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Introduction

This book is intended for readers who are familiar with the basics of elementary
complex function theory, i.e. the topics that are usually covered in an intro-
ductory course on the theory of complex functions. Additionally, it would be
useful for the reader to be familiar with the theory of elliptic functions and the
theory of elliptic modular functions. These theories were treated in detail in
the textbook Complex Analysis by Rolf Busam and the present author ([FB]
in the reference list of the present book). There will be many cross-references
to that book.

The goal of this book is to outline the new epoch of classical complezx analy-
sis, which was shaped decisively by Riemann. More than a half of this volume,
Chaps. I-1V, is devoted to the theory of Riemann surfaces.

The theory of Riemann surfaces provides a new foundation for complex
analysis on a higher level. As in elementary complex analysis, the subject
matter is analytic functions. But the notion of an analytic function will have
now a broader meaning. The domains of definition are not exclusively open
parts of the complex plane or the Riemann sphere, but more general surfaces.
Such functions automatically come up when one wants to describe an a priori
multivalued function such as f(z) = vz* + 1 completely by a single-valued
function. The natural domain of definition of this function f will turn out to
be a twofold covering of the sphere which has the shape of a torus.

This example shows in outline that, in the theory of Riemann surfaces, we
have to struggle with topological problems. The notion of “topology” here has
a double meaning.

First, in the present-day mathematical world, topology is a universal lin-
guistic tool for addressing questions of convergence in a context that is as broad
as possible. This purpose is served by the notion of a topological space and de-
rived notions such as “open set”, “closed set”, “neighborhood”, “continuity”,
“convergence”, and “compactness”, just to give a few important examples,
similarly to set theory, which is also a universally valid linguistic tool in math-
ematics. Readers of the first volume of our book have probably gained more
mathematical experience in the meantime, so we can assume that they are fa-
miliar with the language of topological spaces. For the sake of completeness,
we nevertheless introduce the fundamental terms of this language in an intro-
ductory section (I1.0). This contains, very briefly, all of what we need. Most of
the simple proofs will be skipped.
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A second aspect of topology is that it is a mathematical discipline for in-
vestigating nontrivial geometric problems. For example, it is an important
geometric fact that every compact, orientable surface is homeomorphic to a
sphere with p handles. The number p is a topological invariant of the sur-
face which determines its topological type. Topological theorems of significant
mathematical substance will be derived completely in this book. Besides the
topological classification of compact oriented surfaces, we shall also give an
outline of covering theory. In particular, the universal covering and its relation
to the fundamental group will be treated.

By the way, the development of topology was related to the fact that it is
advantageous in the theory of Riemann surfaces, as well as providing a linguistic
tool and means to attack serious geometric problems in the theory.

One of the main achievements of the theory of Riemann surfaces was that it
enabled a proof of the Jacobi inversion theorem and, moreover, opened a deep
understanding of it. We shall give a complete proof of the inversion theorem
in this volume.

In a similar way to that in which meromorphic functions with two indepen-
dent periods, called elliptic functions, arise in the inversion of elliptic integrals,
we shall be led to meromorphic functions of several complex variables 2, ...z,
with 2p independent periods. Such functions are called abelian functions.

The inversion theorem is the prelude to a new mathematical development.
It is necessary now to fix the notion of a meromorphic function of several
complex variables. So, we are forced to establish a theory of complex functions
of several variables. We can then introduce the notion of an abelian function
and develop a theory of them which generalizes the theory of elliptic functions.
One of the main results of this theory is that the field of abelian functions
is finitely generated. It is an algebraic function field of transcendental degree
m < p. Unlike the case p = 1, we can have m = p in the case p > 1 only under
very restrictive conditions. The Riemann period relations must hold. These
relations are satisfied for the abelian functions which arise from the inversion
of abelian integrals. It is not only for this reason that the case m = p is the
most interesting one.

By studying the manifold of all lattices L C C, we are led to the elliptic
modular functions. In the same manner, abelian functions lead us to a theory
of modular functions of several complex variables. In the last chapter of this
book, we give an introduction to this theory, which has been kept as simple as
possible but nevertheless leads to quite deep results.

Therefore this book is a continuation of [FB] on a higher level. The usual
Cauchy—Weierstrass theory of complex functions corresponds to the theory of
Riemann surfaces and to the foundation of some basics of the theory of com-
plex functions of several complex variables. The theory of elliptic functions is
replaced by the theory of abelian functions, and the theory of elliptic modular
functions by the theory of Siegel’s modular functions.
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We have tried to proceed in as elementary a way as possible, to give com-
plete proofs and to develop all that is needed. Even small excursions into
algebra to develop the necessary algebraic tools are included.

It is a great pleasure for me to thank the co-author of the first volume, Rolf
Busam, for his help with the figures and with the general foundations of the
theory.






I. Riemann Surfaces

The first four chapters are devoted to the theory of Riemann surfaces. It can be
assumed that readers are already acquainted with several Riemann surfaces even if
they are not familiar with the notion of a Riemann surface. In the book Complex
Analysis [FB], the following examples occurred:

1) The torus C/L, L C C a lattice ([FB], Chap. V).
2) Modular spaces H/I', I C SL(2,Z) a congruence subgroup ([FB], Chap. VI).
3) Some plane affine or projective algebraic curves ([FB] Appendix to Sect. V.3).

A central aim of our description of the theory of Riemann surfaces is to treat these
examples from a higher point of view and to deepen them. We shall be led to new
insights. For example, we shall obtain dimension formulae for spaces of elliptic mod-
ular forms, which cannot be obtained by means of the elementary methods of [FB].
But the theory of Riemann surfaces is not at all exhausted by these examples.

In Chap. I, we shall treat the elementary theory of Riemann surfaces. This con-
tains the basic definitions, i.e. the language of Riemann surfaces will be developed
and important examples will be treated.

The second chapter is devoted to central constructive problems. It turns out to
be useful to consider harmonic functions instead of analytic ones. The real parts of
analytic functions are harmonic, and each harmonic function is at least locally the
real part of an analytic function. We have to investigate boundary value problems and
singularity problems for harmonic functions. Our main tool for their construction will
be the alternating method of Schwarz.

The subject of Chap. III is the theory of uniformization. At its center stands
the uniformization theorem, which states that a simply connected Riemann surface is
conformally equivalent to the Riemann sphere, the complex plane, or the unit disk.

The big Chap. IV is devoted the theory of compact Riemann surfaces. It turns
out that this theory is equivalent to the theory of algebraic functions of one variable.
Historically, it was a big problem to generalize the theory of elliptic integrals to the
theory of integrals of arbitrary algebraic functions. Riemann surfaces turned out to
be a suitable instrument for solving this problem. At the center of the theory there
are prominent theorems such as the Riemann—Roch theorem, Abel’s theorem, and
Jacobi’s inversion theorem.

We shall now give a more detailed description of the present chapter. We start
(Sect. 0) with a collection of some basic notions in topology. This concerns only topol-
ogy as a linguistic device, as nowadays it is used in most mathematical disciplines.
We can assume that the reader is more or less acquainted with these notions. To have
a safe foundation we have collected together the necessary definitions and properties,
but the mostly simple proofs have been skipped.

E. Freitag, Complex Analysis 2: Riemann Surfaces, Several Complex Variables, Abelian Functions, 1
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In Sect. 1, we introduce as quickly as possible the notion of a Riemann surface
and the notion of an analytic map between Riemann surfaces. The simplest examples
of Riemann surfaces are the Riemann sphere and tori.

In Sect. 2 we introduce an example of great historical significance, the analytisches
Gebilde. Gebilde means something like “shaped object”. This is a Riemann surface
which arises in a natural way if an analytic function is analytically continued along
paths. The point is that the continuation may depend on the choice of the path.
‘When one considers all possible analytic continuations one obtains something like a
multivalued function, such as y/z, which can be considered as a two-valued function.
For such a multivalued function a Riemann surface can be constructed, which covers
the complex plane and is such that the originally multivalued function appears as
a single-valued function on this covering. The analytisches Gebilde is an example
of an abstract topological construction. The language of topological spaces finds a
justification here. Nevertheless, one should not overrate this example. We shall make
no use of it in the following theory and its applications. Hence it can be skipped by
any reader who wants to proceed as quickly as possible.

In Sect. 3, an example of fundamental importance occurs, the Riemann surface of
an algebraic function. More precisely, we shall associate a compact connected Riemann
surface with an algebraic function of one variable. In Chap. IV we shall see that one
can obtain all compact connected Riemann surfaces in this way. A priori, algebraic
functions are multivalued. Hence it is natural to use the analytisches Gebilde for the
construction of the surface. This is possible, and we describe this approach in Sect. 3.
Independently, one can use a different approach, where we consider the algebraic
curve which is associated with the algebraic function. To our mind, this a more
elegant way. In both cases, in the first instance we obtain a surface which is not yet
compact. It is more difficult to compactify it. In the literature, the compactification
usually is managed by adding so-called Puiseux elements. This approach is concrete
and explicit. But the pure topological background remains hidden. It rests on a pure
topological proposition, a special case of covering theory:

Let f : X — E’ be a proper and locally topological map of a nonempty connected
Hausdorff space X into the punctured disk. Then there exist a topological map o :
X — E° and a natural number n such that f corresponds to

]E. —>E.7 Q’—>qn7
ie. f(z)=o(z)".

Hence the abstract space X has a hole. It is natural to extend the space X by adding
an additional point, X = XU{a}, and to extend the maps f and o to maps f X > E
and & : X — E by f(a) = 0 and G(a) = 0. One can topologize X in such a way that &
gets a topological map. The map f is still proper but is no longer locally topological.

It seemed worthwhile to us to work out this special case of covering theory in
connection with the construction of the compact Riemann surface of an algebraic
function. Covering theory will not be treated in full generality until Chap. III.
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0. Basic Topological Notions

A topology T on a set X is a system of subsets with the following properties:

)0, XeT.
2) The intersection of finitely many sets from 7 belongs to 7.
3) The union of arbitrarily many sets from 7 belongs to 7.

A topological space is a pair (X, 7) consisting of a set X and a topology 7 on
X. Since it is usually clear from the context which topology is being considered
on the given set X at any moment, one usually writes X instead of (X, 7T),

X = (X, T).

The elements of 7 are called the open sets of X.

We now describe some important construction principles for a topology.

I Metric Spaces and Their Topology

A metric d on a set X is a map
d:XXX—>RZO

with the properties

a) d(a,b)=0<=a=10;

b)  d(a,b) =d(b,a);

c) d(a,c) <d(a,b)+d(b,c) (a,b,c € X).

We associate the metric space (X,d) with the “usual topology”. A subset
U C X is called open if for every a € U there exists € > 0 such that

Uc(a) CU (Us(a) :=A{x € X; d(a,z) < e}).

Ezample. The real line, the complex plane C, or, more generally, R" can be
equipped with the Euclidean metric and henceforth with a structure in the
form of a topological space.

IT The Induced Topology

Let Y be a subset of a topological space X = (X,7). Then Y can be equipped
with a topology 7Y, which is called the induced topology or subspace topology.
A subset V' C Y belongs to 7|Y iff there exists a subset U C X, U € 7, such
that

V=UnNnY.

If Y already is an open subset of X, this simply means V € 7.
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open in X = R?

Y =R x {0}

open in Y

IIT The Quotient Topology

Let X be a topological space and let f: X — Y be a map onto a set Y. Then
Y is equipped with the quotient topology. A subset V C Y is called open if its
preimage U := f~1(V) is open in X.

Special case. Let “~” be an equivalence relation on X and Y, the set of all
equivalence classes, and let f: X — Y be the canonical projection. Then Y is
called the quotient space of X with respect to the given equivalence relation.

Ezamples.
a) The torus X = C/L (L C C a lattice).
b) The “modular space” H/SL(2,Z).

IV The Product Topology
Let Xq,..., X, be finitely many topological spaces. The Cartesian product

X=X x---xX,

carries the product topology.

A subset U C X is called open if, for every point a € U, there exist open
subsets U; C X4,...,U,, C X,, such that a€¢ Uy x--- x U, C U:
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When R" is equipped with the topology which
comes from the Euclidean metric, then one gets the
product topology of n copies of the real line. This
follows from the well-known fact that the Euclidean
metric and the maximum metric on R™ are equiva-
lent (see Exercise 1).

Derived Topological Notions

a) For subsets of a topological space X, we can say the following:

1) A subset A C X is called closed if its complement X — A is open.

2) A subset M C X is called a neighborhood of a
point a € X if there exists an open subset U C X M
with a € U C M.

3) A point a € X is called a boundary point of M C
X if, in any neighborhood of a, one can find points
of M and points in the complement X — M.

Notation.
OM := set, of boundary points,

M := M UOM.
We can show that M is the smallest closed subset of X which contains M, i.e.
M= (1 A

MCACX,
A closed

Furthermore, we have
M closed < M = M.
We call M the closure of M.

b) For mappings f : X — Y between topological spaces, the map f is called
continuous at a point a € X if the preimage f~1(V (b)) of any neighborhood
of b := f(a) is a neighborhood of a (in X). We call f continuous when f is
continuous at all points.

The following properties are equivalent:

1) f is continuous,
2) the preimage of an arbitrary open set in Y is open (in X),
3) the preimage of an arbitrary closed set in Y is closed (in X).

The composition of two continuous maps
xLy %z

is continuous.
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Universal Properties of the Constructed Topologies

The Induced Topology
Let Y be a subset of a topological space X which has been equipped with the

induced topology. A map f: Z — Y from a third topological space Z into Y
is continuous iff its composition with the natural inclusion i,

iof:Z—X (i:Y =X, iy =y),

is continuous. In particular, ¢ is continuous:

The Quotient Topology

Let f : X — Y be a surjective map of topological spaces where Y carries
the quotient topology. A map h : Y — Z into a third topological space Z is
continuous if and only if the composition

hof: X —Z2
is continuous:
X *f>

Y
\ lh
hof

A

(In particular, f is continuous.)
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The Product Topology

Let Xq,...,X,, be topological spaces and let
f:Y — X3 x---x X,

be a map from another topological space Y into the Cartesian product, which
has been equipped with the product topology. The map f is continuous iff all
its components

fi=pjof:Y — X
pj: Xy x - x X, — X, jthprojection,
are continuous:
Y$X1 X oo X Xn

pl/
X

v

(In particular, the projections p; are continuous.)

Topological Mappings

A map f: X — Y of topological spaces is called topological if it is bijective
and if f and f~! are both continuous. Two topological spaces X,Y are called
topologically equivalent (or homeomorphic) if there exists a topological map
f: X—=Y.

Ezxamples
(The following two examples will be treated in more detail in Sect. 1.)

1) The 2-sphere
S?={reR% 22+azi+ai=1}

and the Riemann sphere are homeomorphic,
5% ~ C = C U {0}

This can be shown, for example, by means of the stereographic projection (see
[FB], Chap. III, in the appendix to Sects. 4 and 5 after Theorem A.8):
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north pole

2) When L C C is a lattice, the torus C/L is homeomorphic to the Cartesian
product of two circles,

C/L = torus ~ S x S*.

Some Properties of Topological Spaces

1) A topological space X is called a Hausdorff space if for any two distinct
points a,b € X there exist disjoint neighborhoods U(a) and U(b) (such that
U(a) NU(b) = 0).

2) A topological space X is called compact if it is Hausdorff and if it possesses
the Heine—Borel covering property: when

x=u;
j€l
is an arbitrary covering of X by open subsets, there exists a finite subset J C [
such that
x=u.
jed

A subset Y of a topological space X is called compact if it is a compact topo-
logical space after it has equipped with the induced topology.
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Some Properties of Compact Spaces

a) Compact subsets are closed.

b) A closed subset of a compact space is compact.

¢) When f: X — Y is a continuous map between Hausdorff spaces, the image
f(K) of a compact subset K C X is compact.

d) Let X be compact, let Y a Hausdorff space, and let f : X — Y be bijective
and continuous. Then f is topological.

e) A Cartesian product X; x --- x X,, of compact spaces is compact.

Locally Compact Spaces and Proper Mappings

A topological space X is called locally compact if it is Hausdorff and if each
point admits a compact neighborhood.

A continuous map
f: X —Y

of locally compact spaces X and Y is called proper if the preimage f~!(K) of
a compact set K C Y is compact.

We now formulate two important facts for proper maps.

0.1 Remark. Let f: X — Y be a proper map. Then the image f(A) of a
closed subset A C X is closed.

Proof. In a locally compact space, a set is closed iff its intersection with any
compact subset is compact. So, let K C Y be compact. Obviously, K N f(A)
is the image of the compact set AN f~1(K) and hence is compact. O

0.2 Remark. Let f: X — Y be a proper map. Let K CY be a compact set
and let U C X be an open subset which contains the preimage of K,

U>fHK).
Then there exists an open subset
Vcy, KcV,

with the property
ff(v)ycu.

Proof. The set X — U is closed. Since f is proper, f(X — U) is closed in Y.
We can take V =Y — f(X —U). O
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Convergent Sequences

A sequence (ay,,) in a Hausdorff space X converges to a € X if for each neigh-
borhood U(a) there exists a number N € N with

an € U for n > N.

We write, for brevity,
a, — a for n — oo.

The limit a is uniquely determined (because of the Hausdorff property).
A map f: X — Y between Hausdorff spaces is called sequence continuous
if
an — a = f(a,) — f(a).

A subset A C X of a topological Hausdorff space is called sequence closed if
for every sequence

[an — a, ap € Aforalln] = a€ A,

and it is called sequence compact if any sequence in A admits a cumulation
point in A. (A point a is called a cumulation point of a sequence (a,,) if there
exists a subsequence, which converges to a.)

We can show that

continuous = sequence continuous,
closed = sequence closed,
compact = sequence compact.

The inverse direction is true for Hausdorff spaces with a countable basis of the
topology.

This means the following.
There exists a sequence Uy, Us, Us, ... of open subsets such that every open

subset U can be written as the union of certain sets U,,. Every subset of X
then has a countable basis of the topology as well.

Example. The spaces R". Take Euclidean balls with a rational radius around
centers which have a rational radius.

Connectedness

A topological space X is called arcwise connected if any two points of X can be
joined by a curve in X. (A curve in X is a continuous map from a real interval
into X.)

A topological space X is called connected if one the following two equivalent
conditions is satisfied:
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1) Every locally constant map f : X — M into any set M is constant. It is
sufficient to take for M any fixed set which contains at least two elements.

2) When X = U UV is the union of two disjoint open subsets U, V, then U or
V is empty (hence V=X or U = X).

By the mean value theorem, every real interval is connected. As a consequence,
every arcwise connected space is connected. Usually, the reverse direction is
false. But for manifolds, and in particular for surfaces, see below.

Arc Components

Two points of a topological space X are called equivalent iff they can be joined
by a curve. The equivalence classes with respect to this equivalence relation
are called arc components of X. They are arcwise connected.

A (topological) manifold X is a Hausdorff space such that every point admits
an open neighborhood which is homeomorphic to an open subset of some R".
A nontrivial result states that n is unique, but we shall not make use of this.
We obviously have the following result.

Let X be a manifold. Then the arc components are open in X.

Hence the arc components are manifolds themselves. The arc components of a
manifold are called connected components.

As a special case, we can see that a manifold is connected if and only it is
arcwise connected. In the theory of manifolds, it is usually sufficient to restrict
ourselves to connected manifolds.

Exercises for Sect. 1.0

1. Two metrics d,d’ on a set X are called (strictly) equivalent if there exist constants
¢, ¢’ with the property

cd(z,y) < d(z,y) < dd(z,y) (z,y € X).
Show that equivalent metrics define the same topology.

Ezample. The maximum metric and the Euclidean metric of R™ are equivalent;
more precisely,

— <
max. lz, —y,| <
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Let 7 and 7’ be two topologies on a set X. We say that 7 is finer than 7’ or
T' is coarser than 7 if 7' C T, i.e. every open subset with respect to 7" is open
with respect to 7. Show that the following statements are true:

a) Let X = (X,7) be a topological space Y C X which has been equipped with
the induced topology 7Y, and let

jY — X, yr—uy,

be the canonical injection. Then 7Y is the coarsest topology on Y such that
the canonical injection is continuous.

b) The product topology on a product X = X; x ... x X of topological spaces
X is the coarsest topology on X such that the projections

P X — X, (zg,...,2

are continuous.

¢) Let f: X — Y be a surjective mapping of a topological space onto a set Y.
The quotient topology on Y is the finest topology for which f is continuous.

Show that
a) every proper injective map R — R is surjective;
b) every proper analytic map C — C is surjective.

Let X be a Hausdorff space with a countable basis of the topology and such that
the projection

XxC—C
is closed. Show that X is compact.

Hint. Argue indirectly and assume that there exists a sequence (a,,) without
a cumulation point. Then the set {(a,,n); n € N} is closed. By assumption, its
image in C is closed.

From the previous exercise, deduce that the following is true.

Let X,Y be locally compact spaces with a countable basis of the topology. A
continuous map f : X — Y is proper if and only if it is universally closed. This
means that the map

XxZ—YxZ (22— (f(x),2),

is closed for every Hausdorff space Z.
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1. The Notion of a Riemann Surface

Riemann surfaces are surfaces in the sense of topology with an additional struc-
ture. Surfaces are special manifolds (Sect. 0). For the sake of completeness,
we introduce again the notion of a (topological) surface. In the following, X
denotes a topological Hausdorff space.

1.1 Definition. A (two-dimensional topological) chart ¢ on X is a topolog-
ical map

p:U—V
of an open subset U C X onto an open subset V. C C of the complex plane.

Let

o:U—V, o:U —V

be two charts on X. Then we can consider the maps

0o : UNU — oUNU"), ¢ola)=
Yo:UNU —p(UNU’), ola)

(a)a

@
¥(a).

In contrast to the severe set-theoretic convention, we denote the map g o ¢y *

simply by 1) o ¢~ 1

You i pUNU) — p(UNT).

Obviously, p(UNU"), (U NU’) are open subsets of the complex plane. The
map 1 o o~ ! is called the chart transformation. It is only of interest when the
intersection U N U’ is not empty (but can be considered also in this case, since
the empty set is very patient).

By definition, a (topological) surface is a Hausdorff space such that every
point @ € X admits a chart, such that a is contained in its domain of definition.
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1.2 Definition. A (two-dimensional) atlas A on a topological space X is
a set of (two-dimensional) charts ¢ : U, — V,, such that their domains of

definition cover X :
xX=JU,.

peA

When there exists a two-dimensional atlas on the topological space X, then X
looks locally like the complex plane C ~ RZ.

So a (topological) surface is a Hausdorff space which admits a (two-
dimensional) atlas.

1.3 Definition. Two charts ¢, on a surface are called analytically com-
patible if the chart transformation

Yot ipUNU) — p(UNT")

is biholomorphic (= conformal).

1.4 Definition. An atlas A on a surface X 1is called analytic if any two
charts from A are analytically compatible.

Of course, a given topological surface may admit many atlases if there exists
one. When A and B are analytic atlases on X, then it may happen that AU B
is also an analytic atlas. This means that every chart of A is analytically
equivalent to any chart of B. Such atlases will do the same job. Therefore we
shall call them “essentially equal”.
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1.5 Definition. Two analytic atlases A, B are called essentially equal if
AU B is analytic as well.

Obviously, the relation “essentially equal” is an equivalence relation. We denote
the class of all atlases which are essentially equal to A by [A].

1.6 Definition. A Riemann surface is a pair (X, [A]) which consists of a
topological surface X and a full class of essentially equal analytic atlases.

Hence Riemann surfaces are topological surfaces with a distinguished analytic
atlas. Two analytic atlases define the same Riemann surface if they are essen-
tially equal. We shall see that on a given topological surface there can exist
many analytic atlases which are essentially different and hence define different
structures as a Riemann surface.

We allow the notation (X, .A) instead of (X, [A]). But we must bear in mind
that (X, A) and (X, B) are equal when A and B are analytically equivalent. As
a rule, it will be clear from the context which analytic atlas is being considered
at any moment. In this case we simply write X = (X, [A]).

The definition of analytic compatibility has been devised such that notions
from complex analysis of the complex plane, which are invariant under confor-
mal transformation, can be transferred to Riemann surfaces. A fundamental
example of this is the notion of an analytic map, which we shall give our at-
tention to now.

Let f : X — Y be a continuous map between Riemann surfaces X =
(X, A) and Y = (Y, B). We consider two charts

p:U, —V, from A,
P : Uy — Vy  from B.

Using somewhat sloppy notation, we can consider the function
foup =1%o fop.

Its domain of definition is an open part of the complex plane, namely

@(f_l(Uw) N Uso) C V.

It takes values in V;:

four 0 o(f N Up) NUL) — Vi, fou(2) = 0 fe 7 (2).
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1.7 Lemma. Let f : X — Y be a continuous map between topological
surfaces. Assume that analytic atlases A on X and B on'Y have been distin-
guished. The following two statements are equivalent.

a) There exists a pair of charts ¢ € A such that a € U, and ¢ € B such that
b € Uy. The function f, (which is defined on an open neighborhood of
(a)) is analytic in an open neighborhood of v(a).

b) Condition a) holds analogously for every pair of charts ¢ € A such that
a €U, and ¢ € B such that b € Uy.

Additional remark. Conditions a) and b) carry over from A and B to any
pair of essentially equivalent atlases A’, B'.

The proof is an immediate consequence of the definition of analytic compati-
bility. a

1.8 Definition. A continuous map f : X — Y of Riemann surfaces X =
(X, A), Y =(Y,B) is called analytic at a point a € X if the conditions a) and
b) in Lemma 1.7 are satisfied.

It is obvious that Lemma 1.7 is unavoidable for a meaningful definition of the
notion of an “analytic map”. The notion of analytic compatibility has been
devised in such a way that Lemma 1.7 holds:
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The notion of a Riemann surface has been molded in such a
way that one can define analytic mappings between Riemann
surfaces in a meaningful way .

A map f: X — Y between Riemann surfaces is called analytic (or holomorphic)
if it is continuous and if it is analytic at any point.

Some Simple Permanence Properties

1) The identity map
dy : X — X

is analytic.
2) The composition of analytic maps between Riemann surfaces
x Ly Lz
is analytic.

1.9 Definition. A map
f: X —Y

between Riemann surfaces is called btholomorphic or conformal if it is topo-
logical and if f and f=1 are both analytic.

As in the case of open subsets of the complex plane, the map f~! is automat-
ically analytic when f is bijective and analytic. This is a statement of a local
nature, and can be reduced to the case of open subsets of C by means of charts
(see [FB], Sect. IV.4.2). See also Exercise 4 in this section.

Two Riemann surfaces X, Y are called biholomorphically equivalent or con-
formally equivalent if there exists a biholomorphic map f: X — Y. They are
then also topologically equivalent. The reverse statement is false.

Simple Examples of Riemann Surfaces

To define a Riemann surface, one has to find an analytic atlas A on a topological
surface X.

Let U C X be an open subset of a Riemann surface X = (X,.A) and let
¢ : Uy — V4 be a chart on X. We can then consider the restricted chart

olU:UNU, — @UNU,).
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Obviously, the set
AU == {plU; ¢ €A}

is an analytic atlas on U and thus provides U with a structure in the form of
a Riemann surface. Of course, the class [A|U] depends only on the class [A].
We shall always equip an open subset with this structure.

A map f:Y — U is analytic if and only if its composition with the natural
inclusion ¢ : U — X is analytic.

We have, furthermore, the following result. Let f : X — Y be a map
between Riemann surfaces and let

X =Ju
iel
be a covering of X by open subsets. Then f is analytic iff all restrictions
flU; :U; — Y
are analytic.

The Complex Plane as a Riemann Surface

We can consider the “identical chart”
id@ :C — C.

This forms an obviously analytic atlas and as such establishes C with a struc-
ture in the form of a Riemann surface. As a consequence, every open part
D C C is equipped with such a structure. The identity idp : D — D gives an
analytic atlas.

Let X = (X,.A) be an arbitrary Riemann surface. An analytic map
f: X —C

is called an analytic function. This means that for any chart ¢ € A, the
function
fo ::foapflsz—ﬂc

is analytic in the usual sense. In the special case of an open subset X C C, we
of course obtain the usual notion of an analytic function.

We denote by O(X) the set of all analytic functions on X. Obviously, the
following are true:
1) f,9€OX) = f+g, f-g€0X).
2) The constant functions are in O(X).

In particular, O(X) is a C-algebra.
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The Riemann Sphere as Riemann Surface

Recall ([FB], Appendix to Sects. IT11.4 and I11.5) that a subset U € C = CU{oo}
is called open iff U N C is open and if, in the case co € U, there exists a number
C > 0 with the property

z€C, |z|>C=z€eU.

Obviously, this defines a topology which equips C with a structure in the form
of a Hausdorff space. When this topology is induced on the (open) subset C,
we obtain the usual topology of the complex plane.

We define two charts on C:

oo} =C e c.

0} — C. z—1/z (1/oo0 =0).

1) C—{
2) C—{
The chart transformation is

C —-{0} — C — {0}, z—1/z.

This is a conformal map. Hence the two charts define an analytic atlas. In this
way, we obtain a structure in the form of a Riemann surface on C.

Now we can consider holomorphic maps f : X — C from an arbitrary
Riemann surface into the Riemann sphere. Such maps have already been con-
sidered in [FB] in the appendices to Sects. II1.4 and III.5, where we introduced
meromorphic functions. We reformulate Definition A1 given there.

1.10 Remark. Let U C C be an open subset of the complex plane. For a
map f: U — C from U into the Riemann sphere, the following two statements
are equivalent:

1) f is a meromorphic function.
2) f is an analytic map of Riemann surfaces and the set of points f~1({oo})
which map to oo is discrete (in U ).

This simple observation leads us to the following definition.

1.11 Definition. A meromorphic function f on a Riemann surface X is an
analytic map

f: X —C

such that the set of points which map to oo, f~1({oo}), is a discrete subset of
X.
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Of course, the constant function f(z) = oo is an analytic map but not a mero-
morphic function when X is not empty.

We denote by M(X) the set of all meromorphic functions on X. If f, g €
M(X) are two meromorphic functions, then we can define in an obvious way
(compare [FB], Chap.III, Appendix A) their sum and product

f+g, f-geMX).

In particular, M(X) is a ring. If f is a meromorphic function whose set of
zeros is discrete, one can define the meromorphic function 1/f. The set of all
holomorphic functions O(X) can be embedded into M (X):

O(X) — M(X),

fr—iof (i : C — C canonical inclusion).

The image consists of all meromorphic functions which do not have the value
oo. Usually, we identify f and 7o f. Hence analytic functions are meromorphic
functions which do not take the value co.

We want to show that M (X) is a field when X is connected and nonempty.
For this, we need a generalization of the identity theorem (see [FB], Proposition
I11.3.1).

1.12 Lemma. Let
f,g: X —Y

be two analytic maps of a connected Riemann surface into another Riemann
surfage Y. Assume that there exists a subset S C X which has a cumulation
point ) in X and is such that f and g coincide on S. Then f =g.

Corollary. Let f : X — Y (X connected) be a nonconstant analytic map.
Then the set f=1(b) is discrete in X for allb €Y.

Corollary. Let f : X — C (X connected) be an analytic map which is not
constant co. Then f is a meromorphic function.

Corollary. The set M(X) of all meromorphic functions on a connected
nonempty Riemann surface is a field.

For the proof of Lemma 1.12; we consider the set of all cumulation points of
the set coincidence set {x € X; f(z) = g(x)}. We have to show that this
set is open and closed. Since this statement is of local nature, we reduce it
by taking charts to open subsets of the plane. Then we can apply the usual
identity theorem ([FB], Theorem III.3.2).

*) This is a point a € X such that every neighborhood of a contains infinitely many
elements of S.
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The Torus as a Riemann Surface
Let L be a lattice in the projective plane C. We equip the torus
X=C/L:=C/~ (a~b<=a—-bel)

with the quotient topology to obtain a compact connected topological space:

v p
@) —

An open subset V' C C is called “small” if two different points from V'
modulo L are never equivalent. For example, V' is small when it is contained
in the interior of a fundamental parallelogram.

We denote by U C X the image of V under the canonical projection
p:C— X, a+— [al (={beC, b—aclL}).
The restriction of p defines a bijective map
vV = U
It is easy to see that this map is topological. Its inverse,
ev:U =V,
is a chart on X. The set of all these charts is an atlas A on X.

Claim. The atlas A is analytic.

Proof. Let V and V be two small open subsets of C. We have to show that
the chart transformation is analytic. For this, we can assume (possibly after
shrinking V' and \7) that the images U and U in X are equal. We can also
assume that V and V are connected. Then the chart transformation v is a
topological map

v:V = V.
For every a € V, there has to exist an w(a) € L such that

(@) = a+w(a).
Since ¢ is continuous and L is discrete, the function w(a) = y(a) — a has to be

locally constant. Since V' is connected, w must be constant. Hence the chart
transformation is a translation; in particular, it is analytic. a

Hence the torus C/L has been equipped with a structure in the form of a
Riemann surface.

Obviously, we can make the following statement.



22 I. Riemann Surfaces
1.13 Remark. Let U be an open subset of the torus. A map
f:U—Y

into a Riemann surface Y is analytic if and only if the composition with the
projection

fop:p ' (U) —Y
is analytic.

Corollary. (Special case Y = C). The meromorphic functions on the torus
X are in one-to-one correspondence with the elliptic functions with respect to
L (by means of F+— f =Fop).

Any two R-bases can be transformed into each other by means of an R-linear
map. Hence two tori are always topologically equivalent:
C/L~RXxR)/(ZxZ)~R/ZxR/Z (=S'x St).
i T
topologically circle

As a rule, R-linear maps are usually not C-linear. Hence tori need not be
conformally equivalent. Actually, the following is true.

1.14 Proposition. Two tori C/L, C/L" are conformally equivalent iff
L and L' can be transformed into each other by rotation and scaling (i.e. by
multiplying by a complex number).

This also shows that topologically equivalent Riemann surfaces need not be
biholomorphic. On a given topological surface, there may exist essentially
different structures in the form of a Riemann surface.

A proof of Proposition 1.14 follows easily from the covering theory of Rie-
mann surfaces. However, since the tools for a proof are already available at
this point (even if they are not so easily used), we shall sketch a proof here.

Proof of Proposition 1.1/. Let
f:Cc/L—cC/r’
be biholomorphic. Step by step, one shows the following:

1) There exists a continuous map F : C — C such that the diagram

c—E sc¢

L

C/L——sC/L’



1. The Notion of a Riemann Surface 23

commutes.
2) F is analytic.
3) dF/dz is an elliptic function with respect to L and hence is constant. This
implies
F(z)=az+b (a #0).

4) We have
al =1L

It follows inversely that the associated tori are conformally equivalent.
Only the statement 1) is not obvious.

Proof of 1). We denote by p: C — C/L and p’ : C — C/L’ the natural
projections. First, we prove the following uniqueness statement.

Let M C C be an arcwise connected subset of C and let a € M, b € C
be points with the property f(p(a)) = p(b). Then there exists at most one
continuous map F' : M — C with the properties F'(a) = b, f(p(z)) = p'(F(2))
for all z € M. This is trivial if there exists a small open (with respect to L')
subset U C C, b € U with the property f(p(M)) C p'(U), since for reasons
of connectedness F'(M) must be contained in U. For the general proof of the
uniqueness statement, we can assume that M is the image of a curve. By
dividing the parameter interval into small pieces, we reduce the statement to
the first case. We call F' a lifting of f.

Now, the following statement follows from the statement of uniqueness. Let
M and N be two subsets of C whose intersection is arcwise connected, and let
F:M— C,G: N — C be two lifts of f which agree in at least one point of
the intersection M N N. Then they agree on the whole intersection and glue to
a continuous function on the union.

By the way, if F,G are two lifts, we may choose a lattice element w’ such
that F(z) and G(z) + w’ agree in a point of the intersection.

After this preparation, we prove the existence of a (continuous) lift. Because
of the uniqueness statement, we can restrict ourselves to constructing the lift
F for a compact rectangle M. We decompose the rectangle into four congruent
subrectangles by halving its edges. Because of the second step, it is enough
to construct lifts for each of the four subrectangles. We can divide the four
subrectangles in the same way. We continue this procedure until each rectangle
R is so small that f(p(R)) is contained in p’(U) for a small open set U C C.
Now the existence of a lift F : R — C is trivial. A simple compactness
argument, which we leave to the reader, shows that after finitely many steps
we obtain a subdivision with the desired property.

The Maximal Atlas of a Riemann Surface

Since open subsets (using the induced structure) of Riemann surfaces are Rie-
mann surfaces as well, the following definition is possible.
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1.15 Definition. Let (X, A) be a Riemann surface. An analytic chart on
X is a biholomorphic map ¢ : U — V of an open subset U C X onto an open
subset V' of the plane.

Of course, elements of the defining atlas A are analytic charts, and the elements
of an essentially equal atlas are also analytic charts. It is also clear that two
analytic charts are analytically compatible. This means nothing more than
that the set of all analytic charts is the biggest atlas which is essentially equal
to A. For this reason, we denote the set of all analytic charts by Aa.c. Two
analytic atlases A and B on X are essentially equal iff the associated maximal
atlases coincide. We can express this also as follows: in any class of essentially
equal analytic atlases there exists a unique maximal atlas, and this is the set
of all analytic charts in the sense of Definition 1.15.

During the introduction of the notion of a Riemann surface, we equipped topolog-
ical surfaces with an equivalence class of essentially equal analytic atlases. Alterna-
tively, we could have equipped the surface with a maximal analytic atlas and called
this a Riemann surface. It is only a question of taste how to start. We feel that the
notion of a maximal analytic atlas (before it is recognized as the set of all analytic
charts) is somewhat artificial and unesthetic.

Usually, the maximal atlas is much bigger than the atlas A with which we started.
For example, we have equipped C with the tautological atlas {id. }. In this case A,
consists of all conformal mappings ¢ : U — V between open sets U, V from the plane.

The defining atlas A should be considered just as a vehicle to define arbitrary
analytic charts. In the literature, Riemann surfaces are usually introduced as surfaces
which are equipped with a maximal analytic atlas. But this requires formal effort
before one can introduce even the simplest examples of Riemann surfaces, such as the
complex plane.

Some Elementary Properties of Riemann Surfaces

We now formulate some results which may be deduced without any effort from
the usual type of complex analysis, as can be found for example in [FB].

1.16 Remark.

1) A nonconstant analytic map between connected Riemann surfaces is open.

2) An analytic function on a connected Riemann surface whose absolute values
attain a mazimum is constant.

3) Let f : X — Y be a continuous map between Riemann surfaces which is
analytic outside a discrete subset S C X. Then f is analytic everywhere.

4) Let f: X — Y be an injective analytic map. Then f(X) is open and the
induced map X — f(X) is biholomorphic.
We skip the simple proofs (see the Exercises).

In the usual complex analysis, the local mapping behavior of analytic func-
tions is described as follows (see the proof of Remark 1.3.3 in [FB]):
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An analytic function f such that f(0) = 0 is, in a small neighborhood of 0,
either constant or the composition of a conformal map with an nth power.
Here n is a natural number.

We want to formulate this result for Riemann surfaces. First, we notice that
for every point a € X of a Riemann surface there exists an analytic chart
¢ : U — E, a € U, whose image is the unit disk. We choose an arbitrary
analytic chart ¢ : U" — V', a € U’, and then replace U’ by the inverse image
of a small disk around ¢ (a). Now ¢ is obtained by restricting ¢ to this inverse
image and composing it with a conformal map from the small disk onto the
unit disk. This construction gives an arbitrarily small U in the sense that, for
a given neighborhood W of a, we can find U such that a € U C W.

1.17 Remark. Let f: X — Y be a nonconstant analytic map of a connected
Riemann surface X into a Riemann surface Y. Let a € X be a point and let
b= f(a) be its image. There exist analytic charts

0:U—E, acUCX, Y:V—E, beV CY, Fo) =V,
and a natural number n such that the diagram

)

U——F q
ol
VLE q"

commutes (P(f(x)) = (2)").

For the proof, we can assume that X and Y are open subsets of C and that
a =b = 0. Then we can use the local mapping property of the usual type of
analytic functions. (see [FB|, Theorem III.3.3). O

Exercises for Sect. 1.1

1. Let a be a point on a Riemann surface X. Show that any analytic function
f: X —{a} — E extends to an analytic function X — E.

2. Let f: X — Y be a nonconstant analytic map of a connected Riemann surface
into a Riemann surface V. Show that f is open, which means that open sets are
mapped onto open sets. In particular, f(X) is open.
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Any nonconstant analytic map f : X — Y of a compact Riemann surface into
a connected Riemann surface is surjective. As polynomials can be considered as
holomorphic mappings from the Riemann sphere into itself, show that one can
obtain a new proof of the “fundamental theorem of algebra”.

Let f: X — Y be a bijective and analytic map of Riemann surfaces. Show that
f is biholomorphic.

Let f: X — Y be an injective analytic map of Riemann surfaces. Show that f
induces a biholomorphic map from X onto the open (!) subset f(X) C Y.

Show that when ¢ : X — Y is an analytic map of Riemann surfaces, then
" 0Y) — OX), fr=fop

defines a ring homomorphism. This is injective when X and Y are connected and
 is not constant. It is an isomorphism if ¢ is biholomorphic.

The purpose of the following exercises is to show another way in which Riemann
surfaces can be introduced. In this approach, the analytic functions themselves
are introduced in an axiomatic way. The advantage is that we do not need the
chart transformations. This new approach is important because it admits broad
generalizations.

Let X be a topological space. A sheaf of continuous functions is a map which
assigns to any open subset U C a subring O (U) of the ring of all continuous
functions f : U — C such that the following conditions are satisfied:

a) If f € Oy (U) and V C U is a further open subset, then f|V € O, (V).

b) Let U = Ul U, be an open covering of an open subset U of X and let f be
a continuous function on U such that its restrictions to U, are contained in
Ox(U,). Then f € O (U).

A ringed space is a pair (X, O ) consisting of a topological space X and a sheaf

O of continuous functions.

Let X be a Riemann surface. Show that the assignment
U +— Oy (U) = set of all analytic functions

defines a structure of a ringed space.

A morphism f: (X,0y) — (Y, Oy) of ringed spaces is a continuous map between
the underlying topological spaces such that the following condition is satisfied:

If V C Y is an open subset and g € Oy (V), then go f € O (U), U = f~ (V).
Let X,Y be two Riemann surfaces which have been equipped with the sheafs

of analytic functions. Show that a map f : X — Y is analytic in the sense of
Riemann surfaces if and only if it defines a morphism of ringed spaces.
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9. An isomorphism f : (X,0y) — (Y, Oy ) of ringed spaces is a bijective map be-
tween the underlying topological spaces such that f and f~' are morphisms of
ringed spaces.

Let U C X be an open subset of U. Then we can define the restricted sheaf
O« |U. For open subsets V C U, we can define (O |U)(V) := Oy (V).

Let (X, Oy) be a ringed space, X Haussdorff. Assume that every point a € X
admits an open neighborhood U C X and an open subset V' C C of the complex
plane such that the ringed spaces (U, Oy |U) and (V,O,,) are isomorphic. Here
O, means the sheaf of analytic functions in the usual sense. Show that there
exists a unique structure of a Riemann surface on X such that O is the sheaf of
analytic functions.

2. The Analytisches Gebilde

Important examples of Riemann surfaces can be obtained by use of the analyti-
sches Gebilde. The analytisches Gebilde of a power series is obtained by gluing
all of its analytic continuations to a surface. On this surface, all analytic con-
tinuations appear as a unique single-valued analytic function. The analytisches
Gebilde is one of the historical motivations for the notion of a Riemann surface.
An important example is the analytisches Gebilde of an algebraic function. In
Sect. 3, we shall give another construction of this. Hence we recommend that
readers who are interested in this basic example should skip the analytische
Gebilde and proceed directly to Sect. 3.

One of the simplest examples of a “multivalued function” is the square root.
By choosing, for example, the principal branch /z, we can obtain uniqueness,
but we obtain only an analytic function on the slit plane C_. Other branches
such as —y/z on C_ have equal validity. We would like to glue all possible
branches together into a unique function. This is possible, but the domain
of definition cannot then be a domain in the complex plane, but instead is
a surface which lies over it. The following construction of the analytisches
Gebilde leads to this surface.

2.1 Definition. A function element is a pair (a, P) consisting of a complex
number a and power series with center a,

P(z) = Z an(z —a)",

which has a positive radius of convergence.

In particular, this function element defines an analytic function on a small disk
around a.
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2.2 Definition (Weierstrass). Let
ag: I — C

be a curve in the complexr plane. A regular allocation of ag is a map which
assigns to any t € I a function element

(Oé()(t), Pt)

with center ag(t). The following conditions have to be satisfied. Every to € T
admits an € = e(ty) > 0 with the following property: if

tel, |t—to <e,

then aq(t) is in the interior of the disk of convergence of Py, and P, can be
obtained by rearranging P;, according to powers of z — ap(t).

This means that the function elements arise by successive analytic continuation.

2.3 Definition.  Let (a, P) and (b,Q) be two function elements. We say
that (b, Q) can be obtained by analytic continuation from (a, P) when both are
members of a reqular allocation.

We then call the two function elements equivalent and write (a, P) ~ (b, Q).
Obviously, this is an equivalence relation.

2.4 Definition. An analytisches Gebilde in the sense of Weierstrass is a
full equivalence class of function elements.

Hence the analytisches Gebilde collects together all function elements which
can be obtained by analytic continuation from a single function element.

The essential point of this notion is that equivalent function elements (a, P),
(b,Q) can be different even if their centers are equal, i.a. a = b. Take, for
example, a = b = 1. For P, we take the power series of the principal branch of
the square root around 1, and for @) we take —P. The function element (1, Q)
can be obtained from (1, P) by means of analytic continuation along a circle
around 0.

In general, the result of an analytic continuation will depend on the choice of
the path. This simple but fundamental fact can be considered as part of the idea
of the Riemann surface.

In the following, R denotes a fixed analytisches Gebilde. There is a natural
projection
p:R—C, p((a,P))=a

into the complex plane. As we have pointed out, this need not be injective.
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We now introduce a topology on R . Let (a, P) € R. We want to define,
for some € > 0, the notion of an “c-neighborhood”

U.(a,P) CR

of (a, P) in R. We assume that ¢ is not greater than the radius of convergence
of P. In this case P defines an analytic function on the usual e-neighborhood
U(a) of a. For every b € U.(a), we can expand this function into a power
series P, around b, for example by rearranging it according to powers of z — b.

Notation. Let (a, P) be a function element and let € > 0 be a number which is
not greater than the radius of convergence of P. The e-neighborhood Uy (a, P)
of (a, P) in R consists of all function elements (b, ), b € U(a), where P, is
obtained from P by expanding around b.

Remark. The natural projection
U.(a,P) — U.(a)
is bijective.
When (a, P) is contained in R, then of course U (a, P) is contained in R.

2.5 Definition. A subset U C R is called open if any function element
(a, P) € U admits an e-neighborhood (where € is not greater than the radius of
convergence of P) such that

Ue(a,P) C U.

Let (b,Q) € Ue(a, P). For small enough d, we have
Us(b,Q) C Us(a, P).
This implies the following statement.

2.6 Proposition. We obtain a topology on R, by means of Definition 2.5.
The e-neighborhoods Ug(a, P) are open. The natural projection p : R — C
gives a topological map

Ua(aap) - Ua(a)'
Corollary. The natural projection
p:R—C

1s locally topological.

(A continuous map f : X — Y is called locally topological if any point a € X
admits an open neighborhood U(a) such that the restriction of f defines a
topological map from U(a) onto an open neighborhood V' (b) of b = f(a).)
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2.7 Remark (Additional Remark on Proposition 2.6). The space R is
Hausdorff.
Proof. Let (a, P), (b, Q) be function elements.

First case. a # b. We choose ¢ > 0 smaller than |a — b| and smaller than the
radii of convergence of P and Q. Then, trivially, U.(a, P) N U.(b, Q) = 0.

Second case. a = b but P # ). We choose ¢ smaller than the radii of con-
vergence of P and @ and again obtain disjoint neighborhoods. (Otherwise, we
would find a point ¢ in an open disk where P and ) converge such that the
expansions of P and ) around c¢ agree. But then P and @ coincide.) O

Now we are going to construct an analytic atlas on R.

The Analytisches Gebilde as a Riemann Surface

The construction rests on the following general fact.

2.8 Lemma. Let
f: X—Y
be a locally topological map of Hausdorff spaces. Assume that Y carries a

structure in the form of a Riemann surface. Then X carries a unique structure
in the form of a Riemann surface such that f becomes locally biholomorphic.

Proof. An open subset U C X is called “small” if f maps U topologically onto
an open set f(U) and if there exists an analytic chart on Y,

fu) =v (C C open).
The composition
U— f(U) —V
is a chart on X. Obviously, these charts are analytically compatible. Hence

they define a structure in the form Riemann surface on X.

To prove uniqueness, we describe the elements ¢ : U — V of the maximal
atlas. We can restrict ourselves to ¢ such that U is small in the sense that
it is mapped biholomorphically onto the open set f(U). Obviously, ¢ is bi-
holomorphic (i.e. contained in the maximal atlas) if p o f=1 : f(U) — V is
biholomorphic. O

By applying this lemma to p : R — C, we obtain the announced structure
of a Riemann surface on R.
Curves on the Analytisches Gebilde
A curve on a topological space X is a continuous map
a: I —X

of an interval I C R into X. We are interested mainly in the case where
I =[a,b] (a <b)is a compact interval. Then «(a) is called the starting point
and «a(b) the endpoint of a. When both agree, « is said to be closed.
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2.9 Lemma. Let
a:l—TR (I C R an interval)

be a curve in R. The composition with the natural projection p : R — C defines
a curve
ag: I — C.

The family
a(t) =: (a(t), P)

is a regular allocation of ag. Conversely, if (ao(t), Pr) is a regular allocation
of a curve ag : I — C, then

a(t) = (ao(t), )
is a curve i R.

In other words:

Regular allocations in the sense of Weierstrass and curves in R
are the same.

Obviously, the definition of the topology on R has been devised in such a way
that Lemma 2.9 is true.

2.10 Lemma. Let
f: X —Y

be a locally topological map of topological spaces, let
ag : [a,b] — Y (a<b)

be a curve in'Y, and let o € X be a point over ag(a) (i.e. f(xg) = ao(a)).
There is at most one curve

a:fa b)) — X
with the properties

a) f °a = Qop,
b) ala) = xp.

We call « a lifting of «y.
Proof of Lemma 2.10. Let 3 be a second lift of ag (f o 8 = ag, [(a) = xg).
We consider
to :=sup{t € [a,b]; a(t) =p(1)}
and make use of the fact that f maps a neighborhood of the point a(ty) topo-
logically onto a neighborhood of «ag(tp). O
The next statement follows from this topological fact.
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2.11 Lemma. Let
ap : [a,b] — C (a <b)

be a curve in the complex plane and let (ag(a), P) be a function element whose
center is the starting point ag(a) of ag. When there exists a regular allocation

(ao(t), P2)

of ag which starts with
P, =P,

then this allocation is uniquely determined.

In particular, the end P, of the allocation is uniquely determined (by ao and
P, = P). We can also say that the function element (a(b), P,) arises by
analytic continuation of (ag(a), P,) along the path «g. Hence this analytic
continuation is determined by the curve and the starting element if such a
continuation exists at all.

The Analytisches Gebilde of an Analytic Function

Let
f:D—C, DcCC adomain

be an analytic function on a (connected) domain. Let
ag : la,b] — D (a<b)

be a curve in D.

We denote the power expansion of f around a point a € D by f,. This
gives us a regular allocation

Oé(t) = (QO(t)7fao(t))'
In particular, all elements (a, f,) are equivalent and hence are contained in one
analytisches Gebilde R(f).
We call R(f) the concrete Riemann surface which belongs to f.

In simple language, this means that R(f) consists of all function elements (a, P)
which can be obtained somehow (i.e. along a suitable path) from f by analytic
continuation.

The map
D—)R(f)v a"—)(aﬂfa)a
is then an open embedding, i.e. a biholomorphic map of D into some open part
of R.

Recall that there is a natural projection

p:R(f) —C, (a,P)— a.
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The image of p is a domain in C which contains D. It is called the domain
of definition of R(f). Besides the projection p, we can consider the obviously
holomorphic map

F:R(f)— C, F(a,P)= f(a).

The diagram
DY——R(f

\/

commutes. We can say that F' “includes” the function f, but not only f. It
includes all possible analytic continuations of f.

This can be expressed roughly as follows. All analytic continuations of f :
D — C are multivalued (because of the path dependence). But one can make
them single-valued if one extends their domain of definition to a surface R(f)
lying over the plane.

A Simple Example

We take for D a plane which is slit along the negative real half-line, and for f(z)
we take the principal value of the square root of z. We denote the corresponding
concrete Riemann surface by R(yv/ ). This consists of all function elements
(a, P) such that @ € C" and P(z)? = 2. Every point admits exactly two such
elements (a, P(z)). Therefore R(v/ ) is a connected Riemann surface together
with a holomorphic map

p:R(V )—C’ (a,P) —a

and is such that every point in C" has two inverse points. The same property
is shared by the map C° — C°, z — 22. It is not difficult to show the
following.

There exists a biholomorphic map
R(V ) = C”

such that the diagram

commutes.
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By the way, this shows that R(y/ ) is biholomorphically equivalent to the
Riemann surface which is obtained when one removes two points from the
Riemann sphere (0 and oo). In the next section, we shall see that this is a very
general phenomenon. The Riemann surface of any algebraic function can be
obtained from a compact Riemann surface by removing a finite set of points.

We can picture this construction as follows. Consider two copies of the punctured
plane. One of them is equipped with the principal branch /z, and the other with its
negative. To get continuous functions, we slit both planes along their negative real
half-axes. But we leave an exemplar of the negative real line on both sides of the
negative real line. We call these two half-lines the upper and the lower side. Now we
glue the lower side of each of the two planes to the upper side of the other plane. It
should be clear how the resulting shape can be identified with R(v/ ).

Exercises for Sect. 1.2

1. Show that the set of all function elements (a, P), a € C", exp(P(z)) = z builds an
analytisches Gebilde. We denote it by R(log) and call it the Riemann surface of
the logarithm. It can be shown that this surface is biholomorphically equivalent
to the plane, and that the map

R(log) — C, (a,P)+— P(a),

is biholomorphic.

This can be expressed as follows. Two analytic maps of Riemann surfaces
X —Y, X —Y

are called isomorphic if there exist biholomorphic maps X — X' and ¥ — Y’
such that the diagram

X — Y

commutes. In this sense, the maps
R(log) — C°, C —C",
(a, P) — a, z — exp(z),

are isomorphic.

2. The observation in Exercise 1 is part of a more general phenomenon.

Let f : D — D’ be an analytic map from one domain D C C onto another
D'. Assume that the derivative of f has no zeros in D. Consider the set of all
function elements (b, P) with the properties
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a)be D';

b) P(b) € D, P(f(z)) =z in a neighborhood of P(b).

Show that the set of all these function elements — we denote it by R(f_l) —1is an
analytisches Gebilde. The maps

f:D— D and R(f™') — D' ((a, P) — P(a))

are isomorphic.

3. A special case of a connectedness theorem, which we shall obtain in the next
section, states that the set of all function elements (a, P) with the property

PR +2'=1

is an analytisches Gebilde R. Show that this is true.

3. Show that every analytisches Gebilde has countable basis of its topology.
Hint. Use the fact that C has a countable dense subset.

3. The Riemann Surface of an Algebraic Function

The simplest example of a “multivalued” function is the square root. It is a special
example of an algebraic function. An analytic function

f:D— C, DCC adomain,
is called algebraic if there exists a polynomial of two variables
P(z,w) = Z a,, 2 w”
0<p,v<N
which is not identically zero and is such that

P(z, f(z)) =0 (for all z € D).

FExample. Let
D:=C—{z eR, z <0} and f(z) := vz (for example, the principal branch)
(P(z,w) = w® — 2).

In this section, we shall construct a compact Riemann surface from f. This will be
done in two steps.

First step. We shall construct a finite subset S C C and a Riemann surface X|,
together with a holomorphic map

p: X, —C-5,
such that the following properties are satisfied:

a) p is locally biholomorphic;
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b) p is proper in the topological sense, i.e. the inverse image of an arbitrary compact
set from C — S is compact.

For example, we can take the analytisches Gebilde R(f) for X, and take the natural
projection for p. But it is also possible to obtain X in a different way, namely as an
algebraic curve. This is the approach which we prefer here. Hence the analytisches
Gebilde described in section 2 can be avoided. Nevertheless, we give a sketch of how
it can be used here.

Second step. Using the properties a) and b) singly, we construct a compact Riemann
surface X and a holomorphic map p : X — C such that the following properties are
satisfied:
1) X, is an open subset of X, and the complement X — X, is a finite set.
2) The diagram

X

i"

C

This second step rests on a special case of covering theory, which we shall treat
independently of general covering theory in this context. The statement is:

If

X, C

Cc-S -

commutes.

f: X —E ={qeC; 0<lq <1}
is a locally biholomorphic proper map of a connected Riemann surface into the punc-
tured unit disk, then there exists a biholomorphic map

c: X = E
and a natural number e such that the diagram

X———>FE

\//

As mentioned, this is a special case of general covering theory, which will be
developed in full generality in Chap. III. Because of the great importance of algebraic
functions, we shall treat the special case already here with a proof as simple as
possible. This will be done in Appendix A of this section. In Appendix B, we shall
formulate and prove a theorem on implicit functions for analytic functions of two
variables.

commutes.

A polynomial P € C[z,w], P # 0,

P(z,w) = Z a2t w”,

0<p,v<N
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of two complex variables is called irreducible if it cannot be written as a product
of two nonconstant polynomials. Every polynomial can be written as a product
of finitely many irreducible ones:

P=P - P,,, Pjirreducible.

If
f:D— C (D cC C a domain)

is an analytic function with the property P(z, f(z)) =0, then
Pj(z, f(z)) = 0 for some j (1<ji<m).

For this reason, we may assume in what follows that P itself is irreducible.

We associate with P a plane affine algebraic curve
N =N(P)={(z,w) e CxC; P(z,w) =0}

3.1 Remark. Let P be an irreducible polynomial which truly depends on w.
For every point a € C, there exist only finitely many b € C with the property
(a,b) € N. In other words, the fibers of the natural projection

p:N—C, pz,w)=z

are finite.

Proof. We argue indirectly and assume that there exists a point a € C such that
the polynomial w — P(a,w) has infinitely many zeros b. Then this polynomial
must vanish. Reordering according to powers of z — a, we see that

P(Z,U}) = (Z - a) Q(sz)
Since P is irreducible, @) has to be constant. But then P would be independent

of w. O

Our next goal is to show that the map p is locally topological outside a finite
set of points (called branch points). For this, we need the following proposition.

3.2 Proposition. Let P € Clz,w] be an irreducible polynomial which truly
depends on w. There are only finitely many solutions (a,b) of the equations

P(a,b) =0= g—i(a,b).
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For the proof, we make use of the discriminant dp(z) of the polynomial w
P(z,w) for arbitrary z € C. For the definition of the discriminant and its
basic properties, we refer to the algebraic appendix at the end of this book
(Sect. VIIL.3.1).

The discriminant is a polynomial in z which, because of the irreducibility
of P, does not vanish identically. If (a,b) is a solution of the given equations,
then the polynomial w — P(a,w) has a multiple zero. This means that its
discriminant vanishes, i.e. dp(a) = 0. Since dp has only finitely many zeros,
there exist only finitely many a. Because of Remark 3.1, there exist only finitely
many (a,b). O

It is often useful for our purposes to reorder a polynomial P(z,w) according
to powers of w:

P(z,w) = ap(z)w™ 4+ - -+ ap(2).
The polynomials a; are called the coefficients of P (with respect to the variable
w). When P is different from 0, one can achieve a,, # 0. Then we call a,(z)
the highest coefficient of P. The next statement follows immediately from
Proposition 3.2.

3.3 Theorem. Let P € Clz,w] be an irreducible polynomial depending truly
on w. There exists a finite set S C C with the following properties:

a) The zeros of the highest coefficient of P are contained in S.
b) Let (a,b) € C x C be such that

OP
P = B = 0
(a,b) =0 and e (a,b) = 0;

thena € S.

In the following, P € C[z,w| always means an irreducible polynomial which
depends truly on w, and S C C is a finite subset with the properties described
in Theorem 3.3.

We define
X :={(a,b) e (C-8)xC; P(a,b)=0}.
This point set is obtained from the original affine algebraic curve by removing
finitely many points. We equip X with the topology induced from C x C.
3.4 Proposition. The projection
p: X —C-S5, pla,b)=a,
1s locally topological and proper.

Corollary. The space X admits a unique structure as its Riemann surface
such that p is locally biholomorphic (Lemma 2.8).

Additional remark. The second projection
q:X—>(C7 Q(aﬂb):b7

is analytic as well.
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Proof, first part. p is locally topological.

The proof follows immediately from a complex variant of a theorem of implicit
functions which is well known in real analysis; see Appendix B. A proof of the
additional remark can be obtained from that theorem too.

Second Part. p is proper.

The inverse image A = p~!(B) of a compact subset B C C — S is closed in
C x C, since B is closed in C. Therefore it is sufficient to show that A is
bounded.

For (a,b) € A, we have P(a,b) = 0. By the definition of the exceptional set
S, the highest coeflicient of P has no zeros in C — S. Hence it is bounded from
below on the compact set B by a positive number. All coefficients are bounded
from above on the compact set B. Now the claim follows from the following
simple lemma.

3.5 Lemma. Let n be a natural number and let C' > 0 be a positive real
number. There exists a positive real number C' = C'(C,n) with the following
property:
Let

P(z)=anz" + -+ ag

be a polynomial (in C[z]) whose coefficients satisfy
;| <C (0<i<n), |ag|>C7h
Then any zero a of P satisfies the inequality

la| < C".
Proof. From a,a™ + --- + ag = 0, it follows that

ao
ana:—(an—l‘f""‘f‘ﬁ)-

In the case |a| > 1, we obtain

anal < nC or |a| < nC?. O
lanal |al

Alternative Construction of the Riemann Surface by Means of the Ana-
lytisches Gebilde (Sketch)

Let R, be the set (a, Q) of function elements with the property
a¢ s, P(zQ(z) =0.

Remark. R, is an open part of the (disjoint) union of several analytische Gebilde and
hence is a Riemann surface.
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The proof follows easily from the fact that, by the principle of analytic continua-
tion, the equation

P(z,Q(2) =0

carries over to all function elements which are obtained from @ by analytic continu-
ation.

On R, we have two analytic functions

pO:R0—>C_Sy po(an):av
9o * RO — Cy qo(a7 Q) = Q(a)
For (a,Q) € Ry, the point (a,Q(a)) is contained in the algebraic curve. In this way,

we get a map
hiRy— X,  (a,Q)— (a,Q(a)).

The next result follows from the theorem of implicit functions.
3.6 Proposition. The canonical map
h:R, — X

is btholomorphic.

Additional remark. The diagrams

R, = X R, = X
C-s5 C-s5

commudte. O

It is our goal to extend the Riemann surface X to a compact Riemann
surface by adding finitely many points.

3.7 Proposition. Let X,Y be Riemann surfaces, let S CY be a finite set of
points, let -
Y:=Y -85,

and let
f: X —Y

be a locally biholomorphic proper map. Then there exists a Riemann surface X
which contains X as an open Riemann subsurface, and a holomorphic map

FiX -y

with the following properties:
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1) The complement T' = X — X is finite.
2) The map f is proper.
3) The diagram

= o
[~
<~ C =

f
—
18 commutative.
We call (X, f) a completion of (X,f,Y CY). IfY is compact, then X is
compact as well.

Proof. For each exceptional point s € S, we choose an open neighborhood U(s)
which is biholomorphically equivalent to the unit disk E and such that

U(s)NU(t) =0 for s #t (both contained in S).

Obviously, the restriction f~1(U(s) —{s}) — U(s) — {s} is proper, as is f. For
any s € S, the set f~1(U(s) — {s}) decays into its connected components. Let
Z C 7Y (U(s) — {s}) be such a connected component. It is open and closed in
Y (U(s) — {s}). Since it is closed, the restriction Z — U(s) — {s} is proper
as well. Hence it is surjective. From this and the fact that f is proper, we now
obtain the result that there are only finitely many connected components.

From Proposition 3.17, we obtain a commutative diagram with biholomor-
phic rows:

Yz

Z—FE q
o
U(s) = {s} —=E" q" (n=n(2)).

For any Z, we choose a symbol a(Z) which is not contained in X and is such
that
Z# 7' = a(Z) # a(Z').

Now we consider the set

Z :=7ZU{a(2)}.
We extend the map ¢z to a bijective map
pz:Z —E
by means of
pz(a(Z)) := 0.

The topology of E can be carried over to Z (such that ¢z becomes topological).
Now we set

X := X U{a(Z), Z conncted component of f~(U(s) — {s}), s € S}
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and define a topology on X. A subset U C X is said to be open if
a) UNX is open;
b) U N Z is open for every Z.

Obviously, X becomes a Hausdorff space and X becomes an open subspace
(such that its topology agrees with the induced topology of X).

Next we extend the analytic atlas A of X to an analytic atlas A of X:
A:=AU{pz}

(Obviously, the charts @z are analytically compatible with the analytic charts
of X.)

Hence X = (X, A) is a Riemann surface. By use of

f2y=s (2cf (),

we obtain an extension

FiX Y,
which is obviously analytic. It is easy to see that it is proper. (We use the fact
that f itself and E — E, ¢ — ¢" are proper.) a

We are particularly interested in the case where Y is compact. Then X
is a compactification of X by finitely many points. Now we show that such
compactifications are unique.

3.8 Lemma. Let X be a surface, let S C X a finite subset, let Xg = X — S,
and let

XDX{)

be a compact space which contains Xy as an open subspace. Assume also that
the complement X — Xq is finite. Then there exists a continuous continuation

f:X—X

of the identity id x, .

Corollary. Let Xo be a Riemann surface and let X ,f( be two compact Rie-
mann surfaces which contain Xy as an open Riemann subsurface. The comple-
ments X — X, X — X, are assumed to be finite. Then there exists a biholo-
morphic map

0: X — X, ¢|Xo=idy,.
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Proof. We denote by

bl,...,bn (bl#b]forl#j)

the points of the complement X — X. Then, for each i € {1,...,n}, we choose
an open neighborhood

Ub)cX  (1<i<n)

such that

Now, let a be a point in X — X,. We want to construct its image point b in X.

Claim. There exists a neighborhood U(a) C X of a which, besides a, does not
contain another point of S, and is such that

Ua) —{a} UMb U---UU(by).

Proof of the claim. We argue indirectly: if the claim is false, then there exists
a sequence
an € Xo, an — a,

such that a,, is not contained in any U(b;). Since X is compact, we can assume
(taking a subsequence) that (a,) converges in X. The limit must necessarily
be one of the b;, since (a,) does not converge in Xy. But then almost all a,,
would lie in U(b;). This proves the claim.

We may assume that U(a) is open and connected. Since X is a surface,
U(a) — {a} is connected as well and hence is contained in precisely one U (b;):

U(a) — {a} C U(b,) for one j.

Since the neighborhoods U (b;) can be taken arbitrarily small, the extension of
the identity defined by

is continuous at a.

The proof of the corollary is a consequence of the Riemann extension theo-
rem: a continuous map between Riemann surfaces which is analytic outside a
finite set of points is analytic everywhere. O

3.9 Theorem. Let P € C[z,w]| be an irreducible polynomial which truly
depends on w. There exists a compact Riemann surface X which contains the

Riemann surface

X = {(a,b) € (C - 8) x C, P(a,b) =0}
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as an open Riemann subsurface. The complement X — X is finite. Both of the
projections

p: X —C, p(aab):a>

q:X—>(Ca Q(aﬂb):ba
admit (uniquely determined, of course) holomorphic extensions

p: X — C (Riemann sphere),
q: X —C.
The triple (X,p,q) is essentially unique.
Proof. All that remains to be proved is that ¢ can be extended. (For this, we can

assume that P truly depends on z. Otherwise, we would have P(z) = C(z —a)
and ¢ would be constant.) Now we can interchange the roles of p and q.

There exists a finite subset T' C C such that the canonical projection
q:Xo— C-T, Xo :={(a,b) e C x (C —-1T), P(a,b) =0},

is locally topological and proper.

One can choose T large enough such that X is a subset of X. The comple-
ment X — X is a finite set. Because of the uniqueness of the compactification
(Lemma 3.8, Corollary), it is sufficient to extend g to some compactification
of Xgy. Such a compactification is given by Proposition 3.7 (with ¢ instead of

D). O
3.10 Proposition.  The compact Riemann surface which is associated (by
Theorem 3.9) with an irreducible polynomial is connected.

Proof. The degree n of the polynomial w — P(z,w), for z € C — S, is inde-
pendent of z. We denote the zeros of this polynomial, in an arbitrary ordering,
by t1(z),...,t,(2). We have

P(z,w) = an(2) [[(w - t.(2)).

The highest coefficient a,,(2) is a polynomial in z. The points = := (z,t,(2)) lie
on the curve X. They are precisely those points which are mapped to z under
p. Because ¢(x) = t,(2), we can write

P(Z’w) = an(z) = H (w - Q(I))

zeX, p(x)=z

We now give an indirect argument, where we assume that X is the union
of two open nonempty subsurfaces, i.e. X = X; U X5. Correspondingly, we
decompose P as a product:

P(z,w) = Pi(z,w)P(z,w), P,(z,w)= H (w—gq(x)), zeC-5.

z€Xy, p(z)=2
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For fixed w, the functions P,(z,w) are analytic on C — S, since p admits
holomorphic local inversions here.

We want to show that the singularities s € S U {oco} are inessential for
any fixed w. Then P,(z,w) is, for any fixed w, a meromorphic function on
C and hence a rational function. Now we obtain the result that the P, €
C(2)[w] are polynomials in w over the field of rational functions in z. This
gives a contradiction to the irreducibility of P, since “Gauss’s Lemma” states
that if P € C[z,w] is an irreducible polynomial in two variables, then P is
also irreducible as a polynomial in the variable w over the field of rational
functions C(z). (A proof will be given in the algebraic appendix of the book,
Sect. VIIL.2.8.)

It remains to prove that the singularities are inessential. This follows from
the next statement.

3.11 Remark. Let p : Y — E be a proper analytic map of a Riemann
surface Y onto the unit disk which is locally biholomorphic outside p~*(0).
Furthermore, let ¢ : Y — C be a meromorphic function whose values outside
p~1(0) are different from oo. Then the function

2 —Qzw)=  [[ (w-qa@) (:#0),

zeX, p(x)=z

for every w € C, has an inessential singularity at the origin.

Proof. If we decompose Y into its connected components, then () decomposes
into a product. Hence we can assume that X is connected. Hence we can
assume that X = E and ¢(z) = 2. Now the statement is trivial. O

Proposition 3.10 has a corollary, which is of elementary nature:

3.12 Corollary. Let (a,Q) and (a,Q) be two function elements with the
property

P(zQ(2) =0 P(zQ(2))

0 (a,adS).

Then there ezists a curve which connects a and @ such that Q is obtained from
Q by analytic continuation of QQ along this curve.
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Appendix A. A Special Case of Covering Theory

3.13 Lemma. Let f : X — Y a locally topological and proper map of
Hausdorff spaces. Fach point b €Y has only finitely many preimages

S0 = {an, - vany (i # ag fori# ).
There are open neighborhoods
beVcYanda; €U, C X (1<i<n)

with the following property:
1) f~Y(V)=U1U---UU, (disjoint union, i.e. Uy N U; =0 fori # j).
2) The restriction of f gives a topological map

!
U, = vV (1<i<n).

Proof. Since f is locally topological, f~1(b) is a discrete subset. Since f is
proper, it is also compact. These two facts together show the finiteness.

Now we choose pairwise disjoint open neighborhoods a; € U/ C X. After a
possible diminishment, we have the result that the restriction of f to U/ gives a
topological map from U/ onto an open subset V'. Since f is proper, there exists
an open neighborhood a € V' C V' with the property f~1(V) c UjU---UU),
(see Remark 0.2). We define U; = U/ N f~1(V). (Then Uy U---UU,, is the full
inverse image of V.) O

The following definition arises from Lemma 3.13.

3.14 Definition. A continuous map
f: X—Y

of topological spaces is called a covering*) if every point b € Y admits an open
neighborhood V, b € V. C Y, and any preimage a € X (f(a) = b) admits an
open neighborhood U(a), such that the followings conditions are satisfied:

1) f7HV) = U U(a) (disjoint union,).
f(a)=b
2) The restriction of f induces, for each a € f~1(b), a topological map

U(a) = V.

*) In the literature, the term “covering” is not always used in this strict sense.
Our notion of a covering agrees with what sometimes is called an “unlimited and
unramified covering”.
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Proper and locally topological maps are examples of coverings. An example of
a nonproper covering is given by

C—C’, z+——¢€~.

The key to the study of coverings is the so-called path lifting, as described
below.

3.15 Proposition. Let f: X — Y be a covering. For each point xog € X and
for each curve

a:la,b] —Y, aa)= f(xo) (a <),

which starts at f(xg), there exists a unique curve

B:la,b] — X
with the properties
a) fof=q;
b)  B(0) = =o.

The curve f is called the lifting of « with starting point z( (over a(a)).

Proof. The uniqueness of the lifting was proved in Lemma 2.10.

Ezistence of a lifting. A simple compactness argument shows that there exists
a finite partition
a=ag<a1 < < apn=>0

and, for each i, 0 < i < m, an open neighborhood
ala;)) €V, CY

such that:
1) V; has the property mentioned in Definition 3.14 (p~!(V;) decomposes into
pairwise disjoint sets, which are mapped topologically onto V; under f).
2) ala;,a;i41] C V.
Now we can lift
a; = alla;, aiy1]

inductively in such a way that the starting point of the lift 3,11 equals the
endpoint of ;. The composition of the curves 3; gives the desired lift 3.
0

The same proof shows a little more, namely the following.
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3.16 Theorem. Let f: X —Y be a covering, let
Q=1xJ, I,JCR intervals,
be a (not necessarily compact) rectangle, let
H:Q—Y

be a continuous map, and let qo € Q, zo € X be points with the property
H(qo) = f(xzo). Then there exists a continuous map

H: Q— X
with the properties

a) foH=H,

b) H(qo) = 0.

For the proof we can assume that () is compact, since every rectangle can
be written as the union of an ascending chain of compact rectangles. After
division into four pieces, we can assume that g is a vertex of Q. Now the proof
is similar to that in the case of curve lifting. Instead of a partition, we use a
decomposition into small subrectangles.

3.17 Proposition. Let X be a connected Riemann surface and let
[ X —E ={qeC; 0<|g¢ <1}

be a locally biholomorphic and proper map of X into the punctured disk. Then
there exists a natural number n and a biholomorphic map

p: X — E°

such that the diagram

©
X%E' q

N

]E . q'IL

commutes.
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Proof. We consider the upper half-plane H and the map

ex:H — E°, 2 q = e?™7,

It is clear that this map is a (nonproper) covering. By Theorem 3.16, there
exists a continuous lift

Ex:H— X (f o Ex = ex).

In fact, this lift is analytic, since both of the mapsex: H — E  and f: X — E’
are locally biholomorphic. From the fact that both are coverings, we can easily
deduce the following:

The map
Ex:H —E’
18 a covering.

The point now is that we have to know when two points a,b € H have the
same image in X (i.e. Ex(a) = Ex(b)). A necessary condition for this is

ex(a) = ex(b), ie.a=b+n, neZ.
3.18 Claim. Let n be an integer. The set of all points z € H for which
Ex(z) = Ex(z +n)

is open in H.
Corollary. Since this set is also closed, for trivial reasons, the equation
Ex(z) = Ex(z 4+ n) holds either for all z € H or for none of them.

Proof of the claim. Assume Ex(a) = Ex(a 4+ n). We consider open neighbor-
hoods U(a) of a and U(a + n) of a 4+ n, which are mapped topologically under
Ex onto an open neighborhood V of Ex(a) and are such that V' is mapped topo-
logically under f : X — E" onto an open neighborhood W of ex(a). Consider
z € U(a) and z+n € U(a + n). Because of the periodicity of the exponential
function, we have ex(z) = ex(z +n) € W. The points Ex(z) and Ex(z +n) are
contained in the neighborhood V', which is mapped injectively under f. Since
their images under f agree, we obtain Ex(z) = Ex(z + n). Hence there exists
a full neighborhood of @ in which we have Ex(z) = Ex(z + n). O

Now we consider the set L. C Z of all integers with the following property:
there exists a € H such that

Ex(a) = Ex(a + n).
Because of the remark above, we then have

Ex(z) = Ex(z +n) for all z € H.
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Hence L is a subgroup of Z. Every subgroup of Z is cyclic:
L=nZ, n>0,neZ.

Hence we obtain the following result.

There exists an integer n > 0 such that two points a,b from H have the same
image iff
a=bmodn (ie. a —benZ).

Clearly, n # 0. (Otherwise the map H < E” would be proper, as f : X — E.)

Using the natural number n, we consider the surjective map
27iz/n

g:H—E", Z—e

‘We know that

such that the diagram
/X
E—————=X
N
B
Both of the maps f and f o ¢ (q+— ¢") are proper and locally topological.

From this, we obtain the result that ¢ is proper and locally topological as well.
Obviously,

commutes.

¢ proper = p(EE") closed,
¢ locally topological = ¢ open = ¢(IE") open.

Since X by assumption is connected, we obtain p(E") = X. Hence the map
@ is bijective. Since it is continuous and open, it is topological. Since f and
f o are locally biholomorphic, it is biholomorphic. This proves Proposition
3.17. 0
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Appendix B. A Theorem of Implicit Functions

Let D € C x C be an open subset. A function
f:D—C

is called analytic if it satisfies the following two conditions:

1) f is continuously differentiable in the sense of real analysis. (Here, one has
to identify C with R? and C? with R*.)
2) f is analytic in both variables, fixing the other variable.

We can then take the complex partial derivatives

Z»—>—andwb—>ﬁ
0z ow

in an obvious way. (We denote the coordinates of C x C by (z,w).)
The theorem of implicit functions can be stated as follows:

Let (a,b) € D be a point with the properties

=0, @n#o

There exist open neighborhoods
acUCC,beVcCC

with the following properties:

1) UxV CD.
2) For each point z € U, there exists a unique point o(z) € V' such that
f(z,¢0(2)) = 0.
3) The function
p:V—C

s analytic.
As in the proof of the theorem of invertible functions ([FB], Theorem 1.5.7),
we reduce the proof to the analogous real case.

First of all, we have to verify that the assumptions of the real theorem of
implicit functions are satisfied. This means that we have to show that the rank
of the real Jacobi matrix (this is a real 4 x 2 matrix) is 2. But this is clear
because this matrix contains the 2 x 2 matrix
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ORef ORef
ox oy _ :
Olmf Olmf (z == +1iy)
ox dy (a,b)

as a submatrix and the determinant of this submatrix |0 f/9z|? is different from
zero by our assumption.

Now the claims 1) and 2) follow immediately from the real theorem of
implicit functions. Instead of 3), so far we know only that ¢ is differentiable in
the sense of real analysis. But from the formulae for the partial derivatives of
¢ (they follow from f(z,¢(z)) = 0 by means of the chain rule), we obtain the
Cauchy-Riemann equations for . O

Exercises for Sect. 1.3

1. Let be P(z) = v/1 + 2% the branch of the fifth root in a disk around z = 0 which is
defined by the principal branch of the logarithm. Construct a closed curve starting
and ending at 0 such that analytic continuation along this curve transforms the
function element (0, P) into (0,(P), with ¢ = e2™/5.

2

2. Show that the compact Riemann surface belonging to P(z,w) = w” — z is biholo-

morphically equivalent to the Riemann sphere.

3. Show that the set of zeros of an irreducible polynomial P € C[z,w] in C x C is
connected.

4. Let @ be a polynomial of degree 3 or 4 without multiple zeros and let X be the
Riemann surface which is associated with P(z,w) = w? — Q(2), together with
the projection p : X — C. Then p has precisely four branch points, i.e. there
are exactly four points with one preimage. The other points have two preimages.
Compare this behavior with the mapping behavior of the Weierstrass p-function.

(This gives a hint that X might be biholomorphically equivalent to a torus.)

5. Consider the Riemann surface associated with the polynomial
P(z,w) =w* — 20w +1—2

together with the projection p : X — C. Show that all points z € C besides
0,1, and oo have four preimages in X. Describe the mapping behavior for the
exceptional points.
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6. In [FB], in the appendix to Sect. V.3, we introduced the projective space P"(C)
as the quotient space of C™™* —{0}. Show that this is a compact space (equipped
with the quotient topology). We also introduced there the projective closure N
of an affine algebraic curve N. Show that there exists a natural continuous map
of the associated Riemann surface onto N.

7. Let L C C be a lattice. Show that the projection C — C/L is a covering.
8. Show that Proposition 3.17 remains true if E is replaced by C.
9. Give an example of a locally topological map which is not a covering.

10. Is sin : C — C a covering?



II. Harmonic Functions on Riemann Surfaces

In contrast to a domain D C C, where rational functions already provide a big class of
meromorphic functions, on a Riemann surface it is not possible without further effort
to construct meromorphic functions, for example with a given finite set of poles.
Constructive problems of this kind are central problems in the theory of Riemann
surfaces. It turns out that it is easier to construct harmonic instead of analytic
functions. So we are led to pick up a thread which we dropped very early on in the
first volume [FB] (Chap.I, Sect. 5). Our treatment is very much based on that in
the classic book by Nevanlinna [Ne].

We recall some basic facts about harmonic functions:
1) The real part of an analytic function is harmonic.

2) An analytic function on a domain D C C is determined up to an additive (pure
imaginary) constant by its real part.

3) On an elementary domain (= simply connected domain), every harmonic function
is the real part of some analytic function. As a consequence, harmonic functions
locally are real parts of analytic functions.

4) The function
C :=C-{0} —C, z — log |z|,
is harmonic. But on the whole C’, it is not the real part of an analytic function.

In the first six sections, we shall deal with the Dirichlet boundary value problem. The
question is whether, on a relatively compact domain U C X of a Riemann surface, one
can construct a harmonic function which takes given boundary values f : OU — R
when one approaches the boundary. In the case where X is the complex plane and U
the unit disk, such a solution can be written down explicitly by means of the Poisson
integral. The solution for other domains U in the plane or, even more generally, on
a Riemann surface is more involved. It is not necessary for the theory of Riemann
surfaces to solve the boundary value problem for arbitrary U. We need only a big
enough class of such domains. What we need is the following:

Every Riemann surface X with a countable basis of the topology admits a sequence
of open relatively compact open subsets U; C U, C - -, for which the boundary value
problem is solvable and such that X = U U,.

There are several methods for solving this problem. Probably the most powerful
method is the Dirichlet principle. Here, the function in question is provided as the
solution of an extremal problem. The Dirichlet principle is a powerful tool in other
branches of analysis also. Hence it is treated in its own right textbooks about Riemann
surfaces, [Fol, Pf]. Techniques from functional analysis are needed for its use.

Another approach is that due to Perron. Perron’s method uses families of “subhar-
monic functions” which are associated with a boundary value problem. The solution
is obtained as the supremum of such a family.

Maybe the most elementary approach is given by the Schwarz alternating method,
which we shall use in our approach. By this method, we obtain the result that the
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© Springer-Verlag Berlin Heidelberg 2011
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boundary value problem is solvable for the union of two domains if it is solvable for
both of them and if the two domains have only finitely many boundary points in
common. Every Riemann surface is the union of countably many “disks”. Thus it is
very easy to construct an exhaustion of the Riemann surface in the above sense.

The alternating method makes it necessary to admit boundary value distributions
which are not continuous at a finite set of points. Thanks to a generalization of
the maximum principle, which is treated in Nevanlinna’s important book [Ne], it is
sufficient to admit a finite set of exceptional points at which, besides a boundedness
condition, nothing has to be demanded. When one takes the union of two domains,
one usually gets kinks at the intersection points of the two boundaries of the original
domains. These intersection points can be included in the set of exceptional points. So
we only have to take care that they are finitely many. This means that no problems of
topological nature will arise during the exhaustion of the surface . So the alternating
method is very simple in this regard also.

This relatively simple solution of the boundary value problem is not the end of
construction problems for harmonic functions, since we need harmonic functions on
the whole domain and not only on open relatively compact subdomains. Even more
importantly, on a compact connected Riemann surface every harmonic function turns
out to be constant. Hence we have to modify our original task and admit singulari-
ties. So, we have to construct harmonic functions with prescribed singularities. The
following problem arises.

Let U C X be an open relatively compact subset of a Riemann surface, let S C U be
a finite subset, and let uy : U — S — R be a harmonic function. Does there exist a
harmonic function u : X — S — R such that u — u, can be extended to a harmonic
function on the whole X and such that u remains bounded in the complement of U ?

The function u would then have the same singular behavior as u, but be harmonic
on the whole of X — S. The function u, should be considered as a description of
the desired singularity behavior of u. Hence we call u a solution of the singularity
problem. Usually this function will not be unique; the boundedness condition only
restricts the class of solutions if there is one. The singularity problem is not always
solvable. For example, we shall derive from the residue theorem that for compact
Riemann surfaces and for subsets U which are biholomorphically equivalent to a disk,
a solution can exist only if u, is the real part of an analytic function. On the other
hand, the singularity problem is trivially solvable for domains in the plane. For this
reason, we divide the class of all Riemann surfaces into two subclasses:

A Riemann surface is called positively bounded if the singularity problem is always
solvable. Otherwise, it is called zero-bounded.

Our central existence theorem states that a residue condition is sufficient even in the
zero-bounded case to solve the singularity problem.

The solution of the singularity problem by means of the Schwarz alternating
method is given in Sects. 8-11.

The various methods for the solution of singularity problems should not be valued
differently. Each of them has its advantages and justifications. We shall come back
to this in connection with the proof of the uniformization theorem in Chap. III.

For the solution of the singularity problem in the zero-bounded case, we need
a quite general version of Stokes’s theorem for rather general differentiable oriented
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surfaces. In the appendix to this chapter (Sect. 13), we shall introduce the necessary
calculus of differential forms and include a proof of the Stokes formula.

A by-product of the alternating method is a proof of the nontrivial fact, due to
T.Radé (1925), that connected Riemann surfaces always have a countable basis of
their topology. Despite the fact that the practical use of the theorem is not very high
— one simply could assume the countability —, we give a sketch of this result in an
appendix to Sect. 6.

1. The Poisson Integral Formula

A function
u:D— R, DcCC open,

is called harmonic if it is two times continuously differentiable (in the sense of

real analysis) and if
0? 0?
du= (g + gy ) =0
holds.

We shall derive from Cauchy’s integral formula for analytic functions the
Poisson integral formula for harmonic functions and perform some simple ma-
nipulations of Cauchy’s integral formula.

Let D be an open subset of the complex plane which contains the closed
unit disk
E={z€C; [z]<1}.

Cauchy’s integral formula states, for an analytic function f: D — C, that

_ 1 f(Q)
f(z)—% C_ZdC (z € E).
I<l=1
In particular, for z = 0 it follows that
1 27
£0) = 5 [ Fcoyde. ¢y =
0
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).

:%7_{ e 4—2—7“7(((@2)%

I¢l=1

This gives

fle)+ <:2i

||*e\

Claim.

e d¢ = 0.

Proof. The function f(z) admits, in E, an expansion into a uniformly conver-
gent power series. The claim hence has to be proved for

fzy=2", n>0.
On the integration path, we have

F(O)=¢™™ (since ¢C =1).

Hence we have to show, for R = 1, that

d

[Cl=R

By Cauchy’s theorem, the integral does not change if R is enlarged. The claim
follows from taking the limit R — oc. O

We have obtained the modified Cauchy integral formula.

1.1 Lemma. Assume that the function f is analytic in an open neighborhood
of the closed unit disk. Then

f(Z)-i—m:i. Re f(¢)

27 —z
I¢|=1

dc.

Variant. In the special case z = 0, we get

R
Ref) = 5r § A
I¢I=1

and hence
1 Ref(¢)C+ =
2ri ¢ (—z
[¢]=1

f(z) —ilm f(0) = dg.
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The modified Cauchy integral formula states that the values of f(z), z € E,
can be computed up to an imaginary constant from the values of the real part
of f on the boundary of the unit disk. This formula is due to H. A.Schwarz
(1870) and is called the Schwarz integral formula.

By assumption, D is an open set which contains the closed unit disk. Hence
there exists R > 1 such that
U R(O) c D.

Every harmonic function on Ug(0) is the real part of an analytic function f.
Taking the real part in the last formula of Lemma 1.1, we obtain the Poisson
integral formula.

Poisson Integral Formula
1.2 Proposition (S. Poisson, 1810). Let
uw:D—R, DcC open, ECD,

be a harmonic function on an open neighborhood of the closed unit disk. Then,
for z € E, we have

u(e) = o [ ulcO)K (). ) de
0
where
C(t)=e"
and
K(w,z) = Re (Zti) :

In the special case z = 0, we get the so-called midpoint property of harmonic
functions,

2m
1
u(0) = 5 [ ()t
0
We call ) )
w2\ _ |wl” — |
K(w,z) =Re = 5— >0
w—z |w — z|

the Poisson kernel of the unit disk.

The Poisson integral formula for harmonic functions is a similar tool to the
Cauchy integral formula for analytic functions. An example of this is provided
by the maximum principle.
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The Maximum Principle

1.3 Lemma. A harmonic function u on a domain D which attains a maxi-
mum, i.e. there exists a point

a € D such that u(z) < u(a) for all z € D,

is constant.

Proof. Let a € D be a point at which u attains its maximum (u(z) < u(a) for
z € D). The function

U(z) =u(a+rz), r sufficiently small,

is harmonic in an open neighborhood of the closed unit disk. It follows from
the midpoint property that

u(a) = U(0) = % /u(a+ rC(t)) dt < % /u(a) dt.
0 0

Since equality must hold, we get u(a + rei’) = u(a). Hence the function is
constant in a full neighborhood of a. The set of all points z € D in which u
has the maximal value u(a), is open. Since it is closed for trivial reasons, we
get u(z) = u(a) for z € D. 0

Exercises for Sect. I1.1

1. Show that the product of two harmonic functions on an open subset of the plane is
harmonic iff their gradients are orthogonal at any point of the domain of definition.

2. Let ¢ : D — D' be a conformal map between open subsets of the plane. Show that
the harmonic functions on D’ are in one-to-one correspondence with the harmonic
functions on D (with respect to u +— u o ).

3. Show that every harmonic function on the whole plane C which is bounded from
above (or from below) is constant.

One can reduce this to Liouville’s theorem or prove it directly by means of the
Poisson integral formula.

4. Show that )
1+ re¥ 1—172

1—reie 1—2rcosp+1r2.

Re
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The Poisson integral formula can be written in the form
27

; 1 ; 1—r?
)= — i dt.
u(re™) 271'/”(6 )172rcos(tf<p)+r2
0

5. Assume that u : D — R is a nonconstant harmonic function on a domain D C C.
Show that the image u(D) is open in R. Use this for a proof of the maximum
principle.

2. Stability of Harmonic Functions on Taking Limits

Harmonic functions have very good stability properties under limits. These
properties rest on the Poisson integral formula (Sect. 1).

2.1 Remark. The Poisson kernel

w+ z
K(w,2) =R =1, |z| <1
(w,2) =Re— (Ju] 2| < 1)
is harmonic for every fized w.
The proof is trivial since (w + z)/(w — z) is analytic. 0

2.2 Corollary. Let
fila,b) — R (a<b)

be a continuous function on a compact interval. The function

is harmonic (on the unit disk E ).

The proof follows immediately from Remark 2.1 and the Leibniz criterion.
O

Since proper integrals are stable with respect to locally uniform convergence,
we obtain the following theorem from Corollary 2.2 and the Poisson integral
formula.

2.3 Theorem. Let (u,) be a sequence of harmonic functions
Uup: D — R, D CC open,

which converges uniformly. Then the limit function is harmonic as well.
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The Harnack Inequality (A.Harnack, 1887)

2.4 Proposition. Let u be a harmonic function on an open neighborhood of
the compact disk Ug(a). Assume that

u(z) >0 for |z —a|] < R.

For any number r such that 0 < r < R and for all z such that |z — a| = r, the

Harnack equality
R—r R+r

e OE R SE

u(a).
holds.

The proof follows from the Poisson formula applied to
U(z) = u(a + Rz),
together with the trivial inequality

|w] + |2]
[l = 2|

2.5 Corollary. Let u be a harmonic function on an open neighborhood of the
compact disk Ur(a) such that

a) wu(a) =0;

b) m<wu(z) <M forz € Ug(a) (where m, M are real constants).
Then

Wl =12 g,z <

T S (I2] < fwl). 0
jw| + 2]

2 2
mR_:rSu(z)SMTLfor|zfa|:T<R.

Proof. We apply Harnack’s inequality (Proposition 2.4) to the functions u(z)—
m and M — u(z). O

By the way, because of the maximum principle, it is enough to know that
the inequality b) holds on the boundary of the disk. The most important
application of Harnack’s inequality is the following statement.

Harnack’s Principle

2.6 Proposition. Let (u,) be a monotonically increasing sequence of har-
monic functions
n:D—R, DcCC open,

u1(z) <wug(z) <--- forz e D.

The set of all points z € D for which the sequence (uy(z)) remains bounded is
open and closed in D.

Corollary. Let D be a (connected) domain. When the sequence (un(zo)) con-
verges for some zg € D, then it converges for all z € D and the convergence
is locally uniform. In particular, the limit function is harmonic.
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Proof. Since uy,(z) can be replaced by u,(z) — ui(z), we may assume that
un(z) >0 for all z € D.
Now let @ € D be a point such that (u,(a)) is bounded, i.e.
up(a) < C.

It follows from Harnack’s inequality that

R+r
<
un(z)_C’R_T

(r=lz—ad)

for all z in a full neighborhood of a. Hence the set of all z € D on which (u,,)
remains bounded is open in D. By means of an estimation of u(z) from below
using Proposition 2.4, it can be shown analogously that the set of all points
z € D on which (u,) is unbounded is open as well.

It remains to prove the locally uniform convergence as stated in the corollary.
Again this follows from Harnack’s inequality, applied to the functions

Um(2) —un(z) , m>n.

Namely, let a € D be a given point; it then follows from Harnack’s inequality
that there exists a neighborhood U (say U = Us r(a)) such that each € > 0
admits an N € N with

0 <upm(z) —up(z) <eform>n>N and z € U.

Hence the sequence (uy,,) is a locally convergent Cauchy sequence. O

Exercises for Sect. 11.2

1. Show from Harnack’s inequality that any harmonic function on the whole of C
which is bounded from above or below is constant.

2. Let H be a nonempty set of harmonic functions on a domain D C C. Assume
that for two functions u,,u, € H there exists a function v € H with the property

u > max(u,, Usy).

Assume also that there exists at least one point a € D such that the function
values u(a), u € H, remain bounded from above. Show that there exists a unique
harmonic function @ with the property

u(z) = sup{u(z); u € H}.
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Hint. First, construct a sequence u,, € H such that u,(a) converges increas-
ingly to sup{u(a); u € H}. The limit function of this sequence is harmonic, by
Harnack’s principle. One can deduce from the maximum principle that the limit
function has the desired properties.

3. Let M > 0 and € > 0 be positive numbers. Show that there exists a positive
number § > 0 such that for any harmonic function

u:E — R with |u(z)] < M for all z,
one has

[u(z,) — u(zy)| <€ for [z, |2,] < 1/2 and |z; — 25| < 6.

4. Prove the following variant of Montel’s theorem:

Any bounded sequence of harmonic functions has a locally uniform convergent
subsequence.

3. The Boundary Value Problem for Disks

Let
f:(a,b) — R, a<b,

be a bounded and continuous function on an open bounded interval. Then the
improper integral
b
[ e
a
converges absolutely, since there exists a constant C' > 0 with the property

d
/|f(t)|dt§Cfora<c<d<b.

Since the Poisson kernel K (e, z) is bounded for z € E as a function of ¢, the
integral

exists.

We choose sequences

a<ap<b,<b, lima, =a, limb, =0b.
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Obviously, the sequence

by,
un(z):/f(t)K(eit,z)dt

an

converges uniformly to u(z). Because of Corollary 2.2 and Theorem 2.3, the
function u(z) is harmonic.

More generally, let
f:(a,b) = R

be a bounded function which is continuous with finitely many exceptions
a=a; <---<a,=>".

We then define

The function
b
u(z) = / FOK (e, 2) dt

is harmonic in the unit disk. Now we assume that the length of the integration
interval is 2w. We are interested in the behavior of © when we approach a
boundary point

20 =€ty € (a,a+ 27).

3.1 Lemma. Let
f:(a,a+27) — R

be a bounded function which is continuous outside a finite set of points. Then

the function
a+2m

u(z) = — / FK (e, z)dt

is harmonic in the unit disk. Let tg € (a,a + 27) be a point at which f is
continuous, and let zo = ei*o. Then

lim  w(z) = f(to).

z—20, |2|<1
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Proof. The Poisson integral formula states, for u = 1, that

a+2m 27
/ K(eit,z)dt:/K(eit,z)dtZ271'.
a 0

Hence, for constant f, the statement in Lemma 3.1 is true. For this reason, we
may assume that f(tp) = 0. We then have to show, for given € > 0, that

lu(z)| < e
in a full neighborhood of zy. To prove this, we choose a small § > 0 such that
|f(t)] <e/2for |t —to| <6, te(a,a+2m).

We can assume that
(to — d,to +0) C (a,a + 2m).

When ¢ is not contained in (tg — d,tp + 0), we have

lim K (e, 2) =0,

zZ—20

where the convergence is uniform in ¢. It follows that

to+6
u(z L2+f/|f (e, 2)di
to+9
2<1+217r/K(6it,z)dt)
to—9

if z is sufficiently close to zg. Now we have

to+4 to+m

27
/ K(e', z)dt < / K(eit,z)dt:/K(elt
to—9 to—m 0

So we obtain
lu(z)| <e, =z close enough to zo,
as desired. O

The solution of the boundary value problem for disks follows from Lemma
3.1.
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3.2 Proposition (H.A. Schwarz, 1872). Let
f:0E - R

be a bounded function on the boundary of the unit disk which is continuous
outside a finite set of points. Then the Poisson integral
2m
1 . .
w(z) = up(z) = /f(elt)K(elt,z) dt

T om
0

defines a harmonic function with the following property: if zo € OE is a bound-
ary point at which f is continuous, then

lim  u(z) = f(20).

z—20,2€E

Additional remark.

1) In the case f =1, we have u = 1.
2) It follows from f < g that uy < u,.

In particular, an estimate
m< f<M (m,M € R)
implies a corresponding estimate for u,
m<u<M.

As a consequence, the harmonic functions constructed in Proposition 3.2 are
bounded.

Let D C C be a bounded open subset and let f : 9D — R be a continuous
function on its boundary. The Dirichlet boundary value problem is to find
a continuous function on the closure D which is harmonic in D and agrees
with f on the boundary. Proposition 3.2 provides a solution to this boundary
problem in case of the unit disk. In the following sections, we shall formulate
the boundary value problem more generally on Riemann surfaces and prove
several general existence and uniqueness results.

Exercises for Sect. I1.3

1. The Poisson integral formula has been proved for functions which are harmonic in
an open neighborhood of the closed unit disk. Show that it is true more generally
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for functions which are continuous on the closed unit disk and harmonic in the
interior.

2. Let D C C be a domain. Assume that there exists a conformal map from D onto
the unit disk which extends to a topological map D — E. Show that the Dirichlet
boundary value problem for D is solvable.

3. Let u be a continuous function on the closure of the upper half-plane H in the
Riemann sphere which is in harmonic in H. Prove the following “Poisson integral
formula” for the upper half-plane:

=¥ Ooiu(t) z=x+1i
u(z)_ﬂ'/(xft)Qer?dt (z =z +iy € H).

4. Let ¢ : R — R be a bounded continuous function. Show that

oy [ e
u(Z)_W/(a:—t)Q—l—yzdt

defines a harmonic function on H which converges to ¢ as one approaches the real
axis.

5. Solve the boundary value problem for the unit disk and the boundary values

Flz) = 1 if |zl =1and Imz > 0,
T 10 if|z]=1and Imz < 0.

Result:

1 1lz—-1
u(z)_l_;Arg(Tz—i—l)

6. Let D be an open bounded_ subset of the plane C, and let u, v be two continuous
functions on the closure D which are harmonic in D and which agree on the
boundary 0D. Show that they agree on D.

7. Let D C C be an open subset. A continuous function h : D — R has the midpoint
property if, for any closed disk U,.(a) C D, the equation

2w

h(a) = % /h(a+reit)dt
0
is satisfied. So, harmonic functions have the midpoint property. Show the con-
verse: continuous functions with the midpoint property are harmonic.

Hint. First show that functions with the midpoint property obey the maximum
principle (Lemma 1.3). Then solve the boundary value problem for a disk U, (a)
whose closure is contained in D and where the boundary values are given by h.
Then show that this solution and h coincide in U, (a).
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4. The Formulation of the Boundary Value Problem on
Riemann Surfaces and the Uniqueness of the Solution

Let
u:U—R (U C C open)

be a harmonic function and let
0:D—U (D C C open)
be an analytic function. Then the function

u(z) = u(p(2))

is harmonic too.

This is a statement of local nature. Hence we may assume, for the proof,
that u is the real part of an analytic function f. Then

u(z) = Re(f((2)))-

This simple observation allows us to extend the notion of a harmonic function
to arbitrary Riemann surfaces.

4.1 Definition. A function v : X — R on a Riemann surface is called
harmonic at a point a € X if there exists an analytic chart

p:U—V, ael,
N N
X C

such that the function
uwzuogpfl:V—ﬂR

is harmonic in an open neighborhood of v(a).

The initial remark in this section then shows that this is true for all analytic
charts . Examples of harmonic functions are provided by the real parts of
analytic functions.

4.2 Remark. Let u be a harmonic function on a connected Riemann surface
which vanishes in a nonempty open subset of X. Then u vanishes everywhere.

The simple proof of the identity theorem is left to the reader. We note only
that the zero set of a harmonic function is usually not discrete, as the example
log |z| shows.
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Formulation of the Boundary Value Problem

A subset U of a topological space is called relatively compact if its closure is
compact. A subset of R" is relatively compact iff it is bounded.

4.3 Definition. LetU C X be an open relatively compact subset of a Riemann
surface. We assume that each connected component of U has infinitely many
boundary points. Let

f:0U — R

be a bounded function on the boundary of U which is continuous outside a finite
set of points.
A solution of the boundary value problem “(U, f)” is a bounded harmonic
function
u:U—R

such that
lim  wu(z) = f(a)

z—a,x€U
for all a € QU outside a finite set of points.
Remark. There then exists a finite set M C AU such that the extension
w:U—-M—R,
u(z) = {u(x) for z € U,
f(z) forx €U —-M
of u is continuous.

We want to show that the solution, if it exists, is uniquely determined. For
this, we need certain generalizations of the maximum principle (Lemma 1.3).
An obvious generalization states the following,.

4.4 Lemma. A harmonic function v : X — R on a connected Riemann
surface which attains its mazximum is constant.

This implies the following statement.

Variant of the Maximum Principle

4.5 Lemma. Let
u:U—R

be a harmonic function on an open relatively compact subset U of a Riemann
surface X. We assume that no connected component of U is compact. We also
assume that every boundary point a € OU admits a neighborhood U(a) C X
with the property

u(z) >0 for allz € U(a) N U.

Then
u > 0.
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Proof. We may assume that U is connected and nonempty, since the assump-
tions of Lemma 4.5 carry over to each connected component. Let

m = in(f}u(x) > —o0  (—o0 is allowed).
EaS]

Since U is compact, there exists a sequence
xn €U, wu(x,) — m for n — oo

that converges in UU. We can assume that u is not constant. Here we make use
of the assumption that QU is not empty. The maximum principle shows that
the limit ¢ = lim x,, is contained in the boundary of U. But then

u(zy) > 0 for almost all n,

and hence m > 0. O

The following variant of the maximum principle allows finitely many excep-
tional points on the boundary. As a consequence, we do not have to take care
of finitely many “bad points” such as vertices and isolated boundary points.
Hence we shall never be confronted with difficulties of topological nature.

4.6 Proposition. Let
u:U—R

be a harmonic function on an open relatively compact subset of a Riemann
surface which is bounded from below. Assume that each boundary component of
U has infinitely many boundary points. Furthermore, assume that each point
a € OU up to finitely many exceptions admits a neighborhood U(a) C X with
the property

u(z) >0 for allx € U(a) N U.

Then
u > 0.

Corollary 1. The solution of the boundary value problem, if it exists, is
uniquely determined.

Corollary 2. Let (U, f)” and “(U, g)” be two boundary value problems on the
same U. Then

In particular, an estimate

m<f<M(ondU) (m,MéeR)
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carries over to an estimate for u:
m <wuy <M (onU).

Proof of Proposition 4.6. We can assume that U is connected and that wu is
not constant, since OU contains infinitely many boundary points. Since u is
bounded from below, we have

m = inf u(z) > —oo.
zeU

We want to give an indirect argument, and hence assume
m < 0.

Since U is compact, there exists a convergent sequence (z,,), ,, € U, with the
property
lim w(z,) = m.
n—oo
The maximum principle shows that
a= lim z, € OU

n— o0

(and @ is one of the finitely many exceptional points which are allowed by
Proposition 4.6).

Now we choose an open neighborhood U (a) such that there are no exceptional
points in U(a) N OU besides a. We can achieve the result that there exists an
analytic chart

v:U(a) —E, ¢(a)=0.

To improve the boundary, we diminish U(a):
U'a) :=={z € Ula), [e(x)| <1/2}.

We now modify v on U’ (a)NU in such a way that the assumptions of Proposition
4.6 are fulfilled for all boundary points (including a). We consider

ue(z) = u(x) — elog |p(x)|, zxeU'(a)NU.
This function is harmonic. We are interested in its boundary behavior.
1) Obviously, for arbitrary e > 0,

lim u.(x) = +o00.
r—a
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2) Let be o(UNU'(a)), b+# a. A simple topological consideration shows that
either

a) beU'(a)NOU, b#a,
or
b) be K:=UnNoWU'(a)).

In the case a) we have, for positive ¢,
ue(x) > u(x) >0
in a sufficiently small neighborhood of b. Now we consider

= inf  wu(z).
zeUNAU’ (a)
Claim. p > m.
Proof of the claim. In the case where y is not negative, we are already done
because m < 0. Hence we assume p < 0. Then v has a minimum in UNOU’(a).
The claim now follows from the maximum principle, since by assumption w is
not constant.

We can choose € > 0 such that
us(xz) > M for x e UNOU'(a), 0> M > m suitable.
Now we can apply Lemma 4.5 to the function
us(z) — M on U'(a) NU

and obtain
ue(z) > M for z € U'(a) NU.

This inequality can be applied to the sequence (z,). Taking the limit, we
obtain
m > M,

which contradicts the choice of M. O

Proof of the corollaries. Let u and v be two solutions of the boundary value
problem. Then, for each £ > 0, the functions u — v + ¢ and v — u + ¢ satisfy the
assumptions of Proposition 4.6. Hence both are nonnegative on U. Since this
is true for arbitrary € > 0, we obtain © = v. The second corollary is proved
similarly.

The assumption that any connected component of U has infinitely many
boundary points is harmless, because of the following fact.
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4.7 Remark. Let X be a connected Riemann surface and let U be an
open nonempty relatively compact subset which has only finitely many boundary
points. Then X is compact and X — U is a finite set.

Proof. Let S be the set of boundary points of U. The set U is open and closed
in X —S. By assumption, S is finite. Hence X — S remains connected. We
obtain U =X —Sand U = X. O

Exercises for Sect. II.4
1. Prove the identity theorem (Theorem 4.2) for harmonic functions.

2. Prove the following variant of Riemann’s extension theorem:

Let D C C be an open subset, let a € D be a given point, and let u: D —{a} — R
be a bounded harmonic function. Then the singularity a is removable, i.e. u is the
restriction of a harmonic function on the whole of D.

Hint. It can be assumed that D is the unit disk and that u extends as a
continuous function to the closed disk. Consider u as the solution of a boundary
problem, where a can be considered as an exceptional boundary point.

A further proof of the Riemann extension theorem for harmonic functions
comes from the following exercise.

3. Show that any harmonic function u in the punctured disk E" has the form
u(z) = Alog|z| + Re f(z)
with a constant A and an analytic function in E".
Hint. Take the residue of the analytic function (9; —i9,)(u) for A.

4. Prove the following variant of the Schwarz reflection principle.

Let D be the intersection of the unit disk with the upper half-plane and let u
be a harmonic function on D which tends to 0 when the real axis is approached.
Show that the function

U(z)=40 for Imz = 0,

{ u(z)  for Imz >0,
—u(z) forImz<0

is harmonic in the full unit disk.

Hint. Tt can be assumed that u has a continuous extension to the closure of
D. We know what U has to look like at the boundary of the unit disk. Define
U as the solution of the corresponding boundary problem. Show that U vanishes
on the real axis, and make use of the uniqueness of the solution of the boundary
problem for D to show that U and u agree in D.
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5. Solution of the Boundary Value Problem by Means
of the Schwarz Alternating Method

Since it is tedious to repeatedly point out the finitely many exceptional points of
a solution of a boundary value problem and the boundedness property included
in it, we shall adopt the following convention from this point onwards.

5.1 Notation. Let U C X be an open subset of a Riemann surface, let
u:U— R
be a harmonic function, let A C OU be a subset of the boundary (usually the
whole boundary), and let f be a function which is defined on A.
The notation
u>fonA
means the following. Let € be a positive number. Every point a € A admits an
open neighborhood U(a) with the following two properties:
a) u is bounded from below on U NU(a).
b) With the exception of finitely many a, we have
u(z) > f(a) —e forx € UNU(a).
In the cases u > f and u < f (i.e. —u>—f) on A, we write
u=f on A.

If we are familiar with the notion of a limit superior, we can formulate a) and
b) as follows:

a’) limsup,_,, u(z) > —oo for all a € A;
b’) limsup,_,, u(x) > f(a) for almost all a € A.

The condition “u = f on A” means the following. If we approach an
arbitrary boundary point, then u remains bounded. For almost all a on the
boundary, the following holds:

lim u(z) = f(a).

r—a

When U C X is an open relatively compact subset and
f:0U —R

is a bounded function on the boundary which is continuous outside a finite set,
then the solution of the boundary value problem “(U, f)” means a harmonic
function v : U — R such that

u = f on OU.

We say that the boundary value problem on U is solvable if a solution exists
for every f.
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5.2 Theorem. Let U,V be two open relatively compact subsets of a Riemann
surface X. Assume that every connected component of U UV has infinitely
many boundary points.

Assumption.

a) OU NIV is a finite set.
b) The boundary value problems for U and V are solvable.

Claim. Then the boundary value problem for U UV is solvable.
Proof. 1t follows from Remark 4.7 that each of the sets U, V, U NV has
infinitely many boundary points. We may assume that U NV is not empty.

We decompose the boundaries

oU =9'Uud"l,
d"U=0UNnV, 9U=0U-9"U

and, analogously,

VvV =9'Vua'v,
'V =ovnu, 9V=0V-09"V.

‘We have
AUUV)=0UUIV.

This decomposition is nearly disjoint, i.e. U and &'V have only finitely many
points (from the set JU N IJV') in common. We also have the fact that the sets
AU NV) and 8"U U J"V are equal up to finitely many points (also from the
set U NAV):

U oV

Now we construct, for a given boundary value distribution
f:oUUV)—R,
two sequences of harmonic functions

Up U — R,
vp:V—R (n=0,1,2,...).
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The construction is done inductively in the order
UQ, VY, UL, V1, - - -
(always alternating in U and V'). We start with
uy =0
and then define vy, uq, ... as solutions of the following boundary conditions:

o — f on 0"V,
" lu, ond'V, n>0,

- f on 0'U,
"\ vper on 0"U, n>0.

Now we show, step by step, the following:
1) The limits
uw=limu,, v=Ilmuv,

exist and are harmonic.
2) w|lUNV =vlUNV.
3) The harmonic function
(u,v): U — R,

which arises from gluing u and v, gives the solution of the boundary value
problem “(U UV, f)”.

1) By assumption, the function f is bounded. Since f can be modified by an
additive constant, we may assume that

o<f<C (C eR).
The corollary of Proposition 4.6 shows inductively that

0<wup<u <---<C,
0<wvw<vy <---<C

By Harnack’s principle, the limits
u = limu,, v=Ilimuv,,

exist and are harmonic.

This proves 1).
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2) Again using Proposition 4.6, we show that on U NV the inequality
Up > Vp-1  (n>1)

holds. Here we have to use the fact that the boundary of U NV coincides
with 9”U U 0”V up to finitely many points. It follows from the above
inequality that

u>v onUNV

by taking limits, and then v = v by symmetry.

3) We show (using Notation 5.1) that
w=f ondU
and analogously,
v=f ondV

and hence

(u,v) =f ondUUV).
For the proof, we consider the harmonic function
w:U—C
which solves the boundary value problem
w— { 0 on O'U,
C  ond"U.
From Proposition 4.6 we get
wm <u<u4+w onU
and hence
u=u; = f on O'U. O
Some simple examples for which the boundary value problem can be solved

are described below.

5.3 Remark. LetU C X be an open relatively compact subset of a Riemann
surface. Assume that there exists a biholomorphic map onto the unit disk
f:U—E

which, outside a finite set of points, extends to a topological map of the bound-
ary.
(This means that there exist finite subsets M C OU, N C OE and a topological
extension - -

U-M—E-N
of f). Then the boundary value problem is solvable on U.
The proof is trivial. O
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5.4 Corollary. The boundary value problem is solvable on a disk two-gon,

(A disk two-gon is the intersection of the interior of a disk with the interior or
exterior of another disk such that neither of the disks is inside the other one.)

For the proof, we construct a conformal map from the disk two-gon onto
the unit disk such that this map extends topologically to the closures. This is
done in three steps; the details are left to the reader.

First step. Let a be a vertex of the two-gon. By means of the conformal map

1

z )
z—a

the two-gon is mapped onto an angle area:

Second step. We can assume that the negative real axis is not contained in the
angle area. We can then use

« alogz(

z%=e log = principal branch of the logarithm)

for a suitable a to get a conformal map onto a half-plane.

Third step . We can assume that the half-plane is the upper half-plane and then
use the standard map z — (2 —1i)/(z +1) from the upper half-plane onto the
unit disk. It is easy to see how these maps behave on the boundaries. O

Now we prove a proposition by means of the alternating method (Theorem
5.2).

5.5 Proposition. The boundary value problem is solvable for annuli

r<|z| <R (0<r<R< o).

Proof. Obviously, the annulus can be covered by annuli in such a way that
Theorem 5.2 can be applied iteratively.
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Covering of a part of an
annulus by three disk two-
gons and two disks. The
boundaries of any two of
them have only finitely
many points in common.

The Exceptional Points of the Boundary Value Problem

Let U C X be an open relatively compact subset of a Riemann surface for
which the boundary value problem is solvable.

A boundary point a € 9U is called an exceptional point (with respect to the
boundary value problem) if there is a boundary value problem “(U, f)” such
that f is continuous at a, but the equality

lim u(z) = f(a) (u is the solution of the boundary value problem)

r—a

is not true.

The proof of Theorem 5.2 immediately shows the following.

5.6 Remark. We use the same notation as in Theorem 5.2. Let a be an
exceptional point of U UV . Then

either a is an exceptional point of U,
or a is an exceptional point of V,
or a€dUNaV.

It is in the nature of the alternating method that points from OU N 9V can
produce new exceptional points.

The boundary value problem for U is called strictly solvable if U has no
exceptional points. Then the solution extends continuously to the whole closure
U. The next statement follows from Proposition 3.2.

The boundary value problem is strictly solvable for the unit disk.

We have shown that the boundary value problem is solvable for disk two-
gons. It is clear that the only possible exceptional points are the vertices.
(Looking a little closely, we shall see that they are not exceptional points, but
we shall not need this.)

The solution of the boundary value problem for an annulus was obtained
by covering the annulus with disks and disk two-gons and application of the
alternating method (Proposition 5.5). Since the disks and two-gons can be
changed a little, we can obtain an improvement using Remark 5.6.
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5.7 Remark. Improvement of Remark 5.5. The boundary value problem
is strictly solvable (without exceptional points) for annuli.

Exercises for Sect. I1.5

1. Let D be an open square and let K be a compact square contained in D with
edges parallel to the axes. Show that the boundary value problem for (D — K, C)
is solvable.

2. Show that the boundary value problem is solvable for (C — [~1,1],C).

3. Show that any conformal map of a disk two-gon onto the unit disk extends con-
tinuously to the closures.

4. Show that there is a nonconstant continuous function on the Riemann sphere
which is harmonic in the complement of the unit circle.

6. The Normalized Solution of the External Space Prob-
lem

In the following constructions, we make use of an exhaustion of the Riemann
surface. For this we need the following assumption.

6.1 Assumption. The Riemann surface X considered below has a countable
basis of the topology.

Actually, we shall see in the appendix to this section that every connected
Riemann surface has a countable basis of the topology.

6.2 Definition. A disk on a Riemann surface X is an analytic chart whose
domain of values is the unit disk:

0:U = E.
We shall use the notation

Ulr)={zeU; |e)|<r} (0<r<1),
Ar)=0U(r)) ={z€U; |p)]=r}
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Let
f:0(1/2) — R

be a continuous function. A solution of the external space problem is a
function

u:X-U(1/2) —R
with the properties

1) w is continuous;

2) uld(1/2) = f;

3) w is harmonic in the interior (X — U(1/2)).

Usually, the solution u of the external space problem is not unique. Clearly,

0(1/2) is the boundary of X — U(1/2), but this set needs not to be compact.
So, at the moment, we know neither existence nor uniqueness.

In the following, we shall construct a distinguished, so-called normalized
solution of the external space problem.

6.3 Proposition. Let X be a Riemann surface with a countable basis of the
topology and let p : U — E be a disk on X. There exists a unique map which
assigns to each continuous function f : 9(1/2) — R a normalized solution
of the external space problem which has the following minimality property:

Assume f > 0 and let uw be an arbitrary solution of the external space
problem defined by f such that uw > 0. Then u(f) < u.

Moreover:
1) The assignment f — u(f) is R-linear.
2) f<g=u(f) <ulg)

Special case. In the case f = 1, the normalized solution has a special meaning.
This solution is denoted by w. We have

w=10n09(1/2) and 0 <w < 1.

The uniqueness of the map is obvious. For the proof of its existence, we con-
struct an exhaustion. Since X has a a countable basis of the topology and
since it is locally compact, it is countable at infinity. This means that X can
be written as a countable union of compact sets,

X=K, UKyU..., K,, compact.

We use this for the construction of the exhaustion of X. (Actually, the solution
is independent of the choice of the exhaustion because of its uniqueness.)
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6.4 Proposition. Let X be a Riemann surface with a countable basis of the
topology, and let
p:U—E

be a disk on X. There exists a sequence
UB/4) C Ay C Ay C Az C ...
of relatively compact open subsets with the following properties:
1) X = U;.lozl An
2) The boundary value problem for

A, —U1/2), n=12...,

is solvable.

6.5 Remark. We have

8(A, — U(1/2)) = 0(A,) U(1/2).

We call 9(A4,,) the exterior boundary and 9(1/2) the interior boundary of
A, —U(1/2). The two are disjoint because of the assumption U(3/4) C A,,.

Proof. Let

X=X - U(1)2).

Like X, X’ also has a countable basis of the topology. For each point a’ € X’,
we choose a disk

U —E; U cCX, $d)=0.

Each compact subset can be covered by finitely many of the U’(1/2).

Hence there exists a sequence
on U, — E

of disks in X’ with the property
X' =] U.(1/2).
n=1

With a suitable choice of a sequence of numbers

1/2<r, <1
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that will be fixed later, we define
A, =UB/4)UUL(r1) U...UTU,(rp).

These sets are relatively compact and they exhaust X. We have to investigate
whether the boundary value problem is solvable for 4,, — U(1/2). We have

A, —U(1/2) =RUU(r1) U...UUp(rp),
where R denotes the annulus
R={zeU; 1/2<]|p(z)| < 3/4}.

Since the boundary value problem has been solved for disks and annuli, it is
sufficient — by the alternating method — to choose the numbers 7, € (1/2,1) in
such a way that

Un+1(’f‘n+1) and RUUl(Tl) U UUn(Tn)

share only finitely many boundary points. The following lemma gives an in-
ductive construction for a sequence r,, with these properties.

6.6 Lemma. Let
p:U—E, ¢v:V-—E

be two disks on the Riemann surface X. If the two domains U(r) and V(r)
have infinitely many boundary points in common, then their boundaries agree

(U (r) = 9V (r)).
Proof. We assume that there are infinitely many boundary points, and show

that
oV (r) C oU(r).

(Equality then follows from symmetry.) Since 0V (r) is compact, the intersec-
tion OV (r) N OU(r) contains an accumulation point in OV (r). We denote by
M C OV (r) the set of all such accumulation points. This set is closed, for
trivial reasons. If we can show that M is also open in OV (r) we are done,
because then, for reasons of connectedness, we have

oV(iry=M (CoU(r)NaV(r)).

It follows directly from the following simple remark that M is open.
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6.7 Remark. Let f be an analytic function on an open neighborhood of
1 € C. Assume that there exists a sequence (an) of complex numbers with the
following properties:

a)  an #1, lima, =1;

b)  an| =1;

) [flan)]=1.

Then there exists a neighborhood U of 1 such that

acU, lal=1=|f(a)l=1.

For the proof, we consider the analytic function

9(2) = f(2),

and 4 _
h(p) = f(€¥)g(e™) — 1.

This function is analytic in a small (complex!) disk around ¢ = 0. For real ¢,
we have

h(p) = | (@) — 1.

By assumption, the zeros of h have 0 as an accumulation point. From the
identity theorem for holomorphic functions, we get

h=0.

This proves the remark and hence Lemma 6.6. g

Construction of the Solution of the Normalized External Space Prob-
lem
We now come to the proof of 6.3.

Proof of Proposition 6.3. We construct, for a given continuous boundary allo-
cation

F:0(U@1/2) — R
|
e =172,

a solution of the external space problem, i.e. a harmonic function

u=u(f): X -U(1/2) — R
with boundary values f.

First of all, we consider the (uniquely determined) harmonic function

un:An—U(l/Q)—>R
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with boundary values

u, = f on the interior boundary (0U(1/2)),

u, = 0 on the exteriour boundary (0A,,).

We notice that by Remarks 5.6 and 5.7, there will be no exceptional points
on the interior boundary 9(1/2). Since f, by assumption, is continuous every-
where, we have

lim u,(z) = f(a) for all a € 9(1/2).

Tr—a

6.8 Lemma. The sequence of solutions

Up = un(f) : A, —U(1/2) — R
of the boundary value problem

u, = f on the interior boundary (0U(1/2)),

u, = 0 on the exteriour boundary (0A,)

converges *) locally uniformly to a bounded harmonic function

u: X -U(1/2) — R.

We have
u=f on 0U(1/2).

Proof. First, assume f > 0. By the maximum principle, all u,, are nonnegative,
since this is true on the boundary. In particular, u,+; is greater or equal to
u, on the open set A, — U(1/2) since this true on the boundary. Hence the
sequence of functions u,, is increasing. Now the statement about convergence
in Lemma 6.8 follows from Harnack’s principle. In the general case, we use the
decomposition

1 1
1 =50+ = 3071- £,

It remains to study the behavior of u = u(f) at the boundary. (The obvious
argument

lim u(x) = lim lim w,(z) = lim lim u,(z) = f(a)

r—a r—a n—oo n—oo r—a

*) Actually, we have never introduced the notion of a convergent sequence of func-
tions f : U, — C for a varying sequence of domains of definition U, . In our case,
this sequence is increasing. Hence, for an arbitrary point a of the union of the U,,,
we have a € U, for almost all n. Thus it is clear what the limit means.
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is not correct, since it is usually not allowed to interchange limits.) In the first
step, we consider the special case

~~
M1l
—

In this case we write
Wy = up (1), w = limw,,.

We have
0 <wp(z) <w(z) <1

The claim about the behavior at the boundary of w becomes clear if we take
for fixed n (for example n = 1) the limit x — a, where a is a boundary point.
Since w1 (x) then converges to 1, we get the same result for w(z).

General case. It is sufficient to prove that
u(f)>f on 0U(1/2).

Equality is then obtained by replacing f by —f.
For the proof of the inequality, we choose a constant C' > 0 with the property

f+C>o.

In this case (uy,) is an increasing sequence, and from

un(f+C)=f+C on 0(U(1/2))
we obtain at least

uw(f+C)>f+C on 0U(1/2)).
On the other hand, we have

u(f +C)=u(f) + Cw.
Both of these together give
u(f)=f on  9(U(1/2)),

as stated. The properties 1) and 2) in Proposition 6.3 are clearly satisfied.
O

Ezxzamples.
1) Let X=C, ¢=idg:E — E, boundary value distribution f = 1.



6. The Normalized Solution of the External Space Problem 87

‘We choose the exhaustion
Ap={z |z <n}

and obtain
log|z/n|  logl|z| —logn

un(2) = log(1/2n) —log(2n)

Taking the limit n — oo, we obtain

u=1.

2) X={z€C; |z]<2}, ¢=1idg:E — E, boundary value distribution
f=1
We take the exhaustion

A, =1z |z|<2-1/n}
and obtain in this case

un(z) = B A2
" log(1/(2(2—1/n)))’

Taking the limit n — oo, we get

_ log|z/2]
log(1/4)’

The normalized solution of the boundary value problem with respect to a con-
stant boundary value distribution can, but need not, be constant.

Exercises for Sect. I1.6

1. Let D be a bounded domain of the plane. Show that the normalized solution of
the external space problem with respect to a boundary value distribution equal
to constant 1 is not constant.

2. Let X be a compact Riemann surface and let S be a finite subset. Show that the
normalized solution of the external space problem for a constant boundary value
distribution is constant.

3. Choose a concrete disk in the upper half-plane and determine the explicit solution
of the external space problem for the boundary value distribution f = 1.

4. Show that the normalized solution of the external space problem for the boundary
value distribution f =1 on the slit plane C — {z € R; = < 0} is not constant.
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Appendix to 6. Countability of Riemann Surfaces

6.9 Theorem. Fvery connected Riemann surface has a countable basis of the
topology. As a consequence, it is countable at infinity, i.e. it can be written as
the union of an ascending chain of a sequence of compact sets.

In the usual constructions of Riemann surfaces, the countability is immediately
clear. Hence, in practise, this relatively deep result is not necessary. We shall
be brief with the proof. First of all, we recall the definition of countability:

A topological space X has a countable basis of the topology if there exists a se-
quence of open subsets Uy, Uy, Us, ... such that each open subset can be written
as a union of members of this sequence.

Ezample. A metric space (X, d) which admits a countable dense subset S C X
has a countable basis of the topology. For the proof, we consider the (countable)
system of balls around points from S with rational radii.

First of all, we assume that on the connected Riemann surface X there
exists a nonconstant analytic function f. Then we prove that X is metrizable.

Metrization of X

Let
a:[0,1] — X

be a piecewise smooth curve. We denote the Euclidean length of its image
under f by
L(a):==1(foa) (= Euclidean length).

Now, let a,b be from X. We define

d(a,b) := igf L(a),

where « runs over all curves with starting point a and endpoint b. It is not dif-
ficult to show that this defines a metric on X which induces the given topology
on X.

Construction of a Countable Dense Subset

For this purpose, we can remove a discrete subset from X, for example the set
of all points where f is not locally topological. Hence we assume that

f: X—C

is locally topological. We choose some point a € X and can assume that

f(a) = 0.
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6.10 Definition. A point b € X is called rational if there exists a curve
a:[0,1] — X, a(0) =a, a(l) =b,

whose image curve f o« is a piecewise linear function with rational vertices.

The set of all of these piecewise linear curves is countable. Because of the
uniqueness of the curve lifting, we obtain the result that the set of all curves
« and hence the set of all rational points b € X is countable. We can also see
easily that the set of rational points is dense in X . This proves the countability
of (the topology of) X (if the function f exists).

We want to weaken this condition. So, we now assume only that on the
connected Riemann surface there exists a nonconstant harmonic function

u: X — R.
Then we construct a holomorphic map
p: X —X
of a connected Riemann surface X onto X such that
U:=uop

is the real part of an analytic function. (Then X and, as a consequence, X are
countable.) It is possible to take the universal covering for X (see the appendix
to Chap. III). If we want to avoid using its existence, we can use the following
construction.

Fix a point ¢ € X. In a small open neighborhood U(a) the function w is
the real part of an analytic function. It is easy to show the following.

If @ :[0,1] — X is a curve with starting point a = «(0), then f admits
an analytic continuation along «. (It should be clear what this means.) In
analogy to the analytisches Gebilde, we construct from all these continuations
a “covering” X — X, on which f becomes single-valued.

The essential point of the proof of the countability turns out to be the
existence of a harmonic function.

Existence of a Harmonic Function
We choose a disk
0:U = E
on our connected Riemann surface, and claim the following:

There exists a nonconstant harmonic function

u: X —-U(1/2) — R.
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Then X — U(1/2) and, as a consequence, also X have a countable basis of the
topology. For the construction of u, we choose some continuous boundary value
distribution

fioU(1)2) — R, 0<f<I1,

which is different from 0. We want to construct « such that
u= fonoU(1/2).

The problem is that we do not know that X has a countable basis of the
topology. Therefore we consider open connected subsurfaces Y C X such that
U CY C X with a countable basis of the topology. We call them “countable
subsurfaces” for short. Clearly, X is the union of all the countable Y

X = U v

UCYCX
Y “countable”

For each Y (and the given disk ¢), we denote by
uy 1Y =U(1/2) — R
the normalized solution of the external space problem
uy|0(1/2) = f.
It is easy to see that
YCV = wuy<uy (onY).
All uy are bounded by 1. Hence the function

U := sup uy
Y

is well defined on the whole of X — U(1/2).

Claim. wu is continuous on X — U(1/2).

Proof. First we show that, for any a € X — U(1/2), there exists a countable
Y with u(a) = uy(a). Since the supremum of a set of real numbers can be
obtained as the limit of a sequence of real numbers in this set, there exists for
each a € S a sequence of countable surfaces a € Y7 C Y5 C ... such that

u(a) =limuy,(a), up:=uy,.

The union Y =Y, UY5 U - .- is countable too. Because u,, < uy < u, we have
u(a) = uy (a) for this Y.
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Now let S be a countable subset of X. For each a € S, there exists a
countable Y (a) such that uy(,)(a) = u(a). We now denote the union of these
Y (a) by Y. Then we have a countable Y such that u(a) = uy (a) for all a € S.

This shows that the restriction of u|S to any countable subset is continuous
on S. As a consequence, u is sequence continuous. Continuity is a local prop-
erty and, locally, X looks like an open subset of the plane. Hence sequence
continuity implies continuity.

Claim. wu is harmonic on X — U(1/2).

Proof of the claim. We consider open subsets U C X — (U(1/2)) which admit a
countable dense subset S. We know that there exists a countable Y O S such
that v = uy on S. Since u is continuous, we get u = uy on U. This shows that
w is harmonic on U. Since the sets U cover X — (U(1/2)), we obtain the result
that u is harmonic there. This completes the proof of the countability. O

7. Construction of Harmonic Functions with Prescribed
Singularities: The Bordered Case

Let X be a Riemann surface and let A C X be an open relatively compact
subset. We assume that each boundary component of A has infinitely many
boundary points. (For example, this excludes the case where X is compact and
X=A4)

We assume that a disk ¢ is given in A. Recall that this is an analytic chart
which maps an open subset U C A onto the unit disk:

p:U—E.
For a number r € (0,1), we introduce the notation
Ulr)={zeU; |p(x)] <r},
Ulr)={zeU; |o(x) <r}).
We then consider the “annulus”
R=U(3/4) - U(1/2) (1/2 < |z < 3/4),
R=U@B/M)-U@1/2)  (1/2< 2] <3/4)

and, finally, make the following assumption.

7.1 Assumption. The boundary value problem is solvable for the domain

A-T1/2).

Under this assumption (and the assumption that each boundary component of
A has infinitely many boundary points), we prove the following proposition.
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7.2 Proposition. Let B

Ug - R—R
be a continuous function on the closed annulus R which is harmonic in the
interior R. There exists a unique bounded harmonic function

u:A-U(1/2) = R

with the following properties:

a) The harmonic function uw—uqg (a priori defined on R) extends to U(3/4) as
a harmonic function.

b) u =0 on JA.

Condition a) can be expressed roughly as follows: the harmonic function u has
the same singular behavior in the “hole” U(1/2) as wy.

Proof. The uniqueness of the solution is clear, since the difference of two
solutions is harmonic on A and vanishes along 0A.

Ezistence. (Compare with the proof of Proposition 3.2.) We construct a se-
quence of harmonic functions which are defined alternatingly on the two do-
mains

A—U(1/2) and U(3/4).

We define
o= 0A

and

or) ={zeU; |p()=r}
We then have

AA—TU(L/2) = aUd(1/2),
AU (3/4)) = 8(3/4).

We now define sequences of harmonic functions

up, :A-U(1/2) — R, n>1,

v, :UB/4) — R, n>0,
in the ordering
Vo, U1, V1, U2,V2, ...,

by the conditions

Vo :0,
- {Un—1 +up on 9(1/2),
Up =
0 on a,
Up = Up —Uug on 0(3/4) (n>1).
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We have to show that both sequences converge. For this, we estimate the
difference w41 — u, on the line 9(3/4). We claim the following:
There exist constants

C>0and0<¢g<1

with the property
[ttt — un| < Cq¢™ on 9(3/4) (n>0).

Proof. The function u; — ug is continuous on 9(3/4). Hence we find C' > 0
such that
|ug —up] < C on 9(3/4).

To construct g, we consider the harmonic function w on A — U(1/2) which
solves the boundary value problem

_J 0O ona=0A,
Y11 ona(1/2).

7.3 Claim. There exists a constant ¢ < 1 such that

w(z) <gq forxzed(3/4).

Because of the maximum principle (and the compactness of 9(3/4)), we have
to show that w is not constant 1 on the connected component of A — U(1/2)
which contains 0(3/4). This follows from the boundary behavior (w = 0 on
OA) and the assumption that each connected component has infinitely many
boundary points.

The numbers C' and ¢ having been defined, we prove the inequality
[tnt1 — un| < C¢™ on 9(3/4)
by induction on n. By construction of the sequences (uy,), (v,), we have
Up — Up_1 = Up — Up_1 on (3/4).

This shows that
[Up —vp_1| < Cq™™' on 0(3/4).

Since the functions v, are harmonic on the whole of U(3/4), this inequality
must be true on the whole of U(3/4), and, in particular, on 9(1/2). From the
construction of the two sequences, it again follows that

Upt1 — Up = Vp —Up—1 on  0(1/2)
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and hence
[Up 11— un| < C¢"1 on A(1/2).

Hence the inequality
|un+1 - un| S an_lw

is true on the boundary of A — U(1/2). By the maximum principle, it is true
in the interior too. We obtain

[Upt1 — uy| < Cq" tg=C¢" on 0(3/4),

as has been stated.

It now follows from the maximum principle that
[Un41 — | (= |tups1 —u,| on 0(3/4)) < Cq¢" on the whole of U(3/4).

Since v,, extends continuously to the boundary of U(3/4), the inequality holds
on U(3/4). We apply this inequality on 9(1/2) and obtain

[tny1 — tun| < Cg"™ ' on 9(1/2).

Again we apply the maximum principle, and obtain the result that the last
inequality is true on A — U(1/2). Since u, has a continuous extension to
the boundary 0(1/2), it is true on the set A — U(1/2). It follows from the
Weierstrass majorization theorem that the series

wi=Y (tn1—un) (on A—U(1/2)),
vi=) (vnt1—va) (on U(3/4))
converge uniformly and the limit functions
u— ug = limu,, v=Ilimv,

are continuous and harmonic in the interiors.

To prove Proposition 7.2, it remains to show that u — ug and v coincide in
the intersection R of the two domains, i.e.

lim u, = lim v,,.

n—oo n—oo
As we have seen, the two limits are uniform on the closure R. Hence they rep-
resent continuous functions there. It is sufficient to show that v and v coincide
on the boundary of R, and hence on 9(1/2) and 9(3/4). This immediately
follows from the boundary behavior of the u,, and v,,.

It remains to show that u vanishes on the exterior boundary «. For this,
we consider the harmonic function w on A —U(1/2) which solves the boundary
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value problem w =1 on 9(1/2) and w = 0 on «. If we take an upper bound of
ug for C, then it follows from the maximum principle that

—Cw < up,v, < Cw.

This inequality carries over to the limits and shows that they are 0 on a.

Exercises for Sect. I1.7

1. Consider the disk
A={z |z| <2} CC.
Determine a harmonic function © on A — {0} which extends continuously to zero
at the boundary of A and is such that u(z) +log|z| extends harmonically to zero.
Interpret this as a solution in the sense Proposition 7.2.

2. Consider an arbitrary finite subset S of the upper half-plane and construct a
harmonic function v on H — S which cannot be extended continuously to any
point of S and is such that u can be extended as a continuous function to the
closure of H in the Riemann sphere.

3. In the proof of Proposition 7.2, we showed that

lim u, = lim v,,.
n— oo n— oo

Another proof runs as follows. It is enough to treat the case u, > 0. But then
Vo LUy vy <y, <vy <L

This gives 0 < v, —wu, <u,, ; —u, and hence the claim. Provide the details of
this proof.

8. Construction of Harmonic Functions with a
Logarithmic singularity: The Green’s Function

A harmonic function on a connected compact Riemann surface is constant. Hence we
are led to allow singularities for harmonic functions. In Sect. 7 we performed such
a construction for relatively open subsets U C X with a true boundary. We are led
to exhaust X by a sequence of such domains and to take a limit. In this section, we
describe such an exhaustion and apply it to the simplest case where the limit works.
By definition, this case is the hyperbolic case. The function which we shall obtain, is
called the Green’s function.



96 II. Harmonic Functions on Riemann Surfaces

It is our goal to construct, on a punctured Riemann surface (X, a), a har-
monic function v : X — {a} — R with a singularity at a that is as simple as
possible. We describe what may be simplest the type of singularity.

8.1 Definition. A harmonic function
uw:U =U-{0} — R, 0eUcCC open,
is called logarithmically singular (at 0) if
u(z) + log|z|
extends as a harmonic function to U.
We want to extend this notion to Riemann surfaces. For this, we have to check
its conformal invariance.
8.2 Remark. Let
p:U—V UV CC open,
0+—0,

be a biholomorphic map between open neighborhoods of the origin in the complex
plane. The harmonic function

log|z| —loglp(2)] (2 €U—{0})
has a removable singularity at 0 (i.e. it extends to a harmonic function on U ).
Proof. We use the formula

©(2)

> .

log[p(2)| — log |2| = Relog

(The function ¢(z)/z has a removable singularity at z = 0 and is different from
0 there. Hence it admits a holomorphic logarithm in a small neighborhood of
0.) O

8.3 Definition. Let X be a Riemann surface and let a € X be a point. A
harmonic function
u: X —{a} — R

1s called logarithmically singular at a if there exists an analytic chart
0:U =V
W W

ar— 0

such that the transported function u, on V' is logarithmically singular at 0 in
the sense of Definition 8.1.

Because of Remark 8.2, this condition is independent of the choice of ¢.
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Green’s Function

For the rest of this section, we make the following assumption.

8.4 Assumption. The Riemann surface X is connected but not compact.
From Remark 4.7, we know that each open relatively compact subset of X has
infinitely many boundary points.

For a given point a € X, we consider an exhaustion
acA CAyC---

as described in Proposition 6.4. By Proposition 7.2, there exist harmonic func-
tions
Un : Ap —{a} — R
with the following properties:
a) Uy is logarithmically singular at a;
b)  wu, =0o0n dA,.
We want to try to take the limit n — oo, and for this purpose we point out the
following;:

1) The function u, is positive in a small neighborhood of a. Since it is zero on
the “exterior” boundary 0A4,,, we get

u, > 0 on the whole of 4,, — {a}.

2) For m > n, the function u,, — u, is harmonic in the whole of 4,, (and also
in a) and not negative on the boundary 0A,, (because of 1)). It follows that

Uy, > Uy, fOr m > n.

3) Now we assume that the sequence u,(x) remains bounded at at least one
point x € X (it is defined at the given point for almost all n). By Harnack’s
principle, the limit

u(x) = lim  up(z)
(n>n(z))

then exists for all x € X — {a} and defines a harmonic function
u: X —{a} — R

with the following properties:
a) u>0;
b) wu is logarithmically singular at a.

The property b) results if we apply Harnack’s principle to u,, —u; in the domain
Aj.
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8.5 Notation. The set
M, = My (X)
consists of all harmonic functions v : X — {a} — R with the following prop-
erties:
a) v>0;
b) v is logarithmically singular at a.

If the above limit works, the set M, is not empty. The converse statement is
also true! For if v € M, then

v—u, >0 ondA,
and, by the maximum principle, on the whole of A,. Hence the sequence
(tn(2))p>n(z) remains bounded for each » € X.
We also obtain
w = limu, <wv.

This is true for arbitrary v € M,. Hence the function u is minimal in M,.

So, we obtain the following result.

8.6 Proposition. If the set M, (as defined in Notation 8.5) is not empty,
then it contains a unique minimal element u, i.e.

u <w for allv e M,.

8.7 Definition. The minimal element of M, — in the case where M, is not
empty — is called the Green’s function of X with respect to a. We denote the
Green’s function (when it exists) by

Go: X —{a} — R.

FEzample. The Green’s function on the unit disk E with respect to a = 0 exists,
since the function — log |z| is contained in M,.

The minimality property of the Green’s function admits a refinement.

8.8 Remark. Let S be a discrete subset of X which contains a. Let u be a
nowhere negative harmonic function on X — S which is logarithmically singular
at a. Then

G, <.

The same proof as in Proposition 8.6 works if one takes into consideration the
fact that the maximum principle admits finitely many exceptional points.
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8.9 Definition. The Riemann surface X is called hyperbolic, if the Green’s
function exists for every point a € X.

For example, the unit disk is hyperbolic, since the Green’s function exists
for one point and the group of biholomorphic transformations E — E acts
transitively.

The plane C is not hyperbolic, as the example 2) at the end of Sect. 6 shows.

Exercises for Sect. I1.8

1. Show that the function —log|z| is the Green’s function of the unit disk with
respect to the origin.

2. Let S C C be a finite set. Show that the Riemann surface C — S is not hyperbolic.
3. Show that every bounded domain of the plane is hyperbolic.

4. Show that the slit plane C _ is hyperbolic.

9. Construction of Harmonic Functions with a Prescribed
Singularity: The Case of a Positive Boundary

Again we assume that X is a connected Riemann surface with a countable basis
of the topology and that

p:U—E (U C X open),

a+— 0,

is a disk.
In this section, we shall use the normalized solution

u=u(f): X-U(1/2) — R
of an external space problem (see Proposition 6.3)

f:0(1/2) — R.
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The case

1

f

is of special importance. In this case, the solution is denoted by
w (0<w<1).

9.1 Definition. The Riemann surface X has a zero boundary with respect
to the disk ¢ : U — E if the normalized solution w of the boundary value
problem f =1 on 9(1/2) is constant:

Otherwise, we say that X has a positive boundary (with respect to ¢).

It is clear that compact surfaces have a zero boundary. Later (Proposition
11.5) we shall see that the notions of a zero boundary and a positive boundary
are independent of the choice of the disk ¢.

Motivation for the Notion of a “Zero Boundary”

The function w was constructed as the limit of a sequence of functions w,, which
have value 1 on an interior boundary 9(1/2) and vanish on an exterior boundary
0(A,). When the sequence w,, converges to 1, we may imagine that the exterior
boundary 9(A4,,) loses its power with increasing n. So w becomes constant 1.
We may imagine that the sequence 0(A,,) tends to an “ideal boundary” which
has no ability to influence w. (The ideal boundary is often spoken about in the
old literature. The function 1 —w is sometimes called the “harmonic measure”.
There is no need for us to make these notions precise.)

As in Sect. 7, we consider a continuous function
up: R={reU; 1/2<|p(z)] <3/4}

on a closed annulus R which is harmonic in the interior. We look for a harmonic
function

uw: X -U(1/2) — R

such that u — ug extends to a harmonic function on U(3/4). There are two
obvious ways to do this:
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1) We exhaust X by domains A, and try to obtain u as the limit u,, of the

solution in the bounded case (see Sect. 7, u, = 0 on the exterior boundary

9(An).)

This way leads us to the construction of the Green’s function.

2) We try to apply directly the alternating method which we used for the proof
of Proposition 7.2. We just replace the functions w, by the normalized

solutions of the exterior boundary problem.

This is the way in which we shall now go. Let

up : X —U(1/2) — R, n>1,
v, :U3/4) — R, n>0,

be the following inductively defined sequences of functions:

a) vy =0;

b) uy, v, are the solutions of the boundary value problems

Up = Vp—1 +ug on I(1/2) (external space problem; see Proposition 6.3),
Up = U, —ug on 0(3/4).

Now we assume that X has a positive boundary with respect to the given disk.
Then

w(x)<1l on X —-U(1/2).
Hence there exists a number 0 < ¢ < 1 with the property
w(x) <q forzed(3/4).
This inequality is precisely what we need to transfer the proof of Proposition 7.2

to the present case. It replaces Lemma 7.3, which we had to use there.

This gives the following statement.
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9.2 Proposition. Assume that the Riemann surface X has a positive bound-
ary. Then, for every continous function that is harmonic in the interior,

UOZR—>R,

there exists a harmonic function

u: X -U(1/2) —R
with the following properties:

a) u— ug extends to a harmonic function on U(3/4);
b) w is bounded on X — U (3/4).

The construction also shows that in the case ug > 0, we can obtain u > 0.

Corollary. When the Riemann surface has a positive boundary, the Green’s
function G, exists.

In the case of a zero boundary (w = 1), this proof of convergence fails. However,
under suitable assumptions, it may be possible that the sequence converges
nevertheless. We shall see later, by means of a more subtle proof of convergence,
that the sequence converges if ug is the real part of an analytic function in the
annulus (Proposition 11.9). Under this additional assumption, the analogue of
Proposition 9.2 is true in the case of a zero boundary also. Moreover, we shall
see that in the case of a zero boundary, this condition is necessary.

Exercises for Sect. I1.9

1. Show that every compact Riemann surface has a zero boundary (with respect to
any disk).

2. Let be S C X be a finite subset of a Riemann surface. Show that X — S has a
zero boundary (with respect to any disk).

3. Let S be a countable and closed subset of a compact Riemann surface. Show that
X — S has a zero boundary.

4. Give an example of an infinite S in Exercise 3.
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10. A Lemma of Nevanlinna

Let
u:D— R, D C C open,

be a harmonic function. It follows from the Cauchy-Riemann differential equa-
tions that the function

is analytic. The following two conditions are equivalent:
1) w is the real part of an analytic function F'.
2) f admits a primitive.
The simple proof is left to the reader (see Exercises 1-3). (The relation between
f and F is given by F’ = f.)
Now, let
D={zeC; r<|z|<R} (r<R)

be an annulus. An analytic function f on D admits a primitive if the (—1)th
coefficient of the Laurent expansion is zero. (The primitive is then obtained by
differentiating the Laurent series term by term.) This condition is equivalent
to

f'ﬂgdcza
[Cl=e

where ¢ is a number between r and R. (It is sufficient that this condition is
true for one p; it is then true for all p.) We obtain the following result.

10.1 Remark. Let
u:D— C, D={ze€C; r<|z|<R} (r < R),

be a harmonic function on an annulus. The following conditions are equivalent:

a) w is the real part of an analytic function F.

b) The analytic function

ou . Ou
f—%—lafy

admits a primitive.
c) For one (all) o € (r, R), we have

§ 1o

[Cl=0
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Supplement. If the conditions a)-c) are satisfied, then the integral

27

/u(gei“”) dy (r<o<R)
0
is independent of o.

It remains to prove the supplement. The integral in the supplement equals the
real part of the line integral

1 [ F(Qd
i ¢
I¢l=e
and this independent of ¢ by Cauchy’s theorem. O

Recall that a disk on a Riemann surface X is a biholomorphic map
¢ : U — E (unit disk)
of an open subset U C X onto the unit disk. We define
E(r)={¢€E; |q <r},
Ur) = YE(r)) (0<r<1).
10.2 Proposition. Let X be a compact Riemann surface and let
p:U—E

be a disk in X. Furthermore, let

u: X-U(1/2) — R
be a harmonic function.

Claim. The restriction of u to the “annulus” U —U(1/2) (“1/2 < |z| <17) is
the real part of an analytic function.

Corollary. Consider

up(z) =ulp™'(2))  (1/2< 2] <1).

The integral

/uw(gew)d(p (1/2<p0<1)
0

is independent of o.
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As a special case, we obtain the following result.

There is no harmonic function
u: X —{a} — R (X compact!)

with a logarithmic singularity at a.

Proof of Proposition 10.2. We need Stokes’s theorem, as formulated and proved
in the appendix to this chapter. There, we also introduce the differential calcu-
lus that we use below. The important fact is that a differential form (a 1-form)
can be associated with a harmonic function v : X — R on a Riemann surface
in the following way. Since, locally, every harmonic function can be written as
the real part of an analytic function, there exists an open covering

Xo=JU;
and holomorphic functions
F; : U; — C such that u|U; = Re(F}).

The difference F; — Fj is locally constant in the intersection U; NU;. Therefore
the differentials
w; = dFl (OIl Uz)

agree in the intersections. For this reason, there exists a differential w on the
whole X which coincides with w; in U;. Because d o d = 0, we obtain

dw = 0.

It is easy to describe w in local coordinates. Let

p:U—V
be an analytic chart; then
_ (Ouy, . Ouy, B .
Wy = <87 - 1a—y>dz (dz = dz +idy).

Because of the importance of this construction, we fix it as follows.

10.3 Remark. Letu: X — R be a harmonic function on a Riemann surface.
There exists a differential w which, on charts, ¢ is given by

We have dw = 0.
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After this preparation, we come to the proof of Proposition 10.2.

Proof of Proposition 10.2. We consider the differential w which belongs to w.
By the definition of a line integral (Remark 13.4), we have

]{w = %f(g)dC (notation as in Remark 10.1).

Hence Proposition 10.2 states that

]{w:(),

where the integral is taken along the inverse image (with respect to 1) of the
circle .
oe”  (0<p<2m)

for some g € (1/2,1). This circle is the boundary of the domain

M =X —Ul(o),

and the integral in question equals the negative of the boundary integral (Re-

mark 13.20),
[o (= § 9

oM “I¢=e”

By assumption, X is compact. Hence M is open and relatively compact.
Stokes’s theorem (Theorem 13.19) applies and we obtain

/w:/dw:O,
oM M

since dw = 0. 0O
For the proof of the uniformization theorem, we need a variant of Proposi-
tion 10.2 for certain noncompact Riemann surfaces.
Readers who are interested mainly in the theory of compact Riemann sur-
faces can skip the rest of this section, since we shall not use uniformization
theory for the theory of compact Riemann surfaces.

10.4 Lemma (Nevanlinna’s Lemma)*). Let X be a (not necessarily
compact) Riemann surface and let Y C X be an open relatively compact subset
of X. Furthermore, a disk'Y such that

0:U = E, UCY open,

*) This lemma is implicitly contained in [Ne], Chap. VI, in the proof of Lemma 6.22.
The application of Stokes’s theorem to the function wu,, there is problematic, since
in the solution of the boundary value problem a finite number of exceptional points
are allowed. It is difficult to control the derivatives of u,, there. Hence the proof of
Nevanlinna’s lemma becomes somewhat longer in our presentation.
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and a harmonic function

u:Y-U(1/2) — R
with the following properties are given:
a) u>0;
b) wu=0ondY.

Claim. If we set
_ Ouy, . Ouy,

T=" "oy
then
iff(@dczo (1/2< 0 <1).
[¢]=e

(In particular, this expression is real.)

Note. Proposition 10.2 is a special case of Nevanlinna’s lemma: We can apply Lemma
10.4 to Y = X (compact), and the assumption b) is then trivially true. We can also
assume that u is bounded, since the inner annulus can be enlarged a little. Since the
integral does not change if u is replaced by u + C' (C' € R), we can also assume a).
Now we get

i / FQydc > 0.

[Cl=e
Since we can replace u by —u, equality must hold, and we can apply Remark 10.1.
O

The rest of this section will be taken up by the proof of Lemma 10.4.

Proof of Lemma 10.4. We may assume that u does not vanish identically in
the annulus “1/2 < |z] < 17.

Again we consider the associated differential w (see Remark 10.3). The
claim states that

i/w >0, alt) = o), 0<t<2m.

(%

First of all, we show that the integral is real. For this we use
W= —i(w — du).

In local coordinates, this is computed as
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Obviously, the integral of w’ is real. The integral of du along a closed curve
vanishes (Theorem 13.18). Hence we have

i]{w:ffw/ € R.

We want to apply Stokes’s Theorem to the Riemann surface Yy :=Y —U(1/2).
For this, we need suitable open and relatively compact subsets B C Yj. Since
Yy is relatively compact, we have only to take care that the boundary of B
(taken in X) is disjoint with the boundary of Yy The boundary of Yj is the
union of the interior boundary 0(1/2) and the exterior boundary 9Y .

To avoid the interior boundary, we choose a fixed ¢ and consider

Y' =Y —U(o).

By assumption, v vanishes on the exterior boundary 9Y. We choose € > 0 and

consider
B(e):={zeY's u(x)>e}.

We would like to have that the boundary B(e) is relatively compact in Yp.
This would be the case if u were continuous (and hence identically zero) on the
whole exterior boundary dY. But our convention (Notation 5.1) allows finitely
many exceptional points on the boundary. This fact requires a modification
similar to that we used in the proof of the maximum principle (Lemma 4.5).

By Propositions 6.3 and 9.2, there exists for a given point a € Y an open

neighborhood
YCACX
T
open
and a harmonic function hg : A — {a} — R, hy < 0, which is logarithmically
singular at a. Summing up, we obtain for each finite set M C Y a harmonic
function

h:A-M—R (Y € AC X open)
with the properties
a) h(z) <0forze A— M,
b) lim,_, h(z) = —oc0 for a € M.
We apply this to the finite set of exceptional points on the boundary of Y (into
which u cannot be extended continuously).

Now we consider instead of B(e) the modified domain
B(e,h):={z €Y', u(x)+h(z)>c}.

The domain B(e, h) is relatively compact in Yy. The boundary points satisfy
lo(x)| = o0 or u(z) + h(z) = e. We want to keep these two sets disjoint. By
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the maximum principle, u has no zeros on the circular line |p(z)| = 0. We
can choose € so small that u(z) > € on the circular line. The function h can
be multiplied by an arbitrary positive number. Hence we can arrange that
u(z) + h(x) > e on the circular line. Now it is clear that the boundary of
B(e, h) is the union of two distinct parts, the “interior” and the “exterior”:

a) |p(z)| = 0 (interior boundary);
b) wu(z)+h(z)=c¢

(exterior boundary).

We want to apply Stokes’s theorem on B(e,h). For this, we require that the
exterior boundary of B(e, h) is smooth.

The theorem of implicit functions of real analysis shows the following.
10.5 Remark. Let
f:U— R, 0eUcCC open,

be a C* function with the properties
a) f (g) = 0;(9
v (Fo.50) 0o

Then the origin is a smooth boundary point of

Ut ={xeU; f(x)>0}

We also have the following fact.
10.6 Remark. Let
f:U—R, UCcCC adomain,

be a nonconstant harmonic function. The set of all points in which both
derivatives of f vanish is discrete in U.

This is clearly true, since
of ot
ox dy
is an analytic function. The two remarks above show that the boundary of
B(e, h) is smooth outside a countable set of €. We can avoid such ¢ and such
find domains to which Stokes’s theorem applies. We want to apply it to the
differential 5 , 5 h
wy, = _duth) )d:v+7(u+ )

dy.
dy ox 4
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Recall that our claim in Lemma 10.4 means that
0 0
j{w'ZO (w':——ud:c—i——udy).
Y T

Obviously, the differentials wj, are closed, dwj = 0. It follows from Stokes’s
theorem that

0= /dw;L: /wﬁlz / wy, + / Wy,

Y (e) aY (g) exterior boundary interior boundary

10.7 Claim. We have

exterior boundary

It follows from this that

— wy, > 0.

interior boundary

The interior boundary is parametrized by «. The boundary integral is the
negative of the curve integral (see Remark 13.20). Replacing h by h/n and
taking the limit n — oo, we obtain

/w/ZO.

(e
That is precisely what we have to prove.
Proof of Claim 10.7 (and hence of Nevanlinna’s lemma, Lemma 10.4).

We use the following notation.

10.8 Notation. Let U C X be an open subset, let a be a smooth boundary
point of U, and let w be a differential which is defined in an open neighborhood
of a. The differential w is called nonnegative along the boundary at a if
there exists an oriented differentiable chart
¢:U(a) —V
W W

ar—0

with the property
e(U(a)NU) =V NH,

pOU(a)NU) =V NR,

such that the following condition is satisfied:

f(0) >0 for w,= fdz+ gdy.
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This condition is independent of the choice of : if ¢ is replaced by another
chart, then f(0) is multiplied by a nonnegative number. Now we assume that
the conditions for integrability are fulfilled, i.e. that Support(w)NOU is compact
and is contained in the smooth part of the boundary.

We obtain the following result immediately from the definition of the bound-
ary integral.

10.9 Remark. When w is nonnegative along the boundary (i.e. at each
smooth point of the boundary), then

/wZO.

oU

Hence our claim is proved, if wj, is not negative along the exterior boundary.
This statement follows from the following simple local criterion.

10.10 Criterion. Let U C C be an open subset, let a be a smooth boundary
point of U, and let u be a C*° function, defined in an open neighborhood of
Ua).

Assumption.

a) u=C (= constant) on (OU) NU(a);

b) wu>ConUNU(a).

Then the differential

~7y o
is nonnegative along the boundary of U.
Proof. After shrinking of U(a), we can choose an orientation-preserving diffeo-
morphism
¢ :U(a) — V C C open
w w
ar—0
with the property
e(U(a)NU) =V NH,
o(U(a)NOU) =V NR.

We would like to have that the Jacobi map
J(p,a) : R* — R? (=C)

is a similarity transformation, i.e. multiplication by a complex number. To
enforce this, we may replace ¢ by its composition with an R-linear map of the
form

(z,y) — (ax + By, vy) = Bz,y) , a>0, 7>0.
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Such maps transform the upper half-plane into itself. Now we use the following
simple fact:

If
A:R?2 — R?

is any linear map with a positive determinant, then there exist real numbers
a > 0,0, such that B - A is a similarity transformation.

Now a simple computation shows that taking the differential
ur— w = w(u)
is compatible with similarity transformations

my: C — C (beC),

z — bz,
ie.
w(uomy) = mj(w).

Therefore we can assume that the Jacobi matrix J(y,a) is the unit matrix.

Now the differential

ou ou
w——a—ydw—i—%dy

can be transformed into V' very easily. Let
- _ -1
t=u, (=uoyp )

and

w

we, = fdx+gdy.

From the definition of the transformation of a differential, we get simply

£(0) = —25(0»

Now the function @ is constant C' on the real axis (close to 0) but not greater
than C in the upper half-plane. Taking the differential quotient, we see that

gZ(O) <0 and hence f(0) >0,

which was to be proved. a
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Exercises for Sect. I1.10

1. Let u be a harmonic function on an open subset of the plane. Show that f(z) =
Ou/0x — idu/dy is an analytic function.

2. Let u be the real part of an analytic function F' on an open subset of the plane.

Show that
P Oou .0u

- Oz lay'

3. Let uw be a harmonic function on an open subset of the plane such that f =
Ou/0x — i0u/0y has a primitive F. Show that, up to an additive constant, u is
the real part of F'.

4. Let u be a harmonic function on a Riemann surface. Check directly the compat-

ibility of the family
ou ou
— (% _;_®¥
“*’_(ax oy )dz

and prove in this way that it defines a differential.

11. Construction of Harmonic Functions with a
Prescribed Singularity: The Case of a Zero Boundary

Again we assume that X is a connected Riemann surface and that

p:U—E (U C X open),

a+— 0,

is a disk. In this section, we assume that (X, ¢) is has a zero boundary, which
means that the normalized solution

w:X-U(1/2) —R

of the boundary problem
w=1 ond(1/2)

with respect to this disk is constant 1. For example, this is the case if X is
compact.



114 II. Harmonic Functions on Riemann Surfaces

The Extended Maximum Principle for Surfaces with a Zero Bound-
ary

11.1 Lemma. Assume that X has a zero boundary (with respect to ¢).
Furthermore, let

u: X -U(1/2) — R
be a harmonic function bounded from below which extends continuously to the
boundary OU(1/2) and is such that
u>0 onoU(1/2).
Then
u > 0 everywhere.

Proof. We consider an exhaustion
U(3/4) C Ay C Ay C ...
as in Sect. 6. By definition, w is the limit of a sequence w,,. By assumption,
u>-C
for a suitable constant C' > 0. The inequality
u>—C(1—wy)

holds on the boundary of A,, —U(1/2) and hence also in the interior. The claim
follows from the assumption that w, — 1 by taking the limit n — oc. a

11.2 Corollary. If u is bounded, then w is the normalized solution of a
boundary value on OU(1/2).

We now generalize Proposition 10.2 from the compact to the zero-bounded
case.

11.3 Lemma. Assume that X has a zero boundary and that u = u(f) is the
normalized solution of a (continuous) boundary value problem f on OU(1/2).
Then w is the real part of an analytic function in the annulus R (“1/2 < |z] <

3/47).
Proof. Consider the differential w which is associated with u

(locally, w = % dx — igz dy).

The statement in Lemma 11.3 is equivalent to

/ w=20 (1/2 < p < 3/4).
oU(e)

Nevanlinna’s lemma (Sect. 10) and the construction of the normalized solution
u show that

1 / w > 0.
oU (o)
Equality must hold, since we can replace u by —u. a
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11.4 Proposition. The Riemann surface X has a positive boundary (with
respect to @) if and only if the Green’s function G, (p(a) =0) exists.

Proof. We already know that the Green’s function exists in the case of a positive
boundary. So assume that X has a zero boundary. We argue indirectly and
assume that the Green’s function exists. We have

Go(x) > d>0forx e U(1/2) — {a}.

This equality follows everywhere from the extended maximum principle. Now
consider the sequence of functions (u,) which approximate G, via the exhaus-
tion (A,). We know that G,(z) — 0 — u,, > 0, first on the boundary of A4,, and
then on A,,. Taking the limit n — oo, we get —J > 0, in contradiction to the
construction of 4. O

For the construction of the Green’s function, it is not necessary to take the
center of the given disk for a. Any other point can be taken as the center.
It follows from Proposition 11.4 that the set of all points in X that admit a
Green’s function is open. The same argument shows that the set of all points
which do not admit a Green’s function is open as well. This shows the following
fact.

11.5 Proposition. If a Riemann surface has a positive boundary with respect
to one disk @, then this is the case for all disks. In particular, a Green’s function
exists for all points if it exists for one.

So we see that the properties “zero-bounded” and “positive bounded” are in-
trinsic properties of the Riemann surface and we can omit the “with respect
to”. Even more, from Proposition 11.4 we obtain the following result.

11.6 Proposition. For a connected Riemann surface, the following two
conditions are equivalent:

1) The surface has a positive boundary.
2) The surface is hyperbolic.

Riemann surfaces a with zero boundary admit the following variant of Liou-
ville’s theorem.

11.7 Proposition. Any bounded harmonic function on a Riemann surface
with a zero boundary is constant.

Proof. Let u be bounded and harmonic on X. We can assume that u(a) = 0.
In a small disk around a, we have

—e<u<e (e > 0 given).
The extended maximum principle shows that
—e<u<e. O

11.8 Corollary. Any bounded analytic function on a Riemann surface with
a zero boundary is constant.
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We have now collected together the means to extend the decisive existence
theorem, under more restrictive conditions, to the case of surfaces with a zero
boundary. In general, we have the following statement.

11.9 Proposition. Let X be a connected Riemann surface with a distin-
guished disk. Assume that in a closed annulus (defined by 1/2 < |z| < 3/4), a
continuous function ug, which is harmonic in the interior, is given.

Assumption. ug is, in R, the real part of an analytic function.

Claim. There exists a harmonic function

u: X -U(1/2) —R
with the following properties:

a) u— ug extends to a harmonic function on U(3/4).
b) w is bounded in X — U(1/2).

Proof. If X has a positive boundary, this already has been proved (Proposition
9.2). So we assume that X has a zero boundary. As in the proof of Proposition
9.2, we consider the functions

up: X —=U(1/2) — R n>1,
v, :UB/4) — R, n>0,

that are defined by vy = 0 and the boundary value conditions

Up =Up_1+up ond(l/2) (normalized solution),
Up =Up —up on 9(3/4),

inductively (alternating). Since we do not have the number ¢ (0 < ¢ < 1) which
arises from w in the case of a positive boundary, we now need a completely
different proof for the convergence. This is based on the following fact:

Un+1(0) = v, (0).

Proof. For simplicity, we denote the function

vop 1 :E(3/4) — R

by v again. The difference will be made clear by the notation for the variables:
In X we use a,x,..., and in E we use (, z,... .

The midpoint property of harmonic functions states that

2

Up41(0) = o /vn_H (Ze t) dt

0
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(we first shrink R and then take a limit). It follows from the boundary behavior

Up = U, — Uy on 0(3/4)

that
27 27
3 . 3 .
Un+1(0) = /un+1 (Z€1t> dt — /’U,Q(4€1t> dt.
0 0

We have assumed that wug is the real part of an analytic function on R . From
Nevanlinna’s lemma (Lemma 10.4), we obtain the same property for wu,41.
Hence we obtain

2 27

Unt+1(0) = /Un+1 (%eit> dt — /uo(%eit> dt.

0 0

Now, from the boundary behavior

Upt1 = Up +up on I(1/2),

we get
27
Un+1(0) = /vn (%eit) dt = v,,(0) (midpoint property).
0
This finishes the proof of the fact. ]

We also have to use the following simple fact.

11.10 Fact. There is a constant 0 < q < 1 such that every harmonic function
v:EB/4) — R

with the properties
a) v(0)=0,
b) ()] <C,

satisfies the inequality

[v(2)| < qC for |z| =1/2.

The proof follows from Harnack’s inequality (Proposition 2.4).

Now we choose a constant C' with the property

|U2—U1|§C on 8(1/2)
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By the maximum principle, this inequality remains true everywhere, in partic-
ular on 9(3/4). We get

lvg —v1| < C  on 0(3/4)
and hence in U(3/4). Fact 11.10 shows that
lus — ug| = |va —v1| < Cq on 9(1/2).

By induction on n, we get

[tnt1 —un| < ¢"C on X —U(1/2)),
[Uy, — V1] < ¢"C on U(3/4).
Now we have proved the decisive inequality, which allows us to imitate the

proof of Proposition 7.2 that wu,,v, converge locally uniformly to harmonic
functions u and v, such that u — ug and v agree on R. g

Exercises for Sect. I1.11

1. Let U be a nonempty open relatively compact subset of a Riemann surface X.
Show that X — U is hyperbolic.

2. Show that any open and connected subset of a hyperbolic Riemann surface is
hyperbolic.

3. Let f: X — Y be a nonconstant analytic map between Riemann surfaces. Show
that if Y is hyperbolic, then so is X.

12. The Most Important Cases of the Existence Theo-
rems

In this section, we collect together the existence theorems for harmonic func-

tions which will be used in the following treatment.
The function (z —1)/(z + 1) takes values on the negative real axis only if z
is contained in [—1,1]. Hence the principal branch of the logarithm
z—1
C-[-1,1—C, z — Log ——,
z+1

is an analytic function. Both its real and its imaginary part are interesting
harmonic functions. Taking the real part, we obtain the following result.
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12.1 Remark. The function
Log|z — 1| — Log |z + 1]
is the real part of an analytic function in C —[—1,1].

Using this function, we are lead to the following fundamental existence theorem
for harmonic functions with logarithmic singularities.

12.2 Theorem. Let a,b be two distinct points on a connected Riemann
surface. There exists a harmonic function

ui=1uqyp: X —{a,b} — C
with the following properties:

a) wu is logarithmically singular at a;

b) —u is logarithmically singular at b;

¢) u is bounded “at infinity”, i.e. bounded in X — [U(a) U U(b)], where U(a)
and U(b) are neighborhoods of a,b.

Proof. When the two points a, b are sufficiently close (such that they correspond
to the points 1 with respect to a suitable disk “|z| < 2”), then the claim
follows from the fundamental existence theorem (Proposition 11.9). But the
assumption that “a and b are close” is not necessary. By joining a and b with a
curve, we obtain by means of a simple compactness argument a chain of points

a=ag,a1,...,0, =b,

where any two consecutive points are close. We then define

n
Ua7b(1?) = Z Ua;_1,a;
i=1

and obtain a function with the properties a)-c). o

A different existence theorem is obtained if we take instead of the real part of
Log ((z — 1)/(z + 1)) its imaginary part (the real part of the analytic function
—iLog ((# —1)/(z +1)). The imaginary part of the principal branch of the
logarithm is the principal branch of the argument. This makes a jump of 27
when the negative real axis is crossed. Analogously, Arg((z+1)/(z—1)) makes
a jump by 27 when (—1,1) is crossed (see Exercise 1). Hence we have the
following result.

12.3 Remark. The function

1
Arg (z + 1) (principal value of the argument)
Z p—

is the real part of an analytic function in C — [—1,1]. It cannot be extended
continuously to any point of [—1,1].

From the fundamental existence theorem (Proposition 11.9) we obtain the fol-
lowing result.
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12.4 Theorem. Let X be a connected Riemann surface and let ¢ : U —
{z; |z] < 2} be a “disk of radius 27. We denote by C the inverse image of
[-1,1] 4n X. There exists a bounded harmonic function u : X — C — R such
that

z+1)

u¥(z) — Arg(z —

extends to the whole disk as a harmonic function. The function u cannot be
extended as a continuous function to any point of C'.

Exercises for Sect. I1.12

1. Give a mathematically rigorous formulation of the statement that Arg((z+1)/(z—
1)) makes a jump of 27 when (—1,1) is passed through, and prove this statement.

2. Let S C X be a finite subset of a Riemann surface which contains at least two
elements. Show that there exists a harmonic function v on X — S such that
for suitable constants C, the functions C u have logarithmic singularities at the
points of S.

3. Is there a harmonic function on C which is logarithmically singular at co?

13. Appendix to Chapter II. Stokes’s Theorem

Stokes’s theorem was an important tool in the proof of the central existence
theorems in the case of a Riemann surface with a zero boundary. We shall also
use this theorem in the following treatment. The Cauchy integral theorem can
be considered as special case of Stokes’s theorem. For this reason, it seems to
be appropriate to include a complete proof, even though it needs some technical
effort even in the two-dimensional case.

I Local Theory of Differential Forms

We start with the notion of a differential in the complex plane.

13.1 Definition. Let D be an open subset of the complex plane.
1) A 0-form is a continuous function f: D — C.

2) A 1-form is a pair of continuous functions f,g: D — C.

3) A 2-form is a continuous function f: D — C.
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(Hence 0- and 2-forms are the same in the local theory. The situation is different
on surfaces.)

“v-forms” are also called “differential forms of degree v”. Sometimes 1-forms
are simply called differentials.

We can add v-forms in an obvious way (componentwise) and multiply them
by complex-valued functions.

Let 1p and Op be the functions “constant 1”7 and “constant 0”7, respectively
on D. We define

a) the 1-forms
dl‘ = (1D70D)7 dy = (OD,ID)

b) and the 2-form
de Ndy :=1p,

and obtain in this way the usual notation for differential forms

(f,9) = fdx+gdy for 1-forms,
f=fdxndy for 2-forms.

The symbol dx A dy can be generalized to the alternating product of two diffe-
rentials as follows.

13.2 Definition. The alternating product of two differentials is defined by

(frdx + g1dy) A (fadx + gody) = (f192 — fag1)dz A dy.

We can also define
dz :=dx +1idy

and obtain

(f,if) = f(2) dz.

A v-form is called differentiable if it is continuously partially differentiable
infinitely often in the sense of real analysis.

Notation.

A" (D) = set of all differentiable v-forms on D.
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The Exterior Derivative, Local Case

We define
d: A°(D) — AY(D),
(28 95N _af, L or
and
d: AY(D) — A%*(D),
dg 0
d(f dz + gdy) = (ai - a£> dz A dy.

Then, obviously,
d(df) =0 for f € A°(D).

For an analytic function f, we obtain from the Cauchy-Riemann equations
a) d(f)=f"dz

b) d(f-dz)=0.

Transformation of Differential Forms: The Local Case

Let
0:D— D', D,D cCC open,

be an (infinitely often) differentiable map. We want to define the pulled-back
differential form ¢*w on D’ for a differential form w on D. This should be a
map

" AY(D") — A¥(D).

We denote the coordinates of D by z = x+iy and those of D’ by w = u+iv.
1) 0-forms. Let f be a O-form (= function) on D’. We define

@*(f) = foy (and hence ¢*(f)(2) = f(¢(2))).

2) 1-forms. Let w = fdu+ gdv be a 1-form on D’. We define

P w =" (f)p"(du) + ¢ (9)¢"(dv),
where
o (du) = dp1, ¢*(dv) =dpa (¢ =1 +ip2).

Using the notation )
¢ (w) = fdz+gdy,

this means
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Here J is the real Jacobi matrix and J? its transpose, i.e.

Op1 Opa

¢ | Ox Oz
J(p,2)" = % %
oy oy

Special case. Assume that the map ¢ is analytic. It follows from the Cauchy—
Riemann differential equations that

©*(dw) = ¢'dz
or, in general,
©*(f dw) = ¢ (f) ¢'dz.
3) 2-forms. Let w = fdu A dv be a 2-form on D’. We define
¢*(w) = 0" (f) ¢ (du A dv)

and
©" (du A dv) := " (du) A ¢*(dv).

A simple calculation shows that
©*(du A dv) = det J (g, -)dz A dy.

(Here det J (¢, -) denotes the function z +— det J(p, 2)). By means of the chain
rule, it is easy to prove the following statement.

13.3 Remark (The pullback is natural).
1) We have

P wAW) =" (W) Ap™ ().
2) Let
DD D" D,D',D"cC open,

be differentiable maps and let w be a differential form on D". Then

(Yop)w=p (P w).

Evaluation of Differential Forms: Local Case

1) A O-form f is evaluated at a point a € D. The result is the function value
f(a).

2) A 1-form fdx + gdy has to be evaluated on a piecewise smooth curve

a:la,b] — D (a < b)
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The result is the line integral

b
/ (f.9) = / F(a(8))én () + g(alt))d(t)] dr.

Here
a3 =Rea, ay=Ima

are the components of «.

(To be precise, the integrand is not defined at points where « is not smooth.
We get around this difficulty by cutting the curve into pieces or by using the
more general notion of an integral from Sect. 3, where finitely many points are
allowed at which the integrand is not continuous.)

13.4 Remark. For differentials of the special form w = fdz = f(dx + idy),

we have
Jo= [ 10 /b fla(®)alt)dt.

This is the usual line integral in complex analysis, as described for example in
[FB], Chap. I.

By means of the chain rule, we can easily prove the following statement.
13.5 Remark. Let
o:D— D (D, D" C C open)
be a differentiable map, let
a:la,b] — D (a<b)
be a piecewise smooth curve, and let w be a 1-form on D’. Using the notation

w = fdu+ gdv,
@*wzfdx—kg}dy,

& =poa (=image of a in D'),

we obtain the relation

Fla(t)én(t) + gla(t)de(t) = f(a(t)a(t) + g(a(t))as ().
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[

« poa

Corollary.

For the proof, we one simply express the derivative of ¢(«(t)) by means of
the chain rule in terms of the derivative of o and then partial derivatives of

®. O
We can formulate this simple remark in a somewhat sloppy way as follows:
The pullback of 1-forms is compatible with taking the line integral.

3) A 2-form f is evaluated on an open subset U C D as a surface integral. For
the existence of the surface integral, we assume that

K = U N support(f)

is compact. Here

support(f) ={a € D, f(a) # 0}.

(The topological closure has to be taken in D.) Under this assumption, the
integral

/f(z) da A dy (:: /(Ref)(z) dacdy+i/(lmf)(z) dxdy>
U U U

exists as Lebesgue integral. (If we prefer to work with the Riemann integral,
which is sufficient for our purposes, we need sharper assumptions, for example
that K is Jordan measurable.) From the transformation formula for surface
integrals, we obtain the following result.

13.6 Remark. Let
0:D = D (D,D’' c C)

be an orientation-preserving diffeomorphism (i.e. a bijective map which is dif-
ferentiable in both directions and whose functional determinant is positive ev-

erywhere). Then
/ ¢ (w) = / w

U e(U)

for any 2-form w on D’ and any open subset U C D such that the condition
for integrability is fulfilled.

Hence the pullback of a 2-form is compatible with the surface integral in the
case of an orientation-preserving diffeomorphism.
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13.7 Example. A biholomorphic map ¢ is orientation-preserving, since it
follows from the Cauchy—Riemann differential equation that

10/ (2)]” = det J (¢, 2).

Here J denotes the real functional determinant.

IT Differential Forms on Differentiable Surfaces

Let X be a topological surface and let D be an atlas on X. We call D differ-
entiable if the chart transformation

Yop ™t p(UpNUy) — Uy NUy)
N N
C C

is a diffeomorphism (in the sense of real analysis) for any two charts ¢, from
D. Two differentiable atlases are said to be differentiably compatible if their
union is a differentiable atlas too. A differentiable surface is a pair consisting
of a topological surface X and a full class of equivalent differentiable atlases.
Hence each differentiable atlas D on X defines a differentiable surface, which we
denote by (X, D) for simplicity. Any Riemann surface can also be considered
to be a differentiable surface.

Some basic notions about differentiable surfaces are analogous to the case
of Riemann surfaces. For example:

1) If U C X is an open subset of a differentiable surface X = (X, D), then U —
equipped with the restricted structure D|U — is a differentiable surface too.

2) Amap f : (X,Dx) — (Y,Dy) between differentiable surfaces is called
differentiable if, for each of two charts ¢ € Dx and ¢ € Dy, the function

pofop tipUynf N (Uy) —C

is continuously differentiable infinitely often in the sense of real analysis.
(Of course, this depends only on the equivalence classes of the atlases.)

3) If f is bijective and f and f~! are both differentiable, then f is called a
diffeomorphism.

4) A differentiable chart ¢ on a differentiable manifold (X, D) is a diffeomor-
phism

p:U, —V,
N N
X C

from an open subset of X onto an open subset of C. The set of all differ-
entiable charts is a differentiable atlas which contains D. It is the largest
atlas which is equivalent to D.
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The Notion of a Differential Form on a Differentiable Surface

13.8 Definition. A differential form of degree (v € {0,1,2}) on a differen-
tiable atlas D is a family w = (w,)eep of v-forms

we onVy (¢ U, — V,
N n
X C)

such that for any two charts @, € D, the compatibility condition
Wop ™) wy =w,

is satisfied.

It is possible to extend differential forms to the maximal atlas in a unique way.

13.9 Remark. Any differential form on a differentiable atlas extends uniquely
to the mazximal atlas (= atlas of all differentiable charts).

Proof. The proof follows from the transitivity formula (Remark 13.3). We shall
merely sketch the proof. Let (wy) be a differential form on D and let ¢ : U — V'
be an arbitrary differentiable chart. We have to define a function fy, on V. Let a
be an arbitrary point from U and let b = ¢(a). We choose a chart ¢ : U, — V,
in D whose domain of definition contains a. The compatibility formula dictates
how fy has to be defined on the part ¢)(U NV,,). This defines fy(b). It follows
from Remark 13.3 that this value is independent of the choice of ¢. So fy is
defined. The rest is simple. O

13.10 Definition. A differential form of degree v on a differentiable surface
is a differential form on the atlas of all differentiable charts.

Because of Remark 13.9, it is enough to define the differential form on a sub-
atlas.

We also have the notion of a differential form on an open subset of a differ-
entiable surface, since it carries the natural structure of a differentiable surface.

A v-form (w,) is called differentiable if all components w,, are differentiable
(p € D is enough).

Notation.
A" (X) = set of all differentiable v-forms on X.
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Pullback of Differential Forms: The Global Case

Let
f:(X,Dx) — (Y, Dy)

be a differentiable map of differentiable surfaces. For a v-form w on Y, we want
to define the pulled-back v-form f*w on X. In this way, we get maps

AV (X)) — AY(Y) (v=0,1,2).
To do this, we consider
¢ : U, — V, a chart from Dy.
We assume that this chart is “small” in the sense that there exists a chart
Y : Uy — Vy, from Dy

such that Vi, C Uy. This is sufficient for our purpose, since the small charts
define an atlas. We can then consider the differentiable map

foqfl:VLp—ﬂ/w

and obtain a differential form on V,, by pulling back. The compatibility condi-
tion can easily be verified. a

In the case of a diffeomorphism f, the map w +— f*w defines an isomorphism
frrAY(Y) = AY(X).

The naturalness of the alternating product allows us to generalize it to surfaces,
as follows.

13.11 Definition and Remark. By
(WAW)y = wy Aw,

a map
AYX) x AYX) — A%(X), (w,w)r—wAd,

is defined. It is compatible with a pullback,
frlwnw) = frw) A fr ),

for differentiable maps f : X — Y and differentials w,w’ € AY(Y).
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Evaluation of Differential Forms: The Global Case

1) Let (f,)pep be a O-form. We assign a function
f: X —C.
The value of this function at a € X is defined by

f(a) == fo(p(a)),

where ¢ is a chart in D whose domain of definition contains a. The compatibil-
ity relation states that this definition is independent of the choice of the chart
. The assignment

(ftp)LpeD — f

gives a bijection between the set of O-forms and the set of continuous functions
on X.

In the following, we shall identify a 0-form with the corresponding function.

In particular, we have

AO(X) w_m (COO(X)
: = set of differentiable maps f: X — C.

2) Line integrals. Let
w=(wy), wy=fodr+g,dy,
be a 1-form on X and let
a:la,b — X (a<b)

be a piecewise smooth curve. (It is clear how this notion has to be defined “via
charts.”) We define the function

h:[a,b] — C.

Let tg € [a,b]. We choose a differentiable chart ¢ : U, — V,, from D such that
its domain of definition contains a(ty). We transport « into Vi, i.e.

B(t) = p(al(t)) (t varies in a small neighborhood of tg),

and then we define

h(to) := fo(B(1))B1(t) + g, (B(£))Ba(t).
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It follows from Remark 13.5 that this definition is independent of the choice of
the chart . Now the line integral

/w :—/bh(t)dt

is well defined.

3) Surface integrals. Surface integrals can be defined only on oriented differen-
tiable surfaces.

A differentiable atlas D is called oriented if the chart transformation
Yot p(UpNUy) — 9(Uy NUy)

is orientation-preserving for any two charts v, ¢ € D, which means that it has
a positive functional determinant. Two oriented atlases are called orientation-
equivalent if their union is oriented. An oriented differentiable surface is a
topological surface together with a full class of orientation-equivalent atlases.

For an analytic function, the real functional determinant is the square of the
modulus of its complex derivative. Hence analytic atlases are oriented. Hence
Riemann surfaces can be considered as oriented differentiable surfaces.

Riemann surfaces are oriented differentiable surfaces!

Any open subset of an oriented differentiable surface (X, D) is oriented as well
(by means of the restricted atlas).

A diffeomorphism
[ (X, Dx) — (Y, Dy)

between oriented differentiable surfaces is called orientation-preserving if, for
each of two charts ¢ € Dx and ¥ € Dy,

pofop™!

is orientation-preserving (i.e. has a positive functional determinant).

By an orientation-preserving differentiable chart ¢ on an oriented differen-
tiable surface (X, D), we understand an orientation-preserving diffeomorphism

p:U—V
from an open subset U C X onto an open subset V' of the plane C. The set

of all orientation-preserving differentiable charts is the largest atlas which is
orientation-equivalent to D.
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III Surface Integrals on Differentiable Surfaces

Let w be a differential form on a differentiable surface. We say that w vanishes
at a point a € X if, for some differentiable chart

p:U—YV, acl,
N N
X C,

w,, vanishes at ¢(a). Clearly, this condition is independent of the choice of the
chart. Hence the support of w,

support(w) = {a € X, w does not vanish at a},

is well defined.

Now we assume that X is oriented and that w is a 2-form (on the whole of
X). We want to define the surface integral

[

U

of w along an open subset U C X. For this, we need a condition for integrability:
the intersection

K = U N support(w)
is compact.

First we treat a special case, in which there exists an orientation-preserving
chart

p:Up— Ve,
N N
X C

such that the compact set K is contained in U,. In this case it seems natural

to define
/w = /ww.
U v,

We have to show that this definition is independent of the choice of . This
follows immediately from the transformation formula (Remark 13.6) for surface
integrals and the compatibility condition (Definition 13.8) for the family (w,,).

In general, we have to break U into pieces which are contained in charts
and then to piece together the integral of w over U. The easiest way to manage
this is to use the technique of partition of unity.
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13.12 Definition. Let K be a compact subset of the differentiable surface X
and let
KcUun---nU,CcX

be a covering of K by finitely many open subsets of X. A partition of unity (of
K with respect to the given covering) is an n-tuple of differentiable functions

@VIX—>C (1§V§n>
with the following properties:

a) 0<¢, <1
b) The support of @, is compact and contained in U,.

c) ZQOZ,(CL):].fOT alla € K.
v=1

We shall now prove the existence of partitions of unity for suitable coverings.

By a (differentiable) disk on an oriented surface X, we understand an
orientation-preserving diffeomorphism

¢ : U, — E (unit disk)
of an open relatively compact subset U, C X onto the unit disk E. We use

the notation
I
U, :={a €U, |p(a)] <1/2}.

A simple compactness argument shows the following.

13.13 Remark. For any compact subset K C X of a differentiable surface,
there exist finitely many disks

p, U, — E
with the property
KcUju---uu, (CULU---UU,).

If X s oriented, one can achieve the result that all p, are orientation-
preserving.

Now we shall prove the following proposition.
13.14 Proposition. The covering (by disks)
KcUU---UU,,

as described in Remark 13.18, admits a partition of unity.
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Proof. For the construction, we still need a covering of the boundary of U] U
-+-U U], For this, we choose disks

o, U, —E, v=n+1,....N,

with the following properties:

a) UNK=0 (n<v<N)

b) UjU---UU, CUU---UUy.

Now we use, without proof, the existence of a differentiable function

h:R—R

with the properties

a) h(t)=0fort>3/2, E—
b)  h(t)=1fort <1/2, 4\
c) 0<h<l1.

(For our purpose, a twice continuously differentiable function is sufficient.)
We then define the differentiable function

H,:X —C (1<v<N), Hf)= {g(lsou(a)l) f(fr a €U,
else

and, for v € {1,...,n},

H,(a) .
if H,(a 0,
hy(a) ={ Hi(a) + -+ Hy(a) (a) #
0 else.
By the construction of U,,41,...,Uy, the support of H, is contained in the

interior of the support of Hy + --- + Hpy. Hence the functions hq,...,h, are
differentiable. We also have, for a € K,

- 21 Hy(a)
hy(a) = =—— =1,
; ) > =1 Hu(a)

since Hy41,..., Hy vanish on K by the construction of U,,y1,...,Un. 0

Now we are close to the announced definition of the integral of a 2-form w
on an oriented surface X over an open subset U C X. We assume that the
integrability condition is satisfied, i.e. the set

K = support(w) NU

is assumed to be compact.
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We choose a partition of unity hy,...,h, on K, where the support of h,
is contained in the domain of definition U, of a chart. Then the integral h,w
over U is well defined. So, we can try the definition

U

All that we have to show is that the right-hand side is independent of the choice

of the partition of 1. So let le, ..., hn be another partition. It is enough to

show that
Z/th:Z/iLMth7
v v

since the right-hand side is symmetric in BM and h,. Actually, we have, for
each individual v,

Z/ﬁuhl,w: /Zﬁ“huw = /h,,w. O
rog U M

U

IV Boundary Integrals (A Variant of Line Integrals)

Let U be an open relatively compact subset of an oriented surface X. If U is
a reasonable domain, then its boundary is the union of the images of finitely
many smooth curves without double points

ay,:[0,1] — X, 1<v<n,

which can be oriented in such a way that U is “to the left”:

If w is a 1-form on X, we would like to define

n
[o=3[w
aU v=1q,

Actually, this concept of a boundary integral is technically complicated. But
there is another approach to the boundary integral which is easier.

a1
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So, let X be an oriented differentiable surface and let U C X be an open
subset. A boundary point a € QU is called smooth if there exists an orientation-
preserving chart

p:Uy, —V,
W w

a+— 0

with the following properties:

a) (U, NU)=V,NH,
b) e((QU,)NU)=V,NR:

—

By the way, b) follows from a).
The set of all smooth boundary points of U is denoted by

U c aU.
It is an open subset of the whole boundary.
Now let w be a 1-form on X. We assume that
K := 90U N support(w)
is compact and contained in the smooth part of the boundary, i.e.
K c d°U.
Under these assumptions, we want to define
/ .
oU

1) Special case. w = fdx + gdy is a 1-form with compact support on X = C
and U is the upper half-plane H. In this case, we define

/w:/f(x,O)dx.
OH R

(Actually, the integral on the right-hand size is a proper integral. It can be
understood as the line integral of w along the segment from —C' to C, C' > 0
sufficiently large).

This “prototype” of a boundary integral has an important invariance prop-
erty.
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13.15 Lemma. Let w,w be two 1-forms on C with compact support and let
U,U C C be open subsets with the property

support(w) C U, support(@) C U.

Finally, let ¢ : U — U be an orientation-preserving diffeomorphism with the

property _ -
o(UNH)=UNH, o(UNR)=UNR,

and with ~
P (O|U) = w|U.

/w—/t]}.
OH oH

Proof. Because of the condition for the support, we have

Claim.

/w: / f(z,0)dx (w= fdx+ gdy),
oH UNR
/a) = / f(z,0)de (@ = fdx+ gdy).
OH UNR

By restricting ¢, we obtain a diffeomorphism

0o:UNR — UNR.

The formula ¢*© = w shows that

f(,0) = f(po(),0)¢p ().

Hence the claimed identity follows from the transformation formula for one-
dimensional integrals if we know that ¢q is strictly increasing (¢ (z) > 0).

All that we need is the following simple result.

13.16 Remark. Let
0:U—1TU (U,UC(Copen)
be an orientation-preserving diffeomorphism and let
oUNH)=UNH,
e(UNR)=UNR.

Then
——(a) (=py(a)) >0 foralla e UNR. 0
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2) Another special case. Again we assume that w is a 1-form on an arbitrary
oriented differentiable surface and that U C X is an open subset such that
support(w)NAU is compact and contained in the smooth part of the boundary
of U.

In addition, we assume that there is an oriented chart
p:Uy, — V,
with the following properties:
support(w) C Uy, ¢U,NU)=V,NH, ¢U,NoU)=V,NR.

Then w, extends to a 1-form with compact support on the whole of C. Hence

we can define
/w = /‘Uw
oU OH

The above invariance property shows that this definition is independent of the
choice of .

3) General definition. By means of a partition of unity hy,...,h, on OU N
support(w), we now define the integral of the 1-form w along the boundary of
U. The partition has to be chosen in such a way that the support of A, is
contained in the domain of definition of a chart with the properties a) and b)

above. We then define B
/w = Z/hl,w.
ouU

v=lou
As in the case of the surface integral, we show that this definition os indepen-
dent of the choice of the partition of unity.

V Stokes’s Theorem

In the following, all differential forms are assumed to be differentiable. In the
local theory, we introduced the operators

d: A°(D) — AY(D),
AY(D) — A*(D) (D c C open).

The following is a simple consequence of the chain rule.
13.17 Remark. Let
p:D— D' (D, D" C C open)
be a differentiable map and let w be a 0- or 1-form on D'. Then

P (dw) = d(¢"w).
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Corollary. If (X, D) is a differentiable surface, then

d((we)) = (dwy)
defines maps
g d: A%(X) — AY(X),
d: AY(X) — A%(X).

Now we have prepared everything that we need to formulate and prove Stokes’s
theorem for surfaces. We can regard this theorem as a generalization of the
main theorem of differential and integral calculus. It can be formulated as
follows.

13.18 Stokes’s theorem for curves. Let « : [a,b] — X be a piecewise
smooth curve on a differentiable surface X and let f be a differentiable function
on X. Then

/ df = £(a(b)) - f(ala)).

@

Proof. We can assume that X is the complex plane. We now use the formula

d COf, o of
S f(alt) = %(a(t))al(t) + @(a(ﬂ)az(t)
and the main theorem of differential and integral calculus. a

13.19 Stokes’s theorem for surfaces. Let X be an oriented differentiable
surface and let w be a differential on X. Let U C X be an open subset with the
following properties:

1)  support(w) NU is compact;

2)  support(w) N AU is contained in the smooth part of the boundary.

Then
/w = /dw.
auU U

Proof. We choose a partition of unity hy,...,h, on support(w) N U with the
following property. Let v € {1,...,n}. Then either support(h,) N OU = ) or
there exists an orientation-preserving chart ¢ : U, — V, with

(U, NU)=V,NH, ¢U,NoU)=V,NR, support(h,)C U,.

It is sufficient to prove Stokes’s theorem for h, w instead of w. By the definition
of the surface and boundary integrals, we only have to consider two standard
situations:
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First case. X =C, U =H.
Second case. X =C, U=C (empty boundary).

Since the considered 1-form w = f dx+ g dy on C has compact support, we can
consider the second case as a special case of the first one. It remains to treat
the first case. The formula states that

// <ag—y>d:v/\dy— 7f(as,())dx

(f and g are differentiable functions with compact support on C).

It follows from the main theorem of differential and integral calculus that

(y fixed, C sufficiently large). For the same reason,

af
/ By dy = f(x,0).
0

Since the order of integration can be changed, the claimed formula is again a
trivial consequence of the main theorem of differential and integral calculus.
O

VI Some Variants

Integration Along a Boundary Component

The boundary OU (assumptions as in the case of the theorem of Theorem 13.19)
is not necessarily connected. There may exist a disjoint decomposition

oU = 01U U QLU

into nonempty closed subsets. Then one can define the integral f o U of w along
01U alone. Formally, this can be reduced to the previous case by replacing X

by X — d,U. We have
[ [om [

oU; U,

The Connection Between Boundary Integrals and the Usual Type of Line Inte-
grals

We have mentioned that the boundary integral introduced above can also be
seen as a line integral of the usual type. We shall occasionally use this in the
very simple case of a disk.
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13.20 Remark. Let U be an open subset of the complex plane which contains
the unit circle, and let w be a differential on U. We set

Ut={z€eU, |z| <1},
U ={z€U, |z| >1}.

[ormfom f o

oU+ oU~- I¢|=1

We then have

Here f‘ =@ denotes a line integral of the usual type along the circle e,
0 < 1 < 27. The proof is simple and will be skipped.

A Cauchy Integral Theorem

The following special case of Stokes’s theorem is a variant of the Cauchy integral
theorem.

Let U C C be an open relatively compact subset of the complex plane with a
smooth boundary and let f be a holomorphic function on an open neighborhood

of U. We have
/f(z) dz = 0.
oU

In the case of an annulus r < |z| < R, this variant states that

F(0)d¢ = f F(0) dc.
[¢|=R [C]=r

Note. Stokes’s theorem admits generalizations which we shall not use. For example,
it is not necessary that w is defined and differentiable on the whole of X. It is
sufficient to know that w is differentiable in the interior U, if w and dw can be
extended continuously to the boundary. Even this can be weakened in terms of
integrability conditions. Finally, it can be allowed that the support of w contains
finitely many nonsmooth points. Such generalizations can be reduced by means of
smoothing functions to the “smooth case” (Theorem 13.19). We just formulate an
extreme special case which can easily be treated in this way.

13.21 Remark (Stokes’s integral theorem for triangles). Let A be a
triangle in the plane and let A be the triangular path which runs through the
boundary of A anticlockwise. Let w be a differential in the interior of A such
that the components of w and dw extend continuously to A. Then

[ [

A OA



II1. Uniformization

By a uniformization of a Riemann surface X, we understand an analytic map ¢ : D —
X of a domain D C C of the Riemann sphere onto X with additional properties*).
If such a map is given, any meromorphic function f : X — C can be pulled back to
a meromorphic function F = fop : D — C on D, which has the advantage that
the function f is related to the usual type of of function of a complex variable. The
meromorphic functions F' on D which one obtains in this way are precisely those

which have the invariance property
©(21) = ¢(29) = F(21) = F(2,).

After a Riemann surface has been uniformized, i.e. ¢ : D — X, the meromorphic
functions on X are in one-to-one correspondence with meromorphic functions on the
domain D in the Riemann sphere, with certain invariance properties.

In uniformization theory, it is shown that for any (connected) Riemann surface
there exists a domain D in the Riemann sphere and a surjective holomorphic map
¢ : D — X. Of course, the pair (D, ) is not unique. In uniformization theory, it
is not only shown that such pairs exist. We can construct a pair with the following
most beautiful properties:

a) The result that ¢ is a covering (Definition 1.3.14) can be achieved. In particular,
@ is then locally biholomorphic.

b) The result that D is the full Riemann sphere C, the full plane C, or the unit disk
E can be achieved.

These strong properties determine (D, ) in an essentially unique way.

In the case of a torus X = C/L, the natural projection ¢ : C — X is such a uni-
formization map. The meromorphic functions on X are in one-to-one correspondence
with the invariant meromorphic functions on X, where invariance in this case just
means periodicity of F with respect to L.

By the way, a torus never admits a biholomorphic map onto a domain in the
Riemann sphere, since such a domain would be the full sphere. But a torus and the
Riemann sphere are not conformally equivalent.

The elegance and simplicity of the theory of elliptic functions ([FB], Chap. V) give
rise to the question of whether arbitrary Riemann surfaces admit a uniformization.
First of all, we should mention that every Riemann surface can be uniformized locally:
each point admits an open neighborhood which can be mapped biholomorphically
onto an open domain of the plane. Such maps have been called “analytic charts”.
Sometimes they are called “local uniformizers”. But uniformization theory deals with
the question of global uniformization.

*) There is another aspect of uniformization theory, closely related its historical
development, which we shall treat at the end of Sect. 2.
E. Freitag, Complex Analysis 2: Riemann Surfaces, Several Complex Variables, Abelian Functions, 141
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Uniformization theory consists of two parts. In a (comparably easy) purely topo-
logical part, it is shown that for every connected Riemann surface there exists a simply
connected Riemann surface X together with a locally biholomorphic map ¢ : X — X
which is a covering in the topological sense (Definition 1.3.14). Such a simply con-
nected covering is essentially unique and has the following important property.

For any two points z,y € X with ¢(z) = ¢(y), there exists a unique biholomorphic
map 7y : X — X with the properties povy = and y(x) = y. The set of all these
biholomorphic maps 7 is a group I', called the deck transformation group. Two points
x,y € X have the same image in X iff there is a deck transformation with the property
y = ~(z). The surface X can be reconstructed from X and the deck transformation
group, i.e.
X =X/T.

The pair (X,T") is essentially uniquely determined by X. The group I turns out to
be isomorphic to the fundamental group of X.

For the example of the torus X = C/L, the natural projection ¢ : C — X is the
universal covering. The deck transformations are the translations z — z + w, w € L.
Hence the deck transformation group is isomorphic to L and hence to Z x Z.

As we mentioned, the existence and uniqueness of the universal covering are purely
topological matters. In an appendix to this chapter, we shall describe the construction
of the universal covering.

The (deeper) function-theoretic part of uniformization theory lies in the proof of
the following theorem:

Uniformization theorem

Every simply connected Riemann surface is conformally equivalent to
ezactly one of the following Riemann surfaces:

a) the unit disk E;

b) the complex plane C;
c) the Riemann sphere C.

If the two parts of uniformization theory are combined, we obtain the result that
any connected Riemann surface admits a locally biholomorphic covering ¢ : D — X,
where D is one of the three standard domains. We can reconstruct X from D by
identifying two points which can be transformed into each other by an element of the
deck transformation group I'. The meromorphic functions on X correspond to the
I-invariant meromorphic functions on D.

This leads to a rough classification of Riemann surfaces, depending on whether
the unit disk, the complex plane, or the Riemann sphere is the universal covering. For
a complete classification, we need to describe all possible deck transformation groups.
This is easy in the last two cases. The Riemann sphere admits only one deck trans-
formation group; this consists of the identity. So, up to biholomorphy, there exists
only one Riemann surface whose universal covering is the Riemann sphere, namely
the Riemann sphere itself. In the case of the plane, the deck transformation groups
are groups of translations z — z + w, where w runs over the elements of a discrete
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subgroup L C C. Examples are the tori. The majority of Riemann surfaces have the
unit disk as their universal covering. Instead of the unit disk, one can take the upper
half-plane, since the two are conformally equivalent. Biholomorphic automorphisms
of the upper half-plane are given by Mébius transformations z — Mz, M € SL(2,R).
The group of biholomorphic automorphisms is isomorphic to the group SL(2, R)/+FE.
The deck transformation groups correspond to certain subgroups; these correspond
uniquely to subgroups of SL(2, R) which contain the negative unit matrix. It turns
out that any such a subgroup corresponds to a deck transformation group iff it is
discrete and if it does not contain elliptic elements. Two such subgroups lead to
biholomorphically equivalent Riemann surfaces if they are conjugated in SL(2,R).
Now the classification problem for Riemann surfaces has been reduced to the clas-
sification of discrete subgroups without elliptic elements of the group SL(2,R), or,
more precisely, to their conjugacy classes. The latter problem is very difficult. Hence
uniformization theory does not mark the end of the theory of Riemann surfaces.

In subsequent chapters, which are concerned particularly with the theory of com-
pact Riemann surfaces, we shall not make use of uniformization theory. Only the
applications to the theory of modular forms are related to uniformization. One might
have the impression that the applications of uniformization theory are not very im-
pressive in comparison with the effort involved. Nevertheless, the central theorems
of uniformization theory are important results of classical complex analysis. And,
in any case, we shall derive Picard’s little and big theorems from the uniformization
theorem.

1. The Uniformization Theorem

To separate the function-theoretic part of uniformization from the topological
part in a clean way, we shall first give a substitute for the notion of simple
connectedness, where we introduce the notion of an elementary Riemann sur-
face. In the topological appendix at the end of this chapter, we shall give an
introduction to covering theory. It will then turn out that elementary surfaces
and simply connected surfaces are the same.

1.1 Definition. A connected Riemann surface is called elementary if the
following condition is satisfied.

Let
X = U U;, U; C X open,
jeJ
be an open covering and let -
fj : Uj — C

be a family of invertible (i.e. not identically vanishing on some connected com-
ponent of U; ) meromorphic functions. Assume that

|f]/fk| =1 on Uj ﬁUk.
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Then there exists a meromorphic function
f: X —C

such that
If/fil=1 onUj forall jeJ.

In Appendix C of this chapter, we shall prove, in connection with covering
theory, the monodromy theorem for simply connected Riemann surfaces. This
monodromy theorem immediately implies that simply connected Riemann sur-
faces are elementary in the sense of Definition 1.1.

Conversely, elementary surfaces are simply connected, as our proof of the
uniformization theorem will show. The situation is comparable to the case
of the Riemann mapping theorem, which we treated in [FB]. We refer to the
characterization of elementary domains given there ([FB], Chap. IV, Appendix
C). One of these characterizations states that a domain is simply connected if
and only if any analytic function without zeros admits an analytic square root.
It is easy to show that elementary surfaces in the sense of Definition 1.1 have
this property (see Exercise 1 for this section). So we have already obtained the
equivalence of “elementary” and “simply connected” for domains in the plane.
In particular, the Riemann mapping theorem is true for domains in the plane
which are elementary in the sense of Definition 1.1. In this section, we shall
actually prove the following theorem.

1.2 Theorem. Any elementary Riemann surface is biholomorphically equiv-
alent to the unit disk E, to the plane C, or to the Riemann sphere C.

Since each of the three standard domains is simply connected, we see that
any elementary Riemann surface is simply connected. In connection with the
monodromy theorem mentioned above, we obtain the following theorem.

1.3 Theorem (the uniformization theorem, P. Koebe, and H. Poincaré, 1907).
Any simply connected Riemann surface is biholomorphically equivalent to the
unit disk E, to the plane C, or to the Riemann sphere C.

Proof of Theorem 1.2. In the following, X denotes an elementary Riemann
surface. We shall prove that there exists an injective holomorphic map

f: X —2C.

Then X defines a biholomorphic map of X onto the domain f(X), and we can
apply the Riemann mapping theorem if f(X) is different from C. Actually,
with some extra work, one can avoid using the Riemann mapping theorem
here (see Exercise 2).

The hyperbolic and the zero-bounded case are treated separately.
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The Positive-Bounded (= Hyperbolic) Case
We shall see later that a biholomorphic map onto the unit disk

[ X —FE
exists. We assume that this has already been proved. Then
Ga(z) := —log|f(z)|

is the Green’s function of X with respect to a := f~1(0) (because of its invariant
characterization; see Definition I1.8.7). We obtain

F(a)] = e,

This gives a hint of how the function f has to be constructed.

For every point, there exists the Green’s function
Go: X —{a} — R.
Claim. There exists a holomorphic function
F,: X —C

with the property
|Fy(z)| = e~ %@ for x +# a.

In particular, we have

Fo(a) =0, [Fu(x)| <1 for allx.

With regard to Definition 1.1, it is sufficient to construct, for each point b € X,
an open neighborhood U(b) and a holomorphic function

F:U(b)— C

with
|F(z)| = e %@ forz e Ub) (z # a).

First case. b # a.

With suitable choice of U(b), the harmonic function G, is the real part of an
analytic function f in U(b), and we can define

F:=e 7.
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Second case. b= a.
Since G, is logarithmically singular at a, it is sufficient (taking into account
the first case) to consider the special case

X=E, a=0, Guz)=—loglz|

In this case we take
F(z)=z.
This proves the claim. a

Now we fix a point a € X. It is our aim to show that the function F, is
injective. For the proof, we consider for an arbitrary point b # a the function

Its most important properties are:
a) Fyp is analytic in X.
b) |Fup| < 1.
c) F,p has a zero at = b, let us say of order k € N.
d) Fa,b(a) = _Fa(b)'
The function Fy; (obtained from the Green’s function for a) is related to the
Green’s function for b; namely, we make the following claim.
Claim.
|Fop(z)| = |Fp(x)| for all z € X.
(This claim can be directly verified for E.)

For the proof, we observe that the function
1
u(zx) == ~Z Log |Fyp(z)]

is nonnegative and harmonic outside some discrete subset. It has a logarithmic
singularity at = b. The extremal property of the Green’s function (Remark
I1.8.8) shows

Gy(z) < u(z).

Exponentiating this inequality, we obtain (because k > 1)

[Fap(2)]

(%) <1 for all z.
|[Fy ()|

If we specialize this inequality to © = a, we obtain from d)

|Fa(b)] < [Fb(a)l.
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Since we can exchange the roles of @ and b, equality must hold. (By the way,
we have obtained the remarkable symmetry relation G,(b) = Gp(a).) In the
inequality (x), the equality holds for at least one z, namely x = a. Then, by the
maximum principle, equality must hold everywhere. This finishes the proof.

O
The claim shows that
Fop(x) #0 for x # b,
and hence
F,(x) # F,(b) for  # b.
Since b was arbitrary, we obtain the claimed injectivity of F,. O

The domain F,(X) is bounded and simply connected. The Riemann map-
ping theorem shows that it is biholomorphically equivalent to the unit disk. It
is possible to avoid the Riemann mapping theorem here and to prove directly
that

F,(X)=E.
At any rate, we have seen the following;:

Up to conformal equivalence, the unit disk is the unique simply connected hy-
perbolic Riemann surface.

The Zero-Bounded Case.

In this case, we have “Liouville’s theorem” (Corollary I1.11.8):
Any bounded analytic function on a zero-bounded Riemann surface is constant.

The function f : X — C that we are going to construct now would be, in the

case X = C or X = C, the map

z—1

f(z) = S

which implies

log |f(2)| =log|z — 1| —log |z + 1.
An analogue for arbitrary X exists by the existence theorem (Theorem I1.12.2):
There exists a harmonic function

ui=1uqyp: X — {a,b} — C

with the following properties:

a) w is logarithmically singular at a;
b) —u is logarithmically singular at b;
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c) u is bounded “at infinity”, i.e. in X — [U(a) UU(b)], where U(a) and U(b)
are arbitrary neighborhoods of a,b.

We now make use of the assumption that X is elementary. Analogously to the
hyperbolic case, we construct by means of Definition 1.1 an analytic function

fmb:Xf{a,b} H(C

with the property
| fap| = €.

From an estimate
[ugp| < C (away from a,b),

we obtain the estimate
e < fapl <.
So we have proved the following statement:

Let X be an elementary zero-bounded Riemann surface. For any two distinct
points a,b € X, there exists an analytic function

fap: X —{a,b} — C

with the following properties:

1) faup has a zero of order one at a and a pole of order one at b.
2) For any two neighborhoods U(a),U(b) of a,b, there exists a constant C > 0
with the property

C™ < |fup(x)| < C for x ¢ U(a) UU(b).

In particular, fq outside {a,b} has neither poles nor zeros.

Up to a constant factor, the function f,; is uniquely determined, since the
quotient of two such functions is holomorphic and bounded on X, and hence
constant by Liouville’s theorem.

Now we fix two points and consider f = f,; as a meromorphic function on
X:
f: X —_C.

Claim. The function f: X — C is injective.
Let ¢ be a third point, different from a and b. We have to show that the
function

f(z) = f(c)

has only one zero, namely z = c.
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For the proof, we consider

_ &=l
g(Z) A fc,b(z) .

Obviously, this function is holomorphic and bounded on X (since it is bounded
“away from a,b, ¢”). Hence it is constant:

f(z) = fle) = Afep(z)  (A#0).

The only zero of the function on the right-hand side is at z = ¢. This is what
we wanted to prove. a

The domain f(X) is an elementary domain on the Riemann sphere. If X
is compact, we are done, since f(X) = C. Otherwise, there exists a point
p € C such that f(X) is contained in C — {p} = C. By the Riemann mapping
theorem, an elementary domain which is contained properly in C is conformally
equivalent to the unit disk and thus hyperbolic. We obtain f(X) = C. We
shall see in Exercise 2 how one can avoid the use of the Riemann mapping
theorem here.

Historical Comments on the Uniformization Theorem

The first complete proof of the uniformization theorem was given by Koebe
and Poincaré at about the same time in 1907 [Koe, Po|. It was the highlight of
a development which had lasted for more than 50 years. This started with the
Riemann mapping theorem, which had already appeared in Riemann’s doctoral
thesis of 1851, but only under the assumption that the boundary of the given
simply connected, bounded domain D had smoothness properties. Under this
restriction, Riemann proved a finer result, namely that the mapping function
extends to a topological map of the closures. Riemann’s proof used a solution
of the Dirichlet boundary value problem for D. He made use of the Dirichlet
principle, which states that a not necessarily harmonic solution of the boundary
value problem is in fact harmonic if it minimizes the functional

D/ ((Z)Q + g;;)Q) dz dy.

His working hypothesis that such a minimum exists was criticized by Weier-
strass, who gave examples of functionals for which such a minimum does not
exist. Around the turn of the century, nearly 50 years after Riemann’s thesis,
Hilbert invalidated this criticism by giving a proof of the Dirichlet principle.

The efforts to prove the Riemann mapping theorem were closely related to
efforts to prove more general mapping theorems for Riemann surfaces. Since the
Dirichlet principle seemed not to be suitable for solving such problems, other
potential-theoretic methods were developed. Many notable mathematicians
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contributed to these developments; it is not possible to give an appreciation
of them all here. The “alternating method” of Neumann and Schwarz, which
we treated in detail in Chap. II, was of decisive importance for uniformization
theory. These developments allowed the solution of many existence problems
for harmonic functions. For example, Osgood, using ideas of Poincaré and
Harnack, succeeded in 1900 in proving the existence of the Green’s function
on bounded domains with smoothness assumptions for the boundary. This
was the essential step in the proof of the Riemann mapping theorem, as we
have seen in the proof of the uniformization theorem in the hyperbolic case.
That the Riemann mapping theorem is a consequence of the existence of the
Green’s function was proved by Koebe. Now the door was open for a proof
of the general uniformization theorem. Koebe proceeded in his paper of 1907
as follows. He exhausted an arbitrary simply connected Riemann surface by
an ascending chain U, of relatively compact, simply connected subsets with a
good boundary. In analogy to the theorem of Osgood mentioned above, there
exists the Green’s function G,, on U,, with respect to some point a € U,,. This
function can be used to construct a biholomorphic map from U, onto a disk.
The final mapping function is constructed by a limiting procedure. Whether
the unit disk or the full plane is the final image depends on the value of

¢ = lim (G (2) + log |2]).

By the maximum principle, the sequence is monotonically increasing. We ob-
tain the disk if this sequence is bounded; otherwise we obtain the plane.

What is nowadays called the uniformization theorem is only the culmination
of several other theorems. Several investigations have been concerned with the
question of the extension of the uniformization map to the boundary, if there is
indeed a boundary. Other investigations have concerned the uniformization of
surfaces which are not simply connected. Several new proofs of the uniformiza-
tion theorem have been developed. After the great success of the alternating
method, the Dirichlet principle was established again, as we have already men-
tioned. For a proof of the uniformization theorem which rests on this method,
we refer to the classic publication by [We|] and to the book by Forster [Fo2].
Another method to attack the boundary value problem, developed by Perron
in 1928, can be used to prove the uniformization theorem, but there is no space
here to explain this.

But it is not only potential-theoretic methods that have been used to prove
the uniformization theorem. In 1917, Bieberbach, using work of Plemelj and
Koebe, succeeded in giving a pure function-theoretic proof in the spirit of
Weierstrass complex analysis, just as we gave a pure function-theoretic proof
of the Riemann mapping theorem in the first volume. We conclude with the
remark that new investigations of the Ricci flow on Riemann manifolds have
led to a new proof of the uniformization theorem.
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Exercises for Sect. IT1.1

1.

Show that any analytic function f without zeros on an elementary Riemann sur-
face in the sense of Definition 1.1 has an analytic square root g.

In the following exercises, we shall see how the Riemann mapping theorem can
be avoided in the proof of the uniformization theorem. It can then considered as
a special case.

Prove, without making use of the Riemann mapping theorem, that in the proof
of Theorem 1.3 in the zero-bounded case one has f(X) = C or f(X) = C — {b}.

Hint. Any simply connected domain in the plane can be mapped onto a
bounded domain in the plane and hence is hyperbolic. For the construction of
such a conformal map, see the first two simple steps in the proof of the Riemann
mapping theorem ([FB], Theorem 1V.4.5).

Let D be a simply connected domain which contains the origin and is contained in
the unit disk but is different from the unit disk. Show that the Green’s functions
of D and E with respect to the origin are different.

Hint. If D and E are different, there exists a boundary point of D which is
contained in E. Consider, for this boundary point, an analytic function

YD —E, $(0)=0, lm|s()|=|Val

(see [FB], Lemma IV.4.6). From the extremal property of the Green’s function,
we obtain

G(z) < —log|i(2)].
But this inequality is false for the Green’s function of the unit disk (—log|z|).

Prove, without making use of the Riemann mapping theorem, that in the proof
of Theorem 1.2 in the hyperbolic case one has f(X) = E.

Hint. Tt follows easily from the construction of f that —log|z| is the Green’s
function of the image domain f(X). The rest follows from the previous exercise.
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2. A Rough Classification of Riemann Surfaces

Any Riemann surface is biholomorphic to a quotient X /T, with respect to a
freely acting group of biholomorphic transformations, of a simply connected
Riemann surface X. This will be shown in the appendix to this chapter on
covering theory on covering theory (Proposition 5.24). By the uniformization
theorem, we can achieve the result that the universal covering X is one of the
standard domains (the sphere, plane or unit disk). So we can divide Riemann
surfaces into three groups, depending on whether the universal covering is the
sphere, the plane, or the unit disk.

The Riemann Sphere as the Universal Covering

Any biholomorphic automorphism of the Riemann sphere is a Mobius trans-
formation ([FB], Chap. III. appendices to Sects. 4 and 5, and Exercise 7)

az+b a b
—
cz+d’ d

) € GL(2,C).

Each Mobius transformation has at least one fixed point. The only group of
biholomorphic transformations of the Riemann sphere which acts freely is the
group consisting of the identity alone. So, we see the following.

2.1 Remark. Up to biholomorphy, there exists only one Riemann surface
with a compact universal covering, namely the Riemann sphere.

The Plane as the Universal Covering

Any biholomorphic automorphism of the plane is affine ([FB], Chap. III. ap-
pendices to Sects. 4 and 5, and Exercise 5):

z—az+0b,

where a is different from zero. If a is different from 1, there is a fixed point.
Hence a freely operating group of biholomorphic transformations consists only
of translations z +— z + b. The set of all occurring b is a subgroup L of C. It
is easy to show that such a group acts freely iff L is discrete. Recall that there
are three types of discrete subgroups: either L consists only of 0, L is cyclic,
or L is a lattice (see Lemma VI.1.1).

2.2 Proposition. A Riemann surface which admits C as a universal covering
is conformally equivalent to one of the following three types:

1) The plane C itself (L = {0}).
2) The punctured disk C*. (L = Zb, b # 0. In this case the map z
exp(2miz/b) gives a biholomorphic map from C /L onto the punctured plane.)

3) The tori C/L, L a lattice.
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Of course, the plane is not conformally equivalent to any other type, since it is
the only simply connected surface in this list. Also, tori cannot be conformally
equivalent to any other surface in the list, since they are the only compact
surface in the list.

But two tori can be conformally equivalent. We recall the following fact.

Two tori are conform equivalent iff their lattices can be transformed into each
other by multiplication by a complex number. This is the case iff the j-
invariants agree. Fach complexr number occurs as a j-invariant.

So, we have found a complete description of the biholomorphy classes of all
Riemann surfaces whose universal covering is not the unit disk.

We now have to study the Riemann surfaces whose universal covering is the
unit disk. Instead of the unit disk, we can take the upper half-plane, since the
two are conformally equivalent. Recall that the group Bihol(H) of all biholo-
morphic automorphisms of H is SL(2, R)/{£E} ([FB], Sect. V.7, Exercise 6).
A matrix M € SL(2,R) acts on H by means of

b
Z|—>Mz:az+ , Mz(a b).
c d

The matrix is determined by the map up to the sign.

The subgroups of Bihol(H) are in one-to-one correspondence with the sub-
groups of SL(2, R) which contain the negative unit matrix. We have to inves-
tigate two things:

1) Let I', T be two subgroups of SL(2,R) which act freely on H. When are

the Riemann surfaces H /T", H /I biholomorphically equivalent?

2) Which subgroups of SL(2, R) (more precisely, their images in Bihol(H)) act
freely?

The first question is simple to answer. The answer follows immediately from
the universal property of the universal covering (Remark 5.25):

Let T, T be two subgroups of SL(2,R) which act freely on H. Assume that both
contain the negative unit matriz. The Riemann surfaces

H/T, H/T'
are biholomorphically equivalent iff both groups are conjugated:
I"=L"'TL, LcSL(2,R).

The second question is more involved. We need some more notations:
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a) A subset I' C SL(2,R) is discrete if the intersection of I" with each compact
subset of SL(2,R) is finite.

b) A subgroup I' C SL(2,R) acts discontinuously if, for two compact sets K7,
K5, the set
{MeT; M(K))NKy#0}

is finite. Here we can assume that Ky = K, since both can be replaced by
K1 UK.

2.3 Lemma. A subgroup T' C SL(2,R) is discrete iff it acts discontinuously.

Proof. 1) Assume that the group acts discontinuously. We choose a compact
subset K C SL(2,R). Its image under the map

p:SL(2,R) — H, M — M(i),
is also compact. Obviously,
M e K = M(i) € p(K),

and this set is finite.

2) We need an important property of the map p. As we shall show at the end
of this proof, this map is surjective and proper. Now let K C H be a compact
subset and let K C SL(2, R) be its inverse image under p. We have

M(EK)NK #0= M € KK ".

The latter set is the image of the compact set I x IC under the continuous map
(x,y) — xy~! and hence is compact too. O

We still have to prove the announced statement that the map p is surjective
and proper.

2.4 Lemma. The map
p:SL(2,R) — H, M — M(i),

s surjective and proper.

Proof. The surjectivity follows from the formula

RIS

The proof of the properness is based on the fact that the stabilizer of the point
i is the special orthogonal group:

SO(2,R) := {M € SL(2,R); M'M =FE}={M € SL(2,R); M(i) =i}.
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This can be shown by an easy computation. The special orthogonal group
is bounded, since its rows have Euclidean length one, and is also closed, and
hence compact. Now we can show that p is proper, i.e. that the inverse image
of a compact set is compact. Since our spaces have a countable basis of the
topology, it is sufficient to prove “sequence compactness”. Hence we have to
show the following:

Let M,, € SL(2,7Z) be a sequence such that z, = M,(i) has an accumulation
value in the upper half-plane. Then M, has an accumulation value.

By assumption, the sequence

ne(1)(F )

has an accumulation value. We can assume that it converges. We have M, =
P, N,,, with orthogonal matrices N,,. Since the orthogonal group is compact,
the sequence N,, and hence M, have an accumulation value. a

It is clear that freely acting groups also act discontinuously. The converse
is false.

2.5 Definition. A subgroup T' C SL(2,R) acts in a fized-point-free way if
there is mo element M € I', M # +FE, which has a fized point in the upper
half-plane.

A simple consideration, which can be left to the reader, gives the following
result.

2.6 Lemma. A subgroup T' C SL(2,R) acts freely on the upper half-plane iff
it acts discontinuously and in a fized-point-free way.

A matrix M € SL(2,R) which is different from £F has a fixed point in the
upper half-plane if the modulus of its trace is less than or equal to two ([FB],
Proposition VI.1.7). Such matrices are called elliptic.

Putting all of this together, we can say the following.

2.7 Proposition. The biholomorphy classes of Riemann surfaces with
the universal covering E are in one-to-one correspondence with the conjugacy
classes of discrete subgroups of SL(2, R) which contain the negative unit matriz
but no elliptic element.

The theory of these subgroups is very difficult, and its value for the theory of
Riemann surfaces is limited.

We conclude this section by describing some examples of groups. The elliptic
modular group SL(2, Z) is certainly discrete, but it is not fixed-point-free, as we
know ([FB], Chap. VI). Hence we consider the principal congruence subgroup

I'[g] = Kernel(SL(2,Z) — SL(2,Z/q7Z)).
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Since this does not always contain the negative unit matrix, we prefer to take
I'[g] = I'[q] U —T'[g].

Looking at the classification of elliptic fixed points ([FB], Proposition VI.1.8),
we see that T'[q] contains no elliptic fixed points in the case ¢ > 1. In this way,
we obtain a series of deck transformation groups of Riemann surfaces.

Finally, we treat a historical aspect of uniformization theory. Let D be one the
three standard domains and let I be a group of biholomorphic transformations which
acts freely on D. By an automorphic function, we understand a ['-invariant meromor-
phic function on D here. The automorphic functions are in one-to-one correspondence
with the meromorphic functions on D/I". Assume now that an analytic function F
of two complex variables, defined on a domain U C C x C, is given. Even the case of
a polynomial is of great interest. By a uniformization of F', we understand a pair of
automorphic functions f, g, with respect to a suitable (D, I"), such that the following
two conditions are satisfied:

1) We have identically
F(f(t),9(t)) =0,
where t € D runs through all points of D such that f and g have no poles.

2) Every point (z,w) of the zero set
N :={(z,w) € Dx D; F(z,w)=0},
up to a discrete set, can be written in the form (z,w) = (f(t), g(t)).

So uniformization in this sense means parametrization by means of automorphic func-
tions.

For example,
2 +uw?=0 (F(z,w) = 2° +w® — 1)
can be uniformized in this sense by the functions f(¢) = sint and g(¢t) = cost. The
corresponding domain is D = C; the group I consists of the translations z — z+2mwik,
keZ.

Another example is given by the equation
2 3 3 3
w” =4z" — g,z — g3, gy —27g; # 0.

We know from the theory of elliptic functions that there exists a lattice L C C such
that this equation is uniformized by f(t) = p(t) and g(t) = p'(t). Here p denotes the
Weierstrass gp-function of the lattice L.

In general, one can obtain a uniformization by automorphic functions as follows.
First of all, one can show that there exists a discrete subset S C N of the zero set
such that the complement X, = N — S admits a natural structure in the form of
a Riemann surface. “Natural” should imply that the projections f(z,w) = z and
f(z,w) = w are analytic functions. We have proved this here for polynomials; the
general case can be treated in a similar way. We shall skip this, since the case of
polynomials is interesting enough. Sometimes the surface X, can be extended by
finitely many points, as we have seen in the theory of algebraic functions. Therefore
we assume, in general, that there is a Riemann surface X and a finite subset T' C X,
such that X —T and X, are biholomorphically equivalent. For simplicity, we assume
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X —T = X,. We also assume that f and g are meromorphic on X. In the choice of
X and T, there may be freedoms such that there may exist different uniformizations
for the same P.

Now we make use of the uniformization theorem which we have developed. The
surface X can be represented as the quotient D /T" of one of the three standard domains
by a freely acting group I' of biholomorphic transformations. The two functions f
and g now correspond to automorphic functions on D, which, for simplicity, we again
denote by f and g. In this way, we obtain a uniformization of F’

E(f(t),9(t) =0

by automorphic functions.

Exercises for Sect. IT1.2

1. Let S be a nonempty finite subset of a torus X = C/L. Show that the universal
covering of the surface X — S is the unit disk.

2. Let U,V be two simply connected open subsets of the plane. Show that each
connected component of U NV is simply connected.

Hint. Use the fact that the condition of being “simply connected” can be
characterized by means of the winding number (see [FB], Chap. IV, Appendix C).

Show that the analogous statement for other surfaces, for example C, instead
of C is false.

3. Let X be a Riemann surface, and let G be a finite group of biholomorphic auto-
morphisms which have a common fixed point a. Show that there exists an analytic
chart

p:U—E, aclUCX,
such that U is invariant under G. Show that the transformed group G, = oGy
consists of all rotations

—1

2mwivz/n,
)

Z—e 0<v<mn,

where n denotes the order of G.

Hint. Use the result of the previous exercise and the Riemann mapping theo-
rem.

4. The previous exercise admits a very simple solution in the following important
special case. Let X = H be the upper half-plane and assume that G consists of
Moébius transformations z — (az + b)(cz + d)™', (‘;Z) € SL(2,R). Obtain the
solution.

Hint. Replace H by the unit disk and a by the origin. Now use the fact
that every biholomorphic transformation of the unit disk with fixed point 0 is a
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rotation z — (z, |(| = 1. Every finite group of roots of unity has the form that
has been described in the previous exercise.

5. Let G be the group of rotations z — (z, (" = 1 of the unit disk of order n and
denote the quotient space by E/G. Show that there exists a map ¢ : E/G — E

such that the diagram

E/G ———>E

commutes. The map ¢ is topological and defines a structure on E/G in the form
of a Riemann surface.

6. Let X be a Riemann surface and let I' be a group of biholomorphic transformations
of X with the following properties:

1) X/T is a Hausdorff space.
2) The stabilizer I', is finite for any a € X.

3) Every a € X admits a neighborhood U(a) with the property

Y(U(a))NU(a) #0 =~ €T,.

Show that U(a) can be chosen such that it is invariant under I', and such that
the map

U(a)/Ty — X/T

is an open embedding (= homeomorphism onto an open subset).

Construct a structure in the form of a Riemann surface on the quotient space
X /T, such that the natural projection X — X/T" is analytic. Show that a structure
with this property is unique.

8. Show that a subgroup of SL(2,R), or more precisely, its image in Bihol H has
the properties 1)-3) of the previous exercise iff it is discrete. For example, all
subgroups of SL(2,7Z) are discrete.

7. Show that the j-function defines a biholomorphic map

j:H/SL(2,Z) — C.
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3. Picard’s Theorems

A beautiful application of the theory of Riemann surfaces is provided by Pi-
card’s little and big theorems.

By the Casorati-Weierstrass theorem, the image of a nonconstant function
in the complex plane is dense in C. Picard’s little theorem states further that
all values, with at most one exception, are taken.

3.1 Theorem (Picard’s little theorem) (Picard 1879). Every analytic
function

f:C—C-{0,1}
15 constant.

The proof rests on the fact that the universal covering of the twice-punctured
plane C — {0,1} is biholomorphically equivalent to the unit disk. This follows
from the classification of the Riemann surfaces with universal coverings C and
C in the previous section.

There is only one surface in this list which needs a little consideration, namely
the punctured plane C". Actually, the two surfaces are topologically inequivalent, as
can be seen in an elementary way. The fundamental group of C" is cyclic but that
of the twice-punctured disk is not. Even simpler may be the proof that the two are
not biholomorphically equivalent. This can be seen from the groups of biholomorphic
automorphisms. The group of biholomorphic automorphisms of C " contains infinitely
many rotations. But the group of biholomorphic automorphisms of C — {0,1} =
C —{0,1,00} is finite. First of all, it is clear that such an automorphism does not
have an essential singularity at the three points 0, 1,00. Hence it is a restriction of
a Mobius transformation. Such a M6bius transformation has to permute the three
points. Since we know that a Mobius transformation is determined by its values on
three points, we get an embedding into (actually an isomorphism onto) the group of
permutations of three elements. It particular, the group of automorphisms is finite.

The function f can be lifted to an analytic map of the universal coverings,
F:C—E.

By Liouville’s theorem, F' must be constant. a

Picard’s big theorem states that any analytic map
f:E—-{0} — C —{0,1}
with an essential singularity at 0 is constant. The proof needs a generalization

of Montel’s theorem ([FB], Theorem IV.4.9). Before we can formulate this, we
have to make a comment on the notion of local uniform convergence.
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3.2 Remark. Let D,D’ C C be open subsets of the plane and let
fo:D— D

be a sequence of continuous functions which converges locally uniformly to a
function
f:D— C.

Then, for each point a € D and each neighborhood V(b) C D' of the image
point b = f(a), there exists a neighborhood a € U(a) C D such that U(a) is
mapped by all f, (n € N) and by f into V(D).

This small observation, whose proof can be skipped, allows us to generalize the
notion of locally uniform convergence to Riemann surfaces.

3.3 Definition. Let X, Y be surfaces. A sequence of continuous functions
converges locally uniformly to a continuous function

f: X —Y
if each point a € X admits charts

p:Up, —V,, aclU,CX,
¢:U¢—>V¢, bEUwCYv7

such that U, is mapped by all f,, and by f into Uy and such that the sequence

¢Oan<P_11VsoHVw

converges locally uniformly to 1o f o p~1.

It is clear that for open subsets X,Y of the plane, we obtain the usual notion
of locally uniform convergence.

3.4 Theorem (generalized Montel’s theorem). Let X, Y be two Rie-
mann surfaces. Assume that the universal covering of Y is biholomorphically
equivalent to the unit disk. Let

fn: X —Y
be a sequence of analytic functions. We assume that (fn(a)) has a convergent

subsequence in Y for at least one point a € X. Then f, admits a locally
uniform convergent subsequence.
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If X is an open domain in the plane and Y is a disk, then we obtain the usual
Montel’s theorem. (The assumption that (f,,(a)) has a convergent subsequence
is inessential, since it is satisfied for any a € X if one replaces the disk by a
slightly larger disk.)

Proof of Theorem 3.4. We may assume that the sequence fn(a) converges to
b €Y. We consider the universal coverings X — X and A\: E — Y. Leta € X
be a preimage of a and b € E be a preimage of b. We lift f,, to a sequence

F,: X —E

of analytic functions. This can be done in such a way that F),(a) is mapped to
a given preimage of f,(a). Hence we can arrange that F),(d) converges to b. By
the usual Montel’s theorem, F;, has a locally convergent subsequence. We can
assume that this is the full sequence. The limit function /' maps a into E. By
the maximum principle, X is mapped into E (and not only into the closure).
Now we can compose F' with the covering map A : E — Y. Like Ao F},, the map
Ao F'is invariant under the deck transformation group of X — X. Hence it is
the lift of a function f: X — Y. Clearly, f,, converges to f locally uniformly.

O

3.5 Theorem (Picard’s big theorem) (Picard 1879). Let
f:E=E-{0} —C

be an analytic map with an essential singularity at 0. Then f takes all values
of the complex plane with at most one exceptional point.
Before the proof, we make a remark:

Let ¢, € E* be a null sequence and let f : E° — C be an analytic function.
Assume that f,,(¢) = f(gnq) converges locally uniformly in the unit disk. Then
f has a removable singularity at 0.

Proof of the remark. Since the sequence converges locally uniformly, it is
bounded on the circle |q| = 1/2:

|flang)| < C, gl =1/2.

This means that f is bounded on a sequence of circles whose radii converge to
0. By the maximum principle, f is bounded between each of those circles (by
(). This shows that f is bounded in 0 < |z] < 1/2. By Riemann’s removability
theorem, 0 is a removable singularity. a

After this preparation, we can give the proof of Picard’s big theorem.

Proof of Theorem 3.5. We have to show that an analytic function

f:E — C—-{0,1}
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cannot have an essential singularity. We argue indirectly and assume that 0
is an essential singularity. By the Casorati-Weierstrass theorem, there exists a
null sequence ¢, 0 < |q,| < 1/2, such that f(g,) converges to an arbitrarily
given point b of the plane. We choose for b an arbitrary point which is different
from 0 and 1. The sequence of functions

fan:E°— C —{0,1},
fn(@) = f(2¢n9),

converges for at least one point (namely 1/2). By the generalized Montel
theorem, it has a locally uniformly convergent subsequence. But then, by our
remark, 0 is a removable singularity. This gives a contradiction. a

In the proof of Picard’s big theorem, we used uniformization theory: we used the
uniformization theorem to prove that there exists a holomorphic covering map

A E— C-1{0,1,00}.

If we have a direct construction for such a function, we can avoid the uniformization
theorem. It is a remarkable fact that the theory of modular functions gives such a
function. The principal congruence subgroup of level two, I'[2], of the full elliptic
modular group acts on the upper half-plane. There is an explicit construction of a
modular function A which maps H/T'[2] conformally onto the three-times-punctured
Riemann sphere. This shows that H is the universal covering of the three-times-
punctured sphere and that I'[2]/{£FE} is the deck transformation group. For the
construction of A\, we refer to the exercises.

Since I'[2] is a normal subgroup of the elliptic modular group I', the factor group
I'/T'[2] acts as a group of biholomorphic transformations on H /T'[2]. This factor group
is isomorphic to the permutation group S;. This is in accordance with the determi-
nation of the automorphism group of the three-times-punctured sphere mentioned
above.

Exercises for Sect. I11.3

1. Let S C C be a finite subset of the plane and let I be the fundamental group of
C — S (with respect to some base point). Construct a surjective homomorphism

I — Z", n=4#S.

Deduce that the twice-punctured plane and the once-punctured plane are not
homeomorphic.

2. The following exercise contains a proof that the fundamental group of the twice-
punctured plane is not commutative. Show, step by step, the following:
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a) The map
4

f:C—{0} —C, z+—2"42
is proper.

b) Let T be the set of complex numbers which consist of the six roots of unity
of order 6 and the origin, and let S = {—1,2}. The restriction of f defines a
proper and locally biholomorphic map

fo:C-T —C-8.
¢) The transformations

z+—— iz and z —— —
z

are deck transformations which do not commute.

3. Let S C C be a finite subset of the sphere. Show that the fundamental group
C — S is commutative iff #S < 2.

4. In [FB], Sect. VL5, we introduced the Jacobi theta series ¥, 5,5 Use the results
proved there to show that the function
9(z)*
7 (z)*
is invariant under the principal congruence group I'[2]. It generates the field of
modular functions. It induces a biholomorphic map from H /T'[2] onto the three-
times-punctured Riemann sphere. Which three points are missing?

(The function X is Klein’s lambda function.)

4. Appendix A. The Fundamental Group

Let X be an arcwise connected topological space. We want to construct, for
each point a € X, a group, called the fundamental group (X, a). Tts elements
are homotopy classes of closed curves with base point a. The isomorphy type of
this group does not depend on the choice of the base point. Hence one speaks
of the fundamental group of X. The space X is simply connected if and only
if the fundamental group is trivial.

In this section, all curves use the unit interval,
a:0,1] — X
for the parametrization. So, the composition of two curves
a:0,1] — X,

5ot x with a(1) = 5(0),
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is defined by

a(2t) for 0 <t <1/2,

7:[0,1] — X, 7(75)_{5(215_1) for 1/2 <t <1.

Notation. y=a«a-f.
The reciprocal, or inverse curve,
a” :[0,1] — X
of « is defined by
a (t)=a(l—t) for 0<t<1.

For a(0) = a and «(1) = b, the curve a~ runs from b to a.

There are two important equivalence relations for curves «, 8 which have
the same starting point and the same endpoint.

1) The parameter equivalence. This means that there exists a topological map
7:[0,1] — [0,1], 7(0) =0, 7(1) =1,
with
B(r(t)) = a(t).
Notation. a~ (3 (parameter equivalence).

2) The homotopy (see also [FB], Chap. IV, Definition A3).

4.1 Definition. Let
a,3:00,1] — X

be two curves with the same starting point and the same endpoint

A homotopy between v and (8 is a continuous map
H:[0,1] x[0,1] — X
with the following properties:
a) The curves
as: [0,1] — X,  as(t) = H(t,s) (s €0,1]),
all have the same starting point a and the same endpoint b.
b) ag=qa, ap=2}0.
We call o and B homotopic if there exists a homotopy between o and (3.
Notation. a~p  (homotopy).



4. Appendix A. The Fundamental Group 165

Intuitively, a homotopy H is a continuous deformation of « into § such that
the starting points and endpoints are kept fixed:

4.2 Definition. A closed curve o : [0,1] — X is called nullhomotopic if
it 1s homotopic to the constant curve

B(t) = a(0)  (=a(l)), t€]0,1].

We now formulate some simple facts. The proofs are left to the reader.
1) Parameter equivalence and homotopy equivalence are equivalence relations.

2) Parameter equivalence implies homotopy:
a~f = a-f.

(Consider H(t,s) = a(t(1 — s) + s7()).)

3) Let
O‘aﬁyfy:[()?l] — X

be three curves with the property

Then

(-B)-y~a-(B-7), andhence (a-f)-v=a-(8-7).

4) Let o, o and 3, 5" be two pairs of homotopic curves. Assume (1) = 5(0).
Then the curves o - 3 and o’ - 3 are homotopic.

5) The curve a - o~ is nullhomotopic, as the homotopy

[ a2 - ), 0<t<1/2,
fﬂt@-{a@u—¢X1—s», 1/2<t <1,

shows.
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/_)/_) /_)

/

6) Two curves a, § with the same starting points and endpoints are homotopic
iff a- 8~ is nullhomotopic:

(a~f=a- 7 ~B-57)
(see the figure above). We choose a point @ € X and denote by
S(X,a)

the set of all closed curves with base point a. Homotopy defines an equivalence
relation on S(X,a). The set of equivalence classes is denoted by

m(X,a) :=8(X,a)/*.

We shall sometimes denote the homotopy class of a curve « by [a]. Our obser-
vations so far show the following fact.

4.3 Remark. The definition
[o] - [8] = [a- B] for o, B € S(X, a)

is independent of the choice of the representatives and defines a composition
on m(X,a). In this way, m(X,a) is equipped with the structure of a group. Its
unit element is the homotopy class of the constant curve (with starting point
and endpoint a). The inverse of [a] is [a] ™! = [a7].

We call 7(X,a) the fundamental group of X with respect to the base point
a. Other names are the Poincaré-group and the first homotopy group. Since
higher homotopy groups can also be defined, we also use the notation m (X, a)
for the fundamental group. We now investigate how 7(X,a) depends on the
base point a.

Let a,b € X be two points. We connect them by some curve
7:[0,1] — X, 7(0)=a, y(1)=0.

We obviously have the following fact.
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4.4 Remark. The map

dy:m(X,a) — w(X,b),
la] — [y -a-]

defines an isomorphism of groups.

Hence, for (arcwise connected) topological spaces X, the fundamental group
7(X, a) is independent of the choice of a up to isomorphism. So, we sometimes
write 7(X) instead of 7w(X,a). But this has to be done with caution, since
there is no distinguished (canonical) isomorphism. (It depends on the choice

of 7.)

4.5 Definition. A topological space X is called simply connected if it
is arcwise connected and if any two curves with the same starting points and
endpoints are homotopic.

The notion of “nullhomotopic” is connected with the following notion of “fill-
able”.

4.6 Definition. A continuous map of the circular line
a:0E — X
is called fillable if it admits a continuous extension to the closed unit disk

A E— X.

The same definition can be used with the square @ = [0,1] x [0, 1] instead of
the disk E. There is no difference, because there exists a topological map of Q)
onto E which also maps the boundaries topologically.

4.7 Remark. Let X be an arcwise connected space. The following conditions
are equivalent:
1) X is simply connected (in the sense of Definition 4.5).
2) 7(X,a) ={e} for someac X.
3) m(X,a) ={e} foralacX.
4) Every continuous map
a:0E — X

is fillable.
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(e denotes the unit element of the fundamental group.)

Proof. The equivalence of 1), 2), and 3) is already clear. Hence it is sufficient
to prove the equivalence of 2) and 4).

2) =4). Let a:9E — X be a continuous map. The curve
B(t) _ O[(€27Tit)

is nullhomotopic. Let H(¢,s) = B5(t) be a deformation of § into the point 5(0).
Then

A(TeQ‘n'it) _ ﬂl—r(€2ﬂit), 0 S T,t S 1’

defines a filling of «.

4) = 2). Let a be a closed curve. By assumption, there exists a filling A :
E — X with A(e*™*) = a(t). The map

H(t,s) = A(s + (1 — s)e*™")

is a homotopy which contracts o to a point.

Examples of Fundamental Groups

1) Let D C R"™ be star-shaped with center a € D. Then 7(D,a) = {e}, since
H(t,s) = (1—s)a(t) + sa

defines a homotopy between « and the constant curve 3(t) = a for t € [0, 1].
Hence every star domain and, in particular, R™ itself is simply connected
for each n € N.

2) In [FB], Chapt. IV, Proposition A10, we showed that the fundamental group
of the punctured disk is isomorphic to Z. The isomorphism is given by

n(C",1) — Z,

[a] — winding number of « around 0.

But the fundamental group of a topological space is commutative only in
very exceptional cases. For example, the fundamental group of the twice-
punctured plane is not commutative (see Exercise 2 in Sect. IIL.3). (One
can show more, namely that it is a free group with two generators.) There
are several possibilities to extract a commutative “part” from a group, for
example as follows.
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Let G be any group; then the set of all homomorphisms Hom(G, R) of G
into the additive group of real numbers is a linear subspace of the vector space
of all maps from G into R. The vector space

H'(X,a) = Hom(w(X,a), R)

is called the (first) cohomology group of X (with coefficients in R). In principle,
this group depends on the choice of the base point a. If b is a further base point,
we can consider some curve v which combines a with b By means of v, we obtain
an isomorphism (see Remark 4.4)

m(X,a) — w(X,b).

This isomorphism usually depends on the choice of v. But it is easy to show
that the induced isomorphism

HY(X,b) — HY(X,a)

is independent of the choice of v. We call this the canonical isomorphism.
Since we can identify the cohomology groups for different base points by means
of a canonical isomorphism, we simply write

HY(X)=H"(X,a).

Frequently, we write H'(X, R) instead of H'(X) to indicate that we have used
R as the coefficient domain. In principle, one can take any abelian group
instead of R as the domain of coefficients. But then the cohomology group is
only a group and not a vector space.

The dimension of the vector space H' (X, R) (it can be infinite) is an impor-
tant invariant of the topological space X. For topologically equivalent spaces,
the invariants coincide. If X and Y are spaces with different invariants, then
they cannot be homeomorphic. To illustrate this, we now give an example but
without proof.

Let S C C be a subset consisting of n complex numbers. It can be shown
that

HY(C - S,R) = R",
If T is another finite subset, then C — .S and C — T can be homeomorphic only

if S and T contain the same number of points. (It can be shown that they are
then homeomorphic.) We shall treat a special case in an exercise for Sect. 6.
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5. Appendix B. The Universal Covering

The following construction of the universal covering is closely related historically to
the theory of Riemann surfaces. In the theory of Riemann surfaces, a surface is first
slit in such a way that a surface which is topologically equivalent to a plane domain
is obtained. Usually, infinitely many copies of this domain are pasted together along
the slit boundaries to obtain the “universal covering”.

This can easily be visualized in the case of a torus. A torus can be obtained by
gluing opposite edges of a rectangle together. The edges define two closed curves
on the torus. If the torus is slit along these curves, the rectangle is obtained. The
universal covering of the torus is a plane, which can be imagined as a space obtained
from infinitely many rectangles, glued together in an obvious way. In a similar way,
in Chap. IV we shall slit a Riemann surface in such a way that a 4p-gon is obtained.

The purely topological background came into being only step by step. The uni-
versal covering, in the sense in which is understood today, was constructed for the
first time in the well-known book [We] by Weyl.

We have already introduced the idea of a covering in connection with the con-
struction of the Riemann surface of an algebraic function, and we have treated
an extreme special case of covering theory. For the sake of completeness, we
repeat the basic facts here.

5.1 Definition. A locally topological map
Yy —X

is called a covering if any point b € Y admits an open neighborhood V (b) with
the following property: any preimage a € Y of b admits an open neighborhood
U(a) such that the full inverse image f=1(V (b)) is the disjoint union of all
U(a), i.e.

vy = J U@ (a#d = U(@nU(a)=0),

and such that each U(a) is mapped topologically by f onto V (b).

The covering property has an immediate consequence. If we assign to each
point a € X the total number of points in the fiber over a (this number can be
infinite), i.e.

ar— #f ' (a) < o0,

then this map is obviously locally constant (constant on V'(b)). This shows the
following.
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5.2 Remark. LetY — X be a covering of a connected space X ; then each
point a € X has the same number of preimages. In particular, the covering is
surjective if 'Y is not empty.

The common number described above is called the degree or the sheet number
of the covering. The latter term should not be misunderstood in the sense that
Y is a disjoint union of different sheets which can be distinguished.

The typical example of a covering of degree nis C° — C°, ¢ — ¢". An
example of a covering of infinite degree is exp : C — C". In both cases we can
take for V' (b) a plane which is slit along a half-line not passing through b.

An important tool for the study of coverings is the lifting of curves. We
recall the notion of curve lifting.

5.3 Definition. A continuous map f :Y — X of topological spaces has the
curve-lifting property if, for any curve

a:[0,1] — X

and for any point b € Y over a(0) (i.e. f(b) = «(0)), there exists a lift curve
B with starting point b, i.e.

a=fop, p(0)=0.
Sometimes one has to lift not only single curves but also homotopies, as below.

5.4 Definition. A continuous map
f:Yy —X
has the homotopy-lifting property if, for any continuous map
H:[0,1] x[0,1] — X
and for any point b € Y with f(b) = H(0,0), there exists a continuous map

H:0,1]x[0,1] —Y

with the properties

foH=H, H(0,0)=b.

We know that for locally topological maps, the lift H is uniquely determined
by H and b. The case where H is a homotopy is of special interest. This means
that both of the maps maps

s— H(0,s), s+~ H(1,s)

are constant.



172 II1. Uniformization

5.5 Remark. Let f:Y — X be a locally topological map which possesses the
homotopy-lifting property. Using the notation of Definition 5.4, we have the
result that if H is a homotopy, then H is a homotopy too.

Proof. By B )

s— H(0,s), s+ H(1,s),
we define continuous maps from the unit interval into the inverse images of
the two points H(0,0) = H(0,s), H(1,1) = H(1,s). If f is locally topological,
both sets are discrete. Hence both maps are constant. a

We have already shown the following fact (Proposition 1.3.15 and Theorem
1.3.16).

5.6 Proposition. Coverings have the curve-lifting and the homotopy-lifting

property.

For the more advanced properties of coverings, we need conditions on the un-

derlying topological spaces which are satisfied for surfaces for trivial reasons.

One of these properties is the following:

A space X is called locally arcwise connected if any neighborhood U of an

arbitrary point a € X contains an arcwise connected neighborhood a € V-C U.
In the following, we tacitly assume that all spaces occurring are arcwise

connected and locally arcwise connected.

The curve-lifting and the homotopy-lifting properties are special cases of
the following lifting property.

5.7 Proposition. Let
f:Yy—X

be a covering and let
g:Z— X

be a continuous map of a stmply connected space Z into X, and let ¢ € Z
and b € Y be two points with the same image point in X, i.e. f(c) = g(b).
Then there exists a unique continuous “lifting”

h:Z —Y

with the properties
foh=g, h(c)=0.

Proof. We connect an arbitrary point z € Z with ¢ by a curve:
a:0,1] — Z, a(0) =¢, a(l) = z.

We then consider the image curve g o a in X and denote its unique lift for the
starting point b by .
6:10,1] — X.
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We define
h(z) := B(1).

The homotopy-lifting property together with the simple connectedness shows
that h(z) is independent of the choice of the connecting curve £3.

It remains to show that A is continuous. Here we have to make use of the
locally arcwise connectedness. Let us show continuity at a given point zg.

Let xo = g(z0) and yo = h(z9). We choose an open neighborhood V(yo)
which is mapped topologically under f onto a neighborhood U(zg) of z.
After that, we choose an arcwise connected neighborhood W (zy) such that
g(W(z0)) C U(xzp). We claim that h(W(zg)) is contained in V(yg). (This
shows continuity of h at zg, since V(yg) can be chosen arbitrarily small.) Let
z € W(zp) be an arbitrary point. The image point y = h(z) can be constructed
as follows: we connect zg with z in W (zy) and consider the image curve in
U(zp). This curve can be lifted to a curve in Y with starting point yo. Since,
for trivial reasons, it can be lifted to V' (yo), this lift is contained in V(yp). In
particular, the endpoint, i.e. h(z), must be contained in V' (yp).

5.8 Proposition. Let f:Y — X be a covering of a simply connected space
X. Then f is trivial, i.e. a topological map.

This follows easily from Proposition 5.7. O

In the proof of Proposition 5.7, the only part of the covering property that
we used was that f is a locally topological map that possesses the curve- and
homotopy-lifting properties. In particular, Proposition 5.8 holds under this
weaker property. Since this will play a role in the proof of the monodromy
theorem, we state this fact specifically here.

5.9 Supplement (to Proposition 5.8). Proposition 5.8 is true for all
locally topological f with the curve- and homotopy-lifting properties.

In the following, we shall construct, under certain assumptions, a very distin-
guished covering, called the universal covering X.

5.10 Definition. A covering of an arcwise connected space X,
f: X — X,
is called universal if X is simply connected.

The following proposition justifies this notion.

5.11 Proposition. Let
fX—X

be a universal covering and let
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be an arbitrary covering. Then there exists a covering
h:X —Y

such that the diagram

commutes (go f =h).

5.12 Supplement. Let a € X andbeY be points with the same image in
X, then the map can be constructed in such a way that

h(a) = 0.
The map is uniquely determined by this property.

Proof. The existence of a continuous map h with the claimed properties follows
from Proposition 5.7. It is easy to show that h is a covering if both f and g
are coverings. O

5.13 Definition. Let

f:Yy —X
be a covering. A deck transformation is a topological map
v:Y —Y
such that
yof=1F

The truth of the following remark is immediately clear.

5.14 Remark. The set of all deck transformations of a covering is a group
(with respect to composition of maps).

The group of all deck transformations f : Y — X is the deck transformation
group.

5.15 Definition. A covering f :Y — X is called a Galois covering if for
any two points a,b € Y with the same trace point f(a) = f(b) there exists a
deck transformation v : Y — Y with v(a) = b.

In the case where Y is simply connected, there exists by Proposition 5.11 a
unique covering map v : Y — Y with v(a) = b and yo f = f. Since the roles
of a and b can be exchanged, we see that v is a topological map and hence a
deck transformation. We obtain the following fact.
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5.16 Remark. Universal coverings are Galois coverings.

We now collect together the basic properties of deck transformation groups.

5.17 Definition. Let ' be a group of topological self-maps of a topological
space X. The group acts freely on X if the following conditions are satisfied:

1) For any two points a,b € X, there exist neighborhoods U(a),U(b) with the

property
Y(U(@) NU®) # 0 = ~(a) =b.

2) If an element vy € T has a fized point a € X, v(a) = a, then vy is the identity.

5.18 Remark. The deck transformation group of a covering f:Y — X acts
freely.

Proof. Tt is sufficient to prove 1), since 2) is contained in the statement about
uniqueness in Proposition 5.7. Let us first assume that the points a and b have
different trace points. Since f is locally topological, we can choose disjoint
neighborhoods U(a) and U(b) in Y such that their images in X remain disjoint.
Then, obviously, v(U(a)) N U(b) = 0. In the case where the trace points are
equal, ¢ = f(a) = f(b), we choose a small connected neighborhood V' (c) in X
whose inverse image is the union of pairwise disjoint neighborhoods U (y) of the
preimages y € Y, f(y) = ¢, which are mapped topologically under f onto V' (c).
If v is a deck transformation, then (V' (a)) is contained in the union of all V' (y),
fy) =c. T ~y(U(a)) NU(D) is not empty, then for reasons of connectedness we
must have y(U(a)) = U(b). It follows from o f = f that y(a) = b. O

Now let I' be a group of topological self-maps of a topological space X. Two
points a,b € X are said to be equivalent with respect to I' if there exists an
element

vel, ~v(a) = 0.

The quotient space by this equivalence relation is denoted by X/T'.

5.19 Remark. Let I' be a group of topological self-maps of X which acts
freely. Then the natural projection

p: X — X/T

is a Galois covering with deck transformation group T.

Proof. For an arbitrary given point a € X, we choose an open neighborhood
U(a) such that v(U(a)) NU(a) = 0 for v # e. Then the image V(b) = p(U(a))
is an open neighborhood of b = p(a) with the property

p (V) = [J(U(a)).

yel’
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The decomposition on the right-hand side is disjoint and each individual
~v(U(a)) is mapped topologically onto V(). The rest is clear. O

There is a close relation between the universal covering and the fundamen-
tal group. This connection leads to a proof of the existence of the universal
covering.

Let f: X — X be a universal covering. We take a point a € X and denote
its image point by a = f(a). We want to assign to an element v of the deck
transformation group I" an element of the fundamental group 7(X, a). For this,
we connect the points a and y(a) by a curve a,

a:0,1] — X,  a(0)=a, a(l) = (a).

Because of the simple connectedness, the homotopy class of this curve is
uniquely determined. Hence its image in X defines a well-determined ele-
ment of the fundamental group 7(X,a). The constructed map I' — (X, a)
is surjective because of the curve-lifting property and because of Proposition
5.7. Because of Proposition 5.6, it is also injective. So we obtain the following
result.

5.20 Remark. Let X — X be a universal covering, let a be a distinguished
point in X, and let a be its image point in X. The constructed map

I — 7n(X,0b)

18 an isomorphism.

The fundamental group of a space and the deck transforma-
tion group of its universal covering are isomorphic.

This observation suggests a construction of the universal covering. Its realiza-
tion demands certain conditions on the space X, which are satisfied in the case
of our interest, connected surfaces. What we need is the following:

A space X is called sufficiently connected if it is arcwise connected and if
each neighborhood U of an arbitrary point a € X contains a simply connected
open netghborhood V- C U.

We shall assume this property for the rest of this section.

5.21 Proposition. FEvery sufficiently connected space admits a universal
COVering.
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Proof. We fix a point a € X. For an arbitrary point z of X, we denote by (a, )
the set of all homotopy classes of curves with starting point a and endpoint .
Then we consider the set X of all pairs

x

(z,A), zeX, A€ (a,x). /_/

a

We call the homotopy class A a marking of the point x. So, the elements of
X are points from X which are equipped with a marking. There is a natural
projection (if we ignore the marking)

f:X—>X,

(x,A) —x.

It is our aim to equip X with a topology in such a way that f : X > Xisa
universal covering.

Let U C X be a simply connected subset and let A be a marking of some
point g € U. Then every other point x € U can be marked in a unique way
as follows. We choose a curve § inside U with starting point xy and endpoint
x. The homotopy class B of « - § is unique, since U is simply connected. We
equip & with the marking B. The set of all (z, B) € X that is obtained in this
way is a subset W = W(U, (g, A)). The natural projection maps this subset
bijectively onto U.

It seems natural to topologize X in such a way that the sets W are open
and the map f defines a topological map W — U. This leads to the following
definition:

A subset U C X is called open iff the following condition is satisfied:

Let (9, A) be a point in U. There ezists a simply connected neighborhood
xo € U C X such that W (U, (zg, A)) is contained in U.

The following three properties are obvious:

1) This condition defines a topology on X.

2) The space X is connected and Hausdorff.

3) The projection f is locally topological (in particular, it is continuous).
It remains to be proved that:

4) The map f : X > Xisa covering.

5) X is simply connected.

Proof of 4). Let xy € X be an arbitrary point. We choose a simply connected
open neighborhood U of zy3. We obtain the decomposition

FHU) =W (U, (20,4))  (disjoint union),
A

where A runs over all markings of xy. In this way, we can verify the covering
property.
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Proof of 5). First of all, we must show that X is connected. This is the case
and can easily be proved. We shall skip the proof, since it is sufficient for the
proof of the present proposition to replace X by a connected component. It
remains to show that any closed curve & in X is nullhomotopic. For this, we
can assume that the base point of @ is a, marked with the homotopy class of
the constant curve 3(t) = a. The image of & is a closed curve o = f o & in X.
Then a(t) = (a(t), A:), where A; is the homotopy class of a curve which joins
a to a(t):

There is a distinguished curve from a to a(t), namely the “restriction” [,
Be(s) = a(st),

which runs from a to «(t) inside «. The proof rests on the following claim.
The curve By is contained in the homotopy class of A;.

Proof of the claim. The claim is true for ¢ = 0. Making use of the continuity of
& and the definition of the topology on X, we can see that 3, is in the homotopy
class of A; for sufficiently small . Now we can use a standard argument which
works in such situations: we consider the supremum of all ¢ with the claimed
property. The above argument shows that this supremum is equal to 1.

Since we have assumed that the curve & is closed, the starting and end
markings must agree. This means that « is nullhomotopic. Therefore there
exists a family of closed curves as (0 < s < 1), all with starting point and
endpoint a, which deform « into a constant curve g = a, a1 (t) = a. Let s be
fixed. We mark each point ag(t) as above, considering the restriction ag|[0, ¢]
and reparametrizing it to [0, 1]). This gives a lifting of av, to a curve @, on X.
Obviously, this is a homotopy which contracts & to a point. a

An important consequence of the existence of a universal covering is the
following.

5.22 Proposition. A sufficiently connected topological space is simply con-
nected if and only if each connected covering is trivial (i.e. a topological map-

ping).
We get a new characterization of the notion of a “covering”:

A map f:Y — X of a topological space Y into a sufficiently connected space
X is a covering if and only if, for each simply connected open neighborhood
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U C X, each connected component of the inverse image f~1(U) is mapped
topologically by f onto U.

We conclude this section with some special aspects of coverings of Riemann
surfaces. There are no additional difficulties.

We recall the following trivial result (Lemma 1.2.8):

Let f:Y — X be a locally topological map of a surface Y into a Riemann
surface X. Then the surface Y carries a unique structure in the form of a
Riemann surface such that f is locally biholomorphic.

In particular, the universal covering of a Riemann surface is a Riemann surface
as well. For trivial reasons, the deck transformations are biholomorphic.

Let Y — X be a locally topological map of Riemann surfaces. An analytic
structure of Y will not usually induce an analytic structure in X. But in the
following special situation this is the case.

5.23 Remark. Let I' be a group of biholomorphic self-maps of a Riemann
surface X which acts freely. Then the quotient space X/T' carries a unique
structure in the form of a Riemann surface such that the natural projection
p: X — X/T is locally biholomorphic.

We have proved this for the complex plane X = C and a group of translations
z +— z + w, where w runs over a lattice. The generalization brings no new
difficulties with it, and so we shall state it only briefly:

An open subset U C X is said to be small if the projection p maps it
topologically onto an open set U’ C X/T", and if it is the domain of definition
of an analytic chart U — V. By inverting p, we obtain a topological chart
U’ — V. The set of all these charts defines an analytic atlas. a

From the topological covering theory, we obtain the following proposition.

5.24 Proposition. For every Riemann surface X, there exists a simply
connected Riemann surface X and a freely acting group T of biholomorphic
automorphisms off( such that X and X/F are btholomorphic equivalent. The
pair (X,T) is essentially unique.

The latter statement means that if (X’,I”) is another pair with this property,
then there exists a biholomorphic map ¢ : X’ — X with the property IV =
2 790-

It is worthwhile to formulate a special case of the uniqueness property, as
below.

5.25 Remark. Let X be a simply connected Riemann surfaces and let T, T be
two freely acting groups of biholomorphic transformations of X. The Riemann
surfaces X/T, X/T" are biholomorphic iff the groups T', T" are conjugated in
the group of all biholomorphic transformations of X.
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6. Appendix C. The Monodromy Theorem

The monodromy theorem is a classical result of complex analysis which has a
purely topological background. For this reason, we treat it in this topological
appendix. The topological background is the following proposition.

6.1 Proposition. A locally topological map [ :Y — X between sufficiently
connected spaces is a covering if and only if has the curve-lifting property.

Proof. The decisive step is to show that f has the homotopy-lifting property.
So, let H : [0,1] x[0,1] — X be a continuous map and let b € Y be a point over
a = H(0,0). We have to lift H to a continuous map H — 'Y with the property
H(0,0) = b. Using the curve-lifting property, we first define H(0,y). Next, we
define H(x,y) for fixed y by lifting the curve & — H(z,) with respect to the
starting point H(0,y). In this way, a map H : [0,1] x [0,1] — Y is defined. It
remains to prove its continuity. By construction, it is continuous on the left
edge and on horizontal lines. In the case where the image of H is contained
in an open subset of Y which is mapped topologically onto its image, the map
H coincides with the lift which results from inverting f. This consideration
shows that H is continuous in some neighborhood of the left edge and then,
by a compactness argument, on a rectangle [0,1] x [0,€), 0 < & < 1. Moreover,
it then follows that H is continuous on the closure [0,1] x [0,¢]. We simply
consider an open neighborhood of (z,¢) which is mapped topologically under
f. After that, we consider the supremum of all £ and show that € = 1 as usual.

Now the rest of the proof of Proposition 6.1 runs as follows. Consider a
lifting f : ¥ — Y onto the universal covering (using Proposition 5.7). By
Supplement 5.9, it is topological. Now it easily follows that f is a covering.

O

The monodromy theorem is a uniqueness statement about the analytic con-
tinuation of function elements. We introduced the notion of a function element
in connection with the analytisches Gebilde. Here we want to use this notion
in a slightly more general form:

1) We want to consider meromorphic function elements, i.e. we admit poles.
2) The base space for the function elements is not the complex plane but, more
generally, a Riemann surface.

This generalization is harmless and brings no new problems with it.

By a function element on a Riemann surface X we understand a pair (a, f)
consisting of a point @ € X and a meromorphic function

f:U(a) — C

on some open neighborhood of a. Two function elements (a, f) and (b, g) are
considered to be equal if « = b and if f and g agree in a small neighborhood



6. Appendix C. The Monodromy Theorem 181

of a = b. More precisely, this means that we have to consider an equivalence
relation. When we want to emphasize this, we write [a, f] instead of (a, f) to
denote the equivalence class.
Let
a: ] — X, I CR interval,

be a curve in X. Assume that we have fixed a function element («(t), f;) for
each t € I. The family of these function elements is called a regular allocation
of I if, for each ty € I, there exists an open neighborhood U = U (a(ty)) of
a(tp) and a meromorphic function

f:U—C

such that

[a(t), f] = [a(?), fi]

for all ¢ from a sufficiently small neighborhood of tg € I. Two function elements
(a, f) and (b, g) are said to be equivalent if there exist a curve o connecting a
and b and a regular allocation («(t), f;) with the property fo = f and f1 = g.

Let R be a full equivalence class of function elements on X. As in the case
X = C (where we considered only holomorphic function elements, which makes
no difference to the argument), we can equip R with a structure in the form of
a Riemann surface with the following properties:

1) The map
p:R—)Xv (aaf)'—)av

is locally biholomorphic.
2) The function
R—C, (a,f)r— f(a),

is meromorphic.
3) The curves in R are in one-to-one correspondence with the regular alloca-
tions in X.

We obtain:
4) A regular allocation («(t), f;) of a curve
a:0,1] — X

is uniquely determined by the starting element (a(0), fo).

(One says that («(1), f1) arises by analytic continuation from (a(0), fo) along
a.)
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5) Assumption. Let (a, f,) be a function element that can be analytically
continued along each curve which starts from a. Then the map

p:R— X

has the curve-lifting property. By Proposition 6.1, it is covering. By Propo-
sition 5.22, this covering is trivial if X is simply connected.

These topological considerations contain the following “old-fashioned” mon-
odromy theorem which is contained in the lectures of Weierstrass.

6.2 Theorem (the monodromy theorem). Let (a, fo) be a function
element on a simply connected Riemann surface X which can be analytically
continued along any curve starting from a. Then there exists a meromorphic
function

f: X —C
with
[a, fa] = [a»f]'

As an application of the monodromy theorem, we shall now show that simply
connected Riemann surfaces are elementary in the sense of Definition 1.1:

So, let
x=Ju

be an open covering of X and let
fi: U — C
be a family of invertible meromorphic functions with the property
|fi/fil =1onU;NU,.

Let a be a point which is contained in the intersection of two sets of the covering,
ie.ac U NU;. If U C U;NUj is a connected open neighborhood of a, then f;
and f; agree in U up to a constant factor of absolute value 1.

It follows easily from this property that one of the function elements (a, f;),
for some fixed chosen ¢ and a € U;, can be analytically continued along every
curve starting from a. By the monodromy theorem, there exists a meromorphic
function f on X with [a, f] = [a, f;]. The principle of analytic continuation
implies that |f/f;| =1 for all j.

6.3 Proposition. A simply connected Riemann surface is elementary in the
sense of Definition 1.1.
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Conversely, the uniformization theorem (Theorem 1.2) shows that elementary
surfaces are simply connected.

Exercises for the Appendices to Chap. II1

1. Let S C C be a finite subset. Show that every biholomorphic self-map of C — S
is the restriction of a Mobius transformation.

2. Let P(z) be a nonconstant polynomial and let M a Mé&bius transformation with
the property P(M(z)) = P(z) for all z. Show that M is affine, i.e. M(2) = az+b.

3. Construct a polynomial P of degree > 1 such that every Mobius transformation M
with the property P(M(z)) = P(z) is the identity. (This means that the matrix
M is a scalar multiple of the unit matrix.) Show that such a polynomial is of
degree at least three.

4. Let P be a nonconstant polynomial. Suppose that we choose a finite set S C C
such that its inverse image 7' = P~'(S) under P contains all points at which the
derivative of P vanishes. Show that P: C —T — C — S is a covering.

5. Construct, by means of the results of Exercises 1-4, a non-Galois covering.

6. Let X — X be a universal covering with deck transformation group I'. Let
Y — X be an arbitrary covering. Suppose that we choose a covering X — Y as
in Proposition 5.11.

Show that the covering X — Y is Galois, and that its deck transformation
group I is a subgroup of I'. Show that the degree of Y — X is finite iff the index
of I'y in I' is finite, and then that the index and the degree agree. Show that the
covering Y — X is Galois iff I'j is a normal subgroup of I'. Show that in this
case, the factor group I'/T' is canonically isomorphic to the deck transformation
group of Y — X.

7. Show that any subgroup of index 2 is a normal subgroup.

8. Show, by means of the results of Exercises 6 and 7, that every covering of degree
2 is Galois.

9. An analytic function f on a simply connected Riemann surface has an analytic
logarithm.

Give two proofs:
a) Use the monodromy theorem.
b) Integrate the differential df/f.



IV. Compact Riemann Surfaces

This big chapter is devoted to the theory of compact Riemann surfaces. Tori are
examples of compact Riemann surfaces. This means that we generalize the theory
of elliptic functions here. A compact Riemann surface can be associated with any
algebraic function, and in this way we obtain all compact Riemann surfaces. The
compact Riemann surfaces achieve the same result for the integration of algebraic
functions as does the theory of elliptic functions for the elliptic integrals. The triumph
of the theory of Riemann surfaces was that it made the “integrals of the first kind”
understandable and solved the so-called Jacobi inversion problem. We have to go a
long way to achieve this aim. At the end, we shall arrive at the best-known theorems
of the theory of Riemann surfaces, such as the the Riemann—Roch theorem, Abel’s
theorem, and the Jacobi inversion theorem. On the way, we must also understand the
topology of compact Riemann surfaces. We shall treat the topological classification
completely here.

1. Meromorphic Differentials

Here, we will reformulate the central existence theorem for Riemann surfaces
and, in this connection use the language of meromorphic differentials instead
of harmonic functions with singularities. (After this reformulation, potential-
theoretic methods can be dispensed with.)

1.1 Definition. A holomorphic differential w on an open subset U C C is
a differential of the special form w = f(z)dz with a holomorphic function
f:U—=C.

So, holomorphic differentials are special differentials as introduced in the ap-
pendix of Chap. IT (Sect. I1.13). They are of the form fdz = fdx +ifdy, with
a holomorphic function f. The rules which we developed there for differentials
of the form f dz + g dy become much simpler for holomorphic differentials and
holomorphic transformations. Once more, we collect together the basic rules
for calculations with holomorphic differentials:

1) The holomorphic differentials on an open domain D C C are in one-to-one
correspondence with the holomorphic functions on D.

The transformation formula for holomorphic differentials under holomorphic
transformations is very simple:

2) fp: U — V, U,V C C open, is a holomorphic map, and w = g(w) dw is
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a holomorphic differential on V', then

p'w =g (p(2)) - ¢ (2) dz.

This “pullback” is transitive.

3) The total derivative of a holomorphic function is

df = f'(z) dz.

4) Holomorphic differentials are closed, i.e. their total derivative is 0.

This follows, for example, from the fact that holomorphic functions locally

admit primitives.

5) Let (X,.A) be a Riemann surface. Since X can then be considered as a
differentiable surface, the notion of a differential form and, in particular, of
differentials (Definition I1.13.10) can be used. Because of Remark 11.13.9,
the components w,, have to be defined only for a subatlas, for example the
atlas of all analytic charts or a subatlas A of it. A differential (w,) is called
holomorphic if w, is holomorphic for all analytic charts. It is sufficient to
demand this for all ¢ in the subatlas A. This leads us to the following very
simple direct description of holomorphic differentials on Riemann surfaces.

1.2 Remark. A holomorphic differential w = (w,) on a Riemann surface
(X, A) is a map which assigns to each analytic chart ¢ : U, — V,, a holomor-
phic differential

wy = fodz

such that for any two analytic charts ¢, the formula

(Wop™)w, =wy

f : (XvA) - (leg)
is an analytic map of Riemann surfaces, then for every holomorphic diffe-
rential w on Y, the pulled-back differential f*w on X is holomorphic too.
Notation. Q(X) is the set of all holomorphic differentials on X. This is a C-
vector space, and also a module over the ring O(X) of holomorphic functions
on X.
Meromorphic Differentials

Let X be a Riemann surface, let S C C a be discrete subset, and let w be a
holomorphic differential on X — S. For each s € S, we can choose an analytic
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map ¢ : U — V, s +— 0 with UNS = {s}. Then U — {s} — V — {0} is
an analytic chart on X — S, and, with respect to this chart, w is of the form
f(2)dz with a holomorphic function on V' — {0}. It may happen that f has an
inessential singularity at 0, i.e. f defines a meromorphic function on V. The
compatibility condition for the w, implies that this condition is independent
of the choice of ¢. The same is true for

Ord(w, s) := Ord(f,0).
If this number is negative, we call s a pole of w of order — Ord(w, s).

1.3 Definition. A meromorphic differential w on a Riemann surface X
s a holomorphic differential

weQX -09),
where S C X is a discrete subset of X. The points of S are assumed to be poles
of w.

For an analytic chart ¢ : U, — V,,, we define in an obvious way the local
component

wy = fo(2)dz,

with a function f, that is meromorphic on V,,. So, the meromorphic differential
can be considered as a family of meromorphic functions f, : Vi, — C with the
usual compatibility relations.

Notation.
K(X) = set of all meromorphic differentials on X.

We define algebraic operations on (X)) similarly to the case of meromorphic
functions.

1.4 Remark. Meromorphic functions can be added to and multiplied by
meromorphic functions, i.e.
K(X) is a module over the ring M(X) of meromorphic functions.

There is a map (the “total differential”)
d: M(X) — K(X),  fr—d()

(In “local coordinates”, d(f) = f'(z)dz.)

Now let wy be a meromorphic differential on the Riemann surface X which
does not vanish identically on any nonempty open subset. Let w be another
meromorphic differential, let

p:Up, — Vo
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be an analytic chart on X, and let
Wy = gy, dz, wo,p = hy dz.

Then (@)
G (P
T ot

is a meromorphic function on U,. The functions f, coincide on the intersection
of two charts, since the transformation factors cancel. Hence they define a
meromorphic function on the whole X. This shows the following.

r e U,,

1.5 Lemma. Letwy be a meromorphic differential on the Riemann surface X
which does not vanish identically on any open subset. Then each meromorphic
differential is of the form

w = fw();
with a meromorphic function f.
In other words, the map

~

M(X) — K(X), f— fwo,
is bijective.
Notation. f=—
In analogy to meromorphic functions, we can make the following remark.

1.6 Remark. A meromorphic differential on a connected Riemann surface
vanishes identically if it vanishes on some open nonempty subset.

The Residue

The residue of an analytic function satisfies certain transformation formulae
(see [FB], Sect. II1.6, Exercise 10).

Let ¢ : U — V be a biholomorphic map between open subsets of the plane and
let f be a meromorphic function on V. For any a € U, the transformation
formula

Res(f(w); p(a)) = Res(¢'(2) f(¢(2)); a)

holds.

This follows easlily from the representation

Res, w = L j{f(z) dz,

2mi
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where the integral is taken along a small circle around a, and the transformation
formula for line integrals. Another proof can be given by means of the series
expansions of f and ¢'.

The factor ¢’(z) that occurs in this transformation formula prohibits a
meaningful definition of the residue of a meromorphic function. But since this
factor appears in the compatibility property of a meromorphic differential, it
is possible to give a meaningful definition of the residue of a meromorphic
differential.

1.7 Remark and Definition. Let w = (w,) be a meromorphic differential
on a Riemann surface X and let a be a point in X. We choose some analytic
chart @ whose domain of definition contains a. The expression

Res(wia) = Res(fpi p(a))  (w, = fy d2)

is independent of the choice of the chart. It is called the residue of the
differential w at a.

Now we come to the construction of meromorphic differentials. We have to
make use of the existence theorems for harmonic functions given in Chap. II.
At the beginning of Sect. I1.10, we mentioned that one can attach to a harmonic
function u on an open subset of the plane a holomorphic function

_Ou | 0u

f:—%_l%.

If u is the real part of an analytic function F' (which is always locally the case),
then w = dF = f(z)dz. From this we can easily deduce the following (compare
Remark I1.10.3).

1.8 Remark. Let u be a harmonic function on a Riemann surface X. If we
assign to an analytic chart o : U — V the differential

ou Lou _

we obtain a holomorphic differential.

We call w the differential which is associated with w.

Now we shall discuss the question of how far the poles of a meromorphic
differential on a compact Riemann surface can be prescribed. On a compact
surface, of course, only finitely many poles are possible.

1.9 Proposition (residue theorem). Letw be a meromorphic differential
on a compact Riemann surface X. Then the sum of all residues of w is 0.
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Proof. For each pole a € X, we choose a disk
Yo Uy — E, a+— 0.

We can assume that these disks are pairwise disjoint. The open subset

U=X- ] U.(1/2)

a pole

is relatively compact (since X is compact) and has a smooth boundary. The
general Stokes’s theorem gives, because dw = 0,

O:/w:—z / w:—27riZResaw. O
au @

@ oU.(1/2)

Actually, the residue theorem is the only restriction on the existence of a
meromorphic differential. A central existence theorem states the following.

1.10 Theorem. Let S C X be a finite subset of the Riemann surface X.
Assume that for each point a € S an open neighborhood U(a) and a meromor-
phic differential w, on U(a) are given. We assume that the neighborhoods are
pairwise disjoint and that w, is holomorphic on U(a) — {a}. We also assume

that
Z Res, wq = 0.
a€S

Then there exists a meromorphic differential w on X which, outside S, has no
poles and is such that w — w, extends holomorphically to U(a).

Proof.
First case. All residues are zero.

Let
f:E°—C

be an analytic function on the punctured unit disk whose residue at 0 vanishes.
Then f admits a holomorphic primitive F (by termwise integration of the
Laurent series). If u is the real part of F', then the differential associated with
wis f(z)dz, since we have

ou . Ou

%—I%Zf

The central existence theorem (Theorem 11.12.2) shows that if the residue of
w, vanishes at a, then there exists a harmonic function

h:X —{a} — C
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such that the associated differential w(h) € Q(X — {a}) has the property that
w(h) —wa  (onU(a) - {a})

has a removable singularity at a.
This proves Theorem 1.10 if all residues of w, vanish at a.

Second case. Let S C X be a finite subset. Assume that for each s € S there
is given a complex number ag such that

Zaszo.

ses

Claim. There exists in X a meromorphic differential w € Q(X — S) such that
Ressw =ay forse S

and such that all poles are of order one.

Proof. Tt is sufficient to treat the case in which S consists of two points s, s’
and where

as = —ag = 1.

The general existence theorem (Theorem I1.12.2) gives the existence of a har-
monic function

u: X —{s,s'} —C

such that w is logarithmically singular at s and —u is logarithmically singular
at s’. The associated differential has the desired property because, in the case
u(z) = —Log(z), we have

du . Ou 1

Ox lay I
This completes the proof of Theorem 1.10. O

By division of two meromorphic differentials with different poles, we can
now construct nontrivial meromorphic functions. In this way, we see that our
existence theorems about harmonic functions imply the following fundamental
existence theorem for meromorphic functions.

1.11 Theorem. On any Riemann surface, there exists a nonconstant mero-
morphic function.

For a nonconstant meromorphic function f on a connected Riemann surface,
we can consider the meromorphic differential df. Any other meromorphic dif-
ferential can be written in the form ¢ df, with a further meromorphic function.
Hence meromorphic functions and differentials are closely tied together.
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Exercises for Sect. IV.1

1. Let L C C be a lattice and let X = C/L be the associated torus. The meromor-
phic differentials on X are in one-to-one correspondence with differentials of the
form f(z)dz, where f is an elliptic function.

From this, deduce:
1) The residue theorem (Proposition 1.9) implies the third Liouville theorem.

2) The vector space of holomorphic differentials is one-dimensional.

2. Let f(2) be a holomorphic function in |z| > 7 (r > 0). The differential f(z)dz
has a removable singularity at co € C iff

1\
r(=2)
z
has a removable singularity at the origin. Deduce from this that on the Riemann
sphere, there exists no nonvanishing holomorphic differential.

3. Let X be a Riemann surface and let I' be a group of biholomorphic automorphisms
of X which acts freely. We denote the natural projection by p : X — X/T". Show
that the map

W o =pw
gives a bijection between the set of all holomorphic (or meromorphic) differentials
on X/I" and the set of all I-invariant holomorphic (or meromorphic) differentials
on X. (“I'-invariant” means that v*© = @ for all v € T".)

4. Let D C C be a domain and let M € SL(2, C) be a Mobius transformation which
leaves D invariant. Show that a meromorphic differential f(z) dz on D is invariant
under M iff

F(Mz) = (cz +d)* f(2).

5. Let X be a compact Riemann surface.

A differential of the first kind is a differential which is holomorphic on X.
An elementary differential of the second kind is a meromorphic differential with
precisely one pole. An elementary differential of the third kind is a meromorphic
differential which has two simple poles and no other poles.

Show that any meromorphic differential is the sum of finitely many elementary
differentials and a differential of the first kind. How far is this decomposition
unique?
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2. Compact Riemann Surfaces and Algebraic Functions

In the following, X is a connected and compact Riemann surface. From the
existence theorem of the last section, we deduce the following.

2.1 Proposition. Let S C X be a finite subset. Assume that for each s € S
a complex number by € C is given. There exists a meromorphic function

f:X — C such that f(s) = bs forsc S.

Proof. Let
g(2) = az=% + higher terms,

h(z) = B2z"2 + higher terms

be two Laurent series which converge in a punctured disk around the origin.
Assume that 8 # 0. Then the function g(z)/h(z) has a removable singularity
at the origin, and its value there is «/(3. This little observation together with
Theorem 1.10 shows that Proposition 2.1 can be proved by dividing two suitable
meromorphic differentials. a

Ramification Points

Let f : X — Y be anonconstant holomorphic map between connected Riemann
surfaces. A point a € X is called a ramification point if there is no open
neighborhood which is mapped biholomorphically onto its image. (Sometimes
the image b = f(a) in Y is also called a ramification point; a is a ramification
point “upstairs” and b a ramification point “downstairs”.) We know from
Remark 1.1.17 that any analytic map f is locally of the form ¢ — ¢". We
call n the ramification order. Hence a ramification point is present if and only
if n > 1. If the map f : X — Y is proper, there is a better description of
ramification points. The case Y = E is of special importance. We assume that
a is the only possible ramification point and that it lies over 0 € E. Then
X —{a} — E’ is a locally biholomorphic and proper map. We can apply the
result of covering theory stated in Proposition 1.3.17. A slight variant states
the following.

2.2 Proposition. Let f : X — E be a proper, holomorphic map between
connected Riemann surfaces, with the only possible ramification point being a,
which lies over the origin. Then there exists a biholomorphic map

0: X — E
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such that the diagram
%]
X—EF q
E q'IL
commutes.

Proof. Tt follows from covering theory (Proposition 1.3.17) that there exists
a biholomorphic map X — {a} — E with the corresponding property. The
extension a +— 0 gives an obviously continuous map X — E. The Riemann
removability theorem of standard complex analysis shows that it is analytic.
But, as in standard complex analysis, we can show that bijective holomorphic
maps between Riemann surfaces are biholomorphic. a

Now we treat the important special case where f : X — Y is a nonconstant
map of compact Riemann surfaces. Let b be some point of Y. It has only
finitely many preimages aq,...a,. We denote by ki,...,k, the ramification
orders of each of these points.

Notation. The point b has
klal + e knan
preimages, if we count them with multiplicities.

2.3 Proposition. Let f: X — Y be a nonconstant proper, analytic map
between connected compact Riemann surfaces. Each point has the same number
of preimages if one counts with multiplicities.

Proof. We assign to each b the number of preimages, counted with multiplicity.
It is sufficient to show that this map is locally constant. For this, we can
assume that Y is the unit disk. Now we apply Proposition 2.2 to each connected
component of f~1(V). We have to note that the restrictions to the connected
components remain proper (since they are closed). O

2.4 Definition. The degree of a nonconstant analytic, proper map f : X —
Y between connected compact Riemann surfaces is the number of preimages
(counted with multiplicity) of a point of Y.

Another way to define the degree is as follows. We denote by T the set of
ramification points, by S = f(Tp) its image under f, and by T = f~1(9) its
inverse image. These are finite sets. The map X —T — Y — S is proper and
locally biholomorphic and hence is a covering. We can consider the covering
degree in the sense of Remark II1.5.2. This coincides with the degree in the
sense of Definition 2.4, since all multiplicities are one.
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At any rate, our discussion of the degree rests ultimately on a purely topo-
logical result, namely the classification of coverings of E". Because of the great
importance of this result, we shall mention for the special case Y = C a com-
pletely different, purely function-theoretic proof. So, let f : X — C be a
meromorphic function. It is sufficient to show that f has the same number
of poles and zeros, since we can then apply this result to f — C. First of all,
we notice that the order Ord(f,a) of f at a zero agrees with the ramification
order. For a pole, the ramification order is — Ord(f,a). Hence the claim is

> Ord(f,a) =0.

a€X

But we have the formula

Ord(f,a) = Res(i{; a) ,

and so the claim follows from the residue theorem (Proposition 1.9).
2.5 Lemma. Let
f: X —C (X compact, connected)

be a nonconstant meromorphic function of degree d. Any other meromorphic
function g : X — C satisfies a relation

Here R, : C — C are rational functions.

Supplement. Assume that there exists a point b € C — S which is not the
image of a ramification point and is such that the restriction of g is injective
on the fiber f~1(b). Then Ry is different from zero.

Proof. We choose some finite subset S C C which contains the images of
the ramification points and is such that the set of poles of g is contained in
T := f~1(S). Then we define the function

d

F(zyw):= [] (w-g(®)=> R(2)v”, weC,zeC-85.
F(b)=2 v=o

From the fact that the restriction of f,

f:X-T-—C-8
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is a covering, we can show easily that the functions
R,:C—-S§—C

are holomorphic.
Claim. The functions R, are meromorphic on the whole of C.

(This proves Lemma 2.5, because for trivial reasons we have

Y R, (f(2) 9(2)" = F(f(2),9(2)) = 0.)
The proof of the claim is a consequence of the following statement.

2.6 Remark. Let f: X — Y be a proper surjective holomorphic map of
Riemann surfaces and let

Scy, T:=fS)cX
be a discrete subset. We denote the covering degree of
X-T—Y-8§

by d. We then have:

1) A function R : Y — C is meromorphic if and only if its composition with
f Rof:X — C is meromorphic.

2) Let g be a meromorphic function whose poles are contained in T. Addi-
tionally, let S(z1,...,2q4) be a symmetric polynomial in d variables (i.e.
invariant under permutations of the variables). Then the function

G(x) :=85(g(x1),...,9(xq)), z€ X —T, fﬁl(f(m)) ={z1,..., 24},

extends to a meromorphic function on X.

The second part of the remark is trivial if the map f : X — Y is “Galois”.
This means:

There exists a finite group I' of holomorphic automorphisms of X such that

fH(f(@) ={v(x); ~v€T} forzeX.

Namely, in this case, the function G is a polynomial in the meromorphic func-
tions g o7y, v € I'. An example of a Galois map is the “ramification element”

E—E, z+— 2%

Here the elements of I' are multiplication by roots of unity of order d. The
proof of the remark (and also of the first part) follows from the classification
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of the ramification points, because f is locally equivalent to the ramification
element.

Proof of the supplement to Lemma 2.5. We apply part 2) of the above remark
to the symmetric polynomial

S(Zl,...,Zd): H (Zi*Zj)Q

1<i<j<d

and obtain the following result.
When the restriction of g on one fiber f~1(b) (b € C —S) is injective, then this
is true for all fibers with finitely many exceptions.

We can express the property described in the supplement briefly but meaning-
fully as follows.

Notation. (Assumptions as in the supplement.) The function g is injective
on the generic fiber of f.

Now the proof of the supplement is clear too. We choose a point z € X that is
general enough. Then the polynomial

is different from zero and has d distinct roots (namely, the values of g on
f71(f(2)). This implies that Ry (f(x)) # 0. O

The Field of Meromorphic Functions

The field of meromorphic functions M(X) contains the field of constant func-
tions. For simplicity, we identify a complex number with the corresponding
constant function. So, M(X) can be considered as an extension field of

C c M(X).

The simplest case is the Riemann sphere X = C. In this case M(X) is the
field of rational functions

M(C) = C(2).

Let C C K, where K is an arbitrary field extension of C. Then any element
f e K, féC, is transcendental over C. This means that for any polynomial
P € C|z] which is different from 0, P(f) is different from zero too. This follows
from the fundamental theorem of algebra, since P already has all its possible
roots on C. In particular, for an arbitrary rational function

R=7i P.QeCL) Q0
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the expression

R(f) = o

is well defined. The map f — R(f) defines an isomorphism of fields

C(z) = C(f)c K
onto the subfield of K which is generated by f. A field extension is called finite
(or, sometimes, finite algebraic) if L is a finite-dimensional K-vector space.

2.7 Definition. A field K O C is called an algebraic function field of
one variable if there exists an element f € K, f ¢ C, such that the extension

K > C(f)
is finite.

We use the following theorem from elementary algebra.

2.8 Theorem (theorem of the primitive element). Let K be a field of
characteristic zero, and let L O K be a finite extension of degree d. Then there
exists an element f € L such that the powers

1 f, ..., ft! (d := dimg L)
form a basis of L over K.

This theorem implies the following statement.
Let K be a field of characteristic zero and let L O K be some field extension.
Assume that there exists a natural number d > 0 such that any element f € L
satisfies an algebraic equation
fd+ad_1fd_1 +...+a1f+ao =0 withaj cK (0 <7< d)
Then the extension is finite.
Otherwise, one could construct an increasing chain of finite extensions of K,
C C C C
K¢K17&K2¢ ¢L.

The degrees

dj = dlmK Kj
become arbitrarily large. On the other hand, the assumption together with the
theorem of the primitive element shows that

dj < d. [}

2.9 Proposition. The field of meromorphic functions on a compact connected
Riemann surface is an algebraic function field of one variable. More precisely,
we can say that if f € M(X) is an arbitrary nonconstant meromorphic function

of degree d and g € M(X) is a meromorphic function which is injective on the
generic fiber of f, then

MX)=C(f)eC(flg®...®C(f)g" "

The existence of f and g is ensured by the existence theorem (Proposition 2.1).
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The proof is clear. One the one hand, we have
dimgy) M(X) <d

(by Lemma 2.5 and the theorem of the primitive element, Theorem 2.8). On
the other hand, the elements 1,g,...,¢g% ! are linearly independent because of
the supplement to Lemma 2.5. Hence they must be a basis. a

FEzxamples.

1) Let L € C be a lattice and let X := C/L be the corresponding torus.
The Weierstrass p-function has a degree (= order) of two. Its derivative is
injective on the generic fiber (otherwise @' would be even). We obtain

M(X) = C(p) @ ¢'C(p),

in accordance with the theory of elliptic functions ([FB], Theorem V.3.3).

2) Let X be the Riemann surface of an algebraic function. The field of mero-
morphic functions is generated by “the two projections” p and ¢; more
precisely,

Now we have collected together all of the tools that we need to show that each
compact Riemann surface is the Riemann surface of an algebraic function.

With the notation of Lemma 2.5, we have

d—1

gd = ZRu(f)gV

v=0

with suitable rational functions R,. Multiplication by a common denominator
shows that there exists a polynomial P(z,w) € Clz,w| with the following
properties:

a) P(f,9)=0.
b) For almost all z, the degree of P as a polynomial in z is d.
Additionally, we can achieve the following result.

c¢) The coefficients a,(z) of the polynomial

d

do not have a common divisor in C|[z].
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The the polynomial P is then irreducible. We denote by
X(P):={(z,w) e CxC; P(z,w)=0}

the algebraic curve which is associated with this curve. We choose a finite set
S C C large enough that the poles of f and g are contained in T := F~1(S),

to obtain a map
X-T— X(P),

zr— (f(z),9(x)).

If S is taken large enough, then this map will be injective. We denote its image
by Xo(P). The complement of Xy(P) in X (P) consists of finitely many points.

The two maps [ and g in the following commutative diagram,

C-5

are locally biholomorphic. In particular, ¢ is holomorphic and hence biholo-
morphic.

Making use of the uniqueness of the compactification of a Riemann surface
(Lemma 1.3.8), we obtain the following result.

2.10 Proposition. FEvery connected compact Riemann surface is biholomor-
phically equivalent to the Riemann surface which is associated with an irre-
ducible polynomial P(z,w) € C[z,w].

As we have shown in Propostion 2.9, the field of meromorphic functions of a
compact Riemann surface is an algebraic function field of one variable. Con-
versely, we can show that each algebraic function field of one variable is iso-
morphic to the field of meromorphic functions of a suitable compact Riemann
surface. Here we say that two algebraic function fields of one variable are iso-
morphic if there exists a field isomorphism o : K = L which is the identity on

C.

2.11 Proposition. Any algebraic function field of one variable is isomorphic
to the field of meromorphic functions of a suitable Riemann surface.

Proof. Let K O C be an algebraic function field of one variable, let f € K
be a nonconstant element such that K is algebraic over C(f), and let g be an
associated primitive element, i.e.
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As we have seen in the proof of Proposition 2.9, there then exists a polynomial
P(z,w) with the property
P(f,g9)=0.

The associated Riemann surface has the desired property. a

Homomorphisms of Function Fields

Let C ¢ K, C C L be two algebraic function fields of one variable. By a

homomorphism
p: K — L,

we understand a map with the properties
a) o(C) =C for C € C;

b) o(f +9) = o(f) +¢(9), o(f-9) =o(f) - »(9)

Such a homomorphism is automatically injective. If ¢ is also surjective, then
p is an isomorphism. Let Y be another connected compact Riemann surface.
Every nonconstant holomorphic map

f: X —Y
induces a homomorphism
p=[f"MY)— MX), gr—gof,
of the function fields. Every homomorphism is of this form.

2.12 Proposition. Let XY be two connected compact Riemann surfaces.
FEvery homomorphism of function fields of one variable

0 : M(Y) — M(X)
is induced by a unique holomorphic nonconstant map
h: X —Y,

which means that ¢ = h™.
Corollary. Two connected compact Riemann surfaces are biholomorphically
equivalent iff their function fields are isomorphic.

Proof. We choose a nonconstant element f € M(Y) and denote its image in
M(X) by f = p(f). We choose primitive elements g, g;
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We have .
d
v(9) => R.(f)g",
v=0
with certain rational functions R,. We can achieve the result that they are

polynomials (since g can be multiplied by a polynomial in f). Finally, we
consider irreducible polynomials P, P in two variables such that

P(f,9) =0, P(f.§) =0.

The assignment
d
(z,w) — (z, ZRy(z)w”>
v=0

defines a map N'— N between the algebraic curves which are associated with

P and P. The diagram
- N
P—x Aw')n—nz
C

is commutative. We obtain the following result:
There exist finite point sets Ty C X, To C Y, S C C and a holomorphic map

N
(zw0)

heX—-T —Y —T,

such that the diagram

commutes, and such that f, f are proper.

It remains to show that h extends holomorphically to the whole of X. By
means of the classification of ramification points, this can be reduced to the
following local situation.

Let h: E° — E’ be a holomorphic function such that the diagram
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commutes. Then h has a removable singularity at ¢ = 0 and we have h(0) = 0.
This can easily be shown by means of the Riemann removability theorem or by
simple calculation with the Laurent series of h. a

Propositions 2.11 and 2.12 mean roughly the following:

The theory of compact Riemann surfaces and the theory of function fields of
one variable are equivalent.

Nonalgebraic Construction of Compact Riemann Surfaces

Let X be a Riemann surface and let U C X, V C X be two open disjoint
subsets together with a biholomorphic map

0: UV
We want to glue the two sets together inside X “via” ¢. For this purpose, we

introduce the following equivalence relation:

Two points x,y € X are called equivalent iff

either x =y
or  xe€U and y=p(x)
or yeU and x=p(y).

We denote the quotient space by this equivalence relation by
Y =X/~.

Obviously, the natural map
X —Y
is locally topological.

We make the assumption that'Y is Hausdorff. ThenY carries a structure in the
form of a Riemann surface, such that the map X — Y is locally biholomorphic.
The proof is trivial.

(By the way, this claim shows the importance of the Hausdorff property for
the theory of Riemann surfaces. If we where to abandon this requirement, we
would be able to construct very badly behaved objects. For example, we could
take for X the disjoint union of two copies of the complex plane and glue them
together along the punctured planes. The result would be a complex plane
with a doubled origin.)

Ezxample. We consider, on the Riemann surface X, two disjoint analytic charts
v:U—V, ¢ .U —V  UU CX,

where V and V' are assumed to contain disks of radius 2 around 0. Then we
punch two holes in the surface X:

X'=X-{zecU; [)]>1/2-{yeU; [¥'(y<1/2}.
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Now we consider the ,,annuli“ in V' and V'
= < |zl <2
— <z .
2

We denote the complements of their inverse images under v, 1)’ by
RcU R cU.

Now we want to glue R and R’. In a first approach, we might think of taking
=1 o)’ as the gluing function which is induced by the identity on E. But
the result would not be Hausdorff. The situation changes if we interchange the
roles of the inner and outer boundaries of R and R’. This happens if we take
as the gluing function

©0: R R,
p(z) =y~ (v(@)7).

This is a biholomorphic map, and the quotient space Y is now Hausdorff, as
the reader may show.

Intuitively, we have punched two holes in X and connected them by a han-

dle:

© o

For example, we could take the Riemann sphere for X. The result is then a
sphere with a handle, and therefore an object which is topologically equivalent
to a torus. We might conjecture that Y is biholomorphically equivalent to a
torus C/L. As we shall see later, this is actually true. (One also could use the
uniformization theorem to obtain a less obvious proof of this.)

One could ask the question of how the j-invariant could be computed. The
answer to this obvious question is unknown.

Anyhow, these nonalgebraic constructions show that the theorem that any
compact Riemann surface comes from an algebraic function is highly nontriv-
ial. So, we should not be surprised that its proof uses fundamental potential-
theoretic existence theorems.
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Exercises for Sect. IV.2

1. Let f be a holomorphic function on the punctured unit disk E — {0}. Assume
that the function z"~!f(2™) has a removable singularity at the origin for some
natural number n. Show that f also has a removable singularity at the origin.

2. Consider, for a natural number n, the map
f:E—E, 2+ w:=2"
Show that the pullback of a differential g(w) dw under f equals
n2"g(z")dz (= f(g(w) dw).

3. Let f: X — Y be a surjective and proper analytic map of Riemann surfaces
and let w be a meromorphic differential on Y. Show that w is holomorphic iff its
pullback f*w is holomorphic (on X).

4. Let f: X — C be a nonconstant meromorphic function on a connected Riemann
surface. Determine the poles and zeros of the differential df.

Answer. Poles of df occur only at the poles of f. If a is a pole of order n of
f, then a is a pole of order n + 1 of df.

Zeros are located at the ramification points of f. The zero order of df equals
the ramification order minus one.

3. The Triangulation of a Compact Riemann Surface

A well-known result of topology states that any surface with a countable basis of its
topology can be triangulated. The proof of this theorem is not simple. For Riemann
surfaces, it is simpler but still difficult enough. In Sect. 2 we have shown that compact
Riemann surfaces can be represented as ramified coverings of the sphere. Using this
fact, we shall derive a very simple proof of the existence of a triangulation of a compact
Riemann surface.

Polyhedra Im
We choose a standard triangle in the plane; .
to be concrete, we take the convex hull of the !
points 0, 1, i,
Re
A={zeC; y>0,2>0; z+y <1} 0 1

In this section, we denote the segment between two complex numbers a, b by

[a,b] :={z; z=a+tlb—a), 0<t<1}.
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The three points 0, 1, i are called the vertices, and the segments
[0,1], [1,1] and [i, 0]
are called the edges of the standard triangle A.

3.1 Definition. A triangle ¢ in a topological space X is a topological map
@ from A onto a (compact) subset A¥ C X,

p: A 5 A¥ C X.

1) We call A¥ the triangular area which underlies ¢.
2) The images of the edges of A are called the edges of .
3) The images of the vertices of A are called the vertices of ¢.

So triangular areas, edges, and vertices are point sets, but the triangle itself is
a map.

3.2 Definition. A (finite) polyhedron is a pair (X, M) consisting of a
topological space X and a finite set M of triangles in X with the following
properties:

1) We have

X = U A¥.

weM

2) Let ¢ # 1 be two different triangles in M. Then there are three possibilities
for the intersection A¥ N AY:
a) It is empty.
b) It consists of one joint verter.
c) It consists of one joint edge.

3) Three pairwise different triangles cannot share a joint edge.

A simple example of a polyhedron is obtained from a
closed disk by dividing it into k& > 3 regular sectors.

3.3 Definition. Let (X, M) be a polyhedron. We call M a triangulation
of X if each vertex of M belongs to two triangles of M.

It is not very difficult to show that a topological space which admits a trian-
gulation is a (compact) surface. We do not need this; our aim is to show the
converse, namely that any compact Riemann surface admits a triangulation.
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3.4 Proposition. Any compact Riemann surface X can be triangulated.

Supplement. Let S C X be a finite subset. It is possible to construct a
triangulation with the following properties:

1) FEach point of S is a vertex of the triangulation.

2) For each point s € S, there exists a disk U = E such that the triangular areas
with vertex s are in one-to-one correspondence with the k sectors (k > 3 is
suitable) of the disk of radius 1/2 in E (compare the above example).

First of all, it is rather clear that the proposition is true for the sphere. For
example, we can start with a regular tetrahedron decomposition:

N

The edges of the triangles involved can be assumed to be segments of large
circles. In the first step, we arrange a tetrahedron triangulation such that
the points of S are contained in the interiors of the triangles (i.e. they are not
contained in an edge). Then we take a small “disk-like” regular triangle around
each point of S which is completely contained in the interior of the tetrahedron
triangle containing s. Then we integrate this small triangle into the tetrahedron
triangulation in some way, for example as indicated in the figure below. (So,
we can get k = 3 in the case of the sphere.)

Now we come to the case of a general Riemann surface. Let f:Y — X
be a nonconstant holomorphic map between compact Riemann surfaces. We
assume that the proposition has been proved for X. We then prove it for
Y. We choose a triangulation of X with the properties of the supplement to
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Proposition 3.4, where S is the set of the downstairs ramification points. Now,
on each edge, we choose an inner point (not necessarily the midpoint) and
refine the triangulation as indicated in the following figure:

By applying this refinement construction several times, we obtain the result
that the disk described in Proposition 3.4 is so small that its inverse image is
a disjoint union of disks and f in each of these disks is of the form g — ¢¢. We
can also assume that each triangle of the triangulation is contained in a disk
which is small in this sense.

Now we can lift the triangulation of X to Y in an obvious way. A triangle

p: A—Y
belongs to the triangulation which has to be constructed iff the composition
fop:A— X

belongs to the given triangulation of X.

It should be rather clear that this gives a triangulation of Y. We call this the
“lifted triangulation”. The proof needs only the following small consideration
for the “ramification elements”

f:E—E, qr—q"

Assume that the unit disk E downstairs has been decomposed into k sectors
Aq,...,A; by means of the roots of unity of order k. If, correspondingly, the
unit disk upstairs is divided into kd sectors, then f maps each of these sectors
topologically onto one of the sectors downstairs:
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Appendix to 3. The Riemann—Hurwitz Ramification For-
mula

Let (X, M) be a triangulated surface, let E be the number of vertices, let K
be the number of edges, and let D be the number of triangles. The alternating
sum

e=FE—-—K+D

is called the Euler number of the triangulation. The topological genus p is
defined by
e=2p—2.

We shall see later that p is a nonnegative integer for triangulated Riemann
surfaces. A well-known theorem of topology states that the Euler number
(and hence the genus) is a topological invariant. Different triangulations of a
given surface lead to the same Euler number (and the same genus). Later we
shall see by means of the Riemann—Roch theorem that homeomorphic compact
Riemann surfaces always have the same FEuler number, which is independent
of the chosen triangulations. We will see also the converse:

Two compact Riemann surfaces are homeomorphic if and only if their Euler
numbers agree.

For this reason, it is important to have simple methods for the computation
of the Euler number. For this purpose we establish the Riemann—Hurwitz
ramification formula.

Let f : X — Y be a holomorphic nonconstant map between (connected)
compact Riemann surfaces. Of particular interest is the case Y = C. Let
S C Y be the set of downstairs ramification points of f and let T := f~1(S) be
its inverse image in X. We recall that the map f is given in terms of suitable
analytic charts around ¢ € T and f(t) € S by the formula z — 2", with a
suitable number n = n;. This number n; is called the ramification order of f
at t. In our normalization, it is 1 iff f is unramified at .

3.5 Theorem. The Riemann—Hurwitz ramification formula. Let
f X — Y be a holomorphic map of degree n between connected compact
Riemann surfaces, let S C Y be the set of downstairs ramification points of
f, and let T := f=1(S) be the set of their preimages in X. We have (at least
for suitable triangulations™®) the result that the genera p(X), p(Y) satisfy the
relation

p(X) =0 (p(Y) = 1) + 14 3 3 (me — 1)

tel

*) The condition in parantheses “at least for suitable triangulations”, which occurs
several times in what follows, can be deleted as soon as we have proved the invariance
of the genus of the choice of a triangulation.
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In the special case of the sphere Y = C, we can start with a triangulation with
p(Y) = 0.

Corollary. The number ), (n; — 1) is even if p(X) and p(Y') are integral
(which is always true).

Proof. We start with a triangulation as in the proof of Proposition 3.4 and lift
it, as described there, to a triangulation of X. If the triangulation of Y has

FE vertices, K edges, and D triangles,

then the lifted triangulation obviously has nK edges and nD triangles, but the
number of vertices is not nF; owing to the ramification, this number decreases

to
nk — Z(nt -1).

teT

‘We obtain
2-2p(Y)=E-K+ D,

2—2p(X)=nE—nK +nD — Z(nt —1).
teT
This shows the ramification formula.

In the case Y = C, the tetrahedron triangulation leads to e = 2, and hence
p(Y') = 0. The refinements which we have used obviously do not change p(Y").
Hence it is clear that we can start with a triangulation with p(Y") = 0. O

Again we point out that, by Euler’s polyhedron theorem, p(C) = 0 holds
for every triangulation.

Ezxzample. Let
P(z)=anz" + ...+ ag

be a polynomial without multiple zeros. We consider the Riemann surface of
the algebraic function

w? = P(z).
From the construction of the associated compact Riemann surface X — C, we
can deduce:

1) The zero set S of the polynomial P is the set of finite ramification points.

2) oo is a ramification point iff m is odd. (This would follow also from the
corollary to Theorem 3.5, since the ramification order can only be one or
two.)

Every ramification point has exactly one preimage, and the ramification order

is two in each case. The total degree is two. Since the genus of the sphere is 0

(at least for suitable triangulations), we obtain for the genus p of X (at least

for suitable triangulations)

n/2, if n even

p:2(01)+1+{(n+1)/2 if n odd.

So we obtain the following result.
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3.6 Theorem. The genus p of the compact Riemann surface associated with
the algebraic function

where P(z) is a polynomial of degree n without multiple zeros, is (at least for
suitable triangulations)

[ (n=2)/2 if n is even,
p_{(n—l)/Q if n is odd.

For example, if the degree of P is 3 or 4, we obtain p = 1. As we shall see later,
this means that the surface is topologically a torus. This fits the theory of
elliptic functions in [FB], Chap. V, where we have shown that the Weierstrass
p-function defines a bijective map from a torus onto a certain projective curve
which is related to a polynomial of degree 3.

Exercises for Sect. IV.3

1. Show that for every integer p > 0 there exists a (triangulated) compact Riemann
surface of genus p.

2. Construct, for a torus X = C/L, triangulations with p = 1 in two different ways:
a) Construct the triangulation directly geometrically, starting with a fundamental
parallelogram.

b) Consider the Weierstrass g-function p : X — C and study its ramification
behavior.

3. A Riemann surface X is called hyperelliptic if there exists a meromorphic function
f: X — C of degree 2. Show that the following statements are equivalent:

a) X is hyperelliptic.
b) The field K of meromorphic functions on X can be written as an extension of
degree 2 of a rational function field, K D C(z).

¢) There exists a polynomial without multiple roots, such that X is biholomor-
phically equivalent to the Riemann surface of w? = P(z).

4. Show that the genus of the compact Riemann surface associated with w™ +z" =1
is (n — 1)(n — 2)/2. (These surfaces are called “Fermat curves”.)
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4. Combinatorial Schemes

The topological nature of the space underlying a polyhedron is given by finitely
many items of combinatorial data which describe how the triangles are located
with respect to each other. We want to give a formal description of this.

Let P be a finite set. We introduce the following terminology:
1) A vertex in P is an element a € P.
2) An edge K in P is a subset of two elements from P.
3) A triangle D in P is a subset consisting of three elements from P.

Let D be a triangle in P. Then every subset consisting of two elements is called
a vertex of D. So each triangle has three edges. If a is an element of a triangle
D or of a vertex K, then we call a a vertex of D or of K. So each triangle has
three vertices and each edge has two vertices.

4.1 Definition. A combinatorial scheme S is a pair
S=(P,D)

consisting of a finite set P and a set of triangles D in P, such that the following
conditions are satisfied:

1) FEach point P € P is a vertex of at least one triangle in D:

P=J D.

DeD

2) There are at most two triangles in D which share a given edge.

Orientation

Let I be a finite set which contains at least two elements. An ordering of I is
a bijective map
a:{l,...,n} — I

Two orderings
a,fB:{l,...,n} — I

are said to be orientation-equal if the permutation
roa:{l,....,n} — {1,...,n}

is even.
An orientation of I is a full class of orientation equal orderings.

Since the group of even permutations (the alternating group) has index
2 in the full group of permutations (n > 2), I admits exactly two different
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orientations. Here we need the concept of orientation only for sets of two or
three elements. In these cases we can avoid permutation groups and take the
following as the definition:

1) An orientation of a set of two elements is an ordering of this set as an

ordered pair.
2) A set {a,b,c} of three elements has the following two orientations:

[a,b,c] :=={(a,b,¢); (b,c,a); (c,a,b)},
[bya,c] :={(b,a,c); (a,c,b); (c,b,a)}.

Let J C I be a subset which is obtained by removing one element of I. So, we
have #J = n — 1. Now we assume n > 3. It is possible to restrict an ordering
of I to J in an obvious way. Since we need this only in the case n = 3, we
define it in this case directly as follows. We consider the orientation [a, b, ¢] on
the three-element set {a, b, c}. The orientations on the two-element subsets are
given by the ordered pairs (a,b), (b,¢), (c,a).

In the following, we shall consider orientations on the set
of three vertices of a triangle. Intuitively, we think of this
as a direction running around the triangle.

4.2 Definition. An orientation of a combinatorial scheme (P,D) is a
map that assigns to each triangle D € D an orientation such that the following
condition is satisfied:

If K is an edge in P which belongs to two different triangles

D, D’, then D and D' induce the two different orientations
on K.

FEzample. Let n > 3 be a natural number. Consider n + 1 points
0,P,...,P,.

The n subsets {0, P,, P,+1} (1 <v <n) (P,41:= P1) are assumed to be the
triangles. We obtain a combinatorial scheme, called the n-gon.

If we equip each of the n triangles of the n-gon with
the orientation
[O7PV7PV+1} (1§V§TL7 Pn+1 ::Pl)y i i

we get an orientation of the n-gon.
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With each polyhedron (X, M) there is associated a combinatorial scheme
§=8X M) =(P,D)

in a natural way. The points in S are the vertices of triangles from M. Each
triangle ¢ € M induces a (combinatorial) triangle D = D(¢p) in P, namely the
set of the three vertices of . By definition, D is the set of triangles which are
obtained in this way. So, we have a surjective map

M — 1D, ¢+ D(p).

Since two different triangles in M cannot share three vertices, this map is
injective, and hence bijective.

4.3 Definition. An orientation of a polyhedron is an orientation of the
associated combinatorial scheme.

Intuitively, this means that each triangle obtains a direction that indicates how
it has to be surrounded. In particular, each edge gets a direction. Triangles
with a joint edge induce the two different directions on the edge.

4.4 Proposition. Any compact Riemann surface admits an oriented trian-
gulation.

Proof. The tetrahedron triangulation of the sphere is orientable. The refine-
ment and lifting constructions which we used to construct a triangulation all
preserve orientations. O

By the way, a better result is true: if a surface admits one orientable trian-
gulation, then all triangulations are orientable (compare Exercise 4).

In what follows, we shall consider only oriented combinatorial scheme and
oriented polyhedra. For combinatorial schemes, there is a natural notion of
isomorphism.

4.5 Definition.  An isomorphism between (oriented) combinatorial
schemes

f:(P,D) = (P, D)

is a bijective map f : P — P’ such that f and f~' map triangles onto
triangles, such that their orientation is preserved..

Similarly, there is a notion of isomorphism of polyhedra.
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4.6 Definition. An isomorphism
F:(X,M) — (X', M)
of (oriented) polyhedra is a topological map
F: X —X

such that F' and F~' map triangular areas onto triangular areas, edges onto
edges, and vertices to vertices. The orientation of the three vertices of a triangle
has to be preserved.

An isomorphism
F:(X,M)— (X',M)
of oriented polyhedra induces in a natural way an isomorphism of the associated
combinatorial schemes,
f:S(X, M) — S(X', M.

We need a reverse result.

4.7 Proposition. Let (X, M), (X', M) be two oriented polyhedra and let
(P, D), (P', D) be the associated combinatorial schemes. Each isomorphism

f:(P,D) — (P, D)
is induced by an isomorphism of the polyhedra
F:(X,M)— (X', M).

In particular, X and X' are homeomorphic when the “combinatorial data
agree” (in the sense that the associated combinatorial schemes are isomor-

phic).

Proof. We take the triangular surfaces of the polyhedron (X, M) in an ar-
bitrary order Ai,...,A,, and denote the corresponding triangular surfaces

(X', M) by A, ... AL

Claim. There exist topological maps
Fj:Aj—>A;7 1<i<n,

with the following two properties:

1) Vertices and edges of A; are mapped under f onto the corresponding ver-
tices and edges of A’. The orientation of the three vertices is preserved.

2) If A; and a “precursor” A;, i < j, have a nonempty intersection, then F)
and F; agree on this intersection.
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Proof of the claim. The maps Fi,..., F, are constructed inductively. We
assume that Fi,...,[F;, i < j, have already been constructed, such that the
properties 1) and 2) are correspondingly satisfied. We then have to construct
a topological map F; : A; — A;-, such that it coincides on certain vertices
and edges with given topological maps. (In the worst case, all triangular areas
which have a nonempty intersection with A; are precursors.) The existence
of the map Fj follows easily from the following statement about the standard
triangle.

Let h be a topological map of the boundary of the standard triangle onto itself
which permutes the vertices. Then h extends to a topological map from the
whole standard triangle onto itself.

Proof. First of all, it is easy to see that there exists a homeomorphism of A
which maps the boundary onto itself and induces a prescribed permutation of
the vertices. For example, a reflection along the diagonal permutes the vertices
1 and i. Hence we can assume, without loss of generality, that the three vertices
are fixed. We can also assume that the map A is the identity on two of the
three edges, since we can compose h with three maps of this type. Now we are
in the following situation:

Let A be the standard triangle with vertices 0,1,1 and let h : [0,1] — [0,1] be
a topological map which fizes 0 and 1. Then h can be extended to a topological
map H : A — A which is the identity on the two remaining edges.

The proof is simple. We construct h in such a way that it defines an affine map
from the segment [i,¢] for ¢ € [0, 1] onto the segment [i, h(t)]. 0

Proof of Proposition 4.7. Now the maps F; can be glued together to form a
map F : X — X', Tt is easy to show that this map is topological (compare
Exercise 5). O

Our next goal is to show that each combinatorial scheme can be realized by
a polyhedron. This polyhedron will be constructed by gluing several triangular
areas together.

Gluing of Spaces

The gluing of spaces is based on the “quotient topology”. Let X be a topological
space and ~ an equivalence relation; we can then define the quotient space
(Sect. 1.0.3).

We now consider a slightly more general case, where R is an arbitrary
relation. This means only that R is a subset of X x X. Then xRy just
mean that (z,y) € R. We can then consider the equivalence relation which is
generated by R. This is the smallest equivalence relation which contains R,
and can be defined as the intersection of all equivalence relations containing R.
In the following, we denote by X/R the quotient space of X with respect to
this equivalence relation. As a rule, X/R will not be Hausdorff even if X is. In
our applications, the Hausdorfl property of X/R will will always be clear, and
we shall tacitly assume that it has been proved.
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Now let X and Y be two Hausdorff spaces with two subsets A C X and
B C Y. We also assume that a topological map f : A — B is given: we assume
that X and Y are disjoint, and define the topology on X UY in such a way
that X and Y are open (and closed) subsets. Now we consider the relation

R:={(a, f(a); a€ A}.

We can consider the quotient space Z = (X UY)/R. We say that Z arises by
gluing X and Y along A and B by means of f. We have natural maps X — Z,
Y — Z, which are injective and continuous. If A and B are closed, then these
maps are also closed (the images of closed sets are closed). We then obtain the
result that the maps

X—Z7Z,Y—Z A—Z B—Z
are topological onto their images.

4.8 Proposition. Any oriented combinatorial scheme is isomorphic to a
combinatorial scheme which is associated with a polyhedron.

Corollary. The isomorphy classes of oriented combinatorial schemes and ori-
ented polyhedra are in one-to-one correspondence.

Proof. We equip the (finite) set D of triangles of the given combinatorial scheme
with the discrete topology (every subset is open). The Cartesian product of D
and the standard triangle A,

X:=Dx A,

is a compact space. It is the disjoint union of Ap := {D} x A. One can think
of Ap as a copy of the standard triangle A, so that X is the disjoint union of
finitely many copies of the standard triangle. The three vertices of the standard
triangle are oriented counterclockwise, i.e. [0, 1,i]. For each D € D, we choose
a bijective orientation-preserving map from D onto the vertices of A. Using
the natural bijective map A = Ap, we can look at it also as a bijective map
from D onto the three vertices of Ap (the points which correspond to 0, 1,1).
We define in X' a certain relation R, whose purpose is to glue certain vertices
and edges.

1) Let D, D’ be two different triangles in D which share precisely one vertex. If
a € Ap and b € A, are the corresponding vertices, we want to glue them.
Hence we define aRb.

2) Let D, D’ be two distinct triangles from D which share an edge. We choose
a topological (for example an affine) map f: K — K’ of the corresponding
edges of Ap and A, such that the starting point and endpoint of K are
mapped to the endpoint and starting point, respectively, of K’. We then
also define aRf(a) for a € K.
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It is easy to check that the quotient space
X =X/R

is Hausdorff. Since it is the image of a compact space, it is compact. For each
triangle D € D, we get a triangle

p: A — X,
namely the composition of the natural maps
A— Ap — X — X/R.

It should be clear that this construction gives a polyhedron with the desired
properties. ]

Exercises for Sect. IV.4

1. let (X, M) be a polyhedron. Show that if X is connected, then (X, M) has either
no or precisely two “opposite” orientations.

2. Let ¢ : V — V' be a biholomorphic map between two simply connected domains
of the plane, let a be a closed curve in V', and let a € V be a point which is
surrounded by the curve with winding number one. Show that the image curve
o «a also surrounds ¢(a) with winding number +1.

3. Let ¢ : E — C be an injective continuous map of the closed unit disk into the
complex plane. The winding number of the curve

a(t) = p(exp(2mit)) (0<t<1)

around a point b = ¢(a), a € E is =1 independent of a. Formulate an analogous
statement for the standard triangle instead of E.

Hint. The fundamental group of (E,b) is generated by «. Therefore the
winding number of « divides the winding number of any other curve around b.

4. Show that any triangulation of a compact Riemann surface is orientable.

Hint. Since one can take suitable refinements, there is no loss of generality
in assuming that the union of two triangles with a joint edge is contained in the
domain of definition of an analytic chart. Define the orientation of a triangle in
such a way that the winding numbers with respect to the analytic chart around
inner points are +1. This possible because of the result of Exercise 3. It follows
from the result of Exercise 2 that this orientation is independent of the choice of
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the analytic chart. Applying the result of Exercise 2 once more, we can see that
an orientation of the triangulation is obtained.

5. Let X = A, U...UA, be a finite closed covering of a topological space and let
f X — Y be amap into another topological space Y. Show that f is continuous
iff all restrictions f; = f|A, are continuous.

5. Gluing of Boundary Edges

A topological model of the torus can be obtained by gluing opposite sides
of a tetragon together. In a similar way, we shall construct for any connected
compact surface with an oriented triangulation a topological model which arises
from an n-gon by gluing boundary edges in a suitable way.

We start with an arbitrary oriented combinatorial scheme S = (P, D).
Those edges which belong to only one triangle are called boundary edges. Ver-
tices which belong to a boundary edge are called exterior vertices.

5.1 Definition. A boundary gluing X of an oriented combinatorial scheme
S consists of an even number 2n of boundary edges, which are divided into n
unordered pairs { K, L}.

A boundary gluing of a polyhedron is a boundary gluing of the underlying
combinatorial scheme.

Each of the 2n edges K has exactly one complementary edge L. We want to
glue complementary edges in a combinatorial scheme to obtain a combinatorial
counterpart of the gluing of vertices of polyhedra in the geometrical sense,
which is what we are interested in. We start with the latter construction.

So, let (X, M) be a polyhedron with a boundary gluing. For each edge from
K with a complementary edge L, we choose a topological map K = L which
reverses the direction. Then we consider the generated equivalence relation ~
and take the quotient space X’ = X/ ~. As in the case of Proposition 4.7, we
can show the following.

5.2 Remark.  The topological space X' = X/ ~ which is associated with
the polyhedron (X, M) with a boundary gluing, up to homeomorphism, does
not depend on the choice of the gluing map K = L. In particular, a topological
space which is determined up to homeomorphism can be associated with each
combinatorial scheme with a boundary gluing (using Proposition 4.8).

The space X’ does not inherit a structure from X in the form of a polyhedron
in any case, since the composition of a triangle ¢ € M with X — X’ need not
to be injective. To get a better understanding of this phenomenon, we consider
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the gluing on the level of combinatorial schemes. For this, we define a relation
~ on the set of vertices. The relation a ~ b means that a and b are both
exterior vertices and that there exist complementary edges K and L such that
a is the starting point (or endpoint) of K and b is the endpoint (or starting
point, respectively) of L.

Ezample. We consider the “torus gluing” of a rectangle (gluing of opposite
vertices).

a
Here, {a, b} has to be glued to {c,d} and b
{b, ¢} to {a,d}. So we have
a~b, c~d, a~d, b~oec,
but not @ ~ c¢. The relation ~ is not an
equivalence relation.
c

Hence we have to consider the equivalence relation which is generated by
~. We denote the quotient set with respect to this equivalence relation by
P’ = P/X. There is a natural projection P — P’. This means that we have
identified certain exterior vertices in the set P.

There is the obvious idea of equipping P’ with a structure in the form of a
combinatorial scheme. By definition, a triangle D’ C P’ should be the image
of a triangle D C P. But this does not always define a structure in the form
of a combinatorial scheme, as the example of the torus gluing has shown, since
here all four exterior vertices are identified. So, in this case, P’ consists of one
point only. The images of triangles are not triangles.

5.3 Definition. A boundary gluing ¥ of S = (P, D) is called polyhedral if

the following conditions are satisfied:

1) If D € D is a triangle in P, then its image D' C P’ =P/% is a set of three
elements.

2) If we denote the set of all these triangles by D', then the pair 8" = (P',D’)
is a combinatorial scheme.

A boundary gluing of a polyhedron is called polyhedral if this is the case for the
underlying combinatorial scheme.

The map
D—7D, D—D

is then bijective. The images of the triangles ¢ € M, which means that
their compositions with the canonical projection X — X’ define a polyhe-
dron (X', M’). Obviously, its associated combinatorial scheme is isomorphic

to (P, M’).
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In this way, we can describe polyhedra and the gluing of boundary vertices by
purely combinatorial data. This gives us the possibility of rigorous mathematical
proofs of facts which, initially, are clear only intuitively. Nevertheless, for the
purpose of visualization by figures, we prefer to draw polyhedra instead of finite
sets. But one should bear in mind that only combinatorics plays a role.

As we have seen, boundary gluings need not be polyhedral. But this is not
an essential restriction if we allow certain refinements which do not change the
topological nature of the polyhedron and its quotient space. To be more precise,
we allow two types of “elementary” refinements of a combinatorial scheme with
a boundary gluing (P, D, ¥). The case without any gluing is included (X = ().

The first type is that in which two adjacent refinements can be changed into
four triangles as indicated in the following figure:

D-<p

In the second type, there must be a boundary edge, drawn in bold in the
following figure:

=

If this boundary edge belongs to 3, the same construction has to be performed
for the complementary edge.

Such an elementary refinement converts a combinatorial scheme with a
boundary gluing (P;,D;,%1) into another combinatorial scheme (Po,Ds),
which is well defined up to isomorphism. It should be clear how the gluing
Y1 induces a gluing Yo. This has to be done in such a way that the quotient
spaces X1, X} in the sense of Remark 5.2 are homeomorphic. More generally,
(’ﬁ,ﬁ, f]) is called a refinement of (P,D,X) if there is a chain of elementary
refinements

(PvDa E) = (Pl,Dl, El) ... (Pn7Dn7 En) = (757,ﬁ7i)
A simple consideration shows that the following is true.

5.4 Remark. Any combinatorial scheme with a boundary gluing admits a
polyhedral refinement.

The same is true for polyhedra with a boundary gluing. As a consequence, the
quotient space in the sense of Remark 5.2 can be equipped with a structure
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in the form of a polyhedron. We now illustrate by an example how boundary
gluings can be described on the combinatorial level. We consider the gluing of
adjacent edges in a tetragon:

Since this is not polyhedral, we consider a modified tetragon:

Modified tetragon Tetrahedron from above

It is easy to see that the two tetragons have a common refinement. The bound-
ary gluing of the second version is polyhedral. Its gluing is isomorphic to the
tetrahedron triangulation of the sphere. Using Proposition 4.7, we see that
they are homeomorphic. Hence we have obtained — just from inspection of
combinatorial data — a rigorous proof of the following statement.

5.5 Remark. If adjacent edges of a tetragon are glued together, then a space
which is homeomorphic to the sphere is obtained.

Following this pattern, we can obtain a topological classification of compact
Riemann surfaces. This will be done in the next section.
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6. The Normal Form of Compact Riemann Surfaces

All of the surfaces are assumed to be connected. In the middle of this section
we shall describe a very simple combinatorial scheme, namely the n-gon, n > 3,
with external vertices Py, P, ..., P, and an inner vertex P, at the center. The
triangles are [Py, P;, Piy1], 1 < i < n, where we set P, := P;. We have
already seen that a sphere can be obtained from a tetragon by gluing adjacent
edges, and a torus can be obtained by gluing opposite edges. Now we shall
show a more general result.

6.1 Lemma. Any compact surface with an oriented triangulation, in par-
ticular any compact Riemann surface, is homeomorphic to the quotient of an
n-gon by a boundary gluing, such that all exterior edges belong to this gluing.
As a consequence, n has to be even.

Proof. We consider an oriented triangulation of the given surface X. First of all,
we make use of the connectedness of X. It is easy to see that the triangles can
be ordered in such a way that each triangle shares an edge with its precursor.
This leads us to construct a combinatorial scheme &), inductively:

a) X is a single triangle.

b) X; arises from X;_; by gluing a triangle to the corresponding edge.

To obtain the original combinatorial scheme, of course, more pairs of boundary
edges in X,, have to be glued.

It easy to show by induction on n that &}, can be transformed by elementary
transformations into a standard n-gon. For example, the following figure shows
how a pentagon arises from a tetragon by gluing on a triangle.

Now it is clear that the following is true:

If X is a surface with an oriented triangulation, then there exists an even
natural number n and a boundary gluing > of a standard n-gon such that all
exterior edges participate, and such that the quotient space X(X) and X are
homeomorphic.

We make the following assumption.

Assumption. The number n has been chosen to be minimal for this property.
We also exclude the case of a tetragon (n = 4) in which two adjacent vertices
are glued. (This case leads to the sphere, as in Remark 5.5).

Claim. Under this assumption, it cannot happen that two adjacent exterior
edges are glued.
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Proof. We assume that two adjacent edges in the n-gon have to be glued. We
then have n > 6. We can show that X is then homeomorphic to a quotient of
an (n — 2)-gon. It is sufficient to illustrate this for a hexagon. In the following
figure, the adjacent vertices which have to be glued together are drawn in bold.

The two auxiliary dashed lines produce a refinement of the standard hexagon
such that the gluing of the adjacent edges becomes polyhedral. The following
figure shows the deformed hexagon, which indicates that the quotient becomes
a tetragon.

Hezagon (refined, 10 triangles) Tetragon

) — ?

A simple transitivity property states that the total boundary gluing can be
performed in two steps. We first glue two adjacent edges and then the rest.
The gluing of the remaining edges of the hexagon induces a boundary gluing
of the tetragon. The proof of the claim should be clear now. O

A boundary gluing ¥ of the n-gon P,, induces an equivalence relation on
the set of the n exterior vertices. Two vertices are equivalent iff they define
the same point in the quotient space X. For example, for the torus gluing of a
tetragon, all four exterior vertices are equivalent.

Usually, the exterior vertices decompose into several equivalence classes. It
is our next goal to construct a new boundary gluing ¥’ of P, such that the
quotient spaces X (3) on X (X') are homeomorphic and that, for the new gluing,
all exterior vertices become equivalent. For this, we assume that all exterior
vertices are not yet equivalent. We choose an equivalence class of vertices with
a maximal number m of elements. By assumption, m < n. The following
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construction will increase m. So, iterative application leads to a boundary
gluing where all exterior vertices are equivalent.

In the maximal equivalence class A, there exists a vertex a such that at
least one of its two neighboring vertices is not contained in A. Otherwise, all
exterior vertices would be equivalent. So, there exists a boundary edge K which
contains a but its other vertex b is not contained in A. The vertex b belongs
to another boundary edge L, which has, besides b, a vertex c¢. The edge L'
which is complementary to L is different from K, since adjacent edges are not
allowed to be glued. We cut the triangle with vertices a, b, ¢ from the n-gon to
obtain an (n — 1)-gon as indicated in the following figure:

b

L K

b
L K
c
a
a

L~ W

-
Now we glue the cut-off triangle to the (n — 1)-gon by identifying L and L,
as indicated in the next figure:

S

Again we obtain an n-gon with an obvious boundary gluing ¥’ such that X (3,,)
and X (X)) are homeomorphic. (One can argue on a topological and combina-
torial level.) The equivalence Clabb of a contains m + 1 elements.

Our considerations so far show:
FEvery compact surface with an oriented triangulation which is not homeomor-
phic to a sphere is homeomorphic to the quotient space of an n-gon with respect
to a boundary gluing 32, such that adjacent edges are never glued together and
such that all exterior vertices are glued to one point.
In the following constructions, these properties will be preserved.

Let K and K~ be two complementary edges.
Claim. There is a second pair L, L™ of complementary edges such that the
edges K, L, K—, L™ are oriented counterclockwise.
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Proof of the claim. We consider one boundary edge L such that K, L, K’ are
oriented counterclockwise. Since K and K~ are not adjacent, such an edge
exists. If, for all such L, the complementary edges L~ were such that K, L~
K~ were also oriented counterclockwise, then the number of equivalence classes
of exterior vertices would be greater than one. But this is not the case. a

For the rest of the presentation, we need two types of constructions which
will not change the topological nature of the quotient space. These can be de-
scribed in the language of combinatorial schemes. We are satisfied to illustrate
them with figures.

First construction. We want to arrange that there exists a counterclockwise
ordered quadruple K, L, K—, L~ such that K, L, K~ are then adjacent.

For this, we cut the polyhedron along a segment which lies between the end-
point of L and the starting point of L~. We obtain two cut boundaries K, K
(drawn in bold in the figure below). Now we glue K and K~ together. In-
stead of K, L, K~, L™, we now have the four boundary vertices L, K;, L™, K .
These are oriented counterclockwise and the three K, L, K~ are adjacent. This
is what we wanted to have.

K K
ﬂ K,
L~ L - L L- L
K~ K- p——

Ky

Second construction. We want to produce a quadruple K, L, K—, L~ which
is oriented counterclockwise and is such that all four K, L, K—, L~ are then
adjacent.

For this we start with two pairs of complementary edges such that K, L,
K~ , L™ are oriented counterclockwise and that K, L, K~ are adjacent. Then
we cut the polyhedron along the segment between the endpoint of L~ and the
starting point of L. After that, we glue K and K~ together. If we denote
the new cut edges by S and S~ in the correct ordering, then the edges L~ 5,
L, S~ are oriented counterclockwise and they are adjacent. This is what we
wanted to have.
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L~ L~

The two constructions together show that there exist two pairs of comple-
mentary edges K, L, K—, L~ which are oriented counterclockwise and are
adjacent. If there are still boundary edges in the complement (n > 4), then we
can find, by the same construction, a second quadruple of the prescribed type.
By repeating this construction, we finally obtain a situation where the set of
all boundary edges is the disjoint union of such quadruples. These quadruples
can be ordered counterclockwise, and we are led to the so-called normal form.

O

The Normal Form

6.2 Definition. Let n = 4p, p € N. We order the exterior vertices of the
4p-gon Py in their natural order (counterclockwise),

Py, ... Py,

and define Pypy := Pi. We then divide the 4p boundary edges into groups of
four as follows:

Ky = (P, P), L1 = (P, P3), K| =(Ps,P), LT = (P4, P5),
etc.; in general,

K; = (Pyi—3,Psi—2), Li = (Psi—2, Psi—1),
K; = (Pyi—1,Pu), L; = (Pai, Pait1).

We consider the boundary gluing

The 4p-gon, together with this boundary gluing, is called the normal form.
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In the case p = 1 we obtain a torus. In general, we should think of a surface with
handles, where each block Kj;, L;, K; ,L; produces one handle. We illustrate
this below for an octagon, which we draw in a modified form. The figure
visualizes that the quotient space consists of two tori which have been linked
by a tunnel.

Octagon Quotient space

In this way, we obtain the topological classification of compact Riemann
surfaces (more generally a classification of compact topological surfaces which
admit an oriented triangulation).

6.3 Theorem. A compact Riemann surface is homeomorphic either to a
sphere or to the quotient space of a 4p-gon (p > 0) with respect to the normal
form (Definition 6.2).

We shall see later (Appendix to Sect. 7) that the number p is uniquely de-
termined. It is called the topological genus of the surface. In the case of the
sphere, we additionally set p = 0.
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The Canonical Curves

We denote by X(p) the regular 4p-gon in the plane. Our Riemann surface
is homeomorphic to the quotient of X(p) by the standard gluing (the normal
form). We have a natural projection

m: X(p) — X.

The edges K; of X(p) are segments, which we parametrize in their natural
orientation (counterclockwise) by the unit interval. To be concrete, we take
the affine parametrization. The image curves in X are closed curves,

(673 [0, 1] — X,
and, correspondingly, the image curves of the edges L; are closed curves,
Gi:10,1] — X.

All of these 2p curves have the same starting point and endpoint ¢, namely the
point which arises from gluing the 4p vertices together. Two different curves of
the system aq,...,ap, Bi,..., 3, have no common point other than this single
point. We call this system of curves the canonical system (with respect to the
representation of X in the normal form).

Let R C X be the union of the images of these 2p curves. This is a com-
pact subset. The interior of X' (p) is mapped topologically under 7w onto the
complement Xg = X — R. As a consequence, X is simply connected.

6.4 Proposition. The fundamental group w(X,q) is generated by the 2p
curves of the canonical system

A1y .., Op, ﬁla"wﬁp'

Proof. Let « be a closed curve in X which starts and ends at q.

Every point € X has a suitable small simply connected neighborhood
U which can be obtained — depending on its three possible positions — as the
image of the shaded areas in the following figure:

x ¢ R T E€R, x#£q T =q
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The union of these shaded areas is, in each of the three cases, the full inverse
image of U C X. The topological nature of U is described in the following
figure. (This could be performed in a mathematically rigorous way using the
language of combinatorial schemes.)

The segments drawn here describe U N R in each of the three cases. This
figure makes it clear that any two points in U can be combined inside U by a
curve which meets R only for finitely many parameter values. Now the proof
of Proposition 6.4 can be given in two steps:

First step. There exists a curve § which is homotopic to « and is such that
((t) is contained in R only for finitely many ¢.

We choose a partition
0<ay<am <...<a, =1

such that each piece «fa;—1, a;] (1 <4 < n) is contained in a small neighborhood
of the kind described. Now the desired deformation is easy to perform.

Second step. From the first step, we can assume that « is the composition of
finitely many curves o) : [a,,b,] — X such that a(*)(t) is contained in R
exactly for the boundary values ¢t = a,, and t = b,. Hence, with the exception
of these two points, the curve a*) runs in the interior, Xy. This part is
topologically equivalent to the interior of the 4p-gon. Hence the restriction
a|(a,,b,) can be lifted to a curve &) : (a,,b,) — X(p) which runs in
the interior of the 4p-gon. For a sufficiently small € > 0, the starting piece
a[a,,a, +¢] (and analogously, the end piece) runs in a small neighborhood
of the nature described. For reasons of connectedness, @*)|(a,,a, + ¢) must
then run in one of the shaded segments of circles in the figure at the start of
the proof. This shows that G(*) extends continuously to the closed interval.
We denote this extension by &™) : [a,,b,] — X(p) again. The starting point
and endpoint of the curve are on the boundary of the 4p-gon. This is simply
connected and the boundary is connected. Therefore &(*) is homotopic to a
curve whose image is contained in the boundary of the 4p-gon. Hence a(*) and,
as a consequence, « are homotopic to a curve whose image is contained in R.

Third step. Now we can assume that:

1) The image of « is contained in R.
2) « passes through ¢ only finitely often.

So, « is the composition of finitely many closed curves which, except at the
starting point and endpoint, do not meet g. We can assume that a(t) equals
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the base point ¢ only for ¢ = 0 and ¢ = 1. Obviously, R — {q} consists of
2p connected components, namely the images of the members of the canonical
system without ¢. Now it is clear that « runs in the image of one «, or j3,.
These images are homeomorphic to circles. Now the claim follows from the fact
that the fundamental group of a circle is cyclic. O

We still must clarify how the curves of the canonical system meet in the
base point ¢. At this point, it is useful to use the notion of free homotopy,
which is meaningful only for closed curves.

6.5 Definition. Two closed curves o, 3 : [0,1] — X in a topological space
X are called freely homotopic if there exists a family of closed curves

as:[0,1] — X, 0<s<1,
such that the map
H:[0,1] x[0,1] — X, H(s,t) = a,(t),

1S continuous.

In contrast to the usual bounded homotopy, we do not demand that the base
points of the curves are fixed. The notion of free homotopy is correlated with
the notion of “fillable” (Definition I11.4.6).

The curves of the canonical system exist in pairs («,, 5,). We call a,, the
partner of 3, and conversely.

6.6 Proposition. Any curve of the canonical system is freely homotopic to
a curve whose image is disjoint with all images of the curves of the canonical
system with one exception, namely the partner.

Proof. As shown in the figure, we shift the
boundary edge K in the 4p-gon a little.
O

The statement Proposition 6.6 is enough for our purposes. Nevertheless, it is
helpful to have in mind the following more precise statement about the position of
the curves. This can also be seen from the 4p-gon.

’
) ’
Two partners cross over in q:
’
s
In the other case, they bang together: \/
7N
’ N

(In the above figures, one of the two curves is drawn dashed, and the other not.)
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Exercises for Sect. IV.6
1. Study all possible boundary gluings of the octagon and determine p in each case.

2. Give an example of a boundary gluing of a hexagon such that the quotient space
is a sphere.

7. Differentials of the First Kind

Let X be a (connected) compact Riemann surface. We fix a homeomorphism
from X onto the quotient space of the 4p-gon with respect to the standard
boundary gluing and denote by

7:X(p) — X

the canonical map. The canonical system aq, ..., 3, is a system of closed curves
on X, all with the same base point q.

We denote by (X) the vector space of everywhere holomorphic differenti-
als. (These are called “differentials of the first kind”.)

In this section, we want to prove a precursor to the Riemann—Roch theorem,
namely the following important theorem.

7.1 Theorem. The set Q(X) of holomorphic differentials is a complez vector
space of dimension p:
dime Q(X) = p.

Corollary 1. The number p is determined by X .
We call p the genus of X.

Corollary 2. Topologically equivalent compact Riemann surfaces have the
same genus.

For the proof of Theorem 7.1, we have to consider line integrals of differentials.
The notion of a differential w € A!'(X) was introduced in the appendix to
Chap. IT (Sect. 13). The line integral fa w along a piecewise smooth curve was
also defined there. We recall that the total differential df € A'(X) was defined
for a C*°-function f: X — C. We saw Stokes’s theorem for curves (Theorem
I1.13.18),

/ df = f(a(1)) - £(a(0)).

«
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We are interested mainly in the case of holomorphic differentials w. We recall
the definition of the line integral in this special case. If ¢ : U — V is an analytic
chart and « a smooth curve which runs in this chart, i.e. a: [a,b] — U, then

[o= [ 10 @ =f)a2),

In the general case, we cut « into finitely many pieces which run inside analytic
charts, and sum the individual integrals.

We need a homotopic version of the Cauchy integral theorem. In this
connection, it is useful to define the line integral for holomorphic differentials
along arbitrary continuous, not necessarily piecewise smooth, curves.

7.2 Lemma (homotopic version of the Cauchy integral theorem). Let
w be a holomorphic differential on a Riemann surface X. Then the integral of
w along an arbitrary continuous curve can be defined in such a way that for
piecewise smooth curves we obtain the old definition and that integration along
homotopic curves leads to the same result.

Supplement. If a, 8 are two freely homotopic closed curves in X, then
/ w= / .
« B

The simple proof is completely analogous to the case of the plane. We refer
to [FB], Chap. IV, Proposition A2, for details. For the sake of completeness,
we sketch the proof here. First of all, we define the integral along an arbitrary
continuous curve by approximating by a piecewise smooth curve. For this, we
decompose the parameter interval by means of a partition 0 = ag < ---a, =1
into finitely many subintervals such that each piece of the curve is contained
in a disk. Inside each disk, we replace the piece of the curve by a smooth curve
(drawn in bold in the figure below). Using the Cauchy integral theorem for
disks, it is easy to show that the integral along the approximating curve does
not depend on the approximation.

7 N
/ \
i
|
\

\ //

N

~ ,/

-

For the proof of Lemma 7.2, the following has to be shown. Let H : Q — X be
a continuous map of a rectangle into X. The image of the boundary of @) can
be considered, in an obvious way, as a closed curve o in X. We have to show
J.,w = 0. This is clear if the image of @Q is contained in a disk. In general, we
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decompose @ as in the following figure into sufficiently small rectangles, and
sum the corresponding integrals.

There is no need to take the rectangles so that they are of equal size. Hence
we can avoid a finite number of points, and we obtain in this way the following
generalization of Lemma 7.2.

7.3 Remark. The homotopic version of the Cauchy integral theorem, Lemma
7.2, holds also for meromorphic differentials if the following conditions are
satisfied:

a) The integration contour does not contain any poles.
b) The residues of all poles vanish.

After these preparations, we come to the important notion of a period of a
holomorphic differential. By definition, the set of periods is empty in the case
p = 0. In the case p > 0, we define the periods as follows.

7.4 Definition. Let w € Q(X) be an everywhere holomorphic differential.

The numbers
Ai:/w and Bi:/w

Qg Bi
are called the periods of w.

Of course, the periods depend on the choice of the normal form. We shall se
later how they transform if the normal form is changed.

7.5 Lemma. An everywhere holomorphic differential w € Q(X) is determined
by the real part of periods. In other words, the period map

QX) — R*, w +—Re(Ay,..., Ay, Bi,...,Bp),

18 injective.
Corollary 1. Q(X) is a real vector space of dimension < 2p.

Corollary 2. Q(X) is a finite-dimensional complex vector space of dimension
<p.
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Proof of the lemma. Let w be an element of the kernel of the period map.
The determination of the fundamental group and the homotopic version of the
Cauchy integral theorem show the following.

If we join the base point q to an arbitrary point x € X, then the integral

x

u(x) = Re/w

q

does not depend on the choice of the curve.

The well-defined function w is locally the real part of an analytic function
and hence harmonic. By the maximum principle for harmonic functions, v is
constant. We obtain w = 0. g

7.6 Proposition. Let Ay,...,A,, B,..., B, be a 2p-tuple of real numbers.
There exists an everywhere holomorphic differential w € Q(X) whose periods
have the following real parts:

Ai:Re/w and BZ-:Re/w (1<i<p).
a; Bi

Theorem 7.1 then follows from Lemma 7.5 and Proposition 7.6. For the proof
of Proposition 7.6, we have to use the central existence theorem for harmonic
functions (Theorem 11.12.2). (Again we point out that we need this existence
theorem only for compact, and not for arbitrary zero-bounded Riemann sur-
faces. In this case, the proof is simpler. We do not need the tedious Nevan-
linna’s lemma, (Lemma I1.10.4), but only the simpler variant in Proposition
11.10.2.)

We recall that by Proposition 6.6, all curves «;, 3; with the single exception
a1 (but including ;) are freely homotopic to curves &;, 3; which are disjoint
with 1. We want to replace the curve $; by a homotopic “polygonal path”
B7. This means the following in this connection: there exists a partition of the
parameter interval 0 = ag < a1 < ... < a,, = 1 such that there exist disks

©; - U; - UQ(O) = {Z S (C; |Z| < 2} with 'y([ai,l,ai]) c U;,

such that the pieces 5 = [(*|[a;—1,a;] correspond in the disk Us(0) to the
segment from —1 to +1. It is clear that this construction can be done in such a
way that 3] like 31, is in the complement of the curves ao, ..., ay, Bl, . ,Bp.
After these preparations, we come to the following proof.

Proof of Proposition 7.6. We can assume that all real parts except for one

vanish:
Alz].; AQZZAPZBlzzBPZO
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Now we use the existence theorem (Theorem 11.12.4). In the complement of
the image of 3 there exists a harmonic function u,; with the property that the

function
) z+1
Pi(z) — A
uf'(z) — Arg <Z — 1)

extends to the full disk Us(0) as a harmonic function. It cannot be extended
continuously to any point of (—1,1).

We define v to be the sum of the uy,...,u,. Then u is continuous in the
complement of the image of 3*.

Now we consider the differentials associated with u; and w in the sense of
Remark 1.8 and denote them by w;, 1 <i <n, and w (= w1 + - wy,). Locally,
a harmonic function is the real part of an analytic function. The associated
differential is the total differential of this function. The differential associ-
ated with the harmonic function Arg((z +1)/(z — 1)) is the analytic function
—i/(z+1)+1i/(z — 1). Hence w; extends to a meromorphic differential on X.
It has only two poles, and these are of order one with opposite residues. When
these are summed, they cancel. Hence the differential w which is associated
with w is holomorphic on the whole of X. (We can think about this in the
following way. The function w jumps when crossing . But this disappears
after differentiation.)

We know that each curve from the canonical system, with one exception
aq, is freely homotopic to one of the curves @;, 3; which run completely in the
complement of 37. This implies that

Re/w:Re/w:/duzo (1>1),

(77 Qg

and correspondingly for all f3;. For the proof of Proposition 7.6, it is sufficient
to show that the integral of w along a; does not vanish. We argue indirectly
and assume that the integral is zero. By Lemma 7.5, w is then identically zero,
and hence the function w is constant. This contradicts the fact that v does not
extend as a continuous function to the whole of X. This completes the proof
of Proposition 7.6. a

We shall now illustrate Theorem 7.1 with an example which was of great
importance during the historical development of the subject. We study the case
of a hyperelliptic Riemann surface X. This is the surface which is attached to
the algebraic function “\/P(z)”. Here P is a polynomial of degree 2p + 1 or
2p 4+ 2 without multiple zeros. Recall that X is a compact Riemann surface
with two distinguished meromorphic functions

f 4422777
g t(: P(Z) 77'
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By means of f, the surface X is of degree 2 over the sphere. On this surface,
/P(z) appears as a (single-valued) meromorphic function g. The genus of X
is p (Theorem 3.6). We can consider on X the meromorphic differentials

fMdp . 2Mdz

g P(z

~—

It can be shown (Exercise 3) that these are holomorphic on the whole of X as
long as m < p. Since these differentials are linearly independent, they have to
generate Q(X).

7.7 Remark. Let X be the Riemann surface for “\/P(z)”, where P is a
polynomial of degree 2p + 1 or 2p + 2 without multiple zeros. The differentials

m
L 2dz

22 0<m<np,
P(2) g

define a basis of Q(X).

Exercises for Sect. IV.7

1. Show that the homotopic version of the Cauchy integral theorem holds for all
differentials w € A'(X) with the property dw = 0.

2. A C*°-function is called a primitive of a differential w € A'(X) if df = w. Show
that w admits a primitive if the integral of w along every closed curve vanishes.
Show that we obtain such a primitive if we integrate w along a curve which starts
at a fixed base point and ends at a variable point. Show that if w is holomorphic,
then this primitive is holomorphic too.

3. Let X be the Riemann surface with respect to “4/P(z)”, where P is a polynomial

of degree 2p 4+ 1 or 2p + 2 without multiple zeros. Show that
“ < dz ?7’ 0 S m < p7
P(z)

is holomorphic on the whole of X.
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Appendix to Sect. 7. The Polyhedron Theorem

Let (P,D) be a combinatorial scheme together with a boundary gluing X,
such that all boundary edges are included. As a consequence, the number of
boundary edges is even. We define the following notation:

number of boundary edges;
:=  number of “interior” vertices;
number of equivalence clasess of exterior vertices;

:=  number of interior vertices;

SR G-
Il

number of triangles.

We call
e=D—-(K+R)+E+ A

the Euler number of (P, D, ).

First example. Let X be a compact surface with an oriented triangulation M.
The associated combinatorial scheme (P, D) has no boundary edges. In this
case,
e(P,D)=D—-K+FE
= #triangles — #edges + #vertices

is the Euler number, which we have considered already.

Second example. Let (P, D) be the standard 4p-gon with the normal gluing.
In this case,

2R=4p, K=4p, A=1,
E=1, and D =4p.

Hence
e=4p— (dp+2p)+2=2—2p.

7.8 Remark. If, from some oriented triangulation of a compact surface,
we produce a normal form that is a 4p-gon, then the Euler number e does not
change in any of the constructions defined in Sects. 5 and 6.

Corollary. If a compact surface admits an oriented triangulation (for example
if it admits a structure in the form of a Riemann surface), then the FEuler
number is independent of the choice of the oriented triangulation.

Corollary ( Euler, c. 1750; Legendre, 1794). The Euler number of any
triangulation of the sphere is 2.

Corollary. Let f : X — C be a nonconstant meromorphic function on a
compact Riemann surface. Then the topological genus p can be computed by
means of the Riemann—Hurwitz ramification formula (Theorem 8.5).
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Now the question arises of which compact topological surfaces admit a struc-
ture in the form of a Riemann surface. Actually, it can be shown that every
orientable surface with a countable basis of topology admits such a structure.
(Here, the notion of the orientability of a topological surface still has to be
defined.) We shall prove only the following proposition.

7.9 Proposition. Every compact surface with an oriented triangulation
admits a structure in the form of a Riemann surface.

For the proof, it is enough to show that for each p > 0 there exists a compact
Riemann surface. Take, for example, the hyperelliptic Riemann surface for

w? =22t 1, a

Exercises for Sect. IV.7
1. Describe a boundary gluing of a 12-gon which leads to p = 1.

2. Compute all boundary gluings of a decagon for p = 0.

8. Some Period Relations

Again we start with a compact Riemann surface X which is realized by a
standard 4p-gon X(p) in the normal form. We have described the canonical
system «;, ; and defined the periods of a differential w with respect to this

system as
Bi

(627

For a basis wi, ..., w, of the C-vector space of all holomorphic differentials, we
can consider the period matrix

AL oaw g g
P=| L :
A§p) . A}(7p) Bz(,l) . Bép)

For an arbitrary holomorphic differential w, the period vectors of w are linear
combinations, with integral coefficients, of the rows of P. Since a holomorphic
differential vanishes if all its periods are zero, we have the following result.
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8.1 Remark. The period matriz P (with respect to the given canonical system
and the given basis of Q(X)) has rank p.

The periods underlie certain strong restrictions which are called “period rela-
tions”. In this section, we shall prove only those period relations which are
needed for the proof of the Riemann—Roch theorem. Further period relations
will be derived in connection with Abel’s theorem (Sect. 11).

We denote the canonical projection of the 4p-gon onto X by
w: X(p) — X.

Let w be a differential which is holomorphic on the whole of X. We want to
associate with this differential a continuous function

f:X(p) — C.

For this, we choose an arbitrary point a in the 4p-gon. For every other point x
of the 4p-gon, we choose a curve « in X (p) from a to z. For example, we can
take a straight segment. We then define

By the homotopic version of the Cauchy integral theorem, the integral does
not depend on the choice of a. For two arbitrary points z,y from X (p), we can
consider the straight line § from z to y. We have

o3

We apply this in the special case where x lies on an edge K; and y is the
complementary point on the edge K, . The image of the segment from z to y
is a closed curve in X which is freely homotopic to 3; (the image of L; in the
correct orientation). We obtain

1) - fla) = [
Bi
and a corresponding equation for the edges L;, L, .

8.2 Lemma. Let w be a holomorphic differential on X. The associated
(continuous) function

f:X(p) —C
has the following property:
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Let x be a point on K; and let x~ be the complementary point on K ; then

fa) = f@) = [ o

Bi

Correspondingly, if y is a point from L; and if y~ is its complementary point
on L., then

The proof of the Riemann period relations becomes transparent if we assume
that the map 7 is smooth in the following sense: a function on X'(p) or, more
generally, on an open subset (with respect to the induced topology) U C X(p)
is called smooth if its restriction to the intersection of U with the interior of
X (p) is (infinitely often) differentiable and if if all partial derivatives of f extend
continuously to U. By means of charts, we then define the notion of a smooth
map into an arbitrary differentiable surface.

For the following proof, we want to assume in an initial approach that m :
X(p) — X is smooth in this sense.

This is not really what we need; actually, it is sufficient to know that 7 is
piecewise smooth. In the appendix to this section, we shall explain what this
means and show that piecewise smooth normal forms = : X(p) — X exist.
We recommend the reader not to worry about this and to ignore this problem.
After reading the appendix, it will become clear that the proof works in the
piecewise smooth case.

By a smooth differential w = fdz + gdy on X(p), we understand a pair
of smooth functions f,g : X'(p) — C. For such smooth differentials, Stokes’s

theorem™) holds:
7{ w = / dw.
0X (p) X(p)

If w is a C°°-differential on X, then, as usual, we define the pulled-back diffe-
rential 7*w as a smooth differential on X' (p).

8.3 Lemma. Let w be a holomorphic differential and let W' be a differential
with dw' = 0. Then

[ors=3l[e[o ][4

X o33 Bi g Bi

*) Stokes’s theorem was formulated for triangles in Remark I1.13.21. For the n-gon,
it follows by summing over the triangles.



8. Some Period Relations 241

Proof. We consider the function f : X(p) — C which is obtained by integrating
w. Clearly f is smooth. We also consider the pulled-back differentials © = 7*w
and @' = 7*w’. Because dw’ = 0, we have d(f&') = @ A @'. We apply Stokes’s

theorem and obtain
/ wAwW / fo

0X(p)

The contribution of the pair of edges K;, K, in the integral is
[ - [ 1
K; K

Here we have oriented K; counterclockwise but K clockwise (which produces
the sign). By Lemma 8.2, the values of f differ at corresponding points of the
two edges only by an additive constant | 5, W- Hence the contribution of the

pair of edges is
Jofs=]e]
Bi  K; Bi i

Correspondingly, we obtain for the contribution of the pair L;, L; the expres-

sion
3 Bi

By summing, we obtain the claim. a

Period Relations of the Fist Kind

Now let w, w’ be two holomorphic differentials on X. Then w A w’ = 0, and we
obtain the following proposition from Lemma 8.3.

8.4 Proposition. Letw and w’ be two holomorphic differentials on X. Then
we have the pertod relation

i/w/w':i/w/w’
o B =g

For the proof of the Riemann—Roch theorem, we need a slight generalization
of Lemma 8.2 and Proposition 8.4. This corresponds to the fact that w is
allowed to be meromorphic, i.e. poles are allowed. These should be contained
in the complement of the canonical system. We also require that all residues
of w vanish. Then we can apply the homotopic version of Cauchy’s theorem
(Remark 7.3) to produce, by integration, a meromorphic function fo on X — R
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with the property dfy = w. We pull it back by means of 7 to obtain a function f
which is continuous in the interior of the 4p-gon up to finitely many exceptional
points. If « is a curve which runs inside the interior of the 4p-gon and does not
meet an exceptional point, then

fla(1)) = f(a(0)) = / o

By means of this integral representation, we can extend f to a continuous
function on the closed 4p-gon,

f:X@p -85 —C.

8.5 Lemma (variant of Lemma 8.2). Let w be a meromorphic function
on X whose poles are contained in the complement R of the canonical system
and such that all residues vanish. The associated continuous function

f:X(p)-8—C

has the same behavior on the boundary as that described in Lemma 8.2.

The proof is the same as that of Lemma 8.2. O

8.6 Proposition (variant of Proposition 8.4). As in Proposition 8.4, v’
is assumed to be a holomorphic differential, but the differential w is assumed
only to be meromorphic, where the possible poles are in the complement of
the canonical system. The residues are assumed to be zero. Furthermore, we
assume that for every pole a of order m(a) of w, the differential W' has a zero at
a of order at least m(a) — 1. Then the period relation formulated in Proposition
8.4 remains true.

It follows from the above assumption that the differential fow’ is holomorphic
in the complement of the canonical system. This suffices to imitate the proof
of Proposition 8.4. a



8. Some Period Relations 243

Exercises for Sect. IV.8
1. How does the period matrix change if the basis of (X)) is changed?

2. Let X = C/L be a torus. Give a basis of €(X) and a concrete canonical system,
and compute the corresponding period matrix.

Appendix to Sect. 8. Piecewise Smoothness

Let A C C be a closed triangular area. For our purposes, we need a notion of
a piecewise smooth map
f:A— X

from A into a Riemann surface X which corresponds in some sense to the
notion of a piecewise smooth curve

a:0,1] — X.

We consider a point in the interior of each of the three edges
of A and divide A by means of the segments between these
points into four triangles. We call this a subdivision of level
one of A.

By dividing each of the four triangles in the same way into four subtriangles,
we obtain a subdivision of level two and so on.

8.7 Definition. A map
f:A— X

from a triangular area into a Riemann surface X is called piecewise smooth

if there exists a subdivision of some level such that the restriction to each of
the 4™ subtriangles is smooth.

8.8 Proposition. The normal form of a Riemann surface can be realized in
such a way that the canonical projection

X(p) — X

(more precisely, its restriction to each of the 4dp triangles) is piecewise smooth.
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For the proof, we simply have to observe that all of the constructions which
we performed during the construction of the normal form can be formulated in
the piecewise smooth world.

The advantage of a piecewise smooth realization
p:X(p) — X

is that differentials w on X can be pulled back to X'(p) and that one can apply
the Stokes’s theorem to the pullback p*w. We now explain this briefly.

Let w be a smooth differential on a triangular area A C C. The integral
along a piecewise smooth curve « : [0,1] — A is given by

/w = /h(t) dt,
« 0
(%) h(t) = f(e(t))aq (t) + gla(t))e(t).

Now we consider a piecewise smooth realization of the Riemann surface X by
a 4p-gon,
m:X(p) — X.

Let w be a smooth differential on X. We want to define the pulled-back dif-
ferential p*w on X(p). We have a triangulation of X(p) which arises from a
standard decomposition of the 4p triangles, such that the restriction of f to
each triangle of the triangulation is smooth. Then f*w can be defined as a
smooth differential on each of these triangles. We obtain a differential which
is piecewise smooth in the following sense.

8.9 Definition. A piecewise smooth differential w on the 4p-gon X (p) is a pair
consisting of a triangulation of X (p) arising from standard decompositions of
the 4p triangles and a map which assigns to each triangle A of the triangulation
a smooth differential wa on this triangle. These differentials have to fit together
in the following sense.

Assume that A, A’ are two triangles of the triangulation with a joint edge
K and that o : [0,1] — K is a smooth parametrization of the edge. Then the
integrands of the line integrals of wa and w'y (see (*) above) agree.

!/
/UJA:/WA,
K K

where the integral has been taken in the same direction in both cases.

In particular, we have

So, piecewise differentials can jump if we pass from one triangle to a neigh-
boring one. But these jumps are not visible by integration along edges.
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For piecewise smooth differentials w on X' (p), the surface integral

[

X(p)

[

9X(p)

and the boundary integral

can be defined in an obvious way. The following version of Stokes’s theorem
follows immediately from Stokes’s theorem for triangles by summing.

8.10 Theorem (Stoke’s theorem). Letw be a piecewise smooth differential

on the dp-gon; then
7{ w = / dw.
09X (p)

X(p)

In the following, we tacitly assume that 7 : X'(p) — X is piecewise smooth.

9. The Riemann—Roch Theorem

Let X be a set. We consider the free abelian group D(X) generated by X. The
elements of D(X) are maps
D: X —7Z

such that
D(a) =0 for almost all a € X

(i.e. for all up to finitely many). Obviously, D(X) is an abelian group by means
of the usual addition of maps.

Special case. For X = {1,...,n}, we have D(X) = Z".

We call the elements of D(X) divisors. With each point @ € X we can
associate a divisor

(a) € D(X),

namely

This defines an injective map

X —DX), ar—(a).
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Sometimes we identify X with its image in D(X).

Caution. If X already carries a structure in the form of an abelian group, then
(a +b) and (a) + (b) may be different.

Each divisor D € D(X) can be written in the form
D= D(a)(a) (finite sum).
acX

So, each divisor can also be written in the form
D:(a1)+...+(an)—(bl)—...—(bm),

where the {a1,...,a, } and {b1,...,b,, } are disjoint. Finally, we define the
degree of a divisor by

deg(D) = > D(a).

acX

Obviously,
deg: D(X) — Z

is a group homomorphism. And obviously,
deg ((a1) + -+ (ap) — (b1) — -+ — (b)) =n —m.

Now let X be a (connected) compact Riemann surface. With each meromorphic
function

f: X —C

which is different from zero, we can associate a divisor (f) by

D(a) = Ord(f;a)

So we have
D(a) >0 <= ais a zero of f,
D(a) <0 <= ais a pole of f.
If we denote the zeros by ai,...,a, (each written as often as the multiplicity

prescribes) and, correspondingly, the set of poles by by, ..., by, then

(£) = (an) 4+ an) = (b1) =+ = (bu).

As we know, meromorphic functions have the same numbers of zeros and poles.
Hence we have the following result:

The degree of the divisor (f) of a nonvanishing meromorphic function is 0.
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9.1 Remark. Let f,g € M(X) — {0} be two meromorphic functions which
are different from 0. Then

(f)+(g)=(f9).

The divisor of a constant function is the zero element in D(X).

9.2 Definition. A divisor D € D(X) is called a principal divisor if there
exists a meromorphic function with

D =(f)

As we know that f is determined by D up to a constant factor, then because
of Remark 9.1, the set of principal divisors

HX)={DeDX); D=(f); fe M(X)}
is a subgroup of D(X). The factor group
Pic(X) := D(X)/H(X)

is called the divisor class group of X. Since the degree of a principal divisor is
zero, the degree

deg : Pic(X) — Z, [D] ~— deg(D),
is well defined on the divisor class group.

The Riemann—Roch Space
Let D, D’ be two divisors on X. We define

D>D" <= D(a)>D'(a)foralla € X.

The Riemann—Roch space of a divisor D is the set of all meromorphic functions
f € M(X) with the property

(f) = -D,
together with the zero function. This means, symbolically, that the inequality
(0)> -D
is always assumed to be true, so we can write
LD)={feM(X); (f)=-D}.

9.3 Remark. The set L(D) is a C-vector space.
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The proof is trivial. O

We shall see that £(D) is of finite dimension. The space L£L(D) essentially
depends only on the divisor class of D. More precisely, we have the following:

The map
LD) — LD+(f), 9— g
s an isomorphism.
The Riemann—Roch problem is the determination of the dimension

I(D) := dim¢ L(D).
The Riemann—Roch theorem is a partial answer to this question.

Remark. Assume that
D:=n-(a); neN.
Then L(D) consists of all meromorphic functions which have a possible pole

only at a and are such that its order is < n.

Ezercise. Let X = C/L be a torus. Show that
1 forn=1,

H(n(a)) = {2 for n = 2.

9.4 Theorem (Riemann—Roch inequality, B. Riemann, 1857). We
have
(D) >degD —p—+1, p = genus of X.

This is an existence theorem for meromorphic functions. To make this clear,
we consider again the case D = n(a), and obtain the following corollary.

Corollary. For each point a € X, there exists a meromorphic function f which
is holomorphic outside a and has a pole of order < p+1 at a.
The Riemann-Roch theorem is stronger than the inequality in Theorem 9.4.
It also gives information about the “defect”

h(D) :=1(D) — deg(D) +p — 1.
To formulate this, we need the canonical class, which is an element of Pic(X)
of fundamental importance.

Let w be a meromorphic differential which is different from zero. We have
seen that it makes sense to speak of zeros and poles and of their orders. This
means that we can attach to w a divisor

K = (w) € D(X).

Such a divisor K is called a canonical divisor. Let f be meromorphic function
which is different from zero; then

(f-w)=(f)+ (w).
As we know, f - w runs through all meromorphic differentials for fixed w and
variable f. We obtain the following result.
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9.5 Remark. All canonical divisors belong to one divisor class.

9.6 Definition. The divisor class of a meromorphic differential is called the
canonical class of X.

A fundamental refinement of the inequality h(D) > 0 is the equation
h(D)=I1(K — D),

which means the following.

9.7 Theorem (Riemann—Roch theorem, G. Roch 1876). We have

dim £(D) — dim £(K — D) = deg(D) — p + 1.

Corollary. deg K = 2p — 2.

Remark. In the case of a torus X = C/L, we can consider the holomorphic
differential “dz”. The associated divisor is the zero divisor. It has degree 0
in accordance with Theorem 9.7. But on the Riemann sphere C (p = 0), the
differential dz has a pole of second order at oo (because d(—1/z) = —2z2dz); so
we have deg(dz) = —2, again in accordance with Theorem 9.7.

Corollary. In the case deg(D) > 2p — 2, the Riemann—Roch inequality is an
equality,
dim £(D) = deg(D) —p + 1.

The space L£(D) is different from zero only if deg(D) > 0. This means that
there are finitely many “exceptional numbers”

0 <deg(D) <2p—2,
for which the Riemann—Roch theorem gives “only” an inequality.

The proof of the Riemann—Roch Theorem

In addition to
L(D)=A{f; (f)>-D},

we introduce the “complementary” space

K(D) := {w meromorphic differential; (w) > D}.

Obviously,
dim £(D) = dim L(K — D).
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Hence the Riemann-Roch theorem can be written as follows:
dim £(D) — dim (D) = deg(D) —p + 1.

One special case of the Riemann—Roch theorem is obvious.
First step. Special case: D < 0.

In this case, we have £(D) = 0. The space (D) consists of all meromorphic
differentials which, for all points a € X with D(a) < 0, have poles of order at
most —D(a) and are holomorphic elsewhere. We know that the principal parts
of a meromorphic differential (with respect to some analytic chart), up to the
necessary condition on the residues (their sum must vanish), can be freely
prescribed. On the other hand, a meromorphic differential is determined by its
principal parts up to an everywhere holomorphic differential. This gives us

dim (D) = —(deg(D) + 1) + p,

and this is the Riemann—Roch theorem.
Second step. Special case: D = 0.

In this case, we have
dim £(D) =1, dim (D) = dimQ(D) = p,

and hence the Riemann-Roch theorem is true again.

Third step. Let D be an arbitrary divisor and let a € X be a given point.
We do not exclude the case in which a occurs in D. We want to compare the
divisors

D and D' = D + (a).
Clearly, we have D < D’ and hence

L(D) C L(D).

We claim that
dim (£(D')/L(D)) < 1.

For the proof, we consider a linear map
L(D") — C,
whose kernel is £(D). For the construction, we consider a disk around a,
0:U = E, ar—0,
and consider the Laurent expansion of f with respect to this disk,

folz) = Z anz”.

n=—oo
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Let e := —D(a). If f occurs in £(D'), then
an #0=—=mn>e—1.
A function f € L(D’) is contained in £(D) iff
an, #0 = n>e.

The map
E(D/) —>(C7 f'—>a/67

has the desired property.
Corollary. The spaces L(D) (and hence K(D)) are finite-dimensional.

An analogous consideration shows that

K(D') Cc K(D) and dim (K(D)/K(D")) < 1.
Fourth step. We introduce the defect

(D) =dim £L(D) — dim (D) — deg(D) +p — 1.
The Riemann-Roch theorem states that
o(D) =0.
In this step of the proof, we show that
5(D") < 4(D) (D' =D+ (a)).
We have
5(D) = 6(D') = 1 — dim (£(D')/£(D)) — dim (K(D)/K(D'))..

If the claimed inequality is false, we must have, by the third step,

dim (£(D")/£(D)) = dim (K(D)/K(D")) = 1.

Therefore there exist elements

feLD),  f¢LD),
w € K(D), w ¢ K(D').
It is easy to show that:

a) f-w is holomorphic outside of «;
b) f-w has a simple pole at a.
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But this is incompatible with the residue theorem (the sum of residues of f - w
is 0).

By induction, we now obtain the more general result
D >D'= (D) <§(D).
For an arbitrary divisor D, we find divisors
Dy >0, Dy<0

with the property
Dy, < D < Ds.

‘We obtain
0=48(D2) > 86(D) > 6(Dr).

So, for the proof of the Riemann—Roch theorem, it is sufficient to show that
d(D1) >0 for Dy > 0.
Fifth and last step. We have to show that
dim £(D) — dimK(D) > deg(D) —p + 1 for D > 0.

For the proof, we construct a suitable vector space Z(D) of meromorphic dif-
ferentials, in which the two spaces £(D) and IC(D) are hidden.

Definition. The vector space Z(D) consists of all meromorphic differentials w
with the following two properties:

a) Let a € X, D(a) > 0. The pole order of w at a is at most D(a) + 1.
b) All residues of w vanish.

From the existence theorem for meromorphic differentials and from our knowl-
edge of the dimension of the space of all holomorphic differentials, we immedi-
ately obtain

dimZ(D) = deg(D) + p.

With every f € L£(D) there is associated an element of Z(D), namely df. The
map
L(D) — I(D), f+—df,

is C-linear; its kernel consists of constant functions. We want to construct the
image of £(D) as the kernel of a suitable map. For this, we have to assume
that none of the points a, D(a) > 0, lies on the canonical system (i.e. on the
union of the images of the curves o, ..., ap, B1,...,5p). This is possible by a
slight modification of the canonical system. Now we can consider the map

I(D) — C?», wr— (A1,...,Ap,By,...,By),
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Ajzz/w; Bv::/w (1<j<p).

Qj Bj

where

The kernel of this map consists of all w € Z with vanishing periods Ay, ..., B).
By the homotopic version of Cauchy’s integral theorem (Remark 7.3), the inte-
gral of w along each closed curve vanishes. Therefore w admits a meromorphic
primitive f. It lies in £(D):

The kernel of the map above is precisely the image of L(D).

Readers who are familiar with the idea of exact sequences can reformulate this
as the exactness of

0 — C — L£(D) — Z(D) — C?.

For the central argument, we now have to make use of the period relations
of Proposition 8.4 in the version stated in Proposition 8.6. They imply the
following result.

Let w' € K(D) be a differential with the periods
A;:/w, B;:/w.
Q; Bj
Then, for all w € (D),
Ay Ay + . 4+ ApA, + BiBy + ...+ B,B, = 0.

So, for each element w’ € K(D), we have obtained a linear equation which all
elements of the image
I(D) — C*

satisfy. If wi,...,w) is a basis of (D), then we obtain d such equations. The
matrix of this system of linear equations is the period matrix

AV AW g gy
AD L aW p@ gl

By Remark 8.1, this matrix has the rank d. We obtain the result that the
dimension of the image of Z(D) under the period map cannot exceed

2p —dim (D).
From the equation

dimZ(D) = dim Kernel + dim Image,
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follows that
deg(D) +p < dimL(D) — 1+ 2p — dim £(D).
This is the claimed inequality
o0(D) > 0.

This completes the proof of the Riemann—Roch theorem. O

Exercises for Sect. IV.9

1. Consider, for an element f € £(D), the Laurent expansions in all a with D(a) > 0
with respect to arbitrarily chosen charts. Since f is determined by finitely many
Laurent coefficients, obtain an easy proof of the finiteness of the dimension of

L(D).
2. Give a direct proof of the Riemann—Roch theorem for the Riemann sphere.

3. Prove the Riemann—Roch theorem for a torus X = C/L by means of Abel’s
theorem for elliptic functions.

10. More Period Relations

We now apply the formula of Lemma 8.3 to the complex conjugate differential
w'" = @. In local coordinates, this is defined by

h(z)dz := h(z)dz with dz = dx — idy.

From the definition of the line integral along a curve «, we immediately obtain

the formula
/a_z’ = /w’.

In local coordinates, w A @ is calculated as
—2i|h(2)*dx dy.

The next statement follows from Lemma 8.3.
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10.1 Proposition. Let w be a holomorphic differential on X. Then
» .
Im / w / w > 0.
i:1ai Bi
The equality sign holds iff w = 0.
As an important consequence of the inequality in Proposition 10.1, we prove a

variant of the existence and uniqueness theorem for holomorphic differentials.

10.2 Theorem. The map

QAUX) — CP, w+— /w,...,/w ,

is an isomorphism.
(One can replace the a-periods by the S-periods analogously.)
Hence a holomorphic differential is determined by:

1) the real parts of all 2p periods, or
2) the p a-periods, or
3) the p S-periods.

10.3 Proposition and Definition. With respect to a given canonical system,
there exists a basis
Wi, ..., Wp

of QX)) with the property
/ 5 1 ifi=y,
wj = 8ij = o
J J 0 ifi#j.

We callwy, . .. ,wp the canonical basis of (X)) which belongs to this canonical
system.

The period relations in Proposition 8.4 and 10.1 can be rewritten in the fol-

lowing form.

10.4 Proposition. Let wy,...,w, be a canonical basis (with respect to a
given canonical system). We consider the “period matriz”

ZZ®W&M@>%MZ/%-
Bi
We then have:

1) The matriz Z is symmetric: Z = Z'.
2) The imaginary part Y :=Im Z is positive definite.
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We recall that a symmetric real matrix Y is called positive definite if the
following two equivalent conditions are satisfied:

1) For every n-tuple of real numbers ay, ...a, which are not all zero, we have
n
Z Yija;aj > 0.
i=1

2) For every n-tuple of complex numbers ay, ... a, which are not all zero, we

have
n
Z YijAiGg > 0.
=1

Now we want to investigate how the matrix Z changes if the canonical system
is changed. So, assume that a second canonical system

alv"'7&pvﬁlv"'7ﬁp

is given. We consider the associated canonical basis

(2)1,...,(4)[,

and the associated period matrix

Z = </&j>1§z‘7j§p '

Bi

10.5 Definition. A 2p x 2p matriz M is called symplectic if it satisfies the
relation

P A O
M'IM =1 wzthI-(_E 0>'

Here E denotes the n X n unit matriz and 0 the zero matrizx.

In principle, the coefficients of symplectic matrices could be elements of an ar-
bitrary commutative ring with unity. At the moment, only integral coefficients
are of interest to us.

10.6 Remark. The set of all symplectic matrices is a group Sp(p,Z). It is
called the symplectic modular group. In the case p = 1, it agrees with the
elliptic modular group SL(2,7Z):

Sp(1,7Z) = SL(2,Z).
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The Intersection Pairing

As a further application of the period relations Proposition 10.1, we construct
the intersection pairing. For this, we choose a base point ¢ on the Riemann
surface. Then we consider the fundamental group m(X,¢) with respect to this
base point.

For a holomorphic differential w, the integral

w(a) = Re/w

«

depends only on the homotopy class of o. Hence we obtain a homomorphism
of m(X, q) into the additive group of real numbers. So, we have associated with
each w an element of

H*(X,R) := Hom(n(X,q), R).
10.7 Proposition. The natural map

is an isomorphism.

This proposition is a reformulation of the proved result that a holomorphic
differential is determined by the real part of its periods and that these can be
prescribed arbitrarily.

We obtain the result that H'(X,R) is a real vector space of dimension
2p.  An element of H'(X,R) is determined by its values on the curves
ar, ..., 0p; B1,..., 0, of a canonical system. These values can be prescribed
arbitrarily. Hence we can consider, in H'(X,R), the dual system

aT?"'7a;;ﬁik7"'7/6;'

This means that o takes the value 1 for «; and the value 0 for all other 2p —1
elements (and similarly for 37).

Now we use isomorphism of Proposition 10.7 to define the “intersection
pairing” on H*(X,R). First we define it on Q(X) by

(w,w') = Re/w/\&/,
X

where w A @' denotes the alternating product.

By means of Proposition 10.7, we transport this pairing to H'(X,R).
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10.8 Proposition (Frobenius’s theorem). Let

A1y . .., Qp; 51a"'76p

be the canonical system with respect to an arbitrary normal form. We have
(a;.B) = —(Bf,ai) =1 (1<i<p).

All other brackets are zero.

Proof. We have to compare two R-bases of H'(X,R), namely

* * * *
alv"wap?ﬁla"'aﬁp
and the images of
Wiy e, Wy, lw, .. iwy.

The transition matrix can be computed by means of the relations in Lemma

8.3 as
E 0 .
<X Y> (Z=X+1iY).

The matrix of the products of the second matrix is (again by Lemma 8.3)

(5 5)

Transformation to the first basis gives Proposition 10.8. ]

Frobenius’s theorem gives a fundamental relation between two canonical
bases. So, let

1% 1%, Q% /5%
ar, .0y BB,

be the dual basis of a second canonical system. To simplify the formulae, we
define
nyi = Bi, ap =67 (1<i<p).

There exists an integral 2p x 2p matrix M = (m;;) which describes the relation
between the two systems,

2p

af =Y mijal.
j=1

From Frobenius’s theorem, we immediately obtain the following result:
The transition matriz M = (m;;) is symplectic.

We denote the canonical bases of Q(X) with respect to the two canonical
systems by
;.
The matrix which describes the change from the first to the second is denoted
by A:

L
Wiy Wpi Wiyee ., W

p
wgzz:aijwj (1§Z§p)
j=1

A direct computation gives the following result.
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10.9 Proposition. There exist

a) a matrizc A € GL(n,C) and
b) an integral symplectic matriz M € Sp(2n,7Z) such that

A-(E,Z)-M = (E,2).

As we have seen in connection with the theory of the elliptic modular group
([FB], Chap. V), the equation above means that in the case p = 1, there exists
an elliptic modular substitution

M € SL(2,Z)

which transforms Z into Z. In the case p > 1, we shall see that the integral
symplectic group will do the same in general. For the moment, we shall only
define the corresponding equivalence relation.

10.10 Definition. Let
H,:={zeCt?; 7=27,v >0}

be the set of symmetric complex p X p matrices with positive imaginary part.
Two points Z,7Z € H, are called equivalent if there exist matrices A €
GL(n,C), M € Sp(n, Z) with the property

A-(E,Z)-M = (E,Z).

Obviously, this is an equivalence relation (see Exercise 1).
Notation. Let
Ay =Hy/ ~
be the set of equivalence classes with respect to this equivalence relation.

In the case p = 1, the space H, is the usual upper half-plane, and
Ay =H,/SL(2,7Z)

is its quotient by the elliptic modular group.

So, we have associated a well-defined point
T(X) € A,

with each compact Riemann surface. Biholomorphically equivalent surfaces
lead to the same point.

Notation. Let M, be the set of all biholomorphy classes of compact Riemann
surfaces of genus p.
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10.11 Remark. The assignment X — 7(X) gives a map, called the period
map,

T: M, — A,

A fundamental theorem of Torelli states that the period map 7 is injective. We
shall not prove this theorem in the case p > 1. The case p = 0 is relatively
simple. By the uniformization theorem, every Riemann surface of genus 0 is
biholomorphically equivalent to the Riemann sphere. So, Mg consists of a
single element. The case p = 1 is somewhat more involved. Complex tori C/L
are surfaces of genus 1. From the theory of elliptic functions, we know that the
subset M} C M of all isomorphy classes given by tori is mapped bijectively
to
Ay =H/SL(2,7Z).

Hence, in the case p = 1, Torelli’s theorem is equivalent to the following state-
ment:

Every Riemann surface of genus 1 is biholomorphic equivalent to a complex
torus C/L.

We shall prove this result later as an application of Abel’s theorem. (There is
another proof which uses the uniformization theorem.)

Hence, in the case p = 1, the period map is not only injective but also
bijective. The situation for p > 1 is different. One can show that A, is a
complex space of dimension

p(p+1)

dimg A, = 5

(= number of “variables” in H,,)

and M, is a complex subspace of dimension
dimg M, = 3p — 3.

Hence, for p > 2, M, is a thin subset of A,.

The so-called Schottky problem asks for a description of M, inside A, by
equations and inequalities.

There is another essential difference between the cases p =1 and p > 1. Let
p = p®2pr) c c2p)

be a complex p X 2p matrix whose columns are R-linearly independent. We
can ask whether there exist matrices A € GL(n,C), U € Sp(n,Z) with the
property

A-P-U=(EZ2), ZecH,.
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For p = 1, this is always case. But in the case p > 1, this is not true, as the
following rough dimensional argument explains. The number of free complex
parameters of P modulo A and U is

p-2p—p*=p?

but the complex dimension of H,, is only p(p+1)/2. For p > 1, the two numbers
are different. More detail will be given in Chap. VI about abelian functions.

Exercises for Sect. IV.10

1. Verify that an equivalence relation has been defined in Definition 10.10, and show
that in the case p = 1 it leads to the usual equivalence mod SL(2,7Z).

2. The choice of a lattice basis defines a normal form on X = C/L. Determine the
associated canonical basis of Q(X).

11. Abel’s Theorem

The Riemann—Roch theorem does not tell us when a divisor of degree 0 is
a principal divisor. The case of a torus C/L here is exceptional. Since the
canonical class is trivial, we have

dim £(D) > 0 for deg D > 0.

From this result, it is easy to deduce the difficult direction in Abel’s theorem for
elliptic functions and, conversely, the Riemann—Roch theorem for tori follows
easily from Abel’s theorem for elliptic functions, as we already have pointed
out.

It is more complicated to find an analogue for Abel’s theorem for an arbi-
trary Riemann surface of genus p > 1.
The Jacobi Variety

In this section, we use the notion of a “period” in a slightly modified form. Let
w1, . ..,wp be a basis of the space Q(X) of everywhere holomorphic differentials,
and let « be a closed curve X. The p-tuple

(Aq,...,Ap) with A; ::/wj (1<j<p)

is called a period of X with respect to the given basis.
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11.1 Definition. A subset L of a finite-dimensional real vector space is called
a lattice if there exists a basis eq, ..., e, such that

L=7Ze1+ -+ Ze,.

By a lattice in a finite-dimensional complex vector space, we understand a
lattice of the underlying real vector space.

11.2 Remark. The set L of all periods
L= L(wl,...,wp) C CcP

with respect to a given basis of QX)) is a lattice.

Proof. If a runs through all curves of a canonical system, then we obtain 2p
periods, which, as we know, are linearly independent over R. Any period can
be written as an integral linear combination of these 2p periods. a

We consider the 2p-dimensional torus
Jac(X) :=C?/L,
and call Jac(X) the Jacobi variety of X. The Jacobi variety does not depend

in an essential manner on the choice of the basis. If w/, ... ,wz’g is a second basis
and L’ is the associated lattice, then we have

A(L) =L/,
where A is the matrix which transforms wi,...,w, into wi,...,w,. The iso-
morphism
A:CP— C?

then induces a bijection of tori

A:CP/L— CP/L.

If we prefer, we can describe the Jacobi variety in a basis-invariant form as follows.
Let
Q(X)" := Homg(2(X),C)
be the dual space of Q(X). With each closed curve a in X we associate an element
of this dual space, namely the linear form

w|—>/w.
[e3



11. Abel’s Theorem 263

The set of these linear forms is a lattice L C Q(X)*, and the Jacobi variety is

Jac(X) = Q(X)"/L.

We choose a point ¢ € X and define a map
A=A X — Jac(X)

as follows. First we associate with a point a € X the tuple

a a

/wl,...7/wp s

q q

where we have chosen a fixed curve from ¢ to a. This tuple is determined up
to a period from L. Hence the coset in Jac(X) is well defined. We call A the
pertod map.

We shall make essential use of the fact that, as in the case p = 1, the torus
CP/L has a structure in the form of an abelian group. This is defined in such
a way that the natural projection

C?r — C?/L

is a homomorphism. This fact gives us the possibility to extend the map A to
a map

A:D(X) — Jac(X),
which is defined on the set of all divisors. We simply define this map by
D) = Z D(a)\(a) (finite sum).
acX

The diagram

—>Jac

\\/

commutes. The map A has been constructed in such a way that it is a homo-
morphism of groups.

11.3 Remark. Let DO (X) be the set of divisors of degree zero. The restric-
tion of A to DO (X),
A :DO(X) — Jac(X),

is independent of the choice of the base point q.

The well-known Abel’s theorem states the following.
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11.4 Theorem. A divisor D € D(X) is the divisor of a meromorphic function
if and only if the following two conditions are satisfied:

1) degD =0, i.e. D € DO(X).

2) A(D)=0 (in Jac(X)).

This theorem can be formulated as a theorem about integrals of algebraic
functions without talking about Riemann surfaces. The second condition was

proved in this form by N.A. Abel in 1828. The converse was proved for the
first time by A. Clebsch in 1865.

Before the proof, we formulate some corollaries.

Corollary 1. The map
A X — Jac(X)

s injective in the case p > 1.

Proof of Corollary 1. Let a,b € X, such that
a#b, Ma)=X\D).

By Abel’s theorem, there exists a meromorphic function f with

But this would be a function of degree one; it would give a biholomorphic map
from X onto the Riemann sphere. O

Corollary 2. Let p=1. The map
A X — Jac(X)=C/L

is a biholomorphic map of Riemann surfaces. In particular, every Riemann
surface of genus one is biholomorphically equivalent to a torus C/L.

Abel’s theorem for elliptic functions is a consequence of the general theorem
stated in Theorem 11.4. For the proof of the second corollary, we simply
observe that the map A is holomorphic. It is injective, but also surjective, since
its image is open and compact in C/L. Hence \ is bijective, which implies that
it is biholomorphic.

The Proof of Abel’s Theorem

This proof rests on a certain period relation for the so-called normalized
(abelian) differentials of the third kind,*) which we shall now derive.

*) One subdivides the meromorphic differentials in those of the first kind (everywhere
holomorphic), those of the second kind (the residues of all poles vanish), and those
of the third kind (all poles are simple).
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Consider a normal form with a corresponding projection
m:X(p) — X,

and denote by
Qp,...,0p, 61,...,ﬂp

the corresponding canonical system. Let a,b be two different points on X. By
an abelian differential of the third kind with respect to these two points, we
understand a differential w = wg; with the following properties:

1) w is holomorphic outside {a,b}.

2) w has poles of order one at a and b.

3) Res,w = —Respw = 1.

We know that such a differential exists. Of course, w is determined only up
to an everywhere holomorphic differential. We assume that neither of the two
points is contained in the canonical system. We can then normalize w in such
a way that

/w=0 fork=1,...,p.
ar

After this normalization, w is uniquely determined. We call it the normalized
abelian differential of the third kind. This normalized differential satisfies an
important period relation.

11.5 Lemma. Let

m:X(p) — X
be the natural projection with respect to a given normal form, let o, ..., ap,
Bis..., By the corresponding canonical system, and let wy,...,w, be the cor-

responding canonical basis of Q(X). Let a,b be two points which do not lie
on the canonical system, and let wqy, be the corresponding normalized abelian
differential of the third kind. We then have

a

/wab=27ri/wk (1<k<p),

Bk b

where, on the right-hand side, the integral is taken along some path from b to
a which does not meet the canonical system.

Note. This integral does not depend on the choice of the curve, since the
complement of the canonical system is simply connected.

Proof. In the complement of the canonical system, wy admits a (holomorphic)
primitive
fe: Xo— C,  wip = dfy.
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We denote the corresponding function in the interior of the 4p-gon by
fi: X(p)° — C,

and similarly for the pulled-back differential of wy,. We know that fi extends
to X(p) as a continuous function. From the behavior of fi, we obtain

7{ frwap = / Wab-
)

oX (p Bre

We want to compute the integral on the left-hand
side by means of the residue theorem, and prefer for
this purpose to argue on the Riemann surface and
not on the 4p-gon. For this, we shrink the 4p-gon by
a factor 0 < r < 1, which can be arbitrarily close to
1. The shrunken 4p-gon is denoted by X,-(p). We run
through 0X,.(p) in the usual orientation and denote
the image curve in X by J(r).
A simple continuity argument shows that

]{ fkwab:Tligll f frWap-
a(r)

0X(p)

The curve 9(r) runs in the complement of the canon-
ical system. We draw a small circle around each of
the points @ and b and join the circles by a segment.
This gives a closed curve o in Xy — {a,b} which is
freely homotopic to 9(r). It is easy to prove this in
the 4p-gon.

By the homotopic version of the Cauchy integral theorem for the Riemann
surface Xy — {a, b}, we obtain

]{ frwab Z/fkwab~

a(r)

The integral along « equals the sum over the residues of

fkwab,
so it equals f(a) — f(b). Since fj is a primitive of wy, we obtain
b
f@) - 10 = [
This proves the lemma. |

Besides Lemma 11.5, we need another lemma which generalizes the fact that
the winding number (defined by the index integral) is an integer.
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11.6 Lemma. Let f: X — C’ be a holomorphic function without zeros on a
Riemann surface X. The integral

1 [df

211
(e}

is an integer for every closed curve o.

Proof. If f has a holomorphic logarithm F', we have

1 [df 1
5 | = 5 Fla(D) = F(a(0))

for an arbitrary (not necessarily closed) curve «.

In general, each point of X admits an open neighborhood in which f admits
a holomorphic logarithm. The construction of the analytisches Gebilde now
shows that there exists a Riemann surface X and a covering

p:X—>X

such that the pullback f = f o p admits a holomorphic logarithm F. We lift
«a to a curve & on X and obtain, by means of the transformation invariance of
the line integral,

1 [fdf 1 [df 1 /- _ -
omi 27 T:%(F(a(l))_F(a(o)))'

Now F(&(1)) and F(a(0)) are both logarithms of f(a(0)) = f(a(1)). They
differ by an integral multiple of 27i. ]

After these preparations, we now prove one direction of Abel’s theorem,
namely that the conditions 1) and 2) are necessary. For the condition 1), this
is already known. It remains to show the following.

Claim. If f is a nonzero meromorphic function, then

A(£) =0 (in Jac(X)).

Proof. We choose a normal form of X:
X(p) — X.

We may assume that none of the poles or zeros of f is contained in the canonical
system. (Even though we have not mentioned it elsewhere, it should be clear
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that the construction of the normal form can be performed in such a way that
finitely many points are outside the canonical system.)

We also choose some base point ¢ in which f has neither a pole nor a zero
and which also avoids the canonical system. We write the divisor of f in the
form

(f) =(a) + ...+ (an) = (br) = ... = (bn),

where a; are the zeros and b; the poles of f. Then we consider the differential

Cul;t - Z(wakq - wbkq)'
k=1

Here w,, denotes the normalized abelian differential of the third kind. This
differential is holomorphic everywhere. Hence we have

d n n
(D NTWEPIES SEs
k=1 k=1

with suitable constants c;. Here (w1, ...,w,) denotes the canonical basis (with
respect to the given canonical system) of Q(X). Now we compute the image of
the principal divisor (f) in the Jacobi variety Jac(X). For this, we consider

where the curve is chosen in the complement of the canonical system. The
tuple
A= (A,...,A,) €CP

is a well-defined representative of A((f)) € Jac(X). Now the period relation
for the abelian differentials of the third kind shows that

1 [df 1 &
A=— [H o — .
7T om ) f T 2m 2 / wk

B; k=1 3,

Obviously, A := (Aq,...,A,) is an element of the period lattice if the following
two conditions are satisfied:

1 [df
— [Y g
2) o €4
Bj

1
b —cp € 2.
) ok
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Making use of
af .
f ko

ay
then a) and b) follow from Lemma 11.6. O
It remains to show that the following claim is true.

Claim. The conditions 1) and 2) in Theorem 11.4 are sufficient.

We start with a divisor
D= (a1)+ ...+ (an) — (b1) — ... = (by).
We choose a further base point by which is different from aq,...,a,,b1,...,b,,

and which is not contained in the canonical system. We consider the differential

n

n
W= (Wagby = Wexho) + Y _ Ckwr,

k=1 k=1

with constants ¢, which still have to be determined. Then we consider the

function f, where
a

fla) =exp [ w
bo

If this expression does not depend on the choice of the curve from by to a, then
f is meromorphic on X with a divisor (f) = D. What remains to be shown is
the following:

Let A(D) = 0 in Jac(X). Then the constants c can be chosen in such a way

— fw, — [w 1<k<p
2mi ' 27ri/ (lsks<p)

A (653
are integral numbers.
We have

/wzck (1<k<p)

7

and, because of the period relations in Lemma 11.5,

P ke bk P
/w:27riz /wj—/wj +ch/wk.
k=1 \ 4 k=1

j
Now we use the assumption

A(D) =01in Jac(X).
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This means that
P U b P
S formfos) =me o [
k=1 \7 q k=l 35,
with integers n;, my. If we define
c = —2mimyg,

everything has been shown and Abel’s theorem is proved. a

Exercise for Sect. IV.11

1. How does the map A : D(X) — Jac(X) change if the base point is changed?

12. The Jacobi Inversion Problem

Let Pic?)(X) be the group of divisor classes of degree 0. From Abel’s theorem,
it follows that the natural map

A: DO — Jae(X)
induces an injective map
PicO(X) — Jac(X).

It is natural to ask whether this map is also surjective. We shall see that the
answers is yes. The map

Pic¥(X) — Jac(X)

will turn out to be an isomorphism. One can interpret this as follows: the
bijection equips Pic(® (X) with a structure in the form of a complex torus.

Actually, we shall prove more. For this, we introduce the symmetric power
of a set X. The nth Cartesian power is defined by

X'=Xx...xX (n times).

The symmetric group (the permutation group of the digits 1,...,n) S, acts on
X" by
0'(.%‘1, ey xn) = (l‘g—l(l), ey f,UU-—l(n)).
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If we identify two n-tuples iff they differ by such a permutation, we obtain the
so-called nth symmetric power,

XM .= X"/8,.
12.1 Remark. The assignment
XM — D(X),
(a1,...yan) — (a1) 4+ ...+ (an),

defines a bijection of the nth symmetric power X ™ with the set of divisors
with the properties
D >0, degD =n.

Now, let X be a Riemann surface with base point q. We consider the map
A=A, XM — Jac(X),
which has been defined by

al An
Ap(ay, ... an) = /wj—i-...—i—/wj
a a 1<j<p

The Jacobi inversion theorem*) states the following.

12.2 Theorem. Let X be a compact Riemann surface of genus p.
1) The map
Ay X — Jac(X)
18 surjective. Its fibers are connected.
2) There exists an open, dense subset U C X(P) such that the restriction

of Ap to U defines a topological map from U onto an open, dense subset of
Jac(X).
Of course, X») = XP /Sp has been equipped here with the quotient topology
of the p-fold Cartesian product (equipped with the product topology).

(Why the pth and not another symmetric power? This is explained by a
dimensional consideration: Jac(X) is a torus of complex dimension p.)

Jacobi’s theorem tells us that A, is “nearly bijective”. But only in the case
p = 1 is it really bijective. The analysis of the “degeneration locus” of A, is
very interesting but difficult.

Before the proof of the inversion theorem we give an important corollary.

*) This name is not correct historically. In Theorem VI.13.13, we will see that
the map A, defines a bijection between the meromorphic functions on X ) and on
Jac(X). This is the true solution of the Jacobi inversion problem. We shall treat
this question and will give more historical background in connection with the proof
of Theorem VI.13.13.
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12.3 Corollary. The map

A Pic®(X) =5 Jac(X)
is bijective.
Proof of Theorem 12.2.

First step. There exists an open, dense subset U of the p-fold Cartesian
product XP such that the restriction of A, (more precisely, its composition with
the natural projection XP — X(p)) 1s locally topological.

For the proof, we use an argument from calculus. Let U,V C C" be open
subsets and let ¢ : U — V be a map with the following properties:

1) The functions
2y (21,005 2n) (1<wv,u<mn)

are holomorphic for fixed z1,...,2,-1, 2u41,...,2,; the (complex) partial
derivatives are continuous.

2) The matrix of the complex derivatives

0
el = (522
v/ 1<p,v<n

is invertible for all z € U.

Claim. Then ¢ is locally topological.

For the proof, we observe that it follows from the existence and continuity of
the complex partial derivatives that ¢ is continuously partially differentiable in
the sense of real analysis. Let Jg (¢, z) be the real 2n x 2n Jacobi matrix. From
the Cauchy—Riemann differential equations, we obtain a formula to compute
Jr from Jg. We can use this to show that

det Jr (v, 2) = |det Je (o, z)|2 .

Hence the claim follows from the real theorem of invertible functions. We used
the same method in [FB], Chap. I, to reduce the theorem of invertible functions
to its real analogue, and also used this kind of argument in the appendix B of
Sect. 1.6 (“A Theorem of Implicit Functions”).

For the proof of the first step, it is sufficient to construct for each nonempty
open subset U C X? a nonempty open subset Uy C U such that the restriction
of A, to Uy is locally topological. We can assume that U is of the form U =
Uy x ... x Uy, with disks

p; U — E.

Our holomorphic differentials w, correspond, in these disks, to holomorphic
functions

fu:E— C.
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The period map is changed by a translation only if we change the base point

q. Hence we can assume that the base point corresponds to (0,...,0) € EF. In
these coordinates, the period map is described by

A, E?P — CP,

(21,5 2p) — (A1(z1, ., 2p), o Apl2, -0, %))
p Em
Ay (21,05 2) = Z/fl,(g‘) dc.
Nzlo

The complex Jacobian of this map is

(fu(2u)) -

The functions f, are linearly independent, as are the w,. We have to show

that they are invertible for at least one tuple (21,...,2,) € U. This is an easy
consequence of the linear independence of the functions fi,..., f, (see Exercise
1).

Second step. Surjectivity of A,.
Consider a point

C=(C,...,Cp) € C?/L = Jac(X).
We have to construct a divisor
D >0, degD =np,

such that
Ap(D)=C in CP/L.

For the proof, we consider a tuple (ai,...,a,) € X? such that a full neighbor-
hood of this tuple is mapped topologically onto an open subset of Jac(X) by
A, (see step 1). Consider

C'= Ap(ar,... ap) (= Ap((ar) + -+ (ap))).
For sufficiently large n, the point
C'"+C/n

is contained in this open subset of Jac(X) and hence in the image of A,. Hence
there exists a p-tuple

(bi,...,by) € XP
with
Ap(br,...,by) =C" +C/n=Ay(ar,...,a,) +C/n
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C=n(Ap((br) + - (bp) = (1) = - = (ap)))-

Now we consider the divisor
D :=n(by) + -+ n(by) —nlar) — - —nlap) + p(q)-

Its degree is p. From the Riemann—Roch theorem, we obtain the existence of
a meromorphic function

feLD), f#0.
The divisor

D= (f)+D=(f)+ 1)+ +(bp) = (a1) = --- = (ap) +p(q)

is > 0 and has degree p. By Abel’s theorem (the “necessary” part), we have
A((f)) = 0 and hence .
A(D) = C.

Remark. We have used the Riemann—Roch theorem for the proof of the surjectivity of
Ap. By using fundamental results of complex analysis for several variables, we could
have avoided the Riemann—Roch theorem. Those who are already familiar with the
following argument will understand it immediately. AP(X P) is an analytic subset of
Jac(X) which has dimension p, by the first step. Hence it must agree with Jac(X).

Third Step. The fibers A, ' (C) of the map
Ay XP) s Jac(X)

are connected.

This will complete the proof of the Jacobi inversion theorem, since by step 1
there exists an open, discrete subset in X?, and hence also an open, dense
subset in U ¢ X®), such that each point a € U is isolated in its fiber

a€ A;l (Ap(a)) .

Since the fiber is connected, it can consist only of the point a. This means that
the restriction of A, to U is injective. By the first step, we can choose U in
such a way that the map U — Jac(X) is open. Then the image V' C Jac(X) is
open and U — V is topological.

Proof of the third step. Let D € X(®). We consider D as a divisor:
D >0, deg D = p.

Let
f e L(D)—{0}.
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Then D’ = D + (f) also has the property
D' >0, degD’ = p.

By Abel’s theorem, D and D’ have the same image in Jac(X). We obtain the
following result:

The map
H:L(D)—{0} — X7, f—D+(f),

defines a surjective map from L(D) — {0} onto the fiber A;l (Ap(D)) which
contains D.

More precisely, we have the following. If we identify two elements of £(D) — {0}
which differ only by a constant factor, we obtain the associated projective space
P(L(D)). The above map induces a bijection

~

P(L(D)) — At (A, (D).

p

The space £(D) is a finite-dimensional vector space and hence carries a well-
defined topology. (We choose a basis, identify £(D) with C?, and transport the
usual topology from C?. This topology on L£(D) is independent of the choice
of the basis.)

For the proof of the connectedness of the fiber, it is sufficient to show the
following;:

The map

18 continuous.

The proof of the continuity rests on the continuity of the roots by variation of
an analytic function.

We want to prove the continuity at a given element f € £(D)—{0}. For this,
we take f as the first element of some basis f = fi1,..., f4. Now we consider,
on L£(D), the maximum norm with respect to this basis. The topology on £(D)
can be defined by this norm. From the assumption, we have

(f) + D =(a1) + -+ (an)

with certain (not necessarily pairwise different) points a; € X. Let U C X (®)
be a neighborhood of the image point. We have to construct € > 0 such that

llg—fll<e=(g)+DeU.

Since the map X? — X () is open and continuous, we can assume that U is the
image of a set of the form W x - - - x W, with open neighborhoods a; € W; C X.
Hence we have to show that

llg—fll<e=(g)+D=(1)+ -+ (bp) with b €W,
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Since we can shrink the neighborhoods W;, we can realize them in the following
way:
ai:aj=>Wi=Wj, ai#aj:WiﬂWj:@.

We can assume that W; is biholomorphically equivalent to a disk and (after
shrinking this disk) that it has a “good” boundary. A further assumption which
we can make is that f has neither poles nor zeros on the boundary of W;. A
simple compactness argument now shows that € > 0 can be chosen so small
that every g with ||g — f|| < e also has no zeros or poles on the boundary of
On an open neighborhood W of W, U ... U W, we find a meromorphic
function A which fits D there. This means Ord(h,a) = D(a) for all a € W.
The functions F := fh and, more generally G := gh for arbitrary g € L(D)
are holomorphic on W. We know the numbers of the zeros of the function in
U;. These numbers are n;, where n; describes how often a; occurs among the
a1,...,0y. On the other hand, the number of zeros is given by the integral

1 dF
27i F
au;
Since the zero-counting integral is always an integer, we obtain by a continuity
argument
1 G 1 ar
2ri o ) P
oU; ou;
Hence the function has precisely n; zeros in U; (counted with multiplicity). If
we use the index j with a; = a; for them, we obtain in total n zeros by, ..., by,
with b; € W;, which represent the divisor of G inside W7 U...UW,,. Hence the
divisor (¢) + D inside Wi U...UW,, agrees with the divisor (by) + ...+ (by).
Since we know (g) + D > 0 everywhere, we obtain generally

(9) +D = (b1) + -+ (bn).

Equality must hold, since the degrees are equal. This proves the claimed con-
tinuity. 0
Functions with Several Periods

Let X be a compact Riemann surface of genus p > 0. We consider a noncon-
stant meromorphic function -
f: X —C.

This is holomorphic on the complement of a finite subset S = f~1(c0),

f02X0—>C, X()Z:X—S.
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The function fy induces in an obvious way a map
fo: Xép) —cw®,

In the appendix to this section, we define by means of elementary symmetric
functions a topological map F : c™ X C™. We compose this map with fy to
obtain a map F : X(®) — CP. This is nothing but a p-tuple of functions

... F:x{P —c.
We compose this with the “inverse map” of
XP — Jac(X)

to obtain a p-tuple of functions A, ..., A, which are defined on an open, dense
subset of Jac(X) = C?/L. Pulling them back to C?, we obtain

a) an open subset U C C? with the property

ac€lU = a+geUforallge L;

b) a p-tuple of functions
Ai,.. A, U —C

with the property
Ap(z+g)=A,(z) for z € L.

In this way, we obtain functions with 2p periods.

In the case p = 1 it is clear that we are dealing with elliptic functions. So,
for p > 1, we are forced to deal with the following problems:

1) Develop the notion of a meromorphic function of several complex variables.
2) Show that the functions A4, ..., A, are meromorphic on C?.

3) Develop a theory of meromorphic functions on C? which have L as their
period lattice.

These questions determine the subjects of the rest of this book.
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Appendix to Sect. 12. Continuity of Roots
We denote by

E, = E zfl...szn, 1<v<n,
ki+...4+kn=v

the elementary symmetric polynomials. The induced map
E:C"—C", z+— (F1(2),...,E(2)),
factorizes for trivial reasons through the symmetric power

c™ =c"/s,:

cr & cr
X %
(C(

n)

12.4 Proposition. The map which is induced by the elementary symmetric

functions
E

cn) ~, ¢cn
is topological.

Remark. Instead of elementary symmetric functions, we could take the power
sums

Ty(z)zzz; (1<v<n)

(since it can be shown by elementary algebra that the 7, can be written as
polynomials in the F, and conversely).

Proof.

1) The continuity of E follows from the definition of the quotient topology on
C"/S,.

2) E:C™ — C" is bijective.

3) We define the inverse map as follows. Let (ag,...,a,—1) € C". We consider
the normalized polynomial with these coefficients and factorize it:

X"+ an1+ap=(X—a)... (X —ay).

The zeros az, ..., a, are determined up to their ordering. So, they define a
point in C™. It is well known that the coefficients «; up to the sign, are the
elementary symmetric expressions in the zeros. This proves the bijectivity.
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4) E : C" — C" is proper, i.e. the inverse image of a compact subset is
compact. This follows from a version of the continuity of roots, which we
know already (Lemma 1.3.5).

A continuous, bijective, and proper map is topological, since the images of
closed subsets are closed (and hence the inverse images of closed subsets under
E~1 are closed, which shows that F~! is continuous.) 0

Exercise for Sect. IV.12

1. Let
Gir-or gy M —C
be n linearly independent functions on some set M. Show that there exists a
finite subset X C M, consisting of n elements, such that the restrictions

911X, ..., 0,|X

are linearly independent.

Appendices to Chapter IV.
Dimension Formulae for Spaces of Modular Forms

13. Multicanonical Forms

Let X = (X, .A) be a Riemann surface. We recall the notion of a holomorphic
differential.

By definition, a holomorphic differential is given by a family

W = (th)cpeA ((p : Uw — Vgo)
of holomorphic functions w, : V,, — C such that, in the intersection U, N Uy
of two charts ¢, € A, the transformation formula
V'we = wy with y:=1o ot
is valid. This means that if a € U, N Uy is a point in the intersection and if
z = p(a), w = 1(a) are the corresponding chart points, then

wy () =7 (2)wy(2).
This notion can be generalized if the derivative +/(z) is replaced by a power.

In this way, we arrive at the notion of a higher differential or a multicanonical
form. We prefer the latter terminology.
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13.1 Definition. A (holomorphic) multicanonical form of weight m € Z on
an analytic atlas A is a family

W= (wtp)soEA (90 : Uap - Vap)

of holomorphic functions w, : Vi, — C such that for any two charts g, € A
the transformation formula

wy (w) =7'(2)"we(2)
(z=¢(a), w=1(a) with a € U, NVy)

1s valid.

Multi-canonical forms of weight 0 are 0-forms which can be identified with
holomorphic functions on X. Multi-canonical forms of degree 1 are holomorphic
differentials.

13.2 Supplement (supplement to Definition 13.1). We can replace
“holomorphic” by “meromorphic” in the definition and obtain in this way the
notion of a meromorphic multicanonical form.

Some of the rules for differentials immediately carry over to multicanonical
forms. We have to observe that the powers of the derivative satisfy the same
chain rule as the derivative itself. We collect together the most basic rules
below:

1) Every holomorphic (or meromorphic) multicanonical form extends in a
unique manner to a multicanonical form on the maximal atlas. Hence one
can talk about multicanonical forms on a Riemann surface.

2) If U C X is an open Riemann subsurface, we can define in a natural way
the restriction w|U of a multicanonical form on X to U. If X = J,U; is
an open covering and if, on each U;, a multicanonical form w; of some fixed
weight £ is given, then we have the following.

There exists a multicanonical form w on X with w; = w|U; for all 7 iff

w1|(UZ N Uj) = w]'|(Ui N U]) for all 4, j

holds.

3) If f: X — Y is a holomorphic map of Riemann surfaces, then for a mul-
ticanonical form w on Y, we can define a pullback f*w on X. This is
a multicanonical form of the same type. This pullback has the following
properties (and can be characterized by these properties):

a) In the case of the canonical inclusion f : U < X of an open subsurface,
f* is the restriction in the sense of 2).
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b)If f: X -Y and g : Y — Z are two holomorphic maps of Riemann
surfaces, then

ffogt=1(g0f).

¢) Let U C C be an open subset of the plane, considered as a Riemann sur-
face. Then the holomorphic (or meromomorphic) multicanonical forms
on U correspond to the holomorphic (or meromorphic) functions on U.
If f is a meromorphic function on U, then we may write

w = f()(d)"

for the corresponding multicanonical form of weight m.
Let ¢ : U — V be an analytic map between open subsets of the complex
plane, let

w = g(w)(dw)™

be a multicanonical form of weight m on V', and let
prw = f(w)(dw)™

be the pulled-back form; then

Algebraic Computation Rules for Multicanonical Forms

1) Multicanonical forms w,w’ of the same weight can be added:
(W+w)y =w, +uwl,.

A multicanonical form of the same type is obtained.

2) A holomorphic (or meromorphic) multicanonical form w can be multiplied
by a holomorphic (or meromorphic) function:

(fw)p == fowe.

A multicanonical form of the same type is obtained.
The latter operation admits an important generalization:

3) Let w,w’ be multicanonical forms of weight m, m’. We can define the prod-

uct ww’ by
noo._ /
(ww')y = Wiy,

and we obtain a multicanonical from of weight m + m/.
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Since this product is different form the alternating product of differential forms,
we sometimes write
wRw =ww

and call w ® w’ the tensor product of the two forms. This tensor product is
commutative, associative, and distributive for trivial reasons. So, we can define
the powers

W =w" i=w---w (n times).

This notation is compatible with the notation f(z)(dz)™ already introduced
for open subsets of the plane.

Let X be a connected Riemann surface and let w be a meromorphic mul-
ticanonical form which is not identically zero. As in the case of functions and
differentials, it can be shown that none of the components w, vanishes. This
observation allows us to define the multicanonical form w™! of weight —m by

(@), = (@)
Invariant Multicanoncal Forms

Let v7: X — X be a biholomorphic self-map of a Riemann surface X and let
w a multicanonical form on X. We call w invariant under ~ if v*w = w. More
generally, let I' be a group of biholomorphic transformations of X; we then call
w invariant under I if it is invariant under all v € I":

Y*'w =w for all v € I".
As for functions and differentials, we have the following lemma.

13.3 Lemma. Let T be a group of biholomorphic transformations of a
Riemann surface X which acts freely on X, let Y = X/T be the quotient
surface, and let w: X — Y be the natural projection. The assignment

wr— W

defines a one-to-one correspondence between the set of holomorphic (or mero-
morphic) multicanonical forms on'Y and the set of T-invariant holomorphic
(or meromorphic) multicanonical forms on X.

In the special case X = D C C of an open subset of the plane, the invariance
property v*w = w for a multicanonical form w = f(2)(dz)™ means nothing
more than

FO2) (' ()" = f(2).
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In particular, if D = H is the upper half-plane and ~ is the Mobius transfor-

mation )
az + a b

then the invariance means

F(Mz)(ez +d)7>" = f(2).

Functions with such a transformation property are familiar to us from the
theory of elliptic modular forms.

13.4 Proposition. Let T' C SL(2,R) be a subgroup whose image in Bihol H
acts freely. The holomorphic (or meromorphic) forms of weight m on the Rie-
mann surface

X=H/T
are in one-to-one correspondence with the holomorphic (or meromorphic) func-
tions on H with the transformation property

f(Mz) = (cz+d)*™ f(z) for all M €T.

Functions which have a transformation property of this type are called au-
tomorphic forms with respect to I'. Modular forms are nothing more than
automorphic forms with respect to special groups I', namely congruence sub-
groups of the modular group, where, in addition certain conditions usually have
to be required.

The question arises of whether the theory of Riemann surface helps with the
theory of modular forms. In fact, we can determine the dimensions of vector
spaces of modular forms in many cases.

In the first step, we associate a divisor with a multicanonical form. Let
w be a meromorphic multicanonical form on the Riemann surface X, and let
a € X be a given point. We choose an analytic chart ¢ : U, — V,, at a, i.e.
a € Uy,. We assume that w, does not vanish identically. If X is connected, this
means that w is not identically zero. The order of the function w, at the point
z := ¢(a) is independent of the choice of ¢, since the order of a meromorphic
function does not change if one multiplies it by a holomorphic function without
zeros. Hence we can define the order of w at a by

Ord(w;a) := Ord(w,; 2).
If X is a connected compact Riemann surface and w does not vanish identically,
then the order is defined at all points. It is different from zero only on a discrete

subset. Hence it is finite if X is compact. So we can associate with w a divisor,
which we denote by (w). We obviously have

(ww') = (W) + (&)

The following remark justifies the terminology “multicanonical form”.
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13.5 Remark. Let X be a (connected) compact Riemann surface and let K
be a canonical divisor on X (the divisor of a meromorphic differential). The
divisor of an arbitrary nonzero multicanonical form w of weight m is equivalent
to mK. As a consequence, we have

deg(w) =m(2p — 2) (p = genus of X).

Proof. We choose a meromorphic differential wg which is different from zero.
Then w/w{" is a multicanonical form of weight 0, which corresponds to a mero-
morphic function which has a degree 0. g

We can also see that the divisors of two multicanonical forms w,w’ of the
same weight which are different from 0 are equivalent, since we have w’' = fw,
with a meromorphic function f. Then «’ is holomorphic if and only if

(f) = —(").

Hence the vector space of all multicanonical forms of weight m, which we denote
by Q®™(X), is isomorphic to the Riemann-Roch space £((w’)) and hence to the
space L(mK), where K is some canonical divisor. This gives us the possibility
to compute the dimension of Q2®(X') by means of the Riemann-Roch theorem.
For the moment we shall restrict ourselves to the case where the degree of a
canonical divisor is positive, i.e. the case p > 1.

13.6 Theorem. Let X be a compact Riemann surface of genus p > 2. The
dimension of the vector space of all holomorphic multicanonical forms of weight
m 1S
0 form <0,
dim Q®"(X) =< p form =1,
p—1)(2m—-1) form>1.

We translate this result into the language of automorphic forms as follows.

13.7 Corollary. LetT' C SL(2,R) be a subgroup whose image in Bihol H acts
freely, and is such that H/T is compact. The dimension of the vector space of
all automorphic forms of weight k, i.e. of all holomorphic functions f : H — C
with the transformation behavior

f(Mz2) = (cz+d)*f(2) for all M €T,

equals
(p—1)(k—1) (p=genus of H/T).

for even k > 2. This dimension is equal to 0 for k <0, 1 for k=0, and p for
k=2.

(Uniformization theory implies p > 2.)
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14. Dimensions of Vector Spaces of Modular Forms

We want to use the Riemann-Roch theorem to compute the dimensions of
spaces of modular forms with respect to congruence subsgroups of the modular
group. All that we need about modular forms can be found in [FB], Chap. VI.
The main difficulty comes from the fact that H/T" is not compact. To overcome
this difficulty, we compactify this space. Before this, we have to verify that this
space is Hausdorff (compare Sect. II1.2, Exercises 6 and 7):

14.1 Remark. Let T be a subgroup of the modular group SL(2,7Z). The
quotient space H /T is Hausdorff.

Proof. Let a,b € H be two points which are inequivalent mod I'. We have
to show that there are two neighborhoods U(a), U(b) such that no point from
U(a) is equivalent to a point from U(b). (The images of U(a),U(b) are then
disjoint neighborhoods of the images of a, b in the quotient.) We give an indirect
argument and assume the contrary. There then exist sequences a,, — a, b,, — b
such that a,, and b,, are equivalent, i.e. M,a, = b,, M, € I'. There exists a
number § > 0 such that both sequences are contained in the set defined by

lz| <671, y =>4

Because of [FB], Lemma VI.1.2, the sequence M,, is contained in a finite set.
Taking a subsequence, we can assume that it is a constant M. Taking limits, we
get Ma = b, in contradiction to the assumption that a and b are inequivalent.

(]

This proof shows a little more: for every point a in the upper half-plane,
there exists a small neighborhood U(a) such that M (U(a)) NU(a) # () implies
that M is contained in the stabilizer of a (M (a) = a). This shows the following.

14.2 Lemma. Let T’ be a subgroup of the modular group which, besides
the unit matriz E and possibly —F, does not contain elements of finite order.
Its image in BiholH acts freely. As a consequence, H /T carries a structure
in the form of a Riemann surface. The natural map H — H/T is locally
biholomorphic.

We give some examples of such groups below.
14.3 Remark. The so-called principal congruence subgroup of level g € N,
I[g) := Kernel(SL(2, Z) — SL(2,Z/qZ)),

s a subgroup of finite index, which for ¢ > 2 does not contain elements of finite
order which are different from +FE.
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Proof. The kernel of a homomorphism into a finite group always has a finite
index. The elements of finite order of SL(2,Z) are known ([FB], Proposition
VI.1.8). This description proves the remark. O

By a congruence subgroup, we understand a subgroup of SL(2, Z) which con-
tains T'[¢] for suitable q. Congruence subgroups have a finite index in SL(2, Z).
The space H/T" is not compact, as the construction of the fundamental domain
of the modular group and its basic properties show. We want to compactify it
by adding a finite number of points. For this, we extend the upper half-plane
by cusps:

H*=HUQ, Q=QU/{co}.

We recall that the modular group also acts on H* by means of the usual
formulae. Hence we can consider, for an arbitrary subgroup I' of the modular
group, the set

XF = H*/F

The points which have been added are the cusp classes, i.e. the elements of the
set

Sr := Q/T.

We know ([FB], Lemma VI.5.3, Corollary) that this set is finite. In the case
of the full modular group, it consists of one element. We want to introduce a
topology on Xr. It will be defined as the quotient topology of a certain topology
on H*. This topology will have the property that H is an open subset and that
the topology induced by H™ is the usual topology on H. We also want to have
that the full modular group acts topologically on H*.

The essential part of the construction is to define the neighborhoods of the
cusp ico. In particular, we must define when a sequence z, € H converges
to ico. From the theory of modular forms, we can expect that this means
Im z, — oo (and not |z|, — oo; the topology to be constructed will not be
the topology induced by the Riemann sphere, which is also the reason why we
prefer the notation ico instead of co). So, the sets

Uk = Ug U {ico}

with
Uc:={z, Imz>C} (C>0)

should be typical neighborhoods of ico. Since we want the modular group to act
topologically, the typical neighborhoods of a cusp k = M (ico), M € SL(2,7Z),
should be the transformed sets M(U) = M(Uc) U {k}. These sets, called
horocycles, can easily be described.

14.4 Remark. Let M € SL(2,7Z), M(ico) = k € Q. Fach set of the family
M(Uc¢), C > 0, is an open disk in the upper half-plane which touches the real
axis at K:
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After these preparations, it should be clear how the topology has to be
defined. A set U C H” is called open if its intersection with H is open in the
usual sense, and, if the cusp x = M (ico) is contained in U, a horocycle M (U¢)
is contained in U for suitable C. It is easy to prove that this is a topology. We
can also characterize this topology as follows.

14.5 Remark. On H* = HU Q, there exists a unique topology with the
following properties:

1) The upper half-plane is an open part; the topology induced by H* gives the
usual topology on H.

2) The modular group acts topolologically on H*.

3) A subset U C H is a neighborhood of ico iff it contains a set U, (for suitable
C).

Again we point out that the topology on H* is an unusual one, since it is not
induced by the topology of the Riemann sphere. The set of cusps is discrete in
H™. Tts importance follows from the following statement.

14.6 Proposition. Let I' be a subgroup of finite index of the modular group,
for example a congruence subsgroup; then the quotient

Xr == H*/T

1s compact.

Proof. In the first step, we have to show that Xt is Hausdorff. For this, we
have to show that two I'-inequivalent points a,b € H* admit neighborhoods
such that no point of one of the neighborhoods can be equivalent to a point
of the other. We can assume that one of the points is a cusp; without loss of
generality, we assume b = ico. Again we use an indirect argument and assume
that there exist sequences a,, — a and b, — b = ico such that a, and b,, are
equivalent, i.e. M,a, = b,, M, € I'. We have to distinguish the two cases of
whether a is a cusp or not. We shall treat only the somewhat more difficult
case, where a is a cusp. We choose N € SL(2,Z), with Na = ico. There exists
6 > 0 such that both of the sequences b, and Na, are contained in the set
defined by y > §. We can modify the elements a,, and b,, by applying elements
of the stabilizers I', and I'y,, respectively. This shows that it is possible to
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assume that both sequences are contained in the set defined by |z| < §~1. Now
the same proof as for Remark 14.1 works.

In the next step, we show that Xp is compact. For I' = SL(2,Z), this
follows easily from the form of the fundamental domain. If F denotes the
usual fundamental domain of the modular group, then F* := F U {ico} is a
compact subset of H*. Its image is the whole of Xt and hence this is compact.
In the general case, we use the fact that the natural projection

Xr — Xsi2,2)

is proper. This proves the compactness. a

We shall show more, namely that X1 is a compact surface. (The existence
of a mere compactification is not very remarkable, since we always have the
possibility of a one-point compactification.) To prove this, we have to investi-
gate the structure of Xr close to a cusp class. Here we can restrict ourselves
to the cusp ico, since an arbitrary modular substitution M € SL(2, Z) induces
a topological map

Xt — Xyram-1,  [a] — [Mal).

If we choose the constant C' large enough, two points of Ug are I'-equivalent if
they can obtained from each other by translation. In other words, the natural
map

Uc/Too — H/T

is then injective. Here I', denotes the stabilizer of ico, i.e. all matrices M € T’
with the property ¢ = 0. These are of the form

10
s (3 0)

Ué =Uc U {IOO}

The closure of Up in H* is

The natural map
Us/To — Xp =H*/T

is injective too. It follows from the definition of the quotient topology that it
is continuous and open. So, it defines a topological map from U} /T's, onto an
open neighborhood of the cusp class [oo] in Xp. Let R be the smallest positive
number R such the translation z — z + R is contained in the group I'. We
consider the disk U,.(0) of radius r := exp(—27i/R) in the complex plane. The
function z — exp(2wiz/R) defines a bijective map

UC/F B U’I‘(O).
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If we associate the origin with the cusp, we obtain an extension to a bijective
map
U /T — U, (0).

Now the topology of H* has been defined in such a way that this map is topo-
logical. By composing it with the embedding into X, we obtain a topological
map of the disk onto a neighborhood of [ico] in Xp. Its inverse map is a chart
on Xr. It is obvious that this chart is analytically equivalent to the charts
which define the analytic structure of H/T'. The reason is based simply on the
fact that the exponential map is locally biholomorphic. Collecting the above
considerations together, we obtain the following result.

14.7 Proposition. For every congruence group I' which, besides E and
possibly —E, contains no elements of finite order, there can be constructed a
structure in the form of a compact Riemann surface on Xr = H*/T', such that
the following conditions are satisfied:

1) H/T is an open Riemann subsurface, and the natural map H — Xp is
locally biholomorphic.

2) Let C > 0 be large enough that the natural map Uc /T — H/T is in-
jective. Let Up(0) — UL /T« be the inverse map of the map induced by
z — exp(2wiz/R). Then the composition

UT(O) — XF

defines a biholomorphic map from the disk U(0) onto an open neighborhood
of the cusp class ico in Xp.

3) The map
XF — XMFM—l

which is induced by an arbitrary modular substitution M € SL(2,7) is bi-
holomorphic.

It is clear that the analytic structure of the surfaces Xr is determined by the
conditions 1)-3).

Let f € {I', k} be a meromorphic modular form of even weight k£ = 2m (in
the sense of [FB], Definition VI.2.1) and let ws be the associated multicanonical
form on H/I'. We want to show that w; extends meromorphically to Xp. For
this, we investigate wy at the cusp ico. We pull back wy to the chart domain
U,(0)" and obtain a multicanonical form g¢(q)(dq)™. Here g(q) denotes the
component of wy with respect to this chart. So, we have to show that g(q)
has an inessential singularity at the origin. We pull g(q)(dq)™ back to Ugx by
means of the function ¢ := exp(27iz/R). This gives f(z)(dz)™. The rule for
the pullback of a multicanonical form gives

f(z) = <fl3)m9(q) = (?)m a"g(q).
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Now we see that g is meromorphic at the origin. The factor ¢™ induces only
a shift of the orders. For example, let m = 1. We see that g has a removable
singularity at the origin iff f vanishes at the cusp ico.

14.8 Proposition. The vector space Q(Xr) of the holomorphic differentials
on Xr is isomorphic to the space of cusp forms [I',2]o of weight two. As a
consequence, we have

dim[I',2]p =p (= genus of Xr).

Let f be a meromorphic modular form different from zero. In [FB], Sect. V1.2,
we defined the order Ord(f;a) for an arbitrary point a € H*. We recall that if
a is a point in the upper half-plane, then Ord(f;a) is the usual order. If a is
the cusp ico, then the order is defined by means of the Fourier expansion. For
this, let us consider the smallest positive number R > 0 such that

(1) - (0 5)

is contained in I'. Since the weight of f is even, we have f(z + R) = f(z) and
we have an expansion

f2)= > ang" (g=e"/").

n=—oo

We define
Ord(f;ioco) := min{n, a, # 0}.

If K = M(ico), M € SL(2, Z), is an arbitrary cusp, we can replace I' by MT M ~!
and f by f|M to define
Ord(f; k) = Ord(f|M;ic0).

It is easy to see that this definition is independent of the choice of M. So,
Ord(f;a) is defined for all @ € H*. Tt is trivial to show that this definition
depends only on the I'-equivalence class of a. So, we can define

Ord(f;x) := Ord(f;a), x=[a] € H/T.
Only for finitely many x € Xt is the order different from zero. So, we have

associated with a modular form f # 0 a divisor, which we denote by (f). Let
us collect these results together.
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14.9 Remark. With any meromorphic modular form f # 0 of even weight
k = 2m we can associate a divisor (f) on the compact Riemann surface Xr,
such that the following conditions are satisfied:

1) The modular form is entire iff (f) > 0. It is a cusp form iff (f) > > . (5)-
2) If wy is the multicanonical form on Xp which is associated with f, then
(f)=(w))+m ) _ s
sEST
In particular,
deg((f)) = m(2p — 2+ h).
Furthermore, we have

(f9) = (f) + (9)-

Now we choose, for each weight k = 2m, a nonzero meromorphic modular
form. We can take, for example, fo = (Gg/G4)™. Then any other f of the
same weight is of the form f = hfy, with a modular function (= modular form
of weight zero) h. The form f is entire if (h) > —(fp), i.e. f is contained in the
Riemann—Roch space L((fp)). We obtain the following result.

14.10 Proposition. Let K be a canonical divisor on Xr; then

[F,k]’:ﬁ(mK+mZ s)

SEST

and, correspondingly,

[F,k]o’:£<mK+(ml) > s>.

SEST

From the Riemann—Roch theorem, we obtain the following proposition.

14.11 Proposition. Let ' be a congruence subgroup of the modular group
which, besides E and possibly —E, does not contain an element of finite order.
For even k > 0, we have

dim[I', k] = §(2p—2+h)+1—p
and

dim[I", k] — h for k> 2,
dim[[, k) —h+1 fork=2.

Here h denotes the number of cusp classes and p the genus of Xp.

dim[L, ko = {

Next we want to determine, for many groups, the genus p =: p(I') and the
number of cusp classes h =: h(T").
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The Topological Genus

In the definition of the order of a modular form, a natural number R occurred,
namely the smallest positive number such that the translation z — 2z + R
belongs to I'. Every other translation is then a multiple of R. If the negative
unit matrix is contained in I', then the stabilizer of the cusp ico equals

I :={MEcT; M(ioo):ioo}:{j:((l) le); xGZ}.

This a subgroup of index R of the stabilizer ico in the full modular form. We call
R the width of the cusp oo. For an arbitrary cusp k = M (ico), M € SL(2,7Z),
we define the width of x as the width of ico with respect to the conjugate
group MT'M~!. It should be clear that this definition is independent of the
choice of M and, moreover, depends only on the I'-equivalence class. We use
the notation

R(k) = Rr(k) = width of &.

It is clear that this definition is independent of the choice of M and that it
depends only on the I'-equivalence class. If the negative unit matrix is contained
in T, then the cusp width R(k) equals the index of the stabilizers of the cusp,

[SL(2, Z), : ).

14.12 Remark. Let k = M(ico), M € SL(2,Z), be an arbitrary cusp of
I'. The width of the cusp oo of MTM ™1 depends only on k and not on the
choice of M. It is called the width of the cusp k of I'. It depends only on the
I'-equivalence class of k.

The sum of all cusp widths

R(T):= Y Rr(z)

rESr

is of great importance.

14.13 Remark. LetT be a congruence group which contains the negative unit
matrixz. The sum of all cusp widths equals the index of T' in the full modular
group:

R(T) =[SL(2,Z) : T).

Proof. Let
k1 = My (i00), ..., kp = Mp(ico)

be a system of representatives of the cusp classes. For each representative k,,,
we choose a system of representatives IV, 1,...IN, r, of the cosets of I'; in
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SL(2,Z),. Obviously, M, N, , runs through a system of representatives of I
in SL(2,7Z). O

We recall that there exists a modular form of weight 12 with respect to the
full modular group which has no zeros in the upper half-plane and vanishes at
the cusp oo of first order. We consider it as a modular form with respect to
a congruence subgroup I'; the vanishing order at the cusp oo then equals the
width of the cusp ico. We obtain the following result.

14.14 Proposition. Let T' be a congruence subgroup which contains the
negative unit matriz and is such that its image in Bihol H acts freely. Let R(T')
be the sum of all cusp widths of T'. We have

R(T) = [SL(2.Z) : T] = 6(2p — 2+ h).

14.15 Corollary. For even k > 0, we have

dim[T, k] = —[SL(2,Z) : T] + 1 — p.

k
12
The assumption —F € T' is harmless, since we can replace I' by the group
I'U—TI'. The two groups have the same modular forms of even weight.

The basic numbers p and h can easily be determined for the principal con-
gruence group of level two. This group has index of 6 in the full modular group.
The width of the cusp ioo is 2. Since T'[2] is a normal subgroup, all widths are
2. We obtain the result that T'[2] has three cusp classes. The genus can be
determined using Proposition 14.8 by means of the structure theorem ([FB],
Theorem VI.6.3). Tt follows that every cusp form of weight two vanishes for
I'[2]. This result can also be derived in a purely topological manner by means of
the polyhedron theorem, since we can use a fundamental domain to construct
a triangulation. We see the following.

14.16 Lemma. We have

The index and number of cusp classes can be computed if we have a coset
system of I" in the full modular group. We perform this computation here for
the principal congruence subgroup I'[¢], where we use the fact that

SL(2,Z) — SL(2, % /qZ)
is surjective and that, as a consequence,
1
SL(2.2) : T[] = #SL(2,2/qZ) = ¢ [] (1 _ 12) .

! prim , l|q

This is a special case of a result which will be proved later (Proposition VII.6.5).
We shall use this result here.
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14.17 Proposition.  For the principal congruence subgroup of level ¢ > 2,

we have:
[SL(2,Z) =¢*]] (1 — )

llq

The dimension formulae

dim(T[q], k] = H(1>+1
llq
hold for even k > 2.

Corollary. In the cases q < 5, the genus is zero.

Proof. Tt is better to work with the group T'[q] = I'[¢] U —T'[¢]. The number
of cusp classes is the same, but the index has to be divided by two. Since the
cusp widths are all ¢, the formula for the number of cusp classes follows from
the formula for the index.

For the determination of the genus, we apply the Riemann—-Hurwitz ramifi-
cation formula. First we consider, for an even level ¢, the natural map

Xrig) — Xrpz-

We determine its degree. It is easy to see that each point of H/T'[2] has

inverse images. So this is the degree of the map. The only ramification points
are the cusps. The ramification order at each cusp is q.

If ¢ is odd, we apply the Riemann—Hurwitz ramification formula to

Xr2q) — Xrig)- O
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15. Dimensions of Vector Spaces of Modular Forms
with Multiplier Systems

In this section, we want to give up the restriction that the weights of the
modular forms are even. We also want to admit multiplier systems. Let v be a
multiplier system of weight r/2, r € N, with respect to a congruence subgroup
I'. We use the notation of [FB], Sect. VL.5. Again we have to define a divisor
on Xr for a meromorphic modular form f € {T',r/2,v}. For this, we have
to define the order of f at the cusp ico. Again let R be the smallest positive

number such that
1 R . -1 R
0o 1) \o -1

is contained in I'. A difficulty arises, since f need not have a period R. We
only have f(z + R) = ef(z), with a certain root of unity . This difficulty
arises even for the trivial multiplier system when the weight k is odd and when

<1 f1> is contained in I'. We then have

0
1 R (1 R
5_ ’U(O 1) 1f<0 1>EI‘,
), . (-1 R (-1 R
(1)1}(0 1 if 0 1 el

In general, we call the root of unity ¢ the irreqularity of the cusp ico. It depends
only on the triple (I',7/2,v). The occurrence of the irregularity is responsible
for the following extra considerations.

We write the irregularity in the form
e=e¥ (0<a<l.

The function z — exp(27ia) has the same transformation property as f under
the translation z — z + R. Hence the function z — f(z)exp(—27iaz) has
period R and admits a Fourier expansion

oo
f(z)e—Qﬂ'iaz _ a eZﬂinz/R
= E n .

n=—oo

Now we define
Ord(f,icc) = min{n; a, # 0}.

We should point out that this definition is artificial in some sense, because it
depends on the representation of ¢ in the form exp(2mia). Another normalization of
a would lead to another order. One should bear in mind that in our general setting,
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modular forms no longer have an interpretation as multicanonical forms as in the case
of even weight and the trivial multiplier system.

Analogously to the case of even weight and the trivial multiplier system,
we now define Ord(f;a) for an arbitrary cusp a by transforming it to ico
and considering a conjugate group and the conjugate form. This definition is
independent of the choice of the substitution which is needed to transform a to
ico. For a point a in the upper half-plane, we again use the usual order of the
meromorphic function f at a. In this way, we again obtain, for any modular
form f, a divisor (f).

But, in contrast to the case of even weight and the trivial multiplier system,
there is no requirement that the formula (fg) = (f) + (¢) remains true. Obvi-
ously, however, this formula is true if one of the two forms has no irregularity.
In particular, we have the following fact.

15.1 Lemma. Let f € {T,k,v} be a meromorphic modular form which
is different from 0, and let h € {T',0} be a fully invariant nonzero modular

function. Then
(hf) = (h) + (f).
From this we obtain the following result.

15.2 Lemma. If there exists a monzero meromorphic modular form f €
{T',k,v}, then
[, ko] = L((f))-

We shall not discuss the existence of an (only) meromorphic modular form
here, since this will obvious in all our applications. It remains to determine
the degree of the divisor (f). An obvious idea is to take a natural number N
such that Nk is even and f% has a trivial multiplier system. From the results
of the previous section, we get

de((f")) = S (p— 2+ n).

So, we need a relation between Ord(f;ico) and Ord(f",ic0). The expansion
of fis
f(Z) _ 627Tiaz ZaneQﬂ'inz/R.

We obtain N

f(Z)N _ eZniNaz <Z aneZTrinz/R) )
The number Na is integral. We see that

Ord(f";ico) = aN + N Ord(f,ic0).
15.3 Remark. Let kK = M(ico), M € SL(2,Z), be an arbitrary cusp of T.
The irregularity at ico of (MTM 1 vM) is independent of the choice of M. We

call it the irregularity of (I',r/2,v) at the cusp k. Moreover, the irreqularity
depends only on the I'-equivalence class of k.
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Now we obtain the following result.

15.4 Proposition. Let I' be a congruence subgroup whose image in Bihol H
acts freely. Let f € {T',k,v} be a meromorphic modular form and let N be a
natural number such that Nk is even and such that all occurring cusp widths

divide N. Then
(fY) = + Y Na(s
sEST

In particular,

deg(f) = §(2p— 24+h) = > als).

Here R(s) denotes the cusp width and £(s) = exp(2mia(s)) the irregularity (in
the standard representation 0 < a(s) < 1).

15.5 Corollary. In the case k > 2, we have

dim[I, k, v] = §(2p—2—|—h) +1-p— Y a(s).
sEST

Exercises for the appendices to Chap. IV

1. In [FB], at the end of Sect. V1.6, we proved the following formula for r > 2:
dim([T'[4, 8], 7/2,vy] = 4r — 2.

Reprove this formula in the case r > 4 by means of Corollary 15.5.

2. Let I" C SL(2,Z) be a congruence subgroup whose image in Bihol H does not
necessarily act freely. As we have seen in Exercise 4 for Sect. II1.2, the quotient
H/I" also carries a natural structure as Riemann surface in this case.

Show that X|. for an arbitrary congruence group admits a unique structure in
the form of a Riemann surface, such the natural projection

H— X,

is holomorphic.

3. In the case of the full modular group I' = SL(2, Z), the Riemann surface X is
biholomorphically equivalent to the Riemann sphere.

Give three different proofs:
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1) Use the j-function (compare Exercise 7 for Sect. I11.2).

2) Using the uniformization theorem, it is sufficient to show that the genus of
X is zero. This can be done by means of Euler’s polyhedron formula, using
a suitable triangulation of the fundamental domain.

3) Apply the ramification formula to Xrpg — Xrpy-

4. Compute the genus p(I") of X}, for an arbitrary congruence subgroup by means of
the Riemann—Hurwitz ramification formula using the natural projection

Xp — Xsp0,2) = €
If —F is not contained in I', then the result is

_ [SL(Q,Z):F]_E_Q_E
p(l) =1+ 12 13 9

Here a = a(T") and b = b(I") denote the numbers of I'-equivalence classes of fixed
points of order two and three, respectively. By definition, the order e(a) of a point
a € H is the order of the image of I' in Bihol H. This is the order of I' | if —F
is not contained in I", and half of it otherwise. Of course, it depends only on the
I'-equivalence class.

5. Show that the formula
dim(I', 2], = p(I')
holds for all congruence subgroups.

6. Show that, for even k, the formula

. | dim[I, k], + h for k> 2,
dim([", k] = {dim[F, Klo+h—1 fork=2

holds for all congruence subgroups.

7. Show that, for even k£ > 0 and arbitrary congruence groups, we have

kh k 1
im[T, k] = (k—1)(p—1) + = Tl —) .
=6+ 2 S (S L)
a€H/T
Here [x] means the greatest integer < x. Of course, the sum is finite, since e(a) is
1 almost always.

8. Use the result of the previous exercise to give a new proof of the structure theorem
(Theorem VI.3.4 in [FB]). (This states that the ring of modular forms with respect
to the full modular group is generated by two forms of weight 4 and 6.)

9. To obtain a dimension formula for a arbitrary weight k € %Z and for an arbitrary
multiplier system v, we have to associate an irregularity with the elliptic fixed
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points a € H in analogy to the case of cusps. Again we assume the existence of a
meromorphic modular form f. The function

glw) = (w177 (Z=1)

w—1

is defined in the unit circle. If e(a) is the order of an fixed point, then g transforms
as

(62ﬂi/e(a)lU)

g =ng(w),

where

n=2e" 0<a=al)<]l,
is a root of unity, which now plays the role of the irregularity. This depends only
on I', v, k, and the I'-equivivalence class of a.

Show that for £ > 2, we have

dim(T, &, o] = (k — 1)(p —1)+—+ 3 < (1——)>—a(a)>.

acH/T



V. Analytic Functions of Several Complex Variables

The Jacobi inversion theorem leads to functions of several variables with many peri-
ods. So, we are led to the problem of developing a theory of them which is analogous
to the theory of elliptic functions. First of all, we need to give an introduction to the
theory of functions of several complex variables. In this chapter, we give an elemen-
tary introduction which essentially follows Weierstrass. One of the main topics will
be the proof of the theorem that any meromorphic function on C" can be written
as a quotient of two entire functions. Weierstrass called this a very difficult problem.
The first proof was given by Poincaré. In the case n = 1, it is not difficult to show this
by means of the theory of Weierstrass products, even for arbitrary domains D C C
instead of C. The case n > 1 is more involved, since the zero sets and pole sets of
analytic functions of several complex variables are not discrete.

The investigation of the zero set is related to the division theory of the ring
of convergent power series. This theory is governed by two central theorems, the
Weierstrass preparation theorem and the division theorem. The two theorems are
closely related. They are equivalent in the sense that it is rather easy to derive one
from the other. The Weierstrass preparation theorem appeared in print in 1886, but it
already appeared in 1860 in Weierstrass’s lectures. The division theorem is frequently
called the preparation theorem, but this is historically false. Historical comments and
amendments can be found in Siegel’s paper “Zu den Beweisen des Vorbereitungssatzes
von Weierstrass” (Collected Papers, Vol. IV, No. 83) [Si2]. There, it was pointed out
that the division theorem was proved for the first time in 1887 by Stickelberger and
was rediscovered by Spath in 1929. Siegel gave, in the above paper, a simple proof
of the preparation theorem which rests on a calculation with power series. Here, we
shall present a different proof which uses the Cauchy integral.

At the end of this chapter, we shall also give a short introduction to the lo-
cal calculus of alternating differential forms, which extends the two-dimensional-case
considered in the appendix to Chap. II.

1. Elementary Properties of Analytic Functions
of Several Variables

We are familiar with the notion of an analytic (= holomorphic) function of one
complex variable and now want to use it to develop a notion of an analytic
function of several variables.

E. Freitag, Complex Analysis 2: Riemann Surfaces, Several Complex Variables, Abelian Functions, 300
Higher Modular Functions, Universitext, DOI 10.1007/978-3-642-20554-5 5,
© Springer-Verlag Berlin Heidelberg 2011
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1.1 Definition. A function
f:D—-C

on an open subset D C C" is called analytic if it is continuous, and if it is
analytic in each of the n variables if the rest of the variables are fixed.

Remark. A nontrivial result of Hartogs states that the assumption of conti-
nuity in Definition 1.1 is superfluous.

The following properties of analytic functions can easily be reduced to the
onevariable case.

1. The sum and product of two analytic functions are analytic. The function
1/f is analytic if f is an analytic function without zeros.

Notation.
O(D)={f:D — C, fanalytic}.

So, O(D) is a C-algebra.

2. Mazimum principle. Assume that D is connected. If |f(2)| attains its
maximum in D, then f is constant.

Let a € D be a point at which |f(z)| attains its maximum. For the proof,
we consider the set of all points such that f(z) = f(a). This set is closed, by
a continuity argument. Using the maximum principle of complex analysis for
one variable, we can easily show that this set is also open in D. Since D is
connected, it coincides with D.

3. If f,, : D — C is a locally uniformly convergent sequence of analytic func-
tions, then the limit function is analytic too.

4. Identity theorem for analytic functions of several complex variables:

An analytic function f : D — C on a domain D which vanishes on an open
nonempty subset is identically zero.

Proof. There exists a largest open subset U C D on which f vanishes identically.
If U is different from D, there exists a boundary point a € D of U. For
the proof, we can replace D by a small open neighborhood of a. Hence we
can assume that D = Dy x ... x D,,, where the D, are domains in C. By
assumption, there exist nonempty open sets U, C D, such that f vanishes
on Uy X ...x U,. Now we can apply inductively the identity theorem for the
onevariable case. a

Another proof will follow from the local expansibility into power series
(Proposition 2.2).

As in the case n = 1, we need the power series expansion of an analytic
function. This will be the subject of the next section.
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Exercises for Sect. V.1

1. Let D C C™ be a domain which has a nonempty intersection with R™. Show that
an analytic function on D which vanishes on D N R" is identically zero.

2. A function f : U — R on an open subset U C R" is called a real analytic function
if each point @ € U admits an open neighborhood U(a) C C™ and a complex
analytic function f, : U(a) — C™ with the property

flz) = f,(z) for x € U(a) NU.
Show that the identity theorem in the form given in Sect. V.1 is true for real

analytic functions. That is, if U is connected and f vanishes on an open nonempty
subset of U, then f is zero on the whole of U.

3. Let f: U — C be a nonconstant analytic function on a domain U C C and let
P : C x C — C be an analytic function with the property

P(Re f,Im f) = 0.
Show that P vanishes identically.

4. Show that the image f(D) of a nonconstant analytic function which is defined on
a domain D C C" is open in C.

2. Power Series in Several Variables

When we are studying power series of several variables, it is useful to separate
the algebraic computational rules from questions of convergence. Many of the
algebraic properties can be formulated for formal power series. These are power
series without any assumption of convergence. The coefficients of power series
are usually complex numbers for us. For the definition of formal power series,
we can take as coefficients elements of arbitrary commutative rings with unity
1 =1 € R. Sometimes we require that R is an integral domain, i.e.

ab=0=—=a=0o0rb=0.

For the moment, R can be an arbitrary commutative ring with unity.

A (formal) power series in n variables over R is a map
. n
P‘NO Ra (Vla"‘7yn) > Ayy,.v

n

which, owing to its later use, is written in the form

J— Vi 1%
P=> "y, X[ X0
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Here X4,...,X,, are merely symbols.

It is useful to make use of the calculus of multi-indices:

v o= (V17"‘7Vn)7 X = (le"'7Xn)7
vlii= 1l XY= Xt X

The power series is then of the form

P=>"aX"

veNy

The summation is taken over all multi-indices v € N{.

For two power series

P=)Y aX’ Q=) bX"

veNy veNy

we define the sum and product as follows:

(1) P+Q:= Z (ay +b,) X",
veNT

(2) P-Q:= Z aX’ = Z aqbs  (finite sum!).
veNy a+pB=v

It is easy to check that the set of all formal power series with this addition and
multiplication becomes an associative and commutative ring with unity

0 forv#(0,...,0)
Zal/ o {1 for v = (0,...,0).
veNy

This ring is denoted by
R[Xy,..., X,]-

We call this the ring of formal power series over R in n “variables”. This ring
contains the polynomial ring R[ X7, ..., X,,] as a subring. A polynomial is noth-
ing but a formal power series which has only finitely many coefficients which are
different from zero. The ground ring R can be embedded into R[X71,..., X,]
and hence also into R[X7,. .., X,] in a natural way, r — r-1. We shall usually
identify r and r - 1.
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Other Notations for Power Series
Let P be a power series and let d > 0 be a nonnegative integer. We then define
P, := Z a,X".
Vit =d

This is a polynomial. It collects together all monomials of degree d which occur
in P. If P is a polynomial, we have

P = ipd,
d=0

where the sum is finite in reality. A power series is determined by the totality
of its homogeneous terms P,;. Hence we can use the notation

oo
P= Z P,
d=0
If P and @) are power series, we can immediately verify that

(PQ)a = Z Py, Qq, (finite sum).

dy+do=d

By the order of a power series P different from zero*), we understand the
smallest d such that P is different from 0. If dy, dy are the orders of P, @,
then

(PQ)d1+d2 - Pded2'

We assume that it is known that the polynomial ring over an integral domain
is an integral domain too. We obtain the following result.

The ring of power series over an integral domain is an integral domain too.

Power Series as Coefficients of Power Series

Let P be a power series in n variables. We fix one variable, say X,. For a
nonnegative integer k, we consider the power series P(*) in n — 1 variables

PR = N"a, X7 X0

n—1
vn=k

It is easy to check that the map

oo
Py pPWxh
k=0

*) A power series is different from 0 if not all of its coefficients are zero. This means
that it is not the zero element in the ring of power series.
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defines an isomorphism
RﬂXl, . ,Xn]] — R[[Xl, P ,Xn_l]] [Xn]]

We identify the two rings and write

P= i Pk xk
=0

Next, we introduce convergent power series. For this, we assume that the
ground ring is the field of complex numbers.

2.1 Definition. A formal power series

P= Z ay X

veNg

is called convergent if there exists an n-tuple of complex numbers (z1,...,2n),
which all are different from zero, such that

— Vi v
P(Z1>"'7ZTL) - § Ay, 21 "0 20"
veNT

converges absolutely.

We recall some well-known facts about convergent series.

Let (as)ses be a family of complex numbers which is parametrized by a

countable set S. The “series” > a4 is called absolutely convergent if there
seS
exists a number C' > 0 such that

Z las] < C

sESy

for each finite subset Sy C S. In this case the value of the series can be defined,
for example by ordering the elements of S somehow;

S = {51, 59, 83,...}.

The number

E g ‘= a/sl +a52 +a’83+"'
ses

is independent of the choice of this ordering.

More generally, we consider a family

fs: X —C
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of functions on a topological space. The series
> 1
ses

is called normally convergent if each point a € X admits a neighborhood U =
U(a), and if there exist constants m, such that

[f(x)| <mg forall z € U and s € S

>

seS

and such that

converges. The series then converges in any ordering, absolutely and locally
uniformly (the Weierstrass majorant criterion).

If the power series P converges absolutely at a point (wi,...,w,) with
wg # 0 for K = 1,...,n, then, by the majorant criterion, it also converges at
every point

(215 s 2n)s |2kl < |wgl-
An n-tuple r = (r1,...,7y) of positive real numbers is called a multiradius of

convergence of P if P converges at all points
(71,5 2n), |2kl <ri fork=1,...,n.
Notation. Let b € C", r € RY;,. The set

Ur(b) :={2€C" |z —bp|<rpfork=1,...,n}
=U,, (b)) x ... x U, (by)

is called the polydisk with center b and multiradius 7.

2.2 Proposition. Let b € C" be a given point and let be r be an n-tuple of
positive real numbers.
1) Let P be a power series and let r be a multiradius of convergence. Then the

series
P(z=b)= > a,(z-b)"
veNT

converges normally in U,.(b) and defines an analytic function there.
2) An analytic function

fiU(b) — C

can be expanded in the whole of U.(b) as a power series P which converges
normally there, so that

fz)=P(z=b)= > alz-b)",

veNg
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and we have

Fb)

v!

A, =

Proof. 1) The known proof in the case n = 1 works in the general case. The
validity of the Taylor formula in 2) also follows from the standard stability
theorems in the case n = 1.

2) Since we have seen already the uniqueness of the expansion, we can enlarge
the polydisk slightly: we can assume that f is analytic in an open neighborhood
of the closure of U,.(b). We also can assume b = 0.

The idea is to generalize the well-known proof of the case n = 1 ([FB],
Theorem II1.2.2). For this, we need a suitable generalization of the Cauchy
integral formula. Again, we shall reduce it by induction to the case n = 1.

First we apply the usual Cauchy integral formula to the analytic function
in the single variable z,

Zn — [(21, -y Zn),

keeping 21, ..., z,_1 fixed. We obtain

f(zla-uazn):ﬁ % f(Zl,-C.n.,Zn—hCn)an-

— Zn

|Cn|2rn,

Now we apply the Cauchy integral formula step by step for the variables
21, ..+, 2n. We obtain the following formula:

The Cauchy integral formula in several variables.

— L f(Cl»a(n)
ot = § 0§ e o

[Cil=r1 [Cnl=Tn

Now the power series expansion of f can be obtained as in the case n = 1. We
expand the integrand into a geometric series and interchanges integration and
summation. The geometric series in several variables can be obtained from the

usual series
1

11 I (2"
c—z_c1—z/<_<§(<>
by termwise multiplication:
e s (@) (@)
Gi—z Cn—zn_gl-...-én,ue%ﬂ,(Q o\ .
0

(This holds for |zx| < |Ck| =71k, k=1,...,n.)
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Computation Rules for Power Series

We collect together some rules for computations with convergent power series
here. The proofs are the same as in the case n = 1.

1) Addition and multiplication of convergent power series. We assume that the

power series
> ayz—a)’, D by(z—a)
converge in a polydisk U around a. In U, we then have
Y a(z—a)+> by(z—a) =Y (ay+b)(z—a),
(Ca-a) (Xohe-0r)=3( X ab)e-om

n v+pu=n

This can be expressed as follows: the map
oU) — C[[Xy,...,X4]],

which associates the formal power series ) a, X" with a function f with
power series f(z) = > a,(z — a)”, is a ring homomorphism.

2) Reordering of power series. We assume that the power series

Zal,(z —a)’

converges in the polydisk U,.(a). Let
Up(b) € Up(a)

be another polydisk which is contained in it. The expansion of the ana-
lytic function which is defined by the original power series around b can be
obtained by formal reordering using

o0y = (=0 O-al = X ([ ) 0te-ar

()= () ()

Za,,z—a Zb z—=b)"

So, in U,(b), we have
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with

b, = zk: ay (Z) (b—a)*.

3) Composition of power series. Let

v-Lv-4c,
UcC",V cC™ open,

be maps whose components are analytic functions, and let
acU, b= f(a).

We consider the expansions of the components of f
fi(z) =) al(z —a)”
in a neighborhood of a, and the components of g in a neighborhood of b,

9(2) = Y bulz — b

The power series expansion of g(f(z)) in a small neighborhood of a can be
obtained by formal replacement and reordering.

In contrast to the case n = 1, in the case n > 1 there exists no largest radius of
convergence which could be called the radius of convergence. This is shown by the

following example:

>
172
n=0
The domain
{(21,25) €C X C;5  |z,25| <1}
is the largest open set in which this series converges. It is not a polydisk. In Exercise
4, we shall obtain the shape of the precise domains of convergence.
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Exercises for Sect. V.2

1. Show that every , analytic and bounded function in C™ is constant (“Liouville’s
theorem”).

2. Expand the function
1

(2, = 1)2(2, — 2)3
into a power series around the origin.

3. Let Zsesas be an absolutely convergent series. Show that its limit A can be
characterized without ordering S, as follows:

For any € > 0, there exists a finite subset S, C S such that for any finite inter-
mediate set S, C T C S we have

‘Zasz‘<5.

seT

4. By a Reinhardt domain D C C", we understand a domain which is invariant
under “rotations” of the kind

(215 r2,) — (G125 -5 C%0) 16,1 =1(1<v<n).

It is called complete if this true for all |, | < 1.

Show the following:
a) In the case n = 1, the Reinhardt domains are precisely the annuli with center
0, and the complete Reinhardt domains are the disks.

b) The largest open set in which a convergent power series Z a,z" is absolutely
convergent is a complete Reinhardt domain. It converges normally there and
defines an analytic function there.

¢) Any function which is analytic on a complete Reinhardt domain can be ex-
panded in it into a power series.

Hint. Use the obvious fact that every complete Reinhardt domain is a union
of polydisks with center 0.

5. By a Laurent series of several variables, we understand a series

Vi VUn
g Ay B et 2

veZL™
The sum is taken over all n-tuples of integers (including the negative integers).

Show the following. We assume that the Laurent series converges absolutely
in at least one point (wy,...,w,) with w, # 0 for 1 < v < n. The largest open
set in which ) a,z" converges absolutely is a Reinhardt domain. The expansion
converges normally there and defines an analytic function there. Conversely, any



3. Analytic Maps 311

analytic function on a Reinhardt domain can be expanded into a Laurent series
in the whole domain.

Hint. Every Reinhardt domain can be written as a union of “polyannuli”
D, x...x D, . Here the D, are annuli with center 0 in the complex plane.

3. Analytic Maps

A map
f:U—V, UcC" V cC™open,

is called analytic (or holomorphic) if its components
fe=pkof, pr:V — C, kth projection (1 <k <m)
are analytic functions.
3.1 Remark. A map
f:U—V, UcCcC" VcC™open,

is analytic iff it is totally complex differentiable at each point a € U. This
means that

f(z) = fla) = A(z —a) + r(z)
with a C-linear map
A:C"—C™
and a remainder term r with the property

r(z)

— 0 forz —a
Iz — all

(where ||| means the FEuclidean norm,).

Proof. Tt follows from Proposition 2.2 that analytic maps are totally complex
differentiable. Conversely, as in the real case, totally complex differentiable
functions are continuous and partially complex differentiable. O

The linear map A is described by an m x n matrix,

A(z1y ooy 2n) = (W1, wp),

n
w; = E QjjZj, 1§z§m
J=1
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This matrix is the complex Jacobian

of1 Ofr

0z1 e Ozy
A=ia=| @

Ofn Ofn

0z te Ozn

Each C-linear map is R-linear as well. Therefore we can also describe A by a
real 2m x 2n matrix!

From the real chain rule and the fact that a composition of C-linear maps
is again C-linear, we obtain the complex chain rule as below.

3.2 Remark. Let
fU—V, g:V—W
(UcC" VcC™ WcC? open subsets)
be analytic maps. Then the composition g o f is analytic too, and we have

J(go fia) =J(g; f(a)) - J(f;a).

In the same manner, the real theorem of invertible functions implies the com-
plex version. We simply have to observe that the inverse of an invertible C-
linear map is C-linear as well.

3.3 Remark (theorem of invertible functions). Let

f:U—V, UV CC" open,
be an analytic map and let a be a point from U. The following statements are
equivalent:

1) f maps a suitable open neighborhood U(a) biholomorphically onto an open
neighborhood V (f(a)).

2) J(f;a) is invertible.
(A map f is called biholomorphic if it is bijective and if both f and f~! are
analytic.)
Remark. Let

A:C" —C"
be a C-linear map. It can be described by a complex n x n matrix. The
determinant of this matrix is denoted by det(A). We can also consider A as an

R-linear map and describe this by a real 2n x 2n matrix. The determinant of
this real matrix is denoted by detg (A). We have (see Exercise 1)

dety (A) = |det (4)]*.

As in real analysis, the theorem of invertible functions implies the theorem of
implicit functions. We formulate a special case as follows.
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3.4 Remark. Let f(w,z1,...,2,) be analytic on some open subset of C™*,
Let (b,ay,...,a,) be a point with

0
fb,a1,...,a,) =0 and %(b,al,...,an);«éo.

Then there exists a holomorphic function ¢ in a small open neighborhood of
(a1,...,an) with the properties

0.

b=o(ar,...,an), f(@(z1,--12n)s 215+, 2n)

We can compare this with the treatment of the case n = 1 in Sect. 1.3, Ap-
pendix B.

Zeros of Analytic Functions

In Sect. 1, we formulated the identity theorem for analytic functions and showed
how to reduce it to the case n = 1. Another proof can be obtained by means of
the power series expansion. A reformulation of the identity theorem says the
following.

3.5 Remark. Let f: D — C be an analytic function on a domain D C C"
which does mot vanish identically. Then the set of zeros contains no inner
points.

Corollary. The ring O(D) of holomorphic functions on a domain D C C™ is
an integral domain.

In contrast to the case n = 1, in the case n > 1 the set of zeros of an analytic
function is never discrete if it is nonempty. We shall see this in Sect. 4. Here
we consider only a simple example,

f(Zl,ZQ) = Z1 " Z2.

The zero set of this function is the union of the “axes” C x {0} U{0} x C. This
is one of the reasons why complex analysis of several variables is much more
difficult than the one-variable case. One has to be careful with the notion of
a meromorphic function. A meaningful definition should imply that rational
functions are meromorphic. For example, z1/z2 should be meromorphic on c2.
Its zero set (21 = 0) and its pole set (22 = 0) (whatever that means) cross at
the origin. Hence there is no meaningful way to assign a value to the origin
and it does not help to allow oo as a value. This consideration shows that in
the case of several variables we need a different approach compared with n = 1
for the introduction of the notion of a meromorphic function.
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Meromorphic Functions

3.6 Definition. Let D C C" be a domain (a connected and open nonempty
subset of C™) and let Dy C D be an open and dense subset of D. An analytic
function

f : D() — C

s called meromorphic on D if the following conditions are satisfied:

For each point a € D there exist an open connected neighborhood U and two
analytic functions g, h : U — C, where h is not identically zero, such that

flz)= zEZ; for all z € U N Dy with the property h(z) # 0.
z

In this definition we have to observe two fine points:

1) We did not require that h has no zeros on U N D,. Hence the representation
f(z) = g(2)/h(z) is valid only in the set

{zeUnND,; h(z)#0}.

By the identity theorem, this set is still open and dense in U N D,. Independently
of this, one can raise the question of whether this local representation of f can be
chosen in such a way that h has no zeros in the whole of U N D,. It can be shown
that this is true, but for a proof we need deeper insight into the structure of the zero
set, which is not available at the moment.

2) We required that D is connected, but not that D, is connected. The reason
for this is as follows. Let g be an analytic function on D which does not vanish
identically. We can then consider D := {z € D; g(z) # 0} and, on D, the analytic
function f(z) = 1/g(z). The notion of meromorphy should imply that this function
is meromorphic on D. But, at the moment, we do not know that D, is connected.
Actually, this is true, but the proof will come later. For this reason, we did not require
D, to be connected. Nevertheless, the principle of analytic continuation also holds
for meromorphic functions, as we now show.

3.7 Lemma. Let D € C"™ be a domain and let f : Dy — C be an analytic
function on an open and dense subset of D which is meromorphic on D. If f
vanishes on an open and dense subset of Dy, then it is identically zero.

Proof. The problem is that there might be connected components of Dy where
f vanishes identically, and others where this is not the case. We shall give an
indirect proof and assume that this actually happens. So, let A be the union of
all connected components of Dy on which f vanishes, and let B be the union
of the other components. The sets A and B are open, nonempty, and disjoint.
Their union is Dgy. The function f vanishes identically on A, but its set of zeros
is thin in B. (This means that it contains no inner points.) Since Dy is dense
in D, we have D = AU B, where A and B denote the closure of A and B in
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D. Both of these are closed in D. Since D is connected, the intersection of
A and B is not empty. As a consequence, there exists a joint boundary point
a€ D,acdANIB. We use the definition of meromorphy at this point; f can
be written in a small connected open neighborhood as a quotient of analytic
functions in the above sense, f = g/h. The function g vanishes on U N A. By
the identity theorem, it vanishes on U and hence on an open nonempty subset
of B. This contradicts the fact that the zero set of f is thin in B. a

The Field of Meromorphic Functions

When a function f: Dy — C is meromorphic on a larger domain D, it can of
course happen that f extends holomorphically to a larger open set Dy C D’ C
D. For this reason, one has to be careful with the definition of a “meromorphic
function”.

We consider pairs (D, , f,), v =1, 2,
fu : D, — C analytic,

where the D,, are open and dense in the domain D and the f,, are meromorphic
on D. The intersection D1 N D5 is again open and dense in D. The two pairs
are said to be equivalent,

(Dl 7f1) ~ (D27f2)a

if fi and f; agree on an open nonempty subset of D; N Dy. By the above
identity theorem (Lemma 3.7), they agree on the whole intersection Dy N Ds.
It should be clear that this relation is really an equivalence relation.

3.8 Definition. Let D C C" be a domain. A meromorphic function on D is a
full equivalence class of analytic functions f : Dy — C which are meromorphic
on D with respect to the equivalence relation described above. We denote the
equivalence class of (Dy, f) by [Dy, f]. (Later, we shall write simply f instead
of [Do, f1)-

If (Dy, f) represents a meromorphic function on D, we call Dy a domain of holo-
morphy of [Dg, f]. A union of such domains of holomorphy is also a domain of
holomorphy. Hence every meromorphic function has a unique maximal domain
of holomorphy. This maximal domain of holomorphy is called the domain of
holomorphy of the given meromorphic function.

As we have already mentioned, the intersection of two open and dense sub-
sets is open and dense again. If (D, f1) and (Ds, f2) represent two meromor-
phic functions, we can define the sum and product of f; and fo as analytic
functions on the intersection D N Dy. They are meromorphic on D. The
definition

[D1, f1] H[Da, fo] := [D1 N Dy, f1 +fa]
is independent of the choice of the representatives.

So, the set of all meromorphic functions is an associative and commutative
ring with unity. But we can state more, as follows.
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3.9 Proposition. The set M(D) of all meromorphic functions on a domain
D is a field.

Proof. 1If [Dy, f] is a meromorphic function which does not vanish identically,
then

Dy:={a€Do; fla)#0}

is open and, by the identity theorem of Lemma 3.7, also dense in Dy, and hence
dense in D. The function g(z) = 1/f(z) is analytic on D}, and meromorphic
on D. We have

[Do, f171 = [Dg, g]. O

Every function which is analytic on D is meromorphic on D (f = f/1). If
we associate the meromorphic function [D, f] with f, we obtain an embedding

O(D) — M(D), f=1D,f]

We shall identify O(D) with its image in M(D). O(D) consists of all meromor-
phic functions whose domain of holomorphy is D. M(D) contains the quotients
of functions from O(D):

M(D) > { £; f,9 € O(D), 9#0}

It is an important problem whether M (D) agrees with the quotient field of
O(D). This is true in the case n = 1. In [FB], this was proved — but only for
the case D = C — by means of the Weierstrass product theorem.

The case n > 1 is more involved. It will take us some effort to show that
in the case D = C" every meromorphic function is the quotient of two entire
functions.

Exercises for Sect. V.3

1. Let A be a complex m x n matrix and let C™ — C" the associated linear map.
Identify C™ (similarly C™) with R®™ via

(215 s 2) = (@, s Yps oy Yp)

to obtain a linear map R?*™ — R?". What is the associated real (2m) x (2n)
matrix? What are the conditions for a real (2m) x (2n) matrix to be derived from
a complex m X n-matrix?

2. Let V a vector space of finite dimension over some field K, and let A: V — V be a
K-linear map. Then the determinant det; A is well-defined. It is the determinant
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of the matrix of A with respect to some basis. Now consider K = C. Since V can
be considered as a vector space over R, and since a C-linear map is R-linear, one
can consider det A and dety A. Show that

dety, A = |dets A%,
Hint. Reduce this to the case where a C-basis exists, such that A can be rep-

resented by a diagonal matrix. Then reduce the statement to the one-dimensional
case V = C.

3. Let D C C™ be an open set and let f : D — C™ be an analytic map such that
the (complex) Jacobian has rank n at all points. Show that the image f(D) is
open in C".

4. The Weierstrass Preparation Theorem

The complex analysis of one variable is distinguished by the fact that the zero sets
of nonvanishing analytic functions are discrete. This is related to the fact that the
divisibility properties of the ring of convergent power series of one variable are very
simple. Every nonzero convergent power series of one variable is the product of a
power of z and a power series () which does not vanish at the origin. Such power
series are invertible in the ring of power series. Hence, in the ring of power series of
one variable, there is essentially only one prime element, namely z, and P = Q - 2"
is the decomposition of P into primes. Hence the ring of power series is simpler than
the the ring of polynomials C[z]. The prime elements of this ring are the nonconstant
linear polynomials, and the decomposition into primes is just the decomposition which
results from the fundamental theorem of algebra,

P(z) =C(z—ay)--- (2 —a,).
The polynomials z — a, a # 0, are prime elements in the polynomial ring, but in the

ring of power series they are units. For example, the inverse of 1 — z is given by the
geometric series.

In the complex analysis of several variables, the situation is much more involved.
This is already visible in the case of the ring of polynomials. In the case n > 1,
this ring is not a Euclidean ring. Nevertheless, the theorem of unique decomposition
into prime elements holds. In the algebraic appendix at the end of this volume, we
shall treat division theory and obtain a proof of this fundamental result of Gauss in
Corollary VIII.2.4.

There are two fundamental theorems for the shape of the zero sets and for the
division theory in the ring of power series of several variables, namely the preparation
theorem of Weierstrass and the division theorem. Both theorems play fundamental
roles in the complex analysis of several variables. For example, we shall deduce from
them that unique prime factorization holds also in the ring of power series.

There is a close relation between the division theory of the ring of convergent
power series and the study of the zero set of a power series, since we have

PIQ = (P(2)=0 = Q(z)=0in a neighborhood of z = 0).
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First we notice that every power series P with P(0) = 0 can be written as
a product of finitely many indecomposable elements. For this, we recall from
Sect. 2 the notion of the order

o(P):=min{vy +vo+--+vn; Q. ., #0}
Of course, we have to assume that P #Z 0. Additionally, we define
0(0) := 0.
If @, Q(0) =0, is a second nonunit, then we know that
o(P- Q) = o(P) +0(Q).

For the proof, it is convenient to characterize the order in a different manner.
Recall that a power series P can be written in the form

P=P +Py+-,

where P, is a homogeneous polynomial of degree m (Sect. 2). We have
o(P) =min{m; P, #0} (P #0).

The claimed relation o(PQ) = o(P) + o(Q) follows.

Now the decomposition into a product of finitely many indecomposable
elements follows by induction on o(P).

4.1 Definition. A power series P € O, = C{z1,...,2,} is called z,-
general if
P(0,...,0,2,) 0.

A power series is z,-general if it contains a monomial which is independent of
Z1,...2n_1. For example, z1 + 25 is zo-general but z; 2o is not.

Let A = (auw)1<pu,v<n be an invertible complex n x n matrix. We consider
A as a linear map

n
A:C"—C" zr— w, wH:E Ap 2y -
v=1

For a power series P € O,, we obtain, by substitution and reordering, the
power series
PA(z) := P(A™'2).

Obviously, the map

O, — O,, P — p4
is an ring automorphism, i.e.
(P1Q)" =PA1Q™.

The inverse map is given by A~
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4.2 Remark. For every finite set of convergent power series P € O,,, P # 0,
there exists an invertible n x n matriz A such that all P4 are z,-general.

Proof. There exists a point a # 0 in a joint convergence polydisk such that
P(a) # 0 for all P. After a suitable coordinate transformation (a choice of A)
has been chosen, we can assume A(0,...,0,1) = a. Then all P4 are z,-general.

O

Zeros of Power Series

For the local behavior of the zeros of analytic functions, it is sufficient to
investigate the zeros of z,-general power series. The following lemma gives a
rough description.

4.3 Lemma. Let P, P(0) =0, be a z,-general power series, and let d be the
zero order of P(0,...,0,2,) at z, = 0. Choose the number r > 0 such that P
converges absolutely for |z,| < r and such that P(0,...,0,z,) has no zeros in
the disk |z,| < r besides 0. Then there exists a number e, 0 < & < r, with the
following properties:

1. P(z1,--y2n—1,2n) # 0 for |z, =7 and |z,| <e (1 <v <n-—1).

2. For fized (z1,...,2n_1) with |z,| < €, the function z, — P(z1,...,2,) has
precisely d zeros (counted with multiplicity) for |z,| < r.

Proof. The first statement is clearly true for any fixed chosen z,, by a continuity

argument. For the general case, one has to use a simple compactness argument.

The second statement follows by means of the zero-counting integral of the
usual complex analysis ([FB], Proposition II1.7.1). This integral shows that the
number of zeros depends continuously on z1,...,2,_1. Since it is an integer, it
must be constant and hence be equal to the value for z; = ... = z,_1 = 0.

O

The fact that the parameters z1, ..., z,_1 can be chosen arbitrarily can be
expressed as follows:

The zero set of an analytic function on a domain D either is empty, the whole
D, or a complex (n — 1)-dimensional set.

We shall not give a precise explanation for this, since we do not want to intro-
duce dimension theory here.

Let Py, ..., Py, be convergent power series in (n— 1) variables, say elements
of Op—1 = C{z1,...,2,-1}; then

P0+P12n++PmZ;n

can be considered as a convergent power series in O,,. In other words, the
polynomial ring O,,_1[z,] in one variable over O,,_; is embedded into O,,:

On_1lzn] — O,.
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4.4 Definition. An element P € O, _1(z,] is called a Weierstrass polyno-
maal if the highest coefficient is one and if all other coefficients are nonunits:

P=24 4P 128 4. 4+ Py, d>1,
P,e0,1, P,(0)=0for0<v<d-1.

A normalized polynomial from O,,_1][z,] is a Weierstrass polynomial if

P(0,...,2,) =23 (d>1).

n

Weierstrass polynomials are z,,-general.

4.5 Lemma. Let Q € O,_1[z,] be aWeierstrass polynomial and let A € O,
be a power series with the property

P = AQ S (’)n,l[zn].

Then A € O,—1[zn] also.

For arbitrary polynomials Q € O,,_1[z,] instead of Weierstrass polynomials,
this statement is false, as the example

M—z)A 42y +224+-)=1

shows.

Proof of Lemma 4.5. First step. In addition, we assume that the degree of P
(as a polynomial over O,,_1) is smaller than the degree of @. In this case, we
show A = 0. We choose 7 > 0 small enough that all occurring power series
converge for |z,| < r. Then we choose € > 0 small enough that ¢ < r and that
each zero

Q(z1,---,2n) =0, l|z|<eforv=1,...,n—1,

automatically has the property |z,| < . Then the polynomial
Zn — P(21,...,2p)

has, for each (n — 1)-tuple (z1,...,2,-1), |2u]| < &, at least d = deg Q) zeros, as
@ has, counted with multiplicity. Because deg P < deg @), we get

P(z1,...,2zp) =0for |z,| <e, v=1,....,n—1.

We obtain P =0 and A = 0.

Second step. We use a simple but basic fact about division with a remainder
in the polynomial ring in one variable over a commutative ring R with unity.
(In our application, R = O,,_1).
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Let P € R[X] be an arbitrary polynomial and Q € R[X] a normalized polyno-
mial, i.e. the highest coefficient of Q is assumed to be one. We then have

P=AQ+ B, degB <deg@ (orB=0))

with unique polynomials A, B. (In this context, we define the degree of the zero
polynomial to be —cc.)

We apply this simple fact to R = O,,_1 and to the two polynomials P and
@ given in Lemma 4.5. Division with a remainder gives

P=CQ+ D, degD < degQ.
Using the equation P = AQ), we get
(A—C)YQ =D, degD < degQ.

Now it follows from the first step that A = C, and A, like C, is a polynomial
over O, _1. O

We mention already that Weierstrass polynomials are z,-general. Units in
0,, are z,-general too. So, the product of a Weierstrass polynomial and a
unit is z,-general. The fundamental preparation theorem of Weierstrass states
that every z,-general power series is the product of a unit and a Weierstrass
polynomial. Since z,-generality is not a restrictive property (Remark 4.2), the
preparation theorem gives a link between the rings O,,_1[z,] and O,

4.6 Theorem (Weierstrass preparation theorem) (Weierstrass, 1886).
Let P € O, = C{z1,...,2,} be a z,-general power series. Then there exists a
unique decomposition

P=U- Qa
where Q is a Weierstrass polynomial and U is a unit (U(0) #0).

The preparation theorem is related to the division theorem, which is sometimes
incorrectly also called the preparation theorem.

4.7 Theorem (Division theorem) (Stickelberger, 1887).

Let Q be a z,-general power series with Q(0) = 0. Let d be the zero order of
the power series Q(0,...,0,2,) at z, =0 (0 < d < 00). Every power series
P € O,, admits a unique decomposition of the form

P=RQ+S,

where
a) Re Oy;
b) S €O, 1[z], deg, (S)<d (orS=0).

Before the proofs of the two theorems, we treat their basic applications to the
division theory of O,,.
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Division Theory for the Ring of Power Series

We compare the division theory of the rings O,,_1[z,] and O,, here.

An application of Lemma 4.5 and the preparation theorem is the following
lemma.

4.8 Lemma. A Weierstrass polynomial P € O, _1[z,] is a prime element in
O,, if and only if it is a prime element in Op_1]zp].

On the other hand, 1 — 2, is a unit in O,, but a prime element in O, _1[z,].
Proof of Lemma 4.8. 1) If P is a prime element in O,,, then Lemma 4.5 shows
that P is a prime element in O, _1[z,] too.

2) Conversely, let P be a prime element in O,,_1[z,]. We have to show that P
is prime in O,,. So, we assume

P|AB, A,B€O,.

After a suitable change of coordinates, we can assume that A, B are both z,-
general. By means of the preparation theorem, we obtain

A=Ay-U, B=DB,V,

where Ay, By are Weierstrass polynomials and U,V are units. From Lemma
4.5, we get P|AoBy in O,,_1]z,] and therefore

P|Ag or P|By in O, _1]z4],
since P is prime in this ring. So we get
P|A or P|B in O,. O

Now we prove the following proposition as fundamental consequence of the
preparation theorem.

4.9 Proposition. The ring O, of convergent power series is a UFD ring.

As we have seen already, every power series P can be written as a product
of finitely many indecomposable elements. So, it remains to show that any
indecomposable element of O,, is prime.

Proof by induction on n. The beginning of the induction is trivial, so we assume
that the proposition has been proved for (n — 1) instead of n. We have to show
that it holds for n. Of course, we can assume that P is z,-general and then,
by the preparation theorem, that it is a Weierstrass polynomial. We show first
that P is indecomposable in O, _1[z,]. So, let P = AB be a decomposition
in O,_1[zn]. Since P is indecomposable in O,,, we can assume that A is a
unit in O, i.e. A(0) # 0. It follows from the equation P(0,...,0,z,) = z4 =
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A(0,...,0,2,)B(0,...,0,z2,) that, up to a constant factor, A(0,...,0,2,) is a
power of z,, i.e. A(0,...,0,2,) = C’sz. Since A does not vanish at the origin,
we have § = 0. We obtain the result that B has a degree of at least d as a
polynomial in z,. But then it has a degree of precisely d and A must have
degree 0. Hence A is contained in O, _1 and is a unit there.

Now we make use of the induction hypothesis. The ring O,,_; is factorial.
By the theorem of Gauss mentioned earlier (Theorem VIII.2.2), O, _1[z,] is
factorial as well. So, P is in O,,_1[z,] and, because of Lemma 4.8, it is also a
prime element in O,,. ]

Proof of the Preparation and Division Theorems

First step. We start with a special case of the division theorem: the division
theorem (Theorem 4.7) is true if Q is a Weierstrass polynomial (and not only
a zn-general power series).

For an arbitrary power series P € O,,, we have to construct a decomposition
P=AQ+ B, Be€O,_1]z,], degB <degQ,

and to show that it is unique.

Uniqueness. From AQ + B = 0, we get A € O, _1[z,] because of Lemma 4.5.

Comparing degrees, we get A = B = 0.

FExistence. We want to define

_L P(Zly"-azn—I,C) d<
Alzy, .. 2p) = 5 }é 0 e

[Cl=r

For this, we have to explain how r > 0 has to be chosen. It has to be so small
that the power series P and () converge in

U={z |zl <r}, 2l :=max{lz], v=1,...,n}.
Then there exists a number ¢, 0 < & < 7, such that
Q(z1,...,2n) #0for |z,| >7r, |z <eforl<v<n-—1L1

The function A is analytic in ||z|| < ¢ and can be expanded into a power series
there. We denote this power series by A again. What we have to show now is
that

B:=P— AQ
is a polynomial in z,, and that its degree is smaller than that of (). By means
of the Cauchy 1ntegra1 formula for P, we obtain (with z := (z1,...,2,-1))

) (20, 1 P z, ¢) _d¢
B(Z,Zn) —Tm f Q—Zn dC 27t f Q ~ Zn Z C)g_Zn
ci=r ¢i=r

& f [t
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The variable z,, occurs only inside the large brackets. For fixed z1,...,2,_1,(,
we know that Q(z1,...,2n-1,() — Q(21, ..., 2n) is a polynomial of degree d =
deg @) in z,. This has a zero at z,, = ( and hence is divisible by z,, — ¢, such
that the quotient is a polynomial of degree d — 1. Hence B is a polynomial of
degree < d in z,.

Second step. Now let P € O,, be an arbitrary z,-general power series and let
@ be a Weierstrass polynomial. Both are assumed to converge in ||z|| < r. We
also assume that there exist a number £, 0 < € < r, such that for each fixed
(21, ..y 2n_1) with |z,| < e for (1 <v <n—1) the functions

Zn— Q(21,. ..y 2n), Zn+— P(z1,...,2,)
have the same zeros (counted with multiplicity) in the disk |z, | < r. Then
P=UQ,

with a unit U.

Proof. We can choose € so small that all d zeros of ) are contained in |z,| < r.
By the special case of the division theorem, we have

P=AQ+ B, Be€0O,_1]z,], degB <degQ.

We can assume that A and B both converge in |z,| < r. The polynomial

zZn — B(z1,...,2,) has, for each (21,...,2,-1), |2 <& 1 <v <n-—1,
more zeros than its degree predicts. Hence it is identically zero. The same
consideration shows that A is a unit. O

Third step. Proof of the preparation theorem. Let P be a z,-general power
series, and let d, 0 < d < oo, be the zero order of P(0,...,0,z,) at z, = 0.
The numbers 0 < £ < r are chosen as in Lemma 4.3. We consider the functions

ROP(2,¢) d¢

O'k(zla..-an 1 27[_1'("% C a( P( C), k:0,1,2,....

These functions are analytic in the domain
zeC" ! z] <e

By the residue theorem of complex analysis (in relation to the zero-counting
integral) in one variable, we know that og(z1, ..., 2,_1) is the number of zeros

Zn — P(21,...,%n)

in |z,| < r (counted with multiplicity). As a consequence, oy is an integer, and
hence constant. We order the d = o¢(z1,...,2,—1) zeros arbitrarily,

t1(2), ..., ta(z).
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Of course, we can not expect that the ¢, (z) will be analytic functions in z. But
a simple generalization of the zero-counting integral gives

O'k(Z) = tl(z)k + ...+ Ifd(Z)k.

Therefore the symmetric expressions t1 (2)* +. .. +t4(2)* are analytic functions
in z. By a result of elementary algebra, which we shall use without proof, we
have the following result.

The vth elementary symmetric polynomial (1 <v <d),

By(X1,...,Xa)=(-1)" > X;...X,,

1<j1<...<j, <d
can be written as a polynomial (with rational coefficients) in the

d
Uk(X17"-7Xd) :ZX]]C
j=1
(1 <k <dis enough).

FEzxample.

1
EQ(Xl,XQ) = X1X2 = [(Xl + X2)2 — (X12 +X22)] = 5[0’% — 0'2].

N |

In particular, the elementary symmetric functions t1(z),. .., tq(z) are analytic.
We use them to define the Weierstrass polynomial

Q21 s Zn_1,2n) = 284 By (t1(2), ..., ta(2)) 287 4 4+ By (t1(2), - . ., ta(2)).

For fixed ||z]| < e, the zeros of these polynomials are t1(z),...,t4(2) by the
(trivial) “Vieta theorem”. By the second step, P and @ differ only by a unit.
This proves the preparation theorem. O

Fourth step. Proof of the division theorem. This now follows immediately from
the special cases proved above (in the first step) together with the preparation
theorem. O

We now give another application of the preparation theorem which again
shows the close connection between zeros and the divisibility of power series.

4.10 Proposition. Let P,Q be two power series which are different from
zero. Then the following two statements are equivalent:

a) In a small neighborhood of the origin,
P(z) =0=Q(2) =0.

b) There exists a natural number such that P|Q™.
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Proof. We can assume that P and @ are Weierstrass polynomials. Let d be
the degree of P. We want to show that P|Q?, and perform polynomial division
with a remainder for this purpose:

QY= AP+ B, deg(B) < d.

For any (z1,...,2,_1) in a small neighborhood of the origin, B has the same
zeros as P. The multiplicities of the zeros of B are at least as large as those of
P. This gives B = 0. g

Exercises for Sect. V.4

1. The power series

oo

v

2y + E zq
v=1

is z,-general. Determine the associated Weierstrass polynomial.

2. Write the elementary symmetric polynomials
2%yt 2123+ 2923, 212973
explicitly as polynomials in
Z1 + 29 + 23, zf—i—zg—i—z; zf—l—zg—i—zg.

3. Show that C{z} contains only one nonzero prime ideal

4. Show that an analytic function of more than one variable never has an isolated
zero.

5. Representation of Meromorphic Functions
as Quotients of Analytic Functions

A meromorphic function on a domain D can be represented locally as a quotient
of two analytic functions. Hence there exists a covering

D= U U;, U,; open and connected,
il

and analytic functions

fivgi:Upi— C, g #0,
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such that f
f|Ui ==
9i
Such a representation is not unique! We can try to enforce some kind of unique-
ness by demanding that f; and g; are coprime. Here, elements o, p of a com-

mutative ring with unity are called coprime if

z|loand zlo = =z € R".
There arises a difficulty: the ring of analytic functions on a domain is not
factorial (i.e. a UFD domain). Only the ring O,, = C{z1,...,2,} of convergent
power series is factorial. To overcome the difficulty, we need the following
statement.

5.1 Proposition. Let

fig:D— C, DcC" open,
be analytic functions and let a € D be a point such that the the power series of
f and g at a are coprime elements of the ring of convergent power series

C{X1,..., X} (“Xy =2z, —a,”).
Then there exists a neighborhood of a such that the power series expansions of

f and g at all points b in this neighborhood are coprime.

We shall now prove another proposition (Proposition 5.2) which will imply
Proposition 5.1. For this, we denote the power series expansion of f (and
analogously that of g) at a point a € D by

[fla € C{X1,..., X} (“X, =2z, —a,).
Now we factorize [f], and [g], into primes,
[l =T10f00 and [gle = [ Jlosle
j=1 j=1

where [f;], (and analogously [g;],) are pairwise not associated. Here two ele-
ments p, o of a ring R are called associated if they differ by a unit, i.e.

oc=c¢p, e€R".
Since we can shrink D, we can assume that the representatives f;, g; are ana-
lytic in D. Now we consider
F=fi-...-fr and G:=g¢g1 ... ¢s
instead of f and g. It is clear that [F], and [G], are coprime if this is the
case for [f], and [g],. The elements [F], and [G], are coprime if and only if
[Fl, - [G]a is a square-free element of the ring of convergent power series. An
element p of a ring R is called square-free if
?lo = =x€R"
Conversely, for an arbitrary element b € D, the power series [F], and [G], will
be coprime if [F];, - [G]y is square-free. Hence Proposition 5.1 follows from the
next proposition.
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5.2 Proposition. Let
f:D— C, DcC" open,

be an analytic function. The set of all points a € D for which the power series
expansion [fla is a square-free element of the ring of power series is open in
D.

Proof. Let a € D be a point such that the power series expansion [f], is
square-free. We have to show that [f], is square-free in a full neighborhood of
a. Without loss of generality, we can assume that [f], is X,-general, which
means

flat,...,an—1,2n —an) Z0.

This condition remains valid in a full neighborhood of a. So, we can assume
that [f], is X,-general (“X,, = z, —b,”) at all points b € D. We want to
prove a criterion for the square-freeness of an X,,-general power series which
implies Proposition 5.2. To exclude trivial cases, we assume that the power
series under consideration neither vanishes identically nor is a unit.

5.3 Criterion (Criterion for the square-freeness of a z,-general power
series). A z,-general power series

PeC{z,...,zn}, P(0)=0, P#0,
is not square-free iff

[[t:(z) —t;(2)? =0 forze C*', lz] <.

i<y
(We use the same notation as in the proof of the preparation theorem.)

Proof of the criterion. The condition of the criterion does not change if P
is multiplied by a unit U (U(0) # 0). Because of the preparation theorem,
we can assume that P is a Weierstrass polynomial. It follows easily from the
preparation theorem and Lemma 4.5 that a Weierstrass polynomial is square-
free in O iff it is square-free in Opn_1[zy].

The latter is true (by a criterion which is valid for normalized polynomials
over factorial domains; see Proposition VIII.3.2) if the discriminant A does
not vanish. The discriminant can be computed as follows:

A=]]t —t)?* € On.

p<v

This proves Criterion 5.3. a
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Now we come back to our problem of representing a meromorphic function
on a domain D globally as a quotient of analytic functions. For each point
a € D, there exist a connected open neighborhood U(a) and analytic functions

Jashe : U(a) — C

such that

flU(a) = ;%

Here we can assume — at least after shrinking of U(a) — that the power series
expansions of g, and h, at a are coprime. By Proposition 5.1, this remains
true in a full neighborhood of a. So, we obtain the following result.

5.4 Proposition. Let f be a meromorphic function on a domain D C C".
Then there exist an open covering

D = U U;, U; C D open and connected,
el

and a family of analytic functions
gi hi :U; — C (h; #0)
such that the following two conditions are satisfied:

_9
a) f|Uz - hZ
b) The power series expansions [g;la and [h;|q are coprime at all points
a € U.

Supplement. In the intersection of two members U;, U; of the covering, we
have

9i|U,-nt = Pij - 9j|U,-nt
with a function ¢;; € O(U; NU;)*.
The supplement is a consequence of the following simple algebraic considera-
tion.

Remark. Let (o,0), (¢/,0") be two pairs of coprime elements of a factorial
domain. From the equation

0o’ =o' (i.e. “o/o =d'[d"7),
it follows that
o=¢c0 and o =c¢eo,

with a unit ¢ € R*.

It is worthwhile to formulate the condition in the Supplement of Proposition
5.4 in the form of a definition.
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5.5 Definition. A (multiplicative) Cousin distribution on a domain
D c C" is a family (U;, fi)icr consisting of
a) an open covering

X = U U;, U; C D open and connected,
il

b) a family of analytic functions f; : U; — C with the property

fi:@ij'fj inUiﬂUj, goijeO(UiﬁUj)*.

We say that an analytic function f: D — C fits the Cousin distribution if for
all 1,

floe =i fi, i€ OU)".
Then the zero sets of f inside U; agree with that of f;.
Since the sets of zeros of f; and f; agree in U; N Uj;, we should think of a
Cousin distribution as “prescription of zeros with multiplicities”.
The construction of f will be done along the following lines.

First, we determine a family of invertible analytic functions
g9i € O(U;)"

with the property
gi = pij - g; mU; NU;,

where the ¢;; are the transition functions which occur in Definition 5.5. Then
we have, for all i, j,

fi fi .

— == inU;NUj,

9i  9j
As a consequence, there exists an analytic function f with f = f/g; on U,.
This function solves the problem.

The construction of the invertible functions g; rests on a certain gluing
lemma, which we shall now formulate and prove in a situation which is topo-
logically very simple. We assume that the U, are rectangles, parallel to the
axes, in a very special position. The rectangles which we consider are Carte-
sian products of open intervals in R. As usual, we identify C" and R?" by
means of

(Zl" .. 7Zn) — (ml,yla""xn’yn)‘

Now, let the following be given:

a) an open rectangle Q' ¢ R*"™1;
b) real numbers a < b < ¢ < d.
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Then we build
Q1:=(a,c) xQ cC"

and
Q2 := (b,d) x Q" c C".

So, we have

Y

LN

<

Ql N QQ = (b7 C) X Q/.

S
>
o

S8

5.6 Lemma. Let Q1 ,Q, be two open rectangles in C™ (= R?™) in the special
positions

Q1:=(a,c)xQ CC", Q2:=(0b,d)xQ CcC" (a<b<c<d).

Furthermore, let f be an analytic function on an open set U which contains the
closure Q1 N Q2. We then have the following two lemmas.

1) Additive gluing lemma. There exist analytic functions
fv:Qn —C, v=12
with the property
f(2) = f1(z) = fa(2) for z € Q1 N Q2.

2) Multiplicative gluing lemma. Assume that f is invertible (f € O(U)*); then
there exist invertible analytic functions

fV:Ql/;)(Ca flIGO(U)*7 V:1727

such that

f1(2)
fa(z)

f(z) =

Proof of the additive gluing lemma.

The proof uses the Cauchy integral formula applied to f as a function of z;. In
the proof, zo, ..., 2, will be kept fixed. The integrals under consideration will
depend analytically on zs,...,z, by Leibniz’s criterion. Hence it is sufficient
to restrict ourselves to the case n = 1. The Cauchy integral formula gives

1

f(z) = — % Cf(_ozdg for z € Q1 N Q5.
9(Q1NQ2)

It is clear that the boundary 9(Q; N Q) is the composition of two paths W

and Wy, where W7 is contained in the boundary of Q1 and W5 in the boundary

of QQI
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7

NN

7
Y

We then have

f(z) = f1(z) = fa(z) for 2 € Q1 N Q2,
with
f(©)

fy(z) _%g_zdc, V:172.
Wy

The functions f,, v = 1,2, are analytic in the complements of W,,, and hence
in the whole of @), (and actually in a much bigger domain!). a

Proof of the multiplicative gluing lemma.

This can be reduced to the additive lemma if f can be written in the form
f(z) =ef"®,  F:D — C analytic,
since then we have to solve the additive problem for F':
F=F—-F, F,e0(Q,),

to obtain

f= S with f, = ef”.

e
Hence it remains to verify the existence of holomorphic logarithms on suitable
domains. This can be done similarly to the case n = 1 as follows.
5.7 Lemma. Let

f:D— C, DcC" open and conver,

be an analytic function without zeros. Then f admits an analytic logarithm F,
i.e. an analytic function F : D — C with

el = f.
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Proof. We choose a point a € D. For arbitrary z € D, the segment between a
and z is contained in D. Hence the function

alt) = fla+t(z—a)), 0<t<1,

is well defined and continuous. We set

F(z) = / i/(%) dt + Log f(a).

This function depends (because of the Leibniz rule) analytically on z. We have

ef'=f (since “ Z/((tt)) = %Log a(t)”) . O

Why is Lemma 5.6 called the “gluing lemma”?

Consider analytic functions
g :Q, — C, v=12.
Assume that there exists an invertible analytic function

12 € O(U)” (U>Q:1NQ2)
with the property
g1 =12 g2 in Q1 N Q2

There then exists an analytic function

g:Q1UQ2 — C

such that
g=vugynQu, ¢, €0(Q))"
(g is the “glued function”).

For the proof, we apply the multiplicative gluing lemma and write 12 in
the form

P12 = ﬂa fr € 0(Qu)".
fa
The functions
92 and &
fi fa

agree in @1 N Q2 and “glue” to a function defined on Q1 U Qs.

Now we are in the position to prove the following important proposition.
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5.8 Proposition (P. Cousin, 1895). Let (U;, f;) be a Cousin distribution
on C" (=U,e; Ui). Then there exists an analytic function

f:C"—=C

such that
flu. =i fi, i€ OWU)".

Remark. In the case n = 1, this proposition remains true for arbitrary domains
D C C" = C, but not in the case n > 1!

Proof of Proposition 5.8. In the first step, we prove that on an open neighbor-
hood U of the closed unit cube

W::{zE(C"; ng,,,y,,glforlgygn}
there exists an analytic function f : U — C which fits the given Cousin distri-

bution,
f=vi- fiinUNU;, ;i €OUNU)".

To show this, we decompose the cube
W into N?" closed small subcubes by
dividing each edge into N equidistant
pieces, as illustrated in the figure. We
denote the small cubes by W,,.
1<v; <N (1<j<2n).

e V2n)

We choose N large enough that each W,, . ., is contained in a U;, and we
denote such a U; by Uy, ... .,,. Correspondingly, we use the notation f; for
Joirvan -

For the rest of the proof, we restrict ourselves to the case n = 1, which
can be presented more easily. But the case n > 1 can be treated in the same
manner.

Claim. In a suitable small neighborhood of W7, U W7y, there exists an analytic
function which fits the Cousin distribution.

This is a direct consequence of the gluing lemma. By induction, we obtain
an analytic function in an open neighborhood of Wiy U...U Wiy which fits
the Cousin distribution. We denote this function by Fj. In the same manner,
we construct functions F; on an open neighborhood of W;; U ... U W,;y. Now,
using the gluing lemma again, we can glue the functions F; and F5 and so on,
to obtain finally a function which fits the Cousin distribution. Now we obtain
the following result.

For each compact subset K C C", there exist an open neighborhood U D K
and an analytic function f: U — C which fits the Cousin distribution.
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To obtain an analytic function f on the whole of C", we use an approximation
argument.

Let
Vi={z€C"||z| <k}, k=1,2,....

We choose an arbitrary analytic function
hy:V, — C
which fits the Cousin distribution. Then we have, for k < [,
h; = hi e?*  in Vj,

with a function ¢y, which is analytic on V.

hk+1 = hk 6"91" in Vk (C,Dk = Sok,k—i-l)-

The sequence (Vi, hy) is again a Cousin distribution. Every analytic function
which fits this Cousin distribution fits the original one. So we have succeeded
(by means of the gluing lemma) in reducing an arbitrary covering (U;);er to
the ascending chain V3 C Vo C ... .

We still have the freedom to replace hjp by izk = hye¥*, with analytic
functions vy, : V, — C.

Claim. After a suitable choice of the ¥y, € O(Vy), we obtain
hp1 = hy €%,

with

a) @k € O(Vk)’

b) |gr(2)| <27F  forz € Vi_y.

Proof. We shall see that one can find polynomials 1, with the desired proper-

ties. (They are analytic on the whole of C".) Tt is easy to construct the v, by

induction on k. We simply use the fact that every analytic function on Vj (in

our case ¢y ) can be approximated on the relatively compact subset Uy_1 C Uy

arbitrarily closely by polynomials. We use the Taylor expansion on polydisks.
O

Now we can assume
lor(2)] <27% for z € Vj_1.

For each z € C", there exists ko with z € Vj,,. The series

> wrl2)

k>ko
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converges. As a consequence, the sequence

(hk(z))kzko
converges, since we have
h; = hy ePrttei-1 for | > k.

We denote the limit by

The convergence is clearly locally uniform. Hence f is an analytic function
which obviously fits our Cousin distribution. This proves Proposition 5.4.
O

From Theorems 5.4 and 5.8, we get the main result of this section, stated
below.

5.9 Theorem (Poincaré 1883). FEvery meromorphic function f on C" can
be written as a quotient of two analytic functions, i.e.

f=

., g,h:C" — C analytic functions.

S

One can achieve the result that the power series expansions of g and h are
coprime for each point.

Supplement. If

are two “coprime” representations of this type, then
G=g-e? and h=h-e®

with an analytic function ¢ : C™ — C.

For the proof of the supplement, we have to use the UFD property of the ring
of power series and the existence of analytic logarithms on C" (Lemma 5.7).
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Exercises for Sect. V.5

1. Show that the Weierstrass product theorem in the form given in [FB], Theorem
IV.2.1, is a special case of Proposition 5.8.

2. Let P be a prime element of the ring of power series O, and let @ be an arbitrary
power series. Assume that P(z) = 0 = Q(z) = 0 in a small neighborhood of the
origin. Show that P|Q.

3. An analytic function f : U — C on an open domain U C C" is called reduced if
its power series expansion at each point is reduced (square-free). Show that if f, g
are two reduced analytic functions with the same zero set, then g = ¢ f, where ¢
is an analytic function without zeros.

4. Show that every nonzero analytic function f : C" — C can be written in the form
f _ fredg
Here f red js a reduced function with the same zero set as I

Hint. Use Proposition 5.8 and the result of the previous exercise.

6. Alternating Differential Forms

We developed the calculus of differential forms for the two-dimensional case in
the appendix to Chap. IT (on Stokes’s theorem). The local part of this theory
will now be generalized to the case of arbitrary dimensions.

In the following, n denotes a fixed natural number. We denote by

Mp::_/\/lz()n)::{ac{la""n}; #a:p}

the set of all subsets of {1,...,n} which contain p elements. Their number is
n .
<> (=0ifp<0orp>n).
p

6.1 Definition. An (alternating) differential form w of degree p on an
open subset D C R™ is a map which assigns to each a € M, a C*-function
fo:D— C:

w = (fa)ae./\/lp~
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We denote by AP(D) the set of all differential forms of degree p on D, and call
them p-forms for short.

The set M(()n) consists of one element only (namely the empty set). Hence
a zero form has only one component. So, we can identify zero forms and
functions:

A%(D) = C>(D).

Calculus of Differential Forms

I. Algebraic Computation Rules

Since p-forms can be added componentwise and multiplied by functions, AP (D)
is a module over C*>°(D):

(fa) + (9a) = (fa + 9a),
I (fa) = (f : fa)'

By the way,
AP(D)=0for p<0orp>n,

since M,, is empty in these cases.

II. The Total Differential of a Function

Since we can identify the one-element subsets of {1,...,n} with the elements
of {1,...,n}, a 1-form can be considered as an n-tuple of functions
AYD) = A°(D) x ... x A%(D),

AYD)=C>®(D) x ... x C=(D).

n—times

The total differential of a C'*°-function f is defined by

_(of . of
e (2L 20

One can verify the rules

a) d(f+g) = df + dg;
b) d(f-g)=f-dg+g-df;
c) df =0 <= [ islocally constant.
If we denote by
pl/:D_>(Cv pl/(x):xVJ
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the projection to the vth coordinate, we have
dp, = (0,...,0,1,0,...,0).
T
vth component
Notation: dx, := dp,.

So, we can write a 1-form (f1,..., fn) also as

n
(f17 .. 7fn) - Zfl/thw
v=1
Now the total differential can be written as

df => For dz,,.
v=1

ITI. The Alternating Product

Analogously to the case p = 1, we define for a p-element subset a C {1,...

the p-form
1 for a =0,

(dza)y = {0 for a # b.

Each p-form w = (fa)aea, can be written in the form

w= Z fadx,.

aeM,

Let
a,bC{l,...,n}, #a=p, #b=gq.

We define a “sign factor” e(a, b).

First case. We set
e(a,b) =0ifanb #0.

Second case. Let anb = .
We order the elements of a naturally:

a={a,...,ap}, a1 <as<...<ap,
and correspondingly

bz{bl,...,bq}, b1<b2<...<bq.

339
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We then have
aUb={ai,...,apbi,...,bs}, #(aUb)=p+q.

But the elements in the brackets are not in their natural order, since there is
no need for a, < b;.

We denote by e(a, b) the sign of the permutation (of p + ¢ elements) which

is used to bring (a1, ...,ap,b1,...,by) into their natural order.
FExample.
a=1{1,2}, b=1{2,3}, &(a,b)=0;
a=1{1,3}, b=1{2,4}, e(a,b)=-1;

a= {274}7 b= {375}7 8((1, b) =-L
Now we define the alternating product

Ap—&-q(D)’

—
w , w — WwAW,

by the formulae

Z fadza | A Z gpdxy | = Z fago dza N dxy

aeEM,, beM, ‘;Emp
€EMgq

dze N dxy := e(a,b) dzqup.

It is a simple exercise to verify the following formulae.

1) In the case p = 0, the alternating product agrees with the usual (compo-
nentwise) product:

fAw=f-wfor fe A%D).
2) The alternating product is skew commutative:
wAw = (-1)P1W Aw for w € AP(D), w' € AY(D).

In particular,
wAw=20
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if p is odd. The alternating product is associative:

(WAW)AD =wA (W AW,
w € AP(D), w'e AYD), "€ A"(D).

3) The alternating product is bilinear:

(Wi +wo) ANw = w1 Aw + wy A w,
wy,wa € AP(D), w e AY(D).

Because of the associativity, we can define the alternating product
O AN AT

of several alternating differential forms.

It is easy to show, by induction with respect to p, that for a p-element subset
a={ai,...,ap} of {1,...n} in its natural order, the formula

dr, = drey N ... A dzg,

holds. If we write fo, .. a, instead of f,, we obtain the standard representation
of a p-form w,

w = Z fadx,

acM,
- Z fa1,...7ap dxal VANIRAN d.l'ap.

1<a;<...<ap<n

As an example, we can compute the alternating product of two 1-forms. Using
dx, N\ dr, = —dx, N\ dz, =0, if p = v,

we get

(Z fv dxu> A (Z 9u dxﬂ> = Z (fogu — fugy) dxy N dx,,.
v=1 n=1

1<v<u<n

IV. The Exterior Derivative

Generalizing the total differential of a function, we define

d: AP — APTL
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by the formula
d (Z f dxa) =3 dfu A da,.

The following formulae can easily be checked:
I dw+w') = dw+ duw'.
2. dwAW') = (dw) A" + (=1)Pw A (du'),
we AP(D), w' e A1(D).
In particular, d(cw) = edw for ¢ € C.
3. d(dw) = 0.

An important special case is
dwAw') =dwA" if do’ = 0.
By induction, we obtain
dlwi Ao Awy) =0if dw; = ... = dw,, =0.
Hence we have

dlwANdfs Ao AN df) =dwo AN dfi NN df.

V. Complex Coordinates

Now we consider an open subset D C C™. Since we can identify C™ with R*"
by
Cn PN RQ’I’L’
(Z1>"'azﬂ) — (xlay17'~~7xnayn)7

all of what we have said for the real case holds in the complex case too. Nev-
ertheless it is frequently useful to introduces “complex coordinates” in the
complex case:

dz, = dx, +idy,, dz,:= dz, — dy,.

‘We have .

1
dx, = §(dzu +dz,), dy, = o

(dz, — dz,).

So, we see that each 1-form can be written as

w = zn:fl,dzl, +§n:gl,dil,.
v=1 v=1
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If we set
Al’O(D) = {Z fz/ dZ,,} )
v=1
Ao’l(D) = {Zgu dzl/} y
v=1
we obtain

AY(D) = AY°(D) + A%Y(D).

We want to generalize this decomposition to arbitrary degrees, and define for
this purpose

APA(D) = > f(h ,,,,, ) dziy Ao Adz) A dEj AL A dE,

1<iy<...<ip<n
1<j1<...<jqg<n

Then, obviously,

A™(D)= > APYD).

p+g=m

This decomposition is direct, i.e. the decomposition of an m-form w as

w= anq, wp,q € APY(D),

is unique.

Obviously, the alternating product respects this decomposition in the fol-
lowing sense: if o
we API(D), ' € AP (D),

then
wAw € APtatd)(p),

But the exterior derivative does not respect the decomposition of A™ (D). How-
ever, it is possible to split it into a sum such that each summand respects this
decomposition. For this, we set

9 _1(0 0
82,/_2 83;'1/ layy ’

0 _1(9 .9
0z, 2\0x, 0y, )’

d:C>®(D) — AYO(D),
d:0>®(D) — A>(D)

If we define the operators
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by
af = Z 872;1/ dZy,
v=1

= "0
of = ; azfy dz,,
then we have -
df =0f +0f.
Now we define the more general maps
d: AP9(D) — APTLY(D),
o APY(D) — A;mq-&-l(D)
by the formulae

O(fdziy N.. . Ndzi, Ndzj, N...NdZ;,) = O(f)Ndziy N.. .Ndz, NdZj, A.. .\ dZj,
and
Ifdziy Ao Ndzyy Ndzj Ao AN dZ;) = O(f)Ndzig Ao A dz, NdZj A A dZ,

(I<ii<...<ip<n, 1<j1<...<js<n)
Then the rules
D0d=0, 000=0,
dod=—-000

hold. We now formulate the two most important theorems about alternating
differential forms in the “local case”. For both of them, we assume that D ¢ R"
is a conver domain (i.e. D is open and the straight segment between two points
of D is contained in D). First, we have to give a definition.

6.2 Definition. A differential form w is called closed if
dw = 0.

Sometimes this is called “d-closed”. The terms “O-closed” (Jw = 0) and “0
closed” (Ow = 0) are defined analogously.

6.3 Lemma (Poincaré’s lemma).
For every closed p-form w, there exists a (p — 1)-form w’ with

w=duw.

In the case n = p = 1, this follows from the main theorem of differential and
integral calculus.
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6.4 Lemma (Dolbeault’s lemma).
For every (p, q)-form w which is 0-closed (i.e. Ow = 0), there exists a (p,q—1)-
form W' such that

w=0w'.

(The same lemma holds for the d-complex as well.)

We shall not prove these two lemmas, since we shall not use them in the
following.

VI. Analytic Differential Forms

A differential form w on an open subset of C™ is called analytic if the following
two conditions are satisfied:

a) w is of the type (p,0), i.e. of the form

w = Zfi1,~~~,ip dZil VANRAN lep

b) The components f;, _; are analytic functions.

P

Obviously, a p-form w of type (p,0) is analytic iff
Ow = 0.

The exterior derivative of an analytic p-form is also analytic. Moreover, the
formula
dw = &u - Z dfil,...,ip N dZil VANIAN dZ,;p

holds. The exterior derivative of an analytic function is

If we denote the set of all analytic p-forms on D by QP(D), then the exterior
derivative gives a map

d=d:QP(D) — QPtL(D).
Of course, 0% = 0.
6.5 Lemma (Poincaré’s analytic lemma).

Let D C C" be a convex domain. Then every closed analytic p-form w (dw = 0)
can be written in the form

w=dv', e D).
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In the case n = p = 1, this is the well-known theorem of complex analysis that
any analytic function on a convex domain D C C admits a primitive.

We shall use Poincaré’s analytic lemma only in the case p =1 and D = C".
So, we shall prove it only in this special case. In this case it states:

Let f1,..., fn be analytic functions on C™. We assume that

ofi _ Ofs

for1<i,k<n (equivalent to d(z fu dzl,) =0).

Then there exists an analytic function on C™ with

6—f =fi fori=1,...,n.

&zi

Proof by induction on n.

We have already considered the case n = 1. So, let n > 1. Termwise integration
of the power series expansion of f; with respect to the first variable gives an
analytic function f with of

821 o

We can replace f; by f; —0f/0z; without changing the assumptions. Hence we
can assume

fi

fi=0.
But then,
gJ:I =0 for all k.
Hence the functions f; do not depend on z;. Now we can apply induction.

a

Exercises for Sect. V.6

1. Determine an analytic function f(z, z,) with
df = 22 dz, + 22,2, dz,.
2. Prove the product rule
dwAw) = (dw) Aw' 4+ (=1)Pw A (dw').
3. Prove

dlwy Ao Awy, =dwy A Aw, i dwy =+ =dw, = 0.
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As the theory of elliptic integrals leads naturally to the theory of elliptic functions,
the theory of general algebraic integrals leads to the theory of Riemann surfaces and
then to the theory of abelian functions. These are meromorphic functions on a higher-
dimensional complex torus. The case n > 1 is much more involved than the case of the
elliptic functions (n = 1). The reason for this is that the Weierstrass approach using
the p-function does not work, since the zeros and poles of meromorphic functions of
several variables are no longer discrete. Hence the method of Mittag-Leffler partial
fraction series and Weierstrass products is no longer available. In [FB], Sect. V.6, we
touched on another approach to the theory of elliptic functions. This uses, instead of
the Weierstrass o-function, the Jacobi theta function for the proof of Abel’s theorem.
We shall follow this thread now. Many of the ideas of this chapter are taken from
Igusa’s fundamental book [Ig4].

1. Lattices and Tori

We start with the real theory.

1.1 Lemma. Let L C R" be a discrete additive subgroup. There exist linearly
independent vectors w™ ... w® such that

L = 7w NI Ziw )
The number k is uniquely determined (k < n).

The proof is given by induction on n:

Beginning of the induction (n = 1). A discrete subgroup L C R which is
different from zero has an element a € L, a # 0, with minimal modulus. It is
easy to show that L = aZ.

Induction step. We assume that the proposition has been proved for n — 1
instead of n. The discreteness of L means that each compact subset contains
only finitely many elements of L. We can assume that L # 0. Then we can
choose, from all vectors in L which are different from zero, one with minimal
Fuclidean norm

o] =

After a suitable coordinate transformation, we can assume that

wM = (1,0,...,0).
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It follows from the beginning of the induction that
{z eR; (2,0,...,0)€ L} =Z.
Now we consider the projection
p:R" — R (21,...,x0) — (T2, ..., T,

and claim that the image L' = p(L) is discrete in R™™!.

Otherwise, there would exist infinitely many vectors p(w), w € L, such that
lw,| < Cforv=2,...,n (C suitable).

We could add an integral multiple of w(®) to obtain also |w;| < C, which gives
a contradiction to the discreteness of L.

By the induction assumption, there exist vectors w®, ..., w*) € R™ whose
images in R™ ! are linearly independent and generate L’ as a Z-module. Then
w® . w®) are of course linearly independent and we have

The uniqueness of k is clear, since k is the dimension of the vector space spanned
by L. a

1.2 Definition. If the number k which occurs in Lemma 1.1 equals the
dimension n, we call L a lattice. The point set

n
P= {th”); 0<t, < 1}
v=1

is called a fundamental parallelogram of L.

Obviously,
R" = U P,, P,={a+uz; xe€ P},
a€l

i.,e. R™ is covered by L-translates of the fundamental parallelogram. Up to
boundary points, this decomposition is disjoint.

1.3 Remark. Let L C R" be a lattice. Then
n
L°:={xeR"; (a,z)€Z forallac L} <<a,m> = Za,,x,,)
v=1

is a lattice as well. We have (L°)° = L.
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We call L° the dual lattice of L.

Proof. Obviously,
(z™° =72".

Each lattice is of the form

L=A7Z",
with a certain n x n matrix A. The columns of A are a lattice basis. Obviously,
L°= A"z O
As usual, we associate with the lattice L C R™ a torus
X =R"/L.
The elements of X are equivalence classes
] ={z+a; ac L}
with respect to the equivalence relation
r~y <= ax—ye€lL.
There is a natural projection
p:R" — X, x+— [z].

Functions on X are in one-to-one correspondence with functions on R" that
are periodic under L, i.e.

flx+a)= f(z) forall a€ L.

Fourier Series

We denote by C°°(X) the set of all L-periodic C*°-functions on R"™. Some
examples of periodic functions under L are

flz) = e e g e Lo,

The theory of Fourier series says that these are the basic functions for con-
structing all periodic functions.
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1.4 Lemma. FEvery periodic C*-function
feCc>¥Xx), X=R"/L,

admits on the whole of R™ an expansion

fa)= Y agermited
geLe

which converges absolutely and uniformly. The coefficients a, are unique, and

1 —2mi(x
ag = (P)/f(m)e @9 gy L dy,.
P

vol

Here P is a fundamental parallelogram of L.

The case L = Z" is usually treated in basic courses on analysis. In this case
the Fourier series is of the form

flz) = Z age2rri(5hacl-4—-..-4-gnacn)7

g integral

1 1
ag — /. . ./f(m)eiQﬂ—i(glzl+--»+gnzn).
0 0

We assume this to be known. In the general case, we write the lattice in the
form L = AZ". By means of

(Az, A" 'y) = (z,y),

we obtain the result that the Fourier series of f with respect to L corresponds
to the Fourier series of

g(x) = f(Az)
with respect to Z". O

What are the conditions for the coefficients a4 such that the corresponding
Fourier series converges and represents a C°°-function?

1.5 Lemma. The series

f@) = 3 agerriten

geLe

is the Fourier series of a C*°-function iff for each polynomial P(g1,...,gn) we
have
lagP(g1,---59n)l — 0 for g? +---+g> — o0.
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Proof. We can assume that L = Z".

1) Assume that the coefficients ay satisfy the decay behavior formulated in
Lemma 1.5. We have to show that the Fourier series and all series which are
obtained by repeated termwise partial differentiation converge absolutely and
uniformly. Termwise differentiation with respect to 2, means that a, is replaced
by 27ig,a4. This does not affect the decay behavior. Hence it is sufficient to
show that the Fourier series itself,

Z |agl,

geLe

converges. For this, it is sufficient to show that the majorants

!/

S+t DY

v v#0

converge for sufficiently large k. This series converges iff the integral

x4 Fa2>1

converges. By means of polar coordinates, one one can easily show that this is
the case for 2k > n. (compare [FB], Lemma V.2.1).

2) Assume that f is continuously differentiable arbitrarily often. By partial
integration, one can show that

1 .
ety = ok [ 2L ot

271 ) Oz,
P

The integrand is bounded on the compact set P uniformly in g, since the
exponential term has modulus one. Iterated application of this observation
shows that

agP(gla"' 7gn)

is bounded for every polynomial. But this expression must in addition tend to
0, since we can multiply it by g7 + ... + g2. a

Exercises for Sect. VI.1

1. Let L be a lattice. Show that a subgroup L’ C L is a lattice iff it has a finite
index.
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2. Show that the volume of a fundamental parallelogram of a lattice is independent
of the choice of the lattice basis.

3. Let L' C L be a subgroup of finite index [L : L'] of a lattice L, and let P’, P be
fundamental parallelograms. Show that

vol(P") = [L : L'vol(P).

2. Hodge Theory of the Real Torus

We denote by AP(X) the set of all p-forms on R™ whose components are peri-
odic. We consider the de Rham complex of the torus,

char(x)-Loarti(x) L

The periodicity will not be destroyed by differentiation. We set
CP(X) = Kernel (A7(X)-L AP1(X)),
BP(X) = Image (AP~ (X) -5 47 (X)),

and
H?(X)=CP?(X)/B?(X) (we have BP(X) C C?(X)),

hP(X) = dime H?(X).

We also set

HP(X) = {we AP(X); the components of w are constant }.

dim HP(X) = (Z)

Differentiation of a Fourier series gives another one without a constant Fourier
coefficient. Hence d cannot be surjective.

‘We have

2.1 Proposition. Let L C R™ be a lattice. We have
CP(X) = BP(X) @ HP(X).
The composition of HP(X) — CP(X) with the projection C?(X) — HP(X)

induces an isomorphism

HP(X) = HP(X), and hence hP(X) = (Z)
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Proof. We have already noticed that
BP(X)NHP(X)=0.

Hence it suffices to show that the image BP(X) under d contains all closed
p-forms w with vanishing constant Fourier coefficient. It is useful to consider
first the special case n = p = 1. Here we have to show that if

f(l‘): i ake27rika:

k=—o00

is a C™-Fourier series whose constant Fourier coefficient vanishes, then f(x)
is the derivative of a C°°-Fourier series.
It is clear what we have to do. Because of Lemma 1.5, the series
ak ) 2mikx
x) = — e
9@) =3 <2mk;
k#0

is a C*°-function like f.

In principle, the general case (n,p arbitrary) rests on the same effect. But
working it out leads to certain combinatorial difficulties. The following formal-
ism — which works also in the complex case — gets around these difficulties.

The Laplace operator is defined by the formula

It transforms periodic functions into periodic functions. More generally, we
define the Laplace operator for differential forms componentwise:

A (Z fil,.‘.,ip dl‘il VANRAN d.l?ip) = ZAfihm,’ip d.%‘il VANPRAN d.%'ip.
This is an operator
A AP(X) — AP(X).

Now we define, for arbitrary p, an operator called the co-differentiation opera-
tor,
§: AP(X) — APTH(X),

by means of the formula

0 Z Jirooip dwgy Ao A dy)

1<i1<...<ip<n

o afll ) ~
=3 (-1Y > g A Ada, A A da,
v=1

1<y <...<ip<n
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~

Here the symbol “*” means that the term beyond it has to be canceled.

By means of co-differentiation, we obtain an important splitting of the

Laplace operator. A simple calculation that can be left to the reader shows
that

~A=dé+6dd (on AP(X)).

We consider two more operators which can be applied to Fourier series

f@) = 3 agermieo,

geL°
namely
a) (Hf)(z) = ao,
1 a .
b) Gf)(@) = —15 Y Lm0,
47T g;tSOgl + .. +gn

Again these operators can be generalized to differential forms by applying them
componentwise.

The key to the proof of Proposition 2.1 is the following simple formula:

(AG)(w) =w— Hw (w € AP(X)).

Now let w be a closed form without a constant Fourier coefficient;
dw=0and Hv = 0.

Obviously,
dw =0= d(Gw) = 0.

The above formula now says
—d(6Gw) = w,

which proves Proposition 2.1. ad

Exercises for Sect. V1.2

1. Verify the formulae
—A =dé+4dd, (AG)(w) =w— Hw
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in the case n = 2.

2. Show that in the case n = 2, every harmonic L-periodic function is constant.

Hint. Assume that the function is real-valued. Then you can apply the theory
given in Chap. II.

In the following exercise, it can be assumed that this has been proved for all

3. Show that for a p-form w € AP(X), we have
Aw =0 <= dw = 0w = 0.

3. Hodge Theory of a Complex Torus

We now come to the case of a complex torus
X =C"/L, LcC"(=R?)a lattice.

In Sect. V.6, we introduced the Dolbeault complex. Now we introduce its
periodic version

APA(X) 1= API(C™) N APTU(X).

The operators 0, 0 preserve periodicity. In analogy to the real case, we can
introduce the following vector spaces:

CP9(X) = Kernel <Ap’q(X)i>Ap’q+1> ,

BP4(X) = Image (AM%X)LAM(X)) ,

HP4(X) = CP4(X)/BP9(X),
HPI(X) = APY(X) NHPTI(X)
={we AP9(X), the components of w are constant } .
The so-called Hodge numbers are
hP? = dimg HP(X).
3.1 Proposition. Let L C C" be a lattice. We have
CP9(X) = BPI(X)®HPIX);

in particular,

HP9(X) = HP9(X) and h*1(X) = (Z) : (Z)
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The proof is analogous to the real case: we now give a brief indication of it.

First we verify that the operators A, G, H which we introduced in the real
case respect the bi-grading

AMX) = @A),

pra=m
since the formulae
A(fwo) = (Af)wo, G(fwo) = (Gf)wo, and H(fwo) = (H [f)wo
are also valid in complex coordinates
wo = dziy Ao A dz, A dZ A A dE,

The reason for this is that wg can be written as a linear combination with
constant coeflicients in the corresponding real basis elements.

We also have, in analogy to the real case,
Ow=0= 0Gw = 0.

So, the proof of the real version will work in the complex case as well if we can

find an operator
§: API(X) — APa—l

such that B -
—A=004060 on API(X).

The formula

O(fdziy Ao N dzg, N dZy NN dEj)

q af R
= Z(_l)yaz dziy Ao N dziy A dzp A dz, AN dEj,
v=1 Jv

defines such an operator. O

Although the proofs of the real and complex Hodge decompositions are very
similar, there is a fundamental difference between the real and the complex
cases. In the real case, there exists in each dimension essentially only one torus
and only one de Rham complex. The reason is that exterior differentiation d
commutes with R-linear maps and that every lattice in R™ can be transformed
by an R-linear isomorphism into another given lattice. In the complex case,
the situation is different.

The operators 0/0z, and 0/0Z, commute only with C-linear maps — not with
arbitrary R-linear ones.
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Usually, two lattices L, L’ € C" cannot be transformed into each other by
means of a C-linear isomorphism. (In the case n = 1, the C-linear automor-
phisms are the similarity transformations.)

Exercises for Sect. VI.3

1. Verify the formula
—A=06+60 on A”(X))
in the case n = 1.

2. Show that a differential form w € A”?(X) has constant coefficients if and only if
0w = 6w = 0.

4. Automorphy Summands

Let f be a meromorphic function on C". For a given vector w € C", we can
define the meromorphic function g(z) = f(z + w) in an obvious way. We say
that f has period w if g = f.

In the following, L. C C" denotes a lattice. An abelian function f is a
meromorphic function on C" that is periodic with respect to L:

fz4+w)= f(z) for all w € L.

So, an abelian function has 2n periods which are linearly independent over R.
In the case n = 1, an abelian function is nothing but an elliptic function. In
analogy to the first Liouville theorem in the theory of elliptic functions, we can
make the following statement.

4.1 Remark. Fuvery analytic abelian function is constant.

Proof. An abelian function takes all of its values in a fundamental parallel-
ogram. Since this is compact, an everywhere analytic abelian function has a
maximum and hence is constant by the maximum principle. a

We have seen (Theorem V.5.9) that every meromorphic function on C",
and, in particular, every abelian function f, can be written as a quotient of
two analytic functions g and h, i.e. f = h/g. We can achieve the result that
the power series expansions of h and g at each point are coprime. For a period
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a, we have two coprime representations as quotients f(z) = g(z)/h(z) = g(z +
a)/h(z + a). This gives

h(z + a) = ¥ Ha(Z)p(2)

(and similarly for g), with certain analytic functions H,. If f is not identically
zero, then H, has to satisfy the following functional equation:

H,14(2) = Hy(2+a) + Hy(z) mod 1.

(By definition, the congruence
a=b modl
means that a — b is integral.)
4.2 Definition. An automorphy summand (with respect to L) is a map
H:LxC"—C, (a,z2)— Hy(2),

with the following properties:
1) H,(2) is analytic in z for each a € L.
2) Hotp(2) = Hp(z+a) + Hy(z) mod 1.

Owing to the theorem concerning the representation of meromorphic functions
as quotients of analytic functions, we can associate automorphy summands
with abelian functions. A big part of the theory of abelian functions deals with
the classification of these summands. We shall treat this classification in this
and the following section (see Proposition 5.6):

Trivial Automorphy Summands

For any analytic function ¢ : C" — C,

H,(2) == ¢(z +a) — p(2)

is an automorphy summand. For reasons which will immediately be clear, we
call such summands trivial automorphy summands.

4.3 Definition. Two automorphy summands H,, H, are called equivalent if
they differ only by a trivial summand:

H,(z) = Hy(2) + (2 +a) —¢(2), ¢ analytic on C".
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Equivalent automorphy summands should be considered as “essentially equal”:
if h is a solution of the functional equation

h(z+ a) = 2™ HaG) p(2),
then

h(z) := e*™ ¢ p(2)
is a solution of ~ o
h(z+a) = > HaGp (7).
This gives a one-to-one correspondence between the solution spaces. If g is a
second solution and § is the corresponding transformed function, we have

9(2) _ 9(2)

h(z)  h(z)
Equivalent automorphy summands perform in the same way for the construc-
tion of abelian functions.

In the following, we shall choose a suitable representative from each equiv-
alence class. We shall show in this section (Theorem 4.5) that H,(z) is a
polynomial of degree < 1 in z for each a. For the proof, we shall use the Hodge
decomposition on a complex torus.

It is useful (but not necessary for our purposes) to equip the set of equivalence
classes of automorphy summands with a structure in the form of a group. First,
we can see that the sum of automorphy summands is an automorphy summand as
well. So, the set of all automorphy summands is an abelian group. The set of trivial
automorphy summands is a subgroup. We have to deal with the factor group. We
shall determine the structure of this factor group. There is a connection between this
factor group and the Picard group of a compact Riemann surface (see Exercise 4).

We want to change the congruence 2) in Definition 4.2 into an equality.
For this, we consider the imaginary part he(z) = Im H,(z) of the automorphy
summand. We have

hat(2) = hy(z + a) + ha(2).
We accept that h, is not analytic. The goal of the following construction is to
associate with the system of functions h, a closed periodic differential form of
type (p,q) = (1,1). We shall apply the Hodge decomposition (Proposition 3.1)
to this differential.

4.4 Lemma. Let
h:LxC" —R, (a,z)+— hg(z),
be a map with the following properties:
1) he(2) is a (real) C™-function for fived a € L;
2) hayb(2) = hp(z+ a) + ha(2).
Then there exists a real C*°-function h : C" — R with the property
ha(z) = h(z + a) — h(z).
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(In the real theory, we can consider h, as a trivial C*°-automorphy summand.)

Proof of Lemma /4.4. We choose a real C*°-function
p:C" — R, ¢>0,

with the following properties:

1) The support of ¢ is compact.
2) The set of points z € C™ with ¢(z) > 0 contains a fundamental parallelo-
gram of L.

It is not difficult to prove the existence of such a function. We shall skip the
proof. Because of 1) and 2), the series

Z w(z —a) (the sum is finite for fixed z)
acL

is an everywhere (!) positive C*°-function. If we set

o(z —b)
>aer Pz —a)’

we obtain for each b € L a C*>-function with compact support with the property

Pp(2) =

Yatb(2 +b) = Ya(2).

It is easy to check that

h(z) =Y ta(2)ha(z — a)

has the desired property. a

We come back to our automorphy summand H,(z). By Lemma 4.4, there
exists a real C°°-function h with the property

h(z+a) — h(z) =Tm H,(2).

We apply the operator 99 to this equation (see Sect. V.6). Analytic functions
are annihilated by 9, and antianalytic functions by 0. Because 00 = —03, the
operator 00 annihilates the sum of an analytic and an antianalytic function.
This shows that

00Tm H,(z) = 0.

We obtain the result that the (1,1)-form O0h is periodic under L,

w:=00h c AV (X), X :=C"/L.
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Of course, - - B B
Ow =0 (since 0 = —A9 and 9% = 0).

As announced, we have associated a closed differential form of type (1,1) with
the automorphy summand. We now apply the Hodge decomposition. By
Proposition 3.1, we have

00h = > amdz A dz +0¢

1<i,k<n

with a periodic (1,0)-form
= ¢idz € AP

and a matrix (a;;) of complex numbers.
We point out again that A itself need not to be periodic.

Obviously, we have

Z ;L dZi N dik == 852aikzi2k

1<i,k<n

5[8(—h +3 aikzizk) _ ¢>} —0.

The differential form in the square brackets,

and hence

wo :=0(=h+ Zaikzifk) -0,

is of type (1,0). Since it is annihilated by 0, it is an analytic differential form
of type (p,q) = (1,0). From 9% = 0, we get dwy = —d¢. Hence dwy is periodic,
like . By Liouville’s theorem (Remark 4.1), the components of dwy and hence
of J¢ are constant! The constant terms in the Fourier expansion of ¢ are
annihilated by 0. For this reason, we have

awo = —8¢ =0.

We have shown that wq is an analytic differential form of type (1,0) which is
annihilated by 0.

From Poincaré’s analytic lemma (Lemma V.6.5), we obtain wy = dg, with
an analytic (but not necessarily) periodic function g : C" — C.

Now we use the fact that ¢ is a differential form of type (1,0) which is
annihilated by 0. The Hodge decomposition (Proposition 3.1) holds for the
0-complex as well as the d-complex. This shows that

¢=7 Cidzi+ 00,
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with a periodic C*°-function ¢ and an n-tuple (C;) of complex numbers.

Comparing the two representations for wy and ¢, we obtain
dg = 8(—h + Z%k%‘@:) - Z C;dz; — 0.
If we replace g by the analytic function
g+ Z Ciz,
the above equation becomes
8(—h + Zaikziik —g— w) =0.
Here ¢ is an analytic (not necessarily periodic) function and ¢ is a periodic

(not necessarily analytic) function. The expression in the brackets must be an
analytic function. So, we obtain

—h = —Zaikziék—i-g-i-g-i-so
with
a) g analytic,
b) g antianalytic,
¢) o periodic.

We are interested only in the difference
ImH,(z) = h(z +a) — h(z) (a € L).

Since this is independent of ¢, we can assume ¢ = 0. We also know that A is
real, so

—h =—Re [Z aikziik} + Reg + Reg.

The real part of g will not change if we replace § by its complex conjugate.
This function is also analytic and can be absorbed by g. This means that we
can assume that

—h = —Re {Z aikziék} + Reg.

If we replace the automorphy summand H, by the equivalent

Ha(2) = Ha(2) +i(g(z + a) — 9(2)),

we get

Im H,(z) = h(z +a) — h(z)
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with
il(Z) = Re [Z aikziék} .
‘We obtain

Im(H,(2) =Y ovz + Y A5 + K,

with certain complex constants v, 3,, K (o, = 3,, K € R). Since an analytic
function is determined by its real part up to an additive constant, we obtain
from the last equation

ﬁa(z) =C+ ZC,,Z,,,
v=1

with certain complex numbers C,C, which can depend on a. This gives the
main result of this section, expressed in the following theorem.

4.5 Theorem. Fvery equivalence class of automorphy summands contains
an automorphy summand of the form

Ha(z) - Qa(z) + C,.

Here Q, is C-linear in z and C, is a constant.

(A function @ : C" — C is called linear if it is of the form
Q(z) =121+ ...+ anz,.)

Now that we have proved this proposition, the Hodge decomposition has served
its purpose and will no longer be used.

4.6 Definition. Assume that the automorphy summand H,(z) has the normal
form of Theorem 4.5. An analytic solution of the functional equation

f(z4a) =¥ HaZ) f(2) forae L

is then called a theta function.

So far, we have proved the following proposition.

4.7 Proposition. FEvery abelian function is the quotient of two theta function
for a suitable automorphy summand.

The classification of automorphy summands does not end with Theorem 4.5.
Two problems remain to be investigated:

1) What are the conditions for the system (Q,,C,) such that H, is an auto-
morphy summand?
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2) What does it mean that two such special automorphy summands are equiv-
alent?

In the next section, we will attack both of these problems, with some effort in
linear algebra.

Exercises for Sect. V1.4
1. Show that the Weierstrass o-function ([FB], Section V.6) is a theta function.

2. Show that Jacobi’s theta function ([FB], Sect. V.6) f(z) := 9J(7,2) is a theta
function with respect to the lattice Z + 77Z.

3. Prove Proposition 4.7 in the case n = 1 by means of the theory of elliptic functions
([FB], Chap. V).

4. Consider a one-dimensional complex torus X = C/L. Let D be a divisor on X.
By the Weierstrass’ product theorem, one can find a meromorphic function f on
C which fits D in an obvious sense. Then, after the choice of a holomorphic
logarithm, one can consider the automorphy summand log(f(z + w)/f(2)). Show
that this defines an isomorphism from Pic(X) onto the group of equivalence classes
of automorphy summands.

5. Quasi-Hermitian Forms on Lattices

We are looking for a simple algebraic description of automorphy summands of
the form

H,(z) := Qu(2) + Cu, Qg linear in 2.

Of course, this summand is determined if we know H,(z) for all a from a lattice
basis w1, ...,won:

H, (z) = H"(2) = QW) (2) + C™.
But we one cannot — and this is our problem — prescribe the linear forms Q)

and the numbers C'*) arbitrarily. Because of the commutativity of the group
L, we have to take care of the relations

Hy(z+a) + Hy(2) = Hay(z +b) + Hy(2).
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The conditions which the linear forms Q) and constants C*) have to satisfy
need some effort in the field of linear algebra.

We now recall some ideas from linear algebra. Let Z be a finite-dimensional
complex vector space. Without loss of generality, we could assume Z = C",
but we prefer, for good reasons, a coordinate-free presentation. If we want, Z
can be considered as a real vector space of doubled dimension.

We also recall that each finite-dimensional real vector space V' has a natural
topology. So, we can define the notion of a lattice L C V in a natural way.
If V,W are finite-dimensional complex vector spaces, then the notion of an
analytic (= holomorphic) map from an open subset in V' into an open subset
of W is well defined.

A symmetric bilinear form S on Z is a map
S:ZxZ—-C

with the following properties:

a) S(z,w) is linear in z for fixed w.
b) S(z,w) = S(w, z).

A Hermitian form on Z is a map
H:Zx2Z—-C

with the following properties:

a) H(z,w) is linear in z for fixed w.
b) H(z,w) = H(w, z).

A quasi-Hermitian form @Q on Z is a map
Q:2Z2x2Z2—-C,

which can be written as the sum of a Hermitian form H and symmetric bilinear
form S:

Q=H+8.

We associate with a quasi-Hermitian form @ the following R-bilinear form:

Az w) = 2 (QUeyw) — Q(w, 2)

1

Obviously, A depends only on H:

A(z,w) =Tm H(z,w).
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We have
A(z,w) = —A(w, 2).

This means that A is an alternating R-bilinear form on Z.

One can reconstruct H from A. A simple calculation gives

H(z,w) = A(iz,w) + iA(z,w), A(iz,w)= A(iw, z).

As a consequence, the decomposition of a quasi-Hermitian form into a sum of
a Hermitian form and a symmetric bilinear form is unique!

5.1 Remark. The map
QR:ZxZ—-C
18 quasi-Hermitian if and only if the following conditions are satisfied:

a) Q(z,w) is C-linear in z for fived w.
b) Q(z,w) is R-linear in w for fived z.
c) A(z,w) = (1/21) (Q(z,w) — Q(w, 2)) is real.

The proof is easy and will be omitted (see Exercise 1).

Representation by Matrices

Let Z := C", with the C-standard basis ey, ...,e,. We shall denote the ma-
trices associated with Hermitian or C-bilinear forms by the same letter. There
is no danger of confusion, because they determine each other.

1) The matrix S with entries
Sy = S(epu, ev)

is symmetric.
2) The matrix H with entries

hyy == H(e,, ey,)

is Hermitian (i.e. hyy = hyp).
Since A is only R-bilinear, we should use an R-basis to describe it as a matrix,
for example
€ly---yC6n) Eptl 1=1€1,..., €2, 1= 1€y,.

The matrix A with entries
au, = Aley, e) (1< p,v<2n)

is an alternating 2n x 2n-matrix (au,, = —au,).
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The connection between A and H is, in matrix notation,

A ImH —ReH
" \+ReH ImH)"

What is the connection between quasi-Hermitian forms and affine automor-
phy summands? A function H : Z — C on a complex vector space Z is called
affine if it can be written as a sum of a linear function @ and a constant C'. By
an (affine) automorphy summand in this somewhat more abstract context, we
of course mean a map which associates with each lattice point a € L an affine
function H, : Z — C, such that the relations

Ha(2) = Hy(2 4+ a) + Hq(z) mod 1
are valid. This means that
Qatv(2) + Cosp = Qu(24+b) + Cy + Qu(z) + Cpmod 1.
If we put z = 0, we obtain
Catp = Qu(b) + Cy + Cymod 1

and then

Qa+v(2) = Qa(z) + Qu(2).
Hence the map a — Q,(z) is a Z-linear map in z for fixed a. We shall make
use of the following trivial principle:

Every Z-linear map of a lattice L C Z into an R-vector space V is determined
by its values on a lattice basis. Hence it can be extended to an R-linear map
zZ—-V.

When we apply this principle to the map a — 2iQ),, we obtain the following
result. There exists a unique map

Q:Z2xZ—-C
with the properties

a) Q(z,w) = 2iQ,(z) for w € L;

b) Q(z,w) is C-linear in the first variable, z;

¢) Q(z,w) is R-linear in the second variable, w.

We claim that @) is quasi-Hermitian. Because of Remark 5.1, it is sufficient to
show that

Az, w) := % (Q(z,w) — Q(w, 2))

takes only real values. It is enough to prove this for an R-basis. Hence it is
enough to prove this for L. But then we have more, namely

A(a,b) = Qp(a) — Qqu(b) € Z.

So @ is quasi-Hermitian. The fact that A takes only integral values on L x L
will turn out to be of high importance. Hence we fix this in a definition.
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5.2 Definition. Let L C Z be a lattice in a finite-dimensional C-vector space
Z. A quasi-Hermitian form on the lattice L is a map

Q:Z2xZ—-C

with the following properties:

1) Q is quasi-Hermitian, i.e. the sum of a symmetric bilinear form S and a
Hermitian form H.
2) The alternating R-bilinear form

Az w) = 2 (Q(e,w) — Q(w, 2)

has the property
A(a,b) € Z for all a,b € L.

What we have proved is the following statement.
5.3 Remark. Assume that
H,(2) = Qu(2) + C,

is an affine automorphy summand. There exists a unique quasi-Hermitian form
Q on L with the property

Q(z,a) = 2iQ4(z) for a € L.
Now we can ask the following question. Let @) be a quasi-Hermitian form on
L. What are the conditions for the constants C, such that

1

Ha(Z) = Qa(z) + Cm Qa(z) = iQ(zva)a

is an automorphy summand?

It is useful to replace the constants C, by

1
D, :=C, — iQa(a).

The characteristic equations are then

1
D,y = iA(a, b) + D, + Dymod 1.
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We shall describe all solutions of this system. In the first step, we shall show
that it suffices to determine the real solutions. It follows from the equations
for the D, that

ImDgqp =Im Dy + Im Dy.

Hence the map a — Im D, is Z-linear, and can be extended to an R-linear
form r : Z — R. Each R-linear map r can be written as the imaginary part of
a C-linear form [ : Z — C, namely of

1(z) :=r(iz) + ir(2).
So, we have shown that there exists a C-linear form [ : Z — C such that
E,:=D,—I(a)
is real. Hence it is sufficient to analyze the real solutions of the equation
E,p = %A(a, b) + E, + Epmod 1.
We fix them by the idea of an A-character.

5.4 Definition. An A-character on L is a map
EF:L—R

with the property
A(a,b) + E, + Eymod 1.

DO | =

Eaer =

It is not difficult to classify all A-characters.
Since we are interested in F, only mod 1, we compose it with the natural
projection R — R /Z:
F,:L—R/Z.

First case. A =0, and hence
Fa+b =F,+ Fp.

The solutions of this equation can be obtained as follows. Take a lattice basis
of L. The values of E can be described arbitrarily on this basis. Hence the
group of all characters is isomorphic to

(R/Z)* (=2 group of A-characters in the case A = 0).

Second case. A is arbitrary. The difference of two A-characters is a O-character,
which we have described in the context of the first case. So, we can obtain all
A-characters from a single A-character by adding the 0O-characters. Hence we
have to clarify whether an A-character exists at all.
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5.5 Remark. Let A be an alternating bilinear form whose values on L X L
are integral. Then there exists an A-character.

t

Proof. Obviously, every integral alternating matrix A = —A" can be written

in the form
A =B - B

with an integral matrix. For example, we have in the case n = 2

0 a\ (0 a 0 0
-a 0) \0 0 a 0)°
In the language of bilinear forms, this means that we can write A in the form
A(z,w) = B(z,w) — B(w, 2),

with an R-bilinear form which is integral on L x L.

Obviously,

is an A-character. O

5.6 Proposition. Let L be a lattice in the finite-dimensional complex vector
space Z. Assume that there are given

a) a quasi-Hermitian form Q on Z;

b) a C-linear form 1 on Z;

¢) an A-character E on L.

Then ) )
Ha(Z) = ZQ(Z,G) + EQ(C%G) + l(a) + Ea
is an automorphy summand. Every affine automorphy summand is of this
form.
Supplement. The triple (Q,l, Emod1) is uniquely determined by the auto-

morphy summand.

Proof. Tt is easy to verify that H, actually is an automorphy summand. The
previous considerations show that every affine automorphy summand is of this
form. O

The automorphy summands in Proposition 5.6 can be trivial:

1) Let I be a C-linear form on Z; then the automorphy summand
Hq(z) :=l(a) (=la+2)—1(2))

is trivial.
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2) Let S be a symmetric C-bilinear form on Z; then the automorphy summand
Ho(2): = 3-8z ) + £S(a,a)
a(2) 1 = 5 5(2,0) + = 5(a,a
1
L

S(z+a,z4+a) — S(z,2))

is trivial. This gives us the following statement.

5.7 Remark. The automorphy summand which is described by the triple
(Q,1, E) is equivalent to the automorphy summand which is described by

(H,0,E), H:=Q-S5.

These are the only equivalences which can occur.
This completes the description of automorphy summands.

We can formalize Remark 5.7. For this, we denote by Pic(X) the group of equiva-
lence classes of automorphy summands. Because of the result of Exercise 4 in Sect. 4,
this notation is justified. Because of Remark 5.7, this group is isomorphic to the
group of pairs (H, E'). The group law is

(H1: E1) + (H27 Ez) = (Hl + H,, By + EQ)'
We denote the subgroup of all (0, E) by Pic’(X). As we have seen, this subgroup
is isomorphic to R*"/Z?". The factor group Pic(X)/Pic’(X) is called the Neron
Severi group. This can be written in the form of an exact sequence

0 — Pic?(X) — Pic(X) — NS(X) — 0.

The Neron Severi group is isomorphic to the additive group of all Hermitian forms
on Z that are integral on L x L.

Exercises for Sect. VI.5

1. Give the details of the proof of Remark 5.1.

2. Determine the triple [Q, [, E] for Jacobi’s theta function ¥(r, z) ([FB], Sect. V.6).
3. Let f(z) be a theta function which is different from zero. Show that

flz+a)f(z—a)
f(2)?

is, for every a, an abelian function for L.
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4. Show that every theta function without zeros is constant.

5. The Neron Severi group is isomorphic to Z™ for suitable m. In the case n =1, it
is isomorphic to Z. The map Pic(X) — NS(X) then corresponds to the degree of
divisors (from the point of view of Exercise 4 in Sect. 4).

6. Riemannian Forms

As described in Proposition 5.6, we fix a triple (Q,[, E) and the associated
automorphy summand H,. We shall investigate theta functions

f:Z:=C" — C analytic, fla+2) =¥ Hal2) £(3),
The space of these theta functions will be denoted by
Q.1 E] (= [H,0, E]).

Although it is possible, it will not always be useful to bring (@, [, F) into the
special form (H,0, E).

6.1 Lemma. If [Q,l, E] contains a theta function which does not vanish
identically, then the Hermitian form H is semipositive, i.e. H > 0.

“Semipositive” means
H(z,z)>0forall z € Z.

Since H is Hermitian, the numbers H(z, z) are real.

Proof of Lemma 6.1. Let f € [H,0,E]. We assume that there exists zp € 2y
with H (29, z0) < 0 and then show that f = 0. The key to the proof is the claim
that the function

9(2) 1= ()™ /2 e

is periodic under L.

This follows immediately from the equation
f(z+a)| = e 2mImHe G £ (2))

and from
1 1
—ImH,(z) = 3 Re H(z,a) + ZH(a,a).
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Since the function ¢ is continuous and periodic, it attains a maximum.
Hence there exists a constant M such that

7(2)] < Melr/H=2)

We choose an arbitrary but fixed z € Z. For variable t € C, we have
H(z + tzo, 2 + tzg) = |t|*H(z0, 20) + at + at + 3.
This expression tends to —oo for ¢ — co. Hence the function
h(t) == f(z + tzo)

is bounded on C and is then constant by Liouville’s theorem. The constant
has to be 0. Since this is true for all z € Z, we obtain f = 0. O

6.2 Definition. A Riemannian form on the lattice L C Z is a Hermitian
form H on Z with the following properties:

a) H is semipositive.
b) The alternating part A of H is integral on L x L.

The Riemannian form H 1is called nondegenerate if H is positive definite,
i.€.

H(z,z) >0 for z#0.

The simplest example of a Riemannian form H is the zero matrix. But this is
without any interest for us, since we have the following result:

Every function f from [H = 0,0, E] is constant.

Proof. In the case H =0, S =0, and [ = 0, we have the result that H, is real.
But then

[f(z+a)l = [f(2)]-

It follows that f is bounded and hence constant. O

The theory which we have developed so far has the following important
consequence:

If there exists a monconstant abelian function for L, then there exists a Rie-
mannian form H # 0 on L.

Later, we shall see that in the case n > 1 there are lattices which do not admit
a nonzero Riemannian form. Every abelian function for such a lattice must be
constant!
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Degenerate Abelian Functions.

We will show now that, in the theory of abelian functions, we can restrict
ourselves to nondegenerate Riemannian forms

H>0 (and not only H > 0).

Let [ : Z — Z’ be a surjective linear map of finite-dimensional complex vector
spaces. If U’ € Z’ is an open subset and f’ an analytic function on U’, then
f := f' ol is an analytic function on the inverse image U := [=1(U’). If f' is
meromorphic on the whole of Z’, then f is meromorphic on the whole of Z.
A meromorphic function f on Z comes from a meromorphic function f’ if all
elements of the kernel of [ are periods:

f(z+a) = f(z) for all a € Kernel 1.
Now let L. C Z be a lattice. It may then happen that
L' :=1I(L)

is a lattice in Z’. (But it also can happen that L’ is not discrete. Consider, for
example, the projection

CxC—C, (zw)r— z+w.

By means of L1 = Z +iZ, we can construct L = L; x Li. The image in Z’
is L1, and hence a lattice. But if we take L = L X \/§L1, the image L’ is
not discrete.) So, we make the assumption now that L’ is a lattice. If f/ is an
abelian function on Z’ with respect to L/, then f is an abelian function on Z
with respect to L.

We denote the set of all abelian functions on Z with respect to L by K(L).
This is a field which contains the constant functions. The map g — f =
[ o g induces (under the assumption of the discreteness of L) an injective field

homomorphism
K(L') — K(L).

6.3 Proposition. For each lattice L C Z, there exists a surjective C-linear
map
1:Z2—Z

onto a complex vector space of possibly smaller dimension, such that the fol-
lowing properties are satisfied:

1) L' :=1(L) is a lattice in Z'.
2) The map g — g ol defines an isomorphism
K(L') — K(L).
3) There exists a nondegenerate Riemannian form on L'.

Proof. The vector space Z’ will be constructed as the factor space by the
degeneration locus. We first have to define this locus.
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6.4 Lemma. Let H be a semipositive Hermitian form on Z. For a vector
zo € Z, the following conditions are equivalent:

1) H(Zo, Z()) = O,‘

2) H(zo,2) =0 forall z € Z;

3) A(z,2) =0 for all z € Z.

The set Zy of all vectors zp € Z with the properties 1)-3) is a C-subvector
space of Z (because of 2)). We call Z, the degeneration locus of H.

Proof of Lemma 6.4.

1) = 2). For arbitrary t € C, we have

0 < H(z+tzp,2+1t20) =H(z,2)+2Re(tH (20, %)) .

From this, we get H (2o, 2) = 0.
2) = 3). This is trivial.
3) = 1). We use the formula

H(z,w) = Aliz,w) +iA(z,w), A(iz,w) = A(iw, 2). 0

6.5 Lemma. Let f € [H,0,F] be a theta function. The elements of the
degeneration locus of H are periods, i.e. f comes from a meromorphic function
on Z /2.

Proof. The argument is similar to that in the proof of Lemma 6.1. The in-
equality |f(2)| < Me(™/2H(22) shows that the function

Zy—C, 2z f(z+a),

is bounded for each a € Z. Hence it is constant. O

Before we continue with the proof of Proposition 6.3, we derive a criterion
for the discreteness of an additive subgroup of R™.

6.6 Lemma. Let L C R" be an additive subgroup with the following proper-
ties:

1) It is finitely generated.
2) It generates R™ as a vector space (over R).
3) The Q-vector space which is generated by L has dimension < n.

Then L is a lattice.

Proof. We make use of the structure theorem for finitely generated abelian
groups, which states that every torsion-free finitely generated abelian group
is isomorphic to Z™ (for a suitable m). Because of 1), there exist vectors
w1, - .., wn such that each element of L can be represented as a unique integral
linear combination of these vectors. These vectors are linearly independent
over QQ, since a linear relation with rational coefficients produces, after multi-
plication by a joint denominator, a relation with integral coefficients. From 3),
we obtain m < n. Because of 2), the vectors wy, ..., w,, generate the R-vector
space R"™. Hence these vectors must be a basis (and m = n). O
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6.7 Lemma. Let H be a Riemannian form with respect to the lattice L C Z
and let Zy be the degeneration locus of H. We have

1) Lo := LN Zy is a lattice in Zy.

2) If
p:Z— 2 :=2/2

denotes the canonical projection, then L' := p(L) is a lattice in Z'.

Proof. 1) Since Ly is discrete, it is enough to show that the real vector space
Zy is generated by Lg. Let wyq,...,ws, be a lattice basis of L. A vector

w::Zway, z, €R (1 <v<2n),

is contained in the kernel Z if the real vector (z1,...,22,) solves the linear
equations

Zaikxk =0 with a; = A(wi,wk).

The elements of Ly can be obtained from the integral solutions of this system.
We have to show that each real solution can be written as a real linear com-
bination of integral solutions. Of course, it is sufficient to show that each real
solution is a real linear combination of rational (rather than integral) solutions.
But this is in fact the case, since the matrix (a;x) of the system is rational (and
even integral). We use the well-known fact from linear algebra that the dimen-
sion of the space of solutions is governed by the rank of the matrix. But the
rank does not depend on the field in which the matrix is considered (Q or R).

2) The first part shows that the dimension of the Q-vector space which is
generated by L’ does not exceed the dimension of Z’. Hence we can apply
Lemma 6.6 to conclude that L’ is a lattice. O

After these preparations, the proof of Proposition 6.3 is easy. The sum of
two Riemannian forms is itself a Riemannian form. Its degeneration locus is
the intersection of the degeneration loci. Hence there exists a Riemannian form
H with the smallest degeneration locus Zy. The Hermitian form H factorizes
through a Hermitian form on Z/Z,. Its degeneration locus must be zero. It
should be clear that the three properties in Proposition 6.3 hold. g

Proposition 6.3 can be formulated very conveniently in a geometric form. Consider
the tori X := Z/L and X' = Z'/L’. We have a surjective homomorphism X — X'
and can consider X' as a factor torus of X. Proposition 6.3 says that for each complex
torus X there exists a factor torus X’ such that fields of abelian functions are “equal”,
and such that X’ admits a nondegenerate Riemannian form.

In any case, it is sufficient for the theory of abelian functions to consider
lattices which admit a nondegenerate Riemannian form.
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Examples of Riemannian Forms

Let P be a complex n x 2n matrix. If the columns of P are linearly independent
over R, they span a lattice Lp ¢ C™:

2n
v=1

If H is a Hermitian n X n-matrix, we can consider the Hermitian form on C"
H(z,w) = z'Hw.

We want to determine P and H such that H is a nondegenerate Riemannian
form.

6.8 Remark. LetT be an integral n xn matriz whose determinant is different
from zero, and let Z be a symmetric complex n X n matrix whose imaginary
part is positive definite. The columns of the matrix P = (T,Z) generate a
lattice L in C"™. The Hermitian (and also real) matriz H = (Im Z)~! defines
a nondegenerate Riemannian form on L.

We first show the R-independence of the columns. Since the columns of T" are
R-independent, it suffices to show that the columns of Im Z are R-independent.
But we know that a positive definite matrix has a positive determinant. Next,
we show that Im H is integral on L. This means that the matrix Im P'HP is
integral. We have

PP (Tt(ImZ)lT Tt(ImZ)lz)

Z'Im 2)~'T Z'(ImZ)"'Z
We take the imaginary part. It is easy to show that the matrices
T'Im Z) 'T and Z'(Im Z2)~'Z

are real. Therefore we have

_ Tt
ImP'HP = ( y ) .
=T 0

By assumption, this is an integral matrix. O
In the next section, we shall show that we can obtain all nondegenerate
Riemannian forms in this way.
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Exercises for Sect. V1.6
1. Show that each finitely generated subspace of Q" is discrete.
2. Construct a finitely generated subgroup of R which is not discrete.

3. Two lattices L, L’ C V are called commensurable if their intersection has a finite
index in L and in L’. Show that two lattices are commensurable iff they generate
the same Q-vector space.

4. Show that if L, L’ are commensurable lattices, then LN L’ and L+ L’ are lattices.

7. Canonical Lattice Bases

By an elementary matriz, we understand a diagonal matrix of the form

tq 0
) tI/ENv tu|tu+1 (1SI/<TL>
0 tn

The significance of elementary matrices arises from the elementary divisor the-
orem:

For every integral p X q matriz, there exist matrices U € GL(p,Z), V €

GL(q,Z) such that
T 0
UAV = <0 0) ,

with a uniquely determined elementary matriz T.

This result is more or less equivalent to the following theorem

7.1 Theorem (main theorem for abelian groups).
For any finitely generated abelian group L, there exist a unique integer m > 0
and a unique elementary matriz T, t1 > 1, with the property

LEZT"OZ/t1®...0L/t,.

In this context, we need to consider the classification theorem for integral al-
ternating bilinear forms, as below.
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7.2 Proposition. Let
A:LxL—17Z, L=>=7Z™,

be a nondegenerate alternating bilinear form over 7, i.e.

a) A(a+b,c) = Ala,c) + A(b, c);

b) A(aab) = _A(ba CL),‘

c) A(a,z) =0 forallz € L = a=0.

Then m = 2n is even. There exists a Z-basis w1, ...,wy, of Z™ with the
property

0o T
(A(Wi,wj))gi,jgn = <—T 0> :
Here T is a unique elementary matriz.

Another formulation of this result is as follows.

For every integral alternating matriz A whose determinant is different from
zero, there exists a unimodular matriz U € GL(n,Z) and a uniquely determined
elementary matriz T with the property

i 0T
UAU_<_T o)

Proof of Proposition 7.2. We argue by induction on m. The strategy is as
follows. In the case m > 1, we construct a splitting of L of the form

L=Z2w ®Zw, ®L, L' =7™m2,
and such that the following conditions apply:

S G

b) The restriction of A to L’ is nondegenerate and we have A(w;, L") = 0.
c) t1|A(x,y) for all z,y € L'.

(After this splitting, Proposition 7.2 is proved, since the induction hypothesis
can be applied to L'.)

We choose w; and wsy such that
t; = |A(wy,ws)|
is different from zero and minimal with this property. Then we set
L':={reLl; Aw,z)=A(ws,z)=0}

We have to show a)—c).
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a) is trivial (since A is alternating, we have A(w;,w;) = 0).

b) The image of the homomorphism
L—7, x+— Alw,z),

is a subgroup of Z. Every such subgroup is cyclic. Since t; has the minimal
absolute value, the image consists of the integral multiples of ¢;. Therefore, for
arbitrary « € L, the element

A A
2= — (w%x)wl - (wl’x)wg
i1 i1

is contained in L'. We also know that the restriction of A to L’ is nondegenerate.

¢) Let z,y be arbitrary elements of L’ and let m € Z. We have
A(mwy + z,wa + y) = mt1 + A(z,y).

If A(z,y) were not an integral multiple of ¢1, we could choose m in such a way
that

|mt1 + A(z,y)| < [t1].

This contradicts the minimality of ¢;.

The uniqueness of the elementary matrix 1" follows from the fact that
t17t17t23t27 <. 'atnatn
are the elementary divisors of the matrix A. O

7.3 Corollary. The determinant of a nondegenerate integral alternating
matrixz is the square of a natural number.

We call
tl'--~’tn:+ det A
the Pfaffian of the alternating form A.

Now we consider triples (£, L, H), where L is a lattice in a finite-dimensional
complex vector space Z and H is a nondegenerate Riemannian form. Two
such triples are called isomorphic, (Z,L,H) = (Z', L/, H'), if there exists an
isomorphism

c:Z—Z

with the property

L'=0(L), H'(0o(2),0(w))=H(z,w).
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We want to select a simple representative from each isomorphy class. First we
describe the representants which will be used (compare with Remark 6.8). We
start with

a) T, an elementary matrix,

b) Z, a symmetric matrix with positive imaginary part.

We know that the columuns of (T, 7) are linearly independent over R. Hence
they generate a lattice L = L(T, Z). On this lattice L, we have a Riemannian
form

H=H(T,Z),

namely
H(z,w) := 2"(Im Z) ",

as we have seen in Sect. 4. For the sake of completeness, we mention that a
symmetric real invertible matrix Y is positive iff this is true for Y~!. This
follows from the formula

9'Yg=(Yg)'Y '(Yg).

7.4 Proposition. For each nondegenerate Riemannian form H on a lattice
L C Z, there exist

a) an elementary matriz T,
b) a symmetric complex matriz Z with positive definite imaginary part,

such that
(Z,L,H)= (C",L(T,Z),H(T, Z)) .

The elementary matriz T is uniquely determined.

Proof. We choose a lattice basis wy, . ..,ws, such that A :=Im H is of the form

()= (g o).

with an elementary matrix 7. The lattice basis contains a C-basis of Z. Ac-
tually, we claim the following;:

The vectors w1, ...,w, define a C-basis of Z.

Since n is the complex dimension of Z, we have to show that

£2=3 Cu, (:ZRwy—b—iZ}Rwy).

Since the vectors wi, . .., w, are R-linearly independent, it suffices to show that

(Z R%> i (Z R%> “o
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If z = iw is an element in the intersection, we have
H(z,z) = A(iz,z) = A(—w,z) =0 (because A(w;,w;) =0).
The definiteness of H shows that z = 0.
We can also use the vectors

—1 -1
t] Wiyt Wy

as a C-basis of Z. Now we consider the isomorphism Z = C™ which transforms
this basis to the standard basis. Then we can assume that

ty 0
Z=C" and (wi,...,w,)=T= .
0 tn
We collect the remaining lattice vectors together in an n x n matrix

Z = (Wni1s. -, Wan)-

For the proof of Proposition 7.4, we have to show:

a) Z is symmetric and Im Z is positive definite.
b) H(z,w) = 2!(Im Z)~lw.
By the definition of Z and by the choice of the basis of Z, we have

Wntn = Y Zuptiywy (1<p<n).
v=1

b) is equivalent to

b) (H(t, ' wy, b, 'wy)) = (Im Z) 1.

We have the following information about A:
Alwy,wy) = A(Wngps Wnaw) =0, Alwppr,wy) =0ty (1 < pv < n).

We recall the relation between A and H:

a) A(z,w) =Im H(z,w);

b) A(iz,w) = A(iw, 2);

c) H(z,w) = A(iz,w)+1A(z,w) (both sides have the same imaginary part and
are C-linear in z; this is true for the right-hand side because of b)).
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Proof of 1').

It follows from the equation
Wity = ZRe(Zw Lo, + 121111 vty Wy
v

that
Suxty = AlWngp, wy) ZIm vty Aliwy, wy).

The matrix
(A(it;lwu, t;lw

X))léu,xén

is inverse to (Im Z)*. Because A(w,,w,) =0 (1 < p, v < n), this matrix equals

(H(tﬁlwm t;lw’/))lgp,,ygn :

But this is a real matrix. Every real Hermitian matrix is symmetric. As we
know, (Im Z)~1! is positive definite if and only if this is the case for Im Z.

It remains to show that Re Z is symmetric too. This follows from
A(Wnp, Wnyv) = 0,
since because H(z,w) = z!(Im Z)~'w) we have
Im (Z'(Im2)~'Z) = 0.

But the left-hand side equals Re Z — Re Z’. O

The following considerations should make it plausible that the manifold of
lattices which admit a nondegenerate Riemannian form is a “thin subset of the
manifold of all lattices”.

Let Ly C C™ be a lattice with lattice basis
A= (w1, .., wap).
A is not unique, but it can easily be shown that
aA=Lp < B=GAH, G € GL(n,C), H e GL(2n,Z).

(The matrix G changes the coordinate system in C"; the matrix H changes
the lattice basis.) The number of free parameters (classically they are called
“moduli”) is

n-(2n) - n? = n
T T

parameters of A parameters of G
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Since lattices with nondegenerate Riemannian forms up to the discrete elemen-
tary divisors are determined by a symmetric matrix Z, the number of moduli
is

n(n+1)

2

These inexact dimensional considerations can at least be used to construct
examples of lattices which admit no Riemannian form different from zero, so
all abelian functions for these lattices are constant! An example is given in
Exercise 2.

(< n?ifn > 1).

Exercises for Sect. VI.7

1. Determine, for the matrix M = (g g), unimodular matrices U, V such that UMV
is an elementary matrix.

2. Let a,b,c,d be four real numbers which are algebraically independent over Q.
This means that there exists no nonzero polynomial P in four variables and with
rational coefficients that has the property P(a,b,c,d) = 0.

Show that the lattice which is defined by the matrix

1 0 ia ib
0 1 ic id

admits no nonzero Riemannian form.

4

6 lg), a unimodular matrix U such that the

3. Determine, for the matrix A = (
diagonal of U'AU is zero.

8. Theta Series (Construction of the Spaces [Q,l,E])

In the following, L C C™ denotes a lattice and
H:C"xC"—C

denotes a nondegenerate Riemannian form. We want to determine the dimen-

sions of the spaces
@, 1, E] (= [H,0, E]).

Because of Proposition 7.4, we can assume that the lattice L is of the form
L = L(T,Z). Here T is an elementary matrix and Z is a symmetric matrix
with positive definite imaginary part.

1) So, the columns of T" and Z give a Z-basis of L.
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2) H(z,w) = 2'(Im Z)~'w.

The automorphy summands are equivalent to
(H+S,l,E).

The dimensions do not depend on the choice of S and [. To get formulae which
are as simple as possible, we prefer to take

=0

and
S(z,w) = —2'(Im Z) " tw.

The latter is a symmetric C-bilinear form. We have

Q(z,w) = =2iz'(Im Z) "' (Imw).

We still have to describe the A-characters
F:L— R.
An arbitrary element w € L can be written in the form
w=Ta+ZB, «a,BeZ" (columns).
A simple computation gives

Alw, ) = Imw!(Im 2) 710 = f'Ta — f'Ta (o =Ta+ Zp).

Now we see that

is an A-character:
Ew+®) - E(w)— EW) =

1 ~ 1 1 ~
—a!Tp + EdtT,B = §A(w,<b) +6'Ta =

5 A(w, @) mod 1.

N~

Since two A-characters differ by a character of the usual kind, we obtain the
most general A-character in the form

1
E(w) = E**(w) = iatTﬁ +a'a —b'g,
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where a and b are two arbitrary real columns. Since we are interested in F
only mod 1, we have to consider the columns also only mod 1:

“a,be (R/Z)™.
Now the automorphy summand can be written in the form
1 1 t Lo t ¢
5Q(w) + £ QW) + Bw) = —='8 - 38'ZF+a'a=¥'8 (w=Ta+2p).

Hence a theta function 6 € [@, 0, E] has the following transformation proper-
ties:

1) 0(z+Ta) = e¥ma‘ag(y);
2) 0(z+ Zf3) = e 2mil"B+3B Z6+0'6lg (2,

It is our task to solve this functional equation and to compute the dimension
of [Q,0, E].
For the sake of simplicity, we first treat the (typical) case

n=1landa=5b=0.

We write Z = (7) and T = (¢). Both are 1 x 1 matrices. In this case the
characteristic functional equation says

1) O(z+1t)=0(z2);
2) 0(z+7)=e ™ZFg(z), Bel

Here 6 : C — C is an analytic function, ¢t a natural number, and 7 a point in
the upper half-plane. Because of 1), the function § admits a Fourier expansion

o0

0(2’): Z ame(ZTri/t)mz‘

m=—0o0

The functional equation 2) gives a condition for the Fourier coefficients a,:

a) 0(z+71)= Z ame(Qﬂ'i/t)m‘re(Qﬂi/t)mz;
b) e—ﬂi[2z+‘r]9(z) — Z ame—wiTe(Q‘fri/t)(m—t'r)

— § aerte—m‘re(Qm/t)mz.

The uniqueness of the Fourier expansion shows that

am+t€—7TlT _ ame(Qm/t)mT.
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The equation can easily be solved.

The coefficients a,,4+8, 8 € Z, are determined by a,,. So, we can prescribe
ag, - -.,a;—1 arbitrarily and then compute the other coefficients from them.
Slightly more abstractly this means that the linear map

[QaO»E] - (Ct’ 0 — (CLOa"’»at—l)v

has kernel zero and hence is injective. In particular,

dim[@, 0, E] < t.
We want to show that the dimension equals ¢. For this, we have to prove
the convergence of the Fourier series for given ag,...,a;—1 and the computed
Uy -

It is sufficient, for
re{0,...,t —1},

to treat the case

_J1 form=r,
m =10 form#r, me{0,...,t—1}.

But then

o0
0(z) = Z arﬂﬁe%i(T/HB)z with a,qe5 = ewiﬁzTe(zwi/t)rﬁr7
B=—o0
and hence

o0

0(z) = e/ $° (B /0P T42((8+7)/1)2)

B=—o00

This series is called a theta series. It is closely related to the Jacobi theta
series, introduced in [FB], Sect. V.6, in connection with elliptic functions. The
simple proof of convergence is the same as for the Jacobi theta series. Hence
we obtain the surjectivity of the map

[Q,0,F] — C".

Actually, we have obtained an explicit basis of [@, 0, E]. We can rewrite it as

Z ewi[v—(,/3“+r)2+2(5+r)z]7 r e {0, 1’ o e—1 } .
e e e

pf=—o00

In the same way, we can construct a basis of [Q, 0, E] for arbitrary n. We shall
anticipate the result and immediately define the theta series occurring. We
shall use the notation Z[h] := h!Zh.
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8.1 Definition. Let Z be a symmetric n X n matriz with positive definite
imaginary part and let a,b be two columns from R™. We define

Y [Z} (Z,2) = Z omi{ Zlg+al+2(g+a) (z4b)}

geEL™

We can reduce these series to the special case a = b = 0. This the Riemann
theta function.

Riemann theta function

NZ,z) := Z emitZlol+2g"2}

geEL™

It generalizes the Jacobi theta function. A fundamental (but simple) result
states the following.

8.2 Proposition. The theta series defined in Definition 8.1 converges as
a function of z (for fized Z a,b) absolutely and locally uniformly in C™ and
defines an analytic function there.

Proof. We can assume b = 0. We have

e Zlgtal+2(g+a)'s}| — orl(m Z)lgtal+2(g+a)'vl [y ;.

Now we use a simple lemma about positive definite quadratic forms:

For every positive definite real symmetric matriz Y, there exists a positive
number § with the property

Yigl > dg'g =0 g} for g€ R™.

It is sufficient to prove this for gf¢g = 1. But this a compact set, and the
continuous function g — Y[g] has a minimum there.

Now the general term of the theta series can be estimated by

n

e~ m{0(g+a) (g+a)+2(g+a) v} _ H e~ m0(gvtan)? +2(gu+an )y}
v=1
By Cauchy’s multiplication theorem, it is enough to show the convergence of

[ee)

Z e~ m{8(gu+au)?+2(gu+ar )y}

gu=—00
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In other words, we have reduced the claim to the case n = 1. We now omit the
index v. Obviously,
1
0(g+a)* +2(g + a)y = 09°

for all ¢ € Z up to finitely many exceptions, if y varies in a compact set. It
remains to show that the series

oo oo
Z e — 1 + ZZ e—%9"
g=—00 g=1

converges. This is clearly the case, since we can estimate the series with the
geometric series because e 7% < 1 (§ > 0). Now Proposition 8.2 has been proved.
O

8.3 Lemma. Up to a constant factor, the theta series [Z] (Z,z) depends
only on a,b modulo Z". More precisely, we have

a — 27iat (b—b) @ : = 7 n
ﬁ[b] . ﬁM ifa—a b—b €™

The pair (a,b) is called the characteristic of the theta series. The proofs of this
and the following lemma are trivial.

8.4 Lemma. Let a,3 € Z"™. Then the transformation formulae

v [Z} (Z, 2+ a) = 24 oy [Z} (Z,z),
0[] (2.2 + 28) = et 02200 [1] (7,2)

hold.

These formulae tell us that the theta series are theta functions with respect to
the lattice
L(Z,F), E unit matrix.

But we are interested in the sublattice L(Z,T). From Lemma 8.4, we immedi-
ately obtain the following result.

8.5 Lemma. Let r be a column such that Tr is integral (r € T-*Z"). Then
the function

-1
z»—>19{r+f a] (Z,2)

is contained in [Q,0, E].
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We recall that the automorphy summand which belongs to (Q,0, E) is given
by

H,(z) :—ztﬁ—%ﬁt2ﬁ+ata—btﬁ (w=Ta+ Zp).

If we change the vector r in Lemma 8.5 mod Z", then the theta series changes
only by a constant factor. Hence r should run through a system of representa-
tives of (T~1Z™)/Z", for example

0 1 t,—1
Ty ER —, —, ..., )
t,' t, t,

This system consists of 1 - ... -t, elements.

8.6 Theorem. If r runs through a system of representatives (T17Z")/7Z",
the functions

-1
z+—>19{r+f a] (Z,2)

give a basis of [@,0, EJ.

Corollary. The space [Q,l, E] has finite dimension and the dimension equals
the Pfaffian of A.

We shall see now that the proof of Theorem 8.6 is analogous to the case n = 1.

Let
¥ €[Q,0,E];

in particular,
st
Iz + Ta) = ™ 29 (2).

It is useful to replace ¥(z) by the function
Jo(2) :=¥(2) - eiQWi@tT?lZ,
since this function is periodic under Z":
Yoz + Ta) =19(z), acZ".

As in the case n = 1 (a = 0), we can expand such a function into a complex

Fourier series:
st
Jo(2) = g age’™I

geL™

We shall prove this in the appendix to this section. Now we make use of the
transformation formula under z — z + Z3. As in the case n = 1, the formula

Iz + 28) = ¢ 2T B+18 2840 g )
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gives a recursion for the coefficients a,. This recursion allows us to compute
ag+rp from a,. Hence ¥ is determined by finitely many a,. The index g has
to run through a system of representatives of Z™/(TZ"). This gives us the
estimate

dlm[Q,O,E] < t1-... tn.

For the proof of Theorem 8.6, it remains to show that the theta series in Lemma
8.5 are linearly independent or, equivalently, that the Fourier series

sl 71
o2 T 2y [Hb “] (2,7)

are linearly independent if r runs through a system of representatives of
(T=*Z™) mod Z™. This follows from the following simple criterion.

8.7 Remark. Let

@) () = a(”)e%igtz, v=1,...,N,
f g

gezn

be a Fourier series which converges in C™, and such the following conditions
are satisfied:

1) fW 40 forv=1,...,N.
2) Ifge Z", then ag(,'/) can be different from zero only for one v.

Then the functions fV, ..., fN) are linearly independent.

Proof. Let

N N
Z C,f"(g) =0, and hence Z C’,,aé”) =0.
v=1 v=1

For a given vy, we choose an index
gezL, aé”O) # 0.

Then a!(,l') # 0 for v # 1y, and hence C,, = 0. ]

This completes the proof of the fundamental existence and finiteness theo-
rem stated in Theorem 8.6. g
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Exercises for Sect. VI.8

1. Assume that for ¢ = 1,2 there are given lattices L, and two associated triples
Q,,l;, F, with a nondegenerate Hermitian form. Define a “Cartesian product”
Q,l,E on C" with n = n; + ny, and show also that L = L, x L, admits a
nondegenerate Hermitian form. Show that each theta function 6 € [@,[, E] can
be written as a finite sum of functions of the form 6,0,, with 0, € [Q,,l,, E,].*)

2. Construct, in the case n = 1, a triple Q,[, F such that the space of solutions
[Q,1, E] is spanned by Jacobi’s theta function.

3. The theta function [Z] (Z,a,b) can be considered as a function in all of the
variables Z, a,b, z. Show that the theta series converges normally on A = H, x
C"xC"xC"™, where H,, denotes the space of all symmetric matrices with positive
definite imaginary part.

Appendix to Sect 8. Complex Fourier Series

Let the following be given:

1) a domain V C R"™;
2) a lattice L C R™ (not in C");
3) a periodic analytic function

f:D—-C, f(z4+a)=f(2) foralaclL,
where D denotes the domain
D={zeC"; z=z+1iy, yeV}.

Claim. The function f admits an expansion into an absolutely and locally
uniformly convergent Fourier series of the kind

f(Z) _ Z age27rigtz.

geLe

The coefficients ay are uniquely determined. For arbitrary y € V', we have
ag = / f(@ + ig)e 279" @) gy,
P

where P is a fundamental parallelogram of the lattice L.

*) The “correct” formula is [Q,, E] = [Q,1, F1] ® [Q4, 15, E,].
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In the case n = 1, this is an easy consequence of the Laurent expansion. Since
we have not developed Laurent expansions in several variables, however, we
use a different approach. We reduce the complex case to the real case (which
in fact is more fundamental).

From Lemma 1.4, we obtain for fixed y an expansion

flatiy) =Y by(y)e* e,

geLe

This can be written in the form

fla+iy) =D ag(y)e™o

geLe

(aq(y) = e%gtybg(y)). We have to show that the coefficient

0y(0) = [+ ig)e 2 d
P

is independent of y. This can easily be reduced to the case n = 1, where the
complex Fourier expansion is known. Another proof uses the Cauchy—Riemann
differential equations: We have

df =0.

It is easy to show that the operator 9/9z can be applied termwise to the Fourier
series. We obtain

0 (ag(y)€2”igtz) =0

and then

9. Graded Rings of Theta Series

Asusual, L € C" denotes a lattice here. Let Hy, Hy be two Riemannian forms.
Then H; + Hy is also a Riemannian form. It is nondegenerate of one of the
two is so.
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9.1 Lemma. Let fI,H be two Riemannian forms, H nondegenerate. Then
there exists a natural number r such that

rH = H + H,,

with a nondegenerate Riemannian form Hy.

Proof. The imaginary part of Hy is integral on L x L for any choice of r. Hence
we have to show only that rH — H is positive definite for sufficiently large r:

rH(z,z) — H(z,z) > 0 for z € C" — {0}.

It is sufficient to restrict ourselves to the compact set defined by ||z|| = 1. Now
a simple compactness argument gives the proof. O

The sum of two automorphy summands is again an automorphy summand.
The product of two corresponding theta functions is a theta function with
respect to this sum. So we have the following.

Assume that an automorphy summand is given by a triple (Q,[, F'). Then
the triple (r@,rl,rE) (r € Z) is also an automorphy summand. We have

ferQ,rl,rE], g € [sQ,sl,sE] = f-g € [(r+s)Q, (r+ s)l,(r+ s)E].

So, we are led to consider the set of all finite sums

Z fro fre[rQ,rl,rE],  f, =0 for almost all 7.

rez

We denote this set by

AQ,1,E) =) A(Q,1,E), where A.(Q,1,E) = [rQ,rl,rE].

reZ

We have seen that this is a ring. We have
A (Q,1,E) =0 for r <0 and Ap(Q,l,F) = C.

9.2 Lemma. We have

Zﬁr =0 (9, € [rQ,rl,TE], almost all =0)
r=0

if and only if
Y, =0 for all r.
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Proof. Let z € C". We have
0=> dp(z+a)=>Y (2mHEN)ry,(z).
r=0

Hence the polynomial
T — Z Uy (2)x”
r=0

has infinitely many roots. Hence its coefficients are zero. a

By Lemma 9.2, the sum decomposition of A(Q,I, E) is direct. So, we can
write

AQ,1E) = @A Q.1 E).

Instead of proving Lemma 9.2, one could take this direct sum for the definition
of A(Q,1, E). Tt should be clear how the ring structure and such an abstract
direct sum have to be defined. Compare this with the final remarks in [FB],
Sect. VI.3.

9.3 Lemma. Let P be the Pfaffian of the alternating form which belongs to
Q. Then
dim A.(Q,l,E) =P -r" forr > 0.

Proof. Let eq,...,e, be the elementary divisors of A. Then rt,...,rt, are
the elementary divisors of rA. The rest follows from Theorem 8.6. |

We associate with the graded ring A = A(Q, [, E) a subfield of the field of
abelian functions, namely

K(A) :—{; frge A, rel, g#O}.

Clearly, K(A) is a field; for example,
fof_fiti
g 9 99

and
fa+fg, gg€ Ay for f,ge Ay f,g € As.

9.4 Proposition. Let (Q,l, E) with a nondegenerate Riemannian form H be
given. Then K(A(Q,l,E)) is the field of all abelian functions with respect to
L.
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Proof. As we know, every abelian function can be written in the form

AN
g

for a suitable triple (Q, l, E).
We choose the natural number r as in Lemma 9.1. Then we choose an
arbitrary theta function

he[rQ—Q,rl—I1,rE—E], h#0.

The existence of h is ensured, since rQ—Q leads to a nondegenerate Riemannian
form. We have
f_fh

o= and fh,gh € [rQ,rl,rE]. O
g g

Exercises for Sect. VI.9

1. The polynomial ring A = C[X},..., X, ] admits the grading

m]

A, :={P € A; P homogeneous of degree r}.

Can there be an isomorphism from A(Q,l, A) onto A (for suitable m) which is
compatible with this grading?

2. Can there be an isomorphism from A(Q,l, A) onto the graded ring of elliptic
modular forms ([FB], Sect. V.3) which respects the gradings?

10. A Nondegenerateness Theorem

In principle, it could be possible that every abelian function for a lattice L is
periodic with respect to a bigger lattice L, even if L admits a nondegenerate
Riemannian form. Our next goal is to prove that such a pathological behavior
is not possible at least for theta functions. We start with some notation.

Let A be an alternating nondegenerate bilinear form on C"™ x C™ which
takes only integral values on L x L. We can define the dual lattice with respect
to A (compare Remark 1.3):

L,:={2€C"; A(z,a) € Z for all a € L}.

It is easy to show that L. is a lattice and that L C L.
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10.1 Lemma. Let
0€lQ,E], 0#0,

be a theta function with a nondegenerate Riemannian form. Let a € C" be a

vector such that
0(z+a)

0(z)
is analytic on the whole of C". Then a is contained in the lattice L.

Proof. A simple calculation shows that the function

) e orHGa 02t a)

satisfies the transformation formula
00(z + b) = e2™A@D gy (2) for b € L.

It follows that |0y(z)| attains its maximum in C". Hence it is constant. This
implies that
A(a,b) € Z. O
This proof shows more, as follows.

Let L be the set of all vectors a which occur in Lemma 10.1. We have
LcLcClL,

Obviously, L is a lattice. The function § which occurs in Lemma 10.1 is a theta
function for L; more precisely,

0 c(Q,l,E],

where F is some extension of the A-character E to L.

There are only finitely many extensions of an A-character on L to an A-
character on L.

This is clear, since the extensions are determined by their values on a system
of representatives of L/L and this group is finite.

In the next step, we show that [Q,1, E] are proper subspaces of [Q,1, E] if L
is a proper sublattice of L. Because of the dimension formulae (Theorem 8.6),
this means that:

The Pfaffian P of A with respect to L is smaller than the Pfaffian P of A with
respect to L.

For the proof, we consider normal bases

w, and @, (1 <v<2n)



398 VI. Abelian Functions

of A with respect to L and L respectively. Since L is contained in L, we have
Wy = Z uuyajl/»
v

with a suitable matrix

U= (Wuw)i<pv<an-

A simple computation shows that
0 T 0o T\ .,
(2 o0)=v(z o)

P =|detU|- P.

and hence

The determinant of U is integral. It cannot be +1, since otherwise U —1 would
be integral as well and we would have L = L. But we have excluded this
possibility. 0O

Now we obtain the following result.

10.2 Lemma. We consider the automorphy summand defined by a triple
(Q,1, E) with a nondegenerate Riemannian form H. If we take 6 € [Q,!, E]
outside of the union of certain finitely many subspaces of smaller dimension,
then the function 6(z + a)/6(z) is not analytic for any a € C", a ¢ L.

Note. Since a (real or complex) vector space can never be the union of finitely
many subvector spaces of smaller dimension, there exists a 6 with the properties
formulated in Lemma 10.2.

10.3 Proposition (point separation theorem). Let L C C" be a lattice
on which an automorphy summand is given through a triple (Q,1, E) with a
nondegenerate Riemannian form H.

1) Assume m > 2. Then, for each point a € C", there exists

0 € [mQ, ml,mE] with 6(a) # 0.

2) Assume m > 3. Then, for each pair a,b € C" of points which are not
equivalent mod L, there exists

0 € [mQ, ml,mE] with 8(a) =0, 0(b) #0 (point separation,).
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The proof of this fundamental theorem rests on a very simple but fundamental
observation:

Let 0 be an element of [Q,1, E] and let
aty...,0m € C" witha; + -+ a,, = 0.

Then

m

H 0(z + a;) € [mQ, ml,mE].

i=1

For the proof, we only have to observe that for “a; + --- 4+ a,, = 0” and any
automorphy summand

(a,2) — Qa(2) + Cq,
it follows that

m

m[Qa(2) + Ca] = Y _[Qu(z + a;) + Cal.

i=1
Proof of Theorem 10.3.

1)  We choose a theta function
906 {QaLE]a 007&07

and consider

m—1

0(2) = 0o(z + a)fo <z— a >m_1.

We know that this function is contained in [mQ@, ml,mE]. Now we show that
for a given z, there exists an a such that 6(z) # 0. For this, we consider 6 for
fixed z as an abelian function in a. In this case, this function is zero, and we

have
a

m—1
0o(z +a) =0 or by <z— ) =0 (for all a).

m—1
In both cases we would have 6y = 0, which contradicts our assumption.

2) Using Lemma 10.2, we choose a theta function

90(z+b—a)

90 € [QalaEL 90(2’)

is not analytic in C".

In our first approach, we make a restrictive assumption. Later we will see how
to get rid of it.

Assumption. The function 0y is reduced. This means that the power series
expansion of O at an arbitrary point of C™ is square-free in the ring of power
series.
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Claim. Under this assumption, there exists a ¢ with
90(6)20, 90(C+b—a)7é0.

Proof. We choose ¢ in such a way that 6y(z + b — a)/60y(z) is not analytic in
any open neighborhood of ¢. The claim then follows from the theorem of the

unique prime factor decomposition in C{z; — ¢1,...,2, — ¢, } and from the
following remark. a
Remark. Let P,Q be two prime elements in C{z1,...,2z,}. Assume that

P(z)=0 = Q(z)=0
i a full neighborhood of z = 0. Then
P=UQ,

with a unit U (U(0) #0).
This remark follows from Proposition V.4.10.

Now we choose a further vector ¢; € C™ and define ¢, by the equation

c—a+ci+(m—2)ce =0

(observe that m > 2). The function
0(2) == 0p(z + c — a)fo(z + c1)0o(z + c2)™ 2
is then contained in [m@, ml, mE]. We have
O(a) =0 (because 6y(c) =0).
We claim that with a suitable choice of ¢q,
6(b) # 0.

If this were not the case, we would have

0o(b+c1)fp(b+ca)™ 2 =0

(as a function of ¢;) and this would imply 6y = 0.

Finally, we want to get rid of the assumption of reducedness.
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10.4 Lemma. FEach theta function
6o € 1Q,1,E], 0y #0 (H nondegenerate)

admits a decomposition ~
b0 = 05° - 6o

as a product of two theta functions
red [Qred lred Eured]7 90 c [Q,Z, Ev]

with the properties

1) 05ed is reduced;
2) Ijred is nondegenerate;
3) 0o(2) =0 = 6;*4(2) = 0.

We assume that such a decomposition has been proved. We then find vectors
al,...,0m, a1 + -+ a,, = 0 such that

ered H ered Z +au

has the desired properties
04 (a) =0, 67b) #0.

Then .
)= H Oo(z+ay)
v=1

has the same properties, since because of 3) we have
04 (2) =0 < 6(z) = 0.

Proof of the existence of the decomposition 0y = 054 - 0o (Lemma 10.4).

As we know from Proposition V.5.2, the set of points at which the power series
expansion of an analytic function is square-free is open. From this and the fact
that for each Cousin distribution on C" there exists an analytic function which
fits it, we obtain the following result (compare Exercise 4 in Sect.V.5):

Every analytic function f: C" — C (f #0) admits a decomposition
f=petf

where 4 and f are both analytic functions in C", such that the power series
expansion of 4 at any point a is the square-free part of the power series
expansion of f. So, we have

f(z) =0 = () =0.
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Using the prime decomposition and a compactness argument, we obtain the
result that if U C C" is a bounded open set, then there exists a natural number
N such that

(fre )N

f

s analytic in U.

We apply this to the theta function 6g:
0o = 65 - 6.

Since we can choose U in such a way that it contains a fundamental parallelo-
gram U, we obtain

(ered)N
~%_~ s analytic in the whole of C".
0

We can multiply 65°¢ by a suitable function from O(C™)*. Hence we can assume

that 65°d is a theta function. Then 6 is also a theta function:
Oyt € [Qed, 14, Y], 0y € [Q,1, E).
The corresponding Riemannian forms are
H=H*+H.

We also know that

NHred _ H

is a Riemannian form. From this we can deduce that H red i5 nondegenerate.
Assume that H red(20,20) = 0. Since NH™ — H is semipositive, we obtain

H(zg,20) = 0 and hence H(zg, zp) = 0. But, by assumption, H is nondegener-
ate. This completes the proof of Proposition 10.3. a
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Exercises for Sect. VI.10
1. Show that the index of L in L, equals the Pfaffian.

2. Show that the Weierstrass o-function and the Jacobi theta function ¥(r, z) ([FB],
Sect. V.6) are reduced.

11. The Field of Abelian Functions

We now have the tools to prove that the field of abelian functions with respect
to a lattice L C C™ with a non-degenerated Riemannian form is an algebraic
function field of transcendental degree n. The basic facts about algebraic func-
tion fields have been collected together in the algebraic appendix (Chap. VIII)
to this volume. Once more, we arrange what is needed from the theory so far.

Let H be a nondegenerate Riemannian form and let (@, [, F) be an associ-
ated triple. We consider

A(Q,LLE) = [rQ,rl,rE]

and

AQ,1,E) = @A (Q.1,E).

We then have:

1) dim A,.(Q,l, E) = Pr™ (P >0).

2) Each abelian function is the quotient of two elements from A, (Q,[, E) for
a suitable r.

3) Let a,b € C" be two points which are inequivalent with respect to L, and
assume r > 3. There then exists

0 e A (Q,l, E) with (a) =0, 6(b) #0.
11.1 Definition. The analytic functions
fioeos fm : U —C, U C C" open, nonempty,

are called analytically independent if there exists a point a € U at which the
Jacobian

has rank m.

In particular, m < n. It is well known that any m x n matrix of rank m admits
an extension to an n X n matrix whose determinant is not zero. This shows the
following.
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11.2 Remark. Assume that the Jacobi matriz J(f,a) of the analytic
functions f1,..., fin has rank m. Then they can be extended to an n-tuple
f = (f1,---, fn) of analytic functions such that the complex functional deter-
minant of f is different from zero.

(One can take linear functions for the fi,41,..., fn.)

11.3 Remark. Analytically independent functions are algebraically indepen-
dent. This means that there exists no nonzero polynomial P with

P(fla~~~;fm) =0.
Because of Remark 11.3 we can assume m = n. The claim then follows from
the theorem of invertible functions. O

11.4 Lemma. Let
f:U—=C™, UcC" open and nonempty,

be an injective analytic map. Then the components of f contain an analytically
independent subsystem consisting of n functions.

Proof. Let d be the maximal number of analytically independent subsys-
tems. We can assume that f1,..., fg are analytically independent. We extend
fi,..., fq to an n-tuple

o= C(f1,- - fa:9a+1,- - Gn)
of analytically independent functions (see Remark 11.3). We can assume that
p:U—V, VcCC",
is a biholomorphic map onto some open set V. Now we replace f by
F:=fop l:V-C™

Obviously, the statement of Lemma 11.4 does not change if f is replaced by F'.
From the equation F' = f o ¢!, it follows that F o ¢ = f, but

Fv(fla"'afdvgd-‘rlv'"agn):fl/ (lgygm)

and therefore
F, (wy,...,w,) =w, for 1 <v <d.

(We denote the coordinates of V' by wi, ..., wy,.)
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The complex functional matrix of F' is of the form

1 o | o0 0

0 1 | o0 0
OF 441 OF 441 | OFq11 OF 441
Owq e Owg 8wd+1 e Owy,
OF,, OF, | OF,, OF,
8’UJ1 e de 8wd+1 e 8wn

By assumption, the rank of this matrix must not exceed d. This gives

OF g1

9w, =0 for v >d.

Since we can assume that V' is connected, we obtain the result that Fjy; (and
analogously Fyya, ..., Fy,) are independent of the variables wg1, . .., w,. Since
F, by assumption, is injective, such variables cannot exist. a

The next proposition now follows from the point separation theorem (The-
orem 10.3).

11.5 Proposition. Let 0y, ...,0n be a basis of the vector space A, (Q,l, F)
with r > 3. We set

D={[z] € C"/L; 6o(z) # 0}

The map

DV, ] <91(2) 9N(Z)) 7

fo(z)" " bo(2)

is injective. The abelian functions

O O
A

contain a subsystem of n analytically (and, in particular, algebraically) inde-
pendent functions.

Proof. The injectivity follows from the point separation property. The analytic
independence follows from Lemma 11.4 O
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Algebraic Dependence

11.6 Lemma. There exists a natural number M, which depends only on
r € N and on the Pfaffian, such that the following holds:
If

017"‘7971 € AT(Q7Z7E)

and
0eAs(Q,LE) (s € N arbitrary),

then the monomials

0000 -0, vs+uvg+uvi+vo+---n=Ms,

n

are linearly dependent.

Proof. The monomials are contained in the vector space A,sn(Q, 1, E), which
has the dimension
P(rsM)™.

So we only have to take care that the number of monomials, and hence the
number of solutions of

vs+uvyg+uvi+uveg+---n=Ms,
is greater than P(rsM)™. The number of solutions of
vo+uvi+ve+--n=s(M-v) (0<v< M)
for fixed v equals the binomial coefficient

<3(M )+ n> _ s —v)

n n!

Hence the number we are looking for is

n n!

i(s(M—u)—i—n) 25”&.

v=0

‘We know that

is a polynomial of degree n + 1 in M. We need the inequality

sS"Q(M) > P -r"s"M"™ - nl.
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It is clear that this inequality is valid for large enough M = M (r, P), since on
the left-hand side we have a polynomial of higher degree than on the right-hand

size. ]
In the following, we choose elements 6y, ..., 0, (by Proposition 11.5) from
A, (Q, 1, E) (for some r) such that the abelian functions
01 On,
fl %a LR fn - %

are algebraically independent. They generate a subfield C(f1,..., f,) of the
field of all abelian functions. Now let f be a further abelian function. We first
assume that it is of the special form

0

fzisa 96ATS(Q717E)'
90

Because of Lemma 11.6, it satisfies an algebraic equation of degree < M over
the field C(fi,..., fn). Now let f be arbitrary. It can be written in the form

6 _
[= 7’ 0,0 € Ay(Q,1,E), tsuitable.
We can assume that t is divisible by r, i.e. t = rs, since we can write
ér
f = a1
00"
Now we have ~
0/6;
g= 9%,
0/65

This shows that an arbitrary f can written as a quotient of two functions which
satisfy algebraic equations of degree < M. But then f satisfies an algebraic
equation of degree < M?. (This follows from Remark VIIL.4.5.)

We have shown that there exist n algebraically independent abelian func-
tions fi,..., fn, and that each such abelian function satisfies an algebraic equa-
tion of bounded degree over C(f1,..., f,). This says that the field of abelian
functions is an algebraic function field of transcendental degree n (see Propo-
sition VIIL.4.7).

11.7 Theorem. Let L ¢ C" be a lattice which admits a nondegenerate
Riemannian form. The field of all abelian functions is an algebraic function
field of transcendental degree n.

We know that algebraic function fields are finitely generated. (Actually, they
can be generated by n + 1 elements.) This shows that there is an » € N such
that the field of abelian functions is generated by 6,/60y (1 < v < N), where
o, . .., 0N denotes a basis of A,.(Q, [, F). This, in connection with Proposition
9.4 shows the following.
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11.8 Theorem (theta theorem). For a suitable » > 3, we have the
following. Let 6y, ...,0n be a basis of A.(Q,l,E). The field of all abelian
functions is generated by the quotients

o by
TR

Actually, a better result holds: one can take every r > 3. A proof can be found
in [Col.

Exercise for Sect. VI.11

1. Let L, C C™ be two lattices with a nondegenerate Riemannian form. Show that
the field of abelian functions for L, X L, is generated by the special function
f1(21) fo(25), where the f, are abelian functions for L,.

Hint. Use the result of Exercise 1 in Sect. VI.8.

12. Polarized Abelian Manifolds

Similarly to the way in which the theory of elliptic functions leads to the theory
of (elliptic) modular functions, the theory of abelian functions leads to the
theory of modular functions of several variables. The link is achieved if we
consider not only individual lattices but the set of all lattices L ¢ C™. Of
course, certain lattices have to be identified. How this has to be done becomes
clear if we recall the construction of the canonical basis of a lattice. In that
case, we had to consider triples (£, L, H), where L C Z is a lattice and H is a
nondegenerate Riemannian form. We saw that each triple is equivalent to one
of the form (C",L(Z,T),H(Z,T)). Here the elementary matrix 7" is unique,
but not the matrix Z.

Change of the Canonical Basis

The dimension n and the n x n elementary-matrix 7" are fixed in the following.

Recall that the lattice is generated by the columns of the matrix L =
L(Z,T). The associated Riemannian form is H(z,w) = 2! Im(Z)~lw.

Now we consider a second matrix Z and seek an isomorphism

R:(C" L(Z,T)),H(ZT) — (C",L(Z,T),H(Z,T)).
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So, R is an automorphism of C", which we shall identify with the corresponding
matrix. The conditions for R are:

a) RL(Z,T) = L(Z,T);
b) 2t Im(Z) '@ = (Rz)! Im(Z) ' (Rw).

Condition a) can be formulated as follows:

There is a matrix M € GL(2n, Z) with the property
(Z,T) = R(T, Z)M".

It is known from linear algebra that condition b) can be rewritten as

w(r o) o)

It is easy to verify that the set of all integral matrices with this property is a
group.

12.1 Definition.  The paramodular group To(T) of level T consists of all
integral M with the property

(3 e (3 )

If T is the unit matrix or a multiple of it, then T'o(T) coincides with the
integral symplectic group Sp(n,Z), which has already appeared during our
investigations of the period relations of compact Riemann surfaces (see Remark
IV.10.6). There, we saw that the period lattice of such a surface always admits
a nondegenerate Riemannian form whose associated elementary matrix is the
unit matrix.

Polarization

A Riemannian form is called minimal if the first elementary divisor ¢; equals
1. If H is an arbitrary Riemannian form, then t;lH is a minimal Riemannian
form. For our purposes, two Riemannin forms can be considered as equal if
they differ by a factor. Hence we can restrict ourselves to minimal Riemannian
forms.

12.2 Definition. A polarized abelian manifold is an isomorphy class of
triples (£, L, H), where L is a lattice in the vector space Z and H 1is a minimal
Riemannian form on L.
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The corresponding elementary divisor matrix T, t; = 1, is called the polariza-
tion type of the polarized abelian manifold.

With each point Z € H, we associate a polarized abelian manifold of
a prescribed polarization type T (t; = 1), namely the isomorphy class of
(C",L(Z,T),H(Z,T)). Hence the totality of all isomorphy classes is a set,
which we denote by A(T). Two points Z, Z have the same image in A(T) if
there are matrices R € GL(n,C) and M € T'y(T) such that

(Z,T) = R(T, Z)M*.

If we decompose M into four n x n blocks
A B
v-(2 5)
then this equations reads as

Z = R(ZA' + TBY),
T = R(ZC' +TDY).

Hence the matrix R is determined:
R=T(ZC'+TD" .
This leads to the following definition.

12.3 Definition. Two points Z,Z € H,, are called equivalent mod To(T) if
there exists a matrix M € T'o(T') with the following two properties:

1) The matriz ZC' + T D" is invertible.
2) We have ~
T'Z =(ZC"+TD") Y (ZA" + TB).

It is clear that this defines an equivalence relation. We denote the set of
equivalence classes by

H/To(T).

In the next chapter, we shall show that this equivalence relation comes from a
group action. In fact, we shall see that condition 1) is automatically true for
Z € H, and M € Ty(T), and that the matrix Z, which can now be defined
by the equation 2), is automatically contained in H,,. We should mention that
we have already dealt with this problem in connection with period relations
(compare Proposition 1V.10.9).

In this section, we are satisfied to rewrite these relations in a standard form.
If we use the fact that Z is symmetric, then we can rewrite 2) of Definition
12.3 in the form
Z = (AZ + BT)(CZ + DT)™'T.
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If we introduce

A BY_ [ 4 BT \_(E 0 A B\(E 0
¢ D) \1r7'c¢c T'Dr) \o T! C D 0o 7)°
we can rewrite the equation in the standard form
Z =(AZ +B)(CZ + D)~ L.

The matrix

is symplectic, i.e.

(% 0=

We recall that E denotes the unit matrix. The map

A By (4B
Cc D C D
is an injective homomorphism

Lo(T) — Sp(n, Q),

where Sp(n, Q) is the rational symplectic group. We denote the image of this
homomorphism by T'(7") and call this group the embedded paramodular group
of level T. The advantage is that all paramodular groups now occur as a
subgroup of one group Sp(n, Q) and that the formula 2) of Definition 12.3
takes the unified form

Z=(AZ+ B)(CZ + D).

We shall continue with this form in the next chapter.
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Exercises forVI.12

1. Let t be a natural number. Show that
To(tT) =To(T), T(T) =M, I(T)M;",

with a rational symplectic matrix M. Describe this matrix explicitly.

2. In the next chapter, we shall study the principal congruence subgroup
Sp(n, Z)|q] := Kernel(Sp(n, Z) — Sp(n, Z /qZ)).

Show that
I(T) D Sp(n, Z)[det T7.
3. Two subgroups of a group are called commensurable if their intersection has a

finite index in both of them. Show that every two I'(T") in Sp(n, Q) are commen-
surable.

13. The Limits of Classical Complex Analysis

Complex tori C"/L are examples of n-dimensional analytic manifolds. The notion of
an analytic manifold is an obvious generalization of the notion of a Riemann surface
for several variables.

Analytic Manifolds

A (complex) n-dimensional chart on a topological space X is a topological
map ¢ : U — V of an open subset U C X onto an open subset V' C C".
Two n-dimensional charts ¢, are said to be analytically compatible if the
chart transformation 1! is biholomorphic in the sense of complex analysis
in several variables. An n-dimensional analytic atlas A is a set of n-dimensional
analytic charts whose domains of definition cover X, such that any two charts
from A are analytically compatible. Two analytic atlases are said to be equiv-
alent if their union is an analytic atlas. A (complex) analytic manifold (X, [A])
of dimension n is a pair consisting of a Hausdorff space X and a full equiva-
lence class of analytic atlases. So, any analytic atlas A defines a structure in
the form of an analytic manifold on X. We shall usually write simply (X, .A)
instead of (X, [A]). If it is clear which analytic structure is being considered at
any particular moment, we shall simply write X. Riemann surfaces are nothing
but one-dimensional analytic manifolds.

Some of the basic notions of the one-dimensional case carry over literally to
the case of an arbitrary dimension. We briefly mention them here.
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1)

2)

Any open subset U C C" carries a natural structure in the form of an
analytic manifold by means of the tautological atlas. This consists of only
one chart, namely the identity id : U — U.

In analogy to the case n = 1, we can introduce the notion of an analytic
(= holomorphic) map f : X — Y of an n-dimensional analytic manifold
X = (X, A) into an m-dimensional analytic manifold ¥ = (Y,B). The
composition of analytic maps X — Y, Y — Z is analytic. In the spacial
case Y = C (equipped with the tautological structure), analytic maps are
called analytic functions.

A map f:U — V between open sets U C C™, V C C™ is an analytic map
of analytic manifolds iff it is analytic in the sense of Chap. V, which means
that its components locally admit power series expansions.

A map f: X — Y between analytic manifolds is called biholomorphic if it
is bijective and if both f and f~! are holomorphic.

Every analytic atlas A is contained in a unique maximal analytic atlas Ay ax.
This is the union of all atlases which are equivalent to A. The elements of
Amax are called analytic charts.

If U C X is an open subset of an analytic manifold (X, A), we can define
a restricted atlas A|U. In this way, U is equipped with the structure of
an analytic manifold. We call U (equipped with this structure) an open
analytic submanifold. The elements of the maximal atlas A, are nothing
but biholomorphic maps from open sub-manifolds U C X onto open sets
Vccn

Finally, the Cartesian product X x Y of two analytic manifolds (X,.4) and
(Y, B) can be provided with a structure in the form of an analytic manifold.
For two charts ¢ € A, 9 € B, we can define the product chart

(pXI/}:UQ(,XUw—>V<p><V¢,
(,y) — (p(2), d(@)).

The set
AxB={pxv; ¢ecAeB}

is an analytic atlas on X x Y. If X is an n-dimensional and Y an m-
dimensional analytic manifold, then X x Y is an analytic manifold of di-
mension n + m.

More generally, we can define the Cartesian product X; x --- x X,, of n
analytic manifolds. The projections

pXax-o X, — X, (v=1,...,n)
are analytic. More generally, a map

f: X —Xix---xX,
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of a further analytic manifold X into X; x --- x X, is analytic iff the
compositions with the n projections are analytic.

An example of an analytic manifold is the complex torus X = C"/L, which
can be associated with a lattice L C C". It carries a natural structure in the
form of an n-dimensional analytic manifold, such that the natural projection

CcC"—C"/L
is locally biholomorphic (and, in particular, analytic).

Meromorphic Functions

Let U be an open and dense subset of an analytic manifold X. An analytic
function f : U — C is called meromorphic on X if each point a € X admits an
open connected neighborhood U(a) C X and analytic functions

g:U(a) — C, h:U(a) — C

with the following properties:
a) h does not vanish identically.
b) For all x € U(a) N U such that h(z) # 0, we have

Two pairs (U, f), (V,g) are said to be equivalent if f[lUNV = g|lUNV. It is
of course sufficient to demand the equality of f and g on an open and dense
subset of U N V. A meromorphic function is a full equivalence class [U, f] of
such pairs. If (U, f) is a representative, we call U a domain of holomorphy
of the meromorphic function. The union of all domains of holomorphy is also
a domain of holomorphy. We call it the domain of holomorphy. We shall
frequently write f instead of [U, f] and we denote the domain of holomorphy
by Df.

The set M(X) of all meromorphic functions is, in an obvious manner, a
ring, furthermore, a field if X is connected. Any analytic function f on X
can be considered as a meromorphic function ([X, f]). In this sense, we have

O(X) € M(X).

Caution. Let f : X — C be an analytic map of the analytic manifold X into
the Riemann sphere. We assume that the fiber over co is thin in X. Then f can be
considered in an obvious way as a meromorphic function on X. But, in contrast to
the case n = 1, not every meromorphic function needs to be of this form. A typical
example is the meromorphic function on C x C

f(z1,2) = ?7 Df ={z; 2z, #0}

2
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It makes sense to define
f(z1,25) = 00 for z, =0 and z; # 0,
and we obtain in this way an analytic map
C x C — origin — C.

But this map cannot be extended to the origin as a continuous function. The reason
is that at the origin the pole set (z, = 0) and the zero set (z; = 0) intersect. By
the way, for each w € C we can find a sequence z, € C* — {0} with the property
f(z,) — w. So, if we wanted to associate function values with the origin, every point
of C would have the same right to be a value of f. Then f would be multivalued.
Sometimes the notion “meromorphic” is understood in this way as “multishaped”*).

Of course, we shall insist on the rule that maps have to be single-valued. Hence
there is no way for us to consider meromorphic functions as maps on the whole of X.
(Complex analysis of several variables has another way to get around this problem.
One constructs a “blow-up” X — X such that the meromorphic function f can be
interpreted as an analytic map f : X — C. We shall not need this here.)

In the following, we shall deal with some properties of compact analytic
manifolds. These are closely related to the following two propositions, which
we shall not prove here in full generality. But we shall obtain partial results in
this direction which will be enough for our purposes.

13.1 Proposition. Let X be a connected compact analytic manifold of
dimension n > 0. The field M(X) of meromorphic functions is an algebraic
function field of transcendental degree < n.

The first complete proof seems to have been given by Remmert in 1956. Rem-
mert mentions that this theorem had already been announced in 1953 by
W.L. Chow without proof. There are important special cases due to Thimm
(1954) and Siegel (1955). Interesting historical comments can be found in
Siegel’s paper “Meromorphe Funktionen auf kompakten analytischen Mannig-
faltigkeiten” ([Si2], No 64).

Up to now, we have proved Proposition 13.1 for Riemann surfaces and
complex tori. It is our goal to prove it also for the n-fold Cartesian product
X™ of a compact Riemann surface and, as a consequence, also for the symmetric
power X (") This will imply an important consequence for the Jacobi inversion
theorem.

*) But this is not correct historically. The notion of a “meromorphic function” has
its origin in the complex analysis of one variable.
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Removability Theorems

We need a higher-dimensional version of the Riemann removability theorem.

13.2 Lemma. Let U C C" an open subset and g : U — C an analytic
function with thin zero set S = {z € U; g(z) = 0}. Any bounded analytic
function f:U — S — C extends to an analytic function on the whole of U.

Proof. The function fg can be extended (by zero) to a continuous function on
U. Moreover, the function fg? admits partial complex derivatives and hence
is analytic. So, f is at least meromorphic on U. We assume that there exists
a point a € S such that f cannot be extended as an analytic function to
some open neighborhood U(a) C U. We can assume that in U(a), f can be
written as the quotient of two analytic functions whose power series expansions
for all points of U(a) are coprime. The zero set of the denominator cannot be
contained in the zero set of the numerator. (Here we have to use the preparation
theorem!) But then the function f cannot be bounded. O

It us useful to reformulate the removability theorem in the following modi-
fied form.

13.3 Definition. A closed subset S C X of an analytic manifold X is called
analytically thin if, for any point a € X, there exist an open, connected
neighborhood U(a) C X and an analytic function hy : U(a) — C, hg # 0, with

SNU(a) C{zx€U(a); ha(x)=0}.

If X is a Riemann surface, then the discrete subsets of X are analytically thin.
The removability theorem can be reformulated as follows.

13.4 Proposition. Let S C X be a closed analytically thin subset of an
analytic manifold X and let f : X — S — C be an analytic function. Assume
that for every point a € S there exists a neighborhood U(a) such that f is
bounded on U(a) N (X — 5). Then f extends to an analytic function on X.

Corollary. If X is connected, then X — S is connected as well.

Every locally constant function on X — S extends to an analytic function on
the whole of X and hence is constant. O

The condition “analytically thin” can be weakened under additional as-
sumptions for f, as follows.
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13.5 Definition. A closed subset S of an analytic manifold X is called
nowhere decomposing if it has no inner points and if, for each open, con-
nected subset U C X, the complement

U-S:={zeU; ©¢5}

is connected.

Because of the corollary to Proposition 13.4, analytically thin subsets are
nowhere decomposing. The union of two nowhere decomposing sets is nowhere
decomposing. If Xy C X is an open submanifold, then SN Xy C X is nowhere
decomposing if S C X is so.

13.6 Proposition. Let X be a connected analytic manifold and let S C X be
a (closed) nowhere decomposing subset. Let f be a meromorphic function on
X — S which is algebraic over the field of meromorphic functions M(X) on X.
Then f is meromorphic on the whole of X.

Proof. The meromorphic function f is holomorphic outside an analytically thin
subset. We can add this subset to S and hence assume that f is holomorphic
on X —.S. By assumption, there exist meromorphic functions ¢q, ..., ¢, on X
such that

Onf" 4+ o, ©n # 0.

We can assume that the polynomial P = @,t" 4+ -+ + ¢ from M(X)[t] is
irreducible. For the proof, we can replace X by a small open connected neigh-
borhood of a given point. Hence we can assume that the functions ¢, are
quotients of functions which are holomorphic on the whole of X. Since we
can multiply them by a common denominator, we can assume that they are
all holomorphic. By multiplying the algebraic equation by ¢!, we obtain an
algebraic equation for ¢, f with a highest coefficient of one. Hence we can as-
sume ¢, = 1. Now we shall show that f extends to a holomorphic function on
X. We can assume that the ¢, are bounded on X, since this is true in a small
neighborhood of a given point. Now we obtain the result that f is bounded
on X — 5. In the case where S is analytically thin, the proof now follows from
the Riemann removability theorem. The general case needs the following extra
consideration.

It is enough to show that there exists an closed analytically thin subset
A C X such that f extends holomorphically to X — A, because then the
Riemann removability theorem ensures holomorphic extendability to X. We
apply this to the set A of all x € X such that the discriminant of the polynomial
P, = ¢p(z)t" 4+ -+ + po(x) vanishes. Since our polynomial P is irreducible
over the field M(X), its discriminant is a nonzero element of this field. It
follows from the explicit formula for the discriminant that the discriminant
of the specialized polynomial P, depends holomorphically on z. Hence A is
analytically thin. So, we can assume that the discriminant of P, is different
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from zero for all x. We now choose some point a. The equation P,(w) =
0 has n solutions by,...,b,. The derivative of P, does not vanish at these
points, since the discriminant is different from 0. From the theorem of implicit
functions (Remark V.3.4), we obtain the result that there exist a small open
neighborhood U(a) and holomorphic functions w, on U(a) with the properties
wy(a) = b, and P,(w,(z)) = 0 and such that the w, have disjoint images.
Since we may replace X by U(a), we can assume that there exist holomorphic
functions w, on the whole of X such that P,(w,(z)) = 0 and all zeros of Py
are erhausted by the w,(x).

Since f(x) is a zero of P, for x € X — S, we obtain
(wi(x) — f(x) - (wp(x) — f(x)) =0 for z€X-—S.

Since X — S is connected (!), we obtain w,(z) = f(z) for some v. This shows
that f(z) can be extended to the whole of X. O

Galois Coverings

An important consequence of the removability theorem states the following.

13.7 Lemma. Let f: X — Y be a surjective proper analytic map between
analytic manifolds. Assume that there exists a closed analytically thin subset
S C Y such that T = f~Y(S) is analytically thin in X. Assume that the
restriction of f

X-T-—Y-8 T=f9),

s locally biholomorphic. Let g :' Y — S — C be an analytic function whose
pullback g o f extends analytically to X. Then g extends analytically to Y .

Proof. The assumption of local biholomorphy implies that ¢ is analytic on
Y —S. For s € S, we choose an open neighborhood V'(s) whose closure is
compact. Since f is proper, the inverse image of V(s) is compact. Hence the
analytic continuation of g o f is bounded on the inverse image. Hence ¢ is
bounded on V(s) — S and we can apply the Riemann removability theorem.
O

We need a variant of Lemma 13.7 which includes meromorphic functions.
Under the assumptions of Lemma 13.7, we have the following.

If V.CY — S is an open and dense subset, then U = f~(V) is (open and)
dense in X — T'. This follows from the fact that X —T — Y — §'is proper and
open. As a consequence, the inverse image of an open and dense subset of Y
is open and dense in X. Let g be a meromorphic function on Y. We can then
define the composition g o f as a meromorphic function on X. In this way, we
obtain an embedding (= injective homomorphism) of the fields of meromorphic
functions,

M(Y) — M(X).

We are interested in the image. A very simple answer can be givenif f : X — Y
is Galois in the following sense.
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13.8 Definition. A surjective proper analytic map
f:X—Y

of connected analytic manifolds is called a ramified Galois covering if there
exists a finite group G of biholomorphic automorphisms of X such that two
points x, y from X have the same image under f iff there exists a v € G with
the property y = vy(x). Then the map f factorizes over a bijective map

X/G—Y.

We make two further assumptions (which in reality are always fulfilled; in our

applications, their validity is immediately visible, so there is no need to prove

them):

1) The map is topological if X/G is equipped with the quotient topology or,
equivalently, the map f is open.

2) There exists a closed analytically thin subset S C'Y such that the restriction
X-T—X-8 T=f%9),

1s locally biholomorphic.

The map X —T — X — S is proper and locally topological and hence a covering
in sense of topological covering theory (Lemma 1.3.13 and Definition 1.3.14). Tt
is Galois with deck transformation group G (see Definition II1.5.15). We call
G also simply the deck transformation group of X — Y.

As we have mentioned already, there is a natural embedding M(Y) —
M(X). For the sake of simplicity, we identify M(Y") with its image in M(X).

13.9 Proposition. Let f : X — Y be a ramified Galois covering with a
corresponding deck transformation group G. The image of M(Y) in M(X)
consists precisely of the G-invariant function from M(X):

M) = M(X)"  (fized field).

Proof. We know already from Lemma 13.7 that the analogous theorem is
true for analytic instead of meromorphic maps. Let g € M(X)% be a G-
invariant meromorphic function and let U C X be an open and dense domain
of holomorphy of g. The set V = f(U) is open and dense in Y. There exists
a holomorphic function h : V. — C with h(z) = g(f(z)) for x € U. We have
to show that h is meromorphic on the whole of Y. Let b € Y be an arbitrary
point and let a € X be a preimage of b. We want to prove the meromorphy
of h in a neighborhood of b. In a small open neighborhood U(a) of a, we can
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write g as a quotient of analytic functions g = g1/g2. We can assume that U(a)
is G-invariant. We then have

= %, with gs(z) = H g2(yx).
9293 ~EG y£id

The denominator in this representation is G-invariant. Since f is G-invariant,
the numerator must also be G-invariant. Now the denominator and numerator
define analytic functions on the image V(a) = f(U(a)). 0

In the following, we shall make use of some simple facts of algebra, namely
some rudiments of Galois theory. For simplicity, we assume that all of the fields
considered have a characteristic of zero.

1) Let G be a finite group of automorphisms of a field L; then L is a finite
algebraic extension of the fixed field

K=L%={zcL; g(z)==xforall gecG}.

We have
#G =[L: K] (=dimglL).

2) An extension of fields K C L is said to be Galois if there exists a finite
group G of automorphisms of L such that K = L is the fixed field.

If K C L is a finite field extension, then there exists an extension L C L such
that L|L and L|K are Galois.

The next statement follows from this and the closed relation between com-
pact Riemann surfaces and function fields.

13.10 Remark.  Let X be a connected compact Riemann surface and let
[+ X — C a nonconstant meromorphic function. There exist a connected
compact Riemann surface X and an analytic map g : X — X such that

g: X —X, gof:X—C
are ramified Galois coverings.
Supplement. The maps f and g induce maps
X" — X" — C".
Here ~ ~
gn:AX'rL_))(n7 gnofn:XnHC”
are ramified Galois coverings.

Now we are in a position to prove Proposition 13.1 for the Cartesian powers of
Riemann surfaces.
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13.11 Theorem. The field of meromorphic functions M(X™) on the n-
fold Cartesian power of a connected, compact Riemann surface is an algebraic
function field of transcendental degree n.

Proof. Let C C K C L be field extensions, L|K finite (algebraic). If K is an
algebraic function field of transcendental degree n, then this is the case for L
for trivial reasons. But the converse is also true. Let f1,..., fm, (m <n) be a
maximal system of algebraically independent elements of K. Then K and hence
also L are algebraic over C(f1,..., f,). Since L is an algebraic function field of
transcendental degree n, we obtain m = n and the extension L|C(fy,..., fn),
and hence K|C(f1,..., fn) is finite.

We obtain the result that Theorem 13.11 holds for a compact Riemann
surface if and only if it holds for the Riemann sphere. Hence it holds if it is
true for some compact Riemann surface. But we know that the proposition
is true for powers of tori C/L, since powers of tori are tori themselves. And
we know from the theory of abelian functions that the field of meromorphic
functions on a complex torus is an algebraic function field. O

The Symmetric Power

Let X be a set and let X" = X x --- x X be the n-fold Cartesian power.
The symmetric group S, acts on X™ by permutation of the components. The

quotient is the nth power,
XM = X"/S,.

If X is a topological space, we equip X" with the product topology and X (™)
with the quotient topology. Now let X = C be the complex plane. The n
elementary symmetric functions E, ..., F, define a map

E:C"—C", E(2)=(Ei(2),...,En(2)).

This map factors through the nth symmetric power. For the sake of simplicity,
we denote this map also by E:

E:Cc™ — cn

We can consider the statement that this map is topological (Proposition
IV.12.4) as the main theorem of elementary symmetric functions. Hence we
can equip C™ with a structure in the form of an analytic manifold such that
this map is biholomorphic.

We want to extend this construction to Riemann surfaces X. We have to
study the natural projection X” — X (™ We study it locally, i.e. in a small
open neighborhood U of a point a € X". For this, we have to study the
stabilizer

G:={g€Sn; gla)=a}.
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When the components of a are pairwise distinct, then G is trivial. In this case,
X" — X™ maps a small open neighborhood of a onto an open neighborhood
of the image point in X (™. This map can be used to construct a chart.

Next we consider the extreme case in which all components of a are equal.
In this case G = 5,,. We can construct a small open neighborhood U C X" of
a which is G-invariant and such that U/G — X (") defines a topological map
onto some open subset of X, Since U can be identified with a subset of C"
and hence U/G with an open subset of C™, we can use this to construct a
chart.

In the general case, the group G is isomorphic to a Cartesian product of
groups Sy. We restrict our considerations to a typical case. Let n = 3 and
a1 = ag, az # a1. Then G is isomorphic to S, where S5 permutes the first two
coordinates. Again it is easy to construct an open neighborhood U of a which
is invariant under G and such that the natural map

U/G— xm

defines a topological map onto an open neighborhood of the image of a. We
can choose U in the form U = Uy x Uy x Uz with Uy = Us. Here U; C C is an
open neighborhood of a;. We have a natural identification

U/G:(U1XU2)/SQ><U3 (U1:U2).

We already know that U?/Sy carries a structure in the form of an analytic
manifold. Hence U/G is an analytic manifold. The arguments indicated above
easily lead to a proof of the following statement.

13.12 Remark. Let X be a Riemann surface. Then the symmetric power
X ™) admits a structure in the form of an analytic manifold such that the natu-
ral projection X™ — X is a ramified Galois covering X™ — X (") whose deck
transformation group is isomorphic to S,. The field of meromorphic functions
on X" s an algebraic function field of transcendental degree n.

We now return to the Jacobi inversion theorem. Recall that we have associated
a compact Riemann surface with a complex torus

Jac(X)=C"/L,

together with a map
X — c"/L.

It is clear from our construction that this map is analytic. We have seen that
this map is “nearly bijective”:
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1) The fibers of this map are connected.

2) Let U C X () be the subset of all points such the map is locally biholo-
morphic in a small open neighborhood. The set U is open and dense. The
same is true for the image V' C Jac(X), and the induced map U — V is
biholomorphic. (To be honest, we should note that the inversion theorem
(Theorem IV.12.2) has only been formulated in such a way that one can find
an open, dense subset U such that U — V is locally topological. But the
explicit U which we constructed in the proof of Theorem IV.12.2 obviously
has the property that U — V is biholomorphic. As a consequence, the set
U which we have defined here is open and dense, and it follows from 1) that
for this set, U — V is biholomorphic.)

3) Ifweset T = X —U and S = Jac(X)—V then T is the full inverse image
of S. (Let a,b be two different points which are mapped to the same image
point in S. Then, because of 1), the map cannot be locally biholomorphic
close to a or b. Hence both points are contained in 7.)

The set T can be described locally as the zero set of a Jacobian determinant.
Hence T' is analytically thin and hence nowhere decomposing. We can show
that its image S is nowhere decomposing. For this, we consider some open and
connected subset W C Jac(X). We denote its inverse image by W. The map
W — W is proper and has connected fibers. It is easy to deduce from this that
W is connected. We obtain the result that W — T is connected. Hence the
image W — S is connected as well.

Now we consider the inclusion M(Jac(X)) — M(X™). Both fields are
algebraic function fields of transcendental degree n. Hence the field extension
is algebraic. Let g € M(X (™). We can consider g as a meromorphic function on
Jac(X)—S. From Proposition 13.6, we obtain that ¢ is meromorphic on Jac(X).
Hence the two function fields agree. In this way, we obtain the following finer
version of the Jacobi inversion theorem (compare Theorem IV.12.2):

13.13 Theorem. Let U C X be the set of all points such that the Jacobi
map
X" — /L =C"/L

1s locally biholomorphic close to them. This set is open and dense. The Jacobi
map maps U biholomorphically onto an open and dense subset of Jac(X). It
induces a bijection between the abelian functions with respect to L and the
meromorphic functions on X (™.

In this sense, one can call the Jacobi map a bimeromorphic map.

As an application of the theory of elliptic functions, we have seen that the
inverse function of an elliptic integral of the first kind is an elliptic function.

The solution of the Jacobi inversion problem yields a fantastic generaliza-
tion for algebraic integrals. We shall formulate a special case of this inversion
theorem and show how concrete these questions are.
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We consider the example of the hyperelliptic integral of genus two which be-
longs to the algebraic function v/1 + z6 (see Remark IV.7.7). Following Jacobi,
we consider the integrals

C ot Fdt
y1 =y1(z1,22) = \/1+7156+ ViEnik

T xr2

tdt tdt

Y2 = ya(z1,22) = + ,
1416 146
Vi Vi

and then — since both integrals are invariant when z1, z9 are permuted — take
the symmetric expressions (elementary symmetric functions)

Ty + x9 and x1 - 2.
The Jacobi inversion problem asks for the inversion of

(X1 + 22, x122) — (Y1, Y2).

Of course, we cannot expect that this map will be invertible globally. In an
initial step, we can consider local inversions and then study their analytic
continuation.

The following answer follows from Theorem 13.13.

13.14 Theorem. There exists a lattice L C C? and a pair of abelian functions
f, g with respect to L, such that the two following conditions are satisfied:

1) There exists an open and dense subset U C R? which is contained in a
common domain of holomorphy of f and g;

2)

f(y1,y2) = 21 + 22,
g(y17y2) = T1Z2.

In this sense, Abel’s discovery that the inversion of elliptic integrals of the
first kind leads to doubly periodic meromorphic functions has found a fantastic
generalization to hyperelliptic integrals. The triumph of the theory compact
Riemann surfaces was that it allowed to discover the true nature of the result
and to provide a proof of it.
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Short Historical Note on the Jacobi Inversion Problem

Abel pointed out in 1825 that the inverse function of a hyperelliptic integral
of genus two should have four independent periods. As Jacobi observed, more
than two periods are not possible for single-valued meromorphic functions.
This argument is no longer valid if the two hyperelliptic integrals are combined
into a function of two independent variables. The formulation of the inversion
problem that we gave just before Theorem 13.13 is roughly the same as that
which Jacobi originally gave in 1834. This was a long time before the theory
of Riemann surfaces was created. The inversion problem had a tremendous
influence. Important mathematicians of that time worked on the solution of
this problem, among them Riemann and Weierstrass. The latter called it a
piece of good fortune that he could find, at the beginning of his scientific
career, such a basic problem as the Jacobi inversion problem. The theory of
Riemann surfaces was the basis for the general solution of this problem. But
many famous mathematicians participated in the work of this problem and its
partial solutions; we cannot mention them all here.

The inversion theorem also had another aspect in the second half of the
nineteenth century. We have formulated it — as is nowadays usual — simply as
a statement that the inversion of algebraic integrals leads to abelian functions.
But, originally the question of an explicit inversion by means of theta functions
was the central concern. The classical solutions of the inversion problem imply
more than merely an existence theorem of the kind that we have formulated.
The corresponding theta functions had already been introduced, in analogy to
the Jacobi functions, before the theory of Riemann surfaces was developed.
They lead to an explicit solution of the inversion problem in the hyperelliptic
case w? = P(z), where P has degree 5 or 6 (p = 2). The solution was found
independently by A. Gopel in 1847 and J.G. Rosenhain in 1851. (Rosenhain’s
solution had already been submitted in 1846 because of a prize from the Paris
Academy, and had even been mentioned in a letter to Jacobi in 1844).

The breakthrough for the most general case came with the theory of Rie-
mann surfaces. In his fundamental paper of 1857, Riemann constructed the
theta function for several variables directly from the Riemann surface of an
algebraic function by means of the canonical dissection of the surface and the
resulting period relations. This theta function is now called the Riemann theta
function. Through a study of the theta function, Riemann was led to a solu-
tion of the inversion problem under certain restrictions. Since Riemann’s paper
contained only vague suggestions, it was necessary to work out the theory in
special cases also. The case p = 2 was treated in 1862 by F.E. Prym.

The original proofs of the inversion theorem contain more than a mere
existence result. The inverse function was constructed explicitly by means of
theta functions.

The function-theoretic elaboration of the theory, which then also led to
proofs of the inversion theorem without theta functions, was provided by
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Clebsch and Gordan in 1866 in their work about abelian functions and by
Weierstrass in his lectures on the theory of the Abel’schen Transzendenten.

Exercises for Sect. VI.13

1. Using the result of Exercise 2 in Sect. 11 and the theory of elliptic functions in
[FB], Chap. V, show that the field of meromorphic functions on the nth power of
a one-dimensional torus (C/L)" is a finite extension of the rational function field

Clp(z1)s -, 0(2,))-
This extension has degree 2". A basis is given by the functions

©(2,)9(2,), 1<y <. <y <n

2. Consider the map -
p:C/L — C.
This is a ramified Galois covering (ramified at four points). The group of deck
transformations consists of the identity and the map z +— —z. Correspondingly,
p": (C/L)" —C"
is a Galois covering whose deck transformation group is isomorphic to (Z/27Z)".
The field of functions which is invariant under this group is precisely

Clp(21),-- -, 0(2,))-
Show that this implies the following theorem of Hurwitz:
Every meromorphic function on the product C" of n Riemann spheres is rational.

This theorem may be derived by a devious route from the theory of abelian
functions. Actually, there is a direct elementary proof. We refer to the classic
book by Osgood [Os], where this theorem is proved in Chap. 3, Sect. 23, rather
laboriously.

3. Using the result of the previous exercise and Proposition 13.9 in conjunction with
Remark 13.10, show the following.

Let X be a connected compact Riemann surface whose function field is realized as
an algebraic extension of degree d of a rational function field,

M(X) =C(f)lgl =P g

The field of meromorphic functions on the Cartesian power X" is a finite algebraic
extension of the rational function field

Clf (1), (=)

of degree d™. A possible basis is given by the monomials

glx)t-g(z,)™, 0<v,....v, <d.
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In the same manner as the theory of elliptic functions leads to the theory of elliptic
modular functions, the theory of compact Riemann surfaces and abelian functions
leads to the theory of modular functions of several variables. We have tried here
to give an introduction which is as simple as possible. In order to give complete
proofs, we have restricted ourselves for the most part to the case n = 2. One of the
main results is an elementary proof of a structure theorem of Igusa, which states that
the ring of modular forms with respect to his group I'z[4, 8] is generated by the ten
classical theta nullwerte. The analogous result in the case n = 1 has been proved in
[FB], Sect. VI.6 using a similar method.

The roots of the theory of modular functions of several variables lie in the nine-
teenth century. These functions occurred as theta functions in connection with the
theory of compact Riemann surfaces and the theory of abelian functions. But at that
time, modular functions came up as examples and there was no systematic theory
of them. An epochmaking function-theoretic foundation of the theory of modular
functions, with far reaching new results, was provided in 1935 by C.L. Siegel [Si2].
The modular group of degree n is called Siegel’s modular group and modular func-
tions (or forms) of severable variables are called Siegel modular functions (or forms)
in his honor. We should mention that the theory of modular functions has now been
generalized in many respects; for example, the symplectic group can be replaced by
other Lie groups, and analyticity can be replaced by other conditions.

1. Siegel’s Modular Group

We have already, in connection with the period relations of compact Riemann
surfaces (Definition IV.10.10) and the canonical lattice bases (Remark VI.6.8),
been led to the generalized upper half-plane H,,. This consists of all complex
symmetric n X n matrices Z = X + iY whose imaginary part Y is positive
(i.e. positive definite). We also have met the symplectic group Sp(n, R) (Def-
inition IV.10.5 and Sect. VI.12). This consists of all real 2n x 2n matrices M
which leave invariant the standard alternating form I:

‘ _ (0 E
M'IM =1, I_<_E 0 )
Frequently, a symplectic matrix M is decomposed into four n x n blocks,
A B
M= ( a D) |
A simple calculation shows the following.

E. Freitag, Complex Analysis 2: Riemann Surfaces, Several Complex Variables, Abelian Functions, 427
Higher Modular Functions, Universitext, DOI 10.1007/978-3-642-20554-5 7,
© Springer-Verlag Berlin Heidelberg 2011
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1.1 Remark. 1) A matriz M = <é g) is symplectic if the relations

A'D-C'B=FE, A'C=C'A, B'D=D'B
are satisfied. In particular, we have
Sp(1,R) = SL(2, R).
2) We have It = —I~1. Hence M is symplectic if M is so, and
AD' — BC'=E, AB'=BA', (CD'=DC"

3) The inverse of a symplectic matriz is

Mt =T1""MT = < D! Bt)

-Cct A

4) Some special examples of symplectic matrices are

o (45 5) s=s

t
b) (% U0_1>, U € GL(n, R):

) I:<_OE g)

1.2 Proposition. Let M € Sp(n,R) be a real symplectic matriz and let
Z € H,, be a point in the generalized upper half-plane. Then

1) det(CZ 4+ D) #0;
2) MZ :=(AZ + B)(CZ + D)~ ! € H,,.
The group Sp(n,R) acts by means of (Z, M) +— MZ on H,,. This means

E®VZ =7, (MN)Z=M(NZ).

Two symplectic matrices M, N define the same symplectic substitution iff they
differ by a sign.

The substitutions obtained from a)—c) in Remark 1.1 have the effect
a) Zr—Z+8S;
b) Z+— Z|U|:=U'ZU;
c) Zw———Z7 L
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Proof. 1) We give an indirect argument and assume that the homogeneous
system of linear equations (CZ + D)'3 = 0 has a solution 3 € C™ which is
different from zero. Multiplication by the rowvector 3'C from the left gives

3'C(CZ + D)'3 = '3 203 +3'CD' = 0.
If S is a real symmetric matriz, then
595 =Sll + S (G=t+v)
is real. Hence the imaginary part of the above expression is
Y[C'] + Y[C'y).

Since Y is positive definite, we obtain C'x = C*y = 0. It follows that D' =
D'y = 0. This contradicts the fact that (C, D) has maximal rank n.

2) We can now take (AZ + B)(CZ + D)~! and show that this matrix is sym-
metric:

(CZ+ D) Y(AZ + B)' = (AZ + B)(CZ + D) !

(ZA' + B")(CZ + D) = (ZC' + D")(AZ + B).

This follows easily from the symplectic relations.

It remains to show that the imaginary part of M Z is positive. If § = §(")
is a real symmetric matrix and A = Am) g a complex n X m matrix such
that A*SA is also real, then

A'SA = S[Re A] + S[Re A].

The claim that Im M Z is positive follows from this and from the following
explicit formula.

1.3 Lemma. We have

ImMZ = (CZ+ D) ‘(Im 2)(CZ + D) .

Proof. We multiply the expression

ImMZ = % [(AZ +B)(CZ+ D) +(AZ + B)(CZ + D) 1]

i

- [(CZ + D) ' (AZ + B)' + (AZ + B)(CZ + D) 1}

from the left by (CZ + D) and from the right by (CZ + D), and in this way
remove the denominators. Now we can multiply term by term. Application of
the symplectic relations gives the claim. a
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End of the proof of Proposition 1.2. It remains to show that only +FE ") acts
as an identity. From the fact that M Z = Z for all Z, it follows that

AZ+B=Z(CZ+ D).
By specializing to Z = zFE, we obtain
C=0, B=0 and A=D.

Now we get AZ = ZA and, from this, A = aFE. It follows from the symplectic
relations that a? = 1. a

The modular group of degree n consists of all integral symplectic matrices.
We denote this group by

Iy, =Sp(n, Z).

We have already encountered this group in connection with the period relations
of compact Riemann surfaces (Remark IV.10.6) and later in connection with
polarized abelian manifolds (Definition VI.12.1), as a special case of the so-
called paramodular group I'(T). It would be possible to develop the theory of
modular forms more generally for these paramodular groups. For the sake of
simplicity, we restrict ourselves here to the important case T' = F.

It is possible to define, for each commutative ring R with unity, the sym-
plectic group Sp(n, R) with coefficients from R. This consists of all matrices
M e R™2") with the property M‘IM = I. We have det M? = 1. By
Cramer’s rule, M is invertible in R(?™2™). Hence Sp(n, R) is a group.

For natural numbers ¢, we can consider the ring of cosets Z/qZ. There is
a natural group homomorphism

Sp(n,Z) — Sp(n,Z/q7Z).

The kernel of this homomorphism will be denoted by I',,[¢q]. We call this kernel
the principal congruence subgroup of level q. This is a subgroup of finite index
I,

Analogously, we consider the groups

GL(n, Z)[q] = Kernel(GL(n, Z) — GL(n,Z/qZ)),
SL(n, Z)|q] = Kernel(SL(n, Z) — SL(n,Z/qZ)).

So, we have
I'ylgl =T, NGL(2n, Z)[q].
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Exercises for Sect. VII.1
1. Show that M" is symplectic if M is so.

2. Show that every symplectic matrix M with the property C' = 0 can be uniquely

written in the form
ut o E S
0o U! 0 E)’

with a symmetric matrix S.
3. Describe all symplectic matrices M with B = 0.

4. Prove that the subgroups of the symplectic group which are defined by C' = 0 and
B = 0 are conjugated.

5. Prove that the subgroup which is defined by C' = 0 inside Sp(n, R) acts transitively
on H .

2. The Notion of a Modular Form of Degree n

We denote by
Z,={z=2M =274

the vector space of all symmetric complex n x n matrices. This is a vector
space of dimension n(n + 1)/2. After the choice of an isomorphism

n(n+1)

Zn—>(CN, N = 2 )

we can define notions of open subsets, analytic functions, etc. All of these
notions are independent of the choice of the isomorphism. If we want, we can
order the pairs (i,7), 1 < i < j < n, lexicographically to produce a concrete
isomorphism.

2.1 Remark. The generalized upper half-plane H,, is an open and convex
domain in Z,,.

Proof. A real symmetric matrix is positive definite if the n minors (principal
subdeterminants) are positive. The convexity is clear; moreover, we have

a) ZeH,, t>0=tZecH,;

b) ZWeH, = Z+WecH,,. O

A simple generalization of the “chain rule” for cz + d says the following.
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2.2 Remark. Let I(M,Z)=CZ+ D. We have
I(MN,Z) = I(M,NZ)I(N, Z).

Corollary. Let j(M,Z) = det(CZ + D). We have
J(MN, Z) = j(M,NZ)j(N, Z).

We want to admit modular forms of half-integral weight, and need for this a
holomorphic square root of j(M, Z). Its existence follows from the next lemma.

2.3 Lemma. For every holomorphic function without zeros

f:H, — C’,
there exists a holomorphic function

h:H, — C’
with the property

h(Z)? = [(Z).

Like h, —h is also a holomorphic square root. These are the only continuous
square roots of f.

Proof. Uniqueness. If h, h are two continuous square roots of f, then h/l~1 is
a continuous function with values +1. Since H,, is connected, we obtain the
result that h/h is constant +1.

Ezistence of h. We can assume that f(iF) = 1. Since H,, is convex, the segment
between iE and any given point Z € H,, is contained in H,,; in particular,

alt) =a(Z;t) = fUE+t(Z —iF)) for 0 <t <1

is defined and different from zero, and we can define

Obviously, H(Z) is analytic in H,,, and we have
"2 = (7).
The function
nZ) = EH#)/2
has the desired property. a

For every matrix M € Sp(n,R), there exists a holomorphic square root of
det(CZ + D). From now on, we choose one square root and denote it by

\/det(CZ + D) = det(CZ + D)'/2.

(This notation has to be used with some caution. It can happen that det(C'Z; +
D) = det(CZy + D) for two different points 71, Zy € H,,, but nevertheless

\/det CZl+D \/det CZQ“F.D

Since the square root is not unique, the chain rule only holds up to a sign
(compare [FB], Remark VI.5.4):
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2.4 Remark. There exists a map

w: Sp(n, R) x Sp(n,R) — {£1}
with the following property:

VIi(MN,Z) =w(M,N)\/j(M,NZ)\/j(N, Z).

As in the case n = 1 one defines the notion of a multiplier system on a
congruence subgroup. By a congruence subgroup we understand a subgroup
I' € Sp(n,Z) which contains a principal congruence subgroup T',[q] (com-
pare [FB], Definition VI.5.1). Generalizing [FB], Definition VI.5.5, we define a
multiplier system as follows.

2.5 Definition. LetT' € Sp(n,Z) be a congruence subgroup. A map
v:I'—C

is called a multiplier system of weight r/2, r € Z, if the following conditions
are satisfied:

a) There exists a natural number | such that
v(M) =1 for all M €T,
b) If we define
jr(M, Z) =v(M)det(CZ 4+ D)'/? (M eT),

we have
bl)  j§.(MN,z)=j.(M,NZ)j.(N,Z);
b2)  j.(—E,Z)=1, if —E€T.
As in the case n = 1 ([FB], Remark VI.5.7), we can also define the conjugate

multiplier system.

2.6 Lemma. Let v be a multiplier system on the congruence group I' C
Sp(n,Z) and let L C Sp(n,Z). Then

vE(LML™Y) = w(L™Y, L) w(L, ML) w(M, L' v(M)

is a multiplier system on the conjugate group LT L™,

We call v the conjugate multiplier system.

Now we can introduce the notion of a modular form in analogy to the case
n =1 (compare [FB], Definition VI.5.8).
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2.7 Definition. Let I' C Sp(n,Z) be a congruence subgroup, let v € Z be an
integer, and let v be a multiplier system of weight r/2 on T'. A modular form
of weight r/2 with respect to the multiplier system v is a holomorphic function
f:H,, — C with the following properties:

1) f(MZ)=v(M)det(CZ + D)"/2f(Z) for all M €T.
2)  For every M € Sp(n,Z), the function

(fIM)(Z) := det(CZ + D)™"/2 f(M>)
is bounded in domains of the kind

Y >Y, >0 (Y, arbitrary).

The set of all modular forms for given I', v, 7 is a vector space. We denote this
set by
L, r/2,v].

If r is even and v = 1 is the trivial multiplier system, we write simply
[T, r/2].

Exercises for Sect. VII.2

1. Using the Petersson notation

(fIM)(2) = (f|,M)(2) = \/det(CZ + D) ' f(2),
show that
FIMN = w" (M, N)(f|M)|N.

2. Show that a system of ith roots of unity {v(M)},,cr is a multiplier system iff
there exists a (not necessarily continuous) non-vanishing function f : H — C
which satisfies the transformation formula

fIM = o(M)f.

3. Let LeT, andlet I' CI', be a congruence subgroup. Show that I:=LIL 'is
a congruence subgroup as well and that the map

fre— 1L
defines an isomorphism
[T,r/2,0) = [[,r/2,3].

Here ¥ denotes the multiplier system which is conjugate to v.
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3. Koecher’s Principle

In this section, we want to show that the condition of boundedness in the
definition of modular forms (Definition 2.7) is automatically fulfilled in the
case n > 1. This was proved in 1954 by Max Koecher [Koc]: A corresponding
principle for Hilbert modular forms was apparently already known in 1928 by
Fritz Gotzky [Go.
We have to study periodic analytic functions
f:H, —C, f(Z+S95)=f(Z), S=S5"integral
As we know, these can be expended as Fourier series (Appendix to Sect. VI.8):
f(Z)= Za((nij)) exp<27ri Z nijzij).
1<i<j<n
Here, there is an arbitrary integral linear combination of the N variables in the
exponent. If we define the symmetric matrix T" by
tij = tji = Njj for i > i and t;; = 2n;; for i = 7

we can write this sum as

1

—0

2
Then the Fourier expansion has the form

Z a(T)eﬂ'iU(TZ).
T

Here, we have to sum over all symmetric integral matrices with even diagonal
elements. Such matrices are called even. They can be characterized by the
property that T[g] = ¢g'T'g is even for all integral columns g.

(TZ) (o= trace).

We recall the notation
SL(n, Z)[q] = Kernel(SL(n, Z) — SL(n,Z /qZ)).
3.1 Proposition. Let f: H — C be a holomorphic function with a Fourier
exrpansion
2= Y a@)erer),
T=T? even
Assume that there exists a natural number q with the property
a(T[U]) = a(T) for all U € SL(n, Z)|[q].
Under the assumption n > 1, we have
a(T)#A#0=T2>0.

Here “T" > 0”7 means that T is semipositive, i.e. T[g] > 0 for all g € R"™. By a
continuity argument, it is sufficient to take g € Q" and, by homogeneity, even
g € Z". In addition, one can assume that the components of g are coprime.

For the proof of Proposition 3.1, we need a well-known lemma of Gauss, as
below.
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3.2 Lemma. For every column g € Z", there exists a unimodular matrix
U € GL(n,Z) with the property

Corollary. FEvery vector g € Z" with coprime components occurs as the first
column of a unimodular matriz U € GL(n,Z):

U= (g:%)-
In the case n > 1, one can obtain U € SL(n,Z).

Proof. We can assume that g is different from zero. In the first step, we find a
matrix U € GL(n,Z) (actually a permutation matrix) such that

a1
Ug = , a1 7£ 0.

Qn

We choose one such matrix with minimal |a;|. Next we find a triangular matrix
V € GL(n,Z) such that

ay
a1 + raaq
VUg = . )

Ay + Tpay
with given xs,...,x,. By means of the Euclidean algorithm, we can choose
To,...,x, in such a way that

la, + zpa1| < |ag| (2<v<n).

From the minimality, we get a, + x,a; = 0. |

Proof of Proposition 3.1. We give an indirect proof and assume that there exists
a Fourier coefficient a(T") # 0 for a matrix 7" which is not semipositive. We
choose a vector g € Z™, T[g] < 0, with coprime components and complete it to
a unimodular matrix U = (g, %) € SL(n, Z). Then the first diagonal element of
T = T[U] is negative. Now we consider

1 = O 0
0 1 0 0
Ulx):=U 0 0 1 0
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By assumption,
a(T[U(z)]) = a(T) if x =0 mod q.

Since any subseries of f(Z) converges, the series

Z eﬂ'iU(Tl Z)

T

has to converge, where the sum is taken over all 77 which can be written in the
form Ty = T[U(z)]. In particular,

e~ TUED 2 =0 mod g,
has to be bounded. But we have
o(T[U(x)]) = 2*t11 + O(x) — —o0 for |z]| — 0. O

Fourier Expansion of a Modular Form

If we apply the transformation property of modular forms to translation ma-
trices, we obtain

F(Z+8)=v (15 g) VOZ+E f(2)

for all S =0 mod ¢ (for suitable q). We take +1 for the square root. Then v is
a homomorphism of the additive group of all symmetric matrices S = 0 mod
q into a finite group of roots of unity. Hence there exists a multiple [ of ¢ such
that all S =0 mod [ are contained in the kernel. We obtain

f(Z+S)= f(Z) for all integral symmetric S =0 mod I.

As described, the function f can be expanded into a Fourier series. Using this
fact together with Koecher’s principle, we obtain the following result.

3.3 Proposition. Let f be a modular form. There exists a natural number |
such that f has an expansion of the form

f(2) =Y exp(nio(TZ)).

Here T runs through all symmetric matrices such that I'T is integral and such
that T > 0.
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Exercises for Sect. VII.3
1. Construct a matrix in SL(3,Z) with first row (2, 3,5).

2. Show that the condition a(T'[U]) = a(T") in Proposition 3.1 can be weakened to
la(TIUD] < U |a(T)].

Here ||U|| denotes some norm on the vector space of matrices.

3. Let f:H, — Z,, n> 1, be a matrix-valued function with the properties
f(Z+8) = £(2), S integral, f(Z[U)) = F(Z)[U), U € SL(n, Z).
Show that f is bounded in domains of the kind Y — dF > 0 for § > 0.

4. Show that the Fourier expansion of a modular form is independent of the choice
of [ in Proposition 3.3.

4. Specialization of Modular Forms

Let S = St = S > 0 be a positive real matrix. For a point z € H in the
usual upper half-plane, the point Sz is contained in the half-plane H,, of degree
n. Let M € SL(2,R). We seck a symplectic matrix M* € Sp(n, R) which is
compatible with the map z + Sz. This means that M“(Sz) = SM(z), or

(ASz + B)(CSz+ D)~' = S(az +b)(cz + d) "
(-2 2) -2 8))

This equation is satisfied if we define

S ab bS
M _<CS_1 dE)’

An easy calculation shows that M?° is actually symplectic.

4.1 Lemma. Let S =S8 = 8" >0 be a positive real matriz. The map

SL(2,R) — Sp(n, R),

_fa b s [ aE bS
M_<c d>'_)M _<cS1 dE)’
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is an injective group homomorphism. It is compatible with the embedding
H — H,, z+— Sz,

in the following sense:
S (Mz) = M5(Sz).

Supplement. If T C Sp(n,Z) is a congruence subgroup, then its inverse
1mage
Io:={M €SL(2,Z), M?® cT}

is a congruence subgroup in SL(2,7Z).

Proof. Excluding the supplement, the proof is given by straightforward com-
putation. For the proof of the supplement, we choose ¢ in such a way that
I' D T,[¢]. Then we determine a natural number @ such that @ is a multiple of
q and such that QS and QS~! are integral. We then have T'y D I'1[Q)]. O

We can verify the formula
det(S™'cSz + dE) = (cz + d)".
If v is a multiplier system of weight /2, then
vo(M) := v(M®)
is a multiplier system on I'yg. So, we obtain the following lemma.

4.2 Lemma. If f € [[',r/2,v], T C Sp(n,Z), is a Siegel modular form of
weight r/2, then

fo(z) :== f(Sz)

is an elliptic modular form of weight nr/2,

™m
fO € |:F0a 771}0] .

This lemma allows us to reduce some basis facts for Siegel modular forms to
the case of elliptic modular forms.

4.3 Proposition. A Siegel modular form of negative weight vanishes. Any
modular form of weight zero is constant. (The constant can be different from
zero only if the multiplier system is trivial.)
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Proof. The case n = 1 is known ([FB], Proposition VI.5.11). Now let f be
a Siegel modular form of negative weight. Using the specialization of Lemma
4.2, we can show that f(Sz) = 0 for arbitrary rational S > 0 and then, by
continuity, also for real S > 0. In particular, f(iY) = 0. Simple arguments
from the complex analysis of one variable show that f = 0.

Now we assume that the weight of f is zero. Since we know that elliptic
modular forms of weight zero are constant ([FB], Proposition VI.5.11), we
obtain the result that f(Sz) is a constant Cs (depending on S), first for all
positive rational S and then, by continuity, for all positive real S. Obviously,
Cgs = limy_, f(Sz) is the zero Fourier coefficient of f and hence C' = Cy is
independent of S. Now f(Z)— C vanishes on matrices of the form Z = 1Y and
hence is identically zero. a

Exercises for Sect. VII.4

1. In the case n > 1, any modular form without zeros in H,, is constant. Is this true
forn =17

2. Assume that it has been proved that every modular form of weight 0 is constant
but not yet that modular forms of negative weight vanish. Show that it is not
possible that there exist nonvanishing modular forms of positive weight and also
of negative weight.

3. You may use the fact that
9Z) =) exp(riZ[g))
geZL™

is a modular form (Proposition 7.8). What is its weight?

3. Again, you may use the fact that

is a modular form. Show that

> (=1)7 exp(riZ]g))

geZ™

is a modular form too.
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5. Generators for Some Modular Groups

Recall that the group SL(2,Z) is generated by the two matrices

(0 1) e ()

(see [FB], Proposition VI.1.8). A variant states that it is generated by the two

matrices
1 1 and 1 0
0 1 . 1 1)

and hence by strict triangular matrices. For a proof, one can consider the

formula L
1 0 1 1\ /1 0 (0 -1
1 1 0 1 1 1) \1 0o )°

In [FB], we proved this by means of the fundamental domain of the modular
group. Because of its importance, we give another proof here. It rests on the
following statement.

5.1 Remark. For each pair (a,b) of integers, there exists a matriz U in the

T () Deen

which is generated by the two given matrices, such that

7(3)=(5)

The proof can be obtained by induction on |a|b].
Beginning of the induction. |a||b| = 0. Then a = 0 or b = 0. Since the matrix

((1) _01> is contained in GG, we can assume that b = 0.

Induction step. We now assume that |a||b] > 0. Multiplication by powers of
the two generating matrices has the effect

ay a or [ @ + yb
b b+ xa b ’
respecitvely. By means of the Euclidean algorithm, we can make |a||b| smaller.

O
Besides the ring Z, we consider factor rings

R=17/qZ, q=0.

In the case ¢ = 0 we obtain Z, but in the case ¢ > 0 we obtain a finite ring.
When ¢ is prime, then R is a finite field. It is clear (and follows from Remark
5.1) that Remark 5.1 holds for R instead of Z.
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5.2 Lemma. Let R be a factor ring of Z (and hence R =17 or R =7/q7Z,
q > 0). The group SL(2, R) is generated by the two matrices

) ()

Proof. By Remark 5.1, there exists for a given U € SL(2, R) a matrix V € G
with the property

a b a 0 1 a'b
=5 a)=(6.5) (0 )
The prove now follows from the following formula.

5.3 Formula. We have
a 0 (1 a 0 1 1 a ! 0 1 1 a 0 1
0 a /) \0 1 -1 0 0 1 -1 0 0 1 -1 0/°

We define for each pair (p,v), 1 < u < v < n, an embedding (= injective
homomorphism)

o, 2 SL(2, R) — SL(n, R),

a --- b «— pth row

(¢ 8)—

c - d — vth column

1

The image is called an embedded SL(2, R). We denote by
Gn = (w(SL(2,R), 1<pu<v<n)

the subgroup of SL(n, R) which is generated by all embedded SL(2, R).

We need the following seeming generalization of Gauss’s lemma.
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5.4 Lemma. For every column g € R", there exists U € G,, with

a1
0

Ug=

Proof. By means of the matrix ((1) _(1)), we construct matrices U € G, such that
the transformation g — Ug permutes two components of g up to a sign. Hence
we can assume that g; # 0. Now we multiply g step by step by matrices from
the images of aqy, ..., 12 to obtain g, = ... = go = 0.

As an application, we prove the following proposition for factor rings R of
Z.

5.5 Proposition. The group SL(n, R) (n > 2) is generated by the embedded
SL(2, R).

Before giving the proof, we formulate two obvious consequences.

5.6 Corollary. The group SL(n, R) is generated by (upper and lower) strict
triangular matrices.

5.7 Corollary. The natural homomorphism
SL(n,Z) — SL(n,Z /qZ)

18 surjective.

Proof of Proposition 5.5. We use induction on n. The proposition is assumed
to have been proved for n — 1 in place of n. By Lemma 5.4, there exists a
matrix V € G,, with

ay  k...k

0

VU = f A

0
We can achieve a; = 1. We then have A € SL(n —1) and hence A € G,,—1. We
obtain

1 0
(0 A) G,

and
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Such a matrix can easily be written as a product of embedded SL(2, R) matrices.
(]

A third corollary refers to the group GL(n, R). This group is generated by
SL(n, R) and diagonal matrices. Making use of the formula

1 1\ (11 0 1
0 1) \1 0 1 0)°
we obtain the following result.

5.8 Lemma. The group GL(n,R) can be generated by symmetric matrices.
There are similar results for the symplectic group . The main-result is the

following.

5.9 Proposition. Let R be a factor ring of 7Z. The group Sp(n,R) is
generated by the matrices

A B
<C D)’ B=0 or C=0.

Corollary 1. The group Sp(n, R) is generated by the matrices

(5= 0) (5 2)

Corollary 2. The group Sp(n, R) is generated by the matrices

E S E 0

0 £E)’ S E)°
Corollary 3. The natural homomorphism

Sp(”) Z) - Sp(”) Z/qZ)
18 surjective.
For the proof, we have to use the formulae
t
(‘3 g) = (% Uo_l) <]§ Z) with U = AY, S =8'=A"'B.

Obviously, Formula 5.3 holds for the matrices E instead of 1 and U instead of
a. We obtain the result that for symmetric U,

(0 %)
(o )= (% 0)

Because of Lemma 5.8, this is true for arbitrary U € GL(n, Z).
Proof of Proposition 5.9. We use induction on n and assume that the proposi-

tion has been proved for n —1 in place of n. The proof rests on a simple variant
of Gauss’s lemma.

can be expressed by
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5.10 Lemma. For each vector g € Z°", there exists a matriz M € Sp(n, Z)

such that
ay

0
Mg=1 .
0
Furthermore, M can be found in the subgroup which is generated by the special
matrices “B =0 or C' =07.

The proof is similar to that of Gauss’s lemma. Hence we shall keep it short.
The formulae

(0 o) ()= () (% 0) () =(2)

show that we can find an M such that the first component of Mg is different
from 0. We choose M such that the first entry of Mg is different from 0 and
has minimal modulus. If we replace M by

E 0 ut 0
(5 2) (5 oh)w

the claim can be obtained by means of the Euclidean algorithm as in the case
of the linear group. O

Now we can prove Proposition 5.9. Let M € Sp(n,Z) be given. By the
above lemma, there exists a matrix N in the group H,, which is generated by
the special matrices, such that

*
Ay
*

Gy

*
B,
*

D,

NM =

* X X X

oS OO

Ay
Ch
duction hypothesis, this matrix is contained in H,_;. We obtain the result
that

. . B\ . . .
We can easily check that the matrix ( D1> is symplectic. By the in-
1

1 0 0 0
- (0o A 0 B
Mi=10 0 0 o

0 C; 0 D

is contained in H,,. A simple calculation shows that

- A B - 1« ~ 0 =
1 _ (A D _ —
i NM—<C D), i (0 E),o <0 0).
From the symplectic relations AtC = CtA, AD' = E, we get C' = 0 and hence
M{*NM € H,,. This implies M € H,. O
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Congruence Subgroups of Level Two

It is difficult to find generators for arbitrary congruence subgroups. An ex-
ceptional case is the principal congruence subgroup of level two. In the first
volume ([FB], Appendix to Sect. VI, Proposition A.6), we showed that the
elliptic principal congruence subgroup of level two SL(2,Z)[2] = T'1[2] can be
generated by the matrices

b1 1) (34

The proof used properties of the fundamental domain. In the exercises for this
section, we explain an algebraic proof.

The technique of embedded SL(2) allows to generalize this result to arbitrary
SL(n). The restrictions of the embeddings «,,, define embeddings

o, 1 SL(2,Z)[2] — SL(n, Z)[2].
We denote by
Gnl2] = (auw(SL(2,2)[2]), 1<p<v<n)
the subgroup which is generated by their images.

5.11 Lemma. Let g € Z" be a column whose first component g1 is odd, and
all other components of which are even. Then there exists
a1
U e G,[2] withUg =
0
Proof. Tt is sufficient to prove this for n = 2, since then one can use embedded
SL(2) matrices to annul gy, ..., gs successively. In the case n = 2, we can use

G2[2] = SL(2,Z)[2]. We can assume that that g; and go are coprime. Hence
they can be completed to a matrix from SL(2,Z),

U= <91 93) € SL(2, 7).
g2  9ga

Because of the determinant condition, g4 has to be odd. If g3 is also odd, we

make the replacement
11
U—U < 0 1) .

After that, we can assume U € SL(2,Z)[2], and U~ has the desired property.
O

Now the same proof as in the case of the full modular group can be used to
obtain the following result.
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5.12 Proposition. The group SL(n,Z)[2] is generated by the embedded
SL(2,7Z)[2].

Corollary. The group SL(n, Z)[2] is generated by (upper and lower) triangular
matrices.

An analogous result in the case of the symplectic group states the following.

5.13 Proposition. The principal congruence subgroup of level two, T'y[2], is
generated by the special matrices

Mz(é, g), B=0orC=0.

The same proof as in the case of the full modular group works if we use the
following variant of Gauss’s lemma.

5.14 Lemma. Let H,[2] be the subgroup of T',,[2] which is generated by the

special matrices
A B
M_<C’ D)’ B=0orC=0.

For each column g € Z*" whose first column is odd but the other columns of
which are even, there exists a matriz M € H,[2] with

a

0
Mg =

Proof. We decompose g:

g= <‘;> a€Z", be 7™
First we find U € SL(n, Z)[2] with the property

a

0
Ua =

Because
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we can assume that

ai
0
a=1 . (a1 odd).
0
Now we use the embedded SL(2) matrix

a 0 b 0
N a b\ [0 E™Y 0o 0
tntlle d) | c 0 d 0

0 0 0 EO-1
to obtain the result that besides as = ... = a, = 0, also b; = 0.

Now we consider, for given v € {2,...,n}, a special symmetric matrix S.
This matrix includes the values

811 = 81, = S,1 = 1.
All other entries are 0. The transformations
a\ E 2S5 a and E 0 a
b 0 FE b 25 FE b
have the effect
ay — aj + 2b,, ai — ay,
an
bul—>bl,’ by'_)by+2a/17

respectively. All other components are unchanged. The same transformation
is obtained from

()= (o D) e ) (3):

respectively. By means of Lemma 5.11 (applied in the case n = 2), we obtain
b=0. O

Exercises for Sect. VII.5
1. Construct a matrix M € I', with first column (2, 3,5,7).
2. Construct a matrix from I',[2] with first row (3, 10, 14, 22).

3. Write (;’ g) as a product of symmetric integral matrices.

4. Show that the homomorphism
GL(’I’L7 Z) - GL(’I’L7 Z/qZ)7 q>2,

is not surjective.
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6. Computation of Some Indices

We start with the computation of the order of GL(n, k), where k is a field of
p elements. The first column of A can be an arbitrary vector different from
0. There are p™ — 1 such vectors. The second column is not allowed to be a
multiple of the first column. There are p™ — p possibilities for it. The third
column has to avoid the subspace which is generated by the first two columns.
If the first two columns are given, there remain p”™ — p? possibilities, and so on.

6.1 Remark. Letp be a prime. We have

# GL(n, Z /pZ) = 1:[ (" —p").

v=0

The homomorphism
GL(n,Z/pZ) — (Z/pZ)*

is surjective; its kernel is SL(n, Z /pZ). We obtain the following result.
6.2 Remark. For prime numbers p, we have
1 n—1
[SL(n,Z) : SL(n, Z)[p]] = #SL(n, Z /pZ) = o [1e ).
v=0
Similar considerations apply for the symplectic group. We know that the sym-
plectic group Sp(n, Z/pZ) acts transitively on (Z/pZ)?" — {0}. Let
P, C Sp(n, Z/pZ)
be the subgroup which stabilizes the first unit vector. We have

We know that
P, — Sp(n—1,Z/pZ),

Al Bl . Al B1
1 Cl D1
Gy Dy

is a surjective homomorphism. We denote its kernel by K,,. We have

#Pn = #Sp(n - 17 Z/pZ) ' #Kn
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The elements of K,, are of the form

A B 1 x ok
(6 5) 2=(o a) 2= 4)
where the symplectic relations D = A" and AB' = BA® must hold. This

shows that
#K — an_l-

Now we have proved the inductive formula
#5Sp(n, Z/pZ) = p>"~ (p** — 1)#Sp(n — 1, Z/pZ).
Induction on n gives the following lemma.

6.3 Lemma. Letp be a prime. We have
[Ty : Tulp]] = #Sp(n, Z/pZ) = pnnth) H <1 - > .

Now we consider the case of a power of a prime ¢ = p™. Again we start
with the case of the general linear group. The idea is to study the natural
homomorphism
GL(n,Z/p™Z) — GL(n,Z/p™ 'Z), m > 1.
This consists of all matrices of the form
E+p" A, Ae(Z/pmZ) ™,
Because m > 1, we have, modulo p™

(E+p™ A E+p™'B)=E+p™ ' (A+ B).

So, the kernel is abelian. We also observe that E + p™A is invertible for all
A€ Z/p™Z. The inverse is obtained by replacing A by —A. The condition

p" ta=p" b forabe Z/pmZ
means simply that the images of a and b in Z/pZ agree. Hence the groups
“YZ/p™Z) and Z/pZ

are isomorphic. We obtain the following lemma.
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6.4 Lemma. Assume m > 1. The kernel of the natural homomorphism
GL(n, Z/p™Z) — GL(n, Z/p" ™' L)

and the additive group
(Z/pz))™™)

are 1somorphic.

Supplement 1. The kernel of the natural homomorphism
SL(n,Z/p™7Z) — SL(n, Z /p™ ' Z)
s isomorphic to the additive group
A (Z/p™7) ™™ with trace(A) = 0.
Supplement 2. The kernel of the natural homomorphism
Sp(n,Z/p™Z) — Sp(n, Z/p" L)
is isomorphic to the set of all symmetric matrices

N = Nt c Z/pmz(Qn,Qn)

Only the supplements have to be proved. We restrict ourselves to the second
supplement. We have to consider, in Z/ pm=172%2%) the equation

(E+p™ M) I(E+p™ M) =1

This means
pm—lMtI —_ —pm_llM.

Because I = —1, it is equivalent to the symmetry of N = IM. O

If ¢ = ¢q1g2 is the product of two coprime natural numbers, then, by the
Chinese remainder theorem, a number a € Z is determined modulo ¢ by its
remainders modulo ¢; and ¢o. This means that the natural homomorphism

2]q7 — L7 X Z[q2Z
is an isomorphism. This gives an isomorphism
GL(n,Z/qZ) — GL(n,Z/q:Z) x GL(n, Z/q:7.),

and analogously for the special linear and the symplectic group. Now we obtain
the general index formulae.
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6.5 Proposition. We have

a) [SL(n, Z) : SL(n, Z)|q]] = #SL(n, Z/qZ) = ¢" *1HH< )

plg v=2

b) [ Tulal] = #Sp(n, 2/qZ) = ¢V HH < ) :

plg v=1

Exercises for Sect. VII.6

1. A congruence subgroup is defined by
L,old={Mel,; C=0mod g}.

Compute its index in I' .

2. A congruence subgroup is defined by
Loild={Mel,; C=0, A=D=F mod ¢}.

Compute its index in I',,.

3. Show that the index of I',[2] in the full modular group is 720. Is there a full
permutation group S,, of the same order?

4. If you have a computer and, for example, the program GAP, show by computation
that the groups Sg and Sp(2, Z/27Z) are isomorphic.

7. Theta series

The theta functions, as they occurred in the theory of abelian functions (Defi-
nition VI.8.1),

v [Z} (Z,2) := Z efri{Z[g+m]+2(g+a)t(erb)}7

geL™

are functions of two variables Z, z. In Chap. VI, we studied them in terms
of the variable z for fixed Z. Now we are interested in Z as a variable. It
turns out that these series are now of special interest if z is rational, since then
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they turn out to be modular forms. The most interesting case is z = 0, and
9 [9](Z,0) is called a theta nullwert. We shall try to keep our investigations
of theta nullwerte independent of Chap. VI.

The simplest “theta nullwert” in the case n = 1 was

Iz) = i emin’z,

n=—oo

Its obvious generalization to the case n > 1 is

0(Z) =0"(Z) =) emZll,

geLZ™

In the following, we use the notation

e(a) =e

In the case n = 1, it was necessary to consider besides ¥(Z) also the conjugate

forms
9(z) =Y (~1)"e(n’2),
3(:) = elln+1/2%2).

Using the notation

9 m (2) =D e((n+a/2)* +b(n+a/2)),

o=ofg. sl i)

This suggests how the satellites of ¥ have to be generalized:

we obtain

9 [Z} (Z) = Z e(Zlg+a/2]+ b (g +a/2)).

geEL™

Here a, b could be arbitrary vectors from C". But for us, only integral a,b are
of interest. This is the reason for the deviation from the notation in Definition
VI.8.1,

9 [Z} (Z) =2 [‘Zg] (Z,0).
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7.1 Lemma. The series

9 [‘;] (Z2)=Y_ e(Zlg+a/2] + V(g +a/2))

geL™

converges normally in H,, for a,b € Z" and defines an analytic function there.
Moreover, it converges uniformly in domains of the kind Y > 6FE, 6 > 0, and
defines a bounded function there. In the case

a'b = 1mod 2,

it 1s identically zero. In all other cases, it does not vanish identically.

Proof. The statements about convergence are simple. In principle, they already
have been proved in the first volume. We shall repeat the argument briefly. In
the domain Y > §F, we can easily verify the estimate

|(Zlg + a/2] + b (g + a/2))| < e=eloit90),

with a suitable positive number e = £(d, a,b). The statements about the con-
vergence follow from this.

We now study the vanishing of the theta series. For this, we rewrite these
series as Fourier series. This is possible, since

Zlgl=9'Zg=0(99'2).

We obtain
a
W M =Y a(D)e(o(TZ)/4),

T=Tt

with
ol = 3 elg+a/2).
g integral
(2g+a)(2g+b)t=T
If we replace g by —g —a, the sums change by a factor (fl)atb. Hence a(T) =0
for odd a'b. We now compute a(T) for a special T. This contains only entries
0,1, and it suffices T' = aa’ mod 2. The equation (2g+a)(2g+b)" = T has only
two solutions, and they satisfy g = 0 and ¢ = —a mod 2. We get a(T) = +2
for even a’b. This proves Lemma 7.1.
Up to a sign, the theta series depend on a, b only modulo 2, since it follows

from ~
a=amod2, b=bmod2

d

that

T

] _ (—1)@ G-tz [ﬂ 7
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as one can easily verify. In this context, the pair

m:= <Z> c 7"

is called a theta characteristic. This is frequently normalized in such a way that
the components of m are contained in {0,1}. A theta characteristic is called
even iff

a'b =0 mod 2,

and odd otherwise. In the case n = 1, there are three even characteristics

() () ()

The following lemma can easily be shown by induction on n.

7.2 Lemma. Modulo 2, there are
271—1(277, + 1)
even characteristics, and hence 3 in the case n =1, 10 in the case n = 2, and

36 in the case n = 3.

We have to investigate the transformation behavior of these theta series under
modular substitutions. This theta transformation formalism goes back to the
nineteenth century.

7.3 Proposition. Let M € T';, = Sp(n, Z) be a modular substitution of degree
n. For each characteristic
m e {0,1}*",

there exists a characteristic
M{m} € {0,1}*"
and an eighth root of unity v(M,m) such that the transformation formula
IM{m}|(MZ) = v(M,m)det(CZ + D)/?9[m](Z)

s valid.

Of course, v(M, m) depends on the choice of the square root of det(C'Z + D).

It is sufficient to prove Proposition 7.3 for generators of the modular group.
Hence Proposition 7.3 follows from the next statement.
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7.4 Lemma. We have

a ___miS[a]/4 a
) o[e] sy —emsam, T

where Sy is the column built from the diagonal of S.

2) o|s| @y =] %, ] @
3) 9 [Z] (—Z71) = emia'b/2y [_ba} (2).

Proof. The proof of the first two formulae is very simple:
1) We observe that

S[o+ 5] = Sl + (Sa)'g + {Sla]

and note the congruence

n
Slgl = Z Sijgi + 22 $ij9:9; = Spg mod 2.

i=1 i<j
2) In the series of ¥[m](Z[U]), we perform the transformation g — U1 of the

summation variable.

3) It is sufficient to prove the formula for purely imaginary Z, and hence for
matrices of the form Z = Sz, S real, z € H. It is then a consequence of the
theta transformation formula for theta series with respect to quadratic forms
on the usual upper half-plane ([FB], Theorem VI.4.7). O

One can work out an explicit formula for m — M{m}.

7.5 Lemma. Let m = (a) € {0,1}*>" and M € Sp(n,Z). If we define

b
M{m} € {0,1}*>" by

g} () ()

then Proposition 7.3 holds.

For the generators of the modular group, this follows from Lemma 7.4. For
this reason, it is sufficient to show the following.
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7.6 Lemma. If we define, for m € (Z/27)?*" and M € Sp(n,Z),

vor- (i () (G e

we have

(MN){m} = M{N{m}}.

Proof. 1t is sufficient to assume that M is an arbitrary modular matrix and
E S

0 E)’ the statement is

N a generator. For example, in the case N = (

equivalent to
CSy = (C'CS)y and ASy = (A'AS),.

This follows from 22 = x (mod 2). O

7.7 Lemma. The set
Ipy:={Mel,, CD" and AB" have even diagonal}

s a congruence subgroup.

We call I';, y the theta group of degree n. It generalizes the theta group intro-
duced in [FB], Appendix to Sect. VI.5.

Proof of Lemma 7.7. The set I'), y is characterized by the condition M {0} = 0.
The claim follows from Lemma 7.6. Moreover, I', y D T',[2]. O

The next proposition now follows from Proposition 7.3.

7.8 Proposition. The theta series

9(Z) =0[0)(Z) = Y emZld]

gEL™

is a modular form of weight 1/2 with respect to a certain multiplier system vy
for the theta group I'y, .

The multiplier system
vg:Tpy — C’

is called the theta multiplier system. It is the most important multiplier system
of nonintegral weight.
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7.9 Lemma. FEvery even theta characteristic m € {0,1}?" can be written in
the form m = M{0}. The stabilizer of m in the full modular group

Ipy(m):={Mel,, M{m}=m}
is conjugate to the theta group:
[(m) = MT, yM~" (M{0} =m).
We have
I[m] € [T (m),1/2,0™].
Here v™ denotes the conjugate multiplier system of vy.

Proof. Only the statement about transitivity remains to be proved. This
statement says that for two
a,be Z"

with a’b = 0mod 2, there exists a modular matrix M € I',, with the property
a=(CD")y, b= (AB"),.

We argue by induction on n and decompose

a= (Zl> a1 €Z, as € Z™ ', and correspondingly b = <21> .
2 2

In the case a1b; = 0, the characteristic is even. Using the induction

a2
bo
hypothesis, we reduce the problem to the case ay; = by = 0. Now it is enough
to apply a suitable embedded SL(2) matrix.

In the case a1b; = 1, there must exist a further index v such that a,b, is
odd. Now we can easily construct a translation matrix such that

E S a
0 F b
suffices for the assumption of the first case. O

The product of all theta series is of special importance. The next proposition
follows from Proposition 7.3.

7.10 Proposition. The product

-

of all theta series is a modular form of weight 2"~=2(2" 4+ 1) for the full modular
group with respect to some multiplier system v(™ :

AM e[, 222" 4+ 1),0™)].

In the case n > 2, the weight is integral. Hence, in this case, v\") is a character
onT,.
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It is possible to show that this character is trivial for n > 3.

Exercises for Sect. VII.7
1. Verify by means of generators that the character of A® is trivial.

2. What is the connection between A™) and the discriminant A from the theory of
elliptic functions?

3. Show that ¥(Z) is positive for real imaginary Z and use Lemma 7.9 to prove that
the theta series with even characteristics do not vanish.

8. Group-Theoretic Considerations

We consider the set of all left cosets
Fn/Fnﬂg = {MF,W, M € Fn}
By the definition of I';, y, the map

/Ty — {m= (Z) €{0,1}", a'beven},

MT,, 3 — MA{0},
is well defined and injective. By Lemma 7.9, it is also surjective. This shows
the following.
8.1 Remark. The theta group has the index 2"~1(2" +1) in the full modular
group.
The theta group is not normal in I';,. On the contrary, the following is true.
8.2 Remark. The 2" (2" + 1) conjugate groups

Th(m), me{0,1} even,

of the theta group are pairwise distinct.

Proof. Tt suffices to show that T',,(0) and T'),(m) are different. Therefore we
have to show that if m € Z*" and if

Mm=mmod2 for all M € 'y, g,

then m = O0mod 2. In the case n = 1, this is obvious; in the case n > 1, we
consider embedded SL(2). O
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Some Exceptional Isomorphisms

We now investigate the group Sp(n,Z/2Z) for small n. We make use of the
action of Sp(n, Z/2Z) on (Z/2Z)?". An element m = () of (Z/2Z)*" is said
to be even, if a'b = 0 (in Z/27Z).

Let M be an element which fixes all m € (Z/2Z)*". Then M fixes 0:
M{0} =M m.
It follows that M is the unit matrix. But we have further results, as below.

8.3 Lemma.
1) If M is an element which fizes all even m € (Z/27Z)?*", M{m} = m, then
M is the unit matriz.

2) Letn > 1. If M is an element which fizes all odd m € (Z/27)*", then M
1s the unit matriz.

Proof. 1) If M fixes all even m, then M fixes 0. Because M{0} = M om,
the sum of two even characteristics is fixed. But we can easily show that each
odd element of (Z/27Z)?" is the sum of two even elements. In the case n = 1,
this follows from the formula

1 1 0
(1) =(6)+ (%)
The general case can be reduced to this case.

2) So, let n > 1. There then exist two odd m, n such that m + n is odd. The
general rule

M{m+n} =m+n+ M{0},

together with the assumption
M{m}=m, M{n}=m, M{m+n}=m+n,

shows that M{0} = 0. Again it follows that the sum of two odd elements is
fixed. But in the case n > 1, each element of (Z/2Z)?" is the sum of two odd
characteristics.

An immediate consequence of the first part of Lemma 8.3 is the following.

8.4 Proposition. The intersection of the conjugates of the theta group is the
principal congruence subgroup of level two.
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There is an other way to look at Lemma 8.3. We order the even and odd
elements of (Z/27Z)?". Their numbers are denoted by g = g(n) and u = u(n),
respectively. The operation m — M{m} permutes these elements and can now
be considered as a permutation of the digits 1,...,¢g or 1,..., u, respectively.
This gives homomorphisms

Sp(n, (Z/27)) — S, and S,.

It follows from Lemma 8.3 that the first of these homomorphisms is always
injective, and that the second is injective in the case n > 1. We are interested
in the cases where such a homomorphism is an isomorphism. It turns out that
this happens in exactly two cases.

An injective homomorphism of finite groups is an isomorphism iff the orders
agree. Hence we compare the orders.

1) We have # SL(2,(Z/2Z)) = 6. On the other hand, g(1) = 3 and #5S53 = 6.

2) By our index formulae, # Sp(2, (Z/2Z)) = 720. On the other hand, u(2) =
6 and #Ss = 720.

We obtain the following result.

8.5 Proposition.
1) The group # SL(2,(Z/27)) is isomorphic to Ss.
2) The group # Sp(2,(Z/27Z)) is isomorphic Sg.

The isomorphisms are realized through the action of these groups on the even
elements of (Z./27.)? and the odd elements of (7 /27)*, respectively.

Exercises for Sect. VII.8

1. Show that in the case n < 2, the modular group I',, admits a subgroup of index
two.

2. Show that in the case n > 3, the images of I, in S, and S, are contained in the
alternating group.

3. Find an element in I', such that its image in S is a transposition.
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9. Igusa’s Congruence Subgroups

Igusa’s congruence subgroup I',,[q,2¢] (¢ € N) is a generalization of the theta
group (compare [FB], Sect. VL.3).

9.1 Remark. The set

Folg, 24) = {M eT.d. (oD =

E (AB") =0 mod 2 }
q

Q| =

s a congruence subgroup.
Because
I'lg] O Tnlg, 29] O T'n[2q],
it is sufficient to show that T'),[q, 2¢] is group. For odd ¢, we obviously have
Ly, [% 2‘1] = Fn[Q] N Fn,ﬂ-
Hence we can restrict ourselves to the even case. In this case, we have
¢°> =0 mod 2g,
which will be used frequently in the following. If we write a matrix M € I',,[q]

in the form _ -
M A B\ _(E+qgA qB
~\C D) qC E+qD )’

1 ~
—AB' = B'mod 2q.
q

we obtain

Hence the condition which defines T',,[q, 2q] inside T, [q] is simply
Bo = DO mod 2.

Now Remark 9.1 is consequence of the following statement.

9.2 Remark. Assume that q is even. The map
n:Tulq — (Z/22)*,

A B . 1/ By

C D g \Co )/’
is a surjective homomorphism. Its kernel is T'y[q, 2q].
Corollary. We have the index formula

[Tnlq] : Tulg, 24]] = 2°™.

The homomorphy property n(MN) = n(M) + n(N) follows easily from ¢? =
0 mod 2q. For the surjectivity, we use special matrices where A = D = F,
B=0,or C=0. a

We know that the theta group I', » = I'[1,2] is not normal in I',. But,
remarkably, we can make the following statement.
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9.3 Remark. Let g be even. The group T'y,[q,2q] is a normal subgroup of the
full modular group.

For the proof, it is sufficient to show that MT,[q,2¢q|M ! C T',[q,2q] for the
generators of the modular group. The simple computation will be skipped
here. a

Because of Remark 9.3, the group I',[2¢, 4¢] is normal in T, [q].

9.4 Lemma. The group
I'n[2]/Tnl4, 8]

is abelian.

Proof. We have to show that the commutator of two elements of T',[2] is
contained in T',,[4,8]. Tt is enough to verify this for the generators, and easy to
do so. g

We want to determine the group which occurs in Lemma 9.4 when we take
the quotient by the subgroup +F, since we are interested only in the mapping
groups. Hence we consider the group

r,[4,8 =T,[4,8U(-T,[4,8)]),
which also is normal in T',[2], and consider
Gy :=D,[2]/T,[4,8].

In the first volume ([FB], Lemma VI1.6.2), we have shown in the case n = 1
that
Gi1 =Z/AZ x Z]AL.

We have to generalize this result. We make use of our knowledge of the gener-
ators of the principal congruence subgroup of level two,

(6 2) (58) (5 5)

For the sake of simplicity, we restrict ourselves to the case n = 2, since we shall
not use the case n > 2.

The matrices S which we have to use are, in the case n = 2, only

g_ 20 0 0 0 2
~\0 0)" 0 2)’ 2 0)’
and, since we know the generators of SL(2, Z)[2] and hence of GL(2, Z)[2], we
need the matrices U only in the cases

(o 1) G () ()
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464
Hence we obtain 2-3+4 = 10 generators of I';[2]. Since we factor out {+E?™}

the negative unit matrix can be canceled. So,
G = T2[2]/T[4,8]

can be generated by nine elements. Since G5 is abelian, this means that we get

a surjective homomorphism
Zg — gg.

In the following, we denote the generators by
T17T27 Tvlvj—‘;v T37 T37 Pla P27 P37

where
E S, ~ (E 0
TU_ 0 E)a Tu_<SV E)v
2 0 0 0 0 0
S1=1{} 0)’52_<0 2)’53 <2 0>

<

and <
<

<

The homomorphism is given by
(a1, by, a2, ba, a3, bs, ¢1, C2, c3) — TY TV T2 T2 T4 T4° Py P2 PSe.

The images of the first four matrices have order 4; the other five have order 2

So we obtain a surjective homomorphism
(Z/AZ)* x (Z.)27.)° — T5[2] T5[4,8].

This turns out to be an isomorphism.
The map

9.5 Lemma.
(a1,b1,ag, by, a3, bs, c1,ca, c3) — T TP T2 T2 T To? PO Py PSS

(mod T'5[4,8]) induces an isomorphism
(Z/AZ)" x (Z/22)° — T2[2)/T5[4,8].

For the proof, it is sufficient to compare the orders of the two groups. The index
O

formulae, in particular, that in Remark 9.2 show that they are equal.
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Decomposition into Eigenspaces

Let TV C T be congruence subgroups and let IV be a normal subgroup with an
abelian factor group G :=T'/T'. Assume that a multiplier system v of weight
r/2 on the larger group I is given. Then the map

fr—o(M)"det(CZ+ D)™ "f(MZ)

associates each M € I' with an endomorphism of [I,r/2,v]. This linear map
depends only on the image of M in G. So, it defines an action of G on this space.
Since G is abelian, we can decompose the space into eigenspaces (compare [FB],
Remark VI.6.4). In the following, we identify characters of G with characters
on I which are trivial on IV. We obtain

[T, r/2,v] = Z[F, r/2,vx],

X

where y runs through all characters of G. We shall use this decomposition in
the special case I" = I'5[2] and I" = T'3[4,8]. As in [FB], Sect. VL.6, we have
the following lemma.

9.6 Lemma. We have

[F2[4a 8]7 T/Qa 'U1T9] = Z[F[Q], 7“/2, U1T9X]a

where x runs through all characters of Go = T'[2]/T[4,8]. The characters x are
determined by their values on

T17T2aT17T27T3’f37P17P27P3'

On the first four matrices, they can be arbitrary fourth roots of unity, and on
the rest they can be £1. So, there are 2048 such characters.

The group I'5[4, 8] is generated by the commutators of I's[2], the fourth powers
of the first four, and the squares of the remaining five. The multiplier systems of
two J[m] differ only by a character. This character is trivial on all commutators.
One can easily check that it is trivial on the other nine generators. This gives
us the following result (compare [FB], Lemma V1.6.2):

9.7 Proposition.  The multiplier systems of the ten theta series agree on
T'5[4,8]. In particular, they are contained in eigenspaces of the decomposition
i Lemma 9.6.
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Exercises for Sect. VII.9
1. Determine the index of I, [¢,2¢] in I, [¢] and in T .

2. Show that in the case r = 1, at least ten of the eigenspaces in Lemma 9.6 are
different from zero. (We will see later that there are exactly ten.)

3. To illustrate the complexity of congruence subgroups, we ask: How many groups
are between I'[4, 8] and I'[2]?

10. The Fundamental Domain of the Modular Group of
Degree Two

The fundamental domain of the Siegel modular group was constructed by Siegel
in his original paper of 1935. The essential tool was Minkowski’s reduction the-
ory for the group GL(n,Z). In the case n = 2, this is essentially the elliptic
modular group, and Minkowski’s reduction theory is equivalent to the construc-
tion of the fundamental domain of the elliptic modular group. So, in the case
n = 2, the theory becomes very simple. We restrict ourselves to this case.

Let

RQ:{Y:<yO yl), O§2y1Sy0Sy2,0<yo}-
Y1 Y2

10.1 Remark. Fach matrix from Ro is positive definite. In Ro, the inequal-
ities

4
detY < yoys < 3 detY

hold.

The proof is simple and will be omitted. The following lemma is a little more
difficult.

10.2 Lemma. For each positive 2 X 2 matrix Y € Po, there exists a unimod-
ular matrixc

U € GL(2,Z)

with the property
Y[U] € Rs.
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Proof. The operation Y +— Y[U] is compatible with the substitution Y + tY,
t > 0. For this reason, we can restrict ourselves to matrices of determinant

one,
Pp(1):={Y € Py, detY =1}.

For the proof, we make use of the map

p: H — Py(1),

(105 (D)

We can easily verify the following three simple facts:
a) The map ¢ is bijective.

b) p(Mz) = S[M] for M € SL(2,Z).

c) We have

O(F)={Y € Pa(1), 0<[2y1] <wo < w2, 0<yo}.

Here F is the fundamental domain of the elliptic modular group, ([FB],
Proposition V.8.7).
So, each matrix from Ps(1) can be transformed into ¢ (F) by means of a matrix
SL(2,Z). Making use of the fact that the diagonal matrix with entries 1 and
—1 is contained in GL(2,Z), we can enforce the condition y; > 0. O

By the height of a point Z € H,,, we understand the positive number
h(Z) =detY.

10.3 Lemma. Assume that a point Z € Hy and a positive number € > 0 are
given. There are only finitely many numbers hy with the properties

a) ho >¢e;

b) ho = h(MZ) for an M € T's.

Proof.*) Let Z* = MZ, M €T, ho = h(Z*) > e. The height is invariant
under unimodular transformations Z* — Z*[U]. Hence we can assume

y* e Ro.

If we denote the diagonal elements of vt by r1, 72, we obtain from Remark

10.1 4 4
o —1 _
7“11“25 det(Y*) ~ < §€ L

The formula .

Y* =Y M(CX + D)]+YI[CY

*) A proof for arbitrary n can be found in [Fr1].
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shows that
e = [Xch +di]+ Y] (k=1,2),

where ¢y, di, denote the kth rows of C, D. The rows ¢, d; cannot both vanish.
Therefore r; has a lower bound depending on Y. Since the product of the 7y, is
bounded from above, both have a lower bound (depending only on Y and ¢).
This shows that the vectors ¢, di belong to a finite set. a

10.4 Proposition. The subset M C Hy defined by

V2
0 <2y <yo <o, TSZ/()
is a fundamental set of the modular group of degree two. This means that for

each Z € Hsy there exists M € I'y with M Z € 9.

Proof. Let Z € Hy be an arbitrary point. Because of Lemma 10.3, the orbit
{MZ, M €T3} contains a point Z; with maximal height. This point satisfies

|det(CZy + D)|2h(Zy) = h(M Z) < h(Zp).

This means
|det(CZy + D)| > 1.

Since the height remains unchanged under unimodular transformations, we can
assume that Yy € Ro. Now we use the condition |det(C'Zy + D)| > 1 for the
matrices

w=(B)oa=( %) m= (0 )= (5 8) o= (2 )

We obtain the result that the first diagonal element z of Z; satisfies the in-
equality

ez + d| > 1 for all (‘c‘ Z) € SL(2, 7).

This gives y > \/3/2 The same argument works for the second diagonal
element. 0

Exercises for Sect. VII.10

1. Show that, in the case n < 2, there exists a number 6, > 0 such that the set
defined by Y — §,FE > 0 is a fundamental set of the modular group (This true
for arbitrary n. But the general proof needs the complete Minkowski reduction
theory; see for example, [Frl].)



11. The Zeros of the Theta Series of Degree two 469

2. Show that two different points of the form iyE for sufficiently large y can never
be equivalent. Show that it follows that there is no compact fundamental set for
r

ne

3. Let dv be the Euclidean volume element on H, and let

dv

do = Ferynri

Show that dw is invariant under Sp(n,R), i.e.

/ F(MZ)de = / 1(2)de,

for example for continuous functions with compact support.

4. The set

oS

{Z € Hy; gl 2], |7, <1/2, 0 <2y, <y, <y, < Yo}

is a fundamental set of I',. Show that its volume with respect to dw is finite.

Hint. Use Remark 10.1. Integration over the x-coordinates is harmless. After
that, integrate over y,.

11. The Zeros of the Theta Series of Degree two

In the first volume, we saw that in the case n = 1 the theta series ¢¥[m] have
no zeros in the upper half-plane ([FB], Lemma VI.6.6). This is false for n > 1.
But in the case n = 2, the zeros can be described by simple equations. This
has been done by Igusa [Ig3]. A short, elementary proof can be found in [Fr3];
see also [Fr1]. This proof will be reproduced here.

11.1 Lemma. Let

Then
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Proof. The proof follows easily from the formula

(% 2)[0) =2l + Zalo

together with the Cauchy multiplication theorem for infinite series. O

The expression in Lemma 11.1 vanishes if one of the two characteristics is

odd. For example,
20 0 o

In this section, we shall show that in some sense this describes all zeros of theta
series of degree two. The ten even characteristics are

(i)

We now determine the zeros of the ten theta series on the fundamental set 90t
(0 <2y1 < yo < w2, V3/2< ).

=

oo oo
o OO
—_ o oo
e
O = = O

1
1
1
1

o O O
OO = O
— o O
OO = =

11.2 Lemma. 1) The eight theta series

have no zeros in IN.
2) The two functions

1 1
1 1
v 1 v 0
1 0
a

emiz1 — 1 eTiz1 + 1
are analytic in Hs and have no zeros in M.

The proof rests on elementary estimates:

1) Let a = 0. We extract from the theta series the constant term (g = 0), and
estimate the rest by means of the series of the absolute values

SR Ml
g#0
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Then we extract the terms for g7 + g2 = 1 from the sums to obtain

Sl < gem /YB3 o/t ad) <
970 g7 +93

A numerical computation shows that the expression on the right-hand side is
smaller than one. This shows that

19{2}(2);&0 for Z € M.

2) Let a = ((1)) . First we divide the theta series by €™#/4, and then we extract

o). The rest is estimated by

the constant terms which belong to g = (8)7 (0

means of the series of the absolute values,

¥ [(i)] (2>[Z]emo_2

By means of the identity

< E e~ ™{w091(91+1)+y1 (201 +1)g2+y203}

97(0)- (%)

(291 +1)g2 = (91 + g2 + 1) (91 + 92) — g1 (g1 + 1) — g5,
we see that
Yog1(g1 + 1) +y1(291 + 1)g2 + y29§

1
> (o —y1)g1 (g1 + 1) + (y2 — y1)g3 > Z\/g[m(gl +1) + g3).

As in the first case, we now obtain

) [ﬂ #0in M for a = <(1)) and similarly for a = <1>

3) It remains to consider a = (7) and a = £(;) with e = 0 or 1. A simple

conversion of the theta series shows that

e*%WiZ[G]JrWiZlﬂ |:Cb7':| (Z)

=92 Z (_1)5(91+92)eﬂigl(91+1)(20*Zl)Jrﬂ'ng(ngrl)(Zz*Zl)
91,9220

. {eﬂi(91+92+1)221 + (_l)é‘eﬂi(gz*gl)Qﬁ} )
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The expression in the curly brackets can be divided by 2(1+ (—1)%e™=1). After
this, we bring the term for g; = g2 = 0 to the left-hand side and estimate the
rest by means of the series of the absolute values:

[
2emZal/4(1 4 (—1)cemia)

— (="

< -1+ 291’92 > 0€_W91(91+1)(yo—y2)—‘”92(92+1)(92—yl)

(291+1)(2g2+1)—1

E ' e~ TN

n=0
Here we have used
emilgrtoa+1)? (,1)6eﬂi(91—g2)221
(29141)(2g2+1)—1 )
_ ewi(gl—g2)2z1(1 + (_1)567riz1)(_1)5 . Z (_1)n(5—1)eﬂ'inz1
n=0

For Z in 9, we immediately obtain

9 m (Z)
_(_1\" _ —(mV3/4)n(n+1) 2
2emZal/4(1 4 (—1)zemi=1) (D" <=1+ ( E e (2n+1) )

Since the expression on the right hand side is < 1, we obtain that

K
—binthecasea* ! b=¢ !
1+ (—1)cemi=n S\1) 1

has no zero in 9. O

We now determine all symplectic substitutions which transform the diagonal
into itself. For this, we recall the embedding

SL(2,R) x SL(2,R) — Sp(2,R),
a b

a b a f 0 « B
c d)’\~v 0 e d
vy 0

The image acts on the diagonal componentwise. There is another substitution
which transforms the diagonal into itself, namely the unimodular transforma-

tion ,
U 0 0 1
<0 U1>’ U_<1 0>'

One can easily verify the following statement.
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11.3 Remark. The set N of all matrices of the form

1 a b

0 0 « 1]
d 0 1 c d

0 r 1 0 6 r

b 0
1

is a subgroup of Sp(2, R) which transforms the diagonal into itself.

We denote by
N(Z)=NnNSp(2,7Z)

the subgroup of integral matrices. It contains a subgroup which is isomorphic
to SL(2,Z) x SL(2,7Z). Obviously, N(Z) fixes the characteristic

1
1
1
1
Hence we have

The group I'2[2] is also contained in I';(m). We shall show that I's(m) is
generated by both subgroups.

11.4 Lemma. The homomorphism
N(Z)/(N(Z) NT3[2]) — La[m]/T2[2],
which is induced by the inclusion
[2[2] — Ia(m),

is an isomorphism.

Proof. 1t suffices to show that the orders of the groups agree. On one side, we
have

#(Ty(m)/T5[2]) = [Ta(m) : To[2]] = [[FF;:: FF;([:})]} _ [[1;22 ::I;z[i]]] _ %0

and, on the other side, N(Z)/(N(Z) NTy[2]) is an extension of index two of
SL(2,Z/2Z) x SL(2,Z/2Z). Hence the order of both groups is 72. O
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11.5 Proposition.  Let f € [['3]2],7/2,v] be a modular form with respect
to the principal group of level two which vanishes on the diagonal. Then f is
divisible by 9[m], and we have

— = =

Proof. Since M is a fundamental set of the full modular group, it is sufficient
to show the following:

For an arbitrary modular substitution M € Sp(2,7Z), the function
f(MZ)[0]m)(MZ)

is analytic in an open neighborhood of M(9M).

We know that ¢[m|(M Z) equals $[M{m}](Z) up to a factor without zeros.
The first part of Lemma 11.2 shows that it is sufficient to consider the cases

M{m} = and

1 1
1 1
1 0
1 0
First case. M{m} = m. Then M € I's(m). Because of Lemma 11.4, we can
assume that M € N(Z). Like f, the modular form f(MZ)det(CZ + D)~ "/?
is a modular form of level two which vanishes on the diagonal. Hence it is
sufficient to show that f is divisible by ¥[m] in a full open neighborhood of
9. By Lemma 11.2, this means that f(Z)/(e™* — 1) is analytic or that the
functions f(Z)/(z1 — 2k) are analytic for all k € Z. This follows from the fact
that f vanishes on the diagonal and hence on all z; = 2k.

1

1

0

0

As in the first case, it is sufficient to consider a special M. We take

E S . 0 1
M:<0 E) w1thS:<1 0).

So, it suffices to show that

Second case. M{m} =

f(Z+59)
(em=1 £1)

is analytic in Hy. This follows from the fact that f(Z + S) vanishes on z; =
2k+1, ke Z. O
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Exercises for Sect. VII.11

1. Let o, 3,7, 9, € be five integers with the property
ad+ By —€ =—1.
We consider the sets
N(a, B,7,6,€) ={Z € Hy;  azy+ Bz + 72y +0(27 — 2y2,) + €}

and their union
N = U N(e, 8,7, 0, €).
B2 —4ay—48e=1
Show that a modular substitution M € I', permutes the sets M(«, 3,7, d,€). As
a consequence, the modular group acts on 1.

2. The diagonal is contained in N (see the previous exercise). Deduce from Lemma
11.2 that all zeros of the ten theta series are contained in 1.

3. This exercise is not quite so simple: Show that the modular group I', permutes
the sets M(a, 5,7, d, €) transitively. Hence N is the precise zero set of the function
A®@ (the product of the ten theta series).

12. A Ring of Modular Forms

In this section, we shall give a proof of Igusa’s beautiful structure theorem
about the ring of modular forms on the group I's[4,8]. Igusa’s proof can be
found in his paper [Ig3] of 1964, which we quoted at the beginning of the last
section. A completely different and much more elementary proof was given by
A. Lober in his Heidelberg Diplomarbeit; a published version can be found in
[Lo].

We study modular forms for the principal congruence subgroup of level two,
€ lsf2],7/2,0].
We write the multiplier system in the form
v = XUy,
with a character x on T'3[2]. Now we use the fact that the substitution
1
Py = -
-1
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is contained in T'5[2]. Tt acts as

P 20 21\ _ 20 —Z1
3 21 22 —z1 Z2 '

Since the theta series 9¥[0] is invariant under Ps, we have

1/2
1 0
det <0 1) Ulg(Pg) = +1.

(2 2) = (2 2.

If x(Ps) is different from 1, then f vanishes by force on the diagonal.

So, we obtain

12.1 Definition. The diagonal D is an enforced zero for the space
C2[2],7/2,v] if

X(P5) #1 (v = xvy).
By means of Koecher’s principle, we can now deduce the following from Propo-
sition 11.5.

12.2 Remark. If the diagonal is an enforced zero for [['3[2],7/2,v], then the
map

r-l } L [Taf2) /2.0,

ra, L

1
1
Um m= 1]

is an isomorphism.

Example. If the diagonal is an enforced zero for the space [I'2[2],1/2,v] and if v
is different from v, then this space is the zero space, since any modular form
of weight 0 for a nontrivial multiplier system does not vanish. This argument
shows that the space [I'2[2],1/2,v], v = vy, vanishes for at least 1023 of the
2048 characters.

If f € [T'2[2],7/2,v] does not vanish on the diagonal, we can consider one of
the conjugate forms

(fIM)(Z) = det(CZ + D)™"/*f(MZ)
instead of f. The form belongs to a conjugate multiplier system
fIM € [[a[2],7/2,0M].

It may happen that the diagonal is an enforced zero for this space. In this case
we can divide f by

Im], m=M

—_ = =

These considerations lead to the following definition.
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12.83 Definition.  The space [I'3[2],7/2,v] has an enforced zero if there ex-
ists a matric M € Sp(2,7Z) such that the diagonal is an enforced zero for
[[5[2],7/2,vM].

These considerations show the following.

12.4 Proposition. If the space

[FQ [2]7 7“/2, U]
has an enforced zero, then there exists a characteristic m such that the map
r—1 w r
r 2a y T [F 2a o :| )
2 S5 ] [ 5o
f— Y[m],

s an isomorphism.

How can one decide whether a space [I'2[2],7/2,v] has an enforced zero? From
now on, we consider only multiplier systems of the form v = v}y, where x is
one of the 2048 characters. As we know, each conjugate multiplier system v™
is again of this form, i.e.

oM =iy
The character y depends on M and r, but on r only mod 4. We write

X = xn.

12.5 Remark. Consider M € Sp(2,Z) and r € Z. By means of

) (UQXT)M
vy

9

we obtain a permutation of the 2048 characters. This map depends only on the
coset T's[2]|M and on r mod 4.
We now formulate some simple rules which rest on the formula

(v109) = o0y,
which is valid for two multiplier systems vy, vo. If v is a multiplier system of
even weight (a character), we have

vM(N) =v(MNM™1).

12.6 Remark. We have

X(M,r) _ (”g)TM XM'
Vy

Here
NI (N) == x(MNM).

By the way, Y = M9 From Remark 12.6, we can conclude the following.
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12.7 Remark. 1) If r is even and x is the square of one of the 2048
characters, then xM") is the square of one these characters too.

2) If M €Ty, 9 is an element of the theta group, then

(M,r) _ (M,0) M

X X =X

for all r.

Character squares will play an important role in what follows.
We recall that [I'3]2], /2, v] has an enforced zero if

XM (P3) #1

for some M. Because P? = E, characters can have only the values £1 on Ps.
Hence character squares have the value 1. If r is even and y is a character
square, then x(*") is a character square by Remark 12.7. Hence we have no
enforced zero in this case. Fortunately, in all other cases we have an enforced
Z€ero.

12.8 Proposition. The space [I'3[2],7/2,vyx] has an enforced zero, if one of
the following conditions is satisfied:

1) r is odd.

2) r is even and x is not a character square.

Proof. We have use the formula

M T
(M,r) (Y (%) —1
VO (py) = (W(Pg)) V(MPAY).

For this, we need some information on
(M) := v)! (P3) /vy (P3).

We shall extract this information only from the fact that v}’ is the multiplier
system of a well-known modular form, namely the theta series J[m] with m =
M{0}. More exactly,

Im](P,2)
N P32)

We know how theta series transform under P3. The transformation formula

shows that (M) takes only the values +1 and that both values actually occur.

For the proof of Proposition 12.8, we have to distinguish between two cases:

First case. x is a character square. Then, by assumption, r is odd and

XM (Py) = e(M)”
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takes both values &+, in particular —1.

Second case. x is not a character square. In this case, we construct M from
the theta group, such that y(*7")(P;) = —1. For M in the theta group, we
have v}’ = 9 and hence

XM (Py) = x(MPs M™Y.

We have to exhibit an element M of the theta group such that this expression
is —1. What does it mean that x is not a character square? Character squares
are 1 on squares of elements and, conversely, each element with this property
is a character square. In our case, this follows easily from the isomorphy of G
and its character group with (Z47Z)* x (Z/27)". Since x is assumed not to be
a character square, we must have

X(N)#1 for some M € {Tf,Tg,ff,fg,Tg,fg,Pl,PQ,P;;},

since these elements generate the subgroup consisting of elements of order < 2.
So we have to show that each of them can be written modulo I'[4,8] in the
form M P;M~', with some element M of the theta group. This can easily be
verified. O

Now we investigate the case where r is even and x is a character square.
For this, we recall the embedding

Fl[Q] X Fl[Q] — F2[2],
a b

a b a [ o B
(c d> ’ <fy 5) e d
0 gl
This induces an embedding

G1x G — Ga (Gn=Tn[2]/T,[4,8)).

The “restriction” of a character xy on G is a character on G; x G;. This
corresponds to a pair of characters (x1, x2) of G1. We write

(x1,x2) = x|G1 x Gi.

‘We have
b

a
a b a f 0 « g1 a b a f
(ra) (5= a e D) (0 7)
d v

The map x — (x1,x2) cannot be injective. But we have the following fact.
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12.9 Lemma. The map
X — (X1, Xx2) = x|91 x G1

s a bijection between the set of all character squares of Go and the set of pairs
of character squares of Gy.

The proof follows from the explicit structure: we shall give only a hint. The
group of characters of Gy is isomorphic to (Z/4Z)* x (Z/2Z)°, and hence the
group of character squares is isomorphic to (Z/2Z)*. On the other hand, the
group of characters of G is isomorphic to (Z/47Z)2. The group of its squares
is isomorphic to (Z/27Z)?. ]

12.10 lemma. Let x be a character of Go and let
f € [FQ [2]7 7“/2, ’UZ;X]
Then f(éozg) is a finite sum of functions
f1(20) f2(22) with f, € T1[2],7/2,vpx0] (v =1,2).

Here, (x1,x2) = x|G1 x Gi.

Proof. We use the transformation behavior of f under the elements of the image
of T'1[2] x T'1[2] < T'5[2]. We can see that f(g“zg), for fixed zy as function of 2,
is contained in [I'1[2], /2, v} x2], and conversely. We choose a basis g1, ..., gm
of [I'[2],7/2,v}x2]. We have

f (Zé] ZS)) = hi(z0)gi(22)

with certain functions h; € [I'1[2],7/2,vjx1]. O
Now we use the fact that the structure theorem is known in the case n = 1.
The functions f, € [I'1[2],7/2,v}x, ] are linear combinations of monomials

T1 T2 T3
o S]] e

where the characters have to satisfy the condition

12\ 10 _
Xvlg 1) =" Xelg 1) 71

This formula shows that if x is a character square, then ro and r3 both have
to be even. Also, if r is even, then r3 has to be even. Now we make use of the

formula
aj

as zg O . ay a2
AR HI
ba

to obtain the following lemma.
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12.11 Lemma. Let x be a character square of Go and
[[2[2],7/2,v5x], T even.

Then there exists a linear combination g of monomials in the squares of theta
series ¥[m] with the following properties:

20 0 o 20 0
v 5)=o(5 )
2) If x is the character which belongs to this monomial, then

X|G1 x G1 = x|G1 x G1.

For trivial reason, the characters corresponding to theta squares are character
squares. We obtain the following result from Lemma 12.9.

Supplement. We have x = x. So, we have proved the following proposition.
12.12 Proposition. Let x be a character square of Go and
[FQ [2]a T/Qv UZ;X], reven.

Then there exists a linear combination of monomials in the theta squares which
are all contained in the space [I'3[2],7/2,v5x] and are such that

20 0 - 20 0
(5 2)= (0 )
Induction on r now gives our main result:
12.13 Theorem. The space

[FQ [47 8]a 7"/2, 'U1T9]

is generated by the monomials of degree r in the ten theta series.

Exercises for Sect. VII.12
1. Show that the ten theta series are linearly independent.

2. Show that the 55 functions ¥[m]d[n] are linearly independent.
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3. The function 9(22)? (observe the factor 2) is a modular form of weight one with
respect to I',[2]. Verify this by means of generators.

4. Show that the multiplier system of ¥(22)? is trivial on I',[4, 8].

5. By the structure theorem, 9¥(2Z)? must be expressible as a linear combination of
the ¥[m]Y¥[n]. Compute this combination explicitly.

Hint. Tt is enough to take the ten squares 9¥[m)?%.



VIII. Appendix: Algebraic Tools

1. Divisibility

Here, we collect together the basic notions of divisibility. In the following,
R is an integral domain, i.e. an associative and commutative ring with unity
1 # 0 which is free of zero divisors:

a-b=0 = a=0o0rb=0 (a,beR).

Fields are examples of integral domains. Every integral domain is a subring of
a field K. One can arrange that K consists of all fractions a/b with a,b € R,
b # 0. This field is unique up to isomorphism and is called the quotient field
of R. The construction of the quotient field is standard. We define a/b to be
the equivalence class of (a,b) with respect to an obvious equivalence relation.

The polynomial ring in n variables R[Xi,...,X,] was introduced in
Sect. V.3. It consists of all formal finite sums

vy Vn
E aul...un,Xl Xn ) Ay, ...v, S R7

0<vi,...,Un

with the usual rules for addition and multiplication. The base ring R is em-
bedded into the polynomial ring. The element a € R is identified with the
polynomial whose zero coefficient equals a and whose other coefficients vanish.

The case n = 1 is of special importance. By the degree d of an element
P € R[X] which is different from zero, we understand the index of the highest
nonzero coefficient of P in the representation

P=agsX%+ ... +a1X+ap, a;€Rfor1<i<d—1, aq#0.
Additionally, we define
deg(0) := —o0.

If R is an integral domain, which we will assume from now on, we have

deg(PQ) = deg(P) + deg(Q).

Hence R[X] is also an integral domain. By induction on n, using the isomor-
phism

(R[X1,..., Xn 1)) [Xn] = R[X1, ..., Xa],
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we can prove that the polynomial ring in arbitrarily many variables is an inte-
gral domain. An element ¢ is called a unit in R if the equation

cx=1

can be solved in R, i.e. if ¢! exists in R. The set R* of all units is a group
under multiplication.

Ezxamples.

1) Z* ={+£1}.

2) If K is a field, then K* = K — {0}.

3) Let R[Xy,...,X,] be the polynomial ring in n variables. Then

R[X1,...,X,]* = R*.

4) Let R = C{z1,...,2,} be the ring of convergent power series in n variables.
Then
R*={P e C{z,...,2n}; P(0) #0}.
(P(0) is the constant term of the power series.)

One can make use of the fact that a convergent power series with nonzero
constant term defines an analytic function f without zeros in a small open
neighborhood of 0. The function 1/f is also analytic and can be expanded into
a power series.

We recall the notion of a greatest common divisor ged(r, s) of two elements
r,s of an integral domain R. We assume that r and s are not both 0. An
element d € R is called the greatest common divisor of r and s,

d= ng(ra 8)7

if r and s are both divisible by d and if any element s which divides r and s is
also a divisor of d:

(a) d|r and d|s;
(b) tlrand t|ls = d|t.

It is easy to see that the greatest common divisor, if it exists, is uniquely
determined up to a unit.

1.1 Definition. An element a € R — R* is called

a) tndecomposable if
a=bc = borcisa unit

b) a prime element if
albc = alboralc
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(a|b means that the equation b = az is solvable in R).

Of course, prime elements are indecomposable, but the converse is usually
false.

Ezample. Let R = C[X] be the polynomial ring in one variable over C and let
Ry be the subring of all polynomials without a linear term. The element X3 is
indecomposable in Ry but not a prime: X3|X? . X4

2. Factorial Rings (UFD rings)

2.1 Definition. The integral domain R is called a factorial ring or UFD
ring if the following two conditions are satisfied:

1) Each element a € R — R* can be written as a product of finitely many
indecomposable elements.

2) Each indecomposable element is prime.

In factorial rings, the decomposition into primes is unique in the following
sense. Let
a=Up" ... " Up =V ... " Um

be two decompositions of a € R — R* into primes. Then we have:
a) m=n.

b) There exists a permutation o of the digits 1,...,n such that
Uy = EYUg(), €&y €ER" for 1 <v<n.

It is easy to prove this by induction.

Examples of factorial rings.

1) Every field is factorial.

2) 7Z is factorial.

3) By an important theorem of Gauss, the polynomial ring R[ X7, ..., X,] over
a factorial ring is factorial too.

2.2 Theorem (Gauss). The polynomial ring R[X] over a factorial ring is
factorial too.

Because of the great importance of this theorem, we shall give a proof here. It
rests on the Euclidean algorithm for polynomials:

Let Q € R[X] be a normalized polynomial, i.e. the highest coefficient of Q is
1. Then any polynomial P € R|X] admits a unique decomposition

P=AQ + B, degB <degQ (division with remainder).
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A simple proof can be given by means of induction on the degree of P and
will be skipped. Of course, “division with remainder” holds already if the
highest coefficient of @ is a unit (not necessarily 1). Since, in a field, any
nonzero element is a unit, we can divide with remainder through any nonzero
polynomial. This has the effect that divisibility in a polynomial ring of one
variable over a field is very simple. Hence we shall now prove Proposition 2.2,
in an initial step, for a field K instead of R.

2.3 Lemma. In the polynomial ring of one variable over a field K, there al-
ways exists the greatest common divisor of two elements P, Q. This greatest
common divisor can be obtained by combining P and Q, i.e. it is of the form

D =RP +5Q (R, S € K[X]).

Sketch of the proof. We consider the set
a={RP+5Q|R,SecK[X]|}
and choose from it an element D # 0 of minimal degree. By means of division
with remainder, we can show that
a=D-K[X].

It is easy to see that D is the greatest common divisor of P and Q. O

2.4 Corollary. The polynomial ring in one variable over a field is factorial.
Proof. We restrict ourselves to the essential part: each indecomposable element
is prime. So, let P be indecomposable. But we assume that

P|RS, PJR, PJS.
From Lemma 2.3, we obtain the result that the equations

PX+RY =1 and PX+SY=1

are solvable. Taking the product of the two equations, we obtain P|1. This
contradicts P [R. 0

Two elements of an integral domain are called coprime if the only common
divisors are units.

2.5 Corollary. Let K C L be a subfield L and let P,Q be two polynomials
from K[X]. The two polynomials are coprime in K[X)] iff they are coprime in
the larger ring L[X].

The prove follows from Lemma 2.3 and the simple fact that
P#0e€ K[X], Qe K[X], and Q/P€ L[X] = Q/P € K[X].

Now we consider, instead of a field, an arbitrary factorial ring R. The prime
factorization shows that in a factorial domain, the greatest common divisor
always exists. Slightly more generally, we can define the greatest common
divisor of n elements which are not zero and show that it exists in factorial
rings. It is unique up to a unit.
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2.6 Definition.  The content of a polynomial P € R[X] which is differ-
ent from zero over a factorial ring R is the greatest common divisor of all
coefficients of P:

Z(P) :=gcd(ag,...,an) for P=a, X" + ...+ aop.
Of course, the content is determined only up to a unit.

2.7 Lemma. Let P,Q be two polynomials (in one variable) over a factorial
ring R; then
I(PQ) ~I(P) - 2(Q).

Here the symbol “~” means “equal up to a unit”. Two elements which differ
by a unit are also called associated.

”

We leave the proof of this lemma to the reader as a not quite simple exercise.
All that one has to show is
I(P)~1, Z(Q)~1 = Z(PQ) ~ 1.
Lemma 2.7 is a tool to compare divisibility in R[X]| and in K[X], where K
denotes the field of fractions of R.

A polynomial P # 0 € R[X] is called primitive if its content is a unit. For
example, normalized polynomials are primitive.

2.8 Lemma. Let R be a factorial ring with a field of fractions K, and let
P € R[X] be a primitive polynomial. Let ) € R[X] be a further polynomial
over R. We then have

P|Qin R[X] <<=  P|Qin K[X].

This lemma is an easy corollary of Lemma 2.7 if we take into account the
fact that every polynomial over K can be transformed, by multiplication by a
suitable nonzero element of R, into a polynomial over R. a

We have now collected together everything that we need to prove Gauss’s
theorem. All that we have to show is:

Every irreducible (= indecompasable) polynomial P # 0 € R[X] is prime.

First case. deg P =0, i.e. P € R. Obviously, an element r € R is indecompos-
able (or prime) in R if it is so in R[X]. Hence the claim follows from the fact
that R is factorial.

Second case. deg P > 0. Since P is indecomposable, P must be primitive. We
assume

P|QS in R[X] (Q,S € R[X]).

‘We then obtain
P|QS in K[X],
and hence
P|Q or P|Sin K[X]

(because of Corollary 2.4). The claim follows from Lemma 2.8. O
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3. The Discriminant

Let K be a field and let
P=X"+4a, 1 X" 4+...+a

be a normalized polynomial over K. It is well known that there exists a splitting
field for P. This is a field L which contains K as a subfield and in which P
decomposes into a product of linear factors,

P=(X—-aj) ... (X —an).
(The elements ay, . .., ay, are the zeros of P.) The discriminant of P is defined
as
A= Ap = H(aj — Oéi)Q.
i<j

3.1 Remark. For each natural number n, there exists a unique “universal
polynomial”
A e Z[Xy,. .., X,

in n variables over Z, such that for each normalized polynomial
P=X"4+a, 1 X" 1 +.. . +a
over an arbitrary field the relation
Ap = A(”)(ao, ey Q)

holds.

We should mention here that the elements a of an abelian group can be mul-
tiplied by elements of Z:

n times

—_—— .

a+...4+a ifn>0,
—(—n)a if n <0,
0 if n=0.

na =

As a consequence, in a polynomial over Z, we can substitute the variables by
elements of an arbitrary commutative ring with unity (and obtain an element
of this ring again).

We now indicate the proof of Remark 3.1. As is well known (and trivial),
the coefficients a; of P are, up to a sign, the elementary symmetric polynomials
in the roots a4, ..., a,. The expression

[Tt = cw)?

1<j
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is a symmetric polynomial in «7,...,«a,. Now the claim follows from a well-
known result about elementary symmetric polynomials, which states that every
symmetric polynomial with integral coefficients can be written as a polynomial
with integral coefficients in the elementary symmetric polynomials. O

By means of the discriminant, we can characterize the square-free normal-
ized polynomials in one variable over a field or, more generally, over a factorial
ring. Here an element r € R is called square-free, if
?|

x“|r — T is a unit.

3.2 Proposition. Let P € R[X] be a normalized polynomial over a factorial
ring R. Then the following two statements are equivalent:

1) P is square-free in R[X].

2) Ap #0.

Proof. Let K be the quotient field of R. It follows from Remark 3.1 that P is
square-free in R[X| iff P is square-free in K[X|. Hence we can assume that

R=K (field).
For the proof of Proposition 3.2, we need the derivative of a polynomial
P=a,X"+...4a € K[X]

This is defined formally by

P =na, X" '+ ... +a.
We can verify the usual rules

(P+Q) =P +Q,

(P-Q) =P -Q+P-Q.
Now we show that a polynomial over a field K (of characteristic zero) is square-
free if and only if P and P’ are coprime.

Proof. 1) Assume P = S2@Q). Then S is a common divisor of P and P’.

2) Now assume, conversely, that S is a common divisor of P and P’. We can
assume that S is a prime element. We define @ by

P =5Q.
Then
P'=5Q+5Q".
It follows from S|P’ that S|S’Q and hence S|Q. This shows that P is not
square-free. 0

For the proof of Proposition 3.2, we can replace K by a splitting field L of
P. (The statement “ged(P,P’) = 1”7 does not change if we replace K by L.)
So we can assume that P decomposes,
P=(X—-ai)...(X —ap).

But then Proposition 3.2 is trivial, since P is square-free iff it has no multiple
roots, and this means that the discriminant is different from zero. O
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4. Algebraic Function Fields

Let K be a subfield of the field ). For a subset M C 2, we use the following
notations:

a) K (M) is the smallest K-subvector space of  which contains M.
b) K[M] is the smallest subring of 2 which contains K and M.
c) K (M) is the smallest subfield of € which contains K and M.

We are mainly interested in the case where
M = {x1,...,xm}

is a finite set. Then

a) K(z1,...,¢m) =Y 1o Kag;
b) Klz1,...,2m] ={P(x1,...,2m); PeK[X1,...,Xnl}h
c) K(z1,...,zm) ={a/b; a,be€ Klz1,...,2m], b#0}.

(This field is naturally isomorphic to the field of fractions of Kx1,...,xm].)
We call Q) finitely generated as a ring over K if

Q=Klz1,..., 2],
and finitely generated as a field over K if
Q=K(z1,...,2m)

for suitable elements x1, ..., Tm,.

Definition. The field € is called an algebraic function field over K if it is finitely
generated as a field over K.

The Transcendental Degree.

Let x1,...,2,, be elements of ). There is a natural homomorphism of the
polynomial ring in m variables into €2,

K[Xy,...,Xn] — Q, Pr—— P(x1,...,Zm).

Its image is K|x1,...,%y]. The elements x1,...,z,, are called algebraically
independent if this homomorphism is injective. Then K|[x1,...,x,,] is isomor-
phic to the polynomial ring. The field K (z1,...,x,,) is then isomorphic to the
field of rational functions (This is the quotient field of the polynomial ring.)

By the way, all of the homomorphisms which we consider here keep K
elementwise fixed.
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4.1 Lemma. n + 1 polynomials in n variables over a field K are always
algebraically dependent (which means not algebraically independent).

This lemma is not deep, but it is not trivial. We skip a proof of it. g

The next statement follows from 4.1.

4.2 Lemma. If a field Q can be generated over K by m elements, i.e.
Q= K(x1,...,2m), then m+ 1 elements of Q will be algebraically dependent
over K.

As a consequence, in an algebraic function field there exists a maximal number
of algebraically independent elements. This maximal number is called the
transcendental degree of the function field,

n = tr(Q/K).

So, we can say that in an algebraic function field of transcendental degree
n, there exist n algebraically independent elements. n + 1 elements are alge-
braically dependent. A system of n algebraically independent elements is called
a transcendental basis of Q/K.

Not quite obvious (but not deep) is the following fact.

4.3 Lemma. Let
Q=K(z1,...,2m)

be an algebraic function field. Any mazimal algebraically independent subsystem
of x1,..., %y, is a transcendental basis.

Algebraic Extensions

An element = € Q is called algebraic over K if there exists an equation of the
kind
"+ an_ 12" 4. +ag=0, a, €K, 0<v<n.

A field extension /K is called algebraic if each element is algebraic over K.
It is called a finite (or finite algebraic) extension if, in addition, Q is finitely
generated over K. This means that a finite algebraic extension is the same as
an algebraic function field of transcendental degree 0.

4.4 Remark. The following two statements for a field extension Q O K are
equivalent:

a) Q is a finite algebraic extension over K ;
b) Q is a finite-dimensional K -vector space.
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Proof.

a) = b). Let Q = K(z1,...,2m). The elements z, (1 < v < m) satisfy
polynomial equations of some degree < N. It is easy to show that the K-
vector space 2 is generated by the elements

itk 0<wvy, ..., Uy, < N.

cYm o

b) = a). Let 2 € Q. The powers

are linearly dependent if m is large enough. O

We call
[Q: K] :=dimg Q

the degree of the finite algebraic extension. If it is monogenous, i.e. Q = K|[z]
for a suitable z € €, then [ : K] is the minimal degree of a nonzero polynomial
with root x.

The characterization b) shows the following.

4.5 Remark. Let K C L and L C §Q be two finite algebraic extensions; then
K C Q is also a finite algebraic extension and we have

[Q:L]L: K]=[Q: K].

The following theorem is an important result of elementary algebra.

4.6 Theorem (theorem of the primitive element). Let Q D K be a
finite algebraic extension, and let K (and then also Q1) be of characteristic 0
(n-1+#0 forn € N). Then this extension is monogenous:

Q= Klz], z€Q suitable.

An important consequence of the theorem of primitive element states the fol-
lowing.

4.7 Proposition. Let Q2 D K be an algebraic field extension of characteristic
0. Assume that there exists a number N € N such that each x € Q) salisfies a
polynomial equation of degree < N. Then Q/K is a finite algebraic extension.

If Q/K is an algebraic function field and x1, ..., z, a transcendental basis, then
QD K(xi,...,2,)

is a finite algebraic extension. Using the theorem of the primitive element, we
obtain the following result.
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4.8 Proposition. An algebraic function field of transcendental degree n over
a field K of characteristic 0 can be generated by n + 1 elements.

Final Remarks

Let Q = K(xg,...,z,) be a function field of transcendental degree n; then
there exists an irreducible polynomial P (= prime element) in the polynomial
ring of n + 1 variables with the property

P(zg,...,z,) =0.

This polynomial essentially determines the field extension, since €2 is isomorphic
to the quotient field of the factor ring

K[Xy,...,X,]/(P).

But P depends on the choice of the generating system.

Even in the case n = 1 and K = C it is a complicated problem to decide
when two polynomials lead to the same function field. For each function field
of transcendental degree one, there exists a compact Riemann surface X and
an isomorphism

K = M(X) = field of meromorphic fucntions on X,

which fixes C elementwise. Two function fields of transcendental degree one
over C are isomorphic if and only if the corresponding Riemann surfaces are
biholomorphically equivalent. Torelli’s theorem says that this the case if and
only if the corresponding period lattices are equivalent (in a sense which has
to be made precise). This, historically, was the starting point for the interest
in abelian functions and higher modular functions.
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