derive this
formula from the corresponding formula from real analysis.

To conclude, let us turn our attention to the integration of functions of several vari-
ables. The only case we will need in establishing basic results is the following:

Let 7, : [0,1] — C be paths of integration, where 1 < v < n. Then

Lty tn) = ((t)s -, nltn) (7)
defines a mapping of the n-dimensional cube

"= {(t, .. tn): 0<t, <1} CR®
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into C*. We call T a parametrized surface of integration in C"; its image I'(Q™) is

)

the trace of I". For a continuous function f on the trace of I', we define

/f(zh...,zn)dzl...dzn:/---/(/f(zh...,zn)dzl>d22...dzn. (8)
r

Tn Y2 M

Thus one first fixes the variables zs, ..., 2, and integrates the function
21— f(z1,22,. .., 20)
over 71, obtaining a continuous function (see 1.5) in the variables zs,...,z,, say
F(z2,...,2,). One then integrates the function
zo > Flza,...,2n),
where zs3, ..., 2z, are fixed, over 2, and so on. By Prop. 5.7, the order in which one

integrates does not matter.

For the reader who has studied differential forms: (8) gives the integral of the complex
(n,0)-form

flz1, o zn)dzy Ao Ndzy,

over the n-dimensional surface of integration I' ¢ C"* = R?", i.e.

/f(z)d21 A Ndzy.
r

It is possible to integrate in far greater generality, but this is needed only in the
further development of the theory of several complex variables, which is beyond the
scope of this book.

Exercises
1. Explicitly derive the Cauchy-Riemann equations from the definition of complex differentiability.
2. Derive the chain rule (6).

3. Amap F: U — V, where U and V are open subsets of C™, is biholomorphic if it is bijective and
holomorphic and its inverse F~1 is holomorphic as well. Show that F' is biholomorphic if it is
bijective and holomorphic and F~1! is real differentiable.
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The fundamental theorems of complex analysis

Holomorphic functions differ fundamentally from real differentiable functions: they are infinitely
often (real and complex) differentiable (I1.3, IL.7), they even admit power series expansions (I1.4),
their entire behaviour is determined by their values on arbitrarily small open sets (II.4, I1.7), and
they satisfy powerful convergence theorems and estimates (IL.5). All of these properties are conse-
quences of the Cauchy integral theorem and the integral representations that arise from it (II1.1-3).
Meromorphic functions extend the class of holomorphic functions (II.6); their study leads to the
notion of isolated singularities and to generalizations of power series obtained by allowing negative
powers (Laurent series). In addition to the phenomena that occur in the theory of functions of one
complex variable, a fundamentally new phenomenon enters the picture in higher dimensions: the
simultaneous holomorphic continuation of all holomorphic functions from a given domain to a larger
one (II.7). Here the Cauchy integral formula (in one variable!) is again the decisive tool.

The Cauchy integral theorem was already known to Gauss (1811). It was proved independently
of Gauss by Cauchy (1825) and by Weierstrass (1842). Goursat’s proof (1900) does not require
continuity of the derivative; the elegant technique of using triangular paths of integration, which
we employ in the second section, is due to Pringsheim (1901). The Cauchy integral formulas were
published by Cauchy in 1831 in the case of a circular path of integration and, much like we do
here, were used by him to develop the theory of complex analysis. The beginnings of the theory of
isolated singularities can likewise be traced to him. The theory of normal families (Thm. 5.3) was
developed by Montel (1912). The remaining material in this chapter, with the exception of IL1.7, is
“classical” — it was no doubt known in the second half of the nineteenth century. Work in the theory
of several complex variables (II.7) began with Cauchy; the results were known to complex analysts
of the late nineteenth century — with one (important!) exception: the use of Cauchy’s integral in
holomorphically continuing functions of several complex variables is due to Hartogs (1906). It is with
him that the modern theory of functions of several complex variables begins (see [FG] and [Li]).

1. Primitive functions

The fundamental theorem of calculus shows that indefinite integration can be seen
as the inverse of differentiation. We now investigate this question in the context of
functions of a complex variable.

Definition 1.1. Let f: G — C be a continuous function defined on a domain G C C.

A function F: G — C is called a primitive of f if it is holomorphic and satisfies
=7

W. Fischer, . Lieb, 4 Course in Complex Analysis, DOI 10.1007/978-3-8348-8661-3 2,
© Vieweg+Teubner Verlag | Springer Fachmedien Wiesbaden GmbH 2012
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FExample:
On its disk of convergence, a power series

(o]
Z an(z — 20)"
n=0

has the primitive

> a
n _ n+1
Z n-+1 (Z ZO)
n=0

(cf. 1.3); in particular, the primitives of the functions exp z, sin z, and cos z are the
ones we already know. The function (z — z9)~", where n € N, is holomorphic on

C\{z0}, and for n #£ 1,

1 1

1_n(z—z0) -

is a primitive. If n = 1, then it does not have a primitive defined on C\ {zo}, as we
shall soon see.

If F' is a primitive of the function f: G — C, then it is easy to evaluate line integrals
of f: if v: [a,b] — G is continuously differentiable, then, since (f o)y’ is continuous,
the fundamental theorem of calculus implies that

b

b
/f(Z) dz:/f(v(t))v’(t) dt:/(FOV)'(t) dt = F(y(b)) = F(v(a)). (1)

a

If v is only piecewise continuously differentiable, we choose a partition
a=ty<...<tp,=0>

for which every v, = 7}[151,,1,1%,,] is continuously differentiable and apply (1) to the
subpaths ~,:

/f dZ—Z/f

=S (FO1) ~ F(r(t)) = F(40) ~ F(3()).

v=1

We have thus shown:
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Proposition 1.1. If F' is a primitive of f: G — C, then for every path of integration
v in G from zy to z1, we have

/f(z) dz = Fz1) — F(z0).

Thus, in this case the value of the integral depends only on the endpoints of the path
of integration. In particular, if v is a closed path of integration in G, then

/f(z) dz =0. (2)

In the real setting, every continuous function defined on an interval has a primitive.
In the complex setting, functions as simple as z — Re z or z — |z| do not (see Ex. 2).
Not even the function z — 1/z, which is holomorphic on C\ {0}, has a primitive there
— this follows from (2) and the fact that

— = 2mi.
z
|z|=1
(Concerning notation, cf. 1.5, Example vii).

The necessary condition (2) for the existence of a primitive is also sufficient:

Proposition 1.2. If f is continuous on a domain G C C and satisfies

/f(z)dz:O

for every closed path of integration v in G, then f has a primitive on G.

Proof: Let a € G be fixed. For every z € GG, choose a path of integration v, in G
from a to z and set

F(z) = / F(0) dc.

Let us show that F is complex differentiable at every point zy € G and satisfies
F'(20) = f(20). If z is a point that is sufficiently close to zp, then [29, 2] C G, and
V2o + [20, 2] — 72 is a closed path in G. By assumption, we have

[roa+ [ roac- [soa-o.
Yzq [ Yz

20,2]
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so that

F(z)— / f(¢ /f(zo +i(z— zo))(z —20)dt = (2 — 29)A(2),

[20,2]

where

1
/f 20 + t(z — 29)) dt.
0

We have A(zg) = f(z0); moreover, A is continuous at zy, because the above integrand
is a continuous function of z (in a neighbourhood U of zp). O

Note that the primitive F' depends on a but not on the choice of the paths v,. If 7,
is another path in G from a to z, then v, — 7, is closed, so that

[ rcrac- / £() d¢ = / £(Q)d¢ =o0.

If we restrict ourselves to domains of a special shape, we may weaken the conditions
of Prop. 1.2. Rather than considering arbitrary closed paths, it suffices to consider
triangular paths.

Definition 1.2. A domain G C C is called star-shaped if there exists a point a € G
such that, for every z € G, the segment |a, z] is contained in G.
Convex domains are of course star-shaped.

Proposition 1.3. Let G C C be a star-shaped domain (with respect to a € G), and
let f: G — C be continuous. If for every closed triangle A C G one of whose vertices
s a, we have

[r©a=o
oA
then f has a primitive.

Proof: We claim that

9= [ o

la,z]
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is a primitive of f. If zg € G and z is close enough to zy such that [zg, 2] C G, then
the triangle A with vertices a, z, and zg lies inside G, and

0—/f yic= [ srac— [ s@ac- [ o
[a,2]

[20,2] [a,z0]
Thus,
F:) - Flao) = [ 1)
[20,7]
and the claim follows by the argument used in the proof of Prop. 1.2. O

Remark: If G is an arbitrary domain and [, , f(¢) d¢ = 0 holds for all closed triangles
A C G, then f has local primitives, i.e. every point a € G has a neighbourhood U
such that f |U has a primitive. It suffices to take for U a disk that is centred at a and
contained in G and then to apply Prop. 1.3.

Exercises

1. Let v be a path of integration from i + 1 to 2i. Compute the integrals of the following functions
over 7:

cos(1+1)z, 22 +1—2iz72, (2+41)3, zexp(iz?).
2. Show that the functions z — Rez and z + |z| do not have primitives on C.

3. Show that if a function f: G — C has local primitives, then for every closed triangle A in G, we
have [y, f(2)dz=0.

2. The Cauchy integral theorem

We now come to the central theorem of complex analysis — virtually all of the impor-
tant results of this chapter and the next make direct or indirect use of the contents
of this section.

Theorem 2.1 (Goursat’s lemma). Let f be holomorphic in a neighbourhood of a
closed triangle A. Then

[ sra: =
OA

Holomorphic functions thus satisfy the conditions of Prop. 1.3.
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Figure 1. Subdivision of a triangle

Proof: Let us subdivide A into four subtriangles Ai, ..., A by connecting the mid-
points of the edges of A (see Fig. 1). Every segment that joins two midpoints belongs
to the boundary of exactly two subtriangles; thus, if we form the sum

4
> [ 1@

Ak

the integrals over these segments cancel, and we have

/ fed =3 [ 1@
YN k

=lyak
so that
< .
/ f(z)dz| <4 ax, / f(z)dz
A dAk

Among the triangles A¥, choose one such that the absolute value of its boundary
integral is maximal, and call it A;. We then have

/f(z)dz <4 /f(z)dz

OA OA

Now apply the same procedure to the triangle Ay, yielding a triangle A, such that

[ 1@z <4 [ s

A, O

Continuing in this way, we obtain a sequence of nested triangles

A=AgDA1D...DA,D...



42 Chapter II. The fundamental theorems of complex analysis

for which
/f(z) dz| < 4" / f(z)dz|. (1)
O0A O0A,

Moreover, the perimeters L(0A,,) and diameters diam A,, satisfy

1 1
L(0A,) = §L(8An_1) =...= Q—nL(aA) (2)
diam A,, = 2% diam A. (3)

Since all A,, are compact, their intersection is nonempty, and by (3), it consists of a
single point zg, i.e.

() An = {2}

n>0
The function f is complex differentiable at zg, so that
f(z) = f(z0) + (2 = 20) [ (20) + (2 — 20) A(2),

where A is a continuous function on A that vanishes at zy. This allows us to estimate
the integral of f as follows: The linear function

f(20) + (2 = 20) f'(20)

has a primitive, so its integral over the closed path dA,, is zero. The standard estimate
then yields

‘ / F(2) d=
OA,

_ ‘ / (2 — 20)A(2) dz
OA,

< L(0A,) Zneli)ﬂ(z — 20)A(2)] (4)

< L(0A,) diam A, m%x|A(z)|.
EASVA VS

Combining (4) with (1), (2), and (3), we have

/f(z) dz

OA

<47 27" 27" L(OA) diam A - max |A(2)]
zZE€EA,

= L(0A) diam A - mix\A(z)L
ze€A,

The continuous function A(z) vanishes at zp, hence

lim max|A(z)| =0,
n—o0 z€A,
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from which it follows that

[ sa:=o.
oA

as claimed. O

Prop. 1.3 and Goursat’s lemma imply that, on a star-shaped domain, holomorphic
functions have primitives. This is the “fundamental theorem of complex analysis”:

Theorem 2.2 (The Cauchy integral theorem for star-shaped domains). Let f be a
holomorphic function defined on a star-shaped domain G. Then

/f(z)dz =0

for every closed path of integration v in G.

A holomorphic function defined on a domain G that is not star-shaped may or may
not have a primitive defined on all of G, but it does have local primitives, because
every point in G has a convex neighbourhood contained in G.

Exercises

1. Let f be continuous on D and holomorphic on I. Show that

/ F(Q)d¢ =0,
oD

Hint: Consider the functions fr(z) = f(rz) as r T 1.

2. a) Let a # 0 be a real number. Using the formula [ e dy = /7, compute the integral
oo
/ exp(—z? — 2iazx) dz.
— 00
Hint: Integrate exp(—z2) over the boundary of the rectangle with vertices £R and +R + ia,
and let R — oo.
b) Using the result from part a), compute the following integral for A € R:

7 exp(—x?) cos(Ax) de.

3. Compute the “Fresnel integrals”
oo oo
/cos(xQ)dx =/7/8= /sin(x2) dz.
0 0

Hint: Apply the Cauchy integral theorem to sectors with centre 0 and corners given by R and
ei™/AR, where R — 0o.

4. Show that, for 0 < a < 1,

/67(170'2)12 cos(2az?) dx = _vT and /67(17“2”2 sin(2ax?) de = i.
2(1 4 a2) 2(1 4 a?)

0 0
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3. The Cauchy integral formula

We will derive an integral representation from the Cauchy integral theorem that shows
how the values of a holomorphic function in the interior of a disk are determined by
its values on the boundary circle.

Theorem 3.1 (The Cauchy integral formula). Let G be a domain, let zg € G, and
let D = D,(z0) CC G. Then for every holomorphic function f on G,

f(z)zzlm/g(f)zdc for all z € D. (1)
oD

Proof: For a sufficiently smalle > 0, U = D, .(20) is a convex (and thus star-shaped)
neighbourhood of zy contained in G. For a fixed z € D, consider the function

FO-IE) s
9(Q) = I
1(z) for ( =z

on U. Tt is certainly holomorphic on U\ {z}, and although it may not be holomorphic
at the point ( = z, it is continuous there. We will nevertheless apply the Cauchy
integral theorem to g — this is justified by Cor. 3.3 below. We then have

0= [ = [ 1 [ 16186

oD

The theorem now follows provided we show that

d
/ (—Cz = 2mi (2)
oD

for z € D. This will be done after Cor. 3.3.

Lemma 3.2. Let A C C be a closed triangle, and let f be holomorphic in a neigh-
bourhood of A with the possible exception of a point zg € A, at which f is continuous.
Then

8{ F(2)dz = 0.

Proof: a) Suppose zg is a vertex of A. The function f is continuous and hence
bounded on the compact set A, say |f(z)] < M. For a given € > 0, split A into three
subtriangles, as shown in the left of Fig. 2, in such a way that L(0A1) < e. Then by
Thm. 2.1, the integrals over 0Ay and A3 vanish, and we have

‘/f(z)dz /f(z)dz
OA

OAL

< L(OA) - M < eM.
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/ Ag
a A\ A 0
Ay
= 20

Figure 2. Splitting of triangles

b) Suppose now that zg lies on an edge of A but is not a vertex. Split A as shown in
the middle of Fig. 2. By part a), we obtain

/f jiz= [ ez [ red

6A1 8A2

c) If zg belongs to the interior of A, then split A as shown in the right of Fig. 2. By
part b), we again have

/fdz—/fdz+/f O

BAl aA2
One can derive the following corollary from Lemma 3.2 in the same way that one
derives the Cauchy integral theorem from Goursat’s lemma.

Corollary 3.3. Let G C C be a star-shaped domain, and let f: G — C be a contin-
wous function that is holomorphic everywhere except possibly at zq. Then for every
closed path of integration v in G,

[ eraz =

In order to prove (2), we differentiate the integral in (2) with respect to z and, by
Prop. 1.5.6, obtain

oz / = / i)?‘

oD

The latter integral is equal to zero because (¢ —z)~2 has the primitive ¢ — —(¢ —2)7!
on C\ {z}. Therefore,

C,
D
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is constant on D; we have already determined its value at the centre zy to be 27i.

This completes the proof of Thm. 3.1. O

The Cauchy integral formula has many important consequences. We derive the first
ones now, keeping the notation used in Thm. 3.1.

The integrand in the formula

= L [ 0%
oD

is holomorphic in z € D, so that, as before, we can differentiate with respect to z
under the integral sign:

1 f(Q) d¢

"2) = — | /= fi D. 3

P =g [ H25s forze 3)
oD

Here the integrand is again holomorphic in z € D. As before, it follows that f’ is

holomorphic on D, and we have

2 /f(C)dC

—- > for z € D.

2w
oD

Continuing in this way, we see that the holomorphic function f is infinitely often
complex differentiable on D and that its derivatives satisfy the formula

f(n)(z):;r!i/(cjcfgz)')ial for z€ D and n=0,1,2,3,...
)

Here the disk D CC G was arbitrary. Since every point in G belongs to such a disk,
we conclude

Theorem 3.4. The derivative of a holomorphic function is again holomorphic. Holo-
morphic functions are infinitely often complex differentiable.

Theorem 3.5 (The Cauchy integral formula). If f: G — C is holomorphic and the
disk D is relatively compact in G, then for every z € D and n=0,1,2,...,

s 2mi ) (C— )t
4]

Thm. 3.4 shows that complex differentiability is a condition of far more consequence
than real differentiability: The derivative of a real differentiable function need not be
continuous, let alone differentiable.

With the help of Thm. 3.4, we can derive several criteria for a function to be holo-
morphic. The first of these is a converse of Goursat’s lemma (Thm. 2.1).
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Proposition 3.6 (Morera). Let f be continuous on a domain G C C, and suppose
that faA z)dz = 0 for every closed triangle A C G. Then f is holomorphic on G.

Proof: Let D be an arbitrary disk in G. Given our assumptions, Prop. 1.3 implies
that f has a primitive F' on D. By Thm. 3.4, f = F’ is holomorphic on D. O

Remark: Let f: G — C be continuous on the domain G and holomorphic on G\ {zp}
for some zy € G. It follows from Lemma 3.2 that [, f(z)dz = 0 for every closed
triangle A in G, so that f is holomorphic on all of G, by Morera’s theorem. The
condition “continuous, and holomorphic with the possible exception of one point”
thus only seems to be more general than the condition “holomorphic”. We required
the former, however, in order to prove the Cauchy integral formula and Morera’s
theorem.

To conclude, we give an often used criterion that substantially sharpens the above
remark.

Theorem 3.7 (The Riemann extension theorem). Let G C C be a domain, let zg € G,
and assume that the function f is holomorphic on G\{z0} and bounded near zy. Then
f can be uniquely extended to a holomorphic function on all of G.

»

Here “f is bounded near zy” means that there is a neighbourhood U C G of zy and
a bound M such that |f(z)| < M for all z € U\ {20}.

Proof: Since f is bounded near zy, we have li_>m (2 — 2z0)f(2) = 0. Therefore, the
z z0

function

F(z) = {(Z —20)f(z) for 2 # 2

0 for z = zg

is holomorphic on G \ {20} and continuous at zp. In light of the above remark, F is
holomorphic on all of G. We have

F'(z0) = lim Fz) = Fzo) = lim f(z);

Z—r20 zZ— 20 zZ—20

in particular, the latter limit exists. This means that f can be uniquely extended to
a continuous function f on GG. Applying the above remark to f proves the claim. [

The extension of f to f means that the gap in the domain of definition of f can be
removed. Thm. 3.7 is thus frequently referred to as Riemann’s removable singularity
theorem.
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Ezample:
Let f(z) = ®2= for z # 0. The power series of the sine function gives us

F)=1- 2224 ...

3!
SO lirr%) f(z) = 1, and by setting f(0) = 1, f becomes a holomorphic function on all
z—
of C.
Exercises

1. Using the Cauchy integral formulas, compute the following integrals:

a) z+4_1 (Z-i-l)d(ﬁ’ b) lz_i/_3 ch_li_izﬂw
c) f %’ d) /7 (zil)ndz —
. [z—1]=1

2. Let f be holomorphic in a neighbourhood of the closed disk D C C. Show that
oo [ 10O
(—z
oD

determines a holomorphic function on C\ D. Which function is this?

3. Let f be continuous on the closed disk D C C and holomorphic on D. Show that
1 f(¢)dg
= [ 19K g
i (—z
oD

for z € D (cf. Ex. 1 in IL.2).
4. Check whether the following functions can be holomorphically extended to zg = 0.

zeot?z;  zPcot?z; z(ef — 1)1 2Zsin(1/2).

4. Power series expansions of holomorphic functions

In Chapter I, we saw that a convergent power series determines a holomorphic function
in its disk of convergence. We will now prove that a holomorphic function defined
on a disk D = D,.(29) has a power series expansion with base point zo and radius of
convergence at least r. This is again a difference between real and complex analysis:
the radius of convergence of the Taylor series of an infinitely often real differentiable
function f can be 0, and even if it is positive, the series need not converge to f.

Theorem 4.1. Let f be holomorphic on the domain G C C, and let zg € G. Then f
can be represented by its Taylor series

f(z)= ;an(z —20)", where a, = %f(")(zo),
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i a neighbourhood of zg. This series converges to f on the largest disk centred at zg
that is still contained in G.

Tt is possible that the Taylor series T'(z) of f converges in a larger disk D(zg) than is
guaranteed by the above theorem. Whether it is true that f(z) = T(z) on G N D(zp)
must then be checked on a case-by-case basis: in general, it is not true. Clarifying
the relationship between f(z) and T'(z) leads to the theory of Riemann surfaces (cf.
[FL2, Fo2]).

Proof of Thm. 4.1: a) If a function f that is holomorphic on G can be represented
as a power series f(z) = >~ jan(z — 20)" in a neighbourhood of zy, then

T (z0) = klag

for k=0,1,2,...; in particular, these coefficients are unique (see Cor. 1.3.8).

b) Choose a radius r such that D = D,.(29) CC G. In the Cauchy integral formula

1 1
1) =5 [ 7t
oD

¢ —
. . . . Z— 20
expand the term into a geometric series with respect to powers of :
— — 20
1 1 1 1 = (2 -2 ) [L— 1
= . — = - (Z - ZO)n-
(=2 (-2 1-z2 C_ZORZ:O ¢—20 nZZO(C—ZO)"H

For a fixed z € D, this series converges uniformly on dD. Since f is bounded on 0D,
the series

= O .
DBy e i)

also converges uniformly on 9D, and we may interchange the order of summation and
integration in the following calculation:

f(z) = ;Tdé (i (Cf(gg - zw") d¢

-3 (e [ ) w

oD

where z € D. This is the sought-after expansion of f into a power series; by the
Cauchy integral formula for derivatives (Thm. 3.5), the coefficients in parentheses are
indeed the values f(™(zy)/n!. Note that, together with part a), this calculation yields
a new proof of Thm. 3.5.
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¢) Let Dr(zo) be the largest disk centred at zo that is contained in G (in case G = C,
note that R = oo). Given a point z € Dr(zp), we can choose a radius r such that
|z — z0| < r < R. By part b), the above representation of f as a power series is valid
at z. O

Ezamples of power series expansions:

The coefficient formula a, = f)(z)/n! is usually of little help, because higher
derivatives often become intractable. For rational functions, Example i gives us a
method for finding Taylor expansions. The remaining examples show how one can
often attain at least the beginning of a Taylor series.

i. The function f(z) = (2 —a)~! can be expanded into a power series with radius of
convergence |zg — a| about every point zg # a (cf. the proof of Thm. 4.1):

1 (o)
= Z an(z — 29)", where a, = —(a — Zo)fnfl'
Z—a

n=0

For g(z) = (2 — a) 2, we have g(z) = —f’(2), so that

ﬁ = - Z nan(z - ZO)n_l = — Z(n + 1)an+1(z — Zo)n.
n=1 n=0

Higher powers of (z — a)~! are handled similarly. With more complicated ratio-
nal functions, one decomposes the function into partial fractions and combines the
corresponding power series. In III.2, we will study partial fraction decompositions
systematically; for now, let us give a concrete example, namely

z+1 3 3 2
h(z):(271)2(2—2)2272_2*1_(271)2.

The power series expansion about zg = 0 is thus

h(z) = -3 i 27l 43 i 2" —2 i(n +1)2"
n=0 n=0 n=0

= Z(S —3.27" 1 2(n+1))" for |z < 1.
n=0

1. Let the functions f and g be holomorphic in a neighbourhood of zy. Leibniz’s rule
for the derivatives of the product fg says that

nopm)(y)  g(nmm) (s
O ni)?)-

m=0
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If f(z) = >0 gan(z — 20)™ and g(2) = .2 bu(z — 29)™ are the Taylor series of f
and g, then the Taylor series of fg is therefore

(Fo)(z z(zam o )2 = )"
n=0
One can also obtain this series by formal multiplication of the series for f and g.

i1 Suppose f(z) = Yo7 a,(z — 29)" in a neighbourhood of zy, and assume that
f(z0) = ap # 0. Then 1/ f is holomorphic near zy, and the coefficients of the expansion

Zb z—2z9)"

n=0

can be determined from

1:%. Z(Zban m)z—zo)

n=0

by comparing coefficients; we obtain

boag = 1 and Z btp—m =0forn>1

m=0

Thus,

-1 —2 2 -3
bo=ay , bi=—aiag”, by=(a]—apaz)ay>, etc.

iv. Let us determine the beginning of the power series expansion of f(z) = tanz
about zg = 0. Note that f is an odd function, i.e. f(—z) = —f(z); the derivatives of
even order of f therefore vanish at the origin. It follows that the expansion has the
form

o0

tanz = E a2n+122"+1.
n=0

The tangent function is holomorphic on C with the exception of the points 7§ + k,
where k € Z, so that the radius of convergence of the above series is § —cf. Ex. 5a. One
can now obtain the first few coefficients by, for example, substituting the power series
for sin z and cos z into the equation cos z - tan z = sin z and comparing coefficients:

(1—%22+%z4f+...)(alz+agz3+a525+...)—sz,z + ,z — 4.

1 1 1 1 1 2 16
gives us a1 =1, a3 — 5501 = —37, G5 — 5743 + 3701 = 7, etc., 80 that ag = 37,05 = £,

etc.
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In order to determine the derivatives f (”)(zo) of a function f that is holomorphic at
zo, one only needs to know the values f(z) on, say, a segment (29 — 0, 20 + 0) parallel
to the real axis. If f and g are two functions that are holomorphic at zy and coincide
on such a segment, then f(")(z) = g™ () for all n. The functions f and g thus
have the same Taylor series expansion about zy, so that they in fact coincide on a
neighbourhood of zy! The following proposition sharpens this observation.

Proposition 4.2 (The identity theorem). Let G be a domain in C, and let f and g
be holomorphic functions on G. The following are equivalent:

i. There exists a point zy € G and a sequence z,, in G\{z} converging to zy such
that f(z,) = g(zu) for p > 1.
u. f=g.
iii. There exists a point zo € G such that ™ (z) = (™ (2) for all n > 0.
Proof: By passing to the function f — g, we may assume that g = 0.
a) Claims ¢ and i follow trivially from ii.

b) Let us assume that ¢ holds and show that 44 holds with the same 2. Consider the
Taylor series expansion of f about zg:

f(z)= Z an(z — 20)".
n=0

We have ag = f(20) = lim, f(z,) = 0. Suppose now that ag = ... = a,—1 = 0 for
some n > 1. Then

f(z2)=(2—=20)"(an + ant1(z —20) +...) = (2 — 20)"F(2),

where F' is continuous (and in fact holomorphic) at z. Since z, — z9 # 0, we have
F(z,) =0 for all y, and hence a,, = lim,, F'(z,) = 0. Thus, for all n,

™ () =nla, = 0.

¢) We now derive 4 from 4 By Thm. 4.1, f = 0 in a neighbourhood of zy. Consider
the set

M ={z; € G: f =0 in a neighbourhood of z; }.

By definition, M is open, and zy € M. But M is also closed in G: If 290 € G is a
boundary point of M, then there exists a sequence z, in M \ {22} converging to zs.
By part b), we then have f("(z5) = 0 for all n > 0, from which it follows that f =0
in a neighbourhood of z,, i.e. 25 € M. Since G is a domain, M = G, so that f =0
on G. O
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By the identity theorem, a holomorphic function on a domain G is completely de-
termined by its values on any nondiscrete set in G. Here a set M C G is called
nondiscrete in GG if G contains an accumulation point of M; if this is not the case,
then M is called discrete in G. Properties that can be expressed via identities between
holomorphic functions on G thus only need to be verified on a nondiscrete set in G,
e.g. on a curve C' C G, in order to be satisfied on all of G — they “propagate from C
to G”. Let us illustrate this important principle with a typical example. The function
f(2) = cot wz is holomorphic on C \ Z and has period 1 on R\ Z. This means that
the holomorphic functions

z f(2), zw— f(z+1)

coincide on the nondiscrete set R\ Z C C\ Z and hence coincide everywhere. The
periodicity of the real cotangent function thus implies the periodicity of the complex
cotangent function.

In particular, the identity theorem implies that the extension of the real elementary
functions sin: R — R, etc. to holomorphic functions can be accomplished in only one
way, since R is nondiscrete in C.

The notion of the order of a zero of a polynomial can be transferred to holomorphic
functions as follows:

Definition 4.1. A holomorphic function f has a zero of order (or multiplicity) k at
zo if

Flz0) = f'(z0) = .. = f*7 D (z0) = 0. f®)(20) # 0.
It assumes the value w at zo with order (or multiplicity) k if f —w has a zero of order
k at zg.
Here one may allow k = oco. If f takes on the value w with order oo at zg, then f = w
in a neighbourhood of zy — see Prop. 4.2.

The function (z — 29)* has a zero of order k at zg. More generally, it is easy to show
the equivalence of the following claims:

i. The function f has a zero of order k at zy.

1. The Taylor series expansion of f about zg is

f(z) = i an(z —20)", where ay, # 0.
n=~k

1. In a neighbourhood of zy, one can write

f(z) = (2= 20)"9(2),
where g is holomorphic and satisfies g(zo) # 0.
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The identity theorem shows that if G is a domain and f: G — C is a nonconstant
holomorphic function, then for every w € C, the points at which f takes on the
value w are isolated, i.e. the set f~!(w) = {z € G: f(z) = w} does not have an
accumulation point in G (it may of course be empty!).

To conclude this section, we give several characterizations of the term “holomorphic
function”. We leave it to the reader to verify how they follow from the theorems we
have proved thus far.

Theorem 4.3. Let f: U — C be a function defined on an open set U C C. The
following are equivalent:

1. f is holomorphic.

1. f is real differentiable and satisfies the Cauchy-Riemann equations.
wi. [ admits a power series expansion about every point in U.

w. f has local primitives.

v. [ is continuous, and for every closed triangle A C U, faA f(z)dz =0.

Exercises

1. Determine the power series expansion of the following functions about zg = 0:
2z+1
224+ 1)(z+1)2°

Hint: It is sometimes helpful to express trigonometric functions in terms of the exponential
function.

sin?z, e cosz.

2. Assume that the power series f(z) = > 3° anz™ converges on D = D,(0). Show that:
— If f is real-valued on R N D, then all a,, are real.
—If f is an even (odd) function, then a, = 0 for all odd (even) n.
—1If f(iz) = f(z), then a, can only be nonzero if n is divisible by 4.
In addition: Discuss the equation f(pz) = pf(z), where p,u € C\ {0} are given.

3. There are only even powers of z in the power series expansion of f(z) = é about 0. It is most
often written in the form

_ - _1\n E2n Z2n
_nz::o( b (2n)! ’

1

COs 2

The FEs,, are called Euler numbers. Determine a recursion formula for the numbers Es,, and show
that they are all integers. In addition: Show that (—1)"FEs, is always positive. Furthermore:
Show that (—1)"FE2, =0 mod 5 for even n > 0 and that (—1)"E3, =1 mod 5 for odd n.

4. Prove that if f and g are holomorphic on a domain G and fg =0, then f =0 or g =0.

5. a) Let the function f be holomorphic on D, (0), and suppose there exists a point z1 € 9D, (0)
such that im f(2) does not exist. Show that the radius of convergence of the Taylor series
z—z1

expansion of f about 0 is exactly r.
b) Determine the radii of convergence of the Taylor series expansions about 0 of

z z

tan z, s - s .
cos 2 sin z e —1
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6. a) Suppose the domain G is symmetric with respect to the real axis and that f is holomorphic
on G and real-valued on G NR. Show that f(z) = f(z) for all z € G.
b) Suppose G = D, (0) and f is holomorphic on G and real-valued on G NR. Show that if f is

even (odd), then the values of f on GNiR are real (imaginary). Prove this without using the
power series expansion of f.

7. a) Suppose the domain G is symmetric with respect to the real axis and f is continuous on G
and holomorphic on G \ R. Show that f is holomorphic on all of G.

Hints: Use Morera’s theorem. In splitting up the triangle A C G, one sees that the only
problematic case is the one in which an edge of A lies on R. In this case, approximate A by a
triangle A. one of whose edges lies on R &+ ie, let € tend to 0, and use the uniform continuity
of f on A.

b) Let G be as in part a), and let f be continuous on G N {z: Imz > 0}, holomorphic on
GN{z: Imz > 0}, and real-valued on GNR. Show that f can be extended to a function that
is holomorphic on all of G (cf. Ex. 6a).

5. Convergence theorems, maximum modulus principle,
and open mapping theorem

From the fundamental results of the previous sections, we now deduce further impor-
tant properties of holomorphic functions. We begin with a useful estimate.

Proposition 5.1 (The Cauchy inequalities). Let f be holomorphic in a neighbourhood

of the closed disk Dgr(zo), and let 0 < r < R. Then for all z € D,(zy) and all n >0,

|F™(2)| < Cge(%f%m'f(o" (1)

where C' is a constant that depends on n, r, and R and is given by

o= (Rflgnﬂ. 2)

The proof follows immediately from the Cauchy integral formula:

KL (N

2mi ((—z)ntl
8DR(20)

|1 (2)] =

f(QOI-

o (R —r)ntt Céar%azﬁzo)
If one sets » = 0 in (2), then, in particular,

n!

| £ (20)] < £ Q). (3)

-_— max
= R™ ¢coDR(20)

One now easily obtains the following convergence theorem due to Weierstrass:
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Theorem 5.2. Suppose the sequence of holomorphic functions (f,) converges locally
uniformly to the function f on a domain G. Then f is holomorphic, and the sequence

of nth derivatives (fﬁn)) converges locally uniformly to f™ for all n.

Proof: a) The function f is continuous. If A is a closed triangle in G, then

/ f(z)dz = / VILIIC}O fo(2)dz = Uan;O fu(z)dz=0
8A

OA A

by Goursat’s lemma. Thus, f is holomorphic by Morera’s theorem.

b) Let Dgr(zp) CC G and 0 < r < R. By applying (1) to f, — f, we have

[F50(2) = S ()| O _max |£,() = f(Q)]

¢(€dDR(20)

for z € D,(z9). The uniform convergence of the sequence f, on the compact set
ODR(%o) therefore implies the uniform convergence of the £ on D,.(20). O

The above theorem again shows how complex analysis differs from real analysis: the
limit of a uniformly convergent sequence of differentiable functions need not be differ-
entiable. Moreover the theorem yields a new proof (which does not depend on real
analysis) that the sum of a power series is holomorphic — cf. Thm. 1.3.7.

Another fundamental convergence property is the following

Theorem 5.3 (Montel). Let (f,,) be a locally uniformly bounded sequence of holo-
morphic functions in the domain G. Then (fl,) has a locally uniformly convergent
subsequence.

The proof rests on a topological statement. We recall the pertinent definition: A se-
quence (f,) of complex valued functions defined on a subset S C R" is called equicon-
tinuous on S, if for every e > 0 there is a § = §(¢) > 0 such that | f, (x') — f,(x")| < e
for all X/, x” € S with |x’ — x| < § and all v. — The sequence is locally equicon-
tinuous on an open subset U C R", if each point of U has a neighbourhood where
the sequence is equicontinuous. This is equivalent to equicontinuity on all compact
subsets of U.

Proposition 5.4 (Ascoli-Arzeld). Let (f,,) be a locally bounded and locally equicon-
tinuous sequence of complez-valued functions on an open set U C R™. Then (f,,) has
a locally uniformly convergent subsequence.

Proof: a) Let M = {x1, X2, X3, ...} be a denumerable subset of U. Then (fy) has
a subsequence which converges pointwise on M. Namely, the values f,(x1) being
bounded, there is a subsequence of ( fu), which we denote by (f 1/1), such that the se-
quence of values f,1(x1) converges. The values f,1(x2) are also bounded, hence there
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is a subsequence (fyz) of (fl/l) such that the values f,2(x2) converge. Continuing
like this, we get subsequences (fy%), »=1,2,3,...,such that

fus is a subsequence of f, ,.—1 and f,,.(xy) converges for 1 < k < .

Now consider the diagonal sequence ( fl"/)u>1' Since ( fW)V>% is a subsequence of

(fu%), the values f,,(xx) converge for every x.

b) Now let (f,,) be given as in the proposition and let M = {x1, Xa, X3, ... } be a
dense denumerable subset of U, e.g. M = U NQ". By a) we may assume that ( fl,)
converges pointwise on M. Let V' CC U be an open neighbourhood of some point
xg € U, on which ( fy) is equicontinuous. We show that ( fl,) converges uniformly
on V. Fix € > 0 and choose 6 = §(¢) according to the definition of equicontinuity.
Because M NV is dense in V and, consequently, in V, we can cover V by finitely many
balls Ds(x,), A =1, ..., £, with centres x;, in V. As f,(xx, ) converges, there is an
index vg such that

| fo(%ky) = fu(xiy)| <efor A=1, ..., Cand pu, v > 1.
Now let x€V be arbitrary. Choose A with x€ Ds(xy, ) and let v, 4 > v9. Then

[ £ () = Fu(3)] < [ 50) = fo (i) [ Fo Os) = Fra (i) |+ i () = Fu ()] < 3¢

by the choice of § and vy. Hence the Cauchy criterion for uniform convergence on V'
is satisfied. O

Proof of Thm. 5.3: Local uniform boundedness of holomorphic functions f, implies
local equicontinuity: If, on D,(z9) CC G, we have |f,(z)| < My for all v, the Cauchy
inequalities (Prop. 5.1) imply | f}(2)| < M; for z € D, /5(20) and all v, with a suitable
constant M;. Hence, for 2/, 2 € D, j5(20) and all v

’fl/(z/) - fu(zﬁ)‘ = ‘ / fz//(C) dC‘ < M1|Z/ - Zﬁlv

[Z’, Z”]
SO (f,,) is equicontinuous on D,./5(20). Now Prop. 5.4 yields the claim. O

Using different terminology, we can formulate this theorem as follows: Every locally
bounded family of holomorphic functions is normal. We will prove a deeper theorem
on normal families in the last chapter.

Let us turn our attention to the value distribution of a holomorphic function. As is
well known, a real continuous function on the plane generally has local minima and
maxima. However:

Theorem 5.5 (The maximum modulus principle). Let f be holomorphic on a domain
G. If |f| has a local mazimum at zy € G, then f is constant.
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Thus, local maxima of |f| cannot occur if f is a nonconstant holomorphic function,
and local minima can occur only at the zeros of f. Namely, if f has no zeros on G,
then 1/ f is also holomorphic on G, and the local minima of | f| are the local maxima of
|1/ f]. We thus note the following consequence of the maximum modulus principle:

Proposition 5.6 (The minimum modulus principle). If f is holomorphic and nonzero
on G and |f| has a local minimum at zo € G, then f is constant.

Proof of Thm. 5.5: Suppose that

|f(2)] < 1f(20)] (4)

for all z € Dr(zp) CC G. The Cauchy integral formula gives us

2m
1 f(z) 1 it
f(z0) = — dz=— [ f(zo+re")dt,
/ L]

Z— 20
|z—zo|=r

where r < R is arbitrary. Due to (4), we have

27 2
fGoll < 55 [IfGo+retldes o [1Go)lat= 170
0 0
so that
27
J sl =150+ ey e =0,
0

Since the integrand is continuous and nonnegative, it must be identically zero; thus,

[f(20)] = |f(20 +7e™)]
for all » < R, i.e. |f] is constant on Dg(zp).

Differentiating the equation
f-f=const (on Dg(z))

with respect to z (Wirtinger derivative!), we obtain

fz : ? =0.
If f = 0, then there is nothing to show; otherwise, f, = 0, and f is constant on
Dpg(z0). The identity theorem then implies that f is constant on G. O

Since a real continuous function takes on its maximum and minimum on a compact
set, the previous propositions imply:
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Corollary 5.7. Let G CC C be a bounded domain, and let f: G — C be continuous
on G and holomorphic on G.

i. The modulus |f| attains its mazimum on the boundary OG; if [ is nonconstant,
then for all z € G,

[f(2) < max|f(2)].

z2€0G

iti. If f has no zeros in G, then |f| attains its minimum on OG; if f is nonconstant,
then for all z € G,

[f(2)] > min [f(2)].

z€0G

Claim i can be used to prove the existence of zeros: if, in the above situation, there
is a point zg € G such that

1£(z0)] < min |£(2)],

then f must have a zero in G.
Theorem 5.8 (The open mapping theorem). Let f be a nonconstant holomorphic

function on a domain G C C. Then f(G) is a domain.

Proof: We only need to check that f(G) is open. Let wy = f(20), and choose a
radius 7 such that D = D,(zp) CC G and f does not assume the value wg on the
boundary 9D, (zp) — this is certainly possible, since the points at which f equals wq
are isolated. Then

§= mi — wp| > 0.
seamin [f(2) = wol

If |w —wo| < 6/2, then for z € 9D, we have

[£(2) = wl 2 |£(2) = wol = |w = wo| > 6 = 6/2=6/2,
but

| (20) —w| < /2.

By the minimum modulus principle (see the remark following Cor. 5.7), f(z) — w has
a zero in D, i.e. f takes on the value w in D. We thus see that Dj/(wo) C f(G),
and f(G) is open. O

Nonconstant holomorphic functions are thus open mappings: they send open sets to
open sets. We may thus improve the inverse function theorem (Prop. 1.1.4) consider-
ably (the following proof is taken from [RS]):
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Theorem 5.9 (The inverse function theorem). Let f: G — G’ be a bijective holomor-
phic function. Then if G is a domain, G’ is a domain as well, and f~! is holomorphic
on G'.

Proof: We already know that G’ is a domain and that f is an open mapping and
hence a homeomorphism from G to G’. The set of zeros of f’ is a discrete subset M
of G, since f’ is holomorphic and f’ # 0. Thus M’ = f(M) is also discrete in G,
and by Prop. I.1.5, the map f: G\ M — G’ \ M’ is biholomorphic. It follows that
=1 is holomorphic on G’ \ M’ and continuous on G’. By the Riemann removable
singularity theorem, f~! is therefore holomorphic on all of G’. Since fo f~! =id, i.e.
- (f~Y =1, we see that in fact M = M’ = @. O

Let us explicitly note: the derivative of an injective holomorphic function f on a
domain U has no zeros.

Exercises
Notation: If f: Dgr(z0) — C is continuous, then for 0 < r < R, we put
My (f) = Mr(f;20) = max{|f(2)|: |z — 20| = 7}
1. Suppose f(z) =Y o2 g an(z — z0)™ converges on Dg(zp). Show that:
a) lan| <r "M, (f) for0<r<R.
b) If f is nonconstant, then M, (f) is a strictly increasing function of r.

2. Verify that the series 7 ; 1%7;" defines a holomorphic function on D, and find its power series
expansion about 0.
3. Consider a polynomial p(z) = 2™ + an—12""1 + ... + ao.
a) Show that if |p(z)| < 1 on the circle |z| = 1, then p(z) = 2".
b) Show that r~"™M,(p) is strictly decreasing as a function of r on |0, +oco[ unless p(z) = z™.
Hint: Consider also q(z) =14+ an—12+ ...+ apz™.

4. Let G be a bounded domain, and let f be continuous on G and holomorphic on G. Show that if
| f| is constant on G, then f is constant or f has a zero.

5. Let f and g be holomorphic on D and continuous and nonzero on D. Show that if |f| = |g| on
0D, then f = cg for some constant c¢. Does this remain true if one allows zeros in D?

6. Let f(2) = ap + amz™ + am+12™11 4 ... be a convergent power series such that a,, # 0 (here
m > 1). Prove that for a sufficiently small r, M,(f) > |ag|. Prove this without using the
maximum modulus principle, and then derive the maximum modulus principle from the claim.

Hint: In the case where ap # 0, one can assume that ap = 1. Then choose z; such that
amz7y" > 0.
7. a) Let f(z) =14 > 7 anz™ on Dg(0). Show that if 0 < p < R and r = HTP(]‘)’ then f has
P

no zeros in D, (0).
Hint: Use the fact that |a,| < p~ " M,(f) to estimate f(z) — 1.

b) For an arbitrary holomorphic function f # 0 on Dg(0), use part a) to give a radius r such
that f has at most the zero zgp = 0 in D,.(0).

8. Let (fl,) be a locally equicontinuous sequence of continuous functions G — C. Show that (fl,) is
equicontinuous on every compact K C G.
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6. Isolated singularities and meromorphic functions

Functions like tan z = 310%7 sz “exp(1/z), or rational functions are holomorphic out-

side a discrete set, namely the set of zeros of their denominators. We now investigate
this in general. In doing so, it is convenient to use the following terminology: If U is a
neighbourhood of the point zg, then we say that U\ {zo} is a punctured neighbourhood
of zg.

Definition 6.1. Let the function f be holomorphic on a punctured neighbourhood of
zo € C. Then zg is called an isolated singularity of f.

We already saw an occurrence of this in I1.3 and proved the Riemann extension theo-
rem: If f is bounded near zg, then lim f(z) exists, and by defining f(z9) = lim f(z),
Z—20 Z—20

we obtain a function that is holomorphic on all of U. Isolated singularities with this
property are therefore called removable singularities.

In many cases, the values of a function grow to infinity as one approaches an isolated
singularity.

Definition 6.2. Let zy be an isolated singularity of f.
. If hm \f( )| = 400, then zg is called a pole of f.

1. If zo is neither a remowvable singularity nor a pole of f, then zy is called an
essential singularity of f.

Here 1Lm |f(2)| = +00 means that, for every C' > 0, there is an r > 0 such that f is
z zZ0
defined on D,.(zp) \ {20} and satisfies |f(z)| = C there.

An essential singularity thus occurs precisely when there exist sequences z,, 2/, in the
domain of f such that z, — zo, 2], — 20, and f(z,) is bounded whereas f(z],) is
unbounded.

Let us consider the examples mentioned before: The isolated singularities of tan z are
the points 2, = § +km, where k € Z. Since cos z;, = 0 and sin z # 0, each 2 is a pole.
As we have already seen, the origin is a removable singularity of the function (sin z)/z.
If R(z) = p(2)/q(2) is a rational function, then the zeros z; of the denominator ¢(z)
are isolated singularities of R, and z; is a pole if p(zx) # 0; in case p(zx) = 0, z
may be a removable singularity. The origin is an essential singularity of the function
f(z) = exp(1/z): one has £1 — 0, but f(1) — 400 and f(—1) — 0 as n — oo.

Let us study the behaviour of a function near a pole more closely. Let f be holomor-

phic on a punctured neighbourhood U\ {z0} of 2z, and suppose that zg is a pole of f.

We may assume that f is nonzero on U \ {zo} (if not, we can always make U smaller).

Then ¢g(z) = 1/f(2) is holomorphic and nonzero on U \ {z}, and li_)m |f(2)] = 400
z—20

implies that lim |g(z)| = 0. By the Riemann removable singularity theorem, g can be
Z—r20
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extended to a holomorphic function on all of U — we will also denote this extension g.
If k£ is the order of g at zg, we may write

9(2) = (z = 20)*h(2),

where & is holomorphic on U and h(zg) # 0. Thus h is nonzero on all of U, h = 1/h
is holomorphic on U, and

f(2) = (z = 20)""h(2)
on U \ {z}. We have thus shown:

Proposition 6.1. Let f be holomorphic on a punctured neighbourhood U\ {zo} of zo,
and suppose that zg is a pole of f. Then there exists a natural number k > 1 and a
holomorphic function h on U with h(zg) # 0, such that

f(2) = (2 = 20)"h(2) (1)
on U\ {zo}. The number k and the function h are uniquely determined by f.
The number k is called the order or multiplicity of the pole zy. If kK = 1, then z is
also called a simple pole.

As before, suppose z is a pole of order k of f: U\ {z9} — C. Then we can substitute
the power series expansion h(z) = > o b, (z — z9)" into (1) to express f as a series:

f(2)=(z=20)"F Y balz —20)" = D an(z—20)",
0 n=—k

where a,, = b4y, for n = —k,—k + 1,.... In particular, a_, = by = h(zg) # 0.

The series Y " bn(z — 2z0)™ converges locally uniformly on the largest disk Dpg(zo)
that is still contained in U, and (z — z9)~* is bounded on every compact subset of
Dg(z0) \ {20} Thus, our series converges locally uniformly on Dg(z0) \ {20}, which
proves most of the following proposition.

Proposition 6.2. Let f be holomorphic on a punctured neighbourhood U\ {20} of zo
and have a pole of order k at zy. Then there exists a series expansion

f(z)=a_k(z— 20) 4.+ a_1(z—20)" "+ Z an(z — 20)", (2)
n=0

where a_y, # 0. It converges locally uniformly on the largest punctured disk centred at
zo contained in U. The coefficients a,, are unique: we have

1 f(z)dz
“=am | Ghape o
|z=—20[=r

for every r such that D,(z9) C U.
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Proof: The uniqueness of the coefficients a,, follows from the uniqueness of the coef-
ficients by, in the expansion of h(z). Moreover

an:bn—i-k:i / M:i / M O

271 (z — zo)nth+l 27 (2 — zp)nt1"
|z—zo|=r |z—z0|=r

The integral formula for the coefficients a,, formally coincides with the corresponding
expression for the coefficients of the Taylor series of a holomorphic function. For
n = —1 we have the important formula

a1 = ! / f(z)dz.

2mi
|z—z0|=r

The series expansion (2) is called the Laurent series expansion of f about the pole zg.
The subseries h,,(z) = Z;i_ i an(z2 — 20)™ describes how f becomes infinite near zg

and is called the principal part of (the Laurent series expansion of) f at z.

Without reference to (2), the principal part of f can be characterized as follows: h.,(z)
is the (unique) polynomial in (2 — z) ! with no constant term for which f(2)—h,,(2)
is holomorphic at zg.

Ezxamples:

i. The origin is an isolated singularity of cotz = cosz/sinz. Since cos0 # 0 and
sin 0 = 0, the origin is a pole. The multiplicative decomposition (1) is

1
cot z = —h(z), where h(z)=rcosz- —
z sin 2

(the last factor should be defined to take the value 1 at the origin, so that it is

holomorphic there). The origin is thus a simple pole, and the principal part of cot z

at 0 is h(0)/z = 1/z. Since cot(z + m) = cot z, all of the isolated singularities

Zm = mm, where m € Z, are simple poles, and their principal parts are 1/(z — z,,).
s

The identities tan z = —cot(z — §) or tanz = 1/ cot z now yield the singularities of

the tangent function with their principal parts.

7. The partial fraction decomposition of the rational function

R()_z4+z2+1_ Ll o1/t 1
2= 2(z241) AV AT

shows that R has simple poles at 0, i, and —: with principal parts

1 11 11

z 2z2—14’ _gz—i—i7
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respectively. The Laurent series expansion of R about 0 can be obtained by expanding

1 z
Rz =2 =2=172

as a power series about 0; we have

1 - n n
R(z) = + D (=it
n=1

As z approaches a removable singularity or a pole of f, the values of f behave in a
clear way. The opposite is true of essential singularities:

Proposition 6.3 (Casorati-Weierstrass). Suppose that zy is an essential singularity
of a function f that is holomorphic on a punctured neighbourhood U\ {z0}. Then for
every wo € C, there is a sequence z, in U\ {z0} such that z, — zo and f(z,) — wo.

Applying the open mapping theorem, we see that f maps U\ {zo} onto an open, dense
subset of the complex plane — and the same is true of every punctured neighbourhood
V\{z0} C U\ {20}! It follows immediately that f is not injective on U \ {zo}: the
image f(U\ V), where zg € V and V CC U, necessarily intersects the open, dense set
F(V\ {20}) nontrivially.

In fact more is true: “Picard’s big theorem” (whose considerably more difficult proof
will be given in the last chapter) states that the image of every punctured neighbour-
hood V' \ {zo} under f is the entire complex plane with the possible exception of one
point.

Proof of Prop. 6.3: Suppose that zy is an isolated singularity of f and the claim
is false. Then there exist a point wy € C and positive radii » and e such that
[f(2) —wg| = ¢ for all z satisfying 0 < |z — 29| < r. The function

1

9(2) = 75—
(2) ) —wn
is thus holomorphic for 0 < |z — 29| < r and bounded by 1/¢. By the Riemann
removable singularity theorem, g can be extended to a holomorphic function at zj.
The relationship f(z) = wp+ 1/g(z) now shows that f has a removable singularity (if
g(z0) # 0) or a pole (if g(z9) = 0) at zg, but certainly not an essential singularity. [

The proof of Prop. 6.1 yields a characterization of the order of a pole in terms of the
growth of f as it approaches the pole:
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Corollary 6.4. Let zg be an isolated singularity of f.

i. The function f has a pole of order less than or equal to k or a removable singu-
larity at 2y if and only if

|f(2)| < Cilz — 2| *

on a punctured neighbourhood of zy, where Cy is some positive constant.

1. The function f has a pole of order greater than or equal to k at zy if and only if
f(2)] = Colz — zo| 7

on a punctured neighbourhood of zy, where Cy is some positive constant.

Functions whose only isolated singularities are poles are not much more complicated
than holomorphic functions.

Definition 6.3. A meromorphic function f on a domain G is a holomorphic function
f: G\ Py — C, where Py is a discrete subset of G whose points are poles of f.

Later, we will see that such a function can be extended to a continuous function
f: G — CU {0} by introducing a “point at infinity”, denoted oo, and setting
f(20) = oo for all 2y € Py.

Holomorphic functions on G are of course meromorphic (their set of poles is empty).
Quotients f/g of holomorphic functions on G (where g Z 0) are meromorphic: the
set of zeros of ¢ is discrete in G, and its points are isolated singularities of f/g that
are either removable or poles. In particular, rational functions are meromorphic on
all of C, as are functions like tan z. On the other hand, exp(1/z) is not meromorphic
on C, since the origin is an essential singularity.

A natural question is: Is every meromorphic function on a domain G a quotient of
two holomorphic functions that are holomorphic on all of G?7 The answer is “yes” —
see, for example, [FL1]. At this stage, however, we will only record the weaker claim
that every meromorphic function is locally the quotient of two holomorphic functions.
To be more precise:

Let f be holomorphic everywhere on G with the exception of a discrete subset Py.
Then f is meromorphic if and only if there is a neighbourhood U C G about any point
z0 € G such that, on U\ Py, f = h/g is the quotient of two holomorphic functions
g,h: U — C.

Functions of this form are certainly meromorphic. Conversely, if f is meromorphic
and zg is not a pole of f, then one can choose h = f and g = 1. If 2y is a pole of
order k, then by (1), f(z) = h(2)/(z — 20)* near zy, where h is holomorphic at zy. — It
follows that if f 2 0, then 1/f is also meromorphic; the zeros of f are the poles of 1/f,
and the poles of f are the zeros of 1/f. Moreover the above description shows that
the set of meromorphic functions on a domain G is a field — i.e. sums, differences,
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products, and quotients of meromorphic functions are again meromorphic (f = 0
is the zero element, which is excluded as a denominator). The ring of holomorphic
functions O(G) is a subring of this field, and the positive answer to the above question
implies that it is the field of fractions of this ring. Here it is of course essential that
one consider a domain, i.e. a connected open set (if U is not connected, then O(U)
has zero divisors!).

To conclude, we remark that the identity theorem applies to meromorphic functions.
We leave it to the reader to justify this claim.

Exercises

1. Determine the type of singularity that each of the following functions has at zg. If the singularity
is removable, calculate the limit of f(z) as z — zp; if the singularity is a pole, find its order and
the principal part of f at zg.

1
a) at zo = 0, b) ——— at 290 =0,
1—e* z —sinz
1z
c) (z;—iibz)z at zg = ib (b > 0), d) (sinz 4 cosz —1)"2 at zp = 0.

2. Let f be holomorphic on D, (z0) \ {z0} with a pole at zg. Show that there exists an R > 0 such
that

f(Dr(20) \ {z0}) > C\ Dg(0).

3. Suppose zg is an isolated singularity of f. Show that zg is not a pole of ef.
(Hint: Use the result of Ex. 2.)

4. Let f be holomorphic for 0 < |z| < rg. For 0 < r < rg, put M,(f) = max{|f(z)|: |z| = r}. Prove
that:

a) The origin is a removable singularity of f if and only if M., (f) stays bounded as » — 0. If
this is the case, then M,.(f) is a strictly increasing function of r, provided f is nonconstant,
and lim M(f) = |(0)].

b) The origin is a pole of f if and only if M, (f) — oo as 7 — 0 and there is a number ¢ such
that r¢ M, (f) stays bounded. The order of the pole is the minimal £ with this property.

¢) The origin is an essential singularity of f if and only if 7¢ M, (f) — oo for all £ > 0 as r — 0.

d) In parts b) and c), there is an r1 € ]0, ro[ such that r — M,.(f) is strictly decreasing on |0, r1].

5. Suppose that the functions a1, ..., an are holomorphic at zg and that f has an essential singular-
ity at zg. Show that g = f™ +a1f* 1 +...+ a, has an essential singularity at zg. Furthermore,
show that the claim remains true if the functions a, are only assumed to be meromorphic.

7. Holomorphic functions of several variables

A holomorphic function of n variables z1,...,z, is holomorphic in each individual
variable and can therefore be expressed via the Cauchy integral formula by applying
it to each z,. This leads to n successive integrations with respect to the variables z,.
More explicitly:
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Let z° = (29,...,2%) € C", and let
D=Dy(z°)={z=(21,...,20): |2s — 20| <7y, v=1,...,n}

be a polydisk about z° with polyradius r = (ry,...,7rn), where r, > 0. Thus, D is the
product of n disks of radius r, about 22. We put

T:{z: |z, — 20| =7, V:l,...,n};

this is a product of n circles T,, i.e. an n-dimensional torus, and it is clearly an
n-dimensional surface of integration (cf. I1.6). The torus T is called the distinguished
boundary of D.

Let f be holomorphic on the open set U, and suppose that U D> D. We choose a
point z € D and apply the Cauchy integral formula to the first variable:

fC1a227"'7 )

271'1 Cl — 21

dGy.

A second apphcatlon — this time with respect to the second variable — gives us

f((l’ZQ,.”’Zn):ﬁ/f(<15<27237'-'7zn) d<2,

G2 — 22

so that

fC1,<2723,..., )
J(z) = (27”) / (C1—21)(G2 — 22) ez d6y.

Repeating this procedure n times yields the Cauchy integral formula for polydisks.

Theorem 7.1. Let f be holomorphic in a neighbourhood of a closed polydisk D with
distinguished boundary T. Then for every z € D,

f(z) = <21M>HT/ @ —zl)f(-c-)(gn —y G

More generally, we define the Cauchy integral for a continuous function A on 7" as

chta) = (557) 7/ R A LI

where z € D. Differentiating under the integral shows that Cj,(z) is holomorphic on
D and arbitrarily often differentiable with respect to all variables, and it yields the
formula

k1t +kn

Rl k! h(¢)
mch(z) - (271_2)” / (Cl — Zl)k1+1 . (C’n, _ Zn)k"+1 dgl L. an

T

By combining this information with Thm. 7.1, we obtain, as in I1.3:
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Theorem 7.2. Holomorphic functions of several variables are infinitely often complex
differentiable; all of their derivatives are again holomorphic.

One must only note that every point in C™ has arbitrarily small polydisk neighbour-
hoods.

A series of further important results that hold for holomorphic functions of one vari-
able can be carried over unchanged to the setting of several complex variables. Their
proofs can either be given using the Cauchy integral formula for polydisks, as is
done above, or by tracing them back to the corresponding claims for functions of one
variable. We take the second approach.

Theorem 7.3 (The identity theorem). Let f be holomorphic on a domain G and
identically zero on a nonempty open subset U of G. Then f =0 on all of G.
First, a simple lemma that we will also use for the proofs to follow:

Lemma 7.4. Let a,b € C" and b # 0; moreover, let \: C — C™ be the affine line
A(t) = a+tb, where t € C, and let L denote the image of X. If [ is holomorphic on
U C C", then f o X is holomorphic on A=1(U).

Indeed, it is not difficult to show that

d " of
GUIeNO =D 2= (O

v=1

In short, if f is holomorphic on U, then the restriction of f to every affine line L is
holomorphic on LNU. This lemma generalizes the self-evident fact that a holomorphic
function of n variables is holomorphic in each individual variable.

Proof of Thm. 7.3: a) Let G be a polydisk. By the identity theorem in one variable
(Prop. 4.2), f =0 on L NG for every affine line L that intersects U. But G is the
union of such lines, so f =0 on G.

b) Let G be an arbitrary domain, and let Go={z € G: f =0 in a neighbourhood of z}.
Then Gy is open. On the other hand, if z° is a limit point of Gy in G, then there
exists a polydisk D about z" that intersects Gy and is contained in G. By part a),
f=0on D. Therefore z° € Gy, i.e. Gy is closed in G. It follows that Gy = G. O

It is not very difficult to derive the further versions of the identity theorem, e.g. if f
is holomorphic on G and D f(z°) = 0 for all complex derivatives D of any order, then
f =0. But f can vanish on a nondiscrete set without vanishing identically — consider,
for instance, the function z; in C2.

Using Lemma 7.4, we can prove the following theorem just as before:
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Theorem 7.5 (The maximum modulus principle). Let f be holomorphic on the do-
main G, and suppose that | f| has a local mazimum at z°. Then f(z) = f(2°).

Proof: By the maximum modulus principle in one variable (Thm. 5.5), f(z) = f(z°)
on all affine lines L that pass through z° (that is to say, on the path component of z°
in LNG). Tt follows that f = f(z") on an open neighbourhood of z° and therefore
on all of G, by the identity theorem. O

As in the case of one complex variable, the Weierstrass convergence theorem follows
from the Cauchy integral formula:

Theorem 7.6. Let f, be a locally uniformly convergent sequence of holomorphic func-
tions on a domain G whose limit is f. Then f is holomorphic, and the sequence of
derivatives

converges locally uniformly to the corresponding derivative DX f.

Power series expansions of holomorphic functions follow from Cauchy’s integral for-
mula as in the case of one variable, but we will not pursue this in detail because power
series in more than one variable are technically more difficult to handle.

The theory of holomorphic functions of several variables has thus far shown itself to
be a direct generalization of complex analysis in one variable. In the case of more than
one complex variable, however, the Cauchy integral formula leads to a surprise:

Let f be holomorphic in a neighbourhood of the closed polydisk D, (0) € C", where
n > 1, with the possible exception of the origin. By the Cauchy integral formula in
one variable,

f(Zl,...,Zn):i_ / f(zl""vznflvgn) an

271 Cn — 2n
‘Cn‘:Tn

in case not all z,, where 1 < v < n — 1, are zero. But the integral on the right
hand side depends holomorphically on z1,..., 2, for all z € D,(0) and thus also for
z1 = ... =z, = 0. In this way, the right hand side extends f to a holomorphic
function on all of D — the origin cannot be an isolated singularity. The fact that we
have singled out the origin is of course irrelevant. Therefore:

Theorem 7.7. A function of at least two variables that is holomorphic in a punctured
neighbourhood of z° can be holomorphically extended to z°.

Holomorphic functions of more than one variable cannot have isolated singularities.
Since an isolated zero of a holomorphic function f is an isolated singularity of 1/f, it
follows that:



70 Chapter II. The fundamental theorems of complex analysis

Proposition 7.8. Holomorphic functions of several variables do mot have isolated
Z€T08.

We will learn more about the zeros of holomorphic functions of one or more variables
in Chapter IV. Let us mention two consequences of Thm. 7.7 here:

1. There exist domains G G G in C", where n > 1, such that O(G) = O(Q), i.e.
every holomorphic function on G is the restriction of a holomorphic function on G.
The domains D \ {0} and D serve as an example.

2. Meromorphic functions cannot be defined in terms of their behaviour at isolated
singularities; they must be defined as local quotients of holomorphic functions — see
the discussion following Def. 6.3.

The actual theory of several complex variables begins here (cf. [FG] and [Ral); we
will say more about it later.

Exercises

1. Let 0 < 7y < Ry (where 1 < v < n), and let D = Dgr(0)\ D¢ (0) be the difference of the polydisks
with polyradii R = (Ri,...,Rn) and r = (r1,...,75). Assume that n > 1. Show that every
holomorphic function on D is the restriction of a holomorphic function on Dg(0)

Hint: Use the proof of Thm. 7.7.



Chapter IIl.

Functions on the plane and on the sphere

By adding a “point at infinity”, denoted oo, to the complex plane, we obtain the Riemann sphere
(IIL.1); it allows an elegant description of meromorphic and, in particular, rational functions and
an interpretation of Mobius transformations as automorphisms of the sphere (I11.2,4). Important
theorems about functions that are holomorphic on all of C (“entire functions”) follow from the fact
that the point co is an isolated singularity of these functions (III.3). Polynomials and rational func-
tions are investigated in detail in III.2; in particular, this section contains proofs of the fundamental
theorem of algebra as well as historical notes. With the logarithm function and the functions that
arise from it, we conclude our “elementary” study of the elementary functions; among other things,
we describe the local mapping properties of holomorphic or meromorphic functions via root functions.
Partial fraction decompositions (II1.6) are an essential tool in the study of meromorphic functions;
in addition to a general existence theorem, this section contains the decompositions of the functions
cot mz and 1/sin? 7z and their consequences. The Weierstrass product formula (I11.7) for entire
functions substantially generalizes the factorisation of polynomials into linear factors. We shall use
it in V.1 and V.4 to define non-elementary functions.

A large part of this chapter contains classical material whose origin dates to before 1800. The Rie-
mann sphere is, naturally, the complex projective line, and the geometry of Mébius transformations
is one-dimensional projective geometry (valid over an arbitrary field). Thm. 6.1 was established by
Mittag-Leffler in 1877; Euler succeeded in summing the series Zn’% in 1740; Bernoulli numbers
were introduced by Jakob Bernoulli around 1700 in order to compute power sums. The product
decomposition of sin z goes back to Euler (1734); Weierstrass proved his general product theorem in
1876.

1. The Riemann sphere

By adding a new point oo to C, we extend the complex plane to a compact space
C = CU{o0o} such that meromorphic functions become continuous maps into C if one
assigns to them the value co at their poles.

In more detail: We set C = C U {oo} and call co the “point at infinity”. We then
extend the topology on C to C as follows:

Definition 1.1. A subset U of(a is called open if either U C C and U is open in C
oroo € U and C\ U is compact in C.

Examples of open neighbourhoods of oo include the complements @\5 of closed disks
D c C. A sequence (z,) of complex numbers therefore converges to oo if and only
if for every radius R only finitely many elements of the sequence are contained in

W. Fischer, 1. Lieb, 4 Course in Complex Analysis, DOI 10.1007/978-3-8348-8661-3 3,
© Vieweg+Teubner Verlag | Springer Fachmedien Wiesbaden GmbH 2012
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Figure 3. Stereographic projection

Dg(0), i.e. if and only if |z,| — oo as per our former understanding. Once we have
introduced open sets, the complete language of topology is at our disposal and can be
applied to C. Note also that we have given a precise meaning to expressions such as

lim(z —a) ' =00, lim 2% = co.
z—a Z—00

The space C is called the eztended plane (the one-point compactification of C), or the
Riemann sphere. The latter terminology is based on the following geometric model:
Consider R? with the coordinates x1, 2, and z3, and identify C with the (z1,z2)-
plane by setting z = x1 +iz2. As indicated in Fig. 3, we stereographically project the
two-dimensional unit sphere

S? = {(x1, 9, 23) € R: 212 + 192 + 23° = 1}

from its “north pole” N = (0,0, 1) onto C. Every point x € S?\ {/V} is thus associated
to the point ¢(x) at which the line connecting N and x intersects C. This gives us a
continuous bijection

0: S\ N = C, @(xl,xQ,xg)zl - (z1 + ixa),
— 3
and the inverse map
1
-1 2 -1 ; 2, .2
:C—S*\ N, = —— (22, 2y, -1
® \ o (z+1iy) x2+y2+1(x Y,z +y° —1)

is also continuous. If we extend ¢ to a bijection

¢:S* 5 C, where ¢(x) = p(x) for x # N, @(N) = oo,

then both ¢ and its inverse ¢~': C — S? are continuous. We may thus identify C
and the sphere S? as topological spaces.
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Proposition 1.1. The Riemann sphere Cisa compact, connected topological space.
Proof: The space S? C R? has these properties. O

We may now reformulate Def. I1.6.3, the definition of meromorphic functions:

A meromorphic function on a domain G C C is a continuous map f: G — C with the
following properties:

i. The set Py = {z € G: f(z) = oo} is discrete in G.
ii. The restriction f: G\ Py — C is holomorphic.

It is useful to allow oo to be not only a value, but an argument as well. We note
that

Y: C—=C, (z)=1/zfor z#0,00, (0) =00, w(c0)=0

defines a homeomorphism from C to itself; we have 1 = ¢ ~!, and v is holomorphic
on C* = C\ {0,00}. The function ¥ maps neighbourhoods of co to neighbourhoods
of 0 and vice versa.

Definition 1.2. A function f defined in a neighbourhood of oo is called holomorphic
at oo if the function

¢ = f(1/C) for ¢ #0

fr=fou: {0 oo

18 holomorphic at the origin.
For example, the power functions fi(z) = =%, where k € N, are holomorphic at oo

if one sets fix(o0) = 0 — then f;(¢) = ¢*.

Let f be a holomorphic function on U, (o0) = {z € C: |z| > 1/e} U {0}, and suppose
that f(co) = wp. Then f* admits a power series expansion on U.(0) = ¢ (U(0)),
namely

(o]
() = wo + Z an¢", where a, # 0.
n=k
From this, we obtain the expansion
f(z) =wo+arzF +appz "+

which is valid on U, (00) \ {0}, and say that f takes on the value wg with multiplicity
k at oo.

The notion of an isolated singularity can be extended to the point oco:
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Definition 1.3. Let f be holomorphic in a punctured neighbourhood of oc.

1. The point oo is a removable singularity of f if f is bounded near cco.
it. The point oo is a pole of f if lim f(z) = oo.
Z—>00

1i. If oo is neither a removable singularity nor a pole of f, then it is an essential
singularity of f.

It follows that oo is a singularity of type 4, i, or i of f if and only if 0 is a singularity
of type 1, ii, or iii, respectively, of f* = fo1). This in turn implies that the Riemann
extension theorem and the Casorati-Weierstrass theorem, as well as their corollaries,
apply to oo as an isolated singularity.

If f has a pole at oo, then its order is naturally defined to be the order of 0 as a pole
of f*. If this order is k, we can write

f(z) = #g(2),

where ¢ is a function that is holomorphic at co and satisfies g(oo) # 0. The principal
part hoo(z) of f at oo can then be defined as the (unique) polynomial h..(z) with
no constant term for which f(z) — hoo(z) is holomorphic at co. The degree of this
polynomial coincides with the order of co as a pole of f.

FEzxzamples:

i. Let h(2) = a_p(z—20) F+...+a_1(z—20) 7}, where a_; # 0. Then lim h(z) =0,
Z—r00

so that h is holomorphic at oo and vanishes there.

it. A polynomial p(z) = ag+ a1z + ...+ a,z"™, where a,, # 0, has a pole of order n at
0o. The principal part of p at 00 i8 heo(2) = a12 + ... + @, 2"

7i5. Consider a “fractional linear” function

az+b
&= ova

where a,b,¢,d € C, ¢ # 0, and ad — bc # 0 (otherwise f would be constant). This
function is holomorphic on C\ {—d/c} and has a simple pole at zg = —d/c. But f is
also holomorphic at co if we set f(co) = a/c: The function

a/C+b a+b¢

c¢/C+d c+dC

is holomorphic at 0, with f*(0) = a/c.

Q) =

iv. The function f(z) = e* has an essential singularity at co, because f*(¢) = e!/¢
has an essential singularity at 0.

Functions that are holomorphic on the entire Riemann sphere are especially simple:

Proposition 1.2. Any function that is holomorphic on all of@ 18 constant.
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Proof: Let f: C — C be holomorphic. Since Cis compact, the continuous function
|f]: C — R attains a maximum value. If this occurs at zp € C, then f is constant on
C by the maximum modulus principle and therefore constant on C by continuity. If
| f| is maximal at oo, then |f*| has a maximum at 0. It follows that f* and therefore
f are constant. O

In our definition of a meromorphic function f, we may thus allow G C @, ie. we
may allow f to be defined at co. The open mapping theorem also holds in this more
general situation:

Proposition 1.3. If f is a nonconstant meromorphic function on a domain G C ([A:,
then f(Q) is a domain in C.

We leave the proof to the reader as Ex. 2.
The following definition will help to simplify the terminology:

Definition 1.4. Let G1 and G be domains in C. A holomorphic mapping f of Gy
onto Go is a meromorphic function f: Gy — C such that f(G1) = Ga.

The fractional linear functions from Example 7 are thus holomorphic mappings of C
onto itself; we will investigate them in more detail later.

The expressions “holomorphic mapping” and “holomorphic function” are thus no
longer synonymous: A holomorphic mapping f: G; — G5 is a holomorphic function
if and only if co & f(G1).

Exercises

k
1. a) Determine the order of the zero of > bn(z — z0) ™™ at co.
n=1

b) For the following functions, determine the value wo = f(co) and its multiplicity:

224 —228 — 22 — 241 i3 42241
fz) = 1 3 ) f(z):W-
24 —2z3—z+1 24 41929 + 2% — iz

2.Let G C C be a domain, and let f be a nonconstant meromorphic function on G. Show that
f(G) is a domain in C.

2. Polynomials and rational functions

Let us first consider polynomials, i.e. functions of the form
p(z)=ao+a1z+ ...+ a,2", (1)

where ag, . .., a, are complex constants; the degree of p(z) is n, provided a,, # 0. We
are interested in the existence and position of zeros of p, as well as in factorization,
i.e. expressing p as a product.
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We begin by studying the behaviour of polynomials for large |z|. Let p, as given in
(1), be of degree n > 1. By III.1, p has a pole at oo, i.e.
zli}n;op(z) = 0. (2)

The formula

p(z) = apz" <1 pintl1y oy aOz")
an an

shows that

fm P (3)

200 A 2"

n

80 a,z" is the dominant term of p(z) for large |z|.

- . . -1
We will improve the banal result (3) by a more precise estimate. Set ¢ = >_"'_|a,|
and ¢q(z) = p(z) — a2 = Zﬁ;é a,z”. Then for |z| > 1,

n—1
anl 2 ayzlfn+z/
v=0

n—1
<[P a2 < ol
v=0

lq(2)| =

and

C _
|an||z|n (1_ ‘Cl |Z|) :|an||z|n_c|z|n !
n

< [p(2)] < lanll2]™ +cl2|" 7

c
= |an||2|" (1 + ) .
|an] - |2|

For e > 0 and R(e) = ¢/¢|ay|, we obtain:

Proposition 2.1. Let p(z) = ag + ... + a,z™ be a polynomial of degree n > 1, and
let ¢ = Zﬁ;é|a,,|. Then for every e > 0 and |z| > max(1, R(g)), we have

(1 =)lanll2[" < [p(2)] < (1 +&)lan|2]".
If ¢ < 1, this estimate shows that p has no zeros for |z| > max(1, R(¢)). Letting
€ — 1, we see that:

Corollary 2.2. All zeros of p lie in the closed disk

{z € C: |z| < max(1,c¢/|an|)}-

The example p(z) = 2" — 1 shows that zeros may lie on the boundary of this disk.

We have not yet proved that an arbitrary nonconstant polynomial has zeros in C. The
“fundamental theorem of algebra” shows this to be true (see also the historical note
at the end of this section):
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Proposition 2.3. Let p be a polynomial of degree n > 1 with complex coefficients.
Then p has a zero in C.

First proof: By (2), we may choose an R such that |p(z)| > |p(0)| for |z| > R; thus,
|n|ﬁr11%‘p(z)| > |p(0)]. By the minimum modulus principle (Prop. I1.5.6), p has a zero

in DR(O) O

Second proof: Let us regard p as a meror/r\lorphic function on C. By Prop. 1.3,
p(C) is a domain in C. Since the image p(C) is also closed (this follows from the

compactness of @), we have necessarily p(C) = (C; in particular, 0 € p((C). Since
p(00) = oo, we have 0 € p(C). O

Assume that z; is a zero of p, and that p is of degree n > 1. Then

p(z) = (z — 21)p1(2),

where p; is a polynomial of degree n — 1. This can be seen either via polynomial
division or by expanding p into powers of z — 21 as

p(2) = plz1) + 7' (21) (2 — 21) + .. o+ %pw(zl)(z — )",

taking into account that p(z;) = 0. If n — 1 > 1, then p; has a zero 23, so that
p1(z) = (2 — 22)p2(z) and

p(2) = (2 — 21)(2 — 22)p2(2),

where p, is a polynomial of degree n — 2. After n steps, we have

z)ch(z—zy), (4)
v=1

where the constant c¢ is the coefficient of z™ in p. Of course, the z, need not be
distinct. By combining repeated factors in (4) (and renumbering the zeros of p), the
factorization of p can be written in the form

z)=c¢ H(z —zp)"" (5)

with distinct zeros z1,...,2z.. The exponent n, is the multiplicity (order) of the zero
zp; we have 30 n, = n.

If w is an arbitrary complex number, then we can factor p(z) — w as per (4):

HZ*CV
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This shows that p takes on the value w at the n (not necessarily distinct) points
(1,...,Cn. The polynomial p takes on the value w at ¢ with multiplicity greater than
1 if and only if p(¢) = w and p’(¢) = 0, thus it is precisely at the at most n — 1 zeros
of p’ that p assumes its value with multiplicity greater than 1.

We now turn to rational functions f(z) = p(z)/q(z). Here p and ¢ are polynomials,
with ¢ Z 0. We can (and will) assume that p and ¢ have no common zeros. Then the
zeros (of order k) of p are exactly the zeros (of order k) of f in C; the zeros (of order
k) of ¢ give the poles (of order k) of f in C. In order to clarify the behaviour of f at
00, we write p(z) = >0 g ayz” and ¢(z) = Y.._,b,z", where ap,b, # 0, and

amz™ + ...+ a0 G, Tt 12"+ .. Fagz™™

bz + ... +by by + bp_12= L+ ...+ bgz"

f(z) =

Hence, if m > n, then f has a pole of order m — n at oo; if m = n, then f is
holomorphic at infinity, with f(00) = @y, /by # 0; if m < n, then f has a zero of order
n—m at co. Moreover we see that the number of zeros of f, counting multiplicity, on
the entire sphere C is d = max(m,n), and that the number of poles, again counting
multiplicity, is also d.

Definition 2.1. The degree of the rational function f =p/q is
d = max(degp, degq).
Proposition 2.4. A rational function f = p/q of degree d takes on every value w € C

ezactly d times on C (counting multiplicity).

Proof: We may assume that w € C. The claim then follows from the fact that the
function f(z) —w = (p(2) —wq(2))/q(z) is also of degree d, and hence has d zeros. [

In integrating rational functions, partial fraction decomposition plays an important
role. We prove its existence.

Proposition 2.5. Let f be a rational function, let z1, ...,z be the distinct poles of
fin C, and let hqi(2),...,h.(2) be their principal parts, respectively. If f has a pole
at 0o, let hoo(z) be its corresponding principal part; otherwise, set hoo = 0. Then

F(2) =D hy(2) + ¢+ hoo(2), (6)
p=1
where ¢ 1s a constant.

Proof: The function f — Z;Zl h, — hoo is a rational function without poles in @, ie.

it is holomorphic on C and therefore constant (Prop. 1.2). O
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The functions h,(z) are of the form

a(_p,zp(z —z) R+ a(fl)(z -2,

The individual summands are the partial fractions that give (6) its name.

Concerning ho, and ¢: the term h., actually appears only when degp > degq. If this
is the case, one can obtain h.(z) and ¢ via polynomial division, which gives

p(2) = p*(2)q(2) + r(2)

with polynomials p* and r. Here r # 0 (otherwise p and ¢ would have common zeros
or ¢ would be constant), and the degree of r is smaller than the degree of ¢q. Thus,
r(z)
f(z2) = —= +p*(2). 7
@)=+ ™)
Since p*(z) is holomorphic on C, f and r/q have the same principal parts h,. By the

preceding discussion, r/q = 377, hy, so that p*(2) = ¢ + hoo(2).

In order to determine the principal parts h,, one must know the zeros z, of ¢ and
their orders k,. As in I1.6, one can then calculate the principal part h, from the
beginning of the power series expansion of

) = (5 — 2 k;pr(z)

about z,. If z, is a simple zero of ¢, then
r(z,) 1
h,(z) = e
? q'(zp) (2 — 2p)
In simple cases, ad hoc methods lead to the answer more quickly. Let us illustrate
this with the function
22 - 5246
&= e+

We write down the partial fraction decomposition with undetermined coefficients:

22 —52+6 ao aq b
= + + :
(z=1)2(z+1) (¢2—-1)2 z-1 =z+1
then multiply both sides by the denominator (z — 1)?(z + 1) and obtain
22 b2+ 6=ay(z+1)+a(z—1)(z+1)+b(z—1)% (8)

Comparing coefficients in (8) yields a system of linear equations for a;, as, b. One may
also substitute the zeros +1 of the denominator and one other value, say z = 0, into (8),
or, alternatively, substitute the zeros 1 into (8) and evaluate the equation obtained
by differentiating (8) at the double zero z = 1. One gets a; = —2, a3 =1, b = 3.

Rational functions are meromorphic on all of C. To finish, let us prove the converse:

Proposition 2.6. Fvery function that is meromorphic on all of((AI is rational.
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Proof: Let f: C — C be meromorphic. Since Cis compact, the discrete set of poles
of f must be finite: Py = {z1,...,2.} (we admit co € Py). Let h, be the principal

part of f at z,, for 1 < p < r. Then f — 22:1 h, is holomorphic on all of C and
hence equal to a constant ¢, by Prop. 1.2. But then f = Z:zl h, 4+ c is rational. [J

Historical note

Determining zeros of polynomials (first with “real coefficients”) occupied mathematicians for cen-
turies. The solution for quadratic polynomials is ancient and appears in the form of series of examples
in Babylonian and ancient Chinese mathematics. Quadratic polynomials without real roots and cu-
bic polynomials led to the discovery of complex numbers (Bombelli, 1560). In the sixteenth century,
Italian mathematicians (Scipio del Ferro, Cardano, and Ferrari) found formulas for solving polyno-
mial equations of degrees three and four; equations of higher degrees remained inaccessible (in the
beginning of the nineteenth century, Abel and Galois proved that such equations could not in general
be solved in terms involving only the usual algebraic operations and radicals). There was still the
feeling, however, that the roots of such equations existed in the field of complex numbers. In 1749,
Euler gave an incomplete proof of this fact; it was improved by Lagrange in 1772. Gauss was the
first to give a more or less complete proof in 1799 and would go on to publish three others. These
proofs used — in modern terminology — topological and complex analytical arguments. Since the
development of complex analysis in the nineteenth century, many simple proofs were found. We
have given two in this section, and more will follow. The word “algebra” has a different meaning
today than it did in the nineteenth century, and the name “fundamental theorem of algebra” must
be understood in a historical context — the theorem belongs to complex analysis.

Exercises
1. Give the partial fraction decomposition of the following functions:

)z5+2z4—2z3—3z2+z+6 422 + 62+ 2 12z + 4
a

2 1) DeEine-y Y@ eeon

2. a) Show that the polynomial q(z) = 2™ — a,—12""1 — ... — ap, where n > 1, has exactly one
positive zero provided o, > 0 (for 0 < v < n — 1) and at least one «, is strictly positive.

b) Consider p(z) = 2™ + n_12""1+...+ag, where n > 1, a,, € C, and not all a, are zero. Let
r be the positive zero of q(z) = 2™ — |an—1|2" "1 —...—|ag| — cf. part a). Show that for every
zero zg of p(z), we have |zo| < 7.

3. a) Let g(z) = 2™ + on_12" "1+ ... 4+ a1z — ag, where o, > 0 and g > 0. Show that § has
exactly one positive zero p. Use 2a)!

b) Let p(z) be as in 2b), where ag # 0, and let p be the positive zero of 2™ + |an—1]z" "t + ... +
|a1]z — |ao|. Show that for every zero zg of p(z), we have p < |z0].

3. Entire functions

Definition 3.1. An entire function is a function that is holomorphic on the entire
complex plane. An entire function that is not a polynomial is called an entire tran-
scendental function.

Examples of entire transcendental functions include the exponential function, sine,
and cosine, and also functions like exp(f(z)), where f is any nonconstant entire
function.
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Considered as a function on the Riemann sphere @, an entire function has an isolated
singularity at oco.
Proposition 3.1. Let f be an entire function.

i. If 0o is a removable singularity of f, then f is constant.

1. The point oo is a pole of order n = 1 of f if and only if f is a polynomial of
degree n.

1i. The point oo is an essential singularity of f if and only if f is entire transcen-
dental.

Proof: Let us prove ¢ and 7. Claim iz then follows automatically.

For 4: If oo is removable, then f can be holomorphically extended to C and is therefore
constant.

For ii: If oo is a pole of order n, then the principal part ho of f at oo is a polynomial
of degree n, and f — ho, is holomorphic on C and hence constant. The converse is
clear. O

The above proposition subsumes a number of well-known theorems of complex analysis
that we now state separately.

Theorem 3.2 (Liouville). Every bounded entire function is constant.

Namely, any such function has a removable singularity at co.

This proposition yields a further — perhaps the best-known — proof of the fundamental
theorem of algebra: If p(z) is a polynomial without zeros, then 1/p(z) is a bounded
entire function and hence constant.

Proposition 3.3. Let f be an entire function.

i. If for sufficiently large |z|, [ satisfies
1f(2) < Oz,

where C = 0 andn € N, then f is a polynomial of degree less than or equal to n.

it. If for sufficiently large |z|, [ satisfies
[f(2)] =2 Clz]",

where C' > 0 and n € N, then f is a polynomial of degree greater than or equal
ton.

Proof: Applying Cor. I1.6.4 to the pole 0 of f*(¢) = f(1/¢) shows that f has a pole
of order less than or equal to n at oo in the former case, and that f has a pole of
order greater than or equal to n at oo in the latter case. O
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Proposition 3.4. An entire function is entire transcendental if and only if for every
w € C, there is a sequence z, — 0o such that f(z,) — w.

By the Casorati-Weierstrass theorem (Prop. 11.6.3), this means precisely that f has
an essential singularity at oc.

Liouville’s theorem also holds for entire functions of n variables, i.e. functions that
are holomorphic on all of C™:

Theorem 3.2’. Fvery bounded entire function on C™ is constant.

As was done in I1.7, the claim can be reduced to the case of one variable (Thm. 3.2).

Exercises
1. Let f and g be entire functions such that |f| < |g|. Show that f = cg for some constant c.
2. Let f be a nonconstant entire function. Show that ef is transcendental.
o0
3. Given an entire function f = Y anz™, put M, = M,(f) = Imlax [f(2)].
n=0 z|=r
a) Show that if f is transcendental, then lim r~kM, = 400 for all k € N.
00

b) Investigate the limit lim lcigi
r—oo 1087
4. Consider the function f(z) = z 4 e*. Show that for all ¢ € [0, 2], ILm f(re®) = co and that
T oo

the convergence is uniform with respect to ¢ on the sets {t: [t — 7| < 5} and {t: [t| < o} for
every a < 7/2. How does this agree with Prop. 3.47

5. a) Let f(2) = exp(2?) and o €]0, 7/4[. Show that for t € [~a, a]U[r—a, T+a], 1Lm flre®) =co
T o0
uniformly in ¢, and that for ¢t € [—g —a,—% +aju [g —a, 5 +a, rlggo f(re't) = 0 uniformly
in t.
b) Let p(z) = 2™ +...4ao be a polynomial, and let f(z) = exp(p(z)). Moreover let 0 < o < 7/2n.
Show that

lim f(z) = co uniformly on {z: |arg z — 2kw/n| < a}
zZ—00

lim f(z) =0 uniformly on {z: |argz — (2k + 1)7/n| < o}
Z—» 00

for0<k<n—1.

4. Mobius transformations

In this section, we will investigate rational functions of degree 1, i.e. functions of the
form
ety 1)
cz+d
where a, b, ¢, and d are complex constants. We will always assume that ad — bc # 0 —
otherwise, the function would be constant. We will most often use the letters S, T, ...

rather than f, g, ... to denote functions of this sort and will often write Tz instead of
T(z).
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If ¢ # 0, then we call (1) a fractional linear transformation T'; if one puts T'(—d/c) = oo
and T'(c0) = a/e, then T is a holomorphic mapping from C to itself. It is bijective,
and its inverse is

dw —b

w — s
a — cw

which is again a fractional linear transformation.

If ¢ = 0, we may assume that d = 1, so that Tz = az + b, with T'(c0) = co. We
then call T" an entire linear transformation. The transformation 7' is a holomorphic
bijection from C to itself that maps C onto C. Its inverse w — (w — b)/a is also an
entire linear transformation. We will call linear transformations — whether fractional
or entire — Mébius transformations.

The composition S oT = ST of two Mobius transformations

z = oz +p and Tz = az+b
vz + 9 cz+d

works out to

_ (aa+ Be)z + (ab+ pd)
(SeT)(z) = (ya + d6¢)z + (vb +6d) @

which is again a Mobius transformation. If S and 7" are entire linear, then so is ST

Proposition 4.1. The set of Mdbius transformations forms a group M of biholo-
morphic mappings of C onto itself. The set of entire linear transformations is the
subgroup Mo = {T € M: Too = oo} of M. The elements of Mg are biholomorphic
mappings of C onto itself.

The following is remarkable:

Proposition 4.2. Mdbius transformations are the only biholomorphic mappings of((Aj
onto itself, and entire linear transformations are the only biholomorphic mappings of
C onto itself.

Proof: a) A biholomorphic map f: C—Cisa meromorphic function and hence a
rational function (Prop. 2.6). Since it assumes every value exactly once, its degree is
1 and it is thus a Mobius transformation.

b) If f: C — C is biholomorphic, then oo cannot be an essential singularity of f; if it
were, then f would not be injective — see the remark following Prop. I11.6.3. It follows
that f is an injective polynomial and hence of degree 1. O
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Every matrix A = ((é Z) € GL(2,C) gives rise to the Mobius transformation
az+b
Ty:z—
A

and formula (2) shows that this assignment defines a group homomorphism from
GL(2,C) onto M. Its kernel
{A e GL(2,C): T4 =id}

consists of the matrices of the form A, where I is the identity matrix and A € C*.
If (det A)'/? denotes a square root of det A, then A and (det A)~/2A yield the same
Mobius transformation; the second matrix has determinant 1. This yields

Proposition 4.3. The assignment A — T4 is a surjective group homomorphism from
GL(2,C) onto M whose kernel is {\I: X\ € C*}. It also yields a group homomorphism
from

SL(2,C) = {A € GL(2,C): det A =1}
onto M whose kernel is {£I}.

We now study geometric properties of Mobius transformations. First, we note that a
transformation 7' € M, T # id, has at least one and at most two fixed points in C,
i.e. points z such that Tz = z:
az+b
=z
cz+d

leads to the equation cz?+(d—a)z—b = 0 for 2z # oo, which has at most two solutions
in C. If ¢ = 0, so that T is entire, then this equation has at most one solution in C, but
it is precisely in this case that co is a (further) fixed point; exactly the translations
z — z+ b, where b # 0, have oo as their only fixed point.

Any Mobius transformation with more than two fixed points is thus equal to the
identity map. It follows that a transformation 7" € M is completely determined if
one knows the images of three distinct points in C under 7T'.

Arbitrary triples of pairwise distinct points (21, 22, 2z3) and (w1, wa, w3) can actually
be mapped to one another by a unique Mobius transformation. We may assume that
(w1, ws,ws) = (0,1,00) and immediately verify that

Z—21 23— %
T,="-2.2"°% (3)
Z— 23 Z9 — 23
has the desired property. If all z; # oo, this is clear. If one of the z is co, one
replaces the point z with 1/¢ in (3), simplifies, and finally sets ¢ = 0 to again obtain
a Mobius transformation. E.g. if z; = co, we get

Z9 — 23
Tz =

z—2z3

We describe (3) by a new word:
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Definition 4.1. Let z1, z9, z3 be three distinct points in ([A:, and let z € C be arbi-
trary. The cross-ratio CR(z, z1, 22, 23) is the value at z of the uniquely defined Mébius
transformation that sends (21, 22, 23) to (0,1,00). It is given by (3), where co has to
be dealt with as described above.

In summary:

Proposition 4.4. Let (z1,292,23) and (w1, ws,ws) be two triples of distinct points
in C. Then z + CR(z, 21, 22, 23) is the Mdbius transformation that maps z; to 0,
zo to 1, and z3 to oco. There is exactly one T € M such that Tz, = wy for 1 < k < 3.

The transformation T' can, for example, be obtained by solving the equation
CR(w, wy,we,ws) = CR(z, 21, 22, 23)

for w.

The cross-ratio is invariant under Mobius transformations in the following sense:

Proposition 4.5. If z1, 2o, and z3 are three distinct points in @, then for every
T € M, we have

CR(Tz,Tz1,Tz,Tz3) = CR(z, 21, 22, 23)-

Proof: The map S(z) = CR(Tz,Tz1,T22,Tz3) is the composition of z — Tz = w
and w — CR(w, Tz, Tz, Tz23) and thus a Mobius transformation. We have Sz; = 0,
Szo =1, and Sz3 = 00, so that Sz = CR(z, 21, 22, 23). O

In order to more conveniently formulate geometric properties of Mébius transforma-
tions, we introduce the following terminology:

Definition 4.2. A subset K C C is called a Mdbius circle if K is a circle in C or a
union of a straight line in C with the point co.

Mobius circles are precisely the images of circles on the sphere S? ¢ R? under stere-
ographic projection ¢: S — C, whereby circles through the north pole are mapped
to straight lines (including oo). In any case, the part of a Mobius circle that lies in C
can be described by an equation

azZ +bz+bz+v =0, (4)
where o,y € R, b € C, and ary < bb.

Proposition 4.6. The image of a Mdébius circle under a Mébius transformation is
again a Mdébius circle. Given two Mdébius circles K1 and Ko, there is a T € M such
that T(Kl) = KQ.
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Proof: a) If T is a translation z — z + b or a homothety z — az, the first claim
is evident. Let T be the inversion z +— 1/z. Substituting w = 1/z into (4) and
multiplying by ww, the image of the Mobius circle described by (4) is seen to satisfy
the equation

a + bw + bw + yww = 0,
which again describes a Mobius circle.

b) Every Mébius transformation (1) can be written as a composition of translations,
dilations, rotations, and possibly an inversion. This is clear if ¢ = 0. For ¢ # 0, this
follows from the formula

az—l—b_bc—ad( d>1 a

cz+d 2 Z+E +E'

Part a) of the proof now implies the invariance claim.

¢) A Mobius circle is uniquely determined by three distinct points that lie on it. Let
21, Z2, and z3 be three distinct points on Kj, let wi, we, and ws be three distinct
points on Ks, and let T' € M be such that Tz = wy for 1 < k < 3. By what we
have already proved, T" maps K; to the Mobius circle through wy, we, and ws, which
is Kg. ]

Moreover, we have:

Proposition 4.7. A point 2€C lies on the Mébius circle K determined by the points
21, 22, and zs if and only if CR(z, 21, 22, 23) € RU {oo}.

Proof: The transformation T: z — CR(z, 21, 29, 23) maps K onto the Mébius circle
that passes through 0, 1, and oo, i.e. onto R U {oc}. Thus z € K if and only if
Tz e RU{o0}. O

A Mobius circle K divides @\K into two disjoint domains GG; and Ga: the inside and
outside of K, or two open half-planes. A Mobius transformation that sends K to K’
maps each of the domains determined by K biholomorphically onto one of the domains
determined by K’. In particular, if we take a T' € M such that T(K) = R U {oc},
then T(G1) = H and T(G2) = H™ = {z € C: Imz < 0}, or else T(G2) = H and
T(G1) = H™. After composing T' with the map z — —z, if necessary, we see that:

Proposition 4.8. Let the domain G C C be bounded by a Mébius circle. Then there
exists a T € M that maps G biholomorphically onto the upper half-plane H.

In order to map D onto H, for example, we can use the transformation
1=z
i
Here the points 1,7, —1 € 9D are mapped to 0, 1, and oo, respectively, i.e. 0D is
mapped onto RU {oo}; S(0) = ¢ € H then shows that S(D) = H.

S: 2z CR(z,1,i,—1)
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Later, we will show that all biholomorphic mappings between disks or half-planes are
Moébius transformations.

Exercises
1. a) Let S,T € M. Show that a point z; € C is a fixed point of T if and only if Sz; is a fixed
point of STS—1.

b) Suppose T" has exactly one fixed point z1. Show that there is an S € M such that ST'S™! is a

translation. Moreover, show that for every z € (E, we have lim 7"z = z1, where T™ = To...oT
denotes the n-fold composition of T" with itself.

c) Suppose T has exactly two fixed points z1 and z2. Show that there is an S € M such that
STS~1 is of the form z ++ az, where a € C*, and that the pair {a,a~ '} is uniquely determined
by T.

d) Show that if in part ¢) we have |a| # 1, then after a possible renumbering of our fixed points,

we have limT"z = z; for all z € C\{22}. In case |a| = 1, show that every point in C\ {z1,z2}
lies on a T-invariant Mobius circle.

2. a) Suppose T' € M has exactly one fixed point z; € C. Show that
{SeM:ST=TS5} ={S € M: z is the only fixed point of S or S =1id}
and that this is a commutative subgroup of M.
b) Suppose T has two distinct fixed points z1, z2 € C and T2 # id. Show that
{SeM:ST=T5}={S € M: Sz =z and Sz = 22}
and that this is a commutative subgroup of M.

c) Suppose T? = id and T # id. Show that T has two fixed points and ST = TS if and only
if S either has the same fixed points as T' or permutes the fixed points of 7. If the latter

is the case, show that CR(z1,w1,22,w2) = —1, where z1 and z2 are the fixed points of T
and w; and wa are the fixed points of S. Show that the group {S € M: ST = T'S} is not
commutative.

3. Let f be a rational function of degree 2. Prove that there exist a transformation 7" € M and
an entire linear transformation S such that S f T(z) = 2?2 if and only if f has a pole of order 2.
Prove that there exist transformations S and T as above such that S fT(z) = z + 1/z if and
only if f has simple poles.

5. Logarithms, powers, and roots

Definition 5.1. Let z # 0 be a complex number. A number € C is called a logarithm
of z if e = z. We write ¢ = log z.

Every z € C* has infinitely many logarithms; any two logarithms of z differ by an
integer multiple of 2wi. We thus have

elogz — 5

for every logarithm of z; conversely, for an appropriate choice of logarithm of e*, we
have

loge® = z.
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Likewise, for an appropriate choice of the involved logarithms, we have the addition
rule

log(zw) = log z + log w. (1)

If z is real and positive, then the real logarithm is a logarithm of z, and all other
logarithms are obtained by adding multiples 2k7i, where k € Z. Writing 2z = |z|e®,
it follows from (1) that

log z = log |z| + it, where log|z| € R. (2)

The real part of a logarithm is unique; the tmaginary part is unique up to integer
multiples of 2.

Definition 5.2. For z # 0, arg z = Imlog z is an argument of z.

Via the logarithm, we introduce powers with an arbitrary exponent: For z # 0 and
an arbitrary w, let

LW — W logz. (3)

There are thus in general infinitely many values for z*, depending on the choice of
logarithm of z; they differ only by factors of the form exp(w - 2k7i), where k € Z. If,
in particular, w = n € Z, then formula (3) yields exactly one value, namely

zn:enlogz, (4)

b

the factors e”2™* are all 1. If w = 1/n, then (3) yields exactly n values, namely the
nth roots, which can be written as

%:z%:|z|%eit/"@, 0<js<n—1, (5)

where z = |z| e’ and the (; = exp(j - 2mi/n) are the nth roots of unity. The laws of
exponents

Switwz _ Wi w2 (6)

(2122)" = 2725’ (7)

hold in the following sense: in (6), the same choice of logarithm of z must be used in
both sides, and in (7), log z; + log 2o must be chosen as the value of the logarithm of
the product.

With these rules, we have concluded the arithmetic of complex numbers. Here is a
nice example:

) el logi

= _ ei(%i+27rik) _ e—g e—27rk ke,

)

Note that all of these powers are real. Euler discovered this relation in 1746 and
called it “merkwiirdig” — cf. [RS].

Because of the ambiguity of the above expressions, it is not clear how one can assemble
the values of, say, log z into a holomorphic function. Indeed, this is impossible on all
of C*, but it can be done on appropriately chosen subsets of C*.
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Definition 5.3. A logarithm function on a domain G C C* is a continuous function
z +> log z that satisfies the condition

elog? — 4.

Suppose that log z is such a function on G. By definition, it is injective. We denote
its image by G’. For z, zg € G, let

w=logz, wy=1logzg.
Then e% = z, "0 = 2, so that

logz—logzg  w—wp

z— 20 ew — ewo’
As z — zg, w — wq by the continuity of log z, so that we have

. w — Wo 1 1
lim —m— = — = —.
z—zp €W — eWo ewo 20

Thus, log z is holomorphic, and

d 1
@10g2_; (8)

The image G’ must be a domain on which the exponential function serves as the left
inverse of the bijection log z and hence also the right inverse. We thus have:

Proposition 5.1. If there exists a (continuous) logarithm function on a domain G,
then it is in fact holomorphic, and its derivative is 1/z. It is injective and satisfies
the identities

€8 =2 loge" = w,

where z € G and w € G' =log G. The image G’ is again a domain, and log z and v
are mutually inverse biholomorphic mappings between G and G'.

Any two logarithm functions on G differ by an integer multiple of 27i. Instead of
speaking of a logarithm function, we will often speak of a branch of the logarithm.
Proposition 5.2. Let G C C* be a domain. Then the following are equivalent:

i. There exists a branch of the logarithm defined on G.

it. There exists a G' C C that is bijectively mapped onto G under the exponential
function.

iti. The function 1/z has a primitive on G.

w. For every closed path of integration v in G, we have
dz
z

=0.
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Almost all of the claims have already been proved — it only remains to show that ¢
follows from dii. Let I(z) be a primitive of 1/z. Then

I(z I(z
idzi Ze()_el(z) =0
dz =z 22 z ’

so that e!(*) = cz. Writing ¢ = e®, we obtain

i.e. I(z) — a is a branch of the logarithm. O

This proposition shows that there is no branch of the logarithm defined on all of C*,
but that there is a branch defined on every star-shaped subdomain of C*, e.g. on a
“slit plane” C \ L., where L, is the ray {z =te'?: 0 <t < oc}.

Let us consider the different branches of logz on a subdomain G C C*. A priori,
there is nothing that distinguishes one branch from the others. On the other hand,
for positive real numbers, it is reasonable to choose real logarithms that coincide with
those from elementary analysis. We thus define:

Definition 5.4. Let G C C* be a domain on which branches of the logarithm exist,
and suppose that G N R~q is connected. The principal branch of the logarithm is the
branch that is real for positive real arguments.

An especially large domain that satisfies the above condition is C*\ R, the slit plane
cut along the negative real axis. Denoting the principal branch by Log z, we have

Logz =log|z| + targz, where — 7 <argz <. (9)

Starting from Log’(z) = 1/z, it is easy to find power series expansions of Log z. We
record only the expansion about zp = 1 in the form

X (—1)n—1
Log(1+z) = Z Lz” for |z|] < 1. (10)
n=1

n

The principal branch of the logarithm cannot be continuously extended to C*. Letting
z € C*\ R.g tend to xg < 0 in the upper half-plane, we have

lim Log(z) = log |zo| + i,
and letting z tend to zg in the lower half-plane, we have
lim Log(z) = log |zo| — mi.

The values of Log z thus jump by 27 upon crossing the negative real axis.
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A branch of the logarithm exists exactly when there exists a continuous branch of the
argument function; the latter is then automatically infinitely often real differentiable.
Using the functions log z and arg z, we would like to interpret the integral

dz

z
Y

over closed paths as concretely as possible. Let v: [a,b] — C* be a closed path.

Figure 4. Interpreting the winding number

Choose a partition a =ty < ... < t,, = b of the parameter interval such that every
subpath v, = ’y|[t,,_1,t,,} belongs to a domain G, on which there exists a branch of
the logarithm (the G, can, for instance, be chosen to be disks). We now determine
branches [, (z) = log |z| + i@, () on the G, as follows: Let [; be an arbitrary branch
of the logarithm. For v > 2, we fix the branch [, via I, (y(t,-1)) = lu—1(y(tu—1))-
Then

prt @V(’Y(t))’ where t € [tllflatl/L

is a continuous function ¢ on [a,b] that associates to every ¢t an argument of (t).
Putting z, = 7(t,), we then have

dz

> =1, (20) = lu(20-1) = log|z,| —log|z,—1| + i(pu(2) — wu(20-1)),

Tv

the imaginary part of which is ¢(¢,) — ¢(t,—1) and therefore measures the change in
the argument of v(¢) on the subinterval [t,_1,,]. Summing these integrals over all
subpaths, the real parts cancel, since z, = zg, and we are left with

/ L _ i) - pla)).

z
Y
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Our integral thus measures the total change of the argument along the closed path ~,
i.e. the number 5 N 92 (which is an integer!) tells us how often ~(t) winds around
the origin when t goes from a to b (here counterclockwise windings are automatically
counted as positive, and clockwise windings are counted as negative).

Likewise, we of course have: If v is a closed path of integration and zy & Tr-~, then

1 dz

2w ) z— zg
¥

is an integer that tells us how often v winds around the point zg. We thus define:

Definition 5.5. Let v be a closed path of integration in C, and suppose zg ¢ Tr~.
Then the integer

ntyz0) = 5 [+

211 Z— 29
y

is called the winding number of v about 2.

Winding numbers will play a key role in the formulation the general Cauchy integral
theorem in Chapter IV.

Prop. 5.2 implies:

A branch of the logarithm exists on G C C* if and only if for every closed path of
integration v in G, the winding number n(y,0) = 0. This is true, for example, for all
star-shaped domains in C*.

As with the logarithm, we will now introduce branches of root and power functions;
to do so, it is easiest to exploit our considerations concerning the logarithm. In what
follows, let G be a subdomain of C* on which a branch of the logarithm log 2 exists.

Definition 5.6. For a fizted w € C and z € G,

LW — W log z

s a branch of the power function z — z*.

Thus, z — 2" is holomorphic on G, and

d

di'ZW _ wzw—l’ (11)
z

where the same branch of the logarithm is to be used on the left and right hand sides.
In general, there may be infinitely many branches of z%; if w is an integer, then there
is exactly one, namely the functions z”, n € Z, that we have already studied. For
n > 0, they can be holomorphically extended to 0, and for n < 0, they are defined
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on all of C* (these functions can of course be defined without recourse to logarithms).
For w = 1/n, where n > 1, we obtain exactly n branches of the nth root function,
which arise from one another via multiplication by an nth root of unity.

Finally, the general exponential functions

z—a®, a#0 fixed,

are defined on all of C. They differ by factors of the form €27 *=,

Let us give the particularly important Taylor series expansion of the function
f(z) = (1 +2)*. This power is certainly holomorphic in z for |z| < 1. If one re-
quires f(0) =1, i.e. if one works with the principal branch of the logarithm, then by
comparing coefficients, the relation

1+ 2)f'(2) = af(2)

yields the binomial series

1+ 2) i (Z)z” for |2| < 1, (12)

n=0

(Z) _ a(a—l)--;ﬂ(a—n—kl)’ (3) .

Next, we will investigate the question whether a nonconstant holomorphic function
f € O(G) has a holomorphic logarithm, i.e. whether there exists a function g € O(G)
such that f = e9. It is clearly necessary that f have no zeros, i.e. that f(G) C C*.
If a branch log of the logarithm exists on the domain f(G), then one can simply set
g =logof. Otherwise, the following is helpful:

Proposition 5.3. Let G be a star-shaped domain in C, and let f be holomorphic and
nonzero on G. Then f has a holomorphic logarithm on G.

Proof: The function f’/f is holomorphic on G, and since G is star-shaped, it has a
primitive A on G. We have

(e "f) =e"(=Nf+f)=0,

so that f = ¢; e = e"t° with constants ¢; and ¢, and ¢ = h + ¢ is the desired
logarithm. O

The constant ¢ in the proof is only determined up to addition of integer multiples of
27i. The notation g = log f thus refers to a unique function only upon specifying the
value log f(z) at some point z.

The existence of a holomorphic logarithm of f implies the existence of holomorphic
nth roots of f: If f(2) = e9%*) on G, then h(z) = e9(*)/" is holomorphic on G and
satisfies h™ = f.
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Remarks:
a) Each of the following conditions implies the existence of log f:

1. The function f is holomorphic and nonzero on a star-shaped domain. The image
of f may then be arbitrary.

ii. The image f(G) is a domain on which a holomorphic logarithm of f exists; then
G need not be star-shaped.

b) An nth root of f, i.e. a holomorphic function g such that ¢ = f, can also exist if
f does not have a holomorphic logarithm — see the exercises.

Using holomorphic root functions, we can now understand the local mapping proper-
ties of arbitrary holomorphic functions. For k € N, consider the function

2 28 =w (13)

in a disk about the origin. This function clearly maps the disk D,.(0) surjectively
onto the disk D, (0), whereby every point w € D,x(0) with the exception of 0 has
exactly k preimages, namely the kth roots of w; the only preimage of the point 0 is
0. Moreover the map f is open and finite, i.e. the fibres {z: 2*¥ = w} are finite. In
topology, maps of this kind are called (k-fold) branched coverings.

) 1
- |/

U V= f(U)
Figure 5. A branch point of order 4

Let f: G — C be an arbitrary nonconstant holomorphic function. Upon composing
with translations, we may assume that f(0) = 0. If k is the order of f at 0, then

f(z) =2"g(2), g(0)#0 (14)

for some holomorphic function g. It follows that a kth root of g, i.e. a holomorphic
function h such that

h(z)k = g(2), (15)
exists in a sufficiently small neighbourhood of 0. The map f may thus be described
as follows:

2+ zh(2) EC (16)

u— k. (17)
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The map (16) is biholomorphic in a neighbourhood of 0, and the map (17) is a k-fold
branched covering — meaning that its fibres consist of k& points with the exception of
the branch point 0. We thus have:

Proposition 5.4. Let f be a nonconstant holomorphic function, and suppose f takes
on the value wy at zo with multiplicity k. Then there exist neighbourhoods U and V
of zo and wy, respectively, such that f: U — V is a k-fold branched covering with
branch point zo. In particular, f(U) =V, and f is open.

We have thus found a new proof of the fact that holomorphic functions are open
mappings.

Exercises
1. Let f be the branch of the logarithm on C\ Rx( that takes the value —im/2 at —i. Determine
PG f(=e), f(=1=iv3), f((=1-iV3)%).

2. a) Find a maximal domain on which holomorphic functions log(1—2)? and y/z + /7, respectively,
can be defined.

b) Show that a logarithm of the tangent function exists on G = C\ kLEJZ[kﬂ — 5, k.
3. Show that there exists an entire function g such that g(2)? = 1—cos z. (Hint: Begin with the strip
So ={z: —27 < Rez < 27}.) Does 1 —cos z have a holomorphic logarithm on C\ {2kw: k € Z}?

4. The tangent function maps the strip Sg = {—n/2 < Rez < m/2} biholomorphically onto
Go =C\{ti: t € R, |t| > 1}. Express the inverse function arctan: Go — So using the princi-

pal branch of the logarithm and show that arctanw = f’Yw %, where 7, is a path from 0 to
w in Go.
5. The sine function maps the strip So = {—7n/2 < Rez < =/2} biholomorphically onto

G1 =C\{t €R:|t| > 1}. Express the inverse function arcsin: Gi — Sp using logarithms and
roots (specify the branches to be used!), and show that

) d¢
arcsinw = _—
V1 —¢2
Yw
where vy, is a path from 0 to w in G and we choose the branch of the square root function that
takes the value 1 at w = 0.

6. Partial fraction decompositions

In this section, we want to, on the one hand, construct meromorphic functions that
have poles at a given set of points. On the other hand, we will establish a series
representation (partial fraction decomposition) for meromorphic functions in terms of
their principal parts. To do so, we must extend the definition of compact convergence
to series of meromorphic functions.
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Definition 6.1. Let G C C be a domain, and let f;, i € I, be a countable collection of
meromorphic functions on G. The sum ), fi converges (absolutely) compactly on
G if for every compact subset K C G, there exists a finite subset J of the index set I
such that the f;, with i € I'\ J, have no poles in K and the sum ZiGI\J fi converges
(absolutely) uniformly on K.

In this situation, the set P of poles of the functions f; is discrete in G, and f =), fi
is a meromorphic function on G whose set of poles must be contained in P. Compact
convergence is again equivalent to locally uniform convergence.

Consider a meromorphic function f on G with the discrete (and hence at most count-
able) set of poles P = {ay, as,as, ...}; assume the principal part of f at a, is

(v) )
¢ k(v)
h,(z) = —L e ——. 1
(Z) y— aV (Z _ au)k(’/) ( )

If P={ay,...,a,} is finite, then

n

for some function g € O(G), since the function f — >""_ h, only has removable
singularities. If P is infinite, then > 7 h, will only converge in lucky cases; if it
does, then one of course has

f:g+ZhV7
v=1

where g € O(G). In general, one must try to find “convergence-generating summands
pr € O(G) such that the series

9

o0

(hu - py)

v=1

converges compactly on G. It then yields a meromorphic function with the same poles
and principal parts as f. We thus have

f:g+2(hu_pl/)v (2)
v=1

where g € O(G); we call this representation a partial fraction decomposition of f.

The reverse question is: Suppose we are given a discrete subset P = {aq,as,as,...}
of G, as well as a principal part h,(z) for every a, € P (i.e. h,(2) is a function of the
form (1)). Does there exist a meromorphic function on G that has poles precisely at
the points a,, and whose principal part at each a, is h,?
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If one can find p, € O(G) such that Y >, (h, — p,) converges compactly, then this
series clearly solves our problem. The construction of such convergence-generating
summands is possible for arbitrary domains G. We will only treat the simplest case
G = C, and prove:

Theorem 6.1 (Mittag-Leffler).

i. Let P = {a1,as2,as,...} be an infinite discrete set in C, and let h,(z) be a
principal part at a, for every a, € P. Then there exist polynomials p,(z) such
that the series

(o]

Z(hv - pu) (3)

v=1

converges absolutely and locally uniformly on C. It yields a meromorphic func-
tion that has poles precisely at the points a, and whose principal part at each
a, s h,.

it. Let f be a meromorphic function on C with infinitely many poles a,,, and let h,,
be the principal part at a,. Then there exists a partial fraction decomposition

oo

f =g+ Z(hu _pu)a

v=1

where g is an entire function and the p, are polynomials.
Proof: It suffices to find polynomials p, such that (3) converges. Let us assume that
0 € P and that the a, are ordered by increasing absolute values:

0< |a1| < |a2| < |a3| <

We then choose positive numbers ¢, such that Y 02 &, < oo. The principal part
hy(z) is holomorphic on {z: |z| < |a,|}, and its Taylor series (about 0) converges
compactly to h,. We may thus choose the polynomial p,(z) as a partial sum of this
Taylor series such that

|hu(2) = pu(2)] < e on D, = {z: 2] < aul/2}.

We prove convergence: Given an arbitrary radius R > 0, choose v such that 2R < |ay, |
for v 2 vg. Then Dr(0) C D, for v > vy, so that for z € Dr(0) we have

Z |hu(z) *pu(2)| < Z €, < 00.

V=rgp V=rgp

This shows the absolute uniform convergence of 37, (h, —p,) on Dr(0). By Def. 6.1,
>0 (hy — py) is then absolutely and compactly convergent on C. In case 0 € P, we

add hg to obtain

hO"’Z(hu_py)' U
v=1
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The p, are of course not unique; in dealing with a concrete case, one would choose
b b
polynomials whose degrees are as small as possible.

Let us look at two examples; afterwards, we will identify the results as well-known
elementary functions.

FEzxzamples:

i. We take P = Z; let h,(z) = (z — n)~2 be the given principal part at n € Z. For
|z| < Rand n > 2R, we have [z—n|? > (|n|—R)? > |n|?/4, and since Y~ n~? < oo,
the series 3,15 op (2 — n)~2 is absolutely and uniformly convergent for |z| < R. Thus,

Az =% % (4)

z—n)?
neL

is a meromorphic function on C with poles at the points n € Z and principal parts
(z —n)~2

1. As before, take P = 7Z, but suppose the principal parts at n € Z are given by
hn(2) = (z—n)~%; in particular, ho(z) = 1/z. The series >, ,(z —n)~! is divergent,
so we need corrective terms. The constant term p,,(z) = —1/n of the Taylor expansion
of h,,(z) is already sufficient: For |z| < R and |n| > 2R, we have

1 1

zZ—n n

B |z 2R

Inf =z T [l

Thus, the series

R =1+ ¥ (i) )

n€eZ\{0}

is absolutely and locally uniformly convergent.

We now look for a partial fraction decomposition of the function

7T2

fO(Z> = . o .
sin” 7z

It is meromorphic on C with poles of order two at the points n € Z. The principal
part of fp at the origin is easily computed to be 1/z2. The principal part at n is
(z — n)~2 due to the periodicity fo(z + 1) = fo(z), and the same holds true of the
function f; from Example . We thus have

2

3 :g(z)+2ﬁ

sin“ wz

for some entire function g. We claim that g = 0:
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Proposition 6.2.
2

s 1
gin? _Z(z—n)Q'

nz neE”Z

Proof: We will employ a trick: Both fy and f; satisfy (for 2z ¢ Z) the “duplication
formula”

4h(22) = h(z) + h(z + %) (6)

Namely, we have

4 1,1 r
sin(2m2)  sin®rz cos?mz  sinmz  sin7(z + 3)

and

1 1 1
10 =3 o = X e T G r IR

nez meZ EZL
1 1 1
= Efl(z) + Zfl (z-l— 2) .

The holomorphic function g = fo — f1 thus satisfies the relation (6) on all of C. Now
let R>0, A={z: 0<Rez < 1,|Imz| < R}, and M = max{|g(z)|: z € A}. Choose
zo € A such that |g(z0)] = M. Since z¢/2 and (zo + 1)/2 also belong to A, (6) yields

AM = [4g(z0)| = |9(20/2) + 9((20 + 1)/2)| < 2M,

so that M = 0. It follows that ¢ = 0 on A and hence on all of C by the identity
theorem. O

By integrating, we obtain a partial fraction decomposition of the cotangent function
from Prop. 6.2. Indeed, f3(2) = —7 cot 7z is a primitive of fo(2) = m?(sin7z)~2, and,
on the other hand,

= ()

is clearly a primitive of f;. Since fy = f1, the functions — fo and f3 differ only by a
constant, and since both are odd functions of z, this constant is 0. We thus have

Proposition 6.3.

oo

1 1 1 1 2z
”C"tﬁzz*Z(z_n*n)z*ZlM'

ne”Z

The second sum arises from the first upon combining the terms corresponding to n
and —n.
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With the help of basic trigonometric identities like
) 1

COSTTZ = smﬂ'(z + 5)
1

tanmz = fco‘mr(z + 5)
2

sin 2wz’

cotmz +tanmz =
the previous propositions yield further partial fraction decompositions (the proofs are
left to the reader):

Corollary 6.4. Putting a,, =n — 1/2, we have

2

s 1
cos2 Tz Z (z —an)?

nez
1 1
Wt&nﬁZz—Z(Z_an—i-an)
nez
T  — 2z
= - ).
sinmz Z+Z( )z2—n2

To conclude, we will use Prop. 6.3 to evaluate the sums

(oo}

C(2u)zzy%

v=1

for ;4 € N. The remarkable result was found by Euler. The idea is to determine the
Taylor expansion of the function 7wz cot 7wz, which is holomorphic at 0, in two different
ways: first by using its partial fraction decomposition, and then by expressing the
cotangent function in terms of the exponential function.

By Prop. 6.3, we have

Z2

v=1

We expand 22/(2% — 1?) as a geometric series

2 X 2u

z Z z
2271/2 VZ/J,’

=1

substitute this into (7), switch the order of summation, and obtain

chotﬂzzl—ZZ ZVTM z°H. (8)

p=1 \v=1
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On the other hand, we have

21z 1 2
zcotz:iz%:iz+%:iz+f(2iz), 9)

where we have set
f(z) =

By putting f(0) = 1, we make f holomorphic at 0, and we see from (9) that f(z)+2/2
is an even function, hence its Taylor series contains only even powers of z. We write
it in the form

£(2) —1—f+Z . (10)

z
e —1°

Equation (10) defines the Bernoulli numbers Ba, By, Bg ... One can extend this defi-
nition by putting By = 1, By = —1/2, and By, 1 =0 for g > 1.

The relationship f(z)(e* —1) = z allows to derive a recursion formula for the numbers
By,, (Ex. 2), which shows, in particular that the By, are rational numbers. The first
few Bernoulli numbers are:

1 1 1 1
By=-, By=-—, Bg=—, Bg=——.
? YT 300 0T a2 TP 30

Substituting the series (10) into (9) and replacing z with 7wz, one obtains

. 224 B,
Tzcot Tz = 1+Z(7 72/ 2H 20 1)

= (2p)!

Comparing coefficients in (8) and (11) then yields the following beautiful formula:
Proposition 6.5.

i 1 ,u, 122;1, 1 BQ# 7_‘,2;1,
T u)

v=1

For example:

<1 2 > 1 rt 1 70 > 1 w8
;lﬁ:? V;ﬁ:%’ ;ﬁ:%’ 2529450'

Let us record a few corollaries:
DD V%, is a rational multiple of w2,
it. The Bernoulli numbers Ba,, have alternating signs.

iii. lim |By,| = oo, since > o” | —iz > 1 and * % 0 fora> 0.
—00
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Exercises

(2m) 21

2#)' =2.

1. Show that llm \BQ#|

2. For k > 1, prove the recursion formulas
K k
k+1 2k +1 1
> (0, )= 2 (7, ) B = g2k
n=0 pn=0 H
3. Show that
= 1 — 1
_1\yw—1_- — _ol—2p =
szl( D=2 )VZ:1 o
oo oo
1 2 1
- (1_97 2 —
2 - L
v=1 v=1

4. a) Derive the power series expansion of ;= about 0 using Cor. 6.4.ii.

b) Using this result and (8), write down the power series of tan z about 0 (express the coefficients
in terms of the Bernoulli numbers).

5. Use Cor. 6.4.iii to find a partial fraction decomposition of 7/ cos7z. In analogy to the proof of
Prop. 6.5, express the sums

o~ (=Dt 19
Zm7 w=123,...,

in terms of the Euler numbers (cf. Ex. 3 of I1.4).

7. Product Expansions

If a function f(z), holomorphic on a domain G C C, has only finitely many zeros
ai, ..., a, with multiplicities n, respectively, it can be written as

T

1) = 9(2) [z = ap)™,

1

g(z) being holomorphic without zeros on G. We ask whether there is a similar product
representation exhibiting the zeros of f in case there are infinitely many. The answer
is affirmative for any G. We prove it only in the case G = C, the proof in the general
case is much more intricate.

We begin by defining infinite products of numbers and of functions, taking care of the
special role of 0 with respect to multiplication.

First, let (al,)y>1 be a sequence of non-zero complex numbers. We say that the

oo oo
infinite product [ a, converges to a and write [[a, = a, if the sequence of partial
1 1

n
products p, = []a, converges to a and a # 0. Since a, = pp/pn—1, we have the
1

obvious necessary condition a,, — 1.
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o0 o0
Proposition 7.1. The product Hal, converges if and only if the series Zlog ay

1 1
converges (for a suitable choice of the logarithms).

o0
Note that convergence of > loga, implies a, — 1 and that loga, is the principal
1

value for large v.

o0
Proof: Assume ) loga, converges. Then
1

Pn = ﬁau = exp <z”: log a,) — exp <§: log ay)
1 1 1

o0
by the continuity of the exponential function. Conversely, if [Ja, = a # 0, we can
1

choose a neighbourhood U(a) of a on which a branch of log exists. We may assume
that log U (a) is contained in a horizontal strip of width < 27. Then, for n sufficiently
large, n > ng say, p, € U(a) and log p,+1 = log p,, +log a,+1 with log a, 11 being the
principal value. Thus

n+1
1ngn+1 - Ingno + Z 1Og ay,
no+1
o0
and the convergence of > loga, follows. O
no+1

In view of the condition a,, — 1 we often write a, = 1 4+ w,.. The following criterion
is very useful:

Proposition 7.2. The series Z log(1 + w,) converges absolutely if and only if Z Uy

1 1
1s absolutely convergent.

Proof: Easy estimates of the power series expansion of log(1 + u) yield

2 4 1
g\u| < |log(1 + u)| < §|u| for |u| < 1

The proposition follows by the majorant criterion. O

Absolute convergence of Y log(1 + u,) implies that the sum is not affected by per-
mutation of the terms. Hence, in this case, the infinite product [](1 4 u,) remains
unchanged if we permute the factors. Therefore, we define [[(1 4w, ) to be absolutely
convergent if Y u, or, equivalently, > log(1 + u, ) converges absolutely.
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We now extend the definition to arbitrary sequences a, of complex numbers. We call

oo
[Ta. (absolutely) convergent, if there is an index v such that a, # 0 for v > vy, and
1

oS}
[T a. converges (absolutely). We then set

Yo

o0 l/(]f n
H a, = H - lim H ay.
| | n—o00 o
Clearly, this definition does not depend on the choice of vyg.

Of course, we are mainly interested in infinite products of holomorphic functions.
Let G be a domain in C, and let f, = 1 + u, be holomorphic on G. We always
assume that no f, vanishes identically. The notion of pointwise convergence of

H fu(z) = H 1+u,(z )) should be clear, but is of minor importance. The following
condltlon 1mphes that the product is well-behaved.

Definition 7.1. The infinite product H (14+uy,) converges absolutely and locally uni-
formly on G if the series Z u,(2) does.

In view of Prop. 7.1 and 7.2 this implies pointwise convergence. If the condition in
Def. 7.1 holds, then for any compact K C G there is a vy such that |u,(z)| < 1, hence
fu(2) #0, for all z € K and v > 1. In particular, on K there are only a finite
number of zeros of the factors f,.

oo

Proposition 7.3. Let u, € O(G),v > 1. If F(2) = H(l—kuy(z)) converges
1

locally uniformly and absolutely on G, then the sequence of the partial products

pn(2) = H(l + uy(2)) converges locally uniformly to F(z), hence F(z) is holomor-

1
phic on G. Moreover, permutation of the factors does not affect F(z).

Proof: First note
le* — 1] <2[z| for |2 < 1/2.

Therefore, if g, is a sequence of continuous functions converging uniformly on a com-
pact set K, then the g, are uniformly bounded on K, i.e. |g,(2)] < M for all z € K
and all n, and

‘egn _ egm| — |egm| . |egn_gm _ 1’
M
e - 2|gn — gml

if |gn — gm| < 1/2 on K. Thus the functions e9" also converge uniformly on K.
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Now, assume Y _ u, is an absolutely and locally uniformly convergent series of holomor-
phic functions on G. For any compact K C G, there is a vy such that |u,(z)| < 1/4
n

for all z € K and v > ;. By Prop. 7.2 the sequence Zlog(l + ul,(z)) converges

V1

uniformly on K. Therefore, the products H(l —|—ul,(z)) = epolog(l —&—u,,(z))

1% V1
converge uniformly on K, and so do the p,(2). O
We are now ready to address the main theme of this section. Let Z = {a1, as, a3, ...}

be an infinite discrete subset of C, and let n,, v > 1, be positive integers. We want
to construct an entire function f which vanishes precisely at the a, and has order n,
at a,.

If there is such a function f, its logarithmic derivative h = f’/f will be holomorphic
except for simple poles at the a, with residue n,. But a meromorphic function h
with this property can be constructed by means of the Mittag-Leffler theorem, and
we shall obtain the desired f by integration from h.

To this end, we assume for the moment that 0 ¢ Z and arrange the a, according to
increasing modulus:

0< |a1| < |a2| < |a3| < e
Thm. 6.1 then yields a series

1

Z— ay,

i h,(z) with  h,(z) = nl,( +py(2))

converging absolutely and locally uniformly to a meromorphic function A on C with
the required poles and residues; the p,(z) are suitable polynomials.

Let g, (2) be the primitive of p,(z) with ¢,(0) = 0, and define

folz) = {(1 - e q,,(z)]"".

v

This is an entire function vanishing only at a, (of order n, ), satisfying f,,(0) = 1 and
FL(2)]1u(2) = hu(2).
We will show that the infinite product

o0

fz) = ﬁ f) =11 {(1 - a%) P q”(z)} :
1

1

converges absolutely and locally uniformly on C, thus it solves our problem.
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Fix R > 0 and vy such that |a,| > R for v > vg. Then Zhu(z) is a series of
Vo

holomorphic functions on |z| < R, converging absolutely and uniformly. The series

Slogh() =Y [ mi0d
Vo Yo [0, 2]

then converges absolutely and uniformly on |z| < R, too. By Prop. 7.2 and Def. 7.1

this implies absolute and uniform convergence of H fvon |z] <R.

vo
For a complete statement of the result we use the p, as given in Thm. 6.1, namely
as suitable partial sums of the power series expansion of —1/(z — a,) at z = 0.
Furthermore, we admit ay = 0 as a possible zero of order ny > 0 by writing an
additional factor z™°.

Theorem 7.4 (Weierstrass product theorem). Let Z = {0, a1, ag, ...} be a discrete
set in C, arranged by increasing modulus. Let ng be a monnegative integer, and for
v =1, let ny, be a positive integer. Choose integers k,,, v > 1, such that the series

S L5

converges absolutely and locally uniformly on C. Then the infinite product

k,+1

oo n
z 1z \r|"
=00 2)ew > 1(2)] )
v=1 pn=1
is an entire function with zeros of order mn, precisely at a, (v =0). ]

It is reasonable to choose the k, as small as possible and desirable to have them all
equal. E.g. if Y n,la,|7! < o0, k, = —1 for all v, i.e. p,(z) =0 for all v, will do.

Corollary 7.5. Let a,, n, and f be as in the theorem. Then any entire function g
with zeros of order n,, at the a, (and no other zeros) can be written as g(z) = e"®) f(z)
with an entire function h.

Namely, the quotient g/ f is, after removing the singularities, an entire function with-
out zeros, thus of the form exp h.

Corollary 7.6. Any meromorphic function on C is the quotient of two entire func-
tions.

Proof: Let h # 0 be meromorphic on C with poles at a, of multiplicities n,. By
Thm. 7.4 there is an entire function g with zeros of order n, at the a, (this statement
is elementary if there are only finitely many a,). Then f = g - h has only removable
singularities and can hence be regarded as an entire function. O
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As an example, let us determine the product expansion of the entire function sinz.

It has simple zeros at the points v € Z. As the series Z(

1
+ 7> converges
z—V Vv

absolutely and locally uniformly on C, Thm. 7.4 yields a product representation

sinmz = e9%) 2 H (1 - E)ez/”. (3)

v
v#0

To determine g, we form the logarithmic derivative of (3):

1 e 1 1
tmz =g - E ( —).
mecotmz g(z)+z+ 2 1/+1/

sin
By Prop. 6.3, ¢’ =0, i.e. g is constant. Since lin%) e _ 7, we have e = 7 and
z—r z
z il 22
Proposition 7.7. sinwz = nz (1 — 7>ez/” =7z (1 — —) O
p TZz=m 1;[0 - ™ VH1 =
1% =

The second product results by combining the factors with index v and —v in the first
product.

Euler found the product representation of sinzmz in 1734 and proved it some years
later. The specialization z = 1/2 yields a still older formula of Wallis (1655):

2 .

1/71 2l/+1) 1-

\}

4 .

I
(=}

-6

::1 8
|
|

w
o
ut
-

A product representation of coswz can be obtained on similar lines:

cos Tz = H(l - i)ez/““ with a, = v —1/2.
ay
VEZ

Exercises
oo
1. Let F(z) = Hf" (z) be a locally uniformly convergent product of holomorphic functions on G.
1
oo
a) Show that Hy,(z) = Hfu(z) converges locally uniformly to 1 on G, and hence H}, — 0 locally

n
uniformly.

F’ (=) fV(Z)
) Fin Z
morphic functlons on G.

, the right hand side being a locally uniformly convergent series of mero-

2. Find a product representation of e27% — 1.



Chapter V.

Integral formulas, residues, and applications

The concept of the winding number allows a general formulation of the Cauchy integral theorems
(IV.1), which is indispensable for everything that follows. IV.2 presents a generalization of the
Cauchy integral formula to real differentiable functions; it will play a basic role in Chapter VI. With
the Laurent series expansion (IV.3) and the residue theorem (IV.4), further essential tools of complex
analysis are at our disposal. They will be used to evaluate complicated integrals (IV.5) and then to
study the equation f(z) = w, where f is a holomorphic function (IV.6). If one makes the integral
formulas from sections IV.3 and IV.6 dependent on parameters, then one obtains the Weierstrass
preparation theorem (IV.7), which gives fundamental information about the zeros of holomorphic
functions of several variables.

The winding number was already used in complex analysis by Hadamard in 1910; it is a special
case of the Kronecker index. Its systematic use for the development of complex analysis was first
proposed by Artin (ca. 1944); the elegant proofs in IV.1 were developed by Dixon only in 1971 [D].
The inhomogeneous Cauchy integral formula seems to occur first in Pompeiu (1911); after 1950, it
was exploited by Dolbeault and Grothendieck in the theory of several complex variables. Laurent
series were introduced by Laurent in 1843 (Weierstrass already knew about them in 1841); the theory
of residues (IV.4-1V.6) goes back to Cauchy. The Weierstrass preparation theorem has a complicated
history; it was rediscovered and proved several times — cf. [Car]. Weierstrass published it in 1886
but knew of it since roughly 1860. The proof in IV.7, which is based on a clever application of the
residue formulas from the preceding sections, is due to Stickelberger (1887) [St]; in presenting it, we
follow [Fol] and [Ra).

1. The general Cauchy integral theorem

In Chapter II, we proved the Cauchy integral theorem for star-shaped domains; it
is time to get rid of this restriction. More precisely, the following question is to be
answered:

For which closed paths of integration v in an arbitrary domain G is the Cauchy integral
theorem wvalid, i.e. for which v do we have

/f(z)dzzo

for every holomorphic function on G? — Equivalently: Given two paths of integration
Y1 and 2 from a to b in G, when does the identity

/f(z) dz:/f(z)dz

W. Fischer, . Lieb, 4 Course in Complex Analysis, DOI 10.1007/978-3-8348-8661-3 4,
© Vieweg+Teubner Verlag | Springer Fachmedien Wiesbaden GmbH 2012
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hold for all holomorphic functions on G ¢

It is clear that an answer will be especially useful for evaluating integrals, e.g. by
changing the path of integration. Before turning to our question, let us recall
Def. I11.5.5.

Definition 1.1. Let v be a closed path of integration, and let z be a point that does
not lie on vy, i.e. z & Tr~y. The winding number of v about z is

1 d
n(%z)zﬁ/cfz-
2

In the previous chapter, we saw that n(y,z) is always an integer. Here is a simple
alternative proof:

Let 7: [0,1] — C be piecewise continuously differentiable with (0) = (1), and for
t €10,1], let

t

h(t) = — /vy(T)dT.

T omi (1) — 2
0

Then h(0) =0 and h(1) = n(v, z). Moreover,

1 "(t
2w y(t) — 2
Thus
d eQTrih(t) e2mi h(t)

%’Y(t) -z - ('y(t) - z)2 <(7(t) B Z)QTFZ. h/(t) B ,yl(t)> =0,

so that
e = e(y(t) = 2)
with a nonzero constant ¢. Now v(0) = v(1) implies that
1 = 2mih(0) _ c(7(0) = 2) = e(y(1) — 2) = eZﬂ'ih(l)’
ie.
e2min(v,2) _ 1.

It follows that n(vy, z) is an integer. O
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To give a simple example, note that for &,,(t) = r "™, where 0 < t < 27, the m-times
traversed circle, we have

(i, 2) = m  for |z] <7
00 for |z >

Here m can be negative — the circle is then traversed in the clockwise direction.
Furthermore:

Lemma 1.1. The function
z = n(vy,z) (1)

is locally constant and vanishes on the unbounded path component of the set C\ Tr~.

Proof: The first claim follows from the continuity of the function (1), which can only
take on integer values. Assume that Tr+ is contained in the disk Dr(0). Then

1

— <1,
|z — R

L1y)

n(,2)| < o

provided |z| is large enough. Thus n(v, z) = 0 for these z, and by continuity on the
entire unbounded path component of C\ Tr~. O

It will be useful to slightly generalize the definition of a closed path of integration:

Definition 1.2. A cycle I" is a formal linear combination of closed paths of integration
with integer coefficients:

'=niv+ ...+ 0. (2)
The integral of a continuous function defined on the trace of T,

TrI'=Try U...UTr,,
18

JECE zijlnp [ #eya=

r
The winding number of T' about z & TrT is defined to be

n(l,z) = Z npn(Yp, 2).

The length of T is L(T') = >0 |n,|L(v,)-
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A few comments:

A summand of the form 0-+ can always be added or subtracted from (2) — in defining
the trace of I', we of course count only those 7, with nonzero coefficients; we always
set 1-y =+ and (—1) -y = —v. Cycles can be added:

r T T
Z npYp + Z MpYp = Z(np + mp)Yp-
p=1 p=1 p=1

They therefore form an abelian group. We have

and, in particular,
n(ly + Ty, 2) =n(lq, 2) + n(Ts, 2) (4)
n(=T,z) = —n(T,2) (5)

(for every z for which the winding number is defined). It should be noted that the
plus sign in (2) has nothing to do with the combination of paths as in I.5.

We now describe a configuration that will be important for many considerations to
follow:

Let 0 < r < R be real numbers, z; € C, and
I = k(R; 2z0) — k(13 20)-

The annulus
K(zo;r,R) ={z:r < |z — 2| < R}

is characterized by
n(T,z) =1,

and the complement of its closure by n(I',z) = 0. We generalize this situation as
follows:

Definition 1.3. A domain with positive boundary is a bounded domain G in C whose
boundary OG is the union of the traces of n + 1 pairwise disjoint simple closed paths
of integration ~g, . ..,vn. For the cycle

F=v%-m— =M
we require
G={zeC:n(l,z) =1}
C\G={z€C:n(l,z2) =0}
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@l@

Figure 6. A domain with positive boundary

A closed path v: [a, b] — C is simple, if v is injective on [a, b[. — The cycle T is also
denoted by OG and called the boundary (or boundary cycle) of G. Intuitively, G lies
“on the left hand side of its (oriented) boundary”. Examples are disks, annuli, and
general domains such as the one shown in Fig. 6.

Using winding numbers, we now introduce the notion of homology that will be decisive
for what follows.

Definition 1.4. A cycle T in G is called null-homologous in G if for every point
z & G, we have

n(T,z)=0.
Two cycles 'y and Ty are called homologous in G if 'y — I's is null-homologous.
Notation: I' ~ 0, I'y ~ T'5.
The circle x(r;0) is null-homologous in C but not in C* = C\ {0}.
The main result of this section is

Theorem 1.2 (The general Cauchy integral theorem and general Cauchy integral
formulas). Let T" be a null-homologous cycle in a domain G, and let f be a holomorphic
function on G. Then

i F/f(z) dz = 0.

1. For every z & TrT" and all k =0,1,2,..., we have
k! f(©)
k _
n(I‘,z)f( )(z) /(C—z)k“ dc.

2711
r

(For z ¢ G, ii says that the integral on the right hand side is 0.)
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Proof: We will first prove the second claim, where we may of course set k = 0: the
general claim then follows by differentiating under the integral sign. By substituting
the definition of the winding number into the formula in #, it takes the form

/de:o, for € G\ TrT. (6)
r

To prove this, we consider the integral (6) as a function of z. We will extend this
function to an entire function h; the latter will then satisfy

lim h(z) =0,

zZ—00
which, by Liouville’s theorem, implies that h(z) = 0.

Let us investigate the integrand of (6) as a function of ¢ and z simultaneously, i.e.

£(0) — £(2)
o) =] (== = ¢7°
72, (==

This function is defined on G' x G and — as we will show — is continuous in both
variables.

This is clear for ¢ # z. To prove continuity on the diagonal, we consider the difference

9(¢, ) — g(20, 20)

in a neighbourhood Us(zg) x Us(zo)
a) if ( =z

9(2,2) — g(20, 20) = f'(2) = f'(20),

b) if ¢ # 2

9(¢,2) — gz, 20) = T =IE) iy 1 [ (')~ o)) o

Now, the derivative f’ is continuous — see Thm. I1.3.4. Therefore, for any & > 0, the
number § can be chosen small enough such that

[/ (w) = f'(20)] <&
for all w € Us(z0). In case a), we then have

|g(Z,Z) - g(ZOaZO)| <g,
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and in case b),

19(¢, 2) — g(20, 20)| < =7 ¢ — z|e

1
— 2|
This shows that g is continuous. We now put
ho(2) = [ 9(¢.2) de
r

This function is continuous on G. If, moreover, v is the boundary of a triangle that
lies in GG, then

[rcraz= [ [aczacaz= [ [ o2 azac
Rl v r v

For (¢ fixed, the function

2z g(¢,2)

is holomorphic for z # ( and continuous at { and hence holomorphic everywhere.
Thus

/g(Cvz)dZZ

~

by Goursat’s lemma; it follows that

/ho(z) dz=0,

e
and by Morera’s theorem, hq is holomorphic.

We now use the fact that I' is null-homologous. Let
Go={z€C:n(l',z) =0}.

On G NGy, we have

/C_ ac % ny (2),

but the integral allows one to define hy as a holomorphic function on all of G. There-
fore, hg can be holomorphically extended to G U Gy via

h(z) = ho(z) for z € G
hi(z) for z € Gy.
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But since I' ~ 0, we have
GUGy =C,

i.e. h is an entire function. For large |z|,

L L(T) - max| f|

= < —
= 1M < G BT

holds on Gy. It follows that

lim h(z) =0,

Z—00
so that h(z) = 0 by Liouville’s theorem. This is what we wanted to show.

We now derive the first claim of the theorem from the second. Let a be an arbitrary
point in G\ TrT". The function F'(2) = (z — a) f(#) is holomorphic on G and satisfies
F(a) = 0. By part ii of the theorem, we then have

0=n(l,a)F(a) = 2% / fﬁzi dz = %/f(z) dz,
T

r

so that indeed

/f(z)dzzO. O

We note as an immediate consequence:

Theorem 1.3. Let 'y and 'y be homologous cycles in G. Then for every holomorphic
function on G,

1:{f(z)dz :I{f(z)dz.
This is because
0= / f(z)dz:/f(z)dz—/f(z)dz.
I —T, r, Ty

The concept of a star-shaped domain can now be generalized:

Definition 1.5. A domain G C C is called simply connected if every cycle in G is
null-homologous.
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It is in such domains — and clearly only in such domains! — that the Cauchy integral
theorem

/f(z)dz:O

holds for all holomorphic functions on G and all cycles in G. Examples include
domains with positive boundary that have only one “boundary component” T' = ~q
— see Def. 1.3. For simply connected domains G — and only for such domains! — the
following holds: Every holomorphic function f on G has a primitive; if f has no zeros,
then f has a holomorphic logarithm and thus holomorphic powers with arbitrary
exponents (cf. Prop. 111.5.2).

In the case of a domain with positive boundary, Thm. 1.2 takes an especially simple
and often used form:

Theorem 1.4 (Cauchy integral theorems for domains with positive boundary). Let
f be holomorphic in a neighbourhood U of G, where G is a domain with positive
boundary. Then we have:

i. /f(z)dz:O,
oG
1. Forze€ G and allk=0,1,2,...,

¥ (z) = k!/(cff))k“dc'

211
oG

We may assume that U is connected and note that OG ~ 0 in U. This implies ¢ the
second claim follows from Thm. 1.2.4 and the fact that n(9G, z) = 1. O

We note without proof that one only needs to assume that f is continuous on G and
holomorphic in the interior of G.

In order to check our assumptions, we have to know how to compute winding numbers.
Let v be a closed path of integration, and let U = C\ Trvy. The set U can be
decomposed into path components, among which there is exactly one unbounded
component Uy. By Lemma 1.1, n(v, z) is constant on the path components of U and
vanishes on Uy. The remaining values can be obtained using the following “right of
way” rule:

Let a and b be points from different components of U, and suppose there is a path in
C from a to b that intersects v exactly once at a “regular” point of v, whereby y is
crossed from right to left (with respect to the orientation of ). Then

n(7,b) = n(7,a) + L.

We refer the reader to [FL1] for a detailed explanation.
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Figure 7. Determining the winding number

We also note the following intuitive fact without proof:

Every simple closed continuously differentiable path of integration «y in C is (if given
an appropriate orientation) the boundary of a simply connected domain with positive
boundary. We again refer the reader to [FL1] for a proof.

Exercises

1. Suppose the domain G is bounded by a simple closed polygonal path. Show that G is simply
connected. Extend this claim to piecewise smooth boundaries.

2. Determine whether the following domains are simply connected:
C\{0}7 C\[_lvl]v C\R<07 C*\{Z:et(l+i):teR}'

3. Show that the image of a simply connected domain under a biholomorphic mapping is simply
connected. Is it sufficient to assume that the mapping is locally biholomorphic?

2. The inhomogeneous Cauchy integral formula

A different method of generalising Cauchy’s integral formula is based on Stokes’ the-
orem. We consider a domain G with positive boundary G as defined in the previous
section, and a continuously differentiable function f defined in a neighbourhood of G
f need not be holomorphic!

Let us fix a point z € G and choose a disk D,.(z) CC G. The complement G\D,.(z) =G,
is a domain with positive boundary 0G — 9D,.(z). Application of Stokes’ theorem to
the continuously differentiable 1-form

_ 11
w(C) = 2mi ¢ — de
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on G, yields
[ w©= [ .
0G G,
Inserting the definitions we obtain
L e .1 FO 4o L 0f/8C
%/C—zdc_%ri / C—z 27rz C d¢ A d.
G D, (2)

For r — 0 the surface integral tends to

1 8f/6<

2m = ¢ A dC

(since the integrand is integrable); the boundary integral over 0D, (z) can be rewritten

RENY R PR i (G O

9D, (z) 0D, (z)

The first integral yields

ki)

(9D (2)

the second integral can be estimated, using | — z| = r, by

f(Q) — f(z) — f(z
[ 1S i < o 150 - s

which tends to zero with r. So we have established

Theorem 2.1 (Inhomogeneous Cauchy formula). Let f be a continuously differen-
tiable function in a neighbourhood of a domain G with positive boundary OG. Then
one has, for each point z € G,

_ 1 [ f©) 1 af/aC()
)_%/C—zdC 27rz/ ¢ — dC A de.
oG G

Note that if f is holomorphic in G, we have again Thm. 1.4.
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3. Laurent decomposition and Laurent expansion

Functions that are holomorphic on disks can be represented as power series. We now
present a generalization for functions that are holomorphic on an annulus.

Let r < R < o0 be real numbers, with R > 0. We denote by
K(r,R)={z:r < |z| < R} (1)

the annulus centred at 0 with inner radius r and outer radius R. If » < 0, then K (r, R)
is the disk Dr(0), and if r = 0, it is the punctured disk Dr(0) \ {0}. If one chooses
another centre, say zp, then we write

K(zo;m, R) = {z: 7 < |z — 20| < R}. (2)

The following theorems are formulated in terms of the general situation (2), but to
simplify notation, we will always set zop = 0 in the proofs, i.e. we will work with the
case (1).

Theorem 3.1 (Laurent decomposition). Let f be holomorphic in an annulus (2).
Then there exist unique holomorphic functions fo on Dgr(z9) and foo on C\ D, (zo)
such that

f=fo+ fo (3)
Tim foo(2) = 0. (4)
Definition 3.1. The decomposition given by (3) and (4) is called the Laurent decom-

position of f. The terms fy and fs are called the reqular part and principal part,
respectively, of the decomposition.

Laurent decompositions have already appeared in special cases in the theory of iso-
lated singularities (IL.6).

Proof of Thm. 3.1: a) Uniqueness. Let
0=fot foor  lim fuol) =0 (5)
be a Laurent decomposition of the zero function. Setting

= fo(2) for |z2| < R
JG) = {—foo(z) for |z| > r,

one obtains an entire function ]”vthat tends to 0 as z — co. Thus f(z) = 0, and hence

fo(2) =0 = foo(2).
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b) Ewxistence. Assume that r > 0 — the case r < 0 is trivial, since then f = f; and

Choose " and R’ such that r < ' < R’ < R. For z with ' < |z| < R’, the Cauchy
integral formula gives

f(Q)
(—z C_% / (—de

[{|=R' [C|=r"
E fo(2) + foo(2)- (6)

The functions fy and f, defined by the above integrals are holomorphic for |z| < R’
and |z| > 7/, respectively, and foo(z) — 0 as z — co. By the Cauchy integral theorem
for homologous cycles, the integrals in (6) are independent of R’ and r/, respectively, as
long as r < 1’ < |z| < R’ < R. Therefore, fy and f can be extended holomorphically
to all of Dgr(0) and C\ D,.(0), respectively, preserving the decomposition (3) and the
property (4). O

Let f = fo + foo be the Laurent decomposition of a function f that is holomorphic
in an annulus K (r, R). The function fy, which is holomorphic on Dgr(0), can be
expanded into its (locally uniformly convergent) Taylor series:

= Za,,z”, |z| < R. (7)
v=0

and, since lim,_, o, foo(2) = 0,
D, (0) by setting fuo(o0) = 0.

The principal part fo, is holomorphic on C\ D

r (0
can be extended to a holomorphic function on C
Consequently,

1
s =1 (1) a0 =0 ©
is holomorphic on the disk of radius 1/r and has the series expansion
g9(2) = > b2 (9)

there (note that by must vanish!). We rewrite (9) as

fo(2) =y C) = g:lbuzl,, = f ayz”, (10)

v=-—1

where a,, = b_,. By combining (7) and (10), we obtain:
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Theorem 3.2 (Laurent expansion). Let f be holomorphic in the annulus K(zo;r, R).
Then f can be expanded into an absolutely locally uniformly convergent series

f(2) :Zal,(z—zo)”. (11)
The coefficients a, satisfy
g [ G a2

|z—zol=p

where p can be chosen to be any number between r and R.

Tt remains only to show (12), but this follows immediately upon substituting (11) into
the integral in (12) and exchanging the order of summation and integration. O

The sum (11) means

— 00

Za,,(z—zo)” = Z al,(z—zo)”—l—Za,,(z—zo)”, (13)

v=-—1 v=0
i.e. the left hand side is defined to be the right hand side of (13).

Series like

Z a,(z — z9)"

that appear in Thm. 3.2 are called Laurent series; they are convergent at z if the
principal part

— 00

Z ay(z — z0)"

v=-—1

and the regular part

o0
Z ay(z — zo)"
v=0

are convergent at z. Their domain of convergence is either an annulus K (zp;r, R) or
empty; in the former case, they converge compactly to a holomorphic function. Using
the standard estimate, formula (12) yields the Cauchy inequalities:
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Proposition 3.3. Let f be given as
oo
f(z2) =) au(z—20)"
— 00

in an annulus K(z20;7, R). Then for every p such that r < p < R, we have

lay| < p™" max [f(z)].

[z2—20|=p

Power series are of course special cases of Laurent series. Similar to power series ex-
pansions, Laurent expansions of rational functions can also be calculated by applying
geometric series. Here is an example:

The function

1
f(Z) - Z(Z— 1)2

is holomorphic on C\{0, 1}, and we already know its Laurent expansion in K (0;0, 1):

1 1d 1 I~
2(z —1)2 7;%1—27221/2 '

Accordingly, in K(0;1,00) one has

00 v—1
1 1 1
2(2—1)2_7:3”2_:1V<z> ’

To conclude, we record the identity theorem for Laurent series:

v

Proposition 3.4. If the Laurent series Ziooo ay,z” converges to 0 in an annulus

K(r,R), then all a, are zero.

With these results, we return to the theory of isolated singularities. The function f
has an isolated singularity at z if and only if it is holomorphic in a punctured disk

Dr(20) \ {20} = K(20;0, R).

It thus has the absolutely locally uniformly convergent Laurent expansion

— 00

f(2) :Zal,(zfzo)” = Z al,(zfzo)”JrZal,(zfzo)” (14)

v=—1 v=0

in K(20;0, R), which we have decomposed into its principal and regular parts. The
case of a finite principal part —i.e. the case when a, = 0 for v < —n — is the familiar
case of a pole of order less than or equal to n at zg, or a removable singularity, in case
the principal part in (14) vanishes. The case of an infinite principal part — i.e. when
infinitely many a, are nonzero for ¥ < 0 — must therefore correspond to an essential
singularity, which gives us:
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Proposition 3.5. The function f has an essential singularity at zo if and only if the

principal part of its Laurent expansion about zy contains infinitely many powers of

(2 — z0)7 L.

Note that the principal part in (14) is always holomorphic on C \ {20}

We conclude with the following observation: Let f be holomorphic on C with the
exception of a discrete set of singularities S. Given an arbitrary point zy € C, the
Taylor series (or Laurent series) of f converges in the largest (possibly punctured) disk
about zg that contains no points in S\ {zp}. Together with the Cauchy-Hadamard for-
mula for the radius of convergence, this statement is occasionally useful for computing
limits (see Ex. 3).

Exercises

1. Determine the sets on which the following Laurent series converge:

[e ) 2_‘V‘ y o0 (Z*].)V (o) ZV oo 2V( +2)V
E z E —_, E N E z .
£ —~ 3v41 1+v2° 4

o0 o0 oo

—oo

2. Find the principal part of the Laurent expansion of

z— z
in0<|z] < and of —_—
sin? z Il < (22 + b2)2

in 0 < |z —b| < 2b.

3.a)Let a, =32 +2-3”. Find lim, a,l/y by considering the series > 07 a,z”.

) |E2u| 1/2v
b) Compute llrr;sup @) (ct. 11.4, Ex. 3).
v o0 .

It follows that Euler numbers can become very large.

4. Let S, = {a < Im(z/w) < b} with w € C*, —oco < a < b < +0o0, be a parallel strip. Then
w = F(z) = exp(2miz/w) maps S, onto an annulus K = K(r, R). Let f be holomorphic on Sy,
and satisfy the periodicity condition f(z 4 w) = f(z). Show that there is a unique holomorphic
function f: K — C such that f = f o F. Translate the Laurent series of f into a Fourier series

[
representation f(z) = 3 anexp(2minz/w). Express the coefficients ay, by f.

— o0

4. Residues

Definition 4.1. Let f be holomorphic on a domain G with the exception of a discrete
set S. The residue of f at the point zg € G is the number

1
res., = 5 / f(2) dz, (1)
K(7r;20)

where 1 is chosen small enough that the disk D,(zo) lies in G and contains no points
of S except possibly zg.
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Taking the above restriction into account, r can be chosen arbitrarily as long as
D, (zp) C G; the value of the integral (1) will not change. Similarly, the value of the
integral will not change if one replaces k(r;z9) with a cycle T" such that n(T, z9) = 1
and n(T',z) =0 for all z € S\ {20}

The function f has isolated singularities at the points in S. Formula (12) from the
previous section gives us:

res,, f=a_1, (2)

where
F(2) = an(z— 20)"

is the Laurent expansion of f about zy. In particular, the residue is 0 in the case of
a removable singularity — but not only in this case! Formula (2) is sometimes also
called the local residue theorem. For example, (1) and (2) immediately yield

/ e''* dz = 2mi,

r(r;0)

a result that is even more remarkable when one considers that exp(1/z) is not an
elementary integrable function. This leads to an ansatz for evaluating certain definite
integrals: this method will be expanded upon in the following section. Our next goal
is to “globalize” formula (2):

Theorem 4.1 (The residue theorem). Let f be holomorphic on a domain G with the
possible exception of a discrete set S C G, and let ' be a null-homologous cycle in G
that does not meet any point in S. Then

! /f(z) dz = Z n(T, z) res, f. (3)
r

211
z€G

Proof: The sum in (3) is finite, because there are only finitely many points z € S
such that n(T',z) # 0. Let z1,...,2; be these points; then the cycle T' is also null-
homologous in G'\ S/, where S’ is the remaining set of points in S. For every z,,, let
h,. denote the principal part of the Laurent expansion of f about z,,:

— 0o

ha(2) = Y af(z = 2.)". (4)

v=—1

The function h,, is holomorphic on C \ {z..}, and the function
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is holomorphic on G\ 5’, i.e. it can be holomorphically extended to the points z,,.
The Cauchy integral theorem now implies

JF(z)dz:07

so that
k
/f(z) dz = Z /h%(z) dz (6)
r #=17
We compute the integrals on the right hand side
/h%(z) dz = al | (z—z,.)"dz
r V== r
=a”, -n(l,z2,) 2mi (7)

Substituting (7) into (6) yields the claim. O

As an immediate corollary, we have:

Corollary 4.2. Let G be a domain with positive boundary cycle 0G =T, and let f
be holomorphic in a neighbourhood of G with the exception of isolated singularities,
none of which lie on the boundary. Then

% / f(z)dz = Zresz I (8)
le]

zeG

In order to apply the above formulas, one must of course be able to calculate residues.
The following rules are easily proved:

res,(af + bg) = ares, f + bres, g, (9)

where a,b € C. If f has a simple pole at zg, then

res,, f = lim f(Z)(Z - ZO); (10)

Z—r20

if, in addition, g is holomorphic in zy, then

res,, (gf) = g(zo) res,, f. (11)

For poles of order n > 2, the situation is slightly more complicated:

1 dn—l n
res,, [ = WW((Z —20) f(Z))

Z=Z0
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Formula (12) can be easily deduced from the Laurent expansion of f. From formula
(10), we obtain a rule that is often useful:

Suppose f has a simple zero (so that 1/f has a simple pole) at zy; then if g is holo-
morphic,

TeSz,

() f'(z0)

To take an easy example, let us compute the residues of the function

f(z) =

z
2241
It has simple poles at ¢ and —i. By (13), we then have
i 1
res; f = % 9
and likewise for —i.

Concluding remark: Suppose F': G — G’ is a biholomorphic mapping and f is
holomorphic on G’ except at certain isolated singularities. Then f o F' is holomorphic
on G except at isolated singularities. If f has a singularity of a certain type at wq
(removable, pole of order k, or essential), then f o F has a singularity of the same
type at 2o, where F(z9) = wg. But residues are not preserved by this transformation:
using formula (1), it is not difficult to see that

TeSp(zg) f = Tes:,(f o F) - F. (14)
This shows that the residue is actually to be associated with the differential form
f(w)dw. (15)

This concept is also necessary in order to define residues at the point co. We refer
the reader to [FL1] for a more detailed explanation.

Exercises

1. Let f be holomorphic on C with the exception of isolated singularities. Show that:
i. If f is even, then res_, f = —res; f.
ii. If f is odd, then res_, f =res; f.
iii. If f(z +w) = f(z) for some w € C, then res,4. f = res; f.
iv. If f is real on R, then resz f = res; f.

2. Find the residues of the following functions at their singularities:

2 z

1 —cosz z e
z 7 (1422 (2—1)3" cosz’
3. Let G be a simply connected domain, and let f be holomorphic on G with the exception of a set
of isolated singularities S. Show that f has a primitive (on G\ S) if and only if all residues of f
vanish.

tan z.
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5. Residue calculus

The subject of this section is the evaluation of definite integrals over real intervals
using the residue theorem (it should of course be possible to extend the integrand to a
holomorphic function). A simple case occurs when one integrates a periodic function
over a period-interval: by making a substitution, one can transform the integral
directly into an integral over a closed path in C. In other cases, one completes the
interval of integration to a closed path in C by adding a “detour” 7 to it. One can
then apply the residue theorem, provided one has information about the integral over
v. We will exhibit a collection of methods and examples that can be adapted to
situations other than those described — there exists no systematic theory.

We begin with periodic integrands. As an example, we investigate the integral

2m d
t
]:/7" where a > 1.
a+sint
0
Using z = € and sint = 2%(2 - %), we can write I as an integral over the unit
circle:
/ 1 2dz
i, 1)
2— Z 224 2iaz — 1
|=1 IZI:1
The integrand is a rational function of z with simple poles at z; = —i(a—+va? — 1) € D

and 2o = —i(a + Va2 — 1) ¢ D. The residue at z; is
2 1 1

21— 22 iy a?—1

b

so that by the residue theorem

2

/ dt B 2
a+sint  VaZ—1

0

We extract the following rule:

Given a rational function R(cost,sint) that stays finite for all t € R, the substitution
z=c¢€" ie.

t L + : int 1 !
ST = — — SINT = -
cos 5 z ) S 5 z )

transforms the integral fOQW R(cost,sint) dt into an integral of a rational function E(z)
over D that can be evaluated using the residue theorem.
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Next, we consider integrals of the form ffooo f(x)dz, assuming that f(z) can be
extended to a function f(z) that is holomorphic in a neighbourhood of the closed
upper half-plane H with the possible exception of finitely many singularities, none of
which lie on R — we will call such functions admissible.

The basic idea is this: Choose 71,75 > 0 and paths 7 in H (which depend on 7 and
r9) from ro to —rp such that the closed path [—rq, 2] 4+ 7 encircles all singularities of
f in H with winding number 1. The residue theorem then gives

/ f(z)dx = 2m'Zrest - /f(z)dz
S ;

zeH

If f(z) tends to 0 sufficiently quickly as z — oo, then by appropriately choosing the
paths v, one can expect the integral on the right hand side to tend to 0 as 1, ro — +00;
then

/ f(a)dz = 2mi» res. f, (1)

z€H
upon which the existence of the integral on the left hand side (as an improper Riemann
integral) is proved as well.

Let us illustrate this with the example f(z) = 22/(1 + 2*). Here it is clear that the
integral of f over R exists. Choosing ;1 = ro = r and 7 = -, as the semicircle from r
to —r, we have

‘ / £()dz

Since f has a double zero at oo, |f(z)| < ¢r™* on Tr+,, where ¢ is a constant; it
follows that f,y f(z)dz — 0 as r — oco. We may thus apply (1), and it remains

< mrmax{|f(2)|: |z| =7, 2z € H}.

-2

only to compute the residues. The (simple) poles of f in H are z; = (1 +i)/v/2 and
2y = (=1 +1)/v/2, and the denominator of f factorizes as

A4 1=(2—21)(z— 2)(z+ 21)(z + 2).

Thus,

2 2
= Sl res,, [ = 2
221 (Zl — 22)(21 + 22), z2 222(22 — 21)(22 + Zl)

res,, f

Their sum is 1/2(21 + 20) = 1/(2v/2i), so (1) yields

/ﬁdx_ﬂ
L+t 2

— 00
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Figure 8. For the proof of (2) and (6)

Let us extract the conditions under which this “semicircle method” works:

Suppose f(z) is an admissible function, ffooo f(x)dx exists, and

lim zf(z) =0.

Z— 00
Then (1) holds.

For the integral

< .
xsinz
/ ——dzr, a>0,
a2 + x2
— 00
this rule does not apply, since |sinit| = | sinh¢| grows exponentially as t — oo. More-

over the existence of the integral is not known a priori. The situation improves if we

write
rsinx a:e“”dx
5 de—lm -
a“ +x a“ +x

— 00

because the factor e’ on the right hand side becomes small for large Im z. But the
semicircle method, which is based on the standard estimate, still does not help; one
needs more accurate estimates and better paths of integration.

More generally, we treat integrals of the form

oo

/ g(z) e dz

— 00

and to begin with assume only that ¢ is an admissible function. The positive numbers
r1, 2, and s are chosen such that the rectangle with corners —ry, ro, 79 + is, and
—711 + is contains all the singularities of ¢ in H. For our auxiliary path v, we take
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the part 1 + 2 + 3 of the boundary of this rectangle (see Fig. 8) and estimate the
integrals over the paths 7;. For v,, the standard estimate is sufficient:

‘/g( ) e dz
72

For v,, we have

‘/g(z) e dz
71

< - .
< max [g(:)] - ¢ (ry +72)

= ‘/g(rz + it) ei(”“t)idt’

S

< “tdt <
< max oG]+ [t < max Jg(e)],
0

and the same goes for 3. Assuming lim, o, g(z) = 0 (this applies to the above
example), then given an £ > 0, one can choose 71, 2, and s large enough so that
|g(2)] < € on v, and then, possibly by further enlarging s, ensure that e=*(r; +72) < 1.
Then | fv g(2) e dz| < 3¢, which proves the following rule:

Suppose g(z) is an admissible function and g(z) — 0 as z — oo in H. Then

/ g(z) e dz = 2mi Z res, (g({) eic). (2)
oo z€eH

Here the integral may be an improper integral.

These conditions are clearly satisfied if g is a rational function without poles on
R that vanishes at co. Let us return to our example: The only singularity of
g(2) = ze™® /(a® + 2?) in H is the simple pole ia with residue e=%/2, so by (2),

Zl‘d
/ Lsin e dx—Im/me x71m27m'~e*“/2:7re*“.
a? + a2

— 00

As a consequence of (2), we note that if g(z) is real-valued on R, then

/ g(z) cosxzdx = Re (27ri Z res; (9(¢) eZ’C))

zeH

o (3)

/ g(z)sinz dr = Im <2m' Z res, (g(C) eiC)) .

zeH

— 00
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Should one need these integrals when g¢(z) is not real-valued, one may, for example,
put

/g(a:)cosmdxzi /g(z)e”dz—&—i /g(z)e‘”dz.

Our rule can be applied to the first integral on the right hand side; in order to
evaluate the second integral, one must pass to the lower half-plane (e~* becomes
small as Imz — —oo!). This of course requires g to be holomorphic on the entire
complex plane except for finitely many singularities (none of which lie on R) and to
satisfy lim, o, g(z) = 0. One thus obtains

oo

/g(x) cosx dx = mi Z res; (g(¢) ') — i Z res (g(¢) e ). (4)

o Im z>0 Im 2<0

The minus sign in front of the second sum is there because the boundary of the
rectangle we have to use in the lower half-plane encircles the singularities there with
winding number —1. Likewise, we have

o0

/g(m)sinxdmzﬁ Z res (g(¢) €) + 7 Z res (g(¢) e ™). (5)

s Im 2>0 Im 2<0

The techniques developed so far do not allow us to compute the integral

o0

sinx
dx.
T

— 00

Seen as a real function, the integrand is harmless at z = 0, but the complex integrand
e'* /2 has a pole of order 1 at 0. In such cases, there is a trick that will lead us to our
goal — let us immediately formulate it in general terms. Let g(z) be holomorphic in a
neighbourhood of H except for finitely many singularities in H and a simple pole at 0,
and suppose lim, ., g(z) = 0. We then choose p > 0 such that g has no singularities
in D,(0) \ {0}. We proceed as in the proof of (2) but replace the subinterval [—p, p]
of [=r1,72] by the semicircle v,(t) = pe!™* where 0 < t < 7 (cf. Fig. 8). As
r1,T2,8 — 00, we obtain

—p o
/ g(2) e dz + /g(z) e dz + /g(z) e dz = 2mi Z res; (g(¢) €”).
s Yo P Im2z>0

But writing
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in D,(0), we see that

/g(z)eizdz:c/iz+/h(z)dz:c](—i)dt—i-/h(z)dz.
Ve Yo Yo 0 Yo

The first integral on the right hand side is
—miresy(g(¢) €) = —miresy g,

and the last integral on the right hand side tends to zero as p — 0. It follows that

lim (/ g(2) e dz + /g(z) e dz> = 27i Z res. (9(¢) eiC) + mirespg. (6)

p—0
00 P Im z>0

The left hand side of this formula is also called the Cauchy principal value of the
improper integral [~ g(z)e'* dz. It is not difficult to extend (6) to the case when g
has finitely many simple poles on R.

In our example, we now have

< e 1z < 1z 1
/ Smxda::limlm(/edz—!—/edz):hn(m'reso ())zw.
T p—0 z z ¢
—o00 00 p

Note that (sinz)/x is not integrable over R; the integral must be understood as an
improper integral.

To conclude, we give a method for computing integrals of the types

/R(m) dz, /R(x) log z dz, /:EO‘R(Q:) dx,
0 0 0

where R(x) is a rational function without poles on R>( and with a zero of order > 2
at oo and where 0 < av < 1.

Here a new idea appears: We cut the complex plane along the positive real axis,
choose the branch of the logarithm on G = C\ Ry that satisfies 0 < Imlogz < 2,
and compare integrals over paths above and below the cut. Concretely, say with p > 0
small and r > p large:

/R(x +ie) log(x + ie) do — /R(x) logx dx for e [ 0
P P

/R(x —ie)log(x — ie) dx — /R(x)(logac + 27i) dx for £ | 0.
P p
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Figure 9. For the proof of (7), (8), and (11)

The difference of the integrals to the left thus tends to —27i [ " R(zx)dz. In order to
apply the residue theorem, we construct a closed path as shown in Fig. 9 that has
v = [p+ie,r +ig] and y3 = [r —ig, p — ic] as subpaths (here v, and 4 are circular
arcs about 0, and we assume 0 < € < p). If p is sufficiently small and r is sufficiently
large, then v = 1 + 2 + 3 + 74 encircles all poles of R(z)log z, i.e. the poles of R(z),
and we have

/R(z) log zdz = 2mi Z res, (R(¢) log Q).

zeG

On the other hand, the above considerations yield

lim lim R(z)logzdz = —27ri/R(z) dz.
p—0 =0
rreo Y1+73 0

In order to obtain a result, we must determine the limits of the integrals over v, and
v4. The function R(z) is bounded near 0, and |R(z)| < ¢/|z|? in a neighbourhood
of co. Since lim,,o(plogp) = 0 and lim, o (r~'logr) = 0, the standard estimate

yields

lim [ R(z)logzdz=0, lim [ R(z)logzdz=0

p—0 r—00
Y4 Y2

uniformly in €. To summarize, we have the following rule:
Let R(z) be a rational function with no poles on Rso and with at least a double zero

at 0o. Then

oo

/R(x) de = — Z res, (R(¢)log (). (7)

0 z#0
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For example,

since R(z) = (23 +1)~! has simple poles at —1, z; = (1+4+/3)/2, and Z; with residues
1/3, —(141iv/3)/6, and —(1 —i+/3)/6, respectively. With log(—1) = i, log z; = 7i/3,
and logz; = 5mi/3, formula (7) yields the result.

In order to find
o0
/R(x) log x d,
0

we integrate the function R(2)(logz)? over our path v, choosing the same logarithm
as above. We then have

r

lim [ R(z)log? zdz = /R(Jc) log? z dz

e—0
71 P

lir% R(2)log® zdz = — / R(x)(log = + 2mi)? da,
e—
Y3 14
and as before,
lim [ R(z)log?zdz = 0= lim [ R(z)log®zdz.
p—0 r—00

Y4 2

In the limit, the relation

/R(z) log? zdz = 2mi Z res. (R(¢)(log ¢)?)

b zeG

thus yields

4mi / R(x)logz dx = 472 / R(z)dx — 2mi ZreSZ(R(C) log® ¢). (8)
0 0 270
We already have methods for computing the integral on the right hand side; it is

superfluous if R(z) is real-valued on R, in which case, passing to the imaginary part,
(8) implies that

(oo}

/ R(z)log x dx = f% Re > res.(R(¢)log” (). (9)

0 z#0
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As an example, let us show that

o0
logxdr 7loga
/x2+a2: 70 for a > 0.
0
The function R(z) = (22 + a?)~! has simple poles at ia and —ia with residues

1/2ia and —1/2ia, respectively. The claim now follows from (9) by noting that
logia = loga + mi/2 and log(—ia) = log a + 3mi/2.
To conclude, we consider integrals of the form

/:v“R(x) dx, where 0 < a < 1.

0
Here we may allow that R(z) has a simple pole at the origin without affecting the
existence of the integral. We set 2® = exp(alogz) on G = C\ Ry with the same

choice of log z as above and then integrate z*R(z) over our path v, which encircles
all poles of R except possibly 0. Since

lim(z +4e)® = 2% and lim(z —ie)® = > %2,
el0 10
we have
lim [ 2%R(z)dz = —e?™ |im 2*R(z) dz. (10)
e—0 0
3 Y1

The integrals over 5 and -4 vanish as r — oo and p — 0. This is because |R(z)| < ¢/|z]
near 0 and |R(z)| < ¢|2z|72 near oo, so that the standard estimate yields

‘ / OR(2)dz

Passing to the limit as ¢ — 0, p — 0, and 7 — o0, the residue theorem, together with
(10), thus yields

«@ —2
<L2mr-r® er .

<27mp-p®-cp t and ‘/ z*R(z) dz
2

/a:aR(x) dz = H% > res. (R(C)C?). (11)
0 z#0
For example, —1 is the only pole in G of the function
1
R(z) = ——
6=
its residue is —1, and (—1)® = ™. Therefore, (11) yields
o0

! —27 ™ T
dr = e = = for0<a<l1.
r+1 1 —esma sin T

0
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Exercises

1. Prove that

oo}

/ dx
=7
cosh x

— 0o

Hint: Integrate over the boundary of the rectangle whose corners are +r and +r + im.

2. Find

oo

«@
/ a: der forn>a-+1>0andn > 2.
1+ xn

0

Hint: Integrate over the boundary of the sector with corners 0, r, and r e27¢/™.

3. Compute the following:

T 27
in2 dt
a)/&da; fora>1 b)/i,ae((:andhﬂ;él.
a-+cosx 1—2acost+ a?
0 0
4. Compute the following:
i d Td
x x
—_—— b —_— ,b>0,n>1
2) / (22 +1)(z2 4+ 4) ) / (a2 + b2z2)n (a n>1)
0 —o00

(oo}
) Vozdr  first by reducing to (1) using the substitution z = u2,
z2 + 16 then by using (11).

5. a) Compute

® xe—ﬂ'ix/de
/ 22 —2x 45"

— 00
b) Compute
e iax g
I(a):/e2 Y fora €R.
=+ 1

— o0
Is I(a) differentiable?
6. Show that

2i4-00

/ zonaz dz = mcosha
2241

2i—00
(the integral is to be taken over the line parallel to the real axis and passing through 2i).
Hint: It is easier to adapt the proof of (5) than to transform the above into an integral over R.

7. Compute the Cauchy principal value of

® 1 it
—e
[
— 00
for t > 0 and thereby

(oo}

oo
1 —costx sin?
/ — dr and / 5 dz.
T T

0 0
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8. Compute

% dx
forO0<a<landt>0
(J:+t (z + 2t)

b Yz for —1 2
) mx or — <oz<?.

9. Show that for a rational function R(x) that satisfies the conditions needed for (11) and for
0<a<l,

oo

27
/R(x)m“ logzdr = ——— = ;)resz(R(C)C“ logQ) + =5 — ) Z res (
0

For 2%, choose 0 < argz < 2m.
10. Using Ex. 9, compute

%)

log x
0/ @+ v
6. Counting zeros

By the identity theorem, the fibres f~!(w) of a nonconstant holomorphic function are
discrete subsets of the domain of f. The residue theorem provides information about
the number of points in such a fibre. This is what we will carry out in this section.

Let f: G — C be holomorphic on a domain G, and suppose f takes the value
wo = f(20) at the point zg € G with multiplicity & > 0. Then

f(z) =wo + (2 — 20)Fg(2), (1)
g is holomorphic at z, and g(zo) # 0. Thus,

f'iz) k 9'(2)
f(2) —wo 72—z0+ g(z)’ )

and we have

'y (3)

res,, T —wy

For meromorphic functions that have a pole of order k at zy, we have for arbitrary
weC

flo)—w= 2D ()

(z — 20)k

with a holomorphic function g such that g(z¢) # 0. Therefore,
! z _k /
') _ L9 (5)

f2)=w z—2 g’
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ie.
f'(z)
o ————— = —k. 6

res;, o) —w (6)
The residue theorem now yields:
Proposition 6.1. Let f be meromorphic in a domain G with poles by,ba, ... of mul-
tiplicities k(b,), where p =1,2,.... Let w € C, and suppose f takes on the value w
at the points a1, as, ... with multiplicities k(a,), again where pp = 1,2,.... Then for

every null-homologous cycle T in G that does not pass through any of these points,

o / i dz = Yon(la)k(w) = S n(Tb k)

B B

By (3) and (6), the right hand side is the “total residue” of f'(z)/(f(z) — w) in the
domain Gy = {z: n(T',z) # 0}. The sum is finite, because Gy is relatively compact
in G.

The situation is especially clear in the case of a domain with positive boundary:

Corollary 6.2. Let G be a domain with positive boundary, and suppose f is mero-
morphic in a neighbourhood of G and does not assume w and co on OG. Then

o / A d = N(w) = N(oo),

where N(w) and N(oo) are the number of points in G at which f takes on the value
w and the number of poles of f in G (counting multiplicity), respectively.

Let us again consider a holomorphic function f: G — C that takes on the value wq at
zo with multiplicity k. Then there exists a neighbourhood U = Us(zg) such that zg
is the only point of Us(zp) where f has the value wy and moreover is the only point
at which f’ (possibly) vanishes. We thus have

N =k=5- [ f

8U§ (Zo

in U. For values w that are sufficiently close to wg, say w € V for some neighbourhood
of wy, the integral

N(w) = L / ff’(z) dz
0Us(20)

exists and is a continuous function of w. By Cor. 6.2, it is integer-valued and thus
constant, and therefore equal to k. This gives
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Proposition 6.3. If a holomorphic function f takes on the value wg at zg with mul-
tiplicity k, then there exist neighbourhoods U and V' of zg and wy, respectively, with
the following property: Fvery value w € V is assumed by f at exactly k distinct points
in U with the exception of the value wq, which is assumed by f exactly at zp.

That the equation f(z) = w has exactly k distinct solutions in V follows from the
fact that f'(z) # 0 for z # zp. Setting

U'=UnfHv),

f: U — V is surjective and a k-fold branched covering of V' with exactly one branch
point zo. If £ = 1, then f is biholomorphic. We already derived this result using a
different argument in IIL.5.

As a further easy corollary of Prop. 6.1, we have:

Proposition 6.4 (Rouché’s theorem). Let f and g be holomorphic in a neighbourhood
of G, where G is a domain with positive boundary, and suppose

1£(z) = g(2)| < [f(2)]

on OG. Then f and g have the same number of zeros (counting multiplicity) in G.

Proof: For 0 < A <1

)

[£(2) + Ag(2) = £(2))| > 0

on 9G. By Cor. 6.2, the number N of zeros of f + A(g — f) in G is given by

1 PEHMNIE) - 1)
M=omi | T M) — f)

oG

z

and is thus continuous in A and, since it is an integer, constant. Putting A = 0 and
A =1, one obtains the number of zeros of f and g, respectively. O

The following application of Cor. 6.2 is important in the theory of holomorphic map-
pings:

Proposition 6.5. Let f,: G — C be a locally uniformly convergent sequence of injec-
tive holomorphic functions. Then the limit function f is either injective or constant.

Proof: Let w be a value that is assumed by f at two different points zy and z1. If f
is nonconstant, then there exist disjoint compact disks D, (z9) and D,(z1) in G such
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that f takes on the value w in these disks only at the points zy and z;. By Cor. 6.2,
we have

1 f'(z)
Ny = — —————dz>1
07 omi / f(z)—w :
8D7‘(ZO)

_ b f'(2)
N1—2m. / f(z)—wdz>1

9Dy (z1)

in these disks. On the other hand,

and likewise for V. But the integrals on the right hand side give the number of points
at which f, takes on the value w in the disks D,.(z9) and D,(z1) and can therefore
converge to a nonzero value only in one case, i.e. either in the case of 9D, (zp) or in
the case of 9D, (z1). This contradiction shows that f must be constant: f(z) =w. O

To conclude, we use the tools developed here to supply a proposition that will be
useful in the next section.

Proposition 6.6. Suppose f is a meromorphic function on the disk Dr(0) that has
exactly k zeros and k poles (counting multiplicity), and suppose that all of these points
lie in the disk D, (0), where r < R. Then there is a holomorphic logarithm of f in the
annulus K(r, R).

Proof: Let v be a closed path of integration in K (r, R). Then + is null-homologous
in Dr(0), and by Prop. 6.1,

1)
2mi ) f(z)

~

dz =3 n(y.au)k(a,) = 3 n(v.b)k(b,). (7)

where a, and b, are the zeros and poles of f with their corresponding multiplicities.
But

def
n(fy,a#) = n(fy,b#) :e no

independently of p — the right hand side of (7) is thus equal to ng(k — k) = 0. The
function f’/f thus has a primitive g, and as before

ed=cf, ceC”,

so that g — a, where e* = ¢, is a holomorphic logarithm of f. O
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Finally, let us record the formula
[ 1<)
log f(z :/—dg‘+cons‘u, 8
&= )
Z0

valid in the above situation. The integral is extended over an arbitrary path of
integration in K (r, R).

Exercises

1. Suppose f is holomorphic in the domain G and I is a null-homologous cycle in G that does not
pass through any zeros of f. Let a;, be the zeros of f with multiplicities k,,. Show that
1 f'(z)

- z

2mi f(z)
r

dz = Z n(T,au) kyay.
m

2. Replace the zeros in Ex. 1 with the points at which f takes on a value w and derive an analogous
formula. If, in particular, f is injective, give an integral formula for the inverse function f—1.

3. Let A > 1. Show that the equation e™* + z = A has exactly one solution in the half-plane
Rez > 0. Show that it is real.

4. Find the number of zeros of f in the domains G:
f(z) =22 —52+42, G={z:|z| > 1}
f(z)=2°+i2® —4z+4, G={2:1<|z|<2}.

5. Prove the fundamental theorem of algebra using Rouché’s theorem.

7. The Weierstrass preparation theorem

The results and methods of Sections 3 and 6 also provide insight into the distribution
of zeros of holomorphic functions of several variables. Up to now, we only know that
the zeros of such functions are never isolated — see 11.7.

We start by proving “parameter dependent” versions of Thm. 3.1 and Prop. 6.1
and 6.6.

Proposition 7.1 (Laurent decomposition). Let U C C™ be an open set, K = K(r, R)
C C an annulus, and f: U x K — C a holomorphic function. Then there exist unique
holomorphic functions fo on U x Dg(0) and foo on U x (C\ D,(0)) such that

f:f()+foo and ll_I)Il foo(sz):&

Here we have denoted the coordinates in U C C" by z and the coordinate in K C C
by w. For n = 0, the proposition reduces to Thm. 3.1.
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To prove existence, we use formula (6) from IV.3; in our case, it is

1 / f(z,0) 1 f(z,¢)

de — —
2 (—w ¢ 21 (—w
I¢|=R Cl=r"

dg, (1)

where z € U and 7’ < |w| < R'. The two integrals above are simultaneously holo-
morphic in z and w for |w| < R" and |w| > r" and yield the desired decomposition as
before. The proof of uniqueness follows exactly as in the proof of Thm. 3.1. O

One also obtains the following proposition upon analysing a proof, namely the proof
of Prop. 6.1:

Proposition 7.2. Let U C C" be a domain, let Dg(0) C C be the disk of radius R,
and let f: U x Dr(0) — C be a holomorphic function of the n + 1 variables z € U
and w € Dg(0) that is nonzero for r < |lw| < R and z € U. Then the number of zeros
(counting multiplicity) of the functions w — f(z,w) is independent of z € U.

Indeed, the number of zeros of w +— f(z,w) is given by

1 [ hew,
N(z) = 27ria f(z,w) dw, (2)

r

and this function is continuous in z and integer-valued, hence constant. O

In the situation of the above theorem, we call the number of zeros N(z) the order of
the function f with respect to w.

2

The “parameter dependent” version of Prop. 6.6 reads as follows:

Proposition 7.3. Let f: U x Dr(0) — C be a holomorphic function of order k with
respect to w, and suppose f is nonzero for r < |w| < R. Then there exists a nonzero
holomorphic function ¢ on U and a holomorphic function h on U x K (r, R) such that

wk - W) = ¢(z) f(z,w).

Proof: For every z € U, the function

[(z,w

w i g(z,w) = ( ’ ) (3)
w

satisfies the conditions of Prop. 6.6 with respect to w. Therefore,

9w (Z, W)
9(z,w)
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has a primitive with respect to w, namely

w

_ gC(Z’C)
h(z, w) _/ 2.0 dc, (4)

wo

on U x K (r, R). The integral (4) depends holomorphically on z and w. Differentiating
with respect to w yields

) eh(z,w)

g (5)

so that for every z € U, there exists a constant ¢(z) # 0 such that

e"@W) = ¢(z)g(z, w). (6)
The identity (6) implies that ¢ depends holomorphically on z. Substituting (3) into
(6) yields the claim. O
The main result of this section is

Theorem 7.4 (The Weierstrass preparation theorem). Let f be a holomorphic func-
tion on U x Dg(0) whose order with respect to w is k, and let U C C" be a domain.
Then there exist a nonzero holomorphic function e on U x Dg(0) and a polynomial
w € O(U)[w] of degree k with leading coefficient 1 such that

f(z,w) = e(z,w)w(z, w). (7)

The functions e and w are uniquely determined by (7) and the above conditions.

Proof: Choose r such that f is nonzero for r < |w| < R, and apply Prop. 7.3: there
exist holomorphic functions ¢(z) and h(z,w) on U and U x K (r, R), respectively, such
that

wh ") = c(z) (2, w) (8)
and ¢(z) is nonzero. Now apply Prop. 7.1 to obtain the Laurent decomposition of h:

h(z,w) = ho(z,w) + heo (2, w), (9)

where hg € O(U x Dr(0)) and ho € O(U x C\ D,(0)), and also

lim Ao (z,w) = 0. (10)

w—r 00

Substituting this into (8) yields

z,w) = —— 0 (ZW) )k ghoo(z,w) 11
f(z,w)

c(2)
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‘We now set

1
e(z’w) = Ciz) eho(z,w) (12)

and investigate the remaining factors in (11). It follows from (10) that

lim elte(Zw) = 1; (13)

w—r 00

for fixed z, we therefore have the Laurent expansion
o0
ehoo(ZﬂU) =1+ Z a,,(z)w_”, (14)
v=1

whose coefficients are given by integrals that depend holomorphically on z and are
thus holomorphic on U. We write

k o0
wh el (1) — o)k (1 + Z a,,(z)w_”) +w” Z ay(z)w™"

v=1 v=k+1
= w(z,w) + Roo(z,w)
and obtain
f(z,w) = e(z, w) (w(z,w) + Roo(2,w)) , (15)

which is the desired decomposition if we can show that R, (z,w) = 0. But by (15),
we have

— w(z,w) — Roo(z,w) < Ro(z,w) — Roo(z, w) (16)

on U x K(r, R), and this is the Laurent decomposition of the zero function! Since the
Laurent decomposition is unique,

Ro(z,w) =0, Roo(z,w)=0,
which proves the existence of the decomposition (7).
Uniqueness is almost trivial: for every z, the functions
w i f(z,w)
w = w(z,w)
have the same zeros. This determines w(z, w) and therefore also e(z,w). O
The preparation theorem contains a great deal of information about the local structure

of the set of zeros of a holomorphic function of several complex variables. In the
remainder of this section, we will describe such sets of zeros.
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Let f be holomorphic in a connected neighbourhood W of 0 € C"*! such that f # 0
and f(0) = 0. Then f cannot be identically zero on every complex line that passes
through 0. Choosing a complex line L such that fLL % 0 as the w-axis, then after
a linear change of coordinates and possibly shrinking W, we may assume the follow-
ing:

We have f € O (U x Dg(0)), where U is a connected neighbourhood of 0 € C™ and
the only zero of f(0,w) is 0, which is a zero of order k. Without loss of generality, let
f be of order k on U x Dg(0).

The conditions of Thm. 7.4 are satisfied:
f(z,w) = e(z,w)w(z,w),

where e and w are as in the theorem. In particular, the set of zeros of f coincides
with that of w.

Here
w(z,w) = w* + a1 (z2)w* 1 + ... + ar(z), (17)

where a,, is holomorphic on U and, by our assumption about f at 0, a,.(0) = 0 for
1 <x<k.

From now on, we therefore only have to consider sets of zeros of polynomials (17) —
so-called Weierstrass polynomials — where we may assume that they are contained in
U x Dg(0) =U x D, where U is a domain in C". Clearly, for every z € U, there are
at least one and at most k points (z,w) such that w(z,w) = 0. In other words: the
holomorphic projection

p:UxD—=U
(z,w) — z

maps the set of zeros
M = {(z,w): w(z,w) =0} (18)

onto U, and the fibres (p|M)71(z) have at most k elements.

We want to study the projection p’M more closely. Let us make the abbreviation
H = O(U), and let K denote the field of fractions of the integral domain H. Moreover,
assume that

w(z,w) € Hlw] C K[w]
is an irreducible polynomial over K. We then set

W = wy(z,w),
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so w’ is a polynomial of degree k — 1 in H[w]. Since w is irreducible, w and w’ are
coprime in K[w] and thus satisfy an equation

aw + b’ =1,

for some a,b € K[w]. Multiplying by a common denominator of the coefficients of a
and b yields an identity

Aw+ Buw' = C,
where A, B € H[w] and C' € H. To be precise,
Az, w)w(z,w) + B(z, w)wy,(z,w) = C(z).

Outside of the set of zeros of C' in U, i.e. outside of a nowhere dense set, w(z,w)
and wy,(z,w) thus have no common zeros, which means that the polynomial w(z,w)

can be decomposed into k linear factors: the fibre (p’M )_1(z) has exactly k points.
Let (zg,wo) be such a point. In a neighbourhood V' (zg) x D(wp), the function w thus
has order 1 with respect to w — wqg: by the Weierstrass preparation theorem, we can
factor w:

w(z,w) = e1(z,w)w (z,w),
with eq(z,w) # 0 on V(zg) x D(wp) and
w1(z,w) = w — wy + Ao(z),

where Ag(z) is holomorphic on V' and satisfies Ag(zo) = 0. The set of zeros of w in a
neighbourhood of (zg, wg) is thus given by an equation

w = wy — Ap(2).
Its projection onto V (zg) is clearly a homeomorphism.
To summarize:
Proposition 7.5. Let U C C" be a domain and
w(z,w) =w" + ay(z)w 1 + ... + a(z)

an irreducible polynomial over the field of fractions of H = O (U), with a,.(z) € H
(s =1,..., k), and let M = {(z,w): w(z,w) =0} be its set of zeros. Then there
exists a holomorphic function C' on U, not identically zero, such that for all z with
C(z) # 0, the projection

p: M —=U, pz,w)=12

is a locally homeomorphic mapping. All fibres (p’M)_l(z) with C(z) # 0 contain
exactly k points. If (zo,wo) is such a point, then in a neighbourhood of V(zg) x D(wq)
the set M is the graph of a holomorphic function:

M0 (V(zo) x D(wo)) = {(z,w): z € V(zg), w=wy+ Ao(z)}.
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The Weierstrass preparation theorem can be used to show much more, but we will
content ourselves with the above application.

Exercises

1. Let U be a neighbourhood of 0 in C™ and D a disk about 0 in C, and suppose f(z,w) is
holomorphic on U x D with f(0,0) = 0 and f(0,w) # 0. Show that there exists a neighbourhood
Uop C U of 0, radii 0 < r < R, and a number k > 1 such that f is nonzero on Up x (Dg(0)\ Dr(0))
and w — f(z,w) has exactly k zeros in D,(0) (counting multiplicity) for z € Up. One can thus
apply Thm. 7.4 to f|U x Dgr(0).

2. Suppose the function f(z,w) has order k with respect to w in U x Dg(0) and f(0,w) has a zero
of order k at w = 0. Show that if ¢: U — Dg(0) is a function that assigns to every z a zero of
w — f(z,w), then ¢ is continuous at 0 € U.

3. Suppose f is holomorphic in a neighbourhood U of 0 € C", f(0) = 0, and f # 0. Show that
there exists a linear bijection L: C® — C™, a neighbourhood V of 0 € C"~!, and numbers
0<r < Rsuch that g = foLisof order k > 1 on V x Dr(0), i.e. for (z1,...,2n-1) €V,
zn +— g(21,...,2n—1, 2n) has exactly k zeros in Dg(0) that all lie in D, (0).



Chapter V.

Non-elementary functions

The theory of the preceding chapters permits the construction and investigation of new transcen-
dental functions. The I'-function, interpolating the factorials, is perhaps the most important non-
elementary function (V.1). Riemann’s {-function (V.2,3) and its generalizations play an eminent
role in number theory and algebraic geometry. It is the main tool in most proofs of the prime
number theorem (V.2). Elliptic functions, i.e. functions with two independent periods, and their
connection with plane cubic curves is a classical theme (V.4,5) with applications in many areas, e.g.
mathematical physics and cryptography.

Beginning in 1729, Euler interpolated the factorials by an infinite product and established integral
representations for it. Legendre, Gauss, and Weierstrass took up this theme. — Riemann introduced
his ¢-function in a seminal paper in 1859 [Ri], which we follow in V.3. For the prime number theorem
see the remarks at the end of V.2. — Elliptic functions appear as inverse functions of indefinite elliptic
integrals (Gauss since 1796, Abel, Jacobi); they were a leading theme in 19" century mathematics.
We follow Hurwitz [HuC], who leaned on methods developed by Weierstrass; a great deal of the
results go back to Eisenstein and Liouville (1844-47).

1. The I'-function

We look for a meromorphic function on the complex plane, as simple as possible,
interpolating the factorials, i.e. a function satisfying f(n) = (n — 1)! (for historical
reasons, we do not demand f(n) = n!). In view of the recursive definition of the
factorials,

0l=1, n-(n—-1!=nl
we require

f) =1, z-f(z) = fz+1). (1)

By (1) we have lir% zf(z) = f(1) = 1, therefore any solution of (1) must have a simple
z2—
pole at z = 0 with residue 1. More generally, applying (1) n + 1 times leads to

1
= 1 .
(z+n)f(z) z(z+1)~~~(z+n71)f(z+n+ )
Taking the limit z — —n shows that f must have simple poles at z = —n with
n=20,1,2, ..., the residues being (—1)"/n!.

W. Fischer, . Lieb, 4 Course in Complex Analysis, DOI 10.1007/978-3-8348-8661-3 5,
© Vieweg+Teubner Verlag | Springer Fachmedien Wiesbaden GmbH 2012
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Therefore, if f satisfies (1), the function g(z) = 1/f(z) will have simple zeros at

0, —1, —2, ... and satisfy the functional equation

g(1) =1,  zg(z+1)=g(2).

The Weierstrass product theorem suggests we try

g(Z) = eh(z)zlo_o[<1 + z)efz/y
1

(2)

(3)

with A € O (C). This yields an entire function with the prescribed zeros, but we still

have to show that h can be chosen so that g satisfies (2). We note that g(1) =1 is

equivalent to lirr(1) 9(z)/z =1, i.e. to exph(0) = 1. To cope with the second equation
z—

in (2) we consider the partial products

9a(2) = eh(z)zﬁ(l 4 2)em
- %exp(h(z) — ZZ %) H(z + ).
! 1 '
Then

2gn(z + 1)
gn(2)

N

= (z+n+1)exp<h(2—|—1) —h(z) —Z

)

- (1+ %) eXp(h(Z+1) — h(2) +1°g”_§:%)'
1

n

1
Recall now that v := lim <Z o log n) = 0.5772... exists (cf. Ex. 3); this is the

n—oo

so-called Euler’s constant.
Therefore
1 " 1
) 24D
9(z) n—o0  gn(2)
In other words: g satisfies (2) if and only if

exp(h(z +1) — h(z) —v) =1 and exph(0) = 1.

1= =exp(h(z + 1) — h(z) — 7).

The simplest solution of (4) is h(z) = vz, leading to the following definition:

Definition 1.1. The function

T(z) = ¢~ ] |<1 7) 2/
(z)=¢e ; + ) €

1

is called the Gamma function.
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Summarizing:

Proposition 1.1. T'(z) is meromorphic and without zeros throughout the complex
plane. It satisfies the functional equation

(1) =1, 2l(z) =T (2 + 1),

in particular, T'(n) = (n—1)!. It has simple poles precisely at z = —n, n=0,1, 2, ...,
the residue in —n is (—1)"/n!. If z = x is real and positive, T'(x) is positive. O

We consider once more the entire function g(z) = 1/I'(z). The product representation
(3) (with h(z) = yz) implies (cf. Prop. II1.7.7)

9(2)g(—2) = —2* ﬁ(l - 5—2) = _ZSil’lﬂ'Z-

™

Using (2) for —z, i.e. g(—2) = —zg(1 — z), we obtain

sinmz
g1 — )g(z) = 2272,
T
Proposition 1.2. The equation I'(1 — 2)I'(2) = — " holds. O
sin 7z

; _ 1
Setting z = 5 shows

r(2)=ve

and, employing the functional equation for n =1, 2, 3, ...,
1
F(§+n) =27"(1-3-...- (2n—1))V/m,
1 _
F(§ - n) = (—)"2"(1-3-...-(2n—1)) V7.

We now deduce two other useful representations of the I'-function, originating with
Euler and Gauss. We begin by rewriting

gn(z) = ;lexp<z(’y ii)) ﬁ(eru)

1 0
! e z( il—f—lo n) ﬁ(z—l—l/)
= X - - .
nlnz CP\FY — v & 5
1

Now I'(z) = lim T together with the definition of v yields immediately

n—oo g, (2

|2

Proposition 1.3. T'(z) = lim wn O
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The fraction in this formula can be represented as an integral. Indeed, assuming
z = x > 1 real, integrating by parts (n + 1) times we arrive at

n 1
T

/(1 — %)ntx’ldt =n" /(1 — )" tds = e 1)’”_”.7.1. yrEest

0 0

In view of taking the limit n — oo, we introduce the functions

t\"
on(t) = (1 - f) for 0<t<n, @u(t)=0, fort>n.
n
The ¢, converge to e~! pointwise, furthermore ¢, (t) < e~* (the function ¢, (t)e! is
nonincreasing for ¢ > 0). Therefore, by Lebesgue’s theorem on dominated convergence,
applied to the sequence (,, (#)t*~!, we obtain

oo oo ' =

—tpe—1 g, _ 1 e=1 g _ 1 nln
/e t dt—nll}ngo on(t)t dt_nlLH;ow(x—i—l)'..n(x%—n)'
0 0

Proposition 1.4. For Rez > 0 we have

I'(z) = /e’ttz’ldt. (5)
0

Proof: We just proved the equation for z real > 1. If we show the integral in (5) to
be a holomorphic function in Re z > 0, the claim will follow from the identity theorem.
Now

n

I,(z) = / e t*tdt
1/n
is clearly holomorphic in C. Using [t*~!| = t*~! one verifies easily that the I,
converge uniformly on every vertical strip 0 < ¢; < Rez < c2 < 0o. By Weierstrass’s

convergence theorem, I(z) = lim [,,(z) is holomorphic on Re z > 0. O

Remark: Of course, Prop. 1.4 follows directly from Lebesgue’s theorem on inter-
changing limits; we preferred to use the weaker Prop. 1.5.6.

Another useful identity is Legendre’s duplication formula:

1
Proposition 1.5. I'(2z2) = 7225_1F(z)F(z + ).
T
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Proof: We use the Weierstrass product to compute the logarithmic derivative of T:

d 1 /1 1

—logT'(2) = —vy — — - —

dz ogI'(2) v Z+zl:<l/ z+y)’ (6)

d? = 1

—logT'(2) = —_—

=0 = 2 7
Therefore,

@ log(T'(2)['(z + %)) = EOO ! + EOO !

d20g z z 2 - > (Z+V)2 5 (Z—‘r%—f—Z/)

4 4
Z Z
2 2
- (22 +2v) 5 (22 +1+2v)

o 2
=4 ; e j_ E Z 5 log I'(22).
Consequently,
log (T'(2)T'(z + 3)) — log I'(2z)
is a linear function az + b, and

P(2)T(z + 3)

_ _az+b
I'(2z) '

To determine the coefficients a and b, we set z = 1 and z = 1/2, obtaining
Lo (3 _ atb (N a2t
5 W—F(2>—6 and\fflﬂ(2)fe
and finally e® = 1/4, e’ = 2\/7. O

We conclude this section with a proof of Stirling’s formula, which describes the be-
haviour of T'(z) for Re z — 400 and enables one to calculate good approximations of
the values I'(z) for Re z large.

We start with formula (7) and the identity
r 1
/te*(””)tdt =———for Rez>0,v=0,1,2,....
(2 +v)?
0
Summation yields

o

—zt —vt gy —(z—1)t
d2logF / go e dt—/e et—ldt
0

0
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or

2

d Tt
0

The interchange of summation and integration is again justified by the dominated
convergence theorem. Integrating (8) formally with respect to z leads to the integral
(o]
/ ozt dt
et —1’
0

which does not exist on account of the singularity at ¢ = 0. To avoid this and an
analogous complication with a second integration, we recall (cf. IIL.6 (10))

t t 1
S ' S
et —1 2+12 +
for small t and write
t t
=1— - +t3f(t
o 5 TS,
that is
1 1 1\1
[ (T
f() (et—l t+2)t (9)
Then we have for Rez > 0
o0 o0 o0
t t
—zt . —zt 2 —zt
0 0 0
7 11
= [ e # 2 f)dt+ - — — .
[ - o
0

Now we may integrate twice under the integral sign with respect to z and obtain

(o)
d 1
— logT’ 1) =1 — — —=t 1
7 log (z+1) ng+22 /e tf(t)dt + e, (10)
0
1 o0
logl'(z +1) = z(log z — 1) + 5 log z + /efztf(t)dt +ciz+co (11)

0

with integration constants ¢y and c¢;. To fix ¢y we choose the principal branch of the
logarithm.



154 Chapter V. Non-elementary functions

Now we determine ¢y and cy.
For ¢;: Since tlim tf(t) = %, the function ¢f(t) is bounded on [0, oo, [tf(t)| < M
— 00

say, and

7 M
i r)dt] < — =0

‘/e f()‘ = o

0

for Re z — 4o00. Therefore by (10)
= i (d—l T(z+1)—1 fi)— I (d—l T(z+1)—1 )
A7 RerBoo\dz BV 877 9,) T Rerbaol\gz BTV o8z

We let z — oo by integer values n. By (6) we have

dlZ§F(n+1) —logn = (’YJF;ll/) — logn.

By the definition of ~y, the limit is 0, i.e. ¢; = 0.

For ¢p: The integral in (11) tends to zero for Rez — oo, too, as f is bounded.
Therefore

co=_lim (logI'(z+1) — (2 + 3)logz + 2),

Re z—o0

or, taking exponentials,

= e = i r 1 —z—1/2 2
il (e )

or, replacing z by 2z:

co=_lim (T(2z +1)(2z) 7227 1/2e%).

Re z—o0

Into the last formula we insert a slightly modified duplication formula (Prop. 1.5),
namely I'(2z + 1) = 7~ 1/222*T'(z + 1)I'(z + &). After some elementary manipulations
we obtain

1\#
ey = ¢p*(2m) M /2e!?  lim (1 — g) = cp?(2m) 712,

Re z—00
that is ¢g = logco = %log 2m.
This proves the first part of
Proposition 1.6. Define f(t) by (9), then the following equation holds for Rez > 0:

1 1 r
logl'(z+ 1) = (2 + 5) logz — z + 3 log 27 + / e f(t)dt,
0

and, uniformly in Im z,

Re z—o0

1 1
lim (log Iz+1) - (z + 5) log z + z) =3 log 27r.
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The last equation is equivalent to Stirling’s formula

lim (F(z + 1)Z_Z_1/Zez) = /2.

Rez— o0

Using I'(z 4+ 1) = 2T'(z), we can write this as
[(2) ~V2mz" Y2672,

the sign ~ (“asymptotic equality”) meaning that the quotient of both sides tends to
1 as Rez — 4o0.

Proof of Prop. 1.6, second part: f is bounded on [0, +oo[, |f(t)| < M, say. There-
fore

oo oo o
—zt < M —tRez —_ - .

’/e f(t)dt’ /e dt Ros =0 O

0 0

1
More precisely, the sharp inequality 0 < f(¢) < - holds for ¢ > 0 (cf. Ex. 4). This
yields

1 1 1
— — R <
logT(z+1) (z+2)logz—|—z 210g27r < 5Tes

for Rez > 0, and for real x > 0
V2t Y2em% L D(a) < V2mat~Y2emat(1/122)
As an example we take 2 = 1000 and obtain
5912.1281 < log(1000!) < 5912.1282,
that is
4.023 - 10%°°7 < 1000! < 4.024 - 107507,

Exercises
i

1. Express F(%—s—z)f‘(% —2) and T'(2)T'(—2) by trigonometric functions. Deduce |T'(iy)|? =

(y # 0, real).
2. Show I'(z + D)I'(z + 3) = /74 7*T (22 + 1).

3. Prove: The sequence E — — logn is positive and decreasing (hence its limit v exists).
v
1

4. For the function f(¢) defined in (9) prove the estimate 0 < f(¢) < ﬁ
Hint: f’(¢) is clearly negative for ¢ > 4. In a neighbourhood of 0 the terms of the power series
for f have alternating signs and decreasing modulus (cf. II1.6.(11)).

5.Show/ tdt :L.
et —1 6
0

y sinh Ty
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2. The (-function and the Prime Number Theorem

Riemann’s (-function is defined by
Cs) =3 n &
n=1

for complex s = o + it (this notation of the complex variable was introduced by
Riemann). For the power n™° = e~ °1°8" we use the real logarithm of n. Since
|n‘s| = n~7, the series (1) converges uniformly for ¢ > oy > 1, therefore locally
uniformly on the half plane {o + it: ¢ > 1}. Accordingly, (1) defines ((s) as a
holomorphic function on Res > 1. We have already calculated the special values
¢(2n), n=1,2,... in Prop. IIL.6.5.

The following product representation, found by Euler, is fundamental for the use of
¢(s) in number theory.

Proposition 2.1.

(s)=[[a-p"" (2)

P

for Res > 1, where the product is extended over all prime numbers.

Proof: The product converges locally uniformly and absolutely, since > p~* is a

subseries of >~ n~%. — We number the primes in increasing order: p; = 2, po = 3,

p3 =5, .... Then, by expanding into geometric series:

Moo= I S =Sn

P1s--sPk 150Pk m=0

the right hand sum being taken over those n whose (unique!) prime factor decompo-
sition contains only p1,...,pr. Thus the first missing n is pgy1. Now k — oo proves
the claim. 0

From (2) we infer that there are infinitely many primes and even the divergence of

> 1/p: If there were only finitely many, the product would have a finite limit for
P
s — 1, whereas the sum tends to infinity (cf. also Ex. 1).

Denoting by 7(x) the number of of primes p < z, we therefore have

lim 7(z) = 0.
Tr—r0o0

The old problem (cf. the historical note at the end of this section) of the order of
growth of 7(x) is answered by
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Theorem 2.2 (Prime Number Theorem).

lim 78T _ (3)

T—00 T

Using the notion of asymptotic equality introduced after Prop. 1.6, we can write (3)
as

xT

m(x) ~

logzx”

The remainder of this section is devoted to the proof of Thm. 2.2.

First, we derive two properties of the (-function. Here and later on, we will make use
of an integral transformation:

Let f:[1, +oo[—> R be a locally integrable function, assume there is a k£ € R with
|f(x)| < Cz*. Then f(x)xz~*~! is integrable for Res > k and

My:s— s/f(x):r_s_ld;v

is holomorphic in this half plane. We call My the Mellin transform of f.
As an example, for f(z) = x one easily computes

S 1
M (s) = - 1.
e ==t

Taking ¢g(z) = [z] (the Gauss bracket [x] denotes the largest integer < x), we obtain
for Res > 1:

n+1

370 x 1dJ;—Zs/ sy
1
Z —(n+1)7%).

Assuming Re s > 2, we can decompose the last sum:

My(s) = an_s — Z(n +1-1(n+1)"°
n=1 n=1

8

:2_: ans+2"‘”

I -1) = o)
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By the identity theorem, the equation M,(s) = ((s) holds for Re s > 1, too.
Combining these examples, we get for Res > 1

1
s—1

M((z)-2)(8) = ((s8) — -1

But [z] — 2 is bounded, so M({z]—4) is holomorphic for Res > 0. Therefore

Proposition 2.3. The Riemann (-function can be extended by

1
C(s) = T H1+ M[z]-2)(5)

s —

to a function meromorphic on the half plane Res > 0. The extension is holomorphic
save for a simple pole at s = 1 with residue 1. L]

The other property of {(s) we need is

Proposition 2.4. {(s) has no zeros on the line Res = 1.

Proof: Suppose (1 + ityg) = 0 for some real ¢y, # 0. Consider the function

g(s) = ((s)°C(s +ito) ¢ (s + 2ity).

Since the pole at s = 1 of the first factor is cancelled by the zero of the second, g(s)
is holomorphic in a neighbourhood of s = 1 and g(1) = 0. Therefore, log|g(s)| = —o0
if s — 1. Now Euler’s product (2) gives for Res > 1

log|¢(s)] = Re > log(1—p~*)~"
P

—Re YY)

p v=1
o0
—S
= Re E anpn
n=1

where a,, = 0 if n is not a power of a prime and a, = 1/v if n = p”. We only use
a, = 0.

Then, for o > 1

log|g(o)| = 3log|((o)[ + 41og|( (o + ito)| + log|¢ (o + 2ito)|

M

an Re(gnfd +4n70'7it0 +n7072it0)

3
Il
-

ann”7[3 4 4cos(tologn) + cos(2to logn)].

M

3
Il
_
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The term in brackets is nonnegative since
3+4cosa+cos2a =3+4cosa+2cos’a— 1 =2(1 + cos ).

Therefore log|g(o)| > 0, contradicting 11?11 log|g(o)| = —c0. O

Now we turn to some number theoretic preliminaries. We introduce the function

9(x) =) logp,

p<T

(summation is extended over all primes < z), which is more amenable to analytic
methods than 7(z). The connection between ¥(z) and 7(z) is expressed by

Proposition 2.5. If one of the limits in the following formula exists, then so does
the other, and they are equal:

0
lim m 7(:10)
T—00 x r—oo I

m(z)logz

We shall eventually show that the right hand side limit exists and has the value 1.
This will prove the prime number theorem.

Proof: On the one hand

1
) = Zlogp < Z I?)gx logp = logxz 1 =m(z)logz.
p<z p<T &P p<z

On the other hand we can estimate

1 1
m(z) = 7(y) + Z 1<n(y) + oo Z logp <y+ 10719@)
y<psz 14 y<psz 14
for 1 <y < z, hence
m(x)logx < ylogx N logz 19(37)
x T logy =«
Choosing (for x > 3) y = @, we obtain
m(x)logx . 1 log x IHx)
z S logx  logx —2loglogz  x
Combining the two inequalities yields the claim because
1
lim -0, lim 08¢ —1. 0

z—o0 log z—oo logxz — 2loglog x
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Complex analysis enters the scene in form of the Mellin transform of ¥(z). We need

Lemma 2.6. The function is bounded on [1, +00].

Proof: We start with the following observation: If k£ < p < 2k, then p divides the
binomial coefficient

<2:) _ (k+1)~...]~€'(2k—1)~2k.

Therefore ( ) is divisible by the product of all p with k < p < 2k, in particular not
less than this product:

IT re () <2 @
k<p<2k

the right hand inequality results from the binomial expansion of (1+1)?*. By (4) we
have

Z logp < 2klog 2.

k<p<2k
Inserting k =1, 2, 22, ..., 2! and adding the inequalities, we obtain
Z logp < (2+4+...4+29log2 < 2 log 2.

p<2¢

Given > 1, we choose £ so that 271 <z < 2¢, and get

:Zlogpg Zlogp<2é+110g2<4xlog2. O

pPsT p<2¢

In view of the lemma, My is holomorphic on Res > 1. We have

Proposition 2.7. For Res > 1,

Mo (s) = Z log p _ _C’(S) B Z logp (5)

il ((s) < po(p° = 1)

holds (the sums are extended over all primes p).

Proof: First, we deduce the left equation. Noting J(z) =9 (n) if n <z <n-+1, we
compute

n+1 n+1

3719(33)3831dx =s i / 5 e =5 Z I(n / x5
1 =15 n
2 (n+1)"%).
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By the lemma, > d(n)n~*° converges for Res > 2. Thus, assuming Re s > 2, we may
decompose the last sum and find, using ¥(0) = 0,

s/ﬂ(m)zﬂ*ldaz = Z dn)n=° — Z dn—1)n~
1 n=1 n=2
= Z Y(n—1))n"".

n=1

Since ¥(n) — ¥ (n — 1) =logp if n = p is a prime and J(n) — J(n — 1) = 0 otherwise,
this proves the left equation in (5) for Res > 2. Both sides of the equation are
holomorphic for Re s > 1, so the equation holds on Re s > 1, too.

Now we prove the right equation in (5). Logarithmic derivation of the Euler product

) =TJa-»"

() _N~ptlogp g~ logp
¢(s) 1-p~ zp:ps—l'

The identity

I BB e
p

—_ S S
pP—1 = pp —~ D

is evident. O
Equation (5) implies

Mo (z)—a)(8) = G - Z ogp (6)

¢(s) —~ p*(p® -1)

By Prop. 2.4, —(’/¢ is holomorphic in a neighbourhood of Res > 1, excepting the
pole at s = 1 with residue 1. The sum in (6) converges locally uniformly for Re s > %
and is, consequently, holomorphic there. So (6) provides a holomorphic extension of
M9(z)—=z) to a neighbourhood of Res > 1, and we can apply the following crucial
statement:

Proposition 2.8. Let f: [1, +oo[— R be locally integrable and let f(x)/x be bounded.
If My has a holomorphic extension to a neighbourhood of Res > 1, then
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U d 9
The existence of lim (ﬁ — 1) a implies lim ﬂ =1, i.e. the prime number
[1—00 T z—00 I

1

theorem, by

Lemma 2.9. Let g: [1, +oo[ — R be nondecreasing, assume the existence of

lim /H(g(m)_l)cim Then lim M:l.

H—>00 €T r—oo I
1

Proof: Suppose the claim is wrong. Then there exists a number n > 0 and a sequence

glzy) 950 15 e ga) > (1+ ),
Ty Ty

for infinitely many v. After passing to a subsequence, we can assume this inequality

x, — +oo such that ’ — 1‘ > 7. Assume

1
holds for all v. Setting o = # we have for z, < z < oz,

no
+2

(1 + g)x < (T +n)z < g(@) < g(2),

the last inequality by the monotonicity of g. Then

€T

o d a1
/ 9@ Nz om fdr L,
x T 2 T 2

Ty Ty

for all v, contradicting the existence of the improper integral.
In case that g(x,) < (1 — n)x, for almost all v, we can proceed similarly. O

It remains to prove Prop. 2.8. We set g(x) = f(x)/x and note that the factor s,
appearing in the definition of My, does not affect holomorphy on Res > 1. Thus,
Prop. 2.8 is contained in

Theorem 2.10. Let g: [1, +oo[— R be a bounded locally integrable function. Set, for
Res > 1,

G(s) = /Oog(x)xs dz.

If G can be holomorphically extended to a meighbourhood U of the closed half plane
Res > 1, then

H—00

r dx
lim [ g(z) — = G(1).
/
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We have denoted the extension of G again by G; this explains the right hand side of
the equation. Note that we do not claim the existence of the integral

T dzx
/ g(z) o
1
Proof: The functions

G(s) = ] g(@)z~* dx

are holomorphic for all s € C; we have to show

lim G,(1) = G(1).

11— 00
We represent the difference G(1) — G, (1) by Cauchy’s integral formula:

For any R > 0 there is a 6 = 0(R) > 0 such that the circular segment
S ={s:|s—1 < R, Res > 1 — 4} is contained in U. We subdivide the posi-
tively oriented boundary v of S into v = 71 + 72, 1 being the part of v in Res > 1
and - the part in Res < 1.

|
I
|
I
I
I
I
I
1 ! -
7Y 71
]
I
I
I
I
I
I
I
I

We hope that the integral will become small for R and p large. Not knowing much
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about G(s) for Res < 1, we decompose

Il
—

Gls) = Gu(s)) =5 = [ Gl + [ 692

We may assume |g| < 1. Then one can estimate the integrands as follows. For
c=Res>1,
o0
< / " %dx
n
2

-1+ G-1nM

|G(s) = Gu(s)| = ‘]Og(x)xsdx
1

_ l—a': 1—s
o — 1“

3

thus for Res > 1 and |s — 1| =R

1

’ 2
<
s—1

1—
(s—1)2+ R? a
this bound is clearly bad if s — 1+ iR.

S

\(G<s> () , ™

For 0 =Res < 1,

"
—o 1 —o 1 -0
\Gu(s>!</x do = ——(n'77 =1) < ;——u'",
1

thus for Res < 1 and [s — 1| = R

2 -
s—12+ R~V

S

1
‘G#(S)S — 1’ <

(8)

This bound is again bad for s — 1 + ¢R and also for large pu.

So the straightforward estimates of the integrals do not lead to a satisfactory estimate
of G(1) — G,,(1). The essential trick now is to replace G — G, by (G — G}.) - hy, g,
where hy, g is a suitable holomorphic function satisfying A, r(1) = 1, then

G(1) = G(1) = — /(G(s)—GH(s))Mds.

:% s—1
¥

The above estimates (7) and (8) suggest we choose

(S — 1)2 + R2 ‘usfl.

() = b, mls) = =2
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Then we have

G(1) = Gu(1) = 5= [ (6 - Guts) 22 s
1 hy(s) 1 hy(s)
o [ G s+ o [ 674 as
=1 — I+ Is.
Applying (7) we see
(G(S) - #( )) ];;:(51) < %

on 71 (by continuity, this estimate also holds for s = 1 +iR). The standard estimate
now yields for all p

1
|11] < R

To estimate Iy we note that the integrand is holomorphic on C\ {1}. By Cauchy’s
integral theorem we can replace the path 2 by the semicircle |s — 1] = R, Res < 1
without changing the integral. On the semicircle we have by (8)

hu(s) i
s—1| R

G,

1
therefore |I5| < = for all p.

It remains to investigate

1 s—1 1

Iy = — 2T~ )yt s,

57 o G(s)( R? +s—1>ﬂ 8
Y2

G is clearly bounded on 7, thus
s—1 1
4 )< = A
(25t )| <A -
The standard estimate then gives
1 _ RA
5] < 5-Llm)A-supp”™ < 2, )
I Y 2

which is of no use. But, if we choose d; €]0, 4] and denote the part of 75 in Re s < 1—40;
by ~4, we get in place of (9)

1 s—1 1 . RA ., RA _,
— s <— s T = — 1
27ri/G(8)( 2 + - 1>u ds’ sup L (10)

’

Y2
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and this bound is small for u large (R, ¢, 01 fixed). The integral over the arcs of
|s — 1| = R above and below [1 — d1, 1] remains to be accounted for. These arcs have
length < 767 /2; using [p*~1| < 1 we get

1 s—1 1 1

Y2 =Yz

1
< — - mwo A (11)
2

1
Now the claim follows: Given € > 0, choose R = — and a suitable § = 6(R). Then

€
|I] < g, |I2] < ¢, and we may take J; so small that the right hand side of (11)
becomes < e. Finally, we choose i so large that the right hand side of (10) is < ¢
for 1 > po. Then |I3] < 2¢, so that for p > o

|G(1) = Gu(D)] < 1| + | I2| + | 3] < 4e. O

Historical Note

The classical proof that there are infinitely many primes is in Euclid (about —300). The first
statement on the distribution of primes seems to be due to Euler (1737): Using the Euler product
(2) he showed the divergence of > 1/p. On the basis of numerical evidence, Gauss conjectured
w(z) ~ z/logz in 1792; in later years, he and Legendre proposed similar, but numerically better
approximations (without proofs).

Riemann was the first to consider {(s) as a holomorphic function on Res > 1. He extended it to
a meromorphic function on C (see the next section) and in 1859 found deep connections between
the distribution of prime numbers and the zeros of ((s), of which complete proofs were only given
towards the end of the 19t century.

About 1850, Chebyshev proved our Prop. 2.5 and, as a first approximation to the prime number
theorem, the estimate 0.92 < ¥(x)/x < 1.11 for = sufficiently large. The first proofs of the theorem
itself were only given in 1896 by Hadamard and de la Vallée-Poussin, independently of each other.
They showed our Prop. 2.4 and then worked with very subtle estimates of {(s) for Res < 1.

The proof presented here is very much simpler than the original ones. The essential trick is done by
Prop. 2.8 (or Thm. 2.10) which are due to D. J. Newman [Ne].

There are “elementary” (but by no means simple) proofs, i.e. proofs not making use of complex

analysis. The first of these were published by P. Erdés and A. Selberg in 1949, again independently
of each other.

Exercises

1. Show that > 1/p diverges (sum over all prime numbers p).
2. Deduce from Prop. 2.3:

Pﬂ(C(s)f si1> =

where v is Euler’s constant.
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3. Let (an) 1 be a sequence of complex numbers, satisfying an estimate |an| < CnF; define
flz) = Z an for x > 1. Show
n<x

oo
s) = Z ann”?®,
1

both sides being holomorphic for Res > k + 1.

4. Define A: N — R by A(n) = logp, if n is a power of a prime p, A(n) = 0 otherwise. For
Y(z) = 32 A(n) show My (s) = —('(s)/¢(s).

n<x

xT

of 7(x). Show Li(x) ~ .
logt log z
xT

T
5. Gauss proposed the approximation Li(z) = /
2

1
Hint: an upper estimate for Li may e.g. be obtained by partial integration of / 1- ﬁdt'
Vo o 108

3. The functional equation of the (-function

In the previous section we defined the Riemann (-function on the half plane
{s=0c+iteC:0>1} by

o0
= E n75
n=1

We proved that it can be extended meromorphically to the half plane o > 0. Now
we will show how it can be extended to a meromorphic function on the whole plane.
Then we will deduce a remarkable functional equation for ((s). We follow the ideas
of Riemann (1859).

In section 1 we saw that, for o > 0,

o0 o0
= /e_tts_ldt:ns/e_m’xs_ldm,
0 0

(the last equation results by substituting nxz = t). Thus

C( — i/ 771:1(:17571d'r _ /(i enz) xsfldx7
n=17p 0

n=1

() = [ s )
0

for o > 1. The interchange of summation and integration is justified by the theorem
on dominated convergence.
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The integral in (1) does not exist for o < 1 because of the singularity at 0.

By modification of the path of integration we shall produce an integral valid for all
s € C. We will modify the integrand, too: On the z-plane slit along the positive real
axis, i.e. on G =C\ {z € R: z > 0}, we consider the function

(_Z)sfl

f(Z,S): ez — 1

(2)

with (—2)*~! = exp[(s — 1) log(—=2)] and —7 < Imlog(—z) < 7. As a function of z,
f is meromorphic on G with simple poles at z = 2wiv, v € Z \ {0}; as a function
of s, f is holomorphic everywhere if z # 2miv is fixed. We integrate f(z, s) along

27

X0+i6 Yr’ 5

d
S

xO-iS

-2mi

Figure 11.

the path .5 = 71 + 72 + 73 shown in Fig. 11. The parameters r, § are subject to
the condition 0 < § < /2 < 7/2; 71 is the ray parallel to the z-axis from infinity to
xo + 10 = Vr?2 — 2 + 40, 2 is the positively oriented arc of |z| = r from xy + id to
xo — 6, and 3 is the ray parallel to the xz-axis from xg — 0 to infinity. Integrals over
the infinite paths «; and -3 are defined in the obvious way as limits of integrals over
finite paths.

The integral

_ / (2 5)dz ()

exists for arbitrary s € C since
(4)

The function I, 5(s) is holomorphic on C: If we denote the part of v, 5 to the left of
Res = n by 4™, then I(") = [, f(2, s)dz is in O (C) by Prop. 1.5.6. Using (4)

one verifies easily that, for n — oo, the I 7( 6)( ) converge locally uniformly — of course
to I, 5(s). The Weierstrass convergence theorem yields the claim.
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Moreover, I, 5(s) does not depend on the choice of parameters: If e.g. r’ < r and
§" < 6, there are no singularities of f between 7,5 and ~,/ 5. Since f(z, s) tends

exponentially to 0 for Rez — 400 (s fixed), the Cauchy integral theorem gives

I 5(s) = Iv 5 (s) =: I(s).

On the other hand, we will show

r—046—0

o)
s—1
lim lim I, 5(s) = (6(871)7”- - 67(571)7”;) / T dx
0

:—2isin(s7r)/ i 1dx
et —
0

if o > 1. Inserting (1) and using sin(sm)I'(s)I'(1 — s) = 7 we arrive at

Proposition 3.1. The equation

((s) = ~T(1 ~5) - 5~ 1(s)

holds for Res > 1.

Proof: We have to verify (5). By our choice of the power (—z)*~! we have
5 Isfl
li +1 = — )i .
i 1z % i6,) = oxp(F(s — i) £

Therefore

510

1im/f(z, s)dz = —%ifol/f(x + 19, s)dx
1 *o

(oo}

= _/lgﬁ}f(x—i—zé, s)dx

Similarly, we obtain

oo
s—1

%iﬁ)l/f(z, s)dz = e(s_l)”i/ ; - 1dm.

R r
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The interchange of limit and integration is legitimate, because by (4)
o—1

+
|f(x 4148, s)| < const - pra—

for x > rand 0 <6 < r/2.

Putting things together, we see

o0
o 1.571 (72,)571
l(slIIOlIr(s( )—21s1n(5—1)7r-/ew_1dx—|— / ﬁdz. (7)
r #ir(0)

In view of taking the limit » — 0, we now assume Re s > 1. Then

T s—1 T s — )51
/ :13 dx — 33 dx, / (Ldz — 0,
et —1 et —1 e —1

r 0 i (0)

the last limit by the standard estimate. — This proves (5). O

Let us review equation (6) in Prop. 3.1. The function I'(s) is meromorphic on the
whole plane and I(s) is an entire function. So, the right hand side of (6) is a mero-
morphic function on C. Therefore we may define ((s) on Res < 1 by this equation,
thus extending the (-function as a meromorphic function to all of C.

The poles of T'(1 — s) are situated at s = 1, 2, 3, ..., since I'(s) has poles precisely
at s =0, —1, =2, .... As ((s) is holomorphic for Res > 1, the poles at s =2, 3, ...
of I'(1 — s) must cancel against zeros of I(s). On the other hand, the simple pole of
I'(1 — s) at 1 gives rise to a simple pole of ((s) at s = 1, since by Cauchy’s integral
theorem

1 1 1
(1) = — —
omi ! =5 f]_ ~ om t/

Observing ress—1 I'(1 —s) = —1, we get

C=1#0.

Proposition 3.2. The function ((s), extended to C by (6), is holomorphic everywhere

save for a simple pole at s = 1 with residue 1. OJ
The values ((—n), n =0, 1, 2, ..., can be determined from the definition: We have
by (7),
1 1 . 1 (—z) 1
—I(—n)=—IlimI, s(—n) = — ——dz,
271 (=n) 27 6118 s(=n) 271 er —1 :

|z|=r
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and thus, by (6), inserting I'(n + 1) = n!,

C(=n) = (~1)"n! {217“ / Z_T: dz}
|zl=r

Since r < 27, the term in brackets is the coefficient of z™ in the Laurent expansion of
(ez — 1)_1 about zero. In II1.6.10 we have written down this expansion in terms of
Bernoulli numbers:

1 R
Y
This yields
Proposition 3.3. We have ¢(0) = —1/2, {(-n) = 0 for n > 0 even, and
¢(—n) = —Bpt1/(n+ 1) forn >0 odd. O
4mi
Tn
21
'// ] \‘ ,,,,,,,,, %
dnom | o >
-2mi
-4mi
Figure 12.

Now we shall deduce the functional equation. To this end, we consider not only the
path v = ~, 5, but also paths 7, we obtain by replacing the part of v to the left of
Rez = (2n+1)m with the positively oriented boundary of the square S,, with vertices
(2n + 1)m(£1 £ i), omitting, of course, the segment [(2n + 1)7 — 0, (2n + 1)7 + id] —
cf. Fig. 12. The path ~,, —~ encloses the poles £27miv, v =1, ..., n, of the integrand
f(z) = (=2)*"1/(e* — 1) (we keep s fixed).

By the residue theorem

o [ 10— o / fE)z= Y ressri . 0

—n<rn
Tn Vo
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Now the residue at 2miv is (—2miv)*~1; since arg(—i) = —m/2, we obtain the value
(2mv)s~Ltexp(—in(s—1)/2) for v>0; similarly (—2miv)s~t=(27|v|)* Lexp(in(s—1)/2)
for v < 0. Therefore, we may write the sum in (8) as

i (s —1) TS
2 s—1 . 2 S ————— = 28 s—1gi - s 1.
g (27v) cos 5 msin o VE 11/

v=1
Assuming Re s < 0, the last sum tends to ((1 — s) for n — oco.

On the other hand, we shall show that for Res < 0

lim | f(z)dz=0. 9)

n—00
’Y’Vl

Thus (8) implies

1 s, _s—1 . TS
—%I(S)—Q’fr ¢(1 = s)sin 5

for Res < 0. Combining this with (6), we obtain the claim of the following theorem
in case Res < 0; the case Re s > 0 then follows by the identity theorem.

Theorem 3.4. The following functional equation holds throughout C:

T8

C(s) =T(1 —5)¢(1 — s)2°7° L sin 5
Proof: It remains to verify (9). The denominator of f(z) = (—2)*7!/(e* — 1) is
bounded away from zero on the edges of the square S,;:

‘ez — 1‘ = ‘—e”‘ — 1‘ > 1 on the horizontal edges,
|ez — 1| > e(®"tD7™ _ 1 > 3™ _ 1 on the right hand edge,
‘ez - 1‘ >1—e DT > 1 _ =37 on the left hand edge.

Furthermore, |z| > const -n on the boundary of S,,, so for 0 = Res < 0
|(_Z)571| _ |Z|071€7t arg(—z) < const _nafl.
Therefore, by the standard estimate

/f(z)dz

Tn

< const -n? — 0,

where 7;, denotes the part of 7, on the boundary of S,,.

The integrals of f over the infinite horizontal segments | + co +id, (2n+ 1)7 +id] and
[(2n + 1)m — id, +00 — id[ tend to zero too, as fv f(2)dz exists. O
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We can achieve a more symmetrical form of the functional equation if we make use
of Legendre’s duplication formula (Prop. 1.5) in the form

P -s) = 22r (A 5)r(1-2)

and of the equation
S S\ . TS

Inserting this into (10), an easy computation yields

Corollary 3.5.
—s/2p (8 N kA Ve
™ F<2>((s) 7r P( 5 )g(1 5).

To conclude this section, let us have a look at the zeros of ((s). The Euler product
shows ((s) # 0 for Res > 1, by Prop. 2.4 there are no zeros on the line Re s = 1. Now
apply the functional equation (10) for Re s < 0, i.e. Re(1 —s) > 1. The only zeros of
the right hand side stem from the sine factor, so the only zeros of ((s) in the closed
left half plane are the “trivial zeros” s = —2, —4, —6, ... (cf. Prop. 3.3).

In other words, all “non-trivial zeros” of ((s) must be contained in the “critical
strip”
{s=0c+it:0<0o<1}.

The statement ((s) # 0 for o = 1 is essential in all analytical proofs of the Prime
Number Theorem. More is true: Explicit knowledge of “large” zero-free regions to
the left of 0 = 1 leads to “good” estimates of the deviation

()

T

— or m(x) — Li(z

o () ~ Li(z)

(for details we must refer the reader to treatises on analytic number theory). Therefore
the situation of the zeros of ((s) is of eminent number theoretical interest.

Already in his 1859 paper, Riemann stated his famous conjecture that there are
infinitely many non-trivial zeros and all of them lie on the line o = % This conjecture
— the Riemann Hypothesis — has been corroborated by many theoretical and numerical
investigations, but up to now it remains unproven. Anyhow, Hardy showed in 1914
that an infinity of zeros lie on this line.

If the Riemann Hypothesis is correct, then

[ odt
‘w(x)/logt < Czt/?logx (11)
2

(cf. Ex. 2.5). Conversely, (11) implies the Riemann Hypothesis.
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Exercises
1. If s is a non-real zero of the {-function, then so are 5, 1 —s, 1 — 5.

2. Let &(s) = s(s— 1)W’S/2F(§)C(s). Show that £(s) is an entire function whose zeros are precisely

the non-real zeros of ((s). Moreover, £(1 — s) = £(s), and £ is real-valued on the line o = %

4. Elliptic functions

We consider functions f defined on the complex plane. A complex number w is called
a period of f if f(z+w) = f(z). Every function has the trivial period 0; the periods of
a given function f form a subgroup Gy of the additive group C. A constant function
has Gy = C, but the period group of a non constant meromorphic function f is a
discrete subset of C: If there were a convergent sequence in Gy, say w, — wp, then
for an arbitrary zg, f(z0) = f(20 + wy) = f(20 + wo) would hold — the last equality
by the continuity of f — and f would be constant by the identity theorem.

Now the converse question arises: Given a discrete subgroup G # {0} of C, are there
non constant meromorphic functions whose period group is (or contains) G? The
simplest examples of such subgroups are the infinite cyclic groups Zw, w € C\ {0},
which are the period groups of f(z) = exp(2miz/w). There is only one type of non
cyclic discrete subgroup of C, namely the lattices (cf. Ex. 1):

Definition 4.1. A lattice Q in C is an additive subgroup of C of the form
Q = {mwy +nwy : m, n € Z},
where w1, wy € C are linearly independent over R.
We call (w1, wa) a basis of Q and write Q = (wy, ws). Of course, a given lattice has
many bases, e.g. (w1 + wa, wa) = (w1, wa) — see Ex. 2.

If Q = (w1, we) is a lattice, wy and wy do not lie on a straight line through 0, hence
they span a parallelogram

P = P(wl, WQ) = {Z =twy +tows : 0 < 1y, 1o < 1},

the (half-open) period-parallelogram. The translates w+ P ={w+z:z € P}, w € Q,
tessellate the plane: Every 2 € C has a unique representation 2z = w + 2’ with w € Q
and 2’ € P.

Definition 4.2. An elliptic function with respect to the lattice § is a meromorphic
function f on C with

flz+w) = f(2) for all w € Q. (1)
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Figure 13. Lattice with period parallelogram

The period group G thus contains , but may be larger. If Q = (w;, wa), then (1)
follows from f(z+w1) = f(2) = f(z +w2). Any value assumed by f is assumed in P,
and also in any a+ P ={a+z2:z € P}.

In the sequel, let Q = (w1, wa) denote a fixed lattice; “elliptic” will mean “elliptic
with respect to €2”. We first prove some general statements on elliptic functions; the
existence of non constant such functions will be established later.

Proposition 4.1. The elliptic functions constitute a field K(Q) containing C (as field
of constant functions). If f € K(2), then f' € K(Q).

Proof: This follows immediately from (1). O

Proposition 4.2. The only holomorphic elliptic functions are the constants.

Proof: A holomorphic elliptic function is bounded on the compact closure of the
period parallelogram, hence on C. Liouville’s theorem yields the claim. O

In other words: A non constant elliptic function must have poles. The number of

poles in P is, of course, finite.

Proposition 4.3. Let [ be elliptic with poles z1, ..., z, in P. Then

zn: res,, f=0.
1

Hence a non constant f € K(2) has at least two poles in P (counting multiplicity).
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Proof of Prop. 4.3: Assume ) = (wq, wa) with Im(wy/w;) > 0. Then P is a domain
with positive boundary

OP = [0, wi] + [w1, w1 + wa] + [w1 + w2, wa] + [w2, 0].

We suppose no pole of f is on 0P and apply the residue theorem:

S 1= [

/f iz [ f@ e [s@a- [ red

[0, w1] [wi, w1 +w2] w2, w1+ w2] [0, w2]

As f(z+w1) = f(2) = f(z + w2), the first integral cancels against the third and the
second against the fourth: the sum is 0. — If some of the poles are on JP, we choose
a near 0 such that the z, are in the interior of a + P, and integrate over d(a+P). O

Proposition 4.4. A non constant elliptic function f assumes every w € Cin P
equally often (counting multiplicity).

Proof: Given w, choose a + P such that f(z) # w, co on d(a + P). The proof of
Prop. 4.3 shows, since f/(2)/(f(z) — w) € K(Q),

f'(z)dz
el

3(a+P

By Cor. 1V.6.2, the left hand side is the difference of the number of points with
f(2) = w and the number of poles of f in a + P (counting multiplicity). O

Definition 4.3. The order of an elliptic function is the number of its poles in P
(counting multiplicity).

It is easily seen that this number depends only on 2 and not on the choice of the
basis (w1, wa).

The device used to prove the last propositions also yields

Proposition 4.5. Let aq, ..., ai be the different zeros in P of the elliptic function
f, with multiplicities mq, ..., my, and let by, ..., by be the different poles of f in P,
with multiplicities ny, ..., ng. Then

k ¢
Z My — Zm\bA e Q.
=1 A=1
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Proof: We assume that none of a,,, by is on 9P (otherwise we replace P by a suitable

a+ P). Then g(z) = ZJ;/((,:))

simple poles, viz. at the a,, with residues m,.a,. and at the by with residues —nbx.
Thus

has no poles on 9P. The only singularities of g in P are

Zm,{a% - ,\b)\ f

Now consider the opposite segments [0, w1] and [w; +wa, ws] of IP. Since f is elliptic,
one has

(z+wa)f'(z+ws)  2f'(2) f'(z)

fetw)  f) PFE)
Therefore
([ sa + [ara) = Zm / P
[0, w1] [w1 + w2, wa]

Since f(0) = f(w1), f maps the segment [0, wq] onto a closed path + and

() dw
= [ — = Ziws.
27m / (2) 271'2 w (7, 0) € Zwp

0 UJ]] vy
Similarly, integration over the remaining segments of 9P leads to an integral multiple
of wi- O

For instance, if f is of order 3 and has a triple pole at the origin, it must have three
7eros 21, 22, 23 € P satisfying 21 + 22 + 23 € Q (of course, some of the zeros may
coincide).

We now construct elliptic functions by means of partial fraction series. We have the
obvious candidates

1

)N 2)

— )k (
hopere (z —w)
for k = 2,3, ...: if (2) converges to a meromorphic function fi, we have for any
wp €

1
ez tw) =3 e~ (),
weN (Z - (w - wo))

as w — wo ranges over all of € if w does.

Proposition 4.6. The series (2) converge absolutely locally uniformly for k > 3.
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The proof depends on

Proposition 4.7. The series Z w™* converges absolutely for k > 2.
we\ {0}

Summation over all lattice points # 0 occurs here and frequently in the sequel; we
write for short

DI I

weN we\{0}

Proof of Prop. 4.7: Let Q = (w1, we) and denote P, the parallelogram with vertices
+lwy £ lwy, £ =1,2,3,.... Then ¢ := dist(0P;, 0) > 0 and dist(0F;, 0) = £§. The
lattice points w € P, are 8¢ in number, they satisfy |w|*¥ > (¢5)*. Hence, for k > 2
we have

Z/|w\_k = i Z |w|F < 86_k§:€_k+1 < +o0. O

=1 weaPZ /=1

Proof of Prop. 4.6: Given R > 0, there are only finitely many w € Q with |w| < 2R.
For |w| > 2R and |z| < R, the estimate

|z —wl| > |w| = 2] = |wl]/2

holds, hence, for |z] < R and k > 3,

Z |z —w| 7k < 2F Z |w|™* < +o0.

|w|>2R |w|>2R
In view of Def. I11.6.1, this yields the claim. O
Prop. 4.6 exhibits elliptic functions of order k for k = 3, 4, ... . According to Prop. 4.3,

a function g of order 2 may possibly exist. As (2) diverges for k = 2, we try to
construct such a g by integration of f3 (we could also employ the Mittag-Leffler
theorem).

!/
The function Z (2 — w)™3 is holomorphic on G = (C\ Q) U {0}, all its residues are
zero. Integrating it along a path in G from 0 to z yields as a primitive the absolutely
and locally uniformly convergent series
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is a primitive of f3 on C\ Q which is meromorphic on C, having poles in the lattice
points, each of order 2. It is, however, not clear whether g is periodic; the periodicity
of f3 translates to

g(z+w)—g'(2)=0

for every w € Q. This implies g(z + w) — g(z) = C(w) with a constant C(w). Taking
a basis (w1, wa) of  and setting z = —w; /2, j =1, 2, we get

9(w;/2) — g(—w;/2) = C(wy;), j=1,2.

But g is clearly an even function, hence C(w;) = C(w2) = 0 and the periodicity of g
follows.

We introduce the standard notation:

Definition 4.4. The Weierstrass p-function of the lattice Q is
1 / 1 1
== —_— = — . 4
-3+ X (m ) W

By construction, g is an even elliptic function of order 2 with double poles at the
lattice points. Its derivative,

9'z)=-2) (z-w)? ()
Q

is an odd elliptic function of order 3.

In a way, p is the simplest elliptic function, but together with its derivative, it gener-
ates the field K(Q) of all elliptic functions! As any f € K () is the sum of an even
and an odd function in K():

1

F(2) = 5(F(2) + 1(=2)) + 5(f(z) = f(=2)),

N | =

the claim is a consequence of the following

Proposition 4.8.

i. Every even elliptic function f is a rational function of p: f = R(p) with
R(X) e C(X).

ii. FEvery odd elliptic function g can be written in the form g = @' - R(p) with
R(X) e C(X).

Proof: 1If g € K(Q) is odd, then g/¢’ is even. Hence i follows from i.

To prove i we first treat the case of an even f € K(€) with poles zy, ..., 2z in P\ {0}.
As p(z)— p(z;) vanishes in z;, the function (gp(2) —p(zj))mjf(z) will have a removable
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singularity at z; for m; sufficiently large. Hence we can choose exponents m; such
that

k
1) = T (0(2) = 9(20)) ™ 12)

has no poles in P\ {0}. The proof is then completed by
Lemma 4.9. Let f1 be an even elliptic function with poles (if any) only in the lattice

points. Then fy is a polynomial in p: fr =ag+ a1+ ...+ anp™ with a, € C.

Proof: This is clear if f; is constant. If not, consider the Laurent expansion of f;
about 0. As f; is even, only even powers of z occur:

fl(Z) = b72nz—2n +... s b,Qn 7é 0,

in particular, f is of even order. Now the Laurent expansion of p(z) about 0 begins
with 272 by (4). Therefore the coefficient of 272" in the Laurent expansion of

fa(2) = fi(2) = boan(p(2))"

vanishes: The even elliptic function f; is of lower order than f; and has singularities
at most in the lattice points. Induction on the order proves the lemma. O

In particular, we can apply the lemma to the function (p’)?, which is even and of
order 6. Accordingly, there is an equation

(©')? = a0 + a1p + asp® + azp’,
a differential equation for p! To explicitly determine the coefficients a, as in the proof

of the lemma, we need the first few terms of the Laurent expansion of p about 0. We
write

1
p(z):z—Q+c2z2+C4z4+...; (6)
the constant term vanishes by (4). We then have
1 1
30, —

p°(z) = ;+3022—2+304+... ,
)

o (2) = = +2c07 +dey2d ..

2 4 1
(¢'(2)" = 5 —Beag — 16cs + ...,



4. Elliptic functions 181

whence
p’Q(z) —493(2) = —20c27% — 28¢c4 + ... ,
0% (2) — 4p%(2) + 20c2p(2) = —28¢c4 + ... .

The right hand side is a holomorphic elliptic function, hence is the constant —28cy.
Thus g satisfies the differential equation

p’Q = 40> — 20cop — 28¢4.

It is desirable to express the coefficients ¢z, ¢4 or even all ¢o, in (6) in terms of the
lattice . To this end we consider

W) =D en =60~z = X (Tap o)
We have for > 1
BOO(:) = (1) (u+ DNY (= w)
Since (2v)! ¢z, = h(?*)(0), the equation
cop = (2v+1) Z/w_2l’_2. (7)

follows. — We summarize:

Theorem 4.10. The Weierstrass p-function of the lattice Q satisfies the differential
equation

2
O = 49" — gap — g, (8)
/ /
with go = g2(Q) = 602 w™t and g3 = g3(Q) = 1402 w8,
The lattice 2 is determined uniquely by the numbers g2(€2) and ¢3(©2) (cf. Ex. 11),

they are therefore called the invariants of €.

We note two formulas resulting from (8) by differentiation:

o = 60" — %QQ = 6p” — 10c
P =12p¢".
To factorize the polynomial
g(X) =4X° — g2 X — g3

on the right hand side of (8), we have to determine the zeros of ¢'. To this end, we
fix a basis (w1, we) of Q and define

01 =w1/2, 02 = (w1 +w2)/2, 03=uwa/2;
these are the points z € P satisfying 2z € Q, z ¢ Q.
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w1 + way

w2

P3

P1

Figure 14. The points p;

Lemma 4.11. An odd g € K () has zeros or poles (of odd multiplicity) in 0, 1, 02, 03-
An even f € K(Q) assumes its values in these points with (even) multiplicity > 1.

Proof: If zg € {0, 01, 02, 03} and g € K(Q) is odd with g(z2¢) # oo, we have, since
229 € 0,

—9(20) = g(—20) = g(—20 + 220) = g(20),

ie. g(z0) = 0. For even f € K(Q) the derivative f’ is odd, hence f(z9) = oo or
f'(20) = 0. — The statements about the parity of the multiplicities are left to the
reader. O

In particular, ' has zeros in g1, 02, 03; as ¢’ is of order 3, these are all simple and
are the only zeros of ' in P. Setting

p(gl) = €4, 1= ]-7 27 37

the e; are exactly the values assumed by ¢ with multiplicity 2. They are all distinct,
since @ assumes every value only twice in P. Hence ey, es, e3 are the three distinct
zeros of q(X):

q(X) =4X — e1)(X — e2)(X —e3), (10)
and the differential equation of p may be rewritten:

Theorem 4.12.
3

(¢)" =4]T(0 —e)). (11)
1

By elementary algebra, (10) or (11) imply the equations

e1+ex+e3=0
—4(ere2 + esez + eze1) = go

dejesez = gs3.



4. Elliptic functions 183

The discriminant

A =16(e; — e3)*(ea — e3)*(e3 —€1)?
of ¢g(X) can be computed to

A = go® —27g5%
As the e; are all distinct, we have A # 0.

We mentioned above that the lattice € is characterized by its invariants g2(£2), g3(€2).
One can show that for any pair of complex numbers gs, g3 with g2 — 27g32 # 0 there
exists a lattice Q with go = g2(Q), g5 = g3(Q) — see [FL2, HuC].

As a consequence of the above we have an algebraic description of K (2):

Proposition 4.13. K () is isomorphic to the quotient field of the polynomial ring
C(X)[Y] over the rational function field C(X) by the ideal generated by

V?— (4X° — goX — g3).
Namely, the homomorphism of C(X)[Y] into K(f2), given by X — @, ¥ — ¢/, is
surjective by Prop. 4.8; its kernel is the given ideal by Thm. 4.10.

We now ask if there are elliptic functions with prescribed zeros and poles. More
precisely, let P be the (half-open) period parallelogram of Q = (w1, wa), let aq, ..., ax,
b1, ..., by be different points of P and my, ..., mg, n1, ..., ng positive integers. Does
there exist an f € K(§2) with zeros exactly at the a,, with multiplicities m,,, and
poles exactly at the by with multiplicities n)? Prop. 4.4 and 4.5 give two necessary
conditions:

k 14
Zm% = ZTL)\ (12)

k ¢
Zm%a% — ZnAbA c Q. (13)
1 1

We will show that these conditions are also sufficient. To this end, we shall construct
an entire function o(z), having simple zeros at the points of Q (and no other zeros),
and satisfying the transformation rules

oz +wj) = exp(njz +¢;)o(z), j=1,2 (14)
with constants 7;, c;.

Replacing, if necessary, one of the a,./’s by an equivalent point mod €2, we may as-

sume
Zm,,a% — ZnAbA =0

in place of (13). Then the following proposition holds:
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Proposition 4.14. With the above notation,

_ oz —a)m-
ITi o(z = by)™

s an elliptic function with the desired zeros and poles.

f(2)

Proof: For the moment we assume the existence of o(z). Then obviously f is mero-
morphic on C with the prescribed poles and zeros. We show the periodicity of f:
Using (14), we find for j =1, 2

oz 4+wj —a,)"

f(Z-l—Wj)_ HU(Z-i—UJj—b)\)n’\
oG —a)™ ) exo A
= ToG—bym pA; = f(z)exp 4
where
Ay = ma(ni(z = ax) +¢) = Y na(ni(z = ba) + ¢).-
P A

By (12) and (13), A; = 0.

It remains to construct o(z). Recall
1 ! 1 1
—o(z) = — = — ). 15
©(2) 22 Z ((z—w)2 wz) (15)
An obvious primitive of —p is

C(z)z%—i— Z/(le+i+;), (16)

the so-called Weierstrass ¢-function (it is not related to Riemann’s {-function!). Since
(C(z +wj) — C(z))/ = 0, there are constants 7, 72 such that

C(z+wj) =((2) +n;.

The series in (15) converges locally uniformly and absolutely, so the same is true for
the series in (16), obtained by integration. The infinite product

o(z) = zH/(l — g) exp(g + %)

has the series (16) as its logarithmic derivative and therefore, by the Weierstrass
product theorem, defines an entire function, called the Weierstrass o-function (the
product [ is extended over all w € 2\ {0}). It has simple zeros at the lattice points
and no other zeros.
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From ¢’ /o = ¢ we deduce

o'(z +wj) a'(2)

J(Z—i—wj) = C(Z—ij') = C(Z) +n; = % + ;.

Upon integrating, we obtain
o(z +w;) = o(z) exp(n;z + ¢;)

with constants c;, j = 1, 2. This completes the proof of Prop. 4.14, since the Weier-
strass o-function has the required properties. O

Note that ((z) and o(z) are odd functions, and that by putting z = —w;/2 in (14)
we find ¢; = (n;w; + 2mi) /2.

Finally, we study a special case in more detail and illustrate how integration of certain
algebraic functions leads to elliptic functions. We consider a rectangular lattice €2,
generated by wy; € R, wo € iR. Then w € 2 implies w € 2 and

o) =5+ (=or — 22) (4)

satisfies p(Z) = p(z). Hence the coefficients ¢y, in the Laurent expansion (6) are
all real, and so are the invariants go, g3. Likewise, the values of p on the real and
imaginary axes are real or co. The same holds for the straight lines p; +iR and o3 +R,
because e.g.

p(o1 +iy) = p(—o1 +1iy) = p(o1 — iy) = p(o1 +1iy).

We study the behaviour of p on these straight lines more closely. By (4), o(t) — 400
and p(it) — —oo, if t — 0 through positive values. As ¢’ # 01in )0, 1], p(x) decreases
strictly from +oo to e; if & increases from 0 to ;. Similarly, we see that p(z) decreases
strictly from e; to ey (from ey to ez resp. from ez to —oo) if z runs from g1 to g2
(from g2 to g3 resp. from g3 to 0). Thus, the positive boundary of the open rectangle
@ with vertices 0, 01, 02, 03 is mapped bijectively onto R, traversed from +oo to —oo.
We conclude that o maps @ biholomorphically onto the lower half plane.

We now focus on the real interval |0, o1]. Here p is a strictly decreasing function
mapping |0, ¢1] onto [e1, +oo[. Let

E: [e1, +00[=]0, 1], u+ E(u) = o~ *(u)
be the inverse function. On Je;, +o00[, its derivative is

1 -1

@'(E(U)) VAu? — gau — g3
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in view of the differential equation (8); the minus sign is there because E decreases. In

other words: ———L—— has the primitive —E on ]ey, +oc[, and for ug, u; €Jey, +00]
V4ud—gau—gs

we have
Uy
du -1 -1
- = E(ug) — E(u1) = 9~ (uo) — g~ (w1)- (17)
VA4u3 — gou — g3
uo

Summarizing: Assume the polynomial q(X) = 4X3 — g2 X — g3 has three real roots
e1, €s, e3 with e; > es > e3. There exists a unique lattice 2 in C, whose invariants
are the coefficients go, g3 of ¢(X), moreover, € is a rectangular lattice. Then (17)
holds with p = pq.

Taking the existence of 2 for granted, it is not hard to see that €2 has to be rectangular
(Ex. 8 & 9).

A more profound analysis shows: For every polynomial ¢(X) = 4X3 — g2 X — g3,
g2, g3 € C, with non-vanishing discriminant, path integrals

du

SV q(u)

in the complex plane can be evaluated by means of the inverse function of a suitable
Weierstrass p-function.

If ¢ is a quadratic polynomial with distinct zeros, formulas like
/(1 —u?)™Y2 du = arcsinu

show that integrals of type [ q(u)~*/? du can be evaluated using inverse functions
of trigonometric functions. For polynomials of degree 3 or 4 with real coefficients
and distinct zeros one can show: The indefinite integral [ q(u)~/? du has inverse
functions which can be extended to the complex plane and yield elliptic functions.
In this way, the theory of elliptic functions was developed by Gauss, Legendre, Abel,
Jacobi, Weierstrass et al. In the context of complex analysis, the restriction to real
polynomials is artificial, it means to consider only rectangular resp. rhomboid lattices
(cf. Ex. 8).

Exercises

1. Every discrete subgroup G # {0} of the additive group C is one of the following:
o) G = Zw with w # 0,
B) G = {mw1 + nwz : m, n € Z} with w1, ws linearly independent over R.

Hint: Choose wy € G\ {0} with minimal absolute value. Then G NRwi = Zwi. If G # Zws,
choose wa € G\ Zwi with minimal absolute value and show G = (w1, wa).
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3.

7.

. Let (w1, w2) be a basis of a lattice Q2. Prove: Q = (w1/, wo’) if and only if w1’ = awi + bwa,

wo! = cwy + dwo with integers a, b, ¢, d satisfying ad — bc = £1.

Choose a basis (w1, w2) of the lattice © according to the hint in Ex. 1. Suppose 7 = wa /w1 € H
(this can be obtained, if necessary, by replacing wy by —w2). Prove |7| > 1 and |[Re7| < 1/2.
Prove further that, by modifying the basis, —1/2 < ReT < 1/2 and || > 1 for 0 < Re7T < 1/2
can be achieved.

. Let Q be a lattice and 2z1 ¢ Q. Find all even elliptic functions of order 2 having poles only in

21+ w, —z1 +w (weQ).

. Let an even f € K(Q2) be given. If zg is a pole of f of multiplicity m, then so is —zo, and in case

220 € Q, m is even. Now find a minimal set {21, ..., 2.} C P\ {0} and minimal exponents such
that

[T(e(=) - p(z)™ £(2)
1

has no poles outside the lattice points.

. Consider the Laurent series (6) of o and the formulas (9). Derive a recursion formula for ca,,

v > 3. Deduce

(*)There are polynomials P, (X,Y’) with positive rational coefficients, independent of the lattice,

such that ca2, = P, (c2,c4).

Let Q be a lattice with invariants g2, g3 and Weierstrass function p = pq. Prove that the
following conditions are equivalent (use (*) in Ex. 6):

(Z) 92, 93 € R,

(iz) the co, in (6) are all real,

(i) p(2) = p(2),
(iv) w € Q implies w € Q.

8.

10.

11.

12.

13.

A lattice satisfying the conditions of Ex. 7 is called real. Rectangular lattices and rhomboid lat-
tices, i.e. lattices with a basis (w1, W1), are real. Prove the converse: A real lattice is rectangular
or rhomboid.

.Let Q = (w1, w1) be a rhomboid lattice, g2 = (w1 + w1)/2. Show that the values of pq

are real or oo on the straight lines R, w; + R, w; + i{R. In particular, es = p(02) € R,
e3 = €1 = p(w1/2). Show further that p(x) decreases from +oco to ep for 0 < = < p2. Dis-
cuss LZ)I (4u> — gou — g3) /2 du for ug, up > eo (95 = 9;(Q)).

Let Q be a square lattice, i.e. with basis w1, w1, where wy € R. Then the coefficients ¢4, in
(6) vanish, p takes purely imaginary values on the diagonals of the fundamental square, and
e3 <ex=0<e = —e3,g2>0,9g3=0.

Deduce from (*) in Ex. 6: If Q and €’ are lattices with g2(Q) = g2(€’) and g3(Q2) = g3(’), then
Q=9

Show that

z u zZ—Uu)— Z:ﬂ
€ ) + 6z —w) = 20() = =P

Hint: Both sides are elliptic functions of z (or of u).

An elliptic function f with only simple poles, situated at a1, ..., ar € P, can be written as

k
F&) =co+ D ent(z —ax)

x=1

with suitable constants cq, ..., cg.
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14. Show that
o(z—u)o(z+u)
o2(2)02(u)

Use this formula to derive the result of Ex. 12.

p(2) —p(u) = —

15. Let f and g be meromorphic solutions of the differential equation w'? = 4wd — gaw — g3, defined
on all of C. Assume that f is even and has a pole and g is not constant. Prove g(z) = f(z — z0)
with a suitable zg € C. Hint: There are z1, z2 € C such that f(z1) = g(2z2) # co. What about
f'(21) and ¢’(22)? What about f(¥)(z1) and ¢(*)(23), k > 27

5. Elliptic functions and plane cubics

Let © be a lattice in C. The function p(z) belonging to € is holomorphic in C \ Q.
Together with its derivative it defines a holomorphic map

©:C\Q—=C? 2z (p(z), p’(z))

By the differential equation of g (Thm. 4.10), the image of ¢ is contained in the cubic
curve

E = {(u,v) € C*: v = 4u® — gou — g3}.
In fact, ¢ maps onto E: For a given point (u,v) € E there is a point z € C\  with
p(z) = u. Then ¢'(z) = v or p'(z) = —v, that is p(z) = (u, v) or (—z) = (u, v).

Moreover ¢(z1) = ¢(z2) if and only if 290 — 21 € Q: Assume p(z1) = p(22), then
2o — 21 € Qor z1 + 25 € , and the condition @'(z1) = ©'(22) excludes z1 + 22 € Q
unless p’(z;) = 0, in which case both hold (recall that p is an even function).

We want to extend the map ¢: C\ Q — FE to all of C. To this end we embed C? into
the complex projective plane P? (C), take the closure £ of E in P2(C) and map the
points of € to the unique point of E'\ E.

In more detail: The points P € P?(C) are described by triples (wg, wy, ws) # (0, 0, 0)
of complex numbers, two triples describing the same point if and only if they differ
by a scalar factor # 0. We write P = [wy : w1 : w] and call the w; homogeneous
coordinates of P.

Now we map the affine plane C? injectively into P?(C) by

(u, v) = [1:u:v]

and identify C? with its image. The complement of C? in P?(C) is the “line at infinity”
(P € P2(C) : wo(P) = 0}.

The embedding C? — P?(C) takes E to the set of points with wo(P) # 0 whose
homogeneous coordinates satisfy

2 3 2 3
wows” = 4w1” — gawiwp” — gawo®. (1)
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This equation makes sense for wg = 0, too; the only solution with wy = 0 is
Py=[0:0:1].

The set E = E U {P,} of all solutions is called a projective cubic (in Weierstrass
normal form).

Now we can extend the map p: C\Q — E to a continuous map ¢: C — E by defining
p(w) = By for w € Q. Note that, in a neighbourhood of w, ¢ can be written as

p(2) = [(z —w)*: (2 —w)’p(2) : (2 —w) 0/ (2));
the homogeneous coordinates of ¢(z) thus are holomorphic functions of z.

For the extended map ¢: C — E it remains true that ¢(z1) = ¢(z2) if and only if
29 — 21 € . Hence ¢ induces a bijection of the quotient group C/ onto FE.

C (31" C/Q) is an abelian group under addition. By ¢, we can transfer this structure
to E, simply by defining

P+Q:=0p(¢ "(P)+¢ Q)

for P, Q € E. Thus P, is the neutral element of the group E.

The group structure thus defined on E may seem rather artificial. But it admits of
a nice geometric interpretation, which will eventually show that it does not depend
on the parametrization of E by (p, ©’), but only on the geometry of the projective
cubic.

To this end, we need one more property of the p-function, namely the following
addition theorem.

Proposition 5.1. Let z1, z0 € C\ Q, p(z1) # p(22). Then

If, in this formula, we let z5 tend to z1, assuming 2z; ¢ €, i.e. '(z1) # 0, we arrive
at

Corollary 5.2. For 2z ¢ Q, we have

p(22) = ~2p(z) + (W))Q — 2p(s) + 1 (LS 9)

4\ ¢'(2) 4 2¢/(2)

Proof of Prop. 5.1: We assume z1, z2 lie in a period parallelogram of €. Consider
the function

f(2) = ¢'(2) —ap(z) = b,



190 Chapter V. Non-elementary functions

the constants a and b being chosen such that f(z1) = f(22) = 0, in particular

_ ¢'(21) = 9'(22)
p(21) — p(22) |

Now f is an elliptic function of order three with poles only at the lattice points.
Consequently, there is a third zero z3 of f in the period parallelogram. By Prop. 4.5,
z1 + 29 + 23 € Q. In other words, f(—z1 — 22) = 0, that is

@' (=21 — 20) = ap(—21 — 22) + b
or

—¢' (21 + 22) = ap(z1 + 22) + b.

We write p; = p(2;), pj = ¢'(2;) for j =1, 2, and p3 = p(21 + 22), ps = @' (21 + 22).
Then

py=apj+bforj=1,2, —ph=aps+b;
the points (p1, p}), (p2, p5), (p3, —p4) lie on the line
L= {(u,v) € C*:v=au+b}.
On the other hand, the differential equation for p (Thm. 4.10) gives
4p;® — gapj — g3 = p* = (ap; +b)*.
Thus the numbers py, p2, p3 are zeros of the cubic polynomial
g(w) = 4w® — gow — g3 — (aw + b)2.

We now assume ps # pi1, p2; given zp, this excludes only finitely many values of
zo in the period parallelogram. Then py, ps, ps are the three different zeros of
g(w) = 4(w — p1)(w — p2)(w — p3). Comparing the coefficients of w?, we see

4(p1 + pa +p3) = a*.

This is the formula of the proposition. By continuity, it also holds for the previously
excluded values of zs. O

We now use the information contained in the proof to geometrically describe the
addition on E. Let z1, 22, 23 = 21 + 22 ¢ Q and p; = p(z;), pj = ¢'(z;). Then the
points P = (p1, p}), @ = (p2, ph) and R' = (p3, —pj) are the intersection points of
the affine cubic E with the line L = {(u, v) : v = au + b}, where

/ / 2

Pi—DPs . 12p1° — g2 .
a="—"2ifp #pQ,a:#lfplzpza and b = p| — ap (2)
P1— P2 2py
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Q,
Py

Py=0;

Figure 15. Addition on a cubic in Weierstrass normal form

(for the case p; = p2 see Ex. 1). Moreover, R = P + Q) = (ps3, p4) is the intersection
of E with the vertical line u = p3 through R’. Passing to the projective plane, this
line is the (affine part of the) line wy = p3wy which intersects E in Py = [0: 0 : 1]
and, of course, in R’ and R.

Note that a complex line in P?(C) intersects the cubic E in three points, counting mul-
tiplicity, i.e. a simple point of tangency is counted twice, an inflexion point thrice.

Thus, we have the following construction:

Given P, Q € E, let R' be the third point of intersection of the line through P and Q
with E. Then R = P+ Q is the third point of intersection of the line through Py and
R’ with E. (In case P = Q or Py = R’ take the tangential line to E.)

We have established the construction under the assumption zi, 2o, 21 + 22 ¢ Q, i.e.
P, Q, R # Py. The reader may verify that it holds in the other cases, too. The
parametrization ¢: C — E does not enter into the geometric description of the addi-
tion on E, nor into the algebraic description
a® ,

p3=—p1—p2+ -, Py =—(aps +b), (3)
a and b being given by (2). The group laws can be verified geometrically or by
computation. Therefore, any nonsingular projective cubic in Weierstrass normal form,
i.e. given by (1) with go® —27¢32 # 0, can be made an abelian group in this manner.

Our geometric construction of the addition on the nonsingular cubic E does not
depend on the explicit equation of E either. It can be shown that, choosing a point
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Figure 16. Addition on an arbitrary cubic

P, € E arbitrarily, the construction makes E into an abelian group with Py as the
zero element.

Exercises
1. Prove an addition theorem and a duplication formula for p’. Use the latter to verify that the
tangent to E at P = (p(z), p'(2)), ¢'(z) # 0, intersects E in —(P + P) = (p(2z), —¢'(22)).
2. Let the curve C in C? be given by the equation
bov? + biv + by = g(u), ba#0,

g being a polynomial of degree 3 with 3 distinct roots. Show that by an affine linear bijection, C
can be transformed into a curve in Weierstrass normal form (v2 = 4u? —gou—gs, g2> —27g32 # 0).
Assuming the fact that there is a lattice © in C with g2(€2) = g2 and g3(2) = g3, show that C
can be parametrized by elliptic functions in K ().

3. Let C' = {(u, v) € C% : v? = f(u)}, f being a polynomial of degree 4 with 4 distinct roots. Show
the map

z=(u— uo)fl7 w=v(u— u0)72,

up suitably chosen, transforms C into a cubic w? = g(z), g a cubic polynomial with distinct
zeros. Then, applying Ex. 2, parametrize C by elliptic functions.



Chapter VI.

Meromorphic functions of several variables

This chapter presents the analogues of the Mittag-Leffler and Weierstrass theorems for functions of
several complex variables. To this end it develops fundamental methods of multivariable complex
analysis that reach far beyond the applications we are going to give here. — Meromorphic functions of
several variables are defined as local quotients of holomorphic functions (VI.2); the definition requires
some information on zero sets of holomorphic functions (VI.1). After introducing principal parts and
divisors we formulate the main problems that arise: To find a meromorphic function with i) a given
principal part (first Cousin problem) i) a given divisor (second Cousin problem); i) to express a
meromorphic function as a quotient of globally defined holomorphic functions (Poincaré problem).
These problems are solved on polydisks — bounded or unbounded, in particular on the whole space
—in VI.6-8. The essential method is a constructive solution of the inhomogeneous Cauchy-Riemann
equations (VI.3 and 5) based on the one-dimensional inhomogeneous Cauchy formula — see Chap-
ter IV.2. Along the way, various extension theorems for holomorphic functions are proved (VI.1
and 4). Whereas the first Cousin problem can be completely settled by these methods, the second
requires additional topological information which is discussed in V1.7, and for the Poincaré problem
one needs some facts on the ring of convergent power series which we only quote in VI.8.

The main results on principal parts and divisors go back to P. Cousin 1895 and H. Poincaré 1883.
It was remarked somewhat later (Gronwall 1917) that the second Cousin problem meets with a
topological obstruction whose nature was finally cleared up by K. Oka in 1939 [Ok, Ral. It was
also Oka who solved these problems on the class of domains where they are most naturally posed:
on domains of holomorphy of which polydisks are the simplest example [Ok]. The solution of the
inhomogeneous Cauchy-Riemann equation in VL5 is given by a method due to S. Bochner [Bo]; the
result is usually referred to as Dolbeault’s lemma, because P. Dolbeault exploited it systematically in
his study of complex manifolds. The connection of compactly supported solutions and holomorphic
extension theorems was discovered by L. Ehrenpreis in 1961 [Eh]; the Kugelsatz in V1.4 is due to
F. Hartogs. Hartogs’ work of 1906 ff [Ha] can be seen as the beginning of modern complex analysis
in n variables. The language of cocycles and their solutions that we have used throughout the last
sections was worked out, in this context, by H. Cartan and J. P. Serre around 1950. All the above
problems can be solved on arbitrary plane domains [FL1].

A modern comprehensive exposition of the theory on general domains of holomorphy — even on Stein
manifolds — can be found in [GR], [H6], and [Ra]. Our presentation follows Hérmander and Range.
For historical aspects see also [Li].

1. Zero sets of holomorphic functions

Let f be a function holomorphic on some subdomain G of C™; we assume f % 0. The
zero set

W. Fischer, 1. Lieb, 4 Course in Complex Analysis, DOI 10.1007/978-3-8348-8661-3 6,
© Vieweg+Teubner Verlag | Springer Fachmedien Wiesbaden GmbH 2012
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of f is clearly a relatively closed nowhere dense subset of G. We can say more:

Proposition 1.1. G\ V(f) is connected.

This will be deduced from the following fundamental result:

Theorem 1.2 (Riemann’s extension theorem). If a function h is holomorphic on

G\ V(f) and locally bounded on G, then it extends to a holomorphic function T on
all of G:

heO(G), hG\V(f)=h.

Proof: Since V(f) is nowhere dense in G, the extension /ﬁ, if it exists, is uniquely
determined by h. So we only have to find a local holomorphic extension (near an
arbitrary point zg € V(f)). We choose coordinates z = (z/, z,), 2’ € C"1, z, € C,
such that zg = 0 = (0/, 0) and f(0', z,) # 0. Because f is continuous, there are
polydisks D’ ¢ C*! and D,, C C with centres 0 and 0, respectively, with the
following properties: D = D’ x D,, CC G and f(z) # 0 on D’ x 9D,,. Therefore, for
each z' € D', the function z, — f(2', z,) is holomorphic on D,, and not identically
zero; its zeros are consequently isolated in D,,. This shows that the function h(z', z,)
is, for fixed z’ € D’, holomorphic in z,, as long as (z’, z,) ¢ V(f), and bounded
on D,; Riemann’s extension theorem in one variable yields a holomorphic (in z,)
extension ﬁ(z’ , zn) to all of D,,. Tt remains to show that B is holomorphic on D as a
function of z = (2, z,). But this follows from the Cauchy integral representation

}Al(z'7 2n) = 1 / Man .

Cn — Zn
oD,

the right hand side is holomorphic in (z’, z,,). O

The proof of Prop. 1.1 is now easy: if G\ V(f) could be decomposed into two open
non-empty sets Uy and Uy,

G\V(f):UOUU]_, UsNU; = @,

the function f = 0 on Uy and = 1 on U; would be holomorphic on G \ V(f) but
clearly not holomorphically extendible to G.
We will consider a slightly more general situation.

Definition 1.1.

i. An analytic hypersurface S of a domain G is a non-empty subset S C G with
the following property: for each zg € G there exists an open neighbourhood U of
zo and a holomorphic function f on U, nowhere = 0, such that

SNU=V(f)={zeU: f(z) =0}.
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it. A subset M C G is called thin, if it is relatively closed in G and if for each
z € M there is a neighbourhood U and a holomorphic function f # 0 on U with
MNUcCV(f).

Analytic hypersurfaces are clearly closed in GG, hence thin. The same proof as above
carries Prop. 1.1 over to thin sets:

Proposition 1.3. If M is a thin subset of a domain G then G\ M is connected. [

Exercises

1. The 2n-dimensional (Lebesgue-)measure of a thin set is zero. Proof! Hint: Apply the Weierstrass
preparation theorem.

2. The function z;l cannot be holomorphically extended to all of C2. Is it locally integrable? Is it
locally square integrable?

2. Meromorphic functions

Meromorphic functions of one complex variable were defined, in Chapter II, as func-
tions which are holomorphic up to isolated singularities; the singularities were required
to be poles. Since, in more than one variable, there are no isolated singular points,
we use the alternative characterisation of meromorphic functions as local quotients of
holomorphic functions for our definition.

Definition 2.1. A meromorphic function on a domain G C C" is a pair (f, M),
where M is a thin set in G and f a holomorphic function on G\ M with the following
property: for each point zo € G there is a neighbourhood U of zy and there are
holomorphic functions g and h on U, such that V(h) C M and

f(z):z((zg forz e U\ M. (1)

Ezxamples:

a) f = g/h, M = V(h), where g and h are holomorphic on G and h # 0, is a

meromorphic function.
b) In particular, holomorphic functions are meromorphic.

The representation (1) is of course not unique. A closer study of the ring of convergent
power series allows to define a representation (1) by a reduced fraction which is
essentially unique. We do not need that here. We therefore introduce, for general
(f, M), the set

P={zeG:h(z)=0for all (g, h) with (1)}

Then P is obviously contained in M and closed, and f can be extended to a holomor-
phic function f on G\ P. We identify (f, M) with (f, P).
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Definition 2.2. The set P as defined above is called the polar set of f.

Since P is uniquely determined by the holomorphic function f on G\ M, we will
denote meromorphic functions (f, M) simply by f, assuming, if necessary, that f is
holomorphically continued to all of G \ P. It can even be shown that the polar set
is a hypersurface or empty, but this requires a more detailed study of the ring of
convergent power series. The polar set can alternatively be described as the set of
points where f is unbounded.

We continue our examples:

c) The function f(z1, 220) = 21/z2 is meromorphic in C2?, with the polar set
P = V(z) = {(#1, 22) : 22 = 0}. Note that f is unbounded at all points of P,
but that |f(z1, 22)] = oo only for (21, z2) — (a, 0) with a # 0. This is a general phe-
nomenon: a meromorphic function need not yield a continuous map into the Riemann
sphere C — except in the case of one variable.

d) The most common way of defining a meromorphic function is the following: Let
{U; :i € I'} be an open covering of G and g;, h; € O (U;) satisty

i. h; nowhere = 0
1. gzhj = g]hz on Uij = U1 N Uj.
Then, setting
9i
== on U,
f I, i
we obtain a well-defined meromorphic function f on G. It is holomorphic outside the

thin set

M ={z: h;(z) =0 for all i with z € U;}.

Let us now state the identity theorem for meromorphic functions:

Proposition 2.1. If two meromorphic functions fi and fo on G coincide on a non-
empty open set where both are holomorphic, they are identical on G.

Proof: G \ (P, U P,), where P; is the polar set of f;, is connected; consequently,
f1 = fo there. This says that (f;, PyUP) and (f2, PiUP,) are the same meromorphic
function and implies, in fact, that P; = Ps. O

Addition or multiplication of meromorphic functions at the points where they are holo-
morphic clearly yield meromorphic functions: the polar set of the resulting function
is contained in the union of the polar sets of the summands resp. factors. Also, if f is
meromorphic and does not vanish identically, 1/f is again a meromorphic function.
Namely, let f = g/h on an open connected set U C G; then g # 0, and 1/f = h/g
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defines a meromorphic function on U. Since GG can be covered by open sets as above,
we are in the situation of example d) to define 1/f.

Note that the polar set Q of 1/ is locally contained in the zero set V(g), and that
QN(G\P)=V(f),
where P is the polar set of f. All this is summed up in

Proposition 2.2. The meromorphic functions on a domain G form a field, denoted

by M (G). O

At this point we ask an important — and deep — question: Is M (G) the quotient
field of O (G)? The answer is positive for polydisks (including C™) and more general
classes of domains, but not for arbitrary domains.

Exercises

1. Consider the function f(z1,22) = z1/2z2. Prove: the set of accumulation points of sequences
f(z;), zj — 0, is the Riemann sphere.

2. (A more precise description of the above situation) Let f: C?\ {0} — C be given by f(z) = 21 /2.
Let M C (C2\{0}) x C be its graph. Consider M as a subset of C? x C and show that its closure

M is M U ({0} x (IAJ) Introduce homogeneous coordinates (1,2 on C and describe M by a
homogeneous quadratic polynomial in 21, 22, (1, (2.

3. The inhomogeneous Cauchy-Riemann equation in
dimension 1

Holomorphic functions of n variables are solutions of the homogeneous Cauchy-
Riemann equations

of
0z,

0, v=1, ..., n (1)

In the next sections we shall construct holomorphic or meromorphic functions with
prescribed additional properties by the following method: We will, in a first step, con-
struct a smooth but not holomorphic solution with the required additional properties,
say f. Then f does not satisfy (1), that is

of
0z,

=/f, #0.

In a second step we will find a solution of the inhomogeneous Cauchy-Riemann sys-
tem
Ju
0z,

= fu, (2)
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such that f — w still has the required properties; the function f — w is then clearly
holomorphic. — This method is based on a careful study of (2); note that (2) can only
be solved if the right-hand side satisfies the integrability condition

of,  0f.

—_ —_ v,
0z, 0z,

R (3)

This condition is automatically fulfilled if the f, are given as above.

The main work will be done in one variable, so from now on we take n = 1. The
integrability condition (3) is then empty.

Theorem 3.1. Let D' cC D be two disks in C and G C R¥ a domain. There is a
linear operator

T:C®(Dx@G)—C>®(D'xQ) (4)
with

orf ,

W_ﬂD x G (5)
and

0 L 0f .

o =Tg i=L-k (6)

(We have denoted the variable in C by z, the variables in R* by t;. C* is the space
of smooth - i.e. infinitely differentiable - functions. — The theorem holds with the
same proof for any pair of domains D’ CC D C C, but we only need it in the above
situation.)

Proof: 0) We choose a smooth real-valued function ¢ with compact support in D,
¢ =1on D', and define, for f € C* (D x G),z€ D', t € G:

_ 1 [e(Qf(¢ ) =

Tf(z t) = 27”,/ D ac nac. M)
C

This operator will be shown to have the required properties.

1) The substitution w = ¢ — z leads to

%i/go(w—kz)i(w—i—z, t) dw A d, ()

Tf(z,t)=
C

which immediately shows that T'f is smooth on C x @; differentiation under the
integral (7) yields (6).
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2) The inhomogeneous Cauchy formula — see IV.2 — gives for the compactly supported
function ¢ f

d¢ A dé; 9)

o(2)f (2 t) = — / 6/8<[sz(<)£(<, t)]

T 2w
C

a boundary integral does not occur because ¢(¢)f(¢, t) = 0 for |¢| large enough. —
On the other hand, differentiation of (8) with respect to z leads to

O = [ A O 00
Lol 1
= / o d¢ A dC.
Comparison of (9) and (;CO) shows the claim: for z € D’ one has
F(2 8) = 92z, 8) = =T 1, b) 0

Remark: If f is holomorphic in some of the parameters, then T f is holomorphic in
the same parameters.

In fact, assume f holomorphic in #y — so now G is a subdomain of C x R’ with
coordinates ¢y and t — then in view of (6)

0 0
ato f(za to) ) atof(z7 t07 ) 0

Exercises

1. Justify in detail the differentiation under the integral sign used in the proof of Thm. 3.1.

4. The Cauchy-Riemann equations with compact
support

We will solve, for n =1, 2, ..., the Cauchy-Riemann differential equations
ou
=f, v=1 ..., n, 1
5, (1)

where the f, are smooth functions in C™ with compact support satisfying the integra-
bility condition

Ofv _ Ofu

— =1,...,n. 2
0z, 0z, Tl (2)

The main result is
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Theorem 4.1. (1) has a smooth solution w. If n > 1, then u can be chosen with
compact support.

More precisely: If f, =0,v =1, ..., n, outside a compact set K then there is, in case
n > 1, a solution which vanishes on the unbounded component of the complement of
K. — Note that solutions are of course not unique: we can always add a holomorphic
function to obtain a new solution from a given one.

Proof: We define

1 fl(Cv ZQa'~-72n) =
. = — d¢ A dc; 3
u(zlv 3 Zn) 27ri/ C — C Cv ( )
this is a smooth function on C™ satisfying — see the previous section —
ou
95 Ji-

In fact, (3) is the solution T'f; of section 3 constructed for a sufficiently large disk D’
and D = C. Now, for v > 1,

ou 1 0f1/0z,(C, 22, -y 2n) dCAdC = L/ Of,)0C(C, 29y -y 2n)
- =

- d¢AdC
0z, 2mi ¢— 7z 2mi CAde,
C

because of (2). Since f, has compact support, the last integral is, by the inhomo-
geneous Cauchy integral formula, f,(z1, ..., z,). So u solves (1). — Moreover, let
the support of the functions f, be contained in a compact set K, and let Uy be the
unbounded component of C*\ K. If n > 1, there is an affine hyperplane E contained
in Uy. The function u is holomorphic outside K, in particular its restriction to E is
an entire function of n — 1 variables. Now, the integration in (3) only has to extend
over a bounded domain (again because the support of f; is compact). This shows
that u(z) — 0 for |z| — co. By Liouville’s theorem, u|E = 0. As E could be chosen
arbitrarily in Uy, the identity theorem gives u = 0 on Uy. O

Remark: For n = 1 the above solution need not have compact support — see Ex. 1.

A striking consequence of the above theorem is

Theorem 4.2 (Hartogs’ Kugelsatz). Let K be a compact subset of an open set
U C C", with n > 1, and suppose that U \ K is connected. Then any function f
holomorphic on U \ K is the restriction to U \ K of a holomorphic function f on U.

Proof: We choose a smooth real-valued function ¢ with compact support in U, ¢ = 1
in a neighbourhood of K, and set, for f € O (U \ K),

f=00-9)f. (4)
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This function is smooth on all of U — where f is not defined, the right-hand side of
(4) is 0. The derivatives

of

% = Bz,

(5)

are smooth in C", with support contained in the support of ¢, because outside that
support f = f is holomorphic. They obviously satisfy the integrability conditions (2)
and therefore there exists a solution u of
ou
0z,

(6)

which vanishes in the unbounded component of the complement of the support of .
But the boundary of U belongs to that component. So

~ ~

f=f-u (7)
coincides with f on a non-empty open set in U \ K, hence on all of U \ K, and is
holomorphic on U because of (5) and (6). O

The theorem applies in particular to a spherical shell: this explains the name.

Exercises
1. Let f € C*> (C) be a smooth function with compact support; set g = fz. Compute the integral
[ oz dwdy

C

with the help of Stokes’ theorem. Use the information obtained that way to construct a compactly
supported smooth function g in the plane that has no solution f of fz = g with compact support.

5. The Cauchy-Riemann equations in a polydisk

The problem of solving the Cauchy-Riemann equations is more difficult if one drops
the assumption of compact support; we study it here in polydisks. In all that follows,
D, D', Dy, ... will stand for polydisks in C™ centred at the origin. Let the functions

fu, for v =1, ..., n, be smooth on D and satisfy the integrability conditions
ofy _ Ofu
= =1,...,n. 1
62# azl’? l/7 lLt ) ) n ( )
We want to solve
0
&;izfu, v=1,...,n, (2)

by a smooth function v on D.
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Proposition 5.1. Let Dy CC D be relatively compact in D. Then (2) can be solved
by a function u € C* (Dy).

Proof: We denote by Ai(D’) the set of n-tuples of smooth functions

()= fn)

on D’ satistying f, =0 for v > k and condition (1). Here, D’ stands for any polydisk
contained in D. Let us prove, for arbitrary pairs of polydisks Dy CC D', the claim in
case the right-hand side of (2) belongs to Ag(D’); the case k = n is what we want.

We proceed by induction with respect to k. If k = 0, then (f) = (0), and the function
u = 0 solves. Now consider (f) € Ax(D’), and assume the claim for k£ —1 > 0. So

(f)=(frso o, 0,0, 0).
By (1) we have for p > k:

of _ 05, _
0z, 0z
since f, = 0. Hence fj is holomorphic in the variables zj41, ..., 2z,. We now choose
the solution v of
ov
- 3
oz 1 (3)
constructed in section 3 on a polydisk D" with Dy cC D" cc D":
U(Zh s Zn) = Tfk(zlv cees Zn)
Then v is holomorphic in zg41, ..., 25, SO
v
=0=fu, > k. 4
62“ f,U« lu’ ( )
The system (g) = (g1, .- -, gn) With
v
9 =i — oz,

belongs to Ax_1(D") and satisfies the integrability conditions: in fact, for j > k we
have f; = 0 = 0v/0%;, and for j = k we have g = 0 in view of (3); finally (1)
is satisfied for (g) because it is satisfied for (f) and for the derivatives of v. The
induction hypothesis yields a solution w € C* (Dg) with

ow
82]‘ =95

setting u = v+ w on Dy we thus solve (2). — This concludes the induction and proves
our claim. O
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An approximation argument will finally give a solution of the Cauchy-Riemann system
on the whole polydisk:

Theorem 5.2. The system

=f, v=1,...,n, (2)
with f, € C>* (D) has a solution u € C* (D) if and only if it satisfies the integrability
conditions

%—3]0” yu:17...,n. (1)

— - = 7 I’
0z, 0%z,

Proof: We choose a sequence of polydisks
Dycc Dy cc Dycc...cc D

with
U D.=D
x>0

and functions v, € C* (D,,) which solve (2) on D,,. If the sequence u,, — which is
defined on each fixed Dy, for all »c > k — were convergent on Dy, we would simply
define our solution u as the limit of that sequence. So our task is to modify the u’,
in order to obtain a convergent sequence. We set uy = u(, u1 = v} and assume that
we have found solutions u,, of (2) on D,,, for 5x =1, ..., k, such that

|U% - u%—1|D%,2 < 217%~ (5)

Here |-|ps denotes the supremum norm of a function on M. Now wu)_, and u both
solve (2) on Dy, and consequently differ by a holomorphic function fj on Dj. Power
series development of f around 0 yields a polynomial p; such that

|fk 7pk|Dk71 = |u;c+1 — Ug 7pk|Dk—1 < 2719'

Setting

Uk+1 = U;c+1 — Pk,
we get a new solution of (2) on Dy which now satisfies (5) for »z = k + 1. Let us

now define, for z € D,

u(z) = %lgnoo Use(2).

The limit is well-defined — see our remark above. Moreover, for s > A > k + 2 and
z € Dy,

[Use(2) = wsem1(2)[ + - + Jungr (2) — ua(2))]

27l L2227
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so the limit exists uniformly on Dj. This shows that u is a continuous function on D.
Now, on D we have

u—up = lm (u, —ug),
w>k+2

and the terms on the right-hand side are holomorphic on Dj; — which implies that
their uniform limit is holomorphic as well. Hence, u — u; and therefore u is smooth
on Dy, and u thus solves (2) because it differs from the solution u; by a holomorphic
function. 0

6. Principal parts: the first Cousin problem

Let G C C™ be a domain.

Definition 6.1. A Cousin-I-distribution on G is a system (f;, U;), i € I, where the
U; are open subsets of G which form a covering of G and the f; are meromorphic
functions on U; such that

fij = fi — fi € O(Uy), (1)

i.e. fij is holomorphic on U;; = U; NU;.

If U;; = @, condition (1) is of course void. The principal part of a meromorphic
function can be defined as follows: two meromorphic functions f and g have the same
principal part if their difference is holomorphic. In particular, their polar sets coincide
in that case. So in the above definition, the principal parts of f; and f; coincide where
both functions are defined. — Instead of Cousin-I-distribution we could also speak of
a distribution of principal parts or simply of a principal part on G. Note that on C
the Mittag-Lefller data define naturally a Cousin-I-distribution, and vice versa — see
exercises.

Definition 6.2. A solution of a Cousin-I-distribution (f;, U;) is a meromorphic func-
tion f on G such that f — f; is holomorphic on U; for alli.

In other words: f should be a meromorphic function with the given principal parts.
The Mittag-Leffler theorem gives a solution of any Cousin-I-distribution in the com-
plex plane. In general, on an arbitrary domain in C", with n > 1, not every Cousin-
I-distribution is soluble; for n = 1, it is — see [FL1]. We will show that any Cousin-I-
distribution on a polydisk is soluble. So from now on, we will choose for G a (bounded
or unbounded) polydisk D € C". The main work will be done in proving the next
theorem.
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Theorem 6.1. Let {U; : i € I} be an open covering of the polydisk D. Suppose that
for each pair of indices i, j € I with U;; # @ a holomorphic function g;; € O (Usj) is
given such that the following conditions are fulfilled:

9ij = —Yji (2)

9k — it + gi; = 0 on Uyjy. (3)
Then there are holomorphic functions g; € O (U;) with

9j — 9i = gij on Uij. (4)

We have used the notation U;; = U; NU;, Uy = U;NU; NU. If Uy, = 9, then
condition (3) is void.

Proof: Let us choose a partition of unity subordinate to the covering, i.e. functions
pi €C* (D), 0 < ¢; <1, supp ¢; C U, such that the system of supports of the ¢; is
locally finite, and

Z pi(z) = 1. (5)
iel
Then for each i
hi =Y Prgri (6)
kel
is a well-defined smooth function on U;, and we have on Uy

8hi 8hj N 8<pk ‘ N % L o -
821, o azy - 82y (gkl - gk]) - azu g]'L - azu Z Pk g]z =0 (7)
kel kel kel

because of (3) and (5). Hence, for each v, the function
_ Ohy

0z,
is well-defined on all of D, and the F, satisfy, in view of their definition (8) as

derivatives, the integrability conditions for the Cauchy-Riemann system. The previous
section yields a smooth function v € C* (D) with

F,(z)

(2), z€U, (8)

ou
oz, v (9)
Now set on U;

Then g; € O (U;) and

9 —gi=hj—hi=> orlgr; — gri) = <Z<Pk)gij = Yij»

kel kel
again by (2), (3) and (5). So the g; solve (4). O
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Let us point out that we only used solubility of the Cauchy-Riemann equations in the
proof. It is worthwhile to state this explicitly as

Theorem 6.2. If G is a domain where the Cauchy-Riemann equations for smooth
data are always soluble, then for all data (Ui, gij) as in Thm. 6.1 there are holomor-
phic functions g; € O (U;) with g;; = g; — gi- O

It is equally worthwhile to introduce a new word in order to express the above results,
and also for later use:

Definition 6.3. The data (Ui, gij) with the properties (2) and (3) of Thm. 6.1 is
called an O-cocycle; the (Ui, gi) satisfying (4) are an O-solution of this cocycle.

So we can say more conveniently: An arbitrary O-cocycle on a polydisk has an
O-solution; the same result holds on domains where the Cauchy-Riemann system
is soluble.

From here we deduce easily

Theorem 6.3. Any Cousin-I-distribution on a polydisk — more generally: on a do-
main satisfying the assumption of Thm. 6.2 — is soluble.

Proof: Let (f;, U;) be such a distribution. Then the f;; given by (1) define an
O-cocycle, which therefore has an O-solution (g;). Let us now set

f=Tfi—gionU. (11)

In view of (4) the definition is independent of the choice of ¢ and yields a meromorphic
function on D which, by (11), solves the distribution. O

Exercises

1. Let G C C™ be an arbitrary domain and f;,j =1, ..., n, be smooth functions on G satisfying
the integrability conditions (1) from section 5. Show that every point a € G has a neighbourhood
U such that there is a smooth function w on U with

ou
9
==

Choose an open covering U; with corresponding solutions u; of the above equation. Consider
the differences u; — u; on U;;. From here, state and prove a converse to Thm. 6.2.
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7. Divisors: the second Cousin problem

We now carry over Weierstrass’ product theorem to higher dimensions. We shall even
consider a slightly more general situation. In all that follows, G will be a domain in
C™; later on it will be taken to be a polydisk. M*(U) denotes the set of meromorphic
functions on the open set U which nowhere vanish identically, O*(U) is the set of
holomorphic functions on U without zeros. Both sets are multiplicative groups: the
groups of units in the rings M (U) resp. O (U).

Definition 7.1. A divisor on G is a system
A= (U,-, fi)iel’ I an indezx set,

where the U; C G form an open covering of G and the f; are elements of M*(U;),
such that for all i, j € I with Uj; = U; NU; # & one has
fi

F 796 € O*(Uij) - (1)

Two divisors A and A’ are — by definition! — equal if their union AUA' is a divisor.

Condition (1) means, intuitively, that on U;; the polar sets of f; and f; coincide,
including multiplicities, and that also the zero sets of f; and f; are identical, and that
the two functions vanish there with the same multiplicity. By sticking to the above
definition one circumvents the need to explicitly define the notion of multiplicity. —
A positive divisor is a divisor given by holomorphic functions f; satisfying (1).

If f # 0 is a meromorphic function on G, then (G, f) is a divisor. We call these
divisors principal — notation: div f. Now suppose that A = (U;, f;) is an arbitrary
divisor. Then clearly,

A=divf, feM(G),

if and only if the quotients f/f; are holomorphic without zeros on U;, for all i. We
define:

Definition 7.2. A solution of A is a meromorphic function f with A = div f.

Such a solution — if it exists — is obviously determined up to multiplication with an
element of O*(G). In the case of a positive divisor it is a holomorphic function with
prescribed zeros (including multiplicities): that is just what is given in the Weierstrass
product theorem.

Divisors — more precisely, the (Ui7 fi) satisfying (1) — are also called Cousin-II-
distributions. The second Cousin problem can now be briefly stated:

Is each divisor on G a principal divisor?
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The problem is by now completely understood for large classes of domains (domains
of holomorphy); here we shall give a positive answer in the case of polydisks. Our
discussion will show that certain topological conditions play a role, conditions which
are fulfilled on a polydisk but not in general. The method of proof reaches beyond
our immediate aim.

We start with a topological result:

Lemma 7.1. Let f: U — C* be a continuous function in a simply connected domain
U C R¥. Then f has a continuous logarithm, i.e. there is a continuous function F
on U with

f=expF. (2)

In fact, the universal cover of the punctured plane C* is the exponential map
exp: C — C*, so f lifts to a continuous map F' to C.

Before proving the multiplicative analogue of Thm. 6.1 we introduce a convenient
terminology:
Definition 7.3.

1. An O*-cocycle in a domain G is a data g = (Ui7 gij), where the U;, i € I, are
an open covering of G and g;; € O*(U;;) such that

9 = 95 (3)
gikgir gij = 1 on Uyjy, (4)

provided Uyji, # 9.
it. An O*-solution h of g is a system h; € O*(U;) of holomorphic functions with
b
9ij = h—] on Us;.

i

If we replace O* by C*, the space of continuous functions without zeros, we obtain
in the same way the notion of a C*-cocycle and a C*-solution. Since an O*-cocycle is
also a C*-cocycle, we can speak of C*-solutions of an O*-cocycle.

The analogue of Thm. 6.1 and 6.2 now comes up with a surprise:

Theorem 7.2. Let D be a polydisk — or, more generally, a domain where the Cauchy-
Riemann system is always soluble. Then an O*-cocycle has an O*-solution if and only
if it has a C*-solution.

Proof: Let (Ui, gij) be the given cocycle.
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1) We first assume that the U; are simply connected. By our assumption,
9ij = cjei” (5)

with non-vanishing continuous functions c;, ¢; on U; and Uy, respectively.
By Lemma 7.1, for each ¢,

¢; = expb;,
b; continuous on U;. Now, on the intersection Uj;:
917 = exp(b; — bi),
which means that
bij =b; —b; (6)

is holomorphic. The b;; are clearly an O-cocycle and Thm. 6.1 provides us with a
solution a; € O (U;):

bij = aj —a; (7)
on Uj;. Let us now set h; = expa;. Then

h; Cj
2= exp(a; — a;) = expb;; = 2= Gij»
h; &)

as required.

2) The general case will now be reduced to the above special case. Let the O*-cocycle
g = (UZ-, gij)z’el be given with a C*-solution ¢ = (Ui, Ci)ie]' We choose a covering
Vi, a € A, of simply connected open sets which is finer than the covering by the U,
i.e. each V,, is contained in some U;, and there is a refinement map 7: A — I such
that always Vi, C Ur(o). We now set

g(/xﬁ = Gr(a)T(B)3 C/a = Cr(a)>

restricted to V,3 and V, resp. Then (Va, 9;5) is again an O*-cocycle with a C*-

solution (Va, c;), and by the first part of the proof we obtain an O*-solution
hl, € O*(Vy,) with

h/
G = 5/ (8)

We now define h; € O*(U;) by
h; = h/agr(a)i on U; NV,. (9)

On U; N V,p we have in view of (4):

1
hlagT(Ol)ih/ﬁ Jir(B) = glﬁagT(a)T(B) = g%ag(/)zﬂ =1,
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so (9) defines h; on U; uniquely. The definition yields on U;; NV,

_ -1

hjhi ' = h:xg‘r(a)jh/a Jir(a) = 9r(a)jYir(a) = YGijs
so (9) solves our problem. O
As in the previous section we point out that, among the various properties of D, we

only need the solubility of the Cauchy-Riemann equations for smooth data. We state
this explicitly as

Theorem 7.3. If G C C" is a domain where the Cauchy-Riemann system is soluble,
then an O*-cocycle on G has an O*-solution if and only if it has a C*-solution.

To express this more briefly we introduce

Definition 7.4. A domain G C C™ has the Oka property if each C*-cocycle has a
C*-solution.

It now follows easily

Theorem 7.4. Let G be a domain with the Oka property where the Cauchy-Riemann

system is soluble. Then all divisors on G are principal.

Proof: Let A = (UZ-, fl) be a divisor. By the Oka property there are continuous
functions without zeros ¢; on U; such that

L., _¢4
fi B Ci.

The previous theorem gives us holomorphic functions h; € O*(U;) with

h
gij = hiz
Then
f= Z—z on U;
is a well-defined meromorphic function on G with divisor A. O

In order to apply this to the polydisk we need

Theorem 7.5. Polydisks have the Oka property.

We do not give the — purely topological — proof, but refer the reader to [Ra]. The
main consequence now is

Theorem 7.6. All divisors on a polydisk are principal. ]
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8. Meromorphic functions revisited

We go back to the quotient representation of meromorphic functions. We have to
use certain algebraic properties of the ring of convergent power series which can be
deduced from the Weierstrass preparation theorem which has been proved in Chap-
ter IV; the details of the deduction, however, will not be given in our book. So this
is one instance where we rely on a bit more than just the previous arguments.

Let f be holomorphic in a domain G. If zy € G, then, as a consequence of Cauchy’s
integral formula, f can be developed into a convergent power series in z — zg; let us
call this series f,,. We now need

Theorem 8.1. The ring H of convergent power series of n variables is factorial.

Moreover, again as a consequence of the Weierstrass preparation theorem, we have

Proposition 8.2. If f and g are holomorphic and their power series f,, and g,, are
coprime, then for all points z in a sufficiently small neighbourhood of zo the series f,
and g, are also coprime.

For the proofs we refer to [Ho|.

The upshot of the previous statements is: A meromorphic function f can always lo-
cally be represented by quotients g/h of holomorphic functions with g, and hy, coprime
for all z in a sufficiently small open set.

We apply this information to divisors. Let us first note that a divisor A given as
A= (U’L? fi)iEI

can equally well be given as
A= (V;, gj)jej’

where the Vj are a refinement of the covering U; and

9 = fo()|Vjs

with o: J — I a refinement map, i.e. V; C Uy(;y. Different refinement maps yield
different g; but the same divisor. So two divisors A and I' can always be given by a
Cousin-II-distribution defined over the same open covering: just pass to a common
refinement of the original coverings! Now, if

A= (Ui7 fi)ie]’
I = (U, gi)iel
are given, we define their product as

AT = (Us, fi9i);cp-
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It is easy to check that this is again a divisor, and that the divisors on G form an
abelian group under this multiplication; for instance

AT = (Ui, 1/£i) 1ep
Let now

A= (Ui, fi)
be a divisor. We can choose the U; so small that we have a representation

fi =gi/hi,  9i, hi € O(U;)

with ¢;, and h;, coprime for each z € Uj.

i€l

This implies that
Ay = (Ui7 Qi)ieI
and

A= (U hi)z‘el
are again — necessarily positive — divisors. We show it for A :

On U;; there are holomorphic non-vanishing functions a;; € O*(U;;) with
fj = aijfi on UZ]
So

h;
95 = Qij 7~ Yi-
1
Since g, and h;, are coprime, the right-hand side can only be holomorphic if h;/h;
is holomorphic — without zeros, because we can apply the same argument to h;/h;.
This shows

hs
aij7+ € O*(U)
h;
and verifies our claim for A. Hence

Proposition 8.3. Every divisor is the quotient of positive divisors. O

Now let f # 0 be a meromorphic function on a polydisk D. Its divisor decomposes
divf=AL/A_

into the quotient of two positive divisors. Since these are principal — by what we know
by now — we find holomorphic functions g and i on D with

divg=A,, divh=A_.
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This implies
div f = div(g/h),
and so f and g/h differ by a function a € O*(D).

—q.d
f=a =

Hence

Theorem 8.4. Meromorphic functions on a polydisk are quotients of globally defined
holomorphic functions; the field M (D) is the quotient field of the ring O (D). O

Exercises

1. Use the Mittag-Leffler and Weierstrass theorems from Chapter III to explicitly solve the Cousin
and Poincaré problems in the plane. (This has been mentioned in the main text without expla-
nation of the details.)



Chapter VII.

Holomorphic maps: Geometric aspects

We study holomorphic, in particular biholomorphic, maps between domains in C and, in one case,
in C™, n > 1. These maps are for n = 1 conformal (angle and orientation preserving); so we shall
use the terms biholomorphic and conformal interchangeably in this case. For n > 1 we consistently
use biholomorphic. Automorphisms of domains, i.e. biholomorphic self-maps, are determined for
disks resp. half-planes, the entire plane, and the sphere: they form groups consisting of M&bius
transformations (VIL.1). The proof of this fact relies on an important growth property of bounded
holomorphic functions: the Schwarz lemma 1.3. Because the automorphism group of the unit disk
(or upper half plane) acts transitively, it gives rise — according to F. Klein’s Erlangen programme — to
a geometry, which turns out to be the hyperbolic (non-euclidean) geometry (VII.2 and 3). The unit
disk is conformally equivalent to almost all simply connected plane domains: Riemann’s mapping
theorem, proved in VII.4. For n > 1 even the immediate generalisations of the disk — the polydisk
and the unit ball — are not biholomorphically equivalent (VII.4). Riemann’s mapping theorem can
be generalised to the general uniformization theorem (VII.4): a special but exceedingly useful case
of this is the modular map X which we introduce in VIL.7. Its construction uses tools that are also
expedient for other purposes: harmonic functions (with a solution of the Dirichlet problem for disks)
and Schwarz’s reflection principle (VIL.5 and 6). The existence of A finally yields two important
classical results: Montel’s and Picard’s ”big theorems”.

Schwarz’s lemma was established by H. A. Schwarz in 1869, its invariant form by G. Pick in 1915.
C. Carathéodory [Ca] recognised its importance for the theory of bounded holomorphic functions
where it is basic for most estimates. It also plays an important role in higher dimensions — see [La, Si].
For notes on the history of non-euclidean geometry we refer to the corresponding VII.3. — Riemann
proved his mapping theorem in 1851 by potential theoretic methods which at that time had not yet
been fully justified. Our proof — like most modern presentations — uses Montel’s theorem. — The
non-equivalence of the ball and the polydisk was discovered by H. Poincaré in 1907; our proof follows
Range [Ra] who ascribes it to R. Remmert and K. Stein [RSt]. — The theory of harmonic functions is
centuries old — we do not attempt to go into its history. The reflection principle — crucial for many
questions on conformal mappings — was worked out and abundantly used by Schwarz from 1869 on.
— The modular map is a special instance of an automorphic function. These functions are intimately
tied up with elliptic functions and form an important part of 19" and 20t century mathematics:
F. Klein, H. Poincaré ... : its history requires a book of its own. For a broader exposition we refer
to [FL2] and [HuC|. The uniformization theorem 4.2 was established by Poincaré and P. Koebe at
the beginning of the 20" century. It is most satisfactorily dealt with in the framework of Riemann
surfaces — see e.g. [FL2, Fo2].

1. Holomorphic automorphisms

Biholomorphic mappings of a domain G C C onto itself are called (holomorphic)
automorphisms of G. A trivial example of such an automorphism is the identity
mapping id: G — G; for some domains, this is the only automorphism. If f and g

W. Fischer, . Lieb, 4 Course in Complex Analysis, DOI 10.1007/978-3-8348-8661-3 7,
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are automorphisms of G, then so are f o g and f~!: The composition of mappings
yields a group structure.

Definition 1.1. Let G be a domain in C. The group of biholomorphic mappings from
G onto itself is called the automorphism group of G and is denoted Aut G.
We already determined the automorphism groups of C and C in Prop. 111.4.2:

AutC is the group of all Mébius transformations, and Aut C is the group of entire
linear transformations.

The following proposition is useful in determining further automorphism groups:

Proposition 1.1. Let F': G; — G2 be a biholomorphic mapping of domains in C. If
f € Aut Gy, then F.(f) = FfF~! € Aut Ga, and the mapping F.: Aut G; — Aut Gy
s a group isomorphism.

We leave the easy verification to the reader.

To take an example, consider the biholomorphic mapping

11—z
i+ z

S H—-D, zw— (1)
It follows that AutH and AutD are isomorphic! We will determine these groups,
beginning with the upper half-plane. It will be seen that they consist of Mdbius
transformations — cf. II1.4 for their elementary properties.

The translations z — z+b, where b is real, and the homotheties z — Az, where A > 0,
are Mobius transformations that belong to AutH. Every z € H can be moved to the
imaginary axis by such a translation and then moved to the point ¢ with a homothety.
The group Aut HN M thus acts transitively on H, i.e. for every z1, zo € H, there is a
T € Aut HN M such that Tz, = 2.

We will show that all automorphisms of H that fix ¢ are Mobius transformations:
Fi={f € AutH: f(i) =i} c M. (%)

Tt then easily follows that Aut H C M: Let h € Aut H, with h(i) = 29. Then there
exists a T' € Aut HN M such that Tzy = . Therefore, i is a fixed point of T o h, and
by (x), we have T o h € M, so that h € M as well.

Let us determine the Mébius transformations 7" with T'(H) = H. This is equivalent to
T(RU{o0}) = RU{oo} (in which case T(H) = H or T'(H) = —H) and T'(¢) € H. For

az+
Tz = 2
: vz 43’ (2)
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T(RU{oo}) =R U {oo} is the same as saying that the coefficients «, /3, 7, and § can
be chosen to be real — note that they are only determined up to a common factor by
T'! This is because we can write T as a cross-ratio:

zZ— 2z Z9 — 21

Tz =CR(z,21,22,23) = (3)

Z—23 29— 23

where z1, 2o, and z3 are the preimages of 0, 1, and co under 7. If R U {oco} is
T-invariant, then z1, 22, z3 € RU {oo}, and (3) yields the formula (2) with real coeffi-
cients. The converse is trivial.

If the coefficients in (2) are real, then one computes

ad — By

ImT() = 5=
mT() = 25

so that the statement T € H is equivalent to the determinant «d — 3y being positive.
We thus have:
Proposition 1.2. The group AutH is the group of Mdobius transformations

_az+f
vz 46

such that o, 8,7,0 € R and ad — By > 0.

Thus, Aut H is isomorphic to the group SL(2,R)/{£I}, cf. Prop. 111.4.3.

To completely prove this proposition, it remains to establish the claim (). This is
made easier by transferring the problem to D via the isomorphism

S.: AutH — AutD, T +— STS™!,

where S is given by (1). Since S(i) = 0, the stabilizer F; of ¢ in AutH is sent to the
stabilizer Fy of 0 in AutD, and since S is in M, it suffices to show that

Fo={g € AutD: g(0) =0} C M. (+')

The proof of (x') depends on a growth property of bounded holomorphic functions
that is also important in many other contexts:

Theorem 1.3 (The Schwarz lemma). Let f: D — I be a holomorphic function with
f(0) =0. Then |f(2)] < |z| for all z € D and |f'(0)] < 1. If | f(20)| = |20] at some
point 29 € D\ {0} or if |[f'(0)] = 1, then f is a rotation, i.e. f(z) = ez, where
reR.

Proof: The function g: D — C given by

o) = oz 20, 40 = 50)
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is holomorphic on D, since f(0) = 0. For |z| < r < 1, the maximum modulus principle
implies that

9(2)] < max lg(Q)] <
[Cl=r r

where we have used that |f(¢)] < 1. Letting » — 1, we obtain |g(z)| < 1 for z € D,

which is the first claim of the proposition. It follows from |f(zo)| = |z0] or | f'(20)| =1

that |g| attains a maximum at zg or 0, respectively. But then ¢ is a constant of

absolute value 1. O

Using the Schwarz lemma, we can easily determine the group Fy. Let g € AutDD be
such that g(0) = 0. Then |¢’(0)] < 1 by Thm. 1.3. The point 0 is also a fixed point
of the inverse map ¢g~*, so that [(¢g~1)(0)| < 1 as well. Using ¢’(0) - (¢g71)"(0) = 1, it
follows that |¢'(0)| = 1, and by Thm. 1.3, g(z) = ez, where A € R. Conversely, all
of these rotations of course belong to Fy. We have thus shown:

The group Fy is the group of rotations about the origin; in particular, Fo C M.

Prop. 1.2 is thus completely proved. Moreover, S € M implies that AutD = S, (Aut H)
consists of Mobius transformations as well.

In order to explicitly determine the elements of AutDD, one can compute ST'S~! for
T € Aut H — we leave this to the reader. One obtains

Proposition 1.4. The group AutD is the group of Mobius transformations that can
be written in the form

o= EF0 (4)
bz+a

where a,b € C and aa — bb > 0.

Let us interpret (4) in a geometric way. Since aa—bb > 0, we have a # 0 and |b/a| < 1.
We write

az+b

2+ (b/a)
(b/a)z+1’
and if we define A € R by a = |a] ¢'*/? and set —b/a = 2y € D, then

Tz =

@
bz+a a

)
Ty — 2N 5
==c 1—2pz ( )

with A € R and zp € D. Formula (5) decomposes T into an automorphism that sends
zp to 0 and a rotation about the origin.

To conclude, we note that every biholomorphic mapping between domains G and G
in C whose boundaries are Mobius circles is a Mobius transformation. In particular,
Aut G C M for every such G. In fact, by Prop. II1.4.6, there exist transformations
T; € M such that T;(H) = G;, where j = 1,2. If f: G1 — G5 is biholomorphic, then
T, fTy € AutH € M and hence f € M.
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Exercises
1. a) Show that, given zp € D and 21, 22 € 0D, there is exactly one T € Aut D such that Tz9 = 29
and Tz1 = 29.
b) Given zg € D, describe the group {T' € AutD: T'zp = 20}; given zo,wo € D, describe the set
{T c AutD: Tzg = ’wo}.
2. Use the Schwarz lemma to derive statements of a similar type for holomorphic functions
f: Dr(a) — C such that |f| < M or f: Dr(a) = Dy(b) such that f(a) =b.
3. Let z1,...,2r be distinct points in C and G = C \{z1,...,2r}.
a) Show that every automorphism of G can be extended to a T' € M that permutes the points
21y ey 2
b) Determine Aut G for r = 1,2, 3.
¢) Investigate the case r = 4 (Aut G depends on CR(z1, 22, 23, 24)!).
4. Determine Aut G for G =D\ {0}, G =D\ {0,1/2}, and G =D\ {0,1/2,i/3}.

2. The hyperbolic metric

Path lengths in C are invariant under euclidean movements: L(S o) = L(vy) for
S: z+ az + b with |a] = 1. We now derive another way to measure path lengths
in D and H that is invariant under AutD and AutH, respectively. This hyperbolic
metric is, on the one hand, essential to the theory of Riemann surfaces; it also serves
to construct a non-euclidean geometry. We will treat the latter topic in the next
section.

In the previous section, we saw that AutD acts transitively on D: for any zg,wo € D,
there exists a T' € Aut D such that T'zy = wg. In particular,

zZ— 20

T.): 2+ (1)

1-— 207
sends zg € D to the origin.

On the other hand, given two pairs of distinct points (zg, 21) and (wg, w1) in D, there
does not always exist a T" € AutD such that Tzy = wg and Tz, = wy: If, say,
zo = wo = 0 and T'zg = wop, then T is a rotation about 0, and T'z; = w; is possible
if and only if |z1| = |wy|. An arbitrary pair of points (29, 21) can be sent to (wg,w1)
by an automorphism of D if and only if (T%,z0,Ts,21) = (0,T%,21) can be sent to
(Twowo, Tupyw1) = (0, Tyyywn), i.e. if and only if [T, 21| = [T, wi]-

Proposition 2.1. Let (29,21) and (wo,w1) be pairs of distinct points in D. Then
there exists a T € AutD such that Tz; = w; (j =0,1), if and only if

<1 — 20

‘wl—wo

1-— 2071 1-— Wow1

If such a T exists, then it is unique.
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In particular, for 7' € AutD and z, zg € D, one always has

Tz—Tz | | 2—20
].—ﬂo-TZ 1—29z '
Dividing by z — zp, then letting z — 2y, one obtains the relation
|T"(20)] _ 1 2)
1—|Tz2 1—z/%

which we will need below.

In order to define the hyperbolic length of a path in D, we begin with a general
consideration concerning the concept of length. The euclidean length of a path of
integration v: [a, b} — G in a domain G C C is the integral over the length of its

tangent vectors: L(vy f |[v/(t)] dt. One can now modify this concept by weighting
the tangent Vectors i.e. by choosing a continuous, positive function A on G and

setting
/ M) (1) dt. (3)

An immediate consequence of this definition is:

i. Lx(y) = e(v) - L(y) > 0, provided ~ is not constant; here

e(y) = min{A(z): z € Trv}.

ii. La(=7) = La(7)-
iti. Lyx(v1 +72) = La(71) + La(72), provided 1 + 72 is defined.
Under which condition is the “A-length” invariant under Aut G, i.e.
. Ly(Tovy) = Lx(y) for all T € Aut G and all 77
With
b b

La(Ton) = [ MTAE) - [T o) (Ol dt = [ ATvO) 17 GO - 1 (0 d,

a a

we obtain a sufficient (and necessary) condition for the validity of iv, namely

ATz) - |T'(2)] = A(2) (4)
forall z € Gand T € AutG.
Let us apply this to G = ID. Substituting T, from (1) into (4), we obtain for z = z

A(O) ’ |Téo (Zo)| = )\(Zo)
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Computing |77 (20)| and writing z for zg, a necessary condition for the Aut D-invari-
ance of Ly is seen to be

1

Ne) = 7= 0).

We normalize this by putting A(0) = 1, so that

1
IRE

A(2)

Equation (4) then reads
T"(2)| 1

1—|Tz2  1—|22’

and by (2), this is satisfied for all T € AutD, so that Ly is indeed Aut D-invariant.

Definition 2.1. Let v: [a,b] — D be a path of integration. The hyperbolic length of
v is given by

b
b= [ L 0

a

By construction, it has the properties i to iv; in i we have Ly () = L(7).

As an example, let us compute the hyperbolic length of the segment [0, s], where
0<s<1:

S

tho,sJ):/ﬂ = Liog 118, (7)

1—22 2 1-s
0

As s — 1, Ly([0, s]) grows to oo!
A definition of length of the type (3) or (6) leads to a new definition of distance:

Definition 2.2. The hyperbolic distance (h-distance) between zg,zy € D is

8(20,21) = Inf{Lp(7): v is a path of integration in D from zy to z1 }.

By conditions ¢ to v, § indeed satisfies the axioms of a metric on D and is invariant
under automorphisms of D.

This raises the question whether, for given points zg, 21 € D (where zg # z1), there ex-
ists a path of minimal h-length connecting them, i.e. that turns the infimum in Def. 2.2
into a minimum. Using a T' € Aut D, we first send 2y to 0 and z; to the point

zZ0 — 21

€1]0,1].

1—Z12
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Let v =71 +i72: [a,b] — D be an arbitrary path of integration from 0 to s. Then

b

b s
Ln(y) = / Oldi / (tde / W L(0,s)). (8)
0

1—y(t) 1—|m(@®))?
a a
so that the segment [0, s] is the hyperbolically shortest path joining 0 and s. The
preimage of [0, s] under 7T is then the shortest path joining 2o and z;. Since T~ is
angle-preserving, the preimage of the diameter of D passing through s is a circular
arc (or a diameter) that intersects the boundary circle S = 0D perpendicularly. We
call such arcs, as well as diameters of D, orthocircles. We have:

Proposition 2.2. Two distinct points z9,z1 € D lie on a unique orthocircle. The
hyperbolically shortest path joining zy to z1 is the corresponding arc of this orthocircle.

To use a term from differential geometry, orthocircles are the geodesics of the hyper-
bolic metric on D.

The relationships (7) and (8) yield a formula for the hyperbolic distance:

1 1+d(2072:1)
(S = —1 _—
(20721) 2 Og 1 7d(2’0721)7

where d(zp,21) = S

: (9)

1-— Z1%20
Using the hyperbolic tangent

e — 1
tanhy = ——
anh x ey

this formula can be rewritten as

20 — 21

tanh §(z0,21) = = d(z0,21). (10)

1-— Z1%20

<3

20

Figure 17. Orthocircles; §(0, s) = §(z1, 22)
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Using (9) or (10), we can reformulate Prop. 2.1: Two pairs of distinct points (zo, z1)
and (wo,w;) in D can be mapped to one another by an automorphism of D if and
only if §(zo, z1) = 0(wp, wy).

The h-distance between two points is not smaller than their euclidean distance:
0(20,21) = |21 — 20]- It can, however, be much larger: Keeping 2, fixed and letting
z1 approach the boundary S, we see that d(zo, z1) — 00, since §(0,|z1]) = 6(0,21) <
0(0, 20) + 0(20, #1) and 6(0, |z1|) = oo as |z | — 1.

Happily, we nevertheless have the following:
Proposition 2.3. The hyperbolic metric induces the same topology on D as the eu-

clidean metric.

Proof: It suffices to show that both metrics lead to the same notion of convergence.
Since d(z,w) > |z — w| and the function § is continuous in both variables, this is
clear. 0

We now transfer these concepts to the upper half-plane H via a biholomorphic map-

ping S: H — D.

Given a path of integration 7: [a,b] — H, we define its hyperbolic length to be
Lu(y) = Ln(S o).

This is independent of the choice of S: If S:H — D is also biholomorphic, then
SS~1 € AutD, so that

L(57) = La((§571)87) = La(57).

We obtain Aut H-invariance in similar fashion: For 7" € Aut H,
Ly(Tv) = Lp((STS™)S7) = Ln(S7) = Lu(v),

since ST'S™! € AutD.

In order to get an explicit expression for Ly, we use the special mapping

SZZI—>Z,_Z, H — D.
1+ 2z

A short calculation shows that |S"(2)[(1 — [S(2)|?)~! = (2Im 2) 7!, so that
b !/ b !

 FUSe@lde [ Y )de

1—[Soy(t)? 2Im~(t)

Lu(y)

For the corresponding h-distance on H, namely

ou(z0,21) = inf{LH(w): ~ is a path of integration in H from zq to 21},
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we have g (29, 21) = d(Sz20,5%1) and the explicit formula

]. ].+d*(20,21)
5 = Z]og —— O
m (20, 21) 5987 " d (z0,21)°

20 — 21

where d*(zp,21) = d(Sz0,5%1) =

)

Z0 — %1
or, as before,
tanh oy (20, 21) = d* (20, 21).

Geodesics with respect to the metric Ly are the preimages, under S, of orthocircles
in D, i.e. semicircles (whose centres lie on R) or vertical rays {z: Rez = ¢, Imz > 0}
in H. We also call these lines orthocircles in H.

Ezamples:

1. For A > 1, we have
du(i, i) = | — = =log A\
Using Aut H-invariance, this yields
) . 1
(SH(.’El + )\12,1’1 + )\27,) = 5 |10g()\1/)\2)| .

1. Suppose the points z1, zo lie on the orthocircle with centre a and radius r, e.g.
z21—a=re¥ and 2o —a = e, where 0 < @ <Y < m. Then

P
[ dt 1 tan(y/2)
Om(21,22) = / 2¢int 2 log tan(p/2)"

)

To conclude, we formulate a generalization of the Schwarz lemma with the help of the
hyperbolic metric:

Proposition 2.4 (The Schwarz-Pick lemma). A holomorphic function f: D — D
is a contraction for the hyperbolic distance, i.e. for all z1, 20 € D, we have
0(f(21), f(22)) < (21,22). If equality holds for a pair of distinct points, then f is
an automorphism of D.

Proof: If z; € Dis arbitrary and w; = f(z1), then T, OfOTz_l1 satisfies the conditions
of the Schwarz lemma (here T,, and T, are defined by (1)). We thus have either
[T, © foTH(Q)] < [¢] for ¢ € D\ {0} or Ty, o foT.1(¢) = €e(, where A € R. In
the latter case, f € AutD, and in the former case, substituting ¢ = T, (z) yields

f(z) — f(=1)

1= f(z1)f(2)

for z # z1. The claim now follows from the fact that tanh is strictly increasing. [

zZ— 2z

tanh 6(f(z2), f(z1)) = = tanh (z, z1) (11)

1 —Z12
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By passing to the limit as z — z; in the inequality (11), we obtain an “infinitesimal”
version of the proposition that generalizes equation (2):

Corollary 2.5. Holomorphic functions f: D — D satisfy

() |
- fF ST-[F

Exercises

1. Prove the formula 6(z1, 22) = %|CR(z17 20, 22, 23)|. Here 21 # 22, and zp and z3 are the points
of intersection of the orthocircle that passes through z; and z2 with the boundary 9D.

2. Transfer Prop. 2.4 and its corollary to holomorphic functions g: H — H.
3. Show that

20 — 21

d(20,21) =

1—Z=120
defines a metric on D.

4. Let «: [a,b] — D be continuously differentiable, and for every partition
Z:ia=ty<ti1 <...<tp=>bof [a,b], let

Sz(v) =Y d(v(tu-1),7(t))-

v=1
Show that Ly, (v) =sup Sz (7).
zZ

2
5. Show that for w, z € H, we have cosh 20y (w, z) =1+ 2<I|wfz|

mw)(Imz)°

3. Hyperbolic geometry

The concepts of point, line, segment, distance, and so on are fundamental in plane
euclidean geometry. We now give these words a new meaning and thereby define a
new geometry: hyperbolic geometry. It will be seen that many statements that are
valid in euclidean geometry are valid in hyperbolic geometry as well — and also that
there exist important differences between these two geometries.

The construction of new “non-euclidean” geometries was essential in clarifying the (ax-
iomatic) foundations of geometry; we will address this point at the end of the section.

The basic idea in our construction of hyperbolic geometry is to regard only points in
the interior of the unit disk D as points of our geometry and to use the hyperbolic
metric on D to measure distances. The results of the previous section suggest the
following terminology:

The hyperbolic plane (h-plane) is D. Straight lines in the h-plane (h-lines for short)
are the orthocircles in D (including diameters of D). The h-segment [z1, 23], from
z1 to zo (where z1 # 29) is the arc between z; and 2z on the orthocircle that passes
through z; and z5. The h-length of this segment is the hyperbolic distance 6(z1, 22).
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Figure 18. h-parallels through zo to g

These h-concepts are invariant under Aut D; for example, given an arbitrary 7' € Aut D,
the image of the h-segment [z1, 20|, under T is the h-segment [Tz1,7T 225, and the
h-length remains the same. We may thus regard AutD as a group of orientation-
preserving isometries of the h-plane; later, we will show that AutD is in fact the full
group of such isometries (see Prop. 3.6).

Many elementary geometric concepts can also be formulated in terms of h-geometry,
e.g. rays, angles (two rays emanating from the same point), and triangles. We leave
it to the reader to give precise formulations.

Since biholomorphic mappings are angle-preserving, euclidean angle measure is invari-
ant under Aut ID; this legitimizes measuring angles in the h-plane in the usual way.

By regarding orthocircles in D, the following claims are seen to be valid in both
h-geometry and euclidean geometry:

— Two distinct points determine a unique h-line.
— Two distinct h-lines intersect in at most one point.

— For every h-line g; and every point zy € g1, there exists a unique perpendicular to
g1 that passes through zj, i.e. there exists a unique h-line g» that intersects g; at a
right angle at the point zp. (Using an h-isometry, g; can be made to be a diameter
of D, whence the claim is evident.)

— For every h-line g; and every point zg € g1, there is a unique perpendicular to g;
that passes through zg, i.e. there is a unique h-line go through zy that intersects
g1 at a right angle.

The most important difference is this: In the euclidean plane, we have the parallel
axiom, namely “for every straight line g and every point P ¢ g, there exists exactly
one straight line that passes through P and does not intersect ¢g”. In h-geometry, for
every h-line g and every point zg ¢ g, there exist infinitely many h-lines that pass
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through 2y and do not intersect g. This is clear if one chooses zy to be the origin —
h-lines that pass through 0 are diameters of D.

If one founds euclidean geometry on an axiom system that includes the parallel axiom,
then one can show the following: In h-geometry, all theorems of euclidean geometry
are valid whose proofs do not require the parallel axiom.

The points of the boundary S of D do not belong to the hyperbolic plane. But because
0(20,2) — 00 as |z| — 1, we may regard them as “points at infinity”. There are thus
two points at infinity associated to every h-line (whereas there is only one point at
infinity associated to every line in the projective closure of the euclidean plane).

We would like to measure not only length but also area in the h-plane. Differential
geometry tells us that if we have a definition of length in a domain G C C, namely

f /\( ) (t)| dt (for a path 7: [a,b] — G), then the corresponding area
measure is given by F)\(A) = [, A*(z) dz dy. Thus:

Definition 3.1. The h-area of A C D is given by
/ dx dy
(1 —1[z?)
A

provided the integral exists.

Area is invariant: Fj,(T'A) = Fj,(A) for any T € AutD.

Since biholomorphic mappings from D to H are isometries with respect to the hy-
perbolic metric, we can transfer the h-geometry of D to H. We then speak of the
half-plane model and also call D the disk model of h-geometry. Some considerations
and computations are more easily carried out in the half-plane model. — More explic-
itly: h-lines in H are the orthocircles in H, i.e. semicircles whose centres lie on R, as
well as vertical euclidean rays {z: Rez = ¢} NH. The points at infinity are now the
points on R U {oc}. The area of B C H is given by

dx dy
Fy(B) = .
/

(2y)?

It is invariant under Aut H and satisfies Fir(B) = F,,(SB) for biholomorphic mappings
S:H — D.

We now investigate circles and triangles in the disk model. The h-circle of h-radius
r centred at zp € D is naturally defined to be K,.(z9) = {z € D: §(z,29) = r}. In
case zg = 0, this is a euclidean circle of radius p = tanhr centred at 0, in view of
0(z,0) = 6(]2],0). As automorphisms of D) send circles to circles, K,(zg) is always a
euclidean circle in D whose euclidean centre, however, is different from zq for zy # 0.
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In order to find the h-length of K, (z), we may assume that zop = 0 and parametrize
K. (0) as y(t) = pe'. Formula (4) below yields

pdt 27mp tanh r )
Lh(KT(O)) = / 1— p2 = 1— p2 = 27Tm = 7TSlnh(27‘).

To find the area of the disk D!(zy) = {z € D: §(z,20) < 7}, we again assume that
zop = 0 and obtain

P
dx dy tdt mp? .
h 2
Fy, (D} (20)) = / [(SERE :27r/ =) = - = 7 sinh” .
[z|<p 0

Since sinhx > x for « > 0, h-circumferences and h-areas of disks are always larger
than their corresponding euclidean values.

An h-triangle is determined by its vertices z,, zp, and z., which of course must not
all lie on the same h-line. Its edges are the h-segments [zp, z.|n, etc., and we denote
their h-lengths by a = §(z, 2¢), etc. and the interior angles by « (for z,), etc.

Figure 19. h-triangles

One can transform a given h-triangle with an automorphism 7' € Aut D in such a way
that one of its vertices is the origin; the edges that meet there lie on radii of D. Put
in this position, it is evident that the sum a + 3 + ~ of the angles of an h-triangle is
less than 7 — contrary to euclidean geometry!

The sum of the h-lengths of two sides of a triangle is greater than the h-length of
the third: ¢ satisfies the triangle inequality. Conversely, given three side lengths that
satisfy this requirement, one can, following Euclid, construct a triangle. Let

max(a,b) <c<a+b. (1)

Choose an h-segment [z,, 2], of length ¢ and draw the circles Kj(z,) and K,(zp).
By (1), these intersect at two points 2/, and z”, and together with z, and z, each of
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these points yields a triangle with the desired lengths (these two triangles are mirror
images of one another with respect to the h-line that passes through z, and z).

It is occasionally useful to consider “improper” triangles as well, namely triangles at
least one of whose vertices is at infinity, i.e. belongs to S (or to RU {oo}, in the half-
plane model). The interior angle corresponding to a vertex at infinity is 0, and the
edges that meet at such a vertex have infinite length. Nevertheless, the area remains
finite, as we will soon see.

G

-1 0 B+ 3 1
Figure 20. For the proof of Prop. 3.1

In order to compute the area of a triangle A with vertices z,, 2p, and z, it is practical
to work with the half-plane model. After applying a suitable automorphism, we can
assume that z, and 2 lie on the unit circle, that the h-line through z, and z. is a
vertical ray, and that Im z, > Im z, (see Fig. 20). We next compute the area of the
improper triangle A; with vertices z,4, 23, and oo and angles «, 8 + 3’, and 0. We
have

Alz{z:x+iy: cos(m —a) <z < cos(B+ ), y}x/l—gﬂ},

ded cos(B+8") 00 J
X
w1 (] 3)e

Aq cos(m—a) 1—x2
cos(B+p")
dt=m—a—(f+
- / (8 +8).
cos(m—a) B+B’

Similarly, the area of the improper triangle Ay with vertices z., 2, and oo and angles
m—, ', and 0 is seen to be 4Fy(Ag) =7 — (m — ) — #/. We thus have

4FH(A) = 4FH(A1) — 4FH(A2) =T — (a + B + ’)/)
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Proposition 3.1. The area of an h-triangle A with interior angles o, B, and 7y is

F(A) = i(ﬂ—(a—&-ﬁ—l-v)).

This again implies that the sum of angles av+ g+ is always less than 7, because area
is positive! Moreover, it can be seen that there do not exist h-triangles of arbitrarily
large area: 7/4 is an upper bound — it is assumed by improper triangles all of whose
vertices are at infinity.

In euclidean geometry, computations involving triangles are governed by trigonometric
functions. The fundamental laws are:

sina  sinf8 siny

The law of sines: 5 p b Y a

The law of cosines:  ¢? = a? 4+ b?> — 2abcos .

We will derive analogues to these laws for h-geometry, as well as a second law of cosines.
In doing so, the h-lengths of edges will appear as arguments of hyperbolic functions —
this is one reason for the name “hyperbolic geometry”. First, we give several formulas;
they are easily derived from the definitions of the hyperbolic functions:

cosh? z —sinh®z = 1 (2)
1 + tanh®
cosh(2x) = cosh? z + sinh? z = Ln;c (3)
1 —tanh”z
2 tanh
sinh(2z) = 2coshz - sinhx = Lﬁ. (4)
1 —tanh”z

We consider an h-triangle in I, using the usual notation.

Proposition 3.2 (The first law of cosines).
cosh(2¢) = cosh(2a) cosh(2b) — sinh(2a) sinh(2b) cos .
Proof: By applying a suitable transformation in AutD), we may assume that our
vertices satisfy
2.=0, 2,=5€]0,1], z=w=re”?, where 0 <r<1,0<vy <.
Then the edge lengths a = d(zyp, 2¢), b, and ¢ satisty

w—S

=:t.
1—sw

tanha =r, tanhb = s, tanhc—’
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We now use (3):

1+t |1 —swf*+ |w—s|?
-2 |1 —sw?—|w-—s?
142+ 5P 4 r?s? — 25(w 4 W)
B 1—172— 5241252

cosh(2¢) =

)

and since w + w = 2r cosy,

14+72 1+s2 2r 2s
COSh(QC):1—1"2.1—52_1—7"2.1—520087' (5)
By (3) and (4), (5) is exactly our claim. O

Proposition 3.3 (The law of sines).

sin sin 8 sin 7y

sinh(2a)  sinh(2b)  sinh(2¢)’

Proof: We write A = cosh2a, B = cosh2b, and C' = cosh2c¢ for short, so that
sinh 2a = (A? — 1)1/2, etc. Prop. 3.2 then gives

AB - C
VE B T

and likewise for the other angles. From this, we have

(6)

cosy =

D

S22
sin®y =1 — cos”~ (AZ-1)(B2=1) (7)

where D =1 — A2 — B2 — C? + 2ABC; thus,

sin? D

sinh?2¢ (A2 —1)(B2 —1)(C2 -1)

The latter term is symmetric in A, B, and C' and must therefore coincide with
sin? a/ sinh?(2a) and sin® 8/ sinh?(2b). The claim then follows by taking the square
root, since all values of sin and sinh in question are positive. ]

Proposition 3.4 (The second law of cosines).

cosh(2¢) sin asin f = cos acos 3 + cos 7.

Proof: By (7), the left hand side of this equation is

D1/2 D1/2 CD

C\/(B2 ~DC2-1) VA2 -D(C2-1) JAZ-D(BT-1)(C2 - 1)




3. Hyperbolic geometry 231

and by (6), the right hand side is

BC-A . AC - B N AB-C
V(BT -1(C? 1) V(A2 -1)(C*-1) (A -1)(B-1)
(BC — A)(AC — B) + (AB - C)(C?* - 1)

V(A2 =1)(B2-1)(C? —1)

The numerator of the last fraction is again C'D, which proves the proposition. O

Prop. 3.4 does not have an analogue in euclidean geometry, but it has a remarkable
consequence:

Corollary 3.5. The three angles of an h-triangle uniquely determine the lengths of
its edges.

Any two h-triangles with the same angles and the same orientations can thus be
mapped to one another via an isometry 7" € AutD; contrary to euclidean geometry,
in h-geometry there are no “similar triangles”. Moreover for given angles «, 3, and ~
such that a+ 8+~ < 7, there is always a triangle whose interior angles are precisely
these. This can be seen in the disk model by placing one vertex at the origin.

The holomorphic automorphisms of D keep h-distances invariant and are thus isome-
tries, in the following sense.

Definition 3.2. An isometry of the h-plane D is a bijection 7: D — D such that
d(rz, Tw) = §(z,w) for all z,w € D.

The definition of § immediately implies that x: z — Z, i.e. reflection in the h-line
go = RN D is also an isometry; it is clearly not holomorphic. If g is an arbitrary
h-line, then g = Tgy for some T € AutD, and o, = TkT ' is the h-reflection in g,
characterized by the properties o7 = id and {z € D: 04(z) = 2z} = g.

The isometries of D form a group IsoD under composition that contains AutD as a
subgroup.

Proposition 3.6. The group IsoDD is generated by AutD and h-reflections.

Remarks:

a) Since o, = TkT ™', IsoD is generated by AutD and . Clearly, KTk™" € AutD
for T' € Aut D; thus, AutD is a normal subgroup of index 2 in IsoD.

b) Every isometry 7 that does not belong to Aut D can therefore be written as 7 = T'k,
where T € Aut D, i.e. it can be written in the form

az+b

= ,  where aa — bb = 1.
bz+a
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Proof of Prop. 3.6: Let 7 € IsoD and 7 # id.

a) Suppose 7 has (at least) two fixed points zg, 21 € D. Then 7 is the reflection in the
h-line that passes through zo and z;: Since 7 is an isometry, g is fixed pointwise (say
z € [20,21]n — then d(z0,2) + d(z,21) = (20, 21), and hence 6(z9,72) + d(72,21) =
0(z0,21), 1.e. T2 € [20, 21]n; since §(zg, 72) = §(z0, 2), we have 7z = z). Every z € D\ ¢
is a point of intersection of the circles K,,(z9) and K,, (z1), where ro = d(z, z0) and
r1 = (2, z1). Therefore, 7z must coincide with z or the other point of intersection z*
of these circles. Since 7 is continuous (by virtue of being an isometry), either 7z = z*
for all z or 7z = z for all z. But we excluded the latter possibility.

b) Suppose T has exactly one fixed point zo. Taking T, as in VIL.2, formula (1), we
pass to TzOTTZ_Ol, i.e. we may assume that zo = 0. We then choose a point z; # 0.
Since 8(0,7z1) = 6(0, 21), there exists a rotation D,z = €'z such that D, (721) = z1.
Then D7 has the fixed points 0 and z; and, by part a), is therefore either a reflection
or the identity.

¢) Suppose 7 has no fixed points. Setting zo = 7(0), we see that T, 7 has at least the
fixed point 0, and we may apply part a) or b). O

The following statement is interesting with regard to the axiomatic development of
geometry:

Proposition 3.7. The group IsoD is generated by h-reflections.

Proof: By Prop. 3.6, it suffices to show that every T' € AutD is a product of reflec-
tions. We may write T' = DT and need only concern ourselves with the individual
factors.

a) We easily verify that D, = (D, /2kD_,/2)k: Dy, is the product of two reflections.

b) Consider T,, where zp # 0. Let g; and g» be the perpendiculars to the h-line
connecting 0 and zp at the point 0 and at the h-midpoint of [0, 29]n, respectively.
Then o4, 04, belongs to Aut D, leaves the h-line through 0 and 2 invariant, and maps
2o to 0. But these properties characterize T, so that 1., = 04, 04,. O

In our introduction of h-geometry, we imposed two normalizing conditions: We de-
veloped our geometry in the disk of radius R = 1, and we required of our metric
A(z) that A\(0) = 1 (see VIL.2, preceding (5)). The latter condition guarantees that
lim,_,00(2,0)/|z—0] = 1, i.e. in a very small neighbourhood of 0, the hyperbolic and
euclidean metrics almost coincide. We will keep this normalization but now regard
Dgr = Dr(0), where R is arbitrary, as the hyperbolic plane.

Our previous computations easily carry over to this new situation; let us give several
results:

— 2

— . 1t P2

, where |z9| < R,t € R} .
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The Aut Dp-invariant metric Ag on Dg such that Ag(0) = 1 is

RZ
A ==
R(Z) R2 — |Z|27
and the h-distance §7(w, 2) between w,z € Dy satisfies
tanh l(;R(w 2) | = RM
R ’ - |R? —Zw|’

The h-length of an h-circle K, of h-radius r in Dg is thus

LE(K,) = nRsinh %, (8)
and the h-area of the disk B, bounded by K., is

FE(B,) = nR?sinh® %. (9)

In the trigonometric formulas, the edge lengths a, b, and ¢ must be replaced by a/R,
b/R, and ¢/R, e.g. the first law of cosines in Dp is

cosh(2¢/R) = cosh(2a/R) cosh(2b/R) — sinh(2a/R) sinh(2b/R) cos . (10)

If one lets R — oo in these formulas, then by expanding the hyperbolic functions into
power series, we see that for r fixed,

lim L¥(K,) =2rr, lim F¥(B,)=mr?
R—o00 R—o0

and as R — oo, (10) turns into the euclidean law of cosines:

& =a® +b* — 2abcosn.

Intuitively speaking, for a sufficiently large R, h-geometry is arbitrarily close to eu-
clidean geometry on any fixed compact subset of Dg; plane euclidean geometry is the
limiting case of h-geometry of Dgr as R — oc.

A corresponding relation holds for the geometry on a sphere of radius R. Let us
briefly investigate this: Let Sg = {x € R3: |x| = R}. The shortest path between two
points A, B € Sg is an arc of the great circle that passes through A and B; its length
is the spherical distance §%(A, B) = R - <AOB, provided <AOB < 7 (here O is the
origin in R3). The length of the circle K, (M) = {A € Sg: 6%(A, M) = r} is seen to
be

LE(K,) = 27rRsin%, (11)
and the area of the (smaller) “cap” B,={A € Sg: §%(A, M)<r} bounded by K, is

FR(B,) = 21 R? (1 — cos %) = 47 R? sin? é. (12)
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Given a triangle ABC on Sk with interior angles «, §, and v and edge lengths
a=0R(B,C), b, and ¢, it is not difficult to derive the first law of cosines of spherical
trigonometry:

cos(¢/R) = cos(a/R) cos(b/R) + sin(a/R) sin(b/R) cos . (13)

If one lets R — oo in (11)-(13), then one again obtains the corresponding formulas
from euclidean geometry, i.e. the latter is the limiting case of spherical geometry
on Sg.

A remarkable connection arises upon substituting iR for R in the “spherical” formulas
(11)-(13) (use cosiz = coshz and siniz = isinh): (11)-(13) then turn into the for-
mulas (8)-(10) for hyperbolic geometry on Dsog! It is for this reason that, for instance,
Lambert (1766) suggested regarding h-geometry, for which he attained initial — still
tentative — results (see below), as geometry on a “sphere with imaginary radius”.

The concept of (Gaussian) curvature k£ on a surface equipped with a metric sheds
further light on the situation. For the euclidean plane, k = 0 (and every surface for
which x = 0 is locally isometric to a subset of the euclidean plane); the sphere Sg
has constant curvature x = 1/R?. If in a domain G C R? = C the metric is defined
via (3) from VIIL.2, then

_ b

k(z) = NBE Alog A(2).

For the h-metric Ag on Dy, one computes x = —4/R?: the h-plane has constant
negative curvature! And as R — oo, the curvatures of D and Sk tend to 0. The
euclidean plane is thus the common limiting case of surfaces of constant positive or
negative curvature.

Historical remark

Euclid’s Elements begins with definitions, postulates, and axioms. They are all straightforward (the
third postulate, for example, requires that one always be able to construct a circle given a centre
and a radius), with the exception of the fifth postulate:

The following is required: If a straight line h intersects two straight lines g1 and g2
lying in the same plane in such a way that the interior angles on one side of h together
are less than two right angles, then g1 and ga intersect on this side of h.

We will denote this (slightly reformulated) postulate as P.5. Euclid then develops geometry in a
strictly deductive manner; in Proposition 17, he proves the converse of the implication in P.5, and
it is in the proof of Proposition 29 (concerning the equality of alternate angles with respect to a
transversal of two parallel straight lines) that P.5 is first used. The converse of Proposition 29 is
proved earlier.

This complicated situation led later Hellenistic mathematicians to attempt to prove P.5 as a theorem
using Euclid’s first 28 propositions. These efforts were continued by Islamic mathematicians (ca.
900-1300), and when European mathematicians began to seriously study Euclid in the late sixteenth
century, the topic was revived.

These efforts led to many “proofs”, which, however, always used other unproved statements. Speaking
in modern terms, one realized that P.5 was, for example, equivalent to:
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— For every straight line g and every point P not lying on g, there exists exactly one parallel to g
that passes through P.

— The sum of the angles of a triangle is two right angles.
— There exist similar, non-congruent triangles.
— The points that are equidistant from a fixed straight line lie on two straight lines.

— Given three points that do not lie on the same straight line, it is always possible to draw a circle
that passes through them.

A more profound analysis was given by Saccheri and Lambert in the eighteenth century. Lambert
considers a quadrangle with three right angles. The assumption that the fourth angle is obtuse
soon leads to a contradiction; the assumption that the fourth angle is a right angle yields P.5.
Assuming that the fourth angle is acute, Lambert (in the hope of finding a contradiction) constructs
a substantial building of propositions, showing, for example, that the area of a triangle is proportional
to ™ — (a+ B + 7). No contradiction turned up.

The progress in the beginning of the nineteenth century was intimately connected with a change in
viewpoint. The protagonists Gauss (who did not publish anything on the matter), N. I. Lobachevsky
(beginning in 1826), and J. Bolyai (1832) did not search for a contradiction, but held a new geometry
as plausible. They constructed, assuming the negation of P.5, a “non-euclidean” (two- and three-
dimensional) geometry, complete with trigonometry, area and volume measure — a comprehensive,
“self-contained” theory. A universal positive constant k arises in the quantitative non-euclidean
geometry of Gauss; he gives the circumference of a circle to be 2wk sinh(r/k), for instance. In our
notation, k is thus none other than the radius of the disk Dr on which one considers h-geometry.

Geometry was then to a large extent still understood as a description of physical space. The question
of whether this space is “euclidean” or “non-euclidean” could not be answered empirically, since,
roughly speaking, measuring differences in sufficiently small regions between the two geometries
is beyond the precision of physical instruments. If, for example, one measures the radius r and
circumference L of a circle, then one cannot say with certainty whether L = 27r or L = wRsinh(2r/R)
for an r that is very small compared to R.

In the second half of the nineteenth century, the mathematical concept of space was broadened
substantially, particularly by Riemann; the problem of mathematically modelling physical space
reached a new level. Since various “non-euclidean” geometries have by now been discovered, we have
referred to the theory of Lobachevsky and Bolyai as “hyperbolic geometry”.

Even a well-developed theory based on plausible assumptions may in principle contain a contradic-
tion. Since 1871, however, when Klein, following Beltrami (1868) [Bel], gave a model of hyperbolic
geometry in the framework of projective geometry, it is clear that if hyperbolic geometry contains
a contradiction, then so must euclidean geometry. In 1882, Poincaré found a simple model of the
hyperbolic plane (which had also been discovered by Beltrami) while studying complex differential
equations — this is the model that we have treated here. It may readily be generalized to a model of
three-dimensional hyperbolic space.

Exercises
1. Investigate when two h-lines have a common perpendicular. Hint: Use the half-plane model.
2. a) Let z1 and z2 be distinct points. Show that their perpendicular bisector (i.e. the perpendicular
to [z1, z2]p through its midpoint) is defined by
{z:0(z,z1) = d(2,22)}.
b) Let A be an h-triangle. Show that the three perpendicular bisectors of the edges of A either
intersect at one point (which is then the centre of the h-circle that passes through the vertices

of A) or do not intersect at all. Show that the latter is the case if and only if the euclidean
circle that passes through the vertices of A is not contained in D (or H).
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3. Let g be an h-line and d > 0. Investigate the set of points whose distance from g is d.

4. Show that all improper triangles whose interior angles are all 0 are congruent, meaning that they
can be mapped to one another under isometries.

5. Consider an improper triangle with interior angles 7/2, «, and 0 and whose finite edge has
h-length ¢. Prove the (equivalent) formulas

1

sin

e 2! = tan g, cosh 2¢ =

Warning: The second law of cosines is not proved for improper triangles! Hint: Choose vertices
i, zp, and oo in H.

6. Prove that two h-triangles with the same interior angles can be mapped onto one another via an
isometry.

7. Show that an h-triangle is equilateral (meaning that a = b = ¢) if and only if all of its interior
angles are the same. Show that for every edge length a, there exists an equilateral triangle, and
that 2 cosha - sin(a/2) = 1 holds.

8. Show that every isometry of the h-plane is the product of at most three reflections.

4. The Riemann mapping theorem

The Schwarz-Pick lemma establishes a close connection between complex analysis and
(plane) hyperbolic geometry: the holomorphic automorphisms of the unit disk or of
the upper half-plane are precisely the orientation-preserving hyperbolic isometries.
This connection is given significantly more meaning by the following result:

Theorem 4.1 (The Riemann mapping theorem). Fvery simply connected subdomain

of the sphere C that has at least two boundary points is conformally equivalent to the
unit disk.

Before proving the theorem, let us make a few comments.

We call a subdomain of C simply connected if it is either C itself or biholomorphi-
cally equivalent to a simply connected subdomain of C. By the Riemann mapping
theorem, there are thus exactly three simply connected domains up to biholomorphic
equivalence:

— The sphere C

— The plane C

— The unit disk D.

These three domains are clearly not conformally equivalent to one another: C is not

even homeomorphic to C or . The unit disk D) is homeomorphic to C, as is shown
by the mapping

N
ey =
1—|[zf’
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but certainly not biholomorphically equivalent to C: a holomorphic map from C to
D is a bounded entire function and hence constant.

The unit disk, with its automorphisms and geometry, gains still further significance
via the following fact, known as the uniformization theorem:

Theorem 4.2. Let G be an arbitrary subdomain of@ that has at least three boundary
points. Then there exists an unbranched surjective holomorphic map f from D to G.

“Unbranched” means that f’ # 0 everywhere, i.e. f is locally biholomorphic. This
theorem is most readily proved in the context of the theory of Riemann surfaces —
see, for example, [FL2] — but there are also “direct” proofs that only rely on complex
analysis in the plane — cf. [RS]. In Sect. 7 we shall prove Thm. 4.2 for the special case
G=C \ {0,1,00}. The consequences of this particular theorem, expanded in Sect. 8,
indicate the power of the uniformization theorem.

Proof of Thm. 4.1: Step 1. We map G conformally onto a subdomain of the unit disk.

By assumption, G has at least two boundary points. Using a Md&bius transformation,
we send one of them to co, so that the image of GG, again denoted by G, is a simply
connected subdomain of C with at least one boundary point a € C. Using a transla-
tion, we send a to the origin. Now, if G is a simply connected domain that does not
contain the origin, then a holomorphic branch h of the square root exists on G:

h: G — G = h(G),
2w =h(z), h(z)? =z

The inverse of h on G’ is the function w ~ w?. Since this is necessarily injective on
G', we have: if w € G', then —w € G’. Let wg € G’, and let r be small enough that
the disk D, (wg) belongs to G’. The “mirrored disk”

_Dr(wo) = {w: —w e DT(wO)}

does not intersect G’, which means that G’ lies in the exterior of a certain disk. Using
a translation and a homothety, we map G’ onto a subdomain in the exterior of the
unit disk. The reflection z +— 1/z exchanges the interior and exterior of the unit
disk, so that we can now biholomorphically map G onto a subset of D. By possibly
applying an automorphism of I, we may assume that 0 belongs to our domain.

Step 2. It remains to show that every simply connected subdomain G C D with 0 € G
can be biholomorphically mapped onto D.

Let F denote the following family of holomorphic mappings f: G — D:
F={f: G—D,f is injective, f(0) = 0, f'(0) > 0}.

The identity certainly belongs to F, so F is nonempty. Now let
o = sup{f'(0): f € F}.
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We have 1 <a << oo, and by definition there exists a sequence of functions f, € F such
that f/(0)—«. Since the sequence f, is uniformly bounded, it contains a locally uni-
formly convergent subsequence by Montel’s theorem (Thm. I1.5.3), which we also de-
note by f,,. By the theorem of Weierstrass (Thm. I1.5.2), the limit function f satisfies

lim £,(0) = £(0) =0
lim_f,(0) = /'(0) = a,

which implies that o < oo. Since f/(0) # 0, the function f is nonconstant and
therefore injective by Prop. IV.6.5.

Step 3. Let us now show that the above mapping f: G — D is also surjective and
therefore solves the problem.

We have |f(z)| < 1 for all z; therefore, since f is nonconstant, |f(z)| < 1 by the
maximum modulus principle. Now Gy = f(G) is a simply connected subdomain of D
that contains 0. In case this domain is not all of D, then by the following converse
(Prop. 4.3) of the Schwarz lemma (Thm. 1.3), choose an injective holomorphic map-
ping h: Gy — D such that h(0) = 0 and A’'(0) > 1. Then we would have ho f € F
with

(o f)'(0) > a,

contradicting the definition of a.

Step /4. It remains to find the mapping h, i.e. we will show the following:

Proposition 4.3. Let Gy C D be a proper subdomain of D that is simply connected
and contains 0. Then there exists an injective holomorphic mapping h: Go — I such
that h(0) = 0 and h'(0) > 1.

Proof: Let a € D\ Go. Via the automorphism

Tz= g,
1—az

Gy is biholomorphically mapped to a simply connected subdomain G; C D with

Ta = 0, ie. 0 ¢ Gy. Via f(z) = /z, Gy is biholomorphically mapped onto a

subdomain G2 C D (here /z is a fixed branch of the square root function) with

f(T0) = f(—a) = /—a = b € Go. Finally, the transformation

Sy Z_,b
1—bz

(we again have S € AutD) biholomorphically maps the domain G5 onto G3 C D with
Sb =0 € G3. We now put

hg=SofoT
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and compute
ho(0) =0

1 2
1 (0)] = \ + 1o

2b

A further rotation through an angle ¥, i.e. Syz = ¢z, then yields

h = Syhg
with A/(0) > 1. O
This also completes the proof of the Riemann mapping theorem. O
Remarks:

a) Two conformal mappings f,g: G — D differ only by an automorphism of D:

fog '€ AutD.
We may thus uniquely determine f by requiring, for an arbitrary point a € G, that
f(a) =0 and f'(a) > 0.
b) Although almost every simply connected domain can be conformally mapped onto
D, our proof says nothing about the “effective construction” of such a mapping. The
only elementary case is that of “crescents” — see the exercises. The effective construc-

tion of conformal mappings for particular domains — such as polygons — is connected
with the theory of special functions; cf. [FL2].

c¢) There is no Riemann mapping theorem in the theory of several complex variables!
To conclude, we prove the following theorem:

Theorem 4.4. For n > 1, the polydisk D" = {z: |z,| < 1} and the unit ball
B" = {z: >."'_, |2,|> < 1} are not biholomorphically equivalent.

Proof: Let
D" =D""' xD={(z,w): |z <1, |w| <1}

be the n-dimensional unit polydisk, which we write as a product of the (n — 1)-
dimensional unit polydisk (with coordinates z = (z1,...,2,-1)) and the unit disk in
the w-plane; we have n > 2. The unit ball B® C C™ is given by

B" ={ucC": ||u?= Z lu, |* < 1}.
v=1

Suppose that

FZ(fla?fn)]D)n%En
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is a biholomorphic mapping. The functions
uy = fu(z,w), 1<v<n

are thus holomorphic. For every z € D"~ we denote by
F,:D—B"

the mapping
w — F(z,w),

ie. F, = (fiz,- .-, fnz); the f,, are thus holomorphic functions in the unit disk of the
w-plane that are bounded independently of z.

Let z; € D"! be a sequence that converges to a boundary point zg € 9D"~'. The
sequence f,,; is then bounded for every 1 < v < n and therefore has a locally
uniformly convergent subsequence by Montel’s theorem. By passing to a subsequence
of z;, we may assume that

zZ; — Zg € o1t
fuzj_><,0y, 1<l/<n

The ¢, are holomorphic on the unit disk I, and the fact that F'(z;,w) € B", i.e.

D oz w)? < 1,
v=1

implies that in the limit

D lev(w)’ < 1.
v=1

That is, for w € D, the point

belongs to B™. Suppose ®(wg) € B" for a point wg € D. Then ®(wg) = F(z., w.),
where z, € D", w, € D, and

(z;,w0) = F~' o F(zj,wo) = F~H(®(wo)) = (Z4, ws).

Hence z; — z, €D" !, contradicting z; — zo€9D"~!. We thus have ®(D) C 9B, i.e.

n

S lpu(w)P =1

v=1
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on D. Denote the derivative of ¢, by ¢/; differentiating with respect to w and @
yields

Y lel () =0,
v=1

ie. ¢, =0onD.

By the construction of ¢,, this means that
lim if (zj,w) =0
joroo OB T

The holomorphic function
0
z — %fl,(z,w), w € D fixed,

on D"~! thus admits a continuous extension by 0 to the boundary of D"~!; by the
maximum modulus principle, it is thus identically zero. The function F' therefore
does not depend on w and, in particular, cannot be injective. O

Exercises

1. Let Wo = {2z = re’: 0 < t < a} be the open angular domain with angle o < 27. Find an
elementary function that conformally maps it onto D.

2. Using elementary functions, conformally map a crescent onto . Do the same for a strip that is
parallel to the real axis.

3. Use elliptic functions to conformally map a rectangle onto the unit disk.

4. Let Hyq1 = {(z,w) € C**!: Imw > ||z||2}, where ||z|| is the euclidean norm. The space Hj,+1
is called the Siegel upper half-space. We define a mapping u + (z, w) of the ball B+ into H,, 41
by

. 1—

:u7]7 for 1 <j<my w:iﬂ.
14 unt1 14 upt1

Show that B?t! is thereby biholomorphically mapped onto Hy4+1 (for n = 0, this is a mapping
from D onto H = Hj). Investigate the behaviour of this mapping on the boundaries!

Zj

5. Harmonic functions

We recall some facts from 1.2: The Laplace operator
0? 0? 02

- =243
020z  0z2  0Oy?
acts on twice differentiable functions in plane regions. A function w is harmonic if
Au = 0. The Cauchy-Riemann equations show that holomorphic functions as well
as their real and imaginary parts are harmonic. Another example is given by log|f|,
where f is a holomorphic function without zeros. — Henceforth, we consider only
real-valued harmonic functions.

A=14
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Proposition 5.1. Let u be a real-valued harmonic function on the convex domain
G C C. Then there is a holomorphic function F on G such that u = Re F.

Proof: Since u,z = 0, the function u, is holomorphic on G. As G is convex, it has a
primitive f on G. Then

1

1 1 1—
Uz, (Ref)g: §fz = 5“?-

(Ref), = 3(F+7)s= 5= 5

Therefore u = Re(2f) + ¢ with a real constant c. O

We note that the function F' is determined uniquely up to addition of a purely imag-
inary constant.

Corollary 5.2. A harmonic function is infinitely often (real) differentiable. ]

Corollary 5.3. Let f: G — C be a non-constant holomorphic function. If u is
harmonic on f(G), then wo f is harmonic on G.

Proof: Locally, we can write u = Re g with a holomorphic function g.
Then uo f = Re(go f). O

From Prop. 5.1 we derive an identity theorem for harmonic functions:

Proposition 5.4. If a harmonic function u: G — R, G a domain, vanishes on a
non-void open subset U C G, it vanishes on G.

The example u(z) = Re z shows that harmonic functions may vanish on a non-discrete
set without vanishing identically.

Proof: Let M = {z € G : w = 0 in a neighbourhood of z}. Then M is open and by
assumption non-void. We show that M is also relatively closed in G, hence M = G:
Let 21 € M N G, choose a convex neighbourhood V' C G of z; and f € O (V) with
u = Re f on V. Then Re f vanishes on the non-void open set VN M. By the identity
theorem for holomorphic functions, f is an imaginary constant on V', i.e. u =0on V
and z; € M. ]

Let u be a harmonic function. A function v is said to be a conjugate harmonic of
u, if w + v is holomorphic. If it exists, it is uniquely determined up to addition of
a real constant. The example u(z) = log |z| on C* shows that conjugate harmonic
functions need not exist globally; on the other hand, Prop. 5.1 shows they always exist
locally, e.g. on convex domains. Note that if v is a conjugate harmonic of u, then v is
harmonic, and —u is a conjugate harmonic function of v, because —i(u +iv) = v —iu
is holomorphic.
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Definition 5.1. A continuous function f: G — C has the mean value property at
z0 € G, if there exists Dr(z9) CC G such that

27

flz0) = %/f(zo +re't) dt for 0 <r <R. (1)
0

If this holds for all zg € G, the function f has the mean value property on G.

Holomorphic functions have the mean value property on their domain of definition
— this is an immediate consequence of Cauchy’s integral formula (see the proof of
Thm. I1.5.5). Prop. 5.1 implies

Proposition 5.5. Harmonic functions have the mean value property.

Proof: Represent the harmonic function u locally as u = Re f with a holomorphic
function f and take real parts in (1). O

As in the case of holomorphic functions, we have a maximum principle for functions
with the mean value property, in particular for harmonic functions.

Proposition 5.6. Let u be a real-valued function on the domain G having the mean
value property. If u attains a local maxzimum or minimum at a point zo of G, then u
s constant in a neighbourhood of zy. If u attains a global extremum at zg € G, then
u 18 constant.

Proof: A minimum of u is a maximum of —u, it suffices therefore to consider the
case of a local maximum of u in zgp € G. Choose D = Dg(z0) CC G such that (1)
holds (with u in place of f) and that u(z) < u(zo) for z € D. Then, for every r < R,

2m

1 ,
5 /(u(zo +ret) — u(zo)) dt = u(zo) —u(z9) = 0.
T
0
Since the integrand is continuous and non-positive, it must be = 0, that is

u(zo —i—re“‘) =u(zg) for 0 < ¢t < 27 and » < R. Thus u is constant on D. The
set M = {z € G : u(z) = u(z0)} is closed in G and nonvoid; if u(zp) is a global
maximum of u, M is open by the above, whence M = G. O

Corollary 5.7. Let G be a bounded domain and u: G — R a continuous function sat-
isfying the mean value property on G. Then u attains its maximum and its minimum
on 0G, and na%nu <u(z) < max u for z € G unless u is constant.
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We now consider a function v harmonic in a neighbourhood of a disk Dg(zg). Prop. 5.5
represents the value u(zp) at the centre as an integral over the boundary 0Dg(z).
Applying an automorphism of Dg(zp), we deduce an integral representation of u(z),
z € Dg(zp) arbitrary. To simplify the notation, we assume zo = 0.

Thus, let v be harmonic on a neighbourhood of Dg = Dg(0). For fixed z € Dg, the
(—z
_ R =2
Dpg onto (a neighbourhood of) Dgr and z to 0. The mean value property of the

harmonic function u o S~! implies

Mébius transformation S¢ = R?

is in Aut Dg, maps (a neighbourhood of)

2
1 ; 1 d
u(z) = (uo S71)(0) = o /(uo S™Y) (Re™) dv = 5 / (uoS™")(n) ?77
Inl=R
Substituting ¢ = S~n we get
_ 1 ¢8'(¢) dg
ue) =g [ w05 T
ICI=R
An ens 1 vives $5(Q) _ R 2P
y computation gives S(0) = 2P . Thus
2
1 R*—|z2d¢ 1 oy B2 — 2|7
I¢I=R 0

Definition 5.2. The Poisson kernel of the disk Dgr(0) is the function

1 R*—|2)?

Sharpening the result (2), we have

Proposition 5.8. Let u: Dr(0) — R be continuous and harmonic on Dgr(0). Then,
with ¢ = Re™,

u(z) = [ u(C) Pr(C, ) dd (4)
/

for z € Dg(0).

Proof: By (2), the claim is true if « is harmonic in a neighbourhood of Dg(0). For
the general case, we apply (2) to the functions u,(z) = u(rz), r < 1, which are
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harmonic on a neighbourhood of Dg(0):

up(z) = [ u.(¢) Pr(¢, 2)dd. (5)
/

For r — 1, the functions u, tend to w uniformly on Dpg(0). Therefore, we can
interchange limit and integral in (5) to get (4). O

For later use, we list some properties of the Poisson kernel:

i. Pr(¢, 2) >0,

1
1. Pr((, z) = o Re %’ hence Pgr((, z) is harmonic in z € Dg(0),

ii. 2fPR(g, 2)dy =1 (= Re™),
0

_i R2—7‘2
- 21 R2—2Rrcos(¥ —t) + 12’

iv. Pr(Re™, rett)

i is clear, i and v follow from the definition by short computations, for iii apply
Prop. 5.8 to the function u = 1.

Prop. 5.8 shows that the values of a harmonic function u on Dg(0), remaining con-
tinuous on the boundary, are completely determined by its boundary values. On the
other hand, we can write down the Poisson integral

/ h(C) Pr(C, ) do (6)
0

for any (real-valued) continuous function h on dDg(0). It represents a function u(z)
on Dg(0), which is harmonic: In applying the Laplace operator to (6), we may differ-
entiate under the integral sign and then use ii. In fact, more is true:

Theorem 5.9. Let h be a continuous real-valued function on ODg(0). Then the
function

2

J 2(¢) Pr(¢, 2)dv for |z| < R
0

h(z) for|z| =R

u(z) =

is continuous on Dg(0) and harmonic on Dg(0).
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is continuous at an arbitrary

Proof: We need only show that u(z) as defined by (7)
= h(zp) and i,

point zy = Re' of the boundary. In view of u(zg)

Yo+

u(z) =~ uleo) = [ (4(O) ~ hlz) Prlc, 2. ®

190—71’

Since h is continuous at zg, there is, for every ¢ > 0, a § € ]0, [ such that
’h(Rew) — h(ReWO)} eifd ey ={0:[9—1 < 5} Accordingly, we split
the integral in (8) into the integrals over J; and Jo = [Jg — m, 99 + 7] \ J1. The
integral over J; is easily estimated using ¢ and 2::

‘/ h(z0)) Pr(C, = dﬂ’ /|h — (20)| Pr(¢, 2) dv
27

/PRC, / (G, 2) dY = ¢

for any z € Dr(0). To estimate the integral over J, we note that h(¢) — h(zo) is
bounded for |(| = R, say |h(¢) — h(z0)] < M. Thus

‘/ h(z)) Pr(C, = dﬁ‘ M/PRC,) . 9)

Now we restrict z to a small neighbourhood V' of zy, such that |( — z| > ¢ > 0 for

’ IR |2
¢ = Re’ ,ﬁEJQ,ZEVﬁDR(O). ThenPR(C, Z)— |C |2
inv € Jyif z € VNDR(0), |z| = R. Therefore, the mtegral in (9) tends to 0 if z — zo,

and the proof is complete. O

tends to 0 uniformly

We place the result within the context of the Dirichlet problem: Given a bounded
domain G and a continuous real-valued function h on G, is there a function wu,
continuous on G and harmonic on G, such that u|0G = h? Thm. 5.9 solves the
Dirichlet problem for circular domains and arbitrary continuous boundary values.
The solution is unique, as follows from

Proposition 5.10. Given G CC C and a continuous function h on OG, the Dirichlet
problem has at most one solution.

Proof: Let u and v be continuous on G, harmonic on G, and satisfy u|0G = v|0G = h.
Then u — v is continuous on G, harmonic on G and = 0 on dG. By the maximum
principle (Cor. 5.7), v —v = 0. O

We are now in a position to prove the converse of Prop. 5.5, namely
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Proposition 5.11. A continuous function with the mean value property is harmonic.

Proof: Let f: G — R be a continuous function with the mean value property; choose
z0 € G and Dg(zp) CC G such that (1) holds. Let u be the solution of the Dirichlet
problem for Dg(2p) and the boundary values f|0Dg(z0). Then the difference f — u
has the mean value property (Prop. 5.5) and is = 0 on 0Dpg(zp). By the maximum
principle, f coincides with u in the neighbourhood Dg(z¢) of zp and hence is harmonic
there. As zy was arbitrary, the claim is proved. O

The proposition shows the remarkable strength of the mean value property: it is a
property of continuous functions that forces them to be infinitely often differentiable
and even real analytic.

Exercises

1. For the Poisson kernel Pr(¢, z) of Dr(0) prove the estimate

1 R+ |z
P ? g o
r(C, 2) < o R— 7|

1 R—|z7|
21 R+ |z|

for |z| < R. Deduce from this: if u is a nonnegative continuous function on D (0), harmonic on
Dg(0), then for |z| <r < R
R— R
" w(0) < u(z) < AT
R+r R—r

2. Prove: A locally uniform limit of harmonic functions is harmonic.

u(0).

3. Let u; < ug < uz < ... be a monotonic sequence of harmonic functions on a domain G. Assume
that for one point zg € G, the sequence un(z0) is bounded. Prove: The u, converge locally
uniformly to a harmonic function. Hint: Use the results of Ex. 1 and 2.

4. Give an example of an unbounded region G, for which the solution of the Dirichlet problem is
not unique. Hint: Consider a period strip of a periodic function.

5. Let D = Dg(0) and u be a bounded harmonic function on D\ {0}. Show that u can be extended
to a harmonic function on D. Hint: One may assume u to be continuous on D \ {0}. Let v be
the solution of the Dirichlet problem on D with boundary values u|dD. For € > 0, apply the
maximum principle to he = v — u + £log|z|.

6. Schwarz’s reflection principle

We consider holomorphic functions f defined in a domain whose boundary contains a
line segment or a circular arc, and look for conditions that guarantee the existence of a
holomorphic extension of f across the segment respectively arc to a larger domain.

To begin with, we consider a domain G C C, symmetric with respect to the real axis,
andset GT =GNH={2€G:Imz>0},G- ={2€G:Imz <0} and J =GNR.
If f is holomorphic on G and real-valued on J, then f(Z) = f(z). For u = Re f and



248 Chapter VII. Holomorphic maps: Geometric aspects

v = Im f this means u(z) = u(z), v(z) = —v(z). If f is only defined and continuous
on G U J, holomorphic on GT and real-valued on .J, then it is not difficult to show
that f can be extended to a holomorphic function on all of G by defining f(z) = f(z)
for z € G (cf. Ex. 7 in II.4). In order to weaken the continuity condition, we first
state

Lemma 6.1. Let G = GT U J UG~ as above and let v be a real harmonic function
on GT. Assume v(z) — 0 if z tends to any point of J. Then

v(z)  forzeGT
Uz <0 forzelJ
—v(z) forze G~

s a harmonic extension of v to G.

Proof: As ¢ is clearly continuous on G' and harmonic on the subdomains G and
G, it suffices to show that © has the mean value property at the points xo € J. But,
if Dr(zg) CC G, the equality

s

/f)(zo +re't)dt =0 = d(xg)

(for r < R) follows from 9(xg + re't) = —b(xg + re=). O

Proposition 6.2 (Schwarz reflection principle). Let G = GT UJUG™ as above, and
let f be a holomorphic function on GT such that v(z) = Im f(z) tends to 0 if z tends
to any point of J. Then f has a holomorphic extension f to G.

Note that we make no continuity assumptions on the real part of f! — Of course Re f
and Im f may be exchanged.

Proof: By the lemma, v = Im f has a harmonic extension to G, we denote it by v,
too. Now let « € J be arbitrary and choose D, = D,(z) C G. On D,, the function
v has a harmonic conjugate —u. As —Re f is a harmonic conjugate of v on D, N GT,
we can assume @ = Re f on D, N GT. Then f* = 4 + iv is a holomorphic extension
of f to D,.

For x1, xy € J, the intersection Dy, N Dy,, if not empty, is connected and intersects
G*t. As f** = f = f*2 on D,, N D,, N G, the identity theorem implies f** = f*2
on Dy, ND,,.

Thus, the functions f* give rise to a holomorphic extension fof ftoGtUU with
U C G a neighbourhood of J. Since v|J = 0, f is real-valued on J and hence f(2)
coincides with f(z) on U N G~. The latter function is holomorphic on all of G~ and
thus extends f holomorphically to G. O
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In the next section, we need a generalization of Prop. 6.2. We first introduce some
terminology.

We call an open circular arc or line segment C a free boundary arc of the domain
G, if each zg € C has a circular neighbourhood U(zg) such that U(zg) \ C consists
of two components, only one of which is in G — i.e. G is on one side of C' only. A
holomorphic (meromorphic) function f on G is then said to be extendible across C,
if there is an open neighbourhood W of C' with W N dG = C' such that f extends to
a holomorphic (meromorphic) function on G U W.

For a meromorphic function f on G and a point zg € G, the cluster set of f in zy is
Ca(f, z0) ={w € C: thereis a sequence z, in G with z, — zo, f(z,) — w}.
For example, the condition on f in Prop. 6.2 means Cg+(f,20) C R for all z¢ € J.

Theorem 6.3. Let G be a domain with free (circular or rectilinear) boundary arc C
and f meromorphic on G. If C(f, z0) C R =RU{oo} for all zo € C, then f can be
extended meromorphically across C.

Remarks:

a) It is natural to work here with meromorphic functions: if co € Cg(f, 20), an
extension of f will have a pole at zj.

b) If one assumes Cg(f, 20) C R\ {wp} for a fixed wy € R and all z € C, the claim
can be readily deduced from Prop. 6.2 by applying suitable Mobius transformations
(see Ex. 2).

Proof: a) We simplify the situation, first by choosing a Md&bius transformation T
that maps C' on an open interval J C R. Setting G; = T(G), fi = foT !, we

1—1
R fiti
w +— (w—1)/(w+ i) maps R onto D, the cluster sets of F' at points zy € J are
contained in JD. We shall show that F' can be holomorphically extended across J;
then the meromorphic extendibility of f; and f follows. Since f1 =i(1+ F)/(1 - F),
the points with F(z) = 1 are poles of fi.

have Cg, (f1, o) C R for all 2 € J. Secondly, we replace f; by F = Since

b) Now fix zp € J and choose € = e(xp) > 0 such that

i. [xo—e, x0+¢] C J,
ii. DT = D.(x9) NG is the upper (or lower) half of D, (x),
i 1/2 < |F(z)| <2 for z € DT.

There is in fact an € > 0 such that 7 is satisfied: Otherwise there would be a sequence
zp in DY with z, — z¢ and |F(2,)| < 1/2 or |F(z,)| > 2 for all n, contradicting
CG(F, .’Eo) c oD.
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In view of 44, there exists a holomorphic log F' on the simply connected domain DV,
we have Relog F(z) = log|F'(z)] — 0 if z tends to a point of Jzg — €, 9 + €. By
Prop. 6.2, log F' extends to a holomorphic function on G U D.(zg), hence so does F.

The “local” extensions of F' for all xg € J give rise to a well defined holomorphic
extension of F' across J, this follows as in the last part of the proof of Prop. 6.2. [J

We conclude with some remarks on reflection in Mobius circles. The reflection in
R =R U {oo} is complex conjugation x: z — Z. It is uniquely determined by being
antiholomorphic and having R as fixed point set: If o: C — C is another such map,
ko: C — C is holomorphic and the identity map on R, hence everywhere, i.e. o = k.

If K c Cis any Mobius circle, i.e. a euclidean circle or a straight line (with co added),
there is a unique antiholomorphic map ok : C->C fixing K pointwise: Pick a M6bius
transformation S carrying K into R and define o = S~'xS. Uniqueness follows as
above. We call o the reflection in K.

We visualize ok for a euclidean circle K = {z € C: |z — 29| = r}. With

S KR §r—il =20
r+ (z — 20)

ox = S™'kS computes to
2

ox(z) = z— % Tz oor (0k(2) = 20) (= 20) = °.

The last formula shows that, for z # zg, z and ok (2) lie on a ray starting at zp, and
that the distances |0 (2) — 20| and |z — zo| multiply to 72. In particular, ox exchanges
zo and oo as well as the interior and the exterior of K.

Now consider a domain G, a Mobius circle K such that G N K is an arc, and a
holomorphic function f on G which maps G N K into another Md&bius circle L. We
claim oy, o f = f o ok whenever both sides are defined, i.e. on G NoxG. Indeed,
choose Mdébius transformations S with S(K) = R and T with T(L) = R. Then

f=TfS"': S(G) — C is real-valued on S(GNK) = S(G) NR, hence f(z) = f(z).
Inserting the definitions of o and oy, proves the claim.

Exercises

1. Let f be a conformal map of the annulus K1 = {z : r1 < |2| < 72} onto the annulus
Ko = {w : o1 < |w| < g2}, 71, o1 > 0. Show that f can be extended to a biholomorphic
map f: C* — C*. Conclude g2/01 = r2/71.

2. Let K and L be Mdbius circles, wg € L (wg = oo admitted), let G be a domain symmetric with
respect to K, i.e. oxG = G, denote G one of the two (!) components of G \ K. Show that a
holomorphic function f: Gt — C with Cg4 (f, 2) C L\ {wo} can be extended holomorphically
to G (use Prop. 6.2 only!).



7. The modular map A 251

7. The modular map A

In this section, we construct a holomorphic function A: HH — C\ {0, 1} which exhibits
the upper half plane H as universal covering of the sphere C punctured in 0, 1, co. In
the next section, the existence of A will be essential in proving the Little and Big Picard
theorems. — The term universal covering is taken from topology: An (unbranched)
covering is a continuous surjective map f: X — Y of topological spaces with the
property: Every point y of Y has a neighbourhood V such that the preimage f~(V)
is the disjoint union of sets U, C X, each of which is mapped homeomorphically
onto V by f. A covering is universal if X is connected and simply connected. An
easy example is the exponential function exp: C — C*, which is a universal covering
map.

As a first step, we tessellate H by hyperbolic triangles, starting from a special one and
using iterated reflections. In a second step, we define A, following the construction of
the tessellation and using the reflection principle.

It is convenient to use two terms of hyperbolic geometry (we do not need more of
VIL.3): An orthocircle (in H) is either a euclidean semicircle with centre on R or a
vertical ray {z : Re z = g, Imz > 0}. The reflection o in an orthocircle K is defined
in the obvious manner, it interchanges the two parts into which K divides H. — A
hyperbolic triangle is a curvilinear triangle in H = HU R U {co} bounded by arcs of
orthocircles. We allow the vertices to lie on R = R U {o0}, in fact, only such triangles
will occur. — We shall often omit the attribute “hyperbolic”.

We start with the open hyperbolic triangle Ay with vertices 0, 1, oo, i.e. the set
{zeH:O<Rez<17 |z—%| >%}

We then reflect A in each of its edges to obtain three new triangles Ay (of “first
generation”), then reflect each A; in its two free edges to obtain six new triangles
Ay (triangles of “second generation”). Repeating this process infinitely often results
in a net of triangles in H with vertices on R. This net is often called a modular net.
Different (open) triangles of the net do not intersect: It suffices to show AgNA =@
for A # Ag. This may be seen by induction on the “generation” (cf. Fig. 21) — we
defer the details to Ex. 9.

Furthermore, our net covers all of H, more precisely, H is contained in the union A of
the closures of our triangles. To see this, let Il = Ag, and if II}, is already defined, let
[T 41 be the union of I} with all its reflections in its edges. Thus II; is a curvilinear
hexagon consisting of Ay and the three A;’s, all of whose vertices lie on ]ﬁ, Il is a
30-gon etc. We have

Iycl cll, C..., UHk:A
k

The boundary of II; consists of two vertical rays Lq, Lo and a collection of euclidean
semicircles. The reflection o in one of these semicircles takes oo to the centre My
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AQ Al AQ Al A2
Ss S
Sy
Agy Ay Ag
NFA
-2 -1 0 1 2 3>

Figure 21. The modular net

of K, hence i L; is a semicircle in the interior of K abutting in Mg, and the radius
of ox L; is at most half the radius of K. By this we see inductively

M, D{z+iy:0< <1, y>27F1}

and A D{zx+iy:0<2z<1,y>0} As Ais clearly invariant under translations
z+— z+k, k € Z, the claim A D H follows.

We proceed to the construction of A.

We start with a biholomorphic mapping f: Ag — H. Consider a sequence z, in Ag
tending to a point zg of the boundary 9A, (with respect to C). As f is bijective,
f(2n) cannot have an accumulation point in H, therefore the cluster sets Ca,(f, zo)
are in R for all 2o € 0Ay.

Denote S;, j = 1,2, 3, the (open) edges of Ay as in Fig. 21 and let o; be the
reflection in S;. For the moment fix j. By Thm. 6.3, f can be meromorphically
extended across Sj;; by the remark at the end of the last section, this extension —
denoted f, too — coincides with f oo, on oA, hence maps ;A biholomorphically
onto H™ = {w € C : Imw < 0}. As f is injective on Ay and oA, f takes all its
values on S; with multiplicity 1 (cf. Prop. IIL1.5.4); of course, f may have a pole on

S;. Hence S; is mapped bijectively onto an open arc J; C I@, and Ag U S; UojAg
biholomorphically onto HU J; UH™.

This works for j = 1, 2, 3. We claim moreover, that the arcs Jy, Jo, J3 are disjoint:
Let z1, 22 € S}, 21 # 2z2. Choose disjoint neighbourhoods Uy, U; of 21, 22, symmet-
ric with respect to the pertinent o;. Then f(Uy N Ag) and f(Uz N Ag) are disjoint,
by symmetry so are f(U;) and f(Us), hence f(z1) # f(22).

We prove next that ]I?R\ (J1 U Jy U J3) consists of three points only: Assume there

is an open arc J C R disjoint from J; U Jo U J3; we may suppose co ¢ J. Consider
the domain G = HU J UH~ and the function g = (f|A¢) " ': H — Ap. If w, is a



7. The modular map A 253

sequence in H converging to w, € J, the points g(w,) can only accumulate at the
vertices 0, 1, co of Ay, i.e. Cr(g, wi) C {0, 1, 0o} C R for w, € J. By Thm. 6.3, g
has a meromorphic extension g to G. In particular, § is continuous on J with values
in {0, 1, oo}, hence constant on J, hence constant on all of G — a contradiction.

We denote by wq resp. w resp. ws the points of R between Js and Jp resp. Ji and
Ja resp. Jo and Js. Setting f(0) = wo, f(1) = wi, f(00) = wee yields a continuous
extension of f to the vertices 0, 1, co of Ag. Of course, we then define f(0;0) = wo
etc., thus obtaining a continuous extension of f to Ag U Jo;Ag.

Up to now, f has been arbitrary under the condition that f: Ag — H be biholomor-
phic. We now normalize and define

A=) =T (f(2)),

where T' € Aut H is such that Twg = 1, Twy; = 0o, Tws, = 0. Note that the possible
pole of f on one of the S; disappears under this transformation! The properties of f
translate to properties of A\, namely:

i. X\ defines a continuous bijection of Aq (closure in @) onto H = HU I@, which
maps Ag biholomorphically onto H, the vertices 0, 1, oo of Ay to 1, oo, 0, and
the (open) edges of Ay to the real intervals between these points.

ii. A can be extended by reflection in the edges of Ag to continuous functions
AgUcjAg — C, which are locally biholomorphic in the interior and map o;Aq
biholomorphically onto H™ (j =1, 2, 3).

iti. The interior of AgU|Jo;A¢ is mapped onto C \ {0, 1, co}.

We can now extend the domain of definition of A successively to H: First, extend A to
the triangles As of “second generation” by reflection in the free edges of the triangles
of first generation o;Ag, j =1, 2, 3. This extension maps each Ay biholomorphically
onto H and its boundary onto R. Then continue in this manner, always using reflec-
tions in the free edges of the polygon to which A\ has been extended in the previous
step. — We summarize the properties of A:

Theorem 7.1. Given the modular net in H described above, there is a unique holo-
morphic function \: H — C\ {0, 1} with the following properties:

i. X\ is surjective and locally biholomorphic,
1. A maps each triangle of the modular net biholomorphically onto H or H™,

iii. A maps the open edges of any of these triangles on the intervals |0, 1[, ]1, 400/,
] — 00, 0[7

. lim A(z) =1, lim A(z) = oo, lim A(z) =0,
z—0 z—1 z—00

v. A 1S a covering map.
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Property v follows from the construction: For example, the preimage A= (U) of an
open set U C H consists of open sets, one in each triangle of even generation, which
are mapped biholomorphically onto U. In fact, A is a universal covering map because
H is simply connected. We call A the modular map.

A final remark: If S is a M6bius transformation mapping D onto H, then S transfers
the modular net from H to D and Ao S: D — C\ {0, 1} is a universal covering map,
too.

Much more can be said about this function A, which is an example of a modular
function. There are connections to group theory (cf. exercises) and, surprisingly, to
elliptic functions and algebraic number theory. We do not go into this.

Exercises

Notations: o1, o2, 03 and A(z) as in the text. I'g is the group of mappings H — H the elements of
which are products of an even number of factors o;. T'(2) is the subgroup of AutH consisting of
the transformations z — (az + b)/(cz + d) with ad — bc = 1, a and d odd, b and ¢ even.

1. Tg is generated by 71 = o903 and T2 = o301 (note 73 = o102 = (7172) " !!). Find explicit
formulas for 71 (z) and m2(z), conclude I'g C I'(2). Moreover, X is I'g-invariant, i.e. A(7z) = A(2)
for all 7 € I'p.

2. A fundamental set of I'g is a subset ¥ C H such that H = |J 7(F) and 7(F) N7/'(F) = & for

7€l
7,7 € To, 7 # 7. Show that F = {z € H: —1 < Rez < 1, \z+%|> %,|zf%| > %}isa
fundamental set of I'g (use the mapping properties of ). Conclude: A(z1) = A(z2) if and only if
zo = Tz1 with 7 € T'g.

3. Prove I'g = I'(2). This is equivalent to proving: Every A = (2%) € SLy(Z) with A=17 mod 2
is (£1) - product of powers of T and Ts, Th = ((1) %), Ty = (32 [1)) Hint: The case b = 0 is
clear. For b # 0, consider the effect of right multiplication by 71 or T»* on the first row of A,
combine to reduce to the case b = 0.

4. Prove the functional equations
A=1/2) =1=X(2), AM(z+1) =A(2)/(A(z) —1) for z € H.
Hint: Consider the mappings Ag — H induced by the sides of the equations.

5. Show that I' = SLo(Z)/{£I} C M is generated by S: z — —1/z and T: z — z + 1. (Proof
similar to, but simpler than proof in Ex. 3).

6. Expressing the functional equations of Ex. 4 in the form Ao S = U oA, AoT = W o A with
suitable U, W € GL2(Z)/{£I}, conclude the existence of a homomorphism of I" onto the group
S generated by U and W, the kernel of which is I'g.

7. The group S of Ex. 6 is the group of automorphisms of @ \ {0, 1, co}. It is isomorphic to the
full permutation group S3 on three letters. Hence [I': I'g] = 6.

8. Calculate A(3), A(1EL), A(1+14), A(e27¥/3), X(e™i/3).

9. Show: The triangles A, of n-th generation (n > 1) in the modular net are contained in
U{z: ‘z — (k + %)| < %} and their “upper edge” is not free, excepting the triangles with
kEZ

vertices (—n, —n + 1, 0o) and (n, n + 1, co). Hence they do not intersect Ag.
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8. Theorems of Picard and Montel

We shall admit of the following topological statement: Let p: X — Y a covering map,
and assume the topological space Z to be path connected, locally path connected, and
simply connected. Then for every continuous map f: Z — Y and every choice of
20 € Z and xg € X satisfying f(z0) = p(xo), there exists a unique continuous map
F:7Z — X withpoF = f and F(z) = xo.

In our context, X, Y, Z will be domains in C.T hey are path connected by definition
and locally path connected as open sets, so the relevant condition is that Z be simply
connected.

In this case, the so-called “lift” F of f is automatically holomorphic if p and f
are: With z; € Z, let U C X be a neighbourhood of F(z;) that is mapped by p
biholomorphically onto p(U), and let V' be a neighbourhood of z; with F(V) C U.
Then F|V = (p|U)~! o (f|V) is holomorphic.

In the last section we have constructed a holomorphic universal covering map
A:D — C\ {0, 1} =: C"”. Together with the above, the “Little Picard Theorem”
follows almost immediately:

Theorem 8.1. Let f: C — C be a non-constant entire function. Then f assumes
every complex number with at most one exception as a value.

Proof: Suppose that f is an entire function with values in C\ {a, b}, a # b. Then

filz) = J;((z;:z is an entire function with values in C\ {0, 1} and can be lifted to a
holomorphic function F}: C — D. By Liouville’s theorem, F} is constant, and so are
flz)\oFlandf. O

To prove the “Big Theorem” of Picard, we need a considerably sharpened version of
the Montel theorem I1.5.3, which we now present.

Theorem 8.2 (Montel). Let f,, be a sequence of holomorphic functions on a domain
G, that do not assume the values 0 and 1. Then f, has a subsequence f,, converg-
ing locally uniformly to a holomorphic function f: G — C or to the constant map
G — {oo}.

The latter means: for all compact K C G and all radii R, f,, (K)NDg(0) =@ for k
sufficiently large.

Proof: a) We assume G to be simply connected and fix zp € G. Assume further
that the numbers f,(z9) have an accumulation point wy in C” (the case that all
accumulation points of f,,(zo) are in {0, 1, oo} will be considered in part b). Replacing
fn by a subsequence, again noted f,,, we may suppose fn(z0) — wo.
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Now consider the universal cover A: D — C”, choose a point (o € D with A({y) = wo
and a connected neighbourhood V' C C” of wq such that the components of A=1(V)
are mapped biholomorphically onto V by A. Denote U the component of (p in A~(V).

The values f,(z0) are in V for n > ng; in the sequel we always suppose n > ng. Set
¢ = NU)™ fu(20). Then ¢, — (. Now let F,,: G — D be the lift of f,, with
F.(z0) = (u. As the F), are uniformly bounded, by Thm. I1.5.3 we can choose a
subsequence converging locally uniformly to F': G — D. We denote this subsequence
again by F,. If F(G) N 0D # &, then F is a constant of modulus 1 by the maximum
principle. But F(zg) = lim F,(29) = (o € D, so F': G — D. To finish the proof in the
case considered, we show that f, = Ao I}, = Ao F =: f locally uniformly. Indeed,
if K C G is compact, there is a radius R < 1 such that F(K) and the F,,(K) are
contained in {¢ : [(| < R}. Then, for z € K

[fn(2) = F(2)] = IM(F(2)) = M(Fn(2))]

A\ d‘gmax)\’-su F,—F| >o0.
/ (e |<|<R| | Kp‘ |
[Ful2), F(2)]

b) We still assume that G is simply connected and suppose now that 0, 1, co are the
only possible accumulation points of f,(2g), for a fixed zy € G.

Assume first that, after passing to a subsequence, we have f,,(z0) — 1. As G is simply
connected and f,, without zeros, there are holomorphic square roots g, =+/f,, : G—C".
We choose the branches such that g, (z9) — —1. Then, by a), g,, has a subsequence
gn,, converging locally uniformly to a holomorphic function g: G — C”, and the
fre = g,%k converge locally uniformly to ¢2.

If 1 is not an accumulation point of f,(zo), but 0 is, we replace f,, by 1 — f, and
apply the above.

If fn.(20) — oo, we replace f, by 1 —1/f, and again apply the above. Note that, if
/1 —=1/f, converges to the constant —1, the f,, will tend to oo.

¢) Parts a) and b) prove the theorem for simply connected G. Now let the domain G
be arbitrary. We choose a sequence of disks Dy such that

k—1
DyccG, G=|JDp, Din|JD;#2 (k=2
k 1

(cf. Ex. 1). Let f,: G — C” be a sequence of holomorphic functions. Then there is a
subsequence ( fnl) converging uniformly on D; to a map f LDy — C which is either a
holomorphic function or = oo (apply a) resp. b) to a disk D} with D; CC D} cC G).
Now assume that for k£ > 1 we have found subsequences (fn1), (fn2), -, (fak-1)
of ( fn) such that

(fnj) is a subsequence of (fn,j*l)’
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k—1 A k—1 ~
(fn,k_l) converges uniformly on |J D; to f*=: |J D; — C,
1 1

which is a holomorphic function or = cc.

Then (f, k1) has a subsequence (f,i) converging uniformly on Dj to a map
~ k—1 .
fF: D, - C. On DN | D; — an open nonvoid set — f* coincides with f*—1
1

. k
hence f* defines an extension of f*~! to D; which is either a holomorphic function
1

or = oco. The diagonal sequence ( fm) then converges locally uniformly on G either
to a holomorphic function or to co. O

We are now in a position to prove the “big theorem” of Picard:

Theorem 8.3 (Picard). Let f be holomorphic on the punctured neighbourhood U\{zo}
of zo and have an essential singularity at zg. Then each number w € C, with one
possible exception, is assumed infinitely often as a value of f in U \ {20}

An exceptional “non-value” may indeed occur, as shown by exp(1/z) at zp = 0.

Proof: Suppose that f € O(U\ {z}) attains two values a, b € C, a # b, only
finitely often. We will show that, in this case, zy is a removable singularity or a pole
of f.

By shrinking U, we may assume that f omits the values a and b. As in the proof
of Thm. 8.1, we normalize a = 0, b = 1. To simplify notations, suppose zy = 0 and
U=Dgr(0), R>1. Forn=0,1,2, ... define f,(z) = f(27"2) on U \ {0}.

Then f takes on |z| = 27" the same values as f, takes on |z| = 1, and no f, takes
the values 0 and 1. By Thm. 8.2, there is a subsequence f,,, of f, converging locally
uniformly on U \ {0} either to a holomorphic function g or to co. In the first case,
the f,, are uniformly bounded on |z| =1, say |f,,| < M on 9D.

This implies |f(z)] < M on |z| = 27" k =1, 2,.... By the maximum modulus
principle, |f(z)| < M for 27+ L |z| < 27", k = 1,2, ..., hence |f(2)] < M on
0 < |z] < 27", The Riemann extension theorem then implies that 0 is a removable
singularity of f.

— In the second case, 1/f,, — 0 locally uniformly in U \ {0}. By the above, 1/f has

a removable singularity at 0, hence 1/f has a zero in 0 and f has a pole. O
Exercises
1. a) Prove that any domain G C C may be covered by a denumerable family of disks Dy CC G,
k =1,2,3,.... Hint: Choose the points of a denumerable dense subset {z1,22,23,...} C G
as centres.

k—1
b) Show that by renumbering the Dy, from a), one can achieve Dy N |J D; # @, k=2,3, ....
1



Hints and solutions of selected exercises

As a rule, there is more than one way to solve any problem. The way proposed here may be
suboptimal, the reader may find a better one.

In the sequel, a symbol like IV.6.2 refers to exercise 2 in section 6 of chapter IV. The notation used
in the text of an exercise will be used in its solution without further explanation.

1.1.3. f(z) = |2|? is complex differentiable only at the origin; the other functions nowhere.

1.2.1. The chain rule for Wirtinger derivatives is

9 popy_ P B9 0f B

. _0f 99 0f 09
9z T ow 8z  ow 0z’

P
== 5, % m

12.3. AJFA™! = JF with A= (] _}).

1.3.1. Let M C R"™ be arbitrary. A sequence of functions on M converges compactly on M if it con-
verges locally uniformly. The converse is true if every point of M has a compact neighbourhood in M.

With M = R\{1, %, %, ...}, this condition is not satisfied, and fn(z) =n when 1/(n+1) < z < 1/n,
fn(z) = 0 else, converges compactly on M, but not uniformly in any neighbourhood of 0.

1.3.4. The radii are 1, 00, 0, 0, 1.

1.3.6. The nontrivial implication: If the subseries converge, then > |Rea,| < oo, > |Imay,| < oo,
hence 3 [au| < 3 (|Reay| + |Imay|) < oco.

1.4.2. Let G be an infinite subgroup of S. As S is compact, there are z, € G with z, — 1, z, # 1.
Any arc of S contains points z,* (v large), thus G is dense in S.

I.4.4. To study the mapping properties, decompose tanz = g(h(z)) with ¢ = h(z) = €2** and
9(¢) = (¢ = 1)/i(¢ + 1).

I1.2.2. The first integral is /7 exp(—a?), the second /7 exp(—\2/4).

I1.2.4. The claims combine to

(1—da) /exp(—(l - ia)2x2) de = g
0

To prove this, apply the Cauchy integral theorem to the function eXp(sz) and the triangle with
vertices 0, R, (1 — ia)R, then let R — +oo.

I1.3.1.c) The function f(z) = exp(1—2)/(1—z) is holomorphic in a neighbourhood of D /5(0), hence
the value of the integral is 7i f" (0) = ime.
m
I1.4.3. The recursion formula is Fy = 1, Y (227;)E2n =0 (m > 1). Hint for the addenda: For
0

f(2) = tan z we have f(™)(2) = f(z) P, (tan z) with polynomials P, (X) satisfying a recursion formula

I1.4.6a) The function f(Z) is holomorphic on G and coincides with f on G NR.

W. Fischer, . Lieb, 4 Course in Complex Analysis, DOI 10.1007/978-3-8348-8661-3,
© Vieweg+Teubner Verlag | Springer Fachmedien Wiesbaden GmbH 2012
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n
< 15, hence the series converges uniformly on |z| < 7.

on

11.5.2. For |z| < r < 1 we have ‘1%

Inserting geometric series for z" /(1 — z™) yields the power series > amz™ with an equal to the
number of divisors of m.

I1.5.3a) Write p(z) = z"q(%) If g is not constant, then 1 = ¢(0) < M1(q) = M (p).

I1.5.3b) ="My (p) = My,,(q); if ¢ Z 1, My ,,(q) is a strictly decreasing function of r. Furthermore,
lim r~"M,(p) = 1.
T—00

11.5.6. For ag = 0 the claim is clear. — Without loss of generality ag = 1. Write f(2) = 1+amz™ (1+
zh(z)), choose ro smaller than the radius of convergence of the series, then C' with |h(z)| < C for
|z] < rp. For 0 < r < 1 choose zg such that amz§* = |am|r™ > 0. Then for r < 1/(2C)

[f(z0)] = 1+ |am|r™ — |lam|r™T1C > 1.

11.5.7a) For |z| < o by |an| < 07" My(f)
—1< Zg—”MQ JIal™ = My()lzl(o — )" < 1,

if |2| < o(1+ Mg(f))*

11.6.3. Let zp be a pole of f. Then f(Dr(zo) \ {zo}), r small, contains the complement of a disk,
and this contains period strips of exp ... The other cases are simpler.

11.6.5. Without loss of generality zo = 0, an(0) # 0. Then z; — 0 and f(zr) — 0 imply g(zx) —
an (0) # 0; for a sequence zj, — 0 such that f(z},) converges to a zero of w™+a1(0)w™ "t +...4a,(0),
we have g(z;,) — 0. Hence 0 is an essential singularity of g. The case of meromorphic coefficients
can be reduced to the above by multiplication with a suitable power of z — zg.

I11.2.2a) Write q(z) = 2™ (1 — q«(2)). On 0, +00[, g« strictly decreases from +oo to 0, hence there
exists a unique r > 0 with g«(r) =1, i.e. g(r) =0.

I11.2.2b) |z0| < r follows from

0 = p(z0) = |2z0|" — Zlaul\ZOV* q(|zol)-

111.3.3a) The integral formula for a,, yields |an| < r~" M, = (1/r)r~ "+t M,. Hence r—"t1 M, — oo
if ap # 0.

I11.3.3b) 7~ ™M, — oo for r — oo implies log M./ logr > n for large r. Hence, if f is transcendental,
log M, /logr — co. For f a polynomial, log M, /logr — deg f.

T11.3.5a) Writing z = re®*, we have |exp 22| = exp(r? cos 2t). If |t| < o < 7/4, then cos 2t > cos 2a >
0, hence |exp 22| > exp(r? cos2a) — oo. If |t — /2| < a < 7/4, then cos2t < — cos2a < 0, hence
lexp 22| < exp(—r? cos 2a) — 0.

I11.4.3. Let f have a double pole. Find T' € M such that f; = f7T has a double pole at oo, i.e. fi
is a polynomial of deg2. Find Si, S2 such that Sz f151(2) = z2. Let f have two simple poles. Find
T € M such that f1 = fT(z) = az 4+ b+ ¢/z. Then find Si, S2 such that Saf151(2) =z +1/z.

111.5.2a) 2Log(1 — z) is a holomorphic logarithm of (1 — 2)2 on C\ [1, +oc[. — Choose the principal
branch of the square root. Then z + /z maps the slit plane C\ R¢g into itself.

II1.5.3. On So we have f(z) = 1 —cosz = 22 fo(z), with fo without zeros. Sy being convex, fo has a
holomorphic square root go, without loss of generality go > 0 on SoNR. Set go(z) = 2go(z). Similarly,
f(z) = (z — 2m)251(2)%2 on S1 = {|Rez — 27| < 27}, G1 > 0 on S1 NR. Set g1(2) = (2 — 27)G1(2).
Then go = g1 on Sp N S1 NR, hence on Sy N Sy, i.e. they define a holomorphic square root of f on
So U S1. Continue like this.
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II1.5.5. The mapping properties of the sine function become clearer by writing sin z = h(g(2)) with
¢ = g(2) = * and h(C) = 2 (C + 1/¢). Hence

1
arcsinw = — Log(iw + V1 — w?),
i

where Log is the principal branch, and the chosen branch of v/1 — w? on G has value 1 at w = 0.

I11.6.2. The first formula results from

F@) = (Z( +1)! )(iﬁzu)

pn=0 !

1:

the second from

oo
R N ]

I11.6.4a) By the first formula in Ex. II1.6.3,

_1+2Z(1 21721y ¢ (2p) 22+

sinmz

oo
IIL6.4b) tanz = 5(—1)1 122 (221 — 1) g2 221,
1

M1.7.2. e*™* —1=2me™ [] (1-— ﬁ)ez/in_
n#0

IV.1.3. Let F: G — G’ be biholomorphic, G simply connected. For a cycle I'' = > nyy, in G’ set
I'=>"n,(F'o~,). Then

/f(wdw—/f ))F/(2)dz =0

for every f € O (G’). Apply this to f(w) = 1/(w — wp), wo ¢ G’. — The function F(z) = z® maps
H onto C*.

IV.3.1. The sets of convergence are

{z:1/2<|z| <2}, {z:1<|2—=1] <3}, {z: |z] =1}, @.

IV.3.2. The principal part of z(22 + b?)~2 at ib is 2z —ib) 2.

1
a5 (

IV.4.3. If v is a closed path in G\ S, then [ f(z)dz =27 > n(y, z)res. f =0. Apply Prop. I1.1.2.
ol zeG

IV.5.2. Let z* denote the principal branch. Then f(z) = 2®/(1+ 2") is holomorphic in a neighbour-
hood of the sector save for a simple pole at zg = e™/" with residue —20°t1/n. The integral of f

T
over [0, 7202] is 202(®T1 [ f(z) dz, the integral over the circular arc tends to 0 for r — oo (standard
0

oo
estimate), hence (1 — z92(@+D) [ f(2)dz = —27mi 29t /n, i.e.
0

T _ T/n
O/f(Z) 4z = sin(m(a+1)/n)’

IV.5.3. a) m(a — Va2 — 1), b) 2m/(1 —a?) if Ja| < 1, 27/(a® — 1) if |a| > 1.
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IV.5.4. a) 1/6,  c) m/2V/2.
IV.5.5b) I(a) = wexp(—|a|) fails to be differentiable at a = 0.

IV.5.7. The principal value of the first integral is 7t, the second integral is one half the real part of
the first one. The third can be reduced to the second by 2sin?z = 1 — cos 2.

IV.5.9. Integrate R(z)z® log z over the path « described in the text.
IV.6.2. The formula for the inverse function: If f(z) = w, w fixed, z ¢ TrT, then

1 ¢r'(©) — (T 2) 2
27riF/f(C)wd< (L' 2) 2.

For I' = 9D, (20) with Dy(z0) CC G, one obtains for w € f(Dyr(z0))

iy L r'©
Flw) = = / ek

IV.6.4. The number of zeros is 3 resp. 4.

V.1.3. Compare with a suitable definite integral of 1/¢.

o0
V.2.2. To show [(z — [z])z~2dz =1 — v, compute
1

k41 L ntl k41
/ (m—[x])a:_2da::2 / (z—n)x_Qd;r:log(k—l-l)—Zl/n—l—l.
1 [ 1

V.2.4. My (s) =3 A(n)n~* follows by Ex. 3. On the other hand,

/) = 0 T torp = 30 3 Top(p*)™ = 3 Al
1

P p m=1

V.3.2. Corollary 3.5 implies £(1 — s) = &(s). As ((s) has only one simple pole at s = 1 and I'(s) has
(simple) poles at 0, —1, —2, ..., £(s) can have (simple) poles at most at s =1 and s =0, —2, —4, ....
But in these points either s(s — 1) or {(s) vanish. Hence £(s) is an entire function.

V.4.3. By construction, |r| > 1. If Rer > %,

|wa + w1| < |w2|, contradicting the choice of ws. If ReT =
|| =1, ReT > 0, replace (w1, w2) by (—w2, wi).

Vidd. f(z) = (a0 +a1p(2))/(p(z) — p(z1)).
V.4.6. The recursion formula is

(k=1)(2k+5)capr) =3 > copcam fork>2.
L+m=k

then |w2 — wi| < |wz2| and if ReT < %, then

%, replace (w1, w2) by (w1, w2 — w1); if

V.4.7. (i) = (i) by (x); (i4) = (iv): the poles # 0 of p occur in pairs of complex conjugates;
(iv) = (4): the series defining g> and g3 are invariant under complex conjugation.

V.4.8. Let w; € QNR the minimal positive number and we € 2NiR with minimal positive imaginary
part. If the parallelogram spanned by w1, w2 contains no w € 2 in its interior, then Q = (w1, wa).
In the other case, w = %(wl + wg) and Q = (w, ).

V.4.11. By (), the Laurent series of oo and pgq: at 0 coincide, hence po = pq/. But Q =
{poles of pn}, @' = {poles of pq}.
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V.4.12. Both sides have simple poles at z = 0 and z = fu (if 2u ¢ Q) with the same residues, hence
their difference is a constant. But at z = w1 /2, both sides vanish.

V.4.14. If 2u ¢ Q, both sides are elliptic functions of z, with only one pole at z = 0, where the
principal part is 1/22. And both sides vanish at z = +u.

V.5.1. Differentiate the addition theorem of p with respect to z; and z2, then add and simplify.

VIIL.2.1. The cross ratio as well as d(z1, z2) are AutD-invariant. Hence we may assume zg = 1,
z1 =0, 22 = s €]0, 1[, 23 = —1. Then CR(z0, 21, 22, 23) = (1 +)/(1 —s) > 1.

VIIL.2.2. Corollary 2.5 now reads: If g: H — H is holomorphic, then |¢’(z)| < |[Im g(z)/ Im z|.
VIIL.2.5. It suffices to check the equation for z = i, w = Ai (A > 1), as both sides are Aut H-invariant.

VIIL.3.3. We work in H and take g = iRsq. Let z1, 22 be the points on |z| = 1 with oy (21, 7)) =d =
Om (4, z2). As the homotheties z — Az (A > 0) are in Aut H, the set {z € H : dy(2, g) = d} consists of
the euclidean rays from 0 through 21 resp. z2. The general case follows by application of 7' € Aut H:
{z € H: du(z, g) = d} consists of two euclidean circular arcs passing through the points at infinity
of g.

VII.3.4. Any two triples of distinct points on 9D can be mapped onto each other by a T" € Aut D.
VIL.3.5. Example ¢ for dy in VIL.2 helps for the h-triangle in H with vertices 4, zp, co.

VIL.3.6. By the second law of cosines, corresponding edges have the same length. The construction
of a h-triangle from given edges shows uniqueness up to isometry.

VII.3.7. Use both laws of cosines.

VIL.3.8. Work in D and show that DyT%, is a product of two reflections. Write 1%, = 04,04, as in
the proof of Prop. 3.7. Then g1 passes through 0 and Dy = (D) /209, D_x/2)0g, =: 0g,0g,, hence
DT,y = 0gq0gs-

VIL.5.3. Let z1 be any point of G with up(z1) = ¢ < 400, and D = Dg(z1) CC G. By Ex. 1, for

R+’l
(u”(zl) um(zl))7 hence Un,
—T

n >m and |z — z1| < 7 < R, we have 0 < un(2) — um(z) <

converges locally uniformly on D to a function that is harmonic by Ex. 2. Similarly, if u, (22) — +o0,
then u, — +00 on a neighbourhood of z2. Now use that G is connected.

VIL.6.1. Extend f by reflection in {|z| = ro} and {|z| = r1} to a larger annulus, which is then
mapped conformally to an annulus containing K», etc.

VILT.1. 71(2) = 242, 72(2) = z/(1 — 22).

VIL.7.2. By construction, the A and To3Ag (r € T'g) cover H. Hence, for z € H, there is 7 € TI'g
such that 7z = 23 € F. If Rez; = 1, then 7y ~12; € F; if |z1 — %\ =1, then 721 € F. As A is
I'p-invariant and maps F injectively, z1, 22 € F and 22 = 721, 7 € I'g, imply 7 = id.

VIL7.4. E.g. A(=1/z) and 1 — A(2) both map A onto H— with (0, 1, oo) — (0, oo, 1).

VIL.7.7. Note that any f € Aut(@ \ {0, 1, co}) can be extended to an f € AutC which permutes
0, 1, co.

VIL7.8. A(i) =1/2, AM(1 +14)/2) =2, A1 +14) = —1; A(e2™/3) = —e27i/3, X(e™i/3) = e™i/3,

Example: Apply a functional equation of A to i = (—1)/i.
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A
Abel, N. H. (1802-1829) 80, 148, 186
absolute convergence 13
absolute uniform convergence 14
addition theorem

— of the p-function 189

—, exponential function 19
analytic hypersurface 194
area, hyperbolic 226
Argand, J. R. (1768-1822) 1
argument 88
Artin, E. (1898-1962) 108
Arzela, C. (1847-1912) 56
Ascoli, G. (1843-1896) 56
automorphism 71, 214

—group 215

B
basis of a lattice 174
Beltrami, E. (1835-1900) 235
Bernoulli, Jakob (1654-1705) 71, 101

Bernoulli numbers 71, 101, 171
biholomorphic 5f., 12, 214
Bochner, S. (1899-1982) 193
Bolyai, J. (1802-1860) 235
Bombelli, R. (1526-1572) 80
boundary 2, 112

—cycle 112

—, distinguished 67
bounded 2

—near zo 47

—, locally uniformly 56
branch

— of the logarithm 89, 92

— of the power/root function 92
branch point 95

Cc

C*-cocycle 208

Carathéodory, C. (1873-1950) 1, 214
Cardano, G. (1501-1576) 80

Cartan, H. (1904-2008) 193
Casorati, F. (1835-1890) 64, 74
Casorati-Weierstrass theorem 64
Cauchy, A. L. (1789-1857) 1, 36, 108
Cauchy inequalities 55, 121
Cauchy integral 67
Cauchy principal value 132
Cauchy’s integral formula 36, 44, 46,
69, 108, 112
— for polydisks 67
—, inhomogeneous 108, 118, 193
Cauchy’s integral theorem 36, 43, 92,
108, 112
— for domains with positive bound-
ary 116
Cauchy-Hadamard formula 16
Cauchy-Riemann
—equations 1,9, 33, 54
—, inhomogeneous 193, 197, 199,
201
— operator 9
Chebyshev, P. L. (1821-1894) 166
circle
—, positively oriented 27
closure 2
cluster set 249
cocycle 193

-, C*- 208
-, O- 206
—, 0" 208

compact 2
compact convergence 14
compact support 199
complex differentiable 1, 3, 32
complex linear 11
complex partial derivative 32
conformal 12, 214
conjugate harmonic 242
connected 3

— pathwise 3

—, simply 115, 236
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continuous, piecewise 25
convergence 13
— of infinite products 103
—, (absolute) compact 96
—, absolute 13
—, absolute (of products) 103f.
—, absolute locally uniform 15
— of products 104
—, absolute uniform 14
—, compact 14
—, disk of 15f.
—, locally uniform 14, 96
—, pointwise 14
—, radius of 15
—, uniform 14
convergence test
— Cauchy 15
— comparison 13
— majorant 15

—ratio 13
—root 13
convex 39

Cousin, P. A. (1867-1933) 193
Cousin-I-distribution 204, 206
—, solution of 204
Cousin-II-distribution 207
first Cousin problem 193
second Cousin problem 193, 207
covering 251
—, branched 95
—, unbranched 251
—, universal 251
cross-ratio 85
cubic curve 188
—, plane 148, 188
—, projective 189
cycle 110
—, boundary 112
—, length of a 110
—, null-homologous 112
—s, homologous 112

D
degree 78

— of a rational function 78
derivative 4

—, Wirtinger 8, 11, 33

—, complex partial 32f.

—, higher 4

—, higher partial 33
differentiable

—, complex 8§, 11, 32

—, piecewise continuously 25

— real 1, 7f. 33,54
differential equation

— of the p-function 181f.

—, exponential function 19
Dirichlet, P. G. L. (1805-1859)

Dirichlet problem 214, 246
discrete 53
disk of convergence 15
disk model 226
distinguished boundary 67
distribution of principal parts 204
divisor 193, 207

—, positive 207, 212

—, principal 207
Dizon, J. D. (x1937) 108
Dolbeault, P. (x1924) 108, 193

Dolbeault’s lemma 193
domain 3

— with positive boundary 111

—, convex 39

—, simply connected 115, 236

—, star-shaped 39, 43
duplication formula

— Legendre’s 151

E
Ehrenpreis, L. (1930-2010) 193
FEisenstein, G. (1823-1852) 148
elliptic function 148, 174
—, order 176
elliptic integrals 148
end point 3, 26
entire linear transformation 83
equicontinuous 56
—, locally 56
Erdds, P. (1913-1996) 166
essential singularity 61
estimate, standard 30
Euclid (ca. 360280 BC) 166, 234
Elements 234
euclidean geometry 224f.
fifth postulate 234

Euler, L. (1707-1783) 71, 80, 88, 100,

148, 156, 166
Euler numbers 54
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Index

Euler product 156, 166
Euler’s constant 149
Euler’s formula 21f.
expansion
—, Laurent 63, 121
—, power series 48 ff.
exponential function 18f., 21
—, addition theorem 19
—, differential equation 19
—, general 93
extended plane 72
extension theorems 193

F
Ferrari, L. (1522-1565) 80
del Ferro, Scipio (1465-1526) 80
finer (covering) 209
fixed point 84
fractional linear transformation 83
Fubini, G. (1879-1943) 31
Fubini’s theorem 31
function
—, holomorphic in zg 32
—, admissible 128
—, automorphic 214
—, bounded near zp 47
—, elliptic 148
—, entire 71, 80
—, entire transcendental 80, 82
—, fractional linear 74
—, harmonic 9, 214, 241, 247
—, holomorphic 1, 32, 54, 68, 75
—, holomorphic at co 73
—, hyperbolic 22f.
—, inverse 5
—, logarithm 71
—, meromorphic 36, 65, 70, 73, 79,
193, 195, 197, 211
—, modular 254
— order of a 142
—, plecewise continuous 25
—, rational 6, 34, 71, 78f.
—, root, 71
—, transcendental 148
—, trigonometric 22f.
fundamental theorem of algebra 71, 76,
80f.

G

I-function 148f.

Galois, E. (1811-1832) 80

Gauss, C. F. (1777-1855) 1, 36, 80,
148, 166, 186, 235

geodesic 221, 223

geometric series 13, 15

Goursat, E. (1858-1936) 36, 40
Goursat’s lemma 40

Grothendieck, A. (x1928) 108

H
Hadamard, J. (1865-1963) 108, 166
half plane, upper 2, 86, 222, 251
half-plane model 226
Hardy, G. H. (1877-1947) 173
Hartogs, F. (1874-1943) 36, 193, 200

Hartogs” Kugelsatz 193, 200
holomorphic 4, 32ff., 54, 75

—atoo 73
holomorphic continuation 36
holomorphic logarithm 93, 140
homogeneous coordinates 188
homologous cycles 112
Hérmander, L. (¥1931) 193
Hurwitz, A. (1859-1919) 148
hyperbolic distance 220f.
hyperbolic functions 18, 22
hyperbolic geometry 214, 224 ff.

h-area 226

h-area of an h-triangle 229

h-circle 226

h-length 224

h-line 224, 226

h-plane 224

h-reflection 231f.

h-triangle 227

disk model 226

half-plane model 226

points at infinity 226
hyperbolic length 220
hyperbolic metric 218

1
identity theorem 52, 66, 68
— for Laurent series 122
— for harmonic functions 242
— for meromorphic functions 196
— for power series 17
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inequalities

—, Cauchy 55, 121
infinity

—, line at 188

—, point at 65, 71, see also hyper-
bolic geometry
inhomogeneous Cauchy integral formula
118
initial point 3, 26
integrability condition 198
integral 24, 110
—of f along v 26
—, Cauchy 67
—, elliptic 148
integral formula, Cauchy’s 44, 46
integration
—, parametrized surface of 35
interior 2
inverse function theorem 6, 59f.
isolated singularity 36
isometry 225, 231

J
Jacobi, C. G. J. (1804-1851) 1, 148,
186

K

Klein, F. (1849-1925) 214, 235
Klein’s Erlangen programme 214

Koebe, P. (1882-1945) 214

Kronecker, L. (1823-1891) 108
Kronecker index 108

L
Lagrange, J. L. (1736-1813) 80
Lambert, J. H. (1728-1777) 234f.
Laplace, P. S. (1749-1827)
Laplace operator 9, 241
lattice 174, 187
— invariants 181
— real 187
—, rectangular 186f.
—, thomboid 186 f.
Laurent, P. A. (1813-1854) 63, 108
Laurent decomposition 119, 141
—, principal part 119
—, regular part 119
Laurent expansion 63, 108, 121
—, principal part of the 63, 74

Laurent series 36
—, identity theorem 122

law of cosines

—, first 229, 234

—, second 230
law of sines 230
Legendre, A.-M. (1752-1833) 148, 166,

186

Legendre’s duplication formula 151,

173

Leibniz, G. W. (1646-1716) 50

Leibniz’s rule 50
lemma

— Goursat’s 40

— Schwarz 216

— Schwarz-Pick 223, 236
length 26

—of a cycle 110
line at infinity 188
Liouwille, J. (1809-1882) 81, 148

Liouville’s theorem 81 f.
Lobachevsky, N. 1. (1793-1856) 235
local primitive 40, 43
local residue theorem 124
locally uniform convergence 14
locally uniformly bounded 56
logarithm 87

—, addition rule 88

—, branch of the 89

—, continuous 208

—, principal branch of the 90
logarithm function 89

M
map

—, conformal 12

—, complex linear 11

—, holomorphic 34

—, open 59

—, real linear 11

—, tangent 11
mapping

—,open 5

—, holomorphic 75
maximum principle 57, 69, 243
mean value property 243, 247
Mellin, R. H. (1854-1933) 157

Mellin transform 157
meromorphic 36, 65
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minimum modulus principle 58
Mittag-Leffler, M. G. (1846-1927) 71,
97
Mittag-Lefler theorem 97, 193
modular map 214, 254
modular net 251
Mébius, A. F. (1790-1868) 71, 83
Mobius circle 85
Moébius transformation 71, 83
Montel, P. (1876-1975) 36, 56
Montel’s big theorem 214, 255
Montel’s theorem 56, 214
Morera, G. (1856-1909) 47
Morera’s theorem 47
multiplicity see order

N
neighbourhood 2

— - 2

—, punctured 61
Newman, D. J. (1930-2007) 166
non-euclidean geometry 214, 218, 235
nondiscrete 53
norm

—, euclidean 3

—, maximum 32
normal family 36, 57
null-homologous 112

0}
O-cocycle 206
O-solution 206
O*-cocycle 208
O*-solution 208
Oka, K. (1901-1978) 193
Oka property 210
open 2,71
—inM 2
— mapping 5, 59
open mapping theorem 59, 75
order 53
— of a function with respect to w 142
—of a pole 62, 64, 74
—of a zero 53
— of an elliptic function 176
orthocircle 221, 223, 226, 251

P
r 21,23

p-function 179, 181
—, addition theorem 189
parallel axiom 225f.
parameter transformation 27
partial fraction 50
— decomposition 63, 71, 78, 96 f., 100
— decomposition of mcotmz 99
path 3
— length 26
— of integration 26, 28
—, closed 29
—, reparametrization 28
—, simple closed 112
period 174
period-parallelogram 174
Pfaff, J. F. (1765-1825) 24
Pfaffian form 24
Picard, E. (1856-1941) 64
Picard’s big theorem 64, 214, 257
Picard’s theorem 255
Pick, G. (1859-1942) 214
Schwarz-Pick lemma 223, 236
plane
—, extended 72
—, slit 90
Poincaré, H. (1854-1912) 1, 193, 214,
235
Poincaré problem 193
point
— at infinity 65
—, fixed 84
Poisson, S. D. (1781-1840)
Poisson integral 245
Poisson kernel 244
polar set 196
pole 61, 74
—, order of a 62, 64, 74
—, simple 62
polydisk 67, 193, 201, 203, 214
polynomial 3, 6, 34, 71, 75
polyradius 67
Pompeiu, D. (1873-1954) 108
power
— with an arbitrary exponent 88
power series 1, 15
— expansion 48ff.; 69
— expansions of Logz 90
—, identity theorem 17
prime number theorem 148, 157
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primitive 36
—, local 40, 43, 54
principal branch of the logarithm 90
principal part 193, 204
— of a meromorphic function 204
— of the Laurent decomposition 119
— of the Laurent expansion 63, 74
Pringsheim, A. (1850-1941) 36
projection
—, stereographic 72, 85
projective geometry 71, 235
projective line 71
projective plane 188
punctured neighbourhood 61

R
radius of convergence 15
Range, R. M. (¥1943) 193, 214
rational function 34, 78
—, degree 78
real linear map 11
rectifiable 26
refinement map 209, 211
reflection
— in Md&bius circles 250
— in an orthocircle 251
— in the real axis 2
reflection principle
—, Schwarz’s 214
regular part
— of the Laurent decomposition 119
relatively closed 2
relatively compact 2
relatively open 2
Remmert, R. (x1930) 214
removable singularity 47
reparametrization 28
residue 123
residue calculus 127
residue theorem 108, 124
Riemann, G. F. B. (1826-1866) 1, 71,
148, 166 f., 173, 214, 235
Riemann hypothesis 173
Riemann sphere 71ff.
Riemann surface 49, 214
Riemann’s (-function 148, 155 ff.
Riemann’s extension theorem 47, 74,
194

Riemann’s mapping theorem 214,
236
root
— of unity 23
-, n'" 88
—, holomorphic n* 93
Rouché, E. (1832-1910) 139
Rouché’s theorem 139

S
Saccheri, G. (1667-1733) 235
Schwarz, H. A. (1843-1921) 214, 216
Schwarz lemma 214, 216
—, converse of 238
Schwarz’s reflection principle 214,
248
Schwarz-Pick lemma 223, 236
segment 27
Selberg, A. (1917-2007) 166
series
—, absolutely convergent 13
—, convergent 13
—, geometric 13, 15
— sum of 13
Serre, J.-P. (x1926) 193
set
—, discrete 53
—, nondiscrete 53
—, open 71
singularity
—, essential 61, 74, 123
—, isolated 36, 61, 69, 73
—, removable 47, 61, 74
slit plane 90

solution
— of a divisor 207
-, C*- 208
- O*- 208
sphere

— with imaginary radius 234
sphere, Riemann 72
spherical geometry 233
standard estimate 30
star-shaped 39, 43
Stein, K. (1913-2000) 214

Stein manifolds 193
stereographic projection 72, 85
Stickelberger, L. (1850-1936) 108
Stirling, J. (1692-1770)
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Stirling’s formula 152, 155
straight line (hyperbolic) 224
substitution rule 26, 28
support, compact 199
surface

—, parametrized 35

-
tangent map 11
Taylor, B. (1685-1731) 48
Taylor series 48
theorem
— Ascoli-Arzela 56
— Casorati-Weierstrass 64, 74
— Cauchy integral 36, 43, 112
— Fubini 31
— Fundamental theorem of algebra 71
— Liouville 81f.
— Mittag-Leffler 97
— Montel 56, 255
— Morera 47
— Picard 64, 255
— Riemann’s extension 47, 61, 74
— Rouché 139
— Weierstrass convergence 55, 69
— Weierstrass preparation 108, 143
— Weierstrass product 106
— inverse function 60
— open mapping 59, 75
— prime number 148
—residue 108, 124
— uniformization 214
thin set 195
trace 3, 26, 110
transformation
—, Mobius- 83
—, entire linear 83
—, fractional linear 83
trigonometric functions 18, 22

U
unbranched 237

— covering 251
uniform convergence 14
uniformization theorem 214, 237
unit ball 214
universal covering 251
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Wallis, J. (1616-1703) 107
Weierstrass, K. (1815-1897) 1, 36, 55,
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Weierstrass convergence theorem 55,
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Weierstrass polynomial 145
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Wessel, C. (1745-1818) 1
winding number 92, 108 ff.
Wirtinger, W. (1865-1945) 1
Wirtinger derivatives 1, 8, 11, 33
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¢-function see Riemann
zero 22

— sets of holomorphic functions 193
—, isolated 70

—, order of a 53

—sof ((s) 173

—s, existence of 59
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