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ABSTRACT. — A major open question asks whether every group acting
acylindrically on a hyperbolic space has uniform exponential growth. We
prove that the class of groups of uniform uniform exponential growth acting
acylindrically on a hyperbolic space is stable under taking geometric small
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1. Introduction

Let G be a group with finite symmetric generating set U. Denote by Xy the
corresponding Cayley graph. The n-th product set U™ is the collection of elements

Uy - ... - Uy € G such that uy,--- ,u, € U. In this article we study the number
. 1 n
w(U) :=limsup — log |U"|.
n—oo N

The role of w(U) is to give us information about the exponential behaviour of |[U™| as n
increases. The generating sets of virtually nilpotent groups have vanishing exponential
growth rate, since a celebrated theorem of M. Gromov shows that those are exactly the
groups of polynomial growth, [27]. Let £ > 0. The group G has &-uniform exponential
growth if for every finite symmetric generating set U of G, we have w(U) > £. A group
has &-uniform uniform exponential growth if every finitely generated subgroup is either
virtually nilpotent or has &-uniform exponential growth.

Uniform uniform exponential growth is particularly well-studied in groups of non-
positive curvature. Indeed, groups of uniform uniform exponential growth include
hyperbolic groups, [4,9,31], free products of countable families of groups with £-uniform
uniform exponential growth (folklore), mapping class groups, [1,2,32], or cocompactly
special cubulated CAT(0) groups, [1,24]. It is unknown whether the outer automorphism
group of the free group of rank > 2 has uniform uniform exponential growth, [6]. All of
the groups in this list admit non-elementary acylindrical actions on Gromov hyperbolic
spaces, [7,20,35].

1.1. Geometric small cancellation quotients

The main goal of this article is to prove that the class of groups of uniform uniform
exponential growth acting acylindrically on a hyperbolic space is closed under taking

geometric C” (A, €)-small cancellation quotients in the sense of [20, Definition 6.22]. This
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result is Theorem 1.2 below. Before stating the theorem, we are going to give some
definitions. Let § > 0. Let G be a group acting by isometries on a §-hyperbolic space X.

Acylindricity. Let k, N > 0. The action of G on X is (k, N)-acylindrical if for every
pair of points z,y € X at distance at least s, the number of elements u € G moving
each of the points z,y at distance at most 1000 is bounded above by N. In practice, the

number N has two meanings for us:

(1) The largest size of the finite subgroups of virtually cyclic subgroups in G containing

a loxodromic isometry.

(2) The fraction 8 of the longest intersection A(g) between the axis of any pair of

llgll
conjugates of an arbitrary loxodromic isometry g of G, with the translation length

lgll of g, whenever this translation is larger than 1000.

Geometric small cancellation theory. A loxodromic moving family — or set of relations

—is a set of the form
2={({grg "), 9Ys) | re# geq},

where Z C G is a set of loxodromic isometries r — the relators — stabilizing their quasi-
convex axis Y, C X. A piece is an intersection of any pair of such axis. The role of the
parameters A € (0,1) and € > 0 in the geometric C” (), €)-small cancellation condition

on 2 is the following:

» The fraction of the length of the longest piece with the shortest translation length
of the relators r € % is at most \.

» The shortest translation length of the relators r € Z is at least 4.

Let K be the normal closure in G of the relator subgroups H in 2. The geometric
C" (), €)-small cancellation condition permits to obtain substantial information of the
geometric C” (), €)-small cancellation quotient G = G/K: for instance K is a free product
of relator subgroups, G locally looks like G and any acylindrical action of G on X induces
another acylindrical action of G' on a quotient §-hyperbolic space X whose hyperbolicity
constant § is universal.

Main theorem. The following result captures the essence of the main theorem.

TueoreMm 1.1. — There exists a universal constant X\ > 0 such that for every group
G acting acylindrically on a hyperbolic space X, there exist € > 0 depending only on
the acylindricity and hyperbolicity constants such that the following statements are

equivalent.
(i) G has uniform uniform exponential growth.

(ii) Every geometric C" (), e)-small cancellation quotient of G has uniform uniform

exponential growth.
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(iii) There exists a geometric C" (), €)-small cancellation quotient of G that has uniform

uniform exponential growth.
The main theorem of this article is more precise:

THEOREM 1.2 (Theorem 6.5 & Theorem 6.6). — There exists A > 0 such that for every
N > 0 the following holds. Let § > 0, k > 6, and ¢ > 101 max{N, x/6}. Let G be a
group acting (k, N)-acylindrically on a §-hyperbolic space X.

(i) If G has &-uniform uniform exponential growth, then every geometric C” (), €)-small
cancellation quotient of G has £ -uniform uniform exponential growth. The constant

&' depends only on & and N.

(ii) If there exist a geometric C"(\,e)-small cancellation quotient of G that has &-
uniform uniform exponential growth, then G has &'-uniform uniform exponential

growth. The constant £ depends only on &.

Remark 1.3. — The dependence of € on k, N and § is not a strong condition. In fact,
the intersection of the axis of two loxodromic elements in a group acting acylindrically
on a hyperbolic space is controled in terms of x, N, é and the translation length of
the loxodromic elements. Thus to prove that a set of relators satisfies the geometric
C" (), e)-condition, one usually considers relators of sufficient length compared to x, N

and § anyway.

1.2. Beyond short loxodromics

The standard strategy to study uniform exponential growth in hyperbolic groups
exploits the fact that their finite symmetric generating sets have the short loxodromic
property: every n-th power U" of a finite symmetric generating set contains a loxodromic
isometry, for some number n that does not depend on the set U. In general, it is unknown
whether every finitely generated group acting acylindrically on a hyperbolic space has
uniform exponential growth. The acylindrical action on a hyperbolic space yields uniform
exponential growth for finite symmetric generating sets with a long loxodromic isometry.
The short loxodromic property permits to take uniform large powers so that we can
exploit this other situation. However, there is a finitely generated (combinatorial/graded)
small cancellation quotient with an acylindrical action on a hyperbolic space but without
the short loxodromic property, [33]. Our main result does not make use of the short
loxodromic property. The moral of our work is that we can deal with this kind of monster
as long as these are small cancellation quotients of groups of uniform uniform exponential
growth acting acylindrically on a hyperbolic space. However, the aforementioned monster
is a quotient of the free product of all hyperbolic groups. It is unkown whether this free
product has uniform uniform exponential growth, owing to it is unkown whether there is

a universal lower bound for the uniform growth rate of all hyperbolic groups, independent
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of the hyperbolicity constant, [9, Section 14, Question 2]. The following example shows

that the short loxodromic property plays no role in the proof of Theorem 1.2.

ExampLE 1.4. — There are infinite families of geometric small cancellation quotients
that are hyperbolic groups containing arbitrarily large torsion balls. These groups
act acylindrically with uniform acylindricity parameters and have &-uniform uniform
exponential growth, for some uniform growth exponent & > 0, see [19]. The uniform
uniform exponential growth rate of the small cancellation quotient in Theorem 1.2 (i)
does not depend on the cardinality of large torsion balls, nor does it depend on the

hyperbolicity constant.

1.3. Classical small cancellation groups

We now discuss groups given by a presentation that satisfies the classical C”'(\)-small
cancellation condition. We refer to a group admiting such a presentation as classical
C”(N)-small cancellation group. These are exacly the geometric small cancellation
quotients over free groups. In this situation, the geometric small cancellation condition
involving the parameter ¢ becomes trivial. A classical C”(\)-small cancellation group is
always finitely presented, hence, hyperbolic. Thus it has uniform uniform exponential
growth by [28,31]. However, in that approach the uniform uniform exponential growth

rate depends on A. The following is a consequence of Theorem 1.2 for the free group case.

CoRroOLLARY 1.5. — There exist A > 0 and £ > 0 such that every classical C"(\)-small

cancellation group has &-uniform uniform exponential growth.

Note that there is a generic class of classical C”(1/6)-small cancellation groups such
that every 2-generated subgroup is free, [5]. This immediately implies Corollary 1.5 for

this generic class of classical C”(1/6)-small cancellation groups, [21].

Remark 1.6. — The classical C”())-small cancellation condition in Corollary 1.5 is
reminiscent of our proof that uses geometric small cancellation theory. To this date,
geometric small cancellation theory has not been developed under a geometric C'(\, ¢)-
small cancellation condition. We expect, however, that this is possible, and thus that our

results hold for classical C’(\)-small cancellation groups - finitely and infinitely presented.

1.4. Strategy of proof

To prove Theorem 1.2 (i), we need to discuss the growth of finite symmetric subsets
of sufficiently large energy in groups acting acylindrically on a hyperbolic space X. If G
acts by isometries on X, the {*°-energy L(U) of a finite subset U C G is defined by

L(U) = inf max |ux — z|.
zeX uelU

If U = {g}, the {*°-energy coincides with the translation length of g. The following

example explains why the energy is important in the study of uniform exponential growth.
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ExampLE 1.7. — When G is the fundamental group of a compact hyperbolic manifold,
there exists a constant p > 0 — the Margulis constant — such that if U C G is a finite
set with L(U) < p, then the subgroup of G generated by U is virtually nilpotent. If T
denotes the injectivity radius of the action of G on the universal cover and is smaller

than the Margulis constant p, then the acylindricity constant « is about 1/ T, [23].

DEerINITION 1.8 (Definition 3.1). — Let o > 0. We say that a finite subset U C G is
a-reduced at p € X if UNU~! = @ and for every pair of distinct uj,us € U LU, the

Gromov product satisfies

1 .
(u1p, ugp)p < 5 min{|u1p — p|, |uzp — p|} — a — 26.

Remark 1.9. — Roughly speaking, if a set U C G is reduced then the orbit map from

the free group generated by U to X is a quasi-isometric embedding.
The following is a well-known theorem of [4,31], see also [25].

THeoREM 1.10 (Theorem 4.8). — For every k, N > 0, there exist an integer ¢ > 1 with
the following property. Let §, a > 0. Let G be a group acting (k, N)-acylindrically on a
d-hyperbolic space X. Let U C G be a finite symmetric subset containing the identity.

Then one of the following conditions holds:
(i) L(U) < 10*max {x, 6, a}.
(ii) The subgroup (U) is virtually cyclic and contains a loxodromic element.

(iii) There exists an a-reduced subset S C U¢ such that

1
S| > max{z,cw\}.

Moreover, )
w(U) = ~log|U|.
c

Our main contribution to Theorem 4.8 is the dependence of the involved constants:
for our purpose it is important that the number ¢ only depends on the acylindricity

parameters x and N.

Remark 1.11. — If the injectivity radius of the action of G on X is large, then every
finite symmetric subset of G satisfies either (ii) or (iii). In general this is however not
the case. We will later use uniform uniform exponential growth of G in order to apply

Theorem 4.8 to some power of an arbitrary symmetric subset U in G.

Theorem 4.8 with Fekete’s Subadditive Lemma and the fact that w(U™) = nw(U)

implies the following corollary. It is a weak form of purely exponential growth, [11,37].

© ;



UNIFORM UNIFORM EXPONENTIAL GROWTH
IN SMALL CANCELLATION QUOTIENTS

CoroLLAary 1.12. — For every k, N > 0, there exists & > 1 with the following property.
Let 6 > 0 and k > 6. Let G be a group acting (k, N)-acylindrically on a é-hyperbolic
space X. Let U C G be a finite symmetric subset containing the identity of energy
L(U) > 10*k that does not generate a virtually cyclic subgroup. Then, for every n > 0,

enw(U) < ‘Un‘ < efnw(U).

To prove Theorem 1.2 (i), we follow a strategy of [19] that estimates product set
growth in Burnside groups. In particular, we use the viewpoint of geometric small
cancellation theory. As previously mentioned, the Small Cancellation Theorem gives
a universal constant & > 0 such that any geometric small cancellation quotient G of a
group G acting acylindrically on a d-hyperbolic space X, for appropriate choice of the
small cancellation parameters, acts acylindrically on a d-hyperbolic space X. Let U € G
be a finite symmetric generating set containing the identity that is not contained in an
elliptic or virtually cyclic subgroup. If the energy of U is larger than 10*, then the
exponential growth rate of U is bounded below by a universal strictly positive constant
(Lemma 2.23). Otherwise, we fix a pre-image U of U in G of minimal energy for the
action of G on X (Lemma 2.32). Such a pre-image may not have large energy > 10%6.
Indeed, it may consist entirely of torsion-elements and thus have small energy < 10%5.
However, our pre-image U is not contained in any elliptic subgroup. Thus some power of
U contains a loxodromic element, hence, for some exponent n, we have L(U™) > 10%6.
We stress that the exponent n depends on the set U. We now apply Theorem 1.10 to U™.
Since U is not contained in any virtually cyclic subgroup, we obtain a reduced subset S
in U, which freely generates a free subgroup. Next, we adapt the counting argument
of [13,19] to prove that for every r > 1, the proportion of elements in S” that contain
a large part of a relator is small compared to |S”| (Proposition 5.9). A combination
of a consequence of Greendlinger’s Lemma (Proposition 5.16) and Fekete’s Subadditive

Lemma then implies that the exponential growth rate of U satisfies
wU) = B-w(U).

for

log 2 1
8= sup inf<0- 2_1-63-—.
6e(0,1) log (2¢) c

Finally, assume that G has £-uniform uniform exponential growth. A combination of this
fact with the previous inequality yields Theorem 1.2 (i). The proof of Theorem 1.2 (ii) is
similar and we postpone its discussion.

1.5. Outline of the article

In Section 2.1 we will overview Gromov hyperbolic spaces, acylindricity and geometric

small cancellation theory. In section 3 we will see that reduced subsets generate free
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subgroups with the Geodesic Extension Property. This property will be relevant to the
counting argument of subsection 5.2. In section 4 we generalise work of M. Koubi, [31],
and G. Arzhantseva - I. Lysenok, [4]. The goal is to produce reduced subsets inside
uniform powers of other subsets of isometries. In section 5 we study the subsets of
shortening-free words of a free subgroup generated by a reduced subset. These are infinite
subsets, each depending on a geometric small cancellation family, such that (i) their
elements are not killed when taking the geometric small cancellation quotient and (ii)
their relative growth rate does not decrease too much when taking the geometric small
cancellation quotient. We will prove (i) and (ii) in subsection 5.2 and subsection 5.3,

respectively. Finally, Section 5 is devoted to the proof of our main theorem (Theorem 1.2).

1.6. Acknowledgements

We are very grateful to Rémi Coulon for encouraging to do this work and for
helpful comments and answers to questions. Many thanks to Yago Antolin for a careful
reading of the original manuscript. The first author is grateful to the Centre Henri
Lebesgue ANR-11-LABX-0020-01 for creating an attractive mathematical environment
and was supported by grants SEV-2015-0554-18-4 and PID2021-126254NB-100 funded
by MCIN/AEI/10.13039/501100011033. The second author was supported by Austrian
Science Fund (FWF) project P 35079-N. Both authors were supported in parts by LabEx
CARMIN, ANR-10-LABX-59-01 of the Institut Henri Poincaré (UAR 839 CNRS-Sorbonne
Université) during the trimester program Groups Acting on Fractals, Hyperbolicity and
Self-Similarity.

2. Hyperbolic geometry

We collect some facts on hyperbolic geometry in the sense of Gromov, [28], including

its version of small cancellation theory, [22,29]. See also [12,16, 26, 30].

2.1. Hyperbolicity

Let X be a metric space. Given two points z, 2’ € X we write |z — /| for the
distance between them and [z, 2'] for a geodesic joining them. Recall that there may
be multiple geodesics joining two points. If Y C X is a subset and x € X a point, we
write d(z,Y’) = inf ey | — y| to denote the distance from x to Y. Given ¢ > 0, we let
Yt ={x € X : d(z,Y) < e} be the e-neighbourhood of Y. The Gromov product of
three points x, y, z € X is defined by

1
(2,9): = g{le =2l + |y = 2| = |z —yl}.

DerINITION 2.1. — Let § > 0. The metric space X is d-hyperbolic if it is geodesic and
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for every z, y, z and t € X, the four point inequality holds, that is

(z,2)y =2 min{(x,y), (y, 2)e} — 0.

Convention 2.2. — Let § > 0. For the remainder of this section, we assume that the
space X is §-hyperbolic. If 6 = 0, then it can be isometrically embedded in an R-tree,
[26, Chapitre 2, Proposition 6]. Note that X is ¢’-hyperbolic for every &' > §. In this

chapter we always assume for convenience that the hyperbolicity constant & is positive.

We write 0X for the Gromov boundary of X. We can use the boundary defined with
sequences converging at infinity, [12, Chapitre 2, Définition 1.1]. Note that we did not
assume the space X to be proper, thus we use the boundary defined with sequences
converging at infinity, [12, Chapitre 2, Définition 1.1]. Hyperbolicity has the following

consequences.

Lemma 2.3 ([23, Lemmas 2.3 and 2.4]). — Let z,y,z € X. Then

(‘Tvy)z < d(Z7 [IL’,y]) < (CE,y)z + 45

LemMma 2.4 ([4, Lemma 2]). — Let i € [1,2]. Let z;, y; € X. Then

+80 N [ +85).

lz1 — 1| + |22 — y2| < |z1 — 22| + |y1 — yo| + 2diam([z1, y1] x2, 2]

2.2. Quasi-convexity

Let n > 0. A subset Y C X is n-quasi-convez if every geodesic joining two points of
Y is contained in Y 7". For instance, geodesics are 26-quasi-convex. A subset Y C X is
strongly quasi-convez if it is 20-quasi-convex and for every y,y’ € Y, the induced path

metric |- |y on Y satisfies
ly—yIx <ly—vlv <ly—ylx +80.

Quasi-convexity in hyperbolic spaces has the following consequences.

LemMma 2.5 ([12, Chapitre 1, Proposition 3.1];[23, Lemma 2.4]). — Let n > 0. Let
Y C X be an n-quasi-convex subset. Then for every v € X and for every y, y € Y,

d(z,Y) < (y,y)a +n+ 30.
Given a point x € X and a subset Y C X, then y € Y is a projection of x on Y if
|lx —y| < d(z,Y) + 6.

LemmMma 2.6 ([12, Chapitre 2, Proposition 2.1];[14, Lemma 2.12]). — Let n > 0. Let

Y C X be an n-quasi-convex subset.
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(i) Let x € X. Let y be a projection of x on'Y. Then for every y' € Y, (z,y'), < n+9.

(ii) Let i € [[1,2]. Let x; € X. Let y; be a projection of z; on'Y. Then,
ly1 — y2| < max {|z1 — o] — |21 — 1| — |w2 — Y| + 2¢, €},

where € = 2n + 34.

Lemma 2.7 ([12, Chapitre 10, Proposition 1.2]; [14, Lemma 2.13]). — Let n > 0. Let
Y C X be an n-quasi-convex subset. Then for every € > n, the subset Y ¢ is 2§-quasi-

convex.

Lemma 2.8 ([22, Lemma 2.2.2 (2)]; [14, Lemma 2.16]). — Let i € [1,2]. Let n; > 0. Let

Y; C X be an n;-quasi-convex subset. Then for every € > 0,
diam (Y, N Y5+®) < diam (Y, 30 0y, 2130 490 446,

2.3. Isometries
Let G be a group acting by isometries on X. Let € X be a point.
Classification of isometries. Recall that an isometry g € G is either elliptic, i.e. the
orbit (g) - = is bounded, lozodromic, i.e. the map Z — X sending m to ¢z is a quasi-

isometric embedding or parabolic, i.e. it is neither loxodromic or elliptic, [12, Chapitre 9,

Théoreme 2.1]. Note that these definitions do not depend on the point x.

Translation lengths. To measure the action of an isometry g € G on X we define the

translation length and the stable translation length as
. o0 . 1 n
lgll = inf |gz — x|, and |lg|* = lim —|g"z — .
zeX

n—+oo n

Note that the definition of ||¢g||>® does not depend on the point z. These two lengths are
related as follows, [12, Chapitre 10, Proposition 6.4].

(2.1) 1911 < llgll < llgl|>™® + 164.

The isometry g is loxodromic if, and only if, its stable translation length is positive,
[12, Ch. 10, Prop. 6.3].

Axis. The axis of g € G is the set

Ag={zeX: |go—a|<|g|+85}.
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Lemma 2.9 ([22, Proposition 2.3.3];[14, Proposition 2.28]). — Let g € G. Then A, is

106-quasi-convex and (g)-invariant. Moreover, for every x € X,
gl + 2d(x, Ag) — 106 < [gz — x| < ||gl| + 2d(x, Ag) + 104.

(>*-Energy. To measure the action of a finite subset of isometries U C G on X we

define the (*°-energy of U at x and the £*°-energy of U as

L(U,z) = I;lg[}du:ﬂ —z|, and L(U)= ;éI;(L(U’ x).

The point x is almost-minimizing the {>-energy of U if L(U,xz) < L(U) 4+ 0. It is easy to
see that the translation length and the £*°-energy are related as follows. For every g € U,

(2.2) lgll < L(U).

2.4. Group action on a §-hyperbolic space
Let G be a group acting by isometries on X.
Classification of group actions. We denote by 0G the set of all accumulation points

of an orbit G - x in the boundary dX. This set does not depend on the point x. One
says that the action of G on X is

» elliptic, if OG is empty, or equivalently if one (hence any) orbit of G is bounded;
» parabolic, if G contains exactly one point;

» loxodromic, if OG contains exactly two points;

» non-elementary, if OG contains at least 3 points, or equivalently if G is infinite.

If the action of G is elliptic, parabolic or loxodromic, we will say that this action is
elementary. In this context, being elliptic (respectively parabolic, loxodromic, etc) refers
to the action of G on X. However, if there is no ambiguity we will simply say that G is

elliptic (respectively parabolic, loxodromic, etc).

Lemma 2.10 ([15, Propositon 3.6]). — If |0G| > 2, then G contains a loxodromic iso-

metry.

Acylindricity. For our purpose we require some properness for this action. We will
use an acylindrical action on a metric space, keeping in mind the parameters that appear
in the definition, [20, Proposition 5.31]. Recall that we assumed X to be é-hyperbolic,
with § > 0.
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DeriniTION 2.11 (Acylindrical action). — Let x, N > 0. The group G acts (k,N)-
acylindrically on the d-hyperbolic space X if the following holds: for every z,y € X with
|x —y| > K, the number of elements u € G satisfying |uz — x| < 1006 and |uy — y| < 100§
is bounded above by N.

DEerINITION 2.12 (Global injectivity radius). — The global injectivity radius of the action
of G on X is
T(G,X) =inf{|g]|> : g € G lozodromic},

with the convention inf @ = +o0.

Lemma 2.13 ([8, Lemma 4.2]; c.f. [18, Lemma 3.9]). — Assume that the action of G on

X is (k, N)-acylindrical. Then
J

TG, X) > —.
(G7 ) N
Loxodromic subgroups. Let x > 1and !> 0. Let 7 : [a,b] — X be a rectifiable path

with a,b € RU{—00,00}. We say that v is a (k, l)-quasi-geodesic if for all [a’, '] C [a, b],
length(v[a’,0']) < k|y(a’) =~ ()] + 1.

Let L > 0. We say that v is a L-local (k, )-quasi-geodesic if any subpath of - whose length
is at most L is a (k, [)-quasi-geodesic. Let H < G be a loxodromic subgroup with limit set
OH = {&,n}. The H-invariant cylinder, denoted by Cpy, is the open 20d-neighborhood
of all 1034-local (1, §)-quasi-geodesics with endpoints & and 7 at infinity.

LemMma 2.14 (Invariant cylinder; [15, Lemma 3.13]). — Let H < G be a loxodromic

subgroup. Then the subset Cy is invariant under the action of H and strongly quasiconvex.

Lemma 2.15 ([14, Corollary 2.7]). — Let v: I — X be a 1035-local (1, §)-quasi-geodesic.
Then:

(i) For every t,t',s € I such that t < s < t', we have (y(t),y(t'))(s) < 69.

Y

(ii) For every x € X and for every y,y' € v, we have d(z,7) < (y,vy')z + 99.

The maximal loxodromic subgroup containing H is the stabiliser of the set 0H. For
a loxodromic element g € G, we denote by E(g) the mazimal loxodromic subgroup
containing g. We define the equivalence relation ~4, on G by u ~4 v if and only if
u~tv € E(g), for every u,v € G. The fellow travelling constant of a lovodromic element
geGis
A(g) = sup{ diam(uA;mé N UA;FQO(S) Du,v € Giugbg vt

Lemma 2.16 ([20, Proof of Proposition 6.29]). — Assume that the action of G on X is
(k, N)-acylindrical. Let g € G be a loxodromic element. Then

Ag) < K+ (N +2)||g||°° + 1006.
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Lemma 2.17 ([20, Lemma 6.5]). — Assume that the action of G on X is acylindrical.
Let g € G be a loxodromic element. Then E(g) is virtually cyclic.

The subgroup H* < G fixing pointwise H is an at most index 2 subgroup of
H. The next corollary is a well-known consequence of Lemma 2.10, Lemma 2.17 and
[36, Lemma 4.1].

CoROLLARY 2.18. — Assume that the action of G on X is acylindrical. The set F of all
elements of finite order of H is a finite normal subgroup of H. Moreover there exists a
loxodromic element h € H* such that the map F x4 (h) — H™ that sends (f, g) to fg is
an isomorphism, where ¢: (h) — Aut(F') is the action by conjugacy of (h) on F.

For a loxodromic element g € G, we denote by F(g) the set of all elements of
finite order of E1(g). We say that g is primitive if its image in E*(g)/F(g) generates
the quotient. The following lemma permits to produce primitive loxodromic elements

uniformly. It will be useful during section section 4.

Lemma 2.19 ([31]; [4]; [25, Lemma 2.7]). — For every k > 0 and N > 0 there exists a
positive integer ng with the following property. Let U C G be a finite symmetric subset
containing the identity. Assume that the action of G on X is (k,N)-acylindrical. If
L(U) > 500, then there exist a primitive loxodromic element g € U™ such that

g™ = 5 L(U).

N =

DeriniTION 2.20 (Loxodromic wideness). — The lozodromic wideness of the action of
G on X is
O(G,X) =sup{|F(g)| : g€ G loxodromic},

with the convention sup @ = —oo.

Lemma 2.21 ([34, Lem. 6.8]). — Assume that the action of G on X is (k, N)-acylindrical.
Then
(G, X) < N.

Classification of acylindrical actions. Following the proof of D. Osin [34, The-
orem 1.1], one gets the following classification. It already appears in [28].

LemMmA 2.22. — Assume that the action of G on X is acylindrical. Then G satisfies

exactly one of the following three conditions.

(i) G is elliptic, or equivalently one (hence any) orbit of G is bounded.

(ii) G is loxodromic, or equivalently G is virtually cyclic and contains a loxodromic

element.

(iii) G is non-elementary, or equivalently H contains a free group Fg of rank 2 and one

(hence any) orbit of Fy is unbounded.
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In particular, if the action of G on X is acylindrical, then every isometry g € G is
either elliptic or loxodromic, [8]. The following trichotomy is a direct consequence of the

previous lemma and [9, Theorem 13.1].

Lemma 2.23. — Let G be a group acting acylindrically on a d-hyperbolic space X . Let
U C G be a finite symmetric subset containing the identity. Then one of the following

conditions holds:
(T’1) L(U) < 10%.
(T°2) The subgroup (U) is virtually cyclic and contains a loxodromic element.

(1°3) w(U) > ﬁlog&

2.5. Small cancellation theory

Let G be a group acting by isometries on X. We recall that X is a é-hyperbolic space.

Loxodromic moving family. The following definition generalises the conjugacy closure

of a symmetrised set of relations in classical small cancellation theory.

DeriNtTION 2.24 (Loxodromic moving family). — A lozodromic moving family 2 is a

set of the form
2={(g(h)g".gCh)€2: geG he L},

where .2 C G is a set of loxodromic elements and C}, stands for the (h)-invariant cylinder.

Let 2 be a loxodromic moving family. The fellow travelling constant of 2 is
A(2,X) = sup{ diam(Y;* N Y;72) + (H1, Y1) # (Ha,Ya) € 2}
The injectivity radius of 2 is
T(2,X)=inf{||h]| : he H—-{1},(H,Y)e 2}.

Note that here we require the translation length and not the stable translation length,
which was present in the definition of the global injectivity radius T(G, X). We denote
K= {(H|(HY)ec2)and G =G/K. We denote by 7: G — G the natural projection
and write g for m(g) for short, for every g € G. The notation U may refer to either a

subset of G or to 7(U), for some U C G.

DEerINITION 2.25 (Small cancellation condition). — Let A > 0 and € > 0. We say that

2 satisfies the geometric C"(\, e)-small cancellation condition if:
(SC1) A(2,X) < AT(2,X),
(SC2) T(2,X) > &é.

In that case we say that G is a geometric C"(\,€)-small cancellation quotient.
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Cone-off space. Let p > 0. We denote by % the collection of cylinders gC}, such
that g € G and h € £. Let Y € #. Note that gCj, = Cy,
over Y, denoted by Z,(Y), is the quotient of Y x [0, p|] by the equivalence relation that

-1. The cone of radius p

identifies all the points of the form (y,0). The apex of the cone Z,(Y) is the equivalence
class of (y,0). By abuse of notation, we still write (y,0) for the equivalence class of
(y,0). We denote by ¥ the collection of apices of the cones over the elements of %". Let
v:Y = Z,(Y) be the map that sends y to (y, p). The cone-off space of radius p over X
relative to 2, denoted by X o = X »(Z2, X), is the space obtained by attaching for every
Y € %, the cone Z,(Y) on X along Y according to ¢: Y < Z,(Y). There is a natural

metric on X,(2) and an action by isometries of G on X,,.

Quotient space. The quotient space of radius p over X relative to 2, denoted by
)_(p = )_(p(Q,X), is the orbit space Xp/K. We denote by (: Xp - )_(p the naturftl
projection and write & for ((z) for short. Furthermore, we denote by ¥ the image in X,
of the apices ¥. We consider X » as a metric space equipped with the quotient metric,

that is for every z,2’ € X,
_ —7 . /
T —T|y = inf |hax — 2|+
7~ |5 = ink [ — o]

We note that the action of G on X » induces an action by isometries of Gon X o-

Convention 2.26. — In what follows, we are going to assume that X is a metric graph
whose edges all have the same constant length. This is to ensure that both the cone-off
space X » and the quotient space X , are geodesic spaces, [10, 1.7.19]. This is not a

restrictive assumption, as explained in [20, Section 5.3].

The following lemma summarises Proposition 3.15 and Theorem 6.11 of [14]. It will

be central in the proof of Theorem 1.2.

Lemma 2.27 (Small Cancellation Theorem [14]). — There exist positive numbers dy, 0,
Ay, po satisfying the following. Let 0 < 6 < dg and p > pg. Let G be a group acting by
isometries on a d-hyperbolic space X. Let 2 be a loxodromic moving family such that
A(2,X) < Ag and T(Z2, X) > 1007 sinh p. Then:

(i) X pisa 8-hyperbolic space on which G acts by isometries.

(ii) Let r € (0, p/20]. If for all v € ¥, the distance |x — v| > 2r then the projection

¢: X, — X, induces an isometry from B(z,r) onto B(z,r).

(iii) Let (H,Y) € 2. If v € ¥ stands for the apex of the cone Z,(Y'), then the natural
projection 7: G — G induces an isomorphism from Stab(Y')/H onto Stab(v). [

Remark 2.28. — Tt is important to note that in this statement the constants dg, d, Ao,
po are independent of G, X, 2 or §. Moreover §y and Ag (respectively pg) can be chosen
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arbitrarily small (respectively large). We will refer to &g, 0, Ag, po as the constants of

the Small Cancellation Theorem.

For the remainder of this subsection, we choose 4, p, G, X, and 2 satisfying the
hypothesis of the Small Cancellation Theorem (Lemma 2.27). The following lemmas are

consequence of the Small Cancellation Theorem.

Lemma 2.29 ([15, Proposition 5.16]). — Let E be an elliptic (respectively loxodromic)
subgroup of G for its action on X. Then the image of E through the natural projection

m: G — G is elliptic (respectively elementary) for its action on X o

Lemma 2.30 ([15, Proposition 5.17]). — Let E be an elliptic subgroup of G for its action
on X. Then the natural projection 7: G — G induces an isomorphism from E onto its

image.

Lemma 2.31 ([15, Proposition 5.18]). — Let E be an elliptic subgroup of G for its action
on X p- One of the following holds.

(i) There exists an elliptic subgroup E of G for its action on X such that the natural

projection 7: G — G induces an isomorphism from E onto E.
(ii) There exists v € ¥ such that E C Stab(v).

Lemma 2.32 ([19, Proposition 9.13]). — Let U C G be a finite set such that L(U) < p/5.
If, for every © € ¥, the set U is not contained in Stab(v), then there exists a pre-image

U C G of U of energy L(U) < wsinh L(U).

Lemma 2.33 (Greendlinger’s Lemma). — Let x € X. Let g € G. If g € K — {1}, then
there exists (H,Y) € 2 with the following property. Let yy an y; be the respective

projections of x and gr on Y. Then
lyo — y1| > T(H, X) — 27 sinh p — 230.

Remark 2.34. — The previous statement is obtained from [17, Theorem 3.5] after
applying [17, Proposition 1.11], [14, Proposition 2.4 (2)] and [14, Lemma 2.31]. Note that
in [17, Theorem 3.5] there is an extra assumption saying that the loxodromic moving
family is finite up to conjugacy. That assumption is only needed to make sure that the

action is co-compact, hence the quotient group hyperbolic. We don’t need it here.

Lemma 2.35 ([20, Proposition 5.33]). — If the action of G on X is acylindrical, then so

is the action of G on Xp.

3. Reduced subsets

Let > 0. In this section, we fix a group G acting by isometries on a J-hyperbolic

space X. The set of the inverses in G of the elements of U C G is represented by U~!.
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DEerINITION 3.1. — Let o > 0. We say that a finite subset U C G is a-reduced at p € X
if UNU~! = @ and for every pair of distinct u,us € U LU,

1 .
(w1p, uap)p < 5 min{luip —pl, Juzp — pl} — o = 26.

Remark 3.2. — IfU C G is a-reduced at p € X, then |up—p| > 2a, for every u € ULU !,

We clarify some vocabulary. Let U C G be a subset. A letter is an element of the
alphabet ULLU L. A word over ULIU ! is any finite sequence uy - - - u,, with u; € ULU.
The number n is called the length of the the given word u; - - - u,. We denote by |w|y
the length of any word w over U U U~!. We admit the word of length 0, the empty
word. We write wy = wy to express letter-for-letter equality of words w; and wo over
UuU~t. A word uyq - - - uy, over ULU ! is reduced if it does not contain a pair of adjacent
letters of the form w;u; Lor u; Yu;. The free group F(U) is the set of reduced words over
UL U~! with the group operation “concatenate and reduce”. The natural homomorphism
¥: F(U) — G is the evaluation of the elements of F(U) on G.

3.1. Broken geodesics

The next lemma is used to produce quasi-geodesics by concatenating some sequences

of points of X with geodesics.

Lemma 3.3 (Broken Geodesic Lemma [4, Lemma 1]). — Let n > 2. Let zg,--- , 2, be

a sequence of n + 1 points of X. Assume that

(3.1) (Ti—1, Tit1)z; + (Ti, Tig2) s < T — @ig1| — 30,

for every i € [1,n — 2]]. Then the following holds.

n—1 n—1
(i) w0 — x| 2 Y |20 = @ig1] =2 (wim1, @ig1)e, — 2(n — 2)0.
=0 =1

(ii) (20, 2n)e; < (51, 2541)a, + 26, for every j € [1,n— 1],

(iii) The geodesic [xg,xy| lies in the 5d-neighbourhood of the broken geodesic v =
[x0,21) U -+ U [Xp_1, zy], while 7 is contained in the r-neighbourhood of [z, x,],
where

r= sup (%i_1,Tit1)s, + 146
1<i<n—1

We verify the condition of Lemma 3.3 permitting to obtain broken geodesics.

ProrosiTiON 3.4. — Let o > 0. Let U C G be an a-reduced subset at p € X. Let n > 2.

Let w = wuj - - - uy be an element of F(U). Consider the sequence of n + 1 points

Lo =P, xr1 = uip, T2 = Uru2p, ) Tp = UL " - Unp-
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Yo

®
%3
[ ]
Xa
(']
4“ -
X !
m 1
Xo .1 ™
\ N/ NN/,

Figure 1: A sequence (z;) satisfying Equation 3.1. This se-
quence does not correspond to a reduced word over a re-
duced subset since for every 4, the midpoint m; of the geodesic
[x;—1, ;] falls inside the overlap of two consecutive geodesics.

Xy

X3

a5

24 2L

Figure 2: Another sequence (z;) satisfying Equation 3.1. This
sequence could correspond to a reduced word over an a-reduced
subset since for every i, the midpoint m; of the geodesic
[xi—1,x;] falls at distance at least a from the the overlap
of two consecutive geodesics. The geodesic segments in red
have length 2. In particular, every geodesic [z;_1,x;] that
does not fall in any of the two extremes has length at least 2a.

X5
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Then
(1) (i1, Tig1)a; + (@i Tig2)wiyy < |2 — Tig1]| — 2(a + 20), for every i € [1,n — 2].
(ii) Jwp —p| = Flurp — p| + 3lunp — p| + 2(n — 1)(a + ) + 26.

Proof. — (i) Let i € [1,n — 2]. We have

(i1, Tit1 ) = (W'D wi1D)ps (T, Tig2)arpy = (U1Ds WiraD)p

and |z; — z;41| = |p — wir1p|. Since w is a reduced word over U LU U~!, we have
ui_1 #* 141 and uijrll # u;+2. Hence we can apply the fact that the subset U is

a-reduced at p, obtaining

-1 1 -1 Lo
(u; P uir1p)p < Sluivip —pl —a =28, (ugps vivep)p < 5lugap —pl — o =26,
It remains to add the two above inequalities to obtain

(Ti-1, Tig1)a; + (T, Tig2)ary, < |Ti — Tipa] — 2(a + 20).

(ii) Since n > 2, applying (i) and Lemma 3.3 (i) to the sequence zg,- - - , ,, we obtain
n—1
lwp —pl = |uip —pl + Y [wip — pl + unp — pl
=2

n—1
— (uy 'pyusp)y — Y [(u; 'powiap)p + (u;yp, uip)p) — (uytyp,unp)
1=2

—2(n —2)4.

Since U is a-reduced at p,

n—1 n—1
> wy  pwigap)p + (u;ypywip)p] < Y Juip — p| — 2(n — 2)(a + 26).
=2 =2

and
(ug Py uzp)p < glup —pl —a =26, (upZ1p,unp) < Glunp —pl —a —24.
Consequently,

1 1
|wp — p| > ilulp—p! + §!unp—p| +2(n — 1)(a + J) + 26.

3.2. Quasi-isometric embedding of a free group

Recall that L(U, p) denotes the ¢*°-energy of U C G at p € X (subsection 2.3).
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ProrositioN 3.5. — Let o > 0. Let U C G be an a-reduced subset at p € X. Then, for
every w € F(U), we have

2a|w|y < |wp — p| < LU, p)|w|u.

In particular, the natural homomorphism ¢ : F(U) — G is injective.

Proof. — Let w = uq - - uy, be an element of F(U). If n = 0, then there is nothing to do.
If n = 1, then the result is a direct consequence of the fact that the subset U is a-reduced.
Assume that n > 2. Tt follows from the triangle inequality that |wp — p| < L(U,p)n. In
regards to the second inequality, we apply Proposition 3.4 (ii) to the sequence of n + 1
points

To=p, T1=1U, T2=ULU2p, -+, Tp =WP=1UL""" Upp,

to obtain . )
lwp — p| > §\U1p—p! + §!unp—p\ +2(n —1)(a+0) + 20.

According to Remark 3.2, we have

max {|uip — p, [upp — p|} = 2a.

Hence,

|lwp — p| = 2an.
Finally, if w € F(U) is not the empty word, then |wp — p| > 2a. By definition,
a > 0. Therefore w # 1 in G. Consequently, the natural homomorphism ¢: F(U) — G
is injective. (]
3.3. Geodesic extension property

This is the main result of this section. Our proof is based on [19, Lemma 3.2].

ProrositioN 3.6. — Let o > 0. Let U C G be an a-reduced subset at p. Let w =
Uy up and W' = u) -+l be two elements of F(U). Then U satisfies the geodesic

extension property, that is, if
, 1
(s w'P)wp < lump —pl =4,

then w is a prefix of w'.

Remark 3.7. — The geodesic extension property has the following meaning: if the
geodesic [p,w'p] extends [p,wp] as a path in X, then w’ extends w as a word over
Uuu—t

Proof. — The proof is by contrapositive. Assume that w is not a prefix of w’. Let r be

the largest integer such that u; = u}, for every i € [1,r — 1]. In particular, € [1,m].
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For simplicity, denote

/ /
q:ul...ur_lp:ul...urilp.

It follows from the four point inequality that
(3'2) (p7 w/p)wp p min{(p, Q)wzn (Qa wp/)wp} — 0.
From now on, the focus will be on showing that
. , 1
min{(p, ¢)up, (¢, WP Jwp} = 5|ump — pl.
Using the definition of Gromov product,
(3.3) (P, Qwp = lwp — al = (p,wp)g, (¢, w'P)uwp = lwp — q| — (wp, w'p)q-

We are going to estimate |wp — ¢|, (p,wp)q, and (wp, w'p),.
Cramv 3.8. — |wp — q| > 3|u,p — p| + S|ump — p| + 2(m — r)(a + 9).

Proof. — Note that m —r+1 > 1. If m —r + 1 = 1, then there is nothing to do. If
m — 1+ 1> 2, then we apply Proposition 3.4 (ii) to the sequence of m — r + 2 points

q:ul‘.'u/f'flp’ ul---u,rp’ ul‘.'u/]"“rlp’ ..-’ wp:ul---ump’
and we obtain

1 1
lwp — q| > §Iurp—p| + Elump—pl +2(m —r)(a+9).

For simplicity, denote
t=wup-up and t =uj---ulp.

Cramm 3.9. — (p,wp), < %|u7«p —pl

Proof. — Applying Lemma 3.3 (ii) and Proposition 3.4 (i) to the sequence of m + 1
points

D, up, uju2p, Ty wp = uyg - - Ump,

we get
(p7 wP)q < (ul s Up—2P, t)q + 20.

Since U is a-reduced at p,

_ 1
(Ul cc Up—2D,s t)q = (ulep, urp)p < 5‘“?? - p‘ —a—20.
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Consequently,

1
(pswp)g < Slurp = p| = a.
This proves our claim. O
Cramm 3.10. — (wp,w'p)q < 3|urp — pl.

Proof. — If r —1 = m/, then w'p = ¢ and the claim holds. Hence we can suppose that
r —1 < m/. It follows from the choice of r that u, # w... It follows from the four point

inequality that
min{ (¢, wp)gq, (wp, w'p)y, (Wp,t')g} < (t,1')g + 26.
Since U is a-reduced at p,
! ! 1 . !
(tvt )q = (uT’pv Urp)q < 5 mln{|u7«p _p|7 ‘urp - p|} —a—20.
Consequently,
. / / / 1 . /
(3.4) min{ (¢, wp)y, (wp, w'p)g, (W'p,t')q} < 3 min{|u,p — p|, |u.p — p|} — .

We must prove that the minimum of Equation 3.4 is attained by (wp, w'p),. In order to
do so, let’s see first that the minimum of Equation 3.4 is not achieved by (¢, wp),. Using

the definition of Gromov product,

(t,wp)q = g — t| — (¢, wp):.

By definition,
g = t[ = lurp = pl.

Recall that m —r+ 1> 1. If m —r+ 1 =1, we have

(¢, wp): = (u; 'p,p)p = 0.

If m —r+ 12> 2, applying Lemma 3.3 (ii) and Proposition 3.4 (i) to the sequence of

m — 1 + 2 points
q:ul...u,rilp’ t:ul...urp’ ul...u,r+1p’ SN wp:ulump7

we obtain

(g, wp)e < (q,u1 -+ upg1p)s + 20.

Since U is a-reduced,

~ 1
(g, u1 - up1p)e = (uy 'p, trg1p)p < 3 lurp = pl = a =26,
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Consequently,

1 1
(t,wp)q > ilurp—pl > §|urp—p| - a.

Thus, the minimum of Equation 3.4 cannot be achieved by (¢, wp),. Similarly, it cannot be
achieved by (w'p,t')q. Therefore, the only possibility is that it is achieved by (wp, w'p),.

This proves our claim. O

Finally, combining Equation 3.2 and Equation 3.3 with our three claims, we obtain

. 1
(p, w/p)wp P mln{(p, Q)wpa (Qa w,p)wp} —0> §|ump - p| — 0.

4. Growth in groups acting on a J-hyperbolic space

In this section, we review and adapt some of the techniques of M. Koubi. [31] —
further developed by G. Arzhantseva and I. Lysenok, [4]. These techniques permit to
study exponential growth rates of finite symmetric subsets in groups acting by isometries
on hyperbolic spaces in the sense of M. Gromov. In particular, we clarify what are the

involved parameters for acylindrical actions, which permits to obtain Theorem 4.8.

4.1. Growth of maximal loxodromic subgroups.

Let G be a group acting acylindrically on a hyperbolic space X. The goal of this
subsection is to prove that the maximal loxodromic subgroups of G have some sort of
uniform linear growth. We adapt an argument that was written for hyperbolic groups in
[3, p. 484]. Recall that ®(G, X) stands by the loxodromic wideness of the action of G on
X (Definition 2.20). Given a loxodromic element g € G, we denoted by ||g||* its stable
translation length (subsection 2.3) and by E(g) the maximal loxodromic subgroup of G

containing g (subsection 2.4).

ProrositioN 4.1. — Let G be a group acting acylindrically on a hyperbolic space X.
Let U C G be a finite symmetric subset containing the identity. Let g € G be a primitive
loxodromic element. Then, for every n > 1,

U™ 0 B(g)] < 28(G, X) <W4n + 1).

lgll>

First, we focus on the case of the cyclic group generated by a loxodromic isometry.

LemMma 4.2. — Let G be a group acting acylindrically on a hyperbolic space X. Let
U C G be a finite symmetric subset containing the identity. Let g € G be a loxodromic
element. Then, for every n > 1,

L)

Um0 g) | < L
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Proof. — Let n > 1. We have,
U n(g) | ={keZ: g"eU"}|
Since the subset U is symmetric,
{keZ: ¢#cU"Y <2{keN—-{0}: ¢*cU"} +1.

Let k& > 1 such that g* € U™. Since the element g is loxodromic, we have ||g]|* > 0.

Observe that | k||
_ g™l

gl

Let z € X. Then
g% < llg"|l < lgFa — 2| < max |he — z| = L(U", x).

Since the point z is arbitrary, we get ||¢*||> < L(U™). By the triangle inequality,
L(U™) < nL(U). Hence,
LU
k< (70211
g1l

Therefore,

LU
00 (g)] < (201

We are ready for the proof of the proposition.

Proof of Proposition 4.1. — Let F(g) be the set of all elements of finite order of E*(g).
Recall that F(g) is a normal subgroup of E*(g). Since the action of G on X is acylindrical
and E(g) is a loxodromic subgroup of G, there exists a loxodromic element h € E*(g)

such that the map

F(g) % (h) = E™(g), (f.k) = fk
is a group isomorphism, where ¢: (h) — Aut(F(g)) is the action by conjugacy of (h) on
F(g) (Corollary 2.18). Let n > 1. Let Ep be a set of representatives of E(g)/(h). We

have

U™ NE(g)| =) [U"nr (k).
reky

First we are going to estimate |Ep|. By definition, [E(g): E*(g)] < 2. Since the
homomorphism
(h) = F(g) xg (h) , k= (1,k)

is a split of the exact sequence,

0 —— F(g) —— F(g) xy (h) —— (h) —— 0
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we have [ET(g): (h)] = |F(9)| < ®(G, X). Consequently,
|Ep| < 29(G, X).

Since the action of G on X is acylindrical, we have ®(G, X) < oo (Lemma 2.21).
Now we are going to estimate |[U™ Nr(h)| for r € Ey. We may assume that U™ Nr(h)
is non-empty. Then there exist s € U" Nr(h). In particular r(h) = s(h). Hence,

U Nr (b | =|U"Ns (k)| =|s(s7U" N (h)| = |s1U™ N (k).
Since U is symmetric, s~ € U™. Since U contains the identity, s~1U"™ C U?". Therefore,
|sLU™ N (h) | < |UP N (R .

According to Lemma 4.2,

L(U)
U N {h) | < 1rsedn + 1.
1217
Consequently,
LU
[U"Nr(h)| < ||h(|| )4 + 1.

Finally, since the element g is primitive, we have that g € {h, h~1}. It follows from

our two estimations above that

U™ A B(g)] < 20(G, X) ( ﬁ(ﬁj) dn + 1)

O]

Given a subset U C G and a loxodromic element g € G, we fix a set of representatives
U(g) of the equivalence relation induced on U by ~ . Recall that the equivalence relation
~gy on G was previously defined by u ~, v if and only if u=tv € E(g), for every u,v € G
(subsection 2.4). The reason that makes the set U(g) of interest is that the set of
conjugates of g by the elements of U(g) is a set of “independent” loxodromic elements

and has the same size as U(g). We obtain the following.

CoroLLARY 4.3. — Let G be a group acting acylindrically on a hyperbolic space X. Let
U C G be a finite symmetric subset containing the identity. Let g € G be a primitive

ag :2<I>(G,X)(ﬁ(‘[‘])8+ )

loxodromic element. Let
Then, .
V)| > U]
0

Proof. — Consider the surjective map U — U(g) that sends every element of U to its

class representative in U(g). We are going to estimate its injectivity. Let u,v € U such
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that u ~4 v. By definition, u~'v € E(g). Since the subset U is symmetric, u'v € U2.
Therefore, v € uw(U? N E(g)). Note that [u(U? N E(g))| = |U? N E(g)|. Consequently,
each u € U(g) has at most |[U? N E(g)| elements in its equivalence class. According to
Proposition 4.1, |[U? N E(g)| < ag. Therefore,

1
|U(g)| = —|U].
ao

4.2. Producing reduced subsets

Recall that given a loxodromic element g € G, we denoted by A(g) its fellow travelling
constant (subsection 2.4). The goal of this subsection is to produce a reduced subset
using the conjugates of a loxodromic isometry of large stable translation length. More

precisely, we will prove the following.

ProrosiTioN 4.4. — Let § > 0 and o > 0. Let G be a group acting acylindrically on a
0-hyperbolic space X. Let U C G be a finite symmetric subset containing a loxodromic
element g € U such that |g||* > 1036. Let p € X. Let

200

bp = —=
g1l

[A(g) + L(U,p) + 6 + «.

1

Then for every b > by, the set S = {ug’u™' : u € U(g)} satisfies the following:

(i) S c Ub+2.

(i) [S| = U(g)]-
(iii) S is a-reduced at p.

Proof. — The conclusions (i) and (ii) are immediate. We are going to prove (iii) S is
a-reduced at p (Definition 3.1). By construction, SN S~ = @. Let i € [1,2]. Let u; € U.
Let ¢; € {—1,1}. Assume that the elements ulgslbufl and u2952bu2_1 are distinct.

Case u1 = us. Since the elements ulgglbufl and uzg”bugl are distinct, we have

e1b

€1 = —&9. Denote h = ug ul_l. It is enough to prove that

_ b
(hp, h™'p)p < 5 gl = =24,

Let n~ and n™ be the points of X fixed by (h) and 7: R — X be an (h)-invariant 1034-
local (1,d)-quasi-geodesic joining 7~ to n*. This choice is possible since ||g[|* > 1034. It
follows from Lemma 2.15 applied to - that

(hpa h_lp)P < L(Ua p) + 65
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It is clear that b
L(U,p) + 64 < 5 gl — o — 26.

Case u1 # ug. In particular u; 744 u2, which means that ul_lug does not belong to
E(g).
Cramm 4.5. — d(p, Ay) < L L(U,p) + 50.

Proof. — It follows from Lemma 2.9 that
1
d(p, Ag) < 5lgp —p| + 5.
Moreover, since g € U, we have |gp — p| < L(U, p). This proves our claim.
Consider the points z; = u;p and y; = u;¢%%p.

Cram 4.6. — diam([z1, y1]7% N[22, 12] 7)) < A(g) + L(U, p) + 444.
Proof. — Denote o = d(p, A4) + 106. We have,

max {d(x;, u;Ag), d(yi, uiAg)} < 0.

Recall that the axis A, is 10d-quasi-convex (Lemma 2.9). Hence, since o > 100, the

subset uiA;" is 2d-quasi-convex (Lemma 2.7). Consequently,
[2i,yi] C u ASTH.
Therefore,
diam([zq, y1]+85 N [z, yg]+86) < diam(ulA;rUJrlOé N UQA;U+106).
According to Lemma 2.8,
diam(ulA;“’Jrlo‘S N UQA;_U+106) < diam(U1A3_136 N UQA;_136) + 2(0 4 109) + 46.

Moreover,
diam(ulA;rlg‘; N uzA;rlg‘;) < diam(ulAzlrzo‘s N ’UQA;ZO(;).

Since uy 'ug does not belong to E(g),

diarn(ulAg'QO‘S N U2A;206) < A(g).

Since the action of G on X is acylindrical, we have A(g) < oo (Lemma 2.16). Combining

the above estimations with the previous claim, we obtain

diam([xl,y1]+86 N [wg,y2]+85) < A(g) + L(U, p) + 544.
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This proves our claim.

Denote s; = uigEibui_l.

Cramm 4.7. — (s1p, s2p)p < A(g) + 5 L(U, p) + 549.

Proof. — By definition,
1
(519, 52p)p = 5 ([s10 = | + |s2p = p| = |s1p — 52p])-
By the triangle inequality,

xi — yi| + 2|uip — pl,
Uy — y2! - fulp —p! - ’u2p —p\.

Consequently,

3
(lz1 — y1] + w2 — y2| — ly1 — y2]) + i(lulp—pl + |uap — pl).

N | =

(51D, 82p)p <
Combining the previous claim with Lemma 2.4, we obtain
[z1 =yl + (w2 — ya| = |y1 — ya| < |21 — 22| + 2(A(g) + L(U, p) + 449).
By the triangle inequality,
|71 — @2| < |urp — p| + |uzp — pl.

Moreover, since u; € U, we have |u;p — p| < L(U, p). Combining the above estimations,
we obtain
(51, 59p)p < A(g) + 5L(U, p) + 446.

This proves our claim.
Finally, note that
I b oo
5 min {|s1p — pl|, |s2p —p|} —a — 20 > 3 gl — o — 24.
Since b > by, we obtain

b oo
5 91 — a =25 > A(g) + 5L(U. p) + 544,

Therefore, the previous claim implies that

1 .
(s1p, s2p)p < 3 min {|s1p — p|, [s2p — p|} — @ — 26.
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O
4.3. Growth trichotomy
We are going to combine the two previous subsections in the following result.
THEOREM 4.8 (Theorem 1.10). — For every £ > 0 and N > 0, there exist an integer

¢ > 1 with the following property. Let § > 0 and o« > 0. Let G be a group acting
(k, N)-acylindrically on a -hyperbolic space X. Let U C G be a finite symmetric subset
containing the identity. Let p € X be a point almost-minimizing the {*°-energy L(U).

Then one of the following conditions holds:

(T1) L(U) < 10* max {k, 6, a}.

(T2) The subgroup (U) is virtually cyclic and contains a loxodromic element.
(T3) There exist a finite subset S C G with the following properties:

(i) S c U,
(i) 15| > max {2, U]},
(iii) S is a-reduced at p.

Moreover, w(U) > Llog|U]|.

Proof. — Let k > 0 and N > 0. Let ng be the positive integer of Lemma 2.19 depending

on x and N. We fix auxiliar parameters
a; = 200Nng, and by = 200(N + 2) 4 500nq + 700.

We put

2 2)1
¢ > max {al,no(bl + 2), no(b1 +2) ogal}.

log 2

Let 06 > 0 and o > 0. Let G be a group acting (k, IV)-acylindrically on a §-hyperbolic
space X. Let U C GG be a finite symmetric subset containing the identity. Let p € X be
a point almost-minimizing the ¢>-energy L(U). Assume that L(U) > 10*max {x, §, a}.
Since L(U) > 500, according to Lemma 2.19 there exist a primitive loxodromic element
g € U™ gsuch that

(4.1) lglI™ = 5 L(U).

N =

In particular |g||* > 1035. Let H = (U). Note that the loxodromic g belongs to H.

Assume in addition that the subgroup H is not virtually cyclic. We prove (T3). We are

going to apply Corollary 4.3 and Proposition 4.4 to U™ and g. Let

L(U™)
g1
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By the triangle inequality,
L(U™) <noL(U), and L(U™,p) < noL(U,p).

Since the point p € X is almost-minimizing the ¢*°-energy L(U), we have L(U,p) <
L(U) + 4. Since the action of G on X is (k, N)-acylindrical, it follows from Lemma 2.21
and Lemma 2.16 that

O(G,X)< N, and A(g) <rk+ (N +2)]g]+ 1000.

Using the hypothesis L(U) > 10* max {k, 6, a} and Equation 4.1, we obtain,

maX{L(UoZ7 Hooa 5007 Oéoo} <2
g™ llgl™ " gl ™" llgll

Consequently, we obtain ag < aj and by < by. Let S = {ughu™ : w € U™(g)}.

The points (i) and (iii) follow from Proposition 4.4 (i) and (iii).

We are going to prove (ii). According to Proposition 4.4 (ii), we have |S| = |[U™(g)|.
If U™ (g)| = 1, then u ~ g, for every u € U™. Hence U™ is contained in E(g). Since U
contains the identity, U C U™. Thus H is virtually cyclic (Lemma 2.17). Contradiction.
Hence |U™(g)| = 2. Further, it follows from Proposition 4.1 that |[U™(g)| > i\U"OI.
Since U contains the identity, |U™| > |U|. Therefore,

1
15| >max{2,\U|}.
ay

This implies our point (ii).

Let’s verify the last conclusion about w(U). Let n > 1. We have
1 n
|Un0(b1+2)n| > |Sn| > |S|n > max{Z", (’U|) }7
ay

where the first inequality follows from (i); the second from (iii), which implies that the
natural homomorphism F(S) — G is injective (Proposition 5.16); and the third from (ii).

Consequently,

w(U) = limsup

1 1
log [Unobrtn) > = {1 2.1 ( U)}
n—oo no(b1 +2)n og | | no(b1 +2) B i a1’ |

Finally, note that )
—|U| > U]z < log|U| > 2logas.
ax

If log |U| > 2log ay, we obtain

1 1
w(U) = log< U

1
> — > ——log|U|.
ng(b1 + 2) al | ’) 2n0(b1 + 2) 08 | ‘
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If log |U| < 2log ay, we obtain

1 log 2
log2 >
°8 2n0(b1 + 2) log aq

log |U|.

5. Shortening and shortening-free words

In the context of classical small cancellation theory, Greendlinger’s Lemma states that
if a word over the free generating set of a free group represents the identity element in a
small cancellation quotient, then it should contain a subword corresponding to a large
portion of a relator. This section is structured as follows. First, we are going to formalise
the notion of “large portion of a relator” with the definition of shortening word in the
context of actions by isometries on hyperbolic spaces. Then, we are going to find a lower
bound for the number of shortening-free words of free subgroups generated by reduced
subsets of low energy. Finally, we will see that these shortening-free words embedd in
geometric small cancellation quotients of appropriate parameters after using a suitable
version of Greendlinger’s Lemma (Lemma 2.33).

Global parameters and hypothesis for this section. Let dp and Ay be the constants of

the Small Cancellation Theorem (Lemma 2.27). We fix once for all during this section
Lo>0, and 7= 106((5() + Lo+ Ao).

Let
0<d<dy, a=2000, and 7= 79

Let G be a group acting by isometries on a d-hyperbolic space X. Let U C G be an
a-reduced subset at p € X (Definition 3.1). Let 2 be a loxodromic moving family
(Definition 2.24). We assume that

0<L(U,p) < Lg, and A(Q,X) < Ag.

5.1. Shortening words

Here we study shortening words. Part of this subsection is based on [19, Section 3.1].

DEerINITION 5.1 (Shortening word). — Let w = w; ---u, be an element of F(U). Let
(H,Y) € 2. We say that w is a 7-shortening word over (H,Y) if it satisfies the following.
Consider the points zg = p and z,, = wp. Let yy and y, be respective projections of xg

and z, on Y. Then,

(S1) |yo — yn| > 7.

(S2) |zo —yo| < glurp — p| — 1008, and |zy — yu| < 3lunp — p| — 1006.

© 3




Xabier LEGASPI& Markus STEENBOCK

A minimal T-shortening word over (H,Y) is a T-shortening word over (H,Y’) none of

whose proper prefixes are 7-shortening words over (H,Y).

Remark 5.2. — Applying the triangle inequality, we observe that the choice 7 > 7

implies that 7-shortening words over (H,Y") are distinct form the identity:
|$0 - xn| > |y0 - yn| - |SL‘0 - y0| - |xn - yn| > 0.

ProposITION 5.3. — Let w = uy - - - uy, be a T-shortening word over (H,Y) € 2. Consider

the sequence of n 4+ 1 points
o = p, 1 = uip, 9 = Uuju2p, ey Tp = UL " UppP.
Let y; be a projection of x; on'Y, for every i € [0,n]. Then,
1.
lz; — yil < 5 min{|u;p — p|, [ui+1p — pl} — 1004,

for every i € [1,n — 1].

Proof. — Let i € [1,n — 1]. Let z be a projection of x; on [yo, yn]. Since Y is 10d-quasi-
convex (Lemma 2.14), there exist z, € Y such that |z; — z/| < 116. By definition,

|2 —yil <d(x:,Y) 40 < |2 — zj] + 0.
By the triangle inequality,
|z — 2i] < Jai — 2] + |2 — #].
By definition, |x; — 2| < d(zi, [yo,yn]) + 0. According to Lemma 2.3,
(i, [Yo, yn]) < (Y0, Yn)a; + 49.
We claim that (yo,Yn)z; < (20, Zn)z, + 2d. It follows from the four point inequality that
min{ (2o, ¥0)z;+ (Y0, Yn)w:» (Yn, Tn)w, } < (0, Tn)w, + 20

One can argue using the Broken Geodesic Lemma (Lemma 3.3) and the fact that w is a
7-shortening to prove that the minimum must be attained by (yo, yn)z;. Now applying

the Broken Geodesic Lemma (Lemma 3.3 (ii)),

Moreover, (z;i—1, Tit1)qz; = (ui_lp, Ui+1D)p- Since the subset U is a-reduced and o > 2006,

_ 1 .
(u; 'p, wiap)p < 5 min {[uip = pl, [ui1p — p|} — 1185.
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Combining all the estimations, we obtain

1 .
|z; — yi| < 5 min{|u;p — p|, |ui+1p — p|} — 1006.

U
ProposITION 5.4. — Let w = uy - - uy, be a T-shortening word over (H,Y) € 2. The
following holds.
(i) We have
o] T — 500
wly = .
L(U,p)

(ii) If w is a minimal T-shortening word over (H,Y"), then
T
lwly < = +2.
@
Proof. — Consider the sequence of n + 1 points

o =P, T1=Ulp, T2 =UU2pP, -'*, Tp =UL" " Upp-.
Let y; be a projection of x; on Y, for every i € [0, n].

(i) Since L(U,p) > 0 and w is distinct from the identity (Remark 5.2), it follows from
the triangle inequality that,

[z0 — @0

wly =2 ————.
wlv > T

According to (S1), we have |yp —yn| > 7. Since Y is 100-quasi-convex (Lemma 2.14)
and T > 234, the strong contraction property of Y (Lemma 2.6) implies

|z0 — 20| = |70 — Yol + Yo — Ynl + |yn — Tn| — 464.

Consequently, |z¢g — z,,| > 7 — 505. Therefore,

(ii) Assume that w is a minimal 7-shortening word over (H,Y). Let w' = uy -+ - up—1.
By definition,
lwly = W'y + 1.

In view of Proposition 3.4 (ii), we deduce

1 1
lw'p —p| > 3lvip = pl+ 5lun-1p —pl + afjw'|y —1).

@ 33




Xabier LEGASPI& Markus STEENBOCK

By the triangle inequality,

[w'p —pl < [2n-1 = Yn-1| + [yn—1 — Yol + 30 — 0.
Since w is a T-shortening word over (H,Y’), the property (S2) implies
1
|20 = yo| < 5lu1p — p| — 1004.
According to Proposition 5.3,
1
|Tn—1 — Yn-1] < §]un,1p — p| — 1009.

Therefore, since w’ is not a 7-shortening over (H,Y’), we have |y,—1 — yo| < 7.

Consequently, |w'|y < T + 1. Thus, |w|y < = 4 2.
]

ProrosiTiON 5.5. — Let (H1,Y1), (Ha,Y2) € 2. Let w € F(U). If w is a T-shortening
word over both (Hy,Y1) and (Hs,Y3), then (Hy,Y1) = (H2,Ya2).

Proof. — Assume that w is a 7-shortening word over (H1,Y7) and (Ha,Y>3). In order to
prove that (Hy, Y1) = (Ha, Y3), it is enough to show that diam(Y;"2° Ny, 2%%) > A(2, X).
Since the subsets Y7 and Y3 are 106-quasi-convex (Lemma 2.14), it follows from Lemma 2.8
that

diam(Y1+205 N Y2+205) > diam(}/l—‘rl?)ts N }/'2-0—135) > diam(}/'l+2Lo N Y2+2L0) — 4Lo — 46.

Let i € [1,2]. Let z; and z; be respective projections of p and wp on Y;. We claim that
x1, 2 € Y{PHony,"0 . Since w is a shortening word over (Hj,Y;), it follows from (S2)
that

max{|p — z;|, |lwp — z|} < Lo.

According to the triangle inequality,
|21 — 22| < |z1 —p|+|p— 22|, |21 — 22| < o1 —p| +|p— 2.

Consequently,

max{|z1 — 2|, |21 — 22|} < 2Lo.

Therefore, x1,21 € Y;QLO. This proves the claim. Thus,

diam (Y20 N Y;2E0) > 2y — 2.

Since w is a shortening over (Hy,Y)), it follows from (S1) that |21 — 21| > 7. Finally,
since T > 79, we obtain that diam(Y;"2% N Y;72%) > A(2, X). O
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Figure 3: Scheme for the proof of Proposition 5.5.
ProposITION 5.6. — For every (H,Y') € 2, there exist at most two minimal T-shortening

words over (H,Y).

Proof. — Let (H,Y) € 2. Let = and " be the points of X fixed by H and v: R — X
be an 1036-local (1, §)-quasi-geodesic joining =~ to *. Let ¢ be a projection of p on 7.
Without loss of generality, we may assume that ¢ = (0). Let S my) denote the set
of elements in F(U) that are 7-shortening words over (H,Y). Assume that .75y is
non-empty, otherwise the statement is true. We decompose .7y in two sets as follows:
an element w € %y belongs to Y(Hy) (respectively, Z}iy)) if there is a projection
v(t) of wp on v with ¢ > 0 (respectively, ¢t < 0). Observe that a priori the sets (7Y
and 5”(27),) are not disjoint, but that will not be an issue for the rest of the proof.

Let wy,ws € LS”('I;Y). Let g1 = v(t1) and g2 = y(t2) be the respective projections of

wip and wep on v. Without loss of generality, we may assume that 0 < ¢; < fo.
Cramm 5.7. — The word w; is a prefix of ws.

Proof. — We are going to apply the Geodesic Extension Property (Proposition 3.6). By
the triangle inequality,

(5.1) (P, w2p)wip < |wip — q1| + (wap, p)g; -

Assume that w; = ug -+ - Uy,
(a) Let’s estimate |wip — q1|. By definition, the H-invariant cylinder Y is contained

in the 20d-neighbourhood of . Consequently,

lwip — q1| = d(wip,v) < d(wip,Y) + 200.
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Since w; is a T-shortening word over (H,Y’), the property (S2) implies
1
d(wip,Y) < 1 up — pl ~ 1005
Therefore,
1
(5.2) wip = a1] < glump — p| —800.
(b) Let’s estimate (w2p,p)q,. By definition,
1
(wap,p)g, = 5(\102]9 —qi| + |p — q1| — |wap — p)).
Since wy is a T-shortening word over (H,Y’), the property (S1) implies
lg2 —q| > 7.

Since Y is 10d-quasi-convex (Lemma 2.14) and 7 > 234, the strong contraction property

of Y (Lemma 2.6) implies
\wap — p| = |wep — 2| + |q2 — q| + |¢ — p| — 466.
Again by definition,
lg2 —ql = g2 — q1] + |g1 — gl — 2(q2,@) g, -

According to Lemma 2.15 (i),
(42, @)qy < 60.

Note that here we have used the assumption 0 < t; < t2. By the triangle inequality,

|wap — q1] < |wap — q2| + |q2 — a1

Therefore,

[wap — p| = |wap — q1| + lq1 — p| — 586.
Consequently,
(5.3) (w2p, p)g, < 296.

Finally, combining Equation 5.1, Equation 5.2 and Equation 5.3, we obtain

1
(p7 w2p)w1p < §‘Ump - p’ — 0.

Therefore, the Geodesic Extension Property (Proposition 3.6) implies that w; is a prefix

of wy. This proves our claim. O
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If wy is not a proper prefix of ws, then the claim above implies that w; = ws.
Therefore Y(E’Y) has at most one element satisfying the statement of the proposition. By
symmetry, y@yy) has at most one element satisfying the statement. Therefore .7y y)
has at most two elements satisfying the statement.

O]

Figure 4: Scheme for the proof of Proposition 5.6.

5.2. The growth of shortening-free words

Here we count shortening-free words. The counting is based on [19, Section 3.22].

DerINITION 5.8 (Shortening-free word). — Let w = wuj---u, be an element of F(U).
Let (H,Y) € 2. We say that w contains a T-shortening word over (H,Y) if w splits
as w = wowiwe, where wy is a 7-shortening word over (H,Y). We say that w is a
T-shortening-free word if for every (H,Y) € 2, the word w does not contain any 7-
shortening word over (H,Y’). We denote by F(7) C F(U) the subset of 7-shortening-free

words.

Recall that the natural homomorphism F(U) — G is injective (Proposition 3.5).
Hence, we can safely identify the elements of F(U) with their images in G. The ball
By(n) C F(U) of radius n is the set of reduced words over the alphabet U LI U~! of
length |w|y < n, for every n > 0. Note that By(n) = (UL U U {1})" when n > 1.
Recall that we have fixed global hypothesis at the beginning of this section. The goal of

this subsection is to obtain the following estimation.
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ProrosiTiON 5.9. — For every 0 € (0,1/2), there exist 71 > 19 depending on 6, dy, Lo
and Ao with the following property. If |U| > 2 and T > 1, then for every n > 0, we have

[F(T) N By(n+1)| = (1=0)2[U| = 1)[F () N By(n)|.
In particular, for every n > 0
[F(m) N By(n)| = (1-0)"(2IU] - 1)".

We are going to divide the proof of Proposition 5.9 into a few lemmas. First we fix

some notations. We let
Z={wecFU): w=wou,wy € F(r),uc ULU '},

For every (H,Y) € 2, we denote by Zpy) C Z the set of elements w € Z that split as

w = wywg, where w; € F(7) and wy is a 7-shortening word over (H,Y').
Lemma 5.10. — The set Z is contained in the disjoint union of F(7) and Uy yye0 Z(n,y)-

Proof. — The sets F(7) and Ur,y)e2 Z(n,y) are disjoint as a direct consequence of the
definitions. Let w € Z — F(7). Since w € Z, there exist wyg € F(7) and u € U WU !
such that w = wou. Since w ¢ F(7), there exist (H,Y) € 2 and a subword ws of w
that is a 7-shortening word over (H,Y'). It follows from the definition of F(7) that every
subword of wp must also be in F'(7). In particular, the word we cannot be a subword of

wo. Hence, the only possibility is that ws is a suffix of w. Therefore, w € Z(fy. O

Our Lemma 5.10 implies that for every n > 0,

(5.4) |E(r)NBy(n)| 2 [ZNBu(n)l = >, |Zmy) N Bun)l.
(H,Y)e2

The next step is to estimate each term in the right side of the above inequality. The

following lemma is a direct consequence of the definition of Z.

Lemma 5.11. — For every n > 0,
|Z 0 By(n+1)| = 2|U| = 1|F(r) N By(n)].

LemMmA 5.12. — Let

a=2, b:{ 70 +2}+1, M:L

T — 5050J
20060 '

Ly

If |U| > 2, then for every n > 0,

Y | Zwy) N Bu(n)| <a2(U] = 1)°|F(r) N By(n — M)].
(H,Y)e2
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Proof. — Assume that |U| > 2. Let n > 0. Note that for every (H,Y) € 2, the set
Z(g,y) is empty whenever there is no 7-shortening word over (H,Y). We denote by 2
the set of (H,Y) € 2 for which there exist a 7-shortening word over (H,Y’). We have,

> 1 ZwmyynBum) = Y. |Zuy) N Bun)l.
He2 (H,Y)E,@o

The desired estimation is obtained from the two estimations of the claims below:
Cramm 5.13. — [Z( g yy) N By(n)| < a|F(7) N By(n — M)|, for every (H,Y) € 2.

Proof. — Let (H,Y) € Zy. Let w € Zyy) N By(n). Since w € Z y), there exist
wy € F(7) and a T-shortening word ws over (H,Y') such that w = wjws. We are going

to describe the possible choices of wy and ws. Since w is a reduced word over U U U1,
(w1l = |wly — |w2|u.

According to Proposition 5.4 (i),
lwaly > ——— 2> M > 0.

Therefore, wy € F(7) N By(n— M). Since w € Z, the prefix consisting of all but the last
letter is a 7-shortening free word. Thus, no proper prefix of ws is a 7-shortening word. It
follows from Proposition 5.6 that there are most a = 2 possible choices for ws. Therefore,

there are at most a|F(7) N By(n — M)| choices for w. This proves our claim. O
Cramm 5.14. — | 9| < (2|U| - 1)°

Proof. — Let d = {QOTTO&O + 2-‘. Since the free group F(U) has rank |U| > 2, we have

_ e -n? -1
B U] -1

By (d)) < QU] - 1) = U] - 1P,

Consequently, it suffices to show that there exists an injective map x: 2y — By(d). Let
(H,Y) € 2y. By definition, there exist a T-shortening word w over (H,Y). Note that
since 7 > 79, we have that w is a mp-shortening word over (H,Y). Let w’ be the shortest
prefix of w that is a 7g-shortening word over (H,Y’). In particular, v’ is a minimal
To-shortening word over (H,Y). We define x(H,Y) = w’. Since a > 2008y, according
to Proposition 5.4 (ii), |w'|y < d. According to Proposition 5.5, there exist at most one
(H,Y) € 2 such that w' is a 1p-shortening word over (H,Y’). Hence x is well-defined

and injective. This proves our claim. O

O]

Lemma 5.15. — For every 6 € (0,1/2) and a, b > 1, there exist My > 0 with the following
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property. Let

0

p=1-0)2U|-1), &=al2lU|-1), andazm.

If \U| > 2, then for every M > My, we have

1
—— < O.
I

Proof. — Let 6§ € (0,1/2) and a, b > 1. Let My = max {b, %}, where d1, do are constants
depending only on 6, a, b whose exact value will be precised below. Let u, £, o as above.
Assume that |U| > 2. Let M > Mj. In order to prove that #LM < o, it is enough to show

that log(ﬁ) < 0. A first computation yields

log (0/1M> = —logo — log(uM>,

log(o) = 1Og(2(139)a)

log (™) = M log(1 - 6) + M log(2|U| - 1).

— blog(2|U[ - 1),

Consequently,

log (U;M) < (b— M)log(2|U| — 1) — Mlog(1l —0) — log<

Since M > b and |U| > 2, we have
(b—M)log(2|U| —1) < (b— M)log3.

Therefore,

1 0
— ) < — — — R
log <O’,UM> < —MTJlog 3 + log(1 — )] + blog3 log(2(1 — 9)a>

We put

dy = blog 3 + log(2a) — 10g(10‘9>, dy =log 3 + log(1 — 0).

Since a > 1, b > 1 and 6 € (0,1/2), we have min{d;,d2} > 0. Finally, since M > %, we
. 1
obtain, log (m) <0. 0
We are ready to prove the proposition.

Proof of Proposition 5.9. — Let 6 € (0,1/2). We are going to define the constant 7.

Let
T0

20060

a=2, b:[ +2W+1.
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Let My > 0 be the constant of Lemma 5.15 depending on 6, a, b. We put
71 = max{ry, Lo(Mo + 1) + 5000}

Assume that |U| > 2 and 7 > 7. We define the auxiliary parameters

6

p=1=0@UI-1), €=a@UI-1) 0=,

and M — V_WOJ ,

Lo

In particular, M > Mj. For every n > 0, we let
c(n) = [F(7) N By (n)|.
We must prove that for every n > 1,
c(n) = pe(n —1).

The proof goes by induction on n:

Base step. We claim that c¢(1) > u. Note that By (1) = U UU~! U {1}. Therefore,
it is enough to show that U U U~ L {1} is contained in F (7). Let w € UL Ut U {1}.
In particular, |w|y = 1. Therefore, w € F(7) if and only if for every (H,Y) € 2, the
element w is not a 7-shortening word over (H,Y’). According to Proposition 5.4 (i), for

every (H,Y) € 2 and for every 7-shortening word v over (H,Y'), we have |v|y > %.

Since 7 > 719, we have 1 < %(?60. Consequently, w € F(7). This proves our claim.
Inductive step. Let n > 1. Assume that ¢(m) > uc(m — 1), for every m € [1,n]. We

claim that ¢(n 4+ 1) > pe(n). According to Equation 5.4,

c(n+1)>|ZNBy(n+1)| — Z |Z(H,y)ﬂBU(n+1)|.
(H,Y)e2

It follows from Lemma 5.11 and Lemma 5.12 that
cn+1) = (2IU| = 1)e(n) — €e(n+1— M).

The induction hypothesis implies that for every k > 0, we have c¢(n — k) < u~*c(n). Note
that M — 1 > 0. Therefore, specifying the choice k = M — 1, we obtain

cnt1) > (1 - 2|U’§|“_1M1M>(2\U| ~ De(n).

Recall that we defined p = (1 — 6)(2|U| — 1). Hence, in order to prove our claim, it is

enough to show that
Ep 1
2U| —1pM =
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Since M > My, it follows from Lemma 5.15 that

1

— < O
7
Finally, note that
g _ga-oeu-y o o _,
21U -1 21U -1 2(1—-0) 2
This proves our claim. O

5.3. The injection of shortening-free words

Let po be the constant of the Small Cancellation Theorem (Lemma 2.27). Let 71 > 79
be the constant of Proposition 5.9 depending on 6 = 1/3, dg, Lo and Ag. Let

p = max{po,log(2[4m + 23] +1)}.
In addition to the global hypothesis for this section, we assume that
T(2,X) > 1007 sinh p.

Denote K = (H | (H,Y) € 2)) and G = G/K. The goal of this subsection is to prove:

ProrosiTION 5.16. — There exists o > 11 depending on gy, Lg and Ay with the following
property. The restriction of the natural homomorphism F(U) — G to the subset of

To-shortening-free words is an injection.

LemMA 5.17. — Let w = uy - - - uy, be an element of F(U). Let (H,Y) € 2. Let yg and
yn be respective projections of p and wp on Y. If |yg — y,| > 27, then w contains a

(21 — 79)-shortening word over a conjugate of (H,Y').

Proof. — Consider the sequence of n + 1 points
o = p, xr1 = u1p, To = U1U2DP, e, Ty = UL UppP-

Let y; be a projection of x; on Y, for every ¢ € [0,n]. Assume that |yo — y,| > 27. Since
Y is 100-quasi-convex (Lemma 2.14) and 7 > 234, the strong contraction property of Y
(Lemma 2.6) implies that there exist y(,y,, € [p, wp] such that

max{|yo — vol, lyn — |} < 235 < 235.

Consider the broken geodesic

Yw = O(Ul s Uifl)[PaUz’p]«
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Let y{ and y!! be respective projections of y{, and y,, on v,,. Up to permuting y;, and y,, we
may assume that p, y{j, v/ and wp are ordered in this way along 7,,. In particular, there
arei < n—1and j < n—1such that yj € (w1 - w)[p, wir1p] and y), € (w1 - - - uj)[p, wj+1p].
Since y{ comes before y/! on 7, we have ¢ < j. Let wg = uj -+ - u;11 and take the word
wy such that wowi = uy - --u;. We are going to prove that wy is a (27 — 79)-shortening
word over (wy " Huwg,wy 'Y). The property (S2) follows from the fact that U is 2008,-
reduced at p and from the Broken Geodesic Lemma (Lemma 3.3). Let’s prove (S1), i.e
lyit1 — y;| > 27 — 79. By the triangle inequality,
i1 = Y5l 2 Yo = ynl — Yo = vita| — lyn — yjl;
Yo — yir1| < Yo — ol + 190 — ol + ¥ — zisa| + |21 — yiral,
</

lun — Y5l < |y — Yol + 05 — ynl + lym — 5] + |25 — y;].

Since [zg, z,] is contained in the 5d-neighbouhood of v,, (Lemma 3.3 (iii)),
max{[yo = Yo, [yn — Ynl} < 50 < 5do.
Since yg € (u1 -+~ u;)[p, ui+1p] and yp, € (ur -~ uy)[p, ujt1p],

max{|yy — zit1|, [y, — 2;]} <L(U, p) < Lo.

It follows from (S2) that,

max{|ziy1 — yit1],|z; — y;} < LU, p) < L

Combining the previous estimations, we obtain |y;+1—y;| > 27 —79. Note that 27—719 > 7.
U

Proof of Proposition 5.16. — We put 70 = 217 — 79. Let wy,ws € F(U) be two 7o-
shortening-free words such that wiws € K. Assume for a contradiction that wjws is
not the identity as an element of G. According to Greendlinger’s Lemma (Lemma 2.33),
there exist (H,Y) € 2 such that if yo and yo are respective projections of p and wjwap
on Y, then

lyo — y2| > T(H, X) — 27 sinh p — 230.

By definition, T'(H, X) > T(£2, X ). By hypothesis
T(2,X) > 1007sinh p, and ¢ < do.

Therefore,
—1

P
lyo — yo| > — 23dp.
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The choice of p now implies that

lyo — ya| > 41

Let y1 be a projection of wip on Y. Note that w; Ly; and wy Ly, are respective projections
of p and wap on wl_lY. Also, (wl_lel, wl_lY) € 2. Since wy and ws are To-shortening-

free words, it follows from Lemma 5.17 that

max {|yo — y1|, [y1 — y2|} < 271.

By the triangle inequality,

lyo — vl < |yo — w1l + y1 — yo| < 47

Contradiction. Hence wiwe = 1. ]

6. Growth in small cancellation groups

The goal of this section is to prove Theorem 1.2. We start with the following lemma.

Lemma 6.1. — Leta > 0, b > a. Let G be a group acting acylindrically on a d-hyperbolic
space X. Let U C G be a finite symmetric subset containing the identity such that
L(U) <b. Let I' = (U). One of the following holds.

(i) T is elliptic.

(ii) There exist n > 1 depending on U such that

a<L({U") <20

Proof. — Assume that I' is not elliptic. Since the action of G on X is acylindrical, there

exists a loxodromic element g € I' (Lemma 2.22).

Cramm 6.2. — There exists My > 1 depending on U such that for every M > My,
L(UM) > a.

Proof. — According to Lemma 2.13, the global injectivity radius T(G, X) is distinct

from zero. Let m > T(%‘;). Since g € I and U is a symmetric generating set, there

exists My > 1 depending on U such that g™ € UMo, Let M > My. Let p € X

almost-minimizing the ¢*-energy L(UM). We have,
L(UM,p) > LU, p) > |g™p —p| = [lg™| = ml|g]|* > a+é.

Hence L(UM) > a. This proves our claim. O
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It follows from the claim above that there exist a smallest number n > 1 depending
on U such that L(U") > a. If n = 1, then we have L(U) < b by hypothesis. Therefore,
L(U) < 2b. If n > 2, then n < 2(n — 1). Since U contains the identity, U c U2~
By the triangle inequality,

L(U™) < LU2D) < 2L(U™Y) < 2a < 2.

O]

Hypothesis for the remainder of this section. Recall that the constants of the Small
Cancellation Theorem (Lemma 2.27) are dy, 5, Ao, po- We can choose &g arbitrarily small

(Remark 2.28). For convenience, we will assume

7 sinh 1046

8o < .
0= 04200

We define the first geometric small cancellation parameter:

A< S0
1007 sinh pg

Let N > 0. Let ¢ > 1 be the constant of Theorem 4.8 depending only on the acylindricity
parameters (dp, N). We fix an auxiliar parameter that will be used to bound the ¢°°-
energy:

Lo = ¢ (2rsinh 10%0 + ).

Let 7 and 72 be the constants of Proposition 5.16 depending on dg, Ly and Ag. Let
p = max {po,log(2[4n + 23] +1),5 - 1045}.

Let 0 > 0 and k > §. We define the second geometric small cancellation parameter:

1007 sinhp &

>
£Z T, 5

Let G be a group acting (x, V)-acylindrically on a d-hyperbolic space X. Let 2 be a
loxodromic moving family satisfying the geometric C” (), £)-small cancellation condition
for the action of G on X. We define a rescaling parameter
: {50 A }
o=min< —, ——— .
kA2, X)
Remark 6.3. — Instead of working with the action of G on X, we will work with the

action of G on the rescaled space X.

The space X is od-hyperbolic and the action of G on X is (ok, N)-acylindrical. Note
that
00 < ok < 0y,
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where the first inequality comes from the hypothesis x > 4. In particular, the action of

G on X is (dg, N)-acylindrical for the hyperbolicity constant od. Besides, we have

A(2,X) < oA(2,X) < Ao,

T(2,X) >0 T(2,X) > omax {5(5, A(%\’X)} > 1007 sinh p.

Note that the second equation is deduced after using the geometric C”(\,e)-small
cancellation condition. Therefore G, X and 2 satisfy the hypothesis of the Small
Cancellation Theorem (Lemma 2.27). We denote K = (H | (H,Y) € 2)) and G = G/K.
We denote by A the image of any set A C G under the natural projection 7: G — G.
The following lemma is the core of the proof of our main theorem. It brings together

Theorem 4.8, Proposition 5.9 and Proposition 5.16.

LemMA 6.4. — There exist 5 € (0,1) depending only on N with the following property.
Let U C G be a finite symmetric subset containing the identity such that L(U) <
msinh 10%0. Let T' = (U). If T is non-elementary for the action on X, then

w(U) = Pw(U)

Proof. — We put

log 3 1

B8 = sup inf<6- 83 =05 —.

6€(0,1) log (2¢) c
Let U C G be a finite symmetric subset containing the identity such that L(U) <
msinh 10%0. Let T' = (U) and assume that ' is non-elementary for the action on X.

We are going to choose a power of U and apply Theorem 4.8 to that power for the
(60, N)-acylindrical action of G on the oé-hyperbolic space X'. By assumption, we have

10* - 2008y < 7sinh 1045.

Since I' is non-elementary, it follows from Lemma 6.1 that there exists n > 1 depending
on U such that

(6.1) 10% - 2008y < L(U™) < 27sinh 10%4.

Let IV = (U™). Since U is symmetric and contains the identity, U C U™. Therefore
I' = I". The fact that I' is non-elementary now implies that I is non-elementary. Let
p € X be a point almost-minimizing the ¢>°-energy L(U™). It follows from Theorem 4.8
that there exist a subset S C G such that

(i) Sc U,
(i) |S| = £|U™,

(iii) S is 2000p-reduced at p.
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We are going to estimate w(U). Let r > 1. Since U is symmetric and contains the
identity, (i) implies
Bg(r) c U™

Let F(72) be the set of m-shortening-free words associated to U and 2. We have

U] > |Bs(r)| > |F(r0) N Bs(r)].

Further,
L(Sap) g L(Ucnvp) g CL(Un7p> g L07

where the first inequality is (i) and the second one is the triangle inequality. The third
one is due to the upper bound of Equation 6.1, together with the fact that the point
p is almost-minimizing the ¢*°-energy L(U). Hence we can apply Proposition 5.9 and

Proposition 5.16 to obtain, respectively

_ _ 1 r
F(r2) 1 Bs(r)] = |Flr) N Bs(r)l, and |F(m) 0 Bs(r)] > |5218] - 1)]
Applying Fekete’s Subadditive Lemma,

|Un| > enw(U).

Together with (ii), this implies

1
21S| — 1> 8] > —emV),
c
Combining our estimations, we deduce
(6 2) |UCnr| > max { |:1(2’S| B 1)]T [1enw(U)]r}
‘ - 2 "1 2¢ :

We have, )
w(U) = limsup — log [U“""|.
nr

r—oo C

Let 6 € (0,1). Consider the positive number

log 2¢
Ow(U)"

» If n <, we use the first bound of Equation 6.2 to obtain

o(T) > i log B(zysy - 1)].
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Since n < 7y, we have % > % Further, |S| > 2. Consequently,
_ log3 1
U)=0- —2.=.w).
w(U) log2c ¢ w(U)

» If n > v, we use the second bound of Equation 6.2 to obtain

w0) > (w(U) - %log zc>.

Since n > -y, we have % < 2. Consequently,

1
5
1
—log2c < Ow(U).
n

Therefore,

(T > (1—9)%-w(U).

Finally, combining the cases n < v and n > -y, we obtain:
w(U) = pw(U).

d

THEOREM 6.5 (Theorem 1.2 (i)). — Let £ > 0. If G has {-uniform uniform exponential
growth, then every geometric C" (), €)-small cancellation quotient of G has &'-uniform

uniform exponential growth. The constant & depends only on £ and N.

Proof. — Let £ > 0. Assume that G has -uniform uniform exponential growth. Let
U C G be a finite symmetric subset containing the identity and denote I' = (U ). Recall
that 7 stands by the set of apices of the cone-off space X,,(Q, X). There are two cases:

Case 1. There exist v € ¥ such that U is contained in Stab(?).

Let v € ¥ be a preimage of v. Let (H,Y) € 2 such that v is the apex of the cone
Z(Y). The natural projection 7: G — G induces an isomorphism Stab(Y)/H = Stab(v)
(Lemma 2.27 (iii)). Since the moving family 2 is loxodromic, H has finite index in
Stab(Y"). Hence T is finite, in particular virtually nilpotent.

Case 2. The set U is not contained in Stab(v), for every v € ¥.

The quotient space X, is d-hyperbolic (Lemma 2.27 (i)) and the action of I' on &), is
acylindrical (Lemma 2.35). Then T falls exactly in one of the following three situations
(Lemma 2.22):

(a) T is elliptic, or equivalently one (hence any) orbit of T' is bounded. Since the
set U is not contained in Stab(v), for every v € ¥, there exists an elliptic subgroup
E C G for the action of G on X such that the natural projection 7: G — G induces an
isomorphism E =5 T’ (Lemma 2.31). Since G has é-uniform uniform exponential growth,

the subgroup F is either virtually nilpotent or has {-uniform exponential growth. In
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combination with the isomorphism F = T, we deduce that T either is virtually nilpotent
or has £-uniform exponential growth.

(b) T is lozodromic, or equivalently T is virtually cyclic and contains a lozodromic
element. Then T is virtually nilpotent.

(c) T is non-elementary, or equivalently T contains a free group Fo of rank 2 and

one (hence any) orbit of Fy is unbounded. There are two subcases:

(E1) Large energy: L(U) > 10%.
Then w(U) > ﬁ log2 (Lemma 2.22 and Lemma 2.23). Note that here we do not

require any control over the parameters of the acylindrical action of T on ‘;\_,’p.

E2) Small energy: L(U) < 10%6.
(E2) 9y

Since U is not contained in Stab(2), for every v € ¥, and 10*6 < p/5, there exists a
pre-image U C G of U of energy L(U) < 7sinh 10*0 (Lemma 2.32). Without loss of
generality, we may assume that U is symmetric and contains the identity. Since T is
non-elementary for the action on él_f'p, the subgroup I is non-elementary for the action
on X (Lemma 2.29). According to Lemma 6.4, there exists 5 € (0,1) depending on

N such that w(U) > pw(U). Since G has &-uniform uniform exponential growth

and I' is non-elementary, we have w(U) > . Therefore, w(U) > €. This completes

the proof of our theorem.

O]

THEOREM 6.6 (Theorem 1.2 (ii)). — Let & > 0. If there exists a geometric C" (), )-small
cancellation quotient of G that has {-uniform uniform exponential growth, then G has

&'-uniform uniform exponential growth. The constant £ depends only on &.

Proof. — Let £ > 0. Assume that G has &-uniform uniform exponential growth. Let
U C G be a finite symmetric subset containing the identity and denote I' = (U). Then T
falls exactly in one of the following three situations (Lemma 2.22):

(a) T is elliptic, or equivalently one (hence any) orbit of T is bounded. The projection
7: G — G induces an isomorphism T' = T' (Lemma 2.30). Since G has ¢-uniform
uniform exponential growth, the subgroup T is either virtually nilpotent or has &-uniform
exponential growth. In combination with the isomorphism I' = T, we deduce that I is
either virtually nilpotent or has £-uniform exponential growth.

(b) T is lozodromic, or equivalently T' is virtually cyclic and contains a loxodromic
element. Then T is virtually nilpotent.

(c) T is non-elementary, or equivalently ' contains a free group Fo of rank 2 and

one (hence any) orbit of Fy is unbounded. There are two subcases:

(E1) Large energy: L(U) > 104.
Then w(U) > # log2 (Lemma 2.22 and Lemma 2.23). Note that here we do not

require any control over the parameters of the acylindrical action of I' on X.
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E2) Small energy: L(U) < 10%5,.
(

[1]

By definition, w(U) > w(U). Since I is non-elementary for its action on X', we have
w(U) > 0. Since 106y < 7sinh 1046, it follows from Lemma 6.4 that w(U) > 0. In
particular T is not virtually nilpotent. Since G has é-uniform uniform exponential

growth, we deduce that w(U) > £. Therefore, w(U) > &.
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