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1 Introduction

1.1 The Mapping Problem

Since the publication of the famous Riemann mapping theorem, it is known that every
simply connected domain can be conformally mapped onto the unit disk. It was ex-
tended later to also ensure the conformal mapping of any multiply connected domain
onto a conformally equivalent canonical region like a circular domain (Definition 4.1).!
While the existence of such mappings for all finitely connected domains is guaranteed,
the search for the mapping formulas has since remained an open topic.

The Schwarz-Christoffel transformation and its variations represent a class of mappings
onto polygonal domains and other similar domains. A historical summary of the evolu-
tion of the Schwarz-Christoffel mapping can be found in Section 1.2.

The two common features of these mappings are that each of them conformally maps
a canonical domain onto a domain whose boundary contains several vertices and that
the mapping formulas contain at least two kinds of parameters. The issue with these
parameters is that they define the shape of the image domain, but the actual shape can
only be seen by evaluating the mapping. The search for the correct parameters for a
given image domain is known as the “parameter problem”.

The goal of this thesis is to investigate conformal mappings onto circular arc polygon
domains, i.e. domains that are bounded by polygons consisting of circular arcs instead
of line segments. This includes the investigation of the third kind of parameters of these
mappings in the case of simply connected image domains. A new version for conformal
mappings onto multiply connected domains will also be constructed. We will moreover
discuss the necessary concepts of the numerics to give an approach to the parameter
problem. A summary of the results of our thesis can be found in Section 1.3 and an
outline of the different chapters can be found in Section 1.4.

1.2 Historical Overview

The first known reference to conformal mappings from the upper half plane onto polyg-
onal domains (Figure 1) can be found in an article by Elwin Bruno Christoffel published
in the year 1867. Some years later Hermann Amandus Schwarz discovered the same
mappings independently of Christoffel. Referring to both mathematicians, the mapping
onto a polygonal domain is known as the “Schwarz-Christoffel transformation”.

While all domains can be approximated by polygonal domains, the common mapping
formula (Lemma 3.5) has two major drawbacks. First, the mappings are from standard
domains like the upper half plane onto polygonal domains. However, in most scenarios,
the mappings are needed the other way around, i.e. from a polygonal domain onto a

!The corresponding theorems and more canonical regions can, for example, be found in the book of
Conway [Con95, Chapter 15].
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Figure 1: Schwarz-Christoffel transformation: The upper half plane is mapped
onto a domain bounded by a polygon.

standard domain.

The second problem is in choosing the correct parameters. The mapping formula con-
tains two kinds of parameters (the preimages of the corners of the polygon and the
interior angle at these corners) and the shape of the image domain depends on these
choices, but the result of an actual mapping can only be attained by evaluating the
mapping. This problem is normally simply referred to as the “parameter problem” in
the context of the Schwarz-Christoffel transformation.

Christoffel and Schwarz also expanded this topic to different forms of the mapping
formula by changing some of the properties of the image domains. This includes map-
pings onto the exterior of a polygon, domains with curved boundary parts and domains
bounded by circular arc polygons (Figure 2). The circular arc polygon domains, e.g.

Q/f\

Figure 2: Circular arc polygon domain mapping: The unit disk is mapped
onto a domain bounded by a polygon, where the sides are circular arcs.

domains, where the boundary is a polygon while the straight sides are replaced by cir-
cular arcs, will be the main topic of this thesis.

While they have discovered many mapping formulas, the parameter problem restricted
them to simple examples.

This topic became of interest again in the second half of the twentieth century. With
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the invention of the computer and its improvements, there was a way to handle the
parameter problem. By the start of the next century a lot of articles were published
about the different aspects of the numerics of the Schwarz-Christoffel transformation.
In the late nineties, software packages for most topics regarding the Schwarz-Christoffel
transformation were available.

The numerics of conformal mappings onto circular arc polygon domains was especially
investigated by Bjorstad and Grosse [BG87] and Howell [How90],[How93].

A more detailed view on the history until this point, with many references and an in-
depth discussion of the numerics, can be found in the book [DT02] of Trefethen and
Driscoll.

The major improvement in the 21th century was the discovery of the mapping formula
for mappings onto multiply connected polygonal domains. Conformal mappings onto
doubly connected polygonal domains were already known for quite some time. Komatu
stated a formula in 1945 [Kom45] and Hu later on wrote a software package (DSC-
PACK) to handle it [Hu98]. An alternative approach to the mappings onto doubly
connected domains [DEPO1] from DeLillo, Elcrat and Pfaltzgraff led to the mappings
for a connectivity greater than two (Figure 3) [DEP04]. Some years later, Crowdy used

f
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Figure 3: Multiply connected Schwarz-Christoffel transformation: The plane
minus some disks is mapped onto an unbounded multiply connected polygonal
domain.

a tool from the area of Kleinian groups, the Schottky-Klein prime function, to state
another version of the mapping formula for multiply connected domains [Cro05]. These
newer activities are also described in [Cas08].

From this point on, the topic evolved similarly to the simply connected case. There
were efforts to construct further mappings with the tools gathered so far (e.g. [CM06]).
On the other hand, the numerics used for the mappings was improved and algorithms
were created to cope with the parameter problem (e.g. [DK11]).

Some formulas for conformal mappings onto multiply connected circular arc polygon do-
mains (Figure 4) were already published by Crowdy [CF07], [CFG11], but an approach
using methods similar to the ones of DeLillo, Elcrat and Pfaltzgraff is still missing.
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Figure 4: Multiply connected circular arc polygon domain mapping: A circu-
lar domain is mapped onto a bounded multiply connected circular arc polygon
domain.

1.3 Main Results of this Thesis

Our thesis makes some essential contributions to handling the open topics in the context
of the conformal mappings onto circular arc polygon domains.

Conformal mappings onto circular arc polygon domains contain parameters in addition
to the classical parameters of the Schwarz-Christoffel transformation. To contribute
to the parameter problem of conformal mappings from the unit disk onto circular arc
polygon domains, we investigate two special cases of these mappings. In the first case we
can describe the additional parameters if the bounding circular arc polygon is a polygon
with straight sides (Lemma 3.6). In the second case we provide an approximation for
the additional parameters if the circular arc polygon domain satisfies some symmetry
conditions (equation (3.9)). These results allow us to draw conclusions on the connection
between these additional parameters and the classical parameters of the mapping.

We are also able to prove a formula for the change of the additional parameters if
an automorphism of the unit disk is applied before a fixed conformal mapping onto a
circular arc polygon domain is used (equation (3.6)).

For conformal mappings onto multiply connected circular arc polygon domains, we pro-
vide an alternative construction of the mapping formula without using the Schottky-
Klein prime function. In the process of constructing our main result, mappings for
domains of connectivity three or greater (Theorem 4.43), we also provide a formula
for conformal mappings onto doubly connected circular arc polygon domains (Theo-
rem 4.22). The comparison of these mapping formulas with already known mappings
(Sections 4.3 and 4.5) allows us to provide values for some of the parameters of the
mappings onto doubly connected circular arc polygon domains if the image domain is
a polygonal domain (Lemmas 4.27 and 4.28).

The different components of the mapping formula are constructed by using a slightly
modified variant of the Poincaré theta series. This construction includes the design of a
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function to remove unwanted poles (Section 4.4.2) and of different versions of functions
that are analytic on the domain of definition of the mapping functions and satisfy some
special functional equations (Sections 4.4.4 to 4.4.6).

As a result of our investigations, we have found conformal mappings from circular
domains onto conformally equivalent circular arc polygon domains of arbitrary finite
connectivity.

We also provide the necessary concepts to numerically evaluate the conformal mappings
onto multiply connected circular arc polygon domains. As the evaluation of such a map
requires the solution of a differential equation, we provide a possible configuration of
curves inside the preimage domain to solve the equation along them (Algorithm 2) in
addition to a description of the procedure for computing either the formula for the
doubly connected case (Section 5.3) or the case of connectivity three or greater (Section
5.4). We also describe the procedures for solving the parameter problem for multiply
connected circular arc polygon domains (Section 5.5).

1.4 Structure of this Thesis

Our thesis can be split up in four main chapters not including the introduction (Chapter
1) and the conclusion (Chapter 6).

Basic Information

The second chapter is mainly a collection of different information scattered among
different books and articles. The intention is to have all the tools needed for the later
discussion in one common place. Only the quintessences of the different results are
stated. Any further or in depth discussion can therefore be found in the original sources.
We will also present some minor conclusions in this chapter. They are not directly
mentioned in the literature as they are of no common interest, but will simplify the
reasoning in the following chapters of the thesis.

This section consists of the topics

e Mobius Transformations: The Mobius transformations and their main prop-
erties and classification are stated.

e Schwarzian Derivative: Here the main features and some further properties of
the differential operator “Schwarzian derivative” are listed.

e Kleinian Groups: Results regarding groups of Mobius transformations are pre-
sented.

e Schottky Groups: The behavior of Schottky groups, a subtype of the Kleinian
groups, is described. We provide some additional results regarding the behavior
of such groups.

e Poincaré Theta Series: A series covering all transformations of a Kleinian group
is introduced and investigated. We further introduce a generalization of the series.
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Simply Connected Circular Arc Polygon Domains

The third chapter covers conformal mappings onto simply connected circular arc polygon
domains. First the mapping formula itself is introduced in different versions. Thereafter,
one kind of parameters contained in the formula receives some in-depth discussion.
This includes the investigation by us for the case where the parameters change by the
application of an automorphisms to the preimage domain.

We further investigate the behavior of these parameters for two classes of image domains.
Each of these classes is identified by special geometric properties. First the mapping
formula is compared with the classical Schwarz-Christoffel transformation, i.e. the image
domains are bounded by polygons. The second domain type is characterized by a
symmetry against rotation around the origin.

Multiply Connected Circular Arc Polygon Domains

In the fourth chapter, we construct the Schwarzian derivative of conformal mappings
onto multiply connected circular arc polygon domains. The construction of the Schwar-
zian derivative is done in three steps:

1. We collect the basic properties of the Schwarzian derivative.

2. We construct the Schwarzian derivative of the conformal mappings onto doubly
connected circular arc polygon domains.

3. The obtained results are extended to a Schwarzian derivative of conformal map-
pings onto circular arc polygon domains with connectivity three or greater.

The section for the mappings onto doubly connected domains and the section for the
mappings onto multiply connected domains are followed by comparisons with already
known Schwarzian derivatives of functions, which can also be seen as mappings onto
circular arc polygon domains.

Each construction step consists of several smaller steps as we have to verify the prop-
erties we found like functional equations, correct principal parts and convergence.

Numerical Approaches to the CAPD Mapping

Different aspects regarding the numerical conformal mappings onto circular arc polygon
domains (CAPDs) are discussed in the fifth chapter. The focus will be on mappings
onto multiply connected domains, since the results can also be used for simply con-
nected domains. However, the multiply connected scenario also includes several addi-
tional problems.

We establish curves in order to evaluate the Schwarzian derivative in a multiply con-
nected domain, discuss possible implementations of the Schwarzian derivative and present
some generated images. We also give a basic approach to the parameter problem for
mappings onto multiply connected circular arc polygon domains.



2 Basic Information

Since Mobius transformations will play an important role in the following sections, we
will introduce in advance several terms and facts regarding these mappings.

Many details are taken from the monograph of Ford [For51], as this text is a key refer-
ence regarding Mobius transformations and especially groups of them. An alternative
reference would be the book of Maskit [Mas88].

We will also add some own statements to better illustrate the behavior of the different
entities. We will especially provide some information about the behavior of Schottky
groups (items 2.32 to 2.37) and expand the concept of the Poincaré theta series (Lem-
mas 2.42 and 2.43).

If a lemma is taken from a specific article or book, it is marked accordingly.

For economy in notation, we will from now on call a conformal mapping simply con-
nected if it maps a simply connected domain onto another simply connected domain.
Hence, we will call a conformal mapping multiply connected if it maps a multiply con-
nected domain onto another domain of the same connectivity.

2.1 Mobius Transformations

Definition 2.1
The transformation
az+b
T(z) —
(2) cz+d

where a, b, c,d € C are constants and ad — bc # 0, is called a Médbius transformation.
If not stated otherwise, the transformation is normalized by ad — bc = 1. The set of
all Mébius transformations is denoted by M.

Some basic properties of Mobius transformations are:

Lemma 2.2 ([For51, pp. 2, 4, 9, 12])
The following statements are true for Mobius transformations:

e The inverse of a Mobius transformation is a Mébius transformation.

e Any composition of a finite number of Mébius transformations is equivalent to
a single Mébius transformation.

e Fach Mobius transformation carries a circle or straight line into a circle or
straight line.

e Any composition of an even number of reflections (against a circle or line) is
equivalent to a Moébius transformation.

The next definition will clarify the term “reflection” used in the lemma above.
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Definition 2.3
A reflection s against a circle with center ¢ and radius r is defined by

Mobius transformations have either one or two fixed points. They are divided into four
different classes according to their fixed points.

If a transformation has only one fixed point, it is called a parabolic transformation.
Transformations with two fixed points are called one of elliptic, hyperbolic or loxodromic.
We differentiate between these three cases by the fact whether the fixed points are
attractive, repelling or indifferent. The hyperbolic and the loxodromic transformations
have one attractive and one repelling fixed point, while the elliptic transformations have
two indifferent fixed points.

The class of a transformation can easily be found by the following lemma:

Lemma 2.4 ([For51, p. 23])

The transformation T'(z) = Zjig, where ad — bc = 1, is of the type stated if, and only

if, the following conditions on a + d hold:

Hyperbolic if a + d is real and |a + d| > 2
Elliptic if a + d is real and |a + d| < 2
Parabolic ifa+d=+2

Loxodromic if a + d is complex.

Since hyperbolic and loxodromic transformations have a similar behavior regarding their
fixed points, some books like [Mas88] define the hyperbolic transformations as a subtype
of the loxodromic transformations. Hence, they refer to both kinds of transformations
by the term loxodromic.

The mapping behavior of a Mébius transformation can partially be described by the so
called isometric circle.

Definition 2.5
The circle

lcz+d| =1, c#0,

which is the complete locus of points in the neighborhood of which lengths and areas

are unaltered in magnitude by the transformation T'(z) = gzzjfs normalized by ad—bc =

1, is called the isometric circle of the transformation. The circle has the center u := —%

and radius |c|™.
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Lemma 2.6 ([For51, p. 25])
For the isometric circle of a transformation T' the following is true:

e Lengths and areas inside the isometric circle are increased in magnitude, and
lengths and areas outside the isometric circle are decreased in magnitude, by
the transformation.

e A transformation carries its isometric circle into the isometric circle of the inverse
transformation.

2.2 The Schwarzian Derivative

The Schwarzian derivative is a differential operator, which is invariant against Mobius
transformations. It is used in many parts of complex analysis. A good overview of its
many applications can be found in [Osg98].

We will list in this section the properties of the Schwarzian derivative necessary for our
discussion. For the following lemmas, we suppose all functions to be sufficiently often
differentiable.

Definition 2.7
The Schwarzian derivative { f,z} of a function f of one complex variable is defined by

= (58 L (59"

The Schwarzian derivative is often simply called the Schwarzian.

For a composition of functions, the Schwarzian has the property:

Lemma 2.8
The Schwarzian derivative of a composition of two functions can be written as

{fog.zt ={f.9(2)} ' (2)* + {g,2}.

The main property of the Schwarzian derivative is its invariance against Mobius trans-
formations.

Lemma 2.9
The Schwarzian derivative {T',z} is identically zero if and only if T is a Mobius
transformation T' € M.

This allows us to state:
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Lemma 2.10
The Schwarzian derivative of a composition of a holomorphic function f and a Mébius
transformation T, is either of the form

{Tof,zy={fz} or {foT,z}=T()*{f.T()}

Pre-Schwarzian

In the context of the classical Schwarz-Christoffel mapping, the pre-Schwarzian is used.
It is a pre-stage of the Schwarzian derivative with the property of being invariant against
translation, rotation and scaling.

Definition 2.11
The pre-Schwarzian of a function f is defined by the quotient L.

The pre-Schwarzian has no special notation in the common literature.

The main property of the pre-Schwarzian can easily be derived by calculation:

Lemma 2.12

The pre-Schwarzian is invariant under translation, rotation and scaling.

For two functions f and g = af + b, where a € C\ {0} and b € C, it is true
f// g//

g

2.2.1 Solving the Schwarzian Derivative

The Schwarzian derivative is in most cases not solved in the form of a differential equa-
tion of the third order, but as a system of second order differential equations according
to the following lemma.

Lemma 2.13 ([Hil76, Chapter 10])
Let y1 and yo be two linearly independent solutions of the equation

y'+Q2)y =0, (2.1)

which are defined and holomorphic in some simply connected domain D in the complex
plane. Then

10
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satisfies the equation

{f,2} =2Q(2) (2.2)

at all points of D where y2(z) # 0. Conversely, if w(z) is a solution of (2.2), holo-
morphic in some neighborhood of a point zy € D, then one can find two linearly
independent solutions, u(z) and v(z), of (2.1) defined in D so that

and if v(zp) = 1 the solutions u and v are uniquely defined.

It is important to note that this version of solving the Schwarzian demands a simply
connected domain. This is less a necessity of the Schwarzian, but of differential equa-
tions in the complex domain.

The common way of solving differential equations is to start at some point zy with some
initial values and then solve along different curves. Each curve allows us to extend the
domain by usage of the monodromy theorem [Hen74, Theorem 3.5¢c|. Hence, we get a
solution for the whole domain by using enough curves and merging the results.
However, this method demands that the results of the different curves match, i.e. ev-
ery solution from zg to z; should yield the same value for z;. While this property is
guaranteed for simply connected domains, it is not ensured for domains of greater con-
nectivity. As the curves surround the boundary components in different ways, they can
lead to different solutions at the same end point (Figure 5). For example, if one curve

Figure 5: The image of a cut up domain can contain a gap or overlap. Hence,
two different curves starting in the same point can yield different values for
points on the cut.

surrounds one of the holes of the domain clockwise, it could lead to another branch, as
the curve surrounding the hole counterclockwise.

Hence, it is possible to solve the Schwarzian by the method given above on multiply
connected domains, but it may lead to multivalued results. These multivalued results
indicate that the mapping is not a valid, i.e. well-defined, multiply connected mapping.

11



2 Basic Information

A simple example would be the function f(z) = v/z + a. The result of the mapping of
the annulus r < |z| < 1 depends on the choice of the shifting parameter a. If a is in
the interior of the smaller bounding circle of the annulus |a| < r, we need to insert a
suitable slit into the domain for a well defined mapping. In this case, we then only have
a simply connected mapping (Figure 6(a)).

If the parameter lies outside of the annulus |a| > 1, the function is a well defined
doubly connected mapping (Figure 6(b)).2 In the case where the parameter is inside

(a) The simply connected image of (b) The doubly connected image of the
1 5

the slitted annulus for a=73. annulus for a=7.
Figure 6: The image of the annulus 3 < |2| < 1 for the mapping v/z + a is
either a simply connected domain for |a| < % (left image) or a doubly connected
domain (right image), depending on the fact, if it is necessary to cut up the

annulus.

the annulus r < |a| < 1, we have to combine the two versions and insert a suitable slit
from a to the outer boundary of the annulus. The result is a mapping of the slitted
annulus onto a doubly connected domain.

Therefore, the validity of a given Schwarzian in a multiply connected context may not
be clear in advance.

A possible approach to handle this problem would be to cut the domain down to simple
connectivity (Figure 7). The differential equation can then be solved on the now simply
connected domain. To reassemble the domain afterwards, one needs to ensure that the
solutions of both sides of each cut match.3

Let D be a doubly connected domain and Dg a simply connected version of D produced
by connecting the boundary components by a slit. If we denote the cut by ~ with the
two sides 4T and 7~, we need to assure for a solution f that f(" () = f(")(y7),
n=0,...,00. However, instead of validating the whole cut, one may only examine one
point and its derivatives.

2The logarithmic slit has to be chosen accordingly.
3The reassembling itself can be justified by e.g. [Hen74, Theorem 5.11a].

12



2.2 The Schwarzian Derivative

Figure 7: Any (m-+1)-connected domain can be reduced to simple connectiv-
ity by inserting m non-intersecting slits (blue lines) connecting the boundary
components. The resulting domain is not unique.

If we use the Schwarzian derivative as an example, the initial values consist of f(zp),
f'(20) and f”(zp) at some point zyp € D. We can solve twice from zy to some point
21 € 7 to get values for 2;7 € v and 2; € v~ (Figure 8). If we continue the solution
process from both points along 7, we get values for v+ and v~ respectively. Hence, if
we have for z;

f(zfr) = f(Zf), f,(zfr) = f/(Zf), fﬂ(zf) = f”(Zf),
the solutions starting in z; either along y* or 4~ coincide, as they have the same
initial values. This means that with equal initial values at one point on =, we have
fM(yT) = f(y7) for all n € NU{0}. Note that the property f™(z) = f™(z])
can be verified for a fixed n by

/f("+1)(z)dz =0
é

for a curve § € Dg from z; to 2] enclosing one of the boundary components of D.
If we want to solve the Schwarzian derivative on a (m + 1)-connected domain bounded

by the curves Cj, where j = 0,...,m, we can apply the same procedure but with m
cuts*. Hence, we have to check the 3m complex integrals
/ Ff®(dz=0, j=1,....m, k=123, (2.3)
9;

where each J; encloses only the boundary component Cj.

2.2.2 Further Properties

We state some further properties of the Schwarzian derivative, which will be of great
use in the following chapters.

4The layout of the actual cuts is not important as long as it leads to a valid simply connected domain.
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2 Basic Information

’Y+
~-

(a) An annulus (b) An unbounded doubly connected domain

Figure 8: Two examples for a cut v, with its sides y© and 7, connecting
the boundary components, and an enclosing curve § for one of the boundary
components.

Lemma 2.14
Simple poles of a meromorphic function f do not appear in its Schwarzian derivative.

Proof. Since the function f is meromorphic, it can be written in the form

f(2) = oy a0+ alz =)+ 0(( = 5)?)

for each of its simple poles s. Therefore, the quotient in the Schwarzian is of the form

1"(2) -2 N <—2a1

a_q

ORNECED)

( /<(j))> (2—23)2 * Cz_cil) +0((z - s)"),

(f/’/((j))>2 — et (3) roe- oM,

{f,2} = (;2‘11> - % <Sai> +O((z — s)Y).

Therefore, {f, z} is holomorphic at s, what proves the lemma. ]

) (z—5)+O((z—s)?).

This leads to

S~

=

and concludes in

14



2.2 The Schwarzian Derivative

The statement above is quite intuitive, as the location of a simple pole can easily
be altered by Mobius transformations. A simple pole s of f can be mapped onto a
finite point w by a suitable transformation 7' € M, where w = T(oc), and so the
function T o f is finite at s. However, the Schwarzian must be equal for both functions
{Tof,z} ={f, 2} as it is invariant against such transformations. This means that this
pole can not appear in the Schwarzian derivative.

We also want to state the connection of the Schwarzian derivative of a function with its
mapping behavior, a fact that in most textbooks only occurs as an exercise (e.g. [Ahl73,
p. 21]). A more explicit form can be found in the article [CPO1].

Lemma 2.15 ([CPO01])
Let z = z(t) be an arclength parametrized curve contained in the domain of the
holomorphic mapping f and let w(t) = f(z(t)) be the image curve. The curvature of

w is given by
o) = 17 (1 (5 4 10).

with s denoting the arclength parameter of the image curve.
The change of the image curvature is further given by

%_71 m 2/2 z %
= e (m (0D + ).

If z is a circular arc z(t) = rev + c, this simplifies to
dr 1

& =TT (Im ((=")2{f, 2})) . (2.4)

Proof. As implied by the fact that the proof is often an exercise, the lemma can be
shown by a straight forward calculation.

Let z = z(t) be an arclength parametrized curve, so the curvature is given by k(t) =
% arg (2/(t)). The curvature of the image curve w(t) = f(2(t)) is given by

o) = oo ') = e (1 ((F0)) )+ 000)

where s denotes the arclength parameter of the image curve and z should be read as
z(t). Further differentiation yields the relation

dj_il 1m 2/2 z dﬁ
T = e (m (0 + ).
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If the curve is a circle z(t) = rer +c, we get 2'(t) = ie' k(t) = 1 and k/(t) = 0. This
leads to
dr 1

e W Im ((z')2{f, z})

The lemma above can be simplified to:

Lemma 2.16 .
For a conformal mapping of a circular arc T' in the form z(t) = rer + ¢ onto a circular

arc f(I'), the condition
(z—c)*{f.z} R

holds for all z € T.

Proof. If the image curve is a circular arc, its curvature must be constant and therefore
the rate of change of the curvature must be identically zero. As a result, equation (2.4)

from the preceding lemma simplifies to

Zﬁwém (Im((z)*{f.z) =0 = Tm((z)*{f.z}) =0.

Replacing 2/(t) = ie" with 1(z —c) gives

Im((z—¢)?{f,2})) =0 & (z—c)*{f,2z} R

There is also a connection between the Schwarzian and the univalence of a function.
The first work on this connection was by Nehari, while it was later on extended in

several directions.

Lemma 2.17 ([Neh48))
In order that the analytic function f is univalent in |z| < 1, it is necessary that

6
\{fvz}\ﬁm

Many generalized versions are now available. An overview can be found in [Osg98|.
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2.3 Kleinian Groups

2.3 Kleinian Groups

This section will present basic results regarding groups of Mobius transformations.

Definition 2.18
A finite or infinite set of transformations G C M is said to form a group if,

e the inverse of each transformation of the set is a transformation of the set, i.e.
TeG=T"'ed

e the succession of any two transformations of the set is a transformation of the
set,ie. T, U e G=ToU€Q@q.

We want the groups to satisfy the following property:

Definition 2.19

A group G C M is properly discontinuous at a point zg € C if there exits a region
S enclosing zy such that all transformations of the group, other than the identical
transformation, carry zy outside of S.

A group G C M who is properly discontinuous at some point zg € Co, is called
properly discontinuous.

The set of all points at which G C M is properly discontinuous is denoted by €.

We will suppose from now on that every group is properly discontinuous, as it is a
requirement for most statements regarding such groups.

A characteristic feature of each group of Mdbius transformations is the fundamental
region.

Definition 2.20

Two configurations (points, curves, etc.) are said to be congruent with respect to a
group if there is a transformation of the group other than the identical transformation,
which carries one configuration into the other.

Definition 2.21

A region, connected or not, no two of whose points are congruent with respect to a
given group, and such that the neighborhood of any point on the boundary contains
points congruent to points in the given region, is called a fundamental region R for
the group.

There are some interesting facts about the isometric circles (Definition 2.5) of all the
transformations of a group.

17



2 Basic Information

Lemma 2.22 ([For51, p. 41])

Let G be a properly discontinuous group of Mobius transformations.

The radii of the isometric circles are bounded and the number of isometric circles with
radii exceeding a given positive quantity is finite.

Let {I,,} be an infinite sequence of distinct isometric circles Iy, Io, ... of transforma-
tions of the group, with the radii being r1,r9, ..., then limy, o 7, = 0.

The properties of the isometric circles lead to the idea of the limit set.

Definition 2.23

A cluster point of the centers of the isometric circles of the transformations of a group
is called a limit point of the group. A point which is not a limit point is called an
ordinary point. The set of limit points of a group is denoted by A.

The set of all limit points of a group is often called the limit set of the group.

With the concept of the limit points, we can distinguish the groups of Mobius transfor-
mations.

Definition 2.24 ([For51, p. 66))
A properly discontinuous group is called

Elementary if the group is finite or has only one or two limit points

Fuchsian if all the transformations have a common fixed circle and each transforma-
tion carries the interior of the fixed circle into itself

Kleinian if none of the above matches

The term Kleinian group is often also used for all types of properly discontinuous groups
of Mobius transformations (e.g. in [Mas88, p. 16]). We will also assume the elementary
and Fuchsian groups to be special cases of the Kleinian groups for a easier notation.

The set of all limit points of a group has the following interesting properties:

Lemma 2.25 ([For51, p. 43],[Mas88, p. 96])
For the limit set the following is true:

e The limit set is transformed into itself by any transformation of the group.
e If the limit set contains more than two points, it is a perfect set.

e The limit set of a non-elementary Kleinian group is the closure of the set of
loxodromic and hyperbolic fixed points.

18
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The introduction of the limit set allows us to partition the Riemann sphere:

Lemma 2.26 ([Mas88, p. 24])
For any group G of Mébius transformations with fundamental region R, C, is the
disjoint union of A and Q0* D Jrcq T(R).

The set Q* D 1 is the regular set of G and the difference 2* \ Q are fixed points of
elliptic elements of G ([Mas88, p. 23, 25]). Hence, Q* = €, if G does not contain elliptic
transformations. The difference O* \ Upcq T(R) is the union of the transformations of
OR\ A. If the boundary of R does not contain any limit points, we can write Q* as the
union of the transformations of the closure of R

0" = | J T(c(R)).
TeG

Hence, every point on the Riemann sphere is in this case either congruent to a point in
the closure of the fundamental region or a point in the limit set.

2.4 Schottky Groups

The following chapters will often refer to a subtype of the Kleinian groups known as
Schottky groups. Hence, we will present further results regarding these Schottky groups.
We will also give some facts, which are not stated explicitly in the standard books about
Kleinian groups, but will simplify the later discussion. This particularly covers the topic
of the mapping dynamics of the Schottky groups.

Definition 2.27

A Schottky group is defined by 2n disjoint circles, C1,C, ..., Cy, C}, which are exter-
nal to one another and bound a domain D C C,, and by n elements T1,...,T,, € M.
Fach T} carries C into CJ’. in such a way that the exterior of C; is carried into the
interior of C.

The Schottky group G is generated by 11, ...,T, and has D as a fundamental region.

We can even further restrict the group by:

Definition 2.28

Suppose the n pairs of circles C1 and C{, Co and C}, etc., bounding the fundamental
region of a Schottky group are symmetric with respect to a common circle Cy and let
sj, j = 0,...,n, denote the reflection against the circle C;. If each of the transforma-
tions T} carrying C; into C]’- (and the exterior of C; into the interior of C;) is given
by T; = sg o s, we call the Schottky group symmetric.

The name for this specific type of Schottky group is taken from [Bur91].?
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1 1
'~ B
Ty * C3 J

. ’
Se R4

(a) A Schottky group: The group is generated (b) A symmetric Schottky group: The circles
by the transformations T}, which map the cir- Cj and C; are symmetric with respect to the
cles C; onto the circles C. circle Co.

Figure 9: The images show the circles C; and C’]’- of a general and a sym-
metric Schottky group. The white area outside of the gray-filled circles is the
fundamental region for each of the groups.

The Mébius transformations produced by two consecutive reflections as in the definition
above can be written as:

Lemma 2.29
Two consecutive circle reflections
2 2
T T
1 2
s1(2) = —— + a1, s9(2) = —=— +ca,
zZ—C1 Z — C2

form the Mébius transformation

(|cal? — r% —¢162)z + (Jer?ea — etlea)® + T%Cl — T%CQ)

(2 —a)z+ (|ea]? —rf — c1é2)

(82 o 81)<2) =

This allows us to state:

Lemma 2.30
The generators of a symmetric Schottky group are hyperbolic.

SBurnside himself refers to Poincaré, but without any exact reference.
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2.4 Schottky Groups

Proof. A Mobius transformation is hyperbolic if the “trace” is real and greater than
2 according to Lemma 2.4. Each of the generators can be written as two successive
reflections. Without loss of generality, we denote them by s; and s3. The trace of
s9 0 s1 is (according to the previous lemma) of the form

(o —r3 —aco) + (leif —ri—a®) _|la—elf-ri-r 5

172 172

a+d=

The denominator 7179 is necessary, as we need to ensure ad — bc = 1.
As the circles bounding the fundamental region of the Schottky group are not allowed

to touch, we have
lc1 —co| > 711+

what leads to

_ le1 — e2|? — 12 — 13 S (r1 +79)2 —r? — 12

rr2 rira

= 2.

a+d

While the statement above can easily be seen, there is a more general result.

Lemma 2.31 ([Mas88, p. 312])
Let G be a Schottky group, then G consists only of loxodromic and hyperbolic trans-

formations.

As we will use the behavior of Schottky groups in the following chapters, we want to
extend the common results by additional information. We will therefore introduce and

justify some new notations.

Definition 2.32

For a Schottky group G, the extended generating set gen(QG) refers to the generating
transformations of G and their inverses, i.e. the transformations Tjﬂ, where each TjjEl
maps one of the n circles pairs Cy, C1, ..., Cy, C] into each other:

gen(G) :={Th,..., T, T, %, ..., T, '}

To simplify the notation of the following lemmas and proofs, we will use
+1 . v -1 ._ v +1 .
C;l =0y, C; =0 " =15

In this way, we are able to state that each

T € gen(G) = {T | TH(C;®) = C% j = 1,...,m a € {~1,+1} }

maps the fundamental region into the circle C7.
We will also shorten the notation of compositions by TU = T oU, since we want to write

21
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the transformations of a Schottky group as a sequence of its (extended) generators. If
in the following a transformation is split up by

U=U;...Up,
it has to be read as
U=U;...Upy, whereUje€ gen(G),Uj41 # Uj_l,j =1,....,m-—1

if not stated otherwise. This will allow us to restrict our investigations of the mapping
behavior of the group to the mapping behavior of the generating transformations.
One result regarding the position of a point U(z) is:

Lemma 2.33

Let G be a Schottky group and the mapping U = Uy . ..U, be an element of GG, where
Uj € gen(G) = {T1,..., T, Ty ',..., T, '} and Ujy # U

Let further z be a point outside of C; " if Uy, = T}', n € {-1,1}.

Then the point U(z) is inside the circle C} if and only if Uy =T}, v € {—1,1}.

Proof. By the definition of the Schottky group, 7' maps the exterior of C; " onto the
interior of C!. As a consequence, Uy, (z) = T'(z) is in the interior of C' if z is outside
of C;.

Since no consecutive transformations are allowed to be inverse to each other, the “out-
side of” condition is automatically satisfied for the next transformation U,,_1. There-
fore Up,—1Up (2) lies in C}' for Up,—1 = T}".

Actually, T}" is the only transformation which can move Up,(z) into C/', as any other
transformation would map U,,(z) into its corresponding circle. The only exception
would be T; ", since it maps the interior of C onto the exterior of C; " and the
interior of Cl“ lies in the exterior of C; . However, U,_1 = T " is prohibited by
Uiq1 #U j_l.

Successive applications of the remaining transformations yields the result. O

Note that the “outside of” condition in the lemma is satisfied if z lies in the fundamental
region. Hence, we can expand the lemma above to the following one.

Lemma 2.34
Let G be a Schottky group and the mapping U be an element of G.
The factorization

U=U,...Up,

where U; € gen(G) and Ujq # Uj_l, is unique.
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2.4 Schottky Groups

Proof. Let zy be a point of the fundamental region of G.

Suppose there are two different factorizations U = Uy...U, = Vi...V,. Hence,
W =U,'...U'Vi...V, must be the identity. We rename the transformations of T
to W = Wy ... W, after removing inverse pairs of transformations to ensure W; # ]]_11
forj=1,...,v—1. W does not vanish completely in this process, as the factorizations
are different.

The transformation Ws...W, has to map zy inside a circle Cf, i.e. outside of the
fundamental region, or it is itself the identity. If W5 ... W, is the identity, so must Wy
also be the identity id ¢ gen(G), violating the condition W; € gen(G).

Therefore Wa ... W, maps zy inside C}', which means that according to Lemma 2.33
Wy = T € gen(G). Hence, Wi has to map (Wa...W,)(2) into the fundamental
region. However, the only transformation with this property would be T, *, which is
not allowed by the condition W; # Wj]_ll. This leaves us with no possible choice for
Wi.

As either way leads to a contradiction, the assumption must be false, which proofs the
lemma. O

While we do not want to introduce too many terms of group theory, there is a fact
worth noticing: The uniqueness of the factorization is equivalent to the property that
the Schottky group is free. Because this property is true for all Schottky groups [Mas88,
p. 312}, the proof above is actually redundant.

Nonetheless, uniqueness allows us to define a useful size for the transformations of a
Schottky group.

Definition 2.35

Let G be a Schottky group and the mapping U be an element of G.

The length of a transformation U is defined by the number of generating transforma-
tions necessary to compose it

U| = |Uy...Up| =m,

where U; € gen(G) and Uj11 # Uj_1 for j =1,...,m — 1. The length of the identity
is zero, i.e. |id| := 0.

The set gen(G) can be seen as the transformations with length one
gen(G)={T|T eG; |T|=1}.

The same property, but with an alternative definition, is called the grade of a transfor-
mation in [Aka64].

We want to continue our investigations by shifting our focus to the limit points of the
group. It is known that the images of the fundamental region cluster around the limit
points, but we are able to better specify this behavior in the context of Schottky groups.
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Lemma 2.36

Let G be a Schottky group and D its fundamental region. Let further be a fixed point
of T € G, where |T?| = 2|T|, and Gp C G a set containing transformations U € G,
where |T| < |U|, that does not begin with neither T nor T~1, i.e. |T~U| > |U| — |T|
and |TU| > |U| — |T.

The distance |U(z) — |, where z € D and U(z) # oo, has a common lower boundary
for all U € Gr.

Proof. The domain T'(D) is bounded by the circles T (C]‘-l), as they are the mappings of
the boundary of D. The mappings of D, which lie near to T'(D) are T'(W (D)), where
W € gen(G), as they have one boundary component in common because of WJ‘?‘(C’; Y =
Cs. The domain enclosing T’ (D) is the one with the shortest transformation, i.e.
|TW| < |T|, what implies for T' =Ty ... T, that W = T,!.

Therefore, each of the holes of T'(D) contains one of the domains T'(W (D)) with the
exception of W = T,;1. In this manner, we can reach the domains inside the holes of
each T(W (D)), by applying further transformations, and so the convex hull ch(7T'(D))
of T(D) contains all the domains T(V (D)), where V € G and V; # T}, while all
other mappings of D must be outside. Additionally, the condition |T?| = 2|T'| implies
that Th # T,,,%, and so T"T1(D) C ch(T™(D)).

If [ is the attractive fixed point of T', we have

ILm T"(2) =1, z € D. (2.5)

This means that every neighborhood of [ contains points that lie in the interior com-
plement ch(T(T1(D))) of T(D), and so [ has also to be in this complement.

If U does not begin with T, U(z) (z € D) lies in a domain outside of the convex hull of
T(D), while [ lies inside of it. Therefore, |U(z) — | > ¢ has a positive lower boundary.
Repeating the steps above for 7! and its attractive fixed point (the repelling fixed
point of T) yields the result. O

If we investigate the movement of a limit point [ under transformations of the group,
we get:

Lemma 2.37

The points congruent to a fixed point | of a transformation T’ € G of a non-elementary
Schottky group G with respect to the group G form a proper subset of the limit set.
This subset is given by the fixed points of the transformations UTU !, where U € G.

Proof. According to Lemma 2.25, [ = T'(I) is an element of A. Hence, each point
congruent to [ is also an element of A. If [ is mapped by V € G, we have

(VIV=HV(1) = (VI)(1) = V(1).
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This means V() is a fixed point of VI'V~!t € G and {V(I)|T() =1,V € G} C A.

If we want to show that {V(I)|T'(I) =1, V € G} is a proper subset of A, it is enough
to prove that the only transformations in G with coinciding fixed points are the pow-
ers T", n € Z \ {0}, of the same transformation 7. Hence, there are transformations
whose fixed points we can not reach. Note that two transformations of the group can
not have only one fixed point in common. Maskit [Mas88, I.D.4] stated that if 7" has
exactly two fixed points and T and U share exactly one fixed point, then TUT U~}
is parabolic. However, as TUT~'U~! € G this would contradict Lemma 2.31.
Suppose T, U € G have the same fixed points, where T% # X8 = U?” for any combina-
tion «, 8,7 € N and any X € G, and |T| = n, |U| = m. Further suppose that they are
normalized so that Uy # U,;!, as this allows to conclude that |[U7| = v|U|. Otherwise
replace U = VUV 1 by Uand T by VTV, Let I be the common attractive fixed
point and [ the common repelling fixed point, or else we have to interchange 7" and/or
U with their inverses.

Following the proof of Lemma 2.36, [ lies in ch(71(D)) as every neighborhood of ! con-
tains infinitely many domains 77(D) that are subsets of ch(Ty(D)). However, [ is also
in ch(U1(D)) and we can conclude that Uy = Ty as Uy, T € gen(G). By investigating
the location of [, we obtain U;' = T:-1. We can conclude from U; # U, that also
Ty # T;'. Hence, we have | € ch(T%(D)) and I € ch(U?(D)) for all o, 3 € N.

The domains T +2(D) and U™"2(D) are inside ch(T™%!(D)) as they lie in a neigh-
borhood of I and the transformations 72 and U"*? are of greater length than
T+, Hence, they have the same starting sequence of transformations of gen(G),

and so T = U™, where |T™| = |U"| = nm. The comparison of both forms yields
Tm = (X&)™ = (X%)" = U" for |X| = k = ged(n,m) and X € G. However, this
leads to a contradiction. O

2.5 Poincaré Theta Series

In the context of Kleinian groups, there is a special type of functions called the Poincaré
theta series. A Poincaré theta series is defined by a sum over all transformations of the

group.

Definition 2.38
Let G be a properly discontinuous group of Mébius transformations and R(z) a ra-
tional function, none of whose poles is at a limit point of the group. The series

0(z) :=>_ T'(2)’R(T(2)), vEeEN, (2.6)
TeG

over all transformations of the group is called the theta series of Poincaré.

The series is also often referred to as the “Poincaré series” to avoid confusion with other
theta series.
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The most interesting feature of the theta series is its functional equation:

Lemma 2.39 ([For51, p. 103])
Every Poincaré theta series 6 for the group G has the property

0(T(2)) = T'(2)""0(2)

for every transformation T' € G of the group.

Proof. Calculation yields
0(T(2)) = Y U'(T(2))" R(U(T(=)))

UeG
=T'(2)7" Y V()" R(V(2)) = T'(2)0(2).

Ved

The operations above are allowed as V = U o T is also a transformation of the group
and the order of summation can be changed since we have absolute convergence, as it

O]

can be seen below.

As with most series, convergence is a great issue. The convergence of the theta series
is ensured by the following lemma:

Lemma 2.40 ([For51, p. 105])

If v > 2 and if the point at infinity is an ordinary point of the group, then the
theta series (2.6) defines a function which is analytic except possibly for poles in any
connected region not containing limit points of the group in its interior.

Proof. While a full proof can be found in [For51], we only want to state the basic idea.
If we stay away from the poles of R, their congruent points and the centers of the
isometric circles, the function R(7'(z)) is bounded by

|R(T(z))] < mj.

The derivatives of the transformations on the other hand are decreasing with |c|~2 as

(rt)

Note that —% tends to one of the limit points, while |c| goes to infinity. Combining

we have

1 —2 -2
T = (cz+d)? = | < e~ ma.
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these information gives

> T'(2)"R(T(2))

TeG

< E le|"mEm;.

TeG

Hence, the theta series converges as stated in the lemma for v > 2 if
Z le| ™ < 0.
TeqG
O

The proof above requires the convergence of the sum Y |c|~*. Therefore we also need
the following lemma to ensure the convergence of the Poincaré series.

Lemma 2.41 ([For51, p. 104])

If the point at infinity is an ordinary point of the group G, then the series Y . |c
converges for n > 2, while in the summation the finite number of terms for which ¢ = 0
are omitted.

’—Qn

Note that the values |c|~! represent the radii of the isometric circles (Definition 2.5),
which are shrinking by Lemma 2.22. Also we expect the finite subset of transformations
with ¢ = 0 to be omitted for every sum >, [¢| ™, even if it is not stated explicitly.®

One may wonder, why the limit points of the group are prohibited as possible poles of
R. This is because otherwise R(7'(z)) can be unbounded for transformations 7" with a
great length, i.e. |T'| — co. We want to specify this behavior by the following lemma
found by us.

Lemma 2.42

Let G be a Kleinian group, oo ¢ A, l € A, and M a closed subset of C, \ A.

There is a common constant m > 0 for all T € G with a coefficient ¢ # 0, where
T(z) = (az+b)/(cz + d), so that

le|2m < |T(2) =1, z € M.

If | is an attractive fixed point of T € G, let Gp = {T"|n € N, ¢, # 0} C G
denote the subset containing the powers T"(z) = (anz + by)/(cnz + dy) of T and let
M be a closed subset of Co, \ (AU {U~(c0)|U € Gr}). There are two constants
my, > my > 0, so that

len| 72my < |T™(2) = 1| < |en] ™ 2ma, zeM. (2.7)

STf there are infinitely many transformations with ¢ = 0, then infinity is a limit point of the group. If
G is a Schottky group and infinity an ordinary point, the only transformation with ¢ = 0 is the identity.
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Proof. Calculation yields

, 2= z =1
T(z) =1=T(z)-T() = Az + Y+ 9) - Az —u)(l' —u)’

C

where u = —% is the center of the isometric circle of T'. Since oo € A, there is a circle
around infinity containing neither limit points nor centers of isometric circles. Hence,
we have [I' —u| <ejand 0 < eg < |z —U|/|z—wu|forall z€ M,!' e Aand T € G. We
therefore find

z—1
T() =1 =|e|? | —————| > || ?m.
1) 1= e | =g > bl
If [ is an attractive fixed point of T, I’ = [. As u, = —(Ci—" approaches the repelling

fixed point of T we find |l — u,| > 3 > 0 and since \f”(2)| < 00, we also have
|z — un| > &4 > 0. Hence, we have

z—1
(z — up)(l — up)

my < < My,

O]

The summands R(7'(z)) of a Poincaré series can be unbounded for |T'| — oo according
to equation (2.7) if R contains a pole at a limit point. However, the convergence of the
Poincaré series depends on the fact that R(T'(z)) is bounded, and therefore poles at
limit points are excluded in the definition of the Poincaré theta series.

To investigate the case where the rational function R has a pole at a limit point, we
introduce a modified Poincaré theta series by dropping the restriction of Definition 2.38
prohibiting these poles. To show the convergence of this modified series, we found an
adapted version of the convergence Lemma 2.40:

Lemma 2.43

Suppose exactly one of the poles of the rational function R of the (modified) Poincaré
theta series is at a limit point of the group and of order k € N.

If v—k > 2 and if the point at infinity is an ordinary point of the group, then the theta
series defines a function which is analytic except possibly for poles in any connected
region not containing limit points of the group in its interior.

Proof. The concept of the proof is similar to the preceding version for the classical
Poincaré series [For51, p. 105]. However, this time we need Lemma 2.42 to find an
upper bound for R(T'(z))

[R(T(2))] < |T(2) = 1| Fmy < [ef**m.
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2.5 Poincaré Theta Series

The new bound leads to

> T'(2)"R(T(2))

TeG

< Z ’C’—QV‘C‘ka3 = mg Z ’C’—Q(u—kz)'

TeG TeG

The sum 3 pcc [e| 2% converges if v — k > 2 according to Lemma 2.41. O

For Poincaré series with a rational function R containing several poles at limit points,
we have to split up R by partial fraction expansion to generate several Poincaré series.
Then we can apply the lemma to each of them.

In the following, we will not distinguish between the Poincaré theta series and its mod-
ified version. A given series can be classified by investigating the poles of the rational
function R.

In some special cases, a Kleinian group permits the stronger convergence property
3 le|™2 < 00.” In the following, we list some scenarios regarding the convergence of

> e 72

Lemma 2.44 ([For51, p. 106])
For a Fuchsian group G of the second kind®, for which the point at infinity is an
ordinary point, the sum > p.q |c| ™2 converges.

The lemma above is stated in [For51], where [Bur91] is referred.

Lemma 2.45 ([Sch87])

Let G be a Schottky group, whose fundamental domain is bounded by the 2n circles
C1, Cf,...,.Cp, CI.

The sum ) e |c|=2 converges if it is possible to separate D into a sequence of triply
connected domains by adding circles C’J'/ that are disjoint with each other and the
circles Cy, and Cj.

The original lemma by Schottky stated the convergence of the radii of the circles T'(C})
and T (C;) instead of the convergence of the sum > |¢|=2. However, the convergences
of the sum of the radii and of 3" |¢|~2 are equivalent. If we denote with r;r the radius
of T'(Cj), there is the following lemma. (Note that C} can be written as T'(Cj) for a
suitable T'.)

"Burnside stated the conjecture that this is always possible for Schottky groups, but it was later
disproved by Myrberg. See [Aka64] for references.

8 A Fuchsian group of the second kind has the property that the limit set is nowhere dense on the
common fixed circle of the transformations.
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2 Basic Information
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Figure 10: The fundamental domain of the Schottky group bounded by the 6

gray-filled circles can be separated into a sequence of triply connected domains
by the dashed circles.

Lemma 2.46 ([Aka64])
Let G be a Schottky group, whose fundamental domain is bounded by the 2n circles
C1, C1,...,Cp, C},. Let further rjr be the radius of T(C;), where T € G, and v € N.

n
The series Y |c|™ converges if and only if > Y (rjr)"/? converges.
TeG Teq j=1

Hence, the convergence of the sum over the radii is equivalent to the convergence of the
sum > |¢| 2.

There is also a connection between the convergence of Y |c|™2 and the Hausdorff
dimension of the limit set of the group. This topic and some additional conditions
for the convergence of _ |c|~2 can be found in the works of Akaza e.g. [Aka64].
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3 Simply Connected Circular Arc Polygon Domains

We wish to investigate conformal mappings from the unit disk onto simply connected
circular arc polygon domains (Figure 11). This conformal mappings were first investi-
gated by Schwarz in 1869 [Sch69], but still contain some open questions.

T Ty

b2 D1 f (pg) f(pl)

/
RN

" " 7 (0s) (o)

Figure 11: The unit disk is conformally mapped onto a simply connected
circular arc polygon domain. The points p; on the boundary of the unit disk
represent the preimages of the vertices of the CAP.

Before we investigate the mappings itself, we define the term “circular arc polygon
domain”.

Definition 3.1

A circular arc polygon (CAP) is a closed curve § : [0,1] — C that is a continuous union
of finitely many circular arcs and line segments. Hence, there is a finite partition
0=t <ty <...<tpy1 =1, wheren > 2 and n € N, of the interval [0, 1] such that
each interval [ty,tp41] for kK =1,...,n is mapped onto a circular arc or line segment.
A circular arc polygon domain (CAPD) is a finitely connected domain whose boundary
components are circular arc polygons.

Not every circular arc polygon is suitable to be a boundary component of a circular
arc polygon domain. Some of them are only able to be a boundary component of a
domain if the domain is a subset of a specific component of their complement (Figure
12). For example, a self-intersecting curve can not be the outer boundary of a connected
domain. The circular arc polygons that can bound a domain are either simple closed
curves, simple arcs? or a finite union of these types like a simple curve with an attached
arc.

Since we will use the circular arc polygons as boundary components, we suppose for

9The term “arc” refers here to a simple not-closed curve. The curve is no longer simple if it is
reparametrized to be closed.
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3 Simply Connected Circular Arc Polygon Domains

(a) An unbounded CAPD, (b) A CAP containing an arc (c) A CAP that self-intersects
which is bounded by a self- bounds a bounded CAPD. twice can not be a boundary
intersecting CAP. component of a CAPD.

Figure 12: Some CAPs can only be an outer boundary component (figure
part (a)) or an inner boundary component (figure part (b)) of a CAPD. Some
CAPs can not be a boundary component of a CAPD at all (figure part (c)).

the following investigations that all circular arc polygons are able to bound a domain
at least in the required component of their complement. Therefore, it depends on the

& @ 6

(a) connectivity one ) connectivity two ) connectivity three

Figure 13: CAPDs can have various shapes and different connectivity.

currently examined domain if a CAP is suitable for our discussion.

Hence, an alternative approach for the definition is to define a circular arc polygon
domain as a finitely connected domain bounded by finite unions of circular arcs and to
define the set of all circular arc polygons as the set of the boundary components of all
circular arc polygon domains.

We also suppose the circular arc polygons to be parametrized in a way that the domain
is to the left. Hence, we will interpret a slit to have two sides, as it is (part of) a closed
curve. This allows us to define the vertices of the boundary as the points vy = d(tx),
k=1,...,n, with the values t; of the partition 0 =¢; <ty < ... <t,11 =1, as defined
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3.1 The Schwarzian Derivative of the Mappings

in Definition 3.1.19 The interior angle 7« at such a vertex is the angle between the two
consecutive circular arcs measured inside the domain.

From this point on, we will no longer explicitly refer to line segments, as they can be
seen as parts of circles that run through infinity.

Note that each conformal mapping onto a circular arc polygon domain can be continu-
ously extended to the boundary, as each boundary component, i.e. circular arc polygon,
is locally connected. [Con95, Theorem 15.3.5]

For now, we will focus on the conformal mappings of the unit disk onto simply connected
circular arc polygon domains. Conformal mappings onto multiply connected circular
arc polygon domains are handled in Chapter 4. Hence, the boundary of a CAPD is at
the moment defined by one CAP, which is the union of n circular arcs. This CAP has
n vertices v, and n interior angles way.

3.1 The Schwarzian Derivative of the Mappings

We wish to investigate conformal mappings of the unit disk onto simply connected
circular arc polygon domains. The common'! mapping formula for these mappings is
always given in the form of their Schwarzian derivative. We want to justify this fact,
before we continue by actually stating the formula.

A circular arc polygon consists by definition only of circular arcs, and so any conformal
transformation, which maps circles onto circles will map a CAPD onto a CAPD with
the same interior angles at each vertex. The most general transformation doing this is
a Mobius transformation. Hence, for a function f, which conformally maps the unit
disk onto a CAPD, we can get new mappings 71" o f onto CAPDs by applying a Mdbius
transformation T € M. All the images of these functions T o f can be conformally
mapped onto each other by Md&bius transformations.

To get a unique form for all these mappings, we need to remove the Mo6bius transfor-
mations. This can be done by the application of the Schwarzian derivative, since we
have

{Tof,z} ={f 2}

Therefore only the Schwarzian is given for these mappings, while the actual mappings
T o f can be gathered by solving the Schwarzian. The three complex initial values
of the Schwarzian correspond to the three complex degrees of freedom of the Md&bius
transformations.

An alternative approach is to extend such a mapping over a bounding circular arc by the
Schwarz reflection principle. The extension itself is a mapping from the plane minus the
closed unit disk onto a reflected version of the CAPD. If the Schwarz reflection principle

10 As we do not demand consecutive circular arcs to be from different circles, one may add “artificial”
vertices by splitting an arc.
" The Schwarzian derivatives of these mappings are equal, except for the values of the parameters.
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3 Simply Connected Circular Arc Polygon Domains

RS RY

Figure 14: The three circular arc polygon domains shown above can be
mapped onto each other by Mobius transformations.

is applied again but on the extension and for a different arc, we get a mapping of the
unit disk onto a twice reflected version of the CAPD. However, two successive reflections
are equal to a Mobius transformation, and so two extensions lead to a mapping from
the unit disk onto a Mébius transformed version of the CAPD (Figure 15). A common
mapping formula for both image domains can be gathered by applying the Schwarzian
derivative.

Figure 15: The circular arc polygon domain P; (left dark region) is reflected
against one of its bounding circular arcs onto P, (middle pale region). The
reflected domain P, is then also reflected against its boundary onto Ps (right
dark region). The two dark regions P; and P; differ only by a Mobius trans-
formation.

The common form of conformal mappings from the upper half plane onto circular arc
polygon domains can be found in most of the standard literature covering the topics
of conformal mappings such as [Neh52, Chapter 5]'? or [Hil62]. We will refer here to
the core literature regarding all information related to (simply connected) Schwarz-
Christoffel-mappings:

12Nehari refers to circular arc polygons as curvilinear polygons.
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3.1 The Schwarzian Derivative of the Mappings

Lemma 3.2 ([DT02, Chapter 4.10])

Let P be a simply connected circular arc polygon domain bounded by a circular arc
polygon with vertices vi,. .. ,v, and interior angles a1 T,. .. ,au,T.

The Schwarzian derivative {f, z} of any conformal mapping f of the upper half plane
onto P has the form

b= 33 poth ey
2 == — —_,
20 =) (e p)
where f(py) = vg for k =1,...,n. The parameters have to satisfy the constraints:

n

Z% = Z 2ykpe + (1 —af)) = Z(’Ykpi + (1 —ai)pr) = 0.
k=1

k=1

Often it is just indicated that the mappings from the unit disk can be acquired by using
{foT,z} =T (2)*{f, T(2)}. In this case, T is the Mobius transformation, which maps
the unit disk onto the upper half plane. A version for mappings from the unit disk onto
CAPDs without use of the upper half plane can be found in an article of Porter:

Lemma 3.3 ([Por05])

Let P be a simply connected circular arc polygon domain bounded by a circular arc
polygon with vertices vi,. .. ,v, and interior angles a1 T,. .. ,au,T.

The Schwarzian derivative { f, z} of any conformal mapping f of the unit disk onto P
has the form

G- $ k(s 2.

(z — pr)? (z — pr)

where f(py) = vk, a = %(1 —ap)? andr, €R for k = 1,...,n. The parameters have
to satisfy the constraints:

n n
Zrk = Zpk(ak -+ QiTk) =0.
k=1 k=1

We will present our own version of the conformal mappings from the unit disk onto
CAPDs. The result is equal to the one of Porter, but the proof uses a different method.
The concept of the following proof is similar to the one we will use in the later sections
for multiply connected mappings.

As we will refer very often to the Schwarzian derivative of conformal mappings onto
CAPDs, we introduce a new symbol S(z) := {f, z} for it.
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3 Simply Connected Circular Arc Polygon Domains

Theorem 3.4
Let P be a simply connected circular arc polygon domain bounded by a circular arc
polygon with vertices vi,. .. ,v, and interior angles a1T,. .. ,ou,T.

The Schwarzian derivative S of any conformal mapping f of the unit disk onto P has
the form

Y

Z—pk

where f(px) = v, ax = %(1 —ay)? and py € R for k =1,...,n. The parameters have
to satisfy the constraints:

Zuk = Zpk(ak +ipg) = 0. (3.1)
=1 =1

Proof. The mapping function f has to behave at each vertex v = f(p) like
f(2) = (z = p)*(2),

where ar is the interior angle of the bounding CAP at v. In this equation ¢ is an
analytic function different from zero at p and represents the remaining part of f. As
we apply the Schwarzian derivative to this, we obtain

__ ¢ v ~— )0
{f’z}_(z—p)2+(z—p)+0(( p) )7

with the abbreviations

1
a:=§(1—a2) and v:=

¢'(p) (1 —a?)
vp) o

The preimage domain is bounded by 0, while the image domain is bounded by arcs
from the circles C%. According to the Schwarz reflection principle, we can extend the
mapping beyond its boundary by

f(s(2)) = se(f(2)),

with s(2) = 1 being the reflection against the unit circle and sj(z) = £
reflection against one of the circles Cy in the image domain. Applying the Schwarzian
to this equation yields

(2} = {6 20 (32

The application of the Schwarzian also combines the different extensions to one form
as they only differ by M6bius transformations.
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3.1 The Schwarzian Derivative of the Mappings

The Schwarzian does not contain any poles in D as the initial function f is conformal.
Neither does its extension C, \ D contain any poles. Hence, the only poles in Cy, can
be at the prevertices py € 0D. This allows us to write:

n

= il gl K K .
S(Z)—Z<(z_pk)2+(z_pk>)+ , eC

k=1

Putting this result in (3.2) yields with py = plzl

0= ;145 (i) —S8(2)

N - -
- + 2ay) — + 2a +ar Yk R
_ PP+ 20k) = e PrOPE + 208) | Pk Fa E) R
(2 — pk) Z z z z
k=1
This gives immediately the conditions
n n n
o= (wpk+ar) =Y pr(wpr + 2a) = £ =0, (3.3)
k=1 k=1 k=1
— pe(Wepk + 2ax) — 1, = 0. (3.4)

The second line can be altered to
—VPk + ak = Vkpr +ar <= Re (vpr + ax) = 0.
Substituting for
ks 2= VkDk + Gk, e € R,

ensures equation (3.4) and allows the Schwarzian in the form

n

. 1 [ 2pp -2z a U3
S(Z)_Zpk ((z—pk)2 k+(z—pk)>

k=1

while equation (3.3) changes to

n n
> k=Y prlak + i) =0.
=1 =1

3.1.1 The Parameter Problem

All kinds of mappings similar to the Schwarz-Christoffel (SC) mapping are connected to
some kind of parameter problem, i.e. the search for the correct values of the parameters
of the mapping formula, if a specific image domain is given.
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3 Simply Connected Circular Arc Polygon Domains

In the CAPD case, each vertex of the image domain generates one interior angle, one
prevertex and one parameter 7 or p (depending on the form) in the Schwarzian. While
the significance of the prevertices as preimages of the vertices and the interior angles is
clear, the additional parameters v/ do not yet have any geometric interpretation. It
might be reasonable to assume a connection to the curvature of the boundary arcs, as
this is the main difference in comparison to the classical SC mapping. This connection
could for example be something like the change of curvature at the corresponding ver-
tices. The position of the prevertices and the interior angles may also influence these
values.

Research regarding these parameters was done especially by Porter, e.g. in [Por05] and
[PKO09]. Both articles cover CAPDs with special geometric properties.

An interesting information about the behavior of + can be drawn from the work of
Porter. The parameters v of two prevertices tend to infinity in their absolute values as
the prevertices become closer.

The following work tries to cover some further special cases of CAPDs and to draw
conclusions regarding v. We will see that the property of a growing -~ will also appear
several times.

3.2 Moving the Conformal Center

One possible way to investigate the behavior of the parameters p of the Schwarzian is
to apply an automorphism of the unit disk and observe how the u change.
If we apply the automorphism A, before we map D by f onto a CAPD, the composition
f o A, must also have a Schwarzian matching the formula stated in Theorem 3.4.
The automorphisms of the unit disk are of the form

A(z) = €'

Z—U

2 D.
T velo2rve

First, we only apply a rotation of D in the form R(z) = €9z = \z. By the properties
of the Schwarzian derivative (Lemma 2.10), we have for any Mdbius transformation T

{foT 2} =T'(2)*{f,T(2)}.

For a rotation, where py = R(qr) = Agg, we therefore have

{foR.z} = R()*{f R(x)} = A2Z 1k ((iik—_pi;a” (Az“ikpk))

2qr — 2 1
_Z (% ak+ Mk >

(z — qi)? (z — qr)

(3.5)

This shows that s is invariant against rotations of D.'® Therefore it is enough to
investigate automorphisms of the form
zZ—v

A(z) = ) v €]0,1]

1—17vz

3Note that v is not invariant against such rotations.
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3.2 Moving the Conformal Center

(Figure 16). Any other automorphism can be generated by applying a rotation R in
the form

R 'oAoR.

Retaining the new prevertices ¢z = A~!(px) and the new parameters 7, calculation
yields a formula for the alternation of the parameters. Hence, we have found the con-
nection

e — v+ pi|* i + 20 Im (pg)a

1 -2 (3.6)
(= v?) g + 20Tm (g)a '
g, — v|?

It is important to notice that since we apply A before f, we have A(q;) = pir and

Figure 16: The mapping of the unit disk for an automorphism A, where
A(z) = (2 —v)/(1 — v2) and v = 3. The left image contains the prevertices g,
while the right contains the p. Hence, the mapping A~! is from the right to
the left domain.

therefore actually mapping pg by

_ zZ+v
A7(2) = s

It can be verified by calculation that 1 is the attractive fixed point of A~', while —1
is the repelling fixed point for v €]0, 1[.1* If we therefore place a prevertex p; in 1 and
another in —1 = po, we have

(v+1)>2 1+v

Im| = M| = | > [,
1—w 1—-wv

o IRl ) R
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3 Simply Connected Circular Arc Polygon Domains

100 !
80 08
60 06
1+ 1—w
T—v T+v
40 04
20 02
o 0
0 02 04 = 06 08 1 0 02 04 - 06 058 1
(a) The factor 1= for v € (0,1). (b) The factor i;z for v € (0,1).

Figure 17: The behavior of the factors of equation (3.7) is shown above. The
first factor (left image) rises to infinity while the second one (right image) tends
to zero while v approaches 1.

for ;11 # 0 and pe # 0. The parameter is rising in absolute value for the attractive fixed
point and shrinking for the repelling one. This effect increases if v gets closer to 1, i.e.
the derivative at the attractive fixed point gets closer to zero.

In the case of only two prevertices, the parameters must both be zero to satisfy the
restricting equations. For a greater number of prevertices, we can at least notice that
the absolute values of the parameters are rising, if they are clustered together by an
automorphism. The more they are clustered, the greater the growth of the parameters.

3.3 Comparison to the Schwarz-Christoffel Transformation

The classical Schwarz-Christoffel transformation is a special case of the conformal map-
pings onto CAPDs. The Schwarz-Christoffel transformation is, in comparison to the
CAPD mapping, easier to handle, as a boundary consisting only of line segments per-
mits less geometric variety. This is shown, for example, in the fact that in this context
it is not necessary to use the Schwarzian derivative. Instead the simpler pre-Schwarzian
J}—/,/ is used. For the SC mapping, the pre-Schwarzian is of the form

FRSFLONE S5

) =

The p denote again the prevertices, while the oy refer to the interior angles ay.
Usually the mapping is stated in the form:

4 The transformation A~! is hyperbolic and has therefore one attractive and one repelling fixed point.
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3.3 Comparison to the Schwarz-Christoffel Transformation

Lemma 3.5 ([DT02])

Let P be the interior of a polygon having vertices v1,...,v, and interior angles
o, ..., a7 in counterclockwise order. Let f be any conformal map from the upper
half-plane onto P. Then

—asc [ T€-mmtac
k=1

for some complex constants A and C, where vy, = f(pg) fork=1,...,n

Here the classical form for the upper half plane is cited, but the version for the unit
disk is equal'® to the stated form and can for example also be found in [DT02].

To compare the SC mapping with the CAPD mapping, we have to calculate the
Schwarzian from the pre-Schwarzian:

"\ "y "o —1) ~ o — :
<;:(z;> S - (B (E

aj—l o — 1
_ kz 3 ( ') (ax —1)

o (2 —p)? P e Ol 7))
Here ay is again defined as
1

It is interesting to note that the sum attached to the first order poles is nearly the
pre-Schwarzian evaluated at pg, except for the missing term for pi. Hence, we define

n
Otk—l_

2= Pk = z—p]
J#k

S(Z7pk) S(

and rewrite the above to

S(z):zn:(( a 2+(ak1)5(29k,pk)>'

— \(z—pr) (z = pr)

By comparing this with the CAPD formula, we obtain

Y = —(ax — 1)S(pk, pr),

and with tur = pryx + ar we further have

=i (€= DS (o)~ 50— D).

5Normally the version for the unit disk is reshaped to avoid numerical issues regarding the logarithm.
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3 Simply Connected Circular Arc Polygon Domains

Pk

By multiplying py into S(pg, pk), terms in the form P arise, which can be transformed
J

with pj = e+ (since the prevertices are on 9D) to

1 ) P — 1
Pk i imen 1

pr—p; 1—exp(i(p; —r) 2 2 2

This allows us to write u in the form

. 1 P — 1 1
pe =i | (k= 1) (e = 1) <200t%2%+2> —5(1—04%)

i#k
(o — 1) i =k 1
:—TZ(aj—l)coth+§ (o — 1)) (a;—1) = (1 —aj)
j#k j#k

The imaginary part in the formula above must be zero, since we know that g, must
be real. This can easily be verified by using the fact that for a polygon, we have
> ohei(ar —1) = =2, Replacing >, (a; — 1) with —2 — (a — 1) and a straight
calculation yield the result.

Hence, we have found an explicit formula for pug:

Lemma 3.6
Let P be a CAPD that can be mapped onto a polygonal domain by a Mébius trans-
formation.
The parameters of the Schwarzian derivative of a conformal mapping from the unit
disk onto P are given by

uk:—%_l);(aj—l)cotw, k=1,...,n.

The y, refer to the arguments of the prevertices py.

The phrasing “can be mapped onto a polygonal domain” is chosen, because the image
domain is only a polygonal domain if it is normalized accordingly. Otherwise it looks
like an ordinary CAPD.!6

The restricting equations (3.1) of the CAPD mapping can be verified for the values
given in the lemma above. This is done in the appendix at A.1.

There is one more fact of note: Since the cotangents have a pole at zero, we must
assume an increase in the absolute value of g, if its neighboring prevertices get close.
This matches the result from the preceding section.

16The CAPD still has the feature that all circles providing arcs of the boundary have one common
intersection point. This point has to be mapped to infinity to get a polygonal domain.
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3.4 Domains Symmetric with Respect to Rotations

3.4 Domains Symmetric with Respect to Rotations

We wish to investigate the conformal mappings from the unit disk onto CAPDs that
are symmetric with respect to rotations. The special structure of the image domains
may allow conclusions on the behavior of the parameters. We suppose that each image
domain is symmetric with respect to a rotation around zero. Therefore we normalize
each mapping f by demanding f(0) = 0.

The symmetry of such a mapping can be expressed in the form

9
fwe) =wf(z),  w=exp—, meN\{1}.
This property of f leads to the property
wiS(wz) = S(2),

of the Schwarzian derivative. The equation above shows that for every prevertex p there
are also prevertices w’/p, where j = 1,...,m — 1. Each of these sets of prevertices has
the same a and p, as it can be verified by calculation.!”

Hence all prevertices are given, if we know the prevertices with their arguments in the
interval [0, %’T[ The remaining ones can be gathered by rotating this initial set by w?.
To keep the problem as simple as possible, we will use only a small number of prevertices
in the initial set.

3.4.1 One Prevertex

If there is only one prevertex independent regarding rotation, then there is only one
possible choice for p. Since all g have to be equal, they all must be zero by the
restricting equations (3.1). Therefore all the parameters depend on the choice of the
first prevertex p and the corresponding interior angle. They are given by

pk:wk_lpa ag =a, fpi =0, kzla'“am'

We will normalize the preimage domains by a rotation and set p to 1. This means that
all prevertices of such a mapping are given by pj = w*~1.

With the prevertices set and no choice regarding p, the curvature of the boundary arcs,
which have by the symmetry all the same curvature, depends only on the common
interior angle ma in the form a = (1 — o?).

Since the geometry of the image domains is very simple, we can state a formula for the
curvature k of the boundary arcs. If we normalize each image domain by the property

that the first prevertex p = 1 is mapped onto 1, i.e. f(1) = 1, we have
sin((a/2+1/m —1/2)w
oy Sn(0/2+ 1m = 1/2)m)

sin (7/m)
This normalization is necessary, as the curvature depends on the scaling of the image
domain. The curvature also has a sign in this case: A negative curvature means that the

(3.8)

Y"This can also be seen in equation (3.5).
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Figure 18: Curvature vs interior angle: The greatest possible curvature rises
with the number of vertices. The common intersection point at o = 1 is the
mapping onto the unit disk.

boundary arc is bent inwards, while a positive curvature indicates a bulging outwards.
Therefore the unit circle has a curvature of 1.

The only conclusion we can draw so far is that the curvature of the boundary arcs not
only depends on p, but also on ¢ and the number of prevertices.

3.4.2 Two Prevertices

We again normalize the preimage domains by a rotation. In this case of two prevertices,
we use the rotation to place the initial prevertices symmetric to the real axis at p and
p. The normalization is changed compared to the “one prevertex” case, as it will be
beneficial later in the work.

With this normalization, we have

so that the prevertices depend only on one real parameter ¢. To keep the preimage
domains unique, we allow ¢ only in the interval [0, 5-]. In this way, the arc between p
and p is shorter than the one between p and wp. Any other scenario can be reached by
rotating the preimage domain. For reference, we have a short (p to p) and a long (p to
wp) edge, and the image domain contains each of these edges m times.

The two different values for the p must be zero in summation, as demanded by the

restricting equations, so they can only differ in their signs. For simplicity, we further
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Figure 19: The unit disk is mapped onto a symmetric CAPD with two kinds
of edges. (m =4)

set a for all vertices to the same value, and so have

m—1— m

Pk € {p7 wp, wp, w2pvw2p’ cee, W b, w _1p7 ﬁ}a

pw it kis odd
HEe = . . )
—u if k is even

ar = a,
k=1,...,2m.

Note that for 4 = 0 and ¢ = 57, we return to the “one prevertex” case, as the prevertices

are equally spaced and have the same parameter pu.

Limit Behavior

There is a connection to the “one prevertex” case: If we let ¢ of any mapping go to
zero, the two prevertices p and p will merge in the limit, as do all their rotations wp and
wp. The limit domain then has only one prevertex not generated by a rotation with a
power of w. Since p and p collapse at 1, the image domain in the limit is normalized
according to the preceding section.

We may also demand from the limit process that the curvature of the long image edge x
is kept constant. This means that the parameters u have to change, but the convergence
process satisfies the conditions of the Carathéodory convergence theorem regarding the
image domains. Additionally, this means that the edges of the limit domain all have
the same curvature x of the long edge, as the small edge and its rotations vanish.

The named Carathéodory convergence theorem [Con95, Corollary 4.11] allows us to
conclude that the mapping functions, and therefore their Schwarzian derivatives, also
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Figure 20: The small arcs of the domain shrink in the limit process, while
the curvature of the long edges is kept constant. The small edges vanish in
the limit case and only vertices remain. (left image ¢ = 0.1, right image
» = 0.0017)

converge. Hence, regarding the residues at p and p, we have'®

pla+ip) +pla —ip) — pla+if),

where the tilde denotes the new values in the limit case. We know that the new prevertex
is 1 and 1 must be zero as this was discussed earlier, so we find

a(p+D) +iu(p —p) — a
= 2a.cosp — 2usinp — a.

Hence, if we are getting close to the limit, i.e. when ¢ is very small, we can approximate
p by

_ 2acosp—a

g 2sin

This approximation depends on the shape of the limit domain, as it contains the interior
angle. However, we have in (3.8) already a formula stating a connection between the
curvature and the interior angle of such a limit domain. As we know the curvature x,
we can isolate the angle and obtain

2 2
L1142 . . 2
& + — arcsin (ksin (m/m)) -

We substitute & into our approximation to obtain

1 —[14 (2/m)arcsin (ksin (7/m)) — (Q/m)}2
4sinp

Happrox = @ Ot @ — (3.9)

The result is an approximation for the parameter p for a specific curvature of the long
edge, under the assumption that ¢ is small. The accuracy of the approximation can be
seen in the Figures 21 and 22.

8The actual residues have changed signs and are conjugated.
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3.4 Domains Symmetric with Respect to Rotations
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(a) Approximation vs actual values of u (b) Absolute error

Figure 21: A comparison of the actual values of ;1 and the approximation for
p for a changing ¢. (¢ =0, m =4, Kk =0)

It is important to note that this approximation does not hold for all k. We assumed a
new vertex in the limit case at 1. However, this requires from the geometry that the
circle providing the long arc is large enough to at least touch the real axis. Or from an
analytic point of view: k must be in the range of possible values provided by (3.8) i.e.
K € [—sin (7/m) "}, sin (r/m)~']. This can also be seen in the approximation formula
itself, as the argument of the arcsin must be between —1 and 1.
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Figure 22: The actual values of 4 and the approximations for changing ¢ and
different interior angles o and curvatures k. (m = 4)



4 Multiply Connected Circular Arc Polygon Domains

In this chapter, we construct our version of the Schwarzian derivative of the conformal
mappings that map from a circular domain D onto a multiply connected circular arc
polygon domain (MCCAPD) P (Figure 23). Note that the existence of such mappings is

Cy TQQ,2 TGO,

f(po,2) f(po,1)

f(]?o.,:s) f(p0,4)

Figure 23: The conformal mapping from a circular domain onto a multiply
connected circular arc polygon domain.

ensured by common knowledge about multiply connected conformal mappings [Con95]
if D and P are conformally equivalent. Hence, we assume for the following discussion
that, for each mapping, D and P are conformally equivalent, because otherwise there
would not be any conformal map between them.

Definition 4.1

A circular domain D C C Is a (m+ 1)-connected domain bounded by m+ 1 disjoint
non-degenerated circles C;, where j = 0, ..., m. The domain is called unbounded if all
circles are exterior to each other. It is called bounded if the circles Cj, j = 1,...,m,
are inside of Cy.

A multiply connected circular arc polygon domain (MCCAPD) P C C is a (m + 1)-
connected domain bounded by m + 1 disjoint circular arc polygons Pj, j =0,...,m,
where 0 < m € N. (cf. Definition 3.1)

We suppose for each preimage domain D that the circle Cy is the unit circle OD. If
not stated otherwise, we further suppose that either zero (bounded case) or infinity
(unbounded case) are inside the domain (Figure 24).1

We suppose each of the m + 1 circular arc polygons P; that bound a MCCAPD to
consist of K circular arcs. Each of these arcs fj,k is part of some circle C’]k Here the
index j = 0,...,m refers to the boundary component, while k =1, ..., K, refers to the

Q . . . . .
19 A common exception is the annulus as canonical domain for doubly connected mappings.
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4  Multiply Connected Circular Arc Polygon Domains

(a) An unbounded circular domain (b) A bounded circular domain

Figure 24: The two different kinds of circular domains.

specific circular arc of the component.
We further suppose the domains to be to the left of the boundary and number the
vertices v; 1, = f(p;x) of each boundary component P; accordingly.

4.1 Properties of the Schwarzian Derivative

The first step of our construction is to extend the domain of definition of such a mapping
f to its maximum, similarly to the proof of Theorem 3.4 for the simply connected
mappings.

We can apply the Schwarz reflection principle to the mapping, since the boundary
consists for D, as for P, only of circular arcs. Hence we may extend D over an arc (j

Figure 25: A CAP domain can be extended by reflecting across a boundary
arc. The extended domain can then be extended again by reflecting across
another arc. We probably lose global univalence in the process.

of the boundary circle C; and P over gk = f(¢jk) of the circle C']k The reflection
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4.1 Properties of the Schwarzian Derivative

in the preimage domain with respect to C; shall be denoted as s; while the reflections
against C} 1 shall be referred to by 5;;. We obtain, by this extension of the mapping,
the property

f(s5(D)) = 3;x(f(D)) = 3;x(P). (4.1)

The index of s and the first index of 5 have to be equal, while the second index of 5§ can
freely be chosen.?’ In this process we may lose global univalence by an overlapping of
the extended image domain, but the mapping is still locally injective (Figure 25).

The extended version of D is almost a circular domain. It is bounded by the circles C,,
and s;(Cyp), where n = 0,...,m and n # j, but contains the slit C; \ (;, (Figure 26).
This is because only (j x is included in the new domain D, but not the remaining part
of Cj. The extended MCCAPD P, is also a MCCAPD, but may be self overlapping

with boundary arcs from the circles Cy, and §;1(Cp,o), where (n,0) # (j, k). If we

<)

Figure 26: Circular domains can be extended similar to CAP domains. Only
the arcs used for the reflection are included into the new (extended) domains.
(The here shown extensions match the ones of Figure 25.)

denote the reflections against the new boundary components by o and &, we are able
to apply the reflection principle once more to show

f(oi(s5(D))) = 7513,k (f(D)))-

Since two subsequent reflections result in a Mdébius transformation, we rewrite this to

f(Ti;j(D)) = n,l;j,k(f(D))>

where T;.; = 0y 05, and T, x = 0510 5. To remove the transformation 75 ;,; ., which
depends on the image domain, we apply the Schwarzian derivative to obtain

(T7; (), T (2)} = {f. 2} (4.2)

We also merge the different extensions in this step. Two different extensions, e.g. 5; 1 (P)
and §,,,(P), can be mapped onto each other by a Mobius transformation

gj,k<P) = (gj,k 0 3n,0)(8n,0(P)) = Tj,k;n,t)(gn,O(P»-

29There are several different extensions, depending on the chosen arc fj’k of the image domain.
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4  Multiply Connected Circular Arc Polygon Domains

Hence, both extensions are equal in the context of the Schwarzian derivative. This is
also true for all subsequent extensions ensuring that the process of extending the domain
does not influence the resulting Schwarzian. Hence we can include all arcs ¢ into the
domain, as there is for each arc an extension, which includes the arc into the domain

m m Kj
Di=DulJs;(D)ulJ U G
j=0

=0 k=1

The only points left are the start and end point of each arc, i.e. the preimages of the
vertices of the bounding CAPs.?! To reach the maximum extension of D, we will
continue with this procedure of applying the reflection principle.

We want to rewrite equation (4.2) in the context of this maximum extension to a
generalised form:

(T T} ={f.2}, T eM(D), (4.3)

where M(D) is the set of all Mobius transformations arising in the extension process.
This gives us a functional equation for the Schwarzian derivative of the mapping f,
which will be of great use later on.

We further investigate the process of extending D in order to define the set M(D). The
domain D can be extended by a reflection s; against C; in the manner described above.
The new domain s;(D) can again be extended by reflecting against a circle s;(C;).
However, instead of the reflection against s;(C;), it is possible to apply the reflection
sj o s; for an equivalent mapping.??

Lemma 4.2 ([DEP04))

Let s; denote the reflection against the circle C;, j € {0,1}, and so;1 the reflection
against the circle Cy 1 = so(Ch).

A reflection through C4 followed by a reflection through Cy is the same as the reflection
through Cy followed by a reflection through Co 1, i.e. s9.1 © 59 = Sp © S1.

We will prefer the version using the reflections against the boundary circles of D, as it
results in a simpler notation. Hence, we can express any reflection by s; ; = sjo0...0s;.
Since reflections are self inverse s; o s; = id, the reflection s;_; can not contain any pair
of equal indices not separated by a different index.

We are interested in all the Mobius transformations arising in this context. As noted
earlier (Lemma 2.2), two consecutive reflections yield a Mobius transformation. The set
of all these Mobius transformations can be described by a group, which is generated by

21'We will include these points into the domain later on, as they will be poles of the second order of
the meromorphic Schwarzian derivative. This can be seen in the following section.

22The properties regarding such successive reflections are well covered in the article [DEP04] by
DelLillo, Elcrat and Pfaltzgraff, since they used reflections to construct the multiply connected Schwarz-
Christoffel mapping.
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4.1 Properties of the Schwarzian Derivative

(a) The unbounded domain (white) is extended (b) The limit points, i.e. the boundary, for the
in the circles by several steps of reflections. The expansion of the domain which is shown in the
areas get darker with a rising number of reflec- left image.

tions necessary to reach them.

Figure 27: The behavior of the domain if it is extended as described.
The domain is extended 5 times for the left image and 8 times for the limit
points on the right side.

the initial transformations T)j; = s; o s;, where 5,7 = 0,...,m and ¢ # j. However since
we have for these transformations

Tji 0Ty = (sjosi)o(s;0s)=sj0s =Ty,

the set of generators for the group can be reduced to transformations of the type Tp;,
where j = 1,...,m. This group shall from now on denoted by M(D), the set of all
transformations belonging to the circular domain D. We will furthermore write T}
instead of Tp; for ease of notation.

This group can also be seen as a Schottky group (Definition 2.27). Each transformation
T; maps the exterior of Cj onto the interior of so(C}), while C; is carried into so(Cj),
as demanded in the definition of the Schottky group. The fundamental region of this
group is therefore the exterior of the circle pairs C; and C]’- =s50(Cy) for j=1,....,m
or the extension of D over Cp, i.e. Dp = D U Cy U so(D).

The special construction of the group leads to a somewhat restricted behavior (for
example, no additional rotations are permitted) compared to more generic Schottky
groups. Hence, this group satisfies, by its construction, the requirements of a symmetric
Schottky group (Definition 2.28).

Note that Cy was arbitrary chosen for the construction of the group. An alternative
fundamental region, but with the same group, can be constructed for each boundary
circle Cj.

We now return to the extension of the preimage domain D of the mapping, or rather
the domain of definition of the Schwarzian derivative of f. If we extend D over Cj, we

93



4  Multiply Connected Circular Arc Polygon Domains

obtain the preimage domain Dr = D U Cy U so(D) for the Schwarzian.?* Any further
extension can then be expressed as either an even number of reflections applied to D
(s1(so(D)), so(s1(D)), ...) or as an odd number of reflections applied to D (so(D),
s1(D), ...). Every even number of these reflections is a Mobius transformation of M(D),
while every odd number of reflections can be rewritten, with the use of sy 0 s9 = id, to
a transformation of so(D)

si..j(D) = (si.j 0 50)(s0(D)) = T;.jo(so(D)),  Ti.jo € M(D).

The maximum extension of D is therefore given by Urpenyp)(T(Dr) U Ui T(Cy)).
Since M(D) is a Kleinian group and Dr = D U Cy U s5o(D) its fundamental region, we
cover the whole Riemann sphere with the mappings T'(Dp) except for the limit set A
according to Lemma 2.26. Therefore, these limit points represent the boundary of the
maximum extension.

Hence, we define the following terms:

Definition 4.3

Let D be a circular domain bounded by m + 1 disjoint non-degenerated circles Cj,
Jj = 0,...,m, which are either all inside or all outside of Cy = 0D and denote by s;
the reflection through the circle Cj.

We define:

e Di:= DUCyUso(D), the extension of D by reflection against the boundary
circle Cy.

e S(D), the set of all reflections s; against the boundary circles Cj, j = 0,...,m.

e M(D), the symmetric Schottky group of Mébius transformations matching the
fundamental region Dg. It is generated by the transformations T = s o sj,
where j =1,...,m.

e A, the set of the limit points of M(D).

e Dp:=Cy \ A, the maximum extension of D by reflections.

We also introduce a special notation for the Schwarzian derivative of the conformal
mappings onto MCCAPDs.

Definition 4.4
The Schwarzian derivative of a conformal mapping f from a circular domain onto a
multiply connected circular arc polygon domain is denoted by S.

We also restate the functional equation (4.3) for ease of reference.

23We noted above that only the Schwarzian allows us to include the whole circle, as the different
extensions over Cp merge. Here, Dr contains even the preimages of the vertices of the CAP P,. This
inclusion will be justified later on.

o4



4.1 Properties of the Schwarzian Derivative

Lemma 4.5
The Schwarzian derivative S of a conformal mapping from the circular domain D onto
a multiply connected circular arc polygon domain satisfies the functional equation

(T'(2))*S(T(2)) = S(2), T € M(D).

4.1.1 Construction: Transformation

The basic idea for the construction of mappings similar to the Schwarz-Christoffel trans-
formation is that at each vertex in the image domain such a mapping f has to behave
like

f(z) = (z = p)*Y(2). (4.4)
In this equation, p refers to the preimage of the vertex (or prevertex), o to the interior

angle at the vertex and v is an analytic function different from zero at p. i represents
the remaining part of f. As we apply the Schwarzian derivative, we obtain

1-a W) (1-a?) 1
y 2y = +
VA=502 T0m o G-p)
To shorten the notation, we define

+0((z - p)")-

S(2) = {f, 2}, 0= %(1 _a?),

similarly to the simply connected case.
If we now apply the ideas of the preceding discussion, we can state:

Lemma 4.6

Let P be a multiply connected circular arc polygon domain bounded by the circular
arc polygons P; with the vertices vj1,...,v;k;, where j =0,...,m.

The Schwarzian derivative S of any conformal mapping f from a circular domain D
onto P has at each transformed prevertex T'(p), where p € {p;|pjr € Cj; f(pjr) =
Vi J=0,...,m;k=1,...,K;} and T € M(D), the expansion

B a v aT” (p) 1
“”‘@—T@V*(T@)(T@W) o).

Proof. In the preceding section we derived

for each conformal mapping onto a MCCAPD, where T is a Mobius transformation
depending on the shape of the image domain. Combining this with equation (4.4) for
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4  Multiply Connected Circular Arc Polygon Domains

the mappings of the Schwarz-Christoffel type gives

T(f(2)) = [(T(2)) = (T(2) = p)*¢(T(2)), T €M(D).

Substituting p = T(U(p)) = T(q), where U = T~!, and applying the Schwarzian
derivative leads to

oT s @ o W(p)1—a?)  (1—=a®)T"(q)\ 1

ol }_(Z—Q)2+<T(q)w(p) o T2 T’(Q)>Z—Q+O(1)
_ a / aT”(q) 1
CET (T(Q)’H T’(q)> Z—q+0(1)'

As we can see, there is also a pole at the transformed prevertex ¢ = U(p) and the
residue J at ¢ can be calculated from the residue v at p.

T"(q) _
aT’(q), (q) =D-

6=T(q)v+

By applying the fact that T'(q) = (U’(p))~! and its derivative, we find

5o 7 aU" (p)
U'lp) (U'®)*
If we take all the different prevertices p;, on the different circles C; and their trans-
formations into account, the Schwarzian has to contain the sum

agk Vik kT (Pik) 1
2 ZZ [ (z = T(pjx))? " (T’(Pj,k) (T"(pjx))? ) z —T(Pj,k)] ’

TeM(D) j=0 k=1

U € M(D). (4.5)

and therefore has the stated principle part at each T'(p), T' € M(D). O

Since we will refer to the variables introduced thus far frequently, we restate them in
one common definition.

Definition 4.7

Let f be a conformal mapping from a circular domain D bounded by m + 1 circles
Cj, j =0,...,m, onto a MCCAPD P. The number of vertices of each boundary
component P f(C;) shall be denoted by K;. The interior angle at each vertex v;j
is maj g, k= 1 ., K, and the preimage of each vertex is pj, i.e. f(pjr) = Vjk-
Therefore we have the following sets:

o {pirlpjr € Cj55 = 0,...,m;k = 1,...,K;}, the set of prevertices on the
boundary of D.

o {ajr|a;r= %(1 — aik);aj’k €10,2;5=0,...,m;k=1,...,K;}, the set refer-
ring to the interior angles mwa; ) at the vertices.
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4.1 Properties of the Schwarzian Derivative

o {virli=0,...,m;k=1,...,K;}, the set of the parameters, which arise in the
Schwarzian derivative as residues at the prevertices.

These sets will be called the “first generation”.
With M(D) according to Definition 4.3, we further have:

o {prjr|prjr=T(jr),T € M(D)}, the set of transformed prevertices.

. T (s
o {vrjklVr K= T/’Z;f,k) — a{if'(pjf,fgié) ,T € M(D)}, the set of transformed param-
eters.

In the context of the mapping, we also define the sum symbols

IS0 SRR D O 3 3

§=0 k=1 Tgk  TeM(D) j=0 k=1

We denote the set of sets (a,p,7) generated by transformations of length n — 1 as the
nth generation. Note that each generation after the second has 2m — 1 times as many
prevertices/parameters as the preceding one. This leads to an exponential growth in
succeeding prevertices/parameters.

The parameters can be grouped to sets (a, p,y)r,;k, representing the location of a pole
(prevertex p) and the coefficients for the first (parameter ) and second power (interior
angle as a) at this pole. To shorten the notation, we will skip the indices of these values
if the context allows it, or we will denote them by each other, e.g. 7, is the residue at
p, while vz, is the residue at T'(p).

For easier reference, we introduce a possible candidate K for the Schwarzian derivative
S, which consists of all the principle parts at the prevertices. We also include some
additional (yet unknown) terms A¢ to ensure the convergence.

Definition 4.8
The candidate function KC is defined as

K(Z) = Z < Ak + Tk + AC(Zaijv k)) .

Tk (2 — pT,j,k:)2 2= PTjk

K will be redefined as we continue investigating features of the Schwarzian derivative
S. For each section, only the last definition of K is valid.

The candidate function is of particular interest, as it not only includes a subset, but all
poles of S in Dg.

Lemma 4.9
The Schwarzian derivative S has its only poles in D at the prevertices and their
transformations.
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4  Multiply Connected Circular Arc Polygon Domains

Proof. The form of the Schwarzian derivative

AN "\ 2
= (7) -2 (%)
f! 2\ f
implies that every pole has to be either a pole of f” or a zero of f’. The poles of f”
are also poles of f, but since f is conformal, it has at most one simple pole in D and
this only in the case of a mapping onto an unbounded domain. However, according
to Lemma 2.14, this pole does not appear in the Schwarzian. This is also true for the

boundary excluding the prevertices, as the mapping can be extended. Applying the
extension process, the only poles in D can be at the prevertices. ]

Based on the facts gathered so far, we will regard S rather as meromorphic function on
Dp than as holomorphic function on Dg without the (transformed) prevertices.

Because we already collected all poles of S in D, the functions A¢ have to be analytic
in Dg. Hence, the Ag can only have singularities in A. As a consequence, we have
found the basic structure of the Schwarzian.

Lemma 4.10
The Schwarzian derivative S of a MCCAPD mapping is of the form

S(z) = Z ((z CZ;Ij,j,k)z 4 Tk +Ac(z,T, 4, k:)) + Agr(2), (4.6)

o
Tk PL.ik

where the functions Ac and the function Ag are analytic in D = Co \ A.

Proof. If we combine the Lemmas 4.6 and 4.9, we see that all poles of the Schwarzian
in Dp = Cy \ A are given by

Qaj k YT,5,k
S (e ), (1)
(z—prjk)* 22— DPrjk

T7j7k

Any term we may add would then have to be analytic in Dg, i.e. any non-constant

term we add has to have a singularity in A.
If we denote the terms necessary for the convergence of the sum (4.7) by Ac, we get

the candidate function of Definition 4.8

K(z)zZ(( nik oy Lok +Ac<z,T,j,k>).

o — . 5 — .
T.jk pT,],k) P15k

Since the Schwarzian and the candidate function have the same poles in Dg, any
remaining difference Arp = § — K must be analytic in Dg. We reach the lemma by

writing S = K + Ag. O

o8



4.1 Properties of the Schwarzian Derivative

4.1.2 Construction: Reflection

Instead of investigating every second step in the extension process, i.e. the Mobius
transformations, we may directly examine the reflections of each step. This allows us
to state a functional equation similar to the one of Lemma 4.5.

Lemma 4.11

The Schwarzian derivative S of a conformal mapping from a circular domain D onto
a MCCAPD satisfies for each reflection s € S(D) against a boundary circle of D the
functional equation

S(2) = d'(2)*S(0(2)),  o(2) = s(2), s € S(D). (4.8)

Proof. The use of reflections led to equation (4.1)

f(s(2)) = 5(f(2)) & f(2) = 5(f(s(2)))- (4.9)
If we introduce the substitutions
7(2) == 5(2), o(z) = s(2), 9(z) == (%),

we obtain
(8ofos)=(5ogoo0).

The advantage of this form is that the new functions are all holomorphic (in com-
parison to anti-holomorphic reflections) and the functions & and o are even Mobius
transformations. This allows us to apply the Schwarzian derivative to equation (4.9):

{f,z2} ={80fos,z}={60g00,2} = {goo,z} = d'(2)*{g,0(2)}.
By substituting from ¢ back to f, we find

5(z) = 0'(2)25(a(2)-

Since this is true for each reflection against a boundary circle C;, the lemma follows. []

If we extend the domain by reflections, the domain is only in the first step reflected
against a boundary circle of D. For further extensions, we need to reflect the already
extended domain against the new boundary circles s;(C}). These new circles are reflec-
tions of the initial circles bounding D.

According to Lemma 4.2, we can express any extension by only using reflections against
the boundary circles of D, and it is therefore sufficient to investigate the functional
equation (4.8) for the initial boundary circles Cj.

We also note the connection to the previous discussion, as we can combine any two
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4  Multiply Connected Circular Arc Polygon Domains

reflections of S(D) to a Mdbius transformation of M(D)
so 0 sj = Tj, sjoso =T ", sios; =1, T

where i # j and i,j # 0. The functional equation of Lemma 4.5 can therefore be
constructed by applying the functional equation of the lemma above twice.

Continuing the investigation, we obtain the following interesting information about the
parameters 7y:

Lemma 4.12
Let C be a boundary circle C;j of D or a transformation T'(C;), where T' € M(D), of

a boundary circle with center ¢ and radius r and let s(z) = ;—_26 + ¢ be the reflection
against C.
The parameters 7y, and 7y, corresponding to the prevertices p and ¢ = s(p) (not

necessary on C') satisfy the equation

=22 - 2) + 20).

If p lies on C, this simplifies to
Re (7p(p — ¢) +a) = 0. (4.10)

Proof. We already derived the expansion for f in the form

_ v ~— )0
(12} = o + iy T Oz =)

(z—p)

Therefore g, defined as in the previous proof by g(z) := f(Z), has the expansion

. a gl L _ 50
{g,Z} - (Z_p)g + (z—ﬁ) +O(( p) )

We define ¢ by p = s(q), with s being a reflection against one of the boundary circles
or against a transformation of a boundary circle. Alternatively, we can write p = o(q),
where o(z) = s(z). We continue to obtain

{goo,2} =0'(2){g,0(2)}

a o"(g)a+0'(9)*7 1 0
= + +0({(z—q)").
(qu)Q O"(q) (zfq) (( ) )
This gives us the equation
L U/l(q)
Vg = U'(q)’Yp + aig”(q) .
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4.1 Properties of the Schwarzian Derivative

If we now replace o’(z) = —1?(2 — ¢)72 in the formula, it alters to

= - =2 a——i(p_é) Yp(D — C a
'Yq—(q_C)Q'Yp"‘(q_c) = ) V(P ) +2a).

We can attain the second statement of the lemma if we reshape the equation to

Yela —¢) +a=—(pp—c)+a)

If p lies on the circle C, which is used for the reflection, we have p = ¢ and therefore
WP —c)+a=—(pp—c)+a).

O

Hence v,(p — ¢) + a must be purely imaginary.

Equation (4.10) allows us to conclude that each « can be expressed by one real value
similar to the simply connected case in Theorem 3.4. Hence, we want to state our result

and introduce a new real parameter.

Lemma 4.13
Fach parameter ;) of Definition 4.7 is completely defined by one real parameter

ik € R in the form
Wik — Ak

Yik =
Djk — €

where c; refers to the center of the boundary circle C; on which p;, lies.

Proof. The lemma follows directly from Lemma 4.12 by
Re(y(p—¢)+a)=0 & ip=rp-c)+a

where 1 € R. Isolating v yields the result.

4.1.3 Behavior of the Parameters

If we want to investigate the convergence of I, it is reasonable to look into the behavior

of the parameters ~.

Lemma 4.14
The parameters yp(,) of S, i.e. the residues at the poles T(p), are unbounded by

increasing length of the transformations.
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4  Multiply Connected Circular Arc Polygon Domains

Proof. 1f we use the common notation for Mobius transformations

Az + B 1 —-2C

T(z) = CoxD’ T'(z) = (C-+D)2’ T"(z) = (Cz+ D)

where AD — BC' = 1, we can rewrite vz, to

Yrpy = (Cp + D)27p +2aC(Cp+ D)
=C*(p+3)((p+ &)+ 2a)

while “a” refers to the interior angle and is not to be confused with “A” from the
transformation.

(4.11)

Since M(D) is a Schottky group, we can use some of the properties of Kleinian groups.
We know from Lemma 2.22 that the radii of the isometric circles |Cz + D| = 1 are
going to zero for any infinite subset of a group of Mobius transformations, if infinity
is not a limit point of the group. (We supposed that infinity is in Dg, and so it can
not be a limit point.) The centers on the other hand are clustering around the limit
points and have therefore an upper boundary.

In other words, the absolute value of C' goes to infinity, while —g stays bounded. As
~v grows quadratically with C', it will tend to infinity for longer transformations, i.e.
|T| — 00 = |'7T(p))| — OQ.

An alternative, more geometric proof is also possible. By extending D, we place in-
finitely many transformations of D in the complex plain. Since they have to accumulate
near the limit points of the group, they have to decrease in size. However, a decrease
in size means a derivative smaller then 1, and so as the image shrinks, the derivative
also has to get smaller. Therefore the derivative goes to zero, which means that the
reciprocal value goes to infinity, but this is the factor applied to 7,. As above, this is
only true if infinity is not a limit point of the group. It would otherwise be possible
for the transformed domains to actually increase in size. O

Let us illustrate this behavior with an example. Suppose D is a doubly connected
unbounded circular domain. In this case, M(D) is generated by only one transformation
T = sp o0 s1. We choose Cy = 9D and therefore have

2
,
s1(z) = +c

zZ—C
(7"2 — |cl|2)z +c1
—cz+1 )

V)
()
—
N
N—
Il
I\

=T(z)=

If we normalize the Mobius transformation (AD — BC' = 1) and write it in the form of
a matrix, which contains the coefficients, we get

T:1cm%w2—q>
r C1 -1
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4.1 Properties of the Schwarzian Derivative

By choosing some explicit values for the radius and the center of Cy, for example r = 1
and ¢ = 3, we can calculate the iterations of T’

(8 =3\ .o (55 —21\ .4 (377 —144
T‘<3 —1>’T _<21 —8>’T _<144 —55)""
D

We notice that |C] is rising with the length of the transformation (3, 21, 144), while —&
stays bounded and converges against the limit point inside of Cy = 0D (% ~ 0.33333,
= ~0.38095, 22 ~ 0.38194) (Tables 1 and 2).

™ | n=1 2 3 4 5 6 7

C 3 21 144 987 6765 46368 317811

—g 0.33333 0.38095 0.38194 0.38197 0.38197 0.38197 0.38197

Table 1: The coefficients C tend to infinity, while the quotients —g stay
bounded, as the length of the transformations increases.

™ |n=1 2 3 4 5 6 7 8 9 10
log;p(C) | 048 1.32 216 3.00 3.83 4.65 552 6.35 7.17 8.00

Table 2: The coefficients C' grow nearly exponential.

If we continue with this example, we may also investigate the behavior of )" ke YT,k
Suppose there are two prevertices on each circle C;

Po,1 = ¢o + 1o, Po,2 = Cco — 10,

p11=c1+ry, P12 =cC1 —T1,

where ¢; € R is the center and r; the radius of C;, j = 0,1.?* By the geometry of the
image domain, the values a; 1, a;2 for each circle C; must be equal. We even choose all
a to be equal:

ap,1 = ap,2 = Aa1,1 = @12 = Q.

We will further denote the transformation T', by

(A B ... (D -B
T_<C D), U=T _<_C A).

24The circle Cp was already normalized to OD.
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01 Do,2 bo,1

-1 0 1 2 3 4

Figure 28: The example domain for ¢; = 3 and r; = 1.

The sum over the 7 of the second generation (with applied 7" and U) is
ZVTJk +ZWU,Jk Z (Cpjk + D)*vjk +2C(Cpjp + D)a)

- Z —Cpjk + A)*7jk — 20(=Cpjk + A)a)
= Z (pjx — ur)*vjx + 2C*(pjx — ur)a)
+ Z (pjk — uv)* vk + 202 (pj 1 — uy)a),

where upr = —5 and uy = % are the centers of the isometric circles of the transforma-
tions. Since the circles are symmetric to the line with constant real part %(co +c1), the
centers of the isometric circles are also symmetric. This leads to

po2 —ur = —(p1,1 — uy), po1 —ur = —(p12 — uy),

p11—ur = —(po2 — uv), p12 —ur = —(po,1 — uy)-

Hence, the factors of a drop out of the sum, which gives us
S vrk+ > Wk =Y C* ik —ur)*vik + Y C*(pjk — uv)* vk
Ik Ik Ik Jk

Since C' = ¢ and p; — u are real, the coefficients of the v are all positive as they are
taken to the second power. This is also true for successive applications of T" and U.
Therefore, the sum over « for each generation grows, i.e.

S ik <D gk for [T < |V,

and so the sum ) . ke VT,j,k OVer all generations tends to infinity, if there are no further
requirements for ~.

64



4.1 Properties of the Schwarzian Derivative

4.1.4 Idea Regarding the Convergence

Based on the behavior of ~, it is reasonable to assume that Ac(z,T), 7, k) # 0 to ensure
the convergence of . Referring to Mittag-Leffler’s theorem we can expand one of the
principal parts of (4.6) around a point [ in terms of (z —1)~! to obtain

« v __ at+y(p—1)  2a(p—1)+~y(p—1)>

(z—p)?2  (z—p) (z—=1) (z—1)2 CEnE +0((z=D).

Since A¢ can only have poles in A, we match each transformation of the circular domain
T(D) with a limit point Iz inside the convex hull of T'(D). This allows us to state our
first approach to the convergence of .

Lemma 4.15
Let D be a circular domain, infinity an ordinary point of M(D) lying in Dg and A
the limit set of M(D). Further let

1
S I — b},
€ 41%3?1\“ 1— la}

The candidate function K in the form

0le) = 3 (s + )

P~
ik Pik

N ’( ajk - Yrgk gk
o \E ez —prge (2 lr)

_ajk k(e — i) 2a5k(prgk — Ur) + yrgk(Prye — Ur)?
(z —lr)? (z =) ’

converges locally uniformly on D, where Iy € A and |T~!(I1) — T~ !(c0)| > .
/
The symbol Z indicates the sum without the identity.

We will not rely on this lemma later on, therefore the proof is not stated here, but can
be found in the appendix at A.2.

The lemma is none the less quite interesting. The discussion so far allows the conver-
gence only for a similar construction with poles in the limit points. However, the version
above is not actually suitable; while it provides the convergence, it is not compatible
with the functional equation (Lemma 4.5) of the Schwarzian. If the functional equation
is applied to IC, the coefficients and the poles do not match any longer. We will therefore
search for an invariant expression regarding the functional equation.
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4.1.5 Note about the Boundary Values

We are investigating conformal mappings onto MCCAPDs. This means that the bound-
aries of the image domains consist of circular arcs, while the preimages are bounded by
circles.

According to Lemma 2.16, a mapping f from a circular arc z(t) = re® +c onto a circular
arc leads to the property

(z—)*{f,z} €R
for the Schwarzian. Hence in the context of the MCCAPD mapping, we should have
(z—¢))?S(z) €R,  2€0C, j=0,...,m, (4.12)

where ¢; indicates the center of C;. The only exceptions would be the prevertices, as
they are poles of the Schwarzian.

Lemma 4.11 requires the Schwarzian to satisfy the functional equation

S(z) = 0'(2)*S(0(2)) (4.13)

for every reflection s € S(D) against one of the boundary circles.
Suppose z = re'? + ¢ to be on a boundary circle C of D, and s to be the reflection

against this circle C. We have s(z) = z and o is defined by o(z) = s(z). If a candidate
function K satisfies the functional equation (4.13), we can reshape the equation to

)

() = (e7%)*(e°)°K(2)

K() = 0/ ()R ) = (- )4

= (")°K(2) = (€7)2K(2).

If we substitute again, but this time with e’ = ¢, and multiply both sides with r2,

we get,
(z —¢)’K(2) = (z — ¢)2K(2), ze€ Ci\{pjrlk=1...K;}, j=0,...,m.

This means that (2 — ¢)2(2) is real, i.e. the candidate function also satisfies equation
(4.12).

Hence, any candidate function that satisfies the functional equation (4.13) also satisfies
equation (4.12). It is therefore not necessary to verify if the boundary is actually mapped
onto circular arcs.
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4.2 Mappings onto Doubly Connected Domains

4.2 Mappings onto Doubly Connected Domains

In most cases the limit set A of M(D) contains an infinite number of points (Lemma
2.25). The only exceptions are the groups generated for doubly connected domains D
with only two limit points. Since the analytic parts of S depend on A, we investigate
this simplified case first.

While we were supposing for the common case that either zero or infinity should be in
D, we switch here to annuli of the form A = {z|r < |z| < 1}. Not only are the annuli
the most common canonical region for doubly connected mappings, but also the groups
M(A) will be quite simple.

It is sufficient to investigate the mappings from the annuli. If needed, we can change each
preimage domain by applying a Mobius transformation. For a given circular domain
D, we only have to find the transformation H € M which maps D onto a conformally
equivalent annulus A = H (D) (Figure 29). The new Schwarzian {f o H, z} is then given
by H'(2)?{f,H(z)} = H'(2)2S(H(2)) if f refers to the conformal mapping from this
annulus onto the MCCAPD (or DCCAPD for doubly connected circular arc polygon
domain) f(A) = f(H(D)).

foH

Figure 29: A change of the preimage domain of a mapping f can be estab-
lished by applying a Mobius transformation H in the form fo H.

We will restate the results from above, but modify them for annuli. The reflections
. . 1 r2 .

against the boundaries are so(z) = z and s1(2) = =. The only generating transforma-

tion for M(A) is therefore the scaling T'(z) = r2z, so M(A) = {r?"z|n € Z}. Hence,

the maximum extension of A is Ag := C\ {0}, as the limit points of M(A) are 0 and

o0o. By inserting these values and combining our Lemmas 4.5, 4.10 and 4.11 we get:

Lemma 4.16
The Schwarzian derivative of a conformal mapping from the annulus A = {z|r <
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|z| < 1} onto a DCCAPD is of the form

aj.k ik 1 :
= 3 S (e B A A,

n=—o00 j.k

where the functions Ac and Apg are analytic in Ap = C\ {0}. Further, S satisfies the
functional equations

We also rewrite K and Lemma 4.15. The only limit points are 0 and oo, while the frac-
tions for I = oo vanish. Hence, we have found the following convergence statement:

Lemma 4.17
The candidate function K for the annulus A = { z|r < |z| < 1} of the form
aj.k Yk 1 A -
Z Z( (z — r27p; 4)? T o T + Ac(z,n,j, k)

n=-00 jk
converges uniformly on closed sets M C Ag not containing prevertices Tzan, where

) ;s )
_ ik G5k ’Yg,kp],k fOI' n > 0
0

AC(Zvnvjv k) =

r2nz z )
forn <0

Proof. Let M C Ag,, :=C\ ({0} U {r*"p;1}) be a closed subset of Ag, and 2z € M.
Based on the piecewise definition of A¢, we split up the sum.

If n is negative we have for r < 1 and m = —n

: —2m __ _
lim r =00 = hm |z —r 2 Mpig| =

and so our formula becomes

lim L Yok : —0
m—00 (Z — T_2mpj,k)2 p—2m (Z — T‘_Qmpj’k) ’
since each of the denominators grow with r»~4™ while the numerators are fixed.

A more exact formulation gives us

ajr + (r*™z — pjg)v)k
(r*mz = pjx)?

max =\

2,m,j,k

as the terms |r?™z — p; x| > € > 0 have a lower boundary for all z € M and tend to
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|pj k| for rising m. Therefore, we have

ajr + (r?mz — Djk)Vjk
(r?mz —pjx)?

ajk "k
G T )

am

S 7,,4771)\1

and this concludes for the sum over the negative values of n

-1
I e R ey
(z = r2rpin)? " (2 = 1r2"pjk)

ik Vik 1
(z = r2pip)? 12" (2 = r2"pjp)

ajp + (1™ — pjk) Ve
(r*mz = pjk)?

< QmaX{K A Z m < oo,
m=1
The first half is therefore converging locally uniformly on Ag .
The case of a positive n is less simple. The main problem is that ijff goes to infinity
for growing n, while the sums

1 Kj
3 Z( @ik L ik 1 ik Gkt ’Ym%x)
=i Z _ T2npj7k)2 ,r2n (Z _ 7a2npj7k) TQnZ Z2

must go to zero. If we investigate one of these summands, we see
aj.k ik 1 _ ik Gkt VikPik
(Z _ r2npj7k)2 T,Qn (Z _ 7,2npj’k) Tan 22

2
2y (o 22 —1r7"pjk V5,kPjik
PR (=P )22? 0 (2 = rPpie)a? )

Because 12" goes to zero, the factor |z —r2"p| in the denominator has a lower boundary
and tends to |z| for growing n. Since the numerators are also bounded, there must be
an upper boundary for the whole expression

2z — T‘anj k Vj,kPj.k
a; by kD = o,
bk ( Pz =r2mpip)?22 T (2 = r2py) 22 ’

max
z,n,j,k

Application of this results in

Vik 1 .
YOG "I k
S5 [ttt e gy A )

n=1 jk
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aj Vi k 1 .
< Pk 2 1A k
;Z z—r2"p k) r2n (Z—Tanng) + C(Z,n,], )
i,k
2z — pjar™” ¥j. kD k
< 2n ) ) Js 3,kPj,
B Z::T jZk: bk <a]’k (=12 22 | (2 =120

< 2maX{K j2P Z’rzn < o0.

n=1

This shows the locally uniformly convergence of K on Ag . 0

4.2.1 Construction of the Schwarzian Derivative

We have a candidate function in Lemma 4.17, which has the same poles in Ap = C\ {0}
as §. The next step would be to ensure the functional equations of Lemma 4.16, but we
will need one more result before we continue. We have found the following connection
between the parameters of the Schwarzian derivative:

Lemma 4.18
The parameters a, p and v of the Schwarzian derivative of a conformal mapping from
an annulus A onto a DCCAPD satisfy the equation

>

1 Kj
§=0 k=1

(Pikvik + ajk) =0, (4.14)

where every term (p; vk + aji) is purely imaginary.

Proof. If we integrate along the circles §(t) = pexp (it), where 1 < p < r~!, and

¢(t) = r25(t), the annulus A lies between both curves (Figure 30). This is possible, as
we extended S over both boundaries. Based on the residue theorem, the difference of
the two integrals can be expressed as the sum over the enclosed residues

/§zS(z)dz - /(ZS(Z)dZ = 2mi Z(pj,k’Yj,k +ajr), (4.15)

j?k

since

a Yo \_o_ @ atp
Z(( 2t >‘<z—p>2+<z—p>”'
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However, by using the functional equation we obtain

27 2T
/ 28(z)dz = / r25(6)S(r2(t))r2o(t)dt = S(H)S(8(t))d(t)dt = / 28(2)dz,
¢ 0 s

0

and therefore have
/zS(z)dz/zS(z)dz = /zS(z)dz/zS(z)dz =0. (4.16)
) ¢ 1) )
Combining the equations (4.15) and (4.16) gives us

Z(pj,k’Yj,k + ajr) = 0.
j7k‘

The statement that each (p;rvyjr + aj) is purely imaginary follows from Lemma
4.12. O

Figure 30: The curves used in the proof of Lemma 4.18 enclose the annulus
r < |z| < 1. The parametrization 0 describes a circle with center zero and a
radius greater than 1 and ¢ describes a circle whose center is also zero but with
a radius smaller than r

To ensure that each term p; v + aj is purely imaginary, we will use the parameter
ik (Lemma 4.13) with

Uik = PjkYjk T Ak
instead of ;5. The restricting equation (4.14) therefore simplifies to

K .

<

1
fjk = 0.
§=0 k=1

We will also substitute v in K of Lemma 4.17 and apply the restricting equation to
further simplify the result.
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Lemma 4.19
The candidate function K for the annulus A = { z|r < |z| < 1} of the form

Z Z( aj ke n Uik — Gk Ak — aj,k>
)
(z =r?pjn)® - r*pin(z —r¥pjk) TRz

n=—00 jk

where Zj i ik = 0, converges uniformly on closed sets M C Ag not containing

prevertices r2”pj7 k-

Proof. According to Lemma 4.17, we know that

aj ke e — Gk ,
+ + Al Z,1, 7, k > )
=3 (o s i)

n=—oo jk

converges locally uniformly on Ag, := C\ ({0} U {r*"p;x}), where

—i“g”“*“fv’“ — 1“72’“ forn >0
Al(zvnaja k;) = T PykE N .
0 forn <0

The function K1 will now be modified to match the shape shown in the lemma.
For easier handling, we define

L Ujk — Qjk o .
T = ) T2 = g ks
J.k

ik Pk

and rewrite K1 by reordering the finite sums to

[e.e] .
aj.k jk — G4k :
IC = ; A ) ) 7k b
2(2) Z Z<(2_T2npj’k;)2 + Tanj,k(Z_Tanng)) + Az(z,1n, 5, k)

n=—co \ jk

where

r2ny

) A4+ forn>0
As(z,m, 5, k) == z )
2( J+K) {0 forn <0

Ko is converging, as its only difference from Iy is a reordering in the finite part of the
sum. We know that 7o is zero because of Lemma 4.18, and so we may neglect it in the

future.
For negative n, we have
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due to the identity

0 1
_ AV
> 2n =D )'=
n=—oo n=0
This allows us to define
71
K =K —_—
3(2) := Ka(z) + RN

Z Z ajk n Uik — Gk ik — Ak
(z = 7r2"pjk)®  r¥pi(z = r2"pjk)  TPDjkz

n=—oo jk

K3 is converging on Ag, as Ky is doing so. Reordering the finite part again leads to
the form of the lemma. O

With the convergence ensured, we will introduce a form of I, which satisfies the func-
tional equations.

Lemma 4.20
The candidate function K of the form

aj.k Wik — Qjk ib;
Z Z( (= rp)? | 2z - T2npj,k)> =

n=—0o0 jk

where 3, pij, = 0 and

1 &
b; = _Q;Nl,k € R,

satisfies the equations

Proof. First we show K(z) = 24K (z1). For ease of calculation, we define
j.k Uk — @k
5 T ’
(Z - pn,j,k) Z(Z - pn,j,k)

T(Z7 n? j? k) =

where py, jr = TQ”pj,k, to calculate
@k Uhik — Gk Tk
(z—q?  2(z—q) 22

24z n, g, k) =
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where ¢ = P, j i —1. Depending on the circle C; on which the initial p; lies, we have

o {pn,j,k for =0
pnvjvk -

Pon—14k forj=1’

Using this fact, we can reshape the expression above to

7(z,—n,j, k) — gk for j =0

22

. . 4.17
7(z,—m — 1,5, k) — ”;Q’“ for j =1 (4.17)

The candidate function K(z) = limy_o0 Kn(z) is the limit of

N . .
aj.k Uk — Ak ib;
Kn(z) = ( J + > +
n:Z_N o\ (2= r2pi)? 2 =) ) 22

N

= Stk +

n=—N j.k

For the expression 2z *Cn(271) of the functional equation we have, by using equation
(4.17),

N .
NG = Y Y G gk -
n=—N j,k
N Ko K ib;
:Z ZT( —n,0,k) + Z z,—n — 11]<:)> ")
n=—N \k=1 k=
N Ko — K b
= Tz,n,O,k+ 7(z,n,1,k)
n:Z:N; ( ) lkz:l 22

2 vanish in the sum according to Lemma 4.18, since we have an equal

The terms 75,2~
amount of sums Y, iu; gz~ 2 for j =0 as for j = 1.
If we compare Ky (z) with 24K (z71), we can cancel out the expressions 7 with equal

parameters. Hence, the difference can be written as

B zb us ib;
Kn(z) — 2Ky (™) :ZT(ZvNa 1, k) + — — (Z 7(z,—N —1,1,k) — 22’)
k=1 k=1

»—AMS

_ < a1,k I U1k — a1k >
=\ (2= Np1e)?  2(z = r*Npig)

B Zl < ar i . L1k — 01k > n 2ib;
2N\ Gy Ty )
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4.2 Mappings onto Doubly Connected Domains

If we now apply the limit for N to infinity, we obtain

K . )
. 47~ /——1\ a 2 —a 2Zbl

N—oo z z
k=1

Hence, the functional equation K(z) = z=*K(z~!) holds only if we have

1
bi = —52/&1«
k=1

Note that b; is real, as every puy  is real.

For the other functional equation K(2) = r*K(r22), we define

a; T
T(z,n)::z<( ph_ ik ]’k>

I Z—Pn,j,k)2 Z(Z—Pn,j,k)

and therefore have by calculation
rir(r?z,n) = 7(z,n — 1).
This time the difference of the two sides of the functional equation takes the form
Kn(z) —rKn(r?z) = <7’(2,N) + ZZbQZ) - <T(z, -N—-1)+ Zzbg)
=7(2,N)—71(2,—N — 1)

and in the limit case

lim (Kn(2) — r'Ky(r?2)) = Z <a2]2k y ok — Gk ; aj’k> =0

N—o0 -
J:k

according to Lemma 4.18. This proves the second equation. O

With the functional equations satisfied, we are able to state the remaining difference
between K and S.

Lemma 4.21

The Schwarzian derivative of a conformal mapping of the annulus A onto a DCCAPD
is of the form

2727

where IC as in Lemma 4.20 and b, € R.
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4  Multiply Connected Circular Arc Polygon Domains

Proof. The difference 7T (z) := S(z) — K(z) is holomorphic in Ag, as S and K have the
same poles in Dg, and further satisfies the equations

T(z) =r'T(r?z), (4.18)
T(z) = Z4T<Z> (4.19)

as § and K satisfy them. Since 7 can only have poles at zero and infinity, it must be
of the form

oo

T(z) = Z d,z",
but equation (4.18) reduces this to
br
T(Z) = ;a
where b, = d_2, while equation (4.19) provides b, € R. O

We restate the last result to explicitly show our version of the Schwarzian derivative for
conformal mappings onto doubly connected CAPDs.

Theorem 4.22

Let P be a doubly connected circular arc polygon domain bounded by the circular
arc polygons Pj, j = 0,1, with the vertices v, k =1,..., K}, and the interior angles
ajpm. Further, Iet A= {z | < |z| < 1} be the annulus conformally equivalent to P.
The Schwarzian derivative S of any conformal mapping f of A onto P has the form

@jk Wik — Qjk b
D (e e R

n=—o0 jk

The parameters of the formula are the prevertices pjr € {pji|pjr € Cj, f(pjr) =
vj 1}, the interior angles wa; i, in the form a; ), = %(1 —a?’k), the additional parameters
tjk € R and b, where

Ko K

Z fok Z pk =0, (4.20)
k=1 k=1
18

= 52#%- (4.21)
k=1
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4.2 Mappings onto Doubly Connected Domains

4.2.2 Mappings from Generic Doubly Connected Circular Domains

Until now, we have only investigated mappings for the case where the preimage domain
is an annulus. To get the shape of § for a more generic doubly connected circular
domain D, we apply a Mobius transformation H, where H(D) = A, to the known
Schwarzian {f, z} for the annulus A to calculate {f o H, z}, where f o H is a conformal
mapping from a non-annulus circular domain onto a DCCAPD. The Schottky group

H f

—i —

foH

Figure 31: A change of the preimage domain of a mapping f can be estab-
lished by applying a Mobius transformation H in the form fo H.

M(D) still has only two limit points /; and lg, as it is generated by one transformation
T = s 0 51, i.e. gen(M(D)) = {T,T~'}. Hence, the modified version of our version of
the Schwarzian is of the form:2>

Theorem 4.23

Let P be a doubly connected circular arc polygon domain bounded by the circular
arc polygons Pj, j = 0,1, with the vertices vj, k = 1,..., K}, and the interior angles
aj . Further, let D be a doubly connected circular domain conformally equivalent
to P and bounded by the circles C; with the centers c;. The reflections against the
circles C; are denoted by s; € S(D).

The Schwarzian derivative S of any conformal mapping f of D onto P has the form

s6= Y 5 (e st

n=—o00 jk (Z - pnvjvk)Q (Z - pn,j,k)

+ (Prk = l2) ik + @ik n (Prgk — W)Yk + am)

(lo —l1)(z — 1) (lh —12)(z — o)
b(ly — l2)2

T e )

25We use ~ instead of j, to keep the formulas as short as possible.
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4  Multiply Connected Circular Arc Polygon Domains

The parameters of the formula are the prevertices py, jr € {T™(pjr)|pjr € Cj, T =
soos1, f(pjk) = vjk}, the interior angles moy ), in the form a;j, = %(1 — a?k) and the
additional parameters 7, ;j and b, where

> ((Pj,k =) ik — L)V + (2pjk — o — l2)aj,k> =0, (4.22)
7.k

Ko
1 (Pjk — )ik — L2)vjk + ik — 1 — 12)aj
Im (b) = — ’ ’ ’ : ua
=33 P
ik (Djk — ¢j) + ajk € iR.

¢)
The limit points of M(D) are denoted by 11 and la, where l; lies inside C}.

Proof. To get the shape of S for a generic circular domain D, we apply a Mobius
transformation to the Schwarzian for the annulus. Since the Schwarzian derivative
provides us with

{foH, 2} = H'(2)*{f H(2)}

if H is a Mobius transformation, it is sufficient to calculate the right side of the equa-
tion. We define the bounded domain D by H(D) = A, where H(z) = (Az+ B)/(Cz+
D), AD — BC =1, H(Cy) = 9D, and H(Cy) C D. The new preimage domain has a
changed set of parameters. The new prevertices ¢ are given by ¢ = H~!(p). The new
parameters § are given by § = (Cq+ D)™ 2y —2aC(Cq+ D)~ ! if we use equation (4.5).
The generating transformation 7' = sgo sy for M(D) is H-'oG o H, where G(z) = r?z,
while the new limit points are given by the preimages of zero and infinity, i.e.

H(ly)=H(-§) =0, H(ly) =H (-5) = =,

where [y is inside both circles and we therefore have {1 € ch(Cy) C ch(Cp).
By using these expressions, we obtain the relation

2 a g _ T
H'(z) %;((H(z)—p)Q + (H(z) —p) H(2)>

B a 5 dg—1l2)+a 0(g—1lh)+a
_.Z<<z—q>2 M P R Py TPy B —z2><z—z2>>'

(4.23)

Jik

Equation (4.23) contains the sum over j and k because we already used the property

STtw+a) = ((a—h)(g—1)d+ (2¢ — b — lr)a) = 0.

ak ak
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4.2 Mappings onto Doubly Connected Domains

Actually, the relation for the restricting equation is

(q—1)(g—=1)d+(2¢—h —lr)a
i —1

WP +a= )
but the difference (I3 — l2) is constant and can therefore be removed from the sum.
The remaining analytic part Z% can be transformed to
b b(ly — 1)?
H'(z)? = :
R T GGy

Having transformed every part of S and the restricting equation, the lemma is proven
for bounded domains.
An unbounded domain Dy; can be reached by using an inversion U (z) = r2/(z—co) +co
with respect to Cp in the form (HoU)(Dy) = H(D) = A. However, the only difference
to the result above for bounded domains is the fact that C7 is outside of Cy and we
therefore have Iy € ch(C1), ls € c¢h(Cp), and ch(Cp) Nch(Cy) = 0. O

An easy way to check the plausibility of the above equation is to let lo approach infinity

ajk Vnj,k —Vnjk b
S(z) = . + e )+ :
) %((z—pn,jm G T G-) G0

If additionally {1 is replaced by zero, the expression simplifies to the form for the annulus,
where the limit points are zero and infinity.

Remark
One may wish to prove the restricting equation

(P—L)p—lb)y+(2p—hL —b)a _
> D) =0 (4.24)

j?k
directly in D. The integration method used for Lemma 4.18 needs to be modified to

establish this. The function

(z —l)(z— o)
h(z) =
(2) -1

has the interesting properties
/ -1 _ Py
7)) = A(e) w25
o'(z)" h(s(z)) = h(z)

regarding transformations of M(D) and reflections against the boundary components of
D. As a consequence, the integral

/ h(2)S(z)dz

)
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4  Multiply Connected Circular Arc Polygon Domains

is invariant against applications of these transformations/reflections to the integration
curve 8,26 and so it takes the place of the integral

/(szS(z)dz

in the proof of Lemma 4.18. It is interesting to note that the function g(z) = z satisfies
the equations (4.25) for the transformations belonging to an annulus.

Applying the proof of Lemma 4.18 yields the wanted result. This can also be seen by
the fact that the restricting equation can be written as

> (h(p)y +H (p)a) =0
7.k

by using h. Furthermore, every term h(p)y + h/(p)a is invariant with respect to the
transformations of M(D).

4.2.3 Validity of the Mappings

We noted in the discussion following Lemma 2.13 that it is in general not possible to
say in advance if the solution of a Schwarzian derivative is a valid multiply connected
mapping. We further observed that one way to check this would be to verify

/f(k)(z)dz =0, k=123, (4.26)
1)

for curves enclosing exactly one of the boundary components.
For a doubly connected mapping, it is sufficient to integrate around one of the holes in
the domain.?” For the annulus 7 < |z| < 1, we can, for example, set J to

r+1 4,

i(t) = 5 e’

and test the three integrals (4.26) along this curve.
The downside is that we first need to solve for f before we can verify the mapping. This
leads to the requirement of numerical methods for finding a valid map onto a DCCAPD.

It is reasonable in this context to count the number of free parameters on both sides of
such a mapping.

On the image side, a DCCAPD can be defined by its vertices and the curvature?® of
the arcs. Let us denote the number of the vertices by K := Ky + K;. This gives 3K
real degrees of freedom from which we must subtract 6 degrees for an applicable M&bius
transformation, so we have 3K — 6 degrees of freedom on the image side.

26The integral may still change its sign, if the transformation /reflection applied to the curve changes
its direction.

2"There is only one hole for bounded doubly connected domains, but two holes for unbounded domains.

28Here we will need the curvature with a sign to distinguish arcs bounded inwards and arcs bounded
outwards.
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4.2 Mappings onto Doubly Connected Domains

For the preimage, the Schwarzian contains 3K real parameters p, a, 4, while the bound-
ary circles are defined by 6 real values (centers and radii). We further have one real
parameter b, = Re (b) for the analytic remainder. On the other hand, we have to sub-
tract again 6 degrees of freedom for the applicable Mobius transformation. Further we
have the restricting equation (—1) and the three integral conditions (—6). Hence we
have

3K parameters p, a, [
+6 centers and radii of Cy and C4
+1 Re (b)
-6 Mobius transformation
-1 restricting equation (4.14)
—6 integral equations (4.26)
=3K -6

degrees of freedom on the preimage side.

Therefore both sides have the same number of degrees of freedom, but we can choose
3K values for the mapping as the integral equations can only be satisfied by changing
the remaining values. There are therefore parameter sets (p, a, v, Re (b), D) which do
not lead to a valid doubly connected mapping.

There is also an interesting fact regarding the analytic remainder b,/z2. Note that b,
for the analytic remainder is real. The imaginary part b; is a result of satisfying the
functional equations of S. If we calculate the Schwarzian of the function g(z) = 2%, we
have

1—a21
lo.2d=——%

Therefore the solution of the Schwarzian derivative of b,./2% is T o g for a Mobius
transformation 7" and a suitable choice of ae. However the function z® is for & # +1 not
a valid doubly connected mapping of any annulus. It is mapping an annulus onto an
annulus with a gap or an overlapping at the negative real axis depending on the choice
of a. The remainder can therefore be seen as a way to compensate a gap contained in
the solution of the Schwarzian by adjusting the parameter b, correctly.

In the case of a generic circular domain, the solution for the analytic remainder is of

the form
z — l1 @
z — 12 .
It has a similar effect as b, /22, but the slit /gap is drawn between the two limit points of

M(D). The slit for the annuli can therefore be seen as a connection between the origin
and infinity.
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4  Multiply Connected Circular Arc Polygon Domains

4.2.4 Univalence of the Mappings

If a conformal mapping onto a DCCAPD exists for a given set of parameters, it may
still not be univalent. However, there are results for the Schwarzian derivative especially
concerning such univalence properties. Best known is the result of Nehari (stated as
Lemma 2.17), which demands

6
{f 2} < A= P2 2| < 1.

as a necessary condition for a mapping from the unit disk. This condition was expanded
in several directions since its publishing. A good overview of the development can be
found in [Osg98]. For our needs, the most suitable version is one of Gehring [Geh77].

Lemma 4.24 ([Geh77))
If f is analytic and univalent in D, then

|{f,2}| < 6dist(z,0D) >

in D. The constant 6 is the best possible.

If we define
d(z) == min {(|z] —r), (1 — |2[)}

for the annulus A = { z|r < |z| < 1}, the requirement of the lemma changes to
IS(2)| <6d(2)72,  z€A.

As this inequality has to be true for all z, it stays true if we integrate inside the annulus
along a curve §.

z z z_zz .
/5!s<>udrs/66d<> dzl,  6CA

While [;|S(z)]|dz| is hard to calculate, there is a lower boundary

/S(z)dz §/|S(Z)Hdz\,
) )
which is easier to handle.

If §(t) = pe' is a circle in A enclosing Oy, we have

0 —1
/JS(z)dz = 2mi (Z Z Tn,0k + Z Z 7n,1,k>
—o0 k

—00 k,
0 -1
= 21 (Z r2n Z Yo,k + Z r2n Z ’71,k>
—00 k —00 k
) 1 1
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4.2 Mappings onto Doubly Connected Domains

and
/Gd(z)_2]dz| = 27p 6d(p) 2.
)

Setting the radius for § to p = 7”5—1 to get the largest possible distance to the boundary,

we find
147 2\’ 147
< —12 - 4.2
—6< 2 ><1—r> -2 (4.27)

This gives us a necessary, but not sufficient, condition for univalence, which depends
on v and r. The disadvantage of this inequality is that it is inaccurate. While the
initial inequality is accurate in the sense of the best possible constant, the two following
estimations are not precise.

If the same inequality is applied to the reflected annulus 1 < |z| < r~!, we get an altered
form

>k 0k N > ok YLk
1—1r2 r—2-—1

1+r)r~t—7)
jZ;WJ,k <12 (1 _ T’)2 .
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4  Multiply Connected Circular Arc Polygon Domains

4.3 Known Mappings onto Doubly Connected Domains
4.3.1 Mapping Formula of Crowdy and Fokas

There is already a form for the Schwarzian in the doubly connected case, which is
provided by Crowdy and Fokas [CFO7].

Lemma 4.25 ([CF07])

Let f(z) be the conformal mapping of the annulus r < |z| < 1 onto a doubly connected
circular polygon domain. Let {ma;|j = 0,1; k =1,...,K;} be the interior angles
at the prevertices {pj;|j =0,1; k =1,..., K,}, respectively. Then T (z) = 22S(z) is
given by

L5 Oézk -1 z z
T(Z) = I L<7> + ’L’}/]’],CK(i) +c,
; ; 2 Pjk Djk
where {vj1|j=0,1; k =1,...,K;} are real constants satisfying the conditions
Ko K1
> ok + > k=0, (4.28)
k=1 k=1
while c is a complex constant satisfying
K
c—c= —inyLk. (4.29)
k=1

The functions L and K in the expression above are constructed by using the Schottky-
Klein prime function

oo

P(z) = (1-2) JJ(1 = r**2)(1 = r*z71)

n=1
for the annulus r < |z| < 1. They are defined as
zP'(2)
P(z)
L(z) :== 2K'(2).

K(z):=

To get a version that is easier to compare to our results, we evaluate them to

K= > () o3 ()

n=—oo n=1
L(z) = nio (s + =)
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4.3 Known Mappings onto Doubly Connected Domains

a?-1
2

= —a7

oo 2n,.\2 2n
a(r"p) ar”"p
—ar(5) +ink () =
a + 1y » n:ZOO (z — 7“2”p)2 + - — r2ng
iyr?mp — iyr¥"p
+ Z Z —r2np +iy +Zz_r2np'
n=1

n=—oo

Since v drops out of the sum over the index k according to equation (4.28), we have

1 2n 2 2n ;
aik(r"pik)* | TPk (Ve + ajik)
7' 2) = < 75 7 4 > ) > +e 4.30
BB ) 3 Dl (O s TS a0
In comparison, our form of Theorem 4.22 can be reshaped to

STCEEDS Z[ S ek }M

W (z—=1r2p;r)?  z(z—1%"p;k)

Z Z[aﬁ P2 )2 +r2npj7k(iﬂj7k+aj,k):| +b (4.31)

W Gq L =) (2 —r*"p; )
by using the property » ;& Wik = 0 provided by equation (4.20).

The formulas (4.30) and (4.31) are equal, beside some minor differences regarding the
notation. Their v equals our 4 and their ¢ equals our b. Also the additional equations
(4.28) and (4.20) and the equations (4.29) and (4.21) are equal.

4.3.2 Schwarz-Christoffel Mapping of the Annulus

A polygonal domain is a special case of a circular arc polygon domain. It is therefore
reasonable to compare the doubly connected SC mapping with the DCCAPD map-
ping.?*

Conformal mappings from annuli onto doubly connected regions bounded by two poly-
gons were already constructed by Komatu in 1945 [Kom45], but we will use the approach
of DeLillo, Elcrat and Pfaltzgraff [DEP01]. They stated the pre-Schwarzian of the map-
pings in the form:3°

Lemma 4.26 ([DEPO01])

Let P be a bounded doubly connected polygonal domain bounded by the polygons
P;, j = 0,1, with the vertices vj, k = 1,..., K;, and the turning angles 3; ;.

Any conformal mapping f from the annulus A = {z|r < |z| < 1} onto P has a

29This was already done for simply connected domains in Section 3.3.
39Tt is not the final form found in the paper, but the one that is most suitable for our needs.
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4  Multiply Connected Circular Arc Polygon Domains

pre-Schwarzian of the form

f”Z Bk
SR P9 pe T

n=-—o00 j=0 k=1

where {81 = ajr—1|aj, €1[0,2]; 7 =0,1; k=1,..., K;} are the turning angles and
{pj,k j=0,1k=1,... , K3 |p0,l~c| =1 |p1,l~c| = f(pj,k) = Uj,k} are the prevertices.

To derive the Schwarzian derivative from the pre-Schwarzian S, we define

S(z) := lim Sy(z) = lim Z Z ng

2n
N—oo N—)oo zZ—=r
Nk Pjk

and

Sn(z) — Bk for —N<n<N

Sn(2) otherwise

We will denote the derived Schwarzian by T to distinguish it from our version S provided
by Theorem 4.22. Hence, the solutions of 7 will have the property that the image
domain can be mapped onto a polygonal domain by a Mobius transformation. To
obtain 7, we begin with

- (5) -3 (5" s o

= Jim_ (S5 - 5(Sw()?).

If we denote the finite version of 7 by Ty, we have at each pole

Tn(2) = (Sn(2)) - %(SN(Z))2 = (SN(z,p) + z>/ - <SN(z,p) + Zﬂ>2

— 2
- (z _Bp)2 N ;(z fp)Q . fpSN(va) + (Sn(z,p)) - %(SN(ZaP))Q
a . ﬁSN(pvp)

T (z-p?  (z-p)

+0((z—p)"),

where a = %(1 — a?) refers to the interior angle as in the preceding discussion. Since
S is only composed of poles at the prevertices, the Schwarzian has to have a similar
structure, and so we have found

. —B:.8 2n,, . , 2n,. .
Z Z a;,k S+ ﬁg,k N(T 2pj,]€ T Py,k) . (4_32)
(2 = 72"pjk) (z = 7%"pjx)

—N 4,k
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If we compare Ty with a finite version Sy of the Schwarzian from Theorem 4.223!
ajk Vn.jk Tnjik ) b
+ - + =, 4.33
EN; < (z =12 )% " (z—r2p;p) > 52 ( )

we notice that they differ in two major aspects. The residues «v at the prevertices are
depending in the SC form 7y on the limit process and the poles at zero (1 and z%) are
missing.

We have nonetheless found a formula for the parameters ~ if we are mapping onto a
DCCAPD that can be mapped onto a polygonal domain.

Lemma 4.27

Let P be a doubly connected circular arc polygon domain that can be mapped onto
a bounded polygonal domain by a Mobius transformation.

The parameters v of the Schwarzian derivative of a conformal mapping of an annulus
A onto P are given by

Tn,g.k = _5j,ks(r2npj,k7r2npj,k>v ne Za ] = 07 17 k= 17 s 7Kj7

where S(z,p, ;i) denotes the pre-Schwarzian S of the SC mapping (Lemma 4.26) of
A onto P without the pole at py, ;.

Proof. Comparing the residues of the equations (4.32) and (4.33) and letting N go to
infinity yields the result

. 2n 2n
Vg = =B SN (17D 7Dy )-
— 00
O

The missing parts of equation (4.32) (2 and Z%) have to arise from the difference of

BSn(p,p) and v in the limit process. This is because
: 2 2
Jim (=B85 kSN ("D 7D k) = k)

tends only for a fixed n to zero. However, the residues of the last summands in equation
(4.32), i.e. where n = N, contain always a significant difference to their corresponding
v, no matter how large N grows. We will compute the parameter b to visualize this
behavior.

For the following lemma, we define the notation

Bjk
Sun(e)m 3 3

n=M jk

31'We use «y instead of u for easier comparison.
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4  Multiply Connected Circular Arc Polygon Domains

Lemma 4.28

Let P be a doubly connected circular arc polygon domain that can be mapped onto
a bounded polygonal domain by a Mébius transformation.

The parameter b of the Schwarzian derivative of a conformal mapping of the annulus
A={z|r<|z| <1} onto P is given by

00
- Z Zpﬁkﬁj,ksl-‘rn,oo(pj,k)
n=0 j,k
e 8
_Zzp]k/ﬁjk Z ZZ _”2m
n=0 jk m1+nz0[1pj7k r pl

Proof. With the definition of Sy, we can split up S into
S(z) =S 0o —N-1(2) + SN (2) + SN+1,00(2)-

If we apply this notation also to S(z,p), we have

Sn(p,p) = S(p,p) — (S—o0,~N-1(P) + SN+1,00(P))
for r2N+1 < |p| < 72N, The residue in equation (4.32) can therefore be replaced by

—BSN(P,p) =7+ B(S—co,~N=1(P) + SN+1,00(P))-
For further reference, we denote the difference to v by

En(p) := B [S-00,-n-1(P) + SN+1,00(D)] -

To actually determine b, we note that the difference Ty (z) — Sy (2) tends to zero for
growing N and all z € Ap = C\ {0},

lim TN(Z) — SN(Z) =0, z € Ag.
N—oo

Hence, we can state the modified difference

() - ($v() - 5 )

N
- Z _/Bj’kSN(Tanjvk’7T2npj,k) B Vn,g.k + Tn.g.k
n=—N jk (z = 72"pj) (z—r2"p;r) z (4.34)
N
_ EN(T%Pj,k) Vnjk ) N—ooo b
- Z (z — r2np; )"’ > -
n=—N jk gk
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4.3 Known Mappings onto Doubly Connected Domains

which converges? to Z%

Now, we want to integrate along a circle with center at the origin that is given by the
curve 6(t) = Re*™ where R =1+ 5.3* We then have

lim [z (’TN(z) —Sn(z) + :2> dz = 2mib. (4.35)

N—oo /s

If we combine the equations (4.34) and (4.35), we obtain

.1 EN(r*"pjk)  Ynjk
b= lim — 2 d
Nl—rgo27ri/(;z ZZ(Z—T’an k)+ z ‘

N j,k
N
= lim 2 En(r2"pi k)
- N Dj kLN Pjk)-
—00
n=0 7,k

We know by the convergence of Sy that
lim SN—}-Loo(p) = 0, lim S_oo,_]v_l(p) == 0,
N—o0 N—00
for any fixed p. The pre-Schwarzian S has, like S, a functional equation, namely
S(r?z) = r728(z),
which changes for a finite sum to
Sun(r?2) = r2Sy_1.n-1(2),

where all terms are “shifted to the left”. For the last generation r2V pj i of the prever-
tices, we therefore have

SN—H,OO (7”2ij7]€) = 7’72N51,oo (pj,k)v

where Sy o (pj ) only depends on p;x and 72V goes to infinity for growing N.
By applying this functional equation to the result from above for b we find

. 2 2 2
b= A}gnoozozr ik [Bjk (S—co,-N—1(r*"pj1) + SN11,00(r*"Dj1)) ]
n= ]’

= lim Z ij,kﬂj,k (S—oo,—2N—14n(Pj,k) + Si4n,00(Pjk)) -

N—oo -
n=0 j.k

Since the terms S_oo _on—14n(pjk) vanish for N approaching infinity, we have proven
the lemma. ]
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4  Multiply Connected Circular Arc Polygon Domains

It is interesting to note that the b provided by the lemma already has the correct real
and imaginary part.

While the equation for b holds for all SC mappings, it is not valid for the generic
DCCAPD case. The sum of the turning angles >, ;1 = > (o — 1) is for a polygon
either 2 or —2 (depending on whether it is an outer or inner boundary component). As
this feature is used for demonstrating the convergence of S, the formula for b does not
have to yield a value if the interior angles are changed. Therefore, a generalization does
not seem possible with this approach.

Example

The simplest double connected polygonal domain has only two vertices on the inner
boundary (slit) and three on the outer boundary. To keep the domain as symmetric as
possible, we choose four vertices on the outer boundary and have

pO,k € {17i)_17_i}7 pl,k? € {T7 _T}7
1 (4.36)
Pow = o= —3; Pk =P =1
Some quick calculation yields that for r = % we have
b=0.047427...

This example shows that Re (b) is actually non-zero. While neither in the simply con-
nected case nor in the pre-Schwarzian of multiply connected SC mappings any additional
analytic terms arise, it is inevitable for the Schwarzian derivative of a mapping onto a

MCCAPD.
Also for this special example, we can conclude that since b is real, we have

> (okpok +aok) = > (kP + aix) =0.
k k

As a matter of fact, most of the examples with symmetric domains have provided a real
value for b. More values for a variation in r can be seen in Figure 32.

Unbounded SC Mappings

There is also a form of the pre-Schwarzian of conformal mappings that map an annulus
onto an unbounded polygonal domain.

*The convergence is ensured by the fact that (Sn(2)) — 3(Sn(2))? converges by [DEP01] and the
remaining sum converges by Lemma 4.19.

33The radius is taken large enough to include the annulus 7 < |z| < 1, which is only for easier writing
of the sum. Otherwise we would have to distinguish between the prevertices of the initial annulus which
lie on the unit circle and those on the inner circle. This is possible as we have already extended the
mapping to C\ {0}.
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r r
(a) The values of b for r € ]0,1]. (b) The values of log;(b) for r € ]0,1] to

better visualize the growth of b.

Figure 32: The magnitude of b grows very fast for r approaching 1. The
values of b are calculated for the prevertices and angles given by (4.36).

Lemma 4.29 ([DEP04])

Let P be an unbounded doubly connected polygonal domain.

Any conformal mapping f of the annulus A = {z|r < |z| < 1} onto P has a pre-
Schwarzian of the form

K;

'z o0 1 ﬁ-’ -2
B )

n=-—o00 j=0 \ k=1

where {fB;, = a;,—1|j =0,1;k =1,..., K;} are the turning angles, {p; |7 = 0,1; k =
1,...,Kj;|pok| = 1;|p1k| = r} are the prevertices and {u;|ug = %; u; = d;d € A} are
the preimages of infinity. The position of d can be chosen arbitrary in A.

Since the image domain is unbounded, the pre-Schwarzian contains some additional
terms referring to the preimage of infinity and its reflections/transformations. The
choice of these preimages depends on the desired image domains,* but can be declared
arbitrary (in the form of the parameter d) for the following discussion.

An interesting point is that the terms for infinity are actually required to establish
convergence. While in the bounded case the sums of the turning angles are —2 and
+2 (and therefore cancel each other out), they are +2 for both boundary parts in the
unbounded case. Hence the terms for infinity with the coefficients —2 are the correct
counterpart to ensure convergence.

A similar calculation as in the bounded case yields an adjusted version of our last result
regarding b.

34In the paper of DeLillo, Elcrat and Pfaltzgraff, the preimage domains are unbounded. They therefore
normalize the mappings with f(co) = 0o, but we use bounded preimage domains and have at the moment
no need for a normalization.
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4  Multiply Connected Circular Arc Polygon Domains

Lemma 4.30

Let P be a doubly connected circular arc polygon domain that can be mapped onto
an unbounded polygonal domain by a Mébius transformation.

The parameter b of the Schwarzian derivative of a conformal mapping from the annulus
A onto P is given by

K;

co 1
b= | D 0ikBisStinoo(Pik)) = 2u;S11nc0(u;)

n=0;=0 \ k=1

In this case, S refers to the pre-Schwarzian of the unbounded mapping, which includes
the terms for infinity.

Validity of the SC Mapping

We observed in Section 4.2.3 that not every set of parameters for the DCCAPD mapping
yields a valid doubly connected mapping. We will repeat the parameter count on the
preimage and image domains for the SC mapping to get an equivalent statement for
this subset of the mappings onto DCCAPDs.

The solving process for the SC mapping is a mere integration in comparison to the
differential equation of the CAPD mapping. However, this integration can also be seen
as the solving of a differential equation of the first order. We can therefore state an
integration condition similar to (2.3) for the Schwarzian derivative, but for a first order
equation it is enough to check the first derivative, i.e.

/5 F(2)dz =0, (4.37)

where 0 is a curve in the preimage annulus enclosing the smaller boundary circle.

If we now count the degrees of freedom of the image and the preimage of such a mapping,
we obtain the following:

The image polygons are defined by their vertices. If we denote the sum of all vertices
by K, this gives 2K real degrees of freedom. Further, we have to subtract 4 degrees, as
the domain can be rotated, scaled and translated. Hence there are 2K — 4 degrees of
freedom in the image domain.

On the other hand, we need 6 real values to define the circles of the preimage domain
and K for the prevertices. The angles provide only K — 2 degrees, as the sums of
the turning angles must be +2 depending on the boundary component. Subtracting
6 degrees for the application of a Md&bius transformation and 2 for the integration

35

3%We could also count only one degree of freedom for the inner radius of the annulus instead of the
6 degrees for a generic domain. However, in this case, we only need to subtract one degree for the
normalization by a rotation instead of a Mdbius transformation. Either way yields the same result, i.e.
6-6=1—-1=0.
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4.3 Known Mappings onto Doubly Connected Domains

condition leads to a sum of 2K — 4 real degrees of freedom on the preimage domain.

K prevertices p
+ K -2 turning angles (8
+6 centers and radii of Cy and C
-6 Mobius transformation
-2 integral equation (4.37)
=2K —4

Both sides have 2K — 4 degrees of freedom, but this implies, as for the DCCAPD
mapping, that there must be sets of prevertices and angles without a proper image
domain. The argument is the same as in Section 4.2.3: We can choose 2K —2 parameters
in comparison to the 2K —4 degrees of freedom, so there must be sets with image domains
breaking the integration condition.

Such an unsatisfied condition appears in the numerical evaluation in the form of images
of closed curves without matching start and end points, indicating that the boundary
has gaps or overlap and intersect itself.

An example for an alternative approach to the validity of the mappings can be found in
Hu’s DSCPACK [Hu98], an algorithm for the calculation of doubly connected mappings
from annuli onto doubly connected polygonal domains. Each mapping has to satisfy the
condition that the two images of the first prevertex on the inner boundary, one gathered
directly and one by solving around the hole, have to coincide. This is the same concept
as the integration condition, but solved via an alternative method.

We visualize this problem by two different parameter sets for the annulus 0.2 < |z| < 1.
The first set has equal spaced prevertices, where

arg(po) = (0.25, 0.75, 1.25, 1.75) 7,  ag = (0.5, 0.5, 0.5, 0.5),

(4.38)
arg(p1) = (0, 0.5, 1, 1.5) 7, a1 = (1.5, 1.5, 1.5, 1.5),
while the prevertices of the second set are closer together
arg(po) = (0.1, 0.5, 0.8, 1.1) 7, ag = (0.5, 0.5, 0.5, 0.5), (4.39)
arg(p1) = (0.8, 1, 1.3, 1.7) 7, ap = (1.5, 1.5, 1.5, 1.5). '

The results can be seen in Figure 33. The images are generated the same way as the
examples in Section 5.3.3, while the solving of the Schwarzian is replaced with the in-
tegration of the derivative of the Schwarz-Christoffel transformation. A full description
of the process can be found in Chapter 5.

The first parameter set (4.38) yields a well shaped polygonal domain, while the sec-
ond set (4.39) produces a rather distorted imaged domain. The image domain for the
second set is self overlapping and therefore the start and end points of each boundary
component do not match. Based on the image domain, the set (4.39) does not belong
to a valid doubly connected SC transformation.

93



4  Multiply Connected Circular Arc Polygon Domains

(a) The well shaped result for the pa- (b) The distorted “boundary” for the pa-
rameter set (4.38). rameter set (4.39).

Figure 33: The image domains for the Schwarz-Christoffel transformation of
the annulus 0.2 < |z| < 1 with the parameter sets (4.38) and (4.39) are shown.

4.3.3 Nehari’s Mapping onto a Slit Domain

In the monograph [Neh52, p. 293-295] they show a mapping from the annulus r < |z| < 1
onto the unit disk minus a symmetric slit on the real axis. The mapping is given by
one of Jacobi’s elliptic functions

2K
f(z) = Vksn <Zlogz + K,T4> ,
T T
where k depends on r and K on the elliptic function.

To compare this to our results, we derive the pre-Schwarzian of f(z) (as shown in
Appendix A.3) and find

2N+1 N+1
Sn(2) = Z Z - ran Z Z — T4nuk (4.40)
—(2N+1) =—N k=1
where p1 =7, po = —7, up = ir 1, upg = —ir~!, and S(2) = limy 00 SN (2).

To understand the pre-Schwarzian, we examine the behavior of the mapping. The inner
circle of the annulus is mapped onto a slit in the image domain, so the pre-Schwarzian
has to contain two prevertices p; and ps, representing the ends of the slit, as is common
for this kind of mapping.

While the prevertices py = r and ps = —r are mapped onto real points v; = f(r)
and vy = f(—r), the points ir and —ir are mapped onto zero by the symmetry of the
domain. If we extend the preimage and image domain by a reflection against OD3¢, we
cover the whole image plane except the real intervals | — oo, vy '], [v2,v1] and v, 00|,
Zero is reflected onto infinity in this process, so the reflections of ir and —ir through

36The unit circle is a boundary component of the image and the preimage domain.
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4.3 Known Mappings onto Doubly Connected Domains

Figure 34: The function given by Nehari conformally maps an annulus onto
the unit disk minus a slit on the real axis.

the unit circle are mapped onto infinity and we have f(ir~1) = f(—ir~!) = co. These
poles can therefore be seen at the uy in the pre-Schwarzian.

An interesting side effect of these poles is that they ensure convergence of the expression
above, as can be seen by comparison with the convergence proof of the SC mapping
(e.g. [DEP04]). For our investigation, it is enough to know that it was derived from a
valid mapping function.

To calculate the Schwarzian derivative from the pre-Schwarzian, we notice that the pre-
Schwarzian (4.40) is similar to that of the Schwarz-Christoffel mapping. Hence, it is
reasonable to apply similar methods.

We denote the alternative Schwarzian again by 7. If we write S(z) = S(z,p) + Zip, we
obtain

|

-1 1 1

_ - S(z,p)zip + 5'(z,p) — 1(S(z,p))z

(z-p? 2(:—p)? 2
3
~3 s
= 2 __ Sp) + analytic,
(z=p? z-p

since S(z,p) is analytic at p. We apply the same method for the poles at v and find
a similar result except that the quadratic terms vanish. The resulting Schwarzian is of
the form

2N+1 2
SN (r*"pr, r*"py)
I (e

—(2N+1) k=1
N+1 2
2 Sy (r*™uy, rituy,)
+ Z > rma—
2z — riny,
—N k=1

where T (z) = limy_,0 Tn(2). For economy in notation, we introduce Vy(p) := Sy (p, p),

95
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SO we may write

N (2 — r2"pk z— rznpk z— r4"uk '

—(2N+1) —N k=1

According to Lemma 2.14, the Schwarzian is not allowed to contain the simple poles
of the mapping functions, i.e. the preimages of infinity. Therefore, the poles at r™uy
have to disappear. This means that the Vi (r#"u;) have to go to zero as N approaches
infinity. However, as in the case of the SC mapping, this is only true for fixed n. The last
summand in Sy, i.e. VN(T’4(N +1)uk), has an argument dependent on N and therefore
does not shrink. This leads to an error term as in the preceding section for the SC
mapping.

There is also an error for —Vy (r?"pg) compared to 7, j . The difference of —Vy (r?"py,)
and 7y ;x is found following a similar argument to that employed in the case of the SC

mapping.

To investigate this behavior, we evaluate Vy for different arguments and values of V.
The behavior of Vi (r*™+1y;) can be seen in the Tables 3 and 4.

iVn(ritu) | N=0 1 2 3 4
n=1 1.1-10° 46-1073% 18-107° 7.1-1078% 2.8.10°10
n=2 - 1.8-10' 74-1072 29-107* 1.1-10°°
n=3 ~ ~ 2.9-102 1.2-10° 4.7-10°3
n=4 = — — 46-102  1.9-10!
n=>5 ~ ~ - - 7.4-10%

Table 3: Evaluations of Vy(r*"u;) = Vy(r#"ir~1) for r = 0.5. The results
were multiplied by ¢ to provide positive real values.

logio [Wn(r*™w)| [ N=0 1 2 3 4 5 6
n=1 o -2 -5 -7 =10 -—-12 —-14
n=2 = 1 -1 -4 -6 -8 -—-11
n=3 - - 2 0 -2 -5 -7
n=4 - - - 4 1 -1 -4
n="5 e S
n=6 S
n=71 e

Table 4: Evaluations of Vy(r%"u;) = Vy(r#ir—!) for r = 0.5. The table
shows the logarithm to base 10 of the results rounded to integer values.

Furthermore —Vy (r?"p;) should tend to Ynk- The values for different n and N can
be seen in Table 5. The values with the greatest n (for a fixed N) always significantly
differ from the actual value of =, as the relative error remains nearly constant. This
fact is shown in Table 6.
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—Vn(r¥p1) | N=0 1 2 3 4 00
n=0 3.0000 3.0000 3.0000 3.0000 3.0000 | 3
n=1 13.254 12.005 12.000 12.000 12.000 | 12
n=2 — 48299 48.001 48.000 48.000 | 48
n=3 — 21214 192.07 192.00 192.00 | 192
n=4 - ~ 77278 768.02 768.00 | 768
n=>5 - ~ 33942 3073.2 3072.0 | 3072
n="6 - - - 12365 12288 | 12288
n="1 - - - 54307 49171 | 49152

Table 5: Evaluations of —Vy(r?"p;) = —Vn(r?"r) for r = 0.5. The actual
value of v, 1 is shown in the last column.

log;o(En(r*"p1)) | N=0 1 2 3 4 5
n=1 -0 —00 -0 —00 —00 —00
n=2 —1 —4 —6 -9 —00 -
n=3 - =3 -5 -7 —-10 -
n—=4 - -1 —4 -6 -9 —o0
n=>5 — ) -5 -7 -10
n==~6 — - -1 —4 —6 -9
n="7T — — - =3 ) =7
n==~§ - - - -1 —4 -6
n=9 - - - - =3 =5
n =10 = = = - -1 —4

Table 6: The table shows the logarithm of the relative error En(r?"p;) =
VN (r?"p1) +na |/ [VN (72"p1) — Y| between —Vp (r2"p1) and 7,1 for r = 0.5.
The results were rounded to integer values. The “—o0” represent an error
smaller than the numerical precision.

At this point, we halt our investigation. We see that the mapping of Nehari behaves
very similar to the Schwarz-Christoffel mapping for the annulus. As previously, some
of the terms of the mapping formula onto a DCCAPD only arise in the limit process,
and can therefore not directly be seen.
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4.4 Mappings onto Domains of Connectivity Three or Greater

We now investigate mappings onto domains with connectivity three or greater. The
main change in the geometry is that the limit set A is now a perfect set. Hence, there
are uncountable many limit points instead of only two. Therefore we can not directly
apply the results of Section 4.2, but we may use the basic shape of the Schwarzian.
The Schwarzian for the annulus is according to Theorem 4.22 of the form

oo .
a; n,J n,J bz br

W ST NE T g (2 pag) 2

if we use v instead of p and p,, j r = r2”pj,k. As the index n represents the transformation
applied to p, we may instead use T, i.e. prjr = T'(pj ). If we denote the poles referring
to the prevertices by

R(z,T) ::Z( Bk 4 Tk ) (4.41)

T\ =prn)® (=)

we can divide the Schwarzian into

ajk T4,k VT )k ib; ,
S(z):Z(Z[ T }Jr _>++2
TeM(D) " jik (z=prjk)® (2= prjn) Zj,k [ z ] 22

Ap(z)  Agr(z)

=

R(z,T) Ac(z,T)

with the principle part and three different analytic components.
The resulting four components can be interpreted as

e R(z,T): the poles at the prevertices

e Ac(z,T): the functions necessary to ensure the convergence
e Ap(z): the function to ensure the functional equation

e Agr(z): a possible analytic remainder.

Hence, from a more distance point of view, the Schwarzian is of the form

S(z)= Y [R(zT)+Ac(z,T)] + Ap(2) + Agr(2) (4.42)
TeM(D)

with suitably chosen components, where the functions A¢, Ar and Ag can only have
poles in A.

The target will be to look for suitable functions if the image domain is of a connectivity
greater than two. The choices for the doubly connected case are no longer valid if the
limit set becomes perfect.
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For completeness, we also state the functions for the generic doubly connected case of
Theorem 4.23. They are given by

_ Pk = )vrjk + ik (Prjr —b)yrge + ajk
A= JEI; < (b—1)z—1) (=l —1) 7
bl = 1p)? 4.43
A = G - e "
br(ll — ZQ)Q
(z—1)2(z —1p)?

Agr(z) =

4.4.1 Construction Revisited: Poincaré Theta Series

There is an alternative approach for constructing the Schwarzian derivative. The func-
tional equation

T'(2)*S(T(2)) = S(2)

is the same as in the case of the Poincaré theta series (Section 2.5). Utilizing this
concept, we can analyze the sum

Y T'(2)*R(T(2)), (4.44)

TeM(D)

where R contains the poles of the first generation, i.e. R(z) = R(z,id) for R(z,T) as
defined in equation (4.41).

For the following discussion, we define the abbreviations
a "k ’}/‘],k
Rik Z) = J + ::R(Z,p'k,
ikl (z=pjk)* (2= Dpjr) )

Ri(2) =Y Rjx(2),
k
R(Z) = ZRJ(z)a

to further decompose R(z). We write R(z,p) instead of R(z,p;) if the actual position
of the prevertex is not important.

If we transform one of the summands of R by T"(2)?*R(T(z),p), we find

T/(Z)2 < a + Y )
(T'(z) =p)*  (T(2) —p) (4.45)
LI 6 0 (qg-u)d+a (¢—u)((g—u)+2a)
(z—q)? (z—q) (2—u) (z —u)? (z —u)? ’
where ¢ is the transformed prevertex, § the transformed parameter v and u the center
of the isometric circle of the transformation, 7'(u) = co. Hence the sum (4.44) contains
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poles at the centers of the isometric circles, which are not allowed by the basic idea of
the mappings (Lemma 4.9).

By comparing the form of equation (4.45) with Lemma 4.15, we note that both formulas
are very similar. This is reasonable, as the Poincare series automatically provides the
convergence. The only difference is in the choice of the poles.

To compensate for the poles in Dg, we introduce an additional term A¢x

Y T'EPR(T(2) + Ac(T(2))].

TeM(D)

The sum (or theta series) already satisfies the functional equation with respect to the
transformations (Lemma 4.5), but might not satisfy the one with respect to the reflec-
tions (Lemma 4.11). We add a correction term Ap to rectify this problem

K(z)= Y T'()?[R(T(:)+ Ac(T(2)] + Ar(2).
TeM(D)

The remaining difference Ar = S — K between K and S can only be a function analytic
in Dg and has to itself satisfy the functional equations. The Schwarzian S is therefore
of the form

S(z)= Y T(EPR(T(:)+Ac(T(2)] + Ar(2) + Ar(2). (4.46)

TeM(D)

This notation differs little from equation (4.42), where the differences are the form of
the sum and the interpretation of A¢.

In the first case (4.42), we sum the poles at the prevertices and add A¢ to ensure the
convergence. In the second case (4.46), the convergence is already guaranteed and we
only need A¢ to eliminate the additional poles arising in the construction process.

If we compare this to the doubly connected case of Theorem 4.23, we may set

— (Pjk —12)vik +ajk | Pk —1)Vik + ajk
Aclz) = Z ( J(l2 - ll)(jz — ll)] j(ll - 12)(]2 - 12)]

(Pik — L) (Pjk = 12)vk + 2pjk — 1 — l2)ajk (4.47)
2(l2 — ll)(z - l1)2

(pjk — 1) (i — 12)vjk + (2pjk — 11 — lz)%k)
2(l1 — lz)(z — l2)2

which is equivalent to Ag(z,1d), as it is shown in equation (4.43). To actually see that
(4.47) is equal to

— (Pjk —l)vjk +aje  (Pjx— L)Yk + ajk
Ao _Z< G- T (h-be-k) ) G

gk

+

+

we need the restricting equation (4.22). If we apply (4.22) to (4.47), the poles of the
second order vanish.
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The advantage of notation (4.47) in comparison to (4.48) is that it allows the direct
calculation of

T Ao (1) = Ao T) 4 30 (24 + (e s s
7.k

z—u) (2 — u)?

N (gjk —u)((gjr —u)djxr + Q%,k))

(z —u)?
which gives us with (4.45)
T'(2)? [R(T(2)) + Ac(T(2)] = R(2,T) + Ac(2,T).
Hence the forms (4.42) and (4.46) are equivalent for the doubly connected case.

In the following discussion, we will prefer the formulation that employs the Poincaré
theta series as it allows us to neglect the consideration of convergence. The goal of the
following sections will therefore be to construct the common Schwarzian derivative of
the mappings as a Poincaré series by finding suitable components A¢x, Ar and Ag.

4.4.2 Correction Terms for the Poincaré Theta Series

We stated that S is of the form

S(z)= Y TEPR(T()+Ac(T(2)] + Ar(z) + Ar(2),
)

TeM(D
where R is already known. We wish to find a function A¢ that eliminates the poles

resulting due to the construction in the form of a Poincaré series. Further, we need to
find Ap to ensure the functional equations.

Compensating for the Poles in Dg: Ac

We require from Ag that
T'(2) [R(T(2)) + Ac(T'(2))]

does not have a pole at u, where T'(u) = oo, or any other point in Dg. Since the
functions A are not allowed to have poles in Dy, A¢ consists of terms with poles in A.
However, poles in A influence the convergence of the Poincaré series as seen in Lemma
2.43. It is therefore reasonable to choose only first order poles and demand the property
3 |C|72 < oo of the Schottky group M(D).

The poles we wish to eliminate are the ones of T"(2)?R(T(z),p) in u

TR (), p) = - I B e B oq)
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In comparison, we have for a pole of order one with weight w in a limit point /

w C 2w C 2w C 2w C 2w
Tz =1 (—uw2(z-0) (z—u? (—wiz-—uw? —u?(z—u)

where | = T'(I') and T'(z) = (Az + B)/(Cz + D). The point I is also a limit point,
because any transformation of the group maps the limit set onto itself.

We will set up a system of equations to solve for the weights w, where to compensate
for the third order pole, we will need at least three different weights. We will use four
terms, to also establish the functional equation regarding the reflections.

The analytic function A¢ will be constructed using the following steps:

zﬁ(z)Z

1. Search for a function Ac ;; that is analytic in Dg in order to compensate the
pole arising in R by the application of any transformation T'.

2. Construct a function Ac ; of the Ag ; for all prevertices on one circle C; repre-
sented by R;.

3. Combine the preceding results to produce one A¢ that matches R.

Lemma 4.31
Let L = {l1,l2,13,14} C A, the parameters p, a, v as in R(z,p), p # ¢ € Dg, and
define

n=1 n=1
n#i n#i
4 3 4
M) =[]0 =), A=) > (li—e)(ln—o),
nil n=11i=n+1

The function

o . A1 ()73 + (% — X2(2))12 — A3(i)71
Aclzpe, L) = ; VOICED)

has the property that for each T € M(D), where T'(u) = oo,

T'(2)(R(T(2),p) + Ac(T(2),p,¢, L)) = O((z — u)"),

i.e. the expression does not have a pole at u.

We use A(7) instead of the more accurate A(4, ¢, L) for economy of notation.
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4.4 Mappings onto Domains of Connectivity Three or Greater

Proof. The application of T changes the residue of R(z,p), as the location of the
pole changes to ¢ = T~ !(p). Ensuring a calculation dependent only on the the pre-
transformation values, we introduce v that T'(co) = v, and write

T'(2)*R(T(2),p)
__ G ovta Clp-u)((p-vyt 2
(z—w)3?  (z-wu)? (z —u)

—C2w  (I—-v)w —C*(1—v)w

T 2 fd —

Py Al e B ey prppy
where T'(z) = (Az + B)/(Cz + D). Our object will be to find four suitable weights
w for four different limit points [1,l2,l3,l4 € A to compensate the poles at u of

T'(2)*R(T(2),p)-

If we set up the four equations, we get the system

—C2(l1—v)? —C2(l3—v)? —C?(I3—v)? —C2%(l4—v)? w1 C2 (p—v)((p—v)y+2a)
li—v lo—v l3—v la—v w§ = —((p—v)y+a)
_072 _072 _072 _072 wq 0727

+0((z = u)°),

+0((z = w)°),

with the solution

—(lo—lg)(3—=la)t _ (p—l2)(p—I3)v+(2p—la—I3)
w1 (I3—11)(l2—11) I3—11)(l2a—11)
—(Li—ly)(I3—1y)t (p—l) (p—=13)y+(2p—11—13)

w2l _ (h—l2)(I3—l2) Ell 12)(I3—12)
(

w3 —(l1—=l)(2—=la)t  (p=l1)(p—=l2)v+(2p—l1—I2)

w, (l1—13)(I2—13) . li—13)(l2—13)

where ¢ denotes the remaining complex degree of freedom introduced by the under-
determined system.
As the choice for t is rather complicated, we choose the abbreviations

Eu;

4
M) = (li—c), A(i)=i—c)Y (ln—c), As(i):=

(In —¢),
n=1 n=1
4 3 4
M) =] =1), =) ) (li—c)(ln—0)
n=1 n=11i=n+1
n#i

and set ¢ to
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4  Multiply Connected Circular Arc Polygon Domains

As a result, we have

w1

M (D)7 + (5 — Xo(1))72 — A3(1)me]Aa (1)1
wy | _ [ @)+ (3 = 22)m — A@)m]M(2)
ws A(3)73 + (2 — X2(3))72 — A3(3)m1]Aa(3)
wy A (4)75 + (22 — Xa(4))72 — Ag(4)m1]Aa(4)

If we form the fractions of the weights and poles, we obtain

1 )\1 7'3—1— *—)\2( ))TQ—)\g(i)Tl
Ac( zp,cL:; WOICEA)

O

The advantage of this choice for Ac(z,p,c, L) is that it also satisfies the functional

equation regarding the reflection against a boundary circle, if the parameters are set
accordingly.

Lemma 4.32

Let sj € S(D) be the reflection against the circle C;, with center ¢; and radius r;
Suppose

p € Cj, Y(p —¢j) +a € iR,

Lj = {ll,lg,lg,l4} C A, ll = S](lg),lg = Sj(l4),
2 2

5i(2) = —2— +¢j = 0;(2) ol(2) = — .

J 2_(2 J J ’ (Z—cj)2

The function

T(Z) = R(va) + AC(vav Cj,s L])a
where Ac as in Lemma 4.31, has the property

/

05(2)*T (5i(2)) = T ().

Proof. 1t can be shown by a direct (and very lengthy) calculation that
a}(z)ZT(sj(z)) —T(z)=0.

It is essential adjust 7 (s;(z)) to match 7 (z) by using the substitutions

p=si(p), v=-1""(p—¢;)((p— ;)7 + 2a),
ll = Sj(lg), lQ = Sj(ll), l3 = Sj(l4), l4 = Sj(lg).
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4.4 Mappings onto Domains of Connectivity Three or Greater

To handle this rather complicated correction term, we collect the above in a definition.

Definition 4.33

The values pj i, aj and ;. are defined according to Definition 4.7.

Let s; € S(D) be the reflection against the circle C; with center ¢; and radius r;.
Further, let Lj = {ljﬂ' | lj71 = Sj(lj,Z)a ljyg = Sj(le), 1 =1,2,3, 4} C A be a set of limit
points pairwise symmetric to Cj.

The rational functions R are defined by

ik(2) = ik ik i(2) = k(2 z) = i(2).
Ri) = oy Y gy )= L Rasl) R = R()

The function Ac.;\ is defined by

Z‘*:Al DG, k) + (22— 2o (5,0) 7m0, k) — A3(G, )71 (j, k)

AC o, )
k2= 2 MGz~ ba)
where
4
MG 1) = (g — o), X, ) = (L = ) Y _(Lim — ¢5),
n=1
4 4
=[] n M(yi) = T Ui — 1)
n=1 n=1
nF#i n#i
3 4
= Z Z ] i j n Cj)7
n=11i=n+1
and
T1(J, k) =ik, 7204, k) = Pjk — )Yk + Ak
73(4, k) = (pjk — ;) ((Pik — ¢j)Vik + 2a5k).
Further versions of A¢c are defined by
Acij(z Z Acsjp(z and Ac(z) =" Acyr(2)

We will need to refer very often to the property > . |Cr|~2 < 0o of the sum of the
coefficients Cr of the Mobius transformations T'(z) = (Arz + Br)/(Crz + Dr) of a
group G. To shorten the notation, we will skip the index of the sum and write “G
satisfies > |C|2

We have by now an analytic function for one prevertex, which will be modified to cover
all the prevertices of one boundary circle.
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4  Multiply Connected Circular Arc Polygon Domains

Lemma 4.34
Suppose the Schottky group M(D) satisfies Y |C|™2 < oo. Let further R; and Ac;
be as in Definition 4.33, then

Kz = Y T RiT(2) + Acy(T(2)))
TeM(D)
satisfies the functional equations
T'(2)°K(T(2)) = K(2), T eM(D),
o (2PK(() = K(z), s €S(D), o(z) = s(2).

Proof. The terms Ac.;(z) contain a finite number of first order poles at some limit
points. The convergence of K is ensured by the fact that we demanded Y |C]72 < oo
and Lemma 2.43, i.e. K is a (modified) Poincaré theta series. As a Poincaré series, K
satisfies the functional equation

T'(2)*K(T(2)) = K(2), T € M(D).

We state some auxiliary calculations before we continue the proof with respect to the
second functional equation. Every succession of an even number of reflections is a
Mobius transformation. Hence

V=s510To0s9

is a Mobius transformation, as 1" also consists of an even number of reflections. To
derive V', we may rewrite it in the form

V=s10Tosy=p1oUooy,

where p1(Z) = s1(2), U(Z) = T(2), 02(z) = s2(z), to obtain a sequence of holomorphic
functions. Differentiation yields

V'(z) = pll(U(U2(Z)))U/(O'2(Z))olé(z> (4.49)
= 01(T'(s2(2)))T" (s2(2)) 72 (2)
by using p1(2) = 01(2) = s1(2).
Returning to the initial problem, we know from Lemma 4.32 that
03(2)*T (s;(2)) = T (2), (4.50)

where

T(2) = Rj(2) + Acyi(2) = Y (Rjk(2) + Acyjk(2))
P
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4.4 Mappings onto Domains of Connectivity Three or Greater

for the reflection against the circle ;. We can therefore calculate for every term

T'(2)*T(T(2)) in K,
o) T sk P Tai(2) 2 ()T (55 ()20, T P T s (T 5w (2)))]
= (FEGHENTREo(=) Ty 0 T 55)(2)]

\%

(4.49)

V/(2)*T(V(2))
by using (4.49) and (4.50) as indicated. This gives for K
07(2)°K(s1(2)) Zo’k 2T (s1(2))2T (T (s1(2)))

:ZV’Z Z):/C(Z).
\%4

It is important to note that every V is not only a Mobius transformation, but based
on its construction also in M(D). Hence, the sums over V and T are equal except for
some shifting. As the Poincaré series converges absolutely, a shifting of the terms does
not change the result. O

The last step of our construction is to further extend the correction term to cover all

prevertices.

Lemma 4.35
Suppose the Schottky group M(D) satisfies " |C|72 < 0o. Let R and Ac be defined

according to Definition 4.33. The function

> T (R(T(2) + Ac(T(2)))

TeM(D)

satisfies the functional equations
T'(2)°K(T())
o'(2PK(s() =K(2), s €eS(D), o(z) = s(2).

i
a
O
~
Mm
=
S

Proof. If we split K into m + 1 functions
Ki(z)= Y T'()?(Ri(T(2) + Acy(T(2)))
TeM(D)

we can apply Lemma 4.34 to each K;. Combining them again into K proves the
O

lemma.
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4  Multiply Connected Circular Arc Polygon Domains

The function K is already very close to the Schwarzian derivative S, since it has the
same poles in D as S and is analytic otherwise. Additionally, it already satisfies the
functional equations for the transformations of the group M(D) and the reflections of
S(D).

Establishing the Functional Equations: Ap

We have noted for the doubly connected case that there is a component Apr necessary
to establish the functional equations. However, according to Lemma 4.35, the case of
a greater connectivity does not need such a correction term. This discrepancy can be
understood by considering the size of the limit sets.

We need at least four different first order poles at limit points for the construction of A¢
as shown above, but M(D) provides only two limit points if D is a doubly connected
domain. We therefore need to also use second order poles in the construction of a
function A¢ to get four different weights. This can be seen in equation (4.47), as it
contains the mentioned first and second order poles.

According to the convergence discussion so far, this would require Y |C|° < oo for
M(D), which is only possible for finite groups. Hence, not even the doubly connected
domains can satisfy this requirement.

The Schwarzian is nonetheless converging as the second order poles cancel out in the
sum over j and k by the restricting equation (4.14). This means that we no longer can
assume absolute convergence as the order of the summands becomes crucial. Without
the absolute convergence, the reordering of the poles as it was used in the proof of
Lemma 4.35 is not applicable. As a consequence, we need a function Ap to ensure that
the functional equations are satisfied.

Summary

Lemma 4.35 provides us with a function, which has the same poles in Dg as S and is
analytic otherwise. Hence, we can state our version of the Schwarzian derivative for a
CAPD mapping of connectivity three or greater.

Theorem 4.36

Let P be a multiply connected circular arc polygon domain of connectivity three or
greater, bounded by the circular arc polygons Pj, where j = 0,...,m and m > 2,
with the vertices v, k = 1,..., Kj, and the interior angles o m. Further, let D be a
(m+ 1)-connected circular domain conformally equivalent to P, where M(D) satisfies
072 < oo.

The Schwarzian derivative S of any conformal mapping f of D onto P has the form

Sz)= Y, T'(PR(T()+Ac(T(2))] + Ar(2),

TeM(D)

where R and A¢ are as in Definition 4.33 and Ag is a function that is analytic in Dg
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4.4 Mappings onto Domains of Connectivity Three or Greater

and satisfies the equations
T'(2)*AR(T(2)) = Ar(2),
o' (2)? Ar(s(2)) = Ar(2),

for all transformations T' € M(D) and all reflections s € S(D), where o(z) = s(z).

Proof. The function K from Lemma 4.35 has the same poles as § in Dg and also
satisfies the same functional equations. The difference

Ar(z) = 8(2) - K(2)

must therefore be analytic in Dg and also has to satisfy the functional equations.
Hence S is of the form

S(z)= Y T'(PR(T(2)+Ac(T(2)] + Ar(2).
TeM(D)

O]

Note that A¢ is not unique; for example, we did not even specify the limit points used
for the construction. However, based on common knowledge about multiply connected
conformal mappings, the combination of A and Ag has to be unique.

As the construction of S is rather complicated, we outline the steps needed:
1. Define a circular domain D by defining the boundary circles.
2. Define values for p, a and v to form R as in Definition 4.33.
3. Find for each boundary circle C; two pairs of limit points symmetric to it.
4

. Construct for each prevertex a function Ac.; as in Definition 4.33, using the
limit points of the last step and sum the Ac; to get Ac.

5. Generate the transformations of M(D) and calculate the Poincaré theta series.
6. Add a suitable analytic function Ag.

The only information missing is a way to construct the function Ag of the last step.
This issue will be discussed in the following sections.

Each Ac.;1 can be written as a Laurent series converging outside every circle with
center pj i, that enclose all prevertices pr ; and all limit points:

a; k N _3
Acijn(z) = ——2— - —2—=+0((z—p) 7).
’ (z—pjn)® (2= pjn)
Comparing this with Lemma 4.15 shows that A¢ can also be seen as a term to ensure
the convergence of the series.
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4  Multiply Connected Circular Arc Polygon Domains

4.4.3 Analytic Remainder

We need a function Ag that completes the Schwarzian derivative, and we require this
function Ag to be analytic in D and to satisfy the functional equation

i

4
a;<z>2AR<sj<z>>=< ) Aa(5(7) = An(2) (4.51)

Z—Cj

for each boundary circle C; of D. Here, r; and c; denote again the radius and the center
of the circle Cj, while s; is the reflection against it.37
The functional equation can be transformed to

(z—¢;)? Ar(2) €R,  z€C,
or equivalently
Im[(z — ¢;)?Ag(2)] =0, z € Cj, (4.52)

as already discussed in Section 4.1.5. An alternative approach would therefore be to
find a function analytic in D and continuous on the boundary 0D with the boundary
conditions (4.52). This resembles the Riemann-Hilbert boundary value problem.

Definition 4.37

Let D be a (multiply) connected domain D C C and the functions A and d Hélder
continuous on the boundary 0D of D.

The search for a function ¢, analytic in D and continuous in D = D U 8D, which
satisfies the boundary conditions

Re[\(2)¢(2)] = d(2), =z €D,

is called the Riemann-Hilbert problem.
When d = 0, the problem

Re[M(2)¢(2)] =0, =€ 9D,

is called the homogeneous Riemann-Hilbert problem.

If we define the functions
#(z) == i1Ag(2), z€ DUOID,

(z—cp)™2  for z € Cp

_ 2§
) = (z—c1) orzEC&’

(z —cm)™2 forzeCy,

3"The functional equation regarding the transformations follows by applying the equation for the
reflections twice.
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4.4 Mappings onto Domains of Connectivity Three or Greater

the search for Apg is equivalent to the search for solutions of the homogeneous Riemann-
Hilbert problem

Re[\(2)¢(2)] =0, z € 0D.

While this approach allows us to solve for Ag by the methods of boundary value prob-
lems, we are more interested in the basic structure of the solutions.

Any real linear combination of two solutions ¢; and ¢5 is also itself a solution of the
problem

Re[A(2)¢1(2)] = Re[A(2)¢2(2)] = 0
= Re[)\(z)(bubl(z) + b2¢2(2))] =0, b1,by € R.

The number L of linearly independent solutions of the Riemann-Hilbert problem is
investigated in several publications (e.g. [Gak66], [Vek62], [Nas09]) and can be calculated
via the following lemma.

Definition 4.38
The index x of the Riemann-Hilbert problem

Re[A(2)p(2)] = d(z),  z€dD,
is defined by

1
X = windgp A\(z) = 2/8 darg A(z).
D

™

Lemma 4.39 ([Gak66, p. 347],[Vek62])

Let D be a (m + 1)-connected domain.

If the index of the homogeneous Riemann-Hilbert problem x > m—1, then the number
L of linearly independent solutions of the problem is given by

L=2y—(m-1).

This allows us to state for our case:

Lemma 4.40

Let D be a (m + 1)-connected bounded circular domain, where m > 1, bounded by
the m + 1 circles C; with centers c;.

The homogeneous Riemann-Hilbert problem

Re[A(2)o(z)] = 0, z € 0D,
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where
(z—co)™2 forze
) = (z—c1)"2 forze(Cy ’

(2 —cm)2 forzeCpy

has L = 3m — 3 linearly independent solutions.

Proof. To apply Lemma 4.39, we must first calculate the index of the problem. Since
we wish the domain to be to the left of the boundary, the circles Cj, where j = 1,...,m,
have to be orientated clockwise and Cy has to be orientated counterclockwise. We have
for each boundary component

)2 forj=0
Xi= +2 forj=1,....,m

and therefore for the index

m
X:ZXJ'IQ’I?’L—Q.
j=0

Since we have x = 2m — 2 > m — 1 for m > 1, we can use Lemma 4.39 and obtain
L=2y—(m—-1)=3m-3.
O

Note that the statement above is not valid for doubly connected domains (m = 1). If
the domain is an annulus, the index is x = 0 for the problem, and the condition of
Lemma 4.39 x > m — 1 is violated. However, we have already found the only linearly
independent solution z~2 for the annulus in Lemma 4.21.

The solutions for an unbounded domain can be reached by extending the solutions for
a suitable bounded domain across the outer boundary component Cj.

Alternatively the same number of linearly independent solutions for unbounded domains
can be gathered by calculating the index x, = 2m + 2 and applying Lemma 4.39.
However, the result of the lemma has to be reduced in this case. The functional equation
evaluated at ¢; implies a fourth order zero at infinity. This reduces the number of linearly
independent solutions by eight, corresponding to the eight real restrictions implied by
the zero. Hence, we find

L,=2x,—(m—1)—8=3m—3.
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Lemma 4.41

Let the functions B;, where i = 1,...,3m — 3, be linearly independent and analytic
in Dg. Let each of them also satisfy the functional equation (4.51).

The analytic function Ar of Theorem 4.36 is completely defined by the analytic func-
tions B; and the real values b; € R, i =1,...,3m — 3, in the form

3m—3

Ar(2) = ) biBi(2).
i=1

Proof. According to Lemma 4.40, the 3m — 3 functions B; form a basis for all analytic
functions in D that satisfy the boundary condition

Re[\(2)p(2)] =0,  ze€dD.

Hence, any function satisfying this boundary condition can be constructed by a linear
combination of the functions B; with 3m — 3 real weights b;. Extending the functions
across the boundary of D gives the functions analytic in Dg. O

We may interpret the whole search for the Schwarzian S as a Riemann-Hilbert problem.
This was for example done in [Mit12b] for the SC mapping.

In this way, we can see the Poincare series > T7(2)2(R(T(2))+Ac(T(z))) containing the
poles as the solution of the inhomogeneous problem, while we may add a homogeneous
solution, i.e. Ag, to the result as it is possible for any boundary value problem.

We retain b; as notation for further work, as these values completely define Ag for a
given basis. The functions B; only depend on the domain D.

Definition 4.42
The function

3Im—3

Ar(2) = Ag(z,0) = Ar(2,b,B) = Y biB;(2)
=1

is defined by the two vectors

B = B(‘D) = (817627' . '7B3m—3)7
b= (bl,bg, .. .,bgm_g) € R3m73,

where B describes a basis for the analytic functions on Dg satisfying the functional
equation (4.51).

With this description of Ag, we are able to refine our result of Theorem 4.36, and state
one of our main results:
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Theorem 4.43

Let P be a multiply connected circular arc polygon domain of connectivity three or
greater, bounded by the circular arc polygons Pj, where j = 0,...,m and m > 2,
with the vertices v, k = 1,..., Kj, and the interior angles o m. Further, let D be a
(m+ 1)-connected circular domain conformally equivalent to P, where M(D) satisfies
> 0172 < oo.

The Schwarzian derivative S of any conformal mapping f of D onto P has the form

S(z)= Y T(PR(I(2) + Ac(T(2))] + Ar(z,b),

TeM(D)

where R and A¢ are as in Definition 4.33 and Apg is as in Definition 4.42.

Degrees of Freedom of the Schwarzian Derivative

We counted in Section 4.2.3 the degrees of freedom of doubly connected mappings onto
CAPDs. The theorem above allows us to also count the degrees for a mapping onto a
MCCAPD of a connectivity greater than two.

Let K := } . K; again indicate the total number of vertices on the boundary of the
MCCAPD.

We first describe a MCCAPD for the image domain. Each circular arc polygon bounding
the domain can be characterized by its vertices together with the curvature of its edges.
We therefore get 3K real parameters for the whole domain. Since we can normalize the
domain by the application of a Mobius transformation, we subtract 6 real parameters,
resulting in 3K — 6 parameters for the image domain.

On the preimage side, we have K real parameters for the prevertices, as they can be
identified by their arguments in relation to the center of their circles. For these circles
we need additional 3(m + 1) = 3m + 3 real parameters for the centers and radii. There
are also K interior angles and K parameters «. The parameters « can be described by
real values according to Lemma 4.12. Further, we have 3m — 3 real parameters b to set
for the analytic remainder.

We have to subtract six real degrees of freedom for the normalization we apply via
a Mobius transformation. We must also ensure a valid mapping, by demanding the
integrals

/ fB(2)dz,  k=1,2,3,
1)

to be zero for curves ¢ enclosing only one of the circles C;, where j = 1,...,m. This
gives an additional 6m degrees to subtract.
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Summing these values results in

3K the parameters p, a,y
+3m+3 the centers and radii
+3m—3 the parameters b of the analytic remainder
-6 normalization by a Mobius transformation
—6m integral equations for validity
=3K — 6.

Hence both sides have the same number of degrees of freedom.

This allows the same conclusion as in Section 4.2.3 for the doubly connected mappings:
Not every set of parameters has to yield a valid mapping onto a MCCAPD.

4.4.4 Analytic Remainder Construction I: Laurent Series

While we know that there are 3m — 3 basis functions for Ag, we need to construct them.
We will use the notation A instead of B; or Ag, as they have the same properties. We
will further suppose that D is an unbounded circular domain.

We know from the functional equation
T'(2)?A(T(2)) = A(2)

that A has a zero of the fourth order at infinity. This follows by evaluating the functional
equation for u, where T'(u) = oo, and the fact that by definition A(u) must be finite,
as u is not a limit point. As a result, the integrals

/ 2K A(2)dz =0, k=0,1,2, (4.53)
I

must be zero, if I' is a curve close enough to infinity. In other words: I' has to enclose
all of the boundary circles C; of D.

To utilize this result, we write A as a sum of Laurent series
centers c¢; of the circles C; bounding D

AR =33 ) (4.54)

38 expanded around the

This notation is defined outside of every circle C;, and is therefore valid everywhere in
D. An alternate version would be an expansion around just one of the centers c;

A(z) = ; m (4.55)

38The sum of the series has no constant coefficient, as A has a zero at infinity.
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defining A in an annulus surrounding Cj. In this form, we can apply the functional
equation

A(z) = 05(2)* A(s5(2))

to obtain
i d(n,j) i 2 d(n, ) i 2 Ad(—n + 4, 5)
et G ) L S C =) R e O (z—c¢j)"
We now have
d(n,j) = ri"~*d(—n + 4, j), (4.56)
which gives for the first three coefficients
d(1,§) = r;2d(3,5), d(2, j) = d(2, j), d(3,5) = r3d(1, ).

Since d(2,7) is real and d(3,7) can be calculated from d(1,j), we can represent these
three coefficients by only three real values.
We also have, by calculating the integrals (4.53) for equation (4.54),

d(1,j) =0,

NE

<.
I
o

NE

[c;d(1,7) +d(2,7)] =0, (4.57)

<.
Il
o

NE

[Fd(1, §) + 2¢;d(2, §) + d(3,§)] = 0.

.
Il
o

With 3 real parameters per circle and 6 restricting real equations, all of the first three
coefficients of all expansions in (4.54) are defined by 3(m + 1) — 6 = 3m — 3 real
values. This matches exactly the number of linearly independent functions according
to Lemma 4.40. The solutions of the system (4.57) therefore correspond to the basis
functions B;, since linear combinations of the B; result in linear combinations of the
coefficients d(n, 7).

This yields a way to verify the linear independence of the functions. If the vectors

(Red(1,0),Imd(1,0),d(2,0),Red(1,1),Imd(1,1),...,Imd(1,m),d(2,m))
are linearly independent, so are the functions.

We may now calculate the remaining coefficients from those already known, allowing us
to directly generate a basis.

Suppose we know the expansions for every circle but one, say C, in (4.54). We would
be able to calculate the regular part with the coefficients d(—I, k), where [ > 0, in (4.55)
by using

id(—l, B)(z—c) =) i (j(_"(j;n
=0 J

j#k n=1
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Differentiation and evaluation at ¢ yields the formula

DRI G FCORE )

j#k n=1

for all | € NU {0}. Here c¢(k,j) := ¢ — ¢j denotes the difference between two of the
centers. We further shorten the notation by writing

w(l,n) = (—1) <Z + " 1)
for the weight of d(n, 7).

Using (4.56) we can replace d(—I, k) and find

2G04 4 k) = ZZ kjm (n, 7). (4.58)

j#k n= 1 ¢

Returning to the task of determining the unknown coefficients, we define

ZZ k] l+n ’j)’

j#k n= 1 ¢

which allows us to reshape equation (4.58) to

ZZ kj l+n d(n,j) —r 2741 + 4, k) = —=A(1, k), (4.59)
jFEk n= 4
where [ =0,...,0cand k=0,...,m

The remaining coefficients may be calculated from this system of equations. The down-
side of this approach is the fact that the system has an infinite dimension, demanding
methods such as the Banach fixed-point theorem, which itself demands some conver-
gence conditions.?® Some alternative constructions are therefore presented in the fol-
lowing.

This system can nonetheless be of great use from the numerical point of view. In the
numerics, it is enough to calculate a finite number of coefficients for an approximation,
which can be achieved by reducing the system to a suitable amount of variables and
solving it by common numerical methods.

Bounded Domains

The concept above holds only for unbounded domains. For bounded domains equation
(4.54) changes to

D= dn 0o+ Y S
n=0 j J

j=1n=1

3%Results from the Riemann-Hilbert problems allow statements regarding the convergence of succes-
sive approximations, but we will not further follow this approach.
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4  Multiply Connected Circular Arc Polygon Domains

as we need a Taylor series without negative powers for the bounding circle Cy.
A possible approach is to calculate a function A for the unbounded domain sg(D) and
then calculate the version for the bounded domain D by using the functional equation

05(2)2 A(s0(2)) = A(2).

Let us denote the boundary circles so(C}) of so(D) by C} with center ¢; and the coeffi-
cients for the corresponding expansion by d'(n, j).

Suppose the expansion for the circles C;» to be known. We want to apply the functional
equation to it. The centers ¢ are mapped onto the points so(c;) = ¢; in this process.
These points lie inside the circles Cj. The expansion around the ¢; with the coefficients
J(n, j) can be calculated from the expansion around the c;. by

- 7 2 1
d(1,j)=-d'(1,j)—2— +d(2,))—— — d'(3,§) =
(1,7) (1,j CEEHE ( J)(CO —%) ( J)T(Q]
S . ~(co— ¢
d(2,9) = 23) - 7. 5) 2%
0
~ 32
o s ~(co— ¢
o
s > —(l—4+n (00—0)21 4tn
n=0
where j = 1,...,m. Since ¢; = so(c, ) # c;j, we shift the expansion point to ¢;. We
calculate the correct coefficients d by
L1
. L\ 5 s I-n
d(l,j) = ; (n B 1>d(n,J)(Cj - ¢)
where [ = 1,...,00 and j = 1,...,m. This gives us the desired values for the circles

Cj, where j =1,...,m
The expansion for Cy can be calculated by using the expansions around the c} in the
form

D d(=1,0)(z = co)’ ZZ ¢
=0 j=1ln=1

The individual coefficients can again be computed by differentiation and evaluation at
zZ = Cg.

Doubly Connected Domains

A problem with the system of equations (4.57) and the doubly connected case is that
3m—3 is zero for m = 1. However, as shown earlier, there exists one linearly independent
analytic function.

This behavior can be justified by the fact that the 6 real equations are not linearly
independent for m = 1. There are actually only 5 real equations for doubly connected
domains. This leaves one degree of freedom for the one known basis function.
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4.4 Mappings onto Domains of Connectivity Three or Greater

4.4.5 Analytic Remainder Construction II: First Order Poles

One way to construct the functions B; would be to use the same method as we have
used previously by constructing Ac.

The first step would be to construct a function 7, where 7 and o'(2)%*T (s(z)) are
without any poles in Dg. This can be established by using a linear system of equations
as in the proof of Lemma 4.31. It should further be invariant against at least one
reflection s; in the form of the functional equation.

Lemma 4.44
Let {l1,l2,l3, 4} C A, l1 = s(l2), I3 = s(l4), s € S(D), and o(z) = s(z).
The function
—(l = 12)(l3 — ly)
(z — ll)(z — lQ)(Z — l3)(z — l4)

satisfies the functional equation

T(z) =

Proof. The statement of the lemma can be gathered directly by calculation.
Each of the terms (I; — [;) can be replaced by the expression

(W) = s@)
(li=4) ((S(Zi)_c)(s(lj)_c)>’

where 5(z) = r2/(Z — ¢) + c. We then have

We now construct a Poincaré theta series with the function 7, which satisfies all our
requirements for an analytic remainder of the Schwarzian derivative S. Hence, we state
an explicit formula to describe the basis functions B;.

Lemma 4.45
Let {l1,l2,13,la} C A, 1 = sj(l2), I3 = sj(la), and s; € S(D) the reflection against the
boundary circle C;. Let further M(D) satisfy the property > |C|™% < occ.
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The function

where
—(lh = b)(s — )
(z=1)(z=1)(z—13)(z — ly)’

satisfies the functional equations

T(2) =

and is analytic in Dp.

Proof. We have according to Lemma 4.44
o (2)*T (5;(2)) = T(2). (4.60)

J

Since 7T contains simple poles at several limit points, we require according to Lemma
2.43 the convergence condition " |C]~2 < oo to construct the Poincaré series

Az) = Y T'(PTI()

TeM(D)
that satisfies the functional equation
T'(2)2A(T(2)) = A(z), T €M(D).
The equation
o'(2)?A(s(2)) = A(2), s €S(D), o(z) = s(2),

can be shown by applying the proof of Lemma 4.34 by using (4.60). O

4.4.6 Analytic Remainder Construction III: Second Order Poles

Based on Lemma 4.23, we have in the doubly connected case the analytic remainder
b(ly — I2)?

(Z — ll)Q(Z — 12)2’

where {1 and [y are the fixed points of the generator 7' of M(D). Since all functions in

M(D) are of the form T™, n € 7Z, these two fixed points are actually all the fixed points
of all transformations.

A(Z) = be R?
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4.4 Mappings onto Domains of Connectivity Three or Greater

To apply this concept to domains of a connectivity greater then two, we have to mod-
ify it. Let D in the following be a (m + 1)-connected circular domain (m > 1) and
M(D) the corresponding Schottky group. The set M(D) is generated by more than one
transformation. Hence, we need to further specify the fixed points and write

(Irg — lr2)*

A(z,T) := =)0 = lra)

where I71 and I7 2 are the fixed points of T.40

Lemma 4.46
Let T € M(D) \ {id} and l7; and l7 2 be the fixed points of T'. The function
(Irg —Ir2)?
Az, T) = ’ ’
( ) (Z — lT71)2(Z — ZT72)2
has the properties
Az, T") = A(2,T), n € Z\ {0},
o (A2, T) = Az, s0Tos),  seS(D), o(z) =3(z),  (461)
U'(2)? AU (2),T) = Az, U'TU), U € M(D).

Proof. The first equation A(z,T") = A(z,T), where n € Z\ {0}, follows directly from
the definition of A(z,T'), as each T"™ has the same fixed points as T.
The second equation can be gathered by calculating

(s(lr) — s(lr2))*
(z = s(lr1))%(2 — s(l72))?*

o'(2)?A(s(2),T) =

Each point s(Ir) has the property
(soTos)(s(lp)) = (soT)(lr) = s(lr)

and is therefore a fixed point of the M&bius transformation s o1 o s.
A similar calculation for U’(2)2A(U(z),T) yields the third equation. O

To reduce the number of different notations A(z,T™) for the same function A(z,T'), we
demand that the denoting transformation 7' can not be written as the nth power of
another transformation U, where n > 1, i.e. T # U" for all U € M(D) and n > 1. We
still have A(z,T) = A(z, T71).

The lemma above contains the Mobius transformation s o T' o s, which needs some
interpretation. We begin with a definition and introduce a new operator.

40Note that we have A(z,T) =T (z) for lr1 =11, lr,2 = l2, l1 = la, where T is from Lemma 4.45.
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Definition 4.47

For a Schottky group M(D), the operator * for a Mébius transformation U = Uy ... U,
of the group, where U; € gen(M(D)), j =1,...,n, inverses each (extended) generator
U; used to compose U, i.e.

Us=(U...U) =0t U
It has the properties
(U*=U and (UV)*=U*V".

The definition above is only reasonable for a Schottky group and a specific set of gener-
ators, since the factorization would not otherwise be unique. As these requirements are
satisfied by our construction of M(D), we suppose them to be satisfied for the following
statements.

Lemma 4.48
For any transformation U € M(D) and reflection s; € S(D) against a boundary circle
C; of D, the following is true

SoUSo =U*
and for j # 0
siUsj = T; U™y,

where T} = sp o sj € gen(M(D)).

Proof. We denote the members of gen(M(D)) by Tjﬂ. According to the definition of
M(D), the (extended) generators are of the form
Tj:SOOSj, T‘j_IZSjOSo.

We simplify the notation by using only the indices of the reflections
T; = (03), T = (50).

Suppose we have a transformation U = U U, ... U,, where each Uy is a generator. We
can replace Uy by Tiﬂ, Us by TjjEl and so on. The application of sq yields

soTi Ty ... = 0(0)(04) ... = (i0)(jO) ... = T; 'T;
T — soTyT; ! = 0(0i)(50) ... = (i0)(0j) ... = T; 'T;
T sor iy = 0(i0)(0) . .. = (00)(jO) ... = T,T;!

soTy ' = 0(i0)(j0) ... = (00)(05) ... = T;T; .
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4.4 Mappings onto Domains of Connectivity Three or Greater

The sg to the left of U changes the grouping of the reflections. It either cancels out the
reflection sg of 7}, changing it to Ti_l, or adds the reflection to change Tl-_1 to T;. This
modification of the first transformations leads to a “spare reflection” sg grouped to
the next transformation or borrows a reflection from the following transformation. In
either case, the process continues in the same way with all following transformations.
Since we also append sy to U, the total number of reflections is still even and they can
all be grouped to Mobius transformations.

It may be necessary to insert the identity id = sg o sp in the form of two successive
reflections against C to get pairs (0j) and (j0) as seen for SOET;1 ... above.

The same identity is used if we apply s;, where j # 0. We insert a pair sg o sp between
sj and U at both ends and proceed as above.

s;Usj = sjsosoUspsos; = (70)0U0(05) = Tj_lU*Tj.
]

It is important to note that the “piecewise” inversion of a transformation in the form of
the * operator is not equal to the inversion of the transformation itself (save for some
special symmetries, e.g. (TUT)~! =T 1Uu~1T71).

We can now rewrite the functional equation (4.61) for A(z,T) as

a;(z)QA(sj(z), T) = A(z, Tj_lT*Tj).

The next step in the construction of an analytic function A would be to build a Poincaré
series with A(z,T), but this is not possible as A(z,T") contains second order poles at
limit points. Second order poles would demand the unsatisfiable property > |C|° < oo
of the group M(D).
This “not-convergence” property can easily be seen by summing over the subset {T" |n €
Z} C M(D)

oo

YT EPAT(2).T)= Y A@T)=A@=T) Y 1=c

n=—oo n=—oo n=-—oo

by using the properties from Lemma 4.46. The sum tends to infinity, as we count the
same term infinite times. To avoid this problem, we must ensure for the sum over the
transformations V that V/(2)2A(V (2),T) # A(z,T).

Definition 4.49
Two transformations U,V € M(D) are equivalent with respect to T, W € M(D)

UV
if
U'(2)2AU(2),T) = V'(2)2A(V(2),W),  ze€D.
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Two sets of transformations My, My C M(D) are called equivalent, if for each V € M;
there is exactly one equivalent U € M, and for each U € My there is exactly one
equivalent V € M;.

We write ~7 instead of ;~; and we write ~ instead of ~7 if the transformation is
known by the context.

We need a suitable subset M(D,T) C M(D) to avoid the problem of counting the same
term multiple times, as occurred for 7™ above. M(D,T') should have the property that
each pair of transformations U,V € M(D,T'), where U # V, is not equivalent U % V
with respect to A(z,T). Hence, we have to exclude powers of T and transformations
U =TTV starting with T+,

We also do not want transformations 7' that can be written as either T = V"WV or
T =W" n > 1, to denote a set M(D, T). In such a case, we will use M(D, W) instead.
Refining this idea leads to the following definition.

Definition 4.50

The subset M(D)° C M(D) contains all transformations T' € M(D) that, for all
U € M(D) and all n > 1, satisfy the properties T # U™ and [U~*TU| > |T).

The subset M(D,T) C M(D), where T =T ...T,, € M(D)°, T, € gen(M(D)) for
k=1,...,m, is defined by

M(D,T):={V|V =WV...V,,, V; € gen(M(D)), Vi # T,;,)}, Vi ... Vyy, # T} U {id}.
For a transformation T' € gen(M(D)), this simplifies to
M(D,T) :={V |V =Vi...V,, V; € gen(M(D)), Vi ¢ {T, T '}} U {id}.

The definition for M(D, T is more complicated if 7" is not a generator. The reason can
be shown by an example.
Suppose M(D) is generated by T" and U, then M(D) contains for example W = TUT. If
we apply a transformation V in the manner as above, we have VWV = V-ITUTV.
If we choose V = W and apply the transformations of W = TUT one after another, we
obtain

(TUT)'TUT(TUT) = (UT)'UTT(UT) = (T)"'TTU(T) = TUT
or in a simplified notation

rur -5 vrt % U 5 TUT.
If we apply the transformations of W ! instead, we have
71 vt 71
TUT — TTU — UTT — TUT.

By applying successively the transformation W or the transformation W1, the results
are rotating through a subset of the transformations with the same length as W.4!

“IThe rotations of W could also be denoted as circular shifts of the generators used to compose W.
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4.4 Mappings onto Domains of Connectivity Three or Greater

The order differs, but the resulting transformations are the same for W and W~1. We
therefore have to successively apply either Wy ... W,,_1 or (Wa...W,,)~!, but not both,
otherwise we would include some transformations multiple times. It is further not valid
to apply W or its inverse completely, since the result would again be W, as W ~yy id.
The restriction to one of the two paths can be accomplished by V; # W1 (or V; # Wy).
To prohibit the application of W itself (or W~!), we may demand Vi ...V,, # W (or

Vi...Vy # W—1). This leads to
M(D,W) ={V |V =Vi...V,, Vj € gen(M(D)), Vi # W,,,, Vi ... Vi # W} U {id}

or equivalently
M(D,W) ={V |V =V1...Vp, V; € gen(M(D)), Vs # W1, Vi ... Vin # WL U {id}.

Lemma 4.51
No two transformations U,V € M(D,T), whereU # V andT € M(D)°, are equivalent

Ut V.

Proof. For two equivalent transformations U ~ V| we would have (VU 1)T(UV 1) =
T, where VU1 # id. Since T can not be written as T = W™, there is no rotation of T
that equals T itself. This can be seen by investigating the proof of Lemma 2.37. Hence,
we must have (VU ') = T™, where m € Z, which is not possible by the restrictions

for the elements of M(D, T). O

To easier denote the behavior of rotating the transformations, we introduce some new

notations.

Definition 4.52
Let T =Ty...T, € M(D) and T; € gen(M(D)), where j = 1,...,n. The set of

rotations is defined by
rot T (T) = {(Ty...Ty,), (Ty... T, 1), ..., (T, T1...Th1)},
rot™(T) := {U | U € rot™(T)},
rot(T) := rot™ (T) Urot™ (T).

We want to combine the results so far and state the following properties of the set
M(D,T).

Lemma 4.53
For a set M(D,T), T € M(D)° the following is true

o M(D,T) prps M(D, T 1)
e VeM(D,T)=V*eM(D,T¥)
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e M(D,T) pr~p. M(D,T*) if T* € rot(T)
o M(D,T) gy M(D,T*) if T* & rot(T)

Proof. The first property follows directly from A(z,T) = A(z,77'), as shown in
Lemma 4.46.

The second property can be gathered by the definitions of * and M(D,T).

The third and fourth property follow from the fact that M(D,T') (by its construction)
covers all rotations of T. If T* is a rotation of T, i.e. T* = U~ 'TU, where U € M(D, T),
the sets must be equivalent. This also holds if 7 is the inverse of a rotation according
to the first property.

If T* is not a rotation, we have T* # U~'TU for every U € M(D,T). Hence the
identity in M(D,T*) has no equivalent element in M(D,T), so the sets can not be

equivalent. O

With this preparation, we can now prove the convergence of the following sum:

Lemma 4.54
Let D be a circular domain, co € Dg, and T € M(D)°. The sum

Y VI(2)PA(V(2),T) (4.62)

VeM(D,T)

converges locally uniformly on Dg and is analytic in Dg.

Proof. We know from Lemmas 2.25 and 2.31 that every fixed point is a limit point.
We further know from Lemma 4.46 that

(h = 12)?
(Z — l1)2(2 — l2)2’

where [; = V_I(ZTJ), j = 1,2, are the fixed points of V~'TV and lr;, 7 = 1,2,
are the fixed points of 7. Hence, the sum (4.62) has no poles in D, because every
transformation V (1), V€ M(D), of a limit point is again a limit point. This also means
that for a closed subset M C Dg and 2z € M, the denominators of all A(z, V7ITV)
have a common lower boundary A > 0. On the other hand, the numerator can be

written as

V'(2)2A(V(2),T) = Az, VITV) =

lrg — 72 >2

(h = 1)? = (V7' (Ir) = Vi) = (cmm —u)(lr2 —u)

where V71(2) = (42 + B)/(Cz + D) and u = —& = V/(00), except for V = id. The
differences |l ; — V(co)| have a lower boundary p > 0 according to Lemma 2.36 and
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the definition of M(D, T'). If we combine these results, we can state for every term
1 (ra =lr2)*| s
|A(z, VT TV)| < ‘C‘l/ﬂ)\ =[C|™v

and for the sum, excluding the term for V = id,

Y VERPAV(R),D|< D> JAEVIITY)<r > [0 <o
VeM(D,T) VeM(D,T) VeM(D,T)

With convergence ensured, we now prepare for showing the functional equations.

Lemma 4.55
For transformations T' € M(D)° and V' € gen(M(D)), we have

{UV|U eM(D,T)} ~M(D,T),

i.e. appending a transformation V to the transformations of M(D,T) yields a set
equivalent to M(D,T).

Proof. The transformations U € M(D, T are, in comparison with the ones in M(D),
restricted by choices of the transformations in gen(M(D)) used in their construction,
where we must have

Uy #T," and Uy...U,#T.

There are two ways that the combination UV can break these conditions. The ap-
pending of T.-1 to the identity yields UV = T, !, while the appending of T}, to
Ty...Tpn—1 yields T. 1If we append neither of these two transformation but V €
gen(M(D)) \ {T;}, T}, we get an equivalent set, as the transformations ending with
V~1 and the ones not ending with V' ~! merely exchange places.

We take a closer look at the critical transformations, i.e. the ones that can break
the conditions of M(D,T). Listing the transformations of the group M(D,T') for the
appending of T} or T}, gives

U | W ~UT,! W ~UTy

id Ty... Tt T

T id T2
Tr... Ty Ty... Ty ATt id

Up..Uy |Uh..UT; or Uy...Upq | Uy . UpTpor Uy ... Up_q
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In the context of equivalent functions, we only have a rotation in the set if we apply
either T, or T},,. The sets M(D,T) and {UV |U € M(D,T) } are therefore equivalent
for all V' € gen(M(D)). O

One problem remains: The application of a reflection leads to the * operator, but
according to Lemma 4.53, we may leave the set M(D,T) in the process. To deal with
this issue, we define the analytic functions A7 in the following way, and hence determine
another way to describe the analytic functions that can be used to construct the basis

functions B;.

Definition 4.56
Let T € M(D)°. The function At is defined by

Ar(z) = Y VIEPAVE),D)+ Y VI()PAV(2),TY)

VeM(D,T) VeM(D,T*)
it T* ¢ rot(T), or

Ar(z) == > V'(2)A(V(2),T)
VeM(D,T)

if T* € rot(T).

With all preparation complete, we may now show that the functions of the definition
above satisfy our requirements for the analytic remainder functions.

Note that the following lemma does not require the Schottky group M(D) to satisfy the
property > |C|72 < oo.

Lemma 4.57
The function A of Definition 4.56, where T € M(D)°, is analytic everywhere in

Dp = Cy \ A and satisfies the equations

o'(2)°Ar(s(2)) = Ar(2),  o(2) = s(2), s € S(D),
U'(2)?Ar(U(2)) = Ar(z), U e M(D).

Proof. The function Ar is analytic in Dg, as only poles in A were used in its construc-
tion. We therefore have three properties to prove: the convergence, the functional
equation related to transformations and the functional equation related to reflections.

convergence
The convergence is already covered in Lemma 4.54. It may have to be applied twice:

once for the sum over M(D,T) and once for the sum over M(D,T).
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transformation
If we apply a transformation U to Ar, we have for every term V'(2)2A(V(z),T) in the
sum over M(D,T)

U'(2)?V'(U(2))2A(V (U(2)), T) = W'(2)? AW (2), T),

where W = VU. However, according to Lemma 4.55, the set containing all trans-
formations W is equivalent to M(D,T), so the sum is unchanged as the reordering is
permitted by the absolute convergence of the sum.

The same can be repeated for the sum over M(D, T*).

reflection
In the case of reflections, we have for each term in the sum over M(D,T)

05(2)2 A(sj(2), VITV) = A(z, 8,V ' TVsj) = Az, W' T*W),

where W = V*U; and U; = sgos; € gen(M(D)). This time, W is in the set M(D,T™).
If T* € rot(T), we have M(D,T*) ~ M(D,T), so the sum does not change.
If T* & rot(T'), we have two sums (the one over M(D,T') and the one over M(D,T™))
by the definition of Ap. These two sums interchange as (T%)* = T, so the sum of the
sums does not change.

O
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4.5 Known Mappings onto Domains of Connectivity Three or Greater

There are not many known non-trivial conformal mappings for multiply connected do-
mains, especially for connectivity three or greater.

The Schwarz-Christoffel transformation for multiply connected domains is probably the
most well known class of mappings. Two major forms of these mappings exist. The
first was stated by DeLillo, Elcrat and Pfaltzgraff [DEP04] and was constructed similar
to our mappings onto MCCAPDs. The second was established by Crowdy [Cro05] and
uses the so called Schottky-Klein prime function, which was later on also utilized to
construct further mappings [CMO06].

The problem with these two forms is that they are not easy to use for a comparison.
We have already seen in Section 4.3.2 that the terms not directly associated with the
prevertices arise in the limit process. With the increased size of the limit set A, extract-
ing useful information becomes extremely difficult.

We can still compare the conditions necessary for the convergence in both cases. Since
we can derive a suitable Schwarzian from a SC mapping, the Schwarzian, at least for
some mappings, must converge under the same conditions as the pre-Schwarzian in the
SC scenario.

Beforehand, we must introduce the mappings itself.

Before we continue with the SC mapping, we note that there is also a form for the
MCCAPD mapping from Crowdy, Fokas and Green [CFG11], but the article contains
no comparable form of the mappings.

4.5.1 Schwarz-Christoffel Mapping of Multiply Connected Domains

Definition 4.58 ([DEP04])
For a circular domain bounded by the m + 1 circles C; with centers c¢; and radii rj,
the separation modulus A is defined by

A = max p",
0,,i7]
where

sep . T + 7

=T -, ,j=0,...,m; 1 #£ j.
i — ¢4

Lemma 4.59 ([DEP04])

Let P be an unbounded (m + 1)-connected polygonal region, co € P and D a confor-
mally equivalent circular domain. Further, suppose D satisfies the separation property
A < m~Y* for m > 1. Then D is mapped conformally onto P by a function of the
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form Af(z) + B where
Bk

/HH I1 ()] (463)

J=0k=1 |i=0,v€0;(j)

The separation parameter A is given explicitly in terms of the radii and centers of the
circular boundary components of D.

The mapping formula is gained in the article by showing that the function S of the

following definition is the pre-Schwarzian S = ]}—/,/ of the mappings.

Definition 4.60 ([DEP04))
The function S(z) is defined by the following limit

S(z) = lim Sy(z),

N—oo

where

ﬁ] k p] k,v ujyl/)
(z = pjkw)(z —ujp)

=

The index v in the sum and the product above refers to a sequence of reflections against
the boundary circles of D.

We have already noted that the basic structure regarding the poles in the plain can be
gathered either by reflections or by transformations. In the article [DEP04] reflections
were used for the construction, so the prevertices above would be read as

Piky = Su(pj,k) = (8,/1 08y, ©0...0 SVi)(pj,k)v

where s, refers to a reflection generated by successive application of reflections in S(D)
against the boundary circles of D. The sequence of these reflections is defined by v.
The set 0;() is defined as all valid*? reflection sequences of length i not ending with the
index 7, i.e. the first applied reflection is not s;. This condition is necessary to avoid the
sum containing one prevertex several times, as we have s;j(p;x) = pjr. The notation
can therefore be compared to the pr ;i = T(pjx) used in our construction. Essentially
we have

lim
Nmoe ]ZO I/EO'ZJ(Z) TE%(D

The main reason that we can not directly rewrite the pre-Schwarzian of the SC mapping
in a form that uses transformations is the appearance of poles at the reflections of infinity

“2Valid means that no successive indices are equal, as s; o s; = id, which would reduce the length of
the sequence.
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4  Multiply Connected Circular Arc Polygon Domains

Ui = Su(uj) = s,(s;(00)). They do not show up in the Schwarzian derivative, but in
the pre-Schwarzian with residue —2. This behavior can be seen in the proof of Lemma
2.14.

In the form of DeLillo, Elcrat and Pfaltzgraff the poles at the prevertices on each
(reflected) circle and the reflections of infinity are grouped together. This is not easy
to denote with transformations. We have, beside the sheer ordering of the poles, the
problem that each pole at u is either given by T'(c0) or by T'(sg(c0)), where sq is the
reflection against the circle Cy. We will investigate the sum to illustrate this problem.
In the first step the prevertices on the circle C; are grouped with the reflection of infinity
against Cj, i.e. ¢; = uj = s;(00). Let us, for example, observe the prevertices pgj on
Cp and ¢p. In the next step they are reflected by, for example, s1 to s1(po k) and s1(co).
Bringing them to our notation gives

s1(po,k) = s1(so(pok)) = T1 " (Po,k),

51(co) = s1(s0(0)) = Tfl(oo),
by using the identity por = so(po k). If we further apply s2, we get in the same manner
s2(s1(pok)) = (52050 0 89 0 s1)(po ) = (Ty ' o T1) (po i),
s2(s1(co)) = (s2 050 0 50 0 51)(co) = (T5 ' o Th)(co),

by using sg o 5o = id.

Proceeding with this construction shows that we have to group any T'(p; ) either with
T'(00) or with T'(¢;), depending on whether the first applied reflection in 7" is s; or not.
We still might try to write the pre-Schwarzian, including some reordering, in the form

S(z)=Z< B )U_;f(oo)

ok N° T Pik

ﬂj’k -2 -2
PN ( —pT,j,k) T T T (s0(00)) T 2= T(o0)

TeM(D)\{id} | 7.k

The downside of this formulation is the possible loss of convergence of the sum by the
reordering of the terms.

4.5.2 Convergence of the Schwarz-Christoffel Transformation

The importance of the ordering of the poles becomes obvious, when we consider if

5=y

i=0 j=0 vEo;(j) k=1

K,
- ~ Bik(Piky — wjiv)

(2 = Pjkw)(z —ujp)

is converging for z € D. Within this special ordering, the sum contains the expression
Pk — Ujy. We know already that by either reflection or transformation, the images
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4.5 Known Mappings onto Domains of Connectivity Three or Greater

of the boundary circles are shrinking with the number of reflections/transformations
applied, but each w;, is inside a circle Cj, on which the reflected prevertices p; .,
lie. Hence ’pj,k,u — ;| is smaller than twice the radius r;, of the reflected circle
Cj., = s,(C}) and therefore goes to zero.

The remaining open issues are whether the difference is going quickly enough to zero
and how this depends on the geometry of D.

To provide the necessary context for the following discussion, we sketch the convergence
proof of [DEP04].

Lemma 4.61 ([DEP04])
For a (m + 1)-connected circular domain D, where m > 1, satisfying the separation

condition
—1/4
A<mV ,

the function S converges uniformly on closed sets G C D.

Proof. First we note that there is an upper boundary for

Bk

<4
(2 = Pjkw)(z — ujp)

— )

max

as both factors in the denominator are bounded: The prevertices p; . and the u;, are
all inside or on the boundary circles C;. There is therefore a positive distance between
each of them and any z € G C D.
We will further need the property

m m
2 4n 2
DD <Ay
J=0veon(j) Jj=0

taken from [DEPO04], where [Hen86] is referred. r;, indicates the radius of the circle
5,(C}), rj the radius of the circle C; and 0, (j) all sequences of reflections of length n
with the first reflection not being s;.

If we now define A;(z) as the summands of Sy by

N N
Yo Ai2)| <D 1Aiz)),
i=0 i=0

we can write with K. := max;j{K;}, |pjkr, — uju| < 27, and the Cauchy-Schwarz

[Sn(2)] =
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inequality
J

" N8 wj0)
D e

—Uu
J=0veo;(j) kzl Pjkw j’y)

|8k |Pj e ol
<y Z Z| S “iw

(z = pjkw)(2

m K;
SZ ]2(5T]y<25KmaXZ Z TJV
§=0 vea;(j) k=1 7=0 veai(j)
- 2 1/2
S 25Kmax Z Z TJQ':V Z Z 1
=0 veo; (5) =0 vea;(j)
. 1/2
< 20 Kinax Z Z r?ll \/71777/ 2
J=0vea;(j)

< SA2imi/2 — (AQ\/ﬁ)i,

where § contains the constant terms, i.e. 5= 20 K max (E =0T ]) vm . Therefore
we have for Sy

N
|Sn (2 <Sd(avm)'.
=0

\Mz

Hence, Sy converges if A%/m < 1. O

The critical point in the proof is whether the sum

o m

2> D s

i=0 j=0 vea; (5)
over the radii of all the (reflected) circles converges. To ensure the convergence, the
separation condition and the Cauchy-Schwarz inequality are needed.
By replacing the reflections with transformations, we can rewrite the sum as

Z ZTJT

TeM(D) j=
covering the same radii as in the version above. A similar sum already appeared in
Lemma 2.46. This allows us to state our own convergence criteria.
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4.5 Known Mappings onto Domains of Connectivity Three or Greater

Lemma 4.62

Let D be a (m + 1)-connected circular domain, where m > 1 and M(D) satisfies the
condition Y |C|72 < 0.

The pre-Schwarzian S converges uniformly on closed sets G C D.

Proof. The difference between

ii D Tiw= i iw

i=0 j=0 veo;(j) TeM(D) j=0

and the sum from Lemma 2.46

Z Zr],

TeM(D

is that the sum in the lemma covers only the transformations of the circles with index
j=1,...,m as the circle C'y does not appear as a boundary circle of the fundamental
region, since Cp was used in the construction of M(D).

However each of the circles T'(Cp) (T # id) is inside of at least one other circle U(C}),
where j =1,...,m, and T,U € M(D). We choose the U(C}) with the smallest radius
still enclosing T'(Cp) and have

ro,T < T5U-

To also include the 7 7 in the sum, we count the corresponding r; ; twice. Or we may
count every radius twice, which yields

Z ZT]T<2 Z Zr]T—i—ro

TeM(D TeM(D) j=1

The right side of the inequality converges for > |C|~2 < 0o according to Lemma 2.46.
The statement of the lemma follows if this result is used in the proof of Lemma 4.61. [

The condition Y~ |C]™2 < oo matches our requirement for the MCCAPD mapping, so
both mapping formulas essentially have the same requirement regarding the conver-
gence.

This allows us to use all the results regarding > |C|~2 < oo for establishing the conver-
gence of the pre-Schwarzian of the SC mapping.

Lemma 4.63
For a triply connected circular domain D the pre-Schwarzian S converges uniformly

on close sets G C D.
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4  Multiply Connected Circular Arc Polygon Domains

Proof. Construct M(D). The circle C separates the fundamental region Dp into triply
connected regions as demanded in Lemma 2.45. Therefore we have Y |C]72 < co. [

This means on the other hand that the separation condition stated above would also
allow us to assume the convergence for the MCCAPD mapping.

Note

An alternative approach would be to note that the distance p;, — u;, shrinks with
|C|72. The sum over A; therefore converges if 3_ |C|~2 converges. The result itself can
easily be shown by a simple calculation, but a clear notation would not be easy, as u;,
can be T'(c0) or T'(c;), leading us to investigate separate cases.

4.5.3 Recent Results Regarding the Convergence of the SC Mapping

Until now, we have used the convergence condition Y |C|~2 < oo, while for the SC
mapping the condition A < m~Y* was used. We already noticed that both conditions
are equivalent for the SC mapping, but the question remains whether these conditions
are necessary at all.

The requirement > |C|~2 < oo originates from the convergence of the Poincaré theta
series, which is shown by demonstrating its absolute convergence. Mityushev stated in
his article [Mit98] that by replacing the absolute locally uniform convergence by locally
uniform convergence, we can alter the condition v > 2 in Lemma 2.40 to v > 1 for
symmetric Schottky groups. However, the convergence for v > 1 is equivalent to the
condition 3" |C]72 < 00.*3 An application of this result to our discussion may allow to
discard the convergence conditions stated so far.

Meanwhile Mityushev also directly applied the methods of boundary value problems to
the topic of (multiply connected) conformal mappings [Mit12a], [Mit12b]. The article
[Mit12b] is especially of interest, as it shows the convergence of the Schwarz-Christoffel
transformation for multiply connected domains without any convergence restrictions.
He constructed a version of the SC mapping by solving a Riemann-Hilbert problem
(Definition 4.37), where in his construction no restrictions regarding the convergence
arise.

43Gee also the discussion at the end of Section 2.5.

136



5 Numerical Approaches to the CAPD Mapping

There are several points worth noticing in the numerical evaluation of conformal map-
pings onto CAPDs. Since we only know the Schwarzian derivative of the mappings, any
evaluation includes the solving of a third order differential equation.

An important aspect of the numerical solving process is a suitable choice of the curves
for the calculation. To investigate the mapping behavior, a full grid may be useful.
If we are only interested in the shape of the boundary, we only need to “touch” each
boundary arc once, which requires significantly less calculation effort. We show our
approach for handling this problem in Section 5.2.

Before we can solve the Schwarzian, we first have to calculate it. The term “calculate”
refers to the fact that if we start with a preimage domain D and a complete set of
prevertices, interior angles and parameters, we still need the extension of the domain.
Hence, we have to calculate the transformations of M(D) to set up the Poincaré series.
We present our algorithms for this issue in Section 5.4.

The last step in the solving process would be the determination of the analytic remainder
for a given mapping. As we are missing an explicit calculation routine, this will lead to
some iterative solving methods to find the most suitable parameters to ensure a valid
mapping, where possible.

We will focus on multiply connected mappings, but most of the results can also be used
for the simply connected case. Since the structure for doubly connected domains and
the ones with connectivity three or greater differ significantly, we will cover the two
cases separately.

5.1 Solving the Schwarzian Derivative

The solving process for the Schwarzian derivative does not differ for simply and mul-
tiply connected domains. The result may not be valid for multiply connected domains
as discussed in the note which follows Lemma 2.13, but this does not influence the
computation.

Since the Schwarzian derivative is a differential operator, we have to solve a differential
equation of the third order, however we know already by Lemma 2.13 that we can al-
ternatively solve two differential equations of the second order instead.

The details of setting up the system of differential equations can be found in the Ap-
pendix B.1.

5.2 Choosing Suitable Paths for an Evaluation

The common way to evaluate a mapping that is given in the form of a differential
equation at a specific point z; is to start at a point zp with initial values for f(zy) and
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5 Numerical Approaches to the CAPD Mapping

its derivatives and solve along some curve ¢, where ((0) = zp and ¢(1) = 2.

The curve should satisfy the property that it lies completely in the preimage domain
D. This is complicated by the fact that in our case D contains several holes that should
be avoided. While the Schwarzian is defined in Co, \ A, we are moving from the image
domain f(D) to a reflection of it by crossing its boundary. If we return into D across a

{-‘,\_—-—""ﬁ\-—j

Figure 35: If the solving process leaves D, it may end in a transformed version
of the image domain.

pre-arc different to the one we crossed in leaving, we are actually moving into a Md&bius
transformed version of f(D) (Figure 35). The safest way is to remain solely in D.

It is also reasonable to stay away from the prevertices for computational reasons. As
each prevertex is a pole of the second order, it is sensible to assume some numerical
difficulties, if the curve approaches them too close.

We will now present our algorithm for choosing suitable paths.** It was used to generate
the images of the numerical evaluations of the mappings shown in the Sections 5.3.3
and 5.4.4.

5.2.1 Reaching the Boundary Components

We are not only interested in some specific points, but in the shape of the image domain.
We will therefore start with a concept to evaluate the boundary.

We know that the boundary consists of circular arcs. Each of these arcs is part of a
circle C‘j,k. If we know all these circles, we can calculate the boundary of the domain.*>
To find the circle corresponding to an arc, we need a path from zy to a boundary point
21, which is mapped onto this arc. If we reach the boundary, we get f(21), f/'(21) and

““We use the term “path” in addition to “curve” to indicate that we are actually interested in
orientated curves, because we have to start each curve in zo.

4SFor the actual calculation, we may need some additional information, like the interior angles and
the orientation of the curves. However, all these values are either known beforehand or gathered in the
process of the calculation.
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5.2 Choosing Suitable Paths for an Evaluation

1" (z1) as a result of solving the differential equation. f(21) gives a point that is part
of the circle in question; f’(z1) gives the orientation of the curve and the direction
in which the center of the circle can be found; finally f”(z1) provides us with the
curvature/the radius of the circle. Hence the boundary is known if we have the solution
of the differential equation at one point of each boundary arc. The actual computation
of the boundary using these points on the boundary can be found in the Appendix B.2.

In the following, we will present one possible way to select the paths. This method was
used to generate the images of the mapping behavior, which are shown in the following
sections.

We will for now suppose that each line segment from zy to the center of a boundary
circle Cj is not intersected by another boundary circle than Cj itself.

The idea is to get close to each of the boundary circles and then solve (with some
distance) around them. Whenever we need a point from the boundary, we solve from
the “orbit” to this specific point.

We have to specify the points we want to reach. Since we need to keep some distance
from the prevertices, a suitable choice would be the midpoints of the pre-arcs:
1
P20 = 5 (arg(pjn — ¢j) +arg(pjp+1 — ¢5)),
22,4,k 7= 15 €XP(ipa k) + -
We also need to know how far we can stay away from the circles, so we compute the

minimum distance between the circles and divide it by three?647

1
d:= - min {|¢; —¢;| —r; —ri}.
5 min {le; = =1, =i}
Now we solve from the starting point 2y in the direction of ¢; to a point z; ;o that has
the distance d from Cj:

21,50 := (rj + d) exp(ie,j0) + ¢
Beginning in 2 ; o, we solve along the circle (rj 4+ d) exp(it) + ¢; and stop at the points
214k = (rj + d) exp(ip2 jk) + ¢;

with the same arguments o ;. with respect to the center c; as the points 25 ;. From
each of these points 21, we solve along a line segment to the corresponding point
z27j7k'

Combining this leads to the first version of our algorithm:

46The factor % was chosen arbitrary. Any factor smaller than one half is reasonable.

47 The formula for d has to be modified for the circle Co of bounded domains.
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Algorithm 1:
1: for all circles C; do
2 solve from zg to 2150
3 for all prevertices p;; on C; do
4 solve from 2y j—1 to 21 ;1 along the circle (r; + d) exp(it) + ¢;
5: solve from 2y j to 2ok
6 calculate the circle for the image of the arc between p; ;. and p; 41
7 end for
8: end for

There are some facts to note regarding the algorithm:

e Depending on the location of zp, it may be necessary to solve away from C; to
reach 21,3,0

e If D is a bounded domain, there is one outer circle Cy. We have to replace the
radius (9 + d) by (ro — d) for 2100 = (ro — d) exp(ip1,0,0) + co. The argument
©1,0,0 can be set to any value as long as we ensure that the line segment between
2o and 21,0 is not intersected by any boundary circle.

e It is probably not the best option to solve directly from z; ;o to z1,1. In most
cases, there will be a 2y ; 1, which lies (argument-wise) closer to z; ;o than zq ;.
Changing the order may reduce the calculation time.

?1,5,2

(a) Starting in zp, the algorithm solves around (b) All boundary circles are covered in the solv-
C; and touches each pre-arc once. ing process.

Figure 36: A close up figure showing the behavior of the algorithm and a
figure of the whole domain. The domain is colored white, while the areas
outside of the domain are colored gray.

We supposed above that the line segment between zp and Cj lies completely in D or,
in other words, is not intersected by another boundary circle. If this condition is not
satisfied, the algorithm has to be altered.
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5.2 Choosing Suitable Paths for an Evaluation

If the connection between zg and C is, for example, intersected by Cs, we will say that
(4 is in the shadow of Cy. (Imagine 2 as a light source.)

~
~

Figure 37: Some circles may be in the “shadow” of other circles and are
therefore not reachable by a line segment starting in zg.

First we reorder the circles with respect to their distance to zg, i.e.
l¢j = 20l =75 < lejn — 20| = 41

We then assess whether each circle Cj is in the shadow of one of the other circles Cy,
for k < j. If it is not in the shadow of another circle, we can proceed as above (i.e.
line segment from zp, etc.). Otherwise, the circle will be connected to the closest circle
Cy, where [ < j. If a circle Cj is connected to a circle Cj, we will not solve from 2 to
Cj, but from Cj to €. Therefore, we need a point 2q;; on the orbit of Cj that will be
connected to an alternative 21 jo in the orbit of Cj:

20,5 := (r1 + d) exp(ip1 50 + im) + ¢,

21,50 == (rj + d) exp(ig150) + ¢5.

Expanding our algorithm according to this concept gives:

Algorithm 2:

1: order the circles C; according to their distance to zg
2: for all circles C; do
3: if C} is in the shadow of another circle then
search the closest circle C}, where [ < j
solve from 21 to 29 ; (circular arc)
solve from zg ; to 21 0 (line segment)
else

solve from zg to 21 ;0 (line segment)
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5 Numerical Approaches to the CAPD Mapping

9: end if

10: for all prevertices p;; on C; do

11: solve from 21 jr—1 to 21 ;1 along the circle (r; + d) exp(it) + ¢;

12: solve from 29 jx to 22k

13: calculate the circle for the image of the arc between p; ;. and p; 41
14: end for

15: end for

The notes of the preceding algorithm also hold here. This includes the remark about
bounded domains, while this time Cj can also be covered by shadows of other circles.
Note that it may be useful to calculate the connections of the circles before calculating
the arcs. The calculation of the z;; can then be included in the calculation of the
21,1,k This will save some calculation time.

Figure 38: The shadow circles are connected according to the suggested al-
gorithm.

While the algorithm holds for all circular domains, it can be simplified for special
preimage domains.

If the circular domain is an annulus, we can place the points 2 and z; 1 on the
same circle. A reasonable choice for this circle would be 11~ exp(it) (Figure 39(a)).

It further simplifies for simply connected domains. Since the unit disk is a convex
domain, we can reach all 23 directly by line segments starting in zy (Figure 39(b)).

5.2.2 Reaching a Single Point

If we intend to reach only a single point, we can simplify the algorithm constructed for
the boundary. If we want to solve from zp to a point 29, the line segment connecting
the points is probably intersected by some boundary circles C;. To avoid these circles,
we use a similar concept to the one above.
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5.2 Choosing Suitable Paths for an Evaluation

(a) If a circular domain is an annulus, (b) Every boundary point of the unit disk
one common orbit is enough to reach all can be reached by a line segment starting
boundary arcs. in the origin.

Figure 39: The algorithm can be simplified for special circular domains.

We again use the orbit of each circle by extending its radius by a suitable constant d,
so the path has to avoid the circles

Ci:lz—cil=rj+d

Hence, we calculate the intersection points of the line segment between zg and zo and
the circles CJQ. We get two points z1 ;1 and 21 ;2 for each intersected circle. If the
line segment only touches the circle, the resulting touching point can be discarded. We
therefore get 2n intersection points if n circles are intersected. We further sort the
points by the distance to zg

21,0 — 20| < [21,041 — 20, v=1,...,2n,

where each pair 21 ,, 21,41, for an odd-numbered v, belongs to the same circle.

All that remains is to connect the points to reach zo. We have line segments between the
pairs (20, 21,1), (21,2n,22) and every combination (zj,,21,+1) with an even-numbered
v. The pairs of points on the same orbit C7 can be connected by a circular arc that is
part of the corresponding orbit. It is reasonable to choose the shorter one of the two
possible arcs.

Algorithm 3:
1: calculate the line segment L between zy and 25
2: for all orbit CJ‘? do
3: if CJ‘.’ and L intersect then
4: calculate the intersection points
5 save them together with the corresponding orbits
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20 T . L ’ 20
(a) Replacing parts of the line segment (b) If a point lies inside an orbit, we
connecting zp and ze with arcs of the in- may approach that point by solving
tersected orbits yields a suitable path. into the orbit instead of reducing the

size of the orbit.

Figure 40: To solve from z( to a point 29, we may need to avoid the boundary
circles by surrounding them.

6 end if

7: end for

8: sort the intersection points and orbits according to their distance to zg
9: solve from zg to 21,1 along a line segment

10: for all z;, do

11: if v is odd then

12: solve from 21, to 21,41 along the shorter arc of C;(y) connecting them
13: else

14: solve from 21, to 21,41 along the line segment connecting them

15: end if

16: end for

17: solve from z1 2, to 22 along a line segment

This solving method is only reasonable for single points. If more points are needed, one
may want to further analyze the situation. If, for example, all points of the set M are
on a line segment, it is more efficient to start the solving process only for one point
2z € M in zy. All the remaining points can then easily be reached from zs instead of
starting again in zg.

Hence, there is in most cases a more efficient way to evaluate special structures, where
the calculation of the boundary may be seen as an example.

5.3 Mappings onto Doubly Connected Domains

We now discuss the case of doubly connected domains before we continue with mappings
of domains of a greater connectivity. The calculation of the Schwarzian derivative is
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easier to handle in the case of connectivity two, based on the linear structure of the
underlying Schottky group.

The goal of this section is the “forward mapping” of a doubly connected domain: By
choosing D, p, a and u, we calculate the image domain f(D).

The formula for the mapping of an annulus is much easier then the one for generic doubly
connected domains. Nonetheless, one might want to use an unbounded preimage domain
to map onto an unbounded image domain for computational reasons. An annulus would
contain in this case the preimage of infinity, which can lead to numerical issues. We
will therefore try to cover both cases in our discussion.

We will suppose the preimage domains to be normalized, and so assume Cy to be the unit
circle for bounded and unbounded domains. Hence, three degrees of freedom remain
for further normalization. We want the bounded domains to be annuli and normalize
the second circle accordingly. Each annulus is then defined by r < |z| < 1.

For unbounded domains, we can normalize the center of the circle C; to be on the
positive real axis ¢; € RT and set the radius to one. The conformal module of the
domain is therefore only depending on the real value of the center c;.

The remaining degree of freedom for both domain types can be used to set the argument
of one of the prevertices.

To calculate an image domain, we have to perform several steps:

1. Choose a preimage domain D
Since we have chosen a specific normalization, this means we have to select an
inner radius r for an annulus or a center ¢; € Rt for the unbounded case.

2. Choose the prevertices p, interior angles 7o and parameters p
The values a can be calculated based on the angles ma, and the v for the un-
bounded case can be calculated from the u. The best way to define the prevertices
is by their arguments with respect to the center of their circles.

3. Test for the restricting equation
If the equation is not satisfied, we have to modify one of the sets. If we want to
keep p and a, we have to modify u. We either change one value of i or project
the p into a subspace of R" (with n according to the number of parameters) such
that the restricting equation is satisfied.
We also calculate b; for the analytic remainder at this point.

4. Calculate the Schwarzian
To evaluate the Schwarzian, we need to extend the domain as discussed or, for a
numerical point of view, we must calculate the terms of the sum. This calculation
is necessary for the unbounded case, but might be skipped for an annulus, as the
formula in that case only depends on the factor r2".

5. Search for the best parameter b,
The analytic remainder of the Schwarzian is defined by the geometry of D and
the parameter b,. For the final mapping, we need to find the best possible value.
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6. Evaluate the mapping
After all values have been found, we can evaluate the mapping and, for example,
calculate a specific point, the boundary, or a grid. A method for reaching the
specific components were already presented in Section 5.2.

We now consider steps 4 and 5 in more detail.

5.3.1 Calculating the Schwarzian Derivative

The Schwarzian derivative for the bounded and for the unbounded case is given in the
form of an infinite sum. For the numerical evaluation, we truncate it to a finite version.
Suppose for the following that the preimage domain is known and the parameters p, a
and u are given and satisfy the restricting equation.

Annulus

The Schwarzian derivative for the mapping onto an annulus in given in Theorem 4.22,
but we have to use the finite form

@jk Wik — Qjk by + ib;
- 3 (e )+

—N j,k

Unbounded Domain

The form for an unbounded preimage domain is more complicated, and takes the form

PSP

= 2 T T ot

(Prgik = 12) gk + ajk  Prjk = D) njik + aj,k)
(l2 *ll)(Z*ll) (ll *lg)(Z*lQ)

(by +ib;) (11 — 12)?

(Z — l1)2(z — l2)2

First we complete our set of parameters. We calculate the v according to Lemma 4.13

by using

_l’_

ZM]? a]7k

")/ )
ok Pjk —

We then calculate?® the generating transformation 7' = sgos;. Any other transformation
of M(D) = {T™ | n € Z} can directly be calculated with 7". The transformation T is
also needed to calculate the limit points /1, ls as they are the fixed points of T', and so
we look for the solutions of the equation z = T'(2).

48 A formula is given in Lemma 2.29, but it lacks the normalization AD — BC = 1.
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5.3 Mappings onto Doubly Connected Domains

We must now decide if we want to calculate the values beyond the first generation by
using reflections or transformations. We can calculate the prevertices p, ;i by reflecting
them successively against the boundary circles. The corresponding values for « follow
from Lemma 4.12 by

Ts(p) = —(prg : (Vo (P =€) + 2a),

where ¢ and r are the center and radius of the circle used for the reflection s(z) = ZT:fC +c.
Alternatively, we can transform the prevertices by applying U = T"™ and calculate -,
according to Lemma 4.6, by

Yp aU" (p)

WO T T T W)
We prefer transformations for the computation, as they are easier to perform. Therefore,
our suggestion for an algorithm handling the task of calculating the values is of the
form:

Algorithm 4:

set the maximum depth N
load the domain D and the sets p, a, u
modify p to satisfy the restricting equation
compute 7" and the set ~
save the values p, a, v in values[0][0]
for d € {—1,1} do
define U :=T¢ and V := U
for n from 1 to NV do
for all tuples (p, a,~) in values[0][0] do
calculate ¢ = U(p) and 0 = /()
store the combination (g, d, a) in values[d][n]
end for
set U:=UoV
14: end for
15: end for

e
Wy P2

Here “values” is a suitable structure to store all the information.

5.3.2 Analytic Remainder

Recall the interpretation of the analytic remainder. The main geometry of the domain
is already determined by the Schwarzian derivative before the analytic remainder is
added. We have set the correct interior angles by our choice of ¢ and the functional
equations guarantee that the boundary consists of circular arcs. We have yet to ensure
that the Schwarzian leads to a valid mapping.
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5 Numerical Approaches to the CAPD Mapping

We cannot guarantee that every closed curve is mapped onto a closed curve. Consider
as an example the mapping of the annulus r < |z| < 1 by the function g(z) = 2%,
where z € R. The closed curve §(t) = pexp (2mit), where r < p < 1 and t € [0, 1], is
only mapped onto a closed simple curve for z € {1, —1}. Otherwise, we have ¢g(5(0)) #
g(0(1)), or the curve revolve about the origin (e.g. x = 2). Hence g describes only for
x € {1,—1} a valid doubly connected mapping.

In Section 2.2, after Lemma 2.13, we concluded that we can verify a mapping by using
the integrals (2.3), i.e.

/f(k)(z)dz =0, k=1,2.3.
1)

The integrals ensure that f*)(at) = f*)(a~) for each k € Ny if we solve along a closed
curve surrounding a hole of D, where a is the coinciding start (a™) and end point (a™)
of such a curve. The same property can be tested by solving the Schwarzian along
closed curves and directly comparing the results to the initial values.

For an annulus, we can solve either clockwise or counterclockwise around C; starting
at some point a € Rt UA. Afterwards, we test if f*)(at) = f®)(a7).

For any non-annulus domain, we can choose any closed curve § surrounding C and test
if F0(3(0)) = £ (3(1)).

We define by S(z,b,) the Schwarzian not only depending on z but also on b.. We
therefore denote the solution of this Schwarzian derivative by f(z,b,). Hence, we look
for the zeros of the functions

gO(br) = Qo(br, 5) = |f(5(0)7 br) - f(5(1)7 br)|7

91(br) = g1(by, 0) := [ /(6(0),b,) — f(6(1), )],

92(br) = g2(by, 0) := [ f"(8(0),b,) — f"(3(1), br)],
where b, € R and 6 C D is a suitable curve. The interior of  should contain one
boundary component, i.e. it should surround Cj.
If the mapping f(z, by o) is valid, gx(b,0,0) must be zero for all § C D and k = 0,1, 2.
This is only a necessary and not a sufficient condition for any specific §. It is possible
for f(9,br0) to revolve about C; twice and still have gx(b,0) = 0.

We can nonetheless use this idea for a way to search for a suitable b.. We can find a
candidate by

Algorithm 5:
1: calculate S(z,b)
2: set p:= 2(1+ 1) (annulus) or p := 1¢; (unbounded domain)
3: define §(t) := pexp(2mit) + ¢1
4: define g (b)
5: search a common zero of all g;(b) and save it as by

As stated, Algorithm 5 does not have to yield a correct result, but works quite well in
many cases. The algorithm does not even have to yield a result at all in the form of a
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5.3 Mappings onto Doubly Connected Domains

zero since, according to Section 4.2.3, there might be no suitable b, for a specific set of
D, p, a and p.

While not further investigated, the information on differential equations outlined in the
Appendix A.4 could lead to some useful results that could be used to restrict the choices
for the parameters in the context of valid mappings.

5.3.3 Examples

We created two different algorithms for the visualization of the mappings, so we must
discuss their behavior to allow a proper interpretation.

The first algorithm solves the Schwarzian along the paths described in Section 5.2 and
plots the results. The Schwarzian is also solved along the boundary of the domain, as
soon as a boundary arc is reached. To avoid numerical issues, the solving process main-
tains a distance from the prevertices, resulting in visible gaps in the image domains.
An example is shown in Figure 41.

(a) Preimage: The path surrounds (b) Image: The images of the path
the inner circle and touches each pre- and of the boundary.
arc of the boundary.

Figure 41: The first algorithm shows the path used for reaching the boundary
(blue) and the actual behavior at the boundary (black). The boundary has gaps
at the vertices, as the algorithm avoids to touch the prevertices.

We solve along the boundary to visualize the exact behavior of such a mapping. This
allows us to determine the existence of any gaps or overlaps in the image domain. It
also allows to verify if the boundary consists of circular arcs.

The second algorithm also uses the paths of Section 5.2, but only to solve for a point on
each boundary component. Then, the boundary circles for the image domain are calcu-
lated with these points. These circles allow the algorithm to calculate the boundary and
the vertices. Also a grid is added to further visualize the behavior of the investigated
mapping. An example of the result of the second algorithm is shown in Figure 42.
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(a) Preimage: The concentric mesh is (b) Image: The boundary is closed
colored according to the argument of and shows the vertices, as they are
the grid points. calculated by the algorithm. The

color of the grid corresponds to the
argument of its preimage points.

Figure 42: The second algorithm calculates the boundary and the vertices
with information of the circles Cj ; that provide the boundary arcs. The interior
of the domain is filled with a mesh.

The grid also contains a safety gap towards the boundary to avoid touching the prever-
tices. The gaps only become visible if an image domain is elongated as shown in Figure

43.

Y

Figure 43: The great distortion of elongated regions shows that the grid
calculation does not touch the prevertices or the boundary.

We visualize the influence of the different parameters by an example mapping. We set
r = 0.3 and

p071 = 1, p072 = —1, 040,1 = Oé(),g = 0.5, (5 1)
p1,1 =03exp(ir/4), pi2=—03exp(ir/4), ar1=a12=16. '
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5.3 Mappings onto Doubly Connected Domains

A suitable set for p is given by??

o1 = 0.1404. .., pgo = 0.1401.. .,
p11 =—0.1407..., pio=—0.1397..., (5.2)
by = —0.1402..., b, =0.0372....

The resulting image domain can be seen in Figure 44 for the initial values f(0.65) = 0,

Figure 44: The image domain for the prevertices (5.1) and the parameters
(5.2). The dashed green circles C; indicate the theoretical boundary, while
the black line shows the actual result.

1/(0.65) =1 and f”(0.65) = 1.5.

We modified the plotting algorithm in this case by adding the calculated circles C‘j’k of
the image domain. As in the second algorithm, we compute these circles at the points
where the (blue) path touches the boundary. We see in Figure 44 that the solution
gathered for the boundary (black line) overlaps with the result for the (green dashed)
circles. Hence, the circles only become visible if we approach the vertices.

We have done this to show the distortion that appears for insufficient parameters. If
we, for example, choose parameters not satisfying the restricting equation (4.20), the
solution at the boundary and the calculated circles do not have to match. The result
for the values

po1 = 0.02, o2 =0.02,

5.3
,ul,l = —0.1, M1,2 = 0.1, ( )

which do not satisfy the equation, can be seen in Figure 45.

If we break this condition, the functional equations of the Schwarzian are no longer
satisfied. As we discussed in Section 4.1.5, the functional equation is connected to the
fact that the boundary consists of circular arcs. While the domain shown in Figure 45
is self overlapping, the fact that the boundary curves are not circular arcs is crucial.
This can be seen by comparing the black boundary with the green dashed circles.

G . . . .
“9The values were optimized by numerical routines.
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5 Numerical Approaches to the CAPD Mapping

Figure 45: The parameters p of equation (5.3) do not satisfy the restricting
equation. As a result, the green dashed and the black solid lines do not match.
The curvature of the actual boundary (black) even changes for each arc.

A similar effect occurs if we set the imaginary part b; of b to a value not satisfying
equation (4.21). For Figure 46 we used again the p given by (5.2), but changed b; to

Zero.
The curvature of the boundary arcs changes in this case, as the mapping does not sat-
isfy the functional equations. In this example, the lower of the two outer boundary arcs

Figure 46: The boundary curvature changes for the image domain for the
parameters (5.2) and b; = 0. The curvature of the lower outer boundary arc
changes in sign.

even changes the sign of the curvature and therefore gives us a good visualization of the
“not a circular arc” property.
The Schwarzian still satisfies the functional equations, if the real part b, of b is incorrect.
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5.3 Mappings onto Doubly Connected Domains

We define the values shown in (5.2), but set b, to zero. The result is displayed in Figure
47.
The results for the boundary and the calculated circles match this time. With the func-

Figure 47: The image domain is self overlapping for the parameters (5.2) and
b, = 0. This can be seen at the right vertex where the two boundary arcs cross.

tional equations satisfied, the boundary consists only of circular arcs. As we discussed
in Section 4.2.3, a invalid choice for b, lead to an invalid mapping. The image therefore
shows an overlapping domain, as the boundary arcs intersect. This is best seen at the
right vertex of the outer boundary component.

(a) Preimage (b) Image

Figure 48: A full grid plot of the domain shown in Figure 44

The next example will illustrate the influence of the parameters p on the boundary of
the domain. We set » = 0.2 and choose in the form of vectors
po = (exp(0.25i7),exp(0.75i7),exp(1.25i7), exp(1.754i ) ),

ap = (0.5,0.5,0.5,05),  po=A(1,-1,1,-1), (5.4)
pr=(02,-02), a;=(1515), pui=(00).
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(c) A=0.2
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(f) A

Figure 49: The image domain for the parameters (5.4) changes with the
choice for A\. The ratio of the curvatures of the outer boundary arcs changes
with an increasing value for A.
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If we modify the weight A € R of the parameters i j, of the outer boundary component,
the image domain changes. This is shown in Figure 49, where X is altered from 0 to 0.5
by steps of 0.1.

The image domain is symmetric, as the prevertices and the values for the p also contain
a symmetry. Hence, we have two different curvatures for the outer boundary arcs.®”
If we now change A\, we notice that the ratio between the two curvatures changes if
A grows. This behavior is similar to the simply connected case. As a matter of fact,
the inner boundary component is nearly unchanged as we alter the outer boundary. A
reason for this might be that we keep the values for 1111 and p1 2 unchanged. Note that
we are only able to keep these values unchanged as the choice of A does not influence
the restricting equation.

We have not shown any pictures of unbounded doubly connected domains, as the al-
gorithmic behavior is similar to that seen in unbounded domains of connectivity three

59The symmetry of the domain requires a suitable normalization.
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5.4 Mappings onto Domains of Connectivity Three or Greater

or greater and the influence of the parameters is similar to that seen for the annuli.
Corresponding images for unbounded domains can be found in the following section.

5.4 Mappings onto Domains of Connectivity Three or Greater

The forward map for a MCCAPD mapping of connectivity three or greater is con-
structed using a similar procedure to that used in the case of an doubly connected
CAPD mapping. The major difference is that we have to calculate a basis for the
analytic remainder before we can find a suitable set of parameters b. Moreover, the
calculation of the Schwarzian derivative becomes significantly more difficult. On the
other hand, we will not have to verify any restricting equations.

As for the doubly connected mappings, we suppose the domain D and the parameters
p, a and p to be given and calculate the image domain f(D).

We do not specify a special normalization for the circular domains, as it would have less
impact here as in the doubly connected case. We still suppose that 0 € D for bounded
domains or oo € D for unbounded domains. In this way, we avoid limit points in the
neighborhood of infinity. It may still be advantageous to set Cy to be the unit circle.

The process of constructing a evaluable mapping consists of the following steps:

1. Choose a preimage domain D
Select the centers and radii of the boundary circles C; of D.

2. Choose the prevertices p, interior angles 7o and parameters p
The values a can be calculated based on the o and the prevertices p are defined by
their argument with respect to the center of the corresponding boundary circle.
The v are calculated from the p to ensure (p — ¢)y + a € iR.

3. Calculate the Schwarzian
To (pre)calculate the Schwarzian we either calculate all the transformations of
M(D) or the poles and weights of the poles of the Schwarzian. This calculation
also includes A¢.

4. Calculate a basis for the analytic remainder
We compute 3m — 3 analytic basis functions for the domain D.

5. Search for the best parameter set b
We look for a set of parameters b, such that the analytic remainder leads to a
valid multiply connected mapping.

6. Evaluate the mapping
After all values are set, we evaluate the mapping and, for example, calculate a
specific point, the boundary, or a grid. The calculation of the boundary may be
accomplished by the algorithm provided in Section 5.2.
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5 Numerical Approaches to the CAPD Mapping

5.4.1 Calculating the Schwarzian Derivative

According to Theorem 4.36, the Schwarzian derivative of a conformal mapping onto a
domain of connectivity three or greater is of the form

S(z)= > T(2*[R(T(2) + Ac(T(2))] + Ag(2)-
TeM(D)

We omit Ag(z) for now and focus on the Poincare series contained in the Schwarzian
derivative. To evaluate it, we need the initial rational function

F(z) :=R(z) + Ac(z)
and the transformations 7" of the group M(D).

We begin with the calculation of F. It contains the poles of the first generation and
their corresponding terms, and is therefore of the form

_ j.k 3.k Wik
F(z>_z<(z—pj,k)2+(z—pk)+ZZ Ee (5.5)

Jik i,k =1

The wjj,; represent the weights at the limit points used for Ac. The actual values of
these weights can be found in Definition 4.33, but they do not matter for the following

discussion. It is enough to know that each set {w; ;|7 = 1,...,4} corresponding to
a prevertex p;;, can be calculated with the limit points L; = {1, |l;1 = s;(l;2), lj3 =
sj(lja), 7 =1,...,4}, the center ¢; of the corresponding circle C; and the values be-

longing to the prevertex (pj, ajk, Vjk). We can sum the weights over the index k to
Wi = > Wjk; as the poles [;; do not depend on k.

As we supposed D and all p;x, o, and pjp to be known, we can calculate ajj by
aj = %(1 — aik) and v, by vk = %%ij We still need to calculate the limit points

l;; and weights w; ;. Each set
Lj = {ljﬁ' | lj,l = Sj(lj’Q), lj,g = Sj(lj,4), 1= 1, e ,4}
contains limit points symmetric to Cj, as s; indicates the reflection against C;. One
method of calculating suitable limit points /;; is to compute the fixed points of s; o s,
and s;j o s, where v,n =0,...,m, v # j,n# j, and v # 1.
Let [ be a fixed point of s; o s5,. We therefore have
(sjosy)(l) =l < s;(l) = su(l1)

and define Iy = s;(l1) = s,(l1). The point I3 is also a fixed point as we have

(sj08,)(l2) = (55 08,)(su(l1)) = 55(lh) = I
and [; and [y are symmetric with respect to C;. According to Lemma 2.25, both fixed
points are also limit points.
With the /;; known, we may also calculate the weights w; ;. Hence we state the following
algorithm to calculate the poles and coeflicients of F.
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Algorithm 6:
1: set the values D, pj, aj and p; g
2: calculate the a;; and ;4
3: set the reflections s;
4: compute Lg as fixed points of sy o s1 and sg o s9
5: compute Li as fixed points of s1 o sg and s1 o s9
6: calculate the wo; and wy; fori=1,...,4
7: for j from 2 to m do
8: compute L; as fixed points of s; 0 sg and s; o0 51
9: calculate the wj; for i =1,...,4

10: end for

Calculating the Poincaré series

With F set, we calculate the Poincaré series
Y. T'EPFT().
TeM(D)

First, we truncate the Poincaré series to make it calculable. A natural way to do this
is to restrict the length of the transformations. We will therefore use

M(D,N):={T|T € M(D), |T| < N} (5.6)
instead of M(D) for the numerics.

There are two principal ways to compute the series. While both versions are mathe-
matically equal, they have different computational errors.

The first method is to sum over the terms 77(2)?F(T(z)) as it is suggested by the
definition of the series. To set up the sum, we have to calculate all 7" in M(D, N):

Algorithm 7:

set the maximum transformation depth NV
calculate the generating transformations of M(D) and their inverses
save them in T'[1]
for n from 2 to N do
for all transformations U in T'[n — 1] do
for all transformations V' in 7[1] do
if V is not inverse to the last applied transformation of U then
calculate U o V
save the result in T'[n][new number]
end if
end for
12: end for
13: end for

—
—= O
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The results are stored in a structure 7' in the form T'[length|[number]|. The value
“length” refers to the length |T'| of the transformation 7. The formulation “V is not
inverse to the last transformation of U” is necessary because the length of a transfor-
mation is reduced if we apply the inverse of the last applied generating transformation.
With the set M(D, N), we are able to calculate the Poincare series using the terms
T'(2)2F(T(z)). Note that we need to include the term F(z) in the sum, as the set
M(D, N) constructed above does not contain the identity.

The second method is to pre-calculate the Fr = T"(2)2F(T(z )) in the form

. Qaj.k Wy
716 = 3 (o ) ;Z e

Gk (2= 1)
by transforming F (given by equation (5.5)), where

a; T"(q;
pjk = T(qjk), g = T'(ajh)Vik + W,
L =T, Wi = T'(lji)wj,i-

Since this calculation can not only be applied to the first generation, we may want to
calculate Froy = U'(2)%2Fr(U(z)) in the same way, but starting with 77 instead of F.
This allows us to calculate each Fp directly by successive applications of the generators
of M(D) without calculating M(D, N) in advance. Hence, we can alter our current
approach to:

Algorithm 8:
1: set the maximum transformation depth N
2: calculate the generating transformations of M(D) and their inverses
3: save them in T
4: store the parameters of F (i.e. pjk, aj i, Vjiks lji, wji) in values[0][1]
5: for n from 1 to N do
6: for all rational functions Fr in values[n — 1] do
7 for all transformations U in T do
8: if U is not inverse to the last applied transformation of 7 then
9: transform the poles p and [ with U

10: calculate the corresponding weights v and w

11: save the results in values[n|[new number|

12: end if

13: end for

14: end for

15: end for

Numerical Stability

Both versions of the Poincare series, either the one using T"(2)2F(T(z)) or the one with
Fr(z), contain some numerical problems.
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To set up the correct context for the following discussion, we have to remember that
the coefficients of the Mobius transformations 7'(z) = (Az + B)/(Cz + D) grow very
fast with an increasing length, while the quotients —% stay bounded. This becomes
crucial as the coefficients appear in several positions of our formula. The derivatives
T'(2)? shrink with |C|~*, while the parameters v grow with |C|2.

For visualization, we show the magnitude of the weight C? of v in the form of iterations
T™ of a transformation T in Table 7. Here T is the successive reflection against the unit
circle 9D and a circle C; with center ¢ and radius . We can see that the coefficients of

logo(|C?) | n=1 2 3 4 5 6 7 8 9 10
c=3,r=1| 096 264 432 6.00 7.66 930 11.0 12.7 14.3 16.0
c=5r=1| 140 412 6.86 956 123 150 17.7 204 232 26.0
c=5r=2| 080 280 478 6.78 878 10.8 128 14.8 16.7 188
c=7,r=1| 1.70 5.04 840 11.7 150 184 21.8 252 284 318

Table 7: The table shows the growth of the factor C?, where C is the corre-
sponding coefficient of a transformation T". The transformation T" maps JD
onto the circle C7 with center ¢ and radius r.

T™ grow like O(exp(n)), which leads to problems in the numerics.

The common data type for numerics is the double precision floating point number. This
type has about 16 significant decimal digits. We must assume that the last digit contains
some form of rounding error. As a consequence, if we multiply any value x by a number
in the size of 10'%, the result contains a rounding error equal in size to the original x.
In our case, we would see this in calculating v. Depending on the geometry of D, even
a small number of transformations lead to a formula, which contains parameters with
rounding errors greater than the absolute value of the parameters of the first generation.

The idea behind the convergence of the Poincaré series > T"(2)"R(T(z)) is that the
derivatives T” in the form 7”(z)" are tending to zero for z € D and |T| — oo, while the
rational functions R(7'(z)) stay bounded. In our case, the rational functions F(7T(z))
are not bounded, but the T"(z)? are shrinking quickly enough to ensure the convergence.
From a numerical point of view, this means that we are multiplying numbers of very
different magnitudes.

There is another difficulty in the denominator T'(z) — ! in A¢(T'(z)). The subtraction
of equal sized numbers lead to the numerical problem of a loss of significance [DROS,
Chapter 2.2]. Hence the result becomes very inaccurate if T'(z) tends to .

On the other hand, the denominators of Fr(z) have a lower boundary for all z € D.
This is a consequence of the combination of the shrinking 7"(2)? and growing F(T(z)).
The result is an overall shrinking expression Fr(z). The shrinking relies on the fact
that the different parts of Fp(z) cancel each other out. The usage of Fp(z) is therefore
also vulnerable to a loss of significance. This becomes especially critical, as the weights
of the different terms (e.g. v ;%) grow with the length of the transformations. The
numerical errors for longer transformations can therefore be greater than the correct
values for shorter transformations, leaving only corrupt results.
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Both versions incur numerical problems if we include lengthy transformations, i.e. the
N in M(D, N) of equation (5.6) gets too large. However, we need a large N to obtain
accurate results by the convergence of the sum. One of the main targets for the numer-
ical evaluation is therefore to find an equilibrium between the accuracy provided by the
limit process and the errors that grow with the length of the transformations.

Calculation Speed

We state some notes regarding the calculation speed of the evaluation. Many numerical
software packages use multi-dimensional arrays as standard data type (e.g. MatLab,
Octave, ...). They handle them very quickly in comparison with more complicated
data types like structures. This fact can especially be used at two different points in
the calculation process.

If we prepare or set up the sum for the Schwarzian as in the Algorithms 7 and 8, we
obtain some rather expensive®® structures. Since the Schwarzian has to be evaluated
very often, it is reasonable to restructure the data to a form which can be evaluated
more quickly. Since the order of the terms is not important for a finite sum, we may
create a single vector or matrix for each parameter type. Using vectors and matrices
instead of loops results in a significant quicker calculation.

This vectorization can for example be done by the following algorithm if we want to
convert the results of Algorithm 8.

Algorithm 9:
1: for n from 0 to N do
2: for all sets S in values[n] do
3: for all combinations belonging to one prevertex of S do
4: save the current prevertex as new element of the vector p
5: save also a and ~ as new elements of corresponding vectors
6: save the limit points (for A¢) as a new row in the matrix [
7 save the weights for the limit points as a new row in the matrix w
8: end for
9: end for

10: end for

If we use the concept of transformations (based on Algorithm 7), we can use a ma-
trix containing the coefficients of each transformation in a row, thus evaluating the
Schwarzian without loops.

The use of matrices is also useful in the calculation of the Mobius transformations. If
we write the coefficients of the Mobius transformations in the form of a matrix, i.e.

A B
= (¢ b)

51Expensive in the context of calculation time.
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we can calculate the composition of two transformations U o T by a simple matrix
multiplication.??

5.4.2 Basis Functions for the Analytic Remainder

The analytic remainder Ag of the Schwarzian derivative can be expressed as a real
linear combination of 3m — 3 basis functions according to Lemma 4.41. We therefore
need 3m — 3 linearly independent functions B; with the correct properties and suitable
weights b;.

First we calculate 3m — 3 basis functions. We already presented three different ways to
construct suitable functions in the Sections 4.4.4, 4.4.5 and 4.4.6, but we must ensure
that we are only constructing linearly independent functions or we have to reduce the
resulting set of functions to only contain linearly independent elements.

The versions of Lemma 4.45 (Section 4.4.5) and of Definition 4.56 (Section 4.4.6) for such
functions B; are very similar from a numerical point of view. Both versions resemble a
Poincaré theta series, but the second covers only a subset of the transformations of the
group.

Hence, both of them can be pre-calculated in the manner described in the previous
section. The only difference is that we only need the mentioned subset M(D, T, N) of
the transformations M(D) for the second option. We alter our algorithm for M(D, N)
to compute only the required subset.

Algorithm 10:

set T and the maximum transformation depth N
calculate the generating transformations of M(D) and their inverses
save them in G
copy G to V0] except for the one transformation equal to T},,!
for n from 1 to N do
for all transformations U in V[n — 1] do
for all transformations W in G do
if W is not inverse to the last transformation of U then
if U oW is not T then
calculate U o W
save the result in V[n][new number]
end if
end if
end for
15: end for
16: end for

e e e
Ll e

52This fact can be proven by calculation.
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We are also able to calculate the basis functions by using only the poles and weights
as discussed in the previous section for Fr. This may be done by a modification of
Algorithm 8.

After calculating several functions B; by different initial limit points or transformations,
we need to verify if they are linearly independent. This can be done by using the infor-
mation of Section 4.4.4 that the first three coefficients of all Laurent series of equation
(4.54) together completely define the function. Hence, calculating these coefficients rep-
resented by three real values and testing the vectors of the R3™*3 for linear dependence
is sufficient.®3

Alternatively, we can directly construct the functions in the form

- _di(n, )
Bi:) =22 oy
el CRate)
of equation (4.54), but with a finite number of coefficients d;(n, j). We already stated in

Section 4.4.4 that the coefficients can be computed by constructing a system of equations
based on a finite version of formula (4.59)

N
> w(ln)e(k, §)" M di(n, ) — rg i (04 4, k) = —Xi(L k), (5.7)
j#kn=4

where

wt =0T i —a-e

3
Al k) =2 wlln)elk, j)" M di(n, ).

j#k n=1

Hence, we set up the system
Wd = A, (5.8)

where W is a matrix containing the weights for the d;(n,j), d is a vector constructed
of the d;(n, j) and A is a vector consisting of the A;(/, k). The matrix and the vectors
cover all combinations of [ =0,...,N —4 and k£ = 0,...,m. Solving this system for d
yields the coefficients to calculate an approximation of B;.

The first three coefficients d;(n,j) for each circle, which are needed to calculate the
Ai(l, k), can be acquired by solving the system of linear equations (4.57). Actually, a
basis for the kernel of the linear system gives us a set of initial values to calculate 3m —3
linearly independent functions B;. Hence, we have found the following algorithm:

53This method is only valid for unbounded domains. The initial domain may need to be transformed
accordingly.
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Algorithm 11:

set the number of coefficients NV
set up the system of equations (4.57)
calculate a basis B for the null space of the system
generate the matrix W based on (5.7)
for all elements in B do
calculate the A(l, k) and generate the vector A
solve the system Wd = X for d
save the solution
end for

This method also leads to some numerical issues.>® Since the absolute value of the w(l, n)
rise very fast for large [, the system (5.8) loses stability for large N, or equivalently the
condition number of W rises with N. Again, the best N is not necessary a large one.

While the construction above is designed for unbounded circular domains, basis func-
tions for bounded domains can be calculated by the procedure stated at the end of
Section 4.4.4.

1. Extend the circular domain D over the outer boundary circle Cj.
2. Calculate the basis functions for the unbounded extension so(D).

3. Transform the solutions to be defined on D.

5.4.3 Validity of the Mappings

We discussed at the end of Section 4.4.3 that not all combinations of parameters of the
Schwarzian yield a valid mapping. To verify if the result of a mapping is valid, we may
apply the same method as for the doubly connected domains. The main difference is
that we have to investigate m curves instead of only one.

Let 0;(t), where t € [0, 1], be the parametrization of a circle in D enclosing only the
boundary circle C;. To verify the conditions (2.3), we solve from 6;(0) to J;(1) and
compare the results to the initial values. For a valid mapping, the values for 6;(0) and
d;(1) must be equal. Hence, we investigate the values

gio = fO@(0) = fO6;(1),  j=1....m =012
If all of them are zero, we have a necessary (but not sufficient) condition for validity.

As for the doubly connected case, we can use this idea to find an analytic remain-
der, which matches the mapping function as much as possible with respect to a valid

54The problems of the Poincaré series, which apply to the first two methods, where already covered
in the previous section.
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mapping. Since the analytic remainder is defined by

we have to find suitable weights b; € R for the linear combination, if the B; are given.

As the g;; depend on b = (by,. .., b3m—3), we can establish an error function
m
E®):=> > lgj)l-
j=11=1

Now we must find a zero of F by numerical methods to obtain a suitable choice for b.

5.4.4 Examples

The algorithms for the plotting of a CAPD mapping of connectivity three or greater are
similar to the ones of the doubly connected case. The greatest difference is the usage

(a) Preimage: The blue paths to reach the (b) Image: The blue image of the paths and the
boundary are chosen according to Section 5.2. black image of the boundary are shown.
The black boundary is then calculated.

Figure 50: The first algorithm reaches out from a starting point to touch
each boundary arc. At each of these arcs, the behavior at the boundary is
calculated. Here a triple connected unbounded domain is shown.

of the Schwarzian for MCCAPD mappings instead of the one for the mappings onto
DCCAPDs.

The algorithm generating the grid is further modified. Since there is no obvious choice
for a grid, we place a small grid around each boundary circle to visualize the mapping
behavior, and also change the coloring. Each boundary component is now painted in
a different color to distinguish them, and each grid uses the color of its corresponding
boundary component (Figure 51).
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Figure 51: The second algorithm plots the boundary, the vertices and a grid
around each boundary component. Each boundary component is painted in
a different color for ease of matching with its preimage. The corresponding
grid has the same color as the boundary. Here the triply connected domain of
Figure 50 is shown once again.

While there is no restricting equation for the MCCAPD mappings, we still have the
problem of overlapping image domains. The results are similar to the doubly connected
mappings, so we refer to the images presented in Section 5.3.3 for visualization.

However, this problem becomes of greater interest, as the search for valid parameter sets
is more difficult than in the case of doubly connected domains, and any search algorithm
will take longer as the number of parameters increases. This is the main reason why
most of the images show boundary components containing some kind of symmetry.
These domains are easier to handle with respect to their parameters (Figures 53 to 56).

We noted in the doubly connected case that the behavior of the image domains with
respect to the prevertices p and the parameters p is similar to the simply connected
case. This holds also for an even greater connectivity.

Hence, we want to set up an example similar to (5.4) of the doubly connected case. We
define the parameters for the outer boundary Cj by

co=0, ro=1, arg(po — co) = (0.25,0.75,1.25,1.75 ) ,
ao = (0.5,0.5,0.5,0.5), o =A1,-1,1,-1).

Again, the values of 1 depend on an additional parameter A € R. The parameters for
the inner two boundary components are defined by

(5.9)

C1 = 0.5, rL = 0.1, Cy = —0.5, T2 = 0.1,

arg(pr —c1) = (0,1), arg(pz —c2) = (0,1) , (5.10)
a1 = (1.5,1.5), as = (1.5,1.5), '
p = (0,0), p2 = (0,0).

By changing )\, we obtain image domains very similar to the ones for the doubly con-
nected mappings. The results can be seen in Figure 52.
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EIStE

(a) A=0 (b) A = 0.02 (c) A=0.04
(d) A =0.06 (e) A =0.08 (f) \=0.1

Figure 52: The image domain for the parameters given by (5.9) and (5.10)
changes with the choice for A. The difference in curvature of two successive
outer boundary arcs increases with an increasing value for .

If we compare Figure 52 with Figure 49 of the doubly connected mappings, we notice
one more fact: The ratio of the curvature is changing faster in the images of the triply
connected domains, while the values for X increase slower. The A for double connectivity
ranges from 0 to 0.5, while the A for the triply connected case ranges from 0 to 0.1.
While the basic behavior in both cases is equal, the actual results still depend on the
shape of D.

One point to remember while investigating the image domain of any kind of CAPD
mapping is this: The visual impression of a result depends significantly on the initial
values. We adjusted these values for the produced images to keep the basic properties
of the results constant. For example, we kept the curvature of the arcs of the outer
boundary pairwise equal for the images regarding the changing parameters in Figure
52.

The fact that a CAP looks very different for different initial values/Mobius transforma-
tions was already shown in Figure 14.
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Figure 53: The image of the boundary for a domain of connectivity five.
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(b) Image

(a) Preimage
Figure 54: The domain of connectivity five (Figure 53), where the vertices

and surrounding grids are shown.
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CRCN SRS

(a) Preimage (b) Image

Figure 55: The first algorithm for a bounded triply connected domain.

(a) Preimage (b) Image

Figure 56: The second algorithm for the bounded triply connected domain
of Figure 55.
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5.5 Approach to the Parameter Problem

5.5 Approach to the Parameter Problem

To map onto a specific image domain, we must find the correct parameters for the
Schwarzian derivative. This is known as the “parameter problem” in the context of the
Schwarz-Christoffel transformation.

The best known approaches to this topic for simply connected circular arc polygon
domains are from Bjgrstad and Grosse ([BG87]) and from Howell ([How90], [How93]).
We now extend their concepts to handle conformal mappings onto multiply connected
domains.

5.5.1 Numerical Solving the Parameter Problem

The Schwarzian derivative for MCCAPD mappings contains four groups of parameters:
the prevertices p, the interior angles am in the form of a, the parameters y and the
linear combination for Ag given by b. We also need a conformally equivalent preimage
domain, and so we need the boundary circles of a suitable circular domain D in form
of their centers ¢ and radii r.

If we denote the number of all prevertices of all circles by K := > ; K, we need 3K
real values to describe the parameters p, a and p. For a (m + 1)-connected domain D,
it takes 3(m + 1) real values to determine the boundary circles and there are 3(m — 1)
linearly independent analytic functions B; to construct Ag. Since the target MCCAPD
P is known, we already know the interior angles and therefore the values a. We also have
to take a normalizing Mobius transformation for the preimage domain D into account.
We therefore have to find real values in the quantities

3K parameters p, a, i
- K known interior angles
+2(m+1) centers ¢
+(m+1) radii r
+3(m—1) parameter b
-6 normalization by Mobius transformation
= 2K +6m — 6.

We combine these values to one parameter vector 7. Note that not all 7 are valid, as
for example not every combination of centers and radii yields a circular domain.

We now need a way to describe the image domain of a MCCAPD mapping to be able
to compare it with other MCCAPDs. Any CAP domain can be characterized by its
vertices and the curvature of its arcs. If we denote the number of all vertices as above
by K, the domain is given by 3K real values. By supposing the interior angles to be
fixed, this reduces to 2K real values.?® Since we can apply a Mobius transformation to
the mapping, we can normalize each CAPD by six degrees of freedom. This leaves us

53See the next section for further discussion about the geometry of CAPDs.
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with 2K — 6 real values to identify a CAPD. As we are dealing with a MCCAPD that
is generated by a mapping, we need to verify the validity of the image domain by the
three integral equations (2.3) for m of the m + 1 boundary components. This gives a
further 6m real values to take into account.

2K vertices
+ K curvatures
- K known interior angles
-6 normalization by Mobius transformation
+ 6m integral equations
=2K +6m—6

Overall, this results in 2K + 6m — 6 values to describe a CAPD, so we can compare
two CAPDs P, and P, by 2K + 6m — 6 values, i.e. define an operator d measuring the
distance d(Py, Py) € R?K+6m=6

Since both sides have the same numbers of degrees of freedom we can apply methods
similar to those of the parameter problem for the SC mapping. Hence, if we are looking
for a domain Py, we will need a function E : R2EK+6m=6 _y R2K+6m—6 takine 7 as
an input and returning the distance between the CAP domains P(?) and Py, where
P(?) denotes the image domain for the parameter vector 7. With this function, we
only need to find a zero of E(7) := d(P(Z), Py) by numerical optimization routines
like quasi-Newton methods to get the correct parameters.

The function E should contain the following steps

Algorithm 12:

pre-calculate the Schwarzian for the parameter vector z
calculate a basis for the analytic remainder and set Ag
compute the boundary of the image domain

normalize the domain

compare the current image domain with the target domain P,
return the difference as a vector of R2(£+6m—6

Any search algorithm will vary the values in 7 to find the zero of E, but this method
presents two problems. The first is that the order of the prevertices on each circle is
not allowed to change. As this problem also occurs for the Schwarz-Christoffel trans-
formation, there is already a solution to this problem, as given by a clever substitution
for the arguments of the prevertices found in [DT02].

More critical is the second issue that the basis for the analytic remainder changes if
we change the preimage domain, so the coefficients b; can not be applied to the same
functions B; as in the previous step.

A possible solution to this problem would be to remove the search for b from £ and do
it in a subroutine in each step of E, where the conditions for a good b can for example
be the validity of the mapping as we discussed above.
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Algorithm 13:

pre-calculate the Schwarzian for the parameter vector E
calculate a basis for the analytic remainder

search for the best choice of b

use the calculated value of b for the following steps

compute the boundary of the image domain

normalize the domain

compare the current image domain with the target domain P,
return the difference as a vector

The downside of Algorithm 13 is that the problem is no longer quadratic, forcing us to
use other numerical solvers.

5.5.2 Geometry of Circular Arc Polygon Domains

Degrees of Freedom of a CAP

To compare the image CAPD of a mapping and the wanted CAPD Py, we need a way
to describe the bounding circular arc polygons.

A CAP is completely defined if we know all the vertices and the curvatures of all the
edges. This gives 3K degrees of freedom for a CAP with K vertices/edges. For the
parameter problem, the interior angles of the CAP are set, as we are looking for a
specific CAPD. Subtracting these K degrees of freedom means we have to identify the
CAP by the 2K remaining degrees.

The vertices alone are not suitable to identify the CAP. This can be seen by an example
from [BG87] shown in Figure 57. Suppose the vertices of a rectangle to be given. If one

Figure 57: Both domains have the same position of the vertices and the same
interior angles but differ in their shape. [BG87]

side is bend inwards, we can keep the interior angles by alternately bending the other
sides either outwards or inwards. Therefore, the same vertices and interior angles allow
us to construct several different CAPs. We could for example handle this problem by
replacing the 2 real degrees of freedom of one vertex by the values of two curvatures.
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Hence, one way to construct a CAP by 2K real values would be the following:

Each circular arc represents five degrees of freedom: three for the circle and two for
the starting and end point. We can therefore fix the first edge by setting the vertices
v1, vg and the curvature ki of the edge. For the second edge, we already have three
information: the vertex vy and the interior angle between the first and the second
edge. The remaining two points of information can be established by the vertex wvs.
We can continue in this manner through the vertices until vx_;. Up to this point we
used 5 + 2(K — 3) = 2K — 1 real information for the construction, leaving one degree
of freedom open for the last two edges. We can use this remaining degree to set the
curvature Kx 1 of the second to last edge. In this way, we obtain the circle C’K_l for
this edge, where the starting point is already given by vi_1. Since the CAP is a closed
curve, we can also use the first circle C’l and vy for the calculation of the last edge.
With C’l, CN'K,l, v1 and the angles between the circles, we are able to calculate C’K.56

The last vertex vk can afterwards be computed as the intersection point of the circles
CKfl and CK.57

A problem with this and many other approaches is that it is only valid for CAPs that
are simple curves. If at least one arc is larger than 27 in argument, the construction
is no longer valid. While such arcs are not used for our construction of circular arc
polygons, they might still appear in the numerics. This topic is further discussed in
[How90).

Normalization of MCCAPD Mappings

As the preimage and the image domain of a MCCAPD mapping can be transformed by
Mobius transformations, we need some normalization for these domains.

For the preimage domain, a circular domain, we can use three of the six real degrees
of freedom provided by a Mobius transformation to set Cy to the unit circle 0D. The
remaining three can be used to set further circle properties, prevertices or a combination
of both. A suggestion would be to set the first prevertex on Cy to 1 and the center of
(1 to a specific value like 10 or 1/2 depending whether D is unbounded or bounded.
These normalized values have then to be excluded from the parameter vector .

The image domain can be normalized by setting either the vertices or the curvatures
to the values we wish. One easy method is to set three vertices to the required values.
This allows to directly calculate the Mobius transformation for the normalization by the
cross-ratio of the points. Afterwards we apply the transformation to the image domain
to move all other vertices accordingly.

56By interpreting the interior angles as inversive distances between the circles, one can easily set up
a system of equations.

57The calculation of the last vertex may becomes difficult for specific configurations of curvatures and
angles [How90], but this problem can be handled by changing the curvatures by using other prevertices
for the normalization.

172



5.6 Current State of the Schwarz-Christoffel Transformation

Measuring the Difference between Circular Arc Polygon Domains

With the discussion so far, we have supposed two MCCAPDs P and P to be equal if
they satisfy for all boundary CAPs the equations

vik = Uk =0,  j=0....m k=1 K;—1,
Kjk — Fjk =0, J=0,....m, k=1K; -1,

where we exclude three vertices for the normalization. If P(?) is generated by a
MCCAPD mapping f(z, 7) with the parameter vector @, we also have to verify the
validity of the mapping with regard to

/f(l)(z,7)dz:0, j=1,...,m, 1=1,2,3.
d;

We already suggested in Section 5.4.3 that we may verify
(@) = f06;0), @) - fU(5;(1), @) =0,  j=1....m 1=0,12

instead as this version demands less calculation time. Hence, we have found the formulas

k() - Uik =0, 2K —2(m + 1) — 6 real equations,
Féj,k(7) — Rk =0, 2(m + 1) real equations,
Re (g;:(7")) = 0, 3m real equations,
Im (g;,(7)) =0, 3m real equations,

where K =) ; K, resulting in 2K + 6m — 6 real equations.
This gives a system of equations as needed for Algorithm 12.

With this system of equations, we have found a way to measure the difference between
two CAPDs P and P, i.e. we have a function d(P, P). We are also able to compute
the boundary of a MCCAPD P(?) defined by the parameters 7. Hence, for a given
target MCCAPD Py, the function E(7) = d(P(Z), Py) : R2EK+6m—6 _, R2K+6m—6 jq
given. This allows us to perform the solving of the parameter problem as the search for
the zero T of the function E.

At this point, we may apply a lot of the knowledge already gathered for the Schwarz-
Christoffel parameter problem [DT02]. This includes transformations of the parameters
to forms which are more suitable for numerical solvers and variations in the equation
system such as replacing the vertices by lengths and curvatures.

5.6 Current State of the Schwarz-Christoffel Transformation

The most influential articles about the numerical computation of multiply connected
Schwarz-Christoffel maps are written by Delillo, Elcrat, Kropf and Pfaltzgraff. After
stating the initial formula for the mappings in [DEP04], they evolve the numeric for the
computation by improving the evaluation of the mappings and introducing approaches
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to the parameter problem ([DDEPO06], [DK10]). The results were published later in
[DK11].

The even more recent article [DEKP13] introduces an interesting approach to the eval-
uation of the mapping function. The mapping formula (4.63)

_— Bk
z J o <_pjk1/
o= [T T (522)] «
J=0k=1 |i=0pe0;(5) "
is rewritten to

z m Kj

1) = / T TT Uik (1 d,

G=0 k=1
where
oo z—p
— B j?kvl/
finz) =1 <> :
. . Z— Ujy
1=0,v€0;(j)

Since fj is defined by an infinite product, it yields most of the numerical problems.
Therefore it is approximated by a method using Laurent series to avoid the reflections
necessary for the original f;;. This approach may also be useful for the MCCAPD

mapping.
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6 Conclusion

Considering all our results, there are three different but to some degree similar versions
for the Schwarzian derivative of conformal mappings onto CAPDs, depending on the
connectivity of the domains. All three versions depend on the parameters p, a and p and
the geometry of the preimage domain. In addition, there are restricting equations for
the parameters p, ¢ and p and the mapping formula contains an analytic remainder that
has to be correctly chosen. Note that the number of restricting equations is reduced and
the number of parameters for the analytic remainder grows if the connectivity becomes
greater.

simply connected Theorem 3.4 (page 36)
3 restricting equations, 0 parameters for the analytic remainder

doubly connected Theorem 4.22 (page 76) and Theorem 4.23 (page 77)
1 restricting equation, 1 parameter for the analytic remainder

multiply connected Theorem 4.36 (page 108)
0 restricting equations, 3m — 3 parameters for the analytic remainder

With these results, we are able to find for each simply or multiply connected CAPD P a
conformal mapping from a circular domain®® onto P,%® but the search for the mapping
becomes more difficult if the connectivity of P grows. The common problem for all of
these versions is the choice and interpretation of the parameters. This becomes even
more crucial as not every parameter set yields a valid mapping in the case of multiply
connected domains.

For the individual parts of this thesis, we have the following results and open topics:

6.1 Simply Connected CAP Domains

We discussed the properties of conformal mappings onto simply connected CAP domains
and investigated the behavior of the parameters p for some special CAP domains. We
noticed that |u| rises as the prevertices cluster together (Section 3.2) and that there is
a connection between the curvatures of the arcs and the values of the u (Section 3.4).
We even provide an explicit formula for the p if the image domain can be mapped onto
a polygonal domain by a Mdbius transformation. This result is gathered by comparison
with the classical Schwarz-Christoffel transformation (Section 3.3).

If we combine our three results, we see that the u depend on the distances between
the prevertices, the interior angles wa and the curvatures of the boundary arcs. The
best way to see this connection to the prevertices and angles is Lemma 3.6, where the
curvature is zero for all boundary arcs if a suitable normalization is applied. The formula

58The unit disk is a special case of a circular domain.
O . . . . . . ..
59There is still a restriction regarding the convergence for domains of connectivity four or greater.
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presented in the lemma allows us to directly investigate this connection. Otherwise,
equation (3.9) also contains the curvature, but the equation is only an approximation
for the u. Hence, it allows us only to make some estimations.

While we showed a connection of the parameters p with the prevertices, the interior
angles and the curvature of the boundary arcs of the image domain, the main problem
of an accurate description of the p remains. The usage of curvatures for the description
of the p always depends on the normalization of the actual image domain, so it would be
useful to replace the curvatures by a value that does not depend on the normalization.
It would even be better to replace the p by parameters that are independent of the
other parameters of the mapping.

Even with an interpretation of the u, the classical Schwarz-Christoffel parameter prob-
lem would remain, and so any improvements in this direction would also be appreciated.

6.2 Multiply Connected CAP Domains

We collected properties of the Schwarzian derivative of conformal mappings onto multi-
ply connected CAP domains by extending the domain of definition of such mappings to
its maximum (Section 4.1) and used these properties afterwards for the construction of
the Schwarzian. We established a Schwarzian derivative for conformal mappings onto
doubly connected CAP domains (Section 4.2) and one for mappings onto CAP domains
with connectivity three or greater (Section 4.4).

While the form for connectivity two is fixed, the form for connectivity three or greater
can be modified by the choice of A¢ and the basis for Ar. We found a choice for A¢
that satisfies the requirements of the mappings, and we also presented three versions
for the basis functions B; of Ag.

These results were then compared to existing mappings onto CAPDs and to map-
pings onto domains that can be interpreted as special cases of CAPDs, for example the
Schwarz-Christoffel transformation (Section 4.3 and Section 4.5).

In summary, we found formulas to conformally map onto multiply connected circular
arc polygon domains and verified them by comparison to existing formulas that cover
similar mappings. We are therefore able to conformally map onto every CAPD (of finite
connectivity) as long as we find the correct parameters.

A comparison of our proofs of the multiply connected mappings and our proof of The-
orem 3.4 for simply connected mappings allows us to see that all cases of mappings
onto CAPDs are constructed in a similar way by extending the domain of definition.
However, the different preimage domains lead to different results including the analytic
remainder and different numbers of restricting equations.

We note for further work that the conformal mappings onto MCCAPDs can be improved
by simplifying A¢ and Ag. Our choice for A¢ is rather complicated, and there might
be a better choice or at least a simplification. We presented several version to find a
basis for Ag, but there is still room for improvement. It would be useful to find a set
of basis functions of greater computational simplicity. This includes the problem of
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ensuring the linear independence of the constructed functions.

As the (normalized) conformal mappings onto CAPDs are unique, there must also be
a connection between the choice of A and the parameters b of Az. A combination of
both terms would perhaps lead to a simpler form of the Schwarzian.

It would also be advantageous to remove the convergence requirement for the mapping
by using current results regarding Poincaré theta series.

The mappings onto multiply connected CAP domains pose the problem of choosing
suitable parameters to obtain a valid mapping. We are at the moment restricted to
testing this property by evaluating each mapping and checking the image domain for
overlapping parts and gaps. Hence, some conditions for the parameters to ensure a
valid mapping without testing the result would be beneficial. The main goal should
nonetheless be a full description of the subspace of valid parameters. Based on the
Carathéodory convergence theorem, this subspace is at least connected and open.

Even for a valid set of parameters, we have a lack of information regarding the pa-
rameters p for multiply connected image domains. Some of the numerical generated
images lead us to expect a similar behavior as for simply connected domains, but this
conjecture needs verification.

6.3 Numeric for CAPD Mappings

We presented the necessary background and methods for the numerical evaluation of
conformal mappings onto multiply connected CAP domains and an approach for nu-
merically solving the parameter problem:

e (Calculation of the Schwarzian derivative

e Paths in order to solve the Schwarzian along them

e (Calculation of the boundary and the vertices

e A system of equations to approach the parameter problem

We are therefore able to handle the common numerical tasks regarding conformal map-
pings: We can find the correct parameters for a specific circular arc polygon domain
and we are able to evaluate the resulting mapping everywhere in its domain of definition
and determine its boundary.

However, many of the individual procedures still need testing and improvements to
obtain a robust algorithm for the calculation of the mapping.

This especially includes the parameter problem. As for similar problems, the robustness
of the algorithm depends heavily on the quality of the used system of equations. Hence,
one may try to use as many techniques as possible from the better investigated Schwarz-
Christoffel transformation and modify them for the needs of CAP boundaries.

There are also ideas like approximating parts of the formula by Laurent series expansions
[DEKP13] (Section 5.6) that may be applied to improve the mappings.
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A Additional Notes

A.1 Restricting Equations for the CAPD Mapping onto Polygonal
Domains

The parameters p of the conformal mappings of the unit disk onto CAPDs have to
satisfy the equations (3.1)

n n
> k= prlag + i) =0
k=1 k=1

of Theorem 3.4. We wish to verify these equations for the parameters

1 o

,uk:(akQ)Z(ajl)cot%2¢k, k=1,...,n,
Jj#k

of Lemma 3.6 that were calculated for CAPD mappings onto polygonal domains. To

shorten the notation, we introduce

)\(j, ]{7) = (aj — 1)(ak — 1).

For the first equation

n
Zﬂk =0
k=1

we have

n n L
> =5 30 S AG K cor E
k=1 k=1 j#k

n—1 n

1 P _ .
:_72 Z (A(]}/@)cot L 5 P8 Ak, j) cot TEFI 5 S0j> =0

2 ,
k=1 j=k+1

by reordering the sum, the fact that \ is symmetric (A(j, k) = A(k, 7)), and that cotan-
gent is an odd function (cot(—z) = — cot(z)).

The second equation can be split up into two, considering the real and the imaginary
part.

> pilag +ip) =Y (cos (pr) + isin (pr)) (ax + i)

k=1 k=1
n
= > l(axcos (pr) — prsin (pr)) + i (ag sin (¢r) + i cos (¢r))]
k=1
=Tr+17;

178



A.2 Proof of the Convergence Lemma 4.15

If we continue with the real part 7, of the equation, we find

n

T, = Z ay cos (¢r) — sin (o) —% Z (A(k,j) cot 903;"’”“)

k=1 j#k
- v
k
= Ak t——
Z a cos (¢r) + Z Z ,7)sin (k) co 5
k=1 2z 14k

n n—1 n o
=3 agcos (gr) + % S S0 Atk ) cot PP (sin (i) — sim (i)
k=1

k=1 j=k+1
By using the identity

ot w (sin (p2) —sin (1)) = — cos (p1) — cos (¢2)

and reestablishing the original order, we have

n—1 n
Zakcos or) —%Z S Ak, ) (c0s (95) + cos (1))

k=1 j=k+1
1 n
= Zak cos (pr) — 3 (ag — 1) cos (¢r) Z(aj —1).
k=1 k= j#k
Since polygons satisfy the geometric propert ? (arp—1) = —2, we have the equation
polyg y g property 2 .1 q
> jzklaj —1) = =2 — (o — 1) at our disposal. Hence, we can further transform the

real part 7, to

n

r= S acos (r) — 5 D (o — 1) cos () (-2 — (s — 1))
k=1

n

= ak cos (pr) — éZ(l — a3) cos ()
=1

—Zakcos (¢r) Zakcos (pr) =0,

since ay, is defined by ax = 1(1 — of).
The same techniques can be used to simplify the imaginary part 7; to zero, which
demonstrates the second restricting equation.

A.2 Proof of the Convergence Lemma 4.15

We will state the proof of Lemma 4.15 that was omitted in Section 4.1.4.
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Lemma A.1
Let D be a circular domain, infinity an ordinary point of M(D) lying in Dg and A
the limit set of M(D). Further let

1
== I — b},
€ 413113?/\{\ 1= la}

The candidate function K in the form

_ Ajk ik
k) = Z((z - pj,k:)2 * Z—= pj,k)

j7k
/ a . . .
2 (e
T.,j.k 1,5,k 1,5,k T
ajk trgk(Prge = i) 205k — Ur) + yrgk(Prgs — Ur)?
(Z — lT)2 (Z — lT)3 ’

converges locally uniformly on D, where Iy € A and |T~Y(Ir) — T~ (c0)| > ¢.
/
The symbol Z indicates the sum without the identity.

Proof. We will start with a discussion of the behavior of the group M(D). Since infinity
is an ordinary point, the limit set is bounded and all the images of the circles C; are
of finite length, i.e. the set of transformed prevertices is also bounded. All images of
infinity lie either in a circle C; or T'(C}), where j = 1,...,m, and so the points T'(c0)
are also bounded.

To show the convergence, we need to investigate the sum

! Gjk VT,j.k VT,j.k
Z 2 + -
(z = prjk) z—prjk (2= lr)

T.j.k
Caik FyrgkPrgr —lr) 20561k —lr) + 1k (prgs — lr)?
(Z — lT)2 (Z — lT)3 '
If we split up the terms and sort them with respect to a and v, we see that
o« o _2ap-b)_ep-DRE-ptE-D)
(z=p3 (-0D* (2-10)° (z=p)*(z = 1)° '
g S (VA e (VA ) e (R D (A2)

(z=p) (=0 (=02 (=13 (z=p)(z=0%
(The indices were skipped to shorten the notation.) To investigate the behavior of these
two fractions, we start with their numerators. We are able to rewrite the difference
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A.2 Proof of the Convergence Lemma 4.15

Pk — T to

1 Pjk —TT
prje =l =T(pjr) = T(r) = = (Pik +JQ)(TT + D) (A.3)
Js C C

if we use prjr = T(pjx), 70 := T '(Ir) and T(z) = é‘iiIB)' We further shorten our
notation by up = —g =T (o).

The pj i, 7r and up are bounded due to the behavior of M(D). The differences p; , —7r
and p;; — ur have a lower and an upper boundary, since the p; . lie on the circles Cj,
while each 77 and ur lie inside of a circle C; or T'(C;) with a positive distance to the
corresponding circle C; or T'(C;). The difference 7 —ur has also a lower boundary, as
demanded by |77 —ur| = |T~(I7) — T~!(00)| > £. Hence, there is an upper boundary

5:max{‘( Pik — 1T }

T4k || (pjr — ur)(Tr — ur)
for the quotient of equation (A.3). We therefore have for the absolute value of the
difference p7 ;i — I

prjx — | <|C172%6.

For z from a closed subset M C D, we can repeat the argument to find a boundary
for the remaining components of equation (A.1)

2(z = prjk) + (2 = lr)
(z = prjk)*(z = Ir)?
for all indices T', 7, k and z € M.
Applying this together with K := >0 K; and max;y, {|a;kl} < 3 to the sum over
the expression (A.1) shows

< m1

rajk(pryr —Ir)*(2(z — prjx) + (2 — 7))
Z (z = prjk)?(z —Iir)3

T3,k
/ 2(z —prjk) + (2 —l7)
< S asallprn - ZTF\ i
%:k ! ! (z —prjk)(z—1r)3
3 / )
< oM Z prjk — I
T4,k
3 oo
< 5#12 C[82 > K;
T J
3 / _ / _
<SmOEY lCTt =) o
T T
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We have to be more careful for the second part, since the yr ; ;. increase with the length
of T in their absolute value. The correlation between 7 and 7, (first generation
7) is, according to (4.11),

Y1k = (Cpjk + D),k + 2a;,C(Cpjx + D)
= C*(pjx — ur) [(Pjk — ur) vk + 2054] -

Since all factors excluding the C? are bounded, we can introduce a new positive con-
stant o, where

7T7j: k

< 1C2u,.
G = pran) (= —1pF| <1CT

Therefore we can write

r yrgk(prgr — r)? VT ,j.k
Z(Z—]p J)Z—l Zm’” (Z—p 'j(z—l)‘?’
T,j.k T:]:k T T.j.k T.5,k T

/
<> (101756% |0 Pus ) < 2KZ Cl =X lC™
T.jk T
If we combine the results, we see
/ a/j7k ,‘)/Thj’k 7T7j7k
Z 3 T - I
i\ —prgp)? 2 —prge (2= lr)
i HrgkPrgk — ) 2050 — ) + 1 (Prge — )
(z —l)? (2 —lr)?
/
<M +r)) o™
T

/
where the sum Z . |C|~* converges according to Lemma 2.41.
If we also introduce an upper bound A3 for the absolute value of the first generation,
we have

/
()| < A3+ (i +22) Y O]
T

Thus we have proven the locally uniformly convergence of K in D. O

The geometric interpretation of the condition |T~!(I7) — T~ !(c0)| > ¢ is that we have
to ensure that each I7 lies in the convex hull of the domain T'(Dg). This property is
necessary, as we require the distance |prj, — 7| to shrink with the same speed as the
diameter of the domains T'(Dg).

Note that the proof would actually allow the statement “K converges uniformly on
closed subsets of C, neither containing limit points nor prevertices”.
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A.3 Calculation of the Pre-Schwarzian of Nehari’s Slit Mapping

A.3 Calculation of the Pre-Schwarzian of Nehari’s Slit Mapping

We wish to calculate the pre-Schwarzian of the function

f(z) = Vksn (Mlog 4 K,r4>
T r
that conformally maps the annulus r < |z| < 1 onto the unit disk minus a symmetric
slit on the real axis. Since the following discussion is based on [Neh52, p. 293-295], we
need to state some basic properties of the functions sn, cn and dn. The functions cn
and dn have the product expansions

(14 ¢*¢?)

—8

I1(1+¢>¢2)

n=0

(1—¢g*+1¢2)

Va1 —k?)
cen(z,q) = T ¢

3
Il
_

9

(1 — g2nt1¢2)

]
—8

3
Il
=)

(1+¢*1¢?)

(1 - 12

—38

I+ 2 ¢?)
dn(z,q) = V1 — k2 n;o
I (1 gn1c?)

n=0

3
i
=)

—8

3
I
o

where ( = 3% . We do not need an expansion for sn as it has the property

d
—sn(z) = cn(z) dn(z). (A4)
dz
Hence, the derivative of f is of the form
2irKV'k 21K 2K
f'(z) = il fcn ( ! logE + K,T4> dn (Zlogz + K,r4>
s r i r

w4

if we use equation (A.4). For ( =il and ¢ = r*, we can use the product forms

—3
!

i
I

(r)*M(£)?)

T _ T4 2n(z\2
cn <2iK - K,T‘4> = iry/r(1 - k?) nl;lo(l ()™ ()%)
1+ (o (2)2)

—log — + =
T r Vk 2 [T (1+ (r4)2nt1(2)2)
n=0

—8

3
Il
o

2K (1 - (421(2)2) [T (- ()2(2)?)
dn ( log = + K, 7«4> — Y1k n;O n;o |
T r [T+ (r4)2n+l($)2) 11+ (T.4)2n+1(g)2)

n=0 n=0

For further investigations, we will use a finite form, and so define

! . !
= lim
f Nﬁﬁa)fN’
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where [}, contains only finite products up to N. If we take logarithm of f},, we obtain

(—27“3Km>

log fi(2) =log —2log (2)

N N
£ 1 () + Do 1~ (0 (2))
+ Z log (1 2"“ )+ Z log (1 2”“(2) )

—QZlog(l—i-(r el QZlog 1+ (rt)?nH(z)?).

We can rewrite the terms 1 — (r#)?"(2)? = (1 — (r%)?2)(1 + (r?)?"2) and differentiate
log fy(2) to find

J IN+1 1
IIngN 74_ Z <z— r2)- +Z+(r2)_"r>
2N+1
1 —2
2 (ot e )

e < N IR www)

a -2 —2 4
* Zo 2 — (r2)2n+1)jp—1 * z + (r2)2(n )1 + 2

We have 2(N + 1) terms =2 (one in the beginning and 2N + 1 in the sum) and N + 1
terms %, which thus cancel out. Therefore we can write

d 2N+1 ) 1

flng]/\z(Z): § < N\n + \n >

dz Gy N (r2)nr  z 4 (r2)r
N+1

—2
+ Z (Z— T2 2ngp—1 + z+ (T2)2ni7.—1> :

If we introduce the poles p; and wuy, we can write the pre-Schwarzian as

2N+1 N+1 2
SN(Z) - Z Z 7"2"]% Z Z T4nuk

n=—(ZN+1) k=1 ~ “Nk=1"

where p1 =7, po = —r, up = ir~ ', ug = —ir~!, and S(2) = limy_s00 SN (2).
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A.4 Validity of the Mappings by Methods of Differential Equations

A.4 Validity of the Mappings by Methods of Differential Equations

If the Schwarzian Derivative is known, one may calculate a corresponding mapping
function by solving the differential equation

1
y'+ 58y =0 (A.5)

for two linearly independent solutions. Therefore, it is reasonable to investigate the
solutions of the equation to get information about the behavior of the mapping itself.
One feature of interest for multiply connected domains is whether the function describes
a valid multiply connected mapping.

An example of a statement gathered from differential equations is the univalence criteria
of Nehari [Neh48]

{f. 2] < (1_‘?,2)2 2 < 1,

which was proven by using the Sturm comparison theorem.

Suppose we wish to solve the Schwarzian along a closed curve 6 C D. As the curve is
closed, it can be seen as a periodic function §(t) = 0(t + 27).

Since a closed curve is mapped onto a closed curve, we require f(5(0)) = f(d(2)) for
the mapping to be valid. Since the solution of the Schwarzian is given in the form of a
ratio, we have

fe)= 219

y2(2)
for two independent solutions y; of (A.5). If we now define

vi(t) ==y;(6(1),  J=12,

we can rewrite the problem to

f(6(0)) = f(6(2m)) < vj(0) = o(2m)v;(2m),
where we have added a possible factor o that vanishes in forming the quotient.
The transformed equation (A.5) for v is®
91

v — gv’ + (4) 581} =0. (A.6)

Since the coefficients are 2 periodic, we can apply several techniques for solving ordi-
nary differential equations. Based on the Floquet theory (e.g. [Tes12]), we notice that
o must be constant. Since every solution of (A.6) must have the same o, both Floquet
multipliers must be equal. Based on the structure of the equation, they must equal 1.

We can further transform ([MW66, p. 51]) this equation with

w(t) := exp (—; In (6(t)) + éln (5(0))) v(t)

60See the next section for a derivation of the formula.
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into the form of Hill’s equation

w’" +Tw =0,

. N\ 2 .
1d (9 1/(9 52
=——=]-=-1|= —S8(6).
3 (5)-1(5) +5ew
In this form, the problem of two independent (anti-)periodic solutions is known as the
coexistence problem [MW66, ch. 7].
The disadvantage is that there is a lack of statements on equations with generic coeffi-

cient functions, while there are some well analyzed special cases. Additionally, most of
the statements demand real coefficient functions.

where

Even if every solution for every curve is periodic, this does not exclude the cases, where
some points are surrounded multiple times by the image curve of § or where the image
curve is not simple.

If we choose the initial value of v1 to be zero, f has zeros at §(0) and §(27). To cover
at least some of the cases stated above, there should not be any more additional zeros
on §. Equivalently v; can not have any zeros for ¢ € (0,27). This leads to the concept
of Sturm-Liouville equations [Zet05], where the boundary values are fixed and, as one
aspect, the number of the zeros of the solutions is investigated.
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B Basic Calculations for the Evaluation of the Schwarzian
Derivative

B.1 System of Differential Equations

We stated already in Lemma 2.13 that the Schwarzian Derivative {f, z} = S(z) can be
solved by solving the differential equation

1
y' + 35y =0

for two independent solutions yi, 2. The actual mapping function is then given by the
quotient f = y1/y2. Note that the initial values of the differential equations correspond
to the degrees of freedom provided by the Mdbius transformations.

In most cases, it is sufficient to calculate the solution only along a curve -, for example,
if we are only interested in some special points. If we use numerics, we are in any case
restricted to solving along a curve.

We now state the transformation of the differential equation for the sake of completeness.
With y(v(t)) = v(t) we have:

y=v y =)™, v = (v - 1v).
This gives
v Zv' + (’7)2%81) =0
We have for the two common curves, a concentric circle and a straight line:
circle y(t) = re® : v —idiv — rzezit%Sv =0
line y(t) = te'? : v+ eQi‘p%Sv =0

A note regarding the numerics: It reasonable to solve for both solutions v; and vy in one
system of differential equations instead of two. Combining them reduces the number of
evaluations of the Schwarzian resulting in a significantly reduced calculation time.

B.1.1 Initial Values

The initial values of f, y1, and yo are connected by

F(z0) = z;g:;’ (20) = y1(20)y2(20) — 1)/;(20)9'2(20)7

"(20) = 2y’2(zo)y1(zo)y§(zo) ~ 41 (20)y2(20) (B.1)
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Normalizing this by setting y2(29) = 1, we reach

f(20) = y1(20),  f'(20) = ¥1(20) — y1(20)w5(20),
I (20) = 2y5(20) (y1(20)y2(20) — ¥1(20)) -

Solving the equations for y gives

y1(20) = f(20), Y2(20) = 1,
a2 — F(20) (2 "y
R R hleo) =~

Hence, if we have initial values for f, we can calculate the initial values for y; and yo
by the equations above. To switch to the differential equation for the curve -, we have
to compute the initial values for v;(t) = y;(v(t)), where v(0) = 2o, by

vj(0) = y;(20), v5(0) = §(0)y/;(20)-

After solving the differential equation for v1(1) and ve(1), we can use the equations
(B.1) to calculate the values f(z1), f'(z1) and f”(z1), where z; = v(1).

We may wish to change the image domain by applying a Mobius transformation. This
can be done after the solving process or beforehand by modifying the initial values.
As we will change the initial values in any case, we begin with the simple set

f(z0) =0, f'(z0) =1, f"(20) =0,

and obtain for y

y1(z0) =0, y1(20) =1, y2(20) = 1, ya(20) = 0.
If we apply the transformation T'(z) = (az + b)/(cz + d) to find g =T o f we have
b 1 —2c
9(z0) = I 9'(20) = 22 9" (20) = B

and so we set for the transformed function g = uj/ug the initial values to

u1(z0) = b, u (20) = a, uz(z0) = d, uy(20) = c.

Hence, if we want to change the mapping by a Mo&bius transformation, we can apply
the coefficients directly to the initial values of the differential equation.

B.2 Boundary Calculation
B.2.1 Calculate the Circles Providing the Boundary

To calculate the boundary of an CAP domain, we must calculate the circles providing
the boundary arcs. Each pre-arc (;x C C; is mapped onto a circular arc f((jx) = 0% C

Cjr. If we solve from some point zg to a boundary point 21, we get f(z1), f'(z1) and
f"(z1) as a result of the differential equation. The goal is to calculate C from these
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B.2 Boundary Calculation

Figure 58: Each boundary circle C; is mapped onto a circular arc polygon
domain. The pre-arcs (;; are mapped onto the circular arcs d; . Each d; is
part of a circle Cj ;. In the special case shown above, the circles Cj2 and Cj4
are equal.

three values.
For the preimage arc, we have

Ct) =re™" 4, E(t) = ieltlr, () = _leit/r

and for the image arc

5(t) = F(C), ()= F(CH)CEH),  8(t) = f"CENCE? + [ (C1)C(E).

For a specific point z;, we set ¢t = arg (z; — ¢) to calculate the above quantities.®! We
can then calculate the curvature x and the normal vector 77 of the image curve by

k=" Im(5/9), 7 = isign(k) (6/1d]),
which allows us to calculate
= w7t &= f+77,

the radius and center of the circle C.

B.2.2 Calculation of the Vertices

We wish to calculate the vertices of the image domain by using the circles C'Jk With
these vertices, we then also know the arcs of the circles (:"j,k that form the boundary of
the domain.

The previous step of the calculation does not only provide us with the circles C’jyk but
also with the direction that the boundary takes on them, i.e. clockwise or counterclock-
wise. Combining these information together with the interior angles of the domain
allows us to calculate the vertices.

51We can skip the parameter, since ¢ is fixed in the following notation.
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B Basic Calculations for the Evaluation of the Schwarzian Derivative

Figure 59: The same set of circles can be used to construct different bound-
aries for circular arc polygon domains.

Let us look at two of the circles C'j,k e.g. 6*071 and C’()yg. The two circles will intersect
at two points and we must choose the correct one as the vertex. This problem becomes
trivial if the circles only touch each other at one point.

Let us denote the curvature of C~‘071 and (70’2 by k1 and k9 and the interior angle by ar.
Suppose the center of CN'O,l is at 1 and the center of C~'072 is at —1. We have one vertex
v1 with a positive imaginary part and one vertex ve with a negative imaginary part.

There are eight different scenarios, as we have two directions for each circle and two
vertices to choose from. Listing these cases shows that for each pair of directions we can

(%1
- T
-
e e
7 7
/ /
/ 4 \
! / \
1 1 \
1 1 |
\ \ 1 1
\ \ 1 1
\ \ / /
\ \ / /

N N 7/ 7
\\ \/.: /,
N~__’ N~__’

V2

(a) For the vertex vy, the interior angle is

(b) For the vertex wva, the interior angle is
smaller than .

greater than 7.

Figure 60: The curvature for Cy (right circle) is positive (counterclockwise)
and the curvature for Cpo (left circle) is negative (clockwise). For an interior
angle smaller than 7, we have to choose the upper vertex v;. For an interior
angle greater than 7, we have to choose the lower vertex wvs.

distinguish the intersection points by the interior angle. One point produces an interior
angle smaller than 7 (a < 1), while the other produces an angle larger than 7 (a > 1).
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B.2 Boundary Calculation

The results can be found in Table 8(a), and a simplified version is shown in Table 8(b).
With the circles Cj;, the curvature of the boundary arcs and the vertices we have
completely defined the boundary.

sign(k1) sign(k2) a | vertex sign(kik2) « ‘ vertex
+1 +1 >1 V1 +1 >1 V1
+1 +1 <1 V2 +1 <1 V2
+1 -1 >1 V2 -1 > 1 V2
+1 —1 <1 V1 -1 <1 V1
-1 +1 >1 Vg
—1 +1 <1 U1
-1 —1 >1 U1
—1 —1 <1 V2
(a) The vertex can be chosen by the signs (b) The table to the left can be
of the curvatures and the interior angle simplified by investigating only the

product of the signs.

Table 8: We may choose the correct vertex by the signs of the curvatures of
the arcs and the interior angle.

Note that this approach does not cover the case where two consecutive circular arcs are
provided by the same circle. This occurs at the end point of a slit (o = 2) or if we
artificially split up a boundary arc in several parts (o = 1). If this happens, we must
approximate the vertices by numerical means.

191



References

[ALI73]

[Aka64]

[BG8T7]

[Bur91]

[Cas08]

[CFO7]

[CFG11]

[CMO6]

[Con95]

[CPO1]

[Cro05]

[DDEPOG]

[DEKP13]

192

Lars V. Ahlfors. Conformal Invariants. AMS Chelsea Publishing, Provi-
dence, Rhode Island, 1973.

Tohru Akaza. Poincaré theta series and singular sets of Schottky groups.
Nagoya Mathematical Journal, 24:43—-65, 1964.

Petter Bjgrstad and FEric Grosse. Conformal mapping of circular arc poly-
gons. SIAM Journal on Scientific and Statistical Computing, 8(1):19-32,
1987.

William Burnside. On a class of automorphic functions. Proceedings of the
London Mathematical Society, 23:49-88, 1891.

James Case. Breakthrough in conformal mapping. SIAM News, 41(1):1-3,
2008.

Darren G. Crowdy and Athanassios S. Fokas. Conformal mappings to a
doubly connected polycircular arc domain. Proceedings of the Royal Society
A, 463:1885-1907, 2007.

Darren G. Crowdy, Athanassios S. Fokas, and Christopher C. Green. Con-
formal mappings to multiply connected polycircular arc domains. Compu-
tational Methods and Function Theory, 11(2):685-706, 2011.

Darren G. Crowdy and Jonathan S. Marshall. Conformal mappings between
canonical multiply connected domains. Computational Methods and Func-
tion Theory, 6(1):59-76, 2006.

John B. Conway. Functions of One Complex Variable II, volume 159 of
Gradute Texts in Mathematics. Springer, New York, 1995.

Martin Chuaqui and Christian Pommerenke. An integral representation
formula of the Schwarzian derivative. Computational Methods and Function
Theory, 1:155-163, 2001.

Darren G. Crowdy. The Schwarz—Christoffel mapping to bounded mul-
tiply connected polygonal domains. Proceedings of the Royal Society,
461:2653-2678, 2005.

Thomas K. DeLillo, Tobin A. Driscoll, Alan R. Elcrat, and John A. Pfaltz-
graff. Computation of multiply connected Schwarz-Christoffel maps for ex-
terior domains. Computational Methods and Function Theory, 6(2):301-315,
2006.

Thomas K. DeLillo, Alan R. Elcrat, Everett H. Kropf, and John A. Pfaltz-
graff. Efficient calculation of Schwarz-Christoffel transformations for mul-



References

[DEPO1]

[DEP04]

[DK10]

[DK11]

[DROS]

[DT02]

[For51]

[Gak66)]

[Geh77]

[Hen74]

[Hen86]

[Hil62]

[Hil76]

[How90]

tiply connected domains using Laurent series. Computational Methods and
Function Theory, 13(2):307-336, 08 2013.

Thomas K. DeLillo, Alan R. Elcrat, and John A. Pfaltzgraff. Schwarz-
Christoffel mapping of the annulus. Society for Industrial and Applied Math-
ematics, 43(3):469-477, 2001.

Thomas K. DelLillo, Alan R. Elcrat, and John A. Pfaltzgraff. Schwarz-
Christoffel mapping of multiply connected domains. Journal d’Analyse
Mathematique, 94(1):14-47, 2004.

Thomas K. DeLillo and Everett H. Kropf. Slit maps and Schwarz-Christoffel
maps for multiply connected domains. Electronic Transactions on Numerical
Analysis, 36:195-223, 2010.

Thomas K. DeLillo and Everett H. Kropf. Numerical computation of the
Schwarz-Christoffel transformation for multiply connected domains. SIAM
Journal on Scientific Computing, 33(3):1369-1394, 2011.

Wolfgang Dahmen and Arnold Reusken. Numerik fir Ingenieure und Natur-
wissenschaftler. Springer, Berlin, zweite auflage edition, 2008.

Tobin A. Driscoll and Lloyd N. Trefethen. Schwarz-Christoffel Mapping.
Cambridge University Press, Cambridge, 2002.

Lester R. Ford. Automorphic Functions. Chelsea Publishing Company, New
York, 2nd edition edition, 1951.

Fedor D. Gakhov. Boundary Value Problems. Pergamon Press, Oxford,
1966.

Frederick W. Gehring. Univalent functions and the Schwarzian derivative.
Comment. Math. Helvetici, 52:561-572, 1977.

Peter Henrici. Applied and Computational Complex Analysis, volume 1.
Wiley Classics Library, New York, 1974.

Peter Henrici. Applied and Computational Complex Analysis, volume 3.
Wiley Classics Library, New York, 1986.

Einar Hille. Analytic Function Theory, volume 2. Ginn and Co., Boston,
1962.

Einar Hille. Ordinary Differential Equations in the Complex Domain. John
Wiley & Sons, New York, 1976.

Louis H. Howell. Computation of Conformal Maps by Modified Schwarz-
Christoffel Transformations. PhD thesis, Massachusetts Institute of Tech-
nology, 1990.

193



References

[How93]

[Hu98|

[Kom45]

[Mas88|

[Mit98]

[Mit12a]

[Mit12b)

[MW66]

[Nas09]

[Neh4§]

[Neh52]
[Osg98]

[PKO09)]

[Por05)]

[Sch69]

194

Louis H. Howell. Numerical conformal mapping of circular arc polygons.
Journal of Computational and Applied Mathematics, 46:7-28, 1993.

Chenglie Hu. Algorithm 785: A software package for computing Schwarz-
Christoffel confromal transformation for doubly connected polygonal re-
gions. ACM Transactions on Mathematical Software, 24(3):317-333, 1998.

Yusaku Komatu. Darstellungen der in einem Kreisringe analytischen Funk-
tionen nebst den Anwendungen auf konforme Abbildung {iber Polygonal-
ringgebiete. Jap. J. Math., 19:203-215, 1945.

Bernard Maskit. Kleinian Groups. Springer-Verlag, Berlin, 1988.

Vladimir Mityushev. Convergence of the Poincaré series for some classi-
cal Schottky groups. Proceedings of the American Mathematical Society,
126(8):2399-2406, 1998.

Vladimir Mityushev. Riemann-Hilbert problems for multiply connected do-
mains and circular slit maps. Computational Methods and Function Theory,

11(2):575-590, 2012.

Vladimir Mityushev. Schwarz-Christoffel formula for multiply connected do-
mains. Computational Methods and Function Theory, 12(2):449-463, 2012.

Wilhelm Magnus and Stanley Winkler. Hill’s Equation. John Wiley & Sons,
New York, 1966.

Mohamed M. S. Nasser. The Riemann-Hilbert problem and the generalized
Neumann kernel on unbounded multiply connected regions. The University
Research Journal (IBB University), 20:47-60, 2009.

Zeev Nehari. The Schwarzian derivative and schlicht functions. Bulletin of
the American Mathematical Society, 55:545-551, 1948.

Zeev Nehari. Conformal Mapping. McGraw-Hill Book Co., New York, 1952.

Brad Osgood. Old and new on the Schwarzian derivative. Quasiconformal
Mappings and Analysis, 1:275-308, 1998.

Michael R. Porter and Vladislav V. Kravchenko. Conformal mapping of
right circular quadrilaterals. arXiv, 2009.

Michael R. Porter. Numerical calculation of conformal mapping to a disk mi-
nus finitely many horocycles. Computational Methods and Function Theory,
5(2):471-488, 2005.

Hermann A. Schwarz. Ueber einige Abbildungsaufgaben. Journal fir die
reine und angewandte Mathematik, 70:105-120, 1869.



References

[Sch87]

[Tes12]

[Vek62]

[Zet05]

Friedrich H. Schottky. Ueber eine specielle Function, welche bei einer bes-
timmten linearen Transformation ihres Arguments unverandert bleibt. Jour-
nal fuer die reine und angewandte Mathematik, 101:227-272, 1887.

Gerald Teschl. Ordinary Differential Equations and Dynamical Systems,
volume 140 of Graduate Studies in Mathematics. American Mathematical
Society, Providence, Rhode Island, 2012.

I’ja N. Vekua. Generalized Analytic Functions. Pergamon Press, Oxford,
1962.

Anton Zettl. Sturm-Liouville Theory, volume 121 of Mathematical Surveys
and Monographs. American Mathematical Society, Providence, Rhode Is-
land, 2005.

195



Symbols
AC oo 57, 105
AR o 58, 113
Ao 18
Mo 7
M(D) oo 54
M(D)® o 124
M(D,T) v 124
0P 17
S(D) e 54
gen(G) ..o 21
S o 35, 54
C
CAP.......... see circular arc polygon
CAPD see circular arc polygon domain
circular arc polygon ................ 31
circular arc polygon domain........ 31
circular domain..................... 49
congruent ......... ... . ool 17
D
DCCAPD ... 67
doubly connected circular arc polygon
domain..................... 67
F
first generation..................... 57
fundamental region................. 17
I
isometric circle ............ ... oL 8
K
Kleinian group ........... ... ... 18
L
limit point.......... ... ool 18
limit set ... 18
M
Mobius transformation............... 7

196

groupof...... ... ...l 17
hyperbolic................. . ... 8
lengthof ..................oi.. 23
loxodromic ............coviuin. 8
mapping
multiply connected .............. 7
simply connected ................ 7
MCCAPD ... 49
multiply connected circular arc
polygon domain............ 49
O
ordinary point...................... 18
P
Poincaré theta series................ 25
modified .................. ... 28
pre-Schwarzian ..................... 10
properly discontinuous.............. 17
R
reflection............................ 8
Riemann-Hilbert problem ......... 110
homogeneous.................. 110
index of the................... 111
S
SC mapping ... see Schwarz-Christoffel
mapping
Schottky group..................... 19
length of an element............ 23
symmetric......... ... 19
Schwarz-Christoffel mapping
doubly connected ........... 85, 91
multiply connected............ 130
simply connected ............... 41
Schwarzian . . see Schwarzian derivative
Schwarzian derivative................ 9
separation modulus................ 130
Vv
VETEEX oottt 32



	Contents
	Acknowledgments
	1 Introduction
	1.1 The Mapping Problem
	1.2 Historical Overview
	1.3 Main Results of this Thesis
	1.4 Structure of this Thesis

	2 Basic Information
	2.1 Möbius Transformations
	2.2 The Schwarzian Derivative
	2.2.1 Solving the Schwarzian Derivative
	2.2.2 Further Properties

	2.3 Kleinian Groups
	2.4 Schottky Groups
	2.5 Poincaré Theta Series

	3 Simply Connected Circular Arc Polygon Domains
	3.1 The Schwarzian Derivative of the Mappings
	3.1.1 The Parameter Problem

	3.2 Moving the Conformal Center
	3.3 Comparison to the Schwarz-Christoffel Transformation
	3.4 Domains Symmetric with Respect to Rotations
	3.4.1 One Prevertex
	3.4.2 Two Prevertices


	4 Multiply Connected Circular Arc Polygon Domains
	4.1 Properties of the Schwarzian Derivative
	4.1.1 Construction: Transformation
	4.1.2 Construction: Reflection
	4.1.3 Behavior of the Parameters 
	4.1.4 Idea Regarding the Convergence
	4.1.5 Note about the Boundary Values

	4.2 Mappings onto Doubly Connected Domains
	4.2.1 Construction of the Schwarzian Derivative
	4.2.2 Mappings from Generic Doubly Connected Circular Domains
	4.2.3 Validity of the Mappings
	4.2.4 Univalence of the Mappings

	4.3 Known Mappings onto Doubly Connected Domains
	4.3.1 Mapping Formula of Crowdy and Fokas
	4.3.2 Schwarz-Christoffel Mapping of the Annulus
	4.3.3 Nehari's Mapping onto a Slit Domain

	4.4 Mappings onto Domains of Connectivity Three or Greater
	4.4.1 Construction Revisited: Poincaré Theta Series
	4.4.2 Correction Terms for the Poincaré Theta Series
	4.4.3 Analytic Remainder
	4.4.4 Analytic Remainder Construction I: Laurent Series
	4.4.5 Analytic Remainder Construction II: First Order Poles
	4.4.6 Analytic Remainder Construction III: Second Order Poles

	4.5 Known Mappings onto Domains of Connectivity Three or Greater
	4.5.1 Schwarz-Christoffel Mapping of Multiply Connected Domains
	4.5.2 Convergence of the Schwarz-Christoffel Transformation
	4.5.3 Recent Results Regarding the Convergence of the SC Mapping


	5 Numerical Approaches to the CAPD Mapping
	5.1 Solving the Schwarzian Derivative
	5.2 Choosing Suitable Paths for an Evaluation
	5.2.1 Reaching the Boundary Components
	5.2.2 Reaching a Single Point

	5.3 Mappings onto Doubly Connected Domains
	5.3.1 Calculating the Schwarzian Derivative
	5.3.2 Analytic Remainder
	5.3.3 Examples

	5.4 Mappings onto Domains of Connectivity Three or Greater
	5.4.1 Calculating the Schwarzian Derivative
	5.4.2 Basis Functions for the Analytic Remainder
	5.4.3 Validity of the Mappings
	5.4.4 Examples

	5.5 Approach to the Parameter Problem
	5.5.1 Numerical Solving the Parameter Problem
	5.5.2 Geometry of Circular Arc Polygon Domains

	5.6 Current State of the Schwarz-Christoffel Transformation

	6 Conclusion
	6.1 Simply Connected CAP Domains
	6.2 Multiply Connected CAP Domains
	6.3 Numeric for CAPD Mappings

	A Additional Notes
	A.1 Restricting Equations for the CAPD Mapping onto Polygonal Domains
	A.2 Proof of the Convergence Lemma 4.15
	A.3 Calculation of the Pre-Schwarzian of Nehari's Slit Mapping
	A.4 Validity of the Mappings by Methods of Differential Equations

	B Basic Calculations for the Evaluation of the Schwarzian Derivative
	B.1 System of Differential Equations
	B.1.1 Initial Values

	B.2 Boundary Calculation
	B.2.1 Calculate the Circles Providing the Boundary
	B.2.2 Calculation of the Vertices


	References
	Index

