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1 Introduction

1.1 The Farrell-Jones Conjecture

The Farrell-Jones Conjecture, if true for a group G and a ring R, provides
a strategy for computing the K-theory of the group ring R[G] in terms of
the K-theory of group rings of the form R[V]| where V is a virtually cyclic
subgroup of G. (There is also a version of the Farrell-Jones Conjecture for
L-theory but we are not interested in that version here.)

In the particular case R = Z, the Farrell-Jones Conjecture would allow
us to more easily compute K, (Z[G]). This case is interesting in topology be-
cause the Whitehead group, which for example appears in the s-cobordism
thoerem, is a quotient of K; (Z[G]).

The Farrell-Jones Conjecture also has direct applications to other con-
jectures, such as the Kaplansky Conjecture about idempotents in the group
ring R[G]. See [BLR08b] or [LRO5] for more information about the Farrell-
Jones Conjecture and its applications.

In [BLRO8c] Bartels-Liick-Reich proved that the Farrell-Jones Conjecture
holds for a hyperbolic group G. Their proof made use of special covers
of G x X where X is the Rips complex associated to G and X is the com-
pactification using the Gromov boundary. These covers were constructed
in [BLR08a], using a flow space, first defined by Mineyev in [Min05]. Spe-
cial covers were constructed over this flow space and then pulled-back
to G x X along a suitable embedding.

In this thesis we construct a flow space for a relatively hyperbolic group,
i.e. a group G that is hyperbolic relative to a set of peripheral subgroups.
The hope is to use this flow space to prove that if the Farrell-Jones Conjec-
ture holds for all the peripheral subgroups then the Farrell-Jones Conjec-
ture also holds for the group G.
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1.2 Relatively hyperbolic groups

The concept of a hyperbolic group was first introduced by Gromov
in [Gro87] and since then there has been considerable research on hyper-
bolic groups.

Relative hyperbolicity generalises this concept by allowing the group to
be non-hyperbolic so long as it only behaves in a non-hyperbolic manner
within certain subgroups. So, informally, a group G is hyperbolic relative
to a set P of subgroups if G is hyperbolic outside the subgroups P € P and
their conjugates (see section 2.4 for an exact definition). Hence, if the sub-
groups P € P are themselves hyperbolic then G is hyperbolic everywhere,
and thus is a hyperbolic group (see [Osi06, Corollary 2.41] for a proof of
this fact).

Since we have refrained from giving an exact definition here we instead
give some examples of groups and subgroups to which they are relatively
hyperbolic.

e A group is hyperbolic if and only if it is hyperbolic relative to the triv-
ial subgroup, hence relative hyperbolicity is indeed a generalisation
of hyperbolicity.

e If G = A x B is a free product then G is hyperbolic relative to {A, B}.
More generally, if G = A *y B is a free product amalgamated over a
finite subgroup H then G is hyperbolic relative to { A, B}.

e If X is a systolic complex with isolated flats and G acts cocompactly
and properly discontinuously on X then G is hyperbolic relative to
its maximal virtually abelian subgroups of rank 2 (see [Els, Corollary
5.14]).

e A limit group is hyperbolic relative to its maximal non-cyclic abelian
subgroups (proven independently by F. Dahmani as [Dah03a, Theo-
rem 4.5] and E. Alibegovi¢ as [Ali05, Theorem 3.4]).

e More geometrically, the fundamental group of a hyperbolic manifold
with finite volume is hyperbolic relative to the cusp subgroups.

Many facts about hyperbolic groups have been proven to hold for rel-
atively hyperbolic groups, assuming that the fact holds for all of the pe-
ripheral subgroups. For example, Osin proved that a relatively hyperbolic
group G has a solvable word problem if all the peripheral subgroups have
a solvable word problem (see [Osi06, Theorem 5.1]) and that if none of the
peripheral subgroups contain a copy of a Baumslag-Solitar group then nei-
ther does G (see [Osi06, Corollary 4.22]).
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Therefore it is reasonable to ask if a group G is hyperbolic relative to P
and the Farrell-Jones Conjecture holds for all the peripheral subgroups then
does it also hold for G?

The Farrell-Jones Conjecture can be generalised to allow an arbitray
family of subgroups instead of using virtually cyclic subgroups. With this
more general version there is a transitivity principle, (see [LR05, Theorem
2.9]) that says;

Suppose &, F are two families of subgroups of G with £ C F and for
Fe FletENF ={ENF|E € &}. If the Farrell-Jones Conjecture with the
family F holds for G and the Farrell-Jones Conjecture with the family £ N F
holds for all F € F then the Farrell-Jones Conjecture with the family &
holds for G.

Then given a group G that is hyperbolic relative to P we can define
the family F[P] to consist of all virtually cyclic subgroups and all periph-
eral subgroups, and then ask whether the Farrell-Jones Conjecture with the
family F[P] holds for G. The transitivity principle would then imply that if
the Farrell-Jones Conjecture (with the family of virtually cyclic subgroups)
is true for all the peripheral subgroups then it is also true for G.

1.3 The flow space

If a group G is hyperbolic relative to a set P of subgroups then Mineyev
and Yaman in [MY06] constructed a simplicial complex X associated to G,
which can be thought of as an analogue of the Rips complex for a hyper-
bolic group. In particular, the space X is contractible, has finite dimen-
sion, and its 1-skeleton is a Gromov hyperbolic metric space. Further-
more, we can define a Gromov boundary for X and hence get a topological
space X = X U 0X (see section 2.5).

In [Min05] Mineyev also defined a flow space associated to what he calls
a "hyperbolic complex’, which is a simplicial complex whose 1-skeleton is
a uniformly locally finite, Gromov-hyperbolic graph.

If (Y,dy) is a uniquely geodesic metric space then we can take the flow
space FS(Y) to be the space of all geodesics in Y. These geodesics may be
finite or infinite in length, so we say amap c: R — Y is a generalised geodesic
if there are real numbers ty < t; € [—00,00] such that |, is a geodesic
and c is constant on (—oo, o] and [#;,0). Then

FS(Y) :={c: R — Y | cis a generalised geodesic}
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with the topology defined by the metric

des(c,c') = /Re’%“‘dy(c(t),c’(t)) dt.
The flow on FS(Y) is given by translation on R, i.e. ®.(c)(t) := c(t + 7).
Then the flow space constructed by Mineyev in [Min05] is a space that for-
mally replicates what happens in the case of a uniquely geodesic space.

Unfortunately, the space X constructed in [M'Y06] does not have a uni-
formly locally finite 1-skeleton (in fact the 1-skeleton is not locally finite at
all) and so the construction in [Min05] is not applicable.

Therefore, the construction of the flow space has to be adapted to use
the properties we do have about the 1-skeleton of X, in particular we need
to use the uniform fineness of the 1-skeleton.

Fineness is a property about graphs that is weaker than local finiteness,
and can be thought of as a kind of local finiteness for edges. Fineness was
introduced by Bowditch in [Bow97] and in this thesis will be a fundamental
ingredient in the construction of the flow space. In section 2.3 we will give
a definition of fineness and state the facts we will need later on.

Chapter 7 is about the properties of this flow space. In section 7.1 we
examine the topology of the flow space induced by the metric, and in par-
ticular prove theorem 7.3 that says there is a homeomorphism

(X x X\A(X)) x R — (PS(X)\PS(X)R, J)

where the domain of the map has the standard product topology.

The important properties are found in section 7.4, where we look at
what happens when two formal geodesics have a common end-point. We
prove that under the action of the flow two such formal geodesics become
arbitrarily close, as stated in the following theorem.

Theorem (7.5). Let X be a simplicial complex whose 1-skeleton is a uniformly
fine, Gromov hyperbolic graph. For any x,x' € X,y € X and all t,t' € R there
exists a constant ty € R such that

dps (D (x,y,t), P (¥, y,t' + 1)) — 0 asT — oo.

Since we are specifically interested in when we start with a relatively
hyperbolic group we can say even more;

Theorem (7.6). Let G be a group that is hyperbolic relative to a finite collection P
of subgroups and let X be the associated simplicial complex from section 3.1. Fix a
base-point xo € X and let G act on G x X via the diagonal action.

There is a continuous G-equivariant map j: G x X — FS(X) that satisfies
the following property;
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Forany a > 0 there is a function fy: R — [0, 00) with f,(T) — 0as T — oo,
and thereisa B = B(a) > Osuch that forall ¢, h € Gandy € X, ifdg(g,h) < a
then there exists some ty € [—p, B] such that for all T € R

drs (Pj(gY), Prrtj(hy)) < fulT).

An informal explanation as to what this theorem is actually saying can
be found after its appearance in section 7.4.

1.4 Outline of the Construction

The goal of this thesis is the construction of a flow space associated to a
simplicial complex X whose 1-skeleton G is a uniformly fine, Gromov hy-
perbolic graph (such as the simplicial complex X associated to a relatively
hyperbolic group in [MY06]).

The set underlying the flow space FS(X) is defined in section 3.3 and
uses the idea of Mineyev in [Min05]. The definition of the metric on FS(X)
is the complicated part. In section 3.4 we start the construction of this met-
ric, but it will not be completed until section 6.3. The construction requires
that the double difference

(x, x|y, y') =d(x,y) —d(x,y") —d(x',y) +d(x',y)

of four points x,x’,y,y’ € X can be extended to allow x,x’ to be points
in the boundary 0X. However, this is not necessarily possible if we start
with the standard metric on G and so we need to create a new metric on G
for which the double difference can be extended. In the original hyper-
bolic case covered by Mineyev, the construction of this metric was done
in [MY02] building on work in [Min01].

A possible way to adapt the work from [Min01] was suggested Mineyev
and Yaman in [MY06] and is done here explicitly in chapter 4, although we
do not use precisely their suggested method.

The idea is to consider the vertex set V = V(G) and edge set E = E(G)
as bases of Q-vector spaces QV and QE respectively, and then construct a
map g: QV & QV — QE such that g(a,b) is the end result of some kind
of projection from b to a. The projection is built from many small steps in
an iterative fashion. Each step is a projection by a distance y, where y is a
fixed constant.

We start with a map fy: QV @ QV — QE in section 4.1 that depends
on a constant X. This map is the first step in the projection towards the
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sphere of radius X around 4. The element fy(a,b) € QE is in essence an
average over the intersection of a sphere around a with a neighbourhood
of the geodesics from a to b. This averaging procedure is why we need to
work over edges instead of vertices, because we can use fineness to ensure
we are averaging over finite sets, whereas if we worked with vertices then
the analogous sets could be infinite. Hyperbolicity tells us that if b and ¢
are close then the geodesics from a to c¢ are close to the geodesics from a
to b, in particular we get the following;

Lemma (4.6). There exists a constant o € (0,1) such that for a,b,c € V
ifd(b,c) <2uand

d(a,b) = (m+1)u+X=d(a,c)
for some m € IN then

|fx(a,b) — fr(a,c)[1 < 210.

Section 4.2 is concerned with what happens when we iterate fx. Then
in section 4.3 we define the map gx: QV © QV — QE, which is given by
repeatedly applying the small step fy until we reach the sphere of radius X.
A crucial property of this map is the following proposition,

Proposition (4.18). If2u > 76 + 4 then there are constants L > 0and A € (0,1)
such that for all a,b, b’ € V

lgn(a,b) — gu(a,b')|; < LACIY)
where (b|b'), = 1(d(a,b) + d(a,b') — d(b,b')) is the Gromov product.

Then in section 4.4 we take an average over such gy using initial spheres
of differing radii to get the map g.

The element g(a,b) € QE was the result of a projection from b to a, but
turning around our point of view we can also think of it as the first step
in moving a towards b. By counting how many times we have to apply ¢
to move a to b we get a function r: QV & QV — [0, 0) which is our first
attempt at a new metricon V = V(G). This function is defined and studied
in section 5.1. Although this work is based on ideas from [MY02] the results
in chapter 5 are completely new.

The main results about the function r are summarised below.

Theorem. The function r: QV & QV — [0, o) satisfies
(i) There exists a constant K > 1 such that for all a,b € V

%d(u,b) <r(a,b) <d(a,b).
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(ii) There exists a constant N > 0 such that for all a,a’ € V

r(a,b) = r(a,b)| < d(a,a’) + N.

(iii) There exists a constant M > 1 such that for all a, b, b’ € V

|r(a,b) —r(a,b')| < Md(b,b).

(iv) There exist constants C > 0,w € (0,1) such that for all a,a’,b,b’ € V
ifd(a,a’) <1landd(b,b') <1 then

|#(a,b) —r(a,b’) —r(a’,b) +r(d, V)| < Cw?(@b),

This theorem is a combination of proposition 5.2, lemma 5.5, propo-
sition 5.8, and proposition 5.10. The hardest of these is proposition 5.10
whose proof takes up all of section 5.2. From r we can define a func-
tiond: V x V — [0,00) which is a metric on V. This is done in section 5.3.

Before we can use this to define a metric on the flow space though we
need to extend d to all of X. An attempt at an extension was given by
Mineyev in [Min05] and this extension was later used by Bartels-Liick-
Reich in [BLRO08a], but this extension is not a metric so in section 6.1 we
give a framework for extending a metric from the vertex set of a simpli-
cial complex to the whole simplicial complex. In particular this fixes the
problem in [Min05] which carried over to [BLRO8a].

Then in section 6.2 we show what happens in our case when we use d
as an input for this framework to get a metric d on X. The main results
about this metric d are proposition 6.12 and theorem 6.13, which tell us the
following two facts about the double difference

(a,a’1b,b") ;= d(a,b) —d(a,b') —d(a,b) +d(a,b)
with respect to d;

Theorem. There are constants C > 0,w € (0,1) such that for all a,a’,b,b’ € V
ifd(a,a’) <1land d(b,b") <1 then

1

‘<a, a b, b/>‘ < Ecwd(a,bx

Moreover, the double difference extends continuously to X x X x X x X.

Using this extension we can construct a metric on the flow space in
terms of d, which is done in section 6.3.
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2  Prerequisites

We begin the thesis with some definitions and facts that are (mostly) not
new but it will be helpful to have these results stated somewhere and so we
do that here.

However, section 2.6 may not be a new idea but I have not seen the
argument written up in such generality elsewhere.

2.1 Graphs

First of all we recall some definitions and fix some notation related to
graphs.

Definition 2.1. A graph T is a set V = V(I') of vertices together with a
set E = E(T') of edges and two maps ¢+: E — V such that ¢, (e) are
the end-points of the edge e. Two vertices are adjacent if there is an edge
between them, an edge is incident to a vertex if the vertex is one of the end-
points of the edge, and two edges are coincident if they share an end-point.

If v is a vertex of a graph I' then define the graph I' — v to have vertex
set V(I' —v) := V(I')\{v} and whose edge set consists of all edges of T that
do not have v as an end-point.

A path between two vertices u, v in a graph I' is a sequence ey, ..., e of
edges such that for every

e 1 is an end-point of ey,
e v is an end-point of ey,

o foralli=1,...,k—1theedgese; and e;;; are coincident.
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A path that starts and ends at the same vertex is called a loop, and a loop
that does not hit any vertex more than once is called a circuit (sometimes
such a loop is also called a cycle).

A graph is connected if for any pair of vertices u, v there is a path from u
to v. A connected graph I’ is 2-vertex-connected if for every vertex v € V(T')
the graph I' — v is connected.

We will always assume that a graph is connected.

The length of a path is the number of edges in the path. Then we can
define the distance dr(u, v) between two vertices 1, v of T to be the length of
the shortest path between u and v. This gives every edge length 1, and the
metric dr on V can naturally be extended to a path metric on all of I'. We
call dr the word metric on I', where the terminology comes from geometric
group theory and the concept of Cayley graphs (see definition 2.2).

A geodesic in T is a map a: [t, t1] — I with t,t; € [0, 00) such that for
all t, ' € [to, t1]

dr(a(t),a(t') = [t—t].

If w is a geodesicin I and xg = a(sp), x1 = «(s1) are points on the image of w
with sp < s; then let a, | denote the part of the geodesic a between x
and x1, i.e. &y ] = &[5y 5]

For x,x' € T we will use [x, x'| to denote a geodesic that starts at x and
ends at x’. For any pair x,x" € V of vertices in I let Geod|[x, x| be the set
of geodesics in T from x to ¥/, let V[x, ] be the set of all vertices of T that
lie on some geodesic from Geod[x, x'], and for k € N let V|x, x’; k] be the
vertices from V[x, x| whose distance from x is k.

Similarly, for any pair x,x" € V of vertices, let E[x, x’] be the set of all
edges of T that form part of some geodesic from Geod|x, x'], and for k € N
let E[x, x’; k] be the edges from E[x, x’] whose distance from x is k.

We are interested in groups, in particular we want to consider a group
as a metric space. We do this via Cayley graphs.

Definition 2.2. Let G be a group and let S C G\{e} be a generating set
of G. The Cayley graph of G with respect to S is the graph Cay(G;S) whose
vertex set is G and for every s € S and every ¢ € G we add an edge from g
to gs.

Remark 2.3. I have defined a Cayley graph such that the Cayley graph
of Z /27 is a circle; two vertices with a pair of edges between them.

Any graph has a canonical metric as in definition 2.1, and so we get
a metric on a Cayley graph of a group. By restricting this metric to the
vertex set we get a metric on the group itself, which we call the word metric
on G with respect to S and denote by dg since it depends on the choice of
generating set.
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If we use a different generating set then we get a different graph (and
thus a different metric on G), but there is some notion of equivalence be-
tween the two graphs.

Definition 2.4. Let X,Y be metric spaces. Suppose A > 1and B > 0
are fixed constants. A (not necessarily continuous) map f: X — Y is an
(A, B)-quasi-isometric embedding if for all x1,xp € X,

%dx(xl,xz) — B <dy (f(xl),f(xz)) < Adx(xl,xz) + B.

A (not necessarily continuous) map f: X — Y is quasi-dense if there exists
a constant C > 0 such that Y is contained in the C-neighbourhood of the
image of f, i.e. for any y € Y there is some x € X with dy (y, f(x)) <C.
A (not necessarily continuous) map f is an (A, B)-quasi-isometry if it is a
quasi-dense (A, B)-quasi-isometric-embedding.

The particular constants A, B are not always important and so are of-
ten omitted from the notation; a map f is a quasi-isometry if there are con-
stants A > 1 and B > 0 such that f is an (A, B)-quasi-isometry.

Two metric spaces X, Y are quasi-isometric if there exists a quasi-isometry
between them.

Remark 2.5. The property of being quasi-isometric is an equivalence rela-
tion on the class of metric spaces. In particular, the composition of two
quasi-isometries is a quasi-isometry and if there exists a quasi-isometry
X — Y then there exists a quasi-isometry Y — X.

Proposition 2.6. Let G be a finitely generated group. For any finite generating
set S the inclusion (G,ds) — Cay(G; S) is a quasi-isometry.

Moreover, for any two finite generating sets S1, Sy, the graphs Cay(G; Sy)
and Cay(G; Sy) are quasi-isometric.

Proof. The canonical inclusion G — Cay(G, S) is an isometric embedding
and is also 3-dense, hence it is a quasi-isometry.

Given two finite generating sets S1, S of G we can write all the elements
of S, as words over Sq, and vice versa. With this we can write a word in
the generators from S; as a word in the generators from S;, and so we can
compare dg, with dg,. See [BH99, Example 1.8.17(3)] for full details. O

In particular, the metric spaces (G, ds, ) and (G, dg, ) are quasi-isometric.
Therefore we will often think of G as a metric space without explicitly stat-
ing which generating set is used.

For our purposes we will not always want to work with a Cayley graph
associated to a group, instead we will want to use a graph on which the
group acts with certain properties. A group acts freely, isometrically, and
cocompactly on its Cayley graph, but we consider a slightly weaker type of
group action.
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Recall that a group action G ~ X is free if the stabiliser of every point
is trivial, is proper if for every compact subset K C X the number of ele-
ments ¢ € G such that g- KN K # @ is finite, and is cocompact if there is a
compact subset K C X such that G - K = X. A metric space is a length space
if the distance between any two points is equal to the infimum of lengths
of paths between them.

Lemma 2.7 (Svarc-Milnor Lemma). If a group G acts properly, isometrically,
and cocompactly on a length space X then G is finitely generated and quasi-
isometric to X.

Proof. See [BH99, Proposition 1.8.19]. O

2.2 Hyperbolicity

The concept of Gromov hyperbolicity has been quite extensively stud-
ied, and there exist a few books on the topic, see [GALH90] for example.
Hence here we only give a brief overview of facts we will need, omitting
many details and proofs.

Definition 2.8. Let (X,d) be a geodesic metric space, i.e. for any pair of
points there is a geodesic between them. Define the Gromov product of three
points x,x’,y € X to be

(xlx')y = 5 (d(xy) +d(,y) — d(x, 7).

If A is a geodesic triangle in X with corners x, y, z then we can find a point ¢,
on [x,y] such that d(x, ;) = (y|z)x and d(i;,y) = (x|z),. Similarly we can
define a point 1, on [y, z] and a point ¢, on [x, z].

Given 6 > 0, a geodesic triangle A = A(x,y, z) is 0-thin if whenever i’
is a point on [x,y] and z’ is a point on [x, z] such that

d(x,y") = d(x,2') < (y|2)x

then d(y/,z") <.
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A geodesic metric space X is Jd-hyperbolic if every geodesic triangle is
0-thin, and a geodesic metric space is called Gromov hyperbolic if it is 5-hy-
perbolic for some § > 0.

Note that if a metric space is d-hyperbolic then it is also ¢’-hyperbolic
for all §' > §, so we may always assume 6 > 1.

For alternative definitions see [BH99, Proposition III.H.1.17].
In the degenerate case that y = z we have (y|y). = d(x,y), which im-
mediately gives the following lemma.

Lemma 2.9. Suppose X is a -hyperbolic space. Fix x,y € X. Forallk < d(x,y)
and all z,z' € V|x,y; k] we have d(z,z") < .

One useful alternative formulation of Gromov hyperbolicity is given by
the next proposition.

Proposition 2.10. A geodesic metric space X is Gromov hyperbolic if and only if
there exists some 6 > 0 such that for any four points x,y,z, w € X,

(¥[2)w = min{(x[y)w, (y[z)w} — 4. (2.1)
Proof. See [BH99, Proposition II1.H.1.22]. O

Since we defined the Gromov product in terms of distances, we do not
need X to be a geodesic space in order to make sense of the Gromov prod-
uct (x]z), and so we can use inequality (2.1) to define Gromov hyperbolic-
ity for non-geodesic metric spaces.

Definition 2.11. An arbitrary metric space X is Gromov hyperbolic if there
exists some 6 > 0 such that inequality (2.1) holds for all x,y,z, w € X.

Remark 2.12. The condition that equation (2.1) holds for all x,y,z, w € X is
equivalent to the condition that

d(x,y) +d(z,w) <max{d(x,z) +d(y,w),d(x,w)+d(y,z)} +26
holds for all x,y,z,w € X.

We are interested in groups as metric spaces (via Cayley graphs as in
definition 2.2). We want to say that a group is hyperbolic if its Cayley
graph is Gromov hyperbolic, but the Cayley graph of a group is only de-
fined up-to quasi-isometry, so we need that the property of being Gromov
hyperbolic is preserved under quasi-isometries.

Proposition 2.13. Let X,Y be geodesic metric spaces. Suppose X and Y are
quasi-isometric. If X is 6-hyperbolic then there exists some &' > 0 such that Y
is &'-hyperbolic.

Proof. See [BH99, Theorem III.H.1.9]. O
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Proposition 2.13 needs the metric spaces to be geodesic metric spaces,
so we cannot apply this to the inclusion (G, ds) — Cay(G;S). However,
every graph with its canonical metric is a geodesic metric space, which
leads to the following corollary of proposition 2.13.

Corollary 2.14. Let G be a finitely generated group. Suppose S1,S2 C G\{e}
are two finite generating sets of G. The graph Cay(G; Sy ) is Gromov hyperbolic if
and only if the graph Cay(G; Sy) is Gromov hyperbolic.

Thus the following definition makes sense.

Definition 2.15. A finitely generated Group G is hyperbolic if for one (and
hence for all) finite generating sets S C G\ {e} the Cayley graph Cay(G;S)
is Gromov hyperbolic.

Remark 2.16. We could use definition 2.11 to define Gromov hyperbolicity
for a group G with generating set S, but then we would have to worry
about whether or not this depended on the choice of generating set.

We can formulate hyperbolicity for a group in terms of actions of the
group on Gromov hyperbolic metric spaces, using the Svarc-Milnor lemma
(lemma 2.7).

Proposition 2.17. A finitely generated group G is hyperbolic if and only if there
exists a Gromov hyperbolic graph on which G acts properly, isometrically, and
cocompactly.

Proof. 1f a group is hyperbolic then its Cayley graph (with respect to any
finite generating set) is Gromov hyperbolic, and G acts on it properly, iso-
metrically, and cocompactly.

Conversely, if there exists such a graph T then by the Svarc-Milnor
lemma (lemma 2.7) the group G is quasi-isometric to I'. Hence I' is quasi-
isometric to the Cayley graph of G (with respect to some finite generating
set) by proposition 2.6. Then proposition 2.13 tells us that the Cayley graph
of G is Gromov hyperbolic. O

It is this formulation of a hyperbolic group that we will generalise to
define a relatively hyperbolic group in section 2.4.

2.3 Fine graphs

Although proposition 2.17 only requires the graph to be Gromov hy-
perbolic, it follows from the existence of a proper, cocompact group action
(by isometries) that the graph is locally finite.
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Being locally finite is too strong of a condition for our purposes. We
need to use a weaker notion for defining a relatively hyperbolic group.

Definition 2.18. A graph I is fine if for all n € IN and all edges e € E there
are only finitely many circuits containing e and whose length is < n.

A graph T is uniformly fine if for all n € IN there is a constant K € IN
such that for any edge e € E there are at most K circuits containing e and
whose length is < n.

A locally finite graph is automatically fine, but a fine graph is not nec-
essarily locally finite, as in the example below.

Construct a graph by starting with two vertices 1, v and then for every
positive integer n € IN-o add a path of length n from u to v.

This graph is not locally finite, but it is fine.

I have given the definition of a fine graph that I have seen used the most
often. However the definition of a fine graph in [MY06] is a uniformly fine
graph in our terminology. When this difference is important in the state-
ment or proof of something then it will be made clear what changes have
to be made. The difference will not pose a problem for our main results
since we will only consider fine graphs with a group acting cocompactly
on them, and such graphs are automatically uniformly fine, due to the fol-
lowing lemma.

Lemma 2.19. Let G be a group that acts on a graph T such that there are only
finitely many orbits of edges. If I' is fine then I is uniformly fine.

Proof. Fix n € IN. We need to bound the number of circuits of length < n
through an arbitrary edge e of I'.

Pick a representative e; of every G-orbit of edges of I'. Let k; be the
number of circuits through e; of length < 1, which is finite since the graph
is fine. Now set K = max; k;, which is finite since there are only finitely
many G-orbits of edges.

Given an arbitrary edge e there is an ¢; and ¢ € G such that ge = e;.
Then for every circuit c of length < n containing e, the loop gc is a circuit
of length < n containing e¢;. Thus the number of circuits of length < n
containing e is < k; < K. Therefore the graph is uniformly fine. O
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There are alternative formulations of the fineness condition, which give
alternative ways to think of a fine graph and these will be useful for later
proofs.

To state these alternative formulations we need some more terminology.
An arc in a graph is a path that hits every vertex at most once, i.e. a path
that never returns to a vertex that it has already visited. An inner vertex of
an arc is a vertex hit by the arc but is not an end-point of the arc. Two arcs
are independent if the they do not have any inner vertices in common. (So
we allow independent arcs to share end-points.)

Lemma 2.20 ([Bow97, Proposition 2.1]). Let I' be a graph. The following are
equivalent;

(i) T is fine.

(ii) Forall x,x" € V and n € IN the set of arcs of length n connecting x to x' is
finite.

(iii) Forall x,x' € V and n € N there does not exist an infinite collection of
pairwise independent arcs of length n connecting x to x'.

In particular, from lemma 2.20(ii) by setting n = d(x, x’) we immedi-
ately obtain the following corollary;

Corollary 2.21. If T is a fine graph then for any pair x, x" of vertices of I there are
only finitely many geodesics from x to x'.

2.4 Relatively hyperbolic groups

As with hyperbolic groups, there are many different definitions of a
relatively hyperbolic group. Each definition has its own advantages and
disadvantages. The first definition we give comes from [Bow97] (cf. propo-
sition 2.17).

Definition 2.22. A finitely generated group G is hyperbolic relative to a set P
of infinite subgroups of G if there exists a graph I with a G-action such that

e the graph I is connected, Gromov-hyperbolic, and fine,
e there are only finitely many G-orbits of edges of T,

e the stabiliser of any edge is finite,
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the stabiliser of any vertex is finite or a conjugate of an element of P,

forall P € P and g € G there is precisely one vertex whose stabiliser
is gPg 1,

e the set P is finite,
e every element of P is finitely generated.
We call the elements of P (and their conjugates) the peripheral subgroups.

This definition is combinatoric and neatly states all the properties re-
quired of the graph I'. However, it doesn’t give any clue as to how to find
such a graph, nor is it easy to show that a group is not relatively hyperbolic
to a set of subgroups. There is an alternative definition that is more explicit,
which comes from [GMO08].

Definition 2.23. Let G be a finitely generated group and let P be a finite
set of finitely generated subgroups of G. Let S be a finite generating set
of G that is compatible with P, i.e. for all P € P the set S N P generates P.
Let Cay(G, S) be the Cayley graph of G with respect to S. For every coset gP
of every peripheral subgroup P € P add a new vertex vgp to Cay(G; S) and
join every element of gP to this new vertex with an edge. Call the resulting
graph the coned-off Cayley graph of G with respect to S and P. Denote this
graph by Cay(G, S; P).

Then we say that G is hyperbolic relative to P if the coned-off Cayley
graph Cay(G, S; P) is Gromov hyperbolic and fine.

Remark 2.24. Farb introduced the coned-off Cayley graph in [Far98], in
which a group G was defined to be hyperbolic relative to a finite set P of
subgroups if and only if the coned-off Cayley graph is Gromov hyperbolic.
This is a strictly weaker condition.

For example consider the group Z2 = (a,b | [a,b] ) relative to the sub-
group (a). The coned-off Cayley graph is Gromov hyperbolic but is not
fine.

However, Farb often uses a property he calls bounded coset penetration,
and the coned-off Cayley graph is Gromov hyperbolic and fine if and only
if it is Gromov hyperbolic and satisfies the bounded coset penetration prop-
erty (see proposition 1 and lemma 5 in the appendix of [Dah03b]).

The action of the group G on the Cayley graph Cay(G, S) extends to
an action of G on the coned-off Cayley graph Cay(G, S; P), specifically G
acts by left multiplication on non-cone vertices and h-vgp := vjep. Then
the action of G on the coned-off Cayley graph satisfies all the conditions
from definition 2.22. Thus if G is hyperbolic relative to P in the sense of
definition 2.23 then G is also hyperbolic relative to P in the sense of defini-
tion 2.22.
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The converse is not so easy to show. In [Bow97] Bowditch proved that
definition 2.22 is equivalent to the original definition given by Gromov
in [Gro87]. Szczepariski showed in [Szc98] that the Gromov definition im-
plies the coned-off Cayley graph is Gromov hyperbolic, and then Dahmani
in the appendix of his thesis ([Dah03b]) proved that the coned-off Cayley
graph is also fine.

2.5 Theboundary of a fine, Gromov hyperbolic graph

The ultimate aim of this thesis is to define a flow space, and this will be
done using geodesics. We will often refer to the end-points of a geodesic
but we want to allow geodesics of infinite length, so we need some concept
of a boundary.

Definition 2.25. Let I' be a fine, §-hyperbolic graph. A geodesic ray is a
geodesic a: [0,00) — I'. Two geodesic rays a,a’: [0,c0) — T are asymptotic
if there is a constant C > 0 such that d («(t),a’(t)) < Cforall t € [0,00).

Given a fixed base-point xy € I', we can define the (visual) boundary of T
to be the set of geodesic rays starting at xp modulo the equivalence relation
of being asymptotic, i.e.

dI' := {w: [0,00) — I'| a is a geodesic ray with «(0) = xo}/ ~

where a ~ o’ if and only if they are asymptotic. We write a(oc0) for the point
of oI represented by the geodesic ray «.

SetT' = TUOI. We want a topology on T, but it should not change
the topology on T, i.e. we want the inclusion I' < T to be an embedding.
Moreover, if we insist that I' C T is an open subset then to define a topology
on I we only need to define neighbourhoods of points on the boundary.
For this, note that every point of I' can be represented by a geodesic (of
finite length) starting at xo. Thus we define a generalised geodesic ray to be a
map a: [0,00) — T that is either a geodesic ray or there exists some ! > 0
such that |y is a geodesic and |« is constant. Denote by a(co) the
end-point in T of a.

Then given a fixed constant » > J and a point ¢ € dI' represented by a
geodesic ray «g with a9(0) = xo, we can define a base of neighbourhoods
of ¢ to be sets of the form

Uy, (o, n,1) := {zx(oo)

« is a generalised geodesic with a(0) = x
and d(ag(n),a(n)) <r
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for n € IN. We need r > J so that we can always find a neighbourhood in
the intersection of two such sets. It doesn’t matter if r > ¢ is fixed or not,
since for any n, r, v’ hyperbolicity gives

uxo (060,1’1 + r/l 7’/) g UXO (aO/ n, 5) g uxo (0(0/ n, 7).

The boundary of a §-hyperbolic geodesic metric space X has been oft
studied, but many facts about the boundary use the assumption that X is a
proper metric space, see for example [BH99, Section IIL.LH.3]. A fine graph
is not necessarily a proper metric space. However, properness is only used
to construct the limit of a sequence of geodesic rays, by invoking Arzela-
Ascoli. So if we have an appropriate method for constructing geodesic rays
then facts about proper Gromov hyperbolic spaces will also hold for fine
graphs.

The corollary of Arzela-Ascoli we need is the following.

Lemma 2.26. Let T be a fine, 5-hyperbolic graph. Given any point x; € T’
and any sequence (Yn)nen of points in T, let B, be a geodesic from xi to yy.
If (Yn|Ym)x, — o0 as n,m — oo then there is a subsequence of (Bn)nen that
converges to a geodesic ray oy.

Proof. We construct the geodesic ray a1 one edge at a time, showing that at
every step there will be a next edge that is contained in infinitely many of
the B,. Formally we use a kind of inductive proof by contradiction.

Suppose (Bn, Jken is a subsequence of (B, ),en such that the first ] edges
of all the B,, coincide but that the (I + 1)-th edges are distinct, i.e. for
all k # k' the (I + 1)-th edge of B, is not the same as the (I + 1)-th edge
of By, Let x5 be the vertex where all the §,, split.

;Bnl

na
X1 *2 5”3

ﬁm

We may assume that all the geodesics B, start at x».

Since (Yn|Ym)x, = (Yn|Ym)x, — d(x1,x2) — oo we can pick N € N large
enough such that for all k,/ > N we have (yu,|yn)x, > [0 +1] =: 4,
where [ + 1] denotes the integer part of 6 + 1. For k > N set zx = B, (d).
Then d(zn,zr) < 0 by hyperbolicity and the choice of N. Let v be a
geodesic from z; to zy. The concatenation of v with B[4 is a path
from x, to zy whose length is < d 4 6, from which we get an arc a; from x;
to zy whose length is < d 4 4.



2. Prerequisites 20

Since d > 6 we know that each geodesic 7 cannot pass through x;.
Therefore the first edge of a; is the same as the first edge of B,,. Hence
we have a sequence (a)ren of distinct arcs from x; to zy, all of which
have length < d + 4. This contradicts the fineness of the graph, using
lemma 2.20.

This means there cannot exist such a subsequence (B, ).y that coin-
cide on the first I edges but all take a different (I + 1)-th edge.

So we can pass to a subsequence of (,)neN consisting of geodesics that
all agree on the first edge. Then we can pass to a further subsequence of
geodesics that agree on the first two edges. Iterating this gives a sequence
of subsequences ((Bn)neN)ren such that the geodesics {B, |7 € N} co-
incide on the first k edges. Then the diagonal sequence (B, )eN converges
to a geodesic ray «;. O

Now that we have this lemma, we can use arguments as in the proper
case to deduce facts about the boundary of a fine graph. In particular, the
boundary dI' and the topology on I are independent of the choice of base-
point. (See [BH99, Proposition IILH 3.7(1) on page 429].) Note however,
that the space T need not be compact, unlike for a proper Gromov hyper-
bolic metric space.

The Cayley graph of a group is only defined up to quasi-isometry; us-
ing different generating sets of the group yields quasi-isometric graphs.
Hence it is important to look at what a quasi-isometry does to the bound-
ary. For this, it is helpful to give an alternative definition of the boundary
in terms of quasi-geodesic rays. But first we recall the definition of the
Hausdorff distance; Let X be a metric space. The Hausdorff distance of two
subsets A, B C X is given by

dp (A, B) = max< supinf dx(a,b), supinf dx(a,b) ;.
acA beB beB acA

Definition 2.27. Let I' be a d-hyperbolic graph. A quasi-geodesic in I is a
quasi-isometric embedding of the form «a: [0,I] — T. A quasi-geodesic ray
in T is a quasi-isometric embedding of the form a: [0,00) — T.

Two quasi-geodesic rays a,a’: [0,00) — I are asymptotic if the Haus-
dorff distance between their images is finite.

Then given any choice of base-point xo € I' we can define the bound-
ary d,I" of I to be the set of quasi-geodesic rays starting at xo up to asymp-
toty.

Proposition 2.28. If T is a fine 5-hyperbolic graph with base-point xo, then there
is a natural bijection oI — d,T".
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Proof. Any geodesic ray is a quasi-geodesic ray. Two geodesic rays are
asymptotic as geodesic rays if and only if they are asymptotic as quasi-
geodesic rays, so there is a natural map JI' — d,I', which is injective.

For surjectivity; Given a quasi-geodesic ray « we can use lemma 2.26 to
construct a geodesic ray f that is asymptotic to a. O

Using quasi-geodesic rays we can show that a quasi-isometry f: I — I”
induces a homeomorphism f3: o' — dI'. (See [BH99, Theorem III.LH 3.9].)

The definition of the boundary in terms of geodesic rays may be intu-
itive but it is not always the most convenient to work with. There is an
alternative formulation in terms of sequences of points and the Gromov
product.

Definition 2.29. Let I' be a fine, é-hyperbolic graph and let x( be a fixed
base-point. Define the boundary of T to be

0sT := {(xn)nen | (xn|Xm)x, — c0asn,m— o0}/ ~

where (X,)neN ~ (Yn)nen if and only if (x,|yn)y, — o0 as n — oo. To
see that ~ is indeed an equivalence relation on the set of such sequences
we need to use proposition 2.10. If a sequence (x,),eN in I represents a
point ¢ € d,I" then we write ¢ = lim x,, and x, — ¢.

This does not depend on the choice of base-point x( since for any other
choice yo

—_

(%n]%m) x, (d(xn, x0) + d(xXm, x0) — d (%X, X))

—2
1
<3 (d(xn, yo) + d(yo, x0) 4+ d(xm, yo) +d(yo, x0) — d (X, X))
= (xn’xnﬂyo + d(xo, yo)
and similarly (x,|xu)y, < (%n|Xm)x, + d (X0, Yo).

Remark 2.30. Given any geodesic ray a: [0,00) — T with «(0) = x( we can
set x, = a(n) to get a point in d;I'. Asymptotic rays yield the same point
in d;I' so we have a map dI' — oI

Conversely, given any sequence of points (x,),cN representing a point
in d;I' we can use lemma 2.26 to construct a geodesic ray « such that

limx, = lima(n) € o,T
and so we have an inverse ;" — JI'.

Therefore we may choose to represent a point in the boundary by a
geodesic ray or a sequence of points whose Gromov product tends to infin-
ity.

The concept of a Gromov product can be extended to the boundary us-
ing the d,I" definition.
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Definition 2.31. Let I be a fine, Gromov hyperbolic graph. For any two
points x,y € I' U d,I' and any point z € I' define the Gromov product of x,y
atz tobe

(x[y)z := sup lirrzrl)g}f (xnlyn)z

where the supremum is taken over all sequences (x,),en and (Vn)pen in T
such that x, — xand y, — v.

Remark 2.32. Since the Gromov product is continuous on I’, if x lies in I'
then we may take the sequence (x,),cN to be constantly x, i.e.

(x]y)- = sup liminf(xy,)-

where the supremum is taken over all sequences (v, ),enN such that y, — y
as n — oo. In particular, if x and y both lie in I' then this supremum just
gives back the original Gromov product.

Furthermore, for arbitrary x,y € T'and z € T we can use a diagonal ar-
gument to find two sequences (x,),en and (¥, )nen converging to x and y
respectively such that

(x|y). = ,}E{}O(xnwn)z'

Proposition 2.33. Let I is a fine, 5-hyperbolic graph. For any x,y,z € I' U d;I'
and w € T the Gromov product (x|y)y has the following properties.

(i) (x|y)w = coifand only if x =y € osI';
(if) (xl2)w = min{ (x|y), (y12)a} — 26

(iii) Suppose x,y € OI. If (xy)neN and (Yn)nen are sequences in I that tend
to x and y respectively then

(x|y)w —20 < h}{gg}f (Xnlyn)w < (x|Y)w-

Proof. Let (xn)neN, (X,)neN, (Yn)nen, (Vi) neN, (2n)nen be sequences in T
that converge to x, x, y, y and z respectively.

(i) If x € 05T then (x,|x),): — oo by definition, and so (x|x), = 0. So
we just need to show the converse.

If x or y are in I' then the Gromov product is finite, since it is bounded
by the distance to w. So assume x,y € J,I'. If x # y then by definition of
the equivalence relation there is some constant K such that (x,|y,)» < K
for infinitely many n. Hence liminf, ;o (Xx|yn)w < K. Then by proposi-
tion 2.10

Hminf (xp[yn)w = lminf (mind (xu]x})w, (25, Y5)w, (V3 |yn)w} — 20)

n—oo n—oo

= liminf (x; |y, )w — 20 (2.2)
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since (x,|x),)w and (yx|y),)w both tend to co. Therefore (x|y), < K+ 26
which is finite.

(ii) The argument again uses proposition 2.10. If y € T then we may
assume y, = y = y, and use inequality (2.1) for x,,y,z,. If y € 9T
then (y,|y),)w — oo and

lim inf (xp|2zn)w > liﬂg}f (min{ (xn[yn)ew, Y |¥i)wr (YilZn)w} — 20)

n—oo

= min {lirrlgiogf (xn]yn)w,lijggi;lf (y;|zn)w} —26.

This holds for arbitrary such sequences so it must also hold when taking
the supremum.

(1ii) The upper bound is immediate since (x|y), is defined to be the
supremum over all such values. The lower bound follows from inequal-
ity (2.2). 0

Remark 2.34. We can use the (extended) Gromov product to define a topol-
ogy on I' U oI, by saying a base for the neighbourhoods of a point x € T’
is given by metric balls B,(x), and a base for the neighbourhoods of a
point ¢ € d,I' is given by the sets

Wg(Z) := {x € TUT | (x|&)x, > R}. (2.3)

with R > 0.

The advantage of this method is that it allows us to define the bound-
ary d;X of an arbitrary Gromov hyperbolic metric space X, where we use
definition 2.11 to define hyperbolicity for a metric space when it is not a
geodesic metric space. We can still extend the Gromov product as in defi-
nition 2.31, and the statements in proposition 2.33 still hold. Hence we can
define a topology on X := X U 9 X.

Proposition 2.35. Let I' be a fine, Gromov hyperbolic graph. The natural map
Ul — I' U osI, using the identity on I and the natural bijection oI — 9’
from remark 2.30, is a homeomorphism.

Proof. It is automatically a bijection, so we only need to show it is continu-
ous and its inverse is continuous. The topology on I' is unchanged, and it
is an open subset, hence we only need to look at neighbourhoods of points
at infinity.

Fix a base-point xg € I' and a point § € oI'. By definition there exists a
geodesic ray ag: [0,00) — T with ap(0) = xp and ap(c0) = &. Then a base
of neighbourhoods for ¢ in I' U oI is comprised of sets of the form

s (a0, m,7) 1= {a(0)

« is a generalised geodesic with a(0) = x
and d(wo(n),a(n)) <r

for n € IN, where r > § is some fixed constant.
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Furthermore, a base of neighbourhoods for ¢ in I' U d,I" is comprised of
sets of the form

WR($) := {x e TUOT'[ (x|¢)x = R}

for R > 0. We need to show that for every n € IN we can find some R’ > 0
such that Wg/ (&) C Uy, (ag,n,), and conversely for every R > 0 there is
some 1’ € IN such that Uy, (xo, n’,7) C Wr({).

Given n € NN take R" > n +24. For any x € Wr/(&) we can find a
generalised geodesic ray « from xj to x. Proposition 2.33(iii) tells us that

n < (x[g)s, — 26 < liminf (a(m)]ao(m))y, < (x[)s,

and in particular, for some large m € IN we have n < (a(m)|ag(m))x,.
Then hyperbolicity gives d(a(n), ao(n)) < J, and therefore x € Uy, (wo, 1, 7).
Since x was arbitrary, we conclude Wg/ (&) C Uy, (o, 1, 7).

Conversely, suppose we are given R > 0, so that we need to find n’ € N
such that Uy, (xg,n’,7) € Wr(§). If x € Uy, (ao,n’,7) then there is a gener-
alised geodesic ray a from xp to x such that d(a(n’), ao(n’)) < r. Hence

((n’) o (n'))x, =

1
>n' — Zr. 2.4
n 2r (2.4)

(d(a(n'), x0) +d(ao(n"), x0) — d(a(n),ao(n")))

N +—

Now we aim to show that (x|{)x, > (a(n’)|ag(n"))x,. To see this, note
that the Gromov product doesn’t decrease as we travel along the geodesic
rays a, g, i.e. forall m > n’;

(w(m)lao(m))s, = 3 (@), %) + d(ao(m), x0) — d(a(m), o(m))
> m— % (d(a(m),a(n’)) +d(a(n),ao(n)) + d(ao(n’), ao(m)))
=n — %d(a(n’),oco(n/))
= (8o ())s.

So we can use proposition 2.33(iii) to get

() mo(n) ), < Tim inf(e(m) o (m))s, < (xIE)
Combining this with inequality (2.4) gives (x|¢)y, > n’ — 1r. Therefore, if
we take n’ > R + %r then Uy, (ag, n’,7) € Wgr(E).

This proves that we get the same topology around § regardless of which
base we use, and so the map I' UdI' = I' U o,I" is a homeomorphism. O
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This allows us to talk about the space T without needing to specify if
we are using dI' or o;I" to define the boundary and the topology.

Remark 2.36. If X is a proper geodesic Gromov hyperbolic metric space
then the space X is compact. However, it is not necessarily true that T
is compact for an arbitrary fine, 5-hyperbolic graph I'. There is a way to
define T to make it compact (see [Bow97, Proposition 8.6], where as sets
his A(K) is equivalent to our T') but this changes the topology on T, which
we want to avoid doing here.

2.6 Metrising X

In section 2.5 we defined a boundary of a fine, Gromov hyperbolic
graph T, and used this to define a space I. It is known that if I' is a lo-
cally finite, Gromov hyperbolic graph then the space T is metrisable. (See
for example, [BH99, Exercise 3.18(4)].)

We want to use a similar argument to show that the space T is still
metrisable, even under the weaker assumptions that the graph I' is fine and
Gromov hyperbolic. We can actually do this more generally for any Gro-
mov hyperbolic metric space X, where we use definition 2.11 to define hy-
perbolicity when the space is not a geodesic metric space, and remark 2.34
to define the topological space X.

To show X is metrisable we use uniform structures;

Definition 2.37. Let S be a set. A family B of subsets of S x S is a base of a

uniform structure on S if
(i) Every B € B is symmetric;
(ii) The diagonal A(S) is contained in every B € [5;
(iii) For any By, By € B there exists a B € B such that B C By N By;
)

(iv) For all B € B there exists a B' € B such that forall x,y,z € S

(x,v),(y,z) € B = (x,z) € B.

Moreover, a uniform structure is separated if for all x # y € S there
exists some B € B such that (x,y) ¢ B.

A metric on a set Y determines a separated uniform structure whose
base consists of elements of the form B, := {(x,y) | dy(x,y) <r}.
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Conversely, a base B of a uniform structure on a set S induces a topol-
ogy on S where for any point x € S the sets B[x| := {y € S | (x,y) € B}
form a base for the neighbourhoods of x (see [Kel55, Theorem 6.5]). We will
refer to the set S with this induced topology as a uniform space. We can use
the following theorem to say when a uniform space is metrisable.

Theorem 2.38. A uniform space S is metrisable if and only if the uniform struc-
ture is separated and has a countable base.

Proof. See [Kel55, Theorem 6.13], and note that a uniform space is Haus-
dorff if and only if the uniform structure is separated. O

So to prove a topological space is metrisable, it suffices to find a count-
able base for a separated uniform structure that induces that topology on
the set. This is how we will show that X is metrisable when X is a Gromov
hyperbolic metric space.

The topology induced on X by the uniform structure should coincide
with the original topology induced by the metric dx, so for any € € Q.
set Ue = {(x,y) € X|dx(x,y) < €}. For neighbourhoods at infinity, fix
a base-pt xp € X and consider the sets W, := {(x,y) € X|(x|y)x, > r}
withr € Q4. Thenset B, = Uc UW, and B = {B¢, | €,7 € Q4 }.

The goal is to show that B is the base of a separated uniform structure
on X and that the topology induced by B coincides with the topology given
in remark 2.34.

Proposition 2.39. Let X be a 6-hyperbolic metric space. The family B is a base of
a separated uniform structure on X.

Proof. We need to show that the family B satisfies properties (i)-(iv) from
definition 2.37, and that B is separated.

(1) All of the sets U and W, are symmetric, hence every B, is symmet-
ric.

(ii) For any € > 0 we know A(X) C U, and by proposition 2.33(i) we
know (x|x)y, = oo for all x € 9;X, thus A(d;X) C W, for any r € Q.
Combining the two tells us that A(X) C B,

(iii) Given B, s, and Be,,, take € = min{ey, €2} and r = max{ry, 2 }.
Then B¢ C Be, r; N Be, 1,

(iv) Given B, € Bwe know B, = U: UW,. Weneed to find €/, 7' € Q.
such that

(x,y), (y,2) € Bery = (x,2) € Bep. (2.5)

We have different cases depending on whether the points are in X or 9;X.
If x,y,z € X then we must have (x,vy), (y,z) € Ue and then (x,z) € Uy by
the triangle inequality. If y € d;X or x,z € d;X then (x,y), (y,z) € W, and
so (x,z) € Wy_ps by proposition 2.33(ii). This leaves the case y € X and
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exactly one of x, z is in the boundary. Without loss of generality z € 9sX.
Hence (x,y) € Uy and (y,z) € Wy and applying proposition 2.33(ii) gives

(¥[2)xg = min{ (x[y)x,, (y]2)x} —20
> min{d(y, xo) — d(x,y), (y[2)x } — 20
> min{(y|2)x, — €, (y[2)x,} — 2
>y —€e —26
and so (x,z) € Wy_g_o;. Therefore if we take € = Jeand ' = r + 1e + 26
we know that (2.5) holds.

So we have proven that B is a base of a uniform structure on X. It
remains to prove that the base is separated.

Given x,y € X with x # y, if x,y ¢ 9:X then dx(x,vy) is finite and
for € < dx(x,y) we know that (x,y) ¢ U.. Otherwise, at least one of
the points x,y lies in the boundary. Since x # y we know (x|y)y, < oo
(see proposition 2.33(7)) and so for r > (x|y)y, we must have (x,y) ¢ W,.
Therefore the base is separated. O

The family B is also countable, since we took the parameters ¢, r to be
in Q., and thus the topology induced by this uniform structure is metris-
able by theorem 2.38. However, we have to check that this induced topol-
ogy is the topology we want on X.

Proposition 2.40. Let X be a Gromov hyperbolic metric space. The topology on X
induced by the separated uniform structure B coincides with the topology given in
remark 2.34.

Proof. Fix x € X and consider neighbourhoods of the point x in the two
topologies. Let T denote the topology given in remark 2.34 and let 75 de-
note the topology induced by the uniform structure.

We know that the sets B, ,[x] := {y € X | (x,y) € Be,} define a base for
the neighbourhoods of x in 3.

If x € X then the sets U, [x] form a base for the neighbourhoods of x in 7,
and for any R > dx(x, xo) the set Wg[x] is empty. Hence for any €, € Q4
we have Be r[x] = Ue[x] € Be,[x] and so 75 coincides with T on X.

It remains to consider neighbourhoods of x € dsX. By definition the
sets W, [x] form a base of open neighbourhoods of x in 7, and we also know
that the sets B, [x] form a base of neighbourhoods of x in 13. But U¢[x] = @
for any € € Q. and so W, [x] = Be,[x].

Therefore the topologies 15 and T coincide on all of X. O

Combining the results of this section leads to the following theorem.

Theorem 2.41. If X is a Gromov hyperbolic metric space then the space X as
defined in remark 2.34 is metrisable.
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Proof. The family B = {U. UW;|e,r € Q. } is a countable base of a sep-
arated uniform strucutre, using proposition 2.39, and by proposition 2.40
the topology induced on X by B coincides with the topology defined in
remark 2.34. Then theorem 2.38 says the space is metrisable. O

2.7 Angles in a graph

The concept of angles in a graph was used by Dahmani in his Ph.D.
thesis ([Dah03b]) and expanded upon by Mineyev and Yaman in [MY06].
In this section we give definitions and state the results we will need from
that article.

Definition 2.42. Let I be a graph. Given two coincident edges e = (a,b)
and ¢ = (a,b’) that are both incident to a vertex a in I' define the angle
between e and ¢’ at a to be the distance between b and V' in the graph I' — g,
ie.

ang, (e, e') :=dr_,(b, V')

where we define ang,(e,¢’) = oo if b and b’ are in different components
of ' —a.

Given any geodesic « in I' and an internal vertex a of « we define the
angle of w at a to be the angle between the pair of edges in « that are incident
to 4, and we denote this by ang_(«). Set maxang(«) to be the maximum of
all the angles of a.

a

In order to try to motivate why angles in a graph may be useful, recall
the coned-off Cayley graph from definition 2.23, and here we use the de-
generate case P = {G}, where G is a finitely generated group. If S is a
finite generating set of G then the coned-off Cayley graph Cay(G, S; {G})
is formed by taking the standard Cayley graph Cay(G,S) and adding a
new vertex v to Cay(G, S) with edges joining it to every element of G =
V(Cay(G,9)).

If ¢ and g’ are two non-adjacent elements in the Cayley graph Cay(G, S)
then in the coned-off Cayley graph the path given by the edges (g,v¢)
and (vg, g’) is a geodesic (of length 2). So by attaching the cone-vertex
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we have shortened all distances to at most 2, which loses the information
given by the word metric ds on G with respect to the finite generating set S.
However, this information is retained via angles, namely for any g,¢’ € G

ang, ((g,v¢), (vc, &) = ds(g,8")-

Thus we can think of angles in the coned-off Cayley graph @(G, S;P)
as a way of extracting information about the geometry of the original Cay-
ley graph Cay(G, S).

The following lemma shows what angles in a Gromov hyperbolic graph
can tell us about the behaviour of geodesics and geodesic triangles.

Lemma 2.43 ([MY06, Lemma 3]). Let G be a graph with the path metric d having
O-thin triangles. There exists a constant k depending only on & such that given
vertices a,b, ¢, and geodesics « € Geod[b,c|, p € Geod[a,c] and v € Geod|a, b]
we have the following:

(i) Ifang,(a) > x for some z €  distinct from b and c, then z € B, or z € .
(ii) Ifz € &, d(c,z) < (a|b)c and ang,(a) > «, then z € p.

)
)
(iii) Ifang.(a, B) > k, then c € 7.
(iv) Ifb = ai.e. vy is a null geodesic, then ang,(a, B) < k.
Sketch Proof. We give a quick sketch of why the first part is true. The other
parts can be proven analogously.

Let z+ be the two vertices of « that are adjacent to z. If we assume that
the point z does not lie on either 8 or y then we can use the triangle to find
a path from z_ to z, that does not pass through z, and this is how we can
bound the angle of a at z.

There are two possibilities; maybe we have to use all sides of the trian-
gle to create the path z_ to z, or perhaps we only need to jump to one other
side. The two pictures below indicate the idea behind how to construct a
path z_ to z that bypasses z.

a C a

For details see [MY02, Lemma 3]. O
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For working with angles it is helpful to consider a metric on edges de-
fined in terms of angles, but first we show that the angle at a vertexa € V
defines a metric on the edges incident to a, which follows from the next
lemma.

Lemma 2.44 ([MY06, Proposition 1]). Given three coincident edges e, e, e3
that are all incident to a vertex a in a graph G one has

o ang,(e1,e2) = ang, (e, e1).
o ang (e1,e3) < ang,(e1,e2) +ang,(ez, e3).

Definition 2.45. Let I be a graph and let ¢, ¢’ be a pair of arbitrary edges
of I'. Anadmissable sequence of edges from from e to ¢’ is a sequence ey, ey, . . ., €
of edges of T such that ey = ¢, ¢ = ¢/, and for every i = 1,...,k the
edges ¢;_1 and ¢; are coincident.

Then the snake distance d° from e to ¢’ is defined by

k
d*(e,e’) :=1inf ) ang(e;_1,¢)
i=1

where the infimum is taken over all admissable sequences of edges from e
toe.

Remark 2.46. If T is a connected graph then the function d’: E x E — [0, o0]
is an extended metric on the set of edges of I'. Recall that an extended
metric is a function satisfying all the properties of being a metric except it
is allowed to take the value co.

Furthermore, if I is 2-vertex-connected then d: E x E — [0,00) is a
metric on the set of edges, and we call this metric the snake metric.

This metric on E is invariant under the action of Isom(I') on E, meaning
for any isometry ¢ of I and any edges e, ¢’ € E

d*(p(e), p(e')) = d*(e,e).

As noted earlier, the fineness condition for a graph is weaker than being
locally finite. In particular, the balls around an arbitrary vertex in a fine
graph need not be finite. However, we do have a kind of local finiteness for
edges;

Lemma 2.47. Let T be a graph. If T is fine then any ball in the metric space (E, d°)
is finite, i.e.
VR >0, Ve € E, 3k € N, ’B%(e)’ <k

where Blg(e) :={¢ € E|d’(e,e’) < R}.
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This is a version of [MY06, Lemma 11] using our terminology. In that
paper their definition of a fine graph coincides with our definition of a uni-
formly fine graph. With this stronger condition they can show that the balls
in (E, dg) are uniformly finite, so the parameter kK would not depend on e
(although it would still depend on R).

We can think of an edge as a subset of a graph, and so we can set

d(e,e') =inf{d(e,¢') | x €e, x' €¢'}.

The snake metric is defined using admisssable sequences of edges, and

such a sequence determines a path in the graph, so we can compare d(e, ¢’)
to d®(e,e’).

Lemma 2.48 ([MY06, Lemma 6]). Let I be a hyperbolic graph. For any arbitrary
edgese, e’ € E,
d(e,e') < d*(e,e).

Corollary 2.49. Let T' be a hyperbolic graph. Let e,e’ € E be arbitray edges.
Let x € V be an end-point of e and let x' € V be an end-point of ¢’. Then

d(x,x') < d*(e,e') +2.

We have already explained how fineness of a graph tells us something
about d¢, but for a relatively hyperbolic group as in definition 2.22 we also
require the graph to be Gromov hyperbolic, and then we can use the fol-
lowing lemma to get a version of hyperbolicity for d¢ (cf. definition 2.8).

Lemma 2.50 ([MY02, Proposition 10]). A connected graph I is §-hyperbolic
if and only if there exists a constant &' > 0 such that for every geodesic trian-
gle A(x,y,z) inT, if e, is an edge on [x,y| and e, is an edge on [x, z] with

d(x,e,) =d(x,e.) < (y|z)x

then
d (e, e,) < 0.

Sometimes a picture can be very illustrative;

A corollary to lemma 2.50 is the degenerate case where y = z;
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Corollary 2.51. Let I" be a §-hyperbolic graph. Fix two distinct points x,y € T.
Forany k < d(x,y) — 1and forall e,e’ € E[x,y;k] we have d°(e,e’) < 6.

Note that lemma 2.50 is not claiming that the space (E,d%) is Gromov
hyperbolic (in the sense of definition 2.11).

Remark 2.52. Although the edge-hyperbolicity uses a different constant ¢’
we may always assume J is large enough for edge-hyperbolicity, i.e. we
take our new J to be the maximum of the old ¢ and the ¢’



3  Construction of the Flow Space

The purpose of this thesis is to construct a flow space associated to a
relatively hyperbolic group G. We already have an associated graph I (as
per definition 2.22), but for a flow space we would like to start with a sim-
plicial complex associated to the group, so in section 3.1 we show how to
turn the graph I' into a simplicial complex which has nice properties, eg is
contractible.

Section 3.2 is a short detour into what a flow space over a tree would
look like in order to motivate the definition of the flow space more gener-
ally in section 3.3. Then in section 3.4 we begin to outline how to construct
a metric on the flow space.

3.1 The MY-space

Associated to a hyperbolic group G we have a Cayley graph I" and over
this we can build a Rips complex P,(I') with parameter r by adding an
edge (1,v) to I whenever dr(u,v) < r and then taking the flag complex
over the resulting graph, i.e. we add as many simplices as the resulting
graph allows.

In this case if the parameter r is sufficiently large then the Rips com-
plex P,(T) is finite-dimensional and contractible simplicial complex (see
[BH99, Theorem IIL.I.3.21]). Moreover, it is a universal space for proper
actions of the group G (see [MS02]).

If the group G is hyperbolic relative to a finite set P of subgroups then
we use the coned-off Cayley graph instead, but we want to retain some
of the information about distances in the original Cayley graph so we do
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not take the Rips complex over the coned-off Cayley graph but perform a
similar construction that also takes angles into account (since angles are a
way of retaining information about distances in the original Cayley graph,
see the comments after definition 2.42).

Definition 3.1. Let I be a graph and fix a parameter # > 1. For vertices v, v/
of T, an #-geodesic is a geodesic « in T from v to v/ of length < 7 such
that maxang(a) < 5.

The MY-space over I' with parameter 1 is the simplicial complex X, (I')
with vertex set V(X (I')) = V(T) such that {vy,..., v} spans a simplex
in X;,(T') if and only if for every pair v;, v; there is an 17-geodesic in I from v;
to v;.

i call this simplicial complex the “MY-space” to reflect who first defined
it, namely Mineyev and Yaman in [MY06].

Note that an edge has no inner vertices, so its maximum angle is 0.
Therefore, if 7 > 1 then the graph I embeds into the 1-skeleton of X, (T').

The MY-space will be our replacement of the Rips complex. To help
motivate why the MY-space is a good replacement we quote two properties
about it in the next two propositions.

Proposition 3.2 ([MY06, Corollary 17]). Let I be a uniformly fine, 5-hyperbolic
graph. If 1 > 1 then the MY-space X, (T') is finite-dimensional.

For proposition 3.2 it is important that the graph is uniformly fine. To
see this, let K, denote the complete graph on n vertices and consider the
graph I' := V/,,cn Ky, where the base-point of each K, is a vertex. Then for
any 77 > 1 the space X;(I') is \/,,cn A", a wedge of simplices. The graph T
is fine and 2-hyperbolic but the space X, (T') is infinite-dimensional.

Proposition 3.3 ([MY06, Theorem 19]). Let I' be a fine, 5-hyperbolic graph.
Let x be the constant from in lemma 2.43. Then for 1 > 3x the MY-space X, (T')
is contractible.

By definition if G is a group that is hyperbolic relative to P then there
is a fine, 6-hyperbolic graph I' on which G acts with finitely many orbits of
vertices and edges and such that the stabiliser of any vertex is finite or an
element of P. So for x as in lemma 2.43 and 1 > 3x we know that X, (T') is
contractible. Moreover, the graph I' is uniformly fine by lemma 2.19 so we
also know that X, (T') is finite-dimensional.

Ergo, associated to a relatively hyperbolic group G we have a finite-
dimensional, contractible simplicial complex X, (I') on which the group
acts. It would be nice if this action were cocompact. To prove this we need
another lemma from [MY06].

Lemma 3.4 ([MY06, Lemma 15]). Let I be a fine, d-hyperbolic graph. Fixn > 1.
For any edge e = (a,b) of X;;(T') there are only finitely many vertices c of X,,(T)
that are connected to both a and b by edges in X, (T').
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Corollary 3.5. If I is a fine, -hyperbolic graph and n > 1 then every edge
of X;;(T') is contained in only finitely many simplices.

Now we prove that the action of G on X, (T) is cocompact.

Proposition 3.6. Let G be a group and let T be a fine graph on which G acts
cocompactly. Fix a parameter y > 1. For all k € IN there are only finitely many
G-orbits of k-simplices in the simplicial complex X, (T).

Proof. 1t suffices to prove that there are only finitely many G-orbits of edges
in X;,(T') because then corollary 3.5 says there are only finitely many G-or-
bits of k-simplices.

To show that there are only finitely many G-orbits of edges in X,,(T) it
is enough to show that there are only finitely many G-orbits of #-geodesics
in I'. We prove this by showing that for any edge e in I' there are only
finitely many 7-geodesics whose first edge is ¢, and then use the fact that
there are only finitely many G-orbits of edges in I'. So it is enough to show
that for a fixed edge e; of I' there are only finitely many 5-geodesics in I
whose first edge is e;.

Let « be an 77-geodesic in I' whose first edge is e; and let e, be the k-th
edge of a. The geodesic « gives an admissable sequence of edges from e;
to ex (recall from definition 2.45 that a sequence of edges is admissable if
consecutive edges are coincident). The angle between consecutive edges
of w is < 77, hence

k

d*(e1, 1) < Zang(ei_l,ei) < (k—1)7.
i=2

So for any edge e of a, we have d%(ej,e) < 57(17 — 1), since the length of &

is bounded by 7. By lemma 2.47 there are only finitely many such edges,
therefore there are only finitely many #-geodesics whose first edgeise;. [

The 1-skeleton of any simplicial complex is a graph. We will often work
with the 1-skeleton of X, (I'), which we denote by G, (T'). Hence we want
to know how graph properties of I can be translated to G, (T').

Lemma 3.7. Let I be a graph and let dr denote the canonical metric on T'. Fix the
parameter 1 > 1 and let G = G, (T') denote the 1-skeleton of X,,(T'). If dg denotes
the canonical metric on the graph G then the inclusion map (T, dr) — (G,dg) is
a quasi-isometry.

Proof. The vertex set of a graph is quasi-dense and V(I') = V(G) =: V,
hence it is enough to show that the identity map idy: (V,dr) — (V,dg) is
a quasi-isometry. It follows from the definition of G that for any x,y € V

dg(x,y) <dr(x,y) <ndg(x,y)

and therefore the identity map is a quasi-isometry. O
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Gromov hyperbolicity is preserved under quasi-isometries (see propo-
sition 2.13) so lemma 3.7 yields the following corollary.

Corollary 3.8. If T is a Gromov hyperbolic graph then the graph G, (T') is Gromov
hyperbolic (for any 1 > 1).

The graph property fineness is not preserved by quasi-isometries, but
we can use still say something due to a lemma by Bowditch;

Lemma 3.9 ([Bow97, Lemma 4.5]). Let G be a group. Let V be a set on which G
acts with finite pair stabilisers, i.e. for all u,v € V there are only finitely many
elements of G that fix both u and v. Let K, L be connected G-invariant graphs
with vertex set V and with finite quotient under G, i.e. there are only finitely
many G-orbits of vertices and finitely many G-orbits of edges.

If K is fine then L is fine.

Remark 3.10. If we start with a relatively hyperbolic group G and have an
associated graph I, as in definition 2.22, then for any > 1 the 1-skeleton
of X, (T) is a uniformly fine, Gromov hyperbolic graph, by corollary 3.8
and lemma 3.9, where the uniformity of the fineness uses lemma 2.19 and
proposition 3.6.

The group G acts on X via the action of Gon V = V(I') = V(X). There
are only finitely many orbits of simplices, by proposition 3.6.

We end this section by saying something about the stabilisers of the G-
action on X.

Before we can do that though, we need a result from Osin about the
intersection of peripheral subgroups.

Lemma 3.11 ([Osi06, Proposition 2.36]). If a group G is hyperbolic relative to a
finite set P of subgroups then for all P,P" € P and for all g,§" € G either
gpgfl — g/P/g/—l
or
gpg—l mglng/—l < 0.

Osin uses yet another definition of relatively hyperbolicity in terms of
(finite) relative presentations and relative Dehn functions, but Theorem
6.10 in the appendix of [Osi06] proves the equivalence of his definition to
the definition given in section 2.4 here.

Proposition 3.12. Let G be a group that is hyperbolic relative to a finite set P of
subgroups and let I be an associated graph (as in definition 2.22).
For any x € X := X,,(T') either the stabiliser of x is finite or x € V.
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Proof. Suppose x € X has an infinite stabiliser H. Write x = }_,cy x,0v in
barycentric coordinates. The group H must permute the support of x, but
the support of x is finite thus the stabiliser of every v € supp(x) is infinite.

So for every v € supp(x) we can find some g, € G and P, € P such
that the stabiliser of v is g, P,g, .

Furthermore, by considering the diagonal action of H on (supp(x))? we
see that the pair stabilisers are infinite, i.e. the intersection of the stabilisers
of any two vertices in the support of x is infinite. But by lemma 3.11 the
intersection of two distinct conjugates of elements of P is always finite.
Therefore there cannot be any pair stabilisers, and the support of x is a
single vertex v, in which case x = v. O

3.2 Motivation

The motivation for the flow space comes from considering the a tree T,
since a tree is the special case of a 0-hyperbolic graph. Consider the space T
as defined in section 2.5. Between any pair of points in T there is a unique
geodesic. Then we say that a map c: R — T is a generalised geodesic if there
existst_,t, € R:=RU{—o0,00} such that

° c|(_oo,t_} is constant;
® clj_;,)is a geodesic;
® |, o)) is constant.

So intuitively, we have a geodesic ¢ which we extend to a map R — T by
making it constant at either end (if it is not already an infinite geodesic).

Then the flow space is defined to be the set of generalised geodesics in T.
We make this a metric space via

d(c,c') = /teRe_%Msz(c(t),c’(t))dt.

Finally, we can define a flow ® on this space via ®.(c)(t) := c(t + 7).

This doesn’t work for a general Gromov hyperbolic space because the
geodesics are not necessarily unique. Hence we need to formally replicate
the idea.
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3.3 The flow space

Let X be a simplicial complex whose 1-skeleton is a fine, Gromov hy-
perbolic graph. In our motivating example of a tree T, the image of a gen-
eralised geodesic c: R — T is determined by its end-points, hence our first
attempt at a flow space is X x X. It is possible for our generalised geodesic
to be stationary (i.e. ¢(—oc0) = c¢(o0)) but if one end-point lies in the bound-
ary then the generalised geodesic cannot be stationary. Thus we consider
the set (X x X)\A(9X), where A(9X) is the diagonal of 9X x 9X.

This determines the ‘image” of a generalised geodesic but we also need
a way of encoding the parametrisation. Going back to our motivating ex-
ample, fix a base-point xo € T. For any geodesic c in T there is a unique
point on c that is closest to xg. Then we can determine the parametrisation
of c by what time it hits this point (or leaves the point if this unique point
is the starting point). This gives us a value t € R. Therefore, we consider
the space ((X x X)\A(0X)) x R.

However, there are stationary geodesics, for which the time coordinate
plays no role. So we quotient out by the relation (x, x,t) ~ (x,x,t').

We are not quite finished. In a tree T, if a generalised geodesic c starts
at a point x € T then the flow ®(c) should converge to the stationary
geodesicat x as T — —oo. To replicate this we use R instead of R in our def-
inition of the flow space, i.e. we consider ((X x X)\A(9X)) x R, where we
want the point (x, iy, —o0) to correspond to the stationary geodesic at x. This
is only possible if x ¢ 0X so we need to remove such points beforehand.
Then we know that the stationary geodesic at x is given by the point (x, x, t)
(for any t € R) so we need to identify (x,y, —o0) with (x, x, —o0). Similarly
we need to identify (x,y, co) with (y, y, c0).

Putting everything together, we obtain the following definition.

Definition 3.13. Let X be a simplicial complex whose 1-skeleton is a fine,
Gromov hyperbolic graph. First set

X,y €0X = x #y,
X :={ (qyt) eEXxXxR| t=—0c0 = x ¢ 0X, (3.1)
t=o00=y ¢ 0X

and then define the flow space as the quotient FS(X) := X’/ ~ where

Vx € X,Vt,t' € R, (x,x,t) ~ (x,x,t');
vx/y/ y, S X/ (x/]// —OO) ~ (x/y// —OO),
Vx, x’,y S Y, (x,]/, 00) ~ (x//y/ OO)

The topology on FS(X) is defined to be the quotient topology, where we
give X x X x R the product topology and X’ the subspace topology. The
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flow on FS(X) is given by
e,y 1) 1= (5t + 7). 32)

Note that we do have ®.(x,y,t) — (x,x, —c0) as T — —oo with this defini-
tion, and analogously for T — co.

This formulation of a flow space was first given by Mineyev in [Min05],
where he used the notation #X for the flow space FS(X).

A quick remark about this definition. In the motivating example of a
tree T we thought of the flow space as the generalised geodesics c: R — T
and then said that given a base-point xg € T we could always get a pa-
rameter t. This gives an identification of the space of generalised geodesics
with the abstract flow space as in definition 3.13, but this identification de-
pends on the choice of base-point. Using a different base-point would still
yield an identification of the two versions of a flow space but it would not
necessarily give a generalised geodesic ¢ the same parameter t € R.

Therefore, although we do not use a choice of base-point in this defini-
tion we will often think of one as being implicit. Sometimes we will want
to explicitly use a base-point, in which case we will use the following defi-
nition.

Definition 3.14. Let X be a finite-dimensional simplicial complex whose
1-skeleton G is a fine, Gromov hyperbolic graph. Suppose d is a metric
on X whose restriction to X(?) coincides with dg. Given any fixed base-
point xg € X, for any x,y € X define the map 65%: R — [—(y|x0)x, (x|x0)y]
by

~(lx)x it < —(ylxo)s

03, (1) := {1 if — (ylxo)y < £ < (x|x0)y
(x|xo)y  if (x|xg)y <t

and observe that for the case x = y the map 6% is identically zero.

The idea is to replicate what happens in a tree. If we have a fixed
base-point xy € X then we can think of (x,y,0) as the formal generalised
geodesic whose ‘closest” point to xg is at time 0. Then for arbitrary t we just
use the flow relation (x,y,t) = ®;(x,y,0).

So the map 6’ can be thought of as evaluation at time 0; starting at the
point on [x, ] that is “closest’ to xo we move a distance 655 (t)| along [x, y]
and the sign says which direction, namely towards x if negative and to-
wards y if positive.
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3.4 Constructing a metric

If X is a Gromov hyperbolic metric space then we would like to define
a metric on FS(X). In our motivating example, we defined the distance
between ¢,c’ € FS(T) by integrating over the image of the generalised
geodesics ¢, ¢’. Note that c(s) = Ds(c)(0) for all s € R so it is enough
to know distances between the points ¢(0) and ¢’(0) for all ¢, ¢’ € FS(X).

Back in the general case the idea is to think of a point (x,y,t) € FS(X)
as a formal generalised geodesic. Then there should be a point (x,y,t)o € X
that corresponds to the formal generalised geodesic evaluated at time t = 0.
However, we have no such evaluation map FS(X) — X so we need a way
of calculating the distance without using an evaluation map.

We start by defining a function X x FS(X) — R that in a sense gives a
distance from a point z € X to the ‘point’ (x,y, t)o.

Then for any two points (x,y,t), (x',y,t') € FS(X) we can compare
how close (x,y,t)o and (¥, y/, ') are to a point z € X. If we do this for all
points z € X then we should be able to say something about how close the
‘points’ (x,y,t)o and (x',y’, )¢ are.

To define a distance from (x,y,t) to a point z € X we want to find a
point (x,y), on the formal generalised geodesic [x,y] that is ‘closest’ to z
and then the distance from (x,y,t)o to z is the distance along the formal
generalised geodesic from (x,y,t)o to (x,y), plus the distance from (x,y),
to z. The distance from z to the point (x,y); is the distance from z to the
formal generalised geodesic [x,y]|, which is given by the Gromov prod-
uct (x]y)..

To make sense of (x,y,t)p we need a base-point xg € X (see defini-
tion 3.14). We need to know what the distance between (x,y), and (x,y, t)o
is in terms of xo,x,y,t and z. If (x,y)o denotes the point of [x,y] that is
‘closest’ to xo then by definition the distance between (x,y)o and (x,y, t)o
is |65 (t)|, where 655 (t) is positive if (x,y)o lies between (x,y,t)o and x,
and is negative if (x, y)o lies between (x,y,t)o and y. So for x,y € X we can
write the distance between (x,y,t)o and (x, ), as the following expression
in terms of Gromov products;

03 () — ((yl2)x — (ylx0)x) = 03 (£) — ((x[x0)y — (x2)y)

X0

(x,y)o (v yth (x,¥)z
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However, if x and y are in the boundary then all of the Gromov products
are infinite and so the expression does not make sense. We get around this
problem by looking specifically at the value (y|z)x — (y|x0)x;

Definition 3.15. Let X be an arbitrary metric space. The double difference of
four points x,y,z,w € X is

(x,ylz,w) == (y]z)x — (y|w)x- (3.3)

Before returning to the problem of defining a metric on our flow space,
we list some properties of the double difference.

Proposition 3.16. Let X be an arbitrary metric space. The double difference sat-
isfies the following properties for any points in X;

0) (x,%'ly,y") = 3 (dx(x,y) —dx(x,y') — dx (¥, y) + dx (¥, y));
(1) (X, v") = v,y |x,x');

2) (x Xy, y") = —(x"xly,y) = = (x. x|y, y);

3) (xxly,y) =0=(x, x|y, y);

4) (x,xy,y)+ (& x"|y,y) = (x,x"|y,y');

(5) (xylz,w) + (z, x|y, w) + (y,z|x,w) = 0.

Now we want to define the distance from apoint z € X to (x,y,t)o
for (x,y,t) € FS(X) to be (x|y). + [6:%(t) — (x,y|z x)| but for this we
need to know that the double difference is defined for x,y € 0X.

This is not necessarily true for an arbitrary metric space X. Moreover,
it is not true for an arbitrary Gromov hyperbolic graph. To solve this we
construct a new metric on a uniformly fine, é-hyperbolic graph such that
the double difference with respect to this new metric can be extended to
the boundary. Then we can use this new metric to define a metric on FS(X)
using the argument laid out above, which is done formally in section 6.3.



4 Projecting Along Geodesics

In section 3.4 we started to sketch how to define a metric on the flow
space FS(X) for a Gromov hyperbolic metric space X, but we encountered a
problem that the double difference (as in definition 3.15) is not well-defined
for points on the boundary of X.

In this section we will use the work of [Min01] together with the modi-
fication suggested in [MY06] to define a projection map g that will be used
in chapter 5 to construct the metric d on the vertex set of X.

Our projection map g is essentially the map f as in [MY06, Proposi-
tion 45], where several facts about the map f are stated but not explicitly
proven. Instead it is said that the proofs are analogous to proofs given in
[Min0O1]. In this section we will define the projection map g, dependent
upon three constants I, ], and R, and prove the following theorem.

Theorem 4.1. Let G be a uniformly fine, Gromov hyperbolic graph. There is a
map g: QV @ QV — QE that satisfies the following properties;

(i) It is invariant under isometries of G (where Isom(G) acts on G x G diago-

nally).

(ii) Foralla,b € V, for every integer R with I < N < ] the support of g(a,b)
contains E[a, b; R].

(iii) Foralla,b € V and all x € supp(pg(a, b)), d(x,b) <d(a,b)—1.

(iv) Foralla,b € V and all x € supp(¢g(a, b)) thereis an R with [ <V < |
such that for all uy € V|a, b; R] we have d(x, uy) < 36 + R+ 2 =: Co.

(v) Foralla,b €V, diam(supp(¢g(a,b))) <2Co+ ] — L

vi) There exist constants L > 0and A € (0,1) such that forall a,b,b' € V
(vi)

’g(ﬂ,b) _g(ﬂ,b/)h < L/\(b|b/)a‘
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(vii) There exists a constant v € (0,1) such that forall a,a’,b € V if
e d(a,b) >]+1andd(a',b) > ]+1
o |d(a,b)—d(a,b)| <J—1
o (a|lb)y < Jand (a'|b), < ] then
8(a,b) — g(a",b) |1 < 2v.

where the map ¢: QE — QV picks out the end-points of every edge.

Many of the objects in the statement of theorem 4.1 are yet to be defined
but all will be explained in this section. At the very end of chapter 4 we will
give the proof of the theorem, which will just show where in the section to
look for the proof of the relevant facts.

4.1 The first projection

On our uniformly fine J-hyperbolic graph we want to define a new met-
ric that has better convergence properties than the word metric. To do this
we modify the ideas used in [Min01].

In the following picture we consider two points b, b’ and a third point a
that is comparatively far away. The upper arc perpendicular to [a, b] (blue
if you have colour) is the intersection of a sphere around a with the §-neigh-
bourhood of the geodesic [a,b], whereas the lower arc perpendicular to
[a,b'] (red) is the intersection of the sphere around a with the §-neighbour-
hood of the geodesic [a,'].

Fig. 4.1: Overlapping Neighbourhoods

b/

The geodesics may not overlap but by hyperbolicity their J-neighbour-
hoods will overlap close to a. The idea behind the new metric therefore
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is to average over the /-neighbourhoods of the geodesics between the two
points. We will need to use the fineness of the graph to ensure we are aver-
aging over something finite. So we average over edges.

For this average to make sense, we work in QE, the Q-vector space with
basis E. For any finite subset S C E define the average of S to be

av(s) ==

seS

Then in QE we can measure the size of the overlap using the I-norm,
which we denote by |..|1, i.e.

N

sES

= ZMS"

1 sES

In lemma 2.50 we needed d(a,e) = d(a,e’) so we want to keep the dis-
tance to a constant. Therefore, given e € E[a, V] we define the flower of
radius r around e with centre a to be the set

Fl[a,e;r] := E[a, V;d(a,e)] N B¢ (e).

Similarly, for a vertex b € V[a, V] we can define the flower of radius r around b
with centre a to be Fl[a, b;r] := V'[a, V;d(a,b)] N B,(b).

By taking the average we can turn the flower of radius r around e with
centre a into an element of QE[a, V], and so for a fixed vertex a and flower
radius r we get a map avgy(,,: E[a, V] — QE[a, V], which we can extend
Q-linearly to get a map avey () : QE[a, V] — QE[a, V].

We do not want to project all the way to the vertex a so we need a con-
stant X > 0 such that inside the ball of radius X around a we should not
change b much. We will only spread out at certain distances away from a, so
we need a second constant y > 0 such that we only spread out when d(a, b)
is the initial constant X plus a multiple of the moving constant . First, we
define a function fx: QV © QV — QE which is moving one step before
spreading out.

Definition 4.2. Let G be a fine, é-hyperbolic graph. Define a Q-bilinear
map fx: QV & QV — QE on vertices as follows; Given two vertices a,b
of G either d(a,b) < X or there is an m € IN such that

mu+N <d(a,b) < (m+1)p+R
and then fy is given by

0 ifa=>
Fulab) = av(E[a,b;d(a,b) —1]) if1 <d(ab) <N
DT av(Ela, b;mu + X)) ifmu+N<d(ab) < (m+1)p+RX

avii() (av(E[a, bympu +R])) ifd(a,b) = (m+1)u+ N
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The function fy depends on both X and p. We will keep u fixed so it
is suppressed in the notation. In section 4.4 we will allow X to vary so we
want to keep track of it in the notation.

For understanding what the map does it is more intuitive to consider
the end-points closest to a, namely let 1,: QE[a, V] — QV{a, V] be the Q-
linear extension of the map that given an edge e € E[a, V] picks out the
end-point of e that is closest to a and consider ¢, fx(a,b) € QV.

by

If the vertex b does not lie on one of the spheres then we just project to
the next sphere by averaging along all of the geodesics from b to a. So b; in
the picture is sent to the (blue) dots.

The interesting part happens when b lies on one of the spheres, in which
case we take the projection as in the previous case but then we also spread
out when we reach the next sphere. This is represented in the picture by b
being moved to the (orange) bars on the next-smallest sphere.

Remark 4.3. If 2 # b then the element fx(a,b) € QE is a convex combina-
tion, i.e. all coefficients are non-negative and their sum is 1. Furthermore,
the map fy is invariant under the diagonal Isom(G)-action on QV x QV.

The map fy is only interesting when d(a,b) > X, and the next lemma
gives some properties of the support of fx(a,b) in this case.

Lemma 4.4. Let G be a fine, d-hyperbolic graph. Suppose a,b € V have dis-
tance d(a,b) > N. Pick m € N such that

mpu+ N <d(a,b) < (m+1)u+ N
Then the following statements hold;
(i) Efa, b;mpu+ ] C supp(fu(a,b));
(ii) Foranye € E[a, b;mu + X], supp(fx(a,b)) C Fl[a, e;20].

Proof. (i) Follows immediately from the definition.
(ii) Corollary 2.51 gives d’(e,e') < o for all e,e’ € E[a,b;mu + R]. In
particular, the triangle inequality shows Fl[a, ¢’; 6] C Fl[a, ¢; 26].
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Ifd(a,b) < (m+1)p + X then fy(a,b) = av(Ela, b;mp + N]) and so
supp(fx(a,b)) = E[a, b;mpu + N] C Fl[a, ¢;26].

Ifd(a,b) = (m+1)p + N then fy(a,b) = avgyg (av(Ela, b;mu + R])).
So
supp(fx(a,b)) = |J  Flla,&d] C Flla,e;24]. 0
é€Efa,b;mpu+R]

We will iterate this projection via ¢, so it will be useful to also know
what the support of ¢, fx(a,b) is like.

Corollary 4.5. Suppose we have the same set-up as in lemma 4.4. Then
(i) Via,bimp -+ N] C supp(iafn(a,b));
(ii) Forany v € Via, b;mu + X], supp(1fx(a, b)) C Fl[a,v;26 + 2].
Proof. Use lemma 4.4 and corollary 2.49. O

So we know that the support is never too far away from any geodesic
froma to b.

The spreading out in the fourth case in the definition is done to create
an overlap, as in figure 4.1. If two vertices b, c are close then we want the
supports of 1,fx(a,b) and 1, fx(a,c) to remain close, and furthermore we
want the intersection of the supports to be non-empty.

For there to be a global bound we assume G is uniformly fine, in which
case the balls in the edge-metric d are uniformly finite, by lemma 2.47, and
we set

Bg = max{‘Bg(e)‘ te€ E}.

Lemma 4.6. Let G be a fine, 5-hyperbolic graph. Let a,b,c € V be three vertices
satisfying
e Jm € N such that d(a,b) = (m+1)p + X =d(a,c);
e d(b,c) <2pu.
Then for all e, € supp(fx(a, b)) and for all e € supp(fr(a,c)),
dg(eb, ec) < 36.

In particular d(iaep, 1se.) < 36 + 2. Moreover, if G is uniformly fine then there
exists a constant 1y € (0,1) such that

|fx(a,b) = fru(a,c)l1 < 2n.
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Proof. By the definition of fy, there is an edge &, € E[a,b; mu + X] such
that e, € Fl[a,é,;d]. Pick é. analogously. Under our assumptions on the
distances between a, b, c we know that (b|c), > mu + X. Hence lemma 2.50
tells us that d®(,,e.) < 6. Thus

d*(ep, ec) < d*(ep, ) + d°(&y,2.) + d(e.,ec) < 30.

In particular corollary 2.49 gives d(i4¢p, taec) < 30 + 2.

Now suppose that G is uniformly fine (hence Bg is finite). To simplify
the notation a bit, set E;, = E[a,b;mu + |, and for e € E, set Fl, =
Fl[a, e; 6]. Similarly we can define E,. and Fl; for é € E,.

Then by definition we have

1 1
a,b) = — — e, a,c) =
fab) = Loy ¢ A9 =g X g

ecE, e’ €Fl,

For any e € E;, and é € E, we have d’(e,&) < J since (b|c), > mpu + .
So Fl, N Fl; # @ and therefore

[fx(a,b) — fr(a, )l

1 1 1 1
< e —¢lh  (41)
Eal B2, T A, TEud 2 T A,
_ 1 Ly  |FL|[Fle| — [FL N Fly
|Eab| &, [Bacl :EF, |Fl | [Fle|
1 1 1
<Ly lrafi- b
|Eab‘ e€Ey ‘Eac, e€Eqc < <Bg>2)
1
(B)?
and the proof is finished by setting 770 = 1 — —— € (0, 1). O

(BS)?

4.2 Iterated projections

Using fx we can project to the next sphere of radius mp + X around a.
We can iterate these projections in the natural way.
Definition 4.7. Let G be a fine, é-hyperbolic graph. Given k € IN define

f}gk) : QV & QV — QE to be the Q-bilinear function that is defined induc-
tively on vertices by
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o a,b) = fu(a,b);
o M (@,0) = 1 (a,10f(a,b)).

Remark 4.8. As with fy(a,b), for a # b the element fék)(a,b) € QEisa
convex combination, in fact it is a convex combination in QE[a, V] so we can

always consider 4, fzgk) (a,b). Furthermore, the map fék) is invariant under
the action of Isom(G).

This recursive definition has an equivalent form, given in the following
lemma.

Lemma 4.9. Let G be a fine, d-hyperbolic graph. Forall a,b € V and forallk € IN

A a,0) = fula,1f (a,b)).

Proof. Induct on k.

The case k = 0 follows straight from the definition of the map f}(zo).
For the inductive step;

A (a,0) = £ (0,10 f(a,1))
= fa(a,taf " (@, 10fu(a,D)))
= fu(a,1f (a,b))

where the first equality uses the definition of f§k+1), the second equality is

the inductive hypothesis and the third equality is the definition of fék). O

From now on we will have to make an assumption about the constant ,

which is how far we move in each step of the recursive function fbgk). Since
we will later introduce more constants and more conditions we will start a
list of all the assumptions we are making which we can add to later on.

Assumptions 4.10. We assume that the constant y always satisfies the in-
equality
2u > 36 + 2. (4.2)

The right-hand side of inequality (4.2) is chosen so that we can iterate
lemma 4.6. We know that 35 + 2 bounds d(4ep, 14¢.) with e, in the support
of fx(a,b) and e. in the support of fx(a,c) (for suitable vertices a,b,c € V),
but in lemma 4.6 we assume d(b, c) < 2y, so to iterate the lemma we have
to assume y satisfies inequality (4.2).

As with fy it is helpful to have an idea what the support of fb(tk) (a,b) is
like. This leads to the following lemma (cf lemma 4.4).
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Lemma 4.11. Let G be a fine, 6-hyperbolic graph. Suppose a,b € V have dis-
tance d(a,b) > N. Pick m € IN such that

mu+N <d(a,b) < (m+1)u+ N
Then forall k € {0, ..., m};
(i) Ela, b; (m — k) + ] C supp(£ (a,b));
(ii) Foranye € E[a,b; (m —k)u + X], supp(fék) (a,b)) C Fl[a,e;36].

Proof. We induct on k.
The case k = 0 is lemma 4.4.
Now for the inductive step.

(i) Assume E[a, b; (m —k)pu + X] C supp(f?gk) (a,b)). We want to look at

the support of f}gkﬂ) (a,b). For any e € E[a, b; (m — k) + X] we know that
any geodesic from a to b restricts to a geodesic from a to (e. In particular

Ela,b; (m — (k+1))u+X] C E[a, t5e; (m — (k+1))p + R].
Lemma 4.4 shows
Ela, tae; (m — (k +1))p + R] € supp(fn(a, ta€))

but by the alternative inductive definition of fékﬂ) given in lemma 4.9

we know that supp(fx(4,e)) C supp( fékﬂ)(a,b)) and bringing this al-
together we obtain

Ela, ta€; (m — (k+ 1))+ R] C supp(£ (a,b)).

(ii) Fix e € E[a,b;(m — (k+1))p + R]. We need to show that for any
edge e; € supp( fzgkﬂ)(a,b)) we have d¢(e,e;) < 35. By the definition

of fékﬂ) there is some ¢} € supp( fék)(a,b)) with e; € supp(fx(a, ta€})).
Pick ¢’ € Ela, b; (m — k)u + X] such that there is a geodesic from a to b that
contains both e and ¢’. Then by part (i) we know ¢’ € supp( f}(zk) (a,b)).

The inductive hypothesis says dé (e, e;) < 36, and then corollary 2.49
gives d(1qe’,15]) < 35+ 2 < 2u. So lemma 4.6 tells us that d(e,e1) < 35,
as desired. O

If we start with two vertices b, c then we already know that fy creates
an overlap if d(b, ¢) is small, and we hope that by iterating this overlap be-

comes larger, in other words we want | f}(zk) (a,b) — f}(zk) (a,c)|q to get smaller.
This is formalised in the following lemma (cf lemma 4.6).

Lemma 4.12. Let G be a fine, 6-hyperbolic graph. Let a,b,c € V be three vertices
satisfying
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e Jm € N such that d(a,b) = (m+ 1)u+ X =d(a,c);
e d(b,c) <2pu.

Forany k € {0,...,m}, x € supp (tafék)(a,b)), and y € supp (zaf}(tk)(a,c)),
d(x,y) <35 +2.
Moreover, if G is uniformly fine then

k k
A7 (@ b) = /7@ o < 20
where 1 € (0,1) is the constant from lemma 4.6.

Proof. We induct on k.

The case k = 0 is exactly lemma 4.6.
(k+1)

For the inductive step, use the alternative recursive definition of f;
given in lemma 4.9, which says f§k+1)(a,b) = fx(a, tafb(tk)(a,b)). So for
any x € supp(tuf§k+1)(a,b)) there is some b, € supp(tafzgk)(a,b)) such
that x € supp(tafx(a,by)). Similarly for y € supp(is f§k+1)(a,c)) there is
a correspondi ®)

ponding ¢, € supp(tafy (a,c)).

By the inductive hypothesis d(by, c¢;) < 36 42 < 2. Thus we can apply
lemma 4.6 to deduce that d(x,y) < 36 + 2.

Moreover, suppose G is uniformly fine. We keep the notation as in the

proof of lemma 4.6. By definition fkgkﬂ) (a,b) = f}(tk) (a,1afx(a,b)). Using the

Q-linearity of fék) we can proceed analogously to the proof of lemma 4.6
and we get

Y Y 1A (@) = £ (0,101

|E”h| e€Ey ‘Fl | ¢’ eFl, |E”C‘ e€E |Fl | & eFl;

Lemma 4.6 also tells us that d(,¢/,1,¢") < 35 + 2 < 2y, hence the inductive
hypothesis gives

A (8, 10¢') = £ (0,181 <

and therefore
k+1 k+1
A (a,b) = £ (a0
1 1

< Ik
" |Ea| L [FL| e’;lg | Eacl ez ’ L ¢ =&

ecEy ecEqe e eFl;

but this is just the sum (4.1) multiplied by the constant 7. Hence we con-
clude - .
+
A @) = A @ ol < 256

which finishes the induction. O
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4.3 The total projection

Now we consider what happens when we repeatedly project until we
reach the ball of radius X around a.

Definition 4.13. Let G be a fine, J-hyperbolic graph. Define a Q-linear
map gn: QV © QV — QE on vertices as follows;
Foralla,b € V,if d(a,b) > X then there exists an m € IN such that

mu+N <d(a,b) < (m+1)u+N

and then
(a,b) ifd(a,b) <N
gN(a/b) = fz?m) .
fx '(a,b) ifd(a,b) >N

Remark 4.14. The element gx(a,b) € QE is a convex combination if a # b,
and the map gy is invariant under the action of Isom(G).

Previous results about f}(tk) (a,b) immediately carry over to ¢x(a,b). In
particular lemma 4.11 gives;

Lemma 4.15. Let G be a fine, d-hyperbolic graph. Suppose a,b € V have dis-
tance d(a,b) > W. Pick m € IN such that

mu+N <d(a,b) < (m+1)u+ N
Then the following statements hold;
(i) Ela,b;R] C supp(gn(a,b));
(ii) Foranye € E[a,b; R], supp(gx(a, b)) C Fl[a, e; 35]. O
Furthermore, lemma 4.12 yields the following lemma;
Lemma 4.16. Let G be a fine, 6-hyperbolic graph. Let a,b,c € V be three vertices
satisfying
e dm € N such that d(a,b) = (m+ 1)u+ X =d(a,c);
e d(b,c) <2u.
Then for all x € supp(tagx(a, b)), and all y € supp(1agx(a,c)),
d(x,y) <36+2.
Moreover, if G is uniformly fine then
g (a,b) — gn(a,c)l1 < 2ng'

where 1y € (0,1) is the constant from lemma 4.6.
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Up to now we have been assuming that d(b, ¢) < 2y, and that they both
lie on a sphere of radius (m + 1)u + X\ around a. We want to drop these
conditions on the vertices b, c to get a general result about what happens
when the second variable of gy is changed.

However, we will have to assume a bit more about the constant y. So
we have to update the assumption 4.10 to the following;

Assumptions 4.17. We assume that the constant u always satisfies the in-
equality
2u > 76+ 4. (4.3)

If we consider lemma 4.12 with b = c then we know that the diameter of
the support of 4, f}(zk) (a,b) is bounded by 34 + 2. Hence if we have three
vertices a,b,b' € V and know that there is some vertex x( in the support
of tafék) (a,b) and some x{, in the support of taf;gk) (a,b") with d(xg,x}) <0
then we can bound the distance between an arbitrary element in the sup-
port of ¢, fék)(a,b) and an arbitrary element in the support of ¢, f}(tk) (a,b")
by 76 4 4. This is why we now assume that inequality (4.3) holds.

Proposition 4.18. Let G be a uniformly fine, 6-hyperbolic graph. There are con-
stants L > 0, A € (0,1) such that forall a,b,b' €V,

|gn(a,b) — gn(a,b)[1 < LA,

X g 1
Proof. Set L = max {2;70 " e 1 u} and A = 5} € (0,1) where 7 is the

constant from lemma 4.6.

First consider the case (b|V'), < X. Here we have

lgn(a,b) —gn(a,b)1 < [gn(a,b)|1 + |gn(a,b') |1
<2
_N X
=21, "1y
R (O

< 2770”’70 ’
< LA®IE)

and so the proposition is true in this special case.

Now consider the case (b|b’), > N. Then there is some n € N such that
np+R < (bp')a < (n+1)p+ .

There is also some m € IN such that my + X < d(a,b) < (m+1)u + X,
Som > nsince d(a,b) > (b|b'),. Setk =m —nand S = supp(tafék)(a,b)).

Write lufék) (a,b) = Y csayx and then gn(a,b) = Y csaxgn(a, x). Observe
that for x € S we have d(a,x) = nu + X,
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Similarly for b" we find m’ > n, and analogously define k', S’, and «/,
for x" € S'. Again, observe thatd(a,x") = ny + X forall x’ € §'.

We wish to apply lemma 4.16 to a,x, x’ with x € S and x” € S’ but we
need a bound on the distance between x and x'.

Fix a vertex xo € Via,b;nu + N] and a vertex x, € V[a, b';nu + N].
Then xp € S and x{; € S’ using lemma 4.11(i). Moreover, d(xp,x,) < ¢
by considering a geodesic triangle with corners 4,b,b" and that contains
the two vertices x, x{, (this uses the fact d(a,x) = d(a,x’) < (b|b')s). So
for any x € S and any x’ € S/, using the triangle-inequality together with
lemma 4.12 gives

d(x,x") = d(x, x0) + d(xo, x0) + d(xp, ')
<3+2+ 5 +36+2
= 76+4
< 2u.

Thus we can apply lemma 4.16 to get

lgn(a, x) — gn(a, x")|1 < #p.

Therefore

lgn(a,b) —gn(a,b)1 = |} axgu(a,x) — ) abugn(a,x)

xes x'es’! 1

<Y Y weads|gn(a,x) — gx(a, x|

xeSx'es’

< Z Z [Xxlx;ﬂ’]g

x€S '€/
_ n
=T
_q_n (0
" "
< Mo
< LA ) O

4.4 Varying the initial sphere

Proposition 4.18 gives us some control over what happens when we
change the second variable of gx, but we still have no control over what
happens when we change the first variable. The support of gx(a,b) (for
d(a,b) large) is contained in the sphere of radius N around a. Even if a’ is
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close to a there need not be a large overlap between E[a, V; X] and E[a’, V; N|
To compensate for this, we take an average over many different initial
spheres.

So we introduce two new constants to designate the start and end of
the range over which we will average. We will use I for the radius of the
smallest initial sphere to be considered, and | for the largest. We also need
a third constant R that will be the radius of the balls in the edge metric
over which we average each gx(a, ). This is made formal in the following
definition.

Definition 4.19. Let G be a fine, 6-hyperbolic graph. Define the Q-linear
map g: QV ®QV — QE on verticesa,b € V by

1 ]
g(a,b) := T NZ::IavB% (gn(a,b)).

Some facts about gy (a,b) carry straight to g(a,b). For example, g(a,b)
is a convex combination if 2 # b, the map g is invariant under the action
of Isom(G), and lemma 4.15 gives the following lemma about g(a, b).

Lemma 4.20. Let G be a uniformly fine, 6-hyperbolic graph. Let a,b € V be two
distinct vertices of G with d(a,b) > ]. For every X with I < W < ] pick an
edge ey € E[a, b;N]. Then

(i) Ewvery ey is contained in the support of g(a,b);

(ii) For any e € supp(g(a,b)) there exists some N between I and | such that
d(e,ex) <36 +R. O

The support of ¢(a,b) is not necessarily contained in E[a, V] so we can-
not apply ¢, to it. Recall that in the definition of a graph (see definition 2.1)
we included the existence of two maps ¢ : E — V that pick out the end-
points of an edge. These maps can be Q-linearly extended and then we can
take the average of the two end-points of an edge, to wit; let ¢: QE — QV
be the Q-linear map defined by

1 1
¢le) = 5¢+(e) + 59-(e).
Then the composition ¢g is a Q-bilinear map QV & QV — QV.

Corollary 4.21. Let G be a uniformly fine, 6-hyperbolic graph. Let a,b € V be
two distinct vertices of G with d(a,b) > J. For every X with I < X < ] pick a
vertex uy € V[a,b;N]. Then

(i) Every uy is in the support of pg(a,b);

(ii) For every x € supp(pg(a,b)) there exists some X between I and | such
that d(x,uy) < 36+ R+ 2 =: Cp;
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(iii) diam(supp(¢@g(a,b))) <2Co+ ] — L

Proof. The first two statements follow from lemma 4.20. The third state-
ment follows from the second statement. ]

And since av ; is Q-linear we can use proposition 4.18 to bound how

B
much g(a,b) Chan?;es with b.

Proposition 4.22. Let G be a uniformly fine, 6-hyperbolic graph. There are con-
stants L > 0, A € (0,1) such that for all a,b,b’ € V,

g(a,b) — g(a, b))l < LA,

Proof. Proposition 4.18 tell us that |gy(a, b) — gn(a, b')]; < LA®IP) for any R
and then, using the Q-linearity of av 5 we get
R

‘aVB%gN(a,b) — avB%gN(a,b/)‘l = )avBlg(gN(a,b) —gn(a, b’))‘l

= |gn(a,b) —gn(a, b))y
S LA(b‘b/)a

Then g(a,b) — g(a,b') is an average of the av c gn(a, b) —av,: gx(a,b') so its
R R
I'-norm is also bounded by LA(?It)a, O

For what follows we will need assumptions on the constants R and I.
Hence we add to the assumption 4.17 to now assume the following.

Assumptions 4.23. We assume the constants y, R, and I are chosen to sat-
isfy the following inequalities;

2u>75+4
R > 46
I>Cy+1

where Cy = 30 4+ R + 2 is the constant that appears in corollary 4.21(ii). We
will use the lower bound on R to show that there is an overlap in propo-
sition 4.25. The proof of that proposition will be via induction, for which
we need to know that the distance from b to any element in the support
of ¢g(a,b) is strictly less than d(a,b). This fact is the focus of the next
lemma, and needs the lower bound on I.

Lemma 4.24. Let G be a uniformly fine, 6-hyperbolic graph. If a,b € V sat-
isfy d(a,b) > ] + 1 then for all x € supp(pg(a, b)),

d(x,b) <d(a,b)—1.
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Proof. Given x € supp(¢g(a,b)) for any ux € V[a,b;X] corollary 4.21 tells
us that there is some R with d(x, ux) < Cy where Cy = 36 + R+ 2 as in
corollary 4.21(ii). Then

d(x,b) < d(x,uy)+d(uy,b)
< Co+d(a,b)—d(a,uy)
< C0+d(a,b)—1
<d(a,b)—1. O

Next we turn to look at what happens when we change the first vari-
able of g. We consider a special case (as we did when first considering the
effect of changing the second variable). We will need to use hyperbolicity
of the triangle A(a,a’,b) around the corner b, so we assume that the ver-
ticesa,a’,b € V satisfy |d(a,b) —d(a’,b)| < ] — I to ensure that we can find
some X, X with I < X, N < Jsuch thatd(a,b) — X = d(a’,b) — X and we
also assume that both (a|b), and (a’|b), are bounded by | so that we may
apply hyperbolicity to move from the geodesic [a, b] to the geodesic [a’, ].

Proposition 4.25. Let G be a uniformly fine, 6-hyperbolic graph. There is a con-
stant v € (0,1) such that forall a,a’,b € V, if

e d(a,b)>J+1andd(a',b) > J+1
e |d(a,b)—d(a,b)| <]J—-1
o (alb)y < Jand (a'|b), <]
then
8(a,b) —g(d’,b)} < 2v.
Proof. Without loss of generality d(a’,b) < d(a,b). So the first assump-
tion becomes 0 < d(a,b) —d(a’,b) < ] — 1. Pick an edge ¢y € Ela, b;]].
Then supp(gj(a,b)) C Flla,ep;36] by lemma 4.15. The idea behind the
proof is to show that there is a corresponding edge ¢;, € E[a’,b| such that
d(ep, b) = d(ep,b) < (ala’)pand I < d(a’,e}) < ]. The first condition allows
us to bound d° (e, €)) and the second condition ensures that e} contributes
to g(a’,b). These two facts lead to a bound on the size of the overlap be-
tween g(a,b) and g(a’,b).
So pick an edge ¢, € E[b,a’;d(b,ep)]. Thend' := d(a’,e}) < J and from
the first assumption we also obtain
d =d(a',b) —1—d(b,e)
=d(a',b) —1—d(b,ep)
=d(a’,b) —d(a,b) +d(a,ep)
> —(J=D+]
=1
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Thus I < d’ < Jand av (g (a’,b)) contributes to g(a’, b).
R
The picture below shows a geodesic triangle with vertices a,4’, b.

[l/

oy

a

The (yellow) bars represent the union of the supports of the gx(a,b)
and gx(a’,b) for I < X < J. The dashed (blue) line is part of a sphere
around b that intersects both (yellow) bars. The thick (green) dots are the
inner points of the triangle.

We know that (a’|b), < J and so d(eg,b) < (ala’),, thus we can apply
hyperbolicity (see lemma 2.50) to get d (e, e}) < .

Also, by lemma 4.15, the support of g;(a,b) is contained in Fl[a, ep; 3].
Hence for all e € supp(gj(a, b))

dé(e,ef) < d°(e,eq) + d*(eg, €))
< 3 + )

49.

Then for any ¢’ € supp(gs(a’,b)) we have ¢’ € Fl[d', e[;36] (by lemma 4.15)
and so e} € Blg(e) N Bg (¢'). Thus there is an overlap between av ,; (g7(a, b))
R
and av ; (gx(a’,b)). We bound this analogously to the proof of lemma 4.6.
R

’avB,i (81(a, b)) — avigl (8 (a,0)) ‘1

Sy Y ke vy g

s e [BR(O)] [BR(E)] o (o) st

SZG_(éﬂ) “d

where S; := supp(gj(a,b)), S, := supp(ga(a’,b)) and we express gj(a,b)
and gz (a’, b) as the convex combinations

b) = Z ace, gu(a,b) Z e,

e€s;y e/ES/
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So
‘g(a/b)_g(a,/b)h
L Y en@b) - Y av (@)
T4 ] —1 & Bem™ T4+) 142" 5 gl
1 J

< i B e oot )]
NN=T

All these summands are bounded by 2, but the particular summand with
N = Jand X’ = d’ can be bounded as in inequality (4.4). Thus

!/ 1 1
|g(a,b) —g(d',b)|, < A17=17 (2((1+]—I)2_1) +2 (1_ (B§)2>>

R
) (1 . ! ) |
(1+ ] — 1)2(B%)?

1
Ve sy <Y

Therefore we set

to conclude |g(a,b) — g(a’,b)|; < 2v. O

We end the section by proving theorem 4.1, which summarises what
has been done in this section.

Proof of Theorem 4.1. (i) The map g is invariant by construction, this was
explicitly stated after the definition of g in definition 4.19.

(ii) The support of g(a,b) contains the sets E[a,b;R] for I < X < J as
stated in lemma 4.20, which followed immediately from lemma 4.15, which
itself followed straight from lemma 4.11.

(iii) The support of pg(a, b) has distance strictly less than d(a, b) to b by
lemma 4.24.

(v) The diameter of supp (¢g(a,b)) was bounded in corollary 4.21(iii),
which is an easy corollary of lemma 4.20.

(vi) The bound when varying the second coordinate of ¢ was obtained
in proposition 4.22, but the bulk of the work behind the proposition came
in proposition 4.18 where the bound was obtained for the map gx with
arbitrary initial constant R.

(vii) The bound when varying the first coordinate of ¢ was obtained in
proposition 4.25. O



5 A New Metric on the Vertex Set

Given a uniformly fine, Gromov hyperbolic graph G we need to use the
map g: QV & QV — QE from theorem 4.1 to construct a metric on V. In
section 5.1 we will define a function7: QV @& QV — [0, 0), and prove some
properties about this function, which will help for the triangle inequality.
Section 5.2 is about the double difference of this function r. Then in sec-
tion 5.3 we can define the metric d on the vertex set V of the graph G, and
state some properties that this metric satisfies.

5.1 A first attempt at a metric

In chapter 4 we constructed the element ¢pg(a,b) € QV for vertices a,b
in a fine, Gromov hyperbolic graph G, by moving b in small steps towards a.
This can also be thought of as moving a one step closer to b, and then we
can count how many steps it takes to move a to b.

Definition 5.1. Let G be a uniformly fine, J-hyperbolic graph. As in chap-
ter 4 we need to fix the constants y, R, I, and | satisfying the inequalities
given as assumptions 4.23. The map r: QV @ QV — [0, 00) is defined re-
cursively, given on vertices a,b € V by

0 ifa="b
r(a,b):=<¢ 1 if0<d(ab)<J+1
1+7r(pg(a,b),b) ifd(a,b)>]+1

and then Q-linearly extending. To see that the map is well-defined we need
to use theorem 4.1(iii) to say that the distance from b to any vertex in the
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support of pg(a,b) is strictly less than d(a, b), thus the recursion must stop
in < d(a,b) steps.

The map r: QV & QV — [0,0) is our first attempt at a metric. It is
positive-definite but not symmetric. However we can symmetrise it later.
We want something resembling the triangle-inequality. Since r is not sym-
metric, we will consider |r(a,b) — r(a’,b)| and |r(a,b) — r(a,b’)| separately.
But before that, we compare the function r to the original metricd on V.

Proposition 5.2. Let G be a uniformly fine, 6-hyperbolic graph. For all ver-
tices a,b € V we have

1
J+1

Proof. Induct ond(a,b).
If 2 = b then by definition r(a,b) = 0.
If0 <d(ab) <J+1thenr(a,b) =1 <d(a,b)butalso

d(a,b) <r(ab) <d(ab).

1 1

701((1,19) S m

71 (J+1)=1.

If d(a,b) > J+1 then r(a,b) = 1+ r(¢g(a,b),b). For any x in the
support of ¢g(a,b) theorem 4.1(iii) tells us that d(x,b) < d(a,b) — 1, so the
inductive hypothesis gives

Hlld(x,b) < r(x,b) < d(x,b).
If we write ¢g(a,b) = Y cy axx where ay € [0,1] and }_,cy &y = 1, which
can be done since ¢g(a,b) is a convex combination, then

r(a,b) =14 ) ayr(x,b)

xeVv

<1+ Z ayd(x,b)

xeVv
<1+ ) a.(d(ab)—1)
xeV
=d(a,b).
Moreover, for any x € supp(¢g(a, b)),

d(x,b) > d(a,b) —d(a,x) >d(a,b)—]
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and so

r(a,b) =1+ Y a.r(x,b)

xeV

>1+ )

xEV]

>1+ )
er]
1

> :

_]+1d(a,b) O

Xy
1 d(x,b)

_:1 (d(a,b) — )

Remark 5.3. The function : QV & QV — [0,00) is invariant under the
action of Isom(G), i.e. if ¢ is an isometry of G (with respect to the word
metric d) then foralla,b € V

r(¢(a), (b)) = r(a,b).

For what follows we need to make more assumptions about the con-
stants I and |, so we add to assumptions 4.23 to get;

Assumptions 5.4. We assume the constants y, R, I, and | are chosen to sat-
isfy the following inequalities;

2u>75+4
R>46
[ >Co+6+1
J—1=>2Co+6+1+1
where C is the constant from theorem 4.1(iv). We have increased the lower
bound on I and introduced a lower bound on J. These new assumptions
are there to allow us to show that the distance from a4’ to an element in the

support of pg(a,b) is strictly less than d(a,a’), under certain conditions on
the vertices a,a’, b. This is for the induction in the proof of lemma 5.5.

Now we turn to the triangle inequality. The next lemma gives a bound
for |r(a,b) — r(a’,b)| in terms of d(a,a’).

Lemma 5.5. Let G be a uniformly fine, 6-hyperbolic graph. There exists a con-
stant N > O such that for all vertices a,a’,b € V we have

7(a,b) —r(a’,b)| < d(a,a’)+ N.

Proof. Without loss of generality, d(a’,b) < d(a,b). Pick N > ]+ 2 large
enough to satisfy the equation

(1—v)N >2v(Co+J) (5.1)
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where v € (0,1) is the constant from theorem 4.1(vii) and Cy is the constant
from theorem 4.1(iv).

The idea behind the proof is to move at least one of a,a’ closer to b and
use the inductive definition of , hence we induct over d(a, b) +d(a’, b). But
first we need a start point for the induction.

Ifd(a’,b) < J+1thenr(a,b) € {0,1} by definition. Thus

17(a,b) —r(a’,b)| < 1(a, )+r(a b)
<d(a,b) +
§d(u,a’)+d(¢z b) +1
<d(a,d)+(J+1)+1
<d(a,a’)+ N.

Furthermore, if d(a,b) +d(a’,b) < 2(J+1) then d(a’,b) < J+1, so for
the inductive step we may assume | +1 < d(a’,b) < d(a,b). Then by the
inductive definition r(a,b) = 1+ r(¢g(a,b), b) and similarly for r(a’, ).

The idea is to move a to ¢g(a, b), which is closer to b, by theorem 4.1(iii).
So moving a to ¢g(a,b) reduces d(a,b) + d(a’,b) and we can apply the in-
ductive hypothesis. However, ¢g(a,b) need not be closer to 4’, and may
even be further away. Hence we split the proof into three cases;

Case1 When a and 4’ are about the same distance away from b and this
distance is large in comparison to d(a,a’).

Case 2 When a and 4’ are about the same distance away from b but d(a,a’)
is comparatively large.

Case 3 When g and 4’ are not roughly the same distance away from b.

In the first case we will move a to ¢g(a,b) and a’ to ¢g(a’,b) to get
closer to b. This may increase d(a,a’) but we can use theorem 4.1(vii) to
compensate for this possibility.

In the second case we will move only a to ¢g(a,b), but using the hy-
perbolic nature of the graph we can show that we have moved closer to a’
too.

In the third case, we move only 4, and this moves us closer to a’ too
because a was much further away from b than 4’ is.

Before tackling these three cases we fix some notation.

Let A = A([a,b],[d,b], [a,a']) be a geodesic triangle with vertices a,a’, b.
For I < W < J let uy be the vertex of [a, b] whose distance from a is X, and
let uf, be the vertex of [/, b] whose distance from a’ is .

Case 1: Assume the following;

e d(a,b)—d(a,b) <J—1
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e (alb)y <Jand (d'|b), <]

i.e., assume that a and 4’ are about the same distance away from b and
that this distance is large in comparison to d(a,a’). We are interested in the
expression

|r(a,b) —r(a’,b)| = |r(pg(a,b),b) —r(gg(a’,b),b)]

r(p(g(a,b) — g(d,b)),b)|.

There is some cancellation between ¢(a,b) and g(a’,b), which is forum-
lated in theorem 4.1(vii). To use this cancellation we define two new ele-
ments gy, g € QV by:

g —g- =g(ab)—g(a,b)

o all coefficients of g are positive

e supp(g+) Nsupp(g-) =D

These three conditions determine g and g_. All we have done is cancel out
as much as possible from g(a,b) — g(a’,b). In particular, since the support
of g is disjoint from the support of g_ we have

g+l +1g-[1 =g+ — 8-
= |g(a,b) —g(a',b)x
< 2v.

Moreover, if we let €: QV — Q be the augmentation homomorphism then
the non-negativity of the coefficients of ¢+ yields |g+|1 = €(g+). Then

g+l — 18-l =
—g(d',b))

b)
b)) —e(g(d’, b))
) —18(d’, b)x

Therefore g+ |1 = |g- |1
Combining the previous two facts gives

1
g+l = §(|g+\1 +g-h) <.

Write g = Y ey axxand g =Y ey alx'.
Observe that the support of g is contained in the support of pg(a,b)
and the support of ¢g_ is contained in the support of ¢g(a’,b) and thus
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theorem 4.1(ii7) tells us that for all x € supp(¢g+) and all " € supp(pg—)
we have

d(x,b) +d(x',b) <d(a,b) —1+d(d,b) —1.

Hence we can apply the inductive hypothesis to x, x’, b to obtain
|r(x,b) —r(x/,b)| < d(x,x") + N.

Moreover, we know from theorem 4.1(iv) that there is some X and some X’
between I and | such that d¢(x, uy) < Coand d¢(x/, uy) < Co. Therefore

[7(x,b) —r(x,b)| < d(x,uy) +d(uy, uly) +d(uly, x’) + N
<2C+ (J+d(aa) +])+N.

Now we have
|r(a, b) - 1’(61/, b)| = ’T(¢g+, b) - V(gOg_, b)|

= Z ayr(x,b) — Z alyr(x',b)

xeV x'eV

< X

x,x'eV ’gih
I

X (2Co +2] +d(a,a') + N)
xx'eVv |gi|1

=|g+)1(2Co +2] +d(a,a’) + N)
<v(2Co+2] +d(a,a")+ N)
<d(a,a)+N

!/
Kl

r(x,b) —r(x',b)]

Kyl

since we chose N large enough to satisfy equation (5.1). This finishes case 1.

Case 2: Assume that | < (a'|b),.

Here the Gromov product is large and so any element in the support
of pg(a,b) should be closer to a’ than a is, and so we only move a.

Write ¢g(a,b) = Y ycy axx with Y,y ax = 1. For any x in the support
of pg(a,b) we can find an XN such that d(x, uy) < Cp. Let vy be the point
on the geodesic [4,a’] with d(a,vy) = X = d(a, uy). Since X < J < (a'|b),
hyperbolicity gives d(uy,vy) < 6. Then the distance from x to 4’ is;

d(x,a") < d(x,uy) +d(uy,ox) +d(ovyg,a")
< Co+ 8+ (d(a,a') —d(a,vy))
=Co+d+d(aa)—N
<Co+é+d(aa)—1
<d(a,a')—1.
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Using theorem 4.1(iii) we can apply the inductive hypothesis to x, a’, b.
Hence;

|r(a,b) —r(d’,b)| = [1+ r(gg(a,b),b) — r(d",b)|
<1+ Z‘j/ocxlr(x,b) —r(a,b)|

<14 ) ax(d(x,a)+N))

xeV

<1+N+ ) ax(d(a,a") —1)
xeV

=d(a,a") + N.

This finishes case 2.

Case 3: Assume that |d(a,b) —d(a’,b)| > ] — I, i.e. assume that a is
much further away from b than a’ is. Since we have already covered the
possibility | < (a’|b), in case 2, we may also assume that (a’|b), < J.

Write ¢g(a,b) = Y ycy axx with .y ax = 1. For any x in the support
of pg(a,b) take R with d(x, uy) < Cp. We aim to show thatd(x,a’) is smaller
than d(a,a’).

If X = d(uy,a) < (a’'|b), then we can repeat the argument in case 2 to
getd(x,a’) <d(a,a')—1.

If d(uy,a) > (a'|b), then d(b,uy) < (ala’), and we use hyperbolicity
to move to [4’,b] and bound how far we need to travel along [4’,b] to a’.
Let wy € [, b] satisfy d(b,wy) = d(b,ux). Then hyperbolicity tells us
that d(wy, uy) < 6. Thus

d(uy,a") < d(uy, wy) +d(wy, ')
<o+ (d(d',b) —d(b,wy))
— 5 +d(a,b) — d(b, uy)
=6+d(a',b) — (d(a,b) —d(a,uy))
<6+d(d,b) —d(a,b)+]
<o—(J=D+]
=0+1

Moreover we know

d(a,a’) > |d(a,b) —d(a',b)] > ] -1

and so
d(x,a’") < d(x,uy) +d(uy,a")
< C0+((5+I)
<(dad)—(J-1)+Co+5+1
<d(a,a)—1
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Then we proceed as in case 2 and conclude
\7(a,b) —r(a’,b)| = d(a,a’) + N.

This finishes case 3.
That covers all possible cases and therefore we have finished the induc-
tive proof. ]

The following corollary can be thought of as a means for bounding the
size of error terms in later proofs.

Corollary 5.6. Let G be a uniformly fine, 5-hyperbolic graph. Let €: QV — Q
be the augmentation homomorphism. There is a constant D > 0 such that for
any b € Vand any z € QV ife(z) = 0 then

|7(z,b)| < D|z|1diam(supp(z)).

Proof. Letz = ) ,cy ayv. Then ) .y &y = 0 since z is a cycle. So we can
write z in the form z = };c; Bi(u; — w;) where B; > 0and Y ;c; i = %|z[1‘
Set D = 3(1+ N), where N is the constant from lemma 5.5. Applying
lemma 5.5 gives

r(z,b)| < gﬁilr(%b) —r(w;, b)|
< Z,Bi(d(ui,wi) + N)
i€l
< %|z|1(diam(supp(z)) +N)
< D|z|;diam(supp(z)). O

The next lemma goes towards proving that geodesics with respect to d
will not be not far away from being geodesics with respect to the new met-
ric (which is defined in section 5.3).

Lemma 5.7. Let G be a uniformly fine, 6-hyperbolic graph. There exists a con-
stant C; > 0 such that if a is a geodesic in G froma € V to b € V then for all
vertices by on a and all vertices @ € N (a4, Co)

r(a,b) —r(d,bo) — r(bo, b)| < Cy.
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Proof. We inducton d(d,bg). Let L > 0and A € (0, 1) be the constants from
proposition 4.18, N > 0 be the constant from lemma 5.5, and D > 0 be the
constant from corollary 5.6. In the induction we will acquire error terms
but these error terms become exponentially small as d(4,b) increases, so
we take as our inductive hypothesis that

d(a,by)
|r(a,b) —r(d,bo) —r(bo,b)| < C Y AF
k=0

where C} := max{2(J +1) +4Co + N, DLA=2%(2Cy +2]) }. If we can prove
this then setting C; = C} Y e A¥ = Ci/1- 2 finishes the proof.
To start the induction, assume d(i, by) < J + 1+ 2Cy. Then

17(4,b) — r(d,bo) — r(bo, b)| < |r(a,b) — r(bo, b)| + (@, bo)
(d(a,bo) + N) + d(a, bo)
2(J+1+42C) +N

d(a,bg)

<cp Y A
k=0

<
<

using lemma 5.5, proposition 5.2 and the definition of Cj.

For the inductive step assume d(a,by) > ]+ 1+ 2Cp. By the induc-
tive definition r(d,by) = 1+ r(¢g(d,bo),bo). Also, there is some vertex &’
on &, ) such that d(a,a’) < Co. Then d(a',b) = d(&,bo) + d(bo,b) and

d(ab) >d(@,b)—d(aa) >d@, b)) —d(aa)>daby) —2d(aa)
>T+1+2C—-2C=]+1

sor(d,b) =1+r(¢g(a,b),b). Thus

|r(a,b) —r(a,bo) —r(bo, b)| = |r(9g(a,b),b) — r(9g(a bo), bo) —7(bo, )|
< |r(¢g(a, bo),b) — r(9g(a bo), bo) —r(bo, b)|
+1r(pg(a,b) — 9g(a,bo), b)|.
We will bound these two terms separately, using the inductive hypoth-
esis for the first term (the inductive term) and corollary 5.6 for the sec-

ond term (the error term). We start by considering the inductive term.
Write ¢g(d,bo) = Ly ayy with ), cy ay = 1. Then

[r(pg(d, bo),b) —r(9g(a, bo), bo) —r(bo, )]

< Z “y|r(y/b) - V(y, bO) - T’(bo, b)|
yev
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Theorem 4.1(iii) gives d(y,by) < d(d,by) — 1 for any y € supp(¢pg(d,bo))
and so we can apply the inductive hypothesis to get

d(y,bo)
|r(y,b) —r(y,bo) —r(bo,b)| < C7 Y A
k=0

We still need to bound the error term |r(¢g(d,b) — ¢g(d,bo),b)|. Apply-
ing corollary 5.6 gives

|7(9g(a,b) — ¢g(a,bo), 1)
< D|g(a,b) — (a,bo) |1 diam(supp(¢g(a,b) — ¢3(a, bo)))-
and by theorem 4.1(vi) we have
(a,b) — g(a,bo)[1 < LA,

Hence we need a lower bound for (b|by); and an upper bound for the diam-
eter of the support of ¢g(d,b) — ¢g(a, by). We consider the Gromov product
first.

(bleo)s = 5 (d(a,b) +d(a, bo) — (b, by))
> % (d(@,b) — Co+d(a,by) — Co—d(b, by))
= d(ﬁ/, bo) —Cy
> d(d, by) — 2Co.

So Alblbo)a < d(2.00)=2Co We still need an upper bound for the diameter
of the support. Theorem 4.1(v) tells us that the diameter of the support
of ¢g(d,b) is bounded by 2Cy + ] — I, as is the diameter of the support
of ¢g(d,by). We can bound the distance from an element in the support
of ¢g(d,b) to an element in the support of ¢g(d,by) by going via the ver-
tex i, hence we get a bound of 2Cy + 2]. Therefore

"(93(a,b) — ¢g(a,bp), b)| < DLA0=20(2Cy +2]).
Bringing everything together gives
d(dbo)—1 ~
|7(a,b) —r(a,bo) — r(bo,b)| < Cf Y, AF+ DLA%@)=2%(2Cy 4 2])
k=0
d(a,bo)
<C Y AR
k=0
This finishes the inductive proof and the lemma follows as given at the start
of this proof. ]
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For the triangle inequality we also need to look at |r(a,b) — r(a,b’)|.

Proposition 5.8. Let G be a uniformly fine, 6-hyperbolic graph. There exists a
constant M > 0 such that for all a,b,b’ € V

|r(a,b) —r(a,b')| < Md(b,b).

The proof will be by induction but in this induction there will be error
terms so it is easier to use a different inductive hypothesis, which is given
in the next lemma.

Lemma 5.9. Let G be a uniformly fine, 5-hyperbolic graph. For any a,b,b' € V

we have
1 @8
|r(a,b) —r(a,b')| <d(b, b)) +2(J+1)+ EL Z /\J(2j+d(b,b')).
j=1

The term 2(J + 1) is for the start of the induction, and the sum bounds
the size of the error terms that we pick up. Before proving lemma 5.9 we
will show how it implies proposition 5.8.

Proof of Proposition 5.8. If d(b,b’) = 0 then b = b’ and the inequality is
trivially satisfied (both sides equal zero). So assume that d(b,b') > 0. In
particular d(b,b’) > 1. Set M = 1+2(]J +1) + 3L Y21 M (2j + 1), where
the infinte sum Y34 A/(2] + 1) converges by using the ratio test. Then by
lemma 5.9;

G,
v@m)—mmyﬂgdwwq+zg+1y+%L§:Auy+dwmq)
=1

o]

g(l+ﬂﬂ+n+;LZMKy+10dwﬁﬁ

j=1
= Md(b, V). O
We still need to prove lemma 5.9.

Proof of Lemma 5.9. Without loss of generality d(a,b) > d(a, ). The proof
is by induction on (b|V'),.
If (b|b'), < J + 1 then we use proposition 5.2;

|r(a,b) —r(a,b")| <r(a,b)+r(ab)

<d(a,b)+d(a,b)
= d(b, V) +2(b|b),
<d(bb')+2(J+1).
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This is the starting point for our induction.
So assume that (b|b’), > J+ 1. Thend(a,b) > d(a,b’) > (b|t')s > ]+ 1
and so

r(a,b) —r(a,b")| = |1 +r(pg(a,b),b) =1 —r(pg(at’)b)]
= |r(¢pg(a,b),b) —r(pg(a,b'),b)|.

The idea is to say that since the Gromov product (b|b’), is large there
is a large overlap between g(a,b) and g(a,b’), and for any element in the
support of both g(a,b) and g(a,b’) we can apply the inductive hypothesis.
We still need to worry about the elements in the support of one but not
both, however these elements should not contribute much to the final total,
and will be swallowed in the sum.

Formally, define new chains g, g, g0 by saying that all their coeffi-
cients are positive, and that they satisfy;

e supp(g+) Nsupp(g-) =@
o g(a,b) —gab) =g+ —g-
e g(a,b) =g+ +go

e o(al)=g_+g0.

Then go represents the overlap and g+ represent the parts outside the
overlap. Using the linearity of r we have

[r(pg(a,b),b) —r(¢pg(a,b’),b)|
= [r(¢g+.,b) +7(pg0,b) — (90, b') —r(@g—,b')|
< [r(9g+,b)| + (980, b) — r(9go, V)| + [r(9g—, V).

We want to bound these three terms. The middle term is the inductive term.
The first and third terms are error terms.

We start with the error terms |r(¢g-,b)| and |r(¢g_,b")|. The contribu-
tion from these terms should be small because |g. |1 and |g—|1 are small.
More precisely, by considering the augmentation homomorphism (as in
case 1 of the proof of lemma 5.5) we know

8+l —Ig-11 = I8(a,b)[1 — |g(a,b')[1 =0
and thus |+ |1 = |g—|1. Moreover it follows from theorem 4.1(vi) that

2lg2t = g+l + 18-l = g+ — g-I = [g(a,b) — g(a, )|y < LA,
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Write g+ = Y .cy af x. Theorem 4.1(iii) tells us that d(x,b) < d(a,b) —
1 for all x € supp(¢pg+) C supp(¢g(a,b)). Hence proposition 5.2 gives;
r(9g+,D)] < ) af|r(x,b)]

xeV

< Y afd(x,b)

xeV

< ) afd(ab)

xeV
= g+d(a, D)
Similarly |r(¢g_,b")| < |g—|1d(a, V). Therefore

r(9g+,0)| + |r(pg—, V)| < [g+1d(a, b) + [g—hd(a,b)
< %LA“’W)" (d(a,b) +d(a, b))

— %L)\(b‘b/)ﬂ (d(b,b') +2(b|b'),).

Now consider the inductive term |r(¢go,b) — (g0, V’)|. In barycentric
coordinate write ¢go = }_,cv ucgy SO
|r(9go,b) — (g0, b')| < Y aylr(y,b) — r(y,b)].
yev
We want to apply the inductive hypothesis to |r(y,b) — r(y,b')|, so we
need to know that (b|b’), < (b|b’),. The support of ¢go is contained in both

the support of ¢g(a,b) and the support of ¢pg(a,b’) then theorem 4.1(iii)
tells us that d(y,b) < d(a,b) —1and d(y,b') < d(a,b’) — 1. Thus

(b16'), = 3 (dly,b) +d(y,¥) —d(b,))

(d(a,b) —1+4d(a,b') —1—d(b V"))
= (b|t'), — 1.

Hence I can apply the inductive hypothesis to get

(bJv")
1 o,
r(y,b) = r(y,b)] < d(b,b) +2(+1)+ 5L Y V(2 +d(0,))
j=1
(blt")a=1
L N (2 +d(b,1))
j=1

<

N[ =

N| =

<d(bbt)+2(J+1)+
and so
7(980,b) — (980, V)]

)1
<|goh <d(b,b’) +2(J+1) + EL Z /\J(2j+d(b,b’))> )
j=1

—_
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Combining this with the bound on the other two terms together with the
fact |go]1 < 1 gives

|r(a,b) = r(a,b")| < |r(g+,b)| + |r(go,b) — (g0, b')| + [r(g-, 1)

< %LA(Z’W)“ (d(b,b") +2(b|1'),)
UL
+d(b,b’)+2(I+1)+§L Y. AN@j+d(b,b))
j=1
1 @
:d(b,b’)+2(}+1)+§L Y. M(2j+d(b V)

j=1

as claimed. O

5.2 Convergence of the double difference

The reason for altering the metric on G was to be have better conver-
gence properties at the boundary, namely we wanted to extend the double
difference to the boundary (see section 3.4). Recall from proposition 3.16
that the double difference can be written as

(a,d|b,b) = % (d(a,b) — d(a,b) — d(d, b) +d(a, b)) .
Hence we look at R(a,a’,b,b") := r(a,b) —r(a,b') —r(a’,b) +r(a’,V). Our
goal for this section is the following proposition about the behaviour of R.

Proposition 5.10. Let G be a uniformly fine, 6-hyperbolic graph. There exists
constants C > 0 and w € (0,1) such that for all a,a’,b,b' € V,ifd(a,a’) <1
and d(b,b") <1 then

|R(a,a’,b,b")| < Cawlah),

We will use induction on d(a, b) + d(a’,b) to prove proposition 5.10, for
which we will move a and/or 4’ towards b and b’. However, when we do
this we will not always be able to assume d(x, x") < 1 to apply the inductive
hypothesis to R(x, x’,b,b"). Therefore we have to allow d(a,a’) to be larger
in the inductive hypothesis. This forces us to take account of d(a,4’) in the
right-hand side of the inequality.

To make life easier, we fix some notation:

D(a,d’,b) :=d(a,b) +d(d’,b)
{:=2Co+2(J — I)+o.
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Then the inductive hypothesis we will actually use is the following.

Proposition 5.11. Let G be a uniformly fine, 6-hyperbolic graph. There are con-
stants A,B > 0and p € (0,1) such that for any a,a’,b,b' € V,ifd(a,a") < ¢
and d(b,b') <1 then

IR(a,d’,b,b')| < (Ad(a,a") + B)pP@*b),

Before proving the more induction-friendly proposition 5.11, we show
how it implies proposition 5.10

Proof of Proposition 5.10. In proposition 5.10 we assume that d(a,a’) < 1, so
proposition 5.11 tells us

|R(a,d’,b,b")| < (A+ B)pD(u,a’,b).

Moreover D(a,a’,b) > 2d(a,b) — 1 since d(a’,b) > d(a,b) — 1 by the trian-
gle inequality. Hence

IR(a,a’,b,b")| < (A+ B)p? @)1

and proposition 5.10 follows from setting the constants C = (A + B)p_1
and w = p%. O

Throughout the rest of this section we keep the notation and assump-
tions as in proposition 5.11, namely we assume the following;

Assumptions. Suppose G is a uniformly fine, §-hyperbolic graph and as-
sume a,a’,b,b’ € V are vertices such that d(a,a’) <  and d(b, V') < 1.
Moreover assume, without loss of generality, that d(a,b) > d(a’,b).

We are also still assuming that the constants y, R, I and | satisfy the
inequalities as laid out as assumptions 5.4.

The proof of proposition 5.11 will be an induction on D(a,4’,b). We
begin with a lemma which will start the induction.

Lemma 5.12. Forany { > 0,if D(a,a’,b) < ¢ then
|R(a,a’,b,b")] <2&+2.
Proof. We use proposition 5.2 as follows:

|R(a,a’,b,b")| <r(a,b)+r(ab)+ra,b)+rb)
< d(a,b)+d(a,b")+d(d,b)+d(d,b)
< 2d(a,b) +d(bb') +2d(a’,b) +d(b, V)
<2F+2. 0
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Now we need to prove the inductive step.

We shall split into two cases and get an inequality in each case.

The first case is when the distance from a to b is much larger than the
distance from a’ to b. This is covered in lemma 5.13.

The second case is when a and 4’ have roughly the same distance to b.
This is covered in lemma 5.14.

After this has been done we will need to show that the constants A, B, p
can be chosen such that these inequalities are always satisfied, which is
done in lemma 5.24.

Note that (a’|b), > (a|b), since d(a,b) > d(a’,b) (by assumption). Also,
by the definition of { and the assumptions 5.4

d(a,a') <C
=2Co+2(J—-1)+¢
<2]—6-2
<] (5.2)

In particular, both (a|b), < Jand (a'|b), < J.
First we consider the case where d(a, b) is much larger than d(a’, b).

Lemma 5.13. If D(a,a’,b) > 2(] +2) and d(a,b) —d(a’,b) > ] — I then

|R(a,a’,b,b")| < (Ad(a,a") — A+ B)pD(ﬂ/ﬂ/rb)*FCo
+2DLA2(P@ad'b)~1=2) (oc) 4 ] —]).

Proof. The idea is use ¢g to move a towards b and V/, and by doing so
we will also have moved closer to a’. There will be a large overlap be-
tween ¢g(a,b) and ¢g(a,b’), on which we can apply the inductive hypoth-
esis and this will give the first term on the right-hand side of the inequality.
Then there are two small error terms given by the part of ¢g(a,b) that is
not also in ¢g(a,b’) and vice versa. These two error terms will be bounded
using corollary 5.6 and yield the second term of the inequality.

That is the rough idea. Now we have to go through the argument for-
mally. We are assuming that d(a,b) > d(a’, b). Hence

2d(a,b) > d(a,b) +d(a’,b) = D(a,d’,b) > 2(] +2)

and so d(a,b) > ]+ 2. Then, by definition, r(a,b) = 1+ r(¢g(a,b),b).
Since d(b, V') < 1 the triangle inequality yields

d(a,b') >d(a,b) —d(bb) >]+1
andsor(a,b') =1+r(¢g(a,b'),b'). Therefore

R(a,a,b, )| = |r(pg(a,b), b) — r(pg(a,b'),b') = r(d',b) +r(a', 1),
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As it is, the right-hand side cannot be written in terms of summands of
the form R(x,a’,b,b"). However, there will be an overlap in the support
of g(a,b) and the support of g(a,b’) and on this overlap we could try to use
the inductive hypothesis. We make this formal, as in the proof of lemma 5.9,
by defining new 0-chains g, g—, go to have the following conditions;

o all coefficients of g, g, go are positive
o g(a,b) —g(ab') =g+ —g-

° 8(ab) -8+ =go=g(alt)—g-

* supp(g+) Nsupp(g-) = @.

It follows, using a similar argument as the one in the proof of lemma 5.9,
that 1
N = ’g+|1 — ‘g_’l S ELA(b‘b,)a‘

Here the chain gg represents the overlap. Now

|R(a,d’,b, V)|
r(pg(a,b),b) —r(pg(a,b'),b") —r(d',b) 4 r(d’,b")|
|
|

(¢
r(pg+,b) +1(9g0,b) —r(9pg—,b') —r(¢go,b') —r(d',b) +r(a',b')|

= [R(ggo,a',b,b') +r(pg+,b) —r(pg-,b')|.

The function R is not linear so for any arbitrary element ) ..y axx € QV the
equality R(Y ey axx,a’,b,b') = ¥ cv axR(x,a’,b,b") does not necessarily
hold but it does hold if } ",y &x = 1. Here |go|1 = 1 — a. To get around this
problem, we fix a vertex xop € V|[a, b; I| and consider ¢go + axo;

|R(a,d’,b,b")|
= |R(¢go, ', b,b") +r(9g+,b) —r(pg-, V)]
= |R(pgo + axo,a’,b,b") +r(pgs — axo,b) —r(pg— — axo,b')|
< |R(pgo +axo,a’,b,b')| + [r(@g+ — axo, b)| + [r(9g— — axo, b')].

Now we have an inductive term and two error terms, which can be
bounded using corollary 5.6. We know |¢g+ — axply < 2a but we need to
bound the diameter of the support of ¢g4 — axg. For this we need to bound
the diameter of the support of ¢g+ as well as their maximal distances to xo.
Observe that supp(g+) C supp(g(a,b)) and xo € supp(¢pg(a, b)), which
follows from theorem 4.1(i7). Then theorem 4.1(v) shows that the diameter
of the support of g+ — axg is bounded by 2Cy + ] — I.

Similarly supp(¢g-) C supp(¢g(a,b')) whose diameter is bounded
by 2Cy + | — I. However we do not necessarily have xo € supp(¢g(a,b’))
so it remains to bound the maximal distance from x( to an element in the

support of pg_.
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Fix a geodesic triangle A with corners a,b, b’ such that A contains the
point xo, and let x{, be the vertex of A between a and b’ whose distance
to ais I. Then x; € supp(¢g(a,b')) and d(xj,y) < Co+ ] — I for any
element y € supp(pg-) using theorem 4.1(ii).

We want to use hyperbolicity to get d(xo, x;) < J but for this we need
to know that (b|b’), > I. Recall that d(a,b) > d(a’,b) and then;

(B]b)a = %(d(a,b) +d(a,b) —d(b b))
> %(d(a, b) + d(a,b) — 24(b, 1))
> %(D(a, d,b) —2) (53)
> 1.

So hyperbolicity gives d(xo, x(;) < ¢ and since Cy > J we conclude that
diam(supp(¢g+ —axp)) <2Co+ ] —I.

Therefore corollary 5.6 gives

[r(pg+ — axo,b)| < D|pg+ — axo[idiam(supp(pg+ — axo))
< DLA®Y)e(2Cy 4] —1).

We want the power of A in terms of D(a,d’,b) and not (b|b’),. However,
inequality (5.3) gives (b|b'), > 1(D(a,a’,b) —2) > X(D(a,d’,b) — T —2).
Thus

[r(pg+ —axo, b)| < DLAz(D(@a'b)=(-2) (2Co+] —1).

Now consider the inductive term |R(¢go + axo, a,b,b")|. Using barycen-
tric coordinates write pgo + axg = ) ,cy axx. Then

Y ar = |pgo+axolt = |pgolt +a = 1.

xeV

Thus R(¢go + axp,a,b,b') = Y cy axR(x,a,b,b’).

Before we can apply the inductive hypothesis to R(x,a,b,b") we need to
know that d(x,a) < and D(x,a’,b) < D(a,d’,b).

Observe that supp(¢go) C supp(¢g(a,b)). Moreover it follows from
lemma 4.15 that xo € supp(¢gi(a,b)). Then for all x € supp(pgo + axg)
theorem 4.1(iii) says d(x,b) < d(a,b) — 1 and so

D(x,d’,b) = d(x,b) +d(a’,b) < D(a,d’,b) — 1.

We still need to show d(x,a’) < { before we can use the inductive hy-
pothesis. Consider a geodesic triangle A with corners a,4’,b such that A
contains xg. For I < N < Jlet uy € [a,b] satisfy d(a,uxy) = X. In



5. A New Metric on the Vertex Set 77

particular u; = xp. To bound d(x,a) we need to consider the possibili-
ties X < (a'|b), and X > (a’|b), separately.

Suppose X < (a’|b),. Let vy € [a,a’] be the vertex with d(vy,a) = X. By
hyperbolicity d(uy, vy) < 6. Then using theorem 4.1(iv)

d(x,a") < d(x,up) 4 d(uy, ox) + d(vy,a’)
< G + & Hdad)-1I
<

d(a,a’) —1.
In particular, d(x,a’) < d(a,a’) <.
So suppose N > (a’|b), and let wy be the vertex of the [4’,b] in the

triangle A with d(wy,b) = d(uy,b). Hyperbolicity tells us d(uy, wy) < 6.
Therefore

d(x,a’) <d(x,uy) +d(ug, wy) + d(wy,a’)
< Co+6+d(d,b) —d(wy,b)
=Co+6+d(a',b) —d(uy,b)
=Co+d+d(a',b) —d(a,b) +d(a,uy)
I)

<C+o6-(J-D+]J
<J-I-1
<d(a,b)—d(a,b)—1
<d(a,a) -1

and in particular, d(x,a’") < d(a,a") < (.
Now the inductive hypothesis holds and

IR(x,d,b,b')| < (Ad(x,d') + B)pPa"b)

<
< (Ad(a,a') — A+ B)pPxb)

We need to remove the dependence on x so we need an upper bound
for pP¥2'b) Since p € (0,1), we need a lower bound on D(x,a’,b);

D(x,d’,b) = d(x,b) +d(a’,b)
> d(a,b) —d(a,uy) —d(uy, x) +d(a’,b)
> d(a,b) — ] —Co+d(d,b)
= D(a,a’,b) — (] + Co).

Therefore

IR(x,d’,b,b')| < (Ad(a,d) — A+ B)pD(“/ﬂ/rb)—(]—Co).
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and so

[R(¢pgo+ axo,a',b,b")| < Y ax|R(x,d’,b,V)|

xeV

< Y ai(Ad(a,a’) — A+ B)pPab)-(-C)

xeVvV

= (Ad(a,a’) — A+ B)pP@b)=(-Co),
So to conclude the proof, we put these terms together and obtain

|R(a,a’,b,b")| < |R(pgo+ axo,a’,b,b')|
+r(@g+ — axo,b)| + |r(9g— — axo, b))
< (Ad(a,a")— A+ B)pD(ara’,b)*(]fCo)
+2DLAR(P@@)=E-2)(2¢, 4 | — 1)

which is exactly the inequality that the lemma claims to be true. O
Next consider the case where d(a, b) is roughly the same as d(a’, b). Set

In2—-InL

C:2max{]+1, ™™

} +20+2. (5.4)

We aim for the following lemma;

Lemma 5.14. Suppose D(a,a’,b) > ¢+ 1. If d := d(a,b) —d(a’,b) < J—1
then there exists some constant 1y, € (0,1) such that

’R([l, ll,, b/ b,)| S 7]2(A€ + B)pD({Z’a/’b)_Z(CO+I)
+4DLA2P@d D) ~T=2) (o 4 ] — ]).

The idea here is to move both @ and 4’. As in the proof of lemma 5.13 we
consider the overlap between ¢g(a,b) and ¢g(a,b’). But we also consider
the overlap between ¢g(a’,b) and ¢g(a’,b’). This gives us four error terms
and something to which we can apply the inductive hypothesis.

However, there is an overlap of the overlaps, and on this double overlap
the double difference R will vanish. This is where the constant 77, will come
from.

Before we can do this we need to know that d(a,b) > ] + 1 so that we
do use the recursive definition of . We need this for all four pairings of
vertices.

Lemma 5.15. Suppose D(a,a’,b) > . Then

d(a,b) >J+1, d(ab)>]+1, d(,b)>]+1, d(,b)>]+1
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Proof. These four inequalities follow from the triangle inequality and the
assumption d(a,b) > d(a’, b).

d(a,b) > %(d(a,b)—i—d(a b)) >%C >J+14+7+1.
d@ab) > dlab)—dbt) >]+1.
A@,b) > d(ab)—d(a,d) >]+1+1.
dd,v'y> d(a,b)—dbb) >]J+1. O

This tells us that r(a,b) = 1+ r(¢g(a,b),b) and so on for the other
pairings. Hence

R(a,a’,b,b') = r(gg(a,b),b) —r(pg(a,b’),b')
—r(gg(a’,b),b) +r(pg(a’,b"),b).

Recall that g(a,b) = %]_I Z{Q:I ave 8 (a,b). The conditiond < J —1
means that | —d > I. The idea is to use an argument similar to the proof of
lemma 5.13 to split r(¢g(a,b),b) — r(@g(a,b'), V") into four terms,

r(9g(a,b),b) —r(¢g(a,b'),b') = r(ggo +ayo, b) = r(9go + ayo, ')
+r(9g+ — ayo, b) —r(pg- — ayo,b')
for some well-chosen yy € V. The third and fourth terms are error terms

and can be bounded using corollary 5.6. We can also do this for a’ in place
of a, although we want to use the same y. This leaves the expression

r(@go + ayo, b) — r(@go + ayo, b') — r(@go + &'yo, b) + r(@gn + a'yo, b')
= R(¢go + ayo, g0 + &'yo, b, b")

and here we want to use an argument similar to the one used in case 1 of
the proof of lemma 5.5; we want to use the cancellation between ¢go + ayo
and ¢g(, + a'yo.

To summarise, we need to pick a suitable vy, split up once, bound the
terms involving cycles, split up a second time, and apply the inductive
hypothesis.

For I < R < ] define new elements gx +, gn,—, gx0 € QE by

e all coefficients are positive

* g(a,b) —gn i = gno = 8@, ) — gn -
o gn(a,b) — gn(a,b') = gn+ — gn -

* supp(gy,+) Nsupp(gy,-) = .
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Then set g+ = %H Z{Q: vy (gw,+). Similarly we can define g_ and go.
Observe that g(a,b) = g4+ + go and g(a,b') = g_ + go but the supports
of ¢+ and g_ are not necessarily disjoint.

Later on it will be important that we split prior to taking the averages,
which is why we have deviated slightly from the method of proof in lem-
mas 5.9 and 5.13.

For bounding the error terms we need to first bound the size of |gy + |1
and [g§ . 1.

Lemma 5.16. Forall N,

ay = gn4 1 = [gn, |1 < %LA%(D(”’”/’E’)*C*Z).

Proof. Using the argument in the proof of lemma 5.9 we get that

1 ,
gn 1= [gn-[1 < EL)\(W)"-

(It was shown for g instead of gy but the proof is identical.) So we need
to find a lower bound for the Gromov product (b|b’),. We are still assum-
ing d(a,b) > d(a’,b) so inequality (5.3) in the proof of lemma 5.13 still
holds, i.e. (b|b'), > 3(D(a,d’,b) — 2). Combining this with the inequality
for |gx 4 |1 finishes the proof of the lemma. O

Analogously, we can define g’N, +, g&l_, gw o for a’ in place of a. There is a
version of lemma 5.16 here;

Lemma 5.17. Forall N,

1 1 / o
af o= [gh sl =gk 1 < EL/\Z(D(M b)—-2).

Proof. Using the same argument as the proof of lemma 5.16 gives

1 /
Ign i =18 < EL/\(blb)a/

and so we need a lower bound of (b|V’) ;

(b6 = 5 (d(d, b) +d(d, ') — d(5,V))

Y

(d(a,b) —d(a,a")+d(a’,b) —2d(b, V"))

IV
NI—= DN =N =

(D(a,d’,b) — T —2) (5.5)

thus we get the inequality as claimed. O
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Before we get to the inductive part we quickly deal with the error terms.
Lemma 5.18. Suppose D(a,a’,b) > & + 1. Given any vertex yo € Va,b; J] all
four terms

o |r(¢g+ —ayo, b)]

o [r(pg- —ayo,b')|

(

[r(pg’ — a'yo, b)|

[r(pg" — a'yo, V)|

are bounded from above by the expression
DL(2Cy + ] — I)A2(D(@a'b)~=2), (5.6)

Proof. We want to use corollary 5.6.

We already know that g, — ayp is a cycle in QV but we need to bound
the diameter of its support. The support of pg. is contained in the support
of ¢g(a,b) and it follows from theorem 4.1(ii) that yp € supp(¢g(a,b)).
Then theorem 4.1(v) tells us that the diameter of the support of g, — ayo
is bounded by 2Cy + ] — I.

Therefore, using lemma 5.16 with corollary 5.6 gives

r(pg — ayo,b)| < DL(2Cy + J — I)A2(P(@d'h)=E-2),

We want to do a similar thing for the other terms.

The support of gg_ is contained in the support of ¢g(a,b’) so using the
argument as above all we need to do is bound the distance from an ele-
ment in the support of ¢g(a,b’) to yp. Consider a geodesic triangle with
corners a,b,b’ that contains the point y. Inequality (5.3) in the proof of
lemma 5.13 states (b|b'), > %(D(a,a’,b) —2). But D(a,a',b) > € by as-
sumption and then from the definition of ¢ (see equation (5.4)) we ob-
tain (b|b’), > J. Hence we can use hyperbolicity to go from yg to the
geodesic [a,b']. Using this, together with theorem 4.1(v), for every y in
the support of ¢g(a,b');

d(y,yo) < Co+J—I1+6<2Co+]— 1L

Therefore we can bound |r(¢g— — ayo, b')|1.

We want to use a similar argument to bound the remaining two terms.
We need to use lemma 5.17 instead of lemma 5.16 but the rest of the ar-
gument is very similar. Observe that the support of ¢g’,, g’ is contained
in the support of gg(a’,b), pg(a’, V') respectively. Hence the only thing we
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need to do is bound the maximal distance from y, to the an element in the
support of pg(a’,b) or pg(a’,b’).

For y € supp(¢g(a’,b)) we can consider a geodesic triangle A whose
corners are a,4a’,b and that contains the point yp, and then the assump-
tion (a’|b), allows us to use hyperbolicity around the vertex b. This to-
gether with theorem 4.1(iv) gives d(y,yo) < Co+ ] — I+ . This leads to
the bound for |r(¢g’. — a'yo, b)|.

For iy’ € supp(¢g(a’,b’)) we need to go further and consider a geodesic
triangle A’ whose corners are a’, b, b’ such that it shares the side [a’, b] with
the triangle A, as in the picture below.

a y

b/
a Yo b
Inequality (5.5) states (b|b')y > (D(a,a’,b) — { —2), and by assump-
tion this leads to (b|b’'), > J. Hence we can consider hyperbolicity in A’
around the vertex a’ and conclude that d(y',yo) < Co + ] — I + 26, where
again we also need to use theorem 4.1(iv). Thus we get the bound on the
term |r(pg’ — a'yo, V')|. O

Now we can move on to the term |R(9go + ayo, 93, + «'yo, b,V')|. The
idea is to show that there is an overlap between ¢go + ayo and ¢g(, + «’yo on
which R = 0 and use an argument similar to that in the proof of lemma 5.9.

Once again we define new elements in QV; fix an element yy € V|a, b; ]
and define hy,h_, hy € QV by the following properties

all coefficients are positive

o hi—h_ = ggo+ayo — (pg+«'yo)
* ¢80+ ayo —hy = ho = ¢gy+a'yo

e supp(hy) Nsupp(h-) = Q.

So hy represents the overlap. These chains depend on the choice of yp
in Vla,b; ]| but from now on we keep yp fixed so it is suppressed in the
notation.

For any x € V, R(x,x,b,b") = 0, so hy does not contribute anything and
we need only consider R(hy,h_,b,b"). Hence we try to find a lower bound
for |hgly, i.e. a lower bound for how much cancels out.

The idea is to show that any edge ey € E[a,b; J] is R-close to every el-
ement in the support of gj0 and to every element in the support of g ;.
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Then the coefficient of e in av . g7,0 is at least Isol1/ BS, where Blg is the max-
R

imum size of a ball of radius R in the edge metric 4%, which is finite by

lemma 2.47 and the comments following it. This allows us to bound the

coefficient of yo in gav g7 from below by Igjol1/28;. Similarly we will get
R

a lower bound for the coefficient of y in pavy 87 a0 Of I87-aol/28%. From

this we get a lower bound on |hg|;.
First we look for a lower bound of [gy[1 and [g]_; |1

Lemma 5.19. If D(a,a’,b) > &+ 1then |gjol1 = 1 —Aand |g} 0l 21— A.

Proof. Note that |gjol1 =1—a;>1— %L)\%(D(“'“/'b)_é_z) using lemma 5.16.
Moreover, we have

1 , In2—-InL
- _7 >-c =
2(D(a,a ,b)—C—-2) > ™ +1

by the definition of . Hence A2 h)=(=2) < fAandso|gjol1 > 1—A.
Similarly Ig},d,0|1 >1— A, except we need to use lemma 5.17 instead of
lemma 5.16. O

We can use the lower bounds in lemma 5.19 to find lower bounds for
the coefficient of yo in pav (g70) and in gav . (g]_;,), which will allow
R R 4
us to get the bound in the following lemma.

Lemma 5.20. Suppose D(a,a’,b) > ¢+ 1. Ifd := d(a,b) —d(a’,b) < J—1
then there is a constant 1, € (0,1) such that forall I < X, X" < J;

7

(i) ‘4’“03%(8&,0) + “Nyo‘l =1= ‘fPaUB%(gkf,o) + o),

(if) ‘Wvglg (810) +ayy0 — (Wvglg (87-a0) + “}_d%) ‘1 <27
Proof. For the first part;
|pavye (o) +axyolt = [gnolt +an =1

and similarly for |pav (gl o) + ayol1-

For the second part, we look at the contribution from v to find a bound
on how much of the coefficient of vy gets cancelled. Let 3; be the coefficient
of yp in Pav g (870) and let B}, be the coefficient of yo in Pav g (87_a0)-
Then

|(PaVB§; (870) +ayy0 — (q)avB% (8§—d,o) + “/]—dy0)|1
< |pavy (g7.0) = Bryoh +ay
+|goaVB% (87-a0) — Bj_ayol1 +a)_4+ 187 — B)_al

= |80l — By +ay + 18] _aolt — Bj—a T a4+ 1B — B—al
=2 —2min{By, Bj_4}
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and so we need a lower bound for ; and ﬂ’]_ P

The vertex yo € Va, b; ]| must be the end-point of an edge ey € E[a, b; ]
and by lemma 4.15 this edge is contained in the support of gj(a,b). The
support of gj is also contained in the support of gj(a,b) so for any edge e
in the support of g it follows from lemma 4.15 that d* (e, e) < 36 < R.

So e is contained in Blg(e) for any edge e in the support of g and thus
we know that f; > Ig/0l1/28;. Then we can apply lemma 5.19 to deduce
that By > (1-A)/2B5.

Analogously, if we can show that ej is R-close to any edge in the support
of g}f 10 then we would know that ﬁ’jf g = (1=2) /2B,

Fix an edge ¢, € E[a’,b;] — d|. The support of g ,, is contained in
the support of g(a’,b), hence lemma 4.15 tells us that the support of g
is contained in Fl[a’, e; 36]. We picked e, such that d(b,e}) = d(b,ep), and
the fact (a’|b), < ] (see inequality (5.2)) gives d(b,e9) < (al|a’), so by the
edge-hyperbolicity of G (given in lemma 2.50) d*(eo, })) < . Therefore, for
any edge e in the support of g} ; , we deduce d’(e,e0) < 46 < R.

Thus 5/]—01 > (1-1)/285.

So both B and [5’]_ ; are bounded from below by (1 -4)/285. Therefore

|pavy: (870) +ayyo — (9avy (8)-a0) +aj_gyo)h <2 —2min{B;, B}_4}

s
R
<2-2 #
2By

=1 1=A
where 771 :=1 25, O
Now we need to use this to give a lower bound on |h|;, which equates
to an upper bound on |/ |; and |h_|;.

Lemma 5.21. Suppose D(a,a’,b) > ¢+ 1. Ifd := d(a,b) —d(a’,b) < J—1
then there exists 17, € (0,1) such that;

() [l = [h-|y
(ii) |htl < 72

Proof. The first fact can be proven using the augmentation homomorphism,
see case 1 of the proof of lemma 5.5 for an example of how the argument
works.

So we just need to bound |hy|;. Since all the coefficients are positive
and the supports are disjoint we know |h |y + |h—|; = |hy —h_]|;. Then
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using the definitions gives

1
[heli = 5 l9go + ayo — (980 + a'yo)

1

<o aV +(X — aV ’ +0€1
S AT =17 M/I‘(P (8n0) +anyo — (pavy (i) + aivwo) |

Every summand is bounded by 2, and furthermore lemma 5.20 tells us that
the summand with X = Jand X' = ] — d is bounded by 21; with i, € (0,1).
So this gives

1
< Y AV
|halp < 201 (2((1+] I)*—1) +2171>

g tom

A+ 17
and setting 17, = 1 — m € (0,1) completes the proof of the lemma. [
This means that if we write 1, =}, cyafxand h_ =} oy a,x’ then

R(hy,h_,b,b) Y aiaR(x,x,bb).

|hi|1 xx'ev

Now we want to apply our inductive hypothesis to R(x, x’, b, b"). For this,
we need to know that the conditions for the inductive hypothesis are sat-
isfied, namely we need d(x,x’) < { and D(x,x’,b) < D(a,a’,b). More-
over, after we have applied the inductive hypothesis we will want to trans-
late back from being in terms of d(x,x’) and D(x,x’,b) to being in terms
ofd(a,a’) and D(a,a’,b).

Lemma 5.22. Suppose D(a,a’,b) > ¢+ 1. Ifd := d(a,b) —d(a’,b) < J—1
then for any x € supp(hy.) and any x' € supp(h_)

(i) D(a,a’,b) —2(Co+J) < D(x,x',b) < D(a,d’,b) —2;
(it) d(x,x") < .

Proof. (i) The support of h is contained in the support of ¢go + ayo, and
the support of g is contained in both the support of ¢(a,b) and the support
of g(a,b’), so it is enough to prove the lemma for x € supp(¢pg(a,b)). For
such x we have d(x,b) < d(a,b) — 1 by theorem 4.1(iii). Moreover,

d(x,b) > d(a,b) —d(a,x) >d(a,b) — (Co+])

using theorem 4.1(iv).
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a b

Similarly for any x” € supp(¢g) C supp(¢g(a’,b)) we have
d(a',b) — (Co—]) <d(x',b) <d(d,b) —1.

We still need to find bounds for the possibility that x or x is yo. By defini-
tionyo € Va,b;J] sod(yo,b) = d(a,b) —J.

(11) It follows from theorem 4.1(i7) that yy € supp(¢g(a, b)) so we fix an
arbitrary x € supp(¢g(a,b)) and consider two possibilities depending on
whether x" = g or x’ is in the support of ¢g(a’,b). .

If x' = yo then d(x,x") < diam(supp(¢g(a,b))) < 2Co+]—1 <,
using theorem 4.1(v).

X

Recall that (a’|b), < ], which follows from inequality (5.2). So we can use
theorem 4.1(iv) together with the assumption d(a,b) —d(a’,b) < ] —1I to
show that if x’ € supp(¢g(a’,b)) then

d(x,x") <2Co+6+2(]—1) <.

(See the picture above.)
Therefore for any x € supp(¢go + ayo) and x" € supp(¢g) + «'yo) we
have d(x,x") <. O

With lemma 5.22 we can apply the inductive hypothesis to R(x, x’, b, V')
for x € supp(hy) and x” € supp(h_).

Corollary 5.23. Suppose D(a,a’,b) > &+ 1. Ifd :=d(a,b) —d(a’,b) < ] —1
then
|R(hy,h_,b,b")| < 12(AZ+ B)pD(“'”/'b)_Z(COH)

where 11 is the constant from lemma 5.21.
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Proof. Write hy =Y cyafxand h =Yy a,x’ so that

R(hi, h_,b,b)

o zx,Rxx b, v
’hihxx’zevxx )

Lemma 5.22(ii) shows d(x,x') < { and D(x,x’,b) < D(a,a’,b) — 2 so we
can apply the inductive hypothesis to R(x, x’, b, V) to get

IR(x,x',b,b")| < (Ad(x,x") + B)pD(x,x’,b).

Moreover lemma 5.22(i) tells us D(x, x',b) > D(a,a’,b) —2(Co + J). There-
fore

R(hs b - Y adap(Ag+ BP0
xx' eV
= !hi|1(AC + B)pPaa'b)=2Co+))
and |h4|; was bounded by #; in lemma 5.21. O

And so we can finish the inductive step in proving proposition 5.11 for
this case, i.e. we can give the proof of lemma 5.14;

Proof of Lemma 5.14. Split up R(a,a’,b,b’) into the five terms

R(a,d’,b,b") = R(pgo + ayo, 956 + &'y, b, b)
+7r(9g+ — ayo, D)
—r(pg- —ayo, b')
—r(pgh — a'yo,b)
+r(pg" — a'yo, V).
The inductive term R(¢go + ayo, 98, + &'yo, b, V') = R(h4,h_,b,V’) using

corollary 5.23 and lemma 5.18 yields a bound for the four error terms, and
combining these bounds gives

[R(a,a’,b,1')| < 4DLAPOIN 622G, + ] — 1)
+12(AL + B)pD(a,zz’,b)—Z(CO—o—])' ]

To finish the proof of proposition 5.11 it remains to show that we can
choose the constants A, B and p appropriately.

Lemma 5.24. For any ¢ > 0 there exists constants A,B > 0 and p € (0,1)
such that for any a,a’ with 1 < d(a,a’) < ¢ and all b, b’ with d(b,b") < 1 the
following three inequalities hold;

2F+2 < AA2S (5.7)
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/ e )\% D(a,a’,b) /
(Ad(a,d) — A+ B)p 7% +K N < Ad(a,d)+B  (58)

1
2

D(a,a',b)
n2(AZ + B)p~ 2 Cot)) oK < ; ) < Ad(a,d)+B (59

where K := 2DL(2Cy + ] — )A~2(E+2),

Proof. First pick A > K large enough such that 2§ +2 < AA28. Then

pick p; € (A%,l) such that 77, < pf(COH)

and pf(COH) S laspr 2L
Next choose B > A large enough such that

, which is possible since 17, < 1

5o AL oK

1— 1 PIZ(CO*H)

and finally pick p € (p1,1) such that forany ! =1,...,¢

o)) < AlFBZK
Al—1)+B

which is possible since B > A > K and p~(©t)) N 1asp 1.

It remains to show that the three inequalities (5.7), (5.8), and (5.9) are
satisfied. The constant A was chosen to satisfy inequality (5.7) but we need
to check the other two. For inequality (5.8);

)\% D(a,a’,b)
(Ad(a,a’) — A+ B)p~ @+ £ K (p)

(Ad(a,a') — A+ B)p~©F) 4+ K

<
< Ad(a,d)+B

where the first inequality uses p > p; > Az and the second inequality
follows from the choice of p, since d(a,a’) < {. For inequality (5.9);

1

D(a,a',b)
WZ(AC+ B)p—Z(Co-i-]) + 2K </>)2> < WZ(AC+ B)p;Z(C0+]) 42K

<B
< Ad(a,a’)+ B

where the first inequality uses p > p; > Az, and the second inequality uses
the choice of B. O

Now we can finally prove proposition 5.11;
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Proof of Proposition 5.11. Note thatif a = a’ or b = V' then R(a,a’,b,0') =0
so we may assume they are distinct. In particular d(a,a") > 1. Set

In2—-1InL

=2 1
¢ max{]—{— , oA

}+2g+2.

Then use lemma 5.24 to get constants A, B > 0 and p € (0, 1) satisfying the
inequalities (5.7), (5.8), and (5.9).

We induct on D(a,d’,b).

For D(a,d’,b) < ¢ lemma 5.12 says |R(a,a’,b,V')| < 2¢ + 2 but then by
the choice of A we know |R(a,a’,b,V')| < AAz6. We picked p > Az hence

IR(a,d’,b,1')| < Ap® < ApP@* D) < (Ad(a,a’) + B)pP@"b).

For the inductive step assume D(a,a’,b) > ¢ + 1.
If |d(a,b) —d(a’,b)| > J — I then lemma 5.13 combined with inequal-
ity (5.8) gives

|R(a,a’,b,b")| < (Ad(a,d") + B)pD(ﬂﬂ’,b)

as desired. Otherwise |d(a,b) —d(a’,b)| < J — I and then use lemma 5.14
and inequality (5.9). O

Thus we have finished the proof of proposition 5.11 and with that we
have also proven proposition 5.10.

5.3 A metric on vertices

With the results we have already established we can now follow the
arguments in [MY02] to define a metric. First we must symmetrise the
function.

Definition 5.25. Let G be a uniformly fine, 5-hyperbolic graph. Define a
functions: V x V — R>¢ by

s(x,y) = 5 (r(xy) + r(y, ).

Some properties of r immediately carry over to s and we summarise
these properties in the following lemma.

Lemma 5.26. Let G be a uniformly fine, 6-hyperbolic graph.
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(i) The function s: V. x V. — R is invariant under the diagonal action
of Isom(G) on V x V.

(ii) There exists a constant | +1 > 1 such that for all a,b € V we have

]+11 d(a,b) < s(a,b) < d(a, b).

(iii) There exist constants N, M > 1 such that for all a,a’,b € V

5(a,0) — (' b)| < (1 + M)d(a,d') + 2 N.

N —

(iv) There exists a constant C1 > 0 such that for a,b € V and x € V|a, b]

|s(a,b) —s(a.x) —s(x,b)| < C;.

(v) There exists constants C > 0 and w € (0,1) such that for a,a’,b,b' € V
ifd(a,a’) <1landd(b,b") <1 then

|S((1,b) - S(alfb) - S(ﬂ, b/) + S(all b/)‘ < de(u’b).

Proof. The function is Isom(G )-invariant since r is Isom(G)-invariant. The
second part comparing s to d follows from proposition 5.2. The third part
combines lemma 5.5 and proposition 5.8. The fifth part, which is a double
difference type result, comes from proposition 5.10. The fourth part, which
says geodesics with respect to d are almost geodesic with respect to the
wannabe metric s, uses a degenerate form of lemma 5.7, where by = x
and @ = a, to bound

r(a,b) — r(a,x) +r(x,b)| < C1.

We have to apply lemma 5.7 a second time, swapping the roles of 2 and b
to get
|r(b,a) —r(b,x) —r(x,a)| < Cy

and then taking the average gives the inequality in s. O

For a metric we need the triangle inequality to hold. We don’t have it
yet but we do have the following lemma.

Lemma 5.27. There exists a constant C, > 0 such that for all x,y,z € V,

s(x,z) <s(x,y)+s(yz) + Ca.
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Proof. The idea for the proof comes from [MY02, Proposition 11]. Let A be
a geodesic triangle with corners x,y,z, and let i, 1, 1, be the inner points
of A, as in definition 2.8. Then

s(x,z) <s(x,1y) +5(1y,2) +C;
< (s(x, 1)+ %(1 + M)d(1z, 1) + ;N)

1 1
+ (2(1 + M)d(1y, 1x) + EN + S(Lx,Z)> +C

<s(x, 1) +5(te,z) + (1+M)O+ N+ G
<(s(x,y)+C1)+(s(y,2) +C1) + 1+ M)6 + N+ C;

where the first and fourth inequalities use lemma 5.26(iv), the second in-
equality uses lemma 5.26(iii), and the third inequality uses J-hyperbolicity.
Then the lemma is finished by setting C; = (1 + M)J + N + 3C;. O

This is not quite the triangle inequality, but we can now define our met-
ric.

Definition 5.28. Let G be a uniformly fine, §-hyperbolic graph. Define a
functiond: V x V — R by

. s(x,y) +Cy ifx
d(x/y):{o( y) 2 ifxig

where C; is the constant from lemma 5.27.

Theorem 5.29. Let G be a uniformly fine, 6-hyperbolic graph. The function d is a
metric on V. Moreover it satisfies the following properties;

(i) It is invariant under the action of Isom(G) on V.
(ii) Let Cy > 0 be the constant from lemma 5.27. For all a,b € V

1

s d(a,b) < d(a,b) <d(a,b)+ C.

(iii) There exists a constant C3 > 0 such that for a,b € V and x € V|a, ]

0 <d(a,x)+d(x,b) —d(a,b) <Cs.

(iv) There exist constants C > 0,w € (0,1) such that for all a,a’,b,b’ € V
ifd(a,a’) <1landd(b,b") <1 then

‘d(a, b) —d(a’,b) — d(a,b') +d(d,b)| < CwD). (5.10)




5. A New Metric on the Vertex Set 92

Proof. It is symmetric since s is defined to be symmetric, and it satisfies the
triangle inequality because of lemma 5.27. If x # y € V then by defini-
tion d. (x,y) > Cp > 0so it is positive-definite. Therefore d is a metricon V.

Moreover it is invariant under graph automorphisms of G because s is
invariant.

For any a # b € V, lemma 5.26(ii) says ]}r—]d(u,b) < s(a,b) < d(a,b)
and thus we obtain part (ii).

Part (iii) follows from lemma 5.26(iv), if we set C3 = C; + 2C,. (Note
that d(a, x) 4 d(x,b) — d(a,b) is always non-negative by the triangle in-
equality.)

For part (iv) we can use lemma 5.26(v) to get

|S(a’ b) - S([Z/, b) - S([Z, b,) + S([Z/, b/)’ < C(Ud(a'b).

If all four vertices are distinct then the four copies of C, cancel out and
so we get inequality (5.10). If 2 = a’ or b = U’ then the left-hand side
of inequality (5.10) is zero. Finally if one of {a,4’} is equal to one of {b,b'}
then diam{a,a’,b,b'} < 2 (with respect to the metric d) so the left-hand side
of inequality (5.10) is bounded by 8 + 4C; (using part (i7)). If we increase C
(if necessary) such that 8 + 4C, < Cw? then inequality (5.10) holds here
too. ]

Remark 5.30. In part (iii) of theorem 5.29 the notation V[a, b] still refers to
geodesics with respect to the original metric 4 on §. When we talk about
actualy geodesics we will only ever consider geodesics in G with respect to
the word metric.

We can now define Gromov products and the double difference in terms
of this new metric.

Definition 5.31. Let G be a uniformly fine, 5-hyperbolic graph. Let d be the
metric on V from theorem 5.29. Define the Gromov product (with respect
to d) of three vertices a,a’,b € V to be

(ala’yp, = = (d(a,b) +d(a',b) —d(a,a)).

N +—

Define the double difference (with respect to cf) of four vertices a,a’,b,b' € V
by
/ ! 1 7 701 7 / T 10
(a,'|b, ) = 5 <d(a,b) —d(a,b) — d(a,b') +d(a, b )) .

Here we are using angular brackets to distinguish from the Gromov prod-
uct and double difference defined using the word metric on the graph. We
could define the double difference in terms of the Gromov product, as in
definition 3.15.
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The generic facts about the double difference in proposition 3.16 still
hold. Moreover theorem 5.29 gives us a couple of facts for this new Gromov
product and new double difference.

Theorem 5.32. Let G be a uniformly fine, -hyperbolic graph.

(i) There exists a constant C3 > 0 such that for a,b € V and x € Va, b]

0 S <€l|b>x S C3.

N —

(ii) There exist constants C > 0,w € (0,1) such that for all a,a’,b,b’ € V
ifd(a,a’) <1landd(b,b") <1 then

|(a,a'|b,b')| < S Cw™P). (5.11)

N| =

Note that if x lies on a geodesic (with respect to the word metric d on G)
between a and b then (a|b), = 0. Part (i) of theorem 5.29 says that (a|b) is
bounded by some global constant.

Before showing how to extend this metric to the boundary of the graph,
we need to extend the metric from the vertex set to all of the graph. More
generally, in section 6.1 we will show how to extend a metric on the ver-
tex set of a simplicial complex to the whole simplicial complex, and then
show in section 6.2 that if we start with the metric d constructed here (see
theorem 5.29) then we can extend the double difference to the boundary
(theorem 6.13).



6 The Metric on the Flow Space

In chapter 5 we defined a new metric d on the vertex set of our space X
but to proceed with the construction from section 3.4 of a metric on the
flow space of X we need to extend the metric d to the whole simplicial
complex X.

In section 6.1 we will work more generally, with an arbitrary simplicial
complex X and a metric d defined on the vertices of X, such thatd is (A, B)-
quasi-isometric to the word metric dg, where G is the 1-skeleton of X. Then
in section 6.2 we will prove some properties of this metric on X when we
start with the d defined in section 5.3.

6.1 Extending a metric

In [Min05] Mineyev defined an extension of a metric d by taking a bi-
linear expansion with respect to the barycentric coordinates, see [Min05,
Equation (31) on page 436]. If x = }_,cy x,u and y = Y _,cy ¥,v then define

d(x,y) = Y xuyod(u,v). 6.1)

u,vev

This extension was also used by Bartels-Liick-Reich in their proof of
The Farrell-Jones Conjecture for hyperbolic groups (see [BLR08a, Section
6]). However, this extension does not define a metric, since it does not
always satisfy the condition d(x, x) = 0.

For example, suppose x € X is not a vertex. Then we can find two
vertices u,v € V such that in barycentric coordinates the values x,, x, are
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both non-zero. Thus
d(x,x) > xux,d(u,v) > 0.

In this section we show how to define a metric d on X whose restriction
to the vertex set coincides with d and moreover if x,y € X are sufficiently
far apart then d(x,y) = d(x,y), i.e. the distance is given by the bilinear
expansion of the barycentric coordinates (see theorem 6.9).

Since the applications of the metric in [Min05] and [BLRO8a] only make
use of the large-scale geometry of the metric, their arguments work with d
instead of d, requiring only minor tweaking. For example [Min05, Propo-
sition 38], which was quoted by Bartels-Liick-Reich as [BLR08a, Proposi-
tion 6.4], can be tweaked as demonstrated in proposition 7.2, which ex-
plains how to modify the proof given by Mineyev to use the extension d
instead of d. Therefore the results obtained in those papers are valid.

Even though the bilinear extension is not a metric, it nevertheless satis-
fies the triangle inequality;

Lemma 6.1. Let X be a simplicial complex and let d be a metric on the vertex set
of X. Extend d to a function on X x X by bilinearly extending, as in equation (6.1).
Then forall x,y,z € X,

~

d(x,2) < d(x,y) +d(y,2).
Proof. Write x,y,z in barycentric coordinates, and then

d(x,z) = Z XuZy d (1, W)
u,weX )
= Z XulYoZow d(u, w)
u,0,we X0
< Z XuloZo (d(u,v) 4 d(v,w))
u,weX©)

= Z XuYoZw (f(u, U) + Z XuYvZw dA<vl w)

u,0,weX0) u,0,weX©)

= Z xuyvdA(u,v)+ Z yvzw&i(v,w)

u,veX0) 2,weX0

=d(x,y) +d(y,z). O

So this bilinear extension is almost a metric. It only fails to be a metric
locally, with the problem that d(x,x) need not be zero. To construct an
actual metric we will take the minimum of this bilinear extension and a
genuine metric on X. We want this to extend the metric on the vertex set so
we want the genuine metric on X to be greater than d on the vertex set.

The metric we will use is a length metric induced by the I*-metric on
each simplex.
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Definition 6.2. Let X be a simplicial complex. For any simplex ¢ of X let d.
be the I'-metric on ¢, i.e. for all points x,y € o,

dl x y = Z ’xu (62)

ME(T

The factor 3 is to ensure that the distance between adjacent vertices is 1.

Then for x,y € X define a path in X from x to y to be a sequence of
points x = ag, ay,...,a, = y in X such that for everyi = 1,...,r there is a
simplex o; of X that contains both a;_1 and a;. The length of such a path is
the sum Y|, dj (a;_1, ;).

The length of a path does not depend on how we choose the simplices c;
because if a simplex 7 is a subsimplex of ¢ then d} = d.|,.

Then we define a metric on X by setting d%(x, y) to be the infimum of
lengths of all such paths from x to y.

We start by giving some properties of this metric.
Proposition 6.3. Let X be a simplicial complex.
(i) For any simplex o in X, the restriction of d% to o coincides with d..
(ii) The diameter of any simplex is 1, unless the simplex is a vertex.
(iii) If x,y € X have disjoint supports then d (x,y) > 1.

Proof. (i) Given any two points x, y contained in one simplex o, by consid-
ering the trivial path x = a9,a1 = y we get d(x,y) < dl(x,y) so we only
need to show the inequality in the other direction.

Fix a simplex ¢ and two points x,y € ¢. Consider a path ag, ay,...,a,
from x to y in X. Since it is a path we can find simplices ¢; fori = 1,...,r
such that ¢; contains both 4;_1 and a;. Let Y C X be the union of all the o;
(which is a subcomplex of X) and denote the vertex set of Y by Yy and
let A = AY~1 be the standard simplex of dimension Yy — 1, where we iden-
tify the vertex set of A with Yj

There is a canonical inclusion ¥ — A, and so we can think of Y as a
subcomplex of A. Thus for each i we have d, (a;_1,4;) = dj(a;j_1,a;) and
then the triangle inequality tells us that the length of the path ag,...,0q, is
at least d} (ap, a,) = dL(x,y).

We can do this for any path from x toy so d% (x,y) > di(x,y). Therefore
we can conclude that d%|, = d..

(ii) It follows from equation (6.2) that if two points x, y lie in a common
simplex ¢ then the distance between them is d.(x,y) < 1. Taking x, y to be
distinct vertices of o shows that the bound is strict.

(1ii) If v is a vertex in the support of x but not in the support of y then
any path from x to y must eventually take the v-coordinate down from x,
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to zero. Formally, if ao, . .., a, is a path from x to y let 4; , denote the v-coor-
dinate of a;. Then the v-coordinate contributes

1 r
Z Ai—1,0 — azv
i=1

Z E |ai—1,v - ai,v| E

i=1
’ ‘
Aoy — Arp| = ) Xy

and thus the v-coordinate contributes at least 1x, to d% (x,y).

Similarly if w is in the support of y but not the support of x then any
path must take the w-coordinate from zero up to vy, hence the w-coordinate
contributes at least %yw to d%((x, Y).

Therefore if the support of x is disjoint from the support of y then we
get at least 1 from the coordinates in the support of x and at least J from
the coordinates in the support of y. Thus d% (x,y) > 1. O

If take the minimum of the bilinear extension (6.1) and this metric d%(
then we could encounter two problems, namely the triangle inequality
might not be satisfied and this minimum might not restrict to d on the ver-
tex set.

If the metric d is quasi-isometric to the word metric on the 1-skeleton
of X then we can fix both problems by re-scaling the metric d%.

Definition 6.4. Let X be a simplicial complex and let d be a metric on the
vertices of X that is (A, B)-quasi-isometric to the word metric induced by
the 1-skeleton of X. Set d: X x X — R to be the bilinear extension of d as
in equation (6.1). Define a function d: XxX—=R by

d(x,y) := min {dA(x,y) ,3(A+ B)d}((x,y)} . (6.3)

To prove that this function satisfies the triangle inequality we will use
the following lemma.

Lemma 6.5. Let X be a simplicial complex and let d be a metric on the vertices
of X that is (A, B)-quasi-isometric to the word metric induced by the 1-skeleton
of X. Ifd: X x X — R is the bilinear extension of d as in equation (6.1) then for
all x,y,z € X,

d(x,z) < d(x,y) +2(A+ B)d%(y,2). (6.4)

Proof. First we will consider the special case where y and z lie in a common
simplex . By definition, we can expand bilinearly and obtain

d(x,z) = Y wuzed I(u,w)

quX 0)
= Y Xy d(u,w) + Y xu(zw — Vo) d(u,w)
w,we X (©) w,weX©)

=d(x,y) + ) Xu(zaw — Yoo ) d(1, w).

w,we X0
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Fix a vertex vy of 0. Then d(u,w) < d(u,vy) + d(vo,w) for any ver-
tices u,w of X. The distance d(u, vy) is independent of the vertex w so we
have Y, cx© Xu (Zw — Yuw) d (u,v9) = 0. Moreover, since vy is joined to any
vertex of ¢ by an edge, we know d (vo,w) < A+ B. Therefore

Z u(Zew — Yu)d (” w) < Z Xu|Zw — Yw|(A + B)

w,we X0 u,weX©)

=2(A+B)dL(y,z).

But then from proposition 6.3(i) we get d%(y,z) = d% (v, z).
Putting all this together gives the desired inequality in this special case.
For the general case, consider a path y = ag,a1,...,4, = z from y to z
(in the sense of definition 6.2). Then

r

dx,z) =d(x,y)+Y_ (d d(x,a;_1))

i=1

We know that 2;_; and g; lie in a common simplex so by the special case we
have d(x, ai) — d(x, ai_l) < 2(A + B)d%((ai,ai_l). Thus

d(x,z) <d(x,y) +Y_2(A+B)dx(a;a;1)
i=1

=d(x,y) +2(A + B)l(a)

where [(a) is the length of the path ay, ..., a,
This holds for any path from y to z so we conclude

A

d(x,z) <d(x,y) +2(A+ B)dk(y,z). O

With this lemma, we can prove that the function d is a metric on the
simplicial complex.

Proposition 6.6. Let X be a simplicial complex and let d be a metric on the vertices
of X that is (A, B)-quasi-isometric to the word metric induced by the 1-skeleton
of X. Set d: X x X — R to be the bilinear extension of d as in equation (6.1).
Then d defined by equation (6.3) is a metric on X.

Proof. It is symmetric non-negative since it is the minimum of two func-
tions that are both symmetric non-negative. For all x € X,

0 <d(x,x) <3(A+B)dk(x,x) =0

so d(x,x) = 0. For any two distinct points x # y € X then d}(x,y) > 0
since dY is a metric on X. Moreover we can find vertices u # v with x,, # 0
and y, # 0, thus d(x,y) > x,y,d(u,v) > 0. Therefore d(x,y) > 0.
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The last thing to check for d to be a metric is the triangle inequality.
Given three points x,y,z € X we need to show

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

Both d} and d satisfy the triangle inequality on X, where we use lemma 6.1
for d, and in the mixed case we can use lemma 6.5. ]

We want the metric d to restrict to d on the vertex set. Hence we need
to look at the metric d%( on the vertex set.

Lemma 6.7. Let X be a simplicial complex, and let G be the 1-skeleton of X. For

any u,v € V we have
dg(u,v) = di(u,v). (6.5)

Proof. Any path in the 1-skeleton is also a path in X, so dg (1, v) > d%(u, ).
It remains to prove that the length of any path in X from u to v is at
least dg(u,v).

Fork =0,...,d:=dg(u,v)let Sy = {z € V|dg(u,z) = k}. The idea is
that the support of any path from u to v must meet every Sy and moreover
the weight must come from u and through each Sy before arriving at v (the
path could be longer but we are only looking for a lower bound).

Let u = ag,ay,...,a, = vbe a path in X from u to v. So for any i there is
always a simplex ¢; that contains both a;_; and a;. Write eacha; =) ..y aiz
in barycentric coordinates and for all k set

wi(a;) = ) ai €[0,1]

z€Sy

which is the weight of the point 4; in the sphere Sy.
The length of this path a is
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Now we try to find a lower bound for the sums Y;_; |wy(a;—1) — wi(a;)].
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If Kk = 0 then
Y lwo(ai—1) —wo(a;)] > |Y_ (wo(ai—1) — wo(a;))
i=1 i=1

\wO( 0) — wo(ar)]|

since ag = u € Sgand a, = v € S;. Similarly for k = d we get

r

Y wa(ai—1) — wa(a;)| > |wa(ao) — wa(ar)| = 1.
i=1
So we are left with 1 < k < d. We claim that for such a k we can find
some i € {1,...,d — 1} such that wy(a; ) = 1.
If for now we assume the claim is true, then

é’wk(ﬂi—l) — wi(a;)|

= i [wi(ai—1) — wi(a;)| + 27: |we(ai-1) — we(a;)]
i=1 i=ip+1
i (wi(ai—1) — wi(a;))

i=i+1

> i (wi(ai-1) — wi(a;))

i=1
— ‘wk(ao) — wk(aik)\ + |wk(aik) — wk(ar)‘
=2

+

and we would get

length

Therefore, to finish the proof of the lemma we need to prove the claim
that forallk = 1,...,d — 1 there is some i} with wy(a; ) = 1.

For all i there is a simplex containing both 4; and 4;_; hence every ver-
tex in the support of 4; is joined to any vertex in the support of 2;_; by an
edge. In particular, if wy_1(a;_1) # 0 then wy,1(a;) = 0 because we may
move at most one further away from u with successive a;’s. So if we pick i,
minimal with w1 (a;,41) # 0 then wy_q(a;) = 0 and wy41(a;) = 0. So
all the weight of a;_has to be at the sphere Sy, but Y, wi(a; ) = 1. There-
fore wy(a; ) = 1.

This proves the claim, and with it also finishes the proof of the lemma
by the earlier argument. O
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Now we can prove that d restricts to d on vertices. In fact we can prove
a stronger result.

Lemma 6.8. Let X be a simplicial complex, and let G denote its 1-skeleton. Let d be
a metric on the vertices of X that is (A, B)-quasi-isometric to the word metric dg.
Forall x,y € X if the support of x is disjoint from the support of y then

d(x,y) = d(x,y).
In particular, d coincides with d on the vertex set.

Proof. Start by considering vertices u,v € V. If u # v then dg(u,v) > 1.
Moreover, by assumption we have d(u,v) < Adg(u,v) + B. Therefore

d(u,v) < Adg(u,v) + B
< (A+B)dg(u,v)

since B > 0 and then applying lemma 6.7 yields
d(u,0) < (A+B)dx(u,0). ()

Note that if u = v then () is trivially true, so inequality (x) holds for all
vertices u,v € V.

Now consider the general case x, y € X with disjoint supports. Since the
support of x is disjoint from the support of y, we must have d% (x,y) > 1
by proposition 6.3(iii). Moreover, for any u € supp(x) proposition 6.3(ii)
tells us that d% (1, x) < 1, and similarly for v € supp(y). Therefore

dix,y) = Y xuyod(u,v)

u,veVvV

< Y xye(A+ B)d% (u,v)

u,veVvV

< Y xuyo(A+ B)(dx(u,x) +dx(x,y) + dx(y,0))

u, eV

< Y xuyo(A+ B)3dx(x,y)

u,vev

— 3(A+ B)dk(x,y)

and then d(x,y) = d(x,y) since d is defined to be the minimum of these
two expressions. O

To summarise this section, we have the following theorem;

Theorem 6.9. Let X be a simplicial complex, and let G denote its 1-skeleton. Let d
be a metric on the vertex set V of X. If d is quasi-isometric to dg then there exists
a metric d on all of X such that forany x,y € X if the support of x is disjoint from
the support of y then d(x,y) = d(x,y). In particular, d = d on vertices.
Moreover, if d is preserved under simplicial automorphisms of X then so is d.
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We have a metric on all of X, and we want to know that it doesn’t
change the large-scale geometry from d.

Proposition 6.10. Let X be a simplicial complex, and let G denote its 1-skeleton.
Let d be a metric on the vertex set V of X that is (A, B)-quasi-isometric to dg. The
metric d from theorem 6.9 is (1,2(A + B))-quasi-isometric to d.

Proof. Fix x,y € X. If the support of x is disjoint from the support of y
then d(x,y) = d(x,y), so suppose there exists some v € supp(x) Nsupp(y).
Then

d(x,0) = Y xd(u,v) < Y x,(A+B)=(A+B)

ueV ueV

and similarly d(v,y) < (A + B). Therefore

d(x,y)

2

(x,0) +d(v,y)
x,0) +d(v,y) <2(A+B) <d(x,y) +2(A+ B).

[VARVAY
=

Moreover,
d(x,y) < d(x,v) +d(v,y) <2(A+B) <d(x,y) +2(A+ B).

So
d(x,y) —2(A+B) <d(x,y) <d(x,y) +2(A+ B). O

6.2 Extending our metric

If X is a simplicial complex whose 1-skeleton G is a uniformly fine,
Gromov hyperbolic graph then the metric d defined in section 5.3 is quasi-
isometric to the word metric (theorem 5.29(ii)) so theorem 6.9 provides an
extension d, which is defined on all of X.

This extension is preserved under simplicial automorphisms of X since
d is preserved under simplicial automorphisms of X.

We constructed the metric d to have better convergence properties to-
wards the boundary, which was formulated in terms of the double differ-
ence in theorem 5.32(ii), and we want the metric d to also satisfy these
better convergence properties.

As with the metrics d and d we can define the Gromov product with respect
to d of three points x,y,z € X to be

1

(xy)z = 5 (d(x,2) +d(y,z) — d(x,))

N |
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and the double difference with respect to d of four points x,x',y,' € X to be

(x,x' 1y, y) = % (d(x,y) —d(x,y) —d(x,y) +d(x,y)).

Remark 6.11. We can relate the double difference with respect to d to the
double difference with respect to d: Theorem 5.29(i7) tells us that d is quasi-
isometric to d, so proposition 6.10 says that there is some constant B’ > 0
such that d is (1, B')-quasi-isometric to d. Hence for any x,x',y,v’ € X;

(x,x'ly,y") —2B" < (x,x"2y,y") < (x, x|y, y) + 2B (6.6)

The inequality from theorem 5.32(ii) holds for the double difference
with respect to d, since the metric d agrees with d on the vertex set, i.e. we
have the following;

Proposition 6.12. Let X be a simplicial complex whose 1-skeleton is a uniformly
fine, Gromov hyperbolic graph. Let d be the metric from section 5.3 and let d be the
extension given by theorem 6.9. There exist constants C > 0 and w € (0,1) such
that forall a,a’,b,b' € Vifd(a,a’) < 1land d(b,b") <1 then

[(a,a'1b,b')] < %de(“l’). (6.7)

If we apply theorem 6.9 to the word metric of the 1-skeleton G of X then
we get a metric dg, and the metric space (X,dg) is Gromov hyperbolic,
in the sense of definition 2.11. Therefore we can define the boundary 9d;X
using sequences as in definition 2.29 define a topology on X := X U 9;X
using remark 2.34. Now we can finally extend the double difference with
respect to d from the vertex set to all of X.

Theorem 6.13. Let X be a simplicial complex whose 1-skeleton G is a uniformly

fine, Gromov hyperbolic graph. Set S to be the subset of X' =XxXxXxX
consisting of points (x,x',y,y") such that

e X,y €oX=>x#y;
o x,y €dX=x#Y;
e X, ycidX=x#y;
o X,y €cdX=x#y.
Then the double difference with respect to d extends continuously to S and satisfies
(a) {a,a’2b,b"y = (b,b' 2a,d");
(b) (a,a’2b,b") = —(a’,a2b,b") = —(a,a" V', b);
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(c) (a,ab,V'y =0= (a,a’20,b);
(d) (a,a’ 1b,b") + (a’,a”"2b,b") = (a,a” 1b,1');
(e) (a,bic,x)+ (c,alb,x)+ (b,cla,x)=0;

(f) There are constants w > and B > 0 such that for all vertices a,a’,b,b' € V
%(a,a’]b,b’) —B<{ad 1bV) <wa(adlbb)+p.

Proof. This is essentially [Min05, Theorem 35]. There the double difference

is extended further to a larger subset of X", but the proof works by first
extending to the set S. To extend it further requires allowing the double
difference to take values $o0, but here we want the double difference to
only take values in IR so we only extend to the smaller set S.

A couple of modifications must be made to the proof given by Mineyev
in [Min05]. Firstly, his definition of a hyperbolic complex requires the
1-skeleton to be uniformly locally finite, but since we have theorem 5.29
the only property required of the graph is Gromov hyperbolicity.

Secondly, his extension is given by taking the bilinear extension of the
metric d on the vertex set, but as noted earlier this does not give a met-
ric. Hence we have used a different extension, namely d defined by equa-
tion (6.3). However, this extension d coincides with d on the vertex set (see
lemma 6.8). So we can use the argument in the proof of [Min05, Theorem
35] to extend the double difference to the boundary using sequences of ver-
tices.

When considering sequences of arbitrary points (i.e. not necessarily
vertices) we know from lemma 6.8 that d(x,y) = d(x,y) whenever the sup-
port of x is disjoint from the support of y. So if (x,),en is a sequence of
points that converges to x € dX and (y,)nen is a sequence of points that
converges to y € X\ {x} then for sufficiently large 7, the support of x, will
be disjoint from the support of v, and thus we can use the bilinear exten-
sion formula (6.1).

For part (f), Mineyev in [Min05, Theorem 35(h)] shows an equivalence
between (—, —|—, —) and (—, —|—, —) but we can go to (—, — ! —, —) using
remark 6.11. O

We know that for points x,y,z, w € X, the double difference relates to
the Gromov product via the equation

(x,ylz,w) = (Y1z)x — (Ylw)x (6.8)

and, in particular (x,y 1z, x) = (y!z),. Hence we can use theorem 6.13 to
extend the Gromov product to the boundary.
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Theorem 6.14. Let X be a simplicial complex whose 1-skeleton G is a uniformly

fine, Gromov hyperbolic graph. Set T to be the subset of X° := X x X x X
consisting of points (x,y, z) such that

o x £ 0X;
e yzcidX=y#z

Then the Gromov product (y ! z) with respect to d extends continuously to T and
satisfies
(a,a' 1 b,b")y = (a’ 1b), — (a1 V'), (6.9)

whenever (a,a’,b,b’) € S (where S is defined as in theorem 6.13) and a ¢ 0X.

Proof. If (x,y,z) € T then (x,y,z,x) € S and we can define the Gromov
product in terms of the double difference: (yz), := (x,y 1z, x).

Equation (6.9) follows from theorem 6.13(d), where the properties (a)
and (b) are also used implicitly. O

This extension of the Gromov product coincides with the sup liminf
extension given in definition 2.31, since forany x € Xandy,z € X withy #
z,if (y,) and (z,) are sequences in X converging to y and z respectively then
the continuity of the double difference given by theorem 6.13 gives

liigr_m)ilgf (Yn1zZn)x = hﬂ%}gf (X, Yn 12z, X)

=(x,ylzx)
= (y1z)y.

In particular, this means the facts from proposition 2.33 still hold.

—4 .
We cannot extend (—, — ! —, —) to all of X because it would need to
be £oo in places, as the next lemma demonstrates.

Lemma 6.15. Let X be a simplicial complex whose 1-skeleton G is a uniformly
fine, Gromov hyperbolic graph. If (x,)nen is a sequence in X that converges to a
point x € 9X then for any y,z € X\{x} if y # z then

(X, Yy 1xpy,z) — —00 asmn — oo,

Proof. Pick a sequence (zj)ren in X that converges to z. Then by continuity,
as k — co we get (z,zx Ly, x) — (z,zy,x) = 0. Therefore we can pick k
large enough such that |(z,zx ty, x)| < 1.

Combining theorems 6.13 and 6.14 gives

Z,Xn LY, X)
Z, 2k LY, X) + (2, Xn LY, X)

<X,y2xnrz> = <
=
<1+ (X0 0Y)z — (Xn 1 X)z,.
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Since the sequence (x,,),en converges to a point x € d;X the Gromov prod-
uct (x;2 xj>2k tends up to oo as i, j — oo. Hence

(xp 1x)z, > liminf (x, 1 X)), —> 00 asn — oo.
m—»00

By remark 2.32 we can pick sequences (x,) and (y,) in X with x), — x
and y, — oo as n — oo such that lim, 0 (X}, 1 Yn)z, = (¥ 1Y)z, Then

<x;z Zyn>2k > min{<x1/1 ! xﬂ>Zk/ <Xn Zy>2k1 <y2yﬂ>2k} — 40
by proposition 2.33(ii). Since the sequences (x,) and (x],) both converge
to x € 9;X proposition 2.33(i) says (x), ! Xp);, — o0 as n — oco. Also,
the Gromov product (yy,)-, tends to infinity, repeating the argument
for (x, ! x),, above. Therefore
lim (x,y)z < r}i_r}r;(x; LY)z + 490

n—oo

= <x2y>2k + 46

which is finite since x # y.
Bringing this all together,

lim (x, y 02, 2) <14 (x2y), +26 — J%(xn LX)z,

n— 00

= —o0. OJ

6.3 A metric on the flow space

In section 3.4 we outlined a plan to construct a metric on FS(X) for a
metric space X. We needed to extend the double difference to points on the
boundary and to do this we constructed a new metric d in the case that X
is a simplicial complex whose 1-skeleton is a uniformly fine, é-hyperbolic
graph (see theorem 6.13).

For the rest of this section, we assume that X is such a simplicial com-
plex, and that xg € X is a fixed base-point, and we try to apply the con-
struction from section 3.4 to the metric space (X, d).

Definition 6.16. We start by using the metric to interpret the parameter ¢ of
a point in the flow space (cf definition 3.14). For any point (x,y,t) € FS(X)
define a map 6% : R — [—(y 1 x0)x, (X 1 x0)y] by

_ —(yixo)y ift < —(ylxo)x
Oy(f) = ¢t if — (yixo)x <t < (xixo)y -
(x1x)y  if (xUxg)y <t
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With this, we have an idea of how far (x,y,t)o (the fictitious point at
time zero) is from the point of [x, y] that is ‘closest’ to the base-point. Using
the family of maps (6% |x,y € X) we can define a distance from (x,y, ) to
an arbitrary point z € X.

Definition 6.17. Define a map I,,: X x FS(X) — [0, ) by

Lo (2, (2,9, 1)) = (xy)= + |03, () — (x,y 22, x0)| -

This function is well-defined by theorems 6.13 and 6.14, since z and x( are
both points in X, and not the boundary.

Remark 6.18. If x := [(x,x,0)] € FS(X) is a stationary point then for

any z € X we have I, (z,x) = d(z, x).

Thus we can say what the distance is from (x, y, t)o to z but we are inter-
ested in the distance from (x,y,t)o to (x,y',t")o. We do this by comparing
their distances to z.

Definition 6.19. Define a function By,: X x FS(X) x FS(X) — R by

Bx,(z,¢,¢") = Lyy(z,¢) — Iy, (2, ). (6.10)

The next lemma states a couple of simple properties about the func-
tion By,. The proofs are straight-forward and hence omitted.

Lemma 6.20. The function By, satisfies the following properties;
(i) Bx, is invariant under the induced diagonal action of Isom(X) on FS(X);
(ii) Forany x,x',z € X, Bux(z,x,x") =d(z,x) —d(z,x");

(iii) Bx, is anti-symmetric with respect to the FS(X) x FS(X) factors, i.e. for
all z € X and forall ¢,c’ € FS(X), Bx,(z,¢,¢") = —Bx,(2,¢, ¢);

(iv) Forall c1,cp,c3 € FS(X) andall z € X,
ﬁxo (ZI C11C3) = ,BX() (Z/ C11C2> + ﬁXO (Z/ CZ/ C3)'

Some more interesting properties;

Lemma 6.21. Forany x,y € X, ifc1 = (x,y,t) and ¢ = (x,y,t2) in FS(X) for
some tq,t, € R then for any z € X,

|Bx,(2z,¢1,02)| <

03, (1) — 03, (12)]
Moreover, if x € X then

By (x,c1,02) = 635, (t1) — 639, (f2).
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Proof. If c1 = (x,y,t1) and ¢, = (x,y, t2) then the Gromov product (xy),

cancels itself out. The special case with x € X uses (x,y 1 x,x9) = — (Y 1x0)
(by equation (6.9)) and 675, (t) + (y 2 x0)x is always positive (by the definition
of 075,).

The general case of x € X can be shown by considering the various
possibilities in turn. If both 675, (t1) and 63 (t,) are greater than (x, 2z, xo)
then B, (z,c1,c2) = 07 (t1) — 675 (t2). If they are both less than (x, y 1z, xo)
then By, (z,¢1,02) = é,f?y(tz) — éfﬁ?y(tl). This only leaves the possibility that
one is greater and one is lesser. Without loss of generality, we assume
that 3% (t1) < (x,y1z,x0) < 07%(t2). Hence

B ene)l = ||z, o) — 03, (1)] = [ (xy 2z x0) — 85 (1)
= [20x,y 22,0 — 85, () — 85 (12)|
and if 2(x, y 1z, x0) < 075 (t1) + 07y (t2) then

’:BXO (Z/ Cl/CZ)| =0

since (x,y1z,x0) > 0y (t1) by assumption.

Similarly the assumption (x,y 1z, xo) < 67y (t2) can be used to get the
inequality if 2(x,y 1z, x0) > 0% (t1) + 075 (t2).

We have gone through all the possibilities so the inequality in the state-
ment of the lemma must always hold. O

Definition 6.22. Define the function Ly,: FS(X) x FS(X) — R by

Ly,(c,¢") = sup |Bx,(z,¢, )| (6.11)

zeX

Informally, the function L, should represent the distance between the
points of ¢, ¢’ at time zero.

Proposition 6.23. The function Ly, is a pseudometric on FS(X). Moreover, it
satisfies the following properties;

(i) Forallx,x' € X, Ly (x,x')=d(x,x');

(ii) Forany x,y € X, ifc; = (x,y,t1) and ¢ = (x,y, t2) in FS(X) then
Ly, (c1,02) = |63, (1) — 039, (2)| -

Proof. To show that Ly, is a pseudometric, we need to show it is symmetric,
positive semi-definite, and satisfies the triangle inequality.
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The function By, is anti-symmetric, so taking the absolute value makes it
symmetric and non-negative. To show that Ly,(c,c) = 0 for any ¢ € FS(X),
we use lemma 6.21.

Finally, the triangle inequality follows from lemma 6.20(iv).

Therefore the function Ly, is indeed a pseudometric on FS(X).

Property (i) follows from the triangle inequality and lemma 6.20(i7).

It remains to show (ii). If x ¢ 9X then it follows from lemma 6.21. So
assume x € 0X. Take a sequence (x,),enN of points in X that converge to x.
Then

Bxo(Xn,¢1,¢2) = Ly (X, €1) — Lxy (X0, C2)

= |03, (1) = (x,y 2, x0) | — |03, (22) — 26, o)

but (x,y 2 x,, x0) — —coasn — oo by lemma 6.15, thus we can find some
large n such that both 659, (t1) — (x,y 1 x, Xo) and 675 (£2) — (X, y 1 X, xo) are
positive. Therefore

Ly, (c1,c2) >

02, (1) — 03, (12))|
and lemma 6.21 provides the other inequality, hence we get equality. [

To make L,, into a metric we need to be able to distinguish between
two points of FS(X). We do this by not only considering the points at time
zero, but along the entire formal generalised geodesic, with an appropriate
weighting.

Recall that the flow ® on FS(X) is given by ®-(x,y,t) := (x,y,t + T).

Definition 6.24. Define the function drs: FS(X) x FS(X) — R by

Ly, (Pr(c1), Pr(c2))

i dr. (6.12)

drps(c1,c2) = /]R

Proposition 6.25. The function dgg is a metric on FS(X).

Proof. That drs is a pseudometric follows immediately from the fact that Ly,
is a pseudometric, thus it only remains to prove that if c; # ¢, € FS(X)
then dps(c1,c2) # 0. Write c; = (x1,y1, 1) and ¢ = (x2,¥2,t2). First we
show that if x; # x; then dps(c1,¢2) > 0.

If x; ¢ 90X then ®(c;) — x;as T — —o0. But By, (x1, %1, x2) = —d(x1, x2)
by lemma 6.20(ii). Hence

|Bxo (x1, P (c1), Pr(c2))| — d(x1,x2) asT — —oo.

Therefore if x1, xo ¢ 90X and x1 # x, then the integral for drs(cy, c2) is non-
Zero.
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Suppose x1 € dX but x, ¢ 9X. For T << 0 we know that I, (xo, P (c2))
is bounded by (x2 2 y2)x, + (X0 LY2)x, but

Ly, (x0, Pr(c1)) = (x12y1)x — (B1 +T)

and so |Bx, (x0, Pr(c1), Pr(c2))| — co as T — —oo. Since Ly, is defined as a
supremum over X of By, we get that Ly, (D (c1), P-(c2)) is also unbounded,
and then the integral defining drs(c1, c2) must be non-zero.

So suppose x1, X2 € 0X and x; # xo. First assume x; # y». For any z €
X the Gromov product (x1 ! x2); is finite (since x; # x2). Thus

(x10y1)z — (22y2)z = ((v12y1)z — (1 1x2)z) — ((x1222)z — (x2112)2)
= (z,x20y2, 1) — (2,31 Lx2, Y1)

As z — x1 we can make (z,x 0y, x1) arbitrarily large (by lemma 6.15)
and (z,x1 1 x2,11) arbitrarily close to 0. In particular, we can pick z € X
such that (x11y1)z > (x21y2).. Nextset T = t, — (x2, 21z, Xp), i.e. choose T
to minimise Iy, (z, P (c2)). Then

Bro (2, @<(c1), Dr(c2)) = (x11y1)z + (630, (b1 +T) — (x1, 41212, %0)|
—(x20y2)z — (63, (b2 + T) = (x2, 222, X0)|
= (x1y1)z — (X2 0Y2):
+|é§?,y1(t1 + 1) — (x1,y1 02, X0)|
> (x1 Y1)z — (X2012)2
>0

and it follows that Ly, (®(c1), Pr(c2)) > 0 and thus drs(c1,c2) > 0.
Similarly, if x1, x, € 0X with x1 # xp and x # y; we getdps(c1,c2) > 0.
However, if x1,x2 € 90X with x; # xp but x; = y» and x» = y;, which

intuitively means that c; is the formal geodesic c; in reverse, then we need a

different argument. Fix some T such thatt; + 7 # —(t,+ 1), and pickz € X

such that

(x1,y10z,%0) > max{t1 +7,— (2 +7T)}.

We can find such a z € X since if (z,),enN is a sequence in X with z, — 11

as n — oo then (x1,1 12y, Xo) — c0 as n — oo by lemma 6.15. Then

Bxo (2, @r(c1), @r(c2)) = (x12y1)z + [(t1 +T) — (%1, 4122, %0)]
—((x2y2)z + [(t2 4+ T) — (x2,¥222,%0)])
= (x1,y112,%) — (hh +T)
—({(x1,y11z,%0) + (2 + 7))
= —(tl +’L’) - (t2+T)
£ 0
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by the choice of 7. Hence Ly, (P (c1), - (c2)) > 0 and thus drs(c1,c2) > 0.

Thus if x; # x; then dpg(c1,c2) > 0. Similarly if y; # y2. So assume
that xy = xo =: xandy; = y» =t y. If x = y then c; = x = ¢ which
contradicts the assumption c; # ¢, so assume x # y. Then

|:BX0 (X(), q)T(Cl)I q)T(CZ) | =

é;?y(tl + T) - <X,y L Xp, X0>’

B3 2+ 7) ~ (1,30, 0|

= |63, (11 + 1) — 62, (12 + T)\

and we can find some 7y € R such that 1 + 7 € (—(y 1 x0)x, (x U x0)y)

and then 6y (t1 + 1) = t1 + T0. If t; # tp then 6% (f2 + T0) # t1 + To and
0 Ly, (P (c1), P, (c2) > 0.

Therefore ¢ # ¢ implies dps(c1,c2) > 0, so dpg is a metric on FS(X).

J



7 Properties of the Flow Space

In section 3.3 we defined the set underlying the flow space, and subse-
quently a metric on FS(X) was constructed, culminating in section 6.3.

This section is dedicated to properties of the metric space (FS(X), drs).
Section 7.1 is about the topology of this metric space, section 7.2 considers
what happens we change the base-point of X, and section 7.3 shows how an
isometric group action on X induces an isometric action on the flow space.

Then section 7.4 contains some nice results about the convergence of
formal geodesics in the flow space.

7.1 The induced topology

Given a simplicial complex X whose 1-skeleton is a uniformly fine, Gro-
mov hyperbolic graph we can define the flow space as in section 3.3. This is
a topological space, which for now we denote by (FS(X), 7) and use FS(X)
to denote the underlying set. In section 6.3 we defined a metric on the
set FS(X). We would like the topology induced by this metric to coincide
with the original topology T as given in definition 3.13.

It follows from the definition of the flow space that the diagonal map
X — (FS(X), T) is an embedding. We can also consider the diagonal map
X — (FS(X),drs).

Proposition 7.1. Let X be a simplicial complex whose 1-skeleton is a uniformly

fine, Gromov hyperbolic graph. The map (X,d) — (FS(X),dgs) given by send-
ing x € X to the class x := [(x,x,0)] € FS(X) is an isometric embedding.
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Proof. For any x,x" € X it follows from lemma 6.20(ii) and the triangle in-
equality that Ly, (x, x") = d(x, x"). The geodesics are stationary with respect
to the flow so in equation (6.12) we get

dt =d(x,x"). O

drs(x, x') :/ A(x, )

R 2elTl

Next we consider what happens away from the stationary geodesics.
For this, we would like to quote [Min05, Proposition 48]. However, the
proof of that proposition uses [Min05, Proposition 38], whose proof used
the bilinear extension of the metric d from the vertex set to all of X (see
equation (6.1)). Hence we state the latter proposition in our case so that we
can fix this small problem, as well as explain why the rest of the argument
still holds.

Proposition 7.2. Let X be a simplicial complex whose 1-skeleton is a uniformly
fine, Gromov hyperbolic graph. Let S be as in theorem 6.13. There exists a con-
stant Ao € [0,1) such that for all A € [Ag,1) there isa T > 0 such that for
alla,b,c,u € X if

e (a,c,ub)€S;
o (bc,u,a) €S;
o T <max{(a,clu,b),(bcru,a)} =:m

then (a,b,u,c) € S and
[{(a,bru,c)| <A™,

Proof. 1If a,b, c, u are vertices or boundary points then we can use the proof
of [Min05, Proposition 38], which only uses Gromov hyperbolicity of the
1-skeleton as well as facts established in our case in theorem 5.29.

In order to extend to arbitrary points in X we need to do a bit more
work, since we need to show that under the assumptions given we can use
the bilinear extension of d, i.e. we want

(a,bru,c) = (a,blu,c)

so that we can write (a,b u, ¢) in terms of the double difference of vertices
in the support of the points a, b, u, c.

Let A, B be the constants appearing in a quasi-isometry between d and
the word metric on the vertex set of X, so that

d(x,y) = min{cf(x,y),B(A + B)d%((x,y)}.

The diameter (with respect to the metric d%) of any simplex is < 1 by propo-
sition 6.3(ii). Moreover, if the supports of two points x,y € X are disjoint
then d(x,y) = d(x,y), by lemma 6.8. Therefore, if d(x,yy) > 6(A + B) then
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the supports of x, y are disjoint and d(x,y) = d(x,y). So we are interested
in finding a lower bound for the distances used to define (a,b ¢ u,c).
Without loss of generality suppose m = (b, clu,a). Theorem 6.14 gives

(b,ctu,a) = (clu)p, — (clayy
< min {d(c,b),d(u,b)}
and then the assumption T < m gives T < d(c,b),d(u,b). Moreover,
(b,cZu,a>:—<a,u2b,c> (( b)a — (ulc),)
min {d(u,a),d(c,a)}
andso T < d(c,a),d(u,a) as well. X
Thus if we take T > 6(A + B) then for all four of these pairings d = d,

and we get (a,blu,c) = (a,blu,c). Since we are allowed to increase T as
we wish, the rest of the proof works as in [Min05, Proposition 38]. O

Theorem 7.3. Let X be a simplicial complex whose 1-skeleton is a uniformly ﬁne
Gromov hyperbolic graph. Let A(X) be the diagonal subset of X x X. Let FS(X)R
denote the stationary orbits, i.e. the orbits fixed by the flow. The map

(X x X\AX)) x R — (PS(X)\FS(X)]R, J) s oy t) = oyt

is a homeomorphism.

Proof. The proof is as for [Min05, Proposition 48]. It works in our case using
the results we have already proven, for example our theorem 5.32 covers
both [Min05, Theorem 32] and [Min05, Proposition 33]. O

7.2 Change of base-point

The metric dps on FS(X) constructed in section 6.3 depends on the
choice of base-point xy € X.

However, we do not want the topology of FS(X) to depend on this
base-point so we must look at what would happen if we chose a different
base-point.

Let d;% denote the metric on the flow space using x as base-point.

Proposition 7.4. Let X be a simplicial complex whose 1-skeleton is a fine, Gromov
hyperbolic graph. Let xq,yo € X be two choices of base-point. The map

(FS(X), dfs) = (FS(X),dps) 5 (x,y,1) = (x,y,t = (x,y 1 x0,%0))

is an isometry.
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Proof. The maps gf?y and é,yc?y, which allow us to interpret the parameter ¢,

are related by the equation

éiﬂy(t) —{(x,y1x0,0) = ézoy(t — (x,y 1x0,Y0))
and so for any z € X

Ly (2, (%, y, 1)) = Ly (2, (x,y, £ = (x,y 10, 40))) -
From this it follows that

drs((x, 1), (Y, 1)
= d?s ((x’]/’t - <x1y ! xO;]/O>), (x’,]/, t'— <x//y, ! Xo,]/o>))

i.e. the map (x,y,t) — (x,y,t — (x,y 1 X0, Y0)) is an isometry. O

Therefore, although the metric on the flow space depends on the choice
of base-point, the topology of the flow space does not.

7.3 The group action on FS(X)

If X is a simplicial complex with a uniformly fine, Gromov hyperbolic
1-skeleton then we have constructed a flow space FS(X). If a group G
acts simplicially on X then the metric d is invariant under G and we could
consider the action of G on FS(X) given by

g (x,y,t) == (gx,8y,1).

However, the metric drs is not necessarily invariant under this group ac-
tion. The problem arises from the dependence of the metric drs on the
base-point xg. Hence we define the action of G on FS(X) via

g (x,y,t):= (gx,gy,t+ <x,yzx0,g—1x0>> )

With this definition, we can show

Iy (82,8 (v, y,1)) = Ly (2, (x,y,1))

for any z € X. From which it follows that for any ¢,/ € FS(X) we
have Ly (g ¢, g ¢') = Ly, (¢, ¢’) and thus dg is invariant under G.

So now the G-action on X induces a G-action on FS(X) that preserves
the metric drs.
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74 Convergence of formal geodesics

If a space is uniquely geodesic, i.e. between any pair of points there is
precisely one geodesic between them, then the flow space is just the space
of all generalised geodesics. More generally, the flow space was defined to
formally replicate the space of generalised geodesics, even if we start with
a Gromov hyperbolic metric space that is not necessarily a geodesic space.

We already know that if y € X then (x,y,t) — y ast — co, where y
denotes the point of the flow space represented by (y,y,0). Recall that the
flow is defined by ®-(x,y,t) = (x,y,t + T) so more generally we can say
that ®;(x,y,t) — y as T — 0. In particular, for any x,x’ € Xand t,#' € R

drs (P (x,y,t), P (x,y,t')) — 0 asT — 0. (7.1)
y y

If y € 90X then there is no such point y in the flow space, but we could still
ask for (7.1) to hold. However, since a geodesic ray will never reach its end-
point, it is possible that one geodesic is always running behind the other.
For example, consider R as a graph with vertex set Z and base-point 0.
Then for all T € [0, c0)

dFS (®T(Or o, 0)1(1)”[(0/ 0011)) =1

by proposition 6.23(ii). Hence we have to add the quantifier “there exists
a tp € R” where this tp will bring the parametrisations of the geodesics in
line. It turns out, that this is the only change we need.

Theorem 7.5. Let X be a simplicial complex whose 1-skeleton is a uniformly fine,
Gromov hyperbolic graph. For any x,x" € X,y € X and all t,' € R there exists
a constant ty € R such that

dps (D (x,y,t), P (¥, y,t' + 1)) — 0 as T — oo.

Proof. This follows from [BLR08a, Theorem 8.9]. That article builds on the
work in [Min05] and as such it assumes the 1-skeleton of the simplicial
complex is uniformly locally finite, but this assumption is only necessary
for quoting the results from [Min05], and these results have been proven
for a uniformly fine 1-skeleton in this thesis.

Given the existence of the metric d that satisfies nice properties (e.g.
theorem 6.13 and proposition 7.2) the proof of the theorem is mainly com-
putational. O

Recall that if a group G is hyperbolic relative to a finite collection P
of subgroups then, by definition, we can find a fine, Gromov hyperbolic
graph I' on which G acts such that there are only finitely many G-orbits of
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vertices and edges. The construction from section 3.1 applied to this graph
yields a simplicial complex X = X, (I') whose 1-skeleton is a uniformly
fine, Gromov hyperbolic graph. We can define a boundary of X as in sec-
tion 2.5, and then we also have the space X, on which G acts. In this case
we can use [BLR08a, Theorem 1.5] to say something stronger.

(Recall that the action of G on the flow space is via equation (7.3).)

Theorem 7.6. Let G be a group that is hyperbolic relative to a finite collection P
of subgroups and let X be the associated simplicial complex from section 3.1. Fix a
base-point xo € X and let G act on G x X via the diagonal action.

There is a continuous G-equivariant map j: G X X — FS(X) that satisfies
the following property;

Forany o > 0 there is a function fy: R — [0,00) with f,(T) — 0as T — oo,
and thereisa B = B(a) > O such that forall g,h € Gandy € X, ifdg(g,h) < a
then there exists some ty € [—p, B] such that for all T € R

drs (Prj (&, Y), Prrtyj (1Y) < fulT). (7.2)

The theorem has a lot of quantifiers so we shall try to give an infor-
mal explanation of its statement. The map j: G x X — FS(X) sends the
pair (g, y) to some point along the flow orbit with ends g- xo and y, i.e. there
is some t(, ) such that j(g,y) = (g %0,¥,t(g,))- Although we haven't ex-
plained how to choose ¢, ,) it should vary uniformly continuously with g.

The number t) represents how far the formal geodesic (g-xo, Y, t(4,))
is ahead or behind the formal geodesic (h- xo,¥,t(,)) and so |tg| should
be bounded by some expression involving d(g- xo, /- xo) and | (g ) — (1),
and this expression would vary uniformly continuously with g, h. There-
fore, the bound  on |ty| should depend only on «.

h'XQ

& X0

Then the theorem states that ®j(g,y) and ®r+4,j(h, y) converge uni-
formly as T — oo.

Proof of Theorem 7.6. The proof is as for the proof of [BLR08a, Theorem 1.5],
but we need to make one remark here.

To prove the map j is continuous they use the fact that X is metrisable,
so we need to use section 2.6 to show X is metrisable for our choice of X. [



8 A Flow Space for a Relatively
Hyperbolic Group

Now we want to summarise what happens in the case of a relatively
hyperbolic group.

If a group G is hyperbolic relative to a finite set P of subgroups of G
then, by definition, we can find a fine, Gromov hyperbolic graph I' on
which G acts with certain properties (see definition 2.22 for the full list of
properties). To such a graph there is an associated simplicial complex X =
X;(T') (which also depends upon a choice of parameter 7 > 1), and this
simplicial complex is contractible and finite-dimensional. Furthermore, the
1-skeleton G = G, (I') of X is a fine, Gromov hyperbolic graph. This was all
done in section 3.1.

The group G acts on X such that there are only finitely many orbits
of simplices, and in particular we can say that G is uniformly fine using
lemma 2.19.

Therefore there is a metric space (FS(X),dps) associated to X, which
has a flow ®: FS(X) x R — FS(X) such that two points ¢y, ¢, with the
same end-point in X converge under this flow (see theorem 7.5). Moreover,
there is an embedding j: G x X — FS(X) such thatforanyy € Xand g, h €
G the elements j(g,y) and j(h,y) in FS(X) converge uniformly under the
flow (see theorem 7.6).

We hope that we will be able to use this flow space to help prove a
version of the Farrell-Jones Conjecture for relatively hyperbolic groups, as
explained at the very start of this thesis.



Bibliography

[Ali05]

[BH99]

[BLROSa]

[BLROSb]

[BLROSC]

[Bow97]
[Dah03a]

[Dah03b]

[Els]
[Far98]

[GALH90]

[GMO8]

E. Alibegovié, A combination theorem for relatively hyperbolic
groups, Bulletin of the London Mathematical Society 37 (2005),
no. 3, 459-466.

M. Bridson and A. Haefliger, Metric spaces of non-positive curva-
ture, Springer Verlag, 1999.

A. Bartels, W. Liick, and H. Reich, Equivariant covers for hyper-
bolic groups, Geometry & Topology 12 (2008), no. 3, 1799-1882.

, On the farrell-jones conjecture and its applications, Journal
of Topology 1 (2008), no. 1, 57-86.

, The K-theoretic Farrell-Jones conjecture for hyperbolic
groups, Inventiones mathematicae 172 (2008), no. 1, 29-70.

B. Bowditch, Relatively hyperbolic groups, preprint (1997), 63pp.

E. Dahmani, Combination of convergence groups, Geometry and
Topology 7 (2003), no. 2, 933-963.

, Les groupes relativement hyperboliques et leurs bords, Ph.D.
thesis, 2003.

T. Elsner, Systolic groups with isolated flats, preprint.

B. Farb, Relatively hyperbolic groups, Geometric and functional
analysis 8 (1998), no. 5, 810-840.

E. Ghys and P. de La Harpe, Sur les groupes hyperboliques d’apreés
mikhael gromov, Birkhduser, 1990.

D. Groves and J.E. Manning, Dehn filling in relatively hyperbolic
groups, Israel journal of mathematics 168 (2008), no. 1, 317-429.



8. A Flow Space for a Relatively Hyperbolic Group 120

[Gro87]

[Kel55]

[LRO5]

[Min01]

[Min05]

[MS02]

[MY02]

[MYO06]

[Osi06]

[Szc98]

M. Gromov, Hyperbolic groups, Essays in group theory 8 (1987),
no. 75-263, 2.

J. Kelley, General topology, Graduate Texts in Mathematics 27
(1955).

W. Liick and H. Reich, The baum-connes and the farrell-jones con-
jectures in k-and I-theory, Handbook of K-theory Volume 2 (2005),
703-842.

I. Mineyev, Straightening and bounded cohomology of hyperbolic
groups, Geometric and Functional Analysis 11 (2001), no. 4, 807—
839.

, Flows and joins of metric spaces, Geom. Topol. 9 (2005),
403-482. MR 2140987 (2006b:37059)

D. Meintrup and T. Schick, A model for the universal space for
proper actions of a hyperbolic group, New York J. Math 8 (2002),
1-7.

I. Mineyev and G. Yu, The baum-connes conjecture for hyperbolic
groups, Inventiones Mathematicae 149 (2002), no. 1, 97-122.

I. Mineyev and A. Yaman, Relative hyperbolicity and bounded co-
homology, Preprint (2006).

D. Osin, Relatively hyperbolic groups: intrinsic geometry, algebraic
properties, and algorithmic problems, Amer Mathematical Society,
2006.

A. Szczepanski, Relatively hyperbolic groups., The Michigan
Mathematical Journal 45 (1998), no. 3, 611-618.



