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ABSTRACT

We investigate the boundary at infinity of Gromov-hyperbolic metric
spaces. The boundary of a given space is unique up to quasi-Mobius
maps. We therefore first investigate which properties remain invariant
under quasi-Mobius maps. In the second part we develop a new
method to study the boundary at infinity by modifying the metric in
such a way that we bring infinitely far points into a closed bounded
space.






ZUSAMMENFASSUNG

Wir untersuchen den Rand im Unendlichen von Gromov-hyperbolischen
metrischen Riumen. Da der Rand bis auf quasi-Mdbius Abbildungen
unabhéngig von Basispunkt ist, untersuchen wir Eigenschaften welche
invariant bleiben unter quasi-Mobius Abbildungen. Im zweiten Teil
entwickeln wir eine neue Methode um den Rand im Unendlichen zu
untersuchen. Dabei wird die Metrik so veriandert, dass die Punkte im
unendlichen einen endlichen Abstand zum Basispunkt bekommen.
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NOTATION

FREQUENTLY USED NOTATION

sn,
Sy
CAT(x)
CBB(x)
M

cr((xq,xp,x3,%4),d)

generalized sine function

generalized cosine function
Cartan-Aleksandrov-Toponogov-spaces
space with curvature bounded from below

the n-dimensional model space of curvature
K

cross-ratio of the four points (xq, x5, x3,x4) in
the metric d

hyperbolic metric
Euclidean metric

the radial part of the metric 4 with respect to
a base point o

quasi-Mdobius

quasi-symmetric

quasi-isometric

metric inversion at point p

the metrized form of i,

the angle between the segments px and py

the angle between the segments px and py
in the comparison space M2 with constant
curvature x
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Damit das Mogliche entsteht, muf$ immer wieder
das Unmdogliche versucht werden.
— Hermann Hesse

INTRODUCTION

The main objective of the thesis is to understand the boundary at
infinity of a Gromov hyperbolic metric space. This is done in the fol-
lowing chapters, where Chapter 3 deals with the properties of spaces
up to quasi-Mdobius (QM) equivalence and states a uniformization
theorem for quasi-Mobius spaces which characterizes spaces that are
QM equivalent to a symbolic Cantor set. Chapter 4 develops a method
to study the Gromov boundary by deforming the metric. The prelim-
inary Chapter 2 is a prerequisite to both later chapters and gives a
general overview of all the important theorems and definitions which
are used throughout the thesis.

We give here a short introduction to the subject and state the main
theorems of the thesis.

1.1 INVARIANT PROPERTIES OF QUASI-MOBIUS MAPS

Given arbitrary metric spaces (X,d) and (Y,d"), amap f : (X,d) —
(Y,d") is called quasi-Mdobius (QM) if it is a homeomorphism and
there exists a homeomorphism v : [0,c0[— [0, o[, such that for
all quadruples Q = (xq,x3,x3,x4) of distinct points of X and Q' :=
(f (x1),f (x2),f (x3),f (x4)) the following holds:

cr(Q',d") < v(cr(Q,d)).

Here A )d( )
_ Xq1,X3 Xo, X4
CI'(Q/d> T d(xl,X4)d(x21 X3)




INTRODUCTION

is the so called cross-ratio. In particular, the cross-ratio of a quadruple
of points under the map f changes at most by something bounded by
the control function v.

Quasi-Md&bius maps were first introduced in 1985 by Viisald [ Vdi84 |
in order to study another class of maps called quasi-symmetric (QS)
maps. Quasi-symmetric maps were also first studied by Tukia and
Viisdld [TV8o]. A quasi-symmetric map preserves (up to some control
function) the ratio

d (x1,%2)
d(xq,x3)"

and not just the cross-ratio. It is therefore a stronger property. If one
wants to study extended metrics however - i.e., metrics where one
considers also some point at infinity as part of the metric and the
distance function can take values in [0, co] - then quasi-symmetric
maps are in some sense undesirable because they have to keep the
infinitely remote point fixed. Quasi-Md&bius maps solve this detail
while sacrificing the ratio in favor of the cross-ratio.

Both QM and QS maps play an important role in metric analy-
sis [Heio1], geometric group theory [DKN18] and the study of self-
similarity [DSg7].

In geometric group theory, when taking a finitely generated group G
with generating set S, one can form the so called Cayley graph [Cay54]
Cay(G, S) of G by taking G as the vertex set and edges between g and
gs for every ¢ € G and s € S. One can then associate a metric to
this graph by giving each edge the length 1. The Cayley graph of a
group is independent of the generating set S up to quasi-isometry
(roughly onto rough bi-Lipschitz maps) by the Svarc-Milnor lemma
[Svass; Mil68]. Quasi-isometry is a large scale notion of isometry.
Meaning two spaces are quasi-isometric if they look the same from
far away. Quasi-isometry is usually defined as follows: A map f :
(X,d) = (Y,d") is called a quasi-isometry (QI) if there exist constants
A>1,Cy > 0and Cq > 0such that

1
Xd<x,y) —Co<d (f(x),f(y)) <Ad(x,y) + Cp,
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1.1 INVARIANT PROPERTIES OF QUASI-MOBIUS MAPS

for all x,y € X and for every y € Y there exists some x € X such that

aif (x),y) < Cy.

The study of quasi-isometries goes back at least to Mostow [Mos68]
who used them in order to proof the so called Mostow rigidity theorem,
which states that two closed connected hyperbolic n-manifolds (for
n > 3) are isometric if they are homotopy equivalent [ Loh17].

In order to study spaces up to quasi-isometry, one needs to intro-
duce large scale concepts of geometric notions. An important notion
is Gromov hyperbolicity. A geodesic metric space is called Gromov
d-hyperbolic (for some 6 > 0), if in each geodesic triangle, the ¢-
neighborhoods of any two sides cover the third side [Gro87]." Exam-
ples of Gromov hyperbolic spaces are the hyperbolic space, metric trees
and smooth simply connected manifolds with all sectional curvatures
negative and bounded away from zero. Furthermore the fundamen-
tal groups of compact Riemannian manifolds with strictly negative
sectional curvature are hyperbolic (meaning that their Cayley graphs
are hyperbolic).

Quasi-isometries may not always be easy to understand. How-
ever if the space is Gromov hyperbolic then one can look at the Gro-
mov boundary d.. X of the space instead, that is the space of equiva-
lence classes of infinite geodesic rays equipped with a specific metric
[Gro8y7]. In order to define a metric, one introduces the Gromov
product:

1
(xly)o = E(d(x,0> +d(y,0) —d(x,y)),

which is basically a measure of the distance for how far two geodesic
rays stay close together. Two geodesic rays are then called equivalent
if they stay close together infinitely, i.e., their Gromov product goes
to (x;ly;), = o0 asi — oo. One can extend the Gromov product to the

This definition of 6-hyperbolicity with é-slim triangles is generally credited to Eliyahu
Rips. We will however mostly use Gromov’s definition (introduced in detail in the
preliminaries chapter) which works also in metric spaces which are not geodesic. For
geodesic spaces both definitions are (up to a change of constant) equivalent.
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Gromov boundary and use it to define a metric there. On the bound-
ary one can work with quasi-symmetries instead of quasi-isometries.
In fact quasi-symmetries on the boundary are in one to one correspon-
dence with quasi-isometries in the interior [BSoo]. Furthermore a
Gromov hyperbolic group acts on the boundary of its Cayley graph
by quasi-M&bius maps [Paug6; Bowg8; MT10].

The study of QM maps is therefore justified by the fact that for a
Gromov hyperbolic metric space (X, d) any two quasi-metrics on the
boundary py,(«, ) := a~ @B, and py 1= a~ @B with different base-
points b, b" € X are related by QM maps: id : (9. X, pp) = (9 X, ppr)
is a QM map. In particular the Gromov boundary up to change in
base point can be characterized QM equivalent metric spaces [BSo7].

We are therefore interested which properties apply to all QM equiv-
alent spaces. Many interesting properties have been known to be
invariant under quasi-symmetric maps but QM maps have not been
investigated as strongly. We give a proof that the doubling property
is invariant under QM maps. It has come to our attention later that
this statement has been shown before in a different way. We also give
a proof that the property of uniform disconnectedness is invariant
under QM maps. This result has not been known before.

As an application we can now generalize a uniformization theorem
of David-Semmes to QM spaces which gives a characterization of sym-
bolic Cantor sets. In particular if a QM space is doubling, uniformly
disconnected and uniformly perfect then it is a Cantor set.

In conclusion we get the following main theorems:

Theorem 1 (Invariance of doubling under quasi-Mo6bius maps). Let
(X,d) be a doubling space. Let f : (X,d) — (Y,d") be a quasi-Médbius
homeomorphism. Then (Y,d") is doubling.

Theorem 2 (Invariance of uniform disconnectedness under quasi-
Mobius maps). Let (X, d) be a metric uniformly disconnected space and
letf : (X,d) — (Y,d") be a quasi-Mdébius homeomorphism. Then (Y,d") is
uniformly disconnected.



1.2 METRIZING THE GROMOV CLOSURE

Theorem 3. Suppose that (M, d) is a complete, doubling, uniformly perfect
and uniformly disconnected metric space. Then M is quasi-Mobius equivalent
to a Cantor set.

The proof of both invariance theorems follows a similar plan. First
we realize that QM maps can be assembled from a quasi-symmetric
map and up to two metric inversions. Because the results are already
known for quasi-symmetric maps, it remains to show that they hold
for the metric inversion as well. In case of the doubling property we
give a direct proof constructing a covering. For uniform disconnected-
ness we give a proof by contradiction. Both proofs require to look at
the infinitely remote points as a special point and handling this case
separately.

1.2 METRIZING THE GROMOV CLOSURE

In Chapter 4 we develop a method to investigate the Gromov boundary
by changing the metric in a specific way. This is a joint work based on
an unpublished article [LSo7] by Urs Lang and Viktor Schroeder.

Before we state the theorems we give the example which motivated
this method. In classical geometry the hyperbolic space is usually
constructed by taking an open unit ball in the euclidean space (R", ||-]|)
and then letting the metric on this ball be:

2llx — yI? )
(1 —[xlI2) (1 = 1Iyl2) )

dy(x,y) = arccosh (1 +
This operation is reversible, and one can recover the euclidean metric
from this space by calculating

sinh(dy(x,)/2)
cosh(dg(x,0)/2) cosh(dy(y,0)/2)"

lx —yll =

It is now reasonable to ask what happens if the same reverse con-
struction is applied to a space with is reasonably close to hyperbolic.
For example to a Gromov hyperbolic space as discussed previously,
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or a so called CAT(x)-space. This is a geodesic space in which tri-
angles are slimmer than corresponding triangles with the same side
lengths in the simply connected 2-dimensional Riemannian mani-
fold of constant sectional curvature x. Examples of CAT(x) spaces
are simply-connected Riemannian manifolds of sectional curvature
bounded above by «. For ¥ < 0 we find that the same construction
(with generalized trigonometric functions) still works and lets us
study the boundary at infinity by applying the above formula, after
which the boundary at infinity becomes the regular boundary with
distance 1 from the base point. We can therefore complete the metric
to study both the interior and the Gromov boundary. For ¥ > 0 we
find a similar result for CBB(x) spaces. Those are defined similarly
to CAT(x) spaces, but here we require the triangles to be fatter than
the corresponding triangles in the comparison space. For Gromov J-
hyperbolic spaces we do not directly get a metric from the construction
but only a semi-metric. However we can apply a standard construction
which lets us recover the triangle inequality and therefore metricize
this semi-metric. If § < In(2) then the new metric is bi-Lipschitz equiv-
alent to the semi-metric. For § > In(2) this is no longer true as we
show in a counter-example. For general metric spaces if we apply the
method we still get a space which is topologically equivalent to the
space we stared with. Furthermore points on the Gromov boundary
are in one to one correspondence with points that have distance 1 from
some base point in our new space.
We summarize the main results in simplified (x = —1) form here:

Theorem 4. Let X = (X, d) be a complete CAT (x)-space for k < 0. Fix
0 € X. Then

1. The function given by

sinh(d(x,y)/2)
cosh(d(x,0)/2) cosh(d(y,0)/2)

0o(X,y) =

is a metric on X.
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2. We can extend p, to a metric on X = X U 0., X and the following
relation holds for ¢, € dX:

Po(E, 1) = 2exp(—=(&In)o)-

3. Ify: (X,d) = (X,d) is an isometry, then 7y : (X, p,) = (X, p,) isa
Moébius-map (Meaning it preserves the cross-ratio exactly).

Theorem 5. Let (X, d) bea complete intrinsic CBB(1)-space with diam (X) <

7T, then
sin(d(x,y)/2)

cos(d(x,0)/2) cos(d(y,0)/2)

Po(X,y) i=
is a metric.

We can generalize the result further to Gromov-hyperbolic spaces
and get:

Theorem 6. Let (X,d) be a 6-hyperbolic metric space with 0 < 6 < In(2).

Then
sinh(d(x,v)/2)

cosh(d(x,0)/2) cosh(d(y,0)/2)

0o(x,y) =

is a semi-metric. Taking

n
Po(x,y) i=1nf ) po(x;, X141),
i=0
where the infimum runs over all finite chains of the form x = xg, ..., X, = Yy is
ametricand p, < p, < AP, for some A > 1. The metric can be completed and
the Cauchy completion (X = X U 9X, §) coincides as a set with the Gromov
boundary. Furthermore we have w € 0., X if and only if p,(0, w) = 1. For
0 > In(2), there are spaces for which a A as above does not exist, i.e., for
which p, and p), are not bi-Lipschitz to each other.

In a general metric space we can still extract some topological infor-
mation from the construction:

Proposition 1. For a general metric space the topologies of (X, d) and (X, p,)
are equivalent.
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Theorem 7. Let (X,d) be a metric space with base point o € X and let
x € X U 9X be some point. Then for the completed metric g, on X = X U9dX
the following holds:

0(0,x) =1 &= xe€dX.



PRELIMINARIES

The most merciful thing in the world, I think, is
the inability of the human mind to correlate all its
contents.

— H. P. Lovecraft

In this chapter we will introduce the main concepts and notions

used in the rest of the thesis.

2.1 METRIC SPACES

In the following we use the convention that we call mapsd : XxX — R
distance functions.

Definition 1. A set X together witha map d : X x X — [0, oo[ is called
metric space if the following conditions hold for all x,y,z € X:

1. dix,y) =0 = x=y, (identity of indiscernibles)
2. d(x,y) =dy,x), (symmetry)
3. d(x,z) <d(x,y) +d(y,z). (triangle inequality)

The function d is called the metric.

Quite often one works with a distance function that do not satisfy
all the above conditions. In the following we introduce the most
commonly used generalized metrics. Quite often the terminology used
is not completely standardized across the literature [DD14; Vdios].
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2.1.1 Generalized Metrics

If we relax the identity of indiscernibles we get a pseudo-metric space
when only asking for one part of the implication and a meta-metric
space in the other implication direction. Meta-metrics were first intro-
duced by Viisald [ Viios].

Definition 2. A set X together witha map d : X x X — [0, oo[ is called
pseudo-metric space if the following conditions hold for all x,y,z € X:

1. dix,y) =0=x=y,
2. d(x,y) =d(y,x), (symmetry)
3. d(x,z) <d(x,y) +dy,z). (triangle inequality)

The function d is called pseudo-metric.

Definition 3. A set X together witha map d : X x X — [0, oo[ is called
meta-metric space if the following conditions hold for all x,y,z € X:

1. dix,y) =0 = x =y,
2. d(x,y) =dy,x), (symmetry)
3. d(x,z) <d(x,y) +dy,z). (triangle inequality)

The function d is called meta-metric.
If we generalize the triangle inequality, we get a quasi-metric.

Definition 4. A set X together withamap d : X x X — [0, oo[ is called
(K)-quasi-metric space if there exists a K > 0 such that the following
conditions hold for all x,y,z € X:

1. dix,y) =0 = x=y, (identity of indiscernibles)

2. d(x,y) =dy,x), (symmetry)
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3. d(x,z) < Kmax{d(x,y),d(y,2)}.
(K-quasi-inequality / K-inframetric inequality)
The function d is called (K)-quasi-metric.

Remark 1. Note that from d(x,y) + d(y,z) < 2max{d(x,y),d(y,z)} it
follows that every metric space is also a 2-quasi-metric space. A 1-quasi-
metric is called ultrametric. Every ultrametric is automatically a metric
because max{d(x,y),d(y,z)} < d(x,y) +d(y,z).

If we completely remove the triangle call the resulting distance
function a semi-metric.

Definition 5. A set X together with a map d : X x X — [0, o[ is called
semi-metric space if the following conditions hold for all x,y,z € X:

1. dix,y) =0 = x=y, (identity of indiscernibles)
2. d(x,y) =dy,x). (symmetry)

The function d is called semi-metric.

2.1.2 Extended Metrics

Sometimes it is useful to consider a map between two metric spaces
with at most one extra point in each space representing the infinitely
far away point.

Definition 6. Let X be a set with cardinality at least 3. We call a map
d: XxX — [0, c0] an extended metric on X if there exists a set (3(d) C X
with cardinality 0 or 1 and furthermore all of the following requirements are
satisfied:

1. dix\a@yxx\0) X\ Q) x X\ Q(d) - [0, co[ is a metric;
2. d(x,w) =d(w,x) = oo forall x € X\ OW(d) and w € Q(d);
3. d(w,w) =0 for w € Q(d).

If Q) (d) is non empty we call w € )(d) the infinitely remote point of
X. By abuse of notation we may write oo for the point w.

11
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2.1.3 Properties of Metrics

In order to study the notion of curvature it is helpful to introduce the
notion of paths and path lengths on a metric space. This in turn allows
us to define what a geodesic metric space is [ Bus15; Bus18; Gro+99].

Definition 7. Let (X,d) be a metric space and x,y € X. A path from x to
Yy is a continuous map
7:[0,1] - X

such that y(0) = x and y(1) = y. The length of a path is defined as follows:

n
I(y) := sup{z diyt), 7yt IneN,0=tyg <t <..<t, = 1}.
i=1
A path is called rectifiable if it has finite length. The induced intrinsic
metric of (X, d) is the function d; : X x X — [0, oo] defined between two
points x,y € X as the infimum of the lengths of all paths from x to y, and
di(x,y) = oo if there is no finite path between x and y. If d(x,y) = d(x,y)
forall x,y € X, then the space is called length space and the metric d is
called intrinsic.

Definition 8. An intrinsic metric space (X,d) where for every two points
x,y € X, there exists a path -y with [(7y) = d(x,y) is called geodesic metric
space and 7y is called a geodesic between x and v.

Example 1. If we remove any point from the Euclidean plane (with the
Euclidean metric) the resulting space is no longer a geodesic space but it is
still an length metric space.

Definition 9. Amap f : (X,d) — (Y,d") is called metric map or short
map if it does not expand distances between points. In mathematical terms
for all points x,y € X it holds that:

d'(f(x),f(y)) <d(x,y).



2.1 METRIC SPACES

Definition 10. Given a metric space (X,d) an infinite sequence of points
(x;); in X is called Cauchy sequence if for every € > 0 there exists an
integer N > 0 such that for all i,j > N, the distance satisfies

d(x;, x;) < €.

A metric space (X,d) is called complete if every Cauchy sequence in X
converges to an element of X.

We state the following well known construction in order to introduce
some notation:

Proposition 2 (Completion of a Metric Space). Let (X, d) be a metric
space. Then we can form the completion X = X U 9X of X with respect to
the metric d by applying the following procedure: Let Cau(X,d) be the set of
Cauchy sequences in X. We construct a pseudo-metric on Cau (X, d) which
by abuse of notation we also call d and which we define as follows:

d(x,y) = imd(x;, y;).

We now define an equivalence relation R on Cau(X,d) by x ~ y <
d(x,y) = 0. Xis then the quotient Cau(X,d) /R and d is a metric on X. The
space X is isometrically embedded by sending points to constant sequences
x — x; = x. We write 90X to denote X \ X.

13
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2.2 NOTIONS OF CURVATURE

Here (M%, d) denotes the complete, simply connected, Riemannian
2-manifold of constant sectional curvature®! x. The construction of
model spaces is in more detail discussed in Section 4.2.

2.2.1 CAT(x) Spaces

A space in which triangles are “slimmer” than the corresponding
model triangles in a standard space of constant curvature « is called
CAT(x). The terminology CAT(x) goes back to Gromov [Gro8y] and
is an acronym for Elie Cartan, Aleksandr Danilovich Aleksandrov and
Victor Andreevich Toponogov.

Definition 11. A geodesic space (X,d) is said to satisfy the CAT (k) in-
equality (i.e., X is a CAT (x)-space) if, for all geodesic triangles A in X,

d(p,q) <dp,§)
for all comparison points p,§ € A C M2.
Example 2.

o The Euclidean space is CAT(0).

The hyperbolic space is CAT(—1).

The unit sphere is CAT(1).

Any CAT (x) space is also CAT (x") for all k' > «.

Simply-connected Riemannian manifolds of sectional curvature bounded
above by x are CAT (k) spaces.

1 In 2 dimensions this is the same as Gaussian curvature
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2.2.2 CBB(x) Spaces

The opposite condition that triangles are “fatter” than the model tri-
angles is called CBB (curvature bounded from below). Often those
spaces are also called spaces with curvature > « in the sense of Alexandrov
[Top64; BGP92]. Those spaces were first introduced by Alexandrov
in the 1950".

Definition 12. Let (X, d) be a metric space, p,x,y € X and x > 0. Given
the triangle p, x, y and the comparison triangle p, X, in the 2 dimensional
model space (M, d) with constant curvature «, denote by X5 (x,y) the angle
at p in the comparison triangle.

The space (X,d) is called CBB(x) if it is complete intrinsic and for all
p,x,y,z € X it holds that

L,y) + X5y, 2) + £5(z,x) <27

We explicitly do not consider the following spaces to be CBB: circles of

length greater than %, line segments of length greater than %{, the half-line
R, and the line R.

Proposition 3 ([LP15; BBlo1]). A geodesic metric space (X,d) is CBB(x)
if and only if, for all geodesic triangles A in X,

dip,q) = d@,
for all comparison points p,§ € A C M2.
Further equivalent definitions can be found in [ AKP19].
Example 3.

e Riemannian manifolds without boundary or with locally convex bound-
ary whose sectional curvatures not less than x [BGP9z2].

e Hilbert spaces are CBB(0)[ BGP92].

15

o Given two CBB(x) spaces with k < 0, then their product is CBB(x)[BBlo1].
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e Any CBB(x) space is also CBB(x") for all " < «.

An important result for metric spaces is the so called Alexandrov
Lemma, which states:

Proposition 4 (Alexandrov’s lemma [BHogg; AKP19]). Let (M2,d) be
one of the comparison spaces as above and let x,v,z,0 € M2 be distinct
points with

2rt/VK, k >0

d(o,x) +d(x,y) +d(y,z) +d(z,0) <
00, k<0

and such that the geodesic ray through [oy] crosses the segment [xz] and
£,,(0,X)+ £,(z,0) > 7t. Furthermoreleto’,x',2' € M? such that d (o, x) =
d(o’,x"),d(o,z) =d(0,z") and

w/VK, k>0

dix',z') = J(x,y) + d_(y,Z) <
oo, k<0

Geometrically the triangle (o', x',y") is a deformation of the first triangle
(0, x,z) such that the two sides [ox] and [0z] are pushed apart and the geodesic
segment [x'z'] now “contains” y. This is made clear as follows, let y' be the
point on [x'z'] with d(x,y) = d(x',y") (and therefore d(y,z) = d(y’,z)).
Then

do,y) <d(',y").
2.2.3 J0-Hyperbolic Metric Spaces

In order to study groups, Gromov realized that the large scale ge-
ometry of negatively curved spaces can be characterized by a metric
inequality [Gro87].

Definition 13 (Gromov product). Let (X, d) be a metric space. Then for
points x,y,0 € X the expression given by

1
(x[y), := 5 (d(x,0) +d(y,0) —d(x,y)),

is called the Gromov product of x and y with respect to the base point o.
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Definition 14 ((Gromov) é-hyperbolicity). Given 6 > 0, a metric space
(X, d) is called (Gromov) é-hyperbolic if

(xly)o = min{(x1z),, (YIz)o} — 6
forall x,y,z,0 € X. Or equivalently
d(x,0) +d(y,z) <max{d(x,y) +d(z,0),d(x,z) +d(y,0)} + 26

forall x,y,z,0 € X. A metric space (X,d) is called (Gromov) hyperbolic
if there exists a 6 > 0 such that X is 5-hyperbolic.

Gromov hyperbolicity is a large scale property of a metric space. In
particular it can not detect local properties of the space.

Example 4.

e Every metric space of bounded diameter is hyperbolic.

The hyperbolic plane H? is In(2)-hyperbolic [NS16].

e Metric trees and real trees are O-hyperbolic.

For x < 0, every CAT (x)-space is hyperbolic.

The Euclidean plane is not hyperbolic.
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2.3 LARGE SCALE GEOMETRY
2.3.1  Quasi-Isometries

Recall that a map between metric spaces is called bi-Lipschitz if it
preserves distances up to some multiplicative constant. This means
distances can be stretched or squeezed but not by too much. Formally
we have the following;:

Definition 15. Amap f : (X,d) — (Y,d") between two metric spaces is
called bi-Lipschitz if there exists a constant A > 1 such that for all x,x" € X

%d(x,x% <d(f(x),f(x")) < Ad(x,x")
is satisfied.

Gromov hyperbolicity being a large scale property means it is not af-
fected by a scaling of the metric by a multiplicative or additive constant.
This allows us to define maps which keep the Gromov hyperbolicity
intact but are strictly weaker than classical isometries. One needs
a definition of a map which is roughly bi-Lipschitz in order to be
compatible with the large scale geometry of metric spaces.

Definition 16 (Quasi-Isometry). A map f : (X,d) — (Y,d") between
two metric spaces is called quasi-isometric if there exist constants A > 1
and Cqy > 0 such that for all x,x" € X the following holds:

1
Xd(x,x’) —Co <d'(f(x),f(x")) <Ad(x,x") + Cp.

If the map is additionally roughly onto, meaning there exists a constant
C1 = 0 such that for every y € Y there exists a x € X with

d,(f(x)/y) < C]/

then f is called a quasi-isometry. Two spaces are called quasi-isometric
or quasi-isometrically equivalent if there exists a quasi-isometry between
them.
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Example 5.
e Every two metric spaces of bounded diameter are quasi-isometric.

e The Cayley graph of the group 72 is quasi-isometric to the euclidean
plane R?.

We usually follow the convention to label maps which change the
metric up to an additive constant by “roughly-".

The following result is central to geometric group theory and also
establishes the importance of quasi-isometries:

Proposition 5 (Svarc-Milnor Lemma [Svass; Mil68]). Let X be a length
space. If G acts properly and cocompactly by isometries on X, then G is
finitely generated, and for any choice of base point xy € X, the map

§— 8 %o
is a quasi-isometry.

Definition 17. The Cayley graph Cay(G, S) of a finitely generated group
G with generating set S is defined as the metric graph with vertices G and
edges of length 1 between every g and gs forall g € Gand s € S.

In particular it is easy to see that Cayley graphs for a groups G with
generating sets S, S’ are quasi-isometric.

19
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2.4 THE BOUNDARY AT INFINITY

For the sake of completeness, in this section we sketch the main def-
initions and theorems necessary to explain the boundary at infinity.
For a full treatment see [Gro87; Hamg1; Boug6; BHgg; BSo7].

2.4.1 The Boundary at Infinity of Hyperbolic Spaces
Let (X, d) be a é-hyperbolic metric space and o € X a base point. We
will describe the boundary as an equivalence class of rays.

Definition 18 ((Gromov) boundary at infinity). A sequence of points
{x;} C X converges to infinity if

hm (xi|x]’)o = oo
i,j—o0

Two sequences {x;} and {y;} that converge to infinity are equivalent if
Lim (x;fy;)o = oo

The boundary at infinity d..X of X is defined as the set of equivalence
classes of sequences converging to infinity.

2.4.2  Quasi-Metrics on the Boundary at Infinity of Hyperbolic Spaces

In order to equip the boundary at infinity with a metric, one first needs
to extend the Gromov product to the boundary at infinity. One has to
be careful in doing this, to make sure the resulting extension is well
defined. In a second step one can then define a quasi-metric on the
boundary. For suitable parameters one finally derives a metric from
this quasi-metric.

Definition 19. Let (X, d) be a 6-hyperbolic space and 9., X its boundary at
infinity. For two equivalence classes ¢, 7y € 0, X of sequences converging to
infinity we can define their Gromov product by

(&17)o = inf im inf(x/ly;),,
1—00
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where the infimum? is taken over all sequences {x;} € ¢ and {y;} € 7.

Remark 2 (Exercise 3.18 in [BH99] and [MT10]). In case that X is a
CAT (x)-space (for any x), the Gromov product can be extended to infinity
by simply setting:

(lim x;| lim y;), := lim inf (x;1y;),-
i,j—o0

Proposition 6 ([BSo7]). Given a 5-hyperbolic space (X, d), a base point
0 € Xand a fixed a > 1, then

p(él r)/) = a_(glf)/)ol
is a a®-quasi-metric on 0.

Remark 3. If (X, d) is a proper CAT (x)-space (for k < 0), then p(¢,7y) :=
a=€Mo is a metric on 9., X for any a €11,e¥=*] and any base point o € X
[ Bougb].

For a° < 2 it is possible to apply a chain construction to get a metric
out of the quasi-metric. In particular one can always construct the
boundary in a way that it is metrizable.

Definition 20. A metric d on d., X is called visual metric if there exists a
base point o € X, a > 1 and positive constants cy, ¢, such that

cla_<§|7)a S d(g/ r)/) S Cza_(g")’)o

forall {,y € 0. X.

Remark 4. This is the same as saying a~— o is bi-Lipschitz to some metric
on 0o X.

Proposition 7. Let X be a 6-hyperbolic space and let o € X be a base point.
Then there exists a ag > 0 such that for every a €]1,ag], there exists a metric
d on 9, X which is bi-Lipschitz to a= "o [ Ghy+9o].

2 In some literature sup lim inf some variation of this is used.
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Proposition 8 (Application of Frink’s Chain Construction[Fri37]). Let
(X, d) be a 5-hyperbolic space, fix a > 0 and a base point o € X and let
010X X X — R be given by p(&, ) = a’®Mo, Then take

n—1
d(g,7) i=1nf ) (&, &),
i=0
where the infimum is taken over all finite sequences ¢ = ¢, ..., ¢, = 7y in
0o X. Then d is a metric and d is bi-Lipschitz to p.
Example 6.
o The Gromov boundary of the real line consists of exactly two points.

o The Gromov boundary of the hyperbolic n-space is homeomorphic to
the (n — 1)-sphere.

o The Gromov boundary of (the Cayley graph of) a freely generated free
group of rank at least 2 is a Cantor set.

2.4.3 Gromov Products Based at Infinity

We used a fixed base point 0 € X in order to construct the boundary
at infinity. But it is also possible to give a construction of the Gromov
product on X with specifying a base point at infinity. In order to have
anotion of the distance from a point at infinity w to a point in X we can
use Busemann functions. Busemann functions were first introduced in
[Buss5]. Applying Busemann functions to base the Gromov product
at infinity, we follow the treatment in [BSo7].

Definition 21. Given an extended metric space (X,d), a base point 0 € X
and w € Q(X) we define:

Bw,a(x) = hm<d(x/ wi) - d(wl‘,0>),

where w; —» w (i — o) is some sequence in X.
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Given a é-hyperbolic space (X, d) with o € X and w € d.. X we further-
more define
b (x,y) = (Wly)y — (wix),
as well as

beo(-) := by (-, 0).

Definition 22 (Gromov product based at Busemann function). Let X
be a é-hyperbolic space. Given x,y,0 € X and w € 9., X let

1
) ew,o = 5 (Beo,o(x) + Beo () —d(x, 1)),

where B, ,(x) := lim;_, . (d(x, w;) —d(wj;,0)) is the limit of some sequence
w; = w (i —» o0). We can extend this to points on the boundary by setting:

(gl’)/)w,o = (él’y)o - ((JJ|€)0 - (wh/)o

Remark 5. For a CAT(x) space with x < 0, this is always well defined
because all involved limits exist and are unique. For a 6-hyperbolic space one
should replace the function B in the above definition with the function b, ,
which is defined through the Gromov product and therefore also well defined.
Note that

(Be,o(X) + Buo () —d(x, 1)) = (xly) o — (X)) — (W),

NI —

(x|y)w,o =

2.4.4 Quasi Maps on the Boundary at Infinity

We now introduce two important types of maps which appear natu-
rally on the boundary at infinity.

2.4.4.1  Quasi-Symmetric Maps

A map which preserves the ratio is called quasi-symmetric. We pre-
cisely define those maps as follows. This definition goes back to Tukia
and Viisédld [TV8o] who first introduced them.

23



24

PRELIMINARIES

Definition 23. We call a homeomorphism f : (X,d) — (Y,d") v-quasi-
symmetric if for all pairwise distinct xq,x,,x3 € X we have

d'(f (x1),f (x2)) d(x1,xp)
<v .
d'(f (x1),f (x3)) d(xq,x3)
A homeomorphism f : (X,d) — (Y,d") is called quasi-symmetric if it
is v-quasi-symmetric for some homeomorphism v : [0, co[— [0, co[. It is
called symmetric if for all pairwise distinct x1,x,,x3 € X we have
d' (f (x1),f (x2)) _ d(xq,x7)
d'(f (x1),f(x3))  d(xq,x3)

Here (X,d) and (Y,d") are either metric or extended metric spaces. In
case of an extended metric with w € Q)(d) we take the following conventions:

d(xy,w)

[ ] = o0
d(xq,x3) !
d(xy,x2) _

® daw) T 0,

. d(w,x3) —-1.
d(w,x3)

2.4.4.2 Quasi-Mdobius Maps

Quasi-Mobius maps were introduced by Viisild in 1984[Vdi84]. We
follow the treatment given there.

Definition 24. Amap f : (X,d) — (Y,d") is quasi-Mobius if it is a
homeomorphism and there exists a homeomorphism v : [0, 00[— [0, oo,
such that for all quadruples Q = (x1,x5,X3,X4) of distinct points of X and
Q" = (f(x1),f (x2),f (x3),f (x4)),

cr(Q’,d") < v(er(Q,d))
holds. Here the cross-ratio cr is given by

d(xy,x3)d (x5, X4)

cr(Q,d) =

d(xq,x4)d(x,x3)
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(X,d) and (Y,d") are either metric or extended metric spaces. In case of
an extended metric with w the point at infinity the cross ratio is defined as:

d(x1,X3)
cr((xq,xy,x3, w),d) i:= ————,
((x1, X2, %3, w),d) Ay, 3)
The other cases are defined analogously. A map with cr(Q',d") = cr(Q,d)
for all quadruples of distinct points is called Mobius. Whenever the metric
is clear from the context we might write cr(Q) for cr(Q, d).

Note that in particular all quasi-symmetric maps are also quasi-
Mobius.

A quasi-Mobius map f : (X,d) — (Y,d’) which keeps the infinitely
remote point w € Q(d) fixed (f (w) € Q(d")), has to preserve the ratio
as well, and therefore is quasi-symmetric.

One motivation in the study of quasi-Mdobius maps is that they give
a useful tool while studying quasi-symmetric maps. In particular it is
a more natural map when working with extended metrics because it
does not require the infinitely remote point to be fixed.

Quite often one also encounters so called snowflake maps, which
have been given this name in [BSoo].

Definition 25 (Snowflake Map). A bijectionf : (X,d) — (Y,d") between
two metric spaces is called snowflake map if there exist constants A > 1
and a > 0 such that for all x,x" € X the following holds:

%d<x,x’)”‘ <d'(f(x),f(x")) < Ad(x,x")~.

2.4.4.3 The Quasi-Mobius Structure on the Boundary at Infinity

The justification of studying those maps comes from the following
results.

Proposition 9 (5.2.8 in [BSo7]). Let (X, d) be a 6-hyperbolic space. Then
there exists a constant q > 1 which depends only on 6, such that for any two
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quasi-metrics py, 1= a~ e, oy = a= P on 9 X with the same parameter
a > 1, and base points b,b" € X U {co}, the identity map

id : (0 X, 0p) = (90X, Ppr)
is quasi-Mobius.3

Proposition 10 (5.3.2 in [BSo7]). Let (X,d) be a boundary continuous
hyperbolic space. Then for any two quasi-metrics p, = a~e, pp =
a=Mv on 0. X with the same parameter a > 0 and base points b,b’ €
X U {co}, the identity map

id : (aooX/pb) - (aooX/pb')
is Mobius.

For hyperbolic groups, the induced action of the group on the
boundary at infinity of its Cayley graph is by quasi-Mobius maps.

Proposition 11 ([Bowg8; Paug6; MT10]). Let G be a hyperbolic group
(that is G is finitely generated, and the Cayley graph of G is hyperbolic). Then
the induced action of G on 0., G is by uniformly quasi-Mobius maps (i.e., all
maps have the same control function), and it is cocompact on the space of
distinct triples of points.

Here cocompactness on triples means that there exists some constant
C > 0 such that every triple (hy, h;, h3) of distinct points in d.,G can
be mapped by some group element to a triple with pairwise distances
greater than C.

Example 7. If G is freely generated free group, then the Cayley graph of G
is a tree, in particular it is hyperbolic. The boundary at infinity 0., G of the
Cayley graph is a Cantor set.

Another important result establishes a one-to-one correspondence
between quasi-isometric maps of Gromov hyperbolic spaces and quasi-
symmetric maps on their boundaries.

In fact it is (1, q)-power-quasi-Mobius, which means that the control function of the
map has the form: v(t) = gt.
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Proposition 12 (Theorem 3.2.13 in [MT10]). Let (X,d) and (Y,d") be
Gromov hyperbolic spaces with uniform perfect Gromov boundaries 0., X and
0. Y. Then each quasi-isometry F : X — Y induces a quasi-symmetric map
dooF 1 0,X — 9. Y of the boundaries. Conversely, each quasi-symmetric
map f : 0X — 9. Y can be extended to a quasi-isometry F : X — Y such
that P|3X = f

Remark 6. There are further correspondences [BSoo; Jor1o] for maps f :
(X,d) — (Y,d") on visual Gromov hyperbolic spaces. We list them without
going into the precise details of the definitions, as they are not used further in
the thesis. We then have the following correspondences of mapsf : X — Y
and df 1 0.X — 9. Y:

1. fis quasi-isometry < df is QS map with control function v(t) =
ANEe 0 <t <1,
At*, 1<t

2. fis rough similarity « d.f is snowflake map.

3. fis rough isometry < d.f is bi-Lipschitz map.

4. fis power quasi-isometry < d.f is power quasi-Mdbius.
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2.4.5 Metric Inversions

Let (X, d) be an extended metric space and fix a point p € X. Further-
more let

. d(x,y)
i,(x,y) = ——————.
P de iy, p)
When w € Q(d), then ip(x, w) = d(x;p)'
quasi-metric on X. Applying the same chain construction as in Propo-

sition 8:

This defines an extended

k
dy(x,y) = inf{z iy (X, Xi—1)

i=1

x:xo,...,xk:yeX\{p}},

results in a metric.

Definition 26. This construction is called the metric inversion. When
it is clear from the context we indicate the quasi-metric resulting from the
inversion at the point p of the metric d by i, and its metrization by d,,.

The metric inversion satisfies the following equation:

iy , 1 1
1Y) < dp(x,y) <ip(x,y) < Ao p) + R}

In particular (X \ {p},d,) is a metric space. Furthermore the identity
id : (X \ {p},d) » (X\ {p},d,) is a quasi-Mobius map [BKo2; BHX08].

Remark 7. It is easy to see that the map which sends the (extended) metric to
its inversion ((X,d) — (X,d,),x — x) is a quasi-Mdbius map. Calculating
the cross-ratio we get:
dp(x1,X3)dp (X2, X4) < ip (X1, X3)1p (X2, Xq) _ 41, x3)d(xp, X4)
dp(x1,x4)d,(x2,%3) — ip(X1,Xg)ip(x2,X3)  d(xy,x4)d (X2, X3)

2.4.5.1 Ptolemaic Spaces

Definition 27 ([FS12]). An extended metric space (X, d) is called Ptolemy
space, if for all quadruples of points x,y,z, w € X the Ptolemy inequality

d(x,z)d(y,w) <d(x,y)d(z,w) +d(x,w)d(y,z),
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holds.

Remark 8. A metric space (X,d) is Ptolemy if and only if for any p € X,
the metric inversion at the point p satisfies iy, = d,.

Proposition 13 ([FS11]). Every CAT(0)-space satisfies the Ptolemy in-
equality.
2.4.5.2 Spherification

There is a similar construction possible which is often called spherifi-
cation and defined as follows for an extended metric space:

5,0 y) i= d(x,y)
P 1 +dx,p)A+dy,p)’
with
SplX W)= +d(x,p)’

for w € Q(d). Whereas the metric inversion sends the point p to
infinity, the spherification transforms the space into a bounded space
where all points have at most distance 1 from p. The function s, can
be metrized in the same way as in the case of the metric inversion
[BHX08]. We write dAp for the metrized form. The following holds:

1
1+d(x,p) 1 +dy,p)

1 .
1Y) < dy(x,y) < sp(x,y) <

In particular a map sending the (extended) metric d to dAp while keep-
ing points fixed is a quasi-Mobius map.
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2.4.6 Quasi-Symmetric Invariants

In order to study metric spaces one needs to define properties that
help differentiate spaces from each other. The following properties
are well know quasi-symmetric invariants of metric spaces.

2.4.6.1 Doubling Property

Definition 28. We call a metric space doubling with constant D if every
ball of finite radius can be covered by at most D balls of half the radius.

Example 8.

o The Euclidean space of any dimension as well as arbitrary subsets of it
are doubling.

o The Heisenberg group with the Carnot metric is doubling.

2.4.6.2 Uniform Disconnectedness

Definition 29. For 6 < 1 we call a sequence of (at least 3 distinct) points
(X0, X1, ..., Xy) in a metric space (X,d) a 6-chain if

d(x;, xip1) < 0d(x, xp,)

holds forall i € {0,1, ..., n—1}. A metric space is called uniformly discon-
nected with constant 6 if it contains no 6-chains.* A metric space (X,d) is
called uniformly disconnected if there exists a 6 < 0 such that (X,d) is
uniformly disconnected with constant 6.

Uniform disconnectedness is a scale-invariant version of total dis-
connectedness.

Example 9.

o The Cantor set is uniformly disconnected.

4 And therefore also no 8'-chains for any 6" < 6.
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o The set {% In=1,2,...} C R is not uniformly disconnected.

Remark 9. A metric space (X, d) is uniformly disconnected if and only if
there exists an ultra-metric d' on X which is bi-Lipschitz to d [DS97].

2.4.6.3 Uniform Perfectness

Definition 30. For C > 0, a metric space (X,d) is called C-uniformly
perfect if for all points x € X and radii 0 < r < diam(X) the annulus
B(x,7) \ B(x,Cr) is non-empty. A metric space is called uniformly perfect
if there exists a C > 0 such that the space is C-uniformly perfect.

Example 10.
e Every connected metric space is uniformly perfect.
o The Cantor set is uniformly perfect.

o Every Ahlfors regular space is uniformly perfect.

2.4.6.4 Invariance under Quasi-Symmetric Maps

The properties of doubling, uniformly perfectness and uniformly dis-
connectedness are quasi-symmetric invariants.

Proposition 14 (Theorem 1.3.4 in [MT10]). Let f : (X,d) — (Y,d") be
a quasi-symmetric map onto another metric space. Then the following hold:

1. If X is doubling, then Y is doubling,
2. If X is uniformly perfect, then Y is uniformly perfect,

3. If X is uniformly disconnected, then Y is uniformly disconnected.






SOME INVARIANT PROPERTIES OF QUASI-MOBIUS
MAPS

The truth may be puzzling. It may take some work
to grapple with. It may be counterintuitive. It
may contradict deeply held prejudices. It may not
be consonant with what we desperately want to be
true. But our preferences do not determine what’s
true.

— Carl Sagan

The following part has been published in [Hee17].

3.1 INTRODUCTION

Let (X, d) be a metric space. Recall that: X is doubling if there exists a
constant D > 0, such that every ball of finite radius can be covered by
at most D balls of half the radius. X is called uniformly disconnected if
there exists a constant 6 < 1, such that X contains no 6¢-chain, i.e., a
sequence of (at least 3 distinct) points (xg, x1, ..., x;) such that

d(x;, xi1) < 0d(xg,x,).
The aim of this chapter is to prove the following two theorems:

Theorem 8 (Invariance of doubling under quasi-Mdobius maps). Let
(X,d) be a doubling space. Let f : (X,d) — (Y,d") be a quasi-Mdbius
homeomorphism. Then (Y,d") is doubling.

Theorem 9 (Invariance of uniform disconnectedness under quasi-
Mobius maps). Let (X, d) be a metric uniformly disconnected space and
let f : (X,d) - (Y,d") be a quasi-Mobius homeomorphism. Then (Y,d") is
uniformly disconnected.
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SOME INVARIANT PROPERTIES OF QUASI-MOBIUS MAPS

The results are related to results of Lang-Schlichenmaier [LSo5]
and Xie [Xieo8] who proved that quasi-symmetric maps respectively
quasi-Mobius maps preserve the Nagata dimension of metric spaces.
The present work has been inspired by the article of Xie [Xie0o8] and
the work of Viiséld [Vdi84]. We note that a space is doubling if and
only if it has finite Assouad dimension [MT10]. However the Assouad
dimension is not a quasi-symmetric (and therefore also not a quasi-
Mobius) invariant [ Tys+o1].

We would like to note that we have been informed that Theorem 8
is a direct consequence of a published result of Li-Shanmugalingam
[LS15].

It is well known that uniform disconnectedness is invariant under
quasi-symmetric maps [MT10; DSg7]. However its behavior under
quasi-Mobius maps has not been studied before.

The proofs of both results use the fact that quasi-Mo6bius maps
can be factorized into a quasi-symmetric and some number of metric
inversions. Because we already know that the results hold for quasi-
symmetric maps, one only needs to show that the properties stay
invariant under the metric inversion.

The related property of uniform perfectness has already been shown
to be invariant under the metric inversion in [ Meyog]. It is therefore
also invariant under quasi-Mdbius maps.

In Section A.1 we prove a slight generalization of Theorem 8 and
Theorem g for K-quasi-metric spaces.
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3.2 INVARIANCE OF DOUBLING PROPERTY
3.2.1 Preparations for the Proof

For the proof we need the following proposition of Xie and a result of
Viisdlda which we cite verbatim.

Proposition 15 (Proposition 3.6 in [ Xieo8]). Letf : (Xq,dq1) — (X5,d3)
be a quasi-Mdbius homeomorphism. Then f can be writtenasf = fy L of ofy,
where f' is a quasi-symmetric map, and f; for i € {1,2} is either a metric
inversion or the identity map on the metric space (X;,d;).

Remark 10. As a map between sets, fi is the identity on X, f, the identity
on X, and f' = f. But from a metric point of view this partitions the map
into two QM parts and a QS part.

Note that while we used the result as stated in [Xieo8], a factor-
ization theorem already appears in [Vidi84]. The result from [V&i84 ]
requires an intermediate Banach space to apply the inversion however.

Proposition 16 (Theorem 3.10 in [VA4i84]). Let (X, d) be an unbounded
metric space and let f : X — Y be a quasi-Mdobius map. Then f is quasi-
symmetric if and only if f (x) — oo as x — oo. If X is any metric space
and if f : X U {00} = Y U {00} is quasi-Mdobius with f (oo) = oo, then the
restriction fix of f to X is quasi-symmetric.

Remark 11. Let (X,d) be an unbounded space. Then we can build the one-
point completion with respect to the infinitely remote point X := X U {oo}
together with an extended metric d. Let d(x,y) := d(x,y) and d(co,x) :=
d(x,0) = oo forall x,y € X. Furthermore let d(co,0) = 0. Then
clearly (X,d) is doubling if and only if (X,d) is doubling. It then follows
from [LS98] that the completion also has a doubling measure. Then Propo-
sition 3.2 and Proposition 4.2 from [LS15] directly imply the following
theorem:

Theorem 10. Let (X, d) be an metric doubling space with doubling constant
D, where d is an extended metric [BSo7] and denote by oo € X the infinitely

35



36

[y

SOME INVARIANT PROPERTIES OF QUASI-MOBIUS MAPS

remote point in (X,d). Furthermore let p € X with p # oo and let iy be
given by

, o dxy)
ey = dp,x)d(p,y)’
forall x,y € X\ {co} and
, . 1
Zp(oo,x) = ZP(X/OO) = d(p x)-

Apply the chain construction to form a new extended metric* from iy:

k
dy(x,y) := inf {Z iy (X;, Xi_1)

X = Xg, -, X :yEX\{p}}.
i=1

Then (X, dp) is doubling with constant at most D10 +1.

Remark 12. Note that if in addition d is Ptolemaic, then i = dp and in
particular (X, dp) is doubling with constant at most D8 +1.

Before we were informed of the Li-Shanmugalingam result cited
above we worked out a direct proof of the invariance of the doubling
property under inversion. This proof is given here.

OUTLINE OF PROOF. The main idea of the proof is the following.
We assume (X, d) is doubling and use this to construct a cover of a
ball B;(xy) in the metric inversion of the space. The trick here is to

take B () as the first ball in the cover. This ensures that while
approxzimating distances in (X, d) we have some fixed upper bounds

that we can work with. The remaining points of the ball we can cover
by some covering by the doubling property of (X,d). If we apply
this multiple times we ensure that the covering balls in (X, d,) all

have diameter smaller than %r. Because this works quantitatively
independent of the choice of radii and starting point xy we find a
doubling constant.

Note that in the new metric p is the infinitely remote point and oo has finite distance
to all points except to p.
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Proof of Theorem 10. If (X,d) is bounded, consider the space (X,d),
with X := XU{oo} and d_(x,y) :=d(x,y) forallx,y € Xand d(x, o) :=
co. (X,d) is doubling. Furthermore if (X,d,) is doubling, then so is
(X, dp). We therefore only need to show the theorem for unbounded
X.

We have the following relation for all x,y € X \ {p} [BHX08]:

1 1
~ d(x,p) d(y,m'

Letxg € X\{p}andr > 0. Let B := B, (xq) :={x € X|dp(x0,x) <r}
be the ball of radius r in the space (X, d,). We consider the following
two cases

(xy)<d (xy)<z x,y) <

1. IfB’ﬂB’ (oo) + (0, thenlet A’ —B’(xo)\B’ (o0). Takeyy € A'.

For any two points x,y € A" we have by defmltlon of the metric
d, and the above relation that

d(x,y)

—_— <44 <8
d(p,X)d<p,y)_ pLoy) < 81

ip(x,y) =

. 1 ..
O ip(c0,y) = dp(oo,y) > St From this it follows that

32
d(x,y) < 8rd(p,x)d(p,y) < —

In particular we know that A" C Ba2 (yp) := {x € X|d(yo,x) <

372 }. By the assumption we furthermore have for all x € B’ that

1 5
dp(x,oo) <2r+ ET" = ET’,

and therefore also
1 5

< Z
dpx) ~ 2

from which it follows that

2
d > —
(p,x) 5
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The space (X, d) is doubling and we can find DN balls b; of radius

2 ~
372_N with center points x; covering Bs2 (o). Let b; := b, N A’

then we have for all x,y € b;:

64 _
dxy) 72N 64527 400
dip,x)d(p,y) ~ 553 T 222Ny TN

r 5r

dy(x,y) < i,(x,y) = r.

In particular for N := 10 we know that we have constructed a
coverof B C A’ U B’lr(oo) by D'° + 1 balls of radius %r.
2

2. In case that B' N B’lr(oo) = (), we know that dp(xo, o00) > rand

2
also dp(B’, o0) = inf,cp dp(x, o) > %r. For all y € B’ we have

d(xo,Yy)

(X0, y) = T <
oY) d(p,x0)d(p,y)

4d, (xo,y) < 4r,

from which it follows that

4r < 4r
dp(OO,xO) dp(ooly) N dp(OO,B/)z.

d(xo,y) < 4rd(p,xp)d(p,y) <

We therefore have B C B4 (xg) and by the doubling prop-

dp(eo,B")?

erty of (X,d) we can cover by DN balls b; of radius . 4TB,)2 2N
ploe

with center points x;. Let b; := b; N B, then we have for any two
x,y € by

d(x,y)
d(p,x)d(p,y)
8r — 2—N
< dp(oo,B)
T dp,x)dp,y)
_ 2_1\]+4d,,<oo,X) dp(oo,y)r.
d,(c0,B')

dy(x,y) < ip(x,y) =
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Furthermore we have
dy(x, 00) < d,, (x, %) +d,(xg, ) < r+d,(B’, 00)+r < 5d,(B’, o).
In conclusion we get that

(00, %) dp(oo,y) < 2_N+452dP(OO’B’)2 ~ 8 .52

2—N+4dp — .
dp(oo,B’)2 - dp(oo,B’)2 2N

It therefore follows that if we take N := 9, then we have a cover-
ing of B’ by D balls of radius %r.

O

3.2.2  Proof of the Invariance of Doubling under quasi-Mdébius Maps (The-
orem 8)

Proof of Theorem 8. It remains to show the theorem for (X, d) being a
doubling metric space, f : (X,d) — (X,d") a metric inversion and we
have the following cases to check:

1. (X,d) unbounded, (X,d") bounded;
2. (X,d) and (X, d") both unbounded but with different points at
infinity.

Case 2 follows directly from Theorem 10. In the situation of 1, 4" is
a metric inversion d, where p is an isolated point in X. That is there
exists a € > 0 such thatd(p,x) > e for all x € X\ {p}. The proof of
Theorem 10 still holds. O
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3.3 INVARIANCE OF UNIFORM DISCONNECTEDNESS

The proof of Theorem g will again make use of some of the propositions
from the previous sections.

OUTLINE OF PROOF.  Similar to the proof of the doubling property,
the infinitely remote point plays a special role in the proof. We use
the fact that it has finite distance in one space but not the other. We
show that if one space has a chain, then the other space must have
a chain as well. And we construct such a chain directly by taking a
detour over the inversion point p.

In the following let (X, d) be a metric space, p € X and 0 < % We
assume that (X, d,,) is not 8-uniformly disconnected, in particular there
is some f-chain (xg, x1, ..., x,,) in (X\ {p}, dp). We keep this notation for
the rest of this section. In addition we introduce the following notation
for convenience: Let r; := d(p,x;), | := d(xg,x,) and [; := d(x;,x;,1).
This is illustrated in Figure 3.1. Without loss of generality we can
assume r,, > rg.

Remark 13. The condition for (xg,xq,...,X,) being a 0-chain in (X,d,,)
implies that

l; 40l
< Vie{0,...,n—1}.
Fitiv1 ~ Tnlo
On the other hand if
l; .
< Vie{0,...,n—1}

ritig1 ~ 4raro
holds, then (xq, X1, ..., X,) is a O0-chain in (X,d,,).

Lemma 1. Assume that (X,d) contains no \3/4_(9—chains. Then there is an
index s € {0, ..., n — 1} such that

I, > V46

and
max{rs,rﬁl}% > 10-
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Xs ls—l Xs—1
[e] [e]

Lo
Xs+1 '
o .
Ts
ls+1 ! s+,_1_“
Xg+2 o op oXo
: b.'7’1 : ll
Xp—10 Ty 1"0 o
i : XXy
[ . o

Figure 3.1: The view of the #-chain in (X, d)

Proof. Assume for a contradiction that r, V46 < ro and 7441 V46 < Q-
Then from the condition in the remark above it follows

P S N S
'stst1  Tnlo \3/@7’”1’0 \3/@3rsrs+1 TsTs11

(31)

which is a contradiction. O
Proposition 17. (X, d) contains a \/40-chain.

Proof. By the previous lemma we know that there must be some index
g such that rq\S/@ > rgand for alli € {0,...,4 — 1} we have that
1 V46 < rq.

We claim that (x4, x,_1,..., X1, X0, p) isa V46-chain in (X,d). If this

were not so, there would be some i € {0, ...,qg—1} for which rg V46 < L.
But then

2
rg Va6 rq V46 rq\/3 40 l; 401
< < < <

rofg ritg T Titiv1 Tilfisl - Tulo

(3-2)
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Jgs x.q
ls o T \
Xs+1
(o] rs rq o]

Figure 3.2: The constructed \3/4_ -chain in (X, d)

implies ,
ry < V46l < b (33)

which is a contradiction to the triangle inequality of the metric space
(X, d). O

Proof of Theorem 9. The proof of the theorem now follows directly from
Proposition 15. O
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3.4 APPLICATIONS OF THE THEOREMS

For the following we need a short definition [DS97|: Let F be a finite
set with k > 2 elements and let F* denote the set of sequences {x;};2;
with x; € F. For two elements x = {x;},y = {y;} € F* let

Lx,y) =sup{l e N|VI<i<I:x; =y;}.

In particular we have L(x,x) = co and L(x,y) = 0if x; # y1. Given
0 <a < 1setp,(x,y) =at™¥ . This defines an ultrametric on F*. We
call (F*, p,) the symbolic k-Cantor set with parameter a.

A more geometric way of looking at this definition is the following.
Consider a infinite complete binary metric tree (T, d) where each edge
has length 1. This is clearly a O-hyperbolic space and in particular
CAT(—1). Label the root vertex by 0. Then F* coincides with the
Gromov boundary d,,T of T and L is precisely the Gromov product
(-|)p on 9 T.

As an application of the theorems we provide a generalization of
the following result by David and Semmes:

Proposition 18 (Proposition 15.11 (Uniformization) in [DS97]). Sup-
pose that (M, d) is a compact metric space which is bounded, complete, dou-
bling, uniformly disconnected, and uniformly perfect. Then M is quasi-
symmetrically equivalent to the symbolic Cantor set F*, where we take

F = {0, 1} and we use the metric p, on F* with parameter a = %

We can generalize this result as follows:
Theorem 11. Suppose that (M, d) is a complete, doubling, uniformly perfect

and uniformly disconnected metric space. Then M is quasi-Mobius equivalent
to the symbolic Cantor set as given above.

d(x,y)
d,p)+h)dy,p)+1)°

Proof. Let p € M be some point and let s,(x,y) =

Let
k

dAp (x, y) = inf {Z Sp (X, X-1)

i=1

x:xo,...,xk:yeX},
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then we have by [BKo2; BHX08] that

1 N 1 1

Sy < dy(x,y) < sp(x,y) < T+ dmp) + 7 TS
Then the space (M, d,,) is bounded and satisfies all the properties of
the above proposition: The map f : (X,d) — (X, d;,) given by d — dAp
is Mobius. By Theorem g and Theorem 8, doubling and uniformly
disconnectedness are invariant under Mobius maps. The invariance
of uniformly perfectness follows from [Meyog], and the invariance of
completeness follows from [BS15]. Totally boundedness follows from
the doubling property and therefore the space (X, dAp) is compact. [

Definition 31 (Ahlfors regularity [Heio1]). A metric space (X, d) ad-
mitting a Borel reqular measure p such that

C 1y < u(B,) < Cr"

for some constants C > 1,n > 0 and for all closed balls B, of radius 0 < r <
diam(X), is called Ahlfors regular.

We can apply the same idea to Proposition 16.9 in [DSg7] and we
get:

Corollary 1. Let (M,d) be a complete Ahlfors reqular metric space of di-
mension 7y which is uniformly disconnected. Then there exists a doubling
measure y on F*, and (M, d) is quasi-Mdbius equivalent to (F*, D), where
D is given by

D(x,y) = (u(B(x,dy(x,y))) + u(B(y,d,(x, 1)) 7,
and0 <a< 1.

This follows from the above remarks and the invariance of Ahlfors
regularity under d — d_p as shown in [LS15].



METRIZING THE GROMOV CLOSURE

To me the converging objects of the universe
perpetually flow,
All are written to me, and I must get what the
writing means.

— Walt Whitman

The following chapter is based on the unpublished article “Metrizing
the Gromov closure” by Urs Lang and Viktor Schroeder [LSo7]. The
original article only considered the cases CAT(—1) and J-hyperbolic
spaces and some proof were left incomplete. I extended the work to
general CAT (k) spaces and CBB(x) spaces and gave some results that
apply to general metric spaces. The CBB result also answers a question
originally asked by Marc Lischka. Together with Viktor Schroeder
I constructed an example space with proves a sharp bound on the
constant used in one of the results. Results that have been taken from
[LSo7] are cited as such.

4.1 INTRODUCTION AND DEFINITIONS

The main idea of this article is to provide a method to study the bound-
ary at infinity of a hyperbolic metric space by transforming the metric
in such a way that the boundary appears as the points on a sphere
with fixed radius from a chosen base point. This will in particular give
a better understanding of the metric structures on the ideal boundary
of a CAT(—1) space (which are due to Hammenstadt [Hamg1] and
Bourdon [Boug6]).

4.1.1  Generalized Trigonometric Functions

In the following we use the following trigonometric functions.
45
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Definition 32. Let

sin(Vxx) / Vx, ifkx >0
sn, (X) := {x, ifx=0
sinh(vV=xx)/v=%, ifx <0
and
cos(VKx), ifkx >0
s, (X) 1= 11, ifx=0
cosh(v—=xx), ifx <O0.

Also let the inverse functions be given by

arcsin(Vxx) /vx, ifkx >0
arcsn, (x) 1= 4y, ifxk =0
arcsinh(vV=xx)/v—%, ifx <0

and
arccos(x)/Jx, ifkx>0

arccs, (x) 1= 41, ifx=0
arccosh(x)/v=x, ifx <0.

Those functions are the solutions of the second order differential
equation f” 4 xf = 0 satisfying the initial conditions

sn,(0) =0, sn(0) =1, cs,(0) =1, cs,(0)=0.

See [BCo1, pp. 170-222] and [LS14] for a more in depth treatment of
those functions.

Proposition 19 (Trigonometric Identities [LS14]). The following classi-
cal identities hold for the generalized functions:

1. ¢s,.(x)%> + xsn,.(x)> =1, x € R,
(Pythagorean trigonometric identity)
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s (X +y) =sn,(x) cs, () + cs,(x) sn,(y) for x,y € R,

. €S (x +Yy) =cs,(x) esk(y) — ksn,(x) sn(y) forx,y € R,
. arcsn, (x) = In(x + M)/\/—_Kfor k<0,x€ER,

. arccs, (x) = In(x + \/ﬂ)/\/—_;cfor K <0,x€[l,o0f,

“T/J;forx <0,x e [—1,00].

. cs,(arces, (x)/2) =
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4.2 THE SPACES OF CONSTANT CURVATURE

Although the following are standard mathematical results we could
not find a similar complete construction in the literature. This section
is based on hand written notes of Viktor Schroeder. We construct the
model spaces and derive formulas for the distance calculation which
we will use later on.

In the following let 0 < n € N and ¥ € R. We define models
M of the space of constant curvature x as subsets of R!*". We use
coordinates x = (xg, X1, ..., X,;) and define the bilinear form:

(X, Y = XoYo + K )_ XY
i=1

Let M, be the connected component of ¢y = (1,0,...,0) of the set
{(x € R |(x,x), = 1}. M, is a sub-manifold of R'*" and for every
p € M, the tangent space at p is given by

T,M, = {v € R*" (0, p), = 0}.

In particular To My = R"” ¢ R where R" & R*" x — (0,x) is

the canonical embedding. The bilinear form %(-, -)x is positive definite*
on T, M, and defines a Riemannian metric on M,.

1 For x > 0 this is trivial. For ¥ < 0 consider the following: From (p, p), = 1 it follows
KX, Pivi
Po ’

that pj = 1 — «x Y. | p7. Furthermore (p,v), = O implies that vy = —
Therefore we get

k(X 1p,v )?

1 n

20, 0) ;

~ K(Zl 1PzU )2

C1-x)) p? 21;

K((Zizl piv))? — (Zi:1 P%)(Z?:l v7)) + Z:;l o7
1—-xX,  pi

We can now apply the Cauchy-Schwarz inequality to get

1
—(v,v), = 0.
K
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In the case of My, T,My = R" C R for all p and there we view

%(-, xlrn = (+,-) as the standard inner product on R".
Letv € T, My, i.e.v € R" with |jv]| = 1 and consider

Yo(t) = cs,(t)eg + sn, (v
then v, (t) € M, since
o), Yo = c5, (1% + ksn, ()2 = 1.
We calculate

<r)/vr’)/z’7>;( =0 | since ,)/z/) = —Ksn,.ey+Cs, U,
1 ! ! 1 2 2
—(Vo, Vode = (K snig+xcs) = 1,

()/Z,), =(=K)Y = ')’Z(t) Ly T’yv(t)MK'

Thus 7, is the unit speed geodesic in M, with v, (0) = eg, 7,(0) = v.
Consider the linear map (“rotation in the plane span(ey, v)”) given

by
R, () = (csk(t) —KsnK(t))/

sn, (t) cS, (1)

i.e. given in an orthonormal basis ey, v, vy, ..., v, it looks like

Ry (t)

1

N
1
This is a 1-parameter group of isometries of M,, since it leaves the
bilinear form (-, -}, invariant.
The isometry group of M, is generated by the R,(T), v € S"~! and
O(n), the orthogonal group embedded as

( L ) C GI(1 + n).
O(n)

These isometries are the linear maps of R1+7 leaving (-, -), invariant
and preserve the connected component M,. IsoM, is transitive.
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RI’Z

e ()

—€9 €o

Figure 4.1: The projection of the point x.

4.2.1  Formula for the Distance Function

We now compute the distance function d = dM of M,. Let p € My,
with d(p,eg) = t. Then p = 7,(t) = cs,(t)eg + sn,(t)v for a suitable
v € S"1. Thuswe have cs,.(d(eg, p)) = (eq, p)y- Since (-, -) is invariant
under Iso(M,) and Iso(M,) operates transitively, we have

Vp,qa € M e (d¥ (p, ) = (P, (4.1)
4.2.1.1  The Ball Model of M,

We project the points of M, from —e; to R". We have

lc:R" DB, > M, CRIH"
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given by

1 — x| 2x )
1+ «xlx|2” 1+ x|x)? )’

L) = (

where

1
B, = {x € R"|1 + «|lx]|?> > 0} = {x| x| < JT—;c} c R"™.

For x > 0 the ball model describes all points of M, except —ey (which
corresponds to the point at co in this model).
We compute now the distance d2 on B, such that

O+ (B d) = (M, difh
is an isometry. For the computation let d = d%, then

s, (d(x, ) = s, (@@L (x), e ()))
= (G (), L))
(=) (1 = xllyl?) + 2K(x, )
- (1 + xllx|?) (1 + xllylI?)
2icllx — yII?
T+ Kl (1 + Iy

Thus 5
2xllx — yll
cs, (dB(x,y)) =1 - : 2
Y (1 + D) (1 + xlyl) (42)
This can be written in the following equivalent ways:
2cllx — y|? )
d(x,y) = arccs, (1 - .
Y (1 + ) (1 + «lyl?) (43)
lx — yll
= 2arcsn, ( ) . (4-4)
VI + kX2 1 + iyl

We now compute the euclidean distance out of d5.
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Proposition 20 (The case ¥ = —1 is Lemma 2.1 (A) from [LSo7]). Let
X,y € By, d = dB then

-yl = sn, (d(x,y)/2) (4.5)
I e d(x,0)/2) cs,(d(y,0)/2) >
Proof. We use the formulas
Ksn2(t/2) = @ (a)
and 1 /
s2it/2) = o (b)

then from Equation a together with Equation 4.2 we obtain:

llx — yII?
(1 + xllxl2) (1 + xlyl2)

sn2(d(x,y)/2) =

From Equation b those together with Equation 4.2 we obtain:

|
1+ xxI2 14 x|x)?

cs%(d(x,o)/Z) =1

Combining those we obtain the statement. O
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4.2.1.2  Upper Half Space Model for x < 0

Now let x < 0, let L/ C R" be the upper half space given by
U= {(x1,...,x,) |x, > 0}.

Let~: R" — R" be the conjugation given by

X = (X100, X)) » X = (X1, 000, Xy, —Xp)-

. . 1 2. . 1
Let o, be the involution at the sphere S( =t \/ —) with center T=Cn

and radius \/ —%. Then (TK(Z[) = B,, where Ul denotes the lower half
space. Furthermore

e: U — By

X — 0, (X).
On U we define the metric d{ in a way such that 7, is an isometry
(U, di{ = (B, d5).
Thus

cs, (A0, ) = s, (A8 (e (x), 1))

Kl (x) — 1, (y)
(1 + 7 (OI) (1 + xll7, )IP)

&

Note that if ¢ = Invg, , then

r?1% — g1

lo (%) — o (il = — -
PV = allig —al

by the definition for involutions. We therefore have

5 (X —a)
—_ 7
Ix — al|

Ne(X) =a+r
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Figure 4.2: The upper half space model

Rn—l
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1 —2
where a = T=Cn and r = \/ — . We thus compute

Lt kg0 =1+ & ( a0y — 228 21
K17, COI? = x| (@aa) — ————=— + ——
T K —al? " x?||% — al?

_ L( 1)
TR \T T T

This implies that

Kl (xX) — 17,1
(1 + el )2 (1 + w7, () IP)
1% — al?ly — al/? ( —2 )2 1% — 712
— c K. - — —
% — all?lly — al?

16(x,a){y,a) K
I e R el
4K (x,a)(j, a) 4%y,
thus )
lx — yll
du =14+ —— .6
s (di (x, 1)) =1+ o (4.6)
And we get the formula
2
U _ 1 lx — yll
di (x,y) = arccs, (1 + —2x”yn )
for the distance function. This can also be written as follows:
2
U _ 1 lx — yll
d*(x,y) = arccs, ( + oy (4.7)
3 1 |lx—yl?
= 2arcsn, (2 =\ 2, ) (4.8)
M—yWHm—y+@wﬂ) 1
=21 . .
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VERTICAL GEODEsICS IN (U, dY)  We define

ex, (t) := exp(V—xkt)

and It
Ing () = D
1 1 .
(for k < 0). Then (¢) := Eex,c(t)en = Eexp(‘/—ict) - e, is the
unit speed geodesic in U with y(0) = ‘/%_Ken. Indeed:

(ex,(t) — 1)?

U =
ese(@ 0y (1), 7(O0) =1+ — =

1
=5 (ex, (t) + ex, (—1))
= S, (1)
= d(y(t),7(0) = t.
Now let B be the Busemann function of y normalized such that B(7y(t)) =

—t. Then

B(x) = —‘/L__K In(V=xx,,).

We then compute:

Proposition 21 (The case ¥ = —1 is Lemma 2.1 (B) from [LSo7]).
(d%<x,y)>
2sn, (=5
llx —yll = B BN (4.10)
¥)
oxe () exe (57)
Proof. Using
1- t
Ksn,z((t/Z) = %U

we have

) (d(x,w ) =yl

—Ksng 5 oy,
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and
1

ex,(B(x)/2) = exp (—%ln(\/—_xxn)) =
(V=Kx,)

N~

thus

ex2(B(x)/2) ex2(B(y)/2) = ———.
<_K)xnyn
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4.2.2  Summary

In the following we summarize the just computed model spaces.
Rewriting the definitions from the previous chapter one can state
the metric in several equivalent ways.

4.2.2.1  Upper Half Space Model

Letkx <0and X = {x € R"|x, > 0} and let

2
dx,y) = arccsK(l + I~y )

2X, Yy

1 —_ 2
:2arcsn,((2 — ||xx yy” )

Vv nJn

— —y 42
:ZInK(”x yl+lx—y+ ynenll)

2%y,

And by Proposition 21 we get the corresponding formula to recover
the euclidean distance by:

dil(x,
ZSnK(—(;y))

=yl = — 5 B
ex (252 ) exc (2)

2 2

4.2.2.2 Disk Model

Let0+# x € Randlet X = {x € R"|1 + «|lx||* > 0} with

_ 2xlx — yI? )
(1 + xllxl2) (1 + xllylI?)

d(x,y) = arccs, (1

llx — yll
= 2 arcsn .
K(J1+KMVJ1+KwW)

By Proposition 20 we get can recover the euclidean distance with:

sn,.(d(x,y)/2)
s, (d(x,0)/2) cs, (d(y,0)/2)"

lx —yll =
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For x = O wejust let d(x,y) = 2|lx — y|l which is compatible with the
second formula above.

Based on this observations we will define functions F and G in the
next section which represent the formulas for recovering the euclidean
distance.
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4.3 RESULTS
4.3.1  Spaces of Constant Sectional Curvature

Definition 33. In the following let

Fo(ciab) = —/D)
cs,(a/2)cs, (b/2)
and
F(c;a,b) := F_1(c;a,b)
furthermore let
G,(c;a,b) := 2sinh(c/=¥/2) 2sn,(c/2)/Ix|

exp(av—x/2) exp(bv—x/2) B exp(a4/Ix1/2) exp(by[Ik[/2)
We will prove the following result:

Theorem 12. Let (X, d) be a simply connected, n-dimensional Riemannian
manifold with constant sectional curvature x € R. Let o € X be a base point
and w € 9., X be some point on the geodesic boundary and let p,(x,y) =
F(d(x,y);d(x,0),d(y,0)) and let p,, (x,y) = G, (d(x,y);B(x),B(y))
where B is the Busemann function of w normalized such that B(o) = 0.
Then:

1. If k = 0, then the space (X, p,) is a metric space isometric to the
n-dimensional euclidean space.

2. If k <0, then the space (X, p,) is a metric space isometric to the ball
, 1 . , . .
of radius = n n-dimensional euclidean space.

3. If x < 0O, then the space (X, p,,,) is a metric space isometric to the
upper half plane {x € R"|xy > 0}.

4. If k > 0, then the space (X, p,) is isometric to the sphere S} of radius
r = — with metric induced from the metric of R"+1,
N
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Collecting the calculations from the previous section, we can in each

model space recover the euclidean distance using some calculation.

We summarize this in the following proposition:

Lemma 2. 1. Letx,y be two points in the Poincaré unit disk model space
(X,d) (with curvature k < 0) of the hyperbolic plane. Furthermore
take w € X fixed. Denote by a := d(x,w),b :=d(y, w),c :=d(x,y)
the hyperbolic distances. Then the Euclidean distance between x and y
is given by

sn,(c/2) sinh(cv/—=%/2)

lx—=yll =

2. Let x,y be two points in the Poincaré upper half plane model space

(with curvature x < Q) of the hyperbolic plane. Let w € X be fixed.
Let B be the Busemann function of oo normalized such that B(o) = 0.

Denote by a := B(x),b := B(y),c := d(x,y). Then the Euclidean
distance between x and y is given by

2sinh(cv—x/2)
exp(av—x/2) exp(bv=%/2)"

lx —yll =

3. Let x,vy,p be three points in the spherical model space (with curvature
k > 0). Denote a := d(x,p),b := d(y,p),c := d(x,y). Then the
Euclidean distance between x and y is given by

sn,(c/2) _ sin(cvx/2)
cs (a/2)cs, (b/2)  cos(avx/2) cos(bvK/2) VK

lx —yll =

Proof. This follows from the previous lemmas. Additional constructive
proofs are given in the appendix. O

cs,(a/2) cs, (b/2) - cosh(av=x/2) cosh(bv=x/2)V—k
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4.3.2 CAT(x)-Spaces for x < 0

Theorem 13. Let X = (X, d) be a complete CAT (x)-space for k < 0. Fix
0 € Xand w € 9, X. Then

1. The functions given by

Po(x,y) := F(d(x,y);d(x,0),d(y,0))

and
Pw,o(x/y) = GK<d(x/y)/B(x)/B<y))/

where B is the Busemann function of w normalized such that B(o) = 0,
are metrics on X.

2. We can extend p, to a metric on X = X U 0., X, and p,, , to a metric
on X \ {w} and the following relations hold for &, € 9, X \ {w}:

2exp(—=(Cln)ovV—K)

0,(¢, 1) = = ,
pwo(€’ 17) — e_(é(‘ﬂ)w,o\/:c’
_ 20,(x,y)
Pawol®y) = 00 (X, W) oY, W) J—FK

3. Ify : (X,d) —» (X,d) is an isometry, then 7y : (X,p) — (X,p) isa
Mobius-map where p = p, 0r 0 = P, -

4. The spaces (X, p,) and (X, p,,,,) are Ptolemaic spaces.

OUTLINE OF PROOF. In order to proof item 1, we have to show that
the distance function p, satisfies the triangle inequality. We use the
fact that by the CAT(x) inequality we can compare triangles in the
model spaces. Furthermore we know that the triangle inequality
holds when we apply the function F, to the metric in the model space.
This means we only need to find suitable comparison triangles and
then can apply the triangle inequality in the model space. If we find
suitable inequalities to compare the distances in our space with the
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model distances, this allows us to show the claim. The construction
we use works as follows. We embed two triangles (x,y,0) and (v, z,0)
simultaneously in our comparison space. Denote the comparison
triangles by (¥,7,0) and (7, z,0) respectively. Furthermore denote
by d the metric on the CAT(x) space X, and by p, the metric we get
from applying the function F,. In the comparison space (M2,d), we
denote the metric by d. Note that when applying the function F, to
d we get the euclidean metric which we denote by || - — - . We can
therefore keep all the side lengths of those triangles unchanged while
going to the comparison space. The only distance that can change is
xz,i.e., d(x,z) and d(x,z) may be different. If we require the triangles
not to overlap in the comparison space, then there are three possible
configurations in which the triangles may come to lay there. Those
three cases are therefore analyzed separately. It is either possible
to apply the CAT inequality to get the desired result, use a direct
calculation or apply Alexandrov’s Lemma to deform the triangle in
order to get a suitable inequality. For the equalities in item 2 we have
to extend the metric to the Gromov boundary. Note that in a CAT(«)
space the Gromov product on the boundary is well defined regardless
of the sequence we choose. In particular lim(x;,y;), always exists
for x,y € d,X. Therefore the Cauchy completion and the Gromov
boundary coincide as sets. We can then use direct calculations to
approximate the limit cases, while noting that for large t > 0, sn,(t)
and cs, (t) behave approximately like exp(t). Item 3 is a simple direct
computation. Item 4 follows by subembedding a 4-tuple of points in
the comparison space. This is possible by the CAT(x) condition. Then
one can use the fact that the euclidean plane satisfies the Ptolemaic
inequality to proof the claim for p,. The equalities then also imply by
use of item 4 that the triangle inequality holds for p,,, ,.

Lemma 3 (Theorem 2.2 in [LSo7]). Let (X, d) be a complete CAT (x)-
space for k < 0. Fix a base point o € X. Then the function given by

Po(x,y) := F(d(x,y);d(x,0),d(y,0)),

is a metric on X.
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a

Y Y,

(a) Case 1 (b) Case 2 (c) Case 3

V\ '14/

Figure 4.3: Cases for proof of Theorem 13 (1)

Proof. Let x,y,z € X. We have to show that p,(x,z) < p,(x,y) +
0oy, z). Construct comparison triangles ¥, ¥,0 and #/, z, 0 in the (unit
disk) model space (MD,z(, d). Choose the comparison triangle such
that they do not overlap. The following cases (See Figure 4.3) are
possible:

1. In the case the situation is like in figure (a). Then let @ be
the intersection point of the segments [¥,z] and [0, 7] in the
comparison space, and let w € [0, y] be the corresponding point
with d(w,0) = d(@w,0). We get:

0o (X, Y) + 0,(y,2) = Fi(d(x,y);d(x,0),d(y,0)) + F,(d(y,2);d(y,0),d(z,0))
= F(d(%,);d(%,0),d(§,0)) + F(d(7,2);d(#,0),d(Z,0))
=x-yl+ 1y — 2zl
> |Ix — Z]
= F(d(%,2);d(%,0),d(Z,0))
= F, (d(% @) +d(®,%);d(X,0),d(Z,0))
> F (d(x,w) +d(w,z);d(x,0),d(z,0))
> F(d(x,z);d(x,0),d(z,0))
= po (X, ).
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2. In the situation like in figure (b) we calculate:

Po(X,Y) + 0,(y,2) = Fi(d(x,y);d(x,0),d(y,0)) + F(d(y,z);d(y,0),d(z,0))
= F(d(%,7);d(%,0),d(7,0)) + F(d(7,2);d(7,0),d(Z,0))
=x-vl+ Iy —zl
> [lx =0l + 11z — 0Ol
= F,(d(%,0);d(%,0),d(0,0)) + F,(d(Z,0);d(Z,0),d(0,0))
= F,(d(x,0);d(x,0),d(0,0)) + F(d(z,0);d(z,0),d(0,0))
B sn, (d(x,0)/2) N sn, (d(z,0)/2)
cs, (d(x,0)/2)  cs,(d(z,0)/2)
_ sn,(d(x,0)/2) cs,(d(z,0)/2) + sn,(d(z,0)/2) cs, (d(x,0)/2)

cs, (d(z,0)/2) cs, (d(x,0)/2)
sn, (d(x,0)/2 4+ d(z,0)/2)
~ cs,.(d(z,0)/2) cs, (d(x,0)/2)
= F,(d(x,0) +d(z,0);d(x,0),d(z,0))
> Fy(d(x,z);d(x,0),d(z,0))
= Po(X,2).

3. In case (c) we deform the non-convex polygon 0, &, i/, Z to a con-
vex polygon 0, X', 7/, z" with the same side lengths and such that
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=

(e

Figure 4.4: Triangle for counterexample

=l =/

i/’ lies on the hyperbolic segment [¥’,z']. By Alexandrov’slemma
(see 2.16 in [BH99]) d_(y’,O) > d_(y,O), therefore:

Po(X,Y) + 0,(y,2) = Fi(d(x,y);d(x,0),d(y,0)) + F,(d(y,2);d(y,0),d(z,0))
= F (d(x,7);d(%,0),d(7,0)) + F(d(7,2);d(7,0),d(z,0))
> F(d(®,7');d(&,0),d(7',0)) + F(d(i,2);d(@',0),d(Z',0))
=X =7+ 1y =z
> & = Z'||
= F(d(¥',2');d(%',0),d(Z',0))
=F (d®,7) +dy,2);d&,0),d(z,0))
= F(d(x,y) +d(y,z);d(x,0),d(z,0))
> F(d(x,z);d(x,0),d(z,0))
= Po(X,2).

O

Remark 14. One would think that for x > 0 one could get a similar result
by replacing the above formula in Theorem 13 with the spherical version.
However this is not the case as the following counterexample shows: Consider
a triangle in the plane R? as shown in Figure 4.4. We can calculate:

ﬁn<%> sin ()
IDO(xIZ) = > = ‘/Et 2
COS(T)

COs (%)
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and (t>
sin( -
o (4, Y) + po(y,2) =2 2 .
Pol T Rolt? cos(%)cos(%)
Let
sin (t) 28111(%)

(t) := 0(/)_ 0(,)—0(,): _
f#) 1= po(X,2) = Po (X, ) = 0o (Y, 2 COS<@)2 CoS(%>Cos(§)
sin (t) COS(%) —2811‘1(%)C05(%>

s (5 e ()
() (amvsc () -2 (1))

It is easy to see that f (0) = 0 and that the Taylor series expansion at t = 0 is:

t° N t N 181¢#° N 563311
9 180 92160 = 9676800

+ O(t13).

In particular this function is positive for small positive t. This is a contradic-
tion to the triangle inequality. Therefore the approach as above does not work
in the spherical case. However we will later see that a similar theorem holds
for CBB-spaces.

Lemma 4 (The proof follows the sketch in [LSo7]). Let (X,d) be
a CAT (x)-space for k < 0, 0 € X a base point. And let p,(x,y) =
F (d(x,y);d(p,x),d(p,y)). Then p, satisfies the Ptolemaic inequality for
any xq,Xp,x3,X4 € X:

po(x11x3)po<x2/x4) < po(x11x2)po(x3/ -x4) + Po(xlzx4),00(x2/x3)-

Proof. X satisfies the CAT(x) 4-point condition (Proposition 1.11, p. 164
in [BHg9]). This means for any 4-tuple of points (x1, x5, x3,x4) in X
there exists a 4-tuple of comparison points (X1, X,, X3, X4) in (M2,d)
suchthatd(xqy,xp) = d(X1, %), d (x5, x3) = d(Xy, ¥3),d(x3,X4) = d(¥3,%4),
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d(X4, xX1) = (1_(32'4,)2'1). And furthermore d(xl, x3) < (1_(321,9?3) and
d(xp,x4) < d(Xy,%). Note that F,(d(%,7),d(%,0),d(7,0)) = Ilx — yl.
Furthermore we know that the Euclidean metric satisfies the Ptole-
maic inequality:

X7 — X3l - IX2 — Xall < W%y — Xoll - IX3 — Xall + 1X7 — Xall - [IX2 — X3l

This implies that:

sn, (d(xq,x3)/2) sn,(d(xp,x4)/2)
< sn, (d(%1,%3)/2) sn(d(X,%4)/2)
< sn (d(%, %) /2) s, (d (X3, %4) /2)
+ sn, (d(Xq,%4)/2) sn,(d (%, X3) /2)
= sn,(d(xq1,X2)/2) sn,(d(x3,x4)/2)
+ sn, (d(xq1,x4)/2) sn, (d(x5,x3)/2).

From this the claim follows. O

Remark 15. Note that this still holds if one of the points is on the Gromov
boundary. Let (X,d) be a CAT (x)-space for x < 0 with base point 0o €
X. And let p,(x,y) = F(d(x,y);d(p,x),d(p,y)). Then p, satisfies the
Ptolemaic inequality for any xq,x5,x3 € X, w € 0, X:

00(X1,X3)00 (X2, W) < P (X1,X2)00(X3, W) + 0o (X1, W), (X2, X3).

This holds because we have

sn, (d(x1,x3)/2) sn, (d(x2, w;)/2)
< sny (d(xq,%2)/2) snye (d(x3, ;) /2)+sn, (d(x1, W) /2) snye (d(x2,%3)/2)
forany i € N, in particular it holds in the limit as well.

Lemma 5 (For the case x = —1, the points 1.-3. and 5. are from The-
orem 1.1 (C-E) in [LSo7]). Let (X,d) be a CAT (x)-space for k < 0 and

let 0., X denote the boundary at infinity. Then we can extend the metrics
Po(x,y) = Fi(d(x, y);d(p,x),d(p, y)) and p 0 (x, y) = G (d(x,y), B(x), B(y))
(here B is the Busemann function of w normalized such that B(o) = 0) to

the boundary at infinity and the following holds for ¢, € 0. X \ {w}:
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1.
pw,o(gr 77) = E_(g‘n)w,om,
) 2exp(=(El)ov=F)
_ eXp — ;7 o %
po(gf 77) - .\/__K ,
3 e
= IOO x/y
pw,o(x/y) - po(x’ w)po(y, (U) \/—_K,
4.
(o,1) = L
pD /77 - _\/__K

5 Ify: (X,d) - (X,d) is an isometry, then v : (X,p) — (X,p) isa
Mobius-map where p = p, 0r 0 = Py, o
Proof. Define p,(x, ) as the limit of some sequence {7;}; C X converg-
ing to 7:
Po(x,17) = 1im p, (x, 77;)

define furthermore
po(gl 7/) = }Eg po(gi/ 771)

And analogously for g, ,. By a result of Bourdon ([Boug6] and Exer-
cise 3.18 in [BHg9g]) those definitions do not depend on the choice of
sequences and the limit always exists (also see [FS11]). We have:

(1) = lim sn, (d(x,1)/2)
Pl = 113 s (d(x,0)/2) s, (A(1];,0)/2)
— lim exp(d(x, ;) V=K/2)
imoo ¢, (d(x,0)/2) exp(d (17;,0) V=K/2) V=K
exp(ZEd(x, 1) — d(p;,0)))
m
i—co cs, (d(x,0)/2)V=k
B eXp(?Bw,o(x))
T s, (d(x,0)/2) V=K
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From this it follows that

2sn,(d(x,y)/2) V=K
exp(v/—xB,, ,(x)/2) exp(V—=kB,, ,(y)/2)
_ 20,(x%,y)
00X, @)po (Y, W)V=E

Puw,o(X,Y) =

For ¢ # n we have

1 Sn;c(d(gi/ UZ)/Z)
PoliD) = M & o) 72) o5, @10 /D)
— lim 2exp(d(G;, 1) V—%/2)
" iseo exp(d (&, 0)v—K/2) exp(d(1];, 0)V—K/2) VK

, =% 1
- IILI?OZGXP(T(DZ(@/ 771) - d<§iro> - d<171/0))) \/—_K

1
= lllrgo 2exp(—\/—K(§i|171')o)ﬁ
26—(5‘77)0‘/__7(
—_— T

We furthermore get that for ¢, 7 € 9, X \ {w}:

20,(Z, 1)
0o (S, W), (1, wW)V=K
e_(‘:W)o‘m

e~ Clw) g v=1 , o= (lw)o V=5
= oVR(= @I+ (Elw)o+(rlew)o)
— €_<§|’7)w’0‘/__K-

Pe,0(C, 1) =
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Let 1 € d, X then we have?

L sn,(d(o,1;)/2)
Pol0:1D) = I 6,00 /2) <5, (@(0, 1) 12)
~ lim sn,(d(0,1;)/2)
i~oo ¢8,.(d(0,1;)/2)
— lim sinh(v—=xd(o0,7;)/2)
i~co cosh(vV=xd(0,1;)/2) V=K
1

J=K

Similarly we calculate

. 2sn,.(d(0,1;)/2)
Pe0,000,11) = zlir?o exp(vV/—xB,, ,(0)) exp (V=B ,(1;))
m 2sinh(v=%d(0,7;)/2) '
im0 J=Kexp(B,, o (1;))

Given a isometry 1y : (X,d) — (X,d) we have:

(4.11)
(412)
(413)

(4.14)

_ Po(x,2)po(y,w)  sn,(d(x,2)/2) sn,(d(y,w)/2)

cr((x,Y,z,w),0,) =

In particular, the cs, (d(x,0)/2) terms all cancel out and it follows that

cr((x,y,z,w), 0,) = cr((y(x), vWy), @), vW)), o).

2 Note that this does not depend on the sequence chosen regardless of the properties

of the space as long as 17; = oo (i — ).

00X, Y)Po(z,w) — sn(d(x,y)/2) sn(d(z,w)/2)
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4.3.3 CBB(x)-Spaces for x > 0

For spaces that have curvature bounded from below in the sense of
Alexandrov transforming the metric using the transformation given
by the function F still results in a new metric. In particular we have
the following result.

Theorem 14. Let (X,d) be a complete intrinsic CBB(x)-space with x > 0,
then

0o (x,y) = F,(d(x,y);d(x,0),d(y,0))

is a metric.

This result answers a question? originally asked by Marc Lischka.
The proof uses the following version of the Kirszbraun theorem
which can be found in [LS97] and [AKP10]:

Lemma 6 (Kirszbraun theorem). Let (X, d) be a complete intrinsic space.
Then (X,d) is CBB(x) if and only if for any 3-point set V3 C X and any
g-point set V4 D V3 in X, any short map f : V3 — M2 can be extended to a
short map F : V4 — M2 (so that f = Fly,).

We also need a bound on the diameter of X which follows from the
CBB property.

Theorem 15 (Theorem 10.4.1 in [BBlo1]). Let (X,d) be a complete in-

trinsic CBB(x) space with x > 0, then diam(X) < %

Proof of Theorem 14. Letx,y,z,0 € X. We want to show that p, (x,z) <
0o (X, y) + po(y, z). Take the comparison triangle (¥,z,0) in the model
space (M,%, d). By the above lemma we can find a comparison point
iy such thatd(x,y) > d(x,9),d(z,y) > d(Z,i) and d(o,y) > d(0,7) and
for the other distances we have equality. By Proposition 20 we know

Question: For which combinations of x and «’ is
0o(x,y) = F(d(x,y);d(x,0),d(y,0))

a metric on M}.?
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that the triangle inequality holds for p, in the model space, therefore
we have:

0o(X,2) = 0o(X,Z)
< 0o (X, ) + 00(Y,2)

d(x,y)
sn | —— sn,,
0

<
- d(x,0) d(y,0) d(y,0) d(z,0)
CSy > CSy > CSy > CSy >

< po(x, ) + po (Y, 2).

In the second inequality we used the bound on the diameter of X. [
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4.3.4 6-Hyperbolic Spaces

Let (X, d) be a metric space. For o0 € X define*:

sinh(d(x,y)/2)

’ = P— d 7 /d 7 7 d 7 = .
P Y) L6 y);a(x,0),40y,0) = o 30,0 /2) cosh(d(0,)/2)
For an arbitrary metric space (X,d), p is not generally a metric.
However, one can apply a chain construction to try to get a metric o
out of p. Let p be the metric> constructed as follows

n—-1
p(x,y) :=inf ) p(x;,Xi41),

i=0
where the infimum runs over all chains of finite length x = xg, ..., x,, =
y of points in X. In case that (X, d) is a d-hyperbolic metric space with
0 < In(2) we get that (X, p) is a metric space and p is bi-Lipschitz to
0. Furthermore we can Cauchy complete the metric and extend it to
X = X U 9X. By abuse of notation we also write g for the completed
metric.

Theorem 16. Let (X, d) be a 5-hyperbolic metric space with 0 < 6 < In(2).
Then p is a metric and p < p < Ap for some A > 1. Furthermore (for any &)
we have w € 90X if and only if p(o, w) = 1. And as sets 9, X = dX.

Remark 16. This result does not hold for 5-hyperbolic spaces with § > In(2).
In particular, in the appendix we construct an example of a 6-hyperbolic metric
space with 6 > In(2) where the metrics p and p can not be bi-Lipschitz to
each other. See Section A.3.

We drop the specification of the base point from the metric whenever it is clear from
the context. Also in this section generally x = —1.

Metrizing a semimetric (metric without triangle inequality) or premetric (semimetric
where d(x,y) = 0 for x # y is allowed) using this construction always results in
at least a pseudo-metric (triangle inequality but d(x, y) = 0 allowed). In this case
however we always get a metric. As we will see later in Lemma 13 and Theorem 17.
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OUTLINE OF PROOF.  The proof of Theorem 16 is quite involved. We
give a short overview of all the elements and parts of the proof. One
can show that in a J-hyperbolic metric space (X,d) with § < In(2)
there exists some constant sy > 0 such that whenever the points
x,Y,z,0 € X have pairwise distance greater than s\, then the largest

two members my, m; of the triple (o(x,y),p(y,2), p(z,x)) satisfy % <
% < 2 (Lemma 8). Such a triple is said to satisfy the 2-quasi-metric
1

inequality. In turn by a result of Frink (Lemma 9) points for which each
triple satisfies the above inequality can be approximated as follows:
Given a chain of points x = x, ..., X, = y in a semimetric space (X, d)
(the space may not satisfy the triangle inequality) X such that all points
satisfy the 2-quasi-metric inequality, one can calculate the distance
between x and y as:

1 n-1
Zd(x,y) < ;) d(xj, Xig1)-

In particular in a é-hyperbolic space with § < In(2), this allows one
to approximate the distances in the p semimetric given the condition
that all involved points have pairwise distances (and distances to 0),
greater than sy in the metric d. For points x,y € X that are close
together in the metric d (i.e., d(x,y) < s), it turns out that regardless
of the metric space (X, d), there exists some constant y; (s) depending
only on s such that we can approximate g by p(x,y) > pu1(s)p(x,y)
(Lemma 13). A similar result can be constructed for points x,y,z € X
such that d(x,y) < sand d(x,z) > s, in this case there also exists a
constant 5 (s) > 0 and we get the following inequality (Lemma 15):

U2(8)p(x,z) < p(x,y) + py,2).

For points that have a large radial part (the distance from the base
point), we can approximate p by p;,q which is the pseudo-metric result-
ing from constructing p using d,,q (x, y) = |d(x,0) —d(y,0)| instead of d.
Because this satisfies (Lemma 10) the triangle inequality, this allows a
direct calculation in those cases. The idea of the proof of Theorem 16
is now as follows: Let (X, d) be a é-hyperbolic metric space (X, d) with
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Figure 4.5: Subdivision of chain

0 < In(2) a base point 0 € X and a chain x = xg, ..., x,, = y. If there is
at least one point of the chain close to the base point (d(o, xx) < sg)
we can approximate by either Lemma 13 or using the radial form of
the metric. In the other case we know that d(o, x;) > s for any index i.
We then subdivide our chain in such a way that we have sub-chains
of length < sy and we choose the sub-indices such that we take the
maximal possible indices (e.g.,if we end the sub-chain at any later
index it is longer than sj). See also Figure 4.5. We label the points
beginning and ending such sub-chains with w; and z;. We then have
d(w;,z;) < sgand d(w;, wj) > o for i # j. We can then use a combina-
tion of the results (Lemma 13 and Lemma 15) to simplify the whole
chain such that all remaining points have distance greater than s.
Then one can apply Frink’s result (Lemma 9) to get o(x,y) = Ap(x,y),
which completes the proof.

Lemma 7. For every C > 0 there exists a ¢y > 0 such that for a,b,c,d > cq
whenever sinh(a) cosh(b) > sinh(c) cosh(d) thena+b+ C > c +d.
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Proof. We calculate

sinh(a) cosh(b) = %(exp(a) —exp(—a))(exp(b) + exp(=b))
= }Iexp(a +b) (1 + exp(—2b) — exp(—2a) — exp(—2a — 2b))
< %}exp(a +b) (1+ exp(=2b))
< %exp(a +b) (1 + exp(—2cp)).

Furthermore

sinh(c) cosh(d) = le(exp(c) —exp(—d))(exp(c) + exp(—d))
= iexp(c +d) (1 + exp(—2d) — exp(—2c) — exp(—2c — 2d))
> }lexp(c +d) (1 —exp(—2c) —exp(—2c —2d))

> %}exp(c +d) (1 —exp(—2cy) — exp(—4cp)) .

By taking the logarithm of the two inequalities we therefore get

ln(i)(a+b) In(14+exp(—2cy)) > ln(i)(c+d) In(1—exp(—2cy)—exp(—4cy))

and . )
czln( + exp(=2¢) )>o
1 —exp(—2cy) — exp(—4cy)
Note that
lim In ( 1+ exp(—2cp) ) _
Co— o0 1 —exp(—2cy) — exp(—4cy)

O

Definition 34. Let K > 1. A triple (by, by, b3) € R of positive reals
satisfies the K-quasi-metric inequality if the two largest members of the
triple coincide up to a multiplicative error < K. i.e. if

<-<K

[l ERNY

1
K
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for the largest two elements a, b in (by, by, bs). We denote this by a =< b or
a =k b.

Lemma 8 (This is based on Lemma 5.5 from [LSo7], additional cases
had to be considered for the proof to be complete). Let (X,d) be a -
hyperbolic space, with 0 < 6 < In(2). There exists sy > 0 with the following
property: Let x,y,z € X such that

d(-xr O)/ d(]/, 0)/ d(zl 0)/ d(xl ]/), d(]/, Z)/ d(x/ Z) 2 50,
then (p(x,y), p(y,z), p(z,x)) satisfies the 2-quasi-metric inequality.

Proof. Without loss of generality assume that p(x,y) > p(y,z) >
p(z,x). This is equivalent to

. d(x,y) d(o,z) . a(y,z) ) (d(o,x) )
smh( > )cosh( > ) > smh( > cosh >

> sinh (d(zz,x) ) cosh (d(o,y) ) )

2

We know that for any ¢ > 1 there exists sy > 0 such that for all
t > sy we have

11 . 1
EE exp(t) < sinh(t) < CE exp(t)

with = because of sinh(t) = %(exp(t) —exp(—t)) =

1—exp(—2sp)
%exp(t) (1 — exp(—2t)). And a similar inequality holds for cosh(x)
with " = (1 + exp(—-21)):

11 1
?5 exp(x) < cosh(t) < Eexp(t)

because of

1 1
cosh(t) = E(exp(t) +exp(—t)) = E exp(t) (1 + exp(—2t)).
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We can combine the above to get

d(x, § . d(x, d(o,
exp <—<x Y) ) exp <d(0 2 ) sinh ( oY) ) cosh <—<O 2
C—Zé’/—Z 2 2 < 2 2
cosh

d(y, d(o, - . d(y, d(o,
o (T2 e (T27) = s (T2 co (12

d(x,y) d(0,z)
exp > exp >
o,

and therefore

d(x,y) +d(o,z) —d(y,z) —d(o,x) )
2

. d(x, d(o,
smh(%)cosh( ((;z)>

~ sinh (d(y’z) ) cosh (d(o’x) )

2 2
< C2§/2 exp (d(x/]/) +d(o,z) —d(y,z) —d(o,x) ) .

2

(20 2exp (

We now need to consider the following possible cases:

1. Ifd(x,y) +d(o,z) > d(y,z) +d(o,x) = d(x,z) + d(o,y) then by
the é-hyperbolicity of X, the largest two entries differ by at most
26. Therefore

d(x,y) +d(o,z) —d(y,z) —d(o,x)
2

727" exp( ) < 0%0"% exp(d).

2. Ifd(y,z) +d(o,x) > d(x,y) +d(0,z) >d(x,z) +d(o,y) or
d(y,z) +d(o,x) > d(x,z) +d(o,y) > d(x,y) + d(o,z) then

d(x,y) +d(o,z) —d(y,z) —d(o,x)
2

§25"% exp( ) < §%g

3. Ifd(x,y) +d(o,z) > d(x,z) +d(o,y) = d(y,z) + d(o,x) then by
the previous lemma d(y,z) + d(o,x) + C > d(x,z) + d(o,y) and
therefore

d(x,y) +d(o,z) —d(y,z) —d(o,x) <25+ C.
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4. f d(x,z) +d(o,y) = d(x,y) +d(o,z) > d(y,z) + d(o,x) then
d(x,y) +d(o,z) —d(y,z) —d(o,x) < d(x,z) +d(o,y) —d(y,z) —
d(o,x) and by the previous lemma:

d(x,z) +d(o,y) —d(y,z) —d(o,x) < C.

5. Ifd(x,z) +d(o,y) >d(y,z) +d(o,x) > d(x,y) +d(o,z) then
d(x,y) +d(o,z) —d(y,z) —d(o,x) <0.

In summary we get

d(x,y) +d(o,z) —d(y,z) — d(o,x))
2712
¢<C eXp( 5

< {P0%exp (25; C) =(?0%exp <5+ %)

Because we can choose sy such that C > 0 becomes arbitrarily close to
O0and g,{" > 1 arbitrarily close to 1, this completes the proof. O

Remark 17. We show in the appendix (Corollary 4) that In(2) is optimal.
The following lemma is due to Frink [Fri37]:

Lemma 9. Let (X, p) be a space with a distance function satisfying the
following conditions for all x,y,z € X:

1. p(x,y) =0iffx =y,
2. p(x,y) = py,x),

3. Foranye >0, p(x,y) < eand p(y,z) < € together imply p(x,z) <
2e.

Then the following holds for any chain x = xg, ..., x, =y in X:
1 1 1
1P Y) S 5P x1) + (X1, X2) + - P2, Xn—1) + 50 (Xn—1, )

n—1
< Z (X, X41)-
i=0
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Remark 18. In particular this lemma applies to a distance function satisfying
the 2-quasi-metric-inequality.

Remark 19. Note that the lemma does no longer work if we only have
p(x,z) < A€ for A > 2 in the third condition above. To see this consider the
following example: Consider the graph constructed as follows. Start with
two vertices vy, vy and set d(vg,v1) = xo. Then connect both vertices to
a third vertex v, to form a triangle such that the new sides have distance
d(vy,vp) = d(vq,v) = xq, continue in the same fashion extending each
side with vertices to form triangles. If we let

1 1 1
= JXp = ————, 0, X[ = ————, ...
Q+u) " ? T 2+ p)?2 2+ )

then the condition would be satisfied for A = 2 + y and y > 0. However
applying the chain construction we get:

Xo = 1,X1

1
inf )" d(v;,0141) < lim 2" e 0.
Proposition 22. Let X = (X,d) be a metric space. Fix o € X. Let
dpq(x,y) = 1d(x,0) —d(y,o)|. Then (X,d,,;) is a pseudo-metric space.

Proof. Let x,y,z € X then we calculate:
Arad (X, Y) + drad (v, 2) = 1d(x,0) — d(y,0)| + ld(y,0) — d(z,0)I.
The following cases are possible:

1. |d(x,0) —d(y,0)| +d(y,0) —d(z,0)| = d(x,0) —d(y,0) +d(y,0) —
d(z,0): This case is trivial.

2. |d(x,0) —d(y,0)|+1d(y,0) —d(z,0)| = d(x,0) —d(y,0) +d(z,0) —
d(y,0): Here we know that we musthave d(y,0) < d(x,0). There-
fore |d(z,0) — d(y,0)| > |d(z,0) —d(x,0)|.

3. d(x,0) —d(y,0)|+1d(y,0) —d(z,0)| =d(y,0) —d(x,0) +d(y,0) —
d(z,0): We know that we musthaved(y,0) > d(x,0) andd(y,0) >
d(z,0) and therefore either d(y,0) > d(z,0) > d(x,0) ord(y,0) >
d(x,0) > d(z,0). But then the result follows from either |d(y, 0) —
d(x,0)| =2 1d(z,0) —d(x,0)|or |d(y,0) —d(z,0)| > |d(x,0) —d(z,0)|.
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4. 1d(x,0) —d(y,0)|+1d(y,0) —d(z,0)| = d(y,0) —d(x,0) +d(z,0) —
d(y,o0): This case is trivial.

The remaining cases are
Arag (X,0) + draq(0,y) = d(x,0) +d(o,y)
>d(x,y)
> |d(x,0) —d(y, o)l
= drad(xl y>/

and

Araq (0, %) + drag (x,y) = d(0,x) + |d(x,0) — d(y,0)|
>d(y,0)
= drad(or y)

Therefore (X, d,,q) is a pseudo-metric space. O

Lemma 10. Let X = (X, d) be a metric space. Fix o € X and x < 0. Let
Araq(x,y) = 1d(x,0) —d(y,0)| be the radial pseudo-metric. Then

Prad (x, ]/) = FK (dmd (x, y)r drad (x,0), dmd (y/ 0))
is a pseudo-metric.
Proof. We have to show that:

d(x,0)—d(z,0)| Id(x,0)—d(y,0)| 1d(y,0)—d(z,0)]
SuWl™ 2 SWl™ 2 SWl™ 2
+

d(x,0) d(z,0) = d(x,0) d(y,0) d(y,0) d(z,0)\ "’
CSy > CS, > CS, > CSy > CS, > CSy >

By multiplying by cs,(d(x,0)) cs,.(d(y,0)) cs,(d(z,0)), we can rewrite
this as follows:

“n (Id(x,())—al(z,o)l)CS <d<y,0)>
K 2 x 2

<sn, (Id(x,o) — 40,0 ) CSy (d(z’0> >+Snx ('d(yz‘?) — d(z,0)| ) s, (d(x,o)

2 2 2 2

)
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We can further rewrite this by using the property that for any two

«, f € R itholds that sn;(a) cs, . (B) = %(sn,((oc + B) +sn,. (e —B)). This
gives us the following inequality:

on. (Id(x,O) —d(z,0)| +d(y,o0) >+SnK (Id(x,O) —d(z,0)| —d(y,o) )

2 2
<sn, (Id(x,o) — d(y2,0)| +d(z,0) >+snK ( d(x,0) — d(y2,0)| - d(z,o))
+on, ("W'O) = d(z,0)| +d(x,0) >+SnK (Id(y,O) —d(z,0) - d(x,0) ) |
2 2
(4.15)

We now consider the following cases:

1. If d(x,0) > d(y,0) and d(z,0) > d(y,0) we can assume without
loss of generality that d(x,0) > d(z,0). In particular we get

Id(x,0)—d(z,0)| Id(x,0)—d(y,0)|
SnK f SnK f

d(x,0) d(z,0) = d(x,0) dy,0)\’
csK( - )csK( - ) csK( > )csx( : )

and we are done.
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2. If d(x,0) = d(y,0) = d(z,0), we can simplify Equation 4.15 as
follows:

(d(x,O) —d(z,0) +d(y,0) ) (d(x,O) —d(z,0) —d(y,0) )
sn, +sn,

2 2
< sn, (d(x,o) - d(yz,o) +d(z,0) )+SHK (d(x,o) - d(yz,o) - d(z,o))
(d<%0> —d(z,0) + d(x,o>> (d(y,o) — d(z,0) —d(x,o)>
+sn, - t+en, :

Rt
sn, > +sn, 5
< s, (d(x,O) - d(y2,0) +d(z,0) >+w<yz/10)}d<’zﬁfrj
gL Al (U030 =50
+sn, +sn,
2 2
E—t

d(x,0) —d(y,o0) +d(z,0) ) <d<y,0> —d(z,0) —d(x,0) )
> +sn, > .

0§snK(

This is true because

2
(—(d(x,o) —d(y,o) +d(z,o))>
= —sn, >
(—d(x,o) +d(y,o0) — d(z,o))
= —sn, > .

(d(x,o) —d(y,0) +d(z,0) )
sn,
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3. It remains to show the case d(y,0) > d(x,0) > (z,0). In this case
we can again rewrite Equation 4.15 as follows:

(d(x,O) —d(z,0) +d(y,0) ) (d(x,O) —d(z,0) —d(y,o0) )
sn, + sn,

2 2
<sn, (d(y,O) — d(J;,O) + d(z,O)) fsn, (d(y,O) — d(:;,O) — d(z,0)>
(d(y,O) —d(z,0) +d(x,0) ) (d(y,O) —d(z,0) —d(x,0) )
+ sn, + sn,
2 2
R—t
(d<x,0) —d(z,0) —d(y,o0) )
sn, >
< sn, (d(y,o) — d();,o) + d(z,0)>
(d(y,O) —d(x,0) —d(z,0) )
+sn, 5
(d(y,O) —d(z,0) — d(x,0)>
+sn, > .

This further simplifies to

d(y,0) —d(x,0) +d(z,0) ) (d(y,o) —d(x,0) —d(z,0) )

+2sn, .
2 2

If d(y,0) —d(x,0) —d(z,0) = 0 we are done. Otherwise we have

to show that
d(y,0) —d(x,0) +d(z,0) )_2 “n (d(x,o) +d(z,0) —d(y,o) )
2 K 2 '

This is true whenever d(y,0) —d(x,0) +d(z,0) > d(x,0)+d(z,0) —

d(y,0). Note that d(x,0) —d(y,0) < d(y,0) — d(x,0) because of

the assumption of this case. Therefore we are done.

OSZSnK<

O§2snK(

Note that in the other cases where some terms are zero, p,,q also
satisfies the triangle inequality: Whenever d,.4(x, y) = 0 it follows that
d(x,0) = d(y,o0). In particular we get:

Prad (X,2) < Prad (6 Y) + Prad (W, 2) = 0+ praq (X, 2).
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O
Lemma 11. Let X = (X, d) be a metric space and o € X. Let k < 0 and
p(x,y) :=F(d(x,y);d(x,0),d(y,0)).
Furthermore let
Prad (X, Y) = F(ld(x,0) — d(y,0)l;d(x,0),d(y,0)).

Let x = xgq, ..., X, = Yy be a chain between two points x,y € X. Let R =
max;{d(o,x;)} and let k € {1, ..., n}. Then the following holds:

1.

pmd(x/y) S P(x/y),

2.
n—1
Z (X, Xi41) = Prad (X, X)) + Prad Xk, Y),
i=0

3.

S d(x,y)/2
Z‘:ZOP(XZ',XM) > s (R

Proof. The first inequality follows directly from |d(x,0) — d(y,0)| <
d(x,vy). For the second one note that by Lemma 10,
n—1

Prad (6 X1) + Prad X Y) < ) Prad (X Xi1)-
i=0

The last inequality follows from the following calculation:

- d(x;, x; 2
Zp(xl,le)Z Z 0 (i, Xi1)/2)

= s, (R/2)2
- n-l d(xz,xlﬂ /2
= Lo (R/2)2
> d(x, y)/2

s, (R/2)%

Here we used that t < sinh(¢) fort > 0. O
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Remark 20. If (X, d) is a bounded metric space with diam(X) < % for
some x > 0, then the following holds:

1.
Orad(X,y) < p(x,y),
2.
n—1
Z (X, Xi41) = Prad (X, X)) + Prad Xk, Y),
i=0
3.

(= d(x,y)/2
;P(xi/xiﬂ) > W

Where co > C > 0 is some constant only depending on . This comes from
requiring é <sin(t) forall t € [0, 7T/2].

Lemma 12. We have the following relations:

1. For 0 < a,band x < 0 we have

cs,(a+b) <2cs,(a)cs,(b).

7T
2. For0<a,b < Z—Handx > 0 we have:

cs,(a+b) <2cs,(a)cs,(b).
3. For0<a,b,0 < s <aand x < 0 we have:

sn,(a+s) <2cs,.(s)sn,(a).

4. For 0 <a,band x < 0 we have: cs,.(a —s) > cs, (a).

1
2cs,(s)

5 For0<a,b,0<2s <aand x <0 we have:

sn,(a—s) >

2es.(9) sn,(a).
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Proof. Writing out the definitions we get:

2cs,(a) cs, (b) = 2 cosh(v—xa) cosh(vV—x«b)
eﬁa _l_e—ﬁa eﬁb_l_e—ﬁb

2 2
eﬁ(ﬂ+b) +eﬁ(u—b) +eﬁ(b—u) +eﬁ(—a—b)

4

=2

=2

eﬁ(a+b) + e\/:c(—a—b)
>
2
=cs,(a+D).

The other equations follow in a similar way:. O

In the following let

0(x,y) = inf{ Zp(xi,xi+1) |x =xg,..., %, =y},
i=0

where the infimum is taken over all finite chains between x and y.

Lemma 13 (Lemma 5.3 in [LSo7]). Let (X, d) be a general metric space.
Forall s > O there exists p1 (s) > 0such that forall x,y € Xwithd(x,y) <'s
we have

px,Y) 2 p1(s)p(x, y).
In particular for any x #y, p(x,y) > 0.

Proof. Letx,y € X and letr, = d(o,x) and ry = d(o,y). Without loss

of generality assume that r, < ry- Let x = xg,...,x,, = y be a chain

from x to y and let R = max;{d(o, x;)} and k such that d(o, xx) = R.
Let F?f‘d(s, t) = Fx(Is — tI,s,t). Two cases are possible:
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1. R >, + s: In this case we can apply the second inequality from
Lemma 11 to get
n-1

Z O(Xi, Xi11) = Prad (X, Xk) + Prad Xk, Y)
i=0

= FP(R, ) + FRA(R, 1)

> Fd(ry +5,1y) + FRd(r, +5,7,)

_ sn,(s/2) sn,(s/2)

B €S, (ry/2) cs, . ((ry +5)/2) csK(ry/2) csK((ry +5s)/2)

S sn,.(s/2) sn,.(s/2)

T 208, (1 /2) €8, (1 /2) €5, (5/2) 28, (1y/2) €5, (1 /2) €S (S)
1 1

- (2csK(s/2> * 2csK(s>>p(x’y)

= csK(s)p<x'y)'

Note that fromr,+s > 1 +d(x,y) > ryweget (r,+8)/2 < 1y /2+s
and by applying Lemma 12 we get

csK((ry +5)/2) <2c¢s,.(r/2) cs,(S).

This was applied in the second last inequality above.
Note that this case still holds for ¥ > 0 if diam(X) <

7T
N
2. R<r, +s: Inthe case that R < r, + s we have r, < r, and from
the triangle inequality we get R < r, +s < r, + 2s. Applying
Lemma 12 we get cs,.(R/2) < 2¢s,.(s) ¢s,(ry/2) and ¢s,.(R/2) <
2cs,(s/2) cs,(r,/2). We apply (3) from Lemma 11 and get:

= d(x,y)/2
izz(') O(X;, Xi41) = CSK(R—/Z)Z

S d(x,y)/2
T 4es,(8) €5, (1y/2) 8, (5/2) s, (1 /2)
S d(x,y)/2

T 4cs,(s)cs,(5/2) sn, (d(x,y)/2)

o, y).
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In particular we get:

1

_Jesedx,y))’
mdCxy) = ! d(x,)/2

dcs, (d(x,y)) cs, (d(x,y)/2) sn,.(d(x,y)/2)

if R > ry + d(x,y),

if R < ry +d(x,y).

. 7T .
In case that ¥ > 0 and diam(X) < > e still get:

1

_Jesdx,y))’
mdxy) = ! d(x,y)/2

4Ccs, (d(x,1)) cs,(d(x,y)/2) sn,(d(x,y)/2)

if R > ry + dx,y),

ifR < ry + dx,y),
where C > 0 is some finite positive constant depending only on «.
We can therefore take (for ¥ < 0)

1 s/2 } B s/2
s, (5) 4cs, (s)cs,(s/2)sn(s/2) | 4cs,(s)cs,(5/2)sn,(s/2)

H1(s) = min {

Note that y1 (s) is decreasing in s therefore it follows that for d(x,y) <'s
we have

o(x,y) = pur(s)p(x,y).
O

The following theorem then follows directly from the previous lem-
mas:

Theorem 17 (Theorem 5.2 (A) in [LSg7]). Let (X,d) be a metric space
and o € X. Let k < 0 and

p(x,y) :=F(d(x,y);d(x,0),d(y,0)).

Then p is symmetric, positive and metrizable. That is

n—1
plx,y) =inf Yy p(x;,xi11),
i=0

where the infimum is taken over all sequences x = x, ..., x,, = y (for all
n < o0), is a metric. O
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7T

Lemma 14. Let x > 0and let (X, d) be a metric space with diam(X) <
Set

A

P, y) = Fe(d(x,y);d(x,0),d(y,0)).
Then p is symmetric, positive and bi-Lipschitz-metrizable. That is

n—1

= mf Z P(xi/ xi+1)/
i=0

ox,y)

where the infimum is taken over all sequences x = X, ..., x,, =y (for all
n < o0), is a metric. Furthermore this new metric is bi-Lipschitz to p:

VK
?PSPS,O.

Proof.

i Io(xi/ xi+1) =
i=0

T
—

Snx<d(xl/ xl+1)/2)

s, (d(x;,0)/2) cs,(d(x;11,0)/2)
sin(Vxd (x;,xi41)/2)

K cos(Vxd(x;,0)/2) cos(Vxd(x;11,0)/2)

S o~
[l
- O

Il
.
(e}
7
L ﬁ

\%

M

1n( \/_d(xzr Xi+1 ) /2)

Il
=]

A%

d(xu Xit1 ) /2

Il
=]

o 2ln 5l

v

d(x Y.
]

Lemma 15 (Lemma 5.6 in [LSo7]). Let x < 0. For all s > O there exists
U (s) > 0, such that the following holds in an arbitrary metric space X. Let
x,y,z € Xwithd(x,y) <sand d(x,z) > s. Then

Uz (8)p(x,z) < p(x,y) + oy, 2).

Proof. Consider the two cases:

g1
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1. d(x,z) < 2s. In this case we can use Lemma 13 and take y, =
#1(2s). Then we have

U1 (25)p(x,z) < p(x,z) < plx,y) + oy, z).

2. d(x,z) > 2s: Letr, = d(o,x),ry =d(o,y),r, = d(0,z). We have
the following relations:

s+dy,z) 2d(x,y) +dy,z) >d(x,z) > 2s.
Therefore we can apply Lemma 12 to get:

sn,(d(y,z)/2 +5/2)
2cs,(s/2)

sn, (d(y,z)/2) =

and
cs, (ry/2) <2cs,(ry/2 —5/2)cs,(5/2).

Using those inequalities we can approximate:

(0, 2) = sn,(d(y,z)/2)
P = o (ry12) s (r22)
- 1 sn, (d(y,z) +5)/2)
~ 4cs, (s/2)? csyc (1, /2) s, ((r; —8)/2)
_ 1 sn, (d(y,2) +d(x,))/2)
"~ 4cs,(s/2)? €, (1y/2) cs, ((r, —d(x,1))/2)
= Tos,r2
It follows that
1
ox,y) + oy, z) = w—s/z)zp(x,Z).
We can therefore set
1
Hp = min (}41 (25), m)

to satisfy the inequality.
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O
We now can give the proof of Theorem 16.

Proof of Theorem 16 ([LSo7]). Assume that (X, d) is é-hyperbolic with
0 <6 <In(2). Let sy = sp(6) > 0 be the constant given in Lemma 8
and let x,y € X and x = xg,...,x,, = y be a chain from x to y. Let
s =dxy),ry = d(o,x),ry = d(o,y) and without loss of generality
assume that r, < r,,. We consider two cases
1. There exists some k € {0, ..., n} with d(o,x;) < sg: If ry < 259
then we obtain d(x,y) < r, +r, < 4sy we can then apply
Lemma 13 and get

Y (i, Xi41) = g (As9)p(x, y).

In case that r,, > 25y compute using Lemma 12:

r, —S 1 r
y >0 y
> A
) 2 5 ey D)
r,+r r
_ Y X _x
© 20s,(50/2) ST 2 2 )
1 Ty + Ty

> sn, (
4cs,.(50/2) cs,.(ry/2) 2
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Now we use Lemma 11 (044(:,-) < p(:,+)) and the triangle in-
equality for p,.q (Lemma 10) to approximate

Zp(xi/ xi+1) > prad(x/ xk) + prad(xk/ y)

Z prad(xk/ y)
=Fy(ry = 1y i1y, 12,)

= Fy(Iry — sol; 1y, 50)

sn,( ry;so)
a8, (50/2) €8, (1, /2)
1 snK(Ty+i"x )

> 2
T 4cs,(59/2)2% s, (14/2) cs,c(1y/2)

> WP(X/]/)-

2. In case that d(o, x;) > s for all k € {0, ...,n} do the following;:
Define a subsequence 0 < iy < iy < ... < iy = n recursively in
the following way: Let iy € {0, ..., n} be the largest number such
that d(x, x;) < sg. If i, is already defined and i,, < 1, then let
i1 be the largest number such that d(x(im)ﬂ,xi(mm) < sp.
Forj € {0, ..., k} define

= Xl'],

and define

Wj = Xig_q)+1
for j > 1 and set wy := x. By this construction the following
inequalities hold for i # j:

d(wi, ZU]) > S0

and
d(w-,z]-) <.
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Given a chain xy, ..., x,, in X and two elements of the chain u,v
use the following notation:

Z P = Zp(xl/xz+1)/

.....

where 0 < s < t < n are such that x, = u and x; = v.

( Wit ) Wieye--sZ
i+ ks r%k

||
M|

i=0
k=1
= Z( Z p+p(zz,wz+1>) Y p

i=0 \wj,..., Wieyeney Zj

k—1

> Y (p1(s0)p(w;,zi) + pzi, Wis1)) + Ha ()P (W, 21)
i=0

k-1

(11 (50) 2 (50)p(w;, Wiy1)) + H1(50) (Wi, Y)

1_

Zm(So)ﬂz(So)P(x , W) + 11 (Sp)o(Wy, Y)

> ;Lpt1<so>ptz<so>2p(x,y)-
Here we have applied Lemma 13 to get
Y 0= pwz) > pr(s0)p(w;, )

and then used Lemma 15 to get

1 (80) 0 (Wi, Zi) + (24, Wit1) = pP1(So) (p(w;, Z;) + P(Z;, Wig1))
> U1 (89) 2 (8p) (Wi, Wit1).

We have used that p(w;, z;) < sp and p(w;, w;,1) > so. Note that
we haved (o, w;),d(o, wj),d(o, wy), d(w;, wj),d(w-, wy), d(w;, w;) >
so for all different 7,j,1 € {0, ..., k — 1}. Therefore we can apply
Lemma 8 and then apply Frink’s Lemma 9. In the end we apply
Lemma 15 again and the result follows.



96

METRIZING THE GROMOV CLOSURE

O]

Lemma 16. For any complete 5-hyperbolic space (X,d) with base point
0 € Xand p as defined previously. We can Cauchy complete the metric space
as (X = X U 9X, p) and we have 9, X = 9X as sets. Furthermore we have

wedX = pl,w) =1

Proof. We proof a version of this result in the next section for general
metric spaces. It follows that whenever the Gromov boundary 9., X is
well defined, then itis equal as a set to the set of Cauchy sequences. [
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4.3.5 General Metric Spaces
In this section let (X, d) be a complete metric space, and 0 € X a base
point. Define as in the previous section the semi-metric®

sinh(d(x,y)/2)
cosh(d(x,0)/2) cosh(d(y,0)/2)’

p(x,y) =
and form the metric g, by the chain construction

p(x,y) = ianP(xi, Xi—1),

as done previously. We can then form the metric completion (as in
Proposition 2) X = X U 90X, by abuse of notation we write g for the
metric on X.

Proposition 23. For a general metric space the topologies of (X,d) and
(X, p) are equivalent.

Proof. 1. Let xg € X, € > 0 and let B = B.(xg,d) be the open ball
around x( in the metric d. We have to show that there exists
an 1 which depends only on x, € such that the open ball B’ =
B, (xg,p) in the metric p is contained in the ball B. Assume that
d(xg,x) < 1 for some 7 to be determined later. Then it follows
that

d(xq,x)

sinh( )
cosh( @) cosh(
sinh(7)
<
~ cosh(0) cosh(0)
— winhc ]
= 51nh(2).

0 (x0,x) < p(xp,X) d(x,0)

)

In particular we can choose 7 < 2arcsinh(e) and we get that
0(xg,x) < €.

6 Again we drop the specification of the base point o from the metric whenever it is
clear from the context.
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2. To show the other direction let xp € X, ¢ > 0O and let B =
Be(xp, p) be the open ball around xj in the metric p. Assume
that p(xp,x) < 7 for some 7 to be determined later. Remark:
We first show that there exists a constant ¢; > 0 such that for
all x,y € X with d(xg,x) < € and d(xp,y) > 2e it holds that
p(x,y) = cq. To see this note that

sinh(d(zy )
p(x,y) = cosh( d(?;,o) ) cosh( d(yz,o) )

sinh(254)

= cosh(wm%h(w)

sinh(d(gy))

= Cosh(w) cosh( d<x,y>+d<x,2xo>+d<x0,o> )
sinh(d(z'y))

- COSh(W)COSh(M)

2
> c1(€,xg).

We consider the following cases:

a) Letd(xg,x) < 2e. Then we have by Lemma 13 that

n > p(xp,x) = p1(2€)p(xp, x)

sinh( 4(xo,x)

— )
d(-XOIU)
> ) cosh(

d(xq,%)
2

) cosh(

d(x9,%)
2

) cosh(

= M1 (2€) A(x,0)

>

cosh(

> p1(2€) Aao)

d(x,x0)+d(xq,0)
2

cosh( >

)

)

> 11 (2€)

d(x,0)

2e+d(xg,0)
2

cosh( >
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In particular if we choose 77 > 0 such that

d(x010>

2y cosh(T) cosh(
H1(2€)

2e+d(xg,0)
2

)

€>

we are done.

b) Letd(xg,x) > 2e. Then there exists a chain xg, x1, ..., X,_1, X, =

x such that Z’::_Ol p(x;,x41) < 17, because of p(xg,x) < 7
such a chain clearly must exist. Let k be the largest index
such that for all i € {0, ..., k} we have d(xg, x;) < 2¢, then:
0(x0,xx) < 1 because p(xg,x;) < Z?:_Ol p(x;,xip1) < n. It
then follows from the previous case that d(xg, x;) < € for
a suitable choice (as above) of 7. By the remark above it
follows further that p(xy, xx11) = c1(€,xp). But then 7 > ¢;
by the chain construction. We can therefore take 0 < 77 < ¢

and this case does not appear.
O

Proposition 24. Let (X, d) be a metric space with base point o € X and let
{x;} C X beasequence of points converging to infinity (i.e., limy j_, . (x;1x;), =
o). Then {x;} is a Cauchy sequence in (X, p).
Proof. We have

hm (xi|x]')o =

i,j—>o0

therefore
o1
i,ljlirc}o 5 (d(xi,o) +d(x;,0) — d(xi,xj)) = oo,
and so we also know that d(x;,0) — o asi — co. Fori,j — oo we then
get that
sinh(d(xi, x])/2)

cosh(d(x;,0)/2) cosh(d(x;,0)/2)

4exp(d(x;,x;)/2)
~ exp(d(x;,0)/2) exp(d(xj,0)/2)

= 4exp(—(xi|xj)0) - 0.

p(xi, X)) < p(x;, X)) =

99
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Corollary 2. Let (X,d) be a metric space with a base point o € X and let
{x;} and {y;} be two sequences of points in X converging to infinity. If

lim (x;ly;)o = o
then both sequences converge to the same point in the space (X, p).

Remark 21. For a metric space (X, d) with base point o € X and a sequence
of points {x;} in X converging to infinity we have

lim p(o,x;) < 1.
1— 00

Proof.
_ sinh(d (o, x;)/2)
plo,x;) < plo, %) = cosh(d(0,0)/2) cosh(d(x;,0)/2)
_ sinh(d(o,x;)/2)
~ cosh(d(x;,0)/2)
= tanh(d(x;,0)/2) - 1
as d(x;,0) - oo. O

Remark 22. For a complete §-hyperbolic space (X, d) with Gromov boundary
9w X, the above results imply that for some x € [x] € X (meaning for
any choice of representative), x € dX. Furthermore the corollary implies that
for x,x" € [x] € 0, X, we have equality x = x" in dX.

Lemma 17. Let (X, d) be a metric space with base point o € X and a point
w at infinity. Let 0 = xg,X1,..., X, X411 = w be a chain. Then

n

Z sinh(d (x;, x41)) S
cosh(d(o,x;)/2) cosh(d(o,x;11)/2) —

n
Y o, Xip) =
i=0 i=0
Proof. From Lemma 10 we know that the radial part of the metric p
satisfies the triangle inequality. If we had p(0, w) < 1 then there would
be some chain o = x1, ..., x,, = w with
n—1

Z p(x;,xi41) < plo,w) = 1.

i=1
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But we can now calculate:

n—1 n—1
p(xi/xi+1) = Z prad(xifxi+1) > prad(ol w) = ,O(O,CU) =1
i=1 i=1
We therefore must have g(o, w) = 1. O

In conclusion we have the following result:

Theorem 18. Let (X, d) be a metric space with base point o € X and a point
at infinity w € dX. Then:

oo, w) =1.
In particular we also get the following theorem:

Theorem 19. Let (X, d) be a metric space with base point o € X and let
x € X U 90X be some point. Then for the metric p with respect to the base
point o the following holds:

p0,x) =1 &= xedX

Proof. One direction directly follows from the above theorem. For the
other direction (x € X \ dX and d(o, x) < o) note that:

% = tanh(d(o’x)) <1
COSh(T’> 2

000,x) < p(0,X) = Praq(0,x) =

O

Remark 23. In a complete 5-hyperbolic space (X, d), this implies that given
x € 90X (the set from the Cauchy completion), then x € d.,X (the Gromov
boundary). This can also be seen as follows: Scale the metric d such that
(X, d) is 6-hyperbolic with 6 < In(2). Because a scaling acts on the Gromov
boundary by homeomorphisms, this does not change 0X or d,, as sets. Then
for a Cauchy sequence x € 9X we have

p(x;,x;) < p(x;, %) < AP(x;, X)),
for some A > 1. This implies that p(x;,x;) — 0, and this in turn implies

(xilxj)o — oo, therefore x € 0 X. In particular with the remark from above
we have that 0X = d., X as sets.
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Books are the treasured wealth of the world and the
fit inheritance of generations and nations.
— Henry David Thoreau

APPENDIX

A.1 INVARIANCE OF DOUBLING PROPERTY FOR QUASI-METRIC SPACES

The following follows mostly the proof in the main part of the thesis,
but in a more general form. It has been moved to the appendix as it
might be of limited interest to most readers.

Proposition 25. Let (X,d) be a K-quasi-metric space [BSo7]. Let X
denote the infinite remote set and let co € X, i.e. the space satisfies the
relations

1. dix,y) =0 = x=y,
2. d(x,y) =d(y,x),

3. d(x,y) < Kmax{d(x,z),d(z,y)} for all x,y,z € X for which all
distances are defined,

4. d(x,y) <o = x,ye€ X\ X..

Let A : X — [0,00], L > 0and K" > K be such that X, = A~ (c0) and
1. d(x,y) < K' max{LA(x), LA(y)},
2. LA(x) < K'max{d(x,y),LA(y)}.

Denote by X, := {(A~10)}. Define a new metric dy : (X x X) \ (X& x
X%) = [0, 00] by
d(xy)

1. dy(x,y) := T0iw) forx,y € X\ X,
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2. dy(x,00) i= dj (00, x) 1= —

= mfor oo € XOO,

3. dy(c0,00) =0 for 0 € X,

4. dy(x,p) :=d (p,x) := o forp € XL.

If (X, d) is doubling with constant D then (X,d) ) is doubling with constant

110
at most D“c’gz(8K o1 + 1.

Proof. By Prop 5.3.6 in [BSo7], d, is a K'?>-quasi-metric. In particular
we have for all x,y,z € X for which all distances are defined, that:

dy(x,y) < K?max{d(d,z),d(z,y)}.

Letxg € X, xg # p € X, and r > 0 and let B' := B;(xg) := {x €
X|dy(xp,x) < r}. Consider the following cases
1. If B'nN B’lr(oo) + 0, thenlet A’ := B’ \B'lr(oo). Forallx,y € B’
2

2
we have

_dx,y) .
dy(x,y) = A < K'*r,

from which it follows that
d(x,y) < K?rA(x)A®y).
Furthermore we have for all x € A’ that d, (oo, x) = ﬁ > %r
and therefore also A(x) < % Combining both equations we get
that for all x,y € A" we have
2L2L K'2412

< K'? )
d(x,y) <K rr . .

Without loss of generality assume x, € A’. By the doubling
property of (X,d) we can cover B 24,2 (Xg) by at most DN balls

P

2 2 ~
KL H)-N Let b; := b; N A’ then we have for all

r

b; of radius
X,y S Bil
K'2412

d , < L
AW S o)
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By the assumption there is a ¥ € B’ N B} (o) and we have
=r
2

for x € B’ that d, (x,%) < K'?r, therefore we also have )% =

dy(x,00) < K and A(x) > K% In conclusion we get for all
X,y S Eil

K'2412 K'2412

K K Kk'10K4r
d ; < r2N < r2N — ]
AN S T ST TN
K'4r K'4r

In particular for N := [logz(SK’loK)] we get a cover of B’ by at
most DN + 1 balls of half the radius.

.IfB mB’lr(oo) = (, then we have d (xy, o) > rand d, (B’, o) >
2 d(xg,y)

A(xg)A )

%r. Forally € B’ we haved, (xo,y) = < r and therefore
also
rL2 rL2

d(xo,y) < TA(XQAY) < - '
(X0, ) < rA(x)A(y) dp (o0, x0)dp(0,y)  dy (B, )?

By the doubling property of (X,d) we can find DN balls b; of
2
2—N

radius covering B'. Let b; := b; N B', then we have

d) (B,00)>
for any x,y € b;:

rL22-N

Ay _ Koz _ K Nay (e, mdy ()
AOAY) — A)AY) d) (B, 00)? '

Furthermore for any x € B’ we have

dy(x,y) =

d)(x,00) < K'2max{d, (xo,x),d) (xg, )} < K"?r < K'?2d, (B', o).

We can combine the estimates to get

Kr2~NK'44d, (B', c0)?
dy(B', 00)?

dy(x,y) < = Kr2-NK'44,

In particular for N := [log2 (8KK'*)] we have constructed a cov-

ering by DN balls of radius at most %r.
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Proposition 26. Let (X,d) be a K-quasi-metric space [BSo7]. Let X,
denote the infinite remote set and let co € X, i.e. the space satisfies the
relations

1. dix,y) =0 = x=y,
2. d(x,y) =d(y,x),

3. d(x,y) < Kmax{d(x,z),d(z,y)} for all x,y,z € X for which all
distances are defined,

4. d(x,y) <o = x,ye€ X\ X..

Let A : X = [0,00], L > 0and K" > K be such that X, = A~ (c0) and
1. d(x,y) < K'max{LA(x),LA(y)},
2. LA(x) < K'max{d(x,y), LA(y)}.

Denote by X[, := A1)} Define a new metric dy : (X x X) \ (X% %
X&) = [0,00] by

ax,y) /
1. d}\(x;]/) = AOAWY) fOT’ PAVAS X \ Xoor

2. dy(x,00) :=dj(00,x) : L

= mfbr oo € chw

3. dy(c0,00) =0 for 0 € X,
4. dy(x,p) :=dy(p,x) := oo forp € X.

Let 6 < % If (X,d)) has a 6-chain, then (X,d) has a VoK' 4-chain.
Proof. Using the same notation as before in Section 3.3 we note that
foralli € {0,...,n — 1} the following relation holds:

I; l; 10 10

K2 = l < <
Friri+l /\(xi)/\(xl'+1) A(XO)A(JC”) ﬁrorn




A.1 INVARIANCE OF DOUBLING PROPERTY FOR QUASI-METRIC SPACES

We can apply a similar argument as in Lemma 1 to get an index ¢ for
which

3
ro < VOK"r,,

and such that for alli € {0,...,q — 1} we have
rg > VoK4r,.

Assume again for a contradiction that (Xg,Xx_1,.--,Xo,p) isnota VoKA-
chain. Then for some i € {0,...,q — 1}:

2
VoK 1y VoK', VoK', VoK', I
2

! _— ! — S <
i_jrorq Iz_zzrirq %riri+l /\(xi)/\(xi+l> A(xi)/\(xi-{—l)
(A1)
< ol < ol (Az2)
= > 1 2
A(xg)A(xy,) a0

From this it follows that

r, < VOKAK'41 < K11,
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A.2 ADDITIONAL ALTERNATIVE PROOFS FOR CALCULATING EUCLIDEAN
DISTANCE FROM MODEL SPACES

This has originally been used for the proof of the triangle inequal-
ity (Theorem 14) for p, in CBB(x) spaces with x > 0, but was no
longer necessary when an easier proof was found. For the sake of
completeness we included it here in the appendix.

In this section we give additional constructive proofs of some lem-
mas. Those should also make it more clear that the choice of base
point is free.
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Alternative Proof of Proposition 2o0.

sn, (d(x,y)/2)
s, (d(x,0)/2) cs,(d(y,0)/2)
_ sinh(v—=xd(x,y)/2)
~ cosh(v/=xd(x,0)/2) cosh(v=xd(y,0)/2)v—F«
V=xllx—yl
_ V1+x|xI2 1+xyl1?
Bl —2xllx—o|2 —2xlly—ol?
\j2+ <1+xuju2H><1JKuo”2> \]2+ (L+xlylI2) (1+xloll?) /=
V2 V2
lle—yll
_ V1+xlxl?y 1+xlyl?
B 2(1+x [x12) (1+xfol2)—2klx—ol2 J2(1+KHyH2)(1+KH0H2)—2KHy—aH2
\l (1+x)x112) (1+x0]12) (L+xlyI%) (1+xlol12)
V2 V2
llx—yll
_ V1+xlxl? 1+xlyl?
\/(1+7<|x|2>(1+7<|o|2>—KIX—0||2 (1+xlyl?) (1+xlol?)—xly—oll?
(T+xllxI) (1+xlol?) (+xllyl?) (1+xlol?)
_ llx —yll
VA + xllxl2) (1 + «lloll2) — xllx — ollz\/(l + xllyl?) (1 + xlol?) — xlly — ol
_ lx — yl
VA + lx?) (1 + «l01%) — «lxI2y (1 + xllyl2) (1 + x]0I2) — ]yl
= lx =yl
O

In the following lemma we show that the euclidean distance of the
projection from the sphere to the plane can be calculated from the

metric. This is the same result as Proposition 20 but gives another
constructive proof.
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Figure A.1: Projection from the sphere onto the plane

Lemma 18. Let x,y € X = dB 1 (0) = {x,|,lIx = 0l = %} and denote by
N3

Z,(x,y) the angle between the two lines zx, zy. The spherical metric on X is

given by d(x,y) = Z(x,y) = éo(x,y)%. Then:

sn, (d(x,y)/2)
cs, (d(x,p)/2) cs, (d(y,p)/2)

=x" =yl

where x',y" are the points given by projecting onto the plane orthogonal to
—pp by some line going through —pxx’ respectively —pyy'. See Figure A.1.

Proof. We can calculate the following distances:

(4N, 1 d(N,x)VE 1
||x—N||—2sm< )ﬁ_2sm( > )\/1_{,
LNy 1 AN,y VK]
ly — N|| = 2 sin( 5 >ﬁc_251n( > )ﬁ'
L Ly 1 dxy)vE ]
llx — yll = 2sin( 5 ) =" 2 sin( > =
Note that Z(N,x) = m — £(S, x), therefore
, 1 1
Ix'=N]| = = ZxN) 7w = Z(x,5)
cos(£n(x,00)VE  cos(r — —5— — VK cos(——)VK
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and

Iy —N| L 1

y' =Nl = = = .
Cos(LN(x,0VE  cos(rr — _é(yz'N) - VK cos<—‘(i’s)>ﬁ<

Furthermore because sin(%T — X) = cos(x) we get:

NIl = 2si Z(N,x) i—z . T — Z(5,x) i—z Z(S,X))i
lx—N|| = 2 sin( > )ﬁ_ sm(—2 )ﬁ— cos( > Nk
e Ny 1 = Z(Sy) 1 £,y 1
ly—N]| = 2 sin( > )\/7_(_25111( > )\/7_(—2cos( > )ﬁ'

Applying the law of cosines to the above distances we can calculate
the angle between the lines Nx, Ny:

lx — NI? + lly — NJI? — Ilx — yI1?
2|lx — Nllly — N

a = Zn(x,y) = arccos(

).
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Then applying the law of cosines again we can calculate:

IN = x| + N = y'I* = 2IN — x'IN — y/'l| cos ()
= 1 L -2 L cos(w)
os(ZE g2, cos(ZL)2k  cos(Z22) R cos(ZLY) VR
cos( )% + cos(%’s) LS) Ay'
cos(
)2 + COS(M

Z(x,S Z(y,S
@9 12 05( (y )

A(x S)

I’ —y'|I?

)2 — 2 cos(
S Z,S
(x )) cos( (Z )

) cos(——
)2K

£(y,S
% ) cos(a)

Z£(y,S

0s(

)
)2k
2(y,S) ) 4 cos(——

2 8 cos(

£(x,5) \» é(y,S)
> )“cos( >

(S X)

Z(S, . Z(x, 1
)22 +4cos(Z52)2 2 _gsin(Z52)2 2

2 cos( ) cos( G ¥

K

Z(S,
)cos((Ty)

cos(
Z(x,8)
)2

)2K
Z(y,S) cos(—— ) K+cos(

)
2 cos(—é(S X

)25

£(y,S
os(%)2 + cos(

£(y,S)
2

Z(x,S)

2

cos(

)2cos(

Z(x,S)
2

4<5x) Z£(S,y) o1 . Lxy) o1
LW 2 2 (S22

2 K 2 K
45)1
) cos( 25

)_
)25

Y2 — cos(

) cos(

£(x,5) ZY,5) (2
2

)2cos(

£(S,
)2 — Cos(ﬁ

05 (
Z(x,S)
2

Z,S Z(S, . L(x,
cos(—(g ))2+COS( —(Zy))z—ksm(—(;y))2

2
Z(x,S)

)2cos(

2,5
cos( (z ))ZK

Z(x,Y) )2
2

Z(y,S)
2

in(
Z(x,S
ﬁﬂcos(

d(x,y) VK
2
)2cos(

d(x,y)
s, (——)?

d(x,S) dy,S)
cs, (= )2CSK(yT

0s( )25

)2

d(y,S)Vx
2

in (
d(x,5)Vx

0s( V2K

)2
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A.3 A DISCRETE GRAPH AS A MODEL OF THE HYPERBOLIC PLANE

The following example has been constructed together with Viktor
Schroeder, who helped complete the proof which shows that the graph
it is 1-hyperbolic.

OUTLINE OF CONSTRUCTION.  We construct a metric graph V* and
show that this graph must be 1-hyperbolic. We then scale the metric
by é and show that for 6 > In(2) we can no longer get bi-Lipschitz
equivalence in Theorem 16.

A.3.1  Construction of Graph

Consider the planar graph G embedded in R? given by:

vertices: Theverticesare givenby thesetV = {(k-27",n) € R2|k,n e
Z},

edges: There are horizontal edges (joining two vertices of the same
level)

Epor = {tk- 27", m), ((k + 1)27", m)} |k, n € Z}
and vertical edges (joining two vertices of neighboring levels):

Evert = {{(k-27",m), (2k = 1271, n + 1)},
{(k-27",m), ((26)27"" 1, n + 1)},
{(k-27",n), ((2k + 127", n+ 1)} |k,n € Z}

Thus every vertex v is in two horizontal edges joining it with “right”
and “left” neighbors of the same level. It is contained in three edges
joining it to neighbors of one level higher. It is contained in one or
two edges joining it to neighboring vertices of one level lower: v =
(k,27",n) has two neighbors of level (n — 1) if k is odd and one if k is
even.
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v
2
1
0 (—2,0) 1, (040) ) (2,0)
-1

Figure A.2: An example of a discrete hyperbolic space

We consider on V the path metric d of the graph, where we give
every edge the length 1 (if scaled to length In(2) we obtain a discrete
“model” of H?).

We define

Vt={v=®k2",n)|n>0,k27" < 1,ne Z}.

Note that for x = (—%,2),y = (%,2),2 = (0,2),0 = (0,0) we have
dx,z) =2=d(zy), dxy) =4

and
d(o,x) =d(o,y) =d(o,z) =2

therefore the Gromov products satisfy:

(x2)o = YI2)o =1,  (xly), = 0.
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Note that a space is Gromov é-hyperbolic if for all x,y, z, o:

(x1z), = min((x[y),, (y|z),) — 9.

Therefore in our space we must have that § > 1.
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A.3.2  Geodesics in G

Definition 35. A sequencev,, vy, ..., vy of vertices is a geodesic if d (vy, vy) =
k. This implies that d(v;, vp) = |j — il Vi,j € {0,...,k}. A geodesic
Vo, ..., Uk is called vertical, if [(v,) — [(vy)| = k. This implies that either:

Z(vj) =Il(vg) +j foralljor,
l(vj) =1l(vg) —j forallj.

A geodesic v, ..., vy is horizontal if [(vy) = ... = [(vg). By inspection on
the graph it is easy to see that a horizontal geodesic has length k < 4.

Definition 36. Given x,y,z € V we say: z lies between x and y if d(x,z) +
d(z,y) = d(x,y). This implies that there exists a geodesic from x to y going
through z.

Definition 37. Let x,y € V then
minlev(x,y) =1

is the minimum level, such that there exists z between x and y with [(z) =
minlev(x, y).

Lemma 19. Let x,y € V with d(x,y) = k then there exist 0 < r < s <
k and a geodesic x = vy,...,vx = y such that vy, ...,v, is vertical with
decreasing level, v,, ..., v is horizontal with length s — r < 2 and v, ..., vk
is vertical with increasing level. And furthermore [(v,) = ... = [(vs) =
minlev(x,y).

Proof. (a) Firstnote that there is no geodesic w;, w; 1, w;,, with[(w;) <
l(w;y1) > l(w;,2). Now we have the following replacement procedure:

(b1) Letw;, w; 1, w;,, be a geodesic with I(w;) = I(w; 1) > [(w;y2).
This can be replaced by a geodesic w;, w;_ 1, w;,, with I(w;) >
Hwiq) = lwigp).

(b2) Let w;, w1, w;rp with (w;) < l(w;4q) = l(w;;,). This can be
replaced by w;, w;_ 1, w;» with [(w;) = l(w; 1) < (w;;7).
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Figure A.4: A standard geodesic in the discrete hyperbolic space

(b3) Let w;, w; 1, Wiy, w; 3 with [(w;) = ... = [(w;,5). This can be
replaced by w;, W}, 1, W}, ,, Wiy 3 withl(w;) > K(w}, 1) = l(w],,) <
l(wi+3).

Points (a), (b1), (b2), (b3) can be easily seen by inspection. Now
choose z € G with I(z) = minlev(x,y) and choose a geodesic from x
to y which contains z. Using the procedures (b1), (b2), (b3) one can
deform this geodesic. O

Definition 38. We call a geodesic standard if it satisfies the properties of the
lemma.

Remark 24. It is not difficult to show, that the points v,, ..., vs are exactly
the points z with 1(z) = minlev(x,y) such that z is between x and y.

Definition 39. a(x,y) := (s —r), i.e. the number of horizontal edges in the
standard geodesic.

We have 0 < a(x,y) < 2.

Definition 40. We write [x,v,,vs, y] for a standard geodesic. See Figure A.4
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0

Figure A.5: Points on lower levels move closer together

A.3.3 Properties of V*
We now study properties of V* C V.

OBSERVATION: V7 is a totally geodesic subset: i.e. every geodesic
with endpoints in V™ is completely contained in V*.

V* consists of the vertices x € V with I(x) > 0 such that there exists
a vertical geodesic from o to x.

Lemma 20. Let x € V* and [(x) = h. Then there exists a geodesic 0 =
0o, .-, Uy = X, with [(v;) = 1.

Definition 41. If x,y € V7, [(x) = I(y) = m, then we denote by d" (x,y)
the distance on the level, i.e. the length of the minimal horizontal path joining
x and y.

Lemma 21. Let x,y € V* with [(x) = I(y) = k.

1. Ifd(x,y) < 1and x" resp. y' are between o and x resp. y and I(x") =
I(y"), thend(x',y") < 1.

2. Ifdk(x,y) < 3and x' is between 0 and x with [(x") = m < k. Then
there exists y' between o and y with I(y") = mand d™(x',y") < 2.

Proof. By inspection of the graph. O
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We now show that:
Theorem 20. x,y,z € V¥, then (xly), > min{(x|z),, (y|z),} — 1.
Proof. We will use the following formula for the (x|y),, x,y € V*:

(xly), = minlev(x,y) — a(xz,y)‘

Indeed d(x,y) = I(x) + [(y) — 2minlev(x,y) + a(x,y) thus (x|y), =
%(l(x) +I(y) —d(x,y)) gives the formula. Note that d(x,0) = I(x) by
Lemma 20. We can now assume that (xly)o is the minimum among the
three Gromov-products. We can assume without loss of generality that
m = minlev(x,z) < minlev(z,y) = k. Let [x,p1,p2,z] and [z, p3, P4, y]
be standard geodesics.

Ps P3 P4

121

P1 p2 Pe

Figure A.6: Proof of Theorem 20, case k > m

case k > m: Choose ps5 between p, and y with [(ps) = k. Since p5 and
ps are both between 0 and y we have dk (ps,p3) < 1by Lemma 21
(1). This implies d* (ps, p4) < 3. Thus there exists p, between p,
and 0 on level m with d™(p, pe) < 2. Thusd(x,y) < d(x,py) +
a(x,z) +d(pa, pe) +d(pe,z) < 1(x) +1(y) —2m+a(x,z) + 2. Thus
(xly)o = 3UC) +1) —d(x,y) > 32m—a(x,z)+2) = (xlz), - 1.

case k = m: By Lemma 21 (1) we have d" (p,,p3) < 1.
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p1 p2 P3 P4

Figure A.7: Proof of Theorem 20, case k = m

subcase max(a(x,z),a(y,z)) = 2: In this situation

min((x1z),, (zly),) = (m —1).

Now d"(p1,p4) < 5, this implies (by inspection of the
graph) that d(pq,p4) < 4, and hence

dx,y) <I(x) +1(y) —2m + 4,

and furthermore (x|y), > m — 2.

subcase max(a(x,z),a(y,z)) = 1: Then

1
min((x[z),, (zly),) = m — >
Now d"(p1,p4) < 3 and hence
dx,y) < I(x) +1(y) —2m + 3.

3
Le., (xly)o = m — >

subcase max(a(x,z),a(y,z)) = 0: a(x,z) =a(y,z) =0, then

min((x|z),, (zly),) = m

andd(x,y) < I(x)+I(y) —2m+1 which implies that (x[y), >
1

m—E.

O]
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A.3.4 In(2) is Optimal in Theorem 16
Corollary 3. Let (V*,d) be the space we just defined, where we scale the
metric by the factor 6. Let

sinh(d(x,y)/2)
cosh(d(x,0)/2) cosh(d(y,0)/2)

ox,y) =

where 0 = (0,0) and let p be the metric after applying the Frink construction.

Then p is not bi-Lipschitz to p for 6 > In(2).
Proof. Letx, = (1—-27",n)and y, = (=1 +27",n), then

sinh(d(x,,Y,,)/2)
cosh(d(x,,0)/2) cosh(d(y,,0)/2)
_ sinh(d(x,,0)/2 +d(o,y,)/2)
~ cosh(d(x,,0)/2) cosh(d(y,,0)/2)
_ sinh(nd)
~ cosh(né/2) cosh(nd/2)

n— oo
=1,

p(xn/yn) =

On the other hand for p(x,,y,) we get

_ 272 sinh(6/2)
PO yn) S ) cosh(d(x,0)/2) cosh(d(y,0)/2)

i=0
22 sinh(8/2)
= cosh(né/2) cosh(néd/2)
< @n1_7) sinh(6/2)
- cosh(n6/2) cosh(né/2)

n—00

— (2" —2) exp(8/2 — né).

This converges to 0 iff § > In(2) and diverges otherwise. O
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A.3.5 The Constants in Lemma 8 are Optimal

Corollary 4. Let 6 > 0. There exists a 6-hyperbolic space (X,d) and for
any large so > 0, there exist points x,y,z € X such that

d(x,0),d(y,0),d(z,0),d(x,y),d(y,z),d(x,z) = sg,

and (p(x,v),0(y,z),0(z,x)) can satisfy at most the exp(d)-quasi-metric
inequality.

Proof. Let (X,d) be the graph space defined above and let 0 = (0,0),
x, = (=1/2,n),y, = (0,n) and z,, = (1/2,n). Then

P, Yn) = PYnsZn)
_ sinh(d(x,,,Y,,)/2)
~ cosh(d(x,,0)/2) cosh(d(y,,0)/2)

2n_2
sinh(* - 2y

cosh(%&) cosh(%é)

and

sinh(d(x,,Y,,)/2)
cosh(d(x,,0)/2) cosh(d(y,,0)/2)

sinh( ?)

0(Xy,2y) =

Cosh(%é) Cosh(z?‘s) .

In particular
1. p(xn/ ZTI)
im —————

= exp(d).
n—-co 0(Xy, Yy) P



BIBLIOGRAPHY

[AKP10]  Stephanie Alexander, Vitali Kapovitch, and Anton Petrunin.
“Alexandrov meets Kirszbraun.” In: Proceedings of 17-th
Gokova Geometry-Topology Conference (2010), pp. 88-109.
arXiv: 1012 .5636. urRL: http://arxiv.org/abs/1012.
5636 (cit. on p. 72).

[AKP19]  Stephanie Alexander, Vitali Kapovitch, and Anton Petrunin.
“Alexandrov geometry: preliminary version no. 1.” In:
(2019). arXiv: 1903.08539. UrL: http://arxiv.org/abs/
19603.08539 (cit. on pp. 15, 16).

[BBIo1] Dmitri Burago, Yuri Burago, and Sergei Ivanov. “A Course
in Metric Geometry.” In: Graduate Studies in Mathematics
33 (2001), pp. Xiv+415 (cit. on pp. 15, 72).

[BCo1] Thomas F. Banchoff and S. S. Chern. “Global Differential
Geometry.” In: The American Mathematical Monthly. Stud-
ies in mathematics 98.7 (1991), p. 669. 1ssN: 00029890.
Do 10.2307/2324949 (cit. on p. 46).

[Ber+13] Sergio Bermudo, José M. Rodriguez, José M. Sigarreta,
and Jean Marie Vilaire. “Gromov hyperbolic graphs.” In:
Discrete Mathematics 313.15 (Aug. 2013), pp. 1575-1585.
ISSN: 0012365X. por: 10.1016/j .disc.2013.04 . 009.
URL: https://linkinghub . elsevier. com/retrieve/
pii/S0012365X1300174X.

[BGP92]  Yu Burago, M Gromov, and G Perel’'man. “A.D. Alexan-
drov spaces with curvature bounded below.” In: Russian
Mathematical Surveys 47.2 (Apr. 1992), pp. 1-58. ISSN:
0036-0279. por: 10 . 1070 / rm1992v047n02abeh000877.
URL: https://doi.org/10.1070/rm1992v047n02abeh000877
(cit. on p. 15).

125


https://arxiv.org/abs/1012.5636
http://arxiv.org/abs/1012.5636
http://arxiv.org/abs/1012.5636
https://arxiv.org/abs/1903.08539
http://arxiv.org/abs/1903.08539
http://arxiv.org/abs/1903.08539
https://doi.org/10.2307/2324949
https://doi.org/10.1016/j.disc.2013.04.009
https://linkinghub.elsevier.com/retrieve/pii/S0012365X1300174X
https://linkinghub.elsevier.com/retrieve/pii/S0012365X1300174X
https://doi.org/10.1070/rm1992v047n02abeh000877
https://doi.org/10.1070/rm1992v047n02abeh000877

126

BIBLIOGRAPHY

[BH99]

[BHXo08]

[BKoz2]

[Bougb6 ]

[Bowg8]

[BSoo]

Martin R Bridson and André Haefliger. Metric Spaces of
Non-Positive Curvature. Springer Berlin Heidelberg, 1999.
DorI: 10.1007/978-3-662-12494-9. URL: https://doi.
org/10.1007/978-3-662-12494-9 (cit. on pp. 16, 20, 21,
66, 67, 69).

Stephen Buckley, David Herron, and Xiangdong Xie.
“Metric Space Inversions, Quasihyperbolic Distance, and
Uniform Spaces.” In: Indiana University Mathematics Jour-
nal (2008). 00016. 1ssN: 00222518. por: 10.1512/iumj .
2008.57.3193. (Visited on 09/14/2016) (cit. on pp. 28,

29, 37, 44).

Mario Bonk and Bruce Kleiner. “Rigidity for Quasi-
Mobius Group Actions.” In: Journal of Differential Geom-
etry 61.1 (May 2002), pp. 81-106. I1SSN: 0022-040X. DOT:
10.4310/jdg/1090351321. urL: http://projecteuclid.
org/euclid.jdg/1090351321 (cit. on pp. 28, 44).

Marc Bourdon. “Sur Le Birapport Au Bord Des {CAT} (-
1)-Espaces.” In: Publications Mathématiques de I'Institut des
Hautes Etudes Scientifiques 83.1 (Dec. 1996), pp. 95-104.
ISSN: 1618-1913. por: 10.1007/BF02698645. URL: https:
//doi.org/10.1007/BF02698645 (cit. on pp. 20, 21, 45,

69).
Brian H. Bowditch. “A topological characterisation of hy-
perbolic groups.” In: Journal of the American Mathematical

Society 11.3 (1998), pp. 643—667. 1SSN: 0894-0347. DOTL:
10.1090/50894-0347-98-00264-1 (cit. on pp. 4, 26).

Mario Bonk and Oded Schramm. “Embeddings of Gro-
mov hyperbolic spaces.” In: Geometric And Functional Anal-
ysis 10.2 (2000), pp. 266—306. 1SSN: 1016-443X. DOL: 10.
1007/s000390050009. URL: http://link.springer.com/
chapter/10.1007/978-1-4419-9675-6%7B%5C_%7D10

(cit. on pp. 4, 25, 27).


https://doi.org/10.1007/978-3-662-12494-9
https://doi.org/10.1007/978-3-662-12494-9
https://doi.org/10.1007/978-3-662-12494-9
https://doi.org/10.1512/iumj.2008.57.3193
https://doi.org/10.1512/iumj.2008.57.3193
https://doi.org/10.4310/jdg/1090351321
http://projecteuclid.org/euclid.jdg/1090351321
http://projecteuclid.org/euclid.jdg/1090351321
https://doi.org/10.1007/BF02698645
https://doi.org/10.1007/BF02698645
https://doi.org/10.1007/BF02698645
https://doi.org/10.1090/s0894-0347-98-00264-1
https://doi.org/10.1007/s000390050009
https://doi.org/10.1007/s000390050009
http://link.springer.com/chapter/10.1007/978-1-4419-9675-6%7B%5C_%7D10
http://link.springer.com/chapter/10.1007/978-1-4419-9675-6%7B%5C_%7D10

[BSo7]

[BS15]

[Busi5s]

[Bus18]

[Buss5]

[Cay54]

[DD14]

[DKN18]

BIBLIOGRAPHY

Sergei Buyalo and Viktor Schroeder. Elements of Asymp-
totic Geometry. EMS monographs in mathematics. Ziirich:
European Mathematical Society, 2007. 1sBN: 978-3-03719-
036-4 (cit. on pp. 4, 20-22, 25, 26, 35, 103, 104, 106).

Jonas Beyrer and Viktor Schroeder. “Trees and Ultra-
metric Mobius Structures.” In: arXiv:1508.03257 [math]
(Aug. 2015). arXiv: 1508 . 03257 [math]. (Visited on

07/04/2017) (cit. on p. 44).

Herbert Busemann. Selected Works I: Zen. New York, NY:
Springer Berlin Heidelberg, 2015. 1sBN: 978-3-319-64294-
9 (cit. on p. 12).

Herbert Busemann. Selected works. 2: ... eng. Cham:
Springer, 2018, p. 860. 1sBN: 978-3-319-65623-6 (cit. on
p.12).

Herbert Busemann. “The geometry of geodesics.” In:
(1955), pp- X+422. URL: http://site.ebrary.com/id/
10276540 (cit. on p. 22).

A. Cayley. “VII. On the theory of groups, as depending
on the symbolic equation 6 n =1.” In: The London, Ed-
inburgh, and Dublin Philosophical Magazine and Journal of
Science 7.42 (Jan. 1854), pp. 40—47. 1SSN: 1941-5982. DOT:
10.1080/14786445408647421. urL: https://doi.org/
10.1080/14786445408647421 (cit. on p. 2).

Michel Marie Deza and Elena Deza. Encyclopedia of Dis-
tances. Berlin, Heidelberg: Springer Berlin Heidelberg,
2014. ISBN: 978-3-662-44341-5 978-3-662-44342-2. DOL
10 . 1007 /978 - 3 - 662 - 44342 - 2. URL: http://link.
springer.com/10.1007/978-3-662 - 44342 -2 (cit. on
p-9)-

Cornelia Drutu, Michael Kapovich, and Bogdan Nica.
Geometric Group Theory. American Mathematical Society
colloquium publications. American Mathematical Soci-

127


https://arxiv.org/abs/1508.03257
http://site.ebrary.com/id/10276540
http://site.ebrary.com/id/10276540
https://doi.org/10.1080/14786445408647421
https://doi.org/10.1080/14786445408647421
https://doi.org/10.1080/14786445408647421
https://doi.org/10.1007/978-3-662-44342-2
http://link.springer.com/10.1007/978-3-662-44342-2
http://link.springer.com/10.1007/978-3-662-44342-2

128

BIBLIOGRAPHY

[DS97]

[Friz7]

[FS11]

[FS12]

[Ghy+90]

ety, 2018. 1sSBN: 978-1-4704-1104-6. po1: 10.1016/b978 -
044482432-5/50007-x (cit. on p. 2).

Guy David and Stephen Semmes. Fractured Fractals and
Broken Dreams: Self-Similar Geometry through Metric and
Measure. Oxford lecture series in mathematics and its ap-
plications 7. 00295. Oxford : New York: Clarendon Press ;
Oxford University Press, 1997. 1sBN: 978-0-19-850166-4
(cit. on pp. 2, 31, 34, 43, 44).

A H Frink. “Distance functions and the metrization prob-
lem.” In: Bull. Amer. Math. Soc. 43.2 (1937), pp- 133—142.
URL: https://projecteuclid.org:443/euclid.bams/
1183499605 (cit. on pp. 22, 80).

Thomas Foertsch and Viktor Schroeder. “Hyperbolicity,
CAT(-1)-spaces and the Ptolemy inequality.” In: Mathe-
matische Annalen 350.2 (Aug. 2011), pp. 339—356. ISSN:
00255831. por: 10.1007/500208-010-0560-0. URL: http:
//link.springer.com/article/10.1007/s00208-010 -
0560 -0%20http://link.springer.com/content/pdf/
10.1007%7B%5C%%7D252Fs00208 - 010 - 0560 - 0 . pdf (cit.
on pp. 29, 69).

Thomas Foertsch and Viktor Schroeder. “Metric Mobius
geometry and a characterization of spheres.” In: Manuscripta
Mathematica 140.3-4 (May 2012), pp. 613—620. ISSN: 0025-
2611, 1432-1785. por: 10.1007/500229-012-0555-0. URL:
http://link.springer.com/article/10.1007/s00229-
012-0555-0%20http://link.springer.com/article/
10.1007%7B%5C%%7D252Fs00229 - 012 - 0555 - 0%20http:
//link.springer.com/content/pdf/10.1007%7B%5C%
%7D252Fs00229-012-0555-0.pdf (cit. on p. 28).

Etienne Ghys, Pierre de la Harpe, J. Oesterlé, and A. We-
instein, eds. Sur Les Groupes Hyperboliques d’aprés Mikhael
Gromov. Vol. 83. Progress in Mathematics. Boston, MA:


https://doi.org/10.1016/b978-044482432-5/50007-x
https://doi.org/10.1016/b978-044482432-5/50007-x
https://projecteuclid.org:443/euclid.bams/1183499605
https://projecteuclid.org:443/euclid.bams/1183499605
https://doi.org/10.1007/s00208-010-0560-0
http://link.springer.com/article/10.1007/s00208-010-0560-0%20http://link.springer.com/content/pdf/10.1007%7B%5C%%7D252Fs00208-010-0560-0.pdf
http://link.springer.com/article/10.1007/s00208-010-0560-0%20http://link.springer.com/content/pdf/10.1007%7B%5C%%7D252Fs00208-010-0560-0.pdf
http://link.springer.com/article/10.1007/s00208-010-0560-0%20http://link.springer.com/content/pdf/10.1007%7B%5C%%7D252Fs00208-010-0560-0.pdf
http://link.springer.com/article/10.1007/s00208-010-0560-0%20http://link.springer.com/content/pdf/10.1007%7B%5C%%7D252Fs00208-010-0560-0.pdf
https://doi.org/10.1007/s00229-012-0555-0
http://link.springer.com/article/10.1007/s00229-012-0555-0%20http://link.springer.com/article/10.1007%7B%5C%%7D252Fs00229-012-0555-0%20http://link.springer.com/content/pdf/10.1007%7B%5C%%7D252Fs00229-012-0555-0.pdf
http://link.springer.com/article/10.1007/s00229-012-0555-0%20http://link.springer.com/article/10.1007%7B%5C%%7D252Fs00229-012-0555-0%20http://link.springer.com/content/pdf/10.1007%7B%5C%%7D252Fs00229-012-0555-0.pdf
http://link.springer.com/article/10.1007/s00229-012-0555-0%20http://link.springer.com/article/10.1007%7B%5C%%7D252Fs00229-012-0555-0%20http://link.springer.com/content/pdf/10.1007%7B%5C%%7D252Fs00229-012-0555-0.pdf
http://link.springer.com/article/10.1007/s00229-012-0555-0%20http://link.springer.com/article/10.1007%7B%5C%%7D252Fs00229-012-0555-0%20http://link.springer.com/content/pdf/10.1007%7B%5C%%7D252Fs00229-012-0555-0.pdf
http://link.springer.com/article/10.1007/s00229-012-0555-0%20http://link.springer.com/article/10.1007%7B%5C%%7D252Fs00229-012-0555-0%20http://link.springer.com/content/pdf/10.1007%7B%5C%%7D252Fs00229-012-0555-0.pdf

[Gro+99]

[Gro87]

[Grog6 |

[Hamo1]

[Hee17]

[Heio1]

BIBLIOGRAPHY

Birkhduser Boston, 1990. 1sBN: 978-0-8176-3508-4 978-1-
4684-9167-8. (Visited on 11/19/2015) (cit. on p. 21).

M Gromov, M Katz, J a. c. q. u. e. s. Lafontaine, P Pansu,
S Semmes, and S M Bates. Metric Structures for Riemannian
and Non-Riemannian Spaces. eng. Boston, 1999. URL: http:
//books.google.com/books?id=HWm-z3VU9eAC%7B%5C&%
7Dprintsec=frontcover (cit. on p. 12).

M Gromov. “Hyperbolic Groups.” In: Essays in Group
Theory. Springer New York, 1987, pp. 75-263. por: 10 .
1007/978-1-4613-9586-7_3. URL: https://doi.org/10.
1007/978-1-4613-9586-7%7B%5C_%7D3 (cit. on pp. 3, 14,
16, 20).

Mikhail Gromov. “Geometric group theory, Vol. 2:
Asymptotic invariants of infinite groups.” In: London
Math Soc. Lecture Note Series 182 (1996), pp. 1-295.

Ursula Hamenstadt. “A geometric characterization of
negatively curved locally symmetric spaces.” In: J. Dif-
ferential Geom. 34.1 (1991), pp. 193—221. DOI: 10.4310/
jdg/1214446998. urL: https://doi.org/10.4310/jdg/
1214446998 (cit. on pp. 20, 45).

Loreno Heer. “Some Invariant Properties of Quasi-
Mgobius Maps.” In: Analysis and Geometry in Metric Spaces
5.1 (2017), pp. 69—77. ISSN: 22993274. DOL: 10.1515/agms -
2017-0004 (cit. on p. 33).

Juha Heinonen. Lectures on analysis on metric spaces. New
York, NY, 2001. por: 10. 16007 /978 - 1 - 4613 - 0131 - 8.
URL: http://dx.doi.org/10.1007 /978 -1-4613 -
0131-8%20http://www.ams.org/mathscinet/search/
publications.html?pgl=MR%7B%5C&%7Ds1=MR1800917%
7B%5C%%7D5Cnpapers2://publication/uuid/835F2BA7 -
AAD3-4A1B-AAAE-0DOE389B833B (cit. on pp. 2, 44).

129


http://books.google.com/books?id=HWm-z3VU9eAC%7B%5C&%7Dprintsec=frontcover
http://books.google.com/books?id=HWm-z3VU9eAC%7B%5C&%7Dprintsec=frontcover
http://books.google.com/books?id=HWm-z3VU9eAC%7B%5C&%7Dprintsec=frontcover
https://doi.org/10.1007/978-1-4613-9586-7_3
https://doi.org/10.1007/978-1-4613-9586-7_3
https://doi.org/10.1007/978-1-4613-9586-7%7B%5C_%7D3
https://doi.org/10.1007/978-1-4613-9586-7%7B%5C_%7D3
https://doi.org/10.4310/jdg/1214446998
https://doi.org/10.4310/jdg/1214446998
https://doi.org/10.4310/jdg/1214446998
https://doi.org/10.4310/jdg/1214446998
https://doi.org/10.1515/agms-2017-0004
https://doi.org/10.1515/agms-2017-0004
https://doi.org/10.1007/978-1-4613-0131-8
http://dx.doi.org/10.1007/978-1-4613-0131-8%20http://www.ams.org/mathscinet/search/publications.html?pg1=MR%7B%5C&%7Ds1=MR1800917%7B%5C%%7D5Cnpapers2://publication/uuid/835F2BA7-AAD3-4A1B-AAAE-0D0E389B833B
http://dx.doi.org/10.1007/978-1-4613-0131-8%20http://www.ams.org/mathscinet/search/publications.html?pg1=MR%7B%5C&%7Ds1=MR1800917%7B%5C%%7D5Cnpapers2://publication/uuid/835F2BA7-AAD3-4A1B-AAAE-0D0E389B833B
http://dx.doi.org/10.1007/978-1-4613-0131-8%20http://www.ams.org/mathscinet/search/publications.html?pg1=MR%7B%5C&%7Ds1=MR1800917%7B%5C%%7D5Cnpapers2://publication/uuid/835F2BA7-AAD3-4A1B-AAAE-0D0E389B833B
http://dx.doi.org/10.1007/978-1-4613-0131-8%20http://www.ams.org/mathscinet/search/publications.html?pg1=MR%7B%5C&%7Ds1=MR1800917%7B%5C%%7D5Cnpapers2://publication/uuid/835F2BA7-AAD3-4A1B-AAAE-0D0E389B833B
http://dx.doi.org/10.1007/978-1-4613-0131-8%20http://www.ams.org/mathscinet/search/publications.html?pg1=MR%7B%5C&%7Ds1=MR1800917%7B%5C%%7D5Cnpapers2://publication/uuid/835F2BA7-AAD3-4A1B-AAAE-0D0E389B833B

130

BIBLIOGRAPHY

[Iveg2]

[Jorio]

[Loh17]

[LP15]

[LSos]

[LSo7]

[LS14]

Birger Iversen. Hyperbolic Geometry. London Mathemat-
ical Society Student Texts. Cambridge University Press,
1992. por: 10.1017/CB09780511569333.

Julian Jordi. “Interplay between interior and boundary
geometry in Gromov hyperbolic spaces.” In: Geometriae
Dedicata 149.1 (Dec. 2010), pp. 129—154. ISSN: 00465755.
poI: 10.1007/510711-010-9472-0. UurL: http://link.
springer.com/10.1007/s10711-010-9472-0 (cit. on
p-27).

Clara Loh. “Geometric Group Theory: An Introduction.”
In: 1st ed. 20. Universitext. Cham: Springer International
Publishing : Imprint: Springer, 2017. 1sBN: 978-3-319-
72254-2 (cit. on p. 3).

Genaro Lépez-Acedo and Bozena Piatek. “Characteriza-
tion of compact geodesic spaces.” In: Journal of Mathemat-
ical Analysis and Applications 425.2 (May 2015), pp- 748-
757. I1SSN: 10960813. por: 10.1016/j . jmaa.2015.01.
004. URL: https://www.sciencedirect.com/science/
article/pii/S0022247X15000098 (cit. on p. 15).

Urs Lang and Thilo Schlichenmaier. “Nagata Dimension,
Quasisymmetric Embeddings, and Lipschitz Extensions.”
In: International Mathematics Research Notices 2005.58 (Jan.
2005). 00098, pp. 3625-3655. ISSN: 1073-7928, 1687-0247.
por: 10.1155/IMRN.2005.3625. (Visited on 03/24/2016)
(cit. on p. 34).

Urs Lang and Viktor Schroeder. “Metrizing the Gromov
closure.” In: (2007) (cit. on pp. 5, 45, 52, 56, 63, 67, 68, 78,
88,91, 93).

Urs Lang and Viktor Schroeder. “On Toponogov’s com-
parison theorem for Alexandrov spaces.” In: L'Enseigne-
ment Mathématique 59.3 (July 2014), pp. 325-336. ISSN:
0013-8584. por: 10.4171/1em/59-3-6. arXiv: 1207.3668.
URL: http://arxiv.org/abs/1207.3668 (cit. on p. 46).


https://doi.org/10.1017/CBO9780511569333
https://doi.org/10.1007/s10711-010-9472-0
http://link.springer.com/10.1007/s10711-010-9472-0
http://link.springer.com/10.1007/s10711-010-9472-0
https://doi.org/10.1016/j.jmaa.2015.01.004
https://doi.org/10.1016/j.jmaa.2015.01.004
https://www.sciencedirect.com/science/article/pii/S0022247X15000098
https://www.sciencedirect.com/science/article/pii/S0022247X15000098
https://doi.org/10.1155/IMRN.2005.3625
https://doi.org/10.4171/lem/59-3-6
https://arxiv.org/abs/1207.3668
http://arxiv.org/abs/1207.3668

[LS15]

[LS97]

[LS98]

[Meyog]

[Mil68]

[Mos68]

BIBLIOGRAPHY

Xining Li and Nageswari Shanmugalingam. “Preserva-
tion of Bounded Geometry under Sphericalization and
Flattening.” In: Indiana University Mathematics Journal 64.5
(2015), pp. 1303-1341. 1SSN: 0022-2518 (cit. on pp. 34, 35,
44).

U. Lang and V. Schroeder. “Kirszbraun’s theorem and
metric spaces of bounded curvature.” In: Geometric
and Functional Analysis 7.3 (1997), pp. 535-560. ISSN:
1016443X. por: 10.1007/s000390050018. uRL: http://
link.springer.com/article/10.1007/s000390050018
(cit. on pp. 72, 90).

Jouni Luukkainen and Eero Saksman. “Every Com-
plete Doubling Metric Space Carries a Doubling Mea-
sure.” In: Proceedings of the American Mathematical Society
126.2 (1998), pp. 531-534. ISSN: 0002-9939. (Visited on
08/01/2017) (cit. on p. 35).

Johannes Bjern Thomas Meyer. “Uniformly Perfect
Boundaries of Gromov Hyperbolic Spaces.” PhD the-
sis. Ziirich: University of Zurich, 2009 (cit. on pp. 34,

44).

J. Milnor. “A note on curvature and fundamental group.”
In: Journal of Differential Geometry 2.1 (Jan. 1968), pp. 1—
7.15SN: 1945743X. por: 10.4310/jdg/1214501132. URL:
https://doi.org/10.4310/jdg/1214501132 (cit. on
pPp- 2, 19).

G. D. Mostow. “Quasi-conformal mappings in n-space
and the rigidity of hyperbolic space forms.” In: Publica-
tions Mathématiques de I'Institut des Hautes Etudes Scien-
tifiques 34.1 (Jan. 1968), pp. 53—104. ISSN: 00738301. DOL
10.1007/BF02684590. URL: https://doi.org/10.1007/
BF02684590 (cit. on p. 3).

131


https://doi.org/10.1007/s000390050018
http://link.springer.com/article/10.1007/s000390050018
http://link.springer.com/article/10.1007/s000390050018
https://doi.org/10.4310/jdg/1214501132
https://doi.org/10.4310/jdg/1214501132
https://doi.org/10.1007/BF02684590
https://doi.org/10.1007/BF02684590
https://doi.org/10.1007/BF02684590

132

BIBLIOGRAPHY

[MT10]

[NS16]

[Paugb |

[Svass]

[Top64]

[TV8o]

[Tys+o1]

[Véios]

John M. Mackay and Jeremy T. Tyson. Conformal Dimen-
sion: Theory and Application. University lecture series v. 54.
Providence, R.I: American Mathematical Society, 2010.
I1SBN: 978-0-8218-5229-3 (cit. on pp. 4, 21, 26, 27, 31, 34).

Bogdan Nica and Jan Spakula. “Strong hyperbolicity.” In:
Groups, Geometry, and Dynamics 10.3 (June 2016), pp. 951
964. 1ssN: 16617215. por: 10.4171/GGD/372. URL: http:
//arxiv.org/abs/1408.0250 (cit. on p. 17).

Frédéric Paulin. “Un groupe hyperbolique est déterminé
par son bord.” In: Journal of the London Mathematical Society
54.1 (Aug. 1996), pp. 50—74. ISSN: 00246107. DOL 10 .
1112/jlms/54.1.50. urRL: http://doi.wiley.com/10.
1112/j1ms/54.1.50 (cit. on pp. 4, 26).

Albert S Svarc. “A volume invariant of coverings.” In:
Dokl. Akad. Nauk SSSR (NS). Vol. 105. 1955, pp- 32—34-
ISBN: 0002-3264 (cit. on pp. 2, 19).

V. A. Toponogov. “Riemannian spaces having their curva-
ture bounded below by a positive number.” Russian. In:
Doklady Akademii Nauk SSSR. Vol. 120. 1964, pp. 291—336.
por 10.1090/trans2/037/20 (cit. on p. 15).

P. Tukia and J. Vdisdld. “Quasisymmetric embeddings of
metric spaces.” In: Annales Academiae Scientiarum Fennicae
Series A I Mathematica 5 (1980), pp- 97—114. 1SSN: 00661953.
por: 10.5186/aasfm.1980.0531 (cit. on pp. 2, 23).

Jeremy T. Tyson et al. “Lowering the Assouad Dimension
by Quasisymmetric Mappings.” In: Illinois Journal of Math-
ematics 45.2 (2001), pp. 641-656. (Visited on 11/25/2015)
(cit. on p. 34).

Jussi Viisdla. “Gromov hyperbolic spaces.” In: Expo-
sitiones Mathematicae 23.3 (2005), pp. 187-231. ISSN:
07230869. por: 10.1016/7 .exmath.2005.01.010 (cit. on

pp- 9, 10).


https://doi.org/10.4171/GGD/372
http://arxiv.org/abs/1408.0250
http://arxiv.org/abs/1408.0250
https://doi.org/10.1112/jlms/54.1.50
https://doi.org/10.1112/jlms/54.1.50
http://doi.wiley.com/10.1112/jlms/54.1.50
http://doi.wiley.com/10.1112/jlms/54.1.50
https://doi.org/10.1090/trans2/037/20
https://doi.org/10.5186/aasfm.1980.0531
https://doi.org/10.1016/j.exmath.2005.01.010

[Vdi84]

[Xieo8]

BIBLIOGRAPHY

Jussi Vdisdld. “Quasimobius Maps.” In: Journal d’Anal-
yse Mathematique 44.1 (1984), pp. 218-234. (Visited on
11/19/2015) (cit. on pp. 2, 24, 34, 35).

Xiangdong Xie. “Nagata Dimension and Quasi-Mdbius
Maps.” In: Conformal geometry and dynamics: An elec-
tronic journal of the AMS 12.1 (2008), pp. 1—9. (Visited on
02/11/2016) (cit. on pp. 34, 35).

133






INDEX

0-hyperbolic, 17
0-hyperbolic space, 17

boundary at infinity, 20
Busemann function, 22

CAT(x)-space, 14
Cauchy sequence, 12
CBB(x)-space, 15
complete metric space, 12
cross-ratio, 33

doubling property, 30
extended metric, 11
Frink’s Lemma, 80

geodesic metric space, 12

Gromov é-hyperbolic space, 17

Gromov boundary, 20

Gromov product, 16

Gromov product based at
Busemann function,
23

Gromov product on boundary
at infinity, 20

intrinsic, 12

length, 12
length space, 12

meta-metric, 10
metric, 10

metric completion, 13
metric inversion, 28
metric map, 12
metric space, 10

path, 12
pseudo-metric, 10
Ptolemy inequality, 28
Ptolemy space, 28

quasi-isometry, 18
quasi-Mobius, 33
quasi-metric, 10
quasi-symmetric map, 23

rectifiable, 12

semi-metric, 10
short map, 12
snowflake map, 25

uniform disconnectedness, 30
uniform perfectness, 31

visual metric, 21

135






PUBLICATIONS

Articles in peer-reviewed journals:

[Hee17] Loreno Heer. “Some Invariant Properties of Quasi-M&bius
Maps.” In: Analysis and Geometry in Metric Spaces 5.1 (2017),
pp- 69—77. 1ssN: 22993274. DOIL: 10. 1515/ agms - 2017 -
0004.

137


https://doi.org/10.1515/agms-2017-0004
https://doi.org/10.1515/agms-2017-0004

	Abstract
	Zusammenfassung
	Acknowledgements
	Contents
	List of Figures
	Notation
	1 Introduction
	1.1 Invariant Properties of Quasi-Möbius Maps
	1.2 Metrizing the Gromov Closure

	2 Preliminaries
	2.1 Metric Spaces
	2.1.1 Generalized Metrics
	2.1.2 Extended Metrics
	2.1.3 Properties of Metrics

	2.2 Notions of Curvature
	2.2.1 CAT(κ) Spaces
	2.2.2 CBB(κ) Spaces
	2.2.3 δ-Hyperbolic Metric Spaces

	2.3 Large Scale Geometry
	2.3.1 Quasi-Isometries

	2.4 The Boundary at Infinity
	2.4.1 The Boundary at Infinity of Hyperbolic Spaces
	2.4.2 Quasi-Metrics on the Boundary at Infinity of Hyperbolic Spaces
	2.4.3 Gromov Products Based at Infinity
	2.4.4 Quasi Maps on the Boundary at Infinity
	2.4.4.1 Quasi-Symmetric Maps
	2.4.4.2 Quasi-Möbius Maps
	2.4.4.3 The Quasi-Möbius Structure on the Boundary at Infinity

	2.4.5 Metric Inversions
	2.4.5.1 Ptolemaic Spaces
	2.4.5.2 Spherification

	2.4.6 Quasi-Symmetric Invariants
	2.4.6.1 Doubling Property
	2.4.6.2 Uniform Disconnectedness
	2.4.6.3 Uniform Perfectness
	2.4.6.4 Invariance under Quasi-Symmetric Maps



	3 Some Invariant Properties of Quasi-Möbius Maps
	3.1 Introduction
	3.2 Invariance of Doubling Property
	3.2.1 Preparations for the Proof
	3.2.2 Proof of the Invariance of Doubling under quasi-Möbius Maps (Theorem 8)

	3.3 Invariance of Uniform Disconnectedness
	3.4 Applications of the Theorems

	4 Metrizing the Gromov Closure
	4.1 Introduction and Definitions
	4.1.1 Generalized Trigonometric Functions

	4.2 The Spaces of Constant Curvature
	4.2.1 Formula for the Distance Function
	4.2.1.1 The Ball Model of Mκ
	4.2.1.2 Upper Half Space Model for κ< 0

	4.2.2 Summary
	4.2.2.1 Upper Half Space Model
	4.2.2.2 Disk Model


	4.3 Results
	4.3.1 Spaces of Constant Sectional Curvature
	4.3.2 CAT(κ)-Spaces for κ< 0
	4.3.3 CBB(κ)-Spaces for κ> 0
	4.3.4 δ-Hyperbolic Spaces
	4.3.5 General Metric Spaces


	A Appendix
	A.1 Invariance of Doubling Property for Quasi-Metric Spaces
	A.2 Additional Alternative Proofs for Calculating Euclidean Distance from Model Spaces
	A.3 A Discrete Graph as a Model of the Hyperbolic Plane
	A.3.1 Construction of Graph
	A.3.2 Geodesics in G
	A.3.3 Properties of V+
	A.3.4 ln(2) is Optimal in Theorem 16
	A.3.5 The Constants in Lemma 8 are Optimal


	 Bibliography
	Index
	Publications

