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Preamble to the Second Edition

Welcome to the second edition of Hyperbolic Geometry, and thanks for reading.
I have tried to keep the basic structure of the book relatively unchanged, so
that it can still be used by the reader either for self-study or as a classroom
text. I have also tried to maintain the self-contained aspect of the book. A
few new exercises and small bits of new material have been added to most
chapters, and a few exercises and small bits of material have been removed.
Overall, Chapters 1, 2, 3, and 5 are essentially the same as they were in the
first edition.

In addition to this tinkering with exercises and material, there have been two
major changes from the first edition of this book.

First, I have tightened the focus of Chapter 4 to just planar models of hyperbolic
plane that arise from complex analysis. This has resulted in the introduction of
some more advanced material from complex analysis, but not so much that the
self-contained aspect of the book is seriously threatened. I have tried to make
more clear the connections between planar hyperbolic geometry and complex
analysis.

Second, I have changed Chapter 6 completely. Gone is the material on discrete
subgroups of Méb(H). In its place is an introduction to the hyperboloid model
of the hyperbolic plane. Unfortunately, I did not feel that I had space to do
justice to the Klein model as well, and so I haven’t built the bridge from the
Poincaré disc model to the hyperboloid model via the Klein model, but this
has been done elsewhere by others. I close Chapter 6, and the book, with a
very brief look at higher dimensional hyperbolic geometry.

vii



viii Hyperbolic Geometry

The prerequisites for reading the book haven’t significantly changed from the
first edition. The book is written primarily for a third- or fourth-year under-
graduate student who has encountered some calculus (univariate and multi-
variate), particularly the definition of arc-length, integration over regions in
Euclidean space, and the change of variables theorem; some analysis, particu-
larly continuity, open and closed sets in the plane, and infimum and supremum;
and some basic complex analysis, such as the arithmetic of the complex num-
bers C and the basics of holomorphic functions.

I would like to close this introduction by adding some acknowledgements to
the list given in the Preamble to the First Edition. I would like to thank Karen
Borthwick at Springer for giving me the opportunity to write this second edi-
tion, and for being patient with me. I have continued to teach the course of
Hyperbolic Geometry at the University of Southampton on which this book
is based, and I would like to thank the students who have been a part of the
course over the past several years, and who have pointed out the occasional
mistake. The errors that remain are of course mine. And I would like to thank
my wife Barbara, who once again put up with me through the final stages of
writing.



Preamble to the First Edition

What you have in your hands is an introduction to the basics of planar hyper-
bolic geometry. Writing this book was difficult, not because I was at any point
at a loss for topics to include, but rather because I continued to come across
topics that I felt should be included in an introductory text. I believe that what
has emerged from the process of writing gives a good feel for the geometry of
the hyperbolic plane.

This book is written to be used either as a classroom text or as more of a
self-study book, perhaps as part of a directed reading course. For that reason, I
have included solutions to all the exercises. I have tried to choose the exercises
to give reasonable coverage to the sorts of calculations and proofs that inhabit
the subject. The reader should feel free to make up their own exercises, both
proofs and calculations, and to make use of other sources.

I have also tried to keep the exposition as self-contained as possible, and to make
as little use of mathematical machinery as possible. The book is written for a
third or fourth year student who has encountered some Calculus, particularly
the definition of arc-length, integration over regions in Euclidean space, and
the change of variables theorem; some Analysis, particularly continuity, open
and closed sets in the plane, and infimum and supremum; has a familiarity
with Complex Numbers, as most of the book takes place in the complex plane
C, but need not have taken a class in Complex Analysis; and some Abstract
Algebra, as we make use of some of the very basics from the theory of groups.

Non-Euclidean geometry in general, and hyperbolic geometry in particular, is
an area of mathematics which has an interesting history and which is still being
actively studied by researchers around the world. One reason for the continuing
interest in hyperbolic geometry is that it touches on a number of different

ix



X Hyperbolic Geometry

fields, including but not limited to Complex Analysis, Abstract Algebra and
Group Theory, Number Theory, Differential Geometry, and Low-dimensional
Topology.

This book is not written as an encyclopedic introduction to hyperbolic geom-
etry but instead offers a single perspective. Specifically, I wanted to write a
hyperbolic geometry book in which very little was assumed, and as much as
possible was derived from following Klein’s view that geometry, in this case
hyperbolic geometry, consists of the study of those quantities invariant under
a group. Consequently, I did not want to write down, without what I felt to be
reasonable justification, the hyperbolic element of arc-length, or the group of
hyperbolic isometries, but instead wanted them to arise as naturally as possible.
And T think I have done that in this book.

There is a large number of topics I have chosen not to include, such as the hyper-
boloid and Klein models of the hyperbolic plane. Also, I have included nothing
of the history of hyperbolic geometry and I have not taken the axiomatic ap-
proach to define the hyperbolic plane. One reason for these omissions is that
there are already a number of excellent books on both the history of hyperbolic
geometry and on the axiomatic approach, and I felt that I would not be able
to add anything of note to what has already been done. There is an extensive
literature on hyperbolic geometry. The interested reader is directed to the list
of sources for Further Reading at the end of the book.

And now, a brief outline of the approach taken in this book. We first develop
a model of the hyperbolic plane, namely the upper half-plane model H, and
define what we mean by a hyperbolic line in H. We then try to determine a rea-
sonable group of transformations of H that takes hyperbolic lines to hyperbolic
lines, which leads us to spend some time studying the group Méb™' of M6bius
transformations and the general Mobius group Mob.

After determining the subgroup M6b(H) of Mob preserving H, we derive an
invariant element of arc-length on H. That is, we derive a means of calculating
the hyperbolic length of a path f : [a,b] — H in such a way that the hyperbolic
length of a path is invariant under the action of Mob(H), which is to say that
the hyperbolic length of a path f : [a,b] — H is equal to the hyperbolic length
of its translate v o f : [a,b] — H for any element v of Mob(H). We are then
able to define a natural metric on H in terms of the shortest hyperbolic length
of a path joining a pair of points.

After exploring calculations of hyperbolic length, we move onto a discussion of
convexity and of hyperbolic polygons, and then to the trigonometry of poly-
gons in the hyperbolic plane and the three basic laws of trigonometry in the
hyperbolic plane. We also determine how to calculate hyperbolic area, and state
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and prove the Gauss-Bonnet formula for hyperbolic polygons, which gives the
hyperbolic area of a hyperbolic polygon in terms of its interior angles. In the
course of this analysis, we introduce other models of the hyperbolic plane, par-
ticularly the Poincaré disc model D. We close by describing and exploring very
briefly what it means for a subgroup of M6b(H) to be well-behaved.

I would like to close this introduction with some acknowledgements. I would
like to start by thanking Susan Hezlet for suggesting that I write this book,
and David Ireland, who watched over its completion. Part of the writing of
this book was done while I was visiting the Mathematics Department of Rice
University during the 1998-1999 academic year, and I offer my thanks to the
department there, particularly Frank Jones, who was chairman at the time
and helped arrange my visit. This book is based on lectures from a class on
hyperbolic geometry at the University of Southampton in the Fall terms of the
1996-97 and 1997-98 academic years, and I would like to thank the students in
those classes, as well as the students at Rice whose sharp eyes helped in the
final clean up of the text. The errors that remain are mine.

I would also like to thank all my mathematics teachers from over the years,
particularly Ted Shifrin and Bernie Maskit; my parents, Wyatt and Margaret,
and my sisters, Elizabeth and Karen, for all their love and support over the
years; and to Barbara, who put up with me through the final stages of the
writing.



1

The Basic Spaces

In this chapter, we set the stage for what is to come. Namely, we define the
upper half-plane model H of the hyperbolic plane, which is where much of the
action in this book takes place. We define hyperbolic lines and talk a bit about
parallelism. To aid our construction of a reasonable group of transformations
of H, we expand our horizons to consider the Riemann sphere C and close the
chapter by considering how H sits as a subset of C.

1.1 A Model for the Hyperbolic Plane

We begin our investigation by describing a model of the hyperbolic plane. By a
model, we mean a choice of an underlying space, together with a choice of how
to represent basic geometric objects, such as points and lines, in this underlying
space.

As we shall see over the course of the book, there are many possible models
for the hyperbolic plane, each useful in its context. We focus our attention
primarily, although not exclusively, on models of the hyperbolic plane whose
underlying space is contained in the complex plane C. We have chosen the
models we work with and describe in this book for their convenience. To give
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as concrete a description of its geometry as possible, we begin by working in a
single specific model.

The model of the hyperbolic plane we begin with is the upper half-plane model.
The underlying space of this model is the upper half-plane H in the complex
plane C, defined to be

H={z € C|Im(z) > 0}.

We use the usual notion of point that H inherits from C. We also use the usual
notion of angle that H inherits from C; that is, the angle between two curves
in H is defined to be the angle between the curves when they are considered to
be curves in C, which in turn is defined to be the angle between their tangent
lines.

As we will define hyperbolic lines in H in terms of Euclidean lines and Euclidean
circles in C, we begin with a couple of calculations in C.

Exercise 1.1

Express the equations of the Fuclidean line ax + by + ¢ = 0 and the
Euclidean circle (z—h)?+(y—k)? = r? in terms of the complex coordinate
z=uaz+ iy in C.

Exercise 1.2

Let St = {z € C| |z| = 1} be the unit circle in C. Let A be a Euclidean
circle in C with Euclidean centre re*?, r > 1, and Euclidean radius s > 0.
Show that A is perpendicular to S! if and only if s = v/r2 — 1.

We are now ready to define a hyperbolic line in H.

Definition 1.1

There are two seemingly different types of hyperbolic line, both defined in terms
of Euclidean objects in C. One is the intersection of H with a Euclidean line
in C perpendicular to the real axis R in C. The other is the intersection of H
with a Euclidean circle centred on the real axis R.
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Figure 1.1: Hyperbolic lines in H

Some examples of hyperbolic lines in H are shown in Figure 1.1.

We will see in Section 1.2 a way of unifying these two different types of hyper-
bolic line. For the moment, though, we content ourselves with an exploration of
some basic properties of hyperbolic geometry with this definition of hyperbolic
line.

Working in analogy with what we know from Euclidean geometry, there exists
one property that hyperbolic lines in H should have, namely that there should
always exist one and only one hyperbolic line passing through any pair of
distinct points of H. That this property holds in H with hyperbolic lines as
defined above is a fairly straightforward calculation.

Proposition 1.2

For each pair p and ¢ of distinct points in H, there exists a unique hyperbolic
line ¢ in H passing through p and gq.

Proof

We begin by showing existence. There are two cases to consider. Suppose first
that Re(p) = Re(q). Then, the Euclidean line L given by the equation L =
{#z € C| Re(z) = Re(p)} is perpendicular to the real axis and passes through
both p and ¢. So, the hyperbolic line £ = H N L is the desired hyperbolic line
through p and q.

Suppose now that Re(p) # Re(q). As the Euclidean line through p and ¢ is no
longer perpendicular to R, we need to construct a Euclidean circle centred on
the real axis R passing though p and q.

Let L,, be the Euclidean line segment joining p and ¢, and let K be the
perpendicular bisector of L, . Then, every Euclidean circle that passes through
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p and ¢ has its centre on K. As p and ¢ have nonequal real parts, the Euclidean
line K is not parallel to R, and so K and R intersect at a unique point c.

Let A be the Euclidean circle centred at this point of intersection ¢ with radius
|c—pl|, so that A passes through p. As ¢ lies on K, we have that |c—p| = |c—¢],
and so A passes through ¢g. The intersection ¢ = H N A is then the desired
hyperbolic line passing through p and gq.

The uniqueness of this hyperbolic line passing through p and ¢ comes from the
uniqueness of the Euclidean lines and Euclidean circles used in its construction.
This completes the proof of Proposition 1.2. QED

We note here that the argument used to prove Proposition 1.2 contains more
information. For any pair of distinct points p and ¢ in C with nonequal real
parts, there exists a unique Euclidean circle centred on R passing through p and
q. The crucial point is that the centre of any Euclidean circle passing through
p and ¢ lies on the perpendicular bisector K of the Euclidean line segment L,
joining p and ¢, and K is not parallel to R.

As we have chosen the underlying space H for this model of the hyperbolic
plane to be contained in C, and as we have chosen to define hyperbolic lines in
H in terms of Euclidean lines and Euclidean circles in C, we can use whatever
facts about Euclidean lines and Euclidean circles we already know to analyze
the behaviour of hyperbolic lines. We have in effect given ourselves familiar
coordinates on H to work with.

For instance, if ¢ is the hyperbolic line in H passing through p and ¢, we
can express £ explicitly in terms of p and ¢. When p and g have equal real
parts, we have already seen that ¢ = H N L, where L is the Euclidean line
L = {z € C| Re(z) = Re(p)}. The expression of ¢ in terms of p and ¢ in the
case in which Re(p) # Re(q) is left as an exercise.

Exercise 1.3

Let p and ¢ be distinct points in C with nonequal real parts, and let
A be the Euclidean circle centred on R and passing through p and gq.
Express the Euclidean centre ¢ and the Euclidean radius r of A in terms
of Re(p), Im(p), Re(q), and Im(q).

A legitimate question to raise at this point is whether hyperbolic geometry in
H, with this definition of hyperbolic line, is actually different from the usual
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Euclidean geometry in C to which we are accustomed. The answer to this
question is an emphatic Yes, hyperbolic geometry in H behaves very differently
from Euclidean geometry in C.

One way to see this difference is to consider the behaviour of parallel lines.
Recall that Euclidean lines in C are parallel if and only if they are disjoint, and
we adopt this definition in the hyperbolic plane as well.

Definition 1.3

Two hyperbolic lines in H are parallel if they are disjoint.

In Euclidean geometry, parallel lines exist, and in fact, if L is a Euclidean line
and if ¢ is a point in C not on L, then there exists one and only one Euclidean
line K through a that is parallel to L.

Additionally, in Euclidean geometry, parallel lines are equidistant; that is, if
L and K are parallel Euclidean lines and if a and b are points on L, then the
Euclidean distance from a to K is equal to the Euclidean distance from b to
K.

In hyperbolic geometry, parallelism behaves much differently. Although we do
not yet have a means of measuring hyperbolic distance, we can consider parallel
hyperbolic lines qualitatively.

Theorem 1.4

Let £ be a hyperbolic line in H, and let p be a point in H not on ¢. Then, there
exist infinitely many distinct hyperbolic lines through p that are parallel to ¢.

Proof

There are two cases to consider. First, suppose that ¢ is contained in a Euclidean
line L. As p is not on L, there exists a Euclidean line K through p that is parallel
to L. As L is perpendicular to R, we have that K is perpendicular to R as well.
So, one hyperbolic line in H through p and parallel to ¢ is the intersection
HNK.

To construct another hyperbolic line through p and parallel to ¢, take a point
z on R between K and L, and let A be the Euclidean circle centred on R that
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passes through = and p. We know that such a Euclidean circle A exists because

Re(z) # Re(p).

By construction, A is disjoint from L, and so the hyperbolic line HN A is disjoint
from ¢. That is, HN A is a second hyperbolic line through p that is parallel to £.
As there exist infinitely many points on R between K and L, this construction
gives infinitely many distinct hyperbolic lines through p and parallel to £. A
picture of this phenomenon is given in Figure 1.2.

Figure 1.2: Several parallel hyperbolic lines

Exercise 1.4

Give an explicit description of two hyperbolic lines in H through ¢ and
parallel to the hyperbolic line f = HN {z € C|Re(z) = 3}.

Now, suppose that £ is contained in a Euclidean circle A. Let D be the Euclidean
circle that is concentric to A and that passes through p. As concentric circles are
disjoint and have the same centre, one hyperbolic line through p and parallel
to £ is the intersection H N D.

To construct a second hyperbolic line through p and parallel to ¢, take any
point x on R between A and D. Let E be the Euclidean circle centred on R
that passes through x and p. Again, by construction, E and A are disjoint, and
so HN FE is a hyperbolic line through p parallel to £.

As above, because there exist infinitely many points on R between A and D,
there exist infinitely many distinct hyperbolic lines through p parallel to £. A
picture of this phenomenon is given in Figure 1.3.

This completes the proof of Theorem 1.4. QED
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(7™

Figure 1.3: Several parallel hyperbolic lines

Exercise 1.5

Give an explicit description of two hyperbolic lines in H through ¢ and
parallel to the hyperbolic line £ = HN A, where A is the Euclidean circle
with Euclidean centre —2 and Euclidean radius 1.

We now have a model to play with. The bulk of this book is spent exploring
this particular model of the hyperbolic plane, although we do spend some time
developing and exploring other models. Although we focus primarily on models
of hyperbolic plane for which the underlying space is a subset of C, we note
that there are many others. We explore one such other model, the hyperboloid
model, in Section 6.1.

We close this section with a few words to put what we are doing in a historical
context. We are proceeding almost completely backward in our development of
hyperbolic geometry from the historical development of the subject. A much
more common approach is to begin with the axiomization of Euclidean geom-
etry. One of the axioms is the statement about parallel lines mentioned above,
namely, that given a line Euclidean L and a point p not on L, there exists a
unique Euclidean line through p and parallel to L. This axiom is often referred
to as the parallel postulate; the form we give here is credited to Playfair.

Hyperbolic geometry is then defined using the same set of axioms as Euclidean
geometry, with the hyperbolic variant of the parallel postulate, namely, that
given a hyperbolic line £ and a point p not on ¢, there exist at least two hyper-
bolic lines through p and parallel to /.

It is then shown that the upper half-plane model, with hyperbolic lines as we
have defined them, is a model of the resulting non-Euclidean geometry. For
instance, see the books of Stahl [31] and Greenberg [16].

In this book, we are less concerned with the axiomatic approach to hyperbolic
geometry, preferring to make use of the fact that we have reasonable coordinates
in the upper half-plane H, which allow us to calculate fairly directly.



8 Hyperbolic Geometry

Our first major task is to determine whether we have enough information in this
description of hyperbolic geometry to define the notions of hyperbolic length,
hyperbolic distance, and hyperbolic area in H. We do this using the group of
transformations of H taking hyperbolic lines to hyperbolic lines.

For the history of the subject, see Rosenfeld [29], Greenberg [16], and Bonola
[11]. Also of interest are the translations by Stillwell [33] of some of the original
papers of Beltrami, Klein, and Poincaré, all of whom were instrumental in the
development of hyperbolic geometry.

A far from complete list of books discussing various aspects of the hyperbolic
geometry of the plane, listed in no particular order, are the books of Trudeau
[36], Stahl [31], Rédei [28], Wylie [37], Iversen [22], Coxeter [14], Kelly and
Matthews [24], Thurston [35], Fenchel [15], and Pedoe [27], as well as the articles
of Beardon [10], Stillwell [32], and von Helmholz [19]. We will refer to some of
these at various points of the text, where they are especially relevant.

1.2 The Riemann Sphere C

To determine a reasonable group of transformations of H that take hyperbolic
lines to hyperbolic lines, we first fulfil our earlier promise of unifying the two
seemingly different types of hyperbolic line, namely, those contained in a Eu-
clidean line and those contained in a Euclidean circle. We take as our stepping
off point the observation that a Euclidean circle can be obtained from a Eu-
clidean line by adding a single point.

To be explicit, let S! be the unit circle in C, and consider the function
¢:S'—{i} >R

defined as follows: given a point z in S* — {i}, let K, be the Euclidean line
passing through i and z, and set £(z) = RN K. This function is well defined,
because K, and R intersect in a unique point as long as Im(z) # 1. See Figure
1.4.

This function £ is referred to as stereographic projection. In terms of the usual
cartesian coordinates on the plane, the real axis R in C corresponds to the
x-axis, and so £(z) is the z-intercept of K. Calculating, we see that K, has

slope
Im(z) —1
m=-———

Re(2)
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AN
A

Figure 1.4: Stereographic projection

and y-intercept 1. Hence, the equation for K, is

Im(z) —1
B T S
Y Re(z)
In particular, the z-intercept of K, is
Re(z)
&) = Ty

Exercise 1.6

Give an explicit formula for 71 : R — St — {i}.

Exercise 1.7

Consider the three points z; = exp (22£4), 0 < k < 2, of S! that form
the vertices of an equilateral triangle in C. Calculate their images under

¢.

In fact, £ is a bijection between S! — {i} and R. Geometrically, this follows from
the fact that a pair of distinct points in C determines a unique Euclidean line:
If z and w are points of S* — {i} for which £(z) = &(w), then the Euclidean
lines K, and K,, both pass through both i and £{(z) = £(w), which forces the
two lines K, and K, to be equal, and so z = w.

As we obtain R from S' by removing a single point of S!, namely, 7, we can
think of constructing the Euclidean circle S! by starting with the Euclidean
line R and adding a single point.

Motivated by this, one possibility for a space that contains H and in which the
two seemingly different types of hyperbolic line are unified is the space that
is obtained from C by adding a single point. This is the classical construction
from complex analysis of the Riemann sphere C.
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As a set of points, the Riemann sphere is the union
C=CU{x}

of the complex plane C with a point not contained in C, which we denote co.
To explore the basic properties of C, we first define what it means for a subset
of C to be open.

We begin by recalling that a set X in C is open if for each z € X, there exists
some € > 0 so that U.(z) C X, where

Uc(2) ={weCl|lw—z<e}

is the open Euclidean disc of radius € centred at z. (In general, ¢ will depend
on both z and X.)

A set X in C is closed if its complement C — X in C is open.

A set X in C is bounded if there exists some constant ¢ > 0 so that X C U(0).

Exercise 1.8

Prove that H is open in C. For each point z of H, calculate the maximum
e so that U.(z) is contained in H.

To extend this definition to C, we need only define what U (z) means for each
point z of C and each € > 0. As all but one point of C lies in C, it makes sense
to use the definition we had above wherever possible, and so for each point z
of C, we define

Ucz) ={weCllw—2z <e}

It remains only to define U.(c0), which we take to be

Ue(o0) ={w e C||w| > e} U{o0}.

Definition 1.5

A set X in C is open if for each point z of X, there exists some £ > 0 (which
may depend on x and X) so that Us(z) C X.

One immediate consequence of this definition is that if D is an open set in C,
then D is also open in C. That is, we are not distorting C by viewing it as a
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subset of C. For example, because H is an open subset of C, by Exercise 1.8,
we immediately have that H is open in C.

As another example, we show that the set E = {2z € C||z| > 1}U{o0} = U;(c0)
is open in C. We need to show that for each point z of E, there exists some
e > 0 so that U.(z) C E. As E = U;(0), we can find a suitable ¢ for z = oo,
namely, e = 1. For a point z of E — {00}, note that the Euclidean distance from
zto OF = S is |z| — 1, and so we have that U.(z) C E for any 0 < e < |2| — 1.

On the other hand, the unit circle S! in C is not open. No matter which
point z of S' and which € > 0 we consider, we have that U.(z) does not
lie in S', as U.(z) necessarily contains the point (1 + 3¢)z whose modulus is
(1+1e)z[ =1+ 3e)z| =1+ 3c# 1

Definition 1.6

A set X in C is closed if its complement C — X in C is open.

For example, the unit circle S is closed in C, because its complement is the
union

@—Sl = Ul(O) UUl(OO),

and it follows from the definition that the union of open sets is open.

Exercise 1.9

Prove that if K is a closed and bounded subset of C, then X = (C —
K) U {00} is open in C. Conversely, prove that every open subset of C
is either an open subset of C or is the complement in C of a closed and
bounded subset of C.

This construction of the Riemann sphere C from the complex plane C is an ex-
ample of a more general construction, known as the one-point compactification.
For more information on the one-point compactification and related topological
constructions, the interested reader is referred to a book on point-set topology,
such as Munkres [26].

One major use of open sets is to define convergence. Convergence in C is anal-
ogous to convergence in C; that is, a sequence {z,} of points in C converges
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to a point z of C if for each ¢ > 0, there exists N so that z, € U.(2) for all
n> N.

Exercise 1.10

Prove that {2, = L |n € N} converges to 0 in C, and that {w, =n|n €
N} converges to oo in C.

Let X be a subset of C. Define the closure X of X in C to be the set
X={2€C|U.(2)NX # 0 for all € > 0}.

Note that every point z € X lies in X, because {z} C U.(x) N X for every
¢ > 0. There may be points in X other than the points of X.

As an example, if X C C and if {x,} is a sequence of points of X converging
to a point = of C, then x is necessarily a point of X.

Exercise 1.11

Determine the closure in C of X = {1 |ne€Z—{0}} and of Y = Q +
Qi ={a+ibl a,b € Q}.

Exercise 1.12

If X is a subset of C, prove that X is closed in C.

We are now ready to unify the two notions of Euclidean line and Euclidean
circle in C.

Definition 1.7

A circle in C is either a Euclidean circle in C or the union of a Euclidean line
in C with {oo}.
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That is, we use the point oo, which we adjoined to C to obtain C, to be the
point we add to each Euclidean line to get a circle.

As a bit of notation, for a Euclidean line L in C, let L = LU {oo} be the circle
in C containing L. For example, the extended real azis R = R U {oc} is the
circle in C containing the real axis R in C.

Note that this notation for the circle in C containing the Euclidean line L
agrees with our earlier notation for the closure of a subset of C, as the closure
in C of a Euclidean line L in C is exactly L = L U {o0}.

As might be guessed, there is a generalization of stereographic projection to the
Riemann sphere C and the complex plane C. Identify C with the xjzo-plane
in R?, where the coordinates on R?® are (x1,z2,23), by identifying the point
z =z + 1y in C with the point (x,%,0) in R?. Let S? be the unit sphere in R3;
that is

S? = {(x,y,2) ER} |22 +y* + 22 =1},
with north pole N = (0,0, 1).

Consider the function £ : S? — {N} — C defined as follows: For each point P
of S — {N}, let Lp be the Euclidean line in R? passing through N and P, and
define £(P) to be the point of intersection Lp N C.

Exercise 1.13

Write out explicit formulae for both ¢ and its inverse ¢~1 : C — S2—{N}.

The bijectivity of ¢ follows from the fact that we can write down an explicit ex-
pression for £~1. We could also argue geometrically, as we did for stereographic
projection from S' — {i} to R.

We can also describe circles in C as the sets of solutions to equations in C.
Recall that we show in the solution to Exercise 1.1 that every Euclidean circle
in C can be described as the set of solutions of an equation of the form

azZ+ pBz+PBZ+~v=0,

where a, v € R, a # 0, and § € C, and that every Euclidean line in C can be
described as the set of solutions of an equation of the form

Bz+Pz+y=0,
where v € R and 3 € C.
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Combining these, we see that every circle in C can be described as the set of
solutions in C to an equation of the form

azZ+ Bz+ Bz +v=0,
where «, v € R, and g € C.

One subtlety needs considered here, namely, the question of how we consider
whether oo is a solution of such an equation. For an equation of the form

Bz+Pz+7=0,

where v € R and g € C, we may consider co to be a solution by continuity.
That is, there is a sequence {z,} of points in C that satisfies this equation and
that converges to oo in C. Specifically, let wy and w; be two distinct solutions,
so that every linear combination of the form wg + t(w; — wyp), t € R, is also a
solution. Consider the sequence

{zn = wo + n(wy; — wp) | n € N}.
For any choice of wy and wy, wy # wy, we have that
Bzn + Bzn +v =0,
and that {z,} converges to oo in C.

However, for an equation of the form
azZ+ Bz+PBZ+~v=0,

where o, v € R, @ # 0, and § € C, we cannot view oo as a solution by
continuity. This follows immediately from the fact that we can rewrite this
equation as

2

3 2
z—|—é +7—ﬂ20.
o et

aZ+PBz+PEZ+y=a

However, if {2, } is any sequence of points in C converging to co, then

p

Zn+ — +'yﬁ|>oo
(67 (67

nan;o(aznﬁ + B2n + BZn +7) = nlbn;o (a
Therefore, z, cannot lie on the circle in C
A={z€Clazz+ B2+ PBz+~v=0}

for n large, and so we cannot consider co to be a point of A.

As we now have a definition of what it means for a subset of C to be open, we
can define what it means for a function f : C = C to be continuous, this time
in analogy with the usual definition of continuity of functions from R to R.
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Definition 1.8

A function f : C — C is continuous at z € C if for each € > 0, there exists
d > 0 (depending on z and ¢€) so that w € Us(z) implies that f(w) € U(f(z)).

A function f : C — C is continuous on C if it is continuous at every point
zeC.

One advantage to generalizing this definition of continuity is that we may use
exactly the same proofs as with functions from R to R to show that constant
functions from C to C are continuous, as are products and quotients (when they
are defined), sums and differences (when they are defined), and compositions
of continuous functions.

However, there exist some slight differences between functions from R to R and

functions from C to C, which arise from the presence of the point co. Consider
the following example.

Proposition 1.9

The function J : C — C defined by
1
J(z) = 2 for z € C— {0}, J(0) =00, and J(c0) =0

is continuous on C.

Proof

To see that J is continuous at 0, take € > 0 to be given. As we have that
J(0) = 0o, we need to show that there exists some § > 0 so that

J(Us(0)) C Ue(J(0)) = Uc(00).
Take § = L. For each w € Us(0) — {0}, we have that

1 1
) = > 5 =<

and so J(w) € Us(00). As we have that J(0) = oo € U.(00) by definition, we
see that J is continuous at 0.
The argument that J is continuous at oo is similar to the argument that .J
is continuous at 0. Again, given ¢ > 0, we take 0 = % Then, for each w €
Us(o0) — {00}, we have that
1
[J(w)| = = <

= 6"
[w]

| =
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and so J(w) € U(0). We have that J(oco) = 0 € U.(0) by definition, and so J
is continuous at co.

To complete the proof, let z € C — {0} be any point, and let £ > 0 be given.
We need to find 6 > 0 so that w € Us(z) implies that J(w) € U.(J(z)). Let
¢’ = min(e, ﬁ), so that U,/ (z) does not contain 0.

For any ¢ € U./(J(2)), we have that

!/

1
€] < |J(2)|+e' = = +¢€.

El
Ase < le, we have that
3
< —.

Writing € = %, we have that

1 < 3 q 1 < 3

— < —, andso — < —.

jw| 2|z lzw| 2|2

So, set § = 2&'[z|%.
For |z — w| < ¢, we then have that
1 1 |z —w| 2
) - Tl = |1 - 1| =

3
< €|z =
|| e
As &’ < e, we have that J is continuous at z € C — {0}. This completes the
proof of Proposition 1.9. QED

/

z w

|zw] 3

Exercise 1.14

Let g(z) be a polynomial of degree at least one. Prove that the function
f:C — C, defined by

f(z) = g(2) for z € C and f(o0) = o0,

is continuous on C.

One useful property, and indeed a defining property, of continuous functions is
that they preserve convergent sequences. That is, if f : C — C is continuous
and if {z,,} is a sequence in C converging to x, then {f(z,)} converges to f(x).

There is a class of continuous functions from C to itself that are especially well
behaved.
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Definition 1.10

A function f : C — C is a homeomorphism if f is a bijection and if both f and
f~1 are continuous.

We have already seen one example of a homeomorphism of C.

Proposition 1.11

The function J : C — C defined by
1
J(z) = 2 for z € C— {0}, J(0) =00, and J(o0) =0

is a homeomorphism of C.

Proof

As JoJ(z) = zfor all z € C, we immediately have that J is bijective: To see that
J is injective, suppose that there exist points z and w for which J(z) = J(w),
and note that z = J(J(z)) = J(J(w)) = w; to see that J is surjective, note
that for any z € C, we have that z = J(J(2)).

Moreover, as J~!(z) = J(z) for all z € C and as J is continuous, by Proposition
1.9, we have that J~! is continuous. This completes the proof of Proposition
1.11. QED

The homeomorphisms of C are the transformations of C that are of most in-
terest to us, so set

Homeo(C) = {f : C — C| f is a homeomorphism}.

By definition, the inverse of a homeomorphism is again a homeomorphism. Also,
the composition of two homeomorphisms is again a homeomorphism, because
the composition of bijections is again a bijection and because the composition
of continuous functions is again continuous. As the identity homeomorphism
f: C — C given by f(z) = z is a homeomorphism, we have that Homeo(C) is
a group.
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Exercise 1.15

Let g(2) be a polynomial. Prove that the function f : C — C, defined by
f(z) = g(z) for z € C and f(c0) = o0,

is a homeomorphism if and only if the degree of ¢ is one.

Exercise 1.16

A subset X of C is dense if X = C. Prove that if X is dense in C and
if f: C — C is a continuous function for which f(z) = z for all z in X,
then f(z) = z for all z € C.

1.3 The Boundary at Infinity of H

In Section 1.2, we define a circle in the Riemann sphere C to be either a
Euclidean circle in C or the union of a Euclidean line in C with {co}. We also
have several examples of circles in C, including the unit circle S in C and the
extended real aris R = R U {oo}.

In particular, the complement of a circle in C has two components. For S*, the
components of C —S! are the Euclidean disc D = U;(0) and the Euclidean disc
Ui (c0), whereas for R the components of C —R are the upper half-plane H and
the lower half-plane {z € C | Im(z) < 0}.

Definition 1.12

Define a disc in C D to be one of the components of the complement in C of
a circle in C A. For such D and A, we refer to A as the circle determining the
disc D.

Note that every disc in C determines a unique circle in C and that every circle
in C determines two disjoint discs in C.

For the remainder of this section, we focus our attention on one particular disc
in C, namely, H, and the circle in C determining it, namely, R. We refer to R
as the boundary at infinity of H, and we refer to points of R as points at infinity
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of H. The reason we use this term will be explained in Section 3.4, after we
have developed a means of measuring hyperbolic distance in H.

More generally, for any set X in H, we can make sense of the notion of the
boundary at infinity of X. Specifically, we form the closure X of X in C, and
then define the boundary at infinity of X to be the intersection X N R of X
with the boundary at infinity R of H.

As an example, let £ be a hyperbolic line in H, and suppose that ¢ is contained
in the circle A in C. Then, the boundary at infinity of £ is the pair of points
contained in the intersection A NR.

There are more complicated examples as well. Let ¢; and /5 be parallel hyper-
bolic lines in H, and let H be the closed region in H that consists of the two
lines ¢; and /s, together with the part of H that lies between them. There are
two possibilities for the boundary at infinity of this region H.

Let Cj be the circle in C containing /5. As ¢; and ly are disjoint, either C;
and Cy are disjoint, or C7 and C5 intersect in a single point, which is then
necessarily contained in R.

In the case in which C; and Cj intersect at the point z of R, the boundary at
infinity of H is the union of a closed arc in R and the set {x}.

In the case in which C; and C5 are disjoint, the boundary at infinity of H is
the union of two closed arcs in R. These two possibilities are shown in Figure
1.5.

NN N

Figure 1.5: Two possibilities for parallel hyperbolic lines

This gives us a way of distinguishing two different types of parallelism for hy-
perbolic lines in H. Namely, there are parallel hyperbolic lines whose boundaries
at infinity intersect, and there are parallel hyperbolic lines whose boundaries
at infinity are disjoint. When we need to make the distinction, we refer to a
pair of the latter type as ultraparallel.

There is another way to see the distinction between parallel and ultraparallel
hyperbolic lines.
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Exercise 1.17

Let ¢1 and ¢5 be parallel hyperbolic lines. Show that ¢; and ¢ are ul-
traparallel if and only if there exists a hyperbolic line perpendicular to
both ¢; and /5.

We saw in Section 1.1, specifically in Proposition 1.2, that two points in H
determine a unique hyperbolic line in H. The key to the proof of this fact is
that there exists a unique Euclidean circle or Euclidean line in C that passes
through the given two points and is perpendicular to the real axis R.

This same argument applies to hyperbolic lines determined by points at infinity.

Proposition 1.13

Let p be a point of H and ¢ a point of R. Then, there is a unique hyperbolic
line in H determined by p and q.

Proof

Suppose that ¢ = co. Of all the hyperbolic lines through p, there is exactly one
that contains ¢ in its boundary at infinity, namely, the hyperbolic line contained
in the Euclidean line {z € C|Re(z) = Re(p)}. The statement about uniqueness
follows from the observation that no hyperbolic line contained in a Euclidean
circle contains co in its boundary at infinity.

Suppose that ¢ # oo and that Re(p) = Re(q). Then, the hyperbolic line con-
tained in the Euclidean line {z € C | Re(z) = Re(p)} is the unique hyperbolic
line through p that contains ¢ in its boundary at infinity.

Suppose that ¢ # oo and that Re(p) # Re(q). Then, we may again use the
construction from the proof of Proposition 1.2, using the perpendicular bisector
of the Euclidean line segment joining p to g, to find the unique Euclidean circle
centred on the real axis R that passes through both p and ¢. Intersecting this
circle with H yields the unique hyperbolic line determined by p and q. This
completes the proof of Proposition 1.13. QED

We refer to the part of the hyperbolic line between p and ¢ as the hyperbolic
ray determined by p and q or as the hyperbolic ray through p with endpoint at

infinity q.
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The argument for the existence and uniqueness of a hyperbolic line determined
by two distinct points at infinity is left as an exercise.

Exercise 1.18

Let p and ¢ be two distinct points of R. Prove that p and ¢ determine a
unique hyperbolic line whose endpoints at infinity are p and q.



2

The General Mobius Group

As our goal is to study the geometry of the hyperbolic plane by considering
quantities invariant under the action of a reasonable group of transformations,
we spend this chapter describing just such a reasonable group of transforma-
tions of C, namely, the general Mébius group Mob, which consists of com-
positions of Mébius transformations and reflections. We close the chapter by
restricting our attention to the transformations in Mob preserving H.

2.1 The Group of Mobius Transformations

As every hyperbolic line in H is by definition contained in a circle in C, we
begin the process of determining the transformations of H taking hyperbolic
lines to hyperbolic lines by first determining the group of homeomorphisms of
C taking circles in C to circles in C.

For the sake of notational convenience, let Homeo®(C) be the subset of the
group Homeo(C) of homeomorphisms of C that contains those homeomor-
phisms of C taking circles in C to circles in C. That is, if f : C — C is a
homeomorphism, then f € Homeo®(C) if for every circle in C A, we have that
f(A) is also a circle in C. Note that, although it is easy to see that the com-
position of two elements of Homeo®(C) is again an element of Homeo®(C) and

23
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that the identity homeomorphism is an element of Homeo®(C), we do not yet
know that inverses of elements of Homeo®(C) lie in Homeo®(C), and hence we
cannot yet conclude that Homeo®(C) is a group.

Note that there are many homeomorphisms of C that do not lie in Homeo®(C).

Exercise 2.1

Give an explicit example of an element of Homeo(C) that is not an
element of Homeo®(C).

We begin by considering a class of homeomorphisms of C that we understand,
namely, those arising from polynomials. As we saw in Exercise 1.14 and Exercise
1.15, we may extend each polynomial g(z) to the function f : C — C given by

f(z) =g(z) for z € C and f(o0) = 0.

As we wish to consider homeomorphisms of C that arise from polynomials, we
are forced to restrict our attention to polynomials of degree 1.

Proposition 2.1

The element f of Homeo(C) defined by
f(z) =az+bfor z € C and f(c0) = oo,

where a, b € C and a # 0, is an element of Homeo®(C).

Proof

Recall from Section 1.2 that each circle in C A can be described as the set of
solutions to an equation of the form

azZ+pBz+PBZ+~v=0,
where o, v € R and § € C, and where « # 0 if and only if A is a circle in C.

We begin with the case in which A is a Euclidean line in C. So, consider the
Euclidean line A given as the solution to the equation

A={z€C|Bz+pz+~=0},
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where § € C and v € R. We wish to show that if z satisfies this equation, then
w = az + b satisfies a similar equation.

As w = az + b, we have that z = 1 (w — b). Substituting this calculation into
the equation for A given above yields

Bz+pBz+y = ﬁé(w—bHBé(w—bHv
= 5w+<ﬁ>w—ﬁb—6l)+’y—0.
a a a a

As gb + gb =2Re (gb) is real and as the coefficients of w and w are complex
conjugates, this shows that w also satisfies the equation of a Euclidean line.
Hence, f takes Euclidean lines in C to Euclidean lines in C. The proof that f
takes Euclidean circles to Euclidean circles is similar and is left as an exercise.

Exercise 2.2

Show that the homeomorphism f of C defined by setting
f(z) =az+0bfor z € C and f(c0) = o0,

where a, b € C and a # 0, takes Euclidean circles in C to Euclidean
circles in C.

Exercise 2.2 completes the proof of Proposition 2.1. QED

We can refine this argument to obtain quantitative information about the image
circle in C in terms of the coefficients of f(z) = az 4+ b and the equation of the
original circle in C.

For example, suppose that L is a Euclidean line given by the equation Bz +

% 4+~ = 0, and recall from the solution of Exercise 1.1 that the slope of L is
Re(0)
Im(3)"

We have seen that f takes L to the Euclidean line f(L) given by the equation

éw—i— <ﬁ>w—ﬁb—ﬁb+7=0,
a a a a

Re(fa)

which has slope T (Ga) -
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Exercise 2.3

Determine the Euclidean centre and Euclidean radius of the image of the
Euclidean circle A given by the equation a2z + 8z + 3%Z + v = 0 under
the homeomorphism

f(z) =az+bfor z € Cand f(o0) = o0,
where a, b € C and a # 0.

There is another homeomorphism of C we considered earlier, in Proposition
1.11, namely, the function J : C — C defined by setting

J(2) = % for z € C — {0}, J(0) = o0, and J(oc) = 0.

Proposition 2.2

The element J of Homeo(C) defined by
1
J(z) = ~ for z € C— {0}, J(0) = o0, and J(c0) =0

is an element of Homeo®(C).

Proof

We proceed as before. Let A be a circle in C given by the equation
azZ+ Pz + Bz +v =0,
where a, v € R and g € C.
Set w = %, so that z = i Substituting this back into the equation for A gives
a%% +B$ +B% +7=0.
Multiplying through by ww, we see that w satisfies the equation
a + pw + Bw + yww = 0.

As « and v are real and as the coefficients of w and w are complex conju-
gates, this is again the equation of a circle in C. This completes the proof of
Proposition 2.2. QED
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As we can see from the proof of Proposition 2.1, we can extract some quanti-
tative information from the proof of Proposition 2.2 about the circle in C J(A)
in terms of the circle in C A.

As a specific example, let A be the circle in C given by the equation 2242743 =
0. Then, J(A) is the circle in C given by the equation 2w + 2w + 3ww = 0,
which is a Euclidean circle in C with Euclidean centre —% and Euclidean radius
2

2.
Exercise 2.4

Let A be a Euclidean circle in C given by the equation |z — 29| = r.
Determine conditions on zy and r so that J(A) is a Euclidean line in C.

Note that all possible compositions of these two types of homeomorphisms of
C, namely, the f(z) = az + b with a, b € C and a # 0, and J(z) = %, have the

same form m(z) = ’ijig, where ad — 3y # 0. This leads us to the following

definition.

Definition 2.3

A Mébius transformation is a function m : C — C of the form
() az+b
m(z) = ——
cz+d’

where a, b, ¢, d € C and ad — be # 0. Let M6b™ denote the set of all Mobius
transformations.

We pause here to insert a remark about the arithmetic of co. For any a # 0,
we can unambiguously assign the value of § to be oo by continuity. That is, we
set

As a # 0, & is nonzero, and by considering the modulus ||, we can see that
limy, 0 5 = oo in C. However, we still cannot make unambiguous sense of the
expressions % and =,

oo

az+b
cz+d

Similarly, we define the image of co under m(z) = by continuity. That is,

we set

b a+?t
m(oo) = lim GO i ER
z—00 cz +d z—>ooc_|_g c
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The value m(oc0) is well defined because one of a or ¢ has to be nonzero, as
from the definition of Mobius transformation we know that ad — bc # 0.

Observe that, because m(oo) = 2, we have that m(oo) = oo if and only if

¢ = 0. Also, because m(0) = &, we have that m(0) = 0 if and only if b = 0.

As we will see in Exercise 2.5, we can write an explicit expression for the inverse
of a Mobius transformation. As the composition of two Mébius transformations
is again a Mdobius transformation (which we leave for the interested reader to
verify), we have that the set Mob™ of Mobius transformations is a group under
composition with identity element e : C — C, e(z) = z.

Exercise 2.5

To prove that Mobius transformations are bijective, give an explicit ex-

pression for the inverse of the Mobius transformation m(z) = Zzzig

As we have already mentioned, the form of a Mobius transformation is similar
to the forms of the homeomorphisms of C we encountered earlier this section,
namely, the

f(z) =az+bfor z € C and f(o0) = o0,

where a, b € C and a # 0, and
1
J(z) = 2 for z € C— {0}, J(0) = o0, and J(c0) = 0.

az+b
cz+d

In fact, we may write any Mobius transformation m(z) = as a composition

of such homeomorphisms.

Theorem 2.4
Consider the Mébius transformation m(z) = ‘Zis, where a, b, ¢, d € C and
ad —be # 0.

If ¢ =0, then m(z) = 5z +

Qo

If ¢ # 0, then m(z) = f(J(g9(2))), where g(z) = ¢*2 + cd and f(z) = —(ad —
be)z + & for z € C, and f(00) = 00 = g(00).
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Proof

The proof of Theorem 2.4 is a direct calculation. If ¢ = 0, there is nothing to
check. If ¢ # 0, then

m(z) = cz+d  (cz+d) ¢  AEz+cd
As ad — be # 0, we have that

az+b (az+b)c acz+be

acz+bc acz+ad—(ad—bc) a ad—bc

= e R — J
m(Z) 622+Cd C2Z+Cd c 622+Cd f( (g(z)))7
where g(z) = ¢®2 + cd and f(2) = —(ad — bc)z + ¢. This completes the proof
of Theorem 2.4. QED

Theorem 2.4 has several immediate corollaries. First, every Mobius transfor-
mation is a homeomorphism of C, as it is a composition of homeomorphisms

of C. That is,
Mébt € Homeo(C).

Second, every Mobius transformation takes circles in C to circles in C, as it is

a composition of functions with this property. We combine these observations
in the following theorem.

Theorem 2.5

Mébt € Homeo®(C).

We note here that the condition that ad — be # 0 in the definition of a Mdbius
transformation is not spurious.

Exercise 2.6

az+b
cz+d?

d € C and ad — bc = 0. Prove that p is not a homeomorphism of C.

Consider a function p : C — C of the form p(z) = where a, b, c,

We close this section with a crude classification of Md&bius transformations,
based on the number of fixed points. A fized point of the Mobius transformation
m is a point z of C satisfying m(z) = z. Suppose that m is not the identity.
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az+b
cz+d’

we have that m(c0) = £

c’

We saw earlier in this section that for m(z) =
and so m(oo) = oo if and only if ¢ = 0.

If ¢ = 0, then m(z) = %z + %, and the fixed point of m in C is the solution to
the equation m(z) = %z+§ =z If § =1, then b # 0 (as m is not the identity)
and there is no solution in C, whereas if § # 1, then z = d%a is the unique

solution in C. In particular, if ¢ = 0, then m has either one or two fixed points.

If ¢ # 0, then m(c0) # 00, and so the fixed points of m are the solutions in C of

the equation m(z) = % = z, which are the roots of the quadratic polynomial
cz? + (d — a)z — b = 0. In particular, if ¢ # 0, then again m has either one or

two fixed points.

This analysis has the following important consequence.

Theorem 2.6

Let m(z) be a Mobius transformation fixing three distinct points of C. Then,
m is the identity transformation. That is, m(z) = z for every point z of C.

Exercise 2.7

Calculate the fixed points of each of the following Mobius transforma-
tions.

Lm(z) =2t 2.m(z)=T72+6; 3.J(2)=1; 4.m(z)= T

2.2 Transitivity Properties of Méb™

One of the most basic properties of Méb™ is that it acts uniquely triply transi-
tively on C. By this we mean that given two triples (21, 22, z3) and (w1, w2, w3)
of distinct points of C, there exists a unique element m of M6b™ so that
m(z1) = wy, m(z2) = we, and m(z3) = ws.

As is often done, we begin our proof of existence and uniqueness by first showing
uniqueness. We then construct a particular Mébius transformation by whatever
means are at hand, and observe that by uniqueness it must be the only one.
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So, given two triples (z1, 22, 23) and (wy, ws, w3) of distinct points of C, suppose
there are two elements m and n of Mob™ satisfying n(z1) = w1 = m(z1),
n(ze) = wy = m(22), and n(z3) = ws = m(z3). By Theorem 2.6, we know that
because m ™! on fixes three distinct points of C, it is the identity, and so m = n.
This completes the proof of uniqueness.

To demonstrate the existence of a Mobius transformation taking (z1, 22, 23)
to (w1, wsq,ws), it suffices to show that there is a Mobius transformation m
satisfying m(z1) = 0, m(z2) = 1, and m(z3) = oo. If we can construct such
an m, we can also construct a Mobius transformation n satisfying n(w;) = 0,
n(wy) = 1, and n(ws) = oo, and then n~!
taking (z1, 22, 23) to (w1, wa, w3).

om is the desired transformation

So, it remains only to construct a Mobius transformation m satisfing m(z1) = 0,

m(z2) = 1, and m(z3) = co. We work in the case in which all the z; lie in C,

and leave the derivation of m in the case in which one of the z is co for the

interested reader. Explicitly, consider the function on C given by
z2—2z120—23 (22— 23)2 — 21(22 — 23)

m(z) = 2z — 23 29 — 21 - (22 — 21)z — 23(22 — 21)

Just by its construction, we have that m(z1) = 0, m(z2) = 1, and m(z3) = cc.
Moreover, because the z; are distinct,

(2 —23)(=23)(22—21) = (—21) (22— 23) (22— 21) = (22— 23) (21 — 23) (22— 21) # O,

and so m is a Mobius transformation.

Exercise 2.8

Derive the general form of the Mobius transformation taking the triple
(00, 22, 23) to the triple (0,1, c0).

As is often the case, the actual construction of the specific M6bius transforma-
tion taking one triple to another can be fairly unpleasant. For example, let us
consider the two triples (2,144, 3) and (0,24 2¢,4) and construct the Mobius
transformation taking (2¢,1+14,3) to (0,2 + 2¢,4). Warning: This example has
not been chosen for its numerical elegance.

Following the proof of existence, we construct the Mébius transformation m
taking (2¢,1+14,3) to (0,1,00) and the Mobius transformation n taking (0,2 +
2i,4) to (0,1, 00).
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The Mobius transformation m taking (2,1 4 4, 3) to (0,1, 00) is given by

(z—2i) (14+i—3) (—2+4i)z+2+4i

m(z) = (z—3) (14+i—26) - (1—4d)z—3+3i

The Mobius transformation n taking (0,2 + 2i,4) to (0,1, 00) is given as

n(z) =~ (2+2i—4)  (-2+2i)z
C(z—4) (242i)) (2+2)2—-8-8i

So, the transformation we are looking for is

(24 + 8i)z + 16 — 48i

1 o
neml(s) = e A2

Up to this point, we’ve been considering ordered triples of distinct points in C.
If we consider unordered triples, and in particular, if we ask about the Mobius
transformations taking one unordered triple of distinct points to another, the
proof of existence goes through without change, but the proof of uniqueness no
longer holds.

Exercise 2.9

Consider the unordered triple T = {0,1,00} of points of C. Determine
all Mébius transformations m satisfying m(T) = T.

The action of M&b™ on the set of triples of distinct points of C is an example
of a group action.

Definition 2.7

A group G acts on a set X if there is a homomorphism from G into the group
bij(X) of bijections of X.

That is, a group G acts on a set X if every element of g gives rise to a bijection
of X, and moreover if multiplication of elements of G using the group operation
corresponds to composition of the corresponding bijections of X.

We do not do much with group actions in this book, other than making use
of some of the basic terminology. For more information, the interested reader
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should pick up a book on abstract algebra, such as Herstein [20]. Philosophi-
cally, considering group actions allows one to view a group not as an abstract
object, but as a well behaved collection of symmetries of a set X.

There are many adjectives that one can apply to group actions, and restrictions
that one can apply to the types of bijections considered.

For instance, say that G acts transitively on X if for each pair x and y of
elements of X, there exists some element g of G satisfying g(z) = y. This is
one of the properties of most interest to us. The following lemma gives a slightly
easier condition to check to obtain transitivity, which is merely a generalization
of the idea we used in the proof that Mob™ acts transitively on triples of distinct
points of C.

Lemma 2.8

Suppose that a group G acts on a set X, and let x¢ be a point of X. Suppose
that for each point y of X there exists an element g of G so that g(y) = xo.
Then, G acts transitively on X.

Proof

Given two points y and z of X, choose elements g, and g, of G so that g,(y) =
zo = g.(2). Then, (g,)~' o g,(y) = z. This completes the proof of Lemma 2.8.

QED

Also inspired by considering the action of Méb™ on triples of distinct points
of C, say that a group G acts uniquely transitively on a set X if for each pair
x and y of elements of X, there exists one and only one element g of G with
g(z) = y. In this language, we can restate what we know about the action of
Méb™ on triples of distinct points of C.

Theorem 2.9

Mo6b™ acts uniquely transitively on the set 7 of triples of distinct points of C.
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There are other sets of objects in C on which Méb™ acts transitively.

Theorem 2.10

Mob™ acts transitively on the set C of circles in C.

Proof

The first step in proving Theorem 2.10 is to observe that a triple of distinct
points in C determines a unique circle in C.

To see this, let (21, 22, 23) be a triple of distinct points of C. If all the z; lie
in C and are not colinear, then there exists a unique Euclidean circle passing
through all three. The centre of the circle is the point of intersection of any two
of the perpendicular bisectors of the Euclidean line segments joining any two
of z1, z9, z3. If all the z; lie in C and are colinear, then there exists a unique
Euclidean line passing through all three. If one of the zj is oo, then there is a
unique Euclidean line passing through the other two.

However, although each triple of distinct points of C determines a unique circle
in C, the converse is not true. Given a circle in C A, there are infinitely many
triples of distinct points of C that give rise to A.

So, let A and B be two circles in C. Choose a triple of distinct points on A
and a triple of distinct points on B, and let m be the Mobius transformation
taking the triple of distinct points determining A to the triple of distinct points
determining B. As m(A) and B are then two circles in C that pass through the
same triple of distinct points and as Mébius transformations take circles in C
to circles in C, we have that m(A) = B. This completes the proof of Theorem
2.10. QED

However, the fact that a circle in C does not determine a unique triple of
distinct points in C means that this action is not uniquely transitive. That is,
given two circles in C, there are in fact many Mobius transformations taking
one to the other.

For example, we may mimic Exercise 2.9. Let (21, 29, 23) be a triple of dis-
tinct points, and let A be the circle in C determined by (21, 22, z3). Then, the
identity takes A to A. However, the Mobius transformation taking (z1, 22, 23)
to (29, 21, 23) also takes A to A. We will encounter this phenomenon again in
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Section 2.8, in which we determine the set of Mobius transformations taking
any circle in C A to itself.

We can rephrase this argument as saying that there exists a well defined sur-
jective function from the set 7~ of triples of distinct points of C to the set C of
circles in C. As Méb™ acts transitively on 7, we can use this function from 7~
to C to push down the action of M6b™ from 7 to C. The lack of uniqueness
in the action of Méb™ on C is a reflection of the fact that this function is not
injective.

We can also consider the action of M6b™ on the set D of discs in C.

Theorem 2.11

Mob™ acts transitively on the set D of discs in C.

Proof

As might be expected, the proof of Theorem 2.11 is similar to the proof of
Theorem 2.10. In fact, the proofs differ in only one respect.

Let D and E be two discs in C, where D is determined by the circle in C Cp
and F is determined by the circle in C Cr. As M6b™ acts transitively on the set
C of circles in C, there is a Mébius transformation m satisfying m(Cp) = Cg,
and so m(D) is a disc determined by Cg.

However, there are two discs determined by Cg, and we have no way of knowing
whether m(D) = E or m(D) is the other disc determined by Cg. If m(D) = E,
we are done.

If m(D) # E, we need to find a Mobius transformation taking C'g to itself and
interchanging the two discs determined by Cg.

This construction is not too difficult. We first work with a circle in C we
understand, and we then use the transitivity of Méb™ on the set of circles in
C to transport our solution for this particular circle to any other circle.

For the circle R, we have already seen the answer to this question, namely, the
Mébius transformation J(z) = <. As J(0) = oo, J(00) = 0, and J(1) = 1, we
see that J takes R to itself. As J(i) = + = —i, we see that J does not take
H to itself, and so J interchanges the two discs determined by R. Now, let A
be any circle in C and let n be a Mobius transformation satisfying n(A) = R.
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Then, the Mdbius transformation n=! o.J on takes A to itself and interchanges
the two discs determined by A.

In particular, there exists a Mébius transformation p so that p(Cg) = Cg and
p interchanges the two discs determined by Cg. Hence, in the case in which
m(D) # E, the composition p o m satisfies p o m(Cp) = p(Cg) = Cg and
pom(D)=E.

This completes the proof of Theorem 2.11. QED

As with determining the Mdobius transformation taking one triple of distinct
points of C to another triple of distinct points, it can be somewhat messy to
write out the Mdbius transformation taking one disc in C to another.

Consider the two discs
D={zeCllz|<2}and E={z€C]||z— (4+5i)| < 1}.
Many different Mobius transformations take E to D. We construct one.

Let m(z) = z—4 —5i. As E is the Euclidean disc with centre 4 + 5¢ and radius
1, we have that m(E) is the Euclidean disc with centre m(4 + 5i) = 0 and
radius 1. If we now compose m with n(z) = 2z, we see that n o m(E) is the
Euclidean disc with centre 0 and radius 2, so that n o m(E) = D, as desired.
Writing out n o m explicitly, we get nom(z) = n(z —4 — 5i) = 2z — 8 — 104.

Exercise 2.10

Give an explicit Mobius transformation taking the unit disc D = U;(0)
in C to H.

2.3 The Cross Ratio

In Section 2.2, we considered the transitivity properties of M6b™. We saw that
MGob T acts uniquely transitively on the set 7~ of ordered triples of distinct points
of C and acts transitively on both the set C of circles in C and the set D of
discs in C.

In this section, we consider a different sort of question, and we start by asking
about functions on C that are invariant under Mob™. Several variants of this
question will occupy our attention at different times throughout the book.
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Definition 2.12

A function invariant under Mob™ is a function f : U — C, where U is an open
.=k .
set in C", of variables (z1,...,z;) so that

f(z1,y .o oyzk) = f(m(z1),...,m(zk))

for all m € Moéb™ and all (21,...,2;) € U.

Typically, in Definition 2.12, we require that U be invariant under Méb™, so
that if (z1,...,2;) € U and m € Mob™, then (m(z1),...,m(z)) € U.

Exercise 2.11

Show that the function f : C — C given by f(z) = 2% for z € C and
f(00) = 00, is not invariant under Méb ™. Determine whether there exists
a nontrivial subgroup of M6b™ under which f is invariant.

In fact, the triple transitivity of Méb' on C implies that for 1 < n < 3, the
only functions f on C of n variables invariant under Mob™ are the constant
functions.

For n > 4, the situation becomes more interesting. One example of a function
of four variables invariant under Méb™ is the cross ratio.

Definition 2.13

Given four distinct points z1, 29, 23, and z4 in C, define the cross ratio of z1,
Zo, 23, and z4 to be

(21 — 24) (23 — 22)

(2’1 - 22) (23 - 24)

[2172’2;23724} =

Following our usual pattern, if one of the z; is oo, we define the cross ratio by
continuity. That is, we set

[00, 225 23, 24] = lim (z,29;23,24) = lim (2= 24) (25 — 2)
zZ—r00 zZ—r00 (2; — 22) (23 — 24)

—  lim (1—:7:)(23—22)223—2’2

zZ—r00 (1 — ?) (23 — 24) Z3 — 24
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The cross ratios [z1, 00; 23, 24], [21, 22; 00, 24], and [z1, 22; 23, 0] are defined sim-
ilarly.

Exercise 2.12

. . =4 C e
Show that the cross ratio, as a function on the subset U of C  consisting
of quadruples of distinct points of C, is invariant under Mob™.

Exercise 2.13

. . . —4 = . .
Determine whether or not there exists a function F' : C° — C invariant
under M6b™ so that F(z1, 22,23, 24) = [21, 22; 23, 24] for all quadruples
21, 22, 23, 24 of distinct points of C.

In some cases, the cross ratio is particularly easy to calculate. For example,
consider [00,0; 1, z]. From what we have done above, we have that

1 1-z
0;1,z] =—=——.
In particular, we have that [00,0; 1, 2] is real if and only if Z, and hence z, is
real.

Combining this result with the fact that the cross ratio, as a function on the
set of quadruples of distinct points of C, is invariant under Méb™ gives us an
easy test to see whether four distinct points of C lie on a circle in C.

Proposition 2.14

Let 21, 2o, 23, and z; be four distinct points in C. Then, 21, 2o, 23, and z lie
on a circle in C if and only if the cross ratio [z1, za; 23, 24] is real.

Proof

Let 21, 2o, 23, and z4 be four distinct points in C, and let m be a Mdbius
transformation satisfying m(z1) = oo, m(z2) = 0, and m(z3) = 1.

Observe that m(z1) = oo, m(z3) = 0, m(z3) = 1, and m(z4) lie on a circle in
C, namely, R, if and only if m(z4), and hence [m(z1), m(z2);m(23), m(24)], is
real.
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As [21, 205 23, 24] = [m(21), m(z2); m(23), m(24)] and as Méb™ takes circles in C
to circles in C, we have that 21, 2o, 23, and z4 lie on a circle in C if and only if
[21, 22; 23, 24] is real. This completes the proof of Proposition 2.14. QED

Exercise 2.14

Determine whether 2 + 3¢, —2i, 1 — 4, and 4 lie on a circle in C.

Exercise 2.15

Determine the real values of s for which the points 2 + 3i, —2i, 1 — 4,
and s lie on a circle in C.

Some amount of choice is inherent in the definition of the cross ratio, as we are
free to permute the coordinates. For instance, we can also consider the cross

ratios
(21 — 22) (23 — 24)

(21 — z1) (23 — 22)

[21, 225 23, 24]2 =
and
(22 — 21) (23 — 24)
(22 — 24) (23 — 21)
We note here that all possible choices of cross ratio, such as the three described
in this section, are all closely related.

[21722;23,24]3 =

Exercise 2.16

Express the two cross ratios [z1, 22; 23, 24]2 and [21, 22; 23, 243 In terms
of the standard cross ratio [z1, 22; 23, 24]-

2.4 Classification of Mobius Transformations

The classification of Md&bius transformations given in Section 2.1, in terms
of the number of fixed points, is as we wrote at the time crude and can be
considerably refined.

Before getting into the refinement of this classification, we introduce a notion
of sameness for Mobius transformations.
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Definition 2.15

Two Mobius transformations m; and mo are conjugate if there exists some

Mobius transformation p so that my = pomy op~!.

Geometrically, m; and my are conjugate by p if the action of m; on C is the
same as the action of my on p(C) = C. That is, conjugacy reflects a change of
coordinates on C.

Exercise 2.17

Suppose that m and n are Mdobius transformations that are conjugate
by p, so that m = ponop~!. Prove that m and n have the same number
of fixed points in C.

The basic idea of the classification of Mobius transformations is to conjugate
a given Mobius transformation into a standard form and then to classify the
possible standard forms. For the remainder of this section, we work with a
Moébius transformation m that is not the identity.

Suppose that m has only one fixed point in C, and call it z. Let y be any point
of C — {z}, and observe that (x,y,m(y)) is a triple of distinct points of C.
Let p be the Mdobius transformation taking the triple (z,y, m(y)) to the triple
(00,0,1), and consider the composition pom op~!.

By our construction of p, we have that pomop~!(co) = pom(z) = p(x) = .
As pomop~! fixes oo, we can write it as pomop~1(z) = az+b with a # 0. As
pomop~! has only the one fixed point in C, namely, co, there is no solution
in C to the equation pomop~!(z) = 2, and so it must be that a = 1.

As pomop~1(0) = pom(y) = 1, we see that b = 1 as well, and so pomop~1(z) =
z + 1. Therefore, any Mobius transformation m with only one fixed point is
conjugate by a Mobius transformation to n(z) = z + 1. We say that m is
parabolic, and we refer to pom op~1(z) = 2z + 1 as its standard form.

To consider a specific example, let m(z) = Z5. As m(co) = 1 # oo, the fixed
points of m are the solutions in C to the equation m(z) = ;%7 = z, which are

the solutions to z = 2% + 2. Hence, the only fixed point of m is 0.

To find the Mo6bius transformation p conjugating m to its standard form, choose
some point in C — {0}, say oo, and calculate that m(oc) = 1. Then, we take
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p to be the Mébius transformation sending the triple (0,00,1) to the triple
(00,0,1), namely, p(z) = & =1

7 z"°

In the argument just given, there is some ambiguity in the choice of the conju-
gating Md&bius transformation p, as the specific form of p depends on the choice
of the point y not fixed by m. However, this choice does not play an essential
role.

Suppose now that m has two fixed points in C, and call them z and y. Let ¢
be a Mobius transformation satisfying ¢(x) = 0 and ¢(y) = oo, and consider

the composition g om o g !.

By definition, we have that g om o g~ !(o0) = qgom(y) = q(y) = oo, and that
gomoq 1(0) =qom(x) = q(z) = 0, and so we may write gomoq~1(z) = az
for some a € C — {0, 1}. We refer to a as the multiplier of m.

To consider a specific example, let m(z) = 22t As m(00) = 2 # oo, the fixed

z+1
points of m are the solutions in C to the equation m(z) = 2;:'11
the solutions to 22 — z — 1 = 0. Using the quadratic formula, we see that the

fixed points of m are z = (1 £ V/5).

= z, which are

To find the Mébius transformation ¢ conjugating m to its standard form, con-
sider a Mobius transformation ¢ taking (1 + v/5) to 0 and taking 3(1 — /5)
to oo; for instance,
) z— 11+ V5)
q(z) = —=———".
z—1(1-5)
At this point, instead of calculating out the composition gomoq~

which we can certainly do, we calculate the multiplier of m by calculating the
single value

L explicitly,

36
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As in the argument for parabolic M6bius transformations, there is some ambi-

a=gomoq (1) =gom(c0)=q(2)

guity in the choice of the conjugating Md&bius transformation ¢, as there is not
enough information to specify g uniquely. However, as is seen in the following
two exercises, this choice does not play an essential role.

Exercise 2.18

Let m be a Mobius transformation with two fixed points x and y. Prove
that if n; and nsy are two Mobius transformations satisfying nq (z) =0 =
na(z) and ni(y) = oo = na(y), then the multipliers of ny om ony ' and
Ty 0 M O n;l are equal.
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Exercise 2.19

Using the notation of the argument just given for Mobius transformations
with two fixed points, prove that if we conjugate m as above by a Mobius

transformation s satisfying s(xz) = oo and s(y) = 0, the multiplier of
1.1

somos s =.

a

As a corollary to Exercises 2.18 and 2.19, we see that the multiplier of a Mobius

transformation with two fixed points is only defined up to taking its inverse.

Moreover, the solution to Exercise 2.19 shows that J(z) = £ conjugates m(z) =
1

az tom™(z) = Lz

If the multiplier of m satisfies |a| = 1, then we may write a = ¢ for some 6
in (0,7), and g om o g 1(z) = €22 is rotation about the origin by angle 26.
We say that m is elliptic, and we refer to gomoq~1(z) = €22 as its standard
form.

If, on the other hand, |a| # 1, then we may write a = p?e?*? for some positive
real number p # 1 and some 6 in [0,7), so that g o m o ¢~1(z) = p?e??z is
the composition of a dilation by p? (an expansion if p? > 1 or a contraction if
p? < 1) and a (possibly trivial) rotation about the origin by angle 20. We say
that m is lozodromic, and we refer to g o m o ¢~ '(z) = p?e*?z as its standard
form.

Exercise 2.20

Determine the type, parabolic, elliptic, or loxodromic, of each Md&bius
transformation given in Exercise 2.7.

The name loxodromic comes from the word lozodrome, which is a curve on the
sphere that meets every line of latitude at the same angle. Lines of longitude
are loxodromes, but there are also loxodromes that spiral into both poles. The
reason these Mobius transformations are called loxodromic is that each one
keeps invariant a loxodrome.

2.5 A Matrix Representation

If we examine the formula for the composition of two Mobius transformations,
we get a hint that there is a strong connection between Mobius transformations
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az+b
cz+d

and 2 x 2 matrices. Consider the Mobius transformations m(z) = and

n(z) = 248 Then,

yz+0 °
am(z) + 3 « (Zzzig> + 0
meme) = e T o (en) 1
iz v (e8) +o

alaz +b) 4+ B(cz + d)
v(az 4+ b) + d(cz + d)
(aa + Be)z + ab+ Bd
(ya+dc)z +yb+dd

If instead we view the coefficients of m and n as the entries in a pair of 2 x 2
matrices and multiply, we get

a a b\ [ aa+pfc ab+Gd
) c d )\ ~va+dc ~b+dd )’

and the entries of the product matrix correspond to the coefficients of the
composition n o m.

We will examine the details of this correspondence between Mobius transfor-
mations and matrices later in the section. For the moment, let us concentrate
on using this similarity to refine further the classification of Mébius transfor-
mations we discussed in Section 2.4.

We can associate two main numerical quantities with a 2 X 2 matrix, the deter-
minant and the trace. Using this correspondence between matrices and Mobius
transformations, we can define similar notions for Mobius transformations.

Define the determinant det(m) of the Mobius transformation m(z) = ijrrdb to
be the quantity det(m) = ad — be. Note that the determinant of a Mdobius
transformation is not a well defined quantity. If we multiply the coefficients of
m by any nonzero constant, this has no effect on the action of m on C, because
az+b aaz+ab
cz+d acz+ad

for all « € C — {0} and all z € C. However, the determinants are not equal,

because the determinant of f(z) = ZIZ is det(f) = ad—bc and the determinant

of g(z) = zgzzigg is det(g) = a?(ad — be).

Exercise 2.21

Calculate the determinants of the following Mobius transformations:

1.m(z) = gzt‘;, 2.m(z) = %; 3.m(z) = _21_13;

4.m(z) = Z:;, 5.m(z) =iz+1; 6.m(2) = 5.
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However, we can always choose « so that the determinant of m is 1. This
still leaves a small amount of ambiguity, because all coefficients of m can be
multiplied by —1 without changing the determinant of m, but this is the only
remaining ambiguity. We refer to this process as normalizing m.

Exercise 2.22

Normalize each of the Mobius transformations from Exercise 2.21.

Having normalized a M&bius transformation m, there is another useful numer-
ical quantity associated to m, which corresponds to taking the trace. Consider
the function

7:Mébt — C

defined by setting 7(m) = (a + d)?, where m(z) = %£2 is normalized. As the
only ambiguity in the definition of a normalized Mobius transformation arises
from multiplying all coefficients by —1, we see that 7(m) is well defined. In fact,
this possible ambiguity is why we consider the function 7 and not the actual

trace trace(m) = a + d.

As with the trace of a matrix, one useful property of 7 is that it is invariant
under conjugation.

Exercise 2.23

Show that 7(mon) = 7(nom).

Exercise 2.24

Show that 7(pomop™t) = 7(m).

Using this invariance of 7 under conjugation, we can distinguish the different
types of Mobius transformations without explicitly conjugating them to their
standard forms. namely, let m be a Mobius transformation, and let p be a
Mobius transformation conjugating m to its standard form. As

T(m) =T(pomop™t),
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it suffices to consider the values of 7 on the standard forms.

If m is parabolic, then pom o p~!(z) = z + 1, which is normalized, and so
r(m)=7(pomop ) =(1+1)?2=4.

Note that, for the identity Mobius transformation e(z) = z, we also have that
T(e) = (1+1)2 =4

If m is either elliptic or loxodromic, we may write n(z) = pomop~1(z) = a2z,
where a? € C — {0, 1}. When we normalize so that the determinant of n (or
equivalently of m) is 1, we need to write

and so

T(n) =T(pomop ) =7(m) = (a+a”)%

In the case in which m is elliptic, so that |a| = 1, write a = €% for some 6 in
(0, 7). Calculating, we see that

T(m) = (a+a 1)? = (e’ + e_i9)2 = 4cos?().
In particular, we have that 7(m) is real and lies in the interval [0, 4).

In the case in which m is loxodromic, so that |a| # 1, we write a = pe?® for

some p > 0, p # 1, and some @ in [0, 7). Calculating, we see that
a+al=pei 4 plei

and so

r(m) = (0 + o) = cos(20)(p* + p2) + 2+ isin(20)(p* — p2).

In particular, because p # 1, we see that Im(7(m)) # 0 for 6 # 0 and 6 # 7.

For the two cases in which § = 0 and 6 = 5, we use the following exercise from
calculus.

Exercise 2.25

Show that the function f : (0,00) — R defined by f(p) = p* + p~2
satisfies f(p) > 2, with f(p) =2 if and only if p = 1.
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For § = 0, we see that 7(m) > 4, whereas for § = 7, we see that 7(m) < 0.

To summarize, we have shown the following.

Proposition 2.16

Let m be a Mobius transformation other than the identity. Then,
1. m is parabolic if and only if 7(m) = 4.
2. m is elliptic if and only if 7(m) is real and lies in [0, 4).

3. m is loxodromic if and only if either 7(m) has nonzero imaginary part or
7(m) is real and lies in (—o0, 0) U (4, 00).

z+1

To work through a specific example, consider m(z) = 2 43 The determinant of

m is 3 — 1 = 2, and so the normalized form of m is
fZ + f
VR

Calculating, we see that 7(m) = 8, and so m is loxodromic.

m(z) =

Note that we can determine the multiplier of an elliptic or loxodromic transfor-
mation m, up to taking its inverse, knowing only the value of 7(m). Specifically,
if m has multiplier a2, then

r(m)=(a+a ) =a?+a? 42
Multiplying through by a? and collecting terms gives
P+ (2-71(m))a®+1=0.
Applying the quadratic formula, we obtain

o = %[T(m)—Qi @ 7m)? 4|

%[r( ) = 2 /=47 (m) + 72(m)] .

As
%[( ) — 2+ /=47 (m) + 72(m )}%[ )= 2= /=r(m) + 2(m)| =1,

we may take the multiplier o? to satisfy |a|? > 1.
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Exercise 2.26

Determine the type of each Mébius transformation from Exercise 2.21.
If the transformation is elliptic or loxodromic, determine its multiplier.

Exercise 2.27

Show that if m is a parabolic Mobius transformation with fixed point
x # 00, then there exists a unique complex number p so that

m(z) =

(1+ px)z — pa?
pz4+1—px

Exercise 2.28

Show that if m is a Mobius transformation with distinct fixed points
x # oo and y # oo and multiplier a, then we can write

(I—ya) 2+ zy(a—1)

=y =y

l1—a ra—y
($*y> S

m(z) =

We close this section by making explicit the correspondence between Mobius
transformations and 2 x 2 matrices. To set notation, let

aso-{(1})
we-{(1 )

We have already seen, in our discussion of normalization, that a Mobius trans-
formation determines many matrices, so the obvious guess of a function from

Méb™ to GLy(C) is not well defined.

a, b, c,dECandad—bc#O},

and let

a, b, c,dE(Candad—bc:l},

So we go the other way and consider the obvious choice of a function from
GL3(C) to Méb™. Define p : GLy(C) — Mob™ by

w(ar= (0 0)) = (o= 250).
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Note that the calculation performed at the beginning of this section proves that
1 is a homomorphism.

Exercise 2.29

Prove that the kernel ker(u) of p is the subgroup K = {al | a € C} of
GLy(C). Conclude that Mob™ is isomorphic to PGLy(C) = GLo(C)/K.

2.6 Reflections

We have seen, in Theorem 2.5, that Mob™ is contained in the set Homeo® (C) of
homeomorphisms of C that take circles in C to circles in C. There is a natural
extension of M6b™ that also lies in Homeo®(C).

To extend Méb™ to a larger group, we consider the simplest homeomorphism
of C not already in Méb™, namely, complex conjugation. Set

C(z) =% for z € C and C(o0) = 0.

Proposition 2.17

The function C : C — C defined by
C(z) =% for z € C and C(c0) = o0

is an element of Homeo(C).

Proof

Note that C' is its own inverse; that is,nontrivial C~1(z) = C(z), and hence C
is a bijection of C. So, we need only check that C is continuous.

The continuity of C' follows from the observation that for any point z € C and
any € > 0, we have that C(U.(z)) = U.(C(z)). This completes the proof of
Proposition 2.17. QED

Exercise 2.30

Show that C is not an element of Mob™.
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Definition 2.18

The general Mébius group Mob is the group generated by Mob™ and C. That
is, every (nontrivial) element p of Mob can be expressed as a composition

p:Comko...Coml

for some k > 1, where each my, is an element of Mob™.

Note that because Mdb contains Méb™, all transitivity properties of Mob™
discussed in Section 2.2 are inherited by Méb. That is, Mob acts transitively
on the set 7~ of triples of distinct points in C, on the set C of circles in C, and
on the set D of discs in C. Unfortunately, though, Mob does not inherit unique
transitively on triples of distinct points, as we saw in the solution to Exercise
2.30.

The proof that C' : C — C lies in Homeo®(C) is similar to the proof that the
elements of M6b™ lie in Homeo®(C).

Exercise 2.31

Show that the function C': C — C lies in Homeo®(C).

Exercise 2.31 and Theorem 2.5 combine to give the following theorem.

Theorem 2.19

Mob € Homeo®(C).
We can also write explicit expressions for every element of Mob.

Exercise 2.32

Show that every element of M&b has either the form

_az+b
m(z) = cz+d
or the form _
_az+b
"= v a

where a, b, ¢, d € C and ad — bc # 0.
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Geometrically, the action of C' on C is reflection in the extended real axis R.
That is, every point of R is fixed by C, and every point z of C—R = C —R has
the property that R is the perpendicular bisector of the Euclidean line segment
joining z and C(z).

Given that we have defined reflection in the specific circle R, and given that Mob
acts transitively on the set C of circles in C, we may define reflection in any circle
in C. Specifically, for a circle in C A, we choose an element m of M&b taking
R to A, and define reflection in A to be the composition Cy = mo C om™!.
Note that there is some potential for ambiguity in this definition of C'4, in that
there are many choices for the transformation m. We will show in Section 2.8
that reflection in A is well defined.

For example, consider A = S'. One element of Méb™ taking R to S' is the
transformation taking the triple (0, 1, 00) to the triple (i, 1, —i), namely,
1 i

72:4, A
m(z) = Y22

?
7 + 7
Calculating, we see that

z

Ca(z)=moCom™(z) === e

Nl | =

Exercise 2.33

Write explicit expressions for two distinct elements p and n of M6b taking
R to S'. Show that poCop ' =noCon~L

In the case in which A is the Euclidean circle in C with centre « and radius p, we
may conjugate reflection in S, namely, c(z) = %, by the Mobius transformation
p taking S! to A, namely, p(z) = pz + «, to obtain an explicit expression for
the reflection C'4 in A, namely,
2
Ca(z) =pocop t(z) = P — + a.

zZ—

Similarly, if A is the Euclidean line in C passing through a and making angle
6 with R, we may conjugate reflection in R, namely, C(z) = Z, by the Mobius
transformation p taking R to A, namely, p(z) = €z 4 a, to obtain an explicit
expression for the reflection C'4 in A, namely,

Ca(z) =poCopl(z)=e*z—a)+a.
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This construction of reflections in circles in C has the following consequence.

Proposition 2.20

Every element of Mob can be expressed as the composition of reflections in
finitely many circles in C.

Proof

As Mab is generated by Mob™ and C(z) = Z, and as Mob™ is generated by
J(z) = % and the f(z) = az+ b for a, b € C with a # 0, we need only verify
the proposition for these transformations.

By definition, C is reflection in R. We can express J as the composition of
C(z) = z and the reflection ¢(z) = 1 in S'. Hence, the proof of Proposition
2.20 is completed by the following exercise.

Exercise 2.34
Express every element of Mob™ of the form f(z) = az + b for a, b € C

with a # 0, as the composition of reflections in finitely many circles in

C.
This completes the proof of Proposition 2.20. QED

Over the past several sections, we have seen that the elements of Mob are
homeomorphisms of C that take circles in C to circles in C. In fact, this property
characterizes Mob.

Theorem 2.21

Mob = Homeo®(C).

Proof

We give a sketch of the proof of Theorem 2.21. By Theorem 2.19, we already
have that Mob C Homeo®(C), and so it remains only to show the opposite
inclusion, that Homeo®(C) C Mob.
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So, let f be an element of Homeo®(C). Let p be the Mobius transformation
taking the triple (f(0), f(1), f(c0)) to the triple (0,1, 00), so that po f satisfies
po f(0)=0,po f(1) =1, and po f(o0) = .

As po f takes circles in C to circles in C, it must be that po f(R) = R, because
po f(co) = oo and R is the circle in C determined by the triple (0, 1,00).

As po f fixes oo and takes R to R, either po f(H) = H or po f(H) is the lower
half-plane. In the former case, set m = p. In the latter case, set m = C o p,
where C(z) = Z is complex conjugation.

We now have an element m of Méb so that m o f(0) = 0, mo f(1) = 1,
mo f(c0) = oo, and m o f(H) = H. We show that m o f is the identity. We do
this by constructing a dense set of points in C, each of which is fixed by mo f.

Before beginning the construction of this dense set, we introduce a bit of nota-
tion. Set Z = {z € C|mo f(z) = 2} to be the set of points of C fixed by mo f.
By our choice of m, we have that 0, 1, and co are points of Z.

As mo f fixes oo and lies in Homeo®(C), we see that mo f takes Euclidean lines
in C to Euclidean lines in C, and it takes Euclidean circles in C to Euclidean
circles in C. Also, if X and Y are two Euclidean lines in C that intersect at
some point zg, and if mo f(X) =X and mo f(Y) =Y, then mo f(z9) = 20
and so zg is contained in this set Z of points fixed by mo f.

For each s € R, let V(s) be the vertical line in C through s and let H(s) be
the horizontal line in C through is.

Let H be any horizontal line in C. As mo f(R) = R and as H and R are
disjoint, we see that mo f(H) and mo f(R) = R are disjoint lines in C, and so
H is again a horizontal line in C. Also, as m o f(H) = H, we have that H lies
in H if and only if m o f(H) lies in H.

Let A be the Euclidean circle with Euclidean centre % and Euclidean radius %
As V(0) is tangent to A at 0, we see that m o f(V(0)) is the tangent line to
mo f(A) at mo f(0) =0, and similarly that mo f(V (1)) is the tangent line to
mo f(A) at 1.

As V(0) and V(1) are parallel Euclidean lines in C, we see that m o f(V(0))
and m o f(V(1)) are also parallel Euclidean lines in C, and so we must have
that m o f(V(0)) = V(0) and mo f(V (1)) = V(1).

In particular, this process forces mo f(A) = A, as the tangent lines through 0
and 1 to any other Euclidean circle passing through 0 and 1 are not parallel.
However, even though mo f(A) = A, we do not yet know that A contains any
points of Z other than 0 and 1.
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However, we can run the same argument with the two horizontal tangent lines
to A. Consider first the tangent line H (%) to A at 3+214i. As mo f(H(3)) is again

a horizontal line in H tangent to mo f(A) = A, we see that mo f(H(3)) = H(3).

We now have more points in Z. namely, the intersections H(3)NV (0) = i and
H(3)NV(1) =1+ 4ilie in Z. The same argument gives that mo f(H(—
H(—1), and hence that both H(—3)NV(0) = —%i and H(—3)NV(1) =
lie in Z.

7)
1-1

N

Each pair of points in Z gives rise to a Euclidean line that is taken to itself by
mo f, and each triple of noncolinear points in Z gives rise to a Euclidean circle
that is taken to itself by m o f. The intersections of these Euclidean lines and
Euclidean circles give rise to more points of Z, which in turn give rise to more
Euclidean lines and Euclidean circles taken to themselves, and so on.

Continuing on, this process yields that Z contains a dense set of points of
C, which in turn implies that m o f is the identity, by Exercise 1.16. Hence,
f = m™! is an element of Mob. This completes the sketch of the proof of

Theorem 2.21. QED

2.7 The Conformality of Elements of Mob

In this section, we describe the last major property of Mob that we will make
use of. We begin with a definition.

Definition 2.22

Given two smooth curves C; and Cy in C that intersect at a point zg, define
the angle angle(C1, Cs) between C1 and Cs at zp to be the angle between the
tangent lines to C7 and Cs at zp, measured from C; to Cs.

In our measurement of angle, we adopt the convention that counterclockwise
angles are positive and clockwise angles are negative. By this definition of angle,
we have that

angle(Cq, C1) = —angle(C1, Cy).

Note that angle as we have defined it is not a well defined notion, but instead it
is defined only up to additive multiples of 7. If we were to be formal, we would
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really need to define angle to take its values in R/7Z. However, this ambiguity
in the definition of angle causes us no difficulty in this section.

A homeomorphism of C that preserves the absolute value of the angle between
curves is said to be conformal. We note that this usage is slightly nonstandard,
as many authors use conformal to mean that the actual angles, and not merely
the absolute values of the angles, are preserved.

The last major fact about Mob we need to establish is that the elements of M&b
are conformal. The proof we give here is analytic. Although we do not give it
here, it is possible to give a geometric proof using stereographic projection. See,
for example, Jones and Singerman [23].

Theorem 2.23

The elements of Mob are conformal homeomorphisms of C.

Proof

The proof of Theorem 2.23 contains several calculations left for the interested
reader.

As the angle between two curves is by definition the angle between their tangent
lines, it suffices to check whether the angle angle(X1, X2) between X7 and Xo
is equal to the angle angle(m(X1), m(X2)) between m(X;) and m(Xs), where
X; and X5 are Euclidean lines in C.

So, let X; and X5 be two Euclidean lines in C that intersect at a point 2z,
let 2z be a point on X not equal to 2y, and let si be the slope of X}. These
quantities are connected by the equation

Im(z, — 20)
Sp = ———~.
Re(zr — 20)
Let 6 be the angle that X makes with the real axis R, and note that
s = tan(6g).
In particular, the angle angle(X;, X2) between X; and X» is given by
angle(X1, X5) = 03 — 0; = arctan(sy) — arctan(sy).
We know from Section 2.6 that M&b is generated by the transformations of the

form f(z) =az+ b for a, b € C and a # 0, as well as the two transformations
J(z) = 1 and C(z) = z. We take each in turn.
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Consider f(z) = az + b, where a, b € C and a # 0. Write a = pe?’. As
f(o0) = oo, both f(X7) and f(X;) are again Euclidean lines in C. As f(Xx)
passes through the points f(zg) and f(zx), the slope t; of the Euclidean line
f(Xk) is

Im(f(z) — f(20)) Im(a (2 — 20))
Re(f(zx) — f(20)) Re(a(zr — 20))
m(e”(zx — 20))

(

Re(e® (2, — 20))

tp =

=

= tan(8 + 0;).

In particular, we see that

angle(f(X1), f(X2)) arctan(ty) — arctan(t)

(B+02) — (B+61)
0 — 01 = angle(X1, X5),

and so m is conformal.

Consider now J(z) = % Here, we need to take a slightly different approach,
because J(X7) and J(X3) no longer need be Euclidean lines in C, but instead
they may both be Euclidean circles in C that intersect at 0, or one might be
a Euclidean line and the other a Euclidean circle. We work through the case
in which both are Euclidean circles and leave the other cases for the interested
reader.

So, we may suppose that X is given as the set of solutions to the equation
Brz+ Bz +1=0,

where By € C. The slope of X} is then given by

5 — Re(ﬁk)
" Im(B)

Given the form of the equation for Xy, we also know that J(Xj) is the set of
solutions to the equation
2Z + Bz + Bz = 0,
which we can rewrite as
2
2+ Bkl = 16k,
so that J(X},) is the Euclidean circle with Euclidean centre —(j, and Euclidean
radius |B]|.
The slope of the tangent line to J(X%) at 0 is then

_ Re(ﬂk)
Im ()

= —tan(f) = tan(—6),
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and so J(X}) makes angle —6; with R.

The angle between J(X7) and J(X3) is then given by
angle(J(Xl), J(XQ)) = —92 — (—91) = —angle(Xl,Xg),

and so J is conformal.

Exercise 2.35

Show that C(z) =z is conformal.
This completes the proof of Theorem 2.23. QED

Examining the proof carefully, we see that each f(z) = az + b preserves the
sign of the angle between X; and X, as well, whereas C'(z) = Z reverses the
sign of the angle.

There is a subtlety with regard to J(z) = 1. The angle between J(X;) and
J(X2) at 0 is the angle between X; and X, at oo, which is the negative of the
angle between X; and X5 at zg. Hence, J also preserves the sign of the angle
between X; and Xs.

Hence, every element of Méb™ preserves the sign of the angle between X; and
X5, because Méb™ is generated by J(z) = % and the f(z) = az+bfora,be C
with a # 0, whereas each element of Mob \ Mob™ reverses the sign of the angle

between X; and Xs.

2.8 Preserving H

Recall that our foray into Mobius transformations and the general Mobius
group was undertaken as part of the attempt to determine those transforma-
tions of the upper half-plane H that take hyperbolic lines to hyperbolic lines.

One place to look for such transformations is the subgroup of Moéb preserving
H. So, consider the group

M&b(H) = {m € Méb | m(H) = H}.
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Theorem 2.24

Every element of M6b(H) takes hyperbolic lines in H to hyperbolic lines in H.

Proof

The proof of Theorem 2.24 is an immediate consequence of Theorem 2.23,
which states that the elements of M&b(H) preserve angles between circles in
C, together with the facts that every hyperbolic line in H is the intersection of
H with a circle in C perpendicular to R and that every element of M&b takes
circles in C to circles in C. QED

Let
Mébt (H) = {m € Moéb™ | m(H) = H}

be the subgroup of M6b(H) consisting of the M&bius transformations preserving
the upper half-plane H.

These definitions are somehow unsatisfying, as we do not have an explicit ex-
pression for an element of either Mob(H) or Méb™ (H). We spend the remainder
of this section deriving these desired explicit expressions, as we will make use
of them later.

As H is a disc in C determined by the circle in C R, we first determine the
explicit form of an element of the subgroup

Méb(R) = {m € Méb | m(R) = R}.

We know from Exercise 2.32 that every element of M6b can be written either
as m(z) = %8 or as m(z) = 22, where a, b, ¢, d € C and ad — be = 1.
We are interested in determining the conditions imposed on a, b, ¢, and d by

requiring that m(R) = R.

Note that in the latter case, because C'(R) = R, we may instead consider the

composition
az+b

cz+d’
and so reduce ourselves to considering just the former case in which

m(z) = az+b

cz+d’
where a, b, ¢, d € C and ad — bc = 1.

moC(z) =m(z) =
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As m takes R to R, we have that the three points
d a
-1 -1
m~ (00) > m(oo) - andm (0) .
all lie in R.
Suppose for the moment that a # 0 and ¢ # 0, so that these three points all lie
in R. We can then express each coefficient of m as a multiple of ¢. Specifically, we
have that a = m(co)c, b= —m~1(0)a = —m~1(0)m(co)c, and d = —m ™1 (o0)c.
In particular, we can rewrite m as

m(z) =

az+b  m(oo)cz —m~(0)m(co)c

cz+d cz —m~(oo)e
However, normalizing so that the determinant of m is 1 imposes a condition
on ¢, namely, that
l=ad—bc = c*[-m(co)m™'(c0) +m(co)m™1(0)]
¢ [m(00)(m™"(0) —m™"(c0))].

As m(o0), m~1(0), and m~1(00) are all real, this implies that c is either real
or purely imaginary, and hence that the coeflicients of m are either all real or
all purely imaginary.

Exercise 2.36

Complete this analysis of the coefficients of m by considering the two
remaining cases, namely, that a = 0 and that ¢ = 0.

Conversely, if m has either the form m(z) = Zzzidb with ad —bc = 1 or the form
m(z) = % with ad — be = 1, where the coefficients of m are either all real or
all purely imaginary, then the three points m(0), m(co), and m~1(oc0) all lie in

R, and so m takes R to R.

We summarize this analysis in the following theorem.

Theorem 2.25

Every element of M&b(R) has one of the following four forms:

1. m(z):%witha, b,c,d € R and ad — bc = 1;
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2. m(z) = gig with a, b, ¢, d € R and ad — bc = 1;

3. m(z) = Zzzis with a, b, ¢, d purely imaginary and ad — bc = 1;

4. m(z) = g_ts with a, b, ¢, d purely imaginary and ad — bc = 1.

Note that we now also have an explicit form for the subgroup
Mo6b(A) = {m € Méb | m(A) = A}

of Méb for any circle in C A. Choose some element p of M&b satisfying p(R) =
A. If n is any element of Mob satisfying n(A4) = A, then p~! on o p(R) = R.

1

Hence, we can write p~! o n op = m for some element m of Mob(R), and so

1 which gives that
Mob(A) = {pomop | m e Méh(R)}.

n=pomop"

This subgroup Méb(A) is independent of the choice of p. To see this, suppose
that g is another element of Méb satisfying ¢(R) = A. Then, p~! o q takes R to

R, and so we can write ¢ = p ot for some element ¢ of Méb(R). Hence, for any
L=po(tomot=t)op~! and so

{pomop tm & MbR)} = {gomoqg'|me Msb(R)}.

m in Mob(R), we have that gom o g~

Exercise 2.37

Determine the general form of an element of Mob(S!).

We are now ready to determine M&b(H). Each element of Mob(R) either pre-
serves each of the two discs in C determined by R, namely, the upper and lower
half-planes, or interchanges them. To determine which, we consider the image
of a single point in one of the discs.

Specifically, an element m of M&b(R) is an element of M6b(H) if and only if the
imaginary part of m(i) is positive. So, we need to check the value of Im(m/(%))

for each of the four possible forms of an element of M6b(R).

If m has the form m(z) = Zjig, where a, b, ¢, and d are real and ad — bc = 1,

then the imaginary part of m(i) is given by
ai+b
I ; = 1
m(m(i)) m <ci n d)
B (i +b)(—ci+d)\ ad—bc 1
N (ci +d)(—ci+d)

“ere - arae Y
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and so m lies in MOb(H).

If m has the form m(z) = gjr's, where a, b, ¢, and d are real and ad — bc = 1,

then the imaginary part of m(¢) is given by

@) = Im(_ai+b>

—ci+d
_ I (—ai+b)(ci+d)\ —ad+bc -1 <0
N (—ci+d)(ci+d)) c2+d>  c2+d? ’
and so m does not lie in Mob(H).
If m has the form m(z) = gjig, where a, b, ¢, and d are purely imaginary and

ad — bec =1, write a = «i, b = (i, ¢ = i, and d = Ji, so that ad — By = —1.
Then, the imaginary part of m(i) is given by
, ai+0b —a+ B
I = 1 =1 - =
m(m(i)) m(ci—i—d) m(—7+5i>
SN (R ) S
(= +6i) (= — 61) V246 P07

and so m does not lie in Mob(H).

<0,

If m has the form m(z) = gig, where a, b, ¢, and d are purely imaginary and
ad — bec =1, write a = «i, b = 0, ¢ = i, and d = Ji, so that ad — By = —1.

Then, the imaginary part of m(i) is given by

Ny —ai+b\ o+ Bi
Im(m(i)) = Im(—ci+d> —Im<7+5i>

) (y — di —ad 1
C (b it 1,
(v + 6i)(y — 61) ¥ 44 ¥ 44
and so m lies in MOb(H).
We summarize this analysis in the following theorem.
Theorem 2.26
Every element of Mob(H) either has the form
b
m(z) = ﬂ, where a, b, ¢, d € R and ad — bec = 1,
cz+d
or has the form
azZ+b . .
n(z) = ——, where a, b, ¢, d are purely imaginary and ad — bc = 1.
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One consequence of Theorem 2.26 is that every element of Mob™ (H) has the
form

b
m(z) = ﬂ, where a, b, ¢, d € R and ad — bec = 1,
cz+d
because no element of Mob(H) of the form
Z+b
n(z) = %, where a, b, ¢, d are purely imaginary and ad — bc = 1
cZ

can be an element of Mob™ (H).

Exercise 2.38

Show that M6b(H) is generated by elements of the form m(z) = az +b
fora>0and beR, K(z) = %1, and B(z) = —Z.

Exercise 2.39

Write the general form of an element of Mob(D), where D = {z € C||z| <
1} is the unit disc in C.

Note that we have not actually addressed the question of whether Méb(H)
contains all transformations of H that take hyperbolic lines to hyperbolic lines.
We have merely shown that every element of Mob(H) has this property, which
will suffice for the time being.

We close this section by showing that this characterization of the general form
of an element of M&b(R) is exactly what we need to show that the definition
of reflection in a circle in C given in Section 2.6 is well defined.

Proposition 2.27

Reflection in a circle in C, as defined in Section 2.6, is well defined.

Proof

For any element m of M&b(R), a direct calculation based on the two possible
forms for m shows that Com = moC, where C'(z) = Z is complex conjugation:

If m(z) = Zjis, where a, b, ¢, d € R and ad — bc = 1, then

Com(z) =
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if m(z) = gjrrdb, where a, b, ¢, d are purely imaginary and ad — bc = 1, then

—az—b az+b
Com(z) = — chrd—mOC(z).

Let A be a circle in C, and let m and n be two elements of Mob(R) taking R
to A. Then, n~! o m takes R to R, and so n~! o m = p for some element p of

Mo6b(R). In particular, po C' = C o p. Write m = n o p, and calculate that

1 1 1

moCom ' =nopoCop lont=nopopltoCont=noCon’

Hence, reflection in a circle in C is well defined. This completes the proof of
Proposition 2.27. QED

2.9 Transitivity Properties of M6b(H)

In Section 2.2, we described some sets on which Moéb™' acts transitively, and
we have also seen some ways in which knowing the transitivity of the action of
Mé6b™ on these sets is useful. In this section, we restrict our attention to the
action of M6b(H) on H, and show that we can obtain similar sorts of results.

We first observe that Mob(H) acts transitively on H. That is, for each pair w;
and wy of distinct points of H, there exists an element m in Méb(H) taking wq
to ws. Even though we know that Mob acts transitively on triples of distinct
points of C, it is not a priori obvious that there exists an element of Mdb that
both takes H to itself and takes w; to ws.

Proposition 2.28

Mob(H) acts transitively on H.

Proof

Using Lemma 2.8, it suffices to show that for any point w of H, there exists an
element m of Méb(H) satisfying m(w) = i.

Write w = a+bi, where a, b € R and b > 0. We construct an element of M6b(H)
taking w to ¢ as a composition. We first move w to the positive imaginary axis
using p(z) = z — a, so that p(w) = p(a + bi) = bi.
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We next apply ¢(z) = $2 to p(w), so that q(p(w)) = ¢(bi) = i. Note that as
—a € R and % > 0, we have by Theorem 2.26 that both p(z) and ¢(z), and
hence g o p(2), lie in Méb(H). This completes the proof of Proposition 2.28.

QED

Exercise 2.40

Show that M6b(H) acts transitively on the set £ of hyperbolic lines in
H.

Exercise 2.41

Give an explicit expression for an element of M&b(H) taking the hyper-
bolic line ¢ determined by 1 and —2 to the positive imaginary axis I.

Exercise 2.42

Let X be the set of triples (¢,r,z), where ¢ is a hyperbolic line, z is a
point on £, and r is one of the two closed hyperbolic rays in £ determined
by z. Show that Mob™ (H) acts transitively on X.

Even though Mo6b(H) acts transitively on the set £ of hyperbolic lines in H
and even though a hyperbolic line is determined by a pair of distinct points
in H, it does not follow that M6ob(H) acts transitively on the set P of pairs of
distinct points of H, much less on the set 7Ty of triples of distinct points of H.

We can see this result directly by considering the positive imaginary axis I. As
the endpoints at infinity of I are 0 and oo, every element of M6b(H) taking
I to itself either fixes both 0 and oo, or else interchanges them. Recall from
Theorem 2.26 that we know the general form of an element of M6b(H). Using
this, we see that an element m of M6b(H) fixing both 0 and oo either has the
form m(z) = az, where @ € R and a > 0, or has the form m(z) = —aZ, where
again ¢ € R and a > 0.

An element m of M6b(H) interchanging 0 and oo either has the form m(z) =
—S, where b € R and b > 0, or has the form m(z) = %, where again b € R and
b>0.
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In any case, we can see that no element of Mob(H) takes the positive imaginary
axis I to itself, takes ¢ to ¢, and takes 2¢ to 3i. In fact, the only elements of
Mo6b(H), other than the identity, that take I to itself and fix ¢ are B(z) = —Z,
which is reflection in I and so it necessarily fixes every point of I, and K(z) =
f%, which interchanges the two hyperbolic rays in I radiating from 1.

We will return to this failure of M6b(H) to act transitively on the set P of
pairs of distinct points of H after we have developed a means of measuring
hyperbolic distance in H.

We also need to make use of the analog in H of a disc in C.

Definition 2.29

An open half-plane in H is a component of the complement of a hyperbolic line
in H.

A closed half-plane is the union of a hyperbolic line ¢ with one of the open half-
planes determined by ¢. A half-plane is either an open half-plane or a closed
half-plane. In particular, each half-plane, either open or closed, is determined
by a unique hyperbolic line, and each hyperbolic line determines a pair of half-
planes, either open or closed. The hyperbolic line determining a half-plane is
the bounding line for that half-plane.

In much the same way that we extended the transitivity of M&b on the set C
of circles in C to transitivity on the set D of discs in C, we can extend the
transitivity of Mob(H) on the set £ of hyperbolic lines in H to transitivity on
the set of half-planes in H.

Exercise 2.43

Show that Mob(H) acts transitively on the set H of open half-planes in
H.

We can also consider the action of M&b(H) on the boundary at infinity R of H.

Proposition 2.30

Mob(H) acts triply transitively on the set T of triples of distinct points of R.
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Proof

Again using Lemma 2.8, given a triple (21,22, z3) of distinct points of R, it
suffices to show that there exists an element of Mob(H) taking (z1, 22, 23) to
(0,1, 00).

Let ¢ be the hyperbolic line whose endpoints at infinity are z; and z3, and
let m be an element of Mob(H) taking ¢ to the positive imaginary axis I. By
composing m with K(z) = —1 if necessary, we can assume that m(z;) = 0 and
m(z3) = co. Set b = m(z2).

If b > 0, then the composition of m with p(z) = %z takes (z1, 22, z3) to (0, 1, 00).
If b < 0, then p(z) = }2z no longer lies in M6b(H), but the composition of m
with ¢(z) = %, which does lie in Méb(H), takes (21, 22, 23) to (0,1,00). This
completes the proof of Proposition 2.30. QED

We close this section by noting that Mob™ (H) does not act triply transitively
on Tz, because no element of Méb™ (H) takes (0,1,00) to (0,—1,00). To see
this, note that if the element m(z) = ‘Zjis of Mob™ (H) fixes 0 and oo, then
b=c=0;as ad = 1, we have that m(z) = a?z. In particular, m(1) = a2 > 0,

and so m(1) cannot equal —1.

2.10 The Geometry of the Action of Mob(H)

The purpose of this section is consider how individual elements of Méb(H) act
on H. This section is perhaps best viewed as a catalogue of possibilities.

In Section 2.8, we saw that every nontrivial element of M6b(H) can be written
either as

b
m(z) = %, where a, b, ¢, d are real with ad — bc = 1,
cz+d
or as
az + . . .
n(z) = ———, where «, 3,7, 0 are purely imaginary with ad — gy = 1.
vZ 49
Using these explicit formulae, we can determine the sets of fixed points.
We first consider the case in which m(z) = ijrrdb’ where a, b, ¢, and d are real

with ad — be = 1. What follows is similar in spirit to the discussion in Section
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2.4. In Section 2.1, we saw that the fixed points of m are the solutions to the

equation
az+b

cz+d

m(z) =

which are the roots in C of the polynomial p(z) = cz? + (d — a)z — b = 0.

2,

In the case in which ¢ = 0, there is one fixed point at co. There is a second fixed

ﬁ, if and only if a # d, and such a fixed point is necessarily a

real number. So, if ¢ = 0, either there is a single fixed point at oo or there are

point, namely,

two fixed points, one at co and the other in R.

In the case in which ¢ # 0, there are two roots of p(z) in C, namely,

é[a— d+ \/{d—a)? —4bd.

As the coefficients of p(z) are real, the roots of p(z) are invariant under complex
conjugation, and so either both roots are real or one lies in H and the other in
the lower half-plane.

Note that p(z) has exactly one root, which is then necessarily real, if and only
if
(a—d)? —4bc = (a+d)? — 4 = 0;

has two real roots if and only if
(a —d)? —4bc = (a+d)? — 4 > 0;

and has two complex roots, symmetric under complex conjugation, if and only
if
(a—d)? —4bc = (a+d)? —4<0.

Combining this analysis with the classification of elements of M6b™ as described
in Section 2.4, we see that m has one fixed point inside H if and only if m is
elliptic; that m has one fixed point on R if and only if m is parabolic; that m
has two fixed points on R if and only if m is loxodromic; and that these are
the only possibilities.

In the case in which m is elliptic and so has one fixed point inside H, the action
of m on H is rotation about the fixed point. In fact, if we take the fixed point
of m in H to be i, so that the other fixed point of m is at —i, we may use
Exercise 2.28 to see that m has the form

cos(0)z + sin(6)
—sin()z + cos(h)

m(z) =

for some real number 6. As Mob(H) acts transitively on H, every elliptic element
is conjugate to a Mdbius transformation of this form: If m € Mob™ (H) is elliptic
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fixing o € H, then let p be an element of Mob(H) taking z¢ to ¢, so that

pomop~!is elliptic fixing 1.

Note, however, that m is not the standard Euclidean rotation about i. For
instance, take 6 = %77 and note that m(1+14) = —% + %z Indeed, the hyperbolic
line passing through ¢ and 1 + 4 is not the horizontal Euclidean line L = {z €
H | Im(z) = 1} through 4, which is not a hyperbolic line at all, but it is instead

the hyperbolic line contained in the Euclidean circle with Euclidean centre i

2
and Euclidean radius é, which passes through f% + %z

In the case in which m is parabolic and so has one fixed point z on R, we
may use the triple transitivity of the action of M6b(H) on R to conjugate m
by an element of Méb(H) to have the form m(z) = z + 1. However, note that
a parabolic element of Mob™ (H) is not necessarily conjugate by an element of
Mébt(H) to m(z) = z + 1, because of the failure of Mob™ (H) to act triply
transitively on R.

In particular, a parabolic transformation m in Mob(H) with fixed point x pre-
serves every circle in C that is contained in HUR and that is tangent to R at .
These circles are the horocircles taken to themselves by m. The components of
the complement of a horocircle in H are the two horodiscs in H determined by
the horocircle. This is most easily seen in the case for the fixed point z = oco; in
which case, these circles in C are precisely the circles in C that are the union
of a horizontal Euclidean line in H with {oco}.

In the case in which m is loxodromic and so has two fixed points x and y in
R, we may use the transitivity of Mob(H) on pairs of distinct points of R to
conjugate m to have the form m(z) = Az for some positive real number \. In
this case, the positive imaginary axis is taken to itself by m, as are both of the
half-planes determined by the positive imaginary axis.

In general, we define the azis of a loxodromic m, denoted axis(m), to be the
hyperbolic line in H determined by the fixed points of m. Exactly as in the
previous paragraph, we have that m takes its axis to itself, and takes each of
the half-planes determined by axis(m) to itself.

We summarize this analysis in the following theorem.

Theorem 2.31

Let m(z) = gjjr'g be an element of Mob™ (H), so that a, b, ¢, d € R and

ad — be = 1. Then, exactly one of the following holds:
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1. m is the identity;

2. m has exactly two fixed points in R; in which case, m is loxodromic and is
conjugate in M6b™ (H) to ¢(z) = Az for some positive real number ;

3. m has one fixed point in R; in which case, m is parabolic and is conjugate
in M6b(H) to ¢(z) = z+ 1; or

4. m has one fixed point in H; in which case, m is elliptic and is conjugate in

Méb ' (H) to g(z) = % for some real number 6.

Let m be a loxodromic transformation in Méb™' (H), let 2 and y be the fixed
points of m in R, and let A be any circle in C that passes through z and y,
not necessarily perpendicular to R. As m takes circles in C to circles in C,
preserves angles, and preserves the half-planes determined by its axis, we see
that m takes A NH to itself. Moreover, m acts as translation along A N H.

This completes our brief tour of the action of the elements of Méb ™ (H) on H.
There are also the elements of Mob(H) \ Méb™ (H) to consider, where

Mob(H) \ Mob™ (H) = {m € M&b(H) | m ¢ Mob™ (H)}.

As we saw in Section 2.8, every element n of Mob(H) \ Mob™ (H) has the form

oz +
n(z) = ——,
vZ 49
where «, (3, v, and § are purely imaginary with ad — Gy = 1.

As above, we begin our description of the action of n on H by determining the
fixed points of n, which are the points z of H satisfying
oaz+f
= =z
VZ+ 9

We begin our analysis by considering a particular example, namely, the trans-

formation ) )
1z + 21

1Z+1

q(z) =

The fixed points in C of g are the solutions in C of the equation ¢(z) = z. As
q(00) =1 # o0, these are those points z in C satisfying

iz + 20 = 2(iz + 1),
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which we may rewrite as

—2TIm(2) +i[|z|* — 2] = 0.

Taking real and imaginary parts, we see that Im(z) = 0 for every fixed point z
of g, and so there are no fixed points of ¢ in H. As |z|> = 2 as well, there are
two fixed points of ¢ in R, namely, at ++/2.

In this case, we see that ¢ takes the hyperbolic line ¢ determined by ++v/2
to itself, but it does not fix any point on ¢. Instead, ¢ acts as reflection in ¢
followed by translation along ¢. In particular, the action of ¢ interchanges the

two half-planes in H determined by £. We refer to ¢ as a glide reflection along
L.

Exercise 2.44

Express ¢ as the composition of reflection in ¢ and a loxodromic with
axis £.

To attack the general case, write o = ai, 8 = bi, v = ci, and § = di, where a,
b, ¢, and d are real with ad — bc = —1. Also, write x = Re(z) and y = Im(z).
The fixed points of n then satisfy the equation

clz]? +dz—az—b=ca’ +cy® +(d—a)xr —b+i(d+a)y=0.

Assume that n has a fixed point z = x + iy in H. Taking the imaginary parts
of the terms in this equation and noting that y > 0, we see that a +d = 0,
and so d = —a. In particular, we see that ad — bc = —d? — bc = —1. The fixed
points of n therefore satisfy the equation

cx® + cy? +2dx — b= 0.

In the case in which ¢ = 0, we have no restriction on the imaginary part of
the fixed point z. Also, we have that d # 0 because ad — bc = —1, and so
the fixed points of n are exactly the points in H that lie on the Euclidean line
{z € H|Re(2) = &}, which is the hyperbolic line determined by oo and .

That is, every point on the the hyperbolic line ¢ determined by oo and % is
fixed by n. Let 7y be reflection in ¢, and consider the composition r, o n. As
n € Mob(H) \ Méb™ (H), we have that 7, on € Mob™ (H). As 4 o n fixes more
than two points of H, namely, every point of £, we see that r,on is the identity,
and so n = 7y is reflection in £.
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Exercise 2.45

Determine the fixed points of ¢(z) = =z + 1.

In the case in which ¢ # 0, divide through by ¢ and complete the square to see
that the fixed points of n in H are given by the equation

s o 2d b d\> , d*+be AP |
r*+y'+—r—-=\z+-| +ty — =lz+—-| +y"— = =0,
¢ c c c? c c?

which is the Euclidean circle A in C with Euclidean centre —% and Euclidean
radius ﬁ

In particular, this equation gives that the fixed points of n are exactly the
points on the hyperbolic line ANH. As in the case in which ¢ = 0, in this case,
n is equal to reflection in A N H.

Exercise 2.46

Determine the fixed points of

21z — 1
1) =50

We need to exercise a bit of caution, however, as there are elements of Mob(H),
such as the transformation ¢(z) = 222t considered earlier in the section, that
do not act as reflection in a hyperbolic line.

The difficulty lies in that we began the analysis of the elements of Mob(H) \
M&b ™ (H) by assuming that the element in question had a fixed point in H.

So, to complete our analysis of the elements of Mob(IH)\ Méb ™ (H), we consider
the case in which no fixed points of n are in H.

In this case, the solutions of n(z) = z are the points z in C that satisfy the
equation
cx’ + ey’ +(d—a)r —b+i(d+a)y=0.

As we are interested in the case in which no solutions are in H, we set y = 0
and consider those solutions that lie in R.

In the case in which ¢ = 0, we have two solutions, namely, co and Q—bd. In
this case, n takes the hyperbolic line ¢ determined by co and % to itself and
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interchanges the two half-planes determined by ¢, but no point on ¢ is fixed by
n, because n has no fixed points in H by assumption. That is, n acts as a glide
reflection along /.

In this case, we can express n as the composition of reflection in £ and a loxo-
dromic with axis . The easiest way to see this is to note that the composition

—az+ 0B  —az+b

noB(z) =n(-2z) = 10 et

is loxodromic, where o = ai, 8 = bi, v = ci, and § = di are purely imaginary
with ad — By = 1.

In the case in which ¢ # 0, the fixed points of n can be found by applying the
quadratic equation to cx? + (d — a)z — b = 0, to get

1 1
= — — — 2 — — — 2
2= [a d+/(d—a) +4bc} - [a d++/(a+d) +4},
using that ad — bc = —1.

In particular, if n has no fixed points in H, then n necessarily has exactly two
fixed points on R, and so n acts as a glide reflection along the hyperbolic line
determined by these two points. Exactly as in the cases above, such an n is
the composition of reflection in this hyperbolic line and a loxodromic with this
hyperbolic line as its axis.

We summarize the analysis of elements of M&b(H) \ Méb™ (H) in the following
theorem.

Theorem 2.32

Let n(z) = igig be an element of M&b(H) \ Méb™ (H), so that «, 3, v, and

0 are purely imaginary with ad — B+ = 1. Then, exactly one of the following
holds:

1. n fixes a point of Hj; in which case, there is a hyperbolic line £ in H so that
n acts as reflection in ¢; or

2. n fixes no point of H; in which case, n fixes exactly two points of R and
acts as a glide reflection along the hyperbolic line ¢ determined by these
two points.
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Exercise 2.47

Let p(z) = z + 1 be parabolic, and let n be reflection in a hyperbolic
line ¢. Compute the composition pon, and determine the fixed points of

pon.
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Length and Distance in H

We now have a reasonable group of transformations of H, namely, Mob(H).
This group is reasonable in the sense that its elements take hyperbolic lines
to hyperbolic lines and preserve angles. In this chapter, we derive a means of
measuring lengths of paths in H that is invariant under the action of this group,
expressed as an invariant element of arc-length. From this invariant element
of arc-length, we construct an invariant notion of distance on H and explore
some of its basic properties.

3.1 Paths and Elements of Arc-length

Now that we have a group of transformations of H taking hyperbolic lines to
hyperbolic lines, namely, M6b(H), we are in a position to attempt to derive the
element of arc-length for the hyperbolic metric on H. However, we first need
to recall from calculus the definition of an element of arc-length.

A C' path in the plane R? is a function f : [a,b] — R? that is continuous
on [a, b] and differentiable on (a,b) with continuous derivative. In coordinates,
we can write f(t) = (z(t),y(t)), where z(t) and y(t) are continuous on [a, b]
and differentiable on (a,b) with continuous derivative. The image of an interval
(either open, half-open, or closed) under a path f is a curve in R2.

73
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The Fuclidean length of f is given by the integral

b
length(f) = / VEO? T 0 dt,

where \/(2/(t))2 + (y/(¢))2 dt is the element of arc-length in R2.

Note that the length of a graph of a C* path g : [a,b] — R is a special case of
the length of a C! path as described above. In this case, given g : [a,b] — R,
we construct a path f : [a,b] — R? by setting f(t) = (t, g(t)).

As an example, consider the C* path f : [0,2] — R? given by f(t) = (1+t, $t?).
The length of f is

2
1
length(f):/ Vieedt = SltVieetft+ Vi)
0
1

We now engage in a bit of notational massage. If we view f as a path into
C instead of R? and write f(t) = z(t) + iy(t), we then have that f’(t) =
2! (t) + iy (t) and |f'(t)| = /(2'(t))% + (y/(t))2. In particular, the integral for
the length of f becomes

b b
length(f) = / V@O T D)2 dt = / (1)) dt.

At this point, we introduce a new piece of notation and abbreviate this integral

as b
[ irwra- /f dz],

where we write the standard Euclidean element of arc-length in C as

|dz| = [f/(t)] dt.

One advantage of this notation is that it is extremely flexible and easily ex-
tendable. For instance, we may easily write any path integral in this notation.
That is, let p be a continuous function p : C — R. The path integral of p along
a C! path f: [a,b] — C is the integral

b
/f p(2) dz] = / p(F(1)) 11/ (1)] dt.

We can interpret this path integral as giving rise to a new element of arc-length,
denoted p(z) |dz|, given by scaling the Euclidean element of arc-length |dz| at
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every point z € C, where the amount of scaling is described by the function p.
This gives rise to the following definition.

Definition 3.1

For a C* path f : [a,b] — C, we define the length of f with respect to the
element of arc-length p(z)|dz| to be the integral

b
length, (f) = /f p(2) |dz| = / p(F(1)) |£(1)] .

Innumerable variations on this theme exist, and we spend the remainder of this
section exploring some of them. In the next section, we restrict consideration
to such elements of arc-length on H.

As a specific example, set p(z) = ﬁ and consider the element of arc-length

1
p(z) |dz| = m|d2|

on C.

For r > 0, consider the C* path f : [0,27] — C given by f(t) = re®, which
parametrizes the Fuclidean circle with Fuclidean centre 0 and Euclidean radius
r. As |f(t)] = r and |f'(t)| = |ire®| = r, the length of f with respect to the
element of arc-length ﬁ |dz| is

r

1 o
enzth, (1) = [ Tmlel = [ ol O = fre

Exercise 3.1

Consider the function § on D = {z € C| |z| < 1}, defined to be the
reciprocal of the Euclidean distance from z to S' = 9. Give an explicit
formula for 6(z) in terms of z. For each 0 < r < 1, let C;. be the Euclidean
circle in D with Euclidean centre 0 and Euclidean radius r, and calculate
the length of C,. with respect to the element of arc-length §(z)|dz|.

We refer to an element of arc-length of the form p(z) |dz| as a conformal dis-
tortion of the standard element of arc-length |dz| on C.
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Conformal distortions of |dz| are not the most general form that an element
of arc-length on an open subset of C can take, but they are the most general
we will consider in this book. We will not work with more general elements
of arc-length, largely because we do not have to: As we will see, to derive an
element of arc-length on H invariant under the action of Mob(H), it suffices to
work with conformal distortions of |dz|.

Up to this point, we have been considering only C'! paths. It is both easy and
convenient to enlarge the set of paths considered. A path f : [a,0] — C is
piecewise C1 if f is continuous and if there is a partition of the interval [a, b]
into subintervals [a = ag, a1], [a1,as], ..., [an,ani1 = b] so that f is a C! path
when restricted to each subinterval [ag, ag+1]-

A natural example of a piecewise C! path that is not a C'' path comes from
considering absolute value. Specifically, consider f : [-1,1] — C defined by
f(t) = t +i|t]. As |t| is not differentiable at ¢+ = 0, this is not a C! path.
However, on [—1,0], we have that |¢| = —t and hence that f(¢) = ¢ — it, which
is a C'! path. Similarly, on [0, 1], we have that |t| = ¢ and hence that f(t) = t-+it,
which again is a C! path. So, f is a piecewise C! path on [—1,1].

Any calculation or operation that we can perform on a C' path, we can also
perform on a piecewise C! path, by expressing it as the concatenation of the
appropriate number of C' paths. Unless otherwise stated, we assume that all
paths are piecewise C.

Exercise 3.2

Calculate the length of the piecewise C! path f : [~1,1] — C given by
f(t) =t + i|t| with respect to the element of arc-length lelﬂdz\

One question to consider is what happens to the length of a piecewise C'! path
f : ]a,b] — C with respect to the element of arc-length p(z)|dz| when the
domain of f is changed. That is, suppose that h : [«, 5] — [a,b] is a surjective
piecewise C'! function (so that [a,b] = h([, (])), and construct a new piecewise
C" path by taking the composition g = foh. How are length ,(f) and length ,(g)
related?

The length of f with respect to p(z)|dz| is the integral
b

length, () = [ pl#()11/()]

a
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whereas the length of g with respect to p(z)|dz| is the integral

16)
length (g) = / plg(t)) 1g'(D)] dt
16
- / o((f o h)(1)) |(f o b (1)] dt
16
= [ b)) I o) 1 1)

If W'(t) > 0 for all ¢ in [«, B, then h(a) = a and h(B) = b, and |/ ()] = A/(t),
and so after making the substitution s = h(t), the length of g with respect to
p(z)|dz| becomes

8
length,(9) = /p(f(h(t))) [F1(R@))] [P ()] d

b
/ p(1(5)) 1 (s)] ds = length, (f).

Similarly, if 2'(t) < 0 for all ¢ in [«, 3], then h(a) = b and h(8) = a, and
|h/(t)] = —h'(t), and so after making the substitution s = h(t), the length of g
with respect to p(z)|dz| becomes

5
length,(g9) = /p(f(h(t))) [ (h@)] [ (2)] dt

— [N 17/ ds = ength, (1)

So, we have shown that if h'(t) does not change sign (so that either A'(t) > 0
for all ¢ in [«, 8], or K'(t) <0 for all ¢ in [, 5]), then

length ,(f) = length,(f o h),
where f : [a,b] — C is a piecewise C! path and h : [, 3] — [a,b] is piece-
wise C'. In this case, we refer to f o h as a reparametrization of f. Note that
reparametrization allows us to choose the domain of definition for a piecewise
C'! path at will, because we can always find such an h between two intervals.
Although we do not prove it here, the converse of this argument holds as well,
namely, that length,(f) = length,(f o h) implies that A'(t) > 0 for all ¢ or
R'(t) < 0 for all ¢. This discussion of reparametrization is summarized in the
following proposition.

Proposition 3.2

Let f : [a,b] — C be a piecewise C'! path, let [, 8] be an interval in R, and
let b : [, B] — [a,b] be a surjective piecewise C! function. Let p(z)|dz| be an
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element of arc-length on C. Then
length ,(f o h) > length,,(f)

with equality if and only if h o f is a reparametrization of f, that is, with
equality if and only if A/(t) does not change sign (so that either h/(¢) > 0 for
all ¢t in [a, (], or h'(t) <0 for all ¢ in [a, G]).

We close this section with some terminology.

Definition 3.3

A parametrization of a subset X of C is a piecewise C! path f : [a,b] — C such
that X = f([a, b]).

As an example, the piecewise C! path g : [0,47] — C given by g(t) = cos(t) +
isin(t) is a parametrization of the unit circle S! in C.

We can think of a parametrization f : [a,b] — X of a set X as describing a
way of walking along X: as t walks along the interval [a, b], the point f(t) walks
along X.

Definition 3.4

A piecewise C! path f : [a,b] — C is a simple path if f is injective.

An example of a simple path is the piecewise C* path f : [-1,1] — C given
by f(t) =t +|t|i considered earlier. An example of a piecewise C'! path that is
not simple is the path g : [0,47] — C given by g(t) = cos(t) + isin(t), because
g(t) = g(2r +1t) for all 0 < ¢ < 2.

Definition 3.5

Let f be a parametrization of the set X in C. If f is a simple path, we say that
f is a simple parametrization of X.
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For much of what we do, this definition of simple parametrization is too restric-
tive, in the same way that working only with C' paths, rather than piecewise
C! paths, is too restrictive. This leads us to the following definitions.

Definition 3.6

A piecewise C! path f : [c,d] — C is an almost simple path if f can be
expressed as a composition f = hog, where h : [a,b] — C is a simple path and
g : le,d] — [a,b] is a piecewise C'* function with the property that ¢'(¢) does
not change sign (so that either ¢’(¢t) > 0 for all ¢ in [c,d] or ¢'(t) < 0 for all ¢
in [e,d)]).

Definition 3.7

Let f be a parametrization of the set X in C. If f is an almost simple path, we
say that f is an almost simple parametrization of X.

The advantage of these definitions of almost simple path and almost simple
parametrization is that, if we think of a parametrization of a set X as a way
of walking along X, then an almost simple parametrization of X is a way of
walking along X with pauses, as long as we do not backtrack. As we have
already seen, in Proposition 3.2, this has the implication that if f is an almost
simple path that is the composition f = h o g, where h is a simple path and
¢’ (t) never changes sign, then the length of f and the length of h are equal.

Definition 3.8

A set X in C is a simple closed curve if there exists a parametrization f of X
so that f is injective on [a,b) and f(a) = f(b).

As a specific example, the unit circle S! is a simple closed curve in C, with the
parametrization g : [0, 27] — C given by ¢(t) = cos(t) + isin(t).
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3.2 The Element of Arc-length on H

Our goal is to develop a means of measuring hyperbolic length and hyper-
bolic distance in H, starting with M6b(H) and showing that the information
contained in knowing the hyperbolic lines in H and the transformations of H
taking hyperbolic lines to hyperbolic lines is sufficient to determine hyperbolic
length. To measure hyperbolic length, we need to find an appropriate hyperbolic
element of arc-length. Thus, it seems reasonable to consider those elements of
arc-length on H that are invariant under the action of Méb(H).

Let p be a continuous nonzero function on H. The element of arc-length p(z)|dz|
on H is a conformal distortion of the standard Euclidean element of arc-length
on H, for which the length of a piecewise C! path f : [a,b] — H is given by the
integral

b
w@mAﬁzép@wd=/pﬁwawMt

Although it seems evident that this integral is finite for every piecewise C*
path f in H, we show in Proposition 3.13 that this is actually the case.

By the phrase length is invariant under the action of M6b(H), we mean that
for every piecewise C! path f : [a,b] — H and every element « of M&b(H), we
have

length ,(f) = length,(vy o f).

Let us see what conditions this assumption imposes on p. We start by taking
7 to be an element of Mob™ (H). Expanding out length,(f) and length,,(yo f),
we have

b
length, () = [ p(F(6) I£'(0)]
and

b
1m@mAvoﬂ:1/;«voﬁanuvoﬁKMda

and so we have that
b

b
[ otr@1r@lde= [ oo HO) e sy @) de

a
for every piecewise C' path f : [a,b] — H and every element ~ of Mob™ (H).
Using the chain rule to expand (y o f)'(t) as (yo f)'(¢t) = 7/ (f(t)) f'(¢t) and

substituting this into the integral for length, (yo f), the condition on p becomes
that

b b
/p(f(t))If’(t)\dt=/ p((yo £)®) Y (F@)I1f ()] dt
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for every piecewise C' path f : [a,b] — H and every element v of Mob™ (H).

Note 3.9

At this point, we need to insert a note about differentiation of elements of
Mob. Unlike the case of functions of a single real variable, such as piecewise C'*
paths, there are two different ways in which to talk about the derivative of an
element of Mob.

One way is to use complex analysis. That is, we view an element m of Mob
as a function from C to C, and define its derivative m/(z) (using the usual

definition) to be
m(w) — m(z
m/(z) = lim m{w) —m(z) ),
w—z w—z
if this limit exists. Using this definition, all usual formulae for derivatives hold,
such as the product, quotient, and chain rules, and the derivative of an element

m(z) = %idb of M6b™ (normalized so that ad — bc = 1) is

1
!
m(z) = ———.
(2) (cz + d)?
This is the definition of differentiable we usually use, for instance, for Mobius
transformations. These functions are often referred to as holomorphic or ana-
lytic; we will use holomorphic.

However, one disadvantage of this definition is that the derivative of an element
of Mob \ Méb™ is not defined. In particular, the derivative of C(z) = Z does
not exist, and so C(z) is not holomorphic.

The second way of defining the derivative of an element of Mob is to use
multivariable calculus. That is, we forget that an element m of M&b is a function
of a complex variable and instead view it as a function taking an open subset
X C R? to an open subset Y C R2. In this case, the derivative is no longer a
single function, but instead it is the 2 x 2 matrix of partial derivatives. That
is, if we write z in terms of its real and imaginary parts as z = x + iy and m
in terms of its real and imaginary parts as m(z,y) = (f(z,y), g(z,y)), where f
and g are real-valued functions, then the derivative of m is

o of
— ox 0
ox Jy

This definition of differentiable is used in the definition of hyperbolic area in
Section 5.3. We refer to this notion of differentiability by saying that m is
differentiable as a function of r and y.
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It is true that holomorphic implies differentiable as a function of  and y, but
not conversely. The distinction between these two definitions is one of the topics
covered in complex analysis. This concludes Note 3.9.

Getting back to the argument in progress, the condition on p(z) can be written
as

b
| 0tr®) = etz HO) I (FOID) 11/ 0)] =0
for every piecewise C' path f : [a,b] — H and every element v of Mob™ (H).
For an element ~ of Mob™ (H), set

1(2) = p(2) = p(v(2) 1V (2)],

so that the condition on p(z) becomes a condition on ji(2), namely, that

b
/m@Md:/u%WDW@Mhﬂ
f a

for every piecewise C' path f : [a,b] — H and every element v of Mob™ (H).
Note that, as p(z) is continuous and <y is holomorphic, we have that p.(z) is
continuous for every element ~ of Mob™ (H).

This derived condition on p(z) is more apparently tractable than is the original
condition on p(z), as it is easier to subject to analysis. In particular, making use
of this derived condition allows us to remove the requirement that we consider
all piecewise C! paths in H. This is the content of the following lemma.

Lemma 3.10

Let D be an open subset of C, let ;4 : D — R be a continuous function, and
suppose that ff w(z)|dz| = 0 for every piecewise C* path f : [a,b] — D. Then,
w=0.

Proof

The proof of Lemma 3.10 is by contradiction, so suppose there exists a point
z € D at which p(z) # 0. Replacing p by —pu if necessary, we may assume that
u(z) > 0.
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The hypothesis that p is continuous yields that for each € > 0, there exists
d > 0 so that Us(z) C D, and that w € Us(z) implies that p(w) € Us(u(2)),
where

Us(z) ={ueCllu—z|<d}and U.(t) = {seR||s —t| < e}.

Taking € = |u(2)|, we see that there exists § > 0 so that w € Us(z) implies
that p(w) € U:(u(z)). Using the triangle inequality and that p(z) > 0, this
implies that p(w) > 0 for all w € Us(z).

We now choose a specific nonconstant C path, namely, f : [0,1] — Us(z) given
by )

f)=z+ §5t.
Observe that p(f(¢)) > 0 for all ¢ in [0,1], because f(t) € Us(z) for all ¢

in [0,1]. In particular, we have that ff wu(z)|dz| > 0, which gives the desired
contradiction. This completes the proof of Lemma 3.10. QED

Recall that we are assuming that length is invariant under the action of
Mob™ (H), which implies that | f py(2)|dz| = 0 for every piecewise C' path

f : [a,b] — H and every element v of Mob™ (H). Applying Lemma 3.10 to
i (2), this leads us to the conclusion that
1y(2) = p(2) = p((2)) 17 ()| = 0
for every z € H and every element ~ of M&b™ (H).
To simplify our analysis, we consider how ., behaves under composition of

elements of Méb™ (H). Let v and ¢ be two elements in Méb™ (H). Calculating,
we see that

rop(2) = p(2) = p((v 0 9)(2))(7 0 9)'(2)]
= p(2) = p((vo ) ()Y ()¢ (2)]
= p(z) = pe(2))

o (2) + ple(2))|¢' (2)]
—p((vo @) (2))[Y ()¢’ (2)]
= p(2) + py ()¢ (2)].

In particular, if 4, = 0 for every vy in a generating set for M&b ™t (H), then pHy =0
for every element v of Mob™ (H). We saw in Exercise 2.38 that there exists a
generating set for Méb™ (H) consisting of the transformations m(z) = az + b
for a, b € R and a > 0, together with the transformation K (z) = —1.

Again, we are putting off consideration of B(z) = —Z until later, as it is not
an element of M&b™ (H).
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So, it suffices to analyze our condition on y., and hence on p, for the elements
of this generating set. We consider these generators one at a time.

We first consider a generator of the form v(z) = z+b for b € R (so that a = 1).
As 4/(z) =1 for every z € H, the condition imposed on p(z) is that

0= p1y(2) = p(2) = p(v(2)) 17 (2)] = p(2) — p(z +b)
for every z € H and every b € R. That is,
p(2) = plz +1)

for every z € H and every b € R. In particular, p(z) depends only on the
imaginary part y = Im(z) of z = x + éy. To see this explicitly, suppose that
z1 = x1 + iy and 22 = 9 + ty have the same imaginary part, and write
zo = z1 + (2 — x1). As 9 — 1 is real, we have that p(z2) = p(z1).

Hence, we may view p as a real-valued function of the single real variable
y = Im(z). Explicitly, consider the real-valued function r : (0,00) — (0, 00)
given by r(y) = p(iy), and note that p(z) = r(Im(z)) for every z € H.

We now consider a generator of the form 7(z) = az for a > 0 (so that b = 0).
As ~/(z) = a for every z € H, the condition imposed on p(z) is that

0= py(2) = p(2) = p(1(2) 1V (2)| = p(2) — ap(az)
for every z € H and every a > 0. That is,
p(z) = ap(az)
for every z € H and every a > 0. In particular, we have
r(y) = ar(ay)
for every y > 0 and every a > 0. Dividing through by a, we have
1
r(ay) = - r(y).
Taking y = 1, this yields that

and so r is completely determined by its value at 1.

Recalling the definition of r, we have that the assumption of invariance of length
under Mob™ (H) implies that p(z) has the form

p(z) = r(Im(z)) =

Im(z)’

where c is an arbitrary positive constant.
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Exercise 3.3

For a real number A > 0, let Ay be the Euclidean line segment joining
—1 44X to 1 42X, and let By be the hyperbolic line segment joining
—1 4 X to 1 4+ iA. Calculate the lengths of Ay and B) with respect to

the element of arc-length 17 [dz|.

Note that the derivation of p(z) we have just performed does not use alll gen-
erators of MOb(H). One question to be addressed is whether this form for p(z)
is consistent with lengths of piecewise C'' paths being assumed to be invariant
under both K(z) = —1 and B(z) = —z.

Exercise 3.4

Check that the length of a piecewise C* path f : [a,b] — H calculated
with respect to the element of arc-length % |dz| is invariant under
both K(2) = —1 and B(z) = —z. (Note that for B(z), we cannot use
the argument just given, as B’(z) is not defined; instead, proceed directly
by first evaluating the composition B o f and then differentiating it as a
path.)

Assuming the result of Exercise 3.4, we have proven the following theorem.

Theorem 3.11

For every positive constant ¢, the element of arc-length
c
— |dz
Im(z) [d2]
on H is invariant under the action of Méb(H).

That is, for every piecewise C* path f : [a,b] — H and every element ~ of
Mo6b(H), we have that

length ,(f) = length,(vy o f).

However, nothing we have done to this point has given us a way of determining
a specific value of c. In fact, it is not possible to specify the value of ¢ using
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solely the action of Mob(H). To avoid carrying ¢ through all our calculations,
we set ¢ = 1.

Definition 3.12

For a piecewise C! path f : [a,b] — H, we define the hyperbolic length of f to
be

1 | )
enth () = [ gy 1961 = [ gy @14

There are some piecewise C'! paths whose hyperbolic length is straightforward
to calculate. As an example, take 0 < a < b and consider the piecewise C* path
f :la,b] — H given by f(t) = it. The image f([a,b]) of [a,b] under f is the
segment of the positive imaginary axis between ia and ¢b. As Im(f(t)) = ¢ and
|f'(t)] = 1, we see that

b b
lengthy (f) :/flml(z)|dz :/ %dt:ln {a]'

There are also piecewise C'' paths whose hyperbolic length is more difficult to
calculate.

Exercise 3.5

For each natural number n, write the integral for the hyperbolic length
of the piecewise C! path f,, : [0,1] — H given by

falt) =t +i(t" +1).

Exercise 3.6

For each piecewise C'! path f,, defined in Exercise 3.5, make a conjecture
about the behaviour of the hyperbolic length of v,, = f,,([0,1]) as n — oo,
and calculate the putative limit of the hyperbolic length of ~,, as n — oo.
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Exercise 3.7

Let G be the subgroup of Méb™ generated by all parabolic Mbius trans-
formations fixing co. Show that if A\(z)|dz| is an element of arc-length
on C invariant under G, then A(z) is constant.

Exercise 3.8

Let H be the subgroup of Méb™ consisting of all Mobius transformations
fixing co. Show that if A\(z)|dz| is an element of arc-length on C invariant
under H, then A(z) =0 for all z € C.

There is one subtlety regarding hyperbolic length that we mentioned at the
beginning of this section that we need to address before going on, namely, that
piecewise C'! paths in H have finite hyperbolic length.

Proposition 3.13

Let f : [a,b] — H be a piecewise C' path. Then, the hyperbolic length
lengthy (f) of f is finite.

Proof

The proof of Proposition 3.13 is an immediate consequence of the fact that
there exists a constant B > 0 so that the image f([a,b]) of [a,b] under f is
contained in the subset

Kp ={z € H|Im(z) > B}

of H. This fact follows as [a,b], and hence f([a,b]), are compact, a concept
discussed in more detail in Section 3.7.

Given that f([a,b]) is contained in Kp, we can estimate the integral giving the
hyperbolic length of f. We first note that by the definition of a piecewise C*
path, there is a partition P of [a,b] into subintervals

P ={la=ag,a1],[a1,az],...,[an, ant1 = b]}

so that f is C! on each subinterval [ay, ag.1].
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In particular, its derivative f’(t) is continuous on each subinterval. By the
extreme value theorem for a continuous function on a closed interval, there
then exists for each k a number A; so that

If/(t)| < Ay for all t € [ay, api1]-

Let A be the maximum of Aq,...,A,. Then, we have that

lengthy (f) /b : If’(t)ldt</b L =4 (b—a)

en, = _ _ — —a),
ST, @) =), 545

which is finite. This completes the proof of Proposition 3.13. QED

We close this section by noting that the proof of Proposition 3.13 gives a crude
way of estimating an upper bound for the hyperbolic length of a piecewise C!
path in H.

3.3 Path Metric Spaces

We now know how to calculate the hyperbolic length of every piecewise C! path
in H, namely, by integrating the hyperbolic element of arc-length ﬁ |dz|
along the path. We can now apply a general construction to pass from cal-
culating hyperbolic lengths of paths in H to getting a hyperbolic metric on
H.

We begin by recalling the definition of a metric. Roughly, a metric on a set X
is a means of consistently assigning a distance between pairs of points of X. We
give only a brief and noncomprehensive description of metrics in this section.
For a more detailed discussion of metrics, the interested reader should consult
a textbook on point-set topology, such as Munkres [26].

Definition 3.14

A metric on a set X is a function
d: X xX =R

satisfying three conditions:

1. d(z,y) >0 for all z, y € X, and d(z,y) = 0 if and only if x = y.
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2. d(z,y) = d(y,x) for all z, y € X.

3. d(z,2) <d(z,y) +d(y, 2) for all z, y, z € X (the triangle inequality).

If d is a metric on X, we often refer to the metric space (X,d). The notion
of a metric is general, but it is good to keep in mind that we have already
encountered several examples of metrics.

One example is the standard metric on R and C given by absolute value. On
C, this metric is given explicitly by the function

n:Cx C — R, where n(z,w) = |z — w|.

The three conditions defining a metric on a general set can be thought of as an
abstraction of the familiar properties of this function n.

A more complicated example is the metric on the Riemann sphere C given by

the function
s:CxC—R,

where
2|z — w|

VI[P A+ [w]?)

2
1+ |22

s(z,w) =

for z, w € C, and

s(z,00) = s8(00,2) =

for z € C.

The proof that s is a metric on C makes use of stereographic projection. These
formulae are the expressions, in terms of the coordinate on C, of the Eulidean
distances in R? between the corresponding points on S2.

Note 3.15

Note that whenever we have a metric d on a space X, we can mimic in X
the definitions of open and closed sets that we have in C and in C, and so we
have notions of convergence of sequences in (X, d), and continuity of functions
whose domain or range is the metric space (X, d).

Specifically, in the metric space (X, d), we define the open disc U (z) of radius
€ > 0 centred at a point = to be

Ue(z) ={y € X |d(z,y) <e}.
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Then, a subset A of X is open if for every x € A, there exists some € > 0 so
that U.(z) C A; a subset B of X is closed if its complement X — B is open.

A sequence {z,} of points of X converges to a point z of X if for every e > 0,
there exists some N > 0 so that =, € Us(x) for all n > N.

We can also define continuity of functions between metric spaces. If (X,dx)
and (Y,dy) are two metric spaces and if f : X — Y is a function, then f
is continuous at a point x of X if given € > 0, there exists § > 0 so that
fUs(x)) € Ue(f(x)). We say that f is continuous if it is continuous at every
point of X.

One example of a continuous function comes from the metric. Fix a point
z € X, and consider the function f : X — R given by f(x) = d(z,z). Then,
this function f is continuous. We actually make use of the continuity of this
function in Section 5.1. This concludes Note 3.15.

One other example of a metric space will be important to us in our study of
the hyperbolic plane. Let X be a set in which we know how to measure lengths
of paths. Specifically, for each pair x and y of points in X, suppose there exists
a nonempty collection I'[z,y] of paths f : [a,b] — X satisfying f(a) = z and
f(b) = y, and assume that to each path f in I'[x,y] we can associate in a
reasonable way a nonnegative real number length(f), which we refer to as the
length of f.

As an example to keep in mind, take X to be the upper half-plane H, and take
I'[z,y] to be the set of all piecewise C* paths f : [a,b] — H with f(a) = z and
f(b) = y, where the length of each path f in I'[z,y] is the hyperbolic length
lengthy (f) of f. Note that in this case, each I'[z,y] is nonempty, as we can
parametrize the hyperbolic line segment joining x and y.

Consider the function d : X x X — R defined by taking the infimum
d(z,y) = inf{length(f) | f € I'[z, y]}.

There are several questions to ask about the construction of this function d. One
question is as follows: What conditions on the definition of length are needed
to determine whether d defines a metric on X7 To avoid technical difficulties,
we do not consider this question in general, as we are most interested in the
case of the metric on H coming from hyperbolic lengths of paths, which we
consider in detail in Section 3.4.

A second question is as follows: Assuming that d does indeed define a metric
on X, do there necessarily exist distance-realizing paths in X7 That is, given a
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pair z and y of points in X, does there necessarily exist a path f in I'[x,y] for
which length(f) = d(x,y)?

As mentioned above, we consider both questions in detail for the upper half-
plane H in Section 3.4. As an illustrative case, though, we consider some general
properties of this construction for the case X = C. We do not give any specific
details, because they are similar to the details given below for H.

For each pair « and y of points of C, let I'[z,y] be the set of all piecewise C*
paths f : [a,b] = C with f(a) = x and f(b) = y, and let length(f) be the usual
Euclidean length of f. In this case, because the shortest Euclidean distance
between two points is along a Fuclidean line, which can be parametrized by a
C" path, we see that

inf{length(f) [ f € I'lz,y]} = n(z,y).

Note that in this case, this construction of a function on C x C by taking the
infimum of the lengths of paths gives rise to the standard metric n(-,-) on C.

There is a related example that illustrates one of the difficulties that can arise.
Let X = C—{0} be the punctured plane, and for each pair of points « and y of
X, let I'lx,y] be the set of all piecewise C! paths f : [a,b] — X with f(a) =z
and f(b) = y.

In this case, we can bring what we know about the behaviour of (C,n) to bear
in our analysis of X. Again, this construction of a function on X x X by taking
the infimum of the lengths of paths gives rise to the metric n(z,y) = |x —y| on
X.

However, we no longer have that there necessarily exists a path in I'[z,y] re-
alizing the Euclidean distance between z and y. Specifically, consider the two
points 1 and —1: The Euclidean line segment in C joining 1 to —1 passes
through 0, and so it is not a path in X. Every other path joining 1 to —1 has
length strictly greater than n(1,—1) = 2.

So, recall that we are working in a set X in which we know how to measure
lengths of paths. For each pair x and y of points of X, there exists a nonempty
collection I'[z,y] of paths f : [a,b] — X satisfying f(a) =« and f(b) =y, and
for each path f in I'[x,y], we denote the length of f by length(f).

Suppose that, in addition, X is a metric space with metric d. We say that
(X,d) is a path metric space if d(z,y) = inf{length(f) | f € '[z,y]} for each
pair of points x and y of X, and if there exists, for each pair of points x and y
of X, a distance-realizing path in I'[z, y], which is a path f in I'[x, y] satisfying

d(z,y) = length(f).
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We note that this definition of path metric space is stronger than the standard
definition, as we require the existence of a distance realizing path between any
pair of points of X.

Of the metric spaces mentioned in this section, we have with this definition
that (C,n) and (C,s) are path metric spaces, whereas (C — {0}, n) is not.

3.4 From Arc-length to Metric

We are now ready to prove that H is a path metric space. The proof of this
fact takes up the bulk of this section.

For each pair of points x and y of H, let I'[x,y] denote the set of all piecewise
C! paths f : [a,b] — H with f(a) = x and f(b) = y.

As we can parametrize the hyperbolic line segment joining x to y by a piecewise
C' path, we see that I'[x,y] is nonempty. Also, by Proposition 3.13, we know
that every path f in I'[z,y] has finite hyperbolic length lengthy(f).

Consider the function
dg:HxH— R

defined by
dH($7y) = lnf{lengthH(f) | f € F[l‘7y]}

In anticipation of the proof of Theorem 3.16, we refer to dg(z,y) as the hyper-
bolic distance between x and y.

Theorem 3.16

(H, dp) is a path metric space. Moreover, the distance-realizing paths in I'[z, y]
are the almost simple parametrizations of the hyperbolic line segment joining
x to y.

Proof

As the hyperbolic length of a path is invariant under the action of Mob(H), we
have the following useful observation.
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Proposition 3.17

For every element v of Mob(H) and for every pair  and y of points of H, we
have that

du(z,y) = du(y(x), v(y))-

Proof

We begin by observing that {yo f | f € I'[z,y]} C I'[v(x),v(y)]. To see this,
take a path f : [a,b] — H in I'[z,y], so that f(a) = = and f(b) = y. As
7o f(a) =~(x) and v o f(b) = 7(y), we have that v o f lies in I'[v(z), y(y)]-

As lengthy (f) is invariant under the action of M&éb(H), we have that
lengthy (v o f) = lengthg (f)
for every path f in I'[x,y], and so
du(y(z),7(y)) = inf{lengthy(g) |g € I'v(z),v(y)]}

inf{lengthy(yo f) | f € 'z, y]}

<
< inf{lengthy(f) | f € I'[z,y]} = du(z,y).

As «y is invertible and v~ is an element of M6b(H), we may repeat the argument
just given to see that

{vtoglge lv(z),y(y)]} C I'lx,yl,
and hence that
du(z,y) = inf{lengthy(f)|f € I'[z,y]}
< inf{lengthy(y "o g)|g € I'y(x),v(y)]}
< inf{lengthy(g) | g € I'[v(x),v(y)]} = du(v(2),7(y))-

In particular, we have that dy(z,y) = dg(v(x),v(y)). This completes the proof
of Proposition 3.17. QED

To show that dg does indeed define a metric, we need to show that dy satisfies
the three conditions given in Definition 3.14.

Let f: [a,b] — H be a path in I'[z, y], and recall the definition of lengthy(f):

1 | ,
lengthy(f) = /f i 1451 = [ gy POl
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As the integrand is always nonnegative, it is immediate that the integral is
nonnegative. As lengthy(f) is nonnegative for every path f in I'[z,y], the
infimum dg(z,y) of these integrals is nonnegative, which shows that the first
part of Condition 1 of the definition of a metric is satisfied by dy. For reasons
that will become clear at the time, the proof that dy satisfies the second part
of Condition 1 is postponed to later in the section.

We now consider Condition 2 of the definition of a metric. We need to compare
the lengths of paths in I'[z,y] and I'[y,z]. Let f : [a,b] — H be a path in
I'[z,y], and consider the composition of f with the function h : [a,b] — [a, D]
given by h(t) = a + b —t. Note that A/(t) = —1. This is a specific example of
reparametrization.

It is evident that f o h lies in I'[y,z], because (f o h)(a) = f(b) = y and
(f o h)(b) = f(a) = x. Moreover, direct calculation with the substitution s =
h(t) yields that
1
lengthy (foh) = /
f

oh Im(z)

b 1 ,
= [ temy Ve @la

b 1 / /
- / ey R F @)t

a 1 ,
- tm(f(e) ()48

b 1 / B
|| Sty )] ds = tengths ()

So, every path in I'[x,y] gives rise to a path in I'[y,z] of equal length, by
composing with the appropriate h. Using the same argument, every path in
I'ly, x] gives rise to a path in I'[z, y] of equal length.

|dz]

In particular, we see that the two sets of hyperbolic lengths

{lengthy (f) | f € I'lz,y]} and {lengthy(g) | g € I'[y, ]}

are equal. Hence, they have the same infimum, and so dg(z,y) = du(y, ). This
completes the proof that Condition 2 of the definition of a metric is satisfied
by dH.

We now consider Condition 3 of the definition of a metric, the triangle inequal-
ity. To this end, let x, y, and z be points in H.

Conceptually, the simplest proof would be for us to choose a path f : [a,b] — H
in I'lz,y] with lengthy(f) = du(x,y) and a path g : [b,¢] = H in I'[y, z] with
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lengthy(g) = du(y, 2). The concatenation h : [a,¢] — H of f and g would then
lie in I'[x, z]. Moreover, we would have the desired inequality

du(z, z) < lengthy(h) = lengthy (f) + lengthy (9) = du(x,y) + du(y, 2).

We note here that the concatenation of piecewise C! paths is again a piecewise
C' path, whereas the concatenation of C! paths is not necessarily a C' path.

This observation is the main reason to consider piecewise C'! paths instead of
C'! paths.

Unfortunately, we do not yet know that there always exists a path realizing the
hyperbolic distance between a pair of points. We consider this question later
in this section. For now, we take a route that is slightly more roundabout. We
use proof by contradiction.

Suppose that Condition 3, the triangle inequality, does not hold for dy. That
is, suppose that there exist distinct points z, y, and z in H so that

du(z, 2) > du(z,y) + du(y, 2).

Set
€= dH(.’E,Z) - (dH(‘r’y) + dH(yvz»

As dy(z,y) = inf{lengthy(f) | f € I'[z,y]}, there exists a path f : [a,b] — H
in I'[x,y] with
1
lengthy (f) — du(z,y) < 3¢

Similarly, there exists a path g : [b,¢] — H in I'[y, z] with

1
lengthy (g) — dm(y, 2) < 5¢

Recall that we can choose the domains of definition of f and g at will, using
our discussion of reparametrization in Section 3.1.

Let h : [a,c] — H be the concatenation of f and g. As the concatenation of two
piecewise C'! paths is again a piecewise C'! path, we have that h lies in I'[z, 2].
Calculating, we see that

lengthy (h) = lengthy (f) + lengthy(g) < du(z,y) + du(y, 2) + €.

As dg(z, z) < lengthy(h) by definition of dy, this gives that
du(z, 2) < du(z,y) + du(y, 2) + ¢,

which contradicts the construction of €. This completes the proof that Condi-
tion 3 of the definition of a metric is satisfied by dy.
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Two things remain to be checked before we can conclude that (H, dy) is a path
metric space. We need to show that dy satisfies the second part of Condition 1
of the definition of a metric, and we need to show that there exists a distance-
realizing path dg(z,y) between any pair of points  and y of H.

The approach we take comes from the observation that if there exists a path in
H realizing the hyperbolic distance between any pair of points of H, then this
implies that dg(z,y) > 0 for & # y, because the lengths of nonconstant paths
are positive. Thus, we would have the second part of Condition 1 for free.

So, let = and y be a pair of distinct points of H, and let ¢ be the hyperbolic line
passing through x and y. We begin by simplifying the situation. From our work
in Section 2.9, specifically Exercise 2.40, we know that there exists an element
~ of Mob(H) so that v(¢) is the positive imaginary axis in H.

Write y(z) = pi and y(y) = M with g < A. If A < p, then use K o+ instead
of v, where K(z) = —%, so that 1 < A. By Proposition 3.17, we have that
di(z,y) = du(y(z),v(y)). So, we have reduced ourselves to showing that there
exists a distance-realizing path between pi and Ai for p < A.

We begin by calculating the hyperbolic length of a specific path, namely, the
path fo : [u, A\] = H defined by fo(¢t) = it. The image of fj is the hyperbolic
line segment joining pi and Ai. As we expect the shortest hyperbolic distance
between two points to be along a hyperbolic line, this path seems to be a
reasonable choice to be the shortest path in I'[p, Ai].

To calculate the length of fy, we observe that Im(fy(¢)) = ¢t and |f{(t)] = 1,

and so
M A
lengthy (fo) = / —dt=1In {} .
po H

Now, let f : [a,b] — H be any path in I'[ui, Ai]. We complete the proof that
lengthy (fo) = dm(ui, Ai) by showing that lengthy(fo) < lengthy(f). We prove
this in several stages, at each stage modifying f to decrease its hyperbolic
length, and arguing that it becomes no shorter than fy through these modifi-
cations.

Write f(t) = x(t) + y(¢)i. The first modification of f is to ignore the real part.
That is, consider the path g : [a,b] — H defined by setting

g(t) =TIm(f ()i = y(t)i.
As g(a) = f(a) = pi and g(b) = f(b) = Ai, we see that g lies in I'[u, Ai].
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Using that (2/(¢))? > 0 and that Im(g(t)) = Im(f(t)) = y(¢) for all ¢, we have
that

b
lengthy(g) = /mlg’(t)ldt

’ 1 / 2
- / VP

’ 1 !/ 2 / 2
< / VO T O ar

b 1 / B
|| St 101t = lengib ().

So, given any path f in I'[ui, Ai], we can construct a path g in I'[ui, Ai] whose
length is at most the length of f, by setting g(¢) = Im(f(¢)) i. To complete the
proof, we need only to show that if ¢ : [a,b] — H is any path in I'[ué, Ai] of the
form g(t) = y(t)i, then

lengthy (fo) < lengthy(g).

This fact follows from Proposition 3.2. The image g([a, b]) of ¢ is the hyperbolic
line segment joining «i and 37, where o < pp < A < 3. Define f; : [, §] — H by
f1(t) = it. By restricting the range of f1, we can consider f; as a homeomor-
phism f1 : [, 8] = £aipi, where £y; p; is the hyperbolic line segment joining
«ai and Bi. Calculating, we see that

lengthy(fo) = 1n {2] <In ['g} = lengthy(f1)-

Then, we can write g = f1 o (f; ' o g), where f;'og : [a,b] — [a,f] is by
construction a surjective function. By Proposition 3.2,

lengthy (f1) < lengthy(g).

This completes the argument that

lengthy (fo) < lengthy(f)
for every path f in I'[ui, Ai]. That is, we have shown that

du (pi, M) = lengthy(fo) = In L)j .

Note that because we have written g(t) = y(t)i and f1(¢t) = it, we have that
fitog(t) =y(t), and so by Proposition 3.2, we have

lengthy (g) = lengthy (f1)
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if and only if either y/(t) > 0 for all ¢ in [a,b] or y'(t) < 0 for all ¢ in [a, b].
That is, the only distance realizing paths in I'[ug, \i] are those that are almost
simple parametrizations of the hyperbolic line segment joining ui and Ai.

Exercise 3.9

Consider the path g : [-1,1] — H given by
g(t) = (t* + 1)i.

Determine the image of ¢ in H, and calculate lengthy(g).

The transitivity of M&b(H) on the set of hyperbolic lines in H and the invariance
of both hyperbolic lengths of paths in H and hyperbolic distances between pairs
of points of H under the action of M6b(H) combine to yield that for any pair
of points = and y in H, there exists a distance-realizing path in I'[x, y], namely,
any almost simple parametrization of the hyperbolic line segment joining z to

Y.

Explicitly, let ¢ be the hyperbolic line passing through = and y, and let v be an
element of MOb(H) taking ¢ to the positive imaginary axis I. Write y(z) = i
and v(y) = Mi. Note that as before we can choose v so that pu < \: if u > A
then replace v with K o+, where K(z) = —1.

We have just seen that the simple path fo : [p, A] = H given by fo(t) = ti is
a distance-realizing path in I'[ui, Ai]. As Mob(H) preserves hyperbolic lengths
of paths, we have that

lengthy (v~ o fo) = lengthy(fo).
As M6b(H) preserves hyperbolic distance, we have that

e (2, y) = du(y " (), v~ (Ai)) = da(pi, Ai) = lengthy (fo).

Combining these equations yields that

lengthy (v~ o fo) = du(z,y),

1

and so v~ o fy is a distance-realizing path in I'[z, y].

As mentioned at the beginning of this section, this also completes the proof
that the second part of Condition 1 of the definition of a metric is satisfied by
dy. So, (H,dy) is a path metric space. This completes the proof of Theorem
3.16. QED
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Exercise 3.10

Let S be the hyperbolic line segment between 2i and 10i. For each n > 2,
find the points that divide S into n segments of equal length.

As we have that dg(x,y) is a metric on H, the discussion in Note 3.15 yields
that we now have notions of open and closed sets in H, of convergent sequences
of points of H, and of continuous functions with domain and range H.

We close this section by justifying why the boundary at infinity R = 0H of H
is called the boundary at infinity. Choose a point z on the boundary at infinity
R of H, say z = oo, and consider the hyperbolic ray ¢ determined by ¢ and oo.

As £ can be expressed as the image of the path f : [1,00) — H given by
f(t) = it, the hyperbolic distance between i and oo is equal to the length of f,
namely, the improper integral

tengttia($) = [

dt,
Lt

which is infinite.

In particular, even though the points of R form the topological boundary 9H
of H when we view H as a disc in C, the points of R are infinitely far away
from the points of H in terms of the hyperbolic metric on H.

3.5 Formulae for Hyperbolic Distance in H

The proof of Theorem 3.16 gives a method for calculating the hyperbolic dis-
tance between a pair of points in H.

Given a pair of points z and y in H, find or construct an element v of M6b(H)
so that v(x) = ip and v(y) = i both lie on the positive imaginary axis. Then,
determine the values of ;1 and A to find the hyperbolic distance

o[

Note that here we use the absolute value, as we have made no assumption
about whether A < p or p < A.

For example, consider the two points © = 2+¢ and y = —3+ 1. By Exercise 1.3,
the hyperbolic line ¢ passing through x and y lies in the Euclidean circle with
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Euclidean centre —% and Euclidean radius @ In particular, the endpoints at

2
1429
= T.

infinity of ¢ are

—1+v29
:Tandq

Set y(z) = =£. The determinant of v is p — ¢ > 0, and so  lies in Mab ™ (H).
As by construction ~ takes the endpoints at infinity of £ to the endpoints at
infinity of the positive imaginary axis, namely, 0 and oo, we see that ~ takes ¢
to the positive imaginary axis.

Calculating, we see that

. 241—p pP—q .
241) = - = 7
AR el Sl s
and 344
. —3+1— -
Y(=3+1) = P P—1

- = i.
-3+i—q (3+¢)?+1
In particular, we have that

dg(2+, -3 +14) = du(v(2 +19),7(-3 +14)) = ‘IH{M)QH”

(B4+¢q)+1
58 + 10\/291

= In|—— Y
58 — 10v/29

As is demonstrated by this example, going through this procedure can be ex-
tremely tedious. It would be preferable to have an explicit and general formula
of calculating hyperbolic distance. One way would be to repeat the procedure
carried out in this example for a general pair of points z; and zs.

Exercise 3.11

Let 21 = z1 +iy; and 2z = a9 + iy2 be two points in H with x; #
x9. Derive a formula for dy(z1,22) in terms of z1, y1, z2, and yo by
constructing an element  of M6b(H) so that «v(z1) and 7(z2) both lie
on the positive imaginary axis.

Exercise 3.12

Calculate the hyperbolic distance between each pair of the four points
A=i, B=1+2i,C=-142i,and D = T7i.
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A related formula for the hyperbolic distance dg(z1, 22) between z; and 29 in
terms of their real and imaginary parts can be derived by making use of the fact
that hyperbolic lines lie in Euclidean circles and Euclidean lines perpendicular
to R. As above, write z; = 21 4+ y1i and 2o = 3 + yai.

We can assume that x7 # xs2, because in the case in which x; = x5, we have
already seen that
Y1

Let ¢ be the Euclidean centre and r the FEuclidean radius of the Euclidean
circle containing the hyperbolic line passing through z; and z5. Suppose that
x1 > xo, and let Oy be the argument of zj, taken in the range [0,7) and as
usual measured counterclockwise from the positive real axis.

du(21,22) =

Consider the path f : [01,6] — H given by f(t) = ¢+ re®. The image of f is
the hyperbolic line segment between z; and z9, and so dy(z1, 2z2) = lengthy(f).
As Im(f(t)) = rsin(t) and |f'(t)| = |rie*| = r, we have that

1 csc(fa) — cot ()

02
du(z1, 22) = lengthy(f) = /01 () dt =1In cse(@1) = cot(@) |

To rewrite this expression in terms of x1, zo, y1, and ys, it is possible but not
necessary to express the 6 in terms of the x; and y,. We might also express
csc(0y) and cot(fy) in terms of the z; and yg, and ¢ and r.

Note that 6 is the angle of the right triangle with opposite side yj, adjacent
side xx — ¢, and hypotenuse r. So, we have that

csc(Oy) = L and cot () = Tk €
Yk Yk
These equations give that
|ese(By) — cot(8))] = ”:7]:“ ,

and so
csc(f2) — cot(fs)
csc(fy) — cot(6r)

(z1—c—1)ys

=1In
y1(ze —c—r)

di (21, 22) = lengthy (f) = In

Note that if instead we have that xo < z; and we go through this calculation,
we get that

csc(61) — cot(6y)
csc(f2) — cot(fs)

y1(ze —c—r)

=In
(1 —c—1)y2

dm(z1, 22) = lengthy (f) = In

)
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(x1—c—7)ys

which differs from In
y1(z2—c—r)

by a factor of —1.

So, if we make no assumption of the relationship between x; and x5, we obtain
the formula

(r1 —c— 1)y
y1(ze —c—r)

for the hyperbolic distance between z; and zs.

dH(Zl, 2’2) = ‘ln

If we wish to express this formula solely in terms of the z and yi, we may recall
the result of Exercise 1.3, in which we gave expressions for ¢ and 7 in terms of
the xp and yi. Unfortunately, the resulting expression does not simplify much,
and so we do not give it explicitly here.

Although it can be unwieldy, we can sometimes make explicit use of this for-
mula. For example, we can determine whether or not there exists a positive
real number s so that

dg(—s+1i,4) = du(i,s + i) = dg(—s + i, s + 9).

As —s+1i and s+ lie on the Euclidean circle with Euclidean centre ¢ = 0 and
Euclidean radius r = v/1 + s2, we have that

Vs2+1+s

dg(—s+i,s+17) =1In
a( ) Vsi+1l—s

As s 4+ i and 7 lie on the Euclidean circle with Euclidean centre ¢ = 2 and

2
Euclidean radius r = 1v/4 + s2, we have that

Vs24+4+s

dg(s+1,7) =1In
i ) s24+4—s

As there is no solution to

Vsi+1+s
Vs2+1l—s
no such value of s exists, and so there does not exist an equilateral hyperbolic
triangle with vertices on the horocircle {z € H | Im(z) = 1}.

Vs2+4+s
s2+4—3s

In ,

Now that we understand hyperbolic distance, and specifically now that we have
a notion of hyperbolic distance that is invariant under the action of M6b(H),
we can see the obstruction to M6b(H) acting transitively on pairs of distinct
points of H.
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Exercise 3.13

Given two pairs (21, 22) and (wy,wsy) of distinet points of H, prove that
there exists an element ¢ of Mob(H) satisfying ¢(z1) = wy and g(z2) = ws
if and only if dH<Zl, 22) = dH(wl, UJQ).

Recall from the discussion in Section 2.10 that if m is a loxodromic transfor-
mation in Méb™ (H) fixing points 2 and y in R, and if A is any circle in C that
passes through = and y, then m takes A NH to itself. Now that we understand
and can calculate hyperbolic distance in H, we can see how m acts on A N H.

Definition 3.18

The translation distance of m along A NH is dg(a, m(a)), where a is a point
of ANH.

In the case in which A NH is equal to the axis of m, which occurs in the case
in which A is perpendicular to R, we have already calculated the translation
distance of m along ANH to be

e () = s i) =1 [ 2] = 1),

where m(z) is conjugate to ¢(z) = Az.

3.6 Isometries

In general, an isometry of a metric space (X,d) is a homeomorphism f of X
that preserves distance. That is, an isometry of (X, d) is a homeomorphism f
of X for which

d(z,y) = d(f (=), f(y))
for every pair x and y of points of X. In fact, as is demonstrated in the following
exercise, this definition of an isometry is partially redundant.

Exercise 3.14

Let f: X — X be any function that preserves distance. Prove that f is
injective and continuous.
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In general, we cannot conclude that a distance preserving function f: X — X
is a homeomorphism. To illustrate one thing that can go wrong, consider the
metric e on Z defined by setting

of ) = 0 ifm=mn, and
=0 if m # n.

This function e gives a metric on Z that is different from the usual metric on
Z. The function f : Z — Z defined by f(m) = 2m is distance preserving but is
not surjective, and hence it is not a homeomorphism.

It is true, though, that a distance preserving function f : X — X is a home-
omorphism onto its image f(X), because f is a bijection when considered as
a function f : X — f(X). More generally, any distance preserving function
f:(X,dx) — (Y,dy) gives a homeomorphism between X and f(X) C Y: For
each pair of points z and w of f(X), we have that

d(z,w) = d(f(f71(2)), F(f7H(w))) = A(F 7 (2), f~H (w)).

Hence, f~!: f(X) — X is also a distance preserving function and so is con-
tinuous by Exercise 3.14.

Exercise 3.15

Prove that the function f : C — C given by f(z) = az is an isometry of
the metric space (C,n) if and only if |a| = 1. Here, n(z,w) = |z — w]|, as
in Section 3.3.

As the identity function of any metric space is a distance preserving homeomor-
phism, as the inverse of a distance preserving homeomorphism is necessarily a
distance preserving homeomorphism, and as the composition of two distance
preserving homeomorphisms is again a distance preserving homeomorphism,
the set of all isometries of a metric space is a group. Define a hyperbolic isometry
to be an isometry of (H,dy), and let Isom(H, dy) denote the group of isome-
tries of (H, dg). In fact, we have already encountered the group Isom(H, dy) of
isometries of the metric space (H, dy).

Theorem 3.19

Isom(H, dy) = M6b(H).
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Proof

By our construction of the hyperbolic metric dy on H, specifically Proposition
3.17, we have that every element of M6b(H) is a hyperbolic isometry, and so
M6b(H) C Isom(H, dy).

We begin the proof of the opposite inclusion with the observation that hyper-
bolic line segments can be characterized purely in terms of hyperbolic distance.

Proposition 3.20

Let x, y, and z be distinct points in H. Then,
dH(J?, y) + dH(y7 Z) = dH(Z‘, Z)

if and only if y is contained in the hyperbolic line segment joining x to z.

Proof

Using Exercise 2.42, there exists an element m of Méb(H) for which m(z) =+
and m(z) = a4, where a = dy (i, «i) = dp(x, z). Write m(y) = a + bi. There
are several cases to consider.

Suppose that y lies on the hyperbolic line segment joining x to z. Then, m(y)
lies on the hyperbolic line segment joining m(z) = ¢ to m(z) = «i. In particular,
a=0and 1<b<a, and so

du(z,y) = du(i, bi) = In(b)

and
du(y, z) = du(bi,ai) = In [%] = du(z, 2) — In(b).

Hence, dy(z, 2) = du(z,y) + du(y, 2).

Suppose now that y does not lie on the hyperbolic line segment joining z to z.
There are two cases, namely, that m(y) lies on the positive imaginary axis, so
that @ = 0, or that m(y) does not lie on the positive imaginary axis, so that

a # 0.
If a = 0, then m(y) = bi, where either 0 < b < 1 or a < b.
If 0 < b< 1, then

dy(z,y) = —In(b) and dg(y,2) = In [%} = dg(z, z) — In(b).
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As In(b) < 0, we have that
dez(z, y) + du(y, z) = du(z, 2) — 2In(b) > du(z, 2).

If b > «, then
b
dg(z,y) = In(b) and dy(y, z) = In [} = In(b) — dg(z, 2).
e

As In(b) > dp(z, z), we have that
du(z,y) + du(y, 2) = 21n(b) — du(z, 2) > du(z, 2).

If a # 0, we begin with the observation that
dH(i, bl) < dH(i, a+ bZ) = dH(x, y)

This observation follows from the argument given in Section 3.4. Specifically, let
f i [a, B] = H be a distance realizing path between i = f(«) and a+bi = f(3).
Note that the path g : [«, 5] — H given by g(t) = Im(f(t)) ¢ satisfies g(«) = i,
g(08) = bi, and lengthy(g) < lengthy(f) because a # 0.

Similarly, we have that

dy (bi, i) < dg(a + bi, i) = dy(y, 2).

If 1 <b < a, then
du(z, 2) = du (i, ai) = du (i, bi) + du(bi, ai) < du(z, y) + duly, 2).

If b does not lie in [1, a], then again we have two cases, namely, that 0 < b < 1
and that a < b.

Making use of the calculations of the previous few paragraphs, in the case in
which 0 < b < 1, we have

du(zx, 2) < dg(z,z) — 21In(b) = d (i, bi) + du(bi, ai) < du(z,y) + duly, 2),
whereas in the case in which b > «, we have

du(z, 2z) <2In(b) — du(z, 2) = du(i, bi) + du(bi, i) < du(z,y) + du(y, 2).
Hence, the only case in which dg(z, z) = dg(x, y)+du(y, 2) is the case in which

y is contained in the hyperbolic line segment joining  and z. This completes
the proof of Proposition 3.20. QED

Exercise 3.16

Prove that every hyperbolic isometry of H takes hyperbolic lines to hy-
perbolic lines.
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Let f be a hyperbolic isometry, and recall that we are in the process of proving
that f is an element of M6b(H). For each pair of points p and ¢ of H, let £,,, de-
note the hyperbolic line segment joining p to g. With this notation, Proposition
3.20 implies that £, ¢(q) = f({pq)-

Let ¢ be the perpendicular bisector of the hyperbolic line segment £,,, which
is the hyperbolic line

¢ ={ze€H|du(p,2) = du(g 2)}.

As ¢ is defined in terms of hyperbolic distance, we have that f(¢) is the per-
pendicular bisector of f(£pq) = £¢(p)f(q)-

We now normalize the hyperbolic isometry f. Pick a pair of points « and y on
the positive imaginary axis I in H, and let H be one of the half-planes in H
determined by I.

By the solution to Exercise 3.13, there exists an element v of Mob(H) that
satisfies v(f(z)) = = and v(f(y)) = v, because dy(z,y) = du(f(z), f(y)). In
particular, we see that « o f fixes both x and y, and so y o f takes I to I. If
necessary, replace v by the composition Bo~ of v with the reflection B(z) = —%z
in T to obtain an element v of M6b(H) so that v o f takes I to I and takes H
to H.

Let z be any point on I. As z is uniquely determined by the two hyperbolic
distances dy(z, z) and dg(y, z) and as both hyperbolic distances are preserved
by 7o f, we have that v o f fixes every point z of I.

Exercise 3.17

Let x = Ai and z = 2 be two distinct points on the positive imaginary
axis I. Let y be any point on I. Show that y is uniquely determined by
the two hyperbolic distances dy(z,y) and dg/(y, 2).

Now, let w be any point in H that does not lie on I, and let ¢ be the hyperbolic
line through w that is perpendicular to I. Explicitly, we can describe ¢ as the
hyperbolic line contained in the Euclidean circle with Euclidean centre 0 and
Euclidean radius |w|. Let z be the point of intersection of ¢ and I.

At this point, we know several facts about £. As £ is the perpendicular bisector
of some hyperbolic line segment in I and as yo f fixes every point of I, we have
that v o f(¢) = ¢.

As yo f fixes z, as dg(z,w) = dg(yo f(2),7 o f(w)) = du(z,v o f(w)), and as
~o f preserves the two half-planes determined by I, we have that vo f fixes w.
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As ~o f fixes every point of H, we have that o f is the identity. In particular,
we have that f = ~~1, and so f is an element of Mob(H). This completes the
proof of Theorem 3.19. QED

3.7 Metric Properties of (H, dy)

In this section, we investigate some properties of the hyperbolic metric on H.

In much the same way that we can define the hyperbolic distance between a
pair of points, there is a notion of the hyperbolic distance between a pair X
and Y of subsets of H, namely,

dg(X,Y) = inf{dg(z,y) |z € X, ye Y}.
As we will see later in this section, there exist distinct sets X and Y in H for

which dg(X,Y) = 0, and so this does not define a metric on the set of subsets
of H.

In general, calculating this infimum can be difficult. We spend some of this
section exploring in some detail the case in which one or both of X and Y is a
hyperbolic line. There is one general fact about this distance between sets that
will prove to be useful.

We first need to make a definition.

Definition 3.21

A subset X of H is bounded if there exists some C' > 0 so that X is contained
in the open hyperbolic disc

Uc(i) ={z e H|dpu(z,i) < C}.
A subset X of H is compact if X is closed and bounded.

One easy example of a compact subset of H is any set containing a finite number
of points X = {x1,...,2,}. For any z in H — X, set

e = inf{dg(z,x1),...,du(z, z,)}.
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Then, € > 0 and U.(z) is contained in H — X, so that H — X is open and hence
X is closed. Also, if we set

C = sup{du(i,z1),...,du(i,x,)},

then X is contained in Uz (7) and so X is bounded.

Although we do not prove it here, a basic property of compact sets is that if
X is a compact subset of H and if {z,} is a sequence of points of X, then
there is a subsequence {z,,} of {z,} so that {z,,} converges to a point x of
X. In words, a sequence of points in a compact set X contains a convergent
subsequence.

Exercise 3.18

Let X be a compact subset of H, and let Y be any subset of H. Prove
that dg(X,Y) > 0 if and only if X and Y have disjoint closures.

Alhough this notion of hyperbolic distance between sets does not give a metric
on the set of subsets of H, it does give one way of measuring when two subsets
of H are close. A particularly interesting application of this notion is to pairs
of hyperbolic lines and hyperbolic rays.

Recall that there are two different types of parallelism for pairs of hyperbolic
lines. Some pairs of hyperbolic lines are disjoint in H but the circles in C
containing them are not disjoint, and some pairs of hyperbolic lines are disjoint
in H but the circles in C containing them are also disjoint. We refer to the latter
hyperbolic lines as ultraparallel.

We saw in Section 1.3 that we can distinguish these two cases by examining the
endpoints at infinity of the two hyperbolic lines. Now that we have a means of
measuring hyperbolic distance, we can distinguish these two cases intrinsically
as well.

Let ¢y and ¢; be parallel hyperbolic lines that share an endpoint at infinity
at the point x of R. Let y;, be the other endpoint at infinity of ¢;. As by
Proposition 2.30 we have that M&b(H) acts triply transitively on R, we may
assume that x = oo, that yg = 0, and that y; = 1.

We now calculate. Each point of £y has the form Ai for some A > 0, and each
point of ¢; has the form 1 + \i for some A > 0.
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The path f : [0,1] — H given by f(t) = t + Ai parametrizes the horizontal
Euclidean line segment joining Ai and 1 + A\i, and so

| 1
dua(lo, £1) < (N, 1+ \i) < lengthg(f) = / Sdt=1
0

for every A > 0. Letting A tend to oo, we see that
du(lo, €1) =0
for two parallel hyperbolic lines £y and ¢; that share an endpoint at infinity.

Suppose, on the other hand, that ¢y and ¢; are ultraparallel hyperbolic lines.

Proposition 3.22

Let £y and £ be ultraparallel hyperbolic lines in H. Then, dg(£g, ¢1) > 0.

Proof

Again, by making use of the triple transitivity of Méb(H) on R, we may assume
that the endpoints at infinity of ¢y are 0 and oo, and that the endpoints at
infinity of ¢; are 1 and = > 1. We wish to calculate the hyperbolic distance
dm (o, ¢1) between £y and £1.

We make use of the following fact.

Exercise 3.19

Let £ be a hyperbolic line, and let p be a point of H not on £. Prove that
there exists a unique point z on ¢ so that the hyperbolic line segment
through z and p is perpendicular to ¢, and so that

dH(p> 6) = dH(p> Z)

For each r > 0, let ¢, be the hyperbolic line contained in the Euclidean circle
with Euclidean centre 0 and Euclidean radius r, so that ¢, is perpendicular to
ly for every r. Note that ¢, intersects ¢; only for 1 < r < z. Write the point of
intersection of ¢, and ¢ as re?, where 0 < 6 < 5
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Figure 3.1: The Euclidean triangle in H with vertices 0, 1 (z + 1), and re'.

We can determine 6 by considering the Euclidean triangle with vertices O,
1(z+1) (the Euclidean centre of the Euclidean circle containing ¢;), and re®.
See Figure 3.1.

The Euclidean lengths of the two sides of this Euclidean triangle adjacent to
the vertex 0, which has angle 6, are r and %(m + 1), and the length of the

opposite side is %(m — 1). Calculating, we see that

E(z — 1)}2 = E(l’ + 1)}2 +r2—2r B(JHL 1)] cos(6)

by the law of cosines.
Simplifying, we see that this is equivalent to
z+ 7% =r(z+1)cos(h),

and so
xr + r2
cos(f) = ——
r(x+1)

and

sin(f) = /1 — cos?(f) = V-1 - TQ).

r(z+1)

The hyperbolic distance between ri and re'? for this value of 6 is the length of
the hyperbolic line segment joining ri and re*. Parametrizing this hyperbolic
line segment by f,.(t) = re® for § <t < 5, we calculate that

lengthy (f,) = /95 sinl(t) dt = —1In|esc(f) — cot(9)| = %ln [

(r+1)(z+r)
(r—U(x—7r)]"
As ¢, is perpendicular to £y, we know by Exercise 3.19 that

du(re, ri) = du(re?, £y).
In particular, the hyperbolic distance between the two hyperbolic lines ¢y and

¢ is the minimum hyperbolic distance between re?® and ri as r varies over the
interval (1, x).
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The hyperbolic distance between re?® and ri is minimized when
iln {(r—l—l)(az—i—r)} _ 2(r2 —z)(x + 1)

dr (r—1(z—r) r+D@+r)(r—1)(z—71)
Asr >0 and x > 1, this can only occur when r = /x.

=0.

Hence, the hyperbolic distance between the two hyperbolic lines ¢y and ¢ is

1 1 1
dm(fo, ¢1) = 5 In ot )+ vo) =In Vot )
2 (V- D@ - va) Vi1
which is positive because z > 1. This completes the proof of Proposition 3.22.
QED

One consequence of the proof of Proposition 3.22 is that it also shows that there
exists a unique common perpendicular for any pair of ultraparallel hyperbolic
lines.

Proposition 3.23

Let ¢y and ¢ be two ultraparallel hyperbolic lines. Then, there exists a unique
hyperbolic line ¢ that is perpendicular to both ¢y and /¢;.

Proof

We use the same notation and normalizations as in the proof of Proposition
3.22. We know that ¢, is perpendicular to ¢y for all values of » by construction.

To determine the values of r for which ¢, is perpendicular to ¢;, we apply the
Pythagorean theorem to the Euclidean triangle with vertices 0, %(x +1), and
re’®. The angle between ¢, and ¢; is % if and only if

1 >N 2
e =]
which occurs if and only if » = /2. This completes the proof of Proposition

3.23. QED

Exercise 3.20

Let I be the positive imaginary axis in H. For a positive real number
e > 0, let W, be the set of points in H whose hyperbolic distance from
I is equal to e. Prove that W, is the union of two Euclidean rays from 0
that make equal angle € with I.
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Exercise 3.21

Prove that if ¢y and ¢; are hyperbolic lines that share an endpoint at
infinity, then there does not exist a hyperbolic line perpendicular to both
KO and 51-

Exercise 3.22

Let £y and ¢; be ultraparallel hyperbolic lines in H. Label the endpoints
at infinity of £y as zg and z;, and the endpoints at infinity of /1 as wg and
w1, so that they occur in the order zg, wg, w1, z; moving counterclockwise
around R. Prove that

1 1
tanh® | —dg(fo, £1)| = :
a [2 (o, 1)} 1 — [z0, wo; w1, 21

Although we will not explore it in detail, we do note here that this notion of
distance between sets can be used to give a description of the boundary at
infinity of H that is intrinsic to H and that does not make use of how H sits as
a subset of C.

Let R be the set of all hyperbolic rays in H. For each ray R in R, let sub(R)
be the set of all subrays of R, which are the hyperbolic rays contained in R.
Given any two rays R; and Ry in R, say that Ry ~ Ry if and only if

sup{dg (R, RY) | R} € sub(R;), RS € sub(Ry)} = 0.

Note that if two nonequal hyperbolic rays R; and Ry have the same initial
point in H, then this supremum is infinite, and so R; ¢ Rs. In fact, for any
two hyperbolic rays, this supremum is either 0 or infinite, and is 0 if and only
if the two rays have the same endpoint at infinity.

This equivalence gives a way of identifying the boundary at infinity R of H
with equivalence classes in R. Morever, as elements of Mob(H) take hyperbolic
rays to hyperbolic rays and preserve hyperbolic distance, we see that M6b(H)
preserves this equivalence relation, and so we get an action of M6b(H) on R/ ~.

So, fix a point x¢ in H and consider the collection of all hyperbolic rays em-
anating from zy. As no two of these hyperbolic rays are equivalent (as noted
above) and as every point on the boundary at infinity R of H is the endpoint
at infinity of a hyperbolic ray from xy, we can identify R with the collection
of hyperbolic rays from zy. The collection of hyperbolic rays from xy can be
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parametrized by the unit circle S', as follows: Fix a hyperbolic ray r¢ from .
For any other hyperbolic ray r from xg, let 6, be the angle between ry and
r, measured counterclockwise, and then identify the hyperbolic ray r with the
point e on S'. We note here that if we choose a different base hyperbolic
ray r( at xo, then the parametrizations of the hyperbolic rays from zg with
these two different base hyperbolic rays differ by a rotation of S' by the angle
between 1 and ry.

This construction gives us a way of determining the size of a set X in HUR as
viewed from xg, by considering the proportion of hyperbolic rays from xy that
either pass through X or that have their endpoint at infinity in X. We refer to
this measure of size as the visual measure of X from xy. The visual measures
of a fixed set X when viewed from distinct points of H will usually be different.

As an example, consider the interval X = [0,1] in R. The visual measure of X
when viewed from zy = i is %: The hyperbolic rays from 7 to 0 and to 1 meet
perpendicularly at ¢, and the hyperbolic rays from 4 that have an endpoint at
infinity in X lie between these two hyperbolic rays. On the other hand, the
visual measure of X when viewed from 10i is 0.0317.

We can see this as follows. The equation of the Euclidean circle A passing
through 1 and 10¢ and perpendicular to the real axis R is

e OV e (1Y
2 Y=\ )

By construction, the point of intersection of A and the positive imaginary axis
I in H is 10i. The slope of the tangent line to A at the point of intersection 10i

is —22 (obtained by implicitly differentiating the equation of A), and so the
angle between A and I (as discussed in Section 2.7) is
99
arctan ( —— | — ~ = —2.9422 = 0.1993 (modulo 7).
20 2
Hence, the visual measure of the interval [0,1] from 107 is 21292 = 0.0317. As

27
we would expect from drawing the picture, the visual measure of [0, 1] from 104

is small.

For a general point Ai, the equation of the Euclidean circle Ay passing through

1 and i is ) )
o (1=N R 14\
T 5 Yo = 5 .

1-)2
X

The slope of the tangent line to Ay at Ai is and so the angle between A,

and I is
1— X2

2

arctan ( ) - g (modulo 7).
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(When A = 1, this result agrees with our earlier calculation.)

Exercise 3.23

Let ¢ be a hyperbolic line in H, and let p be a point in H not on ¢.
Determine the proportion of the hyperbolic rays from p that intersect £,
that is, the visual measure of ¢ when viewed from p.
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Planar Models of the Hyperbolic Plane

Up to this point, we have focused our attention exclusively on the upper half-
plane model H of the hyperbolic plane, but there are many other useful models.
In this chapter, we explore a second particular model, the Poincaré disc model
D, of the hyperbolic plane, which we construct starting from the upper half-
plane model. We go on to show that the construction used for the Poincaré
disc model is but one instance of a general construction using techniques from
complex analysis for producing planar models of the hyperbolic plane.

4.1 The Poincaré Disc Model

Up to this point, we have focused our attention on developing the upper half-
plane model H of the hyperbolic plane and on studying its properties. There
are a number of other models of the hyperbolic plane. One of the most useful
of these other models, at least for our purposes, is the Poincaré disc model D.

There are a number of ways we could develop this, and other, models of the
hyperbolic plane. One way is to retrace the steps we undertook to develop
the upper half-plane model. However, for developing the Poincaré disc model
and related planar models of the hyperbolic plane, this process is inefficient.
Another way is to make use of the work we have already done in developing the

117
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upper half-plane model, and find a way of transferring this work to the other
model. We take this latter approach.

The underlying space of the Poincaré disc model of the hyperbolic plane is the
open unit disc
D={zeC||z| <1}

in the complex plane C. As H and D) are both discs in the Riemann sphere C,
we know from Theorem 2.11 that there exist many elements m of Mob taking
D to H. (In fact, in Exercise 2.10, you constructed an explicit element of M6b
taking D to H.) We now show how to use an element m : D — H of Mob to
transport hyperbolic geometry from H to D.

To start, define a hyperbolic line in D to be the image under m~" of a hyperbolic
line in H. We know that every hyperbolic line in H is contained in a circle in
C perpendicular to R, that every element of M&b takes circles in C to circles
in C, and that every element of Mdb preserves the angle between circles in C.
Hence, every hyperbolic line in D is the intersection of I with a circle in C
perpendicular to the unit circle S' bounding D, and every such intersection is
a hyperbolic line in . Note that this definition of a hyperbolic line in D is
independent of the choice of element of Mob taking D to H. (We leave this
argument for the interested reader.)

‘We can make this observation concrete. Consider the element

4 L
Ez)= 22
“ViE TS

of Méb™ taking D to H. A hyperbolic line in I, defined as the image under
¢£~1 of a hyperbolic line in H, then has one of two possible equations. If the
hyperbolic line ¢ in H has the equation ¢ = {z € H|Re(z) = ¢} for ¢ € R, then
£71(¢) has the equation £. = {z € D | Re(£(z)) = ¢}, which we can calculate;
namely,

—Re(z)
$2Z+5+3(3Z—2)

Re(£(2)) =

For ¢ = 0, the hyperbolic line ¢, in D is

L. ={z € D|Re(z) =0},
whereas for ¢ # 0, the hyperbolic line ¢, in D is

()

Using Exercise 1.2, it is easy to verify that the Euclidean circle containing £,
intersects the unit circle S! perpendicularly.

EC:{ZED
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If the hyperbolic line ¢ in H has the equation £ = {z € H | |z — ¢|*> = 72} for
c € R, r >0, then £71(¢) has the equation ., = {z € D|[£(2) — ¢|? = r?},
which we can calculate; simplifying, we see that the equation |¢(2) — ¢|? = r?
becomes the equation

—2c+i(1+7r%—c?) 42

2= < [ ) Tre—mp

Again using Exercise 1.2, it is not difficult, although slightly messy, to verify
that the Euclidean circle determined by the equation [£(z) — ¢|> = r? is per-
pendicular to S'. If we were to repeat this calculation with a different choice of
&(z), we would get a seemingly different set of equations, but as the parameters
c and r range over all possible values, the two sets of equations would describe
the same set of hyperbolic lines.

2

A picture of some hyperbolic lines in D is given in Figure 4.1. Note that this
picture of the Poincaré disc model of the hyperbolic plane is (very) vaguely
reminiscent of some of the drawings of M. C. Escher. The interested reader is
directed to the books of Schattschneider [30] and Locher [25] for more infor-
mation about the work of Escher.

Figure 4.1: Some hyperbolic lines in D

Let m be any element of M6b taking D to H. Then, every element g of M6b(DD)
has the form ¢ = m ™! o pom, where p is an element of Mob(H). In particular,
the action of Méb(ID) on I inherits all transitivity properties that M&b(H) has
for its action of H.

In fact, in Exercise 2.39, we saw that every element of Mob(D) has either the
form

_az+p
p(z)_Bera
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or the form

oz +
p(2) = =——,
fz+a
where a, 3 € C and |a|? — |38]?> = 1. The Mébius transformations taking D to
D are the elements of
MébT (D) = Mob™ N Mab(D),
which are those elements of M6b(ID) of the form
az+
p(z) = =——.
Bz +a

To transfer the hyperbolic element of arc-length from H to D, we begin with
an explicit element & of M6b™ taking D to H. The element we use here is the
one we used above, namely,
G,y 1
V2t s
€)= G

Vi TR

We transfer the hyperbolic element of arc-length from H to D by making the
following observation: For any piecewise C*! path f : [a,b] — D, the composition
€of:a,b] — H is a piecewise C! path into H. We know how to calculate the
hyperbolic length of £ o f, namely, by integrating the hyperbolic element of
arc-length ﬁmz\ on H along £ o f. So, define the hyperbolic length of f in
D by

lengthy,(f) = lengthy (£ o f).

Theorem 4.1

The hyperbolic length of a piecewise C! path f : [a,b] — D is given by the

integral

2
1 h = [ —— .
engt ]DJ(.f) /f 1— |Z|2 |d2|

Proof

The proof of Theorem 4.1 consists of several parts. We begin by deriving the
form of the hyperbolic element of arc-length on . We then show that this
hyperbolic element of arc-length is independent of the choice of the element of
Mob taking D to H.
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We are given that the hyperbolic length of a piecewise C! path f : [a,b] — D
is given by

lengthy(f) = lengthy (o f) = /5 f ﬁmﬂ
b
- /Im iy €0 @l dt
b
- /Im LAUIERCIEE

(2)l|dz].

I
x\

Im

Calculating, we see that

G, L L2
Im<5<z>>:1m<“? f)z i

v iy | — 2z —i|?
and that 5
/ _
and so 1 5
— ¢ (2)| = ——.
@) O T
Hence,
2
length (/) = [ 7—1del
f — |2]
We now need to show that this hyperbolic element of arc-length 5 ‘2 |dz| on

D is independent of the choice of £. So, let f : [a,b] — D be a piecewise C*
path, and let p be any element of Méb taking I to H. As po&~! is an element
of Méb and takes H to H, we have that ¢ = po £~! € Mob(H).

As £o f is a piecewise C! path in H, the invariance of hyperbolic length calcu-
lated with respect to the element of arc-length |dz| on H under M&b(H)
immediately implies that

lengthy (€ o f) = lengthy(q 0 € o f) = length (p o f).

This last equality follows from go & = po &=t o0& = p. Hence, lengthy(f) is well
defined. This completes the proof of Theorem 4.1. QED
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As an example calculation, let 0 < r < 1 and consider the piecewise C' path
f:10,7] — D given by f(¢) = t. Then,

2
lengthp (f) = /7|dz|
v L=z
™
2
= /OW‘“
" 1 1
= —+ — | dt
[ i)

[14—7“]
= In .
1—r

Exercise 4.1

Let m be an element of Méb taking H to D, and let f : [a,b] — H be a
piecewise C! path. Show that lengthp(m o f) = lengthy(f).

We now use hyperbolic lengths of piecewise C'' paths in D to define hyperbolic
distance in D. Given points z and y in D, let Oz, y| be the set of all piecewise
C! paths f : [a,b] — D with f(a) = z and f(b) =y, and define

dp(z,y) = inf{lengthy(f) | f € Ofz, y]}.

Proposition 4.2

(D,dp) is a path metric space with Isom(D,dp) = Mob(D). Moreover, a
distance-realizing path between two points x and y of D is an almost simple
parametrization of the hyperbolic line segment joining x to y.

Proof

Let m be any element of Mob taking H to D. The first step of the proof of
Proposition 4.2 is to show that m is distance-preserving.

As in Section 3.4, let I'[z,w] be the set of all piecewise C! paths f : [a,b] — H
with f(a) = z and f(b) = w. For each pair of points z and w of H, we have



4. Planar Models of the Hyperbolic Plane 123

that
dp(z,w) = inf{lengthy(f)| f € I'[z,w]}
= inf{lengthp(mo f) | f € I'[z,w]}
inf{lengthp(
m(

dn(m(z),

9) g € Om(z), m(w)]}
w)).

[VANRVAN

Similarly, if  and y are points of D, write = m(z) and y = m(w) for points
z and w of H. Calculating, we see that
do(m(z), m(w)) = dp(z,y) = int{lengthy(f) | f € Olz,y]}
= inf{lengthy(m ™' o f)| f € O[z,]}
< inf{lengthy(g) | g € I'[z, w]}
< du(z,w).

As dy(z,w) = dp(m(z), m(w)) for all z, w € H and all m € Méb taking H to
D, and as dy is a metric on H, we have that dp is a metric on ID. Moreover,
this argument shows that m is a distance-preserving homeomorphism between
(H,dy) and (D, dp).

Let z and y be two points of D, let z = m~!(z) and w = m~(y) be the
corresponding points of H, and let f : [a,b] — H be a piecewise C! path with
f(a) = z, f(b) = w, and lengthy(f) = du(z,w). Note that by Theorem 3.16,
f is an almost simple parametrization of the hyperbolic line segment joining z
and w.

As m is a distance-preserving homeomorphism between H and DD, there neces-
sarily exists a path in ©[z, y| realizing the hyperbolic distance dp(z, y), namely,
m o f. Moreover, as f is an almost simple parametrization of the hyperbolic
line segment in H between z and w, and as m takes hyperbolic lines in H to
hyperbolic lines in D, we see that m o f is an almost simple parametrization of
the hyperbolic line segment in D between x and y.

Conversely, if g : [¢,d] — D is a distance-realizing path joining z and y, then
m~log: [e,d] — H is a distance-realizing path joining z and w, and hence it is
an almost simple parametrization of the hyperbolic line segment joining z and
w. Therefore, g = mo(m~'og) is an almost simple parametization of the hyper-
bolic line segment joining x and y. That is, in D as in H, the distance-realizing
paths between two points are exactly the almost simple parametrizations of the
hyperbolic line segment joining the two points.

The fact that Mob(DD) is exactly the group of isometries of (D, dp) follows from
the fact that Mob(H) is exactly the group of isometries of (H, dy), by Theorem
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3.19, and that any element m of Mob taking H to D is a distance-preserving
homeomorphism and, hence, an isometry.

Specifically, if g is an isometry of (D, dp), then m~™! o g o m is an isometry of
(H, dg). By Theorem 3.19, we have that m~! o gom is an element of Mob(H),
and hence, g is an element of M6b(ID). Conversely, if g is an element of Méb (D),
then m~logom is an element of M&b(IH), and hence, it is an isometry of (H, dg).
Asm and m™! are distance-preserving, we have that g is an isometry of (D, dp).
This completes the proof of Proposition 4.2. QED

Exercise 4.2

For 0 < r < 1, show that

dp(0,7) = In [1”]

1—r
and, hence, that

r = tanh [;dD(O,T)] .

We note here that, analogously to the upper half-plane H, the boundary at
infinity of the Poincaré disc D is the unit circle S' in C, which is the circle
in C determining ID. As with the boundary at infinity R of H, the hyperbolic
distance between any point of S' and any point of I is infinite.

One difficulty with the upper half-plane model H of the hyperbolic plane is that
no easily expressed relationship connects the Euclidean distance |z — w| to the
hyperbolic distance dg(z, w) between a given pair of points. One useful feature
of the Poincaré disc model D is that there does exist such an easily expressed
relationship between the Euclidean and hyperbolic distances between a pair of
points of D.

We find this relationship by considering functions on DD that are invariant un-
der Mob(ID), which is reminiscent of the discussion in Section 2.3. Say that
a function g : D x D — R is invariant under the action of Mob(D) if for
each point (z,y) of D x D and for each element p of M6b(ID), we have that

9(z,y) = g(p(x), p(y))-
We already know one such function, namely, the hyperbolic distance dp. Con-

sequently, for any function h : [0,00) — R, the composition ¢ = h o dyp is
invariant under Mob (D). Let us try and construct an explicit example.
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To begin with, the invariance of hyperbolic lengths of paths in D under the
action of Mob™ (D) gives that

2 b 2 ,
/fl—|z|2dz' - /al—|f<t>|2'f (t)ldt

b
- / ;Pupof)'(tndt

T o N0
b 9 ) /
| e WO O

2|p’ 2
JECIRA S T
71— p(2)] por 1= 2]
for every piecewise C'' path f : [a,b] — D and every element p of Mob™ (D).
(We have restricted our consideration to an element p(z) of Mob™ (D) in this
argument, as we need to calculate its derivative p’(z).)

As this holds for every piecewise C! path f : [a,b] — D, we may use Lemma
3.10 to conclude that ,
2 2[p'(2)]

L—[z2 7 1—[p(2)]?

for every element p of Méb™ (D).

We now pause to calculate that

(p(x) — p(¥))* =P (=)' () (x — y)°

for every element p of Méb™ (D) and every pair 2 and y of points of D: Write
az+ 0
p(z) = =——,
Bz+ @
where «, 3 € C and |a|? — |3]? = 1. Then

p(=) = plw) = (Bz + @) (Buw + @)
and )
p'(2) = m~

Combining these calculations, we can see that

|z —y? g (P @) P (v)]
(I—lz) -]y ==l (1—|p(56)2> (1—|p(y)|2>

p(z) — p(y)|?

(1= |p(=)*) (1 = |p)?)’
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Consequently, the function ¢ : D x D — R defined by
plz,y) = = ul”
’ (1 —[=[*)(1 = [yl?)

is invariant under the action of Méb™ (D).

Note that ¢ is also invariant under the action of complex conjugation, as
T la—yP

o(T,7) = = — = p(z,y).
A=Z»A=[gP) Q=] = [yl)
Hence, we can conclude that the function ¢ : D x D — R defined by

_ |z —yf®
PV = (1 o)

is invariant under the action of all of Mob(D).

The main application of the invariance of ¢ under the action of Mob(D) is to
provide a link between the Euclidean and hyperbolic distances between a pair
of points of D.

Proposition 4.3

For each pair x and y of points of D, we have that

o(z,y) = sinh? (;dD(m,y)> = % (cosh(dp(z,y)) — 1).

Proof

The proof of Proposition 4.3 is by direct calculation. Let x and y be a pair of

points in D. Choose an element p(z) = %E—Ig of M6b™ (D) (so that a, 3 € C
and |a|? — |32 = 1) for which p(z) = 0 and p(y) is real and positive.

One way to do this is to set § = —aux, so that
p(z) =

where |a|?(1 — |2|?) = 1. Now choose the argument of a so that p(y) = r is real
and positive. Then,

a(z —x)
a(-Tz+1)’

|z —y|? — (s
T eBa -y ~ P@Y
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By Exercise 4.2, we have that r = tanh(2dp(0,r)), and so

’1"2

o =il (o) ) =  (cosh(dn) 1),

plz,y) = 1—

as desired. This completes the proof of Proposition 4.3. QED

Exercise 4.3

Let #; and ¢ be two intersecting hyperbolic lines in D, where the end-
points at infinity of ¢; are z; and z,, and the endpoints at infinity of /5
are wi and ws, labeled so that the order of the points counterclockwise
around S' is 21, w1, 22, we. Prove that the angle 6 between ¢; and ¢,
satisfies

0
[21, w15 22, wa) tan? <2) - _1.

We close this section with a discussion of hyperbolic circles.

Definition 4.4

A hyperbolic circle in D is a set in D of the form
C={yeD|dp(z,y) = s},

where x € D and s > 0 are fixed. We refer to x as the hyperbolic centre of C
and s as the hyperbolic radius of C.

We can completely characterize hyperbolic circles in D.

Proposition 4.5

A hyperbolic circle in D is a Euclidean circle in ID and vice versa, although the
hyperbolic and Euclidean centres, and the hyperbolic and Euclidean radii, will
in general be different.
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Proof

We begin with a specific set of hyperbolic circles in I, namely, those centred
at 0. Given s > 0, set r = tanh(3s), so that dp(0,r) = s. As M&b(D) contains
p(2) = ez, we see that p is an isometry of (D, dp), and so every point re? in
D satisfies dp(0,7¢'?) = s as well. Hence, the Euclidean circle with Euclidean
centre 0 and Euclidean radius r and the hyperbolic circle with hyperbolic centre
0 and hyperbolic radius s are the same, where s and r are related by r =
tanh(s).

Now, let C be the hyperbolic circle in D with hyperbolic centre ¢ and hyperbolic
radius s. Let m be an element of Mob(ID) taking ¢ to 0. Then, m(C) is the
hyperbolic circle in I with hyperbolic centre 0 and hyperbolic radius s. In
particular, m(C) is also a Euclidean circle. Then, as the elements of Mob(ID)
take circles in C to circles in C and as no element of Mob(ID) maps a point of
D to oo, we see that C = m ™! o m(C) is also a Euclidean circle in I

Conversely, let C' be a Euclidean circle in D. We can assume that the Euclidean
centre of C' is not 0, as otherwise we would have that C' is a hyperbolic circle by
the argument given in the first paragraph. Let L be the Euclidean line through
0 and the Euclidean centre of C, and note that C' and L meet perpendicularly.
Note also that L is also a hyperbolic line in ID. Let ¢ be the hyperbolic midpoint
on L of the two points of C'N L. Choose an element m of M6b(ID) taking ¢ to
0 and taking L to R; as the two points of C' N L are equidistant from ¢ and
lie on L, m takes them to the two points s, —s for some s € R. Then, m(C)
is a Euclidean circle in D perpendicular to R, passing through s and —s. In
particular, m(C') is a Euclidean circle in D centred at 0, and so it is a hyperbolic
circle in D centred at 0 as well. Hence, C' is a hyperbolic circle in D.

This completes the proof of Proposition 4.5. QED

Exercise 4.4

Given s > 0, let S5 be the hyperbolic circle in D with hyperbolic centre
0 and hyperbolic radius s. Show that the hyperbolic length of Sy is

lengthp (Ss) = 27 sinh(s).

In the Euclidean geometry of C, we can draw a circle of any Euclidean centre
and any Euclidean radius, and any three noncolinear points determine a circle.
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In hyperbolic geometry, Exercise 4.4 and the proof of Proposition 4.5 show that
we can find a circle in D of any hyperbolic centre and any hyperbolic radius.

However, it is not the case in hyperbolic geometry that any three noncolinear
points determine a circle. As an explicit example of this, consider the three
points z; = %, zo = 0, and 23 = f% + i¢ in D, for sufficiently small values of
€. We know that the hyperbolic circle through 2, 29, 23, if it exists, is also a
Euclidean circle. However, for small values of ¢, the Euclidean circle through
z1, 29, 23 has a large Euclidean radius, and so it passes outside the Poincaré
disc D.

We transported hyperbolic geometry from the upper half-plane model H to the
Poincaré disc D using any element p of Mob taking D to H. We have seen that
hyperbolic circles and Euclidean circles in the Poincaré disc D are the same,
and so using p, we see that hyperbolic circles and Euclidean circles in the upper
half-plane H are the same as well.

It is not difficult to calculate the hyperbolic centres and hyperbolic radii of
circles in either the upper half-plane or Poincaré disc models of the hyperbolic
plane.

Exercise 4.5

Let A be the Euclidean circle in the Poincaré disc D with Euclidean

centre % — ii and Euclidean radius 1—10. Determine the hyperbolic centre

and hyperbolic radius of A.

Exercise 4.6

Let A be the Euclidean circle in the upper half-plane H with Euclidean
centre 1 + 3¢ and Euclidean radius 1. Determine the hyperbolic centre
and hyperbolic radius of A.

Exercise 4.7

Let A be a circle in the upper half-plane H. Suppose the Euclidean
centre of A is a + ib and the Euclidean radius of A is r. Show that the
hyperbolic centre is a + iv/b? — r2 and the hyperbolic radius R satisfies
r = btanh(R).
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4.2 A General Construction

The construction from Section 4.1, of transferring hyperbolic geometry from the
upper half-plane H to the Poincaré disc D, is actually just a single instance of
a more general method of constructing planar models of the hyperbolic plane
from the upper half-plane model H using tools from complex analysis. The
purpose of this section is to explore this relationship between complex analysis
and planar models of the hyperbolic plane in more detail.

We work in a somewhat restricted setting. Let X be a subset of C that is
holomorphically equivalent to H, which means that X is a subset of C for which
there exists a homeomorphism ¢ : X — H for which & and its inverse ¢! are
both holomorphic, as described in Note 3.9. We refer to such a function £ as a
holomorphic homeomorphism between H and X. (We postpone the discussion
of which open subsets of C are holomorphically equivalent to H until later in
this section.)

One example of this sort of function that we have already seen, in Section 4.1,
is to take X = DD and to consider
it s izt
E(Z) = _ 1. _ i .
R

—z—1

In a crude fashion, we may use £ to transfer the hyperbolic geometry from H
to X and so to get a model of the hyperbolic plane whose underlying space
is X. Specifically, define a hyperbolic line in X to be the image in X of a
hyperbolic line in H under £~'. So, a hyperbolic line in X has either the form
{2z € X |Re(£(2)) = ¢} for ¢ € R or the form {z € X | |£(2) — ¢|?> = r?}, where
ceRand r > 0.

As a specific example, let X be the quarter-plane
X ={z € C|Re(z) > 0 and Im(z) > 0},
and consider the holomorphic homeomorphism ¢ : X — H given by £(z) = 22.

We can explicitly describe the hyperbolic lines in this model X. If we let w =
u + 1v be the coordinate on X and if we let z be the coordinate on H, then
¢(w) = z = u? — v? + 2iuv. The hyperbolic lines in H are of two types, those
contained in the Euclidean line L. = {z € H | Re(z) = ¢} and those contained
in the Euclidean circle A., = {z € H| (Re(z) — ¢)? + (Im(2))? = r?}.

The image of L. under £~ is the curve {w € X |u? —v? = ¢} in X. For ¢ =0,
this curve is the Euclidean ray K from 0 making angle 7 with the positive real
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Figure 4.2: Some hyperbolic lines of the form L. in the quarter-plane X

axis, whereas for ¢ # 0, this curve is a hyperboloid asymptotic to K. See Figure
4.2.

The image of A., under 7! is a curve known as an oval of Cassini, given by
the equation
(u? + vH)? — 2¢(u® —v*) + 2 =12

See Figure 4.3 for some ovals of Cassini for various values of ¢ € R and r > 0.
An oval of Cassini is a variant on an ellipse. Let wy and w; be two fixed
points in C. Whereas an ellipse is the set of points in C for which the sum of
the (Euclidean) distances |w — wg| + |w — w1]| is constant, an oval of Cassini
is the set of points w in C for which the product of the (Euclidean) distances
|(w—wp)(w—wy)| is constant. Unlike ellipses, all of which have the same shape,
the shapes of ovals of Cassini change as the value of this constant changes.

Although having a description of the hyperbolic lines in such a set X is nice,
it is not in general easy to work with. It would often be more computationally
useful to transfer the hyperbolic element of arc-length ﬁmz\ on H to X
using &, to obtain a hyperbolic element of arc-length on X, so that we may
actually calculate in this new model of the hyperbolic plane with underlying
space X.

We accomplish this transfer of the hyperbolic element of arc-length from H to X
exactly as we accomplished the transfer of the hyperbolic element of arc-length
from H to D, but now using the holomorphic homeomorphism ¢ : X — H.
Define the hyperbolic element of arc-length dsx on X by declaring that

length (f) = /deX = /§Of Iml(z) |dz| = lengthy (€ o f)




132 Hyperbolic Geometry

Figure 4.3: Some hyperbolic lines of the form A., in the quarter-plane X

for every piecewise C! path f : [a,b] — X.
This construction of the element of arc-length dsx on X using the holomorphic

homeomorphism £ : X — H is often referred to as defining dsx to be the
pullback of the element of arc-length on H by &.

Theorem 4.6

Suppose that X is an open subset of the complex plane C and that £ : X — H
is a holomorphic homeomorphism. The pullback dsx in X of the hyperbolic

element of arc-length ﬁ |dz| on H is

1€'(2)]1dz].

dSX =

Im(¢(2))

Proof

The proof of Theorem 4.6 is a direct calculation. Proceeding as above, let
f:la,b] = X be a piecewise C! path. The hyperbolic length of f is given by
1

lengthx(f):/fdsx = /fofhn(z)dd

b 1 / /
/a TGy € VI Bl

1 /
| wy @t
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Applying Lemma 3.10 completes the proof of Theorem 4.6. QED

In exactly the same way that we defined the hyperbolic metric on D and de-
termined its group of isometries, this construction allows us to define the hy-
perbolic metric on X and determine its group of isometries.

Specifically, let X be an open subset of C for which there exists a holomorphic
homeomorphism & : X — H. Let dsx be the pullback of the hyperbolic element
of arc-length ®|dz| on H by £. Then, we can use dsx to define a hyperbolic
metric dx on X by taking the infimum of hyperbolic lengths of piecewise C!
paths in X.

Using the same proofs as we used in Section 4.1 for the Poincaré disc D, we see
that (X,dx) is a path metric space in which the distance-realizing paths are
precisely the almost simple parametrizations of the hyperbolic line segments in
X. Also, the group of isometries of (X,dx) is

Isom(X,dx) = {&-m-&|m € Méb(H)}.

Define a hyperbolic structure on X to be all hyperbolic data coming from this
construction, which includes the hyperbolic lines in X, the hyperbolic element
dsx of arc-length on X, and the resulting hyperbolic metric on X, with its
group of isometries.

We continue with the example above, where
X ={z € C|Re(z) > 0 and Im(z) > 0},
and with the holomorphic homeomorphism ¢ : X — H given by £(z) = 22.

As
Im(£(2)) = Im(2?) = 2 Re(z) Im(2)

and
€' (2)] = [22] = 2|2],

we see that the pullback of ﬁmz\ by € is

1 ||
dsx = ! dz| =

= e ¢ O = Rel) ey

Note that if we were to choose a different holomorphic homeomorphism u :
X — H, we would still get the same hyperbolic element of arc-length on X

2

via the pullback construction. To see this, consider p(z) = 3;2:25. To see that
u is indeed a holomorphic homeomorphism, note that u(z) is the composition

|dz|.

w(z) =mo&(z), where m(z) = 3;125 is an element of M6b™ (H) and hence is a
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holomorphic homeomorphism of H. Calculating the pullback of ﬁhz\ by wu,
we see that

t(2)) = 1 (

and (using the Chain Rule)

W' ()] = Im/(§(2)] 1€ (2)]

322+5Y _ 2Re(z)Im(z)
2242 ) 22422

_ 24
o242
and so the pullback on X of the hyperbolic element of arc-length ﬁwz\ by
W is
1 |22 +27  2J¢] 2]
W/ (2)l1dz| = s opldel =
Im(u(z)) 2Re(z)Im(z) |22 + 2| Re(z) Im(z)

as desired.

|dz],

Exercise 4.8

Let Y = {z € C| Re(z) > 0}, and consider the holomorphic homeomor-
phism £ : Y — H given by £(z) = iz. Determine the pullback of ﬁ |dz|

by &.

Exercise 4.9

Let X = {# € C|0 < Im(z) < =}, and consider the holomorphic
homeomorphism £ : X — H given by £(z) = €. Determine the pullback
of ®|dz| by &.

However, even for simple regions, it is not always possible to give an explicit
description of the hyperbolic structure. As a specific example, consider the
rectangle R(() = (—(,¢) x (=%,%) in C. For every ¢ > 0, this rectangle R(¢)
is holomorphically equivalent to H. To date, there is no closed form expression
for the hyperbolic element of arc-length on R(¢). We refer the interested reader
to two recent papers of Beardon [8], [9], in which properties of the hyperbolic
element of arc-length and the resulting hyperbolic metric on the rectangle R(¥)
are explored in some detail.

This construction is general, and it can be applied to any open subset of C
that is holomorphically equivalent to H. We can characterize such sets. We
also wish to show that this construction is independent of the holomorphic
homeomorphism between X and H. In doing these things, we will need to use
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results that are beyond the scope of this book; when we do so, we will provide
references for the interested reader. So, let X be any connected and simply
connected open subset of C. Roughly, a connected set is a set that has only one
piece.

Definition 4.7

An open set X in C is connected if, given any two points x and y in X, there
exists a piecewise C! path f : [a,b] — X with f(a) = z and f(b) = y.

Roughly, a simply connected set does not have any holes. Before defining simply
connected, we need to know what a Jordan curve is.

Definition 4.8

A set C is a Jordan curve if there exists a continuous function f : [0,27] — C
so that f(0) = f(2n), f is injective on [0, 27), and f([0,2n]) = C.

The unit circle S' in C is an example of a Jordan curve.

The Jordan curve theorem states that complement in C of a Jordan curve C
has exactly two components, one bounded and the other unbounded. We refer
to the bounded component of C — C' as the disc bounded by C. We note that
some, but not all, Jordan curves can be parametrized by piecewise C! paths.
A good discussion of the Jordan curve theorem can be found in Guillemin and
Pollack [18].

Definition 4.9

A connected open set X in C is simply connected if for every Jordan curve C'
in X, the disc bounded by C'is also contained in X.

Both the upper half-plane H and the unit disc D are connected and simply con-
nected. The punctured plane C — {0} is connected but is not simply connected,
because the unit circle S! is contained in C — {0} but the disc bounded by S*,
namely, the unit disc D, is not contained in C — {0}.
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Definition 4.10

A holomorphic disc is an open subset X of C that is connected and simply
connected, and that is not all of C.

The classical uniformization theorem yields that there are only two possibilities
for a connected and simply connected open (nonempty) subset X of C. One
possibility is that X = C. The other possibility is that X is a holomorphic disc
and that there exists a holomorphic homeomorphism ¢ : X — H. Hence, in
the case in which X is a holomorphic disc, it is possible to put a hyperbolic
structure on X, and hence to do hyperbolic geometry on X. As we will see a
bit later, it is not possible to put a hyperbolic element of arc-length on all of

C.

An exact statement and proof of the classical uniformization theorem is beyond
the scope of this book. A good exposition can be found in the article of Abikoff
[2] and the sources contained in its bibliography.

We would like to argue that the hyperbolic structure on a holomorphic disc X
is independent of the choice of the holomorphic homeomorphism £ : X — H.
To make this argument, we need to use another result that is beyond the scope
of this book. This is a slight variation of the classical Schwarz lemma. A proof
can be found in most texts on complex analysis, such as Ahlfors [3] or Hille
[21]. The interested reader may also wish to consult Ahlfors [4].

We begin with the statement of the Schwarz lemma, which is usually formulated
in terms of holomorphic functions from I into D.

Theorem 4.11

Let f : D — D be holomorphic and satisfy f(0) = 0. Then, either |f(2)| < ||
for all z €D, z # 0, or f(2) = e'®z for some o € R.

As a consequence of Theorem 4.11, we can show that any holomorphic home-
omorphism of D is an element of Méb™ (D).

Corollary 4.12

Let f:D — D be a holomorphic homeomorphism. Then, f € Méb™ (D).
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Proof

First, choose an element m € Méb™ (D) for which mo f(0) = 0, and let F = mo
f- Then, F'is a holomorphic homeomorphism of D that satisfies the hypothesis
of Theorem 4.11. As F is a holomorphic homeomorphism of D, its inverse
G = F~! is also a holomorphic homeomorphism of D and G(0) = 0.

If the latter conclusion of Theorem 4.11 holds for either F' or G, then it holds for
both and implies directly that F' and G are elements of Mob™ (D). Therefore,
it suffices to assume that the former conclusion of Theorem 4.11 holds for both
F and G, so that |F(z)| < |z] and |G(2)| < |z| for all z € D, z # 0. Hence,
applying Theorem 4.11 twice, we see that

2| = |G o F(z)| <[F(2)] <

for all z € D, z # 0, which cannot occur. Hence, it must be that F(z) = e*“z
for some a € R, and so F € Méb' (D). Hence, f = m~' o F € Méb™ (D), as
desired. QED

As we have chosen to define hyperbolic structures on holomorphic discs us-
ing holomorphic homeomorphisms with H rather than with D, we need the
following immediate corollary of Theorem 4.11.

Corollary 4.13

Let ¢ : H — H be a holomorphic homeomorphism. Then, ¢ € Méb™ (H).

We are now ready to show that the hyperbolic structure on a holomorphic disc
does not depend on the choice of holomorphic homeomorphism £ : X — H.

Theorem 4.14

Let X be a holomorphic disc. Then, the hyperbolic lines in X and the hy-
perbolic element of arc-length dsx on X are independent of the choice of the
holomorphic homeomorphism ¢ : X — H.

Proof

Let £ : X — H and v : X — H be two holomorphic homeomorphisms. Then,
€ov~! :H — H is a holomorphic homeomorphism. By Corollary 4.13, we have
that £ ov™! = p € Méb™ (H). Write £ = pow.
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In particular, let £ be a hyperbolic line in H. Then, because p~! takes hyperbolic
lines in H to hyperbolic lines in H, we have that £~1(¢) = v=1(p~1(¥)) is a
hyperbolic line in X if and only if v~!(¥) is a hyperbolic line in X.

Furthermore, because

1 1 1
< [§ (W) = < [p (v(w))| [V (w)] = T—— < [V (w)|
Im(§(w)) Im(p(v(w))) Im(v(w))

for all w € X, and so the hyperbolic element of arc-length dsx is independent
of the choice of the holomorphic homeomorphism between X and H. QED

In exactly the same way as was done at the end of Section 3.7, we can define the
boundary at infinity of any holomorphic disc X, by considering the collection
of all hyperbolic rays in X and imposing the same equivalence relation as in
Section 3.7. For the upper half-plane H (respectively, the Poincaré disc D), the
boundary at infinity constructed using equivalence classes of hyperbolic rays
is the same as the circle in C bounding the disc H (respectively, D) in C. The
main difficulty is that, unlike in the case of H or D, for a general holomorphic
disc X, this intrinsic boundary at infinity constructed using hyperbolic rays is
not necessarily the same as the topological boundary dX of X in C. In fact,
there need not even be a continuous function from the boundary at infinity to
0X. The topological characterization of those holomorphic discs X for which
the topological boundary 0.X in C and the boundary at infinity of X are related
is subtle, and it is beyond what we can discuss here.

Up to this point, we have been content to describe hyperbolic geometry on a
single holomorphic disc in the complex plane C. There are several directions in
which we can expand our analysis. One direction is to consider open connected
subsets of C that are not simply connected. Whereas this is an extremely in-
teresting and fruitful direction to pursue, we do not have the means to do so
here.

Instead, we must be content to consider the relationship of the hyperbolic struc-
tures of two holomorphic discs. That is, we handle several holomorphic discs
simultaneously, rather than expanding to consider sets beyond holomorphic
discs. We begin with the case of nested holomorphic discs. For a proof of the
following theorem, the interested reader is directed to Ahlfors [4].
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Theorem 4.15

Let X; and X5 be two holomorphic discs in C satisfying Xy C X5. For k =
1, 2, express the hyperbolic element of arc-length on X} as Ag(z)|dz|. Then,
A1(2) > Aa(z) for every z € X;.

We can check that this relationship holds in a particular case in which it is
easy to calculate the respective hyperbolic elements of arc-length.

Exercise 4.10

Let D, , denote the open Euclidean disc with FEuclidean centre a € D
and Euclidean radius r > 0, where |a| +r < 1 (so that D,, C D).
Express the hyperbolic element of arc-length on D, , as A, (2)|dz|, and
show that A\, ,(2) > ﬁ for all z € D.

For nested pairs of general holomorphic discs, the difficulty in performing this
check is that we often cannot explicitly calculate the respective hyperbolic
elements of arc-length. However, we can use Theorem 4.15 to estimate the
hyperbolic element of arc-length on any holomorphic disc.

For the most basic estimate, let X be a holomorphic disc in C, and express
the hyperbolic element of arc-length on X as A(z)|dz|. Consider the function
d: X — (0,00) defined by setting

0(z) = inf{|z — z| | x € 0X},

which measures the shortest (Euclidean) distance from z to a point in the
topological boundary X of X. Let w € X be any point. Then, the (Euclidean)
disc D = D, () (With (Euclidean) centre w and (Euclidean) radius 6(w)) is
contained in X and is the largest (Euclidean) disc with (Euclidean) centre w
contained in X. By Exercise 4.10, the hyperbolic element of arc-length on D
has the form A, (z)|dz|, where

20 (w)

2= o)~ e wp

By Theorem 4.15, we then see that

2
A <A = —.
() < M) = 505
We note that in this case, there is also an upper bound on A(w), namely, that

1
%5(w) < AMw),
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but its proof is beyond the scope of the present discussion. Again, we refer the
interested reader to Ahlfors [4] for a discussion of this latter inequality.

In particular, these estimates show that on a holomorphic disc X, the confor-
mal distortion A(z) of the hyperbolic element of arc-length A(z)|dz| from the
Euclidean element of arc-length at z € X is roughly inversely proportional to
the Euclidean distance from z to 0X. For the Poincaré disc D, we can see this
relationship explicitly. The conformal distortion of the hyperbolic element of
arc-length on D is
2 B 2

T—[z[2 (1= lzD@+]2)
The Euclidean distance §(z) from z € D to S' = 9D is 1 — |z|, and for all z € D,
we have the bounds

A(2)

2
1< —<2.
1+ |z
Therefore, on D, we have the estimate
1 2
e M2 € ——
50 =50y

which is slightly better than the general estimate described above.

We can also use these estimates on conformal distortion to convince ourselves
that there does not exist a hyperbolic element of arc-length on all of C. Suppose
to the contrary that there were a hyperbolic element of arc-length p(z)|dz| on
C, where p is defined on all of C and p(z) > 0 for all z € C. For each n € N,
the (Euclidean) disc Dy, = {z € C| |z| < n} is contained in C. Express the
hyperbolic element of arc-length on Dy ,, as A, (z)|dz|. Then, by Exercise 4.10
and Theorem 4.15, we have that p(z) < A, (z) for all n € N and all z € Dy y,.

Fix zp € C. There exists ng > 0 so that zg € Dy, for all n > ng. Hence,
0 < p(20) < An(20)

for all n > ng. Using the formula for \,(2g), this equation becomes

2n

0< < .
>~ P(ZO) = n2 _ ‘ZO|2

As n — o0, the right-hand side satisfies lim,, n2_27|"z()|2 =0, and so p(z9) = 0.
As zg is arbitrary, this implies that p(z) = 0 for all z € C, which contradicts
the assumption that p(z)|dz| is a hyperbolic element of arc-length on C.

We now consider the case of two holomorphic discs X; and X5 and a holo-
morphic function f : X; — Xs. Let & : Xy — H be any holomorphic home-
omorphism. Recall that the hyperbolic structure on X} is constructed as the
pullback of the hyperbolic structure on H by &, and that a different choice
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of holomorphic homeomorphism from X to H differs from &, by composition
with an element of Méb™ (H), by the proof of Theorem 4.14.

If f is a homeomorphism as well, then f is an isometry from the hyperbolic
structure on X; to the hyperbolic structure on X5. To see this, note that
because & o f and &; are both holomorphic homeomorphisms from X; to Hi,
there exists an element m of Mob™ (H) so that & o f = m o &. In particular,
this construction yields that f = 52’1 omo&;. As each of f;l, m, and & is an
isometry, we see that f is an isometry.

More interesting is the case in which f is not a homeomorphism. In this case,
we begin with a equivariant formulation of Corollary 4.13 due to Pick.

Theorem 4.16

Let f:H — H be holomorphic. If f is a homeomorphism, then f € Mob™ (H).
If f is not a homeomorphism, then dg(f(z1), f(22)) < dm(z1, 22) for all distinct
21, 29 € H.

To prove Theorem 4.16, we first consider f : D — D holomorphic with f(0) = 0.
Assuming that f is not a homeomorphism, we have that |f(z)| < |z| for all
z € D, z # 0, by Theorem 4.11. As the function & : [0,1) — [0,00) given by

h(t) =In (}—f;) is increasing (as can be seen by verifying that A'(t) > 0 for all

0 <t<1), we see that
1+1f(z)| 1+ |2|
dD(O,f(Z)) =1In ( < dD(O,Z) =1In
1—1f(2)| 1—|z]
for all z € D, z # 0. The proof for a general holomorphic function f : D — D fol-
lows by precomposing and postcomposing by appropriate elements of Méb™ (D).

The proof follows for H and for a general holomorphic disc X using the same
style of argument we have used several times already, when transferring the
hyperbolic structure on H to a hyperbolic structure on a holomorphic disc. Let
f: X1 — X3 be a function that is holomorphic but is not a homeomorphism,
and for k =1, 2, let & : X — H be a holomorphic homeomorphism. Then, we
have that {30 fo&y !'. H — H is holomorphic but is not a homeomorphism. We
apply Theorem 4.16 to £;0 fo 51_1 to see that &0 fo 51_1 decreases hyperbolic
distance. As both & L and &, are isometries, this implies that f must decrease
hyperbolic distance.

The fact that holomorphic functions are nonincreasing on hyperbolic distance
can also be formulated in terms of the respective hyperbolic elements of arc-
length.
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Proposition 4.17

Let f: H — H be holomorphic. Then,

Pl 1
Tm(f(2)) = Tm(2)

for all z € H.

Proof

If f is constant, then f'(z) = 0 for all z € H, and the inequality follows. So, we
can assume that f is nonconstant. We now need to make use of a fact about
nonconstant holomorphic functions: If f is a nonconstant holomorphic function
on H, then f(H) is open. So, if z and w are sufficiently close in H, the hyperbolic
line segment £ joining f(z) and f(w) lies in f(H). Choose a piecewise C'! path
¢: [0, L] — H so that focis an almost simple parametrization of this hyperbolic
line segment /.

Calculating, we see that

B Lo [ @
du(f(2), f(w)) */oc Im(z)|d |/cIm(f(z))d |

1
< —_— .
du(z,w) < /CIm(z) dz|
As du(f(2), f(w)) < du(z,w) by Theorem 4.16, we have that

e, L
L ey < [ iyt

As z and w are arbitrary (as long as they are sufficiently close together), this
is enough to guarantee that

and that

Il 1
Im(f(2)) = Im(z)’
as desired. QED

Exercise 4.11

Consider the function f : D — D given by f(z) = 22 Show that f
is nonincreasing in terms of hyperbolic distance by showing that, if we
express the pullback of the hyperbolic element of arc-length on D by f
as A\(z)|dz|, then A(z) < ﬁ
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We close this section by introducing the notion of curvature. Let X be an open
subset of C, and let dsxy = a(z)|dz| be an element of arc-length on X, where «
is a positive real-valued differentiable function on X. By the same constructions
we have seen several times, this element of arc-length induces a metric on X,
where the distance between two points is the infimum of the lengths of all
piecewise C'! paths joining the two points, where the length of a piecewise C*
path is calculated with respect to this element of arc-length.

There is a numerical quantity associated to the metric that arises from this
element of arc-length, called the curvature of the metric. The study of metrics
and their properties, such as curvature, is properly the subject of differential
geometry, but we will say a few words here.

The curvature of the metric induced by dsy = «(z)|dz| is a function curv :
X — R, which is given explicitly by the formula

2 1% .
curv(z) = — L‘(Z)] 001og(a(z)).
Here, if we write z = x + iy and 3(z) = f(x,y) +ig(x,y), we set

1] 9 ] _1[of 9g  .(dg Of
%= %5 =3 |0 oyt (e 3]

=, 1[0 0 | _1[of 9g  .(9g  Of
86_2{Iﬁ+23yﬁ]_2[3x 5y+z(3x+5y>]

and

Exercise 4.12

Check that

—_

5938 — ! [5% 825} .

0% " Oy?

In particular, note that for the standard Euclidean metric on C, we have a = 1,
and so the curvature of the Euclidean metric on C is identically zero.

For the upper half-plane model H, the hyperbolic element of arc-length is
ﬁmz\, and so the curvature function is

curv(z) = —4 (Tm(2))? 99 log (Iml(z)> "

Note that if we consider the slightly more general hyperbolic element of arc-

length % |dz| on H, we have that the curvature is — .
Im(z) c
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Exercise 4.13

Calculate the curvature of the hyperbolic metric on D coming from the
hyperbolic element of arc-length ﬁ|dz|

Exercise 4.14

Calculate the curvature of the metric on C coming from the element of

arc-length ﬁ |dz|.
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Convexity, Area, and Trigonometry

In this chapter, we explore some finer points of hyperbolic geometry. We first
describe the notion of converity and explore convex sets, including the class
of hyperbolic polygons. Restricting our attention to hyperbolic polygons, we go
on to discuss the measurement of hyperbolic area, including the Gauss—Bonnet
formula, which gives a formula for the hyperbolic area of a hyperbolic polygon
in terms of its angles. We go on to use the Gauss—Bonnet formula to show that
nontrivial dilations of the hyperbolic plane do not exist. We close the chapter
with a discussion of the laws of trigonometry in the hyperbolic plane.

5.1 Convexity

We now have a good working knowledge of the geometry of the hyperbolic
plane. We have several different models to work in, and we have fairly explicit
descriptions of hyperbolic length and hyperbolic distance in these models. We
now begin to explore some of the finer points of hyperbolic geometry.

In this section, we consider the notion of convexity. Recall that we know what
it means for a set Z in the complex plane C to be convex, namely, that for
each pair zg and z; of distinct points in Z, the Euclidean line segment joining
zo and z; also lies in Z. In C, this can be expressed formulaically by saying

145
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that Z is convex if for each pair zy and z; of distinct points of Z, the points
zt = (1 —t)zg +tz; for 0 <t <1 also liein Z.

We can consider this definition in the hyperbolic plane.

Definition 5.1

A subset X of the hyperbolic plane is conver if for each pair of distinct points
z and y in X, the closed hyperbolic line segment ¢, joining = to y is contained
in X.

Unlike in the Fuclidean geometry on the complex plane C, there is not in
general, in the models of the hyperbolic plane we have encountered so far,
a nice parametrization of the hyperbolic line segment joining two arbitrary
points.

Note that because convexity is defined in terms of hyperbolic line segments, it
is an immediate consequence of the definition that convexity is preserved by
hyperbolic isometries. That is, if X is a convex set in the hyperbolic plane and
if v is an isometry of the hyperbolic plane, then v(X) is also convex.

Proposition 5.2

Hyperbolic lines, hyperbolic rays, and hyperbolic line segments are convex.

Proof

Let ¢ be a hyperbolic line, and let  and y be two points of £. By Proposition
1.2,  and y determine a unique hyperbolic line, namely, ¢, and so the closed
hyperbolic line segment ¢,,, joining x to y is necessarily contained in ¢. Hence,
{ is convex.

This same argument also shows that hyperbolic rays and hyperbolic line seg-
ments are convex. This completes the proof of Proposition 5.2. QED

Convexity behaves well under intersections.

Exercise 5.1

Suppose that {X, }oeca is a collection of convex subsets of the hyperbolic
plane. Prove that the intersection X = Ny,eca X, is convex.
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Another example, and in a sense the most basic example, of a convex set in
the hyperbolic plane is a half-plane, as discussed in Section 2.9. To recall the
definition, given a hyperbolic line £ in the hyperbolic plane, the complement of ¢
in the hyperbolic plane has two components, which are the two open half-planes
determined by £.

A closed half-plane determined by £ is the union of ¢ with one of the two open
half-planes determined by £. We often refer to ¢ as the bounding line for the
half-planes it determines. We describe why half-planes can be thought of as the
most basic convex sets at the end of this section.

We now show that half-planes are convex.

Proposition 5.3

Open half-planes and closed half-planes in the hyperbolic plane are convex.

Proof

We work in the upper half-plane model H, and we begin with a specific half-
plane. Let I be the positive imaginary axis in H, and consider the open right
half-plane

U={ze€H|Re(z) >0}
in H determined by I.

Let « and y be two points of U. If Re(z) = Re(y), then the hyperbolic line seg-
ment ¢, joining x to y is contained in the Euclidean line L = {z € H|Re(z) =
Re(z)}. As Re(z) > 0, we see that L is contained in U, and so £, is contained
inU.

If Re(z) # Re(y), then the hyperbolic line segment ¢, joining z to y lies in
the Euclidean circle C with centre on the real axis R. As the intersection of C'
and I contains at most one point, and as both x and y are contained in U, we
see that €., is contained in U.

So, U is convex. Combining this argument with the fact that Mo6b(H) acts
transitively on the set of open half-planes of H, by Exercise 2.43, and the fact
that Mob(H) preserves convexity, we have that every open half-plane in H is
convex.

We may repeat this argument without change with a closed half-plane, and
obtain that closed half-planes are convex as well. This completes the proof of
Proposition 5.3. QED
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Exercise 5.2

Prove that the open hyperbolic disc D in the Poincaré disc D with
hyperbolic centre 0 and hyperbolic radius s > 0 is convex. Conclude
that all hyperbolic discs are convex.

On the other hand, convexity does not behave well under unions. To take
one example, let £; and f5 be two distinct, although not necessarily disjoint,
hyperbolic lines.

Take points z; on ¢ and 29 on #5, chosen only so that neither z; nor zs is the
point of intersection ¢1 N ¢y of 1 and ¢5. Then, the hyperbolic line segment /15
joining z1 to zo does not lie in #; U {5, and so ¢ U #5 is not convex.

For an illustration of this phenomenon for the two hyperbolic lines in H con-
tained in the positive imaginary axis and the unit circle, see Figure 5.1.

Figure 5.1: The nonconvex union of two hyperbolic lines

Adding the hypothesis of convexity allows us to refine some results from Section
3.7 about the properties of the hyperbolic metric and the hyperbolic distance
between sets. For example, consider the following generalization of Exercise
3.19.

Proposition 5.4

Let X be a closed, convex subset of H, and let z be a point of H not in X.
Then, there exists a unique point z € X with dg(z, ) = du(z, X).

Proof

We first show that there exists some point z of X with dg(z,x) = du(z, X).
As dg(z, X) = inf{du(z,x) | x € X}, there exists a sequence {z,,} of points of
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X so that
lim dg(z,z,) = dg(z, X).

n—oo

In particular, by the definition of convergence, there is some N > 0 so that
di(z, zn) < dm(z,X)+1forn > N. Set C =dpu(z, X)+ 1, and let

Vo(z) = {w e H| du(z,w) < C}

denote the closed hyperbolic disc with hyperbolic centre z and hyperbolic radius
C.

The subset X NV (z) of H is closed and bounded, and hence it is compact. As
{z, |n > N} is a sequence contained in the compact subset X NV (z) of H,
there exists a subsequence {xz,, } of {z,, |n > N} that converges to some point
x of H. As each x,, is contained in X and as X is closed, we have that z € X.

As

dy(z,z) = kl;ngo du(z,zn,) = nh_}rrolo du(z, zn),

we have that dyg(z, z) = dg(z, X).

We need now to show that this point x is unique. So, suppose there are two
points 1 and x5 of X so that

du(z, X) = du(z, z1) = du(z, 22).
Let 415 be the hyperbolic line segment joining x; to x2, and let £ be the hyper-

bolic line containing £15.

By Exercise 3.19, there exists a unique point xq of £ so that dg(z, ¢) = dg(z, o).
Moreover, looking at the solution to Exercise 3.19, the hyperbolic distance from
z to a point y of ¢ increases monotonically as a function of the hyperbolic
distance dg(zp,y) between zg and y.

In particular, because dg(z,21) = du(z,z2), the point zy of ¢ realizing the
hyperbolic distance dy/(z, £) must lie between 1 and x5. That is, ¢ is contained
in 612.

As x1 and x4 are both points of X, the convexity of X gives that £15 is contained
in X, and hence that zq is a point of X. However, if x; # x3, then

du(z,z0) < du(z,z1) = dg(z, X),

which is a contradiction. This completes the proof of Proposition 5.4. QED
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Note that open convex sets do not have the property shown to hold for closed
convex sets in Proposition 5.4. For example, let U be an open half-plane de-
termined by a hyperbolic line ¢. Then, for each point z € ¢, we have that
du(z,U) = 0, but there does not exist a point z € U with dg(z,z) = 0.

The examples of convex sets given to this point have been either open or closed
subsets of the hyperbolic plane. There are also convex sets in the hyperbolic
plane that are neither open nor closed.

To take a specific example, let U be an open half-plane determined by a hyper-
bolic line ¢, let  and y be two points on ¢, and let £,, be the closed hyperbolic
line segment joining x and y. Then, the union U U¥,,, is convex, but it is neither
open nor closed.

In fact, let U be an open half-plane determined by the hyperbolic line ¢, and
let X be any subset of £. Then, the union U U X is convex if and only if X is
a convex subset of £. We leave this for the interested reader to verify.

A common way exists of generating convex sets in the hyperbolic plane, namely,
by taking convex hulls. Given a subset Y of the hyperbolic plane, the convex
hull conv(Y') of Y is the intersection of all convex sets in the hyperbolic plane
containing Y.

For example, for the set Y = {x,y} containing two distinct points, the convex
hull conv(Y) of Y is the closed hyperbolic line segment £, joining = and y. By
Proposition 5.2, we know that £, is convex. It remains only to show that there
does not exist a convex set containing x and y that is properly contained in
£5y. But from the definition of convexity, we see that any convex set containing
z and y must contain the closed hyperbolic line segment ¢, joining them, and
so conv(Y) = £yy.

Naively, we should expect the convex hull of a convex set to be the convex set,
and this is indeed the case.

Exercise 5.3

Let X be a convex set in the hyperbolic plane. Prove that conv(X) = X.

We saw above that the convex hull of a pair of distinct points in the hyperbolic
plane is the closed hyperbolic line segment joining the two points, and so the
convex hull of a nonconvex set can be considerably larger than the set.
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Exercise 5.4

Let ¢1 and /5 be two distinct hyperbolic lines. Determine the convex hull
conv (¢, U ¢y) of their union.

The reason we said earlier in this section that half-planes are the most basic
convex sets in the hyperbolic plane is that convex sets in the hyperbolic plane
are generally the sets that can be expressed as the intersection of a collection
of half-planes.

To get a feel for the question being considered, we start with a particular
example, namely, the positive imaginary axis I in H. As I is a hyperbolic line
in H, we know from Proposition 5.2 that I is convex.

To express I as the intersection of a collection of closed half-planes, consider
the two closed half-planes A and B determined by I, namely,

A={z€H|Re(z) >0} and B = {z € H|Re(z) <0}
Then, ANB =1 ={z¢€ H|Re(z) =0}.
We may also express I as the intersection of a collection of open half-planes,

by expressing each closed half-plane above as the intersection of a collection of
open half-planes. Specifically, for each € > 0, let

A. ={z € H|Re(z) > —¢} and B. = {z € H| Re(z) < ¢}.

Then, we can express A as the intersection A = N.~¢A. and B as the intersec-
tion B = N.>oB:. Hence, we can express I as

I = ﬁ8>0(A€ n BE)

As M6b(H) acts transitively on the set £ of hyperbolic lines in H, this argument
shows that every hyperbolic line can be expressed both as the intersection of
a collection of closed half-planes and as the intersection of a collection of open
half-planes.

Exercise 5.5

Express a closed hyperbolic ray and a closed hyperbolic line segment
both as the intersection of a collection of open half-planes and as the
intersection of a collection of closed half-planes.
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Theorem 5.5

A closed subset X of the hyperbolic plane is convex if and only if X can be
expressed as the intersection of a collection of half-planes.

Proof

We have already proven one direction of Theorem 5.5: We know from Propo-
sition 5.3 that half-planes are convex, and we know from Exercise 5.1 that the
intersection of a collection of convex sets is convex. Hence, the intersection of
a collection of half-planes is convex.

Suppose now that X is a closed convex set in the hyperbolic plane. It remains
only to show that X can be expressed as the intersection of a collection of
half-planes. We work in the upper half-plane model H of the hyperbolic plane.

Let z be a point of H that is not contained in X. By Proposition 5.4, there
exists a unique point z, € X with dg(z,z,) = dg(z, X).

Let M, be the hyperbolic line segment joining x, and z, and let L, be the hy-
perbolic line perpendicular to M, and passing through x,. The hyperbolic line
L, is the bounding line for two half-planes, the open half-plane A, containing
z and the closed half-plane B, not containing z.

We show that X is contained in B,. Suppose not. As A, and B, are disjoint
half-planes whose union is H, there must then exist a point p, of X N A,. Let
£, be the hyperbolic line segment joining x, to p,, and let £ be the hyperbolic
line containing £, .

As M, is perpendicular to L,, and as M, and L, intersect at x,, we have by
Proposition 5.4 and the solution to Exercise 3.19 that

d]HI(Z7 y) > dH(Za xZ)

for every point y in L, with equality if and only if y = z,.

Also, for any point y of B, that is not contained in L., the hyperbolic line
segment joining y to z intersects L, and so we have that

dH(Zay) > dH(LZaZ> = dH(.’lfz,Z)

as well. That is, we have that

dl}]I(ya Z) > dH($Z7 Z)

for every point y of the closed half-plane B,, with equality if and only if y = x.
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Now apply Proposition 5.4 to the point z and the hyperbolic line ¢. The only
hyperbolic line through x, that intersects M, perpendicularly is L,. As p, is
contained in A, and as A, and L, are disjoint, we have that £ # L., and so /¢
and M, cannot intersect perpendicularly.

As ¢ and M, do not intersect perpendicularly, the solution to Exercise 3.19
implies that there exists a point a of £ so that

du(a, 2) < du(z., 2).

By the argument just given, this point a cannot lie in B,, and so there exists
a point a of £N A, so that

dg(a, 2) < dg(z., 2).

Let a, be the point of £ given by the solution to Exercise 3.19 that satisfies
du(z, a¢) < du(z,a)

for every point a of ¢. As dg(a,z) is monotone increasing as a function of
du(a, ar), we see that ay is contained in A, as well.

In particular, regardless of whether a, is or is not contained in £,, there exists
a point b, of £, that satisfies

du(z,b,) < du(z,z.).
However, as X is convex and as both endpoints p, and z, of £, are points of X,

we have that £, is contained in X. Here is where we make use of the convexity
of X.

So, we have constructed a point b, of X for which
du(z,b,) < du(z,z.).

This construction contradicts the choice of x,. This contradiction completes
the proof of the claim that X is contained in the closed half-plane B, .

Finally, note that we can express X as the intersection of closed half-planes
X=n{B,|z€Hand z ¢ X}.
This completes the proof of Theorem 5.5. QED

One consequence of Theorem 5.5 is that we can generalize the scope of our
definition. Namely, we can define what it means for a subset of the union of the
hyperbolic plane and its boundary at infinity to be convex, without actually
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altering the definition in any essential way. To make this explicit, we work in
the upper half-plane model H, whose boundary at infinity is R.

Each hyperbolic line ¢ in H determines a pair of points in R, namely, its end-
points at infinity, and each half-plane determined by ¢ is naturally associated
with one of the two arcs in R determined by this pair of points. So, with only a
slight abuse of language, we can speak of a half-plane in H containing a point
in R.

In particular, for a subset X of HUR, define the conver hull conv(X) of X in
H to be the intersection of all half-planes in H containing X.

For example, if 2 and y are two distinct points in R, the convex hull conv(Y))
of the set Y = {z,y} is the hyperbolic line determined by x and y. Similarly,
if z is a point of H and if z is a point of R, the convex hull conv(Z) of the set
Z ={z,x} is the closed hyperbolic ray determined by z and z.

5.2 Hyperbolic Polygons

As in Eulidean geometry, the polygon is one of the basic objects in hyperbolic
geometry. In the Euclidean plane, a polygon is a closed convex set that is
bounded by Euclidean line segments. We would like to mimic this definition as
much as possible in the hyperbolic plane.

Starting from the definition of convexity and its characterization in Section 5.1,
namely, that a convex set is the intersection of a collection of half-planes, we
need to impose a condition on this collection. The condition we impose is local
finiteness.

Definition 5.6

Let H = {Hu}aca be a collection of half-planes in the hyperbolic plane, and
for each o € A, let £, be the bounding line for H,. The collection H is locally
finite if for each point z in the hyperbolic plane, there exists some € > 0 so
that only finitely many bounding lines £, of the half-planes in H intersect the
open hyperbolic disc U(z) of hyperbolic radius € and hyperbolic centre z.

In other words, even though the collection {H,} may be infinite, near each
point it looks as though it is a finite collection when viewed in the hyperbolic
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disc of radius . Note that the value of € needed will in general depend on the
point z.

It is easy to see that every finite collection H = {Hy}i1<k<n of half-planes
is locally finite, because every open disc Uc(z) in the hyperbolic plane can
intersect at most n bounding lines, because there are only n half-planes in the
collection.

Less easy to see is that there cannot exist an uncountable collection of half-
planes that is locally finite.

Exercise 5.6

Prove that an uncountable collection of distinct half-planes in the hy-
perbolic plane cannot be locally finite.

One example of an infinite collection of half-planes that is locally finite is the
collection { H,, } nez in H, where the bounding line ¢,, of H,, lies in the Euclidean
circle with Euclidean centre n and Euclidean radius 1, and where H,, is the
closed half-plane determined by ¢, that contains the point 2i. Part of this
collection of bounding lines is shown in Figure 5.2.

(INYYNYYYYYIN

Figure 5.2: Some bounding lines

To see that {H,} is locally finite, take some point « € H. For each ¢ > 0,
consider the open hyperbolic disc U.(z) with hyperbolic centre x and hyper-
bolic radius €. The hyperbolic distance between x and the hyperbolic line £,,
contained in the Euclidean line {z € H | Re(z) = Re(z) + 1} satisfies

7
Im(z)’
because the right-hand side is the hyperbolic length of the Euclidean line seg-
ment joining x to z + u.

dH(x7£;L) <

In particular, the hyperbolic disc Uc(z) is contained in the strip
{z € H|Re(z) — e Im(z) < Re(z) < Re(x) + e Im(x)}.

As for each € > 0 this strip intersects only finitely many ¢,,, we see that the
collection {H,} is locally finite.
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However, just because a collection of half-planes is countable does not imply
that it is locally finite. For example, consider the collection H = {H,, }nen of
closed half-planes in H, where the bounding line ¢,, of H, is the hyperbolic
line in H contained in the Euclidean circle of Euclidean radius 1 and Euclidean
centre %, and where H,, is the closed half-plane determined by £,, that contains
2i.

To see that H is not locally finite, we observe that for each € > 0 the open
hyperbolic disc U, (i) intersects infinitely many ¢,,, including those for which
the hyperbolic distance dg (i, L + ) satisfies dg(i, = + 1) < e.

Definition 5.7

A hyperbolic polygon is a closed convex set in the hyperbolic plane that can be
expressed as the intersection of a locally finite collection of closed half-planes.

One thing to note about this definition is that for a given hyperbolic polygon
P, there will always be many different locally finite collections of closed half-
planes whose intersection is P. Also, we use closed half-planes in the definition,
because a closed subset of H cannot be expressed as the intersection of a locally
finite collection of open half-planes.

We have already seen one example of a hyperbolic polygon in H, namely,
NnezHy, where H,, is the closed half-plane determined by the hyperbolic line
/,, contained in the Euclidean circle with Euclidean centre n € Z and Euclidean
radius 1.

Another example of a hyperbolic polygon in H is shown in Figure 5.3. It is
the intersection of the five closed half-planes H; = {z € H | Re(z) < 1},
Hy ={z€H|Re(z) > -1}, Hs={z € H||2| > 1}, Hy ={z € H||z—1]| > 1},
and Hs = {z € H| |z + 1| > 1}.

In addition to individual hyperbolic polygons, we can also consider families of
hyperbolic polygons. For this example, we work in the Poincaré disc . For

r > 1, consider the hyperbolic polygon P, that is the intersection of the four
closed half-planes

Hy,={zeD||z—ri*| >/r2 -1}
for k=0, 1, 2, 3. For an illustration of such a P, with » = 1.5, see Figure 5.4.

Up to this point, none of our definitions have made use of any intrinsic property
of any specific model of the hyperbolic plane. In fact, everything we have said
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Figure 5.3: A hyperbolic polygon in H

Figure 5.4: A hyperbolic polygon in D

makes sense in every model, and so we are free to apply these definitions in
whichever model is most convenient or most comfortable.

Note that by the definition of hyperbolic polygon we have chosen, there are
some subsets of the hyperbolic plane that satisfy the definition of a hyperbolic
polygon, but we do not want to consider them to be hyperbolic polygons.

For example, a hyperbolic line £ is a hyperbolic polygon, because it is a closed
convex set in the hyperbolic plane that can be expressed as the intersection
Ay N By, where Ay and By are the two closed half-planes determined by £.

It is a bit uncomfortable having a hyperbolic line as a hyperbolic polygon. One
way to get around this possibility is to impose another condition. Recall that
the interior of a set X in the hyperbolic plane is the largest open set contained
in X. The interior of a hyperbolic line is empty, because a hyperbolic line does
not contain an open subset of the hyperbolic plane.
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Definition 5.8

A hyperbolic polygon is nondegenerate if it has nonempty interior. A hyperbolic
polygon is degenerate if it has empty interior.

Unless explicitly stated otherwise, we assume that all hyperbolic polygons are
nondegenerate. For instance, the examples of hyperbolic polygons shown in the
figures in this section are all nondegenerate. And as it turns out, the degenerate
hyperbolic polygons are easy to understand.

Exercise 5.7

Prove that a degenerate hyperbolic polygon is either a hyperbolic line,
a closed hyperbolic ray, a closed hyperbolic line segment, or a point.

Let P be a hyperbolic polygon in the hyperbolic plane. The boundary 0P of P
has a nice decomposition. To see this decomposition, let ¢ be a hyperbolic line
that intersects P. It may be that ¢ intersects the interior of P. In this case, the
intersection P N ¥ is a closed convex subset of £ that is not a point, and so it is
either a closed hyperbolic line segment in ¢, a closed hyperbolic ray in ¢, or all
of /.

On the other hand, it may be that ¢ does not pass through the interior of P.
In this case, P is contained in a closed half-plane determined by ¢. The proof
of this result is similar to the analysis carried out in detail in Section 5.1. The
intersection PN/ is again a closed convex subset of £, and so it is either a point
in £, a closed hyperbolic line segment in ¢, a closed hyperbolic ray in ¢, or all
of £. All four possibilities can occur, as is shown in Figure 5.5.

Here, the hyperbolic polygon P is the intersection of four closed half-planes,
namely, H; = {z € H|Re(z) < 1}, Hy = {z € H|Re(z) > -1}, H3 = {z €
H||z| > 1}, and Hy = {z € H| |z + 1| > 1}. The bounding lines of P intersect
P in turn in a hyperbolic line, a closed hyperbolic ray, a closed hyperbolic ray,
and a closed hyperbolic line segment. The hyperbolic line £ whose endpoints at
infinity are —3 and f% intersects P in a single point.

In general, let P be a hyperbolic polygon and let £ be a hyperbolic line so that
P intersects ¢ and so that P is contained in a closed half-plane determined by
£. If the intersection PN/ is a point, we say that this point is a vertex of P. In
the other cases, namely, that the intersection PN/ is either a closed hyperbolic
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-4 ) 2 ] o 1 2

Figure 5.5: Intersections of hyperbolic lines with a hyperbolic polygon

line segment, a closed hyperbolic ray, or all of ¢, we say that this intersection is
a side of P. The sides and vertices of a hyperbolic polygon are closely related.

Lemma 5.9

Let P be a hyperbolic polygon. Each vertex of P is an endpoint of a side of P.

Proof

Lemma 5.9 is a fairly direct consequence of our definition of a hyperbolic poly-
gon as the intersection of a locally finite collection of closed half-planes of the
hyperbolic plane.

To start the proof of Lemma 5.9, express P as the intersection of a locally finite
collection H of distinct closed half-planes. Write H = {H,, },c4, where A is a
(necessarily) countable set, and let ¢,, be the bounding line of H,,.

Let p be a point of P. The local finiteness of H implies that there exists some
g0 > 0 so that only finitely many ¢,, intersect the open hyperbolic disc U, (p).

For § < eg, the number of bounding lines that intersect Us(p) is bounded
above by the number of bounding lines that intersect U, (p). In particular, as
d — 0, the number of bounding lines intersecting Us(p) either stays constant
or decreases.

As there are only finitely many bounding lines that intersect U, (p), there
exists some € < gp so that all bounding lines that intersect U.(p) actually pass
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through p. This is the crucial point at which we make use of the local finiteness
of the collection H.

Let Hy,..., H, be the closed half-planes in ‘H whose bounding lines contain p,
and consider their intersection. As P is nondegenerate, P is not contained in
a hyperbolic line, and so no two of these closed half-planes can have the same
bounding line.

The n bounding lines break the hyperbolic disc U(p) into 2n wedge-shaped
regions. The intersection N}_,Hy is one of these wedge-shaped regions. An
illustration of this phenomenon in the Poincaré disc D with the vertex p = 0 is
given in Figure 5.6.

Figure 5.6: Wedges of a hyperbolic disc

Note that there are necessarily two half-planes H; and H,, in the collection H
so that NY_, Hy = H; N Hp,.

In particular, the vertex p is the point of intersection of the two bounding lines
£; and ¢,,, and the two sides of P that contain p are the sides of P contained
in ¢; and /,,,. This completes the proof of Lemma 5.9. QED

The proof of Lemma 5.9 shows that there exists a very good local picture of the
structure of the boundary of a hyperbolic polygon P. In fact, given a hyperbolic
polygon, we can make use of this proof to construct a canonical locally finite
collection of closed half-planes H whose intersection is P.

Namely, let P be a hyperbolic polygon in the hyperbolic plane. Construct
a collection H of closed half-planes as follows: Enumerate the sides of P as
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S1y++.,8k,.... For each s, let £; be the hyperbolic line that contains si, and let
Hj, be the closed half-plane determined by ¢}, that contains P. Then H = {Hy}
is a locally finite collection of closed half-planes, and

One consequence of this analysis is that each vertex v of a hyperbolic polygon
P is the intersection of two adjacent sides of P. In particular, we can measure
the interior angle inside P at v.

Definition 5.10

Let P be a hyperbolic polygon, and let v be a vertex of P that is the intersection
of two sides s; and sy of P. Let ¢; be the hyperbolic line containing sj;. The
union ¢; U ¢ divides the hyperbolic plane into four components, one of which
contains P. The interior angle of P at v is the angle between /1 and /5, measured
in the component of the complement of ¢; U ¢5 containing P.

Let P be a hyperbolic polygon. With the definition of vertex we have given, a
vertex of P cannot lie inside a side of P, and so any interior angle of P lies in
the range (0, 7).

We can relax this definition of vertex a bit.

Definition 5.11

A hyperbolic polygon P in the hyperbolic plane has an ideal vertex at v if there
are two adjacent sides of P that are either closed hyperbolic rays or hyperbolic
lines and that share v as an endpoint at infinity.

Let P be a hyperbolic polygon with an ideal vertex. Then the interior angle of
P at the ideal vertex is 0, which is easy to see if we look in the upper half-plane
H. If the hyperbolic polygon P in H has an ideal vertex at v, and if s; and s
are the sides of P sharing the ideal vertex at v, then the circles in C containing
s1 and so are tangent at v, and hence the angle between them is 0. See Figure
5.7 for a hyperbolic polygon in H with an ideal vertex at co.

We close this section by discussing some basic types of hyperbolic polygons.
We begin with the following definition, which we use to restrict the class of
hyperbolic polygons we will work with.
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Figure 5.7: A hyperbolic polygon with an ideal vertex at oo

Definition 5.12

A finite-sided polygon P in the hyperbolic plane is reasonable if P does not
contain an open half-plane.

Note that if P is a reasonable hyperbolic polygon with sides s1, ..., s, (labelled
counterclockwise), then each adjacent pair of sides s; and s;41 (where s,,41 =
s1) shares either a vertex or an ideal vertex. In particular, the sum of the
number of vertices of P and the number of ideal vertices of P is equal to the
number of sides of P.

For a general finite-sided hyperbolic polygon @, the best that can be said is
that sum of the number of vertices of () and the number of ideal vertices Q
is bounded above by the number of sides of @, as the endpoint at infinity of
a side of a polygon need not be an ideal vertex. The example to keep in mind
is a closed hyperbolic half-plane, which has one side and no vertices or ideal
vertices.

Now, consider compact hyperbolic polygons. As a compact hyperbolic polygon
P is necessarily bounded (by the definition of compactness), as P necessarily
has only many finite sides (by the local finiteness of the collection of half-planes
whose intersection is P), and as hyperbolic rays and hyperbolic lines are not
bounded, all sides of P are closed hyperbolic line segments. In particular, a
compact hyperbolic polygon has no ideal vertices, and the number of vertices
equals the number of sides. Hence, a compact hyperbolic polygon is necessarily
reasonable. In fact, a bit more is true.

Exercise 5.8

Let P be a compact hyperbolic polygon. Prove that P is the convex hull
of its vertices.
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Although we focus the bulk of our attention on compact hyperbolic polygons,
noncompact reasonable hyperbolic polygons will play an important role in the
later sections of this chapter.

A hyperbolic n-gon is a reasonable hyperbolic polygon with n sides. A compact
hyperbolic n-gon is reqular if its sides have equal length and if its interior angles
are equal. For each integer n > 3, an ideal n-gon is a reasonable hyperbolic
polygon P that has n sides and n ideal vertices.

As in the Euclidean plane, several hyperbolic polygons have particular names.
A hyperbolic triangle is a reasonable hyperbolic polygon with three sides. See
Figure 5.8 for an ideal hyperbolic triangle and a three-sided hyperbolic polygon
that is not a hyperbolic triangle. A hyperbolic quadrilateral is a reasonable
hyperbolic polygon with four sides, and a hyperbolic Thombus is a hyperbolic
quadrilateral whose sides have equal length.

Figure 5.8: An ideal hyperbolic triangle and a three-sided hyperbolic polygon

A hyperbolic parallelogram is a hyperbolic quadrilateral whose opposite sides are
contained in parallel or ultraparallel hyperbolic lines. Note that, as parallelism
is a much different condition in the hyperbolic plane than it is in the Euclidean
plane, there is a much greater variety of possible hyperbolic parallelograms
than there are Euclidean parallelograms.

Exercise 5.9
For s > 2, let Qs be the hyperbolic quadrilateral in H with vertices

r1=1t1—1,20=2i—1, 23 =1+ 1, and x4 = si+ 1. Determine the values
of s for which Qs is a hyperbolic parallelogram.

Exercise 5.10

Let P be an ideal polygon, and let {pi,...,px} be its ideal vertices.
Prove that P = conv({p1,...,px}).
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Exercise 5.11

Let T be a hyperbolic triangle in H with sides A, B, and C. For any
point « € A, prove that

dg(z, BUC) <1In(1 + v/2).

Exercise 5.12

Let A be a hyperbolic circle in the Poincaré disc D with the property
that there exists a hyperbolic ideal triangle T' circumscribing A. Show
that, for every point z € S!, there exists a hyperbolic ideal triangle 7T,
with one ideal vertex at z circumscribing A.

5.3 The Definition of Hyperbolic Area

In addition to those we have already mentioned, one of the nice properties
of hyperbolic convex sets in general, and hyperbolic polygons in particular, is
that it is easy to calculate their hyperbolic area. But first, we need to define
hyperbolic area. For now, we work in the upper half-plane model H.

Recall that in H, the hyperbolic length of a piecewise C'! path, and from this
the hyperbolic distance between a pair of points, is calculated by integrating
the hyperbolic element of arc-length ﬁ|dz| along the path. The hyperbolic
area of a set X in H is given by integrating the square of the hyperbolic element
of arc-length over the set.

Definition 5.13

The hyperbolic area areag(X) of a set X in H is given by the integral

1 1
areag(X) = ——drdy = — dz dy,

where z = x + iy.
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For example, consider the region X in H that is bounded by the three Euclidean
lines {z € H|Re(z) = —1}, {z € H|Re(z) = 1}, and {z € H|Im(z) = 1}. Note
that as {z € H|Im(z) = 1} is not contained in a hyperbolic line, the region X
is not a hyperbolic polygon, although it is convex.

The hyperbolic area of X is then

1 1 oo 1 1
areaH(X):/ —2dmdy:/ / —2dydx:/ dz = 2.
xY -1J1 Y -1

Exercise 5.13

For s > 0, let X be the region in H bounded by the three Euclidean
lines {z € H|Re(z) = —1}, {z € H|Re(z) = 1}, and {z € H|Im(z) = s}.
Calculate the hyperbolic area areap(X) of X.

In our discussion of hyperbolic lengths of piecewise C! paths, we actually de-
rived the hyperbolic element of arc-length under the assumption that it was
invariant under Mob(H). It then followed immediately that hyperbolic length
was naturally invariant under Mob(H).

However, as we will see in Exercise 5.15, we cannot derive the formula for
hyperbolic area by assuming invariance under the action of M6b(H), as the
group of transformations of H preserving hyperbolic area is much larger than
Mob(H). So, we spend the remainder of this section giving a direct proof that
hyperbolic area is invariant under the action of Méb(H) = Isom(H, dy).

Theorem 5.14

Hyperbolic area in H is invariant under the action of Méb(H). That is, if X be
a set in H whose hyperbolic area areay(X) is defined and if A is an element of
Mob(H), then

areay (X ) = areag(A(X)).

Proof

The proof of Theorem 5.14 is an application of the change of variables theorem
from multivariable calculus, which we recall here. Let F' : R2 — R? be a
differentiable function, which we write as

F(z,y) = (f(z,y),9(z,v)),
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and consider its derivative DF', written in matrix form as

o () 29(p

{;Ty(l‘vy) fTZ(way)

The change of variables theorem states that, under fairly mild conditions on a
set X in R? and a function h on X, we have

/ h(z,y) dedy = / ho F(z,y) |det(DF)| dx dy.
F(X) bl

We do not give the most general statement of the conditions for the change
of variables theorem. For our purposes, it suffices to note that the change of

variables theorem applies to convex subsets X of H and to continuous functions
h.

We begin by applying the change of variables theorem to an element A of
M&b™ (H). We first rewrite A in terms of 2 and y as

A(Z):az—i—b _ (az+b)(cz+ d)
cz+d (cz+d)(cz+d)
B acx? + acy? + bd + bex + adx Y
B (cx + d)? + 2y? l(c;v—l—d)? + c2y?’

where a, b, ¢, d € R and ad — bc = 1.

So, consider the function A : H — H given by

Alz,y) = (acx2+acy2+bd+bcx+adx’ Yy )
(cx 4 d)? + c2y? (cx 4+ d)? + c2y?
Calculating, we see that
(ca+d)?—cy? 2cy(cz+d)
pate) = ( VI T ).
(e td)>+c2yD)?  ((catd)> T c2y?)?

In particular, we have that
1

det(DA(z,y)) = (T

For the calculation of hyperbolic area in H, we integrate the function h(x,y) =
L and so we need to calculate the composition

Pa
(e + d)? + c2y?)?
— 72 )

ho A(z,y)
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Hence, the change of variables theorem yields that

areag (A(X)) = /A e

x) ¥’
= /hoA(x,y) |det(DA)| dx dy
b'e

2 2,,2\2
_ / ((cx 4+ d)* 4 c*y?) 1 de dy
X y? ((cx +d)? + c2y?)?

dz dy

1
= /—dedy:areaH(X),
xY

as desired.

To complete the proof of Theorem 5.14, we need only show that hyperbolic area
is invariant under B(z) = —Z, which is the content of the following exercise.

Exercise 5.14

Use the change of variables theorem to prove that hyperbolic area in H
is invariant under B(z) = —Z.

This completes the proof of Theorem 5.14. QED

As mentioned earlier in this section, unlike in the case of hyperbolic length, in
which M&b(H) is exactly the group of transformations of H preserving hyper-
bolic length, there are transformations of H that preserve hyperbolic area but
that do not lie in M6b(H).

Exercise 5.15

Consider the homeomorphism f of H given by f(z) = z+Im(z). Use the
change of variables theorem to prove that f preserves hyperbolic area.
Show further that f is not an element of M6b(H).

Exercise 5.16

Let F : H — H have the form F(z,y) = (z,¢(z,y)). Determine the
conditions on g(z,y) which imply that F' preserves hyperbolic area. Give
a geometric interpretation of the result of your calculation.
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Although we do not prove it, we note that this definition of hyperbolic area
makes sense for every convex set in H, and for many nonconvex sets. We do
not address the general question of determining the sets in H for which this
definition of hyperbolic area makes sense.

In the same way that we defined the hyperbolic element of area in H, this entire
discussion can be carried out in any of the other models of the hyperbolic plane,
such as the Poincaré disc model D.

In the Poincaré disc D, there are two natural coordinate systems that come from
the fact that D is a subset of C, namely, the standard cartesian coordinates and
polar coordinates. In the cartesian coordinates x and y, the hyperbolic area of
a set X in D is written

4 4
X)=| ——sdedy= | ————= dxdy.
wens () = | 7 07 = [ e 07
In polar coordinates, using the standard conversion x = rcos(f) and y =
rsin(f) from cartesian to polar coordinates, this integral becomes

areap(X) = /X (1_4%)2 dr dé.

Exercise 5.17

Given s > 0, let Dy be the open hyperbolic disc in D with hyperbolic cen-
tre 0 and hyperbolic radius s. Show that the hyperbolic area areap (D)
of Dy is

1
areap (D) = 4 sinh? <25> .

Exercise 5.18

Let D, be as defined in Exercise 5.17. Describe the behaviour of the

quantity
lengthp (.S
q]D)(S) — g ]D)( 5).
areap(Dy)
Compare the behaviour of ¢p(s) with the corresponding quantity gc

calculated using a Euclidean circle and a FEuclidean disc in C.
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We close this section with the following observation. Although we do not give a
proof of it, there is a general formula relating the hyperbolic length lengthy, (C)
of a simple closed curve C' in D and the hyperbolic area areap (D) of the region
D in D bounded by C. Specifically,

[lengthy (C)]? — 47 areap (D) — [areap(D)]* > 0.

Note that in D, it follows from Exercise 4.4 and Exercise 5.17 that the minimum
of 0 is achieved when C is a hyperbolic circle and D is the hyperbolic disc
bounded by C. However, we cannot conclude solely from this calculation that
any region in D that achieves the minimum of 0 in this inequality is in fact a
hyperbolic disc.

Such an inequality is called an isoperimetric inequality, as it can be viewed as an
equation describing the maximum area of all regions bounded by simple closed
curves of a fixed length. This sort of inequality is not specific to the hyperbolic
plane; variants hold for a wide range of spaces. For more information about
isoperimetric inequalities in general, the interested reader is referred to the
encyclopedic work of Burago and Zalgaller [13] and the references contained
therein.

5.4 Area and the Gauss—Bonnet Formula

Now that we have shown that hyperbolic area in H is invariant under the
action of Méb(H), we can more easily calculate the hyperbolic area of relatively
simple sets in the hyperbolic plane, such as hyperbolic polygons. We begin by
considering hyperbolic triangles.

One approach would be to proceed by direct calculation. That is, for a hyper-
bolic triangle P, we would write explicit expressions for the Euclidean lines
and Euclidean circles containing the sides of P and use these as the limits of
integration to calculate the hyperbolic area of P. However, even for a specific
hyperbolic triangle, this approach is not effective and is far too unwieldy to use
to derive the formula for the hyperbolic area of a general hyperbolic triangle.

Another approach to try is to express our given hyperbolic triangle somehow
in terms of hyperbolic triangles whose hyperbolic areas are significantly easier
to calculate. We take this approach.

We begin with a simple example. Consider a hyperbolic triangle P with one
ideal vertex v1, and with two other vertices vo and v3, which might or might
not be ideal vertices. Let ¢;; be the hyperbolic line determined by v; and vy.
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We now make use of the transitivity properties of Mdéb(H) as described in
Section 2.9. Namely, let v be an element of Mob(H) that takes vy to oo and
that takes f3 to the hyperbolic line contained in the unit circle, so that v, = €%
and vy = 6”, where 0 < 0 < ¢ < 7. (We allow § = 0 and ¢ = 7 to allow for
the possibility that one or both of vo and vs is an ideal vertex.) See Figure 5.9.

Figure 5.9: The case of one ideal vertex

As hyperbolic area is invariant under the action of M6b(H), we may thus assume
P to be the hyperbolic triangle with an ideal vertex at oo, and with two other
vertices at € and e*?, where 0 < § < ¢ < 7. As P has at least one ideal
vertex, it is not compact, but we can still easily calculate its hyperbolic area.

Calculating, we see that

1 cos(6) cos(0) 1
areag(P) = / — dady = / / dy dz = / —dx
P y2 cos(p) JV1—x? y cos(p) m

Making the substitution = cos(w), so that dz = — sin(w) dw, this calculation

cos(0) 1
——dx = —dw = 0.
/COS () V1—a? / 7o

At this point, with a hint of foreshadowing, we observe that the interior angle

becomes

of P at the ideal vertex v; = oo is a3 = 0, the interior angle at the vertex
ve = €' is ay = 6, and the interior angle at the vertex v3 = e is a3 = m — .

Hence, we have proven the following proposition.

Proposition 5.15

Let P be a hyperbolic triangle with one ideal vertex, and let ay and a3 be the
interior angles at the other two vertices, which might or might not be ideal
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vertices. Then,
areag(P) = m — (g + ag).

One consequence of Proposition 5.15 is that the hyperbolic area of an ideal
triangle in H is 7, which follows from the observation that the interior angle at
each ideal vertex of an ideal triangle is 0.

Suppose now that P is a compact hyperbolic triangle with vertices vy, vs, and
vs. Let ay, be the interior angle of P at vi. Let £ be the hyperbolic ray from vy
passing through ve, and let z be the endpoint at infinity of ¢. See Figure 5.10.

Figure 5.10: The case of no ideal vertices

The hyperbolic triangle T with vertices vy, vs, and x has one ideal vertex at x
and two nonideal vertices at v; and vs. The interior angle of T" at vy is a1 and
the interior angle of T" at v3 is § > a3. So, by Proposition 5.15, the hyperbolic
area of T is

areag(T) = ™ — (a1 + 9).

The hyperbolic triangle 7" with vertices vq, v3, and x has one ideal vertex at x
and two nonideal vertices at vy and v3. The interior angle of T” at vq is T — avg,
and the interior angle of T at v3 is § — a3. So, the hyperbolic area of T is

areag(T’) =7 — (1 — az + 0 — a3).

As T is the union of 7" and P, and as T" and P overlap only along a side, we
see that
areay (1) = areay(T") + areag(P).

Substituting in the calculations of the previous two paragraphs, we see that
areay(P) = areay(T) — areay(T")
= 7T—(041+(5)—(7T—(7T—a2+5—0[3))

= 77— (a1 +as+ az).
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This completes the proof of the following theorem.

Theorem 5.16

Let P be a hyperbolic triangle with interior angles «, 3, and . Then,
areag(P) =7 — (a+ B+ 7).

Theorem 5.16 is known as the Gauss—Bonnet formula.

Exercise 5.19

Consider the hyperbolic triangle P in H with vertices i, 4+, and 2+ 2i.
Calculate the hyperbolic area of P by determining the three interior
angles of P.

We can generalize Theorem 5.16 to all reasonable hyperbolic polygons.

Theorem 5.17

Let P be a reasonable hyperbolic polygon with vertices and ideal vertices
V1,.-.,Un. Let ag be the interior angle at vg. Then,

areag(P) = (n — 2)m — Zak.
k=1

Proof

We prove Theorem 5.17 by decomposing P into hyperbolic triangles, using
Theorem 5.16 to calculate the hyperbolic area of each hyperbolic triangle in
this decomposition, and then summing to get the hyperbolic area of P.

Choose a point z in the interior of P. As P is convex, the hyperbolic line
segment (or hyperbolic ray, in the case in which vy, is an ideal vertex) ¢}, joining
T to vy is contained in P. The hyperbolic line segments /1, ..., ¢, break P into
n triangles T1, ..., T,. See Figure 5.11.
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Figure 5.11: Decomposing a hyperbolic pentagon into hyperbolic triangles

Label these hyperbolic triangles at T1,...,T,, so that Ty has vertices z, v,
and vgy1 for 1 < k < n, where in a slight abuse of notation, we set v,,41 = v1
and Tn+1 = Tl.

Let ux be the interior angle of T} at x, and note that
n
Z M = 2.
k=1

Let 8% be the interior angle of Ty at vg, and let §; be the interior angle of T},
at vg+1. As both T), and Ty41 have a vertex at vi11, we see that

g1 = Ok + Brta-

Applying Theorem 5.16 to T} yields that
areag (Ty) = — (e + B + Ok)-
As the union T7U- - -UT,, is equal to P and as the hyperbolic triangles 71, ..., T,

overlap only along on their sides, we have that

n

areag(P) = Z areay (Ty) = Z[ﬂ' — (pg + Bk + k)]
k=1

k=1
n n n
= o [ s Yo
k=1 k=1 k=1
As apy1 = 0 + Bry1 for each k, we have that

Zﬁk+z5k :Zak-
k=1 k=1 =1
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Hence,
areay (P) = Z areag(Ty) = (n — 2)7 — Z Q.
k=1 k=1
This completes the proof of Theorem 5.17. QED

Note that we could have taken the point x around which we decomposed P to
be a point on a side of P, or to be a vertex of P. In either case, the particulars
of the calculation would be slightly different, but we would still obtain Theorem
5.17 in the end. In the former case, we would decompose P into n—1 hyperbolic
triangles, and the sum of the interior angles of the hyperbolic triangles at x
would equal 7. In the latter case, we would decompose P into n — 2 hyperbolic
triangles, and the sum of the interior angles of the hyperbolic triangles at x
would equal the interior angle of P at x.

We note here that although the specifics of the calculations are different, The-
orem 5.17 holds in any model of the hyperbolic plane.

5.5 Applications of the Gauss—Bonnet Formula

In this section, we describe two applications of Theorem 5.17 in the hyperbolic
plane. One application is positive, in that it asserts the existence of a large
number and variety of different regular compact hyperbolic polygons. The other
application is negative, in that it asserts the nonexistence of a certain type of
transformation of the hyperbolic plane.

We begin with a fact about the Euclidean plane C, namely, that for each integer
n > 3, there exists only one regular Euclidean n-gon, up to scaling, rotation,
and translation.

Here is one construction of such a regular Euclidean n-gon P,, in C. Start by
choosing a basepoint x in C, and let ¢,...,%, be n Euclidean rays from =,
where the angle between consecutive rays is 27” Choose some r > 0, and for
each 1 < k < n, consider the point y; on £; that is Euclidean distance r from
x. These points y1, ..., ¥y, are the vertices of a regular Eulidean n-gon P,.

To see that P, is unique up to scaling, rotation, and translation, we repeat

the construction. That is, choose a different basepoint 2’ in C. Let ¢,..., ¢,

be n Euclidean rays from z’, where the angle between consecutive rays is 2%
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Choose some 77 > 0, and let y; be the point on ¢}, that is Euclidean distance
r’ from a’. Then, the points ¥}, ...,y are the vertices of a regular Euclidean
n-gon P),.

We now construct a transformation of C that takes P, to P). Let 6 be the
angle between ¢; and the positive real axis, and let 8’ be the angle between ¢}
and the positive real axis. Then the homeomorphism B of C given by
/!
B(z) = @9 T (z—z+2')
T

is the composition of a rotation, a dilation, and a translation of C that satisfies
B(P,)=P),.

In particular, the interior angles of P, at its vertices depend only on the number

of sides n, and not on the choice of the basepoint x or the Euclidean rays ¢y,

or the Fuclidean distance r of the vertices of P, from z. In fact, the interior
n—2

angle at a vertex of P, is " —=m.

In the hyperbolic plane, the situation is considerably different.

Proposition 5.18

For each n > 3 and for each « in the interval (0, ”T_Qw), there is a compact
regular hyperbolic n-gon whose interior angle is a.

Proof

We work in the Poincaré disc D and start with the same construction just given
for regular Euclidean n-gons in C. Given n > 3, consider the n hyperbolic
rays £o, ..., ln—1 from 0, where ¢j is the hyperbolic ray determined by 0 and

Dk = €xXp (%k)

For each 0 < r < 1, the n points rpg = 7,...,7Pp_1 = rexp (%(n — 1)) in
D are the vertices of a regular hyperbolic n-gon P, (r). Specifically, construct
P, (r) as the intersection of a locally finite collection of closed half-planes as
follows: For 0 < k < n—1, let ¢, be the hyperbolic line passing through pj and
Dk+1, Where p,, = pg. Let Hj be the closed half-plane determined by ¢ that
contains 0, and note that

Py (r) = NpZy Hy.
Let si be the side of P, (r) contained in #.
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To see that P,(r) is regular, we use the elliptic Mébius transformation

m(z) = exp (2”7”) )

which is contained in M6b(ID). For each 0 < k < n—1, we have that m* (rp)
rpi, and that m”(¢y) = £x. Hence, m*(P,(r)) = P,(r). Moreover, as m* (rp;)
rprs1 as well, we see that m¥(sg) = sp. As each m* takes the sides of P,(r) to
P, (1), the hyperbolic lengths of the sides of P, (r) are equal.

As mF(sg) = s, and m¥(s,_1) = s,_1, we also have that m* takes the two
sides s,—1 and sg of P,(r) that intersect at rpy to the two sides sx_; and sy
of P, (r) that intersect at rpy. In particular, the interior angles of P, (r) at any
two vertices are equal.

For 0 < r < 1, let a(r) denote the interior angle of P, (r) at r = rpg. We now
analyze the behaviour of a(r) as r varies. We note that «(r) is a continuous
function of 7, by the calculation in Exercise 5.20.

Exercise 5.20

Express the interior angle of P,(r) at r = rpy in terms of n and r. Fix
n. Conclude that «(r) is a continuous function of r.

Theorem 5.17 yields that the hyperbolic area of P, (r) is
n—1

areap(P,(r)) = (n — 2)7 — Z alr) = (n = 2)7 — na(r).

k=0

For each value of r, 0 < r < 1, the hyperbolic polygon P, (r) is contained in the
hyperbolic disc D, in D with hyperbolic centre 0 and Euclidean radius r. (Note
that this implies the boundedness and, hence, the compactness, of P, (r).) The

hyperbolic area of D, is
2y

areap (DT) = ﬁ .

As P,(r) is contained in D,., we have that areap(P,(r)) < areap(D,), and so

lim areap (P, < li =
g, erean(Palr)) < 1, 70

Substituting in the expression for areap(P,(r)), we see that

lim [(n —2)7 — na(r)] =0,

r—0+
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and so
n—2

lim «a(r) = TT.

r—0+ n

Hence, as r — 0T, the interior angle of P, (r) is converging to the interior angle
of a regular Euclidean n-gon.

As r increases, we can make two observations, both of which we can get either
from Exercise 5.20 or from direct observation.

First, for 0 < s < r < 1, the vertices of P,(s) lie in the interior of P, (r). The
convexity of P, (r) then forces P,(s) to be contained in P,(r), and so

areap (P, (s)) < areap(P,(r))

for 0 < s < r < 1. In other words, the hyperbolic area of P, (r) is monotonically
increasing in r. As

areap(P,(r)) = (n — 2)m — na(r),
we have that the interior angle a(r) is monotonically decreasing in 7.

Second, as r — 17, the compact hyperbolic polygon P,(r) is becoming more
and more like the ideal hyperbolic n-gon P2° with ideal vertices at py = 1,

27 271

p1=exp(=*),...,...,pn—1 = exp(=*(n — 1)). In particular, we have that

lir{l areap (P, (r)) = areap(P°).
r—1"

Expressing areap(P, (1)) and areap(PS°) in terms of the interior angles of P, (r)
and P>°, respectively, we have that

n

lim [(n — 2)7 — na(r)] = (n — 2)m,

r—1—

and so

lim a(r) =0.
r—1-

Combining these observations, we see that for n > 3, the interior angle a(r)
of the compact regular hyperbolic n-gon P, (r) lies in the interval (0, 2=27).
Moreover, the monotonicity and continuity of a imply that every number in
this interval is the interior angle of one and only one hyperbolic polygon P, ().

This completes the proof of Proposition 5.18. QED

One specific way in which the behaviour of hyperbolic polygons is much differ-
ent from the behaviour of Euclidean polygons is that, in the Euclidean plane,
there is one and only one regular n-gon with all right angles, namely, the square.
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However, in the hyperbolic plane, not only do hyperbolic squares not exist, but
for each n > 5, there exists a compact regular hyperbolic n-gon with all right
angles. To see that hyperbolic squares do not exist, we use Proposition 5.18 in
the case n = 4. The interval of possible interior angles of a compact regular
hyperbolic 4-gon is (0, %w) In particular, there is no hyperbolic 4-gon with all
right angles.

The proof that there exist compact regular hyperbolic n-gons with all right
angles for n > 5 is left as an exercise.

Exercise 5.21

Prove that for n > 5, there exists a compact regular hyperbolic n-gon
all of whose interior angles are right angles.

In addition to the fact that the interior angle a(r) of the compact regular
hyperbolic n-gon P, (r) is a continuous function of r, we also have that the
hyperbolic length of a side of P, (r) is continuous as a function of .

Exercise 5.22

Given 0 < r < 1, explicitly calculate the hyperbolic length of a side of
P,(r) in terms of n and r.

For each n > 5, Exercise 5.21 gives one compact hyperbolic n-gon with all right
angles, namely, the compact regular hyperbolic n-gon with all right angles. In
fact, for each n > 5, there are many nonregular compact hyperbolic n-gons
with all right angles, although we do not prove this fact here.

Also, it is possible to construct reasonable hyperbolic polygons with prescribed
interior angles that are not necessarily right angles. In fact, the only restriction
on the possible internal angles is that the hyperbolic area, as given by the
Gauss—Bonnet formula, should be positive. Again, we do not prove this fact
here. The interested reader is referred to Beardon [7] for the proof of Theorem
5.19.

Theorem 5.19

Let aq,...,a, be a collection of n real numbers in the interval [0,7). Then,
there exists a hyperbolic n-gon in the hyperbolic plane with interior angles
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ag,...,an if and only if

a+ -t a, < (n—2)m.

There is a second application of Theorem 5.17 we consider here. Recall that
in the construction of regular Euclidean n-gons given at the beginning of this
section, we remarked that even though the Euclidean n-gons constructed were
of different area, any two regular Euclidean n-gons are related by a homeo-
morphism of C that is the composition of an isometry of C and a dilation of

C.

Here, a dilation of C is a homeomorphism of C that takes Euclidean lines to
Euclidean lines and is conformal, in that it preserves the angles between pairs
of lines. Dilations are not isometries, as they do not preserve Euclidean length
or area. In fact, every dilation of C is of the form f(z) = az + b for some
a € C— {0} and b € C. The function f is a Euclidean isometry if and only if
la| = 1, a fact that is essentially contained in the solution to Exercise 3.15.

Definition 5.20

A hyperbolic dilation is a homeomorphism of the hyperbolic plane that takes
hyperbolic lines to hyperbolic lines and is conformal, in that it preserves the
angles between pairs of hyperbolic lines.

As in the case of C, every isometry of the hyperbolic plane is a hyperbolic
dilation. However, unlike in the case of C, there are no hyperbolic dilations
other than hyperbolic isometries.

The key fact in the proof of this fact, stated as Proposition 5.21, is that be-
cause a hyperbolic dilation is conformal and so preserves angles, Theorem 5.17
immediately implies that a hyperbolic dilation preserves the hyperbolic area of
a hyperbolic polygon. In particular, if g is a dilation of the hyperbolic plane
and if P is a hyperbolic polygon, then the hyperbolic areas of P and of g(P)
are equal.

Proposition 5.21

Let f be a hyperbolic dilation of the hyperbolic plane. Then, f is a hyperbolic
isometry.
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Proof

The proof of Proposition 5.21 is similar in spirit to the proof of Theorem 3.19.
The main technical tool used in the proof of Proposition 5.21 is Theorem 5.17.

We work in the Poincaré disc model D of the hyperbolic plane. Let f be a
hyperbolic dilation of I, so that by definition f is a homeomorphism of D that
takes hyperbolic lines to hyperbolic lines and that preserves angles.

We begin by using the transitivity properties of M6b(ID) to normalize f. First
compose f with an element m of Mob(D) that takes f(0) to 0. By definition,
every element of M6b(ID) is a hyperbolic isometry, and hence, it is a hyperbolic
dilation. Therefore, the composition m o f is a hyperbolic dilation of D that
fixes 0.

The hyperbolic dilation m o f of D takes hyperbolic rays from 0 to hyperbolic
rays from 0 and preserves angles between hyperbolic rays. So, there exists an
element n of M6b(D) fixing 0 so that the composition nomo f is a hyperbolic
dilation of D that fixes 0 and that takes every hyperbolic ray from 0 to itself.
(This element n will be either an elliptic M6bius transformation fixing 0 or the
composition of an elliptic Mébius transformation fixing 0 and C(z) = Z.)

Set g = nomo f. To complete the proof that f is an element of Mob(D), we
show that g is the identity.

Let zp be a point of D—{0}. Let £y be the hyperbolic ray from 0 passing through
zg. Let ¢1 be the hyperbolic ray from 0 making angle 2?” with ¢y, and let /5 be

the hyperbolic ray from 0 making angle %’T with £y. Let T be the hyperbolic

triangle with vertices vo = 2o, v1 = exp (25%) 2o, and vy = exp (45%) z. Let

sk be the side of T' joining v; to vy. We consider the image g(7T") of T under g.

Set r = |z0| and s = |g(20)|, so that g(z0) = 720. We first show that g(v;) =
Sexp (25%) 2o and that g(v2) = £exp (#3%) 2. By our assumptions on g, we
have that v, and hence g(v), lies on the hyperbolic ray £, as g takes each
hyperbolic ray from 0 to itself. Hence, g(vg) is a positive real multiple of vy.

As the angle of intersection of sor with £y is equal to the angle of intersection
of sor with i, we have that the angle of intersection of g(sgr) with g(¢y) = £o
is equal to the angle of intersection of g(sox) with g(¢x) = £. In particular, the
point of intersection of g(sgx) with £ and the point of intersection of g(sox) with
4y, are the same Euclidean distance from the origin. As the point of intersection
of g(sor) With £g is g(vo) = 220, we have that g(vy,) = £ exp (22) 2o for k =1
and 2, as desired.
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So, the image g(T') of T under g is the hyperbolic triangle with vertices g(vg) =
520, g(v1) = Sexp (3L 29, and g(v2) = 2exp (25¢) zo. As g is a hyperbolic
dilation, angles between hyperbolic lines are preserved by g, and so the interior

angles of T" and of ¢(T') are equal. By Theorem 5.17, we then have that
areap(T") = areap(g(T)).

However, if s = |g(20)| > 7 = |20]|, then T is properly contained in g(7") and so
areap(T') < areap(g(T)), a contradiction. If s = |g(z0)| < r < |z0], then g(T)
is properly contained in T', and so areap(7T) > areap(g(7T)), which is again a
contradiction.

Hence, we have that g(z) = z for every point z of D, and so g is the identity.
This completes the proof of Proposition 5.21. QED

5.6 Trigonometry in the Hyperbolic Plane

Let T be a compact hyperbolic triangle in the hyperbolic plane. As in the case
for a Euclidean triangle, there are trigonometric laws in the hyperbolic plane
relating the interior angles of T' and the hyperbolic lengths of the sides of T'.

The way we derive the trigonometric laws in the hyperbolic plane is to link the
Fuclidean and hyperbolic distances between a pair of points. As the hyperbolic
and Fuclidean measurement of the angles of T are the same, we may then make
use of the Euclidean trigonometric laws. We note here that there are intrinsic
ways of deriving the hyperbolic trigonometric laws that do not start from the
Euclidean trigonometric laws.

As we saw in Exercise 4.2, the relationship between Euclidean and hyperbolic
lengths involves the use of the hyperbolic trigonometric functions. Before going
any further, we state some identities involving the hyperbolic trigonometric
functions that arise over the course of the section, leaving their verification as
an exercise.

Exercise 5.23
Verify each of the following identities.

1. cosh?(z) — sinh?(z) = 1;
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2. 2cosh(x)sinh(z) = sinh(2z);

3. sinhQ(;v) = %Cosh(zr) _ %;

4. cosh®(z) = 1 cosh(2z) + 3;

5. sinh?(z) cosh?(y) + cosh?(x) sinh?(y) = % (cosh(2z) cosh(2y) — 1).

We work in the Poincaré disc model D. Let T be a compact hyperbolic triangle
in D with vertices v1, vo, and v3. Let a, b, and ¢ be the hyperbolic lengths of
its sides, and let «, 3, and ~ be its interior angles, where « is the interior angle
at the vertex v, opposite the side of hyperbolic length a, 3 is the interior angle
at the vertex vy opposite the side of hyperbolic length b, and ~ is the interior
angle at the vertex vg opposite the side of hyperbolic length c.

As the interior angles at the vertices of T' and the hyperbolic lengths of the
sides of T are invariant under the action of M6b(ID), we may use the transitivity
properties of M6b(ID) to assume that v; = 0, that va = r > 0 lies on the positive
real axis, and that vs = se’®, where 0 < o < 7. By Exercise 4.2, we have that

r = tanh (;c> and s = tanh (;b) .

On the one hand, we may apply the Euclidean law of cosines to the Euclidean
triangle with vertices v, v9, and vs to see that

lva — vs?

=7r? 4 5% — 2rscos(a)

1 1 1 1
= tanh? (2c> + tanh? <2b> — 2tanh <2c> tanh <2b) cos(a).

On the other hand, by Proposition 4.3, we have that

|’027’U3|2 _ |1}2 7’03‘2
(1= Joa[*)(1 = Jvs[?) (1—=r2)(1—s?)
1 1
= sinh? (dD(UQ,’Ug)) = sinh? <a> ,
2 2
and so
1
va —w3? = (1—7r?)(1— s?)sinh? <2a)

1 1 1
= sech? <2C) sech? (2c> sinh? <2a> .
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Equating the two expressions for |vy — v3|?, we obtain
1 1 1
sech? <20> sech? (2b> sinh? <2a> =
1 1 1 1
tanh? (20> + tanh® <2b> — 2tanh <20> tanh (2b> cos(a).

And now we simplify. Multiplying through by cosh? (%C) cosh? (%b)7 we obtain
1
sinh? (2a> =
1 1 1 1
a2 L 2 (1 N 2 (1
sinh (26> cosh <2b> + sinh <2b> cosh (20)
1 1 1 1
—2sinh [ =¢ ) sinh { =b ) cosh [ =¢ ] cosh [ =b ) cos(a).
2 2 2 2

Using the identities given in Exercise 5.23, this calculation becomes

1 1 1 1 1
B cosh(a) — 353 cosh(b) cosh(c) — 375 sinh(c) sinh(b) cos(a),

and so we obtain the hyperbolic law of cosines I:

cosh(a) = cosh(b) cosh(c) — sinh(c) sinh(b) cos(a).

Unlike in the Euclidean plane, there are three basic trigonometric laws in the
hyperbolic plane. One is the law of cosines I, which we have just derived. The
other two, the hyperbolic law of sines and the hyperbolic law of cosines II, are
stated below.

law of sines:
sinh (a) _ sinh(b)  sinh(c)

sin(a)  sin(B)  sin(y)’

law of cosines II:

cos(y) = — cos (a) cos () + sin («) sin (B) cosh (c).

The hyperbolic law of cosines I and the hyperbolic law of sines are the direct
analogues of the Euclidean law of cosines and the Euclidean law of sines. In
fact, as we have just seen, the proof of the law of cosines I follows fairly quickly
from the Euclidean law of cosines and some algebraic manipulation.
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In much the same way that the Euclidean law of sines can be derived from the
Euclidean law of cosines by algebraic manipulation, the hyperbolic law of sines
and the hyperbolic law of cosines II can be derived from the hyperbolic law of
cosines I.

Exercise 5.24

Derive the hyperbolic law of cosines II and the hyperbolic law of sines
from the hyperbolic law of cosines I.

Exercise 5.25

State and prove the hyperbolic Pythagorean theorem, relating the hy-
perbolic lengths of the sides of a hyperbolic right triangle.

Exercise 5.26

For A > 1, consider the loxodromic transformation m(z) = Az. Let A be
the Eulidean ray in H from 0 making angle 6 with the positive real axis.
Calculate the translation distance of m along A as a function of A and

6.

Exercise 5.27

Fix 0 < r < 1. For each s > 0, consider the set
Cr(s) ={z € D] cosh(dp(z,r)) + cosh(dp(z, —r)) = s}.
Describe C..(s).

The most surprising of the hyperbolic trigonometric laws is the law of cosines
II, which states that the hyperbolic length of a side of a hyperbolic triangle is
determined by the interior angles of the triangle. In particular, this trigono-
metric law implies that there is a canonical unit of hyperbolic length, which is
unlike length in the Euclidean plane.

For example, consider the compact hyperbolic triangle T" with interior angles
a= %w, 0= %ﬂ', and v = %7‘( at its vertices. Let a be the hyperbolic length of
the side of T opposite the vertex with angle «, let b be the hyperbolic length
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of the side of T" opposite the vertex with angle 3, and let ¢ be the hyperbolic
length of the side of T" opposite the vertex with angle ~y

By the law of cosines II, the hyperbolic lengths of the three sides of T' satisfy

cosh(a) = COS(O;)HI;;);(I?();)OSW) = cot (g) cot (;) ~ 1.1989;

cosh(b) = cos( S)HI C;)S(H(LC)OS ) = cos (g) cse (;) ~ 1.1524;
cosh(c) = cos(y S)III c;):fg();)os( ) = cos (g) cse (g) ~ 1.0403.

We pause to insert a note about actually solving for hyperbolic lengths. To
solve

cosh(a) = % (e +e ) =u,

we see by the quadratic formula (after multiplying through by e®) that e®

e’ =x+ V2?1,

satisfies

and so either

a=1log(x 4+ Va2 —1) or a =log(x — Va? —1).
However, because
(x+Va?-1)(x—+Vaz-1)=1,
log(z — V2?2 — 1) = —log(x + Va2 — 1).

As hyperbolic length is positive, we have that

a =log(x + Vx2 — 1).

we have that

The hyperbolic law of cosines II has no Euclidean analogue and in fact is false in
Euclidean geometry. Indeed, one reason that the interior angles of a Euclidean
triangle cannot determine the side lengths is that Euclidean geometry admits
dilations. As hyperbolic geometry does not admit dilations, as we have seen
in Section 5.5, it is not unreasonable to have expected a result like the law of
cosines II to hold in the hyperbolic plane.

Although we will not take this approach, we mention here that there is a unified
proof of the three hyperbolic trigonometric laws, as might be suggested by the
similarity of the forms of the hyperbolic laws of cosines I and II. We refer the
interested reader to Thurston [35] for this approach, and for much more.
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As we have seen on several occasions, including in the derivation of the hyper-
bolic law of cosines I, the calculation of the hyperbolic distance between points
in D is fairly easy. However, as we have also seen on several occasions, such as
in Exercise 5.20, calculations of angles in D can in general be tedious.

One application of the hyperbolic trigonometric laws is to make these calcula-
tions of angle much more tractible. For instance, we may rework Exercises 5.20
and 5.22 using the two hyperbolic laws of cosines.

For n > 3 and 0 < r < 1, we consider the compact regular hyperbolic n-gon
P, (r) in the Poincaré disc D with vertices at py = r exp (%k) for 0 < k <n-—1,
as constructed in Section 5.5.

Let T be the hyperbolic triangle with vertices at 0, pg = 7, and p; = rexp (%)

The interior angle of T" at 0 is 27” Also, the hyperbolic lengths of the two sides
of T" adjacent to 0 are equal to the hyperbolic distance from 0 to py = r, which
is

1+r
b=dp(0,po) =1In L_J.

In particular, )
1+7r . 2r
COSh(b) = 1_77“2 and Slnh(b) = ﬁ
By the hyperbolic law of cosines I, the hyperbolic length a of the side of T
opposite 0 satisfies

2

1 2)2 _ g2 2
cosh(a) = cosh®(b) — sinh?(b) cos <n) _ (@47~ dr?eos ()

(1—1r2)2 -

Now that we have an explicit formula for the hyperbolic length a of the side of
T opposite 0, we can use the hyperbolic law of sines to determine the interior
angle § of T at pg, namely,

n

sinh(a)

sin(d) sinh(b) sin (22)

The interior angle of P, (r) at po is then 2.

Exercise 5.28

Let T be a compact hyperbolic triangle whose sides have hyperbolic
length a. Prove that the three interior angles of T are equal. Furthermore,
if we let a be the interior angle of T at a vertex, prove that

1 1
2 cosh (2a> sin <2a> =1.
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Exercise 5.29

Let T be a compact hyperbolic triangle. Show that the three angle bi-
sectors of T intersect in a single point. (Here, an angle bisector is a
hyperbolic ray into the triangle from a vertex that bisects the angle at
that vertex.)

Exercise 5.30

Let R be a compact hyperbolic quadrilateral with angles %7‘(, %7‘(’, %w,
and . Starting at the vertex with angle ¢ and moving counterclockwise

around R, label the sides of R as A, B, C, D. Show that
sinh(C') sinh(B) = cos(¢p)

and that
cosh(C') = cosh(A) sin(y).
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Nonplanar models

In this final chapter, we consider two nonplanar models of hyperbolic geometry.
The first is the hyperboloid model of the hyperbolic plane, which is a model of
the hyperbolic plane that sits naturally in R3, defined in terms of linear algebra,
which we present in some detail. The other is a discussion of generalizations to
higher dimensions of the models of hyperbolic geometry discussed in this book.
This last section has a slightly different flavor from the rest of the book. It is
intended to be a taster for topics that we do not have the space to cover in
detail, and hence, it is largely expository.

6.1 The Hyperboloid Model of the Hyperbolic
Plane

Up to this point, we have only considered models of the hyperbolic plane whose
base space is a holomorphic disc in the complex plane C and whose hyperbolic
element of arc-length is a conformal distortion A(z)|dz| of the standard Eu-
clidean metric on C. The purpose of this section is to describe a different model
of the hyperbolic plane, the hyperboloid model, which sits as a subset of R3.
The planar models of the hyperbolic plane we have considered are closely tied
to complex analysis, whereas the hyperboloid model is much more closely tied

189
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to linear algebra. For basic facts about linear algebra, we refer the interested
reader to any undergraduate linear algebra textbook, such as Anton and Busby
[6] or Strang [34].

We develop the basic properties of the hyperboloid model in a slightly different
order than that taken earlier in the book. When we developed the upper half-
plane model H, we began with the definition of hyperbolic line, then determined
a group of homeomorphisms of H that took hyperbolic lines to hyperbolic lines,
and then derived the hyperbolic element of arc-length assuming its invariance
under the action of this group. For the hyperboloid model U, we begin by
defining the hyperbolic length of a piecewise C! path, then develop a natural
group of homeomorphisms of U preserving this hyperbolic length, and only
then define hyperbolic lines.

For the remainder of this chapter, we view the elements of R3 as column vectors,
with coordinates x = [zg, 1, 72]T. (Although this notation is slightly cumber-
some, it is preferable to the alternatives when we express matrices and vectors
in coordinates.)

So, we need to describe the base space of the hyperboloid model and define the
hyperbolic length of a piecewise C! path. We begin by describing a (loose) way
of measuring the size of a vector in R3.

Definition 6.1

A quadratic form on R? is a function ¢ : R® — R of the form ¢(x) = xT Bx,
where B is a symmetric 3 X 3 matrix (with real entries).

If we are given the symmetric matrix B, then it is easy to directly calculate the
quadratic form ¢(x) = xTBx. Conversely, if we are given the quadratic form
q(x), we can determine the unique symmetric matrix B for which ¢(x) = xT Bx
by noting that

a B v
x'[ B 6 p |x= a:c% + 20xox1 + 51’? + 2yxoxs + n:c% + 2ux120
YooKk

and equating the coefficients of corresponding terms in ¢(x) and x* Bx.

We can give a crude classification of quadratic forms on R? in terms of the
eigenvalues of their associated symmetric matrices. (In a slight abuse of lan-
guage, we sometimes refer to the eigenvalues of the symmetric matrix B as the
eigenvalues of the associated quadratic form ¢(x) = x* Bx.)
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Definition 6.2

Let ¢(x) = x"Bx be a quadratic form on R3, where B is a symmetric 3 x 3
matrix.

1. If the eigenvalues of B are all positive, say that g is positive definite. In
this case, ¢(x) > 0 for all x € R3, x # 0.

2. If the eigenvalues of B are all negative, say that ¢ is negative definite. In
this case, g(x) < 0 for all x € R3, x # 0.

3. If either B has 0 as an eigenvalue, or if B has both a positive eigenvalue
and a negative eigenvalue, say that ¢ is indefinite. In this case, there exists
some x € R?, x # 0, for which ¢(x) = 0.

Exercise 6.1

Determine the eigenvalues of the quadratic form

q(x) = —4a? + 1daor) — 2x0T2 + 227 — 162129 + 1023,

Exercise 6.2

For any 3 x 3 matrix A, consider the function f : R® — R given by
f(x) = xTAx. Write f(x) = xTBx for a symmetric 3 x 3 matrix B.
Describe the relationship between the matrices A and B.

Multiplication by a 3 x 3 matrix A yields a linear map A : R? — R3. We
can compose this linear map with a quadratic form ¢ : R®> — R to get a new
quadratic form g o A : R® — R. A natural question to ask at this point is to
determine the matrices A for which ¢ and g o A are equal. These matrices will
be important in our construction of the hyperboloid model of the hyperbolic
plane.

Definition 6.3

For a quadratic form ¢ on R3, let O(q) be the collection of all 3 x 3 matrices
keeping ¢ invariant: That is, A € O(q) if and only if ¢(x) = ¢(Ax) for all
x € R3.
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We note a couple of properties of O(q). First, regardless of the quadratic form
q, the 3 x 3 identity matrix I3 is an element of O(q). Also, regardless of the
quadratic form ¢, if A, B € O(q), then AB € O(q). This follows from the
observation that, for any x € R3, we have that

q(ABx) = q(A(Bx)) = q(Bx) = ¢(x),

where the second equality follows from A € O(q) and the third equality follows
from B € O(q). Using a variant of this argument, we can see that, for the
invertible elements of O(q), we have that O(q) contains their inverses as well.

Exercise 6.3

Let ¢ be a quadratic form on R3, and let A be an invertible element of
O(q). Show that A=t € O(q).

We note here, though, that there exist quadratic forms ¢ for which O(q) con-
tains a noninvertible element, and hence, it is not a subgroup of the group
GL3(R) of invertible 3 x 3 matrices. For example, if we take

q(x) =223 + 327 =x"

then

There is a condition we can impose on a quadratic form ¢ on R? to ensure that
the group O(q) of matrices preserving it is a subgroup of GL3(R).

Definition 6.4

A quadratic form ¢(x) = x'Bx, where B is a symmetric 3 x 3 matrix, is
nondegenerate if B is invertible, and it is degenerate otherwise.

The quadratic form ¢(x) = 222 + 3z? is degenerate, because its associated
symmetric matrix has 0 as an eigenvalue and hence is not invertible. By defini-
tion, positive definite and negative definite quadratic forms are nondegenerate,
and so any degenerate quadratic form is indefinite. However, as we will see,
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not all indefinite quadratic forms are degenerate. One reason for considering
nondegenerate quadratic forms is the following proposition.

Proposition 6.5

Let ¢ be a nondegenerate quadratic form on R3. Then, every element of O(q)
is invertible. Hence, O(q) is a subgroup of GL3(R).

Proof

As we already have that O(q) contains the 3 x 3 identity matrix I3 and is
closed under composition, the only thing we need to know to show that O(q)
is a group is that O(q) is closed under taking inverses.

Let ¢ be a nondegenerate quadratic form on R?, and write ¢(x) = x* Bx, where
B is a symmetric 3 x 3 matrix. Let A be an element of O(q). As ¢(Ax) = ¢(x)
for all x € R3, we have that

xTBx = q(x) = q(Ax) = (Ax)TBAx = xT(ATBA)x

for all x € R3. As AT BA is symmetric, the uniqueness of the symmetric matrix
determining a quadratic form implies that B = ATBA. In particular, if there
exists a nonzero vector v for which Av = 0, then ATBAv = Bv = 0 as well,
which contradicts the assumption that B is invertible. Hence, ker(A) = {0}
and so A is invertible. By Exercise 6.3, A1 € O(q).

As every element of O(q) is invertible, we have that O(q) is a subgroup of
GL3(R). QED

Exercise 6.4

Let g be a degenerate quadratic form. Show that O(g) contains a non-
invertible element and, hence, it cannot be a subgroup of GL3(R).

We now make use of some multivariable calculus. Like any real-valued function
on R3, a quadratic form ¢ on R? naturally determines a collection of subsets of
R3. For ¢ € R, consider the level set

S.= {x € B q(x) = c}
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of ¢ in R®. Even though we do not yet know the composition of O(q), we do
have that A(S.) C S, for every A € O(q) and every ¢ € R. This result follows
from the observation that if x € S, then by definition ¢(x) = ¢; for an element
A € O(q), we have that ¢(Ax) = q(x) = ¢, and so Ax € S..

If ¢ is nondegenerate, then we can say more. Namely, because every element of
O(q) is invertible, we also have that A=1S,. C S, for every A € O(q) and every
¢ € R. Multiplying through by A, we obtain that S, C AS.. Combining this
observation with the observation above that A(S.) C S, for every A € O(q)
and every ¢ € R, we see that AS. = S, for every A € O(q) and every c € R.

The quadratic form that will be of most interest to us through this chapter is
the indefinite, nondegenerate quadratic form

= o O
»

-1
Qx) = —ag+af+az=x"| 0
0

- O RO

In particular, we have that O(Q) is a subgroup of
invertible 3 x 3 matrices.

he group GL3(R) of all

The analysis that follows can be carried out for any quadratic form, although
the specifics may differ depending on the particular quadratic form we choose
to work with.

There is a particular level set we are interested in here, namely,
S 1 ={xeR*|Q(x)=—1}.

The level set S_ is disjoint from the 21 7o-plane in R?, because Q([0, z1, 22]T) =
—1 implies that z? + 22 = —1, and this equation has no solutions for
real numbers 1 and x3. Note that [1,0,0]T € S_;, because Q([1,0,0]T) =
—(1%) + 02 4+ 0% = —1, and that each level set S, is invariant under reflection in
the z1xo-plane, because Q([zo, 71, 22])T) = Q([~z0, 71, 22|T) = —22 + 23 + 3.

In particular, the level set S_; has two components: the upper sheet
U = {x = [z, 21, 22]" € R®| Q(x) = —1 and 2y > 0}
and the lower sheet
L = {x = [xg, z1,72]" € R*|Q(x) = —1 and z, < 0}.

The upper sheet U of S_; is the base space for the hyperboloid model of the
hyperbolic plane. For a side view, see Figure 6.1.

In fact, for any ¢ # 0, the level set S. is a hyperboloid. If ¢ < 0, then this
hyperboloid has two sheets, which are interchanged by reflection in the zizo-
plane. If ¢ > 0, then this hyperboloid has one sheet. The level set Sy is a
cone.
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_
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Figure 6.1: Side view of hyperboloid and cone, with z¢-axis vertical

Let OT(Q) be the subgroup of O(Q) preserving the upper sheet U of S_j.
We can describe O (Q) as the group of invertible 3 x 3 matrices A for which
Q(x) = Q(Ax) for all x € R? and for which the zg-coordinate of A([1,0,0]T)
is positive. Note that O1(Q) is an index 2 subgroup of O(Q).

One task before us is to determine which matrices lie in O (Q) and to analyze
their action on U. However, before doing this task, we show that it is possible to
define the hyperbolic length of a piecewise C! path in U and that it is invariant
under the action of OT(Q), without an explicit description of the elements of
O1(Q). We begin with an examination of tangent vectors to U.

Proposition 6.6

Let u be any point of U, and let t be a nonzero vector tangent to U at u. Then,

Q(t) > 0.

Proof

We begin by noting that the level set {x € R3 | Q(x) = 0} is the right-angled
cone
C = {[zo, 1, 2)" € R? | 2% = 2% + 23}.

The region {x € R?|Q(x) < 0} is the disconnected region containing the z¢-axis
(except for the origin), whereas the region {x € R3|Q(x) > 0} is the connected
region containing the x;xo-plane (except for the origin). If we draw R? so that
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the xo-axis is vertical, then the (disconnected) region {x € R? | Q(x) < 0} lies
above and below the cone C, whereas the (connected) region {x € R*|Q(x) > 0}
sits between the top and bottom parts of the cone C. Again, see Figure 6.1 for
a side view.

As U is contained in the level set {x € R? | Q(x) = —1}, every normal vector
to U at a point u = [ug, u1, us]T € U is a multiple of the gradient

—2Uo

evaluated at u. So, a nonzero normal vector n to U at a point u of U has the

form
—2UO
n=c 2uq
ZUQ

for some ¢ € R, ¢ # 0 and, hence, it satisfies

—2U0
Qn)=Q |c 2uy = 462(*113 + u% + ug) =—4¢? < 0.
2U2
(As u € U, we have that —u2 + u? + u% = —1.) Therefore, because any nonzero

tangent vector t to U at u € U is perpendicular to the normal vector n to U at
u, nonzero normal vectors lie in the region {x € R3 | Q(x) < 0}, and the cone
C is a right-angled cone, we see that nonzero tangent vectors to U lie in the
region {x € R3 | Q(x) > 0}, Hence, we have that Q(t) > 0. QED

As a consequence, let f : [a,b] — U be a piecewise C* path. As Q(f'(t)) > 0,
as f'(t) is tangent to U at f(¢), it is tempting to define the hyperbolic length
of f to be

b
lengthy (f) = / NGITAOND

For this to be a reasonable definition, we need to show that this putative
definition of hyperbolic length is invariant under the action of O (Q).

Proposition 6.7

For any piecewise C* path f : [a,b] — U and for any A € O (Q), we have that
lengthy(f) = lengthy(A o f).
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Proof

As b
lengthy (Ao f) = / VO((As D),

we need to consider Q((A o f)'(t)). Viewing A as a linear map A : R® — R3,
we observe that (Ao f)(t) = Ao f'(t). This equality can be checked either
using the definition of the derivative of a linear map from R? to R? or writing
f(t) and A in terms of their coordinates, calculating (A o f)'(¢t) and A o f/(¥)
directly, and comparing the resulting expressions. We do the latter.

So, write

and

Then,

as desired.
Hence, using that A € OT(Q), we see that

Q((Ao f) (1)) = QAo f'(t)) = Q(f'()),
and so

b b
lengthy (Ao f) = / V(Ao (D))t = / VD)t = lengthy(f),

as desired. QED
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As an example, consider the set T;., defined to be the intersection of U with
the Euclidean plane P, = {x € R3 |zg = r} for r > 1. If [r,s,t]T € T,
then s2 +t2 = r2 — 1, and so we can express s and t as s = /72 — 1cos()
and t = v/r? — 1sin(a) for some o € R. As « varies over [0, 27, we cover all
of T,.. In particular, we see that T, is a Euclidean circle in the plane P, in
R3. Moreover, the (Euclidean) radius of 7T} is v/72 — 1, and so the (Euclidean)
length of T;. is 2mv/r2 — 1.

To calculate the hyperbolic length of T,., we begin by parametrizing it by the
path f:[0,27] — U given by

and so Q(f'(t)) = 2 — 1. Hence,

2
lengthy(f) = Vr2 —1dt =27y r? — 1,

0
which is equal to the Euclidean length of T;., when T, is viewed as a circle in
P..

As we can calculate the hyperbolic length of a piecewise C' path in U, we can
define the hyperbolic metric dy on U as we have done earlier with the upper
half-plane H, by defining the hyperbolic distance dy(u,v) between points u
and v of U to be the infimum of the hyperbolic lengths of all piecewise C*
paths f : [a,b] — U with f(a) = u and f(b) = v. As before, the invariance
of hyperbolic length lengthy; under the action of O1(Q) immediately implies
the invariance of hyperbolic distance dy under the action of OF(Q), using the
same argument as given in the proof of Proposition 3.17.

We are now ready to determine the elements of O1(Q).

Proposition 6.8

The group OT(Q) is generated by the family of matrices
1 0 0
Aa=1| 0 cos(a) —sin(e)
0 sin(a)  cos(a)
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for a € R, the family of matrices

cosh(p) 0 sinh(u)
B, = 0 1
sinh(p) 0 cosh(u)
for 4 € R, and the single matrix
1 0 0
Co=| 01 0
0 0 -1

Proof

We could proceed from the fact, as discussed in the proof of Proposition 6.5,
that O(Q) consists of all invertible 3 x 3 matrices A for which B = ATBA,
but this calculation quickly becomes unwieldy. Instead, we proceed in several
steps.

We begin by determining the subgroup of O (Q) fixing the point [1,0,0]T. So,
let

a b c
A= d e f
g h k
be any element of OF(Q) satisfying A [1,0,0]T = [1,0,0]T. As
1 1 a b c 1 a
ol=alol=|4d e f 0ol=1|4d][,
0 0 g h k 0 g

we have immediately that ¢« =1 and d = g = 0.

We now use that Q(x) = Q(Ax) for all x € R3. Calculating, we see that
1 b ¢ o xo + by + cxo
Ax = 0 e f 1 | = ex1 + fao )
0 h k Ty hxy + kxo
and so
Q(Ax) = —af+ (=b*+e*+h*)ai + (= + f2+ k)3
—2bxory — 2cx022 + 2(—bc+ ef + hk)xi2s.
Equating the coefficients of corresponding terms of Q(x) = —x3 + 2% + 23 and

Q(Ax), we see that
b=c=0,
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that

e+ h?=1,
that

f2 4 k,2 — 1’
and that

ef + hk =0.

In particular, there are real numbers « and § so that
e = cos(a) and h = sin(«a)

and
f =cos(f) and k = sin(f).
Thus, A has the form

1 00 1 0 0
A= ( 0 e f ) = ( 0 cos(a) cos(f) ) .
0 h k 0 sin(a) sin(B)

The equation ef + hk = 0 then becomes
cos(a) cos(f3) + sin(a) sin(B) = 0,

and so cos(a — 3) = 0. Hence, a — 3 = § + kn for k € Z. There are two cases

to consider.

If o« — 3= 3 +2km for k € Z, then 8 = o — § — 2kn. In this case, we see that

cos(8) = sin(a) and sin(8) = — cos(a), and so
1 0 0 1 0 0
0 e f|=1 0 cos(a) sin(«)
0 h k 0 sin(a) —cos()

Ifa—0= 37“ + 2km for k € Z, then § = a — 37” — 2km. In this case, we see that

cos(8) = —sin(«) and sin(8) = cos(a), and so
1 0 0 1 0 0
0 e f =10 cos() —sin(a) |-.
0 h k 0 sin(a)  cos(w)
Note that
1 0 0 1 0 0 1 0 0
0 cos(a) sinf) | = 0 cos(a) —sin(a) 01 0],
0 sin(a) —cos(a) 0 sin(a)  cos(a) 0 0 -1
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and so the subgroup of O (Q) fixing [1,0,0]T is generated by the family of
matrices

1 0 0
Aa=1| 0 cos(a) —sin(e)
0 sin(o)  cos(a)

for a € R, and the single matrix

10 0
Co=[01 0
00 -1
Set
10 0 10 0 1 00
Cr=A;CAz" = | 0 0 -1 01 0 0 01
01 0 00 -1 0 -1 0
1 00
= |0 -10
0 01

Geometrically, each A, is a rotation of U about the zg-axis. The trans-
formations C; and Cy are reflections, where C7 is reflection in the plane
{x € R3| z; = 0}, which is the xgzz-plane, and C; is reflection in the plane
{x € R | z3 = 0}, which is the zgx;-plane. In general, if S, is the Euclidean
plane containing the xp-axis that makes angle a with the xgxi-plane, then
A,CyALY is reflection in S,,.

For the next step of this argument, let

a b
A= d e
g h

TR O

be any element of O7(Q) preserving the zgza-plane. Any element of the zgxs-

plane in R? has the form
<

01,

*

where * represents any real number. As

* a b c * *
A 0 = d e f = )
* g h k * *
we see that A has the form
a b c
A= 0 e O
g h k
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As before, we now use that Q(x) = Q(Ax) for all x € R3. Calculating, we see
that

a b c o arg + bry + cxo
Ax = 0 e O T | = exy ,
g h k To gxro + hx1 + kxo
and so
Q(Ax) = (—a®+g¢*)xf + (—b* + > + h?)z] + (—® + k?)a3
2(—ab+ gh)xox1 + 2(—ac + gk)xows + 2(—be + hk)xi25.
Again equating the coefficients of corresponding terms of Q(x) = —z3 + 2% + 23
and Q(Ax), we see that
W —g? =1,
that
k2 —c? =1,
that
b4+ +h? =1,
and that

ab — gh = ac — gk = bc — hk = 0.

In particular, there are real numbers p and 7 so that

a = +cosh(p) and g = £sinh(u)

and
k = £ cosh(n) and ¢ = *sinh(n).
Note that
1 a b ¢ 1 a
AlO0O|[=]10 e O 0|=1|0]¢€el,
0 g h k 0 g
and so a > 0. Hence, a = cosh(u). Note that cosh(u) = cosh(p™!) and

—sinh(y) = sinh(p~1); these identities can easily be derived by expressing

cosh(z) and sinh(z) in terms of exp(x). Hence, by replacing u by p~1, if nec-
essary, we can assume that g = sinh(u).
So, we now have that
cosh(p) b ¢
A= 0 e 0 ],
sinh(u) h &k
and so
cosh(u) b ¢ 10 0 cosh(u) b —c
ACy = 0 e 0 01 o0 |= 0 e O
sinh(p) h k 0 0 -1 sinh(u) h —k
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Replace A by ACs if k < 0 to ensure that k = cosh(n) > 0. Then, replace n by
n~1if ¢ < 0 to ensure that ¢ = sinh(n). So, after possibly replacing u by u=1,
possibly replacing A by AC,, and possibly replacing by 77!, we see that A

has the form
cosh(p) b sinh(n)

A= 0 e 0
sinh(u) h  cosh(n)
The equation ac — gk = 0 then becomes the equation

cosh(p) sinh(n) — cosh(n) sinh(u) = 0.

Rewrite this equation as tanh(u) = tanh(n). As tanh(t) is an increasing function
of t, we see that = .

Thus, A has the form

a b c cosh(p) b sinh(p)
A= 0 e 0 | = 0 e 0
g h k sinh(u) h cosh(u)

The equation ab = gh becomes the equation cosh(u)b = sinh(p)h, and the
equation bec = hk becomes the equation sinh(u)b = cosh(p)h. Hence,

_sinh(p),  (sinh(p) 2
= cosh(n)" = (coshuo) ’

There are two possibilities. The first possibility is that b = 0, which then forces
h =0, so that A has the form

cosh(u) 0 sinh(p)
A= 0 e 0 ,
sinh(p) 0 cosh(w)

where e? = 1. Therefore, e = +1. If e = 1, then A = B,. If e = —1, then
A= CB,.

The other possibility is that sinh(x) = 0, which then forces p = 0, so that A
has the form

1 b6 0
A= 0 e O
0 h 1

However, in this case, we calculate to see that A([1,0,0]T) = [1,0,0]T. As A
lies in the subgroup of O*(Q) fixing [1,0,0]", we have that b = 0, that h = 0,
and that e = +1, using our earlier work. If ¢ = 1, then A = I3, the 3 x 3
identity matrix. If e = —1, then A = (.
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To summarize, the subgroup of O%(Q) preserving the xzox2-plane is generated
by the family of matrices
cosh(p) 0 sinh(p)
B, = 0o 1 0 ,
sinh() 0 cosh(u)

and by the single matrices

1 0 0
Co=1 0 1 0
0 0 -1
and
1 0 0
Ci=1 0 -1 0
0 0 1

Note that C1 is reflection in the xgxo-plane and so fixes the xgxo-plane point-
wise. C5 is reflection in the xgxi-plane, which is perpendicular to the zgzo-
plane, and so Cs takes the xgxo-plane to itself and acts as reflection across
the xp-axis in the zoxe-plane. We postpone the geometric interpretation of B,
until we have defined the notion of hyperbolic line in U.

To complete the proof, let A be any element of O (Q). We show that A can
be expressed as a composition of the A, for a € R, the B, for i € R, and C,
by following the image of a single point. So, consider the point A([1,0,0]T) =
[r, 5,¢]T. We will construct an element of OF(Q) taking [r,s,t]T to [1,0,0]T.

As [r,5,t]T € U, we have that —r2 + 524t = —1 and that » > 1. If » = 1, then
s=t=0and so [r,s,tT =[1,0,0]". In this case, our analysis of the elements
of OF(Q) fixing [1,0,0]T yields that A = A,C5 for some a € R and for ¢ = 0
or 1.

Hence, we can assume that r > 1. We first wish to find a so that A,([r,s,t]T)
lies in the xgzo-plane. (Geometrically, it is obvious that we can rotate U about
the zg-axis so that the image of [r,s,t]T under this rotation lies in the zoxo-
plane. However, we take this opportunity to see how to find the specific value
of a required to achieve this result.) Calculating, we see that

T 1 0 0 T r
Ay | s | = 0 cos(a) —sin(a) s | = | scos(a) — tsin(a)
t 0 sin(a)  cos(a) t ssin(a) + t cos(a)

As s2+t2 =12 —1 > 0, we can write s = V72 — 1 cos(3) and t = /72 — 1sin(3)
for some 8 € R, so that

scos(a) —tsin(a) = r2 — 1(cos(f) cos(ar) — sin(f) sin(av))

V12 —1cos(f + «).
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If we set @ = § — /3, then scos(a) — tsin(a) = 0.

So, we have found a value of « so that

1 r r
AaA O == Aa S = 0
0 t T

for some T'. Note that because r > 1 by assumption, we have that 7' # 0. To
complete the argument, we find a value of p so that

1 T 1
BuAAl 0 | =B, 0 |=]0
0 T 0
Calculating, we see that
r cosh(p) 0 sinh(p) r cosh(u)r + sinh(p)T
B,| 0 |= 0 1 0 0| = 0
T sinh(p) 0 cosh(u) T sinh(p)r + cosh(u)T

Hence, we need to find p so that
cosh(p)r + sinh(p)T =1

and
sinh(p)r + cosh(u)T = 0.

The second of this pair of equations yields that T'= — tanh(u)r, and so
r
cosh(p)

Hence, we see that cosh(u)r + sinh(u)T = 1 if and only if » = cosh(u). So,
given r, we need only find x so that cosh(u) = r, which is always possible as
> 1.

cosh(p)r + sinh(u)T = (cosh(u) — sinh(u) tanh(p))r =

We now complete the argument by using the first part of this proof. As
B, A, A fixes [1,0,0]" for the values of o and p we have just found, there
exists § € R and € = 0 or 1 so that B,A,A = AyC5. Hence, we have that
A= AJ'B; AyCs. QED

One consequence of the proof of Proposition 6.8 is that if A € OT(Q), then
det(A) = +£1, as each of the generating matrices A,, By, and Cs for O7(Q)
has determinant +1. The notation we have chosen here is slightly nonstandard.
A common notation for the group of matrices preserving the quadratic form
Q(x) = —x2 + 27 + 2% is O(2,1). Let SO(2,1) be the subgroup of O(2,1)
consisting of those elements of O(2,1) of determinant 1, and note that SO(2,1)
is generated by the A, for o € R, and the B, for i € R.
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Define a hyperbolic line in U to be the intersection of U with a Euclidean plane
in R3 through the origin 0. With this definition, it becomes immediately clear
that any two distinct points in U determine a unique hyperbolic line in U,
because two distinct points in U and the origin O (which is not in U) determine
a unique Euclidean plane in R3. Also, because every element of O (Q), when
viewed as a linear map from R? to R3, takes Euclidean planes through 0 to
Euclidean planes through 0, we see immediately that every element of OT(Q)
takes hyperbolic lines in U to hyperbolic lines in U. The proof that distance-
realizing paths in U are the almost simple parametrizations of hyperbolic line
segments in U is similar in spirit to the proof given for the upper half-plane H.
We leave the pursuit of the details for the interested reader.

We can now give a geometric interpretation of the element B, of O (Q). The
intersection of the xox2-plane with U is a hyperbolic line ¢, and B, acts as
translation along £. The reflection C5 in the zgzi-plane takes ¢ to itself, but
it conjugates B, to B, L as the reflection Cy reverses the direction of travel
along ¢. In fact, Cy fixes [1,0,0]" and interchanges the two hyperbolic rays in
¢ from [1,0,0]T. The reflection C; in the zgxa-plane fixes ¢ pointwise and so
conjugates B, to B,,.

The proof of Proposition 6.8 gives a means of addressing the transitivity prop-
erties of the action of OT(Q) on U. All transitivity properties we derived for
the upper half-plane model hold true here. We give proofs of two of the most
important and leave the remaining properties for the interested reader.

Proposition 6.9

First, O7(Q) acts transitively on U. Second, O (Q) acts transitively on pairs
(u,?), where u is a point of U and ¢ is a hyperbolic line passing through u.

Proof

We first consider the action of O%(Q) on U. In the third part of the proof of
Proposition 6.8, we saw that if u is any point of U, then there exists an element
E of OT(Q) so that Eu = [1,0,0]". Applying Lemma 2.8 completes the proof
that OT(Q) acts transitively on the points of U.

For the second claim, let ¢; and ¢5 be any two hyperbolic lines and let uy be any
point of £, for k = 1, 2. Again, using the third part of the proof of Proposition
6.8, there exist elements E; and Fy of OT(Q) so that Exuy = [1,0,0]T. The
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first part of the proof of Proposition 6.8 shows that, because E1¢; and Eqfs are
two hyperbolic lines through [1,0,0]T, there exists a € R so that the element
Ay of OFT(Q) fixes [1,0,0]T and satisfies A, (E1¢1) = Ealy. Hence, we see that
E;'ALFiuy = uy and By 'ALE 4 = (s QED

Formally, we should check that U with this definition of hyperbolic line satisfies
the parallelism condition that we expect the hyperbolic plane to satisfy, as we
have not yet shown that U with this definition of hyperbolic line is a model of
the hyperbolic plane. In particular, we have not related it to any other model
of the hyperbolic plane that we have discussed in this book. So, let £ be any
hyperbolic line in U, and let u be any point of U that is not contained in .

Using the transitivity properties of the action of O (Q) acting on U, we can
assume that ¢ is the intersection of U with the xzgxi-plane Pyi. Let L be the
Euclidean line in R3 through 0 and u. Any Euclidean plane through 0 and u
must contain L. One such Euclidean plane is the Euclidean plane P containing
both L and the x;-axis.

The intersection of this Euclidean plane P and the xgzi-plane Py is the -
axis, which is disjoint from U, and so P N U is a hyperbolic line in U parallel
to £ = Py; NU. In fact, if P' is any Euclidean plane in R? whose intersection
with the zgzi-plane Py; is disjoint from U, then P’ N U is a hyperbolic line in
U parallel to ¢. (This observation follows from the observation that any point
in the intersection (P’ NU) N (Py; NU) of these two hyperbolic lines is a point
of P’ N Py, which we have assumed to be empty.)

Let P” be any Euclidean plane containing L whose angle with P is very small.
The intersection of P” with the zgzq-plane Py; will be very close to the x;-
axis, and so it will also be disjoint from U. Hence, the intersection of such a
Euclidean plane P with U gives rise to a hyperbolic line through u and parallel
to £. As there are infinitely many such Euclidean planes, there are infinitely
many hyperbolic lines through u and parallel to /.

Another consequence of the proof of Proposition 6.8 is the observation that the
group Isom(U, dy) of all isometries of the metric space (U, dy) is

Isom(U,dy) = O1(Q).

The proof of this fact has the same structure as the proof of Theorem 3.19,
which states that Isom(H,dy) = Mob(H). Namely, given an isometry f of
(U,dy), we use the transitivity properties of the action of O%(Q) on U to
normalize f by finding an element A of OT(Q) so that Ao f fixes a point of
U, so that Ao f fixes pointwise a hyperbolic line in U through this point, and
so that Ao f does not interchange the two half-planes in U determined by this
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hyperbolic line. We then show that the normalized isometry Ao f is the identity,
and so f = A~1 € O1(Q). We have already given this argument in great detail
for (H,dy), and so we do not give it for (U,dy) as the details are essentially
the same.

We close this section by returning to the Euclidean circle 7. defined earlier. We
start by arguing that T;. is a hyperbolic circle as well. This follows from the fact
that T, is invariant under the action of the subgroup (4, | & € R) of OT(Q)
fixing [1,0,0]T, and each A, is a hyperbolic isometry as well as a Euclidean
isometry. So, the hyperbolic centre of T} is the point [1,0,0]T.

We now calculate the hyperbolic radius of T).. The hyperbolic distance between
[1,0,0]T and [r, v/r2 — 1,0]" is equal to the length of the hyperbolic line segment
joining [1,0,0]T to [r,vr2 —1,0]T, which in turn can be parametrized by the
simple path g : [1,7] — U, g(t) = [t,vt2 — 1,0]T. The hyperbolic length of g is
then

lengthy(g) = /; Q([L\/t;il’o]qj)dt
/j \/%dt =In(r + V/r2 - 1).

As a check that we have defined hyperbolic length appropriately, note that we
have calculated that the hyperbolic length of T, is 2wv/7r2 — 1 and that the
hyperbolic radius of T is In(r + v/72 — 1). Checking the relationship expressed
in Exercise 4.4, we calculate:

27 sinh(hyperbolic radius of T,.) = 2msinh(In(r + /72 — 1))

1 1

= 2= |7+ 7’21<>)
2 ( r+vr2—1

= a(r+vr2—-1—(r—+vr2-1))

= 2mvr2 —1 = lengthy (7)),

as desired.

For a slightly different presentation of the hyperboloid model, including a uni-
fied proof of the hyperbolic laws of cosines, we refer the interested reader to
the book of Thurston [35].
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6.2 Higher Dimensional Hyperbolic Spaces

Up to this point, we have considered models of the hyperbolic plane. The
purpose of this last short section is to discuss how to extend each model to
a model of higher dimensional hyperbolic spaces. We will not prove all of the
specifics in detail, but instead we will attempt to point out the similarities with
the construction of the two-dimensional equivalent of each model.

We begin by discussing what we mean by the phrase, higher dimensional hy-
perbolic space. There are several different directions in which we can attempt
to generalize the two-dimensional hyperbolic geometry we have been studying
in this book. One way is to generalize the notion of hyperbolic, whereas another
way is to consider the same models as we have been considering, only with a
higher dimensional base space.

One possible generalization of the notion of hyperbolic, which was first proposed
by Gromov and which has been explored by a great many mathematicians since,
begins with the result of Exercise 5.11. This exercise states that hyperbolic
triangles in the hyperbolic plane are uniformly thin: If T' is a hyperbolic triangle
in the upper half-plane H, say, with sides A, B, and C, and if z € A is any
point, then

dg(z, BUC) <In(vV2+1).

Let (X,dx) be a path metric space. (For ease of exposition, we only consider
the case in which X is simply connected.) We can define a triangle T in X as
follows: take three points x1, x2, 3 in X, and for each 1 < j # k < 3, let s,
be a curve in X that is the image of a distance-realizing path joining z; and
x. The sj;, are the sides of the triangle. For a real number 6 > 0, say that T
is d-thin if each point on one side of T is distance at most ¢ from the union of
the other two sides. Specifically, we require that

dx (z,s12 U s13) < 6 for all z € sa3,
dx($7812 U sg3) < 4 for all z € s13,

and
dx (z, 803 Usy3) <6 for all z € s15.

We then define a (simply connected) path metric space (X,dx) to be 4-
hyperbolic if there exists a § > 0 so that all triangles in X are é-thin. Exercise
5.11 shows that the hyperbolic plane is ln(\/i + 1)-thin, as all triangles in the
hyperbolic plane are d-thin with § = In(v/2 + 1).

The interested reader is invited to check that the complex plane C with the
usual Euclidean metric n(z,w) = |z — w| is not d-hyperbolic for any § > 0,
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and that a tree is 0-hyperbolic. We do not have the space here to discuss this
generalization in any more detail, but we refer the (brave and) interested reader
to the original article of Gromov [17] as well as to the article of Bowditch [12].

Instead, we choose to work with models of hyperbolic geometry that are strict
generalizations of the two-dimensional models we have developed. These mod-
els share some basic properties. First, their base space is an n-dimensional
subset of Eulidean space in which we have a reasonable definition of hyperbolic
line. Second, parallelism behaves as in the hyperbolic plane, so that for any
hyperbolic line £ and any point p not on ¢, there are at least two hyperbolic
lines passing through p that are parallel to ¢ (and in fact there are infinitely
many hyperbolic lines passing through p that are parallel to £). And finally,
the model of hyperbolic geometry looks the same in all directions, so that if p
is any point and if r; and r9 are any two hyperbolic rays from p, then there
exists an isometry of this hyperbolic space fixing p and taking 71 to rs.

We begin with the hyperboloid model. As we saw in Section 6.1, the construc-
tion of the hyperboloid model U began with the quadratic form
Q(x) = —§ + 27 + a3

on R3. From this quadratic form, we derived the group of reasonable trans-
formations of U, namely, the matrices in OT(Q) = O(2,1) that preserve this
quadratic form. The definition of hyperbolic length and the definition of hyper-
bolic line were both given directly, and they were shown to be invariant under
the action of O (Q).

This construction is straightforward to generalize. To build the model space
for the hyperboloid model U™ of n-dimensional hyperbolic space, we take the
quadratic form

Qn(x) = —a2 + Zx?
j=1
on R™!. The model space U™ is then the upper sheet of the hyperboloid
{x € R""! | Q,(x) = —1}, namely, the set
U™ = {x € R"" | Q,(x) = —1 and z > 0}.
Using the same line of argument that we used for U, we can determine the

group
0(Qn) = {A € GL,11(R) | Qn(x) = Qn(Ax) for all x € R"*1}

of invertible (n+ 1) x (n+ 1)-matrices that keep this quadratic form invariant,
and the group

O"(Qn) =0(n,1) ={A € O(Qn) | A(U") =U"}
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of invertible (n+1) x (n+1)-matrices that keep this quadratic form invariant and
that preserve the upper sheet U™. The transitivity properties of the action of
O7(Q) on U also generalize to transitivity properties of the action of O7(Q,,)
on U™. In particular, the proof of Proposition 6.8 immediately generalizes,
although the algebra becomes significantly more complicated. A generating set
of matrices for O (Q,,) consists of the same three basic types of matrices as

for O (Q):

— Rotation in the z;z1-plane fixing the z¢-axis, where 1 < j,k < n. Rotation

by a € R in the z;z2-plane is given by the matrix

1 0 0 (0)

0 cos(a) —sin(a) (0)

0 sin(a) cos(a)  (0) ’

0) (0 0)  In-2
where I,,_o is the (n — 2) x (n — 2) identity matrix and where (0) represents
the O-matrix of the appropriate size. Rotation in the x;x;-plane is obtained
by permuting the coordinates x1, ..., x, appropriately.

— Translation in the xoz;-plane, where 1 < j < n. Translation by ;1 € R in the
zox1-plane is given by the matrix
cosh(p) sinh(n) 0  (0)
sinh(p) cosh(p) 0 (0)
0 0 1 (0) ’
(0) 0)  (0) In-
where I,,_5 is the (n—2) x (n—2) identity matrix and where (0) represents the
0-matrix of the appropriate size. Translation in the xgxy-plane is obtained
by permuting the coordinates x; and xj.

— Reflection in the plane {x € R"™! | z; = 0}, where 1 < j < n. Reflection in
the plane {x € R"*!|z; = 0} is given by the matrix

1 0 (0
0o -1 (0) |,
0) (0) In-

where I,,_1 is the (n—1) x (n—1) identity matrix and where (0) represents the
0-matrix of the appropriate size. Reflection in the plane {x € R"™! |z; = 0}
is obtained by permuting the coordinates x; and z;.

As in U, a nonzero tangent vector t to U™ satisfies @,(t) > 0, and so the
hyperbolic length of a piecewise C! path f : [a,b] — U™ is given by

b
lengthy () = | VQU@)L
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The hyperbolic distance dy-(u, v) between points u and v of U" is then defined
to be the infimum of the hyperbolic lengths of all piecewise C'* paths f : [a, b] —
U™ with f(a) = u and f(b) = v. The group of isometries of the metric space
(U™, dy) is then

Isom(U™, dyn) = O (Q.).

Again, a hyperbolic line is defined to be the intersection of a two-dimensional
Euclidean subspace of R™*! through the origin 0 with U". Parallelism in U™
behaves as it does in U, so that given a hyperbolic line ¢ in U™ and a point
p € U™ not on /, there exist at least two hyperbolic lines in U™ passing through
p and parallel to £. The argument proving this result in U™ is essentially the
same as the argument given for the analogous fact in U. Also, we have that
the distance-realizing paths in U™ are the almost simple parametrizations of
hyperbolic line segments.

We note that this construction of a model U™ of n-dimensional hyperbolic
space also yields that there is a hierarchy of hyperbolic spaces of increasing (or
decreasing, depending on the point of view) dimension contained in U™. We did
not remark on this fact when developing our models of the hyperbolic plane, as
we never explicitly described a hyperbolic line as a model of one-dimensional
hyperbolic space.

So, consider the n-dimensional subspace Y;, of R"*! given by the condition
Y, = {x e R""! |z, =0}.
As Y, = R" x {0} C R""}, we identify Y,, with the n-dimensional Euclidean

space R™ with coordinates zg,...,2,_1. The restriction of @),, to Y, is the
quadratic form Q,,_1 = —z3 + Z;:ll % on R™, and the intersection Y;, N U™ is
the set

YV, NU" ={xecR"™ |z, =0, 29 >0, and Q,(x) = —1},
which (forgetting the coordinate z,,) is the same as the set
Ut ={xeR"| zp>0and Q,_(x) = —1}

(where we freely make use of this identification of Y;, and R™). Therefore, the
set Y, NU™ is just the hyperboloid model U"~! of hyperbolic (n — 1)-space. In
fact, if P is any n-dimensional subspace of R"*! whose intersection with U™
is nonempty, then there exists an element of O (Q,,) taking P to Y,,, and so
PNU" is also a copy of the hyperboloid model of U"~! contained within U™.

We can continue this process, considering the intersection of the (n — 1)-
dimensional subspace

Yy 1m={xeR" |2, =0, 2, =0}
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of R"*1 with U™ to get a copy Y;,—1., N U™ of the hyperboloid model U™~2
contained within the copy Y, N U" of the hyperboloid model U"~!, which is
itself contained in U".

One advantage to the hyperboloid model of hyperbolic n-space is that the
group of isometries of hyperbolic n-space is immediately realized as a group
of matrices, because the group of isometries of the hyperbolic metric on U™ is
just OT(Q). Without going into detail, we note that this linearity of the group
of isometries has strong consequences.

As a last point regarding the hyperboloid model, let G be the subgroup of
0*(Q,) fixing the point [1,0,...,0]T of U". For each r > 1, the action of G
preserves the (n — 1)-dimensional affine subspace P, = {x € R"*! |2y = r}
of R"*1  and hence the subset Z, = {u € U" |uy = r} of U", which is a
Euclidean (and hyperbolic) (n — 1)-dimensional sphere. The restriction of the
quadratic form Q,, to P, yields a multiple of the standard Euclidean metric
on {x € R" |2y = r}, and G is exactly the group of Euclidean isometries
of this (n — 1)-dimensional sphere with this restricted metric. That is, inside
n-dimensional hyperbolic geometry U”, we have a copy of (n — 1)-dimensional
spherical geometry.

We can also generalize the upper half-plane and Poincaré disc models of the hy-
perbolic plane to models of hyperbolic n-space. When we were constructing the
upper half-plane and Poincaré disc models of the hyperbolic plane, we worked
in the complex plane C and could make use of a great deal of the machinery
of complex analysis, which was the content of Chapter 4. However, in general,
this complex structure, with its pleasant and useful analytic consequence, is
not available.

In the same way that the upper half-plane and the Poincaré disc models of
the hyperbolic plane were two manifestations of the same general construction,
the upper half-space and Poincaré ball models of hyperbolic n-space are man-
ifestations of the same general construction. We work in R” = R™ U {co}, the
one-point compactification of R™, where the coordinates on R™ are x1,...,Zy.
As we did in C, define a sphere in R™ to be either an (n — 1)-dimensional Eu-
clidean sphere in R™ or the union of an (n — 1)-dimensional affine subspace in
R™ with {oo}. As before, we can define reflection (or inversion) in a sphere in
R™. There are explicit formulae for reflection in a sphere in R” similar to the
formulae for reflection in a circle in C, but as we will not explicitly use them,
we do not give them here.

The general Mébius group Mdb,, of R™ is generated by reflections in spheres in
R™. A Mébius transformation of R™ is the composition of reflections in an even
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number of spheres in R”. The group Mob," of Mdbius transformations of R™
has index 2 in the general Mobius group Maob,,.

The group Méb of Mébius transformations of R" shares many basic prop-
erties of the group Méb™ = Mébs of Mébius transformations of C. Namely,
M&b! acts conformally on R”, so that angles are preserved. Moreover, Mdb;
acts transitively on R” and acts transitively on the collection of all (n — 1)-
dimensional spheres in R™ and on the collection of all n-dimensional balls in
R™.

The base space of the upper half-space model H" of hyperbolic n-space is the
upper half-space of R", namely

H" = {x € R" | z,, > 0},
with its boundary at infinity
(R™! x {0}) U {00} = Rn—1,

The base space of the Poincaré ball model D™ of hyperbolic n-space is the unit
ball in R™, namely

D" ={xeR"||x| <1},
with its boundary at infinity

St ={x e R"| x| =1}

We note that, by the transitivity of the action of Mob;" on the collection of all
n-dimensional balls in R, there exists an element m of Méb taking H" to
D™. Hence, we work primarily with H", with the understanding that analogous
statements hold for D™.

For any 1 < k < n — 1, define a k-dimensional sphere in R™ to be either a
k-dimensional Euclidean sphere in R™ or the union of a k-dimensional affine
subspace of R" with {oo}. Hence, a one-dimensional sphere in R™ is either
a Euclidean circle in R™ or the union of a Euclidean line in R™ with {oco},
whereas an (n — 1)-dimensional sphere in R” is the same as a sphere in R™ as
defined above. Analogously with the upper half-plane model of the hyperbolic
plane, we define a hyperbolic line in H" to be the intersection of H" with a
one-dimensional sphere in R™ that is perpendicular to the boundary at infinity
R”—1 of H". Hence, a hyperbolic line in H" is either a vertical Euclidean line or
is the upper hemi-circle of a Euclidean circle centred on R*~1 and perpendicular
to Rn—1,

The hyperbolic element of arc-length on H" is m%|dx|, so that the hyperbolic
length of the piecewise C* path f : [a,b] — H" given by

f@) = (f1(®); s fu(D)
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is

b
lengths. (f) = /f x| = [l

As we have a means of measuring the hyperbolic lengths of piecewise C'' paths
in H", we define the hyperbolic metric dg» on H"™ by defining the hyperbolic
distance dgn(x,y) between points x and y of H" to be the infimum of the
hyperbolic lengths of all piecewise C! paths f : [a,b] — H" with f(a) = x and
f(b) = y. This notion of hyperbolic length, and hence of hyperbolic distance on
H", is invariant under the action of the subgroup Méb,, (H™) of Méb,, preserving
H™. The group of isometries of the metric space (H", dg~) is then

Isom(H", dgn ) = Mob,, (H™).

For r > 0, let H, be the affine (n — 1)-dimensional subspace
H . ={xeH" |z, =71}

of R™ contained in R™. The restriction of the hyperbolic metric dg- to H, is a
multiple of the usual Euclidean metric on R"~!. Moreover, the subgroup G of
Mob,, keeping, say, H; invariant is a subgroup of the subgroup of M&b,, fixing
oo. Note that G keeps H, invariant for each » > 0, and that G acts as the full
group of isometries of the Euclidean metric on H,.. Hence, n-dimensional hyper-
bolic geometry contains a copy of (n—1)-dimensional Euclidean geometry. This
result, together with the earlier remark that n-dimensional hyperbolic geome-
try contains a copy of (n — 1)-dimensional spherical geometry, gives credence
to the claim that hyperbolic geometry is in some weak sense universal.

We close this section by noting that, unfortunately, there is in general not a
convenient form to express Mobius transformations of R”. We saw that for C =
R2, we could express Mobius transformations as quotients of linear polynomials
in the coordinate z on C, with a suitable interpretation of the arithmetic of
{00}, but no such representation exists for higher dimensions. A good reference
for Mébius transformations in higher dimensions is Ahlfors [5]. There is also
the paper of Abikoff [1], which discusses another way of realizing the upper
half-space model of three-dimensional hyperbolic space H?, together with its
group of isometries.
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Solutions to Chapter 1 exercises:

1.1: Write 2 = Re(z) = 1(2 4+ Z) and y = Im(2) = —%(z — Z), so that
1 ) 1 1
ax+by+c=a§(z+§) —b%(z—?)—i—c: §(a—ib)z+§(a+bi)2+c:0.

Note that the slope of this line is —¢, which is the quotient of the imaginary

and real parts of the coefficient of z.

Given the circle (z — h)? + (y — k)? = r?, set 29 = h + ik and rewrite the
equation of the circle as

|z — 20|® = 2Z — Zoz — 20Z + |20|* = 2.

1.2: A and S! are perpendicular if and only if their tangent lines at the point
of intersection are perpendicular. Let = be a point of A N'St, and consider the
Euclidean triangle T with vertices 0, re®®, and 2. The sides of T joining z to
the other two vertices are radii of A and S, and so 4 and S! are perpendicular
if and only if the interior angle of T" at x is %w, which occurs if and only if the
Pythagorean theorem holds, which occurs if and only if s2 4 12 = r2.

1.3: Let L,, be the Euclidean line segment joining p and ¢. The midpoint of
Lpg is (p + q), and the slope of Ly, is m = Im(g)=Im(p) 4 perpendicular

Re(q)—Re(p)
bisector K of L,q passes through %(p + ¢q) and has slope —L = Re(p)=Re(q)

m "~ Im(q)—Im(p)’
and so K has the equation

{Re(p) — Re(q)

(o) i) (=~ 3(Re) +Te(@)).

y~ 5 (Im(p) +Im(q)) =

217
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The Euclidean centre ¢ of A is the z-intercept of K, which is

[ ] [l

o
I
|
|

1
2
{UHKPDQUHK@)2+(deD2(RdQD2}

The Euclidean radius of A is

2 | Re(p) — Re(q)
1.4: One hyperbolic line through ¢ that is parallel to ¢ is the positive imaginary
axis I = HN{Re(z) = 0}. To get a second hyperbolic line through ¢ and parallel
to ¢, take any point x on R between 0 and 3, say z = 2, and consider the
Euclidean circle A centred on R through 2 and 4.

By Exercise 1.3, the Euclidean centre ¢ of A is ¢ = % and the Euclidean radius
of Aisr = %. As the real part of every point on A is at most 2, the hyperbolic

line HN A is a hyperbolic line passing through ¢ that is parallel to £.

1.5: The Euclidean circle D through ¢ and concentric to A has Euclidean centre
—2 and Euclidean radius v/5 = |i — (—2)|, and so one hyperbolic line through
i parallel to Ais HN D.

To construct a second hyperbolic line through 7 parallel to ¢, start by taking

a point  on R between A and D, say x = —4. Let E be the Euclidean circle

centred on R passing through —4 and i. By Exercise 1.3, the Euclidean centre
15 17

cof £ is ¢ = —32 and the Euclidean radius is r = 3.

It is an easy calculation that the two Euclidean circles {z € C ||z + 2| = 1}
and {z € C| |2+ 22| = &} are disjoint, and so the hyperbolic line HN E is a
hyperbolic line passing through 4 that is parallel to £.

1.6: If ¢ = 0, then the Euclidean line L. passing through i and 0 intersects S*
at +i, and so £71(0) = —i.

Given a point ¢ # 0 in R, the equation of the Euclidean line L. passing through
cand ¢ is
1 1
y=—(r—¢c)=—-ax+1.
c c



Solutions to Exercises 219

To find where L. intersects S!, we find the values of = for which

1
x-i—i(—x—i—l)

c

1 2
x{(l—i—Q):v—} =0.

c c

As & = 0 corresponds to i, we have that

|z +iyl = =1,

which simplifies to

So,

1.7: Calculating,

E)=1;¢ <exp (2;@)) = ﬁ; and & (exp (4;1» = \/%2

1.8: Let z be a point of H. The Euclidean distance from z to R is Im(z). So,
Utm(z)(2) is contained in H, but U,(z) is not contained in H for any € > Im(z).

1.9: Recall that K is bounded if and only if there exists some M > 0 so that
K is contained in Up(0). In particular, we have that Ups(oc0) is contained in
X. For any z € C — K, the Euclidean distance 6(z) from z to K is positive,
because K is closed, and so U.(z) is contained in X for any 0 < € < §(z).
Hence, the complement X of K in C is open.

Suppose that W is an open subset of C. If co & W, then W is contained in C,
and by the definition of U.(z), we have that W is open in C.

If co € W, then U.(c0) is contained in W for some € > 0. For this same choice
of ¢, we have that the complement Y = C — W of W is contained in U.(0), and
so Y is bounded. The fact that Y is closed follows immediately from the fact
that its complement C — Y = W is open in C.

1.10: Given € > 0, we need to find N > 0 so that z, = + € U.(0) for n > N.
Take N = é Then, for n > N, we have that z, = % < g, as desired.

Given € > 0, we need to find N > 0 so that w, =n € U.(c0) for n > N. Take
N = e. Then, for n > N, we have that w, = n > ¢, and so w,, € U.(0), as
desired.

1.11: Note that 0 lies in X, because % € U.(0) N X for every n > . However,
there are no other points of X other than 0 and the points of X.
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If z € Cis any point with Im(z) # 0, then Upy(.y(z) N X = . Also, because
|z] <1 for every x € X, we see that Us(o0) N X = 0.

If z € Ris any point with Re(z) # 0 and Re(z) # % for n € Z—{0}, then either z
lies between % and % for some m, p € Z—{0}, or else z lies in one of the intervals

% , ‘z - %’)7 so that
Us(2) N X = 0. In the latter case, let ¢ = |z — 1] if 2 € (1,00) or € = |z + 1] if
z € (—o0,—1), so that U.(2) N X = 0.

(1,00) or (—oo, —1). In the former case, let ¢ = min (‘z -

Hence, X = X U {0}.

For Y, take any z = z+yi € C. Given any € > 0, there exist rational numbers
a, bso that [z —a| < 3e and |y — b| < ¢, because Q is dense in R, a fact that
can be proven by considering decimal expansions.

Then, |(z +yi) — (a + bi)|] <e. As for each € > 0 we can construct a point in
U.(z) NY, we have that every point of C lies in Y.

As for any £ > 0 we have that n € U.(c0) for every integer n with n > &, we
also have that co € Y.

Hence, Y = C.

1.12: To show that X is closed in C, we show that C — X is open in C. Take
zeC-X.

Suppose that for each € > 0, the intersection U.(z) N X # (). For each n € N,

choose some z, € Uj/n(2) N X. As z, € X, there is some z,, € X so that
Tp € Upjp(zn) N X.

Combining these calculations yields that |z, — 2| < |z, — 25| + |20 — 2| < 2.
Hence, for each n € N, we have that z,, € Uy/,(2) N X, which implies that
z € X. This result contradicts our original choice of z.

1.13: The Euclidean line Lp can be expressed parametrically as
N+ ¢P —N) = (tp1,tpe,tps + 1 —1)
for ¢ € R. Lp intersects the xixo-plane when tps + 1 —t = 0, that is, when
t= % Hence, we see that
—Pp3
P1 . D2
E(P) = +1 .
) I—ps 1—ps

For ¢!, let 2 = = + iy be any point of C, and note that z corresponds to the
point Z = (z,y,0) in R3. Let L be the Euclidean line between N and Z, and
note that L is given parametrically by

N+¢(Z —N) = (tx,ty,1 —t)
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for t € R. To find where L intersects S?, we find the point on L whose distance
from the origin is 1, which involves solving

(tx)> + (ty)?+ 1=t =222 +2 -2t +1=1

for t. There are two solutions: ¢ = 0, which corresponds to N, and ¢ =
The latter value of ¢ yields

2
142"

£1(z) = 2Re(z) 2Im(z) |22 -1
2P+ 17 2P+ 17 [P+ 1)

1.14: Write
9(2) = ap2" + -+ + a1z + ao,

for n > 1 with a,, # 0. We need to quantify the statement that, if |z| is large,
then |g(2)| is large. If we wanted to be precise, we could proceed as follows. By
the triangle inequality,

9(2)| = [ lanz"| = lan-12""" + - + a1z + aol |-
So, set A = max{|an_1],...,]ao|} and note that
lan 12"V 4 Farzdag] A2+ 42|+ 1) < ndlzm Tt
for |z| > 1.

So, given € > 0, choose § > 0 so that § > 1 and so that |a,|6" —nAS" "1 > ¢.
Then, for |z| >, we have that

9| = lanll2l” = lan-12""" + - + a1z + ao
> an|l2[" — nAlz""!
> 6" an|d —nA) > ¢,

as desired.

1.15: If d = degree(g) > 2, then f is not a bijection. In fact, the fundamental
theorem of algebra gives that there is a point ¢ of C so that there are at least
two distinct solutions to g(z) = c. If g(z) does not factor as g(z) = (2 — a),
then we may take ¢ = 0.

If g(z) = (2 — a)?, then we may take ¢ = 1, so that the solutions to g(z) = 1

are 9 k
{z:a+exp<2i> | 0<k<d}.

If d = degree(g) = 0, then f is a constant function, which is continuous but is
not a bijection.
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If d = degree(g) = 1, then g(z) = az + b where a # 0. We know from Exercise
1.14 that f is continuous. To see that f is a bijection and that f ! is continuous,
we write an explicit expression for f~!, namely,

) = %(z —b) for z € C and f~!(00) = .

1.16: Choose any z € C. As X is dense in C, there exists a sequence {z,} in
X converging to z.

As f is continuous, we know that {f(z,)} converges to f(z). As f(x,) = xn,
this gives that {x,} converges to both z and f(z), and so z = f(z).

1.17: Let Cj, be the circle in C containing /. There are several cases to consider,
depending on whether C; and Cs are both Euclidean circles, whether both are
Euclidean lines, or whether one is a Euclidean line and one is a Euclidean circle.

We give a complete answer in the case in which both C; and Cs are Euclidean
circles; the other two cases follow by a similar argument. In essence, we are
reproving the fact that if C; and C5 are two FEuclidean circles in C, then there
exists a circle perpendicular to both Cy and Cs if and only if C; and C5 are
disjoint.

Let ¢, be the Euclidean centre of C}, and let r, be its Euclidean radius. Suppose
there exists a hyperbolic line £ that is perpendicular to both ¢; and /5. Let A
be the circle in C containing /.

It may be that A is a Euclidean line, in which case, C; and Cy are concentric,
and so are ultraparallel, because the boundary at infinity of the closed region
in H bounded by ¢; and #5 is the union of two closed arcs in R.

Otherwise, A is a Euclidean circle with Euclidean centre ¢ and Euclidean radius
7. Then, A intersects both C; and Cy perpendicularly, and so [c—cg|? = 72+
for k = 1, 2 by the Pythagorean theorem. In particular, |c — ¢x| > r;. Hence,
the boundary at infinity of the closed region in H bounded by ¢; and ¢5 consists
of two closed arcs, one containing ¢ and the other containing oo.

Conversely, suppose that ¢; and {5 are ultraparallel, let H be the closed region
in H bounded by them, and let a be the closed arc in the boundary at infinity
of H not containing co.

Let Cy be the Euclidean circle containing ¢, let ¢, be the Euclidean centre
of C}, and let r; be the Euclidean radius of C}. For each x € a, consider the
Euclidean circle A with Euclidean centre x and Euclidean radius r. For A to
be perpendicular to Cj, we need that (¢, — )% =72 + 72 for k=1, 2.
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Solving for = gives

2 2 2 2
r{—ry+c3—cq

2(62 — 01)
As C; and (s are disjoint Euclidean circles, we have that co — ¢; > ry + ro.

xr =

Hence,

7"=\/(x—cl)z—rf:\/(x—CQ)Q—r%>O,

and so the hyperbolic line contained in A is perpendicular to both ¢; and /5.

1.18: Suppose that ¢ = co. Then, the hyperbolic line contained in the Euclidean
line {Re(z) = Re(p)} is the unique hyperbolic line whose endpoints at infinity
are p and ¢. A similiar argument holds if p = co.

Suppose that p # oo and that ¢ # co. Then, we may again use the construction
from the proof of Proposition 1.2 of the perpendicular bisector of the Euclidean
line segment joining p to ¢ to find the unique Euclidean circle centred on the
real axis R that passes through both p and q. Intersecting this circle with H
yields the unique hyperbolic line determined by p and q.

Solutions to Chapter 2 exercises:

2.1: Consider the function f : C — C given by

z for Re(z) < 0;
f(z)=¢ z+iRe(z) for Re(z)>0;
o0 for z = oo.

It is evident that f is continuous, as it is a sum of continuous functions. To see
that f is a bijection and that f~! is continuous, we give an explicit formula for
£, namely,

z for Re(z) < 0;
Yz =< z—iRe(z) for Re(z) > 0;
00 for z = oo.

Hence, we see that f € Homeo(C). However, the image of R under f is not a
circle in C, and so f ¢ Homeo®(C).

2.2: We follow the argument given in the proof of Proposition 2.1. Set w =
az +b, so that z = %(w —b). Substituting this calculation into the equation of
a BEuclidean circle, namely, a2z + 3z + $Z + v = 0, yields

azZ+PBz+PBz+y = a%(w—b)é("w—b)+ﬁé(’w—b)+ﬁé(’w—b)+v
_ m‘yw_b)m—mf(w_m(f)Hﬂ
|, Ba

2
e,
[0

2
w—|——b‘ +
a

la?
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which is again the equation of a Euclidean circle in C.

2.3: The Euclidean circle A given by the equation azz + 3z + 8z + v = 0 has
Euclidean centre fg and Euclidean radius ﬁ\/ 187 — ar.

As we saw in the solution to Exercise 2.2, the image of A under f is the
Euclidean circle given by the equation

2
Ba—b‘ +7

«

(%

W'LU"’

2
e,
(0%

which has Euclidean centre f (—g) and Euclidean radius \a|W1|\/ 187 — ar.

2.4: The equation of A expands to
2Z —Zoz — 202 + |%0)? — r? = 0.
The circle J(A) then has the equation
(|20]* — 7*)|w|* = zow — Zow + 1 = 0,

which is a Euclidean line if and only if |29]? — 72 = 0, that is, if and only if
|z0| = 7, so that A passes through 0.

2.5: The inverse of m(z) = g‘zzis is m~1(z) = _dczzj_ba.
2.6: If the coeflicients of p are zero, then p is undefined. So, write p(z) = —Zjidb

and suppose that ad — bc = 0, so that ad = bc. Assume that a # 0. The proof
in the cases that one (or several) of the other coefficients is nonzero is similar.
Multiply the numerator and denominator of p by a and simplify to get

p(2) = az+b alaz+0b) alaz+b) alaz+D) _i

cz+d alcz+d)  acz+bc  claz+b) ¢

and so p is a constant function.

2.7:

1. As m(oco0) = 2 # oo, the fixed points lie in C and are the roots of 3z% —
3z — 5 =0, which are £[3 & v/69].

2. One fixed point is z = o0o; the other lies in C and is the solution to z = 7246,
which is z = —1.

3. As J(o0) = 0 # oo, the fixed points lie in C and are the roots of 2% = 1,
which are z = £1.

4. As m(00) = 1 # oo, the fixed points lie in C and are the roots of 2% = 0;
in particular, m has only one fixed point, at z = 0.
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2.8: The general form of the Mobius transformation m taking the triple
(00, 22, 23) to the triple (0,1, 00) is

m(z) =

az+b 29— 23

cz+d  z—z3

2.9: There are six, as there are six permutations of T: a(z) = z takes (0, 1, 00)
to (0,1,00); b(z) = —(z — 1) takes (0,1,00) to (1,0,00); ¢(z) = —Z5 takes
(0,1,00) to (0,00,1); d(z) = 1 takes (0,1,00) to (00,1,0); e(z) = =% takes
(0,1,00) to (1,00,0); and f(z) = 2=L takes (0,1,00) to (00,0,1).

z

2.10: There are many such transformations. One is the M&bius transformation
m taking the triple (i, —1,1) of distinct points on S* = 9D to the triple (0, 1, 00)
of distinct points on R = 9H. Explicitly,
z—1 =2
me) =

We still need to check that m takes D to H, which we do by checking, for
instance, that the imaginary part of m(0) is positive:

24

Im(m(0)) = Im (1 — Z) = Im(1+1i) > 0.

2.11: f(z) = 22 is invariant under Méb™ if and only if f(m(z)) = f(z) for all
m(z) = %1% in Méb™' and all z € C. That is, we need to have that

cz+d
2
s = (E55) =

and so
2t 2cd2® + (d? — a?)2? — 2abz — b2 =0

for all z in C. In particular, we have that ¢ = b = 0 and that a?> = d?, and so
f is not invariant under Méb™.

As ad — bc = ad = 1, this gives that either a« = d = +1 or that a = —d = 1.
In the former case, m is the identity Md&bius transformation. In the latter case,
m(z) = —z. Hence, the only subgroup of Mo6b™ under which f is invariant is
the subgroup (e(z) = z, m(z) = —z).

az+b

2.12: We proceed by direct calculation. Let m(z) = £2,

lie in C and ad — bc = 1. Then,

where a, b, ¢, and d

az1+b az+b az3+b azg+0b

cz1+d czo+d czs+d czq+d
az1+b _ azs+b az3+b  aza+b
cz1+d cza+d czz+d czo+d
az1+b _ aza+b azz3+b _ azs+b
cz1+d czo+d czz+d czq+d

[m(z1), m(z2);m(z3), m(z4)] = [
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az1 +b)(czq +d

azs +b)(cz1 +d

E

)(
az +b)(cze +d
azz +b)(cza +d
az3 +b)(czqa +d
zZ3 — 29
|

[Zla 225 23, 24}'

= ==

[(
L
[(
L

(21 — 24

| 21 — 22

(
(
(
(

)
azy +b)(cz1 +d
azz +b)(czs +d
azq + b)(

)
)
)
)

|

. . . —4 = .
2.13: If there exists a continuous extension F' : C° — C of the cross ratio
[21, 22; 23, 24, then for any two sequences {z,} and {w,} of distinct nonzero

points of C with

lim z, = lim w, =0,

n—oo

we have that

n—oo

lim F(00,0,wy,2,) = lim F(00,0, 2y, wy)-

n—oo

As 0, o0, z,, and w,, are distinct, this equation becomes

n—roo

lim [00, 0; wy, 2,] = lim [00, 0; 25, Wy,
n—oo n—oo
and so
. W, . Zn
lim = lim .
n—00 Wy, — Zn n—00 Zp — Wp
For example, take z, = % and w, = % Hence,
-1=2,
which is a contradiction.
2.14: Calculating, we see that
[(2+3i—4][1—i+2i
2+43i,—2i;1 —1i,4 =
2+ 3, —20;1 =i, 4 _2+3i+22}{1—i—4}
_[-2+3i 1414
245 | [-3—1i
o [11416i]) [-4—2i] —12—86i
L2 0w | 290

which is not real, and so 2 4+ 3i, —2i, 1 — ¢, and 4 do not lie on a circle in C.

2.15: Calculating, we see that

2+ 30, —2i;1 — 4, ]

|
|

24+3t—s

2—&-3@'—1—2@} {
1+

25+3i] [

2+ 51 1—s—1

|

1—1+2¢
1—7—s
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_ {19 —2s+ (bs — 4)2} |:—S +(2- s)z}
29 (s—1)2+1
(7s* — 335+ 8) + (—3s® — 19s + 38)i
29((s —1)2+1) ’

which is real if and only if
5= é [49 + \/817} .

Hence, there are exactly two real values of s for which 2 4+ 3i, —2i, 1 — 4, and s
lic on a circle in C.

2.16: Calculating, we see that
1
[21, 205 23, 24]0 = ————
[21, 225 23, 24]

and 1

1 — [21, 22; 23, 24)

[Zl7 225 23,24]3 -

2.17: If n fixes a point = of C, then m = ponop~! fixes p(z), because

m(p(z)) = (ponop ') (p(z)) = p(n(z)) = p(x).

Lo m op, we see conversely that if m fixes a point y of C, then n

Asn=p"
fixes p~!(y). In particular, m and n have the same number of fixed points.

2.18: As ny ony 1(0) = 0 and ny o ny *(00) = 0o, we can write ng o ny*(z) =
p(z) = cz for some ¢ € C — {0, 1}. Hence, ng = pony.

Write nj, o m on '(2) = axz, and note that

agz:nzomongl(Z) = ponlomonflop_l(z)
1
- petmomen (1)
c
ai
= p(—z)zalz,
c

and so a; = ag, as desired.

2.19: Any Mobius transformation taking x to oo and y to 0 can be expressed
as s = J oq, where J(2) = 1 and where ¢ is a Mbius transformation taking =
to 0 and y to oco. Calculating, we see that

Somosil(z):Jo(qomoqfl)oj(z):Ez_

As by Exercise 2.18 the multiplier of g o m o ¢! is independent of the actual

choice of ¢, subject to the condition that g sends x to 0 and y to oo, the
! is independent of the actual choice of s, subject to the
condition that s take x to oo and y to 0.

multiplier of somos™
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2.20:

1. The fixed points of m(z) = 223 are z = £[3 + v/69]. Set

(Z>:z—%[3+\/@]
q P Rk

and calculate that

2 2 113 41/69]
omoll_omoo—(>—3 6 .
q ¢ (1) =gom(0) =q| 3 T i5- v
So, m is loxodromic.
2. The fixed points of m(z) = 7z + 6 are 2 = co and z = —1, and so m is

either elliptic or loxodromic. Set g(z) = z + 1, and calculate that
gomog (1) =gom(0) = q(6) = 7.
So, m is loxodromic.
3. J(z) = % has fixed points at &1, and so it is either elliptic or loxodromic.

Instead of conjugating J by a Mobius taking its fixed points to 0 and oo,
we note that J2(z) = 2, and so J must be elliptic.

4. The fixed point of m(z) = ;%7 is 2 = 0, and so m is parabolic.

2.21: 1. —34; 2. —1; 3.2; 4. —4; 5.9 6. —4.

2.22:
- ‘ d-
— 3 34 . — . — 2 2
1m(z)f\,/%z+¢%, Qm(z)fa7 3.m(z)f\}52+%,
32—% MRt iz
4.m(z) = ey 5.m(z) = 7 ;o 6.m(z) = = 5
+i

2.23: Write m(z) = 2+ and n(z) = 222 Then,

cz+d yz+6°
nom(z) = (aa+ Be)z + ab+ pd
(va+dc)z +~b+dd
and
mon(z) = (aa+b’y)z+aﬂ+b5'
(ca+dvy)z +cB8+dd
Hence,

T(nom) = (aa+ Bc+ b+ 6d)* = 7(mon),

as desired.
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2.24: Using Exercise 2.23, we see that

T((pom)op™) =71(p~" o (pom)) = 7(m).

2.25: Calculating, we have that f/(p) = 2p —2p™2 = 2p(1 — p~*), and so
f'(p) =0if and only if p = 1. As

I o i
Jim, flp) =00 = lim f(p),
we see that p =1 is a global minimum. As f(1) = 2, we are done.

2.26:

1. 7(m) = 522, and so m is loxodromic with multiplier g5 [—93 — v/4025].

2. 7(m) = 0 and so m is elliptic with multiplier —1.

3. 7(m) = 0, and so m is elliptic with multiplier —1.

4. 7(m) =4, and so m is parabolic.

5. 7(m) = 2, and so m is elliptic with multiplier 4.

6. 7(m) = —%, and so m is loxodromic with multiplier —4.

2.27: Instead of calculating, we begin by noting that we can write m as m(z) =
Zjis with ad — bc = 1 and a + d = 2. Choose p so that a = 1 + px and
d =1 — pz, and note that this determines p uniquely. As ad — bc = 1, we have

that bc = —p?z2.

The fixed points of m satisfy the equation (1+pz)z+b = z(cz+ (1 —px)), and
so cz? — 2pxz — b = 0. Completing the square, this becomes (z — %)2 =0. As
z = x is one solution and m is parabolic, we see that 2% =z, and so ¢ = p. As
bc = —p?22, this yields that b = —pz?, as desired.

2.28: Let n(z) = az, and let p(z) be a Mdbius transformation taking = to 0
and taking y to co. For instance, we may take p(z) = z:‘; The determinant of
pis 5% = x — y, and so normalizing we get that

z —

@I
g

p(z) =T —

=
i
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As m fixes 2 and y and has multiplier a, we have that pomop~! = n, and so
m = p~! onop. Calculating, we see that
— zy(a—1)
-1 1 [(z—ay)z+zy(a—1) (ﬁw*yya) e
p~lonop(z) = -
62 (1—a)z—|—ax—y (1—a)z+a:a—y
z—y z—y
as desired.

2.29: Obviously, every element k = Al of K is in ker(u), because p(k) is the

Mébius transformation m(z) = 4% = 2.

Suppose that M is an element of GL(C) so that

o= 3))=(ro=55)

is the identity Mobius transformation. As m(0) = 0, we have that b = 0; as

m(o0) = oo, we have that ¢ = 0. As m(1) = § = 1, we have that a = d, and so

a b
M(c d)aI,

The conclusion that Mob™ and PGLy(C) are isomorphic follows immediately
from the first isomorphism theorem from group theory.

as desired.

2.30: By definition, C(z) = % fixes every point of R and, in particular, fixes 0,
1, and oco. However, as C'(i) = —i # 4, we see that C(z) is not the identity, and
so it cannot be an element of Moéb™.

2.31: Let A be the circle in C given by the equation azz + 3z + 3z + v = 0.
Set w = C(z) = Z, so that z = w, and note that w then satisfies the equation
aww + Bw + Bw -+~ = 0, which is again the equation of a circle in C, as desired.

2.32: We check that all possible compositions of pairs again have one of the
two desired forms. We already have that the composition of two Mobius trans-
formations is again a Mobius transformation.

We begin by noting that the composition m o C, where m(z) = gjjrrs, is
az+b
moC)(z) =m(Z) = .
(moC)(z) =m(z) = £
o 7+ .
The composition m o n, where n(z) = ’i;r?, is

(aa + b7)Z + af + bd

(mon)(z) = (ca +dy)z+cB+dS’
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and so it has the desired form. Similarly, the composition n om has the desired
form.

az+b
cz+d’

The composition p o n, where p(z) = is
(a@ + b7)z + aB + bs

(ca+dy)z+cf+dd’

(pon)(z) =
and so it has the desired form.

2.33: One is

A4 i
plz) =m(e) = F -7,
V2¢ T

1—4
zZ4+1
n(z)i —12i )
iz 41
and so
1 Z4 _1
(noCon™")(2) n<1-21-12+12+z>_z7
as desired.

2.34: As f(z) = az + b is the composition of L(z) = az and P(z) = z + b, it
suffices to check that Proposition 2.20 holds for the transformations L and P.

For P, write b = 3e'?, so that the Euclidean line ¢ passing through 0 and b
makes angle ¢ with R. We express translation along ¢ as the reflection in two
lines A and B perpendicular to ¢, with A passing through 0 and B passing
through %b.

Set 0 = ¢ — %71'. Reflection in A is given as
Ca(z) = 207z — _e%ivz,

and reflection in B is given as

Calculating,

CpoC4)(z) = Cp(—e?%z) = —21? [ —e 2%, — 15 + 1b =2z+b.
( 2 2

For L, write a = a®¢?, and note that L is the composition of D(z) = a?z and

E(z) = ¥
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We can express D as the composition of the reflection ¢(z) = 1 in S! and

the reflection co(z) = 2® in the Euclidean circle with Euclidean centre 0 and

z
Euclidean radius «.

We can express E as the composition of the reflection C'(z) = Z in R and the
reflection Cy(2) = €% in the Euclidean line through 0 making angle 6 with R.

2.35: We use the notation of the proof of Theorem 2.23. As X, passes through
2o and 2, we have that C(X}) passes through C(zp) = zg and C(zx) = Zx,
and so C(X}) has slope

Im(zg — Zo) Im(z — 20)

Sk = Re(zr — Z0) - 7Re(zk — 20) -

The angle angle(C(X;), C(X2)) between C'(X;) and C(X3) is then
angle(C(X1),C(X3)) = arctan(Sy) — arctan(Sy)
= —arctan(sqg) + arctan(s;) = —angle(X7, Xs).

Hence, C' is conformal, as it preserves the absolute value of the angle between
Euclidean lines.

2.36: In the case in which a = 0, the condition that ad — bc = 1 yields that
¢ # 0. Consider the two points m(1) = 25 and m~*(c0) = —<.

Solving for d and b in terms of ¢, we get

d=—m""(c0)c and b =m(1)(c+d) = (m(1) —m~*(c0))e.

Hence,
1 =ad—bec = (m(o0) —m(1))c?,

and so again b, ¢, and d are either all real or all purely imaginary.

In the case in which ¢ = 0, we have that a # 0 and d # 0. In this case, we can
write m(z) = %z + %, and so both m(0) = & and m(1) = %% are real, which
gives

b=m(0)d and a = (m(1) — m(0))d.
Hence,
1 =ad —be = (m(1) — m(0))d?,
and so again a, b, and d are either all real or all purely imaginary.

2.37: Start by taking an element p of M&b taking R to S', such as p(z) = 2=

—iz-&z-l .
Set m(z) = ‘;Zzis, and calculate that

(a+d+(b—c)i)z+b+c+(a—d)z'.

b+c—(a—d)i)z+a+d—(b—c)t

pomopi(z) =



Solutions to Exercises 233

Set a=a+d+ (b—c)iand S=b+c+ (a — d)i.

If a, b, ¢, and d are all real, then with o and 3 as above, we can rewrite pomop™1

as

pomopi(z) = 2210
Bz+a

If a, b, ¢, and d are all purely imaginary, then with o and 3 as above, we can

rewrite pomop~! as
pomop t(z) = M
—0Bz—@

If n(z) = gidb, then

(a—d—(b+c)i)z+b—c—(a+d)i
—bt+c—(a+d)i)z—a+d—(b+c)i
Setd=a—d—(b+c)iand y=b—c— (a+d)i.

ponoﬁ*@)=(

If a, b, ¢, and d are all real, then with § and v as above, we can rewrite ponop™!
as P
ponop (z) = 22T
_W — 0

If a, b, ¢, and d are all purely imaginary, then with § and « as above, we can

rewrite ponop~! as
0z 4y

Az +40

ponop(z)

2.38: This is similar to the proof of Theorem 2.4. First, note that the elements
listed as generators are all elements of Mob(H). Consider the element m(z) =

Zzzi‘db of Mob(H), where a, b, ¢, d € R and ad — bc = 1.

Ifc=0, thenm(z):%erg.Aslzadfbc:ad,wehavethat%:a2>0.

If ¢ # 0, then m(z) = f(K(g(2))), where g(z) = >z + cd and f(z) = z + £.

For n(z) = gjg, where a, b, ¢, and d are purely imaginary and ad — bc = 1,
note that B on = m, where m(z) = fﬁi? is an element of M6b(H). Hence, we

can write n = B~ om = Bom.

2.39: We know from Theorem 2.26 that every element of M&b(H) either has
the form m(z) = %% where a, b, ¢, d € R and ad — bc = 1 or has the form

B cz+d
n(z) = %_ts where a, b, ¢, and d are purely imaginary and ad — bc = 1.
The Mobius transformation p(z) = _'j;il takes R to S' and takes H to D

because p(i) = 0.
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For m, we calculate

(a+d+(b—cli)z+b+c+(a—d)i az+p3
(b+c—(a—d)i)z+a+d—(b—c)i Bz+a
where a =a+d+ (b—c¢)iand B =b+ c+ (a — d)i.

pomopi(z) =

For n, we calculate

(a—d—(b+c)i)Z+b—c—(a+d)i 0Z+~
—b+c—(a+d)i)z—a+d—(b+c)i Fz4+65
withd=a—d—(b+c)iand y =b—c— (a + d)i.

ponor(a) =

2.40: Let ¢ be a hyperbolic line in H. Using Lemma 2.8, it suffices to construct
an element of Mob(H) that takes ¢ to the positive imaginary axis I in H. One
approach is to construct an element of M6b(H) taking the endpoints at infinity
of £ to 0 and oo, as is done in the solution to Exercise 2.41. We take another
approach here.

Choose a point z on ¢. By Proposition 2.28, there exists an element m of
Mob(H) with m(z) = i. Let ¢ be the angle between the two hyperbolic lines I
and m(¢), measured from I to m(¥).

For each 6, the M&bius transformation

o (2) = cos(f)z — sin(6)

sin(0)z + cos(0)
lies in M6b(H) and fixes . Also, the angle between I and ng(I) at i, measured
from I to ng(I), is 26.

So, if we take § = ¢, we have that ng(I) and m(¢) are both hyperbolic lines
through i that make angle ¢ with I. Hence, m(¢) = ng(I), and so I = ny ‘om(£).

Z—T

2.41: For any two points y < x in R, the Mdbius transformation m(z) = =
satisfies m(x) = 0 and m(y) = oo. Also, the determinant of m is x —y > 0, and
so m lies in Mob™ (H).

For y = =2 and = = 1, we get m(z) = ;‘ré as an element of M6b(H) taking £
to 1.

2.42: Let I be the positive imaginary axis, and let r; be the closed hyperbolic
ray consisting of the portion of I above and including i. Using Lemma 2.8, it
suffices to show that there exists an element m of Mob™ (H) taking any element
(4,7, z9) in X to (I,ry,1).

Start with an element n of Méb™ (H) taking the endpoints at infinity of ¢ to
0 and oo, the endpoints at infinity of I. (If the endpoints at infinity of ¢, call



Solutions to Exercises 235

them p and ¢, lie in R with p < ¢, then n(z) = %. We leave the case of one of
p or g being co for the reader.) We then have that n(zg) = Ai for some A > 0.
Let 5(z) = +z. Then, son satisfies son(¢) = I and son(zg) = 4. If son(r) = rp,
then set m = son. If son(r) # ry, then set m = K o son, where K(z) = —1.
As all of n, s, K are elements of Mob™ (H), we have that m € Msb™ (H).

2.43: Let H be the open half-plane H = {z € H| Re(z) > 0} determined
by the positive imaginary axis I. Yet again using Lemma 2.8, given any open
half-plane L in H, it suffices to construct an element of Mob(H) taking L to H.

Let ¢ be the bounding line for L. By Exercise 2.40, there is an element m of
Mob(H) satisfying m(€) = I. In particular, m takes the two open half-planes
determined by £ to the two open half-planes determined by I.

If m(L) = H, we are done. If m(L) # H, then Bom(L) = H, where B(z) = —%
is reflection in I, and we are done.

2.44: As the hyperbolic line £ determined by v/2 and —+/2 lies in the Euclidean
circle with Euclidean centre 0 and Euclidean radius v/2, reflection in ¢ is given
by r(z) = 2.

Composing, we see that

2242 \@Z"‘\/i,
z2+2 %er\/i

which is loxodromic fixing V2 and —/2.

roq(z) m(z),

As 7(2) = r71(2), we then have that q(z) = 7 o m(2), as desired.

2.45: Setting ¢(z) = z, we get z = —Z + 1, which we can rewrite as Re(z) = 3.
Hence, the fixed points of ¢ are exactly the points on the hyperbolic line in H
contained in the Euclidean line {Re(z) = 1}.

2.46: The fixed points in C of
27z —1
1) = 35 =5

are the solutions in C of ¢(z) = z, which are the points z in C satisfying

3ilz|? — 2i(z +%) +i=0.

Writing z = x + iy, we see that the fixed points of ¢ in C are the points on the

Euclidean circle

4 1
2 2
- = = _—O
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which is the Euclidean circle

2 2+2 1
r— = =_.
3) TV Ty

Hence, the fixed points of ¢ are exactly the points on the hyperbolic line in H

contained in the Euclidean circle with Euclidean centre % and Euclidean radius
1

3
2.47: There are two cases. Suppose that n is reflection in the line {x = a}.
From our work in Section 2.6, we can write n(z) = —% + 2a. Calculating, we
see that

pon(z) =p(—zZ+2a) = -2+ 1 - 2a.

In fact, p o n fixes every point z in H with 2 Re(z) = 1 — 2a, and so pon is
reflection in the hyperbolic line {z = (1 — 2a)} in H.

Suppose now that n is reflection in the line contained in the Euclidean circle
with Euclidean centre ¢ and Euclidean radius r. By our work in Section 2.6,
2
we can write n(z) = ¢ + #—. Calculating, we see that
2 (c+1)z+7r2—c(c+1)

T
pon(z)=c+1+4 = = — .
zZ—c Z—c

Setting p on(z) = z, we see that the fixed points of p on are those points in C
satisfying

22— 2c+ Dz +y* +elc+1) —r*+iy =0,
Setting imaginary parts equal, we see that y = 0. In particular, we see that

pon has no fixed points in H, and the fixed points in R are the two solutions
to

(x—;(Zc—i—l)))Q :r2+i.

Solutions to Chapter 3 exercises:

3.1: As the Euclidean distance from z to S! is 1 — |z|, we see that §(z) = 1%|z|
Parametrize C, by the path f : [0,27] — D given by f(t) = re®, so that
|f(t)] = r and |f'(t)| = |ire’| = r. Calculating, we see that

1
[

2 1 ,
- | o

_ /27T r gt — 27r7“.
0 1_T 1—’/“

length(C).) = length(f)
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3.2: On [0, 1], we have that |f(t)| = |t + ti| = v/2t and |f'(t)| = V2, whereas
on [—1,0], we have that |f(t)| = |t — ti| = V2t2 = —/2t and |f'(t)| = V2. So,

1 |
length(f) = | ———|dz| = —Vodt
ength(f) /fl_i_|2|2|2’| /11+2t2\[

= 2arctan(v/2).

3.3: Parametrize Ay by the path f : [-1,1] — H given by f(¢t) = t +i\. As
Im(f(¢)) = XA and |f/(¢)| = 1, we see that
1
2c

length(f):/ %dt: T

-1

B, lies on the Euclidean circle with Euclidean centre 0 and Euclidean radius

V1 + A2, The Euclidean line segment between 0 and 1+ 4\ makes angle 6 with
the positive real axis, where cos(d) = 11+)\2. So, we can parametrize By by

the path g : [0, 7 — 0] — H given by g(t) = v/1+ A2 e.
As Im(g(t)) = V1 + A2 sin(f) and |¢'(t)| = V1 + A2, we see that

T—6
VI+A2+1
length(g) = / cese(t) dt = ¢ In vita+l
0 V142 -1

3.4: As K'(z) = Z, the condition imposed on p(z) is that

0= () = () = oK DIE ) = p(e) 0 (1)

z

Substituting p(z) = m and using that
1 -z c|z|? c|z|?
rl—2)=rlim) =m0 == 7
z 2] Im(-z) Im(z)

) _EL:C_C|Z|2L:C_CZ
p(z) ”< z> CE - Tm(z) () o Tm(z)  Im(z)

as desired.

we obtain

For a piecewise C! path f : [a,b] — H given by f(t) = z(t) + iy(t), we have
that Bo f(t) = —z(t) + iy(t).

Hence, we have that |(Bo f)'(t)| = |f'(t)| and Im(B o f)(t) = y(¢t) = Im(f(¢)),
and so

length(Bo f) = [(Bo f)(t)|dt

b C
/a Im((Bo f)(t))

b, / -
/a WU (t)|dt = length(f),
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as desired.

3.5: As |[fL(t)] = |1 +int" Y = V1 +n2t27=2 and as Im(f,,(t)) = t" + 1, we
have that

! N e
lengthy (f,) = | ———|dz| = [ Y0 4y
eng H(f ) /fn Im(z)‘ Z| /O 14 tn

For n =1, this gives that

1
lengths(f1) = /O ﬁdt:ﬂ In(2).

For n > 2, this integral is more difficult to evaluate explicitly.

3.6: As n — oo, the curves v, = f,,([0, 1]) seem to converge to the curve ~y that
is the union of the horizontal Euclidean line segment ¢; joining ¢ and 1+ 4 and
the vertical Euclidean line segment ¢5 joining 1+ ¢ and 1 + 23.

Consequently, we might expect that lengthy(y,) — lengthy () as n — oo.
Parametrizing ¢1 by f :[0,1] — H given by f(t) =t + i, we see that
lengthy (¢1) = lengthy (f) = 1.

Parametrizing ¢5 by ¢ : [1,2] — H given by g(t) = 1 + ti, we see that
lengthy (¢2) = lengthy(g) = In(2).

Hence, we expect that lengthy(v) = 1+ In(2).

3.7: Let G = {py(2) = 2+ b| b € C} be the subgroup of Msb™ generated by
all parabolic M6bius transformations fixing co; note that every element of G is
either parabolic or is the identity. The element of arc-length A(z)|dz| on C is
invariant under G, so that

/f A(2)ldz] = / RCLEE /f AP (2)]]dz]

for every p € G and every piecewise C! path f : [a,b] — C, and so by Lemma
3.10, we see that

A(z) = Mp(2)Ip' (2)]

for every z € C and every p € G. If p(2) = pp(2) = 2z + b for some b € C, we
have that A(p(z)) = A(z + b) and |p'(z)| = 1. Therefore, if A(z)|dz| is invariant
under G, then \(z + b) = A(z) for every z € C and every b € C. Setting z = 0,
we see that A(0) = A(b) for every b € C, and so A(z) is constant.
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3.8: Let H = {m € M&b" | m(co0) = 0o} be the subgroup of Méb™ consisting
of all Mé&bius transformations fixing co. Note that H contains G. As invariance
of A(z)|dz| under H implies invariance under G, we see by Exercise 3.7 that
A(z) is constant. We also have that A(z)|dz| is invariant under the subgroup
{mq(z) =az|a € C,a+# 0} of H, and so

A(z)|dz] = Mma(2))Imq (2)||dz] = |a|A(az)]|dz|
for all z € C and all @ € C, a # 0. Again, by Lemma 3.10, we have that
A(z) = aX(az) for all z € C and all a € C, a # 0. Setting z = 1, we see that
(1) = |a|\(a). Hence, ﬁ)\(l) = Ma) for all a € C, a # 0. As \(z) is constant,
we let a — 0o to see that A\(a) = 0.

3.9: As g(—1) = g(1) = 2i, and as g achieves its minimum at ¢ = 0, the image
of [—1,1] under g is the hyperbolic line segment joining ¢ to 2i, covered twice.

The hyperbolic length of g is
1 o2t
lengthy(g) = /7 dz| = / 124 dt = 21n(2).

o Im(2) 1 t2+1

3.10: For each n > 2, define the numbers
2= <A <...< A, =10

by setting
1
dg (Agi, Ag1t) = ﬁdH(%’ 104)

for0<k<n-1.As

A
dm (A, Ag417) = In { kH] :
Ak
we see that \
diz(Aoi, \gi) = In L\’;] = ~du(2i, 100)
Hence,
k
In(Ag) = - In(5) + In(2),

and so

Ay =2-5mi.

For example, for n = 2, we get that the midpoint of the hyperbolic line segment
between 2¢ and 10i is 2v/5i.
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3.11: By Exercise 1.3, the Eulidean centre of the Euclidean circle containing
the hyperbolic line ¢ passing through z; and 25 is
B O el 1 O O O 2 e 1
2 | Re(z1) — Re(z2) 2| x—z |
Setting the Euclidean radius of the Euclidean circle to be r = |21 — ¢|, the
endpoints at infinity of ¢ are ¢ — r and c+ r.

Set m(z) = z:gzt:; As the determinant of mis c+r — (c—7) = 2r > 0, we
have that m lies in Mob™ (H). Calculating, we see that
m(z) = a—(etr) and m(zy) = z2—(ctr)

21— (c—1) 29— (c—71)’

both of which lie on the positive imaginary axis by construction.

Hence,
du(21, 22) = du(m(z1),m(z2)) = ‘ln {Zi?;] ‘

A e s 11K

3.12: We use the notation and formula from Exercise 3.11. For A = ¢ and
B=1+2i, Wehavec:Qandr:\/g, and so

Vb 41

ds(A, B) =1
H( ) n \/5_1

For A =14 and C = —1+ 2i, we have ¢ = —2 andrzx/g, and so
V541
V-1
Note that we expect this, because A = K(A) and C' = K(B), where K(z) = -2
is an element of Méb(H) and hence preserves hyperbolic distance.

For A =i and D = 7i, we have that dg(A, D) = In(7).

dH(A, C) =1In

ForB:1+2iandC’:—1+2i,wehavec:0andr:\/5, and so

V5 +1
NG

dg(B,C) =In

For B=1+2i and D = 7i, we have ¢ = —22 and r = /533, and so

0 (B.D) — 1n | 1L+ V53 %%]

41 — /533
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As C = K(B) and D = K(D) for K(z) = —%, we have that
da(C,D) = du(K(B),K(D))
= dg(B,D)
41 + /533
41 —/533 |

= n

3.13: If there exists an element g of Mob(H) taking (21, z2) to (w1, ws), then

du (w1, w2) = du(q(21), ¢(22)) = du(z1, 22).

If, on the other hand, we have that dg(wi,w2) = dm(z1,22), we proceed as
follows. There exists an element m of Mob(H) taking 21 to 4 and taking z5 to
edu(21:22) - there also exists an element n of M6b(H) taking w; to i and taking
wy to edE(@Wiw2); Note that m(z1) = n(wy) = i. As dg(w,ws) = du(z1, 22),
we have that m(z2) = n(ws), and so ¢ = n=! o m takes (z1, 22) to (w1, ws).

3.14: If f(z) = f(y), then d(f(z), f(y)) = 0. Hence, d(x,y) =0, and so x = y
by the first of the three conditions describing a metric. Hence, f is injective.

To show that f is continuous at z, take some ¢ > 0. We need to find 6 > 0
so that f(Us(x)) C U.(f(z)). However, because d(z,y) = d(f(z), f(y)), we
see that if y € Us(x), then d(z,y) < 6, and so d(f(x), f(y)) < 6, and so
f(y) € Us(f(z)). Hence, take § = ¢.

3.15: We know from our work in Section 2.1 that f(z) = az is a homeomor-
phism of C for every a € C — {0}. As

1f(2) = f(w)| = |az — aw| = |a] |z — w],
we see that f is an isometry if and only if |a| = 1.

3.16: This follows from Proposition 3.20. Suppose that y lies in the hyperbolic
line segment /., joining = to z. Then,

dIHI(xa y) + dH(y7 Z) = dlﬂl(ma Z)

As f is a hyperbolic isometry, it preserves hyperbolic distance, and so

du(f(2), f () + du(f (), £(2)) = du(f(z), f(2))-
In particular, f(y) lies in the hyperbolic line segment £, ¢(-) joining f(z) to
f(z), and so
Flez) = Ly) re)-
As a hyperbolic line can be expressed as a nested union of hyperbolic line

segments, we have that hyperbolic isometries take hyperbolic lines to hyperbolic
lines.
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3.17: Without loss of generality, we suppose that A < p. Write y = &4, and
consider dg(z,y) = |In(A) — In(¢)]. As a function of &, g(§) = In(\) — In(§) is
strictly decreasing, because ¢'(§) = —%. Hence, for any number ¢, there is at
most one solution to g(§) = c.

Hence, for any ¢ > 0, there are two solutions y to dg(z,y) = ¢. One is y =
e =¢i and the other is y = €™M+, Geometrically, one is above x = Ai on
I and the other is below.

Similarly, there are two solutions y to dg(y, z) = ¢/, one above z on I and one
below. Hence, there can be only one solution to the two equations dy(z,y) = ¢
and dyg(y, z) = ¢.

3.18: If X and Y do not have disjoint closures, then there exists a point x in
X NY. As x € X, there exists a sequence {x,} of points of X converging to
X, and as x € Y, there exists a sequence {y, } of points of Y converging to Y.
As dy is continuous, we have that

nlgl;o du(zn, yn) = du(z, x) = 0.
As dy(X,Y) < du(xn,yn) for all n, we have shown that dg(X,Y) = 0.
Suppose now that dg(X,Y) = 0. As
dp(X,Y) = inf{dg(z,y) |z € X, y € Y},

there exists a sequence of points {x,,} of X and a sequence of points {y,} of Y’
so that lim,— oo dg(zp, yn) = 0.

As X is compact, there exists a subsequence {z,, } of {z,} that converges to a
point z of X. As lim,,_, oo du(Zn, yn) = 0, we have that limy_ oo du(Tn,, Yn,) =
0, and so {yy, } converges to x as well. Hence, z is a point of X NY, and so X
and Y do not have disjoint closures.

3.19: Begin by applying an element of Mob(H) so that £ lies in the Euclidean
circle with Euclidean centre 0 and Euclidean radius 1 and so that p = i
for some A > 1. In this case, the unique hyperbolic line through p that is
perpendicular to £ is the positive imaginary axis I, which intersects ¢ at i.

Using the formula for dg(z1,22) given in Section 3.5, and a lot of algebraic
massage, we derive that the hyperbolic distance

dm(e®, Xi) = In |cosh(In(\)) csc(f) + y/cosh?(In(\)) esc2(f) — 1| .

The derivative of this function is negative for 0 < ¢ < 7, and so dg (e, \i)

achieves its unique minumum at 6 = 7.
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In particular, note that this result shows the following. Let ¢ be a hyperbolic
line, let p be a point in H not on ¢, and let a be the point on ¢ satisfying
du(p, a) = du(p, £). Then, for a point z in ¢, the hyperbolic distance dy(p, z) is
monotonically increasing as a function of dy(a, z).

3.20: The distance from the point pe’® to the positive imaginary axis I is
equal to the hyperbolic length of the hyperbolic line segment from pe’® to I
that meets I perpendicularly, which is the hyperbolic line segment joining pe’?
and pi.

To calculate dy(pe?, pi), we may use, for instance, Exercise 3.11. The hyper-
bolic line passing through pe’# and pi lies on the Euclidean circle with Euclidean
centre 0 and Euclidean radius p, and so

In [Sin(‘p) ] ‘ .

1) N —
du(pe™®, pi) 1+ cos(ip)

On (0, 5], we have 1 4 cos(y) > 1 and sin(¢) < 1, and so
1 + cos(p)
sin(¢) '

Hence, W, is the set of points of H for which dg(pe®®,pi) = ¢ is constant,

dg(pe’?, pi) = In [

and so ¢ is constant. This is a Euclidean ray from the origin, where we take
p=75—0.

As dy(pe™®, pi) = du(pe’™=%), pi), we see that W, has a second component,
namely, the Euclidean ray from the origin making angle 5 + 6 = m — ¢ with
the positive real axis.

3.21: Use the triple transitivity of the action of Méb(H) on R to assume that
that the endpoints at infinity of ¢y, are 0 and oo, and that the endpoints at
infinity of ¢; are 1 and oco.

For each r > 1, let ¢, be the hyperbolic line contained in the Euclidean circle
with Euclidean centre 0 and Euclidean radius r, and note that ¢, is the unique
hyperbolic line through ri that is perpendicular to fy. Hence, if there is a
hyperbolic line perpendicular to both £y and ¢, then it will be one of the c,.

Write the point of intersection of ¢, and £ as re*? | and note that cos(f) = Y=L

ks
is nonzero for all r > 1. However, 6 is also the angle between ¢; and ¢,., measured

from ¢; to ¢,, and so no ¢, intersects ¢; perpendicularly.

3.22: By the ordering of the points around R, there exists an element of M&b(H)
taking 2y to 0, taking z; to oo, taking wy to 1, and taking w; to = > 1.
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From our work in Section 2.3, we know that
r—1
0—-1

[20, wo; w1, 21] = [0,1;2,00] = =1-uz,

and so
1 — [20, wo; w1, 21] = .

Calculating, we see that

1 1. [Ve+1 1
tanh? | =dg(¢o, ¢1)| = tanh? | =1 =—
o [2 allo, 1)} o {2 n[ﬁ—lﬂ z’

as desired.

3.23: We calculate this proportion by determining the proportion of hyperbolic
lines passing through p that intersect ¢ in terms of the angle of their tangent
lines at p.

Apply an element of M&b(H) so that £ lies in the Euclidean circle with Euclidean
centre 0 and Euclidean radius 1 and so that p = Ai for some A > 1. Let ¢y be
the hyperbolic ray from p to 1, and let ¢ be the angle between ¢y and the
positive imaginary axis /.

We can calculate ¢ as follows. Note that £y lies on the Euclidean circle A with
Euclidean centre ¢ = 3(1 — A?) and Euclidean radius r = |c — 1|, and so the
equation of A in C is (z — ¢)? + y? = r2. Differentiating implicitly with respect
to z, we get that

dy —w+c

dz— y
Hence, at Ai = (0, A), we have that the slope of the tangent line to A at (0, \)
is

dy c 1-)2
wON=3=

= arctan A1 _r
v 2 2’

and so the proportion of hyperbolic rays from p = Ai intersecting ¢ is
20 1 A2 -1 ™
— = —arctan - —.
2t w 2 2

Solutions to Chapter 4 exercises:

Hence,

4.1: As m~! takes D to H, we have that

lengthp(m o f) = lengthy(m ™' om o f) = lengthy(f),
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as desired.

4.2: Parametrize the hyperbolic line segment between 0 and r by the path
f :[0,r] — D given by f(t) = t. As the image of f is the hyperbolic line
segment in D joining 0 and r, we have that dp(0,r) = lengthy(f). We have
already calculated that

dp(0,r) = lengthp(f) =1n 1+ r] .

| 1—-r

Solving for r as a function of dp(0,7), we get that

1
r = tanh [QdD(O, T)

4.3: Apply an element of Mob(ID) so that ¢; lies in the real axis and so that
the point of intersection of #; and #5 is 0.

The endpoints at infinity of ¢; are then z; = 1 and 2z = —1, and the endpoints

at infinity of £y are w; = €' and wy = —e*?, where 6 is the angle between £,
and /5.
Hence,
2
; ; — sin”(6) 0
. -1 19,_1_19:7:_ t2 v
[Zl,'U}l,ZQ,’UJQ} [ , €5 , —€ ] (1—(}08(9))2 CO 2 s
and so 0
[21,1111; ZQ,WQ] tan? (2) =—-1,

as desired.

4.4: As the hyperbolic radius of S is s, the Euclidean radius of Ss is r =
tanh(4s), by Exercise 4.2. Parametrize Ss by f : [0,27] — D, where f(t) =
rexp(it). Then,

2 S 4
length(f) = / —— |dz| :/ L pdt= 1 = 27 sinh(s).
0

r1=12P

4.5: Note that if 0 < r < s < 1, then

, , , , 1+s)(1—7)
dp(re?, se'?) = dp(0, se’®) — dp(0, re??) = In 7( .
p( ) = dn( ) — d( ) A=s)157
Writing the Euclidean centre of A as ¢ = % - ii = %ew, and noting that
c| > &, we see that A intersects the hyperbolic ray R = {w € D|arg(w) = 6} in

two points. As reflection in R takes A to itself and is a hyperbolic isometry, we
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see that the hyperbolic centre of A also lies on R. The two points of intersection
of A and R are %ew and %ew. The hyperbolic distance between these
two points is

(W 29W+2,;9>

2 41-2
= d]]]) (O, WJF ) — d]D) (0, \/;)619>

1+ \/7+2 (1 _ \/{10—2)

1 \ﬁ+2 (1+\/g1()—2>

B 22+ V41 22 — V4l
a <18—f18+\ﬁ>
_ 443>

283

Hence, the hyperbolic radius of A is §Z .
The hyperbohc centre of A is the point ae? for which f Zcac< ‘ﬁ+2 and
dD(‘/;) 2610 et )Zdn( 10’\/;)-&-2 ZQ)Z%Z.

As

\ﬁ_g . )(22 — VA1)
20 18+W)
and
VAL+2 4 4 (22+V41)(1 — o)
20 <% (18 — V41)(1 + «)
we can set

. (14 )22 — V41) =1n (22 4+ V41)(1 — o) x
(1 — )(18 + /41) (18 — VA1)(1 + o)

and solve for o. Hence, the hyperbolic center is ae™.

4.6: As vertical Euclidean lines in H are both Euclidean lines and hyperbolic
lines, and as reflection in the line ¢ = {Re(z) = 1} takes A to itself, the
hyperbolic centre of A lies on £. As AN{ = {1+ 24,1+ 4i}, the hyperbolic
radius of A is

1 1 1
§dH(1 +2i,1+44) = §dH(2i,4z’) =5 In(2).
The hyperbolic centre is the point 1 + si, where
dg (14 24,1 + si) = du(1 + si, 1 + 44),
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and so s satisfies In (;) =In (4). Hence, s? = 8, and so s = 2/2.

S

4.7: We proceed as in the solution to Exercise 4.6. The hyperbolic radius is

1 , N1 b+r
R—QdH(a+(b+r)z,a+(b—r)z)—21n(br).

Calculating, we see that tanh(R) = 7, and so btanh(R) = r.
The hyperbolic centre is the point a + si where
du(a + si,a+ (b+r)i) = dg(a + si,a + (b —r)i).

ln<b+r> :ln( i ),
s b—r

and so s2 = b? — r2. That is, the hyperbolic centre is a + iv/b% — 2.

Hence,

4.8: As Im(£(z)) = Im(iz) = Re(z) and [¢'(2)| = |i] = 1, we see that

1, 1
— dz| = =——|dz|.

€ ] = sl

4.9: First, note that the image of the horizontal Euclidean line {z € C|Im(z) =
¢} in X under ¢ is the Euclidean ray {z € H | arg(w) = ¢}, and so ¢ is indeed
a holomorphic homeomorphism between X and H.

dSX =

Let z = x + iy. Then, the pullback of ﬁ|dz| by £ is

1 1 1

d e / d P — d = ——FT d .

sx = gy 1421 = s lelide] = sl

4.10: We mimic the pullback argument for holomorphic functions ¢ : X — H.

Consider the function g : Do, — D given by ¢, »(2) = %(z —a). Calculating
the hyperbolic length of a path f : [0,1] — D, ,, we see that

2
Map(2)lde] = / |
/f onror T= TP

! 2
B A WI(%J« o f)(t) dt

1 9 / /
- /0 T o G Per SO (D] dt

2 !
—— . (2)] |dz],
/flm,r(z)?' )] 1dz)

2 2r
= ————lp..(2) =
1 —{par(2)2 7"

and so

Aa,r(2)

2 — |z —al?’
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Note that A, (2) > A(2) if and only if
2r S 2
r2—lz—al2 7 1—1z]?

if and only if
r(1—[z*) 2 1 — |z — af,

which (by multiplying out, collecting terms, and refactoring) occurs if and only
if
o [ (=) laP) o [or—r—la)(d-r+le)

1—r (1—r)2 - 1—r (1—17)2 -

= |z —
As 0 <r<1-—lal|, we see that 1 —r —|a] > 0 and that 1 —r + |a| > 0. As the
above equation is always satisfied (and the left-hand side is equal to 0 if and

z —

only if z = a and r = 0), we see that A\, ,(2) > A(z) for all z € D, ., as desired.

4.11: Using the same argument as for holomorphic homeomorphisms, the pull-
back of ﬁ|dz| by f(z) = 2% is

APy el
1—f(2)]? 1—|z|*
Then,
4|z| 2

1—1z]* = 1—1z2
if and only if
202)(1— |2*) < 1|2,

which occurs if and only if

0 < 12 =2[2|(1~[2]?) = (L+]]*) (1~ [2) = 2]z (1~ |2*) = (1—|2])*(1~]=]),
and this inequality always holds true for |z| < 1.

4.13: Calculating, we see that the curvature is identically —1.

4.14: Calculating, we see that the curvature at z € C is identically 16.
Solutions to Chapter 5 exercises:

5.1: Let zp and z; be two points of X = NoeaXo, and let £, ., be the hyperbolic
line segment joining zp to 2.

As each X, is convex, we have that ¢, ., is contained in each X, and so ¢,
is then contained in their intersection X = NgecaXq-

5.2: The Euclidean radius of D, is r = tanh($s). For each 6, let £y be the
hyperbolic line contained in the Euclidean circle with Euclidean centre on the
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Euclidean line {te*|t > 0} and passing through re?. Let Hy be the closed half-
plane determined by ¢y containing 0. As we may express Dy as the intersection
D, =NgHy and as each Hy is convex, we see that D, is convex.

As any open hyperbolic disc can be taken by an element of M6b(ID) to some
Dy for some s > 0 and as Mob(D) preserves convexity, we see that all open
hyperbolic discs are convex.

Repeating this argument with a closed hyperbolic disc and open half-planes
Hy, we see that all closed hyperbolic discs are convex as well.

5.3: By definition, X C conv(X). Conversely, because X is a convex set in the
hyperbolic plane containing X, we have that conv(X) is the intersection of X
and other sets, and so conv(X) C X. Hence, X = conv(X).

5.4: Let ¢ and /5 be the two hyperbolic lines, and let the endpoints at infinity
of £ be xp, and yi. Set Z = {x1,y1, 22, y2}. In the case in which x1, y1, z2, Yo
are distinct points, the convex hull conv(¢; U £3) of the union ¢; U ¢ is equal
to the convex hull conv(Z) of Z. This is the region in the hyperbolic plane
bounded by four of the six hyperbolic lines determined by these four points.

Note, in the degenerate case, that ¢; and /5 share an endpoint at infinity, the
convex hull conv(¢; U £5) is the region bounded by the three hyperbolic lines
determined by the three points in Z.

5.5: Let £, be the closed hyperbolic line segment joining x to y, and let ¢
be the hyperbolic line containing ¢,,. We can express ¢ as the intersection
£ = NueaH, of a collection {H, }oeca of (two) closed half-planes.

Now let ¢, be any hyperbolic line passing through x other than ¢, and let H,
be the closed half-plane determined by ¢, that contains {,,. Similarly, take ¢,
to be any hyperbolic line other than ¢ passing through y and let H, be the
closed half-plane determined by ¢, that contains fg,. Then, we may express
{3y as the intersection

by =H, NH, Nl =H, N H,N (NaeaHy,)
of a collection of closed half-planes.

As each closed half-plane can be expressed as the intersection of a collection of
open half-planes, we can also express ¢, as the intersection of a collection of
open half-planes.

Now, let /. be the hyperbolic ray determined by = € H and z € R. Let ¢ and
£, be as defined above, and note that
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Again, because each closed half-plane can be expressed as the intersection of
a collection of open half-planes, we can express {,, as the intersection of a
collection of open half-planes.

5.6: Let 1 = {H,}aeca be an uncountable collection of half-planes. Let £, be
the bounding line for H,. We work in the upper half-plane H for the sake of
concreteness. Let QT = QN (0, 00) denote the set of positive rational numbers.

For each ¢ € QT, consider the hyperbolic disc U, (i) with hyperbolic centre i
and hyperbolic radius ¢. As the union U,cq+ U, (i) is equal to H, there is some
q € Q" so that U = U,(4) intersects infinitely many bounding lines /.

In particular, there is a sequence {¢,, } of bounding lines, each of which inter-
sects U. For each n, choose a point x,, € U N {,, . As the closure U of U is
closed and bounded, it is compact, and so there exists a subsequence of {z,, },
which we again call {z,, } to avoid proliferation of subscripts, so that {z,, }
converges to some point x of U.

By the definition of convergence, for each € > 0, the hyperbolic disc U (z)
contains infinitely many z,, . Hence, for each € > 0, the hyperbolic disc U.(z)
intersects infinitely many bounding lines ¢, and so {Ha}aca is not locally
finite.

5.7: Let P be a hyperbolic polygon, and suppose that P contains three points
x, y, and z that do not lie on the same hyperbolic line. Given two points p and
¢ in the hyperbolic plane, let £,, be the closed hyperbolic line segment joining
them. Then, the set

X =U{lep |p € lay}

has nonempty interior.

In fact, let p be the midpoint of ¢,, and let ¢ be the midpoint of £.,,. Then, the
three numbers du(q, lzy), du(q, £z-), and du(g, £y-) are all positive. If we set

£ = min{dH(qvgacy)a dH(qvgzz)v dH(Qaeyz)}v

then U.(q) is contained in X.

Hence, the only degenerate hyperbolic polygons are closed convex subsets of
hyperbolic lines, which are exactly the hyperbolic lines, closed hyperbolic rays,
closed hyperbolic line segments, and points.

5.8: As P has only finitely many sides, and as each side contains exactly two
vertices, because it is a closed hyperbolic line segment, we see that P has
exactly as many vertices as it has sides. Let v1, ..., v, be the vertices of P, and
let V.={v1,...,un}.
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By definition, P is a convex set containing V', and so conv(V) C P.

Conversely, note that because conv(V') contains the vertices of P, we have that
conv(V') contains all sides of P, because each side of P is the closed hyperbolic
line segment joining two of the vertices. That is, we have just shown that 0P
is contained in conv(V).

Now let z be any point in the interior of P, and let ¢ be any hyperbolic line
through x. The intersection of P with £ is a hyperbolic line segment £y in /¢
whose endpoints are in OP.

Hence, because conv (V) is convex and contains the endpoints of £y, we have that
conv (V') contains £y. In particular,  is a point of conv(V'), and so P C conv (V).
Hence, conv(V) = P.

5.9: For notational ease, let £;; be the hyperbolic line passing through z; and
xj. Note that, no matter the value of s, the hyperbolic lines {15 and f34 are
parallel, because they are contained in parallel Euclidean lines.

The hyperbolic line ¢13 is contained in the Euclidean circle C13 with Euclidean
centre 0 and Euclidean radius v/2, whereas the hyperbolic line fo4 is contained
in the Euclidean circle Co4 with Euclidean centre is2 — 1 and Euclidean radius
i\/ s% + 64. Note that C13 and Cyy intersect at a point of R exactly when ++/2
lies on Cay.

Calculating, we have that —/2 lies on Cay4 precisely when

‘(i321)%vﬁ)—-iVs4+6&

s =1/10 + 6v/2.

Similarly, we have that /2 lies on C4y precisely when

1 1
()4 by

4
s =1/10 — 6v2.

Hence, @Q; is a hyperbolic parallelogram if and only if

/10 — 6v2 < s < /10 + 6v2.

5.10: This proof is the same as the proof of Exercise 5.8.

namely,

namely,
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5.11: We first note that every hyperbolic triangle is contained in an ideal
hyperbolic triangle. To see this, let T' be a hyperbolic triangle with vertices vy,
vg, and v3, and let  be any point in the interior of T'.

Let yx to be the endpoint at infinity of the hyperbolic ray determined by x and
vk, and let P be the ideal triangle with ideal vertices 1, y2, and y3. Then, P
contains 7. Hence, it suffices to work in the case in which T is an ideal triangle.

To make the calculation easier, let m be an element of M6b(H) taking T to the
ideal triangle with ideal vertices at y; = 0, y2 = 1, and y3 = oc. Let £;;, be the
hyperbolic line determined by y; and y;.

For each r > 0, let C, be the Euclidean circle with Euclidean centre 0 and
Euclidean radius r. Note that C,. intersects /15 at the point re’®, where cos(6) =
7. (This relationship between 7 and 6 is obtained by noticing that re? also lies
in the Euclidean circle (x — %)2 +y? = i, which contains the hyperbolic line
l15.) For each point ri on ¢13, the hyperbolic distance between ri and ¢13 is

equal to the hyperbolic distance between i and re

By the solution to Exercise 3.20, the hyperbolic distance between i and re®
is

dg(re',ri) = In [HCOS(G)} .

sin(6)

By symmetry, we need only consider ¢ in the range [7,5]. On [F, 5], the

function In [1;310(30()9)} is decreasing, and so dg(re’, ri) is maximized at § = Z.
Hence,
1+ 2
dH(Q?,flg) <In 1 = 111(\[2—}— 1).
V2

5.12: Let 2y be the hyperbolic centre of A, let H be the group of all elliptic
Mgbius transformations in Mob™ (D) fixing 2z, and note that h(A) = A for
every element h € H. Moreover, note that H acts transitively on S'. (Both of
these statements can easily be seen to be true by taking A with its hyperbolic
centre at 0; in which case, H becomes the group of all rotations fixing 0.)

Also, note that for every h € H, h(T) is again a hyperbolic ideal triangle
circumscribing h(A) = A. (If £ is a hyperbolic line that is a side of T, then
because T circumscribes A, ¢ is tangent to A at some point £, and then h(¢) is
a hyperbolic line tangent to h(A) = A at h(£).) Let w be one of the vertices of
T. As H acts transitively on S', if we are given any z € S', then there exists
some h, € H for which h,(w) = z, and so h,(T') is then a hyperbolic ideal
triangle circumscribing A with one vertex at z, as desired.
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5.13: The hyperbolic area of X is

1 b 2
areay (Xs) = — drdy = — dydr = —.
X, Y -1Js Y S

5.14: Rewriting in terms of z and y, we see that B(z,y) = (—z,y). Hence,
-1 0

det(DB(z,y)) = —1.

and so

As
1

hon) = b
(z,9) /2

the change of variables theorem yields that
1 1
areay (B(X)) :/ — dz dy:/ — dr dy = areag(X),
B(X) Y xY
as desired.

5.15: Rewriting in terms of z and y, we see that f(z,y) = (x + v, y). Hence,
11

det(Df(z,y)) = 1.

and so

As 1
hof(l',y) = ?a

the change of variables theorem yields that
1 1
areag (f(X)) :/ — dx dy:/ — dz dy = areag(X).
xY

This completes the proof that f preserves hyperbolic area.

To see that f is not an element of M6b(H), note that f takes the Euclidean line
{Re(z) = 1}, which contains a hyperbolic line, to the Euclidean line {Re(z) =
1+4TIm(z)}, which does not intersect R perpendicularly and so does not contain
a hyperbolic line.

5.16: Using the change of variables theorem and the appropriate reformulation
of Lemma 3.10, it suffices to consider the equation

1 dg

Ay

y2 gla,y)?
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First note that because the left-hand side of this equation is never 0 in H
(because y > 0 for points (z,y) in H) and that g(z,y) is never 0 (for the same

reason), we have that ’g—;‘;‘ is never 0. Hence, there are two cases to consider.

First, suppose that ‘2—5‘ > 0 on H. The equation above then becomes

y? glw,y)? 0y’
and integrating with respect to y, we see that

1 1

Ty ey T

where f(z) is any function of z. Solving for g(z,y), we see that
_ Y
14 yf(e)
We now see what conditions are imposed on f(z): As both y > 0 and g(z,y) >
0, we see that 1 + yf(x) > 0 for all (z,y) € H, and so % > —f(z) for all
(z,y) € H. That is, f(z) > 75 for all z € R and all y > 0, and so f(z) > 0 for
all x € R. As a particular example, f(x) = 22

1 1 Jg
2

9(w,y)

works.

Now suppose that ‘%Z‘ < 0 on H. The equation above then becomes

I 1 dg
y> g(z,y)? oy’
and integrating with respect to y, we see that
1 1
_ =+ f T
y  g(zy) @)
where f(z) is any function of z. Solving for g(x,y), we see that
Y
9(z,y) = ——F—.
1+yf(z)

We now see what conditions are imposed on f(z): As both y > 0 and g(x,y) >
0, we see that 1 + yf(x) < 0 for all (z,y) € H, and so % < —f(z) for all
(x,y) € H. That is, f(z) < —% for all z € R and all y > 0, and so f(x) <0 for
all z € R. As a particular example, f(x) = —x? works.

Geometrically, this function preserves each vertical Euclidean (or hyperbolic)
line in H and shifts vertically along each such line by g(z,y).

5.17: The hyperbolic radius s of Dy is related to the Euclidean radius R by
R= tanh(%s). The hyperbolic area of D, is then

4
areap(Dg) = /D ﬁdrd@
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R p2m
4r
—— drdf
I
R 2
4r 4R . 2 1
5.18: As lengthy(Ss) = 27 sinh(s) and as areap(D,) = 47 sinh? (1s), we have

that 1 hp (S 27 sinh 1
- el amsle) (1),

S) = =
a(s) areap(Ds)  4msinh® (15

In particular, note that gp(s) = 1 as s — oo and gp(s) — co as s — 0.

The corresponding Euclidean quantity gc(r) = % behaves much differently
as the radius of the Euclidean circle and Euclidean disc get large. Namely,
qc(r) = 0 as r — 0o, whereas we again have that gc(r) — oo as r — 0.

5.19: We begin with the fact that if Cy and Cy are intersecting FEuclidean
circles, where C has Euclidean centre ¢; and Euclidean radius rj, then using
the law of cosines, the angle 6 between C; and C5 satisfies

ler — 02|2 = r% + r% — 21179 cos(f),

and so ) ) )
cos(f) = ritrz —len— o .

2T17"2

Set v1 =14, vo = 2+ 2¢, and v3 = 4 + 4. Let s;;, be the side of P joining v; to
vk, let £;; be the hyperbolic line containing s;x, and let Cj; be the Euclidean
circle containing £;;,. Calculating, we see that Ci2 has Euclidean centre % and

Euclidean radius @, that Cs3 has Euclidean centre % and Euclidean radius

@, and that C3 has Euclidean centre 2 and Euclidean radius v/5.

The angle a between C15 and Ci3 is given by

65 7 2
65 45|72 18
cos(a) = 16 1 | =

2G5 /5 V3257

namely,
a ~ 0.0555.

The angle 3 between Co3 and Ci3 is given by

65 5 _ |9 _ 92
COS(B) =16 +5\/%|4 2| = 18 )
2V /5 V3%

namely,
8 ~ 0.0555.
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The angle v between C12 and Css is given by
65 | 65 _ |7 _ 9|2
cos(y) = 16+ 16 i il _ 126
210

namely,
v ~ 0.2487.

Hence, we see by Theorem 5.16 that
areag(P) =7 — (a+ [+ 7) ~ 2.7819.

5.20: Let C be the Euclidean circle in C containing the hyperbolic line ¢y pass-
ing through rpg = r and rp; = rexp (%) The Euclidean centre of Cy is then
of the form sexp (%) for some s > 1. As Cp must intersect S' perpendicularly,
we have from Exercise 1.2 that the Euclidean radius of Cy is v/s2 — 1.

For Cy to pass through r, we must have that

()
sexp|(— | —r
n

o+l
"~ 2rcos (%)

=82 -1,

and so

In particular, the Euclidean centre of Cj is

T r2 41 ™
sexp| — | =—exp|— ),
P n 2r cos (%) P n

and the Euclidean radius of Cj is

2 12
[ [ (P12

472 cos? (%)

We can repeat this calculation for the Euclidean circle C,_; containing the
27r(n—1)1'>

n

hyperbolic line ¢,,_1 passing through rpy = r and rp,_1 = rexp (
The Euclidean centre of C,,_1 is

—i r?+1 —m')
sexp| — | = —~exp|— |,
P n 2r cos (%) P n

and the Euclidean radius of C,,_1 is
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The interior angle a(r) of P,(r) at r = rpg is equal to the angle between Cy
and C,,_1, and hence it satisfies

s2—1) — |sexp (&) — sexp (== 2
coS(Oz(T)) 2( 1) ’ 2(22(ﬁ)1) p( " )|
25 —1) — 4s%sin” (%)
N 2(s2 — 1)

2(r? + 1)%sin ( )
(r2 +1)2 — 4r2 cos? (5) ’

As (r2+1)2—4r?cos® (X) = (r2 = 1)2 +4r?sin® (Z), the denominator is never
zero for 0 < r < 1. The continuity of a(r) then follows immediately from the
continuity of the right-hand side of this expression and the continuity of arccos.

5.21: For n > 5, the interval of possible angles of a regular hyperbolic n-gon is
(0,2=2m). As =2 > 1 for n > 5, this interval contains

a regular hyperbolic n-gon with all right angles.

%ﬂ', and so there exists

5.22: The hyperbolic length of the side of P,(r) joining rpy = r to rp; =
7 exp (27”) is equal to dp (r 7 exp (27”)).

Set § = 2X. To calculate dp(r, re'?), we first choose an element m of Mob(D)

satisfying m(r) = 0. Write m(z) = %Hﬁ where |a|? — |32 = 1.

Asm(r) = g:_tﬁ = 0, we have that = —ar, and so

az—ar  alz—r)

"= Frra s A

Thus,

i0
oy ar(e?” —1)

m(re”) = a(—r2e? +1)

and ) )
|m(rei9)| B ar(ew -1) | r(ele -1)

C|a(-r2e® +1)| | -r2e? +1|°

Hence,
dD(r re’

)
s (m(r), m(re™)
=0

0, m(re'))
[t
=[]
R )
- __| —r2e® + 1| —|r(e?? —1)|
_ (1+7%)2 — 4r2 cos(0) + 2r/2(1 — 2r2 cos(0) + 74)(1 — cos(0))
- (1—1r2)2
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5.23: These follow directly, with some algebraic massage, from the definition
of cosh(z) and sinh(z) in terms of e®, namely,

1
cosh(z) = 3 (e® +e™") and sinh(z) =

(em — e_”) .

5.24: As both sinh(c) and sin(y) are positive, we consider instead the quantity
sinh?(c)
SnZ(y)

Write A = cosh(a), B = cosh(b), and C' = cosh(c). By the law of cosines I, we

have that AL C )
sin?(y) = 1 — cos?(y) =1 — (smh@)smh(b)) .
Multiplying through, we get
sin?(7) sinh?(a) sinh?(b) = sinh®(a)sinh?®(b) — (AB — C)?

= sinh?(a)sinh®(b) — A2B% — C? + 2ABC
= (A2 -1)(B*—-1)— A2B?> - C? + 24ABC
= A’B®-A’-B?+1- A’B*>—(C?+2ABC
= 1-A°-B*-C*+2ABC.

N | =

Hence, we have that
sin?(7) _ 1-A?-B?>—-C?+2ABC
sinh®(¢c)  sinh® (a)sinh? (b) sinh? (¢)

As the right-hand side remains unchanged after permuting a, b, and ¢, and
simultaneously permuting «, 3, and ~, the left-hand side must be unchanged
as well, and so we see that

sinh?(c) B sinh?(b) B sinh?(a)

sin?(y)  sin?(8)  sin?(a)
Taking square roots, we obtain the law of sines.

For the law of cosines II, start with the law of cosines I, which gives that

(1) = AB-C AB-C
Rt sinh(a)sinh(b) V(A2 —1)(B? - 1)

Applying the law of cosines II to the other two vertices gives

BC - A _ V112ABC - A2 - B2 —(?

cos(ar) = V(B2 -1)(C% 1) and sin(«) e 7
and that
cos(B) = ——AC=B 4 (s = YIFT2ABC- X B -7

V(42 —1)(C? - 1) V(AZ-1)(C?*-1)
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Hence,
cos(y) +cos(a)cos(8)  (BC — A)(AC — B) 4+ (AB - C)(C? —1)
sin(«) sin(3) N 1+ 2ABC — A%2 — B2 — (C?
= C = cosh(c),
as desired.

5.25: Consider the hyperbolic law of cosines I with a = 7. Let a be the
hyperbolic length of the side of T opposite the vertex with angle «, and let b
and ¢ be the hyperbolic lengths of the sides adjacent to the vertex with angle
«. Then,
cosh(a) = cosh(b) cosh(c).
5.26: Every point a on A has the form a = ae?. Hence, m(a) = Aa = \ae®.
Calculating, we see that
dy (aew, )\aew) = (ew, e )
= dy (€ — cos(0), \e'® — cos(6))
dy (isin(f), (A — 1) cos(0) + iAsin(f))
dy (2, (A — 1) cot(8) + \i) .

Write (A — 1) cot(6) + Ai = p*#. Calculating, we see that

p= /(A — 12 cot2(6) + X2

and

>

cse(p) =
By Exercise 5.25, we have that dg (¢, (A — 1) cot(0) + i\) satisfies
cosh(dg (7, (A — 1) cot(8) + \i)) = cosh(dg(i, pi)) cosh(dw(pi, pe'?)).

By the solution to Exercise 3.20, we have that

. 1
dss(pi. pei®) = In [JFCOS(‘P)]
sin(y)
and so _
cosh(dm(pi, pe'?)) = cscyp).
Hence,
cosh (dg (ozem, )\aew)) = cosh(In(p)) csc(y)
= S+
- Y
1=, N +1
= 5 ()\ cot?(9) + X

= (cosh(In()\)) — 1) cot?(#) + cosh(In(\)).
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5.27: Write z = texp(if). Let T} be the hyperbolic triangle in D with vertices
at 0, r, and z. Note that

00 o (o (1)) < 12

1—7r T 1 — g2
and 1 2
1 . +7r r
sinh(dp(0,7)) = sinh <ln <1 — r)> =13

Applying the law of cosines I to 17, we see that

cosh(dp(z,7)) = cosh(dp(0,r)) cosh(dp(0, 2))
—sinh(dp(0, 7)) sinh(dp(0, 2)) cos(6)

- (55) (50) - (%) () =

cosh(dp(0, —r)) cosh(dp(0, 2))
— sinh(dp(0, —r)) sinh(dp(0, 2)) cos(r — 6)

() (5) - (72 (22 ) om0
(2) (F8) + (22) () ot

Adding these two equations, we see that

cosh(dp(z, 7)) + cosh(dp(z, —r)) = 2 (1 ha TQ) (1 ha tz) .

and

cosh(dp(z, —r))

1—1r2 1—12
Recall that r is fixed and we wish for cosh(dp(z,r)) + cosh(dp(z, —r)) to be
constant, which implies that ¢ is constant, by the above equation. As this equa-
tion is independent of 6, we see that the set for which cosh(dp(texp(if),r)) +
cosh(dp(texp(if), —r)) is constant is thus a Euclidean (or hyperbolic) circle
centred at 0, namely, the points ¢ exp(if) for ¢ constant and 6 arbitrary.

5.28: The fact that the three interior angles are equal follows immediately from
the hyperbolic law of cosines I, namely, that
cosh?(a) — cosh(a)

cos(e) = sinh?(a)

Consider the hyperbolic triangle T” formed by bisecting the hyperbolic triangle
T, so that T’ has angles a, %oz, and %71', and has the corresponding hyperbolic
lengths of the opposite sides being b, %a, and a, where b is as yet undetermined.
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Applying the hyperbolic law of cosines I to 7", we obtain

s () st - 1) s ot (Lo

1
= sin(a) cosh <2a>
1 1
= 2sin| —a ) cos | =« | cosh 1a .
2 2 2
Dividing through by cos (%a), we obtain

1 =2sin (1a) cosh <1a> ,
2 2

5.29: We work in H. Let v., vg, and v, be the vertices of the hyperbolic
triangle 7' with interior angles «, 3, and =, respectively. As each interior angle
is positive, there is a unique hyperbolic ray from a vertex of T into T that
bisects that angle at that vertex; this hyperbolic ray is the angle bisector.
Draw the angle bisectors from v, and vg; these intersect at a point p inside T'.
Let v = dg(va, p) and w = dg(vg, p). Draw the hyperbolic line segment from p
to v, and let m = dg(vy, p).

Q
@]

9]
7N
N
Q
~_
Il

as desired.

This hyperbolic line segment divides the angle v at v, into subangles ; and
~2; note that v = v1 + 2. We wish to show that v; = 7».

These three hyperbolic line segments from the vertices of T to p divide T up
into three smaller hyperbolic triangles. We apply the hyperbolic law of sines to
these hyperbolic triangles.

For the hyperbolic triangle with vertices v, v, and p, we see that

sinh(m)  sinh(v)

sin(a/2)  sin(y2)’
for the hyperbolic triangle with vertices vg, v, and p, we see that

sinh(m)  sinh(w)
sin(8/2)  sin(m)’

for the hyperbolic triangle with vertices v,, vg, and p, we see that
sinh(w)  sinh(v)
sin(a/2)  sin(8/2)°
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So,
sinh(m)  sinh(v)
sin(a/2)  sin(ye)
1 sinh(w) . . .
= = ——= sin(4/2) (using the third equation
T ST sin(5/2) (using quation)
L sin(3/2) sin(y) , _
= h th d t
sin(73) sin(a/2) sm(3/2) sinh(m) (using the second equation)
_ sin(y1) sinh(m)
" sin(ye) sin(a/2)’
and so 5201 — 1 (because sinh(m) # 0). Hence, sin(y1) = sin(y2). As 0 <
sin(7y2)

Y1,72 < 7, either 73 = 79 or 73 = 7™ — 2; the latter case is excluded by the
Gauss—Bonnet formula, and so y; = 72 as desired.

5.30: Let v be the vertex at which the sides (of lengths) B and A meet, and
let w be the vertex at which the sides (of lengths) C and D meet. (We adopt
the notational convention that we refer to a side of R and the length of that
side with the same label.) Draw the hyperbolic line segment ¢ between v and
w. This line segment splits R into two hyperbolic triangles: One hyperbolic
triangle, 77, has angles §; at v, o, and 7; at w, whereas the other hyperbolic
triangle 75 has angles d2 at v, 7, and ¥ at w. Note that §; +3d2 = § = 71 + 2.
As 61 + 62 = T =1 + 2, we have that

cos(d1) = cos (g - (52) = sin(ds),

sin(d1) = sin (f - 52)
and
cos(y1) = cos (f - 2>
sin(y1) = sin (7 - 72)
Applying the law of sines to Ts, we see that
sin(dz) 1 sin(ys)

sinh(C)  sinh(c)  sinh(B)’
Applying the law of cosines II to T5, we see that
cos(d2) = sin(7yz) cosh(C)

and
cos(y2) = sin(d2) cosh(B).

Finally, applying the hyperbolic Pythagorean theorem to 75, we see that
cosh(c) = cosh(C) cosh(B).
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Applying the law of cosines II to T;, making use of the relationships derived
above, and simplifying, we see that

cos(p) = —cos(dy)cos(y1) + sin(dy) sin(v; ) cosh(c)
= —sin(dq) sin(vz) + cos(dz) cos(vz) cosh(c)

_smh(Cilil(n})l(]@ + sin(y2) cosh(C) sin(d2) cosh(B) cosh(c)
_ sinh(C) sinh(B) = sinh(B) cosh(C) sinh(C) cosh(B) cosh(c)
sinh?(c) sinh?(c)
~ —sinh(C) sinh(B) + sinh(B) sinh(C) cosh?(c)
B sinh?(¢)
- 4 COShQifﬁlii(?(C) Sh(B) _ (O sinh(B).

as desired.
For the second identity, apply the law of cosines II to T} to obtain
cos(y1) = — cos(¢) cos(d1) + sin(yp) sin(d1) cosh(A).
Making use of the relationships derived above, and simplifying, we see that

cos(7y1) + cos(ip) cos(d1)
sin(d7)
sin(vyz) + sinh(C) sinh(B) sin(dz)
cos(d2)
sinh(B) + sinh?(C) sinh(B)
sinh(c) cos(d2)
sinh(B) cosh?(C)
sinh(c) cos(d2)
sinh(B) cosh?(C)

- sinh(c) cosh(C') sin(72) = cosh(C),

cosh(A)sin(yp) =

as desired.
Solutions to Chapter 6.1 exercises:

6.1: We can write ¢(x) = xT Bx, where

—4 7 -1
B = 7 2 -8
-1 -8 10

The eigenvalues of B, and hence of ¢, are (approximately) 16.0537, —9.4049,
and 1.3511.
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6.2: Note that because xTAx is a 1 x 1 matrix, it is necessarily symmetric
and so
xTAx = (xTAx)T = xTATx.

Hence,

f(x) =xTAx = % (xTAx +x"4ATx) = x" (; (A+ AT)> X.
As 1(A+ AT) is symmetric, we have that B = 1 (A + AT).
6.3: Let x € R? be arbitrary. As AA~! = I3, we have that
q(x) = q(Isx) = q(AA™'x) = ¢(A™'x),
where the third equality follows from A € O(q).

6.4: Write ¢(x) = xT Bx, where B is a symmetric 3 x 3 matrix. As g is assumed
to be degenerate, we know that B is not invertible. Hence, 0 is an eigenvalue
of B. Let a; and ap be the other two eigenvalues of B.

As B is symmetric, it is diagonalizable, and so there exists a matrix C so that

0 0 0
C'BC=E=]0 a1 0
0 0 (65

We choose C to be the matrix whose columns are the eigenvectors of B nor-
malized to have unit length, so that C~' = CT. Then, B = CECT. Therefore,
we can rewrite q as

q(x) = 2"Bz = 2TCECTx = (C"x)TECTx.

For
1
x=C| 0],
0
we see that
qx) = (CTX)TECTX
1
= xTCE| 0 | =(0),
0

as desired.
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List of Notation

The purpose of this section is to provide a list of the various bits of notation
that appear throughout the book. The chapter or section in which the notation
first appears is given in brackets.

R
C
Re(2)
Im(z)

real numbers [1.1]

complex numbers [1.1]

= x, the real part of the complex number z = z + iy [1.1]
= y, the imaginary part of z = x + iy [1.1]

= v/(Re(2))% + (Im(z))2, the norm or modulus of z [1.1]

= {z € C|Im(z) > 0}, upper half plane in C [1.1]
= {z € C||z| = 1}, unit circle in C [1.1]

= {1, 2,3,...}, natural numbers [1.2]

rational numbers [1.2]

minimum of two real numbers x and y [1.2]

= C U {00}, Riemann sphere [1.2]

= {0, £1, £2,...}, integers [1.2]

unit sphere in R? [1.2]

topological boundary of X in C [1.2, 3.1, 4.2]
open disc of radius € and centre z [1.2, 5.2, 3.3]

open disc in C of radius ¢ and centre oo [1.2]
=R U {00}, the extended real line [1.2]
closure of a set X in C [1.2]

group of homeomorphisms of C [1.2]
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D ={z € C||z| < 1}, open unit disc in C [1.3, 4.1]

Homeo®(C) set of circle preserving homeomorphisms of C [2.1]

Mabt group of Md&bius transformations [2.1]

[21, 225 %23, 24]
Mo6b

angle(C1, C)

GL2(C)
PGLy(C)
SL2(C)
p(z) |dz|
length ,(f)

lengthy (f)
(X,d)
Iz, y]
dH($7 y)
(Ha dH)

Isom(H, dy)
dg(X,Y)
Mob™ (D)
lengthy (f)
Oz, y]

d]D) (LL', y)

(]D), d]D))
Isom(D, dp)
dSX

cross ratio [2.3]
general Mobius group [2.6]

angle between curves [2.7]

subgroup of M&b preserving H [2.8]
subgroup of Méb preserving R [2.8]
subgroup of M&b preserving St [2.8]
subgroup of M&b preserving the circle A [2.8]

subgroup of Mé&b preserving D [2.8, 4.1]

subgroup of Méb™ preserving H [2.8]

group of bijections from X to X [2.2]

determinant of the M&bius transformation m [2.5]
square of the trace of the Mdbius transformation m [2.5]

group of 2 x 2 invertible matrices over C [2.5]

= GLy(C)/{al |a € C, a # 0} [2.5]

group of 2 x 2 matrices with determinant 1 over C [2.5]
general element of arc-length [3.1]

length of piecewise C! path f with respect to p(z) |dz| [3.1]

hyperbolic length in H of piecewise C* path f [3.2]
a metric space [3.3]

paths in H from z to y [3.3]

hyperbolic distance between points x, y € H [3.4]
upper half-plane as a metric space [3.4]

group of isometries of (H, dg) [3.6]

hyperbolic distance between sets X, Y in H [3.7]
subgroup of Mob™ preserving D [4.1]

hyperbolic length in I of piecewise C! path f [4.1]
paths in D from x to y [4.1]

hyperbolic distance between points z, y € D [4.1]

Poincare disc as a metric space [4.1]

group of isometries of (D,dp) [4.1]

hyperbolic element of arc-length on holomorphic disc X [4.2]
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length  (f)
Isom(X,dx)
curv(z)
conv(X)
areag (X)

areap(X)
Q(x)
o(Q)
GL3(R)
Sc

U

L

0*(Q)
vQe)
lengthy (f)

dU (u, V)
0(2,1)
SO(2,1)
Isom(U, dy)
Qn(x)

U’n

O(@Qn)

Ot (Qn)
O(n,1)
lengthyn (f)

dyn (u,v)
Isom(U", dyn )
R"

Méb,,

Méb;

Hn

ID)TL

Méh,, (H™)
lengthy. (f)

hyperbolic length on holomorphic disc X of path f [4.2]
group of isometries of (X,dx) [4.2]

curvature [4.2]

convex hull of X [5.1]

hyperbolic area of X in H [5.3]

hyperbolic area of X in D [5.3]
= —22 + 2% + 23, quadratic form on R? [6.1]
group of matrices perserving quadratic form Q(x) [6.1]

group of 3 x 3 invertible matrices over R [6.1]
= {x € R? | Q(x) = c}, level set of Q(x) [6.1]

upper sheet of hyperboloid Q(x) = —1 in R? [6.1]
lower sheet of hyperboloid Q(x) = —1 in R? [6.1]
group of matrices perserving both Q(x) and U [6.1]
gradient of Q(x) [6.1]

hyperbolic length of piecewise C! path f [6.1]

hyperbolic distance between points u, v € U [6.1]

— 0+(Q) [6.1]

subgroup of O(2,1) of elements of determinant 1 [6.1]
= O™ (Q), group of isometries of (U,dy) [6.1]

n

= —xg + >, 7, quadratic form on R"! [6.2]

upper sheet of hyperboloid @, (x) = —1 in R™*! [6.2]
group of matrices perserving quadratic form Q,(x) [6.2]
group of matrices perserving both @, (x) and U™ [6.2]
~ 0%(Qu) [62]

hyperbolic length of piecewise C! path f [6.2]

hyperbolic distance between points u, v € U™ [6.2]
= OT(Qy), group of isometries of (U™, dyn) [6.2]
one-point compactification of R™ [6.2]

general Mobius group acting on R™ [6.2]

group of Mobius transformations acting on R” [6.2]

upper half-space model of hyperbolic n-space [6.2]
Poincare ball model of hyperbolic n-space [6.2]
subgroup of Méb,, preserving H" [6.2]

hyperbolic length of piecewise C! path f [6.2]
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dgr (x,y) hyperbolic distance between points x, y € H" [6.2]
Isom(H",dg») = Mob, (H™), group of isometries of (H", dgn) [6.2]



Index

S-hyperbolic, 209 closure in C, 12
d-thin triangle, 209 compact, 87
— in H, 108
angle, 2, 53 complex conjugation, 48
angle bisector, 261 conformal, 54, 179
arithmetic of oo, 14, 27 conformal distortion, 75, 140
axis, 67 connected, 135
continuous function, 15, 90
boundary at infinity, 113, 153, 214 — polynomial as, 16
- of D, 124 — preserving convergence, 16
— of H, 18, 99, 113 convergence, 11, 90
— of holomorphic disc, 138 converges, 11, 90
— of subset X of H, 19 convex hull, 150
bounded set — of points at infinity, 154
- inC, 10 convex set, 146
— in H, 108 — as intersection of half-planes, 152
bounding line, 147 convexity, 145
by continuity, 14, 27 cross ratio, 37 .
— detecting circle in C, 38
change of variables theorem, 165 — invariant under Méb*, 38
circle curvature, 143
— calculation, 129 curve, 73
— determining disc, 18 .
— Euclidean, 2 dense set in C, 18
— hyperbolic, 127 differentiation, 81
—— centre, 127 dilation, 42
—— length, 128 — Euclidean, 179
—— radius, 127 — hyperbolic, 179
- inC, 12 — nonexistence of hyperbolic, 179
—— as solution to equation, 14 disc, 135
— perpendicular, 2 — hyperbolic
closed set —— area, 168
- inC, 11 —— convexity of, 148
—in C, 10 —inC, 18
— in a metric space, 90 — in a metric space, 89
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Index

distance-realizing path, 90, 123, 133

element of arc-length

— conformal distortion, see conformal
distortion

—inC, 74

— in R?, 74

— pullback, 132

extended real axis, 13

Gauss—Bonnet formula, 172
general Mobius group, 49, 213
— circle preserving, 49

— conformal homeomorphisms, 54
— explicit expression, 49

— preserving R, 57

—— explicit description, 59
preserving D

—— explicit description, 61

—— transitivity properties, 119
— preserving H, 56

—— as isometries of H, 104

—— explicit description, 60, 71
—— generators, 61

—— glide reflection, 69

—— transitive on H, 62

—— transitive on half-planes, 64
—— transitive on hyperbolic lines, 63
—— transitive on triples in R, 64
preserving circle, 59

— transitive on circles in C, 49
— transitive on discs in C, 49

— transitive on triples in C, 49
glide reflection, 69

group action, 32

— transitive, 33

— uniquely transitive, 33

group of isometries, 104, 133

half-plane, 147

half-plane in H, 64

— bounding line, 64
holomorphic, 81

holomorphic disc, 136

— nested, 138

holomorphic homeomorphism, 130
holomorphically equivalent, 130
homeomorphism of C, 17
horocircle, 67

horodisc, 67

hyperbolic area

— Gauss—Bonnet formula

—— for hyperbolic n-gon, 172
—— for hyperbolic triangle, 172

— in D, 168

— in H, 164

—— invariance under M6b(H), 165

hyperbolic circle, see circle, hyperbolic

hyperbolic distance, 92

— in D, 122

—— in terms of Euclidean distance, 124,
126

- inH

—— between point and convex set, 148

—— between point and line, 110, 243

—— between sets, 108

—— between two lines, 112, 113

— in U", 212

hyperbolic length

— canonical unit, 184

— in D, 120

— in H, 86

hyperbolic line, see lines, hyperbolic

— in U, 206

hyperbolic polygon, 156

— n-gon, 163

—— existence, 175

— compact, 162

— degenerate, 158

— ideal n-gon, 163

— ideal vertex, 161

— interior angle, 161

— nondegenerate, 158

— parallelogram, 163

— quadrilateral, 163

— reasonable, 162

— regular n-gon, 163

—— construction, 175

—— interior angle, 176

—— right angled, 178

—— side length, 178

— rhombus, 163

— side, 159

triangle, 163

— vertex, 158

hyperbolic ray, 20

hyperbolic structure, 133

hyperboloid model, 189

— upper sheet, 194

interior, 157

invariant function

— under M6b(H), 80

— under Méb™, 37

— under M&b™ (D), 124
inversion, 213
isometry, 103

— hyperbolic, 104
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—— preserves hyperbolic lines, 106
isoperimetric inequality, 169

Jordan curve, 135

level set, 193

lines

— Euclidean, 2

— hyperbolic, 2, 118, 130

—— convexity of, 146

— intersecting

—— angle between, 127

— parallel, 5

—— distance between, 110

—— no common perpendicular, 113
— parellel

—— distance between, 5

— ultraparallel, 19

—— common perpendicular, 112
—— distance between, 110
locally finite, 154

— implies countable, 155

Moébius transformation, 27, 213
— as matrix, 47

— circle preserving homeomorphism, 29
— classification by trace, 45

— conjugate, 40

— determinant, 43

— elliptic, 42

— fixed point of, 29

— inverse of, 28

— loxodromic, 42

—— axis, 67

—— translation distance, 103

— multiplier, 41

— normalizing, 44

— parabolic, 40

— preserving H, 57

— explicit description, 68

— standard form, 40, 42

— transitive on circles in C, 34

— transitive on discs in C, 35
— uniquely triply transitive on C, 30
metric, 88

— from length, 90

metric space, 89

model, 1

one-point compactification, 11, 213
open set

- in C, 10

- inC, 10

— in a metric space, 90

oval of Cassini, 131

parallel postulate, 7

parametrization, 78

— almost simple, 79

— simple, 78

path, 73

— almost simple, 79

— Euclidean length, 74

— piecewise C!, 76

— simple, 78

path integral, 74

path metric space, 91

perpendicular bisector, 3, 107

Poincaré ball, 213

Poincaré disc, 118

points at infinity

— of D, 124

— of H, 18

pullback, see element of arc-length,
pullback

quadratic form, 190

— degenerate, 192

— indefinite, 191

— negative definite, 191
— nondegenerate, 192
— positive definite, 191

ray

— hyperbolic, 20

—— convexity of, 146
real axis, 2
reflection, 50, 213

— in circle, 50

— in circle in C, 50
— in line, 50

— well defined, 61
reparametrization, 77, 94
Riemann sphere, 9

simple closed curve, 79, 169
simply connected, 135
sphere in R?, 213
stereographic projection

— for circle, 8

— for sphere, 13

translation distance, 103

triangle, 209

trigonometry

— hyperbolic law of cosines I, 183
— hyperbolic law of cosines II, 183
— hyperbolic law of sines, 183
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— hyperbolic Pythagorean theorem, 184

ultraparallel, see lines, ultraparallel, 109
uniformization theorem, 136

unit circle in C, 2

unit disc in C, 36

upper half-plane, 2

upper half-space, 213

visual measure, 114
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