GROWTH OF QUASI-CONVEX SUBGROUPS
IN GROUPS WITH A CONSTRICTING ELEMENT

by Xabier LEGASPI

20th June 2023

ABSTRACT. — Given a group G acting by isometries on a metric space
X, we consider a preferred collection of paths of the space X, a path system,
and study the spectrum of relative exponential growth rates and quotient
exponential growth rates of the infinite index subgroups of G that are quasi-
convex with respect to this path system. If G contains a constricting element
with respect to the same path system, we are able to determine when the
growth rates of the first kind are strictly smaller than the growth rate of G,
and when the growth rates of the second kind coincide with the growth rate
of G. Examples of applications include relatively hyperbolic groups, CAT(0)
groups and hierarchically hyperbolic groups containing a Morse element.
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1. Introduction

The action of a group G on a metric space X is called proper if for every r > 0,
and for every x € X, the number of elements u € G moving x at distance at most r is
finite. Let G be a group acting properly by isometries on a metric space X. The relative

exponential growth rate of the action of a subset U C G on X is the number

1
w(U,X) =limsup—log|{u €U : |uo—o| <r},

r—oo T

whose value is independent of the point 0 € X. Let H be a subgroup of G. Let Hy, and
Hp, be respectively minimal left and right transversals of H at o, i.e., such that for every
u € Hy and v € Hp,

|luo — o] = inf |uho —o|, and |vo—o| = inf |hvo — o|.
heH heH
In this article we study the numbers
w(H) =w(H,X), w(G/H):=w(Hy,X), andw(H\G):=w(Hg,X).

The values of w(G/H) and w(H\G) do not depend on the choice of the minimal transversal.
Consider the following general problem. When do G and H determine a solution to to

the system of equations below?

We see from the definitions that
w(H/G) =w(H\G), and 0 < max{w(H),w(G/H)} <w(G).
In the extreme case in which H has finite index in G, one can easily prove that

w(H) = w(G),
w(G/H) = 0.
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In general, it is a hard problem to obtain precise estimations of relative exponential
growth rates of infinite index subgroups. However, it is known, [2,18,22], that if G is
a non-virtually cyclic group acting geometrically on a hyperbolic space X and H is an

infinite index quasi-convex subgroup of G, then

w(H) < w(@),
w(G/H) = w(G).

The arguments of [2, 18] are based on automatic structures and regular languages, with
influence of the works of J. Cannon [12,13]. This fact also influenced other authors
that partially extended the hyperbolic case result, [16]. In Chapter 1 we go beyond the
hyperbolic case and we obtain two main results (Theorem 1.8 and Theorem 1.13) with
elementary proofs that do not require the theory of regular languages and automata.
We will be interested in groups acting properly on metric spaces conditioned by a very
general notion of “non-positive curvature” introduced by A. Sisto in [36] — containing a
constricting element with respect to a path system — while the infinite index subgroups
object of our study will satisfy a very general notion of “convex cocompactness” —
quasi-convexity with respect to a path system.

The remaining of this section is structured as follows. First of all, we will mention
two applications. Later we will give an informal explanation of our general setting as
the result of a natural generalisation of these applications. We expect that this will be
enough to understand our main theorems stated right after that. We will give another

application at the end.

Groups acting properly with a strongly contracting element. Members of this
class contain elements that “behave like” a loxodromic isometry in a hyperbolic space —
in a strong sense. Let 6 > 0. A subset A of X is d-strongly contracting if the diameter of
the nearest-point projection on A of any metric ball of X not intersecting A is less than 4.
An element g of G is é-strongly contracting if it has infinite order and there exists an orbit
of the cyclic subgroup generated by g that is d-strongly contracting. In his seminal paper
M. Gromov introduced the concept of d-hyperbolic space, [23]. He observed that most of
the large scale features of negative curvature can be described in terms of thin triangles.
Nowadays, there are plenty of reformulations of the §-hyperbolicity. In particular, H.

Masur and Y. Minsky gave one by describing geodesics in terms of strong contraction:

ExampLE 1.1. — A geodesic metric space X is hyperbolic if and only if there exists § > 0

such that any geodesic segment of X is d-strongly contracting, [29, Theorem 2.3].

The following are some subclasses of groups acting properly with a strongly contracting

element:

(i) H = “G is a group acting properly with a loxodromic element on a hyperbolic
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(i)

(iii)

(vi)

(vii)

space X.” In H, an element is loxodromic if and only if it is strongly contracting.
See [15].

RH = “G is a relatively hyperbolic group acting with a hyperbolic element on
a locally finite Cayley graph X of G.” In RH, hyperbolic elements are strongly
contracting. See [31, Corollary 1.7] and [35, Theorem 2.14].

CATy = “G is a group acting properly with a rank-one element on a proper
CAT(0) space X.” In CATy, rank-one elements are strongly contracting. See
[10, Theorem 5.4] and [14].

Modt = “G is the mapping class group of an orientable surface of genus g and p
marked points of complexity 3g+p —4 > 0 acting on its Teichmiiller space endowed
with the Teichmiller metric.” In ModT, pseudo-Anosov elements are strongly

contracting. See [30] and [29, Proposition 4.6].

GSC = “@ is an infinite graphical small cancellation group associated to a Gr/(1/6)-
labeled graph with finite components labeled by a finite set S, acting on the Cayley
graph X of G with respect to S In GSC, loxodromic WPD elements for the
action of G on the hyperbolic coned-off Cayley graph constructed by D. Gruber
and A. Sisto in [24] are strongly contracting. See [4, Theorem 5.1].

Gar = “G is the quotient of a A-pure Garside group of finite type by its center,
acting with a Morse element on the Cayley graph X of G with respect to the
Garside generating set.” In Gar, Morse elements are strongly contracting. See
[11, Theorem 5.5].

Inj = “G@ is a group acting properly with a Morse element on an injective metric
space X.” In Inj, an element is Morse if and only if it is strongly contracting. See
[37].

An appropriate notion of convex cocompactness in this setting is just the usual

quasi-convexity. Let n > 0. A subset Y of X is n-quasi-convex if any geodesic of X

with endpoints in Y is contained in the n-neighbourhood of Y. A subgroup H of G is

n-quasi-convex if there exists an orbit of H that is n-quasi-convex.

Our theorem below generalises [39, Theorem 4.8] and [18, Theorems 1.1 and 1.3]:

TueoreMm 1.2. — If G is a non-virtually cyclic group acting properly with a strongly

contracting element on a geodesic metric space X, and H is an infinite index quasi-convex

subgroup of G, then

{w(H) <w(@),
w(G/H) = w(QG).
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Hierarchically hyperbolic groups. Let Mod(X,,) be the mapping class group of an
orientable surface ¥, , of genus g and p marked points of complexity 3g +p —4 > 0. We
would like to apply Theorem 1.2 to Mod(X,,,) with respect to the word metric. However,
we do not know whether Mod(3, ) acts with a strongly contracting element on any of
its locally finite Cayley graphs or not. Maybe the candidates that come to mind are
the pseudo-Anosov elements, and evidence suggests that not all of them are strongly
contracting: K. Rafi and Y. Verberne constructed a generating set U of Mod(X¢5) and a
pseudo-Anosov element which is not strongly contracting for the action of Mod(X 5) on
the Cayley graph of Mod (X 5) with respect to U, [32, Theorem 1.3]. We were able to
avoid this setback by looking into the class of hierarchically hyperbolic groups, introduced
by J. Behrstock, M. Hagen and A.Sisto in [7,8] as a generalisation of the Masur and
Minsky hierarchy machinery of mapping class groups. Below we provide some examples
of hierarchically hyperbolic groups. The reader should note that the metric space where
they act with a hierarchically hyperbolic structure is any of their locally finite Cayley
graphs:

(i) Mapping class groups of finite type surfaces, [8].
(ii) Right-angled Artin groups, [7].
(iii) Right-angled Coxeter groups, [7].
(iv) Fundamental groups of 3-manifolds without NIL or SOL components, [8].

Now consider the following notion of convex cocompactness. A subset Y of X is
Morse if for every k > 1, A > 0, there exists o > 0 such that any (., [)-quasi-geodesic of
X with endpoints in Y is contained in the o-neighbourhood of Y. A subgroup H of G is
Morse if there exists an orbit of H that is Morse. An element g of G is Morse if it has
infinite order and the cyclic subgroup generated by ¢ is Morse.

We have obtained the next result, partially generalising [16, Theorem Al:

TueoreMm 1.3. — If G is a non-virtually cyclic hierarchically hyperbolic group acting on
a locally finite Cayley graph X of G with a Morse element, and H is an infinite index
Morse subgroup of G, then

{w(H) <w(G),
w(G/H) = w(QG).

We know that pseudo-Anosov elements of mapping class groups are Morse with respect
to any word metric, [6], and that the infinite index Morse subgroups of the mapping
class group are precisely the convex cocompact subgroups in the sense of mapping class

groups, [27, Theorem A], which allows us to obtain a more concrete statement:
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CoroLLArY 1.4. — If GG is the mapping class group of a surface of genus g and p marked
points such that 3g + p — 4 > 0 acting on a locally finite Cayley graph X of G, and H is

a convex cocompact subgroup of G, then

{W(H) < w(G),
w(G/H) = w(QG).

Remark 1.5. — Under the hypothesis of the previous corollary, we remark that the
inequality w(H) < w(G) was also obtained independently in [16, Corollary C].

Main results. Now that we gave the big picture, we will give a technical definition that
encapsulates the classes discussed so far. In order to do so, we make two observations. On
the one hand, the strong contraction property can be reformulated in the following way.
A subset A of X is strongly contracting if and only if any geodesic segment of X joining
any pair of points x,y € X whose projections p and ¢ via a nearest-point projection are
far away passes next to p and g, [5, Proposition 2.9]. On the other hand, mapping class
groups — or more generally, hierarchically hyperbolic groups — come with hierarchy paths,
a family of special quasi-geodesics encoding substantial information about the geometry
of the space and easier to work with than the set of all (quasi-)geodesics. For these
reasons, in order to define very general notions of non-positive curvature and convex

cocompactness, we will be considering path systems, introduced by A. Sisto in [36]:

DeriNtTION 1.6 (Path system group). — Let > 1, v > 0. A (u, v)-path system group
(G, X, ) is a group G acting properly on a geodesic metric space X together with a
G-invariant collection & of paths of X satisfying:

(PS1) & is closed under taking subpaths.

(PS2) For every z,y € X, there exists v € & joining z to y.
(PS3) Every element of & is a (u, v)-quasi-geodesic.

We refer to & as (u, v)-path system.

We fix p > 1, v > 0 and a (u,v)-path system group (G, X, Z?) for the following
definitions. Let § > 0. We say that a subset A of X is d-constricting if there exist a
coarse nearest-point projection of X on A with the property that any v € &2 joining any
two pair of points x,y € X whose projections p and g are d-far away passes through the
d-neighbourhoods of p and ¢ (Definition 2.8). An element g of G is 0-constricting if it
has infinite order and there exists a d-constricting orbit of the cyclic subgroup generated
by g. Let n > 0. A subgroup Y of X is n-quasi-conver if any v € & with endpoints
in Y is contained in the n-neighbourhood of Y (Definition 2.7). A subgroup H of G is

n-quasi-convex if there exist an n-quasi-convex orbit of H.
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ExampLe 1.7. — (i) Assume that the metric space X is geodesic. An infinite order
element of GG is strongly contracting if and only if it is constricting with respect to

the set of all the geodesic segments of X, [5, Proposition 2.9].

(ii) Assume that the group G is hierarchically hyperbolic. An infinite order element
g of G is Morse if and only if for every k > 1, there exists § > 0 such that g is 6-
constricting with respect to the set of all the k-hierarchy paths. See [33, Theorem E]
and [9, Lemma 1.27].

Finally, we state the main results of Chapter 1. Theorem 1.2 and Theorem 1.3 are
special cases. Our first result generalises work of W. Yang, [39, Theorem 4.8], and F.
Dahmani - D. Futer - D. Wise, [18, Theorems 1.1 and 1.3]. The Poincaré series Py (s)
based at o € X of a subset U of GG is defined as

Vs >0, Py(s)= Z e sluol

uelU

and modifies its behaviour at the relative exponential growth rate w(U, X): the series
diverges if s < w(U, X) and converges if s > w(U, X). At s = w(U, X) the series can
converge or diverge depending on the nature of U. This behaviour is independent of
the point 0o € X. We say that the action of U on X is divergent if 2y (s) diverges at
s =w(U,X).

THEOREM 1.8 (Theorem 8.2). — Let (G, X, &) be a path system group. Assume that G
contains a constricting element. Let H be an infinite index subgroup of G satisfying the

following:
(i) w(H) < 0.
(ii) The action of H on X is divergent.
(iii) H is quasi-convex.
Then w(H) < w(QG).

Remark 1.9. — Under the hypothesis of Theorem 1.8, one may ask if there is a growth
gap, i.e, if

supw(H) < w(G),
H

where the supremum is taken among the infinite index subgroups H of G satisfying
(i), (ii) and (iii). In our context, the answer is yes: there is a growth gap when G is a
hyperbolic group with Kazhdan’s Property (T), [17, Theorem 1.2]. However, one can
show that there is no growth gap among free groups, [18, Theorem 9.4], or fundamental
groups of compact special cube complexes, [28, Theorem 1.5]. The answer to our context

could be different if one studied semigroups instead of subgroups, [39, Theorem A].
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In [23, 5.3.C], M. Gromov stated that in a torsion-free hyperbolic group G, any
infinite index quasi-convex subgroup H is a free factor of a larger quasi-convex subgroup.
Gromov’s ideas were later developed by G. N. Arzhantseva in [3, Theorem 1]. More
recently, J. Russell, D. Spriano and H. C. Tran generalised her result to the context
of groups with the “Morse local-to-global property”, [34, Corollary 3.5]. Further, the
problem seems connected to the “Ppygive property” studied by C. Abbott and F. Dahmani
in the context of groups acting acylindrically on a hyperbolic space, [1]. In our context,
we have obtained the following, in which there is no torsion-free assumption. We will see

that Theorem 1.8 is, in part, a consequence of this result:

TreoreM 1.10 (Proposition 8.3). — Let (G, X, &) be a path system group. Assume that
G contains a constricting element gg. Let H be an infinite index quasi-convex subgroup
of G. Then, there exist an element g € G conjugate to a large power of gy and a finite
extension E of (g) such that the intersection H N E is finite and the natural morphism

H xpyng (9, H N E) — G is injective.

According to Proposition 2.5 (6), the subgroup generated by a constricting element
is always Morse, and in particular quasi-convex. Hence Theorem 1.10, for the choice of

H = (go), implies the following weak Tits alternative:

CoroLLArY 1.11. — Let (G, X, &) be a path system group. Assume that G contains a
constricting element. Then, either G is virtually cyclic or contains a free subgroup of

rank two.

Remark 1.12. — To the best of our knowledge, the previous corollary has not been
recorded for the class of groups acting properly with a strongly contracting element. The
Tits alternative is known for hierarchically hyperbolic groups [21, Theorem 9.15], which

is a much stronger result.

In our second result we generalise work of Y. Antolin, [2, Theorem 3], and R. Gitik -
E. Rips, [22, Theorem 2]:

THEOREM 1.13. — Let (G, X, &) be a path system group. Assume that G contains a

constricting element. Let H be an infinite index quasi-convex subgroup of G. Then
w(G/H) = w(G).

Note that the study of [22, Theorem 2| concerns double cosets in the hyperbolic group
case. We remark that in [20, VII D 39], P. de la Harpe says about the growth of double
cosets: “this theme has not received yet too much attention, but probably should”. In
our context, for sake of simplicity, we decided to study single cosets instead, but one
could possibly extend our result. Further, we remark that our result is connected to
the study of I. Kapovich on the hyperbolicity and amenability of the Schreier graphs of
infinite index quasi-convex subgroups of hyperbolic groups, [25,26]. There’s also work of

A. Vonseel concerning the number of ends, [38].
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Remark 1.14. — (i) Our main results Theorem 1.8 and Theorem 1.13 hold in the case
w(G) = oo. For instance, if G is a group acting properly on a metric space (X, |-|),

then we can define a new metric |- |" on X by
VeyeX, lo—yl = |z —yl.

The metric distorts the growth of the orbit of G exponentially. If w(G) > 0 with
respect to | - |, then w(G) = oo with respect to | - |.

(ii) If G is a group acting geometrically on a metric space X, then w(G) < co.

Now we are going to record a joint corollary to Theorem 1.8 and Theorem 1.13.
In general, it is not easy to decide whether the action of a groups is divergent or not.

However, the following is a well-known consequence of Fekete’s Subadditive Lemma:

LemMma 1.15 ([19, Proposition 4.1 (1)]). — Let G be a group acting properly on a
geodesic metric space X. Let o € X. Let H < G be a quasi-convex subgroup (in the

classical sense). Then
H—'fll heH: |h < = li 11 heH: |h <
w(H) = inf o [{h € H : ho—ol <n}| = lim —log|{he I : [ho—o <n}l
In particular w(H) < oo. If in addition H is infinite, then the action of H on X is
divergent.
Combining Lemma 1.15 with Corollary 1.11, we obtain:

CoroLLARY 1.16. — Let (G, X, %) be a path system group. Assume that G is non-

virtually cyclic and contains a constricting element.

(i) If & is the set of all the geodesic segments of X, then for every infinite index

quasi-convex subgroup H of G, we have

w(H) < w(@),
w(G/H) = w(G).

(ii) For every infinite index Morse subgroup H of G, we have

w(H) <w(G),

w(G/H) = w(G).
Remark 1.17. — One can prove that the class of groups acting properly with a con-
stricting element with respect to a path system is invariant under equivariant quasi-
isometries. However, strongly contracting elements are not preserved under equivariant

quasi-isometries, [4, Theorem 4.19]. In particular, Corollary 1.16 applies for instance to
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the action on a locally finite Cayley graph of any group acting geometrically on a CAT(0)

space with a rank-one element.

Remark 1.18. — The proofs of Theorem 1.2, Theorem 1.3 and Corollary 1.4 now follow
from our main results (Theorem 1.8 and Theorem 1.13) in view of Example 1.7 and
Remark 1.14 (ii).

Hierarchical quasi-convexity. In hierarchically hyperbolic groups there is a notion of
convex cocompactness more natural than Morseness. Let G be a hierarchically hyperbolic
group. A subgroup H of G is hierarchically quasi-convex if and only if for every k > 1,
there exists n > 0 such that H is n-quasi-convex with respect to the set of all the
k-hierarchy paths of G, [33, Proposition 5.7]. Finally, in view of Remark 1.14 (ii) and

Example 1.7 (ii), we deduce two more applications from Theorem 1.8 and Theorem 1.13:

Tueorem 1.19. — If G is a hierarchically hyperbolic group acting on a locally finite
Cayley graph X of G with a Morse element, and H is an infinite index subgroup of G
satisfying:

(i) the action of H on X is divergent,
(ii) H is hierarchically quasi-convex,
then w(H) < w(G).

Tueorem 1.20. — If GG is a hierarchically hyperbolic group acting on a locally finite
Cayley graph X of G with a Morse element, and H is an infinite index hierarchically
quasi-convex subgroup of G, then w(G/H) = w(G).

Outline of the paper. In section 2 we will introduce the definitions of path system
group, quasi-convex subgroup and constricting element. In section 3 we will explain
the two criteria that we will use to estimate the growth of quasi-convex subgroups.
The rest of the chapter is devoted to the development of our geometric framework so
that we can apply these criteria. In section 5 we will prove a version of the bounded
geodesic image property of hyperbolic spaces. In section 4 we will introduce the notion of
buffering sequence and we will give a version of Behrstock inequality. In section 6, given
an infinite index quasi-convex subgroup and a quasi-convex element, we will produce
another quasi-convex element whose orbit is “transversal” to the given subgroup. The
proofs of both of our main results (Theorem 1.8 and Theorem 1.13) share this argument.
In section 7 we will study the elementary closures of constricting elements apart from
some geometric separation properties. Finally, in section 8 we will prove our main results
(including Theorem 1.10) by constructing an appropriate buffering sequence for each

problem.
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2. Path system geometry

This section is devoted to present the notations and vocabulary of the main geometric
objects of this chapter. We formalise our notions of “convex cocompactness” and “non-

positive curvature”.

Metric geometry. Let X be a metric space. Given two points z, 2’ € X, we write

|x — 2'| for the distance between them. The ball of X of center z € X and radius r > 0 is
Bx(z,r)={yeX: lz—y|<r}

The distance between a point x € X and a subset Y C X is

dz,Y)=inf{|z—y|: yeY }.
Let n > 0. The n-neighbourhood of a subset ¥ C X is

Y ={zeX: dzY)<n}.
The distance between two subsets Y, Z C X is

dY,Z)=inf{|ly—z|: yeY,ze Z}.
The Hausdorff distance between two subsets Y, Z C X is
diaws (Y, Z) =inf {e>0: Y CZ™and ZC YT},

Path system spaces. Let X be a metric space. A path is a continuous map «: [a, b] —
X. The initial and terminal points of a are a(a) and «(b), respectively. They form

the endpoints of . We will frequently identify a path and its image. A subpath of «
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is a restriction of « to a subinterval of [a,b]. The path « joins the point x € X to the
point y € X if a(a) = z and «a(b) = y. Note that for every z,y € a there may be more
than one subpath of « joining x to y, unless the points are given by the parametrisation
of a. The length of a path « is denoted by ¢(«). Unless otherwise stated a path is a
rectifiable path parametrised by arc length. Let k > 1,1 > 0. A path a: [a,b0] = X is a

(K, 1)-quasi-geodesic if for every t,t' € [a, ],

a(t) — a(t)] < [t 1| < &laft) — a(t)] +1.
Note that that () = |t — t'|. The following captures the idea of endowing a metric
space with a collection of preferred paths.

DeriNITION 2.1 (Path system space). — Let > 1, v > 0. A (u, v)-path system space
(X, Z) is a metric space X together with a collection & of paths of X satisfying:

(PS1) & is closed under taking subpaths.
(PS2) For every x,y € X, there exists v € & joining x to y.

(PS3) Every element of & is a (u, v)-quasi-geodesic.

We refer to & as (u,v)-path system.
We fix p > 1, v > 0 and a (u, v)-path system space (X, 2).

DerINITION 2.2 (Quasi-convex subset). — Let n > 0. A subset Y C X is n-quasi-convez

if every v € & with endpoints in Y is contained in the n-neighbourhood of Y.

DEerINITION 2.3 (Constricting subset). — Let § > 0. A subset A C X is 6-constricting if
there exists a map m4: X — A satisfying:
(CS1) Coarse retraction.

For every z € A, we have |z — ma(z)| < 9.

(CS2) Constriction.

For every x,y € X and for every v € & joining z to y, if we have |74 (z)—ma(y)| > 0,
then 7 1 Bx(ma(x),6) £ 2 and 5 1 Bx (na(y),6) £ .

We refer to ma: X — A as d-constricting map.

Notation 2.4. — Let mq4: X — A be a map between X and a subset A C X. For every
x,y € X, we denote |x — y|a = |ma(x) — wa(y)|- For every subset Y C X, we denote
diam4 (YY) = diam(ma(Y)). For every z € X and for every pair of subsets Y, Z C X, we
denote dy(x,Y) =d(ma(x),7a(Y)) and da(Y,Z) = d(wa(Y),ma(Z)). Note that d4 may
not be a distance over the collection of subsets of X: it may not satisfy the triangle

inequality. We will keep this notation for the rest of the paper.
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A
Figure 1: The constriction property.
The following are some standard properties:
ProrosiTiON 2.5. — For every § > 0, there exist a constant § > 0 and a pair of maps,

o:R>1 xR>9 — Ryg and (: R>g — R, such that any d-constricting map mq: X — A

satisfies the following properties:
(1) Coarse nearest-point projection.
For every x € X, we have |x — ma(x)| < pd(z, A) + 6.

(2) Coarse equivariance.

Let H be a group acting by isometries on X such that A and & are H-invariant.
Then for every h € H and for every x € X, we have |wa(hx) — hma(x)| < 6.

(3) Coarse Lipschitz map.

For every x,y € X, we have |z — y|a < plz —y| + 6.

(4) Intersection—image.

For every v € &, we have |diam(A* N~) — diam4(v)| < 6.

(5) Behrstock inequality.

Let mp: X — B be a §-constricting map. Then for every x € X, we have
min{da(x, B),dp(z, A)} < 6.

(6) Morseness.

Let k > 1,1 > 0. Let a be a (k,1)-quasi-geodesic of X with endpoints in A. Then
o C Atolsld),
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(7) Coarse invariance.

Let € > 0. Let B C X be a subset such that dyaus(A,B) < €. Then B is

((g)-constricting.

Proof. — We give some references. For (1), (3) and (4), see [36, Lemma 2.4]. For (5), see
[36, Lemma 2.5]. For (6), see [36, Lemma 2.8 (1)]. We leave the proof of the properties

(2) and (7) as an exercise. O

Path system groups. Let G be a group acting by isometries on a metric space X.

The quasi-stabilizer Stabg(z,r) of € X of radius r > 0 is defined as
Stabg(z,r) ={g € G: |z — gz| < r}.

The action of G on X is proper if for every x € X and for every r > 0, we have
| Stabg(x,7)| < co. Let n > 0. The action of G on X is n-cobounded if for every
x,2’ € X, there exists g € G such that |z — ga/| <.

DerINITION 2.6 (Path system group). — Let > 1, v > 0. A (u,v)-path system group
(G, X, ) is a group G acting properly on a metric space X together with a G-invariant
collection & of paths of X such that (X, &) is a (u,v)-path system space.

We fix p > 1, v > 0 and a (u, v)-path system group (G, X, ).

DerINITION 2.7 (Quasi-convex subgroup). — A subgroup H < G is n-quasi-convez if
there exists an H-invariant 7-quasi-convex subset Y C X such that the action of H on Y
is n-cobounded. We will write (H,Y) when we need to stress the n-quasi-convex subset

Y that H is preserving.

DeriniTION 2.8 (Constricting element). — Let § > 0. An element g € G is 6-constricting
if the following holds:

(CE1) g has infinite order.

(CE2) There exists a (g)-invariant d-constricting subset A C X so that the action of (g)

on A is §-cobounded.

We will write (g, A) when we need to stress the d-constricting subset A that (g) is

preserving.

Remark 2.9. — Note that Definition 2.7 and Definition 2.8 imply the corresponding
definitions of the introduction. The converse implication is also true for Definition 2.8,

but the argument requires Proposition 2.5 (7) Coarse invariance.
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3. Growth estimation criteria

In this section, we fix a group G acting properly on a metric space X and a subgroup
H < G. The goal is to establish simple criteria so that we can check if H is a solution to
the system of equations
{w(H) <w(@),
w(G/H) = w(G).

Our criterion to estimate the relative exponential growth rate is basically [19, Cri-
terion 2.4]. The statement that we actually need is more specific, so we will give a proof
for the convenience of the reader. Recall that the action of a subgroup H < G on X is

divergent if its Poincaré series Zp(s) diverges at s = w(H).

ProrosiTiON 3.1 ([19, Criterion 2.4]). — Assume that the following conditions are true:
(i) w(H) < oo.
(ii) The action of H on X is divergent.

(iii) There exist subgroups K < G and F < H N K so that F' is a proper finite subgroup
of K and the natural homomorphism ¢: H xp K — G is injective.

Then w(H) < w(G).

Remark 3.2. — In the proof below, note that the relative exponential growth rate makes

sense for any subset of G, as it does the notion of Poincaré series.

Proof. — Since the action of H on X is divergent, in particular H is infinite and hence
H — F is non-empty. Since F' is a proper subgroup of K, there exists k € K — F. Denote
by U the set of elements of H *p K that can be written as words that alternate elements
of H — F and k, always with an element of H — F' at the beginning and with a k at the
end. The inequality w(¢(U)) < w(G) can be deduced from the definition. It is enough
to prove that there exists sp > 0 such that w(H) < sop < w(¢p(U)). Let o € X. Since
w(H) < oo, the interval (w(H ), o) is non-empty. Since the action of H on X is divergent,
there exists so € (w(H),o00) such that > ,cy_p e~solo=hkol - 1. otherwise one obtains a
contradiction with the divergence of the action of H on X.

In order to obtain the inequality so < w(¢(U)), it suffices to show that the Poincaré
series Py 1) (s) = de¢(U) e—slo=90l diverges at s = so. Since ¢: H*p K — G is injective,

we have
@(;S(U)(s) > Z Z 6—5|0—h1kh2k‘~~~hmko\.
mz1hy, hm€H—F
By the triangle inequality, for every m > 1 and for every hy,--- ,hy, € H — F, we have

lo — hikhok - - hy kol < 3% |o — hiko|. Thus,

Z efs|ofh1kh2k---hmko\ > Z efs|ofhlco|
hi, hm€H—F heH-F
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We see that Py (sg) = oo follows from the claim. O
Our criterion to estimate the quotient exponential growth rate is the following:

DEerINITION 3.3. — Let ¢: G — G. We say that G is ¢-coarsely G/H if there exist 6 > 0

and = € X satisfying the following conditions:
(CQ1) For every u,v € G, if ¢p(u)H = ¢(v)H, then |¢(u)r — ¢p(v)z| < 6.
(CQ2) For every u € G, |ux — ¢(u)x| < 6.

ProrosiTiON 3.4. — If there exist ¢: G — G such that G is ¢-coarsely G/H, then
w(G) =w(G/H).

Proof. — The inequality w(G/H) < w(G) can be deduced from the defintion. Assume
that there exist ¢: G — G such that G is ¢-coarsely G/H for z € X and 6 > 0.

Cramm 3.5. — There exist k > 1 such that for every r» > 0,
| Stabg (x, r)| < k|p(Stabg(x,r + 0))].

Let x = |Stabg(z,30)|. Let r > 0. Let p: G — G/H be the natural projection.
Let ¢: G — G/H the map that sends u to ¢(u)H. Note that the quasi-stabilizer
Stabg (z,7) can be decomposed as the disjoint union of the sets ¢~!(g(u)) such that
q(u) € q(Stabg(z,7)). Hence,

| Stabe (z, 7)| < 3 g™ (q(w))]-
a(u)eq(Stabe (x.r))

It suffices to estimate the size of ¢(Stabg(x, 7)) and the size of ¢~1(q(u)), for every u € G.
First we prove that |¢(Stabg(z,7))| < |p(Stabg(z,r + 0))|. Let u € Stabg(z, 7). By the
triangle inequality,

|z — p(u)z| < |z — uz| + |ux — ¢p(u)z|.

By the hypothesis (CQ2), we have |ux — ¢(u)z| < 6. Hence |z — ¢(u)z| < 7+ 6.
Consequently, ¢(Stabg(x,r)) C p(Stabg(z,r + 6)). Now we prove that for every u € G,
we have |¢7!(q(u))| < k. Let u € G. Since |uStabg(x,30)| = | Stabg(z, 30)| = &, it is
enough to prove that u=1¢~!(q(u)) C Stabg(z,30). Let v € ¢~ !(q(u)). By the triangle

inequality,
|z — u x| = Juz — ve| < Juz — d(u)z| + |p(u)z — d(v)z| + |Pp(v)z — va).

Since g(u) = q(v), we have that ¢(u)H = ¢(v)H. It follows from the hypothesis (CQ1)
that |p(u)x — ¢(v)x| < 6. By the hypothesis (CQ2), we have max{|uz — ¢(u)z|, |vx —
é(v)z|} < 6. Thus, |z — u~'vz| < 30. This proves the claim.
Consequently,
w(G) < ligscgp % log |p(Stabg(x,r + 0))].
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Finally, observe that

1 1
lim sup . log [p(Stabg(x,r + 6))| = lim sup r+o

r—00 —00 r T 0

log [p(Stabg (z,7 + 0))|.

Hence w(G) < w(G/H). O

4. Buffering sequences

In this section, we fix constants p > 1, v > 0 and a (u, v)-path system space (X, 2).
Despite the fact that our space X does not carry any global geometric condition, we
still can obtain some control through constricting subsets. We could ignore the “wild
regions” if, for instance, we were able to “jump” from one constricting subset to another.
The buffering sequences below encapsulate this idea. In fact, the proofs of our main
results consist essentially in building up some particular buffering sequences. W. Yang

had already introduced this concept for piece-wise geodesics in [39].

DeriniTION 4.1. — Let §, ¢, L > 0. Let & be a collection of subsets of X. A finite
sequence of subsets Yy, A1,Y1,--- ,A,,Y, C X where Yy and Y,, are the only possible
empty sets is (0, e, L)-buffering on o if for every i € [1,n] the set A; belongs to &/ and
there exists a d-constricting map m4,: X — A; with the following properties whenever Y;

and Y;_; are non-empty:
(BS1) max{diam,(A;41),diama,,, (A4;)} <eif i #n.
(BS2) max{diamy,(Y;_1),diam4,(Y;)} < e.
(BS3) max{d(4;,Y; 1),d(A;,Y;)} <e.
(BS4) da,(Yi-1,Y:) = L.

What makes buffering sequences remarkable is that they satisfy a variant of Behrstock
inequality. We will find a direct application of the following inequality later in the study

of the quotient exponential growth rates:

ProrosiTiON 4.2. — For every 0, € > 0, there exists 0 > 0 with the following property.
Let A,Y,B C X be a (6,¢,0)-buffering sequence on {A, B}. Then for every z € X,

min {d(z,Y),dp(z,Y)} < 6.

Proof. — Let §, ¢ > 0. Let 6y = 09(6) > 0 be the constant of Proposition 2.5. Let
6 > 0y + 1. Tts exact value will be precised below. Let A, Y, B C X be a (4, ¢, 0)-buffering
sequence on {A, B}. Let z € X. By symmetry, it suffices to show that if ds(z,Y") > 0,
then dp(z,Y) < 0. Assume that da(z,Y) > 0. Let a € Asuch that |z—a|p < dp(z, A)+1.
Let b€ B. Let y € Y. By (BS3), we have max{d(A,Y),d(B,Y)} < ¢; hence there exist
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Figure 2: An example of a buffering sequence in the Poincaré
disk model. In this example, the sets A; are subpaths of
length > L of a given bi-infinite geodesic a. Each set Y; is
the collection of geodesics that are orthogonal to the geodesic
segment of « that is between A; and A;1q. In particular,
the sets Y; are quasi-convex. For more intuition, one could
interpret this picture on a tree.
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p e AT NY and ¢ € BTt NY. It follows from the definition of buffering sequence
that

max {|b — 7p(q)|a, g — pla, la — 7a(p)|B: [p — ylB} < e
Applying together Proposition 2.5 (1) Coarse nearest-point projection and (3) Coarse

Lipschitz map, we obtain

max{|75(q) — qla, |Ta(p) — plB} < (e + 1) + o + bo.

Cramm 4.3. — da(z, B) > 6y

By the triangle inequality,
|z —bla = |z —pla—[b—75(a)]a — |7B(0) — qla — g — pla

Moreover, |x — p|a = da(z,Y). Since the element b is arbitrary and we have d4(z,Y) >
0o + 1, we obtain d(x, B) > y. This proves the claim.
Finally, we are going to estimate dp(z,Y’). By the triangle inequality,

|l —ylp < |z —alg +|a —7a(p)|B + |7a(p) — p|B + P — Y|B-

Since d(z, B) > 6o, it follows from Proposition 2.5 (5) Behrstock inequality and the
definition of a that |z — a|p < 0y + 1. Since the element y is arbitrary, we obtain
dp(x,Y) <0 for 0 =20p + 1+ 2e + p?(e + 1) + pbo. O

The corollary below will be applied to the study of the relative exponential growth

rates:

CoROLLARY 4.4. — For every 6, €, 8 > 0 there exists L > 0 with the following property.
Let Yy, A1, Y1, -+, Ap, Y, C X be an (§,¢, L)-buffering sequence on {A;}. Then for every
i€ [1l,n],

da,(Yo,Y:) > 0.

Proof. — Let 6, e, 0 > 0. Let 0y = 6y(0,¢) > 0 be the constant of Proposition 4.2. We
put L =040y + 1. Let yo € Yp. Let i € [1,n].

Cramm 4.5. — dy,(v0,Y:) = da,(Yio1,Y:) — da, (yo, Yie1).

Let y;—1 € Y;—1 and y; € Y;. By the triangle inequality,

1Yo — Yila; = |Yi—1 — vila, — [yo — vi—1]a,-

Note that |y;—1 — yila, = da,(Yi—1,Yi). Since the elements y;_1,y; are arbitrary, this
proves the claim.

Finally, we prove by induction on i € [1,n] that, da,(Yo,Y;) > 0. If i = 1,
then dga, (Yo, Y1) > 6 follows from (BS4), since L > 6. Assume that i € [1,n — 1]
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and dg,(Yo,Y:) > 6. Then da,(yo,Yi) > 6p. It follows from Proposition 4.2 that
da,, (Y0,Y:) < 0. By (BS4), da,,(Yi,Yir1) = L. Applying the previous claim, we
obtain d,_, (yo, Yi+1) > 0. Since the element yq is arbitrary, da,,, (Yo, Yi41) > 6. This

concludes the inductive step. ]

5. Quasi-convexity in the intersection—image property

In this section, we fix constants p > 1, v > 0 and a (u, v)-path system space (X, Z).
In this section, we prove a variant of Proposition 2.5 (4) Intersection—Image. Basically,
we will be exchanging paths of & for quasi-convex subsets of X, further thickening the

involved sets.

ProrosiTiON 5.1. — For every §, n > 0, there exist § > 0 and (: R>9 x R>g = Rxo
with the following property. Let wa: X — A be a d-constricting map. Let Y be an
n-quasi-convex subset of X. Let €1 > 0, e2 > 0. Then

| diam (A0 N Y +e2) — diamy (V)] < (e, €2).

Proof. — Let 0, n > 0. Let 6y = 09(d) = 0 be the constant of Proposition 2.5. We put
0 =d6d+n+1. Let (: Ryg x R>9p = R depending on 4,7. Its exact value will be
precised below. Let m4: X — A be a d-constricting map. Let Y be an n-quasi-convex
subset of X. Let ¢1 > 0, g2 > 0.

First we prove that diam4 (V) < diam(AT0Te1 N Y*2) 4 ((ey,e9). Let z,y € Y. Tt
suffices to assume that |z — y|4 > J. Let v € & joining x to y. By (CS2), there exist
P, q € v such that

max{|ma(z) - pl, Ia(y) — ql} < 4.

Since the subset Y is n-quasi-convex, there exist p’, ¢’ € Y such that
max{|p —p'[,l¢ — ¢} <n+1.
By the triangle inequality,
|z —yla < |ma(@) —pl+lp =21+ = | +1d —al+ g — maly)].
Since p/, ¢’ € AT N Y22 we have |p’ — ¢/| < diam(AT9*51 N Y+52). Hence,
|z — y|a < diam(AT0FE Y TE) 125 4 2 4 1.

Now we prove that diam(A+T0+e1NY+e2) < diama(Y)+((e1,€2). Let 2,y € AT0+ein
Y*e2. Since x,y € Y2, there exist 2/,4y' € Y such that max{|z — /|, |y — ¢/|} < ez + 1.
By the triangle inequality,

lo —yl < |z —ma(@)| + o — |+ |2 =y |a+ |y —yla+ [7aly) —yl.
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Since z,y € AT+ it follows from Proposition 2.5 (1) Coarse nearest-point projection
that

max{lz —ma()], [y — 7a(y)[} < (0 +e1) + o

It follows from Proposition 2.5 (3) Coarse Lipschitz Map that,
max{|z — 2’|, |y — ¥'|a} < plea + 1) + bp.
Since ma(2'), ma(y') € ma(Y), we have |2/ — ¢/|4 < diam4(Y"). Hence,
|z —y| < diama(Y) 4+ 2u(0 + 1) + 2u(e2 + 1) + 46y.

Finally, we put ((e1,e2) = max{20 + 29+ 1,2u(0 + 1) + 2u(e2 + 1) + 460 }. O

Applying the symmetry of Proposition 5.1 in combination with Proposition 2.5 (6)

Morseness and (7) Coarse invariance, we deduce:

COROLLARY 5.2. — For every ¢ > 0, there exists § > 0 with the following property. Let
wa: X — A and mg: X — B be d-constricting maps. Then:

| diam a(B) — diamp(A)| < 6.

6. Finding a quasi-convex element

Given a torsion-free hyperbolic group G containing a loxodromic element gy and an
infinite index quasi-convex subgroup H, one can find another loxodromic element g € G
conjugate to go so that H has trivial intersection with (¢g) [3, Theorem 1]. The goal of
this section is to reimplement this fact in our setting, using a “quasi-convex element”

instead of a loxodromic element.
Convention 6.1. — In this section, we fix:
» Constants u > 1, v > 0.
» A (u,v)-path system group (G, X, &).

DerINITION 6.2 (Quasi-convex element). — Let n > 0. An element g € G is n-quasi-

convez if the following holds:
(QE1) g has infinite order.
(QE2) (g) is an n-quasi-convex subgroup of G.

We will write (g, A) when we need to stress the n-quasi-convex subset A that (g) is

preserving.

The main result of this section is the following.
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ProrosiTiON 6.3. — Let n > 0. Assume that G contains an 7n-quasi-convex element
(g,A). There exists 0 = 6(n,g,A) > 1 satisfying the following. Let (H,Y) be an

n-quasi-convex subgroup of G. Then:
(i) For every u € G, if diam(uANY) > 0, then uA C Y0,
(ii) Let H < K < G. If[K : H] > 0, then there exist k € K such that diam(kANY') < 6.

Remark 6.4. — Under the notation of (ii), when K = G, the element kgk~! has the
desired property that we were looking for. Note that (kgk—!, kA) is quasi-convex since

& is G-invariant.
The rest of the section is devoted to the proof of Proposition 6.3.

DEFINITION 6.5. — Let k > 1,1 > 0. A map ¢: (Y,dy) — (Z,dz) between two metric

spaces is a (k, [)-quasi-isometric embedding if for every y,y' € Y,

Fiv(,9) 1 < d(6(),0)) < rdy (3,1)) +1

We start with a variant of Milnor-Schwarz Theorem. If U is a generating set of a

group H, we denote by dy the word metric of H with respect to U.

LemMMA 6.6. — For every n > 0, there exist § > 1 with the following property. Let (H,Y)
be an n-quasi-convex subgroup of G. For every y € Y, there exists a finite generating
set U of H such that the orbit map (H,dy) — X, h — hy is a (6,0)-quasi-isometric
embedding.

For the proof, one can use the same kind of argument as that of Milnor-Schwarz
Theorem, but bearing in mind that Y might not be a length metric space, which is
required by the original statement. The only difference here is that one uses the paths of
& with endpoints in Y. They are enough for the proof since they approximate sufficiently

well the distances, at least in this situation.

LemMaA 6.7. — Let n > 0. Let H < G be an abelian subgroup. Let Y C X be an
H-invariant subset so that the action of H on Y is n-cobounded. Then, for every h € H
and for every y,z € Y,

|ly — hyl — |2 — hzl] < 2n.

Proof. — Let h € H. Let y,z € Y. Since the action of H on Y is n-cobounded, there
exists k € H such that |z — ky| < n. By the triangle inequality,

ly — hy| < |ky — khy| < |ky — 2| + |z — hz| + |hz — khy].

Since the subgroup H is abelian, |hz — khy| = |z — ky|. Thus, |y — hy| < |z — hz| + 2n.
Finally, exchanging the roles of y and z, we obtain |y — hy| > |z — hz| — 27. O
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Next, we are going to check that we can obtain uniform quasi-isometric embeddings
of Z in X via the orbit maps of quasi-convex elements of G that share the same constant.

For this reason, we introduce the following definition:

DerINITION 6.8. — Let g € G. Let © € X. The stable translation length of g is
o0 . 1 m
9] = limsup — |g™z — x|,
m—oo 1N

Note that ||g||*® does not depend on the choice of the point x € X.

Remark 6.9. — Let g € G. By subadditivity, for every x € X, we have

et
g™ = inf —|g™z — x| = g™ x — |-

lim —
m=1m m—oo m,
LemMma 6.10. — Let n > 0. Let g € G. Let A C X be a (g)-invariant subset so that the

action of (g) on A is n-cobounded. The following statements are equivalent:

(i) There exists © € X such that the orbit map Z — X, m — ¢g™x is a quasi-isometric
embedding.

(i) [lglI™> > 0.

(iii) There exists 0 = 0(n, g, A) > 1 such that for every a € A, the orbit map Z — X,

m — g™a is a (0,0)-quasi-isometric embedding.

Proof. — The implication (i73) = (7) already holds.
(1) = (7). Assume that there exists € X such that the orbit map Z — X, m — g™z

is a quasi-isometric embedding. Then there exist « > 1, [ > 0 such that for every m > 1,

1 l 1
——— < —|z—g"z| <K+ —.
K m ~m m
Therefore, [|g||* > 1 > 0.

(17) = (4it). Assume that ||g||*® > 0. Let [|g]|la = infsea|a — ga]. Then we can
define 8 = max {H glla + 2n, W, 1}. Let a € A. Applying the triangle inequality we
obtain that for every m € Z, |a — ¢™a| < |a — gallm|. It follows from Lemma 6.7
that |a — ga| < [lglla + 2. Since [|g||* = inf,cz_{0y WI||a — gI"la|, we obtain that for
every m € Z, |la — g™a| > ||g||*° |m|. Hence the orbit map Z — X, m — ¢g™a is a
(0,0)-quasi-isometric embedding. O

LemMa 6.11. — Let n > 0. Let (g, A) be an n-quasi-convex element of G. There exists
0 = 6(n,g,A) > 1 such that for every a € A, the orbit map Z — X, m — ¢™a is a

(0, 0)-quasi-isometric embedding. Moreover, ||g||* > 0.

Proof. — We are going to apply Lemma 6.6 and Lemma 6.10. Let a € A. According
to Lemma 6.6, there exist a finite generating set U of (g) such that the orbit map
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o: ({(9),dy) — X, h — ha is a quasi-isometric embedding. Furthermore, since g has
infinite order, the map x: Z — (g), m ~ g™ is an isomorphism. Let V = x~1(U). In
particular y: (Z,dy) — ({g),dy) is an isometry. Morover, the map ¢: Z — (Z,dy)
is a quasi-isometric embedding. Hence, the composition ¢ o x o ¢ is a quasi-isometric

embedding. Now both of the statements of the lemma follow from Lemma 6.10. O

We continue by upper bounding the length of a quasi-geodesic of X by the number
of points of an orbit of a subgroup H of G that fall inside a precise neighbourhood of
this quasi-geodesic, whenever the quasi-geodesic falls also inside a neighbourhood of that
orbit.

LemmA 6.12. — For every n > 0, k > 1,1 > 0, there exists § > 1 with the following
property. Let H < G. Let Y C X be an H-invariant subset such that the action of H on
Y is n-cobounded. Let y € Y. Let vy be a (k,)-quasi-geodesic of X such that v C Y.
Let U={u€ H: uy € y*211}. Then

l(v) < 0|U|.

Proof. — Letn>0,x>1,1>0. Let § =0(n,k,l) > 1. Tts exact value will be precised
below. Let H, Y, y, v: [0,L] — X and U as in the statement. Let m = {%J + 1. We fix
a partition 0 =tg < t; < -+ < ty, = L of [0, L] such that |t,,,—1 — t,| < 0 and such that
if m > 2, then for every i € [0, m — 2], we have |t; — t;y1] = 6. Hence {(y) = L < Om.
We prove that m < |U|. Let ¢ € [0, m — 1]. Denote z; = y(t;). Since the action of H on
Y is n-cobounded and v C Y17, for every i € [0,m — 1], there exists h; € H such that
|x; — hyy| < 2n+ 1. In particular, h; € U. From now on we may assume that m > 2,
otherwise there is nothing to show. Let i,j € [0, m — 1] such that i # j. We claim
that h; # h;. The claim will follow when we show that |h;y — hjy| > 0. By the triangle
inequality,

\hiy — hyyl| = |wi — 5] — |z — hay| — x5 — hyyl.
Since 7 is a (k,[)-quasi-geodesic,

1 l
s — 2 > —fti = t5] = .

Since i, j € [0,m — 1], we have that |t; —t;| > 6. To sum up,

0
hiy =yl > — — — —dy —2.

Finally, we put 6 = & (é + 4n + 2) + 1. Hence, |h;y — hjy| > 0. In particular, we obtain
m < |U|. O

The following fact is a direct consequence of the triangle inequality:

Lemma 6.13. — Let n > 0. Let H < G. Let Y C X be an H-invariant subset so that
the action of H on Y is n-cobounded. Then, for every y,z € Y, there exists h € H such
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that for every r > 0,
h~1 Stabg(y,r)h C Stabg(z, 7 + 21).

Finally, we show that there is a uniform threshold that ensures the existence of a
uniformly short element in the intersection of any pair of quasi-convex subgroups of G

that share the same constant.

LemMmaA 6.14. — For every 1 > 0, there exists 0 > 1 with the following property. Let
(H,Y) and (K, Z) be n-quasi-convex subgroups of G. If diam(Y N Z) > 6, then there
existy € Y NZ and h € HN K N Stabg(y,0) — {1}

Proof. — Let n > 0. Let 6y = 6y(n, u,v) = 1 be the constant of Lemma 6.12. Let 0o € Y.
We denote W = Stabg (o, 61+ 2). Let 61 = 0p|W |+ 60y. Note that the constant 6; is finite
since the action of G on X is proper. We put 6 = 201 +4n+2. Let (H,Y) and (K, Z) be
n-quasi-convex subgroups of G. Assume that diam(Y N Z) > 6. Since diam(Y N Z) > 6,,
there exist y, z € YN Z such that |y — z| > ;. Let 8 € & joining y to z. Since £(3) > 6y,
there exist 2’ € 8 and a subpath v of 8 joining y to 2’ such that ¢(v) = 6;. We denote
U={u€ H: uy € y"?"1} and V = Stabg(y,4n + 2).

The first step is to construct a map ¢: U — V. Let u € U. By definition of U, there
exists x € 7 such that |uy — x| < 2n+ 1. Since the subgroup (K, Z) is n-quasi-convex,
there exists k, € K such that |z — k,y| < 2n+ 1. By the triangle inequality,

luy — kuy| < luy — x| + |2 — kyyl.

Consequently, |u™'k,y — y| < 4n + 2. Hence, u='k, € V. We define ¢: U — V to be the
map that sends every v € U to u~ 'k, € V.

Next, we show that the map ¢: U — V is not injective. Since Y is n-quasi-convex, we
have that v C 8 C Y. Tt follows from Lemma 6.12 that |U| > %6(7). By hypothesis,
0() = 0p|W|+6p. Since the action of H on Y is n-cobounded, it follows from Lemma 6.13
that there exists h € H such that h™'Vh C W and hence |W| > |h=1Vh| = |V].
Consequently, |U| > |V|. Therefore, the map ¢: U — V is not injective.

Now we claim that U C Stabg(y,01 4+ 2n+1). Let u € U. By definition of U, there
exists x € 7 such that d|x — uy| < 27+ 1. By the triangle inequality,

ly —uy| < |y — x| + |2 — uyl.

Moreover, |y — z| < £(y) = 1. Hence |y —uy| < 01 +2n+ 1.

Finally, since the map ¢: U — V is not injective, there exist u;,us € U such that
uy # ug and uy 'ky, = uy 'ky,. In particular, usu;' € HN K — {1g}. Further, according
to the triangle inequality,

ly — uguy byl < |y — uay| + |ugy — uguity).
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It follows from the claim above that |y — ugui'y| < 0. Therefore, ugu;* € HN K N
Staba(y,0) — {1a}. H

We are ready to prove the proposition:

Proof of Proposition 6.3. — Let n > 0. Assume that G contains an 7-quasi-convex
element (g, A). We are going to determine the value of @ = 0(n, g, A) > 1. By Lemma 6.11,
there exists 6y = 6p(n,g,A) = 1 such that for every a € A, the orbit map Z — X,
m— g"a is a (6p, 0)-quasi-isometric embedding. Let 81 = 6;(n) > 1 be the constant of
Lemma 6.14. Let 02 = n + 0361. Let o € A. We denote U = Stabg (0,205 +n + 1). Let
6 = max{fs,|U|}. Note that the constant 6 is finite since the action of G on X is proper.
Let (H,Y) be an n-quasi-convex subgroup of G.

(i) Let u € G. Assume that diam(uANY) > 6. Let a € A. We prove that ua €
Y192 Since & is G-invariant, the element (ugu™',uA) is 7-quasi-convex. Since
diam(uA NY) > 6, according to Lemma 6.14, there exist b € A and M € Z — {0}
such that ub € uANY and ugMu=! € H N Stabg(ub,6;). Since the action of (g)
on A is n-cobounded, there exists m € Z such that |a — ¢"b| < 7. By Euclid’s
division Lemma, there exist ¢, € Z such that m = gM +r and 0 < r < |M| — 1.
By the triangle inequality,

d(ua,Y) < Jua — ug™b| < |ua — ug™b| + [ug™b — ug™ ).
Note that |ua — ug™b| = |a — g"b| < n. Moreover, it follows from Lemma 6.11 that
|ug™b — ug™ b = |g"b — b| < folr].

Note also that |r| < |M|. Applying again Lemma 6.11, we obtain that |M| <
00|lg™b — b|. By Lemma 6.14, [g™b — b| = |ug™u~'ub — ub| < 6. Hence,

d(ua,Y) < 02 <6.

(ii) Let H < K < G. We argue by contraposition. Assume that for every k € K, we
have diam(kANY) > 0. We prove that [K : H] < |U|. It follows from (i) that
KA C Y*%, Then there exists y € Y such that |o — y| < 2 + 1. Since the action
of H on'Y is n-cobounded, we have that Y C (Hy)™. Hence Ko C (Hy)t%%". In
particular, for every k € K, there exists hy € H such that |ko — hiy| < 62 + 7. Let
K’ be a set of representatives of the set H\K of right cosets of H. Then the set

= {h;;'k: k € K'} is a set of representatives of H\K. We claim that K” C U.
Let k € K'. By the triangle inequality,

\hy tko — o| = |ko — hyo| < |ko — hxy| + |hxy — hyol.
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Thus, |h,;1ko — 0| < 2603 + n+ 1. This proves the claim. Consequently,

[K: H < |K"| <|U|<6.

7. Constricting elements

Convention 7.1. — In this section, we fix:
» Constants y > 1 and v, § > 0.
» A (u,v)-path system group (G, X, &).
» A J-constricting element (g, A).

» A J-constricting map ma: X — A.

7.1. A G-invariant family

The set of G-translates of A is a G-invariant family of J-constricting subsets. Indeed,
consider the stabilizer Stab(A) of A and fix a set R, of representatives of G/ Stab(A).
Let u € G and ug € R, such that uA = ugA. The map m,4: X — uA defined as

Ve e X, mea(r) =uoma(ug ).

is then d-constricting since & is G-invariant. Moreover, the element (ugu™', uA) is
S-constricting. To cope with the possible lack of (ugu~!)-equivariance of the map

Tua: X — uA, we make the following observation:

ProrositioN 7.2. — There exists 6 > 0 satisfying the following. Let w € G. Then:
(i) For every x € X, we have |mya(z) — uma(u=tz)| < 6.
(ii) For every Y C X, we have |diam4(Y) — diam(uma(u=1Y))| < 6.

Proof. — Let 0y = 0p(5) = 0 be the constant of Proposition 2.5. We put § = 26,. Let
u € @G.

(i) Let z € X. Denote y = u~'z. Let ug € R, such that uA = ugA. We see that,
|mua(@) —uma(u™'a)| = Juoma(ug z) — uma(u™"z)| = |ma(ug uy) —ug ura(y)|.

Since ug 'u € Stab(A), it follows from Proposition 2.5 (2) Coarse equivariance that

|Tua(z) — uma(u=tz)| < bo.
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(ii) Let Y C X. Let y,y' € Y. By the triangle inequality,

mua(y) — mua(y)|—luma(u™"y) —uma(u™'y)]| <

mua(y) — uma(u™"y)| + luma(u™y) — mua ()]

It follows from (i) that

max {|u7ruA(y) — UWA(ufly)L |u7rA(u71y’) — WUA(y’)]} < 6.

Hence, we have | diam,4(Y) — diam(uma(u=1Y))| < 260.

7.2. Finding a constricting element

The goal of this subsection is to combine Proposition 6.3 and Proposition 5.1. We

suggest to compare (ii) below with the property (BS2) of the buffering sequences.

ProposITiON 7.3. — Let 7 > 0. There exists 6 > 1 satisfying the following. Let (H,Y)

be an n-quasi-convex subgroup of G. Then:
(i) For every u € G, if diam,4(Y) > 6, then uA C Y7,
(ii) Let H < K < G. If [K : H] > 0, then there exists k € K such that diamg4(Y) < 6.

Proof. — Let n > 0. Let § = 60(n) > 1. Its exact value will be precised below. It follows
from Proposition 2.5 (6) Morseness and (7) Coarse invariance that there exists 6y > 0
such that the element (g, A) is fp-quasi-convex. Let 1 = max{n, 6p}. By Proposition 5.1,
there exist #o > 0, ( > 0 depending both on 6#; such that for every u € G and for every

f1-quasi-convex subset Y C X, we have
diam, 4 (V) — ¢ < diam(uA*?? NY) < diamya(Y) + C.

According to Proposition 2.5 (6) Morseness and (7) Coarse invariance, there exist
03 = 03(02) = 0 such that the element (g, A*%2) is #3-quasi-convex. Let 64 = max{n, 65}
Let 05 = 05(04, 9, A) > 1 be the constant of Proposition 6.3. Finally, we put 6 = 05 + .
Let (H,Y) be an n-quasi-convex subgroup of G.

(i) Let w € G. Assume that diam,a(Y) > 6. According to Proposition 5.1, we
have diam(uA™% NY) > 65 and according to Proposition 6.3 (i) this implies that
uAC Yt cyto

(ii) Let H < K < G. We argue by contraposition. Assume that for every k € K, we
have diamg4(Y) > 6. According to Proposition 5.1, for every k € K, we have
diam(kA*% NY) > 05 and according to Proposition 6.3 (ii) this implies that
[K : H) <05 <6.
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7.3. Elementary closures

The elementary closure of (g, A) could be thought as the set of elements u € G such
that uA is “parallel” to A:

DEerINITION 7.4. — The elementary closure of (g, A) in G is defined as
E(g,A) ={u € G: dygaus(uA, A) < co}.

Observe that F(g, A) is a subgroup of G since dyays is a pseudo-distance.

This subsection is devoted to provide a further description E(g, A). We suggest to
compare the proposition below with the property (BS1) of the buffering sequences.

ProrositioN 7.5. — There exists 6 > 1 satisfying the following:

(i) For every u € G, we have

max{diam,4(A4),diamy(ud)} >0 <=  dgaus(ud, A) < 6.

(i) E(g,A) = {u € G: diaus(ud, A) < 0}.

(iii) [E(g,A) : {9)] < 0.

Proof. — Let 6y > 0 be the constant of Proposition 7.2. According to Proposition 2.5
(6) Morseness, there exists 61 > 0 such that the element (g, A) is #1-quasi-convex. Let
0 = 02(01) > 1 be the constant of Proposition 7.3. We put 8 = 6y + 05.

Cramm 7.6. — Let u € G. If dgaus(uAd, A) < oo, then diam,4(A) = oo.
Let u € G. Assumme that dyaus(uAd, A) < oo and denote € = dyaus(uAd, A) + 1. By
Proposition 5.1, there exist #3, ¢ > 0 such that for every u € G we have

diam, 4 (A) — ¢ < diam(uA™% N AT) < diamy,4(A) + €.

Note that uA C uA*% N A*® and diam(uA) = diam(A). Since the action of G on
X is proper and since the element g has infinite order, we have that diam(A4) = oc.
Consequently, we have diam(uAT% N A+¢) = co. Finally, it follows from Proposition 5.1

that diam, 4(A) = co. This proves the claim.

(i) Let u € G. Assume that max{diam,4(A),diam4(uA)} > 6. By Proposition 7.2,
diam,—1 4(A) > diam g (u " ma(uA)) — bp.

Hence, diam, 1 4(A) > 6. It follows from Proposition 7.3 (i) that uA C AT? and
u"'A C AT Hence dyaus(uA, A) < 6. The converse follows from the claim above.
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(ii) This follows from (i) and the claim above.

(iii) This follows from (i), (ii) and Proposition 7.3 (ii).

Finally, we obtain an algebraic description of E(g, A).

CoRrOLLARY 7.7. — There exist § > 1 and M € [1,0] such that for every u € G, the

following statements are equivalent:
(i) u € E(g,A).
(ii) There exists p € {—1,1} such that ugMu=1 = g#PM.
(iii) There exist m,n € Z — {0} such that ug™u~! = g".
Further, let E*(g, A) = {u € G: ugMu=' = gM}. Then [E(g,A) : E*(g,A)] < 2.

Proof. — By Proposition 7.5 (ii), there exists 6y > 1 such that [E(g, A) : (g)] < 6p.
Let 0 = 6! We construct M € [1,0]. First, we claim that there exists a subgroup
K < (g) such that K < E(g,A) and [E(g,A) : K] < 6. Consider the natural action
of E(g,A) by right multiplication on the set (g)\E(g, A) of right cosets of (g). This
gives an homomorphism ¢: E(g, A) — Sym({(g)\E(g, A)). Choose K = Ker(¢). Note
that (g) = {h € E(g9,A): ¢(h)({g))} = (g9). Thus, K < (g). Morover, K < E(g,A).
Further, we have that |Sym((g)\E(g,A4))| = [E(g,A) : (g)]! and hence [E(g,A) : K]
divides [E(g,A) : (g)]! Therefore, [E(g,A) : K] < 6. This proves the claim. Now,
since the element ¢ has infinite order, the subgroup E(g, A) is infinite. Hence, since
[E(g,A) : K] < 0o there exists M > 1 such that K = (¢™). Finally, we remark that M
is equal to the order of the element ¢(g). Hence, M < 6.

Let u € G. The implication (ii) = (iii) already holds.

(1) = (ii). Assume that u € F(g, A). Since the subgroup (g™} is normal in E(g, A),
there exists p € Z such that ug™u=1! = ¢gPM. In particular,

= ulg")u" = (ugMut) = (g"M).

Hence, if p & {—1,+1}, then (gM) ¢ (g*™). Contradiction.

(iii) = (i). Assume that there exist m,n € Z — {0} such that ug™u~! = ¢g". Since
both (g™) and (g") have finite index in (g), there exist ¢ > 0 the actions of (ug™u~1!)
on uA and of (¢") on A are both (-cobounded. Let z € uA and y € A. We obtain
diaus(uA, A) < ( + |z — y|. Hence daus(ud, A) < 0.

Finally, let E*(g,A) = {u € G: ugMu=t = gM}. We prove that [E(g,A) :
E*(g,A)] < 2. It is enough to assume that E(g, A) # E* (g, A). Let u,v € E(g,A) —
E*(g,A). We show that v"'u € Et(g,A). Since ugMu=! = vgMv™ = g™ we
have v~ lugMu=tv = v=1g~My = g™ and therefore v='u € E+(g, A). Hence [E(g, A) :
E*(g,A)] =2 0
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7.4. Forcing a geometric separation

In this subsection, we build large powers of our constricting element (g, A) to produce
a translate Y’ of a subset Y so that the distance between their projections to a preferred
G-translate of A is large. We will do it in two different ways. We will apply these results

to verify (BS4) in the construction of buffering sequences. Our main tool will be:

LemMA 7.8. — There exists 6 > 0 such that for every z,x' € X and for every m € Z,
[z —g™a'[a = [m| g™ — |z — 2'|4 — 0.

Proof. — Let 8 = 60(5) > 0 be the constant of Proposition 2.5. Let z,2" € X. Let m € Z.
If m = 0, then there is nothing to do. Assume that m # 0. By the triangle inequality,

|z — g™l |a = Ima(w) — g"ma(@)] = |v — 2|4 = g"7a(2)) — wa(g™2")].

Note that

1 . 1
_ _ > _ _n — oo
o PAG) =97 Ta@)] > infma(e) — 6" ma(w)] = ol

By Proposition 2.5 (2) Coarse equivariance, we have |¢" 74 (2')—74(¢g™2")| < 6. Therefore,
we have |z — ¢"™2'|4 = |m|||g]|> — |z — 2|4 — 6. O
The first way of forcing a geometric separation will be applied to the study of the

relative exponential growth rates:

ProrosiTION 7.9. — For every €, 6 > 0, there exists M > 1 with the following property.
Let H < G be a subgroup. Let Y C X be an H-invariant subset. If diam4(Y) < ¢, then
for every u € (¢gM  HN E(g,A)) — HN E(g,A), we have da(Y,uY) > 6.

Proof. — Let g, 8 > 0. Let 6y > 0 be the constant of Proposition 2.5. By Lemma 7.8,

there exists 61 > 0 such that for every z,2’ € X and for every m € Z,
|z — g™’ [a = Im|[|g|™ — |z — 2|4 — b1

Combining Lemma 6.11 and Proposition 2.5 (6) Morseness, we obtain ||g||™ > 0. Ac-
cording to Corollary 7.7, there exists My > 1 such that

E(g,A) = {u eG: Ipe{-1, +1}UgM°u’1 _ gpMo} '

Let mg > %. We put M = Mgmy.

Let H < G be a subgroup. Let Y C X be an H-invariant subset. Assume that
diama(Y) <e. Let u € (¢M, HN E(g,A)) — HN E(g, A) and y,3y' € Y. Tt follows from
Corollary 7.7 that there exists n € Z multiple of M and f € H N E(g, A) such that
u = g"f. By the triangle inequality,
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ly—g"fyla=ly—g"y]a—|mald™y) — " ma)| — ¥ — fV'|a — |g"7a(fy) — 7alg" fY)].

By Lemma 7.8,
ly—9"y'[a = Inl g1 = ly —y'[a — 02
Note that u ¢ H N E(g,A) implies n # 0. Hence |n| > |M|. Since f € H and
diam4(Y) < e,
max{ly — y'[a, [y' = fy'la} <e.

By Proposition 2.5 (2) Coarse equivariance,

max{|ma(g"y) — ¢"wa(y), 19" 7a(fy') — 7a(g" fY')|} < bo.

Since the elements y,y’ are arbitrary, we obtain da(Y,uY’) > 6. O

The second way of forcing a geometric separation will be applied to the study of the

quotient exponential growth rates:

ProposITION 7.10. — For every ¢, § > 0, there exist M > 1 and f: G x X — {1g,gM}
with the following property. Let Y C X be subset. If diam(Y) < ¢, then for every
u € G and for every y € Y, we have dya(y,uf(u,y)Y) > 6.

Proof. — Let €, 8 > 0. Let 8y > 0 be the constant of Proposition 7.2. By Lemma 7.8,

there exists 61 > 0 such that for every x,2’ € X and for every m € Z,
|z — g™’ |4 = Im[[|g|™ — |z — 2|4 — b1

Combining Lemma 6.11 and Proposition 2.5 (6) Morseness, we obtain ||g||* > 0. We put

M > W. Then, for every u € G and for every x € X, there exists f(u,z) €

{1g, g™} such that |[u™'z — f(u,x)|a > 0+e+40p: if [u= oz —2|s > 0+c+46p, we choose
f(u,z) = 1, otherwise we choose f(u,z) = ¢gM. This defines f: G x X — {1g,¢M}.
Let Y C X be a subset. Assume that diama(Y) <e. Let u € G. Let y,4' € Y. By

abuse of notation, we write f instead of f(u,y). By the triangle inequality,

ly —wfylua = ly — ufylua — lufy — ufy'lua,
ly = ufylua = u™y = fyla — [muay) — uma(u™"y)| = [rua(ufy) — ura(fy)l,
lufy —wfy'lua < |mualufy) —ufray) + |y — ¢'|a+ [ufraly’) — mualufy')|.

By hypothesis, [u=ly — fyla > 0 + & + 460 and |y — /|4 < diam4(Y) < . By Proposi-
tion 7.2,

max{|mua(y) — ura(u” )], [rua(ufy) — ura(fy)l} < bo.

max{|mua(ufy) — ufra)l, lufra(y') — mualufy’)} < o.
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Since the element 3’ is arbitrary, we obtain dy(y,ufY) > 6. O

8. Growth of quasi-convex subgroups

The goal of this section is to prove Theorem 1.8 and Theorem 1.13.
Convention 8.1. — In this section, we fix:

» Constants > 1 and v, 6, n > 0.

» A (u,v)-path system group (G, X, &?).

» A J-constricting element (g, Ao).

» An infinite index 7-quasi-convex subgroup (H,Y) of G.

We are going to replace the axis Ay for Ay = E(go, Ao)Ao. Note that dpaus(Ao, Af) <
oo (Proposition 7.5 (ii)). Up to replacing ¢ for a larger constant, it follows from
Proposition 2.5 (7) Coarse invariance and Corollary 7.7 that the element (go, Af) is
d-constricting. By abuse of notation, we still denote Ay = Aj. In this new setting,
we have kAg = Ay, for every k € E(go, Ao). Let 6y = 09(d,m) > 1 be the constant of
Proposition 7.3. Since [G : H| = oo, there exist u € G such that diam,,(Y) < 6y
(Proposition 7.3 (ii)). We denote (g, A) = (ugou™!, udy).

8.1. Case w(H) < w(G)

In this subsection we prove:
THEOREM 8.2 (Theorem 1.8). — Assume that
(i) w(H) < oo.
(ii) The action of H on X is divergent.
Then w(H) < w(G).
We require the following.
ProrositioN 8.3 (Theorem 1.10). — There exist M > 1 satisfying the following:
(i) E(g,A) is a finite extension of (g).
(ii) H N E(g, A) is a finite proper subgroup of (g™, H N E(g, A)).

(iii) The natural homomorphism H *gng(g, 4) (g, HN E(g,A)) — G is injective.
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Proof. — The subgroup E(g, A) is a finite extension of (g) (Proposition 7.5 (iii)). This
proves (i). Since diam4(Y") < 6y and the action of HNE(g, A) on YNA™ for p = d(A,Y)
is proper and cobounded, the subgroup H N E(g, A) is finite (Proposition 5.1). Further,
since ¢ has infinite order, H N E(g, A) must be a proper subgroup of (¢™, H N E(g, A)).
This proves (ii).

The rest of the proof is devoted to establish (iii). Let #; = 61(0) > 0 be the constant
of Proposition 7.2. Let ¢ = max{fy + 201,d(A,Y)}. Let L = L(d,£,0) > 0 be the
constant of Corollary 4.4. By Proposition 7.9, there exists M > 1 such that for every u €
(g™, HNE(g,A))—HNE(g, A), we have d4(Y,uY) > L—20;. Let ¢: H+ g, A) (g™, HN
E(g,A)) = G be the natural homomorphism. Let w € H *yrp(g.4) (9™, H N E(g, A))
such that w # 1. We are going to prove that ¢(w) # 1. Note that the homomorphisms
¢ig and @jgm pnE(g,a) are injective. If w € H U (M, H N E(g,A)), then ¢(w) # 1.
Assume that w ¢ HU(g™M, HNE(g, A)). Note that if there exists a conjugate w’ of w such
that ¢(w’) # 1, then ¢(w) # 1. Up to replacing w by a cyclic conjugate, there exist n > 1
and a sequence hy, k1, -, hn, ky, € G such that w = h1k1 - - - hyk, and such that for every
ic€{l,---,n} wehave h € H— HNE(g,A) and k; € (¢, HNE(g,A)) — HN E(g, A).
For every i € [1,n], we denote u; = hiky ---h; and v; = hiky - - - h;k;. We also denote
v = 1lg.

We are going to prove that the sequence voY,u1 A, v1Y, - u,A,v,Y is (4,¢, L)-
buffering on {u;A} and then apply Corollary 4.4. Let ¢ € [1,n]. Let us prove (BS1).
Assume for a moment that i # n. Since we had modified the axis Ag above, for every
Jj € [1,n], we have kjA = A. Hence

TugA(Uip1A) = Ty, a(uip1A),

7TU¢+1A(U1'A) = 7"-711'4.1A(’Ui‘4)'
By Proposition 7.2,

diam,, 4 (uiy14) iam(v;ma(h;A)) + 601,

< di
diamy,, , 4(v;A) < diam(u;r17a(h; P A)) + 01,
<d

diam (h; ' A) < diamy, 4(A) + 61.

By Proposition 7.5 (i) and (ii), for every u ¢ E(g, A), we have max{diam 4 (uA), diam,4(A)} <
fp. Consequently,

max{diam,, 4(u;414), diam,,  a(u;A)} < 0y + 201 <e.
Let us prove (BS2). Note that,

TuA(Vi1Y) = mya(wY),
WuiA(UiY) = WUiA(viY).
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By Proposition 7.2,

diam,,; 4 (u;Y)

diam(u;m4(Y)) + 61,
diam,, 4(v;Y) < d

<
< diam(v;ma(Y)) + 61.

Since diamy4(Y) < 6y, we obtain
max{diam,, 4 (v;—1Y), diam,, 4 (v;Y)} < 0y + 61 < e.
Let us prove (BS3). We have,
max{d(u;A,v;—1Y),d(u;A,v;Y)} = max{d(u; A, w;Y),d(v;A,v;Y)} < d(A,)Y) < e.
Let us prove (BS4). It follows from Proposition 7.2 (i) that,
duA(vi1Y,viY) = da(Y, kiY) — 20;.

By the choice of M, we have da(Y, k;Y') > L+260;. Hence, we have dy, 4(vi—1Y,v;Y) > L.
This proves that the sequence vY, u1 A, v1Y, -+ ,upA,v,Y is (9, e, L)-buffering on {u;A}.
It follows from Corollary 4.4 that dy,, 4(Y, #(w)Y) > 0. Hence, ¢(w) # 1.

O
Proof of Theorem 8.2. — Theorem 8.2 is an immediate consequence of Proposition 3.1
and Proposition 8.3. O

8.2. Case w(G/H) =w(G)
In this subsection we prove:
THEOREM 8.4 (Theorem 1.13). — w(G/H) = w(G).

Recall that given ¢: G — G, we say that G is ¢-coarsely G/H if there exist 6 > 0,
x € X satisfying the following conditions:

(CQ1) For every u,v € G, if ¢(u)H = ¢(v)H, then |p(u)z — ¢p(v)x| < 6.
(CQ2) For every u € G, |ur — ¢(u)x| < 0.
We require the following.

PROPOSITION 8.5. — There exist M > 1 and a map f: G — {1g, g™} with the following
property. Let ¢: G — G, u+> uf,. Then G is ¢-coarsely G/H.

We prove some preliminar lemmas.

LemMAa 8.6. — There exists 6 > 0 such that for every m € Z, we have diam4(¢g"™Y") < 6.
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Proof. — Let 61 > 0 be the constant of Proposition 2.5. We put 8 = 65+ 260,. Let m € Z.
Let z,2' € Y. By the triangle inequality,

m

g™z — g™ |4 <|malg™x) — g"ma(z)] + | — 2[4 + g T a(a’) — walgTa)|.

By Proposition 2.5 (2) Coarse equivariance,
max{|ma(g"z) — g"ma(@)|, 19" TAa(2) — Talg™ )|} < 01

Moreover, we have |z — 2'|4 < diamy(Y) < 6. Since z,2” are arbitrary, we obtain
diam(¢"™Y) < 6y + 26,. ]

LemMma 8.7. — For every € > 0, there exists § > 0 with the following property. Let
A1, Ay C X be d-constricting subsets such that dya.s(A1, A2) < e. Let x € Af® and
y € A3F such that |z — y|a, <e. Then |z —y| < 0.

Proof. — Let 01 > 0 be the constant of Proposition 2.5. Let ¢ > 0. Let 8 > 0. Its
exact value will be precised below. Let A1, A3 C X be §-constricting subsets such that
diaus(A1, A2) < e. Let x € AT® and y € AJ° such that |x — y|4, < e. By the triangle
inequality,

|z —y| < |z —7a, (@) + |z —yla, +[ma,(y) —yl

Since z,y € AT*T! it follows from Proposition 2.5 (1) Coarse nearest-point projection
that

max{|z — 74, ()], |74, (y) — yl} < p(2e + 1) + 61
Finally, we put 6 = ¢ + 24(2e + 1) + 26;. O

We are ready to prove Proposition 8.5:

Proof of Proposition 8.5. — Let 61 > 0 be the constant of Proposition 7.2. Let 65 > 0
be the constant of Proposition 7.5. Let #3 > 0 be the constant of Lemma 8.6. Let
e = max{fs + 201,01 + 03,d(A,Y) + 1}. In particular, there exists y € AT NY. Let
04 = 04(d,e) = 0 be the constant of Proposition 4.2. By Proposition 7.10, there exist
M >1and f: G — {1g, g™} such that for every u € G, we have dya(y, uf(u)Y) > 04.
For every u € G, we denote f,, = f(u) and we put ¢: G — G, u — uf,. Let 05 = 05(c) > 0
be the constant of Lemma 8.7. We put # = max{|y — ¢™y|,05}. We are going to prove
that G is ¢-coarsely G/H with respect to y and 6.

In order to prove (CQ1), we just need to observe that for every u € G, we have

lwy — ufuyl = ly — fuyl < |y — g™y < 6.

Let us prove (CQ2). Let u,v € G. Assume that uf,H = vf,H. We claim that
daus(uA, vA) < 02. By Proposition 7.5 (i), it suffices to prove that

max {diam,-1,4(A), diam4 (v uA)} > 65,
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We argue by contradiction. Assume instead that max{diam, 1,4 (A),diam4 (v uA)} <
2. We are going to prove that the sequence uA, uf,Y,vA is (9, ¢, 0)-buffering on {uA,vA}
and then apply Proposition 4.2. Note that the condition (BS4) is void in this case. Let
us prove (BS1). By Proposition 7.2,

diam, 4(vA) < d
diam, 4 (uA) < diam(vra(v" uA)) + 61,
<d

diam 4 (u"vA)

jam(uma(u"tvA)) + 6y,

iam,—1,4(A) + 0.

Hence,
max{diam,4(vA), diam,4(uA)} < 02 +20; < e.

Let us prove (BS2). By Proposition 7.2,

diamya(uf,Y)

iam(uma(fuY)) + 01,
diam, 4 (vaY) v

<d

< diam(vma(f,Y)) + 61.

By Lemma 8.6, we have max{diam4(f,Y),diam4(f,Y)} < 3. Hence,
max{diam, 4 (uf,Y ), diam,s(vf,Y)} < 01 + 03 < e.

Let us prove (BS3). The hypothesis uf, H = vf,H implies uf,Y = vf,Y and therefore

max{d(uA,uf,Y),dvA,uf,Y)} = max{d(uA,uf,Y),dvA,vf,Y)} =d(AY) <e.

Hence, the sequence uA,uf,Y,vA is (d,¢,0)-buffering on {uA,vA}. It follows from
Proposition 4.2 that

min {dya(y, ufuY), dva(y, ufu¥)} < ba.
However, by construction,
min {dUA(y7 Uqu), d?}A (y; ufuy)} > 94.

Contradiction. Therefore, dpaus(ud,vA) < 02. This proves the claim. In particular,
dyaus(UA,vA) < e. Since y € AT, we have uf,y € uA™® and vf,y € vATe. Since
ufuy,vfoy € uf,Y, we have |ufyy — vfyylua < diamya(uf,Y) < . According to

Lemma 8.7, |ufyy — vfyy| < 6. This proves (CQ2). O
Proof of Theorem 8.4. — Theorem 8.4 is an immediate consequence of Proposition 3.4
and Proposition 8.5. O
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