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MATH3/4/62051 0. Preliminaries

0. Preliminaries

§0.1 Contact details

The lecturer is Dr Charles Walkden, Room 2.241, Tel: 0161 275 5805,
Email: charles.walkden@manchester.ac.uk.

My office hour is: Monday 1:30pm—2:30pm. If you want to see me at another time then
please email me first to arrange a mutually convenient time.

§0.2 Course structure

§0.2.1 MATH32051

MATH32051 is a 10 credit course. There will be about 22 lectures and a weekly examples
class. The examples classes will start in Week 2.

For the 10-credit course, we will cover the material in Chapters 1-22 (although we will
only sketch the details that are in Chapter 22), and Chapter 28.

For Chapters 1-22, the material in each chapter corresponds to one lecture.

§0.2.2 MATH42051, MATH62051

MATH42051/62051 are 15 credit courses. The course will consist of the taught lectures,
together with independent reading material on limit sets. There will be fortnightly support
classes for the reading material, starting in week 3 (see the timetable for details).

For the 15-credit course, we will cover the material in Chapters 1-22 (sketching the
details that are in Chapter 22) and 28 in the lectures, and discuss the material in Chapters
23-27 in the fortnightly support classes.

§0.2.3 Lecture notes

This file contains a complete set of lecture notes. The lecture notes contain more material
than I present in the lectures. This allows me to expand on minor points for the interested
student, present alternative explanations, etc. Only the material I cover in the lectures is
examinable.

§0.2.4 Exercises

The lectures also contain the exercises. For your convenience I've collated all the exercises
into a single section at the end of the notes; here, I've indicated which exercises are partic-
ularly important and which are there for completeness only. The exercises are a key part
of the course.

§0.2.5 Solutions to the exercises

This file contains the solutions to all of the exercises. I will trust you to have a serious
attempt at the exercises before you refer to the solutions.
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§0.2.6 Support classes

The support classes are a key part of the course. I will try to make them as interactive as
possible by getting you to revise material that will be useful in the course or getting you
to work through some of the exercises, perhaps with additional hints. Towards the end of
the course we will spend time doing past exam papers. You should consider attendance at
the examples classes to be compulsory.

The handouts in the support classes comprise of questions from the exercises and past
exams. These handouts do not contain any material that is not already available within
these notes or within the past exam papers on the course webpage; as such I will not be
putting these handouts on the course webpage.

§0.2.7 Lecture capture

The lectures will be recorded using the University’s lecture capture system. However,
Lecture Capture only records the audio and the output of the data projector. The over-
whelming majority of the lectures will be given on the blackboard. Hence relying on lecture
capture will not be an adequate substitute for attending the lectures.

§0.3 Coursework and the exam

The coursework for this course takes the form of an ‘informal quiz’, based around previous
exam paper questions and distributed in Week 5 for you to attempt during Reading Week.
This is a formative assessment task that will give you an early indication of how well you
understand the material. If you hand in your solutions to me during Week 7 then I will
mark it and give you written feedback on your work. Note, however, it will not count
towards your final mark for the course.

The course is examined by a 2 hour (for MATH32051) or 3 hour (for MATH42051,
MATH62051) written examination in January. The exam is in the same format as previous
years: Section A contains four questions worth a total of 40 marks, Section B contains three
questions, each worth 30 marks, of which you must do two. For MATH42051/62051, there
is also an additional Section C with three questions worth a total of 50 marks.

0.4 Recommended texts

J. Anderson, Hyperbolic Geometry, 1st ed., Springer Undergraduate Mathematics Series,
Springer-Verlag, Berlin, New York, 1999.

S. Katok, Fuchsian Groups, Chicago Lecture Notes in Mathematics, Chicago University
Press, 1992.

A. Beardon, The Geometry of Discrete Groups, Springer-Verlag, Berlin, New York, 1983.

The book by Anderson is the most suitable for the first half of the course. Katok’s book
is probably the best source for the second half of the course and for those of you doing
15-credit version. Beardon’s book contains everything in the course, and much more. You
probably do not need to buy any book and can rely solely on the lecture notes.
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1. Where we are going

§1.1 Introduction

One purpose of this course is to provide an introduction to some aspects of hyperbolic ge-
ometry. Hyperbolic geometry is one of the richest areas of mathematics, with connections
not only to geometry but to dynamical systems, chaos theory, number theory, relativity,
and many other areas of mathematics and physics. Unfortunately, it would be impossible
to discuss all of these aspects of hyperbolic geometry within the confines of a single lecture
course. Instead, we will develop hyperbolic geometry in a way that emphasises the similar-
ities and (more interestingly!) the many differences with Euclidean geometry (that is, the
‘real-world’ geometry that we are all familiar with).

§1.2 Euclidean geometry

Euclidean geometry is the study of geometry in the Euclidean plane R?, or more generally
in n-dimensional Euclidean space R™. This is the geometry that we are familiar with from
the real world. For example, in a right-angled triangle the square of the hypotenuse is equal
to the sum of the squares of the other two sides; this is Pythagoras’” Theorem.

But what makes FEuclidean geometry ‘Euclidean’? And what is ‘geometry’ anyway?
One convenient meta-definition is due to Felix Klein (1849-1929) in his Erlangen programme
(1872), which we paraphrase here: given a set with some structure and a group of trans-
formations that preserve that structure, geometry is the study of objects that are invariant
under these transformations. For 2-dimensional Euclidean geometry, the set is the plane R?
equipped with the Euclidean distance function (the normal way of defining the distance be-
tween two points) together with a group of transformations (such as rotations, translations)
that preserve the distance between points.

We will define hyperbolic geometry in a similar way: we take a set, define a notion of
distance on it, and study the transformations which preserve this distance.

§1.3 Distance in the Euclidean plane

Consider the Euclidean plane R?. Take two points z,y € R?. What do we mean by the
distance between x and y? If x = (x1,22) and y = (y1,y2) then one way of calculating the
distance between z and y is by using Pythagoras’ Theorem:

distance(z,y) = ||z — y| = v/(y1 — 21)? + (y2 — 22)%; (1.3.1)

this is the length of the straight line drawn in Figure 1.3.1. Writing d(x, y) for distance(z, y)
we can see that there are some natural properties satisfied by this formula for distance:

(i) d(z,y) > 0 for all x,y with equality if and only if x = y,

(ii) d(z,y) = d(y, z) for all x,y,
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Y2

T2

X1 Y1

Figure 1.3.1: The (Euclidean) distance from z to y is the length of the ‘straight’ line
joining them

(ii) d(z,2) <d(z,y) +d(y, z) for all z,y, 2.

Thus, condition (i) says that the distance between any pair of distinct points is positive,
condition (ii) says that the distance from x to y is the same as the distance from y to z,
and condition (iii) says that that distance between two points is increased if we go via a
third point. This is often called the triangle inequality and is illustrated in Figure 1.3.2.

Y

Figure 1.3.2: The triangle inequality: d(z,z) < d(z,y) + d(y, 2)

In mathematics, it is often fruitful to pick out useful properties of known objects and
abstract them. If we have a set X and a function d : X x X — R that behaves in the way
that we expect distance to behave (that is, d satisfies conditions (i), (ii) and (iii) above),
then we call X a metric space and we call d a distance function or a metric.

Because of our familiarity with Euclidean geometry, there are often issues surrounding
our definitions that we do not realise need to be proved. For example, we define the
distance between x,y € R? by (1.3.1) and recognise that the straight line drawn from z to
y in Figure 1.3.1 represents the shortest ‘path’ from « to y: any other path drawn from x to
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y would have a longer length. However, this needs proof. Note also that we have said that
this straight line is ‘the’ shortest path; there are two statements here, firstly that there is
a path of shortest length between x and y, and secondly that there is only one such path.
These statements again need to be proved.

Consider the surface of the Earth, thought of as the surface of a sphere. See Figure 1.3.3.
The paths of shortest length are arcs of great circles. Between most pairs of points, there
is a unique path of shortest length; in Figure 1.3.3 there is a unique path of shortest length
from A to B. However, between pairs of antipodal points (such as the ‘north pole’ N and
‘south pole’ §) there are infinitely many paths of shortest length. Moreover, none of these
paths of shortest length are ‘straight’ lines in R3. This indicates that we need a more careful
approach to defining distance and paths of shortest length.

N,

N

Figure 1.3.3: There is just one path of shortest length from A to B, but infinitely many
from N to S

The way that we shall regard distance as being defined is as follows. Because a priori
we do not know what form the paths of shortest length will take, we need to work with all
paths and be able to calculate their length. We do this by means of path integrals. Having
done this, we now wish to define the distance d(z,y) between two points x,y. We do this
defining d(x,y) to be the minimum of the lengths of all paths from x to y.

In hyperbolic geometry, we begin by defining the hyperbolic length of a path. The
hyperbolic distance between two points is then defined to be the minimum of the hyperbolic
lengths of all paths between those two points. We then prove that this is indeed a metric,
and go on to prove that given any pair of points there is a unique path of shortest length
between them. We shall see that in hyperbolic geometry, these paths of shortest length
are very different to the straight lines that form the paths of shortest length in Euclidean
geometry. In order to avoid saying ‘straight line’ we instead call a path of shortest length
a geodesic.

§1.4 Groups and isometries of the Euclidean plane

§1.4.1 Groups

Recall that a group G is a set of elements together with a group structure: that is, there
is a group operation such that any two elements of G can be ‘combined’ to give another
element of G (subject to the ‘group axioms’). If g, h € G then we denote their ‘combination’
(or ‘product’, if you prefer) by gh. The group axioms are:
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(i) associativity: if g, h,k € G then (gh)k = g(hk);
(ii) existence of an identity: there exists an identity element e € G such that ge = eg = ¢
for all g € G;

(iii) existence of inverses: for each g € G there exists g~! € G such that gg~! = g~ 'g =e.

A subgroup H C G is a subset of G that is in itself a group.

§1.4.2 Isometries
An isometry is a map that preserves distances. There are some obvious maps that preserve
distances in R? using the Euclidean distance function. For example:

(i) the identity map e(z,y) = (x,y) (trivially, this preserves distances);
(ii) a translation 74, q,)(7,y) = ( + a1,y + ag) is an isometry;
(iii) a rotation of the plane is an isometry;

(iv) a reflection (for example, reflection in the y-axis, (z,y) — (—z,y)) is an isometry.

One can show that the set of all isometries of R? form a group, and we denote this group
by Isom(R?). We shall only be interested in orientation-preserving isometries (we will not
define orientation-preserving here, but convince yourself that the first three examples above
preserve orientation, but a reflection does not). We denote the set of orientation preserving
isometries of R? by Isom™(R?). Note that Isom™(R?) is a subgroup of Isom(R?).

Exercise 1.1
Let Ry denote the 2 x 2 matrix that rotates R? clockwise about the origin through angle

6 € [0,27). Thus Ry has matrix
cosf sind
—sinf cosf |-

Let a = (a1, az) € R%. Define the transformation

Ty, : R? — R?

T T\ cosf sind x + ap \
ba\ y ) 7\ —sin® cosé y as )’

thus Tj , first rotates the point (z, y) about the origin through an angle § and then translates
by the vector a.
Let G ={Ty, |0 €[0,27),a € R?}.

(i) Let 6,¢ € [0,27) and let a,b € R?. Find an expression for the composition Tp 0 Tp p.
Hence show that G is a group under composition of maps (i.e. show that this product is
(a) well-defined (i.e. the composition of two elements of G gives another element of G),
(b) associative (hint: you already know that composition of functions is associative),
(c) that there is an identity element, and (d) that inverses exist).

by

(ii) Show that the set of all rotations about the origin is a subgroup of G.

(iii) Show that the set of all translations is a subgroup of G.

One can show that G is actually the group Isom™ (R?) of orientation preserving isometries
of R? with the Euclidean matrices.



MATH3/4/62051 1. Where we are going

§1.5 Tiling the Euclidean plane

A regular n-gon is a polygon with n sides, each side being a geodesic and all sides having
the same length, and with all internal angles equal. Thus, a regular 3-gon is an equilateral
triangle, a regular 4-gon is a square, and so on. For what values of n can we tile the
Euclidean plane by regular n-gons? (By a tiling, or tessellation, we mean that the plane
can be completely covered by regular n-gons of the same size, with no overlapping and no
gaps, and with vertices only meeting at vertices.) It is easy to convince oneself that this is
only possible for n = 3,4,6. Thus in Euclidean geometry, there are only three tilings of the

Figure 1.5.4: Tiling the Euclidean plane by regular 3-, 4- and 6-gons

plane by regular n-gons. Hyperbolic geometry is, as we shall see, far more interesting—there
are infinitely many such tilings! This is one reason why hyperbolic geometry is studied:
the hyperbolic world is richer in structure than the Euclidean world!

Notice that we can associate a group of isometries to a tiling: namely the group of
isometries that preserves the tiling. Thus, given a geometric object (a tiling) we can asso-
ciate to it an algebraic object (a subgroup of isometries). Conversely, as we shall see later,
we can go in the opposite direction: given an algebraic object (a subgroup of isometries sat-
isfying some technical hypotheses) we can construct a geometric object (a tiling). Thus we
establish a link between two of the main areas of pure mathematics: algebra and geometry.

1.6 Where we are going

There are several different, but equivalent, ways of constructing hyperbolic geometry. These
different constructions are called ‘models’ of hyperbolic geometry. The model that we shall
primarily study is the upper half-plane model H. We shall explain how one calculates
lengths and distances in H and we shall describe all isometries of H.

Later we will study another model of hyperbolic geometry, namely the Poincaré disc
model. This has some advantages over the upper half-plane model, for example pictures
are a lot easier to draw!

We then study trigonometry in hyperbolic geometry. We shall study analogues of famil-
iar results from Euclidean geometry. For example, we shall derive the hyperbolic version
of Pythagoras’ Theorem which gives a relationship between the lengths of the sides of a
right-angled hyperbolic triangle. We shall also discuss the Gauss-Bonnet Theorem. This is
a very beautiful result that can be used to study tessellations of the hyperbolic plane; in
particular, we shall prove that there are infinitely many tilings of the hyperbolic plane by
regular hyperbolic n-gons.

We will then return to studying and classifying isometries of the hyperbolic plane. We
shall see that isometries can be classified into three distinct types (elliptic, parabolic and
hyperbolic) and we shall explain the differences between them.
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As we shall see, the collection of all (orientation preserving) isometries of the hyperbolic
plane form a group. We will describe the orientation preserving isometries in terms of
Mbobius transformation, and denote the group of such by Mob(H). Certain subgroups of
Mob(H) called Fuchsian groups have very interesting properties. We shall explain how
one can start with a Fuchsian group and from it construct a tessellation of the hyerbolic
plane. Conversely, (with mild and natural conditions) one can start with a tessellation
and construct a Fuchsian group. This gives an attractive connection between algebraic
structures (Fuchsian groups) and geometric structures (tessellations). To establish this
connection we have to use some analysis, so this course demonstrates how one may tie
together the three main subjects in pure mathematics into a coherent whole.

§1.7 Appendix: a historical interlude

There are many ways of constructing Euclidean geometry. Klein’s Erlangen programme can
be used to define it in terms of the Euclidean plane, equipped with the Euclidean distance
function and the set of isometries that preserve the Euclidean distance. An alternative way
of defining Euclidean geometry is to use the definition due to the Greek mathematician
Euclid (¢.325BC—c.265BC). In the first of his thirteen volume set ‘The Elements’, Euclid
systematically developed Euclidean geometry by introducing definitions of geometric terms
(such as ‘line’ and ‘point’), five ‘common notions’ concerning magnitudes, and the following
five postulates:

(i) a straight line may be drawn from any point to any other point;

(ii) a finite straight line may be extended continuously in a straight line;

all right-angles are equal;

)
)
(iii) a circle may be drawn with any centre and any radius;
(iv)
)

(v) if a straight line falling on two straight lines makes the interior angles on the same
side less than two right-angles, then the two straight lines, if extended indefinitely,

meet on the side on which the angles are less than two right-angles.

Figure 1.7.5: Euclid’s fifth postulate: here o + 3 < 180°

The first four postulates are easy to understand; the fifth is more complicated. It is equiv-
alent to the following, which is now known as the parallel postulate:

Given any infinite straight line and a point not on that line, there exists a unique
infinite straight line through that point and parallel to the given line.

10
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Fuclid’s Elements has been a standard text on geometry for over two thousand years
and throughout its history the parallel postulate has been contentious. The main criticism
was that, unlike the other four postulates, it is not sufficiently self-evident to be accepted
without proof. Can the parallel postulate be deduced from the previous four postulates?
Another surprising feature is that most of plane geometry can be developed without using
the parallel postulate (it is not used until Proposition 29 in Book I); this suggested that
the parallel postulate is not necessary.

For over two thousand years, many people attempted to prove that the parallel postulate
could be deduced from the previous four. However, in the first half of the 19th century,
Gauss (1777-1855) proved that this was impossible: the parallel postulate was independent
of the other four postulates. He did this by making the remarkable discovery that there
exist consistent geometries for which the first four postulates hold, but the parallel postulate
fails. In 1824, Gauss wrote ‘The assumption that the sum of the three sides (of a triangle) is
smaller than 180 degrees leads to a geometry which is quite different from our (Euclidean)
geometry, but which is in itself completely consistent.” (One can show that the parallel
postulate holds if and only if the angle sum of a triangle is always equal to 180 degrees.)
This was the first example of a non-Euclidean geometry.

Gauss never published his results on non-Euclidean geometry. However, it was soon
rediscovered independently by Lobachevsky in 1829 and by Bolyai in 1832. Today, the
non-Euclidean geometry of Gauss, Lobachevsky and Bolyai is called hyperbolic geometry
and any geometry which is not Fuclidean is called non-Euclidean geometry.

11
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2. Length and distance in hyperbolic geometry

§2.1 The upper half-plane

There are several different ways of constructing hyperbolic geometry. These different con-
structions are called ‘models’. In this lecture we will discuss one particularly simple and
convenient model of hyperbolic geometry, namely the upper half-plane model.

Remark. Throughout this course we will often identify R? with C, by noting that the
point (z,y) € R? can equally well be thought of as the point z = z + iy € C.

Definition. The upper half-plane H is the set of complex numbers z with positive imag-
inary part: H = {z € C | Im(z) > 0}.

Definition. The circle at infinity or boundary of H is defined to be the set OH = {z €
C |Im(z) =0} U{oo}. That is, OH is the real axis together with the point oco.

Remark. What does oo mean? It’s just a point that we have ‘invented’ so that it makes
sense to write things like 1/x — oo as x — 0 and have the limit as a bona fide point in the
space.

(If this bothers you, remember that you are already used to ‘inventing’ numbers; for
example irrational numbers such as v/2 have to be ‘invented’ because rational numbers need
not have rational square roots.)

Remark. We will use the conventions that, if a € R and a # 0 then a/oo = 0 and
a/0 = oo, and if b € R then b+ 00 = co. We leave 0/00, 00/0, 00/00,0/0, 00 £ 0o undefined.

Remark. We call 9H the circle at infinity because (at least topologically) it is a circle! We
can see this using a process known as stereographic projection. Let K = {z € C | |z| = 1}
denote the unit circle in the complex plane C. Define a map

m: K — RU{oo}

as follows. For z € K \ {i} let L, be the (Euclidean) straight line passing through i and
z; this line meets the real axis at a unique point, which we denote by 7(z). We define
7(i) = 0o. The map 7 is a homeomorphism from K to R U {co}; this is a topological way
of saying the K and R U {oco} are ‘the same’. See Figure 2.1.1.

Remark. We call 0H the circle at infinity because (as we shall see below) points on 9H
are at an infinite ‘distance’ from any point in H.

Before we can define distances in H we need to recall how to calculate path integrals in
C (equivalently, in R?).

12
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Figure 2.1.1: Stereographic projection. Notice how as z approaches i, the image 7(z) gets
large; this motivates defining 7 (i) = co.

§2.2 Path integrals

By a path o in the complex plane C, we mean the image of a (differentiable) function
o(:) : [a,b] — C, where [a,b] C R is an interval. Thus a path is, heuristically, the result
of taking a pen and drawing a curve in the plane. We call the points o(a),o(b) the end-
points of the path o. We say that a function o : [a,b] — C whose image is a given path is a
parametrisation of that path. Notice that a path will have lots of different parametrisations.

Example. Define o1 : [0,1] — C by o1(t) = ¢ + it and define o3 : [0,1] — C by o2(t) =
2 +4t%. Then oy and o9 are different parametrisations of the same path in C, namely the
straight (Euclidean) line from the origin to 1 + 3.

Let f : C — R be a continuous function. Then the integral of f along a path o is
defined to be:

b
[ 1= [ sl (2:21)
here | - | denotes the usual modulus of a complex number, in this case,

o' ()] = v/ (Reo’(t))? + (Im o’ (1)),

Remark. To calculate the integral of f along the path ¢ we have to choose a parametri-
sation of that path. So it appears that our definition of fa f depends on the choice of
parametrisation. One can show, however, that this is not the case: any two parametrisa-
tions of a given path will always give the same answer. For this reason, we shall sometimes
identify a path with its parametrisation.

Exercise 2.1
Consider the two parametrisations

01:00,2] = H : t—t+1,
op:[1,2) = H : t (12 —1t) +i.
Verify that these two parametrisations define the same path o.
Let f(z) = 1/Im(z). Calculate [  f using both of these parametrisations.

(The point of this exercise is to show that we can often simplify calculating the integral
fa f of a function f along a path o by choosing a good parametrisation.)

13



MATH3/4/62051 2. Length and distance in hyperbolic geometry

So far we have only defined how to integrate along differentiable paths, that is we have
assumed that o(t) is a differentiable function of ¢. It will be useful in what follows to allow
a slightly larger class of paths.

Definition. A path o with parametrisation o(-) : [a,b] — C is piecewise differentiable if
o is continuous and is differentiable except at finitely many points.

(Roughly speaking this means that we allow the possibility that the curves has finitely many
‘corners’.) For example, the path o(t) = (¢, |t]), —1 <t < 1 is piecewise differentiable: it is
differentiable everywhere except at the origin, where it has a ‘corner’.

To define fa f for a piecewise differentiable path o we merely write o as a finite union
of differentiable sub-paths, calculating the integrals along each of these subpaths, and then
summing the resulting integrals.

§2.3 Distance in hyperbolic geometry

We are now is a position to define the hyperbolic metric in the upper half-plane model of hy-
perbolic space. To do this, we first define the length of an arbitrary piecewise differentiable
path in H.

Definition. Let o : [a,b] — H be a path in the upper half-plane H = {z € C | Im(z) > 0}.
Then the hyperbolic length of o is obtained by integrating the function f(z) = 1/Im(z)

along o, i.e.
_ L)
enghele) = | 5y = ). ot

o

Examples.

1. Consider the path o(t) = a3 + t(ag — a1) + b, 0 <t < 1 between a; + ib and ay + ib.
Then ¢'(t) = ag — a1 and Im(o(t)) = b. Hence

1 —_— —_
lengthy (o) = / a2 — ai] dt = a2 a1|'
, b b

2. Consider the points —2 4+ ¢ and 2 + i. By the example above, the length of the
horizontal path between them is 4.

3. Now consider a different path from —2+¢ to 2+4. Consider the piecewise linear path
that goes diagonally up from —2 44 to 2¢ and then diagonally down from 2i to 2 4 i.
A parametrisation of this path is given by

o(t) = (2t —2)+i(1+1), 0<t<1,
Sl @2t -2)+i(3—1t), 1<t<2.

Hence
2—i =5, 1<t<2,

and

1+t 0<t<1,
Im(g(t)):{ 3—t, 1<t<2.

14
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Hence

lengthy (o) = /1—_” t+/ —dt
= \/glog(l—i-t)‘o — V5log(3 —t) j

= 25 log 2,
which is approximately 3.1.

Note that the path from —24-¢ to 244 in the third example has a shorter hyperbolic length
than the path from —2 + ¢ to 2 + ¢ in the second example. This suggests that the geodesic
(the paths of shortest length) in hyperbolic geometry are very different to the geodesics we
are used to in Euclidean geometry.

-2+ 24 -2+ 24

Figure 2.3.2: The first path has hyperbolic length 4, the second path has hyperbolic
length 3.1

Exercise 2.2
Consider the points ¢ and ai where 0 < a < 1.

(i) Consider the path o between i and ai that consists of the arc of imaginary axis
between them. Find a parametrisation of this path.

(ii) Show that
lengthy (o) = log1/a.

(Notice that as a — 0, we have that log1/a — oo. This motivates why we call R U {oo}
the circle at infinity.)

§2.4 Hyperbolic distance

We are now in a position to define the hyperbolic distance between two points in H.

Definition. Let z,z’ € H. We define the hyperbolic distance dy(z,z") between z and 2’/
to be

du(z,72') = inf{lengthy(o) | o is a piecewise differentiable path

with end-points z and z'}.

Remark. Thus we consider all piecewise differentiable paths between z and 2/, calculate
the hyperbolic length of each such path, and then take the shortest. Later we will see that
this infimum is achieved by a path (a geodesic), and that this path is unique.
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Exercise 2.3
Show that dp satisfies the triangle inequality:

du(z, z) < du(z,y) +du(y, ), ¥V z,y,z € H.

That is, the distance between two points is increased if one goes via a third point.

16
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3. Circles and lines, Mobius transformations

§3.1 Circles and lines

We are interested in the following problem: given two points w, z in H, what is the path of
shortest length between them? (A path achieving the shortest length is called a geodesic.)

The purpose of this lecture is to give a useful method for simultaneously treating circles
and lines in the complex plane. This will provide a useful device for calculating and working
with the geodesics in H.

Recall that we can identify R? with C by identifying the point (z,y) € R? with the
complex number z 4 iy € C. We are familiar with the equations for a straight line and for
a circle in R?; how can we express these equations in C?

§3.2 Lines
First consider a straight (Euclidean) line L in R%. Then the equation of L has the form:
ar +by+c=0 (3.2.1)

for some choice of a,b,c € R. Write z = x + iy. Recalling that the complex conjugate of z
is given by z = x — 4y it is easy to see that
1 _ 1 _
x = §(z—|—z),y = 2—1(7; —2).

Substituting these expressions into (3.2.1) we have
1(+‘) +b 1( 2)) +e=0
alz(z+z 5 (7 c=0,

1 1
i(a —ib)z + 5(& +ib)Z+c=0.

Let 8 = (a — ib)/2. Then the equation of L is

and simplifying gives

Bz+Pz+c=0. (3.2.2)

63.3 Circles

Now let C be a circle in R? with centre (z9,yo) and radius 7. Then C has the equation
(r —20)® + (y —yo0)? = r?. Let z = x +iy and 29 = xg + iyp. Then C has the equation
|z — 20|? = 72. Recalling that |w|?> = ww for a complex number w € C, we can write this
equation as

(z —20)(z — 20) = r?

17
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and expanding out gives
zé—z’oz—zoé—kzoz}]—TQ =0.

Let 8 = —% and v = 2020 — 2 = |20|?> — 7?. Then C has the equation
224 Bz+ pz4+~v=0. (3.3.1)

Remark. Observe that if we multiply an equation of the form (3.2.2) or (3.3.1) by a
non-zero constant then the resulting equation determines the same line or circle.

We can combine (3.2.2) and (3.3.1) as follows:

Proposition 3.3.1
Let A be either a circle or a straight line in C. Then A has the equation

azZ+ PBz+PZ+v=0, (3.3.2)
where a,v € R and § € C.

Remark. Thus equations of the form (3.3.2) with aw = 0 correspond to straight lines, and
equations of the form (3.3.2) with o # 0 correspond to circles. In the latter case, we can
always divide equation (3.3.2) by « to obtain an equation of the form (3.3.1).

Exercise 3.1
Let L be a straight line in C with equation (3.3.2). Calculate its gradient and intersections
with the real and imaginary axes in terms of «, G, .

Exercise 3.2
Let C be a circle in C with equation (3.3.2). Calculate the centre and radius of C' in terms

of a, 3,7.

§3.4 Geodesics in H

A particularly important class of circles and lines in C are those for which all the coefficients
in (3.3.2) are real. By examining the above analysis, we have the following result.

Proposition 3.4.1

Let A be a circle or a straight line in C with satisfying the equation azz+ 32+ 32+~ = 0.
Suppose 3 € R. Then A is either (i) a circle with centre on the real axis, or (ii) a vertical
straight line.

We will see below that the geodesics (the paths of shortest hyperbolic length) in the
upper half-plane model of hyperbolic space are precisely the intersections of the circles and
lines appearing in Proposition 3.4.1 with the upper half-plane. Note that a circle in C
with a real centre meets the real axis orthogonally (meaning: at right-angles); hence the
intersection of such a circle with the upper half-plane H is a semi-circle. Instead of saying
‘circles in C with real centres’ we shall often say ‘circles in C that meet R orthogonally’.

Definition. Let H denote the set of semi-circles orthogonal to R and vertical lines in the
upper half-plane H.

18
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)
e

Figure 3.4.1: Circles and lines with real coefficients in (3.3.2)

§3.5 Mbodbius transformations

Definition. Let a,b,c¢,d € R be such that ad — bc > 0 and define the map

az+b
cz+d

V(z) =

Transformations of H of this form are called Mébius transformations of H.

Exercise 3.3
Let v be a Mé&bius transformation of H. Show that v maps H to itself bijectively and give
an explicit expression for the inverse map.

Recall that a group is a set G together with a map GxG — G (denoted by juxtaposition)
such that the following axioms hold:

(i) associativity: g1(g293) = (9192)93,

(ii) existence of an identity element: there exists e € G such that eg = ge = g for all
g€@q,

(iii) existence of inverses: for all g € G there exists g~! € G such that gg~! =g lg =e.

One of the main aims of this course is to study the set of M&bius transformations. We
have the following important result.

Proposition 3.5.1
Let M6b(H) denote the set of all Mobius transformations of H. Then M6éb(H) is a group
under composition.

Remark. The group operation is composition: given two Mobius transformations vy, v2 €
I', we denote by 172 the composition v; o vo. (Important note! This is not multiplication
of the two complex numbers 71 (2)y2(2); it is the composition 1 (y2(2)).)

Exercise 3.4

Prove Proposition 3.5.1. (To do this, you must: (i) show that the composition y;y2 of
two Mébius transformations is a Mobius transformation, (ii) check associativity (hint: you
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already know that composition of maps is associative), (iii) show that the identity map z —
z is a Mobius transformation, and (iv) show that if v € M6b(H) is a Mobius transformation,
then v~ ! exists and is a Mobius transformation.)

Examples of M&bius transformations of H include: dilations z — kz (k > 0), transla-
tions z +— z + b, and the inversion z — —1/z.

Exercise 3.5

Show that dilations, translations and the inversion z — —1/z are indeed Mdbius transfor-
mations of H by writing them in the form z — (az + b)/(cz + d) for suitable a,b,c,d € R,
ad — bc > 0.

Let H € 'H be one of our candidates for a geodesic in H, namely H is either a semi-circle
or a straight line orthogonal to the real axis. We show that a Md&bius transformation of H
maps H to another such candidate.

Proposition 3.5.2

Let H be either (i) a semi-circle orthogonal to the real axis, or (ii) a vertical straight line.
Let v be a Mobius transformation of H. Then (H) is either a semi-circle orthogonal to
the real axis or a vertical straight line.

Proof. By Exercise 3.3 we know that Md6bius transformations of H map the upper half-

plane to itself bijectively. Hence it is sufficient to show that v maps vertical straight lines

in C and circles in C with real centres to vertical straight lines and circles with real centres.
A vertical line or a circle with a real centre in C is given by an equation of the form

azZ+PBz+pzZ+v=0 (3.5.1)
for some «, 3,7 € R. Let
() az+b
w="(z) = .
i cz+d
Then
dw—0b
2= —.
—cw +a

Substituting this into (3.5.1) we have:
dw—1b dw —b dw —b dw —b
a - +—— ) +B(—— ) +7=
—cw+a —cw+a —cw+a —cw+a

a(dw — b)(dw — b) + f(dw — b)(—cw + a)
+6(dw — b)(—cw + a) + y(—cw + a)(—cw + a) = 0

Hence

and simplifying gives

(ad® — 2Bcd + v w4 (—abd 4 Bad + Bbe — yac)w
+(—abd + Bad + Bbc — yac)w + (ab® — 20ab + ya?) = 0

which is the equation of either a vertical line or a circle with real centre. O
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4. Mobius transformations and geodesics in H

4.1 More on MGobius transformations

Recall that we have defined the upper half-plane to be the set H = {z € C | Im(z) > 0}
and the boundary of H is defined to be OH = {z € C | Im(2) = 0} U {o0}.
Let a,b,c,d € R be such that ad — bc > 0. Recall that a map of the form

az+b
cz+d

v(z) =

is called a Mobius transformation of H. Mobius transformations of H form a group (under
composition) which we denote by M&b(H).

We can extend the action of a Mobius transformation of H to the circle at infinity
OH of H as follows. Clearly v maps R to itself, except at the point z = —d/c where the
denominator is undefined. We define y(—d/c) = co. To determine y(oco) we write

a+b/z
c+d/z

V(z) =

and notice that 1/z — 0 as z — 0o. Thus we define y(co0) = a/c. (Note that if ¢ = 0 then,
as ad — bc > 0, we cannot have either a = 0 or d = 0. Thus we can make sense of the
expressions a/c and —d/c when ¢ = 0 by setting a/0 = co and —d/0 = c0.)

Exercise 4.1
Show that if ad — be # 0 then v maps JH to itself bijectively.

The following important result says that Mobius transformations of H preserve distance.
A bijective map that preserve distance is called an isometry. Thus Mobius transformations
of H are isometries of H.

Proposition 4.1.1
Let v be a Mobius transformation of H and let z,2' € H. Then

diz(7(2),7(2)) = du(z, 7).

Proof. If ¢ is a path from z to 2’ then v oo is a path from v(z) to y(z’). Moreover, any
path from ~(z) to v(2’) arises in this way. Hence to prove the proposition it is sufficient to
prove that lengthy(y o o) = lengthy (o).

It is an easy calculation to check that for any z € H

, _ad—bc
|7 (Z)‘ - |CZ—|—d‘2
and (ad — be)
ad — bc
Im(v(2)) = mlm(z).
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Hence, using the chain rule,

lengthy(yoo) = % dt
Y (e(®)llo’ (#)]
ity 0730 «
ad — o’ ()|\c()—|—d\2 1
leco(t) + d|2 ad —bc  Im(o(t))
t

(1)
| oty m(o () ™

= lengthy(o).

dt

Exercise 4.2
Prove the two facts used in the above proof:

WEl =
n(y(:)) = {2 ).

Exercise 4.3
Let z = x+iy € H and define y(z) = —z+1iy. (Note that ~ is not a Mobius transformation
of H.)

(i) Show that v maps H to H bijectively.
(ii) Let o : [a,b] — H be a differentiable path. Show that
lengthy(y o o) = lengthy (o).

Hence conclude that v is an isometry of H.

§4.2 The imaginary axis is a geodesic

We are now in a position to calculate the geodesics—the paths of shortest distance—in H.
Our first step is to prove that the imaginary axis is a geodesic.

Proposition 4.2.1

Let a < b. Then the hyperbolic distance between ia and ib is log b/a. Moreover, the vertical
line joining ia to ib is the unique path between ia and ib with length logb/a; any other
path from ia to ib has length strictly greater than logb/a.

Proof. Let o(t) =it, a <t <b. Then o is a path from ia to ib. Clearly ||o’(¢)|| =1 so
that

b
1
lengthy (o) = / i dt =logb/a.
a
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Now let o(t) = z(t) + iy(t) : [0,1] — H be any path from ia to ib. Then

1 /(+)2 1(+)2
lengthy (o) = / T +y' ) dt
0

IV
O\
2
@ |2
—~
==
.
~

vV
o\
iy
SES
|
Zl=
QU
~

= logy(t)ly
= logb/a.

Hence any path joining ia to b has hyperbolic length at least log b/a, with equality precisely
when 2(t) = 0. This can only happen when x(t) is constant, i.e. o is the vertical line joining
1a to 1b. O

64.3 Mapping to the imaginary axis

So far we have seen that the imaginary axis is a geodesic. We claim that any vertical
straight line and any circle meeting the real axis orthogonally is also a geodesic. The first
step in proving this is to show that one of our candidate geodesics can be mapped onto the
imaginary axis by a Md&bius transformation of H.

Remark. Our candidates for the geodesics can be described uniquely by their end points
in OH. Semi-circles orthogonal to R have two end points in R, and vertical lines have one
end point in R and the other at co.

Lemma 4.3.1
Let H € H. Then there exists v € M6b(H) such that v maps H bijectively to the imaginary
axis.

Proof. If H is the vertical line Re(z) = a then the translation z — z — a is a Mobius
transformation of H that maps H to the imaginary axis Re(z) = 0.
Let H be a semi-circle with end points (—,(+ € R, (_ < (4. Consider the map

z— (4
z—(
As —(_ + (4 > 0 this is a Mobius transformation of H. By Lecture 3 we know that
v(H) € H. Clearly v(¢+) = 0 and v({—) = o0, so v(H) must be the imaginary axis. O

V(z) =

Exercise 4.4
Let Hy,Hy, € H. Show that there exists a Mobius transformation of H that maps H;p to
Hs.
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5. More on the geodesics in H

65.1 Recap

Recall that we are trying to find the geodesics—the paths of shortest length—in H. We
claim that the geodesics are given by the vertical half-lines in H and the semi-circles in H
that meet the real axis orthogonally; equivalently, these paths are the intersection with H
of solutions to equations of the form

azzZ+PBz+Pz+v=0

where «, 3,7 € R. We denote the set of such paths by H.
So far we have proved the following facts:

(i) Mobius transformations of H map an element of H to an element of H;

(ii) Mobius transformations of H are isometries (meaning: they preserve distance, dy(v(z),v(2')) =
dy(z,2') for all z, 2" € H);

(iii) the imaginary axis is a geodesic and, moreover, it is the unique geodesic between ia
and b, (a,b € R,a,b > 0);

(iv) given any element H of ‘H we can find a Mdbius transformation of H that maps H to
the imaginary axis.

The goal of this lecture is to prove that the geodesics are what we claim they are and,
moreover, that given any two points z, 2’ € H there exists a unique geodesic between them.

§5.2 Geodesics in H

Our first observation is a generalisation of fact (iv) above. It says that given any geodesic H
and any point zg on that geodesic, we can find a Md6bius transformation of H that maps H
to the imaginary axis and zg to the point i. Although this result is not needed to prove that
the geodesics are what we claim they are, this result will prove extremely useful in future
lectures. Recall that in Euclidean geometry, there is (usually) no loss in generalisation to
assume that a given straight line is an arc of the z-axis and starts at the origin (if you draw
a triangle then instinctively you usually draw it so that one side is horizontal). This result
is the hyperbolic analogue of this observation.

Lemma 5.2.1
Let H € 'H and let zy € H. Then there exists a Mdbius transformation of H that maps H
to the imaginary axis and zg to i.

Proof. Proceed as in the proof of Lemma 4.3.1 to obtain a Mobius transformation v €
Mo6b(H) mapping H to the imaginary axis. (Recall how we did this: There are two cases,
(i) H is a vertical half-line, (ii) H is a semi-circle orthogonal to the real axis. In case (i) we

24



MATH3/4/62051 5. More on the geodesics in H

take v to be a translation. In case (ii) we assume that H has endpoints (_ < (4 and then
define (2) = (= — C4)/(z — C_).)

Now 71(z9) lies on the imaginary axis. For any k& > 0, the Mdbius transformation
~v2(z) = kz maps the imaginary axis to itself. For a suitable choice of k£ > 0 it maps 1 (2¢)
to 7. The composition v = 79 o 7 is the required Mé6bius transformation. O

Exercise 5.1
Let Hy, Hy € ‘H and let z; € Hy, 29 € Hy. Show that there exists a Mobius transformation
~v € M6b(H) such that v(Hy) = Hy and 7(z1) = 29. In particular, conclude that given
21, 22 € H, one can find a Mébius transformation v € M6b(H) such that v(z1) = 2.

(Hint: you know that there exists v; € Mob(H) that maps Hy to the imaginary axis and
21 to i; similarly you know that there exists v9 € Mob(H) that maps Hy to the imaginary
axis and 2y to i. What does 7, ' do?)

Theorem 5.2.2

The geodesics in H are the semi-circles orthogonal to the real axis and the vertical straight
lines. Moreover, given any two points in H there exists a unique geodesic passing through
them.

Proof. Let 2,2/ € H. Then we can always find some element of H € H containing
z,7'. Apply the Mobius transformation v € Mob(H) constructed in Lemma 4.3.1 so that
v(2),7v(2") lie on the imaginary axis. By Proposition 4.2.1 the imaginary axis is the unique
geodesic passing through 7(z) and 7(z'). By applying y~! we see that H is the unique
geodesic passing through z, 2’. O

Exercise 5.2
For each of the following pairs of points, describe (either by giving an equation in the form
azzZ + Bz + Bz + v, or in words) the geodesic between them:

(i) —3+4i, —3 + 5i,
(i) —3 + 4i, 3+ 4i,
(i) —3 + 44, 5 + 12i.

§5.3 Isometries of H

We have already seen that Mobius transformations of H are isometries of H. Are there any
others?

First let us recall the Euclidean case. In Lecture 1 we stated that the isometries of the
Euclidean plane R? are:

(i) translations of the form 74, 4,)(z,y) = (z + a1,y + az),
(iii) rotations of the plane,
(iv) reflections in a straight line (for example, reflection in the y-axis, (z,y) — (—z,v)),

together with the identity. Translations and rotations are orientation-preserving whereas
reflections are orientation-reversing.

Proposition 4.1.1 shows that Mobius transformations of H are isometries. Exercise 4.3
shows that there are other isometries. However, note that Mobius transformations of H
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are also orientation-preserving (roughly this means the following: Let A be a triangle in
H with vertices A, B,C, labelled anticlockwise. Then + is orientation-preserving if v(A)
has vertices at y(A),v(B),v(C) and these are still labelled anti-clockwise). Note that
v(z) = —x + iy reflects the point z in the imaginary axis, and is orientation-reversing. One
can show that all orientation-preserving isometries of H are Mobius transformations of H,
and all orientation-reversing isometries of H are the composition of a Mobius transformation
of H and the reflection in the imaginary axis.

§5.4 Euclid’s parallel postulate fails

We can now see that FEuclid’s parallel postulate fails in H. That is, given any geodesic and
any point not on that geodesic there exist infinitely many geodesics through that point
that do not intersect the given geodesic (see Figure 5.4.1).

Figure 5.4.1: There are infinitely many geodesics through P that do not intersect the
geodesic H

65.5 The distance between arbitrary points

So far, we only have a formula for the hyperbolic distance between points of the form ia
and ib. We can now give a formula for the distance between any two points in H. We will
need the following (easily proved) lemma.

Lemma 5.5.1
Let v be a Mobius transformation of H. Then for all z,w € H we have

7(2) = v(w)| = |z —wl | () (w) V2.

Proposition 5.5.2
Let z,w € H. Then
|2 — w|?

coshdp(z,w) =1+ m

(5.5.1)

Exercise 5.3
Prove Proposition 5.5.2 using the following steps. For z,w € H let

LHS(z,w) = coshdm(z,w)

|z — w?

RHS(z, w) 2Tm(z) Im(w)

1+
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denote the left- and right-hand sides of (5.5.1) respectively. We want to show that LHS(z, w) =
RHS(z,w) for all z,w € H.

(i) Let v € Mob(H) be a Mdbius transformation of H. Using the fact that v is an
isometry, prove that
LHS(v(2),v(w)) = LHS(2, w).

Using Exercise 4.2 and Lemma 5.5.1, prove that
RHS(7(2), 7(w)) = RHS(z, w).

(ii) Let H denote the geodesic passing through z,w. By Lemma 4.3.1, there exists a
Mobius transformation v € M6b(H) that maps H to the imaginary axis. Let v(z) = ia
and y(w) = ib. Prove, using the fact that dy(ia,ib) = logb/a if a < b, that for this
choice of v we have

LHS(7(2),7(w)) = RHS(y(2), y(w)).

(iii) Conclude that LHS(z,w) = RHS(z,w) for all z,w € H.

Exercise 5.4

A hyperbolic circle C' with centre zp € H and radius r > 0 is defined to be the set of all
points of hyperbolic distance r from zy. Using (5.5.1), show that a hyperbolic circle is a
Euclidean circle (i.e. an ordinary circle) but with a different centre and radius.

Exercise 5.5
Recall that we defined the hyperbolic distance by first defining the hyperbolic length of a
piecewise differentiable path o:

lengthy(o) = / %dt: / Iml(z). (5.5.2)

We then saw that the Mobius transformations of H are isometries.

Why did we choose the function 1/Im z in (5.5.2)7? In fact, one can choose any positive
function and use it to define the length of a path, and hence the distance between two
points. However, the geometry that one gets may be very complicated (for example, there
may be many geodesics between two points); alternatively, the geometry may not be very
interesting (for example, there may be very few symmetries, i.e. the group of isometries is
very small).

The group of Mdébius transformations of H is, as we shall see, a very rich group with lots
of interesting structure. The point of this exercise is to show that if we want the Mobius
transformations of H to be isometries then we must define hyperbolic length by (5.5.2).

Let p : H — R be a continuous positive function. Define the p-length of a path o :
[a,b] — H to be

b
length () = [ p= [ pla(tlo’ (0]

(i) Suppose that length, is invariant under Mobius transformations of H, i.e. if v €
Mob(H) then length (v o o) = length ,(o). Prove that

p((2) (2)] = p(2). (5:5.3)

(Hint: you may use the fact that if f is a continuous function such that fU f =0 for
every path o then f =0.)
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(ii) By taking v(z) = z + b in (5.5.3), deduce that p(z) depends only on the imaginary
part of z. Hence we may write p as p(y) where z = = + iy.

(iii) By taking v(z) = kz in (5.5.3), deduce that p(y) = ¢/y for some constant ¢ > 0.

Hence, up to a normalising constant ¢, we see that if we require the Mobius transformations
of H to be isometries, then the distance in H must be given by the formula we introduced
in Lecture 2.

65.6 Pythagoras’ Theorem

In Euclidean geometry, Pythagoras’ Theorem gives a relationship between the three side
lengths of a right-angled triangle. Here we prove an analogous result in hyperbolic geometry
using Proposition 5.5.2.

Theorem 5.6.1 (Pythagoras’ Theorem for hyperbolic triangles)
Let A be a right-angled triangle in H with internal angles «, 3, 7/2 and opposing sides with
lengths a,b,c. Then

cosh ¢ = cosh acosh b. (5.6.1)

Remark. If a,b,c are all very large then approximately we have ¢ ~ a + b — log 2.
Thus in hyperbolic geometry (and in contrast with Euclidean geometry), the length of
the hypotenuse is not substantially shorter than the sum of the lengths of the other two
sides.

Proof. Let A be a triangle satisfying the hypotheses of the theorem. By applying a
Mobius transformation of H, we may assume that the vertex with internal angle 7/2 is at
1 and that the side of length b lies along the imaginary axis. It follows that the side of
length a lies along the geodesic given by the semi-circle centred at the origin with radius
1. Therefore, the other vertices of A can be taken to be at ki for some k > 0 and at s+ it,
where s + it lies on the circle centred at the origin and of radius 1. See Figure 5.6.2.

ki

s+ it

Figure 5.6.2: Without loss of generality, we can assume that A has vertices at ¢, ki and
s+t
Recall from Proposition 5.5.2 that for any z,w € H

|z — w?

h =14+ ———.
cosh dy (2, w) + 3 Tm(2) T (w)
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Applying this formula to the the three sides of A we have:

|s +i(t —1)|? P4+ (t—-1)2 1

ha = 1 S I ? 6.2
cosha + of + of . (5.6.2)
_ (k=12 1+k°
coshb = 1+ TR T (5.6.3)
|s +i(t — k)|? 2+ (t—k)? 1+K?
cosh ¢ I o7k ST (5.6.4)

where to obtain (5.6.2) and (5.6.4) we have used the fact that s +t? = 1, as s + it lies on
the unit circle.
Combining (5.6.2), (5.6.3) and (5.6.4) we see that

cosh ¢ = cosh a cosh b,

proving the theorem. O

85.7 Angles

Suppose that we have two paths o1 and oo that intersect at the point z € H. By choosing
appropriate parametrisations of the paths, we can assume that z = 01(0) = 02(0). The
angle between o1 and o9 at z is defined to be the angle between their tangent vectors at
the point of intersection and is denoted by Zo7(0), 05(0),

(i) (ii) o2
0
0

Figure 5.7.3: (i) The angle between two vectors, (ii) The angle between two paths at a
point of intersection

It will be important for us to know that Mdbius transformations preserve angles. That
is, if o1 and o9 are two paths that intersect at z with angle 8, then the paths vo; and oo
intersect at «y(z) also with angle 6. If a transformation preserves angles, then it is called
conformal.

Proposition 5.7.1
Let v € M6b(H) be a Mébius transformation of H. Then v is conformal.

65.8 Area

Let A C H be a subset of the upper half-plane. The hyperbolic area of A is defined to be

the double integral
treaa(t) = [ [ Sdedy= [ [
ST L2 YT ) a2

Again, it will be important for us to know that Mobius transformations preserve area.
This is contained in the following result.
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Proposition 5.8.1
Let A C H and let v € M6b(H) be a Mébius transformation of H. Then

Areap(y(A)) = Areag(A).

§5.9 Appendix: Towards Riemannian geometry

§5.9.1 Introduction

The aim of this appendix is to explain why hyperbolic angles and Euclidean angles are the
same, why Mobius transformations are conformal, why we define hyperbolic area as we do,
and why Mobius transformations are area-preserving. This is somewhat outside the scope
of the course as it is best explained using ideas that lead on to a more general construction
called Riemannian geometry of which hyperbolic geometry is one particular case.

§5.9.2 Angles

We defined angles in the upper half-plane model of hyperbolic geometry to be the same
as angles in Euclidean geometry. To see why this is the case (and, indeed, to see how the
concept of ‘angle’ is actually defined) we need to make a slight diversion and recall some
facts from linear algebra.

Let us first describe how angles are defined in the Euclidean plane R?. Let (x,y) € R?
and suppose that v = (v1,v2) and w = (w1, w2) are two vectors at the point (z,y). We

Figure 5.9.4: The angle between two vectors v,w and the point (x,y).
define an inner product (-,-) between two vectors v, w that meet at the point (z,y) by
<7), w>($7y) = VW1 + VawWa2.

We also define the norm of a vector v at the point (x,y) by

||U||(x,y) =\ <U7v>(x,y) = \/ U% + U%'

The Cauchy Schwartz inequality says that

{0, W) @) | < [0l @) 10 2,0

30



MATH3/4/62051 5. More on the geodesics in H

We define the (Euclidean) angle § = Zv,w between the vectors v, w meeting at the point

(z,y) by
<U7 w>(a:,y)

101l 10l o)

cos 0 =

(Note that we are not interested in the sign of the angle: for our purposes angles can be
measured either clockwise or anti-clockwise so that Zv, w = Zw,v.)

In the upper half-plane, we have a similar definition of angle, but we use a different
inner product. Suppose z € H is a point in the upper half-plane. Let v,w be two vectors
that meet at z. We define the inner product of v,w at z by

(7)1’[1)1 + ’UQIUQ)

(that is, the usual Euclidean inner product but scaled by a factor of 1/Im(z)2.) We also
define the norm of the vector v at z by

1
loll: = v/ o0y = /b + 13

m(z)

The Cauchy-Schwartz inequality still holds and we can define the angle § = Zv, w between
two vectors v, w meeting at z by

(v, w),

— = 5.9.1
ol Twllz (5.9.1)

cos 0 =

Notice that, as the terms involving Im(z) cancel, this definition of angle coincides with the
Fuclidean definition.

Suppose that we have two paths 01,09 that intersect at the point z = 01(0) = 02(0).
Then we define the angle between 01,09 to be

£01(0), 05(0),

that is, the angle between two paths is the angle between their tangent vectors at the point

of intersection.
(i) (i) o2
0
0
01

Figure 5.9.5: (i) The angle between two vectors, (ii) The angle between two paths at a
point of intersection

§5.9.3 Conformal transformations

Definition. A map v : H — H is said to be conformal if it preserves angles between
paths. That is, if o1, 09 intersect at z with angle 6, then the angle between the intersection
of the paths yo1,v09 at y(z) is also 6.
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We will see that Mobius transformations of H are conformal. To see this, we need to recall
the following standard result from complex analysis.

Proposition 5.9.1 (Cauchy-Riemann equations)
Let f : C — C be a (complex) differentiable function. Write [ as f(x + iy) = u(z,y) +

iv(z,y). Then
ou Ov ou ov

dx — dy’ By  Ox

Proposition 5.9.2
Let v € M6b(H) be a Mébius transformation of H. Then + is conformal.

Proof (sketch). Let v be a M&bius transformation of H and write v in terms of its real
and imaginary parts as v(x + iy) = u(z,y) + iv(z,y). Regarding H as a subset of C, we
can view v as a map R? — R?. The matrix of partial derivatives of ~y is given by

pi= (37 )

where we write u, = du/dz.

Let 01, 09 be paths that intersect at z = 01(0) = 02(0) with tangent vectors o/ (0), o5 (0).
Then o, and yog are paths that intersect at (z) with tangent vectors Dvy(z)o](0), Dy(z)o5(0)
where Dv(z) denotes the matrix of partial derivatives of v at z.

Let v = (v1,v2),w = (w1, ws) be two vectors at the point z. By (5.9.1) it is sufficient
to prove that

<D’7(U)7D7(w)>v(z) . <'U,w>z
D7) o ID7 @l Tl

1
 Im(v(2))

where (D~)T denotes the transpose of Dv. Using the Cauchy-Riemann equations, we see

that ) )
(DAT)Dy = = = L N 5 0 2 |
Uy Uy Vg Uy 0 uy + uy

a scalar multiple of the identity matrix. It is straight-forward to see that this implies the
claim. O

Notice that

(Dy(v), Dy(w))y(z) (v, (D7)" Dy(w))

Remark. In fact, we have proved that any complex differentiable function is conformal.

§5.9.4 Hyperbolic area

Before we define hyperbolic area, let us motivate the definition by recalling how the hyper-
bolic length of a path is defined.
Let o : [a,b] — H be a path. Then the hyperbolic length of o is given by

_ L A O]
lengthH(J)—/UIm(z) —/a mdt.

In light of the above discussion, we can write this as

lengthy (o / 10" (®) o0 d:

32



MATH3/4/62051 5. More on the geodesics in H

Intuitively, we are approximating the path o by vectors of length |[lo()'[|,) and then
integrating.

Figure 5.9.6: The path o can be approximated at the point o(¢) by the tangent vector
o' (t).

Let A C H be a subset of the upper half-plane. How can we intuitively define the area
of A? If we take a point z € A then we can approximate the area near z by taking a small
rectangle with sides dx, dy. The area of this rectangle is given by the product of the lengths
of the sides, namely

1
——=dzdy.
Im(2)? Ty

This suggests that we define the hyperbolic area of a subset A C H to be

Figure 5.9.7: The area of A can be approximated at the point z by a small rectangle with

sides dz, dy.
Areag(A) / / S— / / L ded
rea; = ——dz = — dz dy.
g A Im(2)? a2

By definition, isometries of the hyperbolic plane H preserve lengths. However, it is not
clear that they also preserve area. That they do is contained in the following result:

Proposition 5.9.3
Let A C H and let v € M6b(H) be a Mobius transformation of H. Then

Areap(y(A)) = Areag(A).
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Proof (sketch). Let v(z) = (az+b)/(cz + d),ad — bc > 0 be a Mdbius transformation.
Let h : R? — R and recall the change-of-variables formula:

// hz,y da:dy—// hov(z,1)| det (D7) dz dy (5.9.2)

where D~ is the matrix of partial derivatives of ~.
Using the Cauchy-Riemann equations (and brute force!), one can check that
(ad — be)?

((cx + d)? + 2y?)?’

det(D~y) =

The hyperbolic area of A is determined by setting h(x,y) = 1/y% in (5.9.2). In this
case, we have that

(cz +d)* + 02y2>2

hen(z,y) = ( (ad — be)y

and it follows that

Areag(v(4)) = / A (A)h(fff,y)dwdy
-/ / h oz, )| det(D7)| dz dy

B // (cx +d)? + c2y? ad — be 2da:d
N (ad — be)y (cx 4+ d)? + c?y? 4
= //—dxdy

= Areag(A).
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6. The Poincaré disc model

§6.1 Introduction

So far we have studied the upper half-plane model of hyperbolic geometry. There are several
other ways of constructing hyperbolic geometry; here we describe the Poincaré disc model.

Definition. The disc D = {z € C | |z] < 1} is called the Poincaré disc. The circle
0D = {z € C| |2| = 1} is called the circle at oo or boundary of D.

One advantage of the Poincaré disc model over the upper half-plane model is that the
unit disc D is a bounded subset of the Euclidean plane. Thus we can view all of the
hyperbolic plane easily on a sheet of paper (we shall see some pictures of this in the next
lecture). One advantage of the upper half-plane model over the Poincaré disc model is the
ease with which Cartesian co-ordinates may be used in calculations.

The geodesics in the Poincaré disc model of hyperbolic geometry are the arcs of circles
and diameters in D that meet 0D orthogonally. We could define a distance function and
develop an analysis analogous to that of the upper half-plane H in lectures 2-5, but it is
quicker and more convenient to transfer the results from the upper half-plane H directly to
this new setting.

To do this, consider the map .

zZ—1

h(z) = —— (6.1.1)

(Note that h is not a Mobius transformation of H; it does not satisfy the condition that
ad —be > 0.) It is easy to check that h maps the upper half-plane H bijectively to the
Poincaré disc. Moreover, h maps OH to 0D bijectively.

§6.2 Distances in the Poincaré disc

We give a formula for the distance between two points in the Poincaré model of the hyper-
bolic plane. We do this (as we did in the upper half-plane) by first defining the length of
a (piecewise differentiable) path, and then defining the distance between two points to be
the infimum of the lengths of all such paths joining them.

Let g(2) = h™1(2). Then g maps D to H and has the formula

—z4+1
—iz 41

g(z) =

Let o : [a,b] — D be a path in D (strictly, this is a parametrisation of a path). Then
goo :a,b] — His a path in H. The length of g o o is given by:

_ [P lgea)®) L [*ld(@®)]lo’ ()]
lengthH(goo)—/a mdt— ) Wdt,
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using the chain rule. It is easy to calculate that

J(z) = _72
(—iz +1)?
and | |2
1—|z
Im(g(2)) = m
Hence
2

b
lengthy(g o o) :/ el (6.2.1)

o(t)
We define the length of the path o in D by (6.2.1):

b
lengthy (o) / ﬁ\a’(tﬂdt.

In the upper half-plane, we integrate 1/Im(z) along a path to obtain its length; in the
Poincaré disc, we integrate 2/(1 — |z|?) instead.

The distance between two points z,2’ € D is then defined by taking the length of the
shortest path between them:

dp(z,2") = inf{lengthp (o) | o is a piecewise differentiable path from z to 2'}.

As we have used h to transfer the distance function on H to a distance function on D
we have that
dp(h(z), h(w)) = du(z, w), (6.2.2)

where dy denotes the distance in the upper half-plane model H.

Proposition 6.2.1
Let z € [0,1). Then

1
dp(0,z) = log (1 +x> .

— X

Moreover, the real axis is the unique geodesic joining 0 to x.

Exercise 6.1
Check some of the assertions above, for example:

(i) Show that h maps H to D bijectively. Show that h maps OH to D bijectively.
(ii) Calculate! g(z) = h~!(2) and show that

-2 1—|z)?

/

() = S o) = e

(iii) Mimic the proof of Proposition 4.2.1 to show that the real axis is the unique geodesic
joining 0 to z € (0,1) and that

1
dp(0,x) = log <1 +x> .

— X

Tf you carefully compare the formulee for g and for h then you might notice a similarity! However,
remember that they are different functions: g maps D to H whereas h maps H to D.
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§6.3 Mbodbius transformations of the Poincaré disc

Let v € Mob(H). Then we obtain an isometry of the Poincaré disc D by using the map h to
transform 7 into a map of D. To see this, consider the map hyh~!. Then for any u,v € D

dp(hyh™ (u), hyh™ (v)) = da(yh™" (u),vh ™" (v))
= da(h™(u),h™"(v))
= dp(u,v).

Hence hyh~! is an isometry of .

Exercise 6.2
Show that z — hyh~1(2) is a map of the form

az+ 3
2 = = ,
Bz 4+ &

a,BeC, |laf* -8 >o0.

Definition. We call a map of the form

az+f
Bz+a’

a,fBeC, la* - |8 >0.

a Mobius transformation of D. The set of all M6bius transformations of D forms a group,
which we denote by M&éb(D).

Examples of M6bius transformations of D include the rotations. Take o = e?/2 3 = 0.

Then |af> — |8]2 = 1 > 0 so that y(z) = €¥/22/e9/2 = ¢ is a Mobius transformation of
D. Observe that this map is a rotation of the unit circle in C.

§6.4 Geodesics in the Poincaré disc

The geodesics in the Poincaré disc are the images under h of the geodesics in the upper
half-plane H.

Figure 6.4.1: Some geodesics in the Poincaré disc D
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Proposition 6.4.1
The geodesics in the Poincaré disc are the diameters of D and the arcs of circles in D that
meet 0D at right-angles.

Proof (sketch). One can show that h is conformal, i.e. h preserves angles. Using the
characterisation of lines and circles in C as solutions to azz+ 3z + 32+~ = 0 one can show
that h maps circles and lines in C to circles and lines in C. Recall that h maps JH to 0D.
Recall that the geodesics in H are the arcs of circles and lines that meet OH orthogonally.
As h is conformal, the image in D of a geodesic in H is a circle or line that meets 0D
orthogonally. O

In the upper half-plane model H we often map a geodesic H to the imaginary axis and
a point 2o on that geodesic to the point 7. The following is the analogue of this result in
the Poincaré disc model.

Proposition 6.4.2
Let H be a geodesic in D and let zg € H. Then there exists a Mébius transformation of D
that maps H to the real axis and zy to 0.

§6.5 Area in D

Recall that the area of a subset A C H is defined to be

Areag(A) ://Amdz.

We can again use h to transfer this definition to ID. Indeed, one can check that if A C D

then )
Areap(A) = // ———dz.
W= L a=Tee

Exercise 6.3
Let C = {w € D | dp(z0,w) = r} be a hyperbolic circle in D with centre zy and radius
r > 0. Calculate the circumference and area of C.

[Hints: First move C to the origin by using a Mobius transformation of . Use the
formula dp(0,z) = log(1 + x)/(1 — x) to show that this is a Euclidean circle, but with a
different radius. To calculate area, use polar co-ordinates.]
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§6.6 A dictionary

Upper half-plane Poincaré disc
H={ze€C|Im(z) >0} | D={z€C| |z <1}
Boundary OH =R U {0} D={zeC||z| =1}
b1 b 2 ,
Length of a path o / ( )|0 ()| dt /a SEOE lo’(t)] dt
Area of a subset A / / / / 1 dz
Im 2)? . 4 (1= L,:a|;)2
. . . az + az
Orientation-preserving | v(z) = e d v(z) = Bt a
isometries a,b,c,d € R, a, B e€C,
ad —be >0 |2 =8> >0
Geodesics vertical half-lines diameters of D
and semi-circles and arcs of circles
orthogonal to JH that meet 0D
orthogonally
Angles Same as Fuclidean Same as Fuclidean
angles angles
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7. The Gauss-Bonnet Theorem

§7.1 Hyperbolic polygons

In FEuclidean geometry, an n-sided polygon is a subset of the Euclidean plane bounded by n
straight lines. Thus the edges of a Euclidean polygon are formed by segments of Euclidean
geodesics. A hyperbolic polygon is defined in an analogous manner.

Definition. Let z,w € HUOH. Then there exists a unique geodesic that passes through
both z and w. We denote by [z, w] the part of this geodesic that connects z and w. We
call [z, w] the segment or arc of geodesic between z and w.

Definition. Let 21,...,2, € HU JH. Then the hyperbolic n-gon P with vertices at
Z1,.-.,2n 18 the region of H bounded by the geodesic segments

[21, 22], - - -, [2n—1, 20, [2n, 21].

(i)

Figure 7.1.1: A hyperbolic triangle (i) in the upper half-plane model, (ii) in the Poincaré
disc

Remark. Notice that we allow some of the vertices to lie on the circle at infinity. Such a
vertex is called an ideal vertex. If all the vertices lie on OH then we call P an ideal polygon.
Notice that the angle at an ideal vertex is zero; this is because all geodesics meet OH at
right-angles and so the angle between any two such geodesics is zero.
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Figure 7.1.2: An ideal triangle (i) in the upper half-plane model, (ii) in the Poincaré disc

§7.2 The Gauss-Bonnet Theorem for a triangle

The Gauss-Bonnet Theorem can be stated in a wide range of contexts. In hyperbolic
geometry, the Gauss-Bonnet Theorem gives a formula for the area of a hyperbolic polygon
in terms of its angles—a result that has no analogue in Euclidean geometry. We will use the
Gauss-Bonnet Theorem to study tessellations of the hyperbolic plane by regular polygons,
and we will see that there are infinitely many distinct tessellations using regular polygons
(whereas in Euclidean geometry there are only finitely many: equilateral triangles, squares,
and regular hexagons).

Theorem 7.2.1 (Gauss-Bonnet Theorem for a hyperbolic triangle)
Let A be a hyperbolic triangle with internal angles «, 3 and ~y. Then

Areag(A) =7 — (a+ G+ 7). (7.2.1)

Remarks.

1. In Euclidean geometry it is well-known that the sum of the internal angles of a
Euclidean triangle is equal to 7 (indeed, this is equivalent to the parallel postulate). In
hyperbolic geometry, (7.2.1) implies that the sum of the internal angles of a hyperbolic
triangle is strictly less than .

2. The equation (7.2.1) implies that the area of a hyperbolic triangle is at most 7. The
only way that the area of a hyperbolic triangle can be equal to 7 is if all the internal
angles are equal to zero. This means that all of the vertices of the triangle lie on the
circle at infinity.

3. In Euclidean geometry, the angles of a triangle do not determine the triangle’s area
(this is clear: scaling a triangle changes its area but not its angles). This is not the
case in hyperbolic geometry.

4. There is an interactive java applet illustrating the Gauss-Bonnet Theorem at
http://www.geom.umn.edu/java/triangle-area/.

Proof. Let A be a hyperbolic triangle with internal angles «, 3 and ~.
We first study the case when at least one of the vertices of A belongs to OH, and hence
the angle at this vertex is zero. By applying a Mobius transformation of H, we can map this
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vertex to oo without altering the area or the angles. By applying the Mobius transformation
z — z + b for a suitable b we can assume that the circle joining the other two vertices is
centred at the origin in C. By applying the Mobius transformation z — kz we can assume
it has radius 1. Hence (see Figure 7.2.3)

Areag(A) = //A%dxdy
b [e%e) 1
AT
a 1—z2 Y
b _100
= /<— )daz
a Y 1—z2

b
1
| =
o V1I—122
B
= / —1d# substituting x = cos 6
T—Q

= 71— (a+0).

This proves (7.2.1) when one of the vertices of A lies on 9H.

Figure 7.2.3: The Gauss-Bonnet Theorem with one vertex of A at oo

Now suppose that A has no vertices in JH. Let the vertices of A be A, B and C, with
internal angles «, 8 and -, respectively. Apply a Mobius transformation of H so that the
side of A between vertices A and C' lies on a vertical geodesic. Let ¢ be the angle at B
between the side C'B and the vertical. This allows us to construct two triangles, each with
one vertex at co: triangle ABoo and triangle C Boo. See Figure 7.2.4.

Areap(A) = Areap(ABC) = Areag(ABoo) — Areay(BCo0).
Now

Areag(ABoo) = 7w — (a+ (8+9))
Areag(BCo0) = 7w —((m—7)+9).
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Hence

Areag(ABC) = m—(a+(+90)) — (m— ((m —7) +9))
T — (a+ B +7).

Figure 7.2.4: The Gauss-Bonnet Theorem for the triangle ABC with no vertices on JH

Exercise 7.1
(The point of this exercise is to use the Gauss-Bonnet Theorem to calculate the area of a

given triangle.)
Let A be the hyperbolic triangle with vertices at v; =4, vo = 2+ 2¢ and v3 = 4 + .

(i) Calculate the equations of the sides of A.

(ii) Let C; and Cs be two circles in R? with centres cy,cs and radii 1, r9, respectively.
Suppose Cy and Cb intersect. Let 6 denote the internal angle at the point of inter-
section (see figure). Show that

le1 — o —rf — 13

cosf =
27‘1?”2

Figure 7.2.5: The internal angle between two circles
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(iii) Use the Gauss-Bonnet Theorem to show that the area of A is approximately 0.1377.

We can generalise the above theorem to give a formula for the area of an n-sided polygon.

Theorem 7.2.2 (Gauss-Bonnet Theorem for a hyperbolic polygon)
Let P be an n-sided hyperbolic polygon with vertices vy, .. ., v, and internal angles s, . . . , au,.
Then

Areag(P) = (n —2)m — (oq + - - + ). (7.2.2)

Proof (sketch). Cut up P into triangles. Apply Theorem 7.2.1 to each triangle and then
sum the areas. O

Exercise 7.2
Assuming Theorem 7.2.1 but not Theorem 7.2.2, prove that the area of a hyperbolic quadri-
lateral with internal angles oy, a9, as, oy is given by

2T — (061 +a2+a3+a4).

§7.3 Tessellations of the hyperbolic plane by regular polygons

Recall that a regular n-gon is an n-gon where all n sides have the same length and all
internal angles are equal. We are interested in the following problem: when can we tile the
plane using regular n-gons with k polygons meeting at each vertex?

In Lecture 1 we remarked that the only possible tessellations of R? are given by: equi-
lateral triangles (with 6 triangles meeting at each vertex), squares (with 4 squares meeting
at each vertex), and by regular hexagons (with 3 hexagons meeting at each vertex).

In hyperbolic geometry, the situation is far more interesting: there are infinitely many
different tessellations by regular polygons!

Theorem 7.3.1
There exists a tessellation of the hyperbolic plane by regular hyperbolic n-gons with k
polygons meeting at each vertex if and only if

1 1 1

-4+ - < . 7.3.1

n k 2 ( )
Proof. We only prove that if there is a tessellation then n, k satisfy (7.3.1), the converse
is harder. Let o denote the internal angle of a regular n-gon P. Then as k such polygons
meet at each vertex, we must have that a = 27/k. As the area of the polygon P must be
positive, substituting o = 27 /k into (7.2.2) and re-arranging we have:

9

N =

<

e

_l’_

3=

as required. O

Figures 7.3.6, 7.3.7 and 7.3.8 illustrate some tilings of the hyperbolic plane. In Fig-
ure 7.3.6, the Poincaré disc is tiled by regular hyperbolic octagons, with 4 octagons meeting
at each vertex. In Figure 7.3.7, the Poincaré disc is tiled by regular hyperbolic pentagons,
with 4 pentagons meeting at each vertex. In Figure 7.3.8, the Poincaré disc is tiled by
regular hyperbolic quadrilaterals (hyperbolic squares), with 8 quadrilaterals meeting at
each vertex. All of the hyperbolic octagons (respectively pentagons, quadrilaterals) in
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">

Figure 7.3.6: A tessellation of the Poincaré disc with n =8, k=4

Figure 7.3.6 (respectively Figure 7.3.7, Figure 7.3.8) have the same hyperbolic area and the
sides all have the same hyperbolic length. They look as if they are getting smaller as they
approach the boundary of the hyperbolic plane because we are trying to represent all of
the hyperbolic plane in the Euclidean plane, and necessarily some distortion must occur.
You are already familiar with this: when one tries to represent the surface of the Earth on
a sheet of (Euclidean!) paper, some distortion occurs as one tries to flatten out the sphere;
in Figure 7.3.9, Greenland appears unnaturally large compared to Africa when the surface
of the Earth is projected onto the plane.

Remark. The game ‘Bejeweled’ (playable online for free here:
http://www.popcap.com/games/bejeweled2/online) works in Euclidean space. The plane
is tiled by (Euclidean) squares (with, necessarily, 4 squares meeting at each vertex). The
aim of the game is to swap neighbouring pairs of squares so that three or more tiles of the
same colour lie along a geodesic; these tiles then disappear. One could set up the same
game in hyperbolic space: given a hyperbolic tiling, swap neighbouring tiles so that three or
more tiles lie along a common geodesic which, again, then disappear. This is implemented
in the game ‘Circull’, available free for iOS here:
http://itunes.apple.com/gb/app/circull/id3920422237mt=8.

One technical point that we have glossed over is the existence of regular n-gons in
hyperbolic geometry. To see that such polygons exist we quote the following result.

Proposition 7.3.2
Let g, ..., a, be such that

(n—Q)W—Zozk>0.

k=1
Then there exists a polygon with internal angles cy,.

Proof. See Beardon Theorem 7.16.2. O
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A, L M

Figure 7.3.7: A tessellation of the Poincaré disc with n =5, k =4

Remark. One can show that if the internal angles of a hyperbolic polygon are all equal
then the lengths of the sides are all equal. (This is not true in Euclidean geometry: a
rectangle has right-angles for all of its internal angles, but the sides are not all of the same
length.)

Exercise 7.3
Let n > 3. By explicit construction, show that there exists a regular n-gon with internal
angle equal to a if and only if a € [0, (n — 2)7w/n).

(Hint: Work in the Poincaré disc D. Let w = €™/ be an n'® root of unity. Fix
r € (0,1) and consider the polygon D(r) with vertices at r,rw,rw?,...,rw" 1. This is a
regular n-gon (why?). Let a(r) denote the internal angle of D(r). Use the Gauss-Bonnet
Theorem to express the area of D(r) in terms of a(r). Examine what happens as r — 0
and as r — 1. (To examine lim,_,g Areag D(r), note that D(r) is contained in a hyperbolic
circle C(r), and use Exercise 6.3 to calculate lim,_.o AreagC(r).) You may use without
proof the fact that «(r) depends continuously on r.)

In particular, conclude that there there exists a regular n-gon with each internal angle
equal to a right-angle whenever n > 5. This is in contrast with the Euclidean case where,
of course, the only regular polygon with each internal angle equal to a right-angle is the
square.

Exercise 7.4

(This exercise is outside the scope of the course (and therefore not examinable). However,
anybody remotely interested in pure mathematics should get to see what is below at least
once.)

A polyhedron in R? is formed by joining together polygons along their edges. A platonic
solid is a convex polyhedra where each constituent polygon is a regular n-gon, with &
polygons meeting at each vertex.

By mimicking the discussions above, show that there are precisely five platonic solids:
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Figure 7.3.8: A tessellation of the Poincaré disc withn =4, k=8

‘s

Figure 7.3.9: When projected onto a (Euclidean) plane, the surface of the Earth is dis-
torted

the tetrahedron, cube, octahedron, dodecahedron and icosahedron (corresponding to (n, k) =
(3,3),(4,3),(3,4),(5,3) and (3,5), respectively).
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8. Hyperbolic triangles

68.1 Right-angled triangles

In Euclidean geometry there are many well-known relationships between the sides and the
angles of a right-angled triangle. For example, Pythagoras’ Theorem gives a relationship
between the three sides. Here we study the corresponding results in hyperbolic geometry.
Throughout this section, A will be a right-angled triangle. The internal angles will be
a, B, 7/2, with the opposite sides having lengths a, b, c.

68.2 Two sides, one angle

For a right-angled triangle in Euclidean geometry there are well-known relationships be-
tween an angle and any of two of the sides, namely ‘sine = opposite / hypotenuse’, ‘cosine
= adjacent / hypotenuse’ and ‘tangent = opposite / adjacent’. Here we determine similar
relationships in the case of a hyperbolic right-angled triangle.

Proposition 8.2.1
Let A be a right-angled triangle in H with internal angles o, 3, /2 and opposing sides with
lengths a,b,c. Then

(i) sina = sinha/sinhec,
(ii) cos a = tanh b/ tanhc,
(iii) tan o = tanha/sinhb.

Proof. As in the proof of Theorem 5.6.1, we can apply a Mobius transformation of H to
A and assume without loss in generality that the vertices of A are at 4, ki and s+ it, where
5+ it lies in the unit circle centred at the origin and the right-angle occurs at <.

The vertices at ki and s + it lie on a unique geodesic. This geodesic is a semi-circle
with centre z € R. The (Euclidean) straight line from z to ki is inclined at angle a from
the real axis. See Figure 8.2.1. The line from z to ki is a radius of this semi-circle, as is
the line from x to s 4 ¢t. Calculating the lengths of these radii, we see that

E* 4+ 2% = (s + x)% 4
so that
k* =1+ 2su, (8.2.1)

using the fact that s? 4+ ¢ = 1.
By considering the Euclidean triangle with vertices at z, k7, 0, we see that

k 2ks
tana = ; = m, (822)

where we have substituted for z from (8.2.1).
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Figure 8.2.1: The point z is the centre of the semi-circle corresponding to the geodesic
through ki and s + it

Using the facts that cosh? — sinh? = 1 and tanh = sinh / cosh it follows from (5.6.2) and
(5.6.3) that

2 _
sinh b = ST tanha = s.
Combining this with (8.2.2) we see that
; tanh a
ana =
inhb’

proving statement (iii) of the proposition.
The other two statements follow by using trig identities, relationships between sinh and
cosh, and the hyperbolic version of Pythagoras’ Theorem. O

Exercise 8.1
Assuming that tan e = tanh a/ sinh b, prove that sin & = sinh a/ sinh ¢ and cos a = tanh b/ tanh c.

Exercise 8.2

We now have relationships involving: (i) three angles (the Gauss-Bonnet Theorem), (ii)
three sides (Pythagoras’ Theorem) and (iii) two sides, one angle. Prove the following
relationships between one side and two angles:

cosh a = cos a cosec 3, cosh ¢ = cot a cot 3.

What are the Euclidean analogues of these identities?

§8.3 The angle of parallelism

Consider the special case of a right-angled triangle with one ideal vertex. (Recall that a
vertex is said to be ideal if it lies on the boundary.) In this case, the internal angles of the
triangle are o, 0 and 7/2 and the only side with finite length is that between the vertices
with internal angles a and /2. The angle of parallelism is a classical term for this angle
expressed in terms of the side of finite length.
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Proposition 8.3.1
Let A be a hyperbolic triangle with angles «, 0 and 7/2. Let a denote the length of the
only finite side. Then

. . _ 1 .
(i) sina = ——;
.o _ 1 .

(ii) cosa = ke
1
(iii) tan o = Saha-

Proof. The three formulae for « are easily seen to be equivalent. Therefore we need only
prove that (i) holds.

After applying a Mobius transformation of H, we can assume that the ideal vertex of A
is at oo and that the vertex with internal angle 7/2 is at i. The third vertex is then easily
seen to be at cos a + isin . See Figure 8.3.2.

cosa + isina

Figure 8.3.2: The angle of parallelism
Recall that
|z —wf?
2Tm(z) Im(w) "
Applying this formula with z =4 and w = cos a + isin a we see that
2(1 —sina) 1
2sina sina’

coshdp(z,w) =1+

cosha = coshdy(z,w) =1+

Exercise 8.3
Assuming that sina = 1/ cosh a, check using standard trig and hyperbolic trig identities
that cosa =1/ cotha and tana = 1/sinha.

§8.4 Non-right-angled triangles: the sine rule

Recall that in Euclidean geometry the sine rule takes the following form. In a triangle (not
necessarily right-angled) with internal angles a, 3 and ~ and side lengths a, b and ¢ we have

sina  sinf@  sinvy

a b c

The hyperbolic version of this is the following.
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Proposition 8.4.1
Let A be a hyperbolic triangle with internal angles «, § and v and side lengths a, b, c. Then

sin a sin 3 sin ~y

sinha sinhb  sinhe’

Exercise 8.4
Prove Proposition 8.4.1 in the case when A is acute (the obtuse case is a simple modification
of the argument, and is left for anybody interested...).

(Hint: label the vertices A, B,C' with angle a at vertex A, etc. Drop a perpendicular
from vertex B meeting the side [A, C] at, say, D to obtain two right-angled triangles ABD,
BCD. Use Pythagoras’ Theorem and Proposition 8.2.1 in both of these triangles to obtain
an expression for sin a.)

§8.5 Non-right-angled triangles: cosine rules

§8.5.1 The cosine rule I

Recall that in Euclidean geometry we have the following cosine rule. Consider a triangle
(not necessarily right-angled) with internal angles «, # and 7 and sides of lengths a,b and
¢, with side a opposite angle a, etc. Then

& =a® +b* — 2abcos .

The corresponding hyperbolic result is.

Proposition 8.5.1
Let A be a hyperbolic triangle with internal angles «, 8 and «y and side lengths a, b, c. Then

cosh ¢ = cosh a cosh b — sinh a sinh b cos .
Proof. See Anderson’s book. O
§8.5.2 The cosine rule II
The second cosine rule is the following.

Proposition 8.5.2
Let A be a hyperbolic triangle with internal angles «, 8 and «y and side lengths a, b, c. Then

cos o cos 3 + cos 7y

coshc = - -
sin asin 3

Proof. See Anderson’s book. O

Remark. The second cosine rule has no analogue in Euclidean geometry. Observe that
the second cosine rule implies the following: if we know the internal angles «, 3,7 of a
hyperbolic triangle, then we can calculate the lengths of its sides. In Euclidean geometry,
the angles of a triangle do not determine the lengths of the sides.

ol



MATH3/4/62051 9. Fixed points of Mobius transformations

9. Fixed points of Mobius transformations

9.1 Where we are going

Recall that a transformation + : H — H of the form

az+b

(=) = cz+d

where a, b, c,d € R, ad—bc > 0, is called a Mobius transformation of H. The aim of the next
few lectures is to classify the types of behaviour that Mobius transformations exhibit. We
will see that there are three different classes of Mobius transformation: parabolic, elliptic
and hyperbolic.

§9.1.1 Fixed points of Mobius transformations

Let v be a Mdobius transformation of H. We say that a point zg € HU JH is a fixed point
of ~ if

azo+b
czo+d

Y(z0) =

Our initial classification of Mdbius transformations is based on how many fixed points a
given Mobius transformation has, and whether they lie in H or on the circle at infinity 0H.
Clearly the identity map is a Mobius transformation which fixes every point. Through-
out this section, we will assume that ~ is not the identity.
Let us first consider the case when co € JH is a fixed point. Recall that we calculate
~v(00) by writing

2. (9.1.1)

_a+b/z
(z) = c+d/z

and noting that as z — oo we have 1/z — 0. Hence y(o0) = a/c. Thus oo is a fixed point
of 7 if and only if v(c0) = 00, and this happens if and only if ¢ = 0.

Suppose that oo is a fixed point of 7 so that ¢ = 0. What other fixed points can v have?
Observe that now

(20) = L2+ 2
M=) = G20 T o

Hence v also has a fixed point at zg = b/(d — a). (Note that if a = d then this point may
be o0.)

Thus if co € JH is a fixed point for v then v has at most one other fixed point, and this
fixed point also lies on OH.

Now let us consider the case when oo is not a fixed point of 7. In this case, ¢ # 0.
Multiplying (9.1.1) by czp + d (which is non-zero as zy # —d/c) we see that zj is a fixed
point if and only if

cz2 +(d—a)zo—b=0. (9.1.2)
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This is a quadratic in zy with real coefficients. Hence there are either (i) one or two real
solutions, or (ii) two complex conjugate solutions to (9.1.2). In the latter case, only one
solution lies in H U 9H.

Thus we have proved:

Proposition 9.1.1
Let v be a Mébius transformation of H and suppose that v is not the identity. Then ~ has
either:

(i) two fixed points in OH and none in H;
(ii) one fixed point in OH and none in Hj;

(iii) no fixed points in OH and one in H.

Corollary 9.1.2
Suppose v is a Mébius transformation of H with three or more fixed points. Then ~ is the
identity (and so fixes every point).

Definition. Let v be a Md&bius transformation of H. We will say that
(i) ~y is hyperbolic if it has two fixed points in OH and none in H,
(ii) ~y is parabolic if it has one fixed point in OH and none in H,

(iii) ~ is elliptic if it has one fixed point in H and none in OH.

Exercise 9.1
Find the fixed points in H U JH of the following M6bius transformations of H:

2245 1 z
—32—1’ 72(2/) _7Z+67 73(2) - _;7 74(2/) — Z+].

7(2) =

In each case, state whether the map is parabolic, elliptic or hyperbolic.

§9.2 A matrix representation

Let v1 and 79 be the Mdbius transformations of H given by

alz + b1

asz +b2
Cc1z + d1 » 12

(Z) - 62Z+d2.

71(2 =

Then the composition v, o 1 is a Mobius transformation of H of the form

as (%) + bo
7271(2) = . (m)—i—d
c1z+d1 2
asai + bacy)z + (agby + bady)
caay1 + daci)z + (coby + dody)

E (9.2.1)

Observe the connection between the coefficients in (9.2.1) and the matrix product
az by ap b _ [ Gea 4+ bac1  agby + bod;
C9 dg (4] d1 coa1 + dgcl Cgbl + dgdl ’
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(Thus we can calculate the coefficients of the composition of two Mdbius transformations
~1,Y2 by multiplying the 2 x 2 matrices of the coefficients of v1,72.) We now explore the
connections between Md&bius transformations of H and matrices.

Notice that if
az+b

(=) = cz+d

is a Mobius transformation of H, then

Aaz + b
2 —
ez + Ad

gives the same Mobius transformation of H (provided A # 0). Thus, by taking A =
1/+/(ad — be) we can always assume that ad — bc = 1.
Definition. The Mdbius transformation v(z) = (az + b)/(cz + d) of H is said to be in

normalised form (or normalised) if ad — bc = 1.

Exercise 9.2
Normalise the Md6bius transformations of H given in Exercise 9.1.

We now introduce the following group of matrices.

Definition. The set of matrices

SL(2,R):{A: <(cl 2) | a,b,c,d € R, detA:ad—bc:l}

is called the special linear group of R2.

Exercise 9.3
(i) Show that SL(2,R) is indeed a group (under matrix multiplication). (Recall that G
is a group if: (i) if g,h € G then gh € G, (ii) the identity is in G, (iii) if g € G then
there exists g~! € G such that gg~! = g~ !g = identity.)

(ii) Define the subgroup

SL(2,Z) = {( ‘c‘ 2) \a,b,c,dGZ;ad—bc:l}

to be the subset of SL(2,R) where all the entries are integers. Show that SL(2,Z) is
a subgroup of SL(2,R). (Recall that if G is a group and H C G then H is a subgroup
if it is itself a group.)

Hence if A € SL(2,R) is a matrix with entries (a, b; ¢, d) then we can associate a nor-
malised Mdobius transformation v4 € M6b(H) by defining v4(2) = (az + b)/(cz + d).

However, distinct matrices in SL(2,R) can give the same Md&bius transformation of H.
To see this, notice that the two matrices

a b —a —b
c d )’ —c —d
where ad — bec = 1 are both elements of SL(2,R) but give the same Mobius transformation

of H. This, however, is the only way that distinct matrices in SL(2,R) can give the same
Mobius transformation of H.
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Remark. Thus we can think of M6b(H) as the group of matrices SL(2,R) with two

matrices A, B identified iff A = —B. Sometimes M&b(H) is denoted by PSL(2,R), the
projective special linear group.
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10. Classifying Mobius transformations: conjugacy, trace,
and applications to parabolic transformations

§10.1 Conjugacy of Mobius transformations

Before we start discussing the geometry and classification of Mdbius transformations, we
introduce a notion of ‘sameness’ for Mobius transformations.

Definition. Let 1,72 € Méb(H) be two Mdbius transformations of H. We say that ~;
and 79 are conjugate if there exists another Mobius transformation g € Mob(H) such that

=g ltoyoy.

Remarks.

(i) Geometrically, if 71 and 7, are conjugate then the action of v; on HUJH is the same
as the action of v on g(H U 0H). Thus conjugacy reflects a change in coordinates of
H U oH.

(ii) If v2 has matrix Ay € SL(2,R) and g has matrix A € SL(2,R) then ~; has matrix
+A71AA.

(iii) We can define conjugacy for M6bius transformations of D in exactly the same way: two
Mbobius transformations 71, v2 € M6b(D) of D are conjugate if there exists g € Méb(DD)
such that vy =g lovyog.

Exercise 10.1
(i) Prove that conjugacy between Mobius transformations of H is an equivalence relation.

(ii) Show that if v; and 9 are conjugate then they have the same number of fixed
points. Hence show that if v; is hyperbolic, parabolic or elliptic then v, is hyperbolic,
parabolic or elliptic, respectively.

§10.2 The trace of a Mobius transformation

Recall that if A is a matrix then the trace of A is defined to be the sum of the diagonal
entries of A. That is, if A = (a,b;c,d) then Trace(A) = a + d.

Let v(z) = (az+b)/(cz + d) be a Mobius transformation of H, ad — bc > 0. By dividing
the coefficients a, b, c,d by vad — bc, we can always write v in normalised form. Assume
that + is written in normalised form. Then we can associate to v a matrix A = (a, b; ¢, d);
as ad — bc = 1 we see that A € SL(2,R). However, as we saw in Lecture 9, this matrix is
not unique; instead we could have associated the matrix —A = (—a, —b; —¢, —d) to . Thus
we can define a function

7(v) = (Trace(A))? = (Trace(—A4))?.
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Definition. Let v € Méb(H) be a Mobius transformation of H with v(z) = (az+b)/(cz+
d) where ad — bc = 1. We call 7(y) = (a + d)? the trace of 7.

The following result says that conjugate Mobius transformations of H have the same
trace.

Proposition 10.2.1
Let v1 and 2 be conjugate Mobius transformations of H. Then 7(v1) = 7(72).

Exercise 10.2

Prove the above proposition. (Hint: show that if A;, A2, A € SL(2,R) are matrices such
that A; = A1 A5 A then Trace(A;) = Trace(A 1 A3A4) = Trace(A4z). You might first want
to show that Trace(AB) = Trace(BA) for any two matrices A, B.)

We can now classify the three types of Mobius transformation—hyperbolic, parabolic
and elliptic—in terms of the trace function.

Let v € Mob(H) be a Mobius transformation of H. Suppose for simplicity that oo is
not a fixed point (it follows that ¢ # 0). Recall from Lecture 9 that zg is a fixed point of ~

if and only if
a—d=++/(a—d)?+4bc
2c ’

Thus there are two real solutions, one real solution or one complex conjugate pair of solu-
tions depending on whether the term inside the square-root is greater than zero, equal to
zero or less than zero, respectively. Using the identities

zZ0 —

ad—bc=1, (a+d)?=1(v)

it is easy to see that
(a —d)? + 4bc = 7(7) — 4.

When ¢ = 0, we must have that oo is a fixed point. The other fixed point is given
by b/(d — a). Hence oo is the only fixed point if a = d (in which case we must have that
a=1l,d=1ora=—1,d=—1asad—bc=ad=1); hence 7(y) = (1+1)2=4. Ifa #d
then there are two fixed points on OH and one can easily see that 7(v) > 4.

Thus we have proved:

Proposition 10.2.2
Let v € M6b(H) be a Mébius transformation of H and suppose that «y is not the identity.
Then:

(i) =y is parabolic if and only if T(v) = 4;
(ii) v is elliptic if and only if () € [0,4);
(iii) ~ is hyperbolic if and only if 7(y) € (4, 00).
§10.3 Parabolic transformations

Recall that a Mébius transformation v € Méb(H) is said to be parabolic if it has a unique
fixed point and that fixed point lies on JH.
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For example, the Mobius transformation of H given by
v(2) =2+1

is parabolic. Here, the unique fixed point is co. In general, a Mobius transformation of H
of the form z — 2z + b is called a translation.

Exercise 10.3
Let v(z) = z+b. If b > 0 then show that v is conjugate to y(z) = z+ 1. If b < 0 then show
that v is conjugate to y(z) =z — 1. Are z — z — 1,z — z + 1 conjugate?

Proposition 10.3.1
Let ~v be a Mébius transformation of H and suppose that « is not the identity. Then the
following are equivalent

(i) v is parabolic;
(i) 7(v) = 4;
(iii) ~ is conjugate to a translation;

(iv) = is conjugate either to the translation z +— z + 1 or to the translation z — z — 1.

Proof. By Proposition 10.2.2 we know that (i) and (ii) are equivalent. Clearly (iv) implies
(iii) and the exercise above implies that (iii) implies (iv).

Suppose that (iv) holds. Recall that z — z41 has a unique fixed point at co. Hence if
is conjugate to z — z + 1 then - has a unique fixed point in JH, and is therefore parabolic.
The same argument holds for z — z — 1.

Finally, we show that (i) implies (iii). Suppose that ~ is parabolic and has a unique
fixed point at { € OH. Let g be a Md&bius transformation of H that maps ¢ to co. Then
gvg~! is a Mobius transformation with a unique fixed point at co. We claim that gyg~! is

a translation. Write
az+b

cz+d

979~ (2) =

1

As oo is a fixed point of gyg~", we must have that ¢ = 0 (see Lecture 11). Hence

919~ (2) = %Z + 27

and it follows that gyg~! has a fixed point at b/(d — a). As gyg~! has only one fixed point
and the fixed point is at oo we must have that d = a. Thus gyg~'(z) = z + b for some
b € R. Hence v is conjugate to a translation. O

o8



MATH3/4/62051 11. Classifying Mobius transformations

11. Classifying Mobius transformations: hyperbolic and
elliptic transformations

§11.1 Introduction

In Lecture 10 we saw how to classify Mobius transformations of H in terms of their trace
and saw what it meant for two Mobius transformations of H to be conjugate. We then
studied parabolic M&bius transformations of H (recall that a Mobius transformation of H
is said to be parabolic if it has precisely one fixed point on 0H). We saw that any parabolic
Mobius transformation of H is conjugate to a translation.

The aim of this lecture is to find similar classifications for hyperbolic M&bius transfor-
mations and for elliptic M6bius transformations.

§11.2 Hyperbolic transformations

Recall that a Mdbius transformation of H is said to be hyperbolic if it has exactly two fixed
points on OH.

For example, let £ > 0 and suppose that £k # 1. Then the Mobius transformation
v(z) = kz of H is hyperbolic. The two fixed points are 0 and co. In general, a M&bius
transformation of the form z — kz where k # 1 is called a dilation.

Exercise 11.1
Show that two dilations z — kjz, z +— koz are conjugate (as Mobius transformations of H)
if and only if k; = ko or k1 = 1/ks.

We can now classify hyperbolic Mébius transformations.

Proposition 11.2.1
Let v € M6b(H) be a Mébius transformation of H. Then the following are equivalent:

(i) v is hyperbolic;

(i) 7(v) > 4;

(iii) v is conjugate to a dilation, i.e. 7y is conjugate to a Mobius transformation of H of
the form z — kz, for some k > 0.

Proof. We have already seen in Proposition 10.2.2 that (i) is equivalent to (ii).

Suppose that (iii) holds. Then + is conjugate to a dilation. We have already seen that
a dilation has two fixed points in OH, namely 0 and co. Hence  also has exactly two fixed
points in OH. Hence (i) holds.

Finally, we prove that (i) implies (iii). We first make the remark that if v fixes both 0
and oo then 7 is a dilation. To see this, write

az+b

(=) = cz+d
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where ad — bc > 0. As oo is a fixed point of -, we must have that ¢ = 0 (see Lecture 9).
Hence vy(z) = (az + b)/d. As 0 is fixed, we must have that b = 0. Hence v(z) = (a/d)z so
that v is a dilation.

Suppose that v is a hyperbolic M&bius transformation of H. Then « has two fixed points
in OH; denote them by (4, (s.

First suppose that (; = oo and (3 € R. Let g(z) = z — (2. Then the Mobius transfor-
mation gyg~! is conjugate to v and has fixed points at 0 and co. By the above remark,
gyg ! is a dilation.

Now suppose that ¢(; € R and (s € R. We may assume that (; < (5. Let g be the
transformation
PG
2=
As —(; + (o > 0, this is a Mobius transformation of H. Moreover, as ¢g((1) = oo and
g(¢2) = 0, we see that gyg~! has fixed points at 0 and co and is therefore a dilation. Hence
7 is conjugate to a dilation. O

9(z) =

Exercise 11.2
Let v € Mo6b(H) be a hyperbolic Mobius transformation of H. By the above result, we
know that «y is conjugate to a dilation z +— kz. Find a relationship between 7() and k.

§11.3 Elliptic transformations

To understand elliptic isometries it is easier to work in the Poincaré disc D.
Recall from Exercise 6.2 that Mobius transformations of ID have the form

()_az—l-ﬁ
=5 ra

(11.3.1)

where , 3 € C and |a|? — |3]? > 0. Again, we can normalise v so that |a|? — |3]? = 1. We
have the same classification of M6bius transformations, but this time in the context of D,
as before:

(i) ~ is hyperbolic if it has 2 fixed points on D and 0 fixed points in D,
(ii) ~y is parabolic if it has 1 fixed point on 0D and 0 fixed points in D,
(iii) ~ is elliptic if it has 0 fixed points on 9D and 1 fixed point in D.

We can again classify Mobius transformations of D by using the trace. If v is a Mdbius
transformation of D and is written in normalised form (11.3.1) then we define 7(y) =
(o + @)?. Tt is then easy to prove that:

(i)  is hyperbolic if and only if 7(v) > 4;
(ii) ~y is parabolic if and only if 7(y) = 4;
(iii) ~ is elliptic if and only if 7() € [0,4).

There are two ways in which we can prove this. Firstly, we could solve the quadratic equa-
tion v(zp) = 2o as in Lecture 9 and examine the sign of the discriminant (as in Lecture 10).
Alternatively, we can use the map h : H — D, h(z) = (2 —i)/(iz — 1) we introduced in
Lecture 6 as follows. Recall that Mdbius transformations of D have the form hyh~! where
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v is a Mobius transformation of H. We can think of h as a ‘change of co-ordinates’ (from
H to D). As in Lecture 10 we can see that « is hyperbolic, parabolic, elliptic if and only if
hyh~! is hyperbolic, parabolic, elliptic, respectively. By considering traces of matrices, we
can also see that 7(hyh™1) = 7(7v).

Let v be an elliptic M6bius transformation of D, so that there is a unique fixed point
in D.

As an example of an elliptic transformation of the Poincaré disc D, let 8 € (0,27) and

consider the map

v(z) = €.

This is a Mbius transformation of I (take o = ¢/2 and § = 0 in (11.3.1)). It acts on I
by rotating the Poincaré disc around the origin by an angle of 6.

Proposition 11.3.1
Let v € M6b(ID) be a M6bius transformation of D. The following are equivalent:

(i) ~ is elliptic;

(ii) 7(y) € [0,4);
0

(iii) ~ is conjugate to a rotation z +— €¥z.

Proof. We have already seen in Proposition 10.2.2 and the discussion above that (i) is
equivalent to (ii).
Suppose that (iii) holds. A rotation has a unique fixed point (at the origin). If 7 is
conjugate to a rotation then it must also have a unique fixed point, and so is elliptic.
Finally, we prove that (i) implies (iii). Suppose that ~ is elliptic and has a unique fixed

point at ( € D. Let g be a Mobius transformation of D that maps ¢ to the origin 0. Then
1

gvg~ " is a Mobius transformation of D that is conjugate to v and has a unique fixed point
at 0. Suppose that
g7 () = LED
Bz + &

where |a|?> — |32 > 0. As 0 is a fixed point, we must have that 3 = 0. Write « in polar
form as o = re’?. Then

979 1 (z) = gz = ——2z=¢e"2
a

so that ~ is conjugate to a rotation. O

Exercise 11.3
Let v € M&b(DD) be a elliptic Mébius transformation of . By the above result, we know
that v is conjugate to a rotation z — €z, Find a relationship between 7(v) and 6.

Remark. What do rotations look like in H? Recall the map h : HH — D used to transfer
results between H and D. If v(z) = €2 € Mob(D) is a rotation of the Poincaré disc ID then
h~'yh € Mob(H) is a Mobius transformation of H of the form

cos(0/2) z +sin(6/2)

hThE) = =5 672) 7 T cos(62)

(11.3.2)

This map has a unique fixed point at i. Maps of the form (11.3.2) are often called rotations
of H.
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12. Fuchsian groups

§12.1 Introduction

Recall that the collection of Mdbius transformations of H, M&b(H), and Mé&bius transfor-
mations of D, Mob(D), form a group. There are many subgroups of these groups and in
this section we will study a particularly interesting class of subgroup. Because the following
definition is so important, we give it here and explain what it means below.

Definition. A Fuchsian group is a discrete subgroup of either M6b(H), the Mobius trans-
formations of H, or M6b(ID), the M&bius transformations of D.

§12.2 Discreteness

The concept of discreteness plays an important role in many areas of geometry, topology
and metric spaces.

A metric space is, roughly speaking, a mathematical space on which it is possible to
define the distance between two points in the space. The concept of distance must satisfy
some fairly natural assumptions: (i) the distance from a point to itself is zero, (ii) the
distance from z to y is equal to the distance from y to z, and (iii) the triangle inequality:
d(z,y) <d(z,z)+d(z,7y).

Examples of metric spaces include:

(i) R™ with the Euclidean metric
d((xh s 7xn)> (yla s 7yn))

(@1, 2n) = (W1, )
= Vet =P+ 4 [zl (12.2.1)

(ii) the upper half-plane H with the metric dy that we defined in Lecture 2.

Let (X,d) be a metric space. Heuristically, a subset Y C X is discrete if every point
y € Y is isolated, i.e., the other points of ¥ do not come arbitrarily close to y. More
formally:

Definition. We say that a point y € Y is isolated if: there exists § > 0 such that if ¢y € Y’
and 3’ # y then d(y,y’) > §. That is, a point y in a subset Y is isolated if, for some 6 > 0,
there are no other points of Y within distance ¢ of y.

Definition. A subset Y is said to be discrete if every point y € Y is isolated.

Examples.

1. In any metric space, a single point {z} is discrete.
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2. The set of integers Z forms a discrete subset of the real line R. To see this, let n € Z
be an integer and choose § = 1/2. Then if |m — n| < J, we see that m is an integer a
distance at most 1/2 from n; this is only possible if m = n, as integers lie distance 1
apart.

3. The set of rationals QQ is not a discrete subgroup of R: there are infinitely many
distinct rationals arbitrarily close to any given rational.

4. The subset Y = {1,1/2,1/3,...,1/n,...} of R is discrete. To see this, take y = 1/n.
Choose 6 = 1/n(n + 1). Then if ¥ € Y satisfies |y —y| < 1/n(n + 1) then v/ =1/n
(draw a picture!).

5. The subset Y = {1,1/2,1/3,...,1/n,...,} U{0} is not discrete. This is because 0 is
not isolated: points of the form 1/n can come arbitrarily close to 0. No matter how
small we choose §, there are non-zero points of Y lying within § of 0.

We will be interested in discrete subgroups of Méb(H). That is, we will be studying
subgroups of Mébius transformations of H that form discrete subsets of Méb(H). To do
this, we need to be able to say what it means for two Mobius transformations of H to be near
one another—we need to define a metric on the space Mob(H) of Mobius transformations
of H.

Intuitively, it is clear what we mean for two Mdbius transformations of H to be close:
two Mobius transformations of H are close if the coefficients (a,b;c,d) defining them are
close. However, things are not quite so simple because, as we have seen in Lecture 9,
different coefficients (a, b;c,d) can give the same Mobius transformation.

To get around this problem, we can insist on writing all Mobius transformations of H
in a normalised form. Recall that the M&bius transformation v(z) = (az + b)/(cz + d) is
normalised if ad — bc = 1. However, there is still some ambiguity because if

_az+b
(=) = cz+d
is normalised, then so is
_ —az—1b
12) = ——

This, however, is the only ambiguity (see Lecture 9).

Thus we will say that the (normalised) Mébius transformations of H given by v1(z) =
(a1z + b1)/(c1z + d1) and v2(z) = (agz + b2)/(caz + d2) are close if either (a1, b1,c1,d1),
(ag, by, co,dy) are close or (aj,by,c1,dy), (—ag, —ba, —co, —ds) are close. If we wanted to
make this precise and in particular have a formula, then we could define a metric on the
space M6b(H) of Mobius transformations of H by setting

dyisb(1,72) = min{||(a1, b1, ¢1,dr) — (az, by, c2, da)]],
||(a17 bl’ C1, dl) - (_a’2? _bQ’ —C2, _d2)||} (1222)

(Here | - || is the Euclidean metric in R* defined by (12.2.1) in the case n = 4.) However,
we will never use an explicit metric on M6b(H) and prefer instead to think of Mé&bius
transformations of H being close if they ‘look close’ (secure in the knowledge that we could
fill in the details using the metric given above if we had to).

We can also define a metric on M6b(D) in exactly the same way. Again, we will never
need to use the formula for this metric explicitly; instead, two Mobius transformations of
D are ‘close’ if (upto normalisation) the coefficients defining them are close.
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§12.3 Fuchsian groups
Recall the following definition:
Definition. A Fuchsian group is a discrete subgroup of either M&b(H) or Mob(D).

Examples.

1. Any finite subgroup of M6b(H) or Mob(D) is a Fuchsian group. This is because any
finite subset of any metric space is discrete.

2. As a specific example in the upper half-plane, let

cos(60/2) z +sin(0/2)
—sin(6/2) z + cos(6/2)

Yo(2) =

be a rotation around i. Let ¢ € N. Then {7/ | 0 < j < ¢ — 1} is a finite subgroup.

In D, this is the group {z — €2™/9z | j =0,1,...,q— 1} of rotations about 0 through
angles that are multiples of 27/q.

3. The subgroup of integer translations {v,(z) = z +n | n € Z} is a Fuchsian group.
The subgroup of all translations {7,(z) = 2+ b | b € R} is not a Fuchsian group as it
is not discrete.

4. The subgroup I' = {v,(2) = 2"z | n € Z} is a Fuchsian group.
5. If I is a Fuchsian group and I'y < I' is a subgroup then I'; is a Fuchsian group.

6. One of the most important Fuchsian groups is the modular group PSL(2,7Z). This is
the group given by Mo6bius transformations of H of the form

v(z) = %, a,b,c,d € Z, ad — be = 1.
7. Let ¢ € N. Define
b
Ty = {’y(z) = B b, d €2, ad—be =1, b,c are divisible by q} :
cz+d

This is called the level ¢ modular group or the congruence subgroup of order q.

Exercise 12.1
Show that for each g € N, I'y, as defined above, is indeed a subgroup of M&b(H).

Exercise 12.2
Fix k > 0, k # 1. Consider the subgroup of Méb(H) generated by the Mdbius transforma-
tions of H given by

11(2) = 2+ 1, 12(z) = kz.
Is this a Fuchsian group? (Hint: consider v5, "~{"v5(2).)
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§12.4 A criterion for a subgroup to be a Fuchsian group

Recall that a subset is discrete if every point is isolated. To check that a subgroup is
discrete, it is sufficient to check that the identity is isolated.

Proposition 12.4.1
Let T" be a subgroup of M6b(H). The following are equivalent:

(i) T is a discrete subgroup of Mob(H) (i.e. I" is a Fuchsian group);

(ii) the identity element of T" is isolated.
Remark. The same statement holds in the case of the Poincaré disc model D.

Proof. Clearly (i) implies (ii). The proof of (ii) implies (i) is straight-forward, but requires
knowledge of concepts from metric spaces. The idea is to show that (i) the image of an
isolated point under a continuous map is isolated, and (ii) the map defined on Mob(H)
by multiplication by a fixed element of M6b(H) is continuous. Then if the identity Id is
isolated, by considering the image of Id under multiplication by v € I', we see that -y is
isolated. As + is arbitrary, we are done. O

§12.5 Orbits

Let I" be a subgroup of M&b(H).

Definition. Let z € H. The orbit I'(2) of z under I" is the set of all points of H that we
can reach by applying elements of I' to z:

I'(z) ={y(2) [y €T}

The following result says that for subgroups of isometries of the hyperbolic plane, dis-
creteness of the group is the same as discreteness of every orbit.

Proposition 12.5.1
Let T be a subgroup of M6b(H). Then the following are equivalent:

(i) T is a Fuchsian group;
(ii) For each z € H, the orbit I'(z) is a discrete subset of H.

Remark. The same statement holds in the case of the Poincaré disc model D.

Proof. This is covered in the reading material on limit sets (see Proposition 24.2.4. Al-
ternatively, see §2.2 in Katok. O

Example. Let I' = {v, | 7n(2) =2"2, n € Z}. Fix z € H. Then the orbit of z is
I'(z) ={2"z |n € Z}.

We will show directly that I'(z) is a discrete subgroup of H. To see this, first observe
that the points 2"z lie on the (Euclidean) straight line through the origin inclined at angle
arg(z). Fix 2"z and let § = 2" 1|z|. Tt is easy to see that |22 — 2"z| > § whenever m # n.
Hence I'(2) is discrete.
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Remark. A subgroup I' of M6b(H) also acts on 0H. However, the orbit I'(z) of a point
z € OH under I" need not be discrete, even if the group I itself is discrete. For example,
consider the modular group:

az+b

PSL(2,Z) = {’y(z) =14 | a,b,c,d € Z, ad — bc = 1}.

This is a Fuchsian group (and therefore discrete). However, the orbit of the point 0 € OH
under PSL(2,7Z) is the set {b/d | ad — bc = 1}. It is easy to see that this set is equal to
QU {00}, which is not a discrete subset of OH (because an irrational point on R can always
be arbitrarily well approximated by rationals).
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13. Fundamental domains

§13.1 Open and closed subsets

We will need to say what it means for a subset of H to be open or closed.

Definition. A subset Y C H is said to be open if for each y € Y there exists € > 0 such
that the open ball B:(y) = {z € H | du(z,y) < €} of radius € and centre y is contained in
Y.

A subset Y C H is said to be closed if its complement H \ Y is open.

Remark. Recall from the exercises that hyperbolic circles are Euclidean circles (albeit
with different radii and centres). Thus to prove a subset Y C H is open it is sufficient to
find a Euclidean open ball around each point that is contained in Y. In particular, the
open subsets of H are the same as the open subsets of the (Euclidean) upper half-plane.

Examples.

1. The subset {z € H |0 < Re(z) < 1} is open.
2. The subset {z € H| 0 < Re(z) < 1} is closed.

3. The subset {z € H| 0 < Re(z) < 1} is neither open nor closed.

Definition. Let Y C H be a subset. Then the closure of Y is the smallest closed subset
containing Y. We denote the closure of Y by cl(Y).

For example, the closure of {z € H |0 < Re(z) < 1} is {z € H | 0 < Re(z) < 1}.

§13.2 Fundamental domains

Definition. Let I' be a Fuchsian group. A fundamental domain F for I is an open subset
of H such that

() Uyerv(cl(F)) = H,
(ii) the images (F') are pairwise disjoint; that is, v1(F)Ny(F) =0if v1,72 € T, v1 # 2.

Remark. Notice that in (i) we have written ~v(cl(F')) (i.e. we first take the closure, then
apply ). We could instead have written cl(y(F)) (i.e. first apply =, now take the closure).
These two sets are equal. This follows from the fact that both v and y~! are continuous
maps. (See any text on metric spaces for more details.)

Thus F is a fundamental domain if every point lies in the closure of some image (F') and
if two distinct images do not overlap. We say that the images of ' under I' tessellate H.
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Remark. Some texts require fundamental domains to be closed. If this is the case then
condition (i) is replaced by the assumption that |, cp v(F") = H, and condition (ii) requires
the set vy(int(F)) to be pairwise disjoint (here int(F") denotes the interior of F, the largest
open set contained inside F').

Example. Consider the subgroup I' of M6b(H) given by integer translations: I' = {~, |
Y (z) = z+mn, n € Z}. This is a Fuchsian group.

Consider the set F' = {z € H | 0 < Re(z) < 1}. This is an open set. Clearly if Re(z) = a
then Re(y,(z)) = n + a. Hence

(F)={z € H|n < Re(z) <n+1}

and
W(cl(F)) ={z € H|n <Re(z) <n+1}.

Hence H = (J,,c7 Yn(cl(F)). It is also clear that if 7, (F) and ~,,(F) intersect, then n = m.
Hence F' is a fundamental domain for I'. See Figure 13.2.1.

Re(z)=—1 Re(z)=0 Re(z)=1  Re(z)=2
Figure 13.2.1: A fundamental domain and tessellation for T' = {~,, | 7.(2) = z + n}

Example. Consider the subgroup I' = {7, | 7(z) = 2"z, n € Z} of Méb(H). This is a
Fuchsian group.

Let = {z € H| 1 < |z2] < 2}. This is an open set. Clearly, if 1 < |z| < 2 then
2" < |yn(2)| < 271 Hence

WmF)={zeH|2" < |z| < 2"“}
and
(cl(F) = {= € H| 2" < |2 < 271},

Hence H = UJ,,cz 7 (cl(F)). It is also clear that if v, (F') and ~,,(F') intersect, then n = m.
Hence F' is a fundamental domain for I'. See Figure 13.2.2.

Fundamental domains are not necessarily unique. That is, for a given Fuchsian group
there may be many different fundamental domains. For example, Figure 13.2.3 gives an
example of a different fundamental domain for the Fuchsian group I' = {7, | m(z) =
z+n,n € Z}. However, we have the following result which (essentially) says that any two
fundamental regions have the same area.
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Figure 13.2.2: A fundamental domain and tessellation for I' = {~,, | 7.(z) = 2"z}

Re(z)=—1 Re(2)=0 Re(z)=1 Re(2)=2 Re(2)=3

Figure 13.2.3: Another fundamental domain and tessellation for I' = {7, | 7n(2) = z+n}

Proposition 13.2.1

Let F} and F, be two fundamental domains for a Fuchsian group T', with Areay(F}) < oc.
Then Areay(F)) = Areag(Fy).

Proof. We sketch the main ideas of the proof. To give a rigorous proof requires technical
properties of area and integration that we choose to ignore.

The boundary OF of a set F' is defined to be the set cl(F') \ int(F"), where cl(F') is the
closure of F' and int(F) is the interior of F. For the proposition to be true we require the
additional hypothesis that Areag(0F;) = 0 and Areag(0F;) = 0.

First notice that, for i = 1,2, we have that Areag(cl(F;)) = Areag(F;) for i = 1,2 as
Areap (0F;) = 0. Now

(F) D d(F)n | ([ JvF) | = | (@) nvy(F).
~er ~eT

As F; is a fundamental domain, the sets cl(F}) Ny (F») are pairwise disjoint. Hence, using
the facts that (i) the area of the union of disjoint sets is the sum of the areas of the sets,
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and (ii) Mobius transformations of H preserve area we have that

Areag(cl(Fy)) > Z Areag (cl(F1) Ny (F2))

~yel'

= ) Areag(y ' (cl(F})) N Fy)
yel’

= ZAreaH (cl(F1)) N Fy).
~yel'

Since F} is a fundamental domain we have that

L A(el(Fy)) = H

vyel

Hence

ZAreaH (cl(F1)) N Fy) > Areay U v(cl(F1)) N Fy | = Areag(F»).
~el vel

Hence Areap(Fy) = Areag(cl(F1)) > Areap(F»). Interchanging F; and F» in the above
gives the reverse inequality. Hence Areag(F)) = Areag(F»). O

Let T" be a Fuchsian group and let I'y < I' be a subgroup of I'. Then I'y is a discrete
subgroup of the M&bius group Mo6b(H) and so is itself a Fuchsian group. The following
relates properties of fundamental domains for I'y and I'.

Proposition 13.2.2
Let I" be a Fuchsian group and suppose that I'1 is a subgroup of I' of index n. Let

F=T1mUlineuU---Uly,
be a decomposition of I' into cosets of I'1. Let F' be a fundamental domain for I'. Then:
(i) Fi =y (F)Uy(F)U--- U, (F) is a fundamental domain for I'y;
(ii) if Areay(F’) is finite then Areap(F]) = nAreay(F).

Proof. See Theorem 3.1.2 in Katok. Again, as in Proposition 13.2.1, in (ii) we need the
additional technical hypothesis that Areay(9F) = 0. O

So far, we do not yet know that there exists a fundamental domain for a given Fuchsian
group. There are several methods of constructing fundamental domains and we discuss one
such method in the next few lectures.

Exercise 13.1
Figures 13.2.1 and 13.2.2 illustrate two tessellations of H. What do these tessellations look
like in the Poincaré disc D7
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14. Dirichlet polygons: the construction

§14.1 Recap

Let I' be a Fuchsian group. Recall that a Fuchsian group is a discrete subgroup of the
group MoOb(H) of all Mobius transformations of H. In Lecture 13, we defined the notion
of a fundamental domain F. Recall that a subset F' C H is a fundamental domain if,
essentially, the images v(F) of F under the Mdbius transformations v € T' tessellate (or
tile) the upper half-plane H.

In Lecture 13 we saw some specific examples of fundamental domains. For example, we
saw that the set {z € H | 0 < Re(z) < 1} is a fundamental domain for the group of integer
translations {y,(z) = z+n | n € Z}. However, we do not yet know that each Fuchsian
group possesses a fundamental domain. The purpose of the next two lectures is to give a
method for constructing a fundamental domain for a given Fuchsian group.

The fundamental domain that we construct is called a Dirichlet polygon. It is worth
remarking that the construction that we give below works in far more general circumstances
than those described here. We also remark that there are other methods for constructing
fundamental domains that, in general, give different fundamental domains than a Dirichlet
polygon; such an example is the Ford fundamental domain which is described in Katok’s
book.

The construction given below is written in terms of the upper half-plane H. The same
construction works in the Poincaré disc D.

§14.2 Convex polygons as intersections of half-planes

In Lecture 7 we defined a polygon as the region bounded by a finite set of geodesic segments.
It will be useful to slightly modify this definition.

Definition. Let C be a geodesic in H. Then C' divides H into two components. These
components are called half-planes.

For example, the imaginary axis determines two half-planes: {z € H | Re(z) < 0} and
{# € H | Re(z) > 0}. The geodesic given by the semi-circle of unit radius centred at
the origin also determines two half-planes (although they no longer look like Fuclidean
half-planes): {z € H| |z| < 1} and {z € H| |2] > 1}.

We define a convex hyperbolic polygon as follows.

Definition. A convex hyperbolic polygon is the intersection of a finite number of half-
planes.

Exercise 14.1

(Included for completeness only.) Show that a convex hyperbolic polygon is an open subset
of H. To do this, first show that a half-plane is an open set. Then show that the intersection
of a finite number of open sets is open.
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One difference between this definition of a hyperbolic polygon and the more naive
definition given in Lecture 7 is that we now allow for the possibility of an edge of a hyperbolic
polygon to be an arc of the circle at infinity. See Figure 14.2.1.

(i) (i)

Figure 14.2.1: A polygon with one edge on the boundary (i) in the upper half-plane, (ii)
in the Poincaré disc

§14.3 Perpendicular bisectors

Let z1,29 € H. Recall that [z1, 29] is the segment of the unique geodesic from z; to zo.
The perpendicular bisector of [z1, z9] is defined to be the unique geodesic perpendicular to
[21, z2] that passes through the midpoint of [z1, 22].

[21, 22]

22

21
Figure 14.3.2: The perpendicular bisector of [z, z2]

Proposition 14.3.1
Let 21,29 € H. The line determined by the equation

du(z,21) = du(z, z2)
is the perpendicular bisector of the line segment [z, z2].

Proof. By applying a Mobius transformation of H, we can assume that both z; and 29
lie on the imaginary axis and z; = i. Write 23 = ir? for some r > 0 and there is no loss in
generality (by applying the Mébius transformation z — —1/z if required) that r > 1.

By using Proposition 4.2.1 it follows that the mid-point of [i,ir?] is at the point ir. It
is clear that the unique geodesic through ir that meets the imaginary axis at right-angles
is given by the semi-circle of radius r centred at 0.
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Recall from Proposition 5.5.2 that

|z — w|?
hd =14 —-—
cosh d (2, w) + 2Im zImw

In our setting this implies that
|z — ir2|?

|z—i|2: 5

r

This easily simplifies to |z| = r, i.e. z lies on the semicircle of radius r, centred at 0. O

Exercise 14.2
(i) Write 21 = 21 + iy1, 22 = T2 + Y2, 21, 220 € H. Show that the perpendicular bisector
of [21, z2] can also be written as

{z € H| yalz - 21\2 =y1l|z — 22\2}

(ii) Hence describe the perpendicular bisector of the arc of geodesic between 1 + 2i and
(6 + 81)/5.

§14.4 Constructing Dirichlet polygons

Let I' be a Fuchsian group. We are now in a position to describe how to construct a
Dirichlet polygon for I'. Before we can do that, we need to state the following technical
result:

Lemma 14.4.1
Let T' be a Fuchsian group. Then there exists a point p € H that is not fixed by any
non-trivial element of I". (That is, y(p) # p for all v € T\ {Id}.)

Proof. This is covered in the reading material on limit sets. See also Lemma 2.2.5 in
Katok. O

Let I" be a Fuchsian group and let p € H be a point such that v(p) # p for all v € '\ {Id}.
Let v be an element of I and suppose that v is not the identity. The set

{z € H | du(z,p) < du(z,7(p))}

consists of all points z € H that are closer to p than to v(p).
We define the Dirichlet region to be:

D(p) = {z € H | du(z,p) < du(z,7(p)) for all y € T'\ {Id}},

Thus the Dirichlet region is the set of all points z that are closer to p than to any other
point in the orbit I'(p) = {y(p) | v € I'} of p under T".
To better describe the Dirichlet region consider the following procedure:

(i) Choose p € H such that v(p) # p for all v € T"\ {Id}.
(ii) For a given v € I\ {Id} construct the geodesic segment [p,y(p)].

(iii) Take L,(7) to be the perpendicular bisector of [p,y(p)].
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(iv) Let H,(v) be the half-plane determined by L,(v) that contains p. (Thus by Proposi-
tion 14.3.1 Hp(7y) consists of all points z € H that are closer to p than to vy(p).)

(v) Then
D)= (] Hy().

yer\{Id}

Theorem 14.4.2

Let ' be a Fuchsian group and let p be a point not fixed by any non-trivial element of I.
Then the Dirichlet region D(p) is a fundamental domain for I'. Moreover, if Areag(D(p)) <
oo then D(p) is a convex hyperbolic polygon (in the sense of §14.2); in particular it has
finitely many edges.

Remarks.

1. There are many other hypotheses that ensure that D(p) is a convex hyperbolic polygon
with finitely many edges; requiring D(p) to have finite hyperbolic area is probably
the simplest. Fuchsian groups that have a convex hyperbolic polygon with finitely
many edges as a Dirichlet region are called geometrically finite.

2. If D(p) has finitely many edges then we refer to D(p) as a Dirichlet polygon. Notice
that some of these edges may be arcs of OH. If there are finitely many edges then
there are also finitely many vertices (some of which may be on OH).

3. The Dirichlet polygon D(p) depends on p. If we choose a different point p, then we
may obtain a different polygon with different properties, such as the number of edges.
Given a Fuchsian group I', Beardon (Theorem 9.4.5) describes the properties that a
Dirichlet polygon D(p) will have for a typical point p.

Proof. There are two things to show here: namely, that D(p) is a convex hyperbolic
polygon, and that D(p) is a fundamental domain. Both of these facts rely on technical
properties of Fuchsian groups that we have chosen to avoid, and we do not go into them
here. See Theorem 6.17 in Anderson or §§2,3 in Katok. O
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15. Dirichlet polygons: examples

§15.1 Recap

In Lecture 14 we saw how to construct a Dirichlet polygon for a given Fuchsian group. Let
us recall the procedure:

(i) Choose p € H such that v(p) # p for all v € "\ {id}.
(ii) Let v € I'\ {id}. Construct the geodesic segment [p,v(p)].

)
)

(iii) Let Ly(v) denote the perpendicular bisector of [p,~(p)].

(iv) Let H,(7) denote the half-plane determined by L,(y) that contains p.
)

(v) Let
Dip)= () Hp(v)

yel\{id}

§15.2 The group of all integer translations

Proposition 15.2.1
Let T be the Fuchsian group {7V, | vn(2) = 2z +mn, n € Z}. Then

D(i) = {z € H| —1/2 < Re(z) < 1/2}.

Proof. Let p =i. Then clearly 7, (p) = i +n # p so that p is not fixed by any non-trivial
element of I'. As v,(p) = 7 + n, it is clear that the perpendicular bisector of [p, v, (p)] is
the vertical straight line with real part n/2. Hence

[ {z€H|Re(z) <n/2} ifn>0,
Hp(7n) = { {2 €H|Re(z) > n/2} ifn<0.

Hence

D(p) = ﬂ Hy(7)
ver\{Id}
Hp(71) N Hp(v-1)
= {ze€eH|-1/2 <Re(z) < 1/2}.
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Ly(vn)

HP('Yn)
[P, 7 (P)]

p p+n

n/2

Figure 15.2.1: The half-plane determined by the perpendicular bisector of the geodesic
segment [p,p + n|

§15.3 Groups of rotations

Proposition 15.3.1
Fix n > 0 and let I be the discrete group of Mobius transformations of D given by I' =
{v | Y(2) = €¥™*/mz k=0,1,...,n —1}. Let p=1/2. Then

D(p)={z€D|—n/n<argz < mw/n}.

Proof. Clearly the only fixed point of 7, is the origin, so that we may take any p € D\{0}.
Let us take p = 1/2. Then ~,(p) = (e>™/)/2. The geodesic segment [p, v;(p)] is an arc
of semi-circle and it is easy to see that the perpendicular bisector Ly(vs) of this arc is the

Figure 15.3.2: The half-plane determined by the perpendicular bisector of the geodesic
segment [p, €27/ mp]

diameter of I inclined at angle (27k/n)/2 = wk/n. See Figure 15.3.2. Hence Hp(7y) is a
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sector of the unit disc bounded by the diameter L,(v;). Taking the intersection, we see

that
D(p)={z€D|—n/n<argz < m/n}.

The tessellation of the Poincaré disc in the case n = 7 is illustrated in Figure 15.3.3. O

Figure 15.3.3: The tessellation of D in the case when n =7

§15.4 The modular group

Proposition 15.4.1
A Dirichlet polygon for the modular group PSL(2,7) is given by:

D(p)={z€H]||z| >1, —1/2 < Re(z) < 1/2}.

(Here p = ki for any k > 1.)

Figure 15.4.4: A Dirichlet polygon for PSL(2,7)

Proof. It is easy to check that if p = k¢ for £ > 1 then p is not fixed under any non-trivial
element of PSL(2,Z).
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Consider the Mobius transformations of H given by v1(z) = z + 1 and y2(2) = —1/z.
Clearly these lie in PSL(2,Z).

The perpendicular bisector of [p,v1(p)] = [p,p + 1] is easily seen to be the vertical line
Re(z) = 1/2. Hence Hy(y1) = {# € H | Re(z) < 1/2}. Similarly, H,(y;!) = {z € H |
Re(z) > —1/2}.

The geodesic segment [p, y2(p)] is the arc of imaginary axis between ki and i/k. By using
Proposition 4.2.1 it follows that the perpendicular bisector of [p,y2(p)] is the semi-circle of
radius 1 centred at the origin. Hence Hy,(v2) = {z € H| |z| > 1}.

Let F = Hy(v1) N Hy(y;) N Hy(72). Then

D(p) = m Hy(vy) C m Hp(y) = F.

’YGPSL(Q,Z)\{Id} Y=71 ,’71_1 Y2

It remains to show that this inclusion is an equality, i.e. D(p) = F. Suppose for a
contradiction that this is not the case, i.e. D(p) C F but D(p) # F. Then as D(p) is a
fundamental domain, there exists a point zgp € D(p) C F and v € PSL(2,Z) \ {Id} such
that v(z9) € F. We show that this can not happen. To see this, write

az+b
cz+d

V(2) =
where a,b,c,d € Z and ad — bc = 1. Then
lczo + d|? = c2|z0|? + 2Re(z0)cd 4 d? > ¢ + d* — |cd| = (|| — |d])? + |cd],

since |zp| > 1 and Re(zp) > —1/2. This lower bound is a non-negative integer. Moreover,
it is non-zero, for it were zero then both ¢ = 0 and d = 0 which contradicts the fact that
ad — be = 1. Thus the lower bound is at least 1, so that |czg + d|> > 1. Hence

Im zg
I = ——0—<I .
m(ﬁy(ZO)) ‘CZ(] + d‘2 m 2p
Repeating the above argument with zo replaced by 7(zg) and « replaced by y~! we see that
Im zy < Im(7(20)), a contradiction. O

Exercise 15.1
Let I' = {v, | 7n(2) = 2"z, n € Z}. This is a Fuchsian group. Choose a suitable p € H and
construct a Dirichlet polygon D(p).

78



MATH3/4/62051 15. Dirichlet polygons: examples

Yoy (F

-1 0 1 2

Figure 15.4.5: The tessellation of H determined by the Dirichlet polygon given in Propo-
sition 15.4.1 for the modular group
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16. Side-pairing transformations

§16.1 Side-pairing transformations

Let D be a hyperbolic polygon. A side s C H of D is an edge of D in H equipped with an
orientation. That is, a side of D is an edge which starts at one vertex and ends at another.

Let T' be a Fuchsian group and let D(p) be a Dirichlet polygon for I'. We assume that
D(p) has finitely many sides. Let s be a side of D. Suppose that for some v € I"\ {Id}, we
have that ~(s) is also a side of D(p). Note that y~! € T"\ {Id} maps the side ¥(s) back to
the side s.

Definition. We say that the sides s and v(s) are paired and call v a side-pairing trans-
formation. (As we shall see, it can happen that s and 7(s) are the same side, albeit with
opposing orientations; in this case, we say that s is paired with itself.)

Given a side s of a Dirichlet polygon D(p), we can explicitly find a side-pairing transfor-
mation associated to it. By the way in which D(p) is constructed, we see that s is contained
in the perpendicular bisector L,(y1) of the geodesic segment [p, g(p)], for some g € I"\ {Id}.
One can show that the Mdbius transformation v = g~! maps s to another side of D(p).
See Figure 16.1.1. We often denote by ~, the side-pairing transformation associated to the
side s.

1

Figure 16.1.1: The transformation v = ¢~ is associated to the side s of D(p)

§16.2 Examples of side-pairing transformations

Let us calculate some examples of side-pairing transformations.

Example. Let I' = {7, | 7n(2) = z + n,n € Z} be the Fuchsian group of integer transla-
tions. We have seen that if p =i then D(p) = {z € H| —1/2 < Re(z) < 1/2} is a Dirichlet
polygon for T'.

Let s be the side s = {z € H | Re(z) = —1/2}. Then s is the perpendicular bisector of
[p,p — 1] = [p,g(p)]. Hence vs(z) = g71(2) = 2+ 1 so that ;(s) = s’ where s is the side
s'={z € H|Re(z) =1/2}.
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Vs

Figure 16.2.2: A side-pairing map for I' = {7, | u(2) = z + n}

Example. Consider the modular group I' = PSL(2,7Z). We have seen that a fundamental
domain for I' is given by the set D(p) = {# € H | —1/2 < Re(z) < 1/2, |z| > 1}, where
p = ki for any k > 1. This polygon has three sides:

s1 = {ze€H|Re(z) =-1/2, |z| > 1}
so = {ze€H|Re(z)=1/2, |z| > 1}
s = {ze€H||z|=1, —1/2 <Re(z) < 1/2}.

As in the above example, it is clear that 74, (2) = z + 1 so that ~,, pairs s; with ss.
The side pairing transformation associated to the side sy is 7s,(2) = z — 1. Consider s3.
This is the perpendicular bisector of [p,—1/p] = []9,7;31 (p)] where vs,(2) = —1/z. Hence
Vs3(2) = —1/z is a side-pairing transformation and pairs s3 with itself.

Vs1

Vs

S1 52

Figure 16.2.3: Side-pairing transformations for the modular group: s; is paired with sg
and s3 is paired with itself

Exercise 16.1
Take I' = {7, | (2) = 2"2,n € Z}. Calculate the side-pairing transformations for the
Dirichlet polygon calculated in Exercise 15.1.
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§16.3 Representing the side-pairing transformations in a diagram

Often it is convenient to indicate which sides of D(p) are paired and how the side-pairing
transformations act by recording the information in a diagram such as in Figure 16.3.4.
Here, the sides with an equal number of arrowheads are paired and the pairing preserves

Vs (s)

Figure 16.3.4: The side s’ is mapped to the side s by vs. The sides with an equal number
of arrowheads are paired

the direction of the arrows denoting the orientation of the sides.
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17. Elliptic cycles

§17.1 Elliptic cycles

From now on we shall switch automatically between the upper half-plane H and the Poincaré
disc, depending on which model is most appropriate to use in a given context. Often we
shall refer to H, but draw pictures in D; we can do this as the map constructed in Lecture 6
allows us to switch between the two at will.

Let I" be a Fuchsian group and let D = D(p) be a Dirichlet polygon for I'. We assume
that all the vertices of D(p) lie inside H (later we shall see many examples where this
happens). In Lecture 16 we saw how to associate to each side s of D(p) a side-pairing
transformation v € I' \ {Id} that pairs s with another side v,(s) of D(p).

Recall that we indicate which sides of D are paired and how the side-pairing transfor-
mations act by recording the information in a diagram as follows: the sides with an equal
number of arrowheads are paired and the pairing preserves the direction of the arrows
denoting the orientation of the sides.

Notice that each vertex v of D is mapped to another vertex of D under a side-pairing
transformation associated to a side with end point at v.

Each vertex v of D has two sides s and *s of D with end points at v. Let the pair (v, s)
denote a vertex v of D and a side s of D with an endpoint at v. We denote by *(v, s) the
pair comprising of the vertex v and the other side xs that ends at v.

Consider the following procedure:

(i) Let v = vy be a vertex of D and let sy be a side with an endpoint at vy. Let 71 be
the side-pairing transformation associated to the side sg. Thus v; maps sy to another
side s1 of D.

(ii) Let s1 = y1(sp) and let v1 = y1(vg). This gives a new pair (v1, s1).

(iii) Now consider the pair *(v1,s1). This is the pair consisting of the vertex v; and the
side s (i.e. the side of D other than s; with an endpoint at v1).

(iv) Let 2 be the side-pairing transformation associated to the side *s;. Then o (xs71) is
a side sy of D and 75(v1) = v9, a vertex of D.

(v) Repeat the above inductively. See Figure 17.1.1.

Thus we obtain a sequence of pairs of vertices and sides:
0 71 U1 * U1
- —
S0 S1 *S1
(%) *
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*81
S 2 —
V2 U1
3 51
*S
\
D
At

m

Vo

Figure 17.1.1: The pair (vo, s9) is mapped to (v1, s1), which is mapped to (v1, *s1), which
is mapped to (v, s2), etc

As there are only finitely many pairs (v, s), this process of applying a side-pairing transfor-
mation followed by applying * must eventually return to the initial pair (vg, sg). Let n be
the least integer n > 0 for which (vy, *s,) = (vo, So)-

Definition. The sequence of vertices £ = v9g — v1 — --- — v,_1 is called an elliptic
cycle. The transformation v,7v,_1--- Y271 is called an elliptic cycle transformation.

As there are only finitely many pairs of vertices and sides, we see that there are only finitely
many elliptic cycles and elliptic cycle transformations.

Example. Consider the polygon in Figure 17.1.2. Notice that we can label the side-
pairing transformations in any way we choose. Thus in Figure 17.1.2 the map 72 is an
isometry that maps the side s¢ = AF to the side s4 = DE. Notice the orientation: -9
maps the vertex A to the vertex D, and the vertex F' to the vertex E. We follow the

F E S4 D

A B 52 C

Figure 17.1.2: An example of a polygon with sides, vertices and side-pairing transforma-

tions labelled

procedure described above:
(2) = (L)=(4)
— —
51 S5 S6
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s ) (0
= (a)= ()
= (n)= ()

S6 51 ’

Thus we have the elliptic cycle A - F — F — B — D with associated elliptic cycle
transformation 175 Wf Yvov1. However, the vertex C' is not part of this elliptic cycle and
so must be part of another elliptic cycle:

(2)=(5)=(%)

— — .

53 52 83

Thus we have another elliptic cycle C' with associated elliptic cycle transformation 3.

Definition. Let v be a vertex of the hyperbolic polygon D. We denote the elliptic cycle
transformation associated to the vertex v and the side s by 7, s.

Remarks.
1. Suppose instead that we had started at (v, xs) instead of (v, s). The procedure above

gives an elliptic cycle transformation 7, .s. One can easily check that v, .s =7, L

2. Suppose instead that we had started at (v;, xs;) instead of (vg, sp). Then we would
have obtained the elliptic cycle transformation

Yoixss = ViYi—1" V1 Tn " Vik2Vit1,

i.e. a cyclic permutation of the maps involved in defining the elliptic cycle transfor-
mation associated to (vg, sp). Moreover, it is easy to see that

’Y’UZ‘,*S»; = (’Y’l T 71)7110,50(’)/2' e ’Yl)_l

so that 7y, «s; and 7., s, are conjugate Mobius transformations.

Exercise 17.1
Convince yourself that the above two claims are true.

Let v be a vertex of D with associated elliptic cycle transformation v, ,. Then -, s
is a Mobius transformation fixing the vertex v. In Lecture 9 we saw that if a Mobius
transformation has a fixed point in H then it must be either elliptic or the identity. Thus
each elliptic cycle transformation is either an elliptic Mébius transformation or the identity.

Definition. If an elliptic cycle transformation is the identity then we call the elliptic cycle
an accidental cycle.
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§17.2 The order of an elliptic cycle

Definition. Let v € M6b(H) be a Mobius transformation. We say that + has finite order
if there exists an integer m > 0 such that ™ = Id. We call the least such integer m > 0
the order of 7.

Example. Working in I, the rotation v(z) = e2™*
a rational.

z has finite order if and only if § = p/q,

More generally, if v is conjugate to a rotation through a rational multiple of 27 then
~ has finite order. Indeed, this is the only way in which elements of finite order can arise,
Thus, if v has finite order then v must be elliptic. For elements of a Fuchsian group, the
converse is also true: elliptic elements must also be of finite order (and therefore conjugate
to a rotation through a rational multiple of 27).

Proposition 17.2.1
Let T" be a Fuchsian group and let v € I' be an elliptic element. Then there exists an integer
m > 1 such that v = Id.

Proof (sketch). Recall that an elliptic M&bius transformation + is conjugate to a ro-
tation, say through angle 276 where 6 € [0,1]. Consider the elements 4" € I'; these are
conjugate to rotations through angle 27nf mod 1 (that is, we take nf and ignore the integer
part). The proposition follows from the following (fairly easily proved) fact: the sequence
nf mod 1 is a discrete subset of [0,1] if and only if # is rational, say § = k/m. AsI'is a
Fuchsian group, the subgroup {7" | n € Z} is also a Fuchsian group, and therefore discrete.
Hence  is conjugate to a rotation by 2km/m. Hence +" is conjugate to a rotation through
2km, i.e. 4™ is the identity. O

Let I' be a Fuchsian group with Dirichlet polygon D. Let v be a vertex of D with elliptic
cycle transformation ~, s € I'. Then by Proposition 17.2.1, there exists an integer m > 1
such that 7" = Id. The order of v, s is the least such integer m.

Exercise 17.2
(i) Show that vy, s9, Vo;,s; have the same order.

(i) Show that if v has order m then so does y~!.

It follows from Exercise 17.2 that the order does not depend on which vertex we choose in
an elliptic cycle, nor does it depend on whether we start at (v,s) or (v,*s). Hence for an
elliptic cycle £ we write mg for the order of v, ¢ where v is some vertex on the elliptic cycle
& and s is a side with an endpoint at v. We call mg the order of £.

§17.3 Angle sum

Let Zv denote the internal angle of D at the vertex v. Consider the elliptic cycle £ = vg —
v1 — -+ — vy_1 of the vertex v = vy. We define the angle sum to be

sum(E) = Lug+ -+ + Lup_1.

Clearly, the angle sum of an elliptic cycle does not depend on which vertex we start at.
Hence we can write sum(€) for the angle sum along an elliptic cycle.
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Proposition 17.3.1
Let ' be a Fuchsian group with Dirichlet polygon D with all vertices in H and let £ be an
elliptic cycle. Then there exists an integer mg > 1 such that

me sum(E) = 2.
Moreover, mg is the order of £.
Proof. See Katok. O

Remark. Recall that we say that an elliptic cycle £ is accidental if the associated elliptic
cycle transformation is the identity. Clearly the identity has order 1. Hence if £ is an
accidental cycle then it has order mg = 1 and sum(&) = 2.
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18. Generators and relations

§18.1 Generators and relations

Generators and relations provide a useful and widespread method for describing a group.
Although generators and relations can be set up formally, we prefer to take a more heuristic
approach here.

§18.2 Generators of a group

Definition. Let I' be a group. We say that a subset S = {v1,...,7} C I' is a set of
generators if every element of I' can be written as a composition of elements from S and
their inverses. We write I' = (5).

Examples.

1. Consider the additive group Z. Then Z is generated by the element 1: then every
positive element n > 0 of Z can be written as 1+---+1 (n times), and every negative
element —n,n > 0 of Z can be written (—1) + -+ 4+ (—1) (n times).

2. The additive group Z? = {(n,m) | n,m € Z} is generated by {(1,0), (0,1)}.

3. The multiplicative group of pth roots of unity {1,w,...,wP7 1} w = e2mi/p g gener-
ated by w.

Remark. A given group I' will, in general, have many different generating sets. For
example, the set {2,3} generates the additive group of integers. (To see this, note that
1=3-2hencen=3+---4+3+(-2) +---+ (—2) where there are n 3s and n —2s.)

§18.3 The side-pairing transformations generate a Fuchsian group

Let I" be a Fuchsian group and let D(p) be a Dirichlet polygon for I'. In Lecture 17 we
saw how to associate to D(p) a set of side-pairing transformations. The importance of
side-pairing transformations comes from the following result.

Theorem 18.3.1
Let T be a Fuchsian group. Suppose that D(p) is a Dirichlet polygon with Areay(D(p)) <
oo. Then the set of side-pairing transformations of D(p) generate I.

Proof. See Katok’s book. O

Example. Consider the modular group I' = PSL(2,7Z). We have seen that a fundamental
domain for I' is given by the set D(p) = {# € H | —1/2 < Re(z) < 1/2, |z| > 1}, where
p = ki for any k£ > 1. We saw in Lecture 17 that the side-pairing transformations are
z+— z+1 (and its inverse z — z — 1) and z — —1/z. It follows from Theorem 18.3.1 that
the modular group PSL(2,Z) is generated by the transformations z +— z+1 and z — —1/z.
We write PSL(2,Z) = (z — 2+ 1,z +— —1/2).
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§18.4 Groups abstractly defined in terms of generators and relations

In the above, we started with a group and looked for generators. Alternatively, one could
start with an abstract set of generators and a set of relationships between them, and use
this information to describe a group.

§18.5 Free groups

Let S be a finite set of k£ symbols. If a € S is a symbol then we introduce another symbol
a~! and denote the set of such symbols by S~1.

We look at all finite concatenations of symbols chosen from S U S~!, subject to the
condition that concatenations of the form aa~! and a~'a are removed. Such a finite con-
catenation of n symbols is called a word of length n. Let

W, = {all words of length n}
= {wp,=a1---an|a; € SusSh aj+1 ;éa;l}.

We let e denote the empty word (the word consisting of no symbols) and, for consistency,
let Wy = {e}.

If w, and w,, are words then we can form a new word w,w,, of length at most n + m
by concatenation: if w, = aj---a, and w,, = by --- b, then

Wy Wiy, = Q1 * - Qb1 -+ - Dy

Ifby = a, I then we delete the term a,b; from this product (and then we have to see if

by = a;}l; if so, then we delete the term a,_1bs, etc).

Definition. Let S be a finite set of k elements. We define

Fi = (J Wa,

n>0

the collection of all finite words (subject to the condition that symbol a never follows or is
followed by a~1!), to be the free group on k generators.

Let us check that this is a group where the group operation is concatenation of words.

(i) The group operation is well-defined: as we saw above, the concatenation of two words
is another word.

(ii) Concatenation is associative (intuitively this is clear, but it is suprisingly difficult to
prove rigorously).

(iv) Existence of an identity: the empty word e (the word consisting of no symbols) is the
identity element; if w =aq---a, € F, then we = ew = w.
1., 1

(iii) Existence of inverses: if w = aj ---ay, is a word then the word w™! = a1 - a7 " is

n
such that ww™! = wlw =e.
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§18.6 Generators and relations

We call Fj, a free group because the group product is free: there is no cancellation between
any of the symbols (other than the necessary condition that aa~! = a~'a = e for each
symbol a € S). We can obtain a wide range of groups by introducing relations. A relation
is a word that we declare to be equal to the identity. When writing a group element as a
concatenation of symbols then we are allowed to cancel any occurrences of the relations.

Definition. Let S = {ay,...,ar} be a finite set of symbols and let wy, ..., w,, be a finite
set of words. We define the group

I'={a,...,ax w1 =... =wy, =e) (18.6.1)

to be the set of all words of symbols from S U S~!, subject to the conditions that (i) any
subwords of the form aa~! or a~'a are deleted, and (ii) any occurrences of the subwords
w1, ..., W, are deleted. Thus any occurrences of the words wy,...,w,, can be replaced
by the empty word e, i.e. the group identity. We call the above group I' the group with
generators aq, . .., a and relations wi, ..., Wny,.

It is an important and interesting question to ask when a given group can be written
in the above form.

Definition. We say that a group I' is finitely presented if it can be written in the above
form, with finitely many generators and finitely many relations. We call an expression of
the form (18.6.1) a presentation of I'.

Examples.
(i) Trivially, the free group on k generators is finitely presented (there are no relations).

(ii) Let w = €2™/?. The group I' = {1,w,w?,...,wP"'} of p'™ roots of unity is finitely
presented. Using the group isomorphism w +— a, we can write it in the form

(a]aP =e).

(iii) The (additive) group Z of integers is finitely presented. Indeed, it is the free group
on 1 generator:

(a) ={a" | n € Z}.

Notice that a"t™ = a"a™, so that (a) is isomorphic to Z under the isomorphism

a” — n.

(iv) The (additive, abelian) group Z2 = {(n,m) | n,m € Z} is finitely presented. This is
because it is isomorphic to

I'={(a,b|a b lab=e).
If we take a word in the free group (a,b) on 2 generators, then it will be of the form

a™bpm g™ .. gMp™,
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(vi)

In particular, the free group (a,b) is not abelian because ab # ba. However, adding
the relation a~'b~tab allows us to make the group abelian. To see this, note that

ba =bae = ba(a b tab)
blaa™ )b tab

= beb tab
= bbtab
= ab.

Thus, in the group {(a,b | a='b~1ab = e) we can use the relation a~'b~tab to write
the word

a™p™g"? .. q™ep"e,

as
gt tnepmiteetmy

Hence
(a,b] a b~ tab =€) = {a"D™ | n,m € Z}

which, using the group isomorphism (n,m) — a™b™, is seen to be isomorphic to Z2.

Consider the group
(a,b | a* = b* = (ab)? = ¢).

One can easily check that there are exactly 8 elements in this group, namely:
e,a,a’,a®,b,ab, a®b, a’b.

This is the symmetry group of a square (it is also called the dihedral group). The
element a corresponds to an anti-clockwise rotation through a right-angle; the element
b corresponds to reflection in a diagonal.

We shall see in Lecture 19 that the group
(a,b | a® = (ab)® =€)

is isomorphic to the modular group PSL(2,Z). The symbol a corresponds to the
Mobius transformation z — —1/z; the symbol b corresponds to the Mobius transfor-
mation z — z 4 1.

Exercise 18.1
Check the assertion in example (v) above, i.e. show that if I' = (a,b | a* = bv* = (ab)? = ¢)
then I' contains exactly 8 elements.

In the above, the group in example (v) is finite and one can easily write down all of
the elements in the group. However, the group (a,b | a® = b = (ab)? = ¢) has 60 elements
and it is not at all easy to write down all 60 elements. More generally, there are many
important and open questions about writing a group in terms of a finite set of generators
and relations. For example:

(i)

Let T' be a countable group (that is, a group with countably many elements). Is it
possible to decide if I" is finitely presented?
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(ii) Suppose that I' is finitely presented. Is it possible to decide if T' is a finite group?

(iii) Given two sets of generators and relations, is it possible to decide if the two groups
are isomorphic?

(iv) Suppose that T is finitely presented and H is a subgroup of I'. When is it true that
H is finitely presented?

Questions like these are typically extremely hard to answer and require techniques from
logic and computer science to be able to answer; often the answer is that the problem is
‘undecidable’!
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19. Poincaré’s Theorem: the case of no boundary vertices

§19.1 Poincaré’s Theorem

In Lectures 14-16 we started with a Fuchsian group and then constructed a Dirichlet
polygon and a set of side-pairing transformations. Here we study the reverse. Namely, we
start with a convex hyperbolic polygon and a set of side-pairing transformations and ask:
when do these side-pairing transformations generate a Fuchsian group? In general, the
group generated will not be discrete and so will not be a Fuchsian group. However, under
natural conditions, the group will be discrete. This is Poincaré’s theorem.

Let D be a convex hyperbolic polygon. In this lecture we shall assume that all the
vertices of D are in H, that is, there are no vertices on the boundary JH. We assume that
D is equipped with a set of side-pairing transformations. That is, to each side s, we have
a Mobius transformation v associated to s such that v5(s) = ¢, another side of D. We
will also require the isometry ~5 to act in such a way that, locally, the half-plane bounded
by s containing D is mapped by 7, to the half-plane bounded by 7,(s) but opposite D. In
particular, s cannot be the identity.

We follow the procedure in Lecture 17 to construct elliptic cycles, namely:

(i) Let v = vy be a vertex of D and let sy be a side with an endpoint at vy. Let v; be
the side-pairing transformation associated to the side sg. Thus v; maps sy to another
side s1 of D.

(ii) Let s1 = y1(sop) and let v1 = ~1(vg). This gives a new pair (v1, s1).

(ili) Now consider the pair *(v1, s1). This is the pair consisting of the vertex v; and the
side s (i.e. the side of D other than s; with an endpoint of v;.

(iv) Let 9 be the side-pairing transformation associated to the side *s;. Then 9 (xs71) is
a side sg of D and 75(v1) = vg, a vertex of D.

(v) Repeat the above inductively.

Thus we obtain a sequence of pairs of vertices and sides:
Vo ge! U1 * U1
— —
S0 S1 *S1
Y2 (%) *
LY N
52
Yi V; * Vi
— —
Si *S;

) v
Titl i+l A
Si+1

Again, as there are only finitely many pairs (v, s), this process of applying a side-pairing
transformation followed by applying * must eventually return to the initial pair (vg, so).
Let n be the least integer n > 0 for which (v, *s,) = (vo, So)-
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Definition. The sequence of vertices £ = vg — v1 — -+ — v,_1 is called an elliptic
cycle. The transformation v,7v,_1 - -Y2v1 is called an elliptic cycle transformation.

Again, as there are only finitely many pairs of vertices and sides, we see that there are only
finitely many elliptic cycles and elliptic cycle transformations.

Definition. Let v be a vertex of the hyperbolic polygon D and let s be a side of D with
an end-point at v. We denote the elliptic cycle transformation associated to the pair (v, s)

by Yu,s-

Definition. Let Zv denote the internal angle of D at the vertex v. Consider the elliptic
cycle £ = vy — v; — -+ — v, of the vertex v = vg. We define the angle sum to be

sum(€) = Lug + -+ + Lup_1.

Definition. We say that an elliptic cycle £ satisfies the elliptic cycle condition if there
exists an integer m > 1, depending on &£ such that

msum(E) = 2.

Remark. Observe that if one vertex on a vertex cycle satisfies the elliptic cycle condition,
then so does any other vertex on that vertex cycle. Thus it makes sense to say that an
elliptic cycle satisfies the elliptic cycle condition.

We can now state Poincaré’s Theorem. Put simply, it says that if each elliptic cycle
satisfies the elliptic cycle condition then the side-pairing transformations generate a Fuch-
sian group. Moreover, it also tells us how to write the group in terms of generators and
relations.

Theorem 19.1.1 (Poincaré’s Theorem)
Let D be a convex hyperbolic polygon with finitely many sides. Suppose that all vertices lie
inside H and that D is equipped with a collection G of side-pairing Mdbius transformations.
Suppose that no side of D is paired with itself.

Suppose that the elliptic cycles are &1,...,&,. Suppose that each elliptic cycle £; of D
satisfies the elliptic cycle condition: for each &; there exists an integer m; > 1 such that

mjsum(&;) = 2m.
Then:
(i) The subgroup I' = (G) generated by G is a Fuchsian group;
(ii) The Fuchsian group I has D as a fundamental domain.

(iii) The Fuchsian group I' can be written in terms of generators and relations as follows.
For each elliptic cycle £;, choose a corresponding elliptic cycle transformation v; = v, s
(for some vertex v on the elliptic cycle £). Then I' is isomorphic to the group with
generators s € G (i.e. we take G to be a set of symbols), and relations 'y;nj:

F:<’Ys€g‘ryinl :7512:"':7:1T:€>,

Proof. See Katok or Beardon. O
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Remark. The relations in (iii) appear to depend on which pair (v, s) on the elliptic cycle
&; is used to define ;. In fact, the relation V;nj is independent of the choice of (v, s). This
follows from Exercise 17.1: if v’ is another vertex on the same elliptic cycle as v then 7, ¢
is conjugate to either v, s or fyv*g

Remark. The hypothesis that D does not have a side that is paired with itself is not a
real restriction: if D has a side that is paired with itself then we can introduce another
vertex on the mid-point of that side, thus dividing the side into two smaller sides which are
then paired with each other.

More specifically, suppose that s is a side with side-pairing transformation v, that pairs
s with itself. Suppose that s has end-points at the vertices vg and v1. Introduce a new vertex
v9 at the mid-point of [vg, v1]. Notice that vs(ve) = va. We must have that v4(vg) = v; and
vs(v1) = v (for otherwise 5 would fix three points in H and hence would be the identity, by
Corollary 9.1.2). Let s; be the side [vg, v2] and let so be the side [vg,v1]. Then v5(s1) = s2
and ~s(s2) = s1. Hence ~; pairs the sides s; and so. Notice that the internal angle at the
vertex vg is equal to m. See Figure 19.1.1.

Vs

Figure 19.1.1: The side s is paired with itself; by splitting it in half, we have two distinct
sides that are paired

Exercise 19.1

Take a hyperbolic quadrilateral such that each pair of opposing sides have the same length.
Define two side-pairing transformation 7,9 that pair each pair of opposite sides. See
Figure 19.1.2. Show that there is only one elliptic cycle and determine the associated
elliptic cycle transformation. When do v, and 72 generate a Fuchsian group?

Figure 19.1.2: A hyperbolic quadrilateral with opposite sides paired
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§19.2 An important example: a hyperbolic octagon

The following, as we shall see, is an important example of Poincaré’s Theorem.

From Exercise 7.3 we know that there exists a regular hyperbolic octagon with each
internal angle equal to /4.

Label the vertices of such an octagon anti-clockwise v1,...,vs and label the sides anti-
clockwise s1,...,ss so that side s; occurs immediately after vertex v;. See Figure 19.2.3.
As P is a regular octagon, each of the sides s; has the same length.

Figure 19.2.3: A regular hyperbolic octagon with internal angles 7/4 and side-pairings
indicated

U1 71 V4 * V4
- —

S1 S3 S4
Y2 V3 * V3
= —

52 53
'Yfl V2 * (%)
— —
S1 52
vt vs \ x [ vs
—
S4 S5
3 (%] * (%]
= —
S7 S8
4 %¢ * U7
= —
56 ST
'Y:;l Ve * V6
= —
S5 56
7! v\ « [ v
= — .
58 S1

Thus there is just one elliptic cycle:

5:2}1 — V4 — V3 — V9 — VU5 — Vg — V7 — Ug.
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with associated elliptic cycle transformation:
vi s sy s e

As the internal angle at each vertex is /4, the angle sum is

T

8§— = 2m.

1 T
Hence the elliptic cycle condition holds (with mg = 1). Thus by Poincaré’s Theorem, the
group generated by the side-pairing transformations 71, ..., v4 generate a Fuchsian group.

Moreover, we can write this group in terms of generators and relations as follows:

(1,772,773, 74 | v s Travsys Ty e = e).
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20. Poincaré’s Theorem: the case of boundary vertices

§20.1 Recap

In Lecture 19 we studied groups generated by side-pairing transformations defined on a
hyperbolic polygon D with no vertices on the boundary. Here we consider what happens if
the hyperbolic polygon has vertices on the boundary JH.

§20.2 Poincaré’s Theorem in the case of boundary vertices

Recall that a convex hyperbolic polygon can be described as the intersection of a finite
number of half-planes and that this definition allows the possibility that the polygon has
an edge lying on the boundary. (Such edges are called free edges.) We will assume that
this does not happen, i.e. all the edges of D are arcs of geodesics. See Figure 20.2.1.

(i) (i)

Figure 20.2.1: (i) A polygon in D with no free edges, (ii) a polygon in D with a free edge

Let D be a convex hyperbolic polygon with no free edges and suppose that each side s of
D is equipped with a side-pairing transformation . We will also require the isometry ~; to
act in such a way that, locally, the half-plane bounded by s containing D is mapped by s
to the half-plane bounded by 75(s) but opposite D. In particular, 75 cannot be the identity.
Notice that as Mobius transformations of H act on 0H and indeed map JH to itself, each
side-pairing transformation maps a boundary vertex to another boundary vertex.

Let v = vg be a boundary vertex of D and let s = sy be a side with an end-point at vy.
Then we can repeat the procedure described in Lecture 19 (using the same notation) starting
at the pair (vg, sp) to obtain a finite sequence of boundary vertices P = vg — -+ — vp—1
and an associated Mobius transformation v, s = v, - - 1.

Definition. Let v = vy be a boundary vertex of D and let s = sg be a side with an
end-point at v. We call P = vy — -+ — v,_1 a parabolic cycle with associated parabolic
cycle transformation 7y, s = Yn - - V1.

As there are only finitely many vertices and sides, there are at most finitely many parabolic
cycles and parabolic cycle transformations.
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Example. Consider the polygon described in Figure 20.2.2 with the side-pairings indi-
cated. Then following the procedure as described in Lecture 19 starting at the pair (A, s1)

Figure 20.2.2: A polygon with 2 boundary vertices and with side-pairings indicated

(5) = (2)=(2)
— —
51 83 S4
= ()=(0)
= — .
S6 S1
Hence we have a parabolic cycle A — D with associated parabolic cycle transformation

%2 -
There is also an elliptic cycle:

<B> V3
A
52

we have:

"13_1 C * C
= —

52 53
At B
-

Hence we have the elliptic cycle B — F — E — C with associated elliptic cycle transfor-
mation 77 '3 7273

Remarks.

1. Suppose instead that we had started at (v, *s) instead of (v, s). Then we would have
obtained the parabolic cycle transformation ~, 1.
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2. Suppose instead that we had started at (v;,s;) instead of (vg,sp). Then we would
have obtained the parabolic cycle transformation

Yoiysi = ViVi—1" V1 Un 0 Vid2Vi4 1,

i.e. a cyclic permutation of the maps involved in defining the parabolic cycle trans-
formation associated to (vg, sgp). Moreover, it is easy to see that

Yossi = (Vi V1) Vooss0 (Vi v1)

so that 7,, s, and 7., s, are conjugate Mobius transformations.

Let v be a boundary vertex of D and let s be a side with an end-point at v. The
associated parabolic cycle transformation is denoted by 7, s. Observe that v, s is a Mobius
transformation with a fixed point at the vertex v € OH. In Lecture 9 we saw that if a
Moébius transformation has at least one fixed point in OH then it must be either parabolic,
hyperbolic or the identity. Thus each parabolic cycle transformation is either a parabolic
or hyperbolic Mobius transformation or the identity.

Definition. We say that a parabolic cycle P satisfies the parabolic cycle condition if for
some (hence all) vertex v € P, the parabolic cycle transformation =, s is either a parabolic
Mobius transformation or the identity

Remark. Lety € Mob(H)\{id}. Recall that v is parabolic if and only if the trace, 7(7), is
4. Also note that if v = id then 7(v) = 4. Hence a parabolic cycle P satisifes the parabolic
cycle condition if for some (hence all) vertex v € P, the parabolic cycle transformation 7, s
has 7(yy,5) = 4.

Remark. Observe that v, s, is parabolic (or the identity) if and only if v,, s, is parabolic
(or the identity) for any other vertex v; on the parabolic cycle containing vy. Also observe
that v, ¢ is parabolic (or the identity) if and only if ~, s is parabolic (or the identity). Thus
it makes sense to say that a parabolic cycle P satisfies the parabolic cycle condition.

We can now state Poincaré’s Theorem in the case when D has boundary vertices (but
no free edges).

Theorem 20.2.1 (Poincaré’s Theorem)
Let D be a convex hyperbolic polygon with finitely many sides, possibly with boundary
vertices (but with no free edges). Suppose that D is equipped with a collection G of side-
pairing Mobius transformations such that no side is paired with itself.

Let the elliptic cycles be &1, ...,&, and let the parabolic cycles be Py, ..., Ps. Suppose
that:

(i) each elliptic cycle &; satisfies the elliptic cycle condition, and

(ii) each parabolic cycle P; satisfies the parabolic cycle condition.
Then:

(i) The subgroup I' = (G) generated by G is a Fuchsian group,

(ii)) The Fuchsian group I has D as a fundamental domain.
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(iii) The Fuchsian group I' can be written in terms of generators and relations as follows.
For each elliptic cycle £;, choose a corresponding elliptic cycle transformation vy; = 7y, s
(for some vertex v on the elliptic cycle £;). Then I' is isomorphic to the group with
generators vs € G (i.e. we take G to be a set of symbols), and relations ’y;nj , where
m;sumé&; = 2m:
F=(peg|h" = =7"=e¢).

Remark. The hypothesis that D does not have a side that is paired with itself is not a
real restriction: if D has a side that is paired with itself then we can introduce another
vertex on the mid-point of that side, thus dividing the side into two smaller sides which are
then paired with each other. See Lecture 19.

§20.3 An example of Poincaré’s Theorem: the modular group

We can use the version of Poincaré’s Theorem stated in Theorem 20.2.1 to check that the
modular group PSL(2,Z) is a Fuchsian group, and to write it in terms of generators and
relations.

Consider the polygon in Figure 20.3.3; here A = (=1 +iv/3)/2 and B = (1 +i/3)/2.
The side pairing transformations are given by 7v1(z) = z+ 1 and v2(z) = —1/z. Notice that
72(A) = B and 72(B) = A.

A
S
\ 2

Figure 20.3.3: Side pairing transformations for the modular group

The side [A, B] is paired with itself. We need to introduce an extra vertex C at the
mid-point of [A, B]; see the discussion in Lecture 19. This is illustrated in Figure 20.3.4.
We calculate the elliptic cycles. We first calculate the elliptic cycle containing the vertex

()= (2)=(0)
2 (4= (%)
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A
S
\ 2

]
A B

Figure 20.3.4: Introduce an extra vertex at C so that the side s3 is paired with the side
54

Hence A — B is an elliptic cycle which has elliptic cycle transformation v 'y (2) = (—2 —
1)/z. The angle sum of this elliptic cycle satisfies

3(LA+ ZB) = 3(r/3 +7/3) = 2r.

Hence the elliptic cycle condition holds.
Now calculate the elliptic cycle containing the vertex C:

()=(5)=(5)

Hence we have an elliptic cycle C with elliptic cycle transformation ~5. The angle sum of
this elliptic cycle satisfies
2/C = 2.

Hence the elliptic cycle condition holds.
We now calculate the parabolic cycles. There is just one parabolic cycle, the cycle that
contains the vertex oo. We have

(Z)=(3)=(3)

so that we have a parabolic cycle co with parabolic cycle transformation v, (z) = z + 1. As
~1 has a single fixed point at oo it is parabolic. Hence the parabolic cycle condition holds.

By Poincaré’s Theorem, we see that the group generated by ; and -9 is a Fuchsian
group. Let a = ~1, b = 2. Then we can use Poincaré’s Theorem to write the group
generated by 71,72 in terms of generators and relations, as follows:

PSL(2,Z) = (a,b | (b"1a)® = b* =¢).

Remark. The above example illustrates why we need to assume that D does not have
any sides that are paired with themselves. If we had not introduced the vertex C', then we
would not have got the relation v = e.
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Exercise 20.1
Consider the polygon in Figure 20.3.5. The side-pairing transformations are:

_ z
22417

v (2) =242, 12(2)

What are the elliptic cycles? What are the parabolic cycles? Use Poincaré’s Theorem
to show that the group generated by 71,72 is a Fuchsian group and has the polygon in
Figure 20.3.5 as a fundamental domain. Use Poincaré’s Theorem to show that the group
generated by 71,79 is the free group on 2 generators.

71

Figure 20.3.5: A fundamental domain for the free group on 2 generators

Exercise 20.2
Consider the hyperbolic quadrilateral with vertices

Az—(l—i—?), B:ig, Cz(l—i—?), and oo

and a right-angle at B, as illustrated in Figure 20.3.6.

ga!

V2

N

~.
SN

o

—(1+ ) (1+9)

Figure 20.3.6: A hyperbolic quadrilateral
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(i) Verify that the following Mé&bius transformations of H are side-pairing transforma-

tions:
V2, 1
1z)=24+2+V2, n(z)= 27\/_2
V2
zZ+ 5

(ii) By using Poincaré’s Theorem, show that these side-pairing transformations generate
a Fuchsian group. Give a presentation of I' in terms of generators and relations.
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21. The signature of a Fuchsian group

621.1 Introduction

Let T" be a Fuchsian group and let D(p) be a Dirichlet polygon and suppose that Areay (D) <
0o. We equip D with a set of side-pairing transformations, subject to the condition that a
side is not paired with itself. We can construct a space H/T" by gluing together the sides
that are paired by side-pairing transformations. This space is variously called a quotient
space, an identification space or an orbifold.

Before giving some hyperbolic examples, let us give a FEuclidean example. Consider
the square in Figure 21.1.1(i) with the sides paired as indicated. We first glue together
the horizontal sides to give a cylinder; then we glue the vertical sides to give a torus. See
Figure 21.1.1(ii).

(i) (i)

all
&

Figure 21.1.1: (i) A square with horizontal and vertical sides paired as marked, and (ii)
the results of gluing first the horizontal and then the vertical sides together

~_ L

In the above Euclidean example, the angles at the vertices of D glued together nicely
(in the sense that they glued together to form total angle 27) and we obtained a surface.
For a general Fuchsian group the situation is slightly more complicated due to the possible
presence of cusps and marked points.

Consider a Fuchsian group I' with Dirichlet polygon D. Let us describe how one con-
structs the space H/T.

Let £ be an elliptic cycle in D. All the vertices on this elliptic are glued together.
The angles at these vertices are glued together to give total angle sum(£). This may or
may not be equal to 2w. The angle sum is equal to 27 if and only if the elliptic cycle £
is an accidental cycle. (Recall that an elliptic cycle is said to be accidental if the elliptic
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cycle transformation is equal to the identity; equivalently in the elliptic cycle condition
msum(&) = 2m we have m = 1.)

Definition. Let £ be an elliptic cycle and suppose that sum(€) # 27. Then the vertices
on this elliptic cycle are glued together to give a point on H/I" with total angle less than
2m. This point is called a marked point.

A marked point on H/I" is a point where the total angle is less than 27. Thus they look
like ‘kinks’ in the surface H/I".

Definition. It follows from Proposition 17.3.1 that there exists an integer mg such that
mgsum(E) = 2. We call mg the order of the corresponding marked point.

Now let P be a parabolic cycle. Vertices along a parabolic cycle are glued together.
Each parabolic cycle gives rise to a cusp on H/T'. These look like ‘funnels’ that go off to
infinity.

Topologically, the space H/T is determined by its genus (the number of ‘holes’) and the

numbers of cusps.
\/\J\ < >/<

Figure 21.1.2: A hyperbolic surface of genus 2 with 3 cusps

If there are no marked points, then we call H/T" a hyperbolic surface.

For example, consider the Fuchsian group I' generated by the hyperbolic octagon de-
scribed in Lecture 19. The octagon D in Lecture 19 is a fundamental domain for I'. If
we glue the edges of D together according to the indicated side-pairings then we obtain a
hyperbolic surface H/I'. Notice that there is just one elliptic cycle £ and that sum(&) = 2.
This surface is a torus of genus 2, i.e. a torus with two holes. See Figure 21.1.3.

e

Figure 21.1.3: Gluing together the sides of D gives a torus of genus 2

§21.2 The genus and Euler characteristic

Given a 2-dimensional space X, one of the most important topological invariants that we
can associate to X is its Fuler characteristic x(X). Let us recall how one calculates the
Euler characteristic.
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Definition. Let X be a 2-dimensional space. Then X can be triangulated into finitely
many polygons. Suppose that in this triangulation we have V vertices, F edges and F' faces
(i.e. the number of polygons). Then the Euler characteristic is given by

xX(X)=V —-E+F.

Examples.

(i) Consider the triangulation of the space illustrated in Figure 21.2.4; this is formed by
gluing eight triangles together. This space is homeomorphic (meaning: topologically
the same as) to the surface of a sphere. There are V' = 6 vertices, E = 12 edges and
F = 8 faces. Hence the Euler characteristic is x =6 — 12 + 8 = 2.

(ii) Consider the triangulation of a torus illustrated in Figure 21.2.5. There is just one
polygon (so F' = 1) and just one vertex (so V = 1). There are two edges, so £ = 2.
Hence y = 0.

Figure 21.2.4: A triangulation of the surface of a sphere; here V =6, F = 12, F = 8, so
that y = 2

Y
Y

Y
Y

Figure 21.2.5: A triangulation of the surface of a torus; here V = 1,F = 2, F =1, so
that x =0
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Definition. Let X be a 2-dimensional surface. The genus g of X is given by
xX(X) =2-2g.

Thus, a sphere has genus 0 and a torus has genus 1. Topologically, the genus of a surface
is the number of ‘handles’ that need to be attached to a sphere to give the surface. One
can also think of it as the number of ‘holes’ through the surface.

§21.3 The signature of a cocompact Fuchsian group

Definition. Let I' be a Fuchsian group. Suppose that I" has a finite-sided Dirichlet
polygon D(p) with all vertices in H and none in 9H. Then we say that I' is cocompact.

Let I be a cocompact Fuchsian group. The signature of I' is a set of geometric data
that is sufficient to reconstruct I' as an abstract group. The signature will also allow us to
generate infinitely many different cocompact Fuchsian groups.

Let D(p) be a Dirichlet polygon for I'. Then D(p) has finitely many elliptic cycles, and
the order of each elliptic cycle transformation is finite.

Definition. Let I' be a cocompact Fuchsian group. Let g be the genus of H/T'. Sup-

pose that there are k elliptic cycles &1,...,&. Suppose that & has order mg;, = my; so
that mjsum(Ej) = 2m. Suppose that &;,..., &, are non-accidental and &.41,...,&, are
accidental.

The signature of I is defined to be

Slg(F) = (g;mla' .- amv‘)'

(That is, we list the genus of H/I" together with the orders of the non-accidental elliptic
cycles.) If all the elliptic cycles are accidental cycles, then we write sig(I") = (g; —).

§21.4 The area of a Dirichlet polygon

Let T" be a cocompact Fuchsian group. We can use the data given by the signature of I
to give a formula for the hyperbolic area of any fundamental domain of I'. (Recall from
Proposition 13.2.1 that, for a given Fuchsian group, any two fundamental domains have
the same hyperbolic area.)

Proposition 21.4.1
Let T be a cocompact Fuchsian group with signature sig(I') = (g;m1,...,m,). Let D be a
fundamental domain for I'. Then

Areag(D) =27 [ (29 —2) + ZT: <1 - mi> . (21.4.1)
j=1 J

Proof. By Proposition 13.2.1 it is sufficient to prove that the formula (21.4.1) holds for
a Dirichlet polygon D. As in Lecture 19, we can add extra vertices if necessary to assume
that no side is paired with itself. Suppose that D has n vertices (hence n sides).

We use the Gauss-Bonnet Theorem (Theorem 7.2.1). Let &1, ..., & be the non-accidental
elliptic cycles. By Proposition 17.3.1, the angle sum along the elliptic cycle &; is

27

sum(&;) = —
j
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Suppose that there are s accidental cycles. (Recall that an elliptic cycle is said to be
accidental if the corresponding elliptic cycle transformation is the identity, and in particular
has order 1.) By Proposition 17.3.1, the internal angle sum along an accidental cycle is 27.
Hence the internal angle sum along all accidental cycles is 27s.

As each vertex must belong to some elliptic cycle (either an elliptic cycle with order at
least 2, or to an accidental cycle) the sum of all the internal angles of D is given by

T

2w Zmij-i-s

j=1
By the Gauss-Bonnet Theorem (Theorem 7.2.1), we have

T
1

Areag(D) = (n —2)m — 27 —+s|. 21.4.2

#(D) = (n—2) Yot (21.42)

Consider now the space H/I'. This is formed by taking D and gluing together paired
sides. The vertices along each elliptic cycle are glued together; hence each elliptic cycle in
D gives one vertex in the triangulation of H/I". Hence D gives a triangulation of H/T" with
V = r+ s vertices. As paired sides are glued together, there are £ = n/2 edges (notice
that we are assuming here that no side is paired with itself). Finally, as we only need the
single polygon D, there is only F' = 1 face. Hence

2-@:X®MU:V—E+F:r+s—g+1
which rearranges to give
n—2=2((r+s)—(2-2g)). (21.4.3)
Substituting (21.4.3) into (21.4.2) we see that

T

1

Areag(D) = 27 |(r+s—(2—-2g) — Z——
m
j=1 """

:2wﬁwﬂ+io—%>

a

We can use Proposition 21.4.1 to find a lower bound for the area of a Dirichlet polygon
for a Fuchsian group.

Proposition 21.4.2
Let T' be a cocompact Fuchsian group (so that the Dirichlet polygon D(p) has no vertices

on the boundary). Then
0

> —.
Areag (D) > 51

Proof. By Proposition 21.4.1 this is equivalent to proving
d 1 1

29 — 2 1—-— ] > —. 21.4.4

g +;( kL (21.4.4)
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Notice that 1 — 1/m; is always positive.

If g > 1 then 2g — 2 > 1. Hence the left-hand side of (21.4.4) is greater than 1, and the
result certainly holds.

Suppose that g = 1 (so that 29 —2 = 0). Now m; > 2 so that 1 — 1/my > 1/2, which
is greater than 1/42. So the result holds.

Suppose that g = 0 (so that 29 — 2 = —2). As in the previous paragraph, we see that
for each j =1,...,7 we have 1 —1/m; > 1/2. If r > 5 then the left-hand side of (21.4.4) is
at least 1/2, so the result holds. When r = 4 the minimum of the left-hand side of (21.4.4)
occurs for signature (0;2,2,2,3); in this case

1 n 1 n 1 S 1
kKl m) 42
m. Suppose k = 3 then s(3,3,3) = 0 and
12 so the result holds. Hence we need only

for k,I,m > 2. We assume that k£ < [
5(3,3,4) = 1/12 > 1/42. Hence s(3,1,m)
concern ourselves with k = 2. Note that

—
~

$(2,2,m) < 0,5(2,4,4) = 0,s(2,4,5) = 1/20 > 1/42, 5(2,4,m) > 1/20.

Hence we need only concern ourselves with [ = 3. Now

1 1
s(2,3,m) = - — —

6 m

which achieves the minimum 1/42 when m = 7. O

Remark. In Lecture 22 we shall show that if (g;mq,...,m,) is an (r+1)-tuple of integers
such that the right-hand side of (21.4.1) is positive, then there exists a Fuchsian group I'
with sig(T') = (g;m1,...,m.).

Exercise 21.1

Consider the hyperbolic polygon illustrated in Figure 21.4.6 with the side-pairing transfor-
mations as indicated (note that one side is paired with itself). Assume that 61 +6s+65 = 27
(one can show that such a polygon exists).

(i) Show that there are 3 non-accidental cycles and 1 accidental cycle.

(ii) Show that the side-pairing transformations generate a Fuchsian group I' and give a
presentation of I' in terms of generators and relations.

(iii) Calculate the signature of T'.

Exercise 21.2
Consider the regular hyperbolic octagon with each internal angle equal to 6 and the sides
paired as indicated in Figure 21.4.7. Use Exercise 7.3 to show that such an octagon exists
provided 6 € [0,37/4).

For which values of 6 do 71,72, 73,74 generate a Fuchsian group I'y? In each case when
I'p is a Fuchsian group write down a presentation of I'y, determine the signature sig(I'p)
and briefly describe geometrically the quotient space H/Ty.
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Figure 21.4.6: A hyperbolic polygon with sides paired as indicated

Figure 21.4.7: See Exercise 21.2

Exercise 21.3
This exercise works through Proposition 21.4.2 in the case when we allow parabolic cycles.
Let T" be a Fuchsian group and let D be a Dirichlet polygon for D. We allow D to have
vertices on OH, but we assume that D has no free edges (so that no arcs of OH are edges).
We also assume that no side of D is paired with itself.
The space H/I" then has a genus (heuristically, the number of handles), possibly some
marked points, and cusps. The cusps arise from gluing together the vertices on parabolic
cycles and identifying the sides on each parabolic cycle.

(i) Convince yourself that the H/PSL(2,Z) has genus 0, one marked point of order 3,
one marked point of order 2, and one cusp.

(Hint: remember that a side is not allowed to be paired to itself.)

Suppose that H/I' has genus g, r marked points of order my,...,m,, and ¢ cusps. We
define the signature of I" to be

Slg(r) = (g’ miy,... 7m1“;c)’
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(ii) Using the Gauss-Bonnet Theorem, show that

T

Areag(D) =27 [ (20 —2)+ ) <1 - i) +e

=1y
(iii) Show that if ¢ > 1 then

Areag (D) >

wl A

and that this lower bound is achieved for just one Fuchsian group (which one?)
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22. Existence of a Fuchsian group with a given signature

§22.1 Introduction

In Lecture 21 we defined the signature sig(I') = (g;m1,...,m,) of a cocompact Fuchsian
group. We saw that if D is a fundamental domain for I" then

T
1
Areag(D) =27 | (29 —2) + g <1 - —)
- m;
7j=1
As this quantity must be positive, the condition that

(29—2)+2T: (1—%) >0 (22.1.1)

j=1
is a necessary condition for (g;my, ..., m,) to be the signature of a Fuchsian group. The pur-
pose of this lecture is to sketch a proof of the converse of this statement: if (g;mq,...,m,)
satisfies (22.1.1) then there exists a cocompact Fuchsian group with signature (g; my,...,m;).

This gives a method for constructing infinitely many examples of cocompact Fuchsian
groups. (Recall that a Fuchsian group I' is said to be cocompact if it has a Dirichlet
polygon with all its vertices inside H.)

§22.2 Existence of a Fuchsian group with a given signature

Theorem 22.2.1
Let g > 0 and m; > 2,1 < j <r be integers. (We allow the possibility that r = 0, in which
case we assume that there are no m;s.) Suppose that

(29 -2)+ i <1 - mi> > 0. (22.2.1)
=1 !

Then there exists a cocompact Fuchsian group I' with signature
Slg(F) = (g;mla s amr)'

Remark. In particular, for each g > 2 there exists a Fuchsian group I'y with signature
sig(I'y) = (g; —). Thus for each g > 2 we can find a Fuchsian group I'y such that H/T, is a
torus of genus g.

Remark. The proof of Theorem 22.2.1 consists of constructing a polygon and a set of
side-pairing transformations satisfying Poincaré’s Theorem. There are two phenomena that
we want to capture in this polygon.
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Figure 22.2.1: Glueing together the sides paired gives a handle.

(i) We need to generate handles. By considering the example of a regular hyperbolic
octagon in Lecture 19, we see that the part of a polygon illustrated in Figure 22.2.1
with the side-pairing illustrated will generate a handle.

(i) We need to generate marked points. By considering the discussion in Lecture 20 of
how the modular group satisfies Poincaré’s Theorem, we see that the part of a polygon
illustrated in Figure 22.2.2 with the side pairing illustrated will generate a marked
point arising from an elliptic cycle of order m.

2w

Figure 22.2.2: Glueing together the sides paired gives a marked point of order m.

Proof. The proof is essentially a big computation using Poincaré’s Theorem. We con-
struct a convex polygon, equip it with a set of side-pairing transformations, and apply
Poincaré’s Theorem to show that these side-pairing transformations generate a Fuchsian
group. Finally, we show that this Fuchsian group has the required signature.

We work in the Poincaré disc D. Consider the origin 0 € D. Let 6 denote the angle

B 2T
_4g+7“'

Draw 4g + r radii, each separated by angle 6. Fix t € (0,1). On each radius, choose a
point at (Euclidean) distance ¢ from the origin. Join successive points with a hyperbolic
geodesic. This gives a regular hyperbolic polygon M (t) with 4g + r vertices.

Starting at an arbitrary point, label the vertices clockwise

V1,02,...,0r,01,1,V1,2,V1,3,V1,4,V215---,U24,U31,--- ,’Ug71, e ,’Ug74.
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Figure 22.2.3: The polygon M (t) is a regular hyperbolic (4g + r)-gon

On each of the first r sides of M (t) we construct an isoceles triangle, external to M(t).
We label the vertex at the ‘tip’ of the j' isoceles triangle by w; and construct the triangle
in such a way so that the internal angle at w; is 27/m;. If m; = 2 then 27/m; =«
and we have a degenerate triangle, i.e. just an arc of geodesic constructed in the previous
paragraph and w; is the midpoint of that geodesic. Call the resulting polygon N(t). See
Figure 22.2.4.

V2,2

V21

Figure 22.2.4: Illustrating N (t) in the case g = 2, r = 4 with mq, mg, m3g > 2 and my = 2.
The solid dots indicate vertices of N(¢) (note the degenerate triangle with vertex at wy).

Consider the vertices vj, wj,vj41 (1 < j < r). Pair the sides as illustrated in Fig-
ure 22.2.5 and call the side-pairing transformation ;. Note that v; is a rotation about w;
through angle 27 /m;. For each £ =1,2,..., g, consider the vertices vy 1,v¢2,v¢3,v¢4. Pair
the sides as illustrated in Figure 22.2.6 and call the side-pairing transformations v 1, s 2.

We label the sides of N(t) by s(vj),s(ve;),s(w;) where the side s(v) is immediately
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Figure 22.2.6: Pairing the sides between vertices vy 1,v¢2,v¢.3,v04.

clockwise of vertex v.

We will now apply Poincaré’s Theorem to the polygon N (¢). Our aim is to show how to
choose t € (0,1) so that the side-pairing transformations above generate a Fuchsian group
with the required signature. First we calculate the elliptic cycles.

For each j =1,...,r, consider the pair (wj, s(v;)). Then

(i )2ty )= () )

Hence we have an elliptic cycle w; with corresponding elliptic cycle transformation ;. The
angle sum is given by the internal angle at w;, namely sum(w;) = 27 /m;. Hence

mjsum(w;) = 27

so that the elliptic cycle condition holds.
Consider the pair (vg1,s(ve1)). Using Figure 22.2.6, we see that we get the following
segment of an elliptic cycle:

T UL T Vs Vg3 Vg Vg1l
with corresponding segment of elliptic cycle transformation

—-1_-1
Y2 Ve 1 V2761

which we denote by [y¢,1,7¢2]. (Here we use the notational convention that vgy11 = v1.)
Now consider the pair (vj,s(vj)). The elliptic cycle through this pair contains the

following:
Uy Vi Vj41 * Vj+1
(i ) (e ) = (i )
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Thus, starting at the pair (v 1,s(v1,1)), we have the elliptic cycle £

V1,1 V14 VL3 VL2 V21 s = Ug—12 — Vg1 —

Vg4 = Vg3 = Vg2 — V1 —> Vg = "+ — Up
with corresponding elliptic cycle transformation

YrYr—1-""M [Vg,la Vg,z] s [71,1771,2]-

Let 2a(t) denote the internal angle of each vertex in the polygon M(t). Let §;(t) denote
the internal angle at each vertex at the base of the j* isosceles triangle that is added to
the polygon M (t) to form the polygon N(t), that is 3;(t) is the angle Zw;vjvj11, and is
also the angle Zw;v;1v;. See Figure 22.2.7. Then the angle sum along the elliptic cycle £
is given by

Figure 22.2.7: Labelling the angles «(t), 3;(¢) in the polygon N (t).

We show that ¢ (and hence the polygon N (¢)) can be chosen so that sum(€) = 27. Then
the elliptic cycle condition holds, £ is an accidental cycle, and we can apply Poincaré’s
Theorem.

One can prove using hyperbolic trigonometry that

}E)rioz(t) =0
lim §;(t) =0,

. ™ 1 27
lima(t) = ——= ,
t—0 2 24g+r
T oom
}g% Bit) = 9 E]
(compare with Exercise 29.2). Now
},EE 8ga(t) + 2 Z )+ 0;(t) =0
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and (after some rearrangement)

T
. 1
%E)I(l) 8ga(t) + 2 g )+ 6i(t) =2m [ (29 —2) + g 1 <1 — E) + 27, (22.2.2)
J:

The first term in the right-hand side of (22.2.2) is positive by the assumptions of the
theorem. Hence

lim 8ga(t +2Z t) + B;(t)) > 2.

As the quantities «(t) and §;(t) vary continuously in ¢, by the Intermediate Value
Theorem there exists tg € (0,1) such that

sum(&) = 2.

Hence, for the polygon N(ty), the elliptic cycle condition holds.

By Poincaré’s Theorem, the side-pairing transformations generate a Fuchsian group I.
It remains to check that the group I' has the required signature.

The group I' has r elliptic cycles corresponding to each of the wj. The elliptic cycle
transformation associated to the elliptic cycle w; has order m;.

Consider the space H/T". This is formed by taking N(t¢) and gluing together the paired
sides. Thus H/I" has a triangulation using a single polygon (so F' = 1) with V = r 4+ 1
vertices (as there are v+ 1 elliptic cycles) and E = 2g + r edges. Let h denote the genus of
H/T'. Then by the Euler formula,

2-2h=V-FE+F=(r+1)—29+r)+1=2-2g.

Hence h = g. Hence I' has signature sig(I') = (g; m1,...,m;). O
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23. Properly discontinuous group actions

§23.1 Background

Recall that the set of Mobius transformations of H forms a group Mo6b(H) under composi-
tion. This group has a very rich structure; for example, we shall see how to define a notion
of distance on this group (so that we can say how far apart two M&bius transformations of
H are). We shall also study a very important class of subgroups of Méb(H) called Fuch-
sian groups. The purpose of these notes is to discuss the action of a Fuchsian group on
the boundary 0H in terms of its limit set. These sets are important and often intricate
geometrical objects (for example, they are often of a fractal nature).

§23.2 Metric spaces

We will use several concepts from metric spaces. In this section we quickly review many of
the necessary definitions. For more details, see almost any book on metric spaces (for ex-
ample W.A. Sutherland, An Introduction to Metric and Topological Spaces, O.U.P., Oxford,
1975).

In the course we saw how to define a notion of distance on the upper half-plane H. This
distance function satisfies several nice properties (such as the triangle inequality). A metric
space just abstracts these properties.

Definition. Let X be a set. We say that a function d : X x X — R is a metric (or
distance function) if:

(i) for all 2,y € X, we have d(z,y) > 0 and d(x,y) = 0 if and only if z = y;
(ii) for all z,y € X, we have d(z,y) = d(y, x);
(iii) the triangle inequality holds: for all z,y,z € X we have d(z,z) < d(z,y) + d(y, 2).

We call the pair (X, d) a metric space.

Examples.
1. Take X = R and define d(z,y) = |z — y|.

2. Take X = R? and define

d((z1,72), (y1,92)) = VIy1 — 212 + |ya — 22/2.

3. Take X = H with dg(z,z’) = inf{lengthy(c) | o is a piecewise-differentiable path
from z to 2’}
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§23.2.1 Convergence

We know how to define convergence of sequences in R: if z,, € R then we say that x,, — =
if for all € > 0 there exists N € N such that for all n > N we have |x,, — z| < e. That is,
given any ¢ > 0 the distance (in R) between z,, and x is less than ¢ provided n is sufficiently
large. We can recast this definition in terms of metric spaces.

Definition. Let (X, d) be a metric space. Let x,, € X be a sequence of points in X. We
say that x, converges to z € X (and write z,, — z) if for all € > 0 there exists N € N such
that for all n > N we have d(z,, ) < €.

§23.2.2 Open and closed sets

Let (X,d) be a metric space. Let x € X and let € > 0. The set
Be(z) ={y € X | d(z,y) < e}

of all points y that are distance at most € from z is called the open ball of radius € and
centre x. We can think of B.(z) as being a small neighbourhood around the point x.

A subset U C X is called open if for all z € U there exists € > 0 such that B.(x) C U,
i.e. every point « in U has a small neighbourhood that is also contained in U.

One can easily show that open balls B.(z) are open subsets. (This is not a tautology!
Our choice of terminology strongly suggests that an open ball will indeed be an open set;
however one does need to check that an open ball is open.)

Definition. Let x € X. An open set U containing x is called a neighbourhood of .

The idea is that a neighbourhood of x contains all points that are sufficiently close to x.
Recall that a sequence x,, € X converges to z if x,, is arbitrarily close to x for all sufficiently
large n. With this in mind, the following should not be a surprising result.

Lemma 23.2.1
Let (X, d) be a metric space. Let x,,,x € X. Then the following are equivalent:

(i) xp, — x as n — oo;

(ii) if U is a neighbourhood of x then there exists N € N such that for all n > N we have
x, € U.

Proof. This is a case of unravelling the definitions. O

A set F' is said to be closed if its complement X \ F' is open. There are other ways of
defining closed sets:

Proposition 23.2.2
Let (X, d) be a metric space and let F' C X. Then the following are equivalent:

(i) F is closed (i.e. X \ F is open);

(ii) if z, € F is a sequence of points in F' such that x, — x for some x € X then x € F
(i.e. any convergent sequence of points in F' has its limit in F).

Let us give some examples.
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Examples.

(i) Take X = R and let I = (a,b) be the interval I = {xr € R | a < < b}. Then
I is an open set. To see this, take z € I and let ¢ = min{x — a,b — x}. Then
B.(z) = (r —e,x +¢) C I (draw a picture). This is why we call (a,b) an open
interval.

(ii) Take X =R and let I = [a,b] = {x € R | a < x < b}. Then [ is a closed set as its
complement is R\ I = (—o00,a) U (b,00), the union of two open sets.

(iii) Take X = R and let I = [a,b) = {x € R | a < 2 < b}. Then I is neither open
nor closed. It is not open because no small neighbourhood (a — €,a + ¢) of a is not
contained in I. It is not closed because the sequence z,, = b — 1/n lies inside I, but
T, — b and b is not in 1.

In practice, sets defined by strict inequalities (<, >) normally give open sets, and sets
defined by weak inequalities (<, >) normally give closed sets.
Consider the usual Euclidean metric on R? defined by

dge ((z1,22), (Y1, 92)) = VIy1 — 21 + y2 — 222,

Let = (x1,x2). The open ball B.(z) around a point x is a Euclidean disc of Euclidean
radius € and centre x. In contrast, if we work in the upper half-plane H with the hyperbolic
metric dy then the open ball B.(z) is a hyperbolic disc centred on z and with hyperbolic
radius e. However, in Exercise 5.4 we saw that a hyperbolic disc is a Euclidean disc (albeit
with a different centre and radius). In particular, one can prove:

Lemma 23.2.3
The open sets in H defined using the hyperbolic metric dy are the same as the open sets
in the upper half-plane using the Fuclidean metric.

(For those of you familiar with the terminology: this just says that the topology generated
by the hyperbolic metric is the same as the usual Euclidean topology.)

§23.2.3 Compactness

A compact metric spaces is, roughly speaking, one in which sequences of points cannot
‘escape’. There are two ways in which a sequence could escape: (i) the sequence could tend
to infinity (that is, the set is ‘unbounded’), or (ii) the sequence could tend to a limit that
is outside the set, as happens in Example (iii) in §23.2.2 (that is, the set is ‘not closed’).

Let (X, d) be a metric space. We say that X is (sequentially) compact if every sequence
Tp € X has a convergent subsequence, i.e. there exist n; — oo such that x,,; — z for some
reX.

Examples.

1. [0,1] is compact.

2. (0,1) is not compact (because x,, = 1/n does not have a convergent subsequence in
0,1

(0,1)).

Remark. There are other, equivalent, definitions of compactness, such as compactness in
terms of open covers.
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The characterisation of compactness is terms of the set being closed and bounded is only
valid for subsets of R™. In a general metric space, a compact set is always closed and
bounded, but the converse is not necessarily true. We will often restrict our attention to
the following class of metric spaces.

Definition. A metric space is proper if every closed ball B.(z) = {y € X | d(z,y) < €}
is compact.

Subsets of R™, the upper half-plane, the Poincare disc, Méb(H) are all proper metric spaces.
The set of continuous real-valued functions defined on [0,1] with the metric d(f,g) =
SUpgepo,1] |f(2) — g()] is not a proper metric space.

Exercise 23.1
Let (X,d) be a metric space. Let K C X be a compact subset and let F' C K be a closed
subset of K. By using Proposition 23.2.2 show that F' is itself compact.

§23.2.4 Continuity

Continuity is a key idea in metric spaces. Let (X,d) and (Y, p) be metric spaces and let
f: X—>Y.

Definition. We say that a function f : X — Y is continuous at a € X if: for all € > 0
there exists § > 0 such that if d(z,a) < § then p(f(x), f(a)) < e. We say that f is
continuous if it is continuous at a € X for all a € X.

Thus a function f : X — Y is continuous at a if points that are close to a € X get mapped
by f to points that are close to f(a) € Y. A function is continuous if it is continuous at
each point. If X and Y are subsets of R (with the usual metric) then continuity has its
usual meaning: one can draw the graph of f without any breaks or jumps.

There are many other ways of characterising continuity. We give some below. First
recall that if f: X — Y is a function and U C Y then the pre-image of Y under f is the
set:

JNU) = {e e X | f@) € UL

We do not assume that f is invertible here: this definition makes sense for any function f.
(For example, if f : R — R is given by f(z) = x% then f~'({b}) = {Vb, —Vb} if b > 0,
F1({0}) = {0}, and f1({b}) = 0 if b < 0.

Lemma 23.2.4
Let (X,d) and (Y, p) be metric spaces and let f : X — Y. Then the following are equivalent:

(i) f is continuous;
(ii) if x,, € X is such that x, — x for some x € X then f(z,) — f(x);
(iii) if U C Y is any open set then f~1(U) C X is an open set.

Note that Lemma 23.2.4(iii) does not say that if U C X is open then f(U) C Y is open
(this is false in general).

Continuity also works well with compactness. The following result says that the con-
tinuous image of a compact set is compact:
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Lemma 23.2.5
Let (X,d) and (Y, p) be metric spaces and let f : X — Y be continuous. Let K C X be a
compact set. Then f(K)={f(z) |z € K} CY is compact.

Note that this does not say that the pre-image f~!(L) of a compact subset L C Y is a
compact subset of X (this is false in general).
Recall that a map v : X — X is an isometry if d(y(z),v(y)) = d(z,y) for all z,y € X.

Exercise 23.2
Prove that an isometry is continuous.
§23.2.5 Discreteness

Let e >0 and z € X. We call B.(z) = {y € X | d(z,y) < €} the e-ball around z, or simply
a neighbourhood of .

Definition. Let Y C X be a subset of X. We say that a point € Y is isolated in Y if
there exists € > 0 such that B.(x) NY = {z}, i.e. there are no points of Y (other than z
itself) within distance € of .

Definition. Let Y C X be a subset of X. We say that Y is discrete if every element of
Y is isolated in Y.

Examples.

1. Take X =R and let Y ={1/n |n=1,2,3,...}. Then Y is discrete (notice that in
the definition of discreteness, the value of € chosen is allowed to depend on the point
rzeY).

2. Take X =Randlet Y ={1/n|n=1,2,3,...} U{0}. Then Y is not discrete as the
point 0 is not isolated: there are points of the form 1/n arbitrarily close to 0.

Exercise 23.3
Let (X, d) be a metric space and let Y C X. Show that the following are equivalent:

(i) Y is a discrete subset;

(i) if =, € Y is a sequence in Y such that =, — = € Y as n — oo, then there exists
N € N such that x,, = x for all n > N.

§23.2.6 Limit points

Definition. Let Y C X be an arbitrary subset of X. We say that a point x € X is a
limit point of Y if every neighbourhood of x contains a point y € Y such that y # x.

We let A(Y) denote the set of all limit points of the subset Y.

Example. Take X =Rand Y = {(-1)"+1/n | n =1,2,...}. Then Y has two limit
points: —1 and 1.

Example. Take X = R and Y = Q. As any real number can be arbitrarily well-
approximated by a rational, we see that every real number is a limit point of Y.

Example. Let Y be a finite subset of a metric space X. Then there are no limit points.
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§23.3 Properly discontinuous group actions

Let (X,d) be a metric space. For example, we could have X = R? with the usual Euclidean
metric, or X = H with the hyperbolic metric.

Let T" be a group of homeomorphisms of X and let x € X. (Later on we will assume in
addition that I' is a group of isometries, but for the moment we need only assume that the
elements of I" are homeomorphisms.)

Definition. The orbit of x under I' is the set
L(z)={y(z) |yeT} CX.

That is, the orbit I'(z) of = under I" is the set of points one can reach starting at z and
applying every possible element of T'.

Definition. The stabiliser of x under I' is the set
Stabr(z) ={y el |~y(z) =2} CT.

That is, the stabilister Stabr(x) of x under I' is the set of transformations in I' that leave
x fixed.

Exercise 23.4
Show that, for each x € X, Stabr(x) is a subgroup of T'.

Examples.

(i) Let X = R? with the Euclidean metric. Let T' = {vum | Yom(®,y) = (x +n,y +
m), (n,m) € Z?} denote the group of isometries of R? given by integer translations.
Then the orbit of the origin is I'((0,0)) = {(n,m) | (n,m) € Z?}, i.e. the integer
lattice. The stabiliser of the origin is Stabr((0,0)) = {700}, i.e. the only isometry in
I" that fixes the origin is the identity.

(ii) Let X = D with the hyperbolic metric dp. Let T' = {vg | 79(2) = €>™2,0 € [0,1)}
denote the group of rotations around the origin in . Let z = re® € D. Then the
orbit I'(z) of z is the (Euclidean) circle in D of radius r. If z # 0 then the stabiliser
Stabr(z) of z contains just the identity transformation. As every transformation in
I' fixes 0, the stabiliser of the origin is I': Stabp(0) =T".

(iii) Let X = R? with the Euclidean metric. Let T' = {id,v1,72,73} where id, y1,72,73
denote the identity and rotations around the origin through angles 90, 180, 270 de-
grees, respectively. Then the orbit of (z,y) € R? contains either 4 points forming a
square (if (z,y) # (0,0)) or is the origin (if (z,y) = (0,0)). If (x,y) # (0,0) then
Stabr((x,y)) = {id}; however, Stabr((0,0)) =T

(iv) Let X = H with the hyperbolic metric dg. Let I' = {7, | 7u(2) = 2z + n,n € Z}
denote the group of integer translations. Then, for any z € H, the orbit of z is
I'(z) = {# +n | n € Z}, the set of integer translations of z. As no translation, other
than the identity, fixes any point we have that Stabr(z) = {id}.

Exercise 23.5
Let X = H with the hyperbolic metric dy. Let I' = M6b(H) be the group of all Mdbius
transformations of H. Calculate the orbit of ¢ and the stabiliser of 7.
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Exercise 23.6
Calculate Stabpgr,(2,7)(7)-

In the first, third and fourth examples above we have the following property: the orbit
of every point in X is a discrete subset of X, and the stabiliser of every point is finite.
Heuristically, this means the following: if € X, then ~(z) is moved a long way from z,
except for possibly finitely many + that leave x fixed. Contrast this with the second example.
Here, the orbit of z can contain points other than z that are arbitrarily close to z; moreover,
for some points (actually, just the origin) there are infinitely many transformations that fix
z. This motivates the following definition.

Definition. Let (X, d) be a metric space and let I" be a group of homeomorphisms of X.
Then I acts properly discontinuously on X if: for all z € X and for all non-empty compact
subsets K C X the set {y € I' | v(x) € K} is finite.

Heuristically we think of a compact set containing = as being a small closed set around
x. Thus I' acts properly discontinuously if, given any point = € X, all but finitely many
transformations in I' move the point x a long way from where it started.

There are many equivalent ways of defining what it means for a group of homeomor-
phisms to act properly discontinuously. The following will be the most important for our
purposes.

Lemma 23.3.1
Let (X, d) be a proper metric space and let I' be a group of homeomorphisms of X. Then
the following are equivalent:

(i) T acts properly discontinuously on X ;
(ii) for all x € X,

(a) the orbit I'(z) is a discrete subset of X, and
(b) the stabiliser Stabr(x) is a finite subgroup of I.

Proof. We prove (i) implies (ii). Suppose that I" acts properly discontinuously.

Suppose, for a contradiction, that I'(z) is not discrete. Then there exist v, € I' and
xg € X such that 7, (z) — ¢ and all the points 7, (z) are pairwise distinct. Let € > 0 and
let K = K (z9). As X is a proper metric space, K is compact. As 7, (z) — zo, there exists
N such that if n > N then ~v,(x) € K. As the points 7, (z) are pairwise distinct it follows
that the transformations -, are pairwise distinct. Hence there are infinitely many ~,, € I’
such that v,(x) € K, contradicting the fact that I" acts properly discontinuously.

Now let z € X and let K = {z}. Then K is compact. Clearly

Stabp(z) ={y € I'|v(z) =2} ={y €' | y(z) € K}.

As T' acts properly discontinuosly, we have that {y € I' | v(z) € K} is finite. Hence
Stabp(z) is finite.

We prove (ii) implies (i). Suppose that, for all z € X, we have that I'(z) is discrete
and Stabr(x) is finite. Let K be compact and let z € X. We want to show that {y € I" |
~v(z) € K} is finite.

Suppose not, i.e. there exist infinitely many distinct v, € {y € I' | v(x) € K}. Consider
the set of points {v,(z)} C K}. This set could be finite or infinite. If it is infinite then,
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as K is compact, the sequence of points ~,(x) has a convergent subsequence; by taking
a further subsequence if necessary we can assume that the points in this subsequence are
distinct. Hence {~,(z)} has a limit point. Hence I'(x) has a limit point. This contradicts
the fact that I'(x) is discrete.

Now suppose that there are infinitely many distinct v, € {y € T' | v(z) € K} but
that the set of points {v,(z)} is finite. Write {y,(z)} = {zM,..., 2"} For each j,
1 < j < k, consider the set {y, | y(z) = z9}. We want to show that this set is
finite. As each stabiliser is finite, let Stabr(z) = {g¢1,...,9,}. For each j, fix a choice
’yﬁj) € {m | M(z) = 29}, Then ~(z) = 20) = 74(])(3:), so that ('yg))_lv € Stabr(x).
Hence for some 1 < ¢ < r we have that (%{j ))*17 = gy. Hence v = %{j ) ge. Hence there are
only finitely many possibilities for v. Hence {7, | 7n(z) = ()} is finite.

Hence {y € I' | v(z) € K} is finite. O

Here is another equivalent condition for a group of isometries to act properly discontin-
uously.

Proposition 23.3.2
Let (X,d) be a proper metric space and let I' be a group of isometries of X. Then the
following are equivalent:

(i) T acts properly discontinuously;

(ii) each point © € X has a neighbourhood U containing x such that v(U) NU # ( for
only finitely many ~v € I

Proof. Recall from Lemma 23.3.1 that a group I' of isometries acts on X properly dis-
continuously if and only if the orbit I'(x) of each point x € X is discrete and the stabiliser
Stabp(z) is finite.

We prove (i) implies (ii). Let x € X. As the orbit I'(z) of = is discrete, there exists
e > 0 such that B.(z) does not contain any points of I'(z) other than z. Let U C B, s(x)
be any neighbourhood of x. Suppose that v(U)NU # 0. Let y € v(U)NU. Then, asy € U,
we have that d(z,y) < e/2. As y € y(U) we have d(y,v(x)) < ¢/2. Hence by the triangle
inequality, d(z,v(z)) < d(z,y) + d(y,v(x)) < e. Hence v(z) € B:(x). As B.(x) does not
contain any points in I'(z) other than z, it follows that v(z) = z, i.e. 7 € Stabr(z). Hence
there are only finitely many v € T' for which v(U) N U # (.

We prove that (ii) implies (i). Let x € X and suppose, for a contradiction, that I'(x)
is not discrete. Choose pairwise distinct v, such that ~,(z) — zs for some z,, € X but
Yn(x) # xoo. Let U be the neighbourhood of z, given by (ii). Then there exists N € N
such that if n > N then v, (z) € U. Now if n > N then ~,(x) € U and yy(x) € U. Hence
v e, U ﬁ'y;,IU. Hence

YN U NN, ) = 73 U N U # 0.

By (ii), there are only finitely many possibilities for vy, 1, n > N, contradicting the fact
that the v, are pairwise distinct.

Let z € X and suppose that Stabr(x) is infinite. Then there exist infinitely many
distinct v, € T such that v,(x) = z. Let U be the neighbourhood of x in (ii). Then
x = Yp(x) € Y (U). Hence x € 7,(U) NU. But there are only finitely many -, with this
property, a contradiction. O
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Exercise 23.7

Recall that the modular group I' = PSL(2,Z) acts by homeomorphisms on 0H. Show that
I' does not act properly discontinuously in three ways: (i) by showing that it does not
satisfy the definition of a properly discontinuous group actions, (ii) by finding a point x
such that I'(z) is not discrete, (iii) by finding a point  such that Stabr(z) is infinite.

Exercise 23.8
Naively, one might expect the intersection between a compact set and a discrete set to be
finite. This is not the case, and it is easy to find counterexamples. (Can you think of one?)

(i) Give an example of a metric space X, a group I' of homeomorphisms acting on X, a
point € X and a compact set K such that I'(x) is discrete but K NIT'(z) is infinite.

(ii) Suppose that I' is now a group of isometries.

Suppose that the orbit I'(z) of z is discrete. Show that one can find € > 0 such that
B.(y(x))NT'(z) = {y(z)} for all v € I". (That is, the ¢ in the definition of discreteness
can be chosen to be independent of the point in the orbit.)

(ii) Conclude that if I acts by isometries, I'(x) is discrete and K is compact then K NT'(x)
is finite.
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24. Limit sets of Fuchsian groups

§24.1 Fuchsian groups

We first recall the definition of a Fuchsian group.

Definition. A subgroup I' < M6b(H) of M&bius transformations of H is called a Fuchsian
group if it is discrete subset of Mob(H).

Thus if I" is a Fuchsian group and ~, € I' is such that v, — + € I" then ~, = v for all
sufficiently large n.

Similar definitions continue to hold for the Poincaré disc model I of the hyperbolic
plane. A transformation v : D — D of the form

()_az—Fﬂ
e _Bz—l—o_z

where o, 3 € C and |a|? — |8]? > 0 is called a Mébius transformation of D. The collection
of all such transformations is denoted by M&b(ID). There is no loss in assuming that
v € Méb(D) is normalised, namely that |a? — |3]> = 1. A metric can be defined in a
similar way as in (12.2.2).

Let us recall some examples of Fuchsian groups.

Examples.

1. The subgroup I' = {7, | 7u(2) = 2 +n, n € Z} < M6b(H) of all integer translations
of H is a Fuchsian group.

2. The subgroup I' = {7, | 7(2) = 2"z, n € Z} < M6b(H) is a Fuchsian group.

3. Let § € R. Consider the subgroup I' = {7} | v9(z) = €>™2, n € Z} of Méb(D). If 6
is rational then this is a finite group, and so a Fuchsian group. If # is irrational then
this group is infinite; one can check that in this case I' is not a Fuchsian group.

4. The modular group

az+b
cz+d

PSL(2,Z) = {z — | a,b,c,d € Z, ad — bc = 1} < Mob(H)

is a Fuchsian group.

5. Let ¢ € N. The level-¢ modular group
az+b

Z
cz+d

is a Fuchsian group.

a,b,c,d € Z, ad—bc=1,
b, c are divisible by ¢

} < MOob(H)
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6. Let ¢ € N. The principal congruence subgroup of level ¢ is the group

a,b,c,d € 7, ad —bc =1,
b, c are divisible by ¢, < Mob(H)
a,d =1mod ¢

az+b
cz+d

Z

is a Fuchsian group.

§24.2 Fuchsian groups and properly discontinuous group actions
The goal of this subsection is to prove the following result.

Theorem 24.2.1
Let T be a subgroup of Mob(H) (or Méb(D)). Then T is a Fuchsian group if and only if T’
acts properly discontinuously on H (or D).

For convenience we will work in H. We first need the following lemma.

Lemma 24.2.2
Fix zg € H and let K C H be a non-empty compact set. Then

E = {y € Méb(H) | v(20) € K}
(i.e. the set of all Mobius transformations of H that map zy into K ) is a compact subset of

Méb(H).

Proof. Let Si(2,R) denote the group of 2 x 2 matrices with real coefficients and deter-
minant 1. Recall the map 0 : SI(2,R) — Mob(H) given by

a b
0<Cd>_7‘4

where v4 € M6b(H) is the M&bius transformation of H with coefficient given by the matrix
A: ya(z) = (az +b)/(cz + d). The map 6 is continuous.

Let ,
b azy +
E=30° SI(2,R K.
{(C d)6 (’)‘czo—l—al6 }
Then O(E') = E. If we can prove that E’ is a compact subset of SI(2,R) then it follows

that F, as the continuous image of a compact set, is a compact subset of M&b(H).

Now SI(2,R) can be regarded as a subset of R* (via the map ( c; Z > — (a,b,c,d)).

Hence to prove that E’ is compact it is sufficient to prove that E’ is closed and bounded.
Define v : Si1(2,R) — H by
y a b\ azp+b
c d )  czm+d

Then 1 is continuous. Moreover, E' = ¢~ 1(K). As K C H is compact, and so closed, it
follows that E’ is closed.
As K C H is compact, in particular it is bounded. Hence there exists M7 > 0 such that

azo+0b
czo+d

‘Sleorall <“ b)eE/.
c d
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Moreover, as K C H is compact, it is bounded away from the real axis. Hence there exists

M5 > 0 such that
azo+ b a b ,
> .
m<020+d>M2forall<c d>€E

azo+b\ 1
Im <cz0 —l—d> = Im(zp).

Im zg
dl </ 24.2.1
lezo +d| < 7 ( )
I
lazo +b| < My / IJE’ZO. (24.2.2)
2

Call the constants appearing on the right-hand side of (24.2.1) and (24.2.2) Cy and C3
respectively, and note that they are independent of a, b, ¢,d. Let zg = x¢ + tyo. Then from
(24.2.1) we have that

Now

It follows that

and

(cxo + d)? + yE = |czo + d?|* < CF

from which it follows that |c| < C;/yo and so is bounded. We also have that |czo+d| < Cy,
hence

C C
—C1 — lmOS—Cl—chSdgCl—cxoﬁcl—F 170
Yo Yo
so that d is also bounded. From (24.2.2) it follows that a, b are also bounded. O

We will also need the following technical property.

Proposition 24.2.3

Let T' be a subgroup of Mob(H) that acts properly discontinuously on H. Suppose that
p € H is fixed by some element of I'. Then there exists a neighbourhood W of p such that
no other point of W is fixed by an element of I' other than the identity.

In other words, if p is fixed for some v € I' then, near p, no other point is fixed by any
non-trivial element of T'.

Remark. In particular, it follows from Proposition 24.2.3 that if I' acts properly discon-
tinuously then there exists p € H such that v(p) # p for all v € I\ {id}. In Lecture 14
we use this property to give an algorithm that generates a fundamental domain for a given
Fuchsian group.

Proof of Proposition 24.2.3. Suppose that y(p) = p for some p € Hand v € I, v # id.
Suppose, for a contradiction, that in any neighbourhood of p there exists a fixed point for
some non-trivial transformation in I, i.e. there exists a sequence of distinct points p, € H
and 7, € I' \ {id} such that p, — p and ~,(pn) = pn. Hence =, is an elliptic Mobius
transformation of H with a fixed point at p,; hence the ~,, are pairwise distinct.

Let Bs:(p) be the closed 3e-ball centred on p. This set is compact. From the definition
of a properly discontinuous group action it follows that

{v el [~(p) € B(p)}
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is finite. Hence only finitely many of the ~, belong to this set. Hence there exists N; € N
such that if n > N then dg(v,(p),p) > 3¢. As p, — p, it follows that there exists No € N
such that if n > Ny then du(pn,p) < €. Choose n > max{Ny, No}. Then

du(m(®),p) < da(ya(p), Ya(pn)) + du(yn(pn), p)
du(p, pn) + du(pn,p) < 2e

(as 7y, is an isometry, and 7, (p,) = pn), a contradiction. O

Exercise 24.1

Give a example of a metric space (X,d) and a group I' of isometries that acts properly
discontinuously on X for which the conclusion of Proposition 24.2.3 fails, i.e. there exists a
point p € X which is fixed by some non-trivial element of I' and for which there are points
arbitrarily close (but not equal) to p that are also fixed under some non-trivial elements of
I'. (Hint: where did we use the fact that we are working with Mdbius transformations in
the above proof?)

We can now prove Theorem 24.2.1.

Proof of Theorem 24.2.1. Let I' be a Fuchsian group. We prove that I' acts properly
discontinuously on H. Let z € H and let K C H be a non-empty compact set. Then

{yveTl|v(z) e K} ={y e Mob(H) |y(z) € K} nT. (24.2.3)

The first set on the right-hand side of (24.2.3) is compact by Lemma 24.2.2, and the second
set is discrete. Hence {7y € I' | v(z) € K} is finite. Hence I" acts properly discontinuously.

Conversely, suppose that I" acts properly discontinuously but is not discrete. By Propo-
sition 24.2.3 and the remark following it, there exists p € H that is not fixed by any element
in " other than the identity. As I' is not discrete, there exists pairwise distinct v, € I" such
that v, — id. Hence v,(p) — p and v, (p) # p.

Let U be any neighbourhood of p. Then ~,(p) € U for sufficiently large n. Clearly
Yn(p) € Yn(U). Hence there exist infinitely many 7, € T such that v,(U) N U # 0,
contradicting Proposition 23.3.2. O

Recall that Lemma 23.3.1 says that a group acts properly discontinuously if and only
if each orbit is discrete and each stabiliser is finite. For Fuchsian groups, we do not need
to check that stabiliser of each point is finite (heuristically, this isn’t surprising: for ~ is in
Stabr(z) if and only if z is a fixed point of 7, and we know that Mdbius transformations
have very few fixed points).

Proposition 24.2.4
Let I < M6b(H) be a subgroup of the Mébius group. Then the following are equivalent:

(i) T acts properly discontinuously on H;

(ii) for all z € H, the orbit T'(z) C H is a discrete subset of H.

Proof. We prove (i) implies (ii). If I" acts properly discontinuously then, by Lemma 23.3.1,
the orbit I'(z) of every z € H is discrete.

Conversely, we prove (ii) implies (i). We work in D for convenience. By Lemma 23.3.1
we need only prove that the stabiliser of each point 2y € D is finite. Let v € Stabr(zp).
Then (z9) = 20, so that v has fixed point at zg; hence ~ is either elliptic or the identity.
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Recall that a Mobius transformation of D is elliptic if and only if it is conjugate to a
rotation about 0 € D. Thus Stabp(zp) is conjugate to S, a subgroup of

{79 | ’Y@(z) = 627ri62,7 NS [Ov 1]}

That is, there exists g € Mob(D) such that g Stabp(zg)g~! = S. Suppose that Stabr(zp)
is infinite. Then S is infinite and there exist infinitely many distinct 6; € [0,1] for which
vp; € S. As [0,1] is compact, we can choose a convergent subsequence 0;, — 0, for
some 0 € [0,1]. Fix any 21 € D, z # 0. Then vy, (21) — 79(21) as n — oo. Let
Yo = g_lvg].ng € Stabr(zg). Then 7,(97'21) — ¢ ‘21, so that the orbit of 21 is not

discrete, a contradiction. O

Remark. It is important to realise that Proposition 24.2.4 fails if we consider the orbit
of a point z € JH. For example, take I' = PSL(2,Z); this is a Fuchsian group. However, it
is easy to see that I'(0), the orbit of the point 0 € 9H, is equal to Q U {oco}, which is not
discrete.

In particular, we have the following important corollary.

Corollary 24.2.5
Let T be a Fuchsian group and let z € H. Then I'(z) has no limit points inside H.

Thus if T'(z) has any limit points, then they must lie on the boundary.

§24.3 The limit set of a Fuchsian group

For convenience, we will work in the Poincaré disc model of the hyperbolic plane. Let I' be
a Fuchsian group acting on the Poincaré disc D.
We will be interested in the orbit I'(z) of a point z € D. We shall view I'(z) as a subset
of DU JD. Note that
DUOD ={zeC||z| <1},

the closed unit disc in C. We give D U 0D the Euclidean topology: a sequence points
zn, € DU OD converges to z € DU ID if |z, — 2| — 0 as n — oo, where | - | denotes the
modulus of a complex number.

Remark. If we are working in D then dp(z,,2) — 0 if and only if |z, — 2| — 0. However,
when we are working with limit sets we are often looking at convergence in D U 0D. As
points on O are an infinite distance away from points in D, it does not make sense to
consider convergence using the hyperbolic metric D.

Definition. Let I' be a Fuchsian group acting on the Poincaré disc D and let z € D. Let
A(T'(z)) denote the set of limit points in D U 9D of the orbit I'(2).

Remarks.

(i) Let z € D. Thus a point ¢ € ID is an element of A(T'(z)) if: there exists 7, € I" such
that v,(z) — ¢ as n — oc.

(ii) By Corollary 24.2.5, we know that for a Fuchsian group I' any limit point of I'(2) lies
on the boundary. Thus A(T'(z)) C 9D.
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It appears from the above definition that the sets A(T'(z)) depend on the choice of point
z. This is not the case, as the following result shows.

Proposition 24.3.1
Let I" be a Fuchsian group and let 21,29 € D. Then

A(T(z1)) = AT(22))-

Definition. Let I" be a Fuchsian group acting on the Poincaré disc D. We define the limit
set A(T") of " to be the set A(I'(z)) for any z € D.

Proof. One can prove that the following formula holds for two points z1, zo € D:

|21 — 2o/
(1= |z12)(1 = |22[?)

(Recall that Proposition 5.5.2 gives a formula for coshdp(z1,22) in the upper half-plane.
One can prove a similar formula in the Poincaré disc using the same method.)
Let v € I'. As +y is an isometry, it follows that

1
sinh? §d]D)(Zl, 29) =

sinh? %d@(zl,zg) = sinh? %dm(’y(zl)ﬁ(@))
[y (21) = y(z2) )
(1= y(z0))(1 = [y(22)?)

Hence for any v € I" we have

7(z1) = y(22)] < (1 = y(21)*)"/? sinh %dD(Zla 22). (24.3.1)

Let ¢ € A(T'(21)). We show that ( € A(T'(22)).
As ¢ € A(T'(21)), there exists a sequence of group elements ~,, € I" such that v,(z1) — ¢
as n — oo. Consider (24.3.1) for ~,:

(1) = Ym(z2)] < (1= Jm(20) )2 Sinh%dm(%@)- (24.3.2)

As ¢ € 0D, we have that |v,(z1)] — || = 1 as n — oo. It follows from (24.3.2) that
Yn(22) — C asn — oo. Hence ¢ € A(I'(22)). Thus we have shown that A(I'(z1)) C A(T'(22)).

By reversing z; and z3 in the above argument, we see that A(I'(z3)) C A(T'(z1)). Hence
A(T(z1)) = AT(22)). O

Remark. There is, of course, a corresponding notion of limit set in the upper half-plane
model of the hyperbolic plane. The definition is as above (with D replaced by H), but a
small amount of care has to be taken when one defines convergence in OH = R U {oco}. Let
us make this precise. Suppose that I' is a Fuchsian group acting on H and let z € H. We
say that ¢ € R C 0H is a limit point of I'(z) if there exists v, € I" such that |y,(z) — (| — 0
as n — oo. We say that oo € 9H is a limit point of I'(z) if for all K > 0 there exists v € T’
such that |y(z)| > K.

Recall the map h : H — D that we used in Lecture 6 to transfer results between the
upper half-plane and Poincaré disc models of hyperbolic space. Let I' < M6b(H) be a
Fuchsian group and let Ag(I") denote its limit set. Then A(I') < Mob(D) is a Fuchsian
group in the Poincaré disc model with limit set Ap(h(I")) = h(Ag(T)).
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Examples.

(i) Let us work in the upper half-plane model. Take I' = {7, | 7n(2) = 2"z, n € Z}.
Consider the point ¢ € H. Then 7, (i) — oo as n — 00, and y_, (i) — 0 as n — oco. It
is easy to see that A(I') = {0, c0}.

(i) Working again in the upper half-plane model, take T' to be the modular group
PSL(2,Z). Then A(I') = OH. We shall see several proofs of this later.

Exercise 24.2
In the upper half-plane, take I' = {~,, | 7.(2) = 2z + n, n € Z}. Find A(T").

§24.4 Properties of the limit set

In this section we derive some basic properties of the limit set A(I") of a Fuchsian group I'.
More specifically, we shall see that A(T") is a compact I'-invariant subset of 9D.

§24.4.1 Conjugate Fuchsian groups

Recall that we say that two Mobius transformations 7y;,v2 € M6b(H) of H are conjugate if
there exists g € Mob(H) such that v = g~ 1719. Recall that we think of conjugate Mobius
transformations as representing the same transformation but with respect to different co-
ordinate systems.

Definition. Let I'y and I's be Fuchsian groups. We say that I'; and I's are conjugate if
there exists g € M6b(H) such that

Iy =g 'Tg={9""mg|m eT1}.

Again, we think of conjugacy as a change of co-ordinates.
The following result relates the limit sets of conjugate Fuchsian groups.

Proposition 24.4.1
Let T'y be a Fuchsian group and let T'y = g~'T"1g be a conjugate Fuchsian group. Then

A(T2) = g~ (A(T1)).

Proof. Let ( € A(I'1). Then there exists z € D and a sequence 77(11) € I'y such that

%(11)(2) — ( as n — oo. Notice that %(12) = g_lw(Ll)g € I's. Hence

W) = g alee)
= g0 )
— g Q)
so that
g~ (A1) € A(Ta).
The reverse inequality follows similarly. O

Remark. It follows from Proposition 24.4.1 that if I'y and I'y are conjugate Fuchsian
groups then their limit sets A(I';) and A(I'y) have the same cardinality. Moreover, they
have the same topological properties. This is because the map ¢ — ¢~ 1(¢) : 9D — 0D is a
homeomorphism. When studying the limit set of a Fuchsian group I, it will often simplify
the analysis if we replace I' with a conjugate Fuchsian group ¢~ 'I'g.
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§24.4.2 Basic topological properties

Proposition 24.4.2
Let T be a Fuchsian group. Then the limit set A(T") of T is a closed subset of OD.

Exercise 24.3
Prove Proposition 24.4.2: namely, show that if ¢, € A(I") and (,, — ¢ € 9D then ¢ € A(T).

Corollary 24.4.3
The limit set of a Fuchsian group is compact.

Proof. This is immediate from Proposition 24.4.2: A(T') is a closed subset of the compact
set JD and therefore is itself compact. O

§24.4.3 The action of T' on A(T).

Recall that a Mobius transformation v € Mob(ID) of D also acts on the boundary 0D. Thus
if v € T then y(A(T")) = {~(¢) | ¢ € A(I")} C ID.

Proposition 24.4.4
The limit set A(T") is invariant under I", namely v(A(T")) = A(T).

Proof. We have to show that for v € I" we have v(A(I")) = A(T").

Let ¢ € A(T'). Then there exist v, € I such that v,(z) — (. Now 7y, € TasT'is a
group. Hence yv,(2) — v(¢). Hence v(¢) € A(I"). Thus v(A(T")) € A(T).

By replacing v by 7! in the above argument, we can similarly show that A(T') C
A(A(T)).

Hence v(A(T")) = A(D). O

Remark. In fact, one can show that A(T") is the smallest T-invariant subset of 9D.
Namely, if C' C 0D is a I'-invariant subset then C' D A(T").

§24.4.4 The cardinality of the limit set

We know that if I" is a Fuchsian group then A(T") is a compact subset of dD. The purpose
of this section is to study the cardinality of A(I"). We shall show that A(I") can have either
0, 1, 2 or infinitely many elements. Later on, we shall see that if A(T") is infinite, then it
must in fact be uncountable.

We begin with the following result. Recall that if v is a parabolic or hyperbolic Mébius
transformation then v has either 1 or 2 fixed points in A(I"). We show that if I" contains a
parabolic or hyperbolic element then the fixed points must lie in A(T").

Proposition 24.4.5
Let I" be a Fuchsian group.

(i) Suppose that v € T is a parabolic Mé6bius transformation of D. Then the fixed point
¢ € D of v is an element of A(T").

(ii)) Suppose that v € I" is a hyperbolic Mébius transformation of D. Then the two fixed
points (1, (o € OD of v are elements of A(T").
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Proof. We work in the upper half-plane model H for convenience. We prove (i). Suppose
that v € T' is parabolic. By Proposition 10.3.1, v is conjugate to a translation z — z + b,
b # 0. That is, there exists g € Mob(H) such that g~ 'yg(z) = z + b. Then

g 19"g(2) = 2z +bn — o0 € OH
as n — oo. Observe that ( = g(o0) is the unique fixed point of 4. Then

7"(9(2)) = ¢
as n — oo. Hence ¢ € A(T). O

Exercise 24.4
Prove Proposition 24.4.5(ii).

Exercise 24.5
Let p,q € Z, ¢ # 0. Consider the Mobius transformation of H

) (14 pg)z — p?

2+ (1—pg)
Show that v € PSL(2,7Z). By considering the fixed point(s) of v, show that A(PSL(2,Z)) =
OH.

Proposition 24.4.6
Let T' be a Fuchsian group and let A(T") be its limit set. Then A(T") has either 0,1,2 or
infinitely many elements.

Proof. Suppose that A(T") is finite but has at least 3 elements. We show that this cannot
happen. Let C' denote the finite collection of geodesics with end-points in A(T"). As A(T")

Figure 24.4.1: (i) The set C in the case of 3 points. (ii) The lines show the set of points
within distance M of the geodesic; the “triangle” in the middle illustrates the set C'(M).

is I-invariant, it follows that C' is also I-invariant. Let M > 0 and let C'(M) denote the
set of points that are within distance M of every geodesic in C:

C(M)={zeD| sup inf dp(z,z) < M}.
Lec €L
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Then, as C is I'-invariant and T' acts on D by isometries, we see that C(M) is also I'-
invariant.

By choosing M sufficiently large, we see that C(M) is not empty (draw a picture!).
Choose a point zg € C(M).

As A(T") has at least three elements, for any ¢ € C(M) N 0D there exists a geodesic
L € C which does not have ( as an endpoint.

Let z be a point near ¢. Then as z — (, we have that dp(z, L) = inf,cr, dp(z, ) — oc.
Hence z ¢ C(M) if z is sufficiently close to (. Hence C(M) is a bounded set, and in
particular is bounded away from JD.

As zp € C(M) and C(M) is I'-invariant, we must have that the orbit I'(z9) of 2z lies
in C(M), which is bounded away from JD. In particular, the orbit of zy cannot have any
limit points on the boundary 9. But this contradicts the fact that A(T") = I'(z9) N 9D has
at least three points. O

We can classify Fuchsian groups by the cardinality of their limit sets as follows:

Definition. We say that I' is elementary if A(I") has finitely many elements. Otherwise,
we say that I' is non-elementary.

Exercise 24.6

Check that all three possibilities can occur: namely, write down examples of Fuchsian
groups I'o,I'1, Iy, ' such that A(T';) has, respectively, 0,1,2,00 elements. (In a later
section we shall classify all Fuchsian groups for which A(T") is finite.)
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25. Some algebraic properties of Fuchsian groups

§25.1 Cyclic groups

Definition. A group I is said to be cyclic if there exists v € I" such that
'={y"|neZ}.

We say that v generates I', or equivalently that ~ is a generator for I'.

Exercise 25.1
Show that any cyclic group is abelian.

Examples.

1. The Fuchsian groups

I' = {wmkE)=2z+n|nelZ}
I' = {wkz)=2"2|necZ}

are cyclic; the first is generated by z — 2z + 1 and the second is generated by z — 2z.
2. The Fuchsian group
I = {fyk(z) — 627rik/nz | k=0,1,...,n— 1}

is a cyclic group. It is generated by z — €27/ 2.

In particular, we see that a cyclic group may be finite.
The following easily-proved result says that discrete subgroups of the real line and the
circle (both thought of as additive groups) are cyclic.

Lemma 25.1.1
(i) Any non-trivial discrete subgroup of R is an infinite cyclic group.

(ii) Any non-trivial discrete subgroup of the unit circle S* is a finite cyclic group.

Exercise 25.2

Prove Lemma 25.1.1. (Hint: Suppose that I' < R is a discrete subgroup. Choose an element
0 < y € T such that no other element of T" lies between 0 and y (why does such an element
exist?). Show that y generates I'.)
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§25.2 Centralisers and applications to abelian Fuchsian groups

Definition. Let I' be a group and let v € I'. The centraliser Cr(7) is the set of all
elements in I' that commute with ~, i.e.

Cr(y) ={9 €T | gy =g}

Thus I is abelian if and only if Cp(y) =T for all vy € T.

Let v € M6b(H) be a Mobius transformation of H. We are interested in calculating the
centraliser Cyspry(y) of v in MOb(H). This will allow us to calculate all abelian Fuchsian
groups.

Recall that a point z € HU 0H is a fixed point of v € Méb(H) if v(z) = 2.

Lemma 25.2.1
Let v € Mob(H) and let g € Cyigp(en) (). Then z is a fixed point of y if and only if g(z) is
a fixed point of .

Exercise 25.3
Prove Lemma 25.2.1

Let v € Mob(H) and let us calculate the centraliser Cypspy(y) of v in Mob(H). We
consider three cases: 7 is parabolic, hyperbolic or elliptic.

Let v € M&b(H) be a parabolic Mébius transformation of H. By replacing v with a
conjugate transformation, we may assume that v has its unique fixed point at co and is
either the translation vy(z) = 2+ 1 or y(z) = z — 1 (compare with Proposition 10.3.1). We
will consider the case when 7(z) = z + 1; the case when v(z) = z — 1 is exactly the same.
Let g € Cysp(my(y) commute with . By Lemma 25.2.1, g(0o) = oo. Hence g(z) = az +b
(see Lecture 10). Now

gy(z) = az+a+bd
vg(z) = az+b+1

and comparing coefficients shows that a = 1. Hence

Cysn) (7) = {9(2) =2+ b be R},
the group of all translations.

Exercise 25.4
(i) Consider the hyperbolic transformation v(z) = kz. Show that Cyspamy(y) is the set
of all dilations {y(z) = Az | A > 0}.

(ii) Consider the elliptic transformation v(z) = ¢*™ 2 of D. Show that Cueb() (7) 1s the
set of all rotations around 0 € D.

Combining the above exercise with Propositions 11.2.1 and 11.3.1, we have the following
results.

Proposition 25.2.2
Two Mobius transformations commute if and only if they have the same set of fixed points.
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Proposition 25.2.3
(i) The centraliser Cygspm) () in MEb(H) of a parabolic element v € T' consists of all
parabolic transformations with the same fixed point in OH as ~.

(ii) The centraliser Cyigh(m(7y) in MOb(H) of an elliptic element v € I' consists of all
elliptic transformations with the same fixed point in H as -y.

(i) The centraliser Cyispy(y) in MOb(H) of a hyperbolic element v € T' consists of all
hyperbolic transformations with the same two fixed points in OH as =.

The next two results tell us that the only abelian Fuchsian groups are cyclic.

Proposition 25.2.4
Let T be a Fuchsian group. Suppose that every element v € I' \ {Id} has the same set of
fixed points. Then I' is cyclic.

Proof. As every non-identity element of I' has the same set of fixed points, all non-
identity elements must be of the same type: they must either be all parabolic, all elliptic
or all hyperbolic.

Suppose that I' contains only parabolic elements that fix the same element, together
with the identity. Replace I' with a conjugate subgroup so that the fixed point is co. The
only transformations that fix have co as the unique fixed point are the translations. Hence
I is a discrete subgroup of the group of translations {z — z+b,b € R}, which is isomorphic
to R. By Lemma 25.1.1, T" is cyclic.

Suppose that all the non-identity elements of I" are hyperbolic and have the same set of
fixed points. By replacing I' by a conjugate group, we may assume that the fixed points are
0 and co. The only transformations that fix both 0 and co are the dilations z — kz. Hence I'
is a discrete subgroup of the group of all dilations {z +— kz | £ > 0}, i.e. the multiplicative
group of positive reals. The multiplicative group of positive reals is isomorphic to the
additive group of reals (via the isomorphism x — log x). By Lemma 25.1.1, T is cyclic.

Working in D, suppose that I" contains only elliptic elements that fix the same element.
Replace I" with a conjugate subgroup so that the fixed point is 0 € D. The only transfor-
mations that fix only 0 are the rotations. Hence I' is a discrete subgroup of the group of
rotations {z — €™z, 0 € [0,1)}, which is isomorphic to the unit circle. By Lemma 25.1.1,
I' is cyclic. O

Proposition 25.2.5
Let " be an abelian Fuchsian group. Then I' is cyclic.

Proof. Let I' be an abelian Fuchsian group. Then by Proposition 25.2.2 every element
has the same set of fixed points. By Proposition 25.2.4 it follows that I" is cyclic. O

Corollary 25.2.6
No Fuchsian group is isomorphic to the additive group Z? = {(n,m) | n,m € Z}.

Proof. The group Z? is abelian but not cyclic. O

Exercise 25.5
Let ' be a group and let H < IT' be a subgroup. We define

Np(H)={geT |gHg™' = H}
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to be the normaliser of H in I'. That is, the normaliser of H is the largest subgroup of I'
in which H is a normal subgroup.

(i) Check that Np(H) is a subgroup of T

(ii) Let I' < Mob(H) be a non-abelian Fuchsian group. Prove that Nygspm (L) is also a
Fuchsian group.

(Hint: Suppose not. Consider a sequence of elements of Nygsp ) (I') that converges
to the identity.)
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26. Classifying elementary Fuchsian groups

We have seen that if I" is a Fuchsian group then A(IT") can have either 0, 1, 2 or infinitely
many elements. In this section we shall classify precisely those Fuchsian groups which have
a finite limit set.

§26.1 The case when card A(T') =0

Here we analyse the case when A(T') = (). We shall show that this happens if and only if
I' is a cyclic group generated by an elliptic element. We need the following preparatory
result.

Proposition 26.1.1
Let I be a Fuchsian group. Suppose that all elements of I', other than the identity, are
elliptic. Then all the elliptic transformations have a common fixed point.

Proof. Let v €I\ {Id} be elliptic. Then ~ has a unique fixed point z € H. To prove the
theorem we have to show that every element of I' has the same fixed point.

We work in the Poincaré disc D. Let v € I'\ {Id}. Then v has a unique fixed point in
D. By replacing I' with a conjugate group, we can assume that this fixed point occurs at

0. Then ~v has matrix
a 0
0 «
with |a| = 1.

Let g € T, g # . We show that g also has a fixed point at 0. Let g have matrix

O/ ﬂ/
(5 %)
with o/, 3" € C, |o/]? — |B']? = 1.
Consider the commutator [y, g] = vgy '¢g~! € I'. A straightforward calculation shows
that this has matrix

< ‘Oz|2‘0/|2 —a2|ﬁ’\2 OéQOé/ﬁ/— |Oz‘20/ﬁ/ )

a*a/f —laPaB ol - %8P
Recalling that |a| = 1, the trace of [y, g] is given by the square of:
jo/[* = a®|B* + [o'* — &% 5]
As |o/|? — |#|? = 1, we see that the trace of [y, g] is the square of
2+ |8 P(—a?+2-a%) =2— |8 (a—a).
Recall that o — & = 2i Im(«v). Hence, the trace of [y, g] is the square of

2 + 418 (Im(a))?.
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As T" does not contain any hyperbolic elements and [y, g] € I', we must have that [y, g] is
not hyperbolic. In particular, the trace of [y, g] is at most 4. Squaring the above quantity,
we see that this can only happen if either Im(a) =0 or 5’ = 0.

If Im(c) = 0 then o = & so that v is equal to the identity, a contradiction. Hence
B =0, so that g fixes the point 0. Hence every element of I has the same fixed point. O

Corollary 26.1.2
Suppose that all elements of I', other than the identity, are elliptic. Then the limit set A(T")
is empty.

Proof. By Proposition 26.1.1 we know that there exists a common fixed point z € D such
that v(z) = z for all v € I'. Hence the orbit of z under T is equal to {z}. Hence A(T") = 0.
O

The converse to Corollary 26.1.2 is true.

Corollary 26.1.3
Let T' be a Fuchsian group and suppose that A(T') = (). Then T is a cyclic abelian group
generated by an elliptic element.

Proof. This is merely assembling facts that we have already proved in the correct order!

Suppose that A(T') = (). By Proposition 24.4.5, T contains only elliptic elements and
the identity. By Proposition 26.1.1, there exists a common fixed point. By replacing I' by
a conjugate group, we can assume that this fixed point is the origin. Hence each element of
I' is of the form z — €*™ 2, and so can be viewed as a subgroup of the circle. By Lemma
25.1.1, it follows that I' is a finite cyclic group. O

§26.2 The case when card A(T') =1

Here we analyse the case when A(T") has exactly one element. We shall show that this
happens if and only if I" is an infinite cyclic group generated by a parabolic element.

Proposition 26.2.1
Let T be a Fuchsian group and suppose that A(I') = {¢}. Then T is of the form

={»"|neZ},

for some parabolic v € T', i.e. I is an infinite cyclic group generated by a parabolic trans-
formation.

Proof. Let I' be a Fuchsian group and suppose that the limit set A(I") contains only a
single element ¢ € 9D. By Theorem 24.4.4 we know that A(I") is I-invariant. Hence if
v € T' then we have that v({) = (. Thus each element of I" fixes (. In particular, this
implies that there are no elliptic transformations in I'.

We show that I does not contain a hyperbolic element. Recall that a hyperbolic M6bius
transformation of D has two fixed points in 9D and that these fixed points lie in A(I"). As
we are assuming that A(I") contains only one point, this cannot happen.

Hence I' contains only parabolic elements and the identity. By working in the upper
half-plane and replacing I by a conjugate subgroup, we may assume that A(T") = {oo} C
OH. The only parabolic Mobius transformations of H that have co as a fixed point are
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translations of the form z — z + b for some b € R. Hence I is (conjugate to) a subgroup
of {z — z+b| b € R} which is isomorphic to R. By Lemma 25.1.1, it follows that I is a
cyclic abelian group generated by a parabolic M&bius transformation of H. O

Exercise 26.1
Prove the converse to Proposition 26.2.1, namely that if I is an infinite cyclic group gener-
ated by a parabolic element then A(I") has one element.

§26.3 The case when card A(T") =2

Finally, suppose that A(I') has two elements. Indeed, let A(I') = {(1,(2}. Recall that T
acts on A(T"). Hence each element of I" maps (7 to either (; or to (2, and similarly (s is
mapped to either (5 or to (3. This observation allows us to classify Fuchsian groups I' for
which the limit set A(T") contains two elements.

Proposition 26.3.1
Let T be a Fuchsian group and suppose that A(T') has two points. Then either

(i) T is an infinite cyclic group generated by a hyperbolic transformation, or

(ii) T’ is conjugate to a Fuchsian group generated by

1
z—kz,z— ——
z

for some k > 1.

Proof. Let A(T") = {(1,¢2}. There are two cases.

Case 1. Suppose that v((;) = (3 for all ¥ € I. Then v({2) = (s for all v € I". Hence each
v € T fixes both (; and (o; therefore each element of I' is hyperbolic. By replacing I" by
a conjugate subgroup, we may assume that (; = 0, (o = co. A hyperbolic transformation
that fixes 0 and oo is of the form z — kz for some k € R. Hence I' is conjugate to a
subgroup of the form {z — kz | k € R}, which is isomorphic to R. By Lemma 25.1.1, it
follows that I' is an infinite cyclic group generated by a hyperbolic element.

Case 2. Now suppose that there exists v € I" such that v({1) = (o.

In this case, each element of I' either fixes both (; and (2 or interchanges them. If y € I’
fixes both ¢; and (o then ~ is hyperbolic.

Suppose that v € I interchanges (; and (5. Then (1, (s are not fixed points of ~. If
~ were hyperbolic or parabolic then then v would have at least one fixed point in D not
equal to (7 or {2 and this fixed point would lie in A(T"). This is a contradiction. Hence ~
must be elliptic.

By working in the upper half-plane model and replacing I' with a conjugate subgroup,
we may assume that (; = 0 and (o = co. Hence any hyperbolic element ~ € T' is of the
form z +— kz and any elliptic element is of the form z — —1/z. |
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27. Non-elementary Fuchsian groups

We have seen that a Fuchsian group has either 0, 1, 2 or infinitely many elements in its
limit set. In this section we briefly discuss the case where the limit set is infinite. The
following result says that in this case the limit set is in fact uncountable.

Theorem 27.0.2
Let T be a Fuchsian group. Then A(T') has either 0,1,2 or uncountably many elements.

Proof. Omitted. See Katok’s book. O

Recall that a Fuchsian group I is said to be non-elementary if the limit set A(I") contains
infinitely many (equivalently, uncountably many) elements.

Exercise 27.1
Suppose that I" is a non-elementary Fuchsian group. Prove that I' must contain a hyperbolic
element.

(Hints: First argue that, apart from the identity, either I' contains only hyperbolic
elements (in which case the statement follows trivially) or that it contains a parabolic
element. By replacing I by a conjugate subgroup, we can assume that a parabolic element
1 has oo as a fixed point and so has the form z — 2z 4+ b. If 75 is another element of I,
consider 7(y277) for large n.)

Before we can discuss the structure of a non-elementary Fuchsian group further, we
need the following topological concepts.

Definition. Let (X, d) be a metric space. A subset Y C X is said to be perfect if it is
closed and every point of Y is a limit point of Y.

Definition. Let (X, d) be a metric space. A subset Y C X is said to be nowhere dense if
X \ clY is dense, i.e. the complement of the closure of Y is dense.

Remarks.

(i) If Y is already a closed set, then Y is nowhere dense if and only if the complement
X\ Y is dense.

(ii) One can often think of nowhere dense sets as sets that are ‘topologically small’ in
the same way that sets of measure zero are ‘measure-theoretically’ small. (However,
the two notions are independent in the sense that there are nowhere dense subsets of
[0, 1] that have Lebesgue measure 1.)

Examples.

(i) Let X = R and take Y = {1/n | n € N} U{0}. Then A(Y) = {0} so that Y is not
perfect.
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(iii) The middle-third Cantor set (the definition of which is given below) is a perfect subset
of R.

A non-elementary Fuchsian group has uncountably many elements. For example, the
modular group has limit set equal to the entire boundary, which is clearly uncountable.
The following result says that there are essentially two types of behaviour: either the limit
set is the entire boundary, or it is a Cantor set. A Cantor set is defined to be a perfect
nowhere dense subset of a metric space. The most well-known example of a Cantor set is the
middle-third Cantor set C'. The middle third Cantor set is defined by starting with the unit
interval [0, 1] and removing the middle third interval leaving the set C; = [0,1/3] U [2/3,1];
these two intervals then have their middle thirds removed, leaving four sub-intervals Cs.
Inductively, this is repeated so that C,, is obtained from C),_; by removing the middle
thirds of the 2" intervals comprising C,—1. Then C = N>2,C,.

Theorem 27.0.3
Let T be a Fuchsian group and suppose that A(T") is infinite. Then either

(i) A(T') = 0D, or
(ii)) A(T) is a perfect, nowhere dense subset of OD.

Proof. Omitted. See Katok’s book. O

§27.1 Fuchsian groups of the first and second kind

Let T" be a Fuchsian group with limit set A(I'). Then heuristically there are two cases:
either A(T") is ‘big’ and is equal to dD, or else A(T) is ‘small’ and has either 0,1,2 elements
or is a Cantor set.

Definition. Let I' be a Fuchsian group. We say that I' is a Fuchsian group of the first
kind if A(T") = 0D. Otherwise we say that I" is a Fuchsian group of the second kind.

Remark. In particular, if I' is an elementary Fuchsian group then I' is of the second kind.
However, there are many other examples of non-elementary Fuchsian groups that are of the
second kind.

§27.2 Fuchsian groups of the first kind

Recall that a Fuchsian group is said to be of the first kind if its limit set is equal to the
whole of the boundary of D.

Recall also the notion of a fundamental domain. We say that an open subset F' C H is
a fundamental domain for a Fuchsian group I' if

() Uyer~(cl(F)) = H,
(ii) the images v(F') are pairwise disjoint; that is, v, (F) Ny2(F) = 0 if v # 9.

We saw in Lecture 15 that every Fuchsian group has a fundamental domain. Indeed we gave
a method for constructing a fundamental domain, namely the Dirichlet polygon. Also, recall
Proposition 13.2.1; this says that any two fundamental domains have the same hyperbolic
area.
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In this section, we state two theorems that essentially say that a Fuchsian group is
of the first kind if and only if a (hence all) fundamental domain has finite area. For the
first theorem we need to make an additional technical assumption that the group I' is
geometrically finite; this means that the Dirichlet polygon has finitely many sides.

Theorem 27.2.1
Let T" be a (geometrically finite) Fuchsian group of the first kind. ThenT" has a fundamental
domain of finite hyperbolic area.

The converse to this theorem (which does not need the assumption of the group being
geometrically finite) gives us another method for calculating limit sets.

Theorem 27.2.2
Let I be a Fuchsian group. Suppose that there exists a fundamental domain with finite
hyperbolic area. Then I' is a Fuchsian group of the first kind.

Example. Consider the modular group PSL(2,Z). One fundamental domain for this
group is the hyperbolic triangle with vertices at oo, (1 4 iv/3)/2. By the Gauss-Bonnet
Theorem this has finite hyperbolic area /3 (the internal angles are respectively 0, 7/3, 7/3).
By Theorem 27.2.2, we see that the limit set A(PSL(2,Z)) of the modular group is equal
to OHL.

§27.3 Fuchsian groups of the second kind

Recall that a Fuchsian group is said to be of the second kind if it is not of the first kind!
This means that the limit set is not equal to the entire boundary OH. There are two
possibilities:

(i) A(T) is a finite set, that is I' is an elementary group, or
(ii) A(T) is a Cantor set, namely a perfect, nowhere dense subset of 9H.

We can use a version of Poincaré’s Theorem to generate examples of Fuchsian groups
which have Cantor sets as their limit sets. Recall from Lectures 20 and 21 that Poincaré’s
Theorem has the following form. We have a hyperbolic polygon D equipped with a set of
side-pairing transformations and we assume that D has no free edges, i.e. no arcs of OH form
a side of D. We can then calculate the elliptic cycles and parabolic cycles. Poincaré’s The-
orem says that if each elliptic cycle satisfies the elliptic cycle condition and each parabolic
cycle satisfies the parabolic cycle condition then the side-pairing transformations generate
a Fuchsian group I' which has D as a fundamental domain.

We will need a version of Poincaré’s Theorem that generalises the above to the cases
where we include the possibilities that

(i) the polygon is allowed to have free edges, and

(ii) the side-pairing transformations could be arbitrary isometries (and not just Mobius
transformations).

Before stating this version of Poincaré’s Theorem, let us digress and discuss the group
of all isometries of H. Consider the map v(z) = —Zz defined on Hj this is a reflection in
the imaginary axis. It is easy to check from the definition of hyperbolic length that ~ is an
isometry. However, it is not a Mobius transformation. Note that v reverses orientation.
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In general, a reflection in any geodesic is an isometry. One can prove the following facts
(see Beardon, for example):

(i) The composition of two reflections in two different geodesics is a Mobius transforma-
tion. (Indeed, the composition is elliptic, parabolic or hyperbolic if and only if the
two geodesics intersect in D, intersect in D, or are disjoint, respectively.)

(ii) The group of orientation preserving isometries is precisely the set of Mobius transfor-
mations.

(iii) The set of orientation reversing isometries is precisely the set given by composition of
a reflection in a geodesic with a Mébius transformation (which could be the identity).

(iv) We let
Isom(D) = {all isometries of D}

denote the group of all isometries of D. Then M6b(ID) is a subgroup of index 2 in
Isom(D).

Let D be a convex hyperbolic polygon, possibly with free edges. We assume that
each side s of D is equipped with a side-pairing transformation ;. Here we will allow
any isometry of H to be a side-pairing transformation; in particular, we allow side-pairing
transformations to be orientation reversing (for example, a reflection in a geodesic). We
will also require the isometry ~5 to act in such a way that, locally, the half-plane bounded
by s containing D is mapped by 7, to the half-plane bounded by ~,(s) but opposite D. We
assume that each free edge is paired with itself by the identity map. Given a vertex and a
side with an end-point at that vertex, we can follow the procedure described in Lecture 18
and Lecture 21 to construct a cycle of vertices and an associated cycle transformation. We
say that

(i) a vertex v € H belongs to an elliptic cycle (which we calculate as in Lecture 18),

(ii) a vertex v € OH belongs to a parabolic cycle if the parabolic cycle constructed in
Lecture 21 does not contain a vertex that is the end-point of a free edge,

(iii) a vertex v € OH belongs to a free cycle if the parabolic cycle constructed in Lecture 21
does contain a vertex that is the end-point of a free edge.

If v is a vertex and s is a side with an end-point at v, then we denote the corresponding
cycle transformation by 7, s. This is a composition of orientation preserving isometries
(i.e. Mobius transformations) and orientation reversing isometries (i.e. the composition of
a Mobius transformation with a reflection in a geodesic). One can easily check that if v is a
vertex on either an elliptic or parabolic cycle then v, , contains an even number of orienta-
tion reversing isometries; hence 7, s is orientation preserving, i.e. a Mobius transformation.

We state the following form of Poincaré’s Theorem.

Theorem 27.3.1 (Poincaré’s Theorem in the case of free edges)

Let D be a convex hyperbolic polygon, possibly with free edges. Suppose that D is equipped
with a collection G of side-pairing hyperbolic isometries, possibly orientation reversing.
Suppose that each free edge is paired with itself via the identity. Suppose that

(i) each elliptic cycle satisfies the elliptic cycle condition, and
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(ii) each parabolic cycle satisfies the parabolic cycle condition.

Then the subgroup (G) generated by G is a discrete subgroup of Isom(H).

Remarks.

1. If the side-pairing transformations are Mobius transformations, then D is again a
fundamental domain for (G).

Suppose that some of the side-pairing transformations are orientation reversing isome-
tries. Then the set Iy = (G) N M6b(H) of all orientation preserving transformations
in (G) is a Fuchsian group. We can find a fundamental domain for I'y as follows: Let
v € (G) be any orientation reversing isometry. Then Dy = DU~(D) is a fundamental
domain for I'g.

2. Suppose that all vertices lie on the boundary and every vertex is the end-point of
a free edge. Then, as every vertex must belong to a free cycle, the side-pairing
transformations generate a discrete subgroup I' of Isom(H). Again, the group I'g =
I’ " M6b(H) of all orientation preserving elements of I" is a Fuchsian group.

Example. Consider the hyperbolic quadrilateral @ pictured in Figure 27.3. Let 1 be

83

84

Figure 27.3.1: The side [A, D] is paired to itself by a hyperbolic transformation followed
by a reflection; as is the side [B, C]

the orientation reversing isometry given by the composition of a hyperbolic transformation
with fixed points at A, D € 9D with a reflection in the geodesic [A, D]. Then ~; pairs the
side [A, D] to itself, and maps the half-plane determined by [A, D] that contains @ to the
half-plane opposite ). Thus v is a side-pairing transformation. Similarly, we take vo to
be the composition of a hyperbolic transformation with fixed points at B,C € JD and a
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reflection in the geodesic [B, C]; then 72 is also a side-pairing transformation that pairs the
side [B, C] with itself.
The cycle containing the vertex A is given by:

(2) = (2)(2)
< (2)=(1)

As this contains the free edge s4, this is a free cycle. Similarly, the vertices B, C, D all belong
to free cycles. Hence there are no elliptic cycles and no parabolic cycles. By Poincaré’s
Theorem, ~1,y2 generate a discrete subgroup of Isom(D).

Let I' = (v1,7v2) N M6b(D) denote the subgroup of Mdbius transformations in (i, y2).
Then I' is a Fuchsian group. By the first remark above, there is a fundamental domain Dy
for I' that contains Q. As Q has infinite area, we see that Dy also has infinite area. Hence
I’ must be a Fuchsian group of the second kind. Hence A(T") has either 0, 1,2 elements or
is a Cantor set.

Now I' contains the hyperbolic Mobius transformation +%; this has fixed points at A
and D. Hence A, D € A(T"). Similarly, I' contains the hyperbolic M&bius transformation
v4 which has fixed points at B,C; hence B,C € A(T'). Hence A(T') contains at least four
points. Hence A(T") is a Cantor set.

Example. Here is a specific example related to the above construction. Let

72 —6
3z—2"

71(2) = 42, 72(2) =

We claim that ~1,v2 generate a Fuchsian group with a Cantor set as its limit set.

To see this, first observe that ~; has fixed points at 0,00 and that o has fixed points
at 1,2. Thus the limit set of the group I' = (71,72) generated by 71,72 contains at least 4
points, hence it contains uncountably many points. It remains to check that I' is a Fuchsian
group of the second kind.

Define 5 5
13(2) = 22, () = =

z

and observe that 43 = 71 and 73 = 2. Let oy denote the reflection in the imaginary axis,
and let o9 denote the reflection in the geodesic [1,2]. Let 75 = 0173, 76 = 0274. Then
5 and ~g satisfy the hypotheses of the previous example. Therefore 75 and ~g generate a
discrete subgroup (vs,76) of Isom(H).

It is straightforward to see that v2 = 71 and 7§ = 2. Hence the subgroup I' = (y1,72)
is a subgroup of (7y5,76). As (75,76) is discrete, I must be discrete. As I' consists of Mobius
transformations, I' is a Fuchsian group.

Finally, observe that the hyperbolic quadrilateral @ with vertices at 0, 1,2, 00 and free
edges between vertices 0,1 and 2, oo has infinite hyperbolic area. Moreover, @) is contained
in a fundamental domain D for (vys,76) N Mob(H). Hence D also has infinite hyperbolic
area. As I' is a subgroup of (7y5,v¢) N M6b(H), one can see (see Proposition 13.2.2) that
any fundamental domain for I' must also have infinite area (indeed, I' has index 2 in
(75,7v6) N M6b(H)). Hence by Theorem 27.2.1, I' is a Fuchsian group of the second kind.
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§27.3.1 Further developments

There are many other results regarding Fuchsian groups and their limit sets that one can go
on to study. For example, if ' is a Fuchsian group of the second kind with an uncountable
limit set A(T"), then it is a Cantor set (namely, a perfect, nowhere dense subset). One can
show that in this case A(I") has an extremely complicated structure; indeed it is a fractal
set. Recall that one way of defining a fractal set is as a set with a non-integer dimension
(the dimension of a point is 0, the dimension of a line is 1, etc). One way of associating a
‘dimension’ to this set is via its Hausdorff dimension. One can give an explicit formula for
the Hausdorff dimension of the limit set.
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28. Where we could go next

628.1 Final remarks about the course

Below are some remarks about which parts of the course are examinable:
e Anything covered in the lectures is examinable.

e The exercises are examinable, apart from those that are explicitly stated as being non-
examinable. I've indicated which exercises are particularly important. The exercises
(including those that are deemed important) may change from one year to the next.

e There are some topics covered in the lecture notes that I either skimmed over very
briefly in the lectures or omitted completely; these (together with any exercises on
these topics) are not examinable. Again, which topics are omitted may change from
one year to the next. In particular, I did not do the lecture on hyperbolic trigonometry
this year, and the material in this lecture is not examinable.

e The statements of all the major theorems and propositions that I covered in the
lectures are examinable, as are their proofs.

e There are several past exam papers on the course website; this year’s exam is similar in
spirit to previous years’. Section A contains four compulsory short-answer questions
worth a total of 40 marks. Section B contains three longer questions each worth 30
marks, of which you must do two. The 15-credit exam contains an extra Section C,
containing three questions worth 50 marks in total.

e There is a .pdf file on the course webpage which gives a non-exhaustive list of
commonly-made mistakes in the exam in previous years. Please read this and don’t
make the same mistakes yourself!

Finally, none of the material covered in this lecture is examinable!

§28.2 Compact surfaces

In Lecture 22 we saw how, given g > 2, we could construct a Fuchsian group I' such that
H/T is a torus of genus ¢ (i.e. we constructed a Fuchsian group with signature (g, —)). Thus
we can generate a large number of surfaces using hyperbolic geometry. The following two
theorems say that, in some sense, most surfaces arise from hyperbolic geometry. Below,
you may think of ‘compact’ as meaning ‘closed and bounded’. Moreover, the boundary of
the surface can be thought of as its ‘edge’; thus the cylinder [0,1] x S has a boundary (the
two circles at the ends), whereas a torus does not have a boundary.

Theorem 28.2.1 (Mobius Classification Theorem (1863))
Let S be a compact orientable surface and suppose that S does not have a boundary. Then
S is either:
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(i) a sphere,
(ii) a torus of genus 1, or
(iii) a torus of genus g, g > 2.

In particular, all but two compact orientable surfaces without boundary arise from hyper-
bolic geometry.

You may have met curvature in other courses, such as Differential Geometry. Curvature
measures the extent to which space is curved, and in which direction it is curved. The
following, known as Diquet’s formula, gives a formula for the curvature of a surface at a

point. We define
12 (7r? — Area(B(z,r))
A

where B(z,r) = {y € S | d(z,y) < r} denotes a ball of radius r in S. Then one can see
that (with the usual notion of distance) a sphere has curvature +1, a torus of genus 1 has
curvature 0, etc. The following theorem gives a more precise description of all surfaces with
constant curvature.

Theorem 28.2.2 (Poincaré-Koebe Uniformisation Theorem (1882, 1907))

Let S be a compact orientable surface of constant curvature and without boundary. Then
there exists a covering space M with a suitable distance function and a discrete group of
isometries I' of M such that S is homeomorphic to M /T". Moreover,

(i) if S has positive curvature then M is a sphere,
(i) if S has zero curvature then M is the plane R?,
(iii) if S has negative curvature then M is the hyperbolic plane H.

The generalisation of this result to studying 3-dimensional ‘surfaces’ is called the Thurston
Uniformisation Conjecture. It is an important open problem in mathematics that is a topic
of major current research interest.

§28.3 Higher-dimensional hyperbolic space

Throughout this course we have studied the hyperbolic plane. Thus we have studied two-
dimensional hyperbolic geometry. We could go on to study higher-dimensional hyperbolic
geometry.

We can define n-dimensional hyperbolic space as follows. Let

H" = {(z1,22,...,2y) | z, > 0}

and let
OH" = {(l‘l,ZCQ,. .. ,:Cn_l,()) | Ti1ye--,Tpn—-1 € R}.

Thus H" is an n-dimensional hyperbolic analogue of the upper half-plane H and JH" is an
n-dimensional analogue of the boundary of H.

We can again define distance in H" by first defining the length of a (piecewise differ-
entiable) path, and then defining the distance between two points as the infimum of the
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length of all (piecewise differentiable) paths between them. If 0 = (04, ...,0y) : [a,b] — H"
is a piecewise differentiable path then we define

dt

b /
lengthy. (o) :/ " @

a On (t)

where ||o’(t)|| = /0| (£)2 + - + 0/,(t)%. Then for z,w € H" define

dpn (2, w) = inf{lengthy. (o) | o is a piecewise differentiable path from z to w}.

We can then go on to study and classify the higher-dimensional M6bius transformations.
We can study discrete subgroups of these groups, and formulate a version of Poincaré’s
Theorem. We could also go on to study higher dimensional hyperbolic ‘surfaces’ by taking
H"™ and quotienting it by a discrete group. This gives us an extremely powerful method of
constructing a very large class of geometric spaces with many interesting properties, many
of which are still topics of current research.
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29. All of the exercises

§29.1 Introduction

The exercises are scattered throughout the notes where they are relevant to the material
being discussed. For convenience, all of the exercises are given below. The numbering
convention is that Exercise n.m is the mth exercise in lecture n. Thus, once we’ve done
lecture n in class, you will be able to do all the exercises numbered n.m.

Particularly important exercises are labelled *. Particularly unimportant exercises,
notably those that are there purely for completeness (such as proving that a given definition
makes sense, or illustrating a minor point from the lectures) are labelled b. (Caveat: this is
purely to help you focus your revision, do not read too much into the distinction between
starred and unstarred exercises!)

Remember that:

e The 10-credit MATH32051 version of the course consists of lectures 1-22, 28.

e The 15-credit MATH42051/62051 version of the course consists of lectures 1-28.

§29.2 The exercises

Exercise 1.1b
Let Ry denote the 2 x 2 matrix that rotates R? clockwise about the origin through angle

0 € [0,27). Thus Ry has matrix
cosf@ sind
—sinf cosf )

Let a = (a1, a2) € R?. Define the transformation

Tpa : R? — R?

T x\ [ cosf sinf AN I
ba\ y ) 7\ —sin® cosé y as )’

thus Tj , first rotates the point (z, y) about the origin through an angle § and then translates
by the vector a.
Let G ={Ty, |0 €[0,27),a € R?}.

by

(i) Let 6,¢ € [0,27) and let a,b € R?. Find an expression for the composition Tp 0 Tp p.
Hence show that G is a group under composition of maps (i.e. show that this product is
(a) well-defined (i.e. the composition of two elements of G gives another element of G),
(b) associative (hint: you already know that composition of functions is associative),
(c) that there is an identity element, and (d) that inverses exist).
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(ii) Show that the set of all rotations about the origin is a subgroup of G.
(iii) Show that the set of all translations is a subgroup of G.

One can show that G is actually the group Isom™ (R?) of orientation preserving isometries
of R? with the Euclidean matrices.

Exercise 2.1
Consider the two parametrisations

o1:00,2] = H : tw—t+1,
o9: [1,2) = H : t (12 —t) +i.

Verify that these two parametrisations define the same path o.

Let f(z) = 1/Im(z). Calculate [ f using both of these parametrisations.

The point of this exercise is to show that we can often simplify calculating the integral
fa f of a function f along a path o by choosing a good parametrisation.

Exercise 2.2
Consider the points ¢ and ai where 0 < a < 1.

(i) Consider the path o between i and ai that consists of the arc of imaginary axis
between them. Find a parametrisation of this path.

(ii) Show that
lengthy (o) = log1/a.

(Notice that as a — 0, we have that log1/a — oo. This motivates why we call R U {oo}
the circle at infinity.)

Exercise 2.3
Show that dp satisfies the triangle inequality:

dH(.T, Z) < dH(‘Tay) + dH(?j, Z)a v T,Y,2 € [HL.
That is, the distance between two points is increased if one goes via a third point.

Exercise 3.1x
Let L be a straight line in C with equation (3.3.2). Calculate its gradient and intersections
with the real and imaginary axes in terms of «, (3, .

Exercise 3.2x
Let C be a circle in C with equation (3.3.2). Calculate the centre and radius of C' in terms

of a, B,7.

Exercise 3.3
Let v be a Md&bius transformation of H. Show that v maps H to itself bijectively and give
an explicit expression for the inverse map.

Exercise 3.4x

Prove Proposition 3.5.1 [that the set of M&bius transformations of H form a group under
composition]. (To do this, you must: (i) show that the composition v;y2 of two Mobius
transformations of H is a Mdbius transformation of H, (ii) check associativity (hint: you
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already know that composition of maps is associative), (iii) show that the identity map z —
z is a Mobius transformation, and (iv) show that if v € Méb(H) is a Mobius transformation
of H, then ! exists and is a Mébius transformation of H.)

Exercise 3.5b

Show that dilations, translations and the inversion z — —1/z are indeed Mdbius transfor-
mations of H by writing them in the form z — (az + b)/(cz + d) for suitable a,b,c,d € R,
ad — bc > 0.

Exercise 4.1
Show that if ad — be # 0 then v maps OH to itself bijectively.

Exercise 4.2
Prove the two facts used in the above proof [of Proposition 4.1.1]:

Vel =
Im(y(z)) = %Imw).

Exercise 4.3
Let z = x+iy € H and define v(z) = —z+1iy. (Note that v is not a Mdbius transformation
of H.)

(i) Show that v maps H to H bijectively.

(ii) Let o : [a,b] — H be a differentiable path. Show that
lengthy(y 0 o) = lengthy (o).

Hence conclude that v is an isometry of H.

Exercise 4.4
Let Hy, Ho € H. Show that there exists a Mobius transformation v of H that maps Hi to
Hs.

Exercise 5.1
Let Hi, Hy € H and let 21 € Hq, 20 € Hy. Show that there exists a Mobius transformation
~ of H such that v(H;) = Hz and 7(21) = 2z2. In particular, conclude that given 21, zo € H,
one can find a Mébius transformation «y of H such that v(z1) = 2.

(Hint: you know that there exists y; € MOb(H) that maps H; to the imaginary axis and
21 to 7; similarly you know that there exists v2 € Mob(H) that maps Hy to the imaginary
axis and 2y to i. What does 75 ' do?)

Exercise 5.2
For each of the following pairs of points, describe (either by giving an equation in the form
azz + [fz0z 4 7, or in words) the geodesic between them:

(1) —3 +4i, —3 + 5i,

(i) —3+4i, 3 + 4i,
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(iii) —3 + 4i, 5+ 12i.

Exercise 5.3x
Prove Proposition 5.5.2 using the following steps. For z,w € H let

LHS(z,w) = coshdm(z,w)
|z — w?

RHS(z,w) = L TGz Tm(w)

denote the left- and right-hand sides of (5.5.1) [the formula for cosh dg(z,w)] respectively.
We want to show that LHS(z,w) = RHS(z,w) for all z,w € H.

(i) Let v € Mob(H) be a Mdbius transformation of H. Using the fact that v is an
isometry, prove that
LHS(v(2),v(w)) = LHS(z, w).

Using Exercise 4.2 and Lemma 5.5.1, prove that

RHS(v(2),v(w)) = RHS(z, w).

(ii) Let H denote the geodesic passing through z,w. By Lemma 4.3.1 there exists a
Mobius transformation « of H that maps H to the imaginary axis. Let v(z) = ia and
~v(w) = ib. Prove, using the fact that dy(ia,ib) =logb/a if a < b, that for this choice
of v we have

LHS(v(2), y(w)) = RHS(y(2), v(w)).

(iii) Conclude that LHS(z,w) = RHS(z,w) for all z,w € H.

Exercise 5.4

A hyperbolic circle C' with centre zy € H and radius r > 0 is defined to be the set of all points
of hyperbolic distance r from zp. Using equation (5.5.1) [the formula for cosh d(z, w)], show
that a hyperbolic circle is a Euclidean circle (i.e. an ordinary circle) but with a different
centre and radius.

Exercise 5.5b
Recall that we defined the hyperbolic distance by first defining the hyperbolic length of a
piecewise differentiable path o:

lengthy (o) :/%dt:/lm:l(z)' (29.2.1)

We then saw that the Mobius transformations of H are isometries.

Why did we choose the function 1/Im z in (29.2.1)? In fact, one can choose any positive
function and use it to define the length of a path, and hence the distance between two
points. However, the geometry that one gets may be very complicated (for example, there
may be many geodesics between two points); alternatively, the geometry may not be very
interesting (for example, there may be very few symmetries, i.e. the group of isometries is
very small).

The group of Mdébius transformations of H is, as we shall see, a very rich group with lots
of interesting structure. The point of this exercise is to show that if we want the Mobius
transformations of H to be isometries then we must define hyperbolic length by (29.2.1).

158



MATH3/4/62051 29. Exercises

Let p : H — R be a continuous positive function. Define the p-length of a path o :
[a,b] — H to be

b
length(0) = [ p= [ plott)lo' 0]

(i) Suppose that length, is invariant under Mobius transformations of H, i.e. if v €
Mob(H) then length (v o o) = length ,(o). Prove that

p(1(2)' (2)] = p(2). (29.2.2)

(Hint: you may use the fact that if f is a continuous function such that fU f=0 for
every path o then f =0.)

(ii) By taking v(z) = z + b in (29.2.2), deduce that p(z) depends only on the imaginary

part of z. Hence we may write p as p(y) where z = = + iy.

(iii) By taking v(z) = kz in (29.2.2), deduce that p(y) = ¢/y for some constant ¢ > 0.

Hence, up to a normalising constant ¢, we see that if we require the Mobius transformations
of H to be isometries, then the distance in H must be given by the formula we introduced
in Lecture 2.

Exercise 6.1
Check some of the assertions above, for example:

(i) Show that A maps H to D bijectively. Show that h maps OH to D bijectively.
(ii) Calculate g(z) = h~!(z) and show that

-2 1—z2)?

g(z) = Cier )2 Im(g(2)) = it 1

(iii) Mimic the proof of Proposition 4.2.1 to show that the real axis is the unique geodesic
joining 0 to x € (0,1) and that

do(0,2) = log <1 ”") .

1—=x

Exercise 6.2b
Show that z — hyh~1(2) is a map of the form

az+ 3

——, a,B€C, |of -8 >0.
~ St aBeC, jaf g

z

Exercise 6.3
Let C = {w € D | dp(z0,w) = r} be a hyperbolic circle in D with centre zy and radius
r > 0. Calculate the circumference and area of C.

[Hints: First move C to the origin by using a Mobius transformation of . Use the
formula dp(0,x) = log(1 + x)/(1 — x) to show that this is a Euclidean circle, but with a
different radius. To calculate area, use polar co-ordinates.]

Exercise 7.1b
(The point of this exercise is to use the Gauss-Bonnet Theorem to calculate the area of a
given triangle.)

Let A be the hyperbolic triangle with vertices at v1 =4, vo = 2+ 2¢ and v3 = 4 + .
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(i) Calculate the equations of the sides of A.

(ii) Let C7 and C5 be two circles in R? with centres c1, co and radii 1, re, respectively.
Suppose C and Cs intersect. Let 6 denote the internal angle at the point of inter-
section (see figure). Show that

le1 — o —rf =73

cos =
27“1’!”2

Figure 29.2.1: The internal angle between two circles

(iii) Use the Gauss-Bonnet Theorem to show that the area of A is approximately 0.1377.

Exercise 7.2
Assuming Theorem 7.2.1 but not Theorem 7.2.2, prove that the area of a hyperbolic quadri-
lateral with internal angles o, a9, ag, ay is given by

2m — (Oél +a2+a3+a4).

Exercise 7.3
Let n > 3. By explicit construction, show that there exists a regular n-gon with internal
angle equal to a if and only if a € [0, (n — 2)7w/n).

(Hint: Work in the Poincaré disc D. Let w = €™/ be an n'® root of unity. Fix
r € (0,1) and consider the polygon D(r) with vertices at r,rw,rw?,...,rw" 1. This is a
regular n-gon (why?). Let a(r) denote the internal angle of D(r). Use the Gauss-Bonnet
Theorem to express the area of D(r) in terms of a(r). Examine what happens as r — 0
and as r — 1. (To examine lim,_,g AreagD(r), note that D(r) is contained in a hyperbolic
circle C(r), and use Exercise 6.3 to calculate lim,_.o AreagC(r).) You may use without
proof the fact that «(r) depends continuously on r.)

In particular, conclude that there there exists a regular n-gon with each internal angle
equal to a right-angle whenever n > 5. This is in contrast with the Euclidean case where,
of course, the only regular polygon with each internal angle equal to a right-angle is the
square.

Exercise 7.4

(This exercise is outside the scope of the course (and therefore not examinable!). However,
anybody remotely interested in pure mathematics should get to see what is below at least
once!)
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A polyhedron in R? is formed by joining together polygons along their edges. A platonic
solid is a convex polyhedra where each constituent polygon is a regular n-gon, with k
polygons meeting at each vertex.

By mimicking the discussions above, show that there are precisely five platonic solids:
the tetrahedron, cube, octahedron, dodecahedron and icosahedron (corresponding to (n, k) =
(3,3),(4,3),(3,4),(5,3) and (3,5), respectively).

Exercise 8.1x
Assuming that tan a = tanh a/ sinh b, prove that sin o« = sinh a/ sinh ¢ and cos « = tanh b/ tanh c.

Exercise 8.2

We now have relationships involving: (i) three angles (the Gauss-Bonnet Theorem), (ii)
three sides (Pythagoras’ Theorem) and (iii) two sides, one angle. Prove the following
relationships between one side and two angles:

cosh a = cos a.cosec 3, cosh ¢ = cot acot (.

What are the Euclidean analogues of these identities?

Exercise 8.3
Assuming that sina = 1/ cosh a, check using standard trig and hyperbolic trig identities
that cosa =1/ cotha and tana = 1/sinha.

Exercise 8.4x
Prove Proposition 8.4.1 in the case when A is acute (the obtuse case is a simple modification
of the argument, and is left for anybody interested...).

(Hint: label the vertices A, B,C with angle a at vertex A, etc. Drop a perpendicular
from vertex B meeting the side [A, C] at, say, D to obtain two right-angled triangles ABD,
BCD. Use Pythagoras’ Theorem and Proposition 8.2.1 in both of these triangles to obtain
an expression for sin a.)

Exercise 9.1
Find the fixed points in H U 0H of the following Mo6bius transformations of H:

2245 1 z
3,1’ 72(2) z 40, 73(’2) P 74(2) 2+ 1

In each case, state whether the map is parabolic, elliptic or hyperbolic.

7(2) =

Exercise 9.2
Normalise the Md6bius transformations of H given in Exercise 9.1.

Exercise 9.3b

(i) Show that SL(2,R) is indeed a group (under matrix multiplication). (Recall that G
is a group if: (i) if g,h € G then gh € G, (ii) the identity is in G, (iii) if g € G then
there exists g~! € G such that gg~! = g~ !g = identity.)

(ii) Define the subgroup
a b
SL(Q,Z):{<C d)\a,b,c,deZ;ad—bc:l}

to be the subset of SL(2,R) where all the entries are integers. Show that SL(2,Z) is
a subgroup of SL(2,R). (Recall that if G is a group and H C G then H is a subgroup
if it is itself a group.)
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Exercise 10.1x%

(i) Prove that conjugacy between Mdobius transformations of H is an equivalence relation.

(ii) Show that if 73 and ~9 are conjugate then they have the same number of fixed
points. Hence show that if -, is hyperbolic, parabolic or elliptic then - is hyperbolic,
parabolic or elliptic, respectively.

Exercise 10.2

Prove Proposition 10.2.1. (Hint: show that if A;, A3, A € SL(2,R) are matrices such that
A; = A71A5A then Trace(A4;) = Trace(A 1 A3A4) = Trace(Az). You might first want to
show that Trace(AB) = Trace(BA) for any two matrices A, B.)

Exercise 10.3x
Let v(z) = z+0b. If b > 0 then show that v is conjugate to y(z) = z+ 1. If b < 0 then show
that v is conjugate to v(z) =z — 1. Are z+— z — 1,z — z + 1 conjugate?

Exercise 11.1x
Show that two dilations z — kjz, z +— koz are conjugate (as Mobius transformations of H)
if and only if k; = ko or k1 = 1/ks.

Exercise 11.2
Let v € M6b(H) be a hyperbolic Mobius transformation of H. By the above result, we
know that «y is conjugate to a dilation z +— kz. Find a relationship between 7() and k.

Exercise 11.3
Let v € M&b(D) be a elliptic Mébius transformation of D. By the above result, we know
that 7 is conjugate to a rotation z — e?z. Find a relationship between 7(v) and 6.

Exercise 12.1
Show that for each g € N, I'y, as defined above, is indeed a subgroup of M&b(H).

Exercise 12.2
Fix k > 0, k # 1. Consider the subgroup of Méb(H) generated by the Mobius transforma-
tions of H given by

v(2) =241, 12(2) = kz.

Is this a Fuchsian group? (Hint: consider v5 "~{"v5(2).)
Exercise 13.1

Figures 13.2.1 and 13.2.2 illustrate two tessellations of H. What do these tessellations look
like in the Poincaré disc D?

Exercise 14.1b

(Included for completeness only.) Show that a convex hyperbolic polygon is an open subset
of H. To do this, first show that a half-plane is an open set. Then show that the intersection
of a finite number of open sets is open.
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Exercise 14.2

(i) Write z1 = 21 + iy1, 22 = T2 + Y2, 21, 20 € H. Show that the perpendicular bisector
of [21, z2] can also be written as

{z € H | yalz - 21\2 =y1lz — 22\2}

(ii) Hence describe the perpendicular bisector of the arc of geodesic between 1 + 2i and
(6 + 81)/5.

Exercise 15.1x
Let I' = {7y, | 7n(2) = 2"2, n € Z}. This is a Fuchsian group. Choose a suitable p € H and
construct a Dirichlet polygon D(p).

Exercise 16.1x
Take I' = {7, | m(2) = 2"2,n € Z}. Calculate the side-pairing transformations for the
Dirichlet polygon calculated in Exercise 15.1.

Exercise 17.1b
Convince yourself that the above two claims [defining elliptic cycles] are true.

Exercise 17.2b

(i) Show that vy, 59, Vo;,s; have the same order.

(i) Show that if v has order m then so does y~!.

Exercise 18.1x%
Check the assertion in example (v) above, i.e. show that if I' = (a,b | a* = bv* = (ab)? = ¢)
then I' contains exactly 8 elements.

Exercise 19.1b

Take a hyperbolic quadrilateral such that each pair of opposing sides have the same length.
Define two side-pairing transformation 7,9 that pair each pair of opposite sides. See
Figure 29.2.2. Show that there is only one elliptic cycle and determine the associated
elliptic cycle transformation. When do v, and 72 generate a Fuchsian group?

Figure 29.2.2: A hyperbolic quadrilateral with opposite sides paired
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Exercise 20.1x

Consider the polygon in Figure 29.2.3. The side-pairing transformations are:

oz

22417

What are the elliptic cycles? What are the parabolic cycles? Use Poincaré’s Theorem
to show that the Fuchsian group generated by 1,72 is discrete and has the polygon in
Figure 29.2.3 as a fundamental domain. Use Poincaré’s Theorem to show that the group
generated by 71,9 is the free group on 2 generators.

v (2) =242, 12(2)

71

Figure 29.2.3: A fundamental domain for the free group on 2 generators

Exercise 20.2x
Consider the hyperbolic quadrilateral with vertices

Az—(l—i—?), B:ig, Cz(l—i—?), and oo

and a right-angle at B, as illustrated in Figure 29.2.4.

o

—(1+ ) (1+ %)

Figure 29.2.4: A hyperbolic quadrilateral

(i) Verify that the following Mobius transformations are side-pairing transformations:

1(2) = 2+ 2+ V2, Vg(z):27\/§2.
Z+7
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(ii) By using Poincaré’s Theorem, show that these side-pairing transformations generate
a Fuchsian group. Give a presentation of I' in terms of generators and relations.

Exercise 21.1x

Consider the hyperbolic polygon illustrated in Figure 29.2.5 with the side-pairing transfor-
mations as indicated (note that one side is paired with itself). Assume that 61 4602+65 = 27
(one can show that such a polygon exists).

Figure 29.2.5: A hyperbolic polygon with sides paired as indicated

(i) Show that there are 3 non-accidental cycles and 1 accidental cycle.

(ii) Show that the side-pairing transformations generate a Fuchsian group I' and give a
presentation of I' in terms of generators and relations.

(iii) Calculate the signature of T'.

Exercise 21.2x
Consider the regular hyperbolic octagon with each internal angle equal to 6 and the sides
paired as indicated in Figure 29.2.6. Use Exercise 7.3 to show that such an octagon exists
provided 6 € [0,37/4).

For which values of 6 do 71,2, 73,74 generate a Fuchsian group I'y? In each case when
I'p is a Fuchsian group write down a presentation of I'y, determine the signature sig(I'p)
and briefly describe geometrically the quotient space H/Ty.

Exercise 21.3
This exercise works through the above [in Lecture 21] calculations in the case when we
allow parabolic cycles.

Let I" be a Fuchsian group and let D be a Dirichlet polygon for D. We allow D to have
vertices on OH, but we assume that D has no free edges (so that no arcs of OH are edges).
We also assume that no side of D is paired with itself.

The space H/I" then has a genus (heuristically, the number of handles), possibly some
marked points, and cusps. The cusps arise from gluing together the vertices on parabolic
cycles and identifying the sides on each parabolic cycle.
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Figure 29.2.6: See Exercise 21.2

(i) Convince yourself that the H/PSL(2,Z) has genus 0, one marked point of order 3,
one marked point of order 2, and one cusp.

(Hint: remember that a side is not allowed to be paired to itself.)

Suppose that H/T" has genus g, 7 marked points of order my,...,m,, and ¢ cusps. We
define the signature of I' to be

Slg(F) = (ga My, ..., My, C)‘
(ii) Using the Gauss-Bonnet Theorem, show that

T

Areag(D) =27 [ (20 —2)+ ) <1 - i) +e

j=1

(iii) Show that if ¢ > 1 then
Areag (D) >

wl N

and that this lower bound is achieved for just one Fuchsian group (which one?).

Exercise 23.1b
Let (X,d) be a metric space. Let K C X be a compact subset and let F' C K be a closed
subset of K. By using Proposition 23.2.2 show that F' is itself compact.

Exercise 23.2
Prove that an isometry is continuous.

Exercise 23.3
Let (X, d) be a metric space and let Y C X. Show that the following are equivalent:

(i) Y is a discrete subset;

(ii) if z, € Y is a sequence in Y such that =z, — = € Y as n — oo, then there exists
N € N such that x,, = = for all n > N.
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Exercise 23.4x
Show that, for each x € X, Stabr(x) is a subgroup of T'.

Exercise 23.5x%
Let X = H with the hyperbolic metric dy. Let I' = M6b(H) be the group of all Mdbius
transformations of H. Calculate the orbit of ¢ and the stabiliser of 7.

Exercise 23.6x%
Calculate Stabpg,(2,7) (1)

Exercise 23.7x

Recall that the modular group I' = PSL(2,Z) acts by homeomorphisms on 0H. Show that
I' does not act properly discontinuously in three ways: (i) by showing that it does not
satisfy the definition of a properly discontinuous group actions, (ii) by finding a point x
such that T'(x) is not discrete, (iii) by finding a point = such that Stabp(z) is infinite.

Exercise 23.8
Naively, one might expect the intersection between a compact set and a discrete set to be
finite. This is not the case, and it is easy to find counterexamples. (Can you think of one?)

(i) Give an example of a metric space X, a group I' of homeomorphisms acting on X, a
point z € X and a compact set K such that I'(x) is discrete but K NT'(z) is infinite.

(ii) Suppose that I' is now a group of isometries.

Suppose that the orbit I'(x) of x is discrete. Show that one can find £ > 0 such that
B.(y(x))NT'(z) = {y(z)} for all v € I". (That is, the ¢ in the definition of discreteness
can be chosen to be independent of the point in the orbit.)

(ii) Conclude that if I acts by isometries, I'(x) is discrete and K is compact then K NT'(x)
is finite.

Exercise 24.1

Give an example of a metric space (X,d) and a group I' of isometries that acts properly
discontinuously on X for which the conclusion of Proposition 24.2.3 fails, i.e. there exists a
point p € X which is fixed by some non-trivial element of I' and for which there are points
arbitrarily close (but not equal) to p that are also fixed under some non-trivial elements of
I'. (Hint: where did we use the fact that we are working with Mdbius transformations in
the above proof?)

Exercise 24.2x
In the upper half-plane, take I' = {~,, | 7.(2) = 2+ n, n € Z}. Find A(T).

Exercise 24.3
Prove Proposition 24.4.2: namely, show that if ¢, € A(I") and ¢, — ¢ € 9D then ¢ € A(T).

Exercise 24.4
Prove Proposition 24.4.5(ii).

Exercise 24.5
Let p,q € Z, q # 0. Consider the Mdbius transformation of H given by

(2) (14 pg)z — p?

@2+ (1—pg)’
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Show that v € PSL(2,7Z). By considering the fixed point(s) of v, show that A(PSL(2,Z)) =
OH.

Exercise 24.6

Check that all three possibilities [of cardinalities of limit sets] can occur: namely, write
down examples of Fuchsian groups I'g, I'1, I'y, I' such that A(T';) has, respectively, 0,1, 2, co
elements. (In a later section we shall classify all Fuchsian groups for which A(T") is finite.)

Exercise 25.1
Show that any cyclic group is abelian.

Exercise 25.2

Prove Lemma 25.1.1. (Hint: Suppose that I' < R is a discrete subgroup. Choose an element
0 < y € T such that no other element of T" lies between 0 and y (why does such an element
exist?). Show that y generates I'.)

Exercise 25.3b
Prove Lemma 25.2.1.

Exercise 25.4

(i) Consider the hyperbolic transformation v(z) = kz. Show that Cyyspy(y) is the set
of all dilations {y(z) = Az | A > 0}.

(ii) Consider the elliptic transformation (z) = €z of D. Show that Cruisb() (7) is the
set of all rotations around 0 € .

Exercise 25.5b
Let T be a group and let H < I' be a subgroup. We define

Nr(H) ={y €Tl |yHy ' = H}

to be the normaliser of H is I'. That is, the normaliser of H is the largest subgroup of I'
in which H is a normal subgroup.

(i) Check that Np(H) is a subgroup of T

(ii) Let I' < Mob(H) be a non-abelian Fuchsian group. Prove that Ny (L) is also a
Fuchsian group.

(Hint: Suppose not. Consider a sequence of elements of Nygsp ) (I') that converges
to the identity.)

Exercise 26.1
Prove the converse to Proposition 26.2.1 [in the limit sets notes|, namely that if I is an
infinite cyclic group generated by a parabolic element then A(I") has one element.

Exercise 26.2
Suppose that I" is a non-elementary Fuchsian group. Prove that I' must contain a hyperbolic
element.

(Hints: First argue that, apart from the identity, either I' contains only hyperbolic
elements (in which case the statement follows trivially) or that it contains a parabolic
element. By replacing I by a conjugate subgroup, we can assume that a parabolic element
v1 has oo as a fixed point and so has the form z — z + b. If o is another element of I,
consider 7(y277) for large n.)
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30. Solutions

Solution 1.1
We write Ty o(z,y) in the form Ry(x,y) + (a1, a2) where Ry denotes the 2 x 2 matrix that
rotates the plane about the origin by angle 6.

(i) (a) Let Ty o, Ty o € G. We have to show that the composition Ty Ty v € G. Now

Tp.aTo(®,y) = Toa(Toa(x,y))
= Tha(Ry (2,y) + (a1, a3))
= Ry(Ry (x,y) + (ay,a3)) + (a1, a2)
= RyRy(x,y) + (Ro(ay,a5) + (a1, a2))
= Tyi 0/, Ro(atay)+(ar,a2) (T, Y)
where we have used the observation that Ry Rgr = Rg4¢/. As Ty+0' R(a ay)+(ar,a2) €

G, the composition of two elements of G is another element of GG, hence the group
operation is well-defined.

(b) This is trivial: composition of functions is already known to be associative.

(c) The identity map on R? is the map that leaves every point alone. We choose
0 =0 and a = (0,0).

T5,00,0)(z,y) = Ro(z,y) + (0,0).

As Ry is the rotation through angle 0, it is clearly the identity matrix, so that
Ro(z,y) = (w,y). Hence Tj (9,0)(z,y) = (z,y). Hence G has an identity element.

(d) Let Ty, € G. We want to find an inverse for Ty, and show that it lies in G.
Write

Tp.a(z,y) = (u,v).
Then
(u,v) = Ro(z,y) + (a1, a2)

and some re-arrangement, together with the fact that R;l = R_y, shows that
(z,y) = R_g(u,v) — Rg(a1,a2).
Hence Tg_a1 =T_9,—R_y(ar,a2)> Which is an element of G.

(ii) The rotations about the origin have the form Ty . It is easy to check that Ty Ty o =
Th46,0 so that the composition of two rotations is another rotation. The identity map
is a rotation (through angle 0). The inverse of rotation by 6 is rotation by —6. Hence
the set of rotations is a subgroup of G.
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(iii) The translations have the form Ty, where a € R?. It is easy to see that 10,0100 =
Tb,a+a s0 that the composition of two translations is another translation. The identity
map is a translation (by (0,0)). The inverse of translation by (ai,az) is translation
by (—ai1, —az). Hence the set of translations is a subgroup of G.

Solution 2.1

(i) The path determined by both o; and o3 is a horizontal line from i to 2 + 3.

(ii) We first calculate [ f along tha path o using the parametrisation ;. Note that
oj(t) =1 and Im(oq(t)) = 1. Hence

2
/o ;o= / F(o1 ()] (1))t
2

- [
0

= 2

Now we calculate fa f along the path o using the parametrisation o2. Note that
oh(t) = 2t — 1 and Im(o2(t)) = 1. Hence

2
/0 ;o= / Floa(t)lob(t)| dt
2

= / 2t —1dt
1

=t _t‘le
= (4-2)—(1-1)
= 2

In this example, calculating fa f using the second parametrisation was only marginally
harder than using the first parametrisation. For more complicated paths, the choice
between a ‘good’ and a ‘bad’ parametrisation can make the difference between an
integral that is easy to calculate and one that is impossible using standard functions!

Solution 2.2

(i) Choose o : [a,1] — H given by o(t) = it. Then clearly o(a) = ia and o(1) =i (so
that o(-) has the required end-points) and o(t) belongs to the imaginary axis. (Note
there are many choices of parametrisations, your answer is correct as long as your
parametrisation has the correct end-points and belongs to the imaginary axis.)

(ii) For the parametrisation given above, |¢/(t)| = 1 and Im(o(t)) = t. Hence

1
1
zdt = logt\}l = —loga =log1/a.

lengthy (o) = /

a

170



MATH3/4/62051 30. Solutions

Solution 2.3
The idea is simple: The distance between two points is the infimum of the (hyperbolic)
lengths of (piecewise differentiable) paths between them. Only a subset of these paths pass
through a third point; hence the infimum of this subset is greater than the infimum over
all paths.

Let x,y,z € H. Let 04, : [a,b] — H be a path from z to y and let o, : [b,c] — H be a
path from y to z. Then the path o, , : [a,c] — H formed by defining

[ ouy(t) fortea,b]
ez (t) = { oy,-(t) fort € [b,c]

is a path from x to z and has length equal to the sum of the lengths of o, 0, .. Hence
dp(x, z) < lengthy(o,, ) = lengthy (o, ) + lengthy(oy, 2).

Taking the infima over path from z to y and from y to z we see that dy(z,2) < du(x,y) +
dH(y7 Z)'

Solution 3.1
For a straight line we have a = 0, i.e. 8z + 32+~ = 0.

Recall that the line ax 4 by + ¢ = 0 has gradient —a/b, z-intercept —c/a and y-intercept
—c/b. Let z = x + iy so that © = (¢ + 2)/2 and y = (2 — Z)/2i. Substituting these into
ax + by + ¢ we see that = (a —ib)/2 and v = ¢. Hence the gradient is Re(3)/Im(g3), the
z-intercept is at —y/2Re(3) and the y-intercept is at /2 Im(5).

Solution 3.2
A circle with centre zg and radius 7 has equation |z — zp|? — r? = 0. Multiplying this out
(see the proof of Proposition 3.3.1) we have:

27—z — 202+ |2 =12 =0
and multiplying by a € R we have
_ _ — 2 2 _
azZ — azpz — azpz + alzp|® — ar® = 0.

Comparing the coefficients of this with azz + Bz + 5z + v = 0 we see that 3 = —azy and
v = a]zo|? — ar?. Hence the centre of the circle is zg = —3/a and the radius is given by

_ Y 1
r=q/l2l?——=\/—F ——.
o o «o
Solution 3.3

We first show that v maps H to itself, i.e. if z € H then v(z) € H. To see this, let
z =u+iw € H Then Im(z) = v > 0. Let y(2) = (az + b)/(cz + d) be a Mdébius
transformation of H. Then

a(u+iv)+b  (au+ b+ iav) (cu + d — icv)

V(z) = c(u—l—iv)—i—d: (cu+d +icv) (cu +d —icv)’

which has imaginary part

1

1
m(—cv(au +b) + (cu + d)av) = ———(ad — be)v

lcz + d|?
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which is positive. Hence v maps H to itself.
If v(2) = (az+b)/(cz + d) then letting w = (az +b)/(cz + d) and solving for z in terms
of w shows that y~1(2) = (dz — b)/(—cz + a). Hence v~ ! exists and so v is a bijection.

Solution 3.4

(i) If v1 = (@12 +b1)/(c12+ d1) and v2 = (agz + by)/(c2z + da) then their composition is

o (82t) + 0o
Yon(z) = -~

c (C1Z+d1> + d2
agay + bacy)z + (agby + bady)
caa1 + docy)z + (coby + dody)’

_
(
which is a Mobius transformation of H as

(agal + bgcl)(Cle + d2d1) — (a2b1 + bgdl)(62a1 + dgcl)
= (a1d1 — blcl)(agdg — b202) > 0.

(ii) Composition of functions is associative.
(iii) The identity map z +— z is a Mdbius transformation of H (take a =d = 1,b = ¢ = 0).

(iv) It follows from the solution to Exercise 3.4 that if v is a Mo6bius transformation of H

then so is 1.

Solution 3.5
Let v(z) = (az +b)/(cz + d).

For the dilation z — kz take a = k,b =0,c = 0,d = 1. Then ad — bc = k > 0 so that ~
is a Mobius transformation of H.

For the translation z +— z + b take a = 0,b =b,c =0,d = 1. Then ad —bc =1 > 0 so
that ~ is a Mobius transformation of H.

For the inversion z +— —1/z take a = 0,b = —1,¢ = 1,d = 0. Then ad —bc =1 > 0 so
that ~ is a Mobius transformation of H.

Solution 4.1

To see that v maps OH to itself bijectively, it is sufficient to find an inverse. Notice that
v 1(2) = (dz — b)/(—cz + a) (defined appropriately for z = oo, namely we set v~ !(oc0) =
—d/c) is an inverse for 7.

Solution 4.2
Let v(z) = (az +b)/(cz + d). Then

(cz+d)a— (az+Db)c  ad—bc

! - _
7 (=) = (cz+d)? "~ (ez + d)?
so that d_b
, _ad—bc
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To calculate the imaginary part of v(z), write z = x + iy. Then

a(z +iy) +b  (ax +b+iay) (cx +d — icy)
clr+iy)+d (cx+d+icy) (cx +d—icy)

i

v(z) =

which has imaginary part

1
Im~y(z) = m(—cg/(aw +0) + (cx + d)ay)
1
= T d? (ad — be)y
1

Solution 4.3
Let z = x + iy and define v(z2) = —x + iy.

(i) Suppose that v(z1) = v(z2). Write 21 = @1 + iy1, 20 = x2 + iy2. Then —zq +iy; =
—x9 + 1y2. Hence r1 = x5 and y; = yo, so that z; = zo. Hence 7 is injective. Let
z =x 41y € H. take w = —x + iy. Then y(w) = —(—x) + iy = z + iy = z. Hence ~
is surjective. Hence ~y is a bijection.

(ii) Let o(t) = o1(t) + ioa(t) : [a,b] — H be a piecewise differentiable path in H. Note
that
Yy o O'(t) = —O'l(t) + iUg(t).

Hence

b
length(100) = [ s\ fol ) + (0

b 1 ,
_ /a@(t)\a(t)\dt
= lengthy(o).

Let z,w € H. Note that o is a piecewise differentiable path from z to w if and only
if v o o is a piecewise differentiable path from v(z) to v(w). Hence

du(v(z),v(w)) = inf{lengthy(yo o) | o is a piecewise
differentiable path from z to w}
= inf{lengthy (o) | o is a piecewise
differentiable path from z to w}
= du(z,w).

Hence v is an isometry of H.

Solution 4.4

Let Hy,Hy € ‘H. Then there exists v; € MOb(H) such that v;(H;) is the imaginary axis.
Similarly, there exists 7o € Mob(H) such that ~o(Hy) is the imaginary axis. Hence v, '
maps the imaginary axis to Ha. Hence 5 1 o~; is a Mébius transformation of H that maps
Hy to Hs.
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Solution 5.1

By Lemma 5.2.1 we can find a Mobius transformation «; of H that maps H; to the imaginary
axis and 21 to ¢ and a Mdbius transformation v, of H that maps Hs to the imaginary axis and
zo9 to i. The composition of two Mo6bius transformations of H is a Mobius transformation

of H.

Hence vy Lo 71 is a Mobius transformation of H that maps Hy to Hoe and 21 to 2s.

Solution 5.2

(i)

(i)

(iii)

The geodesic between —3 + 47 to —3 + 5¢ is the arc of vertical straight line between
them. It has equation z + 2z + 6 = 0.

Both —3 + 47 and 3 + 4i lie on the circle in C with centre 0 and radius 5. Hence
the geodesic between —3 + 4¢ and 3 + 4 is the arc of semi-circle of radius 5 centre 0
between them. It has equation 2z — 52 = 0.

Clearly the geodesic between —3 444 and 5+ 127 is not a vertical straight line. Hence
it must have an equation of the form zz 4+ 8z 4+ 8z + v = 0. Substituting the two
values of z = —3 + 44,5 + 12¢ we obtain two simultaneous equations:

25-6684+~v=0,169+108+~v=0

which can be solved to give 8 = —9,v = —79.

Solution 5.3

(i)

(i)

Let v be a Mdbius transformation of H. As + is an isometry, by Proposition 4.1.1 we
know that
cosh di(v(2),v(w)) = cosh dg(z,w).

Hence LHS(y(z),v(w)) = LHS(z, w).

By Exercise 4.2 we know that if v is a Mobius transformation then Im(v(z)) =
|7/ (2)] Im(z). By Lemma 5.5.1 it follows that

[7(2) = y(w)? R |2 = wP [y () ]y (w)|
2Im(v(2)) Im(vy(w)) 2|7/ (2)[ Im(2) [y (w)| Im (w)
B |z — wl|?
= 1 2Tm(z) Im(w) "

Hence RHS(7v(z),v(w)) = RHS(z, w).

Let H be the geodesic passing through z and w. Then by Lemma 4.3.1 there exists a
Mobius transformation « of H mapping H to the imaginary axis. Let v(z) = i¢a and
~v(w) = ib. By interchanging z and w if necessary, we can assume that a < b. Then

LHS((2),7(w)) = coshdu(y(2),y(w))
= coshdy(ia,ib)
= coshlogb/a
€logb/a_|_€loga/b
2
bla+a/b b +a?
2 2ab
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Moreover,

RHS(y(2),v(w)) = RHS(ia,ib)

_ Lﬁm—%P

Hence LHS(7(2), 7(w)) = RHS((2), 7(w)).

(iii) For any two points z,w let H denote the geodesic containing both z,w. Choose a
Moébius transformation v of H that maps H to the imaginary axis. Then

LHS(z,w) = LHS(v(2),v(w)) = RHS(y(z),y(w)) = RHS(z, w).

Solution 5.4
Let C = {w € H | du(z,w) = r} be a hyperbolic circle with centre z € H and radius r > 0.
Recall | 2
z—w

hd =14+ —.
cosh dn(z, w) + 2Tm(z) Im(w)

Let z = xg + iyg and w = x 4 ty. Then

(z = 20)* + (y — yo)*

coshr =1+
2y0y

which can be simplified to
(x — 20)% + (y — yocosh )% + y3 — y2 cosh?r = 0

which is the equation of a Euclidean circle with centre (xg, yo cosh r) and radius yoV/ cosh’?r —1 =
yo sinh r.

Solution 5.5

(i) Let o : [a,b] — Hbe any piecewise differentiable path. As we are assuming length (o) =
length ,(y 0 o) we have

b
[ ool @lde = tength, (o)

= length,(yo0)
b
_ / (V)] (4(o(£)))] dt
b
_ / PV () ()]0 (1)) dt

where we have used the chain rule to obtain the last equality. Hence
b
/ (p(r (@) (a(0)] = pla(t))) |0’ ()] dt = 0.
a
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Using the hint, we see that
p(v(2) ()] = p(2) (30.1)
for all z € H.

(ii) Take v(z) = z+bin (30.1). Then |y/(z)| = 1. Hence

p(z +b) = p(z)
for all b € R. Hence p(z) depends only the imaginary part of z. Write p(z) = p(y)
where z = x 4 1y.

(iii) Take vy(z) = kz in (30.1). Then |y/(z)| = k. Hence

kp(ky) = p(y)-
Setting y = 1 and letting ¢ = p(1) we have that p(k) = p(1)/k = ¢/k. Hence
p(z) = ¢/Im(z).

Solution 6.1

(i) First note that h is a bijection from H to its image because it has an inverse g(z) =
(—z+1i)/(—iz +1).
We now show that h(H) =D. Let z = u + iv € H so that v > 0. Now
U+ —1
i(u+iv) —1
uti(v—1) —(v+1)—iu
—(v+ 1) 4+iu—(v+1)—iu
—2u +i(1 — u? —v?)
(v 4 1)? 4 u?
To show that h(H) = D it remains to show that the above complex number has
modulus less than 1. To see this first note that:
(2u)? + (1 — u? — v?)?
= w22 +1-20% + 2% + 0! (30.2)
(v+1)2 + u?)?
= v+ 40P+ 607 + 40 +1
+ 2020 + 4u?v 4 2u? + vt (30.3)

h(z) =

To prove that |h(z)| < 1 it is sufficient to check that (30.2) < (30.3). By cancelling
terms, it is sufficient to check that

—20% < 403 + 60% + 4v + 4uPv.

This is true because the left-hand side is clearly negative, whereas the right-hand side
is positive, using the fact that v > 0.
To show that h maps OH bijectively to 0D note that for u € R

—2u+i(1 —u?)
lu) = u? +1

which is easily seen to have modulus one (and so is a point on JD). Note that
h(oo) = —i and that h(u) # —i if u is real. Hence h is a bijection from OH to OD.
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(i) We have already seen that g(z) = h™1(2) = (—z +1i)/(—iz + 1). Calculating ¢'(2) is
easy. To calculate Im(g(z)) write z = u + iv and compute.

(iii) Let o(t) =t,0 <t < z. Then o is a path from 0 to z and it has length

2 T2
[ - [ o
01—‘Z| 0 1—1t

Jo 11—t 1+t

1+t
1—t

= log

To show that this is the optimal length of a path from 0 to x (and thus that the
real-axis is a geodesic) we have to show that any other path from 0 to x has a larger
length.

Let o(t) = x(t) + iy(t), a <t < b be a path from 0 to x. Then it has length

N / b : ()2 +y/ (1) dt

with equality precisely when ¢/(t) = 0 and y(t) = 0, i.e. with equality precisely when
the path lies along the real axis.

Solution 6.2
Recall h(z2) = (2 —14)/(iz — 1) and h=(2) = (—z +1i)/(—iz + 1). Let y(2) = (az +b)/(cz +
d), ad — bc > 0, be a Mobius transformation of H. We claim that hyh~! is a Mdbius
transformation of .

To see this, first note that (after a lot of algebral)

[a+d+i(b—c)lz+[—(b+c)—i(a—d)
[—(b+c¢)+i(a—d)]z+[a+d—i(b—c)]
az+ 3
Bz+a

hyh™l(z) =

Finally, we must check that |a|? — |3|> > 0 which is a simple calculation, using the fact
that ad — bc > 0.

Solution 6.3
By applying a Mdbius transformation of I, we can move the circle so that its centre is at
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the origin 0 € D. (This uses the additional facts that (i) a hyperbolic circle is a Euclidean
circle (but possibly with a different centre and radius), and (ii) Mdbius transformations of
D map circles to circles.) As Mdobius transformations of D preserve lengths and area, this
doesn’t change the circumference nor the area.

Let C, = {w € D | dp(0,w) = r}. By Proposition 6.2.1 and the fact that a rotation is a
Mobius transformation of D, we have that C, is a Euclidean circle with centre 0 and radius
R where

1+R
T—r-¢"
Hence R = (¢7 — 1)/(¢" +1) = tanh(r/2)
Now
circumference(C,) = / 2
o 1= |2

where o(t) = Re®, 0 < t < 27 is a path that describes the Euclidean circle of radius R,
centred at 0. Now

2
circumference(C, = / - -
(Cr) e

2T 2 ,
= | ol

2 2R
- /0 2

4R
1— R?
and substituting for R in terms of r gives that the circumference of C). is 27 sinhr.
Similarly, the area of C) is given by

Areap(C // = |z\

where D, = {w € D | dp(0,w) < r} is the disc of hyperbolic radius r with centre 0. Now
D, is the Euclidean disc of radius R = tanh(r/2) centred at 0. Recall that when integrating
using polar co-ordinates, the area element is pdpdf. Then

Areap(C / /9 / 2 ———pdpdl

= 41 ——
1—p?
R2

1— R?

= 4rsinh?r/2.

p=0

= 47

Solution 7.1
Let v1 = 4,vo = 2 4+ 2¢ and vs = 4 + i. Denote the internal angle at v; by 6;. 1 = 1,2, 3.

(i) The geodesics are all given by semicircles. Let S;; be the semicircle corresponding to
the geodesic through v; and v; have centre ¢;; and radius r;;.
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Consider the points vy, vs. These lie on a semi-circle, the equation of which has the
form
22+ P2+ pB2+~7=0.

Setting z = 7,2+ 2i gives the pair of simultaneous equations 1+~ = 0 and 8446+~ =
0. Hence v = —1 and 3 = —7/4. By Exercise 3.2 we know that the semi-circle has

centre —3 = 7/4 and radius /32 — vy = v/65/4.

A similar argument gives the other centres and radii. In summary:
C12 = 7/47 12 = \/65/47 C13 — 2, 13 = \/5, Co23 — 9/47 93 = v65/4

This is easiest to understand this is by drawing a picture. Draw in the tangent lines to
the circles at the point of intersection; then 6 is the angle between these two tangent
lines.

Draw the (Euclidean!) triangle with vertices at the point of intersection and the two
centres. See Figure 30.1. The internal angle of this triangle at the point of intersection
is split into three; the middle part is equal to . Recall that a radius of a circle meets
the tangent to a circle at right-angles. Hence both the remaining two parts of the
angle in the triangle at the point of intersection is given by 7/2—6. Hence the triangle
has angle 7/2 — 0+ 60 + 7/2 — 0 = m — 0 at the vertex corresponding to the point of
intersection.

Figure 30.1: The Euclidean triangle with vertices at c1, co and the point of intersection

(iii)

The cosine rule gives the required formula (recall that cosm — 6 = — cos 0).

By symmetry we see that 6; = 05.

We first calculate 6. Notice that this is the internal angle between the semicircles
S12, So3. Using the formula from (ii) we see that

(9_1)_@2_@2
4 4 4 .

5

cos 0y =
) 65

4

N
B

Hence 65 ~ 2.8929.

Now calculate #1. This is not the internal angle between Si2 and Si3; instead it is 7
minus the internal angle. Hence
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01

Figure 30.2: #; is m minus the internal angle.

2 2 2
(12" - V&' - 4
2

so that m — 67 ~ 3.0861. Hence 0; = 63 ~ 0.0555 (remember that we always take
angles to be unsigned).

cosm — 01 =

By the Gauss-Bonnet Theorem,
Areag(A) =7 — 01 — 6 — 05 ~ 0.1377.

(Note! This question appears in Anderson’s book. The answer derived in Anderson’s
book is wrong!)

(An alternative way to calculate the angles would be to (i) calculate the lengths of
the sides using the formula cosh dy(z,w) = 1+ (|2 — w|?/2Im(z) Im(w)), and then
(ii) use the Cosine Rule IT from Proposition 8.5.2.)

Solution 7.2

Let @ be a hyperbolic quadrilateral with vertices A, B,C, D (labelled, say, anti-clockwise)
and corresponding internal angles «, 3,7, §. Construct the geodesic from A to C', creating
triangles ABC' (with internal angles aq,3,71) and CDA (with internal angles 79,9, as),
where a1 + a2 = a and 71 + 72 = 7. By the Gauss-Bonnet Theorem

Areag(Q) = Areag(ABC) + Areag(CDA)
= 71— (1 +B+m)+7— (a2 +8+72)
2 — (a+ B+ v +9).

Solution 7.3

Let D(r) be the hyperbolic polygon with vertices at r,7w, ...,rw" 1. Let a;(r) denote the
internal angle at vertex rw?. For each 0 < k < n — 1, consider the Mobius transformation
of I given by v;(z) = w¥z; this rotates the polygon so that vertex v; is mapped to vertex
Virg. Thus vx(D(r)) = D(r). As Mobius transformations of DD preserve angles, this shows
that the internal angle at vertex v; is equal to the internal angle at vertex vy4. By varying
k, we see that all internal angles are equal.

By the Gauss-Bonnet Theorem, we see that

AreagD(r) = (n — 2)7 — na(r).

Notice that D(r) is contained in C(r), the hyperbolic disc with hyperbolic centre 0 and
Euclidean radius r. By (the solution to) Exercise 6.3, we see that

lim AreagD(r) < lim AreagC(r)
r—0 r—0

Ar?
rli% 1-— 7“2 O
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Hence

n— 2
li = .
rgr(l)a(r) n

k — wk € OD. The internal angle at a vertex on the boundary

is equal to 0. Hence lim,_,; o(r) = 0.

Hence given any a € [0, (n — 2)/n), we can find a value of r for which o = «a(r), and
hence construct a regular n-gon with internal angle «.

Conversely, suppose that D is a regular hyperbolic polygon with each internal angle
a > (n—2)m/n. Then we have that na > (n — 2)w. By the Gauss-Bonnet Theorem,

As r — 1, each vertex rw

AreagD = (n—2)t —na < (n—2)r — (n — 2)m = 0.
As area must be positive, this is a contradiction.

Solution 7.4
(Not examinable—included for interest only!)

Clearly n > 3 and k > 3.

The internal angle of a regular (Euclidean) n-gon is (n — 2)w/n. Suppose that k n-gons
meet at each vertex. As the polyhedron is convex, the angle sum must be less than 27.

Hence
(n—2)w

n

k < 2.

Rearranging this and completing the square gives (k — 2)(n — 2) < 4. As n, k are integers
greater than 3, we must have that either n = 3 or £ = 3. It is easy to see that the only
possibilities are (n, k) = (3,3), (3,4), (3,5), (4,3) and (5,3), as claimed.

Solution 8.1
First note that

cos’a = .
14 tan?a
1

tanh® a
1+ sinh? b
sinh?b

sinh?b + tanh®a

Now using the facts that cosh ¢ = coshacoshb and tanh? a = 1 — 1/ cosh? a we see that

cosh? b

tanh?a =1 — 5—-
cosh” ¢

Substituting this into the above equality gives
2 sinh? b
cos“a = 5
sinh? b 4 1 — cosh b

cosh? ¢
2
tanh“ b

tanh? ¢

(after some manipulation, using the fact that cosh? —sinh? = 1).
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To see that sin § = sinh b/ sinh ¢ we multiply the above equation and the equation given
in Proposition 8.2.1 together to obtain

tanh b tanh a

tanh ¢ sinh
sinh b coshesinha 1

sinae =

cosh b sinh ¢ cosh a sinh b
sinh a

sinh ¢’
using the fact that cosh ¢ = cosh a cosh b.

Solution 8.2
We prove the first identity. By Proposition 8.2.1 we know that

tanh b ing— sinh b

sinh ¢’

Hence .
cosaa tanhbsinhe coshe

cos3 tanhesinhb  coshb

using the hyperbolic version of Pythagoras’ Theorem.
We prove the second identity. By Proposition 8.2.1 we have that

= cosha,

tanh a an 3 tanh b
1 =
sinh b’

tana = - .
sinh a

Hence
sinh a sinh b
tanh b tanh a
by the hyperbolic versin of Pythagoras’ Theorem.

Take a Euclidean right-angled triangle with sides of length a,b and ¢, with ¢ being
the hypotenuse. Let « be the angle opposite a and 3 opposite b. Then cosa = b/c and
sin 3 = b/c so that

cot acot B = = cosh acosh b = cosh c,

cosa cosec 3 = 1.

As in a Euclidean triangle the angles sum to 7, we must have that § = 7/2 — «. Hence the
above identity says that sin(7/2 — a)) = cos .
Similarly, we have that tan« = a/b and tan 8 = b/a. Hence

cotatan g = 1.

Again, this can be re-written as tan(w/2 — ) = 1/ tan a.

Solution 8.3
Note that

1 inh 1
cosa=V1—sin2a=4/1- :sma

cosh?a cosha tanha’

Hence .
; sin «v 1 cosha 1
ana = = - = — .
cosa  cosha sinha sinh a

Solution 8.4
Label the vertices A, B and C' so that the angle at A is a, etc. By applying a Mobius
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transformation of H we may assume that none of the sides of A are segments of vertical
lines. Construct a geodesic from vertex B to the geodesic segment [A, C] in such a way that
these geodesics meet at right-angles. This splits A into two right-angled triangles, BD A
and BDC' Let the length of the geodesic segment [B, D] be d, and suppose that BDA has
internal angles 31, 7/2,a and side lengths d, b1, ¢, as in the figure. Label BDC similarly.

See Figure 30.3.

Figure 30.3: The sine rule

From Proposition 8.2.1 we know that

sinh by
—— ¢ — s
sinhe’ tanh ¢’

sin ﬁl =

tanh d inh b tanh d
_ tan inﬁ2:sm 2 0 By = an

os 31

— = ¢ = )
sinha’ tanha

By the hyperbolic version of Pythagoras’ Theorem we know that

Hence

Using Proposition 8.2.1 again, we see that sin & = sinh d/ sinh ¢ and siny = sinh d/ sin a.

cosh ¢ = cosh by cosh d, cosh a = cosh by cosh d.

sin 3

sin(31 + f2)

sin 31 cos 32 + sin 32 cos 31
sinh by sinhd cosha  sinh by sinh d cosh ¢

sinh ¢ cosh d sinh a sinh a cosh d sinh ¢

sinh by sinh d sinh by sinh d
——— — cosh —— =  cosh
sinh e¢sinh a cosh by + sinh a sinh ¢ cosh by
inh d

,Smi, (sinh by cosh by + sinh by cosh by)
sinh a sinh ¢

sinh d
"  &nh
sinh a sinh ¢ sinh(by + by)
sinh bsinh d

sinh asinh ¢’

Substituting these into the above equality proves the result.
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Solution 9.1

41 has one fixed point in H at (—3 +4+v/51)/6 and so is elliptic. 72 has fixed points at oo
and —1 and so is hyperbolic. 3 has one fixed point at ¢ and so is elliptic. 74 has one fixed
point at 0 and so is parabolic.

Solution 9.2

We have
z

She

T(2) =

+
z+

ot
= =
214l

i U S
SH F

and ~3 and 74 are already normalised.

Solution 9.3

(i) Clearly the identity is in SL(2,R). If A € SL(2,R) is the matrix (a,b;c,d) then A~}
has matrix (d, —b; —c,a), which is in SL(2,R). If A,B € SL(2,R) then det AB =
det Adet B =1 so that the product AB € SL(2,R).

(ii) We show that SL(2,Z) is a subgroup. Clearly the identity is in SL(2,Z). If A, B €
SL(2,Z) then the product matrix AB has entries formed by taking sums and products
of the entries of A and B. As the entries of A, B are integers, so are any combination
of sums and products of the entries. Hence AB € SL(2,Z). Finally, we need to
check that if A € SL(2,Z) then so is A~!. This is easy, as if A = (a,b;c,d) then
A~ = (d, —b; —c, a), which has integer entries.

Solution 10.1

(i) Recall that the Mobius transformation 7, of H is conjugate to the Md&bius trans-
formation 9 of H if there exists a Mobius transformation g € Mob(H) such that
gng~t ="

Clearly ~ is conjugate to itself (take g = id).

If v = g1~ " then 41 = g 1429 so that 7 is conjugate to ~; if v1 is conjugate to ys.

-1 -1

If %9 = gy19~ " and 3 = hyoh~! then 43 = (hg)y1(hg)~! so that 73 is conjugate to

71-
(ii) Let 1 and 72 be conjugate. Write 72 = gy19~! where g € M6éb(H). Then
n@) =z & g 'ng) =
& 72(9(@) = g(x)

so that x is a fixed point of ~; if and only if g(z) is a fixed point of 75. Hence g
maps the set of fixed points of v; to the set of fixed points of v5. As ¢ is a Mdobius
transformation of H and therefore a bijection, we see that v; and o have the same
number of fixed points.
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Solution 10.2
Let A = (aij), B = (b;;) be two matrices. We first show that trace(AB) = trace(BA).
Recall that the trace of a matrix is the sum of the diagonal elements. Hence

trace(AB) = Z(AB)Z‘Z‘

= Z Z aijb]’i = Z ijiaij = Z(BA)J

J

= trace(BA)
where (AB);; denotes the (i,j)th entry of AB.
Let
(2) a1z + by (2) asz + by
z) = ——+ )= ——=
" cztd oz + dy

be two conjugate Mobius transformations of H. Let

. a; b . az be
A1_<Cl d1>7A2_<c2 d2>7

be their corresponding (normalised) matrices. Let g be a Mdbius transformation of H such
that 71 = g 'y29. Suppose that g has matrix A. By replacing A by —A if necessary, it
follows from the remarks in Lecture 10 that A; = A7t A5 A.
Hence
trace(A;) = trace(A 1Ay A) = trace(A2AA™!) = trace(As).

Hence 7(71) = trace(A;)? = trace(A42)? = 7(72).

Solution 10.3
Let v1(z) = z + b where b > 0 and let 12(2) = z + 1. As both v; and 72 have fixed
points at oo and a conjugacy acts a ‘change of co-ordinates’, we look for a conjugacy from
71 to 7o that fixes co. We will try g(z) = kz for some (to be determined) & > 0. Now
g '19(2) = g7y (k2) = g Y (kz + b) = z + b/k. So we choose k = b.
Now let v1(z) = 2z — b where b > 0 and let y2(z) = z — 1. Again, let g(z) = kz for some
k> 0. Then g ty19(z) = g 'y (kz) = g Y (kz — b) = 2 — b/k. So again we choose k = b.
Suppose that v1(z) = z+ 1 and v2(z) = z — 1 are conjugate. Then there exists g(z) =
(az+b)/(cz+d) € M6b(H) such that y19(z) = g72(2). In terms of matrices, this says that

o) (Ea)==(2a)o )

That is,
a+c b+d\ [(a —a+b
c d ¢ —c+d )’
Comparing coefficient in the ‘4’ case, we see that ¢ = 0 and d = —a. Hence ad — bc =
—a? < 0, a contradiction. In the ‘—’ case, we see that ¢ = 0, d = 0, so that ad — bc = 0,

again a contradiction. Hence 71,2 are not conjugate in Mob(H).

Solution 11.1
Let 71(z) = k1z and ~9(z) = koz where ki,ky # 1. Suppose that ~; is conjugate to
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v2. Then there exists a Mobius transformation of H, v(z) = (az + b)/(cz + d), such that
¥71(2) = 727(2). Explicitly:

akiz+b az+b
ckiz+d " *\ez+d)’

Multiplying out and equating coefficients gives
ack:l = ack:lkg, adkl + bc = k‘gad + k‘lk‘gbc, bd = k‘gbd.

As ko # 1 the third equation implies that bd = 0.

Case 1: b = 0. If b = 0 then the second equation implies that adk,; = adks. So either
ki = ko or ad = 0. If ad = 0 then, as b = 0, we have ad — bc = 0 so  is not a Mobius
transformation of H. Hence k1 = k.

Case 2: d =0. If d = 0 then bc = bck1ks. So either k1ky = 1 or be = 0. If be = 0 then,
as d = 0, we have ad — bc = 0 so v is not a Mdobius transformation of H. Hence k1ky = 1.

Here is a sketch of an alternative method. If 71 (z) = k12 and ~2(z) = koz are conjugate
then they have the same trace. The trace of ; is seen in Exercise 11.2 below to be
(VE1 + 1/y/k1)?, and the trace of 7o is (vVka + 1/v/k2)?. Equating these shows (after some
manipulation) that k1 = kg or k1 = 1/ko.

Solution 11.2
Let v be hyperbolic. Then « is conjugate to a dilation z — kz. Writing this dilation in a
normalised form

k
—Z
ZHka
vk

we see that

() = <\/E+ \%)2

Solution 11.3
Let « be an elliptic Mobius transformation. Then v is conjugate (as a Mobius transfor-
mation of D) to the rotation of D by 6, i.e. v is conjugate to z — ez Writing this

transformation in a normalised form we have
619/22
s = ©
SRy L

which has trace . )
(619/2 + 6—19/2)2 = 4(3052(9/2).
Hence 7(y) = 4 cos?(6/2).

Solution 12.1
Fix ¢ > 0 and let

b
r, = {7(2«) — ij__d | a,b,c,d € Z, b, c are divisible by q} .

First note that id € I'y (take a =d =1,b =c = 0).
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Let v1 = (a1z + b1)/(c1z + d2),v2 = (a2z + b2)/(c2z + d2) € I'y. Then

(arag + bica)z + (a1be + bida)
(crag + dico)z + (c1be + dida)’

172(2) =

Now ¢ divides b1, ba, c1, co. Hence ¢ divides a1ba + bida and craz + dica. Hence v1y2 € Ty,
If v(z) = (az + b)/(cz + d) € Ty then v~ 1(2) = (dz — b)/(—cz + a). Hence v~ € T,.
Hence I'; is a subgroup of Moéb(H).

Solution 12.2
The group generated by v1(z) = z 4+ 1 and 2(2) = kz (k # 1) is not a Fuchsian group.
Consider the orbit I'(i) of i. First assume that & > 1. Then observe that

Yo 2 () = vy " (R) = g (KM m) = i+ m /KT

By choosing n arbitrarily large we see that m/k™ is arbitrarily close to, but not equal
to, 0. Hence i is not an isolated point of the orbit I'(¢). Hence I'(7) is not discrete. By
Proposition 12.5.1, T" is not a Fuchsian group.

The case where 0 < k < 1 is similar, but with ~, "7{"v4 replaced by v5y7"v5 "

Solution 13.1
See Figure 30.4.

Figure 30.4: Solution to Exercise ex:examplesoftwotessellations

Solution 14.1
(Not examinable—included for interest only!)

Recall that a subset C' C H is convex if: Vz,w € C,[z,w] C C; that is, the geodesic
segment between any two points of C lies inside C.

Let us first show that a half-plane is convex. We first show that the half-plane Hy =
{z € H| Re(z) > 0} is convex; in fact this is obvious by drawing a picture. Now let H be
any half-plane; we have to show that H is convex. Recall that H is defined by a geodesic
¢ of H and that the group of Mobius transformations of H acts transitively on geodesics.
Hence we can find a Mobius transformation + of H that maps the imaginary axis to /.
Hence v maps either Hy or {z € H | Re(z) < 0} to H. In the latter case we can first
apply the isometry z — —Z so that Hj is mapped by an isometry to H. As isometries map
geodesic segments to geodesic segments, we see that H is convex.
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Finally, let D = NH; be an intersection of half-planes. Let z,w € D. Then z,w € H;
for each i. As H; is convex, the geodesic segment [z, w] C H; for each i. Hence [z,w] C D
so that D is convex.

Solution 14.2

(i) By Proposition 14.3.1, z € H is on the perpendicular bisector of [z1, 2] if and only if
du(z,z1) = du(z, z2). Note that
du(z,21) = du(z,22) < coshdy(z,z1) = coshdp(z, 22)
|z — 2|2 |z — 29
e 142 g Er 2l
* 2y1 Im(z) 2y2 Im(z2)

& yolz — Z1\2 =yi|z — z2|2.

(ii) Let 2 = = 4+ iy. Then z is on the perpendicular bisector of 1 + 2i and (6 + 8i)/5
precisely when

8 6 &
SN in) = (14 2P =2Ua i) - (§+ 5 ) P

4((:5—1)2—1—(3/—2)2):5(<x—§>2+(y—§>2>.

Expanding this out and collecting like terms gives

ie.

2 —dr+y* =0
and completing the square gives
(x —2)* +y*=0.

Hence the perpendicular bisector is the semi-circle with centre (2,0) and radius 2.

Solution 15.1

Let I' = {v, | (2) = 2"2z}. Let p = i and note that v,(p) = 2" # p unless n = 0.
For each n, [p,vn(p)] is the arc of imaginary axis from i to 2"i. Suppose first that n > 0.
Recalling that for a < b we have dp(ai, bi) = logb/a it is easy to see that the midpoint of
[i,274] is at 2"/2i. Hence Ly(7,) is the semicircle of radius 2"/2 centred at the origin and

Hy(1) = {z € H| || < 22},

For n < 0 one sees that
Hy(yn) = {z € H| |2| > 2"/}

Hence

D(p) = ﬂ Hp(’Yn)

Tn EF\{Id}

{z € H|1/V2 < |2] < V2}.
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Solution 16.1

Let p =i and let 7, (z) = 2"z. There are two sides:
s = {zeC|lzl=1/v2},
so = {z€C||z| =V2}

The side s is the perpendicular bisector of [p,v—_1(p)]. Hence ~s,, the side-pairing trans-
formation associated to the side s1, is

Y51 (2) = (11)7H(2) = 22
and pairs side s1 to side so. Hence 7,,(2) = 75, (2) = 2/2.

Solution 17.1

(i) This follows by observing that running the algorithm starting at (v, *s) is the same
as running the algorithm for (v, s) backwards.

(ii) Starting the algorithm at (v;,s;) is the same as starting from the i

algorithm started at (vo, so).

stage of the

Solution 17.2
Suppose the vertices in the elliptic cycle are labelled so that the elliptic vertex cycle is

Vg — V2 = Up
and the side-pairing transformations are labelled so that the elliptic cycle is given by

Yvo,s0 = TnVYn—1""""71-

Suppose that v, s, has order m > 0.
Now consider the pair (v;, s;). Then the elliptic cycle is given by

Yviyss = ViVi—1 V1 UYnc Yitl

= (Vi Y1) Youso (i)

Then

7171?,81' = (% T '71)7110,50 (72' T '71)_1(% e '71)7110,30(%‘ ce ’71)_1

(Vi ) Vg (Vi 1) 7!
= (Vi) (i )

= (i)t
= Id.

Hence 7, s, has order m.

Solution 18.1
Let I' = {(a,b | a* = b> = (ab)? = ¢). First note that e = a* = a%a and e = b? = bb so
that ¢~ = a® and b=! = b. Now e = (ab)? = abab and multiplying on the left first by a !
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and then b~! gives that ab = ba3. (Note that one cannot write (ab)? # a?b.) From this it
follows that

a?b = a(ab) = a(ba®) = (ab)a® = baa® = ba® = ba*a* = ba?
and similarly
a®b = a(a®b) = a(ba®) = (ab)a® = ba’a® = ba® = ba.
Now let w € I' be a finite word in I'. Then

w=a"b" ...q" k"

for suitable integers nj,m;. Using the relations a* = b2 = e we can assume that n; €
{0,1,2,3} and m; € {0,1}. Using the relations we deduced above that ab = ba®, a?b = ba*
and a3b = ba, we can move all of the as to the right-and all of the bs to the left to see that
we can write w = a™b™ for suitable integers n,m. Again, as a? = b> = e we can assume
that n € {0,1,2,3} and b € {0,1}. Hence there are exactly 8 elements in I'.

Solution 19.1
Label the sides and vertices of the quadrilateral as in Figure 30.5. Then

D c

A B

Figure 30.5: A hyperbolic quadrilateral

() = (2)+(2)

S3
* (2)=(5)
— —

S92 S3
= (a)=(2)
- —

S1 52
= (a0
— — .

S4 S1

Hence the elliptic cycle is A — D — C' — B and the corresponding elliptic cycle transfor-
mation is 71_172_17172.

If we let ZA denote the internal angle at A, with similar notation for the other vertices,
then the angle sum is sum(A) = LA+ ZB+ £ZC + ZD.

By Poincaré’s Theorem, 71,y generate a Fuchsian group if and only if

m(ZA+ /B + /C + /D) =2r
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for some integer m > 1.

Solution 20.1
Label the sides as in Figure 30.6. Then

71

S3 S4
Y2

S1 S9

and

and

Hence there are 3 vertex cycles: —1 — 1, oo and 0. The corresponding parabolic cycles
are: vy Yo, 41 and 49, respectively.

—1 — 1 with corresponding parabolic cycle transformation ~; 1,
oo with corresponding parabolic cycle transformation vy,
0 with corresponding parabolic cycle transformation ~s.

Clearly 7 is parabolic (it is a translation and so has a single fixed point at oo). The
map 7y, is parabolic; it is normalised and has trace 7(y2) = (1 + 1)?> = 4. Finally, the map
v 15 is given by:

1 -1 z z —3z—-2
fd g —2: -
Mz =m <zz+1> 22 + 1 22 + 1

which is normalised; hence 7(7y; 1y9) = (=3 4+ 1)2 = 4 so that v 1~y is parabolic.

By Poincaré’s Theorem, as all parabolic cycle transformations are parabolic (and there
are no elliptic cycles), the group I' generated by 71,72 is a Fuchsian group.

As there are no elliptic cycles, there are no relations. Hence the group is isomorphic to
(a,b) (take a = 1,b = ~2), which is the free group on 2 generators.
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Solution 20.2

(i)

(if)

The side-pairing transformation 7 is a translation that clearly maps the side Re(z) =
—(14+/2/2) to the side Re(z) = 1+ +/2/2. Hence 7, is a side-pairing transformation.

Recall that through any two points of HUJH there exists a unique geodesic. The map
72 maps the point iv/2/2 to itself and the point —(1 4+ v/2/2) to 1 +/2/2. Hence 7o
maps the arc of geodesic [A, B] to [C, B]. Hence 9 is a side-pairing transformation.

Let s; denote the side [B, A], sa denote the side [B, C], s3 denote the side [C, oo and

s4 denote the side [A, 0o].
(2)=(2)=(2)
- — .
S1 S9 S1

Hence we have an elliptic cycle £€ = B with elliptic cycle transformation 5 and
corresponding angle sum sum(E) = £ZB = 7/2. As 47w /2 = 2m, the elliptic cycle
condition holds with mg = 4.

Now

Now consider the following parabolic cycle:

()= (3) ()

Hence we have a parabolic cycle P; = oo with parabolic cycle transformation ~;. As 7y,
is a translation, it must be parabolic (recall that all parabolic M6bius transformations
of H are conjugate to a translation). Hence the parabolic cycle condition holds.

Finally, we have the parabolic cycle:
(2) = (5)=(%)
- —
S4 S3 592
= (5)=(0)
= — .
S1 S4

Hence we have a parabolic cycle Po = A — C with parabolic cycle transformation:
Yo 171. Now 75 171 has the matrix

(% ) (4 (F )

which is normalised. Hence the trace of 5 Lyl is

2
(@_2_£> s
2 2

Using the fact that a Mobius transformation is parabolic if and only if it has trace 4,
we see that g 1+, is parabolic. Hence the parabolic cycle condition holds.

By Poincaré’s Theorem, v, and - generate a Fuchsian group. In terms of generators
and relations, it is given by

(a,b | bY).
(Here we take a = 71,b = 3. The relation b* comes from the fact that the elliptic
cycle £ = B has elliptic cycle transformation ¢ = 79 with angle sum 7/2. Hence
mg = 4. The relation v¢'¢ is then b%.)
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Solution 21.1

(i) First note that one side of the polygon is paired with itself. Introduce a new vertex
at the mid-point of this side, introducing two new sides each of which is paired with
the other. Label the polygon as in Figure 30.7.

Figure 30.7: Labelling the hyperbolic polygon, remembering to add an extra vertex to

the side that is paired with itself
()2 (5)=(5)
— — .
51 82 51

This gives an elliptic cycle & = B with elliptic cycle transformation +; and angle
sum sum(&;) = m. Hence the elliptic cycle condition holds with m; = 2.

(2)=(2)=(2)

This gives an elliptic cycle & = D with elliptic cycle transformation +5 and angle
sum sum(&2) = 27/3. Hence the elliptic cycle condition holds with m; = 3.

Also
(5)=(0)=(5)
- — .
S5 S6 S5

This gives an elliptic cycle &3 = F' with elliptic cycle transformation ~3 and angle
sum sum(&3) = 27/7. Hence the elliptic cycle condition holds with m; = 7.

<A> 71
AN
S1

Then

We also have

Finally
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(iii)

This gives an elliptic cycle & = A — C' — FE with elliptic cycle transformation
v372y1- The angle sum is sum(&3) = 01 + 02 + 03 = 2m. Hence the elliptic cycle
condition holds with m4 = 1. Hence &, is an accidental cycle.

By Poincaré’s Theorem, 71, 2,73 generate a Fuchsian group I'. In terms of generators
and relations we can write

I =(a,bc|a®>=0b=c" =abc=e).

To calculate the genus of H/T" we use Euler’s formula 2—2g = V — E+ F. Recall that
each elliptic cycle on the polygon glues together to give one vertex on a triangulation
of H/I'. As there are 4 elliptic cycles we have V' = 4. Each pair of paired sides in
the polygon glue together to give one edge on a triangulation of H/I". As there are
6 sides in the polygon, there are E' = 6/2 = 3 edges in the trinagulation of H/T". As
we are only using 1 polygon, there is F' = 1 face of the triangulation of H/I". Hence
2-29g=V-E+4+F=4—-3+1=2,sothat g=0.

As the orders of the non-accidental elliptic cycles are 2,3,7, we see that sig(I') =
(0;2,3,7).

Solution 21.2
From Exercise 7.3, we know that there exists a regular hyperbolic n-gon with internal angle
0 provided (n — 2)m — 86 > 0. When n = 8, this rearranges to 6 € [0,37/4).

Label the vertices of the octagon as indicated in Figure 30.8.

Figure 30.8: See the solution to Exercise 21.2

We have

() = ()= (%)

— —
51 53 S4
7 <v3>*<v3>

— —
S92 S3
=)=

— —

51 52
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»w
& oF

l*
»
(&2 B

» <
N

1*
»w <
®© oo

V3 V6 * V6
—
S5 56
-1
Ya (% * U1
— —

V3]
[e2)

V)
—

N
N7 N7 N NN
£ 5
S—— —
1*

7/ N 7 N7 N7 N7 N
% 3
S—— —

Thus there is just one elliptic cycle:
5:2}1 — V4 — V3 — VU9 — VU5 — Vg — V7 — Ug.
with associated elliptic cycle transformation:

—-1_ -1 —-1_-1
Y4 V3 V4AY3Vo Y1 V2N

As the internal angle at each vertex is 0, the angle sum is 80 Hence the elliptic cycle
condition holds whenever there exists an integer m = mg such that 8mf = 2, i.e. whenever
0 = w/4m for some integer m. When m =1 this is an accidental cycle.

Let 0 be such that § = w/4m for some integer m. Then by Poincaré’s Theorem, the
group I'; /4, generated by the side-pairing transformations 71, ..., 74 generate a Fuchsian
group. Moreover, we can write this group in terms of generators and relations as follows:

Tojam = (71,72:73: % | (71 175 14937 191 o)™ = e).

The quotient space H/I'; /4y, is a torus of genus 2. When m = 1, sig(I';/4) = (2, —) and
H/T'; /4 has no marked points. When m > 2 then sig(I';/4) = (2,m) and H/T'z /4, has one
marked point of order m.

Solution 21.3

(i) Consider the Dirichlet polygon and side-pairing transformations for the modular
group that we constructed in Lecture 15. See Figure 30.9. The sides s; and so
are paired. This gives one cusp at the point oo.

There are two elliptic cycles: A — B (which has an angle sum of 27/3), and i (which
has an angle sum of 7). Hence when we glue together the vertices A and B we get a
marked point of order 3, and the vertex i gives a marked point of order 2.

We do not get any ‘holes” when we glue together the sides. Hence we have genus 0.
Thus the modular group has signature (0;2,3;1).

(ii) By Proposition 13.2.1 it is sufficient to prove that the formula holds for a Dirichlet
polygon D. Suppose that D has n vertices (hence n sides).

We use the Gauss-Bonnet Theorem (Theorem 7.2.1). By Proposition 17.3.1, the angle
sum along the j*™ non-accidental elliptic cycle &jis

sum(&;) = i—ﬂ
j
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s1 1 52

83 Sq

A B

Figure 30.9: A fundamental domain and side-pairing transformations for the modular

group

Hence the sum of the interior angles of vertices on non-accidental elliptic cycles is

" or

=1

Suppose that there are s accidental cycles. (Recall that a cycle is said to be accidental
if the corresponding elliptic cycle transformation is the identity, and in particular has
order 1.) By Proposition 17.3.1, the internal angle sum along an accidental cycle is
2. Hence the internal angle sum along all accidental cycles is 2ms.

Suppose that there are ¢ parabolic cycles. The angle sum along a parabolic cycle must
be zero (the vertices must be on the boundary, and the angle between two geodesics
that intersect on the boundary must be zero).

As each vertex belongs to either a non-accidental elliptic cycle, to an accidental cycle
or to a parabolic cycle, the sum of all the internal angles of D is given by

T

2 Z%—I—s

j=1""
By the Gauss-Bonnet Theorem, we have

T

1
A D)y=n—-2)mr—2 — . A4
reagg(D) = (n — 2)7 — 27 Jz; m; +s (30.4)

Consider now the space H/T". This is formed by taking D and glueing together paired
sides. The vertices along each elliptic cycle, accidental cycle and parabolic cycle are
glued together to form a vertex in H/T". Hence the number of vertices in H/T" is equal
to the number of cycles (elliptic, accidental and parabolic); hence D corresponds to a
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(iii)

triangulation of H/T' with V = r + s + ¢ vertices. As paired sides are glued together,
there are £ = n/2 edges. Finally, as we only need the single polygon D, there is only
F =1 face. Hence

2—Qg:X(H/I‘):r+s+c—g—|—1

which rearranges to give
n—2=2((r+s+c)—(2—-29). (30.5)

Substituting (30.5) into (30.4) we see that

1
Areag(D) = 2m|r+s+c—(2—-2g)— — —s
=1
T
= 2r [ (29-2 1- —
7 (29 >+§j( m)+c

We must show that
4 1 1
2g — 2 11— — > —. 30.6
-2+ 3 (1= ) ez g (30.6)

We assume that ¢ > 1.

If g > 1 then 29 — 2+ ¢ > 1 > 1/6, so that (30.6) holds. So it remains to check the
cases when g = 0.

If g=0and ¢ > 2then29g—2+c¢>0. As1—1/m; > 1/2, it follows that the
left-hand side of (30.6) is at least 1/2. Hence (30.6) holds. So it remains to check the
cases when g =0 and ¢ = 1.

If g=0and ¢ =1 then 29 —2+c = —1. As m; > 2, we see that 1 —1/m; > 1/2.
Hence if > 3 then the left-hand side of (30.6) is at least 1/2. Hence (30.6) holds. It
remains to check that case when ¢ =0, c =1 and r = 2.

In this case, it remains to check that

1
S(k,l)zl—E

>

~|
| =

(letting & = my,l = mg). We may assume that £ < [. Now s(3,3) = 1/3 > 1/6
and s(3,1) > 1/3 for [ > 3. Hence we may assume that & = 2. Then s(2,2) = 0,
s(2,3) =1/6 and s(2,1) > 1/6. Hence the minimum is achieved for k = 2,1 = 3.

Hence the minimum is achieved for a Fuchsian group with signature (0;2,3;1). By
part (i), this is the signature of the modular group.

Solution 23.1

Let (X, d) be a metric space and suppose that K C X is compact and F' C K is closed. We
show F'is compact. Let x,, € F' be a sequence; we have to show that x, has a subsequence
that converges to a limit in F. As F' C K, we have z, € K. As K is compact, there exists
a subsequence z,,;, — * € K. As xp; € F' and F'is closed, Proposition 23.2.2 shows that
x € F. Hence F is compact.
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Solution 23.2

Let (X, d) be a metric space and suppose that v : X — X is an isometry. Let x € X. Let
e > 0 and choose § = €. Then if d(x,y) < § we have that d(y(z),v(y)) = d(z,y) < J =e.
Hence 7 is continuous at x. Hence + is continuous as x is arbitrary.

Solution 23.3
We prove (i) implies (ii). If Y is discrete then every point is isolated. Hence if = € Y, there
exists € > 0 such that B.(z) NY = {z}. Suppose that x,, € Y is such that z,, — z. Then
there exists N such that if n > N then d(z,,x) < e, i.e. x, € Bs(z). Hence z, = x if
n > N.

We prove (ii) implies (i). Suppose that (ii) holds but that Y is not discrete. Then there
exists z € Y and a sequence ¢, — 0 such that there exists z,, € B, () but x,, # x. The
sequence x,, converges to x, but x,, # x; this contradicts (ii).

Solution 23.4

Let z € X, I" a group of homeomorphisms acting on X, and let Stabr(z) = {y €T' | v(x) =
x}. Clearly id € Stabr(z). Let v1,72 € Stabp(z). Then y172(z) = y1(72(z)) = 71(x) = =,
so that 172 € Stabr(z). Finally, suppose that v € Stabr(x). Then v~ !(z) = x if and only
if 7(x) = 2. Hence y~! € Stabp(x). Hence Stabrp(x) is a subgroup.

Solution 23.5
Let I' = M6b(H) be the group of all Mébius transformations of H. Clearly, I'(i) = {v(¢) |
~v € M6b(H)} is equal to H; this is immediate from the fact that we can move the point i
to any other point of H by using a Md6bius transformation of H.
Let ~ € Stabr(i). Write
b
v(z) = %, a,b,c,d €R, ad —bc=1.
Then ~(i) = i implies that (ai + b)/(ci + d) = 4, equivalently ai 4+ b = —c + di. Comparing
coefficients we have that ¢ = d and b = —¢. Substituting this into ad — bc = 1 we have that
a? +b? = 1. Hence we can choose 6 € [0,1] such that a = cos 276, b = sin 276. Hence

V(z) =

cos(2m0)z + sin(276)
—sin(270)z + cos(276)

Hence Stabrp(i) is the group of Mébius transformations of H that are ‘rotations’ around i.

Solution 23.6

Let T' = PSL(2,Z). Let v € Stabr(i) and write v(z) = (az + b)/(cz + d), a,b,c,d € Z,
ad — bc = 1. Then ~(i) = ¢ implies that (ai +b)/(ci + d) = i, equivalently ai +b = —c+ di.
Comparing coefficients we have that a = d and b = —c. Substituting this into ad — bc =1
we have that a® + b?> = 1. As a and b are integers, we must have that either a = 41 and
b=0or a=0and b= =+1. Hence vy(z) = z or —1/z. Hence Stabr(i) = {id, z — —1/z}.

Solution 23.7

Let I' = PSL(2,Z). Let b/d € Q with b,d € Z, d # 0 and b,d coprime. By the Euclidean
algorithm, there exist integers a, ¢ such that ad — bc = 1. Let v(z) = (az +b)/(cz + d).
Then v(0) = b/d. Clearly if v(z) = —1/z then v(0) = co. Hence I'(0) = QU {oc}.

(i) Let K =[0,1] C OH and let x = 0. Then {y € I' | 7(x) € K} is clearly infinite as,
by the observation above, for any b/d € Q N[0, 1] it contains a transformation of the
form (az +b)/(cz + d) with a,b,¢,d € Z,ad — bc = 1 and b,d coprime. There are
infinitely many such b, d.
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(ii)
(iii)

The orbit I'(0) = Q U {oo} is not a discrete subset of OH.

Let v € Stabp(0) and write v(z) = (az+b)/(cz+d) with a,b, ¢, d € Z and ad—bc = 1.
Then ~(0) = 0 implies that b = 0. Hence ad = 1 and without loss of generality we
can take a = d = 1. Hence

Stabr(0) = {7(2) = CZL lce Z}

and this set is infinite.

Solution 23.8

As a straightforward counter-example to ‘compact intersect discrete is finite’, consider
K =1[0,1] cR, D ={1/n|neN}. Then K is compact and D is discrete, but K "D = D
is infinite.

(i)

(iii)

Consider X = OH. Let I' = {, | yu(x) = 2"z,n € Z} (with v,(c0) = 00). Then I'
acts by homeomorphisms on 0H. Consider K = [0, 1]; this is compact. Clearly I'(1) =
{2" | n € Z} and this set is discrete. Hence K NI'(1) = {1,1/2,1/4,...,1/2",...},
which is infinite.

(As an aside, note that this example shows that whilst a group of M&bius transforma-

tions can act properly discontinuously on H, it need not act properly discontinuously
on OH.)

As T'(x) is discrete, choose € > 0 such that B.(x) NT'(x)
all v € I', we have B.(vy(z)) NI'(x) = {z}. Let y € B-(y(z
can write y = g(x) for some g € I'. As y = g(x) € B:(y(x)

d(y ' g(x), ) = d(g(x),7(x)) = d(y,7(x)) <e.

Clearly v~ !g(z) € I'(x). Hence v 'g(z) € B-(z)NI'(z
z. Hence y = g(z) = y(x) so that B:(y(z)) NI'(z) =

= {z}. We claim that, for
))) I'(z). Asy € I'(z) w

we have that

), and it follows that vy~ !g(z) =
{r(2)}.
Suppose that I'(x) is discrete and let € > 0 be as in (ii). First note that if 1 (z) # y2(x)

then d(y1(z),v2(x)) > €. (To see this, if d(y1(x),v2(x)) < € then y5(z) € B(y1(x)) N
I'(z) so that y(z) = v1(x), a contradiction.)

Suppose for a contradiction that K N I'(z) is infinite. Choose distinct elements
(x) € K NT(z) with y,(x) # ym(z), n # m. As y,(x) € K and K is compact,
there is a convergent subsequence. As convergent sequences are Cauchy sequences, it
follows that we can find distinct element 7, (x), vm (x) such that d(v,(x), ym(z)) <€,
a contradiction.

Solution 24.1

Let X = R? and let T’ = {id, y1,72,73} where 1, ¥2,v3 rotate X around the z-axis through
angles 90, 180 and 270 degrees respectively. Note that every point on the z-axis is fixed
under every element of T'.

It is straightforward to see that T' acts properly discontinuously. Let x = (x,y,2) € R3.
Then I'(x) = {x} if z = 0, and I'(x) are the four corners of a square if z # 0. Hence I'(x)
is discrete for all x € R3. If z # 0 then Stabp(x) = {id} and if z = 0 then Stabr(x) = T.
Hence Stabr(x) is finite for all x € R3.
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Take p = (0,0,0) to be the origin in R3. Then p is fixed by every element of I'. Choose
pn = (0,0,2,) where z, — 0. Then p, is also fixed under every element of I'. Hence
any neighbourhood of p contains a point that is fixed under some (indeed, any) non-trivial
element of T'.

(This construction works because, unlike Mébius transformations of H or D, it is very
easy for an isometry of R3 to have a large number—indeed, an entire line—of fixed points.)

Solution 24.2
Take any z € H. The orbit I'(z) is given by

I'(z)={z4+n|neZ}.

As n — oo, we have that z +n — oco. Similarly, as n — —oo, we have that z + n — oo.
Hence A(T") = {o0}.

Solution 24.3
Let ¢, € A(I") and suppose that ¢, — ¢ € ID. We have to show that ( € A(I"). This is
clear from drawing a picture; here is how to prove it rigorously.

As ¢, € A(I"), for each m there exists v, ,», € I' such that

1
Yn.m (2) = Cul < —.
m

Let v(n) = Yn.n- We show that v(,)(2) — ( asn — oo. Let ¢ > 0. As ¢, — (, there
exists N1 € N such that if n > Ny then |(, — (| < e. Choose Na such that 1/Na < €. Then
if n > max{N1, N2} we have that

"Yn,n(z) = Gl + [¢n — €]
2e.

Yy (2) = ¢ <
<

Solution 24.4

We work in the upper half-plane model H for convenience. Suppose that v € I' is hyperbolic.
By Proposition 11.2.1, v is conjugate to the dilation z — kz for some k > 1. That is, there
exists v; € Mob(H) such that 'yflfwl(z) = kz. Then for any z € H

" 1(2) = k"2 — oo € OH

as n — oo. Similarly 77 '9"y1(2) — 0 as n — —oco. Hence the limit points of 4 17"y (2)
are {0,00}, the fixed points of 7, 'v~1. Hence for any z € H, 4"(z) has limit points equal
to the two fixed points.

Solution 24.5

2
Let p,q € Z, ¢ # 0 and let v(z2) = %.

First note that the coefficients of + are integers and that (14 pq)(1—pgq) — (—p*)¢*> = 1.
Hence v € PSL(2,7Z).

As 7(y) = (1 +pg+ 1 —pq)? = 4, v is parabolic. Hence the unique fixed point of v lies
in A(PSL(2,Z)). By solving the quadratic equation

(1+pg)z—p*

¢?z+ (1 —pq)

it is easy to see that the fixed point of ~ is at the point p/q. As p,q are arbitrary integers,
A(PSL(2,Z)) contains Q. As A(PSL(2,Z)) is closed, we must have that A(PSL(2,Z)) = 0H.
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Solution 24.6

(i)

(i)

(iii)

(iv)

Take I" = {id, v} where vy(z) = —1/z. Take z = i. Then the orbit of i is I'(i) = {3},
which has no limit points on OH. Hence A(T') = () and so has zero elements.

Take I' = {z — z+n | n € Z}. We saw in Exercise 24.2 that A(I') = {oo}, which has
one element.

Take I' = {z +— 2"z | n € Z}. Then, using the argument used in Exercise 24.4, we see
that A(T') = {0, 00}, which has two elements.

The limit set of the modular group PSL(2,7Z) is equal to 0H, which is uncountable
and, in particular, infinite.

Solution 25.1
Let I' = {y" | n € Z}. We show that I' is abelian. This is clear:

Solution 25.2

(i)

Let I' be a discrete subgroup of R. Clearly 0 € I'. Let a = inf{z € I" | > 0}. Then
a > 0 as otherwise there would exist elements x,, € I' such that x,, — 0, contradicting
discreteness. Moreover, a € I'. To see this, note that we can find x, € I' such that
r, — a. As I' is discrete, there exists N > 0 such that x, = x,, for all n,m > N.
Hence a = x,, provided n > N. Hence a € T'.

The set {na | n € Z} is a subgroup of I'. We claim that I' = {na | n € Z}. Suppose
not. Choose y € I' such that y # na. We may assume that y > 0 (otherwise we
consider —y). Then there exists an integer k such that ka < y < (k + 1)a. Hence
y—ka €l and 0 < y — ka < a, contradicting the choice of a.

Let T be a discrete subgroup of S1 = {z € C | |z| = 1}. By discreteness there exists
z = €' € T with the smallest argument a > 0. Discreteness also implies that ma = 27
for some m € N (otherwise the sequence €', €21, ¢3?, . .. would be dense in the circle).
A similar argument to the above then shows that I' = {¢*® | k = 0,1,...,m — 1}.

Solution 25.3

Let g
Then

€ Cisp(m) (I') so that gy = vg. Suppose that z is a fixed point of v, so that v(z) = z.

7(9(2)) = g(7(2)) = g(2)

so that g(z) is also a fixed point of ~.
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Solution 25.4

(i) Let v(2) = kz, k # 1, and let g € Cyrgpm (7). Write

az+b

= — — bec = 1.
g(z) i d ad — be
Then
(2) = kaz + kb (2) = akz+b
V9E = cz+d’ 4 ckz+d

The matrices defining these Mobius transformations have the same trace. Hence we
can compare coefficients to see that kb = £b (so b = 0), ck = £¢ (so ¢ = 0). Hence
9(z) = (a/d)z = Az.

(i) Let v(z) = €z and let g € Cnisb(my (7). Write

()_ozz—i-ﬂ
M= ra

where a, 3 € C, |a|? — |3]*> = 1. Then

oz + ei‘gﬁ
Bz + &

aez 4+ 3
y (7)==

79(2) = 5545

Comparing coefficients shows that § = 0. Hence g is a rotation.

Solution 25.5

(1) If Y1,7Y2 € NF(H) then

() H(ny2) ™ =mleHy )yt =nHy ' = H

so that 172 € Np(H). Clearly if v € Np(H) then v~! € Np(H). Clearly the identity
is in Np(H).

(ii) Suppose that Nygsh(I') is not a Fuchsian group. Then there exists a sequence of
distinct elements 7, € Nygsp () (') such that v, — Id but v, # Id.

Let v € T. Then v,yy,! — vasn — oo. As y, € Nyishny (I'), we see that
Yo yvn L € T. AsT is discrete, there exists N € N such that if n > N then v,7yv,,! = 7.
Hence v, and 7 commute if n > N. By Proposition 25.2.2, this implies that both ~,
and v have the same set of fixed points.

As T is not abelian, Proposition 25.2.2 implies that there exists g € I' which has a
different set of fixed points to ~.

But the same argument shows that 7, and g have the same set of fixed points. This
is a contradiction.
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Solution 26.1

Suppose that I' is an infinite cyclic group generated by a parabolic element. By replacing
I" with a conjugate subgroup, we may assume that I' is generated by z +— z 4+ 1. The limit
set of this Fuchsian group is clearly {oco}. Hence the limit set of I" has one element.

Solution 26.2
Let I be a non-elementary group. We claim that I' contains a hyperbolic element.

Suppose not, i.e. assume that I' contains only elliptic and parabolic elements.

First note that I' does not contain any elliptic elements. For if it did, by Proposi-
tion 26.1.1 there would exist a common fixed point, and it would follow that A(T") = 0.

Hence there exists a parabolic element v; € I' with fixed point ¢ € OH. By replacing I
with a conjugate subgroup we can assume that ( = co and y1(z) =z 4+ 1 or y1(2) =z — 1.
We will assume that v;(z) = z + 1; the case when v;(z) = z — 1 is similar.

As I' is not elementary, it is not generated by ~;. Moreover, suppose I' contains the
translation z — z 4+ b. If b is irrational then 77 and z — z + b do not generate a discrete
subgroup. If b = p/q is rational, then both 7, and z +— z+b are contained in the elementary
subgroup generated by z — z + 1/q.

Hence there exists 72 € I' such that 5 is not a translation. Write

az+b
cz+d

Y2(z) =

with a,b,c,d € R and ad — bc = 1.
Suppose that ¢ = 0. Then v,(2) = (az+b)/d. If a # d then 7, is hyperbolic and we are
done. If a = d then 7 is a translation, and we chose 2 so that this does not occur.
Consider y2v{". Then
n, _ az+ (an+0b)
1271 (2) = cz+ (en+d)
which has trace
7(727}) = (a + d + cn)?.
As ¢ # 0, by choosing n sufficiently large we see that 7(y27]") > 4. Hence y277 is hyperbolic
for n sufficiently large.
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