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Abstract

The aim of this thesis is to expand on parts of the work of Bjérn—Bjorn—
Shanmugalingam [2] and in particular on the construction and properties of
hyperbolic fillings of nonempty bounded metric spaces. In light of [2], we intro-
duce two new parameters A\ and £ to the construction while relaxing a specific
maximal-condition. With these modifications we obtain a slightly more flexible
model that generates a larger family of hyperbolic fillings. We then show that
every hyperbolic filling in this family possess the desired property of being Gro-
mov hyperbolic. Next, we uniformize an arbitrary hyperbolic filling of this type
and show that, under fairly weak conditions, the boundary of the uniformization
is snowflake-equivalent to the completion of the metric space it corresponds to.
Finally, we show that this unifomized hyperbolic filling is a uniform space.

In summary, our construction generates hyperbolic fillings which satisfy the
necessary conditions for it to serve its intended purpose of an analytical tool for
further studies in [2, Chapters 9-13] or similar. As such, it can be regarded as
an improvement to the reference model.
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Nomenclature

N The set of natural numbers {0,1,2,...}

N* | N\{0}

>

Completion of the metric space X (not the closure)
log Refers to the natural logarithm

C Subset, allows equality

- Proper subset

a, T, | Parameters that the hyperbolic filling X depends on

€ Additional parameter that the uniformized hyperbolic filling X. depends on
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Chapter 1

Introduction

As far as this thesis is concerned, a hyperbolic filling is a particular metric graph
with edges considered as unit intervals, constructed from a bounded metric space
of at least two points. While metric graphs are subject to independent studies
by their own merits, a hyperbolic filling of this kind has shown to be a helpful
analytical tool in the study of function spaces on general metric spaces.

There have been many successful attempts at constructing a hyperbolic fill-
ing with desirable properties (see e.g Buyalo—Schroeder [3| or Bjérn-Bjorn—
Shanmugalingam [2]). However, with different assumptions on the reference
space and constraints in the method, these models come in varying degree of
flexibility. Fewer assumptions on the reference space make the construction
more general and among the constructions we have seen, [2] appear to have the
least.

We are initially interested in modifying the construction from [2] which is
based on a bounded metric space of at least two points, denoted Z, and is
monitored by a set of parameters. This set of parameters includes — but is
not limited to — the parameters in [2, Chapter 3]. With new conditions unique
to this thesis, we can find a vertex set V from Z, and an edge set F, that
together define a graph (V| E). By recognizing the edges as unit intervals, the
set X := (V, E) equipped with the metric

dx(z,y) = inf ()

defines a metric space (X, dx), and in particular an infinite metric graph. This
metric graph is a hyperbolic filling and an arbitrary one of many — due to the
freedom in choosing V and F, and the flexibility offered by the parameters, the
construction generates a large family of them. From here, we are interested in
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2 Chapter 1. Introduction

what relevant properties these possess and how our results relate to [2, Chapters
3-5].

Having deduced some structural properties of (X, dx), we show the first of
three main results of this thesis. It is a nonlocal but global property shared with
spaces of constant negative curvature, forcing the sides of geodesic triangles in
(X, dx) to not bend too much outwards.

Theorem 4.6. X is Gromov hyperbolic.

We then uniformize X by equipping it with the uniformized metric

de(w,y) = inf/ pe ds,
Y

v

where p(z) = e~=dx(@v0) and e > 0 is a parameter, which yields the metric
space (X, d.) =: X.. This changes the structure of X and in particular we show
that diam X, < % Moreover, we arrive at the following result.

Proposition 5.4. Fiz0 < ¢ < loga. Then Z and 0. X are snowflake-equivalent.

Note that « is one of the parameters that govern the construction of X.
Specifically, it means that the two spaces are homeomorphic and that they are
in the same equivalence class by the equivalence relation ~ on 9.X.

Theorem 6.1. Fiz 0 < ¢ <loga. Then X is a uniform domain.

Finally, we show that X, is uniform. In particular, there exists a uniformity
constant A > 1 such that, for every two points z,y € X, there is a curve in X,
joining them with bounds on its length depending on A, d(x,y) and the distance
from the curve to the boundary of X..

The layout of the thesis is as follows. In Chapter 2, preliminaries that are
necessary for this thesis are introduced as definitions, remarks on notations and
relevant background results, along with a few examples to illustrate important
concepts. Chapter 3 is dedicated to the construction of the family of hyperbolic
fillings and concludes with a comparison of the method of construction to our
main reference [2]. In Chapter 4 we eventually show the Gromov hyperbolicity
of X. The uniformization of X takes place in Chapter 5, where we also show
that Z is snowflake-equivalent to the boundary of X.. Chapter 6 is dedicated
to the uniformity of the unifomization of X and concludes with a discussion on
the constraint 0 < € < log @ and why it is necessary for the results of Chapters
5 and 6.



Chapter 2

Preliminaries

In this chapter we outline the preliminaries required for this thesis. Definitions
and results of greater significance to later chapters or which are less known to
the intended audience are introduced with extra care. Note that there do appear
definitions in later chapters which are not included here.

2.1 Set Theory

In this thesis, the subset symbol C allows equality between sets while & denotes
the proper subset relation, which is notably different from ¢. Additionally, we
let N be the set of natural numbers including 0, and N* := N\{0}.

Briefly on the relevant set theory, let M be a collection of sets and take A €
M. Then A is mazimal if A ¢ A’ for every A’ € M with A # A’. Furthermore,
with M in mind, a special case of Zorn’s lemma states the following:

Lemma 2.1 (Zorn’s Lemma). Consider the partial order C on M. If every
totally ordered subset of M has an upper bound in M, then there exists at least
one mazximal element of M.

2.2 Metric Spaces

Consider a set X. By first defining what a metric is, we will soon explore what
it means for X to be a metric space and what properties (of interest to this
thesis) it can possess.
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4 Chapter 2. Preliminaries

Definition 2.2 (Metric). A function d : X x X — [0,00) is a metric on X if
(i) d(z,y) =0 if and only if x = y,

(i) (Symmetry) d(z,y) = d(y,z),

(iii) (Triangle inequality) d(z,y) < d(x, z) + d(z,v),
for all z,y,z € X.

Definition 2.3 (Metric Space). Let d be a metric on X, then the ordered pair
(X,d) is a metric space.

By definition, two distinct metrics defined on the same set generate two
different metric spaces. Depending on the specifics of the metrics, these spaces
may not share certain properties when the properties rely on the metric.

For the remainder of this chapter we let (X, d) be a metric space with respect
to the metric d, and we let E be a subset of X. Denoting a metric space by the
set it is generated from is customary whenever the metric is unambiguous, so
we will refer to (X, d) as X.

We denote the open ball in X centred at * € X and with radius r by
B(xz,r). It can be scaled by some a € R to obtain a radius of ar, in which case
we let aB(x,r) denote the scaled ball B(z, ar). We use the notation Bx in later
chapters to specify the space to consider the ball in, so for instance

Bx(z,r)={y € X : d(y,z) <r}.

E° denotes the interior of E and is the set of all inner points of the set, where
x € E is an inner point of E if there exists an r > 0 such that B(z,r) C E. The
closure of E with respect to X is the union of itself and all its limit points in
X, where z € X is a limit point to E if for every B(x,r), r > 0, the intersection
B(z,r) N E contains some point other than z. F is open in X if and only if
FE = E°, and is closed in X if and only if F is equal to its closure. However, FE
is both open and closed in itself since on the basis of itself we do not consider
points that are not in . This is the general perspective on metric spaces, so
X is both open and closed and as such, the closure of X is itself.

X is disconnected if there are two nonempty (relatively) open subsets A and
A’ of X such that AUA’ = X while AN A’ = &. X is connected if it is not
disconnected. Continuing on with open and closed sets, X is connected if and
only if the empty set and X itself are the only two subsets of X that both are
open and closed in X. We discuss connectedness further below.

The diameter of X, denoted diam X, is given by sup, ,cx d(z,y). X is
bounded if diam X is finite, otherwise it is unbounded. X is totally bounded if
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for every r > 0, there exists a finite collection of open balls
{B(zs,r):z;€ X,i=1,2,...N}

so that X = Uf\;1 B(z;,r). Clearly X is bounded whenever it is totally bounded.

A sequence {z, }nen in X is a Cauchy sequence if for every € > 0 there exists
an N € N such that d(2,,,z,) < ¢ whenever m,n > N. Since the constant
sequence {Zp tneny with 2, = ¢ € X for all n € N is a Cauchy sequence, there
is at least one Cauchy sequence in X converging to = for each x € X. The
converse is not necessarily true.

Example 2.4. Suppose X is the set of rationals, denoted Q, and consider the
Cauchy sequence {z, }nen where

1 n
xn:(1+> .
n

Then z,, is rational for all n € N so the sequence is in X, but x,, — e which is
irrational so the sequence does not converge in X = Q.

If every Cauchy sequence in X converges in X then the space is complete.
If X is not complete, we can construct a complete set X O X such that X is a
dense subset of X. Then X is called the completion of X and 0X := X\X is
the boundary of X in its completion. The subset E is dense in X if the closure
of E with respect to X is X.

Note that while this notation for completeness is otherwise common for de-
noting the closure, we will only use it for completeness in this thesis. Comparing
the two, we see that the closure of Q with respect to itself is still Q while the
completion is not, evident from Example 2.4. In fact, Q = R.

In the following we construct the completion of a metric space.

Example 2.5. Consider the metric space X = (X, d) and take any two Cauchy
sequences {z;};en and {y,}jen in X with limits = and y respectively, not nec-
essarily in X. Set d(z,y) := limj_,oo d(z;,y;) and let {z;}nen ~ {y;}nen when-
ever d(x,y) = 0. Then ~ defines an equivalence relation (a reflexive, symmetric
and transitive relation). Now let C be the set of all equivalence classes induced
by this equivalence relation on Cauchy sequences in X. We identify z € X with
the equivalence class {x, }nen, where x,, = x for all n € N. It follows that C' is
complete and that C' O X. Moreover, by the construction of C, every x € C'is a
limit point of X with respect to C' so the closure of X is C'. Thus X is dense in
C and as such, we have managed to construct the completion of X with X = C.

In the example we do not make any assumptions on the completeness of
X. In fact, if X is already complete then X = X by the construction of X.



6 Chapter 2. Preliminaries

Furthermore, the metric d on X is induced by the metric d on X and is the
restriction of d to X.

X is a compact space if for every collection of open sets {O,, : p € T'} with
X C U, er Ou there exists a finite index set I's C I' such that X € U,cr, Op-
The collection {O,, : p € '} is an open cover of X and the subcollection {O,, :
w € Iy} is a finite subcover of the open cover. It follows that X is totally
bounded whenever it is compact. In the case of subsets of R", the Heine—Borel
theorem serves as an excellent analytical tool on the topic of compactness:

Theorem 2.6 (Heine-Borel theorem). Let X C R™, then X is compact if and
only if X is closed and bounded.

For general metric spaces it is still the case that a compact metric space is
closed and bounded, but the converse does not hold. A generalization of the
Heine-Borel Theorem states that a metric space is compact if and only if it
is complete and totally bounded. X is locally compact if every x € X has a
compact neighbourhood.

The interested reader is primarily directed to Erickson-Andersson—Wiman
[4, Chapters 2-4] but also Abbott [1, Chapters 3.2-3.5, 8.2] for more material on
the topic of metric spaces as well as proofs of the claims and theorems above.

2.3 Curves In a Metric Space X

A curve v in X is a continuous mapping from an interval J C R into X. In
this thesis we almost exclusively work with 7 = [a,b] where a,b € R, with the
exception of geodesic rays (see below). Thus assuming J = [a, b], the length of
v is given by

n

4) = sup Z d (v(z5),v(zj-1))

where the supremum is taken over all partitions
P={z;:5=0,1,2,...n,a <z; <b},

with a = 29 < 1 < --- < 2, = b, of [a,b]. In later chapters when multiple
metrics have been defined, we will index the length of a curve with the metric
space where the metric that the length is with respect to resides — e.g £x (7).
If ¢(vy) is finite then ~y is rectifiable, in which case it can be parameterized by
arc length ds so that J = [0,£(v)] and £(y|, ) = t — s for any two s,t € J
with ¢ > s. Given a function f on X and an arc length parameterized curve
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v : la,b] = X we define

lfds=Lbf(v(t))dt

as the curve integral of f along . Note that if f is continuous then so is f (’y(t))

Since most results in this thesis involves curves and rely on them being arc
length parameterized, we will from here on always assume that a given curve
is arc length parameterized. Farm [5, Chapter 3| expands much further and in
more detail on curves and their arc length parameterization. To some extent so
does Haefliger—Bridson [6, Part 1, pp. 12-14].

A geodesic v : [0,4(7)] = X in X = (X, d) from z to y is a length minimizing
curve with v(0) = = and y(4(7)) = y such that d(y(t),v(t')) = |t — t/| for all
t,t' € J. In particular, d(x,y) = £(7y). Hence, if there does not exist a curve
in X with endpoints x and y such that ¢(v) = d(z,y) then there is no geodesic
in X joining the points. A geodesic ray is a curve 7 : [0,00) — X with infinite
length such that the restriction 7|[0’t] of v to [0,t] is a geodesic for each ¢ > 0.

If the metric d(x,y) := inf, (), where the infimum is taken over all rectifi-
able curves v with endpoints x and y, then d is a length metric and the metric
space is a length space. Moreover, X itself is geodesic if for every z,y € X,
there is a curve v with endpoints « and y such that ¢(y) = d(z,y). Thus, X is
geodesic if and only if there is at least one geodesic between every pair of points
in X. Furthermore, X is a length space whenever it is geodesic, and conversely
the Hopf-Rinow theorem states that a length space X is geodesic whenever it is
complete and locally compact. Geodesics and geodesic metric spaces are treated
in-depth in [6, Part 1, pp. 2-12, 32-39].

X is pathconnected if there is a curve in X, not necessarily rectifiable, be-
tween any two points in X. It can be shown that this implies connectedness,
but the converse is not true — see e.g [4, Example 6.14] for a counterexample.

When speaking of distance between a point x € X and a set £ C X the
ordinary metric is insufficient alone, so we introduce the distance function

dist(z, E) := iggd(m,y)
y

which gives the distance in X between x and the point in E closest to x (which
exists whenever F is compact). For instance, suppose that F is the image of a
curve v : J — X. Then E = {y(t) : t € J} so dist(z,v) := dist(z, E) gives the
distance in X from z to the point on the curve closest to x. By y € 7 we mean
that there is some ¢t € J such that v(¢) = y, thus e.g. dist(z,y) = inf, e, d(z, y).

Definition 2.7 (Roughly Starlike). An unbounded metric space X is roughly
starlike if there are xg € X and M > 0 such that, for any x € X, there is a
geodesic ray v in X starting from xq with dist(z,v) < M.
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Example 2.8. Consider an equilateral triangle in R? with unit intervals as sides
and one of its corners positioned at the origin, denoted z3. We now take one
of the edges that are attached to zy and extend it indefinitely in the direction
away from the point, see Figure 2.1. Let X be the set given by this altered
triangle and equip it with the metric

d(z,y) :=inf £(~),
¥
where the infimum is taken over all rectifiable curves v in X joining z,y € X.
Then X = (X, d) defines a geodesic metric space which contains a single geodesic
ray (the extended edge). Take the corner which does not lie on the extended

edge and call it ;. Clearly sup,¢ x dist(z,~) = dist(z1,y) = 1 so for any z € X,
dist(z,7y) < 1. As such, X is roughly starlike with constant M = 1.

x

Lo

Figure 2.1: Equilateral triangle with extended side.

2.4 Hyperbolic Geometry
Definition 2.9 (Geodesic Triangle). A geodesic triangle A(x,y,z) is a tri-

angle in a metric space X with points x,y,z € X as vertices and geodesics
[x,9], [y, 2] and [z, 2] joining the points as sides.

(a) (b)

Figure 2.2: Examples of geodesic triangles.
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Definition 2.10 (Slim Triangles). A geodesic triangle A(z,y,2) in a metric
space, with Fy := [z,y], Ey := [y, 2] and E3 := [z, z], is §-slim if there exists a
6 > 0 such that for every i,j = 1,2,3 with i # j,

dist(w, E; U Ej) <6 for each w € Ej, with k # i, j.

Definition 2.11 (Gromov Hyperbolicity). A complete unbounded geodesic
metric space X is Gromov hyperbolic if there is a constant § > 0 for which
every geodesic triangle is d-slim.

Gromov hyperbolicity of a metric space is a global property reliant on the
metric and does not prevent local positive curvature, whereas general hyperbolic
metric spaces have constant negative curvature as they are spaces of hyperbolic
geometry. The hyperbolic plane is a common example of a space of hyperbolic
geometry and it has curvature —1. The Poincaré disc is a model of the hyper-
bolic plane, representing it as a unit disc where hyperbolic straight lines appear
as arcs on the disc orthogonal to the boundary at the points of intersection, or
as diameters of the disc. If the Euclidean distance from a point to the origin is
7 then the hyperbolic distance on the Poincaré model is 2arctanh 7.

Figure 2.3: The Poincaré disc model.

Due to the negative curvature, the angle sum of triangles in hyperbolic spaces
is less than 7 radians. Since triangle (a) in Figure 2.2 clearly has an angle sum
of less than 7 radians we can imagine it on the Poincaré disc corresponding to
a triangle in the hyperbolic plane. Triangle (b) however does not correspond
to a triangle of such a space, but it is still possible for it to be contained in
a Gromov hyperbolic space assuming the triangle is small enough. Cederberg
[7, Chapters 2.4-2.8] provides a gentle introduction to non-Euclidean geometry
and in particular hyperbolic geometry. Haefliger—Bridson [6, Part 1, Chapters
2 and 6; Part 2; Part 3] takes a more rigorous approach to hyperbolic spaces
and treats the notion of negative curvature and metric spaces of such, before
introducing and exploring Gromov hyperbolicity of metric spaces.



10 Chapter 2. Preliminaries

There are several different but equivalent ways of defining Gromov hyper-
bolicity of a metric space. Another relevant definition makes use of the Gromov
product as follows.

Definition 2.12 (Gromov Product). Let X be a metric space and consider
three points p,q,s € X. Then

(bla)s = 5ldx (s.p) + dx(s.0) — dx (p.)]

is the Gromowv product of p and r with respect to s.

Definition 2.13 ((§')-hyperbolicity). Let §' > 0. A metric space X is (¢')-
hyperbolic if

(plr)s > min{(plq)s, (q|r)s} — ¢’
for all p,q,7,s € X.

Note that the constants from each of the definitions of hyperbolicity are not
necessarily equal to one another.

The equivalence between the definitions is elaborated on in Theorem 4.5. In
the same chapter yet another equivalent definition is mentioned. The reason
we recognize all these different definitions instead of deciding on one is due to
the unique advantages each of them possess — the first is intuitive and easy to
illustrate while the two latter are evidently more suitable analytically.

2.5 Topology and Uniformity

Definition 2.14 (Homeomorphism). Let Y7 and Y3 be two metric spaces. A
function ¥ : Y7 — Y5 is a homeomorphism if

(i) ¥ is a bijection,
(if) ¥ is continuous,
(iii) The inverse function ¥~! is continuous.

Whenever a homeomorphism ¥ : Y] — Y5 exists, Y7 and Y5 are homeomor-
phic, in which case they share the same topological properties; connectedness and
compactness are such properties, while boundedness and completeness are not.
To confirm the validity of the last claim, consider the function & : (0, 1] — [1, 00)
given by h(z) = % It is continuous, is a bijection and has a continuous inverse,
so it is a homeomorphism. However, (0,1] is bounded and incomplete while
[1,00) is unbounded and complete.
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Definition 2.15 (Comparable). Two functions f : F; — Fy and g : G1 — G»
are comparable, denoted f ~ g, if there are comparison constants C, D > 0 such
that

f(z) <Cg(y) and g(y) < Df(x),
for all x € I} and y € G, where C' and D are independent of = and y.

We will use this relation many times throughout the thesis and whenever
two comparison constants are mentioned without explicit reference to any in-
equalities, we let the order that they are mentioned determine which one of C'
and D they correspond to (first to C, second to D).

Definition 2.16 (Snowflake-equivalence). Two metric spaces X and Z are
snowflake-equivalent if there is a homeomorphism ¥ : Z — X such that for
every 2,y € Z,

dx(¥(2),U(y)) ~dz(z,9)° witho >0

and d(z,y) := dz(z,y)7 defines a metric.

Note that d(z,y) := dz(z,y)° always defines a metric whenever ¢ < 1 but
not necessarily otherwise.

Definition 2.17 (biLipschitz equivalent). Two metric spaces X and Z are
biLipschitz equivalent if there is a bijection ¥ : Z — X such that for every
2,y € Z,

dx (¥(2), ¥(y)) = dz(z,y)

with the same comparison constants both ways.

Definition 2.18 (Uniform Domain). A nonempty open subset Q@ & X of a
metric space is an A-uniform domain, with A > 1, if for every pair z,y € Q
there is a rectifiable arc length parameterized curve v : [0,4(y)] — Q with
~v(0) = z and v(£(y)) = y such that

(i) (Quasiconvex) £(v) < Ad(z,y),
(ii) (Twisted cone)

1

dist(v(t), X\ Q) 2

min{t, {(y) —t} for 0 <t < L(y).

The curve v is an A-uniform curve and a noncomplete metric space (£, d) is
A-uniform if it is an A-uniform domain in its completion €2, in which case we
may simply call it uniform as well.






Chapter 3

Constructing a Hyperbolic
Filling

In this chapter we are constructing a hyperbolic filling of a bounded metric
space Z = (Z,d) containing at least two points. First fix parameters a > 1,
E>0,A>1,7>1and ( =max{\,7} > 1. By scaling with some factor & > 0
so that 0 < kdiam Z < 1 we can assume 0 < diam Z < 1. Now, take zy € Z
and set Ag = {z0}. For each n € N*, choose a set A,, D A, _1 such that

Bz(z,6a™™)N Bz (y,éa™") = @ (3.1)

for any two points x,y € A, with x # y, and

Z=|J Bz(z,a™). (3.2)
TEA,

Thus if Z is connected then for every n € N*, 2éa™" < dz(x,y) < diam Z for all
z,y € A, with x # y. If Z is disconnected then there can be exceptions where
two points in A,, for one or multiple n € N* are separated by less than 26a™".
In either case, x and y are always separated by at least £a™™. Furthermore,
depending on Z, it can be possible to choose A, uniquely for each n € N*, or it

may be necessary to have A, = A; for all n € N*.

Example 3.1. Consider the sets Z; = (0,1) and Zy = {0, %} equipped with
the metric d(z,y) = | — y|. For the metric space Z; there are many ways of
choosing A, for each n € N*, but with Z; we either have Ay = {0} or 4g = {3},
and then necessarily A,, = Z for all n € N*.

Fagrell, 2023. 13
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While we allow £ > 0 it is possible that there is a specific set of parameters
with & > 1 for which we cannot choose A,, for some n € N* such that both (3.1)
and (3.2) are satisfied. On the contrary, for any set of parameters with £ < %
we can always find such a subset of Z for each n € N*. We discuss this further
in Examples 3.2 and 3.3 below.

Next we define the vertex set V = J,_, V,,, where V;, = {(z,n) : z € A, }. If
m > nthenz € A, whenever x € 4, soifx ¢ A;, j=0,1,..,n—1,butz € 4,
then it is the first coordinate for points (z,m) € V,,, C V for every m > n and
not for any other point in V. We let two distinct vertices (x,n), (y,m) € V be
neighbours if and only if they satisfy the neighbour conditions

(i) [n—m| <1

(i)
T7Bz(x,a " )NTBz(y,a” ™) £2 if m=n, (3.3)
ABz(r,a ")NABz(y,a ™) #@ ifm=n=+1, (3.4)

in which case we denote their relation by (z,n) ~ (y,m). Along with the
vertex set we introduce an accompanying edge set E, which contains edges
that correspond to the neighbour relations satisfying the above conditions. We
consider these edges to be unit intervals. Finally we let the graph X := (V| E)
be a hyperbolic filling of Z and recognize it as a metric space equipped with
the metric dx (z,y) = inf, £(y), where the infimum is taken over all rectifiable
curves v in X between x,y € X. As such, X is a metric graph. We call a
rectifiable curve in X with vertices as endpoints, or a geodesic ray starting from
a vertex, a path. Due to the similarities between curves and paths the two terms
are used somewhat interchangeably throughout the thesis but with the subtle
difference that the term path emphasizes the structure of the curve from the
perspective of a graph — a connected set of vertices and edges.

A vertex (xz,n) € Vis a parent of (y,m) € V if (x,n) ~ (y,m) and n = m—1,
in which case (y,m) is a child of (z,n). Every vertex has at least one child since
(x,n) ~ (x,n+1) for any (z,n) € V as per (3.4). We call (zo,0) the root of the
graph as it is the only vertex with no parent. An edge that is connecting a child
and parent is said to be vertical, otherwise horizontal. As we may already take
note of, greater values of 7 and A result in more neighbour relations following
the larger radii of the balls in (3.3) and (3.4). In particular, for a fixed 7 we get
more vertical edges by increasing A, while the converse yields more horizontal
edges.

The construction of a hyperbolic filling of Z is now complete and we conclude
this chapter with a comparison of the method and parameters to our main
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reference Bjorn—Bjérn—Shanmugalingam [2]. The construction of A,,n € N,
in [2] is the special case of the somewhat more flexible construction treated in
this thesis, where £ = % and requirement (3.2) is substituted for a maximal-
condition:

Given some n € N*, assume the set A,,_1 is defined and consider the collec-
tion M,, of a~™-separated subsets (d(z,y) > a~™ for every point z and y in the
set with « # y) of Z, each of which contains A,,_;. (M, C) is a partially ordered
set. Let S be a totally ordered subset of M, then the union of the elements in
S is an upper bound to S contained in Z. By Zorn’s lemma, there is at least
one maximal element A, € M,. Thus, we can recursively choose a mazimal
o~ "-separated set A,, for each n € N such that A,, C A,, whenever m > n > 0.
Since A,, is maximal, there is no z € Z satisfying z ¢ Bz(z,a ™) N Bz(y,a™™)
for any x,y € An, so by construction Z = |J,., Bz(z,a™™). Notice that the
maximal condition reduces the possible choices of A,, for each n € N with re-
spect to Ag = {zp}. No such condition is forced on our construction and so we
allow a wider range of hyperbolic fillings of Z for every set of fixed parameters
and root.

Comparing the neighbour conditions, [2, Equation (3.2), (3.3)] treats the
special case of (3.3) and (3.4) where A = 1 and 7 > 1. As [2, Example 8.8]
has shown, it is possible by their construction to find a “hyperbolic” filling that
is not Gromov hyperbolic when A\ = 7 = 1, but as is evident from Chapter
4 and in particular Lemma 4.3 with Theorem 4.6, this issue does not concern
our construction as it takes the necessary precaution of forcing A > 1 through
¢ = max{\,7} > 1. However, in the case that A = 1, we require 7 > 1.

Regarding « it has the same purpose here as in [2] with the constraint o > 1
being obvious. As for the constraint (or lack thereof) set on £ in this thesis, the
following two examples illustrate the comparative freedom we have in choosing
¢ depending on the connectedness of Z.

Example 3.2. Let Z = {{5 : = = 0,1,...,5} where diamZ = % and set
Ay = {0} and A4,, = Z for all n € N*. Then clearly (3.2) is satisfied for any
a > 1, and A, contains A,_; for each n € N*. Set a = 10, then {a™" < %
for every n € N* and any £ < 1, thus satisfying (3.1) whenever £ < 1 since
inf, yez d(z,y) = 1—10 whenever = # y. As such, the set {A, },en can generate a
well-posed hyperbolic filling (by our standards) for choices of £ greater than %
In fact, we can allow any & < 10*, k € N, by setting a = 10¥+1.

Since ¢ is fixed to § in [2] it follows by the similarities of our constructions
that any set of parameters with £ < % yields a satisfactory hyperbolic filling.
With Example 3.2 we have seen cases where much greater choices of £ are
allowed, but the following shows that this is an exception.



16 Chapter 3. Constructing a Hyperbolic Filling

Example 3.3. Let Z be a connected metric space and suppose Ay has been
chosen. For A; D Ay to satisfy (3.1) it is necessary that we choose A; so that
dz(z,y) > &% for any two z,y € Ay with @ # y. By (3.2) it is also necessary
that dz(z,y) < % whenever x and y are adjacent in A;. As such, we need
L < dy(x,y) < % for adjacent z and y in A;, but this can only happen if
&< 2.

A greater value of £ yields larger radii of the balls in (3.1), which results in
fewer points in A,, for each n € N and therefore fewer vertices in X.



Chapter 4

Properties of The Hyperbolic
Filling

For the remainder of this thesis we let Z be a metric space such that 0 <
diam Z < 1 and X be an arbitrary hyperbolic filling of Z with fixed parame-
ters and root zy in accordance with the construction in Chapter 3. Recall that
the metric we equipped X with is dx (x,y) = inf,, £(7).

In this chapter we take a closer look at the properties of X by ultimately showing
that it is Gromov hyperbolic. To begin with, consider the mapping 7 : V' — N
defined by 7((z,n)) = n and set vg := (20, 0) as the root of the metric graph X.

Lemma 4.1. For every v € V there exists a geodesic v between v and vg
corresponding to a path of only vertical edges such that dx (v,vg) = £(y) = 7(v).
Moreover, X is connected.

Proof. We begin by proving the first claim. If v = vy then dx(v,vp) =
dx(vo,v9) = 0 and 7(vg) = 7(20,0) = 0, so suppose v = (x,n) € V with
x € Ay, n € N, such that v # vg. By construction, UzeAj Bz(z,a™7) covers
Z for each j € N, so there exists a sequence {o:j}?:_ol with x; € Aj such that
x € Bz(xzj,a77) for j =0,1,...,n — 1. Hence for each such j # 0,

z € Bz(rj_1,a” 9" Y)YN By(zj,a™)

and therefore

/\Bz(xj,l,a_(j_l)) N )\BZ<xjaa_j) 7é .

Fagrell, 2023. 17
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Set v; = (x;,7) € V. By the neighbour condition (3.4) it follows that
Vg ~ V1 ~ -+ ~ Un_1, which defines a path of vertical edges from vy to v,_1 of
length n — 1. But

x € Bz(z:n_l,of(”fl)) NBz(x,a™™)

so there is a vertical edge from v,_; to v as well. Thus, dx(v,v9) < n. As all
edges in this path from vy to v are vertical and necessary to reach v, it is the
shortest possible path and thus defines a geodesic in X. By definition of dx we
arrive at dx(v,vg) = inf, (y) = n. Since 7(v) = 7((z,n)) = n we finally get
dx (v,v9) = 7(v).

It now follows from the above that, since there is a geodesic from vy to
any v € V, there is a path between any two vertices in V passing through
vg. Therefore, V is connected as a graph and X is pathconnected and thus
connected as a metric space. O

While the following corollary is interesting in itself as it tells us more about
the structure of the hyperbolic filling, it is also relevant for further studies on
X in the upcoming chapters.

Corollary 4.2.

(a) X is a geodesic space.

(b) For every v € V, there is a geodesic ray starting at vo and containing v.
(c) FEwvery geodesic ray starting at vy consists only of vertical edges.
)

(d) Any geodesic from any x € X to the root vy contains at most a half of a
horizontal edge.

(e) X is roughly starlike with M = 1.
Proof.

(a) Take z,y € X with = # y, we want to show that there exists a shortest
curve v in X so that £(y) = dx(z,y). Since edges in X are unit intervals
it is clear that there exists a shortest curve from any point on an edge
to any of its vertices, so it will suffice to show the existence of a shortest
curve joining x and y whenever they are vertices. Let D be the set of the
lengths of every curve in X with endpoints x and y. By Lemma 4.1 we
know that D is nonempty and since dx (z,y) € N* whenever z,y € V it
follows that D C N*. But then there is a minimal element of D, so there
is a shortest curve in X joining x and y.
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(b)

()

5.
Lemma 4.3. Let v = (z,n) and w = (y,m) be two vertices in X. Then

with comparison constants o/ T2 and

Let v € V be fixed. From Lemma 4.1 we know there is a geodesic 7 from
Vg to v, so by construction of X a curve from vy to any w € « along ~
is also a geodesic. Since every vertex in V has at least one child we can
easily extend -y indefinitely so that the curve along v from v to any w €
that is further away from vy than v is a geodesic. Thus, v is a geodesic
ray.

We will show the contrapositive of the statement. Take a ray v in X
and suppose it contains a horizontal edge between vertices v := (z,n) and
w := (y,n). Then {(v|q ) = n for ¢ such that v(t) = v, so £(v];g ;1)) 2
n+ 1 where y(t + 1) = w. By Lemma 4.1 we have dx (vo,w) = 7(w) = n
and so 'y|[07w] is not geodesic and thus + is not a geodesic ray.

If x € V then there are no horizontal edges in any geodesic from z to vy
according to (b) and (c). Similarly, if 2 is on a vertical edge (recall that
we consider edges to be unit intervals) then any geodesic from z to vg is
the extension of a geodesic from vy to the upper vertex of the vertical edge
that x in on, together with the part of the edge that is between x and the
vertex. There are no horizontal edges in such a geodesic. Suppose instead
that x is on a horizontal edge, then x is between two vertices which are
on equal distance from vy. Therefore, any geodesic from = to vy is the
extension of a geodesic from vy to the vertex closest to x together with
the part of the horizontal edge that is between x and the vertex. Thus, for
any r € X, any geodesic from z to vy contains at most half a horizontal
edge.

It follows from (b), (c¢) and (d) that, for any x € X, there is a geodesic
ray v in X starting from the root vy with dist(z,~) < % By definition,
X is roughly starlike with M = 1 O

o~ @l ~ dz(zy) +a " +a™™

Ao

=1, where 1 is the smallest nonnegative

integer such that a < ¢—1.

Proof. Without loss of generality, assume n < m. If z = y then there are m—n
vertical edges between v and w so dx (v, w) = inf,, ¢(y) = m—n, which yields the
Gromov product (v|w)y, = % (m2(v)+ma(w)—(m—n)) = 3(n+m—(m—n)) = n.
Moreover, dz(z,y) = 0 and a~™ < o~ ™. Thus,

O[—(v|w)v0 —aq " < dz(Z,y) +a—n +a—m
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and

dZ(27 y) +a"t+ta "M <a "4+a "= 2a—(1J\u;)UO

so a~ (@ ~ dz(z,y) + ™™ 4+ a~™ with comparison constants 1 and 2, re-
spectively.

Now suppose that z # y and let wg ~ wy ~ -+ - ~ wy, with w; = (y;,n;), i =
0,1,...,k, be a geodesic in X between v = wy and w = wy. Then dx (v, w) = k,
SO

1 1
(Ww)y, = §(dx(v,vo) +dx(w,v) —dx(v,w)) = i(n +m — k).
Recall that ¢ = max{\,7}. It follows from the neighbour conditions that

(Bz(yi, @ ") N(Bz(yiz1,0 ") £ @ i=0,1,...,k—1,

SO
dZ(yiv yi+l) < C(Oé_ni’ + a_ni+1)
and thus by the triangle inequality

E
—

k—1

dz(z,y) = dz(yo,yx) < Y _dz(yi,yiv1) < > Cla™™ + a7, (4.1)
i=0

Il
=)

%

Since n = ng and m = ny, and therefore ™" < (a™™ and a~™ < (a™ "k,
we then get

k—1
dz(z,y)+a"+a "M <a "+a "+ Z Cla™™ 4 it
=0
k-1 k
=a "+ Z Ca ™™ +a "+ Z Ca™m
i=0 i=1
k
<2Y am
i=0
N-1 k
=2¢ a "+ Z a
i=0 j=N

for every N =0,1,...,k k + 1 with Zi]\;)l a~ ™ and Z;?:N o~ ™ empty when
N =0and N = k + 1 respectively. We have that
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k k—N
E a—nj — a—nN + a—TLN+1 + - + a—nk,1 + a—nk — E a—nk,j
j=N 7=0

so with n; > ng —i =mn —4¢ and ng_; > ni — j = m — j it follows that

N-1 k N-1 k—N
20 Z a ™ Z a | < 2¢ Z a "ot + Z a~ ™ol
i=0 j=N i=0 =0

N _ 1 k—N+1 _ 1
2¢ (a"a —&-ofmai

a—1 a—1

2
a—1
2
a—1
— QC (a%(k—m—n)+l _’_a%(k—m—n)—i-l)

a—1

4(a
a—1

A

(aN—TL n ak—N—m+1)

Y

IN

(a%(krfm+n)+17n + akfé(k7m+n)fm+l)

—(v|w)ug

whenever 3 (k—m+n) < N < 3(k—m+n)+1, which shows that dz(z,y)+a "+
a™™ < a~ 1w with comparison constant %. The estimations %(k—m—i—n) <
k+1 and %(k —m+n)+1 > 0 shows that we can indeed choose such an N
with N € {0,1,...,k, k+ 1}.
Next we show a~ ") < dy(z,y) + ™™ + a~™. By Lemma 4.1 there are
geodesics
vg~ UL~ e~ , and wo Wy A~ ~ Wy (4.2)

in X from the root vy = wq to v, = (z,n) and w,, = (y,m) respectively, where
vj := (2;,j) and w; := (y;,1). By construction,

dz(z,zj) <o and dz(y,y;) <a”’

for each j =0,1...,n and ¢ = 0,1...,m respectively. Note that since (z,n) ~
(z,m+1) ~ ... there exist z; € A; with dx(z,2;) < a™7 (e.g z; = z) such that
(2j,7) ~ (2j41,7 + 1) for j > n as well. The same applies to the other path.
Let k be the smallest nonnegative integer such that and a=*=1 < dz(z,y).
Set ko := min{k — [,n}, where [ is the smallest nonnegative integer such that
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a~! < ¢—1, and suppose that kg > 0 to begin with. Then a*o=%* < o= < (-1
from which it follows that
dZ(Za yko) S dZ(Za y) + dZ(Z/? yko)
<aFpa R = g ko (ako*k + 1) < Cofko,
SO
dz(2,yx,) < Ca™Fo. (4.3)

If ¢ = 7 then dz(z,yk,) < Ta* so z € TBz(yk,,a *). Moreover, z €

7Bz(2k,,a"%0) since dz(z, zx,) < a”*0 < 7o~k Thus
TBz(2ky, ) N 7Bz (yg,, ) # @

and therefore (zp,, ko) ~ (Yk,, ko) which with (4.2) yields

(2,1) ~ (zn—1,m = 1) ~ -~ (2hg, ko) ~ (Yo Fo) ~ (4.4)
A~ e AU (ym717m —_ ]_) ~ (ym,m),

where (z,, ko) ~ (Yko, ko) collapses into a single vertex if zp, = yg,. It follows
that dx (v,w) < (n — ko) + (m — ko) + 1 =n+ m + 1 — 2ky and as such,

1 1
(vw)y, = i(n +m —dx(v,w)) > ko — 3
If ¢ = A then by (4.3) we have dz(z,yr,) < Aa"% so z € ABz(yx,,a *0).
Moreover, z € ABz(zxo 11, @~ kot 1) since d (2, 2, 11) < a~FotD) < \q~(kot1),
Thus
)‘BZ<Z/€0+1a O‘_(k0+1)) N )‘BZ<yk0?a_k0) 7é %)

and therefore (zgo+1,k0 + 1) ~ (Y, ko) which with (4.2) yields

(zvn) ~ (Zn—lﬁn - 1) ~e (Zko-i-lvko + 1) ~ (ykovko) ~ (4 5)
~ e (Y1, m = 1) ~ (Ym, m). '

In the special case where ky = n this gives us the path
(z,n) ~ (zn+17n+ 1) ~ (ykouk0> N e Y (ymfhm - 1) ~ (ym7m)

When ko # n, (4.5) yields dx (v, w) < (n—(ko+1))+(m—ko)+1 = n+m—2ko,
whereas the special case results in dx (v, w) < 24 (m—kq). Either way we arrive
at

1
(vw)y, = i(n +m—dx(v,w)) > ko — 1.
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In summary, (v|w)y, > ko — 1 whenever kg = min{k —I,n} > 0. If | > k so
that ko < 0 then (v|w),, > 0 > ko — 1, where the first inequality follows from
the fact that dx (v, w) < m+ n for any two v,w € V. In both cases we get

af(v\w)vo S a*(ko*l) — aa*k‘o

<a (a—(k—l) n a—n) — olt! (a—k _,’_a—n—l)
< ol (adz(z,y) n afnfl) — 2 (dz(z,y) i afnflfl)

< a*?(dz(zy) +a " +a "),
which finally shows that a=(1")w < dz(z,y) + a™™ + a~™™ with comparison
constant o!t2, where [ only depends on o and (. O

The following corollary designs a specific path in X between two vertices
corresponding to two points in Z and it is an immediate result of the method
for reaching (4.4) and (4.5) from Lemma 4.1. The length of the path is the least
of the length of each case, which are estimated analogously to the lengths of
(4.4) and (4.5).

Corollary 4.4. Take two vertices (z,n) and (y,m) in X. Let k be the greatest
nonnegative integer such that dz(z,y) < a=* and let | be the smallest nonnega-
tive integer such that a=' < ¢ — 1. Then, whenever m,n > h := max{k — 1,0},
there exists a curve 7y corresponding to the path
(2n,n) ~ -~ (20, h) ~ (Yn, h) ~ - ~ (Y, m), if¢=r, (4.6)
(znyn) ~ oo~ (2 B 1)~ (Yo B) ~ oo (Yo m), ifC= A,

where z = z, and Yy = Y, and where (zp,h) ~ (yn, h) collapses into a single
vertex if zn = yn. Moreover, the length of v with respect to dx satisfies

dx ((zn,n), (Ym,m)) < L(y) <n+m+2—2h.

As mentioned in Chapter 2 there are several different but equivalent defi-
nitions of Gromov hyperbolicity and we will now see how they go together to
prove the hyperbolicity of X.

Theorem 4.5. Definitions 2.11 and 2.13 are equivalent. In particular, if X is
(8")-hyperbolic then it is Gromov hyperbolic with constant § < 6¢'.

Sketch of proof. The proof relies heavily on the results of Haefliger—Bridson
[6] so the interested reader is encouraged to search there for more details. Note
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that it is necessary for the space of interest to be geodesic, which X is by
Corollary 4.2 (a). The outline of the proof is as follows.

By [6, Proposition II1.H.1.17], Definition 2.11 is satisfied if and only if there
exists a do > 0 such that insize A < §, for all geodesic triangles A in X, where
[6, Definition ITI.H.1.16] provides the definition of insize A. In particular, if
insize A < ¢ for all geodesic triangles in X then X is Gromov hyperbolic with
constant 9.

It is then shown by [6, Proposition III.H.1.22| that Definition 2.13 is equiv-
alent to there existing a do > 0 such that insize A < §o for all geodesic tri-
angles A in X. Specifically, X being (§)-hyperbolic is shown to imply that
insize A < 66 for all geodesic triangles A in X, which concludes the proof. [

Theorem 4.6. X is Gromov hyperbolic.

Proof. By Theorem 4.5 it will suffice to show that X is (4’)-hyperbolic by
Definition 2.13 to show that it is Gromov hyperbolic by Definition 2.11. First
let v=(z,n), w= (y,m) and u = (z, k), then Lemma 4.3 yields

a~@lwvy < ol+2 (dz(z,y) +a ™ +a™™)
< olt? < dz(z,x) +a "+ ofk) + (dz(x,y) +ak am)>

Oél+2 (Z@a—(vu)vo + 4<-Cyoé_(uw)vo)

IN

a—1 a—1
8 +3
8¢a™

— min{ (v|u)vq ,(u|w)vg
a—1 ’

where [ is the smallest nonnegative integer such that o~ < ¢ — 1. Hence

) 8COZI+3
—(v]w)y, log a < —min{(v|)y,, (u|w)y, } log o + log P

which is equivalent to

al+3
(vl0)ey = min{(v]u) ()} ~ log (85_ 1 ) /s,

Notice the similarities of the above and the inequality in Definition 2.13, but
here with s = vy fixed and p,q,r € V. The next step is to show that the
inequality is satisfied whenever p,q,r € X, still with s = vy fixed.
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Take p,q,r € X and let [v/,v], [v/,u] and [w’,w] be the edges of X which
contain one of these points each, in the enumerated order. Then by the above

(0] > mind (v]u) g, (), } — "

143
8" :=log (8550:1 >/loga.

Assuming (v|u)y, < (u|w),,, this yields

where

dx (v, v) +dx (vo, w) —dx (v, w) > dx (vo,v) +dx (vo,u) —dx (v,u) —25" (4.7)

upon expanding the Gromov products. Straightforward calculations yield

dx (v, w) < dX(vo,r) +1,
dx(v,w) > dx(p,r) —

dx (vo,u) > dx (UO,Q) 1
dx(v,u) < dx(p,q) +

With the first two inequalities we get

dx (vo, w) — dx (v, w) < (dx(vo,7) + 1) = (dx(p,7) — 2)
while the two latter give

dx (vo,u) — dx(v,u) > (dx(vo,q) — 1) — (dx(p, q) + 2).

Thus, by cancelling dx (vo,v) and adding dx (vo,p) on each side of (4.7), we
arrive at

dx (vo,p) +dx (vo,7) — dx(p,7) +3 > dx (vo,p) + dx (vo,q) — dx (p,q) — 3 — 25"

which is equivalent to

20" + 6

(BIr)os 2 (Pl@)ue = —
In the case (u|w),, < (v|u),, it can be shown similarly that

26" +6
(Blr)on = (alr)ay = =5
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Thus,
(PI7)ve = min{(plq)uy, (qIr)ve} — (8" +3)
for all p,q,r € X.
By Haeflinger—Bridson [6, Remark ITI.H.1.21], the inequality in Definition 2.13
holds for all p, ¢, r, s € X with double the constant for which it holds when s = v
is fixed, so

(plr)s > min{(plq)s, (ql7)s} — 2(5" +3)
for all p,q,r, s € X. Hence, X is (6")-hyperbolic with

8Calts

a—1

6’::2(6”+3):21og< )/loga+6>0

and therefore Gromov hyperbolic with constant 6 = 66’ by Theorem 4.5. O

As such, the hyperbolic filling X is a roughly starlike Gromov hyperbolic
space, similar to the results of Bjérn-Bjorn—Shanmugalingam [2]. By Defini-
tions 2.11 and 2.13 it follows that X is roughly starlike for all choices of zg € X
and not exclusively for the root vy which was used in the proof of Corollary 4.2
(e). However, as noted in [2, p.202], the constant M may change depending on
the choice of z.



Chapter 5

The Uniformized Boundary of
The Hyperbolic Filling

In this chapter we are investigating the relation between the bounded metric
space Z and the boundary 9. X of the uniformization of its hyperbolic filling by
ultimately showing that 9. X is snowflake equivalent to Z. Whether X, actually
is uniform is the topic of the next chapter, where we also address and expand
on potential issues with € > log a in regard to results involving the parameter
— evidently we often restrict ourselves to 0 < ¢ < log a.

Fix € > 0 and consider the uniformized metric

d.(z,y) = inf/ peds with p.(z) = e~ =dx (@)
Ty

on X, where the infimum is taken over all rectifiable curves in X with endpoints
z and y. Then X, = (X, d.) is the uniformization of X with the root vy = (20, 0)
as its centre and

dse = pe ds,

where ds. is the arc length with respect to the metric d.. Since X is a length
space this makes X, and therefore also X, a length space. Moreover, X, is
geodesic whenever it is compact, and it is compact if and only if Z is totally
bounded; see Proposition 5.7 below for more.

The impact d. has on the hyperbolic filling in comparison to dx is made
explicit by diste (z, 0:X) ~ %pg(:zz). In particular, X, is bounded. In the follow-
ing we will prove these two claims and in doing so also get familiar with X..
First note that for any = € [v, w], where [v,w] is an arbitrary edge of X with
7m(v) < w(w), we have

Fagrell, 2023. 27
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efs(dx(v,vo)+1) < e—adx(x,vo) < efs(dx(v,'uo)fl)

— — b

or equivalently,
pe(@) = pe(v) (5.1)
with comparison constant e® both ways. By Corollary 4.2 there exists an arc

length parameterized (with respect to dx) geodesic ray « : [0,00) — X from vg
and through v so that

diste (v, 0. X) = / ds.,

’Y|[r,oo)

where 7], ) is the restriction of v to [r, 00) with 7], )(r) = ~(r) := v such
that r = €(7|[0,r])' Further, for every v/ > r, v’ = f(’”[o,r'])- Since 'Y|[0,r'] is

geodesic, £([jg ) = dx (Vo 1 (r"); V][0, (0)), and so

r’ = dx(v(r'),(0)) = dx (v(r"), vo).

With ' = r we thus get r = dx(v,vg). As the exception of being the first
integral of this chapter we will treat every step of the computation with care,
hence the details on 'y|[r ) 1t follows that

/ dse. = / pe ds
v ¥

\[r,oo) \[T,oo)

’

= lim ' e—cdx (Y (B)v0) gy

r’—oo [,
dx (v(r"),v0)
= lim o i e~ edx(v(t),vo) gy
r’—o00 dx(v,’Uo)
dx (v(r"),vo)
= lim e et dt
r’—o00 dx(v,’Uo)
1 dx (v(r"),v0)
= lim [—e‘st}
r’—00 g dX(Uﬂ)o)
1 —E& v,V
=z Ax(0v0) = —pe(v),

where the arc length parameterization of v[, ., and the fact that 7" = dx (v(r'), vo)
for all ' > r yields dx (v(¢),v9) =t for t € [r,00) and thus the fourth equality.
Therefore,

diste (v, 0. X) = %ps(v) (5.2)
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and so with (5.1) we get
diste (v, 0:X) =~ pe(x) (5.3)

with comparison constants e® /e and ee®.
Since 7(v) < w(w) we can estimate distc(z, 0. X) by

diste (w, 0:X) < dist. (2, 0-X) < diste (v, 0:X) + de (v, w). (5.4)

If [v, w] is vertical then

1 1 1
dist. (1, 0.X) = ~ pe(w) = Ze~ =¥ () — Zmelix(van) )

€ €
1 —&
— Zeedx(wwo)g—e _ & v) = e “dist.(v,0: X
c c pE g y e
d
an dx (w,vo0) 1
de(v,w) = / dse = / e tdt < ~p.(v), (5.5)
vw dx (v,v0) €

where 7,,, is the arc length parameterized (with respect to dx) geodesic from
v to w which happens to be the edge itself. If [v, w] is horizontal we take the
midpoint m of [v, w] and since the edge defines a geodesic between the vertices
even in this case it follows that d. (v, w) = 2d.(v, m), where

dx (v,v0)+% 1
d.(v,m) = /[ | ds. = / e ctdt < gps(v). (5.6)
v,m d

x (v,v0)

The reason we compute the curve integral along a horizontal edge differently
follows from Corollary 4.2 (d); the curve defining dx (,v) only goes through v
when dx (z,v) < 3 and so dx (z,v9) # dx (v, v9) +dx (x,v) whenever dx (z,v) >
1. Nevertheless, with [v, w] horizontal, we have dist.(w,d.X) = dist. (v, 9. X).
Thus, in both the vertical and horizontal case,

diste (v, 0: X)) < €° diste (w, 0:X)

and

—_

diste (v, 0:X) + de (v, w) < =pc(v) + gpg(v)

w M

= *pE(U)
= 3dist. (v, 9:X),

()
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which together with (5.4) yields

diste (v, 0:X) < e dist(z, 0 X),
diste(z, 0-X) < 3diste (v, 9-X).

As such,
diste (z, 0: X ) ~ dist. (v, 0 X)

with comparison constants 3 and e°. Hence, by (5.3),
diste (z, 0:X) ~ pe(x) for all z € X,

with comparison constants ges and ee?*. In particular, with (5.2) we obtain
diste (vp, 0:X) = %, from which it follows that

_ 2
diam, X, < sup (dg(x,vo) + da(y,vo)) < 2dist. (vg, 0: X) = o
m,yefs

and so é < diam, X, < %

Proposition 5.1. The diameter of the completion X, of the uniformization X,
1s finite and bounded by €, with % < diam, X, < % Moreover,

diste (x, 0: X) =~ pe(2) (5.7)
for all x € X, with comparison constants %es and e?¢.

In the discussion on vertical and horizontal edges we also arrived at the
following, which is quite a powerful tool for estimating the length of an edge
whenever the orientation of the edge is unknown.

Lemma 5.2. Let [v,w] be an edge in X. with w(v) < w(w). Then

2 2
0. <2y _Z —ETI'(’U)'
(1. w]) < 2p0) = 2e

Proof. See (5.5) and (5.6). O

Ahead of this chapter’s main result we introduce the mapping ¢ : V — Z|
defined by ¢((x,n)) = x, along with two additional lemmas.

Lemma 5.3. Let v be the curve defined in Corollary 4.4. Then £.(v), with
respect to d., satisfies

4 4
ds((znvn)a (ymvm)) < 66(’7) < geigh < geis(kil), (58)

where k and | are the greatest and smallest nonnegative integers such that
dz(2n,Ym) < a”% and o=t < — 1 respectively, and m,n > h = max{k —[,0}.



31

Proof. Cousider the arc length parameterized (with respect to dx) curve 7, :
[0,2x (v2)] = X defined by the path (z,,n) ~ -+ ~ (2, h). Then, as these are
all vertical edges, o defines a geodesic and so

" 1
Le(y2) = / ds. = / e~Stdt < Ze~ch,
Y2 h €

Extrapolating this idea onto ~y yields
n m h—i—% 4
le(y) < / et dt + / e =t dt + 2/ e~tdt < —ech
h h h €

whenever ( = 7, where
h+3 2
2 e ctdt < Ze~eh
h 3

estimates the d. length of (25, h) ~ (yn, h). Meanwhile, when ¢ = A, we distin-
guish between two cases: if h < n then

n m h+1 3
l(y) < / e tdt + / e tdt + / e ftdt < Ze~ch
h h h €

where
h+1 1
/ e—Et dt S 7€_Eh
h e

estimates the d. length of (zp41,h + 1) ~ (yn, h). If h =n then
m h+1 3
l(y) < / e tdt + 2/ e~ctdt < Ze~ch,
h h €

where

h+1 92
2/ eftdt < Zemh
h 13

estimates the d. length of (z,,n) ~ (zp41,n + 1) ~ (Yn, n).
Thus, we conclude that

675h < éefe(kfl)' 0

le(7) < -

|~

Lemma 5.4. Fiz 0 < e <loga. Then for all vertices v,w € V,

dz((b(v), ¢(w))a < DdE(an) with o = IOgOﬂ

where D = (2(a) 7.
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Proof. Let
Wo ~ Wy ~ -t~ W

be a path v in X, with wy = v and wy = w. Without loss of generality we can
assume 7(v) < m(w). Then, similar to how we arrived at (4.1) with the use of
the triangle inequality, we get

k-1 k—1
dz(¢(’lj)7¢(’w)) < Zc(a—w(wi) + aw(wi+1)) < 2(Za—w(wi)7
=0 i=0

where the last inequality follows from o~ 7(®0) > o~™(®r) and is easily seen upon
expanding the sum.

With o = @ we have ef = a?, so then e c(T(wi)+1) = o=oq=m(wi)o  GQince
k-1
le(y) = ZEE([wiawi—H])a
i=0
where
(w;)+1

Lo ([wi, wig]) 2/

m(wi)

e~ gt = e—e(m(wi)+1) (es — 1) > e—e(m(wi)+1)
9

regardless of the orientation of [w;, w;11], we thus get

k—1 k—1
()2 3 amra-twr _qmr 3 gorlue
=0 =0
k—1 7 -
>a° Za—ﬂ(wi) >a 7 (dZ((b(/l;)gv (b(w))) ’
=0

where the second to last inequality follows from the fact that o < 1. By taking
the infimum over all curves in X, from v to w we arrive at

de(v,w) = (2C0) ™7 dz(d(v), d(w)). N
Proposition 5.5. Fiz 0 < ¢ < loga, then Z and 0.X are snowflake-equivalent
with o = @ < 1 and comparison constants ga"(“‘l) and (2Cct)?, where 1 is

the smallest nonnegative integer such that o=t < ¢ — 1.

Proof. First we show that there exists a well-defined mapping W : 7 — 0.X.
Let z € Z, then there exists a Cauchy sequence {z;}jen in Z converging to
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z. Fix j € N, then by Lemma 4.1 there exists a sequence {2} },,en C Z with
z), € Ay, and 2}, — z; so that

(zg,O)N (z{,l) ~ N(zfn,m) ~ (zf-,l+1,m+l) ~

and z; € Bz(z),,a™™) for each m € N by construction. Note that for each
JEN, z; € Bz(2],,a™™) implies dz(z;, 27,) < a~™ for all m € N.

Let ¢/ > 0 be arbitrary. Since {z;},en is a Cauchy sequence, there exists an
N € N such that dz(zm, 2n) < %/ whenever m,n > N. Moreover, with M € N
chosen so that o= < %, it follows from the above that for each (fixed) j € N,
dz(z,2,) < %/ whenever m > M. Thus, dz(zm, zly) < %/ whenever m > M,
where 2 is the m’th element of the sequence {z"};en C Z corresponding to
Zm € Z, and we arrive at

/ EJ EI ,

€
dz(zm, zp) < dz(z), 2m) + dz(2m, 2n) + dz(2n, 25,) < 3 + 3 + 3= €

whenever m,n > max{N, M }. Hence, {z"}en is a Cauchy sequence in Z.
Consider the sequence {(z7,m)}men in X. and take (27, m) and (27, n)
for m,n € N. Since X, is connected, there is a path ~y,,, between these two
vertices. Let k be the greatest nonnegative integer such that k& < min{m,n}
and dz(2™,2") < a~*. Also, | is the smallest nonnegative integer such that
a~! < ¢ —1, which will be the case for the remainder of the proof. Then we
can assume “,,, is the path given by Corollary 4.4, in which case it follows from

Lemma 5.3 that

CYES

de((z,m), (z7,m)) < be(y) < e, (5.9)
Since the sequence {2 },,,en is Cauchy, we can choose K € N such that dz (2], 2)
is small enough and min{m, n} large enough to make k large enough for

éefs(kfl) <é.
€
Thus,

d-((2]",m), (2,n)) <&’ whenever m,n > K,

so { (27", m) }men is a Cauchy sequence with limy, o (27, m) € 0. X.

Set U(z) = limy, 00 (27, m). Evidently the sequence { (27, m)} men is Cauchy
in X, so the limit exists in X. and in particular it is located on the boundary.
To show that U is well-defined, let {Z;};en be another Cauchy sequence in
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Z which also converges to z, and consider its corresponding Cauchy sequence
{(Z",m)}men in X.. By Corollary 4.4 and Lemma 5.3,

do((z™,m), (2™, m)) < 4 et (5.10)

m? m e
where we now let k be the greatest nonnegative integer such that

k<m and dZ(zz,éﬁ)gafk.

Since
de(zzs7 ZA’:Z) < de(z:qgazm) + de<zma ém) + ds(émaézr?)v

where de (207, 2m) < ™™ = 0, de(Zm, 277) < ™™ — 0 and d.(2m, 2m) — 0 as
m — 00, it follows that k — oo and thus by (5.10) that d.((z7, m), (27*,m)) — 0
as m — oo. We arrive at lim, o0 (27, m) = limy, 00 (27, m) = ¥(2), so then
U is well-defined and gives the map ¥ : Z — 9.X.

In order to show that ¥ is a bijection we will first show the equivalence
de (U (2),¥(y)) =~ dz(z,y)? since the injective and surjective property of ¥ fol-
lows fairly easily from there. Furthermore, it is a necessary condition for the
snowflake-equivalence between ¥ and Z, so it needs to be shown regardless.

Take z,y € Z with z # y and let k be the greatest nonnegative integer such
that k < m and dz(z,y) < a~*. Then by Lemma 5.3,

4
d-(0(2), ¥(y)) = lim do((z,m), (ym,m)) < —e=*70.
m— 00 5
With ¢ = =% we have e* = a“, which yields

log o

do—etmn 4ot _ 2 ot g o Loy
£

2,9)7,
13 13 13

and so 4
d:(¥(2),¥(y)) < gag(lﬂ)dz(z’y)g-

Moreover, from Lemma 5.4 it also follows that

de(¥(2),¥(y)) = lim d-((zy,,m), (Ym,m))

lim %dZ (QS((Z:Z? m))7 (b((y:?nlv m)))”

1 1
lim_ —dz (5, 9)" = Sdz(2,9)"

m’JIm
m—r o0

Y

Hence, d.(¥(z), U(y)) ~ dz(z,y)” with comparison constants 2a7(+1) and 4 =

(2¢a)?.
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To show that ¥ is injective we show the contrapositive. Take z,y € Z such
that W(z) = U(y), then d.(¥(z),¥(y)) = 0 but de(V(2), U(y)) > & dz(z,y)°
so dz(z,y) = 0 and therefore z = y. Thus, ¥ is injective.
To show that U is surjective, consider a Cauchy sequence {z;},cn in X, with
2 = limj o z; € 0- X and let ¢’ be arbitrary. Then there exists an N € N such
that de(xpn, Tm) < %/ whenever n,m > N. Note that for each 7 € N there is a
vertex v; satisfying dx (vj,z;) < 3 and so d.(v;,z;) < Le==7(*). Thus
de(vvu Um) < de(vnv xn) + de(xna 'Tm) + da(xvm Um)
!/
<} (efsﬂ(v") + 67577(1)7,1)) +%

£

whenever n,m > N. Take M € N such that %e‘E’T(W) < %/ (which exists since
m(z;) — oo and therefore w(v;) = 00 as j — 00), then

d-(vp,vm) <& whenever n,m > max{N, M},

so {v;}jen is also a Cauchy sequence in X, with lim;_, o v; = lim;_,oc ; = .
Now set z; := ¢(v;) € Z. It follows immediately from Lemma 5.4 that
{#;}jen is Cauchy in Z with 2, := limj,c2; € Z. Take vj, j € N, and
U(2s) € 0:X, then there exists a greatest nonnegative integer k such that
k<m(v;) and dz(zj,200) < F
so by Corollary 4.4 and Lemma 5.3 it follows that d.(v;, ¥(2s)) < %e‘f(k_”.
But

lim d(zj,200) =0 and m(v;) Eimtale
j—o0

so k — 0o as j — oo, which yields lim;_, de(v5, ¥(250)) = 0 and thus ¥(z) =
lim; ;o v; = 2. O

Corollary 5.6. Z and 0.X are biLipschitz equivalent when ¢ = log o, with
comparison constant 4Ca?', where | is the smallest nonnegative integer such
that o=t < ¢ — 1.

Proof. By Proposition 5.5 there is a well-defined homeomorphism ¥ : Z — 9.X
such that

=

do(W(2), ¥(y)) < —a”TVdg(2,y)

D)

and
dz(z,9)7 < (2€a)7d:(¥(2), ¥(y)). (5.11)
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If e =loga then 0 = = =1 and

log

4 o) ot < 4al,
€ log o

since & > loga. Further, a=! < ¢ — 1 < ( so 4a! = 4a~'a? < 4¢a?, which
yields

écu”(l“) < 4Ca21.
€
Moreover, since [ is a nonnegative integer, we get (2¢a) = 2¢a < 4¢a?!. Thus,

d=(¥(2), ¥(y)) < 4¢adz(2,y)

and

dz(z,y) < 4Ca®d-(¥(2), U (y)), (5.12)
and therefore d.(¥(2), ¥(y)) ~ dz(z,y) with comparison constant 4¢a?' both
ways, which concludes the proof. O

We bring this chapter to a close with a collection of statements which elab-
orates on the structure of X, and 9.X and how it depends on properties of Z
and the construction of X. Note that V,, may be referred to as vertex layer n
due to the structure of X, appearing as a graph of several layers of vertices and
with edges within a vertex layer or across adjacent vertex layers. Moreover, the
degree of a vertex specifies the number of neighbours it has.

Proposition 5.7. The following are equivalent:

(a) Z is totally bounded,

(b) each vertex layer V,, is finite,

(c) every vertex in X has finite degree,
(d) X and X, are locally compact,

(e) X. is compact.

Additionally, X, is geodesic whenever any of these hold, and if ¢ < log«a then
0:X is compact if and only if any and all of (a)-(e) holds.

Sketch of proof. The proposition is identical to Bjorn—Bjorn—Shanmugalingam
[2, Proposition 4.6] and the proof with respect to their construction of X and
X. works well with ours in this case. In particular, [2] shows that (a) holds
whenever X, is compact by using the fact that compactness is a topological
property and that X, and Z are homeomorphic as per Proposition 5.5. Ascoli’s
theorem is then used to show that X, is geodesic when X, is compact. O



Chapter 6

Uniformity of X;

We now make the claim that the uniformization X, of the hyperbolic filling X is
uniform whenever ¢ < log . This chapter is dedicated to prove this statement.

Theorem 6.1. For every € satisfying 0 < € < loga, X, is uniform with the
constant

A = max {SeE(HB), 8646} ,
€

where 1 is the smallest nonnegative integer such that o=t < ¢ — 1.

Proof. We want to show that X, is an A-uniform domain in its completion X,
with A > 1. To this end, we determine a quasiconvex curve between an arbitrary
pair of points in X. and show that it satisfies the twisted cone condition. As
usual, [ is the smallest nonnegative integer such that a=! < ¢ — 1. Also recall
that o = @ and therefore a” = e®.

Take z,y € X, © # y, with € [v,v'] and y € [w,w'], where [v,v’] and
[w,w'] are edges defined by vertices v,v’,w,w’ € X, such that v # v' and
w # w'. Set w(v) == n and w(w) := m. Without loss of generality, we can

assume that
diste (x, 0: X) > diste (y, 0:X),

which implies n < m+ 1. Assume further that v and w are two (not necessarily
unique) vertices of [v,v’] and [w,w’] which are the closest to one another with
respect to d.. We distinguish between two main cases: either v # w or v = w.
In particular, in the first case every vertex is distinct while in the second either

v~ v~ w with v = w, or [v,v'] = [w,w'].
Case 1: v # w. Let k be the greatest nonnegative integer such that
k <min{n,m} and dz(¢(v),d(w)) <a~*, (6.1)

Fagrell, 2023. 37
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and consider the curve v from v to w thus given by Corollary 4.4. By Lemma 5.3,

le(y) < domeh < dometen)
g g

where h = max{k —[,0}. Set

Yy = [CU,’U] Uyu [w’y]a

which defines a curve from x to y with 7,y D . Then, by Lemma 5.2,

EE(Vo:y) = d.(z,v) + K@('Y) +de(w,y)

< ge—a(n—l) + ée—ah + ge_g(m_l)
=7 5 .
S ée_ah + %e_a(min{n,m}—l)

€ €
= ée—ah 1 +e—a((mirl{n,7r;}—1)_h)>

3

g
< 41 + ¢ en
9
8e* .1
E 6.2

=g € ( )
— §676(h71)

3
< §efa(k7l71)
T €
= §e—8(k+1—(l+2))

3

8 e(l+2) ,—e(k+1)

3
< §66(Z+2)(0¢_k_1)0_ (63)

3

Note that by Equation (6.1),

a” "t < dz(¢(v), ¢(w)) (6.4)
whenever k < min{n,m}, so if k¥ < min{n, m} then

geg(”m(a*k*l)o < §e€(l+2)dz(¢(”):¢(w))g

oo ™

< =" (2(0) 7 d. (v, w),

L}
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where the last inequality follows from Lemma 5.4. Since 2(a > 1 we have
(2¢)™7 < 1, and d. (v, w) < de(z,y) by assumption, so k < min{n, m} yields

68(’)%1/) S §€€(l+2)d6(x’y) S Ad&‘(‘xay)

If instead k& = min{n,m} > n — 1 then (6.4) does not necessarily hold.
However, since v # w, there is an edge v ~ u with u € V' such that

n—1<m(u)<n+1

on the curve which defines dc(x,y). As such,

n+1 e 1
de(z,y) > / dse > / et dt = ¢—c(n+1) ()
[U,u] n 12

> efs(nJrl) > efs(k+2) — (a7k72)0 _ afa(afkfl)a — efs(afkfl)o.

As shown leading up to (6.3), 2e5(+2) (a=#1)7 > £, (v,,), so then
8 <o) 8 c(1+2)( —k—1\o
€ ge de(xay) 2 ge (04 ) 2 éa('}’my)

Thus, even when k = min{n, m}, we arrive at
le(Vay) < Ad(z, ).

What remains is to show that dist.(vzy(t), 0:X) > % min{t, {c(vzy) —t}, for
all t € [0, £o(7yay)], where 7, and 7 are parameterized by arc length with respect
to d.. Our approach is to divide into cases by first assuming h < min{n,m},
then h = n and finally h = m.

Suppose first that h < min{n, m}, then 7 consists of two vertical segments
connected by either a horizontal (possibly collapsed) edge (if ( = 7) or another
vertical edge (if { = \). Take ¢ € [0, €(vzy)]. We shall consider the cases where
Yoy(t) is on [z,v], the vertical segment connecting to [z,v], or the (possibly
collapsed) horizontal /vertical edge. If v, (t) € [z,v], then by Lemma 5.2,

56(%01;’[0 t]) < / dse < le_emin{ﬂ(v)’ﬂ(vl)} < le_s(n_1)~
’ [v,v'] €

)

Moreover,

=28 —edx (Yo (D)00) > L2 —ctntn) _ L —ac —c(n-1)

diste (Vay(t), 0:X) 2>
st (72 (1), 0.X) - -

M | =
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by Proposition 5.1, so
e e, (%y|[07ﬂ) < diste (Yay (1), 0-X). (6.5)

Next, if v, (t) is somewhere on the vertical segment of 4 connecting to [z, v],
then dx (Vzy(t),v0) < m(v) = n and so

za(%cyho t]) < / ds. +/ dse
' [v,v'] dx (Yay(t),v0)

1 o0
—e~s(n—D) +/ dse
€ dX(’Yzy(t)v'UO)

leEG*EdX('Yzy(t)»UU) + /oo dSE,
3 dx (Vay(t),v0)

IN

IN

where fg(%y(t)’vg) ds. = dist. (Vay(t), - X ). Further, by Proposition 5.1,

e™edx (eu(®:0) < 2628 dist, (v, (1), 8. X). (6.6)

As such,
Ce (gl g,y) < (€% + 1) diste (70, (1), 0:X),

or equivalently,

1

WEE(’wa|[O¢]) < diste (Yay (1), 0:X).

Finally, if 74y (t) is on the horizontal/vertical edge connecting the two vertical
segments of v then dx (Yzy(t),v0) < h + 1. Recall that (. (vsy) < 8e~*" by
(6.2), so then

€ €
fs(’me’[o,t]) < 5 e M < 782 efe™edx Yoy (t),v0)
With (6.6) we thus get
e4e .
Tﬁf(%y‘[o,t]) < diste (Ypy (), 0:X). (6.7)

In summary, since A > max{8e*¢, % 4 1, e},

. 1 1
diste (Yay (1), 0-X) > Zﬁa(%yhmﬂ) =t

for every t € [0, £-(7yzy)] such that v,,(t) is on [z,v], the vertical segment con-
necting to [z, v], or the (possibly collapsed) horizontal /vertical edge. Let 7y, be



41

Yzy but with reverse orientation. Then, by symmetry, the same result applies
t0 Yye when 7., (t) is on [y, w], the vertical segment connecting to [y, w] or the
(possibly collapsed) horizontal /vertical edge. Thus,

1
diste (Ygy (£), 0: X) > 1 min{¢, {.(ygy) —t} for all ¢t € [0, 4 (ay)],

when h < min{n,m}.
Now suppose that h = n. The only relevant difference from when h <
min{n,m} is when ¢ = X since we then need to take the vertical edge

(Zn7n) ~ (Z’n+17n + 1)7

where z,, 2,41 € Z, into account. Therefore, we again consider the reverse
oriented curve 7,, and take t € [0,£.(7yz)] such that v,,(t) is on this vertical
edge. But then dx (v,4(t),v0) < h+ 1 and we obtain (6.7). Thus,

1
diste (Ygy (£), 0: X) > 1 min{¢, €. (yzy) —t}  for all ¢t € [0, 4 (vay)],

in this case as well.
Finally, suppose that h = m and note that by construction of v, we have
n > m and
dist (Yay (t), 0: X ) > diste(u, 0:X)

for all such ¢, where u € V such that m(u) = n + 1. But then
m(u) <m+2=h+2,

so with (5.2) we get
€—€(h+2) _ 6_26 —sh.

1
diste (u, 0:X) = ge_s("'H) > 5

M | =

Since £c(Vay) < %B*Eh by (6.2) it follows that

6—35 6—35 1
g leOmy) 2 =t = 2t 1€ [0,4(1my)],

so diste (Yzy (), 0:X) > % min{t, £ (ygy) — t} for all ¢ € [0, e (Yuy)]-

In conclusion, 7, is a quasiconvex curve which satisfies the twisted cone
condition independently of h. Hence, 74y is an A-uniform curve.

Case 2: v = w. In addition to v = w we either have v/ # w’ or v/ = w’
so there is at most one vertex, assuming to be v, between x and y. Thus, by
Lemma 5.2,

diste (u, 0:X) >

2
de(z,y) < / dse +/ ds. < Ze—s(n=1),
[z,7] [v,9]

[
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Let 44, be the curve defining d.(x,y) (which immediately makes it quasiconvex
with constant 1), and let u be a vertex with m(u) > n + 1. Then with (5.7) we
get

diste (zy (t), 0:X) > diste(u, 0. X) for all t € [0, € (Yzy)]s

where

1 e—2¢
dista(u, 35X) = EE*E(nJrl) — ?efs(nfl)

’
SO

6—25 6—25

5 de(z,y) =

. .
&-:(%cy) > 5o mm{tvga(wa) —t}

distg (’/ygjy (t)v aEX) Z 2626

for all t € [0,0:(4.y)]. Notice that 2e? < 8e?® < A, so 9, is an A-uniform
curve, thus concluding the proof. L

As shown by Bjorn-Bjorn—Shanmugalingam [2, Proposition 4.1], it can hap-
pen that the boundary of X. only consists of one point if ¢ > loga. The
result specifically concerns pathconnected metric spaces Z where there exists
an L < oo such that ¢5(yz) < L for some path 7z joining arbitrary points
x,y € Z. In particular, it means that Z and 0.X are not homeomorphic and
that X, is not uniform, see Rogovin-Shibahara—Zhou [8, Corollary 4.4] for more
on the latter claim. Hence, we set the constraint 0 < € < log @ whenever we
work with arbitrary metric spaces Z.
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